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PROCESS FOR PRODUCING PHENOL AND CYCLOHEXANONE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of and priority to USSN 61/641,374, filed May
2, 2012 and EP Application No. 12172046.0, filed June 14, 2012, which are incorporated by

reference.

FIELD

[0002] The present invention relates to a process for producing phenol and
cyclohexanone. In particular, the present invention relates to an extractive distillation process
for separating a mixture of phenol and cyclohexanone. The present invention is useful, e.g.,
in producing cyclohexanone and phenol from benzene alkylation in the presence of hydrogen.
BACKGROUND

[0003] Phenol is an important product in the chemical industry and is useful in, for

example, the production of phenolic resins, bisphenol A, e-caprolactam, adipic acid, and
plasticizers.

[0004] Currently, the most common route for the production of phenol is the Hock
process via cumene. This is a three-step process in which the first step involves alkylation of
benzene with propylene in the presence of an acidic catalyst to produce cumene. The second
step is oxidation, preferably aerobic oxidation, of the cumene to the corresponding cumene
hydroperoxide. The third step is the cleavage of the cumene hydroperoxide in the presence of
heterogeneous or homogeneous catalysts into equimolar amounts of phenol and acetone, a
co-product. However, the world demand for phenol is growing more rapidly than that for the
acetone co-product. In addition, due to developing shortages in supply, the cost of propylene
is likely to increase.

[0005] Thus, a process that avoids, or reduces the use of propylene as a feed and
coproduces higher ketones, rather than acetone, may be an attractive alternative route to the
production of phenol. For example, there is a growing market for cyclohexanone, which is
used as an industrial solvent, as an activator in oxidation reactions and in the production of
adipic acid, cyclohexanone resins, cyclohexanone oxime, caprolactam, and nylon 6.

[0006] It is known that phenol and cyclohexanone can be co-produced by a variation of
the Hock process in which cyclohexylbenzene is oxidized to obtain cyclohexylbenzenc
hydroperoxide and the hydroperoxide is decomposed in the presence of an acid catalyst to the

desired phenol and cyclohexanone. Although various methods are available for the
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production of cyclohexylbenzene, a preferred route is disclosed in U.S. Patent No. 6,037,513,
which discloses that cyclohexylbenzene can be produced by contacting benzene with
hydrogen in the presence of a bifunctional catalyst comprising a molecular sieve of the
MCM-22 family and at least one hydrogenation metal selected from palladium, ruthenium,
nickel, cobalt, and mixtures thereof. The ‘513 patent also discloses that the resultant
cyclohexylbenzene can be oxidized to the corresponding hydroperoxide which is then
decomposed to the desired phenol and cyclohexanone co-product in roughly equimolar
amounts.

[0007] There are, however, a number of problems associated with producing phenol via
cyclohexylbenzene rather than the cumene-based Hock process. One such problem is that the
cyclohexanone and phenol produce an azeotropic mixture composed of 28 wt%
cyclohexanone and 72 wt% phenol. Thus, while some high purity cyclohexanone can be
recovered from the product of the ‘513 patent by simple distillation, production of high purity
phenol requires a different separation approach.

[0008] One convenient approach is by cxtractive distillation. This method uscs a solvent,
which desirably has a lower volatility than the lowest volatility of the component in the
mixture to be separated, is miscible with the mixture and the components therein, and does
not form an azeotrope with the mixture or any of its components. Conveniently, the solvent
interacts differently with the components of the azeotropic mixture thereby causing their
relative volatilities to change. This enables the new three-part system to be separated in a
simple distillation device or devices. The original component with the greatest volatility
separates out as the top product, while the bottom product comprises the solvent and the
lower volatility component. This bottoms product can again be separated easily because the
solvent doesn't form an azeotrope with the lower volatility component.

[0009] Various solvents have been proposed for the separation of azeotropic phenol
systems over the years. For example, for the phenol-cyclohexanone system, U.S. Patent No.
2,265,939 discusses the use of diols and glycols as a solvent. This patent notes that ethylene
glycol will react with the cyclohexanone to form ketals which co-distill with cyclohexanone,
and recovery of the reacted cyclohexanone and ethylene glycol must be effected by
conducting a hydrolysis reaction. It further notes that to avoid the reaction of cyclohexanone
and the solvent, larger molecules providing a greater atomic distance between the two

hydroxyl groups of a diol or glycol, such as dicthylene glycol, should be employed.
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[0010] U.S. Patent No. 5,334,774 discusses the use of diethylene glycol to effect
scparation between the azeotropic system of phenol and sec-butylbenzene.

[0011] In U.S. Patent No. 4,230,638, mixtures of sulfolane, diethylene glycol, and non-
oxyenated hydrocarbons are proposed as solvents in a liquid-liquid extraction system for the
separation of cyclohexylbenzene from phenol and cyclohexanone. However, sultolane, while
having outstanding solvent qualities for this separation, is not preferred due to its high
reactivity with oxygen. Air ingress is difficult to avoid in any distillation process conducted
at vacuum pressures and, with sulfolane as a solvent, can result in the production of acids and
other deleterious degradation products. Diols and glycols tend to be preferred as they are far
more resistant to undesirable side-reactions with oxygen.

[0012] According to the present disclosure, it has now been found that diols and glycols
having their hydroxyl groups attached to non-adjacent carbon atoms can undergo a reaction
with cyclohexanone to form a previously undocumented class of hemiketal and enol-ether
condensation products under certain conditions. Specifically, we have uncovered the
formation of large acyclic hemiketals, and also their cyclic olefin/ether water elimination
products (enol-ethers) under certain conditions, which can affect the separation of phenol
and cyclohexanone. Recognition of this fact, and the characteristics of these new
compounds, is important to the proper design and operation of extractive distillation systems
for the separation of phenol and cyclohexanone using such larger diols and glycols as
solvents in general, and diethylene glycol in particular,

SUMMARY OF THE INVENTION

[0013] In a first aspect, the present disclosure relates to a composition of matter

comprising a hemiketal defined by the formula (1) or the formula (I):

HO O—£R19—O—(R1+OR3
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an
wherein R', the same or different at each occurrence, is independently an alkylene group

having from 2 to 10 carbon atoms, R” is an alkylene group having from 4 to 10 carbon atoms,

and R? is hydrogen or the following group:

and/or an enol-ether derived from the hemiketal defined by the formula (I) or the formula (II),
wherein the total concentration of the hemiketal and enol-cther, expressed in terms of weight
percentage on the basis of the total weight of the feed to the distilling step (a), is at least
0.01%.

[0014] In certain embodiments, R' is an alkylene group having 2 carbon atoms (an
ethylene group) and R* is an alkylene group having 4 carbon atoms (an 1,4-butanediyl
group).

[0015] In a second aspect, the present disclosure relates to a composition of matter

comprising a hemiketal defined by the formula (T1I):
HO O\/\ /\/OH
0

(11T

and/or an enol-ether thercof defined by the formula (IV):
O\/\ /\/OH
O

(V)

[0016] In a third aspect, the present disclosure relates to a composition of matter
comprising a hemiketal defined by the formula (V):
_4-
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HO O\/\O /\/O\ /OH

and/or an enol-cther thereof defined by the formula (VI):
@) OH

olie

3

<

and/or an enol-ether thereof defined by the formula (VII):

NN\ AN
570 -

[0017] In a fourth aspect, the present disclosure relates to a composition of matter

$

comprising a hemiketal defined by the formula (VI1I):

HO, O,

§

(VL)

10 and/or an enol-cther thereof defined by the formula (IX):
O

OH
(IX)

[0018] In a fifth aspect, the present disclosure relates to a composition of matter

;

comprising a hemiketal defined by the formula (X):
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HO
HO, O\/\/\
0

X)
and/or an enol-ether thereof defined by the formula (XI):
HO
O\/\/\
o]
(XD)
and/or an cnol-ether thercof defined by the formula (XII):
O\/\/\
0]
(X1

[0019] In a sixth aspect, the present disclosure relates to a process for separating a
mixture comprising cyclohexanone and phenol which comprises (a) distilling at least a
portion of the mixture in the presence of a solvent including at least two alcoholic hydroxyl
groups attached to non-adjacent saturated carbon atoms and at least one hemiketal defined by
one the formulae (1), (1), (IID), (V), (VIII), and (X) or an enol-ether defined by one the
formulae (IV), (VI), (VID), (IX), (XI), and (XII).
[0020] In seventh aspect, the present disclosure is related to a process for making
cyclohexanone and phenol, the process comprising:

(A) contacting benzene and hydrogen with a catalyst under hydroalkylation conditions
to produce a first effluent comprising cyclohexylbenzene;

(B) oxidizing at least part of the cyclohexylbenzene in the first effluent to produce a
second effluent comprising cyclohexylbenzene hydroperoxide;

(C) cleaving at least part of the cyclohexylbenzene hydroperoxide in the second

effluent stream to obtain a product mixture comprising phenol and cyclohexanone; and
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(D) separating the product mixture by (a) distilling at least a portion of the mixture in
the presence of a solvent including at least two alcoholic hydroxyl groups attached to non-
adjacent saturated carbon atoms and at least one hemiketal defined by one of the formulae (I),
(1), (1D, (V), (VIID), and (X) or an enol-ether defined by one of the formulae (IV), (VI),
(VID), (IX), (X1), and (XII).

[0021] In certain embodiments, at least a portion of said hemiketal and/or enol-ether is
formed from the reaction of cyclohexanone and said solvent during said distilling.

[0022] In certain advantageous embodiments, said distilling step (a) is conducted in the
presence of water.

[0023] In one embodiment, said distilling step (a) separates the mixture into a first stream
rich in cyclohexanone and a second stream rich in phenol; the solvent and said hemiketal and/or
enol-ether and the process further comprises (b) distilling the second stream to separate at least
part of the phenol therefrom and produce a recovered solvent. In certain embodiments, the
recovered solvent is recycled to the distilling step () and desirably provides at least a portion
of the hemiketal and/or enol-cther present in the distilling step (a).

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a schematic diagram of a process for separating a mixture comprising

cyclohexanone and phenol according to a first embodiment of the present disclosure.

[0025] FIG. 2 is the mass spectrograph from GC-MS analysis of the enol-ether of formula
(IV) produced according to the process of Example 1.

[0026] FIG. 3 is the mass spectrograph from GC-MS analysis of the enol-cther of formula
(VII) produced according to the process of Example 1.

[0027] FIG. 4 is a graph showing the impact of water on the formation of the enol-ether
of formula (IV) from cyclohexanone and phenol in the process of Example 2.

[0028] FIG. 5 is a graph showing the impact of water on the formation of the enol-ether
of formula (VII) from cyclohexanone and phenol in the process of Example 2.

[0029] FIG. 6 is a graph showing the changes in concentration of the enol-ethers of

formulas (IV) and (VII) with time in the extractive distillation process of Example 3.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0030] Described herein are compositions of matter comprising certain novel hemiketals
and enol-ethers formed by the reaction of cyclohexanone and glycol solvents, such as
diethylene glycol, during the separation of phenol and cyclohexanone by extractive

distillation, under certain distillation conditions, and distillation processes involving such
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hemiketals and/or enol-cthers. As used herein, the term “hemiketal(sYenol-ether(s)” means
hemiketal(s) or enol-ether(s) individually or combined. Thus, in a composition of matter
according to certain embodiments of the present disclosure, there may exist one or more
hemiketal, as well as one or more of the corresponding enol-ether of each of the hemiketal.
[0031] A process in the present disclosure is described to have multiple “steps,” which
should be interpreted to mean actions or operations that may occur in the process once or
multiple times, continuously or discontinuously. Unless specified to the contrary, or the
context clearly indicates otherwise, the various steps/actions/operations may be conducted
sequentially as they are listed, in an overlapping fashion, or in any other order, as the case
may be.

[0032] In one advantageous embodiment, the extractive distillation described herein
forms part of an integrated process for producing phenol and/or cyclohexanone from benzene
in which the benzene is first converted to cyclohexylbenzene, the cyclohexylbenzene is then
oxidized to produce cyclohexylbenzene hydroperoxide, the hydroperoxide is subsequently
cleaved to producc phenol and cyclohcxanone, and a resultant mixture of phenol and
cyclohexanone is separated using the process according to the present disclosure. The
ensuing description will therefore focus on this integrated process.

Production of the Cyclohexylbenzene

[0033] In the initial step of the integrated process starting from benzene,
cyclohexylbenzene is produced by reacting the benzene with cyclohexene in the presence of a
catalyst having an alkylation function and under conditions to promote the following

reaction:

[0034] The cyclohexene can be supplied to the reaction zone as a separate feed from the
benzene, but normally is produced in situ by selective hydrogenation of the benzene in the
presence of a hydrogenation component provided on the catalyst having the alkylation

function. The bifunctional catalyst is thercfore referred to hercin as a hydroalkylation
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catalyst and overall the hydroalkylation reaction proceeds as follows to produce

cyclohexylbenzene (CHB):

2 +2H, ———>

[0035] Any commercially available benzene feed can be used in the hydroalkylation step,
but in certain advantageous embodiments the benzene has a purity level of at least 99 wt%.
Similarly, although the source of hydrogen is not critical, it is desirable that the hydrogen is at
least 99 wt% pure.

[0036] In certain embodiments, the total feed to the hydroalkylation step contains less
than 1000 ppm, such as less than 500 ppm, for example less than 100 ppm, water. In
addition, the total feed desirably contains less than 100 ppm, such as less than 30 ppm, for
example, less than 3 ppm, sulfur, and less than 10 ppm, such as less than 1 ppm, for example
less than 0.1 ppm, nitrogen.

[0037] Hydrogen can be supplied to the hydroalkylation step over a wide range of values,
but desirably is arranged such that the molar ratio of hydrogen to benzene in the
hydroalkylation feed is between about 0.15:1 and about 15:1, such as between about 0.4:1
and about 4:1, for example between about 0.4 and about 0.9:1.

[0038] In addition to the benzene and hydrogen, a diluent, which is substantially inert
under hydroalkylation conditions, may be supplied to the hydroalkylation reaction. Desirably
the diluent is a hydrocarbon, in which the desired cycloalkylaromatic product, in this case
cyclohexylbenzene, is soluble, such as a straight chain paraffinic hydrocarbon, a branched
chain paraffinic hydrocarbon, and/or a cyclic paraffinic hydrocarbon. Examples of suitable
diluents are decane and cyclohexane. Cyclohexane is a particularly attractive diluent since it
is an unwanted by-product of the hydroalkylation reaction.

[0039] Although the amount of diluent is not narrowly defined, in certain embodiments

the diluent is added in an amount such that the weight ratio of the diluent to the aromatic
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compound is at least 1:100; for example at least 1:10, but no more than 10:1, desirably no
more than 4:1.

[0040] The hydroalkylation reaction can be conducted in a wide range of reactor
configurations including fixed bed, slurry reactors, and/or catalytic distillation towers. In
addition, the hydroalkylation reaction can be conducted in a single reaction zone or in a
plurality of reaction zones, in which at least the hydrogen is introduced to the reaction in
stages. Suitable reaction temperatures are between about 100°C and about 400°C, such as
between about 125°C and about 250°C, while suitable reaction pressures are between about
100 kPa and about 7,000 kPa, such as between about 500 kPa and about 5,000 kPa.

[0041] The catalyst employed in the hydroalkylation reaction is a bifunctional catalyst
comprising a molecular sieve of the MCM-22 family and a hydrogenation metal. The term
“MCM-22 family material” (or “material of the MCM-22 family” or “molecular sieve of the
MCM-22 family™), as used herein, includes one or more of:

e molecular sieves made from a common first degree crystalline building block unit
cell, which unit cell has the MWW framework topology. (A unit cell is a spatial
arrangement of atoms which if tiled in three-dimensional space describes the crystal
structure. Such crystal structures are discussed in the "Atlas of Zeolite Framework
Types", Fifth edition, 2001, the entire content of which is incorporated as reference.);

s molecular sieves made from a common second degree building block, being a 2-
dimensional tiling of such MWW framework topology unit cells, forming a
monolayer of one unit cell thickness, preferably one c-unit cell thickness;

¢ molecular sieves made from common second degree building blocks, being layers of
one or more than one unit cell thickness, wherein the layer of more than one unit cell
thickness is made from stacking, packing, or binding at lecast two monolayers of one
unit cell thickness. The stacking of such second degree building blocks can be in a
regular fashion, an irregular fashion, a random fashion, or any combination thereof;
and

e molecular sieves made by any regular or random 2-dimensional or 3-dimensional
combination of unit cells having the MWW framework topology.

[0042] Molecular sieves of MCM-22 family generally have an X-ray diffraction pattern
including d-spacing maxima at 12.4£0.25, 6.9+0.15, 3.57+0.07, and 3.4240.07 Angstrom.
The X-ray diffraction data used to characterize the material (b) are obtained by standard

techniques using the K-alpha doublet of copper as the incident radiation and a diffractometer
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equipped with a scintillation counter and associated computer as the collection system.
Molecular sieves of MCM-22 family include MCM-22 (described in U.S. Patent No.
4,954,325), PSH-3 (described in U.S. Patent No. 4,439,409), SSZ-25 (described in U.S.
Patent No. 4,826,667), ERB-1 (described in European Patent No. 0293032), ITQ-1 (described
in U.S. Patent No. 6,077,498), ITQ-2 (described in International Patent Publication No. WO
97/17290), MCM-36 (described in U.S. Patent No. 5,250,277), MCM-49 (described in U.S.
Patent No. 5,236,575), MCM-56 (described in U.S. Patent No. 5,362,697), UZM-8 (described
in U.S. Patent No. 6,756,030), and mixtures thereof. Preferably, the molecular sieve is
selected from (a) MCM-49, (b) MCM-56, and (c) isotypes of MCM-49 and MCM-56, such as
ITQ-2.

[0043] Any known hydrogenation metal can be employed in the hydroalkylation catalyst,
although suitable metals include palladium, ruthenium, nickel, zinc, tin, and cobalt, with
palladium being particularly advantageous. In certain embodiments, the amount of
hydrogenation metal present in the catalyst is between about 0.05 wt% and about 10 wt%,
such as between about 0.1 wt% and about 5 wt%, of the catalyst. In one embodiment, where
the MCM-22 family molecular sieve is an aluminosilicate, the amount of hydrogenation
metal present is such that the molar ratio of the aluminum in the molecular sieve to the
hydrogenation metal is from about 1.5 to about 1500, for example, from about 75 to about
750, such as from about 100 to about 300.

[0044] The hydrogenation metal may be directly supported on the MCM-22 family
molecular sieve by, for example, impregnation or ion exchange. However, in a more
preferred embodiment, at least 50 wt%, for example at least 75 wt%, and in certain
embodiments substantially all of the hydrogenation metal is supported on an inorganic oxide
separate from but composited with the molecular sieve. In particular, it is found that by
supporting the hydrogenation metal on the inorganic oxide, the activity of the catalyst and its
selectivity to cyclohexylbenzene and dicyclohexylbenzene are increased as compared with an
equivalent catalyst in which the hydrogenation metal is supported on the molecular sieve.
[0045] The inorganic oxide employed in such a composite hydroalkylation catalyst is not
narrowly defined provided it is stable and inert under the conditions of the hydroalkylation
reaction. Suitable inorganic oxides include oxides of Groups 2, 4, 13, and 14 of the Periodic
Table of Elements, such as alumina, titania, and/or zirconia. As used herein, the numbering
scheme for the Periodic Table Groups is as disclosed in Chemical and Engineering News,
63(5), 27 (1985).

“11-
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[00406] The hydrogenation metal is deposited on the inorganic oxide, conveniently by
impregnation, before the metal-containing inorganic oxide is composited with said molecular
sieve. Desirably, the catalyst composite is produced by co-pelletization, in which a mixture
of the molecular sieve and the metal-containing inorganic oxide are formed into pellets at
high pressure (in certain embodiments, about 350 kPa to about 350,000 kPa), or by co-
extrusion, in which a slurry of the molecular sieve and the metal-containing inorganic oxide,
optionally together with a separate binder, are forced through a die. If necessary, additional
hydrogenation metal can subsequently be deposited on the resultant catalyst composite.
[0047] Suitable binder materials include synthetic or naturally occurring substances as
well as inorganic materials such as clay, silica, and/or metal oxides. The latter may be either
naturally occurring or in the form of gelatinous precipitates or gels including mixtures of
silica and metal oxides. Naturally occurring clays, which can be used as a binder, include
those of the montmorillonite and kaolin families, which families include the subbentonites
and the kaolins commonly known as Dixie, McNamee, Georgia, and Florida clays or others
in which the main mineral constituent is halloysite, kaolinite, dickite, nacrite, or anauxite.
Such clays can be used in the raw state as originally mined or initially subjected to
calcination, acid treatment, or chemical modification. Suitable metal oxide binders include
silica, alumina, zirconia, titania, silica-alumina, silica-magnesia, silica-zirconia, silica-thoria,
silica-beryllia, silica-titania as well as ternary compositions such as silica-alumina-thoria,
silica-alumina-zirconia, silica-alumina-magnesia and silica-magnesia-zirconia.

[0048] Although the hydroalkylation reaction using an MCM-22 family zeolite catalyst
activated by the process described herein is highly selective towards cyclohexylbenzene, the
effluent from the hydroalkylation reaction will inevitably contain some dicyclohexylbenzene
by-product. Depending on the amount of this dicyclohexylbenzene, it may be desirable to
either (a) transalkylate the dicyclohexylbenzene with additional benzene or (b) dealkylate the
dicyclohexylbenzene to maximize the production of the desired monoalkylated species.
[0049] Transalkylation with additional benzene is desirably effected in a transalkylation
reactor, separate from the hydroalkylation reactor, over a suitable transalkylation catalyst,
such as a molecular sieve of the MCM-22 family, zeolite beta, MCM-68 (see U.S. Patent No.
6,014,018), zeolite Y, and mordenite. The transalkylation reaction is desirably conducted
under at least partial liquid phase conditions, which suitably include a temperature of about

100°C to about 300°C, a pressure of about 800 kPa to about 3500 kPa, a weight hourly space
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velocity of about 1 hr' to about 10 hr' on total feed, and a benzene/dicyclohexylbenzene
weight ratio about of 1:1 to about 5:1.

[0050] Dealkylation or cracking is also desirably effected in a reactor separate from the
hydroalkylation reactor, such as a reactive distillation unit, at a temperature of about 150°C to
about 500°C and a pressure of 15 psig to 500 psig (200 kPa to 3550 kPa) over an acid catalyst
such as an aluminosilicate, an aluminophosphate, a silicoaluminphosphate, amorphous silica-
alumina, an acidic clay, a mixed metal oxide, such as WO,/ZrO,, phosphoric acid, sulfated
zirconia and mixtures thereof. In certain embodiments, the acid catalyst includes at Ieast one
aluminosilicate, aluminophosphate, or silicoaluminphosphate of the FAU, AEL, AFI, and
MWW family. Unlike transalkylation, dealkylation can be conducted in the absence of added
benzene, although it may be desirable to add benzene to the dealkylation reaction to reduce
coke formation. In this case, the weight ratio of benzene to poly-alkylated aromatic
compounds in the feed to the dealkylation reaction is desirably from 0 to about 0.9, such as
from about 0.01 to about 0.5. Similarly, although the dealkylation reaction can be conducted
in the absence of added hydrogen, in certain embodiments, hydrogen is introduced into the
dealkylation reactor to assist in coke reduction. Suitable hydrogen addition rates are such
that the molar ratio of hydrogen to poly-alkylated aromatic compound in the total feed to the
dealkylation reactor is from about 0.01 to about 10.

[0051] Another significant by-product of the hydroalkylation reaction is cyclohexane.
Although a Ce-rich stream comprising cyclohexane and unreacted benzene can be readily
removed from the hydroalkylation reaction effluent by distillation, owing to the similarity in
the boiling points of benzene and cyclohexane, the Ce-rich stream is difficult to further
separate by simple distillation. However, some or all of the Cg-rich stream can be recycled to
the hydroalkylation reactor to provide not only part of the benzene feed but also part of the
diluents mentioned above.

[0052] In some cases, it may be desirable to supply some of the Cg-rich stream to a
dehydrogenation reaction zone, where the Cs-rich stream is contacted with a dehydrogenation
catalyst under dehydrogenation conditions sufficient to convert at least part of the
cyclohexane in the Cs-rich stream portion to benzene, which again can be recycled to the
hydroalkylation reaction. The dehydrogenation catalyst, in certain embodiments, comprises
(a) a support; (b) a hydrogenation-dehydrogenation component; and (c) an inorganic
promoter. Conveniently, the support (a) is selected from the group consisting of silica, a

silicate, an aluminosilicate, zirconia, and carbon nanotubes, and preferably comprises silica.
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Suitable hydrogenation-dehydrogenation components (b) comprise at least one metal selected
from Groups 6 to 10 of the Periodic Table of Elements, such as platinum, palladium, and
compounds and mixtures thereof. Desirably, the hydrogenation-dehydrogenation component
is present in an amount between about 0.1 wt% and about 10 wt% of the catalyst. A suitable
inorganic promoter (¢) comprises at least one metal or compound thereof selected from
Group 1 of the Periodic Table of Elements, such as a potassium compound. Desirably, the
promoter is present in an amount between about 0.1 wit% and about 5 wt% of the catalyst.
Suitable dehydrogenation conditions include a temperature of about 250°C to about 500°C, a
pressure of about atmospheric to about 500 psig (100 kPa to 3550 kPa), a weight hourly
space velocity of about 0.2 hr' to 50 hr', and a hydrogen to hydrocarbon feed molar ratio of
about 0 to about 20.

[0053] Other disadvantageous impurities of the hydroalkylation reaction are bicyclohexyl
(BCH) and the methylcyclopentylbenzene (MCPB) isomers which, because of the similarity
in their boiling points, are difficult to separate from the desired cyclohexylbenzene by
distillation.  Morcover, although 1,2-methylcyclopentylbenzene (2-MCPB), and 1,3-
methylcyclopentylbenzene (3-MCPB) are readily converted in the subsequent
oxidation/cleavage steps to the phenol and methylcyclopentanones, which are valuable
products, 1,1-methylcyclopentylbenzene (1-MCPB) is substantially inert to the oxidation step
and so, if not removed, will build up in the C;; stream. Similarly, bicyclohexyl (BCH) can
lead to separation problems downstream. Thus, at least part of the hydroalkylation reaction
product may bec trcated with a catalyst under conditions to remove at lcast 1,1-
methyleyclopentylbenzene and/or bicyclohexyl from the product. The catalyst is, in certain
embodiments, an acid catalyst, such as an aluminosilicate zeolite, and especially faujasite and
the treatment is conducted at a temperature of about 100°C to about 350°C, such as about
130°C to about 250°C, for a time of about 0.1 to about 3 hours, such as about 0.1 to about 1
hours. The catalytic treatment is believed to isomerize the 1,1-methylcyclopentylbenzene to
the more readily oxidizable 1,2-methylcyclopentylbenzene (2-MCPB), and 1,3-
methylcyclopentylbenzene (3-MCPB). The bicyclohexyl is believed to react with benzene
present in the hydroalkylation reaction product to produce cyclohexane and more of the

desired cyclohexylbenzene according to the following reaction:
QO ) @ e Q@ ' <:>
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[0054] The catalytic treatment can be conducted on the direct product of the
hydroalkylation reaction or after distillation of the hydroalkylation reaction product to
separate the Cq and/or the heavies fraction.

[0055] The cyclohexylbenzene product from the hydroalkylation reaction and any
downstream reaction to remove the impurities discussed above is separated from the reaction
effluent(s) and is fed to the oxidation reaction described in more detail below.
Cvclohexylbenzene Oxidation

[0056] In order to convert the cyclohexylbenzene into phenol and cyclohexanone, the
cyclohexylbenzene is initially oxidized to the corresponding hydroperoxide. This is
accomplished by contacting the cyclohexylbenzene with an oxygen-containing gas, such as
air and various derivatives of air. For example, it is possible to use air that has been
compressed and filtered to remove particulates, air that has been compressed and cooled to
condense and remove water, or air that has been enriched in oxygen above the natural
approximately 21 mol% in air through membrane enrichment of air, cryogenic separation of
air, or other conventional means.

[0057] The oxidation is conducted in the presence of a catalyst. Suitable oxidation
catalysts include N-hydroxy substituted cyclic imides described in U.S. Patent No. 6,720,462,
which is incorporated herein by reference in its entirety for this purpose. For example, N-
hydroxyphthalimide (NHPI), 4-amino-N-hydroxyphthalimide, 3-amino-N-
hydroxyphthalimide, tetrabromo-N-hydroxyphthalimide, tetrachloro-N-hydroxyphthalimide,
N-hydroxyhetimide, N-hydroxyhimimide, N-hydroxytrimellitimide, N-hydroxybenzene-
1,2,4-tricarboximide, N,N'-dihydroxy(pyromellitic diimide), N,N'-dihydroxy(benzophenone-
3,3" 4 4'-tetracarboxylic diimide), N-hydroxymaleimide, pyridine-2,3-dicarboximide, N-
hydroxysuccinimide, N-hydroxy(tartaric imide), N-hydroxy-5-norbornene-2,3-
dicarboximide, ex0-N-hydroxy-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide, N-
hydroxy-cis-cyclohexane-1,2-dicarboximide, N-hydroxy-cis-4-cyclohexene-1,2
dicarboximide, N-hydroxynaphthalimide sodium salt or N-hydroxy-o-benzenedisulphonimide
may be used. Preferably, the catalyst is N-hydroxyphthalimide. Another suitable catalyst is
N,N',N"-thihydroxyisocyanuric acid.

[0058] These oxidation catalysts can be used either alone or in conjunction with a free
radical initiator, and further can be used as liquid-phase, homogeneous catalysts or can be
supported on a solid carrier to provide a heterogeneous catalyst. Desirably, the N-hydroxyl

substituted cyclic imide or the N,N'.N"-trihydroxyisocyanuric acid is employed in an amount
Yy Yy y Yy p1oy
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between 0.0001 wt% to 15 wt%, such as between 0.001 wt% to 5 wit%, of the
cyclohexylbenzene. The use of such oxidation catalysts in the manner disclosed herein
conveniently facilitates a high selectivity to the desired cyclohexyl-1-phenyl-1-
hydroperoxide, although other hydroperoxides may also be formed in varying quantities and
be present in the oxidation effluent.

[0059] Suitable conditions for the oxidation step include a temperature between about
70°C and about 200°C, such as about 90°C to about 130°C, and a pressure of about 50 kPa to
10,000 kPa. A basic buffering agent may be added to react with acidic by-products that may
form during the oxidation. In addition, an aqueous phasc may be introduced. The reaction
can take place in a batch or continuous flow fashion.

[0060] The reactor used for the oxidation reaction may be any type of reactor that allows
for introduction of oxygen to cyclohexylbenzene, and may further efficaceously provide
contacting of oxygen and cyclohexylbenzene to effect the oxidation reaction. For example,
the oxidation reactor may comprise a simple, largely open vessel with a distributor inlet for
the oxygen-containing stream. In various embodiments, the oxidation reactor may have
means to withdraw and pump a portion of its contents through a suitable cooling device and
return the cooled portion to the reactor, thereby managing the exothermicity of the oxidation
reaction. Alternatively, cooling coils providing indirect cooling, say by cooling water, may
be operated within the oxidation reactor to remove the generated heat. In other embodiments,
the oxidation reactor may comprise a plurality of reactors in series, each conducting a portion
of the oxidation reaction, optionally operating at different conditions sclected to enhance the
oxidation reaction at the pertinent conversion range of cyclohexylbenzene or oxygen, or both,
in each. The oxidation reactor may be operated in a batch, semi-batch, or continuous flow
manner.

[0061] Desirably, the product of the cyclohexylbenzene oxidation reaction contains at
least 5 wt%, such as at least 10 wt%, for example at least 15 wt%, or at least 20 wt%
cyclohexyl-1-phenyl-1-hydroperoxide based upon the total weight of the oxidation effluent.
In certain embodiments, the oxidation effluent contains no greater than 80 wt%, or no greater
than 60 wt%, or no greater than 40 wt%, or no greater than 30 wt%, or no greater than 25
wt% of cyclohexyl-1-phenyl-1-hydroperoxide based upon the total weight of the oxidation
effluent. The oxidation effluent may further comprise imide catalyst and unreacted
cyclohexylbenzene. For example, the oxidation effluent may include wunreacted

cyclohexylbenzene in an amount of at least 50 wt%, or at least 60 wt%, or at least 65 wt%, or
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at least 70 wit%, or at least 80 wt%, or at least 90 wt%, based upon total weight of the
oxidation effluent.

[0062] At least a portion of the oxidation effluent may be subjected to a cleavage
reaction, with or without undergoing any prior separation or treatment. For example, all or a
fraction of the oxidation effluent may be subjected to high vacuum distillation to generate a
product enriched in unreacted cyclohexylbenzene and leave a residue which is concentrated
in the desired cyclohexyl-1-phenyl-1-hydroperoxide and which is subjected to the cleavage
reaction.  In general, however, such concentration of the cyclohexyl-1-phenyl-1-
hydroperoxide is neither necessary nor preferred. Additionally or alternatively, all or a
fraction of the oxidation effluent, or all or a fraction of the vacuum distillation residue may be
cooled to cause crystallization of the unreacted imide oxidation catalyst, which can then be
separated either by filtration or by scraping from a heat exchanger surface used to effect the
crystallization. At least a portion of the resultant oxidation composition reduced or free from
imide oxidation catalyst may be subjected to the cleavage reaction.

[0063] As another example, all or a fraction of the oxidation effluent may be subjected to
water washing and then passage through an adsorbent, such as a 3A molecular sieve, to
separate water and other adsorbable compounds, and provide an oxidation composition with
reduced water or imide content that may be subjected to the cleavage reaction. Similarly, all
or a fraction of the oxidation effluent may undergo a chemically or physically based
adsorption, such as passage over a bed of sodium carbonate to remove the imide oxidation
catalyst (e.g., NHPT) or other adsorbable components, and provide an oxidation composition
reduced in oxidation catalyst or other adsorbable component content that may be subjected to
the cleavage reaction. Another possible separation involves contacting all or a fraction of the
oxidation effluent with a liquid containing a base, such as an aqueous solution of an alkali
metal carbonate or hydrogen carbonate, to form an aqueous phase comprising a salt of the
imide oxidation catalyst, and an organic phase reduced in imide oxidation catalyst. An
example of separation by basic material treatment is disclosed in International Publication
No. WO 2009/025939.

Hydroperoxide Cleavage

[0064] The final reactive step in the conversion of the cyclohexylbenzene into phenol and
cyclohexanone involves the acid-catalyzed cleavage of the cyclohexyl-1-phenyl-1-

hydroperoxide produced in the oxidation step. Other hydroperoxides that may be present in
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the oxidation effluent stream may also undergo acid-catalyzed cleavage along with the
desired cyclohexyl-1-phenyl-1-hydroperoxide.
[0065] In certain embodiments, the acid catalyst used in the cleavage reaction is at least
partially soluble in the cleavage effluent, is stable at a temperature of at least 185°C, and has
5 alower volatility (higher normal boiling point) than cyclohexylbenzene. Desirably, the acid
catalyst is also at least partially soluble in the cleavage reaction product. Suitable acid
catalysts include, but are not limited to, Brensted acids, Lewis acids, sulfonic acids,
perchloric acid, phosphoric acid, hydrochloric acid, p-toluene sulfonic acid, aluminum
chloride, oleum, sulfur trioxide, ferric chloride, boron trifluoride, sulfur dioxide, and sulfur
10 trioxide. Sulfuric acid is a preferred acid catalyst.
[0066] In various embodiments, the cleavage effluent contains at least 50 parts-per-
million-by-weight (wppm) and no greater than 5000 wppm of the acid catalyst, or at least 100
wppm to and no greater than 3000 wppm, or at least 150 wppm to and no greater than 2000
wppm of the acid catalyst, or at least 300 wppm and no greater than 1500 wppm of the acid
catalyst, based upon total weight of the cleavage effluent.
[0067] In other embodiments, a heterogeneous acid catalyst is employed for the cleavage
reaction, such as molecular sieve, and in particular a molecular sieve having a pore size in
excess of 7 A. Examples of suitable molecular sieves include zeolite beta, zeolite Y, zeolite
X, ZSM-12 and mordenite. In one embodiment, the molecular sieve comprises a FAU type
20 zeolite having a unit cell size less than 24.35 A, such as less than or equal to 24.30 A, even
less than or equal to 24.25 A. The zeolite can be used in unbound form or can be combined
with a binder, such as silica or alumina, such that the overall catalyst (zeolite plus binder)
comprises from about 20 wt% to about 80 wt% of the zeolite.
[0068] The cleavage effluent may contain a polar solvent, such as an alcohol containing
25 less than 6 carbons, such as methanol, ethanol, iso-propanol, and/or ethylene glycol; a nitrile,
such as acetonitrile and/or propionitrile; nitromethane; and a ketone containing 6 carbons or
less, such as acetone, methylethyl ketone, 2- or 3-pentanone, cyclohexanone, and
methylcyclopentanone. The preferred polar solvent is phenol and/or cyclohexanone recycled
from the cleavage product after cooling. In certain embodiments, the polar solvent is added
30 to the cleavage effluent such that the weight ratio of the polar solvent to the
cyclohexylbenzene hydroperoxide in the mixture is in the range of about 1:100 to about
100:1, such as about 1:20 to about 10:1, and the mixture comprises about 10 wt% to about 40

wt% of the cyclohexylbenzene hydroperoxide. The addition of the polar solvent is found not
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only to increase the degree of conversion of the cyclohexylbenzene hydroperoxide in the
cleavage reaction but also to increase the selectivity of the conversion to phenol and
cyclohexanone. Although the mechanism is not fully understood, it is believed that the polar
solvent reduces the free radical inducted conversion of the cyclohexylbenzene hydroperoxide
to undesired products such as hexanophenone and phenylcyclohexanol.

[0069] In various embodiments, the cleavage effluent includes cyclohexylbenzene in an
amount of at least 50 wt%, or at least 60 wt%, or at least 65 wt%, or at least 70 wt%, or at
least 80 wt%, or at least 90 wt%, based upon total weight of the cleavage effluent.

[0070] In certain embodiments, the cleavage reaction is conducted under conditions
including a temperature of about 20°C to about 200°C, such as about 40°C to about 120°C
and a pressure of about 100 kPa to about 2000 kPa, such as about 100 kPa to about 1000 kPa,
such that the cleavage effluent is completely or predominantly in the liquid phase during the
cleavage reaction.

[0071] The reactor used to effect the cleavage reaction may be any type of reactor known
to those skilled in the art. For example, the cleavage reactor may be a simple, largely open
vessel operating in a near-continuous stirred tank reactor mode, or a simple, open length of
pipe operating in a near-plug flow reactor mode. In other embodiments, the cleavage reactor
comprises a plurality of reactors in series, each performing a portion of the conversion
reaction, optionally operating in different modes and at different conditions selected to
enhance the cleavage reaction at the pertinent conversion range. In one embodiment, the
cleavage reactor is a catalytic distillation unit.

[0072] In various embodiments, the cleavage reactor is operable to transport a portion of
the contents through a cooling device and return the cooled portion to the cleavage reactor,
thereby managing the exothermicity of the cleavage reaction. Alternatively, the reactor may
be operated adiabatically. In one embodiment, cooling coils operating within the cleavage
reactor(s) remove any heat generated.

Separation of Phenol from Cleavage Effluent

[0073] The major products of the cleavage reaction of cyclohexyl-1-phenyl-1-
hydroperoxide are phenol and cyclohexanone in proportions such that the weight ratio of
phenol to cyclohexanone in the cleavage effluent is less than or equal to 2.57, such as, from
about 0.7 to about 1.5, for example, from about 0.8 to about 1.2. In other words, the cleavage
effluent contains more cyclohexanone than the 28 wt% present in the azeotropic mixture of

phenol and cyclohexanone. Thus, simple distillation can be used to remove cyclohexanone
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from the cleavage effluent and leave an effluent fraction with reduced cyclohexanone content
desirably approaching the azeotropic amount of 28 wt%. However, pure phenol cannot be
recovered from the cleavage effluent by simple distillation.
[0074] To obviate this problem the present process employs extractive distillation in

5  which at least part of the cleavage effluent is combined with a solvent capable of breaking the
azeotrope between the phenol and cyclohexanone. The solvent employed includes at least
two alcoholic hydroxyl groups attached to non-adjacent saturated carbon atoms, the lowest
molecular weight example of which is 1,3-butanediol. In certain advantageous embodiments,
larger molecules providing a greater atomic distance between the two hydroxyl groups are

10 employed, and the solvent includes at least two alcoholic hydroxyl groups attached to non-
adjacent saturated carbon atoms, wherein the hydroxyl groups are separated by at least 4
atoms, or even at least 5 atoms. Suitable solvents wherein the hydroxyl groups are separated
by at least 4 atoms include 1,4-butanediol and 1,4- pentanediol. Suitable solvents wherein
the hydroxyl groups are separated by at least 5 atoms include 1,5-pentanediol, diethylene

15 glycol, triethylene glycol or tetracthylene glycol, 2-(2-hydroxy-propoxy)-propan-1-ol, 2-(2-
hydroxy-1-methyl-ethoxy)-propan-1-ol, and 4-oxa-2,6-heptandiol. In certain embodiments,
the proportion of the solvent relative to the mixture of cyclohexanone and phenol fed to
distillation is in the range of 1:10 to 10:1, or 1:5 to 5:1, or 1:1 to 4:1, these proportions being
on a weight basis.

20 [0075] The mixture comprising phenol and cyclohexanone to be separated using the
process of the present disclosure may contain at least 20 wt%, e.g., at Icast 30 wt%, at lcast
40 wt%, at least 50 wi%, at least 60 wt%, at least 70 wt%, at least 80 wt%, at least 90 wt%,
even at least 95 wit%, in various embodiments, of phenol and cyclohexanone in total, based
on the total weight of the feed.

25 [0076] In addition to the solvent and the cleavage effluent, the mixture employed in the
extractive distillation process includes one or more hemiketals defined by the formula (I) or

the formula (II):
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wherein R', the same or different at each occurrence, is independently a branched or straight-
chain alkylene group having from 2 to 10, in certain embodiments 2, carbon atoms, R’is a
branched or straight-chain alkylene group having from 4 to 10, in certain embodiments 4,

carbon atoms, and R® is hydrogen or the following group:

or one or more enol-ethers derived from the hemiketals defined by the formula (1) and the
formula (II).
[0077] In one embodiment, the hemiketal employed in the extractive distillation process

is defined by the formula (I11):
HO o} OH
NN\

(II1)

and the enol-ether thereof is defined by the formula (TV):
OH

ol

[0078] In another embodiment, the hemiketal employed in the extractive distillation

process is defined by the formula (V):

HO O\/\O /\/O\ /OH

(V)

and the enol-ether thereof is defined by the formula (VI):
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olie

and/or by the formula (VII):

oie

[0079] In a further embodiment, the hemiketal employed in the extractive distillation

5 process is defined by the formula (VIII):

HO O,

%

OH

(VIID)

and the enol-ether thereof is defined by the formula (IX):
O,

OH
Ix)

10 [0080] In yet a further embodiment, the hemiketal employed in the extractive distillation

;

process is defined by the formula (X):

HO,

HO, O\/\/\
6]

)

and the enol-ether thereof is defined by the formula (XI):



10

15

20

WO 2013/165659 PCT/US2013/035799

HO
O\A/\
O
XD

and/or by the formula (XII):
O\/\/\
o

(XID

[0081] It will be appreciated that the hemiketals and enol-ethers described above may be
the reaction products of cyclohexanone and the solvent employed in the distillation process,
or may be intentionally added into the feed. In particular, the hemiketals and enol-ethers of
formulas (IIT) to (VII) can be the reaction products of cyclohexanone and diethylene glycol,
whereas the hemiketals and enol-ethers of formulas (VIII) to (XII) can be the reaction
products of cyclohexanone and 1,4-butanediol. The hemiketals and enol-ethers can be
partially or completely formed in situ during the distillation process or may be partially or
completely produced in a separate reaction between the solvent and cyclohexanone.

[0082] Where the hemiketals and enol-ethers described above are produced in a separate
reaction between the solvent and cyclohexanone, the reaction is desirably conducted at a
temperature in the range of 20°C to 200°C, such as 70°C to 180°C, or 90°C to 160°C and a
pressure in the range of 1 torr to 1000 torr, such as 10 torr to 760 torr, or 40 torr to 400 torr,
all absolute (i.e., including vacuum conditions). Note 1 torr =1 mm Hg @ 0°C. The reaction
may take place in the presence, or absence, of phenol and/or in the presence, or absence, of a
catalyst.

[0083] The amount of hemiketal and enol-ether charged or fed to distillation is desirably
in the range of at least 0.01 wt% to no greater than 10 wt%, or at least 0. 1 wt% to no greater
than 5.0 wt%, or at least 1.0 wt% to no greater than 3.0 wt%, with respect to the total weight
of cyclohexylbenzene and cyclohexanone, the solvent, and the hemiketal and enol-ether
charged or fed to distillation. The amount of the enol-ether present in the whole mixture in
the distillation boiler can vary over time during the whole distillation campaign. For
example, the total amount of enol-ether in the whole mixture in the distillation boiler can

range from 20%-1000%, e.g., 30%-800%, 40%-700%, 50%-500%, 60%-400%, 70%-300%,
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80%-200%, of the initial total amount thereof charged into the boiler. Likewise, the total
concentration of enol-ether in the whole mixture in the distillation boiler can range from
20%-1000%, e.g., 30%-800%, 40%-700%, 50%-500%, 60%-400%, 70%-300%, 80%-200%,
of the initial total concentration thereof charged into the boiler. The variation of the total
5 amount and total concentrations of the enol/ethers in the distillation mixture depends on
temperature, pressure, amount of water charged into the mixture, whether the process is
batch-based or continuous, and other factors.
[0084] The extractive distillation process used to separate the phenol from the
cyclohexanone in the cleavage cffluent may be conducted in a batch or continuous modec,
10 conveniently continuous.
[0085] In a batch distillation process, desirably a charge of material is introduced to a
bottoms, reboiler sump of a distillation column, above which there are a number of vapor-
liquid contacting trays, culminating in a condenser at the top of the column and means to
return some of the liquid overhead product to the top tray as reflux. Heat is applied to the
15 rcboiler, generating vapors that rise up the column, and that are condensed by the cooling
media in the condenser. The composition of the overhead product withdrawn changes with
time, beginning with a composition rich in components of the highest volatility and ending
with a composition rich in components of the lowest volatility. Various overhead products
cut from the condensor are directed to various dispositions as desired, for example, a set of
20  storage tanks. At a certain point, the distillation is stopped, and a fresh charge of material is
again provided to the reboiler sump.
[0086] In a continuous distiliation process, desirably a continuous feed stream of material
is introduced to a distillation column at a tray in between the reboiler at the bottom and the
condenser at the top of the column. The bottoms sump and the condenser are fitted with
25 means to continually withdraw a bottoms product and an overhead product, respectively, and
again a reflux is provided to the top tray. In continuous distillation, the composition of the
bottoms and overhead products generally do not change much with time, so long as the feed

stream composition is the same. More than one feed stream may be directed to more than

one location in the column, and sidestream products may be withdrawn from trays in between

30 the reboiler and condensor, or the column may be fitted with hip condensors or reboilers to

provide cooling or heating to material on trays in between the reboiler and condenser.

[0087] The extractive distillation process may be conducted over a wide range of

| pressure, conveniently in the range of 1 torr to 1000 torr, such as 10 torr to 760 torr, or 30 torr
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to 300 torr, including 50 torr to 100 torr, all absolute (i.c., including vacuum conditions).
Further, conveniently the aforementioned pressures are in the condenser of the distillation
column (the very top), and the pressure at the bottoms of the distillation column (desirably
the bottoms sump within the column) is higher than that of the condenser by no greater than
100 torr, such as no greater than 60 torr, or even no greater than 30 torr.

[0088] Temperatures employed in the extractive distillation may also vary widely,
desirably as a function of the selected operating pressure, and the proportions of phenol,
cyclohexanone, solvent and enol-ether present in the distillation at any given location or
plate, and further as a function of other materials that may be in the distillation, for example
cyclohexenone, adipoin  (2-hydroxycyclohexanone  monomer),  bicyclohexyl, or

cyclohexylbenzene, potentially entering the distillation with the mixture. Conveniently, the

" temperatures will be in the range of 60°C to 190°C, such as 70°C to 180°C, or 80°C to

170°C. Further, conveniently the aforementioned temperatures are lowest in the condenser of
the distillation column (the very top), and highest at the bottoms of the distillation column
(desirably the bottoms sump within the column or exiting a reboiler).

[0089] The reflux ratio in the extractive distillation process, that is, the ratio of the rate of
reflux flow back to the column from the condensor to the rate of overhead product taken from
the condensor, on a weight basis, is desirably in the range of 0.1 to 10, or 0.5 to 5, or 1.0 to
3.0.

[0090] Water may be produced during the extractive distillation process by the reaction
of cyclohexanone and the solvent to form the enol-cthers described above, but surprisingly,
removal of the water during the reaction does not serve to promote additional reaction and
generation of the hemiketals and enol-ethers. Tn fact, addition of water above that naturally
produced by the reaction of the cyclohexanone and the solvent can be used to suppress the
formation of hemiketals and enol-ethers, and control or prevent the associated loss of the
cyclohexonane and solvent. Water may be introduced at any point in the distillation, but
conveniently is introduced such that liquid water exists on the trays in the column where
there is a substantial presence of both cyclohexanone and the solvent. Conveniently the
water is introduced below the lowest feed location, or most conveniently to a location from 1
to 10 trays just above the reboiler, so that the water may be present in most of the column but
not present to any great extent, or at all, in the bottoms product.

[0091] The water may be introduced in either the liquid or vapor state. In a batch

distillation, it is convenient to simply include the desired amount of liquid water in the
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charge, and it may be convenient to provide means to continuously introduce water into the
bottoms sump to ensure it is present in the liquid phase during the time in the distillation
when cyclohexanone is still present in the sump, and does not simply all boil off at the
beginning of the batch distillation. In a continuous distillation, it is convenient to provide the
water as a liquid to the desired feed tray. In these cases, the reboiler provides the heat to
vaporize the liquid water and move it up the column to other trays, while the condensor
provides the cooling to form liquid water going down the trays, in compositions according to
the overall heat and material balance of the column.

[0092] The amount of watcr introduced to the extractive distillation process may vary
widely but, in certain embodiments, is at least 0.1 wt% and no greater than 20 wt%, or at least
I wt% and no greater than 10 wt%, or at least 3 wt% and no greater than 7 wt%, these
percentages being with respect to the total weight of feed and all components therein to the
distillation column. The reduction in the amount of hemiketals/enol-ethers provided by the
introduction of water to the distillation can also vary widely depending on several factors,
including the solvent sclected, the amount of water added, and the operating conditions and
other aspects of the overall heat and material balance of the distillation. For example, the
presence of water in the distillation may result in a reduction of at least 1 wt%, or at least 10
wit%, or at least 50 wt%, or at least 80 wt% of that produced by a distillation under the same
condition except in the absence of added water. The extent of reduction in enol-ether
presence may be gauged by analysis of the bottoms product in a continuous distillation with
and without water addition, or of the final reboiler sump product in a batch distillation.

[0093] The extractive distillation process separates the feed to the distillation column into
at least a first stream, conveniently as an overhead product, that is enriched in the higher
volatility components, conveniently including a preponderance of cyclohexanone, and a
second stream, conveniently as a bottoms product in a continuous mode, or residue in the
sump in a batch mode, that is enriched in the lower volatility components, namely the phenol,
solvent, and hemiketals/enol-ethers.

[0094] The second stream desirably comprises at least 80 wt%, or at least 90 wt%, or at
least 99 wt%, or at least 99.9 wt%, or even all of the phenol in the mixture separated in the
distillation process. In addition, the second stream desirably comprises at least 80 wt%, or at
least 90 wt%, or at least 99 wt%, or at least 99.9 wt%, of the solvent and no greater than 20

wt%, or no greater than 10 wt%, or no greater than 1 wt%, or no greater than 0.1 wt%, or
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even no greater than 0.01 wt% of the cyclohexanone in the mixture separated in the
distillation process.

[0095] In certain embodiments, the second stream may comprise no greater than 1.0 wt%,
or no greater than 1000 wppm, or no greater than 100 wppm, or no greater than 10 wppm, or
no greater than | wppm cyclohexanone. In certain embodiments, it may contain no
detectable cyclohexanone. In certain embodiments, the second stream may also comprise
from 1 wppm to 10.0 wt% hemiketal or enol-ether individually or combined, or from 10
wppm to 7.0 wt% hemiketal or enol-ether individually or combined, or from 100 wppm to 5.0
wt% hemiketal or enol-cther individually or combined, or from 0.1 wt% to 3.0 wt%
hemiketal or enol-ether individually or combined. These quantities are with respect to the
total weight of the second stream or aliquot thereof.

[0096] The first stream desirably comprises at least 80 wt%, or at least 90 wt%, or at least
99 wt%, or at least 99.9 wt%, or even all of the cyclohexanone in the mixture separated in the
distillation process. In addition, the first stream desirably comprises no greater than 20 wt%,
or no greater than 10 wt%, or no greater than 1 wt%, or no greater than 0.1wt% of the phenol
and no greater than 20 wt%, or no greater than 10 wt%, or no greater than 1 wt%, or no
greater than 0.1 wt% of the solvent separated in the distillation process.

[0097] In certain embodiments, the first stream may comprise at least 90.0 wt% or at least
95.0 wt%, or at least 99.0 wt%, or even at least 99.5 wt% cyclohexanone. In certain
embodiments, the first stream may also comprise no greater than 1.0 wt%, or no greater than
1000 wppm, or no greater than 100 wppm, or no greater than 10 wppm, or no greater than 1
wppm phenol. Thus, in certain embodiments, it may contain no detectable phenol. The first
stream may further comprise no greater than 1.0 wt%, or no greater than 1000 wppm, or no
greater than 100 wppm, or no greater than 10 wppm, or no greater than 1 wppm solvent.
Hence in certain embodiments, it may contain no detectable solvent. In certain embodiments,
the first stream may comprise no greater than 1.0 wt%, or no greater than 1000 wppm, or no
greater than 100 wppm, or no greater than 10 wppm,‘ or no greater than 1 wppm hemiketal or
enol-ether individually or combined. Hence, in certain embodiments, it may contain no
detectable hemiketal or enol-ether. These quantities are with respect to the total weight of the
first stream or aliquot thereof.

[0098] The first stream formed by the extractive distillation process may provide a

cyclohexanone product, or may be subjected to further processing and purification to produce
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a more refined cyclohexanone product. Such cyclohexanone products may be for use or sales
into, say, caprolactam production.

[0099] The second stream formed by the extractive distillation process is subjected to
further distillation, which can be simple distillation, to divide the second stream into a heavy
fraction enriched in lower wvolatility components, particularly the solvent and
hemiketals/enol-ethers, called “recovered solvent,” and a light fraction enriched in higher
volatility components, particularly the phenol. Desirably, the recovered solvent comprises at
least 80 wt%, or at least 90 wt%, or at least 99 wt%, or at least 99.9 wt% of each of the
solvent and hemiketals/enol-ethers in the feed to the further distillation process. In addition,
the recovered solvent desirably comprises no greater than 20 wt%, or no greater than [0
wt%, or no greater than 1 wt%, or no greater than 0.1 wt% of the phenol in the feed to the
further distillation process. In contrast, the light fraction desirably comprises at least 80 wt%,
or at least 90 wt%, or at least 99 wt%, or at least 99.9 wt%, or even all of the phenol (and any
cyclohexanone) in the feed to the further distillation process. In addition, the light fraction
desirably comprises no greater than 20 wt%, or no greater than 10 wt%, or no greater than 1
wt%, or no greater than 0.1 wt%, of the solvent and hemiketals/enol-ethers in the feed to the
further distillation process.

[0100] In certain embodiments, the recovered solvent may comprise no greater than 1.0
wt%, or no greater than 1000 wppm, or no greater than 100 wppm, or no greater than 10
wppm, or no greater than 1 wppm phenol. It may contain no detectable phenol. Should any
cyclohexanone be present in the second stream separated in further distillation, the recovered
solvent may comprise no greater than 1.0 wt%, or no greater than 1000 wppm, or no greater
than 100 wppm, or no greater than 10 wppm, or no greater than | wppm cyclohexanone.
Hence, it may contain no detectable cyclohexanone.

[0101] The light fraction from the further distillation process may be subjected to further
processing and purification to produce a phenol product.

[0102] In certain embodiments, the light fraction may comprise no greater than 1.0 wt%,
or no greater than 1000 wppm, or no greater than 100 wppm, or no greater than 10 wppm, or
no greater than 1 wppm solvent. Hence, in certain embodiments, it may contain no detectable
solvent. In certain embodiments, the light fraction may comprise no greater than 1.0 wt%, or
no greater than 1000 wppm, or no greater than 100 wppm, or no greater than 10 wppm, or no
greater than 1 wppm hemiketal/enol-ether. Hence, in certain embodiments, it may contain no

detectable hemiketal/enol-cther. In certain embodiments, should any cyclohexanone be
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present in the second stream separated in further distillation, the light fraction may comprise
no greater than 1.0 wt%, or no greater than 1000 wppm, or no greater than 100 wppm, or no
greater than 10 wppm, or no greater than 1 wppm cyclohexanone. Hence, in certain
embodiments, it may contain no detectable cyclohexanone.

[0103] The recovered solvent may be subjected to a third distillation to separate the
solvent from the hemiketals/enol-ethers or part or all of the recovered solvent may be
recycled to the extractive distillation column to provide at least some of the solvent and some
of the hemiketals/enol-ethers required in the extractive distillation process.

[0104] The present disclosure will now be more particularly described with reference to
the accompanying drawings. Thus, FIG. | is a schematic view of one embodiment of a
continuous process 100 for separating phenol and cyclohexanone. In this process, a
feedstock mixture comprising phenol and cyclohexanone in line 102 is combined with a
solvent/hemiketal/enol-ether stream (including fresh and recovered solvent having at least
two alcoholic hydroxyl groups attached to non-adjacent saturated carbon atoms and one or
morc hemiketals/enol-ethers) in line 132 to form a combined stream in line 104. The
combined stream in line 104 is provided to an extractive distillation column 106, which is
operated under conditions to separate the combined stream into a first stream as an overhead
product in line 108 and a second stream as a bottoms product in line 110.

[0105] The first stream in line 108 is richer in cyclohexanone than the combined stream
in line 104, for example, containing 99.99 wt% of the cyclohexanone found in the mixture,
only 0.01 wt% of the phenol found in the combined stream, and no detectable solvent,
hemiketal and enol-ether. The first stream in line 108 may optionally comprise water as may
be formed from the reaction of the solvent and cyclohexanone in extractive distillation
column 106 to produce hemiketals/enol-ethers or as may be added to extractive distillation
column 106 to suppress the reaction of the solvent and cyclohexanone to produce
hemiketals/enol-ethers.

[0106] The second stream in line 110 is richer in phenol than the combined stream in line
104, for example, containing 99.99 wt% of the phenol found in the mixture, only 0.01 wt% of
the cyclohexanone found in the combined stream, the solvent and hemiketals/enol-ether(s).
In the extractive distillation column 106, reaction between the solvent, and cyclohexanone
may take place depending on, among other things, the proportions of materials present,
particularly the quantity of hemiketals/enol-ethers provided to extractive distillation column

106 in line 104, and the operating conditions selected. If the quantity of hemiketal/enol-ether
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is sufficient, no additional hemiketal/enol-ether may be formed in the distillation column 106,
while if the quantity of hemiketal/enol-ether is insufficient, additional hemi-ketal/enol-ether
may be formed. Conveniently, there is little or no water in the second stream in line 110.
[0107] The second stream in line 110 is provided to a further distillation column, for
example, solvent recovery column 112, which is operated under conditions to separate the
second stream in line 110 into a light fraction in line 114 and a heavy or “recovered solvent”
fraction in line 116. The light fraction is richer in phenol than the second stream in line 110,
for example, containing 100% of the cyclohexanone and 99.9 wt% of the phenol found in the
second strcam, and no detectable solvent, hemiketal, and/or enol-ether. The recovered
solvent fraction in line 116 is richer in solvent and hemiketals/enol-ethers than the second
stream in line 110, for example, containing substantially all of the solvent and
hemiketals/enol-ethers found in the second stream, and only 0.1 wt% of the phenol found in
the second stream.

[0108] A first portion of the recovered solvent in line 116 is taken in line 118, and
provided to third distillation column, for example, solvent tailing column 120. Solvent tailing
column 120 is operated under conditions to separate the first portion of recovered solvent in
line 118 into a heavy purge stream in line 122 and a tailed solvent stream in line 124. The
heavy purge stream in line 122 is richer in hemiketals/enol-ethers than the first portion of
recovered solvent in line 118, for example, containing 20 wt% of the hemiketals/enol-ethers
and 10 wt% of the solvent found in the first portion of recovered solvent. Tailed solvent
stream in linc 124 is richer in solvent than the first portion of recovered solvent in line 118,
for example, containing 80 wt% of the hemiketals/enol-ethers and 90 wt% of the solvent
found in the first portion of recovered solvent.

[0109] A second portion of recovered solvent in line 116, for example, comprising the
balance of the recovered solvent in line 116, is taken by line 126 and is combined with the
tailed solvent in line 124 to form a recycle solvent stream in line 128. The recycle solvent
stream in line 128 is further combined with fresh solvent in line 130 to form the
solvent/hemiketal stream in line 132 discussed above.

[0110] The present disclosure will now be described with reference to the following non-
limiting Examples.

[0111] The materials used in the Examples were ACS Grade >99% cyclohexanone,
redistilled >99% phenol, ReagentPlus 99% diethylene glycol (DEG), and anhydrous 99.3%
ethylene glycol.
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Example 1

[0112] A glassware set-up consisted of a 250 or 500 mL round-bottom flask attached to a
condensing tube to allow the charged liquid to boil and then condense and return to the pot.
The system was blanketed in nitrogen and maintained at atmospheric pressure with the use of a
glass bubbler filled with mineral oil. The round-bottom flask was immersed in an oil bath to
heat it to the appropriate temperature. The oil bath was raised to immerse the flask using a lab
jackstand. Temperature in the oil bath was controlled to maintain an appropriate temperature in
the round-bottom flask. A stirrer bar was placed in the round-bottom flask to ensure that the
system was well-mixed and temperature was consistent. Samples were taken through the
sample port, which was a high-temperature silicon septum using an angled needle, valve,
syringe assembly. In addition to this set-up a Dean-Stark trap was attached during some
experiments to capture any water that was generated or solvent used during the experiments.
[0113] 100 gram mixtures, of reactants, reactants and solvents, or reactants and catalyst,
were charged to the round-bottom flask after being weighed and recorded. The flask was then
attached to the glassware assembly as described above. Once attached, nitrogen flow was
started to blanket the reaction and heating begun. The mixture was heated and refluxed for an
allotted amount of time, desirably ranging between 1.5 and 10 hours. Temperatures ranged
from about 130°C to 200°C, and pressures were atmospheric.

[0114] During heating and/or after heating and allowing the solution to cool, samples were
taken for analysis by gas chromatography (GC), gas chromatography-mass spectrometry (GC-
MS), Karl Fischer (KF), and/or infrared analysis (IR) to observe any signs of the reaction of
cyclohexanone with the glycol. Signs of reaction included formation of water, as seen through
the KF analysis, disappearance of the C=0 stretch using IR, or the appearance of a ketal in the
GC or GC-MS analysis.

[0115] From an initial charge of 15 wt% cyclohexanone, 15 wt% phenol, and 70 wt%
diethylene glycol (DEG), in the absence of any catalyst, refluxed for 8 hours at 153°C, GC-MS
analysis of a sample of the reaction product gave peaks at 36.228 and 59.798 minutes with the
MS spectrum shown in FIGs. 2 and 3, identified as the enol-ethers of Formulas (IV) and (VII),
respectively.

[0116] Measurements on the reaction product showed approximately 0.5 wt% of each of
the enol-ethers of Formulas (IV) and (VII), and 1000 wppm of water were formed over the 8

hour period.
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[0117] The above experiment was reproduced in the presence of acid catalysts, including
AmberlystTM 36 Wet solid ion exchange resin, 97% p-toluene sulfonic acid monohydrate, and
98% bismuth (III) subnitrate. Identical species were formed according the GC-MS analyses
and other measurements of those experiments, and the quantities of each formed were little
5 different from those formed in the absence of any catalyst.
Example 2
[0118] Another series of similar experiments to those of Example 1 were conducted on
100 gram mixtures of 15 wt% cyclohexanone, 15 wt% phenol, and 70 wt% DEG, in the
absence of any catalyst, and refluxed for 8 hours. A part of this series of experiments
10 included introducing water into the matrix, either before or after heating to about 133°C or
above (the presence of the water affects the boiling point of the mixture at atmospheric
pressure and temperatures were adjusted accordingly for a given experiment). When nine
grams of water were added to the 100 g mixture after heating to 133°C for 8 hours, there was
no sign that the reaction of cyclohexanone and DEG was reversed, i.e., the concentrations of
15 the enol-ethers of Formulas (IV) and (VII) did not change. However, adding six grams of
water to a 100 gram mixture before heating to the bubble temperature for eight hours
suppressed the reaction of cyclohexanone and DEG completely, and no enol-ether products
were seen. An addition of three grams of water to the 100 grams of mixture before heating to
its bubble temperature inhibited the reaction by approximately 50% relative to the
20 corresponding experiment where no water was introduced. The concentrations of the enol-
ethers of Formulas (IV) and (VII) with time in these experiments, where no water was added
and where water was added prior to heating, are shown in FIGs. 4 and 5, respectively. The
weight percentages are with respect to the 100 gram starting mixture plus added water, if any.
In FIG. 4, data points indicated by symbols 401, 403, and 405 are results of experiments run
25 with no water, 3 grams of water, and 6 grams of added water, respectively. In FIG. 5, data
points indicated by symbols 501, 503, and 505 are results of experiments run with no water, 3
grams of water, and 6 grams of added water, respectively.
Example 3
[0119] The experiments described in Example 3 monitor the formation of the enol-ethers of
30 Formulas (IV) and (VII) from diethylene glycol and cyclohexanone in a large-scale extractive
distillation process for the separation of a mixture of phenol and cyclohexanone. No added

water was present in these extractive distitlation experiments.
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[0120] The following description refers to FIG. 6, providing information on some pertinent
temperatures within the extractive distillation column and concentration of the enol-ethers of
Formulas (IV) and (VII) in the bottoms product. In FIG. 6, the symbol designated 601 is the
concentration of the enol-ether of Formula (IV) (on the GC apparatus having a retention time of
38.7 minutes), the symbol designated 603 is the concentration of the enol-ether of Formula
(VID) (on the GC apparatus having a retention time of 58 minutes), and both correspond to the
left hand scale. The curved line designated 605 is the bottoms product temperature in the
reboiler, the curved line designated 607 is temperature taken at a point in the column about 4
fect from the top of packing, and the curved line 609 is temperaturc taken at a point in the
column about 1 foot below the feed point (about 9 feet from the top of packing), and all
correspond to the right hand scale in degrees Fahrenheit (°F).

[0121] The extractive distillation column was 2 inches in diameter, outfitted with a reboiler
and full condensor, and included 16 feet of Pro-Pak ® 0.24 inch protruded packing within the
column along with periodic liquid distributers within the length of the packing, estimated to
provide from about 50 to about 80 actual separation plates. The column also had means to
continuously introduce a fresh feed into the center of the packing (about 8 feet below the top of
the packing), and continuously provide reflux and remove an overhead product from the
condensor and remove a bottoms product from the reboiler. Further, the column configuration
was such that any water produced within the column, and present as free water after condensing
material in the condensor, was isolated and not returned to the column with the reflux or
present in the overhead product. Finally, the column also had means to recycle the overhead
and bottoms products fully (with the exception of any free water just noted) as the feed to the
column, replacing completely the fresh feed, so as to operate the continuous column in a batch
type fashion and demonstrate the effect of introducing enol-ethers into the feed of the column.
The condenser was fitted with a vacuum pump to allow the column to operate at
subatmospheric pressure.

[0122] A mixture of phenol and cyclohexanone, 50 wt% of each, was prepared in one feed
tank, and fresh diethylene glycol as a solvent was loaded into another feed tank. The column
was charged with 100 grams of the mixture and 300 grams of the solvent from the tanks, and
flow from the tanks was stopped. The whole process started at 12:00 AM on Day 1. At about
9:00 AM on Day 1, heat was applied to the reboiler and cooling to the condenser, and
conditions were adjusted until the column was operating at a condenser pressure of about 1.5

psia and an overhead and bottoms product were available, which were both recycled in their

-33-



10

15

20

30

WO 2013/165659 PCT/US2013/035799

entirety to the feed point (both the overhead and bottoms were mixed in a tube that entered the
column at the feed location). It will be noted on FIG. 6 that the enol-cthers of Formulas (IV)
and (VII) were formed in the column once heat was applied.

[0123] Conditions of the column continued to be adjusted until a reflux to overhead
product ratio of 1.0 was obtained, with the result being that the overhead product was almost
pure cyclohexanone, containing less than 1200 wppm of phenol and no detectable solvent,
hemi-ketal and enol-ethers, and that the bottoms product was substantially only phenol, solvent,
and enol-ethers, containing less than 250 wppm of cyclohexanone. The column reached a
stable operating condition at about 8:00 PM on Day 1 with the column on total recycle as
described. Note that the enol-ethers found in the bottoms product were being recycled to the
feed of the column, and remarkably, the concentration of both in the bottoms product did not
change (within the normal level of analytical error and operating condition deviations),
demonstrating that no additional enol-ether was formed. Thus, the use of recovered solvent
containing enol-ethers in the extraction eliminates the additional formation of enol-ethers in the
extraction, preventing additional loss of valuable cyclohexanone and solvent.

[0124] Operations in this stable, total recycle mode continued until about 6:00 AM on Day
3, at which point the total recycle operation was ceased and transitioned to continuous feed
operations, wherein 100 grams per hour of mixture and 300 grams per hour of fresh solvent
were continuously fed to the column, again combined and provided to the feed point in the
column. The overhead and bottoms products were continuously removed from the column and
provided to other product tanks. Conditions in the column were adjusted to maintain similar
compositions of phenol overhead and cyclohexanone in the bottoms products as established
during the total recycle operation, and a stable, continuous feed operation was reached at about
9:00 AM that same day at a reflux to overhead product ratio of 1.0. Note that the concentration
of the enol-ethers drop, attributable to the continuous withdrawal of the bottoms product from
the column, but maintained a relatively constant level, indicating that they are continuously
being formed in the column from the substantially pure cyclohexanone and diethylene glycol
fed to the column when enol-ethers are not present in the feed to the column (and thus,
cyclohexanone and solvent are being continuously lost to new enol-ethers). Also, note the
response of the reboiler temperature (605) to the changes in concentration of enol-ether, with
higher temperatures at higher concentrations.

[0125] The experiment was ended about noon on Day 4, when feed and product flows were

stopped and heat ceased to the reboiler.
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CLAIMS

1. A process for separating cyclohexanone and phenol, the process comprising:

(a) feeding to a distillation column a mixture comprising (i) cyclohexanone, (ii) phenol, (iii)
a solvent including at least two alcoholic hydroxyl groups attached to non-adjacent saturated
carbon atoms and (iv) at least one hemiketal defined by the formula (I) or the formula (II),
and/or at least one enol-cther derived from the hemiketal defined by the formula (I) or the

formula (II):

HO, <}—{w}—o~{w9—a@

@®

o o—{re}-or

{an
wherein R', the same or different at each occurrence, is independently an alkylene group
having from 2 to 10 carbon atoms, R? is an alkylene group having from 4 to 10 carbon atoms,

and R is hydrogen or the following group:

wherein the total concentration of the hemiketal and enol-ether in the mixture, expressed in
terms of weight percentage on the basis of the total weight of the mixture, is at least 0.01%;
and

(b) distilling at least a portion of the mixture in the distillation column.

2. The process of claim 1, wherein the total concentration of the hemiketal and the enol-

ether in the mixture is at least 0.10%.
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3. The process of claim 1, wherein said solvent is diethylene glycol and R' is an ethylene

group.

4. The process of claim 3, wherein said hemiketal is defined by the formula:

HO, O\/\O /\/OH

and said enol-ether thereof is defined by the formula:

o

5. The process of claim 3, wherein said hemiketal is defined by the formula:

NN\

and said enol-ether thereof is defined by the formula:

oliie

DAVAN

and/or by the formula:

i
i
<
|
i
«
|
i
«

)
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6. The process of claim 1, wherein said solvent is 1,4-butanediol and R? is 1,4-butylene.

7. The process of claim 6, wherein said hemiketal is defined by the formula:

HO, O\/\/\
OH

and said enol-ether thereof is defined by the formula:

AVAVAS

8. The process of claim 6, wherein said hemiketal is defined by the formula

HO
HO Q\\//“\\//\\
O
and said enol-ether thereof is defined by the formula:

AN
A

and/or by the formula:
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9. The process of claim 1, wherein said distilling (b) is conducted in the presence of

water.

10.  The process of claim 9, wherein water is present in an amount in the range from 0.1

wt% to 20 wt%, based on the total weight of the mixture fed to the distilling (b).

11.  The process of claim 1, wherein said distilling (b) separates the mixture into a first
stream rich in cyclohexanone and a second stream rich in phenol, the solvent, and said

hemiketal and/or enol-ether.

12. The process of claim 11, further comprising (¢) distilling said second stream to

separate at least part of the phenol therefrom and produce a recovered solvent.

13. The process of claim 12, wherein the recovered solvent further comprises said
hemiketal and/or enol-ether and provides at least a portion of said hemiketal and/or enol-ether

present in the mixture.

14. A process for making phenol and cyclohexanone, the process comprising:

(A) contacting benzene and hydrogen with a catalyst under hydroalkylation conditions
to produce a first effluent comprising cyclohexylbenzene;

(B) oxidizing at least part of the cyclohexylbenzene in the first effluent to produce a
second effluent comprising cyclohexylbenzene hydroperoxide;

(C) cleaving at least part of the cyclohexylbenzene hydroperoxide in the second
effluent stream to obtain a product mixture comprising phenol and cyclohexanone; and

(D) separating the product mixture by:

(a) feeding to a distillation column a charge comprising (i) at least a portion of
the mixture, (ii) a solvent including at least two alcoholic hydroxyl groups attached to non-
adjacent saturated carbon atoms, and (iii) at least one hemiketal defined by one the formulae
(1), (II), and/or at least one enol-ether derived from the hemiketal defined by the formula (I)
or the formula (II):
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HO o—(RZ)—OR?'
uy

wherein R', the same or different at each occurrence, is independently a branched or straight-
chain alkylene group having from 2 to 10 carbon atoms, R* is a branched or straight-chain

alkylene group having from 4 to 10 carbon atoms, and R? is hydrogen or the following group:

;and

(b) distilling at least a portion of the charge in the distillation column.
15.  The process of claim 14, wherein R' is ethylene and R? is 1,4-butylene.

16. A composition of matter comprising: (i) phenol, (ii) cyclohexanone, (iii) a solvent
including at least two alcoholic hydroxyl groups attached to non-adjacent saturated carbon
atoms, and (iv) 0.01 wt% to 10 wt%, based on the total weight of the composition, of a

hemiketal defined by the formula (I) and/or an enol-ether derived from the hemiketal defined

by the formula (I):

HO (3———(Fat}——CJ———(tha——CJ??

@
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wherein R', the same or different at each occurrence, is independently an alkylene group
having from 2 to 10 carbon atoms, R* is an alkylene group having from 4 to 10 carbon atoms,

and R® is hydrogen or the following group:

S OH
17.  The composition of claim 16, wherein R' is an ethylene group.
18. The composition of claim 16, wherein R? is an alkylene group having 4 carbon atoms.
19. A composition of matter according to claim 16, the composition comprising a

hemiketal defined by the formula (III):
HO O OH
\/\o/\/

(I1T)

and/or an enol-ether thereof defined by the formula (IV):

VAV AYS
O
Iv)
20. A composition of matter according to claim 16, the composition comprising a

hemiketal defined by the formula (V):

HO O\/\O /\/O\ /OH

V)
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and/or an enol-ether thereof defined by the formula (VI):

oie

>

and/or an enol-ether thereof defined by the formula (VII):

é\/\/\/"\
@ (VID
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