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CRUDE TEREPHTHALIC ACID COMPOSITION AND PRODUCTION PROCESS THEREOF

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 invention
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

Liquid-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 cyclohexane 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) 1s the liquid-phase
catalytic partial oxidation of para-xylene to terephthalic acid. Terephthalic acid
1s an 1mportant compound with a variety of applications. The primary use of
terephthalic acid 1s as a feedstock 1n the production of polyethylene
terephthalate (PET). PET i1s a well-known plastic used in 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 into 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
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phase of the reaction medium to provide oxygen availability for the liquid-phase
reaction. If the liquid phase of the multi-phase reaction medium contains an
insufficient concentration of molecular oxygen (1.e., if certain portions of the
reaction medium are “oxygen-starved”), undesirable side-reactions can generate
impurities and/or the intended reactions can be retarded 1n 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, if the liquid phase of the
reaction medium contains an excess concentration of the oxidizable compound,
additional undesirable side-reactions can generate tmpurities.

Conventional liquid-phase oxidation reactors are equipped with agitation
means for mixing the multi-phase reaction medium contained therein. Agitation
of the reaction medium 1s suppiied in an effort to promote dissolution of
molecular oxygen into the liquid phase of the reaction medium, maintain
relatively uniform concentrations of dissolved oxygen in the liquid phase of the
reaction medium, and maintain relatively umform concentrations of the
oxidizable organic compound in the liquid phase of the reaction medium.

Agitation of the reaction medium undergoing hiquid-phase oxidation is
frequently provided by mechanical agitation means in 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 maintenance, the
mechanical agitation systems employed in CSTRs are prone to mechanical
faillure 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
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mechanical equipment. Bubble column reactors typically include an elongated
upright reaction zone within which the reaction medium is contained. Agitation
of the reaction medium 1n the reaction zone 1s provided primarily by the natural
buoyancy of gas bubbles nising 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
bubble column reactors provides an oxidation system that is less prone to
mechanical failure than mechanically agitated reactors.

When liquid-phase partial oxidation of para-xylene is carried out in a
conventional oxidation reactor (CSTR or bubble column), the product
withdrawn from the reactor is typically a slurry comprising crude terephthalic
acld (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 1t unsuitable as a feedstock for the production of
PET. Thus, the CTA produced in conventional oxidation reactors is typically
subjected to a purfication process that converts the CTA into purified
terephthalic acid (PTA) suitable for making PET.

One typical purification process for converting CTA to PTA includes the
following steps: (1) replacing the mother liquor of the CTA-containing slurry
with water, (2) heating the CTA/water slurry to dissolve the CTA in water, (3)
catalytically hydrogenating the CTA/water solution to convert impurities to
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
ettective, this type of conventional purification process can be very expensive.
Individual factors contributing to the high cost of conventional CTA
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
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multi-step crystallization. Thus, it would be desirable to provide a CTA product
that could be purified without requiring heat-promoted dissolution in water,

hydrogenation, and/or multi-step crystallization.

OBJECTS OF THE INVENTION

It 1s, therefore, an object of the present invention to provide a more
effective and economical liquid-phase oxidation reactor and process.

Another object of the invention is 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 invention is to provide a bubble column
reactor that facilitates improvéd liguid-phase oxidation reactions with reduced
formation of impurities.

Yet another object of the invention is 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.

A further object of the invention 1s to provide a bubble column reactor
for oxidizing para-xylene and producing a CTA product capable of being
purified without requirning heat-promoted dissolution of the CTA 1n water,

hydrogenation of the dissolved CTA, and/or multi-step crystallization of the
hydrogenated PTA.

It should be noted that the scope of the present invention, as defined in
the appended claims, is not limited to processes or apparatuses capable of
realizing all of the objects listed above. Rather, the scope of the claimed
Invention may encompass a variety of systems that do not accomplish all or any
of the above-listed objects. Additional objects and advantages of the present
invention will be readily apparent to one skilled 1n the art upon reviewing the

following detailed description and associated drawings.
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SUMMARY OF THE INVENTION

One embodiment of the present invention concerns a crude terephthalic
acid (CTA) composition comprising a plurality of solid CTA particles
withdrawn from an oxidation reactor within which the CTA particles were at
least partly formed, wherein a representative sample of the CTA particles has
one or more of the following characteristics: (a) contains less than about 6
ppmw of 4.4-dicarboxystilbene (4,4-DCS), (b) contains less than about 400
ppmw of 1sophthalic acid (IPA), (c) contains less than about 25 ppmw of 2,6-
dicarboxyfluorenone (2,6-DCF), (d) has a percent transmittance at 340
nanometers (%7T349) greater than about 60.

Another embodiment of the present invention concems a slurry
composition withdrawn from an oxidation reactor, the slurry composition
compnsing a liquid mother liquor and solid crude terephthalic acid (CTA)
particles, the CTA particles having been at least partly formed 1n the oxidation
reactor, wherein a representative sample of the slurry has one or more of the
following charactenstics based on the combined solid and liquid slurry
components: (a) contains less than about 1,500 ppmw of isophthalic acid (IPA),
(b) contains less than about 500 ppmw of phthalic acid (PA), (c) contains less
than about 500 ppmw of trimellitic acid (TMA), (d) contains less than about
2,000 ppmw of benzoic acid (BA).

Still another embodiment of the present invention concemns a process
comprising the following steps: (a) oxidizing para-xylene in a liquid phase of a
multi-phase reaction medium contained in a reaction zone of at least one
primary'oxidation reactor; and (b) withdrawing a slurry comprising a liquid
mother liquor and solid crude terephthalic acid (CTA) particles from the

reaction zone, wherein a representative sample of the CTA particles has one or

more of the following characteristics: (1) contains less than about 6 ppmw of 4,4

dicarboxystilbene (4,4-DCS), (11) contains less than about 400 ppmw of

1sophthalic acid (IPA), (ii1) contains less than about 25 ppmw of 2,6-

dicarboxyfluorenone (2,6-DCF), (iv) has a percent transmittance at 340

nanometers (%7T340) greater than about 60.
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Yet another embodiment of the present invention concerns a process
comprising the following steps: (a) introducing a recycled solvent feed into at
least one oxidation reactor; (b) oxidizing an oxidizable compound in a liquid
phase of a multi-phase reaction medium contained in a reaction zone of the
oxidation reactor; and (c¢) withdrawing a slurry comprising a liquid mother
liquor and solid crude terephthalic acid (CTA) particles from the reaction zone,
wherein a representative sample of the CTA particles contains less than about 5
ppmw of 2,7-dicarboxyfluorenone (2,7-DCEF).

A further embodiment of the present invention concerns a process
comprising the following steps: (a) oxidizing para-xylene in a liquid phase of a
multi-phase reaction medium contained in a reaction zone of at least one
oxidation reactor; and (b) removing a slurry comprising a liquid mother hiquor
and solid crude terephthalic acid (CTA) particles from the reaction zone,
wherein a representative sample of the slurry has one or more of the following
characteristics based on the combined solid and liquid slurry components: (1)
contains less than about 1,500 ppmw of 1sophthalic acid (IPA), (11) contains less
than about 500 ppmw of phthalic acid (PA), (111) contains less than about 500

ppmw of trimellitic acid (TMA), (1v) contains less than about 2,000 ppmw of
benzoic acid (BA).

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention 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
a multi-phase reaction medium 1n the reactor, and the withdrawal of a gas and a
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 in FIG. 3, particularly 1llustrating the
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location and configuration of a oxtdant sparger used to introduce the oxidant
stream 1nto the reactor;

FIG. 3 1s a top view of the oxidant sparger of FIG. 2, particularly
1llustrating the oxidant openings in the top of the oxidant sparger;

. FIG. 4 1s a bottom view of the oxidant sparger of FIG. 2, particularly
1llustrating 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 1llustrating the ornientation 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 1llustrating 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

1llustrating how the feed introduction system shown in FIG. 6 distributes the

feed stream mto in a preferred radial feed zone (FZ) and more than one

azimuthal quadrant (Q;, Q,, Qs, Qs);

FIG. 8 1s 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 1isometric 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 1s a side view of the single-penetration feed distribution system
and oxidant sparger 1illustrated in FIG. 9;

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

FIG. 12 1s an i1sometric view of an alternative oxidant sparger having all

of the oxidant openings located in the bottom of the ring member;
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FIG. 13 1s a top view of the alternative oxidant sparger of FIG. 12;

FIG. 14 1s 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;

FIG. 15 is a sectional side view of the oxidant sparger taken along line
15-15 1n FIG. 13, particularly illustrating the orientation of the lower oxidant
openings;

FIG. 16 1s a side view of a bubble column reactor equipped with an
internal deaeration vessel near the bottom outlet of the reactor;

FIG. 17 1s an enlarged sectional side view of the lower portion of the
bubble column reactor of FIG. 16 taken along line 17-17 in FIG. 18, particularly
1llustrating the configuration of the internal deaeration vessel positioned at the
bottom outlet of the bubble column reactor;

FIG. 18 1s a sectional top view taken along line 18-18 in FIG. 16,
particularly illustrating a vortex breaker disposed in the deaeration vessel;

FIG. 19 1s a side view of a bubble column reactor equipped with an
external deaeration vessel and 1illustrating 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 of the reactor;

FIG. 20 1s 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;

FIG. 22 1s an enlarged sectional side view of the lower portion of the
bubble column reactor of FIG. 21, particularly 1llustrating the use of an
alternative oxidant sparger employing inlet conduits that receive the oxidant
stream through the bottom head of the reactor;

FIG. 23 1s 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,

-8 -
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optionally, employing impingement plates to more evenly distribute the oxidant
stream 1n the reactor;

FIG. 24 1s 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 from 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 improve 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 1s a sectional side view of a horizontal eductor that can be used
to improve dispersion of the oxidizable compound in an oxidation reactor,
particularly 1llustrating an eductor that uses incoming 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 1n an oxidation reactor,
particularly 1llustrating 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, inlet gas, and reaction medium
into a reaction zone at high velocity;

FIG. 28 1s a side view of a bubble column reactor containing a multi-
phase reaction medium, particularly illustrating the reaction medium being
theoretically partitioned into 30 honzontal slices of equal volume in order to
quantify certain gradients in the reaction medium;

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,

_9._
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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
continuous volumes of the reaction medium having substantially different
oxygen concentrations and/or oxygen consumption rates;

FIGS. 32A and 32B 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. 33A and 33B are magnified views of a conventionally-produced
CTA, particularly 1llustrating that the conventional CTA particle has a larger
particle size, lower density, and lower surface area than the inventive CTA
particle of FIGS. 32A and 32B;

FIG. 34 1s a simplified process flow diagram of a prior art process for
making purified terephthalic acid (PTA);

FIG. 35 1s a simplified process flow diagram of a process for making
PTA 1n accordance with one embodiment of the present invention; and

FIG. 36 1s a graph plotting the results of the timed dissolution test
described 1n the Examples section, particularly illustrating that the inventive

CTA crystals dissolve more rapidly than conventional CTA crystals.

DETAILED DESCRIPTION

One embodiment of the present invention concerns the liquid-phase
partial oxidation of an oxidizable compound. Such oxidation is preferably
carried out 1n the liquid phase of a multi-phase reaction medium contained in
one or more agitated reactors. Suitable agitated reactors include, for example,

bubble-agitated reactors (e.g., bubble column reactors), mechanically agitated

- 10 -
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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 is
carried out 1n a single bubble column reactor.

As used herein, the term “bubble column reactor’” shall denote a reactor

5  for facilitating chemical reactions in a multi-phase reaction medium, wherein

agitation of the reaction medium 1is 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

10  “predominately” 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) against or within the
reaction medium. For example, mechanical agitation can be provided by
rotation, oscillation, and/or vibration of internal stirrers, paddles, vibrators, or

15  acoustical diaphragms located 1n the reaction medium. As used herein, the term
“flow agitation” shall denote agitation of the reaction medium caused by high'
velocity inmjection and/or recirculation of one or more fluids in the reaction
medium. For example, flow agitation can be provided by nozzles, ejectors,
and/or eductors.

20 In a preterred embodiment of the present invention, less than about 40
percent of the agitation of the reaction medium in the bubble column reactor
during oxidation 1s provided by mechanical and/or flow agitation, more
preterably less than about 20 percent of the agitation is provided by mechanical
and/or flow agitation, and most preferably less than 5 percent of the agitation is

25 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 1s less than about 3 kilowatts per cubic meter of the reaction
medium, more preferably less than about 2 kilowatts per cubic meter, and most
pfeferably less than 1 kilowatt per cubic meter.

30 Referring now to FIG. 1, a preferred bubble column reactor 20 is

1llustrated as comprising a vessel shell 22 having of a reaction section 24 and a
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disengagement section 26. Reaction section 24 defines an internal reaction zone
28, while disengagement section 26 defines an internal disengagement zone 30.
A predominately liquid-phase feed stream is introduced into reaction zone 28
via feed inlets 32ab,c,d. A predominately gas-phase oxidant stream is
introduced into reaction zone 28 via an oxidant sparger 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 1n 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 slurry effluent
comprisihg liquid-phase and solid-phase components of reaction medium 36 1s
withdrawn from reaction zone 28 via slurry outlet 38, while a predominantly
gaseous effluent 1s 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
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 1s 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 hydrocafbyl 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 hydrocarbyl 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 is an
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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 i1s para-xylene, meta-
xylene, para-tolualdehyde, meta-tolualdehyde, para-toluic acid, meta-toluic
acid, and/or acetaldehyde. Most preferably, the oxidizable compound is para-
Xylene.

A “hydrocarbyl group”, as defined herein, 1s at least one carbon atom
that 1s 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 ﬁng. Suitable examples of such aromatic rings include, but are not limited
to, “benzene, biphenyl, terphenyl, naphthalene, and other carbon-based fused
aromatic rings.

Suitable examples of the oxidizable compound include aliphatic
hydrocarbons (€.g., alkanes, branched alkanes, cyclic alkanes, aliphatic alkenes,
branched alkenes, and cyclic alkenes); aliphatic aldehydes (e.g., acetaldehyde,
propionaldehyde, 1sobutyraldehyde, and n-butyraldehyde); aliphatic alcohols
(e.g., ethanol, i1sopropanol, n-propanol, n-butanol, and isobutanol); aliphatic
ketones (e.g., dimethyl ketone, ethyl methyl ketone, diethyl ketone, and
isoprbpyl 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 rings,
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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 1somers of
tetramethylbenzenes, pentamethylbenzene, hexamethylbenzene, all 1somers of
ethyl-methylbenzenes, all isomers of diethylbenzenes, all 1somers of ethyl-
dimethylbenzenes, all isomers of dimethylnaphthalenes, all 1somers of ethyl-
methylnaphthalenes, all 1somers of diethylnaphthalenes all 1somers 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
connect to other atoms or groups of atoms (e.g., phenol, all 1somers of
methylphenols, all isomers of dimethylphenols, all 1somers of naphthols, benzyl
methyl ether, all isomers of bromophenols, bromobenzene, all 1somers of
bromotoluenes including alpha-bromotoluene, dibromobenzene, cobalt
naphthenate, and all isomérs 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 isomers of bromobenzaldehydes, all isomers of brominated tolualdehydes
including all isomers of alpha-bromotolualdehydes, all isomers of
hydroxybenzaldehydes, all 1somers of bromo-hydroxybenzaldehydes, all
isomers of benzene dicarboxaldehydes, all 1somers of benzene
tricarboxaldehydes, 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 1somers of dimethylbenzene
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tricarboxaldehydes, all 1somers of dimethylbenzene tetracarboxaldehydes, all
isomers of trimethylbenzene tricarboxaldehydes, all 1somers of
ethyltolualdehydes, all i1somers of trimethylbenzene dicarboxaldehydes,
tetramethylbenzene dicarboxaldehyde, hydroxymethyl-benzene, all isomers of
hydroxymethyl-toluenes, all i1somers of hydroxymethyl-bromotoluenes, all
isomers of hydroxymethyl-tolualdehydes, all isomers of hydroxymethyl-
bromotolualdehydes, benzyl hydroperoxide, benzoyl hydroperoxide, all 1somers
of tolyl methyl-hydroperoxides, and all 1somers 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 isomers of ethylbenzoic acids, all 1somers of
propylbenzoic acids, all 1somers of butylbenzoic acids, all isomers of
pentylbenzoic acids, all i1somers of dimethylbenzoic acids, all i1somers of
ethylmethylbenzoic acids, all 1somers of trimethylbenzoic acids, all isomers of
tetramethylbenzoic acids, pentamethylbenzoic acid, all isomers of
diethylbenzoic acids, all 1somers of benzene dicarboxylic acids, all isomers of
benzene tricarboxylic acids, all 1somers of methylbenzene dicarboxylic acids,
all 1somers of dimethylbenzene dicarboxylic acids, all 1somers of
methylbenzene tricarboxylic acids, all isomers of bromobenzoic acids, all
isomers of dibromobenzoic acids, all i1somers of bromotoluic acids including
alpha-bromotoluic acids, tolyl acetic acid, all isomers of hydroxybenzoic acids,
all 1somers of hydroxymethyl-benzoic acids, all isomers of hydroxytoluic acids,
all 1somers of hydroxymethyl-toluic acids, all i1somers of hydroxymethyl-
benzene dicarboxylic acids, all tsomers of hydroxybromobenzoic acids, all
isomers of hydroxybromotoluic acids, all 1somers of hydroxymethyl-
bromobenzoic acids, all 1somers of carboxy benzaldehydes, all 1somers of
dicarboxy benzaldehydes, perbenzoic acid, all isomers of hydroperoxymethyl-

benzoic acids, all 1somers of hydroperoxymethyl-hydroxybenzoic acids, all
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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 acids, all isomers of biphenyl tricarboxylic acids, all 1somers of
stilbene with one or more attached selected groups, all isomers 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 1somers 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 i1somers of
benzocoumarin with one or more attached selected groups).

If the oxidizable compound present in the liquid-phase feed stream 1s a
normally-solid compound (1.e., 1s a solid at standard temperature and pressure),
it is preferred for the oxidizable compound to be substantially dissolved in the
solvent when introduced into reaction zone 28. It is 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 is in 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 1s nbw 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 inlets.
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The solvent present 1n 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 1n 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 carboh atoms, more
preferably 2 carbon atoms. Most preferably, the acid component of the solvent
1s 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, i1sophthalic acid, phthalic acid, timellitic acid, polyaromatics, and/or
suspended particulate. It 1s 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 is 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 1s 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 is 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,
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and most preferably in the range of from 1,200 to 3,000 ppmw. When bromine
i1s present in the catalyst system, 1t 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 is maintained in the range of

5  from about 300 to about 5,000 ppmw, more preferably in the range of 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, 1t 1s
preferred for the amount of manganese present in the liquid-phase feed stream
to be such that the concentration of manganese in the liquid phase of reaction

10  medium 36 1s 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-

15 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
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.

20 The weight ratio of cobalt to bromine (Co:Br) in the catalyst system
introduced 1nto reaction zone 28 1s preferably in the range of from about 0.25:1
to about 4:1, more preferably 1n 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 is

25  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,

30 ethylbenzene, para-tolualdehyde, terephthaldehyde, 4-carboxybenzaldehyde (4-

CBA), benzoic acid, para-toluic acid, para-toluic aldehyde, alpha bromo para-
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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 1s preferred that the total amount of impurities in 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
introduced into bubble column reactor 20 as a single feed stream, in 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, 1t 1s 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 (O,).
Preferably, the oxidant stream comprises 1n 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 1s 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 1s 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 is 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 liquid-phase reflux stream into disengagement zone 30 by any
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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 honzontal
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 hquid 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 eftluent
withdrawn from disengagement zone 30 via gas outlet 40. In addition, the

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 liquid reflux stream introduced into bubble column reactor 20 via
reflux distributor 42 preferably has about the same composition as the solvenf
component of the liquid-phase feed stream introduced into bubble column
reactor 20 via feed inlets 32a,b,c,d. Thus, it is preferred for the hiquid reflux
stream to comprise an acid component and water. The acid component of the
reflux stream is 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 is 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
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composition as the solvent in 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 1nto 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, 1t is
preferred for the oxidizable compound (e.g., para-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 1s generally
preferred for the flow rates of the incoming feed, oxidant, and reflux streams to
be substantially steady, it 1s 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 1n a pulsed fashion, it 1s preferred
for their flow rates to vary within about O 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.
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However, conversions and yields are typically high for many of the oxidizable
compounds preferred herein (e.g., para-xylene), and it 1s 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) 1s 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
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, 1t 1s 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 liquid at the
interfacial surface area and thence into the bulk liquid. Too high an oxygen-
STR possibly leads to too low a dissolved oxygen content in the bulk lquid
phase of the reaction medium.

The global-average-oxygen-STR is defined herein as the weight of 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 1is in the range of from about 25 kilograms per cubic meter per
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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 1n the range of from 40 kilograms per cubic meter per
hour to 100 kilograms per cubic meter per hour.

During oxidation in bubble column reactor 20, it 1s preferred for the
ratio of the mass flow rate of the total solvent (from both the feed and reflux
streams) to the mass flow rate of the oxidizable compound entering reaction
zone 28 to be maintained in the range of from about 2:1 to about 50:1, more
preferably in the range of from about 5:1 to about 40:1, and most preferably in
the range of from 7.5:1 to 25:1. Preferably, the ratio of the mass flow rate of
solvent introduced as part of the feed stream to the mass flow rate of solvent
introduced as part of the reflux stream 1s maintained in the range of from about
0.5:1 to no reflux stream flow whatsoever, more preferably in the range of from
about 0.5:1 to about 4:1, still more preferably in the range of from about 1:1 to
about 2:1, and most preferably in the range of from 1.25:1 to 1.5:1.

During hquid-phase oxidation in bubble column reactor 20, it is
preferred for the oxidant stream to be introduced into bubble column reactor 20
In an amount that provides molecular oxygen somewhat exceeding the -
stoichiometric oxygen demand. The amount of excess molecular oxygen
required for best results with a particular oxidizable compound affects the

overall economics of the liquid-phase oxidation. During liquid-phase oxidation

" in bubble column reactor 20, it is preferred that the ratio of the mass flow rate of

the oxidant stream to the mass flow rate of the oxidizable organic compound
(e.g., para-xylene) entering reactor 20 1s maintained in the range of from about
0.5:1 to about 20:1, more preferably in the range of from about 1:1 to about
10:1, and most preferably 1n the range of from 2:1 to 6:1.

Referring again to FIG. 1, the feed, oxidant, and reflux * streams
introduced 1nto bubble column reactor 20 cooperatively form at least a portion

of multi-phase reaction medium 36. Reaction medium 36 is preferably a three-
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phase medium comprising a solid phase, a liquid phase, and a gas phase. As
mentioned above, oxidation of the oxidizable compound (e.g., para-xylene)
takes place predominately in the liquid phase of reaction medium 36. Thus, the
liquid phase of reaction medium 36 comprises dissolved oxygen and the
oxidizable compound. The exothermic nature of the oxidation reaction that
takes place 1n bubble column reactor 20 causes a portion of the solvent (e.g.,
acetic acid and water) introduced via feed inlets 32a,b,c,d to boil/vaporize.
Thus, the gas phase of reaction medium 36 1n reactor 20 1s formed primarily of
vaporized solvent and an undissolved, unreacted portion of the oxidant stream.
Certain prior art oxidation reactors employ heat exchange tubes/fins to heat or
cool the reaction medium. However, such heat exchange structures may be
undesirable in the inventive reactor and process described herein. Thus, it 1s
preferred for bubble column reactor 20 to include substantially no surfaces that
contact reaction medium 36 and exhibit a time-averaged heat flux greater than
30,000 watts per meter squared.

The concentration of dissolved oxygen in the liquid phase of reaction
medium 36 1s a dynamic balance between the rate of mass transfer from the gas
phase and the rate of reactive consumption within the liquid phase (i.e. it is not
set simply by the partial pressure of molecular oxygen in the supplying gas
phase, though this 1s one factor in the supply rate of dissolved oxygen and it
does affect the limiting upper concentration of dissolved oxygen). The amount
of dissolved oxygen varies locally, being higher near bubble interfaces.
Globally, the amount of dissolved oxygen depends on the balance of supply and
demand factors in different regions of reaction medium 36. Temporally, the
amount of dissol\}ed oxygen depends on the uniformity of gas and liquid mixing
relative to chemical consumption rates. In designing to match appropriately the
supply of and demand for dissolved oxygen in the liquid phase of reaction
medium 36, 1t is preferred for the time-averaged and volume-averaged oxygen
concentration in the liquid phase of reaction medium 36 to be maintained above

about 1 ppm molar, more preferably in the range from about 4 to about 1,000
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ppm molar, still more preferably in the range from about 8 to about 500 ppm
molar, and most preferably in the range from 12 to 120 ppm molar.

The liquid-phase oxidation reaction carried out in bubble column reactor
20 1s preferably a precipitating reaction that generates solids. More preferably,
the liquid-phase oxidation carried out in bubble column reactor 20 causes at
least about 10 weight percent of the oxidizable compound (e.g., para-xylene)
introduced into reaction zone 28 to form a solid compound (e.g., crude
terephthalic acid particles) in reaction medium 36. Still more preferably, the
liquid-phase oxidation causes at least about 50 weight percent of the oxidizable
compound to form a solid compound 1n reaction medium 36. Most preferably,
the hiquid-phase oxidation causes at least 90 weight percent of the oxidizable
compound to form a solid compound in reaction medium 36. It is preferred for
the total amount of solids 1n reaction medium 36 to be greater than about 3
percent by weight on a time-averaged and volume-averaged basis. More
preferably, the total amount of solids in reaction medium 36 is maintained in the
range of from about 5 to about 40 weight percent, still more preferably in the
range of from about 10 to about 35 weight percent, and most preferably in the
range of from 15 to 30 weight percent. It 1s preferred for a substantial portion
of the oxidation product (e.g., terephthalic acid) produced in bubble column
reactor 20 to be present in reaction medium 36 as solids, as opposed to
remainiﬁg dissolved 1n the liquid phase of reaction medium 36. The amount of
the solid phase oxidation product present in reaction medium 36 is preferably at
least about 25 percent by weight of the total oxidation product (solid and liquid
phase) .in reaction medium 36, more preferably at least about 75 percent by
weight of the total oxidation product in reaction medium 36, and most
preferably at least 95 percent by weight of the total oxidation product In
reaction medium 36. The numerical ranges provided above for the amount of
solids 1n reaction medium 36 apply to substantially steady-state operation of
bubble column 20 over a substantially continuous period of time, not to start-up,
shut-down, or sub-optimal operation of bubble column reactor 20. The amount

of solids 1n reaction medium 36 is determined by a gravimetric method. In this
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gravimetric method, a representative portion of slurry 1s withdrawn from the

reaction medium and weighed. At conditions that effectively maintain the

overall solid-liquid partitioning present within the reaction medium, free liquid
is removed from the solids portion by sedimentation or filtration, effectively
without loss of precipitated solids and with less than about 10 percent of the
initial iquid mass remaining with the portion of solids. The remaining liquid on
the solids i1s evaporated to dryness, effectively without sublimation of solids.
The remaining portion of solids 1s weighed. The ratio of the weight of the
portion of solids to the weight of the original portion of slurry 1s the fraction of
solids, typically expressed as a percentage.

The precipitating reaction carried out 1in bubble column reactor 20 can
cause fouling (i.e., solids build-up) on the surface of certain rigid structures that
contact reaction medium 36. Thus, in one embodiment of the present invention,
it 1s preferred for bubble column reactor 20 to include substantially no internal
heat exchange, stirring, or baffling structures in reaction zone 28 because such
structures would be prone to fouling. If internal structures are present in
reaction zone 28, it is desirable to avoid intérnal structures having outer surfaces
that include a significant amount of upwardly facing planar surface area because
such upwardly facing planar surfaces would be highly prone to fouling. Thus, 1f
any internal structures are present in reaction zone 28, 1t i1s preferred for less
than about 20 percent of the total upwardly facing exposed outer surface area of

such internal structures to be formed by substantially planar surfaces inclined

less than about 15 degrees from horizontal.

Referring again to FIG. 1, the physical configuration of bubble column
reactor 20 helps provide for optimized oxidation of the oxidizable compound
(e.g., para-xylene) with minimal impurity generation. It i1s preferred for
elongated reaction section 24 of vessel shell 22 to include a substantially
cylindrical main body 46 and a lower head 48. The upper end of reaction zone
28 is defined by a horizontal plane 50 extending across the top of cylindrical
main body 46. A lower end 52 of reaction zone 28 1s defined by the lowest

internal surface of lower head 48. Typically, lower end 52 of reaction zone 28
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is located proximate the opening for slurry outlet 38. Thus, €longated reaction
zone 28 defined within bubble column reactor 20 has a maximum length “L”
measured from the top end 50 to the bottom end 52 of reaction zone 28 along
the axis of elongation of cylindrical main body 46. The length “L” of reaction
zone 28 1s preferably in the range of from about 10 to about 100 meters, more
preferably in the range of from about 20 to about 75 meters, and most
preferably in the range of from 25 to 50 meters. Reaction zone 28 has a
maximum diameter (width) “D” that is typically equal to the maximum internal
diameter of cylindrical main body 46. The maximum diameter “D” of reaction
zone 28 1s preferably in the range of from about 1 to about 12 meters, more
preferably in the range of from about 2 to about 10 ‘meters, still more preferably
in the range of from about 3.1 to about 9 meters, and most preferably in the
range of from 4 to 8 meters. In a preferred embodiment of the present
invention, reaction zone 28 has a length-to-diameter “L:D” ratio in the range of
from about 6:1 to about 30:1. Still more preferably, reaction zone 28 has an
L:D ratio in the range of from about 8:1 to about 20:1. Most preferably,
reaction zone 28 has an L:D ratio in the range of from 9:1 to 15:1.

As discussed above, reaction zone 28 of bubble column reactor 20
recetves multi-phase reaction medium 36. Reaction medium 36 has a bottom
end coincident with lower end 52 of reaction zone 28 and a top end located at
upper surface 44. Upper surface 44 of reaction medium 36 1s defined along a
horizontal plane that cuts through reaction zone 28 at a vertical location where
the contents of reaction zone 28 transitions from a gas-phase-continuous state to
a liquid-phase-continuous state. Upper surface 44 1s preferably positioned at the
vertical location where the local time-averaged gas hold-up of a thin horizontal
slice of the contents of reaction zone 28 1s 0.9. '

Reaction medium 36 has a maximum height “H” measured between its
upper and lower ends. The maximum width “W” of reaction medium 36 1s
typically equal to the maximum diameter “D” of cylindrical main body 46.
During liquid-phase oxidation in bubble column reactor 20, it 1s preferred that H

is maintained at about 60 to about 120 percent of L, more preferably about 80 to
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about 110 percent of L, and most preferably 85 to 100 percent of L. In a
preferred embodiment of the present invention, reaction medium 36 has a
height-to-width “H:W” ratio greater than about 3:1. More preferably, reaction
medium 36 has an H:W ratio in the range of from about 7:1 to about 25:1. Still
more preferably, reaction medium 36 has an H:W ratio in the range of from
about 8:1 to about 20:1. Most preferably, reaction medium 36 has an H:W ratio
in the range of from 9:1 to 15:1. In one embodiment of the invention, L=H and
D=W so that vartous dimensions or ratios provide herein for L and D also apply
to H and W, and vice-versa.

The relatively high L:D and H:W ratios provided in accordance with an
embodiment of the invention can contribute to several important advantages of
the inventive system. As discussed mn further detail below, it has been
discovered that higher L:D and H:W ratios, as well as certain other features
discussed below, can promote beneficial vertical gradients in the concentrations
of molecular oxygen and/or the oxidizable compound (e.g., para-xylene) In
reaction medium 36. Contrary to conventional wisdom, which would favor a
well-mixed reaction medium with relatively uniform concentrations throughout,
it has been discovered that the vertical staging of the oxygen and/or the
ox1idizable compound concentrations facilitates a more effective and economical
oxidation reaction. Minimizing the oxygen and oxidizable compound
concentrations near the top of reaction medium 36 can help avoid loss of
unreacted oxygen and unreacted oxidizable compound through upper gas outlet
40. However, 1f the concentrations of oxidizable compound and unreacted
oxygen are low throughout reaction medium 36, then the rate and/or selectivity
of oxidation are reduced. Thus, 1t 1s preferred for the concentrations of
molecular oxygen and/or the oxidizable compound to be significantly higher
near the bottom of reaction medium 36 than near the top of reaction medium 36.

In addition, high L:D and H:W ratios cause the pressure at the bottom of
reaction medium 36 to be substantially greater than the pressure at the top of
reaction medium 36. This vertical pressure gradient is a result of the height and

density of reaction medium 36. One advantage of this vertical pressure gradient
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1s that the elevated pressure at the bottom of the vessel drives more oxygen
solubility and mass transfer than would otherwise be achievable at comparable
temperatures and overhead pressures 1n shallow reactors. Thus, the oxidation
reaction can be carried out at lower temperatures than would be required in a
shallower vessel. When bubble column reactor 20 is used for the partial
oxidation of para-xylene to crude terephthalic acid (CTA), the ability to operate
at lower reaction temperatures with the same or better oxygen mass transfer
rates has a number of advantages. For example, low temperature oxidation of
para-xylene reduces the amount of solvent burned during the reaction. As
discussed in further detail below, low temperature oxidation also favors the
formation of small, high surface area, loosely bound, easily dissolved CTA
particles, which can be subjected to more economical purification techniques
than the large, low surface area, dense CTA particles produced by conventional
high temperature oxidation processes.

During oxidation in reactor 20, it is preferred for the time-averaged and
volume-averaged temperature of reaction medium 36 to be maintained 1n the
range of from about 125 to about 200°C, more preferably in the range of from
about 140 to about 180°C, and most preferably in the range of from 150 to
170°C. The overhead pressure above reaction medium 36 is preferably
maintained in the range of from about 1 to about 20 bar gauge (barg), more
preferably 1in the range of from about 2 to about 12 barg, and most preferably in
the range of from 4 to 8 barg. Preferably, the pressure difference between the
top of reaction medium 36 and the bottom of reaction medium 36 1s in the range
of from about 0.4 to about 5 bar, more preferably the pressure difference is in
the range of from about 0.7 to about 3 bars, and most preferably the pressure
difference 1s 1 to 2 bar. Although 1t 1s generally preferred for the overhead
pressure above reaction medium 36 to be maintained at a relatively constant
value, one embodiment of the present invention contemplates pulsing the
overhead pressure to facilitate improved mixing and/or mass transfer in reaction
medium 36. When the overhead pressure is pulsed, it is preferred for the pulsed

pressures to range between about 60 to about 140 percent of the steady-state
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overhead pressure recited herein, more preferably between about 85 and about
115 percent of the steady-state overhead pressure recited herein, and most
preferably between 95 and 105 percent of the steady-state overhead pressure
recited herein.

A further advantage of the high L:D ratio of reaction zone 28 is that it
can contribute to an increase in the average superficial velocity of reaction
medium 36. The term “superficial velocity” and “superficial gas velocity”, as
used herein with reference to reaction medium 36, shall denote the volumetric
flow rate of the gas phase of reaction medium 36 at an elevation in the reactor
divided by the horizontal cross-sectional area of the reactor at that elevation.
The increased superficial velocity provided by the high L:D ratio of reaction
zone 28 can promote local mixing and increase the gas hold-up of reaction
medium 36. The time-averaged superficial velocities of reaction medium 36 at
one-quarter height, half height, and/or three-quarter height of reaction medium
36 are preferably greater than about 0.3 meters per second, more preferably in
the range of from about 0.8 to about 5 meters per second, still more preferably
in the range of from about 0.9 to about 4 meters per second, and most preferably
in the range of from 1 to 3 meters per second.

Referring again to FIG. 1, disengagement section 26 of bubble column
reactor 20 1s simply a widened portion of vessel shell 22 located immediately
above reaction section 24. Disengagement section 26 reduces the velocity of
the upwardly-flowing gas phase in bubble column reactor 20 as the gas phase
rises above the upper surface 44 of reaction medium 36 and approaches gas
outlet 40. This reduction in the upward velocity of the gas phase helps facilitate
removal of entrained liquids and/or solids 1in the upwardly flowing gas phase
and thereby reduces undesirable loss of certain components present in the liquid
phase of reaction medium 36.

Disengagement section 26 preferably includes a generally frustoconical
transition wall 54, a generally cylindrical broad sidewall 56, and an upper head
58. The narrow lower end of transition wall 54 is coupled to the top of

cylindrical main body 46 of reaction section 24. The wide upper end of
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transition wall 54 i1s coupled to the bottom of broad sidewall 56. It i1s preferred
for transition wall 54 to extend upwardly and outwardly from its narrow lower
end at an angle 1n the range of from about 10 to about 70 degrees from vertical,
more preferably in the range of about 15 to about 50 degrees from vertical, and
most preferably in the range of from 15 to 45 degrees from vertical. Broad
sidewall 56 has a maximum diameter “X” that is generally greater than the
maximum diameter “D” of reaction section 24, though when the upper portion
of reaction section 24 has a smaller diameter than the overall maximum
diameter of reaction section 24, then X may actually be smaller than D. In a
preferred embodiment of the present invention, the ratio of the diameter of
broad sidewall 56 to the maximum diameter of reaction section 24 “X:D” 1s In
the range of from about 0.8:1 to about 4:1, most preferably in the range of from
1.1:1 to 2:1. Upper head 58 1s coupled to the top of broad sidewall 56. Upper
head 58 1s preferably a generally elliptical head member defining a central

opening that permits gas to escape disengagement zone 30 via gas outlet 40.

~Alternatively, upper head 58 may be of any shape, including conical.

Disengagement zone 30 has a maximum height “Y”” measured from the top 50
of reaction zone 28 to the upper most portion of disengagement zone 30. The
ratio of the length of reaction zone 28 to the height of disengagement zone 30
“L:Y” 1s preferably 1in the range of from about 2:1 to about 24:1, more
preferably in the range of from about 3:1 to about 20:1, and most preferably in
the range of from 4:1 to 16:1.

Refernng now to FIGS. 1-5, the location and configuration of oxidant
sparger 34 will now be discussed in greater detail. FIGS. 2 and 3 show that
oxidant sparger 34 can include a ring member 60, a cross-member 62, and a pair
of oxidant entry conduits 64a,b. Conveniently, these oxidant entry conduits
64a,b can enter the vessel at an elevation above the ning member 60 and then
turn downwards as shown 1n FIGS. 2 and 3. Alternatively, an oxidant entry
conduit 64a,b may enter the vessel below the nng member 60 or on about the
same horizontal plane as ring member 60. Each oxidant entry conduit 64a,b

includes a first end coupled to a respective oxidant inlet 66a,b formed in the
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vessel shell 22 and a second end fluidly coupled to ring member 60. Ring
member 60 1s preferably formed of conduits, more preferably of a plurality of
straight conduit sections, and most preferably a plurality of straight pipe
sections, rigidly coupled to one another to form a tubular polygonal ring.
Preferably, ring member 60 1s formed of at least 3 straight pipe sections, more
preferably 6 to 10 pipe sections, and most preferably 8 pipe sections.
Accordingly, when ring member 60 1s formed of 8 pipe sections, it has a
generally octagonal configuration. Cross-member 62 1s preferably formed of a
substantially straight pipe section that. 1s fluidly coupled to and extends
diagonally between opposite pipe sections of ring member 60. The pipe section
used for cross-member 62 preferably has substantially the same diameter as the
pipe sections used to form nng member 60. It 1s preferred for the pipe sections
that make up oxidant entry conduits 64a,b, ring member 60, and cross-member
62 to have a nominal diameter greater than about 0.1 meter, more preferable in
the range of from about 0.2 to about 2 meters, and most preferably in the range
of from 0.25 to 1 meters. As perhaps best illustrated in FIG. 3, ring member 60
and cross-member 62 each present a plurality of upper oxidant openings 68 for
discharging the oxidant stream upwardly into reaction zone 28. As perhaps best
1llustrated in FIG. 4, nng member 60 and/or cross-member 62 can present one
or more lower oxidant openings 70 for discharging the oxidant stream
downwardly into reaction zone 28. Lower oxidant openings 70 can also be used
to discharge liquids and/or solids that might intrude within ring member 60
and/or cross-member 62. In order to prevent solids from building up inside
oxidant sparger 34, a liquid stream can be continuously or periodically passed
through sparger 34 to flush out any accumulated solids. .

Referring again to FIGS. 1-4, during oxidation in bubble column reactor
20, oxidant streams are forced through oxidant inlets 66a,b and into oxidant
entry condutts 64a,b, respectively. The oxidant streams are then transported via
oxidant entry conduits 64a,b to ring member 60. Once the oxidant stream has
entered ring member 60, the oxidant stream is distributed throughout the

internal volumes of ring member 60 and cross-member 62. The oxidant stream
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1s then forced out of oxidant sparger 34 and into reaction zone 28 via upper and
lower oxidant openings 68,70 of ring member 60 and cross-member 62.

The outlets of upper oxidant openings 68 are laterally spaced from one
another and are positioned at substantially the same elevation in reaction zone
28. Thus, the outlets of upper oxidant openings 68 are generally located along a
substantially honzontal plane defined by the top of oxidant sparger 34. The
outlets of lower oxidant openings 70 are laterally spaced from one another and
are positioned at substantially the same elevation in reaction zone 28. Thus, the
outlets of lower oxidant openings 70 are generally located along a substantially
horizontal plane defined by the bottom of oxidant sparger 34.

In one embodiment of the present invention, oxidant sparger 34 has at
least about 20 upper oxidant openings 68 formed therein. More preferably,
oxidant sparger 34 has in the range of from about 40 to about 800 upper oxidant
openings formed therein. Most preferably, oxidant sparger 34 has in the range
of from 60 to 400 upper oxidant openings 68 formed therein. Oxidant sparger
34 preferably has at least about 1 lower oxidant opening 70 formed therein.
More preferably, oxidant sparger 34 has in the range of from about 2 to about
40 lower oxidant openings 70 formed therein. Most preferably, oxidant sparger
34 has 1n the range of from 8 to 20 lower oxidant openings 70 formed therein.
The ratio of the number of upper oxidant openings 68 to lower oxidant openings
70 1n oxidant sparger 34 is preferably in the range of from about 2:1 to about
100:1, more preferably in the range of from about 5:1 to about 25:1, and most
preferably in the range of from 8:1 to 15:1. The diameters of substantially all
upper and lower oxidant openings 68,70 are preferably substantially the same,
so that the ratio of the volumetric flow rate of the oxidant stream out of upper
and lower openings 68,70 1s substantially the same as the ratios, given above,
for the relative number of upper and lower oxidant openings 68,70.

FIG. 5 1llustrates the direction of oxidant discharge from upper and
lower oxidant openings 68,70. With reference to upper oxidant openings 68, it
1s preferred for at least a portion of upper oxidant openings 68 to discharge the

oxidant stream in at an angle “A” that is skewed from vertical. It is preferred
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for the percentage of upper oxidant openings 68 that are skewed from vertical
by angle “A” to be in the range of from about 30 to about 90 percent, more
preferably in the range of from about 50 to about 80 percent, still more
preferably in the range of from 60 to 75 percént, and most preferably about 67
percent. The angle “A” 1s preferably in the range of from ab_o'ut 5 to about 60
degrees, more preferably 1n the range of from about 10 to about 45 degrees, and
most preferably in the range of from 15 to 30 degrees. As for lower oxidant
openings 70, 1t 1s preferred that substantially all of lower oxidant openings 70
are located near the bottom-most portion of the nng member 60 and/or cross-
member 62. Thus, any liquids and/or solids that may have unintentionally
entered oxidant sparger 34 can be readily discharged from oxidant sparger 34
via lower oxidant openings 70. Preferably, lower oxidant openings 70
discharge the oxidant stream downwardly at a substantially vertical angle. For
purposes of this description, an upper oxidant opening can be any opening that
discharges an oxidant stream in a generally upward direction (i.e., at an angle
above horizontal), and a lower oxidant opening can be any opening that
discharges an oxidant stream 1n a generally downward direction (1.e., at an angle
below honizontal).

In many conventional bubble column reactors containing a multi-phase
reaction medium, substantially all of the reaction medium located below the
oxidant sparger (or other mechanism for introducing the oxidant stream into the
reaction zone) has a very low gas hold-up value. As known in the art, “gas
hold-up” 1s simply the volume fraction of a multi-phase medium that 1s in the
gaseous state. Zones of low gas hold-up in a medium can also be referred to as
“unaerated” zones. In many conventional slurry bubble column reactors, a
significant portion of the total volume of the reaction medium is located below
the oxidant sparger (or other mechanism for introducing the oxidant stream into
the reaction zone). Thus, a significant portion of the reaction medium present at
the bottom of conventional bubble column reactors i1s unaerated.

It has been discovered that minimizing the amount of unaerated zones in

a reaction medium subjected to oxidization in a bubble column reactor can
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minimize the generation of certain types of undesirable impurities. Unaerated
zones of a reaction medium contain relatively few ‘oxidant bubbles. This low
volume of oxidant bubbles reduces the amount of molecular oxygen available
for dissolution into the liquid phase of the reaction medium. Thus, the liquid
phase in an unaerated zone of the reaction medium has a relatively low
concentration of molecular oxygen. These oxygen-starved, unaerated zones of
the reaction medium have a tendency to promote undesirable side reactions,
rather than the desired oxidation reaction. For example, when para-xylene i1s
partially oxidized to form terephthalic acid, insufficient oxygen availability in
the liquid phase of the reaction medium can cause the formation of undesirably
high quantities of benzoic acid and coupled aromatic rings, notably including
highly undesirable colored molecules known as fluorenones and
anthraquinones.

In accordance with one embodiment of the present invention, liquid-
phase oxidation is carried out in a bubble column reactor configured and
operated in a manner such that the volume fraction of the reaction medium with
low gas hold-up values 1s minimized. This minimization of unaerated zones can
be quantified by theoretically partitioning the entire volume of the reaction
medium into 2,000 discrete horizontal slices of uniform volume. With the
excebtion of the highest and lowest horizontal slices, each horizontal slice 1s a
discrete volume bounded on its sides by the sidewall of the reactor and bounded
on its top and bottom by imaginary horizontal planes. The highest horizontal
slice 1s bounded on 1its bottom by an imaginary horizontal plane and on its top
by the upper surface of the reaction medium. The lowest horizonfal slice 1s
bounded on its top by an imaginary horizontal plane and on its bottom by the
lower end of the vessel. Once the reaction medium has been theoretically
partitioned into 2,000 discrete honizontal shces of equal volume, the time-
averaged and volume-averaged gas hold-up of each honzontal slice can be
determined. When this method of quantifying the amount of unaerated zones is
employed, 1t 1s preferred for the number of horizontal slices having a time-

averaged and volume-averaged gas hold-up less than 0.1 to be less than 30,
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more preferably less than 15, still more preferably less than 6, even more
preferably less than 4, and most preferably less than 2. It 1s preferred for the
number of horizontal slices having a gas hold-up less than 0.2 to be less than 80,
more preferably less than 40, still more preferably less than 20, even more
preferably less than 12, and most preferably less than 5. It is preferred for the
number of horizontal slices having a gas hold-up less than 0.3 to be less than
120, more preferably less than 80, still more preferably less than 40, even more
preferably less than 20, and most preferably less than 15.

Referring again to FIGS. 1 and 2, 1t has been discovered that positioning
oxidant sparger 34 lower in reaction zone 28 provides several advantages,
including reduction of the amount of unaerated zones i1n reaction medium 36.
Given a height “H” of reaction medium 36, a length “L” of reaction zone 28,
and a maximum diameter “D” of reaction zone 28, it is preferred for a majority
(1.e., >50 percent by weight) of the oxidant stream to be introduced into reaction
zone 28.within about 0.025H, 0.022L; and/or 0.25D of lower end 52 of reaction
zone 28. More preferably, a majority of the oxidant stream 1s introduced into
reaction zone 28 within about 0.02H, 0.018L, and/or 0.2D of lower end 52 of
reaction zone 28. Most preferably, a majority of the oxidant stream 1s
introduced into reaction zone 28 within 0.015H, 0.013L, and/or 0.15D of lower
end 52 of reaction zone 28.

In the embodiment illustrated in FIG. 2, the vertical distance “Y,”
between lower end 52 of reaction zone 28 and the outlet of upper oxidant
openings 68 of oxidant sparger 34 i1s less than about 0.25H, 0.022L, and/or
0.25D, so that substantially all of the oxidant streém enters reaction zone 28
within about 0.25H, 0.022L, and/or 0.25D of lower end 52 of reaction zone 28.
More preferably, Y, is less than about 0.02H, 0.018L, and/or 0.2D. Most
preferably, Y, 1s less than 0.015H, 0.013L, and/or 0.15D, but more than 0.005H,
0.004L, and/or 0.06D. FIG. 2 illustrates a tangent line 72 at the location where
the bottom edge of cylindrical main body 46 of vessel shell 22 joins with the top
edge of elliptical lower head 48 of vessel shell 22. Alternatively, lower head 48

can be of any shape, including conical, and the tangent line is still defined as the
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bottom edge of cylindrical main body 46. The vertical distance “Y,” between
tangent line 72 and the top of oxidant sparger 34 1s preferably at least about
0.0012H, 0.001L, and/or 0.01D; more preferably at least about 0.005H, 0.004L,
and/or 0.05D; and most preferably at least 0.01H, 0.008L,' and/or 0.1D. The
vertical distance “Y;” between lower end 52 of reaction zone 28 and the outlet
of lower oxidant openings 70 of oxidant sparger 34 1s preferably less than about
0.015H, 0.013L, and/or 0.15D; more preferably less than about 0.012H, 0.01L,
and/or 0.1D; and most preferably less than 0.01H, 0.008L, and/or 0.075D, but
more than 0.003H, 0.002L, and/or 0.025D.

In a preferred embodiment of the present invention, the openings that
discharge the oxidant stream and the feed stream into the reaction zone are
configured so that the amount (by weight) of the oxidant or feed stream
discharged from an opening 1s directly proportional to the open area of the
opening. Thus, for example, if 50 percent of the cumulative open area defined
by all oxidants openings 1s located within 0.15D Qf the bottom of the reaction
zone, then 50 weight percent of the oxidant stream enters the reaction zone
within 0.15D of the bottom of the reaction zone and vice-versa.

In addition to the advantages provided by minimizing unaerated zones
(1.e., zones with low gas hold-up) in reaction medium 36, it has been discovered
that oxidation can be enhanced by maximizing the gas hold-up of the entire
reaction medium 36. Reaction medium 36 preferably has time-averaged and
volume-averaged gas hold-up of at least about 0.4, more preferably in the range
of from about 0.6 to about 0.9, and most preferably in the range of from 0.65 to
0.85. Several physical and operational attributes of bubble column reactor 20
contribute to the high gas hold-up discussed above. For example, for a given
reactor size and flow of oxidant stream, the high L:D ratio of reaction zone 28
yields a lower diameter which increases the superficial velocity in reaction
medium 36 which 1n turn increases gas hold-up. Additionally, the actual
diameter of a bubble column and the L:D ratio are known to influence the
average gas hold-up even for a given constant superficial velocity. In addition,

the minimization of unaerated zones, particularly in the bottom of reaction zone
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28, contributes to an increased gas hold-up value. Further, the overhead
pressure and mechanical configuration of the bubble column reactor can affect
operating stability at the high superficial velocities and gas hold-up values
disclosed herein.

Furthermore, the inventors have discovered the importance of operating
with an optimized overhead pressure to obtain increased gas hold-up and
increased mass transfer. It might seem that operating with a lower overhead
pressure, which reduces the solubility of molecular okygen according to a
Henry’s Law effect, would reduce the mass transfer rate of molecular oxygen
from gas to liquid. In a mechanically agitated vessel, such 1s typically the case
because aeration levels and masé transfer rates are dominated by agitator design
and overhead pressure. However, in a bubble column reactor according to a
preferred embodiment of the present invention, 1t has been discovered how to
use a lower overhead pressure to cause a given mass of gas-phase oxidant
stream to occupy more volume, increasing the superficial velocity in reaction
medium 36 and in turn increasing the gas hold-up and transfer rate of molecular
oxygen.

The balance between bubble coalescence and breakup 1s an extremely
complicated phenomenon, leading on the one hand to a tendency to foam, which
reduces internal circulation rates of the liquid phase and which may require
very, very large disengaging zones, and on the other hand to a tendency to
fewer, very large bubbles that give a lower gas hold-up and lower mass transfer
rate from the oxidant stream to the liquid phase. Concerning the liquid phase,
1ts composition, density, viscosity and surface tension, among other factors, are
known to interact in a very complicated manner to produce very complicated
results even in the absence of a solid-phase. For example, laboratory
investigators have found 1t useful to qualify whether “water” 1s tap water,
distilled water, or de-1oni1zed water, when reporting and evaluating observations
for even simple water-air bubble columns. For complex mixtures in the liquid
phase and for the addition of a solid phase, the degree of complexity rises

further. The surface irregularities of individual particles of solids, the average
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size of solids, the particle size distribution, the amount of solids relative to the
liquid phase, and the ability of the liquid to wet the surface of the solid, among
other things, are all important in their interaction with the liquid phase and the
oxidant stream 1n establishing what bubbling behavior and natural convection
flow patterns will result.

Thus, the ability of the bubble column reactor to function usefully with
the higﬁ superficial velocities and high gas hold-up disclosed herein depends,
for example, on an appropnate selection of: (1) the composition of the liquid
phase of the reaction medium; (2) the amount and type of precipitated solids,
both of which can be adjusted by reaction conditions; (3) the amount of oxidant
stream fed to the reactor; (4) the overhead pressure, which affects the
volumetric flow of oxidant stream, the stability of bubbles, and, via the energy
balance, the reaction temperature; (5) the reaction temperature itself, which
affects the fluid properties, the propenieé of precipitated solids, and the specific
volum.e of the oxidant stream; and (6) the geometry and mechanical details of
the reaction vessel, including the L:D ratio.

Referring again to FIG. 1, it has been discovered that improved
distribution of the oxidizable compound (e.g., para-xylene) in reaction medium
36 can be provided by introducing the liquid-phase feed stream into reaction
zone 28 at multiple vertically-spaced locations. Preferably, the liquid-phase
feed stream 1s introduced into reaction zone 28 via at least 3 feed openings,
more preferably at least 4 feed openings. As used herein, the term “feed
openings”~ shall denote openings where the liquid-phase feed stream is
discharged 1nto reaction zone 28 for mixing with reaction medium 36. It is
preterred for at least 2 of the feed openings to be vertically-spaced from one
another by at least about 0.5D, more preferably at least about 1.5D, and most
preferably at least 3D. However, it 1s preferred for the hiéhest feed opening to
be vertically-spaced from the lowest oxidant opening by not more than about
0.75H, 0.65L, and/or 8D; more preferably not more than about 0.5H, 0.4L,
and/or 5D; and most preferably not more than 0.4H, 0.35L, and/or 4D.
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Although it is desirable to introduce the liquid-phase feed stream at
multiple vertical locations, 1t has also been discovered that improved
distribution of the oxidizable compound in reaction medium 36 1s provided if
the majority of the liquid-phase feed stream 1s introduced into the bottom half of
reaction medium 36 and/or reaction zone 28. Preferably, at least about 75
weilght percent of the liquid-phase feed stream is introduced into the bottom half
of reaction medium 36 and/or reaction zone 28. Most preferably, at least 90
weight percent of the liquid-phase feed stream 1s introduced into the bottom half
of reaction medium 36 and/or reaction zone 28. In addition, 1t 1s preferred for at
least about 30 weight percent of the liquid-phase feed stream to be introduced
into reaction zone 28 within about 1.5D of the lowest vertical location where the
oxidant stream 1s introduced into reaction zone 28. This lowest vertical location
where the oxidant stream 1s introduced 1nto reaction zone 28 1s typically at the
bottom of oxidant sparger; however, a variety of alternative configurations for
introducing the oxidant stream into reaction zone 28 are contemplated by a
preferred embodiment of the present invention. Preferably, at least about 50
weight percent of the liquid-phase feed 1s introduced within about 2.5D of the
lowest vertical location where the oxidant stream 1s introduced into reaction
zone 28. Preferably, at least about 75 weight percent of the liquid-phase feed
stream 1s introduced within about 5D of the lowest vertical location where the
oxidant stream 1s introduced 1nto reaction zone 28.

Each feed opening defines an open area through which the feed is
discharged. It 1s preferred that at least about 30 percent of the cumulative open
area of all the feed 1nlets 1s located within about 1.5D of the lowest vertical
location where the oxidant stream 1s introduced into reaction zone 28.
Preferably, at least about 50 percent of the cumulative open area of all the feed
inlets 1s located within about 2.5D of the lowest vertical location where the
oxidant stream 1s introduced into reaction zone 28. Preferably, at least about 75
percent of the cumulative open area of all the feed inlets 1s located within about
5D of the lowest vertical location where the oxidant stream is introduced into

reaction zone 28.
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Reterring again to FIG. 1, in one embodiment of the present invention,
feed 1nlets 32a,b,c,d are simply a series of vertically-aligned openings along one
side of vessel shell 22. These feed openings preferably have substantially
similar diameters of less than about 7 centimeters, more preferably in the range
of from about 0.25 to about 5 centimeters, and most preferably in the range of
from 0.4 to 2 centimeters. Bubble column reactor 20 is préferably equipped
with a system for controlling the flow rate of the liquid-phase feed stream out of
each feed opening. Such flow control system preferably includes an individual
flow control valve 74a,b,c,d for each respective feed inlet 32a,b,c,d. In
addition, 1t 1s preferred for bubble column reactor 20 to be equipped with a flow
control system that allows at least a portion of the liquid-phase feed stream to be
introduced into reaction zone 28 at an elevated inlet superficial velocity of at
least about 2 meters per second, more preferably at least about 5 meters per
second, still more preferably at least about 6 meters per second, and most
preferably in the range of from 8 to 20 meters per second. As used herein, the
term “inlet superficial velocity” denotes the time-averaged volumetric flow rate
of the feed stream out of the feed opéning divided by the area of the feed
opening. Preferably, at least about 50 weight percent of the feed stream is
introduced 1nto reaction zone 28 at an elevated inlet superficial velocity. Most
preferably, substantially all the feed stream is introduced into reaction zone 28
at an elevated inlet superficial velocity.

Referring now to FIGS. 6-7, an alternative system for introducing the
liquid-phase feed stream into reaction zone 28 is illustrated. In this
embodiment, the feed stream is introduced into reaction zone 28 at four
different elevations. [Each elevation is equipped with a respective feed
distribution system 76a,b,c,d. Each feed distribution system 76 includes a main
feed conduit 78 and a manifold 80. Each manifold 80 1s provided with at least
two outlets 82,84 coupled to respective insert conduits 86,88, which extend into
reaction zone 28 of vessel shell 22. Each insert conduit 86,88 presents a
respective feed opening 87,89 for discharging the feed stream into reaction zone

28. Feed openings 87,89 preferably have substantially similar diameters of less
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than about 7 centimeters, more preferably in the range of from about 0.25 to
about 5 centimeters, and most preferably in the range of from 0.4 to 2
centimeters. It 1s preferred for feed openings 87,89 of each feed distribution
system 76a,b,c,d to be diametrically opposed so as to introduce the feed stream
into reaction zone 28 in opposite directions. Further, 1t 1s preferred for the
diametrically opposed feed openings 86,88 of adjacent feed distribution systems
76 to be onented at 90 degrees of rotation relative to one another. In operation,
the liquid-phase feed stream i1s charged to main feed conduit 78 and
subsequently enlters manifold 80. Manifold 80 distributes the feed stream
evenly for simultaneous introduction on opposite sides of reactor 20 via feed
openings 87,89.

FIG. 8 1llustrates an alternative configuration wherein each feed
distribution system 76 1s equipped with bayonet tubes 90,92 rather than insert
conduits 86,88 (shown 1n FIG. 7). Bayonet tubes 90,92 project into reaction
zone 28 and include a plurality of small feed openings 94,96 for discharging the
liquid-phase feed into reaction zone 28. It is preferred for the small feed
openings 94,96 of bayonet tubes 90,92 to have substantially the same diameters
of less than about 50 millimeters, more preferably about 2 to about 25
millimeters, and most preferably 4 to 15 millimeters.

FIGS. 9-11 illustrate an alternative feed distribution system 100. Feed
distribution system 100 introduces the liquid-phase feed stream at a plurality of
vertically-spaced and laterally-spaced locations without requiring multiple
penetrations of the sidewall of bubble column reactor 20. Feed introduction
system 100 generally includes a single inlet conduit 102, a header 104, a
plurality of upright distribution tubes 106, a lateral support mechanism 108, and
a vertical support mechanism 110. Inlet conduit 102 penetrates thé sidewall of
main body 46 of vessel shell 22. Inlet conduit 102 is fluidly coupled to header
104. Header 104 distributes the feed stream received from inlet conduit 102
evenly among upright distribution tubes 106. Each distribution tube 106 has a
plurality of vertically-spaced feed openings 112a,b,c,d for discharging the feed

stream 1nto reaction zone 28. Lateral support mechanism 108 is coupled to each
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distribution tube 106 and inhibits relative lateral movement of distribution tubes
106. Vertical support mechanism 110 1s preferably coupled to lateral support
mechanism 108 and to the top of oxidant sparger 34. Vertical support
mechanism 110 substantially inhibits vertical movement of distribution tubes
106 1n reaction zone 28. It 1s preferred for feed openings 112 to have
substantially the same diameters of less than about 50 millimeters, more
preferably about 2 to about 25 muillimeters, and most preferably 4 to 15
millimeters. The vertical spacing of feed openings 112 bf feed distribution
system 100 1llustrated in FIGS. 9-11 can be substantially the same as described
above with reference to the feed distnbution system of FIG. 1.

It has been discovered that the flow patterns of the reaction medium 1in
many bubble column reactors can permit uneven azimuthal distribution of the
oxidizable compound 1n the reaction medium, especially when the oxidizable
compound 1s primarily introduced along one side of the reaction medium. As
used herein, the term “azimuthal™ shall denote an angle or spacing around the

upright axis of elongation of the reaction zone. As used herein, “upright” shall

mean within 45° of vertical. In one embodiment of the present invention, the

feed stream containing the oxidizable compound (e.g., para-xylene) 1s
introduced into the reaction zone via a plurality of azimuthally-spaced feed
openings. These azimuthally-spaced feed openings can help prevent regions of
excessively high and excessively low oxidizable compound concentrations in
the reaction medium. The various feed introduction systems illustrated in FIGS.
6-11 are examples of systems that provide proper azimuthal spacing of feed
openings.

Referring again to FIG. 7, in order to quantify the azimuthally-spaced
introduction of the liquid-phase feed stream into the reaction medium, the
reaction medium can be theoretically partitioned into four upright azimuthal
quadrants *‘Q;,Q,,Q3,Q4° of approximately equal volume. These azimuthal
quadrants “Q,,Q2,Q3,Q4” are defined by a pair of imaginary intersecting
perpendicular vertical planes “P;,P;” extending beyond the maximum vertical

dimension and maximum radial dimension of the reaction medium. When the
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reaction medium is contained in a cylindrical vessel, the line of intersection of
the imaginary intersecting vertical planes P;,P, will be approximately coincidernt
with the vertical centerline of the cylinder, and each azimuthal quadrant
Q1,02,Q3,Q4 will be a generally wedge-shaped vertical volume having a height
equal to the height of the reaction medium. It 1s preferred for a substantial
portion of the oxidizable compound to be discharged into the reaction medium
via feed openings located 1n at least two different azimuthal quadrants.

In a preferred embodiment of the present invention, not more than about
80 weight percent of the oxidizable compound 1s discharged into the reaction
medium through feed openings that can be located in a single azimuthal
quadrant. More preferably, not more than about 60 weight percent of the
oxidizable compound 1s discharged into the reaction medium through feed
openings that can be located 1n a single azimuthal quadrant. Most preferably,
not more than 40 weight percent of the oxidizable compound 1s discharged into
the reaction medium through feed openings that can be located in a single
azimuthal quadrant. These parameters for azimuthal distribution of the
oxidizable compound are measured when the azimuthal quadrants are
azimuthally oriented such that the maximum possible amount of oxidizable
compound is being discharged into one of the azimuthal quadrants. For
example, if the entire feed stream is discharged into the reaction medium via
two feed openings that are azimuthally spaced from one another by 89 degrees,
for purposes of determining azimuthal distribution in four azimuthal quadrants,
100 weight percent of the feed stream 1s discharged into the reaction medium in
a single azimuthal quadrant because the azimuthal quadrants can be azimuthally
oriented in such a manner that both of the feed openings are located in a single
azimuthal quadrant.

In addition to the advantages associated with the proper azimuthal-
spacing of the feed openings, it has also been discovered that proper radial
spacing of the feed openings in a bubble column reactor can also be important.
It 1s preferred for a substantial portion of the oxidizable compound introduced

into the reaction medium to be discharged via feed openings that are radially
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spaced inwardly from the sidewall of the vessel. Thus, in one embodiment of
the present invention, a substantial portion of the oxidizable compound enters
the reaction zone via feed openings located 1n a “preferred radial feed zone” that
1s spaced inwardly from the upright sidewalls defining the reaction zone.

Referring again to FIG. 7, the preferred radial feed zone “FZ” can take
the shape of a theoretical upright cylinder centered in reaction zone 28 and
having an outer diameter “Dg’” of 0.9D, where “D” 1s the diameter of reaction
zone 28. Thus, an outer annulus “OA” having a thickness of 0.05D is defined
between the preferred radial feed zone FZ and the inside of the sidewall
defining reaction zone 28. It 1s preferred for little or none of the oxidizable
compound to be introduced 1nto reaction zone 28 via feed openings located in
this outer annulus OA.

~In another embodiment, 1t 1s preferred for little or none of the oxidizable
compound to be introduced into the center of reaction zone 28. Thus, as
1llustrated 1n FIG. 8, the preferred radial feed zone FZ can take the shape of a
theoretical upright annulus centered in reaction zone 28, having an outer
diameter Do of 0.9D, and having an inner diameter D; of 0.2D. Thus, in this
embodiment, an inner cylinder IC having a diameter of 0.2D 1s “cut out” of the
center of the preferred radial feed zone FZ. It 1s preferred for little or none of
the oxidizable compound to be introduced into reaction zone 28 wvia feed
openings located 1n this inner cylinder IC.

In a preferred embodiment of the present invention, a substantial portion
of the oxidizable compound 1s introduced into reaction medium 36 via feed
openings located in the preferred radial feed zone, regardiess of whether the
preferred radial feed zone has the cylindrical or annular shape described above.
More preferably, at least about 25 weight percent of the oxidizable compound 1s
discharged into reaction medium 36 via feed openings located in the preferred
radial feed zone. Still more preferably, at least about 50 weight percent of the
oxidizable compound 1s discharged into reaction medium 36 via feed openings

located 1n the preferred radial feed zone. Most preferably, at least 75 weight
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percent of the oxidizable compound is discharged into reaction medium 36 via
feed openings located in the preferred radial feed zone.

Although the theoretical azimuthal quadrants and theoretical preferred
radial feed zone illustrated in FIGS. 7 and 8 are described with reference to the
distribution of the liquid-phase feed stream, 1t has been discovered that proper
azimuthal and radial distribution of the gas-phase oxidant stream can also
provide certain advantages. Thus, in one embodiment of the present invention,
the description of the azimuthal and radial distribution of the liquid-phase feed
stream, provided above, also applies to the manner in which the gas-phase
oxidant stream is introduced 1nto the reaction medium 36.

Referring now to FIGS. 12-15, an alternative oxidant sparger 200 1s
illustrated as generally comprising a ring member 202 and a pair of oxidant
entry conduits 204,206. Oxidant sparger 200 of FIGS. 12-15 1s similar to
oxidant sparger 34 of FIGS. 1-11 with the following three primary differences:
(1) oxidant sparger 200 does not include a diagonal cross-member; (2) the upper
portion of ring member 202 has no openings for discharging the oxidant in an
upward direction; and (3) oxidant sparger 200 has many more openings 1n the
lower portion of ring member 202.

As perhaps best illustrated in FIGS. 14 and 15, the bottom portion of
oxidant sparger ring 202 presents a plurality of oxidant openings 208. Oxidant
openings 208 are preferably configured such that at least about 1 percent of the
total open area defined by oxidant openings 208 1s located below the centerline
210 (FIG. 15) of ring member 202, where centerline 210 1s located at the
elevation of the volumetric centroid of ring member 202. More preferably, at -
least about 5 percent of the total open area defined by all oxidant openings 208
is located below centerline 210, with at least about 2 percent of the total open
area being defined by openings 208 that disch<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>