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1. Introduction

With the depletion of fossil fuel resources and the increased

environmental pollution that results from the use of fossil fuel

resources, the exploration and exploitation of renewable re-
sources has become a hot topic in recent years.[1] Biomass is

being considered as a substitute for fossil fuel to produce sus-
tainable fuel and chemicals.[2] In this context, the conversion of

cellullosic biomass to HMF has attracted growing interest from

both industry and academia.[3] As a potentially important plat-

form chemical, HMF can be used to produce a great variety of

fine chemicals, liquid fuels, and monomers for polymeric
materials.[4]

A great deal of research work has been contributed to the
conversion of cellullosic biomass to HMF in recent years.[3]

Brønsted acid and Lewis acid/Brønsted acid bifunctional cata-
lysts have been reported for the transformation of biomass to

HMF.[5] Due to their unique tunable acidity, high proton mobili-

ty, and good stability, heteropolyacids (HPAs) are attracting
more and more interest.[6] HMF yields as high as 70 to 80 %
and a selectivity of at least 90 % have been achieved with
metal or organic HPA salts (Brønsted/Lewis acid bifunctional

catalysts) in fructose dehydration.[7] Compared with fructose,
however, glucose is a more promising feedstock for the pro-

duction of HMF owing to its abundance and cheapness. Un-
fortunately, very low HMF yields are usually obtained when
glucose is used.[7]

As noted by researchers, glucose can take part in various re-
actions, such as polymerization, isomerization, dehydration,

and decomposition in the presence of Brønsted/Lewis acid cat-
alysts (Scheme 1).[8] In one known pathway, glucose is first iso-

merized to fructose in the presence of a Lewis acid catalyst,

then the fructose loses three molecules of water to form HMF
with the aid of a Brønsted acid.[9] Another reaction pathway

that has been proved is the direct dehydration of glucose to
HMF in the presence of a strong Brønsted acid, but this route

is usually more difficult than the former because of the differ-
ent conformer distributions of glucose and fructose in solu-

The effective dehydration of glucose to 5-hydroxymethylfurfu-
ral (HMF) has attracted increasing attention. Herein, a series of

sulfonic-acid-functionalized ionic liquid (IL)–heteropolyacid
(HPA) hybrid catalysts are proposed for the conversion of glu-

cose to HMF. A maximum total yield of HMF and levoglucosan
(LGA; &71 %) was achieved in the presence of pyrazine IL-HPA

hybrid catalyst [PzS]H2PW in THF/H2O–NaCl (v/v 5:1). The
mechanism of glucose dehydration was studied by tailoring

the Brønsted/Lewis acid sites of the hybrid catalysts and alter-

ing the solvent composition. It was found that water and het-

eropolyanions have a significant effect on the reaction kinetics.

Heteropolyanions are able to stabilize the intermediates and
promote the direct dehydration of glucose and intermediate
LGA to HMF. A small amount of water could facilitate the con-

version of glucose to LGA and suppress the dehydration of
LGA to levoglucosenone. In addition, the synergetic effect of

Brønsted/Lewis acid sites and a little water was conducive to
accelerated proton transfer, which improved the yield of HMF

from glucose dehydration.
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tion.[10] In addition, the formation of LGA and LGO have been

observed during Brønsted acid-catalyzed glucose conversion
to HMF.[8b] This complex network is probably the reason for the

low yields of HMF obtained with glucose as the substrate.
Therefore, it is of great significance to tailor the strength and
the amount of Lewis and Brønsted acid sites to regulate the

distribution of intermediates and enhance the selectivity for
HMF. For example, Wang et al. found that a choline chloride-
HPA hybrid catalyst, ChH4AlW12O40, gave a 74.8 % yield of LA
for cellulose conversion in a mixed H2O/methyl isobutyl ketone
(MIBK) solvent.[11] Later, they reported another catalyst
(ChH2PW12O40) with a modulated structure and acidity. Under

catalysis with ChH2PW12O40, the major product was HMF with a
yield of 80.7 %.[12] Various metal salt acid catalysts for the con-
version of maple wood to HMF have been examined by Cai

et al. , who revealed that the interplay between Brønsted and
Lewis acidic groups could promote the formation of HMF.[13]

Apart from the synergistic effect of Lewis and Brønsted acid
sites in the catalyst, the solvent plays an important role in the

conversion of glucose. Generally speaking, water is the pre-

ferred solvent, but pure water did not usually give HMF from
glucose in high yields due to the slow rate of HMF formation

and rapid rehydration.[14] To improve the conversion of glucose
to HMF, an effective strategy is to use a biphasic solvent, such

as H2O–NaCl and an organic solvent, as the reaction
medium.[15] In this case, the organic layer acts as an extracting

phase to limit the side reaction of HMF and thus improve the

HMF yield. Moreover, the nature of the organic solvent also
plays a crucial role in regulating the distribution of glucose de-
hydration intermediates. Huber et al. investigated the effect of
mixed solvents that contained a polar aprotic solvent on glu-

cose dehydration.[16, 17] In these mixed solvents, apart from

HMF, an important chemical precursor (LGO) was also observed
in the glucose dehydration reaction. Unfortunately, only single
Brønsted acid catalysts, such as H2SO4 and H3PO4, were exam-
ined in the mixed solvents. Recently, we studied glucose dehy-

dration with a Brønsted/Lewis bifunctional catalyst in mixed
solvents.[18] A new, distinct reaction pathway involving the LGO

intermediate was proposed. However, the synergistic effect of
the Lewis and Brønsted acid groups on the intermediates and
products has not been clarified.

In addition, water is an extremely important proton-transfer
bridge in a large majority of charge-transfer reactions. For ex-

ample, Iftimie’s group studied the proton-transfer mechanisms
by using ab initio molecular dynamics and verified the forma-

tion of sequential proton transfer between water and the reac-

tants via encounter complexes.[19] It should be noted that glu-
cose dehydration is a typical acid-catalyzed proton-transfer re-

action. To understand the glucose dehydration mechanism
more deeply, therefore, the effect of water in proton transfer

must be taken into account.

Scheme 1. Possible reaction pathways for the dehydration of glucose to HMF (LGA = levoglucosan, LGO = levoglucosenone, LA = levulinic acid, FA = formic
acid).[8]
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On the basis of the amino-functionalized imidazole HPA-
based ionic hybrids that were reported previously,[18] herein we

prepared a series of novel sulfonic-acid-functionalized pyrazine
HPA-based ionic hybrid catalysts, abbreviated as [PzS]nH3@nPW
(Scheme 2), which can effectively catalyze glucose dehydration
to HMF in THF/H2O–NaCl. The effects of the solvents and the

Lewis/Brønsted acid sites of the HPA catalysts on the synthesis
of HMF from glucose were investigated. Special attention was
given to the roles of the heteropolyanions and the water con-

tent on the reaction pathway of HMF formation and the
proton-transfer effect. In addition, the reaction kinetics was

studied to understand the reaction mechanism of glucose de-
hydration catalyzed by HPA-based ionic hybrid catalysts.

2. Results and Discussion

2.1. Characterization of Catalysts

The elemental analysis of [PzS]H2PW gave values of 1.61, 0.98,
0.23, and 1.10 wt % for C, N, H, and S, respectively, which is

very close to the calculated values (C 1.58, N 0.92, H 0.23, and
S 1.05 wt %) according to the suggested chemical composition

of [PzS]H2PW in Scheme 2. The SEM-EDX analysis of C, N, O, P,
and W was determined on an extended area of a solid sample

of [PzS]H2PW (Figure S1 in the Supporting Information). The
weight ratio of N and P is approximately 1:1, and the elemen-

tal mapping images disclosed homogeneous dispersions of N,
O, S, P, and W across the image area (Figure 1). This evidence
confirmed the stoichiometric composition of [PzS]H2PW, which

is made up of one sulfonic-acid-functionalized pyrazine ionic
liquid (IL) cation ([PzS]+) and a HPA anion (H2PW@).

Figure 2 illustrates the FTIR spectra of H3PW12O40, [PzS]H2PW
and [PzS]Cl. For the H3PW12O40 sample, four vibration bands at

1080, 986, 890, and 779 cm@1 (Figure 2, curve a) are characteris-

tic of a Keggin structure for the PW12O40
3@ anion, and are at-

tributed to the stretching vibrations of the central oxygen n(P@
Oa), the terminal oxygen n(W=Ot), the inter-octahedral oxygen
n(W-Ob-W), and the intra-octahedral oxygen n(W-Oc-W), respec-

tively.[20] For the [PzS]H2PW sample (Figure 2, curve b), four
Keggin-featured bands were also observed, which suggested

Scheme 2. The synthesis of sulfonic-acid-functionalized HPA-based ionic hybrid catalysts.
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that the Keggin framework was retained even after the HPA
proton was substituted by an IL cation [PzS]+ . Additionally,

characteristic vibration bands for [PzS]Cl (Figure 2, curve c)
were detected at 1486, 1174, 614, and 574 cm@1 and were as-

signed to the stretching vibrations of the pyrazine ring and
sulfonic acid group.[21] These peaks could be still observed for
[PzS]H2PW, which indicated the formation of a sulfonic-acid-
functionalized pyrazine ionic hybrid through strong ionic-bond
interactions.

The acidity of the catalysts was measured by using a Ham-
mett acidity analysis;[22] Table 1 summarizes the H0 values. It
can be seen that the acidity decreased in the order
H3PW12O40> [PzS]H2PW> [PzS-H]HPW> [PzS]2HPW> [PzS]3PW>

[PzS-H]Cl2> [PzS]Cl, which is consistent with the values from
theoretical calculations according to the chemical formula (see

the Supporting Information).

2.2. The Effect of Lewis/Brønsted Acid Sites on Glucose
Dehydration

It is known that the synergistic catalytic effect between Lewis

and Brønsted acid sites in a catalyst is beneficial for the dehy-
dration of glucose to HMF. Table 1 shows the effects of Lewis

and Brønsted acid sites in sulfonic-acid-functionalized HPA-

based ionic hybrids on glucose dehydration at 180 8C in H2O–
NaCl/THF (v/v 1:5).

In the absence of acid (Table 1, entry 1) or pyrazine (Table 1,
entry 2) as the catalyst, negligible glucose conversion occurred

and no detectable products were found after 6 h, which indi-
cated that acidic sites are necessary for the glucose dehydra-

tion reaction. H3PW12O40 gave a 40.8 % yield of HMF (Table 1,Figure 2. FTIR spectra of a) H3PW, b) [PzS]H2PW, and c) [PzS]Cl.

Figure 1. The elemental mapping of [PzS]H2PW.

Table 1. Effect of Lewis/Brønsted acid sites on glucose dehydration.[a]

Entry Catalyst Structure B/L[b] H0 t[c] Yield [%]
[mmol g@1] [h] LGO LGA HMF

1 none – – – 6 0 0 0

2 pyrazine 0:2 – 6 0 0 0

3 H3PW12O40 – 3:1 0.70 4 0 0 40.8

4 [PzS]Cl 1:1 0.85 3 2.3 10.4 38.7

5 [PzS-H]Cl2 2:0 0.85 2 7.0 18.2 32.9

6 [PzS]H2PW 3:2 0.74 6 trace 12.8 58.2

7 [PzS-H]HPW 3:1 0.78 5 trace 17.8 46.4

8 [PzS]2HPW 3:3 0.79 6 trace 10.2 36.1

9 [PzS]3PW 3:4 0.83 6 trace 6.4 34.3

10 [MimS]H2PW – 0.73 5 0 3.2 23.3

11 [MimPS]H2PW – 0.73 5 0 2.1 23.6

[a] Reaction conditions: glucose (0.1 g), NaCl (0.37 g), and catalyst (65 mmol) in H2O/THF (12 mL, v/v 1:5) at 180 8C. [b] From the chemical formula, based on
the possible number of Lewis or Brønsted acid sites (see the Supporting Information). [c] The reaction time for the maximum yield of HMF.
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entry 3), but no LGO or LGA were detected. Additionally, fruc-
tose, which is thought to be a common intermediate in the

dehydration of glucose to HMF, was not detected. Therefore, it
could be concluded that H3PW12O40 is an effective catalyst for

the direct conversion of glucose to HMF in H2O–NaCl/THF be-
cause, as a strong Brønsted acid, it can donate hydrogen pro-

tons for glucose dehydration.[23]

The sulfonic-acid-functionalized pyrazine IL [PzS]Cl, with a
1:1 ratio of Brønsted and Lewis acid sites, gave a 10.4 % yield

of LGA, a 2.3 % yield of LGO, and a 38.7 % yield of HMF
(Table 1, entry 4), which indicated that [PzS]Cl, similarly to
H3PW12O40, has a proton-donating ability. In contrast to
H3PW12O40, glucose conversion to LGA was more conducive

than direct dehydration to HMF in the presence of the Brønst-
ed acid sites of the sulfonic acid group. [PzS-H]Cl2, which has

overwhelmingly Brønsted acid sites, gave yields as high as 18.2

(LGA), 32.9 (HMF), and 7 % (LGO; Table 1, entry 5). This sug-
gests that Brønsted acid sites facilitate the conversion of glu-

cose to LGA and the dehydration of LGA to LGO. Additionally,
with the aid of strong Brønsted acid sites, glucose also proba-

bly underwent various acid-catalyzed side reactions to give un-
desired products, such as humins, which as a result decreased

the yield of HMF.[24] Therefore, we conclude that the species

and strength of the acid sites in the catalyst have a significant
effect on the distribution of intermediates and the selectivity

of the products.
The synthesized HPA-based ionic hybrid catalyst [PzS]H2PW

gave yields of 58.9 % HMF and 12.8 % LGA and trace LGO
(Table 1, entry 6). Compared with the yields of [PzS]Cl (Table 1,

entry 4), the introduction of a heteropolyanion could acceler-

ate the direct conversion of glucose and LGA to HMF and in-
hibit LGA dehydration to LGO, which might result from the sta-

bilizing effect of heteropolyanions on the intermediates.[25]

Furthermore, with a decrease in the proportion of Lewis acid

sites in [PzS-H]HPW, the HMF yield decreased to 46.4 %, where-
as the LGA yield increased to 17.8 % (Table 1, entry 7). This sug-
gested that the Lewis acid sites in the catalyst might inhibit

the direct dehydration of LGA to HMF. However, with an in-
crease in the proportion of Lewis acid sites in [PzS]2HPW and

[PzS]3PW, the HMF yields declined remarkably to 36.1 and
34.4 % accordingly (Table 1, entries 8, 9), which indicated that

the synergistic effect of the Brønsted and Lewis acid sites is
crucial to the HMF selectivity. Therefore, for the effective con-

version of glucose to HMF, the ratio of Lewis and Brønsted
acid sites must be optimized to fulfill the synergistic catalytic
effect to the utmost extent.

Other two control catalysts, [MimS]H2PW and [MimPS]H2PW,
gave yields of 23.3 and 23.6 % HMF, respectively (Table 1, en-

tries 10, 11), and a small amount of LA was detected as a by-
product, which was not detected in the presence of pyrazine

ionic hybrids in our experiment. In theory, HMF could be con-

verted into LA in the presence of a strong Brønsted acid. For
example, Wang’s group investigated the activity of

ChH4AlW12O40 for cellulose conversion and obtained a 74.8 %
yield of LA in MIBK/H2O–NaCl.[12] Although the reason for the

formation of LA over [MimS]H2PW and [MimPS]H2PW remains
unclear, it might be related to the increase in Brønsted acid

sites due to the acidic proton at the C2 position of the imida-
zolium cation in the catalysts.[26] This reconfirmed that the spe-

cies and strength of the acid have an important influence on
the distribution of intermediates and the selectivity of

products.
To get a deeper insight into the catalytic mechanism of HPA-

based ionic hybrid catalysts in the H2O–NaCl/THF solvent
system, the kinetic behavior of glucose dehydration to HMF by
four catalysts was surveyed (Figure 3). The initial rate of forma-

tion of HMF decreased in the order [PzS-H]Cl2> [PzS]Cl>
[PzS]H2PW> [PzS-H]HPW. Under catalysis with [PzS-H]Cl2 or
[PzS]Cl, the initial rate of formation of HMF was in agreement
with the proton-donating ability of the catalyst.[16]

Despite the relatively low initial formation rates of HMF,

much higher yields of HMF could be obtained with HPA-based

ionic hybrids [PzS]H2PW and [PzS-H]HPW. This can be explained
by the fact that the heteropolyanions of the ionic hybrid cata-
lyst not only stabilize the reaction intermediates and transition
states through effective hydrogen bonding, but also promote

the dehydration of glucose and LGA to HMF. Furthermore, the
initial formation rate of HMF over [PzS]H2PW was higher than

that over [PzS-H]HPW, which suggested that an appropriate
ratio of Brønsted and Lewis acid sites in the catalyst was more
favorable for the dehydration of glucose to HMF.

2.3. Solvent Effect on Glucose Dehydration

Polar aprotic solvents have been experimentally proven to be

effective in affecting the reaction pathways of biomass dehy-

dration to HMF.[27] Different solvents, particularly polar aprotic
solvents, were thus evaluated to examine their effect on the

glucose dehydration reaction in the presence of [PzS]H2PW at
180 8C; Table 2 presents the product yields. LGA was not de-

tected and very low yields of HMF (5–7 %) were obtained in
pure water (Table 2, entry 1) and pure n-butyl alcohol (nBuOH;

Figure 3. Kinetic behavior of glucose dehydration with different catalysts.
Reaction conditions: glucose (0.1 g), NaCl (0.37 g), and catalyst (65 mmol) in
H2O/THF (12 mL, v/v 1:5) at 180 8C.
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Table 2, entry 2). In DMSO (Table 2, entry 3), a yield of HMF as

high as 75.6 % was obtained along with trace LGA, which

might be related to the high polarity, excellent ability to solu-
bilize glucose, and the effective co-catalysis effect of DMSO[23]

compared with the other polar aprotic solvents employed
herein. Unfortunately, DMSO is not an ideal solvent due to its

high boiling point, which makes the separation and purifica-
tion of products difficult.

Other solvents with relatively low polarity, such as THF and

1,4-dioxane (Table 2, entries 4, 5), could lead to the formation
of LGO (6–7 %) with low yields of HMF (7–9 %) and LGA (1–

4 %). Based on these facts, we speculated that, in aprotic sol-
vents with low polarity, glucose might initially undergo a dehy-

dration reaction with the help of a strong Brønsted acid site to
form LGA, then LGA is subsequently dehydrated to LGO.

Gamma-valerolactone (GVL) and MIBK (Table 2, entries 6, 7)

gave LGA (1–4 %), LGO (4–6 %), and HMF (6–7 %) despite a rela-
tively higher dipole moment. Compared with pure H2O or
nBuOH (Table 2, entries 1,2), polar aprotic solvents are benefi-
cial to the dehydration of glucose to LGA and LGO, which is

consistent with the results of Huber and co-workers, who used
sulfuric acid as the catalyst.[9b]

The yield of HMF can be effectively enhanced in a mixed sol-

vent system (Table 2, entries 8–11) composed of aqueous NaCl
and a polar aprotic solvent, which suggested that aqueous

NaCl is essential for glucose dehydration because of the very
poor solubility of glucose in most polar aprotic solvents. The

addition of NaCl to the mixed solvent may also increase the
immiscibility of the aqueous and organic phases.[28]

To confirm the role of NaCl, aqueous NaCl and a mixture of

THF and pure water were surveyed separately (Table 2, en-
tries 12, 13). The yield of HMF in aqueous NaCl was almost the

same as that in pure H2O system (Table 2, entry 1). A HMF yield
of 20.8 % was obtained in THF/pure water (Table 2, entry 13),

which is inferior to that in the THF/H2O–NaCl solvent system.
The results indicated that the effect of NaCl was mainly to in-

crease the immiscibility of the aqueous and organic phases.
Consequently, HMF can be extracted instantly from the aque-
ous phase into the organic phase and thus prevented from un-
dergoing side reactions, which increases the yield of HMF. Fur-
thermore, it is known that THF is able to stabilize HMF, co-cata-
lyze glucose dehydration, and inhibit the further hydration of

HMF to LA.[24] As a result, the highest HMF yield (58.2 %) was
obtained in THF/H2O–NaCl (Table 2, entry 8).

Interestingly, much more LGA, but only trace LGO, was
formed in the [PzS]H2PW-catalyzed system in a biphasic mix-
ture of H2O and polar aprotic solvent (Table 2, entries 8–11).

That is, in the biphasic system, LGA is a key intermediate in
glucose dehydration. There are two probable pathways for the

conversion of LGA to HMF: 1) LGA is converted into HMF in a
straightforward manner or 2) LGA is first converted into LGO

and then isomerized to HMF. To confirm the inference, the re-

action of LGA dehydration was also investigated under the
standard conditions (NaCl (0.37 g) and [PzS]H2PW (65 mmol) in

H2O/THF (12 mL) at 180 8C). A 28 % yield of HMF with trace
LGO was obtained after a reaction time of 8 h. It turns out

that, in the biphasic system, the presence of water suppresses
the dehydration of LGA to LGO and, as a result, only trace LGO

was formed. Additionally, LGA could be directly converted into

HMF. At the same time, the direct conversion of glucose to
HMF could not be ignored in the biphasic solvent system. In

water-free solvents, in contrast, the absence of water probably
inhibits the isomerization of LGO to HMF. For this reason, a

considerable amount of LGO was observed in the reaction mix-
ture (Table 2, entries 4–7). Conversely, water is likely to acceler-

ate the formation of LGA from glucose. This is a reasonable ex-

planation for the higher LGA yields in the biphasic solvent
system compared with single polar aprotic solvent systems.

Given the higher HMF yields in the biphasic system (Table 2,
entries 8–11), contributions from two reaction pathways are in-

dicated: one in which glucose is directly dehydrated to HMF
and the other in which glucose is first converted to LGA and

then LGA is transformed to HMF.

In summary, LGA is the key intermediate in glucose dehydra-
tion when using [PzS]H2PW as the catalyst. LGA loses a further
two molecules of water to form LGO, followed by slow isomeri-
zation to HMF in the water-free polar aprotic solvent system.

In a biphasic mixture of water and polar aprotic solvent, water
could restrain the conversion of LGA to LGO but benefit the

direct conversion of LGA to HMF. Additionally, there is another
non-negligible pathway for the formation of HMF, that is, the
direct dehydration of glucose to HMF when using [PzS]H2PW

as the catalyst.

2.4. Role of Water Content in the Reaction Pathway

To elucidate the effect of water content on the conversion of
glucose to HMF, the water content was increased gradually

from 0:1 to 1:0. The results in Figure 4 show that the yields
of HMF and LGA first increased and then decreased as the

water content was increased, but the yield of LGO invariably
declined.

Table 2. Effect of the solvent on glucose dehydration.[a]

Entry Solvent t[c] Yield [%]
[h] LGO LGA HMF Total[d]

1 H2O 6 0 0 6.9 6.9
2 BuOH 6 0 0 5.2 5.2
3 DMSO 5 0 trace 75.6 75.6
4 THF 6 6.7 3.4 8.5 18.6
5 dioxane 6 6.4 1.2 7.8 15.4
6 GVL 5 4.5 1.0 6.3 11.8
7 MIBK 5 5.2 3.7 6.8 15.7
8 THF/H2O[b] 6 trace 12.8 58.2 71.0
9 dioxane/H2O[b] 6 trace 8.6 37.5 46.1
10 GVL/H2O[b] 4.5 trace 11.4 44.5 55.9
11 MIBK/H2O[b] 5 trace 2.3 16.4 18.7
12 H2O-NaCl 6 0 0 7.5 7.5
13 THF/H2O 6 trace 2.4 20.8 23.2

[a] Reaction conditions: glucose (0.1 g), [PzS]H2PW (65 mmol), and solvent
(12 mL) at 180 8C. [b] The volume ratio of the polar aprotic solvent to the
water was 5:1 and NaCl (0.37 g) was added to water. [c] The reaction
time for the maximum yield of HMF. [d] The total yield of LGA, LGO, and
HMF.
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It is known that water can be tied to proton transfer to facili-
tate the reaction. In particular, the presence of @SO3H groups

in the catalytic system improved the proton-transfer effect

through the formation of encounter complexes, which has
been verified by experiments and DFT.[19] Therefore, we con-

cluded that a small amount of water in the solvent could form
encounter complexes with -SO3H groups in the ionic hybrid

catalyst through the hydrogen-bond effect (Scheme 3), and
thus facilitate proton transfer between the catalyst and the re-

actants and increase the HMF yield. As the water content was

increased to a certain point, the strong hydrogen-bond net-
works between the water molecules became significant and,

as a result, the opportunities for encounters between H+ pro-
tons and the reactants were decreased and suppressed the for-

mation of HMF, which was confirmed by molecular dynamic
(MD) simulations.[19]

Furthermore, the presence of water restrained the conver-

sion of LGA to LGO, which was proved by the declining LGO
yield with the increase in water content. Therefore, it can be
seen that the addition of a small amount of water to the THF
solvent system triggered a dramatic difference in the reaction

rate of the tandem reactions and thus led to an increase in the
HMF yield, although the detailed effects of the solvent–cata-

lyst–reactants interactions on the reactivity of glucose and LGA
needs to be surveyed further.

The reaction kinetics experiments at different temperatures
were investigated under the catalysis of [PzS]H2PW in H2O–

NaCl/THF (Figure 5). The highest HMF yield was obtained at
180 8C. Although the initial formation rate of HMF was high at

190 8C, a maximum yield of HMF was obtained along with re-
action time, which indicated the decomposition of HMF. The
formation of humins at high temperature became significant,

as revealed by a darkening in the color of the reaction solu-
tion. Furthermore, the yield of LGA first increased and then

later decreased, but basically remained unchanged as the reac-
tion time was increased. Additionally, only a trace yield of LGO
was obtained throughout the dehydration reaction. Again, this
indicated that LGA was the intermediate in the glucose dehy-

dration to HMF. The conversion of LGA to LGO was suppressed
in the presence of a small amount of water and heteropolyan-
ions. That is, glucose mainly underwent two competitive reac-
tion pathways in our reaction system: direct dehydration of
glucose to HMF and dehydration of glucose to LGA followed

by further dehydration to HMF.

Scheme 3. The hydrogen-bond effect of water molecules and [PzS]H2PW.

Figure 5. Kinetic behavior of glucose dehydration at different temperatures.
Reaction conditions: glucose (0.1 g), NaCl (0.37 g), and catalyst (65 mmol) in
H2O/THF (12 mL, v/v 1:5).

Figure 4. Effect of water on the product distribution from glucose dehydra-
tion. Reaction conditions: glucose (0.1 g), NaCl (0.37 g), [PzS]H2PW (65 mmol),
and solvent (12 mL) at 180 8C for 6 h.
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3. Conclusions

This study focused on the effects of the solvent and the
Brønsted/Lewis acid sites of ionic hybrid catalysts on the dehy-

dration of glucose to HMF. A series of sulfonic-acid-functional-
ized pyrazine HPA-based ionic hybrid catalysts was prepared

and examined for the conversion of glucose to HMF. The maxi-
mum total yield of HMF and LGA (71 %) was achieved by using

[PzS]H2PW (B/L acid sites 3:2) in THF/H2O–NaCl (v/v 5:1). The

introduction of heteropolyanions in the catalyst facilitated the
direct conversion of glucose and intermediate LGA to HMF.
The synergy of the Brønsted/Lewis acid sites was more favora-
ble for the formation of HMF. Moreover, the effect of the water
content in the solvent was systematically surveyed. It was
found that a small amount of water could inhibit the dehydra-

tion of LGA to LGO and enhance the direct conversion of LGA

to HMF. Additionally, the direct dehydration of glucose to HMF
was not negligible. The encounter complexes between small

amounts of water molecules and the sulfonic acid catalyst
were likely to promote proton transfer through effective hy-

drogen bonding and ionic interactions, and thus improved the
selectivity for HMF. This work may be helpful to understand

the dehydration of glucose to HMF catalyzed by HPA ionic cat-

alysts and to develop effective HPA catalysts to produce valua-
ble chemicals from biomass.

Experimental Section

Materials and Methods

All chemicals, including glucose, THF, pyrazine, phosphotungstic
acid, 1,3- propanesultone, and LGA, were purchased from Sino-
pharm Chemical Reagent Co. and used without further purification.
Elemental analyses were performed by using a CHN elemental ana-
lyzer (Vario EL cube) and an inductively coupled plasma spectrom-
eter (TCP, Jarrell-Ash 1100). The 1H NMR spectra were obtained at
400 MHz by using the Hahn echo at RT. The spin rate was 10 kHz.
Scanning electron microscopy (SEM; Hitachi S-4800, accelerating
voltage: 5 kV) accompanied by energy-dispersive X-ray spectrome-
try (EDS; accelerating voltage: 20 kV) was used to study the mor-
phology and the elemental distribution. FTIR spectra (KBr discs)
were recorded by using a Nicolet 360 FT-IR instrument in the
4000–400 cm@1 region.

The acidity of the solid samples was measured by using a Ham-
mett acidity analysis according to a literature procedure.[22] The
Hammett indicator (p-nitroaniline, 25 mg) and the catalyst (50 mg)
were added to deionized water (10 mL and the mixture was stirred
at RT for 12 h, then the solid was separated by centrifugal filtration.
The solution was measured by using a UV spectrophotometer at
l= 380 nm. Each test was done in triplicate and the reported data
is the average value.

Catalyst Preparation

The synthesis strategy of sulfonic-acid-functionalized HPA-based
ionic hybrid catalysts is illustrated in Scheme 2. The sulfonic-acid-
functionalized pyrazine IL monomer [PzS]Cl was prepared accord-
ing to previous reports.[21] The main experimentation process is as
follows. Chlorosulfonic acid (0.01 mol) and pyrazine (0.01 mol)
were added to CH2Cl2 (20 mL) in a 50 mL round-bottomed flask.

The reaction mixture was stirred and heated at reflux for 24 h.
After the reaction was complete, the CH2Cl2 was decanted and the
solid sample was washed with CH2Cl2 (3 V 30 mL) and dried to give
[PzS]Cl as a white powder. Analogous IL [PzS-H]Cl2 was prepared in
a similar procedure by using a 2:1 molar ratio of chlorosulfonic
acid and pyrazine. Analogous IL [MimS]Cl was prepared in a similar
procedure by using methylimidazole instead of pyrazine. The char-
acterization data of the synthesized ILs are presented in the Sup-
porting Information.

The sulfonic-acid-functionalized imidazole IL MimPS was synthe-
sized according to a literature procedure.[20b] Methylimidazole
(0.1 mol) and 1,3-propane sulfone (0.1 mol) were added to toluene
(20 mL) in a 100 mL round-bottomed flask. The mixture was stirred
for 24 h at 50 8C under a nitrogen atmosphere, then the formed
precipitate was filtered and washed with CH2Cl2 (3 V 30 mL) and
dried to give MimPS as a white solid (yield: 96 %).

HPA-based ionic hybrids were prepared by a reaction between an
IL and HPA. Typically, [PzS]Cl (5.0 mmol) and H3PW12O40 (5.0 mmol)
were dissolved in deionized water (20 mL). Aqueous H3PW12O40

was added dropwise to the [PzS]Cl solution, and then stirred at RT
for 8 h. The formed precipitate was filtered and washed with de-
ionized water, then dried to give [PzS]H2PW. In accordance with
the above procedure, [PzS]2HPW and [PzS]3PW were prepared by
using the corresponding molar ratio of reactants. Analogous hy-
brids [PzS-H]HPW, [MimPS]H2PW, and [MimS]H2PW were prepared
by using the corresponding IL precursors. The characterization
data for the HPA-based ionic hybrids are presented in the Support-
ing Information.

Glucose Dehydration Reaction

The catalytic reaction proceeded in a 100 mL steel autoclave lined
with Teflon. In a typical experiment, a mixture of glucose (0.1 g),
catalyst (60 mmol), solvent (12 mL), and NaCl (0.37 g) were added
to the autoclave, which was then purged three times with nitro-
gen, heated, and stirred in an oil bath for specified time, then the
reaction mixture was cooled to RT immediately. The mixture pre-
sented two layers: the upper layer was the organic phase that con-
tained desired products HMF and LGO; the bottom layer was an
aqueous phase in which NaCl, traces of HMF, unreacted glucose,
the intermediate LGA, and the byproduct humins were dissolved.
The qualitative analysis of LGA was carried out by using a gas chro-
matography-mass spectrometry instrument (GC-MS; Perkin–Elmer,
Clarus SQ 8) equipped with a capillary column, TC-1701 (GL Scien-
ces, length 60 m, i.d. 0.25 mm and film thickness 0.25 mm). LGA
and glucose were analyzed by using a HPLC instrument (Shimadzu
LC-10A) equipped with a HPX-87H column and a refractive index
detector. Separation was achieved at 30 8C with 5 mm H2SO4 as the
mobile phase at a flow rate of 0.6 mL min@1. LGO and HMF were
analyzed by using a gas chromatograph (GC6890, Agilent)
equipped with a flame ionization detector. The temperature of the
oven was kept at 40 8C for 5 min, then heated to 240 8C at a rate
of 7.5 8C min@1 and held this temperature for further 15 min. Under
optimized conditions, the recycling tests of the water phase in the re-
action mixture are described in the Supporting Information. Each test
was done in triplicate and the reported data is the average value.
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