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were the active species for fructose dehydration into 
HMF. ZnBr3

− and H+ catalyzed the conversion of 
fructose into furfural, which competed with the pro-
duction of HMF. The reaction mechanism was pro-
posed to understand the cooperate of species in MSH 
for cellulose conversion.
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Introduction

The development and utilization of biomass-based 
renewable energy sources have been paid atten-
tion with increasing concerns to environmental and 
energy issues (Ashokkumar et  al. 2021; Cho et  al. 
2020). Cellulose, a high molecular weight homopol-
ymer formed by glucose units connected through β-
(1–4) glycosidic linkages, is regarded as one of the 
most important biomass materials due to the advan-
tages of rich reserves, wide sources, safety, nontoxic-
ity, and biodegradability (Ab Rasid et al. 2021). The 
dissolution of cellulose plays an important role in its 
conversion to produce glucose and other platform 
compounds, and then further produce energy, fuel, 
and valuable chemicals (Feng and Chen 2008). The 
dissolvability of cellulose is poor in water and many 
organic solvents. Therefore, finding a cellulose sol-
vent with good dissolvability and high efficiency is 
necessary.

Abstract  Molten salt hydrate (MSH) is a good sol-
vent for cellulose dissolution and an effective cata-
lyst for cellulose conversion. In this work, a series 
of MSH was evaluated in terms of cellulose dis-
solvability, regeneration performance, and catalytic 
activity in cellulose conversion into 5-hydroxymeth-
ylfurfural (HMF). ZnBr2·3H2O–LiCl·3H2O showed 
good performance on cellulose dissolution and con-
version. The effects of ZnBr2·3H2O concentration, 
reaction temperature, and time on cellulose conver-
sion into HMF in ZnBr2·3H2O–LiCl·3H2O were opti-
mized, and 48.7% HMF yield was reached at 60 wt.% 
ZnBr2·3H2O. The species of ZnBr2·3H2O–LiCl·3H2O 
were analyzed, and the function of species concentra-
tion was correlated with the product yield from the 
conversion of fructose. It was found that Br− and H+ 
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Molten salt hydrate (MSH) is a highly concen-
trated aqueous solution of inorganic salts with a 
molar water-to-salt ratio close to the coordination 
number of the strongest hydrated cations, and has the 
advantages of easy preparation, low cost, and envi-
ronmental friendliness (Emons 1988). In MSH, the 
inorganic salt is hydrolyzed in water and produces 
complex ion forms. The interaction between cations 
and water molecules in the coordination sphere leads 
to a decrease in the charge density of the surround-
ing hydrogen atoms and the formation of positively 
charged protons–Brønsted acid (Rodriguez Quiroz 
et al. 2019a). Cations form Lewis acidic centers with 
hydroxyl ions and anions.

The dissolution of cellulose in MSH is gaining 
attention in recent years. For example, Fischer’s group 
(Fischer et  al. (1999, 2003); Leipner et  al. 2000) 
investigated the behavior of cellulose in a series of 
MSHs and found that the cellulose dissolved or swol-
len in MSH, and the crystal forms of cellulose were 
transformed from cellulose I to cellulose II. Sun et al. 
(2022) studied the dissolution, regeneration, struc-
ture, and morphology of cellulose pretreated with 
ZnBr2·RH2O and FeCl3·RH2O, and investigated the 
influence of dissolution time, temperature, and water 
content. They found that ZnBr2·4H2O was a promis-
ing and reusable pretreatment solvent for cellulose 
dissolution. Chen et al. (2020) reported that cellulose 
could be dissolved fast and efficiently in ZnCl2·3H2O 
and FeCl3·6H2O, and proposed the dissolution mech-
anism of cellulose on the basis of the investigation on 
the structure of generated cellulose. The dissolution 
process modified the cellulose structure, leading to 
the enhancement of cellulose conversion (Lara-Ser-
rano et  al. 2020). Various MSHs, especially lithium 
and zinc-based MSHs, were investigated for cellulose 
conversion to valuable chemical products. For exam-
ple, cellulose was efficiently hydrolyzed into glucose 
and bromo-methylfurfural in acidified LiBr MSH 
(Yoo et al. 2017b). Levulinic acid (LA) was obtained 
by converting cellulose in LiCl MSH (Wang et  al. 
2020). Similarly, cellulose could be converted to glu-
cose (Guan et  al. 2021; van den Bergh et  al. 2017), 
isosorbide (Almeida et  al. 2010), 1-(furan-2-yl)-2-
hydroxyethanone(Yang et al. 2011) and furfural (FF) 
(Bodachivskyi et al. 2019a, b) in zinc-based MSH.

In MSH, the efficiency of cellulose conversion to 
glucose is very high, but the yield of further conver-
sion of glucose to 5-hydroxymethylfurfural (HMF) 

is low, because the efficiency of glucose isomeriza-
tion is low as the Brønsted acid in MSH is highly 
strong (Amarasekara and Ebede 2009; Deng et  al. 
2012; Rodriguez Quiroz et  al. 2019b). Additional 
catalysts (e.g., metals and zeolite) are usually added 
to MSH to improve the yield of HMF (Wang et al. 
2015; Wei and Wu 2017; Yan et  al. 2019). In the 
previous work, the efficiency of cellulose conver-
sion was improved when two kinds of MSH were 
mixed, illustrating that the mixed MSH was a prom-
ising solvent for cellulose dissolution and conver-
sion into invaluable chemicals (Liu et  al. 2022). 
However, the research on cellulose dissolution and 
conversion into HMF in mixed MSH remains rare, 
and the understanding on the cooperative cataly-
sis of species in MSH on cellulose conversion is 
unclear. Therefore, in the present work, the cel-
lulose dissolution and regeneration in a series of 
MSH were investigated. Basing on the screening of 
cellulose dissolvability in MSH, cellulose conver-
sion on the mixed MSH (ZnBr2·3H2O–LiCl·3H2O) 
with different ZnBr2·3H2O concentrations, reaction 
temperatures, and times was studied. The specia-
tion of ZnBr2·3H2O–LiCl·3H2O was calculated and 
correlated to HMF yield from fructose conversion. 
The reaction mechanism for conversion of cellu-
lose into HMF in ZnBr2·3H2O–LiCl·3H2O was also 
proposed.

Experiment

Materials and reagents

Microcrystalline cellulose (97.0%, particle size 
50 µm) was supplied by Yuanye Biotechnology Co., 
Ltd. Anhydrous inorganic salts lithium chloride 
(LiCl, 99.0%), zinc bromide(ZnBr2, ≥ 98.0%), lithium 
bromide (LiBr, 99.0%), and methanol(≥ 99.9%) were 
purchased from Shanghai McLin Biochemical Tech-
nology Co., Ltd. Calcium chloride (CaCl2, 99.5%) 
was obtained from Laiyang Economic Development 
Zone Chemical Reagent Co., Ltd. Glucose (≥ 99.0%), 
D-fructose (99.0%), FF (99.0%), LA (99.0%), and 
HMF (99.0%) were purchased from Aladdin Bio-
chemical Technology Co., Ltd. Methyl isobutyl 
ketone (MIBK, ≥ 99.0%) was obtained from Tianjin 
Fucheng Chemical Reagent Co., Ltd.
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Cellulose dissolution and regeneration

For pure MSH, the inorganic salt was mixed with 
deionized water in accordance with the molar ratio of 
salt/water to obtain MSH. For mixed MSH, it was pre-
pared by mixing two pure MSH with the mass ratio 
of 1:1. In the experiment, 0.3 g cellulose and 29.7 g 
MSH were added into a three-necked flask placed 
in an oil bath equipped with magnetic stirring. The 
solution was heated at 85  °C for 15 min to dissolve 
cellulose. After that, cellulose solution was poured 
into deionized water, and the cellulose was regener-
ated and diffused in the water. After centrifugal pre-
cipitation, the regenerated cellulose was washed with 
deionized water to remove residual salts, and the sam-
ple was centrifuged and freeze-dried before analysis.

Characterization

The X-ray diffraction (XRD) pattern of samples was 
performed using the D8 ADVANCE from Bruker 
(Germany) with an operating voltage of 40  kV and 
a current of 40 mA. The scan range (2θ) was 5°–60° 
at 2°  min−1. The fourier transform infrared (FT-IR) 
analysis of regenerated cellulose was performed using 
FT-IR-850 in the range of 500–4000  cm−1 at a scan 
rate of 4  cm−1 in the transmission mode. KBr was 
dried overnight in an oven prior to analysis. 13C NMR 
spectra were recorded on Bruker Avance III 400 
NMR spectrometer.

Cellulose conversion

The conversion of carbohydrates (cellulose, glucose, 
fructose) in MSH were carried out in a 50 mL Teflon-
lined 316 stainless steel autoclave with a mechani-
cal stirrer. Specifically, 0.1  g of microcrystalline cel-
lulose (glucose, fructose) was mixed with 10 g MSH, 
then 10 mL of MIBK was poured into the autoclave to 
form biphasic system in order to enhance the produc-
tion yield. The autoclave was placed and heated in an 
oil bath with the stirring speed at 500 rpm. Upon com-
pleting the reaction, the autoclave was cooled down in 
a water bath. The reaction solution was centrifuged, 
the MSH and MIBK phase were separated by using 
a syringe. The sample from MIBK phase was diluted 
with methanol and filtered through a nylon organic 
membrane before analyzing. The MSH phase was 
washed with deionized water to remove remaining salt, 

and the cellulose was centrifugated, dried and weighed 
to calculate the conversion of cellulose. During cellu-
lose conversion, humin, composed of furan rich poly-
mer networks containing different oxygen functional 
groups, was produced and considered as the byprod-
ucts. The presence of humin affects the reusability 
of MSH, so it has to be removed in the recovery pro-
cess. For recovery, MSH phase was washed twice with 
MIBK, and the undesired humins was removed with 
active carbon. The recovered MSH phase was filtered 
through a syringe filter to test the recyclability.

Analytical method

Quantitative analysis of liquid samples was conducted 
using high performance liquid chromatography (HPLC, 
Shimadzu LC-2030C). The chromatographic equip-
ment was equipped with a UV detector and an analyti-
cal column (Welch, Xtimate C18). The elution phase 
used was methanol–water (V:V = 10:90) with a flow 
rate of 0.5  mL·min−1. The column temperature was 
30 °C and the maximum absorption wavelength was set 
at 284  nm. The concentration of the standard sample 
was measured using HPLC firstly, and then the concen-
tration of product was obtained by using the prepared 
standard curve of samples. The efficiency of cellulose 
conversion and the production yields were calculated 
based on the following equations:

where m0

i
 and mi are the initial cellulose mass and 

the mass of remaining cellulose after the reaction; nj 
and ntheroy

j
 are the actual moles of product (HMF, FF, 

LA) in MIBK phase and theory moles of product 
assuming that cellulose is completely converted.

Results and discussion

Cellulose dissolution and regeneration

The cellulose dissolvability in pure and mixed MSH was 
investigated. Cellulose was dissolved in ZnBr2·3H2O and 

(1)Cellulose conversion =
m0

i
− mi

m0

i

× 100%

(2)Yield of product =
nj

n
theory

j

× 100%
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LiBr·3H2O, and swollen in LiCl·3H2O and CaCl2·3H2O. 
When MSH was mixed, cellulose dissolved in all 
investigated mixed MSH (ZnBr2·3H2O–LiCl·3H2O, 
ZnBr2·3H2O–CaCl2·3H2O, LiBr·3H2O–LiCl·3H2O and 
LiBr·3H2O–CaCl2·3H2O), indicating that mixed MSH 
was an effective solvent for cellulose dissolution. The 
dissolution and swelling of cellulose in MSH were sum-
marized in Table 1. Cellulose dissolved in MSH because 
the hydroxyl group of cellulose interact strongly with 
the ligand in the cation coordination ring of MSH, caus-
ing the hydrogen bonds on cellulose to break (Burchard 
et al. 1994).

The XRD patterns and FT-IR spectra of raw and 
regenerated celluloses from MSH were analyzed to 
elucidate the structural change and the interaction of 
cellulose and MSH. In Fig. 1A, raw cellulose showed 
distinct characteristic peaks at 14.7°, 16.4°, 22.3°, 
and 34.5° (curve a), which represent the structural 
characteristic peaks of cellulose I (Hao et  al. 2015; 
Huang et al. 2020; Sun et al. 2016). Regenerated cel-
lulose treated with ZnBr2·3H2O (curve d) exhibited 
three peaks at 12.3°, 20.2°, and 22.3°, which were 
the characteristic peaks of cellulose II, demonstrat-
ing that structure of cellulose was changed during 
regeneration process (Liu et  al. 2015). The XRD 
patterns of celluloses regenerated from LiCl·3H2O 
(curve b) and CaCl2·3H2O (curve c) showed char-
acteristic peaks of both cellulose I and II, indicating 
that partial dissolution occurred when cellulose was 
swollen in MSH (Nam et al. 2016). The XRD pattern 
of celluloses regenerated from LiBr·3H2O (curve e) 
showed an amorphous structure, demonstrating that 
the structure of cellulose was destroyed and could not 
be reformed during regeneration process. The XRD 
patterns of the regenerated cellulose from mixed 
MSH displayed cellulose II at 12.3°, 20.2°, and 22.3° 

in Fig.  1B. The results showed that the structure of 
cellulose was destroyed in mixed MSH and differ-
ent hydrogen bonds were formed during regeneration 
(Wohlert et al. 2022).

The FT-IR profiles of the raw and regener-
ated celluloses were investigated. The peak at 
3700–3000 cm−1 was assigned to the vibration of the 
O–H stretching vibration of cellulose. The peak at 
1639 cm−1 was attributed to the vibration of molecu-
lar water. The peaks at 1430 and 1112 cm−1 represent 
the H-C-H bending vibration and the C–OH back-
bone vibration in cellulose, respectively. As shown 
in Fig. 1C, the peaks at 1430 and 1112  cm−1 disap-
peared for cellulose regenerated with ZnBr2·3H2O 
and LiBr·3H2O (curves d and e), indicating that the 
cellulose structure was changed during the dissolu-
tion process and the cellulose type I structure was 
altered. In contrast, for cellulose regenerated with 
CaCl2·3H2O (curve c), the peak only at 1112  cm−1 
disappeared, indicating that partial dissolution of 
cellulose occurred. The peaks at 2900 and 897 cm−1 
were attributed to -CH2-alkyl stretching vibration and 
β-glucosidic linkages between the sugar units, respec-
tively, and no significant differences were found, sug-
gesting that no further degradation of cellulose occurs 
in MSH. As shown in Fig. 1D, the vibration peaks of 
all regenerated celluloses disappeared at 1430 and 
1112 cm−1, indicating that the cellulose type I struc-
ture was disrupted. The peak of C–O–C pyranose 
ring skeletal vibrations at 1053 cm−1 was weak in the 
regenerated celluloses from LiBr·3H2O–CaCl2·3H2O 
(curve h) and LiBr·3H2O–LiCl·3H2O (curve i). This 
phenomenon suggested that the structure of cellu-
lose changed during the dissolution and regeneration 
process.

When MSH was mixed, the interactions among 
inorganic salt, water, and cellulose were complex, and 
the dissolution properties of cellulose were changed. 
It was not destructive to the cellulose crystal form as 
the regenerated cellulose exhibited the structure of 
cellulose II. However, the bonds of the regenerated 
cellulose changed especially the H–C–H and C–OH 
bonds, remarkably.

Cellulose conversion

Cellulose conversion could be used to prepare glu-
cose, HMF, FF, LA, and other high value-added 
chemicals (Silva Lacerda et  al. 2015; Fidio et  al. 

Table 1   MSH for dissolution and swelling of cellulose

Pure MSH Mixed MSH

Dissolution LiBr·3H2O LiBr·3H2O–LiCl·3H2O, 
LiBr·3H2O–CaCl2·3H2O

ZnBr2·3H2O ZnBr2·3H2O–LiCl·3H2O, 
ZnBr2·3H2O–CaCl2·3H2O

Swelling LiCl·3H2O
CaCl2·3H2O
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2020). It was reported that carbohydrates can be 
converted into valuable chemicals in zinc-based 
MSH (Guan et  al. 2021; Deng et  al. 2015), LiBr 
MSH (Yoo et  al. 2017b), LiCl MSH (Wang et  al. 
2020) and CaCl2 MSH (Lin et  al. 2021). However, 
it was found that the efficiency of cellulose conver-
sion into HMF was low in single MSH. Therefore, 
mixed MSHs were prepared by mixing two kinds of 
single-MSH with a mass ratio of 1:1 and screened 
for conversion of cellulose in this work. The effi-
ciencies of cellulose conversion were investigated in 
ZnBr2·3H2O–CaCl2·3H2O, ZnBr2·3H2O–LiCl·3H2O, 
ZnBr2·3H2O–LiBr·3H2O, LiBr·3H2O–CaCl2·3H2O 

and LiBr·3H2O–LiCl·3H2O. The results showed 
that cellulose was almost completely converted, 
and the yields of products, including HMF, FF, 
and LA were high in ZnBr2·3H2O–LiCl·3H2O and 
ZnBr2·3H2O–LiBr·3H2O (Fig. S1). The HMF yield was 
relatively high in ZnBr2·3H2O–LiCl·3H2O, and condu-
cive to the formation of FF in ZnBr2·3H2O–LiBr·3H2O.

Based on the investigation on cellulose dis-
solution and conversion in mixed MSH, 
ZnBr2·3H2O–LiCl·3H2O was found to be a good 
dissolving agent and effective catalyst for cellulose 
conversion. The ZnBr2·3H2O concentration, reac-
tion temperature, and time were optimized to obtain 

Fig. 1   (A) and (B)  XRD patterns; (C) and (D) FTIR spec-
tra. Curves: (a) raw cellulose; cellulose regenerated from (b) 
LiCl·3H2O; (c) CaCl2·3H2O; (d) ZnBr2·3H2O; (e) LiBr·3H2O; 

(f) ZnBr2·3H2O–CaCl2·3H2O; (g) ZnBr2·3H2O–LiCl·3H2O; (h) 
LiBr·3H2O–CaCl2·3H2O; (i) LiBr·3H2O–LiCl·3H2O
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high HMF yield. Figure 2A showed the influence of 
ZnBr2·3H2O concentration on product yield at 180 °C 
and 60  min. The yields of HMF in pure LiCl·3H2O 
and pure ZnBr2·3H2O were low, which were only 
8.3% and 1.86%, respectively. Studies showed that 
ZnBr2·3H2O could dissolve cellulose and efficiently 
convert cellulose into glucose (Sadula et  al. 2021). 
However, the yield of products, such as HMF, was 
low due to the inefficiency of glucose isomerization. 
When ZnBr2·3H2O and LiCl·3H2O were mixed, the 
yield of HMF increased significantly, reaching the 
maximum at 60 wt.% ZnBr2·3H2O, because the con-
centration of Lewis acids in the system increased, 
and the isomerization efficiency was enhanced, which 
was proven by the increase in FF and LA yields (Liu 
et al. 2022; Yoo et al. 2017a). The maximum yield of 
products, including HMF, LA, and FF, reached 75% 
in ZnBr2·3H2O–LiCl·3H2O when the mass fraction of 

ZnBr2·3H2O was 60 wt.%. As the ZnBr2·3H2O con-
centration continued to increase (60 wt.%–100 wt.%), 
excessive byproducts, such as humins, were gener-
ated in the system, leading to decreased HMF yield 
(Tyagi et al. 2019), which could be clearly identified 
by the color of production’s photograph (Fig. S2). In 
ZnBr2·3H2O–LiCl·3H2O system, the metal-contained 
species acted as the Lewis acids and the hydrolyzed 
hydrogen ion acted as the Brønsted acid. The conver-
sion of cellulose to HMF required the cooperative 
catalysis of Lewis and Brønsted acids (Hafizi et  al. 
2022). The HMF yield increased when ZnBr2·3H2O 
was mixed with LiCl·3H2O in a certain proportion 
as sufficient Lewis and Brønsted acid catalytic active 
centers were provided.

Figure  2B showed the effect of reaction tem-
perature on cellulose conversion into HMF in 
ZnBr2·3H2O–LiCl·3H2O. The yield of HMF in the 

Fig. 2   Cellulose conversion in ZnBr2·3H2O–LiCl·3H2O: (A) effect of ZnBr2·3H2O concentration at 180 °C for 60 min; (B) effect of 
temperature in 60 wt.% ZnBr2·3H2O for 60 min; (C) effect of reaction time in 60 wt.% ZnBr2·3H2O at 180 °C
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system was quite low at 120  °C and 140  °C, which 
has been demonstrated in the literatures that cellulose 
was converted to glucose at these temperatures (Lara-
Serrano et  al. 2020; Yu et  al. 2018). The cellulose 
conversion and production yield increased gradually 
with increasing temperature, and the highest value 
was reached at 180 °C.

The influence of reaction time on cellulose conver-
sion was shown in Fig. 2C. At the initial 50 min, the 
HMF and LA yields increased progressively. With 
prolonged reaction time, the HMF yield decreased, 
whereas the LA yield increased. The reason was that 
cellulose was dissolved in mixed MSH at the begin-
ning of the reaction. This phenomenon accelerated 
the conversion of cellulose into HMF, which was 
unstable and tended to continue to be rehydrated to 
LA as time went on. At 80 min, LA became the main 
product, and the yield reached 33.8%. The trend of FF 
yield was similar to that of HMF, that was, increased 
first and then decreased with time.

Glucose and fructose conversion

The conversion of cellulose into HMF and FF 
includes cellulose dissolution and hydrolysis, glucose 
isomerization, and fructose conversion. Cellulose 
could be dissolved quickly and hydrolyzed efficiently 
to glucose in ZnBr2·3H2O–LiCl·3H2O. Subsequently, 
the conversion of glucose and fructose played an 
important role in the yield and selectivity of the 
product (Qi et  al. 2019). The isomerization of glu-
cose to fructose was investigated and the result was 
shown in Fig S3. Both the glucose conversion and 
fructose yield were high in ZnBr2·3H2O–LiCl·3H2O, 
which was consistent with the trend of product yield 
from cellulose conversion and proved that glucose 
isomerization was the control step of cellulose con-
version. In view of this, the 13C-NMR spectra of 
chemicals obtained from the conversion of glucose 
and fructose in ZnBr2·3D2O–LiCl·3D2O were col-
lected to gain insights into the pathways of glucose 
isomerization. As shown in Fig.  3, curves a and b 
were the 13C NMR spectra of glucose and fructose, 
and curves c and d were the 13C NMR spectra of glu-
cose and fructose in ZnBr2·3D2O–LiCl·3D2O. The 
presence of fructose was corroborated by the appear-
ance of resonance at δ = 98, 69.1, and 64.1  ppm in 
the 13C NMR spectrum when glucose was isomer-
ized in ZnBr2·3D2O–LiCl·3D2O in curve c (Yoo 

et  al. 2017a). The low strength of resonance could 
be attributed to the low proportion of fructose in the 
reaction of glucose isomerization. The peaks at 64.5 
and 70.4 ppm were observed in curve d, illustrating 
that arabinose was formed during the conversion of 
fructose. Thus, fructose and arabinose were produced 
in the process of glucose conversion.

For further research, the conversions of glu-
cose and fructose were investigated at different 
ZnBr2·3H2O concentrations, reaction temperatures, 
and times. As shown in Fig.  4A, the yield of HMF 
from glucose conversion in LiCl·3H2O was only 
13.4%. When the concentration of ZnBr2·3H2O was 
40 wt.%, the yield of HMF reached a maximum of 
43.9%. From 0 to 40 wt.% ZnBr2·3H2O concen-
tration, the yield of HMF increased with increas-
ing ZnBr2·3H2O concentration, whereas the yield 
of FF slightly changed. Afterwards, the HMF yield 
decreased, and the FF yield increased with increas-
ing ZnBr2·3H2O concentration, showing that a com-
petitive reaction existed in the generation of HMF 
and FF. For fructose conversion, the HMF and FF 
yields increased and then decreased with increasing 
ZnBr2·3H2O concentration (Fig. 4B).

Based on the above analysis, the conversion of 
glucose to HMF and FF in ZnBr2·3H2O–LiCl·3H2O 
involves two paths: (1) glucose isomerization into 
fructose and fructose dehydration into HMF; (2) glu-
cose isomerization into fructose, fructose conversion 

Fig. 3   13C NMR spectra of (a) glucose, (b) fructose, (c) glu-
cose in ZnBr2·3D2O–LiCl·3D2O, (d) fructose in ZnBr2·3D2O–
LiCl·3D2O
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into arabinose, and arabinose dehydration into FF. 
Fructose conversion into HMF and FF was catalyzed 
by different species in ZnBr2·3H2O–LiCl·3H2O. 
When the concentration of ZnBr2·3H2O was lower 
than 80 wt.%, the trend of production yield of HMF 
and FF from glucose conversion was similar to that 

from fructose conversion, indicating that the species 
that catalyzed the two paths were sufficient. When the 
concentration of ZnBr2·3H2O was high (> 80 wt.%), 
the conversion of fructose was inefficient, resulting in 
decreased FF yield.

Fig. 4   Production yield in ZnBr2·3H2O–LiCl·3H2O from glu-
cose and fructose conversion: (A), (B)  effect of ZnBr2·3H2O 
concentration at 180 °C for 60 min; (C), (D) effect of tempera-

ture in 50 wt.% ZnBr2·3H2O for 60 min; (E), (F) effect of reac-
tion time in 60 wt.% ZnBr2·3H2O at 180 °C
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The effects of temperature in the conversion of 
glucose and fructose to HMF were shown in Fig. 4C 
and D. The HMF yield increased when the temper-
ature was increased from 120  °C to 160  °C. As the 
temperature was increased to 180 °C, the HMF yield 
decreased due to the enhancement of LA, demonstrat-
ing that high temperature facilitated the production of 
LA. Figures 4E and F showed the effects of reaction 
time on glucose and fructose conversion into HMF in 
60 wt.% ZnBr2·3H2O–LiCl·3H2O. The yield of HMF 
converted from glucose increased progressively at 
the initial 40 min and then decreased with prolonged 
reaction time from 40 to 60  min. The decrease was 
caused by the generation of byproducts, such as LA, 
FF, and humins. The yield of HMF for fructose con-
version reached the maximum (66.2%) at 30 min. As 
the reaction continued, the yield of HMF gradually 
decreased.

Cooperative catalysis of species in MSH

Given the complexity of species and the difficulty in 
determining the concentration of species, the Lewis 
and Brønsted acids required for catalytic reaction 
could not be accurately regulated, resulting in low 
catalytic efficiency. Therefore, in this work, the con-
centrations of species in ZnBr2·3H2O–LiCl·3H2O 
were calculated using the OLI software on the 
basis of the aqueous thermodynamic framework to 
explain the effect of species on the reaction, and the 
complex aqua-species coordinate was represented as 

Zn(OH)x
2−x for simplicity. As shown in Fig. 5A, the 

Li+ and Cl− concentrations decreased with increas-
ing ZnBr2·3H2O concentration. The Br− concentra-
tion changed in a wavy manner. The concentrations 
of Zn2+, ZnCl+, and ZnBr+ increased sharply when 
the concentration of ZnBr2·3H2O was larger than 70 
wt.%, whereas these concentrations were quite low 
at low ZnBr2·3H2O concentration. The concentra-
tion of ZnCl3

− increased and then decreased with 
maximum peaks at 70 wt.% ZnBr2·3H2O. Com-
bined with the conversion experiment of glucose 
and fructose, the yield of FF was gradually higher 
than that of HMF when ZnBr2·3H2O was larger than 
70 wt.%, further indicating that the formation of FF 
and HMF was closely related to the concentration of 
species in the system.

The relationship between the ion concentration in 
ZnBr2·3H2O–LiCl·3H2O and the production yield 
obtained from the conversion of fructose was stud-
ied to elucidate the mechanism for cellulose conver-
sion. As shown in Fig. 5B, the HMF yield obtained 
from fructose was linearly correlated with the func-
tions of H+ and Br− concentrations ( cBr− +10

4cH+ ), 
and the FF yield from fructose conversion was line-
arly related with the concentration of H+ and 
ZnBr3

− in ZnBr2·3H2O–LiCl·3H2O 
( cZnBr−

3

+ 2 ∗ 10
4cH+).

Based on the experiments on cellulose/
glucose/fructose conversion, NMR charac-
terization and thermodynamic calculation, the 

Fig. 5   (A) The species concentrations in ZnBr2·3H2O–LiCl·3H2O; (B) fructose conversion to HMF and FF versus the function of 
species concentrations
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mechanism for converting cellulose into HMF in 
ZnBr2·3H2O–LiCl·3H2O was proposed, as shown 
in Fig. 6. A biphasic system MIBK/MSH was used 
to extract the product from the cellulose conver-
sion to minimize the generation of side reactions 
and increase the product yield. In the process of 
cellulose conversion, cellulose was first dissolved 
and hydrolyzed to glucose under the interaction 
of H+ and Zn2+. Then, glucose was isomerized 
into fructose by the catalysis of Br−, ZnCl3

−, and 
Zn(OH)x

2−x. These species acted as Lewis acid and 
interacted with the oxygen atoms in glucose. The 
efficiency of glucose isomerization was improved 
by increasing the concentration of active species 
when LiCl·3H2O was mixed with ZnBr2·3H2O. 
Finally, fructose was dehydrated to HMF catalyzed 
by H+ and Br− and converted FF catalyzed by H+ 
and ZnBr3

−. The type and concentration of species 
have an important effect on the yield and selectiv-
ity of products. The high-efficiency conversion of 
cellulose to valuable chemicals could be realized by 
adjusting the species in the MSH.

Recycling of MSH

The recycling test for cellulose conversion into 
HMF in ZnBr2·3H2O–LiCl·3H2O was carried out to 
examine the reusability of MSH, as shown in Fig. 7. 

After each cycle, MSH was recovered by separating 
MSH from the organic phase, washed with MIBK, 
and used directly for next run. The results showed 
that HMF yield dropped from 48.7 to 41.3% after 
five cycles. The reason was that humins were pro-
duced in the reaction after each run and MSH phase 
became darker and darker. Considering this, acti-
vated carbon was added to the MSH recovery pro-
cess to adsorb produced humins after each run, and 
the yield of HMF decreased slightly from 48.7 to 

Fig. 6   Proposed 
mechanism for cellulose 
conversion in ZnBr2·3H2O–
LiCl·3H2O

Fig. 7   Recycling performance for cellulose conversion in 
ZnBr2·3H2O–LiCl·3H2O. Conditions: 0.1  g cellulose, 10  g 
MSH, 5 g active carbon, 10 mL MIBK, 60 wt.% ZnBr2·3H2O, 
180 °C, 50 min
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45.4%. The decline was unnoticeable, suggesting that 
ZnBr2·3H2O–LiCl·3H2O is reusable for cellulose con-
version into HMF.

Conclusions

In this work, cellulose dissolution and conversion 
into HMF in different MSHs were systematically 
investigated. ZnBr2·3H2O–LiCl·3H2O was found 
to be an efficient solvent and catalyst for cellulose 
conversion. Mixed MSH significantly improved the 
efficiency of cellulose conversion into HMF. The 
species in the system cooperated to catalyze the 
efficient conversion of cellulose, and the yield of 
HMF was reached 48.7% at 60 wt.% ZnBr2·3H2O 
under optimal conditions. Experimental results and 
species calculations demonstrated that Br− and H+ 
catalyzed the conversion of fructose to HMF, while 
ZnBr3

− and H+ promoted the conversion of fruc-
tose into arabinose, which promoted the formation 
of FF, competing with the production of HMF. This 
work gave insight into the cooperative catalysis of 
species in mixed MSH and laid the foundation for 
the efficient conversion of cellulose and related bio-
mass to valuable chemicals in MSH.
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