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PROCESS FOR PRODUCING BUTYL ACRYLATE

The present invention relates to an improved process for producing butyl
acrylate. More specifically, the invention relates to a new method of distilling, and
of recovering and recycling normal butanol ("BuOH"), acrylic acid ("AA"), and

' normal butyl acrylate ("BA") from one or more process streams in an acid-catalyzed
esterif-ication process for BA. The invention encompasses two new process
components, one related to the hydrolytic recovery of valuable reactants from their
higher boiling adducts, and a second component related to improved distillation of a
crude product yielding BA substantially free of AA. The hydrolytic recovery
component of the invention also is useful in processes for producing selected acrylic
esters, in addition to BA. Most specifically, the invention relates to a highly efficient,
continuous process for producing BA in high purity and high yield.

Direct esterification of AA with an alcohol is an equilibrium process. The
equilibrium constant determines the net rate and extent of conversion of AA and
alcohol; for continued high rates of conversion the mixture must not approach
equilibrium. Conventionally, an excess of alcohol over AA is employed and water
of esterification is removed distillatively as its azeotrope with alcohol and ester to
maintain a high rate of conversion of AA. The azeotrope is removed via a
distillation column mounted directly on an esterification reactor. In the case of
methyl or ethyl esters, the water of esterification, excess alcohol, and product ester
are removed from the head of the distillation column and are substantially free of
AA. Water exiraction removes the alcohol which is concentrated distillatively for
recycle to the reactor. The washed ester is azeotropically dehydrated and finally
distilled to provide the pure ester product. In butyl acrylate production, however,
the separation of acrylic acid from water of reaction, excess alcohol, and product
‘ester is more difficult, and the distillate from the esterification reactor in a
continuous process typically contains 1-3% AA. This AA typically is extracted into
aqueous caustic. Although it is possible to recover some of this AA from the
resulting aqueous salt solution by acidification with a strong acid followed by
extraction into an organic solvent, e.g. butyl acrylate or butyl acrylate/ butanol
mixture, significant loss to a large aqueous waste stream is unavoidable. The butyl
acrylate and excess butanol are next azeotropically dehydrated wherein excess
butanol is separated from the product ester as a butanol/butyl acrylate azeotrope for
recycle to the esterification reaction. A final distillation provides pure butyl acrylate.
In all cases a small bleed stream is removed from the esterification reactor and a
small bottoms stream is taken from the final product distillation to remove high
boiling byproducts and inhibitor residues from the process. These streams are
stripped to recover free AA, alcohol, and alkyl acrylate values, but little or none of
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the values present within the high boiling byproducts are recovered. Thus, the
conventional processes for producing C1-C4 esters suffer from yield losses to hlgh
boiling byproducts, and the C4 process further suffers from direct losses of AA
because of the difficulty in separating AA from butanol, water, and ester.

In the art of recovering and recycling reactants from their higher boiling
adducts formed during processing (so called "heavy ends;" in BA production these
include, for example, butyl B-butoxypropionate and esters of sulfuric acid), there has
been only limited success. For example, in ethyl acrylate ("EA") production from
ethylene and AA, U.S. Patent No. 4,968,834 ('834) describes a process for recovering
EA from a "spent black acid" stream containing sulfuric acid residues and other
adducts bled from the bottom of a distillation column. The '834 process uses an
alcoholic solvent to facilitate an overhead distillative recovery of ethyl acrylate, and
treats the black acid residues with an aqueous alkanol mixture. No materials are
directly returned to the EA-producing reactor nor to the distillation column which
generates the black acid stream. The '834 process thus provides partial recovery of
ethanol, EA and AA, but only by an aqueous treatment which is isolated from the
reactor of the ethylene-AA process. Other processes employ distillation units (often
designated "bleed strippers") to partially recover free AA, BA, and BuOH from
reaction bleeds, but to the extent that heavy ends are recovered-in that operation,
they remain chemically in the higher boiling (heavy end) form and are not
transformed to the desired valuable AA, BA, and BuOH forms.

Distillation is commonly used in BA production. For example, U.S. Patent
4,012,439 ('439) describes a continuous process for BA in which a reactor '
esterification mixture is distilled through an AA separation column to give an
overhead mixture of BA, butanol, and water, and, from the column bottom, a
concentrated AA stream which is returned to the reactor. While separating the
overhead mixture from AA, the 439 process recycles a very high proportion (>97%)

- of aqueous phase distillate to the head of the AA-separating column. This high
proportion of aqueous recycle (i.e. having an aqueous reflux ratio of about 32:1)
disadvantageously requires a large column and a large expenditure of energy in
returning large volumes of water to the process.

- Thus, in the acid-catalyzed production of acrylic acid alkyl esters ("alkyl
acrylates”), particularly of BA, there remain significant energy use and reactant
recovery problems. There are needs for a process which would recover reactants
from their higher boiling, heavy end, adducts formed during the production of

- acrylic esters, e.g. BA, which would recycle'recovered reactants and the ester to the
esterification reactor or elsewhere in the process for reuse. Further needs include
methods making more efficient use of the water of reaction, both in facilitating
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and recycling unreacted AA, particularly if these steps were accomplished with
reduced energy use. Meetihg one or more of these needs would provide increases in
process and/or material use efficiencies. Additionally, if such improved processes
led to reduced dibutyl ether (DBE) byproduct in comparison to known processes,
even greater process efficiency would resuit.

We have discovered a high yield process for producing alkyl acrylates, using
BA as a preferred example, which achieves these desirable ends. Our new process
provides for the recovery of "values," that is, reactants and alkyl acrylate product,
from the heavy ends produced in the process. Our new process includes the use of
at least one of the following process compdnents: 1. recovering values from a
hydrolysis reactor unit ("HRU") fed with a source of heavy ends, as from an
esterification reactor; 2. recovering additional values from a cracking reactor

- preferably used in conjunction with the hydrolysis reactor; and 3. specific to a
continuous BA process, distilling by use of an acrylic acid separation column in an
efficient new way and providing recovery of BA which is substantially free of AA.
Our new process advantageously provides very low levels of DBE in product BA
because the esterification reactor is operated under mild temperature and pressure
conditions, and at relatively low acid catalyst levels.

Thus, in the broadest use of the hydrolytic recovery component of the .
invention, there is provided a method of recovering AA, a C1-C4 alkyl acrylate, and
a C1-C4 alkanol from heavy ends produced during productlon of the C1-C4 alkyl -
acrylate, comprising the steps of:

a) feeding a total aqueous and heavy end feed stream compnsmg the
heavy ends, water, residual acid catalyst, and optionally a strong acid selected from
a mineral acid or sulfonic acid, to a hydrolysis reactor maintained at 90° to 140°C, 50
to 1000 mm Hg pressure, and a residence time of 0.5 to 20 hours based on the total
aqueous and organic feed stream;

b) distilling an overhead stream containing AA, the C1-C4 alkyl acrylate,
the C1-C4 alkanol, and water from the hydrolysis reactor while mairitaining a
hydrolysis reactor liquid concentration of from 5 to 40 weight % water and at least 1
weight % acid, the acid comprising the residual acid catalyst and the optional strong
acid; _ :

<) -condensing the overhead stream;

d) separating from the condensed overhead stream an organic phase
comprising the C1-C4 alkyl acrylate, the C1-C4 alkanol, and AA, and an aqueous
phase comprising primarily water, and AA and the C1-C4 alkanol;

e)  removing the separated organic phase;
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plurality bhsed on the total aqueous and heavy end feed stream, of a hydrolysis reactor bleed
stream.

Specific to BA production, there is provided a method of recovering AA, n-
butyl acrylate (BA), and n-butanol (BuOH) from heavy ends produced during acid-
catalyzed esterification of AA with BuOH, comprising the steps of: '

a) feeding a total aqueous and heavy end feed stream comprising AA,
BA, BuOH, water, heavy ends, residual acid catalyst, and optionally a strong acid
selected from a mineral acid or sulfonic acid, to a hydrolysis reactor maintained at
90° to 140°C, 50 to 1000 mm Hg pressure, and a residence time of 0.5 to 20.0 hours
based on the total aqueous and heavy end feed stream; '

b) distilling an overhead stream containing AA, BA, BuOH, and water .
from the hydrolysis reactor while maintaining a hydrolysis reactor liquid
concentration of from 5 to 40 weight % water and at least 1 weight % acid, the acid
comprising the residual acid catalyst and the optional strong acid;

¢)  condensing the overhead stream;

d) separating from the condensed overhead stream an organic phase
comprising the BA, the BuOH, and AA, and an aqueous phase comprising primarily
water, and AA, and BuOH; '

e) removing the separated organic phase;

f) recycling the separated aqueous phase to the hydrolysis reactor; and

g)  withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based on the total aqueous and heavy end feed stream, of a hydrolysis reactor bleed
stream. | ' |

Another embodiment of the invention provides a method of continuously
recovering AA, n-butyl acrylate (BA), and n-butanol (BuOH) from heavy ends
produced during acid-catalyzed esterification of AA with BuOH, comprising the
steps of: '

.a) withdrawing continuously a reactor bleed stream from an esterification
reactor containing an esterification reaction mixture comprising AA, BA, BuOH,
water, heavy ends, and residual acid catalyst, while concurrently distilling AA, BA,
BuOH, and water from the esterification reaction mixture; '

- b) feeding a total aqueous and organic feed stream comprising the reactor
bleed stream, water, optionally a strong acid selected from a mineral acid or sulfonic
acid, and optionally additional heavy ends, to a hydrolysis reactor maintained at 90°
to 140°C, 50 to 1000 mm Hg pressure, and a residence time of 0.5 to 20 hours based
on the total aqueous and organic feed stream;
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from the hydrolysis reactor while maintaining a hydrolysis reactor liquid .
concentration of from 5 to 40 weight % water and at least 1 weight % acid, the acid
comprising the residual acid catalyst and the optional strong acid;

d) condensing the overhead stream;

e) separating from the condensed overhead stream an organic phase
comprising BA, BuOH, and AA, and an aqueous phase comprising primarily water, -
and AA, and BuOH; _ '

f) removing the separated organic phase;

g)  recycling the separated aqueous phase to the hydrolysis reactor; and

. h) withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based on the total aqueous and organic feed stream, of a hydrolysis reactor bleed
stream. _ |

Additional recovery of valuable reactants is achieved from heavy ends by

' using a cracking reactor in tandem with the hydrolytic recovery methods described
above. That process is carried out with any of the above-deéscribed hydrolytic
recovery methods by further including the steps of: '

a) feeding up to 100% of the hydrolysis reactor bleed stream to a cracking
reactor maintained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a
residence time of 0.5 to 20 hours based on the fed reactor bleed stream;

b) distilling from the cracking reactor a cracking reactor overhead stream
comprising AA, the C1-C4 alkyl acrylate, the C1-C4 alkanol, and water while
maintaining a cracking reactor liquid concentration of at least 7.5 weight % acid;

c) condensing the cracking reactor overhead stream; and

d)  recovering from the cracking reactor overhead stream AA, C1-C4 alkyl
acrylate, C1-C4 alkanol, and water. '

Preferably, the alkyl acrylate is BA. More preferably, the cracking reactor just
described is used in tandem with the hydrolytic reactor in a continuous acid-
catalyzed process for producing BA.

.In a second component of the invention, this relating to continuous
production of BA, there is provided a method of continuously recovéring n-butyl
acrylate (BA) substantially free of AA from an esterification reaction mixture,
comprising the steps of:

a) feeding continuously to an esterification reactor AA and BuOH in a
molar ratio of from 1 to 1.1 to 1 to 1.7, and an acid catalyst; o

b) reacting the AA and BuOH to yield BA in a conversion of at least 60%
on AA, and yielding the esterification reaction mixture comprising AA, BA, BuOH,
water, heavy ends, and acid catalyét;
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c) distilling from the esterification reactor a vaporized mixture
comprising AA, BA, BuOH, and water;

d) condensing the vaporized mixture to provide a first condensate
comprising an organic phase and an aqueous phase;

e) returning from 0 to 30 percenf of the organic phase to an entrainment
separator surmounting the esterification reactor; and

f) feeding from 70 to 100 percent of the organic phase and from 50 to 100
percent of the aqueous phase to an acrylic acid separation column; .

g) distilling from the acrylic acid separation column, at a pressure of from '
35 to 800 mm Hg, in an aqueous mode and at an aqueous reflux ratio of 8.5:1 to 17:1,
an overhead mixture comprising an azeotropic mixture of butanol, butyl acrylate
and water;

-h) removing from the distillation column an acrylic acid-rich bottom
stream; '

i) recycling the acrylic acid-rich bottom stream from the acrylic acid
separation column to the esterification reactor;

)] condensing the overhead mixture to provide a second condensate

k) separating the second condensate into a butyl acrylate-rich organic
phase and a separated aqueous phase; and

D removing the butyl acrylate-rich organic phase s_ubstanﬁally free of
AA.

* The recovering of BA substantially free of AA also may be carried out by"
feeding the vaporized reactor mixture directly to the AA separation column by
bypassing the d), e), and £) steps immediately above. When the vaporized mixture is
fed directly to the column, the aqueous reflux ratio is tightened to 13:1 to 17:1; all
other steps are identical, except there is, of course, no "first condensate.”

In a brief description of the drawings, the process embodying both
components of the invention is shown schematically in Figure 1; Figure 2 is a graph
of the amount of residual AA in organic distillate obtained by distilling through the
acid separation column versus the aqueous reflux flow rate, as obtained under
conditions described below. Fig. 1 shows equipment and flow lines, including
esterification reactor 1, bleed line 3 to a hydrolysis reactor unit (HRU) 5 ; and
associated streams and lines, particularly line 8 returning organic phase to reactor 1
and line 7 returning aqueous phase to the HRU. Cracking reactor 10 also has

 associated lines, e.g. for draining and distilling, and providing for returning the
condensed overhead stream from separator 31 to reactor 1 via line 12. In a brief
description of the drawing relating to the distillation component, Fig. 1 includes line
2 feeding an esterification reactor vaporized mixture (in this embbdiment) toa
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in a cutt ernthdphiseseparatonto the aceyliquoid separation adlumrals wia eneggranore line 43,
53, and for optionally feeding some of the aqueous phase to the HRU 5 via line42
and optionally a portion of the organic phase to an entrainment separator '
surmounting reactor 1 via line 41, when separator 14 is used. Line 54 provides for
optional feed of BuOH to the AA separation column. Lines from the acrylic acid
separation column include 17, returning the AA-rich bottom stream to reactor 1,and -
line 16 conveying the distilled overhead mixture through condenser 63 to phase
separator 18 and its associated lines, line 21 returning a controlled portion of the
aqueous phase 20 to the top of acrylic acid separation column 15, line 22 moving
forward a controlled portion of the separated aqueous phase and line 23 carrying
forward all of the BA-rich organic phase, 19. Line 52 provides for BA/BuOH return
to reactor 1 during subsequent conventional processing and final BA product
isolation. Figures 1 and 2 are described in greater detail below.
Detailed Description of the Invention

The first component of the invention, the hydrolytic recovery component
which recovers values from heavy ends, takes advantage of the known ability of a
strong acid, for example, a mineral acid such as sulfuric acid, to catalyze the
individual reactions employed: direct esterification, ester hydrolysis, dehydration,
and retro-Michael reactions. Thus, catalytic processes in which esters and heaVy end
hydrolyses occur in a hydrolysis reactor and, in an extended embodiment,
dehydration and retro-Michael additions carried out in a cracking reactor, are new
efficient methods for recovering, for example, BA, BuOH, and AA values from
heavy end components formed during prior reaction in, for this example, a BA
esterification reactor. The heavy ends are exemplified in detail for BA production
using sulfuric acid catalyst in the reactor and in the HRU; from these examples one
skilled in the art would recognize analogous "heavy end" counterparts from
producing any of the Cj - C4 alkyl acrylates. The C1 - C4 alkyl groups may be
methyl, ethyl, propyl and iso-propyl, and the butyl isomers, preferably n-butyl.
Heavy ends are adducts higher in boiling point than the reactants and, as
exemplified here, the butyl aérylate product; they include, for example, acryloxy-

' propionic acid ("AOPA") and its butyl ester derivative, beta-hydroxy propionic acid
and its butyl ester derivative, beta-butoxy propionic acid and its butyl ester
derivative, and other non-polymeric adducts of the reactants. In addition, maleic
acid and benzoic acid impurities in the acrylic acid and sulfuric acid catalyst are

present as maleic acid monobutyl ester, butyl benzoate, and mono-butyl sulfate.
Furthermore, the simultaneous removal of BA, BuOH, and AA by way of the
distillate streams of both hydrolysis.and cracking reactors in a continuous process
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recovery component of the invention is that one or more addltlonal heavy end
streams may be worked into the hydrolytic recovery process stream, thus prowdmg
recovery of additional values. -

The following are examples of heavy end materials present in the total
aqueous and organic (i.e. heavy ends alone, or mixture of heavy ends, reactants, and
product) feed stream which are hydrolyzed in the hydrolysis reactor to afford
valuable recoveries of AA and the described alkyl acrylates and alkanols. Alkyl
esters of the B—alkyloxy propionates are a common heavy end material. In the befa
position of the alkyl esters also may be the hydroxy group instead of an alkyloxy
group. B-Acryloxy acid derivatives of the C1-C4 alkyl esters also may be present in
the heavy ends; for example, butyl (B-acryloxy) propionate is commonly present in
the heavy end materials along with its corresponding acid, in BA production. Also
present are the C1-C4 esters of sulfuric acid catalyst which esters are hydrolyzed to
sulfuric acid and the corresponding C1-C4 alkanol.

The reactions which take place in the HRU can be generalized by equations 1
and 2, following:

0 0 '
Rzo/\/u\_okl + H0 =—= Rzo/\/u\)ﬂ +R'OH

1
o 0 o o
(n\o/\/u\m‘ +2H0 —= rlkyru- Ho/\/u\en + RIOH

Here, R1is a C1 - C4 alkyl group as defined above; R2 is a C1 - C4 alkyl group or H.
Additionally, saturated and unsaturated esters, such as the C; - C; alkyl ester of '
benzoic acid and the Cj - C4 alkyl ester of maleic acid as well as Cg - C4 alkyl sulfate,
can be similarly hydrolyzed to release an equivalent of C1 - C4 alkanol.

Furthermore, the simultaneous removal of BA, BuOH, and AA via the HRU's
distillate stream allows the recovery reactions to proceed beyond equilibrium
constraints and improve overall process yields. However, the parent carboxylic acid
of several heavy materials cannot be recovered in the HRU and, therefore, an
additional recovery scheme is necessary for these materials and is carried outin a
_cracking reactor.
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The conversion of C; - C4 alkyl ester of beta-hydroxy propionic acid, beta-
alkoxy propionic acid, and beta-acryloxy propionic acid to the parent acid in the
HRU (via ester hydrolysis) is quite beneficial since it is well known that these
materials undergo dehydration and retro-Michael addition in acid form. Therefore,
under the relatively dry conditions of the cracking reactor, compounds such as beta-
n-butoxy propionic acid and beta-hydroxy propionic acid can undergo dehydration
resulting in recovery of acrylic acid and butanol. The well known dimer of acrylic
acid (AOPA) undergoes cracking to yield 2 moles of acrylic acid. Here again, the
continuous removal of products allows the reactions to proceed beyond equilibrium
constraints and improve the overall process yield.

Referring to Figure 1.in the working of the preferred continuous hydrolytic
recovery component of the invention in producing BA: esterification reactor bleed
stream 3 is fed from esterification reactor 1 to hydrolysis reactor unit ("HRU") 5. The
hydrolytic recovery method of any embodiment of the invention may be carried out
in a multiplate reactive distillation column or other staged reactor, and preferably is
carried out under continuously mixed conditions, as in a continuous flow stirred
tank reactor ("CSTR"). By "bleed stream” is meant any process stream which is
controﬂably withdrawn from one vessel to another, such as from a reactor to another
reactor or distillation column. Here, the esterification reactor bleed stream 3 -
contains acid catalyst, water, AA, BA, BuOH, and heavy ends; polymerization _
inhibitors also may be present. Additional feeds via 4 may include water, and may
also include mineral acid, for example, sulfuric acid, or a sulfonic acid such as
methane-, benzene-, or toluene-sulfonic acid. The mineral or sulfonic acid is added
as required to meet the specified minimal usage level in the HRU. One or more
additional streams containing heavy ends from sources other than the esterification
reactor also may be added. These feeds may be added by one or more feed lines
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represented by 4. The additional heavy ends may comprise up to 80 wt. % of the
total aqueous and organic feed stream. Sulfuric acid is most preferred for use as
both reactor acid catalyst and mineral acid in all embodiments of the invention. The
HRU mixture of the described feed streams is maintained in a boiling state under the
conditions defined. The residence time of from 0.5 to 20 hours is based on the total
aqueous and organic feed stream ("total” meaning the sum of the aqueous and heavy
ends and/or reactor bleed streams) fed to the HRU. Preferred residence time is from
0.5 to 5 hrs, and more preferred is 0.5 to 3 hrs. An overhead stream is distilled from
the HRU mixture in 6 and condensed, 60, into phase separator 30. The condensed
_overhead stream separates into an organic phase rich in BA, BuOH and AA, and into
an aqueous phase containing primarily (i.e. >50%) water and some BuOH and AA.
The separated aqueous phase is returned to the hydrolysis reactor 5 via 7 and the
separated organic phase, as stream 8, is returned in this embodiment to the
esterification reactor 1, thus recovering valuable BA, BuOH, and AA for subsequent
reaction and product recovery. The separated organic phase also may be fed to
separator 14 for recovery by way of line 43 and distillation through 15.
undistilled residue, from 20 to 70 wt. % of the total aqueous and organic feed stream,
is bled as the hydrolysis reactor bleed stream 9 from the hydrolysis reactor for
further handling (e.g. as a waste stream by line 51 or, preferably, as feed to a
cracking reactor by line 9.)

A preferred embodiment provides add1t10na1 recovery of AA, BA and BuOH.
As shown in Fig. 1, the hydrolysis reactor bleed stream 9 is fed to a cracking reactor
10 and treated as now described. The cracking reactor may be of construction
similar to that of the HRU and is, preferably, a CSTR. The cracking reactor liquid is
maintained at least at 7.5 wt.% mineral acid, preferably sulfuric, and also contains a
mixture of acrylic acid, BuOH, BA, some heavy ends and residual polymerization
inhibitors. Additional mineral or sulfonic acid may be added to the cracking reactor
liquid (feed line not shown). The cracking reactor mixture is maintained in a boiling
state under the previously described cracking conditions while an overhead stream
is distilled from the cracking reactor via line 11 and condensed via 61 to separator
31. The condensate contains an organic distillate stream containing AA, BA and
BuOH, and also some water; all of the condensed overhead stream is returned as
stream 12 to the esterification reactor, thus providing additional recovery of valuable
AA, BA, and BuOH. The cracking reactor residue stream 13 is drained off for
further handling, generally as waste. Preferred and more preferred cracking reactor
residence times are the same as described for the HRU, namely, 0.5-5 hrs and 0.5-3
hrs, respectively.
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reactor unit may not be needed to achieve acceptable values recoveries. Under most
production conditions it is preferred to use the cracking reactor in tandem with a
hydrolytic reactive distillation column, similar to its use when the HRU is a CSTR.
One disadvantage of a reactive distillation column over a CSTR is that occasional
build-up of solids on the column trays may require undesirable down time for
column cleaning.

Addition of one or more addmonal feed streams to the esterification reactor
bleed stream or directly to the hydrolysis reactor permits additional recovery of AA,
and for example, BA, and BuOH, through the processes occurring in the hydrolysis
reactor and, when used, the cracking reactor. The liquid in the hydrolysis reactor
has at least 5 wt.% water for efficient operation; preferably the HRU liquid contains
from 9 to 18 wt.%, more preferably from 10 to 16 wt.% water, in order to achieve
efficient hydrolysis rates under nominal thermal and pressure conditions and
practical equipment size. Water content is maintained by a combination of returning
the entire condensed and separated aqueous stream in line 7 to the hydrolysis
reactor and by adding additional water from other sources, e.g. by lines 4 and 42, to
compensate for water losses to organic distillate and the HRU bleed stream. Water
addition from the distilled aqueous phase from the esterification reactor, By line 42,
is a preferred source of water in the continuous BA process. In order to maintain
efficient dehydration and retro-Michael reaction rates in the cracking reactor, the
cracking reaction mixture should have an aqueous content lower than that of the
HRU mixture. Water contents typically below 5 wt.%, preferably below 1 wt. %, are _
achieved by operating the cracking reactor as a single stage unit, thatis, by -
continuously distilling from the cracking reactor any water carried over from the
hydrolysis reactor bleed stream and any additional water generated from cracking
reactions.

-Additional acid may be added to the recovery units as necessary to achieve
practical reaction rates; preferably acid is added by way of one or more of the feed
streams. "Residual acid catalyst” is acid catalyst which remains present as acid in the
esterification reactor bleed stream and thus is carried forward to the HRU. In the

. HRU, acid concentration is preferably in the range of 3.5 to 15 wt. %, and most
preferably is 5 to 8 wt.%. Acid concentration in the cracking reactor is typically in
the range of 7.5 to 20 wt.%, and could be higher, e.g. up to 50%. Acid concentration
preferably is from 10 to 13 wt.%, particularly for BA production. The amount of
heavy ends in the esterification reactor bleed stream may vary but typically is in the




'peri odic resetting. SUMVARY OF THE | NVENTI ON 15 It is
an object of the present invention to provide a cutting tool assenbl y
M th adjusting nmeans for the outward adjustnment of an operative
cutting edge in an adjustnent direction substantially transverse thereto
for . machining a work surface tol2za snmooth finish, _ I n
accordance with the present invention, there is provided a
range of from 10 to 50 wt.% of the combined total of the aqueous and organic-
containing feed stream.

Hydrolysis reaction temperatures range from 90° to 140° C, and are preferably
from 105° to 125°C for efficient hydrolysis rates; temperatures greater than 140°C
may lead to thermally induced polymerization of alkyl acrylates and of acryloxy-
bearing heavy ends, resulting in undesired product loss. The residence time
required for HRU hydrolysis reaction is preferably from 0.5 to 5 hours, more
preferably from 0.5 to 3 hours, shorter times being more economical. Lower

- temperatures, and the presence of water, also favor reduced DBE formation.
Cracking reactor temperatures range from 90° to 140°C, preferably from 110° to
1259C; cracking pressures typically range from 20 mm Hg to 200 mm Hg, although
higher pressures, up to 800 mm Hg may be used. The residence time for
dehydration and other reactions in the cracking reactor under these conditions is
preferably from 0.5 to 3 hours. For the continuous production of BA, values
recoveries are maximized with two CSTR reactors in tandem, one the HRU and the
other the cracking reactor. ' '

In order to prevent polymerization, an effechve amount of one or more
polymerization inhibitor may be added at any step in any component of the process.
An esterification reactor process stream typically contains sufficient inhibitor to
prevent polymerization in the HRU and cracking reactor. If additional inhibitor

addition is required, any of a large number of known inhibitors may be used, for
example, hydroquinone, the mono-methyl ether of hydroquinone, butylated
hydroxy anisole, naphthaquinone, anthranil, and derivatives of these.

- The second component of the invention, the distillative component, further
improves known methods of distilling crude BA and provides BA substantially free
of AA by more efficiently handling distillate and aqueous reflux. Specifically, the
new distillative method provides BA in the BA-rich stream containing less than |
2,000 ppm of AA for moving forward for subsequent conventional isolation. The
method also provides an AA recycle stream containing negligible BA, specifically
providing an AA recycle stream (the bottom, AA-rich phase) containing less than 10
ppm, preferably less than 5 ppm, of BA. In generating the crude BA for thenew
distillative component of the invention, AA and BuOH are initially fed, line 70,
along with acid catalyst, to an esterification reactor in a molar ratio of AA to BuOH
in the range of 1:1.1 to 1:1.7, preferably 1:1.25 to 1:1.45, and reacted to a conversion
on AA of from 60 to 95%, preferably 75 to 85%, using an acid catalyst of the mineral
or sulfonic acid type previously described, or a strong acid ion exchange resin;
preferably sulfuric acid is used. The reactant ratio and BA conversion provide a
crude BA stream which may be processed to provide stable "aqueous mode"



20 cutting tool assenbly conprising a cutter body having a cutting unit
recei ving pocket for releasably receiving a cutting unit with an operative

«cutting edge and an abutnent surface renote therefrom an

el ongated bore formed in the cutter body and opening into said

recei ving pocket adjacent said abut ekt “surface; 25 an adj ust ment
device |located in said bore and conpri sing: ' an el ongated tubul ar
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vaporized mixture of AA, BA, BuOH and water.

Referring to Fig. 1, vaporized mixture by line 2 from the reactor 1is
condensed, 62, and fed to phase separator 14 (in this embodiment) to provide the
first condensate. Alternatively, the vaporized mixture may be fed directly to the
column 15 for distillation as described above. An entrainment separator, not shown,
also may be mounted on the reactor, to reduce or eliminate entrainment of acid
catalyst in the vaporized mixture, thus reducing downstream corrosion potential.
Phase separator 14 is particularly useful when an entrainment separator is
employed, assuring an organic reflux layer return to the entrainment separator, and
also as a means for providing optional aqueous stream 42 to an HRU. The first
condensate comprises an organic phase primarily (i.e. more than 50%) of BA and
BuOH, with some AA, and an aqueous phase primarily of water, with some BuOH
and AA. All of both phases may be fed to the acrylic acid separation column 15 by
one.or more line, e.g. 43, 53, or, optionally, up to 50 wt. % of the aqueous phase may'
be diverted via line 42 to the hydrolytic recovery unit 5 (when preferably used).
Additional butanol optionally may be fed to the column via line 54. An overhead
azeotropic mixture is distilled from the acrylic acid separation column, under the
pressure, temperature, and aqueous reflux conditions previously described, and
condensed by line 16 and condenser 63 into phase separator 18, yielding a second
condensate comprisihg BA-rich organic phase 19 and aqueous phase 20. By "BA-
rich,” or "AA-rich," is meant that BA, or AA, is the primary (>50 wt. %) organic
component of a glven phase. Concurrently, an AA-rich bottom stream, containing
negligible BA, is withdrawn from the bottom of the acrylic acid separation column
and by line 17 returned to the esterification reactor 1. The amount of the recycled
aqueous stream 21 is adjusted to provide at least an 8.5:1 minimum aqueous reflux
ratio in the AA separation column 15 in order to maintain the column in the critical
"aqueous mode" operation. In the aqueous mode operation, the AA separation
column performs a surprisingly effective separation of AA from the BA-containing
feed stream (i.e. the first condensate stream or the vaporized mixture stream fed to
the column), resulting in low AA losses in the BA distillate and consequently lugher
BA yield, as shown in further detail below. A small portion, 6 to 11 wt. % of the
separated aqueous phase 20, typically is fed forward as stream 22, along with the
forward féeding of the BA-rich organic phase 19 in stream 23 for subsequent
conventional isolation of final product BA. Conventionally, the aqueous reflux ratio
is defined as the ratio of aqueous flow returned to the aqueous flow taken forward,
here the ratio of aqueous flow in 21 to that in 22. Maintaining the specified ratio is




“surface; 30 an el ongated adjustnent screw initially slidingly |

ext endi ng t hrough said adj ust nent nenber for bi-directional screw
«di spl acement in respect of said cutter body;
14

critical to the efficient operation of the acrylic acid separation column in the
invention.

The acrylic acid separation column may have from 20 to 50, preferably 30 to
40, trays and typically is equipped with a bottom reboiler loop (not shown) and an
overhead distillate line 16 through condenser 63 to phase separator 18.  The first
condensate feed typically is fed at about the 10th tray in a 40 tray column, numbered
from the column bottom. If optionally used, added BuOH typically is fed at the 8th
or 9th tray. The column operates within the limits described previously,and
preferably at a pressure of from 90 to 135 mm Hg corresponding to a preferable
bottom temperature of from 80° to 85°C. The aqueous reflux ratio during distillation
of the overhead mixture is preferably from 8.5 to 12.5 and most preferably from 9.5
to 10.5. The flow rate of the column bottom stream in 17 is adjusted to exceed the
amount of AA in the column feed by 5 to 25 wt. % to ensure that-all AA remains in
the column bottom. Stream 17 typically contains 5 to 20 wt. % water, the balance
being primarily AA and AOPA. The acrylic acid separation column, run as
described, provides BA substantially free of AA (<2,000 ppm) and an AA bottom
stream containing negligible (<10 ppm) BA.

One of the unexpected findings in the modeling and subsequent
demonstration of the acrylic acid separation column use was that two steady states
existed at the same operating conditions (that is, at the same feed rate, feed
composition, aqueous reflux flow rate, and bottom flow rate). One steady state,
referred to above as the "aqueous mode," is critical to obtaining the very low levels

" of AA in the BA-rich phase and of BA in the AA-rich bottom stream as previously
described. In the aqueous mode the acrylic acid separation column runs relatively
"cool," there are substantial amounts of water in the liquid on all trays, water is
present in the bottom stream, and there is negligible BA in the bottom stream. In
surprising contrast, however, there exists at the same conditions (that is, at the same
feed rate, feed composition, aqueous reflux flow rate, and bottom flow rate) a second
mo‘de, the "organic mode,” which is undesirable. In the organic mode, the acrylic
acid separation column runs about 30-35 C° hotter than in the aqueous mode,
considerable amounts (> 10 wt%) of BA are found in the bottom stream, and the
concentration of AA in the overhead mixture of BA is at least an order of magnitude
larger than the maximum of 2,000 ppm AA achieved via aqueous mode operation.
Also in the undesirable organic mode, the column not only is hotter than in the
aqueous mode, but all the water is concentrated in the top several trays and the
bottom stream is substantially dry. Examples 1- 6 and the below-described _
modeling studies provide further detail of the unexpected finding of these modes
and the rationale behind running the acrylic acid separation column as defined..
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.adj ust ment nenber inter-engagi ng neans for abutting transm ssion of

said bi-directional screw displacenent_to said adjustnment nenber whereby
screw di splacenent in a given directi bh results in an out war d- di spl acenment
of said cutting unit in an-adjustnment direction substantially transverse to

'said 5 oper %ir.\a\ﬂny, itk iié?ro%'@eed a most preferred continuous process, employing all
components of the invention in combination, for producing BA substantially free of
acrylic acid (AA), and for recovering AA, BA, n-butanol (BuOH) and water from an
esterification reactor mixture containing AA, BA, BuOH, water, heavy ends, and
acid catalyst, which comprises the following steps: ' |

a) feeding to an esterification reactor AA and BuOH, in a molar ratio of
from 1 to 1.1 to 1 to 1.7, and the acid catalyst;

b) Reacting the AA and BuOH to yield BA in a conversion of at least 60%
on AA, and yielding the esterification reaction mixture comprising AA, BA, BuOH,

 water, heavy ends, and acid catalyst;

Q) withdrawing a reactor bleed stream from the continuously converting
esterification reactor mixture while concurrently distilling AA, BA, BuOH and water
from the esterification reaction mixture;

d) feeding a total aqueous and organic feed stream comprising the reactor
bleed stream, water, optionally a strong acid selected from a mineral acid or sulfonic
acid, and optionally additional heavy ends, to a hydrolysis reactor maintained at 90°
to 140°C, 50 to 1000 mm Hg pressure, and a residence time of 0.5 to 20 hours based
on the total aqueous and organic feed stream; _

e) distilling an overhead stream containing AA, BA, BuOH, and water
from the hydrolysis reactor while maintaining a hydrolysis reactor liquid
concentration of from 5 to 40 weight % water and at least 1 weight % acid, the acid
comprising the acid catalyst and the optional strong acid; | '

f)  condensing the overhead stream;

g)  separating from the condensed overhead stream an organic phase
comprising BA, BuOH, and AA, and an aqueous phase comprising primarily water,
and AA, and BuOH; :

h) feeding the separated organic phase to the esterification reactor;

i) feeding the separated aqueous phase to the hydrolysis reactor;

)] withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based .on the total aqueous and organic feed stream, of a hydrolysis reactor bleed
stream;

k) feeding up to 100% of the hydrolysis reactor bleed stream to a cracking
reactor maintained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a
residence time of 0.5 to 20 hours based on the fed reactor bleed stream;

1) . distilling from the cracking reactor a cracking reactor overhead stream
comprising AA, BA, BuOH, and water while maintaining a cracking reactor liquid
concentration of at least 7.5 weight % acid;

m)  condensing the cracking reactor overhead stream;



“I'n accordance with the present invention, a cutting tool assenbly
can be adapted for either single or nultiple operative cutting edge

<machi ni ng operations, for exanple, turning or mlling, respectively.
Dependi ng on the i'nmpl ement ati on, an adj ustnment device typically has
a full stroke of between 10 about 3l1é&m 5 nm and provi des for an outward
adj ust nent of about 150 um per nmm of stroke. Each

adj ust ment nenber preferabl as a lght cylindrical ahut nent . surface
and a pl anar adfst rré‘?Wﬁ%%h&@,e ané@qﬁ@rﬂ@gg{lﬂ?x\sedcrac SR abl e
at strict bobicadcaeamforhptisingeAAIBASBuOH, andrwateg can be

0) distilling from the esterification reactor, concurrently with above steps
c) through n), a vaporized mixture comprising AA, BA, BuOH, and water;

p)  condensing the vaporized mixture to provide a first condensate
comprising an organic phase and an aqueous phase;

g  returning from 0 to 30 percent of the organic phase to an entrainment
separator surmounting the esterification reactor; and _

r) feeding from 70 to 100 percent of the organic phase and from 50 to 100
percent of the aqueous phase to an acrylic acid separation column;

s) distilling from the acrylic acid separation column, at a pressure of from
35 to 800 mm Hg, in an aqueous mode and at an aqueous reflux ratio of 8.5:1 to 171,
an overhead mixture comprising an azeotropic mixture of butanol, butyl acrylate
and water; | _

t) removing from the distillation column an acrylic acid-rich bottom
streain;

u)  recycling the acrylic acid-rich bottom stream from the aérylic acid
separation column to the esterification reactor; .

V) condensing the overhead mixture to provide a second condensate;

w)  separating the second condensate into a butyl acrylate-rich organic
phase and a separated aqueous phase; and _ _

X) removing the butyl acrylate-rich organic phase substantially free of
AA. '

This method described immediately above also may be carried out wherein
steps p), q), and r) are bypassed and 100 percent of the vaporized mixture is fed
directly to the acrylic acid separation column of step s) and distilled thereafter as
described. When the vaporized mixture is fed directly to the column, the aqueous
reflux ratio is tightened to 13:1 to 17:1; all other steps are identical, except there is, of
course, no "first condensate.”

.In the continuous methods described immediately above, the acid catalyst
may be selected from sulfuric acid, a sulfonic acid, preferably methane-, benzene-,
and toluene-sulfonic acid, or a strong acid ion exchange resin. Sulfuric acid is
preferred for use both as the acid catalyst and as the optionally added mineral acid.
A preferable pressure range for carrying out the distillation in the AA separation
column is from 90 mm to 135 mm Hg. A preferred aqueous reflux ratio is, again,
from 8.5 to 12.5. The total aqueous and organic feed stream may be fed either to a
hydrolysis reactor which is a multi-plate reactive distillation column or, preferably,
to a CSTR, as previously described, thus providing hydrolytic reaction under



"15 inclined in either direction, the difference arising therefrom being
in the direction of rotation of the adjustnent screwrequired to

.achi eve an outward adj ustment, the adjustnment surface is preferably

i nclined such that its |eading end towards the screw threaded | eadi ng
end of the adjustnment screwis cl oser1? towards its |ongitudinal axis
than its trailing end. 20 Preferably, a cutting unit's
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: separately, as 22 and 23, and product BA is then isolated by conventional means.
Thus, the process from this point forward may be completed conventionally, for
example, by feeding streams 22 and 23, to a separator where the stream is caustic-
neutralized and any resulting AA salt extracted by water. The AA-free organic
phase is then dehydrated through a distillation column, removing final traces of
water. In a next column unreacted BuOH is recovered from the overhead as its
azeotrope with BA for recycle to the esterification reactor (stream 52), and passing
the bottom stream, containing substantially pure BA and inhibitors, to a product
final distillation column. In this final column, pure BA is distilled overhead in a
conventional manner and a bleed stream containing process inhibitors is removed
from the bottom for reuse. Representative purity of the BA obtained from the
process just described typically exceeds 99.8% BA. '
_ Examples
- General Materials: AA, crude and ptire n-butyl acrylate (BA), n-butanol
(BuOH), and heavy end streams were obtained from plant production streams
where indicated and were of the quality /purity indicated. Commercial
polymerization inhibitors were used as purchased at levels indicated and included
hydroquinone (HQ), HQ methyl ether (MEHQ), and phenothiazine (PTZ). Heavy
end components in the Examples include the following materials: AOPA, butyl p—
butoxy-propionate ("BBBP"), butyl B-hydroxy-propionate ("BBHP"), butoxy AOPA
("BAOPA"), butyl maleate and DBE.
Abbreviations: These include, in addition to those already defined, the
following terms: additional (add'l); aqueous (aq.); Comparative (Comp.); Example
(Ex.); Figure (Fig.); gram (g); grams per hour (g/hr); kilogram (Kg); hour(s) (hr(s));
heavy ends or heavy end streams ("heavies"); weight (wt.); millimeters of mercury
pressure (mm Hg); millimoles (mmoles or mm); pounds (Ibs); vaporized mixture
(vap. m1xt) ; round bottom flask (r.b. flask); less than (<); more than (>); point (pt.);
steady state (s.s.). In Fig. 2, data points are abbreviated as follows: open box points
are in the aqueous s.s. (mode), triangles are in the organic s.s., and circled data
points are experimental /example runs as numbered.

Analyses:  Standard methods were used for determination of water;
monomer, BuOH, and residual impurity and heavy end levels were determined by
gas/liquid chromatography (GLC) on a Varian Model 3700 chromatograph, using
flame ionization detection. Sulfuric acid determinations were obtained using an
Orion Research Ion analyzer pH probe and alcoholic tetrabutylammonium




receiving bore for a nore secure seating. Such an abutnent surface is 25
preferably planar and constituted by a pair of spaced apart, co-planar
abutment surfaces for a nore accurate abutment arrangemnent.

A cutting unit can be constituted by ggcutting insert for direct

abut ment agai nst an adj ustnent surface or, -alternatively, and particularly
I n the case of a mlling cutter, by a seating elenent in which a
cutting i nggdioxd@e tittant, tintessdtherwiss noted(HH$O) eorcentiations givienrin exhmyplest s
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Values Recoveries: Recovered "values" were calculated and measured as

follows from representative heavy ends produced, for example, in BA production.
Since all heavy ends related to BA production ultimately are derived from AA and

~ BuOH, the values recovery data were calculated to reflect the recovery of these
reactants, even though some recovery is in the form of product BA. For example,
100 moles of BBBP contains the equivalent of 100 moles of acrylic acid and 200 moles
of BuOH. Similarly, 100 moles of BAOPA contains the equivalent of 100 moles of
BuOH and 200 moles of AA. The "heavies mixture" (which is residue unaccounted
for) is assumed, for weight calculation purposes, to be a 1:1 molar mixture of acrylic
acid and BuOH with a molecular weight of 146 g/mole. BA monomer contains
equivalent molar amounts of AA and BuOH. So-called “free” values are simply the
same values in "free” (not incorporated as heavy end) form. Following is a list of
BuOH and AA values for representative, characterized heavy ends from exemplified

BA esterification reaction.
Component Values
butyl-B-butoxy propionate (BBBP) 2BuOH, 1 AA
butyl-B-hydroxy propionate (BBHP) 1BuOH, 1 AA
butyl-acryloxypropionate (BAOPA) 1BuOH, 2 AA
Acryloxypropionic Acid (AOPA) . 2 AA
n-butyl maleate 1 BuOH
Butylhydrogen sulfate 1 BuOH
Heavies Mixture 1BuOH, 1 AA
_ Process Yield: Process yield was calculated in the following manner.

The AA and BuOH present in any additional streams fed to the HRU were
treated in yield calculations as if they were fresh (i.e., raw material) AA and
BuOH as fed to the esterification reactor. The BA monomer present in additional
streams fed to the HRU was treated in yield calculations as if it were recycled BA
from a downstream separation (i.e., recycled or supplemental streams); i.e. no
yield increment was credited for any recycled BA. The yield on AA or BA can,

" therefore, exceed 100% when values (as described above) were recovered from
the HRU- and HRU /cracker-treated heavy end streams, as described. Thus, in
yield calculation summary: '



WD 97/ 34722 . |
PCT/ | L97/ 00099 BRI EF DESCRI PTI ON OF THE DRAW NGS

sFor a better understanding of the present invention and to show
19

% Yield of BA, based on AA =

mole AA (fresh to reactor) + mole AA (add'l streams)

and
% Yield of BA, based on BuOH =

mole BuOH (fresh to reactor) + mole BuOH (add'l streams)

Equipment: In the following Examples, HRU 5wasa 1 liter 4-neck r.b. flask
equipped with a stirrer, water cooled distillation head having a take-off port leading
to a 250 ml fraction cutter, phase separator 30. The HRU further was equipped with
feed inlet ports 3 and 4 for reactor bleed stream and heavy end stream and other
stream additions; a Hastelloy dip tube of 6 mm O.D. connected by a line, 9, to
cracking reactor 10 (when used) or to a bleed reservoir by line 52. The HRU was
heated with a heating mantle and was mechanically stirred. The various feed and
reflux and bleed streams were pumped into and from the reactor from glass feed
funnels using metering pumps. HRU thermal control was regulated by an electronic
temperature controller attached to a calibrated thermocouple. All process stream
lines exposed to streams containing sulfuric acid were constructed of Hastelloy C™
or poly-tetrafluouroethylene (PTFE).

~ The cracking reactor 10 consisted of a 500 ml flask configured similarly to the
HRU regarding temperature control and process stream lines. Bleed stream inlet 9
from the HRU fed the cracking reactor via feed port and pump. Receiver 31 was a
125 ml fraction cutter.

The acrylic acid separation columns are described in specific Examples.

All percentages are by weight, based on the weight of the mixture in which a
stated component is contamed unless otherwise indicated.

Modelmg studles were performed using 'Aspen Plus," ™ an advanced
flowsheet simulator from Aspen Technology, Inc. All data points were obtained
using an "Aspen" column model which had 13 theoretical trays plus reboiler and
decanter and operated at an overhead pressure of 75 mm Hg. The feed tray was the
4th theoretical tray from the bottom; the column bottom stream was sized to contain
90 wt% AA and 10% water during aqueous operation. Figure 2 shows the two
"steady states” (that is, the desired "aqueous" and the undesirable "organic” modes,
described previously) of the acrylic acid separation column for the feeds shown in
Table 1, corresponding to a reactor conversion of AA to BA of 80% at a molar ratio of



how t he sanme can be carried out in practice, reference will now be nade to

t he acconpanyi ng drawi ngs, in which: 5 Fig. 1is a partia
-perspective view of a mlling cutter; Figs. 2 and 3 are
respectively partially cut away top agpfl side views of a portion of
the mlling cutter of Figure 1; and Figs. 4 and 5 are
- respectively expl oded and assenbl ed perspective vi ews of an
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The simulations indicated that the minimum aqueous reflux flow rate needed
to operate the acrylic acid separation column at the desired aqueous steady state
with the feed of Table 1A was approximately 15546 kg (32000 Ibs) / hr. The location
of the aqueous/organic transition was estimated by recognizing that the separation
of BA and AA in the AA separation column is achieved through azeotropic
distillation of BA using water as an azeotroping agent. Tables 1A and 1B below
illustrate how the minimum amount of water necessary to azeotrope all the BA in
the acrylic acid separation column feed was calculated. The first azeotrope to actin
the column is the lowest-boiling BA /butanol /water ternary azeotrope which at a
pressure of 100 mm Hg boils at 46.4°C and contains 36.0 % BA, 26.4 % BuOH, and
37.6 % water. This azeotrope depletes the butanol in the feed and takes 10429 kg
(22944 1bs) / hr of BA overhead out of a total of 20315 kg (44692 Ibs) / hr present in
the feed. The amount of water needed to satisfy this first azeotrope exceeds the
amount in the feed by 8198 kg (18036 Ibs) / hr. Once butanol has been depleted, the
next lowest-boiling azeotrope acting in the column is the BA/water binary
azeotrope which at a pressure of 100 mm Hg boils at 47.6°C and contains 61.0% BA
and 39.0% water. This second azeotrope takes the remaining 9885 kg (21748 Ibs) / hr
of BA overhead using 6320 kg (13904 1bs) / hr of water to satisfy the azeotrope
composition. The combined analysis of the two azeotropes shows that the total
amount of water needed to azeotrope all the BA in the feed exceeds the amount:
present in the aqueous feed by 6320 kg (31940 Ibs) / hr. This corresponds to the
minimum amount of water that must be supplied via the aqueous reflux to take all
the BA overhead and thus achieve aqueous mode operation. Excellent agreement is
shown between this estimate and the location of the aqueous/organic transition
predicted by the data in Fig. 2.

. TableslAandB
Modeli itions a I!
1A:  Acrylic Acid Separation Column Feed

for Modeling Conditions, Calculated at
80% Conversion/AA:BuOH Ratio 1:1.35

_ Modeling Column Feed
Component Kg (ibs)/hr wt%
AA 2693 (5925) 8.1
BuOH - 7648 (16826) 229
BA 20315 (44692) 60.9
H20 2695  (5928) 8.1
Total 33351 (73371) 100.0




In Figure 1, a mlling cutter, generally designated 1, has an axis of
rotation 2 and includes a cutter body 3 with a peripheral face 4 and an
.end face 5, the cutter body 3 being forned with a plurality of peripherally
15 di sposed insert receiving pockets 7 for releasably receiving a |like

nunber  of cutting inserts 8. : Each cutting insert 8 is
secured in an insert receiving pocket 7 by a clanping screw 9,
t hereby presenting an operative cut2f ng edge 10 substantial ly

radial |y disposed in the end face 5 and perpendicular to the axis 20 of
rotation 2 for wiping a work surface 11.

1B: Calculation of the Minimum Water Required to Azeotrope All BA
in the Feed of Table 1A Under Modeling Conditions

Feed 1st Azeotrope Residual 11 2nd Azeotrope Residual 2 2
(BA/BuOH/H20) (BA/H20
per hour per hour per hour per hour per hour
Comp. kg (Ibs) kg (Ibs) | wt% | kg (Ibs) | kg (Ibs) | wt% | kg {Ibs)
BA 20315 (44692) |10429 (22944)} 36.0 | 9885 (21748) | 9885 (21748) |é61.0 0 0
BuOH |7648. (16826) | 7648 (16826)] 264 { O 0 0 0 00 0 0
H20 2695 (5928) | 10893 (23964)| 37.6 | -8193 (-18036) | 6320 (13904) | 39.0 |-14518 (-31940)
' (Note 3) . (Note 3)

Notes:

1. Residual 1 is the Feed of Table 1A reduced by the 1st Azeotrope components.

2. Residual 2 is Residual 1 reduced by the 2nd Azeotrope components.

3. Water required to achieve the azeotropic composition of the respective azeotropic distillations,
showing deficits by the amount indicated.

The modeling results presented here correspond to a particular feed to the
acrylic acid separation column. However, the same analysis can be applied to any
column feed, corresponding to any particular set of reactor conditions, to estimate
the minimum aqueous reflux requirement in the column. The ability to accurately
predict the minimum water requirement for the acrylic acid separation column
based on feed composition alone allows the selection of an operating reflux ratio that
minimized the heat duty and diameter of the column while ensuring stable

operation in the desired aqueous mode.

In the modeling, it was possible to control which steady state, aqueous or
organic, the column operated at by starting a run at an extreme point (i.e., very high
reflux rates for aqueous steady state or very low reflux rates for organic steady state)

~ where only the targeted steady state exists, and then moving along the branch, either
by decreasing or increasing, respectively, the reflux flow rate until the targeted point
of operation was reached. This was achieved through examination of the sensitivity
of the process to key variables; in this study, the aqueous reflux flow rate was
examined. The two steady state branches of Fig. 2 were obtained by performing two
sensitivity studies in the program. In the first study, the aqueous reflux flow rate
was started at a very high end of 61364 kg (135000 Ibs)/hr (a reflux ratio of about 40,
using 1591 kg (3,500 1bs)/hr as the aqueous feed forward rate) and gradually
decreased to a very low 4545 kg (10000 Ibs) / hr. (a reflux ratio of about 3). This
‘study generated the lower, "aqueous branch” of Fig. 2 which represented the desired
aqueous mode where the levels of AA in the organic distillate are very low. (In this
program, the lowest level of AA in the distillate (27 ppm) was achieved with the
minimum amount of reflux (ca. 15454 kg (32000 Ibs) / ht, a reflux ratio of about 9,
indicated to run the column in the desired steady state mode.) When the reflux flow



Renote fromthe end face 5, each cutting insert 8 has an abut nment
surface 13 parallel to its cutting edge 10. As shown in Figures 2 and
.3, the abutnment surface 13 is preferably constituted by a pair of co-

pl anar, inclined spaced apart abutrent surfaces 13A and 13B, thereby 25
providing a nore accurate abutnent ar?%ngenent t han a singl e abut nment
surface 13. Openi ng into each insert recei ving pocket 3
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cyl i ndri call4090 kg (310A0dbs) s hrofireflux, a sudden and very large indrease in the distilfate
AA level occurred. Below 14090 kg (31000 Ibs) / hr, the column operated only in the
organic mode and the two modes converged to a single solution.

. Inasecond sensitivity study, the aqueous reflux flow rate was started at the

low end, at 4545 kg (10000 Ibs) / hr, and gradually increased to ca. 61364 kg
(135000 Ibs) / hr. This study generated the upper, "organic branch” in Fig. 2 and
represented the undesired organic mode where the levels of AA in the organic
distillate are much higher, as indicated. Moving successively along this branch
(points 4 - 7) to above ca. 54545 kg (120000 Ibs) / hr where there is enough water to
force the column into aqueous mode of operation, both branches converged to a
single aqueous steady state. Within the aqueous branch, the operating region in this
simulated study leading to BA having substantially no AA (a target of 2,000 ppm,
preferably <1000 ppm,AA), is a small region in the bottom aqueous branch of Figure -
2. The program also predicted high levels of BA (e.g. 23-74 wt. %) in the bottom
stream when the column ran in the organic mode. Recycle of BA to the esterification
reactor is undesirable because it depresses the rate of conversion of AA and BuOH.

In subsequent modeling of the two steady states in the AA separating
column, it was determined that bypassing the reactor condenser and phase separator
14 and feeding a vaporized mixture directly to the column had the advantage of
reducing the steam duty requirement of the column. However, because the water in
the feed is already vapdi-ized, it is essentially unavailable to form an azeotrope with |
BA and more reflux water is required to make up for this deficiency. For a vapor
feed to the column, the aqueous/ orgahic transition point in Figure 2 moves toward
the right by the amount of water in the feed, and the aqueous reflux ratio range for
aqueous-mode operation is tightened to 13:1 to 17:1.

Modeling also showed that refluxing any portion of the organic phase is
detrimental to column operation because any BA and butanol returned to the
column via an organic reflux will simply need to be removed again by azeotropic
distillation with additional water. In addition, AA in the organic reflux is returned
to the column at the very top, leaving no trays to rectify this AA contribution out of
the overhead vapor. These factors increase the minimum amount of water necessary
to operate in the aqueous mode, reduce the width of the aqueous operating window,
and raise the minimum levels of AA that can be achieved in the distillate.

Vapor-liquid equilibrium (VLE) data indicate that butanol has the effect of
depressing the volatility of AA. In accordance with the VLE data, modeling shows
that column feed streams that are rich in butanol give distillate streams that are low
in AA. Therefore, low conversions and high butanol-to-AA ratios in the reactor



- 30 conplete cylindrical support wall 15A. As shown in Figure 2, a bore 15
termnates in a right threaded tapped bore section 16 having a | ongitudi nal
axis 17 subtending an angle of inclination [err] with the work surface I1.
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which yield butanol-rich effluents are favorable for the BA/AA separation and yield
the wide (8.5:1 - 17:1) aqueous reflux operating windows, as described. In the event
that the reactor cannot be operated under the above conditions, a provision for a
separate fresh butanol stream fed directly to the AA separation column can be made
to ensure a wide aqueous mode operating window independent of the reactor
conditions. Fresh butanol is best fed at or slightly below the main feed. Butanol
should never be fed above the main, AA-containing feed. (As a light component,
feeding butanol above the main feed allows it to flash overhead quickly, leaving the
trays between the mainfeed and butanol feed with little butanol to suppress AA

The existence of two steady states in the AA separauon column was
confirmed experimentally in a multi-day continuous laboratory run, from which
Examples 1 - 6 and Comparative Examples 1 - 2 were taken. Material flow rates in
Table 1 and in the simulations that generated Figure 2 were modeled on a plant-

 scale; in the acrylic acid separation column Examples below, flow rates were scaled
down such that 250 Kg (550 Ibs)/hr on the above plant scale model were equivalent
to 1 g/hr in this laboratory run. The extended run, which approximately followed
the points circled in Figure 2, started out by demonstrating continuous operation of
the column in the aqueous mode for various reflux flow rates, Points 1 and 2. This
portion of the run was followed by an intentional decrease of reflux water to drive
the column to organic mode operation, Points 3 and 4. Subsequent changes of boil-
up conditions then were imposed to restore the column to aqueous operation. In
Fig. 2, points 1 and 5, 2 and 4, 6 and 8, represent pairs of matching points, i.e., points
of equal reflux flow rate in the aqueous and organic modes, respecﬁvely; The
aqueous mode, once achieved, was maintained by a reflux ratio of from 8.5:1 to 17:1,
and yielded distilled BA having the desired level of AA, <2,000 ppm and alsoa
separated aqueous AA stream having substantially no BA. The measured levels of
AA in BA at points 1 and 2 were 950 ppm and 200 ppm AA, respectlvely, and of BA
in AA, none (<1 ppm) was measured.

The acryhc ac1d separation column 15 was a 30-tray, 1 —mch dJameter,
Oldershaw fractional distillation column equipped with a glass condenser in line 16
and a stainless steel steam reboiler. The column was operated at an overhead
pressure of 75 mm Hg. The acrylic acid separation column was fed per hour with
10.8 g (0.15 mol) of AA, 30.6 g (0.41 mol) of butanol, 82.4 g (0.64 mol) of BA, and 12.0
g (0.67 mol) of water. This mixture composition correspondéd to a reactor
condensate generated in a system where the reactor 1 operated at an AA-to-BuOH




- 6- As shown in Figures 2 and 3, snugly disposed within
a bore 15 I s an adjustnent device 19 adapted for screwing in and out
.of the cutter body 3 whereby its inward radial displacenent

correspondi ngly adjusts the Qui@ﬁrd axial projection of the cutting
insert 8 abutting thereagainst. The posi tion of an adjustnent device
19 along a bore 15 is secured by a grubb screw 20 displ aceabl e al ong

~a screw t hipgaelgfl1 AB5urlatld RRVERiGEbY30% bRA RAvhile receiving per hour 0.18 g of
recycled BA per gram of unreacted BuOH and 0.11 g of recycled water per gram of
unreacted AA. The feed tray was the 10th tray from the bottom. The overhead
mixture distilled at a temperature of 43.5 °C and was condensed and separated into
two phases in the receiver 18. Of the BA-rich organic phase 19, 117.3 g/h (grams per
hour) were collected which contained, by weight, 70.3 % BA, 26.0 % butanol, 3.6 %
water, and 0.1 % AA. Of the separated aqueous phase 20, 110.2 g/h (94.3 % of the
phase) was recycled to the top of the column through line 21 and 6.7 g/h (5.7 %) was
moved forward through line 22, yielding an aqueous reflux ratio of 16.4. The
aqueous phase contained 96.6 % water, 3.2 % butanol, 0.2 % BA, and 354 ppm AA.
Of the AA-rich bottom product, stream 17, 12.0 g/h were collected containing 89.2 %
AA and 10.8 % water. The resulting bottom temperature was 60.0 °C. Ex. 1
corresponded to point 1 in Fig. 2.

The apparatus, feed rate, feed composition, feed location, column pressure
and general column operation were the same as those described in Ex. 1. Steam to
the reboiler and aqueous condensate return rate were reduced in order to reduce the
aqueous reflux flow to the column. The overhead product in line 16 obtained at a
temperature of 42.6 °C was condensed and separated into two phases in receiver 18.
117.1 g/h of the BA-rich organic phase 19 were collected which contained 70.4 % BA,
26.0 % butanol, 3.6 % water, and 218 ppm of AA. Of the separated aqueoué phase
20, 77.2 g/h (91.8 %) were recycled to the top of the column through line 21 and 6.9
g/h (8.2 %) were moved forward through line 22, yielding an aqueous reflux ratio of
11.2. The aqueous phase contained 96.6 % water, 3.2 % butanol, 0.2 % BA, and 81
ppm AA. 12.0 g/h of the bottom product by line 17 were collected containing 90.0 %
AA and 10.0 % water. The resulting bottom temperature was 60.4 °C. This Example
corresponded to point 2 in Figure 2. '

. The apparatus, feed rate, feed composition, feed location, and column
pressure and general column operation were the same as those described in Ex. 1
and the column was initially operated in a fashion identical to Ex. 2. Steam to the
reboiler and aqueous condensate return rate were then reduced in order to further
reduce the acjueous reflux flow to the column. The overhead product through 16
obtained at a temperature of 50.1 °C was condensed and separated into two phases
in receiver 18. 118.5 g/h of the BA-rich organic phase 19 were collected which
contained 62.6 % BA, 25.6 % butanol, 6.1 % AA, and 5.7 % water. Of the separated
aqueous phase 20, 36.0 g/h (86.2 %) were recycled to the top of the column through
line 21 and 5.8 g/h (13.8 %) were moved forward through line 22, yielding an
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to a bore 15 (see Figures 1 and 3). As shown in Figures 4

and 5, an adjustnent device 19 conprises an el ongat ed tubul ar
adj ust ment mermber 22 having a |ongitudinal axis 23 10 and fornmed with a
right cylindrical abutment surface 25 for a tight sliding fit

abut nent agai nst the matching bore supdort wall 15A and a pl anar
adj ust ment surface 26 for abutment thereagainst of the abutment surface 13.
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of a cuttignilsgt Bnt%mmg 70.7 % BA, 29.1 % AA and 0.2 % butanol. The resulting bottom
temperature was 88.3 °C. This Example corresponded to point 3 in Fig. 2 and
demonstrated that operating the column at a reflux ratio below the reflux ratio range
of the present invention leads to undesired organic-mode operation. The results
included high levels of AA in the BA-rich organic phase 19, high levels of BA in the
bottom stream 17 and high column temperatures relative to the aqueous mode
conditions of Examples 1-2.

The apparatus, feed rate, feed composition, feed location, and column
pressure were the same as those described in Ex. 1 and the column was initially
operated under conditions identical to the completion of Comp. Ex. 1. Steam to the
reboiler and aqueous condensate return rate were then increased in order to raise the
aqueous reflux to the column to the same flow rate as in Ex. 2 (point 2 in F1gure 1).
The overhead product through line 16 obtained at a temperature of 43.9 °C was
condensed and separated into two phases in the receiver 18. 117.9 g/h of the BA-
rich organic phase 19 were collected which contained 63.9 % BA, 25.8 % butanol, 5.2
% water, and 5.1 % AA. Of the aqueous phase 20, 77.2 g/h (92.5 %) were recycled to
the top of the column through line 21 and 6.2 g/h (7.5 %) were moved forward '
through line 22, yielding an aqueous reflux ratio of 12.4. The aqueous phase
contained 94.7 % water, 3.1 % butanol, 1.9 % AA, and 0.3 % BA. 11.9 g/h of the
bottom product through 17 were collected containing 60.4 % BA, 39.2 % AA and 0.4
% butanol. The resulting bottom temperature was 88.3 °C. This Comparative. Ex.
corresponded to point 4 in Fig. 2 and showed that even with a reflux flow rate of
77.2 g/hr, the same as in Example 2, and an aqueous reflux ratio of 12.4, the column
remained in the undesired state of organic mode operation and gave high levels of
AA in the organic distillate and of BA in the bottom stream, and high column
temperatures, relative to results under aqueous mode conditions of Examples 1 and
2. _

By demonstrating the existence of Point 4 in Fig. 2, the organic mode point
analogous to aqueous mode point 2, this Comparative Example demonstrated that
two steady states indeed exist in the column as predicted by the modeling described
above. This Comparative Example also demonstrated that the two steady state
branches form a "hysteresis loop” and that once the column is operating in the .
undesired organic mode, with sufficient heat input it remained in that mode of
operation even after the aqueous reflux ratio rate has been increased to a level
effective in aqueous mode operation. |



abut ment surfaces 13A and 13B being parallel to its front cutting edge 10,
necessarily, the angles of inclination [err] and [err] are equal.

Typically, the angle of inclination [err] lies between 8[err] and
12[err] such that the adjustnent surface 26 can slide along the

abut ment surfaces 13A and 13B wi't hout 268el f -1 ocki ng. 20 The

adj ust rent nenber 22 is rotatably nounted on an adj ust nent ~ screw 27
which initially slldnly extends ther -
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point 3 of Fig. 2 in a run identical to Comp. Ex. 1. To the top tray of the column was
then added a stream of water at a rate of 41.2 g/h. Combined with the original 36.0
g/h of aqueous reflux, this additional water stream provided an effective reflux flow
-to the column of 77.2 g/h, the same reflux rate as in Example 2 and Comp. Ex. 2, i.e.,
points 2 and 4, respectively, in Fig. 2. Reboiler steam input was maintained at the
same level as in Comp. Ex. 1 (point 3 of Fig. 2). Through thermocouples placed in
alternate trays, a cool front, primarily of liquid water, was observed to move down
the column, starting at the top tray and descending one tray at a time until it
eventually reached the reboiler. Thus, with no additional steam provided to the
" reboiler to handle the higher load, the additional water fed to the top tray behaved
as expected, in providing a cooling effect to all trays. Once the cool front reached the
reboiler, indicated by a sharp temperature drop from 88.3 °C to 57.0 °C, the
additional fresh water stream to the top tray was discontinued and reboiler steam
flow rates were increased to raise the aqueous reflux rate from 36.0 g/h to 77.2 g/h,
and the column was allowed to reach steady state, now in the  aqueous mode, at the
higher reflux rate.
The overhead mixtiire through line 16 obtained at a temperature of 42.6 °C
was condensed and separated into two phases in receiver 18; 117.0 g/h of the BA-

' rich organic phase 19 were collected which contained 70.5 % BA, 26.0 % butanol, 3.5
% water, and 263 ppm of AA. Of the separated aqueous phase 20, 77.2 g/h (91.8 %)
were recycled to the top of the column through line 21 and 6.9 g/h (8.2 %) were
moved forward through line 22, yielding an aqueous reflux ratio of 11.2. The
aqueous phase contained 96.6 % water, 3.2 % butanol, 0.2 % BA, and 75 ppm AA.
12.1 g/h of the AA rich bottom stream 17 were collected containing 89.5 weight %
AA and 10.5 weight % water. The resulting bottom temperature was 60.2 °C. This
outcome corresponded to point 2 in Fig. 2 and was substantially identical to that of
Ex. 2. .Thus, Ex. 3 demonstrated a short-cut method to return the column to the
desired aqueous mode operation from a point on the organic mode branch. In the
aqueous mode, the acrylic acid separation column is run with water in all trays and

~ in the bottom stream 17 while in the undesired organic mode, water concentrates in
the top several trays and bottom stream 17 is devoid of water. Although in this
Example the acrylic acid separation column started in the organic mode, by the
treatment shown the column was made operable in the desired aqueous mode. This
result was especially important in view of the findings of Comp. Ex. 2 which had
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Using apparatus described in Example 1 the column was operated at an overhead

pressure of 75 mm Hg and was fed per hour with 5.6 g (0.08 mol) of AA, 34.8 g (0.47 mol) of
butanol, 96.4 g (0.75 mol) of BA, and 13.1 g (0.73 mol) of water. This mixture composition
corresponded to a rgactor vaporized mixture generated in BA esterification wherein the
reactor 1 operated at an AA-to-butanol ratio of 1:1.5 and conversion of 90% on AA,
recycling 18% of BA per unit wt. of unreacted butanol via stream 52 and 7% of water per
unit wt. of unreacted AA via stream 17. The feed tray was the 10th tray from the bottom.
The overhead distillate 16 obtained at a temperature of 42.2 °C was condensed and
separated into two phases in the receiver 18. 135.8 g/h of the BA-rich organic phase 19
were collected; it contained 71.0 weight % BA, 25.5 weight % butanol, 3.5 weight % water,
and 550 ppm of AA. Of the aqueous phase 20, 78.9 g/h (90.6 %) were recycled to the top of
the column through stream 21 and 8.2 g/h (9.4 %) were moved forward through stream 22,
thus providing an aqueous reflux ratio of 9.6. The separated aqueous phase contained 96.7°
weight % water, 3.1 weight % butanol, 0.2 weight % BA, and 209 ppm AA. 6.0 g/h of the
AA-rich bottom stream by line 17 were collected containing 93.1 weight % AA and 6.9
weight % water.

The apparatus, feed rate, feed composmon, feed locatlon, and column
pressure were the same as in Example 4. The overhead mixture in 16 obtained at a
temperature of 41.9 °C was condensed and separated into two phases in receiver 18.
135.9 g/h of the BA-rich organic phase 19 were collected and contained 70.9 weight
% BA, 254 weight % butanol, 3.5 weight % water, and 779 ppm of AA. Of the
aqueous phase 20, 89.5 g/h (91.6 %) were recycled back to the top of the column
through stream 21 and 8.2 g/h (8.4 %) were moved forward through stream 22, for
an aqueous reflux ratio of 11.0. The aqueous phase contained 96.7 weight % water,
3.1 weight % butanol, 0.2 weight % BA, and 286 ppm AA. 6.0 g/h of the AA-rich
bottom stream 17 were collected containing 92.8 weight % AA and 7.2 weight %
water. This Example demonstrated an increase of AA in the BA-rich organic phase
from 550 ppm to 779 ppm, under these conditions, as the amount of aqueous reflux
increased relative to that of Example 4 (9.6 reflux ratio).

A five-tray section was added to the apparatus used in Example 1, thus
providing a 35-tray, 1-inch diameter, Oldershaw fractional distillation column
equipped with a glass condenser and stainless steel steam reboiler. The feed rate,
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feed composition, feed location, and column pressure were the same as those of
Example 4. The overhead mixture in 16 obtained at a temperature of 42.2 °C was
condensed and separated into two phases in receiver 18. 135.8 g/h of the BA-rich
organic phase 19 were collected which contained 71.0 weight % BA, 25.5 weight %
butanol, 3.5 weight % water, and 193 ppm of AA. Of the separated aqueous phase
20, 78.9 g/h (90.7 %) were recycled to the top of the column through stream 21 and
8.1 g/h (9.3 %) were moved forward through stream 22, for an aqueous reflux ratio
of 9.7. The aqueous phase contained 96.7 weight % water, 3.1 weight % butanol, 0.2
weight % BA, and 72 ppm AA. 6.1 g/h of the AA-rich bottom stream 17 were
collected containing 92.5 weight % AA and 7.5 weight % water. The resulting
bottom temperature was 62.3 °C. This Example demonstrated that adding 5 trays to
the rectifying section of the AA separation column further reduced AA in the BA-
rich organic phase from 550 ppm in Ex. 4 to 193 ppm.

This comparative example was performed in the above described 500 ml
cracking reactor, using feed streams described and without use of a HRU. Thus,
73.46 g/hr of a feed containing the coniposition listed in table 2 was fed to a CFSTR
maintained at 130°C, 35 mm Hg pressure, 60 min. residence time, and a catalyst
concentration of 8.07 wt% HSO4. A total of 55.24 g/hr of a single phase distillate
was recovered with the composition listed in table 3. Ableed stream of 18.22 g/hr
was bled from the cracking reactor and discarded as waste oil. The AA and BuOH
recovered values are summarized in tables 10 and 11, which shows that, after
recovery of free values, only 15.0% of the AA values in heavies and 11.6% of BuOH
values in heavies were recovered. :

Table 2
Feed Stream Composition for Comparative Example 3
. I mmol/hr Values

Feed Stream g/hrin | mmol/hrinFeed | mmBu | mm AA

Components Feed Stream
BuOH 0.70 9 _ 9 0
BA 31.66 247 247 247
AA 15.65 217 0 217
BBBP o . 147 7 14 7
BBHP 0.41 3 3 3
BAOPA 3.89 19 19 . 38
AOPA 3.60 25 . 0 50
Butyl Maleate 147 9 9 0
BuOSO-,OH 2.31* 15 - 15 0
"Heavies Mixture” 10.10 69 69 69
| Inhibitor 2.20 - NA :
Totals 73.46 385 631

* 1.47 g/hr calculated as H3SO4
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wal | s 33 for receiving the grubb screw 20. The groove 32 is el ongat ed
.SO as to enabl e radi al displacement of the adjustnent device 19.
The set-up of the mlling cutter 1 atygr ni mal axi al runout typically

i nvol ves the independent outward axi a% adj ustnment of its cutting
inserts by the inward screwing of their respective adjustnment screws such
that their operative cutting edges |ieTgBlg8 anar with the initially nost

axiall'y outpygfifled Everiéad Stedinh ContptisitidtiofU8Mpatdtive Example3  After
a nunber ; ttlng oftTte T T ITg- Cut( rdmbP/hrValues

Feed Stream g/hr mmol/hr B mm AA
Components '

BuOH

0.884

BA 33.199

AA 16.572

BBBP 0.718

Water 0.829

Dibutyl Ether 0.017 .

| High Boilers 3.022_| NA

Totals 5524 | 489

A total of 73.46 g of organic feed containing the composition listed in Table 4
was fed to the HRU maintained at a temperature of 108°C, 760 mm Hg, 144 min.
residence time, 16 wt% reactor water, and a catalyst concentration of 2.7 wt% HSO4.
In addition, 48.0 g/hr of esterification reactor first aqueous distillate (comprising
93.0% H0, 6.0% AA, and 1.0% BuOH) also was fed to the HRU to compensate for
water distilled and removed with the organic distillate and reactor bleed and to
simulate recycle of the aqueous distillate to the HRU. A total of 39.35 g/hr of
organic distillate and 38.27 g/hr of aqueous distillate were collected and analyzed.
The results of the analysis are summarized in Table 5. The organic phase was
separated for return to an esterification reactor, when used. A bleed stream of 43.24
g/hr was bled from the HRU and constituted the total feed to the bleed stripper

- CFSTR.
Table 4
Feed Stream Composition for HRU Feed, Example 7
mmol/hr Values
Feed Stream mmol/hr in Feed mm AA
Components Stream
BuOH
BA 255
AA 215
BBBP 5
BBHP 3
| BAOPA 74
AOPA 22
Butyl Maleate 0
BuOSO,0H* ——
Heavies Mixture 62
lnhjbitor
Totals 636

* 147 g calculated as H2504



facilitated by virtue of the adjustnment nmenbers being outwardly radially

di spl aced on the screwing out of their respective adjustnment screws from

-t he cutter body. When necessary, one or nore adjustnent devices can
be entirely renoved fromthe m]ller cutter 1 by its or their full
screw ng out - 15 fromthe cutter bO(ﬁQ VWil e the invention
has been described with respect to a Iim'ted nunber of enbodi nents,

it will be appreciated that many vari at, modi fi cations and ot her
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L O am ~mmol/hr Values || Aqueous
b
Component _AA
BuOH 3.959 54
BA 28.159 220
AA 5.245 - 73 0
BBBP 0.014 0.07 14
Water 1.624 90 —
DBE 0.028 0.22 44
High Boilers 0.321 — —
| Totals 39.350 || 347 274

The total of 43 24 g/ hr of the HRU bleed stream from Example 7 was fed to
the cracking reactor CSTR described above and held at a temperature of 130°C at 100
mm Hg pressure, and a residence time of 120 min. A total of 33.63 g of distillate, the
cracking reactor overhead stream, was obtained for return to an esterification
reactor. A total of 9.61 g/hr of cracking reactor residue stream was collected and
discarded as waste oil. The total AA and BuOH recoveries for the combination of
both units (HRU and cracking reactor) is summarized in Tables 10 and 11. The
results show that, after recovery of free values, 68.7% of the AA values in heavies
and 59.5% of the BuOH values in heavies were recovered.

Table 6
Composition of the Crackmg Reactor Overhead Stream of Example 8

Cracking Reactor I mmol/hr Values
Overhead Stream mmol/ hr mm Bu | mm AA
Components

BuOH

BA 59

AA 232

Water

High Boilers —
[Totals

Example 9" ﬂmﬁmhﬂmmmmmwg

Reactor in
This example under more severe HRU operating conditions (higher acid
concentration) than in Ex's. 7 and 8 afforded higher recovery of AA and BuOH
values. Thus, 73.46 g/hr of a feed stream with the composition listed in Table 7 was
fed to the HRU maintained at 114°C, 760 mm Hg, 5.1 wt% HSOy4 (7.5 wt% by mass



handed, i ndexabl e square-shaped cutting inseft described in the

Applicant's PCT/1L96/ 00112, in which case the mlling cutter 1
srequires suitable adaptation for receiving cutting inserts at a dish
angle for positioning their cutéli ng edges perpendicular to its axis

rotation.

balance (MB)), 144 min. residence time, and a water concentration of 15.5 wt%. In
addition, 46.48 g of aqueous feed comprising 93% water, 6% AA, and 1% butanol
was fed to the HRU to simulate recycle of the aqueous distillate plus makeup of
‘water lost to the organic distillate and bottoms bleed. A total of 41.96 g/hr of HRU
organic distillate (composition in Table 8), 38.80 g/hr of HRU aqueous distillate, and
28.22 g/hr of cfacking reactor overhead stream {composition in Table 9) were .
recovered and analyzed. The cracking reactor overhead stream was obtained by
feeding the HRU bleed stream (39.18 g/hr) to the cracking reactor maintained at the
following conditions: 130°C, 100 mm Hg, 120 min. residence time, 26.8% H2504 (by
MB). The total AA and BuOH recoveries for this tandem combination are listed in
Tables 10 and 11 and show that, after recovery of free values, 81.7% of the AA values
and 65.2% of the BuOH values in heavies were recovered.

Table7
Feed Stream Composition for Example 9
mmol/hr Values
. EomEonent g/ﬁeed mol/-bﬁeed 1_311 AA
BuOH 0.528 7 — 7 0
BA 32.480 - 254 254 254
AA 15.324 213 . 0 213
BBBP 0.804 4 8 4
BBHP 0.263 2 2 2
BAOPA 7.173 36 36 72
AOPA 1.423 10 0 — 20
| Butyl Maleate | 0.565 4 4 0
| BuHSOq4 4,618 30.0 30 0
Heayies Mixture 8.078 55 55 55
Inhibitor 2.20 NA
Totals 73.46 306 - 620
* 2.94 calculated as H2SO4 '
Table 8 .
Compositions of Streams from HRU Evaluation of Example 9
| _ “mmol/hr Values
Component | Org. phase | Org .wt% Org Bu AA
_ g/hr mmol/hr
— BuOH 4.126 9.832 56 56 0
~ BA 30.438 72.54 238 238 238
AA” 6.331 15.089 88 0 88
BBBP 0.047 0.112 0.23
Water 0.985 2.347 55
DBE 0.034 0.081 0.26
Hish Boilers - - - -
Totals 41.96 294 326
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Composition of the Cracking Reactor Overhead Stream of Example 9

n:_t_mol/ hr Values
‘—(—:omEonent g/hr wt%. mg_lol/-hr Bu AA
BuOH 0.391 1.387 5.28 5 0
BA 6.364 22.552 50 50 50
AA 15.566 55.161 216 216
Water 5.765 20.428 320
| High Boilers | 0.132 0.466 -
DBE 0.002 —
Totals 28226 55 266
Example 10 - Continuous Process for Producing Buty] Acrylate

The esterification reactor 1 was a 2 L round bottom, Pyrex, flask equipped
with a two plate (5.0 cm diameter) Oldershaw distillation column (serving as an acid
catalyst entrainment separator), a condenser, thermocouple, feed ports attached to
appropriate fluid metering pumps, and lines leading to a hydrolytic reactor unit
(HRU, 5) and cracking reactor 10, described more fully below. Reactor working
capacity was 750 ml of reaction mixture containing 2.50 wt% of sulfuric acid catalyst.
The reaction temperature was 89°C and the pressure was 127 mm Hg. Reactor 1 was
fed with 182.90 g/hr of fresh crude AA (assay: 96% AA by weight, 2435 mmol/hr),
182.48 g/hr of fresh n-butanol (BuOH, 2466 mmol/hr), and 1.71 g/hr of fresh H,SO,
(95.5 wt% acid). The reactor was fed with a total of 655.3 g/hr of material composed
of 223.85 g/hr AA (3105 mmol/hr), 316.90 g/hr BuOH (4282 mmol/hr) , an HRU
condensed and separated overhead organic stream, a cracking reactor overhead
condensate, an AA separation column bottom stream, and a BA/BuOH/H,0
mixture representing streams from recovery and recycle of the following streams: (a)
unreacted BuOH in a downstream BuOH/BA azeotropic distillation column; (b) a
BuOH/BA recovery stream from stripping of waste aqueous streams before sending
the stream to waste treatment; and (c) a portion of final pfoduct distillation column
bottoms. (These streams comprise the typical feed and supplemental (e.g. recycle)
streams used in a representative plant continuous process). The total BA thus fed to
the esterification reactor from these sources was 88.07 g/hr (688 mmol/hr), of which
50.85 g/hr represents recycle from downstream separation columns. AA and BuOH
were accordingly used in a mole ratio of 1:1.38.

The reactor was maintained at a residence time of approximately 60 minutes
whereby 749.8 g/hr of total material was distilled off as the reactor overhead
distillate through the Oldershaw column, condensed, and separated in two phases.
A portion of the organic phase (160 g/hr) was returned to the head of the distillation



CLAIMS: 1. A cutting tool assembly Corrpri sing a cutter body having a
cutting unit receiving pocket for releasably receiving a cutting unit with

.an operative cutting edge and an abutnment surface renote therefrom an
el ongated bore formed in the cutter body and opening into said receiving
pocket adjacent said abutnent surface33 an adj ustnment device |ocated

I n said bore and conpri sing:

column as reflux. The remaining 563.8 g/hr of organic distillate containing 38.56
g/hr of AA, 124.59 g/hr of BuOH, and 371.24 g/hr of BA was fed to the acrylic acid
separation column, 15. The reactor's aqueous condensed vaporized mixture was
separated (26.0 g/hr containing 2.12 g/hr of BuOH and 0.619 g/hr of AA) and split
in the following fashion: 22.4 g/hr to the AA separation column via line 53 and 3.6
g/hr to the HRU, via 42. '

The HRU 5 and cracking reactor 10 are identical to those described in
Examples 7, 8, and 9. Accordingly, 65.5 g/hr of esterification reactor bleed stream
containing 4.33 g/hr of BuOH, 6.19 g/hr of AA, 34.23 g/hr of BA, and other related
high boilers and inhibitors were fed to HRU 5 via line 3 and maintained at 122°C,
760 mm Hg pressure, 317 min residence time, 6.26 wt% H;0, and an acid catalyst
concentration of 7.58 wt% H,S50,. Additionally 3.6 g/hr of reactor aqueous.
condensed distillate was fed to the HRU. From the HRU, a total of 80.5 g/hr of
material was distilled as an overhead stream, condensed, and separated. The entire
separated aqueous phase (38.3 g/hr, containing 2.47 g/hr of BuOH and 1.01 g/hr of
AA) was returned to the HRU as reflux via 7. The separated organic phase (42.1
g/hr containing 7.07 g/hr BuOH, 3.19 g/hr AA, and 29.72 g/hr BA) was returned to
the esterification reactor as a recovered recycle stream via 8. A bleed stream of 27.0
g/hr was removed from the HRU via 9 and fed to cracking reactor 10 maintained at
120°C, 35 mm Hg pressure, 815 min residence time, and 20.5 wt% F,SO,. A total of
17 g/hr (containing 0.397 g/hr BuOH, 8.44 g/hr AA, and 4.78 g/hr BA) of material
was distilled off and condensed in 31. This combined condensate was returned via
12 to the esterification reactor as recycle. The bleed stream from the cracking reactor
was discarded as waste oil via 13.

' The acrylic acid separation column 15 consisted of a 35 plate, 5.0 cm diameter,
Oldershaw distillation column equipped with a steam jacketed, stainless steel,
reboiler and water cooled condenser syster'n.' Accordingly, 563.8 g/hr of
esterification reactor organic layer condensed distillate and 22.4 g/hr of ester reactor
aqueous layer condensed distillate (composition described above) were fed to 15
operated at a head pressure of 260 mm Hg, a base temperature of 82°C, and an
aqueous reflux ratio of 9.61. A total of 907.3 g/hr of overhead mixture was obtained
by distillation through the column, condensed, and separated, in 18. A total of 400.7 -
g/hr of separated aqueous phase was collected of which 363.4 g/hr was returned to
the head of the column as reflux vial line 21. The BA-rich organic phase (506.60
g/hr) containing the BA product was substantially free of AA (1450 ppm). An AA-
rich bottom stream of 42.3 g/hr was removed from the column (35.35 g/hr AA) and
recycled via 17 to the esterification reactor. Recovery data are included in Tables 10
and 11.



“an el ongat ed tubul ar adjustment member longitudinally slidable in said bore
and having a longitudinally directed adjustnment surface inclined with
~.respect to its longitudinal axis for abutting relationship with said

abut nent surface;- an el ongat ed adj ustnment screw extending through said
adj ust rent nenber for bi-directional Sgrew di spl acenent in respect of said
cutter body; adj ust nent nenber inter-engagi ng neans for transm ssion

of said bi-directional screw displacenent to said adjustnent menber whereby
screw di spl aceneWith theergire A piocessidperated dn kiis fashioma quankitagiveiyigd of Sdent
of said cut td gt Wal eaBRecPSihd!s 1B, LIS B8N 2 Wad Bhdifelof & 1058%T S€ L O
sai d operative .

theoretical yield, based on the AA and AOPA content of the fresh crude AA

charged).

E le 11 - Conti p tor Producing BA. Including Recycle of

The esterification reactor and related process equipment utilized in this
Example is identical to that described in Example 10. Reactor working capacity was
1000 ml of reaction mixture containing 2.25 wt% of sulfuric acid catalyst. All
working units were fed as herafter described. Reactor 1 was fed with 183.90 g/hr of
fresh crude AA (assay: 96% AA by weight, 2449 mmol/hr), 207.03 g/hr of fresh n-
butanol (BuOH, 2798 mmol/hr), and 2.05 g/hr of fresh H;SO, (95.5 wt% acid). The
HRU was fed via additional streams of 30.58 g/hr (424 mmol/hr) of AA and 4.11
g/hr (55.5 mmol/hr) of BuOH bringing the total fresh AA feed to the system to
207.12 g/hr (2873 mmol/hr) and the total fresh BuOH feed to 211.14 g/hr (2853
mmol/hr). Reactor 1 thus was fed with a total of 866.9 g/hr of material composed of:

- 260.10 g/hr AA (3607 mmol/hr), 406.6 g/hr BuOH (5495 mmol/hr} , an HRU
overhead condensed organic layer, a cracking reactor overhead stream, an AA

-separation column bottom stream, and a BA/BuOH/H;0 mixture representing
streams from recovery and recycle of the following streams: (a) unreacted BuOH in a
downstream BuOH/BA azeotropic distillation column; (b) a BuOH/BA recovery
stream from stripping of waste aquéous streams before sending the stream to waste
treatment; and (c) a portion of final product distillation column bottoms. (These
streams comprise the typical feed and recycled streams used in a fully integrated
plant continuous process). The total BA fed to the esterification reactor from these
sources was 144.6 g/hr, of which 84.14 g/hr represented recycled BA from |
downstream separation columns and supplemental waste streams. AA and BuOH
were accordingly used in reactor 1 in a mole ratio of 1:1.52.

The reactor was maintained at a residence time of approximately 60 minutes
whereby 995.9 g/hr of total material was distilled as the reactor overhead distillate
through the Oldershaw distillation column, condensed, and separated in two
phases. A portion of the organic phase (216.1 g/hr) was returned to the head of the
distillation column as reflux. The remaining 719.8 g/hr of organic distillate
containing 45.20 g/hr of AA, 183.10 g/hr of BuOH, and 451.0 g/hr of BA was fed to

' -the acrylic acid separation column, 15, which is described below. The reactor
aqueous distillate (60.10 g/'hr containing 4.78 g/hr of BuOH and 1.06 g/hr of AA)
was split in the following fashion: 36.5 g/hr to the AA separation column and 23.6
g/hr to the HRU.



.cth ting edge c'har'act erized in that said adjustnment screw initially
slidingly extends through said adjustnent nenber and said adjustnent screw
abuttingly transmts said bi-directional screw displacenent to said
adj ust nent nenber. 2. A cutting tool assenbly according to claiml
wherein said adjustnment nenber has a35ubst ant ially full right cylindrical
shape with a planar adjustnent
The HRU 5 and cracking reactor 10 are identical to those descnbed in
Examples 7, 8, and 9. Accordingly 87.1 g/hr of esterification reactor bleed stream
' vialine 3 and 128.7 g/hr of additional streams containing 11.3 g/hr of BuOH, 38.3
g/hr of AA, 37.1 g/hr of BA, and other related high boilers and inhibitors via line 4
were fed to the HRU maintained at 122°C, 760 mm Hg pressure, 150 min residence
time, 12.8 wt% H,0, and a catalyst concentration of 9.3 wt% H,50,. Additionally
23.60 g/hr of reactor aqueous distillate was fed to the HRU. From the HRU, a total
of 198.7 g/hr of material was distilled, condensed, and separated. The entire |
aqueous distillate (114.6 g/hr, containing 4.35 g/hr of BuOH and 6.25 g/hr of AA)
was returned to the HRU as reflux via line 7. The organic distillate (84.1 g/hr,
containing 12.2 g/hr BuOH, 9.94 g/hr AA, and 56.3 g/hr BA) was returned to the
esterification reactor as recycle via line 8. An HRU bleed stream of 155.2 g/hr was
removed from the HRU bottom and fed to cracking reactor 10 maintained at 120°C,
35 mm Hg pressure, 180 min residence time, and 24.0 wt% H;SO4. A total of 70.6
g/hr (containing 2.00 g/hr BuOH, 34.3 g/hr AA, and 9.29 g/hr BA) of cracking
reactor overhead stream was distilled and condensed. This condensate was
recovered and returned to the main esterification reactor as a recycled stream and
the cracking reactor bottom bleed stream was discarded as waste oil.
. The acrylic acid separation column 15 consisted of a 35 plate, 5.0 cm diameter,
Oldershaw distillation column equipped with a steam jacketed, stainless steel,
reboiler and water cooled condenser system. Accordingly, 719.8 g/hr of
esterification reactor organic distillate condensate and 36.5 g/hr of reactor aqueous
distillate condensate (compositions as described above) were fed to the acrylic acid
separation column opefated at a head pressure of 260 mm Hg, a base temperature of
82°C, and an aqueous reflux ratio of 12.5. A total of 1193.8 g/hr of overhead mixture
was obtained by distillation through the AA separation column, condensed, and '
separated. A total of 526.4 g/hr of separated aqueous phase was collected of which
487.9 g/hr was returned to the head of the AA separation column as reflux via line
21, the balance of the aqueous phase moved forward with the remainder of the
‘condensate. The BA-rich organic phase (667.4 g/hr) containing the BA product was
also moved forward for further isolation; it was substantially free of AA, containing
1500 ppm AA. An AA-rich bottom stream of 50.4 g/hr was removed from the AA
separation column (43.56 g/hr AA)and recycled via 17 to the esterification reactor.
Recovery data are included in Tables 10 and 11.
With the entire process for producing BA operated in the process described
by this Example, a BA yield based on BuOH was 100.5%; on AA, a BA yield of 99.8%
was realized.
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Table 10
Summary of AA Values Fed and Recovered
Example | Free AA AA Total | AAValues| TotalAA | %AA Total
Number | Values | Values AA Recovered Values Recovery % AA
Fed In Values From Recovered From Recovery
(mmol) | Heavies Fed Heavies (mmol) Heavies
_g| (mmol) | (mmol) |  (mmol)
Comp. 464 167 631 25 489 15.0% 77.5%
Ex.3
Ex.'s 7-8 470 166 636 114 584 68.7% 91.8%
Ex. 9 467 153 620 125 592 81.7% 95.5%
10 354 130 484 430 77 59.2% 89.1%
11 822 764 1586 1127 305 39.9% 71:1%
Summary of BuOH Values Fed and Recovered
Example | Free | BuOH | Total BuOH Total % BuOH Total
Number | BuOH | Values | BuOH Values BuOH Recovery % BuOH
Values In Values | Recovered Values From Recovery
Fed Heavies Fed From | Recovered | Heavies
(mmol) | (mmol) { (mmol) Heavies (mmol)
{mmol)
Comp. 256 129 385 15 271 11.6% 70.4%
~ Ex.3
Exs. 7-8 266 131 397 . 78 344 59.5% 86.6%
Ex. 9 261 135 396 88 349 65.2% 88.1%
10 330 124 454 370 40 32.3% 81.5%
11 443 471 | s14 705 262 55.6% 77.1%




) 3. . A cutting tool assenbly according to either claiml or 2 wherein
said adjustnent surface is inclined such that its |eading end towards the
iscrew t hreaded | eadi ng end of said adjustnent screwis radially closer
towards its longitudinal axis than its trailing end. 4. - A cutting
tool assenbly according to one of clai3® 1-3 wherein said :
We claim:
1. A method of recovering acrylic acid, a C1-C4 alkyl acrylate, and a C1-C4
alkanol from heavy ends produced during production of the C1-C4 alkyl acrylate,
comprising the steps of:

a) feeding a total équeous and heavy end feed stream comprising the
heavy ends, water, residual acid catalyst, and optionally a strong acid selected from
a mineral acid or sulfonic acid, to a hydrolysis reactor maintained at 90° to 140°C, 50
to 1000 mm Hg pressure, and a residence time of 0.5 to 20 hours based on the total
aqueous and organic feed stream;

b) distilling an overhead stream containing acrylic acid, the C1-C4 alkyl
aaylafe; the C1-C4 alkanol, and water from the hydrolysis reactor while maintaining
a hydroly.*sis reactor liquid concentration of from 5 to 40 weight % water and at least

- 1 weight % acid, the acid comprising the residual acid catalyst and the optional
. strong acid;
' c) condensing the overhead stream;

d)  separating from the condensed overhead stream an organic phase
comprising the C1-C4 alkyl acrylate, the C1-C4 alkanol, and acrylic acid, and an
aqueous phase comprising pnmanly water, and acrylic acid and the C1-C4 alkanol;

e removing the separated organic phase;
| f) recycling the separated aqueous phase to the hydrolysis reactor; and

g) withdrawing from the hydrolysis reactor from 20 to 70 weight %, -

based on the total aqueous and heavy end feed stream, of a hydrolysis reactor bleed

stream.

2. The method of Claim 1 further comprising the st'eps.raf:
a)  feeding up to 100% of the hydrolysis reactor bleed stream to a cracking
. reactor maintained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a-

residence time of 0.5 to 20 hours based on the fed reactor bleed stream;

* c L M S *



adj ustnent device further conprises anti backlash neans for synchroni zing
the di spl acenent of its adjustment menber with the bi-directional screw
<di spl acenent of its adjustnent screw. 5. A cutting tool assenbly
according to any one of clainms 1-4 further conprising angular orientation
means for aligning said adjustnent suggace wi th said el ongated sl ot.

b)  distilling from the cracking reactor a cracking reactor overhead stream
comprising acrylic acid, the C1-C4 alkyl acrylate, the C1-C4 alkanol, and water while
maintaining a cracking reactor liquid concentration of at least 7.5 weight % acid;

<) condensing the crackmg reactor overhead stream; and

d) . recovering from the cracking reactor overhéad stream acrylic acid, Ci-
C4 alkyl acrylate, C1-C4 alkanol, and water .

3. The method of Claim 1 wherein the total aqueous and heavy end feed stream
is fed to a hydrolysis reactor comprising a multi-plate reactive distillation column.

4. The method of Claim 1 wherein the total aqueous and heavy end feed stream
is fed to the hydrolysis reactor under continuously mixed conditions.

5. The method of Claim 1 wherein the mineral acid is sulfuric acid and the
sulfonic acid is selected from the group consisting of methane-sulfonic acid,
benzene-sulfonic acid, and toluene-sulfonic acid.

6. A method of recovering acrylic acid, n-butyl acrylate, and n-butanol from
heavy ends produced during acid-catalyzed esterification of acrylic acid with n-
butanol, comprising the steps of: '

a) feeding a total aqueous and heavy end feed stream cdmprising acrylic
acid, n-butyl acrylate , n-butanol, water, heavy ends, residual acid catalyst, and
optionally a strong acid selected from a mineral acid or sulfonic acid, to a hydrolysis .
reactor maintained at 90° to 140°C, 50 to 1000 mm Hg pressure, and Qa- residence time
of 0.5 to 20 hours based on the total aqueous and heavy end feed stream;

b) distilling an overhead stream containing acrylic acid, n-butyl acrylate,
n-butanol, and water from the hydrolysis reactor while maintaining a hydrolysis

' reacfor.; liquid concentration of from 5 to 40 weight % water and at least 1 weight %

acid, the acid comprising the residual acid catalyst and the optional strong acid;

* c L L S *




L

6. A cutting tool assenbly according to any one of claims 1-5
further conprising securing nmeans for securing the position of said

tadj ust nent devi ce al ong sai d bore. 7. A cutting tool assenbly
-according to any one of 1-6 wherein said abutnent surface protrudes through
said el ongated slot for abutnent-agaiqgg sai d adjustnment surface.

¢) - condensing the overhead stream; _

d) separating from the condensed overhead stream an organic phase
comprising the n-butyl acrylate , the p-butanol, and acrylic acid, and an aqueous
phase comprising primarily water, and acrylic acid, and n-butanol;

e) . removing the separated organic phase;

f) recycling the separated aqueous phase to the hydrolysis reactor; and

g) withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based on the total aqueous and heavy end feed stream, ofa hydrolysis reactor bleed |

stream. = .

7. The method of Claim 6 fui'ther.comi)rising the steps of: |
a) feeding up to 100% of the hydrolysis reactor bleed stream to a crackihg
‘reactor maintained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a
residence time of 0.5 to 20 hours based on the fed reactor bleed stream;

b) dlstllmg from the cracking reactor a cracking reactor overhead stream
comprising acrylic acid, n-butyl acrylafe , rbutanol, and water while maintaining a
cracking reactor liquid concentration. of at least 7.5 weight % acid;

<) condensing the cracking reactor overhead stream; and

d)  recovering from the cracking reactor overhead stream acryhc acid, p-

butyl acrylate, n-butanol, and water.

8. The method of Claim 6 wherein the total aqueous and heavy end feed stream

is fed to a hydrolysis reactor comprising a multi-plate reactive distillation column.

9.  The method of Claim 6 wherein the total aqueous and organic feed stream is

. fe;l to the hydrolysis reactor under continuously mixed conditions.

- 10. The method of Claim 6 wherein thé mineral acid is selected from sulfuric acid |

and the sulfonic acid is selected from methane-, benzene-, or toluene-sulfonic acid.

* c L L] S *
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wherein said abutnment surface includes a pair of co-planar,

8. A cutting tool assenbly according to any one of clains 1-7

spaced apart

., abut ment surfaces. 9. A mller cutter according to any one of

clains 1-8.
40

11. The method of Claim 6 wherein the residual acid catalyst and the mineral

acid each is sulfuric acid.

12. A method of continuously recovering acrylic acid, n-butyl acrylate (n-butyl

acrylate ), and _n—bﬁtanol (n-butanol) from heavy ends produced during acid-

catalyzed esterification of acrylic acid with n-butanol, comprising the steps of:

a) withdrawing continuously a reactor bleed stream from an esterification

reactor containing an esterification reaction mixture comprising acrylic acid, n-butyl

acrylate , n-butanol, water, heavy ends, and residual acid catalyst, while

concurrently distilling acrylic acid, n-butyl acrylate, n-butanol, and water from the

esterification reaction mixture;

b) feeding a total aqueous and organic feed stream comprising the reactor

bleed stream, water, opﬁonally a strong acid selected from a mineral acid or sulfonic

.acid, and optionally additional heavy ends, to a hydrolysis reactor maintained at 90°

to 140°C, 50 to 1000 mm Hg pressure, and a residence time of 0.5 to 20 hours based

‘on the total aqueous and organic feed stream;

c) distilling an overhead stream containing acrylic acid, n-butyl acrylate,

n-butanol, and water from the hydrolysis reactor while maintaining a hydrolysis

reactor liquid concentration of from 5 to 40 weight % water and at least 1 weight %

acid, the acid comprising the residual acid catalyst and the opﬁona‘l strong acid;

d)  condensing the overhead stream;

e)  separating from the condensed overhead stream an organic phase

comprising n-butyl acrylate , n-butanol, and acrylic_ acid, and an aqueous phase

comprising primarily water, and acrylic acid, and n-butanol; -

f) removing the separated orgénic phase;

g) recycling the separated aqueous phase to the hydrolysis reactor; and

R

-



" -l0-

41

h) - withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based on the total aqueous and organic feed stream, of a hydrolysis reactor bleed

stream.

13. The method of Claim 12 further comporising the steps. of: _
a) feedmg up to 100% of the hydrolysxs reactor bleed stream to a cracking
reactor mamtained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a
residence time of 0.5 to Zﬁ hours based on the fed reactor bleed stream;
b)  distilling from the cracking reactor a cracking reactor overhead stream
compnsmg acryhc ac:d n-butyl acrylate , p-butanol, and water - while mmtammg a

: crackmg reactor hqmd concentration of at least 7. S5 waght % acid;

<) condensing the cracking reactor overhead stream; and
d) recovenng from the cracking reactor overhead stream acryhc acid, n-

butyl acrylate n-butanol, and water.

14.  The method of Claim 12 wherein the total aqueous and organic feed stream is
fed to a hydrolysis i'mctpr comprising a multi-plate reactive distillation column.

15. The method of Claim 12 wherein the total aqueous and organic feed stream is
fed to the hydrolysis reactor under continuously mixed conditions.

16.  The method of Claim 12 wherein the additional heavy ends compnse up to 80
weight % of the total aqueous and organic feed stream.

17. The method of Claim 12 wherein the mineral acid is sulfuric acid and the

sulfomc acid is selected from methane-, benzene-, or toluene-sulfonic acid.

- 18.  The method of Claim 12 wherein the acid catalyst and the mineral acid each is

- sulfuric acid.

AR



] 10. An adj ustnent device conprising an el ongated tubul ar adj ust nent
menber having a longitudinally directed adjustnment surface inclined with
'respect to its longitudinal axis, an el ongated adjustnent screw extending
- through sai d adjustnent nenber and adj ustnent nenber inter-engagi ng neans
for securing said adjustnent nenbeér om2sai d adj ustnent screw -
characterized in that said adj ustnment screw initially slidingly extends

through sai (%Q.adj usfngttahnc}d gF contmuously recovering n-buty! acrylate substantially free of
acrylic acid from an esterification reaction mixture, comprising the steps of:

a) feeding continuously to an esterification reactor acrylic acid and n-
butanol in a molar ratio of acrylic acid to n-butanol of from 1 to 1.1 to 1 t0 1.7, and an
acid catalyst;

b) reacting the acrylic acid and p-butanol to yield n-butyl acrylate in a
conversion of at least 60% based on acrylic acid, and yielding the esterification
reaction mixture comprising acrylic acid, n-butyl acrylate, n-buﬁnol, water, heavy
ends, and acid catalyst; |

9 distilling from the estenﬁcauon reactor a vaponzed mixture
comprising acryhc acid, n-butyl acrylate , p-butanol, and water;

d)  condensing the vaporized mixture to provide a first condensate
comprising an organic phase and an aqueous phase;

e)  returning from 0 to 30 percent of the organic phase to an entrainment
separator surmounting the esterification reactor; and |

f) feeding from 70 to 100 percent of the organic phase and from 50 to 100
percent of the aqueous phase to an acrylic acid separation column; .

g)  distilling from the acrylic acid separation column, at a pressure of from
35 to 800 mm Hg, in an aqueous mode and at an aqueous reﬂuﬁ ratio of 8.5:1t0 17:1,
an overhead mixture comprising an azeotropic mixture of n-butanol, n-butyl
acrylate and water; |

h) removing from the distillation column an acrylic acid-rich bottom
stream;

i) - recycling the acrylic acid-rich bottom stream from the acrylic acid
separation column to the esterification reactor;

j) condensing the overhead 'mixt'ure to provide a second condensate;

k) separating the second condensate into a n-butyl acrylate-rich orgamc

~ phase and a separated aqueous phase; and

* c L L} S *



11. - An adj ust ment devi ce according to claim210 wherein said
adj ust nent nenber has a right cylindrical abutnment surace with a planar
vadj ust nent surface. 12. An adj ust ment device according to either
claim10 or 11 wherein said adjustnent surface is inclined to said
| ongi tudi nal axis such that its leading end is radially closer thereto than
its trailing end. _ 43 :
1) removing the n-butyl acrylate-rich organic phase substantially free of

acrylic acid.

20.  The method of Claim 19 wherein the acid catalyst is selected from the group

consisting of sulfyric acid, sulfonic acid, and a strong acid ion exchange resin.
21. The method of Claim 19 wherein the acid catalyst is sulfuric acid.

22.  The method of Claim 19 wherein distilling in the acrylic 4¢id separation

column is carried out at a pressure of from 90 mm to 135 mm Hg.
23 The method of Claim 19 wherein the aqueous reflux ratio is from 8.5 to 12.5.

24.  The method of Claim 19 further comprising the steps of:
| a)  bypassing steps d), e), and f); and |

b)  feeding 100 percent of the vaporized mixture directly to the acrylic
acid separation column of step f) and distilling wherein the aqueous reflux ratio is
from 13:1 to 17:1. |

25. A continuous process for producing n-butyl acrylate substantially free of
acrylic acid and for recovering acrylic acid, n-butyl acrylate, p-butanol (n-butanol)
and water from .an esterification reactor mixture containing acrylic acid, n-butyl
acrylate, n-butandl, water, heavy ends, and acid catalyst, comprising the steps of:

a) feeding to an esterification reactor acrylic acid and n-butanol, in a
molar ratio of from 1 to 1.1 to 1 to 1.7, and the acid catalyst;

b) reacting the acrylic acid and p-butanol to yield n-butyl acrylaté ina
conversion of at least 60% on acrylic acid, and yielding the esterification reaction
mixture comprising acrylic acid, n-butyl acrylate , n-butanol, water, heavy ends, and

acid catalyst;

T



" 13. "An adj ust ment device according to one of clains 10-12 further
conpri sing anti-backl ash neans. 14. An adj ust nent devi ce according
vto any one of clainms 10-13 wherein said adjustnent nmenber is formed with an

el ongated longitudinally directed groove with tapering side walls.
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<) withdrawing a reactor bleed stream from the continuously converting
esterification reactor mixture while concurrently distilling acrylic acid, n-butyl
acrylate , n-butanol and water from the esterification reaction mixture;

d) feeding a total aqueous and organic feed stream comprising the reactor
bleed stream, water, optionally a strong acid selected from a mineral acid or sulfonic
acid, and optionally additional heavy ends, to a hydrolysis reactor maintained at 90°
to 140°C, 50 to 1000 mm Hg préssure, and a residence time of 0.5 to 20 hours based
on the total aqueous and organic feed stream; - -

e) distilling an overhead stream containing acrylic acid, n-butyl acrylate ,
n-butanol, and wafer from the hydrolysis reactor while maintaining a hydrolysis
reactor liquid concentratibn of from 5 to 40 w&gﬁt % water and at least 1 weight %
acid, the acid comprising the acid catalyst and the optional strong acid;

~ f)  condensing the overhead stream;
g)  separating from the coﬁdensed overhead stream an organic phase
. comprising n?butyl acrylate , n-butanol, and acrylic acid, and an aqueous phase
comprising primarily water, and acrylic acid, and n-butanol; |

h)  ‘feeding the separated organic phase to the esterification reactor;

i) feeding the separated aqueous phase to the hydrolysis reactor;

i) withdrawing from the hydrolysis reactor from 20 to 70 weight %,
based on the total aqueous and organic feed stream, of a hydrolysis reactor bleed
stream; ‘

k) feeding up to 100% of the hydrolysis reactor bleed stream to a cracking
reactor maintained at 90° to 140°C, a pressure of from 20 to 200 mm Hg, and a
residence time of 0.5 to 20 hours based on th_e fed reactor bleed stream;

1) distilling from the cracking reactor a cracking reactor overhead stream
comprising acrylic acid, n-butyl acrylate , n-butanol, and water while maintaining a
crécléing reactor liquid co_ncehtration of at least 7.5 weight % acid;

m)  condensing the cracking reactor overhead stream;
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n)  recycling to the esterification reactor the condensed cracking reactor
overhead stream comprising acrylic acid, p-butyl acrylate, p-butanol, and water;
0) distilling from the esterification reactor, concurrently with above steps
) through n), a vaporized mixture ¢comprising acrylic acid, n-butyl acrylate, o-
" butanol, apd water; | _
p)  condensing the vaporized mixture to provide a first condensate
. comprising an organic phase and an aqueous phase; o
C)) returning from 0 to 30 percent of the organic phase to an entrainment
separator surmounting the esterification reactor; and .- -
r) feeding from 70 to 100 percent of the organic phase and from 50 to 100
percent of the aqueous phase to an acrylic acid separation column; '
| s) . dlstllhng from the écrylic acid separation column, at a pressure of from
' '35 to 800 mm Hg, in an aqueous mode and at an aqueous reflux ratio of 8.5:1 to 17:1,
an overhead mixture comprising an azeotropic mixture of butanol, butyl acrylate
‘and water;
t) - removing from the distillation column an acrylic acid-rich bottom
stream; _ |
' u)  recycling the acrylic acid-rich bottom stream from the acrylicacid <.
separation column to the esterification reactor;
v) cbndensing the overhead mixture to provide a second condensate;
w)  separating the second condensate into a n-butyl acrylate-rich organic
phase and a separated aqueous phase; and
| x) removing the n-butyl éc;ylate-rich organic phase substantiﬁlly free of
acrylic acid.

- 26 The method of Claim 25 further comprising the steps of:
a)  bypassing steps p), q), and r); and '
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b)  feeding 100 percent of the vaporized mixture directly to the acrylic

acid separation column of step s) and distilling, wherein the aqueous reflux ratio is

from 13:1 to 17:1.

27.  The method of Claim 25 wherein the acid catalyst is selected from the group
- consisting of sulfuric acid, a sulfonic acid, and a strong acid ion exchange resin.

28. . The method of Claim 27 wherein the sulfonic acid is selected from the group
consisting of methane-sulfonic acid, benzene-sulfonic acid, and toluene-sulfonic

acid.

| 29.  The method of Claim 25 wherein distilling in the acrylic acid separation

column is carried out at a pressure of from 90 mm to 135 mm Hg.
.30.  The method of Claim 25 wherein the aqueous reflux ratio is from 8.5 to 12.5.

31.  Themethod of Claim 25 wherein the total aqueous and organic feed stream is

fed to a hydrolysis reactor comprising a multi-plate reactive distillation column. -

32.  The method of Claim 25 wherein the total aqueous and organic feed stream is

fed to the hydrolysis reactér under continuously mixed conditions.

33.  The method of Claim 25 wherein the additional heavy ends comprise up to-80

weight % of the total aqueous and organic feed stream.
34.  The method of Claim 25 wherein the acid catalyst and the mineral acid each is

sﬁlfuric acid.

35. The stgps or features disclosed herein or'any combination thereof.
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Abstract of the Disclosure
* "Process for Producing Butyl Acrylate"'

An improved process for producing n-butyl acrylate in high yield and high
purity éubstanﬁally free of acrylic acid, incorporates one or more of the following
new process components in an acid-catalyzed esterification process for producing n-
butyl acrylate: |

1. A hydrolytic recovery component, wherein heavy end adducts
produced during the acid-catalyzed esterification are hydmlyzed, recovered, and
recycled as valuable reactants from a hydrolytic recovery unit (HRU);

2. | A cracking reactor component, preferably used with the HRU, wherein
additional valuable reactants are recovered and recycled after treatment in the
cracking reactor; and | |

3. A new distillative component, wherein a crude n-butyl acrylate stream
is efficiently distilled in an aqueous mode through an acrylic acid separation
column, thereby providiné n-butyl acrylate substantially free of acrylic acid and in
high yield. ‘

The first twd components also are applicable to acid-catalyzed processes‘
producing'C1 to C4 alkyl acrylates. A continuous process producing n-butyl

acrylate incorporating all new process components also is disclosed.



