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Abstract—Hydroxymethylfurfural (HMF) is an important chemical intermediate, but it has not been widely used be-
cause of low yields and high production costs. Sucrose is available at lower costs than other sugars and thus could be
a biomass-derived abundant source for HMF production. In this study, a catalytic process for efficiently producing HMF
from sucrose was scrutinized using 1-methyl-3-octylimidazolium chloride ((MOIM]CI) as a reaction solvent, and HCI
and metal chlorides (CrCl, and Zncl,) as a catalyst. The rate of sucrose hydrolysis was relatively much faster in the
reactions with HCI than without it. The hydrolysis of sucrose to fructose and glucose was affected by its reaction time.
The mixed solvent of 50% [MOIM]CI and 50% sucrose solution with HCI was more effective in HMF synthesis than
single solvent alone. The addition of ZnCl, and CrCl, increased HMF yields by approximately 1.2-1.8-fold and its higher
yield was found in the latter. The highest yield (82.0+3.9 wt%) in HMF production was achieved in the reaction mixture
containing 5 g [MOIM]CI and 5 mL of 20% sucrose solution with 0.5 M HCIl plus CrCl, at 30 min reaction time. How-
ever, 0.3 M HCI was more effective for the HMF productivity than 0.5 M HCI.
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INTRODUCTION

In recent studies, HMF has been highlighted as a key platform
chemical for production of future liquid transportation biofuels [1].
In addition, HMF can be utilized not only as a good starting material
for synthesis of precursors of some pharmaceuticals, liquid alkanes,
thermo-resistant polymers and complex macrocycles but also as an
intermediate for synthesis of some flavor agents and cosmetic com-
ponents [2]. In spite of this usefulness of HME, it has not been widely
used because of low yields and high production costs. Until now,
HMF has been synthesized principally from some hexose substrates
by chemical processes via the thermal dehydration reaction in acidic
solvent media using diverse catalysts [2]. Many attempts have been
made to increase the yield of HMF at lower production cost by im-
proving the chemical processes of HMF synthesis. The major par-
ameters of these processes include the source of feedstock sugars,
reaction conditions, solvent media and catalysts [3]. For improvement
of HMF synthesis by these parameters, a wide variety of solvent
systems with various catalysts have been introduced using biomass-
derived carbohydrates as renewable feedstocks [4-8]. Some recent
studies advanced the reaction process of HMF synthesis by using
fructose and glucose as a feedstock substrate [9,10]. Nonetheless, its
low productivity and high production costs still remain problematic.

Sucrose (eo#D-glucopyranosyl Sp-fructofuranoside, commonly
called table sugar), which is a disaccharide sugar linked by an o+
1,2-glycosidic bond between two monomeric hexoses of glucose
and fructose (Fig. 1), is one of the abundant carbohydrates synthe-
sized in plants, and thus can be utilized as a renewable resource in
the sustainable chemical industry. This sugar is hydrolyzed to glu-
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cose and fructose by catalytic reactions in the presence of acidic
solvents such as hydrochloric acid, sulfuric acid and other acidic
media [11]. The sucrose hydrolysates (mainly fructose and glucose)
can be further transformed into versatile organic compounds by cata-
Iytic thermo-decomposition [11,12]. Recent studies demonstrated
that fructose and glucose could be a major resource for high pro-
duction of HMF [1,13,14]. However, sucrose is more favorable for
industrial uses than fructose and glucose because of its relatively
lower cost. Accordingly, when sucrose is used as a bio-feedstock,
the efficiency of its hydrolysis into fructose and glucose could be
an important factor in synthesizing hydroxymethylfurfural (HMF).
Recently, some ionic liquids that act as both catalyst and solvent
have been employed to promote HMF production or to improve
its reaction process. For example, Zhao et al. [9] reported a produc-
tion process with high HMF yields from two hexose feedstocks of
fructose and glucose by their thermal conversion to HMF in some
ionic liquid solvents with metal chloride catalysts. Other studies also
enhanced HMF yields by introducing some ionic liquids [4,7,9,15]. In
general, ionic liquids have various properties favorable to chemical
synthetic processes, such as high thermal stability, wide solvating prop-
erties in the solution, and low melting points [15-20]. An ionic liquid,
1-methyl-3-octylimidazolium chloride (MOIM]CI), is a derivative of
disubstituted imidazolium chloride (Fig. 2), which has not been used
as a solvent for sucrose hydrolysis and HMF synthesis. Accordingly,
we here demonstrate a simple process for high yields of HMF from
sucrose in the presence of [MOIM]CI using two metal chloride cata-
lysts and HCl in association with hydrolysis of sucrose (Fig. 1).

EXPERIMENTAL

1. Chemical Materials
1-Methyl-3-octylimidazolium chloride (Merck, Germany, 98%),
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Fig. 1. Schematic strategy for sucrose exploitation in the production of hydroxymethylfurfural (HMF). It is assumed that HMF is synthesized
through two sequential reactions of sucrose hydrolysis and then dehydration of its products (fructose and glucose). [MOIM]CI;

1-methyl-3-octylimidazolium chloride.
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Fig. 2. The chemical structure of 1-methyl-3-octylimidazolium
chloride ((MOIN]CI).

chromium(Il) chloride (Alfa Aesar, USA, 97%), zinc chloride (Sigma,
USA, 98%), and hydrochloric acid (Sigma, USA, 37%) were used.
2. Reaction Procedures

For the acidic hydrolysis of sucrose in the presence of [MOIM]CI,
10% (wt/v) sucrose solutions with each of four different HCI con-
centrations (0.0, 0.1, 0.3 and 0.5 M HCI) were used. The reactions
were done on a heating mantle with gentle stirring at 120 °C for 150
min. At regular intervals of 30 min reaction time, the samples were
taken for the analyses of sucrose, fructose and glucose.

For selection of an optimal reaction solvent, two groups of reac-
tion mixture were prepared: 1) four different reaction mixtures con-
taining 10 g [MOIM]CI with each of four different HCI concentra-
tions [0.0, 1.0, 3.0 and 5.0 weight % (wt/v)] (each HCl % (wt/v) in
[MOIMICI corresponds to 0.0, 0.1, 0.3 and 0.5 M HCl in solution,
respectively), and 2) four different reaction mixtures containing 5 g
[MOIM]CI and 5 mL of 10% (wt/v) sucrose solution with each of
four different HCI concentrations. The solvent mixtures were reacted
on a heating mantle for 90 min.

To evaluate the effect of metal chloride catalysts, CrCl, and ZnCl,
were used. For this, the reaction solvents were divided into three
groups: 1) four different reaction mixtures containing 5 g [MOIM]CI1
and 5 mL of 10% (wt/v) sucrose solution with each of four differ-

ent HCI concentrations, 2) four different reaction mixtures contain-
ing 5 g [MOIM]CI and 5 mL of 10% (wt/v) sucrose solution with
each of four different HCI concentrations plus CrCl,, and 3) four
different reaction mixtures containing 5 g [MOIM]CI and 5 mL of
10% (wt/v) sucrose solution with each of four different HCI con-
centrations plus ZnCl,. The reactions were performed in a 25 mL
flask containing the reaction mixtures. For the activation between
the metal chlorides and [MOIM]CI, the mix of 5 g [OMIM]CI plus
0.2 g metal chloride was prereacted at 120 °C for ca. 10 min and
then 5 mL of 10% (wt/v) sucrose solution with HCI was added. There-
after, the reaction was processed at 120 °C for 120 or 150 min, and
the samples were taken as described above for their analysis.

In the final procedure, five different sucrose concentrations [0,
10, 20, 30, 40 and 50% (wt/v)] were used to compare the effect of
sucrose concentrations on HMF yield and its productivity. For this,
the reaction mixtures were divided into four groups: Group 1) the
reaction mixture containing 5 g [MOIM]CI plus 0.2 g CrCl, and
S mL of the given sucrose concentration solution [0%, 10%, 20%,
30%, 40% or 50% (wt/v)] dissolved in 0.3 M HCI solution, Group
2) the reaction mixture containing 5 g [MOIM]CI plus 0.2 g CrCl,
and 5 mL of the given sucrose concentration solution [0%, 10%,
20%, 30%, 40% or 50% (wt/v)] dissolved in 0.5 M HCI solution,
Group 3) the reaction mixture containing 5 g [MOIM]CI plus 0.2 g
ZnCl, and 5 mL of the given sucrose concentration solution [0%,
10%, 20%, 30%, 40% or 50% (wt/v)] dissolved in 0.3 M HCI so-
lution, and Group 4) the reaction mixture containing 5 g [MOIM]CI
plus 0.2 g ZnCl, and 5 mL of the given sucrose concentration solu-
tion [0%, 10%, 20%, 30%, 40% or 50% (wt/v)] dissolved in 0.5 M
HCI solution. Their reactions were processed at 120 °C for 120 min
as above and the samples taken as described previously.

3. Analyses of HMF and Sugars

HME, sucrose, fructose and glucose were quantitated by high

performance liquid chromatograpy (HPLC). A Waters HPLC sys-
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tem, a Waters autosampler and a Waters refractometer were used
for their analyses. HMF quantification was carried out with a Waters
XBridge C,; reversed-phase column (4.6 mmx150 mm, 5 um) at
320 nm using a gradient mobile phase at a flow rate of 0.7 mL/min.
The gradient condition was as follows: 100% (v/v) water phase for
2 min, first transition and gradient phase in the ratio of 80% (v/v)
water and 20% (v/v) methanol for 8 min, second transition and finally
100% (v/v) water for 20 min including transition time. For quaniti-
fication of the sugars, a YMC-Pack Polyamine II column (4.6 mmx
250 mm, S-5 um, 12 nm, Japan) was used with a mobile phase (75 :
25, acetonitrile:water) at a flow rate of 1 mL/min.
4. Data Analysis

All measurements were estimated with the mean values of at least
four independent reactions and expressed with standard deviation
values. For the relative HMF productivity, a control measurement
was calculated as a value of 1. The HMF yield for the control meas-
urement was obtained by undertaking the reaction for 60 min in a
reaction mixture containing 5 g [MOIM]CI plus 0.2 g CrCl, and S mL
of 10% (wt/v) sucrose solution dissolved in 0.3 M HCl solution.

RESULTS AND DISCUSSION

1. Reaction Behavior of Sucrose Hydrolysis

The overall result showed that HCI concentration significantly
affected the reaction behavior of sucrose hydrolysis (Fig. 3). At higher
concentrations of HCI (0.3 M and 0.5 M), sucrose was not detected
at 30 min reaction time, but its products (fructose and glucose) were
detectable (Fig. 3), indicating that the behavior of their conversion
was apparently affected by its reaction conditions [6,7,12,21]. The
rate of sucrose hydrolysis was relatively much faster in the reactions
with HCI than without HCI. Furthermore, in the reaction mixture
with no HCI, relatively high amounts of the sucrose products (fruc-
tose and glucose) remained even though sucrose almost disappeared
(Fig. 3; 0.0 M HCI). These reaction results imply that HCI played
an important role in their conversion behaviors. Kautz and Robin-
son [22] proposed the role of the activity of hydrogen ion in deter-
mining the rate of sucrose hydrolysis. Another research group [23]
reported that the imidazolium ion can promote sucrose hydrolysis
by acting as a polarizing mediator in the glycosidic bond of sucrose.
Based on their studies, the activities of two ions of hydrogen (in
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Fig. 4. The effect of the reaction mixture on HMF yields (see Meth-
ods for Treatment A and B).

HCI) and imidazolium (in [MOIM]CI) might contribute to the behav-
iors of sucrose hydrolysis and further conversion of its products. In
addition, our results showed that the reaction time, together with HCI
and [MOIM]CI solvent, affected the hydrolytic process of sucrose.
Another interesting finding was observed at 0.1 M HCI treatment
(Fig. 3). This treatment showed that sucrose was completely hydro-
lyzed at 60 min reaction time. As a result of its hydrolytic behavior,
fructose was undetectable, whereas relatively high level of glucose
was detected (Fig. 3; 0.1 M HCI). The reason for this undetectable
fructose may be due to its much quicker conversion to other com-
pounds than that of glucose, which is caused probably by its strong
chemical reactivities of isomerization, dehydration, fragmentation
or condensation reaction [11,12,24].
2. Effect of the Reaction Mixture on Production of HMF
Ionic liquids can serve as an excellent solvent in the synthetic
reactions since they are non-volatile, non-flammable and thermo-
stable, and have both properties of cation and anion [16,18]. To evalu-
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Fig. 3. The hydrolytic behavior of sucrose. Its reactions were processed at 120 °C in the given reaction solvents.
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ate the effect of the solvent mixture on the HMF yields, it was divided
into two groups (Treatment A and B) with four different HCI con-
centrations (see Experimental). In Treatment A, the highest HMF
yield was observed in the reaction mixture of 100% [MOIM]CI and
1 wt% HCI (Fig. 4). The others showed similar HMF yields. The
average yield of HMF in Treatment A was 17.3 wt%. In contrast,
in Treatment B, the highest yield of HMF was found in the reaction
mixture containing 5 g [MOIM]CI plus 5 mL of 10% sucrose solu-
tion with 0.3 M HCI. The average yield was 40.7 wt%, indicating
that Treatment B was over two-fold greater in the average HMF
yield than that of Treatment A (Fig. 4). This experimental evidence
clearly suggested that Treatment B (50% [MOIM]CI+50% of 10%
sucrose solution with HCI) is likely to be more effective in the syn-
thesis of HMF than Treatment A (10% sucrose in 100% of 10 g
[MOIM]CI with HCI). Another interesting result was that HCI as
an acid catalyst is necessary in Treatment B, but not in Treatment A
(Fig. 4; Treatment A and B). It is difficult to explain the reason for
the above results because of limited information about the chemi-
cal reaction mechanism of HMF synthesis in the presence of ionic
liquids. Nonetheless, it cannot be ruled out that the enhancement of
HMF synthesis may be attributed to the cooperation of such chem-
ical/physical properties present in the reaction mixture as the polar-
ity of water molecules, the activity of H" ion from HCI and both
cation/anion properties of ionic liquid [7,12,16,18,24].
3. Effect of CrCl, and ZnCl, Catalysts on Production of HMF
In this experiment, two metal chlorides, CrCl, and ZnCl,, were
used to examine their effect on the yields of HMF. Based on the
previous results, the reaction solvent was fixed with a mix of 50%
[MOIM]CI and 50% of 10% sucrose solution with HCI. As shown
in Table 1, both the chloride catalysts contributed to the promotion
of HMF yields, although the degree of its yield promotion varied
with the length of its reaction time, catalyst type and HCI concen-
tration. Overall, the addition of the catalysts increased the yields of
HMF by approximately 1.2-1.8-fold compared with those of the
corresponding treatments of no catalyst addition. Furthermore, rel-

atively higher yields of HMF were observed in CrCl, than ZnCl,.
With the exception of no HCI addition, the optimal reaction time
for the two catalysts was likely to be 60 min because the highest
yields of HMF for both treatments of CrCl, plus 0.5 M HCI (78.5+
9.4 wt%) and ZnCl, plus 0.3 M HCI (68.4+7.2 wt%) were obtained
at 60 min reaction time (Table 1). This positive effect of the cata-
lysts on the synthetic process of HMF may involve the complex
formation between the metal chlorides and [MOIM]CI, which in
turn induces the sucrose products (fructose and glucose) to further
rapid reactions such as isomerization and dehydration, resulting in
high HMF synthesis [9,25]. On the whole, there was a decreasing
trend in the yields of HMF after 90 min reaction time. This would
be due to the conversion of HMF to rehydration products such as
levulinic acid and formic acid, thus resulting in its decrease [2,10].
4. Effect of Sucrose Concentration on Production of HMF
Sucrose is a good source derived from plant biomass for pro-
duction of HMF because it is available at lower costs than other
sugars such as fructose and glucose. Some workers showed that
the concentration of substrate sugars could affect the productivity
of HMF [3,10]. So, in this section, the effect of sucrose concentra-
tion on the productivity of HMF was examined and their results
were provided and discussed. Table 2 illustrates the differences in the
yields of HMF between the concentrations of sucrose. The highest
yield of HMF (82.0£3.7 wt%) among all treatments was found in
Solvent B containing 20% sucrose and CrCl, catalyst at 30 min reac-
tion time (Table 2), and its relative productivity was 2.4-fold higher
than that of the control (Fig. 5 and Experimental). The greatest rela-
tive productivity of HMF (a value of 4.7-fold higher) was identi-
fied in the reaction mixture containing 50% sucrose, 0.3 M HCl
and CrCl, (Fig. 5). The overall patterns of HMF yield (Table 2) and
its productivity (Fig. 5) showed: 1) It was assumed that the optimal
reaction time was between 30-60 min, depending on the sucrose
concentration because the highest yields of HMF in each treatment
were observed both at 30 min and 60 min reaction time (Table 2),
2); as the reaction time elapsed, HMF yields were decreased (Table

Table 1. Results of HVIF yield (in wt%) synthesized from sucrose at different concentrations of hydrochloric acid in the presence of CrCl,

and ZnCl, catalysts

HCl Reaction time (min)

Catalyst
(M) 30 90 120 150

No catalyst 0.0 - - 10.2+3.3 17.5+£5.4
0.1 - 33.4+4.6 44.7+6.1 40.0+4.0 38.5+5.1
0.3 36.1+8.1 43.2+6.4 58.3+5.1 42.0+£5.7 42.4+2.8
0.5 38.7+8.7 54.8+5.3 53.3+£3.1 42.4+6.1 36.6+£4.6

CrCl, 0.0 49.0+8.4 61.5+£5.1 56.0+£7.2 49.0+£5.3 44.5+5.3
0.1 51.5+8.8 61.5+£7.3 53.3£6.5 48.74£3.2 30.0+£9.4
0.3 60.0+8.1 65.0+6.8 55.3£7.1 50.0+7.8 43.1+£6.6
0.5 62.5+9.1 78.5+9.4 71.6+8.9 64.4+6.4 56.3£8.1

ZnCl, 0.0 - 9.0+£4.8 20.5+6.0 28.5+5.8
0.1 8.3+3.3 54.7+£3.1 59.3£7.0 56.7+£3.5 56.5+£5.8
0.3 62.3+£5.3 68.4+7.2 64.6+7.7 58.4+8.7 53.2+£9.6
0.5 53.9+6.1 58.0+£2.7 53.1+4.2 46.6+5.9 42.2+7.5

The reaction was done at 120 °C for 30 to 150 min in the reaction mixture consisting of 5 mL of 10% sucrose solution with or without HCI

and 5 g [MOIM]Cl plus 0.2 g catalyst (CrCl, or ZnCl,)

Each value is the means of at least four independent measurements with standard deviation
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Table 2. Results of HMF yield (in wt%) synthesized in two solvents with different sucrose concentrations

J.-A. Chun et al.

Solvent A Solvent B
Catalyst Su(co/r(;se Reaction time (min) Reaction time (min)
(4
30 60 90 120 30 60 90 120
CrCl, 10 60.0+8.1 65.0+6.8 55.3+7.1 50.7+£7.8 62.5+9.1 78.5+9.4 71.6+8.9 64.4+6.4
20 68.7+8.7 63.0+3.8 51.2+4.8 39.5+3.1 82.0+3.7 71.5+3.4 57.5€3.0  42.3+4.0
30 48.0+5.0 67.3+5.8 63.4+7.1 38.8+3.8 574455 67.7+£3.9 59.5+4.3 47.2+52
40 48.3+2.7 59.3+8.1 51.5+44  40.0£3.9 443433 59.0+3.5 533+£59  47.0+4.38
50 42.6+3.9 61.6+4.8 56.8+2.8 354424 36.4+3.5 532446  47.6%£4.5 44.1+3.3
ZnCl, 10 62.3+£5.3 68.4+7.2 64.6+7.7 58.4+8.7 53.9+6.1 58.0+2.7 53.1442  46.6£5.9
20 53.0+7.3 45.5+6.2 36.5+5.3 28.5+5.7 52.5+3.3 42.5+£7.0 33.0+4.5 25.0+3.0
30 48.9+6.5 52.8+3.7  46.8+3.3 35.9+4.0 42.0£5.5 455437 39.5+5.1 29.2+3.8
40 36.5+39  43.0+5.1 40.0+4.8 38.8+6.4 37.5£3.9 38.0+£2.8 33.0+£3.6 24.5+4.5
50 394428 422462  40.0+3.7 34.843.5 34.8+4.0 35.2+54 334434  27.6+34

Solvent A: The solvent containing 5 mL each of sucrose concentrations with 0.3 M HCl and 5 g [MOIM]CI

Solvent B: The solvent containing 5 mL each of sucrose concentrations with 0.5 M HCl and 5 g [MOIM]CI

The reactions were done at 120 °C for 30 to 120 min in the reaction mixture consisting of the above solvents and 0.2 g catalyst (CrCl, or ZnCl,)
Each value is the means of at least four independent measurements with standard deviation
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Fig. 5. The effects of sucrose concentrations on HMF yields and its productivity.

2), 3) HMF productivity was more effective in 0.3 than 0.5 M HCI
on the whole (Fig. 5), 4) the addition of CrCl, or ZnCl, catalyst con-
duced to the enhancement of HMF yields, but the degree of its yields
was slightly higher in the former (Table 2), and finally sucrose con-
centration and the length of reaction time greatly affected the yields
of HMF and its productivity; on the whole, with the higher sucrose
concentration and the longer reaction time, its yields were gradu-
ally decreased (Table 2 and Fig. 5). One particular finding was that
the highest yields of HMF were achieved at 60 min reaction time
for almost all treatments, while the treatments with 20% sucrose
concentration showed their highest yields of HMF at 30 min reac-
tiom time (Table 2). The reason for this remains to be investigated
for detailed explanation. Collectively, based on the above results,
sucrose concentration would be an important parameter when it is
considered for the efficient production of HMF.

May, 2010

CONCLUSIONS

The presence of [MOIM]CI, HCI and the metal chlorides (CrCl,
and ZnCl,) in the reaction solvent positively affected the yields of
HME, although the degree of its enhancement varied with their com-
binations. The most efficient combination for the yields of HMF
was examined in the reaction mixture containing 5 g [MOIM]CI
and 5 mL of 20% sucrose solution with 0.5 M HCI plus CrCl, at
30 min reaction time. In particular, the concentration of sucrose had
influence on the yields and productivity of HMF. The greatest rela-
tive productivity of HMF was achieved in the reaction mixture con-
taining 50% sucrose, 0.3 M HCl and CrCl,. This result suggested
that sucrose concentration could be a critical parameter for the com-
mercial production of HMF. In addition, the addition of metal chlo-
ride catalysts and HCI concentration also acted as an important factor
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for high production of HMF. On the whole, both factors of HCI and
metal chlorides (CrCl, and ZnCl,) greatly increased the yields of
HMF. However, the choices of appropriate HCI concentration and
the catalysts were dependent on the combination with other factors
such as reaction time and sucrose concentration.

Our study showed that sucrose could be a biomass-derived chem-
ical feedstock for the production of HMF in the presence of [MOIM]C1
ionic liquid, HCI and metal chlorides. Our results also demonstrated
that the proper combination between sucrose concentration and its
reaction conditions could be an important parameter for cost-effec-
tive production of HMF.

ACKNOWLEDGMENTS

This research was supported by a fund from Dong-A University.
The authors greatly acknowledge the financial support.

REFERENCES

1. Y. Roméan-Leshkov, C. J. Barrett, Z. Y. Liu and J. A. Dumesic,
Nature, 447, 982 (2007).

2. J. Lewkowski, ARKIVOC, 1, (ARKAT-USA; ISSN 1424-6376), 17
(2001) (Website: www.arkat-usa.org/home.aspx?VIEW-MANU-
SCRIPT&MSID=403).

3. H. H. Szmant and D. D. Chundury, J. Chem. Tech. Biotechnol., 31,
135 (1981).

4.].B. Binder and R. T. Raines, J. Am. Chem. Soc.,131, 1979 (2009).

5. C. Lansalot-Matras and C. Moreau, Catal. Commun., 4, 517 (2003).

6. C. Moreau, R. Durand, F. Aliés, M. Cotillon, T. Frutz and M.-A.
Theoléyre, Ind. Crops Products, 11, 237 (2000).

7. C. Moreau, A. Finiels and L. Vanoye, J. Mol. Catal. A: Chem., 253,
165 (2006).

8.Y. Su, H. M. Brown, X. Huang, X.-D. Zhou, J. Amonette and Z. C.
Zhang, Appl. Catal. A: General, 361, 117 (2009).
9. H. Zhao, J. E. Holladay, H. Brown and Z. C. Zhang, Science, 316,

1597 (2007).

10. Y. Roman-Leshkov, J. N. Chheda and J. A. Dumesic, Science, 312,
1933 (2006).

11. A. Corma, S. Iborra and A. Velty, Chem. Rev., 107, 2411 (2007).

12. M. J. Antal, W. S. L. Mok and G N. Richards, Carbohydr: Res., 199,
91 (1990).

13. G W. Huber, J. N. Chheda, C. J. Barrett and J. A. Dumesic, Science,
308, 1446 (2005).

14. E. L. Kunkes, D. A. Simonetti, R. M. West, J. C. Serrano-Ruiz, C. A.
Gértner and J. A. Dumestic, Science, 322,417 (2008).

15. D. A. Fort, R. C. Remsing, R. P. Swatloski, P. Moyna, G Moyna
and R. D. Rogers, Green Chem., 9, 63 (2007).

16. J. G Huddleston, A. E. Visser, W. M. Reicher, H. D. Willauer, G A.
Broker and R. D. Rogers, Green Chem., 3, 156 (2001).

17. V. Kamavaram and R. G Reddy, Int. J. Therm. Sci., 47, 773 (2008).

18. N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev., 37, 123 (2008).

19. R. C. Remsing, G Hemandez, R. P. Swatloski, W. W. Massefski,
R. D. Rogers and G Moyna, J. Phys. Chem. B, 112, 11071 (2008).

20. S. Xu, C. Huang, J. Zhang, J. Liu and B. Chen, Korean J. Chem.
Eng., 26,985 (2009).

21.D.S. Pito, I. M. Fonseca, A. M. Ramos, J. Vital and J. E. Castan-
heiro, Bioresour: Technol., 100, 4546 (2009).

22. C. F. Kautz and A. L. Robinson, J. Amer. Chem. Soc., 50, 1022
(1928).

23. G. W. Farr and J. R. Heitz, J. Dental Res., 53, 516 (1974).

24.Y. Li, X. Lu, L. Yuan and X. Liu, Biomass Bioenergy, 33, 1182
(2009).

25. A. S. Amarasekara and C. C. Ebede, Bioresour: Technol., 100, 5301
(2009).

Korean J. Chem. Eng.(Vol. 27, No. 3)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


