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Section 1: Experimental section 
Chemical 

Urea (>99%), iron (III)chloride (>99%), D-fructose (>99%), D-glucose (>99%), , tetrabu-
tylammonium bromide (>99%), , D-chloroform (>99%), was purchased from Merck. Eth-
ylene glycol (>99%), tetrahydrofuran (>99%) was collected from Xilong (China).  Ethyl 
acetate (>99%), acetone (>99%), hexane (>99%), ethanol (>99%), methanol (>99%) was ob-
tained from Chemsol (Vietnam). 5-Hydroxymethylfurfural (HMF) (>99%), 2,5-di-
formyfuran (DFF) (>99%), 2,5-Furandicarboxylic acid (FDCA) (>99%), furfural (Fur) 
(>99%), choline chloride (>99%), chromium (III) chloride hexahydrate (>99%), zinc chlo-
ride (>99%), fumaric acid (>99%), adipic acid (>99%), benzoic acid (>99%), malonic acid 
(>99%), tin (II) chloride dihydrate (>99%), and copper dichloride dihydrate (>99%) was 
obtained from Sigma-Aldrich. All chemical was used without further purification.  

Equipment 
Thermogravimetric analysis (TGA) with model TGA/DSC3 (Mettler, Toledo, Swit-

zerland) was used to analyze and evaluate the thermal stability of DES. Samples were 
calcined from room temperature to 800 °C with a scanning speed of 10 Kpm, in N2.  
Fourier-transform infrared spectroscopy (FTIR) were recorded on a Bruker's VERTEX 70 
series FT-IR spectrometers with a measuring range of 600– 4000 cm−1.  

The HMF was quantified by Agilent Technologies 1260 Infinity HPLC with a DAD 
de-tector at wavelength 285 nm. The column Inert Sustain C18 (5 µm, 4.6 × 150 mm) was 
used to separate the components of the reaction mixture. The column temperature was 
obtained at 30 °C. A mixture of methanol and 2.5 mM sulfuric acid was used as eluent 
with a flow rate of 0.7 mL min−1. 
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Section 2: Characterization of DESs 

 
Figure S2.1: FTIR spectrum of [CholineCl][ZnCl2] 

 
Figure S2.2: FTIR spectrum of [CholineCl][FeCl3] 
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Figure S2.3: FTIR spectrum of [CholineCl][CrCl3] 

 
Figure S2.4: 1H-NMR spectrum of [CholineCl][Citric acid] 
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Figure S2.5: 13C-NMR spectrum of [CholineCl][Citric acid 

Section 3: Characterization of HMF and calibration curve of HMF 

 
Figure S3.1: 1H-NMR spectrum of HMF 
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Figure S3.2: 13C-NMR spectrum of HMF 

 
Figure S3.3: Calibration curve of HMF 

 

Section 4: HPLC chromatography 
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Figure S4.1: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 1 (5 mmol), 100 °C, 5 min.  
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Figure S4. 2: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 1 (5 mmol), 100 °C, 10 min. 
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Figure S4.3: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 1 (5 mmol), 100 °C, 20 min. 
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Figure S4. 4: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 1 (5 mmol), 100 °C, 30 min. 
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Figure S4. 5: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 1 (5 mmol), 100 °C, 60 min. 
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Figure S4. 6: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 2 (5 mmol), 100 °C, 5 min. 
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Figure S4. 7: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 2 (5 mmol), 100 °C, 10 min. 
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Figure S4. 8: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 2 (5 mmol), 100 °C, 20 min. 
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Figure S4. 9: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 2 (5 mmol), 100 °C, 30 min. 
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Figure S4. 10: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 2 (5 mmol), 100 °C, 60 min. 
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Figure S4. 11: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 3 (5 mmol), 100 °C, 5 min. 
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Figure S4. 12: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 3 (5 mmol), 100 °C, 10 min. 
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Figure S4. 13: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 3 (5 mmol), 100 °C, 20 min. 
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Figure S4. 14: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 3 (5 mmol), 100 °C, 30 min. 
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Figure S4. 15: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 3 (5 mmol), 100 °C, 60 min. 
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Figure S4. 16: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 4 (5 mmol), 100 °C, 5 min. 
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Figure S4. 17: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 4 (5 mmol), 100 °C, 10 min. 
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Figure S4. 18: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 4 (5 mmol), 100 °C, 20 min. 
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Figure S4. 19: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 4 (5 mmol), 100 °C, 30 min. 
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Figure S4. 20: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 4 (5 mmol), 100 °C, 60 min. 
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Figure S4. 21: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 5 min. 
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Figure S4. 22: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 10 min. 
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Figure S4. 23: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 20 min. 
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Figure S4. 24: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 30 min. 
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Figure S4. 25: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 60 min. 
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Figure S4. 26: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 6 (5 mmol), 100 °C, 5 min. 
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Figure S4. 27: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 6 (5 mmol), 100 °C, 10 min. 
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Figure S4. 28: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 5 (5 mmol), 100 °C, 20 min. 
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Figure S4. 29: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 6 (5 mmol), 100 °C, 30 min. 
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Figure S4. 30: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 6 (5 mmol), 100 °C, 60 min. 
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Figure S4. 31: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 7 (5 mmol), 100 °C, 5 min. 
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Figure S4. 32: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 7 (5 mmol), 100 °C, 10 min. 
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Figure S4. 33: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 7 (5 mmol), 100 °C, 20 min. 



Catalysts 2022, 12, x FOR PEER REVIEW 40 of 96 
 

 

 
Figure S4. 34: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 7 (5 mmol), 100 °C, 30 min. 
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Figure S4. 35: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 7 (5 mmol), 100 °C, 60 min. 
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Figure S4. 36: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 8 (5 mmol), 100 °C, 5 min. 
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Figure S4. 37: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 8 (5 mmol), 100 °C, 10 min. 
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Figure S4. 38: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 8 (5 mmol), 100 °C, 20 min. 
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Figure S4. 39: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 8 (5 mmol), 100 °C, 30 min. 
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Figure S4. 40: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 8 (5 mmol), 100 °C, 60 min. 
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Figure S4. 41: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 9 (5 mmol), 100 °C, 5 min. 
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Figure S4. 42: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 9 (5 mmol), 100 °C, 10 min. 
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Figure S4. 43: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 9 (5 mmol), 100 °C, 20 min. 
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Figure S4. 44: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 9 (5 mmol), 100 °C, 30 min. 
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Figure S4. 45: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 9 (5 mmol), 100 °C, 60 min. 
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Figure S4. 46: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 10 (5 mmol), 100 °C, 5 min. 
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Figure S4. 47: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 10 (5 mmol), 100 °C, 10 min. 
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Figure S4. 48: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 10 (5 mmol), 100 °C, 20 min. 
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Figure S4. 49: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 10 (5 mmol), 100 °C, 30 min. 
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Figure S4. 50: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 10 (5 mmol), 100 °C, 60 min. 



Catalysts 2022, 12, x FOR PEER REVIEW 57 of 96 
 

 

 

Figure S4. 51: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 11 (5 mmol), 100 °C, 5 min. 
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Figure S4. 52: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 11 (5 mmol), 100 °C, 10 min. 
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Figure S4. 53: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 11 (5 mmol), 100 °C, 20 min. 
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Figure S4. 54: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 11 (5 mmol), 100 °C, 30 min. 
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Figure S4. 55: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 11 (5 mmol), 100 °C, 60 min. 
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Figure S4. 56: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 12 (5 mmol), 100 °C, 5 min. 
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Figure S4. 57: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 12 (5 mmol), 100 °C, 10 min. 
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Figure S4. 58: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 12 (5 mmol), 100 °C, 20 min. 
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Figure S4. 59: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 12 (5 mmol), 100 °C, 30 min. 
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Figure S4. 60: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), 
DES 12 (5 mmol), 100 °C, 60 min. 
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Figure S4. 61: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 80 °C, 5 min. 
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Figure S4. 62: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 80 °C, 10 min. 
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Figure S4. 63: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 80 °C, 20 min. 



Catalysts 2022, 12, x FOR PEER REVIEW 70 of 96 
 

 

 

Figure S4. 64: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 80 °C, 30 min. 
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Figure S4. 65: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 80 °C, 60 min. 
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Figure S4. 66: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 120 °C, 5 min. 



Catalysts 2022, 12, x FOR PEER REVIEW 73 of 96 
 

 

 

Figure S4. 67: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 120 °C, 10 min. 
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Figure S4. 68: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 120 °C, 20 min. 
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Figure S4. 69: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 120 °C, 30 min. 
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Figure S4. 70: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (5 mmol), 120 °C, 60 min. 
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Figure S4. 71: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 80 °C, 5 min. 
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Figure S4. 72: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 80 °C, 10 min. 
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Figure S4. 73: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 80 °C, 20 min. 
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Figure S4. 74: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 80 °C, 30 min. 
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Figure S4. 75: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 80 °C, 60 min. 
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Figure S4. 76: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 120 °C, 5 min. 
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Figure S4. 77: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 120 °C, 10 min. 
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Figure S4. 78: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 120 °C, 20 min. 



Catalysts 2022, 12, x FOR PEER REVIEW 85 of 96 
 

 

 

Figure S4. 79: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 120 °C, 30 min. 
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Figure S4. 80: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
2 (5 mmol), 120 °C, 60 min. 
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Figure S4. 81: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (1 mmol), 100 °C, 5 min. 
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Figure S4. 82: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (1 mmol), 100 °C, 10 min. 
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Figure S4. 83: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (1 mmol), 100 °C, 20 min. 
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Figure S4. 84: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (1 mmol), 100 °C, 30 min. 
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Figure S4. 85: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (1 mmol), 100 °C, 60 min. 
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Figure S4. 86: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (10 mmol), 100 °C, 5 min. 
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Figure S4. 87: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (10 mmol), 100 °C, 10 min. 
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Figure S4. 88: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (10 mmol), 100 °C, 20 min. 
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Figure S4. 89: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (10 mmol), 100 °C, 30 min. 
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Figure S4. 90: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol), DES 
1 (10 mmol), 100 °C, 60 min. 

 

 

 

 


