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HYDROXYMETHYL FURFURAL OXIDATION
METHODS

RELATED PATENT DATA

This patent resulted from a divisional of U.S. patent appli-
cation Ser. No. 11/932,436 which was filed on Oct. 31, 2007
which claims priority under 35 U.S.C. §119 to U.S. Provi-
sional Application No. 60/863,704, which was filed Oct. 31,
2006.

TECHNICAL FIELD

The invention pertains to hydroxymethylfurfural oxidation
methods, methods of producing diformy] furan and methods
of producing an oxidation catalyst.

BACKGROUND OF THE INVENTION

Hydroxymethylfurfural (HMF) is a compound which can
be produced from various hexoses or hexose-comprising
materials. HMF can in turn be converted into a variety of
derivatives, many of which are currently or are quickly
becoming commercially valuable. Oxidation of HMF can
produce oxidation products including diformyl furan (DFF),
hydroxymethyl furan carboxylic acid (HMFCA), formylfu-
ran carboxylic acid (FFCA), and furandicarboxylic acid
(FDCA). Uses for these oxidation products include but are
not limited to adhesives, sealants, composites, coatings, bind-
ers, foams, curatives, monomers and resins.

Although numerous routes and reactions have been uti-
lized for preparing one or more of the oxidation products set
forth above, conventional methodology typically results in
low HMF conversion, low product selectivity and/or low
product yield. It is desirable to develop alternative method-
ologies for oxidation of HMF and production of HMF oxida-
tion products.

SUMMARY OF THE INVENTION

In one aspect the invention pertains to a method of oxidiz-
ing hydroxymethylfurfural (HMF). The method includes pro-
viding a starting material which includes HMF in a solvent
comprising water into a reactor. At least one of air and O, is
provided into the reactor. The starting material is contacted
with the catalyst comprising Pt on a support material where
the contacting is conducted at a reactor temperature of from
about 50° C. to about 200° C.

In one aspect the invention pertains to a method of produc-
ing diformylfuran. The method includes providing a mixture
comprising HMF and an organic solvent. The mixture is
contacted with a catalyst comprising active y-MnO,. The
mixture is subjected to reflux temperature for a time of from
about 6 hours to about 12 hours.

In one aspect the invention includes a method of producing
an oxidation catalyst. ZrO, is provided and is calcined. The
Zr0, is mixed with platinum (II) acetylacetonate to form a
mixture. The mixture is subjected to rotary evaporation to
form a product. The product is calcined and reduced under
hydrogen to form an activated product. The activated product
is passivated under a flow of 2% O,.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described
below with reference to the following accompanying draw-
ings.
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FIG. 1 shows conversion of HMF and selective production
of furan dicarboxylic acid and formylfuran carboxylic acid as
a function of time on stream utilizing a continuous flow
reactor with a 5% platinum supported on carbon catalyst and
a base set of parameters in accordance with one aspect of the
invention. The parameters included P=150 psig, T=100° C.,
0.828% Na,CO; added to 1% HMF, liquid hourly space
velocity (LHSV)=7.5-15 h™", air gas hourly space velocity
(GHSV)=300 h!, catalyst reduced at 30° C. wet.

FIG. 2 shows HMF conversion and product selectivity as a
function of time on stream using the catalyst of FIG. 1 at a
decreased temperature (T=70° C.), LHSV=4.5-7.5h~! and air
GHSV=300-600 h~! (all other parameters and conditions
being as set forth above with respect to FIG. 1).

FIG. 3 shows HMF conversion and product selectivity as a
function of time on stream utilizing the catalyst of FIG. 1 and
the parameters as set forth for FIG. 2 except for temperature
(T=50°C.).

FIG. 4 shows HMF conversion and product selectivity as a
function of time on stream utilizing the catalyst of FIG. 1 and
the conditions as set forth at FIG. 2 with the exception of the
temperature which was T=30° C.

FIG. 5 shows HMF conversion and product selectivity as a
function of time on stream utilizing the catalyst of FIG. 1 and
the conditions of FIG. 2 with a decreased concentration of
Na,CO; 0f 0.414% and T=100° C.

FIG. 6 shows HMF conversion and product selectivity as a
function of time on stream utilizing the catalyst of FIG. 1 and
the conditions of FIG. 1 except with an increased Na,COj,
concentration of 1.66%.

FIG. 7 shows HMF conversion and product selectivity as a
function of temperature using the catalyst of FIG. 1. P=150
psig, 0.828% Na,CO, added to 1% HMF, LHSV=7.5h"" air,
GHSV=300 h!, data taken at time on stream=140 min.

FIG. 8 shows HMF conversion and product selectivity as a
function of time on stream utilizing the catalyst of FIG. 1 at
the specified temperature and GHSV (either air or O,). P=150
psig, T=100-115° C., 2.486% Na,CO, added to 3% HMF
LHSV=4.5 h™', air GHSV=300-600 h™" or O, GHSV=600
h!, catalyst reduced at 30° C. wet.

FIG. 9 shows HMF conversion and product selectivity as a
function of time on steam utilizing the catalyst of FIG. 1
under air or O, at varied LHSV and/or GHSV. P=150 psig,
T=130° C., 0.828% Na,CO; added to 1% HMF, LHSV=7.5-
15 b7, air GHSV=300-600 h™* or O, GHSV=600 h~!, cata-
lyst reduced at 30° C. wet.

FIG. 10 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 1 at
P=150 psig air, T=100° C., 1% HMF, LHSV=7.5-15 h7!,
GHSV=300h"".

FIG. 11 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 1
and the conditions of FIG. 10 with the exception of 0.8%
added Na,CO,.

FIG. 12 shows conversion of HMF and selective produc-
tion of the indicated products as a function of time on stream
utilizing a continuous flow reactor with a 5% Pt supported on
Si0, catalyst and a base set of parameters in accordance with
one aspect of the invention; 1% HMEF, 150 psig air, 60-100°
C., LHSV=13-19.6 h™', GHSV=261 h".

FIG. 13 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 12
in the presence of 0.8% Na,CO,. (1% HMF, 0.8% Na,CO,,
150 psig air, 100° C., LHSV=13-6.5h~', GHSV=261 h™".)

FIG. 14 shows HMF conversion and product selectivity
utilizing a 9.65% Pt supported on carbon catalyst. The con-
ditions utilized were P=150 psig, T=100° C., 0.828%



US 8,193,382 B2

3
Na,CO; added to 1% HMF LHSV=7.5-15 h7!, air
GHSV=300 h™*, catalyst reduced at 30° C. wet.

FIG. 15 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 14.
P=150 psig, T=100° C., 2.414% Na,CO, added to 3% HMF
LHSV=4.5 h™', air GHSV=600 h™", catalyst reduced at 30°
C. wet.

FIG. 16 shows HMF conversion and product selectivity as
a function of time on stream for various air GHSV and LHSV.
P=150 psig, T=100° C., 1% HMF LHSV=7.5-15 h', air
GHSV=75-300 h!, catalyst reduced at 30° C. wet.

FIG. 17 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 14
at varied temperature and LHSV. P=150 psig, T=60-100° C.,
1% HMF LHSV=3-7.5 1", 1% O, diluted air GHSV=300 ",
catalyst reduced at 30° C. wet.

FIG. 18 shows HMF conversion and selective product pro-
duction utilizing a 5% Pt on an Al,O; support catalyst as a
function on time on stream at varied LHSV. P=150 psig,
T=100° C., 1% HMF LHSV=15-7.5h~!, air GHSV=300h",
catalyst reduced at 30° C. wet.

FIG. 19 shows HMF conversion and product selectivity as
afunction of time on stream utilizing the catalyst FIG. 18 atan
increased temperature (130° C.) relative to FIG. 18. P=150
psig, 1% HMF LHSV=7.5 h™?, air GHSV=300 h™*, catalyst
reduced at 30° C. wet.

FIG. 20 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
in the presence of O,. P=150 psig, T=100° C., 1% HMF
LHSV=7.5h"",100% O, GHSV=300h"!, catalyst reduced at
30° C. wet.

FIG. 21 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
and the conditions of FIG. 20 with the exception that P=300
psig.

FIG. 22 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
and the conditions of FIG. 20 with the exception that 100% O,
GHSV=600 h~*.

FIG. 23 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
at varied LHSV. P=150 psig, T=100° C., 1% HMF
LHSV=7.5-4.5 h™', air GHSV=600 h™!, catalyst reduced at
30° C. wet.

FIG. 24 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
atvaried LHSV in the presence of O,. P=150 psig, T=100° C.,
0.828 weight % Na,CO; added to 1% HMF LHSV=7.5-4.5
h™, O, GHSV=300 h™!, catalyst reduced at 30° C. wet.

FIG. 25 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
at varied LHSV and GHSV. P=150 psig, T=100° C., 0.828%
Na,CO, added to 1% HMF LHSV=4.5-7.5 h™', air
GHSV=300-600 h™*, catalyst reduced at 30° C. wet.

FIG. 26 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
at varied LHSV and GHSV. P=150 psig, T=70° C., 0.828%
Na,CO; added to 1% HMF LHSV=4.5-7.5 h7', air
GHSV=300-600 h™*, catalyst reduced at 30° C. wet.

FIG. 27 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 18
in an 8 mL catalyst bed in the presence of air and then O,.
P=150 psig, T=100° C., 0.5% HMF LSHV=3.75h"", air then
0, GHSV=150-263 h™!, catalyst reduced at 30° C. wet.

FIG. 28 shows HMF conversion and selective product pro-
duction as a function of time on stream utilizing a 5% Pton a
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4

ZrO, support catalyst at varied LHSV in a continuous flow
reactor. P=150 psig air, T=100° C. 0.5% HMF LHSV=7.5-3
h™, GHSV=300 h~'.

FIG. 29 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
at varied LHSV and HMF concentration. HMF=0.5-1%,
P=150 psig air, T=120° C., LHSV=7.5-4.5 h™!, GHSV=300
h—l

FIG. 30 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
at varied temperature. P=150 psig air, T=140-160° C., 0.5%
HMF LHSV=7.5 h~!, GHSV=300 h~*.

FIG. 31 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
at varied LHSV at varied temperature and at varied psi air.
P=150-300 psig air, T=100-160° C., 0.5% HMF LHSV=7.5-
15h™*, GHSV=300 h™*.

FIG. 32 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28.
P=150 psig air, T=140° C., 0.5% HMF LHSV=7.5 h7',
GHSV=300h".

FIG. 33 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
and the condition of FIG. 32 with the exception of decreased
GHSV (GHSV=150h7").

FIG. 34 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
and the condition of FIG. 32 with the exception that P=500
psig air.

FIG. 35 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
and the condition of FIG. 32 with the exception that
GHSV=150 h~* and P=150 psig O,.

FIG. 36 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
after Na,COj; wash; 0.5% HMF, P=150 psig air, T=100° C.,
LHSV=7.5h"!, GHSV=300 h~".

FIG. 37 shows the concentration in weight % versus time
on stream of the indicated starting material, products and
by-products utilizing the catalyst of FIG. 28 after a carbonate
wash. 0.5% HMF, P=150 psig air, T=100° C., LHSV=7.5h"",
GHSV=300h"".

FIG. 38 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
at varied temperature in the presence of either air or O,. 1%
HMF in 40% HOAc, 150 psig air/O,, T=100-140° C.,
LHSV=7.5h"!, GHSV=300 h~".

FIG. 39 shows HMF conversion and product selectivity as
a function of time on stream utilizing the catalyst of FIG. 28
in the presence of either air or O, at varied GHSV. 0.5% HMF
in 40% HOAc, P=150psig air/O,, T=140° C., LHSV=7.5h"",
GHSV=150-300 h™*.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

This disclosure of the invention is submitted in furtherance
of the constitutional purposes of the U.S. Patent Laws “to
promote the progress of science and useful arts™ (Article 1,
Section 8).

In general, the invention pertains to methods of oxidizing
hydroxymethyl furfural (HMF) in an aqueous solution. The
oxidation process can be performed as a batch reaction or as
a continuous flow process. A starting material is provided
comprising HMF in water. Depending on the desired product,
the mixture can be basic, neutral or acidic. Where an acidic
aqueous solution solvent system is utilized, an appropriate
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acid can be added such as, for example, acetic acid. Due to the
relatively low solubility of HMF oxidation products in neutral
and acidic water, appropriate reactor designs can be utilized
to accommodate solids formation. Feeds having up to 10%
HMF have been successfully used in a batch reactor, and
higher HMF concentrations are feasible. In a packed bed
up-flow reactor the HMF concentration can preferably be less
than or equal to about 3% by weight. Under mildly basic
conditions, such as those created by providing Na,COj into
the reaction mixture, products having carboxylic acid groups
are present as the sodium salt and have increased solubilities.
Solids formation and feed concentration are typically not
problematic under these conditions. The addition of a strong
base, such as NaOH, can lead to undesirable side reactions
such as the Cannizzaro reaction.

O

HO

HMF
HO

The starting material comprising HMF is provided into a
reactor and at least one of air or O, is provided as oxidant. A
pressure of from atmospheric to the pressure rating of the
equipment can be utilized depending upon the desired reac-
tion rate. A preferred pressure can typically be in the range of
150-500 psi. Similarly an appropriate reaction temperature
can be from about 50° C. to about 200° C., with a preferred
range of from 100° C. through about 160° C.

The starting material is contacted with a catalyst within the
reactor. The catalyst typically comprises a metal on a support
material. Preferably the metal comprises Pt. The support
material can comprise, for example, C, ZrO,, Al,O;, SiO,, or
TiO,. The particular support material utilized can depend
upon, for example, the desired oxidation product(s) (dis-
cussed below).

In particular instances, the reaction mixture can contain
Na,CO,, or comparable weak base. Where Na,CO, is uti-
lized, such can be present in the mixture at a molar ratio of
from 0.25 to 2.0 moles Na,CO; to HMF, preferably at a molar
ratio of from 0.5 to about 1.0 relative to HMF. The use of
Na,COj or alternative carbonate bases is advantageous rela-
tive to conventional methodology. Other relatively weak
bases (relative to NaOH) are contemplated such as those
weaker than NaOH and stronger than the furan carboxylate
product such that the furan carboxylate (FDCA, FFCA)
remains in the soluble salt form. Possible alternative bases
include metal carbonates, metal bicarbonates, metal phos-
phates, and metal hydrogen phosphates. These relatively

6

weak bases can be present in the feed and do not need to be
added slowly over the course of the reaction to prevent side
reactions that tend to occur with strong bases such as NaOH.

Where continuous reaction is utilized in an up-flow packed
bed reactor with a feed of about 1-3 wt % HMEF, the liquid
hourly space velocity (LHSV) can be, for example, from
about 3 h™' to about 15 h™!, and gas hourly space velocity
(GHSV) can be for example from about 75 h™' to about 600
h™'. These parameters can vary depending on the feed con-
centration and the reactor design and are presented for refer-
ence only.

The oxidation of HMF to fully oxidized product FDCA can
occur with involvement of partially oxidized species DFF,
HMFCA, and FFCA via the routes shown in the following
diagram.

DFFE \ (@) O
O
H \ / OH ——
O
FFCA
0)
\ / OH /
HMFCA
(@) O
O

HO \ / OH

FDCA

40

55

As shown in the accompanying figures and as discussed
further below, particular catalysts and sets of reaction condi-
tions and parameters can favor selective production of one or
more reaction products or intermediates. For example, under
particular reaction conditions, HMF conversions of 100%
were achieved with selectivity to FDCA as high as 98%
relative to all other reaction products, intermediates and
byproducts.

Studies utilizing various catalysts including those
described herein for neutral and acidic feed solutions indicate
that catalysts such as those described having high metal load-
ing on low surface area (conditions that typically gives low
dispersion of metal) produce the highest HMF conversion and
FDCA selectivity. These results run counter to conventional
wisdom that generally indicates best catalytic performance
utilizing catalysts having high dispersion and high surface
area.

Inorganic support materials can also be preferred for the
present catalysts. Catalysts supported on carbon can result in
product holdup and inhibition. Holdup can also increase gen-
erally with surface area even for those inorganic support
materials, which tend to sorb less than carbon supports.

As indicated above, the fully oxidized product FDCA is
relatively insoluble in water. Higher solubility can be attained
in carboxylic acid solvent such as, for example, acetic acid/
water mixtures. Table 1 shows the solubility of FDCA in
various acetic acid/water mixtures. As indicated, the solubil-
ity in a 40/60 ratio HOAc/H,O is about twice the solubility in
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pure water. The oxidation of 0.5 weight % HMF in 40/60
HOACc/H,O with 150 psi O, over a 5% Pt/ZrO, catalyst at
140° C. achieves 100% HMF conversion with up to about
80% selectivity to FDCA.

TABLE 1

Solubility of FDCA in acetic acid/water mixtures

wt % wt %

Vol % HOAc Vol % H,O 70° C. 25°C
0 100 0.327 0.086

40 60 0.779 0.153

50 50 0.746 0.173

60 40 0.596 0.171

70 30 0.592 0.143

90 10 0.458 0.138

100 0 0.193 0.080

As illustrated in FIGS. 1-11, HMF oxidation reactions
performed utilizing 5% Pt supported on granular carbon can
be utilized to selectively produce FFCA relative to individual
alternative intermediates and oxidation products. In particu-
lar instances, such reactions under appropriate conditions can
selectively produce FFCA relative to all other oxidation prod-
ucts, intermediates and byproducts.

Referring to FIGS. 12-13 studies were performed utilizing
a 5% Pt/Si0, catalyst. Under appropriate reaction conditions
the 5% Pt/SiO, catalyst can be utilized to selectively produce
DFF relative to individual alternative oxidation products,
intermediates and byproducts. In particular instances, DFF
can be produced selectively relative to all other oxidation
products, intermediates and by products (see FIG. 12). In the
presence of Na,COj,, the 5% Pt/SiO, catalyst can be utilized
to selectively produce FFCA as its Na salt (see FIG. 13).

The results of studies utilizing an alternative Pt/C catalyst
are presented in FIGS. 14-17. As shown, an appropriate Pt/C
catalyst can be utilized under the indicated reaction param-
eters to selectively produce FDCA relative to all other oxida-
tion products, intermediates and byproducts.

Studies were performed utilizing a 5% Pt supported on
Al Oj catalyst, the results of which are presented in FIGS.
18-27. The 5% Pt supported on Al,O, can be utilized to
selectively produce FDCA and FFCA relative to alternative
oxidation products and byproducts. Under alternative condi-
tions the Pt/Al, O, catalyst can also be utilized to selectively
produce FDCA relative to all other oxidation products, inter-
mediates and byproducts.

A 5% Pt supported on ZrO, catalyst was also utilized to
perform HMF oxidation studies. The results of these studies
are presented in FIGS. 28-39. The data indicates that the 5%
Pt supported on ZrO, can produce 100% HMF conversion
with selective production of FDCA relative to all other oxi-
dation products intermediates and byproducts. Utilizing the
same catalyst, an adjustment of reaction conditions can be
utilized to produce, selectively, a product mixture of FDCA
and FFCA.

Product isolation, separation and purification can be
achieved based upon solubility differences between the com-
pounds (HMF, individual intermediates, byproducts and
FDCA) in aqueous and organic solvents.

In another aspect, the invention pertains to preparation of
DFF from HMF. A mixture is provided containing HMF in an
organic solvent. The mixture is contacted with the catalyst
containing active y-MnO, and is subjected to reflux tempera-
ture for a time of from about 6 hours to about 12 hours. The
organic solvent can preferably be a chlorinated solvent such
as methylene chloride. MnO, is removed by filtration fol-
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lowed by solvent removal. The resulting solids are dissolved
in hot water and DFF is precipitated. HMF conversion is
approximately 80% with DFF product selectivity nearly
100%. This methodology is advantageous relative to conven-
tional methodology which utilizes MnO, to oxidize furan-
dimethanol (FDM) as the starting material, where the yield of
product DFF is reported as only 40%.

In yet another aspect the invention pertains to a method of
producing an oxidation catalyst. Extrudated ZrO, is provided
and the extrudated ZrO, is calcined. The calcined ZrO, is
crushed and sieved and is subsequently mixed with platinum
(II) acetylacetonate to form a mixture. The mixture is sub-
jected to rotary evaporation to form a product which is sub-
sequently calcined. The product is activated by reducing
under hydrogen and passivated under a flow of 2% O,.

Example 1

Oxidation of HMF to FDCA in a Fixed-Bed
Continuous Flow Reactor

A ¥%-inch stainless-steel thick-walled tube (0.065 inch wall
thickness) was utilized as a tubular reactor. 4 mL (4.7254 g) of
dry 5% Pt/ZrO, catalyst was placed in the reaction tube with
60-80 mesh glass beads at the inlet and outlet of the catalyst
bed. Thereactor tube was attached to a liquid-gas feed system
and placed within a tube furnace. The catalyst was wetted
with deionized water and reduced prior to testing at 150 psi
pressure and ambient temperature with a hydrogen flow. After
30 minutes the hydrogen was shut off and the system was
vented and purged with nitrogen.

Airflow of approximately 100 mL/min was established
until the system pressure increased to 150 psig. Water was
introduced at a flow rate of 0.5 mI./min with a high-pressure
liquid pump and the airflow was then decreased to a flow rate
of 20 mL/min (GHSV=300 h™'). The temperature operating
set point of the system was increased to 100° C. Upon achiev-
ing 100° C. a 0.5 weight % feed solution of HMF was fed into
the catalyst bed at a rate of 0.2 mL/min (LHSV=3 h™!). At
40-60 minute reaction time intervals (measured from the time
feed was initiated) liquid samples of the product exiting the
reactor were collected for liquid chromatography analysis.
Liquid chromatography results for each sample taken showed
100% conversion of HMF with selectivity to FDCA attaining
98% within 40 minutes under these conditions. Conversion
and selectivity remained constant for another 220 minutes of
testing.

Example 2

Oxidation of HMF in a Batch Reactor

Batch oxidation of HMF was conducted in a 40 mL auto-
clave with a glass liner. 0.50 grams of 5% Pt on ZrO,, 10 mL
of'deionized water and a magnetic stir bar were added into the
glass liner. The vial and contents were sealed in the autoclave
and were purged with nitrogen. The contents were then acti-
vated by reducing with hydrogen at room temperature. After
10 minutes the hydrogen was purged from the reactor with
nitrogen. The nitrogen line was subsequently removed and no
attempt was made to exclude air.

An oxygen line was attached to the reactor and the reactor
was filled with oxygen. 0.51 grams of HMF in 5 mL of water
was added to the autoclave with a syringe through a valve
placed at the top of the autoclave cap. A magnetic stir plate
was turned on and the reactor was pressurized to 150 psi with
oxygen. The autoclave was heated to 100° C. After 6 hours



US 8,193,382 B2

9

reaction time a sample was removed from the reactor by
cooling to 40° C., venting the oxygen to atmospheric pressure
and withdrawing the sample through the top valve using a
syringe and an 18 gauge needle. The sample was analyzed
utilizing liquid chromatography and indicated that 80% of
original HMF had reacted with approximately 68% conver-
sion to DFF and 32% conversion to FFCA. The autoclave was
charged to 150 psi with oxygen and was again heated to 100°
C. foran additional 17 hours. The reactor was then cooled and
vented and another sample removed. After a total of 23 hours
reaction the HMF was completely depleted. Liquid chroma-
tography revealed an absence of detectable DFF and FFCA.
The primary product revealed utilizing liquid chromatogra-
phy analysis was FDCA indicating complete oxidation of
HMF. The only other product detected was levulinic acid,
which resulted from the hydrolysis of HMF.

Example 3
Preparation of DFF from HMF

1.155 grams of HMF was dissolved in 50 mL of methylene
chloride. 7.0606 grams of activated MnO, was added to the
solution and the mixture was heated to reflux for 8 hours. The
MnO, was removed from the reaction mixture by filtration
and the solids were washed with additional solvent. The sol-
vent was removed to produce and off-white solid. Liquid
chromatography analysis of the solid indicated 80% DFF and
20% un-reacted HMF. A trace amount of FDCA was observed
utilizing UV detection. The solid was dissolved in hot water
and was subsequently cooled to precipitate DFF having a
98.5% purity. Selectivity of the oxidation reaction to DFF was
substantially 100%.

Example 4
Preparation of 5% Pt on a ZrO, Support

Extrudated ZrO, received from Engelhard was calcined at
700° C. for 2 hours. The calcined ZrO, was crushed and
sieved to 40-80 mesh size. 10.6318 grams of the crushed ZrO,
was mixed at room temperature with 0.7593 grams of plati-
num(Il) acetylacetonate in 50 mL flask. The flask was then
mounted on a rotary evaporator and evacuated by a vacuum
pump to reach 10 mmHg. The flask was rotated at 60 rpm for
10 minutes. After a thorough mixing the flask was heated to
about 180° C. utilizing a heat gun. During the process the
color of the catalyst changed from a light brown color to
black. The temperature was then increased to about 240° C.
Heating was stopped after approximately 20 minutes. The
catalyst was then calcined in air for about 3 hours at 350° C.
with a temperature ramp rate of 5° C. per minute.

Activation was carried out by reducing the catalyst in a
fixed-bed reactor at 330° C. for 3 hours. The hydrogen flow
rate was 40 mL/min. After reduction the reactor was cooled to
room temperature under hydrogen and was then purged with
helium for 30 minutes. Passivation was conducted by flowing
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2% O, into the reactor at 40 mI./min overnight. The catalyst
was unloaded from the reactor and was transferred to a stor-
age container until use.
In compliance with the statute, the invention has been
5 described in language more or less specific as to structural and
methodical features. It is to be understood, however, that the
invention is not limited to the specific features shown and
described, since the means herein disclosed comprise pre-
ferred forms of putting the invention into effect. The invention
is, therefore, claimed in any of its forms or modifications
within the proper scope of the appended claims appropriately
interpreted in accordance with the doctrine of equivalents.

10

The invention claimed is:
1. A method of oxidizing hydroxymethyl furfural (HMF),
comprising:
providing a starting material solution into a reactor, the
solution having a pH less than or equal to 7, the solution
comprising HMF and water;
providing at least one of air and O, into the reactor; and

20 contacting the starting material with a catalyst comprising
Pt, on a support material comprising at least one of Zr,
Al, Si, and Ti, the contacting being conducted at a reac-
tor temperature of from about 50° C. to about 200° C.,
’s wherein the method selectively produces diformyl furan

relative to all other products, intermediates and byprod-
ucts.
2. The method of claim 1 wherein the solution comprises
acetic acid.
3. The method of claim 1 wherein the catalyst comprises
5% Pt on a SiO, support material.
4. The method of claim 1 wherein the support material
comprises at least one of ZrO,, Al,O;, Si0O,, and TiO,.
5. The method of claim 3 wherein the acetic acid is present
at a ratio of 40:60 relative to the water.
6. The method of claim 1 wherein air is provided to the
reactor.
7. A method of oxidizing hydroxymethyl furfural (HMF),
comprising:
providing a solution into a reactor, the solution comprising
HMF and water;
providing at least one of air and O, into the reactor; and
contacting the starting material with a catalyst comprising
Pt and a support material, the support material compris-
ing one or more of ZrO,, Al,O;, SiO,, and/or TiO,, the

30

40

= contacting being conducted at a reactor temperature of
from about 50° C. to about 200° C., wherein the method
selectively produces diformyl furan relative to all other
products, intermediates and byproducts.

“ 8. The method of claim 7 wherein the solution has a pH less

than or equal to 7.

9. The method of claim 7 wherein air is provided to the
reactor.

10. The method of claim 7 wherein the solution consists

o essentially of HMF, water, and weak acid.
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