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Acid-promoted, selective production of 5-hydroxymethylfurfural (HMF) under high fructose concentra-
tion conditions was achieved in ionic liquids (ILs) at 80 �C. A HMF yield up to 97% was obtained in
8 min using 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) catalyzed with 9 mol % hydrochloric
acid. More significantly, an HMF yield of 51% was observed when fructose was loaded at a high concen-
tration of 67 wt % in [C4mim]Cl. Water content below 15.4% in the system had little effect on HMF yield,
whereas a higher water content was detrimental to both reaction rate and HMF yield. In situ NMR anal-
ysis suggested that the transformation of fructose to HMF was a highly selective reaction that proceeded
through the cyclic fructofuranosyl intermediate pathway. This work increased our capacity to produce
HMF, and should be valuable to facilitate cost-efficient conversion of biomass into biofuels and bio-based
products.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Studies on the efficient use of renewable resources such as car-
bohydrates for the generation of biofuels and chemicals are cur-
rently being intensified worldwide.1,2 One particular compound,
5-hydroxymethylfurfural (HMF), a dehydration product of hexoses,
has attracted significant attention (Scheme 1). HMF can be further
transformed into levulinic acid and 2,5-disubstituted furan deriva-
tives, the latter being potential building blocks for the production
of plastics and fine chemicals.3 Moreover, HMF can be converted
into biofuel molecules 2,5-dimethylfuran4 and other liquid alkanes
that can be, for example, in diesel engines. Therefore, advances in
HMF production will be of a great significance for the transforma-
tion of biomass into bio-based chemicals and biofuels.

HMF has been produced under various conditions catalyzed by
mineral acids,5,6 organic acids,7 zeolites,8 and strong acidic res-
ins9,10 in different solvents, including water, organic solvents, or-
ganic/water mixtures, and supercritical solvents.11 However,
most of these systems are inadequate in terms of hexose conver-
sion, product selectivity, and catalyst recycling. Recent studies by
Dumesic and co-workers,4 Qi10 and Amarasekara et al.12 in organic
solvent (dimethylsulfoxide (DMSO), acetone, and butanol) systems
or biphasic systems showed that HMF could be produced in mod-
erate to high yields over various catalysts and that the product
could be separated by extraction.
ll rights reserved.
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Ionic liquid (IL) systems have also been reported for HMF
production. Moreau and co-workers9 reported dehydration of fruc-
tose in 1-butyl-3-methylimidazolium tetrafluoroborate ([C4mim]-
BF4) and 1-butyl-3-methyl imidazolium hexafluorophosphate
([C4mim]PF6) with a moderate HMF yield of 50%. Subsequently,
the same authors used the protic IL 1-H-3-methyl imidazolium
chloride as a dual solvent and catalyst for the dehydration of fruc-
tose.13 Zhang14 and Raines15 showed that CrCl2 and CrCl3 were effi-
cient catalysts for the conversion of carbohydrates to HMF in ILs.
Accordingly, we achieved the direct conversion of cellulose to
HMF in an isolated yield of 60% in IL under microwave irradiations
in the presence of CrCl3.16 Similarly, microwave irradiation was
also used rather than the conventional heating modes used else-
where to enhance the reaction rate and to improve HMF yield.17

Very recently, HMF production at room temperature was achieved
by Qi and his co-workers, where 5 wt % fructose in IL/organic sol-
vent mixture was treated with an unspecified resin to give HMF
in high yields.18

It should be pointed out that the majority of previous studies on
HMF production used low initial hexose concentrations (usually
610 wt %). Therefore, it remains necessary to develop new chemis-
try for the dehydration of hexoses with much lower solvent con-
sumption. In this paper, we report our results on acid-catalyzed
dehydration of fructose to HMF in high isolated yields at 80 �C in
ILs. More importantly, this strategy is effective under high fructose
concentration conditions. Our method is expected to progress
the HMF production technology further toward a large-scale
application.

http://dx.doi.org/10.1016/j.carres.2010.07.003
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Scheme 1. General transformation pathway of fructose.
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2. Experimental

2.1. Materials and instruments

Fructose was purchased from Sigma (St. Louis, USA), and was
dried under vacuum at 80 �C for 24 h before use. N-Methylimidaz-
ole (99%) was obtained from J&K Chemical Ltd (Beijing, China). 1-
Chlorobutane (98%), 1-chlorohexane (99%), and 1-bromobutane
(99%) were purchased from ABCR Gmbh & Co. (Karlsruhe, Ger-
many) and were freshly distilled before use. Hydrochloric acid
(36 wt %), sulfuric acid (98 wt %), nitric acid (65�68 wt %), phos-
phoric acid (85 wt %), maleic acid (99%), acetic acid (99%), citric
acid (99%), allyl chloride (95%), pyridine (99%), and other chemicals
were all supplied by local suppliers. Unless otherwise specified,
acids were directly used as received. NMR spectra were measured
with a Bruker DRX-400 spectrometer (400 MHz for 1H, 100 MHz
for 13C).

2.2. Preparation of ionic liquids

1-Butyl-3-methylimidazolium chloride ([C4mim]Cl), 1-butyl-3-
methylimidazolium bromide ([C4mim]Br), 1-ethyl-3-methyl-imi-
dazolium bromide ([C2mim]Br), N-butyl pyridinium chloride
([C4Py]Cl), 1-allyl-3-methylimidazolium chloride ([Amim]Cl), 1-
butyl-3-methylimidazolium bisulfate ([C4mim]HSO4), 1-(4-sul-
fobutyl)-3-methylimidazolium bisulfate ([Sbmim]HSO4), 1-butyl-
3-methylimidazolium tetrafluoroborate ([C4mim]BF4), 1-butyl-3-
methyl imidazolium hexafluorophosphate ([C4mim]PF6), and 1-
hexyl-3-methylimidazolium chloride ([C6mim]Cl), were prepared
according to the methods described in our previous work.19 All IL
samples were dried under vacuum at 90 �C for 3 d before use.

2.3. Typical procedure for fructose dehydration

After an appropriate amount of fructose was dissolved in
[C4mim]Cl (4.0 g) at 80 �C, hydrochloric acid (9 mol %, based on
fructose) was added. The reaction mixture was stirred at 80 �C;
samples were withdrawn at various time intervals, weighed (re-
corded as M1, usually 50 mg), quenched with cold water, and sub-
jected to analysis. Alternatively, the entire reaction mixture was
loaded on silica gel and purified by column chromatography (ethyl
acetate/petroleum ether = 1: 10 to 1: 1) to afford HMF as a yellow
oil, which was transformed to a yellow solid upon storage below
0 �C. 1H NMR (400 Hz, CDCl3): d 9.70 (s, 1H), 7.35 (d, J = 2.8 Hz,
1H), 6.65 (d, J = 2.8 Hz, 1H), 4.84 (s, 2H). 13C NMR (100 Hz, CDCl3):
d 178.2, 161.2, 152.8, 123.4, 110.5, 58.0.

2.4. HMF quantification procedure

The water-quenched samples were neutralized with 0.5 mol/L
NaOH and centrifuged at 10,000 rpm for 5 min to give the superna-
tant (volume recorded as V1), from which a sample (25 lL) was
pipetted and diluted with deionized water to a final volume of
4.025 mL. The HMF concentration was measured on a JASCO V-
530 Model spectrophotometer (JASCO Inc., Japan) at 282 nm using
the standard curve method. The mass of HMF (MH) was calculated
as follows,

MH ðmgÞ ¼ HMF concentrationð�10�3 mg=mLÞ � 4:025 ðmLÞ
� ðV1=0:025Þ � ðM0=M1Þ

The yield of HMF was calculated as follows,

HMF yield ¼ MH=ðinitial fructose mass� 0:7Þ � 100%

In which, MH is the mass of HMF, V1 is the volume of the sample,
M0 is the total mass of the reaction solution, and M1 is the mass of
sample.

The results obtained by this quantification assay were in good
agreement with the isolated yields achieved by column chroma-
tography on silica gel.

2.5. Fructose quantification procedure

Fructose concentration was determined through DNS method
described elsewhere.20

3. Results and discussion

3.1. Preliminary dehydration of fructose in ILs

The dehydration of 10 wt % fructose in [C4mim]Cl in the pres-
ence of 9 mol % hydrochloric acid was studied initially. The reac-
tion was completed in 8 min at 80 �C and HMF was obtained in
97% yield (Table 1, entry 1). By comparison, performing the same
reaction without acid resulted in a HMF yield of only 65% after
900 min (entry 2). The dehydration reaction catalyzed with nitric
acid (5 min) and sulfuric acid (3 min) (both with an H+ concentra-
tion close to 9 mol % of fructose) at 80 �C afforded HMF in 93% and
91% yields, respectively (entries 3 and 4), indicating that strong
mineral acids were near equally effective. This suggests that a cat-
alytic amount of strong mineral acids in [C4mim]Cl is an excellent
system for the selective dehydration of fructose to HMF. Interest-
ingly, the reaction was quite slow in the presence of a weaker acid,
phosphoric acid (entry 5), indicating that the nature of the acid
played an important role. We found that organic acids also cata-
lyzed the reaction effectively. Under otherwise identical condi-
tions, the HMF yield was 88% after 50 min in the presence of
7.6 mol % maleic acid (entry 6) and 78% after 720 min in the pres-
ence of acetic acid (entry 7).

Excellent results in [C4mim]Cl encouraged us to test other ILs.
As shown in Table 1, regardless of the type of cation in the IL,
the reactions catalyzed with hydrochloric acid in halide anion-con-
taining ILs, [C4mim]Br, [C4Py]Cl, [C2mim]Cl, [Amim]Cl, and
[C6mim]Cl, afforded reasonably high HMF yields, although the
optimal reaction time varied (entries 8–12). However, reactions
in acidic ILs [Sbmim]HSO4 and [C4mim]HSO4 tended to form insol-
uble products. On the other hand, if [Sbmim]HSO4 or [C4mim]HSO4

was applied as a catalyst at 5 mol % loading, the HMF yields
reached over 80% within 30 min (entries 13 and 14). These results
indicate that [Sbmim]HSO4 and [C4mim]HSO4 behaved as strong
acids, and likely promoted extensive side reactions when used as



Table 1
Dehydration of fructose in ILs with different catalystsa

Entry Solvent Catalyst Cat. amount
(mmol)

Rb (%) Time (min) Yield (%)

1 [C4mim]Cl HCl 0.20 9 8 97 (95)
2 [C4mim]Cl No — — 900 65
3 [C4mim]Cl HNO3 0.20 9 5 93
4 [C4mim]Cl H2SO4 0.10 9 3 91
5 [C4mim]Cl H3PO4 0.09 12 720 67
6 [C4mim]Cl Maleic acid 0.17 7.6 50 88
7 [C4mim]Cl Acetic acid 0.17 7.6 720 78
8 [C4mim]Br HCl 0.20 9 11.5 95 (92)
9 [C4Py]Cl HCl 0.10 4.5 10 97

10 [Amim]Cl HCl 0.20 9 25 96
11 [C2mim]Br HCl 0.20 9 2 88
12 [C6mim]Cl HCl 0.20 9 360 85
13 [C4mim]Cl [C4mim]HSO4 0.17 5 30 80
14 [C4mim]Cl [Sbmim]HSO4 0.13 5 26 91
15 [C4mim]PF6 HCl 0.20 9 60 8
16 [C4mim]BF4 HCl 0.20 9 60 5

a Reaction conditions: 4.0 g ionic liquid, 0.4 g fructose, 80 �C. The yields relate to the time required to achieve maximum yields and
the data in parenthesis were the isolated yields.

b R was defined as the theoretically calculated molar percentage of H+ in the catalyst based on fructose.
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the reaction media. It should be noted that ILs with poor coordina-
tion ability,21 for example, [C4mim]PF6 and [C4mim]BF4, were inert
(entries 15 and 16). This was probably because PF6

� and BF4
� were

less competent than halide anions in providing a hydrogen-bond-
ing network22,23 for the dehydration reaction.

It should be pointed out that other common hexoses, such as
glucose and mannose, gave significantly lower yields under identi-
cal conditions used for the entry 1 of Table 1. These results were in
accordance with the fact that alternative catalysts are required to
promote isomerization of these sugars into ketosugar to facilitate
HMF production.16

3.2. Effect of water on the reaction

One product of HMF formation is water which can react with
HMF or other reaction intermediates, leading to levulinic acid or
complex products. Because the reaction was carried our in ILs, a
non-aqueous environment, the initial water concentration in the
solution may be a sensitive issue. To address this concern, we
ran the reactions in the presence of various amounts of water. As
illustrated in Figure 1, when water was added at 8.3 wt % in the
system, the dehydration reaction proceeded more slowly, yet a
Figure 1. Results of fructose dehydration using various initial amounts of water.
Conditions: 1.0 g [C4mim]Cl, 0.1 g fructose, 5 mg HCl, 80 �C.
similar HMF yield was achieved in 30 min (Fig. 1, line 2 vs line
1). When water was included at 15.3 wt %, HMF was obtained in
ca. 92% yield within 40 min (line 3). Thus, a small amount of water
had little effect on HMF yield, although the dehydration reaction
slowed down. Indeed, our results under high fructose concentra-
tion conditions also support such a conclusion (vide infra). When
the initial water content was 31.2 wt %, the dehydration reaction
was noticeably slower. The HMF yield was reduced to 72% after
60 min and fructose conversion was 75%; whereas a 92% HMF yield
with a 94% fructose conversion was achieved after 180 min (line 4).
If the water content reached 47.5 wt %, the HMF yield and fructose
conversion were 28% and 29%, respectively, after 60 min. However,
when the reaction time was prolonged to 420 min, the HMF yield
and fructose conversion were 80% (line 5) and 85%, respectively.
These results clearly suggest that excess water reduced the dehy-
dration reaction rate, but had little effect on HMF selectivity.

3.3. Dehydration under high fructose concentration

A high substrate concentration is usually preferred in terms of
process economics. Although a number of HMF production strate-
gies have been available,24 few of them have satisfactory selectivity
and/or yield at high fructose concentrations. Qi et al.25 achieved
54% HMF yield when 20 wt % fructose was treated at 150 �C for
5 min in the presence of an ion-exchange resin in an acetone/water
mixture (Table 2, entry 1). Dumesic3 and co-workers also showed
relatively good results in this area. They performed the same reac-
tion in H2O–salt/organic solvent systems with 30 wt % fructose at
180 �C and attained 55�66% HMF yield (entries 2 and 3). Further,
the same author26 used a complicated two-phase reaction system
including 0.25 mol L�1 hydrochloric acid to process 50 wt % fruc-
tose at 180 �C for 3 min, giving a fructose conversion of 90% and
a HMF yield of 70% (entry 4). Because water was used as a co-sol-
vent and the reactions were carried out at a relatively high
temperature, it seems that ca. 20% fructose was lost under those
conditions. In contrast, dehydration of 33 wt % fructose in
[C4mim]Cl gave HMF in 82% yield after 35 min in the presence of
9 mol % hydrochloric acid at 80 �C (entry 5). Our experiments with
initial fructose concentrations at 43, 50, and 67 wt % produced
HMF in 76%, 67%, and 51% yields, although the reaction times were
longer when the substrate concentrations were higher (Table 2, en-
tries 6�8). Obviously, our strategy offered an opportunity to use a
high fructose concentration under mild conditions without signif-
icantly compromising the HMF yield. Because a higher substrate



Table 2
The results of fructose dehydration promoted by various catalytic systemsa

Entry Solvent system Catalyst Fructose
concn (wt %)

Temperature
(�C)

Time
(min)

Conversion
(%)

Yield
(%)

Ref.

1 Acetone/H2O IERb 20 150 5 89 54 25
2 H2O–salt/butanol HCl 30 180 3 80 66 3
3 H2O–salt/MIBKc HCl 30 180 3 72 55 3
4 WDPMBd HCl 50 180 3 90 70 26
5 [C4mim]Cl HCl 33 80 35 90 82 This work
6 [C4mim]Cl HCl 43 80 46 86 76 This work
7 [C4mim]Cl HCl 50 80 55 78 67 This work
8 [C4mim]Cl HCl 67 80 120 67 51 This work

a Unless otherwise specified, the reactions in this work were performed by using a set amount of fructose in 4.0 g of [C4mim]Cl catalyzed by
9 mol % hydrochloric acid at 80 �C; The yields relate to the time required to achieve maximum yields.

b Ion-exchange resin Dowex 50wx8.
c MIBK is methyl isobutyl ketone.
d Water/DMSO/poly(1-vinyl-2-pyrrolidinone)/MIBK/2-butanol mixture.

Figure 2. In situ 1H NMR spectra (a) and 13C NMR spectra (b) of the transformation
of 50 wt % fructose catalyzed by 9 mol % HCl in 1.0 g [C4mim]Cl at 80 �C.
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concentration can greatly reduce solvent use, this method is
expected to have great potential in terms of improved process eco-
nomics and environmental friendliness.

3.4. Reaction mechanism considerations

Various kinetic studies on the acid-catalyzed dehydration of
fructose have been reported in the literature. Two major routes
were considered; the open-chain pathway8 through two 1,2-elim-
inations and one 1,4-elimination of water and the cyclic fructofur-
anosyl intermediate pathway.22 Although evidence exists to
support both mechanisms, it is clear that the reaction intermedi-
ates and HMF could be further converted into other products by
means of processes such as fragmentation, condensation, rehydra-
tion, and/or additional dehydration reactions. To look in more de-
tail at the dehydration in ILs, we monitored the time course of the
fructose dehydration reaction in [C4mim]Cl at 80 �C by in situ NMR
analysis.

Figure 2a shows a time-progression stack of 1H NMR spectra of
fructose dehydration where the initial fructose concentration was
50 wt %. The strong peaks at around 9.89, 8.36, 4.85, and
4.62 ppm are assigned to [C4mim]Cl; the relatively lower peaks be-
tween 4.0 and 5.4 ppm are those of fructose; the peaks at 10.20,
8.10, and 7.23 ppm are typical signals of HMF. The spectra recorded
after 1.0 min at 80 �C (t = 1.0 min) showed mainly fructose and
[C4mim]Cl signals and only a trace amount of HMF was present.
At t = 5.0 min, the three peaks in the low-field region at 10.20 (s),
8.10 (d, J = 3.3 Hz) and 7.23 (d, J = 3.2) ppm became higher and in
the meantime, the fructose signals at 3.8�5.4 ppm decreased, indi-
cating the formation of HMF. With the reaction time increased fur-
ther, stronger HMF signals, accompanied by weaker fructose
signals were observed. It should be pointed out that no discernible
by-product signal was observed during the whole process and the
spectra recorded after 60 min showed only HMF and [C4mim]Cl
signals, indicating that the dehydration reaction was highly
selective.

The 13C NMR spectra (Fig. 2b) show similar results. The two al-
kene peaks at 156 and 146 ppm and a peak in the carbonyl region
at 173 ppm are assigned to HMF, while the peaks between 60 and
100 ppm belong to the cyclic form of fructose. With increased reac-
tion time, stronger HMF signals accompanied by weaker fructose
signals were detected. It is interesting to note that during the
whole process, no discernible carbonyl signal was present at ca.
180 ppm, indicating that the linear form of fructose was negligible
in [C4mim]Cl at 80 �C. Thus, acid-catalyzed formation of HMF in ILs
may proceed through the cyclic fructofuranosyl pathway, as de-
scribed elsewhere.22

Although an exact explanation for the exceptional effectiveness
of IL for the conversion of fructose remains elusive, we can offer
some insights into the reaction. First, water-associated side reac-
tions (e.g., HMF hydrolysis and water reacting with by-products/
intermediates) may be greatly suppressed because ILs can ‘‘fix”
water molecule through strong hydrogen-bonding interactions be-
tween the –OH unit from water and halide anions in the sys-
tem.22,23 In this regard, water in amounts up to 15.3 wt % showed
limited influence on the dehydration reaction. This may also be
the reason that the system involving the organic solvent DMSO
gave better results compared with those performed in an aqueous
system.4 Second, the high viscosity of the ILs may also assist the
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reaction. Because fructose dehydration is a unimolecular reaction,
while most side reactions involve multiple reactants, a solvent sys-
tem with a higher viscosity should favor the former reaction but
disfavor the latter due to mass transfer effects. Because HMF is rel-
atively labile under acidic conditions and elevated temperatures,
conditions used in most previous works may have been too harsh
to avoid substantial side reactions.8,9 In contrast, the reactions in
this work were performed at 80 �C in the presence of a catalytic
amount of acid, a mild condition where HMF per se is stable so that
the reaction could be sustained for a longer time, providing an
opportunity to work with high initial fructose concentrations. Ta-
ken together, our system ensured efficient and selective conversion
of concentrated fructose into HMF by suppressing side reactions.

4. Conclusions

We showed that acids in dialkylimidazolium halide ILs were
efficient for the dehydration of fructose into HMF at 80 �C under
high fructose concentration conditions. In situ NMR analysis sug-
gests that the reaction followed a highly selective, cyclic fructofur-
anosyl intermediate pathway, with no discernible formation of by-
products. We believe that side reactions were suppressed because
the system had a low free water concentration and a high viscosity.
Our efforts in HMF production at high substrate concentration are
expected to be valuable in facilitating a cost-efficient conversion of
biomass into biofuels and bio-based products.
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