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(57) ABSTRACT

Described is a process to make hydroxymethylfurfural
(HMF) from glucose. The process includes the steps of react-
ing a feedstock solution comprising glucose, in the presence
of ahomogeneous Brensted acid catalyst and a homogeneous
Lewis acid catalyst, in a reaction vessel containing a biphasic
reaction medium. The reaction medium includes an aqueous
reaction solution and a substantially immiscible organic
extraction solution. HMF is produced in the aqueous reaction
solution and extracted into the organic extraction solution.
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LEWIS AND BRONSTED-LOWRY
ACID-CATALYZED PRODUCTION
5-HYDROXYMETHYLFURFURAL (HMF)
FROM GLUCOSE

FEDERALLY FUNDED RESEARCH
STATEMENT

This invention was made with government support under
0520527 and 0813570 awarded by the National Science
Foundation. The government has certain rights in this inven-
tion.

FIELD OF THE INVENTION

Disclosed and claimed herein is a method to produce
hydroxymethylfurfural (HMF) from glucose via a two-phase
reaction utilizing both Lewis acid catalysts and Brensted-
Lowry acid catalysts.

BACKGROUND

Biomass has been intensely investigated as a renewable
feedstock for the production of chemicals and transportation
fuels in view of economic, environmental, and political con-
cerns associated with diminishing fossil fuel resources. The
development of economically viable processes for the pro-
duction of chemical intermediates from biomass-derived car-
bohydrates has become an important challenge for research in
this area, such as the development of efficient processes for
the production of the platform chemical 5-hydroxymethyl-
furfural (HMF)." In this respect, HMF has been identified as
a primary building block for the production of furanic poly-
esters, polyamides, and polyurethanes analogous to those
derived from the petroleum polymer industry.?

Conventionally, HMF is produced from the acid-catalyzed
dehydration of Cg-sugars (i.e., hexoses). The formation of
HMF is proposed to take place through the dehydration of a
5-member monosaccharide ring. Hence, fructose, which con-
tains 21.5% of furanose tautomers in aqueous solution, can be
converted to HMF more efficiently than glucose which con-
tains 1% of furanose tautomers in aqueous solutions.’
Accordingly, while considerable efforts have focused on the
production of HMF from fructose in high yields,'* *<- ¢ there
remains a long-felt and unmet need for a catalytic system that
efficiently converts glucose to HMF in water.

While the dehydration of fructose is catalyzed by strong
acids, the challenge for the conversion of glucose to HMF is
to find a catalytic system that can selectively isomerize glu-
cose to fructose in tandem with the dehydration reaction.
Glucose isomerization proceeds by hydrogen transfer from
the C-2 to the C-1 position and from the O-2 to the O-1
position of the a-hydroxy aldehyde to form the a-hydroxy
ketone.* The mechanism of hydrogen transfer from the O-2 to
the O-1 position of the aldose is by a proton transfer between
the electronegative carbonyl and hydroxyl groups, whereas
the transfer ot hydrogen from the C-2 to the C-1 position may
occur through a hydride ion, or in alkaline conditions as a
proton.” Lewis acids and Brensted bases are catalysts com-
monly used for this reaction. However, basic catalysts typi-
cally lead to side reactions.®

Recent studies have been published on developing new
processing strategies focused on isomerizing glucose to fruc-
tose with a subsequent acid-catalyzed dehydration of fructose
to HMF. Lewis acid catalysts in ionic liquids have been shown
to be the most promising systems for the conversion of glu-
cose to HMF.'® Zhao, et al. first reported HMF yields of
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68-70% in a system consisting of 1-ethyl-3-methyl-imidazo-
lium chloride and a CrCl, catalyst.'” It is believed that the
high activity and selectivity observed for the production of
HMF in ionic liquids with chromium catalysts are caused by
the stabilization of the transition state for ring opening of
glucose by the Lewis acidic Cr center during glucose isomer-
ization.” Other studies have been carried out on this same
reaction using different ionic liquids or Lewis acid catalysts.®
However, the reactions require ionic liquids, which are
expensive and subject to deactivation by small amounts of
water formed during dehydration reactions.” Binder, et al.
reported that a mixture consisting of dimethylacetamide
(DMA), NaBr, and a Lewis acid, CrCl,, could reach HMF
yields of 81%, being as effective as ionic liquid systems.'®
Huang, et al. reported an HMF yield of 63% from glucose by
atwo-step process consisting of the isomerization of glucose
to fructose in the presence of glucose isomerase and borate
ions, followed by the acid catalyzed dehydration of fructose
to HMF using HCl as a catalyst in a biphasic system.'° Taka-
gaki, et al. reported HMF yields of 42% at a 73% conversion
by a similar two step process by combining a solid acid
catalyst, Amberlyst-15, and a solid base catalyst, Mg—Al
hydrotalcite, in N,N-dimethylformamide.!* Nikolla, et al.
reported HMF yields of 57% at 79% conversion of glucose
using a Lewis acidic Sn-Beta zeolite and HCl in a water/
NaCl/THF biphasic reaction system. >

SUMMARY OF THE INVENTION

While glucose can be converted with low yields to HMF
using Brensted acids, the method disclosed herein greatly
increases the yield from glucose to HMF by first isomerizing
the glucose to fructose, and dehydrating the fructose to HMF.
The method takes place in an aqueous solution, rather than in
an ionic liquid. Preferably the two reactions (isomerization
and dehydrogenation) are conducted simultaneously in a
biphasic reaction system in which the HMF spontaneously
separates into a non-aqueous phase. This greatly increases the
efficiency of separating the desired HMF product from the
reactants. The reaction is preferably carried out continuously,
but can also be run in batch fashion.

Disclosed is a process to make hydroxymethylfurfural
(HMF) from glucose, glucose-containing oligomers, glu-
cose-containing polymers, or combinations thereof. A first
version of the process comprises reacting a feedstock solution
comprising glucose, glucose-containing oligomers, glucose-
containing polymers, or combinations thereof, in the pres-
ence of a homogeneous Brensted acid catalyst and a homo-
geneous Lewis acid catalyst, in an aqueous reaction solution,
to yield a product solution comprising HMF. The process may
further comprise extracting the HMF into a substantially
immiscible organic extraction solution. It is generally, pre-
ferred, although not required, that the reacting step and the
extracting step take place simultaneously in a reaction vessel
containing a biphasic reaction medium comprising an aque-
ous reaction solution and a substantially immiscible organic
extraction solution, and wherein HMF formed in the aqueous
reaction solution is extracted into the organic extraction solu-
tion. The process may also take place in a mono-phasic sys-
tem comprising only the aqueous reaction phase. It is pre-
ferred that the process use homogeneous catalysts. If a
biphasic system is used, heterogeneous acid catalysts may
also be used.

The substantially immiscible organic extraction solution
preferably comprises at least one alkylphenol. The alkylphe-
nol (AP) may be selected from those having the structure:
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OH

R* R?

R3

wherein R'-R? are independently selected from the group
consisting of hydrogen, hydroxyl, esters, ethers, carboxylic
acids, and C, -C,, linear, branched, or cyclic alkyl or alkene,
provided that at least one of R*-R? is an alkyl group. In certain
versions of the process, it is preferred that the AP has at least
one and no more than two of R*-R> as a C,-C,, or C,-C,
linear, branched, or cyclic alkyl group.

The Lewis acid catalyst is preferably selected from the
group consisting of Lewis acids comprising a lathanoid
metal, a metal from any of Groups 4, 5, 13, 14 and 15 of the
periodic table of the elements, and combinations thereof. This
is preferred only, and many other Lewis acids will function in
the process. (See the definition of Lewis acid, below.) Pref-
erably, the Brensted acid catalyst is selected from the group
consisting of mineral acids, organic acids, heteropolyacids,
solid acid catalysts, zeolites, and combinations thereof.
Again, this is preferred only. Many other Bronsted acids will
function in the process. (See the definition of Brensted acid,
below.)

In certain versions of the process, the aqueous reaction
solution has an amount of NaCl dissolved therein, or the
aqueous reaction solution is saturated with NaCl. A saturated
aqueous solution of NaCl is approximately 6 M NaCl. Thus,
the aqueous reaction solution may optionally contain from 0
M NaCl to about 6 M NaCl, or any range between 0 M and
about 6M (e.g., a lower NaCl concentration of 0 M, 1 M, 2 M,
3 M, 4 M, or 5 M; and an upper NaCl concentration of 6 M, 5
M, 4M,3M,2M,or 1 M).

Numerical ranges as used herein are intended to include
every number and subset of numbers contained within that
range, whether specifically disclosed or not. Further, these
numerical ranges should be construed as providing support
for a claim directed to any number or subset of numbers in that
range. For example, a disclosure of from 1 to 10 should be
construed as supporting a range of from 2 to 8, from 3 to 7, 5,
6, from 1 to 9, from 3.6 to 4.6, from 3.5 to 9.9, and so forth.

All references to singular characteristics or limitations of
the present invention shall include the corresponding plural
characteristic or limitation, and vice-versa, unless otherwise
specified or clearly implied to the contrary by the context in
which the reference is made.

All combinations of method or process steps as used herein
can be performed in any order, unless otherwise specified or
clearly implied to the contrary by the context in which the
referenced combination is made.

The methods and devices described herein can comprise,
consist of, or consist essentially of the essential elements and
limitations of the methods and devices described herein, as
well as any additional or optional ingredients, components, or
limitations described herein or otherwise useful in synthetic
organic chemistry or chemical engineering.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1F: Glucose conversion in a biphasic system
with HCl and various Lewis Acids as a function of time. FIG.
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4
1A: AlCl;; FIG. 1B: SnCl,; FIG. 1C VCl,; FIG. 1D: GaCl;:
FIG. 1E: InCly; and FIG. 1F: no Lewis acid. In each figure:
(M)=glucose, (o)=fructose, and (A)=HMF.

FIG. 2: Conversion and selectivity for production of HMF
from glucose in consecutive runs using the same acidic aque-
ous solution containing AlICl, (Lewis acid) and HCI (Bren-
sted acid) as catalysts. Reaction conditions: 5 wt % glucose in
water saturated with NaCl, reaction temperature of 443 K,
organic-to-aqueous mass ratio of 2, pH=2.5, glucose-to-alu-
minum molar ratio of 67.

FIG. 3: Glucose conversion and HMF production versus
time in a biphasic system with SBP in the presence of LaCl;;
(M)=glucose and (A)=HMF.

FIG. 4: Glucose conversion and HMF production versus
time in a biphasic system with SBP in the presence of DyCls;
(M)=glucose and (A)=HMF.

FIG. 5: Glucose conversion and HMF production versus
time in a biphasic system with SBP in the presence of YbCls;
(M)=glucose and (A)=HMF.

DETAILED DESCRIPTION
Abbreviations and Definitions

The following abbreviations and definitions are used
throughout the specification and claims. Terms not given a
specific definition are to be accorded their accepted definition
in the fields of chemistry and/or chemical engineering.

AP=alkylphenol. As used herein, an alkylphenol is defined
as a compound having the formula:

OH

R3 R!

R* R?

R3

wherein R'-R> are independently selected from the group
consisting of hydrogen, hydroxyl, esters, ethers, carboxylic
acids, and C,-C,, linear, branched, or cyclic alkyl or alkene,
provided that at least one of R'-R® is alkyl. All positional
isomers (ortho, meta, para) are explicitly included, as are
compounds having more than one hydroxy group, e.g., alkyl-
substituted-1,4-dihydroxybenzene. Mono- and di-alkylphe-
nols are preferred, as are APs wherein the alkyl substituent(s)
is a C,-C,, linear, branched, or cyclic alkyl, more preferably
still a C, to Cg linear or branched alkyl.

“Biomass” as used herein includes materials containing
cellulose, hemicellulose, lignin, protein and carbohydrates
such as starch and sugar. Common forms of biomass include
trees, shrubs and grasses, corn and corn husks as well as
municipal solid waste, waste paper and yard waste. Biomass
high in starch, sugar or protein such as corn, grains, fruits and
vegetables, is usually consumed as food. Conversely, biomass
high in cellulose, hemicellulose and lignin is not readily
digestible by humans and is primarily utilized for wood and
paper products, fuel, or is discarded as waste. “Biomass™ as
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used herein explicitly includes branches, bushes, canes, corn
and corn husks, energy crops, forests, fruits, flowers, grains,
grasses, herbaceous crops, leaves, bark, needles, logs, roots,
saplings, short rotation woody crops, shrubs, switch grasses,
trees, vegetables, vines, hard and soft woods. In addition,
biomass includes organic waste materials generated from
agricultural processes including farming and forestry activi-
ties, specifically including forestry wood waste. “Biomass”
includes virgin biomass and/or non-virgin biomass such as
agricultural biomass, commercial organics, construction and
demolition debris, municipal solid waste, waste paper, and
yard waste. Municipal solid waste generally includes gar-
bage, trash, rubbish, refuse and offal that is normally disposed
of'by the occupants of residential dwelling units and by busi-
ness, industrial and commercial establishments, including but
not limited to: paper and cardboard, plastics, food scraps,
scrap wood, saw dust, and the like.

“Biomass-derived”=Compounds or compositions fabri-
cated or purified from biomass. Glucose for use in the dis-
closed method may be biomass-derived.

Brensted-Lowry Acid/Base=A Brensted-Lowry acid is
defined herein as any chemical species (atom, ion, molecule,
compound, complex, etc.), without limitation, that can donate
or transfer one or more protons to another chemical species.
Mono-protic, diprotic, and triprotic acids are explicitly
included within the definition. A Brensted-Lowry base is
defined herein as any chemical species that can accept a
proton from another chemical species. Included among Bren-
sted-Lowry acids are mineral acids, organic acids, het-
eropolyacids, solid acid catalysts, zeolites, etc. as defined
herein. Note that this list is exemplary, not exclusive. The
shortened term “Brensted” is also used synonymously with
“Brensted-Lowry”

“Glucose-containing  oligomers, glucose-containing
polymers”=Any chemical species, having any type of
intramolecular bond type, that comprises a glucose unit. The
definition explicitly includes glucose-containing disaccha-
rides (such as, but not limited to, sucrose, lactose, maltose,
trehalose, cellobiose, kojibiose, nigerose, isomaltose, f3,p3-
trehalose, a,p-trehalose, sophorose, laminaribiose, gentio-
biose, turanose, maltulose, palatinose, gentiobiulose, etc.),
trisaccharides (such as, but not limited to, isomaltotriose,
nigerotriose, maltotriose, maltotriulose, raffinose, etc.), and
larger oligosaccharides and polysaccharides, as well as large
and more complex glucose-containing polymers and carbo-
hydrates, such as, but not limited to, starch, amylase, amy-
lopectin, glycogen, cellulose, hemicelluloses (e.g., xyloglu-
can, glucomannan, etc.), lignocellulose, and the like. Linear,
branched, and macrocyclic oligomers and polymers contain-
ing glucose are explicitly included within the definition.

“Heteropolyacid”=A class of solid-phase acids exempli-
fied by such species as H,SiW,,0,, H;PW,,0,,,
HgP,W,:0¢,, Hy, ., PMo,,_.V.O,, and the like. Heteropoly-
acids are solid-phase acids having a well-defined local struc-
ture, the most common of which is the tungsten-based Keggin
structure. The Keggin unit comprises a central PO, tetrahe-
dron, surrounded by 12 WO, octahedra. The standard unit has
a net (73) charge, and thus requires three cations to satisfy
electroneutrality. If the cations are protons, the material func-
tions as a Brensted acid. The acidity of these compounds (as
well as other physical characteristics) can be “tuned” by
substituting different metals in place of tungsten in the Keg-
gin structure. See, for example, Bardin et al. (1998) “Acidity
of Keggin-Type Heteropolycompounds Evaluated by Cata-
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Iytic Probe Reactions, Sorption Microcalorimetry and Den-
sity Functional Quantum Chemical Calculations,” J. of Physi-
cal Chemistry B, 102:10817-10825.

“HMF”=Hydroxymethylfurfural.

“Homogeneous catalyst”=A catalyst that exists in the same
phase (solid, liquid, or gas) as the reactants.

“Lewis Acid/Base”=A Lewis acid is defined herein as any
chemical species that is an electron-pair acceptor, i.e., any
chemical species that is capable of receiving an electron pair,
without limitation. A Lewis base is defined herein as any
chemical species that is an electron-pair donor, that is, any
chemical species that is capable of donating an electron pair,
without limitation.

In preferred versions of the invention, the Lewis acid (also
referred to as the Lewis acid catalyst) may be any Lewis acid
based on transition metals, lathanoid metals, and metals from
Group 4, 5,13, 14 and 15 ofthe periodic table of the elements,
including boron, aluminum, gallium, indium, titanium, zirco-
nium, tin, vanadium, arsenic, antimony, bismuth, lanthanum,
dysprosium, and ytterbium. One skilled in the art will recog-
nize that some elements are better suited in the practice of the
method. Illustrative examples include AICL;, (alky)AICL,,
(C,H;),AIC), (C,H,);AL,Cl,, BE;, SnCl, and TiCl,,.

The Group 4, 5 and 14 Lewis acids generally are designated
by the formula MX,; wherein M is Group 4, 5, or 14 metal,
and X is a halogen independently selected from the group
consisting of fluorine, chlorine, bromine, and iodine, prefer-
ably chlorine. X may also be a psuedohalogen. Non-limiting
examples include titanium tetrachloride, titanium tetrabro-
mide, vanadium tetrachloride, tin tetrachloride and zirconium
tetrachloride. The Group 4, 5, or 14 Lewis acids may also
contain more than one type of halogen. Non-limiting
examples include titanium bromide trichloride, titanium
dibromide dichloride, vanadium bromide trichloride, and tin
chloride trifluoride.

Group 4, 5 and 14 Lewis acids useful in the method may
also have the general formula MR, X, , ; wherein M is Group
4, 5, or 14 metal; wherein R is a monovalent hydrocarbon
radical selected from the group consisting of C, to C, ,alkyl,
aryl, arylalkyl, alkylaryl and cycloalkyl radicals; whereinn is
an integer from 0 to 4; and wherein X is a halogen indepen-
dently selected from the group consisting of fluorine, chlo-
rine, bromine, and iodine, preferably chlorine. X may also be
a psuedohalogen. Non-limiting examples include benzyltita-
nium trichloride, dibenzyltitanium dichloride, benzylzirco-
nium trichloride, dibenzylzirconium dibromide, methyltita-
nium trichloride, dimethyltitanium difluoride, dimethyltin
dichloride and phenylvanadium trichloride.

Group 4, 5 and 14 Lewis acids useful in method may also
have the general formula M(RO),R', X,,.,,; wherein M is
Group 4, 5, or 14 metal; RO is a monovalent hydrocarboxy
radical selected from the group consisting of C, to C;,alkoxy,
aryloxy, arylalkoxy, alkylaryloxy radicals; R'is a monovalent
hydrocarbon radical selected from the group consisting of C,;
to C,,alkyl, aryl, arylalkyl, alkylaryl and cycloalkyl radicals;
nis an integer from 0 to 4; m is an integer from 0 to 4 such that
the sum of n and m is not more than 4; and X is a halogen
independently selected from the group consisting of fluorine,
chlorine, bromine, and iodine, preferably chlorine. X may
also be a psuedohalogen. Non-limiting examples include
methoxytitanium trichloride, n-butoxytitanium trichloride,
di(isopropoxy)titaniurn dichloride, phenoxytitanium tribro-
mide, phenylmethoxyzirconium trifluoride, methyl methox-
ytitanium dichloride, methyl methoxytin dichloride and ben-
zyl isopropoxyvanadium dichloride.
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Group 5 Lewis acids may also have the general formula
MOX,; wherein M is a Group 5 metal; X is a halogen inde-
pendently selected from the group consisting of fluorine,
chlorine, bromine, and iodine, preferably chlorine. A non-
limiting example is vanadium oxytrichloride.

The Group 13 Lewis acids have the general formula MX;;
wherein M is a Group 13 metal and X is a halogen indepen-
dently selected from the group consisting of fluorine, chlo-
rine, bromine, and iodine, preferably chlorine. X may also be
a psuedohalogen. Non-limiting examples include aluminum
trichloride, boron trifluoride, gallium trichloride, indium tri-
fluoride, and the like.

The Group 13 Lewis acids useful in method may also have
the general formula: MR, X;_,, wherein M is a Group 13
metal; R is a monovalent hydrocarbon radical selected from
the group consisting of C, to C,,alkyl, aryl, arylalkyl, alky-
laryl and cycloalkyl radicals; and n is an number from 0 to 3;
and X is a halogen independently selected from the group
consisting of fluorine, chlorine, bromine, and iodine, prefer-
ably chlorine. X may also be a psuedohalogen. Non-limiting
examples include ethylaluminum dichloride, methylalumi-
num dichloride, benzylaluminum dichloride, isobutylgallium
dichloride, diethylaluminum chloride, dimethylaluminum
chloride, ethylaluminum sesquichloride, methylaluminum
sesquichloride, trimethylaluminum and triethylaluminum.

Group 13 Lewis acids useful in this disclosure may also
have the general formula M(RO),R', X;_,,,,,,; wherein M is
a Group 13 metal; RO, is a monovalent hydrocarboxy radical
selected from the group consisting of C, to C;, alkoxy, ary-
loxy, arylalkoxy, alkylaryloxy radicals; R' is a monovalent
hydrocarbon radical selected from the group consisting of C,;
to C,,alkyl, aryl, arylalkyl, alkylaryl and cycloalkyl radicals;
n is anumber from 0 to 3; m is annumber from 0 to 3 such that
the sum of n and in is not more than 3; and X is a halogen
independently selected from the group consisting of fluorine,
chlorine, bromine, and iodine, preferably chlorine. X may
also be a psuedohalogen. Non-limiting examples include
methoxyaluminum dichloride, ethoxyaluminum dichloride,
2,6-di-tert-butylphenoxyaluminum dichloride, methoxy
methylaluminum chloride, 2,6-di-tert-butylphenoxy methy-
laluminum chloride, isopropoxygallium dichloride and phe-
noxy methylindium fluoride.

Group 13 Lewis acids useful in this disclosure may also
have the general formula M(RC(O)O),R", X;_,.,,,; Wherein
M is a Group 13 metal; RC(O)O is a monovalent hydrocar-
bacyl radical selected from the group consisting of C, to C;,,
alkacyloxy, arylacyloxy, arylalkylacyloxy, alkylarylacyloxy
radicals; R' is a monovalent hydrocarbon radical selected
from the group consisting of C, to C, , alkyl, aryl, arylalkyl,
alkylaryl and cycloalkyl radicals; n is a number from 0 to 3
and m is a number from O to 3 such that the sum of nand mis
not more than 3; and X is a halogen independently selected
from the group consisting of fluorine, chlorine, bromine, and
iodine, preferably chlorine. X may also be a psuedohalogen.
Non-limiting examples include acetoxyaluminum dichloride,
benzoyloxyaluminum dibromide, benzoyloxygallium difluo-
ride, methyl acetoxyaluminum chloride, and isopropoyloxy-
indium trichloride.

The most preferred Lewis acids for use in the method are
metal halides generally and more specifically transition metal
halides, lathanoid metal halides, and Group 5, 13, and 14
metal halides. Preferred among the metal halides are metal
chlorides. Preferred transition metal chlorides include, but
are not limited to, TiCl,, VCl;.and the like. Preferred Group
13 and 14 metal halides and chlorides include, but are not
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8
limited to, BF;, AlICl;, SnCl,, InCl;, and GaCl;. Preferred
lanthanoid chlorides include, but are not limited to, LaCl,,
DyCl; and YbCl;.

Mineral acid=any mineral-containing acid, including (by
way of example and not limitation), hydrochloric acid, nitric
acid, phosphoric acid, sulfuric acid, boric acid, hydrofluoric
acid, hydrobromic acid, hydroiodic acid, and the like.

Organic acid=any organic acid, without limitation, such as
toluensulfonic acid, formic acid, acetic acid, oxalic acid, tri-
fluoroacetic acid, and the like.

SBP=sec-butyl phenol.

A “solid acid catalyst” can comprise one or more solid acid
materials. The solid acid catalyst can be used independently
or alternatively can be utilized in combination with one or
more mineral acid or other types of catalysts. Exemplary solid
acid catalysts include, but are not limited to, heteropoly acids,
acid resin-type catalysts, meso-porous silicas, acid clays, sul-
fated zirconia, molecular sieve materials, zeolites, and acidic
material on a thermo-stable support. Where an acidic material
is provided on a thermo-stable support, the thermo-stable
support can include for example, one or more of silica, tin
oxide, niobia, zirconia, titania, carbon, alpha-alumina, and
the like. The oxides themselves (e.g., ZrO,, SnO,, TiO,, etc.)
which may optionally be doped with additional acid groups
such as SO, may also be used as solid acid catalysts. Further
examples of solid acid catalysts include strongly acidic ion
exchangers such as cross-linked polystyrene containing sul-
fonic acid groups. For example, the Amberlyst®-brand resins
are functionalized styrene-divinylbenzene copolymers with
different surface properties and porosities. The functional
group is generally of the sulfonic acid type. The Amberlyst®-
brand resins are supplied as gellular or macro-reticular
spherical beads. (Amberlyst® is a registered trademark of the
Dow Chemical Co.) Similarly, Nafion®-brand resins are sul-
fonated tetrafluoroethylene-based fluoropolymer-copoly-
mers which are solid acid catalysts. Nafion® is a registered
trademark of E.I. du Pont de Nemours & Co.

Zeolites may also be used as solid acid catalysts. Of these,
H-type zeolites are generally preferred, for example zeolites
in the mordenite group or fine-pored zeolites such as zeolites
X,Y and L, e.g., mordenite, erionite, chabazite, or faujasite.
Also suitable are ultrastable zeolites in the faujasite group
which have been dealuminated.

“Support”=The catalysts described herein may be adhered
to a support, such as silica, alumina, zirconia, titania, ceria,
vanadia, carbon, heteropolyacids, silica-alumina, silica
nitride, boron nitride, mixtures thereof, and the like. The
foregoing listis illustrative, not exclusive. The active catalyst
may be adhered to a nanoporous support, such as zeolites,
nanoporous carbon, nanotubes, and fullerenes. The support
itself may be surface-modified to modify surface moieties,
especially surface hydrogen and hydroxyl moieties that may
cause localized pH fluctuations. The support can be surface-
modified by treating it with silanes, alkali compounds, alkali
earth compounds, and the like. The surface chemistry of the
support can also be modified by treatments that make it more
acidic or basic, for example, by treating carbon supports with
nitric acid or ammonia, respectively.

Overview:
In general, the conversion of glucose to HMF can follow
two reaction pathways. One pathway is through a Lewis

acid-catalyzed isomerization of glucose to fructose combined
with the dehydration of fructose to HMF. See Scheme 1:
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Scheme 1: Reaction scheme for the conversion of glucose to HMF catalyzed by the combination of a Lewis and a Brensted acid.!#
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The other pathway is through the direct dehydration of glu-
cose to HMF. See Scheme 2:

Scheme 2: Reaction scheme for Brensted acid-catalyzed dehydration of glucose to HMF.?
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Isomerization of Glucose to Fructose and Dehydration of 35 ber of conventional and well-known organic solvents,

Fructose to HMEF:

From these two reaction pathways the one passing through
fructose was hypothesized by the present inventors to be more
selective towards HMF formation. It was thus further hypoth-
esized by the present inventors that the combination of Lewis
and Brensted acidity could produce HMF by a combined
isomerization/dehydration reaction of glucose to HMF, as
illustrated in Scheme 3:

40

including non-polar organic solvents such as straight,
branched, and cyclic alkanes (e.g., pentane, cyclopentane,
hexane, cyclohexane, etc.) and aromatic organic solvents
(e.g. benzene, toluene, and myriad other substituted benzene
solvents). The organic extraction solution preferably com-
prises, consists essentially of; or consists of an alkylphenol
(AP) as defined earlier. Preferred AP’s for use in the method
include:

Scheme 3: Conversion of glucose to HMF by a combined isomerization/dehydration reaction pathway.

OH
HO

Isomerization
HO"HO
OH

OH

OH
Glucose

HO

Fructose

Thus, described and claimed herein is a method of convert-
ing glucose to HMF in a biphasic reactor system in the pres-
ence of Lewis acid and Brensted acid catalysts. As noted
earlier, any Brensted acid catalyst and Lewis acid catalyst
may be used. The most preferred Lewis acid catalysts are
AlCl,, SnCl,, VCl,, InCl;, GaCl,, LaCl,, DyCl, and YbCl,.
The most preferred Brensted acid catalysts are mineral acids
in general, HCl in particular.

The biphasic reactor includes an aqueous layer and a sub-
stantially water-immiscible organic extraction solution. The
organic extraction solution may comprise any of a large num-

60

OH |

Dehydration 0.
—_—

\ /

HMF

OH

OH OH

GsHyy CeHys CoHyo CpoHas



US 8,642,791 B2

13

-continued
OH

OH OH

The most preferred AP for the organic layer is 2-sec-bu-
tylphenol (SBP).

Optionally, as noted above, the aqueous layer may contain
dissolved NaCl in any amount up to the point where the
aqueous layer is saturated with NaCl.

In the preferred version of the process, metal chlorides
(Lewis acid catalysts) are dissolved in the aqueous layer, and
the pH is lowered further by the addition of a Brensted acid,
such as HCI or other Brensted acid (see definition above).
(Depending on the strength of the acids used, addition of the
Brensted acid will not lower the pH beyond what it already
was by the addition of the Lewis acid.) It is preferred that the
pH of the aqueous phase be about 5 or less, about 4 or less,
about 3.5 or less, about 3 or less, about 2.5 or less, about 2 or
less, or about 1.8 or less. It is preferred that that the pH range
of'the aqueous phase be between about 1.5 and about 4; more
preferably between about 1.8 and about 3.5, and more pref-
erably still between about 1.8 and about 3. In the examples
described herein, the pH was lowered to 2.5 by the addition of
HCI, with the exception of SnCl, for which dissolution of the
salt produced a solution with a pH of 1.8.

The rationale for using a biphasic reactor is that the reactive
HMF product can be continuously extracted from the acidic
aqueous phase, thereby minimizing condensation reactions
of HMF with glucose that lead to solid humins and rehydra-
tion reactions of HMF to form levulinic and formic acid.'® '*
In this respect, alkylphenol compounds have been recently
identified that are effective for the extraction of levulinic acid
and furan compounds from acidic aqueous solutions.'* As
noted above, alkylphenols are the preferred extracting solvent
for the removal of HMF from the reactive aqueous layer.
Working examples demonstrating the conversion of glucose
to HMF were performed at 443 K under autonomous pres-
sure. The main products observed were fructose, HMF, and
solid humins.

As shown in Table 1, entries 1-2, glucose can be converted
in the presence of the mineral acid, HCI, without any metal
chloride catalyst; however, the selectivity for production of
HMF is only 30% at 91% conversion. While not being limited
to any particular mechanism, it is thought that in the absence
of an isomerization catalyst, the formation of HMF may
follow a mechanism in which the open-chain form of glucose
is dehydrated at the C-2 position, forming a carbocation
which reacts with the hydroxyl group at C-5 position, forming
tetrahydro-3,4-dihydroxy-5-(hydroxymethyl)-2-furaldehyde
followed by further dehydration to form HMF (see Scheme 2
above). The addition of a Lewis acid salt clearly leads to a
significant increase in HMF selectivity, as shown in Table 1,
entries 3-10. The presence of AlCl, leads to 68% HMF selec-
tivity at 91% conversion, with a short reaction time. Moderate
HMTF selectivities of 53, 52 and 50% were obtained at con-
versions of 92, 86 and 90% for the addition of VCl;, InCl; and
GaCl,, respectively to the aqueous layer. YbCl,, DyCl; and
LaCl; were also studied, displaying HMF selectivities of 46,
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41 and 44%, respectively. The addition of SnCl, to the aque-
ous layer led to a glucose conversion of 90% with 58% selec-
tivity to HMF; however, the pH of this solution was 1.8. At
this same pH of 1.8, AICl; generated a conversion of 90%
with 68% selectivity to HMF.

TABLE 1

Conversion of glucose to HMF in a biphasic
system with SBP as extracting organic layer.[?

Conversion Selectivity Time

Entry Catalyst [%] [%] [min]
1 — 15 52 30
2 — 91 30 420
3 AlCl, 91 68 40
4 SnCl, 90 58 45
5 VCl, 92 53 90
6 GaCl, 90 50 120
7 InCl, 86 52 150
8 YbCl, 93 46 120
9 DyCl, 93 41 160
10 LaCl, 87 44 240

lelReaction conditions: 5wt % glucose in water saturated with NaCl, reaction temperature of
443K, organic-to-aqueous mass ratio of 2, pH = 2.5 with the exception of entry 4 which has
a pH = 1.8. Entries 3-5, glucose-to-Lewis acid molar ratio of 67. Entries 6-10, glucose-to-
Lewis acid molar ratio of 13.

Although typical Lewis acids, such as metal halides, are
generally considered to be inactive in water, Fringuelli, et
al.'® recently demonstrated that AICl,, TiCl, and SnCl, are
active in Lewis acid-catalyzed reactions in water at pH<4.
Metals salts can form different species depending on the pH
of the aqueous solution. Aluminum, for example, can form
the Keggin heteropolycation in alkaline aqueous solution,
while it is present as solvated Al*> at pH<3.'® For SnCl,, the
mononuclear species Sn(OH)y(4"y ’* has been proposed pri-
marily in cationic form in pH<2.'%'7 At the pH employed in
this study, vanadium is present as VO,,, whereas all other
metal ions are present as solvated cations.'® Fringuelli, et
al.,'® have shown the pH of the solution plays a key role in
controlling the Lewis acidity of metal halides in an aqueous
solution. Therefore, in the system used in this work for glu-
cose conversion to HMF, the acidic pH is believed to be
responsible for the formation of the catalytically active metal
species, thus facilitating glucose ring-opening and the subse-
quent dehydration reactions.

FIGS. 1A, 1B, 1C, 1D, 1E, and 1F show the conversion of
glucose to HMF as a function oftime in the presence of AlCl;,
SnCl,, VCl,, GaCl;, InCl; and without the metal chloride
(respectively). FIGS. 3,4, and 5 present reaction kinetics data
for the lanthanide salts. In FIGS. 1A and 1B, fructose is
observed to be a dominate intermediate which reaches a
maximum concentration during the first 10 minutes of reac-
tion in the presence of AICl; and SnCl,. At longer reaction
times fructose is consumed with a concomitant formation of
HMF. For reactions catalyzed by VCl;, GaCl; and InCl;,
fructose is also produced as an intermediate (see FIGS. 1C,
1D, and 1E, respectively), but in lower quantities compared to
AICl; and SnCl,. For the experiment performed in the
absence of a Lewis acid salt (FIG. 1F), fructose is not
observed, suggesting that HMF is produced from the acid
catalyzed dehydration of glucose. It is clear from FIGS. 1A to
1F that reaction systems with higher fructose quantities show
higher HMF yields, as observed for AICl, and SnCl, (Table 1
entries 3-4). For systems with lower rates of fructose forma-
tion, such as for the cases ot VCl;, GaCl,, and InCl,, the direct
dehydration of glucose to HMF could have a significant con-
tribution, leading to lower selectivities to HMF.
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The effectiveness of the Lewis acids studied in this work
for the conversion of glucose to fructose can be understood in
terms of their intrinsic properties, such as the Lewis acid
softness and ionic radius. For example, aluminum is the hard-
est of the Lewis acids studied, and it should interact strongly
with the oxygen atoms of the hydroxyl groups in glucose,
which are hard Lewis bases. Similarly, the ionic radius of the
Lewis acid metal cations can be related to the reactivity of
glucose. For example, the activity for glucose conversion and
HMF formation increases with decreasing ionic radii from
In**>Ga**>Al*® and for the lanthanide series from
La**>Dy**>Yb*™®. The increased catalytic activity with
decreasing ionic radius can be attributed to stronger electro-
static interaction between glucose and the smaller cations,
caused by an increase in the effective surface charge density
of the ion.'® Tonic radii in pm for the various metals are as
follows Al*3=68; Ga*3=76; In*>=94; Yb**=101; Dy**=105;
and La*=117.

The dehydration of fructose to HMF with high yields has
been reported in previous studies using mineral acids and
salts in a biphasic reactor with organic solvents such as tet-
raydrofuran (THF), methyl isobutyl ketone (MIBK), and
2-butanol.’? In the present process, THF showed the highest
partitioning of HMF into the organic phase. Therefore, the
use of THF as the extracting organic layer was investigated.
Results are shown in Table 2 for the production of HMF from
glucose in a biphasic reactor using THF or SBP as the organic
phase.

TABLE 2

Comparison between extracting organic layers for the conversion of
glucose to HMF in a biphasic reaction system using AlCl; and HCI
as catalysts.[

Extracting Conversion Selectivity % HMF % HCL

Organic Layer [%] [%] in Org in Org
THF 80 71 93 30
SBP 88 70 97 0

[IR eaction conditions: 5wt % glucose in water saturated with NaCl, glucose-to-Lewis acid
molar ratio of 67, pH = 2.5, reaction temperature of 443K, organic-to-aqueous mass ratio of
2.

Using SBP as the extracting solvent led to an HMF yield of
62%, and 97% of the HMF produced was extracted to the
organic layer. In contrast, when using THF as the extracting
solvent, an HMF yield of 57% was obtained, and 93% of the
HMF was extracted into the organic phase. In addition to the
higher HMF yields obtained using SBP, an important advan-
tage of the SBP solvent with this biphasic system is that none
of'the HCI was detected in the organic layer, in contrast to the
system with THF in which 30% of the HCI was extracted into
the organic layer. The extraction of mineral acid into the
organic solvent containing HMF can cause problems in fur-
ther separation/purification steps, because of the high reac-
tivity of HMF in the presence of acids. Nevertheless, using
THF and other substantially immiscible organic solvents as
the extracting solvent is within the scope of the process

To further demonstrate the effectiveness of the water-SBP
biphasic system with AICl; and HCl as catalysts in the con-
version of glucose to HMF, experiments were conducted to
assess the extent to which the acidic aqueous layer could be
recycled for glucose conversion. For these experiments, four
consecutive runs were carried out, each with a reaction time
of 40 min. Between each run, the organic layer containing
HMF was extracted, and fresh SBP and glucose were added to
the acidic aqueous solution in the reactor. For the first run, the
conversion and selectivity were those observed in Table 1
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Entry 3. For consecutive experiments, no significant
decreases in conversion and selectivity were observed, as
shown in FIG. 2.

Thus, the present disclosure shows that HMF can be pro-
duced efficiently from glucose in a biphasic reactor system
using SBP as the organic extracting layer in contact with an
aqueous phase saturated with NaCl, at pH equal to 2.5, and
containing Lewis acidic metal halides, such as AlICl,. The
overall yield of HMF is 62% in this biphasic system using
AICl; and HCI as catalysts. The presence of the Lewis and
Brensted acids allows the conversion of glucose to proceed
through a tandem reaction pathway involving isomerization
of'glucose to fructose followed by dehydration of the latter to
HMF.

In the biphasic system employed here, the organic phase
extracts 97% of the HMF from the aqueous phase, while the
Lewis and Brensted acid catalysts (AICl; and HCI, respec-
tively) remain in the aqueous phase. This reaction system has
significant advantages over existing systems, such as recov-
ering the HMF produced by removing the organic layer and
recycling the reactive aqueous layer. Considering that all of
the HMF in the organic phase can be recovered, a purified
HMF yield of 60% can be obtained. Although this yield is
lower than that achieved using ionic liquids'’ and
dimethylacetamide'® as solvents and CrCl, as catalyst, the
present process avoids the use of expensive solvents and toxic
salts. Furthermore, in these previous reaction systems, the
yield of HMF is based on the reaction mixture, and further
separation and purification of HMF from the reactive solution
are required, leading to additional costs and product loss.

EXAMPLES

The following examples are included solely to provide a
more complete disclosure of the method described and
claimed herein. The examples do not limit the scope of the
claims in any fashion.

Experimental Section

Biphasic dehydration reactions were carried out in 10 ml
thick-walled glass reactors (Alltech, Deerfield, I11.) heated in
anoil bath at 443 K. The oil temperature and magnetic stirring
were controlled by an Isotemp digital stirring hotplate (Fisher
Scientific, a wholly owned subsidiary of ThermoFisher Sci-
entific, Waltham, Mass.). Preparation of the aqueous layer
consisted of using solutions containing 5 mM AlCl;, SnCl, or
VCl, and adjusting their pH to 2.5 with HCI, with the excep-
tion of the 5 mM SnCl,, because a SnCl, solution at this
concentration has a pH of 1.8. Solutions with 25 mM InCl,,
GaCl,, LaCl,, DyCl,, or YbCl, were prepared and adjusted to
a pH of 2.5. The pH-adjusted solutions were saturated with
NaCl, and glucose was added to obtain a 5 wt % aqueous
glucose feed. In a typical experiment, 1.5 g of the aqueous
feed and 3.0 g of 2-sec-butylphenol (SBP) (Aldrich, St. Louis,
Mo.) were added to the reactor. The reactor was placed in the
oil bath at 443 K and stirred at 1200 rpm. Reactors were
removed from the oil bath at specific reaction times and
cooled in a dry ice/ethylene glycol slurry. For recycle experi-
ments, an aqueous solution with 5 mM AICl; was first pre-
pared and adjusted to a pH of 2.5 with HCI. This mixture was
saturated with NaCl, glucose was added to reach 5 wt %, and
1.5 g of the aqueous feed was added to a 10 ml thick-walled
glass reactor containing 3.0 g of SBP. The reactor was heated
in an oil bath to 443 K with stirring at 1200 rpm for 40 min.
Upon completion of the reaction, reactors were cooled in a
dry ice/ethylene glycol slurry. The organic layer was
extracted and glucose added to the remaining aqueous layer to
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obtain a 5 wt % glucose mixture. Fresh SBP was added to the
reactor, and the reaction was carried out for consecutive runs,
as described previously.

Experiments performed to compare SBP with THF as the
extracting organic layer were performed in a 50 ml pressure
vessel (Hastelloy C-276, Parr Instrument, Moline, 111.). In a
typical experiment, 8 g of the aqueous solution consisting of
5 wt % glucose and AlCl, (with a glucose-to-aluminum ratio
of 67, adjusted to a pH of 2.5 and saturated with NaCl) were
added to the vessel, followed by addition of 16 g of the
organic layer. When THF was used as the extracting organic
layer, the solvent was saturated with a NaCl-water mixture
prior to contact with the aqueous feed mixture. The pressure
vessel was sealed, stirred with a magnetic stir bar, and heated
with an external heating mantle to 443 K. The reactor was
cooled in an ice bath upon completion of the reaction.

For all biphasic experiments, the organic and aqueous
phases were separated and analyzed for quantification of
glucose, fructose, and HMF by HPLC analysis. HPLC analy-
sis was carried out using a Waters 2695 HPLC system
equipped with a 2998 PDA UV detector (320 nm) and a 2414
refractive index detector maintained at 333 K (Waters Corp.,
Milford, Mass.). Aqueous layers were analyzed using an
Aminex HPX-87H column (Biorad, Hercules, Calif.) at 353
K, using 0.005 M H,SO, as the mobile phase at a flow rate of
0.6 ml min~"'. Organic layers were analyzed using a Waters
2695 HPLC system equipped with a 996 PDA UV detector
and a Zorbax SB-C18 reverse phase column (Agilent, Santa
Clara, Calif.) at 308 K, using an acetonitrile:water gradient at
a flow rate of 1 ml min~'. Glucose and fructose were moni-
tored using the refractive index detector, and HMF produc-
tion was monitored using UV detectors (320 nm). Conver-
sions are defined as the moles of glucose reacted divided by
the moles of glucose fed. Selectivity to HMF was calculated
as the moles of HMF produced divided by the moles of
glucose reacted.
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What is claimed is:

1. A process to make hydroxymethylfurfural (HMF) from
glucose, glucose-containing oligomers, glucose-containing
polymers, or combinations thereof, the process comprising:

reacting a feedstock solution comprising glucose, glucose-

containing oligomers, glucose-containing polymers, or
combinations thereof, in the presence of a homogeneous
Bremnsted acid catalyst and a homogeneous Lewis acid
catalyst, in an aqueous reaction solution, to yield a prod-
uct solution comprising HMF; and

extracting the HMF into a substantially immiscible organic

extraction solution, wherein the substantially immis-
cible organic extraction solution comprises at least one
alkylphenol.

2. The process of claim 1, wherein the at least one alky-
Iphenol is selected from the group consisting of:

OH

R R!

R* R?

wherein R'-R® are independently selected from the group
consisting of hydrogen, hydroxyl, esters, ethers, car-
boxylic acids, and C,-C,, linear, branched, or cyclic
alkyl or alkene, provided that at least one of R'-R” is an
alkyl group.

3. The process of claim 2, wherein R'-R? are independently
selected from the group consisting of hydrogen, hydroxyl,
esters, ethers, carboxylic acids, and C,-C, , linear, branched,
orcyclic alkyl, provided that at least one and no more than two
of R'-R® is an alkyl group.



US 8,642,791 B2

19

4. The process of claim 2, wherein R*-R? are independently
selected from the group consisting of hydrogen, hydroxyl,
esters, ethers, carboxylic acids, and C, -C linear, branched, or
cyclic alkyl, provided that at least one and no more than two
of R*-R? is an alkyl group.

5. The process of claim 1, wherein the Lewis acid catalyst
is selected from the group consisting of Lewis acids compris-
ing a lanthanoid metal, a metal from any of Groups 4, 5, 13, 14
and 15 of the periodic table of the elements, and combinations
thereof; and the Brensted acid catalyst is selected from the
group consisting of mineral acids, organic acids, and het-
eropolyacids, and combinations thereof.

6. The process of claim 1, wherein the aqueous reaction
solution further comprises NaCl dissolved therein.

7. The process of claim 6, wherein the aqueous reaction
solution is saturated with NaCl.

8. A process to make hydroxymethylfurfural (HMF) from
glucose, glucose-containing oligomers, glucose-containing
polymers, or combinations thereof, the process comprising:

reacting a feedstock solution comprising glucose, glucose-
containing oligomers, glucose-containing polymers, or
combinations thereof, in the presence of a homogeneous
Brensted acid catalyst and a homogeneous Lewis acid
catalyst, in a reaction vessel containing a biphasic reac-
tion medium comprising an aqueous reaction solution
and a substantially immiscible organic extraction solu-
tion comprising at least one alkylphenol, to yield an
amount of HMF in the aqueous reaction solution, and
wherein at least a portion of the HMF formed in the
aqueous reaction solution is extracted into the organic
extraction solution.

9. The process of claim 8, wherein the at least one alky-
Iphenol is selected from the group consisting of:
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OH

R* R?

R3

wherein R'-R® are independently selected from the group
consisting of hydrogen, hydroxyl, esters, ethers, car-
boxylic acids, and C,-C,, linear, branched, or cyclic
alkyl or alkene, provided that at least one of R*-R* is an
alkyl group.

10. The process of claim 9, wherein R*-R> are indepen-
dently selected from the group consisting of hydrogen,
hydroxyl, esters, ethers, carboxylic acids, and C,-C, linear,
branched, or cyclic alkyl, provided that at least one and no
more than two of R*-R? is an alkyl group.

11. The process of claim 9, wherein R'-R> are indepen-
dently selected from the group consisting of hydrogen,
hydroxyl, esters, ethers, carboxylic acids, and C,-C, linear,
branched, or cyclic alkyl, provided that at least one and no
more than two of R'-R” is an alkyl group.

12. The process of claim 8, wherein the Lewis acid catalyst
is selected from the group consisting of Lewis acids compris-
ing a lanthanoid metal, a metal from any of Groups 4, 5, 13, 14
and 15 ofthe periodic table of the elements, and combinations
thereof; and the Brensted acid catalyst is selected from the
group consisting of mineral acids, organic acids, heteropoly-
acids, and combinations thereof.

13. The process of claim 8, wherein the aqueous reaction
solution further comprises NaCl dissolved therein.

14. The process of claim 8, wherein the aqueous reaction
solution is saturated with NaCl.

#* #* #* #* #*
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