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Membrane-supported catalyst removal in the epoxidation
of cyclic unsaturated C12 compounds, for example cyclododecene (CDEN)

The present invention relates to a method of removing homogeneous catalysts from

organic reaction mixtures.

Methods of recovering catalysts from reaction mixtures are of fundamental importance
for the economics of industrial chemical processes since without these methods it would
be impossible to reuse often costly catalyst material. Yet, the recovery of catalysts pre-
sents those skilled in the art with particular challenges, particularly when homogeneous
catalysis is concerned. Since in homogeneous catalysis the catalyst and the reactants
are in the same phase it is usually impossible to separate the catalyst from the reac-
tants by simple physical separation methods, for example centrifugation or conventional

filtration.

One way. to recover homogeneous catalysts is using nanofiltration. Nanofiltration is a
pressure-driven membrane method wherein a specific membrane is used to remove
selected dissolved components from a liquid phase. The selectivity of the membrane
may be based on various mechanisms. In the size exclusion mechanism, the retained
dissolved components are prevented from permeating the membrane by steric effects.
Removal thus depends on the size of the dissolved component and the mean pore size
of the membrane. Here, the membrane is usually characterized by the molecular weight
of the retained components. In an electrostatic mechanism, the selectivity of the mem-
brane arises from the surface charge on the membrane and the charge on the dissolved
components. A charge of the same sign causes electrostatic repulsion and thus reten-
tion of the dissolved components. It is thus also possible, for example, to employ nano-
filtration to remove heavy metal ions from aqueous solutions. Finally, separation may
also be based on the membrane forming a separate phase which dissolves the constit-
uents of the mixture to be separated. Separation is then due to the different solubilities
and diffusion rates of the components. The resulting transport rates of individual com-

ponents may vary to such an extent that said components are depleted in one another,
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i.e., separated. The separation effects utilized in a membrane are thus distinctly more

complex than the purely mechanical screening effect utilized in filters.

Membrane separation is employed in water and wastewater treatment for example. One
problem with using nanofiltration in other environments is often the poor stability of the
membrane in solutions other than aqueous solutions. The stability of the membrane
towards organic solvents in particular is often insufficient. The membrane moreover
utilizes a wide variety of interactions with the medium to be separated to perform its
separation duty. Choosing a membrane material suitable for a particular separation duty

is therefore anything but trivial.

Chowdhury et al. employ a ceramic membrane to recover homogeneous catalysts from

organic solvents in the epoxidation of olefins:

S. R. Chowdhury et al., "Recovery of homogeneous polyoxometallate catalysts
from aqueous and organic media by a mesoporous ceramic membrane without
loss of catalytic activity", Chemistry - A European Journal, 2006, Vol. 12, Issue
11, pp. 3061-3066

A membrane particularly suitable for use in the presence of epoxidized cyclic unsaturat-

ed C12 compounds with hydrogen peroxide has not hitherto been identified.

It is an object of the present invention to specify a membrane material for removing
homogeneous catalyst systems that is employable in reaction mixtures for the epoxida-

tion of cyclic unsaturated C12 compounds with hydrogen peroxide.

Methods of epoxidation of cyclic C12 compounds using homogeneous catalysts are
disclosed in Angew. Chem. (1991), 103, 1706-1709, EP1205474, EP1411050 and
EP1411051 for example.

A particular focus of the present invention is the removal of homogeneous transition
metal catalyst systems dissolved in the organic phase using a phase transfer reagent.

Phase transfer reagents employed here are in particular tertiary and quaternary ammo-
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nium compounds. A nanofiltration method specifically adapted for this catalyst system

has not hitherto been disclosed.

Extensive research has revealed that membranes comprising a separation-active layer
of crosslinked silicone acrylates and/or polydimethylsiloxane and/or polyimide are useful
for removing such a catalyst system from the reaction mixture of an epoxidation of cyclic
unsaturated C12 compounds. The separation-active layer may comprise each of these

three membrane materials individually or in combination.

The disclosure thus provides a method of removing a homogeneous catalyst system
from a reaction mixture wherein a membrane comprising at least one separation-active
layer separates the reaction mixture in such a way that the homogeneous catalyst sys-
tem is concentrated in the membrane retentate at least to an extent wherein the reac-
tion mixture comprises at least one partially epoxidized cyclic unsaturated compound
comprising twelve carbon atoms and the membrane separation-active layer comprises

crosslinked silicone acrylates and/or polydimethylsiloxane (PDMS) and/or polyimide.

In an aspect, there is provided a method to prepare an epoxidized cyclic unsaturated
compound comprising twelve carbon atoms, comprising:

epoxidizing a cyclic unsaturated compound comprising 12 carbon atoms with hydrogen
peroxide in a two phase organic aqueous system in the presence of a homogeneous
catalyst and phase transfer reagent;

separating and removing the aqueous phase to obtain an organic phase containing the
epoxidized cyclic unsaturated compound comprising twelve carbon atoms, the homoge-
neous catalyst and the phase transfer reagent;

contacting the organic phase with a membrane under a transmembrane pressure of 5 to
80 bar to obtain a permeate comprising the epoxidized cyclic unsaturated compound
comprising twelve carbon atoms and a retentate comprising the homogeneous catalyst
and phase transfer reagent;

wherein the membrane is a composite membrane comprising a support material and a

membrane separation-active layer comprising a crosslinked silicone acrylate and
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the homogeneous catalyst comprises an oxide, a mixed oxide, an oxoacid, a salt of an
oxoacid, a carbonyl derivative, a sulphide, a chloride, an oxychloride or a stearate of an

element selected from the group consisting of tungsten, molybdenum and vanadium.

The reaction mixture comprises two immiscible or poorly miscible liquid phases. One of
the phases comprises substantially water (aqueous phase). This phase may additionally
comprise hydrogen peroxide, catalyst, phase transfer reagent and traces of the cyclic
unsaturated C12 compound, traces of the epoxidized cyclic unsaturated C12 compound
and traces of the descendent product thereof such as diols for example. The other
phase (organic phase) typically comprises substantially epoxidized cyclic unsaturated
C12 compounds as epoxidation reaction product. Said phase may additionally comprise
the reaction mixture comprising the unmodified cyclic unsaturated C12 reactant com-

pounds, the catalyst and the phase transfer reagent.

The two liquid phases are separated before the reaction mixture is supplied to the
membrane. Said separation may be carried out using a phase separation vessel for
example. As such, the reaction mixture is applied to the membrane as a monophasic
mixture rather than a biphasic mixture. It is preferable to subject the non-aqueous (or-

ganic) phase to membrane separation. The catalyst may also be removed from the
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aqueous phase using membrane technology. The aqueous and organic phases are thus
freed of catalyst separately using one membrane per phase. The membrane used for
the aqueous phase may be different from the membrane used for the organic phase.
The membrane used for the aqueous phase preferably comprises a membrane material
selected from the following: polyamides, aromatic polyamides, polysulphones, polyeth-
ersulphones, hydrophobicized polyethersulphones, sulphonated polyethersulphones,
cellulose acetate, polypiperazine and polyvinylidene fluoride. By contrast, the organic
phase should be separated using a membrane based on silicone acrylate and/or poly-

dimethylsiloxane (PDMS) and/or polyimide.

If reaction mixture phase separation were not to take place, a person skilled in the art is
familiar with measures for achieving phase separation such as increasing the polarity of

the aqueous phase or changing the density of one phase.

in the context of the present invention, the term cyclic unsaturated C12 compounds thus
encompasses both the cyclic unsaturated C12 compounds used as reactant and the
epoxidized cyclic unsaturated C12 compounds obtained as product. If the reactant has
exactly one multiple bond, the product is a saturated compound on account of the epox-
idation of the multiple bond.

The membranes employable in accordance with the invention need not consist exclu-
sively of the abovementioned separation-active materials and may also comprise further
materials. In particular, the membranes may comprise support or carrier materials to
which the separation-active layers have been applied. Such membranes are referred to
as laminated or composite membranes. Such laminated membranes thus comprise a
support material in addition to the actual separation-active material. Appropriate support

materials are disclosed in EP 0 781 116 A1 for example.

Comrﬁercially available membranes employable in the method according to the inven-
tion include the MPF and SELRO products from Koch Membrane Systems, Inc., the
products from Solsep B.V., the STARMEM products from Grace/UOP, the PURAMEM
and DURAMEM products from Evonik Industries AG, the NANO-PRO products from
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AMS Technologies Ltd. and the oNF-1, oNF-2 and NC-1 membranes from GMT Mem-
brantechnik GmbH.

The method according to the invention recovers homogeneous catalysts for the epoxi-
dation of cyclic unsaturated C12 compounds directly from the reaction mixture following
successful epoxidation. This ensures a particularly economical reaction regime since

the recovered catalyst may be reused for further epoxidation reactions.

The cyclic unsaturated compound comprising twelve carbon atoms is preferably cy-
clododecene (CDEN). CDEN is prepared, for example, by selective hydrogenation of
cyclododecatriene which is in turn obtainable by trimerization of butadiene. The epoxi-

dation gives monoepoxycyclododecane.

The method according to the invention removes prior art homogeneous epoxidation
catalyst systems. These are typically transition metal catalysts, in particular catalysts
comprising tungsten, molybdenum or vanadium, as described in WO 00/44704 (A1) and
DE 30 27 349 A1 for example.

The catalyst system typically comprises a derivative of tungsten, molybdenum and/or
vanadium. Useful derivatives include in particular an oxide, a mixed oxide, an oxoacid, a
salt of an oxoacid, a carbonyl derivative, a sulphide, a chloride, an oxychloride or a

stearate of the elements tungsten, molybdenum and/or vanadium.

Useful derivatives include, for example, the metal carbonyls W(CO)s and Mo(CO)s, the
oxides MoQO,, MoOs, M0,03, MoO3, WO,, W20s5, WO3, VO,, V203 and V205 and the
sulphides WS, and WS;. Further examples include the oxoacids H,WO, und HoMoOy,,
more specifically the alkali metal and alkaline earth metal salts thereof. Existing epoxi-
dation catalysts comprise, for example, tungstate or molybdate, in particular sodium

tungstate Na;WO4 or sodium molybdate NasMoQj,.

These compounds are usually converted into the catalytically active compound in situ.

This is preferably effected by reaction with a phosphorus and/or arsenic derivative.
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Compounds particularly suitable therefor are oxides, oxoacids, salts of oxoacids, sul-

phides, chlorides, oxychlorides or fluorides of phosphorus and/or arsenic.

The catalyst thus preferably comprises a catalytically active compound obtained by
reacting a tungsten, molybdenum or vanadium derivative with a phosphorus or arsenic
derivative. In one particularly preferred embodiment, the catalytically active transition

metal compound is formed in situ by reaction of sodium tungstate with phosphoric acid.

The catalysts described often comprise a phase transfer reagent which makes it possi-

ble to transfer the inherently water-soluble catalyst into the organic C12 phase.

in one particularly preferred embodiment of the present invention, the catalyst thus
comprises a tungsten, molybdenum or vanadium derivative in combination with a phase

transfer reagent.

Phase transfer reagents useful here include in particular ternary and quaternary ammo-

nium compounds as described in DE 30 27 349 A1 for example.

in the context of the present invention, the term ternary ammonium compounds is to be
understood as meaning organic ammonium compounds where three valences of the
nitrogen atom are bound to organic radicals. These include in particular compounds of
empirical formula NR3, where each instance of R is an organic radical, imine com-

pounds of formula R=NR as well as N-alkylated heteroaromatics.

One example of a useful phase transfer reagent is the trioctylamine available under the
name Alamine. The octyl radicals may have been at least partially replaced by decyl

radicals. Said amine is a preferred phase transfer reagent of the present invention.

in the context of the present invention, the term quaternary ammonium compounds is to
be understood as meaning organic ammonium compounds where all four valences of
the nitrogen atom are bound to organic radicals. These include in particular compounds

of empirical formula NR4"X", where all four instances of R are organic radicals, imine
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compounds of formula R=NR,"X as well as N-alkylated heteroaromatics where in each

case X is the associated anion.

One example of a useful phase transfer reagent is the tricaprylylmethylammonium chlo-

ride available under the name Aliquat 336.

The compounds known as esterquats have also proven useful as phase transfer rea-
gents for carrying out epoxidation reactions. In the context of the present invention, the
term esterquat is to be understood as meaning quaternary ammonium compounds

bearing at least one carboxylic ester group.

In one particularly preferred embodiment, the catalyst system thus comprises as a qua-

ternary ammonium compound an esterquat of formula (1)

R (0,

where the substituents R are independently identical or different alkyl or alcohol groups
comprising from 1 to 4 carbon atoms and at least one of the substituents R is an aicohol
group which comprises from 1 to 4 carbon atoms and which has been esterified with a
saturated or unsaturated fatty acid comprising from 1 to 30 carbon atoms and X" is a
counteranion. The unsaturated fatty acids may be mono- or polyunsaturated. Saturated
or unsaturated fatty acids comprising from 8 to 20 carbon atoms are particularly prefer-

able here, those comprising from 16 to 18 carbon atoms being most preferable.

Examples of preferred counteranions X include chioride, CI', and methylsulphate,
CH3SOy4.

The substituents R in formula (I) are independently identical or different alkyl or alcohol
groups comprising from 1 to 4 carbon atoms and at least one of the substituents R is an
esterified alcohol group. The alcohol groups are preferably monohydric alcohols. Useful

alkyl groups are in particular methyl, ethyl, propyl, isopropyl, n-butyl, isobutyl, sec-butyl
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and tert-butyl. Useful alcohols include in particular all monohydroxylated derivatives of
these alkyl groups, in particular hydroxymethyl, 1-hydroxyethyl, 2-hydroxyethyl, 1-
hydroxypropyl, 2-hydroxypropyl, 3-hydroxypropyl, 1-hydroxy-1-methyl(ethyl), 2-hydroxy-
1-methyl(ethyl), 1-hydroxybutyl, 2-hydroxybutyl, 3-hydroxybutyl, 4-hydroxybutyl, 1-
hydroxy-1-methyl(propyl), 2-hydroxy-1-methyl(propyl), 3-hydroxy-1-methyl(propyl), 1~
hydroxymethyl(propyl) and 1-hydroxymethyl-1-methyl(ethyl).

Compounds which have proven particularly suitable are the quaternary ammonium

compound esters according to formulae () and (Il)

L.
70°" I~""0z %

0L (1)

J S J\_ 07 A

where Z denotes one or more saturated or unsaturated fatty acids comprising from 1 to

£O

—

(11

30 carbon atoms and X is a counteranion. Saturated or unsaturated fatty acids compris-
ing from 8 to 20 carbon atoms are particularly preferable here, those comprising from 16

to 18 carbon atoms being most preferable.

The esterquats described are obtainable by esterification of the corresponding tertiary
alcoholamines, for example N-methyldiisopropanolamine or triethanolamine, with a
suitable fatty acid and subsequent reaction with a suitabie alkylating agent, for example
dimethyl sulphate, diethyl sulphate or methyl chloride, to give the quaternary alkanola-

mine compounds.

The esterquats of formulae (1) to (lll) are generally available as mixtures of different

esters and both the fatty acid group and the number of esterified fatty acid groups per
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alkanolamine compound may vary. Esterquats are therefore characterized on the basis
of their degree of esterification. This is the mean number of esterified fatty acids per
alkanolamine compound. The degree of esterification is preferably in the range of from
1 to 2.0, more preferably from 1.2 to 2.0 and most preferably from 1.5 to 1.95. An ester-
quat having a desired degree of esterification is synthesized by reacting the alkanola-
mine compound with an amount of fatty acid corresponding to the degree of esterifica-
tion. The esterification conversion is checked by reference to the acid number following
synthesis. The conversion is sufficiently complete when the acid number is below 5 g of

KOH per 1 g of solution.

The catalyst is preferably removed using a composite membrane. A composite mem-
brane comprises a support material and a membrane material applied thereto as a
separation-active layer. The support material is thus distinct from the separation-active
material. It has transpired that composite membranes comprising a porous support
material and a layer prepared by crosslinking silicone acrylates or polydimethylsiloxanes
are both extremely stable towards the reaction mixture described and bring about a high
yield of recovered catalyst. The composite membranes described are particularly suita-
ble for recovering catalysts comprising a derivative of tungsten, molybdenum or vanadi-

um and also the described esterquats as phase transfer reagent.

It is believed that the effectiveness of the composite membrane is based on the
transport of the catalyst through the membrane being hindered to a greater extent than
the remaining constituents of the reaction mixture, the cyclic unsaturated C12 com-
pounds in particular passing through the membrane more rapidly than the catalyst. The
layer based on crosslinked silicone acrylates or polydimethylsiloxanes plays a particular
role here and is believed to have a determining influence on the diffusion characteris-
tics, hence its description as the separation-active layer. The support material will play
only a secondary role in separation performance although its fundamental involvement
in performing the separation duty cannot be ruled out due to the complexity of the pro-

cesses occurring at a membrane.
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Useful composite membranes and methods of preparation thereof are described in
DE19507584, EP1741481 and WO 2011/067054 A1 for example.

Particularly suitable membranes are characterized in that the silicone acrylates are

compounds of formula IV

R’ R’ R’ R’ R’
, | | | |
R?—Si— (0 —Si— O+ Si— O+ Si— (04— Si—R?2

- -a- -bt -c (V)
where
a =from 1 to 500, b = from 1 to 25 and ¢ = from 0 to 20,

the substituents R' are independently identical or different alkyl or aryl groups which
comprise from 1 to 30 carbon atoms and which may bear at least one ether, ester,

epoxy and/or hydroxy group,

the substituents R? are independently identical or different substitutents selected from

the group consisting of R', R® and R?,

the substituents R® are independently identical or different acrylate groups of formulae V
or Vi

o
——CH,CH,CH,0CH,CHCH,~OCCH=CH, )

o)
I
—{-CHZ}d—(O}-e—éCRGZ};CRag(R7O-C-CH=C}-|2)h w
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whered=from0to 12, e=from0to 1,f=from0to 12, g=fromO0to 2, h=from 1to 3
andg+h=3,

the substituents R® are independently identical or different alkyl or aryl groups compris-

ing from 1 to 30 carbon atoms or hydrogen,

the groups R are identical or different divalent hydrocarbon radicals, preferably -CR®,-

and in particular CHa,

the substituents R* are independently identical or different polyether groups of formula
(VI

CHs R®

——(CHp)— O—(CH,CH,0);——(CH,CHO) ——(CH,CHO)—R® Vi,

where i = from 0 to 12, j = from 0 to 50, k = from 0 to 50 and | = from 0 to 50,

the substituents R® are identical or different alkyl or aryl groups comprising from 2 to 30

carbon atoms and
R® is an alkyl, aryl or acyl group comprising from 2 to 30 carbon atoms or hydrogen.

The various monomers of the building blocks indicated in the formulae (siloxane chains
and/or polyoxyalkylene chains) may each have a blockwise construction with any num-
ber of blocks in any sequence or form a statistical distribution. The indices indicated in

the formulae are to be regarded as statistical mean values.

It is particularly preferable when the separation-active membrane material is construct-

ed in a plurality of layers by crosslinking silicone acrylates of formula V.

WO 2011/067054A1 discloses such a membrane.
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A particularly advantageous family of membranes is obtainable by curing a mixture of
different silicone acrylates. The separation limit, degree of crosslinking and hydrophilici-

ty are virtually infinitely variable over hitherto unknown ranges through the choice of
mixture.

The separation-active layer itself advantageously comprises one or more layers pre-
pared by curing a mixture of different silicone acrylates. Particularly advantageous mix-

tures consist of at least the following components:

a) one or more silicone acrylates having a silicon content of more than 29% by
weight, preferably one or more silicone acrylates of formula IV having a silicon
content of more than 29% by weight and in particular one or more silicone acry-
lates of formula IV with b=c=0 and having a silicon content of more than 29% by

weight, and

b) one or more silicone acrylates having a silicon content of less than 27.5% by
weight, preferably one or more silicone acrylates of formula IV having a silicon
content of less than 27.5% by weight and in particular one or more silicone acry-
lates of formula IV with ¢>3 and having a silicon content of less than 27.5% by

weight,

where for component a) a = from 25 to 500, preferably from 25 to 300 and in particular
is 30-200, b = from 0 to 15, preferably from 0 to 8 and in particular is 0, and ¢ = from 0
to 20, preferably from 0 to 10 and in particular is 0, with the proviso that when b = 0, R?
= R% and where for component b) a = from 1 to 24, preferably from 5 to 20, more pref-
erably from 10 to 20 and in particular is 10, 11, 12, 13, 14, 15, 16 or 17, b = from 0 to
25, preferably from 3 to 10 and more preferably is 3, 4, 5, 6, 7 or 8, and ¢ = from 0 to

20, preferably from O to 10 and more preferably is 0, 1, 2, 3 or 4, with the proviso that
that when b = 0, R* = R®,

The mixtures preferably comprise components a) and b) in a mass ratio of from 10 to 1

to 1 to 10, in particular in a ratio of from 2 to 8 to 8 to 2.
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Different silicone acrylates may be characterized by the proportion of silicon they con-
tain. The more organic substituents are bonded to the siloxane scaffold and the longer
these substituents the smaller is said proportion of silicon. When the composite mem-
brane is coated using the mixtures of components a) and b) described hereinabove,
component a) is preferably a silicone acrylate having a silicon content of > 29% by
weight and component b) is preferably a silicone acrylate having a silicon content of

< 27.5% by weight.

The silicone acrylates of formula 1V are obtainable by curing with a photoinitiator using
electromagnetic radiation of < 800 nm in wavelength and/or electron beams. Curing is in

particular effected using UV radiation at a wavelength of < 400 nm.

Useful carrier membranes are generally solvent-resistant porous three-dimensional
structures, for example fibrous nonwoven webs, microfiltration membranes, ultrafiltration
membranes or separators, for example battery separators such as Separion® (trade

mark of Evonik Degussa GmbH) and Solupor.

Particularly suitable carrier membranes consist of polyacrylonitrile, polyimide, polyether
ether ketone, polyvinylidene fluoride, polyamide, polyamide-imide, polyethersulphone,
polybenzimidazole, sulphonated polyether ketone, polyethylene, polypropylene or mix-

tures thereof.

Polyimide carrier membranes and polyacrylonitrile carrier membranes have proven
particularly suitable. One of the two materials is thus preferably employed as carrier

material within the membrane.

The membrane to be employed in accordance with the invention may be characterized
by reference to a separation curve. In the context of the present invention, the separa-
tion curve is determined on the basis of the filtration at a temperature of 30°C and a
transmembrane pressure difference of 30 bar in a model system comprising polystyrene
oligomers of defined molecular mass dissolved in toluene. Separation curves generated

using this model system give an indication as to which membrane to choose. The sepa-
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ration limits observed in the real system generally diverge from those determined in the
model system on account of the different interactions of the real system with the mem-

brane compared to the model system.

It is particularly preferable when the membrane to be employed in accordance with the
invention exhibits a separation limit profile of more than 97% retention for molecular
weights above 1000 g/mol and less than 80% retention for molecular weights below 300

g/mol.

Figure 1 is a graph showing the separation limit of a particularly suitable membrane.
Here, the separation limit was determined in established fashion with polystyrene in

toluene at a separation temperature of 30°C and a transmembrane pressure of 30 bar.

The filtration according to the invention of the reaction mixture is generally a pressure-
driven process. This means that a pressure difference (transmembrane pressure differ-
ence also known as "transmembrane pressure”) is applied along the membrane in order
to force permeation of the reaction mixture through the membrane. The transmembrane
pressure is preferably from 5 to 80 bar, more preferably from 10 to 60 bar and in par-

ticular from 30 to 40 bar.

The temperature during the filtration may be adjusted according to the temperature
stability of the membrane and the reaction mixture. It is advantageous to choose as high
a temperature as possible in order to reduce the viscosity of the reaction mixture and
thus expedite the filtration. The filtration is preferably carried out at a temperature of
from 25°C to 160°C, more preferably from 40°C to 110°C and in particular from 60°C to
90°C.

The method according to the invention concentrates the catalyst system in the reten-
tate. The term "retentate” is understood by membrane specialists to mean the effluent
from the membrane withdrawn upstream of the membrane. The material which passes
through the membrane is known as "permeate" and is withdrawn downstream of the

membrane. Here, the amount of catalyst retained may be established based on the
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amount of retained transition metal. The method according to the invention in particular
retains in the retentate more than 50% of the transition metal based on the total amount
of transition metal in the reaction mixture prior to filtration. The method preferably re-
tains more than 70% of the transition metal, more preferably more than 90%. When a
phase transfer reagent is employed, it will generally achieve a retention different from
the transition metal. Said phase transfer reagent is nevertheless concentrated in the
retentate. The entire catalyst system is therefore concentrated in the retentate at least
to an extent. The transition metal may be detected using ICP-MS (inductively coupled

plasma mass spectrometry) or XRF (X-ray fluorescence analysis).

Tungsten and phosphorus are determined using ICP-OES with a spectrometer from
Agilent. Since only acidic aqueous solutions may be analysed, the samples must first be

digested by microwave digestion (UltraClave from MLS).

Nitrogen determination is effected by oxidative combustion analysis (at 1050°C in a
quartz tube under an oxygen stream) with subsequent chemoluminescence detection of

the excited NO, formed from NO in the presence of ozone.

In one embodiment of the method, the filtration is carried out in a specific separation
apparatus comprising the composite membrane according to the invention. Here, the
separation apparatus is not part of the reactor in which the epoxidation reaction is car-
ried out. The reaction mixture to be separated may either be withdrawn from the epoxi-
dation reactor in its entirety and supplied to the separation apparatus or a portion of
reaction mixture may be continuously withdrawn from the epoxidation reactor and sup-
plied to the separation apparatus. The latter variant is advantageous in particular when
the epoxidation reaction is carried out as a continuous process. it is moreover advanta-

geous when the retentate obtained in the filtration is returned to the epoxidation reactor.

In one alternative embodiment, the composite membrane is part of the epoxidation
reactor. For example, the walls of the epoxidation reactor may have been at least par-
tially fabricated from the composite membrane or the membrane has been situated

directly in the reaction chamber in some other way. Epoxidation and filtration may thus
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be effected simultaneously and the reaction mixture freed of catalyst and comprising a
mixture of reaction product and reactant may therefore be continuously discharged. A
corresponding apparatus for the epoxidation of cyclic unsaturated C12 compounds with
hydrogen peroxide comprising a reactor for carrying out the reaction, said reactor hav-
ing walls at least partially furnished with a separation-active layer of crosslinked silicone
acrylates and/or polydimethylsiloxane (PDMS) and/or polyimide, thus also forms part of

the invention subject-matter.

Likewise forming part of the invention subject-matter is the use of such an apparatus for
carrying out simultaneously an epoxidation of cyclic unsaturated C12 compounds and

the corresponding catalyst removal at the membrane integrated into the wall.

The invention further provides a method of synthesizing lactams (lactam method ac-
cording to the invention) using the epoxidized cyclic unsaturated C12 compounds ob-
tained from the abovementioned invention method of removing a homogenerous cata-

lyst system.

The epoxidized cyclic unsaturated C12 compounds may subsequently be hydrogenated
in the presence of hydrogen and a catalyst comprising a noble metal and a metal oxide.
This gives the corresponding ketone and as the case may be the alcohol derivative. If
the ketone is obtained as a mixture with the corresponding alcohol derivative, the alco-
hol may be dehydrogenated to give the ketone. The ketone may subsequently be oxi-
mated. The Beckmann rearrangement to give the lactam may be carried out as a sub-
sequent step using sulphuric acid or cyanuric chloride. The lactams may be subjected to

further processing by polycondensation to give polyamides.

The hydrogenation, the dehydrogenation, the oximation, the Beckmann rearrangement

and the condensation reaction are known to a person skilled in the art.

One preferred embodiment of the lactam method according to the invention comprises

preparing laurolactam from monoepoxycyclododecane.
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In the context of the preferred lactam method, monoepoxycyclododecane is obtainable
by the following reaction steps: 1,3-butadiene is reacted to give cyclododecatriene by
cyclotrimerization. This is followed by a hydrogenation to give cyclododecene. The

cyclododecane epoxide is obtained by subsequent epoxidation.
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Example 1

In a first step, a catalyst solution was made up. Sodium tungstate salt, concentrated
phosphoric acid and water were added thereto. The pH of the solution was adjusted to a
strongly acidic value with 10% strength sulphuric acid. In the next step, a stirred tank
equipped with a heating jacket was charged with cyclic C12 mixture, consisting of
68.5% CDEN and 31.5% cyclododecane (CDAN), the phase transfer reagent aliquat
and the catalyst solution described hereinabove. The reactor contents were heated to a
temperature of about 80°C using the heating jacket. A 35% strength solution of H,0, in
water was then continuously fed into the reactor via a peristaltic pump. Here, the H,0;
feed rate was adjusted such that the internal temperature of the reactor did not exceed
85°C.

Once the H20, solution had been metered into the reactor the mixture was stirred at a
temperature of about 80°C for several hours, the stirrer was switched off and the phas-
es were then separated. The organic phase was utilized in the membrane filtration ex-

periment which follows.

Membrane filfration {organic phase):

A portion of the organic phase was stirred in a test cell above the test membrane at

23°C and a transmembrane pressure difference of 39 bar.

The test membrane was a polymer membrane from Evonik MET Lid. having an active
membrane surface area of about 50 cm?.
The membrane separation-active layer consists of silicone acrylate and the carrier layer

consists of polyimide.
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The permeate flux after an experimental duration of about 2.5 hours was 4.0 kg/(m?h).
Determination of samples of retentate and permeate revealed a very high tungsten

membrane retention of 99.8% and a nitrogen membrane retention of 95.8%.
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Example 2

A portion of the organic phase from example 1 was passed over the test membrane at

55°C and a transmembrane pressure difference of 30 bar with a cross flow rate of 150

L/h.

The test membrane was a polymer membrane from Evonik MET Ltd. having an active
membrane surface area of about 80 cm? The membrane separation-active layer con-

sists of silicone acrylate and the carrier layer consists of polyimide.

The permeate flux after an experimental duration of about 120 hours was 5.1 kg/(m?h).
Determination of samples of retentate and permeate revealed a very high tungsten

membrane retention of 99.98% and a nitrogen membrane retention of 87.2%.
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Example 3 (continuous epoxidation with downstream membrane without recy-

cling)

In this example, the epoxidation of the cyclic unsaturated C12 compounds was carried
out as a continuous operation in a 3 stage stirred tank cascade. The stirred tank cas-

cade comprised 2 reactors having a 5 litre nominal capacity and, as a final stage, a

- stirred tank having a 25 litre nominal capacity. The three reactors comprised a jacket

and were heated to a temperature of about 80°C therewith.

The first reactor of the cascade was supplied with the cyclic unsaturated C12 com-
pounds (83.8 wt% CDEN and 16.2 wt% CDAN), the catalyst components Alamine,
sodium tungstate and phosphoric acid and a 50% strength H,O, solution. A further

quantity of H,O, was metered into the second reactor.

The reaction mixture consisting of two liquid phases was passed from the cascade into
a phase separation vessel from which the organic phase was supplied to a continuous

membrane system using a pump.

Membrane filtration (organic phase with MET membrane, GMT ONF-2, Atech 1kD)

The organic phase was passed over the MET and GMT ONF-2 test membranes at 45°C
and a transmembrane pressure difference of 41.5 bar with a crossflow rate of about 300
L/h. This was done at 600 L/h in the case of the additionally employed ceramic mem-
brane Atech 1kD. |

The experiments of Chowdhury et al. employed commercially unavailable Al,O; mem-
branes having pore radii of 2.3 nm and 4.3 nm, i.e., pore diameters of 4.6 nm and 8.6
nm. Example 3 thus employed a commercially available type of ceramic membrane

having a particularly low separation limit of 1kD in order fo illustrate the maximum per-
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formance of ceramic membranes. It is estimated that this membrane type has a distinct-

ly smaller pore radius than the membranes employed by Chowdhury et al.

The test membranes were a polymer membrane from Evonik MET Ltd. and a mem-

brane of the type ONF-2 from GMT, said membranes having a nominal membrane

surface area of 0.6 m?in the case of the MET membrane and 0.75 m? in the case of the

type ONF-2 membrane. The separation-active layer of the membranes consists of sili-

cone acrylate and the carrier layer consists of polyimide. Atech ceramic membranes

having a separation limit of about 1kD and a membrane surface area of 540 cm? were

also tested.

The tests carried out with the abovementioned setup gave the following process data:

Membrane Permeate flux Membrane retention Membrane retention
tungsten nitrogen

MET membrane 2.2 kg/{m>*h) 99.9% 73.4%

ONF-2 2.3 kgl(m?*h) 99.9% 74.5%

Atech 1kD 4.4 kg/(m**h) 56.2% 25.5%

The low retention values for the Atech 1kD membrane show that the use of ceramic

membranes is not viable for recovery of homogeneous catalysts from organic phases

on an industrial scale.
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Claims

1. A method to prepare an epoxidized cyclic unsaturated compound comprising
twelve carbon atoms, comprising:
epoxidizing a cyclic unsaturated compound comprising 12 carbon atoms with hy-
drogen peroxide in a two phase organic aqueous system in the presence of a ho-
mogeneous catalyst and phase transfer reagent;
separating and removing the aqueous phase to obtain an organic phase contain-
ing the epoxidized cyclic unsaturated compound comprising twelve carbon atoms,
the homogeneous catalyst and the phase transfer reagent;
contacting the organic phase with a membrane under a transmembrane pressure
of 5 to 80 bar to obtain a permeate comprising the epoxidized cyclic unsaturated
compound comprising twelve carbon atoms and a retentate comprising the homo-
geneous catalyst and phase transfer reagent;
wherein the membrane is a composite membrane comprising a support material
and a membrane separation-active layer comprising a crosslinked silicone acrylate
and
the homogeneous catalyst comprises an oxide, a mixed oxide, an oxoacid, a salt
of an oxoacid, a carbonyl derivative, a sulphide, a chloride, an oxychloride or a
stearate of an element selected from the group consisting of tungsten, molyb-

denum and vanadium.
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The method according to claim 1, wherein the aqueous phase comprises the hy-

drogen peroxide.

The method according to claim 1, wherein the cyclic unsaturated compound com-

prising twelve carbon atoms is cyclododecene.

The method according to claim 3, wherein the phase transfer reagent is a tertiary

or quaternary ammonium compound.

The method according to claim 4, wherein the phase transfer reagent is a quater-

nary ammonium compound and is an esterquat of formula (1)
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—/Z+—:U

X

where the substituents R are independently identical or different alkyl or alcohol groups
comprising from 1 to 4 carbon atoms and at least one of the substituents R is an
alcohol group which comprises from 1 to 4 carbon atoms and which has been es-
terified with a saturated or unsaturated fatty acid comprising from 1 to 30 carbon

atoms and X is a counteranion.

6. The method according to claim 4, wherein the phase transfer reagent is a quater-
nary ammonium compound and is a quaternary ammonium compound ester ac-

cording to formulae (1) and (l1)

|
707> N0z X

Ao | QL

oz (11 (1)

where Z denotes one or more saturated or unsaturated fatty acids comprising from 1 to

30 carbon atoms and X' is a counteranion.

7. The method according to claim 1, wherein the silicone acrylate is of formula IV:
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wherein
ais from 1 to 500, b is from 1 to 25 and c is from 0 to 20,

the substituents R' are independently identical or different alkyl or aryl groups which
5 comprise from 1 to 30 carbon atoms and which may bear at least one ether, ester,

epoxy and/or hydroxy group,

the substituents R? are independently identical or different substituents selected from

the group consisting of R', R® and R*,

the substituents R® are independently identical or different acrylate groups of formulae V

10 or VI:
(|)H Il
— CH,CH,CH,OCH,CHCH,-OCCH=CH, V)
I
—6CHQHOHCR%)—CR6g(R7O-C-CH=CH2)h
d' ‘e f V1),

wherein d is from 0 to 12, eis from O to 1, f is from 0 to 12, g is from 0 to 2, h is from 1

to3andg + his 3,

15 the substituents R® are independently identical or different alkyl or aryl groups compris-

ing from 1 to 30 carbon atoms or hydrogen,
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the groups R’ are identical or different divalent hydrocarbon radicals,

the substituents R* are independently identical or different polyether groups of formula
(VI):

CHs R’

| |
—(CH3),—0O—(CH,CH0);—(CH,CHO);——(CH,CHO) « R’ (Vi1),

wherein i is from 0 to 12, j is from 0 to 50, k is from 0 to 50 and | is from 0 to 50,

the substituents R® are identical or different alkyl or aryl groups comprising from 2 to 30
carbon atoms and

R?is an alkyl, aryl or acyl group comprising from 2 to 30 carbon atoms or hydrogen.

8. The method according to claim 1, wherein the separation-active layer is arranged
on a carrier material selected from the group consisting of polyacrylonitrile, polyi-
mide, polyether ether ketone, polyvinylidene fluoride, polyamide, polyamide-imide,
polyethersulphone, polybenzimidazole, sulphonated polyether ketone, polyeth-

ylene, polypropylene and mixtures thereof.

9. The method according to claim 1, wherein the applied transmembrane pressure is
from 10 to 60 bar.

10. The method according to claim 1, wherein the separation is carried out at a tem-
perature of from 25°C to 160°C.

11. The method according to claim 7, wherein the groups R’ are identical or different
divalent hydrocarbon radicals of the formula -CR®- .

12. The method according to claim 7, wherein the groups R’ are CH.
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13. The method according to claim 1, wherein the epoxidizing and the separating are

carried out simultaneously.
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Membrane-supported catalyst removal in the epoxidation
of cyclic unsaturated C12 compounds, for example cyclododecene (CDEN)

Abstract

The present invention relates to a method of removing homogeneous catalyst systems
from organic reaction mixtures. It is an object of the present invention to specify a meth-
od employed in reaction mixtures for the epoxidation of cyclic unsaturated C12 com-
pounds. This object is achieved by employing a membrane whose separation-active
layer comprises crosslinked silicone acrylates and/or polydimethylsiloxane (PDMS)

and/or polyimide.

Accompanied by Figure 1
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