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T Y PREPARE AN B
F g- TAM AND g- TAM .

The invention relates to a process for
preparing an aqueous mixture of e-caprolactam and 6-
aminocaproic acid and/or séaminocaproamide by
reductively aminating 5-formylvaleric acid and/or an
alkyl 5-formylvalerate in water with hydrogen and an
excess of ammonia in the presence of a ruthenium on
carrier catalyst. ' '

' A process for preparing g-caprolactam is s
described in U.S. Patent No. 4,730,040. In this
process, methyl 5-formylvalerate is first hydrolyzed
(step a) in the presence of water and an acidic agent
to yield 5-formylvaleric acid. In this process, the 5-
formylvaleric acid is reductively aminated in water
through contact with ammonia and hydrogen using a
ruthenium/zirconium on alumina catalyst, a Raney Nickel
catalyst or a Raney Cobalt catalyst to obtain a 6-
aminocaproic acid containing reaction mixture. After
separatibn of ammonia, the reaction mixture obtained
from the reductive amination is heated to 300°C to form
g-caprolactam by'cyclization of the 6-aminocaproic
acid. _

A disadvantage of the process according to
U.S. Patent No. 4,730,040 is the poor yields obtained

from the reductive amination which prevent it from
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being a commercially,attractive process. According to
the experimental results, the best yield of the
hydrolysis step is only about 78%, the best yield of

. the reductive amination step is only about 77% and the

~ best yield of the final step is only about 95%. Hence,

the overall yield is at most 57%.

Another disadvantage is that when the
reductive amination is performed for a prolonged period
of time, a decrease in particle size of the Raney
Nickel and alumina catalyst particles has been found to
occur. Thié is not desired because these small '
particles may disturb any filtration operation or lead
to catalyst losses due to entrainment of the catalyst
in the product stream. _ y

A further disadvantage of this process is
that the initial activity of the catalyst system is
relatively small. ' . |

A still further disadvantage is that after
some hours of continuous operation the activity of the
catalyst can decrease.

An object_df the present invention is to
reproduéibly'obtain a higher yield to e-caprolactam and
s-caprolactam precursors (6-aminocaproic acid and 6-
aminocaproamide) in the reduetive amination with an
improved initial catalyst activity without suffering
the above described problems, including the decrease of
the catalyst particle size or loss of catalyst
activity. _

This object is achieved in that the carrier
is titanium oxide, zirconium oxide, graphite or carbon
and the catalyst also contains at least one of the

metals of group 8-11, or a compound of these metals.
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It has been found that when the process
‘according to the invention is performed a high yield to
g-caprolactam and g-caprolactam precursors can be

achieved in the reductive émination, and the catalyst
retains its particle size and activity over a prolonged
period of time. Another advantage is that the initial
activity of the catalyst system is improved. Another
advantage is that the selectivity of s—caprolactam
precursors is also improved. Another advantage is that
when starting from an alkyl 5-formylvalerate a separate
hydrolysis step in order to prepare S-formylvaléric
acid, such as described in U.S. Patent No. 4,730,040,
‘'is not needed. This is very advantageous because the
separate hydrolysis of the alkyl S5-formylvalerate as P
described in U.S. Patent No. 4,730,040 showed a low -~
yield (78%) to 5-formylvaleric acid. It has been found B
that the alkyl S—formylvalerate_can:be directly used in
the present process, resulting in a high yield to g-
caprolactam while avoiding the low-yield-hydrolysis
step described in U.S. Patent No. 4,730,040.

According to EP-A-729943 and EP-A-729944 g-
caprolactam can be prepared by first contacting methyl
S-formylvalerate with ammonia and subsequently reacting
the intermediate compounds thus formed, probably imine~

" caproic acid derivatives, with hydrogen in the_présence
of ammonia and, for example, a ruthenium on alumina
catalyst or Raney Nickel. These patent applications
mention copper, iron and/or chrome as poséible
additional metal in addition to nickel, cobalt or
ruthenium on alumina, silica, titanium oxide, magnesium
oxide, zirconium oxide or carbon as possible carrier
material. However, only ruthenium on alumina carriers

containing no substantial amount of a further metal are
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used in the examples of EP-A-729943 and EP-A-729944.

However when using the exemplified ruthenium on alumina

catalyst the earlier mentioned problem of particle size

reduction also takes place.

It was therefore not

expected that by using a ruthenium and at least one

further group 8-11 metal on zirconium oxide, titanium

oxide, graphite or carbon carrier in a one-step

~

reductive amination that a high yield to's-caproiactam

precursors and a high initial catalytic acitiviy could

be achieved while at the same time avoiding loss of

catalyst activity and reduction of catalyst pafticle

size.

According to the application PCT/NL/980083 g-

caprolactam and e-caprolactam precursors are prepared

-~

in water starting from methyl S-formylvalerate in the

presence of a ruthenium on titanium oxide or zirconium

oxide as catalyst. The use of a group 8-11 metal as

further catalyst éomponent is not disclosed or

suggested.

The catalysts used in the process of the

present invention are combinations of ruthenium and at

least one further group 8-11 metal or compounds

thereof, on a carrier selected from titanium oxide, .

group 8 11 metal Co, Rh, Irx,

Ni,

' zirconium oxide, graphlte or carbon. Of the further

Pd, Pt and Cu are

preferred. The most preferr&d fu¥ther group 8-11 metal

is Rh and Ni.

The carrier is titanium oxide, zirconium

oxide, graphite or carbon. Titanium oxide and zirconium

oxide are preferably used as the carrier because of its

high chemical and mechanical stability and because the

selectivity to the preferred (intermediate) compounds
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is found to be relatively high when these supports are
used. |

A relatively small but catalytically
effective amount of the catalyst is used in the present
process. The amount of ruthenium (as metal) in the
catalyst (metal plus carrier) is generally between 0.1
and 10 wt%. The amount of the group 8-11 metal (as
metal) in the catalyst (metals plus carrier) is
generally between 0.05 and 30 wt.%, preferably between
0.1 and 10 wt.% and more preferably between 0.1 and S
wt.%; The molar ratio of ruthenium to the other metal
is generally within the range from 100 : 1 to
1 : 10, preferably from 20 : 1 to 1 : 1. The mean
particle size (dso) of the catalyst is preferably
between 10 and 100 um, when the catalyst is present ag”
a slurry in the reaction mixture or between 0.001 and

0.05 m, when the catalyst is present in a fixed bed.

. The BET surface area can be between 1 and 100 m?/g. The

BET surface area is preferably between 30 and 100 m?/g.
Preferably anatase is used as carrier to reach such a
high BET surface area of titanium oxide. The high BET
surface area is advantageous because higher catalyst
activity can be odbtained.

The catalyst can be prepared by any of the

‘processes known for a man skilled in the art. The

supported catalyst is suitably prepared by adding at

least one group,s-il metal salt to a ruthenium on _
carrier and subsequently precipitation of the group 8-

11 metal salt by means of evaporation -the solvent, so
called impregnation or by means of reductioh of the .
catalyst. Another suitable method for preparing the
catalyst is adding a group 8-11 metal salt'to-a

ruthenium on carrier and subsequently precipitdtion of
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. the group 8-11 metal salt by means of adjustment of the

pH of the solution. _

The alkyl 5-formylvalerate compound is
preferably a C;-Cs alkyl 5-fofmylvalerate compound.
Examples of suitable alkyl groups are methyl, ethyl,
propyl, iso-propyl, tert-butyl, n-butyl, iso-butyl,
cyclohexyl. More preferably methyl and ethyl groups‘ére
used because methyl- and ethyl-5-formylvalerate are
readily obtainable such as; for example, by the
processes described in U.S. Patent No. 5,527,950, WO-A-
9404482 and WO-A-9506025. A method for preparing 5-
formylvaleric acid starting from a pentenoic acid is,
for example, described in WO-A-9518783. Preferably the
starting compound is an alkyl 5-formylvalerate because
these compounds are more readily available thén 5- -~
formylvaleric acid. Unless otherWise stated, reference
herein to the formyl-starting compound means alkyl 5-
formylvalerate, 5-formylvaleric acid, or both.

The reductive amination is performed by
contacting the formyl-starting compound in water with
hydrogen and a molar excess of ammonia in the presence
of a ruthenium and at least one group 8-11 metal on
carrier, as the catalyst.

The water content in the reaction mixture as
described above is_ét least 10 wt% and more preferably
between about 15 and about 60 wt% and most preferably
between abcﬁtlzo and about 50 wt%. ' _ -

The molar ratio of ammonia and formyl- -
starting compound in the reductive amination step is
preferably between about 3:1 and about 30:1, and more

preferably is between about S:1 and about 20:1.
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The temperature is preferably between about
40°C and about 200°C;_and more preferably between about
80°C and about 160°C.

The process is preferably conducted under
pressure. In general,-the pressure is equal or greater
than the resulting equilibrium pressure of the liquid
reaction mixture employed. The pressure is preferabiy
between 0.5 and 10 MPa.

The molar amount of hydrogen is at least

equal to the molar quantity of formyl-starting

'cbmpound. The molar ratio of hydrogen to the férmyl—

starting compound is preferably between about 1.00 to
about 100. |

If the starting compound is an alkyl 5- _ 7
formylvalerate it is preferred that some alcohol, -
corresponding to this alkyl group is present in the
reaction mixture. The concentration of the
corresponding alcohol can be between 1 and 15 wt.%,
although the alcohol concentration is preferably
between 5 and 15 wt % in order to improve the
solubility of the alle 5-formylvalerate when the
concentration of the latter compound is relatively high
(> 15 wt.%). |

The reaction mixture obtained in the process

-according to the invention comprises g-caprolactam, 6-

aminocaproic acid and 6-aminocaproamide, ammonia, water
and some dissolved hydrogen. If the starting compound
is an alkyl 5-formylvalerate, a small amount of alkyl
6-aminocaproate and the corresponding alcohol to the
alkyl will be present in the reaction mixture. Some
oligomers of 6-aminocaproic acid and/or of 6-
aminocaproamide may also be formed when the present

process is conducted at relatively higher substrate
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acid, 6-aminocaproamide and the alkyl 6-aminocaproate,

are all precursors to eg-caprolactam.

The aqueous mixture from theée one-step

reductive amination can be used to prepare g-

caprolactam.

The process according to the invention can be

~

performed batch wise or continuously. A large scale

commercial process will preferably be performed

continuously.

The present invention can be performed

continuously in a fixed bed reactor in which the

heterogeneous hydrogenation catalyst is present. An

advantage of this reactor is that the reactants are

easily separated from the hydrogenation catalyst.

Another manner of performing the reductive amination is

by way of one or more continuously operated well mixed

contactors in series in which the hydrogenation

catalyst is present as a slurry (slurry reactor). This

manner of operation has the advantage that the heat of

the reaction can be easily controlled by, for example,

a cooled feed or by way of internally placed cooling

devices. Examples of specific and suitable slurry

PCT/NL99/00544

reactors are one or multiple staged bubble columns or a

gas lift-loop reactor or a continuously stirred tank

reactor (CSTR). The slurry-hydrogenation catalyst can

be separated from the reaction mixture by for example

using hydrocyclones and/or by filtration, for example

by cake- or cross-flow

The catalyst

selected across a wide

bed reactor the amount

will be high, while in

filtration.

concentration can be suitably
concentration range. In a fixed
of'datalyst per reactor volume

a slurry-reactor this
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concentration will, in general be lower. In a
continuously operated slurry reactor the weight
fraction of catalyst (including the carrier) is
typically between about 0.1 and about 30 weight %
relative to the total reactor content.

Ammonia, hydrogen, the heterogeneoué_ _
hydrogenation catalyst and the.alcohol (1f present) ~are
preferably separated from the reaction mixture obtained
in the reductive amination prior to the cyclization
étep to eg-caprolactam. Hydrogen and part of the ammonia
can advantageously be separated from this reaction

mixture by reducing the pressure and performing a

- gas/liquid separation. An example of such an operation

is a flash operation performed at between ambient about ;
pressure and about 0.5 MPa. Advantageously, the -~
hydrogen and ammonia can be recycled to the reductive
amination step. _ _

Subsequent to the.reductive amination, thé g-
caprolactam precursors present in the agueous mixture
can be further reacted to g-caprolactam as for.example

described in PCT/NL98/00083.

Example T

1l gram of 5 wt.% ruthenium on zirconium oxide
(BET surface area 86 m?’/g) was introduced in a 100 ml
autocla#e-and 5.8 mg Rh(CO);AcAc was added. The catalysﬁ
was reduced in 57 gram of water at 150°C at 5.0 MPa
hydrogen during 1 hour. After addition of 23.1 gram
ammonia, the temperature was brought to 100°C and the
pressure to 5.0 MPa. Subsequently 2.8 gram methyl-5-
formylvalerate and 1.5 gram methanol were added. The

calculated first order reaction coefficient was 12¢ =
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caprolactam precursors was 98%.

Cowmparative Experiment A
1 gram of 5 wt.% ruthenium on gamma-alumina
was introduced in a 100 ml autoclave. The catalyst was

reduced in 57 gram of water at 150°C at 5.0 MPa hydrogen

during 1 hour. After addition of 24.5 gram ammonia, the

‘temperature was brought to 100°C and the pressure to 5.0

MPa. Subsequently 2.8 gram methyl-S5-formylvalerate and
1.5 gram methanol were added. The calculated first
order reaction coefficient was 43 * 10™* per second. The
total yield of e-caprolactam and eg-caprolactam

precursors was 83%.

Comparative EBEx iment B

1.12 gram of Raney-nickel and 78.5 gram of
water were introduced inn a 180 ml autoclave. After
addition of 13.7 gram ammonia, the temperature was
brought to 100°C and the pressure to 4.0 MPa.
Subsequently 10.1 gram methyl-5-formylvalerate was
added. The calculated first order reaction coefficient

was 62 * 10" per second. The total yield of s-

caprolactam and g-caprolactam precursors was 85%.

Example IT

0.16 gram of 5 wt.% ruthenium on titanium
oxide (BET surface area 55 nf/g)'was introduced in a 100
ml autoclave and 0.77 mg of Ni(NO;).6H,0 was added. The
catalyst was reduced.in 56 gram of water at 150°C at 5.0
MPa hydrogen during 1 hour. Aftef addition of 23.1 gram

ammonia, the temperature was brought to 100°C and the

PCT/NL99/00544
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pressure to 5.0 MPa. Subsequently 2.8 gram methyl-5-
formylvalerate and 1.5 gram methanol were added. The
calculated first order reaction coefficient was 249 *

10™* per second. The total yield of g-caprolactam and g-

caprolactam precursors was 90%.

Example TII

0.16 gram of 5 wt% ruthenium on titanium
oxide (BET surface area 55 m?/g) was introduced in a 100
ml autoclave and 7.8 mg of Ni (NO;).6H,0 was added. The
catalyst was reduced in 56 gram of water at 150°C at 5.0
MPa hydrogen during 1 hour. After addition of 23.1 gram
ammonia, the temperature was brought to 100°C and the
pressure to 5.0 MPa. Subsequently 2.6 gram methyl-5- 7
formylvalerate and 1.4 gram methanol were added. The o
calculated first order reaction coefficient was 369 *
10™* per second. The total yield of g-caprolactam and g-

caprolactam precursors was 99.8%.

Example IV
0.16 gram of 5 wt% ruthenium on titanium

oxide (BET surface area 55 m?’/g) was introduced in a 100
ml autoclave and 2.4 mg of Ni(NO;).6H,0 was added. The --
catalyst was reduced in 56 gram of water at 150°C at 5.0
MPa hydrogen during 1 hour. After addition of 23.1 gram
ammonia, the temperature was brought to 100°C and the
pressure to 5.0 MPa. Subsequently 2.7 gram methyl-5-
formylvalerate and 1.5 gram methanol were added. The
calculated first order reaction coefficient was 257 *

10™* per second. The total yield of e-caprolactam and g-

caprolactam precursors was 89%.
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Example V

132 grams of 5 wt% ruthenium and 0.3 wt$%
nickel on titanium oxide (BET surface area 55 m°/g) were
introduced in a 1.5 liter Hastelloy-C reactor: After

the addition of water, the catalyst was pre-reduced-at

140°C during 12 hours. Subsequently, an aqueous stream

consisting of 25 wt% methyl 5-formylvalerate, 40 wt$

ammonia and 7 wt% methanol in water, was fed

\

continuously to the reactor at a rate of 1095
grams/hour. The reactor was kept at a constant pressure
of 4.0 MPa by a hydrogen stream of 7.5 grams per hour.

The reaction was performed at 140°C. P

During 154 hours the-effluent which continuously left

the reactor was analyzed at regular intervals. A
constant yield of desired prbducts, i.e. g-caprolactam

and caprolactam precursors, of 99.8% was obtained.

arati i In C
Example V was repeated but with 212 grams of
5 wt.% ruthenium on alumina (dso: 74 pm), 30 wt;%
ammonia in the feed and a total pressure of 3.0 MPa.
The yield of desired products was 98%.
However,.afﬁer 200 hours the ds; was 1 pm, making this

catalyst not suitable for use in a large scale process.
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. E . r
50 grams of Raney-Nickel were introduced in a

1 liter Hastelloy-C reactor. An agueous stream
consisting of 5 wt.% methyl-S—formYlvalerate and 20

5 wt.% ammonia in water, was fed continuously to the
reactor at a rate of 875 grams/hour. The reactor was
kept at a constant pressure of 1.5 MPa by a hydrogeﬁ;
stream of 10 gramé per hour. The reaction was.performed
at 100°C. '

10 . The yield of desired products was 96% dﬁring
the first 6 hours. However, within 18 hours theé yield
decreased to 48% and only 21 grams of catalyst was left—
over in the reactor. This catalyst loss makes this |

catalyst not suitable for a large scale process. . P
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WHAT WE CLAIM IS:

A process for preparing an agqueous mixture of g-

caprolactam and 6-aminocaproic acid and/or &-
aminocaproamide by reductively aminating 5-
formylvaleric acid and/or an alkyl 5- -
formylvalerate in water with hydrogen and an
excess of ammonia in the presence of ruthenium on
carrier as a catalyst, characterized in that the
carrier is titanium oxide, zirconium oxidé,
graphite or carbon and the catalyst also contains
at least one of the metals of group 8-11, or a.
compound of these metals. - 7
A process according to claim 1, characterized in
that the amount of grOup 8-11 metal (as .metal) in
the catalyst (metals plus carrier) is betweén 0.05 -
and 30 wt.%.

A process according to claim 2, characterized in
that the amount of group 8-11 metal (as metal) in
the catalyst (metals plus carrier) is between 0.1
and 10 wt.%.

A process according to any one of claims 1-3,
characterized in that the amount of ruthenium (as
metal) in the catalyst is between 0.1 and 10 wt%.

A process accofding to any one of claims 1-4,
characterized in that the carrier is titanium

oxide or zirconium oxide.

A process acéording to-any one of claims l-S;
characterized in that the particle size of the
catalyst is between 10 and 100 pm and the catalyst

is present as a slurry in the reaction mixture.

-

This Sheet Has Been Replaced

i~ oEm



.
-

WO-00/14062

7.
5 8

9.
10

10.

- 15 -

PCT/NL99/00544 -

A prodess according td any one of.élaims-1—4,
characterized in that the particle size of the
catalyst is between 0.001 and 0.05 m and the step
is performed in a fixed bed reactor.

A process according to any one of claims 1-7,
characterized in that the éatalyst has a BET
surface area of between 30 and 100 m?/g.

A process_accordihg to any one of claims 1-8,
characterized in that said alkyl S-formylvalerate
is a C-C¢ alkyl 5-formylvalerate.

A process for preparing e-caprolactam using the
aqueous mlxture obtalned according to any one of

clalms 1 9.
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used in the examples of EP-A-729943 and EP-A-729944. However
when using the exemplified ruthenium on alumina catalyst the

- earlier mentioned problem of particle size reduction also
takes place. It was therefore not expected that by using a
ruthenium and at least one further group 8-11 metal on
zirconium oxide, titanium oxide, graphite or carbon carrier in

a one-step reductive amination that a high yield to g-

caprolactam precursors and a high initial catalytic acitiviy
could be achieved while at the same time avoiding loss of
catalyst activity and reduction of catalyst particle size.

According to the publication WO-A-9835938 g-

caprolactam and e-caprolactam precursors are prepared in water

starting from methyl 5-formylvalerate in the presence of a
ruthenium on titanium oxide or zirconium oxide as catalyst.
The use of a group 8-11 metal as further catalyst component is
not disclosed or suggested.

The catalysts used in the process of the present
invention are combinations of ruthenium and at least one
further group 8-11 metal or compounds thereof, on a carrier
selected from titanium oxide, zirconium oxide, graphite or
carbon. Of the further group 8-11 metal Co, Rh, Ir, Ni, Pd, Pt
and Cu are preferred. The most preferred further group 8-11
metal is Rh and Ni.

The carrier is titanium oxide, zirconium oxide, graphite
Oor carbon. Titanium oxide and zirconium oxide are preferably
used as the carrier because of its high chemical and
mechanical stability and because the selectivity to the
preferred (intermediate) compounds
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AMENDED CLAIMS

WHAT WE CLAIM IS:

A process for preparing an aqueous mixture of e-

caprolactam and é-aminocaproic acid and/or 6-
aminocaproamide by reductively aminating S5-formylvaleric
acid and/or an alkyl 5-formylvalerate in water with
hydrogen and an excess of ammonia in the presence of
ruthenium on carrier as a catalyst, characterized in
that the carrier is titanium oxide, zirconium oxide,
graphite or carbon and the catalyst also contains at
least one further group 8-11 metal, or a compound of
these metals.

A process according to claim 1, characterized in that
the amount of group 8-11 metal (as metal) in the
catalyst (metals plus carrier) is between 0.05 and 30
wt.%.

A process according to claim 2, characterized in that
the amount of group 8-11 metal (as metal) in the
catalyst (metals plus carrier) is between 0.1 and 10
wt.%.

A process according to any one of claims 1-3,
characterized in that the amount of ruthenium (as metal)
in the catalyst is between 0.1 and 10 wt%.

A process according to any one of claims 1-4,
characterized in that the carrier is titanium oxide or
zirconium oxide.

A process according to any one of claims 1-5,
characterized in that the particle size of the catalyst
is between 10 and 100 pm and the catalyst is present as

a slurry in the reaction mixture.

A process according to any one of claims 1-4,
characterized in that the particle size of the catalyst
is between 0.001 and 0.05 m and the step is performed in
a fixed bed reactor.
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A process according to any one of claims 1-7,
characterized in that the catalyst has a BET surface
area of between 30 and 100 m’/g.

A process according to any one of claims 1-8,
characterized in that said alkyl 5-formylvalerate is a
C1-Cs alkyl 5-formylvalerate.

A process for preparing e-caprolactam using the aqueous

mixture obtained according to any one of claims 1-9.
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