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Section 1: Experimental section
Chemical

Urea (>99%), iron (IlT)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™.

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 um, 4.6 x 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-'.
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Section 2: Characterization of DESs
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Figure S2.1: FTIR spectrum of [CholineCl][ZnCl2]
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Figure S2.2: FTIR spectrum of [CholineCl][FeCls]
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Figure S2.4: "TH-NMR spectrum of [CholineCl][Citric acid]
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Figure S2.5: >C-NMR spectrum of [CholineCl][Citric acid

Section 3: Characterization of HMF and calibration curve of HMF

w —_ 0 — 0 =
Lo M N ~
o [l oo -
o= o | e b ]
OH
L A
S - I | | I T || P S W —
Y ) v '
- 3] Jte] ]
= - = -
= - - i
T T T T T T T T T T T T T T T T T T
%5 %0 85 80 i 70 85 (11 55 50 45 40 35 e 25 20 L5 10 AR

T T T T T
120 115 110 1k 100

Figure S3.1: 'H-NMR spectrum of HMF
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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),
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Figure S4. 8. HPLC chromatography of HMF. Reaction condtion
DES 2 (5 mmol), 100 °C, 20 min.

: Fructose (1 mmol),



Catalysts 2022, 12, x FOR PEER REVIEW

14 of 96

e L oinaw . rmanoaar 1v zmiTuzanma
DAD1T B, Sig=285 4 Ref=360,100 (DADATARD g 80208 HMP2022 02 8- HF 2022.08-02 17-17- 185028 TLSLD)
nAll ]
1750
1500
1250 =
1000 =
750
500 4
250 -
n -
— T T T+ T T T ‘' T T T
2 4 g
External Standard Report
Sorted By B Signal
Calilb. Datas Maodified : B/5/2022 1:49:08 AM
Multiplier H 1.0000
Dilueian s 1.0000

Do not wvse Multiplier & Dilution Fackor with ISTDs

Signal 1: DAD1 B, 35ig=2B5,4 Ref=360,100

FetTime Type Area AmE fAres Amount
[minm] [mALT*a ] [ppm]
Bl E e L B R R
E.S00 - - -
9.630 BB 5470.01758 3.60732e-3 30 .5983154
10.383 BV 7.11775 5.57536a=2 3.9684d1e=1
10.E41 BE 22.11102 0.00oo0 0. 0aoao
11.405 BE Z£3.63717 1.768994e-3 5.30845e-2

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. 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. 19: HPLC chromatography of HMF. Reaction condtion: Fructose (1 mmol),

DES 4 (5 mmol), 100 °C, 30 min.
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Figure S4. 21: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 5 (5§ mmol), 100 °C, 5 min.
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Figure S4. 22: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),

DES 5 (5§ mmol), 100 °C, 10 min.



Catalysts 2022, 12, x FOR PEER REVIEW 28 of 96

OADT B, Sig=28a4 RE:S&I}JW{D:IDJ;.TA'ED...E ElZ-0-HMP2 02 02 0 E-HMF 20220802 17-17-16E008_TLaLD)
mnAl ]
2250 ?
00
1750
1500
1250 ]
1000
500
250
1 g
] E
0] N
1 ) 1 1 L 1 I )
2 4 [i] 8 10 12 14 16 m
External Standard Report
Sorted By B Signal
Calib. Data Modified : BfS/2022 1:06:36 AM
Hultiplier B 1.0000
Dilution B 1.0000
Do not wse Multiplier & Dilution Factor with ISTDS
Signal 1: DAD]1 B, S5ig=2B5,4 Ref=360,100
BetTime Type Area Ame fArea Amount Gep Hame
[min] [mAD* ] [ppm]
——————— et el ot e el et
B.900 - - - Levulinie acid
9.664 BE 1.20256ed 9.61l627Ta=3 115.64122 HMF
10.501 - - - DFF
10.B&Z BE 24.84221 0.0000D 0.000an FDCA
11.300 = = = Furfural

Figure S4. 23: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 5 (5§ mmol), 100 °C, 20 min.
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Figure S4. 24: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 5 (5§ mmol), 100 °C, 30 min.
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Figure S4. 25: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 5 (5§ mmol), 100 °C, 60 min.
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Figure S4. 26: HPLC chromatography of HMF. Reaction condtion: Fructose (I 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. 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.
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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 (I mmol),
DES 8 (5 mmol), 100 °C, 5 min.
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Figure S4. 37: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),

DES 8 (5§ mmol), 100 °C, 10 min.
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Figure S4. 38: HPLC chromatography of HMF. Reaction condtion: Fructose (I 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.



Catalysts 2022, 12, x FOR PEER REVIEW

47 of 96

DAD1 B, Sig=285.4 Ref=380,100 1D:'I.D.|;.TA'I:EI}...;19 TUOS07 HMF 02229 10T -HMF 30220729 17-18-20450_41.0)

mAll 7 E
4 3
2500
2000 <
1500
1000 <
500+
] - - Copen M ey 8
- WL oz 5 | |EEERREEIEED ¢
o] SWa. 3 £, SRR
T T T T T T T T
2 2 i} ] (1] 12 14 16 1
External Standard Report
Sorted By b Signal
Calib. Data Modified BfS/2022 1:43:08 AM
HMultiplier B 1.0000
Dilueian E 1.00D0

Do not wse Multiplier & Dilution Factor with ISTDS

Signal 1: DAD]1 B, 3ig=2B5,4 Ref=360,100

RetTime Type Area Ame fArea Amount Hame
|minm]) [mAl*s ] [ppm]

------- Rl L e B el Lol EET R
E.900 - - - Levulinie acid
S.648 BV R 2.02014ed 9.629%6Ba=3 194.533189 HMF

10211 W/ E 55.94803 1.61715==2 9. .04766&=1 DFF
11.022 BE 3.71712 0.ooooD o .00c FOCA
11.332 BV R 104.55%4B5 7.8264%a=3 8.1E610e<1 Furfural

Figure S4.
DES 9 (5§ mmol), 100 °C, 5 min.

41: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
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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 (I mmol),

DES 9 (5§ mmol), 100 °C, 20 min.
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Figure S4.

44 HPLC chromatography of HMF. Reaction condtion: Fructose (I 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 (I mmol),
DES 10 (5 mmol), 100 °C, 10 min.
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Figure S4. 48: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),

DES 10 (5 mmol), 100 °C, 20 min.
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Figure S4. 49: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 10 (5 mmol), 100 °C, 30 min.
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Figure S4. 50: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 10 (5 mmol), 100 °C, 60 min.
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Figure S4. 51: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),

DES 11 (5 mmol), 100 °C, 5 min.
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Figure S4. 52: HPLC chromatography of HMF. Reaction condtion: Fructose (I mmol),
DES 11 (5 mmol), 100 °C, 10 min.



Catalysts 2022, 12, x FOR PEER REVIEW

59 of 96

DAD1 B, Sig=285 4 Ref=380,100 (DDATARD_. BOG-08-HMF2022.08-08-HMF 21220806 15-40-2825 108_TLSL D)
mAl
16 £
2 =
-
14 -3
12
0
B &
=
o
]
4
2 &
o
o
T T T T T T T T
2 4 & B 0 12 14 16 m
External Standard Report
Sorted By % Signal
Calib. Data Modified : BSS/2022 1:49:08 AM
HMulripliar b 1.0000
Dilution E 1.00D0
Do oot wse Multiplier & Dilution Factor with ISTDS
Signal 1: DAD1 B, 5ig=2B5,4 Ref=360,100
BerTime Type Area AmE fArea Amount GED Hame
[minm] [mA*a ] [ppm]
_______ | mmmmna | s e nn e | en s | s e e ———————————————
E. 8900 = = = Levulinie acid
9_485 BE 61.3916]1 3.15766a=3 1.93854e<1 HMF
10.201 - - - CFF
11.145 BE 105.72366 0.DoDoD 0 .000a0n FOCA
11.300 - - - Furfural

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 (I mmol),

DES 11 (5 mmol), 100 °C, 30 min.
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Figure S4. 55: HPLC chromatography of HMF. Reaction condtion: Fructose (I 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
DES 12 (5 mmol), 100 °C, 10 min.

(1 mmol),
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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.
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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.
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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.



Catalysts 2022, 12, x FOR PEER REVIEW

76 of 96

DADT B, Sig=285 4 Ref=380, 100 (DADATARD_. BOG08- HMF20Z2.08-08-HMF 70220806 15-40-2005 130_TLSL D)
mAl 7] g
1 L
1400 -
1200 -
1000 -
B0 <
G600~
400+
200~
] g \ z EF
1 ] ] mom
o ey L, Ly
L T T T 1 T N T T T
2 2 [} B h{H] 12 14 18
External Standard Report
Sorted By Signal
Calib. Data Modified BSS/2022 1:49:08 AM
Multiplier 1.0000
Dilutian z 1.0000
Do oot wese Multiplier & Dilution Fackor with ISTDS
Signal 1: DAD]1 B, 3ig=2B5,4 Ref=360,100
RetTime Type Area Ame fArea Amount Hame
[m4m] [mAO*s ] |ppm]
——————— e B L P ot L
E. 300 - - - Levulinie acid
9_566 BE 7798.87598 9_59831e=3 T4 .85601 HMF
10.201 - - - LFF
11.D0387 - - - FOCA
11.300 - - - Furfural

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.
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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.



