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PROCESSES FOR THE OXIDATION OF AL KANES

Field of the Invention
This invention relates to the oxidation of alkanes such as, for
example, propane, to form unsaturated, carboxylic aldehydes and acids

such as, for example, acrolein and acrylic acid.

Background of the Invention
Processes for producing acrylic acid by vapor phase catalytic

oxidation of propylene using molecular oxygen are known and used on
an industrial scale.

One of the typical processes for industrial production of acrylic
acid is as follows. Propylene is converted mainly into acrolein and a
small amount of acrylic acid in a first reaction step by supplying a
mixture of propylene, air and steam to produce the acrolein. The
acrolein product is supplied to a second reactor without separation of
products for the subsequent reaction of acrolein to form acrylic acid.
Additional air and steam for the second step are supplied as required.

In another typical process, the product gas containing acrylic
acid obtained from the second reactor is introduced into a collecting
apparatus to obtain acrylic acid as an aqueous solution and a part of
remaining waste gas containing unreacted propylene from the
collecting apparatus is recycled to the first reactor inlet together with
the starting gas mixture of propylene, air and steam.

Various improvements to the above-mentioned processes have
been proposed to produce acrylic acid efficiently by vapbr phase

catalytic oxidation of propylene. Many such improvements have been
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Background of the Invention Processes for producing acrylic acid by
wvapor phase catal ytic oxidation of propylene using nolecul ar oxygen are
known and used on an industrial scale. One of the typical processes
for industrial production of acrylic acid is as follows. Propylene is
converted n¥PATA#ht o acrolein and a small anpbunt of acryPCEUEEHSN 5
first.reaction step by supplying a m xture of propylene, air and steamto
produce the acrolein. The acrolein product is supplied to a second reactor
wi t hout separation of products for the subseguent reaction of acrolein to
formacrylic acid. Additional air and steamTor the second step are
supplied as required I n anot her typical process, the product gas
containing acrylic acid obtained fromthe second reactor is introduced into

a collecting apparatus to obtaip acrylic acid_as an agueous solutjon and a
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the starting gas mxture of propylene, air and steam Vari ous :
i nprovenment s to step, kdpaerohain produdtion, and MeV ¢trampositecxige catalysts for produce
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why the characteristics of these oxidation catalysts affect the economy

of the processes. Primarily, the selectivity of the catalysts for the

reactions affects the quantity of propylene used, and the catalyst

activity in the reactions affects the space time yield of acrylic acid.

Further enhancements directed to the use of propane as a feed

source are desired because propane is more readily available and less
expensive than propylene. It would be desireable if the propane could

be simultaneoulsy utilized to enhance the reaction efficiency of the

processes in addition to being a feed source.

Summary of the Invention

By the present invention, improved continuous processes are
provided for the conversion of alkanes such as, for example, propane, to
unsaturated aldehydes such as, for example, acrolein, and acids such as,
for example, acrylic acid.

In the processes of the present invention, an alkane having from
about 2 to 8 carbon atoms per molecule, e.g., propane, is first converted
to an alkene having the same number of carbon atoms as the alkane,
e.g., propylene, and then alkene is converted to an unsaturated
aldehyde having the same number of carbon atoms as the alkene, e.g.,
acrolein. The aldehyde is then converted to an unsaturated carboxylic
acid having the same number of carbon atoms as the aldehyde, e.g.,

acrylic acid.
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REPLACEMENT SHEET - 2- directed to
‘the use of certain catal ysts. Exanples of catal ysts used for industrial
production are M-Bi conposite oxide catalysts for the first step, i.e.,

acrolein pr and Mb-V conposite oxide catal ysts fo nd
step, i.e. W&?ﬂs@@ acid production. There are nmany reasonsc{.voﬂ 7@%%9

characteri StICS of these oxidation catalysts affect the econony of the
processes. Primarily, the selectivity of the catalysts for the reactions
affects the quantity of propyl ene used, and tfie catal yst activity in the
reactions affects the space tinme yield of acrylic acid.

EP- A-0-117- 146, published August 29, 1984, discloses a process

By operating at low propane-to-propylene conversion in
accordance with the present invention, the selectivity to propylene can
be made unexpectedly high, e.g., between 80 and 100 mole%. Since the
presence of propane has been found to enhance the efficiency of the
propylene-to-acrolein reaction, the low propane conversion is not
detrimental to the process. Indeed, even though the feed to the acrolein
reactor may contain propylene in low concentrations, e.g., 5 to 20
mole%, the low-conversion, high-selectivity mode of operation can be
highly efficient provided unreacted propane is recycled to the propane
oxidation reactor. Recycle operation is particularly feasible in
accordance with the present invention because oxydehydrogenation
catalysts, which are preferred for use in the present invention, are
substantially unaffected by species such as carbon oxides and water
which are formed in the acrolein reactor. Hence, after recovery of the
acrolein, the noncondensed gases containing propane may be recycled

without significant, additional purification steps.

Brief Description of the Drawings

Figure 1 is a simplified process flow diagram of a process for
converting propane to acrolein in accordance with the present invention.

Figure 2 is a simplified process flow diagram of a process for
converting propane to acrylic acid in accordance with the present

invention.
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for the conversion of propane, acrylic acid in an integrated three-stage
process. Propane is dehydrogenated in a first stage to propyl ene, hydrogen,
and by-products. The reaction effluent is passed into a second stage where
propyl ene is oxidized to acrolein w thout significant oxidation of the

hydr ogen anWOij3¢#bducts. The effluent fromthe second st XgaUSEYOsPRS passed
as feed to a third stage for the oxidation of acrolein to acrylic acid. The
acrylic acid is recovered as the primary product, while the unconverted
propane may be separated and recycled to the,first stage for

dehydr ogenat i on. Furt her enhancenents'ﬁlrected to the use of propane
as a feed source are desired because propane is nore readily avail able and
| ess expensive than propylene. It would be desireable if the propane could
be sinultaneoul sy utilized to enhance the reaction efficiency of the
processes in addition to being a feed source. Summary of the Invention

By the present 'ﬁé%ﬂ%lbﬂ'heééﬂ%%ﬂo@ ﬂi@tﬁr ocesses are provided for
the conversion of alkanes such as, Tor exanple, propane, to

In the present invention, as the starting material alkane it is
preferred to employ a C2-8 alkane, preferably a C3-5 alkane, and
more preferably propane, isobutane or n-butane. As the starting

material, propane or isobutane is most preferred. According to the
processes of the present invention, from such an alkane, an
unsaturated carboxylic acid such as an alpha, beta -unsaturated
carboxylic acid can be obtained. For example, when propane or
isobutane is used as the starting material alkane, acrylic acid or
methaerylic acid can be obtained, respectively.

The purity of the starting material alkane is not particularly
limited, and an alkane containing a lower alkane such as methane,
air or carbon dioxide, as impurities, may be used. Further, the
starting material alkane may be a mixture of various alkanes.
Typically, the feed will comprise at least 30 mole percent,
preferably at least 50 mole percent and more preferably at least 80
mole percent propane. The source of the alkane, e.g., propane feed,
for use in the process of the present invention is not critical.

Although the invention is mainly hereinafter described with
reference to propane, acrolein and acrylic acid, those skilled in the art
will recognize that the present invention is also applicable to butane,
methacrolein and methacrylic acid and other hydrocarbons e.g., ethane
or pentane.

The oxygen source for use in the processes of the present

- invention (both for propane oxidation and propylene oxidation) is not
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REPLACEMVENT SHEET -3-  unsaturated
sal dehydes such as, for exanple, acrolein, and acids such as, for exanple,
acrylic acid. In the processes of the present invention, an al kane

havi ng fro%w carbon atons per nolecule, e.g., propar]ec.r,{,sg.,,{,go%st
noalk the

converted to a ene having the sanme nunber of carbon atons as

al kane; e.g., propylene, and then al kene is converted to an unsaturated

al dehyde havi ng the same nunber of carbon atons as the al kene, e.g.,
acrolein. The al dehyde is then converted to & unsaturated carboxylic acid
havi ng the sane nunber of carbon atons as the al dehyde, e.g., acrylic acid.

critical. However, the use of air is not preferred because the nitrogen
content can adversely affect the ability to recycle effluent gases.
Preferably, the oxygen source comprises at least 90 mole percent and
more preferably at least 95 mole percent oxygen. The ratio of propane
to oxygen varies with the desired conversion and the selectivity of the
catalyst, but generally is in the range of 5/1-40/1. The reaction can
also be conducted in the presence of diluents such as, for example,
steam. Such diluents, when employed, can be fed at 0-50 times the
partial pressure of the propane, with 0.2-10 times being usual.

In the propane-to-propylene reaction, it is preferred to employ a
starting material gas which contains steam. In such a case, as a
starting material gas to be supplied to the propane reactor, a gas
mixture comprising steam-containing propane and an oxygen-
containing gas, is usually used. However, the steam-containing
propane and the oxygen-containing gas may be alternately supplied to
the reaction system. The steam to be employed may be present in the
form of steam gas in the reaction system, and the manner of its
introduction is not particularly limited. However, steam is not
essential in the process of the present invention.

Any catalyst effective for the conversion of propane to propylene
is suitable for use in the present invention. Preferred catalysts
include, for example, oxydehydrogenation catalysts which camprise
promoted MoVND oxides, vanadyl pyrophosphate and other
oxydehydrogenation catalysts. Such catalysts and others suitable for
the oxidation of propane are described, for example, in U.S. Pat Nos.

. 4,148,757, 4,212,766, 4,260,822 and 5,198, 580 and by E. M.
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By operating at | ow propane-to-propyl ene conversion in accordance with the
‘present invention, the selectivity to propylene can be nade unexpectedly
hi gh, e.g., between 80 and 100 nol e% Since the presence of propane has
been found to enhance the efficiency of the propyl ene-to-acrolein reaction,
the | ow prop2?&3S¢hversion is not detrinental to the proc®EFUSI¥EEME] even
though the feed to the acrolein reactor may contain propylene in | ow
concentrations, e.g., 5 to 20 nole% the | ow conversion, high-selectivity
node of operation can be highly efficient provided unreacted propane is
recycled to the propane oxidation reactor. Recycle operation is
particularly feasible in accordance with the present invention because
oxydehydrogenation catal ysts, which are preferred for use in the present

i nvention, are sypstanti all naf.fected speci es_such as carbon oxides

and water which 'EE@WF‘F?% ﬁ#tﬁ’ﬁ%%l@%‘*‘&@f‘é@- i, hfCalel; B2overy

of the acrolei n,liéggqggcondensed gases contai ning propane nmay be recycl ed
, a

wi t hout significant itional purification steps.
An example of a suitable catalyst for use in accordance with the

present invention is a catalyst containing a mixed metal oxide
comprising, as essential components, Mo, V, Te, O and X, wherein X is
at least one element selected from the group consisting of niobium,
tantalum, tungsten, titanium, aluminum, zirconium, chromium,
manganese, iron, ruthenium, cobalt, rhodium, nickel, palladium,
platinum, antimony, bismuth, boron, indium and cerium, wherein the
proportions of the respective essential components, based on the total
amount of the essential components exclusive of oxygen, satisfy the
following formulas:

0.25 <r Mo <0.98

0.008<rV<05

0.003 <rTe<0.5

0.003<rX<05

whereinr Mo, rV, r Te and r X are molar fractions of Mo, V, Te
and X, respectively, based on the total amount of the essential
components exclusive of oxygen. This catalyst is further described in
1.S. Pat. No. 5,380,933.

For the propane oxidation, the reaction temperature is usually
from about 200 to 550°C, preferably from about 250 to 450°C, more
preferably from about 350 to 440°C The gas hourly space velocity in
the vapor-phase reaction is usually within a range of from about 100 to
10,000 hr1, preferably from about 300 to 6,000 hr-1, more preferably

. from about 1000 to 4,000 hr-l. As used herein, "gas hourly space

velocity” means the volume of reactant gas at standard conditions (0°C
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REPLACEMENT SHEET -4- Bri ef
‘Description of the Draw ngs Figure 1 is a sinplified process flow
di agram of a process for converting propane to acrolein in accordance with

the present_| | on. Figure 2 is a sinplified pro di agram
of a proces‘gbqﬁ&?onverti ng propane to acrylic acid in acg’g:r% g%:%th t he
present invention. Detail ed Description of the Invention In the
present invention, as the starting material alkane it is preferred to
enploy a CJerr] alkane, preferably a (Jerr] .al kane, and

and 1 atm pressure) passed over the catalyst in one hour divided by
the total volume occupied by the catalyst. Further, as a diluting gas to
adjust the space velocity and the oxygen partial pressure, an inert gas
such as nitrogen, argon or helium may be employed. This reaction is
typically conducted at a slightly elevated pressure, e.g., 2 to 6 atm.

Any suitable reactor sequence known to those skilled in the art
may be used for the propane-to-propylene reaction. For example, the
reaction can be condueted in a single stage, or can be conducted in two
or more stages with oxygen introduction between the stages where
introduction of the entire oxygen requirement at a single point could
create flammable process mixtures. Further details on the conversion
of propane to propylene and suitable equipment, e.g., reactors, are
known to those skilled in the art.

In the propane-to-propylene reaction, particularly in the case of
the propane oxydehydrogenation reaction, the propylene selectivity
decreases with increasing propane conversion. Preferably, the
propane-to-propylene reaction is conducted to provide for relatively low
conversions of propane with high selectivities to propylene. More
specifically, it is preferred that the conversion of propane be from
about 5 to 40 percent and more preferably from about 10 te 30 percent.
As used herein, the term "propane conversion” means the percentage of
propane fed which is reacted. It is preferred that the selectivity of the
conversion of propane to propylene be from about 50 to 98 percent and
more preferably from about 80 to 98 percent. As used herein, the term
"propylene selectivity” means the moles of propylene produced per

. mole of propane reacted expressed as a percentage.
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nore preferably propane, isobutane or n-butane. As the starting material,
‘propane or isobutane is nost preferred. According to the processes of the
present invention, fromsuch an al kane, an unsaturated carboxylic acid such
as an al p\t)\ﬁ&%z#gﬁ unsaturated carboxylic acid can be obtained. For

exanpl e, ane or isobutane is used as the startin§CHEPEOMRS al kane,
acrylic acid or nethacrylic acid can be obtained, respectively. The
purity of the starting material al kane is not particul arly limted, and an

al kane containing a | ower alkane such as methane, air or carbon dioxide,
as inpurities, may be used. Further, the starting material alkane nmay be a

m xture of various al kanes. Typically, the feed will conprise at |east 30
nol e percent, preferably at |east 50 nole percent and nore preferably at
| east 80 nole percegt g gane The .source qf the_al kane, e. pr opane
feed, for use in the® esenf; inyention, p e%%%f)mﬁ%rerr@ﬁcf@ﬁ ‘T’Fﬁal

a catalyst at elevated temperature to produce acrolein. Water is a co-
product of the reaction. A number of by-products are formed including
carbon monoxide, carbon dioxide, formaldehyde, acetaldehyde, acetic
acid and acrylic acid. Neither the propylene nor the oxygen in the
reactor feed is totally converted. The noncondensable components in
the reaction product, e.g., oxygen, propylene, carbon monoxide, carbon
dioxide, propane and other light hydrocarbons, are separated from the
condensable organic compounds, compressed and preferably recycled to
the reactor inlet. In this way, utilization of oxygen and propylene can
be very high.

In one aspect of the present invention, the propylene-to-acrolein
reaction is preferably conducted in the presence of an essentially
anhydrous diluent gas such as described in U.S. Pat No. 5,198,578.
The essentially anhydrous diluent gas typically comprises a mixture of
nitrogen, carbon dioxide, methane, ethane and propane; however, any
other essentially anhydrous inert gas can be included. Some other
useful inert gases include helium, argon, hydrogen, saturated

hydrocarbon gases, N20, and carbon monoxide. When water is present

as a trace impurity in any of the materials introduced into the
reactors, at the elevated temperature required for these reactions the
water is immediately converted to steam.

In other aspects of the present invention, some steam, e.g.,
about 0.3 to 8 moles per moles of propylene, may be utilized in the
propylene-to-acrolein reaction. In these aspects, the steam may be

effective in promoting the process possibly because it facilitates the
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Al t hough the invention is mainly hereinafter described with reference to
- propane, acrolein and acrylic acid, those skilled in the art will recognize
that the present invention is also applicable to butane. net hacrol ei n and

met hacrylic | d ot her hydrocarbons e.g. pentane.
source for tﬁ%bﬁan he processes of the present invention (%Cirlﬁ ror propane

oxi dati on and propyl ene oxidation) is not critical. However, the use of air
is not preferred because the nitrogen content can adversely affect the
ability to recycle effluent gases. Preferably. the oxygen source conprises
at least 90 nole percent and nore preferably at |east 95 nol e percent
oxygen. The ratio of propane to oxygen varies with the desired conversion
and the selectivity of the catalyst, but generally is in the range of

5/1-40/1. The r ea‘i:etSln(_)pq:l

O1°0f the main products of the catalytic vapor-phase oxidation
of propylene, i.e., acrolein and acrylic acid, or possibly because it
participates directly in the reaction.

The propylene-to-acrolein reaction is not dependent upon any
particular catalyst and any catalysts effective for the conversion of
propylene to acrolein may be used. Typical catalysts are molybdenum-
bismuth-iron-based mixed-metal-oxide oxidation catalysts, such as, for
example, those disclosed in U.S. Pat. Nos. 3,825,600, 3,649,930,
4,339,355, 5,077,434 or 5,218,146. It may also be possible to conduct
both the propane-to-propylene and propylene-to-acrolein reactions in a
single reactor with one or more stages,

An example of a catalyst suitable for the propylene-to-acrolein
reaction is an oxide catalyst containing Mo, Fe, and Bi. This catalyst is
represented by the following general formula:

Mo a Wb Bic Fed Ae Bf Cg Dh Ox

wherein Mo is molybdenum, Bi is bismuth, W is tungsten, Fe is iron, O
is oxygen, A is at least one element selected from the group consisting
of nickel and cobalt, B is at least one element selected from the group
consisting of alkali metals, alkaline earth metals, and thallium, C is at
least one element selected from the group consisting of phosphorus,
arsenic, boron, and niobium, and D is at least one element selected
from the group consisting of silicon, aluminum, and titanium, and the
subscripts a, b, ¢, d, e, f, g, h, and x are respectively the numbers of
atoms of the elements Mo, W, Bi, Fe, A, B, C, D, and O, providing that
a=2t010,b=01t0 10, on conditionthata +b=12,¢c=0.1t010.0d =
- 0.1t010,e=2%t020,f=0.005t03.0,g=0t04,h=05t015,andxisa
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al so be conducted in the presence of diluents such as, for exanple, steam
‘'Such diluents, when enpl oyed, can be fed at 0-50 tines the partial pressure
of the propane, with 0.2-10 tines being usual. In the _
mat ori al gHBRRRR cont ai ns steam I n such a case, as a SPTURRGSHAL er i al
gas to be supplied to the propane reactor, a gas m xture conprising
st eam cont ai ni ng propane and an oxygen- containing gas, is usually used.
However, the steam containing propane and t_%_ oxygen-cont ai ni ng gas may be
alternately supplied to the reaction system The steamto be enpl oyed may
be present in the formof steamgas in the reaction system and the manner
of its introduction is not particularly Iimted. However, steamis not
essential int hemB:rlggrerse%u?;edttgesa rsgrsﬁnetvailggt?en}eiq%%ements of the other
elements. This catalyst is described in U.S. Pat No. 5,218,146.
The catalysts for use in the processes of the present invention
may be in the form of pellets, beads, or rings containing a through hole
which are produced by a tableting machine or an extruding machine or
otherwise in a form having catalytic components deposited on a
refractory carrier. Suitable propylene-to-acrolein catalysts are
commercially available, for example, from Nippon Shokubai, Tokyo,
Japan; Nippon Kayaku, Tokyo, Japan; and Mitsubishi, Tokyo, Japan.
As regards the acrolein reaction gas composition, the content of
propylene is in the range of 5 to 30 volume percent, preferably 7 to 15
volume percent, that of oxygen in the range of 8 to 40 velume percent,
preferably 12 to 30 volume percent, that of a saturated aliphatic
hydrocarbon having 1 to 5 carbon atoms, preferably 1 to 3 carbon
atoms, e.g., propane, in the range of 5 to 70 volume percent, preferably
10 to 60 volume percent, that of carbon monoxide in the range of 0 to
50 volume percent, preferably 15 to 45 volume percent, that of carbon
dioxide in the range of 0 to 50 volume percent, preferably 5 to 40
volume percent, (providing that the total content of the hydrocarbon,
carbon monoxide and carbon dioxide is in the range of 40 to 90 volume
percent, preferably 60 to 85 volume percent), and that of steam, when
present, in the range of 0 to 50 volume percent, preferably 5 to 40
volume percent, (providing that the molar ratio of steam to propylene
is in the range of 0.3 to 8, preferably 0.3 to 5), the molar ratio of oxygen
to propylene is in the range of 1.0 to 2.5, preferably 1.5 te 2.0, and the
- contact time is in the range of 0.3 to 1.5 seconds, preferably 0.5 to 1.2

seconds. The catalyst is preferably capable of effecting a conversion of
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Any catal yst effective for the conversion of propane to propylene is
‘suitable for use in the present invention. Preferred catal ysts include, for
exanpl e, oxydehydrogenati on catal ysts which conprise pronoted MoOVNb oxi des,
vanadyl pyr te and ot her oxydehydrogenation cataly
catal ysts a @2@@2@5 suitable for the oxidation of propan?cgfues%gsc‘ri bed
for exanple, in U S. Pat Nos. 4,148,757, 4,212,766, 4,260,822 and 5, 198,
580 and by E.M Thorsteinson, T. P. Wlson, F. G Young, and P. H Kasai,
J. Catal., 52, 116 (1978). An exanpl e.pf- a suitable catal yst for use
I n accordance with the present invention is a catalyst containing a m xed
net al oxi de conprising, as essential conponents, M, V.Te, 0 and X, wherein
X is at |east one el enent selected fromthe group consisting of niobium
tantal um tungst ' ) ' e,
i ron, ruthenium Ep%éﬁea&rg@c}l um nm}é\&é %%I%{égirpﬁﬁ]&%ﬂg‘&%e@ﬂgﬁ%s
mole percent.

Preferably, the concentration of propane in the feedstream to
the acrolein reaction zone is from about 5 to 70 volume percent, more
preferably from about 10 to 60 volume percent and most preferably
from about 10 to 40 volume percent, based on the total volume of the
feedstream. As used herein, the terms "mole percent” and "volume
percent” are equivalent as they relate to the concentrations of
components in vapor streams.

Quite surprisingly, it has been found that the propylene-to-
acrolein reaction efficiency can be substantially enhanced when using
propane-containing feedstreams as described above. Preferably, the
acrolein reaction efficiency is from about 65 to 97 percent and more
preferably from about 75 to 90 percent. As used herein, the term
"propylene-to-acrolein reaction efficiency” means moles acrolein
produced per mole propylene fed expressed as a percentage.

Typically, approximate ranges for feed compositions are defined
based on the generalized operating constraints discussed above.
Propylene-to-acrolein reaction feeds in the following quantities are
typically particularly useful:

Propylene: Up to about 16 g-mole per hourfliter of acrolein
reaction catalyst, preferably up to about 10 g-male per hour/liter of

acrolein reaction catalyst;
Oxygen: 1.1 to0 2.1:1 O2/C3Hs ratio, such that there is up to

about 33.6 g-mole per hour O2/liter of acrolein reaction catalyst,
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pl ati num antinony, bisnuth, boron, indiumand cerium wherein the
‘proportions of the respective essential conponents, based on the total
anount of the essential conponents exclusive of oxygen, satisfy the
follow ng fornul as: 0.25 <r M < 0.98 0.003 <r V<0.5

0. 003 <r Te Q9736849 0.003 < rX< 0.5 wherei n r Mo, PETASITOS05¢ and r X
are nolar fractions of Mo, V, Te and X, respectively, based on the total
anount of the essential conponents exclusive of oxygen. This catalyst is
further described in U S. Pat. No. 5,380,9@%2_

preferably up to about 21 g-mole per hour O2/liter of acrolein reaction
catalyst;
Diluent: About 0.7 to 16:1 inert diluent/C3Hs ratio, preferably 2

to 10:1 inert diluent/C3Hg ratio.

The general reaction conditions are not narrowly eritical, and
are those known to the art. The propylene-to-acrolein reaction
operates at temperatures of about 250 to 450° C, although
temperatures of about 270 to 425° C are preferred.

Operating pressures of about 1 to 4 atm are typical, although
subatmospheric, atmospheric, or superatmospheric pressures may be
used. Preferred commercial modes of operation will often minimize
pressures, but pressures are fypically held in the 2-to 3-atm range due
to system pressure-drop constraints.

Flow rates can be varied to achieve contact times of from about
0.2 to 2 seconds in the propylene-to-acrolein reaction; however, typical
commercial flows provide about 0.3 to 1.5 seconds contact time.
Contact times of about 0.5 to 1.2 seconds are preferred. As used
herein, “contact time” is defined as the ratio of the open volume in the
catalyst bed to the process volumetric flow at process conditions.

The type of reactor used in the conversion of propylene to
acrolein is not critical and may be, for example, a fixed-bed, tubular-
flow reactor with liquid coolant passed through the shell. Fluidized
bed reactors may also be employed. Further details of suitable
reactors are known to those skilled in the art.

- The catalyst for use in the acrolein-to-acrylic acid reaction can be any

catalyst suitable for the conversion of acrolein to acrylic acid and may be the
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-7- For the propane oxidation, the reaction tenperature is usually
‘from 200 to 550[err]C, preferably from 250 to 450[err]C, nore preferably
from350 to 440[err]C The gas hourly space velocity in the vapor-phase
reaction is within a range of from 100 to 10,000 h

preferably P#%%?%%é to 6,000 hr[err], nore preferably fron?%ﬁg ?3”ﬁ,000
hr[err]j. As used herein, "gas hourly space velocity" neans the vol une of
reactant gas at standard conditions (O[err]C and 1 atm pressure) passed
over the catalyst in one hour divided by thejgotal volune occupied by the
catalyst. Further, as a diluting gas to adjust the space velocity and the
oxygen partial pressure, an inert gas such as nitrogen, argon or helium may
be enpl oyed. This reaction is typically conducted at a slightly el evated
pressure, e.g., \ ' eqch. k

those skilled i nzﬁa}%'gegl??l{ﬂrf@a?/ntbtga&s@%c géi&%ﬁggegrtrgpogg\%@%gg%ﬁo y ghepl?eeac%l&jn.
For exanple, the theartrélein extidation eatulyut!ie dniokide citalyise contaisingiiolgbderifin

conducted in two or_ nore, stages W.th oxyg((fnti ng roducti on E%t en the, stages
wher e and vanadium, preferably an oxide catalyst represented by the following

general formula:

Mom Vn Qq Rr Ss Tt Oy

wherein Mo is molybdenum, V is vanadium, Q is at least one element
selected from the group consisting of tungsten and niobium, R is at least one
member selected from the group consisting of iron, copper, bismuth,
chromium, and atimony, S is at least one element selected from the group
consisting of alkali metals and alkaline earth metals, T is at least one
element selected from the group consisting of silicon, aluminum and
titanium, and 0 is oxygen and the subscripts m, n, q, r, s, t, and y are
respectively the numbers of atoms of the corresponding elements, providing
thatn=2%t014,q=0%t012,r=01t06,s =0t0 6,t =0 to 30 where m = 12,
and y is a number determined by the valance requirements of the other
elements in the oxidation states. This type of catalyst is further described
in U.S. Pat No 5,218,146. Other catalysts for the conversion of acrolein to
acrylic acid are described in U.S. Pat. Nos. 4,892,856, 5,077,434, 5,198,580
and 5,380,933 for example. Suitable acrolein-to-acrylic acid catalysts are
commercially available, for example, from Nippon Shokubai, Tokyo, Japan.

As regards the conditions for the acrolein oxidation, the reaction
temperature is typically in the range of about 180°C to 350°C, preferably
about 200°C to 320°C, and the contact time is in the range of about 1.0 to
7.2 seconds, preferably about 1.6 to 6.0 seconds.
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I ntroduction of the entire oxygen requirenment at a single point could
‘create flamabl e process m xtures. Further details on the conversion of
propane to propyl ene and suitable equipnment, e.g., reactors, are known to
those skilled in the art. In the propane-to-propyl ene reaction
particul ar IWOP#BB4%e case of the propane oxydehydrogenati oBCFUSHOSWA t he
propyl ene selectivity decreases with increasing propane conversion.
Preferably, the propane-to-propylene reaction is conducted to provide for
relatively | ow conversions of propane wth Qigh selectivities to propyl ene.
More specifically, it is preferred that the ébnversion of propane be from5
to 40 percent and nore preferably from 10 to 30 percent. As used herein,

Preferably, in accordance with the present invention, the
conversion of acrolein to aerylic acid is from about 90 to 99 percent or
greater and more preferably from about 95 to 99 percent or greater.
Preferably, the overall conversion of producing acrylic acid from
propylene over the two-stage operation in a per pass yield is not less
than 70 mol %, preferably not less than 80 mol %.

The acrylic acid produced in the process of the present invention may
be recovered by any means known to those skilled in the art, e.g., by
absorption or fractionation, or further processes as disclosed in U.S. Pat No.
4,999,452,

The invention is hereafter described with reference to Figure 1
and Figure 2 which are not intended to limit the scope of the claims that
follow.

Figure 1 represents the process configured to produce primarily
acrolein. Small amounts of acrylic acid would also be made and could be
recovered as a co-product, if desired. A gaseous propane feedstream 10
comprising 90 mol% propane and 10 mol % propylene and a gaseous
oxygen feedstream 11 are fed to reactor 99, i.e., alkene reaction
zone,containing a heterogeneous oxidative dehydrogenation catalyst, i.e.,
an alkene reaction catalyst, such as the preferred catalysts described
herein. The oxygen feed may be pure, or an air feed may be used. Recycle
stream 16 is also fed to reactor 99. Stream 16 contains unconverted
propane and oxygen which passed through the process without
conversion at an earlier time. Stream 16 also contains propylene and
water and various noncondensable gases which are not reactive in the

- process. Non-reactive gases would include, but not be limited to, carbon

dioxide and carbon monoxide, and for the air-based process, nitrogen.
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- 8- the term "propane conversion” neans the percentage of propane fed
-which is reacted. It is preferred that the selectivity of the conversion of
propane to propylene be from50 to 98 percent and nore preferably from 80
to 98 perceg& @rs% sed herein, the term"propyl ene sel ect| 9 s the
nol es of pr ‘§? produced per nole of propane reacted exp s%g

per cent age. In the present invention, propylene and oxygen are
reacted over a catalyst at elevated tenperature to produce acrolein. Water
is a co- product of the reaction. A nunber qfjgby-products are forned

I ncl udi ng carbon nonoxi de, carbon di oxi de, fornmal dehyde, acetal dehyde,
acetic acid and acrylic acid. Neither the propylene nor the oxygen in the
reactor feed is totally converted. The noncondensabl e conponents in the

reacti on product, en I | carhbaon xi de, .carbon di oxi de,
propane and ot heﬁ??%@?trﬁﬁé%o%’?ﬂ%ﬁggt@&g aPELEP A gﬁ‘)’ S PPERHIE ndensabl e
organi ¢ conpoundSenpRpREue HE deatitbr 99,80Rich RpErdtes 4t betvden 30TeandagooC. i nl et .

In this way, utilization of oxygen and propyl ene can be very hi gh.
The pressure of the feedstreams is slightly greater than the reactor

pressure, which is between 15 and 60 psia. Reactor 99 is preferably
operated at conversions which provide enhanced conversion to acrolein
in reactor 100 (described below). Quite surprisingly, these conversions
are lower than the highest conversions possible in the propane oxidation
reactor. The gaseous species and the solid catalyst are contacted
effectively in the reactor, which may have various designs including
fixed or fluidized catalyst beds. The propane conversion to propylene is
in the range of 10 to 40%. The gas product stream 9 contains the
propylene product, unreacted propane and oxygen, water, small amounts
by-products, and the nonreactive feed species.

The crude propylene product stream 9 is passed directly, without
purification, to the propylene oxidation reactor 10, i.e., aldehyde reaction
zone, where the contained propylene is oxidized to acrolein. Additional
oxygen is fed to reactor 100 in stream 8. Reactor 100 contains a
heterogeneous catalyst for the oxidation of propylene, i.e., aldehyde
reaction catalyst, such as the preferred catalysts described herein. The
gaseous reactant and solid catalyst are contacted effectively in the
reactor, which may have various designs including fixed or fluidized
catalyst beds. Reactor 100 operates in the temperature range of 300 to
400 °C and a pressure range of 15 to 50 psia. The conversion of the
contained propylene is approximately 30%, but may be in the range of 70
to 100%. The principal product is acrolein with acrylic acid being a minor

. co-product. The effluent stream 12 is immediately cooled to
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In one aspect of the present invention, the propylene-to-acrolein reaction
‘i's preferably conducted in the presence of an essentially anhydrous dil uent
gas such as described in U S. Pat No. 5,198,578. The essentially anhydrous
di luent gas typically conprises a m xture of nitrogen, carbon dioxide,

met hane, eﬂﬁﬁﬂgmﬁﬁﬁ propane; however, any ot her essenti al PFTHROSEuUs i nert
gas can be included. Sone other useful I nert gases include helium argon,
hydr ogen, saturated hydrocarbon gases, N20, and carbon nonoxi de. Wen
water is present as a trace inpurity in anﬁeof the materials introduced
into the

approximately 250 °C in after cooler 101. Stream 12 has a pressure of
approximately 20 psia, but it can range from 15 to 50 psia.

An additional advantage to the propane feedstock for acrolein
production is the reduced temperature severity of the
acrolein reactor. The higher heat capacity of propane, compared to
conventional diluents such as nitrogen and steam, can reduce the hot
spot temperature and moderate the temperature variation throughout
the acrolein reactor. The lower temperature leads to reduced conversion
to acrylic acid and carbon oxides and enhanced selectivity to acrolein.

A wide variety of recovery and refining schemes known to those
skilled in the art, e.g., absorption and fractionation, may be employed to
separate acrolein from effluent stream 12. A preferred feature of the
separation scheme is that it avoid contamination of the gas stream with
potential catalyst poisons. The presence of poisons for either the
oxydehydrogenation catalyst or the acrolein catalyst would preclude
direct recycle of the unreacted gases back to the reactor sequence. The
recovered acrolein is removed from the separation unit in stream 13 and
the unreacted gases leave the unit in stream 14. The temperature and
pressure of stream 14 depend upon the specific acrolein separation
process used, but will typically be in the range of 30 to 70 °C and 15 to
30 psia. Stream 14 is composed of propane, propylene, oxygen and
various non reactive gases noted previously. Stream 14 is divided into
recycle stream 16, which contains the majority of the flow, and the small
purge stream 15. The magnitude of purge stream 15 is selected to
prevent the slow accumulation of minor, but undesirable, reaction by-

. products. Stream 16 is compressed to a pressure slightly above the

working pressure of reactor 99 and mixed with feedstreams 10 and 11.
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-9- reactors, at the elevated tenperature required for these reactions

‘the water is imediately converted to steam In other aspects of the
present invention, sonme steam e.g., 0.3 to 8 noles per noles of propylene,
may be util] qﬁgaa t he propyl ene-to- acrolein reaction. | ects,
the steam may Bt ective in pronoting the process possi bly because it
facilitates the desorption of the main products of the catalytic
vapor - phase oxi dation of propylene, i.e., acrolein and acrylic acid, or
possi bly because it participates directly injthe reaction. The

propyl ene-to-acrolein reaction is not dependent upon any particul ar
catal yst and any catal ysts effective for the conversion of propylene to
acrolein may be used. Typical catalysts are nol ybdenum bismuth-iron-based

m xed- et al - oxi de oxi ' t .

di sclosed in U S. Pat %k%%rb g%g%ghe §P‘§‘§§?§°§’(ﬁ£ﬁe§§€3§‘§§“"§%?%ﬁ or
5,218, 146. |t nmabyainsorpocating aithird reacte pdsitioned tdfterithe perainareactops opyl ene
and propyl ene-to-acrolein reactions _in a sjngle reacéor wi th one or nore

st ages. APRsralonof the axydebyyegenatiopgppgior $P9 anthe same as
propyl ene-to-acr qJgel-dtion of reactor 99 in Figure 1. Operation of the acrolein reactor 200

is very similar to the operation of reactor 100, with the possible
exception that the temperature, pressure and/or oxygen content may be
shifted modestly to favor the formation of acrylic acid over acrolein.
Discharge stream 22 from reactor 200 is not cooled but rather is
combined with additional oxygen from stream 23 to form feedstream 24,
which enters acrylic acid reactor 201, i.e., carboxylic acid reaction zone.

Reactor 201 contains a heterogeneous catalyst for the conversion
of acrolein to acrylic acid, i.e., carboxylic acid reaction catalyst, such as
the preferred catalysts described herein. Reactor 201 is designed to
contact effectively the catalyst and reactant gases. The conversion of
acrolein to acrylic acid is high, in the range of 70 to 100%. The effluent
gases are cooled in after cooler 202 and routed in stream 25 to acrylic
acid recovery unit 203.

Many possible recovery schemes known to those skilled in the art
are possible for separating acrylic acid from the residual reactants,
gaseous by-products and diluent gases. As for the acrolein process shown
in Figure 1, a preferred feature of the separation scheme is that it avoid
contamination of the gas stream with potential catalyst poisons. The
presence of poisons for either the oxydehydrogenation catalyst or the
acrolein/acrylic acid catalyst would preclude direct recycle of the
unreacted gases back to the reactor sequence. The recovered acrylic acid

- is removed from the separation unit in stream 26 and the unreacted

gases leave the unit in stream 27. The temperature and pressure of
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reaction is an oxide catalyst containing Mo, Fe, and Bi. This catalyst is
‘'represented by the follow ng general fornula: M a W
Bic Fed Ae Bf Cg Dh Ox wherein M is nolybdenum Bi is bisnmuth, Wis
tungsten, Fe is iron, O is oxygen, Ais at |east one elenent selected from
the group ®WEP&¥ng of nickel and cobalt, Bis at |east BrEUSPRHSHt

sel ected fromthe group consisting of alkali netals, alkaline earth netals,
and thallium Cis at |east one elenent selected fromthe group consisting
of phosphor us, 18-

stream 27 depend upon the specific acrylic acid separation process used,
but will typically be in the range of 30 to 70 °C and 15 to 30 psia. Stream
27 is composed of propane, propylene, oxygen and various nonreactive
gases such as carbon monoxide, carbon dioxide, and, for an air-base
process, nitrogen. Stream 27 is divided into recycle stream 29, which
contains the majority of the flow, and the small purge stream 28. The
magnitude of purge stream 28 is selected to prevent the slow
accumulation of minor, but undesirable, reaction by-products. Stream 29
is compréssed to a pressure slightly above the working pressure of
reactor 199 and mixed with feedstreams 20 and 21.

EXAMPLES
The following examples are provided for illustrative purposes and

are not intended to limit the scope of the claims which follow:

EXAMPLE 1

This example shows the effect of utilizing propane to improve
the efficiency of the reaction of propylene to acrolein. The experiments
were carried out in a pilot-scale reactor system of two single reactor
tubes of typical commercial dimensions. The first reactor tube
contained a commercial propylene-to-acrolein catalyst which is
comprised of bismuth, molybdenum, and iron oxides and other
promoters, i.e., ACF-2, available from Nippon Shokubai. The second
stage, which was close-coupled to the first, contained a commercial
acrolein-to-acrylic acid catalyst comprised of bismuth, molybdenum,
and iron oxides and other promoters, i.e., ACS-4, available from

Nippon Shokubai. The second stage was used as an effective means of
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arsenic, boron, and niobium and D is at |east one el enent selected from
't he group consi sti ng of silicon, alum num and titanium and the subscripts
a, b, c, d, h, and x are respectively the nunbers of atons of the

el enents Mo A B, C D and 0, providing that = , b=0
to 10, on 03% '¥£%ﬁ that a + b = c =0.1to0 10.0d = 3???%%*@%%Pe =2
to 20, f = 0.005t0 3.0, g=0to 4, h =0.5to 15, and x is a nunber
required to satisfy the valance requi renents of the other elenents. This
catal yst is described in U S Pat No. 5,218, 346. The catal ysts for
use in the processes of the present invention may be in the form of

pell ets, beads, or rings containing a through hole which are produced by a
tabl eti ng nmachi ne or an extrudi ng nachi ne or otherwise in a form having

| f
o1 opy! eno- t o- hor VRS aryite T debtlc e AT R inet bER Yoat ) o
from Ni ppon Shokugahsfer ﬂlﬁY&toﬂew@«féhé\dltWQ@adﬁﬁﬂﬁkmMu plédRate piitdd

M t subi shi, Tokyo, Japan, regards the acrol ein reaction gas
conposition, the ﬂm@mllmftomwyr@hetmwmm@ sxstem. dhegasepws0o vol une

percent, preferablle\écgatnttg e?%%gﬂggésgﬁwpke%gﬁe' a%]ﬁ,gfaqgge of

8 to 40 vol une perce pre era vol unme per cent
sat ur at ed al i phatthe entrance of the ﬁrst stage was held at a constant 28 psig. The final

product out of the second stage was passed through a scrubber and
then condensed to equilibrium at 4 °C, leaving only noncondensables.
Concentration measurements of the feed, first-stage effluent, second-
stage effluent, and the recycle stream were obtained via a gas
chromatograph. Fresh propylene feed concentration was held at 8.2
mole percent and the gas hourly space velocity held at 1800 hrt,

EXAMPLE 1-A

A baseline experiment was run with a 3038°C jacket
temperature, 12.1 mole percent feed oxygen concentration, 49.3 mole
percent feed nitrogen concentration, 30.0 mole percent steam
concentration, and 0.3 mole percent feed propane concentration.
Overall, the process was once-through only with no recycle. In the first
stage, 90.5 percent of the feed propylene was consumed by the
reaction. Of the propylene consumed, 79.9 percent went directly to
forming acrolein in the first-stage outlet. Overall, 72.3 percent of the
propylene fed to the system ends up as the useful product acrolein,
while the rest is essentially lost. To make 3.8 standard liters per
minute (“slm”) of acrolein, 5.3 slm of propylene are required. This

experiment is representative of typical commercial operation.
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hydrocarbon having 1 to 5 carbon atoms, preferably 1 to 3 carbon atons,
‘e.g., propane, in the range of 5 to 70 volune percent, preferably 10 to 60
vol une percent, that of carbon nonoxide in the range of 0 to 50 vol une
percent, preferably 15 to 45 volunme percent, that of carbon dioxide in the
range of OWQ968490| ume percent, preferably 5 to 40 vol unBCHESOHS4
(providing that the total content of the hydrocarbon, carbon nonoxi de and
carbon dioxide is in the range of 40 to 90 vol une percent, preferably 60 to

85 volunme percent), and that of steam when
-11- -20-

LE 1-B

In comparison, a recycle process was run with a high
concentration of propane at similar conditions of active ingredients.
The experiment was run with a jacket temperature of 303°C, 14.1 mole
percent feed oxygen concentration, 8.7 mole percent feed water
concentration, and 6.2 mole percent propane concentration.
Essentially no nitrogen was in the feed. 98-99 percent of the second-
stage noncondensable gases were returned to feed of the first stage to
maintain constant pressure levels. In the first stage, 90.6 percent of
the feed propylene was consumed by reaction. Of the propylene
consumed, 87.6 percent went directly to forming acrolein in the first-
stage outlet. Overall, 87.5 percent of the propylene fed to the system
ends up as acrolein. To make 3.8 slm of acrolein, 4.4 slm of propylene
is required. The experiment requires only 83 percent of the propylene
required for once-through operation.

The improvement in propylene utilization arises from two
factors. The first is the nearly complete recycling of unreacted
material back to the front of the reactor. This accounts for 60 percent
of the decrease in propylene requirements. The second factor is the
presence of the relatively high concentration of propane in the feed.
This increased concentration increases the flowing heat capacity and
reduced temperatures in the system considerably. Overall, this effect
accounts for 40 percent of the observed improvement in propylene
usage.

Propane is introduced to the process as an impurity in the

- propylene feed. The propane levels of this experiment are consistent

with 1-2 mole percent impurity level. Reeycle operation makes
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present, in the range of 0 to 50 volunme percent, preferably 5 to 40 vol une
‘percent, (providing that the nolar ratio of steamto propylene is in the
range of 0.3 to 8, preferably 0.3 to 5), the nolar ratio of oxygen to
propyl ene i range of 1.0 to 2.5, preferably 1.5 to t he
cont act tlné“*ﬁhéﬂﬁ%he range of 0.3 to 1.5 seconds, preferé%?& 6. o1l2
seconds. The catalyst is preferably capable of effecting a conversion of
propyl ene of not less than 70 nole percent, preferably not |ess than 80
nol e percent. Preferably, the concentrgfjon of propane in the
feedstreamto the acrolein reaction zone is from5 to 70 vol unme percent,
nore preferably from 10 to 60 vol une percent and nost preferably from10 to
40 vol unme percent, based on the total volunme of the feedstream As used
herein, the terns " I Y [ as

t hey reI ate to théac‘(r):%ﬁjgle%? 5’ C"ﬁ%ﬁ%ﬁ%g céﬁﬁgﬁgﬁ gﬁg}%ggénes g%gln‘%ln%

Quite surpr|S|nglynomiuﬁﬁsﬁhﬂﬁm found that the propylene-to- acrolein

reaction efficiency can_he s tantially, enhanced usi ng
pr opane- cont ai ni ng f_eegggﬁé‘& g dnyention m%&éﬁaw&w@ecﬁ% acrol ein
reaction effici ene%ﬁeﬁeﬁfg?gggtgqhhge 21211199 f:egggiﬁ”i’é&gﬂfz@ftﬁst"@h%rf rom75 to

90 percent. As us the term
aspects are intended to be w1thm the scape of the claims that follow.

i



to-acrol ein reaction efficiency” neans nol es acrol ein produiﬂﬂl ﬂﬂ Hﬂl"“"
»propyl ene fed expressed as a percent age. Typically

ranges for feed conpositions are defined based on the generalized operatlng
constraints di scussed above. Propyl ene-to-acrolein reaction feeds in the

foll owi ng WeHPF¥Pes are typically particularly useful: PCIUS97/05054
-12- .

-29.

CLAIMS

1. A process for producing acrylic acid comprising

@) passing a feedstream comprising propane,
oxygen and a recycle gas comprising propane,
propylene, oxygen and at least one of carbon
monoxide or carbon dioxide to a propylene
reaction zone wherein the feedstream is
contacted with a propane reaction catalyst at
conditions effective to promote the oxidation
of propane to provide a first effluent stream
comprising propylene, unreacted propane
and water;

(ii) passing the first effluent stream to an
acrolein reaction zone wherein the first
effluent stream is contacted with a an
acrolein reaction catalyst at conditions
effective to promote the conversion of
propylene to acrolein to provide a second
effluent stream comprising acrolein,
propylene, propane and acrylic acid;

(i) passing the second effluent stream to an
acrylic acid reaction zone wherein the second
effluent stream is contacted with a an acrylic
acid reaction catalyst at conditions effective
to promote the conversion of acrolein to

acrylic acid to provide a third effluent stream

“ﬁﬁ?iﬂ‘li‘iilﬁili" i




Prépyl ene:‘ Up to 16g-nole per hour/liter of acrolein reacti o!:llll&m!}mﬂ“mm“l
bs

+preferably up to 10 g-nole per hour/liter of acrolein reacti
Oxygen: 1.1 to 2.1:1 Jerr]/C3H6 ratio, such that there is up to 33.6

g- nol e per hour err]/liter of acrolein reaction catalyst ﬁEo@pl y up
to 21 g- rml%of)"@%ﬁour 02/liter of acrolein reaction catal {/%f/{r@(-/

Diluent: 0.7 to 16:1 inert diluent/C3H err] ratio, preferably 2 to 10:1
inert diluent/C3H6 ratio. The general reaction conditions are not
narromMy critical, and are those known to thgqrt. The

propyl ene-to-acrolein reaction operates at tenperatures of 250 to

450[ err] C, al though tenperatures of 270 to 425[err]C are preferred.
Qperating pressures of 1 to 4 atmare typical, although subatnospheri c,

at nospheri c or superatnospheric pressures. may _be used. Preferr cQ rcial
nodes of operation wll often mnim fgm;? é’%%?’é%p,ylf?ﬂﬁ‘ pﬁ?%%eﬂ?’gg'%ﬁragmm

typically held in the 2-to 3-atm rang@dditdeast one of carbon monoxide or
. carbon dioxide;

(iv) separating the third effluent stream into a
liquid product stream comprising acrylic acid
and a recycle gas stream comprising said
recycle gas; and

(v)  recycling at least a portion of the recycle gas
stream to the propylene reaction zone to
comprise a portion of said feedstream;

wherein the recycle gas stream comprises an effective amount of
propane to enhance the efficiency of acrolein formation in the acrolein

reaction zone.

2. The process of claim 1 wherein the concentration of
propane in the first effluent stream is from about 5 to 70 mole percent

of propane based on the total moles in the first effluent stream.

3. The process of claim 2 wherein the concentration of
propane in the first effluent stream is from about 10 to 60 mole percent
of propane based on the total moles in the first effluent stream.

4. The process of claim 1 wherein the propylene reaction

zone and the acrolein reaction zone are combined in a single reactor.

- 5. The process of claim 4 wherein the propylene reaction

catalyst and the acrolein reaction catalyst are commingled.
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to syste
-achi eve
reaction;
cont act
her ei n,
cat al yst
The type
critical
-13-

m pressure-drop constraints. Fl ow rates can bﬁmmﬂmﬂmﬂlmmm
contact tinmes of from0.2 to 2 seconds in the propyl

however, typical comrercial flows provide 0.3 to 1.5 skcdndd °*
time. Oontact times of 0.5 to 1.2 seconds are preferred. As used
"cOMPAUIBYY ne" is defined as the ratio of the opeRCVERNEISAN t he

bed to the process volunetric flow at process conditions.

of reactor used in the conversion of propylene to acrolein is not
and maybe, for exanple, a fixed-begm_tubular-

6. The process of claim 4 wherein the propylene reaction
catalyst and the acrolein reaction catalyst are contained within

separate zones within said reactor.

7. A process for producing an unsaturated carboxylic acid
having up to about 5 carbon atoms per molecule comprising

M) passing a feedstream comprising an alkane
having up to about 5 carbon atoms per
molecule, oxygen and a recycle gas
comprising the alkane, an alkene having the
same number of carbon atoms as said alkane,
oxygen and at least one of carbon monoxide
or carbon dioxide to an alkene reaction zone
wherein the feedstream is contacted with an
alkene reaction catalyst at conditions
effective to promote the oxidation of the
alkane to provide a first effluent stream
comprising the alkene, unreacted alkane and
water;

(ii) passing the first effluent stream to an
aldehyde reaction zone wherein the first
effluent stream is contacted with an
aldehyde reaction catalyst at conditions
effective to promote the conversion of the
alkene to an aldehyde having the same

number of carbon atoms as said alkene to
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flow reactor with |iquid cool ant passed through the shell . ﬁ mﬂm ﬂmmll
-reactors may al so be enployed. Further details of suitable

known to those skilled in the art. The catal yst for use in t" e
acrol ein-to- aci d reaction can be any catal yst suit

convesi on of‘g‘gcroﬁsel nto acrylic acid and may be the sane QB{N@B;@
the catal yst used to oxidize the propane. Preferably, the acrolein
oxi dation catalyst is an oxide catal yst containing nol ybdenum and vanadi um
preferably an oxide catalyst represented by tdyg follow ng general fornula:
[err] wherein Mo is nolybdenumV is vanadium Qis at |east one

el ement selected fromthe group consisting of tungsten and niobium R is at
| east one nenber selected fromthe group consi sting of iron, copper

bi snuth, chromium and atinony, S is _at east on selecte m t he
group consisting of alkali metals an PIPR Flar‘iseec% f’#ﬁ'r?e’ggfmamrco ré?m east

one el enent selected fromthe group ahssalddhyde, e dkbheand thé diianen and

(iii) passing the second effluent stream to a

nt t han

carboxylic acid reaction zone wherein the
second effluent stream is contacted with a
carboxylic acid reaction catalyst at conditions
effective to promote the conversion of the
aldehyde to an unsaturated carboxylic acid
having the same number of carbon atoms as
said aldehyde to provide a third effluent
stream comprising the alkene, the alkane,
the unsaturated carboxylic acid and at least
one of carbon monoxide or carbon dioxide;

(iv) separating the third effluent stream into a
liquid product stream comprising the
carboxylic acid and a recycle gas stream
comprising said recycle stream; and

(v)  recycling at least a portion of the recycle gas
stream to the alkene reaction zone to
comprise a portion of said feedstream,;

wherein the recycle gas stream comprises an effective amount of
the alkane to enhance the efficiency of the aldehyde formation in the
aldehyde reaction zone.

8. The process of claim 7 wherein the concentration of the
. alkane in the first effluent stream is from about 5 to 70 mole percent of
the alkane based on the total moles in the first effluent stream.
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titanium and O is oxygen and the subscripts m n, q, r,

‘respectively the nunbers of atom; of the correspondl ng el ermmnnﬂlmm mllug!"l
t hat n=2t 014, q=0t 012, r=0 to 6, s = 0 to 6, t O to 30 where 'm =+ 12, &nd*y *
Is a nunber_detern ne by the val ance requi rerrents of the other elenents in

t he oxi dat "848 %es. This type of catalyst is further deBcHPHESH4 U S

Pat No 5,218,146. Other catalysts for the conversion of acrolein to acrylic
acid are described in U S. Pat. Nos. 4,892,856, 5,077,434, 5,198,580 and
5,380,933 for exanple. uitable acrolein-to-acrylic acid catalysts are
comrercially available, for exanple, from N“Ppon Shokubai, Tokyo, Japan.

-14-

9. The process of claim 8 wherein the concentration of the
alkane in the first effluent stream is from about 10 to 60 mole percent
of the alkane based on the total moles in the first effluent stream.

10. The process of claim 7 wherein the alkane is butane, the
aldehyde is methacrolein and the carboxylic acid is methacrylic acid.

This Sheet Has Been Repla

[T



As regards the condition for the acrol ein oxidation, the reaction
tenperature is typically in the ange of 180[err]C to 350[err]C, preferably
200[err]C to 320[err]C, and the contact tine is mthe range of 1.0 to 7.2
seconds. pr ly 1.6 to 6.0 seconds. Preferably, pj m@fﬁﬁﬁ ance
with the pﬂgégﬂﬁgfﬁvention, t he conversion of acrolein topggry Ic acid is
from90 to 99 percent or greater and nore preferably from95 t 99 percent
or greater. Preferably, the overall tfnversion of producin acrylic acid
from propyl ene over the two-stage operation in a per p ss yield is not |ess
than 70 nol % preferably not |ess than 80 nol % The acrylic acid
produced in th process of the present invention nmay be recovered by any
means known to those skilled in the art, e.g., by absorption or
fractionation, or further processes as disclosed in U S. Pat No.

4,999, 452. In one aspect gf ghe invention, there is provided a
process for producing acrylic adEQ;@ rising (i) &hssing a feedstream
conpri si ng propane, oxygen and a%ééﬁagr a ébnprising pr opane,

propyl ene, oxygen and at | gast—ome—of CpFbop—fpRox-de—ey carbon
P . w o
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wherein the feedstreamis contacted with a propyl ene reaction
.catal yst at conditions effective to pronote the oxidation of
to provide a fi
propane an
reaction zone
an acrolein

-15-

st effluent stream conpri

water (ii) passing the firs

pCTev\her €l NwdrdS vt EEFUAL bidpiidy

action cat al yst hsmatieng Bitts | ons ef fective to pronote the

W21~

IFos copy
pr opane
si ng propyl ene, s eact ed
t effluent stream togsiEacrol ein
broiinza | S convei¥Ed with a

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6 :
CO7C 517215, 51725, 57/04 Al

(11) International Publication Number:
(43) International Publication Date:

v WO 97/36849

9 October 1997 (09.10.97)

(21) International Application Number: \/PCI‘IUS§7IOSOS4
‘/ 27 March 1997 (27.03.97)

(22} International Filing Date;
(30) Priority Data;
014,679 f 1 Aprtil 1996 (01.04.96) / uUs

Y

(71) Applicant (for alt designated States except US): UNION CAR-
BIDE CHEMICALS & PLASTICS TECHNOLOGY COR-
PORATION [US/USY; 39 Old Ridgebury Road, Danbuxy
CT 06817-0001 (US).

(71}(72) Applicants and Inventors: MAHER, John, Michac)

JUS/US}Y; 1113 Highland Road, Charleston, WV 25302

(US). WARREN, Barbara, Knight[US/US]); 1620 Woodvale

Drive, Charlesion, WV 25314 {JS). ETZKORN, William,

George [US/US]; 8 Stonegate Drive, Hurricane, WV 25526 |
(US). BROCKWELL, Jonathan, Lester [US/AUS];, 4511

Kanawha Tuompike, South Charleston, WV 25300 (US). |
YOUNG, Mark, Anderson [VIB/US]; 12\1/1 Thomas Road,

South Charleston, WV 25303 (US).

(74) Agent: WIGGINS, Karen, Johnson; Union Catbide Chemicals
& Plastics Technology Corporation, 39 Old Ridgebury Road,
Danbury, CT 06817-0001 (US).

(81) Designated States: AU, BB, BG, BR, CA, CN, CZ, X
IP, KP, KR, LK, LR, LV, MK, MX, NO, NZ, PL, 1,
TR, TT, US, UZ, VN, ARIPO patent (GH, KE, i
SD, §Z, UG), Eurasian patent (AM, AZ, BY, KG, KZ, MD,
RU, TJ, T™), European patent (AT, BE, CH, DE, DK, ES,
FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent
/ (BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD,
TG).

Published
Wish imernntional search report.

/
/

(54) Title: PROCESSES FOR THE OXIDATION OF ALKANES
(57) Abstract

/

.. Processes are disclosed for the oxidation of alkanes such as, for example, propane, to form unsaturated carboxylic aldehydes and
acids such as, for example, acrolein and scrylic acid. The processes utilize oxygen and recycle alkanes, e.g., propane, to the aldehyde
reactor, The presence of the alkene in the alkene-to-aldehyde reaction can enhance the efficiency of the processes,

Claim(s)

[ Abstract

REPLACED SHEETS o
Description : paged veedes 10 paged Lt

Drawing(s) :paged ... to paged ...cceeee

DATE OF RECEIPT ..ovviinmiiinenn:

SG

: paged W32 4o paged 2.

: paged ........ 10 paged ..o

o,




conversion of propylene to acrolein to provide a second effluent
'streaniconpr|3|ng acrolein propyl ene, propane and acrylic acid; (iii)

passi ng tire= (,Fm t an acrylic acid rnfgctiAQE)E

wherein ¢h 1S fcontacted with a -
aci d reaét esg %?‘i/sl’” 3,;'0‘%?% gg fective to pronote WNTSHF
conver si | et attf’y acid to provide a third ef fl uent

streamc Fhphagefle. - oL pagsd e

of carbo "goﬁbﬂmgf rPWborﬁOdWﬁdef
streaminto a liquid produ treamaqq
recycl e JapAIE Wsmg%{? s

crylic acid and Q
(iv), separating the tMIﬂﬁéE?{aeﬁt
%onpr|5|ng acrylic acid and a
recycle gas; and (v) recycling

at | east @ POTTTOM Of TNE TECYCI€ gas streamto the propyl ene
reaction zon to corrprisea por tion of , , ) ysherein the
recycl e gas stream EROGESSESFOR 1), 48871 Sisoia 8 enhance the

efficiency of acrolein formation I n the acrol ein reaction zone.

Preferably, in this aspect of the invention, the concentration of propane
in the first dfildeftthetlgentionfrom5 to 70 nol e percent of pr opane, nor e
preferably 10 to 60 _nole percent propane, based o L{q%n t ot es in the
first effluent strélairirﬁmVentlonlli?l%ﬁ?éttﬁéhealﬂﬁéé’tond? § Eiso T the

propyl ene r eacky ' & ltza Oﬁ]r%pane, to form unsaturated, carboxylic aldehydes and acids

such as, for example, acrolein and acrylic acid.

Background of the Invention

Processes for producing acrylic acid by vapor phase catalytic
oxidation of propylene using molecular oxygen are known and used on
an industrial scale.

One of the typical processes for industrial production of acrylic
acid is as follows. Propylene is converted mainly into acrolein and a
small amount of acrylic acid in a first reaction step by supplying a
mixture of propylene, air and steam to produce the acrolein. The
acrolein product is supplied to a second reactor without separation of
products for the subsequent reaction of acrolein to form acrylic acid.
Additional air and steam for the second step are supplied as required.

In another typical process, the product gas containing acrylic
acid obtained from the second reactor is introduced into a collecting
apparatus to obtain acrylic acid as an agqueous solution and a part of -
remaining waste gas containing unreacted propylene from the
collecting apparatus is recycled to the first reactor inlet together with
the starting gas mixture of propylene, air and steam.

Various improvements to the aboire~mentioned processes have
been proposed to produce acrylic acid efficiently by vapor phase

catalytic oxidation of propylene. Many such improvements have been
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and the acrolein reaction zon are conbined in a single reactor wherein the
propylene reaction catalyst and the acrolein reaction catalyst are either

comm ngl ed or contained within separate zones within
I n anot her aspect of the invention, there is provi de@%D Ej‘sdgpg;r SHEET

produci ng an -unsat urated carhoxylic acid having 3 to 5 carbon atons

9-

directed to the use of certain catalysts. Examples of catalysts used for
industrial production are Mo-Bi composite oxide catalysts for the first
step, i.e., acrolein production, and Mo-V composite oxide catalysts for
the second step, i.e., acrylic acid production. There are many reasons
why the characteristics of these oxidation catalysts affect the economy
of the processes. Primarily, the selectivity of the catalysts for the
reactions affects the quantity of propylene used, and the catalyst
activity in the reactions affects the space time yield of acrylic acid.

EP-A-0-117-146, published August 29, 1984, discloses a process
for the conversion of propane, acrylic acid in an integrated three-stage |
process. Propane is dehydrogenated in a first stage to propylene,
hydrogen, and by-products. The reaction effluent is passed into a
second stage where propylene is oxidized to acrolein without significant
oxidation of the hydrogen and by-products. The effluent from the
second stage may be passed as feed to a third stage for the oxidation of
acrolein to acrylic acid. The acrylic acid is recovered as the primary
product, while the unconverted propane may be separated and recycled
to the first stage for dehydrogenation. _

Further enhancements directed to the use of propane as a feed
source are desired because propane is more readily available and less
expensive than propylene. It would be desireable if the propane could z
be simultaneoulsy utilized to enhance the reaction efficiency of the

processes in addition to being a feed source.

Summary of the Invention
By the present invention, improved continuous processes are

provided for the conversion of alkanes such as, for example, propane, to
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per nol ecule c
having 3 to 5

conprising the
atons as

car bon di oxi de
contacted with
pronote the ox
stream conpri s
passing the fi
wherein the fi
reaction catal
of the al kene

as said al kene
al dehyde the a
streamto a ca
ef fl uent strea
catal yst at co
al dehyde to an
carbon atons a
conprising the

onprising (i) passi ng a feedstream conprising an al kane
car bon atons per nol ecul e, oxygen and a recycle gas
al kane, an al kene having the sanme nunber of carbon

sai d al kane, oxygen and at | east one Qf r |

to an al kane re)altgtion zone wherein théEﬁﬁA%mmTegﬁégT
an al kene reaction catal yst at conditions effective to
i dation of the alkane to provide a first effluent

i ng the al kene, unreacted al kane and water; (ii)

rst effluent streamto an al ’&éhyde reaction zone

rst effluent streamcontacted with an al dehyde

yst at conditions effective to pronote the conver si on
to an al dehyde havi ng the sane nunber . . of, carpon at ons
upgapratadialdahgdesoyiehcas, fereptample, acrolgipeant aGidsSUERAY ¢ he

kkene and thehal kane; (i1ii) passing the second effl uent

od'o%&?ln?‘ ST I E5EY i on zone wherein the second

mis P@Hﬁ@?i&@séﬂstdi tHe present iGN, ldrCalkand havhes from
nditions effective to pronote the conversio of the
3unSatarban @oms per maleewexs Bi, Propane, hafirstronKertsd e afunber of

Sail?eariedhaving the gclu(lji% r}}’ﬂﬁbép of cra(%ti)rcxl Gt Q's rtﬁe %minlé? Q'.[g. ,St ream
propylene, and then alkene is converted to an unsaturated aldehyde
having the same number of carbon atoms as the alkene, e.g., acrolein.
The aldehyde is then converted to an unsaturated carboxylic acid
having the same number of carbon atoms as the aldehyde, e.g., acrylic
acid.

By operating at low propane-to-propylene conversion in
accordance with the present invention, the selectivity to propylene can
be made unexpectedly high, e.g., between 80 and 100 mole%. Since the
presence of propane has been found to enhance the efficiency of the
propylene-to-acrolein reaction, the low propane conversion is not
detrimental to the process. Indeed, even though the feed to the acrolein
reactor may contain propylene in low concentrations, e.g., 5 to 20
mole%, the low-conversion, high-selectivity mode of operation can be
highly efficient provided unreacted propane is recycled to the propane
oxidation reactor. Recycle operation is particularly feasible in
accordance with the present invention because oxydehydrogenation z
catalysts, which are preferred for use in the present invention, are
substantially unaffected by species such as carbon oxides and water
which are formed in the acrolein reactor. Hence, after recovery of the
acrolein, the noncondensed gases contéining propane may be recycled

without significant, additional purification steps.
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al kene, the al kane, the unsaturated carboxylic acid and at | east “one
of carbon nonoxi de or carbon dioxi de;

-17- (iv) separating the third effluent streaminto a liquid product

stream conprising the carboxylic acid and a I@C@@
conprising said recycle stream and (v) recycl i ng%pﬁeast %W%E(ﬁy
the recycle gas streamto the

Brief Description of the Drawings

Figure 1 is a simplified process flow diagram of a process for
converting propane to acrolein in accordance with the present invention.

Figure 2 is a simplified process flow diagram of a process for
converting propane to acrylic acid in accordance with the present

invention.

Detailed Description of the Invention

In the present invention, as the starting material alkane it is
preferred to employ a C3-8 alkane, preferably a C3-5 alkane, and

more preferably propane, isobutane or n-butane. As the starting
material, propane or isobutane is most preferred. According to the
processes of the present invention, from such an alkane, an
unsaturated carboxylic acid such as an alpha, beta -unsaturated
carboxylic acid can be obtained. For example, when propane or
isobutane is used as the starting material alkane, acrylic acid or
methacrylic acid can be obtained, respectively.

The purity of the starting material alkane is not particularly
limited, and an alkane containing a lower alkane sucﬁ as methane,
air or carbon dioxide, as impurities, may be used. Further, the
starting material alkane may be a mixture of various alkanes.
Typically, the feed will comprise at least 30 mole percent,
preferably at least 50 mole percent and more preferably at least 80
mole percent propane. The source of the alkane, e.g., propane feed,

for use in the process of the present invention is not critical.
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al kene reaction zone to conprise a portion of said feedstream

wherein the recycle gas stream conpri ses an effective anmount of the al kane
to enhance the efficiency of the al dehyde formation in the al dehyde
reaction zone. Preferably, in this aspe t of the invention, the ..
concentration of the alkane in the first effluen stgEapliSCOfFoth s it ohetl
nmol e percent of the al kane, nore preferably 10 to 60 nole percent of the
al kane, based on the total noles in the first effluent stream The
invention is here after described with reference to Figure 1 and Figure 2
which are not intended to linit the scope o the clains that follow
Figure 1 represents the process configured to produce primarily acrolein.
Smal | anounts of acrylic acid would al so be nade and could be recovered as
a co-product, if desired. A gaseous propane feedstream 10 .. c r.ising 90
mol % propane and 10 Aithoxehr Bisyinzpprion & Elag%]é’eltﬁﬁmaéwg)éﬁc’f%%‘g%? am 11 are

fed to reactor 9%8%£§0M%bgggf?égg%i-aga,“@gce%ﬁgn&@sgisﬁmﬁ iqiett}ﬁrﬁlgeneous

oxi dati ve dehydf ene reaction catal yst,

such as the prefgf %&Qgﬁ%@hx\ﬂﬁe giaseht Radntioanehlso dpicaklgribimed, may be

pure or an air feed nay be used.” Recycle stream 16 is also fed to reactor
99. Stream 16 coatlmcneleimandweathecrylisrasphard ateproyAyerrilene8-Hassed t hr ough
the process without conversion at an earlier tine. Stream 16 al so contai ns
propyl ene and bentane.

The oxygen source for use in the processes of the present
invention (both for propane c_)xidation and propylene oxidation) is not
critical. However, the use of air is not preferred because the nitrogen
content can adversely affectjthe ability to recycle effluent gases.
Preferably, the oxygen sourcf:e comprises at least 90 mole percent and
more preferably at least 95 ;nole percent oxygen. The ratio of propane
to oxygen varies with the dééhed conversion and the selectivity of the
catalyst, but generally is mthe range of 5/1-40/1. The reaction can
aiso be conducted in the pré?sence of diluents such as, for example,
steam. Such diluents, When;'iemployed, can be fed at 0-50 times the
partial pressure of the prop%.ne, with 0.2-10 times being usual.

In the propane-to-pr&pylene reaction, it is preferred to employ a
starting material gas Whicléi contains steam. In such a case, as a
starting material gas to be'isupplied to the propane reactor, a gas
mixture comprising steam-_éontaining propane and an oxygen-
containing gas, is usually u_:sed. However, the steam-containing :
propane and the oxygen-cohtaining gas méy be alternately supplied to
the reaction system. The steam to be employed may be present in the
form of steam gas in the reéction system, and the manner of its
introduction is not particu]f__arly limited. However, steam is not

essential in the process of the present invention.
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wat er and vari ous noncondensabl e gas s which are not reactive in the

- 18- process. Non-reactive gases would include, but not be limted to,
carbon di oxi de and carbon nonoxi de, and for the air-based process,
nitrogen. All feedstreans are preheated to approximtely the operating:;
tenperature of reactor 99, which operates at between 300 ‘and:-400 f@rr%C'
The pressure of the feedstreanms is slightly greater than the reactor

.6-

Any catalyst effective for the conversion of propane to propylene
is suitable for use in the present invention. Preferred catalysts
include, for example, oxydehydrogenation catalysts which comprise
promoted MoVNb oxides, vanadyl pyrophosphate and other
oxydehydrogenation catalysts. Such catalysts and others suitable for
the oxidation of propane are described, for example, in U.S. Pat Nos.
4,148,757, 4,212,766, 4,260,822 and 5,198, 580 and by E. M.
Thorsteinson, T. P. Wilson, F G. Young, and P. H. Kasai, J. Catal., 52,
116 (1978). i

An example of a suita.;hle catalyst for use in accordance with the
present invention is a catalyffﬁst containing a mixed metal oxide
comprising, as essential con?iponents, Mo; V, Te, O and X, wherein X is
at least one element selecte_;:l from the g_fdup consisting of nighium,
tantalum, tungsten, titaniugm aluminuxxi, zirconium, chromium,
manganese, iron, ruthemum, cobalt, rhochum nickel, palladium,
platinum, antimony, blsmuth boron, mrhum and cerium, wherein the
proportions of the respectlve essential components based on the total
amount of the essential components excluswe of oxygen, satisfy the
following formulas: '

0.25 <r Mo <0.98

0.0083<r V<05 | S

0.003<rTe<0.5

0.003<rX<05

whereinr Mo, rV,rTeandrX are molar fractions of Mo, V, Te

and X, respectively, based on the total amount of the essential

components exclusive of oxygen. This cétalyst is further described in
U.S. Pat. No. 5,380,933. -
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pressure, which is between 15 and 60 psi. Reactor 99 is preferably operated
at conversions which provide enhanced conversion to acrolein in reactor 100
(described below). Quite surprisingly, these conversions are | ower than the
hi ghest conversions possible in the propane oxidation reactor. The gaseous
species and the solid catalyst are contacted effectiveky:tn i he-{gs o i
whi ch may have various designs including fixed or fIuideéd:éafaﬁﬁigf@gﬁ§gﬁfy
The propane conversion to propylene is in the range of 10 to 40% The gas
product stream 9 contains the propyl ene praduct, unreacted propane and
oxygen, water, small amounts by-products, ahd the nonreactive feed species.
The crude propyl ene product stream9 is passed directly, wthout
purification, to the propyl ene oxidation reactor 10, i.e., aldehyde
reacti on zone, where the contained propyl ene oxidized to acrolgiq

Addi tional oxygen i Fordlepuoparaetdation ihe aFEemIENPREANTSIS Yt ont ai ns a

9 A il B MO At R

reaction catal ysts described herein. The

gaseous react anjsRdsAPl dheala/hoetaacs 9aloeiiveih eid exfdrvasei n t he
reactor, which may have various designs including fixed or fl uif%li d

cat al yst beds. rReauomis tHibpwities fange Iﬁélﬁt%ﬂggé? GP&QOaﬁﬁrgle 2.3 Yto 400
ont &i ned pr opyFefe (b A8 R arat PEvsnl Sk IBEORE AR AL of 70 o
100% The princifal hddeughs hud$ sph@i velbbity™ ReaNS tike agiuthdef gcenyi nor

gas at standard conditions (O"C and 1 atm pressure) passed over the

catalyst in one hour divided—;by the total volume occupied by the

catalyst. Further, asa dilutiing gas to adjust the space velocity and the

oxXygen partial pressure, an -'{fl.nert gas such as nitrogen, argon or helium

may be employed. This rea.%étion is typically conducted at a slightly

elevated pressure, e.g., 2 to 6 atm. .

Any suitable reactor _%equencefkﬁown to those skilled in the art
may be used for the propanéfto-propjflene reaction. For example, the
reaction can be conducted ma singlé stage, or can be conducted in two
or more stages with oxygen=¥_ihtroduction between the stages where
introduction of the entire o%jfgen reciui:ement at a single point could
create flammable process niiktures. ':Fti_.rther details on the conversion
of propane to propylene ané suitahle equipment, e.g., reactors, are
known to those skilled in tlge art.

In the propane-to-prc?)pylene reaction, particularly in the case of -
the propane oxydehyd_rogerfiétion reaction, the propylene selectivity
decreases with increasing Qropane conversion. Preferably, the
propane-to-propylene react;:lon is conducted to provide for relatively low
conversions of propane 'witi'l high selecﬁivities to propylene. More
specifically, it is preferred ;::hat the conversion of propane be from 5 to

40 percent and more prefe;fably from 10 to 30 percent. As used herein,

wa san eener Samwea
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-19- co-product. The effluent stream 12 is inmediately cooled to
approximately 250 [err]Cin after cooler 101. Stream 12 has a pressure of
approximately 20 psia, but it can range from 15 to 50 psia. An
addi ti onal advantage to the propane feedstock for acrol@[’{r‘mp,rﬂ'(}dugtion S
the reduced tenperature severity of the acrolein reactor. T‘I‘r‘é'x.lffj:gf,rf@‘p,.;-qu?aﬁ

capacity of propane, conpared to ;F:’:';r

the term "propane conversion” means the percentage of propane fed
which is reacted. It is preferred that the selectivity of the conversion of
propane to propylene be from 50 to 98 percent and more preferably
from 80 to 98 percent. As used herein, the term "propylene selectivity”
means the moles of propylene produced per mole of propane reacted
expressed as a percentage.

In the present invention, propylene and oxygen are reacted over
a catalyst at elevated temperature to produce acrolein. Water is a co-
product of the reaction. A number of by-products are formed including
carbon monoxide, ca.rhof_; dioxide, formaldehyde, acetaldehyde, acetic
acid and acrylic acid. Neither the propylene nor the oxygen in the
reactor feed is totally ccljlverted. The?noncondensable components in
the reaction product, e.é., o.;:_?gen, pr;opylene; carbon monoxide, carbon
dioxide, propane and other light hydi‘ocarbons, are separated from the
condensable organic cozﬁpoﬁnds, compressed and preferably recycled to
the reactor inlet. In tlus wéy, utilization of cﬁ:ygen and propylene can
be very high. - _

In one aspect of the éresent invéﬁtion, the propylene-to-acrolein
reaction is preferably cénduéted in f_ize presence of an essentially
anhydrous diluent gas such as described in U.S. Pat No. 5,198,578.
The essentially anhydrbus diluent gas typically comprises a mixture of
nitrogen, carbon dioxidg, methane, ethane and propane; however, any
other essentially anhydrous inert gas can be included. Some other

useful inert gases include helium, ai'gon, hydrogen, saturated
hydrocarbon gases, N20, and carbon monoxide. When water is present

as a trace impurity in any of the materials introduced into the
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conventional diluents such as nitrogen and steam can reduce the hot spdt
tenperature and noderate the tenperature variation throughout the acrolein
reactor. The |ower tenperature |eads to reduced conversion to acrylic acid

and carbon oxi des and enhanced sel ectivity to acrol ef{} AW O e

variety of recovery and refining schenes known to those éRiFFéd“Tﬁ”théwafff
e.g., absorption and fractionation, may be enployed to separate acrolein
fromeffluent stream 12. A preferred feature of the separation schene is
that it avoid contami nation of the gas streamw th potential catalyst

poi sons. The presence of poisons for eithéf the oxydehydrogenation

catal yst or the acrolein catal yst would preclude direct recycle of the
unreacted gases back to the reactor sequence. The recovered acrolein is
removed fromthe separation unit in stream 13 and, { he, unreact.ed gases | eave

the unitl in streeaordst theeleapd femperatyrrefuisad 08 thesetsasHANs ¥y epend

upon the specific acrol ei n.separation jprof used, but will typically be
in the range ofw%t?rtlﬁ)“?@ﬁ%é?#%“%v& Oo&g%%bsi a. Stream 14 is conposed of

propane, propylene, RX%HeR sty of {HRUSreBOHY invaatibiesyas steanntegl, Piletoi ously.
Stream 14 is divided into recycle stream 16, which contains the majority of
the flow, and thexdempér polegoigreedangsnaythe Hultaad Gdderopriege-tet r eam 15

s selected to preyent (16, OWASCUIHLAL 2 SLadlB) beQbctiplgs 201 €

promoting the process possibly because it facilitates the desorption of
the main products of the:fcatalytic vapor-phase oxidation of propylene,
i.e., acrolein and acrylic-é.cid, or possibly because it participates
directly in the reaction. _

The propylene—to-;acrolein reaction is-nbt dependent upon any
particular catalyst and 'ény chfalysts%eﬂ'éctive for the conversion of
propylene to acrolein may be used. Typmal éatalysts are molybdenum-
bismuth-iron-based miiéd-méfal—ondﬁé' éxid_.é.'tion catalysts, such as, for
example, those disclose;}. in US Pat; NQS. 3;','_825,600, 3,649,930,
4,339,355, 5,077,434 ori5,21§,:146. It may also be possible to conduct
both the propane-'to-prc;;)yleﬁé. and ;ﬁi‘op?lené-to-acrolein reactions in a
single reactor with one or more stages.

An example of a 'éata'lyst suitaib-lvé'jE for ﬁhe propylene-to-acrolein
reaction is an oxide cat%xlyst COntaining-:.Mo',: Fe, and Bi. This catalyst is
represented by the folldﬁing‘ general formula:

Mo a Wb Bic Fed Ae Bf Cg Dh Ox :
wherein Mo is molybdeﬁum, Bi is bismuth, W is tungsten, Fe is iron, O
is oxygen, A is at least éne eiement selected from the group consisting
of nickel and cobalt, B 1s at ie_ast one element selected from the group
consisting of alkali metals, alkaline earth metals, and thallium, C is at

least one element selected from the group consisting of phosphorus,
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- 20-

products.

wor ki ng pressure of reactor 99 and m xed with feedstreans 10 and 11

Figure 2 represents the process configured to produce acrylic acid by
i ncorporating a third reactor positioned after the aqro1e|n TeaCth"rvi
Operation of the oxydehydrogenation reactor

react or

199 is the ‘'Sane &as—oper at i'gh'

99 in Figure 1. Operation of the acrolein reactor 200 is very

Stream 16 is conpressed to a pressure slightly above the

b
L

simlar to the operation of reactor 100, with the possible exception that
the tenperature, pressure and/or oxygen content may be

- 18-

arsenic, boron, and niobium, and D is at least one element selected
from the group consisting of silicon, aluminum, and titanium, and the
subscripts a, b, ¢, d. e, f, g, h, and x are respectively the numbers of
atoms of the elements Mo, W, Bi, Fe, A, B, C, D. and O, providing that
a=2to 10, b =0 to 10, on condition thata +b=12,c¢=0.1t0 10.0d =
0.1t010,e=2t020, f=0.005t03.0,g=0t04, h=05t015 andxisa
number required to satiSfy the valance requirements of the other
elements. This catalyst-‘_.is described in'U.S. Pat No. 5,218,146.

The catalysts for use in the processes of the present invention
may be in the form of péﬂets ‘beads, or'rings containing a through hole
which are produced by a tabletmg machme or an extruding machine or
otherwise in a form havmg catalytlc components deposited on a
refractory carrier. Su1tab1e propylene-to acrolem catalysts are
commercially avallable, for exa.mple from Nippon Shokubai, Tokyo,
Japan; Nippon Kayaku Tokyc, d apan, and Mxtsub1sh1 Tokyo, Japan.

As regards the acrolem reacnon gas composition, the content of
propylene is in the range of 5 to 30 vclume percent preferably 7 to 15
volume percent, that of oxygen in the range of 8 to 40 volume percent,
preferably 12 to 30 volume percent that of a saturated aliphatic
hydrocarbon having 1 te 5 carbon atoms, preferably 1 to 3 carbon
atoms, e.g., propane, in;:.? the renge of 5to 70 volume percent, preferably
10 to 60 volume perceni; that of ca:Bon- monoxide in the range of 0 to
50 volume percent, preferably 15 to 45 volume percent, that of carbon
dioxide in the range of 0 to aG volume percent preferably 5 to 40
volume percent, (prov1d1ng that the total content of the hydrocarbon,

carbon monoxide and carbon dioxide is?in the range of 40 to 90 volume

percent, preferably 60 to 85 volume percent) and that of steam when .

.W
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shifted nodestly to favor the formation of acrylic acid over acrolein.
Di scharge stream 22 fromreactor 200 is not cooled but rather is conbined _
wi th additional oxygen fromstream 23 to form feedst re%rg%ﬁé\;whiq@qgtegﬁgﬁ :

acrylic acid reactor 201, i.e, carboxylic acid reactio act or
201 contains a heterogeneous catalyst for the conversion of acrolein to
acrylic acid, i.e., carboxylic ad reaction catal yst, such as the preferred

catal ysts described herein actor 201 is designed to contact effectively the
catal yst and reactant gases. The conversion_of acrolein to acrylic acid is
high in the range of 70 to 100% The effl udht gases are cooled in after
cooler 202 and routed in stream 25 to acrylic acid recovery unit 203.

Many possi bl e recovr schemes known to those skilled in the art are possible
for separating acrylic acid fromthe residual reactants, gaseous

by- product s angreidutent thpaseme oS todi0 vHlumecparcenh PpeisEekly LHowh in Figure

Cont am nat| on SPLERE PGEE TS PEARORE FLdre fir aF rBup Ay aeop oo Biibfens, o

BT ol of i acr y1 18 Tl o R e o Tha

unr eact ed gasesohaefylefe idn tleaeimge dqlents, pTeferaldydvated.-Gaandithe aci d
contact time is in the range of 0.3 to 1.5 seconds, preferably 0.5 to 1.2
seconds. The catalyst is preferably capable of effecting a conversion of
propylene of not less than 70 mole percent, preferably not less than 80
mole percent. . .

Preferably, thefconcent‘x;.a;tion Qf p%opaile in the feedstream to

the acrolein reaction zone is ﬁ'om 5 tu 70 volume percent, more
preferably from 10 to .60 volume percent‘é an_:; most preferably from 10
to 40 volume percent, based onthe total‘"?volume of the feedstream. As
used herein, the terms "mole-é:;rcenf" ax;xd "":f{/olume percent" are
equivalent as they relate to ’r.he conc'_éri%atiéns of components in vapor

streams.

Quite surprisingly, it has BEEil fo:undthat the propylene-to-
acrolein reaction efficiency canbe subsﬁ:annally enhanced when using
propane-containing feedstrea'z__p;s as descnbed above. Preferably, the
acrolein reaction efficiency is from 6:5 t;o 97 percent and more
preferably from 75 to 90 perééﬁt.- A.é. used herein, the term "propylene-
to-acrolein reaction efficiency” means nioles acrolein produced per mole
propylene fed expressed as é.percentagg'.

Typically, app.roximaﬁe-:'ranges for feed compositions are defined
based on the generalized opex{étingfcuﬁ%tréints discussed above.
Propylene-to-acrolein reactic')i:zi feeds in ;_:thé _'following quantities are

typically particularly useful:

L R

i |

REPLACEMENT snfgﬂ
N
i




by

-21- I's renoved fromthe separation unit in stream 26 and the unreacted
gases leave the unit in stream27. The tenperature and pressure of stream
27 depend upon the specific acrylic acid separation progcess used. but wll
typically be in the range of 30 to 70 [err]C and 15 P ﬂgsuﬁq;%hean127
I s conposed of propane, propylene, oxygen and vari ous nonreactlve gases
such as carbon nonoxi de, carbon di oxide, and, for an air-base process,

nitrogen. Stream 27 is divided into recycle stream 29, which contains the

majority of the flow, and the small purge gtream 28. The magni tude of purge
stream 28 is selected to prevent the slow >~

Propylene: Up to 16 g-mole per hour/liter of acrolein reaction
catalyst, preferably up to 10 g-mole per hour/liter of acrolein reaction
catalyst;

Oxygen: 1.1to 2.1:1 Oz/C_aHa ratio, such that there is up to 33.6

g-mole per hour Og/liter of acrolein reaction catalyst, preferably up to
21 g-mole per hour Og/liter of acrolein reaction catalyst;
Diluent: 0.7 to 16:1 inertg‘diluenthgHs ratio, preferably 2 to 10:1

inert diluent/C3Hg ratio.

The general reaction condmons are not narrowly critical, and
are those known to the art. The properne-to acrolein reaction
operates at temperatures of 250 to 450“ C although temperatures of
270 to 425° C are preferred. TS

Operating pressures of 1 to 4 atm are typical, although
subatmospheric, atmosphenc, or supezatmosphenc pressures may be
used. Preferred commerc1a1 modes Gf operatmn will often minmimize
pressures, but pressures are. typlcally held in the 2-to 3-atm range due
to system pressure- drop constramts. i‘___f‘f '

Flow rates can be vaned to ac}ueve contact times of from 0.2 to 2
seconds in the propylene-to- acrolem reactlon however, typical
commercial flows provide 0.3 to 1.5 seconds contact time. Contact
tirnes of 0.5 to 1.2 seconds are.preferred As used herein, “contact
time” is defined as the ratio of the open volume in the catalyst bed to
the process volumetric flow at process condltmns

The type of reactor used m the conversmn of propylene to

acrolein is not critical and ma_y -be, fox; example, a fixed-bed, tubulax-

S—
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accurul ati on of mnor, but undesirable, reaction by-products. Stream?29 is
conpressed to a pressure slightly above the working pressure of reactor 199
and m xed with feedstreans 20 and 21. EXAMPLES The foll ow ng
exanpl es are provided for illustrative:purposes andpap 11”*1 migndedi T
limt the scope of the clains which foll ow I\E %rr@ ?f‘j‘ 23
exanpl e shows the effect of utilizing propane to inprove
the reaction of propylene to acrolein.{The experinents

a pilot-scale reactor systemof two si Lgl e reactor
comrerci al di mensions. The first reactbr tube
avai |l abl e propyl ene to acrol ein catal yst whi ch is conprised of bisnuth,
nol ybdenum and iron oxi des and other ipronoters. The second stage, which

was cl ose-coupled to the first, cont aj ned a commer ci a
acrolein to- acr&h;crembdwﬁdthqwsicoot@$ ‘\ﬁﬁi‘@ﬁﬁ‘ﬁﬁ ﬁ'ﬁl“idefﬁéLum and

the efficiency of
were carried out in
t ubes of typical
contained a commercially

'ron oxides andbeoc{ reactors may also be emplayed. Further details of suitable

reactors are known to those sk;élied in the art.
The catalyst for use in the acrolein-to-acrylic acid reaction can be any
catalyst suitable for the convelion of acrolein to acrylic acid and may be the
same or different than the catdlyst used to oxidize the propane. Preferably,
the acrolein oxidation catalyst_.is-- an oxide catalyst containing molybdenum
and vanadium, preferably an dxide catalyst represented by the following
general formula: | | '

wherein Mo is 'molyb'def r s véa.n'édium, Q is at least one element

selected from the group consxa 'glof:tu;xi:g:séten and niobium, R is at least one

member selected from the gro; 'p cons1st1ng of iron, copper, bismuth,

chromium, and atimony, S is t lea&t one element selected from the group

consisting of alkali metals an? alkahne earth metals, T is at least one
i

element selected from the grof

p coxrs:.stmg of silicon, aluminum and
titanium, and O is oxygen and the subscnpts m,n,qrst andy are
respectively the numbers of afoms of the’corresponding elements, providing
thatn=2to 14, g =0 to 12, r-Oto&G s—QtoG t =0 to 30 where m = 12,
and y is a number determined by the vala_nce requirements of the other ~

elements in the oxidation stai es. T}us type of catalyst is further described

&

in U.S. Pat No 5,218,146. Ot

hexr catalysts for the conversion of acrolein to

acrylic acid are described in EI S Pat \Tos 4,892,856, 5,077,434, 5,198,580

and 5,380,933 for example. S

commercially available, for e

mtable acrolem to-acrylic acid catalysts are

:amplg, from: Nippon Shokubai, Tokyo, Japan.
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-22- pronoters. The second stage was used as an effective neans of
converting acrolein for disposal. Each stage had a jacket., ofra'héa}:f;mA
transfer fluid to renove heat of reaction. Thernocouples: Wdre“placed
strategically to neasure hot spots in each system The gaseous reactants
were introduced via gas mass flow netefs. The pressure at the entrance of
the first stage was held at a constant} 28 pélg The final product out of
t he second stage was passed through a scrubber and then condensed to
equilibriumat 4 [err]C, leaving only nonc%ﬁgensables.

As regards the conchtloms for the acrolein oxidation, the reaction
temperature is typically in the; !range of 180°C te 350°C, preferably 200°C to
320°C, and the contact time is n the-ange of 1.0 to 7.2 seconds. preferably
1.6 to 6.0 seconds. _

Preferably, in accordance with t;:he present invention, the

conversion of acrolein to acryhr acid: 1$ from: 90 to 99 percent or greater

and more preferably from 95 t? 99 pexlcem: or greater. Preferably, the

overall conversion of producing acryhv acid from propylene over the

two-stage operatmn ina per P :ss yieslti is not less than 70 mol %,

therels provided a process for

passing a feedstream c mpns1

, ng:propane oxygen and a recycle

@

gas comprising propani' propfylene oxygen and at least one of

carbon monoxide or ca' bon dxcmde to.a propylene reaction zone
wherein the feedstrean 1S con t:acte_d_ with a propylene reaction
catalyst at cond1t1ons qffectme té)_ ﬁromote the oxidation of :
propane to provide a ﬁ!'st efﬂfx ent's%réam comprising propylene,

unreacted propane anc watel,',;f :

(ii) passing the first efﬂuzj:\t sti‘éef:m.tb an acrolein reaction zone

wherein the first efflud: eh : is'contacted with a an acrolein

reaction catalyst at coj hdition e'ffécfcive to promote the
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Concentration nmeasurenments of the feed,
and the recycle stream were obtained via a gas chronatograph
Fresh propylene feed concentration was held at 8.2
hourly space velocity held at 1800 hr[érr].

ef fl uent,

experinment was run with a 303[err]C j al
feed oxgen concentration, 49.3 nole pe
30.0 nol e percent steam concentrati on,

concentration. Overall, the process wa
In the first stage, 90.5 percent of th
reaction. O the propyl ene consuned, 7
acrolein in the first-stage outlet. Ov

first-stage effluent, second- stage

EXAI\/PE?E% » A(é*-—h E;Gi\::hmswe "ggsf

cket tenperature 12. 1 nol e percent
rcent :feed nitrogen concentration,

and 0 3 nol e percent feed propane

5 once-through only with no recycle.

e feed propyl ene was consuned by the
0.9 percent went directly to formng
erall, 72.3 percent of the propylene

fed to the systemends up as the usefu] product acrolein, while the rest is
essentially |ost. Taommbmsid 8f1$xt0@mbbaledolacmlﬁm beprqw%ﬁeef(mgi ‘_hﬁﬂ)leBF
acrolein, 5.3 sImof propylene are required ehﬁesp% éaﬂel gg@%e%maad

representative of tyfFe SRBRRIIRE &F 04

(iii) passing the second efflu

zone wherein the second

acrylic acid reaction cat:

the conversion of acroleix

effluent stream comprls:
at least one of carbon:
@iv)
comprising acrylic ac1d
recycle gas; and
V)

propylene reaction zone

wherein the recycle gas

propane to enhance the efﬁcxency 0.

reaction zone.

Preferably, iﬁ this asfp;e
propane in the ﬁrst'efﬂuezit s

propane, more preferably 10

either commingled or contai

reactor.

separating the third efﬂ uent st'

md _a_r

ar BEIPSiE

¢nt stream to an acrylic acid reaction

efﬂueth stream is contacted with a an

alyst at|cond1t10ns effective to promote

to ac:tyhc acid to provide a third

; g prepylene propane, acrylic acid and

' nox:t&e or ca.rbon dioxide;

ream mto a liqud product stream

cycIe gas stream comprising said

1

recycling at least a porﬁmn of: t e ecycle gas stream to the

to com pr e é.portmn of said feedstrean;
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- 23- EXAMPLE 1-B In conparison, a recycle process was run with a
hi gh concentration of propane at simlar conditions of active ingredients.
The experinent was runwith a jacket tenperature o 3 3[e C 14. 1 nDIe
percent feed oxygen concentration, 8.7 nole perce féﬁd MEENT S
concentration, and 6.2 nole percent propane concentration. Essentlal
nitrogen was in the feed. 98-99 percent of ‘the second- stage noncondensable
gases were returned to feed of the firist stage to maintain constant
pressure levels. In the first stage, 90 6 Qgrcent of

In another aspect of the invention, there is provided a process for
producing an unsaturated carbéoxylic..acid having 3 to 5 carbon atoms
per molecule comprising :
(1) passing a feedstream compnsmg an alkane having 3 to 3 carbon
atoms per molecule, oxygen and & recycle gas comprising the
alkane, an alkene havmslg the same numher of carbon atoms as
said alkane, oxygen am# at le&st one of carbon monoxide or
carbon dioxide to an alk,ene reactllcn zone wherein the

1.
feedstream 1s contacte Wlth an alkene reaction catalyst at

conditions effective to ppomote th axldatmn of the alkane to
provide a first efﬂuent étream comprxsmg the alkene, unreacted

alkane and water

(i) passing the first efﬂuent‘ stre

wherein the first efﬂuenf_z str

aldehyde reaction zone

ntacted with an aldehyde

reaction catalyst at (.pl e to promote the

A

(113)

conversion of the alkén

of carbon atoms as sald

=3 t ar& al _hyde having the same number

a.lkertg toprovide a second effluent

stream compnsmg the aldeh;id ﬁé’alkene and the alkane;

passing the second efﬂ ent sﬁre

zone wherein the second efﬂuentl

: to a carboxylic acid reaction

tream is contacted with a

carboxylic acid reactmnl catalyst aﬁ conrhtmns effective to

promote the conversion

carboxylic acid havmg the same---nu

aldehyde to prov1de a tﬁhlrd efﬂuent

alkene, the alkane, the

of the aldehyde to an unsaturated

f' 3

mber of carbon atoms as said

o -étream comprising the

unsaturai:e& carboxyhc acid and at least

one of carbon monoxxds or caxbon:dmmde
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the feed propyl ene was consuned by reaction. O the propyl ene consuned,
87.6 percent went directly to formng acrolein in the first- stage outlet.
Overal I, 87.5 percent of the propylene fed to the sxstem,e?ndsfupﬂ“aS'a-%EE;
acrolein. To make 3.8 sImof acrolein, 4.4 sl mof Rrapylene’iis'teduired.
The experinment requires only 83 percent of the propylene required for
once-t hroygh operati on. The i nprovenent in propylene utilization
arises fromtwo factors. The first is%the nearly conpl ete recycling of
unreacted material back to the front of the reactor. This accounts for 60
percent of the decrease in propyl ene recui-f&nents. The second factor is the
presence of the relatively high concentration of propane in the feed. This
i ncreased concentration increases the fl owi ng heat capacity and reduced
tenperatures in the system considerably. Overall, this effect accounts for
40 percent of t(itg,gz ogéﬁr\ég&giﬁmrmmemsneamymmelmg@xoduct stream gpane
is introduced to' the process as an inpurity in the propylene feed. The
propane |evels of thompespes th%mrbg}i@“ﬁ%ﬁéiaé‘ldéﬁecyc*e gasstream

comprising said recycle étream; and.

(v)  recycling at least a porti."éon of the recycle gas stream to the
alkene reaction zone to ef:ompri'se a portion of said feedstream:
wherein the recycle gas gs:tream cqﬁ;prises an effective amount of

the alkane to enhance the efﬁcliency: bf tﬁe:_a_ldehyde formation io the

aldehyde reaction zone.

Preferably, in this aspét:t:: of th .ezition, the concentration of

the alkane in the first effluent stres#n i

the alkane, more préferablﬁ'i() to 60 :

om 5 to 70 mole percent of

jercent of the alkane, based

on the total moles m the ﬂrst
The invention is her&;af ith reference to Figure 1

and Figure 2 which ::a:ce n'ot:in it the scope of the claims that

follow. N | |
Figure 1 repfééents the igured to produce primarily

u | uld also be made and could be

eous propane feedstream 10

acrolein. Small amounts of'ﬁcrylid P
recovered as a co-pféduct, if diesn:e :
comprising 90 mol% propagé snd 10m qa‘propylene and a gaseous
oxygen feedstream 11 are fed|to reép:été!;?gg;'_i.e., alkene reaction

zone,containing a heterogenepus oxidQ§ive§'ﬂehydrogenation catalyst, i.e.,:

.préferred catalysts described

an alkene reaction catalyst, SECh 'g'é th

herein. The oxygen feed mayjbe pure,qran air feed may be used. Recycle
. ' ' ] .

stream 16 is also fed to reactpr 99.':-:Stx-'.e:fa;m'-:16 contains unconverted

: _;.'_E..l-:, [

propane and oxygen.whichépassed.f?:hro;f}l'gh-the process without

conversion at an earlier time{ Stream also contains propylene and

water and various noncondensable:gasés which are not reactive in the
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- 24- with 1-2 nole percent inpurit
economi cal ly viable the use of |ower-
cost effective.

y level. Recycle operation nmakes

purity propyl ep.gtwhl ch can be nore

N ”""f"‘

T

i O

.18-

process. Non-reactive gases would include, but not be limited to, carbon
dioxide and carbon monoxide, and for the air-based process. nitrogen.
All feedstreams are preheated to approximately the operating
temperature of reactor 99, which operates at. between 300 and 400 °C.
The pressure of the feedstrean;s is slightly greater than the reactor
pressure, which is between 15 Eand Gﬂ'psia.-. Reactor 99 is preferably
operated at conversions whlchmrovzde enhanced conversion to acrolein

in reactor 100 {described below) the surprlsmgly, these conversions

are lower than the hlghest conversmns 'f"'ossz.ble in the propane oxidation

reactor. The gaseous specxes and the solid. catalyst are contacted
effectively in the reactor Whmh ma.': haye: vanous designs including
fixed or fluidized catalyst bed

in the range of 10 to' 40% The

'e. conversion to propylene is
tream 9 contains the
xygen, water, small amounts

The crude propylene p is passed directly, without

purification, to the propylene'omdaﬁmn re ’ tor 10, i.e., aldebyde reaction

zone, where the contamed prc:pylen ig x1di1zed to acrolein. Additional

oxygen is fed to reactor 100 m stream Reactor 100 contains a -

heterogeneous catalyst for- the cxzdatl:m . of jaropylene i.e., aldehyde

reaction catalyst, such as the

preferred catalys’cs described herein. The

gaseous reactant ahd solid catalyst:?are comtacted effectively in the

reactor, which may ‘have various des1gns, mcludmg fixed or fluidized
catalyst beds. Reactor 100 operates*m the'; temperature range of 300 to

400 °C and a pressure range of 15 f.o 50 psxa The conversion of the

contained propylene is appro:nmatel :9@%, but may be in the range of 70

to 100%. The principal product is acrolem wzth acrylic acid being a minor
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- 25- CLAI | M5 1. A process for produci ng an unsat urated
carboxylic acid having 3 to 5 carbon atons per nol ecul e conprising
(1) passi ng a feedstream conprising an al kane

having 3 to 5 carbon atons per nol ecul e, REﬁLhw__i ARy SHEET
and a recycle gas conprising the : I'Kane, an al kene
havi ng the sanme nunber ; of carbon atonB as said

al kane, oxygen and f at | east one of carbon nonoxide
or carbon di oxi de to an al kene reaction zone
wherein the feedstl®eamis contacted with an al kene

reaction catalyst at conditions effective to
pronote the oxidation of the al kane to

co-product. The effluent stream 12 is immediately cooled to
approximately 250 °C in after cooler 101. Stream 12 has a pressure of
approximately 20 psia, but it can range from 15 to 50 psia.

An additional advanta-ge to the pro;ﬁaﬁne feedstock for acrolein
production is the reduced temperauure severxtv of the
acrolein reactor. The hrgher heat capacity ¢ of propane, compared to
conventional diluents such as tmtrogen and steam can reduce the hot
spot temperature and moderat:e the temperature variation throughout

the acrolein reactor. The 1owex!' temperature leads to reduced conversion

to acrylic acid an& carbcm ox1d|es and en.h i1<:ed selectivity to acrolein.

A wide vanety of recetvery and reﬁmng schemes known to those

skilled in the art, e g abs p 1011 and &'_ txonatlon, may be employed to

separate acrolein from efﬂ preferred feature of the

separation scheme i is that it "crd contam tion of the gas stream with
potential catalyst porsons Th : ;p_oisons for either the

lon : catalyst would preclude
direct recycle of the unrea ed gases bac $:to the reactor sequence. The
recovered acrolem is remow;ed from the se aratmn unit in stream 13 and
the unreacted gases leave the umt in stream 14. The temperature and
pressure of stream 14 depend upon the spemﬁc acrolein separation
process used, but. wﬂl typxcaly be in the range of 30 to 70 °C and 15 to
30 psia. Stream 14 i s composed of propane', propylene, oxygen and
various non reactive gasese neted prevmui:iy Stream 14 is divided into
recycle stream 16 whlch com,ams the ma;'onty of the flow, and the small
purge stream 15. The magmt ude of purge stream 15 is selected to

prevent the slow accumulatmn of mmor,,b ut undesirable, reaction by-
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provide a first effluent stream conprising the

al kene, unreacted al kane and water; (i1) passing the
first effluent streamto an at:dehy<€e-,r.eq 31 n zone
wherein the first efﬂuem“sHéwﬂﬂsé '
with an al dehyde reaction catal yst at condltlons
effective to pronote the conversion of t he ' al kene to
an al dehyde havi ng the sane ; nunber of carbon
atons as said al kene to : ~ provide a second effl uent
st ream conpri si ng : -20t he -al dehyde, the al kene and

t he al kane; (iii) i passing the second effluent stream
to a carboxylic acid reaction zone wherein the

products. Stream 16 is compres;sed to a pressure slightly above the
working pressure of reactor 99~:§and mixed with feedstreams 10 and 11.

Figure 2 represents the é}rocess configured to produce acrylic acid
by incorporating a third reactogr- positionecl éfter the acrolein reactor.
Operation of the oxydehydmgenatlon reactor 199 is the same as
operation of reactor 99 in Flgure 1. Operatmn of the acrolein reactor 200
1s very similar to the operatmn of reactor 100 with the possible

exception that the-te:mpexatur.;,j, pressure: a__z;dlor oxygen content may be

shifted modestly ﬁo favor::t'hé'-ﬁirmation of cryhc acid over acrolein.

Discharge stream: 22 ﬁ:om reau torEZOU‘- is: n-di‘i cooled but rather is

combined with adchtzonal oxygen ﬂ'om stream 23 to form feedstream 24,
|
ct!or 201 i,

';*Eieter_og__én s:catalyst for the conversion

which enters acryhc ac1 boxylic acid reaction zone.

Reactor 201 contam

of acrolein to acryhc_'--ac;df;; d reaction catalyst, such as

the preferred caté;;y;ts des %é.ctor 201 is designed to

'gases. The conversion of
'r]l‘-of 70 to 100%. The effluent

ted in stream 25 to acrylic

contact effectivelj; the catal‘ysiya.ndreac
acrolein to acryhc ac1d Ls hﬁghg;iﬁ"t:he 1'

gases are cooled i m aftex coolem 2'022 a&d

acid recovery um’c 208.

Many possible recoveni schemés wn to those skilled in the art

are possible for sepa_ratmg a ylic acid f{:a the residual reactants, :

i
[ . ;
| H ""L 1

in Figure 1, a preferred feat : e of the sep ation scheme is that it avoid
contamination of the gas str‘;L '
presence of poxsons for elther

acrolein/acrylic acxd catalyst .
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- 26- _ _ _ second effluent streamis contacted with a
carboxylic acid reaction catalyst at conditions

effective to pronote the conversion of the

al dehyde to an unsaturated carboxylic acid : ~havin
the sane nunber of carbon atons as o sai d&aI«deSh{@
to provide a third effluent streamcorrprlsmgthe
al kene, the al kane, t he 'unsaturat ed carboxylic
acid and at |east one of carbon nonoxi de or carbon
di oxi de; (iv) separatinglthe third effluent streaminto
a | i qui d product stream conprising the

carboxylic acid and a recycle gas stream

conprising said recycle stream and (v) recycljng at

| east a porti o afmbhal fBEYSHeesegasation unit in stream 26 and the un.gqacgeéﬂn to the
al kene reaction zone to ommpr i ‘E)Ol’tfl on of

sai d feedstreamgpses leave the unit in stream 27. The temperature an press re o

stream 27 depend upon the specific acrylic acid separation process used.
but will typically be in the range of 30-to TO °C and 15 to 30 psia. Stream
27 is composed of propane propylene oxygen and various nonreactive
gases such as carbon monox1de, carbon dloxlde and, for an air-base
process, nitrogen. Stream, ‘77 is: d1v1ded into recvcle stream 29, which
contains the ma;onty of the ﬂow and the small purge stream 28. The
magnitude of purge stream 28 is. selected t:o prevent the slow

accumulation of mmor but undesn'able raactmn by-products. Stream 29

is compressed to a,press, ghtly abov ' r‘the working pressure of

dstreams 20 énd 21.

reactor 199 and mlxed w1th

This example shcws tthe effect of utthng propane to improve
the efficiency of the reactmn of propylene" t9 _acrolem The experiments
were carried out m a pllot scale reactcr sys;tem of two single reactor -
tubes of typical commerclal dxmensmns The first reactor tube
contained a commermally avallable propyﬂene to-acrolein catalyst
which is comprxsed of b1smuth molybdenum and iron oxides and other
promoters. The second stage whlch was close~coupled to the first,
contained a commercmlly avaulable acrol‘ein to-acrylic acid catalyst

comprised of vanadmm, mblybdenum and iron oxides and other
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wherein the recycle gas stream conprises an effective anount of the al kane

to enhance the effciency of the al dehyde formation inkg %@%@Q%de reaction
zone. 2. The process of claim1l wherein the c

pigol “’of;:« Je%
al kane in the firsi effluent streamis fromb5 to 70 nol e percent of t L» T
al kane based on the total noles in the first effluent stream
The process of claim2 wherein the concentration'of the alkane in the f| rst
effluent streamis from10 to 60 nole percent of the al kane based on the
total noles in the first effluent stream

" -t

promoters. The second stage was used as an effective means of
converting acrolein for disposal. Hach stage had a jacket of a heat
transfer fluid to remove heat of reaction. Thermocouples were placed
strategically to measure hot spots in each sy:stem. The gaseous
reactants were introduced via gas mass ﬂovd"-'meters The pressure at
the entrance of the first stage was held at a constant 28 psig. The final
product out of the second stage was passed 1E:hrough a scrubber and
then condensed to: ethbnum at 4°C; leavmg only noncondensables.
Concentration measurements oﬁ the feed ﬁ:st -stage effluent, second-

stage effluent, and the recycle stream were obtamed via a gas

chromatograph. Fresh e opy}ene feed. concentratmn was held at 8.2

hourly'space velo' .'ty held at 1800 hr-!.

mole percent and;_j:he

T-.-v-ﬁi_‘-—._-m-‘ e

EXAMPLE 1-A | = B
A baseline exper1:" ent was run' w1th_ a 303°C jacket

temperature, 12. 1;: mole percent feed oxygen concentration, 49.3 mole
percent feed mtrogen concentr&mon 30 O n{ole percent steam
concentration, and 0 3 mole percent feed p}:opane concentration.

QOverall, the process Was once through oniyi wzth no recycle. In the first
stage, 90.5 percent of the feed propylene was consumed by the

reaction. Of the propylene consumed 79 9‘ percent went directly to :
forming acrolein i m the ﬁrst etage outlet Gverall 72.3 percent of the
propylene fed to the system ends up as: the useful product acrolein,

while the rest is essent1ally lost To make*3 8 standaxrd liters per

minute (“sim™) of: acrolem 5.3 slm of’ propyiene are required. This

experiment is representamve of typmal commerc1a1 operation.

e o o
" n .
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-27- 4. The process of claim1 wherein the al kane i s isobutane,
the al dehyde is nethacrolein and the carboxylic acid is nethacryllc aC|d
5. The process of claim 1l conprising: g ) a
feed stream conpri si ng propane, R&WLAU&{@@H\; na 9
recycl e gas conprising propane, propyl ene, oxygen

and at | east one of carbon
di oxi de to a propyl ene

feedstreami s
cat al yst

EXAMPLE 1-B

In comparison, a recycle process was

nonoxi de or carbon
.reaction zone wherein the
contacted with a propyl ene reaction
at conditiohs efftective to pronote the
oxi dation of propane to provide a first
streang conprising propyl ene,

ef fl

run with a high

concentration of propane at similar conditions of active ingredients.

The experiment was runiwith a jacket temperature of 303°C, 14.1 mole

percent feed oxvgeh concentfation 8‘ 7 mole-ipercent feed water

concentration, an& 6.2 mole percent propane concentration.

Essentially no mtrogen was m the feed 98-99 percent of the second-

stage noncondensable gases Were returned f:o feed of the first stage to

maintain constam: pressurei levels I :the ﬁrst stage, 90.6 percent of

the feed propylenq Was

consumed, 87.6 percent ent uectl mfor

material back to. the ﬁ:ent af the rea o

of the decrease i m prcpylene requu‘ements

""ns:.imed by reactme Of the propylene

mmg acrolein in the first-

qpylene fed to the system
' ] _e_lein, 4.4 slm of propylene
y 83 percent of the propylene

_.__,ation arises from two
; ‘Ych_ng of unreacted

T :T;hls accounts for 60 percent

The second factor is the

presence of the relatxvefly hlgh concentratmn of propane in the feed.

This increased cencentratmn mcreases, thes flowing heat capacity and

1

reduced temperatures m the‘ system consu?erably Overall, this effect

usage. NS I

Propane i 13 mtroduced to the process

‘accounts for 40 percent of the observe& lmprovement in propylene

as an impurity in the

propylene feed. The prepane Ievels of thJs experiment are consistent
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unreated propane and water; (ii1) passing the first

effluent streamto an acrolein reaction zone
wherein the first effluent streamis contacted with
a an acrol ein reaction ca@i?ﬁtA@Ekﬁﬂm ISHF
effective to pronote the conversion of ﬁ propyl ene
to acrolein to provide a second b _ ef fl uent stream
conpri sing acrolein, ' propyl ene, propane and
acrylic acid; (iii) passing the second effluent stream
to an acrylic actd reaction zone wherein the
second effluent stream contacted with a an acrylic
kes

with 1-2 mole percent impurity level. Recycle operation ma

economically viable the use of Jower-purity propylene which can be

more cost effective.

b
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acid reaction catalyst at conditions effective
pronote the conversion of acrolein to
to 91lrovide a third effluent stream

propl ene,

propane, acrylic acid

car bon nopnoxi de or

¥

(iv)

separating the third effluent streaminto a

R L

tonprisimg $ *
and at |least o of

car bon dR}x;\de ACEMENT SH™

=L in 'h‘,!\f,

liquid product] tream conprising acrylic acid anda

recycle s
recyclinig
streamto
steam c

of acrolen

tream conprising said

at least a portion of the recyé?%’ gas
t he proppyl ene reaction zone to
prises an effective anmount of propane to enhanceb the efficiency

recyel d gas; an

wherein the[recycl e gas

formation in qthe acrol ein

CLAIMS

1. A process for producing an unsaturated carboxylic acid

having 3 to 5 carbon atoms per molecule _comprising

(1)

. passing a feedstream comprising an alkane

mhe

havihg 3.to 5- eerbcn atoms per molecule,

oxygen and : a recvcle gas comprising the
: alkame, an alkene havmg the same number

of carbon atams as sa1d alkane, oxygen and

at least one’ 'of’ arbon monoxide or carbon

o dmmde to al alkene reaction zone wherein

thé feedstream 134contacted with an alkene

reaetxenicat yst a.t conditions effective to

alddhyde reacztlon zone wherein the first
efﬂuent st.ream 1s contacted with an
' aldehyde reactmn catalyst at conditions

' effectwe to: pmmcte the conversion of the -

alkene to an. aldehyde having the same

' nurfzber of carben atoms as said alkene to

pruvzde a se ) nd efﬂuent stream comprising
the' aldehyde, the alkene and the alkane;
passmg the second effluent stream to a

ca.rboxyhc acid reactmn zone wherein the
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reacti on zone. 6. The process of claim5 where Hm f&m}:ﬂmm&mm

of propane in the first effluent streamisfrom5 to 70 nol e«pe

propane based on the total noles in the first effluent.s . -
The processiof claim6 where the concentration of prop m@anEMnﬂtfgt{: ey
efflnent sireamis from10 to 60 nol e percent :of propane based on the total
nmeles in th ef fuent stream 8. The process of claim5 where in

te propyl ene reaction zone and t he acroleln reaction zone are conbine
Siingl-resctor 28

second effluent:stream is contacted with a
cérboxylic acid:::ireaction catalyst at conditions
_.effect.ive to proénot:e the conversion of the
al’deliyde to anﬁéunsaturated carboxylic acid
havmg the same number of carbon atoms as
sa1d aldehyde to provide a third effluent
stream compnsmg the alkene, the alkane,

the unsaturated carboxylic acid and at least

:‘ one ef ca.rbcn mono:nde or carbon dioxide;

aldehyde rtﬂ;.’:tcmm:i1

2. The: ]JroceSS df cfaxm. 1 wherem the concentration of the :
alkane in the ﬁrst efﬂuentt stream 18 frdm 510 70 mole percent of the

alkane based on th:e tot’al moles in the ﬁrst efﬂuent: stream.

i i
i ’ -.A'
i .

1

3. Theéprocess q:f cfaxm 2 wherem the concentration of the
alkane in the ﬁrst eﬁluent stzream 1s fr?m 10 to 60 mole percent of the

alkane based on the to%al males in the i‘irst effluent stream.
i REPLACEMENT SHEET
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4. The process of claim 1 Wheram the alkane is isgbutane,

the aldehyde is methacrolein and the- carboxyhc acid is methacrylic

acid.

5. The process of clalm 1 compnsmg
@) passmg a feeds;tream comprising propane,
::.f oxygen and..' 'recycle gas comprising propane,

propylene oxygen and at least one of carbon

efﬂuent strea'% ig 'ontacted with a an
acrol in rea :'..mn catalyst at conditions

: effectwe to fmote the conversion of

¢ propylene t acrdleln to provide a second

3
effLuent stream compnsmg acrolein,
o

propylene pn%pane and acrylic acid;

(m) passmg the 'écond effluent stream {o an

acz:yhc acid eactmn zone wherein the second

ém 1s contacted with a an acrylic

-

efﬂuent str
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wherein thel
propane to enhanqg the & e

reaction zone.

6.

propane in the ﬁrst efﬂue

propane based on. the tot al males in thee ﬁrslt effluent stream.

-li-

7.

propane in the ﬁrst efﬂL

propane based on the to‘
| 35 !

8.

zone and the acrolem reactmn zone are
i

{iv)

recyc

CHAENT SHEL

ac1d reaction ca;talyst at conditions effective

o prumote thei tonversmn of acrolein to

acryhc acid to grov:xde a third effluent stream

comprlsmg pmgylene propane, acrylic acid

and at least oﬁé of carbon monoxide or

carbon: dmxade,&

il

. 'separatmg the_'_ hlrd effluent stream into a

PSP SIRRTIS)

The proces%

The ﬁroées@

ent sfream isi

b1 males in the

The 1 procesF of clmm 5 wh

él hqmd produc‘t: ';tream comprising acryhc acid

pnses an effective amount of

(E s
ou )
|

.i.

rol em formation in the acrolein

eix'if. he concentration of

‘5 to 70 mole percent of

' em the concentration of
'j m;lO to 60 mole percent of

ﬁrét effluent stream.

m'em the propylene reaction
' combmedma.smglma.m@.___
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