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Production of dimethylfuran for liquid fuels from
biomass-derived carbohydrates

Yuriy Roméan-Leshkov', Christopher J. Barrett!, Zhen Y. Liu' & James A. Dumesic'

Diminishing fossil fuel reserves and growing concerns about glo-
bal warming indicate that sustainable sources of energy are needed
in the near future. For fuels to be useful in the transportation
sector, they must have specific physical properties that allow for
efficient distribution, storage and combustion; these properties
are currently fulfilled by non-renewable petroleum-derived liquid
fuels. Ethanol, the only renewable liquid fuel currently produced
in large quantities, suffers from several limitations, including low
energy density, high volatility, and contamination by the absorp-
tion of water from the atmosphere. Here we present a catalytic
strategy for the production of 2,5-dimethylfuran from fructose (a
carbohydrate obtained directly from biomass or by the isomeriza-
tion of glucose) for use as a liquid transportation fuel. Compared
to ethanol, 2,5-dimethylfuran has a higher energy density (by 40
per cent), a higher boiling point (by 20 K), and is not soluble in
water. This catalytic strategy creates a route for transforming
abundant renewable biomass resources"* into a liquid fuel suit-
able for the transportation sector, and may diminish our reliance
on petroleum.

The rationale for converting carbohydrates to 2,5-dimethylfuran
(DMEF) is outlined in Fig. 1. The selective removal of five oxygen
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atoms from a hexose (for example, fructose) to produce DMF not
only decreases the boiling point to a value suitable for liquid fuels, but
also attains the lowest water solubility and the highest research octane
number’ (RON) of the mono-oxygenated C4 compounds, while pre-
serving a high energy density (30kJ cm ™). This selective removal of
oxygen atoms can be accomplished in two steps: first, removing three
oxygen atoms by dehydration to produce 5-hydroxymethylfurfural
(HMF); and second, removing two oxygen atoms by hydrogenolysis
to produce DMF by way of intermediates 4 and 5. Species 6,
produced by way of 7, is a hydrogenolysis by-product that also pos-
sesses excellent fuel qualities.

A schematic representation of our process is outlined in Fig. 2. (An
annotated version of this figure, summarizing the primary findings of
this work, is presented in Supplementary Information.) The first step
involves the acid-catalysed dehydration of fructose to produce HMF
in a biphasic reactor. Because the normal boiling point of HMF is too
high for it to be used as a fuel (Fig. 1), the HMF extracted by the
organic phase of the biphasic reactor is subsequently converted to
DMEF by hydrogenolysis of C-O bonds over a copper-ruthenium
(CuRu) catalyst. As described below, our process also involves two
separation steps.

Figure 1| Normal boiling points of
representative C4-hydrocarbons
formed by removal of oxygen
atoms from hexoses, compared to
the normal boiling point of ethanol.
Compounds as follows: 2,5-
dimethylfuran (DMF, 1); D-fructose
(2), 5-hydroxymethylfurfural
(HMF, 3); 2,5-
dihydroxymethylfuran

(4); 2-methyl,5-
hydroxymethylfuran

3 (5); 2-methylfuran (6); furfural
alcohol (7); 2,5-
dihydroxymethyltetrahydrofuran
(8); and 2,5-
dimethyltetrahydrofuran (9). Light
grey boxes highlight reactant,
product and primary intermediates.
Dark grey boxes highlight key by-
products and by-product
intermediates. Inset, water
solubility and research octane
number (RON)***?* of mono-
oxygenated C4-compounds and

6 compared to ethanol.
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To implement our process, we developed a new catalytic system to
produce HMF in high yields from concentrated sugar solutions (R1
in Fig. 2). Although multiple catalytic systems have been reported for
the production of HMF in solvents containing high boiling point
components (for example, dimethylsulphoxide) to suppress side
reactions*, trace amounts of such components are detrimental to
fuel quality, and their removal necessitates energy-intensive purifica-
tion procedures. We show that HMF can be produced in high yields
by the acid-catalysed dehydration of fructose in a biphasic reactor
using low boiling point solvents that themselves are excellent fuel
components, thereby eliminating the need for expensive separation
steps to produce the final liquid fuel mixture. The reactive aqueous
phase in the biphasic reactor contains an acid catalyst and a sugar,
and the extracting phase contains a partially miscible organic solvent
(for example, butanol) that continuously extracts the HMF product.
Importantly, the addition of a salt to the aqueous phase improves the
partitioning of HMF into the extracting phase, and leads to increased
HMEF yields without the use of high boiling point solvents.

The capacity of the organic phase to extract HMF from the reactive
aqueous phase, as measured by the extracting ratio R (the ratio of the
HMEF concentration in the organic layer to that in the aqueous layer),
directly affects HMF selectivity, defined as the moles of HMF pro-
duced divided by the moles of fructose reacted (Fig. 3, Table 1). Our
results demonstrate that HMF selectivity increases as R increases,
indicating that a more efficient removal of HMF from the aqueous
phase prevents undesired side reactions. The addition of salt to the
reactive aqueous phase increases R by means of the salting-out effect,
whereby electrolytes alter the intermolecular bonding interactions
between liquid components, decreasing the mutual solubility of the
aqueous and organic phases'®'". The R value for a specific extracting
solvent depends not only on the affinity of the solvent for HMF, but
also on the ability of the salt to separate both phases. In the present
work, the addition of NaCl to the aqueous phase resulted in the
largest increase in R of all the salts tested; results for other salts can
be found in Supplementary Information. For example, compared to
experiments without salt, a 30 wt% fructose solution saturated with
NaCl (35 g of NaCl per 100 g of H,O) using 2-butanol as the extract-
ing solvent (with initial ratio of organic and aqueous phase volumes
Vorg! Vaq. = 1.6) results in an increase in R from 1.6 to 3.3, leading to
an improvement in HMF selectivity from 66% to 79% (Table 1, runs
1 and 6). Notably, the presence of NaCl has the additional benefit of
allowing higher values of V4 /V,q. to be used, thus leading to higher
HMEF selectivities, while maintaining biphasic reaction conditions.
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Figure 2 | Schematic diagram of the process for
conversion of fructose to DMF. Diagram
includes selective dehydration of fructose to form
HMEF in a biphasic reactor (R1); evaporation of
water and HCl from the liquid solvent containing
HMF, leading to precipitation of NaCl (E1);
hydrogenolysis of HMF to DMF over a CuRu
catalyst (R2); and separation of the DMF product

DMF from the extracting solvent and unreacted
+ intermediates (S1). See text for details.
(solvent)

. CuRu catalyst

Specifically, when the ratio V,,,/V,, is doubled, the 2-butanol sys-
tem without salt becomes monophasic, whereas the system saturated
with NaCl remains biphasic, with an R of 3.6 and an HMF selectivity
of 89% (Table 1, run 5). The primary role of NaCl is to alter the
solvent properties while remaining otherwise inert. Specifically, the
dehydration of fructose in the presence of NaCl, but in the absence of
an extracting solvent, leads to the same HMF selectivity as in the
absence of NaCl (Table 1, runs 19 and 20).

Although various extracting solvents can generate high HMF
selectivity (Fig. 3), the use of 1-butanol as a solvent is advantageous
for biomass applications. For instance, solvents such as 2-butanol are
obtained from petroleum-derived products (by the hydrolysis of
2-butene; ref. 12), whereas 1-butanol can be produced by the fer-
mentation of biomass-derived carbohydrates'>'. Also, unlike unsat-
urated solvents such as toluene or methylisobutylketone, 1-butanol is
inert in the hydrogenolysis step of our process. The dehydration
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Figure 3 | Effect of extraction ratio R on HMF selectivity from fructose for
various organic solvents. Open symbols, experiments without NaCl; filled
symbols, experiments with an aqueous phase saturated with NaCl.
Diamonds, 2-butanol (filled diamonds, experiments using 2-butanol as the
extracting solvent and aqueous phases containing 5, 15, 25 and 35%

NaCl; open diamond, experiments using 2-butanol with no salt and a
Vorg! Vaq. = 1.6); upward-pointing triangles, 1-butanol; downward-pointing
triangles, 1-hexanol; circles, methylisobutylketone; right-pointing triangles,
5:5 toluene:2-butanol; squares, no solvent. R = [HMF],,, /[HMF],.
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reaction using 1-butanol and an aqueous phase saturated with NaCl
shows an R value of 3.0 and an HMF selectivity of 82% (Table 1, run
8). When using 1-butanol, we observed that HMF selectivity was
independent of acid content for experiments in the range of HCI
concentrations from 0.01 to 0.25M (Table 1, runs 8-12).

The extracting solvent containing HMF next undergoes a purifica-
tion step (E1 in Fig. 2). For an experiment analogous to run 12 in
Table 1, the stream entering the evaporator contains 260 mmoll™"
HMF (as measured by high performance liquid chromatography,
HPLC), 2,800 mmol 1~ " water (see Supplementary Information for cal-
culation assumptions), 26 mmoll~! NaCl (as measured by HPLC),
3.6mmoll™' HCl (as measured by acid titration with NaOH), and
1.1 mmol1™" 1-chlorobutane (as measured by gas chromatography).
Vacuum evaporation at low temperature (for example, 363 K) can be
used to separate volatile impurities from components with lower rela-
tive volatility, such as HMF and 1-butanol. Furthermore, because
the solubility of NaCl in anhydrous organic solvents is lower than in
water, removal of water causes the salt to precipitate out of solution.
Evaporation of 25% of the total mass of the entering stream lowers
the impurity levels to 360mmoll™" water, 1.6mmoll~" NaCl,
1.5mmol1™" HCl, and 0.2mmoll™" 1-chlorobutane. Levels of 1-
chlorobutane are lowered below our detection limits (<0.1 mmoll™!)
by neutralization with NaOH of the purified stream leaving the evap-
orator. Thus, the water, the NaCl, the fraction of 1-butanol that evapo-
rates, and 58% of the HCI are recovered and recycled back into the
biphasic reactor, whereas the purified liquid stream containing HMF
and 1-butanol is sent for further processing.

Next, HMF is converted to DMF over a copper-based catalyst (R2
in Fig. 2). Previous studies have shown that copper chromite
(CuCrO,) selectively converts furfural into 7 and 6 without excessive
hydrogenation of the furan ring or excessive ring decomposition
products'>". Accordingly, CuCrO, should be an effective catalyst
for the hydrogenolysis of HMF to DMF, although no studies of this
reaction have been reported. Our liquid-phase batch experiments of

Table 1| Dehydration results for 30 wt% fructose solutions
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HMEF hydrogenolysis using CuCrO, showed 61% yield (defined as
the product of selectivity and conversion) for DMF and 29% yield for
5 (detailed results can be found in Supplementary Information).
Importantly, however, trace levels of chloride ions in the solvent
(introduced during the dehydration step and not completely
removed during the evaporation step) deactivate the CuCrO, catalyst
significantly. For instance, when this catalyst is used in a 1-butanol
solution containing 1.6 mmol1~" of NaCl, only a 6% yield of DMF is
obtained. The literature regarding the deactivation of copper-based
catalysts by p.p.m. levels of chloride species indicates that the primary
mode of deactivation is chloride-induced sintering of copper'®.

To alleviate poisoning of the copper catalyst, we developed a chlor-
ide-resistant carbon-supported copper-ruthenium (CuRu/C) catalyst.
The rationale for using this catalyst was that we first observed that a
carbon-supported ruthenium catalyst was resistant to deactivation in
the presence of chloride ions; however, this catalyst converted HMF
primarily to 8. Because copper and ruthenium are immiscible, and
copper has a lower surface energy than ruthenium, their mixture creates
a two-phase system in which the copper phase coats the surface of the
ruthenium phase'*?'. Accordingly, we hypothesized that a CuRu/C
catalyst may exhibit copper-like hydrogenolysis behaviour combined
with ruthenium-like chlorine resistance.

Liquid-phase hydrogenolysis experiments using a 3:1 (atomic
ratio) Cw:Ru/C catalyst produce yields of 71% DMF, 4% 6, and
12% intermediates. Notably, the same catalyst used with a purified
1-butanol solution containing 1.6 mmoll~ " of NaCl generates yields
of 61% DMF, 4% 6, and 20% intermediates. Thus, although CuRu/C
is affected to some extent by the presence of chloride species, its
performance is markedly superior to that of CuCrO,.

Alternatively, because NaCl does not evaporate, vapour-phase
hydrogenolysis experiments were performed using a flow reactor to
eliminate effects of chloride ions on CuRu/C. Vapour-phase hydro-
genolysis using a 3:2 Cu:Ru/C catalyst shows yields of 76-79% DMF
and ~5% intermediates for 1.5 and 10wt% HMF feeds (see

Run Salt Organic phase Conversion Selectivity [HMF],q. [HMF], g, R [Saltlorg, [H201org.
(%) (%) (%) @€ (1) g™ (Wt%)
1 0* 2-butanol 58 66 28.6 46.0 16 0.0 314
2 5 2-butanol 65 77 16.8 34.1 2.0 0.9 l6.4
3 15 2-butanol 65 85 12.7 34.4 2.7 11 9.6
4 25 2-butanol 75 88 116 37.9 33 12 6.8
5 35 2-butanol 74 898 10.6 38.1 3.6 1.6 6.5
6 35* 2-butanol 71 79 18.0 60.0 33 1.6 7.4
7 0 1-butanol 52 71 15.1 26.0 17 0.0 231
8 35 1-butanol 85 828 13.2 39.2 3.0 1.6 6.1
9 351 1-butanol 80 83 12.0 39.0 33 1.6 6.1
10 357 1-butanol 88 82 129 43.1 33 1.6 6.1
11 351 1-butanol 77 84 124 37.8 3.0 16 6.1
12 357 1-butanol 64 84 10.2 324 3.2 1.6 6.1
13 0 1-hexanol 50 64 211 184 0.9 0.0 7.9
14 35 1-hexanol 78 72 19.5 29.9 15 0.9 2.2
15 0 MIBK 50 71 20.0 21.8 11 0.0 0.9
16 35 MIBK 72 77 183 29.3 16 0.2 0.0
17 0 T0|uene;2-butano|‘ ‘ 64 78 27.7 317 1.2 0 6.7
18 35 Toluene;Z—butanol‘ ‘ 74 88 13.8 37.4 2.7 0.8 1.9
19 0 None 44 55 53.5 0.0 0.0 0.0 -
20 35 None 59 57 70.8 0.0 0.0 35.0 -
21 51 2-butanol 30 36 1.2 23 19 0.9 16.4
22 35% 2-butanol 56 48 11 3.9 3.6 1.6 6.5

Fructose wt% is calculated on a salt-free basis. Standard reaction conditions: T = 453 Kand V¢, /Vaq. = 3.2 with 0.25 M HCl catalyst (mol HCl per | of aqueous phase). Salt % is expressed as grams

of salt divided by grams of water X 100.

*Runs that used Vorg/Vaq = 1.6.

TRuns 9-12 used 0.12, 0.06, 0.03 and 0.01M HCI, respectively.
I Runs that used a 10 wt% glucose (salt-free basis) feed.

§ Selectivity values for 1-butanol and 2-butanol systems saturated with NaCl are reported as means with s.d. of =1.3% and *1.5%, respectively (n = 5).

\ 5:5 mass ratio.
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Supplementary Information for detailed results). No chlorinated
hydrocarbons were detected after reaction. Thus, although the
vapour-phase process requires vaporization of the feed, it offers mul-
tiple benefits. First, when compared to the liquid-phase process, it
generates no by-products and fewer intermediates. Second, it can
process both dilute and concentrated HMF solutions. Third, because
the same yields were obtained when using 1-butanol or 1-hexanol,
other solvents can be used without altering the selectivity. Last,
although the catalyst slowly deactivates after processing an amount
of HMF equivalent to 1.7 times the mass of the catalyst, it can be
regenerated fully by flowing hydrogen at the reaction temperature.

DMEF can optionally be hydrogenated to 9 over a ruthenium cata-
lyst. 9 contains a higher hydrogen to carbon ratio than DMF, which
translates into a higher energy content. Moreover, 9 may provide
additional stability on storage over extended periods of time because
it contains a fully hydrogenated furan ring. The toxicological prop-
erties of neither DMF nor 9 have been thoroughly tested. The limited
information available suggests that DMF is not more toxic than
current fuel components; however, long-term studies must be per-
formed before these furan components are approved for commercial
use (see Supplementary Information for details).

The final step involves the separation of DMF from the solvent and
the reaction intermediates (S1 in Fig. 2). The more volatile compo-
nents (that is DMF, 6 and water) can be separated from the solvent
and the intermediates; the latter stream can be then recycled back to
the hydrogenolysis reactor. On condensation, the hydrophobic pro-
ducts DMF and 6 separate spontaneously from water. Depending on
the final fuel composition requirements, a distillation process may be
used to control more precisely the distribution of components and
also to recycle a fraction of the solvent to the dehydration reactor. We
note that the energy required to evaporate the stream containing
DMF and 1-butanol, leading to product separation, is approximately
one-third of the energy required to evaporate an aqueous solution of
ethanol produced by fermentation for biofuel applications (see
Supplementary Information).

The efficiency of wide-scale production of DMF from biomass
would improve if a more readily available feedstock, such as glucose,
was used. Although we have achieved moderate yields of HMF
directly from glucose (Table 1, run 22), the conversion of fructose
is more selective. In this respect, efficient processes already exist
to produce high levels of fructose from glucose, such as enzyme-
catalysed isomerization combined with a simulated moving-bed
separation®>”. Although challenges remain for commercial applica-
tion, this research opens a new path for the production of DMF as a
biomass-derived liquid transportation fuel.

METHODS SUMMARY

Dehydration experiments. In a typical experiment, a hexose-containing aque-
ous solution (for example, 30 wt% fructose on a salt-free basis), an inorganic salt
(for example, NaCl), an acid catalyst (for example, 0.25 M HCI) and an organic
solvent (for example, 1-butanol) were mixed in a thick-walled glass reactor. The
reaction was carried out at 453 K, at the total pressure generated by the vapour
pressures of the volatile components at this temperature, and a constant initial
volumetric ratio of organic and aqueous phases (Vog/V,q.). A reaction time of
approximately 3 min was used to convert ~75% of the feed.

Hydrogenolysis experiments. Liquid-phase hydrogenolysis experiments were
carried out using 5 wt% HMF in a 1-butanol solution at 493K and 6.8 bar H,
pressure. Vapour-phase experiments were performed in a flow reactor at 493 K
with a liquid feed rate of 0.2cm’min™", and a weight hourly space velocity
(defined as grams of HMF per hour per gram of catalyst) of 0.15h™" and
0.98h~" for 1.5wt% and 10wt% HMF solutions in 1-butanol, respectively.
CuRu/C catalysts were prepared by incipient wetness impregnation (defined
as the condition where the impregnation liquid containing the metal salt is
added to fill the pore volume of the catalyst support, equal to 1.06 ml per gram
of catalyst in this case) of a commercial catalyst consisting of 10 wt% Ru on
carbon (C-10 catalyst consisting of high performance ruthenium on Vulcan XC-
72 carbon, E-TEK Division, PEMEAS Fuel Cell Technologies) with a copper
nitrate (CuNOj;-2.5H,0, Sigma-Aldrich) water solution.
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Dehydration reactions. Aqueous- and organic-phase components including
reactants (fructose and glucose), inorganic salts (NaCl, KCl, NaBr, KBr,
NaNOj;, Na,SO,4, Na,HPO,, CaCl,, CsCl and MgCl,), organic solvents (2--
butanol, 1-butanol, MIBK, toluene and 1-hexanol), and the acid catalyst HCI
were obtained from Sigma-Aldrich.

Batch catalytic experiments were carried out in 10 ml, thick-walled glass reac-
tors (Alltech) heated in a temperature controlled oil bath placed on top of a
magnetic stirrer. The temperature in the oil bath was measured by a K-type
thermocouple (Omega) and controlled using a series 16A temperature controller
(Dwyer Instruments) coupled with a 150 W heating cartridge (McMaster Carr).
In a typical experiment, 1.5 g 0of 0.25 M HCl aqueous phase solution composed of
30 wt% fructose (salt-free basis) and an amount of extracting solvent necessary
to keep Virg/Vaq. = 3.2 were poured into the reactor. Before use, the extracting
solvent was pre-contacted with an aqueous phase containing the same amount of
salt as the aqueous phase in the dehydration reactor. In this way, the extracting
phase was saturated with water and salt before reaction. The reactor was placed in
a preheating oil bath set at 353 K for 2 min, and then transferred into an oil bath
set at 453 K to perform the reaction. Reaction times ranged from 2.5 to 3 min to
obtain conversions close to 75%. The reaction was stopped by cooling the reactor
in an ethylene glycol bath at 253 K. Next, on separation, the masses and densities
of both phases were measured. For each phase, density values were measured by
weighing a constant volume.

Sample analyses were performed by HPLC using a Waters 2690 system
equipped with PDA 960 UV (320nm) and RI-410 refractive index detectors.
Fructose disappearance was monitored with an Aminex HPX-87H column
(Biorad), using MilliQ water (pH 2) as the mobile phase at a flow rate of
0.6mlmin~" and a column temperature of 333 K. HMF was quantified in the
aqueous and organic phases with a Zorbax SB-C18 reverse phase column
(Agilent), using a 2:8v/v methanol:water (pH 2) gradient at a flow rate of
0.7mlmin~" and a column temperature of 308 K. The gradient is described in
Supplementary Information.

Fructose conversion and HMF selectivity were calculated from the product of
the aqueous and organic phase concentrations obtained in the HPLC and their
corresponding volumes after reaction.

After the dehydration reaction, impurity levels of the organic layer were mea-
sured using a combination of techniques. Levels of NaCl were measured using
the Aminex HPX-87H column in the HPLC; acid content was measured by acid
titration with NaOH; and 1-chlorobutane content was measured with gas chro-
matography (Shimadzu GC-2010 with an FID detector and a DB-5 column from
Alltech). Water content before and after the purification step was obtained by
mass balance. Specifically, given that the initial amounts of all components are
known, as well as the final masses of the aqueous and organic phases and the
concentration of the organic solvent in the aqueous layer (HPLC), it is possible to
calculate the water content in the extracting solvent. For example, after mixing
5 g of water saturated with NaCl with 10 g of anhydrous 1-butanol, the mass of
the organic layer is 10.6 g and it is determined that 0.06 g of 1-butanol is present
in the aqueous layer. Then, assuming that a negligible amount of NaCl transfers
into the organic layer, the water content in the organic layer is 0.66 g of H,O in
10.6 g of extracting solvent or ~2,800 mmol of H,O per 1 of extracting solvent. In
a similar fashion, the amount of water remaining in the extracting solvent after
the purification step can be calculated by subtracting the amount of water
recovered from the evaporator from the initial amount of water present in the
extracting solvent before evaporation.

Hydrogenolysis reactions: catalyst preparation. CuRu/C catalysts were pre-
pared by incipient wetness impregnation of a commercial catalyst consisting of
10 wt% Ru on carbon (C-10: HP ruthenium on Vulcan XC-72, E-TEK Division,
PEMEAS Fuel Cell Technologies) with a copper nitrate (CuNOj;-2.5H,0, Sigma-
Aldrich) water solution. For a typical batch of 3:2 (molar ratio) Cu:Ru catalyst,
1.55 g of copper nitrate was dissolved in 5 g of deionized (DI) water. This solution
was then added drop-wise to 4.58 g of Ru/C catalyst. Following impregnation,
the catalyst was dried in air at 403K for 2h and reduced at 523K in flowing
hydrogen for 10h (0.42 Kmin~' ramp for 6h followed by 4 h at 523 K). After
reduction, the catalyst was allowed to cool to room temperature and passivated
in flowing 2% oxygen in helium for 3 h. All gas flow rates were maintained at
approximately 110 cm?(STP) min~". Pre-reduced barium promoted CuCrO,
was used untreated from Sigma-Aldrich.

Hydrogenolysis reactions: batch reactor system. All batch reactor runs were
carried out using an autoclave reactor with external temperature and stirring
controller (Models 4566 and 4836, Parr Instrument). For a typical hydrogeno-
lysis run, 2.5 g of HMF (98%, Sigma-Aldrich) was dissolved in 47.5 g of organic
solvent. The solvent used was either dry 1-butanol (99.9%, Sigma-Aldrich) or
1-butanol pre-contacted with a NaCl/water solution that simulated the final
untreated organic layer from the biphasic fructose dehydration step. The
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NaCl/water solution was made by adding 6.7 g sodium chloride into 18.9 g DI
water. Next, 51 g of 1-butanol was added to the NaCl/water solution and shaken
vigorously. The resulting two phases were allowed to separate for 20 min.
Afterwards the organic layer was siphoned off and used as the solvent. Next,
0.75 g of CuRu/C catalyst was added to the reactor. The reactor was sealed and
purged of air by adding and releasing hydrogen to a pressure of 20 bar.
Hydrogenolysis reactions were carried out at 493 K with 6.8 bar initial hydrogen
pressure for 10 h while using a stirring speed of 400 r.p.m. These conditions were
found to be optimal for DMF yield. After 10 h the reactor was cooled to room
temperature before its contents were sampled, filtered (using 0.2 um PES syringe
membrane filter), and analysed.

Hydrogenolysis reactions: flow reactor system. Supplementary Fig. 2 shows
the down-flow, vapour-phase, fixed-bed reactor set-up used to convert HMF
to DMF. One gram of catalyst in powder form was mixed with 2.3 g of silicon
dioxide fused granules with a 4-16 mesh size (Aldrich) and loaded into a 1/4-
inch outer diameter tubular stainless steel reactor. The catalyst bed was con-
tained in the tubular reactor by an end-plug of quartz wool (Alltech). A type-K
thermocouple (Omega) attached to the outside of the reactor was used to mea-
sure the reactor temperature, which was controlled with a 16A series temperature
controller (Dwyer Instruments). The flow rate of H, was controlled with a mass-
flow meter (5850 Brooks Instruments). An HPLC pump (Model 301, Alltech)
was used to introduce the feed solution into the down-flow reactor through a
needle. The effluent from the reactor was condensed at room temperature in a
separator, allowing for periodic sampling of the liquid product stream. The
effluent gas stream passed through a back-pressure regulator (GO Regulator,
Model BP-60), which controlled the system pressure, and through a flow meter
to measure the gas flow rate.

All runs were carried out at 100% conversion at a temperature of 493 K, using
aliquid feed rate of 0.2 cm® min ™", and a weight hourly space velocity (defined as
grams of HMF per hour per gram of catalyst) of 0.15h ™" and of 0.98h ™" for 1.5
and 10 wt% runs. Other process conditions used in the experiments are listed in
Supplementary Table 2. Product sampling took place for approximately every
3-6.cm” of liquid feed, and reported values are mean values over all steady state
points.
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