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1
CATALYTIC HYDROLYSIS AND
DEHYDRATION OF SACCHARIDES

RELATED APPLICATION DATA

The present application is a national stage application
under 35 U.S.C. § 371 of International Application No.
PCT/US2016/028950, filed Apr. 22, 2016, which claims
priority pursuant to 35 U.S.C. § 119(e) to U.S. Provisional
Patent Application Ser. No. 62/151,873 filed Apr. 23, 2015,
each of which are incorporated herein by reference in their
entireties.

FIELD

The present invention relates to the catalytic hydrolysis
and dehydration of saccharides and, in particular, to the
catalytic hydrolysis of cellulose and hemicellulose followed
by catalytic dehydration of glucose and xylose to hydroxym-
ethylfurfural (HMF) and furfural respectively.

BACKGROUND

Biofuel derived from lignocellulosic biomass is one of the
leading renewable energy candidates to replace fossil-based
transportation fuels. The Biofuels Initiative implemented by
the United States government aims to make cellulosic bio-
fuel cost competitive with gasoline and to replace up to 30
percent of current gasoline consumption by 2030. Cellulosic
biomass represents an abundant renewable resource for the
production of bio-based products and biofuels.

HMF is a critical and versatile intermediate for converting
biomass to liquid alkanes and many other value-added
products. The key bottleneck for lignocellulosic-derived
biofuels is the lack of technology for efficient and cost-
effective conversion of abundant biomass into liquid fuels.
The conversion yields from biomass carbohydrates, particu-
larly glucose, remain critical issues. The economic viability
for converting biomass via HMF to liquid alkanes and other
value added chemicals depends strongly on developing
enabling technologies that produce high yields of HMF from
glucose. Currently the HMF yield from glucose is limited
and extremely sensitive to processing conditions using the
conventional acid dehydration process.

SUMMARY

In one aspect, methods of HMF production are described
herein which, in some embodiments, can overcome low
yields systemic to prior techniques. For example, a method
of HMF production comprises providing a saccharide feed-
stock including glucose and bringing the saccharide feed-
stock into contact with a solid state catalytic structure at a
temperature sufficient to effectuate dehydration of the glu-
cose to provide HMF. Moreover, in some embodiments, the
solid state catalytic structure can further participate in the
production of levulinic acid from HMF. In such embodi-
ments, HMF is brought into contact with the solid state
catalytic structure at a temperature sufficient to effectuate
production of levulinic acid from the HMF.

The solid state catalytic structure comprises a substrate
having one or more surfaces functionalized with saccharide
solubilization functionalities and acid functionalities,
wherein the saccharide solubilization functionalities com-
prise one or more imidazolium salts pendant along chains of
a first polymeric species attached to the substrate surface. In
some embodiments, the saccharide feedstock also includes
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xylose for dehydration to furfural by the solid state catalytic
structure. The solid state catalytic structure employs acid
functionalities operable to participate in dehydration mecha-
nisms of glucose and/or xylose. For example, the acid
functionalities can include aryl sulfonic acid groups. In
some embodiments, an aryl-sulfonic acid group comprises
one or more ring substituents selected from the group
consisting of —F, —Cl, —Br, NO,, NR'R? OR?, wherein
R!'-R? are independently selected from the group consisting
of hydrogen, alkyl and alkenyl. Further, the acid function-
alities can be pendant along chains of a second polymeric
species attached to the substrate surface.

In another embodiment, a method of HMF production
comprises providing a solution comprising saccharide feed-
stock including cellulose in an ionic liquid composition at a
first temperature. The saccharide feedstock solution is
brought into contact with a solid state catalytic structure
comprising a substrate having one or more surfaces func-
tionalized with saccharide solubilization functionalities and
acid functionalities, wherein the saccharide solubilization
functionalities comprise one or more imidazolium salts
pendant along chains of a first polymeric species attached to
the substrate surface. Cellulose of the saccharide feedstock
is hydrolyzed by the acid functionalities of the solid state
catalytic structure to provide glucose feedstock in the ionic
liquid composition. The temperature of the ionic liquid
composition is altered to a second temperature, and the
glucose feedstock is brought into contact with the solid state
catalytic structure to effectuate dehydration of the glucose to
provide HMF. Further, the temperature of the ionic liquid
can be altered to a third temperature to effectuate production
of levulinic acid from the HMF.

In some embodiments, the saccharide feedstock also
includes hemicellulose. In such embodiments, the hemicel-
Iulose is brought into contact with the solid state catalytic
structure and hydrolyzed to provide xylose feedstock in the
ionic liquid composition. The xylose feedstock is brought
into contact with the solid state catalytic structure at the
second temperature to effectuate dehydration of the xylose
to furfural. Therefore, methods employing solid state cata-
Iytic structures described herein provide a facile and efficient
pathway for converting lignocellulosic materials to HMF
and furfural. Further, these methods can also enable the
production of levulinic acid from HMF.

These and other embodiments are further described in the
following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates substrate surface functionalization with
a first polymer chain comprising pendant imidazolium salts
and a second polymer chain comprising pendant aryl-sulfo-
nic acid groups according to one embodiment described
herein.

FIG. 2 illustrates cellulose hydrolysis and glucose yield of
a solid state catalytic structure in contact with an ionic liquid
composition comprising cellulose according to one embodi-
ment described herein.

FIG. 3 illustrates cellulose hydrolysis and glucose yield of
a solid state catalytic structure in contact with an ionic liquid
composition comprising cellulose according to one embodi-
ment described herein.

FIG. 4 illustrates cellulose hydrolysis and glucose yield of
a solid state catalytic structure in contact with an ionic liquid
composition comprising cellulose according to one embodi-
ment described herein.
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FIG. 5 illustrates cellulose hydrolysis and glucose yield of
a solid state catalytic structure in contact with an ionic liquid
composition comprising cellulose according to one embodi-
ment described herein.

FIG. 6 illustrates glucose dehydration and HMF yield of
a solid state catalytic structure in contact with an ionic liquid
comprising glucose according to one embodiment described
herein.

FIG. 7 illustrates HMF yield of a solid state catalytic
structure in contact with an ionic liquid composition com-
prising cellulose according to one embodiment described
herein.

FIG. 8 illustrates HMF yields from solid state catalytic
structures in contact with ionic liquid compositions with
varying percentages of GVL according to some embodi-
ments described herein.

FIG. 9 illustrates levulinic acid yields from solid state
catalytic structures in contact with ionic liquid compositions
comprising HMF according to some embodiments described
herein.

FIG. 10 illustrates levulinic acid yields from solid state
catalytic structures in contact with ionic liquid compositions
comprising HMF according to some embodiments described
herein.

FIG. 11 illustrates levulinic acid yields from solid state
catalytic structures in contact with ionic liquid compositions
comprising HMF according to some embodiments described
herein.

FIG. 12 illustrates levulinic acid yields from solid state
catalytic structures in contact with ionic liquid compositions
comprising HMF according to some embodiments described
herein.

DETAILED DESCRIPTION

Embodiments described herein can be understood more
readily by reference to the following detailed description,
examples, and drawings. Elements, apparatus, and methods
described herein, however, are not limited to the specific
embodiments presented in the detailed description,
examples, and drawings. It should be recognized that these
embodiments are merely illustrative of the principles of the
present invention. Numerous modifications and adaptations
will be readily apparent to those of skill in the art without
departing from the spirit and scope of the invention.

In one aspect, methods of HMF production are described
herein. A method of HMF production, in some embodi-
ments, comprises providing a saccharide feedstock includ-
ing glucose and bringing the saccharide feedstock into
contact with a solid state catalytic structure at a temperature
sufficient to effectuate dehydration of the glucose to provide
HMF. The solid state catalytic structure comprises a sub-
strate having one or more surfaces functionalized with
saccharide solubilization functionalities and acid function-
alities, wherein the saccharide solubilization functionalities
comprise one or more imidazolium salts pendant along
chains of a first polymeric species attached to the substrate
surface.

Turning now to specific steps, a saccharide feedstock
including glucose can be dissolved or dispersed in an ionic
liquid composition. The ionic liquid composition, in some
embodiments, consists solely of one or more ionic liquid
species. Alternatively, the ionic liquid composition can
comprise a mixture of ionic liquid with water or aprotic
solvent. For example, the ionic liquid composition can
comprise ionic liquid mixed with an aprotic solvent selected
from valerolactone, acetonitrile and dimethylacetamide.
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ITonic liquid, such as [EMIM]CI and/or [EMIM]Br, can be
present in the mixture in any desired amount not inconsistent
with the objectives of the present invention. In some
embodiments, ionic liquid is present in the mixture in an
amount of 20 vol. % to 80 vol. % with the balance water or
aprotic solvent. As described in the examples below,
[EMIM]CI and/or [EMIM]Br can be present in the ionic
liquid composition in an amount of 30 vol. % to 70 vol. %
with the balance y-valerolactone (GVL).

The ionic liquid composition provides a medium for
bringing glucose of the saccharide feedstock into contact
with the solid state catalytic structure at a temperature
sufficient to effectuate dehydration of the glucose to provide
HMF. In some embodiments, the ionic liquid composition is
heated to a temperature in excess of 130° C. to facilitate
glucose dehydration by the solid state catalytic structure. For
example, the ionic liquid composition can be heated to a
temperature of 135-150° C. to facilitate glucose dehydration
by the solid catalytic structure. The ionic liquid composition
can be further heated to effectuate production of levulinic
acid from interaction of HMF with the solid catalytic
structure. In some embodiments, the ionic liquid composi-
tion is heated to a temperature of at least 150° C. for
levulinic acid production. Production of levulinic acid from
HMF may also yield formic acid.

The solid state catalytic structure comprises a substrate
having one or more surfaces functionalized with saccharide
solubilization functionalities and acid functionalities,
wherein the saccharide solubilization functionalities com-
prise one or more imidazolium salts pendant along chains of
a first polymeric species attached to the substrate surface. In
some embodiments, the one or more imidazolium salts is of
the formula:

7 T N—R4,

.~

N

-

wherein vww»w» is a point of attachment to the polymer chain,
X~ is a counterion and R* is selected from the group
consisting of hydrogen, alkyl and alkenyl. Any counterion
not inconsistent with the objectives of the present invention
may be used. In some embodiments, the one or more
imidazolium salts comprise imidazolium chlorides.

The substrate is also functionalized with acid function-
alities operable to participate in the dehydration pathway of
glucose and/or xylose. Suitable acid functionalities gener-
ally have a pKa ranging from about 1 to about 5. Acid
functionalities can include aryl sulfonic acid groups. In
some embodiments, an aryl-sulfonic acid group comprises
one or more ring substituents selected from the group
consisting of —F, —Cl, —Br, NO,, NR'R?, OR?, wherein
R!-R? are independently selected from the group consisting
of hydrogen, alkyl and alkenyl. Further, the acid function-
alities can be pendant along chains of a second polymeric
species attached to the substrate surface. For example,
polystyrene sulfonic acid (PSSA) can be employed for
functionalizing the substrate surface with acid functionali-
ties.

First polymer comprising saccharide solubilization func-
tionalities and second polymer comprising acid functionali-
ties can be randomly grafted onto the substrate surface. In
some embodiments, catalytic activity of the solid state
structure can be tuned by varying chain length and/or chain

X
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density of the first and second polymer. For example, longer
chain second polymer containing acid functionalities, such
as PSSA, can provide enhanced cellulose or hemicellulose
hydrolysis and subsequent conversion to HMF and furfural.
FIG. 1 illustrates substrate surface functionalization with a
first polymer chain comprising pendant imidazolium salts
and second polymer chain comprising pendant aryl-sulfonic
acid groups according to one embodiment described herein.

The substrate of the catalytic structure can be formed of
any material not inconsistent with the objectives of the
present invention. In some embodiments, a substrate mate-
rial is selected according to the ability to be functionalized
with surface polymeric species described herein. In some
embodiments, a substrate comprises an inorganic composi-
tion, such as an inorganic oxide or ceramic. For example, a
substrate can be formed of one or more of alumina (Al,O,),
silica (S10,), titania (TiO,) and zirconia (ZrO,). Alterna-
tively, the substrate can be formed of an organic composi-
tion. In some embodiments, suitable polymers for the sub-
strate are operable to be functionalized with first and second
polymer described herein and demonstrate chemical, ther-
mal and mechanical stabilities required for acid catalyzed
reactions. In some embodiments, a catalytic membrane is
formed from polyvinyl alcohol, polyvinyl chloride or poly-
acrylonitrile. A catalytic membrane can also be formed of
oxygen plasma treated or oxygen plasma modified polymer.
For example, a substrate can be formed of oxygen plasma
treated polyolefin, such as polyethylene or polypropylene. A
substrate, in some embodiments, is formed of oxygen
plasma treated polystyrene. Oxygen plasma treatment of
polymeric materials forming substrate of the catalytic struc-
ture can provide the polymeric materials moieties suitable
for surface functionalization with a polymer having saccha-
ride solubilization functionalities and acidic functionalities
described herein.

In some embodiments, a substrate comprises an inorganic
composition and an organic composition. In one embodi-
ment, for example, a substrate is formed of a polymer coated
metal or polymer coated ceramic.

Depending on application, the substrate can be porous or
non-porous. In porous embodiments, the substrate can serve
as a membrane for separating HMF and/or furfural from the
saccharide feedstock and ionic liquid composition. For
example, HMF and/or furfural can pass through the pore
structure of the substrate for extraction into an organic
phase. Accordingly, in porous embodiments, the substrate
exhibits pore structure and size for passing HMF and
furfural while excluding species of the saccharide feedstock.
A porous substrate, for example, can be a nanofiltration
membrane having a pore size distribution less than about
200 nm. In some embodiments, a nanofiltration membrane
has a pore size distribution less than about 100 nm or less
than about 20 nm. A nanofiltration membrane can also
exhibit a pore size distribution ranging from about 0.5 nm to
about 15 or from about 1 nm to about 10 nm. In some
embodiments, pore surfaces of the substrate are functional-
ized with imidazolium salt first polymer and acid function-
ality second polymer.

Further, the substrate can have any desired shape. In some
embodiments, the substrate is planar or sheet-like. Alterna-
tively, the substrate can be tubular, convex, concave or
combinations thereof, such as corrugated.

Additional solid state catalytic structures that can be used
in methods described herein are provided in U.S. patent
application Ser. No. 14/355,364 which is incorporated
herein by reference in its entirety.
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As described herein, the saccharide feedstock can also
include xylose for dehydration to furfural by the solid state
catalytic structure. As set forth in embodiments of the
present application, saccharide feedstock can include poly-
saccharides such as cellulose and hemicellulose as well as
monosaccharides including glucose, xylose and/or other
reducing sugars.

Catalytic structures described herein exhibit a high degree
of versatility permitting employment in a number of acid
catalyzed schemes. Further, catalytic structures described
herein can serve as a single architecture for conversion of
cellulose and hemicellulose to HMF and furfural respec-
tively. The catalytic structures may also participate in the
production of levulinic acid and/or formic acid from HMF.

For example, in another embodiment, a method of HMF
production comprises providing a solution comprising sac-
charide feedstock including cellulose in an ionic liquid
composition at a first temperature. The saccharide feedstock
solution is brought into contact with a solid state catalytic
structure comprising a substrate having one or more surfaces
functionalized with saccharide solubilization functionalities
and acid functionalities, wherein the saccharide solubiliza-
tion functionalities comprise one or more imidazolium salts
pendant along chains of a first polymeric species attached to
the substrate surface. Cellulose of the saccharide feedstock
is hydrolyzed by the acid functionalities of the solid state
catalytic structure to provide glucose feedstock in the ionic
liquid composition. The temperature of the ionic liquid
composition is altered to a second temperature, and the
glucose feedstock is brought into contact with the solid state
catalytic structure to effectuate dehydration of the glucose to
provide HMF. In some embodiments, the ionic liquid is
heated to provide the second temperature higher than the
first temperature. For example, the ionic liquid can be heated
to a temperature above 130° C. to effectuate glucose dehy-
dration for HMF production. Further, the temperature of the
ionic liquid can be altered to a third temperature to effectuate
production of levulinic acid from the HMF. The third
temperature can be higher than the second temperature and
generally range from 150-160° C.

In some embodiments, the saccharide feedstock also
includes hemicellulose. In such embodiments, the hemicel-
Iulose is brought into contact with the solid state catalytic
structure and hydrolyzed to provide xylose feedstock in the
ionic liquid composition. The xylose feedstock is brought
into contact with the solid state catalytic structure at the
higher second temperature to effectuate dehydration of the
xylose to furfural. Therefore, solid state catalytic structures
employed in methods described herein provide a facile and
efficient pathway for converting lignocellulosic materials to
HMF and furfural.

Additionally, in some embodiments of methods described
herein, metal-based homogeneous catalyst such as CrCl,/
CrCl; or heterogeneous catalysts such as Sn beta or So/W
can be used with solid state catalytic structures and/or ionic
liquid compositions for the catalytic conversion of glucose
to HMF.

Some embodiments described herein are further illus-
trated in the following non-limiting examples.

Example 1—Cellulose Hydrolysis

Ceramic substrates were functionalized according to the
reaction scheme provided in FIG. 1 to provide solid state
catalytic structures. Cellulose hydrolysis activity and glu-
cose yield were determined for the catalytic structures as a
function of identity of ionic liquid composition and reaction
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time. Table I provides the various ionic liquid compositions
investigated for cellulose hydrolysis by the catalytic struc-
tures and corresponding the Figure illustrating the hydroly-
sis results.

TABLE 1

Tonic Liquid Composition

Run  Ionic Liquid Composition Result
1 70% [EMIM]CI; 30% Acetonitrile FIG. 2
2 70% [EMIM]CL; 30% Dimethylacetamide FIG. 3
3 70% [EMIM]CIL; 30% y-valerolactone FIG. 4
4 50% [EMIM]CIL; 50% y-valerolactone FIG. 5

Example 2—Glucose Dehydration to HMF

A ceramic substrate was functionalized according to the
reaction scheme of FIG. 1 to provide a catalytic structure
described herein. The catalytic structure was contacted with
glucose in [EMIM]CI at a temperature of 135° C. to deter-
mine HMF yield. The results are provided in FIG. 6.

Example 3—HMF Production from Cellulose

A ceramic substrate was functionalized according to the
reaction scheme of FIG. 1 to provide a catalytic structure
described herein. The catalytic structure was contacted with
cellulose in an ionic liquid composition of 70% [EMIM]CI
and 30% acetonitrile. Cellulose hydrolysis was conducted at
130° C. for one hour, followed by increasing the reaction
temperature to 135° C. for the glucose dehydration reaction.
Dehydration was conducted for 3 to 6 hours, and the results
are provided in FIG. 7. Dehydration for 6 hours produced
HMF yield in excess of 60%.

Example 4—HMF Production from Cellulose

Ceramic substrates were functionalized according to the
reaction scheme of FIG. 1 to provide catalytic structures
described herein. The catalytic structures were contacted
with cellulose in ionic liquid compositions with varying
percentages of GVL according to Table II to determine HMF
yield after 3 hours of reaction at 135° C. Results of the runs
are provided in FIG. 8.

TABLE 1I

Tonic Liquid Compositions

Run Tonic Liquid Composition
1 70% [EMIM]CI; 30% GVL
2 60% [EMIM]CL; 40% GVL
3 50% [EMIM]CI; 50% GVL
4 40% [EMIM]CI; 60% GVL
5 20% [EMIM]CI; 80% GVL
6 100% GVL

Example 5—Levulinic Acid Production

0.1 g of feedstock biomass (cellulose) in 10 mL. mixture
of 80:20, 70:30, or 50:50 [EMIM]CL:.GVL at were trans-
ferred into batch reactor. Silica membrane substrate (Atech
disc) functionalized according to the reaction scheme of
FIG. 1 was then also submerged into the solution. The batch
reactor was tightly sealed and placed into sand bath. Reac-
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tion was conducted at 150° C. and 155° C. for 10-11 hours.
After that, the reactor was cooled down to room temperature
and diluted with fixed amount of water. The precipitated/
un-dissolved solid was filtered, dried under vacuum oven.
The total reducing sugar (TRS) was determined by DNS
reagent. Concentration of mixture HMF/furfural was mea-
sured by UV spectrometer, wavelength 280 nm. Single
component of HMF and furfural was then measured again
with HPL.C by using HiPlex Ca (Duo) column. The mobile
phase is water and flow rate is at 0.6 ml/min. Temperature
of the column is 80° C. and RID is at 45° C. Levulinic acid
and formic acid concentration were measured by using
HPLC, AMINEX HPX-87X column. The mobile phase is
0.008M sulfuric acid and flow rate is at 0.6 ml/min Tem-
perature of the column is 55° C. and RID is at 55° C. Results
of levulinic acid production are summarized in FIGS. 9-12.
Various embodiments of the invention have been
described in fulfillment of the various objects of the inven-
tion. It should be recognized that these embodiments are
merely illustrative of the principles of the present invention.
Numerous modifications and adaptations thereof will be
readily apparent to those skilled in the art without departing
from the spirit and scope of the invention.
The invention claimed is:
1. A method of producing hydroxymethylfurfural (HMF)
and levulinic acid comprising:
providing a saccharide feedstock including glucose;
bringing the saccharide feedstock into contact with a solid
state catalytic structure at a first temperature sufficient
to effectuate dehydration of the glucose to provide the
HMF; and

bringing the HMF into contact with the solid state cata-
Iytic structure at a second temperature sufficient to
produce levulinic acid,

wherein the solid state catalytic structure comprises a

substrate having one or more surfaces functionalized
with saccharide solubilization functionalities and acid
functionalities,

wherein the saccharide solubilization functionalities com-

prise one or more imidazolium halide salts pendant
along chains of a first polymeric species attached to the
substrate surface, and the acid functionalities are pen-
dant along chains of a second polymeric species
attached to the substrate surface, and

wherein the second temperature is higher than the first

temperature, wherein the substrate is functionalized
according to the reaction scheme of FIG. 1.

2. The method of claim 1, wherein the acid functionalities
participate in dehydration mechanisms of the glucose.

3. The method of claim 1, wherein the saccharide feed-
stock further comprises xylose for dehydration to furfural by
the solid state catalytic structure.

4. The method of claim 1, wherein the first temperature is
greater than 130° C.

5. The method of claim 1, wherein the saccharide feed-
stock is dissolved in an ionic liquid composition comprising
a mixture of ionic liquid and water or aprotic solvent.

6. The method of claim 5, wherein the aprotic solvent is
selected from the group consisting of valerolactone, acetoni-
trile and dimethylacetamide, and wherein the ionic liquid is
present in the mixture in an amount of 20 vol. % to 80 vol.
%.

7. A method of producing HMF and levulinic acid com-
prising:

providing a solution comprising saccharide feedstock

including cellulose in an ionic liquid composition at a
first temperature;
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bringing the saccharide feedstock solution into contact
with a solid state catalytic structure comprising a
substrate having one or more surfaces functionalized
with saccharide solubilization functionalities and acid
functionalities, wherein the saccharide solubilization
functionalities comprise one or more imidazolium
halide salts pendant along chains of a first polymeric
species attached to the substrate surface, and wherein
the acid functionalities comprise aryl sulfonic acid
groups pendant along chains of a second polymeric
species attached to the substrate surface;

hydrolyzing the cellulose with the acid functionalities of

the solid state catalytic structure to provide glucose
feedstock in the ionic liquid composition;
altering the temperature of the ionic liquid composition to
a second temperature;

bringing the glucose feedstock into contact with the solid
state catalytic structure to effectuate dehydration of the
glucose to provide the HMF; and

altering the temperature of the ionic liquid composition to

a third temperature and bringing the HMF into contact
with the solid state catalytic structure to produce levu-
linic acid,

wherein the third temperature is higher than the second

temperature, wherein the substrate is functionalized
according to the reaction scheme of FIG. 1.

8. The method of claim 7, wherein the acid functionalities
of the solid state catalytic structure participate in dehydra-
tion mechanisms of the glucose.

9. The method of claim 7, wherein the saccharide feed-
stock further comprises hemicellulose for hydrolysis by the
acid functionalities into xylose feedstock.
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10. The method of claim 9, wherein the xylose feedstock
is brought into contact with the solid state catalytic structure
at the second temperature to effectuate dehydration of the
xylose to furfural.

11. The method of claim 7, wherein the ionic liquid
composition comprises a mixture of ionic liquid and water
or aprotic solvent.

12. The method of claim 11, wherein the aprotic solvent
is selected from the group consisting of valerolactone,
acetonitrile and dimethylacetamide.

13. The method of claim 11, wherein the ionic liquid is
present in the mixture in an amount of 20 vol. % to 80 vol.
%.

14. The method of claim 1, further comprising adding
heterogeneous catalyst to the saccharide feedstock or the
solid state catalytic structure, the heterogeneous catalyst
comprising f-Sn or Sn/W.

15. The method of claim 1, wherein yield of the HMF is
greater than 60%.

16. The method of claim 7, further comprising adding
heterogeneous catalyst to the saccharide feedstock or the
solid state catalytic structure, the heterogeneous catalyst
comprising f-Sn or Sn/W.

17. The method of claim 1, wherein the dehydration of the
glucose yields the HMF in an amount in excess of 60%.

18. The method of claim 1, wherein the levulinic acid is
produced at a yield of 30-60 percent.

19. The method of claim 7, wherein the dehydration of the
glucose yields the HMF in an amount in excess of 60%.

20. The method of claim 7, wherein the levulinic acid is
produced at a yield of 30-60 percent.

#* #* #* #* #*
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