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(57) Abstract: A method for oxidizing a dimethyl aromatic compound includes reacting the dimethyl aromatic compound and an
oxidant in the presence of a catalyst and a co-catalyst in a solvent to produce a reaction product comprising an aromatic dicarboxylic
acid. The catalyst comprises cobalt, manganese, and bromine. A weight ratio of cobalt to manganese is equal to or greater than 1:1. The
co-catalyst comprises at least one of cerium or iron. The co-catalyst is present in an amount in a range of 10 ppm to 200 ppm, based on
a total weight of the dimethyl aromatic compound and the solvent. The aromatic dicarboxylic acid is present in the reaction product in
an amount equal to or greater than 70 wt.%, or equal to or greater than 90 wt.%, based on a total weight of solids in the reaction product.

[Continued on next page]



WO 2020/14451°7 A [IN00] 000000000 O

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2020/144517 PCT/IB2019/061047

METHOD FOR PRODUCING DICARBOXYLIC ACID USING CERIUM CO-CATALYST

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This International Application claims priority to US Provisional Application No.
62/789,583, filed January 8, 2019, which is incorporated herein by reference.

BACKGROUND

[0002] Aromatic dicarboxylic acids (e.g., terephthalic acid) can be produced by
oxidation of dimethyl aromatic compounds (e.g., para-xylene) in the presence of a catalyst. The
reaction is normally carried out in the presence of solvent, e.g., acetic acid. The oxidation of
dimethyl aromatics to the corresponding dicarboxylic acids proceeds through a number of
intermediate steps. Inefficient catalyst and/or oxidation process leads to formation of
intermediates as impurities in the product. Moreover, the oxidation process carried out at high
pressures and temperatures leads to the formation COx through over oxidation of final products
(i.e., aromatic dicarboxylic acid) and also burning of solvent, e.g., acetic acid. As a result of
by-product formation and/or over oxidation, consumption of the dimethyl aromatic compounds
and solvent is undesirably increased.

[0003] U.S. Patent Number 5,453,538 discloses a process for the manufacture of
aromatic dicarboxylic acids that uses a low bromine to metals ratio facilitated by the use of

cerium along with the cobalt and manganese catalyst.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The following figures are exemplary embodiments wherein the like elements are
numbered alike.

[0005] FIG. 1 is a process flow diagram of an embodiment of a method for oxidation of
para-xylene to obtain terephthalic acid.

[0006] FIG. 2A is a graphical illustration of the mole percent of carbon monoxide and
carbon dioxide (collectively “COx”) formed as by-products, based on the total moles of reaction
product, in Comparative Example A and Example 1; and the percent reduction in the moles of
COx in Example 1 as compared to Comparative Example A.

[0007] FIG. 2B is a graphical illustration of the mole percent of COx formed as by-

products, based on the total moles of reaction product, in Comparative Example B and Example
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2; and the percent reduction in the moles of COx in Example 2 as compared to Comparative
Example B.

[0008] FIG. 3 is a graphical illustration of the weight percent of Cio+ hydrocarbons
formed as by-products, based on the total weight of reaction product, in Comparative Examples
A-B and Examples 1-2; and the percent reduction in the amount of Cio+ hydrocarbons in
Comparative Examples B and Examples 1-2 as compared to Comparative Example A.

[0009] The above described and other features are exemplified by the following detailed

description, examples, and claims.

DETAILED DESCRIPTION

[0010] It would be desirable to provide improved methods for oxidizing dimethy]l
aromatic compounds to selectively produce aromatic dicarboxylic acids, particularly methods
that mitigate the aforementioned disadvantages. Accordingly, disclosed herein are methods for
oxidizing dimethyl aromatic compounds to obtain aromatic dicarboxylic acids. Desirably, the
methods reduce the undesirable side reactions that consume the dimethyl aromatic compounds
and solvent to form by-products by oxidizing dimethyl aromatic compounds in the presence of a
catalyst including cobalt and manganese in a weight ratio equal to or greater than 1:1 and a co-
catalyst including cerium. Previous methods for oxidizing dimethyl aromatic compounds
suffered from side reactions, such as oxidation of solvents or over oxidation of the dimethyl
aromatic compounds to form by-products such as carbon monoxide, carbon dioxide, or Cio+
hydrocarbons (e.g., intermediates or “heavies”). These side reactions resulted in increased
consumption of the dimethyl aromatic compounds and the solvent. For example, approximately
0.010 mole % more dimethyl aromatic compounds and approximately 0.016 mole % more
solvent can be consumed by previous methods as compared to the methods of the present
disclosure.

[0011] As used herein, the phrase “over oxidation” refers to oxidation of terephthalic
acid and acetic acid to COx.

[0012] In the methods of the present disclosure dimethyl aromatic compounds are
oxidized in the presence of a catalyst including cobalt and manganese in a weight ratio equal to
or greater than 1:1, or equal to or greater than 2:1, preferably equal to or greater than 3:1, and a
co-catalyst including cerium. Surprisingly, it was found that such a catalyst and co-catalyst
reduces the loss of reactant and solvent, increases the selectivity for the aromatic dicarboxylic
acids, reduces the amount of at least one of carbon monoxide, carbon dioxide, and Cio+

hydrocarbons in the reaction product, and increases the purity of the aromatic dicarboxylic acids

2
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as compared to previous methods for oxidizing dimethyl aromatic compounds outside the
presence of such a catalyst and co-catalyst (e.g., including a weight ratio of cobalt to manganese
less than 1:1 and no cerium co-catalyst).

[0013] For instance, the methods of the present disclosure can achieve at least one of> (i)
a reduction in the total moles of carbon dioxide and carbon monoxide formed equal to or greater
than 5 mole %, or equal to or greater than 10 mole %, preferably equal to or greater than 15
mole %, as compared to the total moles of carbon monoxide and carbon dioxide present in a
reaction product obtained from a method for oxidizing a dimethyl aromatic compound outside
the presence of such a catalyst and co-catalyst; (i1) a reduction in the amount of Cio+
hydrocarbons formed equal to or greater than 10 weight percent (wt.%), or equal to or greater
than 20 wt.%, preferably equal to or greater than 30 wt.%, as compared to the total amount of
Cio+ hydrocarbons present in a reaction product obtained from a method for oxidizing a dimethyl
aromatic compound outside the presence of such a catalyst and co-catalyst; and (iii) an increase
in the moles of aromatic dicarboxylic acid produced equal to or greater than 0.5 mole %, or
equal to or greater than 1.0 mole %, preferably equal to or greater than 1.5 mole %, as compared
to the moles of aromatic dicarboxylic acid present in a reaction product obtained from previous
methods for oxidizing dimethyl aromatic compounds outside the presence of such a catalyst and
co-catalyst.

[0014] Moreover, it was surprisingly found that the amount of catalyst could be reduced
as compared to previous methods that do not use the catalyst and co-catalyst as described in the
present disclosure. For instance, the present methods allow for use of lower amounts of at least
one of manganese and bromine in the catalyst, while maintaining the moles of aromatic
dicarboxylic acid produced per milligram of catalyst. A reduction in the amount of manganese
present can be equal to or greater than 25 wt.%, or equal to or greater than 50 wt.%, or equal to
or greater than 75 wt.%, as compared to the moles of manganese present in previous methods for
oxidizing dimethyl aromatic compounds outside the presence of such a catalyst and co-catalyst.
Desirably, a reduction in the amount of bromine present can reduce, mitigate, or avoid corrosion
of the equipment used for the oxidation or allow for use of different materials of construction for
the equipment. A reduction in the amount of bromine present can be equal to or greater than 25
wt.%, or equal to or greater than 50 wt.%, or equal to or greater than 75 wt.%, as compared to
the moles of bromine present in previous methods for oxidizing dimethyl aromatic compounds
outside the presence of such a catalyst and co-catalyst.

[0015] As noted above, a method for oxidizing a dimethyl aromatic compound can

include reacting the dimethyl aromatic compound and an oxidant in the presence of a catalyst



WO 2020/144517 PCT/IB2019/061047

and a co-catalyst in a solvent to produce a reaction product comprising an aromatic dicarboxylic
acid.

[0016] The dimethyl aromatic compound can include at least one of xylene (e.g., least
one of para-xylene, meta-xylene, and ortho-xylene), and 2,6-dimethylnaphthalene; preferably
para-xylene.

[0017] To catalyze the oxidation of the dimethyl aromatic compound, a catalyst is used.
The catalyst can include cobalt, manganese, and bromine. The catalyst can be unsupported and
sources of cobalt, manganese, and bromine can be combined to form the catalyst as a catalyst
mixture. Sources of cobalt and manganese used for the catalyst can include salts of cobalt (e.g.,
cobalt (IT) acetate tetrahydrate) and manganese (e.g., manganese (II) acetate tetrahydrate),
respectively. A bromine source can be hydrobromic acid, sodium bromide, ammonium
bromide, tetrabromoethane, or a combination comprising at least one of the foregoing. Other
catalyst sources can include metal bromides (e.g., MnBr,, CoBr, etc.) and metal nitrate salts.
Desirably, the bromine can be at least one of a solid or dissolved in the solvent.

[0018] Desirably, the catalyst can include a weight ratio of cobalt to manganese equal to
or greater than 1:1, or equal to or greater than 2:1, preferably equal to or greater than 3:1. A
total amount of cobalt and manganese can be equal to or less than 1,000 parts per million by
weight (ppm), or equal to or less than 900 ppm, preferably equal to or less than 800 ppm, based
on a total weight of reactant mixture including dimethyl aromatics, acetic acid and water.

[0019] Bromine can be present in an amount equal to or less than 800 ppm, or equal to
or less than 400 ppm, preferably equal to or less than 200 ppm, based on a total weight of
reactant mixture including dimethyl aromatics, acetic acid and water. The catalyst can include a
molar ratio of bromine to (cobalt and manganese) in a range of 0.3:1 to 3:1, or 0.3:1to 2:1,
preferably 0.3:1to 1:1.

[0020] Desirably, in various embodiments, during the reacting, a reaction mixture (e.g.,
comprising the dimethyl aromatic compound, the oxidant, the catalyst, the co-catalyst, and the
solvent) is substantially free of ammonium acetate, mefa-xylene, and ionic liquid comprising at
least one of a bromide anion or an iodide anion; substantially free of ammonium acetate, meta-
xylene, and ionic liquid comprising a bromide anion. As used herein, the phrase “subsiantially
free of " allows for the presence of unpurities in the dimethyl aromatic compound, the oxidant,
the catalyst, the co-catalyst, and the solvent. In other words, during the reacting, no ammonium
acetate, meta-xylene, and ionic liquid including at least one of a bromide anion and an iodide

anion, is present besides trace impurities. They are not intentionally added compounds.
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[0021] In addition to the catalyst, the method uses a co-catalyst. Desirably, the co-
catalyst includes certum. The cerium can be present in an amount in a range of 10 ppm to 200
ppm, or 20 ppm to 190 ppm, preferably 30 ppm to 180 ppm, based on a total weight of the
dimethyl aromatic compound and the solvent.

[0022] The solvent can include at least one of: water, a C1-C5 aliphatic carboxylic acid,
an aromatic acid, and supercritical CO,, preferably acetic acid. The solvent can be an aqueous
solution. Desirably, a weight ratio of solvent to dimethyl aromatic compound can be in a range
of 15:1to 1:1, or 10:1 to 1:1, preferably 5:1 to 1:1.

[0023] To oxidize the dimethyl aromatic compound, the method uses an oxidant. The
oxidant can include hydrogen peroxide, dioxygen, ozone, an anthraquinone, a C,-32 alkyl
peroxide, a Cz.32 alkyl hydroperoxide, a Cz.32 ketone peroxide, a Cz.32 diacyl peroxide, a Cs22
diperoxy, a ketal, a C2.3; peroxyester, a Cz.3; peroxydicarbonate, a Cz.32 peroxy acid, a Ce32
perbenzoic acid, a C,3; peracid, a periodinane, a periodate, or a combination comprising at least
one of the foregoing, preferably dioxygen (e.g., in air).

[0024] Desirably, the reaction of the dimethyl aromatic compound and the oxidant can
be at a temperature in a range of 170°C to 200°C, or 180°C to 200°C, or 190°C to 200°C.

[0025] The reaction of the dimethyl aromatic compound and the oxidant can be at a
pressure in a range of 1 MegaPascals (mPa) to 1.8 mPa, or 1 mPa to 1.7 mPa, preferably 1 mPa
to 1.6 mPa.

[0026] A residence time of the reaction of the dimethyl aromatic compound and the
oxidant in a reactor can be in a range of 20 minutes to 200 minutes, or 40 minutes to 150
minutes, preferably 60 minutes to 100 minutes.

[0027] The reaction of the dimethyl aromatic compound can be carried out in any reactor
capable of operating under the conditions described in the present disclosure, such as a batch
reactor, a continuous, or semi-continuous reactor. The reactor can include an inlet for feeding at
least one of the dimethyl aromatic compound, the solvent, the catalyst, and the co-catalyst
continuously for a period of time and an outlet for removing the reaction product continuously
for a period of time or at specific time(s). Desirably, the reacting of the dimethyl aromatic
compound and the oxidant can be in a continuous stirred-tank reactor.

[0028] The aromatic dicarboxylic acid can be present in the reaction product in an
amount equal to or greater than 70 wt.%, or equal to or greater than 90 wt.%, preferably equal to
or greater than 92 wt.%, more preferably equal to or greater than 94 wt.%, based on a total
weight of solids in the reaction product, for example, measured by High Pressure Liquid

Chromatography (HPLC) at ambient temperature.
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[0029] Desirably, the present methods result in Ci0+ hydrocarbons being present in the
reaction product in an amount equal to or less than 1.5 wt.%, or equal to or less than 1.0 wt.%,
preferably equal to or less than 0.5 wt.%, based on a total weight of solids in the reaction
product, for example, measured by HPLC at ambient temperature. The catalyst and co-catalyst
as described in the present disclosure can contribute to preventing formation of Cio+
hydrocarbons. As used herein “Cio+ hydrocarbon” refers to a hydrocarbon including 10 or more
carbon atoms. Any number of Cio+ hydrocarbons can be present in a reaction product, such as at
least five different Cio+ hydrocarbons, or at least fifteen different Ci0+ hydrocarbons, or at least
twenty different Cio+ hydrocarbons.

[0030] The method can further include separating the solvent, the catalyst, and the co-
catalyst from the reaction product, and recycling the solvent, the catalyst, and the co-catalyst to
the step of reacting the dimethyl aromatic compound. For example, the step of separating can
include crystallizing the aromatic dicarboxylic acid to obtain an aromatic dicarboxylic acid
crystal. The aromatic dicarboxylic acid crystal can then be separated from the solvent, the
catalyst, and the co-catalyst. For instance, the catalyst and the co-catalyst can be in solution in
the solvent and the separating can be via filtration or any other solid-liquid separation method.
The step of crystallizing the aromatic dicarboxylic acid can be in at least one stage, or at least
two stages, preferably at least three stages.

[0031] The method can further include reacting the reaction product and hydrogen in the
presence of a hydrogenation catalyst. For example, the method can include reacting the
aromatic dicarboxylic acid crystals and hydrogen in the presence of a hydrogenation catalyst to
purify the aromatic dicarboxylic acid crystals. The hydrogenation catalyst can include
palladium, ruthenium, rhodium, osmium, iridium, platinum, or a combination comprising at least
one of the foregoing. The hydrogenation catalyst can be on a support such as silicon dioxide,
diatomaceous earth, titanium dioxide, carbon, thorium oxide, zirconium oxide, silicic carbide,
aluminum oxides, or a combination comprising at least one of the foregoing. Desirably, the
hydrogenation catalyst can be palladium on a carbon support. Thus, the purity of the aromatic
dicarboxylic acid crystals and the yield of the aromatic dicarboxylic acid can be improved.

[0032] A reaction mixture for the oxidation of a dimethyl aromatic compound by the
above-described methods can include the dimethyl aromatic compound, the oxidant, the catalyst,
the co-catalyst, water, and the solvent.

[0033] A reaction product can be produced by the above-described methods, or using the

above-described reaction mixture.
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[0034] A more complete understanding of the components, processes, and apparatuses
disclosed herein can be obtained by reference to the accompanying drawings. These figures
(also referred to herein as “FIG.”) are merely schematic representations based on convenience
and the ease of demonstrating the present disclosure, and are, therefore, not intended to indicate
relative size and dimensions of the devices or components thereof and/or to define or limit the
scope of the exemplary embodiments. Although specific terms are used in the following
description for the sake of clarity, these terms are intended to refer only to the particular
structure of the embodiments selected for illustration in the drawings, and are not intended to
define or limit the scope of the disclosure. Inthe drawings and the following description below,
it is to be understood that like numeric designations refer to components of like function.

[0035] As illustrated in FIG. 1, a terephthalic acid production facility can include reactor
10. Reaction mixture 6 including para-xylene, solvent, catalyst, and co-catalyst can be fed into
reactor 10. An oxidant 8 also can be fed into reactor 10. Upon reaction of the para-xylene and
oxidant 8, reaction product 12 including terephthalic acid can be removed from reactor 10.
Reaction product 12 can be fed into first crystallizer 20 to produce first crystallized stream 22.
First crystallized stream 22 can be fed into second crystallizer 30 to produce second crystallized
stream 32. Second crystallizer stream 32 can be fed into third crystallizer 40 to produce third
crystallized stream 42 including crystallized terephthalic acid. Solvent, catalyst, and co-catalyst
stream 44 can be separated from third crystallized stream 42 and recycled to reaction mixture 6.

[0036] This disclosure is further illustrated by the follow examples, which are non-

limiting.

EXAMPLES
[0037] The following components listed in Table 1 were used in the examples. Unless
specifically indicated otherwise, the amount of each component is in weight percent in the

following examples, based on the total weight of the composition.

Table 1
Acronym |Description
Co Cobalt (IT) acetate tetrahydrate
Mn Manganese (II) acetate tetrahydrate
Br Hydrobromic acid (48 wt.% aqueous solution)
Cerium Cerium nitrate
PX para-xylene
AcOH Acetic acid including 8 wt.% water
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Examples 1-2 and Comparative Examples A-B

[0038] In Examples 1-2 and Comparative Examples A-B, para-xylene was oxidized in
the presence of different compositions of catalyst and co-catalyst in acetic acid. The oxidation
reactions were carried out in a semi continuous flow stirred-tank reactor in the presence of air.
In Examples 1-2 cerium was used in an amount of 50 ppm, based on the total weight of the
para-xylene, water and the acetic acid. In Comparative Examples A-B, cerium co-catalyst was
not used. In Example 2 and Comparative Example B, a smaller amount of catalyst was included
than in Example 1 and Comparative Example A. The amounts of catalyst, co-catalyst, and
solvent used, the weight ratio of solvent to para-xylene, and the reaction conditions in the

Examples and Comparative Examples are summarized in Table 2.

Table 2
Co Mn Ce Br AcOH Temperature Pressure
AcOH/PX
(epm) | (ppm) [ (ppm) | (ppm) | (grams) ) (mPa)
Comp. Ex. A | 400 400 0 730 600 5 170 1.3
Ex. 1 400 400 50 730 600 5 170 1.3
Comp. Ex. B [ 300 100 0 166 600 5 190 1.3
Ex.2 300 100 50 166 600 5 190 1.3

[0039] As shown in FIG. 2A, a reduction in the total amount of carbon monoxide and
carbon dioxide (COx) produced of about 10 mole % was seen in Example 1 as compared to
Comparative Example A. As shown in FIG. 2B, a reduction in the total amount of carbon
monoxide and carbon dioxide (COx) produced of about 8 mole % was seen in Example 2 as
compared to Comparative Example B. Thus, the catalyst and cerium reduced the oxidation of
the solvent and the product terephthalic acid into carbon monoxide and carbon dioxide. Also,
the presence of the catalyst and cerium during the oxidation reaction did not significantly affect
the terephthalic acid selectivity, which can be measured by High Pressure Liquid
Chromatography (HPLC) and calculated based only on solid products, i.e., not gaseous products.
For example, the methods of the present disclosure can achieve a purity of terephthalic acid of
approximately 96.5 wt.%.

[0040] As seen in FIG. 3, a reduction in the amount of catalyst and use of the co-catalyst
reduced the formation of Cio+ hydrocarbons. This decrease in the production of Cio+

hydrocarbons reduces the para-xylene specific consumption.
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[0041] In Examples 3-27, para-xylene was oxidized in the presence of different
compositions of catalyst and co-catalyst in acetic acid. The oxidation reactions were carried out
in a semi continuous flow stirred-tank reactor in the presence of air. The amounts of the metals
in the catalyst based on the total weight of the para-xylene, water and the acetic acid. The
reaction for Examples 3-10 were carried out at a temperature of 170°C, and for Examples 11-26
were carried out at 190°C. All of the examples were carried out at a pressure of 1.3 mPa.

[0042] The composition of the Co and Mn tested at two levels Co:Mn of 400:400and
Co:Mn of 300:100, but Br was varied from 166 to 730 ppm. The results show the performance
of the co-catalyst compared with the performance of the reaction without a co-catalyst (Nil).

[0043] Initial experiments are carried out at temperature 170°C using 50 ppm of each Zr,
Pd, Mo, Ce, or Ag as co-catalyst on the p-xylene oxidation process. The results exhibited a
decrease in the amount of COx formation with the use of Ce as co-catalyst. Among the all
metals Zr presented lesser amount of 4-CBA, but it has presented higher amount of COx.
4-CBA, which is an unwanted impurity, is around 4 wt.% for the reactions carried at 170°C. It
was found that a lower amount of 4-CBA was produced for the reactions carried at 190°C.
Therefore, higher reaction temperatures are beneficial in reducing 4-CBA production.

[0044] As reported in Table 3, 50 ppm of Fe, Ag, Ce and Cu tested as co-metals along
with the Co-Mn-Br at 190°C. Among the different metals studied, the experiment conducted
using copper as a co-catalyst showed incomplete oxidation, i.e., the product distribution analysis
proves more intermediate products such as p-toluic acid and 4-CBA than the desired final
product, terephthalic acid (TPA).

[0045] Fe and Ce are found to be promising candidates as co-catalyst for the p-xylene
oxidation in terms of lesser COx formation, particularly at a 190°C reaction temperature. When
using these materials as a co-catalyst:

e Fe exhibited decreased COx and heavies formation but 4-CBA formation is higher.

e Ce exhibited reduced COx and 4-CBA formation but heavies formation is higher.

[0046] The role of co-catalyst at reduced amounts of Co, Mn, and Br was evaluated
using Fe, Ce, Zr, and Ru. Also studied were the combination of Fe+Ce and Fe+Zr on the p-
xylene oxidation product distribution, at reduced amounts of Co-Mn-Br of 300-100-332
respectively. All the results proved that presence of Fe and Ce were able to reduce COx and
heavies formation. 4-CBA formation is reduced with the use of Zr as co-catalyst, but the COx

and heavies formation was higher.
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[0047] Hence, the presence of small amounts of co-catalysts in Co-Mn-Br catalyst
exhibited wide ranges of performances. Specific consumption improvement and impurity
reduction is clearly demonstrated by the incorporation of co-catalyst in Co-Mn-Br catalytic
system for paraxylene oxidation. This study also proves that the reaction temperature has more
influence on TPA quality and on the heavies formation. Cu as a co-catalyst showed inhibiting
role in paraxylene oxidation process. Among the various co-catalysts tested, Fe and Ce showed
promising performance by increasing product quality.

[0048] As shown in the Examples, the present methods using a catalyst including cobalt
and manganese at a weight ratio equal to or greater than 1:1, or equal to or greater than 2:1,
preferably equal to or greater than 3:1 and a co-catalyst including cerium can reduce the amount
of reactant and solvent used, increase the selectivity for the aromatic dicarboxylic acids, reduce
the amount of at least one of carbon monoxide, carbon dioxide, and Cio+ hydrocarbons in the
reaction product, and increase the purity of the aromatic dicarboxylic acids as compared to
previous methods for oxidizing dimethyl aromatic compounds outside the presence of such a
catalyst and co-catalyst. Moreover, the amount of catalyst, preferably the amount of bromine,
can be reduced as compared to such previous methods.

[0049] This disclosure further encompasses the following aspects.

[0050] Aspect 1. A method for oxidizing a dimethyl aromatic compound comprising:
reacting the dimethyl aromatic compound and an oxidant in the presence of a catalyst and a co-
catalyst in a solvent to produce a reaction product comprising an aromatic dicarboxylic acid,
wherein the catalyst comprises cobalt, manganese, and bromine, and wherein a weight ratio of
cobalt to manganese is equal to or greater than 1:1, or equal to or greater than 2:1, preferably
equal to or greater than 3:1, and wherein the co-catalyst comprises at least one of cerium or iron,
preferably comprises cerium, and wherein the co-catalyst is present in an amount in a range of
10 ppm to 200 ppm, or 20 ppm to 190 ppm, preferably 30 ppm to 180 ppm, based on a total
weight of the dimethyl aromatic compound and the solvent, and wherein the aromatic
dicarboxylic acid is present in the reaction product in an amount equal to or greater than 70
wt.%, or equal to or greater than 90 wt.%, preferably equal to or greater than 92 wt.%, more
preferably equal to or greater than 94 wt.%, based on a total weight of solids in the reaction
product.

[0051] Aspect 2. The method of Aspect 1, wherein the dimethyl aromatic compound
comprises para-xylene, meta-xylene, ortho-xylene, 2,6-dimethylnaphthalene, or a combination

comprising at least one of the foregoing, preferably para-xylene.
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[0052] Aspect 3. The method of any one or more of the preceding aspects, wherein a
total amount of cobalt and manganese is equal to or less than 1,000 ppm, or equal to or less than
900 ppm, preferably equal to or less than 800 ppm, based on the total weight of the dimethyl
aromatic compound and the solvent.

[0053] Aspect 4. The method of any one or more of the preceding aspects, wherein
bromine is present in an amount equal to or less than 800 ppm, or equal to or less than 600 ppm,
preferably equal to or less than 400 ppm, based on the total weight of the dimethyl aromatic
compound and the solvent.

[0054] Aspect 5. The method of any one or more of the preceding aspects, wherein the
bromine comprises hydrobromic acid.

[0055] Aspect 6. The method of any one or more of the preceding aspects, wherein the
total moles of carbon monoxide and carbon dioxide present in the reaction product is reduced by
equal to or greater than 5 mole %, or equal to or greater than 10 mole %, preferably equal to or
greater than 15 moles %, as compared to the total moles of carbon monoxide and carbon dioxide
present in a reaction product obtained from a method for oxidizing a dimethyl aromatic
compound outside the presence of the catalyst and the co-catalyst.

[0056] Aspect 7. The method of any one or more of the preceding aspects, wherein Cio+
hydrocarbons are present in the reaction product in an amount equal to or less than 1.5 wt.%, or
equal to or less than 1.0 wt.%, preferably equal to or less than 0.5 wt.%, based on the total
weight of solids in the reaction product.

[0057] Aspect 8. The method of any one or more of the preceding aspects, wherein the
oxidant comprises air.

[0058] Aspect 9. The method of any one or more of the preceding aspects, wherein the
solvent comprises at least one of water and a C1-C5 aliphatic carboxylic acid, preferably acetic
acid.

[0059] Aspect 10. The method of any one or more of the preceding aspects, wherein the
weight ratio of solvent to dimethyl aromatic compound is in a range of 15:1to 1:1, or 10:1 to
1:1, preferably 5:1to 1:1.

[0060] Aspect 11. The method of any one or more of the preceding aspects, wherein a
molar ratio of bromine to cobalt and manganese is in a range of 0.3:1 to 3:1, or 0.3:1 to 2:1,
preferably 0.3:1to 1:1.

[0061] Aspect 12. The method of any one or more of the preceding aspects, wherein the
reacting is at a temperature in a range of 170°C to 200°C, or 180°C to 200°C, preferably 190°C
to 200°C.

12
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[0062] Aspect 13. The method of any one or more of the preceding aspects, wherein the
reacting is at a pressure in a range of 1 MegaPascals to 1.8 MegaPascals, or 1 MegaPascals to
1.7 MegaPascals, preferably 1 MegaPascals to 1.6 MegaPascals.

[0063] Aspect 14. The method of any one or more of the preceding aspects, wherein the
reacting is in a continuous stirred-tank reactor and a residence time is in a range of 20 minutes to
200 minutes, or 40 minutes to 150 minutes, preferably 60 minutes to 100 minutes.

[0064] Aspect 15. The method of any one or more of the preceding aspects, wherein
during the reacting, a reaction mixture comprising the dimethyl aromatic compound, the oxidant,
the catalyst, the co-catalyst, and the solvent are substantially free of ammonium acetate, meta-
xylene, and ionic liquid comprising at least one of a bromide anion or an iodide anion,;
preferably the reaction mixture is substantially free of ammonium acetate, mefa-xylene, and
ionic liquid comprising a bromide anion; more preferably, no ammonium acetate, mefa-xylene,
and ionic liquid comprising a bromide anion.

[0065] Aspect 16. The method of any one or more of the preceding aspects, further
comprising crystallizing the reaction product.

[0066] Aspect 17. The method of any one or more of the preceding aspects, further
comprising separating the solvent, the catalyst, and the co-catalyst from the reaction product,
and recycling the solvent, the catalyst, and the co-catalyst to the step of reacting,

[0067] Aspect 18. The method of any one or more of the preceding aspects, further
comprising reacting the dimethyl aromatic compound and hydrogen in the presence of a
hydrogenation catalyst.

[0068] Aspect 19. The method of any one or more of the preceding aspects, wherein the
reaction mixture (comprising the dimethyl aromatic compound, the oxidant, the catalyst, the co-
catalyst, and the solvent) comprises a total amount of cobalt and manganese of equal to or less
than 1,000 ppm, preferably equal to or less than 900 ppm, more preferably equal to or less than
800 ppm, based on a total weight of the reactant mixture.

[0069] Aspect 20. The method of any one or more of the preceding aspects, wherein the
catalyst comprises a molar ratio of bromine to (cobalt and manganese) in a range of 0.3:1 to 3:1,
preferably 0.3:1 to 2:1, more preferably 0.3:1 to 1:1.

[0070] Aspect 21. The method of any one or more of the preceding aspects, wherein the
catalyst is free of Cu.

[0071] Aspect 22. A reaction mixture for the oxidation of dimethyl aromatic compound

by the method of any one or more of the preceding aspects, wherein the reaction mixture
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comprises: the dimethyl aromatic compound; the oxidant; the catalyst; the co-catalyst; and the
solvent.

[0072] Aspect 23. A reaction product produced by the method of any one or more of
Aspects 1-21, or using the reaction mixture of Aspect 22.

[0073] Aspect 24. A catalyst system for the oxidation of a dimethyl aromatic compound,
the catalyst system comprising: a catalyst comprising cobalt, manganese, and bromine, wherein
a weight ratio of cobalt to manganese is equal to or greater than 1:1, or equal to or greater than
2:1, preferably equal to or greater than 3:1; and a co-catalyst comprising at least one of cerium
or iron, preferably comprises cerium.

[0074] Aspect 25. A reaction mixture for the oxidation of a dimethyl aromatic
compound, the reaction mixture comprising: the catalyst system of Aspect 24; the dimethyl
aromatic compound; an oxidant; and a solvent, wherein the co-catalyst is present in an amount
in a range of 10 ppm to 200 ppm, or 20 ppm to 190 ppm, preferably 30 ppm to 180 ppm, based
on a total weight of the dimethyl aromatic compound and the solvent, wherein a total amount of
cobalt and manganese is equal to or less than 1,000 ppm, or equal to or less than 900 ppm,
preferably equal to or less than 800 ppm, based on the total weight of the dimethyl aromatic
compound and the solvent, wherein bromine is present in an amount equal to or less than 800
ppm, or equal to or less than 600 ppm, preferably equal to or less than 400 ppm, based on the
total weight of the dimethyl aromatic compound and the solvent, and wherein a molar ratio of
bromine to cobalt and manganese is in a range of 0.3:1 to 3:1, or 0.3:1 to 2:1, preferably 0.3:1 to
I:1.

[0075] The compositions, methods, and articles can alternatively comprise, consist of, or
consist essentially of, any appropriate components or steps herein disclosed. The compositions,
methods, and articles can additionally, or alternatively, be formulated so as to be devoid, or
substantially free, of any steps, components, materials, ingredients, adjuvants, or species that are
otherwise not necessary to the achievement of the function or objectives of the compositions,
methods, and articles.

[0076] The singular forms “a,” “an,” and “the” include plural referents unless the context
clearly dictates otherwise. “Or” means “and/or” unless clearly indicated otherwise by context.

2%

The terms “first,” “second,” and the like, “primary,” “secondary,” and the like, as used herein do
not denote any order, quantity, or importance, but rather are used to distinguish one element
from another.

[0077] The endpoints of all ranges directed to the same component or property are

inclusive and independently combinable (e.g., ranges of “less than or equal to 25 wt%, or 5 wt%
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to 20 wt%,” is inclusive of the endpoints and all intermediate values of the ranges of “S wt% to
25 wt%,” etc.). Disclosure of a narrower range or more specific group in addition to a broader
range is not a disclaimer of the broader range or larger group.

[0078] The suffix “(s)” is intended to include both the singular and the plural of the term
that it modifies, thereby including at least one of that term (e.g., the colorant(s) includes at least
one colorants). “Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the event
occurs and instances where it does not. Unless defined otherwise, technical and scientific terms
used herein have the same meaning as is commonly understood by one of skill in the art to
which this disclosure belongs. A “combination” is inclusive of blends, mixtures, alloys, reaction
products, and the like.

[0079] While typical embodiments have been set forth for the purpose of illustration, the
foregoing descriptions should not be deemed to be a limitation on the scope herein.
Accordingly, various modifications, adaptations, and alternatives can occur to one skilled in the

art without departing from the spirit and scope herein.
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WHAT IS CLAIMED IS:
CLAIMS

1. A method for oxidizing a dimethyl aromatic compound comprising:

reacting the dimethyl aromatic compound and an oxidant in the presence of a catalyst
and a co-catalyst in a solvent to produce a reaction product comprising an aromatic dicarboxylic
acid,

wherein the catalyst comprises cobalt, manganese, and bromine, and

wherein a weight ratio of cobalt to manganese is equal to or greater than 1:1, or equal to
or greater than 2:1, preferably equal to or greater than 3:1, and

wherein the co-catalyst comprises at least one of cerium or iron, preferably comprises
cerium, and

wherein the co-catalyst is present in an amount in a range of 10 ppm to 200 ppm, or 20
ppm to 190 ppm, preferably 30 ppm to 180 ppm, based on a total weight of the dimethyl
aromatic compound and the solvent, and

preferably wherein the aromatic dicarboxylic acid is present in the reaction product in an
amount equal to or greater than 70 wt.%, or equal to or greater than 90 wt.%, preferably equal to
or greater than 92 wt.%, more preferably equal to or greater than 94 wt.%, based on a total

weight of solids in the reaction product.

2. The method of Claim 1, wherein the dimethyl aromatic compound comprises
para-xylene, meta-xylene, ortho-xylene, 2,6-dimethylnaphthalene, or a combination comprising

at least one of the foregoing, preferably para-xylene.

3. The method of any one or more of the preceding claims, wherein a total amount
of cobalt and manganese is equal to or less than 1,000 ppm, or equal to or less than 900 ppm,
preferably equal to or less than 800 ppm, based on the total weight of the dimethyl aromatic
compound and the solvent; and/or wherein bromine is present in an amount equal to or less than
800 ppm, or equal to or less than 600 ppm, preferably equal to or less than 400 ppm, based on

the total weight of the dimethyl aromatic compound and the solvent.

4. The method of any one or more of the preceding claims, wherein the co-catalyst

comprises cerium, preferably wherein the co-catalyst is cerium.
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5. The method of any one or more of the preceding claims, wherein the bromine

comprises hydrobromic acid.

6. The method of any one or more of the preceding claims, wherein the total moles
of carbon monoxide and carbon dioxide present in the reaction product is reduced by equal to or
greater than 5 mole %, or equal to or greater than 10 mole %, preferably equal to or greater than
15 moles %, as compared to the total moles of carbon monoxide and carbon dioxide present in a
reaction product obtained from a method for oxidizing a dimethyl aromatic compound outside

the presence of the catalyst and the co-catalyst.

7. The method of any one or more of the preceding claims, wherein Cio+
hydrocarbons are present in the reaction product in an amount equal to or less than 1.5 wt.%, or
equal to or less than 1.0 wt.%, preferably equal to or less than 0.5 wt.%, based on the total

weight of solids in the reaction product.

8. The method of any one or more of the preceding claims, wherein the catalyst is

free of copper.

9. The method of any one or more of the preceding claims, wherein the solvent

comprises at least one of water and a C;-C5 aliphatic carboxylic acid, preferably acetic acid.

10. The method of any one or more of the preceding claims, wherein the weight ratio
of solvent to dimethyl aromatic compound is in a range of 15:1to 1:1, or 10:1 to 1:1, preferably

5:1to 1:1.

11. The method of any one or more of the preceding claims, wherein a molar ratio of
bromine to cobalt and manganese is in a range of 0.3:1 to 3:1, or 0.3:1 to 2:1, preferably 0.3:1 to

1:1.

12. The method of any one or more of the preceding claims, wherein the reacting is

at a temperature in a range of 170°C to 200°C, or 180°C to 200°C, preferably 190°C to 200°C.

13.  The method of any one or more of the preceding claims, wherein the reacting is
at a pressure in a range of 1 MegaPascals to 1.8 MegaPascals, or 1 MegaPascals to 1.7

MegaPascals, preferably 1 MegaPascals to 1.6 MegaPascals.
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14. The method of any one or more of the preceding claims, wherein the reacting is
in a continuous stirred-tank reactor and a residence time is in a range of 20 minutes to 200

minutes, or 40 minutes to 150 minutes, preferably 60 minutes to 100 minutes.

15.  The method of any one or more of the preceding claims, wherein during the
reacting, a reaction mixture comprising the dimethyl aromatic compound, the oxidant, the
catalyst, the co-catalyst, and the solvent is substantially free of ammonium acetate, meta-xylene,

and 1onic liquid comprising a bromide anion and an iodide anion.

16.  The method of any one or more of the preceding claims, further comprising

crystallizing the reaction product.

17.  The method of any one or more of the preceding claims, further comprising
separating the solvent, the catalyst, and the co-catalyst from the reaction product, and recycling

the solvent, the catalyst, and the co-catalyst to the step of reacting.

18.  The method of any one or more of the preceding claims, further comprising
reacting the dimethyl aromatic compound and hydrogen in the presence of a hydrogenation

catalyst.

19. A catalyst system for the oxidation of a dimethyl aromatic compound, the catalyst
system comprising:

a catalyst comprising cobalt, manganese, and bromine, wherein a weight ratio of cobalt
to manganese is equal to or greater than 1:1, or equal to or greater than 2:1, preferably equal to
or greater than 3:1; and

a co-catalyst comprising at least one of cerium or iron, preferably comprises cerium.

18
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20. A reaction mixture for the oxidation of a dimethyl aromatic compound, the
reaction mixture comprising:

the catalyst system of Claim 19;

the dimethyl aromatic compound;

an oxidant; and

a solvent;

wherein the co-catalyst is present in an amount in a range of 10 ppm to 200 ppm, or 20
ppm to 190 ppm, preferably 30 ppm to 180 ppm, based on a total weight of the dimethyl
aromatic compound and the solvent;

wherein a total amount of cobalt and manganese is equal to or less than 1,000 ppm, or
equal to or less than 900 ppm, preferably equal to or less than 800 ppm, based on the total
weight of the dimethyl aromatic compound and the solvent;

wherein bromine is present in an amount equal to or less than 800 ppm, or equal to or
less than 600 ppm, preferably equal to or less than 400 ppm, based on the total weight of the
dimethyl aromatic compound and the solvent; and

wherein a molar ratio of bromine to cobalt and manganese is in a range of 0.3:1 to 3:1, or

0.3:1to 2:1, preferably 0.3:1 to 1:1.
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