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Process for the preaparation of 2,5-furan-dicarboxylic acid.

2,5-Furandicarboxylic acid and methyl acetate are prepared in a continuous process, comprising

- introducing a 5-methoxymethylfurfural-containing feedstock, an oxygen-containing gas, an oxidation
catalyst and an acetic acid-containing solvent into a reactor;

- allowing 5-methoxymethylfurfural to react with oxygen and acetic acid in the presence of the
oxidation catalyst to yield 2,5-furandicarboxylic acid as main product and methyl acetate;

- withdrawing 2,5-furandicarboxylic acid-containing product from the reactor and recovering
2,5-furandicarboxylic acid product; and

- withdrawing a vaporous stream containing methyl acetate from the reactor.

® 6

Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de techniek en
schriftelijke opinie. Het octrooischrift komt overeen met de oorspronkelijk ingediende stukken.
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PROCESS FOR THE PREPARATION OF 2,5-FURAN-DICARBOXYLIC ACID

The present invention relates to a process for the preparation of 2,5-furan-dicarboxylic
acid, more in particular to a process for the preparation of 2,5-furan-dicarboxylic acid by the
oxidation of methoxymethyl furfural. The oxidation is conducted in the presence of an
oxidation catalyst and by means of an oxidizing gas. The oxidation takes place in a solvent.

Recently there has been a growing interest in 2,5-furan-dicarboxylic acid (‘FDCA”) as
an alternative monomer for the preparation of polyesters, polyamides, plasticizers and the
likes. FDCA is obtainable from hydroxymethyl furfural, which can be produced from
carbohydrates. In this way FDCA forms a biobased renewable alternative to other diacids,
such a terephthalic acid, for the preparation of condensation polymers, such as polyethylene
terephthalate.

The oxidation of hydroxymethyl furfural (“HMF”) is known from WO 2010/132740. This
document discloses the batch-wise oxidation of HMF in the presence of an oxidation catalyst
comprising cobalt, manganese and bromide. Products of such oxidation include FDCA. The
document further teaches that when an alkoxymethyl furfural is used as feedstock, the
product is predominantly the mono-ester of FDCA. This is exemplified by the oxidation of
butoxymethyl furfural, which yields 5-(butoxycarbonyl)furan-2-carboxylic acid as the main
product.

In WO 2011/043660 a batch process is described wherein a 5-alkoxymethylfurfural or
a 2,5-(dialkoxymethyl)furan is oxidized with an oxidizing gas in the presence of an oxidation
catalyst. The catalyst comprises cobalt, manganese and bromide. In the examples
methoxymethyl furfural and ethoxymethyl furfural are used as feedstock. The reaction product
in the examples is a mixture of FDCA and the mono-ester of FDCA, wherein FDCA is the
predominant product.

WO 2012/161967 discloses an oxidation process of a starting material that may be
HMF, an ether of HMF or an ester of HMF with an oxidizing gas and a catalyst system
comprising cobalt, manganese and bromine at a temperature of 100 to 220°C. The process
may be conducted in a continuous mode, e.g. in a bubble column. The experiments in this
document confirm the results of the reaction in WO 2011/043660, in that the oxidation of
ethoxymethyl furfural in a semi-batch process yields a mixture of FDCA and the mono-ethyl
ester of FDCA, wherein the predominant product is FDCA. The mono-ethyl ester of FDCA is
considered an undesired by-product. Another contaminant that was found is 5-formyl-furan-2-
carboxylic acid. The document further discloses in an embodiment that the product of the
oxidation may be separated into a low impurity slurry stream which is subjected to a
secondary oxidation. It is observed that care should be taken about the amount of oxygen fed

to the secondary oxidation since there exists a risk of burning the organic molecules to CO,.
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The three prior art documents, i.e., WO 2010/132740, WO 2011/043660 and WO
2012/161967, all disclose that the oxidation reactions take place in a solvent. The most
commonly used solvent is acetic acid or glacial acetic acid.

The experiments have been conducted in batch mode or semi-batch mode. None of
the prior art documents refer to volatile impurities. It is believed that any volatile organic
compound has been oxidized to CO,, as indicated in WO 2012/161967. Therefore, no
problem seems to occur regarding volatile by-products.

The present inventors have now found that when the oxidation of methoxymethyl-
furfural is conducted in a continuous process and in the presence of an acetic acid-containing
solvent and an oxidation catalyst, there is a tendency for methyl acetate to be formed. This
problem has not been recognized in the prior art, but it may become an important issue in
commercial continuous processes. It has now surprisingly been found that the yield of FDCA
from methoxymethyl furfural can be optimized and the occurrence of impurities can be
minimized if in a continuous process a methyl acetate-containing vaporous stream is
withdrawn from the reactor wherein the reaction takes place.

Accordingly, the present invention provides a continuous process for the preparation
of 2,5-furandicarboxylic acid and methyl acetate, comprising
- introducing a 5-methoxymethylfurfural-containing feedstock, an oxygen-containing gas, an
oxidation catalyst and an acetic acid-containing solvent into a reactor;

- allowing 5-methoxymethylfurfural to react with oxygen and acetic acid in the presence of the
oxidation catalyst to yield 2,5-furandicarboxylic acid as main product and methyl acetate;

- withdrawing 2,5-furandicarboxylic acid-containing product from the reactor and recovering
2,5-furandicarboxylic acid product; and

- withdrawing a vaporous stream containing methyl acetate from the reactor.

By the withdrawal of the vaporous stream not only methyl acetate is withdrawn from
the reaction mixture, but also methanol that is liberated in the oxidation reaction is withdrawn
at the same time. This has the advantage that the valuable by-product of methyl acetate is
not wasted or combusted by any further oxidation but is available for subsequent recovery.
Surprisingly it has been found that the withdrawal of the vaporous stream will also lead to the
reduced combustion of methanol and the reduced formation of methyl bromide. The
withdrawn vaporous stream containing methyl acetate may also comprise some of the water
that is formed in the esterification reaction of methanol with acetic acid.

In this context reference is made to US 8242292 that discloses the oxidation of HMF
to FDCA. In the reaction water is formed and water vapor and acetic acid are removed from
the reaction. The water is subsequently caught by a dehydration agent to absorb water and
acetic acid is recycled to the reaction. It is evident that in this process no methyl acetate is
formed. In addition, in the oxidation of HMF to FDCA no volatile organic products are formed

that may be combusted to CO,. Also in this patent document the experiments have been
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conducted in a batch mode. Therefore, the skilled person would not get any suggestion from
US 8242292 that a problem could arise in a continuous process using methoxymethyl furfural
(“MMPF”) as starting material.

The skilled person will understand that the continuous process does not require that
necessarily the withdrawal of the vaporous stream and/or the FDCA-containing product is
also done continuously. Although it is preferred to perform the withdrawal of both the
vaporous stream and the FDCA-containing product continuously, it is also possible to
withdraw the vaporous stream and FDCA-containing product intermittently. The continuous
process according to the present invention merely requires that the starting materials, i.e. the
feedstock, the acetic acid-containing solvent and the oxygen-containing gas are introduced
continuously into the reactor. Even the catalyst may be added intermittently.

It is evident that the starting materials may be added as separate streams. However, it
is also feasible to combine one or more of the starting materials in a combined stream. Such
is especially advantageous for the feedstock and the acetic-acid-containing solvent. The thus
combined stream may further comprise the catalyst. The oxygen-containing gas is typically
introduced as a separate stream.

The feedstock contains 5-methoxymethyl furfural. The feedstock may also contain
other furan components. A suitable furan compound that may be contained in the feedstock is
5-hydroxymethyl furfural. The amount of 5- hydroxymethyl furfural may be up to 20%wt,
based on the feedstock. Suitably, the feedstock consists for 50 to 100%wt, in particular from
90 to 100%wt of 5-methoxymethyl furfural.

The feedstock is typically dissolved in the acetic acid-containing solvent. In this way
the transportation of both the solvent and the feedstock becomes easy. The acetic acid-
containing solvent may range from glacial acetic acid to aqueous solutions of acetic acid.
Preferably, the acetic acid-containing solvent is glacial acetic acid, since this facilitates the
esterification reaction of liberated methanol to methyl acetate without water formation. Since
methyl acetate is more difficult to oxidize to CO, than methanol, the formation of methyl
acetate minimizes the oxidation of methanol to CO,. In this way valuable methyl acetate can
be recovered. In practice, the acetic acid-containing solvent comprises some water, e.g. from
1 to 15%wt, preferably from 2 to 6 %wt water, based on the weight of the solvent. Since a
part of the methanol is withdrawn in the vaporous stream together with methyl acetate, this
part is not available for the esterification to methyl acetate with concurrent water formation.
Moreover, since it has been withdrawn it cannot be oxidized to CO, and water. In this way,
the amount of water in the reaction mixture is tolerable so that not all water that is formed or
is present in the reaction mixture needs to be removed. At the same time the relative amounts
of water and acetic acid will be relatively low, so that the amount of solvent in the reactor may

be easily kept more or less constant. Methanol that is being withdrawn may be recovered and
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be used in the process, e.g. in the manufacture of 5-(methoxymethyl)furfural from
carbohydrates.

The relative amount of 5-(hydroxymethyl)furfural that is being introduced into the
reactor suitably ranges from 2 to 50%wt, based on the combined weight of the feedstock,
catalyst and solvent. Higher relative amounts of 5-(methoxymethyl)furfural may lead to
products in such high solids concentration that it may cause transportation problems in
subsequent steps. At concentrations below 2%wt, the process becomes commercially
unattractive.

It has been found that the oxidation takes place readily when an oxidizing gas,
comprising free oxygen is being used. The concentration of oxygen in the oxidizing gas may
vary between wide ranges. It is therefore feasible to use substantially pure oxygen. The
potential drawback of using such a concentrated oxygen stream resides in the risk of the
formation of explosive mixtures. It is therefore advantageous to use gas comprising less
oxygen. At very low oxygen concentrations in the oxidizing gas, e.g., at 1 to 3 %vol, based on
the volume of the oxygen-containing gas, a negative effect on the oxidation is achieved. The
oxygen level may be below the oxygen concentration in air. The oxidizing gas preferably
comprises from 6 to 22 %vol of oxygen, based on the volume of the oxygen-containing gas.
This may be prepared by depleting air from oxygen or by partial air separation and using air
or an oxygen-lean air stream. In this way the oxygen-containing gas comprises sufficient
oxygen to ensure a smooth oxidation, whereas it is relatively easy to ascertain that the
oxygen concentration in the vaporous stream is kept below a level, e.g. at a level of at most
10 or 8 %vol, based on the volume of the vaporous stream, where explosive mixtures can be
formed. It is most preferred to use air. It is understood that the concentration of the oxygen is
taken at the introduction of the oxygen-containing gas into the reactor. It is evident that the
oxygen concentration is reduced during the oxidation reaction. That preferably results in an
outlet concentration of oxygen in the range of 1 to 10 vol%, preferably 1 to 5 vol%, based on
the volume of the vaporous stream that is being withdrawn from the reactor.

The catalyst is preferably a similar catalyst to those that have been used in the
reactions according to WO 2010/132740, WO 2011/043660 and WO 2012/161967. That
means that the oxidation catalyst preferably comprises at least one metal selected from the
group consisting of cobalt and manganese, more preferably comprises both cobalt and
manganese. The oxidation catalyst that comprises both cobalt and manganese preferably
contains cobalt and manganese in an atomic ratio ranging from 1:1 to 100:1. It has appeared
that it is advantageous that the atomic amount of cobalt exceeds that of manganese. The
metals are suitably added as a salt that dissolves in the acetic-acid containing solvent.
Suitable salts are the acetate salts, since in this way no unnecessary other anions are being
introduced into the reactor. Moreover, as the present process is a continuous process the

cobalt and/or manganese components may become available in the form of the acetate salts,
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e.g. via a recycle of acetic acid solvent. In such a case the catalyst components are also
suitably added in the form of their acetate salts. However, also the halide salts are feasible,
especially the bromide salts. Alternatively, the anion may suitably be the furan-dicarboxylate
ion. Also in this way, no extraneous ions are introduced into the reaction mixture.

Such is particularly the case when the catalyst comprises a source of bromide. As
disclosed in the prior art documents WO 2010/132740, WO 2011/043660 and WO
2012/161967 the oxidation catalysts preferably contain a source of bromide. The source can
be a salt, such as the bromide salt of an alkali metal or alkaline earth metal, in particular
sodium bromide, but also hydrobromic acid can be used. The use of the latter has preference,
since during the conducting of the reaction there may be losses of bromide, e.g. in the form of
methyl bromide, as indicated in WO 2012/161967. In such cases there may be a build-up of
residual sodium ions. That is avoided when hydrobromic acid is used. Bromide may also be
introduced via recycle of acetic acid. The amount of the source of bromide is preferably
selected such that the atomic ratio of cobalt and manganese exceeds that of bromide. That
would mean that the atomic ratio of (Co + Mn) > Br.

Although excellent oxidation results are obtainable with the use of a catalyst that
comprises cobalt, manganese and optionally bromide, the catalyst may comprise one or more
further catalytically active metals. Such metals include metals selected from the group
consisting of zirconium, cerium, nickel, molybdenum, hafnium, zinc, chromium, ruthenium,
iron and mixtures thereof.

The catalyst amounts may be selected within wide ranges. Typically, the amount of
cobalt is selected in the range of 500 to 6000 ppm by weight, based on the weight of the
feedstock, solvent and oxidation catalyst. The amount of manganese, if used, may optionally
be selected as a similar or smaller amount, typically in the range from 20 to 6000 ppm by
weight, based on the weight of the feedstock, solvent and oxidation catalyst. As indicated
above, the amount of bromide in moles is preferably at most equal to the amount of cobalt
and manganese together. Typically, the bromide concentration would be from 30 to 8000,
preferably 50 to 4500 ppm by weight of bromide, based on weight of the feedstock, solvent
and catalyst.

The oxidation process according to the present invention can be carried out in one
reactor. Any continuous reactor that allows the introduction of the feedstock, solvent, oxygen-
containing gas and catalyst and the separate withdrawal of a vaporous stream and the
withdrawal a FDCA-containing product can be used. Such includes the use of a bubble
column as suggested in WO 2012/161967. Preferably, the reactor is a continuous stirred tank
reactor. This reactor enables a continuous introduction of the starting materials and at the
same time allows for an easy withdrawal of the vaporous stream. By means of an overflow, or

by an outlet in a side wall or the bottom of the reactor the FDCA-containing product can
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conveniently be withdrawn. Hence the use of the continuous stirred tank reactor is very
advantageous.

The process according to the present invention may be conducted in one reactor.
Most preferably, the reaction would be led to completion in one reactor. However, in practice
this would require a very long residence time. Therefore, the person skilled in the art would
have to accept an incomplete conversion if the residence time is set at a reasonable duration.
Typically, the residence time in one reactor is set at such a value that not all starting material
has been converted. This may especially be the case in the use of a continuous stirred tank
reactor (CSTR) wherein continuously starting material is introduced. Since it is generally
desired to convert as much feedstock as possible it is advantageous to conduct the process
of the present invention in a plurality of reactors in series. The number of reactors can be
selected on the basis of the level of conversion in each of the reactors. Generally, when more
than one reactor is used, the number of reactors suitably ranges from two to five. In such a
process using more than one reactor, the 5-methoxymethylfurfural-containing feedstock is
preferably introduced into the first reactor and at least part of the 2,5-furandicarboxylic acid-
containing product that is withdrawn from any reactor is used as feedstock for the subsequent
reactor, the 2,5-furandicarboxylic acid-containing product that is withdrawn from the last
reactor being recovered. When more than one reactor is used, the reactors are preferably
also continuous stirred tank reactors.

In accordance with the present process a vaporous stream containing methyl acetate
is withdrawn. The vaporous stream may also comprise different volatile compounds. These
compounds include oxygen, that remains after the oxidation reaction, any diluent gases, such
as nitrogen, when air, enriched air or lean air is used as oxidizing gas, carbon dioxide, which
may be included in the oxidizing gas but which may also be formed during oxidation,
methanol that may be formed from 5-methoxymethyl furfural, optionally methyl bromide, that
may be formed from the catalyst component, water and acetic acid that may be entrained by
the vaporous stream. Since the vaporous stream may comprise a number of components, it is
preferred to subject the vaporous stream to one or more treatments to obtain one or more of
the components. Preferably, the vaporous stream containing methyl acetate that is withdrawn
from the reactor is cooled so that part thereof is condensed to form a condensate, and at
least part of the condensate is recycled to the reactor. The cooling of the vaporous stream is
preferably conducted in such a way that the condensate formed mainly comprises acetic acid,
water and methyl acetate. The condensate may be recycled to the reactor, thereby providing
cooling of the reaction mixture in the reactor. It has further surprisingly been found that it is
advantageous to recycle only part of the condensate to the reactor. The part of the
condensate that is not recycled may vary. Typically, from 10 to 90%wt of the condensate may
be recycled. It has been found that if all condensate is recycled, the water in the condensate

may lead to a build-up of the water concentration in the reactor which leads to a reduced
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selectivity and the increase of the methyl acetate concentration in the reactor may lead to
further oxidation of methyl acetate and enhanced formation of CO,. The part of the
condensate that is not recycled may conveniently be subjected to purification. Especially
when acetic acid is comprised in this part of the condensate, it may be economically attractive
to recover the acetic acid. Since the condensate may also comprise some methyl acetate,
this part of the condensate may preferably be combined with the part of the vaporous stream
that is not condensed and subjected to separation, or purification or both. The non-condensed
part of the vaporous stream that contains methyl acetate, is preferably, optionally together
with a part of the condensate, at least partly subjected to methyl acetate recovery. Suitably all
of the non-condensed part of the vaporous stream is subjected to methyl acetate recovery.
The recovery of methyl acetate may be carried out in a variety of ways and in a number of
stages. Hence, it is feasible to first cool the vaporous stream such that certain gaseous
compounds, notably, oxygen, nitrogen and carbon dioxide, are first separated e.g. by flash
distillation. In the same or a different stage the heavier compounds, such as methyl acetate,
acetic acid, and water are separated, e.g. in a fractionation column. If desired, the
compounds separated may be discharged or re-used. The gaseous stream that was first
separated, i.e. comprising oxygen, nitrogen, carbon dioxide, may be subjected to a washing
treatment, e.g. with water, to remove any environmentally unfriendly compounds that may be
comprised in this stream. Subsequently, the gaseous stream may be discharged.

The FDCA-containing product that is withdrawn from the reactor, or in case a plurality
of reactors is used, from the last reactor, is being used to recover FDCA, suitably by
purification. A suitable manner for such recovery has been disclosed in WO 2012/161967.
Such recovery method preferably includes one or more crystallization steps. Subsequently to
the crystallization, the solids, comprising FDCA, may be subjected to one or more filtration
steps. The filtered solids are suitably subjected to purification that comprises one or more
washing steps. The washing step or steps suitably comprise the treatment with one or more
washing liquids, selected from water, acetic acid and mixtures thereof. The washing liquids
may contain water, acetic acid and FDCA. Therefore, the washing liquid or liquids are
subjected to separation of water, and the remainder is at least partly recycled to a reactor. In
this way acetic acid may be reused in the oxidation reaction, and the FDCA can be recovered
as product in the next cycle.

The reaction conditions in the oxidation reaction of the present invention are mild. The
5-methoxymethylfurfural is suitably allowed to react with oxygen in the presence of acetic acid
and the oxidation catalyst at a temperature of 125 to 180 °C and a pressure of 3 to 15 bar.
These reaction conditions are especially mild in comparison to those applied in the processes
of WO 2010/132740 wherein oxygen partial pressures of 27 to 69 bar are applied. It is clear
to the skilled person that the reduced total pressure of 3 to 15 bar will not only be more

economical, but will also facilitate the separation of methyl acetate from the reaction mixture
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in the vapor phase. Since the reaction runs smoothly under these circumstances, the average
contact time in the reactor, or in each reactor, as the case may be, suitably ranges from 5
minutes to 2 hours.

The figure shows a simplified flow scheme of an embodiment of the process according
to the invention wherein two reactors are employed.

The figure shows that a feed comprising 5-methoxymethylfurfural is introduced into a
reactor, here represented as a continuous stirred tank reactor (CSTR) 5, via a line 1. Into the
CSTR 5 also catalyst is introduced via a line 2 and an acetic acid-containing solvent is
introduced via a line 3. It is evident that these starting materials may be introduced into the
CSTR 5 via separate lines, as indicated herein, but that they may also be combined earlier
and be introduced into the CSTR 5 as a combined stream. An oxygen-containing gas, e.g. air,
is supplied via a line 4. The gas is compressed to the desired pressure using a compressor 6
and the stream is subsequently split into a partial stream 4a that is introduced into the lower
part of the CSTR 5. The reactants are allowed to react in the CSTR 5 to form FDCA and
methyl acetate. A vaporous stream containing methyl acetate is withdrawn from the CSTR 5
via a line 7 and passed to a cooling device 8. The cooling device may be any type of cooling
device. Suitable apparatuses include indirect heat exchangers. In the cooling device 8 the
vaporous stream is partly condensed and the condensate is allowed to leave the cooling
device 8 via a line 9. The condensate is the split into a partial stream 10, that is recycled to
the CSTR 5 and a remaining stream 11 for further handling. Via a line 20 a gaseous stream is
withdrawn from the cooling device 8, which gaseous stream comprises methyl acetate, and
the remainder of the oxygen-containing gas. In the case of the use of air, this gaseous stream
comprises nitrogen and some oxygen optionally in addition to some methyl acetate and
methanol. A 2,5-furan-dicarboxylic acid-containing product is withdrawn for the CSTR 5 via a
line 12. The line 12 may be arranged in the lower part of the CSTR 5, e.g. at the bottom, but it
may also be arranged as an overflow of the slurry phase that is being formed in the CSTR 5.
Since the stream in line 12 may comprise some unreacted 5-methoxymethyl furfural it is
passed to a second reactor, in this case another CSTR 13, where the stream is contacted
with an oxygen-containing gas supplied via a line 4b, that is split off from the line 4. Since the
stream in line 12 already comprises acetic-acid-containing solvent and catalyst, the required
reactants are present in the CSTR 13 and the formation of FDCA may be led to virtual
completion. Also from the reaction mixture in the CSTR 13 a vaporous stream is withdrawn, in
this case via a line 15. In a cooling device 16, which may be similar to the cooling device 8,
the stream in line 15 is partly condensed. The condensate is withdrawn via a line 17, and split
into a fraction 18 and a fraction 19. The fraction 18 is recycled to the CSTR 13. To the fraction
in line 19 the content of the line 11 is added and the combined contents are passed via the

line 19 to a rectification column or stripper 24.
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The non-condensed parts of the streams 7 and 15 are withdrawn from the respective
cooling devices 8 and 16 via a line 20 and a line 21, respectively. Although the contents of
both lines 20 and 21 may be treated separately, the contents of line 21 are suitably added to
those of the line 20 and the combined compounds are passed via this line 20 to the
rectification column 21. In the rectification column or stripper 24, gases such as nitrogen,
oxygen, and volatile compounds, such as methanol are separated from the less volatile
compounds, such as methyl acetate, and optionally, acetic acid and water. The gases are
withdrawn via a line 23 for disposal (not shown).

From the rectification column or stripper 24 a methyl acetate-containing product is
withdrawn via a line 22. If desired, the stream in the line 22 may be subjected to further
purification and/or treatment (not shown).

In a way that may be similar to the withdrawal of the stream in the line 12, a product
that mainly comprises FDCA is withdrawn from the CSTR 13 via a line 28. The product in the
line 28 comprises a slurry of solid FDCA in the acetic-acid-containing solvent. In order to
obtain FDCA of a desired purity it may be desirable to subject the product in the line 28 to one
or more crystallization and optionally recrystallization steps. The crystallization step has been
schematically shown in a crystallization vessel 29 from which a first FDCA product in the form
of a slurry is withdrawn via a line 31. The solvent is withdrawn from the vessel 29 via a line
30. The crystallization in the vessel 29 is achieved by cooling and/or depressurizing the
FDCA-containing product in the line 28. The FDCA-containing slurry in the line 31 is
subjected to further crystallization step in a second crystallization vessel 32, achieved by
further cooling and/or depressurizing of the slurry of line 31. The solvent is withdrawn from
this vessel via a line 33. The streams in the lines 30 and/or 33 may be separately or
combined be recovered and returned to the reaction. This may be accomplished after optional
purification or treatment (not shown). A possible treatment is to subject the solvent to a
rectification treatment. This may be carried out separately, but it may also be conducted in the
rectification column or stripper 24. In such a case, the products of the rectification column or
stripper 24 also include acetic acid-containing solvent.

The FDCA that is recovered in the crystallization vessel 32 is withdrawn from the
vessel via a line 34. This may conveniently be done in the form of a slurry. To obtain pure
FDCA the slurry of the line 34 is suitably passed to a filtration unit 35. In the figure only one
filtration unit has been shown. It is evident that several filtration units may be used, if desired.
Solid FDCA s filtered from the solvent. Preferably, one or more washing liquids, such as
water, acetic acid, or an aqueous solution of acetic acid, is used to purify the FDCA even
further. The filtrate, together with the optional washing liquid or liquids, are recovered from the
filtration unit 35 via a line 38 and passed to a fractionation column 39. In the fractionation
column 39 water and methanol, if present, are separated and discharged via a line 40. Acetic

acid in the stream in line 38 is separated from at least part of the water and is withdrawn from
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the fractionation column 39 via a line 41. The contents of line 41 are advantageously, at least
partly, combined with the acetic acid-containing solvent in the line 3, and thus recycled to the
reactants in the CSTR 5.

The purified and washed FDCA is recovered as pure FDCA from the filtration unit 35
via a line 37.

It is understood that the figure represents a schematic flow scheme of one
embodiment of the process according to the invention. Varieties of such process flow
schemes are possible. It is further understood that this schematic flow scheme does not show
all auxiliary equipment, such a compressors, heating and cooling devices, pumps etc. The
skilled person will understand that these are required where the conditions require such
equipment.

The invention will be further illustrated by means of the following Examples

EXAMPLE 1

A 100 L reactor, equipped with a condenser, was loaded with acetic acid and a
catalyst solution. The catalyst solution consisted of water containing 190 g/kg cobalt acetate
tetrahydrate, 181 g/kg manganese acetate tetrahydrate and 113 g/kg hydrobromic acid. The
amount of acetic acid was 52.8 kg and the amount of catalyst was 3.39 kg. The reactor was
heated to 145 °C at a pressure of 18 bar and fed with lean air (8 vol% O,). Subsequently a
continuous feed stream of a solution, comprising 15.6kg methoxymethyl furfural, 0.62 kg of
the above catalyst solution and 63.4 kg acetic acid was fed to the reactor at a rate of 35 kg/hr.
The reactor was kept at a temperature of 145 °C at a pressure of 14 bar. A vaporous stream
was continuously withdrawn from the reactor and passed to the condenser that operated at
20 °C. The condensate was collected and analysed. Non-condensed gas was analysed and
checked for the presence of CO..

After two hours the supply of the feed stream to the reactor was stopped and the
reactor contents analysed. The selectivity results are shown in the Table below. The total
amount of CO, that was produced per mole of MMF is also shown in the Table.

COMPARATIVE EXAMPLE

In a process wherein no vaporous products are withdrawn, the reactor that was also
used in Example 1 was loaded with acetic acid and a catalyst solution. The catalyst solution
was the same as in Example 1. The amount of acetic acid was 52.8 kg and the amount of
catalyst was 3.50 kg. The reactor was heated to the same temperature and pressure as in
Example 1 (viz. 145 °C and 18 bar). Subsequently, a feed stream of a solution, comprising
15.8 kg methoxymethyl furfural, 0.60 kg of the catalyst solution and 8.9 kg acetic acid was fed
to the reactor at a rate of 10 kg/h. Lean air (8 vol% oxygen) was fed to the reactor at 50 kg/h.
The reactor was kept at a temperature of 145 °C at a pressure of 14 bar for 2 hours. Off gas
was analysed for the presence of CO,. Any condensable vapours that escaped from the

reaction mixture were condensed and recycled back to the reactor. For comparison reasons
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the amount of acetic acid was lower than used in Example 1 since in Example 1 acetic acid is
consumed by the formation of methyl acetate and also evaporated in the vaporous stream. In
this experiment and in Example 1 the methoxymethyl furfural addition rate is the same, viz.
about 7 kg/h.

After 2 hours the contents of the reaction mixture was analysed. The selectivity results
are shown in the Table below. The total amount of CO, that was produced per mole of MMF

is also shown in the Table.

Table
Example Selectivity, %mol on solid product Amount CO,,
FDCA FDCAMe FFCA mmol/mol MMF
Example 1 84.2 14.1 0.7 28
Comp. Ex. 83.8 13.3 1.4 40

FDCA = 2,5-furan-dicarboxylic acid; FDCAMe = mono-methyl ester of FDCA; FFCA =
5-formyl-furan-2-carboxylic acid.

From the Table it is apparent that a continuous process, as simulated in Example 1,
results in less CO, and thus produces less losses of reactants than a process wherein no
organic vapours are withdrawn. Moreover, the solid product appears to contain less by-
products. Not only the yield of the mono-methyl ester of FDCA is reduced, but also the
production of the incompletely oxidized FFCA is decreased, resulting is a purer FDCA

product.
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CONCLUSIES

1. Continue werkwijze voor de bereiding van 2,5-furaan-dicarbonzuur en
methylacetaat, omvattend:
- het invoeren van een 5-methoxymethylfurfural-bevattende voeding, een zuurstofbevattend
gas, een oxidatiekatalysator en een azijnzuurbevattend oplosmiddel in een reactor,;
- het laten reageren van 5-methoxymethylfurfural met zuurstof en azijnzuur in aanwezigheid
van de oxidatiekatalysator zodat 2,5-furaandicarbonzuur als belangrijkste product en
methylacetaat worden verkrijgen;
- het afvoeren van 2,5-furaandicarbonzuur-bevattend product uit de reactor en het winnen
van 2,5-furaandicarbonzuur product; en

- het afvoeren van een gasvormige stroom die methylacetaat bevat, uit de reactor.

2. Werkwijze volgens conclusie 1, waarbij de voeding van 2 tot 50 gew.% 5-
methoxymethylfurfural bevat, betrokken op het gewicht van de voeding, katalysator en
oplosmiddel.

3. Werkwijze volgens conclusie 1 of 2, waarbij de voeding verder 5-hydroxymethyl-

furfural bevat.

4. Werkwijze volgens een van de conclusies 1 tot 3, waarbij de voeding tot 20 gew.%

5-hydroxymethylfurfural bevat, betrokken op het gewicht van de voeding.

5. Werkwijze volgens een van de conclusies 1 tot 4, waarbij het zuurstofbevattende
gas dat in de reactor wordt ingevoerd, 6 tot 22 vol.% zuurstof bevat, betrokken op het volume
van het zuurstofbevattende gas.

6. Werkwijze volgens een van de conclusies 1 tot 5, waarbij de oxidatiekatalysator ten

minste een metal gekozen uit de groep bestaande uit kobalt en mangaan, bevat.

7. Werkwijze volgens conclusie 6, waarbij de oxidatiekatalysator kobalt en mangaan

bevat.

8. Werkwijze volgens conclusie 6, waarbij de oxidatiekatalysator zowel kobalt als

mangaan bevat in een atoomverhouding van 1:1 tot 100:1.

9. Werkwijze volgens conclusie 7 of 8, waarbij de katalysator verder een bron voor

bromide bevat.
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10. Werkwijze volgens conclusie 9, waarbij de bron voor bromide waterstofbromide is.

11. Werkwijze volgens een van de conclusies 7 tot 10, waarbij de oxidatiekatalysator
verder een extra metal, gekozen uit de groep bestaande uit zirkonium, cerium, nikkel,

molybdeen, hafnium, zink, chroom, ruthenium, ijzer en mengsels daarvan.

12. Werkwijze volgens een van de conclusies 1 tot 11, waarbij de concentratie van de
oxidatiekatalysator in de reactor zodanig is dat die 500 tot 6000 ppm per gewicht kobalt en 20
tot 6000 ppm per gewicht mangaan, betrokken op het gewicht van de voeding, oplosmiddel

en oxidatiekatalysator, bevat.

13. Werkwijze volgens een van de conclusies 1 tot 12, waarbij het azijnzuur-
bevattende oplosmiddel 1 tot 15 gew.% water, bij voorkeur 2 tot 6 gew.% water, betrokken op

het oplosmiddel, bevat.

14. Werkwijze volgens een van de conclusies 1 tot 13, die wordt uitgevoerd in een

aantal reactoren in serie.

15. Werkwijze volgens conclusie 14, waarbij het aantal reactoren ligt in het gebied van
2 tot 5.

16. Werkwijze volgens conclusie 14 of 15, waarbij de 5-methoxymethylfurfural-
bevattende voeding in de eerste reactor wordt ingevoerd en ten minste een deel van het 2,5-
furaandicarbonzuur-bevattende product dat wordt afgevoerd uit elke reactor wordt gebruikt
als voeding voor de opvolgende reactor, waarbij het 2,5-furaandicarbonzuur-bevattende

product dat wordt afgevoerd uit de laatste reactor, wordt gewonnen.

17. Werkwijze volgens een van de conclusies 1 tot 16, waarbij de reactor of reactoren

continue geroerde tankreactoren zijn.

18. Werkwijze volgens een van de conclusies 1 tot 13, waarbij de dampvormige
stroom die methylacetaat bevat en die wordt afgevoerd uit een reactor, wordt gekoeld zodat
een gedeelte ervan wordt gecondenseerd, en een gedeelte van het condensaat wordt

gerecycled naar de reactor.
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19. Werkwijze volgens conclusie 18, waarbij het gedeelte van de dampvormige stroom
die niet wordt gecondenseerd, ten minste gedeeltelijk wordt onderworpen aan de winning van

methylacetaat.

20. Werkwijze volgens conclusie 18 of 19, waarbij het gedeelte van het condensaat

dat niet wordt gerecycled, wordt onderworpen aan de winning van methylacetaat.

21. Werkwijze volgens een van de conclusies 1 tot 20, waarbij het 2,5-
furaandicarbonzuur dat wordt afgevoerd uit de reactor of laatste reactor van een aantal

reactoren, wordt onderworpen aan een zuivering.

22. Werkwijze volgens conclusie 21, waarbij de zuivering een of meer

kristallisatiestappen inhoudt.

23. Werkwijze volgens conclusie 21 of 22, waarbij de zuivering een of meer

wasstappen omvat.

24. \Werkwijze volgens conclusie 23, waarbij de wasstappen de behandeling met een

wasvloeistof gekozen uit water, azijnzuur en mengsels ervan, inhouden.

25. Werkwijze volgens conclusie 24, waarbij de wasvloeistoffen worden onderworpen
aan de afscheiding van water, waarbij de rest ten minste gedeeltelijk wordt gerecycled naar

een reactor.

26. Werkwijze volgens een van de conclusies 1 tot 25, waarbij men het 5-
methoxymethyl-furfural laat reageren met zuurstof en azijnzuur in aanwezigheid van de

oxidatiekatalysator bij een temperatuur van 125 tot 180°C en een druk van 3 tot 15 bar.

27. Werkwijze volgens een van de conclusies 1 tot 26, waarbij de gemiddelde
contacttijd in de reactor of elke reactor, al naar gelang van de situatie, ligt in het gebied van 5

minuten tot 2 uur.
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Box No.| Basis of this opinion

. This opinion has been established on the basis of the latest set of claims filed before the start of the search.

. With regard to any nucleotide and/or amino acid sequence disclosed in the application and necessary to the
claimed invention, this opinion has been established on the basis of:

a. type of material:
O asequence listing
0 table(s) related to the sequence listing
b. format of material:
O onpaper
O in electronic form
c. time of filingAurnishing:
O contained in the application as filed.
O filed together with the application in electronic form.

O furnished subsequently for the purposes of search.

. O In addition, in the case that more than one version or copy of a sequence listing andjor table relating thereto
has been filed or furnished, the required statements that the information in the subsequent or additional
copies is identical to that in the application as filed or does not go beyond the application as filed, as
appropriate, were furnished.

. Additional comments:

Box No.V Reasoned statement with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

. Statement

Novelty Yes: Claims 1-27
No: Claims

Inventive step Yes: Claims 1,2
No: Claims 3-27

Industrial applicability Yes: Claims 1-27

No: Claims

. Citations and explanations

see separate sheet
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Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

Reference is made to the following documents:

D1 WO 2011/043660 A2 (FURANIX TECHNOLOGIES BV; MUNOZ DE
DIEGO CESAR [NL]; SCHAMMEL WAYNE PAU) 14 april 2011
(2011-04-14)in de aanvraag genoemd

D2 WO 2010/132740 A2 (ARCHER DANIELS MIDLAND CO [US];
SANBORN ALEXANDRA [US]) 18 november 2010 (2010-11-18)in de
aanvraag genoemd

D3 WO 2012/161967 A1 (EASTMAN CHEM CO [US]) 29 november 2012
(2012-11-29)in de aanvraag genoemd

Novelty

D1 discloses in tables 1-10 conversion results for several processes for the production
of furan 2,5-dicarboxylic acid (FDCA), starting from methoxymethylfurfural (MMF). The
difference between the processes in D1 and the process in present claim 1 is that the
processes in D1 are batch processes, which are performed in an autoclave using
pressurised air as oxidant. The process in present claim 1 is a continues process
where the reaction products are removed.

D2 discloses on page 45 and 46 a process for the production of FDCA, starting from
ethoxymethylfurfural (EMF). D2 does not disclose the use of MMF as starting material.

D3 discloses the oxidation of butoxymethyifurfural in example 14 but in this reaction
the butyl ester of FDCA is substantially the only product. D3 does not specifically
disclose the use of MMF as starting material.

Inventive step

D1 is seen as the closest prior art. The same product is made starting from the same
starting material. D1 specifically discloses the use of MMF as string material and uses

a very similar catalyst system containing cobalt, manganese and bromine as wellas a
similar temperature range. Claim 1 in D1 does not specify a batch or continues

process but all the examples are based on batch reactions in a steel autoclave with
pressurized air.
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The difference between the process in present claim 1 and the process in claim 1 of
D1 is that the process in present claim 1 is a continues process where the side
product methyl acetate is removed. The effect of this difference is that a very high
conversion to FDCA can be obtained with a relatively small amount of side products
being formed.

In present example 1, there is 84,2% conversion to FDCA, 14,1% conversion to the
monomethylester, 0,7% conversion to 5-formylfuran-2-carboxylic acid and 2,8%
conversion to carbondioxide. The best result in D1 which is experiment 3c gives
72,2% FDCA and 10,1% 5-formylfuran-2-carboxylic acid (balance is other side
products), with a much lower feed concentration than in the present application. The
applicant shows in the comparative example that not removing the methyl acetate
from the reaction mixture leads to a doubling of the formation of 5-formylfuran-2-
carboxylic acid and a significant increase of the formation of carbon dioxide.

The problem underlying present claim 1 is the provision of a better process to convert
MMF to FDCA. Starting from D1 the skilled person would not expect that performing
the reaction as a continues process would lead to a higher conversion of the desired
FDCA and very small losses due to carbon dioxide formation. The skilled person
would not combine D2 or D3 with D1 to get to the present subject matter. Present
claim 1 is therefore seen as inventive over the prior art.

Present claim 3 discloses a reaction where the feed contains an unspecified amount
of hydroxymethylfurfural (HMF), which means the amount can be up to 100%. The
conversion of HMF to FDCA is disclosed in many other documents (for instance page
29, lines 10-15 of D2 gives 90% yield) and does not suffer from the formation of the
problematic hemiester side product. This also means that the removal of methyl
acetate is not possible because it is (nearly) not formed. Claim 3 does not contain the
inventive feature of claim 1 and is therefore not seen as inventive. In claim 4 the
amount of HMF is limited to 20% of the feed. The feed also contains an unspecified
amount of acetic acid and oxidation catalyst, which again can mean a nearly pure
solution of HMF. Claim 4 is therefore also not seen as inventive. The remaining claims
are also not inventive because they depend on claims 3 or 4.
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