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f ormed preferably from 10 to 150 degrees Ceisius, more preferably from 20 to 120 degrees Celsius.
Also, the hydrogenation reaction is most selective at low temperatures such as e.g. between
20 and 80 degrees Celsius, depending on the selected catalyst. The reaction of the invention
can also be carried out in a system with 2 reactors in series, whereby the hydrogenation step
30 and the etherification step are carried out in the first and second reactor at lower and higher
temperature, respectively. The reaction may be performed in a single reactor, at a
temperature from 20 to 140 degrees Celsius, or in two reactors, where in the first reactor the
hydrogenation is performed at a temperature from 20 to 80 degrees Celsius, and where in
the second reactor the hydrogen is removed for the etherification at a temperature from 40 to
35 160 degrees Celsius, preferably from 60 to 120 degrees Celsius. The operation in one batch
reactor can start with a low temperature hydrogenation, followed by increasing the
temperature and removing the hydrogen gas.



Sel ectivities and conversions for catalysts used in this exanple can
be found in table below Table 1. Conversion and selectivities for

t he hydr og®RaP°G58 5- (et hoxymet hyl )furfural in the pYEEERA®/8H23
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5 from 2 to 25 bars, more preferably from 2 to 10 bars. In general, pressures higher than 100
bars are less preferred as the selectivity of the reaction reduces and too much hydrogen is
consumed for by-products formation.

The furfural, HMF and HMF ether and ester containing starting material is typically
dissolved in a solvent or more preferably in the alcohol reactant, in order to facilitate the

10 reaction. The non-alcohol sclvent may be selected form the group consisting of arganic
solvents such as, ketones, ethers, alkanes and the like.

The alcohol solvent is the alcohol selected for the etherification. The amount of
solvent is preferably sufficient to dissolve or suspend the starting material and to prevent
certain side-reactions. ' '

15 The method of the current invention may be carried out in a batch process orin a
continuous process, with or without recycle of (part of) the product stream to control the
reaction temperature (recycle via a heat exchanger). For instance, the method of the
invention can be performed in a continuous flow process. In such method, one or two
homogenous catalysts may be used and the residence time of the reactants in the flow

20  process is between 0.1 second and 10 hours, preferably from 1 second to 1 hours, more
preferably from 5 seconds to 20 minutes.

Alternatively, the continuous flow process may be a fixed bed continuous flow process
or a reactive (catalytic) distillation process with a heterogeneous acid catalyst. To initiate or
regenerate the heterogeneous acid catalyst or to improve performance, or when a

25 heterogeneous hydrogenation catalyst is used in combination with a homogeneous acidic
etherification catalys, 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 (LLHSV) can be from 1 to 1000, preferably from 5 to 500, more preferably from 10 to
250 and most preferably from 25 to 100 min™.

30 The above process results in stable furan ethers, which can then be used as such or
be converted into a further derivative before being used as fuel and/or as fuel additive. The
inventors are of the opinion that some of the products prepared by the method of the current
invention are actually new. Thus, the ethers made from alkoxymethylfurfural with C1 to C20
alcohols, preferably C1 to C8 alcohols are new and are excellent fuel components or fuel

35 additives. Since these alcohols may be made from biomass, this might open a class of
products that are fully biomass-derived. Accordingly, these new ethers are claimed as well.
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The HMF ethers of the invention can alsc be used as or can be converted to
compounds that can be used as solvent, as monomer in a polymerization (such as 2,5-furan
dicarboxylic acid or FDCA), as fine chemical or pharmaceutical intermediate, or in other
applications. Oxidation of the HMF ethers using an appropriate catalyst under appropriate

5 conditions such as for example described far p-xylene with a NHPI/Co{OAc),/MnOACc);
catalyst system in Adv. Synth. Catal. 2001, 343, 220-225 or such as described for HMF with
a PH/C catalyst system at pH < 8 in EP 0 356 703 or or such as described for HMF with a
Pt/C catalyst system at pH > 7 in FR 2 668 634, all with air as an oxidant, resulted in the
formation of 2,5- Furan dicarboxylic acid (FDCA).

10 The invention further concerns the use of the HMF ethers prepared by the method of
the current invention as fuel and/or as fuel additive. Of particular interest is the use of the
ethers in diesel, biodiesel or "green diesel®, given its (much) greater solubility therein than
ethanol. Conventional additives and blending agents for diesel fuel may be present in the fue!
compositiocns of this invention in addition to the above mentioned fuel components. For

15  example, the fuels of this invention may contain conventional quantities of conventional
additives such as cetane improvers, friction modifiers, detergents, antioxidants and heat
stabilizers, for example. Especially preferred diesel fuel formulations of the invention
comprise diesel fuel hydrocarbons and HMF ether as above described together with peroxidic
or nitrate cetane improvers such as ditertiary butyl peroxide, amyl nitrate and ethyl hexyl

20 nitrate for example. )

Examples are enclosed to illustrate the method of the current invention and the
suitability of the products prepared therefrom as fuel. The examples are not meant to limit the

scope of the invention.

25 Example 1. Formation of 2,5-di(ethoxymethyl)furan
In a 7.5 ml batch reactor, 0.06 mmol 5-(ethoxymethyl)furfural (EMF) in ethanol/H,0 (90/10)
and 3.3 mmol H; was reacted for 2 hours at a temperature of 150 or 80 degrees Celsius with
5 mg heterogeneous hydrogenation catalyst and in some cases with 5 mg acid catalyst. Four
furan peaks were observed in the UV spectrum. Mass spectrometry (LC-MS ClI) identified

30 these products as 5-(ethoxymethyl)furfural (EMF; starting material), 2,5-
di(ethoxymethyl)furan (DEMF), 2-(ethoxymethyl)-5-(hydroxymethyl)furan (EMHMF) and 2-
(ethoxymethyl)-5-methylfuran (EMMeF).

Conversion of substrate, selectivity and yield of furan derivatives were calculated

according to the following formulae:

35  X=100"m; substrate /Mo substrate
X conversion (%)

My substrate amount of reacted substrate (mg)



N0n68099565552367072585%3t/ 500/ CrCd 2 80 70.7 13.0
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Mo substrate amount of substrate in feed (mg)
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scompound =1 cloﬂr"r substrate f"o substrate

Scompound selectivity to compound (%)
Ne substrate moles of substrate reacted
No substrate moles of substrate in feed

Yield =100 nproduct /Mo substrate

Yield yield (%)

Nproduct moles of product formed

Selectivities and conversions for catalysts used in this example can be found in table below.

Table 1. Conversion and selectivities for the hydrogenation of 5-(ethoxymethyl)furfural in the

presence of ethanol at different temperatures and reaction times.

Conversion sSEMHMF sDEMF sEMMeF sEMHMF+DEMF hyf!r'c::;:::tre
Catalyst 1 Catalyst 2 T [°C] %] %} [%] [%] [%4] products[%’
1.85%Ru on silica None 80 29.0 925 0.1 0.0 92.6 7.4
1.85%Ru on silica CrCI2 80 42.4 138 28.7 02 42.5 57.3
5% Ru on alumina None 150 92.4 52.5 0.2 0.0 52.7 473
5% Ru on alumina None 80 73.3 85.0 0.8 0.1 85.8 14.2
5% Ru on alumina Amberlyst36Wet 80 91.1 3341 277 04 60.8 38.9
5% Ru on alumina CrCI2 80 70.8 15.9 28.5 0.3 44.3 55.4
5%Pt/0.5%V None 80 99.5 65.5 52 36 707 25.8
5%P0.5%V CrCl2 B0 70.7 13.0 21.8 3.4 34.8 61.9
5%Rh on active C  Bentonite 80 66.9 324 6.3 7.9 38.7 534
Ni on silica None 150 93.2 33.0 0.1 0.8 33.2 66.1
Ni on silica None 80 98.6 51.1 0.0 0.0 51.1 48.9
Ni on silica Amberlyst36Wet 80 99.3 223 21.56 0.1 43.8 56.2
Ni_on silica CrCiz 80 31.0 98.5 0.7 0.5 99.2 0.3

Analytical Method

The reaction products were quantified with the aid of HPLC-analysis with an internal standard
(saccharine, Sigma Aldrich). An Agilent 1100 series chromatograph, equipped with UV and
ELSD detectors, was used. Stationary phase was reverse phase C18 (Sunfire 3.5 pm,
4.6x100mm, Waters) column. A gradient elution at a constant flow 0.6 ml/min and

temperature 40 °C was used according to the following scheme.

Time HZ20(vol%) MeOH (vol%) MeCN {vol%) Flow (mlimin) T(C)

Initial 95 0 5 1 40
1 89 3 8 1 40
8 25 3 72 1 40
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C.l. Mass spectrum of DEMF (MW=184.2 g/mol)

Example 2. Batch experiment with hydrogenation/etherification of 5-
(ethoxymethyl)furfural

In a 7.5 ml batch reactor, 0.06 mmol 5-(ethoxymethyl)furfural (EMF) in 1 mL ethanol and 5
bars of hydrogen was reacted with 3 mol% of a Pt/C catalyst for 4 days at room temperature.
The starting material was completely converted in 100% selectivity to 5-{(ethoxymethyl)-2-
hydroxymethyl)furan. Subsequently, the mixture was heated to 75 °C for 1 day without
hydrogen. The 5-(ethoxymethyl)-2-hydroxymethyl)furan was fully converted and 2,5-
bis(ethoxymethyl)furan was obtained in 80% yield. 20% Side products are ring opened
levulinate derivatives. The experiment was successfully repeated on a 20 gram scale.

Example 3. Batch experiment with hydrogenation/etherification of 5-(tert-
butoxymethyl)furfural

In a 7.5 ml batch reactor, 0.06 mmol 5-(tert-butoxymethyl)furfural ({BMF) in 1 mL ethanol and
2 bars of hydrogen was reacted with 3 mol% of a 5% Rh on alumina catalyst for 4 hours at
room temperature. The starting material was completely converted in 100% selectivity to 5-
(tertbutoxymethyl)-2-(ethoxymethyl)furan. The experiment was successfully repeated on a 20
gram scale.

No reduction of the furan ring could be detected.

Example 4. Batch experiment with hydrogenationfetherification of 5-
{bydroxymethyl)furfural

In'a 7.5 ml batch reactor, 0.06 mmol 5-(hydroxymethyl)furfural (HMF} in 1 mL ethanol and 5
bars of hydrogen was reacted with 3 mol% of a Pt/C catalyst for 2 days at room temperature.
The starting material was completely converted in 100% selectivity to 2,5-
di(hydroxymethyljfuran. Subsequently, the mixture was heated to 75 °C for 1 day without
hydrogen. The 2,5-di(hydroxymethyl)furan was fully converted and 2,5-
bis(ethoxymethyl)furan was obtained in 75% yield. 25% Side products are ring opened

levulinate derivatives. The experiment was successfully repeated on a 20 gram scale.

Example 5. Diesel fuel applications

Fuel solubility

Fuel solubility is a primary concern for diesel fuel applications. Not all highly polar oxygenates
have good solubility in the current commercial diesel fuels. Results show that 2,5-
di(ethoxymethyl)furan and 5-(tertbutoxymethyl)-2-(ethoxymethyl)furan are miscible in all
blend ratio’s with commercial diesel. in a comparative set of experiments it was shown that



Anal yti cal Method The reaction products were quantified with the aid
of HPLC-analysis with an internal standard- (saccharin

Al drich). WRA2NGP%EM 1100 series chromatograph, equi pp@)“/@ﬁg?%’owzi’and
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5 Example 6. 5-substituted 2-(alkoxymethyl)furans
A teflon lined, 7.5 mL stainless steel batch reactor containing 350 mg (2.3 mmol) of 5-

{ethoxymethyl)furfural in 0.5 mL methanol, a hydrogenation catalyst (Ni on Silica) and an

etherification catalyst_(zeolite B- SAR 75) was pressurized to_12.5 bar with hydrogen and
subsequently heated, under stirring, to 100 °C for 3 hours. After the reaction, de reactor is
10  cooled quickly in an ice bath and depressurized. A sample is diluted with methanol and

analysed of the products with GC and GC-MS. The results are shown in the below Table.
In this experiment, the selectivity was calculated slightly different, based on the formula:
Selectivity = 100 * n,(product) / [n, (substrate) - n,(substrate)]
Where: -

15  np- the initial number of moles

n- the number the moles of a compound at time “t".

Table 1. Hydrogenation/etherification of EMF in MeOH to EMF alcohol and ethers

Cat. ; S S-DMMF +
Cat 1 g‘;"tf Cat 2 2 C"”}",,/e;s"’” S'E[";HMF S'D,;”MF EMMeF  EMMeF
g Img] ° o] % 1%] [%]
. Zeolite
§;Ii§: 50 Beta 50 92 3.8 47.9 30.1 78.0
(SAR 75)
Ni on Zeolite
0 10 Beta 10 37 7.9 467 36.0 82.7
(SAR 75)

20 | Example 7. 5-substituted 2-(alkoxymethyl)furans using a mixture of EMF and Furfural
Example 8, was repeated with 180 mg (1.8 mmol) of furfural and 180 mg {1.2 mmol} 5-
(ethoxymethyDfurfural in 0.48 mL methanol. The batch reactor was pressurized to 20 bar of

hydrogen and subsequently heated, under stirring, to 100 °C for 2 hours. The results are

shown in Table 2.
25
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Where: 15nr the initial nunber of noles nr the nunber the noles of a
conpound at tinme "t". Table |I. Hydrogenation/etherification of EMF in
MeOH to EMF al cohol and ethers CatS-S-DMW + Cat 1Conversi on S- EMHVF
S-DVMF Cat 1Cat 22EMVEFEMVEF [ng]riol FX4fro] [nmg] M (Vol N Zeolite
on silica50Bet a50923.847.930.178.0 (SAR 75) Ni onZeolite

silicalOBet al0377.946. 736.082.7 (SAR 75) Exanple 7. 5-substituted
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3. Method according to claim 1, wherein the alcohol is
selected from the group consisting of methanol, ethanol,
2-propanol, 2<butanol, 2-methyl-1-propanol (isobutanol),
2-methyl-2-propanol (tert-butanol), 2-pentanol (s-amyl alco-
hol); 2-methyl-1-butanol (p-amyl alcohol); 2-methyl-2-bu-
tanol (t-amyl alcohol); 3-methyl-1-butanol (isoamyl alco-
hol);  2,2-dimethyl-1-propanol  (neopentyl  alcohol);
2-hexanol; 2-ethyl-1-hexanol (isooctyl alcoliol) and a blend
of from two or more of the above alcohols.

4. Method according to claim 1 or 2, wherein the catalyst
system comprises a heterogeneous acid hydrogenation cata-
lyst.

5. Method according to claim 4, wherein the heterogeneous
acid hydrogenation catalyst comprises at least one noble
metal on a carbon support.

6. Method according to claim 1 or 2, wherein the catalyst
system comprises of two catalysts, one being a hydrogenation
catalyst and the other being an etherification catalyst.

7. Method according to any one of claims 1 to 3, wherein
the reaction is performed in a single reactor, at a temperature
from 20 to 140 degrees Celsius, or in two reactors, where in
the first reactor the hydrogenation is performed at a tempera-
ture from 20 to 80 degrees Celsius, and where in the second
reactor the hydrogen is removed for the etherification at a
temperature from 40 to 160 degrees Celsius, wherein the
operation in one batch reactor can start with a low tempera-
ture hydrogenation, followed by increasing the temperature
and removing the hydrogen gas.
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9. Method according to claim8, wherein the starting materi al

conpri ses 5- (hydroxynethyl)furfural. 10. Method according to any
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