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ABSTRACT
A reactive-separation process converts glycerin into lower
alcohols, having boiling points less than 2000 C, at high

yields. Conversion of natural glycerin to propylene glycol

through an acetol intermediate is achieved at temperatures
from 150° to 2500 C at pressures from 1 and 25 bar. The
preferred applications of the propylene glycol are as an anti
freeze, deicing compound, or anti-icing compound. The pre
ferred catalyst for this process in a copper-chromium.
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METHOD OF PRODUCING LOWER
ALCOHOLS FROM GLYCEROL
RELATED APPLICATIONS

0001. This application is a continuation-in-part of U.S.
application Ser. No. 1 1/510,992 filed Aug. 28, 2006 claiming
benefit of priority to U.S. provisional application Ser. No.
60/731,673 filed Oct. 31, 2005, and is a continuation-in-part
of U.S. application Ser. No. 11/088,603 filed Mar. 24, 2005,
which claims benefit of priority to U.S. provisional patent
application Ser. No. 60/556,334 filed Mar. 25, 2004 and is a
continuation-in-part of U.S. patent application Ser. No.
10/420,047 filed Apr. 21, 2004, which claims benefit of pri
ority to U.S. provisional patent application Ser. Nos. 60/374,
292, filed Apr. 22, 2002 and 60/4103.24, filed Sep. 13, 2002,
all of which are incorporated by reference herein.
BACKGROUND

0002 1. Field of The Invention
0003. This invention relates generally to a process for
value-added processing of fats and oils to yield glycerol and
glycerol derivatives. More particularly, the process converts
glycerol to acetol and/or propylene glycol, which is also
known as 1, 2 propanediol. The process may yield glycerol
based products and glycerol derivatives, such as antifreeze
and other products.
0004 2. Description of The Related Art
0005 Existing processes for the hydrogenation of glycerol
to form other products are generally characterized by require
ments for excessively high temperatures and pressures. For
example, high temperatures may degrade the reaction prod
ucts. Working pressures of several hundred bar create safety
concerns and increase the capital costs of implementing these
processes. Most of Such processes yield Substantial impuri
ties that may necessitate costly purification steps to isolate the
desired reaction products.
0006. In one example, conventional processing of natural
glycerol to propanediols uses a catalyst, for example, as
reported in U.S. Pat. Nos. 5,616,817, 4,642,394, 5,214,219
and U.S. Pat. No. 5.276,181. These patents report the suc
cessful hydrogenation of glycerol to form propanediols.
None of the processes shown by these patents provide a direct
reaction product mixture that is suitable for use as antifreeze.
None provide process conditions and reactions that Suitably
optimize the resultant reaction product mixture for direct use
as antifreeze. None address the use of unrefined crude natural

glycerol feed stock, and none of these processes are based on
reactive distillation. Generally, existing processes
0007 U.S. Pat. No. 5,616,817 issued to Schuster et al.
describes the catalytic hydrogenation of glycerol to produce
propylene glycol in high yield, Such as a 92% yield, with
associated formation of n-propanol and lower alcohols. Con
version of glycerol is Substantially complete using a mixed
catalyst of cobalt, copper, manganese, and molybdenum.
Hydrogenation conditions include a pressure of from 100 to
700 bar and a temperature ranging from 180° C. to 270° C.
Preferred process conditions include a pressure of from 200
to 325 bar and a temperature of from 200° C. to 250° C. This
is because Schusteretal. determined that lower pressures lead
to incomplete reactions, and the higher pressures increasingly
form short chain alcohols. A crude glycerol feed may be used,
such as is obtainable from the transesterification of fats and

oils, but needs to be refined by short path distillation to
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remove contaminants, such as Sulfuric acid that is commonly
utilized in the transesterification process. The feed should
contain glycerol in high purity with not more than 20% water
by weight.
0008 U.S. Pat. No. 4,642,394 issued to Che et al.
describes a process for catalytic hydrogenation of glycerol
using a catalyst that contains tungstenanda Group VIII metal.
Process conditions include a pressure ranging from 100 psi to
15,000 psi and a temperature ranging from 75° C. to 250° C.
Preferred process conditions include a temperature ranging
from 100° C. to 200° C. and a pressure ranging from 200 to
10,000 psi. The reaction uses basic reaction conditions, such
as may be provided by an amine or amide solvent, a metal
hydroxide, a metal carbonate, or a quaternary ammonium
compound. The concentration of solvent may be from 5 to
100 ml solvent per gram of glycerol. Carbon monoxide is
used to stabilize and activate the catalyst. The working
examples show that process yields may be altered by using
different catalysts, for example, where the yield of pro
panediols may be adjusted from 0% to 36% based upon the
reported weight of glycerol reagent.
0009 U.S. Pat. No. 5,214,219 issued to Casale, et al. and
U.S. Pat. No. 5,266,181 issued to Matsumura, et al. describe
the catalytic hydrogenation of glycerol using a copper/zinc
catalyst. Process conditions include a pressure ranging from 5
MPa to 20 MPa and a temperature greater than 200° C. Pre
ferred process conditions include a pressure ranging from 10
to 15 MPa and a temperature ranging from 220°C. to 280°C.
The concentration of glycerol may range from 20% to 60% by
weight in water or alcohol, and this is preferably from 30% to
40% by weight. The reaction may be adjusted to produce
significant amounts of hydrocarbon gas and/or lactic acid,
Such that gas generation is high when lactic acid formation is
low and lactic acid formation is high when gas generation is
low. This difference is a function of the amount of base, i.e.,

sodium hydroxide, which is added to the solvent. Alcohol
reaction products may range from 0% to 13% of hydrocarbon
products in the reaction mixture by molar percentages, and
propanediols from 27% to 80%. Glycerol conversion effi
ciency exists within a range from 6% to 100%.
SUMMARY

0010. The presently disclosed instrumentalities advance
the art and overcomes the problems outlined above by pro
ducing value-added products in exceptionally high yield and
purity from hydrogenation of natural glycerol feed stocks. In
other aspects, the disclosure pertains to the manufacture of
products that do not require exceptionally high yield and
purity, Such as antifreeze.
0011. In one aspect, a process for converting glycerol to
acetol with high selectivity, commences with providing a
glycerol-containing material that has 50% or less by weight
water. This material may be, for example, a byproduct of
biodiesel manufacture. The glycerol-containing material is
contacted with a catalyst that is capable of hydrogenating
glycerol, in order to form a reaction mixture. Conditions for
reaction of the reaction mixture are established to include a

temperature within a range from 150° C. to 250° C. and a
pressure within a range from 0.1 bar to 25 bar. The reaction
mixture is reacted under the conditions for reaction to dehy
drate the glycerol with resultant formation of acetol as a
reaction product. The reaction may be performed attempera
tures of up to 270° C., 280° C. or even 290° C. or 300° C.;
however, the use of these increased temperature results in
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thermal degradation of the reaction product together with
die-reactions, and so is not recommended for applications
where high purity of the reaction product is required. The
inclusion of increased amounts of water in the reagent stream
facilitates improved selectivity. It is possible by use of this
process according to one or more of the embodiments
described below to achieve, for example, propylene glycol
that is 90% preven 98% pure at a highyield ofbetter than 85%
or even 95%. The lower end of this range is preferably at least
150° C. to fully activate the catalyst and accelerate the reac
tion, but in some embodiments it is feasible to conduct the

reaction in the rangeless than 150°C., such as down to 80°C.
0012. In various other aspects, the glycerol-containing
feedstock preferably contains from 5% to 15% water by
weight. The catalyst may be a heterogenous catalyst that
contains at least one element from Groups I or VIII of the
Periodic Table. The catalyst may be a heterogeneous catalyst
including at least one material selected from the group con
sisting of palladium, nickel, rhodium, copper, Zinc, chro
mium and combinations thereof. The dehydration catalyst
may, for example, contain from 5 wt % to 95 wt % chromium,
and may be comprised of compositions of copper expressed
as CuO and chromium expressed as CrO at 30-80 wt % of
CuO and 20-60 wt % of CrOs. In one example, the catalyst
may be expressed as CrO at 40-60 wt % of CuO and 40-50
wt % of CrOs. The presence of hydrogen reduces these
oxides with their reduced form which is the active form of the

catalyst for hydrogenation of acetol.
0013 A Small amount of hydrogen may be added to deter
the acetol reaction product during formation from Scavenging
hydrogen from other hydrocarbon materials in the reaction
mixture. If acetol is the desired final product, the partial
pressure of hydrogen may be sufficiently low, Such as about
0.1 bar, to prevent substantial conversion of acetol to propy
lene glycol.
0014. A greater amount of hydrogen may be added to
facilitate conversion of the acetol to other products. Where
hydrogen is added under the foregoing reaction conditions,
the dominant product is Suitably propylene glycol.
0015. It is possible to use a gas flow for stripping the
reaction products from the reaction mixture, where Such reac
tion product may include acetol and propylene glycol. In one
embodiment, the glycerol-containing material is in liquid
phase and the process entails removing the reaction product
(s) during the step of reacting. This may be done by facilitat
ing selective release of acetol as vapor from the reaction
mixture by action of partial pressure through contact with a
gas, such as nitrogen or a noble gas, that is essentially inert to
the reaction mixture and the acetol reaction product.
0016. The acetol may be condensed and further reacted to
form downstream products, such as by reaction with hydro
gen to produce propylene glycolor lactaldehyde. A condenser
for this purpose Suitably operates at a temperature between
25° C. and 150° C., or more preferably from 25°C. to 60° C.
One process for converting acetol to propylene glycol with
high selectivity entails contacting an acetol-containing feed
stock that contains less than 50% by weight water with a
catalyst that is capable of hydrogenating acetol to form a
reaction mixture; and heating the reaction mixture to a tem
perature between 50° to 250° C. at a pressure between 1 and
500 bar to form propylene glycol.
0017. In another embodiment, the gas that strips reaction
products from the initial reaction mixture may be reactive
with the acetol reaction product, Such as hydrogen gas is

Jan. 28, 2010

reactive with the acetol. Accordingly, the stripper gas may be
supplemented with hydrogen for this effect, such that a dif
ferent reaction product is condensed. This different reaction
product may be propylene glycol. Unused hydrogen may be
recycled from the condenser back to the reactor vessel.
0018. A more preferred temperature range for facilitating
the reaction is from 180° C. to 220° C. A more preferred
pressure range is from 1 to 20 bar, where low pressures of
from 1 to 15 bar and 1 to 5 bar may yield especially pure
products. The reaction may persist for a duration in a slurry
phase with reaction limited by catalyst within a range from
0.1 hour to 96 hours, such as from 4 to 46 hours or from 4 to

28 hours. It is possible to operate the reaction at higher cata
lyst loadings and even in a gas phase with much shorter
reaction times within the range from 0.001 to 8 hours, or
more-preferably 0.002 to 1 hour, or even more preferably
from 0.05 to 0.5 hours.

0019. In another embodiment, the reaction does not
require a glycerol feed, but may be a polyhydric material,
Such as a three-carbon or greater Sugar or polysaccharide. The
process equipment in use on these materials may form an
alcohol product having a boiling point less than 200° C.
0020 Batch reactor effluent may be used as an antifreeze,
anti-icing agent or de-icing agent, for example, as may be
obtained from the crude glycerol byproduct of the C1 to C4
alkyl alcohol alcoholysis of a glyceride. An alternative glyc
erol source is the crude from hydrolysis of a glyceride. Such
materials as this may contain, on a water-free basis, from
about 0.5% to about 60% glycerol, and from about 20% to
about 85% propylene glycol. Another such composition may
contain, on a water-free basis, from about 10% to about 35%

glycerol, from about 40% to about 75% propylene glycol, and
from about 0.2% to about 10% C1 to C4 alkyl alcohol. The
compositions may also contain from about 1% to 15% residue
by-product from a reaction of glycerol.
0021. In one embodiment, a process for producing anti
freeze from a crude glycerol byproduct of a C to C alkyl
alcohol alcoholysis of a glyceride, entails neutralizing the
crude glycerol to achieve a pH between 5 and 12. This is
followed by separating C to C alcohol and water from the
crude glycerol Such that the combined concentrations of
water and C to Calcohols is less than about 5 (wt)%. The
separated crude glycerol is contacted with a hydrogenation
catalyst and hydrogen at a pressure of between about 0.1 and
200 bar and at a temperature between about 100° C. and 280°
C. for a period of time sufficient to achieve a conversion of the
glycerol of between 60 and 90% on the basis of glycerol in the
crude glycerol. The pressure is more preferably within a
range from 0.1 to 25 bar and is even more preferably from 1
to 20 bar. Separation of C to Calcohols and water may be
achieved by flash separation at a temperature greater than
about 60° C., or by thermal diffusion. The hydrogenation
catalyst may contain at least one metal from the group con
sisting of palladium, nickel, Zinc, copper, platinum, rhodium,
chromium, and ruthenium.

0022. A gas phase reaction may be performed for convert
ing glycerol to a product at high selectivity to propylene
glycol and low selectivity to ethylene glycol. The reaction
commences with providing a gas phase reaction mixture that
is essentially free of liquid and contains: glycerol with a
partial pressure of glycerol in a range from 0.01 bars and 0.5
bars of glycerol, and hydrogen with a partial pressure of
hydrogen between 0.01 and 25 bars of hydrogen. The reaction
mixture is maintained at a total pressure between 0.02 and 25
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bars and contacts a heterogeneous catalyst at a temperature
between 150° C. and 280° C. to form propylene glycol.
0023. In the gas phase reaction, a partial pressure of glyc
erol is preferably less than glycerol's dew point partial pres
Sure in the reaction mixture, and greater than one fourth the
dew point partial pressure in the reaction mixture. This partial
pressure is also preferably greater than half the dew point
partial pressure in the reaction mixture. The gas phase reac
tion mixture contains essentially no liquid and has a partial
pressure of glycerol between 0.01 and 0.5 bars of glycerol and
a partial pressure of hydrogen between 0.01 and 5 bars of
hydrogen; and the reaction may be performed at a tempera
ture between 150° C. and 280° C. to facilitate a reaction by
use of the same catalysts described above. The total pressure
of reaction may be between 0.02 and 5 bars.
0024. The process may be tuned to produce increased
amounts of lactaldehyde with high selectivity. This is done by
combining a glycerol-containing feedstock with less than
50% by weight water with a catalyst that is capable of dehy
drating glycerol to form a reaction mixture; and heating the
reaction mixture to a temperature between 150° to 200° C. at
a pressure between 0.01 and 25 bar. A preferred temperature
range for this reaction is from 165° C. to 185°C., while the
pressure exists within a range from 0.02 to 2 bars. The lactal
dehyde condenser may operate at a temperature between 0°
C. to 140° C.

0025. The propylene glycol product may be produced in
high purity. especially from the gas-phase reaction. The pro
pylene glycol reaction product may be further purified by
adding a base to the said propylene glycol product to achieve
a pH greater than 8.0 and distilling the propylene glycol from
the product having a pH greater than 8.0. The base may be
selected from the group comprised of Sodium hydroxide,
potassium hydroxide, and calcium oxide.
0026. Although a batch reactor is preferred, other suitable
reactor types include slurry batch reactors, trickle bed reac
tors, and teabag reactors. One reactor for use with highly
exothermic reactions comprised of an outer shell containing
U-tubes with an orientation such that the U-end of the

U-Tubes is facing upward. The shell has an upper removable
head where catalyst is loaded between shell and tubes from
the top by removing the upper head. An inert packing may be
is placed in the lowest portion of the space between the shell
and U-Tubes at a depth between 2 and 24 inches
BRIEF DESCRIPTION OF THE DRAWINGS

0027 FIG. 1 is a schematic block flow diagram illustrating
preferred reactor-separator with a reactor, condenser, and
condensate tank, and recycle of unreacted hydrogen.
0028 FIG. 2 is a schematic of the proposed reaction
mechanism for conversion of glycerol to propylene glycol via
acetol intermediate.

0029 FIG.3 is a schematic of the proposed two-step alter
native embodiment for converting glycerol to acetol and then
converting acetol to propylene glycol, where it will be noted
that the mechanism of FIG.2 may be prevented form reaching
the propylene glycol product by an absence of hydrogen.
0030 FIG. 4 is a schematic of the proposed two-step alter
native embodiment for converting glycerol to acetol and then
converting acetol to propylene glycol, where the process
equipment may also be used to make propylene glycol with
no intermediate step;
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0031 FIG. 5 is a schematic of laboratory process equip
ment that may be used to demonstrate the process equipment
of FIGS. 4 or 6.

0032 FIG. 6 is a schematic of the proposed two-step alter
native embodiment for converting glycerol to acetol and then
converting acetol to propylene glycol where hydrogen is used
for the first reactor at a lower pressure and water is removed
from the vapor effluents from the first reactor to allow purging
of the water from the system.
0033 FIG. 7 is a schematic block flow diagram illustrating
a packed-bed reactor with an evaporator, reactor, and con
denser.

0034 FIG. 8 shows pressure dependence of the glycerol to
propylene glycol reaction at temperatures of 220° C., and
240° C.

0035 FIG. 9 shows glycerol to propylene glycol reaction
effect of H. glycerol mole ratio on catalyst productivity at
2200 C.

0036 FIG. 10 shows glycerol to PG reaction: effect of H2:
Glycerol mole ratio on catalyst productivity at 220°C.
0037 FIGS. 11A, 11B and 11C show a preferred reactor
configuration.
0038 FIGS. 12a and 12B show a pilot scale reactor.
0039 FIG. 13 illustrates a packed-bed reactor with
optional gas feed to evaporator.
0040 FIG. 14 is a schematic block flow diagram illustrat
ing a preferred packed-bed reactor system including recycle
of product to improve temperature control and purification of
the reactor effluent in a separator.
0041 FIG. 15 is a schematic block flow diagram illustrat
ing a preferred packed-bed reactor system including recycle
of product to improve temperature control and purification of
the reactor effluent in a separator.
0042 FIG. 16 is a process flow diagram illustrating an
embodiment that recycles water, hydrogen, and/or heat to
reduce byproduct formation when converting glycerol to
acetol and then to propylene glycol.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

0043. There will now be shown and described by way of
non-limiting example a process for producing lower alcohols
from glycerol feed stock to provide glycerol-based and/or
propylene glycol-based antifreezes. The lower alcohols
include, for example, as acetol and propylene glycol. Pre
ferred uses of reaction product mixtures that are derived from
the process include but are not limited to deicing fluids, anti
icing fluids, and antifreeze applications. These uses of the
glycerol-based and/or propylene glycol-based antifreezes
displace the use of toxic and non-renewable ethylene glycol
with non-toxic and renewable glycerol-derived antifreeze. In
this regard, use of propylene glycol that is derived from natu
ral glycerol is a renewable alternative to petroleum-derived
propylene glycol. Other downstream uses for propylene gly
col include any Substitution or replacement of ethylene glycol
or glycerol with propylene glycol.
Equipment for Reactive-Separation Preparation of Antifreeze
from Poly-Alcohols like Glycerol
0044 One method of preparing antifreeze from glycerol
includes reaction at a temperature ranging from 150° to 250°
C. and in some embodiments this temperature is more pref
erably from 180° C. to 220° C. The reaction occurs in a
reaction vessel. The pressures in the reaction vessel are pref
erably from 1 to 25 bars and in some embodiments this
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pressure is more-preferably between 5 and 18 bars. The pro
cess equipment may include, for example, a reactor at these
temperature and pressure conditions connected to a con
denser and condensate tank where the condenser is preferably
at a temperature between about 25° C. and 150° C. and in
some embodiments this is more preferably between 25° and
60° C.

0045 FIG. 1 provides a block flow diagram of process
equipment 100 including a reactor-separator 102. A polyhy
dric feed stock 104, for example, containing glycerol, is intro
duced stepwise or continuously into the reactor separator 102.
Hydrogen 106 is added to hydrogen line 108 to promote
conversion of glycerol 104 to propylene glycol within the
reactor-separator 102. The process temperatures are such that
a distillation occurs with the formation or presence of propy
lene glycol, short chain alcohols, and water, which vaporize
and flow through overheadline 110 to a condenser 112. Most
of the alcohol, water and propylene glycol vapors condense in
the condenser 112 and are collected in the condensate tank

114 for discharge through discharge line 116 as product 118.
Unreacted hydrogen and remaining vapors from the con
denser 112 are recycled back to the reactor-separator 102
through the hydrogen recycle line 108.
0046 Reaction products 118 are removed from the con
densate tank 112 through discharge line 116, and the reaction
mixture inside reactor-separator 102 may be purged periodi
cally or at a slow flow rate through purge line 120 to obtain
purge mixture 122. Purging is necessary or desirable when
non-volatile reaction by-products are formed and when met
als or inorganic acids. Such as residual biodiesel catalysts, are
present in the polyhydric feed stock 104. Catalysts and useful
components, such as glycerol and propylene glycol, are pref
erably recovered from the purge mixture 122.
0047. The reaction inside reactor-separator 102 is cata
lyzed, and may be facilitated at periodic intervals or by the
continuous introduction of a Suitable catalyst 124, which may
be any catalyst that is suitable for use in converting glycerol
into lower alcohols, such as acetol and/or propylene glycol.
The catalyst 124 may reside within the reactor-separator as a
packed bed, or distribution of the catalyst 124 inside reactor
separator 102 may be improved by using the hydrogen gas
108 to provide a fluidized bed, or by stirring (not shown).
Agitated slurry reactors of a liquid phase reaction with a
vapor overhead product are preferred. The catalyst 124 is
mixed with the polyhydric feedstock 104 that is undergoing
reaction in the reactor separator 102 to facilitate breaking of
carbon-oxygen or carbon-carbon bonds including but not
limited to hydrogenation. As used herein, hydrogenolysis and
hydrogenation are interchangeable terms.
0048. By way of example the reaction of glycerol with
hydrogen to form propylene glycol and water is referred to
frequently as hydrogenation in this text. Suitable catalysts for
this purpose may include, without limitation, such metals as
platinum, palladium, ruthenium, chromium, nickel, copper,
Zinc, rhodium, chromium, ruthenium, and combinations

thereof. Catalysts may be deposited on a Substrate, such as an
alumina Substrate. In a broader sense, Suitable catalysts may
include those catalyst containing one or more elements of the
subgroups from Group I, Group VI, and/or Group VIII of the
Periodic Table. The best catalysts are non-volatile, and are
preferably prevented from exiting the reactor separator 102
into the condensate tank 114. A filter 125 in the overhead

discharge line 110 from the reactor separator 102 retains solid
catalysts in the reactor separator 102. No limitations are
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placed or implied on whether the catalyst is soluble or solid,
the oxidative state of the catalyst, or the use of solid supports
or soluble chelates.

0049 Reaction times at preferred conditions may range
from a few minutes to 96 hours. Reaction time may be defined
as the volume of liquid in the reactor divided by the time
averaged flow rate of liquids into the reactor. While the pre
ferred reaction times are greater than 2 hours, the average
residence time at higher loadings of catalyst 124 can be less
than an hour and typically longer than 0.5 hours. While pre
ferred temperatures are up to 250° C., the reactor-separator
may be operated attemperatures up to 270° C. with satisfac
tory results.
0050. The polyhydric feed stock 104 preferably contains
glycerol. In a broader sense, polyhydric feedstock 104 may
contain, for example, from 5% to substantially 100% of a
polyol, for example, glycerol, Sorbitol, 6-carbon Sugars,
12-carbon Sugars, starches and/or cellulose.
0051. As illustrated in FIG. 1, the process equipment 100
is preferably configured to provide hydrogen 106 as a reagent;
however, the use of hydrogen is optional. Commercially valu
able products may be formed as intermediates that collect in
the condensate tank in the absence of hydrogen. Accordingly,
use of hydrogen 106 is preferred, but not necessary. For
example, the intermediates collecting in condensate tank 114
may include acetol (hydroxy-2-propanone), which may be
Subjected to hydrogenolysis by at least two mechanisms as
shown in FIGS. 2 and 3. In addition to reagents, the material
within reactor separator 102 may contain water, salts, or
catalysts residue from previous processes.
0.052 One type of polyhydric feedstock 104 may contain
glycerol that is prepared by transesterification of oils or fatty
acids, for example, as described in co-pending application
Ser. No. 10/420,047 filed Apr. 23, 2003, which is incorpo
rated by reference to the same extent as though fully repli
cated herein. In a polyhydric feedstock 104 of this type, water
may be present in an amount ranging from 0% to 70%. More
preferably, water is present in an amount ranging from 5% to
15%. Water may be added to reduce side-reactions, such as
the formation of oligomers.
0053) One advantage of using the process equipment 100
is that volatile alcohol products are removed from the reaction
mixture as they are formed inside reactor separator 102. The
possibility of degrading these products by continuing expo
Sure to the reaction conditions is commensurately decreased
by virtue of this removal. In addition, the volatile reaction
products are inherently removed from the catalysts to provide
relatively clean products. This reaction-separation technique
is especially advantageous for catalysts that are soluble with
or emulsified in the reaction mixture.

0054) A preferred class of catalyst 124 is the copper

chromite catalyst, (CuO), (Cr2O3). This type of catalyst is

useful in the process and is generally available commercially.
In this class of catalyst, the nominal compositions of copper
expressed as CuO and chromium expressed as CrO may
vary from about 30-80 wt % of CuO and 20-60 wt % of CrOs.
Catalyst compositions containing about 40-60 wt % copper
and 40-50 wt % of chromium are preferred.
0055 Preferred catalysts for use as catalyst 124, in addi
tion to the copper and chromium previously described, also
include barium oxide and manganese oxide or any of their
combinations. Use of barium and manganese is known to
increase the stability of the catalyst, i.e., the effective catalyst
life. The nominal compositions for barium expressed as
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barium oxide can vary 0-20 wt % and that for manganese
expressed as manganese oxide can vary from 0-10 wt %. The
most preferred catalyst compositions comprise from 40%-60
wt % of CuO 40-55 wt % of CrO, 0-10 wt % ofbarium oxide
and 0-5 wt % manganese oxide.
Reaction Mechanism

0056. According to one mechanism proposed by Mon
tassier et al. (1988), dehydrogenation of glycerol on copper
can form glyceric aldehyde in equilibrium with its enolic
tautomer. The formation of propylene glycol was explained
by a nucleophilic reaction of water or adsorbed OH species, a
dehydroxylation reaction, followed by hydrogenation of the
intermediate unsaturated aldehyde. This reaction mechanism
was observed not to apply in our investigation.
0057 FIG. 2 shows a preferred reaction mechanism 200
for use in the reactor-separator 102 of FIG. 1, and for which
process conditions may be suitably adjusted as described
above. As shown in FIG. 2, hydroxyacetone (acetol) 202 is
formed, and this is possibly an intermediate of an alternative
path for forming propylene glycol by a different mechanism.
The acetol 202 is formed by dehydration 204 of a glycerol
molecule 206 that undergoes intramolecular rearrangements
as shown. In a Subsequent hydrogenation step 208, the acetol
202 further reacts with hydrogen to form propylene glycol
210 with one mole of water by-product resulting from the
dehydration step 204.
0058 Early studies to investigate the effect of water on the
hydrogenolysis reaction indicated that the reaction takes
place even in absence of water with a 49.7% yield of propy
lene glycol. Moreover, and by way of example, the reaction is
facilitated by use of a copper-chromite catalyst, which may be
reduced in a stream of hydrogen prior to the reaction. In this
case, the incidence of surface hydroxyl species taking part in
the reaction is eliminated. The above observations contradict

the mechanism proposed by Montassier et al. where water is
present in the form of surface hydroxyl species or as a part of
reactantS.

Example 1
Confirmation of Reaction Mechanism

0059 An experiment was performed to validate the reac
tion mechanism 200. Reactions were conducted in two steps,
namely, Steps 1 and 2. In step 1, relatively pure acetol was
isolated from glycerol. Temperature ranged from 150° C. to
250° C. and more specifically from 180° C. to 220°C. There
was an absence of hydrogen. Pressure ranged from 1 to 14 psi
(6.9 MPa to 96 MPa) more specifically from 5 to 10 psi (34
MPa to 69 MPa). A copper-chromite catalyst was present. In
Step 2, the acetol formed in Step 1 was further reacted in
presence of hydrogen to form propylene glycol at a tempera
ture ranging from 150° C. to 250° C. and more preferably
between 180 to 220° C. Excess hydrogen was added at a
hydrogen over pressure between 1 to 25 bars using the same
catalyst.
0060. It was observed in the Step 2 of converting acetol to
propylene glycol that lactaldehyde was formed. Propylene
glycol is also formed by the hydrogenation 208 of lactalde
hyde 302, as illustrated in FIG. 3. With respect to FIG. 2,
lactaldehyde represents an alternative path for forming pro
pylene glycol from acetol. FIG.3 shows this mechanism 300
where the acetol undergoes a rearrangement of the oxygen
double bond to form lactaldehyde 302, but the dehydrogena
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tion step 208 acting upon the lactaldehyde 302 also results in
the formation of propylene glycol 210. It was also observed
that the formation of lactaldehyde intermediate was predomi
nant at lower reaction temperatures in the range of from 50°
C. to 150° C. (see Example 8 below).
0061 The embodiments of this disclosure include produc
tion of lactaldehyde. A process for converting glycerol to
lactaldehyde with high selectivity preferably includes the
steps of combining a glycerol-containing feedstock with less
than 50% by weight water with a catalyst that is capable of
dehydrating glycerol to form a reaction mixture; and heating
the reaction mixture to a temperature between 150° C. to 200°
C. over a reaction time interval between 0 to 24 hours at a

pressure between 0.02 and 25 bar. Preferably the catalyst used
in the step of combining is contains an element of the Sub
groups from Group I, Group VI, and/or Group VIII of the
Periodic Table. Preferably the glycerol-containing feedstock
used in the step of combining contains from 0% to 15% water
in glycerol by weight. Preferably the catalyst used in the step
of combining is a heterogeneous catalyst selected from the
group consisting of palladium, nickel, rhodium, copper, Zinc,
chromium and combinations thereof. Preferably the process
includes a step of removing reaction product vapors that form
during the step of heating. Preferably the process includes a
step of condensing the vapors to yield liquid reaction product.
Preferably temperature used in the heating step exists within
a range from 165° C. to 185° C. Preferably the pressure used
in the heating step exists within a range from 0.02 to 2 bars.
Preferably, the step of condensing occurs using a condenser
operating at a temperature between 0°C. to 140°C.
0062. This and subsequent reactions were performed in
liquid phases with catalyst and Sufficient agitation to create a
slurry reaction mixture.
Example 2
Simultaneous Dehydration and Hydrogenation Using
Various Catalysts and Reagent Mixtures
0063) A variety of reaction procedures were performed to
show that reaction efficiency may be optimized at any process
conditions, such as reaction time, temperature, pressure and
flash condition by the selection or choice of catalyst for a
given polyhydric feedstock.
0064 Table 1 reports the results of reacting glycerol in the
presence of hydrogen and catalyst to form a mixture contain
ing propylene glycol. The reaction vessel contained 80 grams
of refined glycerol. 20 grams of water, 10 grams of catalyst,
and a hydrogen overpressure of 200 psig. The reactor was a
closed reactor that was topped off with excess hydrogen. The
reaction occurred for 24 hours at a temperature of 200°C. All
catalysts used in this Example were purchased on commercial
order and used in the condition in which they arrived.
TABLE 1

Summary of catalyst performances based on 80 grams of
glycerol reported on a 100 grams basis.
Catalyst
59

Glycerol
Water

Initial
Loading

Best
Possible

Ruthenium
on carbon

Catalyst
Raney-

Catalyst
Raney

(g)

(g)

(g)

100

O

63.2

Copper (g) Nickel (g)
20.6

25

43

not

not

not

measured

measured

measured

S3.6
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tial conditions: 5% wt of catalyst, and a hydrogen overpres
sure of 1400 kPa. The catalyst was purchased from Sud

TABLE 1-continued

Chemie as a powder catalyst having 30 m/g surface area,

Summary of catalyst performances based on 80 grams of
glycerol reported on a 100 grams basis.
Catalyst
59%

Initial
Loading

Best
Possible

Ruthenium
on carbon

(g)

(g)

(g)

O

82

14.9

27.5

14.9

O

O

16.9

13.1

16.5

O

O

O.O

12.1

O.O

Propylene

Catalyst
Raney-

Catalyst
Raney

Glycol
Acetol

Total,

1OO

82

TABLE 4

Copper (g) Nickel (g)

Glycol
Ethylene

45% CuO, 47% CrO, 3.5% MnO, and 2.7% BaC). The
following table presents compositions after reacting in a
closed reactor (with topping off of hydrogen) for 24 hours at
a reaction temperature of 200° C.

94.9

73.2

85.O

excluding
Water

0065 Table 2 summarizes reaction performance with a
higher initial water content, namely, 30 grams of refined
glycerol and 70 grams of water. The reactions were conducted
at the following initial conditions: 5% wt of catalyst, and a
hydrogen overpressure of 1400 kPa. The following table pre
sents compositions after reacting in a closed reactor (with
topping off of hydrogen) for 24 hours at a reaction tempera
ture of 200° C.

Summary of catalyst performances based on different
initial loadings of glycerol in water.
Water (wt %)

% Conversion

% Yield

% Selectivity

8O
40
2O
10
O

33.5
48
54.8
58.8
69.1

21.7
28.5
46.6
47.2
49.7

64.8
59.4
8S.O
80.3
71.9

0068. The reaction was performed using a small scale
reaction distillation system like that shown as process equip
ment 100 in FIG. 1 to process a reaction mixture including
46.5 grams of refined glycerol and 53.5 grams water. The
catalyst was purchased from Sud-Chemie as a powder cata

lyst having 30 m/g surface area, 45% CuO, 47% CrOs.

3.5% MnO, and 2.7% BaO. Table 5 summarizes performance
with higher initial water content using a small reaction distil
lation system.

TABLE 2
TABLE 5

Summary of catalyst performances based on 30 grams initial loading of
glycerol and 70 grams of water.
Initial

Best

Loading Possible
(g)
(g)
Glycerol
Propylene

Catalyst 5%

Catalyst

Catalyst

Ruthenium

Raney-

Raney

on carbon (g) Copper (g) Nickel (g)

30
O

O
24

20.8
9.3

19.1
7.23

3.8
3.1

O

O

O

O

O

O

O

1.5

1.6

1.7

Glycol
Ethylene

Glycol
Acetol

0066 Table 3 summarizes the performance of a copper
chromium catalyst in the presence of 20 percent of water. The
reactions were conducted at the following initial conditions:
5% wt of catalyst, and a hydrogen overpressure of 1400 kPa.
The following table presents compositions after reacting in a
closed reactor (with topping off of hydrogen) for 24 hours at
a reaction temperature of 200° C.
TABLE 3

Summary of copper chromium catalyst performance based
On 80 grams initial loading of glycerol and 20 grams of water.

Glycerol
Propylene glycol
Ethylene Glycol
Acetol

Initial

Best

Catalyst Copper

Loading (g)

Possible (g)

Chromium (g)

8O
O
O

O
66.1
O

33.1
44.8
O

O

O

3.2

0067 Table 4 summarizes the impact of initial water con
tent in the reactants on formation of propylene glycol from
glycerol. The reactions were conducted at the following ini

Example of reaction distillation.
Glycerol
Propane Diol
Ethylene Glycol
Acetol

Reactor

Distillate

21.6 grams
6.4
O

2.2
9.5
O

1.4

1.4

Use of Glycerol from Fatty Acid Glyceride Refinery
0069. One preferred source of the polyhydric feedstock
104 is crude natural glycerol byproducts or intermediates, for
example, as may be obtained from processes that make or
refine fatty acid glycerides from bio-renewable resources.
These are particularly preferred feedstocks for making an
antifreeze mixture. When using these feedstocks, the anti
freeze mixture is prepared as explained above by hydrogena
tion of glycerol over a catalyst, which is preferably a hetero
geneous catalyst. The reactor-separator 102 may, for
example, be a packed bed reactor, slurry, stirred or fluidized
bed reactor. When the hydrogenation reaction is performed in
a packed-bed reactor, the reactor effluent is largely free of
catalyst. In the case of a slurry reactor, a heterogeneous cata
lyst may be filtered from the reactor effluent. The reactor
separator 102 may be used for slurry reactions by circulating
hydrogen from the top vapor phase to the bottom of the
reactor to create increased agitation and by preferably using a
catalyst that has a density similar to the density of the liquid
in the reactor. A fluidized bed may be used where the densities
differ, where a catalyst bed is fluidized by the incoming
hydrogen from line 108. Conventional agitation may also
promote hydrogen contact in the liquid.
0070. To make antifreeze, the process conditions need
only provide moderate hydrogenation conversions of glyc
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erol, e.g., those ranging from 60% to 90% conversion. This is
because from 0% to 40% of the glycerol in the polyhydric
feedstock 104 on a water-free basis may remain with propy
lene glycol products in the antifreeze product. For some prod
uct applications, the final antifreeze product may suitably
contain up to 60% glycerol. Furthermore, when the product
118 contains a low glycerol concentration, e.g., less than 40%
where there is an effective conversion of 60% to 90%, other

known antifreezes may be mixed with the products 118.
Alternatively, the purge materials 122 may be mixed with the
contents of condensate tank 114, for example, after filtering,
to form a salable product that may be directly discharged from
the process equipment 100.
0071. One particularly preferred source of polyhydric
feedstock 104 for the reaction is the natural glycerol byprod
uct that is produced during the value-added processing of
naturally occurring renewable fats and oils. For example, the
glycerol byproduct may be a vegetable oil derivative, Such as
a soy oil derivative. This variety of polyhydric feedstock 104
may contain water, Soluble catalysts, and other organic matter
that are present in intermediate mixtures which are produced
in the manufacture of glycerol for sale into the glycerol mar
ket. One advantage of the present instrumentalities is that
little or no refining of these intermediates are necessary for
their use as polyhydric feedstock 104 in making commercial
antifreeze or deicing mixtures.
0072 These intermediates and other polyhydric feed
stocks 104 may contain high amounts of water. The ability to
use polyhydric feedstocks 104 that contain high amounts of
water advantageously reduces costs for this process over
other uses for the glycerol. The water content both in the
polyhydric feedstock 104 prior to the reaction and in the
salable reaction product is generally between 0 and 50%.
0073. The polyhydric feedstock 104 may contain residual
catalyst that was added during alcoholysis of these interme
diates. The fate of soluble residual catalysts, i.e., those that
remain from alcoholysis in the polyhydric feedstock 104 and
which are in the purge material 122 depends upon:
0074) 1... the specific type of soluble residual catalyst,
and

0075 2. any interaction between the residual catalyst
and another catalyst that is added to the crude glycerol to
promote hydrogenation within reactor-separator 102.
0076. The residual catalyst content in the glycerol feed
stock 104 from the processing of bio-renewable fats and oils
is commonly between 0% and 4% or even up to 10% by
weight on a water-free basis. One way to reduce the residual
catalyst content is to minimize the amount that is initially
used in alcoholysis of the fatty acid glyceride. The alcoholy
sis may, for example, be acid-catalyzed. Neutralizing the
residual catalyst with an appropriate counter-ion to create a
salt species that is compatible with the antifreeze specifica
tions is preferred to removing the residual catalyst.
0077 Alternatively, neutralization can be performed to
precipitate the catalyst from the liquid glycerol. Calcium
containing base or salt may be used to neutralize the residual
catalyst in the polyhydric feedstock 104, and the solid salts
generated from this neutralization may be separated from the
liquid, for example, by filtration or centrifugation of effluent
from reactor-separator 102. Such as by filtering purge mate
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rial 122. Acid-base neutralization to form soluble or insoluble

salts is also an acceptable method of facilitating separation.
Specifically, neutralizing potassium hydroxide with Sulfuric
acid to form the dibasic salt is a acceptable procedure. As
shown by way of example in FIG. 1, neutralization of sodium
or potassium catalyst, which is sometimes introduced into the
value-added processing method for fats and oils, can be
achieved by adding Stoichiometric equivalent amounts of a
neutralizing agent 126, Such as calcium oxide and/or Sulfuric
acid, to form the calcium salt of the catalyst. These salts are
largely insoluble and may be filtered from the purge material
122. To improve separation of the substantially insoluble salt,
the water content is preferably reduced to less than 20% by
weight and the filtration is preferably performed at tempera
tures less than 40° C. and more preferably below 30°C. The
optimal filtration temperature depends upon composition
where the reduced solubility of salts at lower temperatures is
weighed against lower viscosities at higher temperatures to
identify the best filtration conditions.
0078. One general embodiment for processing of crude
glycerol to antifreeze in the fatty acid glyceride refinery
embodiment follows a C to C alkyl alcohol alcoholysis
process. The incoming crude glycerol feedstock 104 is neu
tralized by the addition of a neutralizing agent 126 to achieve
a pH between 5 and 12, which is more preferably a pH
between 5 and 9. The C to Calcohol and water are separated
by distillation from the crude glycerol, such that the com
bined concentrations of water and C to C alcohols within
reactor-separator 102 are less than 20 wt % by weight and,
preferably, less than 5% by weight. In a stepwise process
where the polyhydric feedstock 104 is added to the reactor
separator 104 at periodic intervals, selected components of
these alcohols and/or their reaction products may be isolated
by fractional distillation through overhead line 110 and dis
charged from condensate tank 114. This may be done by flash
liberation of such alcohols at suitable times to avoid or limit

their combining with propanediols, according to the principle
of fractional distillation. Subsequent hydrogenation of the
flashed glycerol within reactor-separator 102 suitably occurs
by contacting the crude glycerol with a hydrogenation cata
lyst and hydrogen at a pressure ranging from 1 bar to 200 bar
and at a temperature ranging from 100° to 290° C. until a
conversion of the glycerol between 60% and 90% is achieved.
More preferably, process conditions entail the contact pres
Sure for hydrogenation ranging from 1 to 20 bar.
0079 Separating the C to Calcohol and water is prefer
ably achieved by selective flash separation at temperatures
greater than 60° C. and less than 300°C. Alternatively, sepa
rating the C to C alcohol and water may be achieved in a
process based on thermal diffusion, as is described in related
application Ser. No. 10/420,047, where for example the reac
tor-separator 102 is a thermal diffusion reactor. Alternatively,
water is added prior to hydrogenation as water promotes
hydrogenation in the presence of certain catalysts.
0080. The amount of organic matter in the polyhydric
feedstock is substantially dependent upon the fat or oil from
which the glycerol was obtained. The organic matter (other
than glycerol) is typically fatty acid derivatives. One method
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for mitigating residual organic matter is by filtration. Alter
natively, it is possible to decant insoluble organics from the
glycerol in a gravity separator (not shown) at temperatures
between 25 and 150° C. As necessary, the flash point of the
mixture is preferably increased to greater than 100° C. by
flash separation of volatiles from the glycerol-water mixture.
Specifically, the residual C to Calkyl alcohol content in the
feedstock is flash liberated to achieve feedstock concentra

tions that are preferably less than 1% alkyl alcohol. Depend
ing upon the alkyl alcohol, Vacuum may need to be applied to
reach achieve the 1% alkyl alcohol concentration.
0081. The following are preferred reaction conditions for
conversion for use in processing these feedstocks. These are
similar but not exactly the same as preferred--conditions that
have been previously described for use in the reactor-separa
tor 102. The reaction temperature is 150° C. to 250° C. The
reaction time is from 4 to 28 hours. Heterogeneous catalysts
are used which are known to be effective for hydrogenation,
Such as palladium, nickel, ruthenium, copper, copper Zinc,
copper chromium and others known in the art. Reaction pres
sure is from 1 to 20 bar, but higher pressures also work. Water
in the polyhydric feedstock is preferably from 0% to 50% by
weight, and more preferably from 5 to 15% water by weight.
0082. The preferred reaction conditions provide a number
of performance advantages. Operating at temperatures less
than 250° C. dramatically reduces the amount of unintended
by-product formation, for example, where lower concentra
tions of water may be used without formation of polymers or
oligomers. Furthermore, operation attemperatures near 200°
C., as compared to near 300° C., provides an increased rela
tive volatility of propylene glycol that facilitates an improved
separation of propylene glycol from the glycerol reaction
mixture. The use of lower pressures allows the use of less
expensive reaction vessels, for example, as compared to high
pressure vessels that operate above about 28 bars, while also
permitting the propylene glycol to distill from Solution at
these temperatures. Even so, some embodiments are not lim
ited to use at pressures less than 20 bars, and may in fact be
practiced at very high hydrogen pressures. The disclosed
process conditions are viable at lower pressures (less than 20
bar) whereas most other processes to produce similar prod
ucts require much higher pressures.
0083. By these instrumentalities, glycerol may also be
hydrogenolysed to 1, 2 and 1, 3 propanediols. The 1, 3 pro
panediol may be optionally separated from this mixture by
methods known in the science and used as a monomer while

the remaining glycerol and propanediols are preferably used
as antifreeze.

Example 3
Packed-Bed Reactor Embodiments

0084. One method of preparing acetol and propylene gly
col from glycerol includes a gas phase reaction at a tempera
ture ranging from 150° to 280°C. in a packed-bed reactor. In
some embodiments this temperature is more preferably from
180° C. to 240° C. or 250° C. to avoid thermal degradation of
reaction products. The reactions described herein occurred in
a packed-bed reactor. The pressures in the reaction vessel are
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preferably from 0.02 to 25 bars and in some embodiments this
pressure is more-preferably between 0.02 and 10 bars. Most
preferably, the reaction pressure exists within a range from
0.2 and 1.2 bars.

I0085 FIG. 4 provides a block flow diagram of process
equipment 400 including an evaporator 426 for creating a
vapor reaction mixture 427. Non-volatile components 428 in
the polyhydric feed 104 are removed from the evaporator 426
in a continuous or semi-batch mode. The evaporator 426 is
particularly effective for processing crude glycerol that con
tains salts where, otherwise, the salts poison the catalyst. A
polyhydric feed stock 104, for example, containing glycerol,
is introduced stepwise or continuously into the evaporator
426. The vapor reaction mixture 427 proceeds to the packed
bed reactor 425 where the heterogeneous catalyst promotes
conversion of glycerol 104 to acetol and propylene glycol in
sequential reactions. The vapor product mixture 430 proceeds
to the condenser 431 where a condensate product is formed
432 and proceeds to product storage 433. The gas effluent
may disposed through purge or vacuum 434.
I0086 Water is produced as a reaction byproduct and may
be kept with the propylene glycol product or removed. A
major advantage of the current process over other processes
in the literature is the very low concentration or absence of
ethylene glycol resultant from either the use of copper
chromite catalyst or formation and purification of acetol as an
intermediate. The acetol can be readily purified from any
ethylene glycol prior to hydrogenation by distillation.
I0087. The processes of this operation may be maintained
at pressures below 1 bar through the use of a vacuum source
preferably connected to the condensation process at the end
of the process. In the most ideal of cases, the condenser 431
itself can maintain pressures less than 1 bar; however, from a
practical perspective, a vacuum is needed to pull off any inert
gases (nitrogen etc.) that may accumulate in the system.
I0088. The reaction system of FIG. 4 is effective for pro
ducing either acetol or propylene glycol. FIG. 5 provides a
schematic diagram of the laboratory equipment 500 showing
a variation of this equipment 500, which includes an evapo
rator 526 connected to the packed bed reactor 525. Vapor
effluent from packed bed reactor 525 is condensed in the
condenser 531 by action of a coldbath to draw heat 538. Heat
540 is applied to the evaporator 526 to create the vapor
reagent. A vacuum 542 connected to the condenser 531 liter
ally pulls the vapors through the system and allows the glyc
erol feed to evaporate at lower temperatures than would occur
at atmospheric pressure. An oil bath 534 maintains the packed
bed reactor 535 at a predetermined temperature or tempera
ture range by flow of heat 542. The glycerol is loaded into the
evaporator 526 at the start of the experiment and may be
added through an auxiliary feed to the evaporator (not shown)
during the experiment. An optional gas feed 544 that contains
nitrogen and may also contain hydrogen is directed to the
evaporator 526.
I0089. The process equipment shown in FIG.5 was used to
react glycerol under various conditions. Various runs were
made using the equipment 500 according to the materials and
conditions reported in Table 6. Reaction G1 of Table 6 pro
vides example conversion data over 3.3 mm cylindrical pel
lets of copper chromite catalyst. The pressure of this reaction
was less than 0.1 bar, and the temperature is about 230° C.
Reaction G1 illustrates the effectiveness of the gas phase
reaction over a packed-bed of catalyst for producing acetol in
high selectivity.
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TABLE 6

Summary of gas phase reactor performances in packed-bed reactor.
Total

Acetol +
Acetol

RXNDate

Conditions

PG

Sample (wt %) (wt %)

G1
Catalyst packing (size: 3 * 3 mm)
Before 2005/9/29 -50-60 g
Control (No gas Purge)

Area of by-product

Mass

Glycerin

PG

Water

10.77 Area of

balance

(wt %)

(wt %)

(wt %)

standard

(wt %)

1
2
3

13.44
13.43
12.24

O.97
1.08
1.06

72.92
77.88
69.51

14.41
14.51
13.3

8.25
8.07
12

O.12
O.11
O.12

95.58
100.46
94.81

Hydrogen Purge

1
2
3

19.01
18.42
16.24

168
1.79
1.56

70.70
72.42
75.50

20.69
2O.21
17.8O

5.86
5.38
S.21

O.10
O.11
O.10

97.25
98.01
98.51

Reactor temp: 230 C.

4

15.81

162

75.87

17.43

4.97

O.11

98.27

Reactor temp: 230 C.

Pressure: 29.9 in-Hg (vac)
Proof of Concept - Low pressure dehydration reaction works.
G2
Catalyst packing (size: 3 * 3 mm)
Before 2005/9/29 -50-60 g

Pressure: 26 in-Hg (vac)
Experiment demonstrates that hydrogen partial pressure reduces water formation and leads to improved mass balance-better yields. Conversions
appeared to be higher.
G3

Catalyst packing (size: 3 * 3 mm)

1

9.75

OS3

87.27

10.28

3.87

O16

101.42

Before 2005/9/29 -50-60 g
Nitrogen Purge
Reactor temp: 230 C.

Pressure: 26 in-Hg (vac)
Nitrogen was not as good as hydrogen based on higher water content of nitrogen reaction. Theoretical water is 1 part water for four parts acetol
(acetol + propylene glycol). Actual water is greater than theoretical. The ratio of the by-product peak to desired product is higher for this nitrogen run.
G4
Catalyst packing (size: 3 * 3 mm)
2005.9,29

50 g
HOT PLATE (No gas Purge)

1

9.88

Reactor temp: 230 C.

2

12.65

2.41

79.15

12.29

9. OS

O.12

100.49

O

77.26

12.65

8.03

0.14

97.94

Pressure: 27 in-Hg (vac)
This run summarizes a different feed mechanism where feed is put on a hot plate to evaporate feed as it is introduced. Method provided improved
experimental control but did not lead to new insight into the reaction.
G5
Catalyst packing (size: 3 * 3 mm)
2005.10.4

50 g
Hydrogen Purge
Nitrogen Purge

1
1

12.52
7.79

2.86
O81

78.4
87.94

15.38
8.60

4.18
3.56

O.11
O.14

97.96
100.1

Reactor tem b: 230 C.
Pressure: 27 in-Hg (vac)

These runs are a repeat comparison of the use of hydrogen versus nitrogen. The hydrogen provided higher yields, more propylene glycol, less
additional water, and fewer junk peaks. Motivation for increased use of hydrogen was the fat that production of PG must grab a hydrogen from
Somewhere, and tha Somewhere could only be other glycerin or acetol products-leading to the hypothesis that addition of hydrogen would increase
the yield of desired products.
G6
2005,105

Catalyst packing (size: 9-40
mesh) 50 g-fresh

1
2

23.05
24.3

1.66
1.49

73.1
72.21

24.71
25.79

S.OO
5.07

O.O7
O.O8

102.81
103.07

47.14
44.86

12.00
9.93

O.O6
O.O7

96.63
92.8

Hydrogen Purge
Reactor temp: 230 C.

Pressure: 27 in-Hg (vac)
This run Summarizes the impact of using Smaller catalyst. The conversion increased by 50%.
G7
2005,10,10

Catalyst packing (size: 9-40
mesh) 100 g-fresh

1
2

44.74
42.56

2.4
2.3

37.49
38.01

Hydrogen Purge
Reactor temp: 230 C.

Pressure: 27 in-Hg (vac)
This run Summarizes the impact of using more Smaller catalyst. Doubling the catalyst concentration doubled the conversion. To a first approximation,
this reaction is Zero-order.

G8
2005,10,11

Catalyst packing (size: 9-40
mesh) 150g-100 g used 1,
50 g fresh

1
2
3

64.11
63.14
63.73

6.42
5.64
S.28

4.3
4.46
7.28

70.53
68.78
69.01

19.00
19.25
17.88

O.OO
O.OO
O.OO

93.83
92.49
94.17

Hydrogen Purge
Reactor temp: 240 C.

Oil batch temp: 232 C.
Pressure: 27 in-Hg (vac)
This run Summarizes the impact of using even more Smaller catalyst Smaller catalyst. Tripling the catalyst concentration (50 to 150 grams) tripled the
conversion. To a first approxima ion, this reaction is zero-order.
Total glycerin reacted: 369.11g
Total products: 360.52g
Reaction time: 2.5 hr

US 2010/0019 192 A1

Jan. 28, 2010

TABLE 6-continued
Mass balance of glycerin in versus product formed is pretty good for this system.
G9
2005,10,11

Catalyst packing (size: 9-40
mesh) 150g-100 g used 2,
50 g used 1

1
2
3

62.35
64.28
60.39

7.51
S.O.3
4.39

6.25
7.24
14.11

69.86
69.31
64.78

18.57
18.89
19.01

O.OO
O.OO
O.O6

94.68
95.44
97.9

Hydrogen Purge
Reactor temp: 240 C.
Oil batch temp: 232 C.
Pressure: 27 in-Hg (vac)
Total glycerin reacted: 754.79g
Total products: 750.40 g
Reaction time: 5 hr

This extended run shows good mass balance of glycerin in versus product out. Slight decrease in conversion with time deemed to be within
experimental error.
G10
Acetol to PG with H2 Purge on a HOT PLATE
2005,10,14
Catalyst packing (size: 9-40
mesh) 150 g
Pressure: 27 in-Hg (vac),

1

53.4

22.53

S.42

81.35

2

42.16

11.09

37.38

90.63

3

33.57

14:29

4394

91.8

closed valve

Pressure: 20 in-Hg (vac),

open valve to maintain
pressure

Pressure: 20 in-Hg (vac),
more H2 flow to maintain
pressure

Improved Packed-Bed Embodiments
0090. It was observed that propylene glycol was produced
in illustrative example G1 of Table 6. Since the only source of
hydrogen for reacting with acetol (or glycerol) to form pro
pylene glycol was from another acetol or glycerol molecule it
was hypothesized that the absence of free hydrogen in the
system led to Scavenging of hydrogen from the glycerol and
that this scavenging led to undesired byproducts and loss in
yield.
0091 To overcome the problem with scavenging of hydro
gen from glycerol, a small amount of hydrogen was intro
duced to the system. FIG. 6 illustrates the preferred packed
bed reaction process equipment 600 with hydrogen feed 636
as a modification to the process equipment of FIG. 4 The
hydrogen feed 636 was introduced to the evaporator 426 since
this gas diluents, in addition to being useful in hydrogenating
acetol, also promotes evaporation of glycerol. Since glycerol
has a vapor pressure of a mere 0.15 bar at 230° C., the
hydrogen overpressure can add to this pressure to increase
overall pressure—but this is primarily possible if glycerol is
evaporated in the presence of a gas like hydrogen. The con
denser 431 condenses the acetol and propylene glycol from
unreacted gas. although the unreacted gas may be purged 434.
a recycle loop 640 may be used to resupply the evaporator
426, packed bed reactor 425, or condenser 431 by selective
arrangement of valves 642, 644, 646.
0092 Reaction G2 of Table 6 provides example conver
sion data illustrating the beneficial impact of a hydrogen feed
(purge) 544 (see FIG. 5) as the hydrogen feed 636 of FIG. 6
combined with the glycerol feed in the packed-bed reactor
425. The pressure of was 0.13 bars, and the temperature was
230° C. A higher yield to acetol and propylene glycol was
observed.

0093. The desired dehydration reactions produce one
water molecule for every acetol (or propylene glycol) mol
ecule that is formed. Water present in excess of this indicates
excess dehydration and lower selectivities. The ratio of actual
to theoretical water content decreased from 2.3-3.6 to 1.07

1.17 as a result of hydrogen being present during the dehy

dration reaction. In addition, a GC peak at 10.77 minutes is a
by-product. The ratio of this peak area to the mass fractions of
desired acetol and propylene glycol decreased from 0.76-0.9
to 0.47-0.63 as a result of hydrogen being present during the
dehydration reaction.
0094. To confirm that the desired results were a result of
hydrogen rather than any diluent in the system, experiment
G3 was performed using nitrogen instead of hydrogen. The
ratio of actual to theoretic water increased to 1.51 with nitro

gen. In addition the ratio of the 10.77 minute peak increased
to 1.56.

0.095 Both the hydrogen and nitrogen diluent/purge
experiments were repeated in experiment G5 with generally
repeatable results and validation of the benefit of using hydro
gen as a diluent/purge during the dehydration reaction that
forms primarily acetol as a product.
0096. The preferred process uses a hydrogen diluent and
reagent 636 introduced to the evaporator 426.
0097. The following are a summary of the experiments
summarized in Table 6 and what the results indicate:

0.098 Experiment G1 provides proof of concept of low
pressure dehydration over a packed-bed catalyst.
0099 Experiment G2 demonstrates that hydrogen par
tial pressure reduces water formation and leads to
improved mass balance—better yields. Conversions
appeared to be higher.
0.100 Experiment G3 demonstrates that nitrogen was
not as good as hydrogen based on higher water content
of nitrogen reaction. Theoretical water is 1 part water for
four parts acetol (acetol-propylene glycol). Actual
water for this experiment is considerably greater than
theoretical. The ratio of the by-product peak (10.77 min
utes) to desired product is higher for this nitrogen run.
0101 Experiment G4 demonstrates a continuous feed
mechanism approach where feed is put on a hot plate to
evaporate feed as it is introduced. Method provided
improved experimental control but did not lead to new
insight into the reaction.
0102 Experiment G5 provides a repeat comparison of
the use of hydrogen versus nitrogen. The hydrogen pro
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vided higher yields, more propylene glycol, less addi
tional water, and fewer junk peaks. Motivation for
increased use of hydrogen was the fat that production of
PG must grab a hydrogen from somewhere, and that
somewhere could only be other glycerol or acetol prod
ucts—leading to the hypothesis that addition of hydro
gen would increase the yield of desired products.
0103 Experiment G6 summarizes the impact of using
smaller catalyst. The conversion increased by 50%.
0104 Experiment G7 summarizes the impact of using
more Smaller catalyst. Doubling the catalyst mass
doubled the conversion. To a first approximation, this
reaction is Zero-order.

0105 Experiment G8 summarizes the impact of using
even more Smaller catalyst Smaller catalyst. Tripling the
catalyst mass (50 to 150 grams) tripled the conversion.
To a first approximation, this reaction is Zero-order.
0106 Experiment G9 summarizes a good mass balance
of glycerol relative to the reaction products.
0107 Experiment G10 repeats the mass balance run of
G9 illustrating a good mass balance of glycerol in Versus
product out. A slight decrease in conversion with time
was deemed to be within experimental error.
0108 Experiments validated conversions of greater than
95% for the conversion of glycerin to acetol. At conversions
of about 98%, approximately 70% acetol and 9% propylene
glycol were present in the product. Continued contact of both
hydrogen and acetol over the copper chromite catalyst con
tinued to increase yields to propylene glycol.
Other Packed-Bed Embodiments

0109 FIG. 7 shows a more preferred process of preparing
propylene glycol from glycerol.
0110 FIG. 7 provides a block flow diagram of process
equipment 700 including glycerol (or polyhydric) 704 and
hydrogen feeds 736. The hydrogen is contacted with the
glycerol in an evaporator 726 operated between about 200
and 250° C., which promotes evaporation of glycerol to form
a vapor reactor enfluent 727. A first packed-bed reactor 725
converts glycerol to acetol with some formation of propylene
glycol.
0111. If hydrogen is present, the acetol will react with
hydrogen to form propylene glycol in the first packed-bed
reactor 725. At low hydrogen partial pressures, about 0.1 bar,
acetol is predominantly formed. At higher hydrogen pres
Sures, more propylene glycol is formed. The formation of
acetol is predominantly rate limited. The reaction of acetol to
propylene glycol is fast relative to the reaction of glycerol to
acetol; however, the acetol to propylene glycol reaction is
equilibrium limited. Since reaction of acetol to propylene
glycol is equilibrium limited, recycle of acetol is useful to
maximize production of propylene glycol. Distillation can be
used to concentrate acetol from the product stream for recycle
to the evaporator or other locations prior to the reactor.
0112 One method of operating the process of FIG. 7 is to
add additional hydrogen to stream 741 whereby acetol is
primarily formed in the first packed-bed reactor 725 and
propylene glycol is primarily formed in the second packed
bed reactor 738.

0113. The dehydration reaction in the first packed-bed
reactor 725 is highly exothermic. For example, the heat of
reaction will increase glycerol initially at 200° C. to acetol at
414°C. at 100% conversion and without any solvent/diluent.
The higher temperatures lead to a loss of production and

generation of undesired by-products. Heat must be continu
ously or stepwise removed from the reaction mixture to main
tain temperatures below 250° C., preferably below 230°C.,
and most preferably below 220°C.
0114. The mixture is preferably cooled to about 220°C. in
a heat exchanger 740 prior to hydrogenolysis 741 in packed
bed reactor two 738. Reactor two 738 is preferably a packed
bed reactor. Copper chromite catalyst is effective in reactor
two; however, other hydrogenation catalysts may also be used
Such as Raney-nickel catalyst. The hydrogenolysis reaction is
also highly exothermic.
0115 Although high conversions are possible for both the
dehydration and hydrogenolysis reaction, a separator 745 is
used to further purify the product 733.
0116 Preferably, the reactor 1 effluent 730 and reactor 2
effluent 739 are recycled 742/743 along with the overheads
747 of the separator 745. A blower 744 is used to overcome
pressure drops for the recycle. If the separator overhead 747 is
a liquid, it is pumped rather than compressed. The hot recycle
streams 742/743 may have temperatures up to 300° C. and
reduce or eliminate the need for auxiliary heat addition to the
evaporator 726. This direct contact heat exchange and evapo
ration is very efficient. These recycle streams serve the addi
tion purpose of providing additional heat capacity to the
reactor enfluents 727/741, and this additional heat capacity
minimizes temperature increases in the reactors. Minimizing
temperature increases maximizes yields of acetol and propy
lene glycol.
0117 Recycled vapors 742/743/747 add additional partial
pressures from acetol, water, and propylene glycol, com
bined, these may add from 0.2 to 1.2 bars of partial pressure.
Recycle stream 1042 has the advantage of providing heat to
the evaporator 1026, but has the disadvantage of increasing
the residence time of acetol that can degrade acetol. Recycle
stream has advantages associated with providing heat to the
evaporator. Recycle stream 1047 can be enriched in hydrogen
as a recycle, which is advantageous for the reaction, but is not
advantageous for providing heat to he evaporator. The corre
sponding total pressure in the evaporator and downstream
unit operations is about 0.3 to 1.5 bars. The preferred pressure
is about 1.1 bars such that about 0.3 bars is fresh feed glycerol
and hydrogen, about 0.4bars is recycled hydrogen, and about
0.4 bars is recycled water vapor heat exchangers are pre
ferred to recover heat from the hot reaction products into the
evaporator and vapors recycled to the evaporator.
0118. Due to the exothermic nature of the both the dehy
dration and hydrogenolysis reactions, temperature control is
most important. The preferred means to control temperature
is to use recycled water and hydrogen as a diluent in combi
nation with heat exchangers between a first and second reac
tor. More than two reactors is optional. In addition, use of cold
shots of propylene glycolor water in either reactor 1025/1038
or the heat exchanger between the reactors 1040. For
example, cold shots of propylene glycol from the product
stream 1046 can be used to maintain temperatures less than
250° C. throughout the system.
0119 Table 7 and FIG. 8 show the impact of temperature
and pressure on the ratio of propylene glycol to acetol in the
product for a reaction at a residence time slightly longer than
is necessary to fully react all the glycerol. Table 7 summarizes
the ratio of propylene glycol to acetol where propylene glycol
was used as the feed (not glycerol in the system). The fact that
propylene glycol reacts to form acetol fully validates that this
reaction is equilibrium limited. The fact that the forward
(glycerolas reactant) and backward (propylene glycol is reac
tant) produce essentially the same ratios of propylene glycol
at similar temperatures and pressures indicates that the acetol
to propylene glycol reaction is predominantly equilibrium
limited rather than rate limited.
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TABLE 7

Effect of Temperature and Pressure on the Formation of Propylene Glycol
from Glycerol.
Pressure
of
Temperature Discharge Acetol
Reactor

C.
220
220
238
241
240
220
220
220
221
220
221
237
236
240
220
220
240
240

PG:Acetol

Reactor

1 OOO,

Temperature Temperature

Log
PG:Acetol

PG

Mass

bar

wt %

wt %

Ratio

K

K

Ratio

Mass

1
1
1
1
1
2
2
2
2
2
2
2
2
2
4
4
4
4

26.OO
18.58
20.29
24.45
29.7O
22.64
17.56
18.34
16.60
12.74
14.88
23.35
1991
18.8S
1O.SO
12.55
6.95
12.12

SO.84
47.29
27.31
27.73
31.35
56.31
63.71
65.75
S6. S1
S1.2O
49.38
35.53
40.56
31.8O
69.47
65.83
30.91
S1.36

1.96
2.55
1.35
1.13
1.06
2.49
3.63
3.59
3.40
4.O2
3.32
1.52
2.04
1.69
6.62
5.25
4.45
4.24

493
493
511
S14
513
493
493
493
494
493
494
510
509
513
493
493
513
513

2.03
2.03
1.96
1.94
1.9S
2.03
2.03
2.03
2.02
2.03
2.02
1.96
1.96
1.9S
2.03
2.03
1.9S
1.9S

O.29
O41
O.13
O.OS
O.O2
O.40
O.S6
0.55
O.S3
O.60
O.S2
O.18
O.31
O.23
O.82
0.72
O.65
O.63

*For these reactions, the total pressure is predominantly comprised of hydrogen where the molar ratio of
hydrogen to alcohols is about 13:1.

0120 FIG. 8 illustrates the data of Table 7 as pressure
dependence of the glycerol to propylene glycol reaction, at
temperatures of 220° C., and 240° C.
TABLE 8

Effect of Temperature and Pressure on the Formation of Acetol from
Propylene Glycol.*
Pressure
of
Temperature Discharge Acetol
Reactor

C.
2O3
239
2O2
237
177
181
184
181
182
183
2O7
220
216
237
240
242
204
239
197
242
242
241

PG:Acetol

Reactor

1 OOO,

Temperature Temperature

Log
PG:Acetol

PG

Mass

bar

wt %

wt %

Ratio

K

K

Ratio

Mass

1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
4
4
4
4
4
4

17.36
34.27
21.33
34.56
6.39
1.07
1.06
1.6
1.03
O.1S
5.58
8.19
7.25
35.1
23.61
21.77
O3S
21.91
5.8
1.29
20.96
91S

64.31
39.16
72.40
34.67
88.90
85.55
87.84
87.06
89.24
92.22
75.00
63.25
61.2O
36.08
43.64
36.54
80.10
58.34
94.01
34.45
S2.45
41.65

3.70
1.14
3.39
1.OO
13.91
7.73
7.94
7.51
8.09
9.09
4.81
3.48
3.55
1.03
1.85
1.68
7.74
2.66
16.21
3.05
2.50
4.SS

476.15
512.15
475.15
S10.15
450.15
454.15
457.15
454.15
455.15
456.15
480.15
493.15
489.15
S10.15
513.15
515.15
477.15
512.15
470.15
515.15
515.15
S14.15

2.10
1.9S
2.10
1.96
2.22
2.20
2.19
2.20
2.20
2.19
2.08
2.03
2.04
1.96
1.9S
1.94
2.10
1.9S
2.13
1.94
1.94
1.94

0.57
O.O6
O.S3
O.OO
1.14
O.89
O.90
O.88
O.91
O.96
O.68
O.S4
0.55
O.O1
0.27
O.22
O.89
O.43
1.21
O.48
O.40
O.66
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TABLE 8-continued
Effect of Temperature and Pressure on the Formation of Acetol from
Propylene Glycol.
Log

Pressure

Reactor

of

PG:Acetol

Temperature Discharge Acetol

C.
240
240

Reactor

1 OOO,
Temperature Temperature

PG:Acetol
Mass

PG

Mass

bar

wt %

wt %

Ratio

K

K

Ratio

4
4

13.02
13.63

59.51
SS.59

4.57
4.08

513.15
513.15

1.9S
1.9S

O.66
O.61

*For these reactions, the total pressure is predominantly comprised of hydrogen where the molar ratio of
hydrogen to alcohols is about 13:1.

0121 Since the conversion of acetol to propylene glycol is
equilibrium limited, reaction residence times that are longer
than it takes to react the glycerol are not advantageous in
forming more propylene glycol. In fact, at longer residence
times, the product concentrations will decrease as the acetol
and/or propylene glycol continue to react to form undesired
by-products. As the data in Tables 7 and 8 indicate, higher
pressures (4 bar rather than 1 bar) and lower temperatures
(220° C. rather than 240° C.) tend to favor formation of
propylene glycol. These trends are fully consistent with the
exothermic nature of the hydrogenation of acetol to form
propylene glycol and the fact that this reaction results in a

reduction in the total moles in the system (two moles, one
each of hydrogen and acetol, react to form one mole of pro
pylene glycol).
0.122 Table 9 summarizes conversion data on a 15 foot
reactor loaded with 760 and 1160 grams of 3x3 mm pellet
copper chromium catalyst. The reactions were evaluated with
glycerol evaporated at 230°C. The by controlling the vacuum
at the exit from the cold trap (condenser), the pressure of the
system was able to be operated at 27, 19, and 8 inches of
mercury in vacuum (0.074, 0.34, and 0.71 bars absolute pres
Sure). This increase in pressure causes the partial pressure and
the Stoichiometric excess of hydrogen to increase.

TABLE 9
Summ

of gas phase reactor performances in “cobra (15 flexible steel tube, 0.5 inch ID

Acetol

Date

Conditions

G11
Oct. 22, 2005
Cobra

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 760 g
Hydrogen Purge
Reactor temp: 240 C.

Increase H2

Pressure: 27 in-Hg (vac)
Pressure: 19 in-Hg (vac)

Sample (wt %)

acked-bed reactor.

PG

Glycerin

Acetol +
PG

(wt %)

(wt %)

(wt %)

(wt %)

10.88
18.23

69.04
66.29

16.4
16.06

Water

Total
Mass
Unknown balance

(wt %)

(wt %)

1
2

55.13
42.41

13.91
23.88

Pressure: 27 in-Hg (vac)
Pressure: 19 in-Hg (vac)

1
2

46.88
40.44

6.44
17.19

O
O

53.32
57.63

23.91
22.3

24.7
16.6

77.23
79.93

Pressure: 8 in-Hg (vac)

3

36.63

37.1

O

73.73

1818

9.3

91.91

Pressure: 27 in-Hg (vac)

1

58.56

5.58

O

64.14

64.14 excluding

Pressure: 19 in-Hg (vac)

2

44.94

25.07

O

70.01

70.01 excluding

Pressure: 8 in-Hg (vac)

3

32.33

38.71

O

71.04

71.04 excluding

96.32
100.58

flow

G12
Oct. 24, 2005
Cobra

Increase H2

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 1160 g
Hydrogen Purge
Reactor temp: 240 C.

flow

Increase H2
flow

G13
Oct. 26, 2005
Cobra

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 1160 g
Hydrogen Purge
Reactor temp: 230 C.
Water

Increase H2
flow

Increase H2

Water

flow

G14
Oct. 25, 2005
Cobra

Water

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 1160 g
Hydrogen Purge
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TABLE 9-continued
Summ

of gas phase reactor performances in “cobra (15 flexible steel tube, 0.5 inch ID) packed-bed reactor.

Acetol

Date

Conditions

Sample (wt %)

PG

Glycerin

Acetol +
PG

(wt %)

(wt %)

(wt %)

Water

(wt %)

Total
Mass
Unknown balance

(wt %)

(wt %)

Reactor temp: 220 C.
Increase H2

Pressure: 27 in-Hg (vac)
Pressure: 19 in-Hg (vac)

l
1

l
4458

l

l

l

29.9

O

74.48

19.71

94.19

Pressure: 8 in-Hg (vac)

2

32.14

53.37

O

85.51

15.92

101.43

Pressure: 27 in-Hg (vac)

1

58.91

10.18

3.26

69.09

72.35 excluding

Pressure: 19 in-Hg (vac)

2

44.2

28.92

4.3

73.12

77.42 excluding

Pressure: 8 in-Hg (vac)

3

32.56

41.33

8.39

73.89

82.28 excluding

l

flow

Increase H2
flow

G15
Oct. 26, 2005
Cobra

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 1160 g
Hydrogen Purge
Reactor temp: 210 C.
Water

Increase H2
flow

Increase H2

Water

flow

G16
Oct. 26, 2005
Cobra

Water

Direct Glycerin to PG with H2 Purge
Catalyst packing (size:
3 * 3 mm) 1160 g
Hydrogen Purge
Reactor temp: 200 C.
Pressure: 27 in-Hg (vac)

1

56.13

3.53

2.11

59.66

61.77 excluding

Pressure: 19 in-Hg (vac)

2

38.42

31.13

3.78

69.55

73.33 excluding

Pressure: 8 in-Hg (vac)

3

28.54

4.1.8

9.93

70.34

80.27 excluding

Water

Increase H2
flow

Increase H2

Water

flow

0123. As seen by the data G 11 through G16, in every
instance the increase in hydrogen pressure resulted in better
closure of the mass balance (higher selectivity) and higher
conversions from acetol to propylene glycol. At 240°C., the
selectivity to acetol/propylene glycol was lower than at 220
C.—at this higher temperature more junk' peaks were on the
GC indicating that product was lost to undesirable side-prod
ucts. Selectivity increased as the progressively as the tem
perature was lowered from 240° C. (G12) to 230° C. (G13) to
220° C. (G14). At 210° C. (G15) and 200° C. (G16), the
conversion of glycerin was less than 100%. The optimal tem
perature is near 220° C.
0.124. The preferred operation of the evaporator is at a
temperature near 23.0°C., and contact of glycerin with gases
is such that glycerin attains a partial pressure of about 0.15
bars. A preferred stoichiometric addition of hydrogen feed
1036 will add an additional partial pressure of about 0.15 bars
or more of hydrogen.
0.125. It is possible to operate a two-reactor system such
that acetol is predominantly formed in the first reactor and
acetol is predominantly converted to propylene glycol in the
second reactor. The first reactor could be a reactive distillation

reactor operated at lower pressures or it could be a packed
bed reactor operated at lower pressures. There is little advan
tage to using higher pressures in the first reactor if the goal is
to form acetol; the acetol is preferably produced from a pro
cess operated at a pressure less than 5 bars. Higher pressures
are preferred for the hydrogenation of acetol to propylene

Water

glycol; for this reaction the preferred pressure is greater than
25 bar and acetol may be present as a liquid phase at these
high pressures. When liquids are present, higher pressures are
preferred, from at least 1 bar up to 500 bar or higher. If liquid
acetol is present in the reactor, the reactor is preferably a
slurry batch reactor, trickle bed reactor, and teabag reactor.
The temperature for the hydrogenation is preferably less than
220°C. A gas phase packed bed reactor may also be used for
the conversion of acetol to propylene glycol.
0.126 The advantage of using a reactor where acetol is a
liquid for converting acetol to propylene glycol is that the
liquid product can be selectively removed (rather than hydro
gen) from the reaction environment. This can reduce separa
tion costs and the costs of recycling hydrogen. An additional
advantage is that the high pressures and lower temperatures
(less than 220° C.) can substantially overcome the equilib
rium limitations of the acetol-to-propylene glycol hydroge
nation. The advantage of using a gas-phase packed-bed reac
tor is that lower pressures are required. An additional
advantage of using a gas-phase packed-bed reactor is that
by-product formation tends to be promoted in liquid phases—
especially the formation of tar.
I0127. As an alternative to the two-reactor system, it is
possible to form propylene glycol in a single reactor by oper
ating this reactor with sufficient hydrogen present. Tables 7
and 8 illustrate how 1 to 4 bars of hydrogen pressure are
sufficient for high selectivity. The data clearly extrapolates to
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favorable formation of acetol at lower hydrogen pressures
(corresponding to lower partial pressures of hydrogen) and
favorable formation of propylene glycol at higher pressures
(corresponding to high partial pressures of hydrogen).
0128 Alternatively, it is possible to use a two-reactor sys
tem where the first reactor is operated to promote conversion
of glycerol predominantly to propylene glycol and the second
reactor is operated at lower temperatures that create equilib
rium favorable for further conversion of acetol to propylene
glycol. Here, the first reactor preferably has reaction tempera
tures greater than 200° C. and the second reactor preferably
has temperatures less than 220° C. Preferably the glycerol
concentration entering the second reactor is less than half the
glycerol concentration entering the first reaction step. More
preferably, the first reaction step has reaction temperatures
greater than 210° C. and the second reaction step has tem
peratures less than 210°C.
0129 For gas phase reactions operated at moderate pres
sures (less than 25 bar), it is important to avoid formation of
liquids. Liquids exhibit increased rates of by-product forma
tion. At a given pressure, there is a minimum temperature
below which liquids form. This temperature is a function of
composition. The least volatile component is glycerol, and So,
higher glycerol concentrations necessitate operating at higher
temperatures, hence, in a two-reactor System the first reactor
is operated at a higher temperature because the first reactor
has the higher glycerol concentration.
0130. The partial pressure of glycerol is the key parameter
to be followed and controlled to avoid formation of liquids in
the gas-phase packed-bed reactor. The partial pressure of
glycerol must be kept below glycerol's dew point partial
pressure. Glycerol's dew point partial pressure is defined as
the partial pressure of glycerol below which glycerol does not
form dew and at which a dew is formed that contains glyc
erol—this definition implies that the glycerol-free ratios of all
other components in the system remain constant and the
temperature is constant as the partial pressure of glycerol is
increased until the a dew is formed. Being defined in this
manner, glycerol's dew point partial pressure is a state prop
erty that is a function of temperature and the glycerol-free
concentration of other components in the gas.
0131 The preferred processes of this embodiment have a
partial pressure of glycerol less than glycerol's dew point
partial pressure in the reaction mixture and greater than one
fourth the dew point partial pressure in the reaction mixture.
More preferably, the partial pressure of glycerol is greater
than half the dew point partial pressure in the reaction mix
ture. The reaction temperature is preferably below 230° C.
because at higher temperatures, byproduct formation is
favored. When the temperature gets too low (such as 180°C.),
glycerol's dew point pressure becomes so low that reactor
throughput can become too low to be economically viable.
Also, at lower temperatures the dehydration of glycerol
becomes slower, further leading to increased reactor sizes.
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0.132. The partial pressure of glycerol is approximately the
mole fraction of glycerol in the gas phase times the total
pressure. Furthermore, for relatively pure glycerol in a gas
entering the reactor, the dew formed at glycerol's dew point
partial pressure is relatively pure glycerol. Hence at the dew

point, to a good approximation, y'"Give P-P'. where
yP"... is the dew point mole fraction of glycerol in the gas

phase, P is total pressure, and P". is the Saturation pres
sure of pure glycerol at the temperature of the system. The
dew point mole fraction of glycerol is the maximum that can
be held in the gas phase. Table 10 Summarizes dew point mole
fractions at 1, 10, and 100 bar total pressure.
TABLE 10

Maximum mole fractions of glycerol in system at indicated
temperature above which liquids will form in System.
Vapor

Pressure Maximum yo Maximum yo Maximum yo.

T (o C.)

Glycerol
(bar)

(Dew Point)
(a) 1 bar

(Dew Point)
(a) 10 bar

(Dew Point)
(a) 100 bar

150
18O
2OO
220
250

O.OO7
O.O2S
O.OS8
O.126
O.345

O.007
O.O2S
O.OS8
O.126
O.345

O.OOO7
O.OO2S
O.OOS8
O.O126
O.O345

OOOOO7
O.OOO2S
O.OOOS8
O.OO126
O.OO345

I0133) If the reactor feed of a gas phase reactor is com
prised mostly of hydrogen and glycerol, at higher pressures
and lower temperatures, extremely large quantities of hydro
gen need to be removed from the product. If this hydrogen is
not to be lost, it needs to be recycled. This recycling can be
very costly. Reasonably larger mole fractions at higher tem
peratures are problematic because by-products rapidly form
attemperatures greater than about 230°C. A system analyses
reveals that preferred conditions for gas phase glycerol reac
tion. Optimization balances high versus low temperature to
achieve high reaction rates (higher temperatures) without
high by-product formation (lower temperature). Optimiza
tion also balances more-favorable equilibrium and reduced
by-product formation (higher pressure) with maintaining rea
sonably high concentrations of glycerol in the feed (lower
pressure). For the gas phase reaction, the optimal conditions
for glycerol conversion without by-product formation tends
to be 210 to 230° C. and 2 to 10 bars.

I0134. It is possible to operate gas phase reactors a very low
concentrations of glycerol with the remainder predominantly
hydrogen; however, a disadvantage of this approach is that the
hydrogen rapidly carries the glycerol through the packed-bed
reactor leading to low catalyst productivity and high catalyst
costs. FIG.9 and Table 11 summarize the impact of the molar
ratio of hydrogen to glycerol on catalyst productivity (mea
Sured in grams of propylene glycol produced per hour per
gram of catalyst in the packed-bed reactor). The maximum
catalyst productivity is at a mole fraction of glycerol right
below the dew point mole fraction of glycerol. The previously
indicated preferred concentrations of glycerol expressed in
terms of partial pressure indirectly specify the preferred
molar ratios—the partial pressure specification is indepen
dent of total system pressure. All data is from 1 to 4bars total
pressure with most of the data at 2 bars pressure.
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TABLE 11

Effect of H2: Glycerol mole ratio on catalyst productivity
for the glycerol to propylene glycol reaction.
Reactor

Pressure

Temper-

of

Hydrogen

Glycerin

ature
C.

Discharge
bar

flowrate
Limin

flow rate
ghr

H2:Glyc
mol:mol

flow rate
g/hr)

Product
PG

220
220
220
220
220
221
220
221
220
220
238
241
240
237
236
240
240
240

1
1
2
2
2
2
2
2
4
4
1
1
1
2
2
2
4
4

16.7
22.1
36.2
24.7
24.7
S.O
S.O
S.O
29.9
22.1
2.5
2.5
S.O
S.O
S.O
S.O
S.O
1O.O

SOO.O
90.0
226.2
90.0
90.0
2016
127.2
127.2
226.2
SOO.O
99.5
99.5
198.0
198.0
198.0
198.0
198.0
390.6

8.83
70.98
42.26
192.17
106.82
7.02
12.14
1240
26.72
13.70
8.78
6.58
6.83
9.91
9.79
7.52
12.70
7.63

473.88
70.2O
19543
28.74
51.92
18S.OO
99.96
97.68
258.84
386.76
71.56
99.90
191.23
12S.OO
126.8O
170.80
95.23
336.24

SO.84
47.29
56.31
63.71
65.75
56.51
51.2O
49.38
69.47
65.83
27.31
27.73
31.3S
35.53
40.56
31.8O
30.91
51.36

0135) It is possible to operate the gas phase reaction at
higher pressures with high selectivity by making Sure the
partial pressure of glycerol does not exceed glycerol's dew
point partial pressure. The advantage of this approach is to use
high hydrogen pressures to push the equilibrium from acetol
to propylene glycol and possibly reduce the need for some
product purification unit operations and possibly eliminate
the need to recycle acetol. Here, a process for converting
glycerol to a product at high selectivity to propylene glycol
and low selectivity to ethylene glycol preferably includes a
reaction by: contacting a gas phase reaction mixture contain
ing no liquid and containing a partial pressure of glycerol
between 0.01 and 0.5 bars of glycerol and a total pressure
between 25 and 500 bars with a heterogeneous catalyst at a
temperature between 150° C. and 280°C. for a reaction time
interval between 0.01 to 60 seconds. The solid catalyst pref
erably contains an element of the Subgroups from Group I,
Group VI, and/or Group VIII of the Periodic Table. Prefer
ably, the partial pressure of glycerol is less than glycerol's
dew point partial pressure in the reaction mixture and greater
than one fourth the dew point partial pressure in the reaction
mixture. More-preferably, the process of claim 72 where the
partial pressure of glycerol is greater than half the dew point
partial pressure in the reaction mixture.
0136. A gas phase reactor can be used to produce acetol
where pressures beyond 1 bar little advantage pressures
lower than one bar can present a hazard if air leaks into the
system. Here, a process for converting glycerol to a product at
high selectivity to a mixture of acetol and propylene glycol
and low selectivity to ethylene glycol preferably includes a
reaction comprising: contacting a gas phase reaction mixture
containing no liquid and containing a partial pressure of glyc
erol between 0.01 and 0.5 bars of glycerol and a partial
pressure of hydrogen between 0.01 and 5 bars of hydrogen
with a heterogeneous catalyst at a temperature between 150°
C. and 280° C. for a reaction time interval between 0.01 to 60

seconds. The Solid catalyst preferably contains an element of
the subgroups from Group I, Group VI, and/or Group VIII.

Catalyst
Productivity g
PGig cat

Preferably, the partial pressure of glycerol is less than glyc
erol's dew point partial pressure in the reaction mixture and
greater than one fourth the dew point partial pressure in the
reaction mixture. More-preferably, the process of claim 72
where the partial pressure of glycerol is greater than half the
dew point partial pressure in the reaction mixture. The slight
amount of hydrogen in the system reduces by-product forma
tion.

I0137. At 220° C. and 1 to 2 bars of pressure, the most
preferred catalyst loading in the reactor is about 4 grams of
catalyst per gram of propylene glycol produced per hour (a
4:1 ratio). Ratios from 1:0.4 to 1:0.05 are preferred. Higher
catalyst loadings at the previously indicated preferred partial
pressures of glycerol can lead to excessive product loss to
by-products.
Use of Base Neutralization in Finishing Process
0.138 Reaction by-products from the gas phase reaction
include multiple esters of propylene glycol and ethylene gly
col. Ethylene glycol is at times observed in concentrations
less than 2%. One method of purifying the reaction products
is to convert the esters back to propylene glycol and ethylene
glycol (along with corresponding acid) using a base (the
reaction is effective at room temperature as well as tempera
tures higher than room temperature). After this hydrolysis
reaction, the glycols can be evaporated/distilled from the salt
formed from reaction of the base with the ester's acid. The

glycols can than be purified by distillation.
0.139. Here, the preferred product purifying process
includes the steps of adding a base to the said propylene
glycol product to achieve a pH greater than 8.0 and distilling
the propylene glycol from the product having a pH greater
than 8.0. The base is preferably selected from the group
comprised of sodium hydroxide, potassium hydroxide, and
calcium oxide.

Packed-Bed Reactor Design
0140 Temperature control is most important to maximize
reaction selectivity to acetol and/or propylene glycol. Reac
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tors and methods known in the art can be used effectively,
including but not limited to fluidized bed reactors and packed
bed reactors. The preferred reactor is a novel reactor for use
with highly exothermic reactions comprised of an outer shell
containing U-tubes with an orientation such that the U-end of
the U-Tubes is facing upward, said shell having an upper
removable head where catalyst is loaded between shell and
tubes from the top by removing the upper head. An inert
packing may be placed in the lowest portion of the space
between the shell and U-Tubes at a depth between 2 and 24

0145 The desired catalyst loading to provide an ultimate
capacity of 100 million lb/yr of PG production is summarized

inches.

# Reactors

(ft)

(ft)

Description

3
3
6
6
9
9

12'
16
12'
16
12'
16

7.5
6.5
5.3
4.6
4.3
3.8

3 in series
3 in series
Two sets of 3 in series
Two sets of 3 in series
Three sets of 3 in series
Three sets of 3 in series

0141. The design recommendation is to use a reactor siz
ing and loading of 4 lb of catalyst for each lb/hr of PG
production. It is anticipated that at least 2000 lbs of propylene
glycol (PG) is expected to be produced per pound of catalyst.
Table 12 Summarizes the catalyst loadings based on antici
pated capacity.
TABLE 12

Summary of catalyst loading recommendations.
Basis

60 MIb PG/yr
100 MIb PG/yr

Catalyst

Comment

30,000 lb cat

Total loading

50,000 lb cat
25,000 lbf reactor

Total loading
Initial Loading Per Reactor,

{ 0.25 lb PG/lb cat x hr}

75% f

33,000 lbf reactor

Fallback Capacity 100,000 lb cat

Loading Per Reactor, 100% full
Catalyst loading if all 3 reactors
full

0142. An initial total catalyst loading of 30,000 lb (as
sumes 0.25 lb PG/L1b catxhr)) (4 lb catalyst per lb/hr of PG
production) may be appropriate if the initial capacity is tar
geted at 60 million lb per year.
0143. One design uses three reactors arranged to operate
in series with each reactor capable of holding 33,000 lb of
catalyst when full and with the intent of only operating two in
series at any time. Initially, each reactor would be 75% full
and catalyst would be added as the initial loading deacti
vates—catalyst will be added until the reactor is full of cata
lyst. When catalyst activity is too low to meet production
capacity, the first reactor in the series will be removed from
operation and the reserve reactor will be placed as the second
reactor in series with an initial catalyst loading of 50-75%.
inert material should be used in the first reactor for initial

startup. After this startup, no inert material should be required
in any of the reactors because the catalyst will be sufficiently
deactivated in the second reactor by the time it is placed first
in the series. This is with the exception that inert packing is
always to be placed in the bottom 6 inches of the reactor as it
is in this location were dead spots might occurrelative to flow.
0144. The design recommendation on the reactors is for
use of tube-and-shell heat exchanger reactors that have
U-tube internals. The reactors should be configured with the
U end of the tube upward and a flanged/removable head on
this upward U-tube side. Catalyst is to be loaded from the top
with precautions taken to assure catalyst level is eventhrough
out all the spaces between U-tubes. More catalyst can be
added to the reactor (added to top of catalyst bed) as the
reaction proceeds. An upward flow is recommended. The
packing is on the shell side (not tube side).

in Table 13 and can be met with 3, 6, or 9 reactors at the sizes

and configurations indicated.

TABLE 13

Summary of reactor configuration options to meet catalyst
capacity. Assumes /4 inch tubes with wall-to-wall
Spacing of 1 inch in triangular configuration.
Length of Shell Diameter of Shell

0146. Using these specifications for reactors and a design
intended to use 2 of 3 reactors in series, the design produc
tivity ratio is 0.251b PG/lb cat-hr), but the system is capable
of producing at “worst case rates of 0.1251b PG/lb cat-hr).
This should be an ample safety factor to guarantee the design
capacity.
Reactor Sizing

I0147 The catalyst density is 111 lb/ft (some error exists
due to the non-dry nature of the catalysts, all masses assume
that free liquids are removed but catalyst Surfaces are moist).

This translates to 33.300 lb/111 lb/ft, or 300 cubic feet of

Void Volume per reactor. In tube-and-shell heat exchanger
design with 3/4" OD tubes on a 1" (wall-to-wall) triangular
spacing, the Void Volume is estimated to be 83%. Assuming a
slight packing inefficiency, a value of 75% void volume (shell
Volume available for packing, not occupied by tubes) is war
ranted. Thus, the volume of the shell (not including heads)
should be 400 cubic feet.

(0.148. An area of 400 cubic feed divided by 12 ft length
(length of heat exchanger) translates to a Void cross sectional

areas of 33.3 ft (400/12) or shell cross sectional areas (75%
void volume) of 44.4 ft. This translates to a shell of 7.5 ft ID.
The area in inches is 6400 in. Under the assumption of one
tube for each 1.33 in, each heat exchanger would have 4828
tubes of 3/4" OD (or 2414 U-tubes). Results from these calcu
lations are summarized in Table 12.

Data on Catalyst Loading
0.149 FIG. 10 shows results from such a reactor as mod
eled by COBRA software. For the multi-tube reactor, the
catalyst productivity is approximately 625 grams of PG/hr
divided by 3.6 kg of catalyst (or 0.174 lb PG/lb cat-hr).
Comparing COBRA to multi-tube reactor performances, it is
concluded that the performance in the current multi-tube
reactor is limited by the evaporator and not the amount of
catalyst. In addition, acetol recycle is expected to increase
catalyst productivity by up to 50%. For these reasons, the
recommended catalyst loading is 0.25 lb PG/lb cat-hr (4 lb
of catalyst per 1 lb/hr PG production) rather than 0.174 lb
PG/lb cat-hr.
0150. The mass of catalyst loading is calculated by taking
the hourly production rate of PG and multiplying this number
times 4 hrs. The hours of operation in a year are assumed at
360x24-8640 hours/yr or a plant capacity of 11,574 lb/hr.
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This translates to a catalyst loading of 46,300 lb for a 100
million lb/yr facility (11,574x4).
0151. One type of design is for three reactors in series with
each reactor capable of holding 33,000 lb of catalyst when
full. The intent is to only operate two reactors in series at any
time. Initially, each reactor would be 75% full and catalyst
would be added as the initial loading deactivates. Table 13
Summarizes six different ways to achieve this capacity.
Comments on Shell-Side Loading
0152. A shell side loading of the reactor is possible
because access from the top (U-side) allows easy loading of
catalyst in the reactor allows inert packing to be strategically
placed in the reactor. As shown in FIG. 11A, a shell-side
reactor 1100 has a feed or inlet port 1102, that within the
confines of reactor 1100 is in fluidic communication with exit

or outlet port 1104. the reactor 1100 is used to perform the
reactions describe above. As shown in FIG. 11B, the reactor

1100 has an outer shell 1105 that may be filled with one or
more U-tubes i106 for use as heat exchangers within a jacket
1108A top 1110 (see FIG. 11A) may be removed to permit
top access to the jacket and to the reactor interior. core. As
shown in FIG. 11C, the reactor interior core 1112 may be
filled with material including a bed of insert packing 1114
beneath a catalyst 1116, as described above. The advantages
of this configuration over a tube-side loading are as follows:
0153. Up to a 5x reduction in reactor size is attained.
0154 Potential problems of by-passing and hot-spot
development that can occur with tube reactors is all but
eliminated.

0155 The pressure drop is considerably less.
0156 Filling catalyst in the tubes is considerably easier.
Basically 2-6 shells are loaded with catalyst as opposed
to 50,000 tubes (5x volume).
Example 4
Pilot Scale Reactor Validation

O157 Pilot scale reactor validation of the “shell-side'
approach to packing the catalyst was successful and is con
sidered fully scalable. This pilot reactor had a 2" ID with three

0.5" OD tubes in which oil was circulated to cool the reactor.

Various operational aspects validated in the pilot production
run included the following:
0158 Temperatures can be controlled (25% inert load
ing was used, may or may not be necessary) with dis
tances up to 1 inch from the wall of the tube to the
furthest catalyst particles. Conversions were good and
product profiles consistent with previous runs.
0159. The system can operate with adequately low pres
Sure drops.
0160 One problem that developed was some (-5%) glyc
erol vapors were by-passing the catalysts and were in the
product stream at conditions that previously exhibited less
than 0.2% glycerol in the product. The by-passing was
believed due to the low depth of the reactor bed packing a
packing of 3.75 feet of catalyst (5 feet of catalyst plus inert) as
compared to 16 or 24 feet of catalyst (axial length of packing)
in the cobra reactors. In a commercial facility, the depth may
be 18 to 24 feet, and so, this bypass issue should be resolved.
0.161 FIG. 12 shows an axial and radial cross section of
the pilot reactor 1200. The heat transfer in this reactor is over
the same dimensions as heat exchange in the reactors speci
fied above The reactor 1200 is fully scalable by simply
increasing the shell diameter while keeping the spacing of the
oil-filled circulating heat exchange tubes 1204, 1206, 1208
the same. The shell surface 1210 was insulated against heat
loss. Reactor feed inlet 1212 and reactor feed outlet 1214 are

in fluidic communication through a catalyst-packed chamber
1214.

0162 The following three pilot reactors have been dem
onstrated in the laboratory with the first two having tube
loadings and the last having a shell loading:
(0163. 16' pilot using 3/4" OD tube: 1500 g catalyst load
ing.
(0164. 10' pilot using 1.0" OD tube: 2280 g catalyst
loading.
(0165 5' pilot using 2.0" ID shell and 3 tubes: 3600 g
catalyst loading
0166 Even at the pilot scale, the shell-side loading was
much easier to work with and the reactor had a much lower
pressure drop.
TABLE 1.4
Pilot Scale Results
Shell-and-Tube reactor

#1 (3/4" OD; 16 ft.

Shell-and-Tube reactor

Tube-cooled reactor

length)

#2 (1" OD: 10 ft. length)

(2" ID: 5 ft. length)

Glycerol
flow rate

(L/hr) Color

Unconverted

Unconverted

Unconverted

Glycerol (%) Color

Glycerol (%) Color

Glycerol (%)

clear
clear

O
O

clear
Very

O
1

clear
clear

5

Very

O
O

clear
clear

(not include)
-3

slightly
yellow
Light

yellow
1.3

Yellow

(not include) clear

-8

(not include) clear

-14

slightly
yellow
8

Light

yellow
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0167 A preferred pressure drop from compressor exit to
compressor entrance is 14.7 psi. The pilot scale system has
operated for several days at a pressure drop of 7.5 psi. This
validates the capability to operate at the needed low pressure
drop.
0.168. In the pilot facility, about 5 psi pressure drop is
across the evaporator, about 0.5 psi pressure drop is across the
5 feet of reactor packing, and about 2 psipressure drop is from
the condenser and entrance/exit effects. Increasing the bed
depth to 20 should result in 2 psi. A further doubling of space
Velocity through the packing should increase the pressure
drop to 4 psi. A 4 psi pressure drop through packing is con
sistent with targeted commercial reactor operation.
0169. The 5 psi pressure drop in the evaporator is consis
tent with a “long travel path of at least 100 feet of evaporator
tubing. The targeted evaporator pressure drop for the com
mercial system is 3 psi. The targeted pressure drop for all
other aspects (condenser, flash vessels, and entrance effects)
is 3 psi.
Composition of Antifreeze Product from Glycerol of Biodie
sel Facility
0170 Biodiesel is one type of product that can be pro
duced from a fatty acid glycerin refinery. After a conventional
biodiesel methanolysis reaction, the methoxylation catalyst is
preferably removed by filtration from a slurry reaction sys
tem. Other methods, such as centrifugation or precipitation,
may be used to remove soluble catalysts from the glycerol
by-product of the biodiesel methanolysis reaction process.
These processes are compatible with either batch or continu
ous operation. Methods known in the art may be used to
convert the batch process procedures (described herein) to
flow process procedures. Hydrogenation of the glycerol is
performed to prepare a glycerol byproduct that preferably
contains, on a water-free basis, from 0.5% to 60% glycerol,
and 20% to 85% propylene glycol. More preferably, the glyc
erol byproduct contains on a water-free basis from 10% to
35% glycerol, and 40% to 75% propylene glycol. Also, as the
preferred antifreeze of this invention is prepared from the
crude natural glycerol byproduct of the C to Calkyl alcohol
alcoholysis of a glyceride, the more preferable product also
contains 0.2% to 10% C1 to C4alkyl alcohol and 0 to 5% salt
of the neutralized alcoholysis catalyst (more preferably 0.2 to
5% salt).
0171 The glycerol conversion reactions have been
observed to form a residue by-product. When this residue is
soluble in the antifreeze product, the preferred application is
to add it to the antifreeze product. The antifreeze may contain
1% to 15% of this residue by-product.
0172. While the antifreeze products of this invention are
commonly referred to as antifreeze, these same mixtures or
variations thereofmay be used as deicing fluids and anti-icing
fluids.

0173 When the reaction is run without hydrogen, acetol
will form. This mixture can then subsequently (or in parallel)
reactin a packed-bed flow reactor in the presence hydrogen to
be converted to propylene glycol. This process has the advan
tage that the larger reactor does not contain pressurized
hydrogen.
0.174. The processes and procedures described in this text
are generally applicable to refined glycerol as well as crude
glycerol.
0.175. The catalyst used for most of the process develop

ment was a Sud-Chemie powder catalyst at 30 m/g surface

area, 45% CuO, 47% CrO3.5% MnO, and 2.7% BaC). Also
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used was a Sud-Chemie tablet catalyst at 49% CuO, 35%
Cr-Os, 10%. SiO, and 6% BaO. Also used was a Sud-Chemie
powder catalyst at 54% CuO and 45%.
Example 5
Processing of Biodiesel Byproduct
0176 Crude glycerol obtained as a by product of the
biodiesel industry was used instead of refined glycerol.
Biodiesel is produced using alcoholysis of bio-renewable fats
and oils. The composition of feedstock 104 used in this
example had an approximate composition as follows: glyc
erol (57%), methyl alcohol (23%), and other materials (soaps,
residual salts, water) (20%). The above feedstock was reacted
in the presence of hydrogen and catalyst to form a mixture
containing propylene glycol. The reaction proceeded using
10 grams of the crude feedstock, 5% by weight of catalyst,
and a hydrogen overpressure of 1400 kPa. The following
Table 15 presents compositions after reacting in a closed
reactor (with topping off of hydrogen) for 24 hours at a
temperature of 200°C. The copper chromium catalyst used in
this Example was reduced in presence of hydrogen at a tem
perature of 300° C. for 4 hours prior to the reaction.
TABLE 1.5

Summary of catalyst performances based on 10 grams of
crude glycerol.
Initial Loading

Best

Final Product

(g)

Possible (g)

(g)

Crude Glycerol

5.7

O

O.8

Acetol

O

O

O

Propylene glycol

O

4.6

3.1

Water

1

2.1

2.6

Reactive-Separation to Prepare Acetol and Other Alcohols
0177. As an alternative to reacting to form propylene gly
colby use of the process equipment 100 shown in FIG. 1, FIG.
13 shows a modified version of the process equipment that
has been previously described. Process equipment 1300 is
useful for forming acetol or other alcohols having boiling
points less than about 200° C. Dehydration is the preferred
reaction method, but cracking reactions may be used with
feed stocks containing Sugars or polysaccharides having car
bon numbers greater than 3.
0178. In general, the process equipment 1300 is used for
converting a three-carbon or greater Sugar or polysaccharide
to an alcohol dehydration product having a boiling point less
than about 200° C. By way of example, a sugar or polysac
charide-containing feedstock with less than 50% by weight
water is combined with a catalyst that is capable of dehydrat
ing glycerol to form a reaction mixture. The reaction mixture
is heated to a temperature ranging from 170° to 270° C. over
a reaction time interval ranging from 0.5 to 24 hours at a
pressure ranging from 0.2 to 25 bar.
0179. One method of converting glycerol to acetol is in a
semi-batch slurry reaction where glycerol is continuously
added and acetol is removed as a vapor. In this method,
residence time may be less than 0.5 hours, depending upon
catalyst loading. Also, pressures as low as 0.02 bar will Suc
cessfully pull off the acetol as a vapor that can then be con
densed to form a liquid product.
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0180. The preferred reaction conditions for conversion of
glycerol to formacetol include a process temperature ranging
from 170° C. to 270° C., and this is more preferably from 180°
C. to 240°C. The preferred reaction time exists within a range
from 0.5 to 24 hours. Heterogeneous catalysts that are known
to be effective for dehydration may be used, such as nickel,
copper, Zinc, copper chromium, activated alumina and others
known in the art. The preferred reaction pressure exists within
a range from 0.2 to 25 bar, and this is more preferably from
The 0.5 to 3 bar. The feedstock may contain from 0% to 50%
and more preferably 0 to 15% water by weight.
0181. By these instrumentalities, glycerol may be dehy
drated to acetol. Selective formation of acetol is documented

for the copper-chromium catalyst by Examples 5 through 7
below. The same reaction conditions with different catalyst
are effective for forming other alcohol products where the
products have fewer alcohol functional groups than do the
reagents. Fractional isolation of intermediates through reac
tive-distillation is particularly effective to increase yields and
the embodiments is inclusive of processes to produce a range
of products including but not limited to 1.3 propanediol and
acrolein.

0182 FIG. 13 shows process equipment 1300 for the
selective conversion of glycol to acetol. In FIG. 13, identical
numbering is used for the same components that have been
previously described with respect to FIG.1. The reactor sepa
rator 102 as shown in FIG. 13 functions as a dehydration
reactor. The polyhydric feedstock 104 and catalyst 124 enter
reactor-separator 102 for a reaction that is limited to the
dehydration step 204 of FIG. 2 by the absence of hydrogen,
and in consequence the hydrogenation step 208 does not
occur at this time. The dominant reaction product is acetol
202. Volatile fractions including acetol vapor exit the reactor
separator 102 through an overhead intermediateline 1302 and
liquefy in condenser 112. A follow-on reactor 1304 functions
as a hydrogenolysis reactor that accepts acetol and other
liquids from condenser 112, and contacts the acetol with
hydrogen to form propylene glycol as product 118. The cata
lyst 1306 may be the same as or different from catalyst 126.
The condenser 112 preferably operates at a temperature rang
ing from 25°C. to 150° C. and this is more-preferably from
25°C. to 60° C. It will be appreciated that the condenser 112
may be eliminated or positioned downstream of the follow-on
reactor 1304 if the follow-on reactor 1304 operates as a vapor
phase reactor.
0183. When the process equipment 1300 is operating in
mode of producing propylene glycol product 118, a hydrogen
recycle loop 1312 recycles excess hydrogen from the follow
on reactor 1304. This step preferably recycles unused hydro
gen from the condenser back to the Subsequent step reaction
mixture. The reaction time of this Subsequent step reaction
exists within a range from 0.2 to 24 hours and more-prefer
ably exists within a range from 1 to 6 hours.
0184 The acetol that is delivered through intermediate
line 1302 to condenser 112 is optimally diverted through
three way valve 1308 to provide an acetol product 1310.
Example 5
Stepwise Production of Acetol then Propylene Gly
col

0185. Glycerol was reacted in the presence of copper chro
mium catalyst in two steps to form a mixture containing
propylene glycol. In Step 1, relatively pure acetol was iso

lated from glycerol in absence of hydrogen at a reaction
pressure of 98 kPa (vac). In Step 2, the acetol from Step 1 was
further reacted in presence of hydrogen to propylene glycol at
1400 kPa hydrogen over pressure using similar catalyst that is
used for the formation of acetol. The catalyst used in the step
1 of this Example is used in the condition in which they
arrived and the catalyst used in the Step 2 was reduced in
presence of hydrogen at a temperature of 300° C. for 4 hours
prior to the reaction.
0186 The following table presents composition of the
final product in Step 1 and Step 2
TABLE 16

Example reaction conditions for converting glycerol to propylene
glycol.
Initial Loading

Best

(g)

Possible (g)

Final Product (g)

Step 1: Formation and isolation of acetol intermediate from
glycerol using copper-chromite catalyst. Catalyst – 5% unreduced
powder Cu/Cr, Reaction time - 1.5 hr at 220° C. and 3 hr
at 240° C., Reaction Pressure - 98 kPa (vac).
Glycerol

36.8

O

3.6

O

29.6

23.7

Acetol

Propylene glycol

O

O

1.7

Water

O

7.2

6.9

Step 2: Formation of propylene glycol from acetol intermediate
from Step 1 using same catalyst. Catalyst - 5% reduced powder
Cut Cr, Reaction time - 12 hr. Reaction Temperature - 190° C.,
Reaction Pressure - 1400 kPa.

Glycerol

O

O

Acetol

4.5

O

O
O

Propylene glycol

O

4.6

4.3

Example 5
Batch Versus Semi Batch Processing
0187 Glycerol was reacted in presence of copper chro
mium catalyst to form acetol by each of two process modes:
batch and semi batch. Relatively pure acetol was isolated
from glycerol in absence of hydrogenata reaction pressure of
98 kPa (vac). In this reaction 92 grams of glycerol would form
a maximum of 74 grams acetol at the theoretical maximum
100% yield. Either process mode produced a residue. When
dried, the residue was a dark solid coated on the catalyst that
was not soluble in water.

0188 In semi-batch operation, the reactor was provi
Sioned with catalyst and glycerol was fed into the reactor at a
uniform rate over a period of about 1.25 hours. In batch
operation, all of the glycerol and catalyst was loaded into the
reactor at the start of the reaction. The following results show
the semi-batch reactive-distillation has higher yields and
selectivities than batch. The higher catalyst loading provided
higher yields and selectivities. It was observed that the cata
lyst activity decreased with reaction time and the amount of
residue increased with reaction time.

0189 The copper chromium catalysts used in this Illustra
tive Example were used in the condition in which they
arrived. Process runs were made using the conditions
described in Table 17.
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TABLE 17

TABLE 19

Comparison of Semi-Batch (Continuous) Reactive-distillation and

Mass balance details on RXN 8.2. Catalyst loading was 2.5%.

Batch Reactive-distillation. Formation and isolation of acetol intermediate

Distillate

from glycerol using copper-chromite catalyst. Catalyst – 5% unreduced
copper chromium powder

Reacted Glycerol (g)
Glycerol

48.95

Best possible (g)

(g)

O

3.85

Reaction conditions:

Acetol

Propylene glycol

O

O

1.63

Reaction Pressure - 98 kPa (vac)
Reaction temperature - 240° C.
Reaction complete time - 2 hr
Glycerol feed rate - 33.33 g/hr for Semi-Batch Reactions
The following three reactions were conducted:

Water

O

9.58

6.24

O

39.37

33.51

(0192 Table 20 provides details of reaction 8.2: Initial
loading of glycerol was 42.48 grams; glycerol in distillate
was 3.64 grams; residue was 5.68; and the amount of glycerol
reacted was 33.16 grams.

RXN 8.1 - Semi-Batch reaction at 5% catalyst loading
RXN 8.2 - Semi-Batch reaction at 2.5% catalyst loading
RXN 8.3 - Batch reaction 5% catalyst loading

TABLE 20

Mass balance details on RXN 8.3. Catalyst loading was 5%.

0190. Table 18 provides reaction details of reaction con
ditions RXN 8.1 of Table 17. Initial loading of glycerol was
54.29 grams; glycerol in distillate was 4.91 grams; residue
was 3.80grams, and the amount of glycerol reacted was 49.38
grams.
TABLE 18

Mass balance details on RXN 8.1. Catalyst loading was 5%.
Distillate

Reacted Glycerol (g)
Glycerol

Best possible (g)

49.38

Acetol

O

O

(g)
3.64

39.71

35.99

Propylene glycol

O

O

1.65

Water

O

9.66

5.79

(0191 Table 19 provides details of reaction 8.2: Initial
loading of glycerol was 52.8 grams; glycerol in distillate was
3.85 grams; residue was 4.91 grams; and the amount of glyc
erol reacted was 48.95 grams.

Distillate

Reacted Glycerol (g)
Glycerol

36.80

Acetol

O

Best possible (g)
O
29.60

(g)
3.64
23.73

Propylene glycol

O

O

1.67

Water

O

7.2

6.99

0193 As reported in the following examples, various stud
ies were performed to assess the ability to control the residue
problem.
Example 6
Control of Residue by Water Content of Feedstock
0194 Glycerol was reacted in presence of copper chro
mium catalyst to form acetol at conditions similar to Illustra
tive Example 5 with 2.5% catalyst loading and in a semi-batch
reactor method. Water was added to the glycerol to evaluate if

water would decrease the accumulation of the water-in
soluble residue. Table 21 Summarizes the conversion results.
These data illustrate that a small amount of water reduces the

tendency for residue to form. The copper chromium catalyst
used in this Illustrative Example was used in the condition in
which they arrived.
TABLE 21

Impact of water on residue formation.

Water (wt %)

Initial
Glycerol in Best Possible of Acetol in Distillate
Glycerol (g) Distillate (g)
Acetol (g)
(g)

Residue:Initial
Residue (g) Conversion (%). Glycerol Ratio

O%

52.8

3.85

39.37

33.51

4.91

92.71%

9.30%

59

S3.26

4.93

38.87

35.23

3.47

90.74%

7.02%

10%

56.25

8.55

38.36

34.48

3.45

84.80%

6.13%

20%

55.52

9.67

36.87

33.13

2.95

82.58%

5.31%

Catalyst - 2.5% unreduced powder Cu/Cr
Reaction Pressure - 98 kPa (vac)
Reaction temperature - 240° C.
Reaction complete time - 2 hr
Glycerol feed rate - 33.33 g/hr
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Example 7
Control of Residue by Catalyst Loading
0.195 Glycerol was reacted in presence of copper chro
mium catalyst to form acetol in a semi-batch reactor method.
The impact of lowering catalyst loadings was evaluated to
determine the impact of catalyst loading on acetol yield and

TABLE 23

Summary of catalyst performances based on 4.5 grams of acetol.

initial
Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8

residue formation. Table 22 summarizes the conversion

results. These data illustrate that the formation of residue may
be autocatalytic—it increases more than linearly with
increasing throughput of glycerol over the catalyst. Also, the
selectivity decreases with increasing throughput of glycerol
over a fixed catalyst loading in the reactor.
0196. The copper chromium catalyst used in this Illustra
tive Example was used in the condition in which they arrived.

Acetol

Propylene

Lactaldehyde

(g)

glycol (g)

(g)

4.5
O.S
O.29
O.19
O.O7
O.OS
O.OS
O
O.24

O
3.62
3.85
4.19
4.41
4.42
4.39
4.41
4.2

O
O.S1
O.S6
O.S3
O.47
O49
O.S1
O.36
O42

TABLE 22

Impact of catalyst to glycerol throughput ratio on residue formation.
Total feed of

Acetol

Residue:Reacted

Reaction Catalyst % Glycerol (g) Residue (g) Conversion (%) Selectivity
1
2

59
2.50%

27.15
52.8O

Glycerol Ratio

1.9
4.91

90.96%
92.71%

90.62%
85.11%

7.70%
10.03%

7.54

10.76%

3

1.67%

77.22

90.44%

76.94%

4

1.25%

105.68

11.7

89.23%

73.50%

12.11%

5

0.83%

151.69

17.18

86.87%

59.76%

13.03%

Catalyst - 1.25 gunreduced powder Cu/Cr
Reaction Pressure - 98 kPa (vac)
Reaction temperature - 240° C.
Glycerol feed rate - 33.33 g/hr

Example 8
TABLE 23-continued

Regeneration of Catalyst

Summary of catalyst performances based on 4.5 grams of acetol.

0197) This example illustrates the stability of the copper

chromium catalyst for the formation of propyelene glycol
from acetol. The following were the approximate initial con
ditions: 4.5 grams of acetol. 2 wt % of catalyst, and a hydro
gen overpressure of 1400 kPa. The following table presents
compositions after reacting in a closed reactor (with topping
off of hydrogen) for 4 hours at a reaction temperature of 185°
C. The copper chromium catalyst was reduced in presence of
hydrogen at a temperature of 300° C. for 4 hours prior to the
reaction. The catalyst after each run was filtered from the
reaction products, washed with methanol and then dried in a
furnace attemperature of 80°C. This regenerated catalyst was
reused in the Subsequent reactions. Similar regeneration pro
cedure is repeated 10 times and the results are summarized in
Table 23. These data illustrate the ability to reuse catalyst for
the hydrogenation of acetol.
0198 The copper chromium catalyst used in this Illustra
tive Example was reduced in presence of hydrogen at a tem
perature of 300° C. for 4 hours prior to the reaction.

Run 9
Run 10

Acetol

Propylene

Lactaldehyde

(g)

glycol (g)

(g)

0.27
O.21

4.2
4.11

O43
0.4

Example 9
Ability to Reuse Catalyst of Acetol-Forming Reac
tion

0199. This example illustrates that a powder catalysts may
be treated or reactivated by hydrogen treatment, but also that
one powder catalyst that contains 54% CuO and 45% CrO.
has better reuse properties than does another powder catalyst

at 30 m/g surface area, 45% CuO, 47% CrO, 3.5% MnO,

and 2.7% BaO. For the powder catalyst at 54% CuO and 45%
Cr-O, the data of Table 24 demonstrate that residue forma

tion rate is similar to that of the powder catalyst at 30 m/g
surface area, 45% CuO, 47% CrO, 3.5% MnO, and 2.7%
BaO (Table 23). The data of Table 25 demonstrate the 54%
CuO and 45% CrO catalyst can be used repeatedly (at
laboratory scale, 1-3% of the catalyst was not recovered from
reaction to reaction). The data of Table 26 demonstrate that
reuse is more difficult with the 45% CuO, 47% CrO, 3.5%
MnO, and 2.7% BaC) Catalyst.
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TABLE 24

Impact of catalyst to glycerol throughput ratio on residue formation.
The catalyst in this table is a powder catalyst at 54% CuO and
45% CrOs. This compares to the catalyst of Table 13 which

is a powder catalyst at 30 m/g surface area, 45% CuO, 47% CrO3,
3.5% MnO2 and 2.7% BaO. Reactions were semi-batch.

Total feed of Glycerol
Reaction Catalyst (%)
(g)
Residue (g) Conversion (%) Acetol Selectivity (%)
1
2
3

59%
2.50%
1.25%

26.35
53.38
102.98

1.95
541
1236

89.82%
91.05%
89.07%

87.05%
82.01%
78.86%

Residue:Reacted
Glycerol
Ratio
8.36%
11.13%
13.47%

Catalyst - 1.25 gunreduced Cu/Cr, powder catalyst at 54% CuO and 45% Cr2O3.
Pressure - 98 kPa (vac);
Temperature - 240° C.;
Glycerol feed rate - 33.33 g/hr

stopping the feed and allowing the reaction to proceed for
about 30 minto an hour—during this digestion the Volume of

TABLE 25

the reaction mixture decreased and the residue became more
Impact of reuse on powder catalyst at 54% CuO and 45%.
Catalyst is loaded at 5% and is unreduced.
Acetol

Glycerol Residue Conversion Selectivity Residue:Initial
(g)
(g)
(%)
(%)
Glycerol Ratio
52.77
52.16

3.96
4.11

89.82%
91.28%

87.05%
88.52%

7.5.19%
7.88%

51.72

3.89

91.74%

88.56%

7.53%

Reused

Catalysts still could be recovered

3

Catalyst - 2.5 g unreduced Cu/Cr, powder catalyst at 54% CuO and 45%
Cr2O3.
Pressure - 98 kPa (vac);
Temperature - 240° C.;
Glycerol feed rate - 33.33 g/hr
TABLE 26

Impact of reuse on powder catalyst at 30 m2/g Surface area,
45% Cu.O. 47% Cr2O33.5% MnO2 and 2.7% BaO.
Total
feed of

Acetol

Glycerol Residue Conversion Selectivity Residue:Initial
(g)
(g)
(%)
(%)
Glycerol Ratio
Fresh
Reused
1

Reused

54.29
S3.13

0201 For the 54% CuO and 45% CrO, catalyst, the resi
temperature and a slurry form at the reaction temperature
during the long period of reaction time. A methanol wash
readily removed the residue, allowing the catalyst to be
reused multiple times. The Solid was soft and tacky in nature
and readily dissolved in methanol to form slurry. The catalyst
due tends to be stable. This residue takes a solid form in room

Total
feed of

Fresh
Reused
1
Reused
2

apparent.

3.80
3.99

90.95%
88.92%

90.62%
88.80%

7.01%
7.5.19%

Catalyst could not be recovered - residue was totally solidified

2

Catalyst - 2.5 g unreduced powder Cu/Cr
Pressure - 98 kPa (vac);
Temperature - 240° C.;
Glycerol feed rate - 33.33 g/hr

0200. The two catalysts at initial condition performed
about the same for the acetol forming reaction; however, the
45% CuO, 47% CrO3.5% MnO, and 2.7% BaO catalyst at
a loading of lesser than 5% formed a different type of residue
that was more resistant to catalyst recovery. For both cata
lysts, it was generally observed that as reactions proceeded,
the reaction rates tended to reduce. At the end of the semi

batch reaction a digestion of the mixture was induced by

was washed with methanol until the wash was clear and then

the catalyst was dried in a furnace at 80° C. to remove the
methanol. The physical appearance of this catalyst after
washing was similar to that of the new catalyst.
(0202) In the case of 45% CuO, 47% CrO, 3.5% MnO,
and 2.7% BaC catalyst the residue was, however, different. In
the case of 5% catalyst loading, residue started foaming on
the catalyst at 30 min after total glycerin was fed, i.e., 30
minutes into the reaction. Once foaming started, a methanol
wash was not effective for removing the residue from the
catalyst. If the reaction was stopped prior to commencement
of foaming, the methanol was effective in removing the resi
due from the catalyst. When catalyst loading less than 2.5%,
the residue started foaming while the glycerin was still being
fed to the reactor, and the catalyst could not be recovered at
end of the reaction. The 54% CuO and 45% Cr2O3 catalyst
produced a residue that is a Solid at room temperature.
0203 These trends in reuse of catalyst are applicable to
conditions for conversion of glycerin to acetol as well as the
“single-pot' conversion of glycerin to propylene glycol.
Example 10
Lactaldehyde Mechanism
0204 Acetol was hydrogenated in presence of copper
chromium catalyst to form a mixture containing propylene
glycol. The following were the approximate initial condi
tions: 10 grams of acetol. 2 wt % of catalyst, and a hydrogen
overpressure of 1400 kPa. The following table presents com
positions after reacting in a closed reactor (with topping off of
hydrogen) for 4 hours at a reaction temperature of 190° C.
Table 27 shows the effect of reaction temperature on the
formation of propylene glycol from acetol. The data illustrate
that good conversions are attainable at 190° C. The data
illustrate that the co-product (likely undesirable) of lactalde
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hyde is produced at lower selectivities attemperatures greater
than 150° C. Optimal temperatures appear to be 190° C. or
higher. The copper chromium catalyst used in this Illustrative
Example was reduced in presence of hydrogen at a tempera
ture of 300° C. for 4 hours prior to the reaction.
TABLE 27

Summary of catalyst performances based on 9 grams of acetol. The
pressure is 1400 kPa with a 5% catalyst loading.
Temperature C.

Acetol (g)

Unreacted
50
100
150
18O
190

Propylene glycol (g) Lactaldehyde (g)

10
8.25
5.74
3.10
1.64
O.S6

O
1.86
3.93
4.31
7.90
9.17

O
O.13
O.47
2.82
O.89
O.S8

0205 Table 28 shows the effect of initial water content in
the reactants on the formation of propylene glycol from
acetol. The data illustrate that water can improve yields to
propylene glycol. Selectivity to propylene glycol decreases as
the reaction goes beyond 10-12 hrs.
TABLE 28

Summary of catalyst performances based on different initial loadings
of water. The reaction temperature is 190° C., at a pressure of
1400 kPa, a 5% catalyst loading and a reaction time of 24 hours.
The total loading of water with acetol is 10 grams.
Water (% wt)

Acetol (g)

10
2O
50

O.47
O.22
O.22

Propylene glycol (g) Lactaldehyde (g)
7.65
S.98
4.35

O
0.7
0.27

0206 Table 29 shows the effect of initial catalyst concen
tration on the formation of propylene glycol from acetol. The
data illustrate that the highest yields are attained at the higher
catalyst loadings.
TABLE 29

Summary of catalyst performances based on 4.5 grams of acetol.
The reaction temperature is 190° C., at a pressure of
1400 kPa and no added water.

Catalyst
Concentration

Reaction
Time

Acetol

(wt %)

(h)

(g)

(g)

(g)

4
4
4
4
6
6

4.5
O.29
O.14
1.32
1.56
O.S8
1.27

O
4.46
4.27
3.45
3.14
3.78
3.29

O
O.22
O.2
O.29
O.32
O.25
O.33

Initial
59%
2%
190
O.S9/o
190
O.S9/o

Propylene glycol Lactaldehyde

Reactive-Separation with Gas Stripping
0207. The use of the reactor-separator 102 is very effective
for converting glycerol to acetol as illustrated by the forego
ing Examples. These examples illustrate, for example, the
effective use of water and catalyst loading to reduce forma
tion of residue. Two disadvantages of the reactions were the
formation of residual and operation at Small amounts of
WaCUU.

0208. The most preferred approach overcomes the
vacuum operation by using a gas to strip the acetol from
Solution. Thus, the process equipment operates at a more
optimal pressure, such as slightly over atmospheric pressure,
to make advantageous use of fugacity (partial pressures) for
the selective removal of vapor from the reaction mixture. The
stripper gases may be inert gases such as nitrogen to strip out
the acetol. Steam may also be used to strip out the acetol. The
most-preferred stripping gas is hydrogen.
0209 Use of hydrogen at pressures slightly above atmo
spheric pressure Strips the acetol and/or propylene glycol
from solution as they are formed. In addition, the preferred
hydrogen stripper gas keeps the catalyst reduced and provides
reaction paths that prevent residue formation and/or react
with the residue to form smallermolecules that also strip from
Solution. The reactions that strip the residue may include use
of additional catalysts that are known to be effective for
catalytic cracking, and the use of Such stripper gas in combi
nation with catalytic cracking catalysts is referred to hereinas
a strip-crack process. The hydrogen is preferably either
recycled in the reactor or compressed with the acetol for a
second reaction at higher pressure.
0210. The preferred reaction process includes a first reac
tor. In the first reactor, the first product and alternative product
are removed as vapor effluents from a liquid reaction where a
Sufficient hydrogen pressure is present to reduce the residue
formation by at least 50% as compared to the residue forma
tion rate without hydrogen present. The preferred hydrogen
partial pressures are between 0.2 and 50 bars, more preferably
between 0.5 and 30 bars, and most preferably between 0.8 and
5 bars.

0211 To achieve higher conversions to the alternative
product, the first product may be reacted in a second reactor
that is operated at higher partial pressures of hydrogen. In the
second reactor, the partial pressure of hydrogen is at least
twice the partial pressure of hydrogen in the second reactor,
more preferably the partial pressure of hydrogen is at least
four times the partial pressure of hydrogen in the first reactor.
0212. The respective temperatures of the first and second
reactors are preferably above the normal boiling point of the
first product.
0213. The use of hydrogen has an additional advantage of
reducing residue that tends to deactivate catalysts which are
useful in the disclosed process. In this sense, the hydrogen
may be used as the gas purge or stripper gas, as well as a
reagent in the first reactor. For example, in the cracking of
petroleum to gasoline, it is well-known that hydrogen reduces
the formation of residue that tends to deactivate of the cata

lyst; however, the use of hydrogen is more expensive than
cracking of petroleum in the absence of hydrogen. In petro
leum industry practice, considerable catalytic cracking is per
formed in the absence of hydrogen with product loss, and
specialized equipment is devoted to regenerating the deacti
vated catalyst. Those other practices differ from the presently
disclosed use of hydrogen stripper gas that is sufficient to
reduce catalyst deactivation, but is Sufficiently low in amount
and amount/pressure to allow the non-hydrogen cat-cracking
to dominate, e.g., at a pressure less that 50 bars, while the
reaction is underway.
0214 FIG. 14 shows one embodiment that implements
these concepts. Process equipment 1400 the process where
the hydrogen is compressed to proceed to the second reaction.
In FIG. 14, like numbering is maintained with respect to
identical elements as shown in FIG. 13. The reaction process
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proceeds as described with respect to FIG. 13, except low
pressure hydrogen stripper gas 1402 is applied to reactor
separator 102, for example, at a pressure slightly above atmo
spheric pressure. Although some of this gas does result in the
production of propylene glycol, the stripping of acetol is
predominant. A mixture of acetol, propylene glycol and water
vapor flows through overhead line 402 to condenser 1404,
which condenses the vapors for use in the follow-on reactor
404. The extant hydrogen is optionally supplemented by
additional hydrogen 106 to establish the preferred reaction
conditions discussed above.

0215 FIG. 15 shows another embodiment, that of process
equipment 1500. In FIG. 6, like numbering is maintained with
respect to identical elements as shown in FIG. 13. In process
equipment 1500, the effluent through intermediate overhead
line 402 is applied to a series of condensers 1502, 1504 that
decrease in their relative temperatures to condense first the
acetol in acetol condenser 1504 and then water in water

condenser 1504. The condensed acetol is applied to line 1506,
e.g., by pumping at the requisite pressure, for delivery to the
follow-on reactor 404. Water effluent from water condenser

604 is discharged as water purge 1508.
0216. The hydrogen pressures (or partial pressures) for
this process in the respective reactor vessels may be lower
than is required for 'good hydro-cracking and/or hydro
genolysis but sufficient to stop catalyst deactivation.
0217. In addition to reactor configurations, other methods
known in the Science for reducing residue (often an oligomer)
formation is the use of a solvent. The solvent can reduce

residue formation or dissolve the residue therein extending
catalyst life. Solvents are preferably not reactive liquids.
Supercritical solvents, such as carbon dioxide, have also been
demonstrated as effective for extending catalyst life when
residue formation otherwise coats the catalyst.
Water Enhancement of Reaction

0218 Water is effective in reducing by-product formation
for gas phase reactions and generally increasing product
selectivity. Preferred water contents are from 0% to 90% with
the remainder glycerol, acetol, and/or hydrogen, depending
on whether the targeted reaction is dehydration, hydrogena
tion, or both dehydration and hydrogenation. More preferred
water contents are from 25% to 75% with optimal water
contents near 33%. A disadvantage of higher water content is
an increase in energies for creating the gas phase for reac
tion—higher energy costs increase production costs. Advan
tages of higher water content include lower byproduct forma
tion at the same temperature of reaction or use of higher
temperatures with lower catalyst loadings while keeping the
conversions the same. The data of Example 11 illustrate that
higher water content leads to a better ratio of desired products
to undesired by-products. Approximately, a doubling of water
content from results in about a 40% reduction in undesirable

by-products relative to the desired acetol and propylene gly
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reagents. FIG.16 summarizes the preferred process with heat
recovery. The following preferred conditions in reactor feeds
apply:
0220. For glycerol hydrogenolysis to propylene glycol:
0221) Temperature from 150° C. to 300° C. and more
preferably from 200° C. to 260° C.
0222 Pressure above the dew point pressure and as
previously described wherein the gas phase reaction
mixture contains essentially no liquid, has a partial
pressure of glycerol between 0.01 and 0.5 bars of
glycerol.
0223 Water from 1 part by mass water for every 0.33
to 3 parts glycerol including the range of 0.333 to 1.
0224 Hydrogenata hydrogen to glycerol molar ratio
between 1:1 and 50:1 but more preferably between
1.5:1 and 15:1.

0225. Where water and/or hydrogen in the feed allow
for the above more-preferred temperatures, higher
than for previous embodiments of this invention, for
example a temperature of 255° C. and a water content
of 55 wt % with a hydrogen to glycerol ratio of 3:1
with a finishing reaction to shift equilibrium toward
propylene glycol at a temperature near 170° C. (lower
temperatures favor propylene glycol).
0226 For glycerol dehydration to acetol are the same as
for hydrogenolysis to propylene glycol, except:
0227 Hydrogenata hydrogen to glycerol molar ratio
between 0:1 and 10:1, more preferably between 0.1:1
and 1:1 and most preferably less than 0.5:1.
0228. For acetol hydrogenation to propylene glycol:
0229. Temperature from 80° C. to 240° C. including
the range of 100° C. to 150° C. and more preferably
from 150° C. to 210° C.

0230 Water from 1 part by mass water for every
0.1111 to 3 parts acetol including the ranges of 0.333
to 3 and 0.333 to 1.

0231 Hydrogen is present and phases for reagents as
either gas or mixture of gas and liquid whereby the
phases present impact the hydrogen loadings.
0232 Examples of conversion for acetol to propylene gly
col with 5% copper chromite catalyst loading and 200 psig
hydrogen are 20%, 40%, 75%, 90%.97% and >99% after four
hours attemperatures of 50, 100, 150, 175, 185, and 210°C.
Selectivity to propylene glycol decreased from 99% to 81%
as the temperature increased from 185 to 210° C. When
producing only acetol, propylene glycol can be recycled to
the feed entrance in a process of recycling to extinction.
0233 FIG. 16 illustrates one embodiment to show aspects
of a process for converting glycerol, first to acetol in a water
enhanced environment and then to propylene glycol. Process
feed streams include glycerol 1601, hydrogen 1602, and
water 1603 which may be in combined or separate streams.
These streams are heated from entering temperatures to the
preferred reactor entrance temperature by heat exchanger
1604; and by example, a possible reaction temperature is

col.

between 250° C. and 260°C. The heated mixture enters a first

0219) Hydrogen additional also decreases byproduct for
mation, thus preferred gas phase reaction mixtures contain
both hydrogen and water. A synergy exists in using the com
bination of hydrogen and water in the feed; namely, the pres
ences of hydrogen causes water to evaporate more evenly
over the temperature range between 70° C. and 150°C. which
allows for easier heat recovery through counter-current heat
exchange between the reactor effluents and the entering

reactor 1605 where both acetol and propylene glycol are
produced. The mixture is then cooled to form cooled reactor
products having at least some liquid condensation with recov
ery of the heat. The cooled reactor products are preferably
separated, preferably in a distillation column 1606, to pro
duce a heavy product stream that contains propylene glycol
1607 where this heavy product stream is preferably recycled
to the reactor feed. The column 1606 overheads are then
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heated in a second heat exchanger 1608 to a temperature
lower than the first reactor temperature such as between 140°
C. and 150°C. This lower temperature stream enters a lower
temperature reactor 1609 operated to substantially hydroge
nate acetol. Such operation preferably includes maintaining a
temperature below 150° C. and use of highly selective cata
lysts such a ruthenium on carbon. Products from the reaction
are preferably cooled in aheat exchanger 1610 to recoverheat
and then separated in a distillation column 1611 to produce a
propylene glycol rich product 1612 and an acetol-rich stream
which may be a sidestream 1613 or an overhead stream 1614.
The acetol stream is preferably recycled back to the lower
temperature reactor 1609. Well-known design heuristic are
followed in this process including use of pumps and compres
sors as needed, recycle of materials (including hydrogen
recycle) that would increase process profitability, purging
by-products as necessary, and recovering heat.
0234 More generally speaking, the streams and unit
operations of FIG. 16 may be described as the following to
make propylene glycol from glycerol:
0235 the product stream exiting the first reactor 1605 is
an intermediate product containing acetoland propylene
glycol,
0236 the distillation column 1606 overhead is an acetol
intermediate that contains less than 2% propylene glycol
and preferably less than 0.5% propylene glycol,
0237 the distillation column 1606 heavy product con
tains less than 30% acetol and preferably less than 2%

Example 11
Beneficial Impact of Water
0242 Table 30 summarizes reaction conditions and reac
tion conversions with the purpose of evaluating the impact of
water and hydrogen on product quality. Higher product quali
ties have higher ratios of desired products divided by by
products. Both acetol and propylene glycol are desired prod
ucts. In all cases, higher water contents provided improved
ratios. These data indicate that ethylene glycol is produced
directly form reaction with glycerol as evident from the lack
of ethylene glycol in the product when acetol is the feed.
TABLE 30

Impact of water on reaction. Reactions include gas phase flow
through a 0.5 inch ID reactor packed with about 85 g of
copper-chromite catalyst with glycerol (or acetol) feed rates
of about 200 g/hr. Abbreviations include Glyc., H2, PG, and
EG for glycerol, hydrogen, propylene glycol, and ethylene
glycol. The percent glycerol is the percent glycerol in the
liquid feed with the remainder water except with the feed
was a mixture of acetol and water.

Peak Area (divided by 1000,000)

acetol,

0238 the lower temperature reactor 1609 operates at a
temperature at least 30° C. lower than the first reactor
1605 and this reactor 1609 produces a crude propylene
glycol effluent, and
0239 and the crude propylene glycol effluent is purified
in a Subsequent separation process such as distillation
column 1611 such that the column 1611 produces a
propylene glycol product that contains greater than 60%
propylene glycol and preferably greater than 99% pro
pylene glycol.
0240 Data from Example 11 indicate that ethylene glycol
is a product formed directly by the hydrocracking of glycerol.
By first converting glycerol to acetol at low hydrogen con
centrations and then hydrogenating the acetol to propylene
glycol, reduced production of ethylene glycol can be

T

Glyc.

H2

PG

EG

products

Ratios

2.8

Propylene Glycol From Glycerol
75%.

230

2-3

1145

822

23

707

50%.

230

2-3

84.4

435

15

162

7.9

25%.

230

2-3

624

266

9

S4

16.4

75%.

260

2-3

1403

850

61

661

3.4

50%.

260

2-3

1305

430

27

3O8

S.6

100%.

230

5

927

737

18

283

5.9

75%.

230

5

826

646

14

209

7.1

50%.

230

5

68O

474

10

115

1O.O

25%.

230

5

515

357

10

S4

16.1

achieved.

0241 The reactions of this embodiment have average
reactor residence times that are strong functions of catalyst
loadings and reactor temperature. By example, for glycerol
dehydration and hydrogenolysis the reaction is approxi
mately Zero order with respect to glycerol and first order with
respect to catalyst loading. For every 4 hours of operation at
220° C. a copper chromite catalyst will convert an amount of
glycerol about equal to the mass of catalyst. Higher tempera
tures convert more glycerol. For hydrogenation of acetol to
propylene glycol, the catalyst loading is about one-tenth that
needed for glycerol dehydration. Higher temperatures reduce
catalyst loadings needed for glycerol dehydration. Based on
this starting point, methods known in the science can be used
to identify optimal amounts of catalyst to place in reactors.
More catalyst is not necessarily better since catalyst loading
higher than optimal loadings will increase selectivity to for
mation of undesirable by-products.

Total By

in C. (1/min) Acetol

Acetol from Glycerol
75%.

230

O

1305

190

9

743

2.0

50%.

230

O

1048

197

6

295

4.2

25%.

230

O

792

145

4

144

6.5

75%.

260

O

1083

75

O

355

3.3

50%.

260

O

802

59

O

222

3.9

Propylene Glycol from Acetol. *Indicates percent acetol in water feed.
100%*

230

5

1399

2O82

O

913

3.8

759:

230

5

1209

1554

O

581

4.8

50%*

230

5

905

1276

O

365

6.O

2596:

230

5

966

1305

O

322

7.0
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TABLE 33

TABLE 35-continued

Effect of temperature and pressure on total byproducts of the glycerol
to propylene glycol reaction.

Effect of the water content on byproducts of the glycerol to propylene
glycol reaction

Reactor

Pressure of

Reactor

Total

Temperature
C.

Discharge
bar

Temperature
K

Byproducts
wt %

220
220
238

1
1
1

493
493
511

6.29
15.50
45.29

2
2
2
2
2

493
493
493
494
493

3.

:

t

236
240
220
220
240

2
2
4
4
4

509
513
493
493
513

5.

t

220
220
220
221
220

Reactor

Pressure of
Discharge

Water
content

Total
Byproducts

Temperature C.

bar

wt %

wt %

240
220

1
2

25.7
18.93

21.31
4.27

t

220

2

13.71

4.98

4.27
4.98
5.37
11.36
18.65

220
221
220
221
237

2
2
2
2
2

13.3
20.74
21.01
23.29
24O1

5.37
11.36
18.65
16.46
22.32

236

2

24.09

22.01

240
220
220
240

2
4
4
4

26.63
17.16
15.73
26.51

29.03
4.54
1.58
17.59

g
22.01
29.03
4.54
1.58
17.59

TABLE 34

Effect of the residence time on byproducts of the glycerol to
propylene glycol reaction.
Pressure

Reactor

of

Temperature Discharge

C.

Hydrogen

flow rate

bar

(fl. 3)/min)

1
1
2
2
2
2
2
2
4
4
1
1
1
2
2
2
4
4

O.S9
O.78
1.28
O.87
O.87
O.18
O.18
O.18
1.06
O.78
O.09
O.09
O.18
O.18
O.18
O.18
O.18
O.35

220
220
220
220
220
221
220
221
220
220
238
241
240
237
236
240
240
240

Reactor

Total

Volume Residence Byproducts

Water

Content

ft 3 time (min)

wt %

wt %

O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS

6.29
15.5
4.27
4.98
5.37
11.36
18.65
16.46
4.54
1.58
45.29
42O6
21.31
22.32
22.O1
29.03
42.86
17.59

18.52
21.96
18.93
13.71
13.30
20.74
21.01
23.29
17.16
15.73
15.72
14.O2
25.70
24O1
24.09
26.63
28.78
26.51

O.O8
O.O6
O.04
O.O6
O.O6
O.28
O.28
O.28
O.OS
O.O6
O.S6
O.S6
O.28
O.28
O.28
O.28
O.28
O.14

TABLE 35

TABLE 36

Effect of the water content on byproducts of the glycerol to propylene

Effect of temperature and pressure on byproducts of the propylene

Pressure of

Water

Total

Reactor

Pressure of

Reactor

Total

Reactor

Discharge

content

Byproducts

Temperature

Discharge

Temperature

Byproducts

Temperature C.

bar

wt %

wt %

C.

bar

K

wt %

220
220

1
1

1852
21.96

6.29
15.5

2O3
2O2

1
1

476
475

1894
10.41
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TABLE 36-continued

TABLE 38

Effect of temperature and pressure on byproducts of the propylene
glycol to acetol reaction.

Effect temperature and pressure on byproducts of the acetol to
propylene glycol reaction.

Reactor

Pressure of

Reactor

Total

Reactor

Pressure of

Reactor

Total

Temperature
C.

Discharge
bar

Temperature
K

Byproducts
wt %

Temperature
C.

Discharge
bar

Temperature
K

Byproducts
wt %

237
239
177
178
184
181
182
183
2O7
220
216
237
240
242
204
197
242
242
241
240
240
239

1
1
2
2
2
2
2
2
2
2
2
2
2
2
4
4
4
4
4
4
4
4

510
512
450
451
457
454
455
456
480
493
489
510
513
515
477
470
515
515
S14
513
513
512

27.84
21.51
3.13
S.11
4.02
4.53
3.99
3.35
10.84
16.62
18.99
25.22
27.74
35.03
8.79
1.82
30.03
19.7
39.39
21.98
25.35
16.43

2O2
211
241
241
2O1
240
242
239
184
2O2
217
220
221
218
221
243
2O1
2O3
244
2O3
242
240

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
4
4
4
4
4
4

475
484
S14
S14
474
513
515
512
457
475
490
493
494
491
494
S16
474
476
517
476
515
513

8-12
12.63
34.39
38.74
4.48
17.74
29.39
16.08
2.94
6.11
13.58
1483
12.56
12.27
14.79
29.96
5.2
4.04
4181
6.63
11.84
12.77

TABLE 37

Effect of the residence time on byproducts of the propylene glycol to
acetol reaction.

Reactor

Pressure
of

Hydrogen

Temperature Discharge flowrate
C.
bar
Limin
177
178
184
181
182
183
2O3
2O2
2O7
204
197
220
216
239
237
237
240
242
242
242
241
240
240
239

2
2
2
2
2
2
1
1
2
4
4
2
2
1
1
2
2
2
4
4
4
4
4
4

S.O
S.O
S.O
S.O
S.O
S.O
2.5
S.O
S.O
2.5
S.O
S.O
S.O
2.5
S.O
S.O
S.O
S.O
S.O
S.O
S.O
1O.O
1O.O
2.5

Hydrogen
flowrate

(ft3)/
min
O.2
O.2
O.2
O.2
O.2
O.2
O.1
O.2
O.2
O.1
O.2
O.2
O.2
O.1
O.2
O.2
O.2
O.2
O.2
O.2
O.2
0.4
0.4
O.1

Reactor

Total

Volume Residence Byproducts
|ft 3
time min
wt %
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS
O.OS

O.28
O.28
O.28
O.28
O.28
O.28
O.S6
O.28
O.28
O.S6
O.28
O.28
O.28
O.S6
O.28
O.28
O.28
O.28
O.28
O.28
O.28
O.14
O.14
O.S6

3.13
S.11
4.02
4.53
3.99
3.35
1894
10.41
10.84
8.79
1.82
16.62
18.99
21.51
27.84
25.22
27.74
35.03
30.03
19.7
39.39
21.98
25.35
16.43
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Additional Examples of Effective Hydrogenation
Catalysts

higher molecular weight residue species that directly or indi
rectly reduces the effectiveness of the catalyst promoting the
first reaction.

0244 Most of the experiments validating the embodi
ments of these inventions were demonstrated using a copper
chromite catalyst. Table 41 Summarizes a Survey of additional
catalysts for the hydrogenation of acetol to propylene glycol.
TABLE 41

Effect of the residence time on byproducts of the acetol to propylene
glycol reaction. The reactions were at 185°C., 14 bars of hydrogen
overpressure, and the reaction time was 4 hours.
Propylene
Acetol

Glycol

conversion Selectivity
(%)
(%)

Supplier

Description

Grace Davison
Degussa
Sud-Chemie
Sud-Chemie

Raney Copper
5% Palladium, Carbon

99.07
76.22

91.72
74.26

Copper-Zinc a
Copper/Aluminab
Copper Chromium c promoted

91.56
82.67
96.89

87.17
96.91

98.92

98.22
74.22

93.86
95.97

98.00

96.08

82.67
99.56
72.89

93.67
98.90
88.71

100.00

100.00

73.78

81.2O

90.22

89.16

Sud-Chemie

by Ba and Mn
Sud-Chemie
Sud-Chemie

Copper Chromium d
Copper Chromium promoted

Engelhard

Copper Chromium promoted

by Bae
by Mn f
In-house
Grace Davison
Degussa

Copper/Silicag
Raney Nickel
5% Platinum, Carbon

Johnson Matthey 5% Ruthenium/Carbon
Alfa Aesar

Nickelf silica-alumina

Johnson Matthey Nickel/Carbon

Nominal Compositions (wt %):
a CuO (33), ZnO (65), Al2O3 (2)
b CuO (56), Al2O3 (34), MnO2 (10)
c CuO (45), Cr2O3 (47), MnO2 (3.5), BaO (2.7)
d CuO (50), Cr2O3 (38)
e CuO (41), Cr2O3 (46), BaO (13)
f CuO (36), Cr2O3 (33), MnO2(3)
g 23 wt % copper on silica Support

Applicability to Broader Reaction Mechanisms
0245. The process that has been shown and described has
been proven effective for production of acetol and propylene
glycol, but is not limited to the reaction mechanisms of FIGS.
2 and 3. The process and process equipment is generally
applicable to a range of reactions having similar overall
mechanisms including at least four classes of Such reactions
in context of the discussion below.

0246 A first class of liquid phase catalytic reaction occurs
where a reactant (e.g. glycerol) distributes predominantly in a
liquid phase and the reactant is converted to at least a first
product (e.g. acetol) that that has a boiling point at least 20°C.
lower in temperature than the reactant.
0247 A second class of liquid phase catalytic reaction
occurs where the reactant reacts in a parallel mechanism with
hydrogen to form at least one alternative product (e.g. propy
lene glycol) where the alternative product has a boiling point
that is at least 20° C. lower in temperature than the reactant.
The selectivity to formation of the alternative produce(s)
from this second reaction is greater than 0.5 when in the
presence of hydrogen and hydrogen partial pressures in
excess of 100 bars

0248. A third class of reaction proceeds substantially in
parallel the first reaction including the reactant forming a

0249. A fourth class of reaction that occurs when hydro
gen is present that substantially inhibits the formation of the
residue of the third reaction where the rate of formation of

residue is reduced by at least 50% with the hydrogen partial
pressure in 50 bars.
0250. The process includes use inappropriate reactor con
figurations, such as the process equipment discussed above.
0251 Those skilled in the art will appreciate that the fore
going discussion teaches by way of example, not by limita
tion. The disclosed instrumentalities set forth preferred meth
ods and materials, and may not be narrowly construed to
impose undue limitations on the invention. The scope of the
inventor's patentable inventions is defined by the claims,
nothing else. Furthermore, the inventors hereby state their
intention to rely upon the Doctrine of Equivalents to protect
the full scope of their rights in what is claimed.
We claim:

1. A process for converting glycerol to a product at high
selectivity to a mixture of acetol and propylene glycol in any
combination and at low selectivity to ethylene glycol, com
prising:
contacting a gas phase reaction mixture with a heterogeneous
catalyst,
wherein the gas phase reaction mixture contains essentially
no liquid and has a partial pressure of glycerol between
0.01 and 0.5 bars of glycerol; and
establishing a temperature in a range from 80°C. to 300° C.
to facilitate a reaction.

2. The process of claim 1, wherein the gas phase reaction
mixture includes hydrogenata partial pressure of hydrogen in
a range from 0.01 and 25 bars of hydrogen.
3. The process of claim 2 wherein the range of partial
pressure of hydrogen is from 0.01 to 0.1 bar of hydrogen to
facilitate dominantly the production of acetol product with
high selectivity.
4. The process of claim3, comprising a step of condensing
process effluent vapors to yield liquid acetol.
5. The process of claim 4, including a step of further react
ing the liquid acetol.
6. The process of claim 5, wherein the step of further
reacting includes introducing a hydrogen-containing gas to
the liquid acetol at Sufficient partial pressure for catalyzed
reaction with the acetol to form propylene glycol as the sec
ond reaction product.
7. The process of claim 5, wherein the temperature used in
the step of further reacting is in a range between 80°C. to 150°
C.

8. The process of claim 6, further comprising a step of
removing the propylene glycol from the liquid by action of
the gas under conditions of partial pressure that facilitate
selective removal of propylene glycol.
9. The process of claim 8, further comprising a step of
condensing the propylene glycol from the gas in a second
condenser to provide liquid propylene glycol
10. The process of claim 9, wherein the step of further
reacting yields unused hydrogen and further comprising a
step of recycling the unused hydrogen back to the liquid
acetol.

11. The process of claim 2 wherein the range of partial
pressure of hydrogen is greater than 0.1 bar to facilitate
increased production of propylene glycol.
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12. The process of claim 1, wherein the heterogeneous
catalyst used in the step of contacting contains at least one
element from Groups I or VIII of the Periodic Table, ruthe
nium, copper, chromite, and combinations thereof.
13. The process of claim 1, wherein the total pressure of
reaction is between 0.02 and 25 bars.

14. The process of claim 1 where the partial pressure of
glycerol is
less than glycerol's dew point partial pressure in the reac
tion mixture and

greater than one fourth the dew point partial pressure in the
reaction mixture.

15. The process of claim 14 where the partial pressure of
glycerol is greater than half the dew point partial pressure in
the reaction mixture.

16. The process of claim 1, wherein the temperature used in
the step of establishing is in a range from 150° C. to 250° C.
17. The process of claim 1, wherein the temperature used in
the step of establishing is in a range from 185°C. to 240° C.
18. The process of claim 1 wherein the gas phase reaction
mixture contains water in an amount of 1 part by mass water
for every 0.333 to 1 parts glycerol and hydrogen is present at
a hydrogen to glycerol molar ratio between 0.1:1 and 15:1.
19. The process claim 18, wherein the temperature used in
the step of establishing is in a range between 250° C. to 300°
C.

20. The process of claim 1, wherein the partial pressure of
hydrogen used in the step of contacting is in a range from 3 to
25 bars of hydrogen.
21. The process of claim 1, wherein the partial pressure of
hydrogen used in the step of contacting is in a range from 0.1
to 5 bars of hydrogen.
22. A system for converting glycerol to a product at high
selectivity to a mixture of acetol and propylene glycol in any
combination and at low selectivity to ethylene glycol, com
prising:
means for contacting a gas phase reaction mixture with a
heterogeneous catalyst,
wherein the gas phase reaction mixture contains essentially
no liquid and has a partial pressure of glycerol between
0.01 and 0.5 bars of glycerol; and
means for establishing a temperature in a range from 80°C. to
300° C. to facilitate a reaction.

23. The system of claim 22, wherein the means for con
tacting includes means for providing the gas phase reaction
mixture with hydrogen at a partial pressure of hydrogen in a
range from 0.01 and 25 bars of hydrogen.
24. The system of claim 23 wherein the range of partial
pressure of hydrogen is from 0.01 to 0.1 bar of hydrogen to
facilitate dominantly the production of acetol product with
high selectivity.
25. The system of claim 24, comprising a means for con
densing process effluent vapors to yield liquid acetol.
26. The system of claim 25, including means for further
reacting the liquid acetol.
27. The system of claim 26, wherein the means for further
reacting includes means for introducing a hydrogen-contain

ing gas to the liquid acetol at Sufficient partial pressure for
catalyzed reaction with the acetol to form propylene glycolas
the second reaction product.
28. The system of claim 27, wherein the temperature used
in the means for further reacting is in a range between 80°C.
to 150° C.

29. The system of claim 27, further comprising means for
removing the propylene glycol from the liquid by action of
the gas under conditions of partial pressure that facilitate
selective removal of propylene glycol.
30. The system of claim 29, further comprising means for
condensing the propylene glycol from the gas in a second
condenser to provide liquid propylene glycol
31. The system of claim 29, wherein the means for further
reacting yields unused hydrogen and further comprising
means for recycling the unused hydrogen back to the liquid
acetol.

32. The system of claim 22 wherein the range of partial
pressure of hydrogen is greater than 0.1 bar to facilitate
increased production of propylene glycol.
33. The system of claim 22 wherein the heterogeneous
catalyst used in the means for contacting contains at least one
element from Groups I or VIII of the Periodic Table, ruthe
nium, copper, chromite, and combinations thereof.
34. The system of claim 22, wherein the total pressure of
reaction is between 0.02 and 25 bars.

35. The system of claim 22 where the partial pressure of
glycerol is
less than glycerol's dew point partial pressure in the reac
tion mixture and

greater than one fourth the dew point partial pressure in the
reaction mixture.

36. The system of claim 35 where the partial pressure of
glycerol is greater than half the dew point partial pressure in
the reaction mixture.

37. The system of claim 22, wherein the temperature used
in the means for establishing is in a range from 150° C. to 250°
C.

38. The system of claim 22, wherein the temperature used
in the means for establishing is in a range from 185°C. to 240°
C.

39. The system of claim 22, wherein the gas phase reaction
mixture contains water in an amount of 1 part by mass water
for every 0.333 to 1 parts glycerol and hydrogen is present at
a hydrogen to glycerol molar ratio between 0.1:1 and 15:1.
40. The system claim 39, wherein the temperature used in
the means for establishing is in a range between 250° C. to
300° C.

41. The system of claim 22, wherein the partial pressure of
hydrogen used in the means for contacting is in a range from
3 to 25 bars of hydrogen.
42. The system of claim 22, wherein the partial pressure of
hydrogen used in the means for contacting is in a range from
0.1 to 5 bars of hydrogen.
c
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