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lonic liquids (ILs) can be partially substituted by glycerol or
glycerol carbonate as cheap, safe, and renewably sourced co-
solvents in the acid-catalyzed dehydration of fructose and
inulin to 5-hydroxymethylfurfural (HMF). In the particular case
of glycerol, we found that HMF can be conveniently extracted
from the IL/glycerol (65:35) mixture with methylisobutylketone,
limiting the reactivity of glycerol with HMF and allowing the

Introduction

Since fossil carbon reserves are predicted to disappear and
with growing concerns about global warming, the use of bio-
mass as raw material for energy and fine chemistry has in
recent years emerged as a fascinating and promising ap-
proach. In this context, interest in the acid-catalyzed dehydra-
tion of hexoses to 5-hydroxymethylfurfural (HMF) has grown.
Indeed, from HMF a new generation of biofuels (e.g., dimethyl-
furan) and a wide range of fine chemicals can be obtained.
Several comprehensive review articles on the use of HMF can
be found in the literature.”

In the acid-catalyzed dehydration of hexoses, the nature of
the solvent is of prime importance. For economical and envi-
ronmental reasons, the use of water as solvent for the produc-
tion of HMF has been widely explored.”’ Although very good
works have been reported, aqueous processes still suffer from
a lack of selectivity due to the possible side rehydration of
HMF to levulinic and formic acid. Dimethylsulfoxide (DMSO)
and dimethylformamide (DMF) have also been reported as sol-
vents for the acid-catalyzed dehydration of hexoses to HMF."
These solvents have the property to dissolve hexoses while
being capable of diluting the released water, thus limiting the
HMF rehydration side reaction. However, even though HMF
yields higher than 90% have been achieved in these solvents,
the extraction of HMF, the toxicity of DMF, and the possible
formation of sulfurized products (with DMSO) remain some
major drawbacks.

lonic liquids (ILs) are widely used in carbohydrate chemistry
owing to their unique ability to dissolve a large number of dif-
ferent mono-, oligo-, and polysaccharides.” In this context,
their use as solvent for the acid-catalyzed dehydration of hexo-
ses has been extensively investigated.”” Compared to DMSO
and DMF, a few ILs are known to be poorly miscible with
methylisobutylketone (MIBK), a recognized green solvent,”
thus offering a convenient way to selectively extract HMF from
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recovery of HMF with a high purity (95%). Influences of the
fructose content, temperature, and the nature of the ionic
liquid are also discussed. The possible use of industrial-grade
glycerin is also investigated. We demonstrate that by using
glycerol carbonate, up to 90wt % of the IL can be successfully
substituted, decreasing the environmental costs of traditional
IL-based processes.

the IL phases with high purity. Although these IL-based pro-
cesses have allowed the isolation of HMF with high yields, the
toxicity hazards and high prices of ILs are currently major ob-
stacles, that have to be circumvented.

One of the possible solutions for decreasing the environ-
mental and economical impact of IL-based processes involves
substituting a reasonable amount of the IL by a cheap and re-
newably sourced co-solvent. For the success of this strategy, it
is clear that a few issues need to be addressed. In particular
the choice of the renewably sourced co-solvent is crucial, be-
cause it should be (1) capable of dissolving large amounts of
carbohydrates, (2) very cheap and safe, and (3) miscible with
ILs. Obviously, the addition of a co-solvent should not have a
detrimental effect on the reaction selectivity and the catalyst
activity.

Recently, we and others have shown that glycerol can be
used as a cheap (0.5 €kg™") and renewable solvent for cataly-
sis and organic chemistry.”®! In recent reports, glycerol has been
proved to have a beneficial effect on the rate of various organ-
ic reactions, making this natural liquid polyol an attractive can-
didate for our study. Inspired by these preliminary works, we
show here that glycerol and glycerol carbonate can be used as
renewably sourced co-solvents for the acid-catalyzed dehydra-
tion of fructose and inulin into HMF. In particular, we found
that up to 90 wt% of the ILs can be substituted by glycerol
carbonate without significant alterations of the HMF yield, thus
decreasing the cost and the environmental impact of tradition-
al IL-based processes. The possible extraction of HMF from IL/
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glycerol and IL/glycerol carbonate mixtures with MIBK is also
discussed.

Results and Discussion

In a first set of experiments, we investigated the acid-catalyzed
dehydration of fructose in 1-butyl-3-methyl imidazolium chlo-
ride ([BMIM]CI), which is known to be an efficient medium for
the production of HMF.® In a typical procedure, 1 g of fructose
was dissolved in 2.5 g of neat [BMIMICI and heated at 110°C in
the presence of Amberlyst 70 (A70; 0.1 equiv H™). In agree-
ment with existing literature, HMF was produced in a yield of
94% after 15 min of reaction (Table 1, entry 1). Then, [BMIM]CI
was partially substituted by glycerol. From the results present-

Table 1. Acid-catalyzed dehydration of fructose in [BMIM]Cl/glycerol mix-
tures.

o [o}

HO OH AT70 (0.1 eqH*). o
/m —— HO/\@)LH +3H,0
wo on [BMIM]CI/glycerol, 110°C

Entry Amount of Amount of ! HMF

[BMIM]CI [wt %] glycerol [wt %] [min] [%]
1 100 0 15 94
2 80 20 10 82
3 65 35 8 70
4@ 65 35 10 71
5t 65 35 40 60
6" 65 35 210 52
79 65 35 12 72
8 50 50 8 42
9 20 80 2 7
[a] Conditions: 1 g of fructose dissolved in 2.5 g of a [BMIM]Cl/glycerol
mixture. [b] Time required to reach the maximum HMF yield. [c] Deter-
mined by HPLC. [d] In biphasic [BMIM]Cl/glycerol-MIBK. [e] 90°C. [f] 70°C.
[g] Glycerin (80 wt% glycerol, 15 wt% water, 5 wt % soap) was used.

ed in Table 1, it appears that substituting [BMIM]CI by glycerol
leads to a faster fructose conversion rate, but lowers the HMF
yield. The HMF yield remained acceptable up to a glycerol-for-
[BMIMICI substitution level of 35 wt%, (70%; entry 3); however,
when using a higher glycerol content the HMF yield dropped
to unacceptable levels (entries 8-9). More details about the re-
activity of glycerol in our reaction are provided in the follow-
ing paragraphs. On the basis of these first results, the 65:35
[BMIM]Cl/glycerol mixture was selected as medium for the ex-
periments described in this manuscript.

With the aim of minimizing the energy consumption of our
process, we then decreased the reaction temperature. As ex-
pected, a decrease of the reaction temperature from 110°C to
90°C required an increase of the reaction time, from 10 to
40 min. In this case, the selectivity of the process slightly de-
creased: HMF was produced in a yield of 60% yield (vs 70% at
110°C, Table 1, entries 3 and 5). The reaction could even be
carried out at 70°C, but at the expense of the reaction selectiv-
ity as a maximum HMF yield of 52% was obtained after
210 min (entry 6).
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We next checked the catalytic activity of various Brensted
acids in different 65:35 IL/glycerol mixtures. The reactions were
performed by starting from 1 g of fructose, dissolved in 2.5¢g
of solvent mixture. Regardless of which homo- or heterogene-
ous Brgnsted acid was used in the [BMIM]Cl/glycerol mixture,
similar HMF yields (60-70%) were obtained after nearly 10 min
of reaction at 110°C (Table 2, entries 1-6). These results are in

Table 2. Dehydration of fructose in different IL/glycerol mixtures, cata-

lyzed by different Bronsted-acid catalysts.”!
o

HO/\Q(\OH 10 mol % H* /vu\
OH HO H +3H,0
IL/glycerol, 110°C \ /) 2
HO  OH
Entry IL Catalyst ! [min] HMF© [9%]
1 [BMIM]CI A70 10 70
2 [BMIM]CI H,SO, 5 62
3 [BMIMICI CF,SO;H 5 69
4 [BMIM]CI HCI 10 68
5 [BMIMICI A159 5 62
6 [BMIMICI Carb-50;H® 10 66
7 [BMIMICI A701 10 <10
8 [BMIM]CI A709 10 66
9 [MDIM]PF, A70 10 <5
10 [HPYRICI A70 10 64
1" [HPYR]Br A70 10 41

[a] Conditions: 1 g fructose dissolved in 2.5 g of solvent mixture (65:35),
110°C, 10 mol% of H™. [b] Time required to reach the maximum HMF
yield. [c] Determined by HPLC. [d] H*-exchange capacity 4.70 mmolg™".
[e] Vulcan was used as carbonaceous support; H*-exchange capacity
0.58 mmolg™". [f] Reused in a second catalytic cycle. [g] Reused after reac-
tivation with HCL.

perfect agreement with recent reports by Schith et al. and
Corma et al., who independently reported that a release of
protons occurs when using [BMIMICI and Brgnsted acids (i.e.,
cation exchange between the imidazolium moiety and the
proton, leading to the liberation of HCl in the reaction
medium)."® This hypothesis was further confirmed by recycling
the A70 catalyst. Indeed, when A70 was reused in a fresh
[BMIM]Cl/glycerol mixture, a HMF yield of less than 10% was
obtained (Table 2, entry 7). After treatment of the used A70
with a solution of HCl the A70 recovered its initial activity, fur-
ther evidencing the leaching of protons during the catalytic
process (entry 8).

In the literature, [BMIMICI is considered as one of the best
solvents for the acid-catalyzed dehydration of hexoses, but
never in the presence of a co-solvent such as glycerol. We se-
lected other ILs in combination with glycerol as a co-solvent in
this study: 1-methyl-3-dodecyl imidazolium hexafluorophos-
phate ([MDIM]PF6), hexylpyridinium chloride ([HPYRICI), and
hexylpyridinium bromide ([HPYRIBr). As reported in the litera-
ture, chloride-based ILs gave the highest HMF yields (Table 2,
entries 1 and 10). In the [HPYRIBr/glycerol and [MDIM]PF,/glyc-
erol mixtures, the HMF yields dropped to 41% and less than
5%, respectively (entries 9 and 11). These lower yields are con-
sistent with a release of protons in the reaction medium.
Indeed, HBr and HPF4 are more acidic than is HCI; therefore,
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cation exchange between imidazolium and the supported
proton is much less favorable with PF,- and bromide-based ILs
than with chloride-based ILs. Thus, it is reasonable to conclude
that our reaction is mainly catalyzed by the released HCI.

We also performed viscosity measurements because, like
[BMIMICI, glycerol is a highly viscous liquid and mass-transfer
problems may occur. The results are shown in Figure 1. Inter-
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Figure 1. Viscosity of a) neat glycerol, b) neat [BMIMICI, c) [BMIM]CI/glycerol
(65:35), d) [BMIM]Cl/glycerol (65/35)+ 1 g of fructose, and e) [BMIM]Cl/glyc-
erol (65/35)+1 g of fructose after 8 min of reaction in the presence of A70.
Viscosity measurements were performed at 110 °C.

estingly, it appears that the viscosity of glycerol (99.9% purity)
at 110°C is five times lower than that of neat [BMIM]CI
(41.7 MPas for [BMIM]CI vs. 7.5 MPas for glycerol). The substi-
tution of 35 wt% of [BMIMICI by glycerol decreased the viscos-
ity of the reaction medium at 110°C from 41.7 to 31.8 MPas.

When 1 g of fructose was dissolved in 2.5 g [BMIM]Cl/glycer-
ol (65:35), the viscosity of the reaction medium increased from
31.8 to 53.0 MPas. Even if at 110 °C the viscosity of the reaction
medium is initially high, it does not really impact the reaction
progress because during the reaction the viscosity rapidly
drops due to the release of water (3 mol water per fructose),
which rapidly makes the reaction medium more “fluid.” For ex-
ample, after addition of the Amberlyst 70 resin the viscosity of
the reaction medium dropped from 53.0 to 18.0 MPas within
8 min (corresponding to the time required to reach the maxi-
mum HMF yield; Table 1, entry 3).

Because glycerol is capable of dissolving large amounts of
fructose, we investigated the influence of the fructose content
on the HMF yield. As shown in Figure 2, at 110°C, a decrease
of the amount of fructose dissolved in 2.5 g of [BMIMICI/glyc-
erol (65:35), from 1 g to 0.5 and 0.25 g, did not affect the HMF
yield. However, an increase of the fructose content from 1 g to
5 g led to a drop of the HMF yield, from 67 % to 50%. A highly
concentrated solution of fructose can be used in the 65:35
[BMIM]Cl/glycerol mixture (up to 9 g in 2.5 g). However, with 7
and 9g of fructose the selectivity of the process dropped
owing to the formation of insoluble black material (presumably
humins), and in these cases the maximum HMF yields was
35% and 27 %, respectively.

We next investigated the reactivity of glycerol in our pro-
cess, in order to clarify why a high glycerol content (> 35 wt %)
is detrimental to the selectivity of the reaction. Whatever the
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Figure 2. Influence of the fructose content on the HMF yield. Conditions:
2.5 g of [BMIM]Cl/glycerol (65:35), 110°C, and A70 (0.1 equiv H™).

initial amount of fructose, analysis of the reaction progress by
HPLC clearly showed that nearly 20 mol% of glycerol was con-
sumed within 10 min (Figure 2). Like fructose, glycerol is a nat-
ural polyol that can be dehydrated under acidic conditions, or
can react either with fructose, HMF, or intermediates. Indeed,
compared to neat [BMIM]CI the formation of few unidentified
secondary products was detected by HPLC. The presence of
these secondary products made the purification of HMF at the
end of the reaction rather complex.

To get more insight on the reactivity of glycerol a few coun-
ter experiments were undertaken. First, a [BMIM]Cl/glycerol
mixture (65:35) was heated, without fructose and Amber-
lyst 70, to 110°C. Glycerol was not consumed in these condi-
tions, confirming the stability of glycerol in [BMIMICI. Next, a
[BMIM]Cl/glycerol (65:35) mixture was heated to 110°C in the
presence of Amberlyst 70, but without fructose, for 60 min.
Again, no reaction took place since 100% of the glycerol was
recovered, showing that glycerol is stable in these conditions.
It should be noted that when Amberlyst 70 is used as solid cat-
alyst oligomerization or dehydration of glycerol may occur, but
only after a prolonged reaction time or at a reaction tempera-
ture higher than 110°C. Therefore, any consumption of glycer-
ol at this stage can be ascribed to a side reaction with fructose
or HMF, or intermediates.

Similar to [BMIMI]CI, glycerol is not miscible with MIBK.
Therefore, we explored the possibility of converting fructose
into HMF in biphasic [BMIM]Cl/glycerol (65:35)-MIBK. Such a
methodology is expected to (1) limit the possible reactivity of
glycerol with HMF, and (2) allow the convenient and selective
recovery of HMF from the [BMIMI]Cl/glycerol (65:35) mixture.
Such a strategy has proved to be efficient especially for the
acid-catalyzed dehydration of fructose to HMF in water.”

As shown in Figure 3, a continuous extraction of HMF with
MIBK suppressed the consumption of glycerol. Whereas glycer-
ol was continuously consumed without assistance of MIBK, we
found that no glycerol was consumed in biphasic [BMIM]CI/
glycerol-MIBK (Figure 3). This result shows that (1) the side
consumption of glycerol can be ascribed to its reaction with
HMF, and (2) side reactions between glycerol and fructose are
negligible. It should be also noted that the HMF yields ob-
tained with or without assistance of MIBK are similar, showing
that the side reaction between glycerol and HMF is not a dom-

ChemSusChem 2010, 3, 1304 - 1309


www.chemsuschem.org

Glycerol and Glycerol Carbonate as Renewably Sourced Co-Solvent

100
90
80
70
60
50
40
30 *
20
10

« in [BMIMICI/glycerol
0 in biphasic [BMIM]CI / glycerol-MIBK

% Glycerol conversion

0 20 40 60 80 100

Time/min

Figure 3. Conversion of glycerol in [BMIM]Cl/glycerol (65:35) and in biphasic
[BMIM]CI/glycerol-MIBK [results collected from 5 g fructose, 2.5 g [BMIM]CI/
glycerol (65:35), 110°C, and A70 (0.1 equiv H™)].

inating reaction (at the initial stage of our process) as com-
pared to the dehydration of fructose to HMF (Table 1, entries 3
and 4).

It should be noted that, starting from 5, 7, and 9 g of fruc-
tose, the use of MIBK as an extraction solvent not only allowed
to inhibit the reactivity of glycerol, but also the recovery of
HMF with a very high purity (95%), thereby considerably sim-
plifying the work-up procedure. Figure 4 shows 'HNMR spectra

-CH,-OH
cHo  Mepe
TMS
Remaining
MIBK
ey
" " 1

10 9 8 7 6 5
A & A 8
Figure 4. "HNMR spectra (300 MHz, 25 °C, CDCl,) of HMF recovered with

MIBK from [BMIM]Cl/glycerol (65:35) [obtained from 5, 7, or 9 g of fructose
dissolved in 2.5 g of [BMIM]CI/glycerol (65:35)].

of the recovered HMF and confirms the purity of the recovered
HMF (only the remaining MIBK was detected as a contami-
nant). Considering that chloride-based ILs provide better re-
sults, [BMIM]CI is more attractive than [HPYR]CI because of its
very low solubility in MIBK, allowing the isolation of high-
purity HMF. Indeed, when using [HPYRICI a significant contami-
nation of HMF with this IL occurred during the extraction
stage with MIBK.

The glycerol used in this study has a purity of 99.9% (phar-
maceutical grade). However, glycerol produced from the man-
ufacture of biodiesel (named glycerin) is actually a mixture of
glycerol, water, and soap (stemming from the catalyst neutrali-
zation step). Even though pharmaceutical-grade glycerol is
cheap (0.5€kg™"), the purification of industrially produced
glycerin is a costly and energy-consuming process. Therefore,
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it is clear that the direct use of glycerin is much more desirable
from the viewpoint of green chemistry. To this end, we investi-
gated the acid-catalyzed dehydration of fructose to HMF in a
[BMIM]Cl/glycerin 65:35 mixture. Typically, 1 g of fructose was
dissolved in 2.5g of [BMIM]Cl/glycerin 65:35 and heated to
110°C in the presence of A70 (0.1 equiv H™). The glycerin used
here was kindly provided by Valagro and comes from a biodie-
sel unit located in the western part of France (Chalandray).
This glycerin (0.3€kg™") is brown-colored and contains
80 wt% glycerol, 15wt% water, and 5wt% of soap. Using
glycerin, we found that a 72% yield of HMF was produced
after 12 min of reaction, showing that glycerin is also eligible
for use in our process (Table 1, entry 7).

Although the use of glycerin as a renewably sourced co-sol-
vent is indeed attractive, the extraction of HMF is more prob-
lematic. Indeed, when the catalytic reaction was performed in
biphasic [BMIMICl/glycerin (65:35)-MIBK, the purity of the re-
covered HMF was lower compared to the use of pharmaceuti-
cal-grade glycerol, owing to the concomitant extraction of im-
purities initially present in glycerin.

With the aim of further limiting the dependency of our pro-
cess on [BMIMICI, we moved on to the possible utilization of
glycerol carbonate as a renewably sourced co-solvent. Glycerol
carbonate is readily available from glycerol by reaction with
other renewable raw materials, such as CO,"™ or urea."” Glyc-
erol carbonate can be also prepared by transcarbonatation
with diethylcarbonate, an ecofriendly carbonatation agent."”
Like glycerol, glycerol carbonate is cheap and recognized as a
green solvent, but to date examples of its use as a green sol-
vent for catalysis remain scarce. As compared to glycerol, the
presence of only one hydroxyl group was expected to limit its
reactivity with HMF.

Similar to the experiments described above with glycerol,
[BMIMICI was partially substituted by glycerol carbonate and
the yield of HMF was monitored by HPLC. As expected, up to
80 wt% of [BMIMICI could be substituted. In these conditions,
HMF was produced with a yield higher than 75% (Table 3, en-
tries 1-4). When the catalytic process was performed in the
presence of MIBK, the glycerol carbonate content could be fur-
ther increased from 80 to 90 wt%. For example, in biphasic
[BMIM]Cl/glycerol carbonate (10:90)-MIBK, the HMF yield was
increased from 60% to 70% (Table 3, entries 5 and 6)." Simi-
larly, when the amount of fructose was decreased from 1 g to
0.5 9, a HMF yield of 72% was obtained in [BMIM]Cl/glycerol
carbonate (10:90) (Table 3, entry 7). These last experiments
show that 90 wt% of the [BMIM]CI could be replaced by glyc-
erol carbonate without a dramatic effect on the HMF yield,
thus considerably limiting the dependence of our process on
[BMIM]CI.

In addition, whereas after total consumption of fructose
HMF was consumed in the [BMIM]Cl/glycerol (65:35) mixture,
mainly due to side reactions with glycerol, the HMF yield re-
mained stable in the [BMIMI]Cl/glycerol carbonate mixture
(65:35), demonstrating the greater stability of HMF in glycerol
carbonate (Figure 5). All attempts to dehydrate fructose to
HMF in neat glycerol carbonate failed, and only a 10% vyield of
HMF was obtained in these conditions (Table 3, entry 8).
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Table 3. Acid-catalyzed dehydration of fructose in [BMIM]Cl/glycerol car-
bonate mixtures.”
fo) (o}
HO OH AT0 (0.1 eq H*). o
m — HO/\@)LH +3H,0

i o (BMIM]CI/ g:y;ge:g:l carbonate
Entry  Amount of Amount of ! HMF

[BMIMICI [wt %] glycerol carbonate [wt %] [min] [%]
1 100 0 15 95
2 65 35 35 98
3 50 50 30 91
4 20 80 25 75
5 10 20 20 60
69 10 90 30 70
7 10 90 40 72
8 0 100 20 10
[a] 1 g of fructose dissolved in 2.5 g of a [BMIM]CI/glycerol carbonate mix-
ture. [b] Time required to reach the maximum HMF yield. [c] Determined
by HPLC. [d] In the presence of MIBK. [e] Starting from 0.5 g of fructose
dissolved in 2.5 g of a [BMIM]Cl/glycerol carbonate mixture.

100
90
80
70
60
50
40
30
20
10

% HMF yield

O[BMIM]CI/ glycerol carbonate (65:35)

0 10 20 30 40 50

Time / min

Figure 5. Acid-catalyzed dehydration of fructose to HMF in [BMIM]Cl/glycerol
(65:35) and [BMIM]Cl/glycerol carbonate (65:35).

Finally, we investigated the acid-catalyzed dehydration of
inulin in [BMIMICl/glycerol carbonate (10:90) to show the ver-
satility of our approach (Scheme 1). Inulin is a biopolymer of
fructose, extracted from chicory or dahlia tubers. Direct pro-
duction of HMF from inulin is even more complex and first re-
quires a hydrolysis of inulin to fructose, followed by dehydra-
tion of fructose to HMF.">'® The catalyst Amberlyst 70 contains
54-59 wt% of water and was used here without any drying in
order to promote the hydrolysis of inulin to fructose. Using the
same procedure as that described above for the acid-catalyzed
dehydration of fructose, a 60% yield of HMF was obtained at
110°C from inulin in [BMIM]Cl/glycerol carbonate (10:90),
showing the convenience of our methodology."”

Conclusions

We have shown that glycerol and glycerol carbonate can be
used as cheap and renewably sourced co-solvents for the acid-
catalyzed dehydration of fructose and inulin into HMF. In par-
ticular, when using glycerol carbonate we found that up to
90 wt% of [BMIMICI can be substituted without affecting the
HMF vyield, thus considerably limiting the costs and environ-
mental impact of traditional IL-based processes. In the particu-
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one-step process
60% vield

Scheme 1. Acid-catalyzed production of HMF from inulin in [BMIM]Cl/glycer-
ol carbonate (10:90): 0.5 g inuline, Amberlyst 70 (0.1 equiv H*), 2.5 g
[BMIM]CI/glycerol carbonate (10:90), 110°C.

lar case of glycerol, its reactivity with HMF can be circumvent-
ed by the addition of MIBK. In this case side reactions involving
glycerol are not only suppressed but HMF can be also conven-
iently recovered with a purity close to 95%, considerably sim-
plifying the work-up procedure.

Experimental Section
Chemicals

Fructose was purchased from Sigma-Aldrich. Glycerol (purity
99.9%) was kindly provided by Stéarinerie-Dubois. Glycerol carbon-
ate and [BMIM]CI were synthesized as described in Refs. [13] and
[18], respectively. Amberlyst 70 was provided by Rohm&Haas and
used as-received. Amberlyst 70 is a macroporous polystyrenic-type
resin containing 2.55 mmolg~' sulfonic groups, has a water con-
tent of 53-59 wt%, a surface area of 36 m*g ™", and a particle size
of 0.5 mm. Viscosity measurements were collected on a Rotational

Viscometer “VISCO ELITE L” from Fungilab S.A.

Analysis

The amounts of HMF were calculated by external calibration at
25°C using a HPLC equipped with a nucleosil 100-5 C18 column
(250%x 4.6 mm), a Varian Prostar UV detector (320 nm), Varian Pros-
tar pumps (model 210), using acetonitrile/water (10:90) as mobile
phase (0.8 mLmin™"). Fructose and glycerol were quantified by ex-
ternal calibration at 25°C using a HPLC equipped with a Varian
NH,-column, a Shimadzu LC-20AT pump, a Shimadzu RID-10A de-
tector, and acetonitrile/water (80:20) as mobile phase at

0.8 mLmin".

General procedure for acid-catalyzed dehydration

Fructose (0.5 or 1 g) was dissolved in 2.5 g of a mixture [BMIM]CI/
glycerol or [BMIM]Cl/glycerol carbonate. Then the mixture was
heated under air at 110°C in the presence of Amberlyst 70
(0.1 equiv H*). All attempts to recycle the [BMIMICl/glycerol or
[BMIMICl/glycerol carbonate medium failed. Indeed, even if an
HMF yield of nearly 70% was produced in such media, the remain-
ing 30% was mainly composed of black soluble and insoluble ma-
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terials, making the recycling of the medium almost impossible. The
same phenomenon was encountered in neat [BMIM]CI, for which
cumbersome and energy-consuming purification processes were
required.

Note: In the mixture [BMIM]Cl/glycerol (65:35), the reaction could
be scaled up without significant change of yield. For example,
starting from 8 g of fructose dissolved in 20 g of [BMIM]Cl/glycerol
(65:35), a 69% yield of HMF was obtained after 15 min of reaction
at 110°C in the presence of Amberlyst 70 (0.1 equiv H™).

General procedure for the acid-catalyzed dehydration of
fructose in biphasic [BMIM]Cl/glycerol (65:35)-MIBK

10 mL of MIBK was added to the reaction mixture. Below 10 mL of
MIBK, the HMF extraction from the glycerol phase was not com-
plete (e.g., isolated yield of HMF with only 5 mL of MIBK=30%).
The HMF/MIBK phase was then recovered by simple phase decant-
ation, and MIBK was separated from HMF by distillation using a
rotary evaporator. Because the extraction with MIBK is highly selec-
tive to HMF, the distilled MIBK could be recycled for other extrac-
tion cycles. It should be noted that because glycerol is insoluble in
most volatile organic solvents, we also tried to use ethyl acetate
for the extraction of HMF from the [BMIM]Cl/glycerol phase. How-
ever, in this case the extraction was much less selective than with
MIBK and HMF was recovered with a lower purity.

General procedure for the acid-catalyzed conversion of
inulin in [BMIM]Cl/glycerol carbonate (10:90)

0.5 g of inulin was dissolved in 2.5 g [BMIMICl/glycerol carbonate
(10:90). The resulting solution was heated in air at 110°C in the
presence of A70 (0.1 equiv H™).
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