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Process And Apparatus For Manufacturing Pure Forms Of Aromatic
Carboxylic Acids

Field of the Invention

This invention relates to a proCess and apparatus for manufacture of
pure forms of aromatic carboxylic acids by oxidizing aromatic feed material {0
an impure, crude product in a liquid phase reaction mixture and purifying
impure forms of aromatic carboxylic acid, with treatment of off-gas from liquid
phase oxidation to recover a liquid comprising water and use of liquid
comprising water recovered from oxidation off-gas in purifying impure

aromatic carboxylic acid.

Background of the .Invention

Terephthalic acid and other aromatic carboxylic acids are widely used
in manufacture of polyesters, commonly by reaction with components
comprising ethylene glycol, higher alkylene glycols or combinations thereof,
for conversion to fiber, film, containers, bottles and other packaging materials,

and molded articles.

In commercial practice, aromatic carboxylic acids are commoniy made
by liquid phase oxidatioh in an aqueous acetic acid solvent of methyl-
substituted benzene and naphthalene feedstocks, in which the positions of the ‘
methyl substituents correspond to the positions of carboxyl groups in the
desired aromatic carboxylic acid product, with air or another source of oxygen,
which is normally gaseous, in the presence of a broMine-promofed catalyst
comprising cobalt and'manganese. The oxidation is exothermic and yields

- aromatic carboxylic acid together with by-products, incIUding partial or

intermediate oxidation products of the aromatic feedstock, and acetic acid
reaction products, such as methanol, methyl acetate, and methyl bromide.
Water is also generated as a by-product. Aromatic carboxylic acid, typically
accompanied by oxidation by-products of the feedstock are commonly
formed dissolved or as suspended solids in the liquid phase reaction mixture
and are commonly recovered by crystallization and solid-liquid separation

techniques. The exothermic oxidation reaction is commonly conducted in a
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reaction mixture is maintained in the vessel and a vapor phase formed as a
result of the exothermic oxidation is evaporated from the liquid phase and
removed from the reactor to control reaction temperature. The vapor phase
comprises water vapor, vaporized acetic acid reaction solvent, oxygen gas not
consumed in oxidation,, gaseous by-products such as methanol, methyi
bromide and methyl acetate, carbon oxides and, when the oxygen source for
the process is air or another oxygen-containing gaseous mixture, nitrogen,
carbon oxides and other inert gaseous components of the source gas.

Pure forms of aromatic carboxylic acids are often favored for

- manufacture of polyesters for important applications, such as fibers and

bottles, because impurities, such as by-products generated from aromatic
feedstocks in such oxidation processes and more generally, various carbonyl-
substituted aromatic species, are known to cause or correlate with color
formation in polyesters made from the acids and, in turn, off color in polyester
converted products. Pure forms of aromatic carboxylic acids with reduced
levels of impurities can be made by further oxidizing crude products from
liquid phase oxidation as described above but at one or more, progressively
lower temperatures and oxygen levels, and during crystallization to recover

products of the oxidation, for conversion of feedstock partial oxidation

~ products to the desired acid product, as known from U.S. 4,877,900,

4,772,748 and 4,286,101. Pure forms of terephthalic acid and Other aromatic
carboxylic acids with lower impurities contents, such as purified terephthalic
acid or "PTA", are made by catalytically hydrogenating less pure forms of the
acids, such as crude product comprising aromatic carboxylic acid and by-
products generated by liquid phase oxidation of aromatic feédstock, in

solution at elevated temperature and pressure using a noble metal catalyst.

~ In commercial practice, liquid phase oxidation of alkyl aromatic feed materials

to crude aromatic carboxylic acid and purification of the crude product are

often conducted in continuous integrated processes in which crude product

from liquid phase oxidation is used as starting material for purification.

The high temperature and pressure vapor phase generated by liquid

phase oxidation in such processes is a potentially valuable source of
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products and energy; however, its substantial water content, high temperature
and pressure and’corrosive nature due to components such as gaseous
methyl bromide, acetic acid solvent and water pose technical and economic
challenges to separating or recovering components of the off-gas for recycle
and recoVering its energy content. Further, even minor amounts of impurities
that remain unseparated in recovered process streams can prevent re-use of l
the recovered streams if impurities adversely affect other process aspects or
product quality. As described in US 5,200,557, for example, monocarboxylic
acids adversely affect hydrogenation catalysts used in purification processes,
wfth even low levels of acetic acid residues such as present in crude aromatic

carboxylic acid products recovered from oxidation reaction liquids being

considered detrimental.

British Patent Specification 1,373,230, US Patents No. 5,304,676:
9,723,656, 6,143,925; 6,504,051, European Patent Specification 0 498 591
B1 and International Application WO 97/27168 describe processes for
manufacture of aromatic carboxylic acids by liquid phase oxidation of aromatic
feed materials in which a high pressure off-gas is removed from the oxidation

- and treated for recovery and recycle of portions or components thereoic and, in

some cases, recovery of energy. Water recovered from high pressure
oxidation off-gases in these processes is generally returned to oxidation with
acetic acid condensed from off-gases, recycled to off-gas separations for use
as reflux or disposed of in liquid purge streams. Water condensed’ from
oxidation off-gas and then purlfled by distillation is used to wash a punfled .
terephthalic acid precipitate accordlng to embodiments of US 5, 304 676 and
treated water condensed from an expanded, low pressure gas after
separation of monocarboxylic acid and water vapors in a high pressure
oxidation off-gas, catalytic oxidation of a resulting high pressure gas
comprising water vapor to remove organic impurities by conversion to water
and carbon oxides and expansion of the resulting gas to recover energy IS
used as a crystallization solvent for purified terephthalic acid according to
embodiments of US 5,723,656. However, none of the processes uses liquid

condensed from a high pressure off-gas from a liquid phase oxidation as

PCT/US2006/0102335
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solvent or other liquid €omprisSing water in the purification of impure aromatic

carboxylic acids. Further, recoveries of materials and energy from off-gases

in such processes often are accomplished at the expense of each other, for

example due to loss of energy content on cooling or depressurizing to recover
materials, burning of méter'ials, to control atmospheric emissions and other
losses of oxidation solvent, feedstock and intermediates that result if the high
temperature and pressure vapor phase resulting from oxidation is not cooled

or depressurized for removal of such materials. Impurities remaining in

- recycle streams can upset process operation and impair product quality.

Added equipment and pfocess steps for recovering materials, energy or both

can add further process complexities and limit or preclude their practical utility

Iif they add costs that outweigh materials and energy savings.

Impact of lost energy and materials are magnified by scale of process
operations. In world-scale commercial manufacturing plahts with annual
capacities of 500,000 to 1,000,000 or more tons of product, even fractional
percentages or hundreds of parts per million of feedstock and solvent lost or
converted to undesired or unusable by-products, minor inefficiencies in
energy recovery and incremental additions to effluent water treatment
translate to significant practical losses of materials, increases in consumption
of fuel or electricity and added processing, as well as uhpredictable process
efficiencies and economics due to differences and variations in costs for
energy, materials and requirements for treatment of gaseous and liquid

emissions and effluents.

summary of the In'vention

This invention provides a procéss and abparatus which provide or enable:
manufacture of pure' forms of aromatic carboxylic acids with improved
recovery and re-use of materialé, recovery of'energy or both and, in particular,
recovery of condensate liquid compriSing water from a high bressure off-gas
from liquid phase oxidation of aromatic feed materials for use in purification of
aromatic carboxylic acid product from liquid phase oxidation or other impure

forms of aromatic carboxylic acid.

PCT/US2006/0102335
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AnGhY s imbdttant festures of the invention is the finding that a high
pressure vapor phase generated as off-gas or overhead in the liquid phase
oxidation of aromatic feed materials to aromatic carboxylic acids can be
treated for substantial removal of reaction solvent therefrom in a liquid stream,

while a high pressure gas resulting from the separation comprising steam and

usually also containing one or more of incondensable components of the

oxidation reaction off-gas, unreacted aromatic feed material and reaction by-

-products, and at least substantially free of solvent monocarboxylic acid, can

be processed practically and efficiently at high pressure to recover a liquid
which cbmprisés water and is substantially free of ,organic impurities from the
oxidation, such as monocarboxylic acid solvent and its reaction products from
oxidation, and is suitable, without need for additional treatment, for use as
solvent or other process liquid comprising water in processes for purification
of impure aromatic carboxylic acids. Condensate liquid recovered from a high
pressure gaseous overhead stream resulting from s'eparation of a high

pressure vapor phase from liquid phase oxidation into solvent monocarboxylic

acid-rich liquid and a high pressure gas comprising water can replace in

whole or in part demineralized or other purified water sources used in known
purification processes. One or more of reaction feedstock and by-products
from liquid phase oxidation, includ'ing by-products of the aromatic feedstock
material and of the monocarboxylic acid solvent for oxidation, may also be
recovered according fo embodiments of the invention. .The high pressure
vapor phase from liquid phase oxidation alsd represents a source of
recoverable energy and treatment of that vapor phase according to
embodiments of the invention allows for the recovery of energy' therefrom or
from pressurized gases derived therefrom. Energy can be recovered in the
form of heat, in the form of work or as both. In some of its embodiments, in
addition to providing liquid comprising water sulitable for use in purification, for
example as solvents for a purification reaction solution or crystallization or
recrystallization in recovery of pure forms of product or as wash or seal flush
liquids, and the other benefits noted above, the invention can afford surprising

flexibility for making a range of pure forms of aromatic carboxylic acids.

PCT/US2006/0102335
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In-irtegrated ~processes’ for manufacture of pure forms of aromatic

carboxylic acids comprising oxidizing aromatic feed material in a liquid phase

reaction mixture to crude product comprising aromatic carboxylic acid and

oxidation by-products of the feed material, and purifying the crude product by
hydrogenation of a solution thereof in a liquid comprising water, the invention
can eliminate or reduce requiremente for demineralized water or pure water
from other sources and provide balance between water generated in the liquid
phase oxidation and water consumed in purification hot achieved in, and

substantially improved over, known processes.

The liquid comprising water that is recovered from the high pressure
vapor phase resultlng from liquid phase oxidation of aromatic feed materlals
{o aromatic carboxylrc acids and used in pum‘" cation of impure aromatlc
carboxylic acid according to the invention is recovered from a pressurized gas
remaining after substantial separation of solvent monocarboxylic acid and
water in a high pressure off-ges from liquid phase oxidation by condensation
from the pressurized gas, preferably such that an uncondensed gas remains
after the condensation. In a preferred embodiment of the invention, liquid
condensate comprising water and substantially free of solvent monocarboxylic
acid is recovered by condensation from the pressurized gas by indirect heat
exchange to generate steam or another heated heat exchange fluid useful in
other steps or processes. An exhaust gas remaining after condensation is

‘under pressure and fypically comprises incondensable components of the

oXidation reaction off-gas. It may also include minor amounts of aromatic

feed material and sqlvent by-products generated in liquid phase oxidation that

pass into. the high pressure oxidation overhead. Condenser exhaust gas,

while normally under pressure lower than the liquid phase oxidation off-gas,
nonetheless is under high pressure and has substantial energy content.
Accordingly, the invention in some embodiments provides for recovery of
energy from pressurized condenser exhaust gas. Energy can be recovered

as heat, work, or a combination thereof.

In some embodiments, the invention alse can provide for improved
recoveries and re-use of monocarboxylic acid solvent for liquid phase

oxidation. In addition to substantial separation of a solvent-rich liquid from

PCT/US2006/0102335
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Gxidation' redction off-gas’ device and suitability of the solvent-rich liquid for
return to or use in oxidation, the invented process includes embodiments that
comprise directing to separation as reflux a liquid comprising a purification
mother liquor remaining after recovéry of a purified aromatic carboxylic acid
product from a purification reaction solution. In such embodiments, not only
oxidation by-prOduots, for example, carboxybenzaldehyde and toluic ac'id

oxidation intermediates convertible terephthalic or isophthalic acid as desired

“aromatic acid products, but also solvent monocarboxylic acid, such as

solvent residues in the impure aromatic carboxylic acid products used to form
purification solutions, or minor amounts of solvent remaining in the liquid

condensate comprising water condensed from the pressurized gas from

separation, can be returned to oxidation.

| Recoveries of solvent mohocarboxylic acid, reaction produc'ts'thereof
generated in liquid phase oxidation, unreacted aromatic feed material from the
oxidation or combinations thereof present in high pressure vapor phase from
oxidation and carried over to a pressurized gas remaining after substantial
separation of solvent monocarboxylic acid and water in the vapor phase are
further enhanced according to other embodiments in which the pressurized
gas Is condensed to recover liquid comprising water while leaving a high
pressure condenser exhaust gas cooled to a temperature at which one or
more scrubbing agents is effective for removing one or more of the feed
material, solvent and oxidation by-products of thé solvent. The resulting gas
can be further treated for separation of feed material and/or such solvent by-
products and, in a further embodiment, a stream comprising feed materials,

solvent by-products or combinations thereof can be directed to liquid phase

oxidation.

In one aspect, the invention provides an apparatus for manufacture of
aromatic carboxylic acids. The apparatus affords improved capabilities for
recovery of energy and for avoiding materials losses in process operation. In
some of its embodiments, the apparatus is configured to provide added
benefit by reducing carrosivity of process gas streams, such that components
of the apparatus and, in some cases, of auxiliary or other process equipment

can be constructed of metals and alloys with moderate corrosion resistance,

PCT/US2006/0102335
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titanium, nickel alloy steels and other more expensive, highly corrosion

resistant metals conventionally used in aromatic carboxylic acid manufacture .

Briefly, the apparatus according to this aspect of the invention
comprises a reaction vessel having a vent for removing reactor overhead
vapor, a separation device capable of substantially separating a Cig

monocarboxylic acid gas and water vapors in a high pressure gaseous

mixture comprising the monocarboxylic acid and water and in fluid

communication with the reaction vessel so as to receive a high pressure
vapor phase removed from the reaction vessel, con'densing means in fluid
communication with the separation device adapted to extract energy from a
high pressure gas by condensing at least a portion of the high pressure gas
and exchanging heat with a heat sink material; and means for directing a
condensate liquid condensed from the high pressure gas to at least one
vessel of an apparatus for purifying an aromatic carboxylic acid. A preferred
apparatus further comprises an expander in fluid communication with the

condensing means. A preferred separation device comprises one or more

~high pressure distillation columns. Preferably, the condenser is adapted to

condense as little as about 20% to about 60% to all or substantially all, of the

water present in a high pressure gas stream introduced to the condenser.

~ Optionally, the condenser can be further adapted to return a portion of

condensate liquid condensed from a high pressure overhead gas stream to

separation.

In somewhat greater detail, the apparatus according to this aspect of
the invention comprises a reaction vessel rated for a first pressure and
suitable for liquid,phése oxidation of an aromatic feed material with gaseous
oxygen in a liquid phase reaction mixture comprising monocarboxylic acid
solvent and water under conditions effective to maintain a liquid phase
reaction mixture and generate a high pressure vapor phase and comprising at
least one vent for removing a high pressure vapor phase from the vessel: a
separation device rated for a second pressure which is not substantially less
than the first pressure and comprising at least one gés inlet in flow

communication with the reaction vessel for receiving a high pressure vapor

o0

PCT/US2006/0102335
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pHase removed from at least one vent of the reaction vessel, at least liquid

inlet for introducing reflux liquid to the device, at least one gas outlet for
removing pressurized gas from the device, at least one liquid outlet for
removing a liquid stream from the device and a fractionating zone disposed at
a position intermediate at least one gas inlet and at least one gas outlet and
capable of substantially separating solvent monocarboxylic acid and water in
the high pressure vapor phase gas received in the device such that a liquid
stream comprising solvent monocarboxylic acid and substantially free of water
and a high pressure gas comprising water and free of substantial solvent -
monocarboxylic acid are formed,; condensing means comprising at least one

gas inlet for receiving a high pressure gas removed from at least one gas

outlet of the separation device heat exchange means for transfer of heat from

a high pressure gas in the condensing means to the heat exchange fluid such
that a\liquid condensate is condensed from the high pressure gas and a heat
exchange fluid at an increased temperature or pressure is formed, at.least
one outlet for removing from the condensing means a high pressure exhaust
gas, and at least one outlet for removing condensate liquid from the
condensing means; and n‘i’eans for directing condensate liquid removed from
at least one outlet of the condensing means to at least one vessel of an
aromatic carboxylic acid purification apparatus. Such and apparatus is
preferably adapted for use to carry out purification processes comprising
contacting a solution comprising aromatic carboxylic acid and impurities
dissolved in a aqueous liquid with hydrogen in the presence of a
hydrogenation catalyst at elevated temperature and pressure to form a
purification liquid reaction mixture and recovering a solid aromatic carboxylic
acid product with reduced impurities from the purification reaction mixture. A
preferred apparatus for manufacture of a purified aromatic carboxylic acid by
such 'a process comprises at least one reaction vessel adapted for contacting
a liquid purification reaction solution with hydrogen at elevated temperature
and pressure in the presence of a hydrogenation catalyst to form a purification
liquid reaction mixture and, more preferably, at least one product recovery
vessel in flow communication with the reaction vessel for receiving

purification liquid reaction mixture removed from the reaction vessel and

PCT/US2006/0102335
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levels of impurities. Preferably, such an apparatus also includes one or more
additional vessels such as for dissolving crude or impure aromatic carboxylic
acid in a purification reaction solvent, filtration or other separation of a solid
purified aromatic carboxylic acid from a liquid medium and washing of solid

purified aromatic carboxylic acid product.

Apparatus according. to an embodiment of this aspect of the invention
can also Include a power recovery device in fluid communication with the
Condensing means so as to receive a gas under pressure that exits the
condenser through at least one gas outlet. The power recovery device
comprises at least one inlet for receiving a gas under pressure and means for

extracting work from the high pressure gas.

Another aspect of the invention provides a process for manufacture of
aromatic carboxylic acids comprising contacting a feed material comprising at
least one aromatic hydrocarbon precursor to the acid with gaseous oxygen in
a liquid phase oxidation reaction mixture comprising monocarboxylic acid

solvent and water and in the presence of a catalyst composition comprising at

- least one heavy metal component in a reaction zone at elevated temperature

and pressure effective to maintain a liquid phase oxidation reaction mixture

and form an aromatic carboxylic acid and impurities comprising oxidation by-

~products of the aromatic hydrocarbon precursor dissolved or suspended in the

liquid phase oxidation reaction mixture and a high pressure vapor phase
comprising solvent monocarboxylic acid, water and minor amounts of the
aromatic hydrocarbon precursor and by-products; transferring a high pressure
vapor phase removed from the réaction zone to a separation zone supplied
with liquid reflux comprising water and capable of substantially separating
solvent monocarboxylic acid and water in the high pressure vapor phase to
form a solvent monocarboxylié acid-rich, water lean liquid and a high pressure
gas comprising water vapor; transferring a high pressure gas comprising
water vépor removed from the separation zone to a condensing zone and
condensing the high pressure gas tc form a condensaté liquid comprising
water and substantially free of organic impurities and a condensing zone

exhaust gas under pressure comprising incondensable components of the

10
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high” presstiré“gas transferred to the condensing zone; recovering from the

condensing zone condensate liquid that comprises water substantially free of
organic impurities and is suitable without additional treatment for use as at
least one liquid comprising water in a process for purification of aromatic
carboxylic acids, and directing condensate liquid comprising water
substantially free of organic impurities recovered from the condensing zone to

a process for purification of aromatic carboxylic acid, at least one step of

which comprises (a) forming a purification reaction solution comprising

aromatic carboxylic acid and impurities dissolved of slurried in a liquid

comprising water; (b) contacting a purification reaction solution comprising

aromatic carboxylic acid and impurities in a liquid comprising water at
elevated temperature and pressure with hydrogen in the presence of a
hydrogenation catalyst to form a purification liquid reaction mixture: (C)
recovering solid purified product comprising aromatic carboxylic acid with
reduced levels of impurities from a purification liquid reaction mixture
comprising the aromatic carboxylic acid and impurities in a liquid comprising
water, and (d) washing with at least one liquid comprising water a solid
purified aromatic carboxylic acid product recovered from a purification liquid
reaction mixture comprising the aromatic carboxylic acid, impurities and a
liquid comprising water; such that a liquid comprising water in at least one
step of the purificétion process comprises the condensate liquid comprising

water substantially free of organic impurities.

In another embodiment, a process for manufacture of aromatic
carboxylic acid according to the invention comprises, in steps, at least one
liguid phase oxidation step comprising contacting a feed material comprising
at least one substituted aromatic hydrocarbon in which the substituents are

oxidizable to carboxylic acid groups with gaseous oxygen in a liquid phase

-oxidation reaction mixture comprising monocarboxylic acid solvent and water

and In the presence of a catalyst composition comprising at least one heavy
metal component in a reaction zone at elevated temperature and pressure
effective to maintain a liquid phase oxidation reaction mixture and form an
aromatic carboxylic acid and impuritiés comprising reaction by-products

dissolved or suspended in the liquid phase oxidation reaction mixture and a

11
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high"presstre 'vapor phase comprising water, monocarboxylic acid, unreacted

substituted aromatic hydrocarbon, oxygen and reaction by-products; and at
least one anrification step comprising contacting with hydrogen at elevated
temperature and pressure in the presence of a catalyst comprising a
hydrogenation catalyét metal a purification reaction solution comprising a
liquid that comprises water and has'dissolved therein aromatic carboxylic acid
and Impurities recovered from the liquid phase oxidation reaction mixture from
at least one liquid phase oxidation step to form a purification liquid reaction
mixture comprising the aromatic carboxylic acid and hydrogenated imp°uritiés
dissolved in a liquid comprising water; and at least one off-gas treatment step
comprising substantially separating éolvent monocarboxylic acid and water in
a high pressure vapor phase removed from the reaction zone in at least one
liquid phése oxldation step 1o form a liquid comprising solvent monocarboxylic
acid and a high pressure gas comprising water, unreacted feed material,
reaction by-products, oxygen and a minor amount of solvent monocarboxylic
acid and condensing directly from the high pressure gas a condensate liquid
comprising water and substantially free of organic impurities; and at least one
step comprising directing condensate liquid comprising water and
substantially free of organic impurities condensed from the high pressure gas
in at least one off-gas treatment step to at least one purification step such that
a liquid comprising water in the purification step comprises the condensate
liquid. In more specific embodiments, at least one purification step comprises
at least one of the following additional steps in which a liquid comprising water
Is used: (a) a step comprising suspending or dissolving in a liquid comprising
water a solid product comprising aromatic carboxylic acid and impurities
recovered from the liquid reaction mixture in at least one liquid phase
oxidation step to form the purification reaction solution; (b) a step comprising
forming a slurry in a liquid comprising water of a solid product comprising the
aromatic carboxylic acid and reduced levels of impurities recovered from the
purification liquid reaction mixture; and (c) a step comprising washing with a
liquid comprising water a solid product comprising the aromatic carboxylic
acid with reduced levels of impurities recovered from the purification liquid

reaction mixture.
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“Liguid "phidse "6Xidation, purification and off-gas treatment steps of the

‘process according to embodiments of the invention preferably are integrated

such that a liquid phése oxidation product comprising aromatic carboxylic acid

and by-products and a high pressure vapor phase from a single liquid phase

- oxidation are directed to purification and off-gas treatments, respectively, with

a liquid condensed from a pressurized gas from the off-gas treatment step

- being directed to purification for use as a liquid comprising water.

In another embodiment, a process according to the invention
comprises In steps, (a) contacting a feed material comprising an aromatic
hydrocarbon precursor to the aromatic carboxylic acid and gaseous oxygen in

a liquid phase oxidation reaction mixture comprising monocarboxylic acid

solvent and water and in the presence of a catalyst'composition comprising a
heavy metal component in a reaction zone at elevated temperéture and
pressure effective to maintain a lfquid oxidafion reaction mixture and to form
an aromatic carboxylic acid and impurities comprising reaction by-products
dissolved or suspended in the liquid phase oxidation reaction mixture and a
high pressure vapor phase that comprises monocarboxylic acid, water,
unreacted aromatic hydrocarbon precursor, oxygen' gas, and reaction by-
products; (b) recovering from the liquid phase’ oxidation reaction mixture a
solid product comprising aromatic carboxylic acid énd impurities comprising

reaction by-products; (c) suspending or dissolving solid product recovered

- from the liquid phase oxidation reaction mixture comprising aromatic

carboxylic acid and impurities comprising reaction by-products in a liquid
comprising water, at least a portion of which comprises a condensate liquid
recovered according to step (i), to form a purification reaction solution; (d)
contacting the purification solution at elevated temperature and pressure with
hydrogen in the presence of a hydrogenation catalyst to form a purification
liquid reaction mixture; (e) recovering from the purification quuid‘ reaction
mixture a solid purified product comprising aromatic carboxylic acid with
reduced levels of impurities and a liquid purification mother liquor comprising
water and minor amounts of oxidized aromatic hydrocarbon precursor,
hydrogenated derivatives thereof or combinations thereof; (f) transferring a

high pressure vapor phase from step (a) comprising solvent monocarboxylic
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dcid, watet”vapor, Unreactéd feed material, oxygen and by-products of the

liquid phase oxidation reaction to a separation zone supplied with reflux liquid

~ and capable of substantially separating the monocarboxylic acid solvent and

water in the high pressure vapor phase; (g) substantially separating solvent
monocarboxylic acid and water in the high pressure vapor phase in the
separation zone at elevated temperature and pressure into liquid comprising
monocarboxylic acid solvent and lean in water and a high pressuré gas'
substantially free of monocarboxylic acid solvent comprising water, aromatic
feed material, by-products df the oxidation step and a minor amount of

monocarboxylic acid solvent; (h) transferring a high pressure gas removed

, from the separation zone to a condensing zone and transferring heat between

the pressurized gas and a heat exchange fluid to condense from the high
pressure gas a condensate liquid comprising water substantially free of
organic impurities and form a high pressure condensing zone exhaust gas;
and (i) directing at least a portion of the condensate liquid condensed from the

pressurized gas in step ('h) to step (c).

In more specific embodiments, a liquid stream comprising the solvent
monocarboxylic acid-rich liquid from the separation zone is transferred to the
reaction zone. In other embodiments, cooling of the high pressure gas
transferred to the condensing zone for condensation to recover condensate
liquid comprising water substantially free of organic impurities is accomplished
by transfer of heat from the high pressure gas to a heat exchange medium to
generate steam or another heated fluid under pressure; the resulting steam or
heated fluid under pressure can be used for heating in other steps or
processes. Exhaust gas from the condensing zone after condensation to
recover liquid condensate is under pressure and comprises incondensable
components of the high pressuré vapor phase removed from a liquid phase
oxidation step and directed to separation, and can also contain traces of
gaseous solvent monocarboxylic acid, water and aliphatic alcohols and esters
formed by side reactions of solvent monocarboxylic acid as a result of the
liquid phase oxidation. Accordingly, in other embodiments of the invention,
condensation zone exhaust gas can be treated in one or more additional

steps for recovery of unreacted feed materials and solvent or solvent by-
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products of the oxidation step. Alternatively or in addition, énérgy can be
recovered from a condensing zone exhaust gas pressure substantially free of
organic impurities, such as by heat exchange to generate steam or another

heated fluid for process or other use or by conversion to mechanical energy

- such as by an expander or other suitable device.

In still further embodiments of the process, at least a pprtion of the
reflux provided to the separation zone for separation of water and solvent
monocarboxylic acid in the high pressure vapor phase from a liquid phase
oxidation reaction comprises liquid purification mother liquor from purification.
In such embodiments of the process, purification of solid product récovered
from liquid phase oxidation preferably comprises a further step comprising
directing a liquid compriaing. purification mother liquor to a source of liquid
introduced to the separation device as reflux.

Brief Des‘cription of the Drawing

‘The invention is described with reference to the Drawing, in which:

Figure 1 is a schematic view lllustratlng embodiments of an apparatus

~according the invention and useful in the invented processes; and

Figure 2 is a flow diagram illustrating a process a‘ccording to preferred
embodiments of the invention and integration of an apparatus according to the
invention, such as in Figure 1, and equipment used for purification of aromatic

carboxylic acids according to embodiments of the invention.

Detailed Description

Aromatic carboxylic acids for which the invention is suited include
mono- and polycarboxylated' species having one or more aromatic rings and
which can be manufactured by reaction of gaseous and liquid reactants in a
liquid phase system. Examples of such aromatic carboxylic acids include
terephthalic acid, trimesic acid, trimellitic acid, phthalic acid, isophthalic acid,
benzoic acid and naphthalene dicarboxylic acids. The invention is particularly
suited for manufacture of pure forms of terephthalic acid including purified

terephthalic acid and so-called medium purity terephthalic acids.
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"Ari" oxidation step of the invented process is a liquid phase oxidation
that comprises con’@acting oxygen gas and a feed material comprising an
aromatic hydrocarbon having.substi’tuents oxidizable to carboxylic acid groups
In a liquid phase reaction mixture comprising a monocarboxylic acid solvent
and water in the presence of a catalyst composition comprising at least one
heavy metal component. The oxidation step is conducted at elevated
temperature and pressure effective to maintain a liquid phase reaction mixture
and form a high temperature, high pressure vapor phase. Oxidation of the
aromatic feed material in the liquid phase oxidation step produces aromatic
carboxylic acid as well as reaction by-products such as partial or intermediate
oxidation products of the aromatic feed material and solvent by-products. The
liquid-phase oxidation step and associated process steps can be conducted
as a batch process, a continuous process, or a semi-continuous process. The

oXidation step can be conducted in one or more reactors.

Suitable aromatic feed materials for the oxidation generally Comprise
an aromatic hydrocarbon substituted at one or more positions, normally
corresponding to the positions of the éarboxylic acid groups of the aromatic
carboxylic acid 'being prepared, with at least one group that is oxidizable to a
carboxylic acid group. The oxidizable substituent or substituents can be alky!
groups, such as a methyl, ethyl or isopropyl groups, or groups already
containing oxygen, such as a hydroxyalkyl, formyl or keto group. The
substituents can be the same or different. The aromatic portion of feedstock
compounds can be a benzene nucleus or it can be bi- or polycyclic, such as a
naphthalene nucleus. The number of oxidizable substituents on the aromatic
portion of the feedstock compound can be equal to the number of siteé
avallable on the aromatic portion, but'is generally fewer than all such sites,
preferably 1 to about 4 and most preferably 2. Examples of useful feed
compounds, ‘which can be used alone or in combinations, include toluene,
ethylbenzene and other alkyl-substituted benzenes, o-xylene, p-xylene, m-
xylene, tolualdehydes, toluic acids, alkyl benzyl alcohols, 1-formyl-4-
methylbenzene, 1-hydroxymethyl-4-methylben-zene, methylacetophenone,
1,2,4-trimethylbenzene, 1 -formyl~2;4-dimethyl-benzene, 1,2,4,5-tetramethyl-

benzene, alkyl-, formyl-, acyl-, and hydroxylmethyl-substituted naphthalenes,
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Suich ‘as"26-dimethylinaphthalene, 2,6-diethylnaphthalene, 2,7-dimethyinaph-

thalene, 2,7-diethylnaphthalene, 2-formyl-6-methylnaphthalene, 2-acyl-6-
methylnaphthalene, 2-methyl-6-ethylnaphthalene and partially oxidized

derivatives of the foregoing,.

For manufacture of aromatic carboxylic acids by oxidation of their
correspondingly substituted aromatic hydrocarbon pre-cursors, e.g.,
manufacture of benzoic acid from monq-substituted benzenes, terephthalic
acid from para-disubstituted benzenes, phthalic acid from ortho-disubstituted
benzenes, and 2,6 or 2,7 naphthalene dicarboxylic acids from, respectively,
2,6- and 2,7-disubstituted naphthalenes, it is preferred to use relatively pure
feed materials, and more preferably, feed materials in which content of the
pre-cursor corresponding to the desired acid is at least about 95 wt.%, and
more preferably at least 98 wt.% or even higher. A preferred aromatic
hydrocarbon feed for use to manufacture terephthalic acid c'omprises para-

Xylene. A preferred feed material for making benzoic acid comprises toluene.

Solvent for the liquid phase reaction of aromatic feed material to
aromatic carboxylic acid product in the liquid phase oxidation step comprises
a low molecular weight monocarboxylic acid, which is preferably a C4-Cg
monocarboxylic acid, for example acetic acid, propionic acid, butyric acid,
valeric acid and benzoic acid. Lower aliphatic monocarboxylic acids and
benzoic acid are preferred because they are less reactive to undesirable

reaction products than higher molecular weight monocarboxylic acids under

reaction conditions used in for liquid phase oxidations to aromatic carboxylic

acids and can enhance catalytic effects in the oxidation. Acetic acid is most
preferred. Solvents in the form of aqueous solutions thereof, for example
about 80 to about 95 wt.% solutions of the acid are most commonly used in
commercial operations. Ethanol ahd other co-éolvent materials that oxidize to
monocarboxylic acids under the liquid phase oxidation reaction conditions
also can be used as is or in combination with monocarboxylic acids with good
results. When using a solvent comprising a mixture of a monocarboxylic acid
and such a co-solvent, co-solvents oxidizable to the same monocarboxylic are

preferably used so that solvent separation steps are not further complicated.
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In regard to solvents for the liquid phase oxidation according to the
Invention, the expression "solvent monocarboxylic acid" as used herein in
reference to a component of various gaseous or liquid streams refers to a
monocarboxylic acid having the same chemical composition as the
monocarboxylic acid used as solvent for the liquid phase oxidation. Such
usage also distinguishes those chemical compositions from other

monocarboxylic acids that may be present as oxidation by-products. By way

,of'example, when the liquid phase reaction mixture for oxidation includes

- acetic acid solvent, the expression "solvent monocarboxylic acid" refers to

acetic acid but not other monocarboxylic acid species such as benzoic and
toluic acids which are common partial or intermediate oxidation by-products of
aromatic feed materials used according to the invention. Also, as will be clear
from context, the word "solvent" as used in the expression "solvent
monocarboxylic acid" may, but does not necessarily, refer to the function of
the monocarboxylic acid to which it refers. Thus, again by way of example,
"solvent monocarboxylic acid" described as a component of a liquid phase
oxidation reaction mixture is present as solvent for the mixture; however,
"solvent monocarboxylic acid" described as a component present in a high
pressure vapor phase generated in the oxidation or’as a component of a liquid:
phase separated from, such a vapor phase is not intended to denote that the

monocarboxylic acid is functioning as a solvent.

Catalysts. used for the liquid oxidation corhpr‘ise materials that are
effective to catalyze oxidation of the aromatic feed material to aromatic
carboxylic écid. Preferred catalysts are soluble in the liqtjid phase reaction
mixture used for oxidation because soluble catalysts promote contact among
catalyst, oxygen gas and liquid feed materials; .however, heterogeneous
catalyst or catalyst components may also be used. Typically, the catalyst
comprises at least one heavy metal component such as a metal with atomic
weight in the range of about 23 to about 178. Examples of suitable heavy
metals include cobalt, manganese, vanadium, moxlybdenum',* chromium, iron,
nickel, zirconium, cerium or a lanthanide metal such as hafnium. Suitable
forms of these metals include, for example, acetates, hydroxides, and

carbonates. Preferred catalysts comprise cobalt, manganese, combinations
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hafnium, cerium and zirconium.

In preferred embodiments, catalyst compositions for I'iquid phase
oxidation also comprise a promoter, which promotes oxidation activity of the
catalyst metal, preferably without generation of undesirable 'types" or levels of
by-products. Promoters that are soluble in the liquid reaction mixture used in
oxidation are preferred for promoting contact among catalyst, promoter and
reactants. Halogen compounds are commonly used as a promoter, for
example hydrogen halides, sodium halides, potassium halides, ammonium
halides, halogen-substituted hydrocarbons, halogen-substituted carboxylic
acids and other halogenated compounds. Preferred promoters comprise at
least one bromine source. Suitable bromine soufces include bromo-
anthracenes, Bro, HBr; NaBr, KBr, NH4Br, benzyl-bromide, bromo acetic acid,
dibromo acetic acid, tetrabromoethane, ethylene dibromide, bromoacetyl
bromide and combinations thereof. Other suitable promoters include

-aldehydes and ketones such as acetaldehyde and methyl ethyl ketone.

Reactants for the liquid phase reaction of the oxidation step also
iInclude a gas comprising molecular oxygen. Air is conveniently used as a
source of oxygen gas. Oxygen-enriched air, pure oxygen and other gaseous
mixtures comprising molecular oxygen, typically at levels of at least about 10
vol.%, also are useful. As will be appreciated, as molecular oxygen content of
the source increases, compressor requirements and handling of inert gases in
reactor off-gases are reduced. - When air or other oxygen-containing gaseous
mixtures are used as an oxygen source for the process, the high pressure
vapor phase generated by the liguid phase reaction in‘the oxidation step

comprises nitrogen or other inert gas components of the oxygen source.

Proportions of aromatic feed material,'catalyst, oxygen and solvent are
not critical to the Iinvention and vary with factors that include choice of
reactants, solvent and catalyst compositions and intended aromatic carboxylic
acid product, details of process design and operating factors. Solvent to
aromatic feedstock weight ratios ranging from about 1:1 to about 30:1 are
preferred, with about 2:1 to about 5:1 being more preferred although higher
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Oxygen.gas typically is used in at least a stoichiometric amount based on
aromatic feed material but not so great, taking into account reaction
conditions, rates and organic components of the high pressure vapor phase
resulting from the liquid-phase reaction, that a flammable mixture exists in the
vapor phase. In commercial operations using preferred aromatic feed
materials, solvent monocarboxylic acid, catalyst compositions and operating
conditions, oxygen gas, most commonly supplied in the form of air, is
preferably supplied to the liquid ph*ase oxidation at a rate effective to provide
at least about 3 to about 5.6 moles molecular oxygen per mole of aromatic
hydrocarbon feed material. A high pressure'vapor phase resulting from liquid
phase oxidation Is preferably removed from the reaction at a rate such that
oxygen content of the Vapor phase In a reaction zone contains from about 0.5
to about 8 vol.% oxygen measured on a solvent-free basis. Other things
béing equal, vapor phase oxygen contents in the lower portion of that range,
for example up to about 3 vol.%, favors manufacture of pure forms of aromatic
carboxylic acid with somewhat greater impurities contents than at higher
vapor phase oxygen contents. For manufacture of pure forms of terephthalic
acid by liguid phasé oxidation of aromatic precursors such as para-xylene and
purification of the resulting liquid phase oxidation product according to the

in{/ention, vapor phase oxygen contents of about 0.5 to about 2.5 vol.% are

~ preferred for making so-called medium purity products, in which levels of

impurities primarily comprising 4-Carboxybenzaldehydé and p-toluic acid
range from about 100 to about 1,000 ppmw. Higher vapor phase oxygen

‘contents in the oxidation favor manufacture of products that can be purified to

more pure forms of terephthalic acid in which levels of such impurities are
generally less than about 200 ppmw.  Catalyst  suitably is used in
concentrations of catalyst metal, based on weight of aromatic hydrocarbon
feed and solvent, greater than about 100 ppmw, preferably greater than about
500 ppmw, and less than about 10,000 ppmw, preferably less than about
6,000 ppmw, more preferably less than about 3,000 ppmw. - Preferably a
halogen promoter and more preferably a promoter comprising bromine, is

present. Such a promoter is present In an amount such that the atom ratio of
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‘halogen"to” catalyst metal stitably is greater than about 0.1:1, preferably

greater than about 0.2:1 and suitably s less than about 4:1, preferably less
than about 3:1. The atom ratio of halogen to catalyst metal most preferably
ranges from about 0.25:1 to about 2:1. Other things being equal, reaction
rates and consumption of oxygen gas in liquid phase oxidation increase and
levels of unreacted oxygen in the vapor phase from oxidation decrease, with
iIncreased catalyst concentrations in the oxidation reaction mixture, thereby
affording control and flexibility for manufacture of a range of pure forms of

aromatic carboxylic acid by the invented process.

The liquid phase reaction for oxidation of aromatic feed material to
product comprising aromatic carboxylic acid is conducted in a suitable
oxidation reaction zone, which normally, comprises one or more oxidation
reaction vessels. Suitable oxidation reaction vessels are configured and
constructed to withstand the high temperature and pressure conditions and

corrosive liquid and vapor phase contents used and present in the reaction

zone and to provide for addition and mixing of catalyst, liquid and gaseous

reactants and solvent, removal of aromatic carboxylic acid product or a liquid
comprising such product for recovery thereof, and removal of a high pressure
vapor phase generated by the liquid phase reaction for controlling heat of
reaction. Reactor types which can be used include continuous stirred tank
reactors and plug-flow reactors. Commonly', oxidation reactors comprise a
columnar vessel, normally with a central axis which extends vertically when
the vessel is positioned for process use, having one or more mixing features
for mixing liquid reactants and distributing oxygen gas within the liquid phase
boiling reaction mixture. Typically, the mixing feature comprises one or more
impellers mounted on a rotatable or otherwise movable shaft. For example,
impellers may extend from a rotatable central vertical shaft Reactors may be
constructed of materials designed to withstand the particular temperatures,

pressures and reaction compounds used. Generally, suitable oxidation

reactors are constructed using inert, corrosion-resistant materials such as

titanium or with at least their surfaces that define interior space or volume in
which liquid reaction mixture and reaction off-gas are contained lined with

materials such as titanium or glass.
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A" réaction mixture for the liquid phase oxidation is formed by
combining componenfs comprising aromatic feed material, - solvent and
catalyst and adding gaseous oxygen to the mixture. In continuous or semi-
continuous prdcesses, components preferably are combined in one or more
mixing vessels before being introduced to the oxidation zone; however, the
reaction mixture can also be formed in the oxidation zone. The source of
oxygen gas can be introduced into the reactor in one or more locations and is
typically introduced In such a manner as to promote contact between the
molecular oxygen and the other reaction compounds, for exampie, by
introduction of compressed air or other gaseous oxygen source into the liquid
body within a lower or intermediate portion of the interior volume of the

reaction vessel.

Oxidation of aromatic feed material to product comprising aromatic

- carboxylic acid is conducted under oxidation reaction conditions effective to

maintain a liquid phase reaction mixture and form aromatic carboxylic acid

~and impurities comprising by-products of the aromatic hydrocarbon precursor

dissolved or suspended in the liquid phase reaction mixture and generate a
high temperature and pressure vapor phase, gaseous components of which

are primarily solvent monocarboxylic acid (i.e., acetic acid when the oxidation

reaction solvent is acetic acid) and water. The high pressure vapor phase

commonly also comprises unreacted aromatic feed material and oxygen gas
that enter the vapor phase and by-products of the liquid phase reaction.
When using air, as commonly practiced in commercial scale operations, or
other oxygen gas sources comprising nitrogen or other inert gas components,

the vapor phase will also comprise those inert components. Heat generated '
by oxidation is dissipated by boiling the liquid phase reaction mixture ana

removing an overhead vapor phase from the reaction zone.

Generally temperatures of the liquid phase reaction are maintained at
about 120°C or greater, and preferably at about 140°C or greater, but less
than about 250°C and preferably less than about 230°C. Reaction
temperatures in the range of about 145°C to about 230°C are preferred in the
manufacture of aromatic carboxylic acid products such as terephthalic acid,

benzoic acid and naphthalene dicarboxylic acid. At temperatures lower than

I .
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about” 120°C, the liquid phase oxidation can proceed at rates or with
conversions ‘that are economica'lly unattractive or may adversely affect
product quality. For example, manufacture of terephthalic acid from para-
xylene feedstock at a temperature less than about 120 cTClcan take more than
24 hours to proceed t00'substantial completion and the resuiting terephthalic
acid product can require additional processing due to its impurities content.
Temperatures above 250°C are not preferred due to potential for undesirable
burning and loss of solvent. Pressure of the liquid phase reaction mixture can
be used to control the temperature at which the liquid phase reaction mixture
boils and is selected to maintain a substantial liquid phase reaction mixture.
Pressures of about 5 to about 40 kg/cm” gauge are preferred, with preferred

pressures for particular processes ' varying with feed and solvent

~compositions, temperatures and other factors and more preferably ranging

between about 10 tQ about 30 kg/cm®. At a reaction pressure of about 7 to
about 21 kg/cm?, temperature of a reaction mixture comprising acetic acid as
solvent, and of the vapor phase resulting from the liquid phase reaction, is
about 170 to about 210°C. Residence times in the reaction vessel can be
varied as appropriate for given throughputs énd conditions, with about 20 to
about 150 minutes being generally suited to a range of processes. For
manufacturé of some aromatic carboxylic acids, such as manufacture of
terephthalic acid from para-xylene feed materials using acetic acid solvent for
the reaction miXture, solids contents in the boiling liquid phase reaction
mixture can be as high as about 50 wt.% of the liquid reaction mixture, with
levels of ébout 10 to about 35 wt.% being more common. In processes in
which the aromatic acid product is substantially soluble in the reaction solvent,
solid concentrations in the liquid body are negligible. As will be appreciated
by persons skilled in the manufacture of aromatic carboxylic acids, preferred
conditions and operating parameters vary with different products and

~ processes and can vary within or even beyond the ranges specified above.

Products of the liquid phase oxidation reaction include aromatic
carboxylic acid oxidized from the aromatic feed material, impurities comprising
by-products generated as a result of the liquid phase reaction and, as noted

above, a high pressure vapor phase that results from the liquid phase

[
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réaction, including boiling of the liquid phase reaction mixture to allow removal
of the vapor phase for control of reaction temperature. Specific examples of
by-products of the aromatic feed material include partial or intermediate
oxidation products such as toluic acids, tolualdehydes, carboxybenzaldehydes
and hydroxymethyl benzoic acids. By-products of the liquid phase reaction
also include solvent reaction products such as methanol and other lower
aliphatic alcohols oxidized from the reaction solvent and esters generated by
reaction of such alcohols with the solvent, examples of which'include methyl

acetate, methyl propionate, methyl butyfate and the like. By-products

commonly are present in both the liquid phase oxidation reaction mixture and

the vapor phase resulting therefrom. Carbon oxide by-products can result
from oxidation of solvént, feed materials or their by-p.roducts. In embodiments
of the invention in which the liquid phase reaction is conducted using a source
of bromine as promoter, by-products also typically include lower alkyl
bromides, e.g., methyl bromide when using acetic acid as the reaction
solvent, which commonly forms by reaction of bromide ions with acetic acid.
As above, these bromine-containing by-products and impurities may be
present in one or both of the liquid phase reaction mixture and the high
pressure vapor phase generated therefrom. In some embodimentslof the
Invented process, for example those in which solid product from liquid phase
oxidation is purified and a mother liquor or other recycle streams comprising
purification step liquids or components thereof are transferred directly or
indirectly to a liquid phase oxidation, by-products such as toluic acids carried
over Into purification liquids as well as hydrogenated derivatives of various by-
product compounds resulting from purification steps also may be present in

the liquid phase reaction mixture.

‘Water also is 'produced as a by-product of the liquid phase reaction in
the oxidation step. However, because water may also be present in the liguid
phase reaction mixture as a result of addition thereto, for example when using
aqueous monocarboxylic acid solvents or in recycle streams from other
process steps, and also due to the significant amounts of' water present in the
oxidation step, whether as by-product or deliberate addition, and inability or

lack of need to distinguish between water of reaction and water added
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daliberatély. the expression "by-products of the liquid phase reaction” and like

expressions used herein do not refer to water unless stated otherwise.
Similarly, when water or water vapor is described herein as a component of
various process liquids', gases or st‘réams, it is without regard to whether the
water is by-product water from liquid phase oxidation, deliberately added in

the process or both unless otherwise stated or clear from context. -

Aromatic carboxylic acid reaction product slurried or dissolved in a
portion of the liquid reaction mixture from the liquid phase oxidation can be
treated using conventional techniques to recover aromatic carboxylié acid
reaction product contained therein. Typically, aromatic carboxylic acid
product and by-products of the aromatic feed material' to oxidation slurried,
dissolved or slurried and dissolved in liquid reaction mixture are removed from

the reaction zone used for the liquid phase reaction and recovered by suitable

- techniques. Thus, liquid phase oxidation according to invented process can

comprise, in addition to the oxidation reaction step, a step comprising
recovering from a liquid phase oxidation reaction mixture a product
comprising aromatic carboxylic acid and impurities comprising reaction by-

products. The product preferably is recovered as a solid product.

Soluble product dissolved in the liquid can be recovered by
crystallization, which usually is accomplished by cooling and releasing
pressure on a liquid slurry or solution from the oxidation reaction zone. Solid
product siurried in the liquid and solids crystallized from reaction liquid or frorh
crystallization solvents are conveniently separated from the 'quuids by
centrifuging, filtration or combinations thereof. Solid products recovered from
the reaction liquid by éuch techhiques comprise aromatic carboxylic acid and
Impurities comprising by-products of the aromatic feed material. Liquid
remaining after recovery of solid product from the liquid reaction mixture, also
referred to as oxidation mother liquor, comprises solvent monocarboxylic acid,
water, catalyst and promoter, soluble by-products of the liquid phase oxidation
and impurities that may be present such as from recycle streams. The mother
liguor normally also contains minor amounts of aromatic carboxylic acid and
partial or Iintermediate oxidation products of the aromatic feed material

remaining unrecovered from the liquid. The mother liquor s preferably
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returned at least in part to the reaction zone of at least one liquid phase
oxidation so that components thereof that are useful in the liquid phase
reaction, such as catalyst, promoter, solvent and by-products convertible to

the desired aromatic carboxylic acid are re-used.

In preferred embodiments of the invention, a liguid phase reaction
mixture from oxidation comprising aromatic carboxylic acid and by-products of
a liquid phase oxidation reaction is recovered from the liquid by crystallization
iINn one or more‘ stages, such as in a single crystallization vessel or a series of
crystallization vessels, with sequential reductions in temperature and pressure
from earlier to later stages to increase product recovery. Cryétallizatic)n in two

to four stages,'for example from an oxidation reaction temperature in the

| rahge of about 140 to about 250°C and pressure in the range of about 5 to

about 40 kg/cm® gauge to a final crystallization temp'erature in the range of
about 110 to about 150°C and pressure of ambient to about 3 kg/cm?
provides substantial crystallization of solid aromatic acid product. Mother

iquor separated from the solid product by crystallization can be returned to

the liquid phase reaction as described above. Heat is removed from the

vessels used for crystallization by removal of a gas phase formed as a result

of flashing or other pressure letdown of the reaction liquid, with a vapor phase
removed from one or mdre stages preferably condensed and, directly.or
indirectly through one or more additional recovery stages, as discussed
below, returned at least in part to the reaction zone for use in liquid phase

oXxidation.

Solid product recovered from the liquid phase oxidation, typically
comprising aromatic carboxylic acid and impurities comprising oxidation by-
products such as intermediate okidation products of the aromatic feed
material, can be separated from liquid oxidation mother quUor resulting from
recovery of the solid product by any suitable technique. Exanﬁples include
centrifuging, vacuum filtration, pressure filtration .and filtration using belt filters.
The resulting solid product is preferably washed after separation with liquid
comprising water such as pure water or a wash liquid comprising minor
amounts of solvent monocarboxylic acid, catalyst, aromatic feedstock,

oxidation by-products or combinations thereof that can be beneficially
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oxidation mother liquor recycle or other liquids returned to the reaction zone.
Separation of solid impure aromatic carboxylic acid recovered from an
oxidation mother liquor and washing of solid product can be conveniently
accomplished by solvent exchange filtration under pressufe using pressure
filters such as are disclosed in US 5,679,846, and US 5,200,557. A preferred
filtration device for such separations is a BHS Fest filter as described more
fully in US 5,200,557. Mother liquor and wash liquids removed from the
filtered cake can be transferred directly or indirectly to liquid phase oxidation.
Filtration and washing of the solid product in multiple stages and with
increasingly pure wash liquids, for exémple liquids removed from filter cake in
downstream stages as wash liquid in prior stages, can provide additional
benefit by concentrating solvent monocarboxylic acid displaced from filtered
solids for return to oxidation. In a more specific embodiment, the filtered cake
wet with wash liquid resulting from such positive displacement filtration is
directed from a final wash étage to a drying stage wherein it is optionally
contacted with inert gas, typically under light to moderate pressure, for
substantial removal of residual liquid from the cake. After washing and
substantial removal of wash liquid from solid product comprising aromatic acid
and by-products, the resulting solid can-be dried and directed to storage or

other steps, which may include preparation of a reaction solution for

purification of the solid product. Preferably, levels of residual solvent

monocarboxylic acid in solid product directed to purification are about 5,000
parts per million by weight ("ppmw") or less. Solid product can be dried with a

flowing stream of nitrogen or other inert gas to reduce residual solvent levels.

In addition to the aromatic carboxylic acid reaction product formed in
the liquid phase reaction of an oxidation step' according to the invented

process, a high pressure vapor phase is generated, comprising solvent

‘ monocarboxylic acid and water and usually also comprising by-products of the

liquid phase oxidation and unreacted aromatic feed material and oxygen gas
and, If present, inert components of the oxygen source, as described above.
Temperature and pressure of the vapor phase present in the reaction zone

corresponds to conditions of the liquid phase reaction. An off-gas treatment
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stép'dccording to the invention provides for recoveries of energy, materials

and combinations thereof.

An off-gas treatment step of the invented process comprises
substantially separating solvent monocarboxylic acid and watef vapors from a
stream comprising a high pressure vapor phase that is removed from at least
one liquid phase oxidation step such that at least one solvent monocarboxylic
acid-rich liqguid phase and at least one high pressure gés comprising water
and typically also compriéing unreacted feed material, reaction by-products,
oxygen and a minor amount of solvent monocarboxylic acid are formed and
condensing directly from the high pressure gas a condensate liquid
comprising water and substantially free of organic impurities such as solvent
monocarboxylic acid, unreacted aromatic' feed material to' liguid phase
oxidation and oxidation ,by-.pro_ducts of the feed material. Separation is
conducted with the high pressure vapor phase at a temperature and under
pressure not substantially less than temperature and pressure of the vapor
phase in the liquid phase oxidation step from which the vapor phase is
removed. The off-gas treatment preferably comprises steps that comprise
fransferring a high pressure vapor phase from at least one liquid p_hése
oxidation step as described above cdmprising gaseous solvent
monocarboxylic acid and water, and usually also comprising unreacted feed
material, oxygen and by-products of the oxidation step to a separation zone
supplied with reflux liquid and capable of substantially separating the solvent
monocarboxylic acid and water in the high pressure vapor phase,
substantially separating solvent monocarboxylic acid 'and water in the high
pressure vapor phase in the separation zone at elevated temperature and
pressure into a liquid phase, which is rich in solvent monocarboxylic acid, lean
In water and can also comprise components of the high pressure vapor phase
less volatile than the solvent monocarboxylic acid, and a high pressure gas
substantially comprising water vapor and substantially free of solvent
monocarboxylic acid and other organic impurities such as unreacted aromatic
feed materials and its by-products from oxidation, transferring high pressure
gas removed from the separation device to a condensing zone to condense

from the high pressure gas a liquid condensate comprising water substantially
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fréé "of ‘organic impurities.  Condensation preferably is conducted by

transferring heat bétween the high pressure gas and a heat exchange fluid.

In greater detail, separation according to an off-gas treatment step
according to the invention cOmprises directing a high pressure vapor phase
removed from the reaction vessel used for liquid phase oxidation to a
separation zone that is capable of operating with the vapor phase at high
temperature and pressure to substantially separate water and solvent
monocarboxylic acid in the vapor phase. The high p'ressure vapor phase can
be transferred from the reaction zone of a liquid phase oxidation to the
separation zone directly, as where a separation device is mounted directly or '
In close association‘ with an 6xidation reaction vessel or other reaction zone,

or indirectly, for example by means suitable conduits, valves, pumps and the

like for effecting transfer. A minor portion of the high pressure and high

temperature vapor phase from the liquid phase oxidation may be directed to

other uses, such as generation of high pressure steam or heat exchange fluid.

Preferably, the vapor phase transferred to the separation  device remains at

high enough temperature and pressure so that energy content of the vapor
phase entering the separation device is at least substantially retained and the
vapor phase provides sufficient heat for separation in contact with reflux liquid
supplied to the separation zone. Most preferably, transfer of the vapor phase
to the separation zone is achieved by passage directly from the reaction zone
or through suitable pressure rated piping such that temperature of the vapor

phase entering the separation zone is no more than about 10°C cooler than

- the reaction temperature in the liquid phase oxidation and pressuré of the

vapor phése entéring the separation zone is no more than about 3 kg/cm? less
than the pressure in the liquid phase oxidation.. The separation zone also is
designed for operation at high temperature and pressure, and preferably at
temperatures and preSsures not substantially less than the temperature and
pressure of the high pressure vapor phase present in the reaction zone to
avoid loss of energy content of the vapor phase from the reaction zone. More
preferably, the separation zone is designed for treating a vapor phase undér
pressure of at least about 80%, more preferably at least about 90%, and still

more preferably at east about 95%, of the pressure of the vapor phase in the
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