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CATALYTIC PROCESS FOR PRODUCING 
FURAN DERIVATIVES IN A BIPHASIC 

REACTOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Priority is hereby claimed to provisional application Ser. 
No. 60/811,343, filed Jun. 6, 2006, which is incorporated 
herein by reference. 

FEDERAL FUNDING STATEMENT 

2 
The economic difficulties caused by increasing demand 

coupled with diminishing supply is driving efforts to develop 
alternative and sustainable ways to meet energy and raw 
material needs. The Roadmap for Biomass Technologies in 

5 the United States (U.S. Department of Energy, Accession No. 
ADA436527, December 2002), authored by 26 leading 
experts, has predicted a gradual shift from a petroleum-based 
economy to a more carbohydrate dependent economy. This 
official document predicts that by 2030, 20% oftransporta-

10 tion fuel and 25% of chemicals consumed in the United States 
will be produced from biomass. Such a shift away from petro
leum-based technologies requires developing innovative, 
low-cost separation and depolymerization processing tech-

This invention was made with United States government 
support awarded by the following agencies: USDA/CSREES 15 

2003-35504-13752 and NSF 0456693. The United States has 

nologies to break down the highly oxygen-functionalized, 
polysaccharide molecules found in raw biomass, to yield 
useful bio-derived materials and fuels. In short, abundant 

certain rights in this invention. 

FIELD OF THE INVENTION 

The invention is directed to a process for selectively dehy
drating carbohydrates, (preferably sugars, e.g., fructose, glu
cose, xylose) to yield furan derivatives such as 5-hydroxym
ethylfurfural (HMF) and furfural. Particularly advantageous 
is that the process operates at high sugar concentrations in the 
reactant feed (preferably from about 10 to about 50 wt % ), 
achieves high yields (>80% HMF selectivity at 90% sugar 
conversion when using fructose as the reactant), and delivers 
the furan derivative in a separation-friendly solvent. The pro
cess uses a two-phase reactor system wherein the sugar is 
dehydrated in an aqueous phase (preferably using an acid 
catalyst such as HCl or an acidic ion-exchange resin). The 
furan derivative product is continuously extracted into an 
organic phase (preferably 1-butanol) thus reducing side reac
tions. 

BACKGROUND 

Since at least as early as the mid-1960's, scientific and 
economic forecasters have been predicting an approaching 
era of diminishing availability of petrochemical resources to 
produce the energy and chemical materials needed by indus
trialized societies. On one hand, discoveries of new petro
leum reserves and new petroleum production technologies 

biomass resources can provide alternative routes for a sus
tainable supply of both transportation fuels and valuable 
intermediates ( e.g., alcohols, aldehydes, ketones, carboxylic 

20 acid, esters) for production of drugs and polymeric materials. 
However, unless these alternative routes can be implemented 
at a production cost roughly comparable to the corresponding 
production cost when using petroleum feedstocks, the tran
sition will inevitably be accompanied by severe economic 

25 dislocations. It is not enough that the transition can be accom
plished; to avoid economic upheaval, the transition must be 
accomplished in an economically feasible fashion. 

Furan derivatives (such as furfural (Fur) and 5-hydroxym
ethylfurfural (HMF)) derived from renewable biomass 

30 resources have potential as substitutes for petroleum-based 
building blocks used to produce plastics and fine chemicals. 
For example, HMF can be converted to 2,5-furandicarboxylic 
acid (FDCA) by selective oxidation; FDCA can be used as a 
replacement for terephthalic acid in the production of poly-

35 esters such as polyethyleneterephthalate (PET) and polybu
tyleneterephthalate (PBT). Reducing HMF leads to products 
such as 2,5-dihydroxymethylfuran and 2,5-bis(hydroxym
ethyl)tetrahydrofuran, which can function as the alcohol 
components in the production of polyesters (thereby leading 

40 to completely biomass-derived polymers when combined 
with FDCA). Additionally, disubstituted furan derivates 
obtained from HMF serve as an important component of 
pharmacologically active compounds associated with a wide 
spectrum ofbiological activities. Furfural is also a key chemi-

45 cal for the commercial production of furan (via catalytic 
decarbonylation) and tetrahydrofuran (via hydrogenation), 
thereby providing a biomass-based alternative to the corre
sponding petrochemical production route (via dehydration of 

( e.g., deep-water, off-shore drilling) have staved off an eco
nomically catastrophic shortage of crude oil. On the other 
hand, rapidly industrializing national economies (most nota
bly China and India), coupled with political instability in 
petroleum-producing regions (most notably the middle east, 
Nigeria, and Venezuela), have pushed oil prices to record 50 

levels. In early 2006, the price of a barrel of crude oil topped 
$70 for the first time in history. Environmental, ecological, 
and political considerations have also effectively made cer
tain proven reserves of petroleum off-limits to commercial 
exploitation. For example, production of petroleum from 55 

proven reserves in the Artie National Wildlife Refuge in 
Alaska has been ( and for the foreseeable future, will continue 

1,4-butanediol). 
Furfural is primarily used in refining lubricating oil. Fur

fural is also used in condensation reactions with formalde
hyde, phenol, acetone or urea to yield resins with excellent 
thermosetting properties and extreme physical strength. 
Methyl-tetrahydrofuran (MeTHF), a hydrogenated form of 
furfural, is a principal component in P-series fuel, which is 
developed primarily from renewable resources. ("P-series 
fuel" is an official designation promulgated by the U.S. Dept. 
of Energy for a fuel blend comprised of pentanes, ethanol, and 
biomass-derived MeTHF. See 10 CFR §490.) 

to be) blocked by federal and state legislation to preserve this 
unique natural landscape from human encroachment. 

The rippling effect of high crude oil prices on national 60 

economies is profound. Not only are gasoline and diesel the 
principal transportation fuels worldwide, crude petroleum 
also yields a vast array of chemicals that are feedstocks for an 
equally vast array of products, from plastics to pesticides. 
Thus, high crude oil prices spur worldwide inflation as pro- 65 

ducers pass on their increased costs of production to consum-
ers. 

However, as indicated by various authors, the industrial use 
of HMF as a chemical intermediate is currently impeded by 
high production costs. Perhaps because of the high cost of 
production, a number of U.S. and foreign patents describe 
methods to produce HMF. See, for example, U.S. Pat. Nos. 
2,750,394 (to Peniston); 2,917,520 (to Cope); 2,929,823 (to 
Garber); 3,118,912 (to Smith); 4,339,387 (to Fleche et al.); 
4,590,283 (to Gaset et al.); and 4,740,605 (to Rapp). In the 
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foreign patent literature, see GB 591,858; GB 600,871; and 
GB 876,463, all of which were published in English. See also 
FR 2,663,933; FR 2,664,273; FR 2,669,635; and CA 2,097, 
812, all of which were published in French. 

Producing furfural from biomass requires raw materials 5 

rich in pentosan, such as corncobs, oat hulls, bagasse, and 
certain woods (like beech). Even today, most furfural produc
tion plants employ batch processing using the original, acid
catalyzed QuakerOats technology (first implemented in 1921 
by Quaker Oats in Cedar Rapids, Iowa as a means to realize 10 

value from the tons of oat hulls remaining after making rolled 
oats). (For an exhaustive history on the production of furfural, 
see K. J. Zeitsch, "The Chemistry and Technology ofFurfural 
and its Many By-Products," Elsevier, Sugar Series, No. 13, © 
2000, Elsevier Science B. V.) This batch processing results in 15 

yields less than 50%, and also requires a large amount of 
high-pressure steam. The process also generates a significant 
amount of effluent. 

4 
with FDCA. In addition, HMF can serve as a precursor in the 
synthesis of liquid alkanes to be used, for example, in diesel 
fuel ( 4). 

Unfortunately, as noted by various authors (5-8), the indus-
trial use of HMF as a chemical intermediate is currently 
impeded by high production costs. Early work showed that 
HMF could be produced in high concentrations using high
boiling organic solvents, such as dimethylsulfoxide (DMSO), 
dimethylformamide, and mixtures of polyethyleneglycol 
(PEG) with water, over various catalysts including sulfuric 
acid and sulfonic acid resins; however, this approach neces
sitates difficult and energy intensive isolation procedures (6, 
9-13). In pure water, fructose dehydration is generally non-

Various researchers have tried dehydration ofxylose into 
furfural using acid catalysts such as mineral acids, zeolites, 
acid-functionalized Mobile crystalline materials (MCM's) 
and heteropolyacids. Moreau et. al. has conducted the reac
tion in a batch mode using H-form fauj asites and a H-morden-
ite catalyst, at 170° C., in a solvent mixture of water and 
methylisobutylketone (MIBK) or toluene (1 :3 by vol) with 
selectivities ranging from 70-96% (in toluene) and 50-60% 

selective, leading to many byproducts besides HMF (14). 
Recent advances have shown improved results in pure water 
or in water-miscible solvent systems (e.g., acetonitrile or 
acetone), but only using low initial fructose concentrations 
which inevitably generate low HMF concentrations (1, 10, 
15, 16). Biphasic systems, where a water-immiscible organic 

20 solvent is added to extract continuously the HMF from the 
aqueous phase, have also been investigated using mineral 
acid or zeolite catalysts at temperatures above 450 K (6, 
17-21). However, poor HMF partitioning into the organic 
streams employed in these studies necessitated large amounts 

25 of solvent, thereby requiring large energy expenditures to 
purify the diluted HMF product (22). 

(in MIBK) but at low conversions. Dias et al. showed that a 
sulfonic acid-modified MCM-41-type catalyst displayed 
fairly high selectivity to furfural (-82%) at high xylose con
version (>90%) with toluene as the extracting solvent for the 30 

reactions carried out 140° C. In the patent literature, see, for 
example, U.S. Pat. Nos. 4,533,743 (to Medeiros et al.); 4,912, 
237 (to Zeitsch); 4,971,657 (to Avignon et al.), and 6,743,928 
(to Zeitsch). 

Abundant biomass resources are a promising sustainable 35 

supply of valuable intermediates ( e.g., alcohols, aldehydes, 
ketones, carboxylic acids) to the chemical industry for pro
ducing drugs and polymeric materials. In this context, the 
high content of oxygenated functional groups in carbohy
drates, the dominant compounds in biomass, is an advantage. 40 

(Which is in contrast to the drawbacks of such functionality 
for the conversion of carbohydrates to fuels.) However, there 
remains a long-felt and unmet need for efficient processes to 
selectively remove excess functional groups and to modify 
other functional groups to create commercially desirable 45 

products from biomass. 

SUMMARY OF THE INVENTION 

Thus, the present invention is directed to a process to make 
furan derivative compounds. The process comprises dehy
drating a carbohydrate feedstock solution, optionally in the 
presence of an acid catalyst, in a reaction vessel containing a 
biphasic reaction medium comprising an aqueous reaction 
solution and a substantially immiscible organic extraction 
solution. The aqueous reaction solution, the organic extrac-
tion solution, or both the aqueous reaction solution and the 
organic extraction solution, contain at least one modifier to 
improve selectivity of the process to yield furan derivative 
compounds in general, and HMF in particular. 

In the preferred embodiment, the process includes an aque
ous reaction solution containing the carbohydrate, an acid 
catalyst, and a chemical modifier. The modifier is comprised 
of an inorganic salt and/or a di polar, aprotic additive. The acid 
catalyst preferably is selected from the group consisting of 
mineral acids. The aqueous phase modifier preferably com-
prises an inorganic salt selected from the group consisting of 
metal halides, sulfates, sulfides, phosphates, nitrates, 
acetates, and carbonates; and the dipolar, aprotic additive is 
selected from the group of additives such as dimethylsulfox
ide (DMSO), dimethylformamide, N-methylpyrrolidinone 

50 (NMP), acetonitrile, butyrolactone, dioxane, pyrrolidinone; 
water-miscible alcohols or ketones (methanol, ethanol, 
acetone); and water-soluble polymers such as polyethylene 
glycol (PEG) and poly(l-vinyl-2-pyrrolidinone) (PVP). 

The present invention is a method for the selective dehy
dration of carbohydrates (preferably fructose) to produce 
furan derivatives (preferably 5-hydroxymethylfurfural 
(HMF). The method is highly useful because it provides a 
cost-effective route for making these valuable chemical inter
mediates. Indeed, HMF and its ensuing 2,5-disubstituted 55 

furan derivatives could replace key petroleum-based building 
blocks (1). For example, HMF can be converted to 2,5-
furandicarboxylic acid (FDCA) by selective oxidation, and 
Werpy and Petersen (2) and Pentz (3) have suggested that 
FDCA can be used as a replacement for terephthalic acid in 60 

the production of polyesters such as polyethyleneterephtha
late (PET) (2) and polybutyleneterephthalate (PBT). They 
have also suggested that the reduction of HMF can lead to 
products such as 2,5-dihydroxymethylfuran and 2,5-bis(hy
droxymethyl)tetrahydrofuran, which can serve as alcohol 65 

components in the production of polyesters, thereby leading 
to completely biomass-derived polymers when combined 

In the preferred versions of the invention, the organic 
extraction solution comprises an alcohol (1-butanol is pre
ferred), a ketone (MIBK is preferred), and/or a chlorinated 
alkane (DCM is preferred) which is immiscible with the 
chemically modified aqueous phase. Where DCM is used, it is 
also preferred that the reaction be carried out without an acid 
catalyst. The organic extraction solution is preferably modi
fied with a C1 - to C12-alcohol, more preferably a primary or 
secondary, linear, branched, or cyclic C3 - to C8 -alkanol, and 
most preferably 2-butanol. The organic extraction solution 
and the aqueous reaction solution preferably are present in a 
volume ratio of from about 0.1: 1 to about 100: 1 ( organic 
extraction solution:aqueous reaction solution). As a general 
rule, the dehydration reaction is carried out at a temperature 
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ranging from about 70° C. to about 250° C. Higher tempera
tures may be used where the acid catalyst is heterogeneous, 
such as a zeolite catalyst. 

6 

The dehydration reaction is preferably carried out at pres
sures ranging from about 1 bar to about 200 bars, using 5 

carbohydrate feedstock solutions comprising 1-70 wt % car
bohydrate (about 10 to 50 wt% is preferred). 

FIG. 1B is a graph depicting the rationale for converting 
carbohydrates to 2,5-dimethylfuran (DMF). Oxygen content 
is depicted on the X-axis and boiling point on the Y-axis for 
each compound shown. 

FIG. 2 is a graph depicting the effect of salt content (NaCl) 
in the aqueous phase on the extraction ratio R and HMF 
selectivity when practicing present invention using as a feed
stock 30 wt % fructose and using 2-butanol as the extracting 
solvent. 

The invention is more particularly directed to a method of 
making a compound of Formula I: 

(I) 

wherein each R is independently selected from the group 
consisting of hydrogen, C1 -C6-alkyl, hydroxy-C1 -C6-alkyl, 
acyl-C1 -Ccalkyl, C1-Ccalkylcarbonyl-C1-Ccalkyl, and 
carboxy-C1-Ccalkyl, and provided the both R's are not 
simultaneously hydrogen. The method comprises dehydrat
ing a feedstock solution comprising a carbohydrate, in the 
presence of an acid catalyst, in a reaction vessel containing a 
biphasic reaction medium. The biphasic reaction medium 
preferably comprises (i) an aqueous reaction solution com
prising water and one or more modifiers (e.g., NaCl or 
DMSO); and (ii) an organic extraction solution that is immis
cible with the aqueous reaction solution. Preferably, the 
organic extraction solution comprises, by way of non-limit
ing examples, 1-butanol, DCM or a mixture of MIBK and 
2-butanol. 

In the preferred versions of the process, the organic extrac
tion solution comprises a solvent selected from the group 
consisting of unsubstituted aliphatic and aromatic hydrocar
bons and halo-substituted aliphatic and aromatic hydrocar
bons.Water-immiscible, linear, branched, or cyclic alcohols, 
ethers, and ketones may also be used as the organic extraction 
solution. Any combination of these solvents may also be used. 

In one particularly preferred version of the invention, the 
aqueous reaction solution further comprises at least one salt, 
thereby yielding a saline aqueous reaction solution. Any salt 
that is non-reactive with the dehydration reaction taking place 
can be used. The salts comprise a cation and an anion. A 
non-limiting list of suitable anions that can be used in the salt 

10 FIG. 3 is a graph depicting the effect of extraction ratio R 
on HMF selectivity from 30 wt % fructose feeds for various 
organic solvents. Open symbols correspond to experiments 
without NaCl and closed symbols correspond to experiments 
with an aqueous phase saturated with NaCl. Solvent legend: 

15 2-butanol ( •, •) ( closed diamonds refer to experiments 
using 2-butanol as the extracting solvent and aqueous phases 
containing 5, 15, 25, and 35% NaCl; the open diamond refers 
to an experiment using 2-butanol with no salt and a V

0
,,j 

Vaq=l.6), 1-butanol(.._,ll), 1-hexanol(T, V),MIBK(e, 0), 
20 5:5 toluene:2-butanol (•,!>), No solvent(•, •). 

FIGS. 4A, 4B, and 4C are graphs depicting the effects of 
changing the aqueous phase composition from water ("W"), 
to 8:2 water:DMSO (w/w) ("W:D"), to 7:3 water:PVP (w/w) 
("W:P"), to 7:3 (8:2 water:DMSO):PVP (w/w) (W:D:P). FIG. 

25 4A depicts HMF selectivity (%) using a 30 wt % fructose 
feed. The white bars represent MIBK as the extracting sol
vent; the grey bars represent 7:3 (w/w) MIBK:2-butanol as 
the extracting solvent. FIG. 4B depicts the extraction ratio, R, 
usingMIBK (white bars) or7:3 (w/w) MIBK:2-butanol (grey 

30 bars) as the extracting solvent. FIG. 4C depicts HMF selec
tivity (%) using 7:3 (w/w) MIBK:2-butanol extracting sol
vent: white bars depict using a 30 wt % fructose feed; grey 
bars depict using a 50 wt% fructose feed; hatched bars depict 
the improvement obtained using double the amount of 

35 extracting solvent. 
FIG. 5 is a schematic diagram depicting a reactor for pro

ducing HMF from fructose, including simulated countercur
rent extraction and evaporation apparatus. The aqueous phase 
(white) containing fructose, the acid catalyst, and the aqueous 

40 phase chemical modifiers is represented in the bottom half of 
the reactor Rl. The organic phase (grey) containing the 
extracting solvent ( e.g. 1-butanol or MIBK:2-butanol) is rep
resented in the top half of the reactor Rl. 

FIG. 6 is a graph depicting the effect of adding aqueous 
45 modifiers to the aqueous phase (4:6 water:DMSO) (w/w) and 

the extracting organic phase (7:3 MIBK:2-butanol) (w/w) on 
the selectivity and conversion rates for 10 wt % glucose 
dehydration. White bars represent conversion; grey bars rep-

in include acetate, alkylphosphate, alkylsulfate, carbonate, 
chromate, citrate, cyanide, formate, glycolate, halide, 
hexafluorophosphate, nitrate, nitrite, oxide, phosphate, sul
fate, tetrafluoroborate, tosylate, triflate, and bis-trifluorsul
fonimide. A non-limiting list of suitable cations includes 50 
Group I and II metals, the most preferred of these being Na, K, 
Mg, and Ca. NaCl is the preferred salt. Two or more different 
salts my also be used. The salt can be added in small amount 

resent selectivity. 
FIG. 7 is a graph depicting the effect of acid concentration 

on the selectivity (%) for dehydration of 10 wt% solutions of 
simple sugars fructose, glucose, and xylose. These experi
ments were conducted in a 5 :5 water:DMSO mixture at 443 K 
using 7:3 MIBK:2-butanol as the extracting solvent. White or added until the aqueous reaction solution is saturated in the 

chosen salt. When the aqueous solution contains salt, the 
organic extraction solution comprises a solvent that is sub
stantially immiscible in the saline aqueous reaction solution. 
Note that many organic solvents, such as acetone, are mis
cible in water, but are immiscible, for example, in a saturated 
aqueous solution of NaCl. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. lA is a schematic diagram depicting reaction path
ways for the acid-catalyzed dehydration of polysaccharides 
containing hexose monomer units. The structures in brackets 
correspond to representative species. 

55 bars=pH 1.0; light grey bars=pH 1.5; dark grey bars=pH 2.0. 

60 

FIG. 8 is a graph depicting the effects ofvaryingtheDMSO 
concentration on 10 wt % glucose dehydration at a constant 
pH of 1.0, at 443 K, using 7:3 MIBK:2-butanol as the extract
ing solvent. 

FIG. 9 is a graph depicting the effect on selectivity of 
subjecting a variety of carbohydrate precursor molecules 
with 10 wt % initial concentrations at optimized conditions 
for their monomer units. White bars present a water:DMSO 
aqueous reaction mix using HCl as the catalyst; grey bars 

65 represent using 3:7 water:DMSO-5 DCM. 
FIG. 10 is a graph depicting the effect of using different 

mineral acids as the catalyst on 10 wt% glucose dehydration. 
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Along with HCI, experiments were conducted with H2 SO4 

and H3 PO4 at pH 1.5 and 5:5 water:DMSO (w/w) as the 
aqueous phase and 7:3 MIBK:2-butanol (w/w) as the extract
ing solvent. 

DETAILED DESCRIPTION 

Abbreviations and Definitions: The following abbrevia
tions and definitions are used throughout the specification and 
claims. Words and phrases not explicitly defined herein are to 
be afforded their standard definition in the art of chemical 
engineering. 

lB=NaCI 
28=2-butanol. 
Biomass=any plant material, vegetation, or agricultural 

waste, from any source, that can be used to supply carbohy
drates to be used as reactants in the process disclosed herein. 

Carbohydrates=Any of a group of organic compounds that 
includes (without limitation) sugars, starches, celluloses, and 
gums and serves as a major energy source in the diet of 
animals. Carbohydrates are produced by photosynthetic 
plants and contain only carbon, hydrogen, and oxygen atoms. 

DCM =dichloromethane. 
Dipolar, aprotic additive=a water-soluble compound that: 

(a) cannot donate labile hydrogen atoms to form strong 
hydrogen bonds; (b) has a dielectric constant greater than 
about 15; and ( c) has a permanent dipole moment. dimethyl
formamide, DMSO, NMP, pyrrolidinone, and PVP are 
examples of dipolar, aprotic additives. 

DMF=dimethylfuran. 
DMSO=dimethylsulfoxide. 
FDCA=2,5-furandicarboxylic acid. 
Fur=furfural. 
Furan derivative compounds: A compound having the 

structure: 

wherein each R is independently selected from the group 
consisting of hydrogen, C1 -Ccalkyl, hydroxy-C1 -Ccalkyl, 
acyl-C1 -Ccalkyl, C1-Ccalkylcarbonyl-C1-Ccalkyl, and 
carboxy-C1 -Ccalkyl, and provided the both R's are not 
simultaneously hydrogen. (Furan itself is the compound 
where both R groups are hydrogen.) Explicitly included 
within the phrase "furan derivative" are 5-hydroxymethylfur
fural and furfural. 

Group VIIIB metal: a metal selected from the group con-
sisting of Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt. 

HMF=5-hydroxymethylfurfural. 
MeTHF=methyltetrahydrofuran. 
MIBK =methy liso buty !ketone. 
MCM=mobile crystalline materials. 
NaCl=sodium chloride 
NMP=l-methyl-2-pyrrolidinone. 
PBT=polybutyleneterephthalate. 
PEG=polyethyleneglycol. 
PET=polyethyleneterephthalate. 
PVP=poly(l-vinyl-2-pyrrolidinone ). 
Overview: In the present invention, a carbohydrate, pref

erably a simple sugar such as glucose, fructose, xylose, and 
the like, or more complex carbohydrates such as starch, cel
lobiose, sucrose, inulin, xylan, and the like, is dehydrated, 
optionally in the presence of an acid catalyst, to produce furan 

8 
derivatives, such as HMF and various byproducts, as shown in 
FIG. lA. FIG. lA depicts various possible products for a 
reaction according to the present invention, using polysac
charides with hexose monomer units as the carbohydrate 

5 reactant. Although evidence exists supporting both the open
chain and the cyclic fructofuransyl intermediate pathways 
shown between brackets in FIG. lA (20, 23), it is clear that the 
reaction intermediates and the furan derivative products 
degrade via processes such as fragmentation, condensation, 

10 rehydration, reversion, and/or additional dehydration reac
tions, as shown in FIG. lA. (Note that FIG. lA depicts rep
resentative reactants, products, and by-products, and is by no 
means limiting or exhaustive.) 

The rationale for converting carbohydrates to 2,5-dimeth-
15 ylfuran (DMF) is outlined in FIG. 1B. The selective removal 

of five oxygen atoms from a hexose (e.g., fructose, 2) to 
produce DMF not only decreases the boiling point to a value 
suitable for liquid fuels, but also attains the lowest water 
solubility and the highest research octane number of the 

20 mono-oxygenated C6 compounds (30), while preserving a 
high energy density (30 kJ/cm3

). This selective removal of 
oxygen atoms can be accomplished in two steps: (1) remov
ing three oxygen atoms by dehydration to produce 5-hy
droxymethylfurfural (HMF); and (2) removing two oxygen 

25 atoms by hydrogenolysis to produce DMF via intermediates 
4 and 5 as shown in FIG. 1B. Species 6, produced via 7, is a 
hydrogenolysis byproduct that also possesses excellent fuel 
qualities. 

The present invention is a method of making furan deriva-
30 tive compounds. The method addresses the key furan deriva

tive production limitations using a modified biphasic reaction 
system. In short, the method of the present invention maxi
mizes production of the desired furan derivative compounds, 
using any type of carbohydrate (but most preferably simple 

35 sugars) as the reactant. Specifically, the present invention is a 
process that vastly improves the selectivity for furan deriva
tives such as HMF ( defined as the moles of HMF produced 
divided by the moles of carbohydrate reacted) of an acid
catalyzed dehydration of concentrated (10-50 wt % ) carbo-

40 hydrate feeds by adding modifiers to one or both phases in a 
biphasic reaction solution (an aqueous reaction phase and a 
non-aqueous extraction phase). When using specific two
phase systems, most notably when the organic phase is 
dichloromethane and the aqueous reaction phase is a mixture 

45 of water and DMSO, the acid catalyst can be omitted entirely. 
In this particular biphasic system, furan derivative com
pounds can be produced at high selectivities and conversion 
rates without adding an acid catalyst. 

In the preferred embodiment, the reactive aqueous phase 
50 containing the acid catalyst and the carbohydrate reactant 

(preferably a sugar) is optionally modified with one or more 
modifiers consisting of metal salts (preferably NaCl) and/or 
dipolar, aprotic additives (preferably DMSO and/or l-me
thyl-2-pyrrolidinone (NMP)) and/or a hydrophilic polymer 

55 (preferably poly(l-vinyl-2-pyrrolidinone) (PVP)). The aque
ous-phase-immiscible organic phase (preferably 1-butanol or 
MIBK) used during the reaction (to extract the furan deriva
tive product) is preferably modified with a C1 - to C12-alcohol, 
more preferably a primary or secondary, linear, branched, or 

60 cyclic C3 - to C8-alkanol, and most preferably 2-butanol. The 
ratio of relative volumes of the organic and aqueous phases in 
the reactor (V

0
rJV

0
q), as well as the ratio of the product 

concentration in the organic layer to that in the aqueous layer 
(defined as the extraction ratio, R) proved to be important 

65 variables in the process (as described below). Upon comple
tion of the dehydration reaction, both phases can be separated 
for efficient product isolation. Although various acid catalysts 
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can be used to perform the dehydration reaction, HCl is 
preferred because it showed the highest HMF selectivity of 
the common mineral acid catalysts (see Table 2, runs 5, 8, and 
40-43). 

The Reactor: A reactor system suitable for carrying out the 5 

present invention is illustrated schematically in FIG. 5 (where 
the aqueous phase is shown in white and the organic phase in 
grey). The reactor system includes a biphasic reactor vessel 
Rl, and a solvent evaporator El. These components (as well 

10 
acid (HCl is shown for illustrative purposes only). Removal of 
the water yields to precipitation of small amounts of salt that 
are dissolved in the extracting phase. The precipitate is 
returned to the aqueous phase of the reactor Rl. 

In the second part of the reactor, HMF is converted to DMF. 
CuCr04 is an effective catalyst for the hydrogenolysis of 
HMF to DMF, although no studies of this reaction have been 
reported. The liquid-phase batch experiments ofHMF hydro
genolysis using CuCrO4 showed 61% yield (defined as the 

as the other components described later) are connected by 
conventional conduits, which are depicted as arrows or 
dashed lines in FIG. 5. Any number of conventional valves, 
pumps, sampling ports, injection ports, etc., explicitly not 
shown in FIG. 5 for purposes of clarity, may be included in the 
reactor system to control the flow of feed, reactants, aqueous 
solvents and additives, organic solvents and additives, and 
product. 

10 product of selectivity and conversion) for DMF and 29% 
yield for 5 (see FIG. lB for structures that correspond to the 
compound nos.; see also the Examples for further details). 
Importantly, however, trace levels of chloride ions in the 
solvent (introduced during the dehydration step and not com-

In operation, the reaction of the carbohydrate feed stock 
takes place in the aqueous phase, at elevated temperatures. 
The furan derivative product formed (shown as HMF in FIG. 
5) is far more soluble in the organic phase than in the aqueous 
phase and thus is mostly extracted into the organic phase. The 
small amount of HMF remaining in the aqueous phase is 
extracted by contacting the aqueous phase with fresh organic 
solvent. The aqueous phase and solvent are recycled back to 
the reaction vessel Rl. The organic fraction from reactor Rl 
is transferred to the evaporator El where the solvent is 
removed (thereby leaving the isolated furan derivative prod
uct). The evaporated organic solvent is recycled back into the 
organic portion of the reactor vessel. The resulting isolated 
furan derivative product is then retrieved from the evaporator. 

15 pletely removed during the evaporation step) deactivate the 
CuCr04 catalyst significantly. For instance, when this cata
lyst is used in a 1-butanol solution containing 1.6 mmol/L of 
NaCl, only 6% yield ofDMF is obtained. 

To alleviate poisoning of the copper catalyst, a chloride-
20 resistant carbon-supported copper-ruthenium (CuRu/C) cata

lyst was developed. The rationale for using this catalyst was 
that it was observed by the present inventors that a carbon
supported ruthenium catalyst was resistant to deactivation in 
the presence of chloride ions; however, this catalyst converted 

25 HMF primarily to 8. Because copper and ruthenium are 
immiscible, and copper has a lower surface energy than ruthe
nium, their mixture creates a two-phase system in which the 
copper phase coats the surface of the ruthenium phase. 
Accordingly, it was hypothesized that a CuRu/C catalyst 

30 would exhibit copper-like hydrogenolysis behavior com
bined with ruthenium-like chlorine resistance, which proved 
to be the case. Thus, the first step in the process comprises an acid-cata

lyzed dehydration of fructose to produce HMF in a biphasic 
reactor. Because the normal boiling point ofHMF is too high 
for it to be used as a fuel (see FIG. lB), the HMF extracted by 35 

the organic phase of the biphasic reactor Rl is subsequently 
converted to DMF by hydrogenolysis ofC-O bonds over a 
metal catalyst, preferably a Group VIIIB metal-containing 
catalyst (and most preferably a copper-ruthenium (CuRu) 
catalyst) in reactor R2 as shown in FIG. 5. 

Liquid-phase hydrogenolysis experiments using a 3:1 
(atomic ratio) Cu:Ru/C catalyst produce yields of71 % DMF, 
4% of compound 6, and 12% intermediates. Notably, the 
same catalyst used with a purified 1-butanol solution contain-
ing 1.6 mmol/L ofNaCl generates yields of 61 % DMF, 4% of 
compound 6, and 20% intermediates. Thus, although CuRu/C 
is affected to some extent by the presence of chloride species, 

40 its performance is markedly superior to that ofCuCr04 . 

Using the inventive method disclosed herein, HMF can be 
produced in high yields by the acid-catalyzed dehydration of 
fructose in a biphasic reactor using low boiling point solvents 
that themselves are excellent fuel components, thereby elimi
nating the need for expensive separation steps to produce the 45 

final liquid fuel mixture. The present method does not require 
using high boiling point solvents, such as DMSO or mixed 
solvents containing DMSO, which must be removed from the 
final product. The reactive aqueous phase in the biphasic 
reactor contains an acid catalyst and a sugar, and the extract- 50 

ing phase contains a partially miscible organic solvent ( e.g., 
butanol) that continuously extracts the HMF product. Impor
tantly, the addition of a salt to the aqueous phase improves the 
partitioning of HMF into the extracting phase and leads to 
increased HMF yields without the use of high boiling point 55 

solvents. 
Still referring to FIG. 5, in the aqueous phase within reactor 

Rl, a carbohydrate feed (fructose is shown for illustrative 
purpose only) is dehydrated in the presence of an acid to yield 
HMF. Salt is preferably added to the aqueous phase to "salt- 60 

out" the resulting HMF into the extracting organic phase. The 
extracting phase within reactor Rl uses an organic solvent 
that has the following characteristics: (1) favors extraction of 
HMF from the aqueous phase; (2) is inert in the subsequent 
reactions of the product; and (3) facilitates separation of the 65 

final DMF product. The evaporator, El, removes and recycles 
a fraction of the organic solvent, trace levels of water, and the 

Alternatively, because NaCl does not evaporate, vapor
phase hydrogenolysis experiments were performed using a 
flow reactor to eliminate effects of chloride ions on CuRu/C. 
Vapor-phase hydrogenolysis using a 3:2 Cu:Ru/C catalyst 
shows yields of76% to 79% DMF and-5% intermediates for 
1.5 and 10 wt% HMF feeds. No chlorinated hydrocarbons 
were detected after reaction. Thus, although the vapor-phase 
process requires vaporization of the feed, it offers multiple 
benefits. First, when compared to the liquid-phase process, it 
generates no byproducts and fewer intermediates. Second, it 
can process both dilute and concentrated HMF solutions. 
Third, because the same yields were obtained when using 
1-butanol or 1-hexanol, other solvents can be used without 
altering the selectivity. Finally, although the catalyst slowly 
deactivates after processing an amount ofHMF equivalent of 
1.7 times the mass of the catalyst, it can be regenerated fully 
by flowing hydrogen at the reaction temperature. 

DMF can optionally be hydrogenated to 9 over a Group 
VIIIB metal-containing catalyst, preferably a ruthenium-con
taining catalyst. Compound 9 contains a higher hydrogen to 
carbon ratio in comparison to DMF, which translates into a 
higher energy content. Moreover, 9 may provide additional 
stability upon storage over extended periods of time because 
it contains a fully hydrogenated furan ring. The toxicological 
properties of neither DMF nor 9 have been thoroughly tested. 
The limited information available suggests that DMF is not 
more toxic than current fuel components. 



US 7,572,925 B2 
11 

The final step illustrated in FIG. 5 involves the separation 
of DMF from the solvent and the reaction intermediates in 
separator SL The more volatile components (i.e., DMF, com
pound 6, and water) can be separated from the solvent and the 
intermediates; the water can then be recycled back to the 
hydrogenolysis reactor R2. Upon condensation, the hydro
phobic DMF and 6 products separate spontaneously from 
water. Depending on the final fuel composition requirements, 
a distillation process may be used to control more precisely 
the distribution of components and also to recycle a fraction 
of the solvent to the dehydration reactor. The energy required 
to evaporate the stream containing DMF and 1-butanol, lead
ing to product separation, is approximately one third of the 
energy required to evaporate an aqueous solution of ethanol 
produced by fermentation for biofuel applications. 

Feedstock: The feedstocks for use in the present method 
can comprise any carbohydrate. Thus, for example, suitable 
feedstocks include hexoses (such as glucose, fructose, man
nose, galactose, sorbose, etc.), pentoses (such as xylose, 
ribose, arabinose, etc.), as well as other mono-, di-, oligo-, 
and polysaccharides (such as sucrose, inulin, starch, etc.), and 
lignocellulosic material (such as cellulose, cellobiose, hemi
cellulose, xylan, etc.). 

Aqueous Phase and Aqueous Phase Modifiers: The aque
ous layer comprises water or a combination of water and one 
or more aqueous phase modifiers. The aqueous phase modi
fiers improve the selectivity and/or reactivity of the reaction 
toward furan derivatives. Preferably, the aqueous phase modi
fiers stay in the aqueous phase upon contact with the immis
cible extracting layer (or are taken-up only in limited quanti
ties into the extracting layer). The aqueous phase modifiers 
are generally selected from water-miscible inorganic salts 
selected from the group consisting of halides, sulfates, sul
fides, phosphates, nitrates, acetates, carbonates, and ionic 
liquids ( e.g., l-butyl-3-methylimidazolium tetrafluorobo
rate ); and/or dipolar, aprotic compounds such as such as 
sulfoxides (e.g., DMSO), amides (e.g., dimethylformamide), 
pyrrolidinones ( e.g., NMP), nitriles ( e.g., acetonitrile ), 
pyrones, lactones ( e.g., butyrolactone ), water-miscible alco
hols or ketones (methanol, ethanol, acetone) and dioxane, and 
water-soluble polymers such as PVP and PEG. The volume 
percentage of the aqueous modifier ranges from about 0.1 vol 
% to saturation for the salts, and from about 5 vol % to about 
90 vol % for the aprotic additives so as to create a biphasic 
system with the organic phase. 

Organic Phase and Organic Phase Modifiers: The preferred 
extractive organic phase for use in the present invention com
prises an organic solvent that is immiscible with the chemi
cally modified aqueous phase and (optionally) one or more 
organic phase modifiers. The preferred organic solvents are 
1-butanol, MIBK, and dichloromethane (DCM). Other 
organic phases, especially other alcohols, ketones, and halo
genated alkanes, may also be utilized. Thus, for example, 
organic solvents such as straight or branched alcohols ( e.g. 
pentanol, tertbutyl alcohol, etc.), straight or branched 
alkanones (e.g. butanone (i.e., methylethyl ketone), pen
tanone, hexanone, heptanone, diisobutylketone, 3-methyl-2-
butanone, 5-methyl-3-heptanone, etc.), and cycloalkanones 
(e.g., cyclobutanone, cyclopentanone, cyclohexanone, etc.) 
may be used in the present invention. Nitriles (such as ben
zonitrile ), aliphatic and cycloaliphatic ethers ( e.g., dichloro
ethylether, dimethyl ether), saturated and unsaturated ali
phatic or aromatic hydrocarbons ( decane, toluene, benzene), 
oxygenated hydrocarbons (eg THF, furan, etc.), and nitroal
kanes (e.g., nitromethane, nitropropane, etc.) may also be 
used. Likewise, halogenated derivatives of the above-noted 
compounds, as well as other halogenated alkanes may also be 

12 
used as the organic phase ( e.g., chloromethane, trichlo
romethane, trichloroethane, and the like). 

The organic phase modifiers are compounds that increase 
the extracting capability and/or selectivity towards furan 

5 derivative compounds. Because they are mostly immiscible 
in water (at least in the presence of a third component), they 
partition into the extracting layer and remain mostly in the 
extracting layer upon contact with the aqueous layer. Suitable 
organic phase modifiers are selected from the group consist-

10 ing of C1 - to C8-aliphatic alcohols, the most preferred being 
2-butanol. The volume percentage of organic phase modifier 
ranges from about 5 to about 90% so as to create a biphasic 
system with aqueous phase. 

Acid Catalysts: In the preferred embodiment using l-bu-
15 tanol or MIBK as the extracting solvent, an acid catalyst 

should be used. The acid catalyst is preferably an inorganic 
acid, most preferably a mineral acid such as HCl, HNO3 , 

H2 SO4 , H3 PO4 , H3BO3 , etc. Organic acids (e.g., oxalic acid, 
levulinic acid, citric acid, etc.), zeolites (Si/ Al from 1 to 100), 

20 acid and super-acid resins ( e.g., cation exchange resin), phos
phates (NbOPO4 , vanadium phosphate) solid silica-, silica
alumina, and titania-based supports functionalized by acid 
groups, and other Lewis acids may also be used. 

Illustrative Protocols: Experiments with different aqueous-
25 and organic-phase modifiers demonstrate the utility and func

tionality of the inventive method (see Tables 1 and 2; and 
FIGS. 2, 3, and 4A, 4B, and 4C) (24). Separate sets of experi
ments were carried out for different aqueous-phase modifiers 
(salt-based vs. aprotic-solvent-based) in order to indepen-

30 dently demonstrate the utility of each type. 
Experiments with the salt-based modifiers demonstrate 

that adding salt to the reactive aqueous phase increases the 
extracting ratio R (the ratio of the HMF concentration in the 
organic layer to that in the aqueous layer) by means of the 

35 salting-out effect. The salting-out effect is a phenomenon 
wherein electrolytes alter the intermolecular bonding inter
actions between liquid components, thereby decreasing the 
mutual solubility of the aqueous and organic phases. This 
results in an increased two-phase envelope. The capacity of 

40 the organic phase to extract HMF from the reactive aqueous 
phase, as measured by R, directly affects HMF selectivity. 
(See FIG. 2.) FIG. 2 is a graph depicting Ron the X-axis and 
selectivity toward HMF on the Y-axis for a series of reactions 
according to the present invention containing increasing con-

45 centrations of salt in the aqueous phase. The results shown in 
FIG. 2 demonstrate that HMF selectivity increases as the 
value of R increases, irrespective of the extracting solvent 
utilized. In tum, these results clearly show that efficiently 
removing HMF from the aqueous phase prevents undesired 

50 side reactions arising from extended HMF residence in the 
reactive aqueous phase. (See also FIG. 3.) Thus, the value of 
R for a specific extracting solvent depends not only on the 
affinity of the solvent for HMF, but also on the ability of the 
salt to increase the two-phase envelope of the specific system. 

55 For example, as compared to experiments without salt, a 30 
wt% fructose solution saturated with NaCl (35 g ofNaCl/100 
g of H2O) using 2-butanol as the extracting solvent (with 
initial ratio of organic and aqueous phase volumes V 

0
,,j 

V
0

q =1.6) results in an increase in Rfrom 1.6 to 3.3, leading to 
60 an improvement in HMF selectivity from 66% to 79% (Table 

1, Runs 1 and 6). Notably, the presence of NaCl has the 
additional benefit of allowing higher values ofV 

0
,,/V aq to be 

utilized, thus leading to higher HMF selectivities, while 
maintaining biphasic reaction conditions. Specifically, when 

65 the ratio V 
0
,,/V aq is doubled, the 2-butanol system without 

salt becomes monophasic, while the system saturated with 
NaCl remains biphasic, with an R of3.6 and an HMF selec-
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tivity of89% (Table 1, Run 5). The primary role ofNaCl is to 
alter the solvent properties (i.e., to increase Rand to widen the 
two-phase envelope) while otherwise remaining inert. In 
other words, the dehydration of fructose in the presence of 
NaCl, but in the absence of an extracting solvent, leads to the 5 

same HMF selectivity as in the absence ofNaCl (see Table 1, 
Runs 19 and 20). 

Experiments with aprotic, solvent-based modifiers demon
strate that these additives increase the reaction selectivity 
toward HMF. For 30 wt% fructose feeds, adding the aprotic 10 

solvent DMSO increases the HMF selectivity from 60% to 
67% when MIBK is used as the extracting solvent. See FIG. 
4A. Other aprotic solvents, such as NMP, also have positive 
effects on HMF selectivity during the dehydration reaction. 15 
The dehydration of 10 wt% fructose in 7 :3 Water:NMP using 
MIBK as the extracting solvent and an acidic ion-exchange 
resin catalyst generated 68% HMF selectivity at 80% conver
sion. Similarities in the properties ofDMSO and NMP seem 
to indicate that NMP acts via similar mechanisms as DMSO 20 

14 
medium lowers the rate of HMF rehydration into levulinic 
and formic acids. Analyses by GC-MS of the aqueous and 
organic phases after conversion of 30 wt % fructose showed 
that the general composition of the byproducts corresponds 
(typically) to 10% rehydration, 5% dehydration, 5% frag
mentation, and 80% condensation compounds. 

Simulations were performed for selected experiments from 
Table 1 to estimate the HMF concentrations that would be 
obtained by combining the batch reactor experiments 
described here (and in the Examples) with a counter-current 
extractor to remove the HMF remaining in the aqueous layer 
(FIG. 5). The final amount of HMF obtained by combining 
the organic streams from the reactor and the extractor (i.e., the 
stream entering the evaporator as shown in FIG. 5) is used to 
calculate the energetic yield (Yri) as a measure of the overall 
efficiency of the present process for obtaining HMF by sol
vent evaporation. The energetic yield is the product of the 
HMF yield (Y), defined as the moles of HMF in the stream 
entering the evaporator in FIG. 5 divided by the total moles of 
fructose fed to the batch reactor, and an energy efficiency ( ri), 
defined as the heat of combustion of the HMF product 
(li.Hc.HMF) minus the energy necessary to evaporate the sol-

to enhance HMF selectivity in the fructose dehydration reac
tion. However, while the carryover ofDMSO from the aque
ous phase into the organic phase is small ( <0.8 wt% DMSO 
in MIBK after contacting an 8:2 water:DMSO aqueous solu
tion as measured by HPLC), the carryover of NMP into the 
organic phase is considerably higher (-5 wt% NMP in MIBK 
after contacting a 7:3 water:NMP aqueous solution as mea
sured by HPLC). The relatively large amount ofNMP in the 
organic phase is a factor that must be taken into account in the 
subsequent separation of HMF from the organic phase by 
evaporation. Importantly, it was found that replacing NMP 
with PVP, a stable hydrophilic polymer that has NMP moi
eties along the polyethylene chain, preserves the benefits on 
selectivity produced by NMP, but eliminates organic phase 
contamination due to the low solubility of PVP in the extract
ing solvent. While aprotic, solvent-based additives increase 
the specificity of the reaction toward HMF, they also tend to 
decrease the R value. In short, on the one hand, they primarily 
increase the rate of fructose conversion into HMF. To some 
extent, aprotic, solvent-based additives also decrease the rates 
of undesirable parallel reactions occurring in the aqueous 
phase; on the other hand, unlike salt-based additives, aprotic, 
solvent-based additives increase the solubility ofHMF in the 
aqueous phase. That is, these aprotic additives tend to lower 
the R value. See FIG. 4B. 

25 vent (li.Hvap.org), normalized by the energy content of the 
product (i.e., ri=(li.Hc.HMF-li.Hvap.org)/ li.HC.HMF). To model a 
countercurrent extractor operating with equal volumes of 
aqueous and organic streams, the simulations used: (a) the 
experimental selectivity for each system (from Tables 1 and 

30 2) (which were assumed to remain constant at 90% conver
sion); (b) the experimental value ofV

0
,,!Vaq for the batch 

reactor; and ( c) the experimental value ofR. It is seen in Table 
3 that aqueous and organic phase modifiers improve the value 

35 
ofYri, thus reducing energy expenditures required to obtain 
the HMF product when compared to the water/MIBK system. 

The value ofYri alone does not address the difficulties of 
using high-boiling organic systems. For example, although a 
theoretical value of Yri> 75% can be obtained using pure 

40 DMSO, the HMF product cannot be separated from DMSO 
by simple evaporation. (Previous work has shown that 
because of the reactive nature of concentrated HMF at high 
temperatures, distillation of HMF from DMSO leads to sig
nificant carbonization of the product (10) ). Low temperature 

45 

Adding 2-butanol to MIBK as an organic phase modifier 
helped counter this effect by improving the partitioning of the 50 

HMF product into the organic phase (see FIG. 4B). Starting 

separation processes such as vacuum evaporation and 
vacuum distillation have been used to separate various sol
vents and byproducts from HMF mixtures, but no experimen
tal data have been reported for DMSO (27-29). 

Accordingly, in the present work, Aspen Plus simulation 
software (Version. 12.1, AspenTech, Inc.) was used to com
pare energy requirements for the separating HMF from a 
low-boiling solvent (pure MIBK) and from a high-boiling 
solvent (pure DMSO) for vacuum evaporation and vacuum 

with a 30 wt% aqueous fructose solution and a V 
0
,,JVaq =3 .2, 

the optimal results using all modifiers (DMSO, PVP, and 
2-butanol) yielded 0.065 g/ml of HMF in the organic layer, 

55 
with 83% HMF selectivity at 82% conversion (see Table 2, 

distillation processes (for HMF levels of 0.1 w/w). Vacuum 
evaporation simulations predicted that 99.5% of the MIBK 
solvent can be evaporated at 13 mbar and 343 K with a 2.5% 
loss ofHMF, whereas evaporating DMSO at 1.3 mbar and the 
same temperature resulted in a 30% loss of HMF ( data not 

run 13). 

Increasing the extraction ratio R by using suitable modifi-
ers in the aqueous and organic phases ( e.g., metal salts and/or 
2-butanol), and/or increasing V 

0
,,JVaq, counteract the faster 

rate of HMF degradation in the presence of fructose. This 
undesirable reaction between fructose and HMF is reflected 
in lower HMF selectivities at 50 wt% fructose as compared to 
30 wt % (see FIG. 4C and Table 2). It has been observed 
directly that lower selectivities are obtained when controlled 
amounts of HMF are added initially to the fructose reaction 
system. In addition, separating HMF from the aqueous 

60 shown). Consequently, HMF separation from DMSO with 
minimal losses requires the more expensive vacuum distilla
tion process (e.g., 0.66 mbar and a bottoms temperature of 
386 K). When comparing both solvents using vacuum distil
lation, simulations predicted that an efficient separation of 

65 HMF from pure DMSO requires 40% more energy as com
pared to pure MIBK, clearly showing the advantages of using 
a low-boiling solvent system. 
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TABLE 1 

Dehydration results for 30 wt% fructose solutions. Fructose weight percent 
calculated on a salt-free basis. Standard reaction conditions: T - 453K and 
V .,/J'._ 

9 
- 3.2 witb 0.25 M HCl catalyst (mol HCl/L of agueous 12hase). 

Organic Conversion Selectivity [HMF]aq [HMF]org [Salt]org [H2 O]org 
Run Salt% phase (%) (%) (g/L) (g/L) R (g/L) (wt%) 

o%t 2-butanol 58% 66% 28.6 46.0 1.6 0.0 31.4% 
2 5% 65% 77% 16.8 34.1 2.0 0.9 16.4% 
3 15% 65% 85% 12.7 34.4 2.7 1.1 9.6% 
4 25% 75% 88% 11.6 37.9 3.3 1.2 6.8% 
5 35% 74% 89% 10.6 38.1 3.6 1.6 6.5% 
6 35%t 71% 79% 18.0 60.0 3.3 1.6 7.4% 
7 0% 1-butanol 52% 71% 15.1 26.0 1.7 0.0 23.1% 
8 35% 85% 82% 13.2 39.2 3.0 1.6 6.1% 
9 35o/oa 80% 83% 12.0 39.0 3.3 1.6 6.1% 

10 35o/oa 88% 82% 12.9 43.1 3.3 1.6 6.1% 
11 35o/oa 77% 84% 12.4 37.8 3.0 1.6 6.1% 
12 35o/oa 64% 84% 10.2 32.4 3.2 1.6 6.1% 
13 0% 1-hexanol 50% 64% 21.1 18.4 0.9 0.0 7.9% 
14 35% 78% 72% 19.5 29.9 1.5 0.9 2.2% 
15 0% MIBK 50% 71% 20.0 21.8 1.1 0.0 0.9% 
16 35% 72% 77% 18.3 29.3 1.6 0.2 0.0% 
17 0% 5:5 64% 78% 27.7 31.7 1.2 0 6.7% 
18 35% Toluene: 74% 88% 13.8 37.4 2.7 0.8 1.9% 

2-butanol 
19 0% None 44% 55% 53.5 0.0 0.0 0.0 
20 35% 59% 57% 70.8 0.0 0.0 35.0 
21 5%tt 2-butanol 30% 36% 1.2 2.3 1.9 0.9 16.4% 
22 35%tt 56% 48% 1.1 3.9 3.6 1.6 6.5% 

aRuns 9-12 used 0.12, 0.06, 0.03, and 0.01 M HCl, respectively. Error analysis of dehydration experiments 
based on tbe 1-butanol and 2-butanol systems saturated witb NaCl showed standard deviations in selectivity of 
±1.3% and ±1.5%, respectively (5 replicates). 
Symbol tindicates runs tbat used V 0 ,.jV aq - 1.6. 
Symbol tt indicates a run tbat used a 10 wt % glucose (salt-free basis) feed. Salt % is expressed as grams of salt 
divided by grams of water x 100. 

TABLE2 

Results for acid-catalyzed dehydration of fructose. Runs 1-27 were carried out at 453K for 2.5-3 minutes using 
0.25 M HCl aqueous phase solutions; runs 28-39 were carried out at 363K for 8-16 hours using an acidic ion-

exchange resin at a 1 :1 w/w fructose:resin ratio. Aqueous phase and organic phase compositions are 
reported as w/w ratios. Conversion is defined as the ratio of fructose consumed to fructose added initially. 

R - [HMFL,/[HMF]aq· Standard runs for HCl, H2 SO4 and H3PO4 catalysts used 1.5 g of aqueous phase and 
1.5 g of extracting solvent. Runs marked witb * used 3 g of extracting solvent. Runs for resin catalyst used 

5.0 g of aqueous phase and 5.0 g of extracting solvent. V rJV 
7 

measured upon completion of reaction. 

Run Aqueous Phase Organic Phase Conversion Selectivity [HMFJaq [HMF] 0 rg 

# Composition Composition (%) (%) (g/ml) (g/ml) R V 0 dVaq 

30 wt% fructose witb HCl catalyst 

Water none 50 51 0.060 0.00 0.00 
2 Water MIBK 91 60 0.056 0.050 0.90 1.51 
3* Water MIBK 75 73 0.035 0.033 0.96 3.13 
4 Water 7:3 MIBK:2-butanol 68 70 0.033 0.054 1.65 1.56 
5* Water 7:3 MIBK:2-butanol 86 80 0.026 0.045 1.73 3.68 
6 8:2 Water:DMSO MIBK 94 67 0.077 0.050 0.66 1.41 
7 8:2 Water:DMSO 7:3 MIBK:2-butanol 80 75 0.050 0.064 1.30 1.49 
8* 8:2 Water:DMSO 7:3 MIBK:2-butanol 87 82 0.034 0.046 1.39 3.65 
9 7:3 Water:PVP MIBK 74 66 0.055 0.041 0.81 1.56 

10 7:3 Water:PVP 7:3 MIBK:2-butanol 62 76 0.042 0.047 1.25 1.57 
11* 7:3 Water:PVP 7:3 MIBK:2-butanol 79 82 0.030 0.041 1.44 3.83 
12 7:3 (8:2 MIBK 79 75 0.071 0.047 0.71 1.52 

Water:DMSO):PVP 
13 7:3 (8:2 7:3 MIBK:2-butanol 82 83 0.063 0.065 1.12 1.62 

Water:DMSO):PVP 
14* 7:3(8:2 7:3 MIBK:2-butanol 89 85 0.043 0.046 1.17 3.99 

Water:DMSO):PVP 
50 wt% fructose witb HCl catalyst 

15 Water none 51 28 0.064 0.00 0.00 
16 Water MIBK 65 47 0.049 0.051 1.11 1.80 
17 Water 7:3 MIBK:2-butanol 71 59 0.049 0.079 1.73 1.91 
18* Water 7:3 MIBK:2-butanol 88 72 0.045 0.069 1.55 4.66 
19 8:2 Water:DMSO MIBK 71 57 0.076 0.060 0.86 1.69 
20 8:2 Water:DMSO 7:3 MIBK:2-butanol 80 63 0.077 0.085 1.19 1.87 
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TABLE 2-continued 

Results for acid-catalyzed dehydration of fructose. Runs 1-27 were carried out at 453K for 2.5-3 minutes using 
0.25 M HCl aqueous phase solutions; runs 28-39 were carried out at 363K for 8-16 hours using an acidic ion-

exchange resin at a 1 :1 w/w fructose:resin ratio. Aqueous phase and organic phase compositions are 
reported as w/w ratios. Conversion is defined as the ratio of fructose consumed to fructose added initially. 

R - [HMFla,,/[HMF]aq· Standard runs for HCl, H2 SO4 and H3PO4 catalysts used 1.5 g of aqueous phase and 
1.5 g of extracting solvent. Runs marked with * used 3 g of extracting solvent. Runs for resin catalyst used 

5.0 g of aqueous phase and 5.0 g of extracting solvent. V rJY 
1 

measured upon completion of reaction. 

Run Aqueous Phase Organic Phase Conversion Selectivity [HMFJaq [HMF] 0 rg 

# Composition Composition (%) (%) (g/ml) (g/ml) R Vo,.,/Vaq 

21* 8:2 Water:DMSO 7:3 MIBK:2-butanol 91 74 0.059 0.072 1.30 4.87 
22 7:3 Water:PVP MIBK 85 56 0.074 0.060 0.80 1.72 
23 7:3 Water:PVP 7:3 MIBK:2-butanol 77 61 0.076 0.081 1.19 1.85 
24* 7:3 Water:PVP 7:3 MIBK:2-butanol 90 77 0.062 0.070 1.22 5.15 
25 7:3(8:2 MIBK 77 61 0.095 0.066 0.77 1.85 

Water:DMSO):PVP 
26 7:3(8:2 7:3 MIBK:2-butanol 72 62 0.068 0.074 1.25 1.89 

Water:DMSO):PVP 
27* 7:3(8:2 7:3 MIBK:2-butanol 92 77 0.076 0.070 1.03 5.11 

Water:DMSO):PVP 
10 wt% fructose with ion-exchange resin catalyst 

28 Water MIBK 75 44 0.010 0.011 1.02 1.32 
29 Water MIBK 17 43 0.002 0.002 1.15 1.29 
30 Water 7:3 MIBK:2-butanol 61 60 0.009 0.014 1.61 1.31 
31 8:2 Water:DMSO MIBK 84 47 0.G15 0.012 0.79 1.26 
32 8:2 Water.DMSO MIBK 19 80 0.005 0.004 0.87 1.24 
33 8:2 Water:DMSO 7:3 MIBK:2-butanol 74 68 0.G15 0.017 1.18 1.24 
34 7:3 Water:PVP MIBK 74 63 0.G18 0.013 0.79 1.43 
35 7:3 Water:PVP 7:3 MIBK:2-butanol 70 65 0.G15 0.G15 1.04 1.46 
36 7:3(8:2 MIBK 80 71 0.026 0.013 0.54 1.38 

Water:DMSO):PVP 
37 7:3(8:2 7:3 MIBK:2-butanol 76 77 0.020 0.019 1.03 1.43 

Water:DMSO):PVP 
30 wt% fructose with ion-exchange resin catalyst 

38 7:3(8:2 MIBK 89 60 0.066 0.041 0.66 1.65 
Water:DMSO):PVP 

39 7:3(8:2 7:3 MIBK:2-butanol 83 65 0.053 0.051 1.07 1.74 
Water:DMSO):PVP 

30 wt% fructose with H2 SO4 catalyst 

40* Water 7:3 MIBK:2-butanol 80 66 0.022 0.035 1.63 3.54 
41* 8:2 Water:DMSO 7:3 MIBK:2-butanol 85 71 0.029 0.040 1.35 3.59 

30 wt% fructose with H3PO4 catalyst 

42* Water 7:3 MIBK:2-butanol 65 65 0.016 0.029 1.89 3.47 
43* 8:2 Water: DMSO 7:3 MIBK:2-butanol 51 76 0.016 0.025 1.58 2.95 

TABLE3 

Simulation ofHMF yield (Y) and energetic yield (Yri) for selected dehydration systems. 
[HMF]aq corresponds to the HMF concentration in the aqueous phase leaving the extractor, 

and [HMF]
0
'" corres12onds to the HMF concentration entering the eva12orator in FIG. 3. 

Run* Organic Phase Selectivityt [HMFJaq [HMF] 0 rg yl Yri 
# Aqueous Phase Composition Composition (%) (g/ml) (g/ml) (%) (%) 

30 wt% fructose 

2 Water MIBK 60 0.007 0.045 48 34 
4 Water 7:3 MIBK:2-butanol 70 0.0001 0.057 61 43 
6 8:2 Water:DMSO MIBK 67 0.025 0.048 48 35 
7 8:2 Water:DMSO 7:3 MIBK:2-butanol 75 0.001 0.063 66 48 

12 7:3(8:2 Water:DMSO):PVP MIBK 75 0.024 0.057 56 44 
13 7:3(8:2 Water:DMSO):PVP 7:3 MIBK:2-butanol 83 0.003 0.071 73 56 

50 wt% fructose 

16 Water MIBK 47 0.00260 0.05381 39 27 
26 7:3(8:2 Water:DMSO):PVP 7:3 MIBK:2-butanol 62 0.00186 0.09079 53 43 
27 7:3(8:2 Water:DMSO):PVP 7:3 MIBK:2-butanol 77 0.00552 0.07102 67 51 

*Based on runs in Table 1. 
tselectivity set to the value obtained experimentally, and conversion assumed to be 90%. 
!Yield calculated based on HMF present in the organic stream sent to the evaporator. 
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EXAMPLES 

The following Examples are included solely to afford a 
more complete understanding of the process disclosed and 
claimed herein. The Examples do not limit the scope of the 5 

invention in any fashion. 
The following series of Examples were performed to iden

tify key processing variables for HMF and furfural produc
tion using the modified biphasic system described herein
above. The overarching goal of the Examples was to improve 10 

the selectivity of the reaction when using less-reactive mol
ecules as reactants, such as glucose, xylose, sucrose (a disac
charide of glucose and fructose), inulin ( a polyfructan), starch 
(a polyglucan with a-1,4 glycoside linkages), cellobiose (a 
glucose dimer with ~-1,4 glycoside linkages) and xylan (a 15 

polysaccharide with xylose monomer unit). These reactants 
are desirable because they are inexpensive and abundantly 
available. By directly processing these highly functionalized 
polysaccharides, the need to obtain simple carbohydrate mol
ecules by acid hydrolysis as a separate processing step is 20 

eliminated. In short, the reaction can proceed directly, in the 
absence of an initial hydrolysis reaction of the raw carbohy
drate feedstock. 

Standard Operating Procedures for the Examples 25 

20 
was monitored with an Aminex-brand HPX-87H column 
(Biorad, Hercules, Calif.), using MilliQ water (pH=2) as the 
mobile phase at a flow rate of 0.6 ml/min and a column 
temperature of 303 K. HMF was quantified in the aqueous 
and organic phases with a Zorbax SB-C18 reverse phase 
column (Agilent, Palo Alto, Calif.), using a 2:8 v/v Methanol: 
Water (pH=2) gradient at a flow rate of 0.7 ml/min and a 
column temperature of 303 K. 

The experimental protocol for the Shimadzu GC/MS (GC-
17A, QP-5000) with Restek RTX-5 crossbond 5% diphenyl, 
95% dimethyl, polysiloxane was as follows: An initial oven 
temperature of323 K was held for 3 minutes; next, tempera
ture was ramped at 20 K/min until 598 K was reached. Col
unm pressure started at 100 kPa, held for 3 minutes, ramped 
at 1 kPa/min until 113 kPa was reached, and then held at 113 
kPa for 0.75 minutes. Colunm flow was 1.7 ml/min. 

The experimental protocol for HPLC with the Agilent Zor
bax SB-C18 Colunm was as follows: Column temperature 
was set at 308 Kand flow rate at 0.7 ml/min. Gradient Used: 
0-2min., 100%waterpH=2; 2-3 min transition and hold from 
3-10 min with 80% water, 20% methanol; 10-11 min mark 
transition and hold from 11-15 min mark with 20% water, 
80% methanol; 15-16 min mark transition and hold until 35 
min mark with 100% water. 

To characterize the various compounds, mass spectroscopy 
was performed starting at 33 m/z. The mass spectra and the 
retention times matched those of commercially available 
compounds and literature values from the SDBS database run 
by the National Metrology Institute of Japan. Although mass 

Aqueous- and organic-phase components including carbo
hydrates (fructose, glucose, sucrose, etc.) DMSO, PVP (aver
age M. W. 10,000), MIBK, 2-butanol, HCl, H2 SO4 and 
H3 PO4 were obtained from Sigma-Aldrich Corp (St. Louis, 
Mo.). These reagents are also available from a large number 
of other national and international commercial suppliers. The 
ion-exchange resin, PK-216, was obtained from Mitsubishi 
Chemicals and was activated by mixing it with 5 bed volumes 
of 2 M HCl for 30 min, followed by extensive washing with 
de-ionized (DI) water and subsequent drying for 10 hat 343 
K. 

30 spectroscopy data for 4 were not available, the mass spectrum 
of the target compound matched that of the purchased ver
sion. For all the compounds described below, the retention 
times for the GC and the HPLC, as well as the UV signature 
in the HPLC (when available) matched those of the corre-

35 sponding purchased compounds. The following compound 
numbers correspond to those presented in FIG. lB: 

Compound 1: 2,5-dimethylfuran (CAS # 625-86-5), 
UV/vis: "-max22l.5nm; {ActualMW96.13} M.S.: m/z(%of 
max intensity) 39 (14), 41 (12), 43 (100), 51 (11 ), 53 ( 41 ), 67 

40 (5), 81 (16), 95 (34), 96 (37), 97 (3). Retention time in GC/MS 
is 2.17 min and 19.3 min in HPLC using the methods noted 
herein. 

Batch catalytic experiments were carried out in 10 ml 
(Alltech), thick-walled glass reactors heated in a temperature 
controlled oil bath placed on top of a magnetic stirrer. The 
temperature in the oil bath was measured by a K-type ther
mocouple (Omega Engineering, Inc., Stamford, Conn.) and 
controlled using a series 16A temperature controller (Dwyer 
Instruments, Michigan City, Ind.) coupled with a 150 W 
heating cartridge (McMaster-Carr, Atlanta, Ga.). In a typical 
high-temperature experiment, 1.5 g of0.25 M HCl aqueous 
phase solution and 1.5 g of organic phase solution were 
poured into the reactor (Runs 40-41 and 42-43 in Table 1 
(above) used O .5 M H2 SO 4 and O. 7 5 M H3PO 4 , respectively). 
The reaction was carried out in an oil bath set at reaction 50 

temperature and for the reaction times as indicated in Table 1 
and 3. The reaction was stopped by rapidly cooling the reactor 

Compound 3: 5-hydroxymethylfurfural (CAS # 67-47-0), 
UV/vis: "-max226.2 & 282.8 nm; {Actual MW 126.11} M.S.: 

45 m/z (% of max intensity) 37 (10), 38 (18), 39 (56), 41 (100), 
51 (12), 53 (14), 81 (3), 97 (43), 109 (4), 125 (4), 126 (22), 
127 (2). Retention time in GC/MS is 8.5 min and 10.1 min in 
HPLC. 

in an ethylene glycol bath set at 253 K. In a typical low
temperature experiment, 5 g of aqueous phase solution, 5 g of 
organic phase solution and ion exchange resin in a 1:1 w/w 55 

fructose:resin ratio were poured into a 25 ml glass reactor 
(Alltech). The reactor was then placed in an oil bath set at 353 
K for 8-16 h to obtain fructose conversions close to 75%. In a 
typical run carried out with DCM, 7 g of aqueous phase 
solution and 7 g of DCM were filled in 23 ml Parr reactors 60 

with no catalyst added. Runs were carried out for 1-12 h of 
reaction times as indicated in Table 3. 

Compound 4: 2,5-dihydroxymethylfuran ( CAS # 1883-7 5-
6), UV/vis: "-max 221.5 nm; {Actual MW 128.13} M.S.: m/z 
(% of max intensity) 38 (14), 39 (68), 41 (100), 42 (12), 43 
(14), 50 (12), 51 (18), 52 (13), 53 (27), 55 (28), 65 (11), 69 
(39), 97 (81), 109 (11), 111 (10), 128 (35), 129 (2). Retention 
time in GC/MS is 8.46 min and 9.7 min in HPLC. 

Compound 5: 2-methyl,5-hydroxymethylfuran (CAS # 
3857-25-8), UV/vis: "-max 221.5 nm; {Actual MW 112.13} 
M.S.: m/z (% of max intensity) 39 (35), 41 (62), 43 (100), 50 
(15), 51 (20), 52 (12), 53 (24), 55 (33), 67 (6), 69 (22), 84 (9), 
95 ( 42), 97 (21 ), 111 (14), 112 (38), 113 (3). Retention time in 
GC/MS is 5.75 min and 16.0 min in HPLC. 

Compound 6: 2-methylfuran (CAS # 534-22-5), UV/vis: 
"-max 216.8 nm; {Actual MW 82.10} M.S.: m/z (% of max 
intensity) 38 (15), 39 (100), 41 (11), 43 (18), 50 (16), 51 (18), 
53 (79), 54 (13), 81 (47), 82 (72), 83 (4). Retention time in 

After reaction, the reactors were cooled and the aqueous 
and organic phases were sampled and analyzed using HPLC. 
Sample analyses were performed by HPLC using a Waters 
2690 system equipped with PDA 960 UV (320 nm) and 
RI-410 refractive index detectors. Fructose disappearance 

65 GC/MS is 1.52 min and 17.8 min in HPLC. 
Compound 7: furfural alcohol (CAS # 98-00-0), UV/vis: 

"-max 216.8 nm; {Actual MW 98.10} M.S.: m/z (% of max 
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intensity) 37 (17), 38 (29), 39 (83), 41 (100), 42 (70), 43 (15), 
50 (12), 51 (15), 52 (12), 53 ( 41 ), 55 (12), 69 (23), 70 (16), 81 
(26), 97 (21), 98 (35), 99 (2). GC/MS ret. time 4.50 min. 
Retention time in GC/MS is 4.50 min and 11.7 min in HPLC. 

Compound 9: 2,5-dimethyltetrahydrofuran (CAS # 1003- 5 

38-9), {Actual MW 100.16} M.S.: rn/z (% of max intensity) 
39 (25), 41(100), 43 (74), 55 (14), 56 (55), 57 (12), 67(10), 85 
(27), 100(1), 101 (0.1). GC/MS retention time 2.20 min. 

1-Chlorobutane (CAS # 109-69-3): {Actual MW 92.57} 
M.S.: rn/z (% of max intensity) 40 (9), 41 (100), 42 (11), 43 10 

(42), 51 (2), 56 (73), 57 (4), 63 (3), 65 (0.7), 73 (0.3), 75 (0.3). 
GC/MS retention time 1.73 min. 

22 
mm1m1zmg degradation reactions ansmg from extended 
HMF residence in the reactive aqueous phase) but also 
achieves efficient recovery by extracting 82% of HMF into 
the organic layer for subsequent isolation. 

Adding DMSO to the aqueous reactive phase (60 wt%) 
with no extracting solvent resulted in dramatic improvement 
in rates for glucose dehydration along with concomitant 
increase of 16% in the selectivity of the reaction. See FIG. 6, 
third set of bars from the left. Adding DMSO along with an 
extracting solvent almost doubled the positive effect by 
improving rates and increasing the selectivity by 42%. A 
small amount of DMSO (-8.7 wt% as detected by HPLC 
analysis) was transferred to the organic phase. In real-world 
industrial practice, the amount of acid added should be kept as 

Fructose conversion and HMF selectivity were calculated 
from the product of the aqueous and organic phase concen
trations obtained in the HPLC and their corresponding mea
sured volumes after reaction. Because the value ofV 0,!V aq 

changes after reaction, final volumes for each run had to be 
determined individually by measuring the weight and the 
density of each phase. 

15 low as possible to avoid corrosion effects and loss ofHMF by 
rehydration to levulinic acid. The overall significance of this 
Example, as shown by FIG. 6, is that adding DMSO to the 
aqueous phase, and using an efficient extracting phase 
(MIBK/2-butanol in this Example) not only improves the 

See the various Tables for a complete tabulation of the data 
discussed in the Examples. 

20 dehydration rates and selectivity, but also provides a much 
simpler separation system for product purification. 

Example 1 

Dehydration of Glucose 25 

Keto-hexoses produce higher yields ofHMF compared to 
aldo-hexoses. Thus, most of the reported work described 
hereinabove focuses on fructose dehydration instead of glu
cose dehydration. Glucose, however, is more abundant and 30 

cheaper than fructose. This Example demonstrates that by 
optimizing the acid concentration and DMSO content in the 
reactive aqueous phase, glucose can be converted to HMF or 
furfural with improved selectivity ( defined as moles of HMF 
or furfural produced divided by moles of carbohydrate con- 35 

sumed). This Example is significant because of the abun
dance of glucose in commercial markets. The ability to use 
glucose as a feedstock makes the present invention more 
attractive to large-scale commercialization. 

The experiments with glucose (the least reactive of the 40 

monosaccharides tested) were run in a biphasic reactor as 
depicted in FIG. 5, using HCl (pH 1.0) as the catalyst. The 
goal was to maximize the selectivity of the reaction for pro
ducing HMF and furfural at 443 K under autonomous pres
sure. The initial two-phase reaction configuration used pure 45 

water as the aqueous phase and MIBK as the organic phase. 

Example 2 

Effect of pH on Dehydration of Fructose, Glucose, 
andXylose 

This Example investigated the effects of varying the acid 
concentration on the dehydration reaction of the simple car
bohydrates fructose, glucose, and xylose. These three sugars 
display a wide difference in their respective reactivities and 
selectivities toward the desired product. Again, the reactions 
were run in a biphasic reactor as shown in FIG. 5. The reac
tions were carried out at various pH's (1.0, 1.5, and 2.0) using 
an aqueous phase ofa 5: 5 mixture of water:D MSO ( w /w) and 
an organic phase of a 7:3 mixture ofMIBK:2-butanol (w/w), 
at a temperature of 443 K. The results are shown in FIG. 7 
(white bars=pH 1.0; light grey bars=pH 1.5; dark grey 
bars=pH 2.0). 

The reactivity of the processing conditions increases with 
increasing DMSO content and decreasing pH (i.e., increasing 
acidity). It can be seen from FIG. 7 that fructose dehydration 
to HMF had maximum rates for dehydration among the three 
sugars tested, with selectivities higher than 85%, at high 
conversion (>90% ), at all three levels of acidity. A small 
increase in both selectivity ( about 5%) and rate was observed 
with a decrease in pH. Similar effects in selectivity and rate 
were observed for glucose dehydration as HMF selectivity 
improved by 7% and rate by 400% with a decrease in pH from 
2.0 to 1.0. (See the middle set ofbars in FIG. 7.) These results 
clearly indicate the inherent difference in dehydration rates 
and selectivities ofketo-hexoses and aldo-hexoses in similar 
reacting environments. For xylose dehydration to furfural, a 
significant rise in the selectivity ofup to about 91 % (pH 1.0) 

(In effect, this was the "control" reaction.) The results are 
shown in the far-left set of bars in FIG. 6 (white bars show 
conversion rate; grey bars show selectivity; time of reaction is 
provided above each set of bars). FIG. 6 also shows the effect 50 

of adding modifiers to the aqueous phase and/or to the organic 
phase. Thus, the second pair of bars from the left in FIG. 6 
depict the conversion and selectivity rates for the same reac
tion using water as the aqueous phase, but using as the organic 
phase a 7:3 mixture ofMIBK:2-butanol (w/w). 55 from 54% (pH 2.0) was observed, along with a 6-fold 

improvement in dehydration rates when moving from pH 2.0 
to pH 1.0. See the right-hand set of bars in FIG. 7. 

The third set of bars from the left depicts the results of a 
single-phase reaction using a 4:6 reaction mixture of water: 
DMSO (w/w). The far right-hand set of bars depicts the 
results of biphasic reaction using a 4:6 reaction mixture of 
water:D MSO ( w /w) as the aqueous phase and a 7: 3 mixture of 60 

MIBK:2-butanol (w/w) as the organic phase. 
As shown in FIG. 6, in pure water, HMF selectivity from 

glucose (see also Table 4, entry 1) was very low and the 
reaction yielded insoluble byproducts. Adding an extracting 
solvent improves the selectivity by 17%, with an almost equal 65 

improvement for dehydration. The presence of an extracting 
solvent thus not only improves the selectivity (presumably by 

Example 3 

Effect ofDMSO Concentration on Glucose 
Dehydration 

In this Example, the effect ofDMSO concentration on the 
dehydration of glucose was investigated. Here, the reactions 
were carried out at a constant pH (1.0), at 443 K. The aqueous 
phase reaction solution was then varied (pure water, a 5:5 
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mixture of water:DMSO (w/w), or a 4:6 mixture of water: 
DMSO). In each reaction, a 7:3 mixture of MIBK:2-butanol 
(w/w) was used as the organic phase. The combined results 
for conversion (white bars), selectivity (grey bars), and the 
ratio of the product in the aqueous phase vs the organic phase 5 

(R, solid line) are shown in FIG. 8. 

gives a selectivity of 77% at high conversion. These values 
compare favorably (and consistently) with the results for 
fructose (assuming some loss due to hydrolysis of the 
polysaccharide to fructose). See the left-hand portion of FIG. 
9. 

Similarly subjecting sucrose ( a disaccharide consisting of a 
fructose residue and a glucose residue) to dehydration in an 
aqueous phase of 4:6, water:DMSO at pH 1.0 achieves 77% 
selectivity at 65% sucrose conversion. See the middle section 

FIG. 8 shows that increasing the DMSO content to 50 wt% 
improves the selectivity by about 18%, with a further increase 
of about 7% for an additional 10 wt% increase in DMSO 
content. It is important to note that simply increasing the 
DMSO content by 10 wt% (from 5:5, water:DMSO to 4:6 
water:DMSO) doubles the dehydration rates. While not being 
bound to any underlying physical or chemical phenomenon, it 
appears that DMSO suppresses both the formation of conden
sation byproducts and HMF rehydration by lowering the 
overall water concentration. The effect, however, is not with
out certain drawbacks: increasing the DMSO content simul
taneously decreases the extracting power of the organic phase 

10 of FIG. 9. At these processing conditions, fructose would be 
completely converted to HMF. Assuming a glucose conver
sion of about 30% ( a safe assumption based on the data shown 
in the earlier Examples) the expected selectivity for sucrose is 
about 81 %. Thus, the reaction of sucrose according to the 

15 present invention closely follows the selectivity trends set by 
its monomer units (i.e. fructose at 90% selectivity and glucose 
at 53% selectivity). 

as indicated by a decrease in value ofR. See the solid line in 
FIG. 8. "R" is defined herein as the ratio ofHMF concentra- 20 

Cellobiose, a glucose dimer connected by ~-1,4 glycoside 
linkages gave a similar selectivity (52%) as that of the glucose 
monomer unit. 

tion in the organic phase to the HMF concentration in the 
aqueous phase. As shown in FIG. 8, moving from a pure water 
aqueous phase to a 4:6 water:DMSO aqueous phase dropped 
the value of R from 1.58 to 0.8. This signifies that the water
DMSO mixture had a higher affinity for HMF as compared to 
pure water. 

Soluble starch also gave similar results. Soluble starch 
(which is a precursor for the glucose monomer) is linked by 
a-1,4 glycoside linkages and is readily obtained from com, 
rice, etc. It is a commodity product. When processed at these 

25 same conditions, soluble starch yielded a selectivity for HMF 
of43%. 

As pointed out in Example 1, a small fraction ofDMSO is 
carried over to the organic phase, which is undesirable for 
purposes of recovering purified HMF from the organic phase. 
The potential problem ofDMSO contamination in the HMF 30 

product can be minimized by decreasing the DMSO content. 
The carry-over of DMSO from the aqueous phase into the 
organic phase dropped by 4% as the DMSO fraction was 
decreased from 60 wt% to 50 wt% (data not shown). Thus, 

Xylan is used in this Example as a representative polymer 
for hemi-cellulose. Xylan contains the monomer xylose. 
When subjected to dehydration in a 5:5 water:DMSO reac
tion solution, at pH 1.0, xylan gave a selectivity of 66% at 
high conversions. See the right-hand portion of FIG. 9. Thus, 
by optimizing the processing conditions for simple sugars, a 
variety of biomass feedstocks (which contain more complex 
carbohydrates, and which are inexpensive and abundantly 
available) can be processed with equivalent yields for furan 
derivates via the dehydration reaction disclosed herein. 

a balance can be struck by optimizing the DMSO concentra- 35 

tion in the aqueous phase to maximize HMF selectivity and to 
minimize DMSO carry-over into the organic phase. In short, Quite remarkably ( and wholly unexpectedly), DCM is able 

to process all of the carbohydrate feed molecules described 
above at a temperature of 413 K with no acid catalyst at all. As 

as shown by Examples 1, 2, and 3, by increasing the amount 
ofDMSO content and the acidity, selectivity above 50% can 
be obtained for glucose dehydration to HMF. 

Example 4 

Dehydration of Other Carbohydrates 

In Examples 1, 2, and 3, the dehydration of simple carbo
hydrates was optimized by adjusting the pH and DMSO con
tent to achieve good selectivities and reaction rates. In sum
mary, fructose gives an optimum selectivity of88% at pH 1.5, 
while xylose achieves 91 % selectivity at pH 1.0 with a 5:5 
water:DMSO aqueous reacting phase. 

For glucose, the least reactive of the monosaccharides 
tested, increased DMSO levels (up to 60%) and acidity (pH 
1.0) is required to achieve a best selectivity of 53%. 

FIG. 9 presents the corresponding effects of subjecting a 
variety of carbohydrate precursor molecules at optimized 
conditions for their respective monomer units. FIG. 9 pre
sents three groups of data for the precursor and the corre
sponding monomers: (1) inulin and fructose; (2) sucrose, 
starch, cellobiose and glucose; and (3) xylan and xylose. The 
white bars present the data for reactions conducted in 5:5 
water:DMSO aqueous phase and a 7:3 MIBK:2-butanol 
organic phase. The grey bars present the data for reactions 
conducted in a 3:7 (w/w) mixture ofwater:DMSO, but using 
dichloromethane as the organic phase. 

Subjecting inulin, a fructose precursor molecule obtained 
from chicory, to dehydration in 5:5 water:DMSO at pH 1.5 

40 seen in FIG. 9 (grey bars), all the feedstock molecules 
matched up well in selectivity at high conversions using a 3 :7 
mixture ofwater:DMSO as reactive aqueous phase (without 
any acid present) and an equal amount of DCM as the extract
ing organic phase. The unexpected ability of this solvent 

45 combination to process a variety of biomass feed molecules 
with good selectivity and no catalyst required is extremely 
beneficial because it solves the corrosion problems inherent 
when conducting reacts at or below pH 2 using mineral acids. 
By eliminating the harsh acidic environment, the reactions 

50 can be carried out without encountering the corrosions prob
lems inherent in low pH environments. 

Additionally, the extracting power of the organic phase is 
higher for DCM (R=l.35) as compared to mixture of 7:3 
MIBK:2-butanol (R=0.8). However, this advantage is offset, 

55 at least in part, by the significantly increased carry-over of 
DMSO into the DCM (up to 20 wt%) thereby increasing the 
subsequent cost of recovering the product. 

It has been shown that DCM can undergo hydrolysis in 
presence water at high temperature (about 250° C.) to gener-

60 ate aqueous HCl ( citation omitted). To investigate this phe
nomenon in the context of the present invention, water and 
DCM were subjected to 413 K for 3 h. A drop in pH to about 
2.0 was noted. Subsequent GC-MS analysis of the aqueous 
phase showed the presence of a trace amount of HCI. A 

65 similar experiment with 3:7 water:DMSO-5 DCM with no 
sugar feed resulted in the pH dropping to about 1.5, but no 
trace of HCl was found. This could possibly be because the 
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Example 7 

Adding Multiple Salts to the Aqueous Layer 

The results from Example 6 show that the addition of a salt 
to the aqueous layer improves the partitioning of HMF into 
organic phase by lowering the solubility ofHMF in the aque
ous phase and thus improves HMF selectivity. Adding more 
than one salt to the aqueous layer can increase further the 

high fraction of DMSO is associated with water and hence 
water is not available for the DCM hydrolysis to HCl to take 
place. However, small traces of decomposition products from 
DMSO were noticed in GC-MS; these decomposition prod
ucts may impart acidity to the solvent mixture. Nevertheless, 5 

the reaction process using DCM as the organic phase is highly 
useful because it can process insoluble solid biomass feed
stocks, along with soluble carbohydrate moieties, and yield 
high concentrations of substituted furan compounds ( all with
out requiring an added acid catalyst). 10 value ofR. This Example shows that the extraction ratio R is 

further increased by adding a combination of salts such as 
NaCl and NaSO4 to the aqueous phase. Example 5 

Using Different Acids as Catalyst 

Along with HCl, experiments were conducted with H2 SO 4 

and H3PO4 at a controlled pH 1.5. The aqueous reaction phase 
was a 5:5 mixture of water:DMSO (w/w) and the organic 
phase was a 7:3 mixture ofMIBK:2-butanol (w/w). Glucose 
was used as the reactant. The results are presented in FIG.10, 
where the white bars represent conversion and the grey bars 
represent selectivity. 

A first reaction was run at 180° C., with 30 wt% fructose in 
water saturated with NaCl, and using 1-butanol as the extract-

15 ing solvent. This reaction yielded an R value of 2.97. The 
selectivity for HMF production was equal to 81% at 80% 
conversion, using HCl as the catalyst (0.25 M), and using a 
volume of extracting solvent equal to 3 .2 times the volume of 

20 the aqueous layer. 

As seen from FIG. 10, all of the acids tested showed dif
ferent selectivities, with H3PO4 achieving a selectivity essen-

25 
tially identical to the selectivity of the 3:7 water:DMSO
DCM system. Sulphuric acid showed the least selectivity 
(34%) and HCl had a selectivity of 41 %. It is important to note 
that even though the acidity level (pH 1.5) was constant for all 

A second reaction using 30 wt % fructose in water satu
rated with both NaCl and NaSO4 , and all other variable iden
tical to the first reaction, yielded an R value of 4.0. HMF 
selectivity for the second reaction was 85% at 80% conver
sion. The presence of both metal salt thus enhances the par
titioning of HMF into the organic phase even further than just 
using NaCl. 

of the systems run in this example, the systems yielded dif-
30 

ferent results for HMF selectivity. In short, at least in this brief 
Example, the results using the 3: 7 D MSO-DCM system could 
not be emulated by replacing the 3:7 DMSO-DCM with a 
mineral acid and using MBIK:2-butanol. 

Example 8 

Vapor Phase Hydrogenolysis 

Catalyst Preparation: CuRu/C catalysts were prepared by 

Example 6 

Adding Salts to the Aqueous Layer 

The results from the above Examples show that, for a 
specific aqueous phase composition, the selectivity for pro
ducing HMF can be increased by increasing the value of the 
extracting ratio, R. This leads to more effective partitioning of 
the HMF into the organic layer and out of the reactive aqueous 
layer. Moving more of the HMF into the organic layer thus 
minimizes undesirable side-reactions of HMF within the 

35 incipient wetness impregnation of a commercial catalyst 
comprising 10 wt % Ru on carbon: C-10: HP ruthenium on 
Vulcan XC-72 (E-TEK Division, PEMEAS Fuel Cell Tech
nologies, purchased by BASF in February 2007 and re-named 
BASF Fuel Cell, Somerset, N.J.) with a copper nitrate 

40 (CuNO3 *2.5H2 O, Sigma-Aldrich) water solution. For a typi
cal batchof3:2 (molar ratio) Cu:Ru catalyst, 1.55 g of copper 
nitrite was dissolved in 5 g of deionized (DI) water. This 
solution was then added drop-wise to 4.58 g ofRu/C catalyst. 

45 Following impregnation, the catalyst was dried in air at 403 K 
for 2 hand reduced at 523 Kin flowing hydrogen for 10 h 
(0.42 K/min ramp for 6 h followed by 4 h at 523 K). After 
reduction, the catalyst was allowed to cool to room tempera-

aqueous layer. This Example shows that the extracting ratio R 
can be increased by adding a salt such as NaCl to the aqueous 
phase. 

A first reaction was run at 180° C., with 30 wt% fructose in 
50 

water, and using 7:3 MIBK:2-butanol as the extracting sol
vent. This reaction yielded an R value of 1.65. The selectivity 
for HMF production was equal to 70% at 68% conversion, 
using HCl as the catalyst (0.25 M), and using a volume of 55 

extracting solvent equal to 1.56 times the volume of the 
aqueous layer. 

ture and passivated in flowing 2% oxygen in helium for 3 h. 
All gas flow rates were maintained at approximately 110 
cm3 (STP)/min. Pre-reduced, barium-promoted CuCr04 was 
used untreated from Sigma-Aldrich. 

Batch Reactor System: All batch reactor runs were carried 
out using an autoclave reactor with external temperature and 
stirring controller (Model 4566 and 4836, Parr Instrument 
Co.). For a typical hydrogenolysis run, 2.5 g ofHMF (98%, 
Sigma-Aldrich) was dissolved in 47.5 g of organic solvent. 
The solvent was either dry 1-butanol (99.9%, Sigma-Aldrich) 

A second reaction using 30 wt % fructose in water satu
rated with NaCl, and all other variable identical to the first 
reaction, yielded an R value of3 .7 5, more than twice the value 
obtained without NaCl. HMF selectivity for the second reac
tion was 77% at 80% conversion. The presence of the metal 
salt thus enhances the partitioning of HMF into the organic 
phase by lowering the solubility of HMF in the aqueous 
phase, which in tum decreases HMF degradation in the aque-
ousmedium. 

60 or 1-butanol pre-contacted with a NaCl/water solution that 
simulated the final untreated organic layer from the biphasic 
fructose dehydration step. The NaCl/water solution was made 
by adding 6.7 g sodium chloride into 18.9 g deionized water. 

65 Next, 51 g ofl-butanol was added to the NaCl/water solution 
and shaken vigorously. The resulting two phases were 
allowed to separate for 20 minutes. 
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TABLE4 

Results for acid catalyzed dehydration of various carbohydrate feedstock's. Runs 1-20, except 14 and 15, were carried out in 10 wt% initial 
concentration of carbohydrate in presence ofHCl as catalyst at 443K. Runs 14 and 15 were carried out in presence ofH2 SO4 and H3PO4 acid as 

catalyst respectively. Run 1-20 used twice the amount of organic solvent by weight with respect to aqueous phase. Runs 21-28 were carried out with 
10 wt% initial concentration of carbohydrate with no catalyst at 413K in presence of equal amount by weight of dichloromethane (DCM) as solvent. 

Aqueous phase and Organic phase composition are based on w/w ratios. Conversion is defined as ratio of carbohydrate conswned to carbohydrate 
added initially. Selectivi!Y is defined as ratio ofHMF or Furfural 12roduced to carbohydrate consumed. R- [HMF or Fur] .J[HMF or Fur] 

9
. 

HMF or Fur [HMF [HMF 
Run Aqueous Phase Organic Phase Time Conversion Selectivity Organic or FurJarg or Fur]aq 

# Sugar Composition Composition pH (h:min) (%) (%) Phase(%) [glee] [glee] R 

Glucose Water 1.0 0:45 20 11 0 0 0.00152 0.00 
2 Glucose Water 7:3 1.0 0:50 17 28 82 0.00103 0.00065 1.58 

MIBK:2-butanol 
3 Glucose 4:6W:DMSO 1.0 0:10 41 26 0 0 0.00826 0.00 
4 Glucose 4:6W:DMSO 7:3 1.0 0 43 53 74 0.00434 0.00554 0.78 

MIBK:2-butanol 
5 Fructose 5:5W:DMSO 7:3 1.0 0:04 95 89 74 0.01668 0.01901 0.88 

MIBK:2-butanol 
6 Fructose 5:5W:DMSO 7:3 1.5 0:06 94 88 76 0.01625 0.01803 0.90 

MIBK:2-butanol 
7 Fructose 5:5W:DMSO 7:3 2.0 0:08 95 86 77 0.01616 0.01686 0.96 

MIBK:2-butanol 
8 Glucose 5:5W:DMSO 7:3 1.0 0:17 50 47 76 0.00471 0.00504 0.94 

MIBK:2-butanol 
9 Glucose 5:5W:DMSO 7:3 1.5 0:42 47 41 76 0.00378 0.00419 0.90 

MIBK:2-butanol 
10 Glucose 5:5W:DMSO 7:3 2.0 1:40 48 40 76 0.00367 0.00417 0.88 

MIBK:2-butanol 
11 Xylose 5:5W:DMSO 7:3 1.0 0:12 71 91 91 0.01414 0.00474 2.98 

MIBK:2-butanol 
12 Xylose 5:5W:DMSO 7:3 1.5 0:27 82 68 92 0.01205 0.00360 3.35 

MIBK:2-butanol 
13 Xylose 5:5W:DMSO 7:3 2.0 0:55 53 54 92 0.00618 0.00198 3.12 

MIBK:2-butanol 
14 Glucose 5:5W:DMSO 7:3 1.5 1:00 48 34 77 0.00322 0.00354 0.91 

MIBK:2-butanol 
15 Glucose 5:5W:DMSO 7:3 1.5 1:00 36 48 75 0.00350 0.00369 0.95 

MIBK:2-butanol 
16 Inulin 5:5W:DMSO 7:3 1.5 0:05 98 77 76 0.0163 0.0180 0.90 

MIBK:2-butanol 
17 Sucrose 4:6W:DMSO 7:3 1.0 0:05 65 77 75 0.0101 0.0124 0.82 

MIBK:2-butanol 
18 Starch 4:6W:DMSO 7:3 1.0 0:11 61 43 74 0.0055 0.0069 0.79 

MIBK:2-butanol 
19 Cellobiose 4:6W:DMSO 7:3 1.0 0:10 52 52 74 0.0056 0.0070 0.79 

MIBK:2-butanol 
20 Xylan 5:5W:DMSO 7:3 1.0 0:25 100 66 91 0.0123 0.0041 2.98 

MIBK:2-butanol 
21 Fructose 3:7W:DMSO DCM 2:00 100 87 61 0.0384 0.0315 1.22 
22 Inulin 3:7W:DMSO DCM 2:30 100 70 62 0.0344 0.0274 1.26 
23 Glucose 3:7W:DMSO DCM 4:30 62 48 63 0.0136 0.0100 1.36 
24 Sucrose 3:7W:DMSO DCM 4:30 82 62 64 0.0245 0.0176 1.39 
25 Starch 3:7W:DMSO DCM 11:00 91 40 65 0.0189 0.0129 1.47 
26 Cellobiose 3:7W:DMSO DCM 9:30 85 45 68 0.0206 0.0125 1.64 
27 Xylose 3:7W:DMSO DCM 3:00 72 79 87 0.0327 0.0063 5.2 
28 Xylan 3:7W:DMSO DCM 3:00 100 76 85 0.0362 0.0084 4.3 

Afterwards the organic layer was siphoned off and used as loaded into a¼" outside diameter tubular stainless steel reac-
the solvent. Next, 0.75 g ofCuRu/C catalyst was added to the tor. The catalyst bed was contained in the tubular reactor by an 
reactor. The reactor was sealed and purged of air by adding end-plug of quartz wool (Alltech). A Type-K thermocouple 
and releasing hydrogen to a pressure of 20 bar. Hydrogenoly- 55 

(Omega) attached to the outside of the reactor was used to 
sis reactions were carried out at 493 K with 6.8 bar initial 

measure the reactor temperature, which was controlled with a 
hydrogen pressure for 10 h while using a stirring speed of 400 
rpm. These conditions were found to be optimal for DMF 16A series temperature controller (Dwyer Instruments). The 

yield. After 10 h the reactor was cooled to room temperature 60 
flow rate ofH2 was controlled with a mass-flow meter (5850 

before its contents were sampled, filtered (using 0.2 µm PES Brooks Instruments). An HPLC pump (Model 301, Alltech) 

syringe membrane filter), and analyzed. was used to introduce the feed solution into the down-flow 

Flow Reactor: A down-flow, vapor-phase, fixed-bed reac- reactor through a needle. The effluent from the reactor was 

tor setup was used to convert HMF to DMF. One gram of 
65 

condensed at room temperature in a separator, allowing for 

catalyst in powder form was mixed with 2.3 g of silicon periodic sampling of the liquid product stream. The effluent 

dioxide fused granules with a 4 to 16 mesh size (Aldrich) and gas stream passed through a back-pressure regulator (GO 
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Regulator, Model BP-60) which controlled the system pres
sure and through a flowmeter to measure the gas flow rate. 

All runs were carried out at 100% conversion at a tempera

ture of 493 K, using a liquid feed rate of0.2 cm3 /min, and a 

weight hourly space velocity ( defined as gHMiJ(h gcatalyst) of 
0.147 h- 1 and of 0.98 h- 1 for 1.5 and 10 wt% runs. Other 

(for comparison to the control Run 13) before being fed to the 

CuRu/C catalyst. In Run 15, DMF was used as the feed to the 

reactor, showing that approximately 7% of it remains on the 

5 catalyst. This buildup of carbon eventually leads to catalyst 

deactivation, such that the DMF yield starts to decrease and 

process conditions used in the experiments are listed in Table 

6. Product sampling took place approximately every 3 to 6 

cm3 of liquid feed, and reported values are mean values over 

all steady state points. 

the yields of intermediates 4 and 5 increase. As can be seen by 

the carbon out/in colunm, approximately 80% of the carbon is 

10 recovered in a typical run. 

Detailed results for the vapor phase hydrogenolysis reac

tions performed under a variety of conditions and using vari
ous metal catalysts are presented in Tables 5, 6, and 7. Refer- 15 

ring to Table 7, no signs of deactivation for feeds consisting of 
1.5 wt% HMF were observed. Runs 6-9 used the same 1 g of 
CuRu/C catalyst, which underwent overnight reductions at Aqueous 

493 K in flowing H2 at 40 cm3 (STP)/min. Signs of catalyst 20 Phase 

TABLES 

Fructose Dehydration Using Other Inorganic Salts 

Organic Conversion Selectivity 

Salt phase (%) HMF(%) 

deactivation were observed when 10 wt% HMF feeds were ---------------

used. Deactivation was observed after processing an amount 
ofHMF corresponding to about 1.7 times the catalyst mass. 

Notably, however, it was found that after deactivation became 25 

apparent, treatment for 2 hat 493 Kin flowing hydrogen at 40 

cm3 (STP)/min was sufficient to regenerate the catalyst to 

initial performance, as shown by Runs 10-12, which showed 

76 to 79% DMF yield. 
30 

Specifically, after deactivation of the catalyst observed in 

Run 10, the aforementioned regeneration step was employed, 

followed by data collection in Run 11; after catalyst deacti
vation in Run 11, the catalyst was regenerated by treatment 

35 
for 2 hat 573 Kin flowing H2 at 150 cm3 (STP)/min H2 , 

30wt% 

fructose 

NaBr 

KC! 

KBr 

CaC12 

CsCl 

MgC12 

NaNO3 

Na2 SO4 

Na2 HPO4 

2-butanol 83 78 

89 82 

86 76 

70 78 

72 76 

78 77 

LOW REACTIVITY AND 

SOLID FORMATION 

R 

2.0 

2.6 

1.7 

2.7 

2.0 

2.8 

followed by data collection in Run 12. Run 14t, unlike all 

other runs which used purchased HMF, was an integrated run 

where the HMF was produced in the biphasic reactor and the 

1-butanol layer was rota-evaporated, neutralized, and diluted 

All dehydration reactions using the salts in the table above 

were carried out under the same conditions as the experiments 

reported in Table 1 using salt-saturated aqueous phases and an 

initial V 0 r)Vaq=3.2. 

TABLE6 

Batch Reactor Liguid Phase Hydrogenolysis 

Pre-
contacted Selectivi 

withH2 O Conversion DMF 5 6 7 8 Carbon Out/ 
Run Catalyst and NaCl Solvent (%) (%) (%) (%) (%) (%) In(%) 

1 3:1 CuRuC Yes 1-butanol 100 41.0 8.0 5.9 22 3.3 80 
1 t 3:1 CuRuC Yes, and 1-butanol 100 61.0 9.4 3.6 11 1.8 86 

purified 
2 3:1 CuRuC No 1-butanol 100 71.0 5.1 4.3 7.2 1.8 89 
3 CuCrO Yes 1-butanol 18 0.0 0.0 0.0 0.0 0.0 82 

(Barium 
promoted) 

3t CuCrO Yes, and 1-butanol 94 6.0 12.0 2.1 2.3 0.4 87 
(Barium purified 
promoted) 

4 CuCrO No 1-butanol 100 61.0 29.0 0.0 0.0 2.8 92 
(Barium 
promoted) 
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All runs were carried out at T=493 K, P=6.8 bar H2 , stirred 
at 400 rpm with 5 wt % HMF feed, and sampled at 10 h. In 
Run 3 and especially 3t, significant amounts of compound 4 
were observed and comprise the remainder of the carbon 
out/in balance. Runs pre-contacted with an aqueous phase 5 

saturated with NaCl contain 26 mmol/L of NaCl. tRuns pre
contacted with an aqueous phase saturated with NaCl and 
then purified by evaporation of 25% of the mass contain 1.6 
mmol/L of NaCl. 

TABLE 7 

Flow Reactor Va12or Phase Hydrogenolysis 

Pressure Yield 

(psi), H2 

flow rate HMF DMF 5 
Run Catalyst Solvent (cm3(STP)/min) (wt%) (%) (%) 

5 CuCr04 1-butanol 250, 19 1.5 52.0 0.0 
6 3:2 CuRu/C 1-butanol 250, 19 1.5 77.0 0.0 
7 3:2 CuRu/C 1-butanol 50,19 1.5 62.0 0.0 
8 3:2 CuRu/C 1-hexanol 100,42 1.5 78.0 0.0 
9 3:2 CuRu/C 1-hexanol 100,42 10.0 78.0 4.0 

10 3:2 CuRu/C 1-butanol 250, 19 10.0 76.0 0.0 
11 3:2 CuRu/C 1-butanol 250, 19 10.0 79.0 6.0 
12 3:2 CuRu/C 1-butanol 250, 19 10.0 76.0 5.0 
13 3:1 CuRu/C 1-butanol 250, 19 1.5 72.0 0.0 
14t 3:1 CuRu/C 1-butanol 250, 19 1.7 72.0 0.0 

Dimethylfuran wt(%) 

32 
been thoroughly tested. Carcinogenic, mutagenic, reproduc
tive, bioaccumulation, mobility, and ecotoxicity data are 
lacking. The limited information available suggests that DMF 
is not more toxic than current fuel components. For instance, 
the lethal DMF dose in rats is 1238 mg/kg body weight 
(gasoline is -5000 mg/kg body weight). Also, DMF is a 
mutagen in hamsters at 8 mmol/L (benzene in gasoline is a 
mutagen in humans at 1 mmol/L) and is deadly to fathead 

Carbon 
6 Out/In 

(%) (%) 

0.0 52 
0.0 77 
4.0 66 
0.0 78 
2.0 84 
2.0 78 
1.0 86 
1.0 82 
0.0 72 
0.0 72 

15 3:2 CuRu/C 1-butanol 250, 19 1.1 93.0 0.0 0.0 93 

All runs were carried out at T=493 Kand 100% conversion 
of HMF. Data collected at steady state. Runs 6-9, used the 
same 1 g of CuRu/C catalyst and had overnight reductions at 
493 Kin flowing H2 at 40 cm3 (STP)/min. Run 11 occurs after 35 

Run 10 becomes deactivated and is regenerated through treat
ment at 493 K for 2 h in flowing H2 at 40 cm3 (STP)/min. Run 
12 occurs after Run 11 becomes deactivated and is regener
ated at 573 K for 2 h in flowing H2 at 150 cm3 (STP)/min. 
Runs 13-141 used the same catalyst. Symbolt indicates an 40 

integrated run using HMF produced from dehydration of 
fructose in which the 1-butanol layer was rotoevaporated, 
neutralized and diluted (for comparison to the control Run 
13) before being fed to the CuRu/C catalyst. 

Example 9 

Estimation for the Energy Consumption in a 
Distillation Process for DMF and Ethanol 

45 

minnows at 71 mg/Lin a 96 hr-LC50 test ( aromatic chemicals 
in gasoline are lethal to fathead minnows at -2 to 10 mg/L) 
28.29 

Long term studies performed at doses similar to those 
experienced while pumping gasoline or at a refinery (0.01 to 
200 ppm, respectively) and long term oral dosages at levels 
similar to those of gasoline found in ground water will have to 
be performed before DMF fuel is approved for commercial 
use 30. Similarly, since no data are available on 9 in regard to 
being carcinogenic, mutagenic, tetratogenic, a bioaccumula
tor, its mobility, or ecotoxicity, similar studies should be 
performed on this compound. 
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What is claimed is: 
1. A process to make furan derivative compounds, the 

process comprising: 
dehydrating a feedstock solution comprising a carbohy

drate, in the presence of an acid catalyst, in a reaction 
vessel containing a biphasic reaction medium compris
ing an aqueous reaction solution and a substantially 
immiscible organic extraction solution; 

9. The process of claim 1, wherein the acid catalyst is 
25 selected from the group consisting of heteropolyacids, HCI, 

HNO3 , H2 SO4 , H3 PO4 , H3BO3 , oxalic acid, levulinic acid, 
citric acid, NbOPO4 , and vanadium phosphate. 

10. The process of claim 1, wherein the organic extraction 
solution comprises a solvent selected from the group consist-

30 ing of water-immiscible, linear, branched, or cyclic alcohols, 
ethers, and ketones. 

11. The process of claim 1, wherein the organic extraction 
solution comprises a solvent selected from the group consist
ing of unsubstituted aliphatic and aromatic hydrocarbons and 

35 halo-substituted aliphatic and aromatic hydrocarbons. 
12. The process of claim 1, wherein the aqueous reaction 

solution further comprises at least one salt, thereby yielding a 
saline aqueous reaction solution. 

13. The process of claim 12, wherein the at least one salt 
40 comprises a cation and an anion selected from the group 

consisting of acetate, alkyl phosphate, alkyl sulfate, carbonate, 
chromate, citrate, cyanide, formate, glycolate, halide, 
hexafluorophosphate, nitrate, nitrite, oxide, phosphate, sul
fate, tetrafluoroborate, tosylate, triflate, and bis-trifluorsul-

45 fonimide. 
14. The process of claim 12, wherein the aqueous reaction 

solution comprises at least two different salts. 
15. The process of claim 12, wherein the organic extraction 

50 
solution comprises a solvent that is substantially immiscible 
in the saline aqueous reaction solution. 

16. The process of claim 1, wherein aqueous reaction solu
tion and the substantially immiscible organic extraction solu
tion together yield an extraction ratio, R, of about 0.1 or 

55 
greater. 

17. The process of claim 1, wherein the organic extraction 
solution comprises a ketone selected from the group consist
ing of acetone, butanone, pentanone, hexanone, heptanone, 
diisobutylketone, 3-methyl-2-butanone, 5-methyl-3-hep-

60 tanone, cyclobutanone, cyclopentanone, and cyclohexanone. 

wherein the aqueous reaction solution, the organic extrac
tion solution, or both the aqueous reaction solution and 
the organic extraction solution contain at least one modi
fier to improve selectivity of the process to yield furan 
derivative compounds, wherein the modifier is selected 65 

from the group of consisting of dimethylsulfoxide 
(DMSO), dimethylformamide, N-methylpyrrolidinone 

18. The process of claim 1, wherein the organic extraction 
solution and the aqueous reaction solution are present in a 
volume ratio of from about 0.1: 1 to about 100: 1 ( organic 
extraction solution:aqueous reaction solution). 

19. The process of claim 1, wherein the dehydration is 
carried out at a temperature ranging from about 70° C. to 
about 250° C. 
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20. The process of claim 1, comprising dehydrating the 
feedstock solution at a pressure ranging from about 1 bar to 
about 150 bars. 

21. The process of claim 1, wherein the carbohydrate feed
stock solution comprises 1-70 wt % carbohydrate. 

22. The process of claim 1, wherein the organic extraction 
solution contains the modifier and the modifier is selected 
from the group consisting of a primary, secondary, linear, 
branched, or cyclic C1 - to C12-alcohols. 

36 
dehydrating a feedstock solution comprising a carbohy

drate, in the presence of an acid catalyst, in a reaction 
vessel containing a biphasic reaction medium compris
ing: 

(i) an aqueous reaction solution comprising water, a salt, 
and a modifier selected from the group of consisting 
of dimethylsulfoxide (DMSO), dimethylformamide, 
N-methylpyrrolidinone (NMP), acetonitrile, butyro-

23. The process of claim 22, wherein the modifier is 10 

selected from the group consisting of primary, secondary, 
linear, branched, or cyclic C1 - to C8-alcohols. 

lactone, dioxane, pyrrolidinone and poly(l-vinyl-2-
pyrrolidinone ); and 

(ii) a substantially immiscible organic extraction solu
tion; and 24. The process of claim 22, wherein the organic phase 

modifier is 2-butanol. 
25. A method of making a compound of Formula I: 

(I) 

wherein each R is independently selected from the group 
consisting of hydrogen, C1-C6-alkyl, hydroxy-C1-

Ccalkyl, acyl-C1----Ccalkyl, C1----Ccalkylcarbonyl
C 1 -C6-alky 1, and carboxy-C 1 -C6-alky 1, and provided 
the both R's are not simultaneously hydrogen, compris
ing: 

15 
wherein the carbohydrate is dehydrated in the aqueous 

reaction solution to yield a furan derivative, and the 
furan derivative is extracted into the organic extraction 
solution. 

26. The method of claim 25, wherein the acid catalyst is 

20 selected from the group consisting of heteropolyacids, HCl, 
HNO3 , H2 SO4 , H3 PO4 , H3BO3 , oxalic acid, levulinic acid, 
citric acid, NbOPO4 , and vanadium phosphate. 

27. The method of claim 25, wherein the modifier com
prises DMSO; and the immiscible organic extraction solution 

25 comprises a solvent selected from the group consisting of 
1-butanol, DCM, MIBK, 2-butanol, and mixtures thereof. 

* * * * * 
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