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The reactors were 35 closed with a rubber septum after which the reactors
were seal ed 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 preheated at the desired tenperature,
ranging from WO 2011/ 043661PCT/ NL2010/ 050654 7 ranging from 100 to 220 C
After thewoesiwvmsbeneacti on tinme, ranging from 0.5 hr toP24/NireLo/0s6684 bl ock
is placed into an ice bath for 20 m nétes. When the bl ock had cool ed down,
it was ¢Rpressligrdcibdresatitecat gritaimipmperatdres dhp lpegssweer &f the egegtiedmixtireds 5 n

f t
O i EBRABEbN SR 00 ) FOBRL T BT e o RAe R MRSl T
di | ut edthad ple380rels beitwdenvated 100 bar ¢dPLIE wseal wnthTaneraiempd:&abrmseu@ﬁahewm
HP I . .
oxi dat 1 o5 29p SR Bt TRmNdhe s 3 B sbli et Bl s ploes Rafh 8 bEoena of
AVF, 5 espettiuoudl yed ol dnld rémovenfrémGbe oﬁcajrysntthé@aé ceh bé isveplicd adia $tea stae) |,
and Co/

nmol ar f,1/1 o that the, catal yst.concentration (Co + M)
o ot e Bt chSyfe fie 7se, Ab ARty O e BletP b SRBEETbh T REdsSles O
at 0. ZGVNUmemtdrtaéerrmm:@marsaeqmredlta canedrt me&tfardngimaﬂéﬂﬁl @ i§ oleadthiat inthé h 20
bar air. The amunt of éen was substrate. Under

P hese C I Cran it hre e SLe S Ty by Sar A Debr e e ARSI Coan)

> 1, COpFieb®Whidteir abBxy@jeRrcdhlafin@gasBartimicakly¥6d 6@ temotdiFingthg@sssbf ght 'y
hi her yields than AMF at one hour reaction tine. The results of these

ex pe?@ nEPRIURHEY fening a reaIvingithe exigap) gaso and fromeg fapcion therxuget he

sel ecti yhftyl ;Br@smllfwtabliy%e%m@éﬂ fahé 80 vaf oFmarPbRfckably BeRid2AM Md fo t he
conpar ati ve exanpl es based on the experinental conditions described in 20

US 2009PB156841. In those conparative experinents (2a and 2b) 10 wt/w % AVF
in acetic aC*I’Fle‘f@ﬁpé?éiuﬁjé éﬁﬁe%édﬂoﬁﬂﬁu%@ a?ie@ét Tﬂﬁ%?/op%?er%%tyé\‘wﬁtmé‘@ﬁda

fixed Br/ Vh) l'ar ratio of 1 molar ratio of 1.0 at 100

C and 380 é@ meast pzeﬂeoamsbetwen aﬁ@;@né 18@ °6x1}<§jewrab1§eszhleeerrfban d)&%%mqwer ol
subsj# a

esalt R eEhobRRRrGRP b BERag DR Folu s, SRt o8B, [ HEeA FRRd oa g

obt ai nedchieved gfreetenpergiercanf@beut T G.esul t s of these experiments are given
in Table 2.

oxi dati on o@%ﬁ%yﬁfca htroarﬁér?%ﬁg gc%@gﬁ‘% Q?lcxl /Q(Purf md(%ﬁ/%b at 180
Cwth 211'K)Ormlo%ﬁmﬁmateaﬂ)ryz&tral@lyél’m-mm to substrate), and Co/Mh ratio of
1/1, so tha he cat cohcen i ano t % The
30 Br ] (oM artee FRTREALAERY R B GOmn G v D S s el
concaht patti -anothvasd mo%prerablgct)e’uﬁ.Qaci d. The reactl on terrperature was at
180 C and the & ction s cond ed with 5 of oxygen
wns 6 7 ol CoigGoronERiih ERREMRLRL PR HALE Dohart: srEveH brer &

anount s sgbsteatd)ivgihes prgferbiilse fortorvdaatratidin's(fioert Mg G?no'll . aswddoesmrs \hMaHe| be a
pr obl em on. conmer ci | scal e. Reactions w

hi gher yields than
react i oRSAREIN g8n 'thrh%talﬁ’ég‘iﬂnpgnt@t'of‘h8@@%9%&’\%&& s are also given in
Table 3.  Wph@QkH A ReRlRSToHMNhE Y URREDSHF BCA tndylXedidald fr8®. Déarbéhlydtath

25 source as described above. Examples of such disclosures are WO 2007/104515 and
WO 2009/030512. Accordingly, the invention also provides a method for the preparation of
2,5-furandicarboxylic acid wherein a carbohydrate source is converted in the presence of an
alkyl carboxylic acid into products comprising an HMF ester and optionally 5-hydroxymethyl
furfural, from which is isolated a feed comprising the ester of HMF and optionally 5-

30 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, in particular at temperatures higher than 140 °C

In another aspect, the FDCA obtained according to the process of the present

35 invention can be transformed using common esterification reactions to a diester by

contacting the starting material under appropriate conditions with the relevant alcohol. Thus,

in one aspect, the invention also relates to the use of FDCA obtained according to the
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process of the current invention in the preparation of a dialkylester of 2,5-dicarboxylic acid by
reaction of the FDCA with a C4-Cs alkyl alcohol, preferably methanol to prepare the dimethyl
ester of FDCA.

Accordingly, the present invention also provides a process for the preparation of a

5 dialkyl ester of 2,5,-furan dicarboxylic acid, comprising the step of contacting a feed
comprising a compound selected from the group consisting of 5-hydroxymethylfurfural
(“"HMF"), an ester of 5-hydroxymethyl-furfural, 5-methylfurfural, 5-(chloromethyl)furfural, 5-
methylfuroic acid, 5-(chloromethyl)furoic acid, 2,5-dimethylfuran and a mixture of two or more
of these compounds with an oxidant in the presence of an oxidation catalyst at a

10 temperature higher than 140 °C, and esterifying the thus obtained product. Preferably, the
product is esterified with an alkyl alcohol, suitably having 1 to 5 carbon atoms.

The esterification of 2,5-furan dicarboxylic acid is known. As a specific example for the
manufacture of these esters, reference is made to US 2673860 wherein the diester is
obtained by transesterification of another dicarboxylic acid ester in the presence of sulphuric

15 acid. A more general description for the esterification of dicarboxylic acids is presented in
US 2628249.

In a further aspect of the invention, the di-methylester can be used in the preparation
of polyester polymers by reaction with a diol. Reacting the di-methylester with a diol will result
in the formation of methanol that quickly vaporises. In 1946 the polymerization of FDCA

20 dimethyl ester with ethylene glycol was described as a first example of such a polymerization
in GB 621,971.

Indeed, polyesters are generally made by a combined esterification/polycondenzation
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

25 stabilize the polyester towards degradation.

Examples:

Experiments were carried out in parallel 8 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:

30 0.5 ml of starting material stock solution in acetic acid (0.78 mmol/ml) were added into
a reactor lined with a Teflon insert. To the reactor 1 ml of a catalyst stock solution in acetic
acid was subsequently added. In a typical experiment, a catalyst composition Co/Mn/Br with
a relative 1-x-y ratio, the concentration of Co(OAc),"4H,0 was varied. As a Mn source,
Mn(OAc),*4H,0 was used and as a bromine source NaBr was used. The reactors were

35 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 preheated at the desired temperature, ranging from
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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 each reactor and the mixture was stirred for 5
minutes. Then 10 pl of this mixture was diluted to 1000 pl with water in a HPLC vial. The
samples were analyzed using HPLC.

Example 1

Example 1 shows the selectivity of FDCA in the oxidation of HMF, of a HMF/AMF 3/2
mixture, of a HMF/AMF 2/3 mixture and of AMF, respectively, with 2.7 mol% Co catalyst
(relative to substrate), and Co/Mn molar ratio of 1/1, so that the catalyst concentration (Co +
Mn) amounted to 5.4 mol%. The Br/(Co+Mn) molar ratio was 1.0; 0.7; 0.4 and 0.1 at 0.26 M
substrate concentration in acetic acid at 180 °C for 1 hr with 20 bar air. The amount of
oxygen was 2.69 mol oxygen per mol substrate. Under these conditions, higher Br amounts
give higher yields but when Br/(Co+Mn) > 1, corrosion will be a problem on commercial
scale. HMF gives slightly higher yields than AMF at one hour reaction time. The results of
these experiments are given in Table 1.

Example 2

Example 2 shows the selectivity to FDCA for the AMF oxidation of Example 1, together
with the comparative examples based on the experimental conditions described in
US 2009/0156841. In those comparative experiments (2a and 2b) 10 wt/wt% AMF in acetic
acid was oxidized with 1.75 and 2.65 mol % Co catalyst and a fixed Br/(Co + Mn) molar ratio
of 1.0 and a Co/Mn molar ratio of 1.0 at 100 °C and 30 bar for 2 hours. The amount of
oxygen was 2.88 mol oxygen per mol substrate. Under these conditions, the yield of FDCA
was lower than the result suggested in US 2009/0156841 and also lower than the results
obtained at higher temperature. The results of these experiments are given in Table 2.

Example 3

Example 3 shows the yield of FDCA in the oxidation of 5-methylfurfural (5MF) and 2,5-
dimethylfurfural (DMF) at 180 °C with 2.7 mol% Co catalyst (relative to substrate), and Co/Mn
ratio of 1/1, so that the catalyst concentration (Co + Mn) amounted to 5.4 mol%. The
Br/(Co+Mn) molar ratio was 1.0, 0.7, 0.4 and 0.1. The substrate concentration was 0.26 M in
acetic acid. The reaction temperature was at 180 °C and the reaction was conducted with 50
bars air. The amount of oxygen was 6.7 mol oxygen per mol substrate. Under these
conditions, higher Br amounts give higher yields but when Br/(Co+Mn) > 1, corrosion will be
a problem on commercial scale. Reactions with 5-MF give higher yields than reactions with

DMF. The results of these experiments are also given in Table 3.
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1. Met hoowoaniitdassepr epar ati on of 2, 5-furan di carboxyl i c PaFiNL2cWre658i ng t he
step of contacting a feed conprising ® conpound sel ected fromthe group
consi sting of 5- hydroxynethyl furfura®laimsHVF"), an ester of
5- hydroxynet hyl furfural, 5-nmethylfurfural, 5- (chloronethyl)furfural,
5-met hyl furoic acid, 5-(chloronethyl)furoic acid, 2,5-dinethylfuran and 5 a
m xt ur e lof Mathagrfortheereparatimsef 2;5figen s rivixylic @ad compidging the stépeofpr esence
of an o i on | , LAk r. th Met hod
accor di )éé’q? %tjinggl aaf’e%h%? %ﬁlgﬁéiaﬁcoﬁ@ﬂﬁ 8 %ifécped%cﬁ'gg]s é{OS&C&nSQSt' gse ect ed from
t he gr otpdroryrsethy/lfuniyradf( Wﬁychmegtﬂmfﬁywdmﬁymemylfoﬁmw S}memslfmafwaloﬁ HWF and

accor t he

am xtur t her d

it | ieBFefih s ME R S B e e a2 5 R Eul e o
CﬁnSI st gnﬂx’@fe Eotwardgdt nidre of #les%bi‘mqodumntrdal}ﬂ@g‘d@ntdh mdmrés@fcez?:tag o&ldamgr ein
t he oxidatiop catalyst c ource of bromne. 5. Method according
to cl ai ﬁ?t@‘ g:?u W@lef"rfﬁregﬂng ?@tél yst contains both Co and M. 15

6. Met hod. acemtsidetcbriingg t@ldlaum \Mh@F@h Ehetf’@@d e¥mpaddsocéap Anidelsctapfrories at
| east one additional netal accor di ng@t o claim 6, wherein the

addi t i ol 97REP &P”%‘%“”Zro‘cérfa’/dﬁ?xy@@thy'fﬁrf“r%(t HYE ag Wscﬂfﬁ@’”fé”‘éﬁéﬁ'ﬁ%"el 6,
wher ei nifdigofoxi dant i s sel ected from oxygen, air or other oxygen-containing

ases.
g 10 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 claim 1 or 2 or 3, wherein the oxidation catalyst comprises a
source of bromine.

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

15 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 claims 1-6, wherein the oxidant is selected from oxygen, air or
other oxygen-containing gases.

20 9. Method according to any of the previous claims wherein the temperature is between
140 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.

25 11. Method according to any of the previous claims, wherein the feed comprises an ester
of HMF containing an ester moiety of an alkyl carboxylic acid wherein the alkyl group
contains up to 6 carbon atoms, preferably from 1 to 5 carbon atoms.

12. Process for the preparation of a dialkyl ester of 2,5,-furan dicarboxylic acid, comprising
the step of contacting a feed comprising a compound selected from the group consisting of

30 5-hydroxymethylfurfural (“"HMF”), an ester of 5-hydroxymethyl-furfural, 5-methylfurfural, 5-
(chloromethyl)furfural, 5-methylfuroic acid, 5-(chloromethyl)furoic acid, 2,5-dimethylfuran and
a mixture of two or more of these compounds with an oxidant in the presence of an oxidation

catalyst at a temperature higher than 140 °C, and esterifying the thus obtained product.
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13. Process according to claim 12, wherein the product is esterified with a
C1- c30argiplyshPERiaEbly @ qopaltmng rBandanese paq H@”ﬂ'@e'éi’%{?'t'?i”ﬂscat%f‘éﬂ%rt he C1-C5
al kyl agggQ@hakseﬁgbh%aﬁ&ngﬂg the dial kyl ester is the dinethylester of
2,5-furan dicarboxylic acid. 5 15. Method for the preparation of

2, 5-furandi carboxylic acid wherein a carbohydrate source is converted in

t he presence of an al kyl carboxylic acid into products conprising an HWF
ester and optionally 5-hydroxynethyl furfural, fromwhich is isolated a
feed conprising the ester of HVF and optionally 5-hydroxynethyl furfural,
and whi ch nethod conprises further the subsequent step of contacting the
feed with an oxidant in the presence of an oxidation 10 catal yst,
preferably a cobalt and manganese and brom de-cont ai ni ng catal yst, under
appropriate reaction conditions.



