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B-propiolactone production system/production process configured to produce B-propiolactone from ethylene oxide and carbon
monoxide; a polypropiolactone production system/production process configured to produce polypropiolactone from
B-propiolactone; and a glacial acrylic acid production system/production process configured to produce acrylic acid with a high
purity by thermolysis of polypropiolactone.
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PRODUCTION SYSTEM/PRODUCTION PROCESS FOR ACRYLIC ACID AND
PRECURSORS THEREOF

FIELD

[0001] The present disclosure relates generally to systems and methods for producing
acrylic acid and precursors thereof, including [-propiolactone and polypropiolactone, from

ethylene oxide and carbon monoxide.
BACKGROUND

[0002] Polypropiolactone 1s a biodegradable polymer that can be used 1n many packaging
and thermoplastic applications. Polypropiolactone 1s also a usetul precursor for the production
of acrylic acid. Polypropiolactone may serve as a precursor for glacial acrylic acid, which 1s
in high demand for the production of polyacrylic acid-based superabsorbent polymers,
detergent co-builders, dispersants, flocculants and thickeners. One advantage of
polypropiolactone 1s that it can be sately transported and stored for extended periods of time
without the safety or quality concerns associated with shipping and storing glacial acrylic acid.
There additionally 1s 1nterest 1n glacial acrylic acid which can be produced from biomass-
derived feedstock, petroleum-derived teedstock, or combinations thereof. Given the size of the
acrylic acid market and the importance of downstream applications of acrylic acid, there 1s a

need tor industrial systems and methods to produce acrylic acid and precursors thereotf.

BRIEF SUMMARY OF THE INVENTION

10003 ] Provided herein are systems and processes for the production of acrylic acid and
precursors thereof, including -propiolactone and polypropiolactone, and methods of using
such production system/production processs. In some aspects, provided 1s a production
system/production process and a production process for glacial acrylic acid from ethylene
oxide and carbon monoxide that includes a B-propiolactone production system/production
process, a carbonylation catalyst recycling apparatus, a B-propiolactone purification system, a
polypropiolactone production system/production process, and a glacial acrylic acid production

system/production process.

[0004] In some embodiments, the (3-propiolactone production system/production process

includes a carbon monoxide source, an ethylene oxide source, a carbonylation catalyst source,

a solvent source, and a carbonylation reactor. In certain variations, the carbonylation reactor
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has at least one 1nlet to receive carbon monoxide from the carbon monoxide source, ethylene
oxide from the ethylene oxide source, carbonylation catalyst from the carbonylation catalyst
source, and solvent from the solvent source; and an outlet to output a first 3-propiolactone
stream, wherein the first B-propiolactone stream comprises [J-propiolactone, solvent, ethylene

ox1ide, carbonylation catalyst, acetaldehyde, and succinic anhydride.

[0005] In some embodiments, the carbonylation catalyst recycling apparatus 1s configured
to separate at least a portion of the catalyst from the first 3-propiolactone stream and produce
a recycle catalyst stream and a second [3-propiolactone stream. In some variations, the recycle
catalyst stream includes separated carbonylation catalyst. In some variations, the second [3-
propiolactone stream includes B-propiolactone, solvent, ethylene oxide, catalyst, acetaldehyde,
and succinic anhydride. In other embodiments, the carbonylation catalyst recycling apparatus
has an 1inlet to receive the first B-propiolactone stream from the (-propiolactone production
system/production process; a recycle outlet to output the recycle catalyst stream to the
carbonylation reactor; and a P-propiolactone outlet to output the second [-propiolactone

stream.

[0006] In other embodiments, the p-propiolactone purification system includes an
evaporator, a stripper, and a vacuum column. In some variations, the evaporator 1s configured
to receive the second P-propiolactone stream from the carbonylation catalyst recycling

apparatus, and separate the second B-propiolactone stream 1nto:

a first overhead stream that includes (1) at least 75 wt% of solvent, (11) less than 20 wt%

of B-propiolactone, and (1i1) less than 5 wt% of ethylene oxide and acetaldehyde, and

a first bottoms stream that includes: (1) at least 75 wt% of B-propiolactone, (i1) less than

20 wt% of solvent, and (111) less than 5 wt% of catalyst, acetaldehyde, and succinic anhydride.

[0007] In some varnations, the stripper 1s configured to recerve the first overhead stream

from the evaporator, and separate the first overhead stream 1nto:

a second overhead stream that includes (1) at least 25 wt% of ethylene oxide and
acetaldehyde, and (11) less than 75 wt% of solvent,
a side stream comprising solvent, and

a second bottoms stream comprising [3-propiolactone.
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[0008] In some variations, the vacuum column 1s configured to receive the first bottoms
stream from the evaporator, and the second bottoms stream from the stripper and mix the first
bottoms stream and the second bottoms stream to produce a mixed bottoms stream, separate
the first bottoms stream and second bottoms stream 1nto: a third overhead stream comprising

solvent, and a third bottoms stream comprising [3-propiolactone.

[0009] In some embodiments, the polypropiolactone production system/production

process includes:
a polymerization imitiator or catalyst source;

at least one polymerization reactor to receive the third bottoms stream from the [3-
propiolactone purification system and the polymerization itiator or catalyst from the
polymerization 1imtiator or catalyst source, and to output a polypropiolactone stream, wherein

the polypropiolactone stream comprises polypropiolactone and [-propiolactone.

[0010] In other embodiments, the glacial acrylic acid production system/production
process 1ncludes a thermolysis reactor, which has an inlet to receive the polypropiolactone
stream from the polypropiolactone production system/production process, and an outlet to
output a glacial acrylic acid stream, wherein the glacial acrylic acid stream comprises glacial

acrylic acid.

[0011] In other aspects, provided 1s a polypropiolactone production system/production
process that includes: a B-propiolactone source; a polymerization initiator or catalyst source; a

first polymerization reactor; and a second polymerization reactor.

[0012] In some variations, the first polymerization reactor includes: a 3-propiolactone inlet
to receive (-propiolactone from the P-propiolactone source; a first catalyst inlet to receive
catalyst from the polymerization catalyst source; and a first mixture outlet to output a first
mixture. In one variation, the first mixture comprises polypropiolactone, B-propiolactone, and

polymerization catalyst.

[0013] In other varnations, the second polymerization reactor positioned after the first

polymerization reactor, and includes: a mixture inlet to receive the first mixture from the first

polymerization reactor; a second catalyst inlet to receive additional polymerization catalyst

from the carbonylation catalyst source; and a second mixture outlet to output a second mixture.
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In one variation, the second mixture comprises polypropiolactone, [-propiolactone, and

polymerization catalyst.

[0014] In certain aspects, provided 1s a B-propiolactone polymerizer that includes: a mixing
zone configured to mix P-propiolactone and a catalyst; and a plurality of cooling zones
positioned after the mixing zone. In some variations, the B-propiolactone polymerizer has a
reaction length. In certain variations, up to 95% of the B-propiolactone 1s polymerized in the
presence of the imtiator or catalyst to form polypropiolactone 1n the first 25% ot the reaction

length.

[0015] In other aspects, provided 1s a method for continuously producing

polypropiolactone, that includes:

continuously feeding -propiolactone into a first reactor;

continuously feeding catalyst into the first reactor;

producing a first mixture comprising polypropiolactone, unreacted [B-propiolactone,
and residual catalyst 1n the first reactor,

transferring the first mixture from the first reactor to a second reactor;

feeding additional catalyst from the catalyst source to the second reactor;

producing a second mixture comprising polypropiolactone, unreacted 3-propiolactone,

and residual catalyst i1n the second reactor.

[0016] In some variations of the method, the first reactor has: a -propiolactone inlet to
receive the 3-propiolactone from a [-propiolactone source; a first catalyst inlet to receive the
catalyst from a catalyst source; and a first mixture outlet to output the first mixture. In other
variations of the method, the second reactor has: a mixture inlet to receive the first mixture
from the first reactor; a second catalyst inlet to receive the additional catalyst from the catalyst

source; and a second mixture outlet to output the second mixture.

[0017] In yet other aspects, provided 1s a polypropiolactone production system/production
process that includes: a 3-propiolactone source; a first reactor; and a second reactor. In some
embodiments, the first reactor has: a [3-propiolactone inlet to receive 3-propiolactone from the
B-propiolactone source, a bed of supported catalyst or supported catalyst precursor, and a first
mixture outlet to output a first mixture. In one variation, the first mixture comprises

polypropiolactone and unreacted P-propiolactone. In other embodiments, the second reactor 1s
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positioned after the first reactor. In some variations, the mixture inlet 1s configured to receive
the first mixture from the first reactor, a second bed of supported catalyst or supported catalyst
precursor, and a second mixture outlet to output a second mixture. In one variation, the second

mixture comprises polypropiolactone and unreacted [-propiolactone.

[0018] In yet other aspects, provided 1s a solid transportable polymer composition that
includes: at least 95 wt% of B-propiolactone; less than 10 ppm of cobalt or 1ons thereof; less
than 10 ppm of aluminum or 10ns thereot; less than 10 ppm acetic acid; and less than 10 ppm

of tetrahydrofuran.

[0019] In another aspect, provided is a B-propiolactone purification system that includes:
an evaporator; a first column, and a second column. In some embodiments, the evaporator
configured to receive a feed stream, wherein the feed stream comprises [-propiolactone,
solvent, and separate the feed stream 1nto: a first overhead stream comprising: (1) at least 75
wt% solvent, and (i1) at most 20 wt% [3-propiolactone; and a first bottoms stream comprising:

(1) at least 75 wt% B-propiolactone, and (11) at most 20 wt% solvent.

[0020] In some variations, the first column 1s configured to receive the first overhead
stream from the evaporator, and separate the first overhead stream 1into: a second overhead
stream comprising: (1) at least 35 wt% ethylene oxide, and (i1) at most 60 wt% solvent; a side
stream comprising solvent; and a second bottoms stream comprising at least 75 wt% J-

propiolactone.

[0021] In other vanations, the second column 1s configured to receive the first bottoms
stream from the evaporator, and the second bottoms stream from the first column, and separate
the first bottoms stream and second bottoms stream 1nto: a third overhead stream comprising

at least 95 wt% solvent; and a third bottoms stream comprising at least 95 wt% [B-propiolactone.

[0022] In one aspect, provided 1s a B-propiolactone composition that includes at least 935
wt% of [(-propiolactone; less than 10 ppm of cobalt or i1ons thereof; less than 10 ppm of
aluminum or 1ons thereof; less than 10 ppm acetic acid; and less than 10 ppm of

tetrahydrofuran.

[0023] In yet other aspects, provided is a B-propiolactone production system/production
process that includes: a carbon monoxide source; an ethylene oxide source; a carbonylation

catalyst source; a solvent source; a recycled solvent storage tank; a reactor; and a purification
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apparatus. In some embodiments, the reactor has: at least one 1nlet to receirve carbon monoxide
from the carbon monoxide source, ethylene oxide from the ethylene oxide source,
carbonylation catalyst from the carbonylation catalyst source, and solvent from the solvent
source and the recycled solvent storage tank; and an outlet to output a mixture, wherein the
mixture comprises 3-propiolactone, solvent, unreacted carbon monoxide, unreacted ethylene
oxide, and carbonylation catalyst. In other embodiments, the purification apparatus 1s
configured to: separate solvent from the mixture, and transfer the separated solvent to the

recycled solvent reservour.

10024 ] In one aspect, provided 1s a glacial acrylic acid production system/production
process that includes: a polypropiolactone source; and a reactor. In some embodiments, the
polypropiolactone source includes: at least 95 wt% of polypropiolactone; less than 10 ppm of
cobalt or 10ns thereot; less than 10 ppm of aluminum or 10ns thereof; less than 10 ppm acetic
acid; and less than 10 ppm of tetrahydrofuran. In other embodiments, the reactor has: an inlet
configured to receive the polypropiolactone from the polypropiolactone source; and an outlet

configured to output a mixture, wherein the mixture comprises glacial acrylic acid.

[0025] In yet other aspects, the membrane has: an inlet to receive a feed stream from the
feed source, wherein the feed stream comprises B-propiolactone, catalyst and solvent; a catalyst
outlet to output a catalyst recycling stream comprising catalyst and solvent; and a [3-
propiolactone outlet to output a P-propiolactone stream comprising [3-propiolactone and
solvent. In other embodiments, the first pump 1s configured to pump the feed stream from the

feed source to the membrane.

DESCRIPTION OF THE FIGURES

[0026] The present application can be best understood by reference to the following
description taken 1in conjunction with the accompanying figures, in which like parts may be

reterred to by like numerals.

10027] FIG. 1 1s a schematic 1llustration of a system to produce acrylic acid from carbon

monoxide and ethylene oxide.

[0028] FIG. 21s a schematic 1llustration of the unit operations to produce polypropiolactone

from B-propiolactone, and glacial acrylic acid from polypropiolactone.
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[0029] FIG. 3 1s a schematic 1llustration of a carbonylation catalyst recycle system that

employs membranes, configured to isolate residual carbonylation catalyst from a [3-

propiolactone product stream.

[0030] FIG. 4A 1s a schematic illustration of a system for converting B-propiolactone to

polypropiolactone that involves the use of two continuous stirred-tank reactors 1n series.

[0031] FIG. 4B 1s a schematic 1illustration of a system for converting [3-propiolactone to

polypropiolactone that involves the use of two loop reactors 1n series.

[0032] FIG. 5 1s a schematic 1llustration of a system for converting -propiolactone to

polypropiolactone that involves a plug flow reactor with multiple cooling zones.

[0033] FIGS. 6-13 depict various configurations of production system/production processs
to produce glacial acrylic acid from ethylene oxide and carbon monoxide, via the production

of 3-propiolactone and polypropiolactone.

10034 ] FIG. 14 illustrates an embodiment of an acrylic acid production system/production

process described herein.

[0035] FIG. 15 illustrates an embodiment of a carbonylation reaction system described

herein.
[0036] FIG. 16 illustrates an embodiment of a BPL purification system described herein.

[0037] FIGS. 17-20 are plots associated with Example 1 and show a plot of PPL and bPL
peak absorbances as a function of time; an '"H NMR of the isolated solid; a TGA of the isolated

solid; and Melt rheology data of the 1solated solid at 120°C.

[0033] FIGS. 21-24 are plots associated with Example 2 and show a plot of PPL and bPL
peak absorbances as a function of time; an '"H NMR of the isolated solid; a TGA of the isolated

solid; and Melt rheology data of the 1solated solid at 120°C.

[0039] FIGS. 25-28 are plots associated with Example 4 and show 'H NMR plots

indicating recovery of acrylic acid.

10040] FIGS. 29 are plots associated with Example 5 and shows an 'H NMR plot indicating

recovery of acrylic acid.



10

15

20

25

30

CA 02994403 2018-01-31

WO 2017/023820 PCT/US2016/044927
DETAILED DESCRIPTION

Definitions

10041 ] Definmitions of specific functional groups and chemical terms are described 1n more

detail below. The chemical elements are 1dentified 1n accordance with the Periodic Table of
the Elements, CAS version, Handbook of Chemistry and Physics, 75" Ed., inside cover, and
specific functional groups are generally defined as described therein. Additionally, general
principles of organic chemistry, as well as specific functional moieties and reactivity, are
described 1n Organic Chemistry, Thomas Sorrell, University Science Books, Sausalito, 1999;
Smith and March March’s Advanced Organic Chemistry, 5% Edition, John Wiley & Sons, Inc.,
New York, 2001; Larock, Comprehensive Organic Transformations, VCH Publishers, Inc.,
New York, 1989; Carruthers, Some Modern Methods of Organic Synthesis, 3" Edition,
Cambridge Umversity Press, Cambridge, 1987; the entire contents of each of which are

incorporated herein by reference.

10042] The term ““aliphatic” or “aliphatic group”, as used herein, denotes a hydrocarbon
moiety that may be straight—chain (1.e., unbranched), branched, or cyclic (including fused,
bridging, and spiro—tused polycyclic) and may be completely saturated or may contain one or
more units of unsaturation, but which 1s not aromatic. Unless otherwise specitied, aliphatic
groups contain 1-30 carbon atoms. In some embodiments, aliphatic groups contain 1-12
carbon atoms. In some embodiments, aliphatic groups contain 1-8 carbon atoms. In some
embodiments, aliphatic groups contain 1-6 carbon atoms. In some embodiments, aliphatic
groups contain 1-5 carbon atoms, 1n some embodiments, aliphatic groups contain 1-4 carbon
atoms, 1n yet other embodiments aliphatic groups contain 1-3 carbon atoms, and 1n yet other
embodiments, aliphatic groups contain 1-2 carbon atoms. Suitable aliphatic groups include,
but are not limited to, linear or branched, alkyl, alkenyl, and alkynyl groups, and hybrids thereof

such as (cycloalkyl)alkyl, (cycloalkenyl)alkyl or (cycloalkyl)alkenyl.

10043] The term “heteroaliphatic,” as used herein, refers to aliphatic groups wherein one
or more carbon atoms are independently replaced by one or more atoms selected from the group
consisting of oxygen, sulfur, mtrogen, phosphorus, or boron. In some embodiments, one or
two carbon atoms are independently replaced by one or more of oxygen, sulfur, nitrogen, or
phosphorus. Heteroaliphatic groups may be substituted or unsubstituted, branched or
unbranched, cyclic or acychc, and 1nclude  “heterocycle,”  “heterocyclyl,”

“heterocycloaliphatic,” or “heterocyclic™ groups.

3
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10044 ] The term “‘acrylate”™ or “acrylates™ as used herein refer to any acyl group having a
vinyl group adjacent to the acyl carbonyl. The terms encompass mono-, di- and tri-substituted
vinyl groups. Examples of acrylates include, but are not limited to: acrylate, methacrylate,

ethacrylate, cinnamate (3-phenylacrylate), crotonate, tiglate, and senecioate.

[0045] The terms “cycloaliphatic”, “carbocycle”, or “carbocyclic”, used alone or as part of
a larger moiety, refer to a saturated or partially unsaturated cyclic aliphatic monocyclic,
bicyclic, or polycyclic ring systems, as described herein, having from 3 to 12 members, wherein
the aliphatic ring system 1s optionally substituted as defined above and described herein.
Cycloaliphatic groups 1nclude, without lIimitation, cyclopropyl, cyclobutyl, cyclopentyl,
cyclopentenyl, cyclohexyl, cyclohexenyl, cycloheptyl, cycloheptenyl, cyclooctyl,
cyclooctenyl, and cyclooctadienyl. In some embodiments, the cycloalkyl has 3—6 carbons. The
terms “cycloaliphatic™, “carbocycle” or “carbocyclic™ also include aliphatic rings that are fused
to one or more aromatic or nonaromatic rings, such as decahydronaphthyl or
tetrahydronaphthyl, where the radical or point of attachment 1s on the aliphatic ring. In some

embodiments, a carbocyclic group 1s bicyclic. In some embodiments, a carbocyclic group 1s

tricyclic. In some embodiments, a carbocyclic group 1s polycyclic.

[0046] The term “‘alkyl,” as used herein, refers to saturated, straight— or branched—chain
hydrocarbon radicals derived from an aliphatic moiety containing between one and six carbon
atoms by removal ot a single hydrogen atom. Unless otherwise specified, alkyl groups contain
1-12 carbon atoms. In some embodiments, alkyl groups contain 1-8 carbon atoms. In some
embodiments, alkyl groups contain 1-6 carbon atoms. In some embodiments, alkyl groups
contain 1-5 carbon atoms, 1in some embodiments, alkyl groups contain 14 carbon atoms, 1n
yet other embodiments, alkyl groups contain 1-3 carbon atoms, and 1n yet other embodiments
alkyl groups contain 1-2 carbon atoms. Examples of alkyl radicals include, but are not limited
to, methyl, ethyl, n—propyl, 1sopropyl, n—butyl, 1so—butyl, sec—butyl, sec—pentyl, 1so—pentyl,
tert—butyl, n—pentyl, neopentyl, n—hexyl, sec-hexyl, n—heptyl, n—octyl, n—decyl, n—undecy]l,
dodecyl, and the like.

10047 ] The term “alkenyl,” as used herein, denotes a monovalent group derived from a
straight— or branched—chain aliphatic moiety having at least one carbon—carbon double bond
by the removal of a single hydrogen atom. Unless otherwise specified, alkenyl groups contain
2—12 carbon atoms. In some embodiments, alkenyl groups contain 2—8 carbon atoms. In some

embodiments, alkenyl groups contain 2—6 carbon atoms. In some embodiments, alkenyl groups
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contain 2-5 carbon atoms, 1n some embodiments, alkenyl groups contain 2—4 carbon atoms, 1n
yet other embodiments, alkenyl groups contain 2-3 carbon atoms, and 1n yet other
embodiments alkenyl groups contain 2 carbon atoms. Alkenyl groups include, for example,

ethenyl, propenyl, butenyl, 1-methyl-2—-buten—1-yl, and the like.

10048 ] The term “alkynyl,” as used herein, refers to a monovalent group derived from a
straight— or branched—chain aliphatic moiety having at least one carbon—carbon triple bond by
the removal of a single hydrogen atom. Unless otherwise specitied, alkynyl groups contain 2—
12 carbon atoms. In some embodiments, alkynyl groups contain 2—8 carbon atoms. In some
embodiments, alkynyl groups contain 2—6 carbon atoms. In some embodiments, alkynyl
groups contain 2-5 carbon atoms, 1n some embodiments, alkynyl groups contain 2—4 carbon
atoms, 1n yet other embodiments alkynyl groups contain 2—3 carbon atoms, and in yet other
embodiments alkynyl groups contain 2 carbon atoms. Representative alkynyl groups include,

but are not imited to, ethynyl, 2—propynyl (propargyl), 1-propynyl, and the like.

10049] The term ““carbocycle” and “carbocyclic ring” as used herein, refers to monocyclic
and polycyclic moieties wherein the rings contain only carbon atoms. Unless otherwise
specitied, carbocycles may be saturated, partially unsaturated or aromatic, and contain 3 to 20
carbon atoms. Representative carbocyles include cyclopropane, cyclobutane, cyclopentane,
cyclohexane, bicyclo[2,2,1]heptane, norbornene, phenyl, cyclohexene, naphthalene, and

spiro|4.5]|decane.

[0050] The term “aryl” used alone or as part of a larger moiety as 1in “aralkyl”, “aralkoxy”,
or “aryloxyalkyl”, refers to monocyclic and polycyclic ring systems having a total of five to 20
ring members, wherein at least one ring 1n the system 1s aromatic and wherein each ring 1n the
system contains three to twelve ring members. The term “aryl” may be used interchangeably
with the term “aryl ring”. In some embodiments, “aryl” refers to an aromatic ring system which
includes, but 1s not limited to, phenyl, naphthyl, anthracyl and the like, which may bear one or
more substituents. Also included within the scope of the term aryl”, as it is used herein, is a
group 1n which an aromatic ring 1s fused to one or more additional rings, such as benzofuranyl,

indanyl, phthalimidyl, naphthimidyl, phenanthridinyl, or tetrahydronaphthyl, and the like.

[0051] The terms “heteroaryl” and “heteroar—", used alone or as part of a larger moiety,
e.g., “heteroaralkyl™, or “heteroaralkoxy”, refer to groups having 5 to 14 ring atoms, preferably

S, 6,9 or 10 ring atoms; having 6, 10, or 14 7 electrons shared 1n a cyclic array; and having, in
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addition to carbon atoms, from one to five heteroatoms. The term ‘“‘heteroatom” refers to
nitrogen, oxygen, or sulfur, and includes any oxidized form of nitrogen or sulfur, and any
quaternized form of a basic nitrogen. Heteroaryl groups include, without limitation, thienyl,
furanyl, pyrrolyl, imidazolyl, pyrazolyl, triazolyl, tetrazolyl, oxazolyl, 1soxazolyl, oxadiazolyl,
thiazolyl, 1sothiazolyl, thiadiazolyl, pyridyl, pyridazinyl, pyrimidinyl, pyrazinyl, indolizinyl,
purinyl, naphthyridinyl, benzofuranyl and pteridinyl. The terms “heteroaryl” and “heteroar—",
as used herein, also include groups 1n which a heteroaromatic ring 1s fused to one or more aryl,
cycloaliphatic, or heterocyclyl rings, where the radical or point of attachment 1s on the
heteroaromatic ring. As used herein, the terms “heterocycle”, “heterocyclyl”, “heterocyclic
radical”, and “‘heterocyclic ring” are used interchangeably and refer to a stable 5— to 7—
membered monocyclic or 7- to 14-membered bicyclic heterocyclic moiety that 1s either
saturated or partially unsaturated, and having, 1in addition to carbon atoms, one or more,
preferably one to four, heteroatoms, as defined above. When used 1n reference to a ring atom
of a heterocycle, the term “nitrogen” 1ncludes a substituted nitrogen. As an example, 1n a
saturated or partially unsaturated ring having 0-3 heteroatoms selected from oxygen, sultur or
nitrogen, the nitrogen may be N (as i1n 3,4—dihydro-2H—pyrrolyl), NH (as in pyrrolidinyl), or
*NR (as in N—substituted pyrrolidinyl).

[0052] A heterocyclic ring can be attached to its pendant group at any heteroatom or carbon
atom that results 1n a stable structure and any of the ring atoms can be optionally substituted.
Examples of such saturated or partially unsaturated heterocyclic radicals include, without
limitation, tetrahydrofuranyl, tetrahydrothienyl, pyrrolidinyl, pyrrolidonyl, piperidinyl,
pyrrolinyl, tetrahydroquinolinyl, tetrahydroisoquinolinyl, decahydroquinolinyl, oxazolidinyl,
piperazinyl, dioxanyl, dioxolanyl, diazepinyl, oxazepinyl, thiazepinyl, morpholinyl, and
quinuchdinyl. The terms “heterocycle”, “heterocyclyl”, “heterocyclyl ring”, “heterocyclic
group’’, “heterocyclic moiety”, and “heterocyclic radical”, are used interchangeably herein, and
also 1nclude groups 1n which a heterocyclyl ring 1s fused to one or more aryl, heteroaryl, or
cycloaliphatic rngs, such as indolinyl, 3H-indolyl, chromanyl, phenanthridinyl, or
tetrahydroquinolinyl, where the radical or point of attachment 1s on the heterocyclyl ring. A
heterocyclyl group may be mono— or bicyclic. The term “heterocyclylalkyl™ refers to an alkyl

group substituted by a heterocyclyl, wherein the alkyl and heterocyclyl portions independently

are optionally substituted.
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[0053] As used herein, the term “partially unsaturated™ refers to a ring moiety that includes
at least one double or triple bond. The term “partially unsaturated™ 1s intended to encompass
rings having multiple sites of unsaturation, but 1s not intended to include aryl or heteroaryl

moieties, as herein defined.

[0054] As described herein, compounds may contain “optionally substituted” moieties. In
general, the term ““substituted”, whether preceded by the term “optionally™ or not, means that
one or more hydrogens of the designated moiety are replaced with a suitable substituent.
Unless otherwise indicated, an “optionally substituted” group may have a suitable substituent
at each substitutable position of the group, and when more than one position 1n any given
structure may be substituted with more than one substituent selected from a specified group,

the substituent may be either the same or different at every position.

[0055] In some chemical structures herein, substituents are shown attached to a bond which
crosses a bond 1n a ring of the depicted molecule. This means that one or more of the
substituents may be attached to the ring at any available position (usually 1n place of a hydrogen

atom of the parent structure). In cases where an atom of a ring so substituted has two

substitutable positions, two groups may be present on the same ring atom. When more than one
substituent 1s present, each 1s defined independently of the others, and each may have a
different structure. In cases where the substituent shown crossing a bond of the ring 1s —R, this
has the same meaning as 1f the ring were said to be “optionally substituted™ as described 1n the

preceding paragraph.

[0056] As used herein, the term ““about” preceding one or more numerical values means
the numerical value +5%. It should be understood that reference to “about” a value or
parameter herein includes (and describes) embodiments that are directed to that value or

parameter per se. For example, description referring to “about X includes description of “x”

per se.

[0057] Further, 1t should be understood that reference to ‘“‘between” two values or
parameters herein includes (and describes) embodiments that include those two values or

parameters per se. For example, description referring to “between x and y™ includes description

of “x” and *y” per se.

[0058] The mass fractions disclosed herein can be converted to wt% by multiplying by
100.
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Glacial Acrylic Acid Production system/production process

[0059] Glacial acrylic acid can be produced tfrom ethylene oxide and carbon monoxide

according to the following general reaction scheme:

. _ { O
0 Carbonylation L) Holvmerizat ion
£ ) catalyvet () L dtall‘n 38 o FR) e
—'.F“ —_— —."’
., e
Frhvlene Cade He FROPIORIONS pukt propriolactons Oylactat Acevhic Avmd

TSR (BFL) (PFL ) (A8

Ethylene oxide ("EQO”) may undergo a carbonylation reaction, e.g., with carbon monoxide
(““CQO"), 1n the present of a carbonylation catalyst to produce B-propiolactone (“bPL"™). The [3-
propiolactone may undergo polymerization in the presence of a polymerization catalyst to
produce polypropiolactone (“PPL”). The polypropiolactone may undergo thermolysis to
produce glacial acrylic acid (“GAA”).

[0060] PPL may undergo thermolysis by one of two primary reaction mechanisms as
disclosed by (Iwabuchu, S., Jaacks, V., Galil, F. and Kern, W. (1973), The thermal degradation
of poly(oxycarbonylethylene) (poly-B-propiolactone). Makromol. Chem., 165: 59-72). The
desired mechanism 1s referred to as unzipping and 1t converts a PPL polymer with a chain
length of “n™ 1nto one molecule of acrylic acid and reduces the PPL polymer chain length to n-
1. The other method 1s referred to as chain scission; chain scission converts a PPL polymer of
chain length n into a PPL polymer of chain length of less than n-2 and a PPL polymer of chain
length of at least 2.

[0061] Product acrylic acid 1s susceptible to auto-polymerization via two mechanismes,
either Michael addition or radical polymerization. Michael addition forms a product of two
molecules ot acrylic acid which 1s a di-acrylic acid ester and 1dentical to a PPL of chain length
2. There 1s no known 1nhibitor of Michael addition of acrylic acid, but under thermolysis
conditions this reaction 1s reversible and can decompose back into two molecules of acrylic
acid. The product of Radical polymerization of acrylic acid produces polyacrylic acid, and will
not normally convert back into acrylic acid under thermolysis conditions. There are many
known 1nhibitors for radical polymerization of acrylic acid, including but not limited to
phenothiazine (PTZ) and 4-methoxyphenol (MEHQ). Under many circumstances, a stream of
radical polymerization inhibitor (either neat or 1in appropriate solvent) 1s added 1n batch or

continuous mode to the primary thermolysis reactor or mixed with PPL stream before
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introduction to reactor to combat losses of acrylic acid to polyacrylic acid 1n thermolysis

reactor.

[0062] Thermolysis of PPL may be catalyzed by the presence of a depolymerization
catalyst. Depolymerization catalyst (either neat or 1n appropriate solvent) may be added 1n
batch or continuous mode to the primary thermolysis reactor or mixed with PPL stream before
introduction to reactor to reduce severity of thermolysis reaction conditions (which reduces
conversion of acrylic acid to polyacrylic acid). Optimally, the catalyst employed for bPL
polymerization can be used as a depolymerization catalyst as well. The thermolysis reactor can
be designed (see below) such that the concentrations of the polymerization catalyst species 1n
the PPL 1nlet stream and 1n the thermolysis reactor, which along with the difference 1n reactor

conditions and stream compositions accounts for the seemingly divergent functions.

[0063] Provided herein are systems and methods for the production of glacial acrylic acid

from ethylene oxide and carbon monoxide on an industrial scale.

[0064] Further, in some variations, the systems provided herein further include various
purification systems to produce glacial acrylic acid of high purity. For example, the systems
provided herein may be configured to remove residual carbonylation catalyst, carbonylation
solvent, and by-products (e.g., acetaldehyde, succinic anhydnide, and acrylic acid dimer) to

achieve glacial acrylic acid with a purity of at least 99.5%, at least 99.6%, at least 99.7%, at
least 99.8%, or at least 99.9%.

[0065] In yet other variations, the systems provided herein are also configured to manage
and integrate heat produced. The carbonylation reaction to produce [-propiolactone and the
polymerization reaction to produce polypropiolactone are exothermic. Thus, the heat generated
from the exothermic unit operations, such as the carbonylation reactor and polymerization
reactor can be captured and used for cooling in endothermic unit operations, such as the

distillation apparatus and thermolysis reactor.

[0066] In other variations, heat integration may be achieved by combining certain unit

operations. For example, heat integration may be achieved by combining polymerization of 3-

proplolactone and vaporization of the solvent (e.g., THF) from the distillation column within a
single unit operation. In other variations, the heat liberated from the polymerization reaction

can be exported to other systems at the same production site.
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[0067] With reference to FIG. 1, an exemplary system to produce acrylic acid from carbon
monoxide and ethylene oxide 1s depicted. Carbon monoxide (CO), a carbonylation catalyst,
ethylene oxide (EO) and carbonylation solvent are fed into a [(-propiolactone production
system/production process, depicted as a continuous stirred tank reactor (CSTR) 1in FIG. 1.
Such B-propiolactone production system/production process is typically configured to produce
a liquid product stream of B-propiolactone. This P-propiolactone product stream i1s fed to an
EO/CO separator, depicted as the flash tank in FIG. 1, where unreacted ethylene oxide and
unreacted carbon monoxide may be separated and recycled for use in the CSTR. The [-
propiolactone product stream 1s then fed from the EO/CO separator to a carbonylation catalyst
recycle system, depicted as a nanofilter in FIG. 1. The carbonylation catalyst recycle system
1s configured to separate residual carbonylation catalyst present in the 3-propiolactone product
stream, and such separated carbonylation catalyst may be recycled for use in the CSTR. The
nanofilter depicted 1in FIG. 1 may be any suitable membrane, such as a polymeric membrane
or a ceramic membrane, and produces a retentate stream typically made up of [-propiolactone,
carbonylation solvent, residual carbonylation catalyst, small amounts of ethylene oxide, carbon
monoxide, and by-products (such as acetaldehyde and succinic anhydride), and a permeate
stream typically made up of 3-propiolactone, carbonylation solvent, small amounts of ethylene
ox1ide, carbon monoxide, by-products (such as acetaldehyde and succinic anhydride) and trace
amounts of carbonylation catalyst. In some embodiments, trace amount 1s less than 1% by wt,
less than 0.5% by wt, less than 0.01% by wt, less than 0.005% by wt, less than 0.001% by wt,
or less than 0.0001% by wt. In certain embodiments, trace amount 1s below the detection

threshold of the measurement method being used.

[0063] The permeate 1s fed into a [-propiolactone purification system, depicted as a
distillation column 1n FIG. 1, which 1s configured to separate ethylene oxide, carbon monoxide,
and by-products from the solvent recycle stream, which 1s depicted as a tetrahydrofuran (THF)
recycle stream. The system 1n FIG. 1 depicts the use of THF as the carbonylation solvent, but
it should be understood that 1in other variations, other suitable solvents may be used. The
purified p-propiolactone stream from the [-propiolactone purification system and
polymerization catalyst are fed into a polypropiolactone production system/production process,
depicted as a plug tlow reactor in FIG. 1. The polypropiolactone production system/production
process 1s configured to produce a polypropiolactone product stream, which can be fed into a

thermolysis reactor to produce glacial acrylic acid.
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[0069] [t should be understood, however, that while FIG. 1 depicts an exemplary glacial

acrylic acid production system/production process, variations of this productions system are

envisioned.

[0070] Additionally, 1n other exemplary embodiments of the systems described herein,
various unit operations depicted in FIG. 1 may be combined or omitted. In some variations,
the B-propiolactone production system/production process and membrane unit operations may
be combined (e.g. membrane reactor) or polymerization and depolymerization may be
combined (e.g. catalytic or reactive distillation) may be combined, or the EO/CO separator may

be omitted.

[0071] Further, 1t should be understood that 1n other exemplary embodiments of systems
described herein, additional unit operations may be employed. For example, in some
embodiments 1t may be possible to incorporate one or more 1on exchange resins into the
systems to remove various cationic and anionic catalyst species that may result from the use of

the carbonylation catalyst.

[0072] In yet other embodiments the process and/or system by which 1t 1s practiced may
employ a variety of sensors and control equipment to automate control ot the process and any
related system. For example the various reactors, in particular a B-propiolactone reactor, used
in the process and any related system may employ a sensor to detect amounts of water and
oxygen 1n the reactor or that enters the reactor. Such sensor may be connected to a control that
can adjust parameters to maintain water and oxygen content under a predefined amount. Such
sensor may monitor the carbonylation catalyst to detect amounts of water and oxygen 1n the
reactor and may be connected to a control that can control the amount of carbonylation catalyst
from the carbonylation catalyst source. In addition or alternatively the carbon monoxide source
may comprise a sensor configured to detect amounts of water and oxygen 1n the reactor and
such sensor may be connected to a control that can control the amount of carbon monoxide
from the carbon monoxide source. In addition or alternatively the ethylene oxide source may
comprises a sensor configured to detect amounts of water and oxygen 1n the reactor and such
sensor may be connected to a control that can control the amount of ethylene oxide from the
ethylene oxide source.ln other variations of such configurations, the residual carbonylation
catalyst (which may include cationic and anionic species) may be removed at various points 1n
the production system/production process. For example, 1n certain contfigurations, the residual

carbonylation catalyst may be removed tfrom the PPL product stream prior to thermolysis to
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produce GAA. In other configurations, the residual carbonylation catalyst may be removed, 1f

desired to do so, after thermolysis by distillation or other separation means.

1007 3] In yet other variations, p-propiolactone (bPL) may be polymerized to produce PPL
by way of complete conversion of bPL. In such a variation, there may not be a need for
additional apparatus 1n the system to 1solate and recycle bPL to the polymerization reactor. In
other variations, the conversion of bPL 1s not complete. Unreacted bPL. may be separated from
the PPL product stream and the recovered bPL may be recycled back to the polymerization

reactor.

[0074] These variations 1n the configurations of the systems are described 1n further detail
with respect to FIGS. 6-13. FIG. 6 depicts an exemplary system wherein the PPL product
stream and the GAA product stream are produced at the same location, at least a portion of the
carbonylation catalyst or components thereof are removed from the PPL product stream prior
to entering the thermolysis reactor, and the polypropiolactone production system/production

process 1s configured to achieve complete conversion of bPL to PPL.

[0075] Carbonylation catalyst components may 1nclude, for example, compounds
produced by degradation of the catalyst, compounds used to produce the catalyst, metals or
metal 1ons which were part of the catalyst, any organic compounds which were part of the
catalyst, metal carbonyls or metal complexes which were part of the catalyst. For example, 1n
some embodiments, carbonylation catalyst components are carbonyl cobaltate, aluminum salen
compounds, aluminum porphyrin compounds, aluminum salophen compounds, cobalt or cobalt

1ons, or aluminum or aluminum 1ons, or any combinations thereof.

[0076] The BPL production system/production process (labeled ‘Carbonylation’ in FIG. 6)
typically includes a carbon monoxide (CQO) source, an ethylene oxide (EQ) source, a
carbonylation catalyst source, a solvent source, and a carbonylation reactor. In certain
variations, the carbonylation reactor 1s configured to receive carbon monoxide (CO), ethylene
oxide (EO), and solvent from a CO source, an EO source, and a solvent source (collectively
labeled ‘Feed Stock Delivery’ 1in FIG. 6). The carbonylation reactor 1s further configured to
receive a carbonylation catalyst from a carbonylation catalyst source (labeled ‘CO Catalyst
Delivery’ in FIG. 6). The carbon monoxide, ethylene oxide, carbonylation solvent, and
carbonylation catalyst may be obtained by any commercially available sources, or any

commercially available methods and techniques known 1n the art.
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[0077] In some variations, the CO, EQO, and solvent are essentially water and oxygen {ree.
In one variation, the solvent from the solvent source, the EO from the EO source, and the CO
from the CO source have a concentration of water and oxygen less than about 500 ppm, less
than about 250 ppm, less than about 100 ppm, less than about 50 ppm, less than about 10 ppm,
less than about 2 ppm, or less than 1 ppm.

[0078] Any suitable carbonylation solvents may be used. In some embodiments, the
carbonylation solvent comprises tetrahydrofuran, hexane, or a combination thereof. In other
embodiments, the carbonylation solvent comprises an ether, a hydrocarbon, or a combination
thereof. In yet other embodiments, the carbonylation solvent comprises tetrahydrofuran,
tetrahydropyran, 2,5-dimethyl tetrahydrofuran, sultolane, N-methyl pyrrolidone, 1,3 dimethyl-
2-imidazolidinone, diglyme, triglyme, tetraglyme, diethylene glycol dibutyl ether, 1sosorbide
ethers, methyl tertbutyl ether, diethylether, diphenyl ether, 1,4-dioxane, ethylene carbonate,
propylene carbonate, butylene carbonate, dibasic esters, diethyl ether, acetonitrile, ethyl
acetate, propyl acetate, butyl acetate, 2-butanone, cyclohexanone, toluene, difluorobenzene,
dimethoxy ethane, acetone, or methylethyl ketone, or any combination thereof. In one

variation, the carbonylation solvent comprises tetrahydrofuran.

[0079] In some embodiments, the carbonylation catalyst 1s a cobalt-aluminum catalyst.
In certain embodiments, the carbonylation catalyst comprises a carbonyl cobaltate 1n
combination with an aluminum porphyrin compound, a carbonyl cobaltate in combination with
an aluminum salen compound, or a carbonyl cobaltate in combination with an aluminum

salophen compound. In one variation, the carbonylation catalyst 1s (AI(TPP)Co(CO)4).

[0050] The carbonylation reactor may be one or more continuous reactors (such as a
continuous stirred tank reactor (CSTR)), batch reactors, plug tlow reactors (PFRs) and/or semi-

batch reactors.

[0081] With reference again to FIG. 6, the carbonylation reactor may receive EO at a
temperature between about 10°C to about 30°C and a pressure between about 20 bar to about
100 bar and in a more narrow range S0 bar to 70 bar; and may receive CO at a temperature
between about 10°C to about 170°C and more narrowly between 10°C to about 70°C and a
pressure between about 20 bar to about 100 bar and more narrowly 50 and 70 bar. In some
embodiments, the CO 1s recycled carbon monoxide from the [-propiolactone production

system/production process, or a combination thereof. The carbonylation reactor may may
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receive a solvent feed at a temperature between about 10°C to about 160°C and more narrowly
10°C to about 60°C and at a pressure of between about 20 bar to about 100 bar and more
narrowly 50 bar to 65 bar. In some embodiments, the solvent feed recycled solvent from the
BPL purfication system (e.g., BPL distillation system) and/or solvent in the recycled

carbonylation catalyst stream from the carbonylation catalyst recycle system.

[0082] In some embodiments, the pressure in the carbonylation reactor 1s about 900 psig,
and the temperature 1s about 70°C. In certain variations, the reactor 1s equipped with an
external cooler (heat exchanger). In some variations, the carbonylation reaction achieves a

selectivity of bPL above 99%.

[0083] With reference again to FIG. 6, a B-propiolactone product stream exits the outlet of
the carbonylation reactor. The [B-propiolactone product stream comprises bPL, solvent,
unreacted EO and CO, carbonylation catalyst, and by-products, such as acetaldehyde by-
product (ACH) and succinic anhydride (SAH). The B-propiolactone product stream may have
any concentration of bPL, solvent, EO, CO carbonylation catalyst, ACH, and SAH described
herein. The mass fraction of bPL 1n the B-propiolactone product stream can be about 0.1 to
about 0.4. The mole fraction of bPL 1n the B-propiolactone product stream can be about 0.1 to
about 0.6. and more narrowly 0.1 to 0.4. The B-propiolactone product stream can also include
other components including unreacted ethylene oxide (1n mass fraction of about 0.005 to 0.135,
or at most about 0.1), unreacted carbon monoxide (1n mass fraction of about 0.0005 to 0.04, or
at most about 0.02), acetaldehyde (1in mass fraction of about 0.0005 to 0.01, or at most about
0.02), succinic anhydride (in mass fraction of about 0.0005 to 0.005, or at most about 0.01),
carbonylation catalyst (1n about 40 to 640 kg/hr, or at most about 600 kg/hr; or a mass fraction
of about 0.001 to 0.005, or at most about 0.004), and the remainder solvent. The [3-
proplolactone product stream comprises carbonylation catalyst components 1n a mass fraction
of about 0.001 to 0.005, or at most about 0.004). The B-propiolactone product stream from the
B-propiolactone<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>