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[57] ABSTRACT

A three-step process for the production of acrolein
and/or acrylic acid from propylene involves oxidizing
the propylene in the presence of a palladium catalyst
and acetic acid to produce allyl acetate, hydrolyzing the
resulting allyl acetate to produce allyl alcohol and ace-
tic acid, recycling the acetic acid produced to the pro-
pylene oxidation step, and oxidizing the allyl alcohol in
the presence of a supported palladium-copper or pal-
ladium-silver metal catalyst. The acrolein and/or
acrylic acid is produced in good yield at low tempera-
tures.

8 Claims, No Drawings
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OXIDATION OF ALLYL ALCOHOL TO ACRYLIC
ACID

BACKGROUND OF THE INVENTION

In U.S. Pat. No. 3,792,086, a one-step process for the
oxidation of propylene into acrylic acid at temperatures
up to 300° C. is disclosed. The catalyst used in this
process is a supported palladium metal, alone or ad-
mixed, alloyed or in solid solution with a minor amount
of a further metal, e.g., a Group IB metal such as silver
or gold, and phosphoric acid. The use of H3PO, is essen-
tial in this process in order to obtain the desired results.
Unfortunately, the use of the phosphoric acid has inher-
ent disadvantages among which equipment corrosion
encountered in feeding the acid to the reaction zone and
deterioration of the silica and alumina catalyst supports
by the acid can be mentioned.

I have now found that the use of H;PO, can be
avoided by converting propylene into acrylics by a
multi-step route. In the first step, propylene is oxidized
in the presence of a palladium metal catalyst and acetic
acid to produce allyl acetate and water. In the second
step, the allyl acetate is hydrolyzed in the presence of an
acid catalyst to produce allyl alcohol and acetic acid.

The acetic acid produced in the second step is recy-
cled for use in the propylene oxidation stage. The next
step in my process involves the oxidation of the allyl
alcohol in the presence of a supported palladium-copper
of palladium-silver metal catalyst in the vapor phase
and at low temperatures to produce acrolein and/or
acrylic acid in good yield.

In McClain et al, U.S. Pat. No. 3,739,020, a vapor
phase process for the preparation of carboxylic acids by
the direct oxidation of 2-4 carbon atom alkanols in the
presence of a solid palladium metal containing catalyst
at temperatures up to 150° C. is disclosed. The palla-
dium catalyst used in this process can be in admixture,
alloyed or in solid solution with other metals such as,
e.g., gold. The patent also teaches that the catalyst can
additionally carry as a promoter, a compound of vari-
ous metals including copper, most often in the oxide,
carbonate or acetate form.

It is known to oxidize primary alcohols with air, oxy-
gen or oxygen producing substances to produce the
corresponding aldehydes or carboxylic acids. However,
if unsaturated primary alcohols are involved, secondary
reactions usually take place to a relatively great extent
because the oxidizing agent also attacks the double bond
and results in extensive decomposition of the molecule,
producing, e.g., formaldehyde, glyoxal, formic acid or
oxalic acid. Low yields are generally obtained because
the carboxylic acids are aldehydes are very reactive
compounds, which themselves are subject to addition
reactions and particularly to polymerization. In U.S.
Pat. No. 3,449,413, it is taught that these problems can
be substantially overcome by carrying out the oxidation
of the alcohols in an alkaline aqueous medium contain-
ing a mixture of cuprous oxide or cuprous hydroxide
and a noble metal and/or its oxide or hydroxide.

The prior art also teaches that allyl alcohol can be
oxidized to acrolein and/or acrylic acid at high temper-
atures using a copper or silver catalyst or palladium
salts promoted with a combination of other metals.
Thus, U.S. Pat. No. 2,042,220 teaches using a silver
catalyst at temperatures from 360°-550° C.; CA 50,
11940 (1955) describes a silver catalyst at temperatures
of 200°-400° C. with the best yield of acrolein being
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53% at 340°-350° C.; CA 40, 4348 describes the use of
a silver catalyst at 200°-240° C. with a conversion of
76% of theory; CA 63, 8184 teaches the production of
acrolein using a silver or copper catalyst at 200°-530°
C., the copper causing more of the allyl alcohol to burn
into C0,; and CA 70, 87049 teaches the use of a salt or
coordination compound of palladium such as a mixture
of palladium acetate, lithium acetate and cuprous ace-
tate.

U.S. Pat. No. 3,862,236 teaches that allyl alcoho!l can
be isomerized into propionaldehyde, a saturated alde-
hyde, by passing the allyl alcohol in the gas phase over
a supported palladium and gold catalyst at a tempera-
ture of 50°-250° C.

It is the object of this invention to provide a new
process for the oxidation of allyl alcohol into acrylics
and to provide a multi-step continuous process for con-
verting propylene into acrylics which avoids the use of
phosphoric acid, has lower heat requirements than prior
art processes and provides high overall conversion and
selectivity. This and other objects of the invention will
become apparent to those skilled in the art from the
following detailed description.

SUMMARY OF THE INVENTION

This invention relates to a step-wise process for the
oxidation of propylene into acrylics via allyl alcohol.
More particularly, the invention concerns a multi-step
process, which can be carried out continuously, in
which propylene is oxidized to allyl acetate, the allyl
acetate is hydrolyzed to allyl alcohol and acetic acid,
the acetic acid is recycled to the propylene oxidation
step, and the allyl alcohol is oxidized to acrylic acid
and/or acrolein in good yield and at low temperatures.

In accordance with the present invention, propylene
is oxidized in the presence of acetic acid to allyl acetate.
The allyl acetate is then hydrolyzed, the resulting acetic
acid being recycled to the propylene oxidation stage
and the resulting allyl alcohol being oxidized in the
presence of a palladium-copper or palladium-silver cat-
alyst at low temperatures to produce acrolein and/or
acrylic acid in good yield.

The steps of the present method can be shown by the
following equations:

STAGE 1
Pd—Au

CH,;=CH—CH,; + 1/2 0, + HOAc ~g5-52>
CH,==CH—CH,;0Ac + H,0

STAGE 2

CH,=CH—CH,0Ac + H,0 cid catalyst >,
CH,=CH—CH,0H + HOAc

STAGE 3

2CH,=CH—CH,0H + 372 0,-Ed—Cuor Pd—A

CH,=CH=—CHO + CH,=CH=CO;H + 2H,0

The oxidation of propylene in the presence of acetic
acid and a palladium catalyst in known in the art. For
example, it is described in U.S. Pat. No. 3,275,680. Simi-
larly, the hydrolyzation of the allyl acetate is also
known in the art and a description of this process can be
found in German. Offen. No. 1,949,537.

At the end of the hydrolyzation step, the resulting
allyl alcohol and acetic acid are separated by conven-
tional processes known in the art. The acetic acid is then
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recycled to the propylene oxidation stage and the allyl
alcohol is further oxidized in accordance with the pre-
sent invention into acrylic acid and acrolein.

The oxygen feed employed in the instant process can
be pure oxygen gas or, alternatively, an oxygen contain-
ing gas mixture such as air or air enriched with oxygen.
The oxygen concentration is not critical, but generally
the molar ratio of oxygen to allyl alcohol will range
from about 1:1 up to about 15:1. ,

The catalyst used in this invention is a supported
two-metal catalyst, one metal being palladium and the
other metal being either copper or silver. The metals
may be employed as a mixture, alloy or solid solution.
Any of the conventional inert carriers or supports such
as alumina, silica, silicon carbide, carbon, titania, zirco-
nia, zeolites (molecular sieves) and the like can be used.
The palladium metal is employed in amounts from
about 0.01 to 5 weight percent, preferably from about
0.1 to 2 weight percent of the weight of the supported
catalyst. The amount of copper or silver used is from
about 0.001 to 10 weight percent, preferably about 0.05
to 3 weight percent, based on the total weight of the
supported catalyst and the weight ratio of copper or
silver to palladium is about 0.1 to 2.0 and preferably
about 0.5 to 1.5. The supported catalyst can be prepared
by any of the methods known in the art.

It has been found desirable in accordance with the
present invention to additionally incorporate a proton-
ated material, such as water vapor.in the reaction mix-
ture. The precise manner in which the steam influences
the reaction is not presently understood and although
water is a product of the oxidation reaction, it has been
found that the presence of water in the reaction medium
increases the reaction rate and improves the selectivity
and conversion of allyl alcohol to the acrylic products.
The steam is employed in an amount such that the molar
ratio of water vapor to allyl alcohol is about 1:1 to 20:1
and preferably about 1:1 to 10:1.

The oxidation reaction is carried out in the vapor
phase by passing the reaction mixture through the
heated catalyst at a temperature of 125°-320° C., prefer-
ably from about 150°-200° C. The superficial contact
time, i.e., calculated from space velocity and volumes,
can be from 0.1 to 10 seconds and preferably is about 1
to 5 seconds. As a general rule, the reaction temperature
employed varies inversely with the superficial contact
time.

In preparing the reaction mixture, air or 0, can be
bubbled through liquid water and liquid allyl alcohol
separately and the vapors combined and fed to the reac-
tor, or the air or 0, can be bubbled through an azeo-
tropic mixture of water and allyl alcohol and the vapor
fed to the reactor. Alternatively, the water and allyl
alcohol can be vaporized separately and fed to the reac-

tor. The reaction mixture can also, if desired, contain an .

inert gas such as nitrogen or carbon dioxide and gaseous
acetic acid can also be used as an inter diluent, in an
amount which can range up to 77%.

The concentration of allyl alcohol in the gaseous feed
will generally be about 1-20%, preferably about 1-15%
by volume. The composition of the gaseous feed will
generally be chosen to be outside the flammability lim-
its. The precise limits are a function not only of the
amount of allyl alcohol and oxygen but also of the na-
ture of the inert gas or diluent and its concentration and
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ployed is not critical and can be from ambient up to 75
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psia. It is preferred, however, to conduct the reaction at
or about ambient pressure.

After completion of the oxidation reaction, the prod-
ucts can be recovered and separated in the conventional
manner. For example, the reaction mixture can be con-
densed or scrubbed with water and the products iso-
lated therefrom.

The following Examples serve to further illustrate the
invention but are not intended to limit it. Throughout
this specification and claims, all parts and percentages
are by weight and all temperatures are in degrees Centi-
grade unless otherwise indicated. Further, as employed
herein, the percent conversion and percent selectivity
are defined as follows:

% conversion = Moles of ally! alcohol actually reacted

Moles of allyl alcohol fed to reactor < 100

Moles of Product

% selecti.vxty = "Moles of allyl alcohol actually reacted x 100

" EXAMPLE 1

A Pyrex glass reactor 12 cm X 2.5 cm outer diameter
and provided with a thermowell was packed with 31 g -
(30 ml bulk volume) of a catalyst containing 2% palla-

" dium and 0.5% copper supported on alumina. The reac-

tor was heated in an oil bath at 150°-155° C. A gaseous
stream containing. 1.4 mole percent allyl alcohol vapor,
12.8 mole percent steam and 85.8 mole percent air was
passed through the heated reactor at a rate such that the
superficial contact time was 1.5 seconds. Upon exiting
the reactor, the reaction mixture was bubbled through
two 40 ml water traps (0° C.) which were connected in
series. The aqueous solution collected over a 1-hour
period was then analyzed by gasliquid chromatography
and alkaline titration. The analysis gave the following
results:

g./1. cat./hr.
Acrylic acid 12.3
Acrolein 26.9
Propionic acid 14
Propionaldehyde 1.7
Acetaldehyde Trace

These results, combined with the amount of CO0,
formed (10.4 g/1 cat/hour), showed that the conversion
of allyl alcohol per single pass was 80% and the selec-
tivity to the acroyl moiety was 83%. The acroyl molar
distribution corresponded to 27.7% acrylic acid and
72.3% acrolein. g

EXAMPLE 2

" Example 1 was repeated except that the catalyst con-
tained 2% palladium and 0.5% silver supported on
alumina and the reactor temperature was 143° C. Anal-
ysis showed that the allyl alcohol was oxidized to the
same products as in Example 1 with 79.5% conversion
and 73.3% selectivity to the acroyl moiety. The acroyl
molar distribution corresponded to 47% acrylic acid
and 53% acrolein.

Oxidizing allyl alcohol with a catalyst of palladium
alone leads to high combustion of the allyl alcohol.
Incorporation of gold (the other IB metal) into the
palladium catalyst results in isomerization of the allyl
alcohol to propionaldehyde as well as increased com-
bustion of the allyl alcohol. The addition of H;P0, in-
creases the formation of propionic acid and propional-
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dehyde. These observations are evident from Examples
3,4, 5and 6. :

EXAMPLE 3

Example 1 was repeated using a catalyst containing
1.25% palladium and 0.5% gold supported on alumina;
a reactor feed of 14.5 mole percent allyl alcohol, 15.3
mole percent steam and 70 mole percent air; and a
contact time of 1.1 seconds. The reaction temperature
could not be controlled, rising to 300° C. from a preset
temperature of 193° C. The products were:

g./1. cat./hr.
Acrylic Acid 1.8
Acrolein 69.0
Propionaldehyde 20.0
Propionic Acid 2.1
Acetic Acid 0.7
Carbon Dioxide 29.0

These results showed that the conversion of allyl
alcohol was 14.9%. The gold containing catalyst fa-
vored the combustion of allyl alcohol as indicated by
the increase in C0,and also increased the rate of isomer-
ization of allyl alcohol to propionaldehyde from 1.7
g./1. cat./hour in Example 1 to 20 g./1. cat./hour.

EXAMPLE 4

Example 1 was repeated using a catalyst containing
1.35% Pd and 0.67% Au on silica, a vapor feed of 11.9
mole percent allyl alcohol, 15.7 mole percent steam and
72.4 mole percent air, a reaction temperature of 207° C.
and a 1.1 second contact time. The conversion was
17.6%. Carbon dioxide and propionaldehyde were pro-
duced at 30.2 and 14.5 g/1 cat/hour, respectively.

EXAMPLE 5

Example 1 was repeated using a catalyst containing
0.84% Pd, 1.68% Au and 16% H;P0, supported on
silica and a reaction temperature of 232° C. The vapor
feed was obtained by bubbling air through an aqueous
solution containing 72.9% allyl alcohol and 27.1%
water heated at 70° C. at a rate of 360 cc/minute. The
conversion was 10%. Carbon dioxide was formed at a
rate of 17.9 g/1 cat/hour. Propionaldehyde and propi-
onic acid and were formed at a rate of 18.3 and 13.9 g/1
cat/hour, respectively.

EXAMPLE 6

Example 1 was repeated except that the catalyst was
2% Pd supported on alumina. The reactor feed consist-
ing of 1.44% allyl alcohol vapor, 9.26% steam and
89.3% air was passed through the catalyst at 161° C.
and 1.5 second contact time. Carbon dioxide was
formed at the rate of 114 g/l cat/hr amounting to 93.2%
combustion of the allyl alcohol feed.

EXAMPLE 7

Step 1

30 ml of a catalyst containing 1.3% Pd, 0.6% Au and
3% potassium acetate supported on 1/8 in. silica extrud-
ates having a suface area of 100 m2/g was placed into a
30 ml stainless steel reactor provided with a thermo-
couple well. The reactor was heated at 160° C. A gase-
ous fed at 40% propylene, 6% 0,, 50% steam and 4%
acetic acid was passed through the heated catalyst at a
pressure of 5 atmospheres and a contact time of 14
seconds. The reaction mixture leaving the reactor in the
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gas phase was cooled to 20° C. under pressure and col-
lected in a separator as a twophase liquid. The upper
phase was separated as allyl acetate. The yield of allyl
acetate was 94% based on the propylene reacted and
the conversion of acetic acid was 99%. The space time
yield was 217 g of allyl acetate/liter of catalyst/hour.

Step 2

In a separate reactor, the allyl acetate was hydrolyzed
with water at 225° C. and a pressure of 5 atmospheres.
The mole ratio of allyl acetate to water was 1:5. The
hydrolysis mixture was distilled giving an azeotropic
fraction boiling at 88.2° C. consisting of 72.9 weight
percent allyl alcohol and 27.1 weight percent water.
The bottoms, consisting of aqueous acetic acid, was
adjusted to give a mole ratio of water to acetic acid of
12.5:1. The acetic acid water mixture was then recycled
to reactor 1 (Step 1) for use in the oxidation of propyl-
ene to allyl acetate.

Step 3

The allyl alcohol azeotrope fraction was diluted with
water to give a mole ratio of water to allyl alcohol of
9:1. This mixture was vaporized, mixed with air and fed
into a reactor containing 31 g of a catalyst containing
2% palladium and 0.5% copper supported on alumina,
at a temperature of 155° C. The contact time was 1.5
seconds. The exiting reaction mixture was bubbled
through two 40 ml water traps (0° C.) which were con-
nected in series. The aqueous solution collected over a
one hour period showed that the conversion of allyl
alcohol was 80% and the selectivity to the acroyl moi-
ety was 83%. _

Various changes and modifications can be made in the
process of this invention without departing from the
spirit and scope thereof. The various embodiments dis-
closed herein were for the purpose of further illustrat-
ing the invention but were not intended to limit it.

I claim:

1. A vapor phase process which comprises oxidizing
allyl alcohol by reacting the allyl alcohol with an oxy-
gen containing gas in the presence of a supported two-
metal catalyst at a temperature of 125°-320° C., wherein
one metal is palladium and the second metal is copper or
silver, and recovering a gaseous reaction product mix-
ture containing acrolein and acrylic acid.

2, The process of claim 1 wherein the catalyst metals
are palladium and copper and said temperature is
150°-200° C.

3. The process of claim 1 wherein said metals are
palladium and silver and said temperature is 150°-200°
C.

4. The process of claim 1 wherein the superficial
contact time with said catalyst is from 0.1 to 10 seconds.

5. The process of claim 1 wherein said palladium is
about 0.01 to 5 weight percent of said supported cata-
lyst, said copper or silver is 0.001 to 10 weight percent
of said supported catalyst, and the weight ratio of cop-
per or silver to palladium is 0.1 to 2.0.

6. The process of claim 5 wherein said palladium is
about 0.1 to 2 weight percent, said copper or silver is
about 0.05 to 3 weight percent, and said weight ratio is
0.5 to 1.5.

7. The process of claim 1, also comprising supplying
water to the reaction in a molar ratio of water to allyl
alcohol of about 1:1 to 20:1.

8. The process of claim 1, wherein the reaction feed

comprises an azeotrope of water and allyl alcohol.
L ® % » -



