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a b s t r a c t

The application of high temperature water to produce levoglucosan from glucose was studied. The
reactions were performed using a tube reactor, and the kinetics for the decomposition of glucose and
levoglucosan in high temperature water was examined. The temperature dependence of the reaction rate
of the glucose decomposition was of the Arrhenius type. In contrast, the reaction rates for the decom-
eywords:
lucose
ehydration
nhydrosugar
,6-Anhydro-�-d-glucopyranose

position of levoglucosan decreased with the increasing temperature at the constant pressure of 25 MPa.
The yields of levoglucosan were examined in the temperature range from 200 to 410 ◦C and the pressure
from 5 to 25 MPa. It was found that the yields of levoglucosan increased with the decreasing pressure.

© 2009 Elsevier B.V. All rights reserved.
upercritical water
yperbranched polysaccharides

. Introduction

It is known that levoglucosan (1,6-anhydro-�-d-glucopyranose)
s the main product from the fast pyrolysis of cellulose. Lev-
glucosan is an important starting material for the synthesis
f stereoregular polysaccharides possessing biological activities,
uch as the anti-human immunodeficiency virus and blood
nti-coagulant activities [1]. The derivatives of stereoregular
olysaccharides can be used for the chiral stationary phase in
igh-performance liquid chromatography [2]. We have reported
hat hyperbranched polysaccharides have been produced by the
olymerization of levoglucosan [3,4]. Fig. 1 shows structures of

evoglucosan and the hyperbranched polysaccharides. The physical
roperties of the hyperbranched polysaccharides are quite differ-
nt from linear polysaccharides. For example, the viscosities of
he hyperbranched polysaccharides are much less than that of lin-
ar polysaccharides. We have proposed that the hyperbranched
olysaccharides might be useful as a drug delivery system [5].

There have been many studies related to the production of lev-
glucosan from cellulose. Miura et al. reported that levoglucosan

as produced with a 3% yield by the microwave heating of a wood

lock [6]. Recently, Kawamoto et al. demonstrated the conversion
f cellulose into levoglucosan in the aprotic polar solvent of sul-
olane [7]. Within a 1 min reaction time, levoglucosan was produced

∗ Corresponding author. Tel.: +81 76 234 4828; fax: +81 76 234 4829.
E-mail address: ktkenji@t.kanazawa-u.ac.jp (K. Takahashi).
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with a 34.5% yield, corresponding to an approximate 60% selectiv-
ity. Köll and Metzger [8] have described the pyrolysis of cellulose
in supercritical acetone, and the yield of levoglucosan was 39%.

In contrast to the studies for cellulose, studies for glucose are
limited. Kabeyemela et al. studied glucose decomposition in sub-
critical and supercritical water [9]. The decomposition products
included levoglucosan. However, the yield of levoglucosan was
negligible. They did not examine the effect of the experimental
conditions on the yield of levoglucosan. Sasaki et al. have also stud-
ied the reaction of glucose in supercritical water [10]. Under their
conditions (623, 673 and 723 K; 25 and 40 MPa), the yields of lev-
oglucosan were 6.3% at 623 K and 40 MPa, and 5.2% at 623 K and
25 MPa. At higher temperatures, the yield of levoglucosan was only
a trace amount.

Supercritical fluids may be useful to dehydration reaction of
other sugars. Bicker et al. examined the dehydration of fructose
to hydroxymethylfurfural in sub- and supercritical acetone/water
mixtures [11]. They also examined the same reaction in sub- and
supercritical methanol and acetic acid. The selectivity in supercrit-
ical acetone was 77% at a 99% conversion. In methanol and acetic
acid, however, the addition of acid catalyst was required, other-
wise no hydroxymethylfurfural in pure subcritical acetic acid nor
methoxymethylfurfural in pure supercritical methanol was pro-

duced.

These studies indicated that there is the possibility that lev-
oglucosan may be produced with a high yield by the dehydration
of glucose in high temperature water. We now present a method
to produce levoglucosan in a high yield from glucose using high

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ktkenji@t.kanazawa-u.ac.jp
dx.doi.org/10.1016/j.cej.2009.06.027
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Nomenclature

CA0 initial concentration of glucose (mol/L)
CR concentration of levoglucosan (mol/L)
F mass flow rate (kg/m3)
k1 reaction rate constant of glucose in Eq. (1) (1/s)
k2 reaction rate constant of levoglucosan in Eq. (1) (1/s)
P pressure (Pa)
t reaction time (s)
T reaction temperature (K)
V reactor volume (m3)
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Greek letters
� density of glucose solution (kg/m3)

emperature water. The effects of temperature and pressure on the
ields of levoglucosan will be examined.

. Experimental

Glucose was obtained from Wako Pure Chemicals Industries
imited. 1,6-anhydro-�-d-glucopyranose was obtained from Tokyo
hemical Industry Limited. All other reagents were used without

urther purification.
The experimental apparatus is shown in Fig. 2. The reactions

ere conducted in a high-pressure tube reactor made of Hastelloy
-276. The inside diameter of the reactor is 0.5 mm. Two different
eactors, each volume is 19.6 and 58.9 �L, were used. Two HPLC
umps (JASCO, PU980) were used to pump the glucose aqueous
olution and water. The water and glucose solutions were continu-
usly purged with ambient pressures argon gas for degassing. The
lucose solution was merged with high temperature water at the
nlet of the tube reactor. The flow rates of the glucose aqueous solu-
ion and water were adjusted so that the concentration of glucose
t the inlet of the reactor was 0.05 M. The water was heated using
wo electric heaters so that the temperature of the merged solu-
ion would reach the desired level. An electric heater controlled the
emperatures at the inlet and outlet of the reactor so that the both
emperatures were identical. The pressure was controlled using a
ack-pressure regulator and monitored using a pressure transducer.

o terminate the reaction, the glucose solution was immediately
ooled by a heat exchanger. Estimated cooling times based on the
pace–time in the heat exchanger are 0.2–5 s, depending on the
ow rate. The space–time of the glucose solution was ranged from
.1 to 15 s. The space–time was calculated by � = V�/F, where F is

Fig. 1. Structures of levoglucosan (1,6-anhydro-�-d-glu
ing Journal 153 (2009) 170–174 171

the mass flow rates, V is the reactor volume, and � is the density
of the glucose solution. The density of the glucose solution was
assumed to be the density of pure water because the sample con-
centration is very dilute. The employed experimental conditions
were over the temperature range of 200–400 ◦C and the pressure
range of 2–25 MPa.

The products were analyzed by the HPLC using a KS-801
(Shodex) column operated at 50 ◦C with a 1 mL/min water solvent
flow. A refractive index detector (Shimadzu, RID-6A) was used. Lev-
oglucosan was quantified by comparison of the sample peak and the
peak of a range of standard solutions at known concentrations. Lev-
oglucosan was also analyzed as a trimethylsilyl derivative using gas
chromatography (GC: Shimadzu GC14A; column: Shimadzu CBP10,
25 m × 0.32 mm ID × 0.5 �m; column temperature: 110–260 ◦C;
heating rate: 7.5 ◦C/min; glass capillary column: 25 m; He; FID-
detector) [6]. We identified 1,6-anhydro-�-d-glucofuranose as
well as 1,6-anhydro-�-d-glucopyranose. However, 1,6-anhydro-�-
d-glucofuranose was produced under low-pressure conditions only,
and we did not examine its yields.

3. Results and discussion

3.1. Temperature effect on the dehydration of glucose

Fig. 3 shows the concentration of glucose and levoglucosan as
a function of the space–time at the constant pressure of 25 MPa.
At 250 ◦C, 8 s is required to achieve an 80% glucose conversion.
However, at 320 ◦C, most of the glucose reacted within 2 s, and
the glucose conversion was nearly 90%. As will be discussed later,
these results suggest that the reaction rate of the glucose decom-
position largely depends on the reaction temperature, and the
activation energy of the glucose decomposition rate is 61 kJ/mol
(250 ◦C < T < 370 ◦C). For the formation of levoglucosan, it is clear
that an optimum space–time exists to produce levoglucosan. The
maximum concentrations of levoglucosan were obtained at about
6 and 1.0 s at temperatures of 250 and 320 ◦C, respectively. These
results indicate that the formation of levoglucosan may be via a suc-
cessive reaction. The change on concentration of levoglucosan as a
function of time was examined at several different temperatures
and the results are shown in Fig. 4. At temperatures except for 370
and 380 ◦C, the time profile of the levoglucosan concentration is

parabolic, suggesting that levoglucosan could be the intermediate
product of a successive reaction as follows.

Glucose
k1−→Levoglucosan

k2−→Degradation products (1)

copyranose) and hyperbranched polysaccharides.
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ig. 2. Experimental apparatus used for high temperature water reaction system.

e measured the decomposition of levoglucosan in high tempera-

ure water at 25 MPa to examine the above reaction scheme. The
ecomposition of levoglucosan was assumed to be a first-order
eaction. In Fig. 5, the temperature dependence of the first-order
eaction rates for the decomposition of glucose and levoglucosan,

ig. 3. Concentrations of glucose and levoglucosan as a function of space–time at
50 and 320 ◦C. Lines visualize the trend of the measured values.
Fig. 4. Concentration of levoglucosan as a function of time at various temperatures
and constant pressure of 25 MPa.
k1 and k2, respectively, were plotted. As can be seen in the figure, the
decomposition rate of levoglucosan decreased with the increasing
temperature. In the kinetic analysis, we simply assumed the first-
order reaction for the decomposition of levoglucosan. However, the

Fig. 5. Arrhenius plot of reaction rate constants for decomposition of glucose and
levoglucosan in high temperature water at 25 MPa. Lines visualize the trend of the
measured values.
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esult for levoglucosan decomposition suggests that proton could
lay a role in the reaction because it is known that proton initiates
he ring opening of levoglucosan [3], and that, under a constant
ressure condition, the concentration of proton decreases with

ncreasing temperature when temperature is higher than 300 ◦C.
If the formation of levoglucosan is a simple successive reaction,

he concentration of levoglucosan may be expressed as follows [12].

R = k1CA0

k2 − k1
(e−k1t − e−k2t) (2)

here CR is concentration of levoglucosan, CA0 is the glucose initial
oncentration, and k1 and k2 refer to the reaction rate constants
efined in Eq. (1), respectively. Therefore, the reaction time that will
ive the maximum concentration of levoglucosan may be expressed
y

max = ln(k2/k1)
k2 − k1

(3)

he calculated reaction times tmax from the experimental rate con-
tants k1 and k2 using Eq. (3) are 2.7, 1.6, 1.0, 1.3, 1.6, 1.14 and 1.2 s for
he temperatures of 300, 320, 360, 370, 380, 390 and 400 ◦C, respec-
ively. A comparison with experimental data in Fig. 4 revealed that
he agreements between the calculations from the simple model
nd the experimental values are not very good. These discrep-
ncies are probably due to the adopted simple reaction model.
urthermore, although we assumed that glucose decays by first-
rder reaction kinetics, glucose molecules decompose via several
ifferent paths. Sasaki et al. suggested that there might be seven
ecomposition paths [10]. These are the reaction paths for fructose,
lyceraldehydes, erythrose, dihydroxy acetone, glycolaldehyde, 5-
ydroxymethyl-furfural and levoglucosan. In contrast, Matsumura
t al. reported that by considering changes in the reaction field from
onic to radical as the temperature increases, the reaction order
or the glucose decomposition depends on the reaction tempera-
ure [13]. They proposed that the reaction order might be less than
nity at high temperature (T > 500 K). Hence, by considering these
revious studies, Eq. (2) may be too simple to predict the optimum
eaction time to produce levoglucosan.

.2. Pressure effect on glucose dehydration

In most of the previous studies regarding the decomposition
f glucose in high temperature water, the reactions were usually
xamined at pressures that are higher than the critical pressure
f water. Under these high-pressure conditions, the yields of lev-
glucosan were not as high as already mentioned. For instance,
abyemela et al. reported that at a pressure of 30 MPa, the amount
f produced levoglucosan was negligible [9]. As the formation reac-
ion of levoglucosan from glucose is a dehydration reaction, a low
oncentration of water or low pressure of water would be a suit-
ble condition to produce levoglucosan. Hence, we examined the
ressure effect on the decomposition of glucose and the yield of

evoglucosan.
Fig. 6 shows the effect of pressure on the formation of levoglu-

osan. The reactions were performed under constant space–time
onditions (2 s). At high-pressure conditions (P > 15 MPa), the yields
f levoglucosan are about 10–17 mol.% within the temperatures
xamined. However, under lower pressure conditions (P < 10 MPa),
he yields of levoglucosan significantly increased with the decreas-
ng pressure. The maximum yield of 32 mol.% was obtained at the
ressure of 7 MPa and 320 ◦C under the present experimental con-

itions. A further decrease in pressure may increase the yield of

evoglucosan, however, at a lower pressure, the reaction system
as unstable in the present experiment. In previous related studies

or the formation of levoglucosan from glucose in high tempera-
ure water, the yields are quite low. For example, the yield has
Fig. 6. Yields of levoglucosan as a function of pressure at various temperatures. Lines
visualize the trend of the measured values.

been reported to be 6.3% at 623 K and 40 MPa, and 5.2% at 623 K
and 25 MPa [10]. One reason for the low yield could be their long
space–time (1.02 and 0.92 s for 6.3% and 5.2% yield, respectively).

4. Conclusion

The formation of levoglucosan from glucose was studied in high
temperature water. The kinetics for the decomposition of glucose
and levoglucosan in high temperature water were examined. The
temperature dependence of the reaction rate of the glucose decom-
position was of the Arrhenius type. In contrast, the reaction rates for
the decomposition of levoglucosan decreased with the increasing
temperature at the constant pressure of 25 MPa. It was found that
the yields of levoglucosan increased significantly with the decreas-
ing pressure. The maximum yield of 32 mol.% was obtained at 320 ◦C
and 7 MPa.
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