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Conversion of fructose into furan derivatives 5-hydroxymethylfurfural (HMF) and 5-methoxymethylfurf-
ural (MMF) is performed in tetrahydrofuran (THF) and methanol–organic solvent systems, catalysed by
an acidic resin Amberlyst-15. The melted fructose can be converted into HMF on the surface of the solid
resin catalyst in the presence of THF as an extracting phase, which is a good solvent for HMF and other
by-products. The solid resin catalyst can be reused eleven times without losing its catalytic ability, with
an average HMF yield of approximately 50%. Upon the addition of methanol, the generated HMF can fur-
ther react with methanol to form MMF, and the total yield of HMF and MMF could be promoted to 65%.
GC–MS analysis confirms the formation of a small amount of methyl levulinate in methanolorganic sol-
vent system.

� 2011 Elsevier Ltd. All rights reserved.
With the rapid diminution of fossil fuels the price of petroleum
is soaring and the cost of a petroleum-based chemical industry
continues to rise. Therefore, researchers are keen to find substi-
tutes for fossil fuels. Biomass-derived carbohydrates, which are
abundant, relatively inexpensive and renewable, are a promising
alternative energy source and a renewable chemical feedstock.1–3

The conversion of carbohydrates into other useful products is
now of great importance. Among those products, 5-hydroxymeth-
ylfurfural (HMF), which can be produced by the dehydration of
fructose, is a potential intermediate used to synthesise bio-based
fuels and chemicals.4–7

The dehydration of fructose into HMF can be carried out in
methanol,8 water,9–13 organic solvents of high boiling point14–18

and ionic liquids.19–26 Some acidic catalysts are usually needed to
assist the reaction. Liquid acids, although possessing moderate to
excellent catalytic ability in fructose dehydration towards HMF
in the aforementioned media,13,15,18,24 are highly corrosive and
hard to separate from the reaction system, hindering their use in
industrial manufacture.

Recent years witnessed frequent use of solid acids in converting
fructose to HMF,11,16,27 for they are convenient to be handled and
recycled with low corrosiveness to equipment. As with liquid acids,
excellent catalytic activities have been demonstrated in several so-
lid acid catalytic systems. For example, the solid acidic resin
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work.
Amberlyst-15 was reported to be able to convert fructose into
HMF with 100% yield in dimethyl sulfoxide (DMSO).16 However,
the separation of HMF from DMSO requires significant energy in-
put to evaporate DMSO.2 Moreover, the evaporation of the solvent
will result in a highly concentrated HMF, which is unstable at high
temperatures due to the undesired side reactions as described in
Scheme 1.2 Dumesic and co-workers pointed out in their literature
that at 343 K and 1.3 mbar, evaporating DMSO from 10 wt % HMF
solution will lead to a 30% loss of HMF.2 Although more than 80%
HMF yield can be achieved in 1-butyl-3-methylimidazolium chlo-
ride (BmimCl) catalysed by Amberlyst-15,27 the separation of
HMF and the recycling of the ionic liquid are still two problems
to be solved. The catalytic activities of most solid acids were found
to be unsatisfactory in water with low HMF yields even at high
reaction temperatures. For instance, Asghari and Yoshida used zir-
conium phosphate as catalyst to convert fructose into HMF at
513 K. However, only a 50% HMF yield was obtained.11

Solid acid-catalyzed conversion of fructose into furan deriva-
tives, in organic solvents with low boiling point, has not been re-
ported to date. In this paper, the catalytic activity of the solid
acid Amberlyst-15 was further investigated in the conversion of
fructose into 5-hydroxymethylfurfural (HMF) and 5-methoxym-
ethylfurfural (MMF) in different low boiling point solvent. The
advantages of solid catalyst together with the volatile solvents lie
in not only low corrosiveness to equipment but also low energy
consumption during the separation process.

When fructose was mixed with THF and Amberlyst-15 at
120 �C, it was found that the fructose was almost insoluble in
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Table 2
Conversion of fructose in methanol–THF systema

Entry VMethanol/
VTHF

mAmberlyst-

15/mFructose

YHMF
b

(%)
YMMF

b

(%)
Y(HMF+MMF)

b

(%)
Conversionb

(%)

1 10/0 0.095 4.5 31.9 36.4 91.4
2 10/0 0.15 3.8 40.1 43.9 96.1
3 5/5 0.15 14.4 47.0 61.4 96.6
4 4/6 0.15 22.5 38.9 61.4 96.4
5 3/7 0.095 26.6 38.4 65.0 95.0
6 3/7 0.15 21.7 43.0 64.7 97.0
7 2/8 0.15 28.8 36.6 65.4 97.4

a Reaction conditions: fructose 2 g; 120 �C; 180 min reaction time;
Vmethanol + VTHF = 10 mL.

b The HMF yield and fructose conversion were determined by HPLC.

Scheme 1. Reaction pathways for the synthesis of 5-hydroxymethylfurfural and 5-
methoxymethylfurfural from fructose.
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THF. However, at such a high temperature, the fructose melted to
yield a viscous liquid, which can then make good contact with
the Amberlyst-15 and the dehydration of fructose took place. In
addition to HMF, all the products are soluble in THF so that the
products can be extracted into the THF phase in-situ and the reac-
tion proceeds smoothly. The THF layer could be recovered by sim-
ple decantation and then analysed using HPLC to determine the
yield of HMF with the results shown in Table 1. It can be seen that
as the amount of fructose decreased, both the fructose conversion
and the HMF yield slightly increased, which might be ascribed to
the poor thermal stability of fructose.28 The higher the fructose
concentration in the reaction system, the more side reactions there
are.28

As illustrated in Table 1, entry 3, 0.29 g Amberlyst-15 was
subsequently reused to investigate its stability towards catalyst
recycling. For each run, 0.25 g fructose and 10 mL THF were
added and the reaction proceeded at 120 �C for 20 min. After
the THF layer was recovered, the solid acid Amberlyst-15 was
dried in vacuum to remove the volatile component for the next
cycle. 43.1–52.7% HMF yield could be achieved in each run. After
recycling for eleven times, Amberlyst-15 still retained activity
and the overall average yield of HMF was 48.3%. Although the
HMF yield obtained in this way was much lower than that in
DMSO or ionic liquids, it presented a new approach to synthesise
HMF from fructose, which facilitated the separation of products
with the solvent.

Methanol, a polar and inexpensive organic solvent with its
boiling point of only 64.5 �C, is an excellent solvent in the prep-
aration of HMF. Although the solubility of fructose in methanol
at 25 �C was reported to be only 85 g/L,8 our visual observation
demonstrated that 2 g fructose could be dissolved in 10 mL
anhydrous methanol at 120 �C. In the presence of Amberlyst-15
as the catalyst, conversion of fructose into HMF occurred with
the results shown in Table 2. As can be seen from the data in
the table, just as the previously reported methanol–H2SO4 sys-
tem,8 the HMF formed can further react with methanol to pro-
duce 5-methoxymethylfurfural (MMF). As a furan derivative,
Table 1
Conversion of fructose in THFa

Entry mFructose/mAmberlyst-15 YHMF
b (%) Conversionb (%)

1 3.47 35.8 94.5
2 1.68 41.9 95.3
3 0.86 48.0 98.0

a Reaction conditions: 120 �C; 20 min reaction time; THF 10 mL; entry 1:
Amberlyst-15 0.30 g; entry 2: Amberlyst-15 0.31 g; entry 3: Amberlyst-15 0.29 g.

b The HMF yield and fructose conversion were determined by HPLC.
MMF itself has already been reported to be a fuel additive29

and a potential precursor to synthesise some value-added prod-
ucts. Apart from HMF and MMF, other by-products are all solu-
ble in the reaction system.

Compared to the reaction data in Table 1, the addition of
methanol to THF can improve the overall yield of furan deriva-
tives, which is probably because of the consequential etherifica-
tion between HMF and methanol catalyzed by the solid acid.
However, when methanol was used as the sole solvent, less than
5% HMF yield was obtained and the total yield of HMF and MMF
was less than 45%. When a specified volume of methanol was re-
placed by THF (Table 2), 2 g fructose is also soluble in the mixed
solvents. Compared with the methanol system, the MMF yield
did not change much while the HMF yield increased by over
20%. When VMethanol:VTHF was 2:8, the total yield of HMF and
MMF could reach 65.4%. As VMethanol:VTHF decreased to 1:9, 2 g
fructose was not completely soluble in the mixed solvent due
to its weak polarity. In the previously reported methanol–
H2SO4 system,8 although a total yield of HMF and MMF could
reach approximately 76% at 240 �C, its fructose concentration
was as low as 10 g/L and the H2SO4 catalyst was highly corrosive
at such a high temperature. The fructose content in this work is
200 g/L, which is considerably higher than that of methanol–
H2SO4 system and is therefore more meaningful in process
economy.

To further analyse the products produced during the fructose
dehydration in methanol–THF solvents, the liquid phase of entry
6 in Table 2 recovered after reaction was dried in vacuum to re-
move the volatile components. The residue was then extracted
with 80 mL diethyl ether three times. The combined ether layer
was subsequently analysed using GC–MS with its gas chromato-
gram and the corresponding mass spectrum shown in Figure S1.

It can be seen from FigureS1(a) that the diethyl ether phase con-
sists of three main products. According to their corresponding
mass spectra, they are determined to be HMF, MMF, and a small
amount of methyl levulinate which is also regarded as a potential
biofuel or fuel additive30 and might be the product of levulinic acid
reacting with methanol. Assuming all the three components can be
extracted into the diethyl ether phase, the yield of methyl levuli-
nate by the areas of peak normalisation method was estimated
to be around 4.8%.

Because the HMF yield increased dramatically in the methanol–
THF solvent, the reactivity of fructose was further tested in meth-
anol–acetone, methanol–ethyl acetate or methanol–chloroform
and the results displayed in Table 3. When the VMethanol:V(ethyl ace-

tate) or VMethanol:Vchloroform was 3:7, a part of fructose was insoluble.
Compared with the experimental results in Table 2, although the
total yield of HMF and MMF in Table 3 was higher than that of
the solely methanol system, it was still lower than that of metha-
nol–THF system.



Table 3
Conversion of fructose in methanol–organic solvent systema

Entry VMethanol/V(organic

solvent)

YHMF
b

(%)
YMMF

b

(%)
Y(HMF+MMF)

(%)
Conversionb

(%)

1 3/7 18.0 35.8 53.8 95.1
2 5/5 12.4 34.4 46.8 95.0
3 5/5 17.0 37.5 54.5 96.1

a Reaction conditions: fructose 2 g; Amberlyst-15 0.30 g; 120 �C; 180 min reac-
tion time; Vmethanol + V(organic solvent) = 10 mL. 1: acetone; 2: ethyl acetate; 3:
chloroform.

b The HMF yield and fructose conversion were determined by HPLC.
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1. Experimental

1.1. Materials and experimental procedures

Fructose (P99%) purchased from Solarbio Science & Technology
Co., Ltd was used as a standard. 5-Hydroxymethylfurfural (P99%)
and 5-methoxymethylfurfural (P98%) obtained from WuJiang
YingChuang Chemical Reagent Co., Ltd were used as standards.
Anhydrous MeOH (P99.5%), acetone (P99.5%) and chloroform
(P99.0%) were purchased from Tianjin Guangcheng Chemical Re-
agent Co., Ltd. Tetrahydrofuran (chromatographic grade) was ob-
tained from SafeNet Tianjin Science and Technology Co., Ltd.
Ethyl acetate (P99.5%) and anhydrous diethyl ether were supplied
by Guangdong Guanghua Chemical Factory Co., Ltd. Amberlyst-15
was purchased from Sigma–Aldrich.

In a typical reaction, a certain amount of fructose, anhydrous
MeOH, tetrahydrofuran and Amberlyst-15 were charged into a
100 mL autoclave vessel lined with Teflon. The vessel was then
heated in an oil bath preset at 120 �C with stirring for a fixed time
and then cooled down to room temperature. The liquid phase was
decanted, diluted with water and then analysed using HPLC to
determine the content of HMF and MMF.

1.2. Analytical methods

HMF and MMF were quantified using a Waters HPLC with an UV
detector at 284 nm and a SunFire™ C18 column (4.8 � 150 mm) at
35 �C. The eluent whose flow rate was 0.6 mL/min was a mixture of
MeOH and water with a MeOH to water volumetric ratio of 1:4.
The amount of HMF and MMF was calculated using the external
standard.

The fructose concentration was determined using a high-perfor-
mance ion-exchange chromatograph with a pulsed amperometric
detector (Dionex, ICS-3000) and a CarboPac™ PA10 carbohydrate
column (4 � 250 mm) at 30 �C. The eluent was a 7.5 mM NaOH
aqueous solution with a flow rate of 1.0 mL/min. The amount of
fructose was calculated using the external standard.
GC–MS was performed using an Agilent 7890A gas chromato-
graph with a 5975C mass spectrometry detector. The temperature
of the column (DB-5 ms, 50 m � 250 lm � 0.25 lm) was main-
tained at 50 �C for 3 min and then raised to 300 �C with a ramp rate
of 15 �C/min for 5 min. The flow rate of Helium was 1 mL/min with
the split ratio of 20:1.
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