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Description

METHOD FOR PRODUCING ε -CAPROLACTAM

[0001] The present invention relates to a method for producing ε -caprolactam from cyclohexanone oxime and, more
specifically, a method for producing ε -caprolactam including the step of regenerating a zeolite or non-zeolitic material
having lowered activity.
[0002] ε -caprolactam is an important chemical raw material used as a basic material for the production of nylon and
the like. In a classical method for producing ε-caprolactam, cyclohexanone oxime is rearranged to ε-caprolactam in liquid
phase using concentrated sulfuric acid or fuming sulfuric acid as a catalyst (liquid phase Beckmann rearrangement
reaction).
[0003] However, in the method using a liquid phase Beckmann rearrangement reaction, a large amount of ammonia
is required for neutralizing the sulfuric acid, and consequently, a large amount of ammonium sulfate is produced as a
by-product and significant costs arise due to the necessary treatment thereof.
[0004] Therefore, a method in which cyclohexanone oxime in the gas phase is Beckmann-rearranged using a solid
catalyst (gas phase Beckmann rearrangement reaction) has been studied for a long time.
[0005] In the gas phase Beckmann rearrangement reaction, a cyclohexanone oxime vapor is reacted in the presence
of a solid catalyst. The solid catalyst may be, for example, (1) a silica gel catalyst (US Patent No. 2,234,566), (2) a silica
alumina catalyst, or (3) a zeolite catalyst (Journal of Catalysis, Vol. 6, p. 247, 1966, and US Patent Nos. 4,359,421 and
5,741,904).
[0006] US 5,741,904 (A) relates to a method of producing ε-caprolactam from cyclohexanone in the gaseous phase
using MFI catalysts on whose surface symmetrically arranged OH groups are present.
[0007] US 4,873,325 (A) relates to oximes which can be converted to the corresponding amides by contacting the
oximes with a non-zeolitic molecular sieve, which has in its calcined form an adsorption of isobutane of at least about
2 percent by weight of the non-zeolitic molecular sieve at a partial pressure of 500 torr and a temperature of 20°C.
[0008] Among them, crystalline zeolite catalysts having various compositions have been developed. This is because
zeolite catalysts are known to have excellent catalyst life and selectivity to ε-caprolactam as compared with silica-based
catalysts and the like.
[0009] In the gas phase Beckmann rearrangement reaction, deposits are generated on the surface of the catalyst
during the reaction, and as a result, the activity of the catalyst is gradually lowered. In order to regenerate the deactivated
catalyst, the catalyst is burned under an oxygen-containing gas at a high temperature.
[0010] In the case of burning the catalyst with oxygen, however, a significant heat release is caused by oxidation,
whereby the temperature of catalyst rises. Furthermore, when deposits such as carbonaceous components (i.e. so-
called coke) present on the catalyst are oxidized, water is produced which adversely influences the catalyst itself.
[0011] One object of the present invention is to provide a method
[0012] for producing ε-caprolactam by a catalyst regeneration method capable of suppressing the deterioration of the
catalyst.
[0013] This object and other objectives are achieved by the present invention which provides a method for producing ε

- caprolactam from cyclohexanone oxime by using a zeolite or non-zeolitic material as a catalyst under gas phase
reaction conditions. The method includes a reaction step for converting cyclohexanone oxime into ε -caprolactam
in the presence of the zeolite or non-zeolitic material, and a regeneration step of treating the zeolite or non-zeolitic
material with a non-oxidizing gas at a temperature of from about 100°C to about 600°C, wherein said method further
comprising an additional regeneration step for treating the zeolite or non-zeolitic material with an oxygen-containing
gas at a temperature of from about 300°C to about 600°C, after the regeneration step with the non-oxidizing gas.

[0014] Also, the present invention utilizes a reactor charged with a zeolite or non-zeolitic material and having a reaction
zone in which the zeolite or non-zeolitic material is utilized as a catalyst. A regeneration zone is also utilized for the
zeolite or non-zeolitic material, and a means for circulating the zeolite or non-zeolitic material between the reaction zone
and the regeneration zone.

Fig. 1 is a schematic diagram of a reactor utilized in an embodiment of the present invention.
Fig. 2(a), (b) and (c) are schematic diagrams of a U-valve, J-valve and L-valve, respectively, which may be utilized
as a standpipe in Fig. 1.
Fig. 3 is a schematic diagram of an operation system utilized in an embodiment of the present invention.
Fig. 4 is a chart of variations in conversion and selectivity as a function of time elapsed for in Example 1.
Fig. 5 is a thermogravimetry (TG) curve of the catalyst during the regeneration treatment with nitrogen conducted
in Example 2.
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Fig. 6 is a thermogravimetry (TG) curve of the catalyst during the regeneration treatment with air conducted in
Example 2.

[0015] In the present invention, ε-caprolactam is produced from cyclohexanone oxime by using a zeolite or non-zeolitic
material as a catalyst under gas phase reaction conditions. The method for producing -caprolactam comprises a reaction
step for converting cyclohexanone oxime into -caprolactam in the presence of the zeolite or non-zeolitic material and a
regeneration step of treating the zeolite or non-zeolitic material with a non-oxidizing gas at a temperature of from about
100°C to about 600°C, wherein said method further comprises an additional regeneration step for treating the zeolite or
non-zeolitic material with an oxygen-containing gas at a temperature of from about 300°C to about 600°C, after the
regeneration step with the non-oxidizing gas.
[0016] Examples of the zeolite suitable for use as a catalyst in the present invention include crystalline aluminosilicates,
crystalline metallosilicates and the like. The crystalline metallosilicates may have a Si/M atomic ratio of about 5 or more,
and preferably have a Si/M atomic ratio of about 50 or more, wherein M represents at least one element selected from
the group consisting of B, Al, Ga, Fe, Ti and Zr. The Si/M atomic ratio can be measured by atomic absorption analysis,
fluorescence X-ray analysis and the like.
[0017] Preferably, the crystalline zeolite is a so-called "high-silica" zeolite in which the main element consisting of a
zeolite skeleton is substantially silicon, or a MFI zeolite containing boron as a main element in the zeolite skeleton
(hereinafter, referred to as [B]-MFI zeolote).
[0018] Crystalline zeolite suitable for use in the present invention can be produced by known methods. For example,
it can be produced by conducting a hydrothermal synthesis reaction of a mixture of a silica source, water and organic
amine or quaternary ammonium compound (and further metal source or alkaline metal hydroxide added if necessary)
in an autoclave, drying and calcining the resulting crystals, and if necessary, conducting ion exchange with an ammonium
salt and the like, and drying again. Further, there are crystalline metallosilicates having various structures. It is preferred
to use a crystalline metallosilicate having a pentasil-type structure such as MFI or MEL type.
[0019] For example, "Silicalite-1" which is a high-silica, MFI-type zeolite can be obtained by subjecting a mixture of
tetraethylorthosilicate, water and tetrapropylammonium hydroxide (and further alkaline metal hydroxide added if neces-
sary) to a hydrothermal synthesis under autogeneous pressure. A zeolite containing boron can be obtained by subjecting
a mixture of silica, hexamethylenediamine and water to a hydrothermal synthesis under autogeneous pressure.
[0020] Examples of the non-zeolite material suitable for use as a catalyst in the present invention include phosphates,
especially aluminophosphates (AlPO) (as in European Patent No. 132,708 and US Patent Nos. 4,310,440 and 4,473,663),
siliciumaluminophosphates (SAPO) (European Patent No. 103117 and US Patent No. 4,440,871), siliciumferrophos-
phates, cerophosphates, cironophosphates, zirconophosphates, boronphosphates, ferrophosphates and the like, as
well as mixtures thereof.
[0021] The non-zeolitic material preferably is an aluminophosphates or siliciumaluminophosphates. The aluminophos-
phates such as AlPO-5, AlPO-11, AlPO-12, AlPO-14, AlPO-21, AlPO-25, AlPO-31, AlPO-33 can be hydrothermically
produced as described in e.g. EP 132708.
[0022] For example, AlPO-5 can be obtained by mixing orthophosphoric acid with pseudoboehmite (Catapal SB™) in
water, adding tetra-propylammoniumhydroxide thereto, stirring the resulting mixture at about 150°C for 20-60 hours and
filtering the mixture to obtain AlPO4, followed by drying at 100-160° C and calcining at 450-550°C.
[0023] The siliciumaluminophosphate can be obtained, for example, by mixing SiO2 suspended in an aqueous tetrap-
ropylammoniumhydroxide solution with an aqueous suspension of pseudoboehmite and orthophosphoric acid at
150-200°C for 20-200 hours under autogeneous pressure in an autoclave to obtain a siliciumaluminophosphate powder,
followed by drying at 110-160°C and calcining at 450-550°C.
[0024] The zeolite and non-zeolitic material to be used is preferably in the form of powder or particles, and preferably
have a particle size of from about 0.001 mm to about 5 mm, and more particularly have a particle size of from about
0.02 mm to about 3 mm.
[0025] In the present invention, a zeolite or non-zeolitic material is used as a catalyst in a gas phase Beckmann
rearrangement reaction in which cyclohexanone oxime is rearranged to ε-caprolactam. The reaction may be conducted
in a fixed-bed-type reactor or in a fluidized-bed-type reactor. In this reaction, a raw material, i.e., cyclohexanone oxime,
is introduced in the form of gas into a catalyst layer.
[0026] The reaction temperature may be from about 250° C to about 500° C, and preferably from about 300° C to
about 400° C. Although not outside the scope of the present invention, when it is lower than about 250° C, the reaction
speed may be insufficient and the selectivity to ε-caprolactam tends to be lowered. Also again while not outside the
scope of the present invention, when the temperature is over about 500°C, much cyclohexanone oxime may be thermally
decomposed and the selectivity to ε-caprolactam also tends to be lowered.
[0027] The reaction temperature may be controlled with a heat exchanger. Alternatively, the temperature may be
controlled by mixing a gas that is inert to the reaction with a carrier gas (such as non-oxidizing gas) utilized in the reaction,
or by spraying the raw material into the reactor to evaporate the raw material.
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[0028] The reaction pressure may be any suitable pressure, and is preferably from atmospheric pressure to reduced
pressure. The reaction pressure may be from about 5 kPa to 0.2 MPa, and preferably from about 5 kPa to 0.1 MPa.
[0029] The space velocity (WHSV) of the raw material, i.e. cyclohexanone oxime, may be from about 0.1 h-1 to about
20 h-1 in terms of WHSV (which means that the feeding speed of cyclohexanone oxime may be about 0.1 g/hr to about
20 g/hr per 1 g of the catalyst), and is preferably in the range of from about 0.2 h-1 to about 10 h-1.
[0030] In the rearrangement reaction of cyclohexanone oxime, it is preferred to use a lower alcohol having 1 to 8
carbon atoms, and more preferably a lower alcohol having 1 to 6 carbon atoms, with cyclohexanone oxime in the reaction.
When the lower alcohol is used in the reaction, the selectivity to -caprolactam and catalyst life may be improved.
[0031] Examples of the lower alcohol include methanol, ethanol, n-propanol, isopropanol, n-butanol, sec-butanol,
isobutanol, n-amyl alcohol, n-hexanol and the like. These lower alcohols may be used singly or in the combination of
two or more of them. Preferably, the lower alcohol is methanol and/or ethanol. When a lower alcohol is used, the amount
of the alcohol to be used may be from about 0.1 to 20 parts by weight, and preferably from about 0.2 to 10 parts by
weight based on one part by weight of cyclohexanone oxime.
[0032] Separation of ε-caprolactam from the reaction mixture and purification thereof may be conducted by any suitable
known method. For example, ε -caprolactam may be efficiently obtained by condensing the reaction mixture gas while
cooling, and then, purifying ε-caprolactam in the mixture by extraction, distillation, crystallization or the like.
[0033] In either fixed-bed-type or fluidized-bed-type gas phase catalytic reaction, deposits (such as carbonaceous
components, i.e., so-called coke, or precursor thereof) may be generated on the surface of the catalyst, when the reaction
is continued for seven hours or more. These deposits result in a lower yield of the ε-caprolactam. In the present invention,
the step for regenerating catalyst is conducted by treating the catalyst with a non-oxidizing gas at a temperature of from
about 100° C to about 600°C, for example, after the reaction step is conducted at a reaction temperature of from about
250 to about 500° C for seven hours or more. By such a non-oxidizing gas treatment, deposits may be removed from
the catalyst.
[0034] The regeneration of the catalyst using a non-oxidizing gas in the present invention usually does not release
heat by oxidation of the deposits on the catalyst, which advantageously results in no adverse effect on the catalyst.
Examples of non-oxidizing gas include inorganic gases, e.g. nitrogen and argon, and methane, and a mixture of two or
more of them.
[0035] When the reaction is conducted in a fixed-bed-type reactor, the regeneration step may be carried out by a
method in which a non-oxidizing gas is passed into the reactor to regenerate the catalyst after the supply of cyclohexanone
oxime to the reactor is stopped. On the other hand, when the reaction is conducted in a fluidized-bed-type reactor, the
rearrangement step may be carried out by inner circulation of the catalyst , i.e., by allowing the zeolite or non-zeolitic
material to circulate between a reaction zone and a regeneration zone in a single vessel, or by outer circulation of the
catalyst, i.e., by conducting the reaction step and the regeneration step respectively in a reaction vessel and in a
regeneration vessel, and circulating the zeolite or non-zeolitic material between these vessels.
[0036] As described above, when using the fixed-bed-type reactor, the reaction may be stopped for the regeneration
step, which may reduce productivity. On the other hand, the fluidized-bed-type reactor may provide a productivity higher
than that with the fixed-bed-type reactor, by allowing the catalyst to continuously or discontinuously circulate between
a reaction zone/vessel for the reaction step and a regeneration zone/vessel for the regeneration step.
[0037] A reactor, which is used in the method of the present invention with an inner circulation system, may comprise
a reaction zone for converting cyclohexanone oxime into ε -caprolactam in the presence of the catalyst (such as a zeolite
or non-zeolitic material); a regeneration zone for treating the catalyst; and a means for conducting an inner circulation
of the catalyst between these zones. In this reactor, it is preferred that the reaction zone and the regeneration zone are
provided at an upper part and at a lower part of the reactor, respectively, so that a regenerated catalyst may be carried
to the upper reaction part by a carrier gas.
[0038] The regeneration temperature should be a temperature sufficient to accelerate the removal of the deposits on
the catalyst surface. The regeneration temperature is from about 100° C to about 600° C, and preferably is from about
100 °C to about 500°C.
[0039] In the present invention, deposits on the catalyst may be removed from the surface of the catalyst by a non-
oxidizing gas. Further, a non-oxidizing gas may be employed as a carrier gas in the reaction step, which means that the
reaction and regeneration may be conducted in a single vessel. This is because the reaction may also be conducted
under a non-oxidizing gas atmosphere. In the present invention, the reaction and the non-oxidizing gas regeneration
may be both conducted in the single vessel and are not always rigorously separated from each other. In this case, a
mechanical open-and-shut device (such as a rotary valve) for separating the reaction and regeneration step from each
other is not needed and, therefore, wear of the catalyst caused by the open-and-shut device may be advantageously
decreased.
[0040] As described above, in the present invention, the reaction step and regeneration step may be conducted
continuously in a single vessel in a fluidized-bed-type reactor by allowing the catalyst to circulate between a reaction
zone and a regeneration zone. Fig. 1 illustrates one example of such a fluidized-bed-type reactor, which should not be
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construed as a limitation upon the scope of the present invention. As shown in Fig. 1, reactor 1 has reaction zone 2 and
regeneration zone 3 in a single vessel.
[0041] Reaction zone 2 placed in the upper part of the reactor is separate from the lower part of the reactor. Reaction
zone 2 is connected with regeneration zone 3 by catalyst lift 4 having a gas-lift or the like and by a set of standpipes 5,5
or the like having U-valve 20, J-valve 21 or L-valve 22 (which are shown in Fig. 2 (a), (b) and (c), respectively) at the
bottom thereof and positioned in regeneration zone 3. Alternatively, other mechanical or non-mechanical standard
standpipe system (such as sluicing device) or the like may be used for standpipe 5. The set of standpipes 5,5 or the like
may cope with the pressure difference between upper and lower zone of the reactor.
[0042] Catalyst lift 4 comprises a pipe, through which a catalyst in the form of powder or granule is conveyed from
regeneration zone 3 to reaction zone 2. (The direction of the catalyst flow is shown with arrow "G"). A nitrogen gas for
circulation of the catalyst is exhausted from the reactor through cyclone 10 which removes the catalyst having a prescribed
particle size from the gas flow.
[0043] The flow of the catalyst through the catalyst lift 4 is conducted with a device which works similar to an airlift
using a nitrogen gas as a carrier. The upward injection of the carrier gas from pressure chamber 7 positioned under the
transferring lift (i.e., catalyst lift 4) results in suctioning and transferring the catalyst. When the catalyst in regeneration
zone 3 is in a fluidized state, only small suction power is needed for transferring the catalyst. In that case, the amount
of the carrier gas can be reduced and, therefore, the operation of the reactor may be conducted economically.
[0044] The set of standpipes 5,5 is placed so as to be partially located in reaction zone 2. The height of the upper
openings of standpipes 5,5 may be determined depending on the amount of catalyst in reaction zone 2. When the amount
of catalyst supplied from catalyst lift 4 is increased, the catalyst flows through standpipes 5,5 into regeneration zone 3.
The residence time of the catalyst in regeneration zone 3 may be controlled with the amount of the catalyst flowing
through catalyst lift 4. Standpipes 5,5 have valves 11,11 for controlling the amount of flow of the catalyst. Standpipes
5,5 by having valve 20, 21, 22 or the like at the bottom thereof provide a convenient way to collect catalyst and thereby
stop or block the gas flow from reaction zone 2 into regeneration zone 3 and also stop or block the gas flow from
regeneration zone 3 to reaction zone 2.
[0045] Regeneration zone 3 has bottom 6 (i.e., a gas distributor) of mesh or the like, and a non-oxidizing gas is
introduced from below bottom 6 . The catalyst in regeneration zone 3 is regenerated by being treated with the non-
oxidizing gas.
[0046] Under the reaction zone 2, are placed supply tool 8 (e.g. pipe) and gas distributor 9. Supply tool 8 supplies the
vaporized cyclohexanone oxime used as a material and a nitrogen gas used as a carrier (and the above-mentioned
lower alcohol, if necessary.) Gas distributor 9 divides the reactor into two zones of reaction zone 2 and regeneration
zone 3. The gas phase catalytic reaction is carried out when the raw material and the like (which are supplied from
supply tool 8 to reactor 1) pass through reaction zone 2. (The flow direction of the raw material and the like is shown by
arrow "M".) The produced -caprolactam is taken out from an upper part of reactor through cyclone 10. The catalyst
deteriorating during the reaction flows through standpipes 5,5 into regeneration zone 3, so as to be regenerated in the
atmosphere of the non-oxidizing gas (such as nitrogen or the like) in regeneration zone 3.
[0047] In reactor 1, the reaction step and regeneration step are conducted in a single vessel by allowing the catalyst
(such as zeolite or non-zeolitic material) to circulate between reaction zone 2 and regeneration zone 3, and no mechanical
open-and-shut device (such as a valve) is placed between zones 2 and 3. Therefore, the wear of the catalyst during
circulation is reduced enormously, thereby prolonging lifetime of the catalyst and providing ease of operation and control
of the reactor.
[0048] The reaction temperature in reaction zone 2 and the regeneration temperature in regeneration zone 3 may be
controlled at the temperature of from about 250° C to about 500° C and at the temperature of from about 100°C to about
600°C, respectively. The temperatures of zones 2 and 3 may be controlled by, for example, introducing water or steam
for cooling or heating into coils installed in the zones.
[0049] Onto the catalyst used in the reaction, are adhered deposits that are mainly tar-like components having high
boiling points and originated from the raw material or the reaction product. Deposits on the catalyst are removed by the
treatment with the non-oxidizing gas to regenerate active sites on the catalyst.
[0050] In a continuous or repeated reaction, a small amount of deposits remaining after the non-oxidizing gas treatment
may gradually accumulate on the surface of the catalyst and may cause deactivation of the catalyst. In the present
invention, the catalyst treated with the non-oxidizing gas is additionally treated with an oxygen-containing gas. In such
a method that comprises the steps of removing almost deposits on the catalyst by treating the catalyst with non-oxidizing
gas and then removing the remaining deposits by treating the catalyst with the oxygen-containing gas, the heat release
by oxidation of the deposits is small and the amount of water generated due to the oxidation may also be small. This is
because almost all deposits are removed from the catalyst in the non-oxidizing gas treatment and only a small amount
of deposits is oxidized in the oxygen-containing gas treatment.
[0051] The oxygen-containing gas treatment may be conducted using a reactor or the like other than the reactor
utilized for the reaction step and/or the non-oxidizing gas treatment. The capacity of the reactor for the oxygen-containing
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gas treatment and flow rate of the catalyst in the oxygen-containing gas treatment may be smaller than those in the
reaction step and/or in the non-oxidizing gas treatment.
[0052] Fig. 3 illustrates one example of an operation system utilized for the two-stage regeneration (by the non-oxidizing
gas treatment and the oxygen-containing gas treatment), which should not be construed as a limitation upon the scope
of the present invention. As shown in Fig. 3, the system comprises fluidized-bed-type reaction column 15, fluidized-bed-
type (or flow-type) first regeneration column 16 and fluidized-bed-type (or flow-type) second regeneration column 17. A
prescribed amount of catalyst is packed into reaction column 15. From the bottom of the column 15, cyclohexanone
oxime used as a raw material and a nitrogen gas used as a carrier (and the above-mentioned lower alcohol, if necessary)
are introduced into reaction column 15, in which the gas phase catalytic reaction is conducted. (The direction of the flow
of the raw material and the like is shown with arrow "A".) The ε-caprolactam produced therein is continuously taken out
of the upper part of reaction column 15. (The direction of the flow of the ε-caprolactam is shown with arrow "B".)
[0053] The catalyst present in reaction column 15 which has an activity lower than that of the catalyst before the
reaction is taken out of reaction column 15 and is then fed to first regeneration column 16. A non-oxidizing gas (such
as a nitrogen gas) is introduced into first regeneration column 16 from the bottom of the column to conduct a first
regeneration treatment of the catalyst therein. The temperature of the first regeneration treatment is from about 100° C
to about 600° C, and preferably from about 150° C to about 500° C. The residence time of the first regeneration treatment
may be from about 0.5 to about 50 hours.
[0054] The catalyst thus treated with the non-oxidizing gas is then taken out from first regeneration column 16 and is
sent to second regeneration column 17. The non-oxidizing gas in first regeneration column 16 is taken out of the upper
part of the column and is sent to reaction column 15, as shown by the arrow in Fig. 3. In second regeneration column
17, the second regeneration step of the catalyst is conducted using an oxygen-containing gas (such as air). The tem-
perature of the second regeneration treatment is from about 300° C to about 600° C, and preferably from about 300° C
to about 550° C. The residence time of the second regeneration treatment may be from about 1 to about 100 hours. The
exhaust gas is discharged from the upper part of second regeneration column 17. (The flow direction of the exhaust gas
is shown with arrow "C".) The catalyst regenerated in second regeneration column 17 is returned to reaction column 15.
As described above, in the operation system in Fig. 3, the reaction step, the first regeneration step and the second
regeneration step are continuously carried out by allowing the catalyst to circulate in reaction column 15, first regeneration
column 16 and second regeneration column 17 in turn.
[0055] The oxygen-containing gas treatment of the catalyst shown in Fig. 3, namely second regeneration column 17,
may be omitted. In that case, the catalyst treated with non-oxidizing gas in first regeneration column 16 is sent to reaction
column 15. Three-way valve 18 is installed to switch the flow of the catalyst sent out of the first regeneration column 16.

EXAMPLES

[0056] The present invention is illustrated by the following Examples, which are not intended to limit the scope of the
invention in any way.
[0057] In Examples and Comparative Example, conversion of cyclohexanone oxime and selectivity to ε-caprolactam
were calculated using the below equations: 

wherein X is a molar amount of supplied cyclohexanone oxime, Y is a molar amount of unreacted cyclohexanone oxime
and Z is a molar amount of produced ε-caprolactam.

Reference Example

Preparation of [B]-MFI zeolite catalyst

[0058] [B]-MFI zeolite catalyst is prepared by a hydrothermal reaction as follows:
[0059] Boric acid (12.2 g) was mixed with an aqueous hexamethylenediamine solution (800 g, containing 12.2 g of
hexamethylenediamine) and was completely dissolved therein. Into the solution, was added 64 g of SiO2 (Aerosil). Within
the next 10 min., the resulting mixture was put in an autoclave. The mixture was maintained in the autoclave over 14
days at 170 °C under autogeneous pressure, while stirring at a stirring rate of 50 rpm or less, to obtain crystals . After
cooling, the crystals were filtered out and were washed with deionized water. The obtained white powder was dried at
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110 °C and was calcined in the presence of air at 550 °C (total time of 12 hours for the drying and calcinations.) Due to
the alkaline free synthesis, an ion exchange (to transform the Na-form of the zeolite into the catalytically active H-form)
was not necessary and, therefore, was not carried out.
[0060] The powder was kneaded with water and a peptizing agent and then was extrudated to form strings with a
diameter of 2 mm. The obtained extrudates were dried and calcined in the same manner as described above, and then
were crushed and sieved to obtain a catalyst having a particle size of from 1 mm to 1.6 mm for a fixed-bed-type reactor
and a catalyst having a particle size of from 80 Pm to 200 Pm for a fluidized-bed-type reactor.

Reference Example 1

[0061] Using a fluidized-bed-type reactor charged with 25 g of [B]-MF1 catalyst prepared as described above, a gas
phase Beckmann rearrangement reaction was conducted under the relatively severe conditions described below in order
to illustrate the advantages of the present invention.
[0062] Specifically, a mixture of cyclohexanone oxime and ethanol (1:9 in ratio by weight) was vaporized and supplied
to the reactor while using nitrogen (that is a non-oxidizing gas) as a carrier gas, to conduct a gas phase Beckmann
rearrangement reaction at 400°C under 0.1 MPa. The supplying rate of the cyclohexanone oxime was 1 g/hour, and
that of the nitrogen gas was 26 L/hour.
[0063] The above reaction was conducted over 12 days, intermittently. That is, the reaction was conducted in daytime,
whereas in nighttime the reaction was stopped by lowering the temperature to 120°C and introducing a nitrogen gas
into the reactor in place of the mixture of cyclohexanone oxime at a flow rate as low as possible so as to regenerate the
catalyst.
[0064] The resulting reaction mixture was analyzed over time utilizing gas chromatography using methyl undecanate
as an internal standard, to determine the conversion of cyclohexanone oxime and selectivity to -caprolactam. The
conversion and selectivity as a function of time are shown in Fig. 4.
[0065] Fig. 4 shows that the conversion and selectivity were substantially maintained over 12 days, which means that
activity of the catalyst was substantially maintained due to an effective regeneration of the catalyst with the nitrogen gas
in accordance with the present invention.

Example 2

[0066] A gas phase Beckmann rearrangement reaction was conducted over two days under relatively severe conditions
such that 180 g of a mixture of cyclohexanone oxime and ethanol (1:9 in ratio by weight) was used in the presence of
about 20 g of the catalyst, so that coke uniformly generated on the surface of a [B]-MFI catalyst.
[0067] The resulting catalyst was treated with a nitrogen gas. During the treatment, the weight loss of the catalyst in
terms of thermogravimetry (TG) was measured over time. The results are shown in Fig. 5. In Fig. 5, the weight of the
catalyst was reduced over time, showing that the coke which had been generated on the catalyst was removed from
the catalyst by the nitrogen treatment and the catalyst was regenerated.
[0068] Subsequently, the catalyst regenerated with nitrogen was treated with air. During the treatment, the weight
loss of the catalyst in terms of thermogravimetry (TG) was measured over time. The results are shown in Fig. 6. In Fig.
6, the weight of the catalyst substantially did not change. It seems that in this case, almost all of the coke had been
removed from the catalyst during the first treatment with nitrogen, not with the second treatment with air.

Reference Example 3

[0069] 0.375g of a high silica MFI catalyst was packed into a fixed-bed-type reactor having an inner diameter of 10
mm. A mixture of cyclohexanone oxime and methanol (1:1.8 in ratio by weight) was vaporized and supplied to the reactor
while using a nitrogen gas as a carrier, to conduct a gas phase Beckmann rearrangement reaction at 380° C under 0.1
MPa with a space velocity (WHSV) of cyclohexanone oxime of 8 h-1. The reaction was continued for 20 hours, and the
resulting reaction mixture was analyzed over time utilizing gas chromatography. The results (i.e., conversion of cyclohex-
anone oxime and selectivity to ε- caprolactam) are shown in the below Table 1 as the results obtained before regeneration
of the catalyst.
[0070] Subsequently, the supply of the mixture of cyclohexanone oxime was stopped, and the temperature of the
catalyst bed was adjusted to 410°C while supplying a nitrogen gas. The regeneration treatment of the catalyst was
conducted for five hours at 410° C while supplying the nitrogen gas at a rate of 5.0 L/h.
[0071] Then, again the gas phase Beckmann rearrangement reaction of cyclohexanone oxime was conducted for 20
hours in the same manner as described above using the catalyst obtained after the regeneration treatment. The resulting
reaction mixture was analyzed over time utilizing gas chromatography. The results (i.e., conversion of cyclohexanone
oxime and selectivity to ε -caprolactam) are shown in Table 1 as the results obtained after regeneration of the catalyst.
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Example 4

[0072] The gas phase Beckmann rearrangement reaction of cyclohexanone oxime and the regeneration treatment of
the catalyst with nitrogen were conducted in the same manner as in Example 3, except that the catalyst regenerated
with nitrogen was treated with air by supplying air thereto at a rate of 5.0 L/h before being utilized in the second reaction.
The resulting reaction mixtures (obtained in the first reaction and the second reaction) were respectively analyzed over
time utilizing gas chromatography. The results (i.e., conversion of cyclohexanone oxime and selectivity to ε-caprolactam)
are shown in Table 1.

Comparative Example

[0073] The gas phase Beckmann rearrangement reaction of cyclohexanone oxime was conducted in the same manner
as in Example 3 and was continued for 60 hours. The resulting reaction mixture was analyzed over time utilizing gas
chromatography. The results (i.e., conversion of cyclohexanone oxime and selectivity to ε -caprolactam) are shown in
Table 1. Conversion was reduced over time, since the catalyst was not treated with nitrogen.

Claims

1. A method for producing ε -caprolactam from cyclohexanone oxime, the method comprising a reaction step for
converting the cyclohexanone oxime into ε-caprolactam in the presence of a zeolite or non-zeolitic material as a
catalyst, the reaction being conducted under gas phase reaction conditions; and a regeneration step for treating the
zeolite or non-zeolitic material with a non-oxidizing gas at a temperature of from about 100° C to about 600 °C,
wherein said method further comprises an additional regeneration step for treating the zeolite or non-zeolitic material
with an oxygen-containing gas at a temperature of from about 300°C to about 600°C, after the regeneration step
with the non-oxidizing gas.

2. The method according to claim 1, wherein the reaction step and the regeneration step are conducted in a single
vessel having a reaction zone and a regeneration zone, and the zeolite or non-zeolitic material is circulated between
the reaction zone and the regeneration zone.

3. The method according to claim 1, wherein the reaction step and the regeneration step are conducted in a reaction
vessel and a regeneration vessel, respectively, and the zeolite or non-zeolitic material is circulated between the
reaction vessel and regeneration vessel.

Table 1

Reaction Time(hr)

First Reaction(*1) Second Reaction(*2)

Conversion(%) Selectivity(%) Conversion(%) Selectivity(%)

Reference Example 0 100 96.2 99.7 96.8
3 5 100 97.1 99.5 96.8

13 99.8 97.6 99.0 96.5
20 99.7 97.0 98.5 96.6

Example 0 100 95.7 99.6 96.3
4 5 99.9 96.7 99.2 96.8

13 99.6 97.8 98.8 97.7
20 99.3 97.0 98.0 97.1

Comparative 0 100 96.6
5 99.8 97.8

Example 20 98.8 97.3
40 95.9 97.1
60 91.7 96.9

(*1) Reaction conducted before the regeneration treatment of the catalyst
(*2) Reaction conducted after the regeneration treatment of the catalyst
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4. The method according to any of claim 1 to 3, wherein the zeolite or non-zeolitic material is, in turn, continuously or
discontinuously circulated in a reaction vessel or zone, in a regeneration vessel or zone for the regeneration step
with the non-oxidizing gas, and in an additional regeneration vessel for the additional regeneration step with an
oxygen-containing gas.

5. The method according to any of claims 1 to 4, wherein the catalyst is a zeolite catalyst.

6. The method according to any of claims 1 to 4, wherein the catalyst is a non-zeolitic material.

7. The method according to any of claims 1 to 6, wherein the reaction step is conducted in the presence of a lower
alcohol having 1 to 8 carbon atoms.

8. The method according to claim 5, wherein the catalyst is a pentasil zeolite catalyst.

9. The method according to claim 6, wherein the catalyst is a non-zeolitic material selected from the group consisting
of an alumino-phosphate and a siliciumaluminophoshate.

Patentansprüche

1. Ein Verfahren zur Herstellung von ε-Caprolactam aus Cyclohexanonoxim, wobei das Verfahren einen Reaktions-
schritt zum Umwandeln des Cyclohexanonoxims in ε-Caprolactam in der Gegenwart eines Zeolithen oder eines
nicht-zeolitischen Materials als Katalysator, wobei die Reaktion unter Gasphasen-Reaktionsbedingungen durchge-
führt wird; und einen Regenerationsschritt zum Behandeln des Zeolithen oder des nicht-zeolithischen Materials mit
einem nicht oxidierenden Gas bei einer Temperatur von etwa 100°C bis etwa 600°C umfasst, wobei das Verfahren
des Weiteren einen zusätzlichen Regenerationsschritt zum Behandeln des Zeolithen oder des nicht-zeolithischen
Materials mit einem Sauerstoff-enthaltenden Gas bei einer Temperatur von etwa 300°C bis etwa 600°C nach dem
Reaktionsschritt mit dem nicht oxidierenden Gas umfasst.

2. Das Verfahren gemäß Anspruch 1, wobei der Reaktionsschritt und der Regenerationsschritt in einem einzigen
Gefäß durchgeführt werden, das eine Reaktionszone und eine Regenerationszone aufweist, und der Zeolith oder
das nicht-zeolithische Material zwischen der Reaktionszone und der Regenerationszone zum Zirkulieren gebracht
wird.

3. Das Verfahren gemäß Anspruch 1, wobei der Reaktionsschritt und der Regenerationsschritt jeweils in einem Re-
aktionsgefäß und einem Regenerationsgefäß durchgeführt werden, und der Zeolith oder das nicht-zeolithische
Material zwischen dem Reaktionsgefäß und dem Regenerationsgefäß zum Zirkulieren gebracht wird.

4. Das Verfahren gemäß einem der Ansprüche 1 bis 3, wobei der Zeolith oder das nicht-zeolithische Material der Reihe
nach kontinuierlich oder diskontinuierlich in einem Reaktionsgefäß oder einer Reaktionszone, in einem Regenera-
tionsgefäß oder einer Regenerationszone für den Regenerationsschritt mit dem nicht oxidierenden Gas, und in
einem zusätzlichen Regenerationsgefäß für den zusätzlichen Regenerationsschritt mit einem Sauerstoff enthalten-
den Gas zum Zirkulieren gebracht wird.

5. Das Verfahren gemäß einem der Ansprüche 1 bis 4, wobei der Katalysator ein Zeolith-Katalysator ist.

6. Das Verfahren gemäß einem der Ansprüche 1 bis 4, wobei der Katalysator ein nicht-zeolithisches Material ist.

7. Das Verfahren gemäß einem der Ansprüche 1 bis 6, wobei der Reaktionsschritt in Gegenwart eines niederen
Alkohols durchgeführt wird, der 1 bis 8 Kohlenstoffatome aufweist.

8. Das Verfahren gemäß Anspruch 5, wobei der Katalysator ein Pentasil-Zeolith-Katalysator ist.

9. Das Verfahren gemäß Anspruch 6, wobei der Katalysator ein nicht-zeolithisches Material ist, das aus der Gruppe
bestehend aus einem Aluminophoshat und einem Siliziumaluminophosphat ausgewählt ist.
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Revendications

1. Procédé de production d’ε-caprolactame à partir d’oxime de cyclohexanone, le procédé comprenant une étape de
réaction pour convertir l’oxime de cyclohexanone en ε-caprolactame en présence d’une zéolite ou d’un matériau
non zéolitique comme un catalyseur, la réaction étant conduite sous des conditions de réaction en phase gazeuse ;
et une étape de régénération pour traiter la zéolite ou le matériau non zéolitique avec un gaz non oxydant à une
température d’environ 100°C à environ 600°C, dans lequel ledit procédé comprend en outre une étape de régéné-
ration additionnelle pour traiter la zéolite ou le matériau non zéolitique avec un gaz contenant de l’oxygène à une
température d’environ 300°C à environ 600°C, après l’étape de régénération avec le gaz non oxydant.

2. Procédé selon la revendication 1, dans lequel l’étape de réaction et l’étape de régénération sont conduites dans
une cuve unique ayant une zone de réaction et une zone de régénération, et la zéolite ou le matériau non zéolitique
est fait circuler entre la zone de réaction et la zone de régénération.

3. Procédé selon la revendication 1, dans lequel l’étape de réaction et l’étape de régénération sont conduites dans
une cuve de réaction et une cuve de régénération, respectivement, et la zéolite ou le matériau non zéolitique est
fait circuler entre la cuve de réaction et la cuve de régénération.

4. Procédé selon l’une quelconque des revendications 1 à 3, dans lequel la zéolite ou le matériau non zéolitique est
fait circuler tour à tour, de façon continue ou discontinue, dans une cuve ou une zone de réaction, dans une cuve
ou une zone de régénération pour l’étape de régénération avec le gaz non oxydant, et dans une cuve de régénération
additionnelle pour l’étape de régénération additionnelle avec un gaz contenant de l’oxygène.

5. Procédé selon l’une quelconque des revendications 1 à 4, dans lequel le catalyseur est un catalyseur à base de
zéolite.

6. Procédé selon l’une quelconque des revendications 1 à 4, dans lequel le catalyseur est un matériau non zéolitique.

7. Procédé selon l’une quelconque des revendications 1 à 6, dans lequel l’étape de réaction est conduite en présence
d’un alcool inférieur ayant 1 à 8 atomes de carbone.

8. Procédé selon la revendication 5, dans lequel le catalyseur est un catalyseur à base de zéolite de type pentasilique.

9. Procédé selon la revendication 6, dans lequel le catalyseur est un matériau non zéolitique choisi parmi le groupe
consistant en un aluminophosphate et un siliciumaluminophosphate.
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