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OPTIMIZED LIQUID-PHASE OXIDATION

FIELD OF THE INVENTION

This invention relates generally to a process for the liquid-phase,
catalytic oxidation of an aromatic compound. One aspect of the mvention
concerns the partial oxidation of a dialkyl aromatic compound (e.g., para-
xylene) to produce a crude aromatic dicarboxylic acid (e.g., crude terephthalic
acid), which can thereafter be subjected to purification and separation. Another
aspect of the invention concerns an improved bubble column reactor that

provides for a more effective and economical liquid-phase oxidation process.

BACKGROUND OF THE INVENTION

Liguid-phase oxidation reactions are employed in a variety of existing
commercial processes. For -example, liquid-phase oxidation 1s currently used
for the oxidation of aldehydes to acids (e.g., propionaldehyde to propionic acid),
the oxidation of ¢yclohexane to adipic acid, and the oxidation of alkyl aromatics
to alcohols, acids, or diacids. A particularly significant commercial oxidation
process in the latter category (oxidation of alkyl aromatics) is the liquid-phase
catalytic partial oxidation of para-xylene to terephthalic acid. Terephthalic acid
is an important compound with a variety of applications. The primary use of
terephthalic acid is as a feedstock in the production of polyethylene
terephthalate (PET). PET is a well-known plastic used m great quantities
around the world to make products such as bottles, fibers, and packaging.

In a typical liquid-phase oxidation process, including partial oxidation of
para-xylene to terephthalic acid, a liquid-phase feed stream .and a gas-phase
oxidant stream are introduced into a reactor and form a multi-phase reaction
medium in the reactor. The liquid-phase feed stream introduced 1nto the reactor
contains at least one oxidizable organic compound (e.g., para-xylene), while the
gas-phase oxidant stream contains molecular oxygen. At least a portion of the
molecular oxygen introduced into the reactor as a gas dissolves into the liquid
phase of the reaction medium to provide oxygen availability for the hquid-phase
reaction. If the liquid phase of the multi-phase reaction medium contains an

insufficient concentration of molecular oxygen (i.e., if certain portions of the
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reaction medium are “oxygen-starved”), undesirable side-reactions can generate
impurities and/or the intended reactions can be retarded in rate. If the liquid
phase of the reaction medium contains too little of the oxidizable compound, the
rate of reaction may be undesirably slow. Further, 1f the liquid phase of the
reaction medium contains an excess concentration of the oxidizable compound,
additional undesirable side-reactions can generate impurities.

Conventional liquid-phase oxidation reactors are equipped with agitation
means for mixing the multi-phase reaction medium contained therein. Agitation
of the reaction medium is supplied in an effort to promote dissolution of
molecular oxygen into the liquid phase of the reaction medium, mamtain
relatively uniform concentrations of dissolved oxygen in the liquid phase of the
reaction medium, and maintamn relatively uniform concentrations of the
oxidizable organic compound in the liquid phase of the reaction medium.

Agitation of the reaction medium ﬁndergoing liqumid-phase oxidation 1s
frequently provided by mechanical agitation means 1 vessels such as, for
example, continuous stirred tank reactors (CSTRs). Although CSTRs can
provide thorough mixing of the reaction medium, CSTRs have a number of
drawbacks. For example, CSTRs have a relatively high capital cost due to their
requirement for expensive motors, fluid-sealed bearings and drive shafts, and/or
complex stirring mechanisms.  Further, the rotating and/or oscillating
mechanical components of conventional CSTRs require regular maintenance.
The labor and shutdown time associated with such maintenance adds to the
operating cost of CSTRs. However, even with regular maimntenance, the
mechanical agitation systems employed in CSTRs are prone to mechanical
failure and may require replacement over relatively short periods of time.

Bubble column reactors provide an attractive alternative to CSTRs and
other mechanically agitated oxidation reactors. Bubble column reactors provide
agitation of the reaction medium without requiring expensive and unreliable
mechanical equipment. Bubble column reactors typically include an elongated
upright reaction zone within which the reaction medium is contained. Agitation

of the reaction medium in the reaction zone is provided primarily by the natural
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buoyancy of gas bubbles rising through the liquid phase of the reaction medium.
This natural-buoyancy agitation provided in bubble column reactors reduces
capital and maintenance costs relative to mechanically agitated reactors.
Further, the substantial absence of moving mechanical parts associated with

5  bubble column reactors provides an oxidation system that 1s less prone to
mechanical failure than mechanically agitated reactors.

When liquid-phase partial oxidation of para-xylene 1s carried out in a
conventional oxidation reactor (CSTR or bubble column), the product
withdrawn from the reactor is typically a slurry comprising crude terephthalic

10 acid (CTA) and a mother liquor. CTA contains relatively high levels of
impurities (e.g., 4-carboxybenzaldehyde, para-toluic acid, fluorenones, and
other color bodies) that render it unsuitable as a feedstock for the production of
PET. Thus, the CTA produced in conventional oxidation reactors 1s typically
subjected to a purification process that converts the CTA mto purified

15  terephthalic acid (PTA) suitable for making PET.

One typical purification process for converting CTA to PTA imcludes the
following steps: (1) replacing the mother liquor of the CTA-contaimng slurry
with water, (2) heating the CTA/water slurry to dissolve the CTA m water, (3)
catalytically hydrogenating the CTA/water solution to convert impurities to

20 more desirable and/or easily-separable compounds, (4) precipitating the
resulting PTA from the hydrogenated solution via multiple crystallization steps,
and (5) separating the crystallized PTA from the remaining liquids. Although
effective, this type of conventional puriﬁqation process can be very expensive.
Individual factors contributing to the high cost of conventional CTA

25  purification methods include, for example, the heat energy required to promote
dissolution of the CTA in water, the catalyst required for hydrogenation, the
hydrogen stream required for hydrogenation, the yield loss caused by
hydrogenation of some terephthalic acid, and the multiple vessels required for
multi-step crystallization. Thus, it would be desirable to provide a CTA product

30 that could be purified without requiring heat-promoted dissolution in water,

hydrogenation, and/or multi-step crystallization.

3
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OBJECTS OF THE INVENTION

It i1s, therefore, an object of the present invention to provide a more
effective and economical liquid-phase oxidation reactor and process.

5 Another object of the invention 1s to provide a more effective and
economical reactor and process for the liquid-phase catalytic partial oxidation of
para-xylene to terephthalic acid.

Still another object of the mvention 1s to provide a bubble column

reactor that facilitates improved liquid-phase oxidation reactions with reduced

10 formation of impurities.

Yet another object of the mvention 1s to provide a more effective and
economical system for producing pure terephthalic acid (PTA) via liquid-phase
oxidation of para-xylene to produce crude terephthalic acid (CTA) and
subsequently, purifying the CTA to PTA.

15 A further object of the mvention 1s to provide a bubble column reactor
for oxidizing para-xylene and producing a CTA product capable of being
purified without requiring heat-promoted dissolution of the CTA in water,
hydrogenation of the dissolved CTA, and/or multi-step crystallization of the
hydrogenated PTA.

20 It should be noted that the scope of the present invention, as defined in

the appended claims, 1s not limited to processes or apparatuses capable of
realizing all of the objects listed above. Rather, the scope of the claimed
invention maj} encompass a variety of systems that do not accomplish all or any
of the above-listed objects. Additional objects and advantages of the present
25 invention will be readily apparent to one skilled i the art upon reviewing the

following detailed description and associated drawings.

SUMMARY OF THE INVENTION

One embodiment of the present mvention concerns a process comprising
30 oxidizing an oxidizable compound in a liquid phase of a multi-phase reaction

medium contained in a bubble column reactor, wherein the pressure differential

4
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between the top and bottom of the reaction medium 1s at least about 1 bar,
wherein the time-averaged superficial velocity of the reaction medium at half
height 1s maintammed in the range of from about 0.8 to about 5 meters per

second.

Another embodiment of the present invention concerns a process for
producing terephthalic acid comprising the following steps: (a) oxidizing para-
xylene in a liquid phase of a three-phase reaction medium contained within a
bubble column reactor to thereby form crude terephthalic acid, wherein the
pressure differential between the top and bottom of the reaction medium is at
least about 1 bar, wherein the time-averaged superficial velocity of the reaction
medium at half height i1s maintained in the range of from about 0.8 to about 5
meters per second; and (b) oxidizing at least a portion of the crude terephthalic
acld 1n a secondary oxidation reactor to form purer terephthalic acid.

Still another embodiment of the present invention concermns a bubble
column reactor for reacting a predominately liquid-phase stream and a
predominately gas-phase stream. The bubble column reactor includes a vessel
shell. The vessel shell includes a reaction section and a disengagement section.
The reaction section defines an elongated reaction zone having a maximum
diameter (D) and a maximum length (L) of at least about 30 meters. The
reaction zone presents normally-upper and normally-lower ends spaced from

one another by the length (L). The disengagement section is located above the

reaction section and defines a disengagement zone in fluid communication with
the reaction zone. The disengagement zone has a maximum diameter (X) and a

maximum height (Y). The vessel shell has an X:D ratio of at least about 1.1:1.

BRIEF DESCRIPTION OF THE DRAWINGS

Preterred embodiments of the mvention are described in detail below

with reference to the attached drawing figures, wherein;

FIG. 1 1s a side view of an oxidation reactor constructed in accordance
with one embodiment of the present invention, particularly illustrating the

introduction of feed, oxidant, and reflux streams into the reactor, the presence of

S
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slurry from the top and bottom of the reactor, respectively;

FIG. 2 1s an enlarged sectional side view of the bottom of the bubble
column reactor taken along line 2-2 1 FIG. 3, particularly illustrating the

location and configuration of a oxidant sparger used to introduce the oxidant
stream 1nto the reactor;

FIG. 3 is a top view of the oxidant sparger of FIG. 2, particularly
illustrating the oxidant openings in the top of the oxidant sparger;

FIG. 4 is a bottom view of the oxidant sparger of FIG. 2, particularly

ilfustrating the oxidant openings in the bottom of the oxidant sparger;

FIG. 5 1s a sectional side view of the oxidant sparger taken along line 5-

5 in FIG. 3, particularly illustrating the orientation of the oxidant openings in

the top and bottom of the oxidant sparger;
FIG. 6 1s an enlarged side view of the bottom portion of the bubble

column reactor, particular illustrating a system for introducing the feed stream

into the reactor at multiple, vertically-space locations;

FIG. 7 1s a sectional top view taken along line 7-7 in FIG. 6, particularly
illustrating how the feed introduction system shown in FIG. 6 distributes the
feed stream into in a preferred radial feed zone (FZ) and more than one
azimuthal quadrant (Q1, Q2, Q3, Qa); |

FIG. 8 i1s a sectional top view similar to FIG. 7, but illustrating an

alternative means for discharging the feed stream into the reactor using bayonet

tubes each having a plurality of small feed openings;

FIG. 9 1s an 1sometric view of an alternative system for introducing the
feed stream into the reaction zone at multiple vertically-space locations without
requiring multiple vessel penetrations, particularly illustrating that the feed
distribution system can be at least partly supported on the oxidant sparger;

FIG. 10 is a side view of the single-penetration feed distribution system

and oxidant sparger 1llustrated in FIG. 9;
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FIG. 11 is a sectional top view taken along line 11-11 1 FIG. 10 and
further illustrating the single-penetration feed distribution system supported on
the oxidant sparger;

FIG. 12 is an isometric view of an alternative oxidant sparger having all

5  of the oxidant openings located in the bottom of the ring member;
FIG. 13 is a top view of the alternative oxidant sparger of FIG. 12;
FIG. 14 is a bottom view of the alternative oxidant sparger of FIG 12,

particularly illustrating the location of the bottom openings for introducing the

oxidant stream into the reaction zone;

10 FIG. 15 is a sectional side view of the oxidant sparger taken along line
15-15 in FIG. 13, particularly illustrating the orientation of the lower oxidant
openings;

FIG. 16 is a side view of a bubble column reactor equipped with an
internal deaeration vessel near the bottom outlet of the reactor;

15 FIG. 17 is an enlarged sectional side view of the lower portion of the
bubble column reactor of FIG. 16 taken along line 17-17 1 FIG. 18, particularly

illustrating the configuration of the internal deaeration vessel positioned at the

bottom outlet of the bubble column reactor;

FIG. 18 is a sectional top view taken along line 18-18 1 FIG. 16,

20  vparticularly illustrating a vortex breaker disposéd in the deaeration vessel;

FIG. 19 is a side view of a bubble column reactor equipped with an
external deaeration vessel and illustrating the manner in which a portion of the
deaerated slurry exiting the bottom of the deaeration vessel can be used to flush
out a de-inventorying line coupled to the bottom ot the reactor;

25 FIG. 20 is a side view of a bubble column reactor equipped with a
hybrid internal/external deaeration vessel for disengaging the gas phase of a
reaction medium withdrawn from an elevated side location in the reactor;

FIG. 21 is a side view of a bubble column reactor equipped with an
alternative hybrid deaeration vessel near the bottom of the reactor;

30 FIG. 22 1s an enlarged sectional side view of the lower portion of the

bubble column reactor of FIG. 21, particularly illustrating the use of an

7
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alternative oxidant sparger employing inlet conduits that receive the oxidant
stream through the bottom head of the reactor;

FIG. 23 1is an enlarged sectional side view similar to FIG. 22,
particularly illustrating an alternative means for introducing the oxidant stream
into the reactor via a plurality of openings in the lower head of the reactor and,
optionally, employing impingement plates to more evenly distribute the oxidant
stream 1n the reactor;

FIG. 24 is a side view of a bubble column reactor employing an internal
flow conduit to help improve dispersion of an oxidizable compound by
recirculating a portion of the reaction medium ifrom an upper portion of the

reactor to a lower portion of the reactor;

FIG. 25 1s a side view of a bubble column reactor employing an external
flow conduit to help immprove dispersion of the oxidizable compound by
recirculating a portion of the reaction medium from an upper portion of the
reactor to a lower portion of the reactor;

FIG. 26 is a sectional side view of a horizontal eductor that can be used
to improve dispersion of the oxidizable compound in an oxidation reactor,
particularly illustrating an eductor that uses mcoming liquid feed to draw
reaction medium into the eductor and discharges the mixture of feed and

reaction medium into a reaction zone at high velocity;

FIG. 27 1s a sectional side view of a vertical eductor that can be used
improve dispersion of the oxidizable compound in an oxidation reactor,
particularly illustrating an eductor that combines the liquid feed and inlet gas
and uses the combined two-phase fluid to draw reaction medium into the
eductor and discharge the mixture of liquid feed, mlet gas, and reaction medium
into a reaction zone at high velocity;

FIG. 28 is a side view of a bubble column reactor containing a multi-
phase reaction medium, particularly illustrating the reaction medium being
theoretically partitioned into 30 horizontal slices of equal volume m order to

quantify certain gradients in the reaction medium,;
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FIG. 29 is a side view of a bubble column reactor containing a multi-
phase reaction medium, particularly illustrating first and second discrete 20-

percent continuous volumes of the reaction medium that have substantially

different oxygen concentrations and/or oxygen consumption rates;

FIG. 30 1s a side view of two stacked reaction vessels, with or without
optional mechanical agitation, containing a multi-phase reaction medium,
particularly illustrating that the vessels contain discrete 20-percent continuous
volumes of the reaction medium having substantially different oxygen

concentrations and/or oxygen consumption rates;

FIG. 31 1s a side view of three side-by-side reaction vessels, with or
without optional mechanical agitation, containing a multi-phase reaction
medium, particularly illustrating that the vessels contain discrete 20-percent

contmuous volumes of the reaction medium having substantially different

oxygen concentrations and/or oxygen consumption rates;

F1G. 32 1s a side view of a staged-velocity bubble column reactor having

a broad lower reaction zone and a narrow upper reaction zone;

FIG. 33 1s a side view of a bubble column reactor equipped with an
upright divider wall for adding upright surface area that contacts the reaction
medium;

F1G. 34 1s a sectional view taken along line 34-34 in FIG. 33,
particularly illustrating that the divider wall is a planar member dividing the

reaction zone into two substantially equal sections;

FIG. 35 1s a side view a bubble column reactor equipped with a

shortened upright divider wall for adding upright surface area that contacts the

reaction medium;

FIG. 36 1s a side view of a bubble column reactor equipped with a
shortened and curved upright divider wall for adding upright surface area that

contacts the reaction medium;

FIG. 37 i1s a sectional view taken along line 37-37 in FIG. 36,
particularly illustrating that the curved upright divider wall is a generally S-
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shaped member dividing a portion of the reaction zone into two substantially

equal sections;

FIG. 38 is a side view of a bubble column reactor equipped with a

shortened upright internal member for adding upright surface area that contacts

the reaction medium,;

FIG. 39 is a sectional view taken along line 39-39 m FIG. 38,
particularly illustrating that the upright internal member has an “X” shape and

the edges of the internal member do not extend all the way to the reactor side

wall;

FIG. 40 is a side view of a bubble column reactor equipped with
alternating, differently-configured, upright internal members for adding upright

surface area that contacts the reaction medium;

FIG. 41 is a sectional view taken along line 41-41 in FIG. 40,
particularly illustrating one configuration of the upright members that has an

“X” shape and divides a portion of the reaction zone mto four substantially

equal quadrants;

FIG. 42 is a sectional view taken along line 42-42 1 FIG. 40,
particularly illustrating the other configuration of the upright members that

divides a portion of the reaction zone into eight substantially equal wedge-

shaped sections;

FIG. 43 is a side view of a bubble column reactor equipped with a
plurality of helicoid-shaped internal members for adding upright surface area

that contacts the reaction medium;

FIG. 44 is a sectional view taken along line 44-44 1 FIG. 43,
particularly illustrating the shape of one of the helicoid-shaped internal

members;

FIG. 45 is a side view of a bubble column reactor equipped a plurality of

baffles, each comprising a plurality of cylindrical bars for contacting the

reaction medium;

10
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FIG. 46 1s an enlarged 1sometric view of the baffles of FIG. 45,
particularly illustrating the manner in which the cylindrical bars of adjacent
baffles are rotated 90 degrees relative to one another;

FIG. 47 is a sectional view taken along line 47-47 in FIG. 45,
particularly 1llustrating a single one of the baftles;

FIG. 48 1s a side view of a bubble column reactor equipped with a
plurality of baffles, each comprising a plurality of L-section members for

contacting the reaction medium;

FIG. 49 is an enlarged side view of the baffles of FIG. 48, particularly

illustrating the manner in which the L-section members of adjacent baffles are

rotated 90 degrees relative to one another;

FIG. 50 1s a sectional view taken along line 50-50 m FIG. 48,
particularly illustrating a single one of the baffles;

FIG. 51 is a side view of a bubble column reactor equipped with a single
monolithic, cylindrical, diamond-shaped batile for contacting the reaction
medium;

FIG. 52 is an enlarged side view of the monolithic baffle of FIG. 51;

FIG. 53 is a sectional view taken along line 53-53 in FIG. 51 and
illustrating the cylindrical nature of the monolithic bafifle;

FIGS. 54A and 54B are magnified views of crude terephthalic acid
(CTA) particles produced in accordance with one embodiment of the present
invention, particularly illustrating that each CTA particle 1s a low density, high
surface area particle composed of a plurality of loosely-bound CTA sub-
particles; ‘

FIG. 55A and 55B are magnified views of a conventionally-produced
CTA, particularly illustrating that the conventional CTA particle has a larger
particle size, lower density, and lower surface area than the inventive CTA
particle of FIGS. 54A and 54B;

FIG. 56 is a simplified process flow diagram of a prior art process for

making puﬁﬁed terephthalic acid (PTA);

11
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FIG. 57 is a simplified process flow diagram of a process for making
PTA in accordance with one embodiment of the present invention; and

FIG. 58 is a table summarizing various operating parameters of a bubble
column oxidation reactor, wherein certain of the operating parameters have

been adjusted in accordance with the description provide in the Examples

section.

DETAILED DESCRIPTION

One embodiment of the present invention concerns the liquid-phase
partial oxidation of an oxidizable compound. Such oxidation 1s preferably
carried out in the liquid phase of a multi-phase reaction medium contained in
one or more agitated reactors. Suitable agitated reactors mclude, for example,
bubble-agitated reactors (e.g., bubble column reactors), mechanically agitated
reactors (e.g., continuous stirred tank reactors), and flow agitated reactors (e.g.,
jet reactors). In one embodiment of the invention, the liquid-phase oxidation 1s
carried out in a single bubble column reactor.

As used herein, the term “bubble column reactor™ shall denote a reactor
for facilitating chemical reactions in a multi-phase reaction medium, wherein
agitation of the reaction medium is provided primarily by the upward movement
of gas bubbles through the reaction medium. As used herein, the term
““agitation” shall denote work dissipated into the reaction medium causing fluid
flow and/or mixing. As used herein, the terms “majority”, “primarily”, and
“sredominately” shall mean more than 50 percent. As used herein, the term
“mechanical agitation” shall denote agitation of the reaction medium caused by
physical movement of a rigid or flexible element(s) agamst or within the
reaction medium. For example, mechanical agitation can be provided by
rotation, oscillation, and/or vibration of internal stirrers, paddles, vibrators, or
acoustical diaphragms located in the reaction medium. As used herein, the term

“flow agitation” shall denote agitation of the reaction medium caused by high

velocity injection and/or recirculation of one or more fluids in the reaction
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medium. For example, flow agitation can be provided by nozzles, ejectors,
and/or eductors.

In a preferred embodiment of the present invention, less than about 40
percent of the agitation of the reaction medium in the bubble column reactor
during oxidation is provided by mechanical and/or flow agitation, more
preferably less than about 20 percent of the agitation 1s provided by mechanical
and/or flow agitation, and most preferably less than 5 percent of the agitation 1s
provided by mechanical and/or flow agitation. Preferably, the amount of
mechanical and/or flow agitation imparted to the multi-phase reaction medium
during oxidation is less than about 3 kilowatts per cubic meter of the reaction
medium, more preferably less than about 2 kilowatts per cubic meter, and most
preferably less than 1 kilowatt per cubic meter.

Referring now to FIG. 1, a preferred bubble column reactor 20 1s
illustrated as comprising a vessel shell 22 having of a reaction section 24 and a
disengagement section 26. Reaction section 24 defines an mternal reaction zone
28, while disengagement section 26 defines an internal disengagement zone 30.
A predominately liquid-phase feed stream is introduced mto reaction zone 28
via feed inlets 32ab,c,d. A predominately gas-phase éxidant stream 1S
introduced into reaction zone 28 via an oxidant spélrger 34 located in the lower
portion of reaction zone 28. The liquid-phase feed stream and gas-phase
oxidant stream cooperatively form a multi-phase reaction medium 36 within
reaction zone 28. Multi-phase reaction medium 36 comprises a liquid phase
and a gas phase. More preferably, multiphase reaction medium 36 comprises a
three-phase medium having solid-phase, liquid-phase, and gas-phase
components. The solid-phase component of the reaction medium 36 preferably
precipitates within reaction zone 28 as a result of the oxidation reaction carried
out in the liquid phase of reaction medium 36. Bubble column reactor 20
includes a slurry outlet 38 located near the bottom of reaction zone 28 and a gas
outlet 40 located near the top of disengagement zone 30. A shury effluent

comprising liquid-phase and solid-phase components of reaction medium 36 1s
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withdrawn from reaction zone 28 via slurry outlet 38, while a predominantly
gaseous effluent is withdrawn from disengagement zone 30 via gas outlet 40.

The liquid-phase feed stream introduced into bubble column reactor 20

via feed inlets 32a,b,c,d preferably comprises an oxidizable compound, a

l
solvent, and a catalyst system.

The oxidizable compound present in the liquid-phase feed stream
preferably comprises at least one hydrocarbyl group. More preferably, the
oxidizable compound is an aromatic compound. Still more preferably, the
oxidizable compound is an aromatic compound with at least one attached
hydrocarbyl group or at least one attached substituted hydrocarbyl group or at
least one attached heteroatom or at least one attached carboxylic acid function (-
COOH). Even more preferably, the oxidizable compound 1s an aromatic
compound with at least one attached hydro‘carbyl group or at least one attached
substituted hydrocarbyl group with each attached group comprising from 1 to 5
carbon atoms. Yet still more preferably, the oxidizable compound 1s an
aromatic compound having exactly two attached groups with each attached
group comprising exactly one carbon atom and consisting of methyl groups
and/or substituted methyl groups and/or at most one carboxylic acid group.
Even still more preferably, the oxidizable compound 1s para-xylene, meta-
xylene, para-tolualdehyde, meta-tolualdehyde, para-toluic acid, meta-toluic

acid, and/or acetaldehyde. Most preferably, the oxidizable compound 1s para-

xylene.

A “hydrocarbyl group”, as defined herein, 1s at least one carbon atom
that is bonded only to hydrogen atoms or to other carbon atoms. A “‘substituted
hydrocarbyl group”, as defined herein, 1s at least one carbon atom bonded to at
least one heteroatom and to at least one hydrogen atom. “Heteroatoms”, as
defined herein, are all atoms other than carbon and hydrogen atoms. Aromatic
compounds, as defined herein, comprise an aromatic ring, preferably having at
least 6 carbon atoms, even more preferably having only carbon atoms as part of

the ring. Suitable examples of such aromatic rings include, but are not limited
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to, benzene, biphenyl, terphenyl, naphthalene, and other carbon-based fused
aromatic rings.

Suitable examples of the oxidizable compound include aliphatic
hydrocarbons (e.g., alkanes, branched alkanes, cyclic alkanes, aliphatic alkenes,
branched alkenes, and cyclic alkenes); aliphatic aldehydes (e.g., acetaldehyde,
propionaldehyde, isobutyraldehyde, and n-butyraldehyde); aliphatic alcohols
(e.g., ethanol, isopropanol, n-propanol, n-butanol, and isobutanol); aliphatic
ketones (e.g., dimethyl ketone, ethyl methyl ketone, diethyl ketone, and
isopropyl methyl ketone); aliphatic esters (e.g., methyl formate, methyl acetate,
ethyl acetate); aliphatic peroxides, peracids, and hydroperoxides (e.g., t-butyl
hydroperoxide, peracetic acid, and di-t-butyl hydroperoxide); aliphatic
compounds with groups that are combinations of the above aliphatic species
plus other heteroatoms (e.g., aliphatic compounds comprising one Or more
molecular segments of hydrocarbons, aldehydes, alcohols, ketones, esters,
peroxides, peracids, and/or hydroperoxides in combination with sodium,
bromine, cobalt, manganese, and zirconium); various benzene Iings,
naphthalene rings, biphenyls, terphenyls, and other aromatic groups with one or
more attached hydrocarbyl groups (e.g., toluene, -ethylbenzene,
isopropylbenzene, n-propylbenzene, neopentylbenzene, para-xylene, meta-
xylene, ortho-xylene, all isomers of trimethylbenzenes, all isomers of
tetramethylbenzenes, pentamethylbenzene, hexamethylbenzene, all 1somers of
ethyl-methylbenzenes, all isomers of diethylbenzenes, all isomers of ethyl-
dimethylbenzenes, all isomers of dimethylnaphthalenes, all isomers of ethyl-
methylnaphthalenes, all isomers of diethylnaphthalenes all isomers of
dimethylbiphenyls, all isomers of ethyl-methylbiphenyls, and all 1somers of
diethylbiphenyls, stilbene and with one or more attached hydrocarbyl groups,
fluorene and with one or more attached hydrocarbyl groups, anthracene and
with one or more attached hydrocarbyl groups, and diphenylethane and with one
or more attached hydrocarbyl groups); various benzene rings, naphthalene rings,
biphenyls, terphenyls, and other aromatic groups With one or more attached

hydrocarbyl groups and/or one or more attached heteroatoms, which may
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connect to other atoms or groups of atoms (e.g., phenol, all isomers of
methylphenols, all isomers of dimethylphenols, all 1somers of naphthols, benzyl
methyl ether, all isomers of bromophenols, bromobenzene, all isomers of
bromotoluenes including alpha-bromotoluene, dibromobenzene, cobalt
naphthenate, and all isomers of bromobiphenyls); various benzene rings,
naphthalene rings, biphenyls, terphenyls, and other aromatic groups with one or
more attached hydrocarbyl groups and/or one or more attached heteroatoms
and/or one or more attached substituted hydrocarbyl groups (e.g., benzaldehyde,
all 1somers of bromobenzaldehydes, all isomers of brominated tolualdehydes
including all 1somers of alpha-bromotolualdehydes, all 1somers of
hydroxybenzaldehydes, all i1somers of bromo-hydroxybenzaldehydes, all
isomers of benzene dicarboxaldehydes, all 1somers of benzene
tlicarboxaidehydes, para-tolualdehyde, meta-tolualdehyde, ortho-tolualdehyde,
all 1somers of toluene dicarboxaldehydes, all 1somers of toluene
tricarboxaldehydes, all isomers of toluene tetracarboxaldehydes, all 1somers of
dimethylbenzene dicarboxaldehydes, all isomers of dimethylbenzene
tricarboxaldehydes, all isomers of dimethylbenzene tetracarboxaldehydes, all
isomers of irimethylbenzene tricarboxaldehydes, all i1somers of
ethyltolualdehydes, all 1somers of trimethylbenzene dicarboxaldehydes,
tetramethylbenzene dicarboxaldehyde, hydroxymethyl-benzene, all isomers of
hydroxymethyl-toluenes, all i1somers of hydroxymethyl-bromotoluenes, all
isomers of hydroxymethyl-tolualdehydes, all 1somers of hydroxymethyl-
bromotolualdehydes, benzyl hydroperoxide, benzoyl hydroperoxide, all isomers
of tolyl methyl-hydroperoxides, and all i1somers of methylphenol methyl-
hydroperoxides); various benzene rings, naphthalenes rings, biphenyls,
terphenyls, and other aromatic groups with one or more attached selected
groups, selected groups meaning hydrocarbyl groups and/or attached
heteroatoms and/or substituted hydrocarbyl groups and/or carboxylic acid
groups and/or peroxy acid groups (e.g., benzoic acid, para-toluic acid, meta-
toluic acid, ortho-toluic acid, all 1somers of ethylbehzoic acids, all isomers of

propylbenzoic acids, all isomers of butylbenzoic acids, all isomers of
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pentylbenzoic acids, all isomers of dimethylbenzoic acids, all 1somers of
ethylmethylbenzoic acids, all isomers of trimethylbenzoic acids, all 1somers of
tetramethylbenzoic acids, pentamethylbenzoic acid, all 1somers of
diethylbenzoic acids, all isomers of benzene dicarboxylic acids, all isomers of
benzene tricarboxylic acids, all isomers of methylbenzene dicarboxylic acids,
all isomers of dimethylbenzene dicarboxylic acids, all 1somers of
methylbenzene tricarboxylic acids, all isomers of bromobenzoic acids, all
isomers of dibromobenzoic acids, all isomers of bromotoluic acids including
alpha-bromotoluic acids, tolyl acetic acid, all isomers of hydroxybenzoic acids,
all isomers of hydroxymethyl-benzoic acids, all isomers of hydroxytoluic acids,
all isomers of hydroxymethyl-toluic acids, all isomers of hydroxymethyl-
benzene dicarboxylic acids, all isomers of hydroxybromobenzoic acids, all
isomers of hydroxybromotoluic acids, all 1isomers of hydroxymethyl-
bromobenzoic acids, all isomers of carboxy benzaldehydes, all isomers of
dicarboxy benzaldehydes, perbenzoic acid, all 1somers of hydroperoxymethyl-
benzoic acids, all isomers of hydroperoxymethyl-hydroxybenzoic acids, all
isomers of hydroperoxycarbonyl-benzoic  acids, all 1somers of
hydroperoxycarbonyl-toluenes, all isomers of methylbiphenyl carboxylic acids,
all isomers of dimethylbiphenyl carboxylic acids, all isomers of methylbiphenyl
dicarboxylic aéids, all 1somers of biphenyl tricarboxylic acids, all 1somers of
stilbene with one or more attached selected groups, all 1somers of fluorenone
with one or more attached selected groups, all isomers of naphthalene with one
or more attached selected groups, benzil, all isomers of benzil with one or more
attached selected groups, benzophenone, all isomers of benzophenone with one
or more attached selected groups, anthraquinone, all isomers of anthraquinone
with one or more attached selected groups, all isomers of diphenylethane with
one or more attached selected groups, benzocoumarin, and all isomers of
benzocoumarin with one or more attached selected groups).

If the oxidizable compound present in the liquid-phase feed stream is a
normally-solid compound (i.e., 1s a solid at standard temperature and pressure),

it 1s preferred for the oxidizable compound to be substantially dissolved in the
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solvent when introduced into reaction zone 28. It 1s preferred for the boiling

point of the oxidizable compound at atmospheric pressure to be at least about

50°C. More preferably, the boiling point of the oxidizable compound 1s 1n the
range of from about 80 to about 400°C, and most preferably in the range of

from 125 to 155°C. The amount of oxidizable compound present in the liquid-
phase feed is preferably in the range of from about 2 to about 40 weight percent,
more preferably in the range of from about 4 to about 20 weight percent, and
most preferably in the range of from 6 to 15 weight percent.

It is now noted that the oxidizable compound present in the liquid-phase
feed may comprise a combination of two or more different oxidizable
chemicals. These two or more different chemical materials can be fed
commingled in the liquid-phase feed stream or may be fed separately in
multiple feed streams. For example, an oxidizable compound comprising para-
xylene, meta-xylene, para-tolualdehyde, para-toluic acid, and acetaldehyde may
be fed to the reactor via a single inlet or multiple separate mnlets.

The solvent present in the liquid-phase feed stream preferably comprises
an acid component and a water component. The solvent 1s preferably present in
the liquid-phase feed stream at a concentration in the range of from about 60 to
about 98 weight percent, more preferably in the range of from about 80 to about
96 weight percent, and most preferably in the range of from 85 to 94 weight
percent. The acid component of the solvent 1s preferably primarily an organic
low molecular weight monocarboxylic acid having 1-6 carbon atoms, more
preferably 2 carbon atoms. Most preferably, the acid component of the solvent
is primarily acetic acid. Preferably, the acid component makes up at least about
75 weight percent of the solvent, more preferably at least about 80 weight
percent of the solvent, and most preferably 85 to 98 weight percent of the
solvent, with the balance being primarily water. The solvent introduced into
bubble column reactor 20 can include small quantities of impurities such as, for
example, para-tolualdehyde, terephthaldehyde, 4-carboxybenzaldehyde (4-
CBA), benzoic acid, para-toluic acid, para-toluic aldehyde, alpha-bromo-para-

toluic acid, 1sophthalic acid, phthalic acid, trimellitic acid, polyaromatics, and/or
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suspended particulate. It is preferred that the total amount of impurities in the
solvent introduced into bubble column reactor 20 is less than about 3 weight
percent.

The catalyst system present in the liquid-phase feed stream 1s preferably
a homogeneous, liquid-phase catalyst system capable of promoting oxidation
(including partial oxidation) of the oxidizable compound. More preferably, the
catalyst system comprises at least one multivalent transition metal. Still more
preferably, the multivalent transition metal comprises cobalt. Even more
preferably, the catalyst system comprises cobalt and bromine. Most preferably,
the catalyst system comprises cobalt, bromine, and manganese.

When cobalt is present in the catalyst system, it 1s preferred for the
amount of cobalt present in the liquid-phase feed stream to be such that the
concentration of cobalt in the liquid phase of reaction medium 36 1s maintained
in the range of from about 300 to about 6,000 parts per million by weight
(ppmw), more preferably in the range of from about 700 to about 4,200 ppmw,
and most preferably in the range of from 1,200 to 3,000 ppmw. When bromine
is present in the catalyst system, it 1s preferred for the amount of bromine
present in the liquid-phase feed stream to be such that the concentration of
bromine in the liquid phase of reaction medium 36 1s maintained 1n the range of
from about 300 to about 5,000 ppmw, more preferably i the range ot from
about 600 to about 4,000 ppmw, and most preferably in the range of from 900
to 3,000 ppmw. When manganese 1s present in the catalyst system, it is
preferréa for the amount of manganese present 1n the liquid-phase feed stream
to be such that the concentration of manganese in the liquid phase of reaction
medium 36 is maintained in the range of from about 20 to about 1,000 ppmw,
more preferably in the range of from about 40 to about 500 ppmw, most
preferably in the range of from 50 to 200 ppmw.

The concentrations of the cobalt, bromine, and/or manganese in the
liquid phase of reaction medium 36, provided above, are expressed on a time-
averaged and volume-averaged basis. As used herein, the term “time-averaged”

shall denote an average of at least 10 measurements taken equally over a
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continuous period of at least 100 seconds. As used herein, the term “volume-
averaged” shall denote an average of at least 10 measurements taken at uniform
3-dimensional spacing throughout a certain volume.

The weight ratio of cobalt to bromine (Co:Br) in the catalyst system
introduced into reaction zone 28 is preferably in the range of from about 0.25:1
to about 4:1, more preferably in the range of from about 0.5:1 to about 3:1, and
most preferably in the range of from 0.75:1 to 2:1. The weight ratio of cobalt to
manganese (Co:Mn) in the catalyst system introduced into reaction zone 28 1s
preferably in the range of from about 0.3:1 to about 40:1, more preferably in the

range of from about 5:1 to about 30:1, and most preferably in the range of from

10:1 to 25:1.

The liquid-phase feed stream introduced into bubble column reactor 20
can include small quantities of impurities such as, for example, toluene,
ethylbenzene, para-tolualdehyde, terephthaldehyde, 4-carboxybenzaldehyde (4-
CBA), benzoic acid, para-toluic acid, para-toluic aldehyde, alpha bromo para-
toluic acid, isophthalic acid, phthalic acid, trimellitic acid, polyaromatics, and/or
suspended particulate. When bubble column reactor 20 is employed for the
production of terephthalic acid, meta-xylene and ortho-xylene are also
considered impurities. It is preferred that the total amount of impurities 1n the

liquid-phase feed stream introduced into bubble column reactor 20 is less than

about 3 weight percent.

Although FIG. 1 illustrates an embodiment where the oxidizable
compound, the solvent, and the catalyst system are mixed together and
intrqduced into bubble column reactor 20 as a single feed stream, 1n an
alternative embodiment of the present invention, the oxidizable compound, the
solvent, and the catalyst can be separately introduced into bubble column
reactor 20. For example, it is possible to feed a pure para-xylene stream into
bubble column reactor 20 via an inlet separate from the solvent and catalyst
inlet(s).

The predominately gas-phase oxidant stream introduced into bubble

column reactor 20 via oxidant sparger 34 comprises molecular oxygen (0O,).
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Preferably, the oxidant stream comprises in the range of from about 5 to about
40 mole percent molecular oxygen, more preferably in the range of from about
15 to about 30 mole percent molecular oxygen, and most preferably in the range
of from 18 to 24 mole percent molecular oxygen. It is preferred for the balance
of the oxidant stream to be comprised primarily of a gas or gasses, such as
nitrogen, that are inert to oxidation. More preferably, the oxidant stream
consists essentially of molecular oxygen and nitrogen. Most preferably, the
oxidant stream is dry air that comprises about 21 mole percent molecular
oxygen and about 78 to about 81 mole percent nitrogen. In an alternative
embodiment of the present invention, the oxidant stream can comprise
substantially pure oxygen.

Referring again to FIG. 1, bubble column reactor 20 1s preferably
equipped with a reflux distributor 42 positioned above an upper surface 44 of
reaction medium 36. Reflux distributor 42 is operable to introduce droplets of a
predominately liqﬁid-phase reflux stream into disengagement zone 30 by any
means of droplet formation known in the art. More preferably, reflux
distributor 42 produces a spray of droplets directed downwardly towards upper
surface 44 of reaction medium 36. Preferably, this downward spray of droplets
affects (i.e., engages and influences) at least about 50 percent of the maximum
horizontal cross-sectional area of disengagement zone 30. More preferably, the
spray of droplets affects at least about 75 percent of the maximum horizontal
cross-sectional area of disengagement zone 30. Most preferably, the spray of
droplets affects at least 90 percent of the maximum horizontal cross-sectional
area of disengagement zone 30. This downward liquid reflux spray can help
prevent foaming at or above upper surface 44 of reaction medium 36 and can
also aid in the disengagement of any liquid or slurry droplets entrained in the
upwardly moving gas that flows towards gas outlet 40. Further, the liquid
reflux may serve to reduce the amount of particulates and potentially
precipitating compounds (e.g., dissolved benzoic acid, para-toluic acid, 4-CBA,
terephthalic acid, and catalyst metal salts) exiting in the gaseous etfluent

withdrawn from disengagement zone 30 via gas outlet 40. In addition, the
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introduction of reflux droplets into disengagement zone 30 can, by a distillation
action, be used to adjust the composition of the gaseous effluent withdrawn via
gas outlet 40.

The hiquid reflux stream introduced into bubble column reactor 20 via
reflux distributor 42 preferably has about the same composition as the solvent
component of the liquid-phase feed stream introduced into bubble column
reactor 20 via feed inlets 32a,b,c,d. Thus, 1t 1s preferred for the liquid reflux
stream to comprise an acid component and water. The acid component of the
reflux stream 1s preferably a low molecular weight organic monocarboxylic acid
having 1-6 carbon atoms, more preferably 2 carbon atoms. Most preferably, the
acid component of the reflux stream 1s acetic acid. Preferably, the acid
component makes up at least about 75 weight percent of the reflux stream, more
preferably at least about 80 weight percent of the reflux stream, and most
preferably 85 to 98 weight percent of the reflux stream, with the balance being
water. Because the reflux stream typically has substantially the same
composition as the solvent i the liquid-phase feed stream, when this
description refers to the “total solvent” introduced into the reactor, such “total

solvent” shall include both the reflux stream and the solvent portion of the feed

. Stream.

During liquid-phase oxidation in bubble column reactor 20, it is
preferred for the feed, oxidant, and reflux streams to be substantially
continuously introduced into reaction zone 28, while the gas and slurry effluent
streams are substantially continuously withdrawn from reaction zone 28. As
used herein, the term “substantially continuously” shall mean for a period of at
least 10 hours interrupted by less than 10 minutes. During oxidation, it is
preferred for the oxidizable compound (e.g., pafa—xylene) to be substantially
continuously introduced into reaction zone 28 at a rate of at least about 8,000
kilograms per hour, more preferably at a rate in the range of from about 13,000
to about 80,000 kilograms per hour, still more preferably in the range of from
about 18,000 to about 50,000 kilograms per hour, and most preferably in the
range of from 22,000 to 30,000 kilograms per hour. Although it is generally
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preferred for the flow rates of the incoming feed, oxidant, and reflux streams to
be substantially steady, it is now noted that one embodiment of the presenting
invention contemplates pulsing the incoming feed, oxidant, and/or reflux stream
in order to improve mixing and mass transfer. When the incoming feed,
oxidant, and/or reflux stream are introduced in a pulsed fashion, it is preferred
for their flow rates to vary within about 0 to about 500 percent of the steady-
state flow rates recited herein, more preferably within about 30 to about 200
percent of the steady-state flow rates recited herein, and most preferably within
80 to 120 percent of the steady-state flow rates recited herein.

The average space-time rate of reaction (STR) in bubble column
oxidation reactor 20 1s defined as the mass of the oxidizable compound fed per
unit volume of reaction medium 36 per unit time (e.g., kilograms of para-xylene
fed per cubic meter per hour). In conventional usage, the amount of oxidizable
compound not converted to product would typically be subtracted from the
amount of oxidizable compound in the feed stream before calculating the STR.
However, conversions and yields are typically high for many of the oxidizable
compounds preferred herein (e.g., para-xylene), and it is convenient to define
the term herein as stated above. For reasons of capital cost and operating
inventory, among others, it is generally preferred that the reaction be conducted
with a high STR. However, conducting the reaction at increasingly higher STR
may affect the quality or yield of the partial oxidation. Bubble column reactor
20 is particularly useful when the STR of the oxidizable compound (e.g., para-
xylene) is in the range of from about 25 kilograms per cubic meter per hour to
about 400 kilograms per cubic meter per hour, more preferably in the range of
from about 30 kilograms per cubic meter per hour to about 250 kilograms per
cubic meter per hour, still more preferably from about 35 kilograms per cubic
meter per hour to about 150 kilograms per cubic meter per hour, and most
preferably in the range of from 40 kilograms per cubic meter per hour to 100
kilograms per cubic meter per hour.

The oxygen-STR in bubble column oxidation reactor 20 1s defined as the

welight of molecular oxygen consumed per unit volume of reaction medium 36
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per unit time (e.g., kilograms of molecular oxygen consumed per cubic meter
per hour). For reasons of capital cost and oxidative consumption of solvent,
among others, it i1s generally preferred that the reaction be conducted with a
high oxygen-STR. However, conducting the reaction at increasingly higher
oxygen-STR eventually reduces the quality or yield of the partial oxidation.
Without being bound by theory, it appears that this possibly relates to the
transfer rate of molecular oxygen from the gas phase into the hiquid at the
interfacial surface area and thence into the bulk hiquid. Too high an oxygen-
STR possibly leads to too low a dissolved oxygen content in the bulk liquid

phase of the reaction medium.

The global-average-oxygen-STR 1s defined herein as the weight ot all
oxygen consumed in the entire volume of reaction medium 36 per unit time
(e.g., kilograms of molecular oxygen consumed per cubic meter per hour).
Bubble column reactor 20 is particularly useful when the global-average-
oxygen-STR is in the range of from about 25 kilograms per cubic meter per
hour to about 400 kilograms per cubic meter per hour, more preferably in the
range of from about 30 kilograms per cubic meter per hour to about 250
kilograms per cubic meter per hour, still m<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>