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The starting materials for the production of FDCA may originate from a carbohydrate
5  source as described above. Examples of such disclosures are WO 2007/104515 and WO
2009/030509. Accordingly, the invention also provides a method for the preparation of 2,5-
furandicarboxylic acid and an alkyl ester of 2,5-furandicarboxylic acid, wherein a
carbohydrate source is converted into products comprising 5-alkoxymethyl furfural and
optionally 5-hydroxymethyl furfural, from which is isolated a feed comprising 5-alkoxymethyl

10  furfural and optionally 5-hydroxymethyl furfural, and which method further comprises the
subsequent step of contacting the feed with an oxidant in the presence of an oxidation
catalyst, in particular a cobalt and manganese and bromide-containing catalyst, under
appropriate reaction conditions. The subsequent step is preferably carried out in a method
as described above.

15 Indeed, polyesters are generally made by a combined esterification/polycondensation
reaction between monomer units of a diol (e.g., ethylene glycol (EG)) and a dicarboxylic
acid. Additives such as catalysts and stabilizers may be added to facilitate the process and
stabilize the polyester towards degradation.

Examples:

20 Experiments were carried out in parallel 12 ml magnetically stirred stainless steel batch
reactors. The reactors are grouped in blocks containing 12 batch reactors. The standard
procedure for all the reactions was as follows: 0.5 ml of feed stock solution in acetic acid
(1.56 M) were added into a reactor lined with a Teflon insert. 1 ml of a catalyst stock solution
in acetic acid was subsequently added to the reactor. In a typical experiment, a catalyst

25  composition Co/Mn/Br with a relative 1-x-y ratio, the concentration of Co(OAc),*4H,0O was
0.78 mg/ml (0.31 mmol/ml). As a Mn source, Mn(OAc),*4H,0 was used and as a bromine
source NaBr was used. The reactors were closed with a rubber septum, after which the
reactors were sealed and pressurized to the desired air pressure, ranging from 20-60 bars.
After pressurization, the block with 12 reactors was placed in the test unit which was

30 preheated at the desired temperature, ranging from 100 to 220 °C. After the desired reaction
time, ranging from 0.5 hr to 24 hrs, the block is placed into an ice bath for 20 minutes. When
the block had cooled down, it was depressurized. After opening, HPLC samples were
prepared. First 5 ml of a saccharine solution in DMSO (11.04 mg/ml) was added to the each
reactor and the mixture was stirred for 5 minutes. Then 10 pl of this mixture was diluted to

35 1000 pl with water in a HPLC vial. The samples were analyzed using HPLC.

Example 1
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Example 1shows the combined yield (“y”) of FDCA + FDCA mono-alkyl ester in the

oxidation of EMF, MMF, a 1:1 mixture of HMF+EMF and a 1:1 mixture of HMF+MMF,
respectively with 0.78 mol% Co catalyst (relative to the feed), 0.52 M feed concentration and
Co/Mn/Br ratios of 1/5/5, 1/5/20 and 1/3/20 at 180 °C for 1 hr with 60 bar air. The oxygen to

5 feed ratio was 8.07 mol of O, per mole feed. Under these conditions, higher Br amounts give
higher yields but when Br/(Co+Mn) > 1, corrosion may become a problem on commercial
scale. Surprisingly, MMF gives slightly higher yields than EMF.

Example 1 further shows the selectivity (“s”) to FDCA and to FDCA monoalkyl ester
(FDCA1/2R) for the EMF and MMF oxidations. Under these conditions, MMF showed higher

10 ester selectivities than EMF and the lower bromine amounts show higher ester selectivities.
The data of these experiments are given in Table 1.

It is surprising that the oxidations of EMF and MMF are also complete after 1 hour, and
provide almost the same yield on furandicarboxylics as HMF. This is contrary to the
teachings of the prior art that indicates that a significantly lower amount of products may be

15 expected in the oxidation of an ether. In US3173933 the oxidation of alcohols and ethers
over a cobalt and bromine-containing catalyst has been described. It appeared that the yield
of oxidation products such as a carboxylic acid and the corresponding ester is significantly
higher when an alcohol is oxidised compared to the oxidation of an ether.

Example 2

20 Example 2 shows the effect of absolute catalyst amounts on the combined yield of
FDCA + FDCA mono-methyl ester in the oxidation of MMF with 0.1, 0.78, 1.56 and 1.85
mol% Co catalyst (relative to the feed), 3.7 wt/wt% feed concentration and Co/Mn/Br ratios
of 1/5/5, 1/3/20 and 1/5/20 at 180 °C for 1 hr with 60 bar air. The oxygen to feed ratio was
8.07 mol of O, per mole feed.Under these conditions, the lowest catalyst concentration (0.1

25 mol% Co) gives 25-45 % yields of FDCA+FDCA methyl ester. With 0.78 mol% Co, the low
bromine catalyst system (1/5/5) gives a 60% yield of FDCA + FDCA methyl ester, while the
higher Br catalysts (1/3/20 and 1/5/20) give 70-80 % yields of FDCA + FDCA methyl ester.
Higher catalyst concentrations (1.56 mol% and 1.95 mol%) give FDCA + FDCA methyl ester
yields of 70-80%, independent of Mn or Br amount (within the range tested).

30 Example 2 further shows the selectivity to FDCA monomethyl ester (FDCA1/2R) for
MMF oxidations . Under these conditions, the low Br catalyst (1/5/5) showed higher ester
selectivities than the higher Br catalysts (1/3/20 and 1/5/20). The Co/Mn ratio’s 1/5 and 1/3
give identical results. The 0.78 mol% Co catalyst system gives the highest ester yields. The
data of these experiments are given in Table 2.

35 Example 3

Example 3 shows the effect of air pressure (20, 40 and 60 bar air pressure in the

headspace of the reactor at room temperature, translated to the molar ratio of oxygen to

7
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feed) on the combined yield of FDCA + FDCA mono-methyl ester in the oxidation of MMF

with 0.78 mol% and 0.10 mol% Co catalyst (relative to the feed), and Co/Mn/Br ratios of
1/5/5, 1/3/20 and 1/5/20. The feed concentration in all experiments was 3.7 wt/wt%, the
temperature was 180 °C and the experiments lasted 1 hr. A pressure of 20 bar air
5 corresponded to an oxygen to feed ratio of 2.69 mole/mole; a pressure of 40 bar
corresponded to an O./feed ratio of 5.68 mole/mole; and a pressure of 60 bar corresponded
with an O,/feed ratio of 8.07 mole/mole. Under these conditions, the lowest air pressure (20
bar) gives 73-82 % yields of FDCA+FDCA methyl ester. The higher pressures show lower
yields. The 1/5/20 catalyst shows highest combined FDCA + FDCA methyl ester yields. The
10 lowest combined yields were observed for the low Br catalyst (1/5/5). This low Br catalyst is
also most affected by the pressure. The data of these experiments is given in Table 3.
Table 3 further shows the selectivity to FDCA monomethyl ester (FDCA1/2R) for the
MMF oxidations. Under these conditions, the higher pressures give higher FDCA methyl
ester yields (and consequently lower FDCA vyields) and the lower Br catalyst (1/5/5) shows
15 highest methyl ester yields.
Table 3 also shows the results of experiments with a low catalyst loading (0.10 mol%
Co). The pressure effect on the FDCA + FDCA methyl ester yield is different from what was
observed for the higher catalyst concentration in Table 3.
Example 4
20 Example 4 shows the effect of reaction time (0.5, 0.75 and 1 hour) on the combined
yield of FDCA + FDCA mono-methyl ester in the oxidation of MMF with 0.78 mol% Co
catalyst (relative to the feed), 3.7 wt/wt% feed concentration at 180 °C and 60 bar air. The
air pressure corresponded to an O2/feed ratio of 8.07 mole/mole. The catalyst composition
was varied having Co/Mn/Br ratios of 1/5/5, 1/3/20 and 1/5/20. Under these conditions it was
25 found that the reaction time has hardly any effect on the combined FDCA + FDCA methyl
ester yields. The data of these experiments are given in Table 4.
Example 5
Example 5 shows the effect of temperature (160, 180, 200 and 220 °C) on the
combined yield of FDCA + FDCA mono-methyl ester in the oxidation of MMF with 0.78 mol%
30 Co catalyst (relative to the feed), 3.7 wt/wt% feed concentration for 1 hr. and Co/Mn/Br
ratios of 1/5/5, 1/3/20 and 1/5/20 at 20 bars and at 60 bars. Under these conditions, the
highest combined yield of FDCA + FDCA methyl ester is observed at 180 °C. The data of
these experiments are given in Table 5.
Example 6
35 Example 6shows the effect of feed concentration (3.7, 7.4 and 11.1 wt%) on the
combined yield of FDCA + FDCA mono-methyl ester in the oxidation of MMF with 0.78 mol%

Co catalyst (relative to the feed) at 180 °C and 20 bar for 1 hr. The catalyst composition was

8
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varied having Co/Mn/Br ratios of 1/5/5, 1/3/20 and 1/5/20. Under these conditions, the yields
of FDCA+FDCA methyl ester decrease slightly with increasing feed concentration. The data
of these experiments are given in Table 6.

Example 7

Example 7 shows the effect of feed concentration (3.7, 7.4 and 11.1 wt%) on the yield
of the intermediate 5-formylfurancarboxylic acid (FFCA) in the oxidation of MMF with 0.78
mol% Co catalyst (relative to the feed) at 180 °C and 20 bar for 1 hr. The catalyst
composition was varied having Co/Mn/Br ratios of 1/5/5, 1/3/20 and 1/5/20. Under these
conditions, the yield of FFCA is negligible at 3.7 wt% feed concentration but increases
slightly with increasing feed concentration. FFCA is undesired as it acts as a chain stopper
in polycondensation reactions. The data of these experiments are given in Table 7.

Example 8

Example 8 shows the effect of the Co/Mn ratio (0/1 (only Mn), 1/60, 1/40, 1/20, 1/15,
1/10, 1/8, 1/6, 1/4, 3/2, 2/3 and 4/1) on the combined yield of FDCA + FDCA mono-methyl
ester in the oxidation of MMF with 4 mol% Co+Mn catalyst (relative to the feed) and a fixed
Br/(Co+Mn) ratio of 0.7. In all experiments the feed concentration was 3.7 wt/wt%, the
temperature was 180 °C, the air pressure was 20 bar and lasted 1 hr. The air pressure
corresponded with an O,/feed ratio of 2.69 mole/mole. Under these conditions, it is obvious
that Co is required to get relevant FDCA + FDCA methyl ester yields but that even very low
amounts of Co (Co/Mn of 0.0167) result in desired product formation. The data of these
experiments are given in Table 8.

Example 9

Example 9shows the effect of the Mn/Co ratio (0/1 (only Co), 1/80, 1/60, 1/40, 1/20,
1/10, 1/4, 2/3, 3/2 and 4/1) on the combined yield of FDCA + FDCA mono-methyl ester in
the oxidation of MMF with 4 mol% Co+Mn catalyst (relative to the feed) and a fixed
Br/(Co+Mn) ratio of 0.7. In all experiments the feed concentration was 3.7 wt/wt%, the
temperature was 180 °C, the air pressure was 20 bar and lasted 1 hr. The air pressure
corresponded with an O,/feed ratio of 2.69 mole/mole. Under these conditions, it is obvious
that also Mn is required to get relevant FDCA + FDCA methyl ester yields but that in this
case, at the lowest amounts of Mn (Co/Mn < 20/1) only low amounts of the desired products
were observed. The highest FDCA + FDCA methyl ester yields were observed for Mn/Co 2
1/4. The data of these experiments are given in Table 9.

Example 10

Example 10 shows the effect of the Br amount (Br/(Co+Mn) = 0.1, 0.25, 0.4, 0.5, 0.7
and 0.9) on the combined vield of FDCA + FDCA mono-methyl ester in the oxidation of MMF
with 4 mol% Co+Mn catalyst (relative to the feed). In all experiments the feed concentration

was 3.7 wt/wt%, the temperature was 180 °C, the air pressure was 20 bar and lasted 1 hr.
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The air pressure corresponded with an O,/feed ratio of 2.69 mole/mole. Under these
conditions, it is obvious that the yield of FDCA + FDCA methyl ester increases from 57-63%
at the lowest amount of Br (Br/Co+Mn)=0.1) to 71-77% at the highest amount of Br
(Br/(Co+Mn)=0.9). The data of these experiments are given in Table 10.
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Claims
1. Method for the preparation of 2,5-furandicarboxylic acid and/or an alkyl ester of 2,5-

furandicarboxylic acid comprising the step of contacting a feed comprising a starting material
selected from 5-alkoxymethylfurfural, 2,5-di(alkoxymethyl)furan and a mixture thereof, with
an oxidant in the presence of an oxidation catalyst.

2. Method according to claim 1, wherein the feed comprises 5-hydroxymethylfurfural as a
further starting material.

3. Method according to claim 1 or 2, wherein the oxidation catalyst comprises at least one
metal selected from the group consisting of Co and Mn.

4.  Method according to any one of claims 1 to 3, wherein the oxidation catalyst comprises
a source of bromine.

5.  Method according to claim 3 or 4, wherein the oxidation catalyst contains both Co and
Mn.

6. Method according to claim 5, wherein the oxidation catalyst comprises at least one
additional metal.

7. Method according to claim 6, wherein the additional metal is Zr and/or Ce.

8.  Method according to any one of claims 1 to 7, wherein the oxidant is selected from
oxygen, air or other oxygen-containing gases.

9.  Method according to any of the previous claims wherein the feed and the oxidant are
contacted at a temperature between 60 and 220 °C, preferably between 100 and 210 °C,
more preferably between 150 and 200 °C, most preferably between 160 and 190 °C.

10. Method according to any one of the previous claims, wherein a solvent or solvent
mixture is present, preferably comprising a solvent containing a monocarboxylic acid
functional group, more preferably acetic acid or acetic acid and water mixtures.

11.  Method according to any of the previous claims wherein the alkyl of the alkoxy group
of the starting material 5-(alkoxymethyl)furfural or 2,5-bis-(alkoxymethyl)furan is a C4-Cs alkyl
group, preferably methyl.

12.  Method for the preparation of a dialkylester of 2,5-furandicarboxylic acid, comprising
preparing 2,5-furandicarboxylic acid or an alkyl ester of 2,5-furandicarboxylic acid in a
method according to any one of claims 1 to 10, to obtain a reaction product, and reacting the
reaction product with a C4-Cs alkyl alcohol to obtain the dialkyl ester of 2,5-furandicarboxylic
acid.

13. Method according to claim 12, wherein the C4-Cs alkylalcohol is methanol and the
dialkyl ester is the dimethylester of 2,5-furan dicarboxylic acid.

14. Method for the preparation of alkyl esters of 2,5-furandicarboxylic acid or a mixture of

2,5-furandicarboxylic acid and alkyl esters thereof wherein a carbohydrate source is
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sg 19 ng Ag M xg WD 2011/ 043660PCT/ NL2010/ 050653 Cl ai ns 1. Met hod
for the preparation of 2,5-furandi carboxylic acid and/or an al kyl ester of
2, 5- furawmoi2eardasseyl i ¢ acid conprising the step of cont acrinigom/osessl
conprising a starting material selected from 5-al koxymet hyl furfural,
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OXi dﬁﬁl and oaimbg&\mtramwwﬁystl@pmome moﬁebrlu boraitions. 5. Met hod accgrdi ng
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5. Net hl acVBATICPEIT G Tais: TP T EbR Rt FoR 1 Sonilly e BenMses a
| east Oftﬁth@dﬁéthb@aaéorﬁfﬁg@d anyLbnd oMb t@cmor ding to claim®6, wherein the
additional nmetal is Zr and/or Ce. 8. Method according to any one of clains
1 to 7, wherein the oxidant is selected fromoxygen, air or other
oxygen-cont ai ni ng gases. 9. Method according to any of the previous
clains wherein the feed and the oxidant are contacted at a tenperature

bet ween 60 and 220 C, preferably between 100 and 210 C, 20 nore preferably
bet ween 150 and 200 C, nost preferably between 160 and 190 C. 10. Method
according to any one of the previous clains, wherein a solvent or solvent
m xture is present, preferably conprising a solvent containing a

nmonocar boxylic acid functional group, nore preferably acetic acid or acetic
acid and water m xtures. 11. Method according to any of the previous
clainms wherein the al kyl of the al koxy group 25 of the starting materi al

5- (al koxynet hyl ) furfural or 2,5-bis-(al koxynethyl)furan is a Cl-05 al kyl
group, preferably nmethyl. 12. Method for the preparation of a dial kyl ester
of 2,5-furandi carboxylic acid, conprising preparing 2,5-furandicarboxylic
acid or an al kyl ester of 2,5-furandicarboxylic acid in a nethod according
to any one of clains 1 to 10, to obtain a reaction product, and reacting
the 30 reaction product with a CL-05 al kyl alcohol to obtain the dialkyl
ester of 2,5-furandi carboxylic acid. 13. Method according to claim 12,
wherein the C1-05 al kyl al cohol is nethanol and the dialkyl ester is the

di net hyl ester of 2,5-furan dicarboxylic acid. 14. Method for the
preparation of alkyl esters of 2,5-furandicarboxylic acid or a m xture of
35 2,5-furandi carboxylic acid and al kyl esters thereof wherein a

car bohydrate source is WD 2011/ 043660PCT/ NL2010/ 050653 converted into
products conprising 5-al koxynethyl furfural and optionally 5-hydroxynethyl
furfural, fromwhich is isolated a feed conprising 5-al koxynet hyl furfura
and optionally 5- hydroxynethyl furfural, which nmethod conprises the
subsequent step of contacting the feed with an oxidant in the presence of
an oxi dation catal yst, preferably a cobalt and nanganese 5 and

brom de-cont ai ni ng catal yst, appropriate reaction conditions. 15.Method
according to claim 14, wherein the subsequent step is conducted accordi ng
to the nmethod according to any one of clains 1 to 11.
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