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PRODUCTION OF CYCLIC ACETALS OR KETALS USING SOLID ACID
CATALYSTS

1. Field Of The Invention
The invention relates to the production of cyclic acetals or ketals at

high yields and long catalyst life.

2. Background Of The Invention

Ether alcohols, such as 2-butoxyethanol, have important industrial
functions in products such as cleaning supplies and coating materials. In the
past, the manufacture of these products has been based on a process relying
on a reaction between an alcohol and ethylene oxide. This conventional
process has proven to be somewhat inefficient, in that it produces various
undesirable byproducts along with the ether alcohols.

Monoether glycols can also be manufactured in a reaction between
aliphatic aldehydes and ethylene glycol, instead of ethylene oxide, under
acidic conditions in order to produce cyclic acetals. The acetal of ethylene
glycol and butyraldehyde, for example, is described by Hibbert and Timm
(Hibbert, H.; Timm, J.A. J. Am. Chem. Soc. 1924, 46(5), 1283-1290) and is
achieved with a maximum yield of 50%. These cyclic acetals, or ketals when
a ketone is substituted for the aldehyde, can then be subjected to
hydrogenolysis in the presence of palladium and phosphoric acid catalysts.
Such a process is described in U.S. Patent No. 4,484,0009.

The reaction of the polyhydroxyl compounds with aldehydes or ketones
is an equilibrium reaction with the acetal product and by-product water. Yield
of acetal or ketal is reduced via hydrolysis of the acetal by the co-product
water. Thus, it is desirable to remove water from the reaction system to
increase yield of the acetal.

The separation of water from the reaction mixture has been difficult
since it often forms an azeotrope with the aldehyde reactants and with the

cyclic acetal products. Entrainers have been employed to remove water
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through azeotropic distillation. Sulzbacher and coworkers, for example,
describe removing the water by using benzene during the preparation of a
number of acetals of ethylene glycol (Sulzbacher, M. et.al. J. Am. Chem. Soc.
1948,70(8), 2827-2828) . The environmental and health impact of benzene is
an obvious concern in this method. Dessicants such as calcium chloride (DE
419223; Brénsted and Grove J. Am. Chem. Soc. 1930, 52(4), 1394-1403)
may be employed in the reaction vessel to remove water as it is formed, but
disposal of the generated solid waste is an economic and environmental
concern.

Another method as described by Astle and coworkers, involves heating
the glycol and aldehyde over an heterogeneous acidic resin and distilling out
the acetal and water as they are formed (Astle, M.J. et al, Ind. Eng. Chem.
1954 .46(4), 787-791). This method generally had low yields with one
example for the manufacture of 2-butoxyethanol reported as having a yield of
about 92% using a molar ratio of ethylene glycol to butyraldehyde of about
1.3:1. In these reactions, water was being separated from the reaction
mixture in the flask as the water was being formed, and upon completion, the
reaction mixture in the flask was filtered and phase separated. The removal
of water from the reaction mixture as it was being formed follows from the
understanding that the reaction of the polyhydroxyl compounds with
aldehydes is an equilibrium reaction with the acetal product and by-product
water, and the yield of acetal is reduced via hydrolysis of the acetal by the co-
product water or can be increased with the removal of water as it is formed.

One pot reaction systems have also been reported, that is, reacting an
aldehyde and a polyhydroxyl with hydrogen in the presence of a noble metal
catalyst directly to the desired ether alcohol. For example, U.S. Pat. No.
5,446,210 describes a process for the production of hydroxy ether
hydrocarbons in a one pot system by reacting a polyhydroxyl with an
aldehyde and hydrogen in the presence of a noble metal catalyst where the
molar ratio of polyhydroxyl to aldehyde compound ranges from 5:1to 1:5is

described, but with these molar ratios, the yield was low in the range of 35 to

2



WO 2012/177417 PCT/US2012/041459

10

15

20

25

50% when including the bis- types of by-products with low selectivity to the
mono-ether products.

US Publication No. 2010/0048940 also describes a one pot system in
which a polyhydroxyl and a aldehyde compound and hydrogen are reacted
together in the presence of a hydrogenolysis catalyst to provide the
polyhydroxyl ether, where the molar ratio of polyhydroxyl to aldehyde exceeds
5:1 to improve selectivity and yield. An example of a two stage process in
which the acetal compound was first synthesized and then subjected to
hydrogenolysis was reported without describing the yield value of the acetal
produced, although the yield to the 2-butoxyethanol by hydrogenolysis of the
acetal was reported as having a selectivity of about 61%.

In US Patent 5917059 to BASF Aktiengesellschaft, the authors
generate cyclic acetals and ketals by reacting a molar excess of aldehydes
and ketones with polyhydroxyl compounds in the presence of an acid catalyst.
The water is removed by continuously distilling unreacted aldehydes or
ketone starting materials, thus co-distilling the formed water in the
water/aldehyde azeotrope, and further replacing the distilled aldehyde or
ketone with fresh aldehyde or ketone. The aldehydes and ketones act not
only as a reactant but also as a medium for transporting the water produced in
the reaction. This method requires large excess of aldehyde (e.g. 4:1 molar
ratio of aldehyde:alcohol) to be successful.

Reactive distillation is employed in US Patent 6,015,875 and US Patent
7,534,922 B2 to generate low boiling acetals. The authors make use of
heterogeneous acids in the packing of the column and feed low boiling
starting materials such as methanol, ethanol, formaldehyde, and
acetaldehyde. The formed acetals are removed overhead above the
distillation reaction zone and the co-product water is removed below the
distillation reaction zone. This method limits the types of usable reactants to
those producing materials that boil at a temperature lower than water.
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As can be seen from the available literature, there exists a continued
need to produce cyclic acetal or ketal compounds in high yield with a long

catalyst life using a simple economic process.

3. Brief Summary of the Invention

Cyclic acetals and ketals can now be produced in high yield with a long
life non-exotic catalyst in a simple method which does not require removal of
water as it is generated. Contrary to the expectation that yields would be
unacceptably low unless water is removed during its formation as a by-
product, the process of the invention allows one to react all starting materials
in the liquid phase in one reaction zone to make a reaction mixture which is
removed in the liquid phase and subsequently distilled to produce the desired
cyclic acetal or ketal in high yields.

There is now provided a continuous process for making a cyclic acetal
or ketal compounds comprising:

a. feeding a carbonyl composition comprising an aldehyde compound, a
ketone compound, or a combination thereof, and a polyhydroxyl
composition comprising a polyhydroxyl compound, to a reaction zone at a
molar ratio of all polyhydroxyl compounds to all carbonyl compounds fed to
the reaction zone of at least 3:1; and

b. reacting the carbonyl composition with the polyhydroxyl compound in
the presence of a solid acid to generate a liquid reaction mixture
comprising cyclic compounds, water, and unreacted polyhydroxyl
compounds; and

c. without separating water from the reaction mixture as it is being formed
in the reaction mixture, withdrawing the liquid reaction mixture from the
reaction zone as a liquid product stream; and

d. feeding the liquid reaction product stream directly or indirectly to a
distillation column to separate cyclic compounds from unreacted

polyhydroxyl compounds and withdrawing from the distillation column an
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overhead product stream and a bottoms stream, wherein the overhead
product stream comprises cyclic compounds, unreacted polyhydroxyl
compounds and water and is rich in the concentration of cyclic compounds
by moles relative to the bottoms stream, and the bottoms stream
comprises unreacted polyhydroxyl compounds and is rich in the
concentration of unreacted polyhydroxyl compounds by moles relative to
the overhead product stream;
wherein the selectivity to cyclic compounds in the overhead product
stream is at least 90%.

The yield of cyclic acetal or ketal compounds taken in an overhead
product stream can also be at least 90%.

In the process of the invention, one may also recycle to the reaction
zone at least a portion of unreacted polyhydroxyl compounds withdrawn from
the distillation column in the bottoms stream. Reaction by-products other than
water may also be withdrawn from the bottoms stream to produce a
polyhydroxyl rich stream and an organic by-product rich stream, following
which at least a portion of the polyhydroxyl compounds in the polyhydroxyl
rich stream can be recycled to the reaction zone.

4. Brief Description Of The Drawings

Figure 1 is a process flow diagram for the production of cyclic acetal or
ketal compounds in a reaction zone followed by distillation, separation, and
recycling a portion of polyhydroxyl compounds to the reaction zone.

5. Detailed Description of the Invention

There is now provided a continuous process for making cyclic
compounds. By a cyclic compound is meant a compound having a ring
structure that has two oxygen atoms in the ring structure that are single
bonded to the same carbon atom in the ring structure. The cyclic compounds
can be cyclic acetal compounds or cyclic ketal compounds. The cyclic
compounds are made by feeding carbonyl compounds and a polyhydroxyl
composition comprising a polyhydroxyl compound, to a reaction zone at a
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molar ratio of all polyhydroxyl compounds and all aldehyde or ketone
compounds fed to the reaction zone of at least 3:1. By carbonyl compounds
is meant aldehyde compounds, ketone compounds (depending upon whether
one desires to make an acetal or ketal), or a mixture of the two.

The carbonyl composition fed to the reaction zone contains one or
more types of aldehyde or ketone compounds. Aldehyde compounds contain
at least one aldehyde functionality. The aldehyde and ketone compounds can
be represented by the Formula |:

R'-C=0

I
R?

in which R" and R? are independently hydrogen or a C+-Cs alkyl, C2-Cso
alkenyl, aryl-C4-Csg alkyl, aryl-C»-Cso alkenyl-, or C3-Cy2 cylcoalkyl, and
wherein R' and R?are optionally connected through one or more carbon
atoms, and wherein the alkyl, alkenyl, aryl, and cycloalkyl groups of R' and R®
are optionally saturated or unsaturated, and branched or unbranched or
substituted or unsubstituted with 1, 2, or 3 groups comprising -OH, halogen,
dialkylamino, C+-Cs alkyl, aldehyde, ketone, carboxylic acid, ester, ether,
alkynyl, dialkylamide, anhydride, carbonate, epoxide, lactone, lactam,
phosphine, silyl, thioether, thiol, aryl, phenol, or combinations thereof; and
wherein when one of R or R? is hydrogen, the compound will be an aldehyde
and wherein when neither R' and R? are hydrogen the compound is a ketone.

The aldehyde compound may have, if desired, at least one aldehyde
functional group wherein the aldehyde carbon atom is bonded to a (i)
branched or unbranched C+-Cg alkyl group or (ii) an aryl or alicyclic group
which is optionally substituted with a branched or unbranched C;-Cg alkyl
group.

Examples of aldehyde compounds include, but are not limited to,
benzaldehyde, acetaldehyde, propionaldehyde, butyraldehyde,
isobutyraldehyde, pentaldehyde, 2-methylbutyraldehyde, 3-
methylbutyraldehyde,n-pentanal, isopentanal, hexaldehyde, heptaldehyde, 2-
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ethylhexaldehyde, octanal, nonanal, n-decanal, 2-methylundecanal,lauryl
aldehyde, myristyl aldehyde, cetyl aldehyde, stearyl aldehyde, behenyl
aldehyde, glutaraldehyde, acrolein, crotonaldehyde, oleyl aldehyde, linoleyl
aldehyde, linolenyl aldehyde, erucyl aldehyde, cinnamaldehyde, 1,3-
cyclohexanedicarboxaldehyde, 1,4-cyclohexanedicarboxaldehyde, and
combinations thereof.

Examples of ketone compounds include, but are not limited to,
acetone, methyl ethyl ketone (2-butanone), methyl propyl ketone (2-
pentanone), methyl isopropyl ketone (3-methyl-2-butanone), methyl isobutyl
ketone (4-methyl-2-pentanone), 2-hexanone, 2-heptanone (methyl amyl
ketone), 2-octanone, and acetophenone.

The polyhydroxyl composition fed to the reaction zone contains one or
more types of polyhydroxyl compounds. Polyhydroxyl compounds have at
least two hydroxyl (-OH) functionalities. The polyhydroxyl compounds may
contain ether or ester linkages in the longest carbon chain.

Suitable polyhydroxyl compounds for the present invention include, but
are not limited to ethylene glycol, 1,2-propanediol, 1,3-propanediol, 1,4-
butanediol, 1,3-butanediol, 1,2- butanediol, 1,2-pentanediol, 2,4-pentandiol,
2,2-dimethyl-1,3-propanediol, diethyleneglycol, and triethyleneglycol, glycerin,
trimethylolpropane, xylitol, arabitol, 1,2- or 1,3cyclopentanediol, 1,2- or 1,3-
cyclohexanediol, and 2,3-norbornanediol.

The cumulative amount of polyhydroxyl compounds and carbonyl
compounds fed to the reaction zone are at a molar ratio of polyhydroxyl
compounds relative to carbonyl compounds (aldehyde or ketone compounds)
of at least 3:1, or at least 4:1, or more than 5:1, or at least 6:1, or at least 7:1,
or at least 8:1, or at least 9:1, or at least 10:1, or at least 13:1. There is no
particular upper limit. It is economically desirable to limit the amount of
polyhydroxyl compounds that need to be separated and recycled balanced
against the need to use an excess sufficient to enhance selectivity and yield
to the desired cyclic acetal or ketal. Practically, a molar ratio of polyhydroxyl
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compounds to carbonyl compounds does not need to be more than 30:1, or
not more than 20:1, and even not more than 15:1.

The molar ratio of polyhydroxyl compounds to carbonyl compounds is
determined by the total amount fed to the reaction zone. If a recycle stream
of polyhydroxyl compounds is fed to the reaction zone, this quantity should be
factored into the molar ratio.

The polyhydroxyl composition and the carbonyl compounds
composition may be fed as separate streams or as a combined stream into
the reaction zone. If viscosity variances between the two are sufficiently
great, it is desirable to pre-mix at least a portion of the polyhydroxyl
composition with at least a portion of the carbonyl compounds to increase the
yield and improve the number of contact sites between the aldehyde or
ketone functionalities and hydroxyl functionalities. As shown in Figure 1, a
polyhydroxyl composition stream 1 and a carbonyl compound composition
stream 2 are premixed in a mixing zone prior to entering reaction zone
through a reactant feed stream 3. It is also possible to feed the recycle
stream 10 containing unreacted polyhydroxyl compounds into the mixing zone
to adequately mix and uniformly disperse or dissolve all the carbonyl
compounds in the polyhydroxyl composition, especially if the polyhydroxyl
composition has a significantly higher viscosity than the carbonyl composition.

Either or both the polyhydroxyl composition and the carbonyl
composition may be pre-heated if the viscosity of either or both are too high to
provide satisfactory mixing or if either or both are solids at ambient conditions.
The polyhydroxyl compounds and the carbonyl compounds should be in the
liquid state upon entry into the reaction zone.

Polyhydroxyl compounds and the carbonyl compounds fed to the
reaction zone are reacted in the presence of solid acidic particles. The
particles are in the solid phase (heterogeneous) dispersed in the liquid
reaction medium under reaction conditions inside the reaction zone. The
acidic particles may be a fixed bed or may be dispersed and mobile and fed to

the reaction zone separately or premixed into one or both of the polyhydroxyl
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composition stream(s) 1, the carbonyl composition stream(s) 2, the recycle
stream(s) 10, or the reactant stream 3 fed to the reaction zone. To avoid
having to filter the solids from the product stream, it is desirable to use a fixed
catalyst bed. The reaction zone is desirably liquid full and the reaction
mixture in the reaction zone flows in the direction of the feed entry points to
the effluent locations. In a horizontal vessel, this can be a horizontal flow from
left to right or right to left depending on the feed/effluent configuration. In a
vertically oriented vessel, this can be from top to bottom or bottom to top. In
one embodiment, the reaction mixture inside the reaction zone flows in an
upward direction of bottom to top. By having the feed entry points at or near
the bottom of the reaction zone and the effluent at the top of the reaction
zone, better mixing is obtained and the residence time for contacting the solid
acid is improved.

The reaction zone can be contained in any suitable vessel. In one
embodiment, the reaction vessel is a pipe or tank having an L/D ratio of more
than 1:1, or more than 2:1, or more than 3:1, or more than 4:1, or more than
5:1, or more than 6:1, or more than 7:1, or more than 8:1, or more than 9:1, or
more than 10:1.

The reaction vessel may be mechanically agitated. Practically, the
reaction vessel is not mechanically agitated, especially if a fixed catalyst bed
is employed. For example, a pipe loaded with solid acid catalyst can be used
without mechanical agitation, although if desired the pipe may contain weirs or
baffles to provide turbulent flow induced agitation. In a fixed bed design, the
solid catalyst particles can be retained between a support plate and a bed
limiter.

The reaction can proceed well under atmospheric pressure and at
elevated pressure. The pressure within the reaction zone can be at least 0.1
atm, or at least 0.5 atm, or at least 1 atm, or at least 1.05 atm, or at least 1.1
atm, or at least 1.5 atm, or at least 2 atm, or at least 3 atm, or at least 4 atm.
For most applications, the pressure does not need to exceed 10 atm, or

exceed 5 atm, or exceed 3 atm, or exceed 2 atm.
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Inside the reaction zone, polyhydroxyl compounds react with carbonyl
compounds to produce cyclic acetals or cyclic ketals or a mixture thereof,
water, and by-products. The cyclic acetal, for purposes of this description, is
the desired principal product produced from the reaction of the starting
aldehydes and starting polyhydroxyl compounds. The principal product, the
cyclic acetal, is the cyclic reaction product of one mole of the starting
aldehyde compound with one mole of the starting polyhydroxyl compound
releasing one mole of water. Examples of by-products in reaction mixture to
make cyclic acetals are aldehyde-aldehyde reaction products, polyhydroxyl-
polyhydroxyl reaction products, the secondary reaction products between
cyclic acetals with any other reactants or with itself, internal re-arrangement of
the cyclic acetal ring and any further reaction products resulting from the ring
re-arrangement, or a combination thereof. Since a high molar excess of
polyhydroxyl compound is used, unreacted polyhydroxyl compounds will also
be present in the reaction mixture. The reaction mixture may also contain
unreacted aldehyde compounds.

The same applies to the production of cyclic ketals. The cyclic ketal,
for purposes of this description, is the desired principal product produced from
the reaction of the starting ketones and starting polyhydroxyl compounds.

The principal product, the cyclic ketal, is the cyclic reaction product of one
mole of the starting ketone compound with one mole of the starting
polyhydroxyl compound releasing one mole of water. Examples of by-
products in reaction mixture to make cyclic ketals are ketone-ketone reaction
products, polyhydroxyl-polyhydroxyl reaction products, the secondary reaction
products between cyclic ketals with any other reactants or with itself, internal
re-arrangement of the cyclic ketal ring and any further reaction products
resulting from the ring re-arrangement, or a combination thereof. Since a high
molar excess of polyhydroxyl compound is used, unreacted polyhydroxyl
compounds will also be present in the reaction mixture. The reaction mixture

may also contain unreacted ketone compounds.
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The yield of a product compound (not by-products or water), whether
one desires to determine the yield of cyclic compounds, an acetal compound,
or a ketal compound, is determined by dividing the moles of product
compounds produced by the moles of reactant fed in the lowest molar
quantity, multiplied by 100. For example, the yield of cyclic compounds is
determined by dividing the moles of cyclic compounds produced by the moles
of corresponding aldehyde and/or ketone compounds fed, multiplied by 100.
The yield of cyclic acetal compounds is determined by dividing the moles of
cyclic acetal compounds produced by the moles of aldehyde compounds fed,
multiplied by 100. The vyield of cyclic ketal compounds is determined by
dividing the moles of cyclic ketal compounds produced by the moles of ketone
compounds fed, multiplied by 100.

Selectivity of cyclic compounds is determined by dividing the moles of
cyclic compounds produced by the moles of their respective aldehyde or
ketone compounds converted, multiplied by 100. Selectivity to the cyclic
acetal is determined by dividing the moles of cyclic acetal compounds
produced by the moles of aldehyde compounds converted, multiplied by 100.
Selectivity to the cyclic ketal is determined by dividing the moles of cyclic ketal
compounds produced by the moles of ketone compounds converted,
multiplied by 100.

Conversion to cyclic compounds is determined by dividing the moles of
cyclic compounds converted by the moles of the respective aldehyde or
ketone compounds fed, multiplied by 100. Conversion to cyclic acetals is
determined by dividing the moles of cyclic acetal compounds converted by the
moles of aldehyde compounds fed, multiplied by 100. Conversion to cyclic
ketals is determined by dividing the moles of cyclic ketal compounds
converted by the moles of ketone compounds fed, multiplied by 100.

In the process of the invention, high yields of cyclic compounds are
obtainable without the necessity of separating the by-product water from the
reaction mixture as it is being formed in the reaction mixture. Even though the

reaction is an equilibrium reaction with the presence of water having the
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capability to hydrolyze the acetal or ketal product and lower yield, the reaction
of polyhydroxyl compounds in high molar excess with aldehyde compounds in
the presence of the solid acid keeps the selectivity and yield of cyclic acetal
high. This has the advantage that water is not required to be removed by
distillation or other means in the reaction zone where the ion exchange
catalyst is present and as it is being formed in order to obtain high yields.
Further, the reaction processing window is widened and not constrained by
the boiling point ranges of the reactants and reaction products and by-
products. Furthermore, the catalyst life of solid acids is long and after 500
hours of continuous operation does not need to be replaced or regenerated.
In the process of the invention, the catalyst life (period of time before catalyst
activity diminishes by 30% from its activity as a fresh load) is at least 1 month,
or at least 6 months, or at least 1 year, or at least 2 years, or at least 3 years.

The cyclic reaction products formed in the reaction mixture contain an
acetal moiety or a ketal moiety or both. The cyclic compounds produced in
the process of the invention have two oxygen atoms single bonded to the
same carbon atom in the ring structure. Suitable cyclic acetal and ketal
moieties include 1,3-dioxolane moieties and 1,3-dioxane moieties, although
larger ring compounds having oxygen atoms in the 1,3 position are also
contemplated.

The cyclic compounds produced in the process of the invention that
includes a cyclic acetal moiety or a cyclic ketal moiety may be represented by

the general Formula II:
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wherein R', R%, R®, and R* are independently H; a branched or
un-branched C+-Csq alkyl, C-Cso alkenyl, aryl-C4-Csq alkyl, aryl-C,-Csg
alkenyl-, Cs-C+2 cycloalkyl, or a Cs-Cso carboxylate ester; and wherein
R' and R? may optionally be bonded to each other through one or more
carbon atoms, and wherein R, R?, R®, and R* optionally containing 1,
2, or 3 oxygen atoms in the alkyl or alkenyl group, and wherein the
alkyl, alkenyl, aryl, and cycloalkyl groups of R', R%, R®, and R* are
optionally substituted with 1, 2, or 3 groups independently selected
from -OH, halogen, dialkylamino, aldehyde, ketone, carboxylic acid,
ester, ether, alkynyl, dialkylamide, anhydride, carbonate, epoxide,
lactone, lactam, phosphine, silyl, thioether, thiol, and phenol;

wherein any one or both of R® and R* are optionally
independently a hydroxyl, halogen, dialkylamino, amine, aldehyde,
ketone, carboxylic acid, ester, ether, alkynyl, dialkylamide, anhydride,
carbonate, epoxide, lactone, lactam, phosphine, silyl, thioether, thiol, or
phenol;
wherein R®is branched or unbranched divalent alkyl or divalent alkenyl
group each having 1 to 20 carbon atoms and optionally containing 1, 2,
or 3 oxygen atoms in the alkyl or alkenyl group and optionally
substituted with -OH, halogen, dialkylamino, aldehyde, ketone,
carboxylic acid, ester, ether, alkynyl, aryl, dialkylamide, anhydride,
carbonate, epoxide, lactone, lactam, phosphine, silyl, thioether, thiol,
and phenol; and

wherein nis an integer selected from 0 or 1.

R', R% R® and R* may independently be H, or a branched or
un-branched C4-Cs alkyl group. Or, R', R?, R® and R* may
independently be H, or a branched or un-branched C+-C4 alkyl group.
R' may be a branched or unbranched C1-Cs alkyl group while R? is a
hydrogen atom to provide a cyclic acetal.

R® may be a branched or unbranched divalent alkyl group

having 1 to 6, or 1to 4, or 1 to 3, or 1 to 2 carbon atoms.
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Particularly useful cyclic acetals for this invention leading to
useful materials of commerce include 1,3-dioxolanes having R1 being
an alkyl group that can lead to “E-series” type solvents. Likewise, 1,3-
dioxolanes having R1 being an alkyl group and R3 being a methyl
group can lead to “P-series” type solvents.

Examples of cyclic acetals include 2-propyl-1,3-dioxolane, 2-propyl-1,3-
dioxane, 2-ethyl-1,3-dioxolane, 2-ethyl-1,3-dioxane, 2-methyl-1,3-dioxolane,
2-methyl-1,3-dixoane, 2-propyl-4-methyl- 1,3-dioxane, 5,5-dimethyl-2-propyl-
1,3-dioxane, 5,5-dimethyl-2-ethyl-1,3-dioxane, 2-ethyl-1,3-dioxepane, 2-ethyl-
1,3,6-trioxocane, 4-methanol-2-propyl-1,3-dioxolane, or 4-methanol-2-propyl-
1,3-dioxane, 4-methanol-2-propyl-1,3-dioxolane, and 2-propyl-1,3-dioxane-4-
ol.

Examples of cyclic ketals include 2,2-dimethyl-1,3-dioxolane, 2,2-
dimethyl-1,3-dioxane, 2,2,4-trimethyl-1,3-dioxolane, 2,2-dimethyl-1,3-
dioxepane, 4-methanol-2,2-dimethyl-1,3-dioxane, 2,2-dimethyl-1,3-dioxan-4-
ol, 2,2-dimethyl-1,3-6-trioxocane, 2-isopropyl-2-methyl-1,3-dioxolane, 2-
isopropyl-2-methyl-1,3-dioxane, 2-isopropyl-2,4-dimethyl-1,3-dioxolane, 2-
isopropyl-2-methyl-1,3-dioxepane, 4-methanol-2-isopropyl-2-methyl-1,3-
dioxane, 2-isopropyl-2-methyl-1,3-dioxan-4-ol, 2-isopropyl-2-methyl-1,3-6-
trioxocane, 2-methyl-2-pentyl-1,3-dioxolane, 2-methyl-2-pentyl-1,3-dioxane,
2,4-dimethyl-2-pentyl-1,3-dioxolane, 2-methyl-2-pentyl-1,3-dioxepane, 2-
methyl-2-pentyl-4-methanol-1,3-dioxolane, 2-methyl-2-pentyl -1,3-dioxan-4-ol,
2-methyl-2-pentyl-1,3-6-trioxocane,

The reaction proceeds in the presence of a solid acid which remains
solid under reaction conditions. The solid acid is desirably a Bronsted acid or
contains Bronsted acid sites. The reaction can proceed, for example, in the
presence of a solid ion exchange resin, desirably a solid acidic ion exchange
resin. The solid acid can be a weak or strong acid. Strongly acidic ion
exchange resins such as macroreticulated polymeric material derived from
styrene or styrene and acrylic resins, such as divinylbenzene, containing

pendant sulfonic acid groups are suitable. Examples of such resins include
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those available from Dow Chemical Company and those formerly offered by
Rohm and Haas, commercially available under the trade names of Amberlyst
and Amberlite. For example, suitable ion exchange resins include
Amberlyst® 15, Amberlyst 15DRY, Dowex® Monosphere 99 H, and Lewatit®
M S100, SP112, K1221, and K2641, available from Bayer AG. Other solid
acids include polymers containing acid functionality such as sulfonated
polymers, as examples Amberlyst, Dowex, Smopex (polypropylene polymer
manufactured by Johnson Matthey), Nafion (PTFE polymer), alumina, silica,
mixtures of silica and alumina, zeolites, such as ZSM-5, aluminum
phosphates, titanium oxides, tungsten on silica, heteropoly acids such as
phosphomolybdates or phosphovanidates, and zirconia.

The reaction mixture is not treated to separate water from the reaction
mixture prior to withdrawing the reaction mixture from the reaction zone. The
reaction zone is liquid full with the liquid in the reaction zone being well mixed
or proceeding in plug flow. The reaction temperature is no particularly limited.
The reaction conditions inside the reaction zone desirably keep the reaction
mixture in a liquid state and are not set to exceed the boiling point of any
ingredients under the reaction conditions. Suitable reaction temperatures are
at least -15°C, or at least 0°C, or at least 15°C, or at least 25°C, or at least
30°C, or at least 40°C, or at least 50°C and desirably less than 110°C, up to
100°C, or up to 90°C, or up to 80°C.

The reaction mixture is withdrawn from the reaction zone as a liquid
product stream line 4 as illustrated in Figure 1. The product stream is
considered a liquid product stream if water, cyclic compounds, and
polyhydroxyl compounds are present in the product stream as a liquid and
have not been subjected to temperatures above their boiling points in the
reaction zone under reaction zone conditions.

The liquid product stream removed from the reaction zone is also a
unique composition. There is now provided a liquid composition comprising
water, polyhydroxyl compounds, and cyclic compounds, each in the following

mole percentages based on the moles of all liquids in the composition:
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a. water: at least 2 mole%, or at least 3 mole%, or at least 6
mole%, or at least 9 mole%, or at least 12 mole%, and up to 35 mole%,
or up to 25 mole%, or up to 20 mole%, or up to 18 mole%,;

b. polyhydroxyl compounds: at least 50 mole%, or at least 60

mole%, or at least 70 mole%, or at least 75 mole%, or at least 80

mole%, and up to 95 mole%, or up to 90 mole%,;

C. cyclic compounds: at least 2 mole%, or at least 3 mole%, or at

least 6 mole%, or at least 9 mole%, or at least 12 mole%, and up to 35

mole%, or up to 25 mole%, or up to 20 mole%, or up to 18 mole%;
wherein the liquid composition optionally contains carbonyl compounds which,
if present, do not exceed 20% of the number of moles of cyclic compounds,
and wherein the cumulative amount of all liquid ingredient in the liquid
composition other than a), b), ¢), and carbonyl compounds, if present, does
not exceed 10 mole%, and the cyclic compounds comprise cyclic acetals,
cyclic ketals, or a combination thereof.

The liquid composition optionally contains carbonyl compounds (i.e.
aldehyde and/or ketone compounds) which, if present, do not exceed a
cumulative amount of 10%, or do not exceed 5%, of the number of moles of
cyclic compounds, and wherein the amount of any other liquid ingredient in
the liquid composition does not exceed 8 mole%, or does not exceed 5
mole%.

The cyclic compound in the liquid product stream may be a cyclic
acetal or a cyclic ketal. The liquid product stream line 4 is fed directly or
indirectly to a distillation column to separate the cyclic compounds and water
as one or more overhead product streams and unreacted polyhydroxyl
compounds as one or more bottoms streams. The overhead product
stream(s) may be a single overhead product stream as shown in line 5 of
Figure 1 or multiple overhead product streams. The overhead product
stream(s) exiting the distillation column is desirably a vapor stream(s). At
least a portion of the condensable compounds in these vapor streams are

desirably condensed for use as reflux and/or to isolate useful cyclic acetal
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products and thereafter purify the concentration of the liquid cyclic acetal
products through conventional concentration and/or separation techniques.
As shown in Figure 1, the distillation column has an overhead product stream
line 5, which is desirably a vapor when exiting the distillation column and may
be condensed if desired. The overhead product stream exiting the column is
rich in the concentration by weight of cyclic compounds relative to the
concentration by weight of cyclic compounds present in bottoms stream, or in
other words, the quantity of cyclic compounds in the overhead product stream
is greater than the quantity of cyclic compounds withdrawn from the distillation
column as a bottoms stream. It is preferred that the same holds true for water
in that water is present in the overhead product stream and the overhead
product stream is rich in concentration relative to the concentration in the
bottoms stream. By rich is meant a higher concentration (in mole%) in one
stream than the concentration of the same ingredient in the comparative
stream, and that the concentration is measured against all compounds which
condense at 0°C or higher (condensables). While the overhead product
stream may contain unreacted polyhydroxyl compounds, the overhead
product stream is depleted (concentration by moles is less) in the quantity of
this ingredient relative to its quantity (concentration by moles) present in the
bottoms stream. Thus, the bottoms stream is enriched in the number of
unreacted polyhydroxyl compounds relative to the number present in the
overhead product stream. The bottoms stream exits the distillation column as
a liquid stream. The bottoms stream may also contain by-products other than
water. Itis desirable that if by-products are present, that the quantity present
in the bottoms stream is greater than the quantity in the overhead product
stream.

The number of theoretical stages or plates in the distillation column can
be from about 5 to about 100, or about 10-30 plates.

The overhead product stream can be subjected to condensation in a
condenser. The condensate is collected in receiver or reflux drum and

optionally separated by any conventional means, such as a decanter. The
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upper organic rich phase of the condensate in the receiver is withdrawn and
recovered as product and can be further processed and purified to isolate a
purified cyclic compound stream. The lower phase of the receiver is water
rich, withdrawn from the receiver, and sent to a water treatment facility or
further processed. Instead of a condenser, the overhead product stream can
be fed to a second distillation column to separate water and unreacted
carbonyl compounds from the desired cyclic compounds.

Table 1 below illustrates the mole% ranges (concentration ranges) for
each ingredient in the overhead product stream removed from the distillation
column train and after decanting (including the combination of the aqueous
and organic phases), wherein the stated mole% is based on the weight of all

ingredients within the overhead stream:

Table 1
Ingredient Mole% Mole% Mole%
Water 30-50% 47-50% 48-49%
Unreacted 0.1-20% 0.2-5% 1.5-2.0%
Carbonyl
Compounds
By-Products 0-10% 0-1.0% 0.4-0.6%
Cyclic 30-50% 47-50% 48.5-49.5%
Compounds
(acetals, ketals,
or a combination)
Polyhydroxyl 0-20% 0-1.0% 0.4-0.6%
Compounds

The values in Table 1 above also apply to the mole% ranges for each
ingredient in the overhead product stream, wherein the stated mole
percentages are based on the cumulative moles of all fresh feeds entering the

process.
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The product stream exiting the reaction zone may optionally be
subjected to one or more process steps prior to entering the distillation
column. For example, if a mobile solid acid catalyst is used, the product
stream can be filtered to remove the solid catalyst prior to distillation.

The bottoms stream 6 can be subjected to further process steps if
desired. For example, the unreacted polyhydroxyl compounds present in the
bottoms stream may be separated from the bottoms stream by any
conventional separation technique. One such advantageous technique is
feeding the bottoms stream to a settling tank and phase separating the
unreacted polyhydroxyl compounds from the by-products. The by-products
advantageously phase separate as a top layer and can be decanted and
removed from the bottom polyhydroxyl layer as a by-product stream 7 while
the bottom polyhydroxyl layer can be removed at a location below the by-
product layer such as depicted in streams 9 and 10. Alternatively, the
bottoms stream may be subjected to an extraction separation technique
whereby a hydrocarbon extractant acting as a solvent for the more
hydrophobic by-products is mixed with the bottoms stream to assist in the
separation of the by-products stream. For example, organic solvents may be
used in the extraction of byproducts and introduced into an extraction zone
through stream 8. Suitable solvents include liquid hydrocarbons with four
carbons to more than twenty carbons, saturated and unsaturated, with or
without cyclic structures, aliphatic and cyclic ethers, esters, fatty acids,
halogenated hydrocarbons, aliphatic nitriles, and aliphatic and aromatic
amines. Specific examples of organic solvents include heptane, octane, and
nonane.

Often the polyhydroxyl compounds are separated from the bottoms
stream, at least a portion can be recycled back to the reaction zone. As
shown in Fig 1, stream 10, a portion or all of the polyhydroxyl compounds
separated from the bottoms stream and exiting the mixer/settler vessel are
returned to a mixing zone feeding the reaction zone. It is desirable to feed the

recycle stream 10 to the mixing zone if a mixing zone is present to uniformly
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disperse the carbonyl compounds in the polyhydroxyl composition. A portion
of the polyhydroxyl compounds separated from the bottoms stream may be
purged through stream 9 and further processed to purify and re-use the purge
stream.

The process of the invention is capable of producing a cyclic
compound yield of at least 90%, or at least 91%, or at least 92%, or at least
93%, or at least 94%, or at least 95%, or at least 96%, or at least 97%, and up
to 100%, or up to 99.5%, or up to 99%, or up to 98.5%, or up to 98% based
on the amount of aldehyde compounds fed to the reaction zone. The yield
can be conveniently determined by measuring the production of cyclic
compounds in the overhead product stream removed from the distillation
column.

It is desirable to convert at least 90%, or at least 91%, or at least 92%,
or at least 93%, or at least 94%, or at least 95%, or at least 96%, or at least
97%, or at least 98%, or at least 99%, and up to 100%, or up to 99.5%, or up
to 99% of the aldehyde compounds.

The selectivity to the cyclic compounds can be at least 90%, or at least
91%, or at least 92%, or at least 93%, or at least 94%, or at least 95%, or at
least 96%, or at least 97%, or at least 98%, or at least 99%, and up to 100%,
or up to 99.5%, or up to 99%.

The process of the invention may be run in a batch mode, a semi-
continuous mode, or a continuous mode. In a continuous mode and in a
steady state operation, the process of the invention has a capacity of
producing at least 70 metric tons/yr of cyclic compounds, or at least 85, or at
least 90, or at least 110 metric tons/yr.

The cyclic compounds in the separated cyclic compound stream can
be converted through hydrogenolysis to provide the corresponding ether
alcohol solvents. For example, the following cyclic acetals 2-propyl-1,3-
dioxolane, 2-propyl-1,3-dioxane, 2-ethyl-1,3-dioxolane, 2-ethyl-1,3-dioxane, 2-
methyl-1,3-dioxolane, 2-methyl-1,3-dioxane, 5,5-dimethyl-2-propyl-1,3-

dioxane, 2-ethyl-1,3-dioxepane, 2-ethyl-1,3,6-trioxocane, 4-methanol-2-
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propyl-1,3-dioxolane, or 2-propyl-1,3-dioxane-4-ol, are suitable to make their
respective solvents ethylene glycol monobutyl ether, 3-butoxy-1-propanaol,
ethylene glycol monopropyl ether, 3-propoxy-1-propanol, ethylene glycol
monoethyl ether, 3-ethoxy-1-propanol, 3-butoxy-2,2-dimethyl-1-propanol, 4-
propoxy-1-butanol, and diethylene glycol monobutyl ether, 3-butoxy-1,2-
propanediol, and 2-butoxy-1,3-propanediol through hydrogenolysis.

Examples

The following apparatus was used for Examples 1-7. A glass, jacketed
vessel was used as the reactor. It was maintained as liquid full by using an
up-flow orientation. The solid catalyst was contained in the reactor. A
distillation column was also used. The distillation column had two sections
each being 1” vacuum-jacketed glass columns filled with 0.24” Pro-Pak
distillation random packing. The upper section had 15" of packing, while the
lower section had 30" of packing. The bottom reboiler was a 1-liter glass, hot-
oil jacketed vessel attached to the bottom of the lower column section. The
top of the upper section was connected to a glass, jacketed, reflux splitter with
a magnetic swing-arm controller and a glass, jacketed condenser. The
attached vent hose was connected to an ice trap, pressure controller, and
vacuum pump. Vacuum-hose tubing was used to connect equipment. The
liquid stream from the column base was connected by tubing to a positive
displacement pump.

The tubing from the discharge of this pump was connected to a section
which had two embodiments: a settler and an extractor. Each will be
described. As a settler, tubing from the positive displacement pump was
connected to a 120-ml glass, jacketed vessel. This vessel had two exit ports,
one on the top and one on the bottom. During operations, it was maintained
liquid full. The top port was connected to another positive displacement pump
capable of removing byproduct material. The bottom port was connected by
tubing to feed-material pumps described shortly. As an extractor, a glass feed

vessel contained a solvent, e.g. octane. This solvent feed vessel was

21



WO 2012/177417 PCT/US2012/041459

10

15

20

25

30

connected to a positive displacement pump. The tubing from this pump and
the tubing from column bottom pump are connected together. This combined
stream was connected to a glass, 30-ml vessel maintained liquid-full which
contained a magnetically-driven stirrer. This mixed stream was connected to
a 120-ml glass, jacketed vessel. This vessel had two exit ports, one on the
top and one on the bottom. During operations, it was maintained liquid full.
The top port was connected to another positive displacement pump capable
of removing material enriched in byproduct material. The bottom port was
connected by tubing to feed-material pumps described below.

Glass feed vessels were used which contained aldehyde compound
feed material and polyhydroxyl compound feed material, separately. Each
was connected by tubing to its own positive displacement pump. Tubing from
these two feed-material pumps and tubing from the settler/extractor were
connected together. The combined stream from these pumps was connected
to a glass, 30-ml liquid-full vessel which contained a magnetically-driven
stirrer. A top exit port from the 30-ml vessel was connected to be bottom of
the reactor vessel, completing the liquid circuit. A process control system was
utilized to monitor temperatures and pump flow rates, and control the
distillation column reflux splitter using a column temperature set point.
Nominal rates were 1 ml/min for fresh aldehyde compound feed, 1 ml/min for
fresh polyhydroxyl compound feed, and 8 ml/min for unconverted recycled
material.

When AMBERLYST® 15DRY was used as catalyst, it was prepared as
follows. It was rinsed in DI water three times, and allowed to stand for one
hour or more in the polyhydroxyl compound. It was filtered and charged to the
reactor.

In the examples given, the aldehyde used is n-butyraldehyde, and the

polyhydroxyl compound is ethylene glycol.
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Example 1: AMBERLYST® 15DRY Catalyst, 50-ml Reactor, No settler or

extractor

AMBERLYST® 15DRY was prepared as described above and loaded
into a 50-ml glass reactor. The reactor jacket oil-bath temperature was set to
45°C. No settler or extractor was installed. The process ran for 60 hours
continuously, and samples were taken periodically. The conversion data
showed no decrease, indicating no loss in catalyst activity. The overall
conversion, selectivity, and yield were high: 93.1%, 99.0%, and 92.2%,

respectively.

Example 2: AMBERLYST® 15DRY Catalyst, 100-ml Reactor, No settler or

extractor

AMBERLYST® 15DRY was prepared as described above and loaded
into a 100-ml glass reactor. The reactor jacket oil-bath temperature was set
to 45°C. No settler or extractor was installed. The process ran for 70 hours
continuously, and samples were taken periodically. The conversion data
showed no decrease, indicating no loss in catalyst activity. The overall yield
overall conversion, selectivity, and yield were high: 98.0%, 99.4%, and 97.4%,

respectively.

Example 3: AMBERLYST® 15DRY Catalyst, 150-ml Reactor, No settler or

extractor

AMBERLYST® 15DRY was prepared as described above and loaded
into a 150-ml glass reactor. The reactor jacket oil-bath temperature was set
to 45°C. No settler or extractor was installed. The process ran for 76 hours
continuously, and samples were taken periodically. The conversion data
showed no decrease, indicating no loss in catalyst activity. The overall
conversion, selectivity, and yield were high: 97.7%, 99.4%, and 97.1%,

respectively.

23



WO 2012/177417 PCT/US2012/041459

10

15

20

25

30

Example 4: AMBERLYST® 15DRY Catalyst, 150-ml Reactor, Heptane Settler
Without Mixer

AMBERLYST® 15DRY was prepared as described above and loaded
into a 150-ml glass reactor. Using a pump, heptane was added intermittently

into the mixer, and a heptane-rich stream enriched in reaction byproducts was
pumped and removed from the top of the settler. The reactor jacket oil-bath
temperature was set to 45°C. A 15-ml settler was installed in the settler zone,
but no 30-ml mixer was installed. The process ran for 97 hours continuously,
and samples were taken periodically. The conversion data showed no
decrease, indicating no loss in catalyst activity. The overall conversion,
selectivity, and yield were high: 98.0%, 99.5%, and 97.5%, respectively.

Example 5: AMBERLYST® 15DRY Catalyst, 150-ml Reactor, Mixer-Settler
with Heptane Solvent

AMBERLYST® 15DRY from Example 4 was re-used. The reactor
jacket oil-bath temperature was set to room temperature (22°C). A 30-ml

mixer followed by a 120-ml settler was installed in the separation zone. Using
a pump, heptane was added intermittently into the mixer, and a heptane-rich
stream enriched in reaction byproducts was removed from the top of the
settler. The process ran for 96 hours continuously, and samples were taken
periodically. Since the catalyst was re-used from the previous example, the
accumulated catalyst operating time was 97-193 hours. The conversion data
showed no decrease, indicating no loss in catalyst activity. The overall
conversion, selectivity, and yield were high: 98.2%, 99.5%, and 97.7%,
respectively.

Example 6: AMBERLYST® 15DRY Catalyst, 50-ml Reactor, Mixer-Settler with
Octane Solvent
AMBERLYST® 15DRY from Example 5 was re-used. The reactor

jacket oil-bath temperature was set to room temperature (22°C). A 30-ml
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mixer followed by a 120-ml settler was installed in the separation zone. Using
a pump, octane was added intermittently into the mixer, and an octane-rich
stream enriched in reaction byproducts was removed from the top of the
settler. The process ran for 71 hours continuously. Because the catalyst was
re-used from the previous example, the accumulated catalyst operating time
was 193-264 hours. The conversion data showed no decrease, indicating no
loss in catalyst activity. The overall conversion, selectivity, and yield were
high: 97.8%, 99.3%, and 97.1%, respectively.

Example 7: AMBERLYST® 15DRY Catalyst, 100-ml Reactor, Settler, No
Mixer or Solvent

AMBERLYST® 15DRY was prepared as described above and loaded
into a 100-ml glass reactor. The reactor jacket oil-bath temperature was set

to room temperature (22°C). No mixer or solvent was used. A 120-ml settler
was installed in the separation zone. A second, less-dense liquid phase was
occasionally, intermittently removed from the top of the settler. The settler
jacket set-point temperature was 60°C. The process ran for 562 hours
continuously, and samples were taken periodically. The conversion data
showed no decrease, indicating no loss in catalyst activity. The overall
conversion, selectivity, and yield were high: 96.8%, 98.0%, and 94.9%

respectively.
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What We Claim Is:

1. A process for making a cyclic compound composition comprising:
a. feeding a carbonyl composition comprising an aldehyde
compound, a ketone compound, or a combination thereof, and a
polyhydroxyl composition comprising a polyhydroxyl compound, to a
reaction zone at a molar ratio of all polyhydroxyl compounds to all
carbonyl compounds fed to the reaction zone of at least 3:1; and
b. reacting the carbonyl composition with the polyhydroxyl
compound in the presence of a solid acid to generate a liquid reaction
mixture comprising cyclic compounds, water, and unreacted
polyhydroxyl compounds; and
C. without separating water from the reaction mixture as it is being
formed in the reaction mixture, withdrawing the liquid reaction mixture
from the reaction zone as a liquid product stream; and
d. feeding the liquid reaction product stream directly or indirectly to
a distillation column to separate cyclic compounds from unreacted
polyhydroxyl compounds and withdrawing from the distillation column
an overhead product stream and a bottoms stream, wherein the
overhead product stream comprises cyclic compounds, unreacted
polyhydroxyl compounds and water and is rich in the concentration of
cyclic compounds by moles relative to the bottoms stream, and the
bottoms stream comprises unreacted polyhydroxyl compounds and is
rich in the concentration of unreacted polyhydroxyl compounds by
moles relative to the overhead product stream;

wherein the selectivity to cyclic compounds in the overhead product stream is

at least 90%.

2. The process of claim 1, wherein at least a portion of unreacted

polyhydroxyl compounds are recycled back to the reaction zone.
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from unreacted polyhydroxyl compounds to produce a polyhydroxyl rich
stream and a by-product rich stream.

4. The process of claim 1, wherein said molar ratio is at least 5:1.
5. The process of claim 1, wherein the carbonyl compounds and
the polyhydroxyl compounds are premixed together prior to entry into

the reaction vessel.

6. The process of claim 1, wherein the reaction vessel contains a
fixed bed of solid acid.

7. The process of claim 6, wherein the reaction zone is liquid full.

8. The process of claim 7, wherein the reaction mixture flows in an

upward direction in a vertically oriented reaction zone.

9. The process of claim 8, wherein the reaction vessel is a pipe.

10.  The process of claim 1, wherein the cyclic compounds contain a

moiety represented by the Formula Il:
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wherein R', R%, R®, and R* are independently H; a branched or
un-branched C+-Csq alkyl, C-Cso alkenyl, aryl-C4-Csq alkyl, aryl-C,-Csg
alkenyl-, Cs-C+2 cycloalkyl, or a Cs-Cso carboxylate ester; and wherein
the alkyl, alkenyl, aryl, and cycloalkyl groups of R', R%, R®, and R*,
wherein R' and R® may optionally be bonded to each other through one
or more carbon atoms, and wherein R', R?, R®, and R* optionally
containing 1, 2, or 3 oxygen atoms in the alkyl or alkenyl group, and
optionally substituted with 1, 2, or 3 groups independently selected
from -OH, halogen, dialkylamino, aldehyde, ketone, carboxylic acid,
ester, ether, alkynyl, dialkylamide, anhydride, carbonate, epoxide,
lactone, lactam, phosphine, silyl, thioether, thiol, and phenol;

wherein any one or both of R® and R* are optionally
independently a hydroxyl, halogen, dialkylamino, amine, aldehyde,
ketone, carboxylic acid, ester, ether, alkynyl, dialkylamide, anhydride,
carbonate, epoxide, lactone, lactam, phosphine, silyl, thioether, thiol, or
phenol;

wherein R’is branched or unbranched divalent alkyl or divalent
alkenyl group each having 1 to 20 carbon atoms and optionally
containing 1, 2, or 3 oxygen atoms in the alkyl or alkenyl group and
optionally substituted with -OH, halogen, dialkylamino, aldehyde,
ketone, carboxylic acid, ester, ether, alkynyl, aryl, dialkylamide,
anhydride, carbonate, epoxide, lactone, lactam, phosphine, silyl,
thioether, thiol, and phenol; and

wherein nis an integer selected from 0 or 1.

11.  The process of claim 1, wherein the solid acid comprises an acidic ion

exchange resin.

12.  The process of claim 1, wherein the reaction conditions within the

reaction zone retain the reaction mixture in a liquid state and are not set to
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exceed the boiling point of any ingredients in the reaction mixture under the

operating conditions of the reaction zone.

13.  The process of claim 1, wherein the temperature in the reaction zone
ranges from -15°C to 110°C.

14.  The process of claim 1, wherein the yield of cyclic compounds in the

overhead product stream is at least 90%.

15.  The process of any one of claims 1-13, wherein the carbonyl
compounds comprise propionaldehyde, butyraldehyde, isobutyraldehyde, 2-
ethylhexaldehyde, 1,3-cyclohexanedicarboxaldehyde, 1,4-
cyclohexanedicarboxaldehyde, or combinations thereof, and the polyhydroxyl
compound comprises ethylene glycol, or 1,2-propanediol or combinations

thereof.

16.  The process of any one of claims 1-13, wherein the cyclic
compounds comprise 2-propyl-1,3-dioxolane, 2-propyl-1,3-dioxane, 2-
ethyl-1,3-dioxolane, 2-ethyl-1,3-dioxane, 2-methyl-1,3-dioxolane, 2-
methyl-1,3-dixoane, 2-propyl-4-methyl- 1,3-dioxane, 5,5-dimethyl-2-
propyl-1,3-dioxane, 5,5-dimethyl-2-ethyl-1,3-dioxane, 2-ethyl-1,3-
dioxepane, 2-ethyl-1,3,6-trioxocane, 4-methanol-2-propyl-1,3-
dioxolane, or 4-methanol-2-propyl-1,3-dioxane, or combinations

thereof.

17.  The process of any one of claims 1-13, wherein the process is

continuous and the yield of cyclic compounds is at least 95%.

18.  Aliquid composition comprising water, polyhydroxyl compounds, and
cyclic acetal compounds, each in the following mole percentages based on

the moles of all liquids in the composition:
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a) water: at least 2 mole%

b) polyhydroxyl compounds: at least 50 mole%

C) cyclic compounds: at least 2 mole%
wherein the liquid composition optionally contains cyclic compounds which, if
present, do not exceed 20% of the number of moles of cyclic compounds, and
wherein the cumulative amount of any other liquid ingredient in the liquid
composition does not exceed 10 mole%, and wherein the cyclic compounds
comprise cyclic acetals, cyclic ketals, or a combination thereof.

19.  The liquid composition of claim 18, comprising the following mole
percentages:
a) water: atleast 3 mole% and up to 25 mole%,;
b) polyhydroxyl compounds: at least 50 mole% and up to 95
mole%;

C) cyclic compounds: at least 3 mole% and up to 25 mole%%;

20.  The liquid composition of claim 19, comprising the following mole
percentages:

a) water: atleast 9 mole% and up to 25 mole%,;

C) cyclic compounds: at least 9 mole% and up to 25 mole%.
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