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PREPARATION OF a.p-UNSATURATED C3-C6 CARBOXYLIC ACIDS

The present invention is concerned with a process for preparing o, 3-unsatirated
C3-Cg carboxylic acids.

Ore process to produce methacrylic acid is the catalytic carbonylation of
propylexe to give iscbutyric acd followed by partial oxidative dehydrogenation to
vield methacrylic acid. The ccude product from this process is a mixture containing
water, isobutyric acid, methacrylic acid, and cther compenents. The water is removed
using either azeotropic distillation or solvent extraction followed by distillation to
rexnove the extraction solvent and produce an anhydrous mixture. Methacrylic acid is
typically separatec from the anaydrous mixture using either distillation or
crystailization techniques. In separations involving distiilation the physical and.
chemical property similarities of methacrylic and iscbutyric acids typically require a
large number of theoretical plates in combination with kigh reflux ratios to achieve high
product purity. Furthermore, use of distillation as a separation technique is
compiicated by the tendency of methacryiic acid to polymerize while being distiiled.

When crystallization techniques are employed in the separation, the combination
of low melting point for iscbutyric acid and low eutectic temperature for
isobutyric/ methacrylic acid mixtures require that very low crystallization temperatures
be used. Such temperatures have made crystallization processes difficult to practice
economically.

Japanese Kokai 62-145044A desc:mes a distllation methed to cotain purified
methacrylic acid through the use of at least four separate distillation towers and an
extraction colums to remove and purify an extraction solvent and o remove both high
and low toiling impursities. Japanese Kokai 32-007917A descrives a precadure for
separating methacrylic acid from the crude aquecus product of the gas phase
dehydrogenation of isobutyric acid in which the crude product is first distilied to
remove materials with boiling points less than water and then extracted with a
hydrocaroon solvent 0 remove methacrylic acid and related matesials. ‘The soluticn of
hydrocarben solvent, methacrylic acid, and related materials is distilled stepwise, first -
to remove residual water and then to remove the hydrocarbon solven:. This process
results in a methacrylic acid preduct composition which is aoout 57% oy weight
methacrylic acid.

US-A-4.780,568 describes purificaticn of an anhydrous mixturze of methacrylic
acid, isobutyric acid, and other impurities using a staged <rystallization separation unit

. This Sheet Has Been Replac

T

' Sy 1v00539~3
M L

2s(a(a3

lDamA

?\S }&L
IV«O %
L s\deit



(97

THIS SHEET MAS BEEN |
REFLACED

yA
with 3 - § equivalent stages and a secondary recovery section with ene or more stages to

. give high pusity methacrylic acd. This process requires very low crystallization

temperatures. Russian Patentno. 639,358 describes purification of acxylic and
methacrylic acids using a countercurrent flow cystallization process invelvieg low
temperatures. N. Wynn in Chemical Engineering Progress, 88(3), 52-60 (1992) describes
the use of distillation and <ystallization together in order to improve product purity.
Distillation is used to remove the bulk of the impurities followed by melt crystallization
to obtain the final high purity product.

Because these known processes are often costly, difficul to controi, and/or
provide a iess pure procuct than often desired, there continues tc be a need for
improved methods to efficiently and cost effectively separate methaczylic acid from
mixtures containing isobutyric acid.

According to 2 first embodiment of the prasent invention there is provided a
process for praparing an &.f-unsaturated C3-Cg carboxylic acid of greater than 98% by
weight purity, which comprises the steps of:

a. oxidatively dehydrogenating a saturated C3-Cg carboxylic acid in a reactor to
produce a first product stream comprising an a.@~unsaturated C3-Cg
carboxylic acid and the saturated carboxylic acid wherein the weight ratio of
the &,f-unsaturated to the saturated carboxylic acic is greater than about 0.2;

b. fractionally distilling the first product stream in a distitlation unit to produce;
(1) an overhead stteam wherein the weight ratio of the &.f-unsaturated to the

saturated cacboxylic acid is less than that in the first product stream and
(2) a bottoms siream whersin the weight ratio of the ¢tf-unsaturated to the
saturated cazsexylic acid is greater than that in the first product strearn;

c. feeding the overhead stream into the reactor:

d. feeding the bottoms stream into a crystallization unit;

e. melt crystallizing the botioms stream in the crystallization unit one or more
times to produce '

(1) a second product stream comprising greater than about 8% by weight,
preferably greater than about 99.9% by weight. of the &, f-unsaturated
carboxylic acid: and

{2) one or more mother liquor streams comptising greater than about 30%
by weight of the o,f-unsaturated carboxylic acid; and

f. feeding the one or more mother liquor streams into the distilladon urit.

Preferably, in this fizst embodiment of the invention:

a. the weight ratio of the &,B-unsaturated to the saturated carboxylic acid in the

~ overhead stream is less than about 0.5, preferably less than about 0.1; and
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b. the weight ratio of the o,3-unsaturated to the saturated carboxylic acid in the
bottems stream is greater than about 5, preferably greater than abourS.
Preferably, in this first embodiment of the invention, the step of melt
crvstallizing comprises:

i. aystallizing from about 30% by weight to about 70% by weight cf the bottoms
stream;

ii. separating the mother liquor stream;

iii. melting from about5% by weight to about 50% by weight of the crystais to
produce a sacond mother liguor siream;

iv. separating the second mother liquor stream from the remaining crvstals;

v. optionally melting the remaining erystals and repeating steps i-iv, wherein
melted remaining <rystais are used in lieu of the bottoms stream, a number of
times sufficient to obtain greater than 58% by weight of the &.B-unsaturated
carboxylic acid in the remaining crystals.

Preferabiy, in this first embodimens of the invention, the mother iiquer and the
seccnd mother liquor are combined prior to feeding to the fractional distillation
column. .

Preferably, in this first embodiment of the invention, the first preduct stream is
dehydrated prior ‘o fractional distiltation.

According to a second embodiment of the present invention thete is proviced a
process for prepanng an a,f-unsaturated Cj - Cg carboxylic acid of greater than about
98% by weight purity, which corprises the steps of:

a. oxidatively dahydrogenating a saturated C3-Cg castoxylic acid in a reactor to
produge a first product strsam comprising an ¢, B-unsaturated C3-Cg
carboxylic acid and the saturatec carboxylic acid wherein the weight ratio of
a,B-unsaturated to saturated carboxylic acid is greater than about 15;

b. feeding the first product stream into a crystallization unit;

c. meit crystallizing the first product stream in the crystailization unit one or
more tirmes ‘o produce; _

(1) 2 second product stream comgrising greater than about §8% by weight,
preferably greater than §9.9% by weight, of the &,f-unsaturated carboxylic
acid; and :

2) one ot more mother liquor streams comprising greater than abou: 86% by
weight of the ¢,B-unsaturated, carboxylic acid;

d feeding the cne or more mother liquor streams inco a distilladon unit;

e. fractionally distilling the one or more mether liquor stzeams in the distiilation
upiit to prodx.ce, o
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(1) an overhead stream and
(2) a bottoms stream ; o
f. feeding the overhead stream into the reactor; and
g feeding the bottoms stream into the melt crystallizer.
Preferably, in this second embodiment of the inventicn, the step of melt
arystallizing comprises:

i. erystallizing from about S0% by weight to about 70% by weight of the fizst
product stream;

ii. separating the mother liquor stream;

ifi. melting from about5% by weight to about 50% by weight of the crystals to

produce a second mother liquor stream;

iv. separating the second mother liquor streams from the remaining crystals;

v. feeding the mother liguor stream and the second mother liquor stream to the
fractional distiliation column;

vi. optionally melting the remaining crystals and repeating steps i-v, wherein the

melted remaining crystals are used in lieu of the first product stream, a
nurmnber of times sufficient to obtain greater than 98% by weight of the o8-
unsaturated carboxylic acid content in the remaining crystals.

Preferably, in this second embodiment of the invention, the mother Equor stream
and the second mother liquor stream are combined prior to feeding to the fractional
distillation column.

Preferably, in this second embodiment of the invention, the weight ratio of the
a,B-unsaturated to the saturated carboxylic acid in the overhead stream is less than
about 0.5, preferably less than abeut 0.1.

Preferably, in this second embodiment of the invention, the fixst product stream
is dehydrated prior to melt crystallization.

Preferably, in the process of the present invention, the saturated carboxylic acid
is selected from propionic, butanoic, and isobutyric acids, and more preferably is
isobutyric acid.

Preferably, in the process of the present invention, means for holding material
are incorporated in the lines connecting the distillation unit and the arystallization unit.

The present invention provides a process for the separation of an &, §-
unsaturated C3-Cg carboxylic acid from mixtures of the o,8-unsaturated C3-Cg
carboxylic acid and its saturated homologs which comprises combining fractional
distillation and melt crystallization processes in which a high proportion of material is
preferably recycled. By "high proportion” is meant that the amount of material recycied
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exceeds that removed from the process as product by a factor of at least 1.5X. The
fractional distillation results in two process streams; an overhead process stream in
which the weight ratio of the @,B-unsaturated to saturated carboxylic acid is, for
example, about 0.1 by weight, and a bottoms process stream in which the weight ratio
5 is, for example, about 15. In the first embodiment of the invention, the bottoms stream

is fed to a melt cxystallizer which results in two additionai streams; a product stream of
high purity (greater than 98% by weight) a,B-unsaturated carboxylic acid and a residue
stream which is greater than about 80% by weight a,B-unsaturated carboxylic acid and
up to about 20% by weight of saturated carboxylic acid. The overhead stream from the

10 fractional distillation column is recycled back to the reactor and the crystallizer residue
stream is recycled back to the fractionation column.

Alternatively, in the second embodiment of the invention, the process steps are
reversed, such that melt erystallization is first employed to isolate pure ¢,B-unsaturated
carboxylic acid. The melt crystallizer bottoms stream is then fractionationally distilled

15 to provide a saturated carboxylic acid rich stream for recycling to the reactorand a
recycle stream rich in &,B-unsaturated carboxylic acid back to the crystallizer.

In a further embodiment of the present invention there is preVide" a process for
preparing greater than 98% by weight pure ¢,B-unsaturated C3-Cg cartoxylic acids
which comprises

20 2) oxidatively dehydrogenating a C3-Cg saturated carboxylic acid in a reactor to
' produce a first product stream comprising the ¢,B-unsaturated C3-Cg carboxylic acid
and the saturated carboxylic acid wherein the weight ratio of o,3-unsaturated to
saturated carboxylic acid is greater than about 0.2;
b} fractionaily distilling the first product stream in a dis tillation unit to produce;
25 (1) an overhead stream wherein the weight ratio of a,B-unsaturated to
saturated carboxylic acid is less than that in the first product stream,
preferably less than 0.5, most preferably less than 0.1, and
(2) a bottoms stream wherein the weight ratio of o,f-unsaturated to
saturated carboxylic acid is from about 5 to about 200, preferably greater
30 than about 9; '
¢) feeding the overhead stream into the reactor;
d) melt crystallizing the bottoms stream in a crystalhzat:on unit to produce
(1) a second product stream comprising the ,B-unsaturated carboxylic

acid wherein the o,B-unsaturated carboxylic acid content is greater than about $8% by
35 weight of the second product stream and

Sy (2ya mother liquor stream;
R e) feedmg the mother hquor stream into the distillation unit;
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f) melt crystallizing the second product stream in a number of stages sufficient
to obtain a final product stream of desired ¢,B-unsaturated carboxylic add content,
preferably greater than 99.9% by weight; and,

g) feeding the mother liquor from the repeated melt cxystallization stages of
step t) into the distillation unit.

The process of the present invention is useful for separating mixtures o8-
unsaturated and saturated carboxylic acids, including but not limited to, methacrylic
acid from isobutyric acid, acrytic acid from propionic acid, crotonic acid from butanocic
acid, and the like. The process is particularly applicable to separations of methacrylic
acid from isobutyric acid and acrylic acid from propionic acid because their simi in
physical/chemical properties such as melting points and boiling points make it difficult
to obtain efficient separations using standard distillation and crystallization techniques.

The present invention will now be further described with reference to the
accompanying drawings, in which:

Figure 1 is a process flow diagram of one embodiment of the invention;

Figure 2 is a process flow diagram for a laboratory melt crystallizer; and

Figure 3 is a process flow diagram for an alternative embodiment of the

invention.

One embodiment of the present invention, exemplified by the separation of
methacrylic acid from isobutyric acid, is depicted in Figure 1. The process of Figure 1is
preferred when the ratio of o,B-unsaturated to saturated carboxylic acids in the first
product stream, from the catalytic dehydrogenation reactor 1, is less than about 15. The
first product stream from the catalytic dehydrogenation reactor may centain up to
about 40% water. This stream can be fed through line 2 directly into the distillation unit
3 or intermediate steps, such as {iltration, extraction, azeotropic distillation, or
dehydration, may be accomplished prior to feeding into the unit. The distiliation unit 3
configuration is not critical. A high efficiency fractionation column is preferred. Most
preferred is a fractionation coiumn which will provide 25-70 theoretical plates ata
reflux ratio of 29-355. Operating parameters also are not critical. However, in order to
minjmrize the distillation temperature, low pressures, preferably below 100 mm
mercury, are preferred. The stream can be fed into the fractionation column atany
convenient point. However, for most efficient operation the composition profile of the
column, at steady state, should be determined and the feed should preferably enter at
that point where the feed and the steady state column compositions are similar.
Distillation results in an overhead stream enriched in isobutyric acid. The balance of
the material in the overnead stream is methacrylic acid and low boiling materials which
were present m the fxrs‘ %;Odlfct stream ’l'he overhead stream is recycled back into the

e Youst
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catalytic dehydrogenation reactor through line 4, recovering what would ordirarily be
wasted iscoutyric acid resulting in an overall yield increase and lower costs. Another
advantage of this process is that neither the catalytic dehydrogenation reaction nor the
fractionation need be run under conditions which would result in maximizing the
amount of methacrylic acid and minimizing the amount of iscoutyric acid produced.
The present invention is effective to reduce losses of isobutyric acid i the reactor due to
side reactions and losses of methacrylic acid in the fractionation colurn due to
polymerization, again resulting in higher overall yield and lowexr costs because there is
less waste and, therefore, lower operating costs. This is because of the recyciing of these
materials back to the reactor.

The distillation unit bottoms stream, which contains at least about 0%
preferably at least about 95%, by weight methacrylic acd, up to about 10% by weight
isobutyric acid, and other minor high boiling impurities, is fed through liné 5 into a
melt crystallizer §. Although a batch type crystalizer can be used, a semicontinuous
multistage crystallizer such as diagrammed in Figure 2 whose operation is described
below, or similar technology, is preferred. Distillations may also be conducted ina
batch manner. However, continuous operation is preferred; continuous operation at
steady state is most preferred, In those cases where the distllation unit is operated
continuously, a means must be provided to accept the distiilation unit bottoms stream
when the crystallization unit is operating in a batch or semicontinuous manner. This
may be accomplished through the use of a holding tank in line 5, a second
crystallization unit, or similar means.

A helding tank ot similar means may be incorporatec into the mother liquor
stream from the crystaitization unit feeding the distillation unit through lines 10 or 11 in
order to provide a continuous feed o the distillation unit.

In some cases, the vapor pressure of the o,3-unsaturated casboxylic acid may be
greater than that of the saturated carboxylic acid. In such cases, the distillate stream
from the distillation urit is fed to the crystallization unit while the bottoms stream is
recycled back into the catalytic dehydrogenation reactor. The separation of acrylic acid
from propionic acid (see Example 10) is such a case.

Accordingly, in a still fuzther embodiment of the present invention there is
provided a process for preparing acrylic add of greater than 98% by weight purity,
which comprises the steps of:

a. oxidatively dehydrogenating propionic acid in a reactor to produce a first

product stream comprising acrylic acid and propionic acid wherein the
ratio of acrylic acid to propionic acid is greater than about 0.2;
b.  fractonally distilling the first product stream in a distillation unit under
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conditions wherein the vapor pressure of acrylic acid is greater than the
vapor pressure of propionic acid to produce
(1) anoverhead stream wherein the ratio of acrylic acid %o propionic
acid is greater than that in the first product stream and
(2)  abotioms stream wherein the ratio of acrylic acid o propienic acid
is less than that in the first product stream;
c.  feeding the overhead stream into 2 crystallization: unit;
feeding the bottoms stream into the reactor;

e. melt crystallizing the overhead stream in the crystallization uxit one or
more times to produce

a

{1}  asecond product stream comprising greater than about 96%,
preferably greater than about 99.9%, by weight of acrylic acid; and
one or more mother liguor streams comprising greater than about
80% by weight of acrylic acid; and

feeding the one or more mother liquor streams into the distillation
column. '

(2)

Preferably, in this still further embodiment of the invention, the first product
stream is dehydrated prior to fractional distillaticn.

Figure 2 is a flow diagram of a typical melt crystallizer unit 6, e.g. useavle with
the embodiments depicted in Figures 1 and 3. The fractionation column bottoms stream
is fed through line 21 (equivalent to line 5 in Figure 1 and lines 32 or 35 in Figure 3,
described below) into the melt crystallizer collection tank 22 whereupon a circulation
pump 23 circulates the stream through line 24 to a crystallization tube 25 back into the
collection tank. Under typixal crystallization conditions, approximatety 50-70% by
weight, preferably 60-65% by weight, of the stream is crystallized on the fube walls.

The temperature of the tue walls is controlled &y circulation of chiiled or heated heat
transfer fluid 26 through a jacket 27 around the crystallization tube. The desired
crystallization temperature will vary with the composition of the stceam. For example,
a mixture of 0.5% by weight isobutyric acid in methacrylic acid may requite a
temperature of 14-15°C for crystallization whezeas a mixture of 6% may require 2
temperature of 8°C in order to crystallize 60% by weight of the mixture over a period of
1-1.5 hours. After the feed has crystailized, the mother liquor is removed from the
system through line 28 (equivalent to line 10.in Figure 1 and line 34 in Figure 3) and is
fed to the fractionation column. From about 5% by weight to about 50% by weight,
preferably 10-15% by weight, of the crystallized material is then remelted over a period
of 1-2 hours by increasing the temperature of the heat transfer fluid. The remelted
material (second mother Iié;uor streamn) is removed from the system and may also be fed
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to the fracionation column either separately or combined with the mothes liquor.
Finally, the crystalline product is recovered, preferably by melting and collecting in the
collection tank for a secand stage recrystailization or zemoved from the system as
product through line 28 (equivalent to line 7 in Figure 1 and line 33 in Figure 3).

Under the conditions desczibed above, the crystallizer § produces two streams.
The first stream is the final product siream which contains greater than 98% by weight,
pure methacrylic acid which i recovered through line 7 (in Figuse 1). By varying the
crystallization conditions, for example, thé crystaliization and remelt temperatures and
the feed rate, as well as the number of recrystallization stages, product greater than
99.99% by weight methacrylic acid can be obtained. The second stream is the fnal
mother liquor stream which contains greater than about 80% by weight methacrylic
acid and up to about 20% by weight isobutyric acid, as well as other minor, high boiling
impurities. The mother liquor stceam may be combined with the Sxst product stream
through line 10 and fed back into the fractionating column 2s a combined feed through
line 11. Aiternately, the mother liquor stream and fizst product stream may be
separately fed to the fractionation colurman. Qccasionally, the mother liquor stream may
require purging through line 9 in order to remove heavy impurities. A major
advantage in the present process is that the melt crystallizer dees not have to be
operated under conditicns designed to remove the maximum amount of methacrylic
acid from the column bottoms stream because since the stream is recycled as the mother
liquor stream any methaczylic acid is recovered.

In. those cases when the ratio of ¢, 8-unsaturated to saturated carboxylic acids in
the first product stream is greater than about 13, the alternative process as diagrammed
in Figure 3 may be used. Again, using methacrylic acid as an example, in this
embodiment, the first sroduct stream is fed through line 32 to the melt crystallizer 6 to
give a final product stream through iine 33 of essentially pure methacsylic acid (greater
than about 98% by weight methacrylic acid, preferably greater than about 95.59% by
weight methacrylic acid). The mother liquor from the crystallizer, which contains at
least about 80% by weight methacrylic acid, is fed through line 34 into the fractionation
column 3. The fracticnation column provides an overhead stream rich in iscbutyric
acid which is fed to the reactor 1 through line 35, and a bottoms stream of a mixture of
about 95% by weight methacrylic and less than about 5% by weight isooutyric acids
which is either combined with the first product stream through lines 36 and 37 and fed
back into the melt crystallizer as a combined Seed or fed directly into the melt

crystallizer. As with the process of Figure 1, heavy impurities may be removed through
lines 36 and 38. '
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According to a further embodiment of the invention there is provided a process

for preparing acrylic acid of greater than about 98% by weight purity, which comprises
the steps of:

a. oxidatively da'aydxogemting propionic acid in a reactor to producea

first product siream comprising acrylic acid and propionic acid
wherein the ratio of acrylic to propionic acid is greater than about 15;
b.  feeding the fisst product stream into a cystallization unit;
c.  meltcrystallizing the first product stream in the erystallization unit
one or more times to produce;
(1)  asecond product stream comprising greates than about 98%,
preferably greater than about 99.9%, by weight of acrylic acid; and
(2)  oneor more mother liquor streams comprising greater than about
80% by weight of the acrylic acid;
feeding the one or more mother liquor streams into a distillation unit;
fractionally distilling the one or more mother liquor streams in the
distillation unit under conditions wherein the vapor pressure of acrylic
acid is greater than the vapor pressure of propionic acid to produce
(1) an overhead stream and
(2) a bottoms stream;

£ feeding the bottoms stream into the reactor; and
& feeding the overhead stream into the melt crystallizer.

In this further embodiment the first product stream is prefesably denydrated
prior to melt crystallization.

In the variations ofthe process, neither the fractionation column nor the melt
crystallizer are separately operated in a manner which would result in the maximum
separation of methacrylic acid from the product stream in each unit. Rather, each is
operated in a novel and limited manner such that the combination of fractional
distillation and melt crystallization, with two recycle streams in which the bulk of the
material is recycled, provides &,B-unsaturated carboxylic acids of high purity (e.g.
greater than about 99.99% by weight), produces very little waste material, and operates
at reasonable temperatures and pressures. This results in an economical, low cost
process.

Some embodiments of the present invention will now be described in detail in

the following Examples. Unless otherwise specified, all percentages in the examples are
expressed as percent by weight.
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Melt crystallizations are conducted using a laboratory melt crystallizer as
described in Figure 2. Material balances for the fractional distillation step are obtained
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from computerized steady-state simulations using the FLOWTRAN program
(Monsanto Company) to provide simulations of distillation processes. This program is

described ixu: J. D. Seader, W. D. Seider, and A. C. Pauls, ELOWTRAN Simulation - An
Introduction, 2nd ed. Cambridge: CACHE, 1977. In the simulation, an ideal solution is
assumed for the liquid activity coefficients. The Chao-Seade! corzelation is assumed for

10

liquid fugacity and an ideal gas is assumed for the vapor fugacity. In addition, the
liquid and vapor fugacities are corrected for organicacid assodiation in the vapor phase

by the method described by E. Sebastiani and L. Lacquaniti, Chem. Eng. Sci., 22, 1155

{1967).

Example 1 - Melt Crystailization Purification of Methacrylic Acid Containiz ing

15 Approximately 0.5% Isobutyric Adid.

A solution containing 0.49% isobutyric acid ("iBuA") in glacial methacrylic acid

is divided into thirds. The first portion is fed to the laboratory melt crystallizer over a
period of approximately 1 hour during which time the temperature is decreased from
14.8°C to 13.8°C for a first stage crystallization. Approximately 60% of the feed

20 crystallized. The temperature is then increased to a range of from 14°C to 16°C over a
period of 1.5 hours causing 10% of the crystallized material to remelt. The mother
liquor, remelt, and crystallized material are each séparately collected and analyzed for
{BuA content. The second and third portions are treated in the same manner.
Representative results for first stage crystallizations are in Table 1. The methacrylic acid

25 (MAA") purity and the efficiency of the crystallization are determined by monitering
the iBuA content in the crystallized material.

Tablel
First Stage Crystallization
Feed Mother Liq. Remelt Crystals

No. |We(g)d iBuAb |Wig) iBuA  [Wig) iBuA |[Wi(g) iBuA*

1 |5058 049% 1890 1.094% -150.1 0314% _ 12603 0.0740%

2 |5011 04S% 1930 1035% [49.0 0370% |257.5 0.0815%

3  |5040 049% 1921 1.095% 628 032% |2492 00720%
Total |15110 049% |5741 1.075% 1619 0334% |767.0 0.0759%
a = Wi(g) = weightin grams

30 b =iBuA =Isobutyric Acid

—
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*Based upon the iBuA content, the crystals are approximately 99.93% pure
MAA.

The crystallized portions from the first stage rystallizations are combined and
approximately one third fed to the laboratory melt cxystallizer and over a period of 50
minutes the temperature is decreased from 17.0°C to 16.1°C for a second stage
crystallization. Approximately 64% of the feed crystallized. The temperature is then
held at 15.7°C causing 10% of the crystallized material to remelt. Again, the mother
liquor, remelt, and crystals are separately collected and analyzed for iBuA content.
Representative results for second stage erystallizations are in Tabie 2.

Table 2
Second Stage Crystallization
Feed Mother Liquor Remelt Crystais

Wi(g)d 1iBuA® |Wig) [iBuA |WHg) [iBuA [Wt(g) |iBua’
15020 _|0.070% |1820 |0.181% [53.4 _ |0.042% 12600 |0.0092%
a = Wt(g) = weight in grams
b = iBuA = Isobutyric Acid

*Based upon the iBuA content, the crystals are at Jeast 99.95% pure MAA.

Example 2 - Melt Crystallization Purification of Methacrylic Add Containing
Approximately 5% Isobutyric Acid.

Using the proceduze of Example 1, a solution: containing approximately 5.8%
iBuA in MAA acid is fed into the laboratory melt exystallizer and over a period of
approximately 80 minutesthe temperature is decreased from 13.5 °C to 8°C.
Approximately 62% of the feed crystallized. The temperature is increased to 14.0°C
over approximately 4.7 hours causing 10% of the crystailized material tc remelt. The
mother liquor, remelt, and crystallized material are each separately collected and

~ analyzed for isobutyric acid content. Representative results of these analyses are in

Table 3.
: Table 3

Feed Mother Liquor Remelt Crystals
Wi(z)2 [{Bud® |Wig) liBud |WHg) iBuA [Wi(g) |iBuA”
5011 15.675% 1930 {1030% |SL.7 5.44% 2536 |0.950%
a = W(g) = weight in grams
b = iBuA = Isobutyric Acid

*Based upon the iBud content, the crystals are at least 99.05% pure MAA.
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Example 3 - Melt Cry stallization Purification of Acrvhc Acid Containing Approximately
0.05% Propionic Acid.

Using the procedure of Example 1, a solution containing approximateiy 0.05%
propionic acid ("PA") in acrylic acid ("AA”) is divided into four fractions. Each fraction
is fed into the laboratory melt crystallizer over a period of 19-68 minutes ata
temperature of about 10°C. Approximately 42% of the feed crystallized. Seven to
twenty-seven percent of the crystallized material is remelted over a period of 45-232
minutes. The resulting mother liquor, remelt and crystal fractions are separately

combined and analyzed for PA content. Reore-.«entahve results of these crystallizations
are in Table 4.

Table 4

Feed Mother Liquor Remelt Crystals

Wig)d |PAD _ [WHg) |PA Wi(g) [PA Wi(g) IPA

2600 0.047% {1287 0.07% |1682 10.06% 11140 0.02%

a = Wi(g) = weight in grams
b =PA = Propionic Acid

*Based on the PA content, the crystals are at least $9.98% pure AA.

Comparison Example 1 - A fresh feed containing 80% MAA and 20% iBuA isfed to a
melt crystallizer. The final product specification is set to 0.005% iBuA. To meet this
specification, a calculated 4.6 crystallization stages are requirec. However, the final
mother liquor will contain 70.59% MAA which cannot be recycled.

For the following Examples 4 - 10 and comparison Example 2, distillation column
data are simulated with the steady-state process simulator (FLOWTRAN) as described
above. Simulator input specifications for each stream are specified in the examples.
Melt crystallization (mother liquor, remelt, and crystal amount and purities) data are
extrapolated using the results presented in Examples 1 - 3 above.

Example 4 - A fresh feed containing 80% (MAA) and 20% iBuA is mixed with the
mother liquor stream from the melt crystallizer. The combined stream is fed to the
fractionation colurnn. The distillate specification is set at 90% iBuA, the bottoms stream

‘specification is set at 0.5% iBuA, and the final product specification is set at 0.005%

jBuA. To meet these specifications, the required number of stages {theoretical plates) in
the fractionation column can be 45 (with a reflux ratio of 234) to 55 {with a reflux ratio
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of 101), assuming an overhead pressure of 30 mm mercury. The required number of

crystallization stages is 2.6. Table 5 details the calculated material balance or either of
these conditions.

Table 5
Example 4 Material Balance
Fresh : - Mixed |
Component Feed Recycle Feed Distillate | Bottoms | Product
Fig. 1 Ref.* 2 10 11 ¢ S 7
Flow, kg/h 45.36 6255 107.91 10.08 97.83 35.28
(pph)** (100.00) (137.90) (237.50) (22.221 (215.68) (77.78)
MAA % 80.00 99.22 91.14 10.00 99.50 99.995
iBuA % 20.00 0.78 8.86 $0.00 0.50 0.005

*Reference to Figure 1 process flow lines
**pph = pounds per hour

Example 5 - The specifications in Example 5 are identical to those in Exampie 4 except
that the specification for iBuA in the bottoms stream is increased to 5.0%. To meet these
specifications, the required number of stages in the fractionation column can be 30 (with
a reflux ratio of 194) to 40 (with a reflux ratio of 61), assuming an overhead pressure of

30 mm mercury. The required number of crystallization stages is 3.8. Table 6 details
the calculated material balance for either of these conditions.

Table 6
Example 5 Material Balance
Fresh Mixed
Component Feed Recycle Feed Distillate | Bottoms | Product
Fig. 1 Ref.* 2 10 11 4 5 7
Flow, kg/h 45.36 127.63 172.99 10.08 16291 35.28
{(pph)*™* (100.00) . | (281.37) | (381.37) (22.22) | (399.16) (77.78)
MAA % 80.00 93.62 90.05 10.00 95.00 99.995
iBuA % 20.00 6.38 9.95 90.00 5.00 0.005
*Reference to Figure 1 process flow lines

**pph = pounds per hour
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Exampie § - The specifications in Example 6 are identical to those in Example 4 except
that the specification for iBuA in the bottoms stream is increased to 10.0%. To meet
these specifications, the required number of stages in the fractionation column is 25
(with a reflux ratio of 197) to 35 (with a reflux ratio of 42), assuming an overhead

pressure of 30 mm mercury and the required number of crystallization stages is 4.2,
Table 7 details the calcuiated material balance for either of these conditions.

Tabie7
Example 6 Material Balance
Fresh Mixed
Component Feed Recycle Feed Distillate | Bottoms | Product
Fig. 1 Ref.* 2 10 11 4 5 7
Flow, kg/h 45.36 - 154.66 200.02 10.08 182.95 35.28
(pph)** (100.00) : (340.96) | (440.96) (22.22) | (418.79) (77.78)
MAA % 80.00 87.72 85.97 10.00 90.00 99.995
{Bul % 20.00 12.28 14.03 90.00 10.30 0.005
“Reference to Figure 1 process flow lines
**pph = pounds per hour '
Example 7 - The specifications in Example 7 are identical to those in Example 5 except

that the fresh feed is setat 0% MAA and 40% iBuA. To meet these specifications, the
required number of stages in the fractionation column can be 30 (with a reflux ratio of
136) to 40 (with a reflux ratio of 40 ), assuming an overhead pressure of 30 mm mercury.

The required number of czystallization stages is 3.8. Table § details the calculated
material balance for either of these conditions.

Table 8
Example 7 Material Balance
Fresh Mixed
Component Feed Recycle Feed Distillate | Botioms | Product
Fig. 1 Ref.* 2 10 11 4 3 7
Flow, kg/h | 4536 9116 | 136.52 2016 | 11637 252
{pph)** {100.00) (200.98) (300.98) (44.44) (256.54) (55.56)
MAA % 60.00 93.62 82.45 10.00 95.00 99.995
iBuA % 40.00 6.38 17.55 $0.00 5.00 0.005

*Reference to Figure 1 process flow lines
**pph = pounds per hour
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Example 8 - The specifications in Example § are identical to those in Example 7 except
that the specification for iBuA in the fresh feed is decreased to 10.0%. To meet these
specifications, the required number of stages in the factionation column can be 30 (with
a relux ratio of 232) to 40 (with a reflux ratio of 79), assuming an overhead pressure of

5 30 mm mercury. The required number of crystallization stages is 3.8. Table 9 details

the calculated material balance for either of these conditions.
_ Table9
Example 8 Material Balance
Fresh _ Mixed
Component Feed Recycle Feed Distillate | Bottoms | Product
Fig. 1 Ref.* 2 10 11 4 5 7
Flow, kg/h 45.36 145.86 191.22 50.39 186.18 40.32
(pph)** {100.00) | (321.57) | (421.57) (11.11) | (410.46) (88.839)
MAA % 90.00 - 93.62 92.76 10.00 95.00 $9.995
iBuA % 10.00 6.38 7.24 90.00 5.00 0.005
*Reference to Figure 1 process flow lines
10 “**pph = pounds per hour

Example 9 - The specifications in Example 9 are identical to those of Example 7 except
that the specification for iBuA in the fresh feed is decreased to 5.0% and the bottoms
streamn specification for iBuA is decreased to 0.5%. Fucthermore, the alternate

15  procedure of Figure 3 is used. To meet these specifications, the required number of
stages in the fractionation column can be 45 (with a reflux ratio of 355) to 55 (with a
reflux ratio of 157), assuming an overhead pressure of 30 mm meccury. The required

number of crystallization stages is 3.3. Table 10 details the calculated material balance
for either of these conditions.

20 Table 10
Exarmple 9 Material Balance
Fresh Mixed Mother
Component | Feed Bottoms Feed Distiliate Liquor Product
Fig. 3 Ref.* 32 37 39 35 34 33
Flow, kg/h 45.36 1123 157.56 2.52 114.82 42.84
{(poh)** {100.00) (247.58) (347.58) (9.33) {253.13) (94.45)
MAA % 95.00 99.50 98.21 10.00 97.54 99.995
iBuA % 5.00 0.50 1.79 90.00 2.46 0.005

*Reference to Figure 3 process flow lines
**pph = pounds per hour
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Example 10 - A freshi feed containing 80% AA and 20% PA is mixed with the mother
liquor stream from the melt crystallizer. The combined stream is fed to the
fractionation column. The distillate specification is set at 9% PA, the bottoms stream
specification is set at 70% PA and the final product specification is set at0.005% PA. To
meet these specifications the required number of stages in the fractionation column is
79 with a reflux ratio of 29 assuming an overhead pressure of 1 mm mercury. The
required number of crystallization stages is 10.8. Table 11 details the calculated
material balance. In this case, since the AA is more volatile than PA, the bottoms stream
is recycled to the reactor and the distillate is fed to the cxystallizer.

Tabie 11
Example 10 Material Balance
Fresh Mixed .

Component | Feed Recycle Feed | Distillate | Bottoms | Product
Fig. 1 Ref.* 2 10 11 3 4 - 7
Flow, kg/h 45.36 44341 488.77 475.82 12.96 324
(pph) (100.00) | (977.54) 1(1077.54) {(1048.98) (28.57) (71.43)
AA % 80.00 90.34 89.38 - 91.00 30.00 99.995
PA % 20.00 966 | 1062 | 9.0 70.00 0.005

*Reference to Figure 1 process flow lines

*pph = pounds per hour

Comparison Example 2 - 4 fresh feed containing 80% MAA and 20% iBuA is fed. oa -
fractionation colurn. The distillation specification is set to 99% iBuA and the bottoms o
stream specification is set to 0.005% iBuA. To meet these specifications the calculated
number of stages (theoretical plates) in the fractionation column is 150 with a reflux
ratio of 50.6, assuming an overhead pressure of 30 mm mercury.

These Examples demonstrate that at steady-state, the amount of material which
is recycled is high compared to the amount of product produced. However, the
product produced is of high purity. Since the recycled material is not lostbut, rather, is
recovered as eithex product or material returned to the dehydrogenation reactor, the
overall combination process is unexpectedly efficient.

_—
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Claims:

1. A process for preparing an o,f-unsaturated C3-Cg carboxylic acid of greater than
98% by weight purity, which comprises the steps of:
3. oxidatively dehydrogenating a saturated C3-Cg carboxylic acid in 2 reactor to
produce a fixst product stream comprising an o, f-unsaturated C3-Cg
carboxylic acid and the saturated carboxylic acid wherein the weight ratic of
the o, B-unsaturated to the saturated carboxylic acid is greater than about 0.2;
b. fractionally distilling the first product stream in a distillation unit to produce;
(1) an overhead stream wherein the weight ratio of the &,B-unsaturated to
the saturated carboxylic acid is less than that in the first product stream
and

(2) a bottoms stream wherein the weight ratio of the «,B-unsaturated to the
saturated carboxylic acid is greater than that in the first product stream;

c. feeding the overhead stream intc the reactor;

d. feeding the bottoms stream into a crystallization unit;

e. melt crystaliizing the bottoms stream in the crystallization unit one or more
times to produce

(1) a second prodluct stream comprising greater than about 98% by
weight, preferably greater than about 99.9% by weight, of the ¢,B-
unsaturated carboxylic acid; and

(2) one or more mother liquor streams comprising greater than about 80%
by weight of-the a,B-unsaturated carboxylic acid; and

f. feeding the one or more mother liquor streams into the distillation unit.

2. A process as claimed in claim 1 wherein:
a. the weight ratio of the o, f-unsaturated to the saturated carboxylic acid in the
overhead stream. is less than about (.5; and
b. the weight ratio of the a,-unsaturated to the saturated carboxylic acid in the
bottoms stream is greater than about 5.

3. A process as claimed in claim 2, wherein:
a. the weight ratio of the o, B-unsaturated to the saturated carboxylic acid in the
overhead stream is less than about 0.1; and
b. the weight ratio of the t,B-unsaturated to the saturated carboxylic acid in the
bottoms stream is greater than about 9.
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4. A process asc.amedmmypmedmgdmwhmﬂ\estep of melt crystallizing
comprises:

i cxvstalhzmgfzomaboutSO%bywexghttoaboutm%bywexghtof&te
bottoms stream;

ii. separating the mother liquor stream;

iil. melting from about 5% by weight to about 50% by weight of the arystals to
produce a second mother liquor stream;

iv. separating the second mother liquor stream from the remaining crystals;

v. optionally melting the remaining crystals and repeating steps i-iv, wherein
melted remaining crystals are used in lieu of the bottoms stream, a number
of times sufficient to obtain greater than 98% by weight of the o,3-
unsaturated carboxylic acid in the remaining crystals.

5. A process as claimed in claim 4, wherein the mother liquor and the second mother
liquor are combined prior to feeding to the fractional distillation column.

6. A process as claimed in any preceding claim, wherein the fizst product stream is
dehydrated prior to fractional distillation,

7. A process for preparing an &t f-unsaturated C3 - Cg carboxylic acid of greater than
about 98% by weight purity, which comprises the steps of:

a. oxidatively dehydrogenating a saturated C3-Cg carboxylic acid in a reactor to
produce 2 first product stream comprising an o,B-unsaturated C3-Cg
carboxylic acid and the saturated carboxylic acid wherein the weight ratio of
o,B-unsaturated to saturated carboxylic acid is greater than about 15;

b. feeding the first product stream into a crystallization unit;

<. melt crystallizing the first product stream in the crystallization unit one or
more times to produce;

(1) a second product stream comprising greater than about 98% by weight,
preferably greater than 99.9% by weight, of the ¢,8-unsaturated
carboxylic acid; and

(2) one or more mother liquor streams comprising greater than about 80%
by weight of the ¢,f-unsaturated carboxylic acid;

d. feeding the one or more mother liquor streams into a distillation unit;
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e fractionally distilling the cne or more mother liquor streams in the distillation
unit under conditions wherein the vapor pressure of the o, f-unsaturated Cs-
Cg carboxylic acid is less than the vapor pressuse of the saturated C3-Cq
carboxylic acid to produce; (
(1) an overhead stream and
(2) a bottoms stream ;

f. feeding the overhead stream into the reactor; and

g- feeding the bottoms stream into the melt crystallizer.

8. A pracess as claimed in claim 7, wherein the step of melt crystallizing comprises:
i. aystallizing from about 50% by weight to about 70% by weight of the first
product stream;
il separating the mother liquor stream;
iii. melting from about 5% by weight to about 50% by weight of the crystals to
produce a second mother liquor stream;
iv. separating the second mother liquor streams from the remaining crystals;
v. feeding the mother liquor stream and the second mother liquor stream to the
fractional distillation column;
vi. optionally melting the remaining crystals and repeating steps i-v, wherein
the melted remaining crystals are used in lieu of the first product stream, a
number of times sufficient to obtain greater than 98% by weight of the ,f-
unsaturated carboxylic acid content in the remaining crystals.
9. A process as claimed in ciaim 8, whexein the mother liquor stream and the second

mother liquor stream are combined prior to feeding to the fractional distillation
column.

10. A process as claimed in any of claims 7 to 9, wherein the weight ratio of the B~
unsaturated to the saturated carboxylic acid in the overhead stream is less than
about 0.5, preferably less than about 0.1.

11. A process as claimed in any of claims 7 to 10, wherein the first product stream is
dehydrated prior to melt crystallization.
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12. A process as claimed in any preceding claim, wherein the saturated carboxylic acid
is selected from propionic, butanoic, and isobutyric acids, and is preferably
isobutyric acid.

13. A process as claimed in any preceding claim, wherein means for holding material
are incorporated in the lines connecting the distillation unit and the crystallization
unit.

14. A process for preparing acrylic acid of greater than 98% by weight purity which
comprises the steps of:

a. oxidatively dehydrogenating propionic acid in a reactor to produce a first
product stream comprising acrylic acid and propionic acid wherein the ratio
of acrylic acid to propionic acid is greater than about 0.2;

b. fractionally distilling the first product stream in a distillation unit under
conditions wherein the vapor pressure of acrylic acid is greater than the vapor
pressure of propionic acid to produce '
(1)  an overhead stream wherein the ratio of acrylic acid to propionic acid

is greater than that in the first product stream and
()  abottoms stream wherein the ratio of acrylic acid to propionic acid is
Jess than that in the first product stream;

¢. feeding the overhead stream into a crystallization unit;

d. feeding the bottoms stream into the reactor;

e. melt crystallizing the overhead stream in the crystallization unit one or more
times to produce
(1)  asecond product stream comprising greater than about 98%, preferably

greater than about 99.9%, by weight of acrylic acid; and -
(2)  oneor more mother liquor streams comprising greater than about 80%
by weight of acrylic acid; and

£ feeding the one or more mother liquor streams into the distillation column.

15. The process of Claim 14, wherein the first product stream is dehydrated prior to
fractional distillation.

16. A process as claimed in claim 14 or claim 15, wherein means for holding material
are incorporated in the lines connecting the distillation unit and the crystallization
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17. A process for prepating acrylic acid of greater than about 98% by weight purity,
which comprises the steps of:

f.

g

oxidatively dehydrogenating propionic acid in a reactor to produce a

first product stream comprising acrylic acid and propionic acid wherein

the ratio of acrylic to propionic acid is greater than about 15;

feeding the first product stream into a crystallization unit;

melt crystallizing the first product stream in the crystalliazation unit cne

or more times to produce;

() asecond product stream comprising greater than about 98%,
preferably greater than about 99.9%, weight of acrylic acid, and

(2)  one or more mother liquor streams compising greater than about
80% by weight of the acrylic acid;

feeding the one or more mother liquor streams into a distillation unit;

fractionally distilling the one or more mother liquor streams in the

distillation unit under conditions wherein the vapor pressure of acrylic

acid is greater than the vapor pressure of propionic acid to produce

(1) an overhead stream and

(2) a bottoms stream;

feeding the bottoms stream into the reactor; and

feeding the overhead stream into the melt crystallizer

18. A process as claimed in claim 17, wherein the first product stream is dehydrated
prior to melt erystallization.

19. A process as clalmed in claim 17 or claim 18, wherein means for holding material
are incorporated in the lines connecting the distillation unit and the crystallization

unit.

20. An o,B-unsaturated C3-Cg carboxylic acid whenever prepared by a process as
claimed in any preceding claim.
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