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PROCESS FOR THE PREPARATION OF E-CAPROLACTAM 

The invention relates to a process for the 
preparation of E-caprolactam starting from a 5-formyl­
valer ic acid or ester or amide (aldehyde compound) in 
which a reaction in the presence of ammonia and hydrogen 

10 and a subsequent cyclization of the reaction products thus 
formed (E-caprolactam precursors) to E-caprolactam is 
performed in the presence of water. 

Such a process is known starting from methyl 5-
f ormyl valerate and is described in US-A-4730040. In this 

15 process methyl 5-formylvalerate is first (x) hydrolyzed in 
the presence of water and an acidic agent to 5-
f ormyl valer ic ac.id, which is then further (y) reacted in a 
water solvent with ammonia and hydrogen in the presence of 
a Raney nickel catalyst in one reaction step to 6-

20 aminocaproic acid. After separation of all the ammonia the 
aqueous mixture is heated to 300°C (z) and E-caprolactam 
is formed by cyclization of the 6-aminocaproic acid. 

A disadvantage of this process is that, 
according to the experimental results, the best yield of 

25 step (x) is only 78%, the best yield of step (y) is only 
77% and the best yield of the final reaction (z) to E­
caprolactam is only 95%. The overall yield is thus at most 
57%. This overall yield to E-caprolactam is too low for a 
commercially attractive process. 

30 The object of the present invention is a process 

35 

for preparing E-caprolactam in a high yield starting from 
5-formylvaleric acid, ester or amide. 

The object of the invention is arrived at in 
that the following steps are performed: 

(a) contacting the 5-formylvalerate acid, ester or amide 
with ammonia and water under non-hydrogenation 
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conditions, 
(b) contacting the resulting aqueous mixture of step (a) 

with hydrogen in the presence of ammonia under 
hydrogenation conditions, in which the water content 

5 is higher than 10 wt.%, 
(c) heating the resulting mixture of step (b) to a 

temperature between 200 and 350°C in order to convert 
the reaction products of step (b) to E-caprolactam. 

It appears that when the process is performed in 
10 the above described fashion high yields to E-caprolactam 

are obtained starting from the 5-formylvaleric acid, ester 
or amide. A further advantage of this process is that the 
solvent of the process is water. water is a reaction 
product of the reactions taking place in the process 

15 according to the invention. By using additional water as a 
solvent the number of different compounds in the process 
is limited. Water is furthermore easy to handle in large 
scale commercial plants. Less safety measures are needed 
when water is used as solvent because of its, for example, 

20 non-toxic, non-explosive and non-carcinogenic properties. 

25 

Another advantage is that the same solvent is used in the 
whole process making it possible to use the reaction 
mixture obtained in one step without undue burden in the 
next step. 

A further advantage is that high yields to E­
caprolactam are possible when applying a relatively high 
concentration (concentration levels higher than 10 wt.%) 
of starting or intermediate compounds in the various steps 
(a)-(c). This is advantageous because lower-volume process 

30 equipment is needed, thus reducing the costs of investment 
for a commercial process. 

A similar process starting from a 5-
formylvalerate ester to E-caprolactam is described in JP­
B~68029148. This patent publication describes a one step 

35 proces in which a 5-formylvalerate is reacted with ammonia 
and hydrogen in the presence of water at 230°C and 15 MPa 
in the presence of Raney nickel in the liquid phase. A 
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disadvantage of this process, according to US-A-4730041, 
is that the yields fluctuate very greatly when the process 
is carried out industrially. 

A process for the cyclization of 6-aminocaproic 
5 acid or 6-aminocaproic acid amide (,intermediate products 

of the present invention which are formed in step (b)) in 
an aqueous ammonia or in pure water solvent is described 
in US-A-3485821. Experimental results show that at 33 wt.% 
6-aminocaproic acid in water and 300°C polyamide is formed 

10 as a by-product. 
In an article of Frank Mares and Desmond Sheehan 

(Ind. Eng. Chem. Process Des. Dev. Vol. 17, No. 1, 1978, 
page 9-16) the cyclization of 6-aminocaproic acid, ester 
and amide in either a water solvent or an ethanol solvent 

15 is described. This article teaches that a temperature of 
about 300°C and at higher concentrations of 1 mol/kg of 6-
aminocaproic acid or 6-aminocaproic acid amide in water 
high levels of dimers and other oligomers may be formed. 
According to this article the formation of these oligomers 

20 is disadvantageous for the E-caprolactam yield. 
The possible starting compounds of the present 

process, 5-formylvalerate ester, 5-formylvaleric acid and 
5-formylvaleric acid amide will be referred to as the 
aldehyde compound in the description if the description is 

25 applicable to all three starting compounds or mixtures of 
these compounds. 

The mixture of compounds obtained in step {b) 
will contain reaction products which are able to react to 
E-caprolactam and possibly some amount of E-caprolactam 

30 precursors. These "E-caprolactam" precursors are 6-
aminocaproate ester, 6-aminocaproic acid and 6-
aminocaproic acid amide. The amount of 6-aminocaproate 
ester will normally be very low. When relatively high 
concentrations of aldehyde compound is applied in step (a) 

35 and {b) a significant amount of oligomers (mostly dimers) 
of the foregoing compounds are also formed. It has been 
surprisingly found that these oligomers can be reacted to 
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£-caprolactam in step (c) with similar high yields 

compared to when starting from the three £-caprolactam 

precursors listed above. Because of this the oligomers 

formed in the process according to the invention are also 

5 considered to be £-caprolactam precursors. 

The 5-formylvalerate e~ter, acid or amide can be 

obtained by hydroformylation of the corresponding 

pentenoate ester, acid or amide as for example described 

for the ester in WO-A-9426688 and WO-A-9518089 and for the 

10 acid in WO-A-9518783. Preference is given to the 5-

formylvalerate ester as starting compound because this 

compound is more easily obtainable. 

15 

The aldehyde compound can be represented by the 

following general formula: 

H-C-( CH2) ,-C-R 
~ . ~ 

(1) 

0 0 

20 where R is a -OH, -NH2 or -O-R1 group, R1 is preferably an 

organic group with 1 to 20 carbon atoms, wherein the 

organic group is an alkyl, cycloalkyl, aryl or aralkyl 

group. More preferably R1 is an alkyl group. Examples of R1 

groups include methyl, ethyl, propyl, isopropyl, n-butyl, 

25 tert-butyl, isobutyl, cyclohexyl, benzyl and phenyl. By 

preference R1 is methyl or ethyl. · 

The first step {a) is carried out under 

non-hydrogenating conditions. The term 'non-hydrogenating 

conditions' means that the reaction conditions are such 

30 that, ei:ther no hydrogen is present or if hydrogen is 

present, then the aldehyde compound or a reaction product 

of it is not or virtually not reduced by the hydrogen. In 

general, non-hydrogenating conditions are realized by 

carrying out the first step in the absence of a 

35 hydrogenation catalyst. 

In one such embodiment of the present process 

the hydrogen {of step (b)) can be already present in step 

(a). However, if the hydrogenation catalyst is already 
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present in this step, non-hydrogenating conditions are 

achieved by not adding hydrogen to the reaction mixture 

until after completing step (a). A third pos·sible 

embodiment is that neither hydrogen nor the hydrogenation 

5 catalyst is present in step (a). 

The temperature in step (a) may be up to 120°C 

and is preferably between 0°C and 100°C. More preferably 

the temperature is between 20-100°C. 

It has been found that the best results with 

10 regard to yield to e-caprolactam precursors are achieved 

when t.he conversion of the aldehyde compound in step (a) 

is more than 90%, preferably more than 99%. Too low of a 

conversion will result in an increase of, for example, the 

6-hydroxycaproate ester (or acid or amide) and/or 

15 secondary amines formation. Formation of these compounds 

will negatively influence the overal yield to e­

caprolactam. 
As explained above a too low contact or 

residence time in step (a) will result in undesirable by-

20 product formation. The optimal residence or contact time 

at which the conversion of the aldehyde starting compound 

is virtually completed will depend on the reaction 

conditions, for example temperature, concentration of 

reactants and method of mixing. Longer contact or 

25 residence times than needed to achieve the above 

conversion are possible. The optimal residence time or 

contact time can be easily determined by the man skilled 

in the art. Starting from the temperature and 

concentration range here described the residence or 

30 contact time will under normal mixing condition preferably 

be higher than·s seconds. Preferably the residence or 

contact time will be below 2 minutes. 

Step (a) is carried out in the-presence of 

ammonia, preferably a molar excess of ammonia is chosen 

35 such that the molar ratio ammonia:aldehyde compound is 

between 1:1 and 500:1 calculated on the starting amount of 

the aldehyde compound. Preferably this ratio is higher 
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than 5:1. More preferably this ratio is higher than 10:1. 

If this ratio is too low the E-caprolactam yield is 

negatively influenced. 
Water will be formed in step (a) as a reaction 

5 product of the reaction between the aldehyde compound and 
ammonia. The amount of water in the starting mixture of 

step (a) and the water formed in step (a) is preferably 

sufficient to amount to at least the 10 weight % water 
concentration of the mixture used in step (b). More 

10 preferably step {a) is performed in the presence of at 
least 10 weight percent of water. 

When the· aldehyde starting compound is a 5-

f ormyl valerate ester preferably an alkanol is present in 
step (a). The alkanol is preferably the corresponding 

15 alcohol of the ester (R1-0H). The concentration of alkanol 

in step {a) is preferably between 2 and 20 and more 
preferably between 5 and 15 wt.%. When an alkanol is 
present in step (a) the solubility of the 5-formylvalerate 

ester in the reaction medium increases. 

20 Preferably the molar ratio ammonia:S-

formylvalerate ·(5-formylvalerate plus E-caprolactam and/or 
E-caprolactam precursors) in step (a) is between 3:1 and 
25:1 more preferably between 5:1 and 15:1. 

The water content of the reaction mixture in 
25 step (a) is preferably between 15-60 wt.% and more 

preferably between 20-50 wt.%. 
The concentration of the aldehyde compound or 

the concentration of the sum of aldehyde compound and its 
reaction products (5-formylvalerate plus E-caprolactam 

30 and/or E-caprolactam precursors) in step {a) is generally 

between 1 and 50 wt.% and preferably between 10 and 35 

wt.%. 
The p~essure in the first step is not critical. 

The pressure is generally equal or greater than the 
35 resulting equilibrium pressure of the reaction mixture and 

the temperature employed. 
Step (a) can be carried in the presence of a 
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catalyst, for example an acid ion exchanger or an acidic 

metal oxide c~talyst, for example alumina or Ti02 • The 

conversion of the aldehyde starting compound in the first 

step also proceeds favorably in the absence of a catalyst. 

5 Because the overall yield to e-caprolactam is not greatly 

influenced by the presence of a catalyst in the first 

step, such a catalyst is generally not used. 

The process according to the invention can be. 

performed batch wise or continuously. A large scale 

10 commercial process will preferably be performed 

continuously. For step (a), it is important that the 

reactants are sufficiently contacted at a certain 

temperature during a specified period of time optionally 

in the presence of a catalyst as described above. Any 

15 manner of contacting will usually suffice. For example a 

tube reactor with or without, for example, internal 

baffling or packing or a static mixer is a possible 

contacting unit for step (a). To control the temperature 

in step (a) it may be advantageous to use cooling devices, 

20 for example cooled walls or a cooling spiral placed in the 

contacting unit. 

The above described ratios and concentrations 

and their preferred values for step (a) also apply for 

step (b) unless otherwise mentioned. Moreover the 

25 composition of the aqueous reaction mixture obtained in 

step (a) is by preference, directly and without 

substantial separation of any of the compounds of the 

mixture, used in step (b). This is advantageous because it 

results in a more simple process. 

30 The reaction product obtained in step (a) is 

converted in step· (b), to e-caprolactam and e-caprolactam 

precursors, under hydrogenating conditions in the presence 

of ammonia. 
The £-caprolactam precursors, 6-aminocaproic 

35 acid amide, 6~aminocaproate ester or 6-aminocaproic acid, 

are defined by the following formula: 
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(2) 

5 where R is the same as in formula (1). The oligomers are 

for the greater part dimers of 6-aminocaproic acid or 

dimers of 6-aminocaproic acid amide. Trimers and higher 

oligomers may also be formed. 
When the aldehyde compound is 5-formylvalerate 

10 ester a mixture of e-caprolactam, 6-aminocaproic acid, 6-

aminocaproic amide and none or a small amount of 6-

aminocaproa te ester and/or oligomers and the corresponding 

alcohol will be obtained in step (b). The hydrolysis of 

the ester-group mainly takes place in step (b). When the 

15 aldehyde compound is 5-formylvaleric acid a mixture of e­

caprolactam, 6-aminocaproic acid and possibly some 6-

aminocaproic acid amide and possibly some oligomers will 
be obtained in step (b). Starting from 5-formylvaleric 

acid amide the main product will be 6-aminocaproic acid 
20 amide and possibly some oligomers next to some e­

caprolactam. 
By 'hydrogenating conditions' is understood in 

this invention that the reaction conditions are such that 

the intermediate reaction product(s) obtained in step (a) 

25 can be reduced· by hydrogen. In general hydrogenation 

conditions are achieved when hydrogen and a hydrogenation 
catalyst are present. 

The total pressure used in step (b) is generally 
between 0.5 and 20 MPa. The pressure is preferably between 

30 0.5-10 MPa and more preferably between 1.0-5.0 MPa. 

Step (b) is in general carried out at a 

temperature higher than 40°C. In general the temperature 

will be lower than 200°C. To achieve optimal overall 

yields to e-caprolactam the temperature is more preferably 

35 between 70 and 180°C and most preferably between 80 and 

160°C. 
The residence or contact time in step (b) should 

be high enough to reduce virtually all the intermediate 
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products formed in step (a) to e-caprolactam and e­
caprolactam precursors. Higher residence time or contact 
time will result in that more e-caprolactam and possibly 
oligomers are formed. The residence or contact time is 

5 preferably between around a half minute to a couple of 
hours. When the process is carried out batch wise or in a 
continuously.operated slurry reactor the contact or 
residence time respectively will generally be higher than 
the residence time when a continuously operated tube 

10 reactor is used. 
The hydrogenation catalyst comprises one or more 

of the metals choosen from the metals of groups 8-10 of 
the Periodic System of the Elements (Handbook of Chemistry 
and Physics, 70th edition, CRC Press, 1989-1990) for 

15 example nickel, cobalt, ruthenium, platinum or palladium. 
Preference is given to Ru-, Ni- or Co-containing 
catalysts. In addition to Ru, Co and/or Ni the catalysts 
can also contain other metals for example Cu, Fe and/or 
Cr. The content of these additional metals may be, for 

20 example, up to·20% by weight based on the total metal 
content. The catalytically active metals may be applied 
onto a carrier or not. Suitable carriers are for example 
aluminium oxide, silica, titanium oxide, zirconium oxide, 
magnesium oxide and carbon. Non-carried metals can also be 

25 used. An example of a non-carried metal is finely 
dispersed ruthenium. Preferred Ni- and Co-containing 
catalysts are Raney nickel and Raney cobalt optionally in 
combination with small amounts of another metal, for 
example Cu, Fe and/or Cr. Most preferred are ruthenium 

30 containing catalysts. High yields to e-caprolactam over a 
prolonged period of time are possible when using this 
class of catalysts. Examples of possible ruthenium 
catalysts are non-carried metals, for example finely 
dispersed ruthenium or ruthenium on a carrier, for example 

35 a carbon or alumina carrier. 
Step (b) may be performed continuously in a 

fixed bed reactor in which the heterogeneous hydrogenation 
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catalyst is present. An advantage of this reactor is that 

the reactants are easily separated from the hydrogenation 

catalyst. Another manner of operating step (b) is by way 

of one or mor~ continuously operated well mixed 
5 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 
of step (b) can be easily controlled by, for example, a 
cooled feed or by way of internally placed cooling 

10 devices. Examples of specific and suitable slurry 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 ca~ be separated 
from the reaction mixture after step (b) by for example 

15 using hydrocyclones and/or by filtration, for example by 

cake- or cross-flow filtration. 

20 

The catalyst concentration in step (b) may be 
choosen between a wide range. In a fixed bed reactor the 
amount of active metal per volume will be high while in a 
slurry reactor this concentration will in general be 
lower. In a continuously operated slurry reactor the 

weight fraction of catalyst (including the carrier) is 

typically between 0.1 and 30 weight % relative to the 

total content of the reactor. The weight fraction will for 
25 example depend on the use of a carrier and the kind of 

carrier. 
Ammonia, hydrogen, the hydrogenation catalyst 

and the alkanol (if present) are preferably separated from 
the reaction mi·xture obtained in step (b) prior to step 

30 (c). Hydrogen and part of the ammonia can be 

·advantageously be separated by reducing the pressure and 
performing a gas/liquid separation. An example of such an 
operation is a flash operation performed at between 
ambient pressure and 0.5 MPa. The hydrogen and ammonia can 

35 advantageously be recycled to steps (a) and (b). 

In a subsequent step the alkanol can be 
separated. It has been found that it is advantageous to 
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perform the cyclization step {c) in the pressence of less 
than 1 wt% and more preferably less than 0.1 wt% of 
alkanol. Thus when the resulting mixture of step {b) 
contains alkanol it is advantageous to separate this 

5 compound. It has been found that the pressence of alkanol 
during the cyclization promotes the formation of the 
corresponding N-alkyl capr-olactam, an unwanted by-product. 
The presence of small quantities of these N-alkylated 
products, for example N-methyl E-caprolactam, in final E-

. 10 caprolactam makes the E-caprolactam less suitable for use 
as starting material for nylon-6 fibers. Because these N­
alkylated products are difficult to separate from the 
final E-caprolactam it is favorable that they do not form 
or that their formation is minimized in the process 

15 according to the invention. 
Separating the alkanol may be performed by any 

known method known to the man skilled in the art, for 
example distillation or stripping, for example steam 
stripping. 

20 Preferably the alcohol is removed by stripping 
the aqueous mixture with steam. In a commercial large 
scale process the stripping preferably involves the 
continuous counter current contacting of the aqueous 
starting mixture with upflowing steam in a vertical 

25 positioned column, in which at the top a water/alcohol 
stream and at the bottom an alcohol-poor aqueous product 
stream is obtained. Steam stripping ·is advantageous 
because the alcohols can be removed very effectively and 
because a convenient concentration of the E-caprolactam 

30 precursors and E-caprolactam in resulting aqueous mixture 
is obtained. In this process ammonia is also 
quantitatively removed. The water/alcohol/ammonia thus 
obtained can be advantageously recy·cled to step (a). 

The steam stripping is preferably performed at a 
35 pressure between ambient pressure and 1.0 MPa, and more 

preferably under near atmospheric conditions. Near 
atmospheric conditions are preferred because less 
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expensive process equipment is required. 
The concentration of ammonia in step (c) is 

preferably below 5 wt.% and more preferably below 3 wt.%. 
High concentrations of ammonia have a negative effect on 

5 the yield to E-caprolactam (per pass). 

10 

The concentration of E-caprolactam precursors in 
step (c) is preferably between 5 on 50 wt.% and more 
preferably between 10-35 wt.% •. and most preferred above.15 
wt.%. 

The temperature in step (c) is between 200 and 
350°C. Preferably the temperature is between 270 and 
310°C. More preferably the temperature in step (c) is 
higher than 285°C in step (c), because higher 
selectivities to E-caprolactam and thus a higher overall 

15 yield to E-caprolactam is obtained. Temperatures exceeding 
310°C are less preferred because of the increasing 
formation of unwanted by-products. 

The pressure in step (c) is preferably between 
5. 0 and 20 MPa. N·ormally this pressure will be greater 

20 than or equal· to the resulting pressure of the reaction 
mixture and the temperature employed. 

Step (c) can be performed continuously in 
process equipment resulting in high and low rates of 
backmixing, for example in a (optionally a series of) 

25 continuously stirred tank reactor(s) (CSTR) or a tube 
reactor. 

The E-caprolactam can be separated from the 
reaction mixture obtained in step (c) by for example 
crystallization, extraction or by distillation. Examples 

30 of possible extraction agents are methylene chloride, 
cyclohexane, toluene, benzene, chloroform or trichloro­
ethane. 

After separating the E-caprolactam from the 
mixture obtained in step (c), the resulting mixture, 

35 containing unconverted E-caprolactam precursors comprising 
also some oligomers is preferably recirculated to step 
(c). Preferably not all of the E-caprolactam is separated 
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from the mixture obtained in step (c) if the E-caprolactam 

is separated by distillation. It has been found that the 

oligomers are more easily handled when the distillation 

residue mixed with some E-caprolactam, preferably between 

5 5 and 50 wt.% E-caprolactam. By performing step (c) in 

this way it has been found that almost no build-up of 

oligomers in the circulating mixture takes place and that 

the overall yield to E-caprolactam of the cyclization step 

(c) of practically 100% is possible. 

10 An example of a possible embodiment of the 

process ~tarting from methyl 5-formylvalerate according to 

the invention is given in Figure 1. The illustrated 

process is a schematic representation of the process 

equipment used in the below examples. 

15 In figure 1 a mixture of methyl 5-

formylvalerate/water/ammonia/methanol (1) is led to step 

(a). Step (a) is performed in a tube reactor (A). The 

resulting aqueous reaction mixture (2) is fed to step (b), 

performed in a continuously stirred tank reactor {B), in 

20 which a catalyst is present as a slurry. Hydrogen (3) is 

continuously or intermittently fed to step (b) in which 

the desired hydrogen partial pressure is maintained at a 

constant value. From the aqueous reaction mixture obtained 

in step (b) the slurry catalyst is separated by filtration 

25 (not shown). Hydrogen and part of the ammonia are 

separated from the mixture (4) by flashing in flasher (F). 

Methanol and the residual ammonia are separated from (6) 

in a steam stripper (S) in which steam is supplied to via 

(8). The resulting mixture (9) is fed to step (c) together 

30 with recycle (14) and fresh water (15). Step (c) is 

performed in a tube reactor (C). From (10) first water is 

separated in distillation unit (01). From the mixture 

(12) E-caprolactam (13) is separated in a second 

distillation unit (02). The residue contains E-caprolactam 

35 + E-caprolactam precursors, comprising also some 

oligomers. This mixture (14) is recirculated to step (c). 

In the recirculating streams purges will be present (not 
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shown) to overcome possible build up of contaminants and 

by-products. 

The invention will be elucidated with the 

following non-restricting examples. 

5 The composition of the resulting mixtures of the 

experiments are sometimes expressed in mol petcentages. 

The molar percentage of a component is represented by the 

molat fraction (* 100%) of the molat amount of convetted 

methyl 5-formylvalerate (M5FV) which conttibutes to that 

10 specific component. For example if the starting amount of 

M5FV is 100 mol and the resulting mixture contains 50 mol 

e-caprolactam and 25 mol dimers then the molar 

contribution to e-caprolactam will be 50 mol% and the 

molar conttibution to the dimers will be 50 mol% (totaling 

15 100 mol%). When no oligomers such as dimets are present in 

the mixture the above molat petcentages ate the same as 

the molar yield as expressed below: 

mol component x formed 

20 yield of component x = -------------------- * 100% 

mol M5FV convetted 

Example I 

At a ptessute of 5.0 MPa, 45 g/ht (312 mmol/hr) 

25 of methyl 5-formylvalerate, 495 g/hr {27.5 mol/hr) of 

water and 360 g/hr (21 mol/hr) of ammonia was pumped 

thtough a tube which was cooled by a watet bath so that a 

constant temperature of 35°C was maintained in the tube. 

Almost no back mixing occurred and the (liquid) residence 

30 time was 15 seconds. The reaction mixture leaving the tube 

did not contain any significant amount of methyl 5-

formylvalerate. The resulting mixture leaving the tube 

(first step) was fed to a continuously stirred tank 

reactor, a Hastelloy C autoclave of 1 liter liquid volume. 

35 The teactot was stitted at 1250 tpm. The ptessure was kept 

constant at 5 MPa. The tesidence time was 60 minutes and 

the temperature was kept at 100°C. To the teactor a net 
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amount of 10 g/hr of hydrogen was fed. The reactor was 

filled with 50 g of an unpromoted Raney Nickel catalyst 

(93 wt.% nickel and 7 wt.% aluminum, average particle 

size: 59 µm from Activated Metals Company (A5000)). The 

5 rate of the effluent was such that the level of the liquid 

in the reactor was kept at a con~tant height. 
The -effluent was analyzed by High Pressure 

Liquid Chromatography (HPLC) after 3 and 6 hours of 

operation. The results are summarized in Table. 1. The 

10 yields after 3 and 6 hours of operation were comparable 

and within their respective error range. The conversion of 

methyl 5-formylvalerate was 100%. 

TABLE 1 

15 3 hours 6 hours 

6-aminocaproic acid amide 58.7 (1) 59.8 

6-aminocaproic acid 23.9 25.3 

methyl-6-aminocaproate 0.4 o.o 

E-caprolactam 17.0 14.9 
. . 20 (1) Results in weight percentage. 

As is clear from Table 1 high yields, up to a total of 

100%, are obtained of E-caprolactam and E-caprolactam 

25 precursors when using water as solvent. 

Example II 
Example I was repeated using 39.9 g/hr of methyl 

5-formylvalerate, 184 g/hr ammonia and 644 g/hr of water. 

30 The residence time in step (a) was 15 seconds and in step 

(b) 60 minutes. The catalyst concentration was 60 g/liter 

and the liquid level was kept constant maintaining a 

1 iquid volume in· the reactor of step (b) of 1 1. 

After step (b) a gas/liquid separation at 

35 reaction conditions the liquid reaction mixture thus 
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obtained contained no starting methyl 5-formylvalerate 
(100% conversion), 7.2 g/h methanol, 170 g/hr ammonia, 647 
g/hr water, 12.6 g/hr 6-aminocaproic acid, 12 g/hr 6-
aminocaproic acid amide, 4.3 g/hr e-caprolactam. 

5 The selectivity to e-caprolactam and E-

caprolactam pr.ecursors of step (a) + (b) was 81.9%. 

Example III 
Example II was repeated using 38.7 g/hr methyl 

10 5-formylvalerate, 299 g /hr ammonia and 407 g/hr water • 
. After the gas/liquid separation at reaction 

conditions the liquid stream had the following 
composition: 8.5 g/hr methanol; 275 g/hr ammonia, 410 g/hr 
water, 8.7 g/hr 6-aminocaproic acid, 20.7 g/hr 6-

15 aminocaproic acid amide and 4.8 g/hr e-caprolactam, 
The conversion of methyl 5-formylvalerate ester 

was 100% and the selectivity of step (a) and (b) was 
99.7%. 

20 Example II and III illustrate the influence of 
the ammonia-water molar ratio on the selectivity to E­
caprolactam and e-caprolactam precursors. 

Example IV-V 
25 Example II was repeated at 2 MPa, with a 

30 

35 

catalyst concentration of 50 g/l with different feed 
compositions. The results are in Table 2: 

TABLE 2: 

Example M5FV NH3 H20 Selectivity 
nr. g/h g/h g/h % 

IV 42.6 93.3 770 93.4 

v 40.4 173.6 639 97.5 
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Example VI-IX 
Example II was repeated at different hydrogen 

pressures-with a catalyst concentration of 50 g/l. The 

results are in Table 3. 

TABLE 3: 

Example Pressure M5FV NH3 H20 selectivity 

nr. MP a g/h g/h g/h 

VI 1.6 42.3 92.5 766 94.4 

VII 2.0 42.6 93.3 770 93.4 

VIII 3.0 42.4 93.8 761 90.8 

IX 4.0 42.4 91.7 754 85.9 

Examples I-IX illustrate that high selectivities 

and yields to t-caprolactam and t-caprolactam precursors 

can be achieved by varying for example the hydrogen 

20 pressure or the water-ammonia ratio. 

Example X 
Example I was repeated for 50 hours at a 

pressure of 3 MPa, in which 81.7 g/hr of MSFV, 203 g/hr 

25 ammonia and 526 g/hr water was pumped through the tube at 

a temperature of 35°C. Almost no back-mixing ocurred in 

the tube and the liquid residence time in the tube was 15 

seconds. The reaction mixture leaving the tube contained 

no M5FV. 

3·0 The mixture leaving the tube was fed to the 

continuously stirred tank reactor (CSTR) in which a liquid 

hold-up of 1 liter of liquid was maintained. The catalyst 

in the CSTR was a 5wt% ruthenium on Al 20 3 catalyst 

(Engelhard: ESCAT 44) and the catalyst concentration was 

35 maintained at 103 g/l. The CSTR was stirred at 1260 rpm. 
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The pressure in the CSTR was kept constant at 3 MPa and 
the temperature at 120°C. The residence time was 60 
minutes. To the reactor a net amount of 5.0 g/hr of 
hydrogen was fed. 

The effluent of the CSTR was analyzed by HPLC 
every 4 hours. The composition o~ the effluent did not 
vary significantly during the 50 hours of operation. The 
average composition of the effluent in the last 28 hours 
was 28 mol% 6-aminocaproic acid (6ACA), 47.2 mol% 6-

10 aminocaproic acid amide (6ACAM), 24.2 mol% e-caprolactam 
(CAP), 0.6 mol% methyl 6-aminocaproate (M6AC). No 

15 

detectable amount of N-methyl caprolactam was present in 
this mixture. Thus a 100 mol% yield to e-caprolactam and 
e-caprolactam precursors is obtained in step 1 and 2. 

Example XI 
Example X was repeated for 22 hours, in which 

the water feed was replaced by a mixture of water and 
methanol (15 wt% methanol). The feed rate of this mixture 

20 was 511 g/hr. Almost no back-mixing ocurred in the tube 
and the liquid residence time in the tube was 15 seconds. 
The reaction mixture leaving the tube contained 
practically no methyl-5-formylvalerate. 

The catalyst concentration in the CSTR was 96.0 
25 g/l. 

The composition of the effluent did not vary 
significantly during the 22 hours of operation. The 
average composition o_f all the products formed in the last 
12 hours was 22.5 mol% 6ACA, 48.0 mol% 6ACAM, 27.4 mol% E-

30 caprolactam, 2.1 mol% methyl 6-aminocaproate. No 
detectable amount of N-methyl caprolactam was present in 
this mixture. Thus a 100 mol% yield to e-caprolactam and 
e-caprolactam precursors is obtained in step 1 and 2 when 
methanol is present in the feed to step 1. 

35 

Example XII 
Example XI was repeated for 34 hours at a 
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pressure of 3 MPa, in which 154 g/hr of methyl-5-
formylvalerate, 205 g/hr ammonia and 439 g/hr of the 
15wt%-methanol/water mixture was pumped through the tube 
at a temperature of 35°C. Almost no back-mixing ocurred in 

5 the tube and the liquid residence time was 15 seconds. The 
reaction mixture leaving the tube contained no methyl-5-
formylvalerate. 

The catalyst concentration in ·the CSTR was 209 
g/l and the net hydrogen feed to the CSTR was 10 g/h. The 

10 temperature and pressure were the same as in Examples X 
and XI. The residence time was 60 minutes. 

The·composition of the effluent did not vary 
significantly during the 34 hours of operation. The 
composition of all the products present in the effluent of 

15 the CSTR after 34 hours was 19.6 mol% 6ACA, 36.9 mol% 
6ACAM, 31.5 mol% £-caprolactam, 2.4 mol% methyl 6-
aminocaproate and 9.6 mol% oligomers. Most of the 
oligomers (about 90 wt% of the oligomers) were dimers of 
either 6ACA or 6ACAM. No N-methyl caprolactam was detected 

20 in this mixture. The yield to £-caprolactam and £­
caprolactam precursors is 90.4 mol%. If all of the 
oligomers contribute to the final £-caprolactam yield 
(after the cyclization step (c)) the yield of _step (a) and 
(b) is practically 100 mol%. 

25 This example illustrates that a high selectivity 
to £-caprolactam and £-caprolactam precursors is possible 
at a relatively high initial substrate concentration of 
19.3 wt% M5FV. 

30 Example XIII 
Example XI was repeated for 22 hours at a 

pressure of 3 MPa, in which 192 g/hr of M5FV, 237 g/hr 
ammonia and 357 g/hr of the 15 wt%-methanol/water mixture 
was pumped through the tube at a temperature of 35°C. 

35 Almost no back-mixing ocurred in the tube and the liquid 
residence time was 15 seconds. The reaction mixture 
leaving the tube contained no M5FV. 
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The catalyst concentration in the CSTR was 209 

g/l and the net hydrogen feed to the ·csTR was 10 g/h. The 

temperature and pressure were the same as in·Examples X 

and XI. The residence time was 60 minutes. 

The mixture leaving the. CSTR was mixed with 114 

g/hr of water after which the pressure was reduced to 

ambient pressure in a flash operation. The additional 

water was added before the flash operation and provided 

additional cooling. The c.omposition of the effluent did 

10 not vary significantly during the 22 hours of operation. 

The composition of all the products present in the 

effluent of the CSTR at 22 hours was 14 mol% 6ACA, 40 mol% 

6ACAM, 34 mol% e-caprolactam, 0 mol% methyl 6-

aminocaproate and 12 mol% oligomers. Most of the oligomers 

15 (about 88 wt% of the oligomers) were dimers of either 6ACA 

or 6ACAM. No detectable amounts of N-methyl caprolactam 

ware present in this mixture. The yield to e-caprolactam 

and £-caprolactam precursors is 88 %. If all of the 

oligome~s contribute to the overal £-caprolactam yield, 

20 then the yield of the combined step (a) and (b) is 100 

mol%. 
This example illustrates that a 100 % yield to 

e-caprolactam and £-caprolactam precursors is possible at 

a relatively high initial substrate concentration of 24.4 

25 wt% M5FV. 

Example XIV 
The effluent of Example XII was during 34 hours 

continuously flashed at 0.11 MPa. Also 100 gr/hr H20 was 

30 continuously fed to this flasher to provide additional 

cooling. The resulting liquid stream, after flashing, had 

a rate of 612 gr/hr and contained 4.8 wt% NH3 , 6.5 wt% 

methanol, 66.0 wt% H20 and a total of 21.7 wt% of E­

caprolactam and £-caprolactam precursors (1.07 mol/hr). 

35 After 34 hours 20.8 kg (36.4 mol E-caprolactam or £­

caprolactam precursors) of this mixture was collected. 

The collected mixture was subsequently 
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continuously fed to a cyclization reactor at a rate of 500 

gr/hr and at a temperature of 300°C. The cyclization was 

carried out in a plugflow reactor (almost no back-mixing) 

at a constant temperature of 300°C (maintained with the 

5 use of an oil bath), a pressure of 10 MPa and at a 

residence time of 30 minutes. The effluent leaving the 

cyclization reactor was cooled down and depressurized to 

ambient conditions. The average composition of all the 

products present in the liquid aqueous stream amounted to 

10 65.9 mol% CAP, 5.1 mol% N-methyl caprolactam, 3.6 mol% 

6ACA, 7.2 mol% 6ACAM and 18.2 mol% oligomers. 

By vacuum distillation H20, NH3 and methanol were 

semicontinuously removed from this liquid aqueous mixture. 

From the bottom stream of the first distillation 2515 gr 

15 e-caprolactam (22.26 mol) and 234 gr N-methyl caprolactam 

(1.84 mol) were recovered by a second vacuum distillation. 

In the second distillation 1464 gr residue (bottom 

product) was obtained, which according to the mass-balance 

contained 12.3 mol equivalent monomeric products. Analysis 

20 of the residue showed that CAP, 6ACA, 6ACAM and oligomers 

were present. 
This residue together with fresh water was fed 

continuously to the same cyclization reactor as described 

above. The rate of the residue was 100 gr/hr and the rate 

25 of the fresh water was 400 gr/hr. Cyclization of the 

residue was carried out at 300°C, 10 MPa and at a 

residence time of approximately 30 minutes. After cooling 

and depressurizing of the effluent of the cyclization 

reactor the average composition of all the products 

30 present in the liquid aqueous stream amounted to 71.7 mol% 

e-caprolactam, 10.9 mol% of 6ACA and 6ACAM and 17.4 mo1% 

oligomers. No detectable amounts of N-methyl caprolactam 

were present in the product mixture. 

With two vacuum distillations as described above 

35 924 gr e-caprolactam (8.18 mol) was recovered from the 

liquid aqueous stream. Also 489 gr of residue was obtained 

in the second distillation, which according to the mass-
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balance should contain 4.11 mol caprolactam and/or 

caprolactam precursors. 

The residue and fresh water was fed continuously 

to the same cyclization reactor as described above. The 

5 rate of the residue was 100 gr/hr and the rate of the 

fresh water was 400 gr/hr. Cyclization and distillation of 

the products was carried out as formerly described. The 

composition of all the products present in the aqueous 

effluent of the cyclization was again 71.7 mol% E-

10 caprolactam, 10.9 mol% 6ACA and 6ACAM and 17.4% oligomers. 

Again no N-methyl caprolactam was detected. After 

distillation 309 gr E-caprolactam (2. 73 mol) _was 

recovered. The distillation residue (165 gr) should 

contain according to the mass-balance 1.38 mol E-

15 caprolactam and/or E-caprolactam precursors. 

Thus after 2 times recycle of the distillation 

residue an overall caprolactam yield of 91.2 mol% had been 

achieved based on the initial amount of M5FV. In the first 

cyclization pass where still some methanol was present 5.1 

20 mol% of the unwanted by-product N-methyl caprolactam was 

formed. The approximated caprolactam yield per pass was 

61.2% in the first pass, 66.5% in the second pass (first 

recycle of distillation residue) and 66.4% in the third 

pass (second ·recycle of distillation residue). Thus it was 

25 proven that after distillative caprolactam recovery the 

remaining distillation residue can successfully be 

recycled to the cyclization reactor resulting in a high 

overall caprolactam yield. 

30 Example XV 
The resulting effluent of Example XIII was 

continuously fed for 22 hours to the top of a 

steamstripper column at a rate of approx 550 gr/hr. Steam 

was generated in a reboiler of the column. To the column 

35 also 350 gr/hr of fresh water was fed. In the 

steamstripper column the liquid product stream was thus 

contacted with an upflowing stream of steam. The bottom 
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temperature in· the column was kept at 100°C. The liquid 

bottom stream which left the steamstripper at a rate of 

742 gr/hr did not contain any detectable amount of 

methanol and NH3 • The concentration of E-caprolactam and 

5 E-caprolactam precursors in the liquid bottom stream was 

22.1 wt% in water (1.33 mol/hr). After 22 hours 16.3 kg of 

this mixture was collected containing a total of 29.26 mol 

of e-caprolactam and e-caprolactam precursors (3.3 wt% 

6ACA, 9 .• 3 wt% 6ACAM, 6.9 wt% e-caprolactam and 2.6 wt% 

10 oligomers). 
This liquid mixture was fed continuously to the 

cyclization reactor as first described in Example XIV at a 

rate of approximately 500 gr/hr and a temperature of 

300°C. The cyclization was carried out at 300°C, 10 MPa 

15 and at a residence time of approximately 30 minutes. After 

cooling and depressurizing the average composition of all 

the products present in the liquid aqueous stream amounted 

to 70.5 mol% e-caprolactam, 10.8 mol% 6ACA(M) and 18.7 

mol% oligomers. No N-methyl caprolactam was detected in 

20 this mixture. 

In two consecutive semicontinuous distillation 

as described in Example XIV first water was removed from 

the product stream and secondly 2164 gr caprolactam (19.15 

mol) was recovered from the product stream. The residue of 

25 the second distillation amounted to 1205 gr and according 

to the mass balance should contain a total of 10.13 mol of 

e-caprolactam and e-caprolactam precursors. The 

caprolactam yield in the first pass through the 

cyclization reactor was thus 65.4 mol%. 

30 Comparison of this Example with Example XIV 

illustrate that by removing the methanol prior to 

performing the cyclization step the formation of N-methyl 

caprolactam can be avoided. Furthermore a higher yield to 

e-caprolactam can be obtained for the illustrated 

35 situation, comprising a ones through cyclization and a 

subsequent second cyclization performed on the residue of 

the distillation after the first cyclization. 
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Example XVI 
Example X was repeated with a feed having a 

composition of 24.4 wt% M5FV, 30.2 wt% NH3 , 6.8 wt% 

methanol and 38.6 wt% H20 was continuously fed to a two 

5 step reductive amination section as described in Example 

x. The flow rate corresponded with 191.6 gr/hr M5FV (1.33 

mol/hr). 
The mixture leaving the CSTR was continuously 

flashed at 0.11 MPa. Also 114 gr/hr H20 was continuously 

10 fed before the flasher to provide additional cooling. The 

product composition of the resulting liquid stream 

(approx. 550 gr/hr) consisted of 31 gr/hr methanol, 25 

gr/hr ammonia, 330 gr/hr H20 and 164 gr/hr products of 

which 14.2 mol% 6ACA, 39.9 mol% 6ACAM, 33.9 mol% CAP and 

15 12.0 mol% oligomers. 

This mixture was .continuously fed to a 

steamstripper column as described in Example xv. Also 350 

gr/hr H20 is fed to the steamstripper column (bottom 

temperature is maintained at approximately 100°C). The 

20 remaining aqueous bottom stream having a rate of 742 gr/hr 

contained a total of 22.1 wt% of E-caprolactam and E­

caprolactam precursors (1.33 mol/hr). 

This mixture was continuously fed to a 

cyclization reactor as first described in Example XIV. 

25 Also 85 gr/hr (approx 0.715 mol/hr) of a recycle 

distillation residue (see below) and 314 gr/hr H20 were 

fed to the cyclization reactor. Thus overall 1141 gr/hr 

product mixture (21.8 wt% products) was fed to the 

cyclization reactor (249 gr/hr E-caprolactam and E-

30 caprolactam precursors and 892 gr/hr H20). 

The cyclization was carried out at 300°C, 10 MPa 

and at a residence time of approximately 30 minutes. After 

cooling and depressurizing, the effluent of the 

cyclization reactor was analyzed. The mixture consisted of 

35 70.5 mol% E-caprolactam, 10.8 mol% 6ACA(M) and 18.7 mol% 

oligomers. 
This cyclization mixture was continuously fed to 
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2 consecutive vacuumdistillation colum~s. In the first 
column the solvent (H20) was removed. From the second 
column £-caprolactam was recovered at a rate of 150 gr/hr 
(1~33 mol/hr). 

The distillation residue obtained as the bottom 
stream in the second distillation (containing 
approximately a total of 0.715 mol/hr £-caprolactam and £­
caprolactam precursors) was continuously recycled to the 
cyclization reactor (see above) at a rate of 85 gr/hr. 

10 Thus virtually a 100% caprolactam yield could be 
obtained in a continuous reductive amination and 
cyclization process using a steamstripper to remove 
methanol before the cyclization and by recycling of the 
distillation residue after recovering part of the £-

15 caprolactam. 
The above results were obtained 3 hours after 

the continuous process stabilized. 
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C L A I M S 

1. Process for the preparation of E-caprolactam starting 
from 5-formylvalerate acid, ester or amide {aldehyde 
compound) in which a reaction in the presence of 
ammonia and hydrogen and a subsequent cyclization of 
the reaction products thus formed {E-caprolactam­
precursors) to E-caprolactam is performed in the 
presence of water, characterized in that the 
following steps are performed 
{a) contacting the 5-formylvalerate acid, ester or 

amide with ammonia and water under non­
hydrogeriation conditions, 

{b) contacting the resulting mixture of step {a) 
15 with hydrogen in the presence of ammonia under 

20 

2. 

3. 

25 

4. 

30 

5. 

35 

hydrogenation conditions, in which the water 
content is higher than· 10 wt.%, 

(c) heating the resulting mixture of step {b) at a 
temperature between 200 and 350°C in order to 
convert the reaction products of step (b) to E­
caprolactam. 

Process according to claim 1, characterized in that 
the temperature in step {a) is between 20 and 100°C. 
Process according to any one of claims 1-2, 
characterized in that the molar ratio of ammonia:or 
aldehyde compound or aldehyde compound plus reaction 
products is between 3:1 and 25:1. 
Process according to any one of claims 1-3, 
characterized in that the content of the aldehyde 
compound and/or its products in step (a) and step (b) 
is between 10 and 35 wt.% 
Process according to any one of claims 1-4, 
characterized in that the water content in the 
reaction mixture in step (a) and (b) is between 15-60 
wt.%. 

111111111111111111111111111111 * C . L M S * 
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6. Process according to any one of claims 1-5, 

characterized in that the hydrogenation conditions in 

step (b) are achieved by performing step (b) in the 

presence of a hydrogenation catalyst comprising one 

or more of the metals choosen from Group 8-10 of The 

Periodic System of Elements. 

7. Process according to claim 6, characterized in that a 

ruthenium containing hydrogenation catalyst is used. 

8. Process according to any one of claims 1-7, 

characterized in that the temperature in step (c) is 

between 285 and 310°C. 

9. Process according any one of claims 1-8, 

characterized in that the starting compound is a 5-

formylvalerate ester with the following general 

formula 

in which R1 is a 1 to 20 carbon atom alkyl group. 

10. Process according to claim 9, characterized in that 

in the starting mixture of step (a) also the 

corresponding alkanol according to R1 -0H is present. 

25 11. Process according to claim 9 or 10, characterized in 

that the content of the alkanol in step (c) is less 

than 1 wt%. 

12. Process according to any one of claims 1-11, 

characterized in that E-caprolactam is separated from 

30 the mixture obtained in step (c) and that the 

remaining mixture comprising unconverted E­

caprolactam precursors is recycled to step (c). 

35 

13. Process according to any one of claims 1-12, 

characterized in that the content of E-caprolactam 

and E-caprolactam precursors in step (c) is between 

10 and 35 wt%. 

I lllllll llllll lllll lllll II llll 
* C l M S * 
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14. Process according to claim 13, characterized in that 

the content of E-caprolactam and E-caprolactam 

precursors is more than 15 wt.%. 

15. Proce.ss according to any one of claims 1-14, 

5 characterized in that the ammonia concentration in 

step (c) is below 5 wt.%. 
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