
IM PROVED HYDROGENATION PROCESS Field of the invention
The present invention provides an improved
hydrogenation process. More particularly, in the
hydrogenation process of the present invention, a
nonaqueous solvent is utilized to manage heat within
the reactor. By thus minimizing water added to the
process, catalyst activity and reaction specificity
are enhanced. Desirably, a reaction product, or a
solvent with a minimal number of hydroxyl groups, is
utilized so that the formation of byproducts can be
further minimized or avoided. Background Hydrogenation
reactions are typically highly exothermic, and as
such, care must be taken in order to control reaction
temperatures so that proper reaction conditions are
maintained and desired reaction products are obtained.
On a commercial scale, this may typically be done by
utilizing a reactor that facilitates heat removal.
Tubular reactors, fluidized bed reactors and jacketed,
stirred tanks are all examples of reactors whose
design allows for the circulation of coolant,
typically in a jacket external to the reactor. While
effective at heat management, each of these requires
the expenditure of additional resources in order to
maintain isothermal conditions within the reactor.
Solvents may also be utilized to manage heat generated
by exothermic hydrogenation reactions, and in
particular, water has been utilized for this purpose.
However, the addition of water into such reactions can
be undesirable in that it typically must be removed to
provide commercially acceptable end products, adding
cost and time to the process. Additionally, extraneous
water can decrease the activity of any catalyst
desirably used in the process, in some cases, can even
contribute to catalyst degradation, and may actually
slow reaction times. One commercially important
example of a hydrogenation reaction involves the
conversion of glycerin to provide a distribution of
glycols including, e.g., 1,2-propanediol,
1,3-propanediol, 1,2- ethanediol, etc. In the
conventional process, glycerin and hydrogen or a
hydrogen-containing gas are heated to a reaction
temperature in the presence of a catalyst, most
typically a copper containing catalyst. Such
conventional processes, unfortunately, can provide
suboptimal productivity. 



Firstly, low activity and poor catalyst lifetime can
limit the productivity of conventional catalysts for
this particular hydrogenation reaction. Also, and
although, e.g., 1,2-propanediol may be the desired end
product, the formation of other glycols, such as
1,3-propanediol, 1,2-ethanediol and other by-products
can increase under certain reaction conditions, such
as a wide variation in temperature, the presence of
excess water, the low selectivity of some conventional
copper containing catalysts or the use of lower grade
reactants, etc. Reaction selectivity may be
influencedto favor production of a particular product,
or disfavor production of reaction by-products, by
adjustment of one or more reaction conditions,
although such adjustment typically does not come
without expense. And, less desirable glycols and/or
typical reaction by-products, e.g., hexanediol and
propylene glycol propionates, can be difficult, if not
impossible, to remove by distillation techniques.
Desirably then, an improved hydrogenation process
would be provided in which heat could be adequately
managed without the addition of substantial amounts of
water. Effective heat management should prevent
substantial degradation in catalyst activity or
selectivity. Further advantage could be seen if the
process were economically practical, or even
advantageous, by the productive utilization of the
energy of reaction generated thereby. Applicability of
the process to a variety of grades of starting
materials would further enhance the commercial
significance thereof, as would utilization of
catalysts having a longer lifetime and capable of
exhibiting a higher activity and/or selectivity for
the desired reaction products than catalysts
conventionally utilized in this process. Brief Summary
of the Invention The present invention provides an
improved hydrogenation process that meets or exceeds
these expectations. The inventive process provides
effective heat management without the addition of
substantial amounts of water. Because heat is
effectively managed, adiabatic reactors may be
utilized and/or the process may proceed substantially
continuously. Catalyst productivity is also optimized,
so that reaction rate and selectivity are not
compromised. Because the formation of byproducts is
minimized, and the use of substantial amounts of water
is avoided, the present process is simplified. Further
cost savings can be provided via the productive
utilization of the heat of reaction generated by the
hydrogenation process to further reduce any water
generated by the 



process. More specifically, and in a first embodiment
then, the present invention provides an improved
hydrogenation process. The process provides for the
addition of a nonaqueous solvent to a hydrogenation
reaction, either individually or in combination with a
reactant thereof. The nonaqueous solvent desirably has
hydroxyl functionality therein limited, and more
specifically, the nonaqueous solvent desirably
comprises a hydroxyl group weight percent of less than
about 45%, preferably less than about 30%, and more
preferably less than about 15% and a hydroxyl
equivalent weight of greater than about 30, preferably
greater than about 40 and more preferably, greater
than about 100. Preferred nonaqueous solvents include,
but are not limited to, dioxane, propylene glycol,
propylene glycol methyl ether, polyethylene glycols,
polyethylene glycol methyl ethers,tripropylene glycol,
tripropylene glycol methyl ether, dipropylene glycol,
dipropylene glycol methyl ether, phenoxyethanol,
diphenyloxide or combinations of these. In certain
preferred embodiments, the nonaqueous solvent may
comprise a recycled reaction product stream which may
comprise reaction product, a reactant, reactant
byproducts or combinations thereof. Desirably, the
recycled reaction product stream will comprise less
than about 17% water, and may have the water content
thereof further reduced prior to its combination with
the reactant and/or introduction into the
hydrogenation reaction. The improved hydrogenation
process provides reactant conversion of at least about
65%, preferably at least about 75% and in some
instances, at least about 85% reactant conversion,
while also providing final product selectivity of at
least about 75%, or up to 80%, or even 85%.
Additionally, the use of a reaction product may allow
application of inexpensive purification techniques to
the reaction product/reactant mix, which in turn may
advantageously allow a lower grade of reactant to be
used in the inventive hydrogenation process. In a
further embodiment, the invention provides an improved
process for the hydrogenation of glycerol. The process
comprises (a) combining a glycerin feedstock with a
nonaqueous solvent to provide a dewatered feedstock
having less than about 5 weight percent water and then
(b) contacting the dewatered feedstock with hydrogen
in the presence of a catalyst at operating feedrates,
temperature and pressure conditions sufficient to
result in the formation a reaction product comprising
less than about 17% water, or less than 10% water, or
even less than about 6% 



water. In certain embodiments, at least a portion of
the reaction product is recycled and combined with, or
utilized as, the nonaqueous solvent. In these
embodiments, the reaction product/reactant mix may
assist in temperature control within the reactor so
that the operating temperature does not vary by more
than about 100 C, and preferably does not vary by more
than about 50 C. Furthermore, the reaction
product/reactant mix may be more amenable to
inexpensive purification techniques than the reactant
alone, so that lower grades of reactants may be
utilized and further cost savings provided to the
inventive hydrogenation process. Description of the
Drawings The detailed description of the invention
that follows may be further understood and/or
illustrated when considered along with the attached
drawings. In order to simplify the drawings,
conventional details, such as valves, pumps
condensers, reboilers, surge tanks, flow and
temperature control devices and others like these may
have been omitted in certain instances. The
construction, operation and function of such devices,
as well as the appropriate use thereof in process
design, is believed to be known to those of ordinary
skill in the chemical engineering art andas such, the
omission or inclusion of these conventional elements
is not meant to belie any particular importance
thereto. Figure 1 is a block diagram of an apparatus
that may be utilized to carry out a hydrogenation
process according to the present invention; Figure 2
is a block diagram of an additional apparatus that may
be utilized to carry out a hydrogenation process
according to the present invention; Figure 3 is a
block diagram of an additional apparatus that may be
utilized to carry out a hydrogenation process
according to the present invention, wherein the
hydrogenation process utilizes crude glycerin; Figure
4 is a graphical depiction of the glycerin conversion
and propylene glycol selectivity for an improved
hydrogenation process according to one embodiment of
the invention performed as described in Example 4,
over the first 200 hours of operation; Figure 5 is a
graphical depiction of the glycerin conversion and
propylene glycol selectivity for the improved
hydrogenation process exemplified by Example 4, from
200 to 800 hours of operation; 



Figure 6 is a graphical depiction of the glycerin
conversion and propylene glycol selectivity for the
improved hydrogenation process exemplified by Example
4, for the first 1500 hours of operation; and Figure 7
is a graphical depiction of the temperatures and
pressures for the improved hydrogenation process
exemplified by Example 4, for the first 1500 hours of
operation. Detailed Description of the Invention The
present invention provides an improved hydrogenation
process. More particularly, the improved process
utilizes a nonaqueous solvent for heat management, and
since the introduction of water is minimized, catalyst
productivity is optimized and product selectivity is
desirably enhanced. The nonaqueous solvent is
desirably one in which hydroxyl groups are limited and
in which the reactants are sufficiently soluble so
that reactant conversion may advantageously be
maintained or even enhanced. Cost savings can thus be
provided in equipment expenditure in that a greater
variety of reactors are amenable for use in the
process , including those that are easier t o use and
less expensive to operate than jacketed or otherwise
cooled reactors. The nonaqueous solvent may be further
characterized as one in which the number of hydroxyl
groups is limited, i.e., one with a percent hydroxyl
weight of less than about 45%, preferably less than
about 30% and more preferably less than about 15%, and
with a hydroxyl equivalent weight of greater than
about 30, preferably greater than about 40, and more
preferably,greater than about 100. In certain
preferred embodiments, the nonaqueous solvent may be a
reaction product, reactant or combinations of these so
that the formation of undesirable byproducts, as may
be facilitated by the addition of other types of
solvents, can be minimized or even eliminated. Further
advantages can be seen if the nonaqueous solvent has
the amount of water therein kept to a minimum, i.e.,
desirably below about 5 weight percent. In those
embodiments of the invention wherein a reaction
product/reactant mix is utilized, the inventive
process may provide further advantages in that lower
grades of reactant may be utilized than in
conventional processes. That is, the reaction
product/reactant mix can be more amenable to
inexpensive purification techniques than the reactant
alone, so that once combined, the reaction
product/reactant mix can be subjected to said
purification techniques. The relatively pure reactant
that results is introduced into the process, and
avoids the expense of purchasing a 



refined grade of reactant, as well as the application
of more expensive techniques. The present process may
advantageously be applied to any hydrogenation process
and any hydrogenation process so improved may be
carried out substantially continuously, i.e., so that
reactant feedstocks are provided to the reactor
substantially continuously and reaction products are
removed from the reactor at a rate sufficient to
minimize or prevent the accumulation of reaction
product within the reactor. Reactors that are suitable
for continuous reactions are known in the art and
include fixed bed reactors, fluidized bed reactors,
continuous stirred tank reactors and reactive
distillation columns. Since the process of the present
invention provides a self reliant means of heat
management, an adiabatic reactor, i.e., one not heated
or cooled from an external source, may be utilized.
Hydrogenation reactions desirably utilizing a catalyst
find particular benefit, in that catalyst activity is
optimized when variations in reaction conditions are
minimized, and the addition of solvents extraneous to
the reaction is avoided. In particular, reactions
desirably utilizing catalysts whose activity and/or
selectivity are detrimentally impacted via the
addition of aqueous solvents are benefited since
nonaqueous solvents are desirably utilized in the
present process. One particularly important
application of the process of the present invention is
found in the hydrogenation of glycerol. Although in
the conventional process of conducting this
hydrogenation reaction, selectivity can suffer from
less than optimal heat management and/or the addition
of excess water, the present process is not so
compromised. Rather, the process of the present
invention avoids the introduction of excess water and
yet manages heat effectively via the introduction of a
nonaqueous solvent. Also, the heat of reaction
generated may actually be used to remove at least a
portion of any water generated. As such, temperature
variation within the reactor is minimized and catalyst
activity and selectivity are at least maintained, and
desirably improved.In the hydrogenation process
according to the present invention, glycerin is
combined with a nonaqueous solvent and hydrogen in the
presence of a catalyst and at feedrates, operating
temperature and pressure conditions sufficient to
result in the formation of a reaction product with a
minimal water content. Although the amount of water
generated by the process will vary depending upon at
least the reactant feed rates, and temperature and
pressure within the reactor, as one example, at a
glycerin feed concentration of 30% and assuming 100%
conversion, the 



resulting reaction product is expected to comprise
less than, e.g., about 17% water, less than about 10%
water or even less than about 6 weight percent water.
Reaction products having such a low water content
provide significant advantages at least in a reduction
in any need for further processing to remove water. In
certain embodiments, however, water content of the
reaction products may be even further reduced by
utilizing at least a portion of the heat of reaction
generated by the hydrogenation reaction to vaporize or
otherwise remove at least a portion of any water from
the reaction products. Desirably, an amount of water
will be removed so that 15% or less remains in the
reaction products, more desirably, 10% or less, and
optimally, the reaction products will comprise less
than about 5%water. The removal of water is expected
to assist in heat management within the reactor, as
well as to help maintain the catalyst activity and
selectivity. The inventive hydrogenation process
provides glycerin conversions of at least about 50%,
or at least about 65%, or at least about 75%, and even
about 85%. Reaction selectivities are likewise
optimized, although the particular reaction product
provided can be influenced by the reaction conditions.
Generally speaking, for those embodiments of the
invention wherein the hydrogenation process is
desirably used to convert glycerin to propylene
glycol, appropriate reaction conditions may include
operating temperatures of from about 150 Cto about 250
C, or from about 160C to about 220 Cand operating
pressures of from about 1 MPa to about 5 MPa or even
from about 1.5 MPa to about 3 MPa. For this
conversion, and under these operating conditions, the
present inventive process can provide propylene glycol
selectivities of at least about 75, or even 85, or up
to about 95. The nonaqueous solvent may be combined
with the glycerin prior to, along with, or after the
hydrogen is introduced to the reactor. In those
embodiments wherein the nonaqueous solvent comprises a
reaction product, it is preferably combined with the
glycerin prior to the introduction of hydrogen, and
even more preferably, the nonaqueous solvent
comprising a reaction product is combined with the
glycerin feedstock prior to its introduction into the
reactor. In such embodiments, the nonaqueous
solvent/reaction product may act as a diluent to the
hydrogenation reaction, absorbing excess heat, and
assisting in minimization of temperature variation
within thereactor, i.e., so that the temperature
therein does not vary by more than about 100 C, and 



preferably does not vary by more than 50 C, of the
operating temperature. Desirably, the recycled
reaction product will have a temperature of from about
140C to about 200 C, and its utilization as the
nonaqueous solvent and mixing with the glycerin
feedstock will thus raise the temperature of the
glycerin sufficiently so that the temperature within
the reactor will be within this range. If necessary or
desired, external heat may be applied to the recycled
reaction product, the recycled reaction
product/glycerin combination or the reactor in order
to maintain an effective operative temperature for the
hydrogenation process. In those embodiments of the
invention wherein the nonaqueous solvent comprises a
reaction product, one or more additional nonaqueous
solvents may be utilized as well. In these
embodiments, the multiple nonaqueous solvents may be
utilized separately, or in any combination
configuration, i.e., two nonaqueous solvents may be
combined and utilized together, while another is
introduced separated, etc. As but one particular
example, when the nonaqueous solvent comprises a
reaction product, the reaction product may be combined
with a reactant, and may or may not be subjected to
one or more purification techniques prior to
introduction into the reactor, and one or more
additional nonaqueous solvent may be added directly to
the reactor, prior to, along with, or subsequent to
the introduction of the reaction product/reactant mix.
Embodiments of the invention wherein the nonaqueous
solvent comprises a reaction product are particularly
advantageous in that the reaction product/reactant mix
may be subjected to purification techniques that may
be less effective when applied to the reactant alone
but are relatively inexpensive as compared to those
conventionally used to purify or refine the same
reactants. For example, in those embodiments of the
invention wherein the hydrogenation process is one for
the hydrogenation of glycerin to form propylene
glycol, the glycerin may be combined with a portion of
the propylene glycol produced and then subjected to
purification/refinement techniques that are less
effective, or completely ineffective, when applied to
glycerin alone. As such, crude glycerin may be
employed, providing a substantial cost savings over
the use of refined glycerin as a starting material.
Additionally, the purification/refinement techniques
employed in this embodiment of the invention may also
be less costly than conventional techniques for the
purification of crude glycerin, 



providing further cost savings. More particularly,
whereas pure crude glycerin is not particularly
amenable to distillation, typically requiring the use
of wiped film or thin film evaporators in order to be
purified, crude glycerin mixed with propylene glycol
can be distilled to remove lightweight contaminants
therefrom. Distillation columns can be less costly
both to purchase and to operate than either wiped or
thin film evaporators.In any case, and whatever the
nonaqueous solvent utilized, some unreacted amount of
the nonaqueous solvent may be present in the reaction
product stream produced by the process and if so, may
desirably be removed. Any nonaqueous solvent removal
technique can be utilized for this purpose, the
suitability of which will depend on the boiling point
of the nonaqueous solvent relative to the reaction
product stream. Those of ordinary skill in the
chemical engineering art are well versed in such
techniques and capable of selecting and implementing
one appropriate based upon the nonaqueous solvent
utilized if removal of the same is desired or
required. Several catalysts are known that are
suitable for hydrogenation processes. These include
catalysts at least minimally useful for facilitating
the breaking of carbon-oxygen or carbon-carbon bonds
required in the processes, such as those including
elements of the subgroups from Group I, Group Vl,
and/or Group VIII on the periodic table. More
particularly, suitable catalysts for hydrogenation
processes include those comprising metals such as
chromium, cobalt, copper, nickel, palladium, platinum,
rhodium, ruthenium, tungsten, zinc and combinations
thereof. Suitable catalysts can differ in their
reaction temperature requirements as well as the
selectivity for particular hydrogenation products, and
can be chosen accordingly. Additionally, catalysts
exhibiting an open structure, with a minimum micropore
volume, and a relatively large surface area as
compared to conventional catalysts, may be
particularly useful to at least partially avoid mass
transfer limitations that may otherwise plague
catalysts used in hydrogenation reactions. In those
preferred embodiments of the present invention wherein
glycerin is desirably hydrogenated to provide, e.g.,
propylene glycol, a copper-containing catalyst can be
advantageously utilized, and of these copper chromium
catalysts provide good selectivity toward propylene
glycol in such processes. Exemplary suitable catalysts
include those containing copper as an active
component, such as those prepared from copper zinc
alloys, copper-zinc oxides (Cu/ZnO), copper-aluminum
oxides (Cu/AI2O3), copper zirconium oxide, (Cu/ZrO2),
copper on carbon (Cu/C) and copper silicon dioxide 



(Cu/SiO2). Other transition metals, including barium,
manganese, zirconium, cerium, and the like, in the
form of their oxides may be combined with such
copper-based catalysts in small amounts if doing so is
expected to provide improved catalyst properties.
Suitable catalysts may also include reaction promoter
co-metals, e.g., chromium, cobalt and zinc, if the
same is expected to be beneficial. One preferred class
of copper-containing catalysts is that comprising the
copper chromite catalyst (CuO)x(Cr2O3 y, generally
commercially available. The nominal compositions of
copper expressed as CuO and chromium expressed as
Cr2O3 may vary from about 60-99 wt %of CuO and 1- 40
weight percent of Cr2O3. Preferred compositions are
those containing about 85-99 copper andabout 1-15
weight percent chromium. Typically, the surface area
of these catalysts may be greater than about 50 m2/g,
greater than about 60 m2/g, or even up to about 70
m2g. It has now been surprisingly discovered that the
utilization of a low, and in certain embodiments,
almost no micropore volume catalyst, may also
advantageously be utilized in the present inventive
process. More particularly, the use of copper aluminum
catalysts, Cu/AI ~50- 55%/50-45% with low, or
substantially no micropore volume, has also been found
to provide the present process with glycerin
conversions of at least about 50%, or even up to about
60%, and selectivities to propylene glycol of greater
than about 80%, or even greater than about 90%, or
even greater than about 95%. Preferred catalysts among
these include those having a total surface area of at
least about 10 m2/g, or at least about 12 m2g, or up
to about 15 m2/ g or even greater. Many such catalysts
are commercially available, and one example of these
is commercially available from W.R. Grace under the
tradename Raney(r). Turning now to Figure 1, there is
illustrated one configuration of an apparatus that can
be utilized to carry out the present inventive
hydrogenation process. Hydrogenation apparatus 100
includes hydrogen feedstock 1, reactant feedstock 2,
reactor 3, separator 4, condenser 5, and product
reservoir 6. In use, hydrogen and feedstock are
provided to reactor 3 from hydrogen feedstock 1 and
reactant feedstock 2, respectively, where they come
into contact in the presence of a catalyst to form
reaction products that are discharged from reactor 3
to vapor liquid separator 4 through line 12. Although
the exemplary conversion of glycerin to propylene
glycol will be used in the discussion 



of Figure 1, the inventive process is not so limited,
and any hydrogenation process can be conducted by
apparatus 100. Hydrogen is provided from hydrogen
feedstock 1 to reactor 3 via hydrogen line 10 at a
pressure sufficient to provide dissolved hydrogen in
the liquid phase to react with glycerol, or at a
pressure from at least about 1.5MPa to about 8MPa.
Hydrogen is desirably provided in a molar excess of
that required for the hydrogenation reaction, or in
amounts of from about 1.2 times to about 25 times the
molar requirement for the hydrogenation reaction.
Glycerin is provided from reactant feedstock 2 to
reactor 3 via reactant line 11, at a rate of from
about 0.04 weight hourly space velocity(WHSV) to about
1.0 WHSV at a temperature of from about 14O0Cto about
2000C, and at a pressure of from about 1.5 MPa to
about 8 MPa. In the apparatus shown in Figure 1, the
glycerin provided from reactant feedstock 2 should
desirably be somewhat purified, i.e., will desirably
not contain more than about 0.1% of any substance that
cannot be vaporized.Reactor 3 can be any reactor
suitable for carrying out a hydrogenation process, and
advantageously, because the heat of the inventive
process is sufficiently managed, can be an adiabatic
reactor. Although the conditions within reactor 3 will
vary depending on the type of reactor in use, and
further can be purposefully varied to drive the
hydrogenation toward formation of a particular
reaction product, in that embodiment of the invention
wherein the reactor is an adiabatic reactor, and
glycerin is being preferentially converted to
propylene glycol using a copper chromium catalyst, the
temperature within reactor 3 can be from about 140 Cto
about 250 C. The pressure in the reactor will
desirably be sufficient to keep glycerin and most
reaction product in the liquid phase but not so high
that conversion rate and/or selectivity suffer, and is
thus desirably from at least about 1.5 MPa to about 8
MPa. Reactor 3 may include an amount of catalyst,
provided in any format wherein contact between the
reactants and the catalyst is facilitated to an extent
so that the catalyst is able to at least marginally
assist in the hydrogenation reaction, as by lowering
the reaction temperature, increasing the reaction
rate, etc. Typically, any catalyst is provided in
packed or fluidized beds, and in those embodiments of
the invention wherein reactor 3 comprises an adiabatic
reactor, any catalyst may preferably be provided in
fixed beds. Advantageously, the reintroduction of
recycled 



reaction product liquid, combined with glycerol is
expected to ameliorate any high temperatures that may
otherwise occur with the fixed provision of catalysts
within a reactor. Vapor liquid separator 4 acts to
separate the reaction product from reactor 3 into
liquid and vapor portions, typically via a reduction
in pressure on the reaction product stream. Vapor
liquid separator 4 is desirably operated at conditions
that will drive the desired amount of water and
propylene glycol into the reaction product vapor and
that minimize water in the reaction product liquid.
Generally speaking then, the pressure within vapor
liquid separator 4 may be from about 0.1 MPa to about
0.5 MPa or even from about 0.05 MPa to about 1.5 MPa.
Desirably, vapor liquid separator 4 may be thermally
coupled to with reactor 3 so that that the heat of
reaction of the hydrogenation reaction can assist in
driving the separation, although it may be necessary
to add heat to or remove heat from the vapor liquid
separator to obtain the desired separation and/or to
ensure that the amount of evaporated product in stream
13 balances with the glycerin feedstock. Typically,
the temperature within vapor liquid separator 4 will
be from about 12O0Cto about 2000C, or from about
14O0Cto about 17O0C. The reaction product liquid may
then be preferentially recycled to reactor 3 through
stream 16 or optionally discharged from vapor liquid
separator 4, via line 17 to product reservoir 6. In
preferred embodiments of the invention, substantially
all the liquid from the vapor-liquid separator 4 is
recycled to the reactor 3 through line 16, and the
flow through line 17 is low, and may even bezero. With
this configuration it is possible to provide glycerin
conversions of up to about 95%, even if the glycerol
conversion over the reactor is low, e.g. from about
20% to about 30%. In either case, since glycerol is
much less volatile than propylene glycol, the liquid
from the vapor-liquid separator 4 (streams 16 and 17)
contains almost all the glycerol not converted in the
reactor 3, and may also comprise propylene glycol,
water, and byproducts. More particularly, the reaction
product liquid may likely comprise from about 60
weight percent to about 80 weight percent propylene
glycol, from about 5 weight percent to about 35 weight
percent glycerin, by products such as acetol, propanol
and ethanediol in amounts of from about 1 weight
percent to about 5 weight percent and no more than
about 5 weight percent water. Reaction product vapor
is discharged from vapor liquid separator 4 through
line 13 to condenser 5 where it is cooled to form a
condensed reaction product that is discharged through
line 



15 to product reservoir 6. Any noncondensables, likely
comprising mostly hydrogen and potentially including
minor amounts of water vapor, are discharged through
line 14 for disposal, or recycled via line 18 and
combined with hydrogen in hydrogen line 10. The
reaction product vapor is expected to contain
primarily water, propylene glycol and hydrogen. More
particularly, the reaction product vapor may likely
comprise from about 0.5 weight percent to about 3
weight percent hydrogen, from about 15 weight percent
to about 25 weight percent water, from about 60 weight
percent to about 75 weight percent propylene glycol
,and small amounts of volatile byproducts such as
acetol and propanol. Turning now to Figure 2, there is
illustrated an apparatus 200 that may also be used to
carry out a process according to the present
invention. Apparatus 200, in addition to the
components of apparatus 100, includes an additional
vapor liquid separator 8 and cooler 9. The components
that apparatus 200 has in common with apparatus 100
are expected to perform in substantially the same
manner and at substantially the same conditions, as
discussed above in connection with Figure 1, and will
not be discussed further hereinbelow. Vapor liquid
separator 8 desirably acts to at least partially
separate the effluent from reactor 3 into a vapor
stream and a liquid stream, without changing the
pressure substantially from the pressure within
reactor 3. The reaction product vapor separated by
vapor liquid separator 8 is discharged through line 23
to cooler 9 and is expected to contain propylene
glycol, water, hydrogen, and byproducts. More
particularly, the reaction product liquid may likely
comprise at least about 40 weight percent propylene
glycol, from about 1 weight percent to about 10 weight
percent hydrogen, from about 50 weight percent to
about 60 weight percent water, and the remainder made
up of byproducts. The temperature within cooler 9
preferably is such that substantially all of the
reaction product vapor is condensed, e.g., at a
temperature of less than about 100 C. The liquid
condensedin cooler 9 is transferred to the product
reservoir 6 through line 24, whi le hydrogen freed of
condensible liquids can be recycled to reactor 3
through line 18, or alternatively disposed of through
line 24. Vapor liquid separator 8 is flu idly coupled
with vapor liquid separator 4 via line 22, and the
reaction prod uct liquid separated in vapor liquid
separator 8 is transferred to vapor liqu id separator
4 thereby. The vapor liqu id separator 4 acts to
separate the reaction product from reactor 3 into 



liqu id and vapor portions, via a reduction in
pressure on the reaction product stream, as described
in connection with apparatus 100. Finally, Figu re 3
shows an apparatus 300 useful for performing the
hydrogenation process of the present invention, and
particu larly, for performing that embodiment of the
invention wherein crude glycerin is desirably utilized
as a starting material, rather than refined or
purified glycerin. In addition to those components
disclosed and described in connection with Figures 1
and 2, apparatus 300 comprises crude reactant
feedstock 40, line 27 and disti llation column 41, so
that crude reactant (in this instance of glycerin,
conta ining typica lly 1-4% salts, in addition to
methanol and water) can be used to su pplement or
replace reactant provided by reactant feedstock 2,
which otherwise would desirably comprise less than
0.1% conta minants. In operation of apparatus 300, a
portion of the propylene glycol in product receiver 6
is withd rawn through line 27 and mixed with crude
glycerin provided by crude reactant feedstock 40. The
glycerin / propylene glycol mix, also contain ing
water and other lights from both the crude glycerin
and propylene glycol, is fractionated in distillation
column 41. The water and other light components from
both streams are withdrawn overhead, whi le the
bottoms propylene glycol/ glycerin mix is discharged
through line 28 and is dry and free of water and
lights. Advantageously, the relatively low boiling
point of the propylene glycol (185) makes it possible
to remove the water and lights overhead without
exposing the glycerin to excessive ly high
temperatures. The propylene glycol / glycerin mix
discharged through line 28 is fed to the flash
evaporator/condenser 12, where a vacuum as low as
10-30 mmHg can be obtained, due to the absence of
water or other lights. The presence of propylene
glycol additional ly helps to evaporate the less
volati le glycerin. The overhead vapor of the flash
evaporator when condensed is substantially free of sa
lts and other nonvolatiles and can be fed into reactor
3 to replace some or all of any purified glycerin
provided by reactant feedstock 2. Salts and other
nonvolati les, as well as some portion of glycerin,
may be discharged through line 31 and disposed of. The
reaction product composition present in product
reservoir 6, in the case of either apparatus 100, 200
or 300, will desirably comprise propylene glycol (from
about 70 weight percent to about 80 weight percent)
and water (from about 18% to about 23%), and may also
comprise traceamounts of unreacted
glycerol,l,2-ethanediol, alcohols such as ethanol and
propanol, and acetol, 



and other reaction byproducts or intermediates. A
reaction product provided by the process of the
present invention is suitable for direct use as an end
product in many applications, however, and if desired,
the reaction product may be removed through line 19
and further processed to make additional end products.
Comparative Example 1 This reaction was done to
illustrate the addition of a minor amount, e.g., 5
weight percent water, on the conversion rate and
selectivity of a conventional hydrogenation reaction
wherein glycerin is desirably converted to propylene
glycol. 400 g of a copper catalyst, BASF Cu-1234,
10-14 mesh was loaded into an oil jacketed reactor
(2.54 cm od x 83 cm long). The catalyst was activated
by purging the reactor with nitrogen, and while
purging, heating the reactor to a temperature of about
130 C. At this temperature, hydrogen (about 5%v/v) was
added to the nitrogen purge and the reactor
temperature raised to about 185C. After 20 hours at
185C, the hydrogen content in the nitrogen purge
stream was increased to about 10% v/v. Thereafter the
reactor temperature was maintained at about 185-190
Cfor another 24 hours, and then cooled to 150 C. A
liquid feed composition of 60% glycerin(USP Grade) and
40% propylene glycol (crude grade, 95%) was initiated
to the reactor at a rate set point of 1.0 ml/min, upf
low, in concert with a 100% hydrogen gas flow at a
rate of about 315 seem. After three hours, the reactor
temperature was raised to about 195C the pressure
adjusted to about 2.75 MPa, and the liquid feed rate
lowered to a rate set point of about 0.5 ml/min. After
745 hours of operation, analysis of the resultant
product stream showed an average glycerin conversion
of 80% and average molar selectivity to propylene
glycol of about 89% over a 100 hour period. After 100
hours, under these operating conditions, the liquid
feed composition was adjusted to be about 37.5%
glycerol, 57.5% propylene glycol and 5% water.
Analysis of the resultant product stream showed an
average glycerin conversion of 67% and an average
molar selectivity to propylene glycol of 89% over a 70
hour period. The complete results for this example are
shown in Table 1, below.TABLE 1 60% glycerol/40% PG
feed 37.5% glycerol/57.5% PG/5% H2O 



feed This example thus shows that the addition of
5%water resulted in a decrease in glycerin conversion
to propylene glycol, although selectivity remained
constant. Example 2 This example was conducted to
illustrate the productivity, glycerin conversion and
PG selectivity achieved when the hydrogenation process
of the invention was conducted as a continuous process
with dioxane as the nonaqueous solvent. 34 g of a
copper chromium catalyst, Johnson-Matthey 60/3 5T, was
loaded into a fixed bed oil jacketed reactor. The
catalyst was activated at 185-200 Cwith 5% hydrogen in
nitrogen. The reactor was operated at 203C-205C and
2.86-3.10 MPa with a feed of 30% glycerin in PG at a
rate of 0.25 mL/min. A productivity of 0.12 g PG/(ml
catalyst-hr) was achieved at 88% glycerin conversion
and with 88% PG selectivity. The feed was switched to
12% PG, 26% glycerin and 62% dioxane and the flow rate
doubled to 0.50 mL/min. Productivity increased to 0.24
g PG/(ml catalysthr) at a glycerin conversion of 85%
and with a PG selectivity of 99%. The results of this
experiment are summarized in Table 2, below, and show
that the use of dioxane as the nonaqueous solvent in
the present process resulted in substantially the same
glycerin conversion, but with substantial increases in
both productivity and PG selectivity.These
measurements were taken during the feed transition,
the measurements at 215.2, 218.5 and 220.9 are
representative of steady state conditions Example 3
This example was conducted to illustrate the glycerin
conversion and PG selectivity achieved when the
hydrogenation process of the invention was conducted
as a batch process with various nonaqueous solvents. A
Johnson Matthey Pricat 60/35T copper chromium catalyst
was activated by passing a 5% hydrogen/nitrogen gas
stream at 100 cc/min over the pellets at 185C for
about 16.7 hours, and then for 2 hours at 200 C in a
horizontal glass tube. The cooled, sealed glass tube
containing the catalyst was transferred into a dry box
and the catalyst transferred into a storage bottle.
The reactor utilized was a standard 300 mL stainless
steel Parr high pressure reactor equipped with an air
dispersion (hollow shaft) cruciform stirrer, a dip
sampling tube, a catalyst 



basket and an internal thermocouple. The nonaqueous
solvent was mixed with glycerin at a solvent/glycerin
weight ratio of 70/30 and approximately 120 mL of this
mixture added t o the reactor. The reactor was loaded
with 18 g of activated catalyst under inert
atmosphere. The sealed reactor was removed to the
laboratory and flushed (pressure/vent) four times with
50 psig nitrogen, then once with 400 psig hydrogen.
The stirrer was started, the reactor was pressurized
with hydrogen to 400 psig at room temperature and
heated to 200 C. The pressure was maintained at
400-500 psig for the 10 hours run time. Analysis of
the resulting reaction product was conducted with a
gas chromatograph (HP 6890) equipped with a flame
ionization detector. Conversion was calculated as
follows: Conversion = l-(moles glycerin charged/moles
glycerin remaining). Selectivity was calculated as
follows: (final moles PG - initial moles PG)/(initial
moles glycerin- final moles glycerol). The results for
each of the nonaqueous solvents tested are shown below
in Table 3.TABLE 3 * Only 15.5 g activated catalyst
were utilized in the example - extrapolating to 18 g,
the conversion should be about 71.7% This example thus
shows that nonaqueous solvents with a lower weight
percent OH in solvent, and thus a higher hydroxyl
equivalent weight, can provide increased conversion
and selectivity as compared to propylene glycol. This
example also shows that ethers provided better
conversion and selectivities than the corresponding
glycols, i.e., triethylene glycol methyl ether
provided better conversion and selectivity than
triethylene glycol. Example 4 This example was
conducted to illustrate the glycerin conversion and PG
selectivity achieved when the hydrogenation process of
the invention was conducted with a catalyst having
little or no micropore volume and a surface area of
greater than or equal to about 10 m2/g- A fixed bed
reactor (1/2" diameter stainless steel tubular
reactor) was loaded with 15 g of Raney(r) copper (W.R.
Grace) 8-12 mesh, and having a total surface area of
about 12 m2/g- The area above and below the catalyst
bed was filled with sand and the reactor was heated to
185C under a nitrogen flow to thoroughly dry the
catalyst.The reactor was fed 5% hydrogen in nitrogen
at 255 seem for 12 hours, at which time the feed was
switched to 100% hydrogen at a flow rate of 79 seem
and the reactor pressurized to about 



400 psi, or about 2.75 MPa. At 47 hours, a liquid feed
comprising 30% glycerin in propylene glycol and at a
flow of 0.35 ml/min was initiated. After 76 hours run
time the temperature was raised to 190 Cand after 100
hours raised to 200 C. Glycerin conversion and PG
selectivity for this flow rate are shown in Figure 4.
As shown, glycerin conversion is from about 18% to
about 27%, with a PG selectivity of about 95%  1%. At
214 hours, the liquid feed rate was reduced to 0.25
mL/min, and lowered again to 0.10 mL/min at 292 hours.
At 331 hours, the H2 flow was reduced to 26 seem.
Glycerin conversion and PG selectivity for these
conditions is shown in Figure 4. As shown, glycerin
conversion is from about 50% to about 60% with a
corresponding PG selectivity of about 96%  1%. At 772
hours, the liquid feed was changed to 30% glycerin in
dipropylene glycol. The data for the first 1500 hours
of operation of this exemplary process is shown in
Figures 5-7. As shown in Figure 5, with propylene
glycol as the solvent the glycerin conversion
increased to about 60%. As shown in Figure 6, when the
solvent was switched from PG to DPG there was an
initial increase in glycerin conversion to about 80%,
however the glycerin conversion declined over time t o
about 65%. As shown in Figure 7, the glycerin
conversion was increased to about 80%, with no
significant change in selectivity (96%) by raising the
reaction temperature to 210C. As also shown in Figure
7, a further increase in glycerin conversion to about
95% was achieved by raising the reaction temperature
further to 220 C. At 220C there was a decline in
propylene glycol selectivity to about 93%. Finally,
and as also shown in Figure 7, switching the feed to
30% glycerin in water at 220C resulted in lower
glycerin conversion (~ 50%) and lower propylene glycol
selectivity (84%), once again illustrating the
negative impact of water on propylene glycol
productivity.We claim: 1. An improved hydrogenation
process comprising: (a) combining a reactant with a
nonaqueous solvent to form a nonaqueous
solvent/reactant mixture; (b) contacting the
nonaqueous solvent/reactant mixture with hydrogen in
the presence of a catalyst to form a reaction product;
and (c) removing at least a portion of any water
present in the reaction product with a water removal
process driven at least in part by the heat of
reaction of the hydrogenation reaction. 



2. The process of claim 1, wherein the reactant is
glycerin and the reaction product preferentially
comprises propylene glycol. 3. The process of claim 1,
wherein the nonaqueous solvent comprises a solvent
with a hydroxyl wt % of less than about 45 and a
hydroxyl weight equivalent of greater than about 30.
4. The process of claim 3, wherein the nonaqueous
solvent comprises the reaction product. 5. The process
of claim 2, wherein the glycerin is crude glycerol 6.
An improved glycerin hydrogenation process comprising:
(a) combining a glycerin feedstock with a nonaqueous
solvent to provide a nonaqueous solvent/glycerin
mixture having less than about 5 weight percent water;
and (b) contacting the nonaqueous solvent/glycerin
mixture with hydrogen in the presence of a catalyst to
preferentially form a propylene glycol reaction
product comprising less than about 17% water. 7. The
process of claim 6, wherein the propylene glycol
reaction product comprises less than about 6 weight
percent water. 8. The process of claim 6, wherein the
nonaqueous solvent comprises a solvent with a hydroxyl
wt % of less than about 45 and a hydroxyl weight
equivalent of greater than about 30. 9. The process of
claim 6, nonaqueous solvent comprises a reaction
product, and prior t o the contacting step, the
reaction product/glycerin mixture is subjected to a
distillation step.10. The process of claim 9, wherein
the product of the distillation step is subjected to a
flash evaporator/condensing step prior to the
contacting step. 


