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METHODS OF EXTRACTING CATALYST FROM A ~ACTION MIXTURE 

IN THE OXIDATION OF CYCLOHEXANE TO ADIPIC ACID 

TECHNICAL FIELD 

This invention relates to methods of oxidizing cyclohexane to adipic acid 

5 and, more specifically, how to remove catalyst as a solution after the reaction, 

preferably for recycling. 

BACKGROUND ART 

There is a plethora of references (both patents and iiterature articles) - . 
dealing with the formation of acids, one of the most important being adipic acid. by 

10 oxidation of hydrocarbons. Adipic acid is used to produce Nylon 66 fibers and resins. 

polyesters, polyurethanes, and miscellaneous other compounds. 

There are different processes of manufacturing adipic acid. The 

conventional process involves a first step of oxidizing cyclohexane with oxygen to a 

mixture of cyclohexanone and cyclohexanol (KA mixture), and then oxidation of the 

15 KA mixture with nitric acid to adipic acid. Other processes include, among others, the 

"Hydroperoxide Process," the "Boric Acid Process," and the "Direct Synthesis 

Process," which involves direct oxidation of cyclohexane to adipic acid with oxygen in 

the presence of solvents, catalysts, and promoters. 

The Direct Synthesis Process has been given attention for a long time. 

20 However~ to this date it has found little commercial success. One of the reasons is that 

although it looks very simple at first glance, it is extremely complex in reality. Due to 

this complexity, one can find strikingly conflicting results, comments, and views in 

different references. 

It is well known that after a reaction has taken place according to the 

25 Direct Synthesis, a mixture of two liquid phases is present at ambient temperature, 

along with a solid phase mainly consisting of adipic acid. The two liquid phases have 

been called the "Polar" phase and the "Non-Polar" or "Apolar" phase However, no 

attention has been paid so far to the importance of the two phases, except for separating 
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the adipic from the "Polar" phase and recycling these phases to the reactor partially or 

totally with or without further treatment. 

In more general nomenclature of phases, "polar phase" is the more polar . 

phase, while "non-polar" or "apolar" phase is the less polar phase. 

5 It is also important to note that most studies on the Direct Synthesis-

have been conducted in a batch mode, literally or for all practical purposes. 

As aforementioned, there is a plethora of references dealing with 

oxidation of organic compounds to produce acids, such as, for example, adipic acid 

and/or intermediate products, such as for example cyclohexanone, cyclohexanol, 

10 cyclohexylhydroperoxide, etc. - . 
The following references, among others, may be considered as 

representative of oxidation processes relative to the preparation of diacids and other 

intermediate oxidation products. 

U.S. Patent 5,463,119 (Kollar), U.S. Patent 5.374,767 (Drinkard et al), 

15 U.S. Patent 5,321,157 (Kollar). U.S. Patent 3.987,100 (Barnette et al.). U.S. Patent 

3,957,876 (Rapoport et al.), U.S. Patent 3,932,513 (Russell), U.S. Patent 3,530,185 

(Pugi), U.S. Patent 3,515,751 (Oberster et al), U.S. Patent 3,361,806 (Lidov et al), U.S. 

Patent 3,234,271 (Barker et al), U.S. Patent 3,231,608 (Kollar), U.S. Patent 3,161,603 

(Leyshon et al), U.S. Patent 2,565,087 (Porter et al), lJ.S. PateAt 2,557,282 (Hamblet et 

20 al), U.S. Patent 2,439,513 (Hamblet et al), U.S. Patent 2,223A94 (Loder et al), U.S. 

Patent 2,223,493 (Loder et al), German Patent DE 44 26 132 Al (Kysela et al), and 

PCT International Publication WO 96/03365 (Constantini et al). 

PCT International Publication WO 96/03365 and U.S. Patent 5,756,837 

(both of Costantini et al.) disclose a process for recycling a cobalt-containing catalyst in 

25 a direct reaction of oxidation of cyclohexane into adipic acid, characterized by including 

a step in which the reaction mixture obtained by oxidation into adipic acid is treated by 

extraction of at least a portion of the glutaric acid and the succinic acid formed during 

the reaction. 

German Patent Publication DE 44 27 474 Al (Obst _et al.) discloses a 

30 method consisting of cooling the reaction mixture, separating the precipitated adipic 

. ..... 

. • 

.. 



-. 

W000/01656 PCT/US99/1SJ34 
3 

acid by filtration, separating the filtrate into a polar and a non-polar phase, a portion of 

which polar phase is extracted, and the catalyst present in this portion is recovered (a) 

by mixing with cyclohexanone, followed by removal by distillation of the acetic acid 

present and filtration; or (b) by removal by distillation of the majority of the acetic acid 

5 present, hydrolytic decomposition of the distillation residue, and extraction in the form 

of an aqueous solution ofthe organic constituents then present with the exception of the 

catalyst. 

None of the above references, or any other references known to the 

inventors disclose, suggest or imply, singly or in combination, control of oxidation 

I 0 reactions subject to the intricate and critical controls and requirements of the instant - .-invention as described and claimed. 

DISCLOSURE OF THE INVENTION 

As aforementioned, this invention relates to methods of oxidizing 

hydrocarbons, such as cyclohexane for exan1ple, to respective intermediate oxidation 

15 products, such as adipic acid for example, and more specifically, how to extract catalyst 

in a protic solvent, preferably for recycling. More particularly, this invention pertains to 

a method of extracting catalyst from a reaction mixture produced by direct oxidation of 

cyclohexane to adipic acid, the reaction mixture comprising cy-Glohexane, adipic acid, a 

monobasic acid solvent having only primary and/or secondary hydrogen atoms, 

20 optionally water, and a metal ion catalyst, the method being c.haracterized by steps of: 

(a) removing substantially the totality of the cyclohexane; 

(b) removing a major part of the adipic acid; 

( c) removing substantially the totality of the mono basic acid solvent 

by distillation, during which a protic solvent is added continuously or intermittently in 

25 an adequate amount to substantially prevent solids precipitation, to provide a first single 

liquid phase, the first single liquid phase being homogeneous and solids-free, the protic 

solvent containing no carboxylic or mineral acid groups and having a normalized 

solvent polarity parameter EN in the range of 0.9 to 1.0; 
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( d) adding, to the first single liquid phas~, a di polar aprotic solvent 

and, if needed, additional protic solvent, in such quantities so as to provide a second 

single liquid phase that is homogeneous and solids-free at a desired first temperature, 

the dipolar aprotic solvent having a normalized solvent polarity parameter EN in the 

5 range of 0.2 to 0.4; 

( e) optionally lowering the first temperature to a second temperature 

while maintaining the second single liquid phase; and 

(f) forming a cat~lyst extract by extracting substantially the totality 

of the metal ion catalyst from the second solids-free single liquid phase with a 

10 predetermined amount of the protic solvent; 

wherein EN is defined by equation (I) 
- ... 

EN = ET(solvent)- ET(TMS) = ET(solvent)-30.7 
ET(water)-ET(lMS) 32.4 

(1) 

using water and tetramethylsilane as extreme reference solvents, such 

that Er(solvent) is the Ey value corresponding to the solvent under consideration, 

15 Er(TMS) is the Er value corresponding to tetramethylsilane, and Er(water) is the Er 
value corresponding to water, 

and wherein Er is defined by equation-(2) 

ET /(kcal• mol-1) = h·c·v·NA = 2.859 x 10-3·v/cm-1 (2) 

in which v is the wavenumber ( cm·1
) of the photon which produces the 

20 electronic excitation, h is Plank's constant, c is the velocity of light, and NA is 

Avogadro's Number, Er being based either directly on the transition energy for the 

longest wavelength solvatochromic absorption band of pyridinium-N-phenoxide betaine 

dye in the solvent under consideration, or indirectly by the use of the more lipophilic 

penta-tert-butylsubstituted pyridinium-N-phenoxide betaine dye in the solvent under 

25 consideration. 

The weight ratio of the first single liquid phase to the total protic solvent 

used in steps ( c) and ( d) is preferably in the range of I to 3, and more preferably in the 

...... 



; 

W000/01656 PCT/US99/15134 
5 

range of .J .5 to 2.5. The weight ratio of the dipolar aprotic solvent to the first single 

liquid phase is preferably in the range of I to 3, and more preferably in the range of 1.5 

to 2.5. The totality of the dipolar aprotic solvent and the protic solvent present in step 

( d) constitute a novel combination solvent. 

5 The first temperature is preferably in the range of 80° C to 120° C, and 

10 

more preferably in the range of 90° C to 110° C, while the second temperature is in the 

range of preferably 15° C to 50° C, more preferably 20° C to 40° C, and even more 

preferably 20° C to 30° C. 

Steps (a) and (b) preferably precede steps (c), (d), (e), and (f). 

The method may further comprise a step of recycling the solids-free - -protic liquid phase to a reaction zone, in which reaction zone the cyclohexane is 

oxidized to adipic acid, either directly or indirectly, and/or with or without removal of 

protic solvent, and/or with or without addition of mono basic acid solvent. 

The methods of this invention are particularly applicable in the case that 

15 the monobasic acid solvent comprises acetic acid, the protic solvent comprises water, 

the metal ion catalyst comprises cobalt ions, and the dipolar aprotic solvent comprises 

cyclohexanone. 

Extraction of the catalyst may be helped by adding into the solids-free 

single liquid phases a small amount of an apolar aprotic solvent-having a EN value in the 

20 range of 0.0 to 0.1. A preferable apolar aprotic solvent comprises cyclohexane . 

25 

. The instant invention also pertains to a method of extracting catalyst 

from a reaction mixture produced by direct oxidation of cyclohexane to adipic acid, the 

reaction mixture comprising cyclohexane, adipic acid, a monobasic acid solvent having 

only primary and/or secondary hydrogen atoms, optionally water, and a metal ion 

catalyst, the method being characterized by ·steps of: 

(a) removing substantially the totality of the cyclohexane; 

(b) removing a major part of the adipic acid; 

( c) forming a first solids-free single liquid phase containing less than 

40% by weight monobasic acid solvent by removing an adequate amount of said 

30 monobasic acid solvent; 
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( d) adding, to the first single liquid phase, a di polar aprotic solvent 

and, if needed, protic solvent, in such quantities so as to provide a second single liquid 

· phase that is homogeneous and solids-free at a desired first temperature, the dipolar 

aprotic solvent.having a normalized solvent polarity parameter~ in the range of 0.2 to 

5 0.4; 

( e) optionally lowering the first temperature to a second temperature 

while maintaining the second single liquid phase; and 

(f) forming a catalyst extract by extracting substantially the totality 

of the metal ion catalyst from the second solids-free single liquid phase with a 

I 0 predetennined amount of the protic solvent. - ... 
In this case also, steps (a) and (b), preferably precede steps (c), (d), (e), 

and (f). 

The methods of the invention may further comprise a step of reacting the 

adipic acid with a reactant selected from a group consisting of a polyol, a polyamine, 

15 and a polyamide in a manner to form a polymer of a polyester, or a polyamide. or a 

(polyimide and/or polyamideimide), respectively. In addition, the method may also 

comprise a step of spinning the polymer into fibers, and/or adding to the polymer, fillers 

and/or other additives to form composites. 

This invention further pertajns to an .. admixture comprising a reaction 

20 mixture produced by the oxidation of cyclohexane to adipic acid, before or after 

removal of the majority of the adipic acid by a crystallization process, as well as other 

moieties removed in the crystallization process, and a combination solvent comprising a 

dipolar aprotic solvent having a normalized solvent polarity parameter EN in the range of 

0.2 to 0.4 and a protic solvent, the protic solvent lacking carboxyl and/or hydroxyl 

25 groups and having a normalized solvent polarity parameter ~ in the range of 0.9 to 1.0, 

in such a weight ratio of dipolar aprotic solvent to protic solvent that the admixture is in 

the form of a solids-free single liquid phase solution at a predetermined tempera~ure. 

The totality of the dipolar aprotic solvent and the protic solvent present in the admixture 

constitute the novel combination solvent, as described also earlier. 

·. 

.. 

...... 



_:::__:::__:::____:: _ ___i_ _____________ ========='"""==-----·-·-·"·""-~---- --- ------- ·-- ··-·-----·· 

W000/01656 PCT/US99/15134 
7 

Preferably, the dipolar aprotic solvent is cyclohexanone and the protic 

solvent is water. The weight ratio of dipolar aprotic solvent, cyclohexanone for 

example, to protic solvent, water for example, is preferably lower than 16, and more 

preferably in the range of I to 9; the higher the predetermined temperature the lower the 

5 more preferred ratio. 

In addition, the present invention relates to a novel combination solvent, 

which by itself may be in a monophasic or diphasic form, comprising a dipolar aprotic 

solvent having a normalized solvent polarity parameter EN in the range of 0.2 to 0.4 and 

a protic solvent, the protic solvent lacking carboxyl and/or hydroxyl groups and having 

10 a normalized solvent polarity parameter EN in the range of 0.9 to 1.0, in such a weight - .. 
ratio of dipolar aprotic solvent to protic solvent that if admixed with a reaction mixture 

produced by the oxidation of cyclohexane to adipic acid, before or after removal of the 

majority of the adipic acid by a crystallization process, as well as other moieties 

removed in the crystallization process, the admixture obtains the form of a solids-free 

15 single liquid phase solution at a predetermined temperature. Again, preferably, the 

dipolar aprotic solvent is cyclohexanone and the protic solvent is water. The weight 

ratio of dipolar aprotic solvent, cyclohexanone for example, to protic solvent, water for 

example, is preferably lower than 16, and more preferably in the range of I to 9; the 

higher the predetermined temperature the lower the more prefei:red ratio. 

20 BRIEF DESCRIPTION OF THE DRAWING 

The reader's understanding of this invention will be enhanced by 

reference to the following detailed description taken in combination with the drawing 

figure, wherein: 

FIGURE 1 illustrates a block diagram of a preferred embodiment of the 

25 present invention 

...... 
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BEST MODE OF CARRYING OUT THE INVENTION 

As aforementioned, this invention relates to methods of oxidizing 

cyclohexane to adipic acid for example, and more specifically, how to remove catalyst 

in solution after the reaction, preferably for recycling. 

Proper catalyst handling in oxidation reactions has always been a 

considerable problem in the art. In the present state of the art, the catalyst is separated 

in the form of a solid precipitate. According to the present invention, the catalyst is 

extracted in a_ liquid form dissolved in a liquid protic phase, and preferably returned to 

the reaction chamber with or without any further treatment. Separation of the catalyst 

l 0 in solution by liquid-liquid extraction is vital, as it does not have the disadvantages of - -handling solids within liquids. These disadvantages include, but are not limited to 

plugging problems, filtration and/or centrifugation necessity. complex transfer 

equipment, etc. Further, it is critical that the extraction of the catalyst is conducted at an 

early stage of the process in order to obtain a concentrated solution of catalyst. If 

15 catalyst removal is attempted at later stages of the process, after hydrolysis of ester by­

products for example, the mixture (from which the catalyst is to be separated) is too 

dilute and too contaminated with hydrolyzed matter soluble in protic solvents, bringing 

very serious difficulties to a catalyst separation in a rather clean concentrated form, as 

well as to the recovery of rather pure, catalyst-free adipic acid. -

20 Therefore solvation of miscellaneous species in- appropriate solvent 

combinations, as well as the process stage at which treatment is conducted are very 

critical aspects with respect to this invention. 

Solvents may be characterized by their polarity. There is a plethora of 

references dealing with different methods of measuring polarity. A rather general 

25 classification may consist of three broad categories; protic solvents, dipolar aprotic 

solvents, and apolar aprotic solvents. Protic solvents, such as for example water, 

alcohols, and carboxylic acids, have high polarity and are hydrogen bond donors. 

Dipolar aprotic solvents, such as for example ketones, sulfones, sulfoxides, and nitriles 

. have a medium polarity, and are not hydrogen bond donors. Apolar aprotic solvents, 

•. 

·. 
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such as for example aliphatic, cycloaliphatic, and aromatic hydrocarbons, have very ]ow 

to negligible polarity, and are not hydrogen bond donors. 

Use of solvatochromic dyes, such as pyridinium-N-phenoxide betaine 

dye, or the more lipophilic penta-tert-butylsubstituted pytidinium-N-phenoxide b~ine 

5 dye, can be used to determine a solvent polarity parameter En and especially a 

normalized solvent polarity parameter EN, which differentiate the miscellaneous 

solvents in a rather sensitive and accurate mode, wherein higher numbers indicate 

higher polarity and vice versa. One major advantage of this approach is that the 

solvatochrornic absorption is observed at rather long wavelengths in the visible region 

10 of the spectrum, from A.= 810 nm,-ET = 35.3 kcal/mol in the case of diphenyl ether, to - .,,. 
'A.=453 nm, Bi-= 63. l kcal/mol, in the case of water. 

The pyridinium-N-phenoxide betaine dye may preferably be used for 

more polar solvents, while the more Iipophilic penta-tert-butylsubstituted pyridiniurn:.. 

N-phenoxide betaine dye, may be used for less polar substances. The two can then be 

15 correlated to each other. 

As mentioned earlier, EN is defined according to the equation (I) 

EN= ET(solvent)-ET(TMS) = ET(solvent)-30.7 
ET(water)-ET(TMS) 32.4 

(1) a, ... 

using water and tetramethylsilane as extreme reference solvents, wherein 

Er(solvent) is the Er value corresponding to the solvent under 

· 20 consideration, Ey(TMS) is the Er value corresponding to tetramethylsilane, and 

~water) is the Er value corresponding to water, 

Er is, in turn, defined from the equation (2) 

Er /(kcal• moI-1) = h·c·v·NA = 2.859 x 10-3.v/cm·1 (2) 

in which h is Plank's constant, . c is the velocity of light, v is the wavenumber ( cm-1
) of 

25 the photon which produces the electronic excitation, and NA is Avogadro's Number, Er 
being based either directly on the transition energy for the longest wavelength 

solvatochromic absorption band of pyridinium-N-phenoxide betaine dye in the solvent 
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under consideration, or indirectly by the use of the more lipophilic penta-tert-butyl­

substituted pyridinium-N-phenoxide betaine dye in the solvent under consideration. 

A detailed discussion regarding the solvent polarity parameter and the 

normalized solvent polarity parameter is given in "Solvents and Solvent Effects in 

5 Organic Chemistry", second revised and enlarged edition, by Christian Reichardt, 1988, 

pp. 69-71 and 359-371, VCH Publishers, 220 East23rc1 Street, New York, NY 10010-

4606. The above reference, and all its contents including all references cited, is 

incorporated herein by reference. Examples of~ valuesfor some solvents are given in 

Table I. Further details are also given in the references listed befow, all of which are 

l 0 incorporated herein by reference. - .. 
Table I 

~VALUES FOR DIFFERENT SOLVENTS 

Solvent EN 

n-Hexane 0.009 

Cyclohexane 0.006 

Cyclohexanone 0.281 

Cyclohexanol 0.500 .. -
Ethanol 0.654 

Acetic acid 0.648 

Ethanol/Water (80:20) 0.710 
' 

Methanol 0.762 

Water 1.000 

The inventors realized that in order to coordinate and solvate both the 

15 ionic and the non-ionic species, and extract substantially the totality of the cobalt ion 

catalyst: 

• one should use a mixture of polar solvent with a less polar solvent, in a 

manner that an initial liquid single-phase would be formed, and further 

....... 
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addition of the most polar solvent would serve ·as an extractant of 

substantially the totality of the metal ion catalyst; 

• the extraction should be such that the raffinate would contain at least the 

majority of the rest of the ingredients; 

• the solvents used should not include matter foreign to the reaction path. 

The inventors also realized that in order to achieve an efficient extraction 

of the catalyst,· with substantially no formation or presence of solids during the 

operation, one should use more than one solvent, and preferably a combination of at 

least two solvents. 

In selecting the most appropriate solvents for the operation of this - .-
invention, the inventors examined all the above criteria. Considering a combination of 

just two solvents for this operation, the inventors further realized in more detail that 

• in order to achieve a single phase. the two solvents would have to be at 

least partially soluble in each other; 

• 

• 

• 

in order for one of the solvents to become an extractant at a later step, the 

solvents should be only partially soluble in each other, so that by 

exceeding the solubility of one solvent in the other an extract and a 

raffinate would necessarily be formed; 

in order for substantially the totality o:t: the catat.¥st ions to move to and 

reside in one of the two solvents, this one solvent would have to be an 

extremely polar solvent, such as a protic solvent having a normalized 

solvent polarity parameter ~ in the range of 0.9 to 1.0, for example; 

solvents with lower polarity corresponding to an EN value lower than 0.9 

would not attract adequately the very polar catalyst metal ions, resulting 

in a distribution of the metal ions in the extract and the raffinate; 

in order for the major part of the rest of the components (after removal of 

the majority of the adipic acid and substantially the totality of the 

monobasic acid solvent) to move in and reside with the raffinate, this 

raffinate would have to be considerably less polar than the extractant, 

such as one containing an abundance of a dipolar aprotic solvent having 
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a normalized solvent polarity parameter EN in the range of 0.2 to 0.4, for 

example; solvents characterized by ~ values higher than 0.4 are polar 

enough to attract the catalyst metal ions, and create a distribution of ions 

between the two phases; solvents characterized by EN values lower than 

0.4 are prone to cause problems with solvent insolubility; 

catalyst solids precipitation would occur if the dipolar aprotic solvent 

(having a normalized solvent polarity parameter ~in the range of 0.2 to 

OA) were used as the only solvent; 

in order to avoid catalyst precipitation in solid form during the operation, 

an adequate amount of protic polar solvent (having a normalized solvent - .. 
polarity _parameter EN in the range of 0.9 to 1.0) should be present, in the 

presence of the dipolar aprotic solvent (having a normalized solvent 

polarity parameter ~in the range of0.2 to 0.4); 

formation of a catalyst extract can be helped by lowering the 

temperature; · 

formation of a catalyst extract can be promoted by adding small amounts 

of an apolar aprotic solvent; 

extraction of the catalyst may be helped by adding into the solids-free 

single liquid phases a small amount of an apolar .aprotic solvent having a 

~value in the range of 0.0 to 0.1; 

working within but close to the solubility limit of one solvent in the 

other solvent is important, because smaU additional amounts of the one 

solvent to the other solvent may be used for the catalyst extraction; 

in order to minimize the amounts of protic solvent and dipolar aprotic 

solvent needed for the operation of the present invention, a preceding 

step of removing a large portion of the solids is highly desirable, since 

larger amounts of solids require larger amounts of solvents to stay in 

solution; thus, it is preferable to remove at least the major part of the 

adipic acid before proceeding with further treatments of the reaction 

mixture. 
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It was then found by the inventors that the _reaction mixture obtained 

after oxidation of the cyclohexane to adipic acid to a desired degree of conversion, and 

after removal of the remaining cyclohexane, the majority (more than 50% by weight) of 

adipic acid, and even substantially all (more than 95%) the monobasic acid solvent, 

5 such as acetic acid for example, may be maintained in a solids-free. monophasic liquid 

state even after addition of a dipolar aprotic liquid, as long as ·a protic solvent in an 

adequate amount is present, both during the removal of the monobasic acid solvent and 

the addition of the dipolar aprotic solvent. The catalyst may then be separated by 

extracting with a protic solvent; and wherein the extract contains substantially the 

I 0 totality _of the catalyst. The extract is thereafter preferably returned to the reaction - -chamber with or without any further treatment. Thus, this process utilizes a novel 

manipulation of solvents in· order to achieve the extraction of the catalyst in a liquid 

concentrated form from the reaction mixture. 

Highly preferred solvents fulfilling the above mentioned conditions in 

15 providing a uniq_ue two-solvent system were found by the inventors to be: 

• water as a protic solvent having an EN value of 1.000 (maximum in the 

scale); and 

• cyclohexanone as a dipolar aprotic solvent, having a EN value of 0.281 . 

In the case that acetic acid is the monobasic acid-solvent, it was found by 

20 the inventors, very unexpectedly, that substantially complete removal of acetic acid 

(over 95%) from the reaction mixture, after substantial removal of the cyclohexane, 

may be achieved without catalyst precipitation by. distillation with intermittent or 

continuous addition of minor amounts of water during the distillation. This was rather 

unexpected, since the boiling point of water is much lower than that of the acetic acid. 

25 Without the addition of water, heavy precipitation occurs during final removal of the 

acetic acid. When this embodiment of the invention is used, it is highly preferable that 

at least the majority of the adipic acid has been removed before the substantially 

complete removal of the acetic acid. 

The removal of the acetic acid at this stage is critical in the substantially 

30 complete extraction of the catalyst from the dipolar aprotic phase to the protic phase 

...... 
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extract. If the removal of the acetic acid is such that the residue remaining after 

evaporation is more than 35-40% by weight, increasing amounts of catalyst remain in 

the di polar aprotic phase, as the removal of acetic acid becomes less and less complete.· 

It seems that removal of acetic acid to at least such a degree is essential because acetic 

5 acid, if present at higher levels, distributes itself within both the extract and the 

raffinate, and drives them into closer polarify with respect to each other. This results in 

considerably less complete separation of the catalyst ions in the protic solvent extract 

from.the rest of the mixture (raffinate). In addition, it makes the extract more difficult 

to separate from the raffinate, often necessitating means beyond a decanter, such as for 

I 0 example centrifugation, heating, use of de-emulsifiers, etc. It is most preferable that the - . 
removal of the acetic acid is substantially complete (more than 95%) in order to 

increase as much as possible the polarity difference between the extract and the 

raffinate. 

The most preferred way to extract the catalyst from the solids-free single 

15. liquid phase is to reduce the temperature to l5°C-50°C while maintaining a solids free 

single liquid phase, and use additional 3rn.ount of protic solvent for the extraction. 

Further, combination of all three most preferred solvents (water, cyclohexanone. and 

cyclohexane ), according to this invention, constitute a unique solvent system for the 

efficient extraction, and preferably recirculation, of -catalyst in a liquid concentrated 

20 form .. 

The solubility of cyclohexanone (CHxO) in water (H20). and the 

solubility of water in cyclohexanone are given in Tables II and III, respectively. This 

data was taken from Gorodetskii I, YA., Morachevskii A.G., Olevskil V.M., Vestn. 

Leninw. Univ, Ser. Mat. Fiz. Khim. 14,22 (1959) 136. While in one case, the solubility 

25 is favored with increased temperatures, in the other case it is favored with decreased 

temperatures. The dipolar aprotic solvent, cyclohexanone for example, and the protic 

solvent, water for example, constitute a novel combination solvent of very desirable and 

critical characteristics according to this invention. 

....... 
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Table II 

SOLUBILITY OF CYCLOHEXANONE IN WATER 

temp (°C) mol %CHxO mol %H20 wto/oCHxO 

20 1.98% 98.02% 10.00% 

25 1.85% 98.15% 9.39% 

30 1.73% 98.27% 8.83% 

50 1.43% 98.57% 7.39% 

70 1.34% 98.66% 6.95% 

90 1.44% 98.56% 7.44% 

- . 
Table III 

SOLUBILITY OF WATER IN CYCLOHEXANONE 

temp (°C) mol %H20 mol %CHxO wt%H20 

20 25.1% 74.9% 5.7% 

25 25.6% 74.4% 5.9% 

30 26.1% 73.9% 6.0% 

50 28.7% 71.3% 6.8% 

70 32.6% 67.4% 8.1% 

90 38.5% 61.5% 10.2% 

It is very important to point out that the novel combination solvent of 

this invention, such as the combination of cyclohexanone with water for example, 

provides an additional synergistic characteristic regarding solubility of various moieties 

in said combination solvent. This is very significant, especially in the case, in which a 

highly polar compound, such as for example a metal ion (e.g., cobalt ion), is to be 

10 extracted from a variety of medium polar compounds dissolved in the novel 

combination solvent of this invention. _More specifically, the ingredients of a reaction 

mixture of cyclohexane oxidation to adipic acid have considerably higher solubility in 

...... 
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the novel combination solvent of this invention than in each _one of its constituents by 

itself. 

At 20° C, adipic acid was found to have a solubility of 1.9 % by weight 

in water, 2 % · by weight in cyclohexanone. but surprisingly was found to have a 

5 solubility higher than 10.4 % by weight in a clear solids-free solution containing 4.3 g 

of succinic acid, 6.9 g of glutaric acid, 11 g of adipic acid, 59.9 g of cyclohexanone, 

and 24 g of water, which solution had a cyclohexanone and water weight ratio of 2.5. If 

the solubility of the adipic acid is considered only in terms of the adipic acid, 

cyclohexanone, and water present, then the solubility of adipic acid in the combination 

10 of cyclohe~one and water (having a weight ratio of 2.5) is higher than 11.6%. The ..... 
statement "higher than" has been used, since it was not examined. in the example. how 

much more adipic acid would be soluble in the system 

In another example, adipic acid was found to have a solubility higher 

than 9.6% by weight in a clear solids-free solution containing 5.27 g of succinic acid, 

15 9.61 g ofglutaric acid, 7.74 g ofadipic acid, 44.12 g of cyclohexanone, and 14.11 g of 

water, which solution had a cyclohexanone and water weight ratio of 3.1. Again, if the 

solubility of the adipic acid is considered only in terms of the adipic acid, 

cyclohexanone, and water present, then the solubility of adipic acid in the combination 

of cyclohexanone and water (having a weight ratio of J. l) is higher than 11. 7%. 

20 As one can observe, the above solutions contained not only increased 

amounts of adipic acid, but also additional matter in the form of succinic acid and 

glutaric acid, which renders these findings even more unexpected. 

Another profound phenomenon demonstrated by the above examples is 

that the solubility of water in cyclohexanone is increased immensely by the presence of 

25 the dibasic acids. Table III shows that the solubility of water in cyclohexanone at 20° C 

is 5.7% by weight, which corresponds to a cyclohexanone to water weight ratio of 16.5, 

which is extremely higher than the weight ratios of 2.5 and 3.1 in the above examples. 

At the same time, the novel combination solvent of the present invention 

decreases considerably the solubility of the cobalt ion without insolubilizing it. 

...... 
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Further, it is very important to impress that the novel combination 

solvent includes all cases; for example, the case in which the novel combination solvent 

exists as a monophasic liquid system in the absence or presence of a solute (such as 

dibasic acids, esters, etc., for example), the case in which it initially exists as a diphasic 

5 liquid system in the absence or presence of a solute, the case in which it is formed 

during a solution is being formed, and the case in which it is formed after a solution has 

already been formed. The novel combination solvent comprises the totality of the 

bipolar aprotic and the protic solvents. 

The above profound and unexpected attributes (considerable increase of 

10 dibasic acid solubility combined with considerable decrease of cobalt ion solubility in 

the novel combination solvent) are primarily responsible for a clean extraction of the 

cobalt ion with water from the rest of the reaction mixture, which remains dissolved in 

the combination solvent of the instant invention. 

Referring now to Figure 1, there is depicted a reactor assembly or device 

l5 10, comprising a reaction chamber 12 connected to a first evaporator 14 through line 

12i. Connected to the reaction chamber 12, there is a feeding line 12', which is shown 

as a single line for purposes of clarity and brevity. Feeding line 12' may comprise more 

than one feeding lines along with other appropriate equipment, well known to the art, 

such as heaters, mixers, etc. The feeding line 12' is used to feed raw materials; as well 

20 as recycled materials from the process. 

The reaction chamber 12 is also preferably connected to a first condenser 

18 through line l 2ii, which first condenser 18 is preferably connected to a decanter 20 

through line l 8i. The decanter 20 is connected to line 20i, which may partially lead 

back to the reaction chamber 12, and/or to a treatment station (not shown), and to line 

25 20ii, which preferably leads back to the reaction chamber 12. 

The first evaporator 14 is connected to a first crystallizer/separator 22 

through line 14i, and to a second condenser 24 through line 14ii. The second condenser 

24 is in turn connected to a second decanter 26 through line 24i. The second decanter 

26 is connected to a line 26i, and to line 26ii, either one of which may lead to the 

30 reaction chamber 12 or to any other appropriate chamber(s). 

11: .... 
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The first crystallizer/separator 22 111ay actua11y comprise more than one 

chambers (not individually shown for purposes of clarity), such as for example 

cooler(s), crystallizer(s), recrystallizer(s), wash stations, separator(s), such as for 

example centrifugal separator(s) and/or filter(s), all very well known to the art. 

5 The first crystallizer/separator 22 is connected to a second evaporator 27 

through Jine 22i, as well as to line 22ii through which crystalJized and/or recrystallized 

and/or purified matter exits the crystallizer/separator 22. 

The second evaporator 27 is connected to a mixer 28 through line 27i, as 

well as to solvent removal line 27ii. An additive line 27' is connected to the second 

10 evaporator 27. - . 
The mixer 28 is connected to an extractor 30 through line 28i. Feeding 

lines 28', 28" and 28"' are connected to the mixer 28. The feeding lines 28', 28" and 28"' 

are suitable to introduce solvents to the mixer 28. 

The extractor 30 is connected to a third evaporator 34 through raffinate 

15 line 30i, and to a catalyst treatment station 32 through extract line 30ii. An extractant 

line 30' is connected to the extractor 30. 

The catalyst treatment station 32 is preferably connected (not shown for 

purposes of ·clarity) back to the reaction chamber 12 through line 32i. The catalyst 

treatment station 32 is also preferably connected to -a solvent-removal line 32". An · 

20 additive line 32' is connected to the catalyst treatment station 32. 

25 

The third evaporator 34 is connected to a hydrolysis station 36 through 

line 34i, and to a solvent removal line 34ii. 

The hydrolysis station 36 is.connected to a fourth evaporator 38 through 

line 36i. An additive line 36' is connected to the hydrolysis station 36. 

The fourth evaporator 38 is connected to a second crystallizer/separator 

40 through line 38i. The fourth evaporator 38 is also connected to a solvent removal 

line 38ii. 

The second crystallizer/separator 40 is connected through line 40i to a 

further treatment station (not shown for purposes of clarity) and/or to· an appropriate 

30 disposal station (also not shown for purposes of clarity). The second 

...... 
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crystallizer/separator 40 is also connected to line. 40ii for removal of matter crystallized 

and/or recrystallized and/or purified in the second crystallizer/separator 40. The second 

crystallizer/separator 40 may be combined with the first crystallizer/separator 22 into a 

single station. In such a case, line 38i will lead to the first crystallizer/separator 22. 

5 In operation of this embodiment, raw materials, including an oxygen 

containing gas, as well as recycled matter enter the reaction chamber 12 through feeding 

line 12'. As explained earlier, the feeding line 12' represents in general a number of 

lines or a combination of lines and miscellaneous devices, well known to the art. 

Preferably, the reaction in the reaction chamber 12 takes place at a temperature in the 

I 0 range of 80° to 120° C, and more preferably. at a temperature in the range of 90° to 110° - -C. For safety purposes. it is highly preferable that the volume percent of oxygen in the 

reaction chamber 12, in the condenser 18, and the decanter 20 is below the lower 

flammability limit. The oxygen partial pressure is preferably maintained in a range 

above a value which renders the reaction oxygen limited. 

15 The heat of reaction may be removed as shown in Figure 1 by the first 

condenser 18, which first condenser 18 may be used by itself. in which case all the 

condensed matter returns to the reaction chamber 12 at a lower temperature than the 

temperature of the contents of the reaction chamber 12. The condenser 18 may also be 

used in combination with the first decanter 20, in which case the condensed matter is 

20 separated in the first decanter 20 by formation of a lower polar phase containing mainly 

water with some acetic acid, and an upper non-polar phase, which contains mainly 

cyclohexane with some acetic acid and a minute amount of water. Of course, a part of 

the condensate may be fed to the decanter, and a part directly to the reaction chamber. 

The non-polar phase may preferably be directed back to the reaction 

25 chamber 12 through line 20ii, while only part or none of the polar phase is returned to 

the reaction chamber 12 through line 20i. The amount of the polar phase returned to the 

reaction chamber 12 is preferably regulated by a controller, preferably computerized 

controller (not shown for purposes of clarity) to be lower than that which would cause 

the formation of a second liquid phase in the reaction chamber 12. At the same time, 

30 the water concentration in the reaction chamber 12 is regulated by the controller (not 
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shown) to be higher than that which would cause catalyst precipitation in the reaction 

chamber 12. 

Depending on the particular occasion, other cooling devices, such as for 

example cooling coils (not shown), or ~ooling mantles (not shown), etc., inside or 

5 outside the reaction chamber 12, may by used to remove the heat and control the 

temperature, by themselves or in combination with condensers and decanters. 

_The hold up time of the mixture in the reaction chamber 12 is. such as to 

preferably produce and maintain a steady state in a continuous system. The reaction 

mixture is preferably continuously being transferred to the first evaporator 14, in which 

10 the cyclohexane, the water, and part of the monobasic acid solvent, such as acetic acid - . 
for example, is removed by evaporation through line l 4ii. The evaporated matter in the 

second condenser 24 is transferred to the second decanter 26, in which it is separated, as 

in the first decanter 20, by formation of a lower polar phase containing mainly water 

and acetic acid, and an upper non-polar phase, which contains mainly cyclohexane with 

15 some acetic acid and a minute amount of water. 

The non-polar phase may preferably directed back to the reaction 

chamber 12 through line 26ii, while only part or none of the polar phase is returned to 

the reaction chamber 12 through line 26i. The amount of the polar phase returned to the 

reaction chamber 12, through line 26i, is preferably regulated by-a controller, preferably 

20 computerized controller (not shown for purposes of clarity) to be (in combination with 

the polar phase returned to the reaction chamber 12 through line 20i) lower than that 

which would cause the formation of a second liquid phase in the reaction chamber 12. 

At the same time, the amount of water present in the reaction chamber 12 is regulated 

by the controller (not shown), as aforementioned, to be higher than that which would 

25 cause catalyst precipitation in the reaction chamber 12. Some or all of the polar phase 

returned to the reaction chamber 12~ through line 26i, and/or line 26i, may be directed 

through an intermediate treatment station (not shown) for better control of the water 

concentration within the reaction chamber 12~ 

The mixture obtained in the evaporator 14, is then fed to the 

30 crystallizer/separator 22, in which it is cooled down and crystallized in a manner that 
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adipic acid is separated in the form of crystals from the rest of the mixture. The 

crystallized crude adipic acid may be recrystallized for purification, and separated. It is 

preferable that the crystallization is conducted at a temperature in the range of 15° to 

50°C. 

The monophasic liquid remaining after the crystallization is directed to 

the second evaporator 27, in which acetic acid is evaporated through line 2?ii, and it is 

optionally fed to a treatment station, mainly for removal of water, or recycled to the 

reaction chamber 12, or both. The evaporation is preferably conducted under reduced 

pressure, and at a temperature, preferably, in the range of 80° to 120° C. The removal of 

10 acetic acid at this point is preferably such that the mixture leaving from the second - .. 
evaporator 27 through line 27i has an acetic acid content preferably less than 40% by 

weight and more preferably less than 35%. It is, however, considerably more preferable 

that the removal of acetic acid is substantially complete (the remaining mixture 

containing less than 5% by weight of the remaining mixture), in order to absolutely 

15 ensure substantially complete extraction of catalyst at a later stage. 

If ·the remaining mixture, after evaporation of the acetic acid, still 

contains 35-40% acetic acid by weight, the remaining mixture is still usually in the form 

of a solids-free single liquid phase. This solids-free single liquid phase is rather 

viscous, but it can still be easily handled by pumps end other-commercial equipment 

20 well known to the art. If the removal of acetic acid becomes more complete, 

particularly in the case that the majority of the adipic acid has not been removed in a 

previous step, a precipitate will develop, containing catalyst, and most probably dibasic 

acids, among other moieties, if no special and critical measures are taken. However, a 

first solids-free single liquid phase will be maintained, even upon substantially 

· 25 complete removal of acetic acid, if a small continuous or intermittent stream of a protic 

solvent, lacking acid groups, and having a normalized solvent polarity value EN in the 

range of 0.9 to l, is introduced to the mixture being subjected to evaporation. An 

example of such protic solvent is water, which in addition to its very high ~ value 

(1.000), will not contaminate the mixture with matter foreign to the process, since water 

30 is a by-product of the oxidation of the cyclohexane. Thus, as acetic acid is being 
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evaporated in the second evaporator 27, and leaving said evaporator through line 27ii, a 

small continuous or intermittent stream of water is being added into the second 

evaporator 27 through additive line 27'. The fact that catalyst precipitation is prevented 

by the addition of small amounts of water is unexpected, since the boiling point of 

5 water is considerably lower than the boiling point of acetic acid. One would expect that 

the water would be leaving the system as soon as introduced into the evaporator, and 

therefore, would have no effect on the formation or non-formation of solid phase; but 

this is not the case. Prevention of formation of a solid phase, especially catalyst, is 

highly desirable and vital, since it prevents plugging problems, use of expensive 

10 equipment, serious difficulties in handling, etc. - . 
The mixture treated in this manner is transferred to the mixer 28, into 

which a novel combination solvent is added resulting in a second solids-free single 

liquid phase of considerably lower viscosity than the first solids-free single liquid phase 

in the second evaporator 27. The noveJ combination solvent comprises a di polar aprotic 

15 solvent having a normalized solvent polarity parameter EN in the range of 0.2 to 0.4, and 

the same or similar protic solvent that was used in the previous step. Again, water is the 

highly preferable solvent for the reasons discussed above. Regarding the dipolar aprotic 

solvent having a normalized solvent polarity parameter ~ in the range of 0.2 to 0.4, 

cyclohexanone is the most preferred solvent, since it is an intermediate and/or raw 

20 material in the process, and therefore, it is not a source of contamination. 

The novel combination solvent may also comprise rather small amounts 

of an aprotic apolar solvent having a normalized solvent polarity parameter ~ in the 

range of 0.0 to 0.1. This solvent promotes the extraction of catalyst at the following 

step of the process. The most suitable such solvent is cyclohexane, which is the major 

25 component in the process of this invention, and therefore is not a source of 

contamination. 

The solvents described above may be introduced into the mixer 28 either 

in one stream or in more streams or individually. Although the presence of the protic 

solvent and the dipolar aprotic solvent is- necessary for the operation of this invention, 

30 the presence of the aprotic apolar solvent is optional. Further, ·if an adequate amount of 

...... 
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protic solvent has been added in the evaporator 27 to suffice in quantity, with regard to 

prevention of a solids phase formation, when the mixture is in the mixer, then addition 

ofprotic solvent in the mixer is obviously not necessary. The preferable ratios at which 

the miscellaneous solvents are used have already been discussed at an earlier section. In 

5 any event, it is preferable that the minimum amounts of solvents are used. The 

temperature in the mixer 28 is preferably maintained in the range of80° C to 120° C. 

From the mixer 28, the second solids-free single phase is Jed to the 

extractor 30, where extractant enters the extractor 28 through the extractant line 30'. 

The extractant is preferably the same protic solvent used in the previous steps, and 

10 highly preferably water, for the reasons already explained. The protic solvent extracts - . 
substantially the totality of the catalyst, preferably cobalt ions, as cobalt succinate, 

glutarate, and possibly adipate and acetate. It is important to note that the cobalt ionic 

bonds are satisfied by negative ions being present, such as for example succinic~ 

glutaric, adipic, and acetic ·anions. Within the four listed anions, the cobaltic ion will 

15 preferentially bond with the succinic, then with the glutaric, then with the adipic, and 

lastly with the acetic anions. Thus. cobaltic ions will bond with acetic anions only so 

long as there are no succinic. gluaric or adipic anions that may, instead, bond with the 

cobalitic ions. 

It is very important to note that, under steady state conditions, the 

20 catalyst salts extracted in the extractor 28, and the catalyst salts added (extract from the 

extractor 28) to the reaction chamber 12 are the same for all practical purposes, and 

therefore their material balance remains constant, and no built-up of any sort may occur. 

The second solids-free single liquid phase may be preferably extracted 

either at a temperature in the range of 80° C to 1200 C, at about the same temperature as 

25 the temperature prevailing in the mixer 28, or at a lower temperature, such as 40 ° C for 

example, or even at room temperature or lower. 

The extract coming out through extract line 30ii is preferably treated at 

the catalyst treatment station 32, at which at least the majority of the water is removed, 

by evaporation for example, through line 32ii. Monobasic acid solvent, such as acetic 

30 acid for example, is added through line 32'. and a solution of the catalyst salts in the 

...... 
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monobasic acid solvent is returned to the reaction chamber 12 through line 32i. 

Although this type of treatment is highly preferable~ a very important part is to keep the 

protic solvent content in the reaction chamber 12 at low enough levels in order to avoid 

formation of a second liquid phase, and at the same time higher than that at which or 

5 under which catalyst precipitates. 

The catalyst treatment station 32 may preferably comprise at least two 

separate sub-stations (not shown), one of which serves for at least partial removal of 

water through line 32ii, the other one serving for the addition of the monobasic acid 

solvent through line 32'. 

I 0 The water which is removed through line 32ii is preferably recycled to 
-. .. 

the extractor 30, preferably through line 30'. 

The raffinate leaving the extractor 30 through line 30i is fed to the third 

evaporator 34, wherein the dipolar aprotic solvent. which was added in the mixer 28, is 

evaporated through line 34ii. and preferably is recycled to the mixer 28. In the case of 

15 such recycling, protic solvent, also present in the third evaporator 34, evaporated along 

with the dipolar aprotic solvent through line 34ii minimizes the amount of fresh protic 

solvent added in the mixer 28. 

The mixture remaining after the dipolar aprotic solvent is removed, is 

directed to the hydrolysis chamber 36 through line ~4i. The-hydrolysis chamber 36 

20 preferably contains a solid acidic hydrolysis catalyst, such as Nation® for example. 

Water is added to the hydrolysis chamber 36 through line 36'. The hydrolysis may be 

conducted by techniques well known to the art, at atmospheric or raised pressure, and 

temperatures preferably in the vicinity of I 00° C or higher. A combination of 

hydrothennal and catalytic hydrolysis is preferable according to this invention. 

25 The hydrolyzed mixture is directed to the fourth evaporator 38 through 

line 36i, where it is concentrated, by removing water. The concentrated mixture is 

directed to the second crystallizer/separator 40, where it is cooled, resulting in 

crystallization of adipic acid, much of which is released by the hydrolysis in chamber 

36 and some of which remained in the liquid phase after the initial crystallization in 

30 chamber 22. The adipic acid crystallized in crystallizer/separator 40, is then separated, 

-. 
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optionally recrystallized, etc. The adipic acid is in turn remoyed through line 40ii. The 

remaining mother liquor is driven. through line 40i, for further treatment and/or 

appropriate disposal. The further treatment may comprise separation and recycling of 

' underoxidized species, separation and/or esterification of dibasic acids, etc 

5 It should be understood that any combinations of the exemplifying 

embodiments, in part or in total~ or any equivalent arrangements or any combinations of 

equivalent arrangements may be utilized, and. are within the scope of the present 

invention. 

Although miscellaneous functions are preferably controlled by a 

10 computerized controller, it is possible, according to this invention. to utilize any other - .. 
type of controller or even manual controls and/or labor for controlling one or more 

functions. Preferred computerized controllers are artificially intelligent systems (expert 

systems, neural networks, and fuzzy logic systems, well known to the art). Of the three 

types of the artificially intelligent systems, the neural network, which is a learning 

15 system, collects information from different places of the device (for example pressure; 

temperature, chemical or other analysis, etc.), stores this infonnation along With the 

result (pressure drop rate, reaction rate, reactivity, and the like, for example), and is 

programmed to use this information in the future, along with other data if applicable, to 

make decisions regarding the action to be taken at each ins~e. The expert systems 

20 are programmed based on the expertise of experienced human beings. The fuzzy logic 

systems are based on intuition rules in addition to expertise rules. 

In more general nomenclature of phases, 11polar phase" is the more polar 

phase, while "non-polar11 phase is the less polar phase. Thus in this case, the polar 

phase is the protic phase, while the non-polar phase is the dipolar aprotic phase. 

25 Oxidations according to this invention, are non-destructive oxidations, 

whe~in the oxidation product is different than carbon monoxide, carbon dioxide, and a 

mixture thereof, such as adipic acid for example. Of course, small amounts of these 

compounds may be formed along with the oxidation product, which may be one product 

or a mixture of products. 

it ...... 
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Regarding adipic acid, the preparation of which is especially suited to the 

methods of this invention, general information may be :found in a plethora of U.S. 

Patents, among other references. These include, but are not limited to: U.S. Patent 

Nos. 2,223,493; 2,589,648; 2,285,914; 3,231,608; 3,234,271; 3,361,806; 3,390,174; 

5 3,530,185; 3,649,685; 3,657,334; 3,957,876; 3,987,100; 4,032,569; 4,105,856; 

4,158,739 (glutaric acid); 4,263,453; 4,331,608; 4,606,863; 4,902,827; 5,221,800; and 

5,321,157. 

Diacids or other suitable compounds may be reacted, according to wel1 

known techniques to the art, with a reactant selected from a group consisting of a 

10 . polyol, a polyamine, and a polyamide in a manner to form a polymer of a polyester, or a - . 
polyamide, or a (polyimide and/or polyamideimide), respectively. Preferably the 

polyol, the polyamine, and the polyamide are mainly a diol, a diamine, and a diamide, 

respectively, in order to avoid excessive cross-linking. The polymer resulting from this 

reaction may be spun by well known to the art techniques to fonn fibers. Thus, the 

15 methods of the present invention may include a step of polymerizing the adipic acid of 

this process as described above to form polymers and fibers. 

Examples demonstrating the operation of the instant invention have been 

given for illustration purposes only, and should not be construed as limiting the scope of 

this invention in any way. In addition it should .. be stressed that the preferred 

20 embodiments discussed in detail hereinabove, as well as any other embodiments 

encompassed within the limits of the instant invention, may be practiced individually, 

or in any combination thereof. Furthermore, any attempted explanations in the 

discussion are only speculative and are not intended to narrow the limits of this 

invention. 

...... 
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What is claimed is: 

I. A method Qf extracting catalyst from a reaction mixture produced by 

direct oxidation of cyclohexane to adipic acid, the reaction mixture comprising cyclohexane, 

adipic acid, a monobasic acid solvent having only primary and/or secondary hydrogen atoms, 

optionally water, and a metal ion catalyst, the method being characterized by steps of: 

(a) removing substantially the totality of the cyclohexane; 

(b) removing a major part of the adipic acid; 

( c) removing substantially the totality of the mono basic acid solvent by 

distillation, during which a protic solvent is added continuously or intermittently in an 

adequate amount to substantially prevent solids precipitation, to provide a first single liquid 

phase, the first single liquid phase being homogeneous and solids-free. the protic solvent 

containing no carboxylic or mineral acid groups and having a normalized solvent polarity 

parameter~ in the range of0.9 to 1.0; 

( d) adding, to the first single liquid phase, a di polar aprotic solvent and, if 

needed, additional protic solvent, in such quantities so as to provide a second single liquid 

phase that is homogeneous and solids-free at a desired first- temperature, the dipolar aprotic 

solvent having a normalized solvent polarity parameter EN in the range of 0.2 to 0.4; 

( e) optionally lowering the first temperature to a second temperature while 

maintaining the second single liquid phase; and 

(f) forming a catalyst extract by extracting substantially the totality of the 

metal ion catalyst from the second single liquid phase with a predetermined amount of the 

protic solvent; 

wherein ~ is defined by equation (1) 

EN= ET(solvent)-ET(TMS)= ET{solvent)-30.7 
ET(water)-ET(TMS) 32.4 

(1) 
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using water and tetramethylsilane as extre_me reference solvents, such that 

Ertsolvent) is the ET value corresponding to the solvent under consideration, Er(TMS) is the 

ET value corresponding to tetramethylsilane, and E,{water) is the £,-value corresponding to 

water, 

and wherein E,- is defined by equation (2) 

£,-/(kcal• mol-1) = h·c·v·NA = 2.859 x 10-3.v/cm·' (2) 

in which v is the wavenumber (cm"1
) of the photon which produces the 

electronic excitation, h is Plank's constant, c is the velocity of light, and NA is Avogadro's 

Number, ET being based either directly on the transition energy (Qr l.he longest wavelength 

solvatochromic absorption band of pyridinium-N-phenoxide betaine dye in the solvent under 

consideration, or indirectly by the use of the more lipophilic penta-tert-butyl-substituted 

pyridinium-N-phenoxide betaine dye in the solvent under consideration. 

2. A method as defined in c1aim 1, wherein the weight ratio of the first 

single liquid phase to the tota1 protic solvent used in steps (c), and (d) is in the range of I to 3. 

3. A method as defined in claim 2, wherein the weight ratio of the dipolar 

aprotic solvent to the first single liquid phase is in the range ofl to 3.-

4. A method as defined in claim 3, wherein the first temperature is in the 

range of80°C to 120°c. 

5. A method as defined in claim 4, wherein the second temperature is in 

the range of l 5°C to 50°C. 

6. A method as defined in claim 5, wherein steps (a) and (b) precede steps 

(c), (d), (e), and (f). 

. ..... 
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7. A method as defined in claim 6, wherein the extraction is promoted by 

addition of a predetermined amount of aprotic apolar solvent having an EN value in the range 

ofO.O to 0.1 to the second solids-free single liquid phase. 

8. A method as defined in claim 7, wherein the monobasic acid solvent 

comprises acetic acid; the protic solvent comprises water, the metal ion catalyst comprises 

cobalt ions, and the dipolar aprotic solvent comprises cyclohexanone. 

9. A method as defined in claim 8, further comprising a step of 

hydrolyzing esters contained in the solids.:free aprotic liquid phase. - .-. 

I 0. A method as defined in claim 9, further comprising a step of recycling 

the catalyst extract either directly or indirectly, and/or with or without removal of protic 

solvent, and/or with or without addition of monobasic acid solvent to a reaction zone, in 

which reaction zone the cyclohexane is oxidized to adipic acid. 

11. A method of extracting catalyst from a reaction mixture produced by 

direct oxidation of cyclohexane to adipic acid, the reaction mixture comprising cyclohexane, 

adipic acid, a monobasic acid solvent having only primary and/or secondary hydrogen atoms, 

optionally water, and a metal ion catalyst~ the ~ethod being characterized by steps of: 

(a) removing substantially the totality of the cyclohexane; 

(b) removing a major part of the adipic acid; 

(c) forming a first solids-free single liquid phase containing less than 40% 

by weight monobasic acid solvent by removing an adequate amount of said monobasic acid 

solvent; 

( d) adding, to the first single liquid phase, a dipolar aprotic solvent and, if 

needed, protic solvent, in such quantities so as to provide a second single liquid phase that is 

homogeneous and solids-free at a desired first temperature, the dipolar aprotic solvent having 

a normalized solvent polarity parameter ~in the range of0.2 to 0.4; 
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( e) optionally lowering the first temperature to a second temperature while 

maintaining the second single liquid phase; and 

(f) forming a catalyst extract by extracting substantially the totality of the 

metal ion catalyst from the second solids-free single liquid phase with a predetermined 

amount of the protic solvent; 

wherein ~ is defined by equation (I) 

EN= ET(solvent)-ET(TMS) = ET(solvent)-30.7 

ET(water)-ET(TMS) 32.4 
(I) 

using water and tetnlmethylsilane as extreme refece~e solvents, such that 

Er{ solvent) is the Ey value corresponding to the solvent under consideration, Er(TMS) is the 

Ey value corresponding to tetramethylsilane, and £,.(water) is the F,,. value corresponding to 

water, 

and wherein Ei- is defined by equation (2) 

Ey /(kcal• moI-1) = h·c·v·NA = 2.859 x 10-3.v/cm·1 (2) 

in -which v is the wavenumber (cm-1
) of the photon which produces the • ..... 

electronic excitation, h is Plank's constant, c is the velocity of ligh!!. and NA is Avogadro's 

Number, Ei- being based either directly on the transition energy for the longest w-avelength 

solvatochromic absorption band of pyridinium-N-phenoxide betaine dye in the solvent under 

consideration, or indirectly by the use of the more lipophilic penta-tert-butyl-substituted · 

pyridinium-N-phenoxide betaine dye in the solvent under consideration. 

12. A method as defined in any of claims 1-1 1 further comprising a step of 

reacting the adipic acid with a reactant selected from a group consisting of a polyol, a 

polyamine, and. a polyamide in a manner to fonn a polymer of a polyester, or a polyamide, or 

a (polyimide and/or polyamideimide), respectively. 
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13. A method as defined in claim 12, further comprising a step selected 

from a group consisting of spinning the polymer into fibers, adding to the polymer fillers 

and/or other additives to form composites, and a combination thereof. 

14. An admixture comprising a reaction mixture of cyclohexane oxidation 

to adipic acid, before or after removal of the majority of the adipic acid by a crystallization 

process, as well as other moieties removed in the crystallization process, and a combination 

solvent comprising a dipolar aprotic solvent having a normalized solvent polarity parameter 

~ in the range of 0.2 to 0.4 and a protic solvent, the protic solvent lacking carboxyl and/or 

hydroxyl groups and having a normalized solvent polarity parameter ~ in the range of 0.9 to - . 
1.0, in such a weight ratio of dipolar aprotic solvent to protic solvent that the admixture is in 

the form of a solids-free single liquid phase solution; 

wherein~ is defined by equation (1) 

E _ ET(solvent)-ET(TMS) _ ET(solveut)-30_7 
... N - ET(water)-ET(TMS) - 32.4 -

(I) 

using water and tetramethylsilane as extreme reference solvents, such that 

~solvent) is the Er value corresponding to the solvent under consideration, ~TMS) is the 

~value corresponding to tetramethylsllane, and Er(water) is the Er "Value corresponding to 

water, 

and wherein Er is defined by equation (2) 

Er /(kcal• moI-1) = h·c·v·NA = 2.859 x 1 o-3.y/cm·• (2) 

in which v is the wavenumber (cm"1
) of the photon which produces the 

electronic excitation, h is Plank's constant, c is the velocity of light, and NA is Avogadro's 

Number,~ being based either directly on the transition energy for the longest wavelength 

solvatochromic absorption band of pyridinium-N-phenoxide betaine dye in _the solvent under 

consideration, or indirectly by the use of the more lipophilic penta-tert-butyl-substituted 

pyridinium-N-phenoxide betaine dye in the solvent under consideration. 

...... 

____ . .:.__:_;~ 
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15. The admixture as defined in claim 14, wherein the dipolar aprotic 

solvent is cyclohexanone and the protic solvent is water. 

16. The admixture as defined in claim 14-15, wherein the weight ratio of 

dipolar aprotic solvent to protic solvent is lower than 16. 

17. The admixture as defined in claim 15, wherein the weight ratio of 

cyclohexanone to water is lower than 16. 

18. The admixture as defined in claim 14-17, wherein the weight ratio of - . 
dipolar aprotic solvent to protic solvent is in the range of 1 to 9. 

19. A combination solvent, which by itself may be in a monophasic or 

diphasic form, comprising a dipolar aprotic solvent having a normalized solvent polarity 

parameter EN in the range of 0.2 to 0.4 and a protic solvent, the protic solvent lacking 

carboxyl and/or hydroxyl groups and having a normalized solvent polarity parameter EN in 

the range of 0.9 to 1.0, in such a weight ratio of dipolar aprotic solvent to protic solvent that if 

admixed with a reaction mixture produced by the oxidation of cyclohexane to adipic acid, 

before or after removal of the majority of the adipic acid by"'a crystalliz.ation process, as well 

as other moieties removed in the crystallization process, the admixture obtains the form of a 

solids-free single liquid phase solution at a predetermined temperature; 

wherein EN is defined by equation ( l) 

EN= ET(solvent}-ET(TMS) = ET(solvent)-30.7 
ET(water)-ET(TMS) 32.4 (1) 

using water and tetramethylsilane as extreme reference solvents, such that 

Er( solvent) is the ET value corresponding to ~e solvent under consideration, Ey(TMS) is the 

Er value corresponding to tetramethylsilane, and Er(water) is the By value corresponding to 

water, 

and wherein By is defined by equation (2) 

...... 
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Er /(kcal• moJ-1) = h·C·V·NA = 2.859 X J Q-3.v/cm-1 (2) 

in which v is the wavenumber (cm-1
) of the photon which produces the 

electronic excitatio~ h is Plank's constant, c is the velocity of light, and NA is Avogadro's 

Number, ET being based either directly on the transition energy for the longest wavelength 

solvatochromic absorption band of pyridinium-N-phenoxide betaine dye in the solvent under 

consideration, or indirectly by the use of the more lipophilic penta-tert-butyl-substituted 

pyridinium-N-phenoxide betaine dye in the solvent under consideration. 

20. The combination solvent as defined in claim 19, wherein the dipolar - . 
aprotic solvent is cyclohexanone and the protic solvent is water. 

21. The combination solvent as defined in claim 19-20, wherein the weight 

ratio of dipolar aprotic solvent to protic solvent is lower than 16. 

22. The combination solvent as defined in claim 20, wherein the weight 

ratio of cyclohexanone to water is lower than 16. 

23. The combination solvent as defined in claim 19-22, wherein the weight 

ratio of dipolar aprotic solvent to protic solvent is in the range of I to 9. 

1iiili~1r 
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