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2,5-Dimethylfuran was successfully produced in 92% overall
yield from fructose in 1-butanol through a combination of
dehydration over Amberlyst-15 and hydrogenolysis over Ru-
Sn/ZnO catalyst. The environmental favorability of this process,
and its unprecedented efficiency, makes it promising from both
a green chemistry and an industrial perspective.

Renewable biofuels have recently attracted much interest due to
the depletion of non-renewable fossil fuels.'! Among the various
renewable biofuels, 2,5-dimethylfuran (DMF) is particularly
promising because its properties compare favorably to those of
gasoline, including its boiling point, high energy density, high
research octane number, and immiscibility with water.> DMF is
generally produced by the dehydration of fructose to form 5-
hydroxymethylfurfural (HMF) and the subsequent conversion of
HMF by hydrogenolysis of the two outlying C-O bonds.’

Unfortunately, a cost-effective method for selectively producing
HMF from fructose in high yields is not straightforward, although
there are some start-up companies that produce HMF on an
industrial scale. Aqueous reactions tend not to proceed well due to
the rehydration of HMF to form levulinic acid and formic acid, as
well as the condensation of HMF and/or fructose to form insoluble
humin polymers.* Research has therefore focused on the use dof
organic solvents such as dimethylsulfoxide (DMSO) and ionic
liquids;> however, these solvents are not easily separable from the
desired HMF product, thereby complicating product recovery. HMF
yield is improved in a biphasic reaction system of water/1-butanol
(BuOH), comprising of homogeneous HCl as a catalyst and NaCl as
an electrolyte. This is due to the immediate extraction of HMF
produced in water phase into BuOH phase, which prevents HMF
rehydration and condensation. However, the yield using this system
is less than 70%. In addition, the use of heterogeneous catalysts is
not possible, owing to the presence of NaCl.>

The hydrogenolysis of HMF, meanwhile, has been most
successfully achieved when using bifunctional catalytic systems that
can both hydrogenate and deoxygenate; Cu-Ru/C, Ru/Co03;0,4, Zn-
assisted Pd/C, and Ni-W,C/C have all been widely studied.® It has
been reported that these catalysts selectively hydrogenate the formyl
and hydroxyl groups of HMF without excessively opening the furan

This journal is © The Royal Society of Chemistry 2013

Do-Young Hong®”, Jong-San Chang

*a,C

ring. Recently, Schuth et al. reported that PtCo bimetallic
nanoparticles in hollow carbon spheres can efficiently convert HMF
to DMF, giving a 98% yield.”

Despite these improvements, these studies are limited by the fact
that they do not account for the difficulty of isolating HMF in the
first step of the reaction scheme. An integrated catalytic system that
can be more directly applied to DMF production could resolve this
issue. Dumesic ef al. recently proposed a revised process where
fructose is dehydrated to HMF by Amberlite-70 in
gammavalerolactone (GVL), giving a yield of 71%.® The resulting
solution could then be directly applied to DMF production by using
a Ru-Sn/C catalyst. Rauchfuss et al. developed a one-pot process for
the production of DMF from fructose using formic acid as an acid
catalyst, hydrogen source, and a deoxygenation agent.” However, the
overall yield of this process is under 50%, which is unsatisfactory for
industrial applications.

Herein, we propose a green, integrated process for the high-yield
production of DMF from fructose, which is based on a two-step
heterogeneous catalysis (Fig. 1). In this process, fructose is first
dehydrated to HMF over Amberlyst-15 in BuOH, which is a
sustainable solvent that can be produced from a variety of waste
biomass sources.'” The HMF in the resulting mixture is then
converted to DMF by vapor-phase hydrogenolysis over Ru-Sn/ZnO.

Fructose HME > 93%
0 o~
HO OH BuOH (0]
+
m Amberlyst-15 HOWO 3H;0
HO  OH
v
o H,/BuOH
\@/ Ru-Sn/ZnO

DMF > 99%

Fig. 1 Two-step reaction scheme for the production of DMF from
fructose.

HMF was initially synthesized using Amerlyst-15 in various
solvents. The reactions were carried out using a high concentration
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of fructose (15 wt%) and at ambient pressure. The results are
summarized in Table 1.

Table 1 Catalytic activity of fructose dehydration in various
solvents®

Fructose HMF

Solvent Tlr}?e/ Conversion Selectivity HMFO/\;ICM
(%) (%) ’
BuOH 5 96 97 93
DMSO 5 98 80 78
Water 3 73 60 60
GVL 5 86 88 76

* Reaction conditions: Amberlyst-15 1.0 g, fructose 15 g, solvent 85 g,
temperature 100 °C

When water was used as the solvent, the maximum HMF yield
was 60% after 3 h. As the reaction progressed further, the HMF yield
decreased despite an increase in fructose conversion. The HMF yield
was negligible after 6 h, although the fructose conversion reached
100% (Fig. 2). This indicated that the rate of humin formation from
HMF exceeded the rate of HMF formation later on in the reaction.
The yield improved significantly when water was replaced with
DMSO or GVL,; these solvents resulted in HMF yields of 78 and 76%
and fructose conversions of 98 and 86%, respectively. Interestingly,
BuOH gave the highest HMF yield of 93%, with 96% fructose
conversion. Note that these results were obtained at a high fructose
concentration of 15 wt% and without the use of ionic liquids. As
seen in water, the HMF yield in BuOH decreased as the reaction
progressed further. This likely resulted from an increased water
concentration from fructose dehydration, which implied that a
concurrent removal of water should improve the yield.

100 4 ¢
80
g
% ——Fructose Conversion (BUOH)
s 60
& —=-HMF Yield (BuOH)
c
2
§ 40 Fructose Conversion (H20)
z
8 ——HMF Yield (H20)

20

0 1 2 3 4 5 6 7

Reaction time (h)

Fig. 2 Reaction profiles of fructose dehydration in different solvent. *
Reaction conditions: Amberlyst-15 1.0 g, fructose 15 g, solvent 85 g, and
temperature 100 °C

After 5 h, the mixture was cooled to room temperature.
Interestingly, this caused the unreacted fructose to crystallize,
allowing for its removal along with the catalyst by filtration. Since
fructose is highly soluble in water, the catalyst could be recycled by
simply washing the solids with water and drying at 100 °C. This
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recycled catalyst showed nearly identical performance for up to five
cycles (Fig. S1). In addition, the SO;H density of the catalyst, which
was measured by acid-base back titration, as well as the BET surface
area and pore volume, which were measured by N, chemisorption,
were similar to the original catalyst.

We then aimed to produce DMF directly using this solution. The
isolation of DMF from BuOH should be significantly easier than the
isolation of HMF, because DMF has a lower boiling point and a
higher thermal stability than BuOH. Ru-Sn/ZnO was selected as the
catalyst for this step, because it was effective and selective for the
hydrogenation of butyric acid, and had good chemical stability in our
previous work."" This catalyst contained 1.4 wt% Ru and had a
Ru/Sn molar ratio of 0.5, and was prepared using a sequential
coprecipitation-deposition method. In this catalyst, the Sn was found
to exist as a part of a Ru intermetallic alloy such as Ru;Sn; on ZnO.
DMF production was carried out at atmospheric pressure, and the
catalytic activities are presented in Table 2.

When the BuOH mixture was used, Ru-Sn/ZnO provided a DMF
yield of 90% and an HMF conversion of 93% at a weight hourly
space velocity (WHSV) of 0.5 h'. The main by-products,
determined by gas chromatography, were 5-methylfurfuryl alcohol
(MFA), 2,5-dihydroxymethylfuran (DHMF), and 5-methylfural
(MF). Neither humin formation nor BuOH degradation were
observed. However, DMSO was not suitable under these reaction
conditions, owing to its instability at high temperatures.

The activity of this catalyst was then compared to those of other
Ru-based catalysts. Ru/ZnO gave a DMF yield of only 61% at 91%
HMF conversion, while yielding 10% MFA and 17% DHMF as the
major side products. Ru/C and Ru/Al,0;, meanwhile, provided DMF
yields of 64 and 62%, respectively, at an HMF conversion of 100%.
Previous reports indicated that DMF is produced from HMF by an
initial reaction with hydrogen, with further hydrogenation yielding
MFA before yielding the final product.'? In the Ru-based vapor-
phase reactions conducted, DHMF appears to be the initial
intermediate, since MF concentrations were negligible at WHSV
values higher than 1.0 h'. Likewise, the large amounts of DHMF
formed over Ru/ZnO, Ru/C, and Ru/Al,O; suggested that the
deoxygenation of DHMF to form MFA is much slower than the
hydrogenation of HMF to form DHMF. Interestingly, both DHMF
and MFA yields were negligible over Ru-Sn/ZnO. In this case, the
acidic properties of the Sn cation, which are induced by the
electronic interactions with Ru metal in Ru-Sn alloy on ZnO, might
activate and polarize the OH group in DHMF, yielding MFA and
then DMF shortly thereafter.'> The overall scheme and relative
kinetics are summarized in Fig. 3.

HMEF DHMF MFA
° fast slow
—_—> —_—————
”°/\@/\° +H, /\@/\ +Hy/-H,0 /\g

+ Hz/-HZOlfa st

0. 0.

o o
MF DMF

Fig. 3 DMF production pathway from HMF.
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Table 2 Catalytic activity of HMF/BuOH hydrogenolysis over various catalysts®

Catalyst \;\EEIS)V HMF C(g/nversion Product Yield (%)
0) DMF MFA DHMF MF Unknown

0.5 93P 90.0 1.2 0.6 0.3 0.9
0.5 98° 94.5 1.0 0.8 0.6 1.1
Ru-Sn/ZnO 0.5 98¢ 95.0 0.9 0.6 0.4 1.0
0.2 100° 99.0 0.4 0.4 0.1 0.1
1.0 91° 78.0 9.0 1.0 0.6 24
5% Ru/ZnO 0.5 91° 61.0 10.0 17.0 0.9 2.1
5% Ru/C 0.5 100° 64.0 6.0 27.0 1.1 1.9
5% Ru/ALOs 0.5 100° 62.0 8.0 26.0 1.4 2.6

* Reaction conditions: 240 °C, 1 atm, catalyst 1.0 g, HMF 12 wt% in BuOH, H, flow rate 20 ml min!, and reaction time 100 h

® as-synthesized HMF feed before purification
“as-synthesized HMF feed after purification
4 pure HMF feed

The activity of the Ru-Sn/ZnO catalyst was also evaluated using
pure HMF in BuOH under the same reaction conditions. In this case,
the DMF yield and HMF conversion were increased to 95 and 98%,
respectively. The lower performance observed for the impure feed
was likely due to humin formation from residual fructose on the
catalyst surface. To resolve this, the as-synthesized HMF was
purified by washing with water containing NaCl. Notably, the
resulting material showed performance that was almost identical to
the pure feed.

Next, the effect of the HMF flow rate on the catalytic activity
was investigated. Notably, a WHSV of 0.2 h™' resulted in a DMF
yield of 99% and an HMF conversion of 100%, with negligible
humin formation. However, increasing the WHSV to 1.0 h
decreased the DMF yield and HMF conversion to 78 and 91%,
respectively. This decrease was mainly due to increased MFA
production, which indicated that there were an insufficient number
of active sites to effect a full conversion at such a high flow rate. In
addition, humin formation was more significant due to the
condensation of unreacted HMF.

Catalyst stability is as important as activity in a continuous
heterogeneous catalytic process. Therefore, the long-term stability of
the catalyst in the system in question was investigated (Fig. 4).
Notably, the catalyst maintained nearly perfect performance for
more than 300 h. In addition, the catalyst stability was confirmed by
studying the used catalyst by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) (Fig. S2). In particular, the
XRD pattern of the used catalyst was almost identical to that of the
fresh one, with Ru;Sn; peaks present in both samples and with
similar relative intensities between both sets. Thermogravimetric
analysis (TGA) showed that the used catalyst underwent a 5 wt. %
greater weight loss than the fresh one up to 300 °C. However, after
washing, the TGA pattern of the used catalyst was nearly identical to
that of the fresh one (Fig. S3); this indicated that coke deposition on
the Ru-Sn/ZnO surface was not significant.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Long-term catalytic activity for the hydrogenolysis of
HMF/BuOH. Reaction conditions: 240 °C, 1 atm, catalyst 1.0 g,
HMF 12 wt% in BuOH, H, flow rate 20 ml min™', and WHSV 0.2 h™..

We also carried out a batch-type hydrogenolysis at 180 °C and
an H, pressure of 10 bar using the as-synthesized HMF in BuOH
over the Ru-Sn/ZnO catalyst. The as-synthesized feed gave a DMF
yield of 90% at an HMF conversion of 94% after a reaction time of 2
h. After purification of the feed, the DMF yield and HMF conversion
were increased to 95 and 97%, respectively. There was no leaching
of the active sites during the HMF hydrogenation in the liquid phase,
which was confirmed by inductively coupled plasma atomic
emission analysis of the product mixture. The recycled catalyst
showed nearly identical performance for up to five cycles. (Fig. 5)
Therefore, the complete reaction from fructose to DMF could be
conducted in one pot by changing the reaction conditions
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Fig. 5 Catalytic activity for the batch-type hydrogenolysis of
HMF/BuOH. Reaction conditions: 180 °C, H, pressure 10 bar,
catalyst 1.0 g, HMF 12 wt% in BuOH 100 g, and reaction time 2 h.

Conclusions

DMF was selectively produced from fructose through a two-step
reaction in BuOH. Fructose was dehydrated to HMF with over 93%
yield using Amberlyst-15; the resulting solution was then directly
transformed to DMF at over 99% yield by vapor-phase
hydrogenolysis over Ru-Sn/ZnO. Both catalysts could be used for
extended periods of time. A simple washing with water after the first
reaction allowed for the facile isolation of both the catalyst and the
unreacted substrate. The recyclability, efficiency, and extended
operation afforded by this process make it particularly favorable
environmentally and industrially, and establish it as a new method
for the production of a fossil fuel alternative.
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An integrated process for the production of 2,5-dimethylfuran from fructose
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2,5-Dimethylfuran was produced in 92% yield from fructose in 1-butanol through a
combination of dehydration over Amberlyst-15 and hydrogenolysis over Ru-Sn/ZnQO.
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