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PROCESSES FOR THE PREPARATION OF 2,5-FURANDICARBOXYLIC ACID AND 

INTERMEDIATES AND DERIVATIVES THEREOF 

	

5 	 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of priority to U.S. Provisional Application No. 

62/278,332, filed January 13, 2016; which is hereby expressly incorporated by reference in 

its entirety. 

FIELD 

	

10 	The present disclosure relates to novel processes for preparing 2,5-furandicarboxylic 

acid pathway products, as well as related esters, amides, polymers, and compositions thereof. 

BACKGROUND 

Low cost, renewably-derived 2,5-furandicarboxylic acid (FDCA) and its derivatives 

harbor considerable potential for commercial applications. See, e.g., "Top Value Added 

	

15 	Chemicals from Biomass," Volume I — Results of Screening for Potential Candidates from 

Sugars and Synthesis Gas, produced by Staff at Pacific Northwest National Laboratory 

(PNNL), National Renewable Energy Laboratory (NREL), Office of Biomass Program 

(EERE); Eds. T. Werpy and G. Petersen (2003). In certain applications, they have the 

potential to displace aromatic dicarboxylic acids such as terephthalic and isophthalic acid. A. 

	

20 	Corma, et al., Chem. Rev., 107:2411 (2007). FDCA and its derivatives are also useful in the 

production of other commodity chemicals. Id. For example, FDCA may be hydrogenated to 

adipic acid, which is utilized in the production of nylon. Id Aromatic dicarboxylic acids are 

used for the production of polyesters and polyamides in the scale of tens of millions of tons 

per year. See, e.g., "Modem Polyesters: Chemistry and Technology of Polyesters and 

	

25 	Copolyesters," Eds. J. Scheirs and T. Long; Wiley (2013). 

Methods of producing FDCA have been reported in the literature. For example, 

Corma, et al., report that FDCA can be produced by direct oxidation of 5-

hydroxymethylfurfural (HMF) with nitric acid, though with low selectivity and yield. A. 

Corma, et al., supra. Verdeguer, et al. describe another process in which HMF is oxidized 

	

30 	catalytically to FDCA using 5% Pt supported on carbon in the presence of sodium or 

potassium hydroxides with yields reported to be 70%. J. Mol. Catal. 85:327 (1993). They 
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reported achieving FDCA yields of up to 80% using a 5% Pt/5% Pb catalyst formulation on 

carbon in the presence of 1.25 M base solution. Id When the amount of base was reduced to 

a concentration of 0.1 M, the authors reported that no conversion of HMF to FDCA was 

achieved, suggesting high concentrations of base are an important requirement for achieving 

	

5 	higher FDCA. yields. See Id. In another reported method, Besson, et al., report that PtIBi 

catalysts supported on carbon can produce FDCA with close to 100% selectivity under 

reaction conditions of a high base (Na2CO3) to HMF ratio of 2 to 4. See WO 2014/122319. 

An ancillary result of adding a base (e.g., NaOH, KOH, Na2CO3) to the reaction is the 

formation of salts (e.g., sodium or potassium salts) of FDCA. The formation of FDCA salts 

	

10 	may be advantageous given that FDCA salts are reported to be more water-soluble than 

FDCA itself, thereby affording the potential opportunity to carry out the conversion process 

at higher HMF concentrations. Id. However, a disadvantage of such salt production is the 

need for further processing (e.g., further separation and/or conversion of the salt form of 

FDCA to FDCA) in the recovery of FDCA. 

	

15 	U.S. Patent No. 8,338,626 describes the production of FDCA and its esters by 

oxidation of mono- or dialkoxymethylfurfural in the presence of a homogeneous catalytic 

system that is similar to the system used in terephthalic acid production (Co/Mn/Br). The 

patent reports a maximum total yield of furandicarboxylics (with FDCA as a major 

constituent) of 82%. Id. U.S. Pat. No. 7,700,788 describes a method of HMF oxidation to 

	

20 	FDCA under high oxygen (air) pressure using a 5% Pt/ZrO2  catalyst, prepared by a specific 

procedure from Pt acetylacetonate. In this process, HMF at a concentration of three weight 

percent, in the presence of base, and oxygen at a pressure of 150 psi resulted in the 

production of FDCA at a yield of 90%. 

U.S. Pat. No. 4,977,283 describes the oxidation of HMF at concentrations around 

	

25 	10% in a base-free solution of water and diethylene glycol dimethyl ether in the presence of a 

Pt (5%) on activated carbon catalyst. The process provided only low yields (8%) of FDCA 

with the major product being 5-formylfuran-2-carboxylic acid. 

In view of its potential as a biorenewable-derived replacement for petroleum-derived 

compounds that are used in the production of plastics and other materials, a commercially 

	

30 	viable process for the production of large volumes of FDCA at high yields would be 

desirable. 
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SUMMARY 

In one aspect, the present disclosure is directed to a process for producing a 2,5- 

furandicarboxylic acid (FDCA) pathway product from a furanic oxidation substrate, the 

process comprising: 

	

5 	 (a) contacting an oxidation feedstock comprising a furanic oxidation substrate and an 

oxidation solvent with oxygen in the presence of a heterogeneous oxidation catalyst under 

conditions sufficient to form a reaction mixture for oxidizing the furanic oxidation substrate 

to an FDCA pathway product, and producing the FDCA pathway product, 

wherein the oxidation solvent is a solvent selected from the group consisting of an 

	

10 	organic solvent and a multi-component solvent, 

wherein the reaction mixture is substantially free of added base, 

wherein the heterogeneous oxidation catalyst comprises a solid support and a noble 

metal, and 

wherein the heterogeneous oxidation catalyst comprises a plurality of pores and a 

	

15 	specific surface area in the range of from 20 m2/g to 500 m2/g. The noble metal can be 

platinum, gold, or a combination thereof. The oxidation solvent can be a multi-component 

solvent comprising water and a water-miscible aprotic organic solvent. 

The water-miscible organic solvent can be a water-miscible aprotic organic solvent. 

The water-miscible aprotic organic solvent can be selected from the group consisting of 

	

20 	tetrahydrofuran, a glyme, dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, 

sulfolane, acetone, N-methyl-2-pyrrolidone ("NM:P"), methyl ethyl ketone ("MEK"), and 

gamma-valerolactone. The glyme can be selected from the group consisting of a monoglyme 

(1,2-dimethoxyethane), ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl 

diglyme, triglyme, butyl diglyme, tetraglyme, and a polyglyme. The water-miscible organic 

	

25 	solvent can be selected from the group consisting of a light water-miscible organic solvent 

and a heavy water-miscible organic solvent. The water and the water-miscible organic 

solvent can be present in a ratio of from or any number in between 1:6 to 6:1 v/v 

water:water-miscible organic solvent. The water and the water-miscible organic solvent can 

be present in a ratio of 1:1 v/v water:water-miscible organic solvent. The water-miscible 

	

30 	organic solvent can be at least 10 vol % of the multi-component solvent. 
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The oxidation solvent can be a multi-component solvent comprising water and two 

different water-miscible organic solvents. The water-miscible organic solvents both can be 

water-miscible aprotic organic solvents. Each of the water-miscible aprotic organic solvents 

can be independently selected from the group consisting of tetrahydrofuran, a glyme, 

	

5 	dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl- 

2-pyrrolidone ("NMP"), methyl ethyl ketone ("MEK"), and gamma-valerolactone, 

The furanic oxidation substrate can be 5-(hydroxymethyl)furfural (HMF). The 

furanic oxidation substrate can be selected from the group consisting of diformylfuran (DFF), 

hydroxymethylfurancarboxylic acid (111v1FCA), and formylfurancarboxylic acid (FFCA). 

	

10 	The oxidation feedstock can include the furanic oxidation substrate at a concentration 

of at least 5% by weight. The furanic oxidation substrate can be present in the oxidation 

feedstock at a concentration of at least 10% by weight. 

The heterogeneous oxidation catalyst can comprise the metal at a loading in the range 

of from or any number in between 0.3% to 5% by weight of the heterogeneous oxidation 

	

15 	catalyst. The heterogeneous oxidation catalyst can further comprise a promoter. 

The solid support can comprise a material selected from the group consisting of a 

metal oxide, a carbonaceous material, a polymer, a metal silicate, a metal carbide, and any 

combination of two or more thereof. The metal oxide can be selected from the group 

consisting of silica, zirconia, and alumina. The carbonaceous material can be carbon black. 

	

20 	The solid support can be a composite material comprising a binder and a material selected 

from the group consisting of a metal oxide, a carbonaceous material, a polymer, a metal 

silicate, and a metal carbide. 

The heterogeneous oxidation catalyst can comprise a specific surface area in the 

range of from or any number in between 25 m2/g to 350 m2/g, from or any number in 

	

25 	between 25 m2/g to 250 m2/g, from or any number in between 25 m2/g to 225 m2/g, from or 

any number in between 25 m2/g to 200 m2/g, from or any number in between 25 m2/g to 175 

m2/g, from or any number in between 25 m2/g to 150 m2/g, from or any number in between 

25 m2/g to 125 m2/g, or from or any number in between 25 m2/g to 100 m2/g. The 

heterogeneous oxidation catalyst can comprise a pore volume wherein at least 50% of the 

	

30 	pore volume is from pores having a pore diameter in the range of from or any number in 

between 5 nm to 100 nm. The heterogeneous oxidation catalyst can comprise a pore volume 
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wherein no more than 10% of the pore volume of the heterogeneous oxidation catalyst is 

from pores having a pore diameter less than 10 nm but not zero. The heterogeneous 

oxidation catalyst can comprise a pore volume where no more than 10% of the pore volume 

of the heterogeneous oxidation catalyst is from pores having a pore diameter ranging from or 

	

5 	any number in between 0.1 nm to 10 nm. The heterogeneous oxidation catalyst can comprise 

a pore volume where no more than 5% of the pore volume of the heterogeneous oxidation 

catalyst is from pores having a pore diameter less than 10 nm but not zero. The pore volume 

of the heterogeneous oxidation catalyst can be no more than 5% of the pores having a pore 

diameter ranging from or any number in between 0.1 nm to 10 nm. The pore volume of the 

	

10 	heterogeneous oxidation catalyst can be no more than 2.5% of the pores having a pore 

diameter less than 10 nm but not zero. The pore volume of the heterogeneous oxidation 

catalyst can be no more than 2.5% of the pores having a pore diameter ranging from or any 

number in between 0.1 nm to 10 nm. The plurality of pores can be characterized by a mean 

pore diameter in the range of from or any number in between 10 nm to 100 nm. 

	

15 	 The heterogeneous oxidation catalyst can comprise a second plurality of pores, where 

at least one of the first or second pluralities of pores is characterized by a mean pore diameter 

in the range of from or any number in between 10 nm to 100 nm. Each of the first and 

second plurality of pores can be characterized by a mean pore diameter in the range of from 

or any number in between 10 nm to 100 nm. 

	

20 	 The heterogeneous oxidation catalyst can comprise a specific pore volume that is in 

the range of from or any number in between 0.1 cm3/g to 1.5 cm3/g. 

The oxygen can be present at a molar ratio of oxygen:furanic oxidation substrate in 

the range of from or any number in between 2:1 to 10:1. The molar ratio of oxygen:furanic 

oxidation substrate can be in the range of from or any number in between 2:1 to 5:1. The 

	

25 	oxygen can be present at a pressure (p02) in the range of from or any number in between 50 

psig to 1000 psig. The oxygen can be present at a pressure (p02) in the range of from or any 

number in between 50 psig to 200 psig. 

The contacting step can be carried out at a temperature in the range of from or any 

number in between 50°C to 200°C, in the range of from or any number in between 80°C to 

	

30 	180°C, or in the range of from or any number in between 100°C to 160°C. The FDCA 

pathway product can be produced at a yield of at least 80%. The FDCA pathway product can 
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be produced at a selectivity of at least 90%. The contacting step can be carried out for a time 

sufficient to produce a product solution comprising the oxidation solvent and the FDCA 

pathway product at a concentration of at least 5% by weight. The contacting step can 

produce a product solution comprising the oxidation solvent and the FDCA pathway product 

	

5 	at a concentration of at least 5% by weight. 

The process can comprise a second oxidation step, wherein the second oxidation step 

comprises: 

(b) 	contacting a second oxidation feedstock comprising a second furanic 

oxidation substrate and a second oxidation solvent with oxygen in the presence of a second 

	

10 	heterogeneous oxidation catalyst under conditions sufficient to form a second reaction 

mixture for oxidizing the second furanic oxidation substrate to produce a second FDCA 

pathway product, and producing the second FDCA pathway product, 

wherein (the first) contacting step (a) produces a first FDCA pathway product that is 

an FDCA pathway intermediate compound, either alone or together with :MCA, 

	

15 	wherein the second furanic oxidation substrate is the first FDCA pathway product, 

wherein the second reaction mixture is substantially free of added base, and 

wherein the second heterogeneous oxidation catalyst comprises a second solid 

support and a second noble metal, that may be the same or different from the (first) noble 

metal in step (a), and 

	

20 	wherein the second heterogeneous oxidation catalyst comprises a plurality of pores 

and a specific surface area in the range of from or any number in between 20 m2/g to 500 

m2/g. 

The second noble metal can be selected from the group consisting of platinum, gold, 

and a combination thereof. The second heterogeneous oxidation catalyst can be the same as 

	

25 	the (first) heterogeneous oxidation catalyst of step (a). The second heterogeneous oxidation 

catalyst can be different from the (first) heterogeneous oxidation catalyst of step (a). The 

second heterogeneous oxidation catalyst can comprise a second metal that is not the same as 

the (first) metal in the (first) heterogeneous oxidation catalyst of step (a). The (first) 

oxidation solvent in step (a) can be the same as the second oxidation solvent in step (b). 

	

30 	The process may recover the FDCA pathway product from the oxidation solvent in 

step (a). The process may recover the second FDCA pathway product from the second 
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oxidation solvent in step (b). The process may involve purifying the FDCA pathway product 

from step (a). The process may involve purifying the second FDCA pathway product from 

step (b). The purifying step can comprise a crystallization process. The crystallization 

process can comprise providing a crystallization solution comprising the FDCA pathway 

	

5 	product and a crystallization solvent at a first temperature in the range of from or any number 

in between 50°C to 220°C, and cooling the crystallization solution to a second temperature 

that is lower than the first temperature to form a plurality of FDCA pathway product crystals 

of different particle sizes. The crystallization solvent can be the (first) oxidation solvent in 

step (a). The crystallization process can comprises providing a crystallization solution 

	

10 	comprising the second FDCA pathway product and a crystallization solvent at a first 

temperature in the range of from or any number in between 50°C to 220°C, and cooling the 

crystallization solution to a second temperature that is lower than the first temperature to 

form a plurality of second FDCA pathway product crystals of different particle sizes. The 

crystallization solvent can be selected from the group consisting of the first oxidation solvent 

	

15 	of step (a) and the second oxidation solvent of step (b). 

The process can include a crystallization process that comprises providing a first 

crystallization solution comprising the FDCA pathway product and a first crystallization 

solvent selected from the group consisting of water, an organic solvent, and combinations 

thereof; and removing a first portion of the first crystallization solvent from the first 

	

20 	crystallization solution to produce a first FDCA pathway product slurry, wherein the first 

FDCA pathway product slurry comprises a first plurality of FDCA pathway product crystals 

of different particle sizes and a second portion of the first crystallization solvent. The 

crystallization process can further include dissolving the first plurality of FDCA pathway 

product crystals in a second crystallization solvent to produce a second crystallization 

	

25 	solution comprising the FDCA pathway product and the second crystallization solvent; 

removing a first portion of the second crystallization solvent from the second crystallization 

solution to produce a second FDCA pathway product slurry comprising a second plurality of 

FDCA pathway product crystals of different particle sizes and a second portion of the second 

crystallization solvent; and separating the second plurality of FDCA pathway product 

	

30 	crystals from the second portion of the second crystallization solvent. 
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The process can include a crystallization process that comprises providing a first 

crystallization solution comprising the second FDCA pathway product and a first 

crystallization solvent selected from the group consisting of water, an organic solvent, and 

combinations thereof; and removing a first portion of the first crystallization solvent from the 

	

5 	first solution to produce a first FDCA pathway product slurry, wherein the first FDCA 

pathway product slurry comprises a first plurality of second FDCA pathway product crystals 

of different particle sizes and a second portion of the first crystallization solvent; and 

optionally separating the first plurality of second FDCA pathway product crystals from the 

second portion of the first crystallization solvent. The crystallization process can further 

	

10 	include dissolving the first plurality of second FDCA pathway product crystals in a second 

crystallization solvent to produce a second crystallization solution comprising the second 

FDCA pathway product and the second crystallization solvent; removing a first portion of the 

second crystallization solvent from the second crystallization solution to produce a second 

FDCA pathway product slurry comprising a second plurality of the second FDCA pathway 

	

15 	product crystals of different particle sizes and a second portion of the second crystallization 

solvent; and separating the second plurality of the second FDCA pathway product crystals 

from the second portion of the second crystallization solvent. 

The process can further comprise converting FDCA to an ester of FDCA by 

contacting the FDCA with an alcohol under conditions sufficient to produce a corresponding 

	

20 	ester of FDCA. The alcohol can be an aliphatic alcohol, a diol, ethylene glycol, or an 

aromatic alcohol. The ester of FDCA can be a diester of FDCA. The alcohol can be 

methanol and the diester of FDCA can be the dimethyl ester of FDCA. The process can 

further comprise converting FDCA or an FDCA ester to an FDCA amide by contacting the 

FDCA or FDCA ester with an amino-substituted compound under conditions sufficient to 

	

25 	produce a corresponding FDCA amide. The amino-substituted compound can be 1,6- 

hexamethylenediamine. The FDCA amide can be an FDCA diamide. The process can further 

comprise converting FDCA to an FDCA halide by contacting the FDCA with a hydrohalic 

acid having the formula HX, wherein X is a halide, under conditions sufficient to produce the 

corresponding FDCA halide. The halide can be chloride and the FDCA halide can be FDCA 

	

30 	chloride. The FDCA chloride can be FDCA dichloride. 
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The process can further comprise polymerizing FDCA or derivative thereof under 

conditions sufficient to produce an FDCA-based polymer. The FDCA derivative can be 

selected from the group consisting of an FDCA diester, an FDCA dihalide, and an FDCA 

diamide. The FDCA diester can be dimethyl FDCA ester. The FDCA diester can be 

	

5 	di(ethylene glycol) FDCA ester. The polymerizing step can be a polycondensation reaction. 

The process can comprise a transesterification reaction that precedes the polycondensation 

reaction. The polymerizing step can comprise contacting the FDCA derivative with a second 

monomer. The second monomer can be a polyol. 

The process can further comprise: 

	

10 	(a°) 	prior to step (a), contacting a carbohydrate feedstock comprising a sugar and a 

dehydration solvent with a catalyst under conditions sufficient to form a reaction mixture for 

dehydrating the sugar to produce the furanic oxidation substrate, wherein the furanic 

oxidation substrate is present in a dehydration product solution that comprises the furanic 

oxidation substrate and the dehydration solvent. 

	

15 	 The sugar can be fructose and the furanic oxidation substrate can be H1v1F. The 

oxidation feedstock of step (a) can comprise the dehydration product solution of step (a°). 

With respect to the (first) heterogeneous oxidation catalyst, (1) the noble metal can be 

platinum; (2) the solid support can be selected from the group consisting of silica and a 

carbonaceous material; and (3) the plurality of pores can be characterized by a mean pore 

	

20 	diameter in the range of from or any number in between 10 nm to 100 nm. With respect to 

the (second) heterogeneous oxidation catalyst: (1) the noble metal can be platinum; (2) the 

solid support can be selected from the group consisting of silica and a carbonaceous material; 

and (3) the plurality of pores can be characterized by a mean pore diameter in the range of 

from or any number in between 10 nm to 100 nm. 

	

25 	 In another aspect, the present disclosure is directed to a process for producing a 

crystalline FDCA pathway product composition, the method comprising: 

providing a crystallization solution comprising an FDCA pathway product and a 

crystallization solvent that is a multi-component solvent comprising water and a water-

miscible organic solvent; 

	

30 	 initiating crystallization of the FDCA pathway product; and 

9 



WO 2017/123763 	 PCT/US2017/013197 

producing a plurality of FDCA pathway product crystals of different particle sizes. In 

certain embodiments, the water-miscible organic solvent is a water-miscible aprotic organic 

solvent. 

The water-miscible organic solvent can be a water-miscible aprotic organic solvent. 

	

5 	The water-miscible aprotic organic solvent can be selected from the group consisting of 

tetrahydrofuran, a glyme, dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, 

sulfolane, acetone, N-methyl-2-pyrrolidone ("NM:P"), methyl ethyl ketone ("MEK"), and 

gamma-valerolactone. The water-miscible organic solvent can be selected from the group 

consisting of a light water-miscible organic solvent and a heavy water-miscible organic 

	

10 	solvent. 

The multi-component solvent can comprise the water and the water-miscible organic 

solvent in a ratio of from or any number in between 1:6 to 6:1 v/v. The multi-component 

solvent can comprise the water and the water-miscible organic solvent in a ratio within a 

range defined by 1:6 to 6:1 v/v. The multi-component solvent can comprise at least 10 vol% 

	

15 	water-miscible organic solvent. 

The crystallization can be initiated by cooling the crystallization solution to a 

temperature below 60°C. The crystallization can be initiated by cooling the crystallization 

solution to a temperature below 50°C. The crystallization can be initiated by removing a 

portion of the crystallization solvent to produce a first FDCA pathway product slurry, 

	

20 	wherein the first FDCA pathway product slurry comprises a first plurality of FDCA pathway 

product crystals and a second portion of crystallization solvent or component thereof. The 

seed crystals can be added to the crystallization solution. 

The plurality of FDCA pathway product crystals can be characterized by a median 

(D50) particle size in the range of from or any number in between 50 pm to 5000 gm or in 

	

25 	the range of from or any number in between 50 gm to 2000 pm. The plurality of FDCA 

pathway product crystals can be characterized by a median (D50) particle size in the range of 

from or any number in between 150 gm to 750 pm. 

The process for producing a crystalline FDCA pathway product composition can 

further comprise dissolving the first plurality of FDCA pathway product crystals in a second 

	

30 	crystallization solvent to produce a second crystallization solution comprising a second 

plurality of FDCA pathway product crystals and a second crystallization solvent; removing a 
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first portion of the second crystallization solvent from the second crystallization solution to 

produce a second FDCA pathway product slurry that comprises a second plurality of FDCA 

crystals and a second portion of the second crystallization solvent; and separating the second 

plurality of FDCA pathway product crystals from the second portion of the second 

	

5 	crystallization solvent. Seed crystals can be added to the second crystallization solution. 

The dissolving step can be carried out at a temperature in the range of from or any number in 

between 80°C to 220°C, or in the range of from or any number in between 60°C to 180°C, or 

in the range of from or any number in between 80°C to 150°C. 	In a still further aspect, 

the present disclosure is directed to a crystalline FDCA composition wherein the composition 

	

10 	comprises a plurality of FDCA crystal particles of different particles sizes, wherein the 

plurality is characterized by a median particle size (D50) in the range of from 50 gm to 5000 

gm, such as 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, 

3000, 3500, 4000, 4500, or 5000 gm or within a range defined by any two of the 

aforementioned sizes. 

	

15 	In another aspect, the present disclosure is directed to a process for converting FDCA 

to an FDCA derivative selected from the group consisting of an FDCA salt, an FDCA ester, 

an FDCA amide, and an FDCA halide. 

In a still further aspect, the present disclosure is directed to process for producing an 

FDCA-based polymer selected from the group consisting of an FDCA-based polyester and an 

	

20 	FDCA-based polyamide. 

In some embodiments, the present disclosure is directed to a composition comprising: 

(a) an oxidation feedstock comprising a furanic oxidation substrate and an oxidation solvent; 

(b) oxygen; (c) a heterogeneous oxidation catalyst; (d) an FDCA pathway product; wherein 

the oxidation solvent is a solvent selected from the group consisting of an organic solvent 

	

25 	and a multi-component solvent; wherein the heterogeneous oxidation catalyst comprises a 

solid support and a noble metal; wherein the heterogeneous oxidation catalyst comprises a 

plurality of pores and a specific surface area in the range of from or any number in between 

20 m2/g to 500 m2/g; and wherein the composition is substantially free of added base. 

The noble metal can be selected from the group consisting of platinum, gold, and a 

	

30 	combination thereof. The oxidation solvent can be a multi-component solvent comprising 

water and a water-miscible organic solvent. The water-miscible organic solvent can be a 
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water-miscible aprotic organic solvent. The water-miscible aprotic organic solvent can be 

selected from the group consisting of tetrahydrofuran, a glyme, dioxane, a dioxolane, 

dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl-2-pyrrolidone 

("NMP"), methyl ethyl ketone ("MEK"), and gamma-valerolactone. The water-miscible 

	

5 	organic solvent can be selected from the group consisting of a light water-miscible organic 

solvent and a heavy water-miscible organic solvent. 

The water and the water-miscible organic solvent can be present in a ratio of from or 

any number in between 1:6 to 6:1 v/v water:water-miscible organic solvent. The water and 

the water-miscible organic solvent can be present in a ratio within a range defined by 1:6 to 

	

10 	6:1 v/v water:water-miscible organic solvent. The water and the water-miscible organic 

solvent can be present in a ratio of 1:1 v/v water:water-miscible organic solvent. The water- 

miscible organic solvent can comprise at least 10 vol % of the multi-component solvent. 

The furanic oxidation substrate can be 5-(hydroxymethyl)furfural (HMF). The 

furanic oxidation substrate can be selected from the group consisting of diformylfuran (DFF), 

	

15 	hydroxymethylfurancarboxylic acid (HMFCA), and formylfurancarboxylic acid (FFCA). 

The oxidation feedstock can comprise the furanic oxidation substrate at a 

concentration of at least 5% by weight. The furanic oxidation substrate can be present in the 

oxidation feedstock at a concentration of at least 10% by weight. 

The heterogeneous oxidation catalyst can comprise the metal at a loading in the range 

	

20 	of from or any number in between 0.3% to 5% by weight of the heterogeneous oxidation 

catalyst. The heterogeneous oxidation catalyst can further comprise a promoter. 

The solid support can comprise a material selected from the group consisting of a 

metal oxide, a carbonaceous material, a polymer, a metal silicate, a metal carbide, and any 

combination of two or more thereof. The metal oxide can be selected from the group 

	

25 	consisting of silica, zirconia, and alumina. The carbonaceous material can be carbon black. 

The solid support can be a composite material comprising a binder and a material selected 

from the group consisting of a metal oxide, a carbonaceous material, a polymer, a metal 

silicate, and a metal carbide. 

The heterogeneous oxidation catalyst can comprise a specific surface area in the 

	

30 	range of from or any number in between 25 m2/g to 350 m2/g, from or any number in 

between 25 m2/8  to 250 m2/g, from or any number in between 25 m2/8  to 225 m2/g, from or 

12 



WO 2017/123763 	 PCT/US2017/013197 

any number in between 25 m2/g to 200 m2/g, from or any number in between 25 m2/g to 175 

m2/g, from or any number in between 25 m2/g to 150 m2/g, from or any number in between 

25 m2/g to 125 m2/g, or from or any number in between 25 m2/g to 100 m2/g. The 

heterogeneous oxidation catalyst can comprise a pore volume wherein at least 50% of the 

	

5 	pore volume is from pores having a pore diameter in the range of from or any number in 

between 5 nm to 100 nm. The heterogeneous oxidation catalyst can comprise a pore volume 

wherein no more than 10% of the pore volume of the heterogeneous oxidation catalyst is 

from pores having a pore diameter less than 10 nm. The heterogeneous oxidation catalyst 

can comprise a pore volume wherein no more than 10% of the pore volume of the 

	

10 	heterogeneous oxidation catalyst is from pores having a pore diameter ranging from or any 

number in between 0.1 nm to 10 nm. The pore volume of the heterogeneous oxidation 

catalyst can be no more than 2.5% of the pores having a pore diameter less than 10 rim but 

not zero. The pore volume of the heterogeneous oxidation catalyst can be no more than 2.5% 

of the pores having a pore diameter ranging from or any number in between 0.1 nm to 10 nm. 

	

15 	The plurality of pores can be characterized by a mean pore diameter in the range of from or 

any number in between 10 nm to 100 nm. The heterogeneous oxidation catalyst can 

comprise a specific pore volume that is in the range of from or any number in between 0.1 

cm3/g to 1.5 cm3/g. 

The heterogeneous oxidation catalyst can comprise a second plurality of pores, 

	

20 	wherein at least one of the first or second pluralities of pores is characterized by a mean pore 

diameter in the range of from or any number in between 10 nm to 100 nm. Each of the first 

and second plurality of pores can be characterized by a mean pore diameter in the range of 

from or any number in between 10 nm to 100 nm. 

The oxygen can be present at a molar ratio of oxygen:furanic oxidation substrate in 

	

25 	the range of from or any number in between 2:1 to 10:1. The molar ratio of oxygen:furanic 

oxidation substrate can be in the range of from or any number in between 2:1 to 5:1. The 

oxygen can be present at a pressure (p02) in the range of from or any number in between 50 

psig to 1000 psig. The oxygen can be present at a pressure (p02) in the range of from or any 

number in between 50 psig to 200 psig. 

	

30 	 In some embodiments, the present disclosure is directed to an apparatus comprising: 

(a) an oxidation reaction zone; (b) an oxygen feed stream comprising oxygen; (c) an 
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oxidation feedstock stream comprising a furanic oxidation substrate and an oxidation solvent; 

wherein the oxidation solvent is a solvent selected from the group consisting of an organic 

solvent and a multi-component solvent; (d) a pathway product stream comprising an FDCA 

pathway product; wherein the oxygen feed stream and oxidation feedstock stream are passed 

	

5 	into the oxidation reaction zone and react to produce an FDCA pathway product; wherein the 

oxidation reaction zone contains a heterogeneous oxidation catalyst, oxygen, a furanic 

oxidation substrate, and an oxidation solvent; wherein the FDCA pathway product stream 

exits the oxidation reaction zone; wherein the heterogeneous oxidation catalyst comprises a 

solid support and a noble metal; wherein the heterogeneous oxidation catalyst comprises a 

	

10 	plurality of pores and a specific surface area in the range of from or any number in between 

20 m2/g to 500 m2/g; wherein the oxidation reaction zone is substantially free of added base. 

The apparatus can further comprise a recycle stream wherein the recycle stream 

comprises unreacted furanic oxidation substrate; wherein the recycle stream exits the 

oxidation reaction zone; and wherein the apparatus contains a means for optionally passing 

	

15 	the recycle stream back into the oxidation reaction zone. 

The apparatus can further comprise (e) a second oxidation reaction zone; (f) a second 

oxygen feed stream comprising oxygen; (g) a second pathway product stream comprising an 

FDCA pathway product; wherein the pathway product stream from element (d) and the 

second oxygen feed stream are passed into the second oxidation reaction zone and react to 

	

20 	produce an FDCA pathway product; wherein the second pathway product stream exits the 

second oxidation reaction zone; wherein the second oxidation reaction zone contains a 

second heterogeneous oxidation catalyst, oxygen, and the pathway product stream from 

element (d); wherein the second heterogeneous oxidation catalyst comprises a solid support 

and a noble metal; wherein the second heterogeneous oxidation catalyst comprises a plurality 

	

25 	of pores and a specific surface area in the range of from or any number in between 20 m2/g to 

500 m2/g; wherein the second oxidation reaction zone is substantially free of added base. The 

apparatus can further comprise a recycle stream wherein the recycle stream comprises 

unreacted pathway product stream from element (d); wherein the recycle stream exits the 

second oxidation reaction zone; and wherein the apparatus contains a means for optionally 

	

30 	passing the recycle stream into the oxidation reaction zone from element (a). 
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In some embodiments, the present disclosure is directed to a process for producing a 

furanic oxidation substrate, the process comprising contacting a carbohydrate feedstock 

comprising a sugar and a dehydration solvent with an acid catalyst under conditions 

sufficient to form a dehydration reaction mixture for dehydrating the sugar to produce a 

	

5 	furanic oxidation substrate, wherein the acid catalyst is an acid selected from the group 

consisting of HBr, H2SO4, HNO3, HC1, HI, H3PO4, triflic acid, methansulfonic acid, 

benzenesulfonic acid, and p-toluene sulfonic acid, wherein when the acid catalyst is not HBr, 

the dehydration reaction mixture further comprises a bromide salt, and wherein the 

dehydration solvent comprises N-methyl-pyrrolidone (NMP). 

	

10 	The acid catalyst can be HBr. The acid catalyst can be selected from the group 

consisting of H2SO4, HNO3, HC1, HI, H3PO4, triflic acid, methansulfonic acid, 

benzenesulfonic acid, and p-toluene sulfonic acid, and wherein the dehydration reaction 

mixture comprises a bromide salt. The bromide salt can be selected from the group 

consisting of LiBr, NaBr, KBr, MgBr2, CaBr2, ZnBr2, tetramethylammonium bromide, 

	

15 	tetraethylammonium bromide, tetrapropylammonium bromide, tetrabutylammonium 

bromide, and any combination of two or more thereof. The acid catalyst can further 

comprise a Lewis acid. The Lewis acid can be selected from the group consisting of a 

borontrihalide, an organoborane, an aluminum trihalide, a phosphorus pentafluoride, an 

antimony pentafluoride, a rare earth metal triflate, a metal halide, a metal trifluoroacetate, or 

	

20 	a metal cation ether complex. The Lewis acid can be a metal halide. The metal halide can be 

ZnCl2  or ZnBr2. 

The yield of furanic oxidation substrate can be at least 60%, or at least 70%, or at 

least 80%, or at least 90% or at least 95%, or at least 98% or at least 99%. The sugar can be 

fructose. The furanic oxidation substrate can be HMF. 

	

25 	The dehydration reaction mixture can be maintained at a temperature in the range of 

from or any number in between 80°C and 160°C, or 80°C and 150°C, or 80°C and 140°C, or 

80°C and 130°C, or 80°C and 120°C, or 80°C and 110°C, or 80°C and 100°C. 

The dehydration solvent can further comprise water. The dehydration solvent can 

comprise water and NMP in a range from or any number in between 1-5 wt% water and 99- 

	

30 	9 5 % NMP, or 5-10 wt% water and 95-90 wt% NMP, or 10-15 wt% water and 90-85 wt% 

NMP, or 15-20 wt% water and 85-80 wt% NMP, or 20-25 wt% water and 80-75 wt% NMP, 
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or 25-30 wt% water and 75-70 wt()/0NMP, or 30-35 wt% water and 70-65 wt% NMP, or 35-

40 wt% water and 65-60 wt% NMP, or 40-45 wt % water and 60-55 wt% NMP, or 45-50 

wt% water and 55-50 wt% NMP, or 50-55 wt% water and 50-45 wt% NMP, or 55-60 wt% 

water and 45-40 wt% NMP, or 60-65 wt% water and 40-35 wt% NMP, or 65-70 wt% water 

	

5 	and 35-30 wt% NMP, or 70-75 wt% water and 30-25 wt% NMP, or 75-80 wt% water and 

25-20 wt% NMP, or 80-85 wt% water and 20-15 wt% NMP, or 85-90 wt% water and 15-10 

wt% NMP, or 90-95 wt% water and 10-5 wt% NMP, or 95-99 wt% water and 5-1 wt% NMP. 

The dehydration solvent can further comprise a second organic solvent species. The 

second organic solvent species can be a water-miscible organic solvent that is not N-methyl- 

	

10 	pyrrolidone (NMP). Each of the water-miscible aprotic organic solvent can be selected from 

the group consisting of tetrahydrofuran, a glyme, dioxane, a dioxolane, dimethylformamide, 

dimethylsulfoxide, sulfolane, acetone, methyl ethyl ketone ("MEK"), and gamma-

valerolactone, 

The furanic oxidation substrate can be present in a dehydration product solution that 

	

15 	comprises the furanic oxidation substrate and the dehydration solvent. The dehydration 

product solution further can comprise an unreacted sugar. The dehydration product solution 

can be a mixture that includes humins. The dehydration product solution or the mixture that 

includes humins can be subjected to one or more membranes to effect separation of the 

furanic oxidation substrate from one or more components selected from the group consisting 

	

20 	of a humin, an unreacted sugar, or a combination thereof. The one or more membranes can 

be selected from the group consisting of an ultrafiltration, a nanofiltration membrane, and a 

combination thereof. 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 depicts the net conversion of 5-(hydroxymethyl)furfural (HMF) (I) to 2,5- 

	

25 	furandicarboxylic acid (FDCA) (V). 

Figure 2 depicts potential FDCA pathway intermediates that may be generated by the 

oxidation of HMF. These intermediates are diformylfuran (II), 

hydroxymethylfurancarboxylic acid (III), and formylfurancarboxylic acid (IV). The final 

oxidation product in the pathway is FDCA (V). 
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Figure 3 depicts the solubility of FDCA (weight percent) in H2O (•), dioxane (*), 

diglyme (.), 1:1 v/v diglyme:H20 (o), and 4:1 v/v dioxane:H20 (.) at temperatures in the 

range of from 22°C to 140 °C. 

Figure 4 is a schematic of a single oxidation reaction zone process for converting a 

	

5 	furanic oxidation substrate to a desired FDCA pathway product. 

Figure 5 is a schematic of an integrated multi-oxidation reaction zone process for 

converting a furanic oxidation substrate to a desired FDCA pathway product. 

Figure 6 depicts an integrated crystallization process for producing refined crystalline 

FDCA product from a feedstock that is the product stream of an oxidation reaction zone. The 

	

10 	oxidation reaction zone product stream comprises FDCA and a multi-component solvent of 

water and a water-miscible light organic solvent. The process utilizes a solvent switch from 

the co-solvent to water between the first and second crystallization steps. 

Figure 7 depicts an integrated crystallization process for producing refined crystalline 

FDCA from a feedstock that is the product stream of an oxidation reaction zone. The process 

	

15 	utilizes a multi-component solvent comprising water and a water-miscible light organic 

solvent. 

Figure 8 depicts an integrated crystallization process for producing refined crystalline 

FDCA from a feedstock that is the product stream of an oxidation reaction zone. The 

oxidation reaction zone product stream comprises FDCA and a co-solvent of water and a 

	

20 	water-miscible heavy organic solvent. The process utilizes a solvent switch from the co- 

solvent to water between the first and second crystallization steps. 

Figure 9 depicts an integrated crystallization process for producing refined crystalline 

FDCA from a feedstock that is the product stream of an oxidation reaction zone. The 

oxidation reaction zone product stream comprises FDCA and a multi-component solvent of 

	

25 	water and a water-miscible heavy organic solvent. 

Figure 10 depicts an integrated process for producing a purified dimethylester of 

FDCA by distillation. 

Figure 11 depicts an integrated process for producing a purified dimethylester of 

FDCA by crystallization. 

	

30 	 Figure 12 depicts the temperature dependence of FUCA solubility in Dioxane/H20 

solvent compositions. 
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Figure 13 depicts the temperature dependence of FDCA solubility in DME/H20 

solvent compositions. 

Figure 14 depicts a plot of percent HMF yield versus percent conversion for the 

conversion of fructose to HMF using HBr and H2SO4  in NMP and H2O. 

	

5 	 Figure 15 depicts a plot of percent HMF yield versus percent conversion for the 

conversion of fructose to HMF using HBr and HC1 in NMP and H2O. 

Figure 16 depicts a plot of percent HMF yield versus percent conversion for the 

conversion of fructose to HMF using HBr in NMP and H2O. 

	

10 	 DETAILED DESCRIPTION 

I. 	Processes for Producing FDCA Pathway Products  

In one embodiment, the present disclosure provides novel processes for producing 

desired furandicarboxylic acid (FDCA) pathway products at high yields and high selectivities 

from the oxidation of a furanic oxidation substrate. Significantly, these results are achieved 

	

15 	without the need for any added base. The base-free (and substantially base-free) oxidative 

processes of the present disclosure are attractive as compared to existing processes for 

producing FDCA and related pathway products because, inter alia, they do not require 

further downstream processing to remove added base, or any by-products generated as a 

result of the base addition. As used herein, the terms "furandicarboxylic acid pathway 

	

20 	product" and "FDCA pathway product" are used interchangeably herein to refer to 2,5- 

furandicarboxylic acid (FDCA.) or a 2,5-furandicarboxylic acid pathway intermediate 

compound. The net conversion of HMF to FDCA is shown in Figure 1. The term 

"furandicarboxylic acid pathway" is used herein to refer to the pathway depicted in Figure 2. 

As used herein, the terms "2,5-furandicarboxylic acid pathway intermediate compound" and 

	

25 	"FDCA pathway intermediate compound" are used interchangeably to refer to any one of 

diformylfuran (DFF), hydroxymethylfurancarboxylic acid (HMFCA), and 5-

formylfurancarboxylic acid (FFCA), which correspond to compounds II, III, and IV in Figure 

2, respectively. 

More specifically, the present disclosure provides a process for producing an FDCA 

	

30 	pathway product from a furanic oxidation substrate, the process comprising: 
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(a) 	contacting an oxidation feedstock comprising a furanic oxidation substrate 

and an oxidation solvent with oxygen in the presence of a heterogeneous oxidation catalyst 

under conditions sufficient to form a reaction mixture for oxidizing the furanic oxidation 

substrate to an FDCA pathway product, and producing the FDCA pathway product, 

	

5 	wherein the oxidation solvent is a solvent selected from the group consisting of an 

organic solvent and a multi-component solvent, wherein the reaction mixture is substantially 

free of added base, and wherein the heterogeneous oxidation catalyst comprises a solid 

support and a noble metal, and 

wherein the heterogeneous oxidation catalyst comprises a plurality of pores and a 

	

10 	specific surface area in the range of from or any number in between 20 m2/g to 500 m2/g, 

such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 225, 250, 275, 300, 

325, 350, 375, 400, 425, 450, 475, or 500 m2/g or is within a range defined by any two of the 

aforementioned surface areas. 

The term "substantially free of added base" is used herein to refer to the lack of any 

	

15 	base added to the reaction mixture (i.e., no added base), or the addition of a de minimis 

quantity of base. The term "de minimis quantity of base" refers herein to an amount of base 

which, when added to a reaction mixture employed in the practice of the present disclosure, 

does not alter the oxidation reaction by more than 1% with respect to product yield or 

product selectivity, as compared to the same oxidation reaction performed under the same 

	

20 	conditions with the exception that no base is added to the reaction mixture. Typically, the 

processes of the present disclosure are carried out under base-free conditions, i.e., no base is 

added to the reaction mixture during the contacting (i.e., oxidation) step. 

Oxidation processes of the present disclosure result in the production of the desired 

FDCA pathway product at a yield that is typically at least 80% and a selectivity that is 

	

25 	typically at least 90% (both on a molar basis). In some embodiments, the yield is at least 

85%, and in other embodiments, it is at least 90%, at least 95%, and often, at least 98% or at 

least 99%. In some embodiments, the yield ranges from between 85-90%, 87-92%, 90-95%, 

92-97%, 95-98%, or 97-99%, or is within a range defined by any of two of the 

aforementioned percentages. The selectivity with respect to production of the desired FDCA 

	

30 	pathway product is more typically at least 91% or at least 92% or at least 93% or at least 94% 

or at least 95% or at least 96% or at least 97% or at least 98% or at least 99%. In some 
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embodiments, the selectivity with respect to the desired FDCA pathway product ranges from 

between 91-93%, 92-94%, 93-95%, 94-96%, 95-97%, 96-98%, 97-99%, or is within a range 

defined by any of two of the aforementioned percentages. The desired FDCA pathway 

product is usually FDCA. 

	

5 	 The term "oxidation feedstock" refers herein to a source material for the furanic 

oxidation substrate. As used herein, the term "furanic oxidation substrate" refers to a 

compound that is HMF or an FDCA intermediate compound (i.e., DFF, HMFCA, FFCA, or 

combination thereof) or a combination thereof. Oxidation feedstocks employed in the 

practice of the processes described herein may be employed in any of a variety of forms, 

	

10 	including, for example, a solution, a suspension, a dispersion, an emulsion, and the like. 

Typically, the oxidation feedstock comprises the furanic oxidation substrate in solution with 

the oxidation solvent. 

In the oxidation processes described herein, the FDCA pathway product is typically 

FDCA. In certain embodiments, the furanic oxidation substrate is typically HMF. However, 

	

15 	it may be desirable to use a furanic oxidation substrate that is an FDCA pathway intermediate 

compound or mixture of FDCA pathway intermediate compounds, i.e., DFF, HMFCA, 

FFCA, or a mixture of any two or more thereof. This may be an attractive option in 

situations where FINIF has been previously oxidized to an FDCA pathway intermediate 

compound or mixture of intermediate compounds, and the intermediate compound(s) is (are) 

	

20 	available for use as a raw material. When such intermediates are used as furanic oxidation 

substrates in the oxidative processes of the present disclosure, the resulting FDC A pathway 

product is typically FDCA, but it may also be a different FDCA pathway intermediate 

compound that is "downstream" (from an oxidation standpoint) in the FDCA pathway, of the 

FDCA pathway intermediate employed as the furanic oxidation substrate. 

	

25 	 The oxidation feedstock may contain other agents or residual components that are 

soluble or insoluble in the oxidation feedstock. For example, the oxidation feedstock may be 

a crude oxidation feedstock of HMF, or other furanic oxidation substrate, and the oxidation 

solvent. The term "crude feedstock" refers herein to a feedstock that, in addition to 

comprising the desired furanic oxidation substrate, also comprises impurities and/or by- 

	

30 	products related to the production, isolation, and/or purification of the desired furanic 

oxidation substrate. For example, the oxidation feedstock, may, in addition, comprise certain 
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biomass-related components that originate from biomass or are by-products which are 

generated in the conversion of biomass to a sugar (by, for example, thermal, chemical, 

mechanical, and/or enzymatic degradative means), where such sugar is subsequently 

converted to HMF. Thus, the oxidation feedstock may also comprise a component selected 

	

5 	from the group consisting of a polysaccharide (including, for example, a cellulose (e.g., a 

lignocellulose, a hemicellulose, and the like), starch, and the like), an oligosaccharide (e.g., a 

raffinose, a maltodextrin, a cellodextrin, and the like), a monosaccharide (e.g., glucose, 

fructose, galactose, mannose, xylose, rabbinose, and the like), a disaccharide (e.g., sucrose, 

lactose, maltose, cellobiose and the like), furanic substrates such as furfural, oligomeric or 

	

10 	polymeric humin by-products (humins) and residual mineral acids. Similarly, the oxidation 

feedstock may be a crude feedstock of HMF oxidation products comprising HMF and/or 

FDCA pathway intermediate compounds. 

In addition to the high yields and high selectivities observed, oxidation processes of 

the present disclosure produce FDCA pathway products, such as, for example, FDCA at 

	

15 	relatively high concentrations in a resulting product solution. The high productivity levels 

obtained from the processes described herein are believed to be due to the combined use of 

the novel heterogeneous oxidation catalysts employed and the properties of the oxidation 

solvent. 

As used herein, the term, "oxidation solvent" refers to a solvent that is an organic 

	

20 	solvent or a multi-component solvent in which the furanic oxidation substrate and the desired 

FDCA pathway product are each separately soluble at a minimum level of at least 2% by 

weight at the temperature at which the contacting (oxidation) step is conducted. Typically, 

the oxidation solvent is one in which the FDCA pathway product has a solubility of at least 3 

wt%, at least 4 wt%, and more typically, at least 5 wt%, at least 6 wt%, at least 7 wt%, at 

	

25 	least 8 wt%, at least 9 wt%, at least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 

wt%, at least 14 wt%, or at least 15 wt%, as measured at the temperature at which the 

contacting step is carried out. In some embodiments, the FDCA pathway product has a 

solubility that ranges from between 2-4 wt%, 3-5 wt%, 4-6 wt%, 5-7 wt%, 6-8 wt%, 7-9 

wt%, 8-10 wt%, 9-11 wt%, 10-12 wt%, 11-13 wt%, 12-14 wt%, or 13-15% or is within a 

	

30 	range defined by any of two of the aforementioned weight percentages. The solubility of the 

FDCA pathway product in a candidate organic solvent or candidate multi-component solvent 
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can be readily determined using known methods, as well as the method described in Example 

1. 

Without wishing to be bound by theory, the oxidation solvents employed in the 

present disclosure are believed to facilitate the efficient conversion of furanic oxidation 

	

5 	substrate to FDCA pathway product (catalyzed by the high performing catalysts of the 

present disclosure) by, among other things, eliminating product precipitation that may lead to 

reactor/catalyst fouling. Moreover, the relatively high concentrations of FDCA. and FDCA 

intermediate compounds that may be achieved in the processes of the present disclosure 

results in high process productivity and less costly solvent removal, in contrast to processes 

	

10 	that employ poor solvents such as, for example water or the acetic acid-water mixtures 

described in U.S. Pat. No. 7,700,788. Thus, the present disclosure provides processes that 

are particularly attractive for the commercial scale production of FDCA, and related 

intermediates. 

When carrying out the oxidation processes of the present disclosure, the furanic 

	

15 	oxidation substrate may be present in the oxidation feedstock at any concentration up to its 

solubility limit, in circumstances where the feedstock is a solution. In some embodiments, 

the concentration of furanic oxidation substrate in the oxidation feedstock is at least 1 wt%, 

at least 2 wt%, at least 3 wt%, at least 4 wt%, at least 5 wt%, at least 6 wt%, at least 7 wt%, 

at least 8 wt%, at least 9 wt%, at least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 

	

20 	wt%, at least 14 wt%, or at least 15 wt% by weight of the oxidation feedstock. In some 

embodiments, the concentration of furanic oxidation substrate in the oxidation feedstock 

ranges from 1-3 wt%, 2-4 wt%, 3-5 wt%, 4-6 wt%, 5-7 wt%, 6-8 wt%, 7-9 wt%, 8-10 wt%, 

9-11 wt%, 10-12 wt%, 11-13 wt%, 12-14 wt%, or 13-15% or is within a range defined by 

any of two of the aforementioned weight percentages. Typically, the furanic oxidation 

	

25 	substrate is present in the oxidation feedstock at a concentration of at least 5 wt%. More 

typically, the furanic oxidation substrate is present in the oxidation feedstock at a 

concentration of at least 6 wt%, or at least 7 wt%, or at least 8 wt%, or at least 9 wt%, or at 

least 10 wt%, or at least 11 wt%, or at least 12 wt%, or at least 13 wt%, or at least 14 wt%, or 

at least 15 wt% at the temperature at which the contacting (oxidation) step is conducted. In 

	

30 	some embodiments, the furanic oxidation substrate is present in the oxidation feedstock at the 

temperature at which the contacting (oxidation) step is conducted in a concentration that 
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ranges from between 6-8 wt%, 7-9 wt%, 8-10 wt%, 9-11 wt%, 10-12 wt%, 11-13 wt%, 12-14 

wt%, or 13-15% or is within a range defined by any of two of the aforementioned weight 

percentages. 

Organic solvents that exhibit the requisite minimal solvating requirements for the 

	

5 	furanic oxidation substrate and FDCA are suitable for use in the practice of the present 

disclosure, either alone or as a component of a multi-component solvent. Applicants have 

discovered, in particular, that the use of aprotic organic solvents, in combination with the 

catalysts and conditions described herein, appear to facilitate the high productivities observed 

with respect to the processes of the present disclosure. Therefore, in some embodiments, the 

	

10 	oxidation solvent comprises an aprotic organic solvent (e.g., an ether, an ester, a ketone, and 

the like) either alone (i.e., as a single-component solvent) or as a component of a multi-

component solvent. When used in a multi-component solvent, the aprotic organic solvent is 

typically miscible with the other component(s) of the multi-component solvent. The term 

"multi-component solvent" refers herein to a mixture of two, three, or more solvent species. 

	

15 	Multi-component solvents employed in the practice of the present disclosure may comprise 

two or more solvent species selected from the group consisting of a first organic solvent 

species, a second organic solvent species, and water. When the multi-component solvent 

comprises water and an organic solvent, the organic solvent is a water-miscible organic 

solvent. Typically, the water-miscible organic solvent is a water-miscible aprotic organic 

	

20 	solvent. 

With respect to the processes of the present disclosure, it should be noted that 

candidate component solvents for the multi-component solvent should not be limited to 

solvents in which the furanic oxidation substrate and desired FDCA pathway product are 

highly soluble. Applicants have discovered that multi-component solvents may exhibit a 

	

25 	synergistic solvating effect with respect to FDCA, even when FDCA is poorly soluble in 

each component solvent. For example, FDCA has poor solubility in water. Applicants have 

discovered that, even when paired with a water-miscible organic solvent having poor FDCA-

solvating capabilities, the combination of water and the water-miscible organic solvent 

exhibits enhanced FDCA-solvating capability. 

	

30 	 Illustrative multi-component solvents that exhibit this effect include those that 

comprise water and a water-miscible aprotic organic solvent. Exemplary water-miscible 
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aprotic solvents suitable for use in the practice of the present disclosure include 

tetrahydrofuran, a glyme, dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, 

sulfolane, acetone, N-methyl-2-pyrrolidone ("NMP"), methyl ethyl ketone ("MEK"), 

gamma-valerolactone, and the like. Preferably, the water-miscible aprotic organic solvent is 

	

5 	an ether, such as, for example, a glyme, dioxane (1,4-dioxane), a dioxolane (e.g., 1,3- 

dioxolane), tetrahydrofuran, and the like. Glymes that are suitable for use in the practice of 

the present disclosure include, for example, monoglyme (1,2-dimethoxyethane, "DME"), 

ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl diglyme, triglyme, butyl 

diglyme, tetraglyme, a polyglyme, a highly ethoxylated diether of a high molecular weight 

	

10 	alcohol ("higlyme"), and the like. Often, the oxidation solvent is a multi-component solvent 

comprising water and a water-miscible aprotic organic solvent that is glyme, diglyme, or 

di oxane. 

In some embodiments, the multi-component solvent comprises water and dioxane. In 

some embodiments, the multi-component solvent comprises water and DME. In some 

	

15 	embodiments, the multi-component solvent comprises water and diglyme. In some 

embodiments, the multi-component solvent comprises water and triglyme. In some 

embodiments, the multi-component solvent comprises water and tetraglyme. In some 

embodiments, the multi-component solvent comprises water and higlyme. In some 

embodiments, the multi-component solvent comprises water and NMP. In some 

	

20 	embodiments, the multi-component solvent comprises water and MEK. In some 

embodiments, the multi-component solvent comprises water and gamma-valerolactone. 

Example 1 describes a solubility study that examined the solubility of FDCA in: (1) 

diglyme only; (2) dioxane only; (3) water only; (4) a multi-component solvent made up of 

4:1 (v/v) dioxane:H20; and (5) a multi-component solvent made up of 1:1 (v/v) glyme:H20. 

	

25 	The results are depicted in a plot of FDCA solubility as a function of temperature in Figure 3. 

Although FDCA exhibits relatively low solubilities in water (less than 2% by weight at 

temperatures in the range of from 22°C to 140°C), dioxane (less than 2% by weight at 

temperatures in the range of from 22°C to 100°C), and diglyme (less than 2% by weight at 

temperatures in the range of from 22°C to 100°C), it surprisingly exhibits high solubilities in 

	

30 	multi-component solvents of, for example, 4:1 dioxane:H20 (v:v) (from 4% by weight to 

11% by weight at temperatures in the range of from 22°C to 140°C) and 1:1 diglyme:water 
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(v:v) (from just below 2% by weight to 9% by weight at temperatures in the range of from 

22°C to 140°C). These multi-component solvents are desirable because they facilitate the 

production of greater quantities of FDCA pathway product with relatively less solvent (for 

example, as compared to water only as a solvent) that would typically need to be removed 

	

5 	during product recovery operations. 

Organic solvents and additional multi-component solvents suitable for use as an oxidation 

solvent in the practice of the present disclosure can be readily identified using the assay 

method described in Example 1. 

In some embodiments, the composition of the oxidation solvent may take into 

	

10 	consideration the requirements of further downstream processes (e.g., to facilitate product 

recovery, purification, and the like), or upstream processes (e.g., the conversion of a sugar to 

the furanic oxidation substrate). For example, in certain embodiments it may be desirable to 

employ an oxidation solvent that is a multi-component solvent comprising a light solvent and 

a heavy solvent. The term "light solvent" refers to a solvent having a boiling point at a 

	

15 	certain pressure that occurs at a temperature that is less than the boiling point (temperature) 

of the heavy solvent at the same pressure. Conversely, the term "heavy solvent" refers to a 

solvent having a boiling point at a certain pressure that occurs at a temperature that is higher 

than the boiling point (temperature) of the light solvent at the same pressure. When the 

multi-component solvent comprises water and a water-miscible organic solvent, the water- 

	

20 	miscible organic solvent may be a light water-miscible organic solvent (i.e., a water-miscible 

organic solvent having a boiling point that occurs at a temperature less than the boiling point 

of water) or it may be a heavy water-miscible organic solvent (i.e., a water-miscible organic 

solvent having a boiling point that occurs at a temperature higher than the boiling point of 

water). Typically, the light and heavy water-miscible organic solvent are a light and heavy 

	

25 	aprotic organic solvent, respectively. Exemplary light water-miscible (and aprotic) organic 

solvents employed with water in a multi-component solvent include, for example, glyme, a 

dioxolane (e.g., 1,3-dioxolane), and tetrahydrofuran, and the like. Exemplary heavy water-

miscible (and aprotic) organic solvents employed with water in a multi-component solvent 

include, for example, dioxane, ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl 

	

30 	diglyme, triglyme, butyl diglyme, tetraglyme, a polyglyme, and the like. In some 

embodiments (e.g., continuous reactor systems), all or a portion of the oxidation solvent or 
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component thereof may be removed from the production solution (e.g., via distillation) and 

recycled to the reaction mixture. It such embodiments, it may be desirable to employ a 

multi-component solvent having a composition that corresponds to an azeotrope or which is 

capable of forming an azeotrope (i.e., an "azeotropic composition") at a temperature 

	

5 	employed during the oxidation step (i.e., contacting step), or at a temperature employed 

during a process that is upstream or downstream of the oxidation step. Use of such multi-

component solvents having an azeotropic composition may facilitate the recycling of the 

oxidation solvent (as part of the azeotropic composition) to the oxidation step, or to processes 

that occur upstream and/or downstream of the oxidation step. 

	

10 	In some embodiments, the water-miscible organic solvent species is at least 5 volume 

% (vol%), at least 10 vol%, at least 15 vol%, at least 20 vol%, at least 25 vol%, at least 30 

vol%, at least 35 vol%, at least 40 vol%, at least 45 vol%, at least 50 vol%, at least 55 vol%, 

at least 60 vol%, at least 65 vol%, at least 70 vol%, at least 75 vol%, at least 80 vol%, at least 

85 vol%, at least 90 vol%, or at least 95 vol% of the multi-component solvent; and 

	

15 	correspondingly, water is typically less than 95 vol%, less than 90 vol%, less than 85 vol%, 

less than 80 vol%, less than 75 vol%, less than 70 vol%, less than 65 vol%, less than 60 

vol%, less than 55 vol%, less than 50 vol%, less than 45 vol%, less than 40 vol%, less than 

35 vol%, less than 30 vol%, less than 25 vol%, less than 20 vol%, less than 15 vol%, less 

than 10 vol%, or less than 5 vol%, respectively, of the multi-component system. 

	

20 	 In some embodiments, the multi-component solvent comprises water in a range from 

or any number in between 1-5 wt% and a water-miscible organic solvent in a range from or 

any number in between 99-95 wt%. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 5-10 wt% and a water-miscible 

organic solvent in a range from or any number in between 95-90 wt%. In some 

	

25 	embodiments, the multi-component solvent comprises water in a range from or any number 

in between 10-15 wt% and a water-miscible organic solvent in a range from or any number in 

between 90-85 wt%. In some embodiments, the multi-component solvent comprises water in 

a range from or any number in between 15-20 wt% and a water-miscible organic solvent in a 

range from or any number in between 85-80 wt%. In some embodiments, the multi- 

	

30 	component solvent comprises water in a range from or any number in between 20-25 wt% 

and a water-miscible organic solvent in a range from or any number in between 80-75 wt%. 
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In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 25-30 wt% and a water-miscible organic solvent in a range from or any 

number in between 75-70 wt°/0. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 30-35 wt% and a water-miscible 

	

5 	organic solvent in a range from or any number in between 70-65 wt%. In some embodiments, 

the multi-component solvent comprises water in a range from or any number in between 35-

40 wt% and a water-miscible organic solvent in a range from or any number in between 65-

60 wt%. In some embodiments, the multi-component solvent comprises water in a range 

from or any number in between 40-45 wt% and a water-miscible organic solvent in a range 

	

10 	from or any number in between 60-55 wt%. In some embodiments, the multi-component 

solvent comprises water in a range from or any number in between 45-50 wt% and a water-

miscible organic solvent in a range from or any number in between 65-50 wt%. In some 

embodiments, the multi-component solvent comprises water in a range from or any number 

in between 50-55 wt% and a water-miscible organic solvent in a range from or any number in 

	

15 	between 50-45 wt%. In some embodiments, the multi-component solvent comprises water in 

a range from or any number in between 55-60 wt% and a water-miscible organic solvent in a 

range from or any number in between 45-40 wt%. In some embodiments, the multi-

component solvent comprises water in a range from or any number in between 60-65 wt% 

and a water-miscible organic solvent in a range from or any number in between 40-35 wt%. 

	

20 	In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 65-70 wt% and a water-miscible organic solvent in a range from or any 

number in between 35-30 wt%. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 70-75 wt% and a water-miscible 

organic solvent in a range from or any number in between 30-25 wt%. In some embodiments, 

	

25 	the multi-component solvent comprises water in a range from or any number in between 75- 

80 wt% and a water-miscible organic solvent in a range from or any number in between 25-

20 wt%. In some embodiments, the multi-component solvent comprises water in a range 

from or any number in between 80-85 wt% and a water-miscible organic solvent in a range 

from or any number in between 20-15 wt%. In some embodiments, the multi-component 

	

30 	solvent comprises water in a range from or any number in between 85-90 wt% and a water- 

miscible organic solvent in a range from or any number in between 15-10 wt%. In some 
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embodiments, the multi-component solvent comprises water in a range from or any number 

in between 90-95 wt% and a water-miscible organic solvent in a range from or any number in 

between 10-5 wt%. In some embodiments, the multi-component solvent comprises water in a 

range from or any number in between 95-99 wt% and a water-miscible organic solvent in a 

	

5 	range from or any number in between 5-1 wt%. 

In some embodiments, the volume ratio of water to water-miscible organic solvent is 

in the range from or any number in between 1:6 to 6:1. In certain embodiments, the volume 

ratio is from or any number in between 1:4 to 4:1 water:water-miscible organic solvent. In 

other embodiments, the volume ratio is from or any number in between 1:4 to 3:1 

	

10 	water:water miscible organic solvent. In other embodiments, the volume ratio is from or any 

number in between 1:3 to 3:1 water:water miscible organic solvent. In certain embodiments, 

the volume ratio is 1:1 water:water-miscible organic solvent. 

In some embodiments, the multi-component solvent comprises water and two 

different water-miscible organic solvents. Typically both of the water-miscible organic 

	

15 	solvents are water-miscible aprotic organic solvents. Each of the two water-miscible aprotic 

solvents can be independently selected from the group of tetrahydrofuran, a glyme, a 

dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl-

2-pyrrolidone ("NMP"), methyl ethyl ketone ("MEK"), and gamma-valerolactone. One or 

both of the water-miscible aprotic organic solvent can be an ether, such as, for example, a 

	

20 	glyme, dioxane (for example 1,4-dioxane), dioxolane (e.g., 1,3-dioxolane), tetrahydrofuran, 

and the like. Glymes include, for example, monoglyme (1,2-dimethoxyethane, "DME"), 

ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl diglyme, triglyme, butyl 

diglyme, tetraglyme, a polyglyme, a highly ethoxylated diether of a high molecular weight 

alcohol ("higlyme"), and the like. 

	

25 	 In some embodiments, the volume ratio of water to the first and second water- 

miscible organic solvent is approximately 1:1:1 (v:v:v). In some embodiments, the volume 

ratio of water to the first and second water-miscible organic solvent is approximately 1:2:1 

(v:v:v). In some embodiments, the volume ratio of water to the first and second water-

miscible organic solvent is approximately 1:2:2 (v:v:v). In some embodiments, the volume 

	

30 	ratio of water to the first and second water-miscible organic solvent is approximately 2:1:1 

(v:v:v). 
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5-10% 
10-15% 
15-20% 
20-25% 
25-30% 
30-35% 

1-5% 	 55-64% 35-40% 
1-5% 	 50-59% 40-45% 
1-5% 	 45-54% 45-50% 
1-5% 	 40-49% 50-55% 
1-5% 	 35-44% 55-60% 
1-5% 	 30-39% 60-65% 
1-5% 	 25-34% 65-70% 
1-5% 	 20-29% 70-75% 
1-5% 	 15-24% 75-80% 
1-5% 	 10-19% 80-85% 
1 -5% 	 5-14% 85-90% 
1-5% 	 1-9% 90-94% 

5-10% 	 75-85% 10-15% 
5-10% 	 70-80% 15-20% 
5-10% 	 65-75% 20-25% 
5-10% 	 60-70% 25-30% 
5-10% 	 55-65% 30-35% 
5-10% 	 50-60% 35-40% 
5-10% 	 45-55% 40-45% 
5-10% 	 40-50% 45-50% 
5-10% 	 35-45% 50-55% 
5-10% 	 30-40% 55-60% 
5-10% 	 25-35% 60-65% 
5-10% 	 20-30% 65-70% 
5-10% 	 15-25% 70-75% 
5-10% 	 10-20% 75-80% 
5-10% 	 5-15% 80-85% 
5-10% 	 1-10% 85-89% 

10-15% 	 70-80% 10-15% 
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1-5% 85-94% 
1-5% 80-89% 
1-5% 75-84% 
1-5% 70-79% 
1 _5% 65-74% 
1-5% 60-69% 

1-5% 5-10% 	 85-94% 

1-5% 10-15% 	 80-89% 

In some embodiments, the multi-component solvent comprises water and two 

different water-miscible organic solvents with the relative amounts of water to the first and 

second water-miscible organic solvents as shown in Table A. 

Table A:  

1-5% 

I water- 
ntisti e organic solvent in multi-

ponent solve system  
1-5% 

5-10% 	 80-90% 5-10% 

10-15% 	 75-85% 5-10% 
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10-15% 65-75% 15-20%  
10-15% 60-70% 20-25%  
10-15% 55-65% 25-30%  
10-15% 50-60% 30-35%  
10-15% 45-55% 35-40%  
10-15% 40-50% 40-45%  
10-15% 35-45% 45-50%  
10-15% 30-40% 50-55%  
10-15% 25-35% 55-60%  
10-15% 20-30% 60-65%  
10-15% 15-25% 65-70%  
10-15% 10-20% 70-75%  
10-15% 5-15% 75-80%  
10-15% 1-10% 80-84%  
15-20% 75-84% 1-5% 
15-20% 70-80% 5-10% 
15-20% 65-75% 10-15%  
15-20% 60-70% 15-20%  
15-20% 55-65% 20-25%  
15-20% 50-60% 25-30% 
15-20% 45-55% 30-35%  
15-20% 40-50% 35-40% 
15-20% 35-45% 40-45%  
15-20% 30-40% 45-50%  
15-20% 25-35% 50-55%  
15-20% 20-30% 55-60%  
15-20% 15-25% 60-65%  
15-20% 10-20% 65-70%  
15-20% 5-15% 70-75%  
15-20% 1-10% 75-79%  
20-25% 70-79% 1-5% 
20-25% 65-75% 5-10% 
20-25% 60-70% 10-15%  
20-25% 55-65% 15-20%  
20-25% 50-60% 20-25%  
20-25% 45-55% 25-30%  
20-25% 40-50% 30-35%  
20-25% 35-45% 35-40%  
20-25% 30-40% 40-45%  
20-25% 25-35% 45-50%  
20-25% 20-30% 50-55%  
20-25% 15-25% 55-60%  
20-25% 10-20% 60-65%  
20-25% 5-15% 65-70%  
20-25% 1-10% 70-74%  
25-30% 65-74% 1-5% 
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25-30% 60-70% 5-10% 
25-30% 55-65% 10-15% 
25-30% 50-60% 15-20% 
25-30% 45-55% 20-25% 
25-30% 40-50% 25-30% 
25-30% 35-45% 30-35% 
25-30% 30-40% 35-40% 
25-30% 25-35% 40-45% 
25-30% 20-30% 45-50% 
25-30% 15-25% 50-55% 
25-30% 10-20% 55-60% 
25-30% 5-15% 60-65% 
25-30% 1-10% 65-69% 
30-35% 60-69% 1-5% 
30-35% 55-65% 5-10% 
30-35% 50-60% 10-15% 
30-35% 45-55% 15-20% 
30-35% 40-50% 20-25% 
30-35% 35-45% 25-30% 
30-35% 30-40% 30-35% 
30-35% 25-35% 35-40% 
30-35% 20-30% 40-45% 
30-35% 15-25% 45-50% 
30-35% 10-20% 50-55% 
30-35% 5-15% 55-60% 
30-35% 1-10% 60-64% 
35-40% 55-64% 1-5% 
35-40% 50-60% 5-10% 
35-40% 45-55% 10-15% 
35-40% 40-50% 15-20% 
35-40% 35-45% 20-25% 
35-40% 30-40% 25-30% 
35-40% 25-35% 30-35% 
35-40% 20-30% 35-40% 
35-40% 15-25% 40-45% 
35-40% 10-20% 45-50% 
35-40% 5-15% 50-55% 
35-40% 1-10% 55-59% 
40-45% 50-59% 1-5% 
40-45% 45-55% 5-10% 
40-45% 40-50% 10-15% 
40-45% 35-45% 15-20% 
40-45% 30-40% 20-25% 
40-45% 25-35% 25-30% 
40-45% 20-30% 30-35% 
40-45% 15-25% 35-40% 
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40-45% 10-20% 40-45% 
40-45% 5-15% 45-50% 
40-45% 1-10% 50-54% 
45-50% 45-54% 1-5% 
45-50% 40-50% 5-10% 
45-50% 35-45% 10-15% 
45-50% 30-40% 15-20% 
45-50% 25-35% 20-25% 
45-50% 20-30% 25-30% 
45-50% 15-25% 30-35% 
45-50% 10-20% 35-40% 
45-50% 5-15% 40-45% 
45-50% 1-10% 45-49% 
50-55% 40-49% 1-5% 
50-55% 35-45% 5-10% 
50-55% 30-40% 10-15% 
50-55% 25-35% 15-20% 
50-55% 20-30% 20-25% 
50-55% 15-25% 25-30% 
50-55% 10-20% 30-35% 
50-55% 5-15% 35-40% 
50-55% 1-10% 40-44% 
55-60% 35-44% 1-5% 
55-60% 30-40% 5-10% 
55-60% 25-35% 10-15% 
55-60% 20-30% 15-20% 
55-60% 15-25% 20-25% 
55-60% 10-20% 25-30% 
55-60% 5-15% 30-35% 
55-60% 1-10% 35-39% 
60-65% 30-39% 1-5% 
60-65% 25-35% 5-10% 
60-65% 20-30% 10-15% 
60-65?/0 15-25% 15-20% 
60-65% 10-20% 20-25% 
60-65% 5-15% 25-30% 
60-65% 1-10% 30-34% 
65-70% 25-34% 1-5% 
65-70% 20-30% 5-10% 
65-70% 15-25% 10-15% 
65-70% 10-20% 15-20% 
65-70% 5-15% 20-25% 
70-75% 20-29% 1-5% 
70-75% 15-25% 5-10% 
70-75% 10-20% 10-15% 
70-75% 5-15% 15-20% 
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The contacting step is often carried out for a time sufficient to produce a product 

solution comprising (soluble) FDCA pathway product at a concentration of at least 2 wt%, at 

least 3 wt%, at least 4 wt%, at least 5 wt%, at least 6 wt%, at least 7 wt%, at least 8 wt%, at 

	

5 	least 9 wt%, at least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 wt%, at least 14 

wt%, or at least 15 wt% or at a concentration that is within a range defined by any two of the 

aforementioned values. Correspondingly, when a product solution is produced that 

comprises the (soluble) FDCA pathway product it is produced at a concentration of at least 2 

wt%, at least 3 wt%, at least 4 wt%, at least 5 wt%, at least 6 wt%, at least 7 wt%, at least 8 

	

10 	wt%, at least 9 wt%, at least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 wt%, at 

least 14 wt%, or at least 15 wt%) or a at concentration that is within a range defined by any 

two of the aforementioned values. The term "product solution" refers herein to a solution of 

soluble FDCA pathway product and other soluble components of the reaction mixture in the 

oxidation solvent. The phrase "a time sufficient to produce a product solution comprising the 

	

15 	FDCA pathway product at a concentration of is used herein to refer to a minimum amount 

of time required to produce the specified concentration of the FDCA pathway product in the 

product solution. 

More typically, the contacting step is carried out for a time sufficient to produce a 

product solution comprising the FDCA pathway product at a concentration of at least 6 wt%, 

	

20 	at least 7 wt%, at least 8 wt%, at least 9 wt%, at least 10 wt%, at least 11 wt%, at least 12 

wt%, at least 13 wt%, at least 14 wt%, or at least 15 wt% or at a concentration that is within a 

range defined by any two of the aforementioned values. Correspondingly, when a product 

solution is produced that comprises the FDCA pathway product it is produced at a 

concentration of at least 6 we/o, at least 7 wt%, at least 8 wt%, at least 9 wt%, at least .10 

	

25 	wt%, at least 11 wt%, at least 12 wt%, at least 13 wt%, at least 14 wt%, or at least 15 wt%, 

respectively or a concentration that is within a range defined by any two of the 

aforementioned values. 
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Heterogeneous oxidation catalysts employed in the practice of the present disclosure 

typically have the noble metal dispersed on the internal and external surfaces of the support. 

The term "noble metal" refers herein to ruthenium, rhodium, palladium, silver, osmium, 

iridium, platinum or gold. In certain preferred embodiments, the metal is selected from the 

	

5 	group consisting of platinum, gold, and a combination thereof. Typically, the metal is 

platinum. In some embodiments, the metal is gold. The heterogeneous oxidation catalyst 

may further include a promoter to enhance the performance of the heterogeneous oxidation 

catalyst. When the metal is platinum, gold, or combination thereof, suitable promoters 

include, for example, Pd, Ir, Mo, or W, and the like. 

	

10 	The heterogeneous oxidation catalyst typically comprises the noble metal at a total 

metal loading in the range of from or any number in between 0.3% to 5% by weight. In 

some embodiments, the metal loading is in the range of from or any number in between 0.5% 

to 4% by weight. In some embodiments, the metal loading ranges from or any number in 

between 2-4 wt%. In some embodiments, the metal loading is 2 wt%. In some embodiments, 

	

15 	the metal loading is 3 wt%. In some embodiments, the metal loading is 4 wt%. When two or 

more metals are employed, the heterogeneous oxidation catalyst may comprise a plurality of 

heterogeneous oxidation catalyst particles, each comprising the two or more metals, or the 

heterogeneous oxidation catalyst may comprise a mixture of heterogeneous oxidation catalyst 

metal-particle species, e.g., a first plurality of heterogeneous oxidation catalyst particles 

	

20 	comprising a first metal species and a second plurality of heterogeneous oxidation catalyst 

particles comprising a second metal species. Methods for preparing the heterogeneous 

oxidation catalysts employed in the practice of the present disclosure are described in detail 

in section II, herein below, as well as in the Examples. 

The solid support component of the heterogeneous oxidation catalyst may comprise 

	

25 	any type of material known by those having ordinary skill in the art as being suitable for use 

as a catalytic support that also has the specific surface area requirement described herein. 

Suitable materials include, for example, a metal oxide, a carbonaceous material, a polymer, a 

metal silicate, a metal carbide, or any composite material prepared therefrom. Exemplary 

metal oxides include silicon oxide (silica), zirconium oxide (zirconia), titanium oxide 

	

30 	(titania), or aluminum oxide (alumina), and the like. As used herein, the term 

"carbonaceous" refers to graphite and carbon black. Exemplary metal silicates include, for 
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example, an orthosilicate, a borosilicate, or an aluminosilicate (e.g., a zeolite), and the like. 

Exemplary metal carbides include, for example, silicon carbide, and the like. Suitable 

polymeric solid support materials include polystyrene, polystyrene-co-divinyl benzene, 

polyamides, or polyacrylamides, and the like. 

	

5 	Suitable solid support materials also include a composite material prepared from, or 

comprising a binder and a material selected from the group consisting of a metal oxide, a 

carbonaceous material, a polymer, a metal silicate, and a metal carbide. In some 

embodiments, the binder is a resin. In other embodiments, the composite material comprises 

a carbonized binder and a material selected from the group consisting of a metal oxide, a 

	

10 	carbonaceous material, a metal silicate, and a metal carbide. In one embodiment, the 

composite material comprises a carbonized binder and carbon black. Methods for making 

such carbon-based composite materials is described in PCT Application No. 

PCT/US15/28358, which is expressly incorporated herein by reference in its entirety. 

Illustrative support materials are described in the Examples herein. 

	

15 	In some embodiments, the solid support comprises a carbon black material selected 

from the group consisting of Aditya Birla CDX-KU, Aditya Birla CSCUB, Aditya Birla R2000B, 

Aditya Birla R2500UB, Aditya Birla R3500B, Aditya Birla R5000U2, Arosperse 5-183A, Asbury 

5302, Asbury 5303, Asbury 5345, Asbury• 5348R, Asbury 5358R, Asbury 5365R, Asbury 5368, 

Asbury 5375R, Asbury 5379, Asbury A99, Cabot Monarch 120, Cabot Monarch 280, Cabot Monarch 

	

20 	570, Cabot Monarch 700, Cabot Norit Darco 12x20L1. Cabot Vulcan XC72, Continental N120, 

Continental N234, Continental N330, Continental N330-C, Continental N550, Norit ROX 0.8, 

Orion Arosperse 138, Orion Arosperse 15, Orion Color Black FW 2, Orion Color Black FW 

255, Orion HiBlack 40B2. Orion Hi-Black 50 L, Orion Hi-Black 50 LB, Orion Hi-Black 600 L. 

Orion HP-160, Orion Lamp Black 101, Orion N330, Orion Printex L6, Sid Richardson Ground N115, 

	

25 	Sid Richardson Ground SR155, Sid Richardson SC159, Sid Richardson SC419, Timcal Ensaco 150G, 

Timcal Ensaco 250G, Timcal Ensaco 260G, and Timcal Ensaco 350G. 

Metal impregnation of the solid support typically results in a negligible change in the 

specific surface, pore diameters, and specific volume of the solid support. Heterogeneous 

oxidation catalysts that are suitable for use in the present disclosure are typically prepared 

	

30 	using a solid support that comprises a plurality of pores and a specific surface area in the 

range of from 20 m2/g to 500 m2/g, such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 

160, 180, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450, 475, or 500 m2/g or is 
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within a range defined by any two of the aforementioned surface areas. Specific surface area 

can be determined using known methods, such as, for example, the method of Bruanauer, 

Emmett and Teller (J. Am. Chem. Soc. 1938, 60:309-311) and/or mercury porosimetry. See 

e.g., ASTM Test Methods D3663, D6556, and D4567, each of which is incorporated by 

	

5 	reference in its entirety. Typically, heterogeneous oxidation catalysts (and solid supports) 

employed in the practice of the present disclosure have a specific surface area in the range of 

from or any number in between 25 m2/g to 250 m2/g, and sometimes in the range of from or 

any number in between 25 m2/g to 225 m2/g, or from or any number in between 25 m2/g to 

200 m2/g, or from or any number in between 25 m2/g to 175 m2/g, or from or any number in 

	

10 	between 25 m2/g to 150 m2/g, or from or any number in between 25 m2/g to 125 m2/g, or 

from or any number in between 25 m2/g to 100 m2/g. These specific surface areas are 

relatively low when compared to highly porous catalytic support materials that are more 

typically used in the art, such as, for example, activated carbon. The relatively low surface 

area of the heterogeneous oxidation catalysts employed in the oxidative processes of the 

	

15 	present disclosure is believed to favorably contribute to the high selectivity and yields 

observed with respect to the conversion of the furanic oxidation substrates to FDCA and 

FDCA pathway intermediate compounds under substantially base-free conditions. 

Commensurate with the relatively low specific surface areas, the heterogeneous 

oxidation catalysts (and solid support components thereof) employed in the practice of the 

	

20 	present disclosure also typically have relatively moderate to low specific pore volumes when 

compared to other oxidation catalysts. Heterogeneous oxidation catalysts (and solid support 

components thereof) employed in the practice of the present disclosure typically have a 

specific pore volume (determined on the basis of pores having a diameter of 1.7 nm to 100 

nm) that is, from or any number in between 0.1 cm3/g to 1.5 cm3/g, from or any number in 

	

25 	between 0.1 cm3/g to 0.8 cm3/g, from or any number in between 0.1 cm3/g to 0.7 cm3/g, from 

or any number in between 0.1 cm3/g to 0.6 cm3/g, from or any number in between 0.1 cm3/g 

to 0.5 cm3/g, from or any number in between 0.2 cm3/g to 0.8 cm3/g, from or any number in 

between 0.2 cm3/g to 0.7 cm3/g, from or any number in between 0.2 cm3/g to 0.6 cm3/g, from 

or any number in between 0.2 cm3/g to 0.5 cm3/g, from or any number in between 0.3 cm3/g 

	

30 	to 1. cm3/g, from or any number in between 0.3 cm3/g to 0.9 cm3/g, from or any number in 

between 0.3 cm3/g to 0.8 cm3/g, from or any number in between 0.3 cm3/g to 0.7 cm3/g, from 
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or any number in between 0.3 cm3/g to 0.6 cm3/g, or from or any number in between 0.3 

cm3/g to 0.5 cm3/g or within a range defined by any two of the aforementioned values, as 

measured by a method for determining pore diameters and specific pore volumes, such as 

that described in E.P. Barrett, L.G. Joyner, P.P. Halenda, J. Am. Chem. Soc. (1951) 73:373- 

	

5 	380 and ASTM D4222-03 (2008) (the method referred to herein as the "BJH method"), both 

of which are expressly incorporated herein by reference in their entireties, and by the method 

of mercury porosimetry (e.g., using a mercury porosimeter, such as, for example, the 

Micromeritics Autopore V 9605 Mercury Porosimeter (Micromeritics Instrument Corp., 

Norcross, GA) in accordance with the manufacturer's instructions). See e.g., ASTM 3663, 

	

10 	ASTM D-4284-12 and D6761-07 (2012), all of which are incorporated herein by reference. 

Typically, the heterogeneous oxidation catalyst has a mean pore diameter in the range 

of from or any number in between 10 nm to 100 nm, as measured by the BJH method and/or 

mercury porosimetry. More typically, the heterogeneous oxidation catalyst has a mean pore 

diameter in the range of from or any number in between 10 nm to 90 nm, as measured by the 

	

15 	BJH method and/or mercury porosimetry. In some embodiments, the mean pore diameter is 

in the range of from or any number in between 10 nm to 80 nm, or from or any number in 

between 10 nm to 70 nm, or from or any number in between 10 nm to 60 nm, and often from 

or any number in between 10 nm to 50 nm, as determined by the BJH method and/or mercury 

porosimetry. In some embodiments, the mean pore diameter is in the range of from or any 

	

20 	number in between 20 nm to 100 nm, as measured by the BJH method and/or mercury 

porosimetry. In certain of these embodiments, the mean pore diameter is in the range from or 

any number in between 20 nm to 90 nm, or from or any number in between 20 nm to 80 nm, 

or from or any number in between 20 nm to 70 nm, or from or any number in between 20 nm 

to 60 nm, or from or any number in between 10 nm to 50 nm, as determined by the BJH 

	

25 	method and/or mercury porosimetry. The catalysts employed in the practice of the present 

disclosure typically have a relatively high concentration of pores in the size ranges described 

above. 

In some embodiments, the heterogeneous oxidation catalyst comprises a second 

plurality of pores. In this embodiment, the pore size distribution of the heterogeneous 

	

30 	oxidation catalyst and underlying solid support is bimodal, having a first distribution made 

up of a first plurality of pore diameters and a second distribution made up of a second 
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plurality of pore diameters, with each plurality having a mean pore diameter associated with 

it. The second plurality of pores has a mean pore diameter that is different from the mean 

pore diameter of the second plurality, yet is typically still in the range of from or any number 

in between 10 nm to 100 nm, as determined by the BJH method and/or mercury porosimetry. 

	

5 	Typically, the heterogeneous oxidation catalysts comprise a pore volume, wherein at 

least 50% of the pore volume is attributable to pores having a pore diameter in the range of 

from or any number in between 5 nm to 100 nm (as determined by the BJH method and/or 

mercury porosimetry on the basis of pores having a diameter of from 1.7 nm to 100 nm). 

Typically, the heterogeneous oxidation catalyst has a pore volume, wherein at least 60%, and 

	

10 	in some embodiments, at least 70%, or at least 80%, or at least 90% of the pore volume is 

attributable to pores having pore diameter of from or any number in between 10 nm to 100 

nm (as determined by the BJH method and/or mercury porosimetry on the basis of pores 

having a diameter of from 1.7 nm to 100 nm). 

In some embodiments, at least 35%, at least 40%, at least 45%, or at least 50% of the 

	

15 	pore volume of the heterogeneous oxidation catalysts employed in the practice of the present 

disclosure (as measured by the BJH method and/or mercury porosimetry on the basis of pores 

having a diameter from 1.7 nm to 100 nm) is attributable to pores having a pore diameter of 

from or any number in between 10 nm to 50 nm. For example, from or any number in 

between 35% to 80%, from or any number in between 35% to 75%, from or any number in 

	

20 	between 35% to 65%, from or any number in between 40% to 80%, from or any number in 

between 40% to 75%, or from or any number in between 40% to 70% of the pore volume of 

the heterogeneous oxidation catalyst is attributable to pores having a mean pore diameter in 

the range from or any number in between 10 nm to 50 nm (as measured by the BJH method 

and/or mercury porosimetry on the basis of pores having a diameter from 1.7 nm to 100 nm). 

	

25 	Typically, no more than 2.5 % of the pore volume of the heterogeneous oxidation 

catalyst is attributable to pores having a pore diameter of less than 10 or 5 nm. More 

typically, no more than 3%, or no more than 4%, or no more than 5%, or no more than 10% 

or no more than a value that is within a range defined by any two of the aforementioned 

percentages of the pore volume of the heterogeneous oxidation catalyst is attributable to 

	

30 	pores having a pore diameter of less than 10 or 5 nm, as determined by the BJH method 

and/or mercury porosimetry. To prepare heterogeneous oxidation catalysts that are suitable 
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for use in the practice of the present disclosure, solid supports are selected which possess the 

foregoing physical properties. The pore structure of the support material is typically retained 

in the finished heterogeneous oxidation catalyst after metal impregnation. 

In certain preferred embodiments, the noble metal in the heterogeneous oxidation 

	

5 	catalyst comprises or consists essentially of platinum, and in some embodiments consists of 

platinum, and in each case, wherein the solid support is selected from the group consisting of 

silica and a carbonaceous material. In these preferred embodiments, the heterogeneous 

oxidation catalyst typically comprises a mean pore diameter in the range of from or any 

number in between 10 nm to 100 nm, and often in the range of from or any number in 

	

10 	between 20 nm to 100 nm, as determined by the BJH method and/or mercury porosimetry. 

In carrying out the processes of the present disclosure, oxygen may be provided in 

neat form (i.e., 02  only, with no other gases) or as a component of a mixture of gases (e.g., 

air, oxygen-enriched air, and the like). The molar ratio of oxygen to the furanic oxidation 

substrate during the contacting step is typically in the range of from 2:1 to 10:1. In some 

	

15 	embodiments, the molar ratio of oxygen to the furanic oxidation substrate is from 2:1 to 10:1, 

or from 3:1 to 5:1. During the contacting step, oxygen is typically present at a partial 

pressure in the range of from or any number in between 50 psig to 1000 psig. More 

typically, oxygen is present at a partial pressure in the range of from or any number in 

between 50 psig to 200 psig. In some embodiments, oxygen is present at a partial pressure in 

	

20 	the range from or any number in between 50-200 psig, 100-300 psig, 200-400 psig, 300-500 

psig, 400-600 psig, 500-700 psig, 600-800 psig, 700-900 psig, or 800-1000 psig, or within a 

range defined by any two of the aforementioned partial pressures. 

The contacting (oxidation) step is typically carried out at a temperature in the range of 

from or any number in between 50°C to 200°C. In some embodiments, the contacting step is 

	

25 	carried out at a temperature in the range of from or any number in between 80°C to 180°C, 

and in other embodiments, the contacting step carried out at a temperature in the range from 

or any number in between 90°C to 160°C or from or any number in between 100°C to 160°C. 

In certain preferred embodiments, the contacting step is carried out at a temperature in the 

range of from or any number in between 90°C to 180°C, and sometimes it is carried out at a 

	

30 	temperature in the range of from or any number in between 110°C to 160°C. 

An illustrative process for carrying out the production of the desired FDCA pathway 
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product from a furanic oxidation substrate is depicted in Figure 4. In this process, which 

utilizes a single oxidation reaction zone, an oxygen feed stream 110 comprising 02  (in neat 

form or as a component of a mixture of gases) and a furanic oxidation substrate feedstock 

stream 100 are passed into an oxidation zone 10 to produce an FDCA pathway product 

	

5 	stream 127 and an optional recycle stream 115, which comprises unreacted furanic oxidation 

substrate. 

In some embodiments, it may be desirable to carry out the oxidation of the furanic 

oxidation substrate to the desired FDCA pathway product in a series of two or more 

oxidation steps, where the first oxidation step is as described above, and where the second 

	

10 	oxidation step comprises: 

(b) 	contacting a second oxidation feedstock comprising a second furanic 

oxidation substrate and a second oxidation solvent with oxygen in the presence of a second 

heterogeneous oxidation catalyst under conditions sufficient to form a second reaction 

mixture for oxidizing the second furanic oxidation substrate to produce a second FDCA 

	

15 	pathway product, 

wherein (the first) contacting step (a) produces a first FDCA pathway product that is 

an FDCA pathway intermediate compound, either alone or together with FDCA, 

wherein the second furanic oxidation substrate is the first FDCA pathway product, 

wherein the second reaction mixture is substantially free of added base, and 

	

20 	 wherein the second heterogeneous oxidation catalyst comprises a second solid 

support and a noble metal that may be the same or different from the (first) noble metal in 

step (a), and 

wherein the second heterogeneous oxidation catalyst comprises a plurality of pores 

and a specific surface area in the range of from or any number in between 20 m2/g to 500 

	

25 	m2/g, such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 225, 250, 275, 

300, 325, 350, 375, 400, 425, 450, 475, or 500 m2/g or is within a range defined by any two 

of the aforementioned surface areas. 

The second FDCA pathway product is a downstream oxidation product of the first 

FDCA pathway product, and is typically FFCA, or FDCA. Typically, the second FDCA 

	

30 	pathway product is FDCA.. Usually, the second oxidation step is free of added base. 
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Noble metals, catalyst metal loadings, solid support materials, and reaction conditions 

(e.g., reaction temperatures, oxygen (partial) pressure, molar ratio of oxygen to furanic 

oxidation substrate, and the like) that are suitable for using in the first oxidation process are 

also suitable for using in the second oxidation process. The second heterogeneous oxidation 

	

5 	catalyst may be the same or different than that used in the first oxidation process (i.e., the 

"first" heterogeneous oxidation catalyst"). Oxidation solvents that are suitable for use in the 

second oxidation feedstock are the same as those that are suitable for use in the first 

oxidation process (i.e., the "first oxidation solvent"). The multi-stage oxidation process 

format may be desirable if optimal production of the desired FDCA pathway product requires 

	

10 	a change in reaction conditions during the course of conversion from the furanic oxidation 

substrate to the desired FDCA pathway product. For example, it may be desirable to carry 

out the second oxidation reaction at a higher or lower temperature than the first oxidation 

reaction, or maintain the molar ratio of oxygen to feedstock component in the second 

oxidation reaction at a higher or lower ratio than in the first oxidation reaction, or maintain 

	

15 	the partial pressure of oxygen in the second oxidation reaction at a higher or lower partial 

pressure than in the first oxidation reaction. The composition of the second oxidation solvent 

may be the same as the composition of the first oxidation solvent or it may be different. If it 

is different, it may still have in common one or more of the same solvent species component. 

The noble metal in the second heterogeneous oxidation catalyst is typically platinum, gold, or 

	

20 	a combination thereof. Usually, the noble metal used in the second heterogeneous oxidation 

catalyst is platinum. 

In certain preferred embodiments, the noble metal in the second heterogeneous 

oxidation catalyst comprises or consists essentially of platinum, and in some embodiments 

consists of platinum, and in each case, wherein the second solid support is selected from the 

	

25 	group consisting of silica and a carbonaceous material. In these preferred embodiments, the 

second heterogeneous oxidation catalyst typically comprises a mean pore diameter in the 

range of from or any number in between 10 nm to 100 nm, and often in the range of from or 

any number in between 20 nm to 100 nm, such as e.g., 10, 20, 30, 40, 50, 60, 70, 80, 90, or 

100 nm or within a range defined by any two of the aforementioned mean pore diameters. 

	

30 	Figure 5 provides an illustrative integrated process for carrying out the production of 

the desired FDCA pathway product in two stages, using two oxidation reaction zones in 
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series: oxidation reaction zone 1 20 and oxidation reaction zone 2 30. In this integrated 

process, an oxidant feed stream 110 comprising 02, and a furanic oxidation substrate 

feedstock stream 100 are passed into oxidation reaction zone 20 to produce oxidation 

reaction zone 1 product stream 120. Oxidation reaction zone 1 product stream comprises an 

	

5 	FDCA pathway intermediate compound and the oxidation solvent. Product stream 120, and 

oxidant feed stream 112 comprising 02  are then passed into a oxidation reaction zone 2 30 to 

produce oxidation reaction zone product stream 130 and an optional recycle stream 125 

which comprises unreacted furanic oxidation substrate. Oxidation reaction zone product 

stream 130 comprises an oxidized product of the FDCA pathway intermediate compound 

	

10 	from oxidation reaction zone 30, which may be FDCA and/or an FDCA pathway 

intermediate that, in either case, is an oxidation product of the FDCA pathway intermediate 

present in oxidation reaction zone 1 product stream 120. 

The processes of the present disclosure may be carried out in batch, semi-batch, or 

continuous reactor format using reactors known in the art, such as, for example, fixed bed 

	

15 	reactors, trickle bed reactors, slurry phase reactors, moving bed reactors, and the like. The 

relatively high solubilities of reactants and products (particularly, the FDCA pathway 

product) in the oxidation solvent facilitate the use of all such reactor formats, and particularly 

the fixed bed reactor format. 

FDCA pathway product(s) produced by the oxidation processes described herein may 

	

20 	be recovered from the reaction mixture by separating the heterogeneous oxidation catalyst 

from a product solution comprising the FDCA pathway product(s) and the oxidation solvent. 

The product solution includes the oxidation solvent and soluble components of the reaction 

mixture and excludes the heterogeneous oxidation catalyst. The product solution may be 

further concentrated with respect to the soluble components by removal of a portion of the 

	

25 	oxidation solvent. Oxidation solvent removal may be accomplished by evaporation (e.g., by 

using an evaporator), distillation, and the like. 

Alternatively, or further to the isolation step, the FDCA pathway product may be 

purified. Preferably, the FDCA pathway product is purified by crystallization. Thus, in one 

embodiment, the present disclosure provides a process for producing a crystalline FDCA 

	

30 	pathway product composition, the method comprising: 
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providing a crystallization solution comprising an FDCA pathway product and a 

crystallization solvent that is a solvent selected from the group consisting of an organic 

solvent and a multi-component solvent; initiating crystallization of the FDCA pathway 

product; and producing a plurality of FDCA pathway product crystals of different particle 

	

5 	sizes.  

As used herein, the term "crystallization solvent" refers to a solvent from which the 

FDCA pathway product can be crystallized when conditions are imposed that cause a 

reduction in solubility of the FDCA pathway product in the crystallization solvent (e.g., 

temperature reduction (cooling) or solvent removal). The crystallization solvent may be 

	

10 	water, an organic solvent, or a multi-component solvent comprising water and a water- 

miscible organic solvent or two or more organic solvent species. The crystallization process 

may directly follow the oxidation process (e.g., either a single stage oxidation process or 

multi-stage oxidation process), or it may follow other unit operations downstream of the 

oxidation process. 

	

15 	 When crystallization follows FDCA pathway product generation, the crystallization 

solution is typically a product solution comprising the FDCA pathway product and the 

oxidation solvent. In such embodiment, therefore, the crystallization solvent is the same as 

the oxidation solvent (e.g., the first oxidation solvent (single stage oxidation) or the second 

oxidation solvent (for two-stage oxidation)). Some solvents that are suitable for use in the 

	

20 	oxidation solvent are also suitable for use as the crystallization solvent. 

Industrial solution phase crystallizations are typically performed by introducing a 

saturated (or super-saturated) solution of the product into a crystallizer in which the solution 

is subjected to crystallization conditions, and crystallization is initiated by, for example, 

lowering the temperature or concentrating the solution by solvent evaporation (i.e., solvent 

	

25 	removal), or a combination of both. Solvent evaporation may be used to concentrate the 

solution to initiate crystallization, and may also be used to adjust the solvent composition to 

lower the solubility of the FDCA pathway product. As used herein, the term "crystallization 

conditions" refers to an adjustment in temperature and/or adjustment in crystallization 

solution concentration and/or adjustment in crystallization solution composition that causes 

	

30 	the initiation of crystallization of the FDCA pathway product. 
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In one embodiment where crystallization conditions include a temperature 

adjustment, the present disclosure provides a process for producing a crystalline FDCA 

preparation, the method comprising: 

providing a crystallization solution comprising the FDCA pathway product and a 

	

5 	crystallization solvent at a first temperature in the range of or any number in between 50 °C 

to 220 °C, such as e.g., 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 180, 190, 200, 

210, or 220 °C or within a range defined by any two of the aforementioned temperatures; and 

cooling the crystallization solution to a second temperature that is lower than the first 

temperature to form a plurality of FDCA pathway product crystals of different particle sizes. 

	

10 	Cooling reduces the solubility of the FDCA pathway product in the crystallization 

solvent, causing crystals of FDCA pathway product to form in the solution. The first 

temperature is typically in the range of from or any number in between 60°C to 180°C, such 

as e.g., 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, or 180 °C or within a range defined 

by any two of the aforementioned temperatures. In some embodiments, the first temperature 

	

15 	is in the range from or any number in between 70°C to 150°C such as e.g., 70, 80, 90, 100, 

110, 120, 130, 140, or 150 °C or within a range defined by any two of the aforementioned 

temperatures. When the crystallization solution is cooled, it is typically cooled to a 

temperature that is at or below 60°C, such as e.g., equal to or less than 60, 50, 40, 30, 20, 10, 

5, or 0 °C or within a range defined by any two of the aforementioned temperatures. More 

	

20 	typically, it is cooled to a temperature at or below 50°C or at or below 40°C such as, e.g., 

equal to or less than 50, 40, 30, 20, 10, 5, or 0 °C or within a range defined by any two of the 

aforementioned temperatures. 

In an embodiment where solvent removal (evaporation) is used to initiate 

crystallization, the present disclosure provides a method for producing a crystalline FDCA 

	

25 	preparation, the method comprising: 

(a) providing a first crystallization solution comprising FDCA and a first 

crystallization solvent selected from the group consisting of water, an organic solvent, and 

combinations thereof; 

(b) removing a first portion of the first crystallization solvent from the first 

	

30 	crystallization solution to produce a first FDCA pathway product slurry, wherein the first 
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FDCA pathway product slurry comprises a first plurality of FDCA pathway product crystals 

and a second portion of the first crystallization solvent; and 

(c) separating the first plurality of FDCA pathway product crystals from the 

second portion of the first crystallization solvent. 

	

5 	In a further embodiment, the first plurality of FDCA pathway product crystals are 

recrystallized, by conducting the following additional steps: 

(d) dissolving the first plurality of FDCA crystals in a second crystallization 

solvent to produce a second crystallization solution comprising FDCA and the second 

crystallization solvent; and 

	

10 	(e) 	removing a first portion of the second crystallization solvent from the second 

crystallization solution to produce a second FDCA pathway product slurry, wherein the 

second FDCA pathway product slurry comprises a second plurality of FDCA pathway 

product crystals and a second portion of the second crystallization solvent; and 

(f) 	separating the second plurality of FDCA pathway product crystals from the 

	

15 	second portion of the second crystallization solvent. 

Removal of a portion of the crystallization solvent can be accomplished using known 

methods for removing solvents from a solution, such as, for example, evaporation, or 

distillation, and the like. Solvent removal may be facilitated by raising the temperature of the 

crystallization solution to effect vaporization of the crystallization solvent, or component 

	

20 	thereof, resulting in one portion of the crystallization solvent being in a liquid phase and 

another portion being in a vapor phase, which is removed. Solvent removal results in an 

increase in concentration of the FDCA pathway product causing it to crystallize, thereby 

resulting in a slurry of FDCA pathway product crystals in a continuous liquid phase. Often, 

one or both of the first and second crystallization solvents is/are a multi-component solvent, 

	

25 	where removing a first portion of the first and/or second crystallization solvents may involve 

removing all or part of one of the components of the multi-component solvent, and less or 

none of the other components. In these embodiments, the multi-component solvent may 

comprise one organic solvent species that is a light organic solvent and a second organic 

species that is a heavy organic solvent; or alternatively, it may comprise water and an 

	

30 	organic solvent that is either a heavy or light, water-miscible organic solvent. 
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Separation of the first plurality of FDCA pathway product crystals and the second 

plurality of FDCA pathway product crystals from the second portion of the first 

crystallization solvent and the second portion of the second crystallization solvent, 

respectively, can be accomplished using known methods for separating solids from liquids, 

	

5 	such as, for example, filtration, centrifugation, and the like. 

The dissolving step (step (c)) is typically carried out at an elevated temperature to 

facilitate the dissolution of the first plurality of FDCA pathway product crystals in the second 

crystallization solvent. The temperature will depend on the crystallization solvent employed, 

but can be readily determined by raising the temperature, and optionally adding more second 

	

10 	crystallization solvent, until the first plurality of FDCA pathway product crystals has 

dissolved completely. Typically, the dissolving step is carried out at a temperature in the 

range from or any number in between 50°C to 220°C, such as e.g., 50, 60, 70, 80, 90, 100, 

110, 120, 130, 140, 150, 160, 180, 190, 200, 210, or 220 °C or within a range defined by any 

two of the aforementioned temperatures. Often, the dissolving step is carried out at a 

	

15 	temperature in the range from or any number in between 60°C to 180°C, or in the range from 

or any number in between 70°C to 150°C such as e.g., 60, 70, 80, 90, 100, 110, 120, 130, 

140, 150, 160, 170, or 180 °C or within a range defined by any two of the aforementioned 

temperatures. In some embodiments, the dissolving step is carried out at the higher end of 

these ranges, such as, for example, in the range from or any number in between 100°C to 

	

20 	220°C, or from or any number in between 150°C to 220°C, such as e.g., 100, 110, 120, 130, 

140, 150, 160, 180, 190, 200, 210, or 220 °C or within a range defined by any two of the 

aforementioned temperatures. 

The first and second crystallization solvent may be the same or different. In certain 

embodiments, at least one of the first and second crystallization solvents is a multi- 

	

25 	component solvent that comprises a component solvent species common to both 

crystallization solvents. In some embodiments, the first crystallization solution comprising 

the FDCA pathway product is a product solution comprising the FDCA pathway product that 

results from the oxidation of the furanic oxidation substrate as described hereinabove. In 

other embodiments, the first crystallization solvent is not the same as the oxidation solvent 

	

30 	used in the prior oxidation step. In these embodiments, all or a portion of the oxidation 

solvent may be removed prior to the crystallization step, by, for example, evaporation, and 
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the like. The resulting solids can be dissolved in a different solvent (e.g., water or a different 

organic solvent species) or different multi-component solvent (i.e., a solvent that does not 

have the same composition as the oxidation solvent) to prepare the first crystallization 

solution. 

	

5 	 In a specific embodiment, the crystallization solvent is a multi-component solvent 

comprising water and a water-miscible organic solvent. Thus, in a further embodiment, the 

present disclosure provides a process for producing a crystalline preparation of an FDCA 

pathway product, the process comprising: 

providing a crystallization solution comprising an FDCA pathway product and a 

	

10 	crystallization solvent that is a multi-component solvent comprising water and a water- 

miscible organic solvent; 

initiating crystallization of the FDCA pathway product; and 

producing a plurality of FDCA pathway product crystals of different particle sizes. 

In this embodiment, the water-miscible organic solvent is typically a water-miscible 

	

15 	aprotic organic solvent. In an exemplary embodiment, the water-miscible aprotic organic 

solvent is an ether, such as, for example dioxane, dioxolane, diglyme, and the like. To 

illustrate the benefit of such solvent system, Figure 3 shows the FDCA solubility relationship 

in representative solvent compositions of the disclosure in comparison to water, dioxane, 

dioxolane (e.g., 1,3-dioxolane), and diglyme. The high solubility of FDCA in the solvent 

	

20 	compositions of the disclosures enables the preparation of saturated solutions of FDCA in 

preparation for purification by crystallization. Figure 3 also shows that, by adjusting the 

solvent composition by removing water or the organic solvent (or an azeotropic mixture of 

water and the organic solvent), it is possible to produce a solvent composition that is organic 

solvent rich (in the cases in which the chosen organic solvent is less volatile than water), or a 

	

25 	solvent composition that is water rich (in the case that the chosen organic solvent is more 

volatile than water). Figure 3 demonstrates that FDCA is considerably less soluble in water 

or organic solvents than the solvent compositions of the disclosure. The saturated solutions of 

FDCA may be subjected to crystallization conditions by lowering the temperature or by 

solvent evaporation to adjust the solvent composition, or both. 

	

30 	Exemplary water-miscible aprotic solvents that are suitable for use in the 

crystallization processes of the present disclosure include tetrahydrofuran, a glyme, a 
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dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl-

2-pyrrolidone ("NMP"), methyl ethyl ketone ("IvIEK"), gamma-valerolactone, and the like. 

Preferably, the water-miscible aprotic organic solvent is an ether, such as, for example, a 

glyme, dioxane (for example 1,4-dioxane), dioxolane (e.g., 1,3-dioxolane), tetrahydrofuran, 

	

5 	and the like. Glymes that are suitable for use in the practice of the present disclosure include, 

for example, monoglyme (1,2-dimethoxyethane, "DME"), ethyl glyme, diglyme (diethylene 

glycol dimethyl ether), ethyl diglyme, triglyme, butyl diglyme, tetraglyme, a polyglyme, a 

highly ethoxylated diether of a high molecular weight alcohol ("higlyme"), and the like. 

Often, the water-miscible aprotic organic solvent is glyme, diglyme, or dioxane. 

	

10 	In some embodiments, the water-miscible organic solvent species is at least 5 vol%, 

at least 10 vol%, at least 15 vol%, at least 20 vol%, at least 25 vol%, at least 30 vol%, at least 

35 vol%, at least 40 vol%, at least 45 vol%, at least 50 vol%, at least 55 vol%, at least 60 

vol%, at least 65 vol%, at least 70 vol%, at least 75 vol%, at least 80 vol%, at least 85 vol%, 

at least 90 vol%, or at least 95 vol% of the multi-component solvent or within a range 

	

15 	defined by any two of the aforementioned values; and correspondingly, water is typically less 

than 95 vol%, less than 90 vol%, less than 85 vol%, less than 80 vol%, less than 75 vol%, 

less than 70 vol%, less than 65 vol%, less than 60 vol%, less than 55 vol%, less than 50 

vol%, less than 45 vol%, less than 40 vol%, less than 35 vol%, less than 30 vol%, less than 

25 vol%, less than 20 vol%, less than 15 vol%, less than 10 vol%, or less than 5 vol%, 

	

20 	respectively, of the multi-component system or within a range defined by any two of the 

aforementioned values. 

In some embodiments, the multi-component solvent comprises water in a range from 

or any number in between 1-5 wt% and a water-miscible organic solvent in a range from or 

any number in between 99-95 wt%. In some embodiments, the multi-component solvent 

	

25 	comprises water in a range from or any number in between 5-10 wt% and a water-miscible 

organic solvent in a range from or any number in between 95-90 wt%. In some 

embodiments, the multi-component solvent comprises water in a range from or any number 

in between 10-15 wt% and a water-miscible organic solvent in a range from or any number in 

between 90-85 wt%. In some embodiments, the multi-component solvent comprises water in 

	

30 	a range from or any number in between 15-20 wt% and a water-miscible organic solvent in a 

range from or any number in between 85-80 wt%. In some embodiments, the multi- 
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component solvent comprises water in a range from or any number in between 20-25 wt% 

and a water-miscible organic solvent in a range from or any number in between 80-75 wt%. 

In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 25-30 wt% and a water-miscible organic solvent in a range from or any 

	

5 	number in between 75-70 wt%. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 30-35 wt% and a water-miscible 

organic solvent in a range from or any number in between 70-65 wt%. In some embodiments, 

the multi-component solvent comprises water in a range from or any number in between 35-

40 wt% and a water-miscible organic solvent in a range from or any number in between 65- 

	

10 	60 wt%. In some embodiments, the multi-component solvent comprises water in a range 

from or any number in between 40-45 wt% and a water-miscible organic solvent in a range 

from or any number in between 60-55 wt%. In some embodiments, the multi-component 

solvent comprises water in a range from or any number in between 45-50 wt% and a water-

miscible organic solvent in a range from or any number in between 65-50 wt%. In some 

	

15 	embodiments, the multi-component solvent comprises water in a range from or any number 

in between 50-55 wt% and a water-miscible organic solvent in a range from or any number in 

between 50-45 wt%. In some embodiments, the multi-component solvent comprises water in 

a range from or any number in between 55-60 wt% and a water-miscible organic solvent in a 

range from or any number in between 45-40 wt°/0. In some embodiments, the multi- 

	

20 	component solvent comprises water in a range from or any number in between 60-65 wt% 

and a water-miscible organic solvent in a range from or any number in between 40-35 wt%. 

In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 65-70 wt% and a water-miscible organic solvent in a range from or any 

number in between 35-30 wt%. In some embodiments, the multi-component solvent 

	

25 	comprises water in a range from or any number in between 70-75 wt% and a water-miscible 

organic solvent in a range from or any number in between 30-25 wt%. In some embodiments, 

the multi-component solvent comprises water in a range from or any number in between 75-

80 wt% and a water-miscible organic solvent in a range from or any number in between 25-

20 wt%. In some embodiments, the multi-component solvent comprises water in a range 

	

30 	from or any number in between 80-85 wt% and a water-miscible organic solvent in a range 

from or any number in between 20-15 wt%. In some embodiments, the multi-component 
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solvent comprises water in a range from or any number in between 85-90 wt% and a water-

miscible organic solvent in a range from or any number in between 15-10 wt%. In some 

embodiments, the multi-component solvent comprises water in a range from or any number 

in between 90-95 wt% and a water-miscible organic solvent in a range from or any number in 

	

5 	between 10-5 wt%. In some embodiments, the multi-component solvent comprises water in a 

range from or any number in between 95-99 wt% and a water-miscible organic solvent in a 

range from or any number in between 5-1 wt%. 

More typically, the volume ratio of water to water-miscible organic solvent is 

typically in the range of from or any number in between 1:6 to 6:1 (v:v). In some 

	

10 	embodiments, the volume ratio is from or any number in between 1:4 to 4:1 (v:v). In some 

embodiments, the volume ratio is from or any number in between 1:4 to 3:1 (v:v) 

water:water-miscible organic solvent. In other embodiments, the volume ratio is from or any 

number in between 1:4 to 1:3 (v:v) water:water miscible organic solvent. In certain 

embodiments, the volume ratio is 1:1 (v:v) water:water-miscible organic solvent. 

	

15 	Crystallization can be initiated using either temperature reduction (cooling) or solvent 

removal methods described above. When temperature reduction is used to initiate 

crystallization, the temperature of the crystallization solution is typically reduced from a first 

temperature that is typically in the range of from or any number in between 60°C to 220°C, 

such as e.g., 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 180, 190, 200, 210, or 220 °C 

	

20 	or within a range defined by any two of the aforementioned temperatures. When water is a 

component of the crystallization solvent, the first temperature is often at the upper end of this 

range, e.g., in the range of from or any number in between 100°C to 220°C or in the range of 

from or any number in between 150°C to 220°C such as e.g., 100, 110, 120, 130, 140, 150, 

160, 180, 190, 200, 210, or 220 °C or within a range defined by any two of the 

	

25 	aforementioned temperatures. In some embodiments, the first temperature is in the range of 

from or any number in between 60°C to 180°C, such as e.g., 60, 70, 80, 90, 100, 110, 120, 

130, 140, 150, 160, or 180 °C or within a range defined by any two of the aforementioned 

temperatures to a second temperature that is lower than the first temperature. In other 

embodiments, the first temperature is in the range of from or any number in between 70°C to 

	

30 	150°C, such as e.g., 70, 80, 90, 100, 110, 120, 130, 140, or 150 °C or within a range defined 

by any two of the aforementioned temperatures . When the crystallization solution is cooled, 
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it is typically cooled to a second temperature that is below 60°C, such as e.g., equal to or less 

than 60, 50, 40, 30, 20, 10, 5, or 0 °C or within a range defined by any two of the 

aforementioned temperatures. More typically, it is cooled to a second temperature below 

50°C or below 40°C such as, e.g., equal to or less than 50, 40, 30, 20, 10, 5, or 0 °C or within 

	

5 	a range defined by any two of the aforementioned temperatures. 

Crystallization can also be initiated by removing a first portion of the crystallization 

solvent from the crystallization solution to produce an FDCA pathway product slurry, 

wherein the FDCA pathway product slurry comprises a first plurality of FDCA pathway 

product crystals of different particle sizes and a second portion of the crystallization solvent; 

	

10 	and separating the plurality of FDCA pathway product crystals from the second portion of 

the first crystallization solvent. The first plurality of FDCA pathway product crystals may be 

optionally dissolved in the same or different crystallization solvent, and the process repeated 

to obtain a second plurality of FDCA pathway product crystals of different particle sizes. 

Seed crystals of the FDCA pathway product may be added to further promote the 

	

15 	initiation of crystallization. Other additives, such as anti-foaming agents or crystallization 

aids, may be added to the crystallization solution to promote the crystallization process, and 

enable the formation of a suspension containing FDCA crystals. Anti-foaming agents that 

are suitable for use in the practice of the present disclosure include, for example, silicones, 

surfactants, phosphates, alcohols, glycols, stearates and the like. Additives such as 

	

20 	surfactants or electrolyte polymers may also influence the morphology and composition of 

the crystals formed. See, e.g., US 5,296,639 and US 6,534,680, which are incorporated 

herein by reference in their entireties. Other additives may function as a flow improver to 

prevent agglomeration of the crystalline product on storage (see for example US 6,534,680). 

FDCA pathway product crystals produced by the processes described herein can be 

	

25 	separated from the solution (mother liquor) by centrifugation, filtration, or other suitable 

process for separating solids from liquids. The crystals can then be washed and dried using 

any suitable process known to those having ordinary skill in the art. 

The crystallization processes described herein can be carried out as part of an 

integrated process for preparing FDCA pathway product crystals from a raw feed that 

	

30 	comprises the FDCA pathway product. The set of process steps can be carried out in at least 

a first crystallization zone, a dissolution zone, and a second (refined) crystallization zone. 
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The crystallization processes can also be carried out as part of an integrated process for 

preparing FDCA pathway product crystals from an oxidation feedstock comprising the 

furanic oxidation substrate and the oxidation solvent. In this process, the integrated 

crystallization process is further integrated with the oxidation reaction processes described 

	

5 	herein. In this integrated process, effluent from at least one oxidation reaction zone is 

passed, as feedstock, into the integrated crystallization process. In the crystallization 

processes described herein, crystal separation operations (such as the use of a centrifuge) 

may optionally be deployed after each crystallization zone (for example between the 

crystallization zone and the next dissolution zone). Illustrative integrated processes for 

	

10 	producing a crystalline FDCA preparation are depicted in Figures 6-9. 

When the oxidation reaction zone product stream comprises a multi-component 

solvent that comprises water and a light organic solvent, the integrated process shown in 

Figure 6 may be used. This process utilizes a solvent switch to water in the second (refined) 

crystallization zone. In this integrated process, an oxidation zone product stream 105 

	

15 	comprising water, a light organic solvent, and FDCA is passed into a first crystallization zone 

200, to produce a solid crude FDCA crystal product stream 205, a water/light organic solvent 

vapor recycle stream 211 that is optionally recycled to an oxidation reaction zone, and a 

liquid water/light organic solvent recycle stream 207 that is also optionally recycled to an 

oxidation reaction zone. An optional purge stream 209 may be used to remove impurities 

	

20 	from the liquid recycle stream 207. Solid crude FDCA crystal product stream 205 is fed into 

a dissolution zone 220 where solid crude FDCA crystal product is redissolved. Water 115 is 

fed into the solid crude FDCA crystal product stream 205 prior to passage of the latter into 

the dissolution zone 220 to produce a dissolution zone product stream 225 comprising 

solubilized FDCA in water. Dissolution zone product stream 225 is passed into a second 

	

25 	(refined) crystallization zone 230 to produce a water vapor recycle stream 222, a liquid water 

recycle stream 236, and a refined crystallization product stream 235 that comprises refined 

FDCA crystals. Water vapor and liquid water recycle streams, 222 and 236, respectively, are 

both optionally fed into the solid crude FDCA crystal product stream 205. 

When the oxidation reaction zone product stream comprises a multi-component 

	

30 	solvent that comprises water and a light organic solvent, the integrated process shown in 

Figure 7 may be used. In this integrated process, an oxidation zone product stream 105 
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comprising water, a light organic solvent, and FDCA is passed into a first crystallization zone 

200, to produce crude FDCA crystal product stream 205, a water/light organic solvent vapor 

recycle stream 213 that is fed into the solid crude FDCA crystal product stream 205; and a 

water/light organic solvent liquid recycle stream 207 that is optionally recycled to an 

	

5 	upstream oxidation reaction zone. An optional purge stream 209 may be used to remove 

impurities from the liquid recycle stream 207. Crude FDCA crystal product stream 205 is 

fed into a dissolution zone 220 where solid crude FDCA crystal product is redissolved. 

Make-up co-solvent (which may be water, the organic light solvent, or a solvent composition 

comprising both water and the light organic solvent) stream 125 is fed into the solid crude 

	

10 	FDCA crystal product stream 205 prior to passage of the latter into the dissolution zone 220 

to produce a dissolution zone product stream 226 comprising solubilized FDCA in the multi-

component solvent. Dissolution zone product stream 226 is passed into a second (refined) 

crystallization zone 230 to produce a co-solvent vapor recycle stream 237, and a refined 

crystallization product stream 235 that comprises refined FDCA crystals. Co-solvent vapor 

	

15 	recycle stream 237 is optionally recycled to the oxidation reaction zone. Co-solvent liquid 

recycle stream 233 is optionally fed into the solid crude FDCA crystal product stream 205. 

In a further integrated process, when the oxidation reaction zone product stream 

comprises a multi-component solvent that comprises water and a heavy organic solvent, the 

process depicted in Figure 8 may be used. This process utilizes a solvent switch to water in 

	

20 	the second (refined) crystallization zone. In this integrated process, an oxidation zone product 

stream 105 comprising water, a heavy organic solvent, and FDCA is passed into a first 

crystallization zone 200, to produce a solid crude FDCA crystal product stream 205, a water 

vapor recycle stream 212 that is optionally recycled to an oxidation reaction zone, and a 

liquid water/heavy organic solvent recycle stream 207 that is also optionally recycled to an 

	

25 	oxidation reaction zone. An optional purge stream 209 may be used to remove impurities 

from the liquid recycle stream 207. Solid crude FDCA crystal product stream 205 is fed into 

a dissolution zone 220 where solid crude FDCA crystal product is redissolved. Water stream 

115 is fed into the solid crude FDCA crystal product stream 205 prior to passage of the latter 

into the dissolution zone 220 to produce a dissolution zone product stream 223 comprising 

	

30 	solubilized FDCA in water. Dissolution zone product stream 223 is passed into a second 

(refined) crystallization zone 230 to produce a water vapor recycle stream 245, a liquid water 
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recycle stream 236, and a refined crystallization product stream 235 that comprises refined 

FDCA crystals. Water vapor and liquid water recycle streams, 245 and 236, respectively, are 

both optionally fed into the solid crude FDCA crystal product stream 205. 

When the oxidation reaction zone product stream comprises a multi-component 

	

5 	solvent (i.e., co-solvent) that comprises water and a heavy organic solvent, the integrated 

process shown in Figure 9 may be used. In this integrated process, an oxidation zone product 

stream 105 comprising water, a heavy organic solvent, and FDCA is passed into a first 

crystallization zone 200, to produce a solid crude FDCA crystal product stream 205, a water 

vapor recycle stream 211 that is optionally passed into the solid crude FDCA crystal product 

	

10 	stream 205, and a liquid water/heavy organic solvent recycle stream 207 that is optionally 

recycled upstream to an oxidation reaction zone. An optional purge stream 209 may be used 

to remove impurities from the liquid recycle stream 207. Solid crude FDCA crystal product 

stream 205 is fed into a dissolution zone 220 where solid crude FDCA crystal product is 

redissolved. Make up solvent stream 1.25 comprising water and heavy organic solvent is fed 

	

15 	into the solid crude FDCA crystal product stream 205 prior to passage of the latter into the 

dissolution zone 220 to produce a dissolution zone product stream 223 comprising 

solubilized FDCA in water and heavy organic solvent. Dissolution zone product stream 223 

is passed into a second (refined) crystallization zone 230 to produce a water vapor recycle 

stream 245, a liquid water/heavy organic solvent recycle stream 236, and a refined 

	

20 	crystallization product stream 235 that comprises refined FDCA crystals. Water vapor 

stream 245 is optionally recycled upstream to an oxidation reaction zone. Liquid 

water/heavy organic solvent recycle stream 236 is optionally recycled to the solid crude 

FDCA crystal product stream 205. An optional purge stream 239 may be used to remove 

impurities from stream 236. The processes described herein are illustrative and variations to 

	

25 	the processes are possible (e.g., process streams may be re-routed to alternative points in the 

processes) 

The crystalline product produced by the processes described herein exhibit desirable 

bulk properties. Thus, in a further embodiment, the present disclosure provides a crystalline 

FDCA composition comprising a plurality of FDCA crystals characterized by a distribution 

	

30 	of particle sizes, wherein the distribution has a D50 in the range of from 50 gm up to 5000 

gm. The crystalline FDCA preparation can be produced using the methods described above. 
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As used herein, the term "D50" refers to the median diameter of the particle size 

distribution. In some embodiments, the D50 is in the range of from or any number in 

between 50 gm to 2000 gm, or in the range of from or any number in between 100 gm to 

3500 gm, and often in the range of from or any number in between 100 gm to 3000 gm. 

	

5 	Typically the D50 of the particle size distribution is in the range of from or any number in 

between 100 gm to 750 gm, and more typically, the D50 in the range of from or any number 

in between 125 gm to 500 pm, and sometimes in the range of from or any number in 

between 125 gm to 450 pm, or from or any number in between 125 pm to 400 gm, and in 

some embodiments, in the range of from or any number in between 200 pm to 500 gm. 

	

10 	In some embodiments of the above, the crystalline FDCA preparation comprises less 

than 1 weight % FDCA crystals having a particle size less than 10 pm. In other 

embodiments, the crystalline FDCA preparation comprises less than 10 wt%, and more 

typically less than 9 wt%, less than 8 wt%, less than 7 we/o, less than 6 wt%, or less than 5 

wt % FDCA crystals having a particle size less than 10 pm. In further embodiments, the 

	

15 	crystalline FDCA preparations of the present disclosure typically comprise less than 10 wt%, 

less than 9 wt%, less than 8 wt%, less than 7 wt%, less than 6 wt%, less than 5 wt%, less than 

4 wt%, less than 3 wt%, less than 2 wt%, or less than 1 wt % FDCA crystals having a particle 

size less than 4 pm. 

Typically, the crystalline FDCA preparation comprises at least 98 wt% FDCA, and 

	

20 	more typically, it comprises at least 99 wt% FDCA, and in some embodiments, it comprises 

greater than 99 wt% FDCA.. 

The crystallization processes of the present disclosure may be carried out using 

known industrial crystallizer systems that are suitable for carrying out solution phase 

crystallizations. Suitable systems include for example, batch crystallizers, continuous 

	

25 	crystallizers (e.g., forced circulation crystallizers, draft-tube crystallizers, draft-tube-baffled 

crystallizers, or Oslo-type crystallizers, and the like), and other such crystallizer systems. 

The crystalline FDCA preparations of the present disclosure are typically dry, and 

comprise less than 1 wt% water. Often, they comprise less than 0.9 wt%, or less than 0.8 

wt%, or less than 0.7 wt%, or less than 0.6 wt%, or less than 0.5 wt%, or less than 0.4 wt%, 

	

30 	or less than 0.3 wt%, or less than 0.2 wt% water or an amount of water that is within a range 

defined by any two of the aforementioned amounts. 
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In a further embodiment, the present disclosure provides a composition comprising 

FDCA and a multi-component solvent, wherein the multi-component solvent comprises 

water and a water-miscible aprotic organic solvent, and wherein the FDCA is present at a 

concentration of at least 5 wt%. In some embodiments, the FDCA is present at a 

	

5 	concentration of at least 6 wt%, or at least 7 wt%, or at least 8 wt%, or at least 9 wt%, or at 

least 10 wt%, or at least 11 wt%, or at least 12 wt%, or at least 13 wt%, or at least 14 wt%, or 

at least 15 wt%. The composition comprising FDCA and a multi-component solvent can be a 

solution. The solution can contain FDCA that is solubilized such that the solution does not 

contain FDCA solids. The composition comprising FDCA and a multi-component solvent 

	

10 	can be a solution (such that the solution does not contain FDCA solids) at room temperature 

or at a temperature up to 160°C (such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 

130, 140, 150, or 160 °C or within a range defined by any two of the aforementioned 

temperatures). These compositions are useful in carrying out various unit operations that 

occur downstream of the oxidation step, including, for example, transesterification, 

	

15 	polycondensation, or crystallization, and other downstream processes involved in the 

production of FDCA-based products. Typically, the water-miscible aprotic organic solvent is 

N/VIP or an ether, such as, for example, a glyme or dioxane. 

In some embodiments, the water-miscible aprotic organic solvent species is at least 5 

vol%, at least 10 vol%, at least 15 vol%, at least 20 vol%, at least 25 vol%, at least 30 vol%, 

	

20 	at least 35 vol%, at least 40 vol%, at least 45 vol%, at least 50 vol%, at least 55 vol%, at least 

60 vol%, at least 65 vol%, at least 70 vol%, at least 75 vol%, at least 80 vol%, at least 85 

vol%, at least 90 vol%, or at least 95 vol% of the multi-component solvent system; and 

correspondingly, water is typically less than 95 vol%, less than 90 vol%, less than 85 vol%, 

less than 80 vol%, less than 75 vol%, less than 70 vol%, less than 65 vol%, less than 60 

	

25 	vol%, less than 55 vol%, less than 50 vol%, less than 45 vol%, less than 40 vol%, less than 

35 vol%, less than 30 vol%, less than 25 vol%, less than 20 vol%, less than 15 vol%, less 

than 10 vol%, or less than 5 vol%, respectively, of the multi-component solvent or within a 

range defined by any two of the aforementioned amounts. 

More typically, the volume ratio of water to water-miscible aprotic organic solvent is 

	

30 	typically in the range of from 1:6 to 6:1. In some embodiments, the volume ratio is from 1:4 

56 



WO 2017/123763 	 PCT/US2017/013197 

to 4:1 (v:v) or from 1:4 to 3:1 (v:v) water:water-miscible aprotic organic solvent In certain 

embodiments, the volume ratio is 1:1 (v:v) water:water-miscible aprotic organic solvent. 

II. 	Catalyst Preparation  

	

5 	Heterogeneous oxidation catalysts employed in the processes described herein may be 

prepared by any one of a number of methods. For example, noble metals can be deposited 

onto the exterior and interior surfaces of the support material using methods such as, for 

example, incipient wetness, ion exchange, deposition-precipitation, and/or vacuum 

impregnation. When more than one metal is deposited onto the support, they may be 

	

10 	deposited sequentially or simultaneously. After depositing the metals onto the surfaces of the 

catalyst support, the catalyst is typically dried at a temperature in the range of 20°C to 120°C 

(such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, or 120 °C or within a range defined by 

any two of the aforementioned temperatures for a period of time that is in the range of from 

one hour up to twenty four hours e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 

	

15 	18, 19, 20, 21, 22, 23, or 24 hours or within a range defined by any two of the 

aforementioned time periods. The catalyst can be dried under sub-atmospheric pressure 

conditions. In some embodiments, the catalyst is reduced after drying (e.g., by flowing 5% 

H2 in N2 at a temperature of at least 200°C for a period of time (e.g., at least three hours). 

The catalyst may also be calcined in air at a temperature of at least 200°C for a period of time 

	

20 	of at least three hours. 

When the heterogeneous oxidation catalyst comprises gold, the gold may be added to 

the support material as a solubilized constituent in a liquid. When the gold-liquid solution is 

mixed with the support material, a suspension of support material in the solubilized gold-

containing liquid phase is formed. In this method, a base is then added to the suspension in 

	

25 	order to form a precipitant of insoluble gold complex which deposits on the surfaces of the 

support material in a uniform fashion. In this deposition method, the solubilized gold 

constituent may be in the form of a gold salt (e.g., HAuC14, and the like). Although any base 

that can promote the formation of the insoluble gold complex is suitable, bases such as 

potassium hydroxide (KOH) and sodium hydroxide (NaOH), are typically employed. The 

	

30 	resulting solids may be collected by known methods for separating solids from liquids, 

including, for example, filtration, centrifugation, and the like. The collected solids may be 
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optionally washed, then optionally heated to dry. Heating may also be employed to reduce 

the gold complex on the support to gold (0). Heating may be conducted at temperatures in 

the range of from 60°C to dry, and from 150°C for reduction up to 500°C, at which 

temperature the gold can be effectively reduced (such as e.g., 60, 70, 80, 90, 100, 110, 120, 

	

5 	130, 140, 150, 160, 180, 190, 200, 210, 220, 230, 240, 250, 300, 350, 400, 450, or 500°C or 

within a range defined by any two of the aforementioned temperatures). In various 

embodiments, the heating step may be conducted in the presence of a reducing atmosphere in 

order to promote the reduction of the complex to deposit the gold onto the support as gold 

(0). The duration of heating may vary from a few hours to a few days depending on various 

	

10 	factors, including, for example, the objective of the heating step and the decomposition rate 

of the base which is added to form the insoluble complex. Typically, the heating time for the 

purpose of drying is in the range of from 2 to 24 hours (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 

13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours or within a range defined by any two of 

the aforementioned time periods), and for reducing the gold complex, in the range of from 1 

	

15 	to 4 hours(e.g., 1, 2, 3, or 4 hours or within a range defined by any two of the aforementioned 

time periods). 

When the heterogeneous oxidation catalyst comprises platinum, the platinum is 

typically added to the support material by contacting the support material with a solution 

containing a soluble platinum precursor compound or with a platinum-containing colloid. 

	

20 	Platinum may be deposited on the support material in the form of any one of a variety of 

compounds, such as, for example, platinum (II) nitrate, platinum (IV) nitrate, platinum 

oxynitrate, platinum (II) acetylacetonate (acac), tetraamineplatinum (II) nitrate, 

tetraamineplatinum (11) hydrogenphosphate, tetraamineplatinum ([I) nitrate, 

tetraamineplatinum (II) hydrogenphosphate, tetraamineplatinum (II) nitrate, 

	

25 	tetraamineplatinum (II) hydrogenphosphate, tetraamineplatinum (II) hydrogencarbonate, 

tetraamineplatinum (II) hydroxide, H2PtC16, PtC14, Na2PtC14, K2PtC14, (NI14)2PtC14, 

Pt(NH3)4C12, mixed Pt(NH2).Cly, K2Pt(OH)6, Na2Pt(OH)6, (NMe4)2Pt(014)6, and 

[(C2H7N0)2]Pt(OH)6, and the like. Typically, platinum is added to the support material as 

platinum (II) nitrate, platinum (IV) nitrate, platinum (II) acetylacetonate (acac), tetraamine 

	

30 	platinum (II) hydroxide, K2PtC14, or K2Pt(OH)6. 
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If a gold- and platinum-containing heterogeneous oxidation catalyst is desired, the 

platinum can be deposited onto the surfaces of the support material either before or after gold 

has been deposited, or alternatively, the platinum and gold can be deposited together. When 

platinum is added to a gold-containing heterogeneous oxidation catalyst, it can be added after 

	

5 	deposition of the gold, and either before or after drying or after drying, and before or after 

reduction of the gold. When platinum is added to the catalyst support prior to the deposition 

of gold, the platinum employed is one which will not be re-dissolved upon addition of the 

base used to promote the deposition of gold onto the support. 

After the platinum compound is added to the support material, the resulting platinum- 

	

10 	containing support material is dried. Drying may be conducted at room temperature or at a 

temperature up to 120°C (such as e.g., 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, or 120, °C or 

within a range defined by any two of the aforementioned temperatures. Typically, drying is 

conducted at a temperature in the range of or any number in between 40°C to 80°C, and often 

at a temperature of 60°C (such as e.g., 40, 50, 60, 70, or 80°C or within a range defined by 

	

15 	any two of the aforementioned temperatures. Drying typically proceeds over a period of time 

in the range of from a few minutes to a few hours. Typically, the platinum-containing 

support material is dried over a period of time in the range of from or any number in between 

6 hours to 24 hours (e.g., 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 

hours or within a range defined by any two of the aforementioned time periods). The drying 

	

20 	can be conducted with a continuous or a staged temperature increase of from or any number 

in between 60°C to 120°C (such as e.g., 60, 70, 80, 90, 100, 110, or 120, °C or within a range 

defined by any two of the aforementioned temperatures) on a band calciner or belt dryer. 

After drying the platinum-containing support material, the material is subjected to at 

least one thermal treatment in order to reduce the platinum (which is deposited as platinum 

	

25 	(II) or platinum (IV)) to platinum (0). In certain embodiments, the thermal treatment(s) may 

be conducted under a forming gas atmosphere. Alternatively, a liquid reducing agent may be 

employed to reduce the platinum. For example, hydrazine or formaldehyde or formic acid or 

a salt thereof (e.g., sodium formate) or NaH2PO2  may be employed to effect the reduction of 

platinum. 

	

30 	The temperature(s) at which the thermal treatment(s) is (are) typically conducted in 

the range of from or any number in between 150°C to 600°C (such as e.g., 150, 200, 250, 
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300, 350, 400, 450, 500, 550, or 600°C or within a range defined by any two of the 

aforementioned temperatures). In some embodiments, the temperatures of the thermal 

treatment(s) is (are) in the range of from or any number in between 200°C to 500°C, and, 

more typically, in the range of from or any number in between 200°C to 400°C (such as e.g., 

	

5 	200, 250, 300, 350, or 400 °C or within a range defined by any two of the aforementioned 

temperatures). The thermal treatment is typically conducted for a period of time in the range 

of from or any number in between 1 hour to 8 hours or in some embodiments, in the range of 

from or any number in between 1 hour to 3 hours (e.g., 1, 2, 3, 4, 5, 6, 7, or 8 or within a 

range defined by any two of the aforementioned time periods). 

10 

III. 	Preparation of FDCA Derivatives and FDCA Polymers  

Derivatives of FDCA can be readily prepared from the FDCA produced using the 

processes of the present disclosure. For example, in some embodiments, it may be desirable 

to further convert the FDCA pathway product(s) to an FDCA salt (e.g., by adding a base, 

	

15 	such as, for example, sodium hydroxide, potassium hydroxide, sodium hydroxide, ammonia, 

and the like), an ester, an amide, a halide, and the like. 

The dicarboxylic acid functionality of the FDCA makes it useful as a monomer, either 

as is or in derivatized form. FDCA derivatives that are useful as monomers for further 

polymerization, include FDCA esters, FDCA amides, FDCA halides, and the like. The 

	

20 	resulting FDCA derivatives may be optionally purified by, for example, distillation, 

crystallization, and the like. 

In one embodiment, the present disclosure provides a process for converting the 

FDCA to an ester of FDCA, the converting step comprising contacting the FDCA produced 

by the processes of the present disclosure with an alcohol under conditions sufficient to 

	

25 	produce a corresponding FDCA monoester or FDCA diester. Alcohols suitable for use in the 

practice of the present disclosure include branched or unbranched, C1-C20  alcohols (e.g., 

aliphatic alcohols or aromatic C5-C20  alcohols and including, for example, diols or polyols). 

In some embodiments, the alcohol is a branched or unbranched, C1-C10  alcohol, C1-C6  

alcohol, or a branched or unbranched, C1-C4  (i.e., methyl alcohol, ethyl alcohol, n-propyl 

	

30 	alcohol, iso-propyl alcohol, 2-methylpropan-1 -ol (i.e., isobutyl alcohol), 2-methyl-2-propanol 

(i.e., t-butyl alcohol), or n-butyl, and the like. C1-C12  polyols, including diols and other 
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polyols, are also suitable for use in these processes. These include, for example, ethanediol 

(ethylene glycol), 1,3-propanediol, 1,4-butanediol, 2,3-butanediol, a hexanediol (e.g., 1,6-

hexanediol, 1,2-hexanediol, 1,5-hexanediol, 2,5-hexanediol, and the like), a hexanetriol (e.g., 

1,2,6-hexanetriol, 1,2,3-hexanetriol, 1,3,6-hexanetriol, and the like), 

	

5 	bis(hydroxymethyl)benzene, 1,8-octanediol, 4-octene-1,8-diol, 1,9-nonanediol, 2-nonene- 

1,4-diol, 7-nonene-1,5-diol, 7-nonene-1,5-diol, 1,10-decanediol, or 1,12-dodecanediol, and 

the like, as well as any combination thereof. Conditions sufficient for promoting the 

formation of a mono- or di-ester of FDCA (i.e., "esterifying conditions") include, for 

example, contacting the FDCA with the desired alcohol in the presence of a catalyst, such as, 

	

10 	for example, a mineral acid (such as, for example, HC1, or H2SO4, and the like) at a 

temperature in the range of from 50°C to 150°C (such as e.g., 50, 60, 70, 80, 90, 100, 110, 

120, 130, 140, or 150 °C or within a range defined by any two of the aforementioned 

temperatures). Often, the alcohol is methanol and the ester of FDCA is the methyl ester of 

FDCA, and typically, it is the dimethyl ester of FDCA. In other embodiments, the alcohol is 

	

15 	ethanol, and the ester of FDCA is the ethyl ester of FDCA, and typically, it is the diethyl 

ester of FDCA. 

An illustrative integrated process for producing purified dimethyl ester of FDCA by 

distillation is provided in Figure 10. With reference to Figure 10, a solid crude FDCA 

feedstock stream 205 is mixed with a methanol stream 250 and optionally a methanol/water 

	

20 	vapor stream 265 prior to being passed into an esterification zone 280 where FDCA and 

methanol are subjected to conditions that promote esterification to produce an esterification 

zone product stream 285, which comprises the dimethyl ester of FDCA. Esterification zone 

product stream 285 is passed into a flash distillation zone, which comprises a flash 

distillation column, to produce a methanol/water vapor recycle stream 265 and a flash zone 

	

25 	product stream 263 which comprises the dimethyl ester of FDCA. A portion of the water 

produced in the esterification zone may be removed from the methanol/water vapor recycle 

stream 265 in a water vapor purge stream 267. The methanol or methanol/water vapor 

recycle stream 265 is recycled to the FDCA feedstock stream 205. The flash zone product 

stream 263 is passed into a distillation column zone 270 to product an impurity stream 273 

	

30 	and a light stream 275 comprising purified dimethyl ester of FDCA. 

An alternative integrated process for producing purified dimethyl ester of FDCA that 
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utilizes crystallization as the purification step is provided in Figure 11. In this process, a 

solid crude FDCA feedstock stream 205 is mixed with a methanol make up stream 265 and 

optionally a vapor methanol/water stream 297 and subsequently passed into an esterification 

zone 280 where FDCA and methanol are subjected to conditions that promote esterification 

	

5 	to produce an esterification zone product stream 285, which comprises the dimethyl ester of 

FDCA. Esterificaton zone product stream 285 is passed into a diester crystallizer zone 290, 

to produce a diester crystallizer zone product stream 295 that comprises the dimethyl ester of 

FDCA in crystalline form, a liquid recycle stream 293 that comprises methanol and water, 

and a vapor methanol/water stream 297. Liquid recycle stream 293 is passed into the vapor 

	

10 	methanol/water stream 297. A portion of the water in the vapor methanol/water stream 297 

may be removed in a water vapor purge stream 281. Optional purge stream 294 facilitates 

removal of impurity components from the vapor methanol/water stream 293. 

In a another embodiment, the present disclosure provides a process for converting the 

FDCA or an FDCA ester to an FDCA amide, wherein the converting step comprises 

	

15 	contacting the FDCA or FDCA ester produced by the processes of the present disclosure with 

an amino-substituted compound under conditions sufficient to produce a corresponding 

FDCA mono-amide or FDCA diamide. Conditions sufficient for promoting the formation of 

the mono- or di-amide of FDCA (i.e., amidation conditions") include, for example, 

contacting the FDCA or FDCA ester with the amine under conditions that are known to 

	

20 	convert carboxylic acids or esters into amides. See, e.g., March's Advanced Organic 

Chemistry Eds. M. B. Smith and J. March; Wiley (2013), which is incorporated herein by 

reference. Amino-substituted compounds suitable for use in the practice of the present 

disclosure include, for example, C1-C20  aliphatic or aromatic amines. Typically, the amino-

substituted compound is a C1-C10, or C1-C6  mono- or di-amine. Suitable amino-substituted 

	

25 	compounds include, for example, 1,6-hexamethylenediamine, 1,5-pentamethylenediamine or 

1,4-tetramethylenediamine, and the like. 

In a further embodiment, the present disclosure provides a process for converting the 

FDCA to an FDCA halide, the converting step comprising contacting the FDCA produced by 

the processes of the present disclosure with a halogenating agent (e.g. SOC12) under 

	

30 	conditions that are known to convert carboxylic acids into acyl halides. See for example 
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March's Advanced Organic Chemistry Eds. M. B. Smith and J. March; Wiley (2013), which 

is incorporated herein by reference in its entirety. 

Certain FDCA derivatives may be employed as FDCA-monomers, which are useful 

for producing polymers, such as, for example, polyesters, polyamides, and the like. As used 

	

5 	herein, the term "FDCA-based monomers" refers to FDCA, as well as FDCA derivatives that 

have the ability to react with other monomers to form a polymer. Thus, in a further 

embodiment, the present disclosure provides a process for producing an FDCA-based 

polymer, the method comprising polymerizing an FDCA-based monomer of the present 

disclosure under conditions sufficient to produce the FDCA-based polymer. In some 

	

10 	embodiments, the FDCA-based monomer is an FDCA derivative selected from the group 

consisting of an FDCA ester (i.e., a monoester or diester), an FDCA amide (i.e., an FDCA 

monoamide or an FDCA diamide), and an FDCA halide (e.g., an FDCA monochloride, an 

FDCA dichloride, and the like), and the like. In certain embodiments, the FDCA-based 

monomer is polymerized with a second monomer that is not the same as the first monomer. 

	

15 	Second monomers that are suitable for use in the practice of the present disclosure include a 

polyol that has at least two hydroxyl groups. 

Exemplary polyols that can be used as a suitable co-monomer include ethanediol 

(ethylene glycol), 1,3-propanediol, 1,4-butanediol, 2,3-butanediol, a hexanediol (e.g., 1,6-

hexanediol, 1,2-hexanediol, 1,5-hexanediol, 2,5-hexanediol, and the like), a hexanetriol (e.g., 

	

20 	1,2,6-hexanetriol, 1,2,3-hexanetriol, 1,3,6-hexanetriol, and the like), 

bis(hydroxymethyl)benzene, 1,8-octanediol, 4-octene-1,8-diol, 1,9-nonanediol, 2-nonene-

1,4-diol, 7-nonene-1,5-diol, 7-nonene-1,5-diol, 1,10-decanediol, or 1,12-dodecanediol, and 

the like, as well as any combination thereof. Typically, the polyol is a diol. Exemplary 

dicarboxylic acids include, for example, succinic acid, or adipic acid, and the like. 

	

25 	Exemplary hydroxyacids include, for example, lactic acid, succinic acid, malic acid, salicylic 

acid, syringic acid, or ferulic acid, and the like. Exemplary sugar alcohols include, for 

example, isosorbide, isomannide, or isoidide, and the like. Typically, the FDCA-based 

monomer is selected from the group consisting of FDCA and dimethyl FDCA ester and a 

second monomer is employed that is a polyol. 

	

30 	 When the FDCA-based monomer is FDCA, the second monomer can be an aliphatic 

or aromatic diamine or an aliphatic or aromatic polyol (e.g., a diol, or a triol, and the like). 
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Suitable diamines include, for example, 1,6-hexamethylenediamine, 1,5-

pentamethylenediamine, or 1,4-tetramethylenediamine, and the like. Suitable polyols include 

those described above. 

The FDCA-based polymers of the present disclosure are typically produced using a 

	

5 	polycondensation reaction, either in a solution polymerization or melt polymerization. In 

some embodiments, the polymerization step is preceded by a transesterification step. The 

polycondensati on reactions are typically carried out in the presence of a catalyst, such as, for 

example, dibutyltin (IV) oxide, titanium (IV) isopropoxide, antimony (III) oxide (see, e.g., 

G.-J. M. Gruter, et al., Comb. Chem. High Ihroughpiii Screening (2012) 15:180-188, which 

	

10 	is incorporated herein by reference. 

In a specific embodiment, the present disclosure provides a method for producing an 

FDCA-based polyester, the method comprising contacting an FDCA-monomer selected from 

the group consisting of FDCA and FDCA dimethyl ester with a C1-C20 polyol at a 

temperature in the range of from 120°C to 225°C (such as e.g., 120, 130, 140, 150, 160, 180, 

	

15 	190, 200, 210, or 225 °C or within a range defined by any two of the aforementioned 

temperatures) to form a reaction mixture for producing the corresponding dihydroxy C1-C20  

FDCA ester (in an esterification or transesterification step, respectively), then increasing the 

temperature of the reaction mixture to a temperature in the range of from 180°C to 250°C 

(such as e.g., 180, 190, 200, 210, 220, 230, 240, or 250 °C or within a range defined by any 

	

20 	two of the aforementioned temperatures) to produce the corresponding FDCA-based 

polyester (in a polycondensation step). Typically, the C1-C20  FDCA polyol is a diol selected 

from the group consisting of ethylene glycol, 1,3-propanediol, 1,4-butanediol, 2,3-butanediol, 

and 1,6-hexanediol. In certain embodiments the molecular weight of the resultant polyester 

can be further increased by a third stage solid state polymerization in which the polymeric 

	

25 	material (in the form of pellets, granules, flakes or chips and the like) is subjected to a certain 

amount of time, such as 1-24 hours (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 

18, 19, 20, 21, 22, 23, or 24 hours or within a range defined by any two of the 

aforementioned time periods)) at elevated temperatures above the glass transition 

temperature and below the melting temperature of the polyester. The polycondensation 

	

30 	methods are typically conducted at pressures below 1 atmosphere. 
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IV. 	Production of Furanic Oxidation Substrate 

While furanic oxidation substrate material can be readily purchased, it may be 

desirable in certain circumstances to produce the furanic oxidation substrate. The present 

disclosure provides a process for producing a furanic oxidation substrate, the process 

5 comprising: 

(a°) contacting a carbohydrate feedstock comprising a sugar and a dehydration solvent 

with a catalyst under conditions sufficient to form a (dehydration) reaction mixture for 

dehydrating the sugar to produce the furanic oxidation substrate (referred to herein as the 

"dehydration process"). Typically, the sugar is a hexose, such as, for example, glucose, 

10 	galactose, mannose, idose, a ketohexose, fructose, levulose, sorbose, tagatose, or allose, and 

the like. Usually, the sugar is glucose or fructose. Often, the sugar is fructose. 

The term "dehydration solvent" refers to a solvent in which both the sugar and the 

furanic oxidation substrate are each separately soluble at a minimum level of at least 2% by 

weight at the temperature at which the dehydration reaction is carried out. Typically, the 

15 	dehydration solvent is one in which the furanic oxidation substrate has a solubility of at least 

3 wt%, at least 4 wt%, at least 5 wt%, at least 6 wt%, at least 7 wt%, at least 8 wt%, at least 9 

wt%, at least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 wt%, at least 14 wt%, at 

least 15 wt%, at least 17%, at least 19%, at least 21%, at least 23%, or at least 25% as 

measured at the temperature at which the dehydration reaction is carried out. In some 

20 	embodiments, the concentration of furanic oxidation substrate in the dehydration solvent 

ranges from or any number in between 2-4 wt%, 3-5 wt%, 4-6 wt%, 5-7 wt%, 6-8 wt%, 7-9 

wt%, 8-10 wt%, 9-11 wt%, 10-12 wt%, 11-13 wt%, 12-14 wt%, 13-15wt%, 14-16 wt%, 15-

17 wt%, 16-18 wt%, 17-19 wt%, 18-20 wt%, 19-21 wt%, 20-22 wt%, 21-23 wt%, 22-24 

wt%, or 23-25wt% or within a range defined by any of two of the aforementioned weight 

25 	percentages. Typically, the dehydration solvent comprises water and/or a water-miscible 

organic solvent. More typically, the dehydration solvent is a multi-component solvent. 

Usually, the multi-component solvent employed in the dehydration process comprises water 

and a water-miscible aprotic organic solvent. Water-miscible aprotic organic solvents and 

multi-component solvent compositions that are suitable for use in the dehydration process are 

30 	the same as those that are suitable for use in the FDCA pathway product-generating 

processes as described hereinabove. In some embodiments, the water-miscible aprotic 
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organic solvent is N-Methyl-2-Pyrrolidone (N/VIP). In some embodiments, the carbohydrate 

feedstock comprises fructose and the furanic oxidation substrate comprises HMF. 

Exemplary water-miscible aprotic solvents suitable for use in dehydration solvent 

include tetrahydrofuran, a glyme, dioxane, a dioxolane, dimethylformamide, 

	

5 	dimethylsulfoxide, sulfolane, acetone, N-methyl-2-pyrrolidone ("NMP"), methyl ethyl 

ketone ("MEK"), gamma-valerolactone, and the like. Preferably, the water-miscible aprotic 

organic solvent is an ether, such as, for example, a glyme, dioxane (1,4-dioxane), a dioxolane 

(e.g., 1,3-dioxolane), tetrahydrofuran, and the like. Glymes that are suitable for use in the 

practice of the present disclosure include, for example, monoglyme (1,2-dimethoxyethane, 

	

10 	"DME"), ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl diglyme, triglyme, 

butyl diglyme, tetraglyme, a polyglyme, a highly ethoxylated diether of a high molecular 

weight alcohol ("higlyme"), and the like. Often, the dehydration solvent is a multi-

component solvent comprising water and a water-miscible aprotic organic solvent that is 

glyme, diglyme, or dioxane. 

	

15 	 In some embodiments, the water-miscible organic solvent species is at least 5 volume 

°A) (vol%), at least 10 vol%, at least 15 vol%, at least 20 vol%, at least 25 vol%, at least 30 

vol%, at least 35 vol%, at least 40 vol%, at least 45 vol°10, at least 50 vol%, at least 55 vol%, 

at least 60 vol%, at least 65 vol%, at least 70 vol%, at least 75 vol%, at least 80 vol%, at least 

85 vol%, at least 90 vol%, or at least 95 vol°10 of the multi-component solvent; and 

	

20 	correspondingly, water is typically less than 95 vol%, less than 90 vol%, less than 85 vol%, 

less than 80 vol%, less than 75 vol%, less than 70 vol%, less than 65 vol%, less than 60 

vol%, less than 55 vol%, less than 50 vol%, less than 45 vol%, less than 40 vol%, less than 

35 vol%, less than 30 vol%, less than 25 vol%, less than 20 vol%, less than 15 vol%, less 

than 10 vol%, or less than 5 vol%, respectively, of the multi-component system. 

	

25 	 In some embodiments, the multi-component solvent comprises water in a range from 

or any number in between 1-5 wt% and a water-miscible organic solvent in a range from or 

any number in between 99-95 wt%. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 5-10 wt°/0 and a water-miscible 

organic solvent in a range from or any number in between 95-90 wt%. In some 

	

30 	embodiments, the multi-component solvent comprises water in a range from or any number 

in between 10-15 wt% and a water-miscible organic solvent in a range from or any number in 
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between 90-85 wt%. In some embodiments, the multi-component solvent comprises water in 

a range from or any number in between 15-20 wt% and a water-miscible organic solvent in a 

range from or any number in between 85-80 wt%. In some embodiments, the multi-

component solvent comprises water in a range from or any number in between 20-25 wt% 

	

5 	and a water-miscible organic solvent in a range from or any number in between 80-75 wt%. 

In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 25-30 wt% and a water-miscible organic solvent in a range from or any 

number in between 75-70 wt°/0. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 30-35 wt% and a water-miscible 

	

10 	organic solvent in a range from or any number in between 70-65 wt%. In some embodiments, 

the multi-component solvent comprises water in a range from or any number in between 35-

40 wt% and a water-miscible organic solvent in a range from or any number in between 65-

60 wt%. In some embodiments, the multi-component solvent comprises water in a range 

from or any number in between 40-45 wt% and a water-miscible organic solvent in a range 

	

15 	from or any number in between 60-55 wt%. In some embodiments, the multi-component 

solvent comprises water in a range from or any number in between 45-50 wt% and a water-

miscible organic solvent in a range from or any number in between 65-50 wt%. In some 

embodiments, the multi-component solvent comprises water in a range from or any number 

in between 50-55 wt% and a water-miscible organic solvent in a range from or any number in 

	

20 	between 50-45 wt%. In some embodiments, the multi-component solvent comprises water in 

a range from or any number in between 55-60 wt% and a water-miscible organic solvent in a 

range from or any number in between 45-40 wt%. In some embodiments, the multi-

component solvent comprises water in a range from or any number in between 60-65 wt% 

and a water-miscible organic solvent in a range from or any number in between 40-35 wt%. 

	

25 	In some embodiments, the multi-component solvent comprises water in a range from or any 

number in between 65-70 wt°/0 and a water-miscible organic solvent in a range from or any 

number in between 35-30 wt%. In some embodiments, the multi-component solvent 

comprises water in a range from or any number in between 70-75 we/0 and a water-miscible 

organic solvent in a range from or any number in between 30-25 wt%. In some embodiments, 

	

30 	the multi-component solvent comprises water in a range from or any number in between 75- 

80 wt% and a water-miscible organic solvent in a range from or any number in between 25- 
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20 wt%. In some embodiments, the multi-component solvent comprises water in a range 

from or any number in between 80-85 wt% and a water-miscible organic solvent in a range 

from or any number in between 20-15 wt()/0. In some embodiments, the multi-component 

solvent comprises water in a range from or any number in between 85-90 wt% and a water- 

	

5 	miscible organic solvent in a range from or any number in between 15-10 wt%. In some 

embodiments, the multi-component solvent comprises water in a range from or any number 

in between 90-95 wtcY0 and a water-miscible organic solvent in a range from or any number in 

between 10-5 wt%. In some embodiments, the multi-component solvent comprises water in a 

range from or any number in between 95-99 wt% and a water-miscible organic solvent in a 

	

10 	range from or any number in between 5-1 wt%. 

In some embodiments, the volume ratio of water to water-miscible organic solvent is 

in the range from or any number in between 1:6 to 6:1. In certain embodiments, the volume 

ratio is from or any number in between 1:4 to 4:1 water:water-miscible organic solvent. In 

other embodiments, the volume ratio is from or any number in between 1:4 to 3:1 

	

15 	water:water miscible organic solvent. In other embodiments, the volume ratio is from or any 

number in between 1:3 to 3:1 water:water miscible organic solvent. In certain embodiments, 

the volume ratio is 1:1 water:water-miscible organic solvent. 

In some embodiments, the multi-component solvent comprises water and two 

different water-miscible organic solvents. Typically both of the water-miscible organic 

	

20 	solvents are water-miscible aprotic organic solvents. Each of the two water-miscible aprotic 

solvents can be independently selected from the group of tetrahydrofuran, a glyme, a 

dioxane, a dioxolane, dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl-

2-pyrrolidone ("NMP"), methyl ethyl ketone ("MEK"), and gamma-valerolactone. One or 

both of the water-miscible aprotic organic solvent can be an ether, such as, for example, a 

	

25 	glyme, dioxane (for example 1,4-dioxane), dioxolane (e.g., 1,3-dioxolane), tetrahydrofuran, 

and the like. Glymes include, for example, monoglyme (1,2-dimethoxyethane, "DNIE"), 

ethyl glyme, diglyme (diethylene glycol dimethyl ether), ethyl diglyme, triglyme, butyl 

diglyme, tetraglyme, a polyglyme, a highly ethoxylated diether of a high molecular weight 

alcohol ("higlyme"), and the like. 

	

30 	 In some embodiments, the volume ratio of water to the first and second water- 

miscible organic solvent is approximately 1:1:1 (v:v:v). In some embodiments, the volume 
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1 -5% 90-98% 1-5% 
1-5% 85-94% 5-10% 
1-5% 80-89% 10-15% 
1-5% 75-84% 15-20% 
1-5% 70-79% 20-25% 
1-5% 65-74% 25-30% 
1  _5  % 60-69% 30-35% 
1-5% 55-64% 35-40% 
1-5% 50-59% 40-45% 
1-5% 45-54% 45-50% 
1-5% 40-49% 50-55% 
1-5% 35-44% 55-60% 
1 -5% 30-39% 60-65% 
1 -5% 25-34% 65-70% 
1-5% 20-29% 70-75% 
1-5% 15-24% 75-80% 
1-5% 10-19% 80-85% 
1-5% 5-14% 85-90% 
1-5% 1-9% 90-94% 

5-10% 85-94% 1-5% 
5-10% 80-90% 5-10% 
5-10% 75-85% 10-15% 
5-10% 70-80% 15-20% 
5-10% 65-75% 20-25% 
5-10% 60-70% 25-30% 
5-10% 55-65% 30-35% 
5-10% 50-60% 35-40% 
5-10% 45-55% 40-45% 
5-10% 40-50% 45-50% 
5-10% 35-45% 50-55% 
5-10% 30-40% 55-60% 

WO 2017/123763 	 PCT/US2017/013197 

ratio of water to the first and second water-miscible organic solvent is approximately 1:2:1 

(v:v:v). In some embodiments, the volume ratio of water to the first and second water-

miscible organic solvent is approximately 1:2:2 (v:v:v). In some embodiments, the volume 

ratio of water to the first and second water-miscible organic solvent is approximately 2:1:1 

5 	(v:v:v). 

In some embodiments, the multi-component solvent for the dehydration solvent 

comprises water and two different water-miscible organic solvents with the relative amounts 

of water to the first and second water-miscible organic solvents as shown in Table B. 

Table B:  
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" 	'Tent of -water 
in Inn 	40*:Otitt 	:::: 

Weight perceq DM 
miscible:4 	it 	yen 
hi 	4 . 	s WA 	 

t percent 	sec  :::mii:::: 
obit orga 	k 

5-10% 25-35% 60-65% 
5-10% 20-30% 65-70% 
5-10% 15-25% 70-75% 
5-10% 10-20% 75-80% 
5-10% 5-15% 80-85% 
5-10% 1-10% 85-89% 
10-15% 80-89% 1-5% 
10-15% 75-85% 5-10% 
10-15% 70-80% 10-15% 
10-15% 65-75% 15-20% 
10-15% 60-70% 20-25% 
10-15% 55-65% 25-30% 
10-15% 50-60% 30-35% 
10-15% 45-55% 35-40% 
10-15% 40-50% 40-45% 
10-15% 35-45% 45-50% 
10-15% 30-40% 50-55% 
10-15% 25-35% 55-60% 
10-15% 20-30% 60-65% 
10-15% 15-25% 65-70% 
10-15% 10-20% 70-75% 
10-15% 5-15% 75-80% 
10-15% 1-10% 80-84% 
15-20% 75-84% 1-5% 
15-20% 70-80% 5-10% 
15-20% 65-75% 10-15% 
15-20% 60-70% 15-20% 
15-20% 55-65% 20-25% 
15-20% 50-60% 25-30% 
15-20% 45-55% 30-35% 
15-20% 40-50% 35-40% 
15-20% 35-45% 40-45% 
15-20% 30-40% 45-50% 
15-20% 25-35% 50-55% 
15-20% 20-30% 55-60% 
15-20% 15-25% 60-65% 
15-20% 10-20% 65-70% 
15-20% 5-15% 70-75% 
15-20% 1-10% 75-79% 
20-25% 70-79% 1-5% 
20-25% 65-75% 5-10% 
20-25% 60-70% 10-15% 
20-25% 55-65% 15-20% 
20-25% 50-60% 20-25% 
20-25% 45-55% 25-30% 
20-25% 40-50% 30-35% 
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. 	recut of water 
in rnu 	t 	. otil 	::1: 

... sole 

Weight perteat offil 
miscible ti 	itsolvent obit 
Iti-compenea .s *kit 	I.  

t pereept t 	sec  
ort0 	k 

tompon 	vat. 1,:s  
20-25% 35-45% 35-40% 
20-25% 30-40% 40-45% 
20-25% 25-35% 45-50% 
20-25% 20-30% 50-55% 
20-25% 15-25% 55-60% 
20-25% 10-20% 60-65% 
20-25% 5-15% 65-70% 
20-25% 1-10% 70-74% 
25-30% 65-74% 1-5% 
25-30% 60-70% 5-10% 
25-30% 55-65% 10-15% 
25-30% 50-60% 15-20% 
25-30% 45-55% 20-25% 
25-30% 40-50% 25-30% 
25-30% 35-45% 30-35% 
25-30% 30-40% 35-40% 
25-30% 25-35% 40-45% 
25-30% 20-30% 45-50% 
25-30% 15-25% 50-55% 
25-30% 10-20% 55-60% 
25-30% 5-15% 60-65% 
25-30% 1-10% 65-69% 
30-35% 60-69% 1-5% 
30-35% 55-65% 5-10% 
30-35% 50-60% 10-15% 
30-35% 45-55% 15-20% 
30-35% 40-50% 20-25% 
30-35% 35-45% 25-30% 
30-35% 30-40% 30-35% 
30-35% 25-35% 35-40% 
30-35% 20-30% 40-45% 
30-35% 15-25% 45-50% 
30-35% 10-20% 50-55% 
30-35% 5-15% 55-60% 
30-35% 1-10% 60-64% 
35-40% 55-64% 1-5% 
35-40% 50-60% 5-10% 
35-40% 45-55% 10-15% 
35-40% 40-50% 15-20% 
35-40% 35-45% 20-25% 
35-40% 30-40% 25-30% 
35-40% 25-35% 30-35% 
35-40% 20-30% 35-40% 
35-40% 15-25% 40-45% 
35-40% 10-20% 45-50% 
35-40% 5-15% 50-55% 
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'wept of water 

	

in-mlltt 	. orient:::: 
. 	 " 	 :-: ... 	o IA. 	 :::  

Weight pereent Mil 

	

miscible:0 	a 	ven 
• ' 
,C-OMpalleri .S 	VtIll 	1  

t permt of sec 
nuseible ortiO 	k  

.....tompon 	vat.  
35-40% 1-10% 55-59% 
40-45% 50-59% 1-5% 
40-45% 45-55% 5-10% 
40-45% 40-50% 10-15% 
40-45% 35-45% 15-20% 
40-45% 30-40% 20-25% 
40-45% 25-35% 25-30% 
40-45% 20-30% 30-35% 
40-45% 15-25% 35-40% 
40-45% 10-20% 40-45% 
40-45% 5-15% 45-50% 
40-45% 1-10% 50-54% 
45-50% 45-54% 1-5% 
45-50% 40-50% 5-10% 
45-50% 35-45% 10-15% 
45-50% 30-40% 15-20% 
45-50% 25-35% 20-25% 
45-50% 20-30% 25-30% 
45-50% 15-25% 30-35% 
45-50% 10-20% 35-40% 
45-50% 5-15% 40-45% 
45-50% 1-10% 45-49% 
50-55% 40-49% 1-5% 
50-55% 35-45% 5-10% 
50-55% 30-40% 10-15% 
50-55% 25-35% 15-20% 
50-55% 20-30% 20-25% 
50-55% 15-25% 25-30% 
50-55% 10-20% 30-35% 
50-55% 5-15% 35-40% 
50-55% 1-10% 40-44% 
55-60% 35-44% 1-5% 
55-60% 30-40% 5-10% 
55-60% 25-35% 10-15% 
55-60% 20-30% 15-20% 
55-60% 15-25% 20-25% 
55-60% 10-20% 25-30% 
55-60% 5-15% 30-35% 
55-60% 1-10% 35-39% 
60-65% 30-39% 1-5% 
60-65% 25-35% 5-10% 
60-65% 20-30% 10-15% 
60-65% 15-25% 15-20% 
60-65% 10-20% 20-25% 
60-65% 5-15% 25-30% 
60-65% 1-10% 30-34% 
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1-5% 65-70% 25-34% 
5-10% 65-70% 20-30% 
10-15% 15-25% 65-70% 
15-20% 10-20% 65-70% 

5-15% 20-25% 65-70% 
1-5% 70-75% 20-29% 

5-10% 15-25% 70-75% 
10-15% 10-20% 70-75% 

5-15% 15-20% 70-75% 
1-5% 15-24% 75-80% 

5-10% 10-20% 75-80% 
5-15% 10-15% 75-80% 

Weight pereehtoffh 

',:comptne.a .s  

t Per Mt. 
obit orga 
.tompon i Strtvat. •ys iU  
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The concentration of sugar in the carbohydrate feedstock is typically in the range of 

from or any number in between 2 we/0 to 80 wt% or from or any number in between 5 wt% 

to 80 wt%. In various embodiments, the concentration of sugar is in the range of from or any 

	

5 	number in between 20 wt% to 80 wt%. In some embodiments, the concentration of sugar in 

the carbohydrate feedstock is in the range of from or any number in between 5 wt% to 20 

wt%. In other embodiments, the concentration of sugar in the carbohydrate feedstock is in 

the range of from or any number in between 5 wt% to 40 wt%. In some embodiments, the 

concentration of sugar in the carbohydrate feedstock ranges from or any number in between 

	

10 	5-15 wt%, 10-20 wt%, 15-25 wt%, 20-30 wt%, 25-35 wt%, 30-40 wri/o, 35-45 wt%, 40-50 

wt%, 45-55 wt%, 50-60 wt%, 55-65 wt%, 60-70 wt%, 65-75 wt% or 70-80 wt%, or within a 

range defined by any two of the aforementioned weight percentages. 

Catalysts that are suitable for use in the dehydration process include homogeneous 

catalysts, including, for example, homogeneous acid catalysts, and the like, as well as 

	

15 	heterogeneous catalysts. Suitable homogeneous acid catalysts include, for example, an 

inorganic acid, such as, for example, a mineral acid (e.g., H2SO4, HNO3, HCI, HBr, or HI, 

and the like, as well as any combination of two or more thereof), a Bronsted acid (e.g., HC1, 

HI, H2504, HNO3, H3PO4, oxalic acid, methanesulfonic acid, or trifluoromethanesulfonic 

acid, and the like, as well as any combination of any two or more thereof), a Lewis acid 

	

20 	(e.g., a borontrihalide, an organoborane, an aluminum trihalide, a phosphorus pentafluoride, 

an antimony pentafluoride, a rare earth metal triflate, a metal halide (e.g., ZnC12  and ZnBr2), 

a metal trifluoroacetate or a metal cation ether complex, and the like, as well as any 

73 



WO 2017/123763 	 PCT/US2017/013197 

combination of two or more thereof), an organic acid (e.g., triflic acid, methansulfonic acid, 

benzenesulfonic acid, p-toluene sulfonic acid, oxalic acid, or levulinic acid, and the like, as 

well as any combination of two or more thereof), and any combination thereof. 

Quantities of homogeneous catalyst employed are typically in the range of from or 

	

5 	any number in between 0.1 to 25 mol%, and more typically in the range of from or any 

number in between 0.5 to 5 mol% (wherein, mol% is calculated on the basis of moles of 

sugar, e.g., hexose). Heterogeneous catalysts that are suitable for use in the practice of the 

present disclosure include an acid-functionalized resin, an acidified carbon, a zeolite, a 

micro- and/or meso-porous metal oxide, a sulfonated metal oxide, a phosphonated metal 

	

10 	oxide, a clay, or a polyoxometallate, and combinations thereof. Preferred heterogeneous 

catalysts include acid-functionalized resins. The heterogeneous catalyst loading is typically 

in the range of or any number in between 1 g/L to 20 g/L in a slurry reactor, (such as e.g., 1, 

2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 g/L) and in the range of from 

or any number in between 200 g/L to 1500 g/L (such as e.g., 200, 300, 400, 500, 600, 700, 

	

15 	800, 900, 1000, 1100, 1200, 1300, 1400, or 1500 g/L) in a fixed bed reactor. The skilled 

artisan will recognize that the heterogeneous catalyst loading will vary depending on the 

specific type of reactor used, but can readily determine the loading based on these guidelines. 

In a further specific embodiment, the present disclosure provides a process for 

producing a furanic oxidation substrate, the process comprising: 

	

20 	 (a°) contacting a carbohydrate feedstock comprising a sugar and a dehydration 

solvent with an acid catalyst under conditions sufficient to form a (dehydration) reaction 

mixture for dehydrating the sugar to produce a furanic oxidation substrate, wherein the acid 

catalyst is an acid selected from the group consisting of HBr, H2SO4, HNO3, HCI, HI, H3PO4, 

triflic acid, methansulfonic acid, benzenesulfonic acid, and p-toluene sulfonic acid, 

	

25 	 wherein when the acid catalyst is not HBr, the reaction mixture further comprises a 

bromide salt, and 

wherein the dehydration solvent comprises NMP. Typically, the acid catalyst is a 

homogeneous acid catalyst. Suitable organic acids include those mentioned hereinabove. 

Suitable bromide salts include LiBr, NaBr, KBr, MgBr2, CaBr2, ZnBr2, or ammonium 

	

30 	bromide salts having the chemical structure of R4N+Br", where R is a CI-C6 alkyl group. 

Exemplary ammonium bromide salts include, but are not limited to, tetramethylammonium 
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bromide, tetraethylamminium bromide, tetrapropylammonium bromide, or 

tetrabutylammonium bromide, and the like. The quantity of bromide salt employed is 

typically in molar excess of the acid present in the reaction mixture. 

Quantities of acid catalyst employed are typically in the range of from or any number 

	

5 	in between 0.1 to 25 mol%, and more typically in the range of from or any number in 

between 0.5 to 5 mol% (wherein, mol% is calculated on the basis of moles of sugar, e.g., 

hexose). In some embodiments, the amount of acid catalyst in the reaction mixture for 

dehydrating the sugar results in the reaction mixture having an acidic pH. In some 

embodiments, the amount of acid catalyst in the reaction mixture for dehydrating the sugar 

	

10 	results in the reaction mixture having a pH of less than 6. In some embodiments, the amount 

of acid catalyst in the reaction mixture for dehydrating the sugar results in the reaction 

mixture having a pH of less than 5. In some embodiments, the amount of acid catalyst in the 

reaction mixture for dehydrating the sugar results in the reaction mixture having a pH of less 

than 4. In some embodiments, the amount of acid catalyst in the reaction mixture for 

	

15 	dehydrating the sugar results in the reaction mixture having a pH of less than 3. In some 

embodiments, the amount of acid catalyst in the reaction mixture for dehydrating the sugar 

results in the reaction mixture having a pH of less than 2. In some embodiments, the amount 

of acid catalyst in the reaction mixture for dehydrating the sugar results in the reaction 

mixture having a pH of less than 1. 

	

20 	The dehydration reaction mixtures described hereinabove are typically maintained at 

a temperature in the range of from or any number in between 50°C to 250°C, (such as e.g., 

50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 180, 190, 200, 210, 220, 230, 240, or 

250 °C or within a range defined by any two of the aforementioned temperatures) and a 

pressure in the range of from or any number in between 1 atm to 15 atm, or from or any 

	

25 	number in between 2 atm to 15 atm (such as e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 14, or 

15 atm). More typically, the dehydration reaction mixture is maintained at a temperature in 

the range of from or any number in between 80°C to 180°C (such as e.g., 80, 90, 100, 110, 

120, 130, 140, 150, 160, 180 °C or within a range defined by any two of the aforementioned 

temperatures). In some embodiments, the dehydration mixture is maintained at a temperature 

	

30 	in the range of from or any number in between 80°C and 160°C, or 80°C and 150°C, or 80°C 

and 140°C, or 80 and 130°C, or 80°C and 120°C, or 80°C and 110°C, or 80°C and 100°C. In 
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some embodiments, the dehydration mixture is maintained at a temperature that is less than 

110°C, or less than 100°C. Applicants have discovered that the dehydration mixture of the 

present disclosure can provide surprisingly high yields of furanic oxidation substrate at 

relatively low temperatures of less than 110°C, such as less than 100°C. 

	

5 	To minimize production of undesired products, and maximize yield of the furanic 

oxidation substrate, it may be desirable to carry out the dehydration reaction to a partial 

conversion endpoint, as described in WO 2015/113060 (which is incorporated herein by 

reference), by quenching the reaction, and separating and recycling unconverted sugar, by, 

for example, filtration. When the furanic oxidation substrate is generated by the dehydration 

	

10 	reaction, it is present in a dehydration product solution. As used herein, the term 

"dehydration product solution" refers to a solution comprising the furanic oxidation substrate 

and the dehydration solvent. The dehydration product solution can be a mixture that includes 

dissolved furanic oxidation substrate and one or more components that are not dissolved, 

wherein the one or more components that are not dissolved are selected from humin and 

	

15 	unreacted sugar. The furanic oxidation substrate may be optionally separated from one or 

more components selected from the group consisting of a humin and an unreacted sugar 

and/or isolated from the dehydration product solution, and optionally further purified. In one 

such embodiment, the dehydration product solution is subjected to a membrane to effect the 

separation of the furanic oxidation substrate from one or more components selected from the 

	

20 	group consisting of a humin and an unreacted sugar. Membranes suitable for use for such 

separation include nanofiltration membranes, ultrafiltration membranes, and combination 

thereof. 

The dehydration product solution may be used as a feedstock for producing an FDCA 

pathway product or derivative thereof, or another subsequent process that utilizes the furanic 

	

25 	oxidation substrate. Typically, the furanic oxidation substrate is HMF. 

The dehydration of the carbohydrate feedstock to produce the furanic oxidation 

substrate can produce the furanic oxidation substrate in yield that is typically at least 60% (on 

a molar basis). In some embodiments, the yield is at least 70%, and in other embodiments, it 

is at least 80%, at least 90%, at least 95%, at least 98% or at least 99%. In some 

	

30 	embodiments, the yield ranges from between 60-65%, 62-67%, 65-70%, 67-72%, 70-75%, 
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72-77%, 75-80%, 77-82%, 80-85%, 82-87%, 85-90%, 87-92%, 90-95%, 92-97°4), 95-98%, or 

97-99%, or is within a range defined by any of two of the aforementioned percentages. 

In a specific embodiment, prior to step (a) of the FDCA pathway product-generating 

oxidation processes of the present disclosure, step (a°) is carried out to produce a furanic 

	

5 	oxidation substrate in a dehydration product solution. The dehydration product solution can 

be used either directly or indirectly (i.e., with one or more intervening pre-treatment step(s)), 

as the oxidation feedstock for step (a). The pre-treatment step(s) may include a separation 

step (e.g., filtration or membrane separation step (such as, for example ultrafiltration or 

nanofiltration), chromatography, ion exchange, and the like), a distillation step (to remove all 

	

10 	or a portion of a component solvent), or other similar step/process suitable for amending the 

composition of the dehydration product solution to conform to a desired composition or form 

of the oxidation feedstock to be used in step (a). In this embodiment, the dehydration solvent 

typically comprises at least one solvent species in common with the oxidation solvent. One 

or more additional solvent species may be added to the dehydration product solution during a 

	

15 	pre-treatment step to formulate the dehydration product solution into a desired oxidation 

feedstock composition for use in step (a). To illustrate, the dehydration solvent may be a 

water-miscible aprotic organic solvent. After conducting step (a°), but before performing 

step (a), water can be added to the dehydration product solution in a pre-treatment step, and 

the resulting oxidation feedstock, comprising the furanic oxidation substrate and oxidation 

	

20 	solvent (i.e., in this example, a multi-component solvent made up of the water-miscible 

aprotic organic solvent and water) can be used in step (a). Alternatively, the dehydration 

product solution can be used directly (i.e., as is) as the oxidation feedstock for step (a). In 

this embodiment, the dehydration production solution comprises a dehydration solvent that is 

typically a multi-component solvent comprising water and an aprotic organic solvent (i.e., a 

	

25 	multi-component solvent that is suitable for use as the oxidation solvent). 

The foregoing and other aspects of the disclosure may be better understood in 

connection with the following non-limiting examples. 
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EXAMPLES 

EXAMPLE 1  

FDCA Solubility Characterization  

Solvents were screened for the ability to dissolve FDCA. 10 ml of a candidate 

	

5 	solvent was heated to a certain temperature and FDCA (Product No. F0710, TCI America) 

was added by small portions to the heated candidate solvent until the FDCA amount 

exceeded the solubility limit. After that, small volumes of solvent were added until the 

excess solids were completely dissolved. The experiment was repeated two times at each 

temperature and the average was taken as FDCA solubility. Five solvents were tested: (1) 

	

10 	deionized water; (2) diglyme; (3) dioxane; (4) a 1:1 by volume mixture of diglyme with 

deionized water; and (5) a 4:1 by volume mixture of dioxane with deionized water. The 

results are depicted in Figure 3 as a plot of FDCA Solubility (Weight %) as a function of 

temperature (°C). The results show that FDCA appears to have relatively low solubilities in 

each of water, diglyme, and dioxane in the temperature range of 25°C to 100°C. However, 

	

15 	when each of the organic solvents was combined with water, the resulting co-solvent 

appeared to provide a synergistic enhancement in FDCA solubilizing capability. For 

example, at 100°C, although FDCA solubility in water and diglyme individually was less 

than 1% (by weight) and less than 2% (by weight), respectively, FDCA solubility reached 

9% (by weight) when the two solvents were combined in a co-solvent system of 1:1 ratio of 

	

20 	deionized water:diglyme, by volume. Similarly, at 100°C, although FDCA solubility in 

water and dioxane individually was less than 1% (by weight) and less than 2% (by weight), 

respectively, the FDCA solubility trend line for the co-solvent system of 1:4 ratio of 

deionized water:dioxane, by volume, indicates 9% (by weight) FDCA solubility. 

	

25 	 EXAMPLE 2  

Preparation of Heterogeneous Oxidation Catalyst (3 wt% Pt/silica)  

A metal precursor solution was first prepared by mixing 0.152 ml of a solution of 

Pt(NH3)4(OH)2  (containing 101.8 mg Pt/ml) with 0.047 ml of de-ionized water. This solution 

was used to impregnate 0.5 g of silica (Cariact Q-50, BET specific surface area 80 m2'g, 

	

30 	mean pore diameter 50 nm, particle size 75-150 pm, Fuji Silysia Corporation). After 

impregnation, the material was dried at 120°C for two hours, then reduced under a flow of 
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6% H2 in argon at 300°C for two hours. After cooling, the material was passivated under a 

flow of 0.5% 02  in nitrogen for 15 minutes. The resultant material, containing a 3 wt% Pt 

loading, was used for catalytic activity testing, as described in Example 11, without any 

further pretreatment. 

5 

EXAMPLES 3 AND 4  

Preparation of Heterogeneous Oxidation Catalyst (2.5 wt% Pt/silica and 4 wt% Pt/silical  

Heterogeneous oxidation catalysts were prepared as described in Example 2 except 

that 0.204 ml of Pt(NH3)4(OH)2  solution (containing 62.8 mg Pt/m1) and 0.546 ml of 

10 	deionized water, was used to prepare heterogeneous oxidation catalysts with platinum 

loadings of 2.5 wt% (Example 3) and 0.205 ml of Pt(NH3)4(OH)2 solution (containing 101.8 

mg Pt/m1) and 0.42 ml de-ionized water were used to prepare catalyst with a platinum 

loading of 4 wt% (Example 4). The resultant materials were used for catalytic activity 

testing as described in Example 11. 

15 

EXAMPLE 5  

Preparation of Heterogeneous 	Catalyst 3 wt% N/Zr0 

A metal precursor solution was first prepared by mixing 0.152 ml of a solution of 

Pt(NH3)4(OH)2 (containing 101.8 mg Pt/rill) with 0.048 ml of deionized water. This solution 

20 	was used to impregnate 0.5 g Zr02 (SZ31163, BET specific surface area 55 m2/g, bimodal 

pore size distributions with mean pore diameters of 16 and 60 nm, particle size < 150 

Saint Gobain). After impregnation, the material was dried at 120°C for 2 hours and then 

reduced under a flow of 6% H2 in argon at 300°C for 2 hours. After cooling, the material was 

passivated under a flow of 0.5% 02  in nitrogen for 15 minutes. The resultant material, 

25 	containing a 3 wt% Pt loading, was used for catalytic activity testing, as described in 

Example 11, without any further pretreatment. 

EXAMPLE 6  

Preparation of Heterogeneous Oxidation Catalyst  (4 wt% Pt/Zr02,1  

30 	The heterogeneous oxidation catalyst was prepared as described in Example 5 except 

0.205 ml of the same Pt(NH3)4(OH)2  solution was used to prepare a material with a platinum 
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loading of 4 wt%. The resultant material was used for catalytic testing as described in 

Example 11. 

EXAMPLE 7  

	

5 	 Preparation of Hetero enemnOxicCatalyst (3 wt% Pt/A1 0 

A metal precursor solution was first prepared by mixing 0.152 ml of a solution of 

Pt(NH3)4(OH)2  (containing 101.8 mg Pt/m1) with 0.298 ml of deionized water. This solution 

was used to impregnate 0.5 g A1203  (SA 31132, BET specific surface area 55 m2/g, bimodal 

with mean pore diameters of 25 and 550 nm, particle size <150 pm, Saint Gobain). After 

	

10 	impregnation, the material was dried at 120°C for 2 hours. Finally, the material was reduced 

under flow of 6% H2 in argon at 300°C for 2 hours. After cooling, the material was 

passivated under a flow of 0.5% 02  in nitrogen for 15 minutes. The resultant material, 

containing a 3 wt% Pt loading, was used for catalytic activity testing, as described in 

Example 11, without any further pretreatment. 

15 

EXAMPLE 8  

Preparation of Heterogeneous 	Catal, st (4 wt% Pt/AI20al  

The heterogeneous oxidation catalyst in this example was prepared in the manner 

described in Example 7, except that 0.205 ml of the same Pt(NH3)4(OH)2 solution and 0.245 

	

20 	ml of de-ionized water were used to prepare a metal precursor solution that was used to 

prepare material with a platinum loading of 4 wt%. The resultant material was used for 

catalytic activity testing as described in Example 11. 

EXAMPLES 9 and 10  

	

25 	 Preparation of Heterogeneous Oxidation Catalysts 

(2 wt% Pt, 1 wt% Au /silica: 1 wt% Pt, 2 wt% Au/silica)  

A metal precursor solution was first prepared by mixing 0.018 ml of a solution of 

PtONO3  (containing 100 mg Pt/m1) with 0.009 ml of a solution of (NH4)2Au02 (containing 

100 mg Au/ml) and 0.09 ml of deionized water (Example 9), and correspondingly mixing 

	

30 	0.009 ml of the PtONO3  solution (containing 100 mg Pt/m1) with 0.018 ml of (NH4)2Au02 

solution (containing 100 mg Au/ml) and 0.09 ml deionized water (Example 10). Each 
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solution was used to impregnate 0.1 g of silica (Cariact Q-50, particle size 75-150 gm, 

specific surface area 80 m2/g, mean pore diameter 50 nm, Fuji Silisia Corporation). After 

impregnation, material was reduced under flow of 6% H2 in argon at 350 °C for 3 hours. 

After cooling, the material was passivated under a flow of 0.5% 02  in nitrogen for 15 

	

5 	minutes. The resultant materials, containing a 2 wt% Pt loading and a 1 wt% Au loading 

(Example 9) and containing a 1 wt% Pt, 2 wt% Au loading (Example 10) were used for 

catalytic activity testing, as described in Example 11, without any further pretreatment. 

EXAMPLE 11  

	

10 	 Catalyst Performance Assay and Production of FDCA Pathway Products  

Catalyst testing was conducted within I ml glass vials housed in a 96-well insert 

situated in a high pressure high throughput reactor. See Diamond, G. M., Murphy, V., 

Boussie, T. R., in Modern Applications qf High Throughput R&D in Heterogeneous 

Catalysis, (eds, Hagemeyer, A. and Volpe, A. Jr. Bentham Science Publishers 2014, Chapter 

	

15 	8, 299-309); see also US 8,669,397, both of which are incorporated herein by reference. 20 

mg of each catalyst was placed into the reactor along with 0.8 ml of a 0.5 M HMF solution 

prepared in a 4:1 (v/v) dioxane:H20 mixture (this corresponds to 6 wt% of HMF). The 1 ml 

reaction vials within the insert were each covered with a Teflon sheet, a silicon mat and a 

steel gas diffusion plate each containing pin-holes to enable gas entry. The insert was placed 

	

20 	within a pressure vessel which was leak tested under nitrogen pressure. The atmosphere 

within the reactor was then replaced by oxygen and the reactor was heated to 90°C and 

shaken at 500 rpm for 20 hours, and at 200 psig oxygen pressure. After the reaction was 

completed, the shaking was stopped and the reactor was cooled down to room temperature. 

Samples were prepared for HPLC analysis by sampling from each reactor and diluting the 

	

25 	sample by a factor of 200 with a 4:1 dioxane:H20 mixture. Reaction products were 

hydroxymethylfurancarboxylic acid (HtvIFCA), formylfurancarboxylic acid (FFCA), 

diformylfuran (DFF) and FDCA. The results are shown in Table 1. 
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Table 1. Catalyst Composition and Performance. 

Example BET 
. 

•;: 
older 

Support 
... 

•
:Mg Oi 

:0 

_ 

:0 
_ 	el l 
_  _ 

2 75 50 nm Si02  3 0 0 0 1 91 

3 75 50 nm Si02 4 0 0 0 2 81 

4 75 50 nm Si02 2.5 0 0 0 4 85 

5 55 Bimodal 
16 nin & 
60 nm 

Zr02  3 0 0 0 31 52 

6 55 Bimodal 
16 nm & 
60 nm 

ZrO2 4 0 0 0 21 56 

7 55 Bimodal 
25 nm & 
550 nm 

A1203  3 0 0 0 32 37 

8 55 Bimodal 
25 nm & 
550 nm 

A1203  4 0 0 0 30 36 

9 75 50 nm Si02 2 .1 0 0 30 43 

10 
75 50 nm Si02  1 2 2 .10 40 10 

At the relatively low metal loadings reported above, the BET specific surface areas of the 

	

5 	solid support materials are believed to remain unchanged in the formulated heterogeneous 

oxidation catalyst. 

EXAMPLE 12 

Preparation and Testing of Carbon-Supported Catalysts  

	

10 	An aqueous solution (0.10 ml) containing 10 mg/ml Au added in the form of 

Me4NAuO2  and 20 mg/ml Pt added in the form of PtO(NO3) was added to carbon black 

powder (100 mg) of Cabot Monarch 570. The mixture was agitated to impregnate the carbon 

black support and was dried in a 70°C oven overnight under a dry air purge. The sample was 

then reduced at 350°C under forming gas (5% H2 and 95% N2) atmosphere for 2 hours with 

	

15 	5°C/min temperature ramp rate. The final catalyst was composed of ca. 1.0 wt% Au and 2.0 

82 



Cabot Monarch 120 23 28 90C°/20h 3.0 wt% Pt 82 
Cabot Monarch 280 30 18 90°C/20h 3.0 wt% Pt 88 

Cabot Monarch 280 
30 18 

90°C/20h 
1.0 wt% Au 
2.0 wt% Pt 

60 

Cabot Monarch 570 102 14 90°C/20h 3.0 wt% Pt 84 

Cabot Monarch 570 
102 14 

90°C/20h 
1.0 wt% Au 
2.0 wt% Pt 

68 

Cabot Monarch 700 181 12 90°C/20h 3.0 wt% Pt 81 

Cabot Monarch 700 
181 12 

90°C/20h 
1.0 wt% Au 
2.0 wt% Pt 

73 

Sid Richardson SC159 231 13 90°C/20h 3.0 wt% Pt 70 
Timcal Ensaco 150G 47 14 90°C/20h 3.0 wt% Pt 82 
Timcal Ensaco 250G 64 14 90°C/20h 3.0 wt% Pt 79 
Cabot Monarch 120 23 28 110°C/411 3.0 wt% Pt 65 

WO 2017/123763 	 PCT/US2017/013197 

wt% Pt. By using other carbon black and adjusting amount of Au and Pt in solution, 

different catalysts with various Au and Pt loadings on a variety of commercial carbon black 

powders or particles from extrudates were prepared in a similar manner. The compositions 

for these catalysts are listed in Table 2, hereinbelow. 

	

5 	These catalysts were tested for hydroxymethylfurfural (HMF) oxidation using the 

following testing protocol. Catalyst (10 mg) was weighed into a glass vial insert followed by 

addition of an aqueous HMF solution (250 Al of 0.50 M or 6.0 wt% in 1,4-dioxane:water (4:1 

v/v)). The glass vial insert was loaded into a reactor and the reactor was closed. The 

atmosphere in the reactor was replaced with oxygen and pressurized to 200 psig at room 

	

10 	temperature. The reactor was heated to 110°C and maintained at the respective temperature 

for 4 hours, or 90°C and maintained at the respective temperature for 20 hours, while the vial 

was shaken. After that, shaking was stopped and reactor was cooled to 40°C. The pressure 

in the reactor was then slowly released. The glass vial insert was removed from the reactor 

and centrifuged. The solution was diluted with 1,4-dioxane: water (4:1 v/v) and analyzed by 

	

15 	HPLC with a UV detector to determine the yield of 2,5-furandicarboxylic acid (FDCA). The 

results are presented in Table 2. 

Table 2. Catalyst Composition and Performance. 
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Cabot Monarch 280 30 18 110°C/4h 3.0 wt% Pt 73 
Cabot Monarch 570 102 14 110°C/4h 3.0 wt% Pt 62 
Cabot Monarch 700 181 12 110°C/4h 3.0 wt% Pt 67 
Timcal Ensaco 150G 47 _ 14 110°C/4h 3.0 wt% Pt 71 
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EXAMPLE 13  

Crystallization of FDCA from a Multi-component Solvent Comprising Water and an Aprotic  

Organic Solvent  

	

5 	0.5 g FDCA was weighed into 2 vials with magnetic stirrers. In Vial 1, 3 ml H2O and 

2 ml glyme were added. In Vial 2, 2 ml H2O and 3 ml glyme was added. Insoluble milky 

white suspensions formed at room temperature. The vials were heated with stirring to 140°C 

in an oil bath. The suspension in Vial 1 turned into a clear solution with full apparent FDCA 

solubility at —130°C. The suspension in Vial 2 turned into a clear solution with full apparent 

	

10 	FDCA solubility at —110°C. As the temperature of the clear solutions were slowly reduced to 

room temperature, FDCA crystallized to produce purified FDCA. 

Description of Analytical Method  

The analytical instrumentation used in the following examples was a Thermo 

	

15 	Scientific Dionex Ultimate System fitted with a Thermo Scientific Hypercarb 3µm 3x50 mm 

analytical column and a 3000 RS Variable Wavelength UV/Vis Detector. 

EXAMPLE 14  

Preparation of 40 g Heterogeneous Oxidation Catalyst (3.0 wt.% Pt /carbon)  

	

20 	A metal precursor solution was first prepared by mixing 5.64 ml of a solution of 

platinum nitrate (containing 219 mg Pt/ml from Heraeus Group) and 94.4 ml of deionized 

water. This solution was used to impregnate 40.0 g of carbon powder (Continental N234 

carbon black powder, BET surface area 117 m2/g, average pore diameter 14 nm). After 

impregnation, the material was dried at 100°C for 3 hours and then reduced under a flow of 

	

25 	5% H2 in nitrogen at 350°C for 3 hours with 5°C/min temperature ramp rate. After cooling, 
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200 91.1 90 
65wINDME/ 
35wt.V-120 

1.1 	90.0 8.00 	120 
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the material was passivated under a flow of 0.5% 02  in nitrogen for 15 minutes. The 

resultant material, containing a 3.0 wt.% Pt loading, was used for catalytic activity testing as 

described in Example 15, without any further pretreatment. 

	

5 	 EXAMPLE 15  

Testing of Carbon-Supported Catalyst in Parr Pressure Reactor 

Catalyst testing was conducted in a 300 ml Parr stainless steel autoclave pressure 

reactor. Catalyst was weighed (e.g., 8.00 g of 3.0 wt.% Pt / Continental N234 carbon black 

powder) and placed into reactor, along with a substrate HMF (5-(hydroxymethyl)furfural) 

	

10 	solution (100 g 6.0 wt.% prepared in either a 65wt.% DME/35wt.% H2O solvent mixture or a 

60wt.% 1,4-Dioxane/40wt.% H2O solvent mixture). The reactor was assembled and a 

magnetic drive coupled stirrer was attached. 

The reactor was pressurized with process gas (02) to desired pressure with stirring 

(1000 rpm) at ambient temperature, followed by heating to target temperature and holding at 

	

15 	that temperature for the planned reaction time. After the ascribed reaction time, the reactor 

was cooled with stirring lowered to ca. 200 rpm, and vented slowly at 30°C. 

Dimethyl sulfoxide (DIvISO) was added to the reactor for the first step dilution. After 

stirring for ca. 30 min, the product solution was centrifuged and further diluted with de-

ionized water for HPLC analysis. 

	

20 	The reaction products were 5-Hydroxymethyl-furan-2-carboxylic acid (1-11v1FCA), 

2,5-Furandicarboxaldehyde (DFF), 5-Formylfuran-3-carboxylic acid (FFCA), and 2,5-

Furandicarboxylic Acid (FDCA). Each of above products as well as any remaining HMF 

was quantified through a calibration curve for each analyte by plotting the relative 

concentration vs. the relative detector response of calibration standard samples and fit to a 

	

25 	parabolic expression. Results are summarized in Table 3. 

Table 3. Catalyst Performance in Parr Pressure Reactor. 
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3 8.00 1 250 90 
65wt.%DME/

10 
35wt.%H20 

4.9 91.3 96.2 

4 8.00 110 250 120 
60wt.%Dioxane/ 

40w0Y0H20 
2.7 92.4 95.1 

Mass balance represent the sum of the mol% yields of HMF, HMFCA, DFF, FFCA and 

FDCA. 

	

5 	 EXAMPLE 16 

Preparation and Testing of a Variety of Carbon-Supported Catalysts  

An aqueous solution (0.60 ml) containing 10 mg/ml Pt in the form of platinum nitrate 

was added to carbon black powder (200 mg), and the resultant material was agitated to 

impregnate the supports. The samples were then dried in an oven at 70°C overnight, and 

	

10 	reduced at 350°C under a forming gas (5% H2 and 95% N2) atmosphere for 3 hours with 

5°C/min temperature ramp rate to produce catalyst with a composition of 3.0 wt.% Pt. By 

using other carbon black supports, Pt precursors, and adjusting amount of Pt in solution, 

different catalysts with various Pt loadings on a variety of commercial carbon black powders, 

particles from extrudates, or extrudates can be prepared in a similar manner. 

	

15 	 These catalysts were tested for 5-(Hydroxymethyl)furfural (HMF) oxidation using the 

following testing protocol. Catalyst (10 mg) was weighed into a 1 ml glass vial insert 

followed by addition of an HMF solution (250 µI of 6.0 wt.% or 0.50 M in 23wt.% 

Diglyme/77wt.% H20). The glass vial insert was loaded into a reactor and the reactor was 

closed. The atmosphere in the reactor was replaced with oxygen and pressurized to 200 psig 

	

20 	at ambient temperature. The reactor was heated to 110°C and maintained at the respective 

temperature for 3 hours while the vial was shaken. After that, shaking was stopped and 

reactor was cooled to 40°C. Pressure in the reactor was then slowly released. The glass vial 

insert was removed from the reactor and centrifuged. The solution was diluted with dimethyl 

sulfoxide (DMSO) followed by 1,4-dioxane : water (2:1 v/v) and analyzed by HPLC with a 

	

25 	UV detector to determine the yield of 2,5-furandicarboxylic acid (FDCA). Results are 

presented in Table 4. 
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Orion Arosperse 15 9 66 

Asbury A99 19 44 

Orion Lamp Black 101 20 82 

Cabot Monarch 120 80 

Cabot Monarch 280 30 82 

Asbury 5375R 30 77 

Asbury 5365R 34 81 

Asbury 5345 37 80 

Continental N550 38 80 

Continental N120 39 80 

Arosperse 5-183A 42 79 

Timcal Ensaco 150G 47 77 

Timcal Ensaco 250G. 56 80 

Timcal Ensaco 260G 63 79 

Asbury 5348R 65 80 

Asbury 5358R 67 81 
Orion N330 76 78 

Continental N330-C 77 80 
Cabot Monarch 570 102 77 
Orion HiBlack 40B2 109 58 

Continental N234 117 81 
Orion Arosperse 138 120 74 

Sid Richardson Ground N115 128 70 
Sid Richardson SC419 136 76 

Sid Richardson Ground SR155 146 63 
Orion HP-160 158 59 

Aditya Birla CDX-KU 167 63 
Aditya Birla CSCUB 169 64 
Cabot Monarch 700 181 65 

Orion Hi-Black 50 LB 183 69 
Aditya Birla R2000B 187 67 
Orion Hi-Black 50 L 193 73 

Asbury 5302 211 68 
Asbury 5303 219 65 

Cabot Vulcan XC72 231 62 

Sid Richardson SC159 231 51 
Orion Hi-Black 600 L 235 70 
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Table 4. Catalyst Performance. 
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Carbon SuPPort 

Aditya Birla R2500UB 247 46 
Orion Printex L 6 250 54 

Asbury 5379 271 52 
Asbury 5368 303 68 

Aditya Birla R3500B 320 60 

Orion Color Black FW 2 350 61 
Aditya Birla R5000U2 583 61 

Cabot Norit Darco 12x20L1 592 12 

Orion Color Black FW 255 650 58 

Timcal Ensaco 350G 770 31 
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EXAMPLE 17  

Testing of Carbon-Supported Powder Catalysts in a Variety of Solvent Compositions  

A. selection of above catalysts were tested for 5-(Hydroxymethyl)furfural (HMF) 

	

5 	oxidation with very similar testing protocol by using 10 mg 3.0 wt.% Pt on carbon black 

powder (prepared from platinum nitrate) in an HMF solution (250 µI of 6.0 wt.% or 0.50 M 

in a variety of solvent mixtures of water with DME, 1,4-dioxane and diglyme). The glass 

vial insert was loaded into a reactor and the reactor was closed. The atmosphere in the 

reactor was replaced with oxygen and pressurized to 200 psig at ambient temperature. The 

	

10 	reactor was heated to 110°C and maintained at the respective temperature for 3 hours while 

the vial was shaken. After that, shaking was stopped and reactor was cooled to 40°C. The 

pressure in the reactor was then slowly released. The glass vial insert was removed from the 

reactor and centrifuged. The solution was diluted with dimethyl sulfoxide (DM SO) followed 

by 1,4-dioxane : water (2:1 v/v) and analyzed by HPLC with a UV detector to determine the 

	

15 	yield of 2,5-furandicarboxylic acid (FDCA). The results are presented in Table 5. 

Table 5. Powder Catalyst Performance in Various Solvent Compositions 

C4i.biiisi :54.000. 
c. 

.SblVerif 
, 

Asbury 5358R 67 50wt.% DME/50wt.% H20 81 
Asbury 5375R 30 50wt% DME/50wt.% H20 72 

Cabot Monarch 280 30 50wt.% DME/50wt.% H2O 79 
Continental N234 117 50wt.% DME/50wt.% H2O 81 
Continental N330 77 50wt.% DME/50wt.% H20 81 
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aibiiii 'viii •:.:.:.:.:.:. H.: 	H..: . : .....: ...: . : . : . : . : . : . 
•,,, _. -. 

• - _• -  

Orion Arosperse 5-183A. 42 50wt.% DME/5Owt.% H2O 79 

Orion Lamp Black 101 20 5Owt.% DME/50wt.% H2O 81 

Timcal Ensaco 2500 56 SOwt.% DME/SOwt.% H20 80 

Asbury 5358R 67 9Owt.% DME/IOwt.% H2O 51 

Asbury 5375R. 30 90wt.% DME/lOwt.% H20 31 
Cabot Monarch 280 30 90wt.% DME/lOwt.% H,0 50 

Continental N234 117 9Owt.% DME/lOwt.% H20 50 

Continental N330 77 90wt.% DME/lOwt.% H2O 54 

Orion Arosperse 5-183A 42 90wt.% DME/lOwt.% H2O 50 

Orion Lamp Black 101 20 90wt.% DME/lOwt.% H2O 51 
Timcal Ensaco 2500 56 90wt.% DME/lOwt.% H2O 50 

Asbury 5358R 67 SOwt.% Dioxane/SOwt.% 1420 73 

Asbury 5375R 30 SOwt.% Dioxane/SOwt.% 14,0 60 

Cabot Monarch 280 30 SOwt.% Dioxane/50wt.% H2O 73 

Continental N234 117 501.vt. )̀/ Dioxanel5Owt.% H2O 71 
Continental N330 77 50wt. )̀/ Dioxanel5Owt.% H2O 74 

Orion Arosperse 5-183A 42 50wt.% Dioxane/5Owt.% H20 72 

Orion Lamp Black 101 20 5Owt.% Dioxane/SOwt.% H20 74 

Timcal Ensaco 2500 56 SOwt.% Dioxane/50wt.% H2O 76 

Asbury 5358R. 67 82wt.% Dioxane/18wt.% H2O 53 

Asbury 5375R 30 82wt.% Dioxane/18wt.% H2O 30 

Cabot Monarch 280 30 82wt.% Dioxane/18wt.% H2O 54 

Continental N234 117 82wt.% Dioxane/18wt.% H2O 48 

Continental N330 77 82wt.% Dioxane/18wt.% 1-120 52 

Orion Arosperse 5-183A 42 82wt.% Dioxane/18wt.% 1-120 48 

Orion Lamp Black 101 20 82wt.% Dioxane/18wt.% 1420 53 

Timcal Ensaco 250G 56 82wt.% Dioxane/18wt.% H2O 50 

Asbury 5358R 67 23wt.% Dielyme/77wt.% H2O 75 

Asbuiy 5375R 30 23wt.% Diglyme/77wt.% H2O 73 

Cabot Monarch 280 30 23wt.% Diglyme/77wt.% H2O 77 

Continental N234 117 23wt.% Diglyme/77wt.% 1-120 75 

Continental N330 77 23wt.% Diglyme/77wt.% 1-120 77 
Orion Arosperse 5-183A 42 23wt.% Diglyme/77wt.% H2O 76 

Orion Lamp Black 101. 20 23wt.% Diglyme/77wt.% H2O 79 

Timcal Ensaco 2500 56 23wt.% Diglyme/77wt.% H2O 76 

Asbury 5358R 67 SOwt.% Diglyme/50wt.% H2O 75 
Asbury 5375R 30 SOwt.% Diglyme/50wt.% H2O 68 

Cabot Monarch 280 30 SOwt.% Diglyme/50wt.')/O H20 73 

Continental N234 117 SOwt.% Diglyme/SOwt.% H2O 74 
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Continental N330 77 50w-t.% .Diglyme/50« t 	I 1 0 74 

Orion Arosperse 5-183A 42 50w-t.% Diglyme/50wL.',. 	1-0 73 
Orion Lamp Black 101 20 50wt.% Diglyme/50wt.°/01 I ,0 74 
Timcal Ensaco 250G 56 50wt.°10 Diglyme/50wt.% 1120 73 

EXAMPLE 18  

Preparation and Testing of Carbon-Based Extrudate Catalysts in a Variety of Solvent 

Mixtures  

	

5 	An aqueous solution (0.25 ml) containing 60 mg/ml Pt in the form of platinum nitrate 

was added to carbon extrudates (average 3 mm length and 0.75 mm diameter, 500 mg, 

prepared as described in WO 2015/168327, which is incorporated herein by reference), and 

the resultant material was agitated to impregnate the supports. The samples were then dried 

in an oven at 100°C for 3 hours, and reduced at 350°C under a forming gas (5% H7 and 95% 

	

10 	N2) atmosphere for 3 hours with 5°C/min temperature ramp rate to produce catalyst with a 

composition of 3.0 wt.% Pt. By using other carbon-based extrudate supports, Pt precursors, 

and adjusting the amount of Pt in solution, different catalysts with various Pt loadings on a 

variety of carbon-based extrudate supports were prepared in a similar manner. 

Above catalysts were tested for 5-(Hydroxymethyl)furfural (HMF) oxidation with a 

	

15 	very similar testing protocol by using 15 mg 3.0 wt.% Pt on extrudates of average 3 mm 

length and 0.75 mm diameter in an HMF solution (250 1.d of 6.0 wt.% or 0.50 M in a variety 

of solvent mixtures of water with DME, 1,4-dioxane, diglyme, triglyme, tetraglyme and 

higlyme). The glass vial insert was loaded into a reactor and the reactor was closed. The 

atmosphere in the reactor was replaced with oxygen and pressurized to 200 psig at ambient 

	

20 	temperature. The reactor was heated to 120°C and maintained at the respective temperature 

for 2 hours while the vial was shaken. After that, shaking was stopped and reactor was 

cooled to 40°C. Pressure in the reactor was then slowly released. The glass vial insert was 

removed from the reactor and centrifuged. The solution was diluted with dimethyl sulfoxide 

(DMSO) followed by 1,4-dioxane : water (2:1 v/v) and analyzed by HPLC with a UV 

	

25 	detector to determine the yield of 2,5-furandicarboxylic acid (FDCA). The results are 

presented in Table 6. 
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Table 6. Extrudate Catalyst (average 3 mm length and 0.75 mm diameter) Performance in 

Various Solvent Mixtures. 

Catb6tstippot 
iiiti 

17‘. 
5 1 cnt. 

, rn 	• 

fnical Ensaco 2500 123 50wt.% DiolKalle/50Wt.?/0H20 65 

Orion Arosperse 5-183A 91 SOwt.% Dioxane/50wt.% H20 59 

Continental N120 98 50wt.% Dioxane/50wt.% H20 52 

Continental N234 137 50wt.% Dioxanet5Owt.% H2O 39 

Continental N330 115 50wt.% Dioxane/50wt.% H2O 59 

Continental N550 88 50wt.% Dioxane/50wt.% H2O 56 

Timcal Ensaco 250G 123 50wt.% Diglyine/50wt.% H2O 62 

Orion Arosperse 5-183A 91 50wt.% Diglvine/5Owt.% H2O 24 

Continental N234 137 50wt.% Diglyme/50wt.% H2O 24 

Continental N330 115 50wt.% Diglyme/5Owt.% H2O 43 

Timcal Ensaco 250G 123 50wt.% Triglyme/5Owt.% H20 38 

Timcal Ensaco 250G 123 SOwt.% Tetraglyme/50wt.% H.,0 18 

Timcal Ensaco 250G 123 50wt.% Higlyme/50wt.% H2O 16 

EXAMPLE 19  

	

5 	Testing of Carbon-Supported Powder Catalysts in a Variety of Solvent Mixtures  

5, 10, 15, or 20 mg 3.0 w-t.% Pt on Continental N234 carbon black powder (prepared 

from platinum nitrate) was tested for 5-(Hydroxymethyl)furfural (HMF) oxidation using a 

very similar testing protocol to Example 5 in an HMF solution (250 µI of 6.0 wt.% or 0.50 M 

in a variety of solvent mixtures of water and 1,4-dioxane with different ratios). The glass 

	

10 	vial insert was loaded into a reactor and the reactor was closed. The atmosphere in the 

reactor was replaced with oxygen and pressurized to 200 psig at ambient temperature. The 

reactor was heated to 110°C and maintained at the respective temperature for 3 hours while 

the vial was shaken. After that, shaking was stopped and the reactor was cooled to 40°C. 

Pressure in the reactor was then slowly released. The glass vial insert was removed from the 

	

15 	reactor and centrifuged. The solution was diluted with dimethyl sulfoxide (DMSO) followed 

by 1,4-dioxane : water (2:1 v/v) and analyzed by HPLC with a UV detector to determine the 

yield of 2,5-furandicarboxylic acid (FDCA). Results are presented in Table 7. 
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Table 7. Powder Catalyst Performance in Various Dioxane/I170 Solvent Mixtures. 

Npp 
...............,........,,,,-,- 	.,,.;. 
riCHA'Nlelia 	.,'.•.''' .....„.:.....,.....,.....„.:.....,...,.....,...,.....:. 

5 100wt.% Dioxane 0 

10 100wt.% Dioxane 3 

15 100wt.% Dioxane 7 

20 100wt.°/110 Dioxane 11 
5 90wt.% Dioxane/lOwt.% H2O 14 

10 90wt.% DioxanellOwt.% H2O 38 

15 90wt.% Dioxane/lOwt.% H2O 54 

20 90wt.% DioxanellOwt.% H2O 64 

5 80wt.% Dioxane/20wt.°,../0 H20 24 

10 80wt.% Dioxane/20wt.% H20 56 

15 80wt.% Dioxane/20wt.°,../0 H20 72 

20 80wt.% Dioxane/20wt.% H20 81 

5 70wt.% Dioxane/30wt.°/0 H20 34 

10 70wt.% Dioxane/30wt.% H2O 65 

15 70wt.% Dioxane/30wt.°2O H2O 79 

20 70wt.% Dioxane/30wt.% H2O 84 

5 60wt.% Dioxane/40wt.°2O H2O 37 

10 60wt.% Dioxane/40wt.% H2O 74 

15 60wt.% Dioxane/40wt.% H2O 84 

20 60wt.% Dioxane/40vvt.% H2O 88 

5 SOwt.% Dioxane/50wt.% H2O 43 

10 SOwt.% Dioxane/SOwt.% H2O 76 

15 SOwt.% Dioxane/50wt.% H2O 87 

20 50wt.% Dioxane/50wt.% H2O 89 

5 40wt.% Dioxane/6Owt.% H2O 46 

10 40wt.% Dioxane/GOwt.% H2O 79 

15 40wt.% Dioxane/6Owt.% H2O 89 

20 40wt.% Dioxane/GOwt.% H2O 91 

5 20wt.% Dioxane/80wt.% H20 55 

10 20wt.% Dioxane/80wt.°,../0 H20 84 

15 20wt.% Dioxane/80wt.% H20 87 

20 20wt.% Dioxane/80wt.°,../0 H20 86 

5 100wt.°,../0[120 68 

10 100wt.%1I20 82 

15 100wt.$'-OH20 82 

20 100wt.%1I20 79 
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EXAMPLE 20 

Testing of Carbon-Supported Extrudate Catalysts  

10 or 20 mg 2.0 wt.% Pt on Continental N234 carbon black extrudates (average 

	

5 	length 3 mm and diameter 1.5 mm or 0.75 mm prepared from PtO(NO3)) was tested for 5- 

(Hydroxymethyl)furfural (HMF) oxidation using a very similar testing protocol in an HMF 

solution (250 µI of 6.0 wt.% or 0.50 M in a 50wt.%Dioxane/50wt.% H20). The glass vial 

insert was loaded into a reactor and the reactor was closed. The atmosphere in the reactor 

was replaced with oxygen and pressurized to 100, 200, or 400 psig at ambient temperature. 

	

10 	The reactor was heated to 120°C and maintained at the respective temperature for 2 hours 

while the vial was shaken. After that, shaking was stopped and reactor was cooled to 40°C. 

Pressure in the reactor was then slowly released. The glass vial insert was removed from the 

reactor and centrifuged. The solution was diluted with dimethyl sulfoxide (DMSO) followed 

by 1,4-dioxane : water (2:1 v/v) and analyzed by HPLC with a UV detector to determine the 

	

15 	yield of 2,5-furandicarboxylic acid (FDCA). The results are presented in Table 8. 

Table 8. Extrudate Catalyst Performance in 50wt.% Dioxane/50wt.% H2O Solvent Mixtures. 

*Mg 	mei ;::Pressure:::.::. .:_:Caah .. iiiiiiiiiM 	' Tiii6M) 
0.75 100 10 35 
0.75 100 20 67 
1.5 100 10 25 
1.5 100 20 48 

0.75 200 20 76 

1.5 200 20 77 
0.75 400 10 55 
0.75 400 20 76 
1.5 400 10 49 

1.5 400 20 77 

EXAMPLE 21  

20 	 Testing of Carbon-Supported Extrudate Catalysts  

20 mg 2.0 wt.% or 3.0wt.% Pt on carbon black extrudates (average length 3 mm and 

diameter 1.5 mm or 0.75 mm prepared from PtO(NO3)) was tested for 5-(Hydroxymethyl)- 
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furfural (HMF) oxidation using very similar testing protocol in an HMF solution (250 gl of 

6.0 wt.% or 0.50 M in a 50wt.% Dioxane/50wt.% H20). The glass vial insert was loaded 

into a reactor and the reactor was closed. The atmosphere in the reactor was replaced with 

oxygen and pressurized to 200 psig at ambient temperature. The reactor was heated to 120°C 

	

5 	and maintained at the respective temperature for 2 hours while the vial was shaken. After 

that, shaking was stopped and the reactor was cooled to 40°C. The pressure in the reactor 

was then slowly released. The glass vial insert was removed from the reactor and 

centrifuged. The solution was diluted with dimethyl sulfoxide (DMSO) followed by 1,4-

dioxane : water (2:1 v/v) and analyzed by HPLC with a UV detector to determine the yield of 

	

10 	2,5-furandicarboxylic acid (FDCA). The results are presented in Table 9. 

Table 9. Extrudate Catalyst Performance in 50wt.% Dioxane/50wt.% H2O Solvent Mixtures. 

Orion Lamp Black 
101 

20 87 0.75 I() 2.0 30 

Asbury 5365R 34 92 0.75 18 2.0 12 

Continental N550 38 88 0.75 21 2.0 67 

Continental N120 39 98 0.75 19 2.0 68 

Orion Arosperse 5- 
183A 

42 91 0.75 20 2.0 69 

Continental N330 77 115 0.75 38 2.0 76 

Continental N234 117 137 0.75 54 2.0 75 

Cabot Monarch 700 181 177 0.75 53 2.0 75 

Norit ROX 0.8 
(Activated Carbon) 

1323 1323 0.75 24 2.0 42 

Orion Lamp Black 
101 

20 87 0.75 10 3.0 37 

Asbury 5365R 34 92 0.75 18 3.0 45 

Continental N550 38 88 0.75 21 3.0 61 

Continental N120 39 98 0.75 19 3.0 59 

Orion Arosperse 5- 
183A 

42 91 0.75 20 3.0 66 

Continental N330 77 115 0.75 38 3.0 76 

Continental N234 117 137 0.75 54 3.0 79 

Cabot Monarch 700 181 177 0.75 53 3.0 77 

Norit ROX 0.8 1323 1323 0.75 24 3.0 41 
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EXAMPLE 22  

Testing of Carbon-Supported Powder and Extrudate Catalysts in N-Methyl-2- 

	

5 	 Pvrrolidone/H70 Solvent Compositions 

10 or 20 mg 3.0 wt.% Pt on Continental N234 carbon black powder (prepared from 

platinum nitrate) or extrudates (average length 3 mm and diameter 1.5 mm or 0.75 mm 

prepared from PtO(NO3)) was tested for 5-(Hydroxymethyl)furfural (}IMF) oxidation using 

very similar testing protocol in an HMF solution (250 gl of 6.0 wt.% or 0.50 M in a solvent 

	

10 	mixture of N-Methyl-2-PyiTolidone (NMP) and H20). The glass vial insert was loaded into a 

reactor and the reactor was closed. The atmosphere in the reactor was replaced with oxygen 

and pressurized to 200 psig at ambient temperature. The reactor was heated to 110°C and 

maintained at the respective temperature for 3 hours while the vial was shaken. After that, 

shaking was stopped and the reactor was cooled to 40°C. The pressure in the reactor was 

	

15 	then slowly released. The glass vial insert was removed from the reactor and centrifuged. 

The solution was diluted with dimethyl sulfoxide (DMSO) followed by 1,4-dioxane : water 

(2:1 v/v) and analyzed by HPLC with a UV detector to determine the yield of 2,5-

furandicarboxylic acid (FDCA). The results are presented in Table 10. 

	

20 	Table 10. Powder and Extrudate Catalyst Performance in NMP/H2 0 Solvent Mixtures. 

dift iiiiii 
. 

m of 

100wt.% NMP Powder 10 1 
98wt.% NMP/2wt.% H2O Powder 10 1 
95wt.% NMP/5wt.% H2O Powder 10 1 

90wt.% NMP/lOwt.% H2O Powder 10 4 

85wt.% NMP/15wt.% H2O Powder 10 , 

80wt.4310 NMP/20wt.% H2O Powder 10 15 
7Owt.% NMP/30wt.% H2O Powder 10 ..) 1' 
6Owt.% NMP/40wt.% H2O Powder 10 32 
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1 , aly4:,:,. 
mcqm(vtv 

# 

5Owt.% NMP/50wt.% H2O Powder 10 42 
40wt.% NMP/60wt.% H2O Powder 10 44 
20wt.% NMP/80wt.% H2O Powder 10 44 

100wt.% H2O Powder 10 80 
100wt.% NMP Powder 20 1 

98wt.% NMP/2wt.% H2O Powder 20 2 
95wt3-O NMP/Swt.% H2O Powder 20 4 

90wt.% NMP/lOwt.$'-i) H2O Powder 20 13 
85wt.% 'NMP/15wt.% H2O Powder 20 22 
80wt.% NMP/20wt.$'-i) H20 Powder 20 32 
70wt.% NMP/30wt.% H2O Powder 20 51 
6Owt.% NMP/40wt.% H2O Powder 20 57 
50wt.%1•IMP/50wt.% H2O Powder 20 66 
40wt.% NMP/60wt.% H2O Powder 20 66 
20wt.% NMP/80wt.% H2O Powder 20 71 

100wt.% H2O Powder 20 78 
100wt.% NMP 0.75 mm x 3 mm 20 10 

98wt.% NMP/2wt.% H2O 0.75 mm x 3 mm 20 11 
95wt.% 'NMP/5wt.% H2O 0.75 mm x 3 mm 20 11 
90wt.% 'NMP/lOwt.% H2O 0.75 mm x 3 mm 20 12 
85wt.% NMP/15wt.% H2O 0.75 mm x 3 mm 20 14 
80wt.% NMP/20wt.% H2O 0.75 mm x 3 mm 20 16 
70w010 NMP/30wt.% H2O 0.75 mm x 3 mm 20 22 
60wt.% NMP/40wt.% H2O 0.75 mm x 3 mm 20 32 
50w010 NMP/50wt.% H2O 0.75 mm x 3 mm 20 36 
40wt.% 'NMP/60wt.% H2O 0.75 mm x 3 mm 20 46 
20wt.% NMP/80wt.°2O H2O 0.75 mm x 3 mm 20 51 

100wt.$'-i) H2O 0.75 mm x 3 mm 20 79 

EXAMPLE 23  

FDCA Solubility Studies in Various Solvent Compositions 

A series of samples containing various amounts of FDCA and mixed solvent 

5 

	

	compositions were prepared in sealed pressure ampules (typically containing 2 - 5 g material 

(FDCA and solvent composition)). For example, 200 mg MCA, 900 mg NMP, and 900 mg 

de-ionized water were added to an 8 mL glass vial with a stir bar inside, corresponding to a 
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'A solubility 

NMP 50 50 2.5 

NMP 50 50 100 14.5 

NMP 50 50 120 19.5 

NMP 35 65 23 0.5 

NMP 35 65 100 9.0 
NMP 35 65 120 13.5 

NMP 20 80 23 0.3 

NMP 20 80 100 4.0 

NMP 20 80 120 7.5 
But0H 50 50 100 7.0 

BulOH 75 25 100 7.5 

MEK 25 75 100 5.5 

MEK 90 10 100 4.0 

gamma-valerolactone 25 75 100 4.0 

gamma-valerolactone 50 50 100 7.0 

gamma-valerolactone 75 25 100 6.5 

WO 2017/123763 	 PCT/US2017/013197 

mixture containing 10 wt% FDCA. Other samples corresponding to different wt% FDCA 

samples in various mixed solvent compositions were prepared in a similar manner. These 

vials were sealed and heated at a desired temperature for ca. 60 minutes with stirring, and 

samples were then visually inspected to determine if FDCA had totally dissolved (a clear 

5 	solution represented dissolution of the FDCA, while a cloudy solution suggested incomplete 

dissolution). The reported FDCA solubility in Table 11 represents the maximum wt% FDCA 

that can be dissolved in the given solvent composition using this testing method. 

Table 11. FDCA. Solubilities in Various Solvent Compositions. 

10 	 EXAMPLE 24  

FDCA Solubilit in Various Dioxane/H 0 and DME/H 0 Solvent Compositions at Different 

Temperatures  

A protocol similar to that described in Example 23 was used to generate solubility 

data for FDCA in various Dioxane/H20 and DME/H20 solvent compositions. The results for 
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Dioxane/H20 solvent compositions are shown in Figure 12. The results for DME/H20 

solvent compositions are shown in Figure 13. 

EXAMPLE 25  

	

5 	 Conversion of fructose to HMF using I-113r in NMP  

Analytical Conditions 

Fructose remaining was quantified by HPLC using a Rezex RCU-USP column (Ca72  

form, 4 x 250 mm, 8µm) and a refractive index detector (RID). Fructose was eluted 

isocratically with a mobile phase of H2O. 

	

10 	Isomeric forms of difructose anhydrides, collectively referred to as intermediates, 

were quantified by HPLC using a Thermo Scientific Hypercarb column (3 x 50 mm, 3 gm) 

and a Charged Aerosol Detector (CAD). Intermediates were eluted by employing a mobile 

phase gradient of up to 15% CH3CN in H2O containing 0.1 % TFA. 

5-Hydroxymethylfurfural (HMF) was quantified by HPLC with UV detection at 254 

	

15 	nm using a Thermo Scientific Hypercarb column (3 x 50 mm, 3µm). HMF was eluted by 

employing a mobile phase gradient of up to 15% CH3CN in H2O containing 0.1 % TFA. 

Fructose and HMF were quantified by fitting to calibration curves generated from 

pure standards. Intermediates were quantified by fitting to a calibration curve generated from 

di-D-fructofuranose-1,2':2,3'-dianhydride (DFA-III). DFA-III was purchased from Wako 

20 Chemicals. 

Screening Conditions 

General Procedure A. For reactions carried out using microwave heating. 

Reaction stock solutions were prepared by first dissolving fructose in N-methyl-2-

pyrrolidone (NMP) and H20. Acid catalyst was added last using either concentrated aqueous 

	

25 	HBr (48 wt%) or concentrated H2SO4  (97 wt%). The final composition of each stock 

solution contained 0.6M fructose, 0.1M acid, and 2.0M H2O. 

Reactions were carried out using a Biotage Initiator Microwave reactor. The wattage 

output of the reactor was varied by the instrument in order to maintain a target temperature. 

Microwave vials, equipped with a magnetic stir bar, were charged with 3g of stock solution 

	

30 	and sealed. 

General Procedure B. For reactions carried out using conventional heating. 
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Reaction stock solutions were prepared by first dissolving fructose in N-methyl-2-

pyrrolidone (NMP) and I-120. Acid catalyst was added last using either concentrated aqueous 

HBr (48 wt%) or concentrated HCI (37 wt%). Each stock solution prepared contained 0.6M 

fructose. Acid and H2O concentration was varied for these experiments. The concentrations 

	

5 	tested are listed below in Tables 13 and 14. 

Reactions were carried out in 8 mL glass vials using conventional heating with 

magnetic stirring. Reaction vials, equipped with a magnetic stir bar, were charged with 3g of 

stock solution and sealed. Vials were placed in a pre-heated aluminum block set to the 

desired temperature. 

	

10 	Example 25.1: Comparison of HBr and H2SO4  as catalyst using General Procedure A. 

Conditions tested along with results are listed in Table 12 and depicted graphically in 

Figure 14. These results show that a higher yield of I-IMF can be achieved using IlBr as 

catalyst compared to H2SO4. The yield of HMF was not sensitive to a change in reaction 

temperature within the range of 120 --- 160°C. 

	

15 	Table 12. Conditions tested and results using General Procedure A. 

t, t titt 	ta. 
...,, 

::: 
- 	4 	g 

0:::000 )i 

, 
:i 	, IMF ..:::::::::::, 

1 HBr 120 5 93.3 81.9 87.8 
2 HBr 120 10 95.9 83.8 87.4 
3 HBr 120 20 98.6 83.6 84.8 
4 HBr 140 1 94.9 82.9 87.3 
5 HBr 140 2 98.3 83.9 85.3 
6 HBr 140 4 99.3 84.3 84.9 
7 I-IBr 160 0.5 99.3 84.1 84.6 
8 HBr 160 1 99.6 84.8 85.1 
9 I-ifir 160 2 100 83.9 83.9 
10 II 2S0.4 120 10 71.2 63.6 89.4 
11 H2SO4  120 30 85.2 74.7 87.7 
12 H2SO4  120 50 89.2 76.1 85.4 
13 H2SO4  140 2 79.9 70 87.6 
14 H2SO4  140 5 87.6 76 86.7 
15 H2SO4 140 10 92.8 78.3 84.4 
16 1-12SO4  160 1 88.4 77.1 87.2 
17 H2SO4  160 2 94.5 79.7 84.4 
18 1-12SO4  160 4 97.8 81.8 83.6 

"Does not include ramp time to target temperature. 

2  % Conversion = 100 (% Fructose + % Intermediates). 
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3  Selectivity = (% HMF / %Conversion)*100. 

Example 25.2: Comparison of HBr and HC1 as catalyst at 120°C using General Procedure 

B. 

Conditions tested along with results are listed in Table 13 and depicted graphically in 

5 	Figure 15. These results show that higher HMF yield can be achieved using HBr as catalyst 

compared to HC1. 

Table 13. Results of conditions tested at 120°C using General Procedure B. 

...... 
„ 

I   e  
I HBr 0.06 0.29 30 94.6 83.4 88.2 
2 1-IBr 0.06 0.29 30 93.3 83.1 89.1 
3 11Br 0.06 0.29 60 97.8 85.0 87.0 
4 11131-  0.06 0.29 60 97.5 85.8 88.0 
5 1-113r 0.06 0.29 90 98.2 85.3 86.9 
6 FIBr 0.06 0.29 90 98.6 85.1 86.2 
7 HBr 0.06 2 30 93.9 82.2 87.6 
8 HBr 0.06 2 60 96.7 85.5 88.4 
9 HBr 0.06 2 90 97.2 85.2 87.7 
10 HCl 0.045 0.29 30 90.1 73.1 81.1 
11 HC1 0.045 0.29 60 93.9 73.8 78.6 
12 HCI 0.045 0.29 90 95.2 74.3 78.0 
13 HC1 0.045 2 30 92.3 74.8 81.1 
14 HCI 0.045 2 60 95.3 76.2 79.9 
15 HCI 0.045 2 90 95.9 76.7 79.9 
% Conversion = 100 - (% Fructose + % Intermediates). 

2  Selectivity = (% HMF / %Conversion)*100. 

10 	Example 25.3: Comparison of 100°C and 120°C reaction temperature using General 

Procedure B. 

Conditions tested along with results are listed in Table 14 and depicted graphically in 

Figure 16. These results show an increase in HMF yield when the reaction temperature is 

reduced from 120°C to 100°C. 

15 

Table 14. Results of conditions tested using General Procedure B. 

wn 	- a 3 	::::: 
..,,  

VI : 

1 0.12 0.58 100 18 86.8 80.8 93.2 
2 0.12 0.58 100 27 88.1 82.6 93.7 
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Entry -A4  
( ' 

. 
1Ira wig 

Time 
(min) 	f. 

E 0, 
. 	i  

Conversion HIF 
. 

3 0.12 0.58 100 36 90.2 84.1 93.2 
4 0.12 0.58 100 57 93.0 85.6 92.0 
5 0.14 0.68 100 60 94.8 86.9 91.7 
6 0.14 0.68 100 75 95.7 87.6 91.5 
7 0.14 0.68 100 90 96.5 87.6 90.8 
8 0.14 2 100 25 87.4 81.9 93.8 
9 0.14 2 100 35 91.7 84.3 92.0 
10 0.14 2 100 45 91.7 85.3 93.0 
11 0.14 2 100 65 93.9 86.0 91.6 
12 0.16 4 100 37 88.9 82.2 92.5 
13 0.16 4 100 53 91.8 84.5 92.1 
14 0.2 4 100 60 93.9 86.0 91.5 
15 0.16 4 100 70 93.4 85.6 91.7 
16 0.2 4 100 75 95.0 86.5 91.0 
17 0.16 4 100 90 94.4 87.1 92.3 
18 0.2 4 100 90 95.5 87.6 91.8 
19 0.06 l 	0.29 120 30 94.6 83.4 88.2 
20 0.06 0.29 120 30 93.3 83.1 89.1 
21 0.06 0.29 120 60 97.8 85.0 87.0 
22 0.06 0.29 120 60 97.5 85.8 88.0 
23 0.06 0.29 120 90 98.2 85.3 86.9 
24 0.06 0.29 120 90 98.6 85.1 86.2 
25 0.06 2 120 30 93.9 82.2 87.6 
26 0.06 2 120 60 96.7 85.5 88.4 
/7  0.06 2 120 90 97.2 85.2 87.7 
% Conversion 100 - (% Fructose .-F- % Intermediates). 

2  Selectivity = (% HMF / %Conversion)*100. 

While preferred embodiments of the disclosure have been illustrated and described, it 

5 	will be appreciated that various changes can be made therein without departing from the 

spirit and scope of the disclosure. 
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Claims 

1. A process for producing a 2,5-furandicarboxylic acid (FDCA) pathway product 

from a furanic oxidation substrate, the process comprising: 

	

5 	 (a) 	contacting an oxidation feedstock comprising a furanic oxidation substrate 

and an oxidation solvent with oxygen in the presence of a heterogeneous oxidation 

catalyst under conditions sufficient to form a reaction mixture for oxidizing the furanic 

oxidation substrate to an FDCA pathway product, and producing the FDCA pathway 

product, 

	

10 	 wherein the oxidation solvent is a multi-component solvent comprising water and 

a water-miscible aprotic organic solvent, 

wherein no base is added to the reaction mixture during contacting step (a), 

wherein the heterogeneous oxidation catalyst comprises a solid support and a 

noble metal, and 

	

15 	 wherein the solid support comprises a plurality of pores and a specific surface 

area in the range of from or any number in between 20 m2/g to 500 m2/g. 

2. The process of claim 1, wherein the noble metal is selected from the group 

consisting of platinum, gold, and a combination thereof. 

3. The process of claim 1, wherein the water-miscible aprotic organic solvent is 

	

20 	selected from the group consisting of tetrahydrofuran, a glyme, dioxane, a dioxolane, 

dimethylformamide, dimethylsulfoxide, sulfolane, acetone, N-methyl-2-pyrrolidone ("NMP"), 

methyl ethyl ketone ("MEK"), and gamma-valerolactone; 

and, if the water-miscible aprotic organic solvent is a glyme, then the glyme is selected 

from the group consisting of a monoglyme (1,2-dimethoxyethane), ethyl glyme, diglyme 

	

25 	(diethylene glycol dimethyl ether), ethyl diglyme, triglyme, butyl diglyme, tetraglyme, and a 

polyglyme. 

4. The process of claim 1, wherein the oxidation feedstock comprises the furanic 

oxidation substrate at a concentration of at least 5% by weight. 

5. The process of claim 1, wherein the heterogeneous oxidation catalyst comprises 

	

30 	the metal at a loading in the range of from or any number in between 0.3% to 5% by weight of 

the heterogeneous oxidation catalyst. 
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6. The process of claim 1, wherein the solid support comprises a material selected 

from the group consisting of a metal oxide, a carbonaceous material, a polymer, a metal silicate, 

a metal carbide, and any combination of two or more thereof. 

7. The process of claim 1, wherein the solid support comprises a specific surface 

	

5 	area in the range of from or any number in between 25 m2/g to 350 m2/g. 

8. The process of claim 1, wherein the solid support comprises a pore volume 

wherein at least 50% of the pore volume is from pores having a pore diameter in the range of 

from or any number in between 5 nm to 100 nm. 

9. The process of claim 1, wherein the oxygen is present at a molar ratio of 

	

10 	oxygen:furanic oxidation substrate in the range of from or any number in between 2:1 to 10:1. 

10. The process of claim 1, wherein the contacting step is carried out at a temperature 

in the range of from or any number in between 50°C to 200°C. 

11. The process of claim 1, wherein the FDCA pathway product is produced at a yield 

of at least 80%. 

	

15 	12. 	The process of claim 1, further comprising a second oxidation step, wherein the 

second oxidation step comprises: 

(b) 	contacting a second oxidation feedstock comprising a second furanic oxidation 

substrate and a second oxidation solvent with oxygen in the presence of a second heterogeneous 

oxidation catalyst under conditions sufficient to form a second reaction mixture for oxidizing the 

	

20 	second furanic oxidation substrate to produce a second FDCA pathway product, and producing 

the second FDCA pathway product, 

wherein (the first) contacting step (a) produces a first FDCA pathway product that is an 

FDCA pathway intermediate compound, either alone or together with FDCA, 

wherein the second furanic oxidation substrate is the first FDCA pathway product, 

	

25 	wherein the second reaction mixture is substantially free of added base, and 

wherein the second heterogeneous oxidation catalyst comprises a second solid support 

and a second noble metal, that may be the same or different from the (first) noble metal in step 

(a), and 

wherein the second solid support comprises a plurality of pores and a specific surface 

	

30 	area in the range of from or any number in between 20 m2/g to 500 m2/g. 
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13. The process of claim 12, wherein the noble metal is selected from the group 

consisting of platinum, gold, and a combination thereof. 

14. The process of claim 1, wherein the FDCA pathway product is FDCA. 

15. The process of claim 1, further comprising: 

	

5 	(a°) 	prior to step (a), contacting a carbohydrate feedstock comprising a sugar and a 

dehydration solvent with a catalyst under conditions sufficient to form a reaction mixture for 

dehydrating the sugar to produce the furanic oxidation substrate, wherein the furanic oxidation 

substrate is present in a dehydration product solution that comprises the furanic oxidation 

substrate and the dehydration solvent. 

	

10 	16. 	A process for producing a furanic oxidation substrate, the process comprising: 

contacting a carbohydrate feedstock comprising a sugar and a dehydration solvent with 

an acid catalyst under conditions sufficient to form a dehydration reaction mixture for 

dehydrating the sugar to produce a furanic oxidation substrate, wherein the acid catalyst is an 

acid selected from the group consisting of HBr, H2SO4, HNO3, HCI, HI, H3PO4, triflic acid, 

	

15 	methansulfonic acid, benzenesulfonic acid, and p-toluene sulfonic acid, 

wherein when the acid catalyst is not HBr, the dehydration reaction mixture further 

comprises a bromide salt, and 

wherein the dehydration solvent comprises N-methyl-pyrrolidone (NMP). 

17. The process of claim 16, wherein the sugar is fructose and the furanic oxidation 

	

20 	substrate is HMF. 

18. The process of claim 16, further comprising contacting the carbohydrate 

feedstock comprising the sugar and the dehydration solvent with the acid catalyst and ZnC12  or 

ZnBr2  under conditions sufficient to form a dehydration reaction mixture for dehydrating the 

sugar to produce a furanic oxidation substrate. 

	

25 	19. 	The process of claim 1, wherein the solid support comprises a specific surface 

area in the range of from or any number in between 20 m2/g to 50 m2/g. 

20. The process of claim 19, wherein the solid support comprises a specific surface 

area in the range of from or any number in between 20 m2/g to 40 m2/g. 

21. The process of claim 4, wherein the water-miscible aprotic organic solvent is a 

30 glyme. 
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22. The process of claim 21, wherein the water-miscible aprotic organic solvent is 

1,2-dimethoxyethane ("DME"). 

23. The process of claim 21, wherein the water-miscible aprotic organic solvent is 

diglyme. 

	

5 	24. 	The process of claim 3, wherein the water-miscible aprotic organic solvent is 

dioxane. 

25. The process of claim 3, wherein the water-miscible aprotic organic solvent is 

NMP. 

26. The process of claim 3, wherein the water-miscible aprotic organic solvent is 

10 MEK. 

27. The process of claim 1, wherein the weight percent ratio of water-miscible aprotic 

organic solvent:water is in the range of from or any number in between 70:30 to 20:80. 

28. The process of claim 27, wherein the weight percent ratio of water-miscible 

aprotic organic solvent:water is in the range of from or any number in between 60:40 to 40:60. 

	

15 	29. 	The process of claim 16, wherein the contacting step is carried out at a 

temperature of less than 110°C. 
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