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hydroxynet yl furan-5-carboxylic acid

roxyma:i}g%l ) t et r ahydr of ur-an
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of four HMBpt&vents the occurrence of the onward and undesired reaction

towards the above-mentioned levulinic acid and humins, thus leading

to an efficient procedure for the conversion of fructose and/or

35 glucose -containing material into HMF derivatives.
The energy density of 5-ethoxymethylfurfural (EMF), the ether
resulting from reaction of HMF with (bio)ethanol, can be calculated.
Taking into account stoeichiometry and a calculated enthalpy of

- formation using increment tables of 502,32 kJ/mole, the reaction

40 enthalpy can be calculated as 3854.76 kJ/mol, leading to an energy



reactors inserted in a silver heating block/ tenperature and flow 5

regul ators and three HPLC punps. Two of the' punps deliver the liquid to the
reactors and third one is enployed to dilute the reaction products prior to
coll ection. Analytical Method . 10 The reaction products were quantified
with the aid of HPLC-analysis with af-internal standard (saccharine, Signma
Al drich). A Merck-Hi tachi- L7000 chromat ograph, equi pped W and Rl detectors,
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hexcse or hexose—containing starting materials such as sucrose and
glucose, and as these ethers are, in contrast to HMF, liquids at room
temperature, make these very interesting fuels or fuel additives. \

In certain embodiments, the alcohol 1s selected from the group

10 consisting of primary (un)branched aliphatic alcohols. In certain

» preferred embodiments, the élcohol'is éelected from the group
consisting of primary C1-C5 (un)branched aliphatic alcohols,
preferably methanol, ethanol, l-propanocl, 2-hydroxymethyl-propanol,
l-butanol. More preferable are methanol and/or ethanoi, The resulting

15 {m)ethyl ether ((m}ethoxymethylfurfural, MMF or EMF) has a high
energy content and may directly be used as a fuel additive as an
alternative for MTBE or as a fuel. Mixtures of alcohols may also be
employed. Ethanol is the most preferred alcohol in the method of the
present invention.as the ethanol that is used can also be derived

20 from biomass or glucose-containing material (bio-ethanol).

The acid catalyst in the method of the present invention can
be selected from amongst solid (halogenated) organic acids, inorganic
acids, salts, Lewis acids, ion exchange resins and zeolites or
combinations and/or mixtures thereof, including combinations and/or

25 mixtures thereof with a homogenous catalyst. The expression “solid”
is here used in the ordinary meanind of the word as being solid
during the reaction. Another common expression for solid catalysts is
“heterogeneous” catalyst. The acid may be a protonic, Brensted of,

~ alternatively, a Lewis acid. In certain embodiment, the acid may be

30 organic or inorganic. In certain embodiments; the organic acid can be
selected from amongst oxalic acid, levulinic acid, maleic acid or
para-toluenesulphonic acid. In certain embodiments, the inorganic
acid can be selected from amongst pﬁosphoric acid; sulphuric acid,
hydrochloric acid, hydrobromic acid, nitric acid, hydroiodic acid,

35 optionally generated in situ. In certain embodiments, the inorganic
acid is selected form the group of sulphuric acid, phosphoric acid,
hydrochloric acid, nitric acid. In certain embodiments, the salt can
be one of (NH4)2504/S03, ammonium phosphate, triethylamine phosphate,
pyridinium salts, pyridinium phosphate, pyridinium

40 hydrochloride/hydrobromide/perbromate, DMAP, aluminium salts, Th and



90.0 7.0 3.0 20 General Procedure A 1.25 wt% solution of glucose (99.7 %
Sigma Aldrich) in water or 88.7 % ethanol was flowed through a fixed bed
(200 pl) of a'solid ("heterogeneous") catalyst at 180 C. Flow rates were
chosen such to achieve a space velocity 0.25 or 0.5 mn-1, i.e. contact tine
2 or 425 mn. Liquid com ng out of -the reactors was diluted by a m xture of
wat er and et hanol (50:50) to prevent tubing-blockages. Catal ysts tested:

Cat al yst 24 iZeel i tirdvetian SARZHHEEBY Teol pét) Ti30 Catal IrstioRsze®tGCE,Y high
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Catalyst 7 Zeolite %CB Zeol y 3 gt ti e and_ space velocity
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charcoal, metal oxides, metal sulfides, metal salts and mixed oxides

10 and mixtures'thereofr In certain embodiments, mixtures or

" combinations of acid catalysts can be used.
The temperature at which the reaction is performed may vary,
but in general it is preferred that the reaction is carried out at a
temperature from 50 to 300 degrees Celsius, preferably from 125 to

15 250, more preferably from 175 to 225 degrees Celsius. In general,
temperatures higher than 300 aré less preferred as the selectivity of
the reaction as many by-products occur, inter alia caramelisation of
the sugar. Performing the reaction below the lowest temperature is
also less préferable because of the slow reaction speed.

20 The fructose and/or glucose-containing stafting material can
be selected from a wide variety of feeds. In general any feed with a
sufficient high fructose or glucose content can be used. It is
preferred that the fructese and/or glucose ~containing starting
material is selected from the group of starch, amylose, galactose,

25 cellulose, hemi-cellulose, glucose-containing disaccharides such as
sucrose, maltose, cellobiose, lactose, prefefably glucose-containing
disaccharides, more preferably sucrose or glucose.

. The catalyst can be added to the reaction mixture in an amount
varying from 0.01 to 40 mole % drawn on the fructose or glucose

30 content of the fructose and/or glucose -containing starting material
preferably from 0.1 to 30 mole %, more preferably from 1 to 20 mole

In certain embodiments, one or more solvents or diluents may
be added, in general to aid the dissolution of the glucose containing

35 material or as a diluent. The solvent may be selected form the group
consisting of water, sulfoxides, preferably DMSO, ketones, preferably
methyl ethylketone, methyliscobutylketone and acetone or miktures of
two or more of the above solvents.

In certain embodiments, the ratio of alcohol/solvent is from

40 50 to 0.1, preferably from 20 to 1, more preferably from 10 to 2.



25 vilon Yield- -*nproduct /no substrate Yieldyield (% nproductnol es of
product formed Catal ysts tested: 30 Catalyst 1 Zeolite beta SAR25 (CBV

Zeol yst) Catalyst 2 Zeolite Y high SAR (CBV Zeolyst) Catalyst 3 Mirdenite H |
SAR 90 (CHI T Zeolyst) Catalyst 4 Zeolite Y SAR 5.17 (CBV Zeolyst) 35
Reactions in water. Figure 1 a) and7b) show that a conversion achi eved for
the catal ysts tested was 76% (Zeolite beta). This catal yst gave 7%

sel ectivity tdiidvPrasmbyEVE. o evlddhel Ynay HRVAI g SARUPpE ettt 6829% sel ectivity

to fur a“§e§étl%9%s4qo%09§l§&%L%“toYtﬁee9|lln£€ed/MstohubQ!!\it%/’ﬂh(e%étea' yst 4) shows
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in the rela@tsyenemnmetyuﬂead&d?eacbbmhl digtthizme| whidh tin bhehussesf aZeol ite

bet a aboyl. 4% 58] 861 LLLY. 4 0o, and EN a5 cachi guedd 3t d73conver sion at
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DATA Fruct o se Et h go! thrsollsdl%c d cataloy t 1 fl‘c!J onc 55.5

ol /i GOUEROH Fod b1 At PURERE ‘CoRTETSToN ¥ TIRE YOEMES 'S CRRE) S (EMF)

/| s % ©pBgferably from 1 second to 5 hours, more preferably from 1 minute to

10 1 hour.

In certain embodiments the continuous flow process is a fixed
bed continuous flow process or a reactive (catalytic) distillation
process with preferably a solid (“heterogeneous”) acid catalyst. To
-initiate or regenerate the heterogeneous acid catalyst or to improve

15 performance,'an inorganic or organic acid may be added to the feed of
the fixed bed or reactive distillation continuous flow process. In a
fixed bed process, the liquid hourly space velocity (LHSV) can be
from 1 to 1000, preferably from 5 to 500, more preferably from 10 to

, 250 and most preferably from 25 to 100. '

20 ‘

As explained above, the appiication‘of the products of the
method of the present invention, i.e. the ethers, is in the use as a
fuel or fuel additive and as precursor for the manufacture of 2,5-
di (hydroxymethyl) furan, furan-2,5-dicarboxylic acid, 2-

25 hydroxymethylfuran-5-carboxylic acid, 2,5-
(dihydroxymethyl)tetrahydrofuraﬁ, which can be used as monomers in a
polymerisation process, optionally after conversion of the diol to a
diamine. See for a review Moreau, Topics in catalysis, 2004, 27, 11-
30. '

30
Figures}

Figure 1. Plot of a) conversion, b) seléctivity to furan derivatives
versus space velocity. 180C, heterogeneous catalysts, reaction medium

water. Catalyst 1:[J; Catalyst 2: M catalyst 3: * Catalyst 4: @.

35 Figure 2, Plot of a) conversion, b) selectivity to furan derivatives
versus space velocity. 1B0C, heterogeneous catalysts, reaction medium
88.7% ethanol. Catalyst 1:00; Catalyst 2: M Catalyst 3: * Catalyst 4:
®.
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Examples
Apparatus
VContinuous parallel flow reactor system consisting of four quartz
reactors inserted in a silver heating block; temperature and flow

5 regulatérs and three HPLC pumps. Two of thetpumps deliver the liquid
to the reactors and third one is employed to dilute the reaction

products prior to collection.

Analytical Method

10 The reaction products were qﬁantified with the aid of HPLC-analysis
with an internal standard (saccharine, Sigma Aldrich). A Merck-
Hitachi L7000 chrométograph, equipped UV and RI detectors, was used.
Stationary phase were reverse phase C18 (Sunfire 3.5 pm, 4.6x100mm,
Waters) and cation exchange {SupelcogelH, 4.6x300mm, SigmaRldrich)

15 columns connected in series. A gradient elution at a constant flow

0.6 ml/min and temperature 60 °C was used according to the following

scheme.,

Time'(min) 0.2% TFA (aq) Methanol Acetonitrile
0 | 50.0 7.0 3.0

10 90.0 7.0 3.0

11 80.0 0.0 20.0

15 80.0 0.0 20.0

16 : 90.0 7.0 - 3.0

21 50.0 7.0 3.0

20 General Procedure

A 1.25 wt% Solution of glucose ({89.7 % Sigma Aldrich) in water or

' 88.7 % ethanol was flowed through a fixed bed (200 pl) of a solid
(“heterogeneous”) catalyst at 180 °C. Flow rates were chosen such to
achieve a space velocity 0.25 or 0.5 min™!, i.e. contact time 2 or 4
25 min. Liquid coming out of the reactors was diluted by a mixture of

water and ethanol (50:50) to prevent tubing-blockages.

Catalysts tested:

Catalyst 1 Zeolite beta SAR25 (CBV Zeolyst)
-30 Catalyst 2 Zeolite Y high SAR (CBV Zeolyst)

Catalyst 5 Mordenite H SAR 90 (CBV Zeolyst)



98 37 1 38 DATA ducose + Ethanol with solid acid catalyst 1 glucose
conc 55.5 mol/L; 90% EtOH Res tine gl ueose conversion Y (HW) Y(EMF) S
(H-I1F) S(EM) /s % -~ % % 60 73 23

-9

Catalyst 7 Zeolite Y SAR 5.17 (CBV Zeolyst)

Contact time and space velocity were calculated as follows:

5 Sv= Frfeed / Vcat

Sv space velocity (min™?)
Freeed ' flow rate feed (ml/min) /
Veat catalyst wvolume (ml)

10 £, =1/ sv
te contact time (min)
Conversion of substrate, selectivity ana yield of furan derivatives
were calculated according to the following formulaé:
15 X=100*m, supsé:ate /5 substrate
X ,‘ conversion (%)
My substrate amount of reacted substrate {(mg)

My substrate amount of substrate in feed (mg)

20 Scorpound =100*n; substrate /nO Bubstrate
S compound selectivity to compound (%)
N: substrate MoOles of substrate reacted.

No substrate MoOles of substrate in feed

25 Yield =100*n, cauct /No aubstrate

Yield yield (%)
Nproduct moles of product formed

Catalysts tested:

30 Catalyst 1 Zeolite beta SAR25 (CBV Zeolyst)
Catalyst 2 Zeolite Y high SAR (CBV Zeolyst)
Catalyst 3 Mordenite H SAR 90 (CBV Zeolyst)
Catalyst 4 Zeolite Y SAR 5.17 (CBV Zeolyst)

35 Reactions in water.
Figure 1 a) and b) show that a conversion achieved for the catalysts
tested was 76% (Zeolite beta). This catalyst gave 7% selectivity to
HMF and EMF. '
Zeolite Y with high SAR presented 9% seiectivity to furans at 20%

40 conversion. Y zéolite with low SAR ({(catalyst 4) shows selectivity of
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with solid acid catal yst.
90% Et OH

+ Et hanol
06H1206) ;

10

15

- 10 -

1 22 DATA Sucrose

1 sucrose conc 27.8 mmol /L (55.5 nmmol /L

% at very low conversion. Mordenite presented both reduced activity

HMF was a main furan found in the reaction mixture.

Reactions in ethanol.

.and ‘selectivity to furan derivatives.

With the use of Zeolite beta about 4 % selectivity to HMF and EMF was

achieved at 17% conversion at a low space velocity. For the other

catalysts tested, the conveérsion developed initially to more than 20%

and the selectivity was in the range between 1 and 3

The predominant furan derivative was the desired EMF.

DATA Fructose + Ethanol with solid acid catalyst 1
fructose conc 55.5 mmol/L; .90% EtOH

Res fructose Y Y (EMF)|S (HMF) S (EMF)
time (HMF)
conversion
/ s % % S 1% % %
10 42 2 9 5 21
30 76 3 24 4 32
60 93 1 35 1 38
120 98 1 37 1 38
DATA Glucose + Ethanol with solid acid catalyst 1
glucose conc 55.5 mmol/L; 90% EtOH- .
Res glucose Y Y (EMF)|S (HMF) S (EMF)
time (HMF)
conversion
/ s 1% % % % %
60 73 2 23 3 32
180 92 1 23 1 25
300 97 1 24 1 25
600 98 1 22 1 22
DATA Sucrose + Ethanol with solid acid catalyst 1
sucrose conc 27.8 mmol/L (55.5 mmol/L C6H1206); 90% EtOH
Res’ Glu + fru Y ©JY (EMF)|S (HMF) S (EMF)
time {HMF)
Conversion
/ s 3 % % % %
60 86 4 22 5 26
180 ‘96 3 26 3 27
300 98 3 28 3 29
600 99 2 27 2 27

engine test



Res time Au + fru Conversion Y- (HW) Y (EMF) .S (RW) S (EMF) IS % %% %
% 60 86 Ti 22 5 26 180 : ’

11 -
In a small-scale model diesel engine, comparative testing is
performed with normal commercial diesel as a fuel and the same
commercial diesel to which samples of 1 wt.%, 2 wt.%, 3 wt.%, 5 wt},
and 10 wt.% HMF or EMF are added, respectively. The diesel samples
5 with HMF are less homogenous on visual inspection (solid particles
remain visible, flocculation) and above 5 wt.% HMF, a solidAdeposit
is sometimes observed. EMF is added as a liquid and does not yield
any mixing or- flocculation problems. The engine is run stationary
with a set volume (100 mL) 6f fuel until empty. HMF containing fuels
10 run less regular,  whereas EMF containing fuels run at a regular pace
and for a longer period (up to 15%). On visual inspection of the

engine, EMF provides less visual contamination.



- 96 26 3 27 300 98 28 3 29 600 99 27 2 27 -11 - In a
smal | -scal e nodel diesel engine, conparative testing is perfornmed with
normal comrerci al diesel as a fuel and the same commercial diesel to which
sanples of 1 wt.% 2 w.% 3 w.% 5 w% and 10 wt.% HVW or EMF are added,
respectively. The diesel sanples 5 with HW are | ess honbgenous on vi sual

I nspection (solid particles remain vi-si2dd e, floccul ation) and above 5 w. %
HW, a solid deposit is sonetinmes observed. EMF is added as a liquid and
does not yield

CLAIMS

1. Method for the manufacture of ethers of 5-hydroxymethyifurfural by reacting a
fructose and/or glucose-containing starting material with an alcohol in the
presence of a catalytic or sub-stoichiometric amount of a heterogeneous or
homogeneous acid catalyst, wherein water is present as solvent in addition to the
alcohol, and wherein the method is performed in a continuous flow process at a
temperature from 125°C to 300°C.

2. Method according to claim 1, wherein the alcohol is selected from the group

consisting of primary (un)branched aliphatic alcohols.

3. Method according to claim 1 or 2, wherein the acid catalyst is selected from the
group consisting of organic acids and halogenated organic acids, inorganic acids,

salts, Lewis acids, ion exchange resins, zeolites or mixtures and/or combinations

thereof.

4. Method according to claim 1, wherein the acid catalyst is a heterogeneous
catalyst.

5. Method according to claim 1, wherein the acid catalyst is a homogeneous
catalyst.

6. Method according to any one of claims 1 to 5, wherein the reaction is performed

at a temperature from 125 to 250 degrees Celsius.

7. Method according to claim 6, wherein the reaction is performed at a temperature

25 from 175 to 225 degrees Celsius.

8. Method accerding to any one of claims 1 to 7, wherein the fructose and/or
glucose-containing starting material is selected from the group of starch, amylase,

galactose, cellulose, hemi-cellulose, glucose-containing disaccharides or glucose.



any m xing or flocculation problens. The engine is run stationary wth a set
vol unme (100 nm.) of fuel until enpty. HVF containing fuels 10 run | ess

regul ar, whereas EMF containing fuels run at a regular pace and for a | onger
period (up to 15% . On visual inspection of the engine, EMF provides |ess

vi sual contam nation. - 12 - CLAIMS Method for the manufacture of ethers of
5- hydroxymet hyl furfural by reacting aiBructose and/ or gl ucose-containing
starting material with an alcohol in the presence of a catalytic or

sub-stoi chionetric amount of a heterogeneous or honpbgeneous acid catal yst,
wher ei n Wat er Methqskasseitingds agn Preeeitcldims A delf twhstein oha 1ado af eehldl/watard wher ei n
the net hod |ssggé&qg 50R, 8 1conti nuous flow process at a tenperature from
125C to 300C. Met hod according to claim1l, wherein the alcohol is

sel ected fron1the group consisting of primary (un)branched aliphatic

al cohol s.103. 'M@tﬁ&da&%%{gdﬂo%yt&ecdf%'léﬂwé 19b 2 wheh&! SlevebiBen@Clife GRfRl Yst is
selected fromthe group consisting ani ¢ acids and hal ogenated organic
aci ds, i norgafiP¥ PERSEES 'S behyees 0. Lé%°§d 86@ g%hoﬁ”én exchange resins, zeolites or
m xt ures and/ or conblnatlons t hereof. 4. Method according to cIa|n11

wher ein the acid cataly is a heterogeneous cat al 5. Met hod according
to clai m'i, mﬁ@t@dnaqcﬁ@'%iodc'%'ﬁ‘t & ydiergig the Fﬁlﬁ?@@?\g@%”é%ﬁ QPV\‘]QOO@SS Fet hod
according to aby PhRautoCl s 1 to 5, wherein the reaction is perforned at
a tenperature from 125 to 250 degrees Cel sius. Method according to claim®6,
wherein the reaction is performed at a tenperature 25 from 175 to 225

degrees Gel si Wethdd Medoh@sy a6 GAY tinddoft QairRY1 as el 10fwHekdh MBe Eohthubus WoRr ei n t he
fructose and/ or gl ucose- contalnlng starting material is selected fromthe

group of st ar PHPCeEIR{REd PEAFAUINYes ﬂq%ﬂWWW%se heni - cel | ul ose,

gl ucose- contalnlng dlsaccharldes or glucose. -13- 9. Method according to
any one of cl ai s wherein the ratio of alcohollmatersolvent is from
50 to 0.13 10 M%dhaﬁoé%%r‘%aﬁb 5 UnFeiBNe’ df 0 AMwES 1D CENINKRES dPH t he
resi dence tinprdcasd Be rbhawe prs0Riss of § chrabveeastilaidn seeerd and 10 hours. 11.
Met hod according to claim 10, wherein the residence tine in the fl ow process
s froml mnute to 1 hour. 12. Method according to any one of clains 1 to
11, wherein the continuous flow process is a fixed bed continuous flow
process. 13. od accor di t 0,,.any one clainms 1 to 11, wherein the
conti nuodé' fl %t“bqﬂo%cégfsd rIgsto Cgf?"@aﬂ@t V%Ereéﬂ E‘FufP‘F%?F%r‘i%P”%\esc%P%tleS&gFEeous
distillation ptiacessst. 14. Method according to claim 12, wherein the fixed
bed conprises a heterogeneous acid catal yst. 15. Method according to claim
12 or 13, wherein in addition to a heterogeneous acid catal yst, an inorganic
or organiié. aciMbtieat adcysiing cmirdefldz <br013t heecfeteth afditicheo fa ixeerobetkoas acidt al yti c
distillation continuo cear e of
Claim 14 to FeoVGhaRaaeeRE TG At Eh e b Bley o 8 PRI 1000,
17. Et hers of bBd hychtaxtjonistiigtidnurohtimelus fowduwecess. by t he net hod of any one of
clains 1 to 16.

16. Method according to any one of claims 14 to 15, wherein the liquid hourly space

velocity is from 1 to 1000.

17. Ethers of 5-hydroxymethylfurfural produced by the method of any one of claims 1
to 16.



