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An efficient one pot, two-step process was developed for the preparation of
S-hydroxymethylfurfural (S-HMF) from inulin in ionic liquids under mild conditions. In the first
step, the ionic liquid 1-butyl-3-methyl imidazolium hydrogen sulfate (BMIM][HSO,]) was used as
both solvent and catalyst for the rapid hydrolysis of inulin into fructose with 84% fructose yield in
5 min reaction time. In the second step, 1-butyl-3-methyl imidazolium chloride ((BMIM][CI]) and
a strong acidic cation exchange resin were added to the mixture to selectively convert fructose into
5-HMEF, giving a S-HMF yield of 82% in 65 min at 80 °C, which is the highest 5-HMF yield

reported by thus far for an inulin feedstock.

1. Introduction

With the growing interest in developing carbohydrate chemistry
for product sustainability, increasing attention has been recently
devoted to the transformation of various chemicals from
biomass resources.! Among the many possible biomass-derived
chemicals, 5-hydroxymethylfurfural (5S-HMF) is expected to be-
come a substitute for the building block that is presently derived
from petrochemicals and used in plastics, pharmaceuticals, fine
chemicals and biofuels.>* The most convenient method for the
preparation of 5-HMF is the acid-catalyzed dehydration of
fructose by eliminating three moles of water molecules, and
this pathway has been well studied.** However, fructose is
normally produced from glucose isomerization by isomerase
in industry, and glucose is generally produced by hydrolysis of
starch, which results in competition with food supplies. Processes
for the production of 5-HMF from non-digestible carbohydrate
resources are needed to be compatible with human development.

Inulin, also called fructan, is a carbohydrate consisting of
fructose units that range in their degree of polymerization (DP)
from 2 to 60, or higher, and the fructosyl units in inulin are
linked by B(2— 1) linkages with the polymer chains terminating
in a glucose unit."”” Inulin is used by some plants as a means
of storing energy and exists in many plants such as chicory
root and artichoke tuber. Most plants that synthesize and store
inulin do not store other materials such as starch. Due to
the beta-configuration of the anomeric C-2 in their fructose
monomers, inulin-type fructans resist hydrolysis by intestinal
digestive enzymes and so they are classified as carbohydrates
that are non-digestible by human beings.'®
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The hydrolysis of inulin to fructose followed by the dehy-
dration of fructose to produce 5-HMF is a possible two-step
reaction pathway. Because both reaction steps are catalyzed by
acid catalysts, it is interesting to consider the production of 5-
HMF from inulin as a one pot reaction, since this would avoid
the separation of fructose in the intermediate step (Scheme 1).
The preparation of 5-HMF from inulin in one pot has been
carried out in different systems. Carlini et a/l. studied the reaction
in water at 80-100 °C with heterogeneous niobium catalysts
or a vanadium based catalyst, but the 5S-HMF yields were
below 40%."2 When the reaction was conducted in water-
dimethylsulfoxide or water-acetone mixtures at 170-180 °C
in the presence of mineral acids such as HCl and H,SO,,
the 5-HMF yield was improved to ca. 70%, but the reaction
conditions were very harsh.”?' Hu et al** developed a process
for the direct conversion of inulin to 5-HMF in choline chloride
(ChoCl)/oxalic acid and ChoCl/citric acid ionic liquids (ILs),
for which a 5-HMF yield of 56% was obtained at relatively
low temperatures (80 °C). When a biphasic system with IL and
ethyl acetate was used for the in situ extraction of 5S-HMF, the
5-HMF yield was enhanced to 64%.22 Wu et al.?® developed a
process where the inulin was converted in highly compressed
water in the presence of high pressure of CO,, and a 5-HMF
yield of 53% was obtained in 1.5 h reaction time at 180 °C at a
CO, pressure of 6 MPa.

HO

H
0.9 H™ HO H  OH g5 Q
H — @L el ¥
CHy| +H,0 OH -3H,0
n OH

HO~, HO §
Ho Fructose 5-HMF
OH OH
Inulin
Scheme 1 The pathways for acid-catalyzed hydrolysis and dehydration

of inulin to 5-hydroxymethylfurfural.
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In this work, we used the characteristics of two kinds of ionic
liquids to develop an efficient process for the direct conversion of
inulin to 5-HMF in one pot with two reaction steps. 1-Butyl-3-
methyl imidazolium hydrogen sulfate (BMIM][HSO,]) was used
for the hydrolysis of inulin as both solvent and catalyst, followed
by the dehydration of fructose to 5S-HMF in the presence of 1-
butyl-3-methyl imidazolium chloride (BMIM][CI]) and a strong
acidic ion exchange resin. With the catalytic system, a high 5-
HMEF yield of above 80% was obtained under mild conditions.

2. Experimental
2.1 Materials

Inulin from dahlia tubers, with a degree of polymeriza-
tion of 36 was purchased from Fluka Company. Fructose
and 5-hydroxymethylfurfural were obtained from Wako Pure
Chemical Company. The 1-butyl-3-methyl imidazolium chlo-
ride ([BMIM][CI]), 1-methyl imidazolium hydrogen sulfate
([HMIM][HSO,)), 1-ethyl-3-methyl imidazolium hydrogen sul-
fate ((EMIM][HSO,]), 1-butyl-3-methyl imidazolium hydrogen
sulfate ((BMIM][HSO,]) and Amberlyst® 15 ion exchange resin
(concentration of acid sites: 4.7 eq/kg) was purchased from
Sigma-Aldrich Company. All chemicals were used without
further purification.

2.2 Typical experimental procedure

In a typical reaction, 0.05 g of inulin (0.3 mmol fructose units),
0.054 g (3 mmol) of water, and a known amount of ionic liquid
were added into the reactor with or without a catalyst. The
reaction mixture was agitated with electromagnetic stirring to
keep the resin particles suspended at 80 °C for the desired time in
the oil bath. After reaction, each sample was cooled and diluted
with 10 g of ultra pure water before analysis. The product yields
were analyzed with high performance liquid chromatograph
(HPLC).

2.3 Analyses

An HPLC equipped with a refractive index detector (HPLC-RI,
SH 1011 column) was employed for the analysis of the liquid
samples. Column oven temperature was 60 °C, and 0.5 mM
sulfuric acid aqueous solution as mobile phase a flow rate of
1 ml min™.

2.4 Definitions

The fructose yield (mol%) and 5-HMF yield (mol%) were cal-
culated on the basis of total moles of fructose and glucose units
in the loaded inulin as shown below:

Fructose yield (mol %):
_ Fructose moles in product

B (Total moles of fructose and glucose units in the loaded inulin
x100%

M

5-HMF yield (mol %):
_ 5-HMF moles in product

B (Total moles of fructose and glucose units in the loaded inulin
x100%

2

3. Results and discussion

3.1 Catalytic conversion of inulin in [BMIM][CI] by different
acid catalysts

As a green solvent, ionic liquids have been identified that are
able to completely dissolve inulin,”® and both hydrolysis of
inulin and dehydration of fructose are known to be catalyzed
by acid catalysts. Thus, the conversion of inulin in ionic
liquid [BMIM][CI] catalyzed by different acid catalysts was
studied. Here, we used three kinds of acidic ionic liquids
I-methyl imidazolium hydrogen sulfate ((HMIM]HSO,]), 1-
ethyl imidazolium hydrogen sulfate (EMIM][HSO,]), 1-butyl-3-
methyl imidazolium hydrogen sulfate (BMIM][HSO,]), and one
solid acid catalyst Amberlyst® 15 ion exchange resin as catalyst.
Results are given in Fig. 1, which shows that the conversion
of inulin to fructose and 5-HMF in [BMIM][CI] was effective
with similar profiles for all of these catalysts. When the reaction
was carried out in [BMIM][CI] catalyzed by [BMIM][HSO,] at
80 °C, fructose was produced slowly with a maximum yield of
about 44% in 60 min and then steadily decreased with increasing
5-HMF yield. When [EMIM][HSO,] and [HMIM][HSO,] were
used as catalyst, the decrease of the alkyl chain length (BMIM,
EMIM, HMIM) in the cation of the ionic liquids caused the
acidity of the ionic liquid to increase (Table S17), and the
reaction time required for the fructose yield reached a peak
value that was shortened leading to an increase in the S-HMF
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Fig. 1 Catalytic conversion of inulin to fructose and 5-HMF
in [BMIM][CI] with different additives: (a) [HMIM]HSO,]; (b)
[EMIM][HSO,]; (c) [BMIM][HSO,]; (d) Amberlyst 15 resin. Reaction
conditions: 0.05 g inulin (0.3 mmol fructose units), 1 g [BMIM][CI],
0.1 mmol Brensted acidic ionic liquid or 0.05 g Amberlyst 15 resin,
3 mmol water, 80 °C.
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formation rate. The 5S-HMF yields catalyzed by these ionic liquid
catalysts reached comparable values of about 53% in 180 min
reaction time. For the case of strong acidic exchange resin
catalyst, 34% of fructose was produced within 5 min, and the
fructose was quickly dehydrated into 5S-HMF. Then, the fructose
yield sharply decreased to 1% and contributed to a high 5S-HMF
yield of 55% within 20 min, and the 5-HMF yield increased
to 67% in 180 min. To improve the 5-HMF yield, catalytic
conversion of inulin to 5-HMF was investigated in detail by
changing the reaction temperature, resin dosage and amount of
water and these results are provided in Electronic Supporting
Information (ESIt, Fig. S1, S2 and S3). By varying the reaction
parameters, a maximum 5-HMF yield of 69% could be obtained.
It is well known that in the acid-catalyzed hydrolysis, inulin
is decomposed to the fructofuranosyl cation first, and the fate
of this cation depends on the conditions of its generation.”**
When it is generated in a strongly acidic atmosphere or at high
temperatures under dry conditions, it can rapidly dehydrate to 5-
HMEF, or react with nucleophiles such as amino acids if present.
However, if the fructofuranosyl cation is generated under the
conditions of dilute or weak acid and at low temperatures, it will
mainly be transformed to fructose due to its fast reaction with
water that is followed by a slow dehydration to 5-HMF from
fructose.” As shown in Fig. 1, inulin was rapidly converted into
5-HMF with a high yield in [BMIM][CI] with ion-exchange resin
catalyst (Fig. 1d), and was transformed at a relatively slower
rate by [BMIM][HSO,] (Fig. 1c) and at a moderate rate by
[EMIM][HSO,] and [HMIM][HSO,] (Fig. 1a, Fig. 1b).

3.2 Catalytic conversion of inulin in acidic ionic liquids acting
as solvents and catalysts

Brensted acidic ionic liquids, [HMIM][HSO,], [EMIM]HSO,]
and [BMIM][HSO,] were found to be effective catalysts for the
inulin conversion to fructose and 5-HMF in [BMIM][CI] solvent.
We expected that it might be possible to improve the 5S-HMF
yield or reaction rate by increasing the concentration of acid
sites in the system. Therefore, we studied inulin conversion in
these acidic ionic liquids that act as both solvents and catalysts
(Fig. 2). It can be seen in Fig. 2, that inulin was rapidly converted
to fructose in the ionic liquids at 80 °C. In [HMIM][HSO,], the
fructose and 5-HMF yields were 55% and 10%, respectively
within 3 min. The fructose yield reached 82% in [EMIM][HSO,]
with 2% of 5S-HMF yield within 3 min. When [BMIM][HSO,]
was used for the inulin conversion, the fructose yield increased
to 84% with a low 5-HMF yield of 1% within 5 min.
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Fig. 2 Different Bronsted acidic ionic liquids used that act as both
solvent and catalyst for conversion of inulin to fructose and 5-HMF:
(a) [HMIM][HSO,]; (b) [EMIM][HSO,]; (c) [BMIM][HSO,]. Reaction
conditions: 0.05 g of inulin (0.3 mmol fructose units), 1 g of Brensted
acidic ionic liquid, 3 mmol water, 80 °C.

After fructose formed, the fructose was immediately dehy-
drated to 5-HMF in [HMIM][HSQ,], and 49% of 5-HMF yield
was achieved in 60 min at 80 °C (Fig. 2a). The formed fructose
was converted at a relatively slower rate in [EMIM]HSO,]
and [BMIM][HSO,], and 52% and 37% of 5S-HMF yields were
obtained at a reaction time of 180 min in [EMIM][HSO,] and
[BMIM][HSO,], respectively (Fig. 2b, Fig. 2¢). Compared with
the 5-HMF formation from inulin in [BMIM][CI] in the presence
of these acidicionic liquids as catalysts, the S-HMF yields did not
increase. It can be concluded that these ionic liquids are excellent
solvents and catalysts for inulin conversion to fructose, and the
stability of formed fructose seems to be related to the acidity of
the ionic liquids. The ionic liquids having low acidity seemed to
promote slow dehydration of fructose to S-HMF. The reverse is
true for high acidity ionic liquids. Although these ionic liquids
are probably not the best for promoting 5S-HMF formation from
inulin, they did promote the formation of fructose from inulin,
especially for [EMIM][HSO,] and [BMIM][HSO,]. From the
above results, it can be seen that the strong acidic cation exchange
resin in [BMIM][CI] was effective for promoting conversion of
both inulin and fructose to 5-HMF. Thus, we considered a
second step that would add [BMIM][C]] ionic liquid and ion
exchange resin catalyst with the hope of obtaining high 5S-HMF
yields.

3.3 Catalytic conversion of inulin in [EMIM][HSO,] and
[BMIM][HSO,] in the presence of resin

First, the inulin was treated in [EMIM]HSO,] and
[BMIM][HSO,] at 80 °C for 5 min reaction time, and 79% and
84% of fructose yield were obtained, respectively. Then, 0.05 g
of resin was added and the reaction was allowed to continue at
80 °C (Table 1). Tt can be seen that the 5S-HMF yield increased
with increasing reaction time, and correspondingly, the fructose
yield decreased. It should be noted that in this case, the sum of
the 5-HMF and fructose yields decreased as the reaction time
progressed, which implies that by-products were generated as
fructose underwent conversion. The levulinic acid and formic
acid yield were always below 1%, and no other primary by-
products could be detected. The reaction mixture became a
deeper brown, indicating that the losses in the sum of fructose
and 5-HMF yields should result due to the formation of solvent
soluble humins that often form as 5-HMF forms.*® These brown
soluble humins at present could not be quantified and their
amount could only be assessed by the occurrence and deepness
of their brown color.”-*

To improve the reaction rate for fructose dehydration and
increase the 5-HMF yield, after inulin was hydrolyzed in
[EMIM]HSO,] or [BMIM][HSO,] for 5 min, we added resin
catalyst into the ionic liquids and raised the reaction temperature
to 100 °C. It was found that a higher temperature promoted the
formation of the 5-HMF, and the 5-HMF yield increased to
65% with almost all of the formed fructose being converted for
the ionic liquid [EMIM][HSO,] for 20 min reaction time. We
examined the inulin conversion to 5-HMF in [EMIM][HSO,]
and [BMIM][HSO,] with one step. The resin was added into
the ionic liquids, together with inulin at the beginning of the
reaction, and the reaction temperature of the reaction mixture
was directly elevated to 100 °C (Table 1). This procedure
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Table 1 The conversion of inulin to fructose and 5-HMF in single ionic liquids system (0.05 g inulin, 1 g of IL, 3 mmol of water, 0.05 g of resin)

1L T/°C Time/min 5-HMF yield (%) Fructose yield (%) Conditions
[EMIM][HSO,] 80 5 4 79 No resin addition
[BMIM][HSO,] 80 5 1 84
[EMIM][HSO,] 80/80° 5/10 18 51 Resin added at second time and
temperature
5/20 33 29
5/30 38 22
80/100 5/5 60 3

5/10 65 1

5/20 62 1
[BMIM][HSO,] 80/80" 5/10 9 67

5/20 22 49

5/30 32 33

80/100° 5/5 54 12

5/10 56 1

5/20 43 1
[EMIM][HSO,] 100° 5 65 3 Resin added at the beginning of

reaction

10 59 2

20 54 1
[BMIM][HSO,] 100° 5 54 18

10 61 3

20 56 1

“ Entries with two temperatures means that the reaction mixtures were first stirred at the former temperature in the absence of resin for 5 min, then
stirred at latter temperature for 5, 10, 20 or 30 min after resin was added in. ® Entries were stirred at 100 °C for 5, 10 or 20 min in the presence of

resin.

gave 5-HMF yields of 65% in 5 min and 61% in 10 min for
[EMIM][HSO,] and [BMIM][HSO,] ionic liquids, respectively.

3.4 Highly efficient formation of S-HMF from inulin with
two-step process

The reaction rate for the fructose dehydration in [EMIM][HSO,]
and [BMIM][HSO,] even after the addition of resin was much
slower than that in [BMIM][CI] in the presence of resin
(Table 1, Fig. 1d). The difference between [BMIM][CI] and
[BMIM][HSQO,] is only their cationic counter ions ([Cl] vs.
[HSO,]). Thus, it seems that the chloride ion in the ionic
liquid [BMIM][CI] played an important role in accelerating the
reaction rate for fructose (or inulin) conversion for 5-HMF
and improving the 5-HMF yield. Binder et al*® studied the
influence of halides on the yield and rate in 5-HMF formation
from fructose in ionic liquids and found that weakly ion-paired
halide ions favor the reaction. They proposed that the occurrence
of halide ions favor the fructofuranosyl oxocarbenium ion to
deprotonate at C-1 to form an enol through nucleophilic or basic
mechanisms,? so that the enol can be thought of as being a key
intermediate for 5-HMF formation.” Binder et al. concluded
that the rate of 5-HMF formation has a first-order dependence
on halide concentration.?

As discussed above, ionic liquids, [EMIM]HSO,] and
[BMIM][HSO,] were found to be highly efficient for inulin
hydrolysis to fructose within short reaction times, and the
formed fructose was relatively stable in the ionic liquids. On
the other hand, the dehydration of fructose to 5-HMF in
[BMIM][C]] in the presence of strong acidic cation exchange
resin has been shown to be fast with high 5-HMF yields under
mild conditions.” Therefore, we tried to conduct the reaction
for the conversion of inulin to 5-HMF in two steps: effective

hydrolysis of inulin to fructose in [BMIM][HSO,], followed by
the dehydration of fructose to 5S-HMF promoted by the addition
of [BMIM][CI] and the resin (Fig. 3). The inulin was reacted first
in [BMIM][HSO,] for 5 min at 80 °C, and a fructose yield of 84%
with 1% 5-HMF yield was obtained. Then, the given amount of
[BMIM][CI] and resin were added into the reaction mixture and
allowed to react at 80 °C. Upon the addition of [BMIM][CI] and
the resin, the formed fructose was quickly consumed and almost
an equal amount of 5-HMF produced. After 35 min of reaction
time, in which 5 min was allowed for the hydrolysis of inulin, a

[BMIM]ICI], resin
{BM\M][HSOJ| [EMIM[HSOAJ+{BMIM][ClJ+resin
100 —1
80 F\ O
e :
[}
S, 60
3 ' —a— Fructose yield
£ ; —o— 5-HMF yield
E 40 |
o
o i
w o
b= 1
T 20 i
w :
0 L/ L 1 1 1 1
0 5 10 20 30 40 50 80 70

Reaction time (min)

Fig. 3 Effective conversion of inulin to 5-HMF with two-step pro-
cess. (0.05 g inulin and 6 mmol water were firstly added into 1 g
[BMIM][HSO,] and stirred at 80 °C for 5 min, and then 1 g [BMIM][CI]
and 0.05 g resin were added into for reaction of another 5-60 min.).
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5-HMF yield of 77% was obtained with a 7% of fructose yield.
When the reaction time was extended to 65 min, the 5S-HMF yield
increased to 82% with only a small amount of fructose remaining
(1% fructose in yield), indicating that fructose conversion was
highly selective.

3.5 By-products and carbon balance

In this study, besides fructose (1 to 85% yield), the main by-
products are glucose (3 to 5% yield), formic acid (<1% yield),
levulinic acid (<0.5% yield), humic acids (soluble polymers), and
probably some di-D-fructose dianhydrides. The di-D-fructose di-
anhydrides are easily formed from inulin under acidic conditions,
and there are at least 14 kinds of di-D-fructose dianhydrides
that are generated from inulin hydrolysis.**** The analysis of
these di-D-fructose dianhydrides was not conducted due to its
complexity as it was not the key point of this work. The formed
soluble humic acids (soluble polymers) are not easily quantified
at present, but could be assessed for their occurrence from the
mixture color,”>? and there were no solid humins observed for
the reaction conditions studied in this work.

Since inulin is a biopolymer, the quantitative determination
of inulin is generally based on acidic or enzymatic hydrolysis
of inulin and quantification of released fructose and glucose
employing high-performance liquid chromatograph with refrac-
tometer detection (HPLC-RI).}*? Fructose and glucose are
intermediate products (by-products) in this reaction, hence, the
quantitative method mentioned above for conversion is not
applicable for the inulin analysis in this work and the inulin
concentration during the reaction is not easily quantified. The
5-HMF and fructose yields can be quantified since these are
end products. Therefore, in most cases, it was difficult to obtain
a reliable carbon balance calculated from HPLC-RI analysis
due to the lack of inulin concentration data in the reaction
mixture. However, in the two-step process where inulin was
quickly converted to fructose, about 90-95% of carbon balance
was obtained according to HPLC-RI analysis.

3.6 Conceptual process and recycling

At first sight, the process of mixing two high boiling liquids
together as a method to improve reaction yields for a chemical
product (fructose, 5S-HMF) might seem to be counterproductive.
However, we can show that their separation and recycling can
be done with established methods that can be considered to be
green, as illustrated in Fig. 4, which shows the 1-pot reaction
(dashed box), hydrolysis and dehydration that is followed by
extraction and filtration separation. The key to the recycling
of the ionic liquids is to note that the cations are the same for
the ionic liquids used, [BMIM][CI] and [BMIM][HSO,]. The
effluent from the filtration step is a mixture of [BMIM][CI] and
[BMIM][HSOQ,] that is readily converted to [BMIM][CI] through
ion exchange (left side). It should be noted that it is not necessary
to convert all of this mixture to [BMIM][CI] but rather only half
of the stream, thus the stream from the filtration step is split. One
half of the stream must be converted to [BMIM][HSO,]. This is
also readily accomplished since [BMIM][HSO,] is derived from
[BMIM][CI]. Namely, addition of sodium bisulfate will cause
reaction and precipitation of NaCl to give [ BMIM][HSO,]. The
ratio of the split is determined by the ratio of the ionic liquids

[BMIM][HSO,]

Hydrolysis

i
1
i
'
[BMIM][CI)} Resin 1
3 € i
1 e 1
' i
' '
! Dehydration H
[ M
Ethyl acetate
cti \ 4 Reaction and
lon exchange A —> NaCl
precipitation
NaHSO,
—>

Recycle Recycle

50% split 50% split

Fig. 4 Proposed process for conversion of inulin to 5-HMF with
recycling of mixed ionic liquids. The 1-pot, 2-step reaction is enclosed
in the dashed box.

used in the 1-pot reaction. The ion exchange resin used for
converting [BMIM][HSO,] to [BMIM][CI] can be regenerated
in the usual ways (HCI). The NaCl can be used with H,SO, to
generate NaHSO, and HCI. Thus, there is substantial chemical
recycling.

The resin used as catalyst in the dehydration reaction has
already been studied for its recyclability,” and the ethyl acetate
used in the extraction process can be easily removed from the
IL mixture after filtration by a liquid-liquid separator that is
followed by either flash vaporization of the ethyl acetate from
the ionic liquid mixture or gas stripping. In the proposed process,
the ionic liquid, resin, catalyst, ethyl acetate, and the supplied
chemicals are internally recycled and represent an efficient
method for producing 5-HMF from inulin.

4. Conclusions

In this work, inulin conversion was studied with several kinds
of ionic liquid solvents as a one pot reaction under mild
conditions. The combination of [BMIM][CI] and strong acidic
cation exchange resin was found to transform inulin into 5-HMF
rapidly, and a 5-HMF yield of 55% was obtained in 20 min
reaction time. Bronsted acidic ionic liquids, [EMIM]HSO,]
and [BMIM][HSO,] acting both as solvent and catalyst, were
found to be highly effective for inulin hydrolysis to fructose
with short reaction times, and the formed fructose was relatively
stable in the ionic liquids. On the basis of these results, direct
conversion of inulin to 5-HMF was implemented in two steps
in which [BMIM][HSO,] was used for the conversion of inulin
to fructose, and [BMIM][CI] and ion exchange resin was used
to promote the dehydration of fructose to 5-HMF. A 5-HMF
yield of 82% was obtained in 65 min reaction time at 80 °C with
the mixed ionic liquid system. For using common cation ionic
liquids [BMIM][CI] and [BMIM][HSO,], recycling is simplified
and the process is green and efficient.
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