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Determination of catalytic performance

For catalytic fructose dehydration, the conversion of fructose (mol%), the product yield (mol%), 

product selectivity (%), and partition ratio of HMF (PR) were defined by Eqs. (S1)–(S4). Total energy 

efficiency coefficient (η) of the reaction was calculated according to Eq. (S5)

Fructose conversion (mol%) =
 
[𝐹𝑟𝑢]0 ‒ [𝐹𝑟𝑢]𝑡

[𝐹𝑟𝑢]0
× 100 % (S1)

Product yield (mol%) =  
 

[𝑖]𝑡𝑛𝑐𝑖

[𝐹𝑟𝑢]0𝑛𝐶𝑓𝑟𝑢
× 100 % (S2)

Product selectivity (%) = 

[𝑖]𝑡𝑛𝑐𝑖

([𝐹𝑟𝑢]0 ‒ [𝐹𝑟𝑢]𝑡)𝑛𝐶𝑓𝑟𝑢
 (S3)

PR = 
𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑀𝐹 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒

𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑀𝐹 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒
(S4)

η= 
[𝐻𝑀𝐹]

𝑃 × 𝑡 × 𝑉
𝑢𝑚𝑜𝑙 𝑘𝐽 ‒ 1 𝐿 ‒ 1 (S5)
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where i denotes the final products, i.e., fructose, glucose, HMF, levulinic acid, and formic acid; nci is 

the number of carbon atoms in species i; Fru denotes fructose; subscript t is the reaction time; 

subscript 0 denotes initial time (i.e., t = 0), and terms in brackets are concentrations in mol/L. 

[HMF] is the amount of HMF produced (µmol); P is the consumed power by the reaction system 

(kW), t is the reaction time (s), and V is the reaction volume (L). 

Green metrics calculations

Green chemistry metrics calculations (Eqs. (S6)–(S10))1 were used to study the environmental impact 

and sustainability of the chemical reaction, with two E factors calculated. Both assume 100% product 

recovery and catalyst recyclability but differ regarding solvent recyclability. E factor (solvent 

recycled) assumes that the solvent is recycled, whereas E factor (solvent not recycled) assumes the 

solvent is not recycled.

E-factor (solvent recycled) = [Total mass of waste (excluding solvent)] / [Mass of final 

product]

(S6)

E factor (solvent not recycled) = [Total mass of waste (including solvent)] / [Mass of 

final product]

(S7)

MI = [Total mass in process] / [Mass of product] (S8)

RME (%) = [Mass of product] / [Total mass of reactants] × 100 (S9)

CE (%) = [Carbon in product] / [Total carbon in reactant] × 100 (S10)

where Mass of waste = Total mass of reactant – Total mass of product
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Fig. S1. HMF selectivity (as a function of the reaction time) for fructose dehydration in different aqueous systems 
under MW irradiation. Reaction conditions: 16 cm3 water, 5 wt.% fructose, 2 wt.% zeolites, at 160 ℃ and 800 rpm.
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Fig. S2. By-product yield profiles for fructose dehydration in (a) catalyst-free system, and heterogeneous catalytic 
systems over (b) HY-2.6, (c) HY-15 and (d) HY-30 zeolites under MW irradiation. Reaction conditions: 16 cm3 

water, 5 wt.% fructose, 2 wt.% zeolites, at 160 ℃ and 800 rpm.
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Turn over number (TON) and Turn over frequency (TOF)

Turnover number (TON) =
 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻𝑀𝐹 𝑓𝑜𝑟𝑚𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

(S11)

Turnover frequency (TOF)=
 

𝑇𝑂𝑁
𝑇𝑖𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

(S12)

Table S1. Dehydration of fructose into HMF over different zeolites in water. 
Entry Catalyst Si/Ai

ratio
Temp 
(℃)

Time 
(min)

Conversion 
(mol%)

Selectivity 
(%)

TOF 
(min−1)

Heating Method Reference

1 H-Y 30 130 480 55.0 8.0 0.29 Autoclave 2

2 HZSM-5 25 130 480 52.0 13.0 0.11 Autoclave 2

3 H-BEA 12.5 130 480 74.0 8.5 0.02 Autoclave 2

4 H-Y 2.6 160 20 29.2 21.9 0.05 MW heating 3

5 HZSM-5 11.5 160 20 38.8 17.0 0.25 MW heating 3

6 H-BEA 12.5 160 20 76.6 21.0 0.33 MW heating 3

7 This Work 2.6 160 45 47.1 30.4 0.05 MW heating /
8 This Work 15 160 45 62.6 37.9 0.46 MW heating /
9 This Work 30 130 45 10.7 41.3 1.04 MW heating /
10 This Work 30 160 45 65.0 41.0 6.32 MW heating /

Table S2. Comparative study between conventional heating and MW heating for fructose dehydration over HY-30 
zeolites in water.

Heating method Fructose Conversion 
(mol%)

HMF Yield (µmol) Consumed Power (kJ) Energy efficiency (umol 
kJ−1 L−1)

Oil bath heating* 40.7 820 1152 59.9
Batch reactor 54.9 1260 806.4 89.4
MW heating 65.0 1180 381.6 168.1

Reaction conditions: 16 cm3 water, 5 wt.% fructose, 2 wt.% HY-30 zeolites, at 160 ℃ and 800 rpm for 45 min. * 
reflux temperature.
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Fig. S3. PFG-NMR log attenuation plots for water and n-Octane within different HY-zeolites.

Table S3. Self-diffusion measurements of water within the HY-zeolites.
Catalysts Self-Diffusion Coefficient of Bulk Liquid (10−9 

m2 s−1)
Self-Diffusion Coefficient within Zeolite  

(10−9 m2 s−1)
PFG interaction 

parameter
Water

HY-2.6 2.52   0.00± / /
HY-15 2.52   0.00± 1.30   0.01± 1.97
HY-30 2.52   0.00± 1.36  0.20± 1.85

n-Octane Tortuosity, 

𝜏 =
𝐷𝑏𝑢𝑙𝑘

𝐷𝑝𝑜𝑟𝑒
HY-2.6 2.46   0.00± 1.30   0.04± 1.95
HY-15 2.46   0.00± 0.94   0.07± 2.64
HY-30 2.46   0.00± 0.96   0.05± 2.57

The PFG interaction parameter is also reported. Values are compared with those of n-octane. The PFG interaction 
parameter of n-octane represents the tortuosity of the porous catalyst.
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Fig. S4. Log attenuation plot of water imbibed in the HY zeolites under investigation.
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Table S4. Values of T1 and T2 NMR relaxation time constants and their ratio T1/T2 for the three HY-zeolites in water 
and n-octane.

Catalysts T1[ms] T2 [ms] T1/T2 [-]
Water

HY-2.6 44   1.05± 4.3   0.66± 10.2   0.39±
HY-15 83   7.03± 14   1.86± 5.82   0.22±
HY-30 94   1.66± 29  1.16± 1.30  0.08±

n-octane
HY-2.6 1107  0.00± 628  0.00± 1.76  0.11±
HY-15 279  33.0± 198  27.3± 1.41  0.02±
HY-30 535  01.65± 278  30.8± 1.92  0.03±

Table S5. PR values for fructose dehydration to HMF in different biphasic reaction media.
Entry Catalyst Reactive phase (RP) Extraction Phase 

(EP)
Volume ratio 

RP:EP
PR Reference

1 Ion-exchange resin Water MIBK 1:1 1.36 4

2 Ion-exchange resin Water:DMSO MIBK 1:1 1.09 4

3 Ion-exchange resin Water:DMSO MIBK:2-BuOH 1:1 1.43 4

4 Diaion PK216 Water:DMSO MIBK 1:1 0.74 5

5 HCl Water:DMSO MIBK:2-BuOH 1:2 1.10 6

6 HY-30 Water:DMSO MIBK:2-BuOH 1:3 1.30 This work
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Fig. S5. Effect of volume ratio of Reaction phase to Extraction phase on fructose conversion, HMF yield and 
partition ratio. Reaction conditions: 16 cm3 solvents, 5 wt.% fructose, 2 wt.% HY-30 zeolite, 6:4 (v/v) Water:DMSO 
/ 7:3 (v/v) MIBK:2-BuOH (reaction phase:extraction phase (v:v) = 3), at 160 ℃ and 800 rpm for 45 min.
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Fig. S6. Effect of stirring rate on mixing and catalyst distribution in a solvent system containing 6:4 (v/v) Water: 
DMSO / 7:3 (v/v) MIBK: 2-BuOH with reaction phase:extraction phase (v:v) = 3, total volume 16 cm3.

0 80 160 240 320 400 480
0

2

4

6

8

10

12

0 80 160 240 320 400 480
0

50

100

150

200

0 80 160 240 320 400 480
0

50

100

150

200

 50 RPM
 100 RPM
 200 RPM
 300 RPM
 400 RPM
 600 RPM
 800 RPM

Pr
es

su
re

 (b
ar

)

Reaction time (s)

 50 RPM
 100 RPM
 200 RPM
 300 RPM
 400 RPM
 600 RPM
 800 RPM

Po
w

er
 (W

)

Reaction time (s)

 50 RPM
 100 RPM
 200 RPM
 300 RPM
 400 RPM
 600 RPM
 800 RPM

T
em

pe
ra

tu
re

 (°
C

)

Reaction time (s)

Fig. S7. Pressure, temperature, and power of the MW reactor during fructose dehydration over HY-30. Reaction 
conditions: 16 cm3 solvents, 5 wt.% fructose, 2 wt.% HY-30 zeolite, 6:4 (v/v) Water:DMSO / 7:3 (v/v) MIBK:2-
BuOH (reaction phase:extraction phase (v:v) = 3), at 160 ℃ and 800 rpm for 5 min.

0 80 160 240 320 400 480
0

2

4

6

8

0 80 160 240 320 400 4800

40

80

120

160

0 80 160 240 320 400 480
0

40

80

120

160

 Reaction Phase 400 RPM
 Extraction Phase 400 RPM
 Reaction Phase 600 RPM
 Extraction Phase 600 RPM
 Reaction Phase 800 RPM
 Extraction Phase 800 RPM

Pr
es

su
re

 (b
ar

)

Reaction time (s)

 Reaction Phase 400 RPM
 Extraction Phase 400 RPM
 Reaction Phase 600 RPM
 Extraction Phase 600 RPM
 Reaction Phase 800 RPM
 Extraction Phase 800 RPM

Po
w

er
 (W

)

Reaction time (s)

 Reaction Phase 400 RPM
 Extraction Phase 400 RPM
 Reaction Phase 600 RPM
 Extraction Phase 600 RPM
 Reaction Phase 800 RPM
 Extraction Phase 800 RPM

Te
m

pe
ra

tu
re

 (°
C

)

Reaction time (s)

Fig. S8. Pressure, temperature, and power of the MW reactor during heating the reaction phase or extraction phases 
separately. 
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Table S6. Energy efficiency of HMF production at different reaction conditions for the optimal 6:4 (v/v) Water: 
DMSO / 7:3 (v/v) MIBK: 2-BuOH reaction media with a reaction phase:extraction phase (v:v) = 3 over the HY-30 
zeolite. a 

Reaction 
temperature (℃)

Reaction 
time (min)

HMF Yield 
(µmol)

Consumed 
Power (kJ)

Energy efficiency (µmol 
kJ−1 L−1)

E-factor (solvent 
recycled)

180 45 830.4 1116.0 46.5 0.91
160 45 820.4 439.2 116.7 0.93
140 240 702.7 1677.6 26.2 2.40

a Reaction conditions: 16 mL total reaction media volume, 5 wt.% fructose, 2 wt.% HY-30 at 200 rpm.

Fig. S9. Colour variations of catalyst from (a) before reaction; (b) after reaction; (c) used catalyst after calcination.
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Table S7. Comparison of different heterogeneous catalysts for fructose dehydration to HMF using biphasic systems, ranked in reverse order of the selectivity to HMF.
Entry Catalyst Reactive 

phase
Extraction phase Temp

(℃)
Time 
(min)

Conversion 
(%)

Selectivity
(%)

E (solvent 
recycled)

E (solvent not 
recycled)

MI RME 
(%)

CE 
(%)

Ref.

1 SBA-15-PrSO3H Water MIBK:2-BuOH 140 30 77.0 13.0 13.27 339.6 42.8 7.0 10.0 7

2 SiO2/H-MOR Water MIBK 165 150 75.0 44.0 3.33 225.3 5.2 23.1 33.0 8

3 H-ZSM5 Water MIBK 195 30 100.0 49.0 1.92 86.5 3.9 34.3 49.0 9

4 SBA-15-PrSH Water MIBK:2-BuOH 180 120 61.0 52.0 3.50 49.5 5.0 22.2 31.7 10

5 SBA-15 Water MIBK:2-BuOH 180 120 59.0 52.0 3.66 51.2 5.2 21.5 30.7 10

6 Pyrochlores Water MIBK 150 120 99.0 59.6 1.42 141.3 4.0 41.3 59.0 11

7 Diaion PK216 Water: DMSO MIBK 90 1260 68.0 60.0 2.50 73.5 38.5 28.6 40.8 5

8 Amberlyst 70 Water MIBK:2-BuOH 130 225 85.0 60.0 1.80 30.8 3.0 35.7 51.0 12

9 H-MOR Water MIBK 165 300 60.0 60.0 2.97 206.5 4.8 25.2 36.0 8

10 Taa-A380 Water MIBK:2-BuOH 180 120 62.0 61.0 2.78 41.6 4.2 26.5 37.8 10

11 SBA-15-PrSO3H Water MIBK:2-BuOH 140 30 78.0 62.0 1.95 70.5 8.9 33.9 48.4 7

12 Tp-A380 Water MIBK:2-BuOH 180 120 67.0 64.0 2.33 36.6 3.7 30.0 42.9 10

13 SSA-SBA-15 Water MIBK:2-BuOH 130 140 81.0 65.0 1.71 29.8 3.2 36.9 52.7 12

14 SBA-15-PrSO3H Water MIBK:2-BuOH 130 140 79.0 66.0 1.74 30.1 3.1 36.5 52.1 12

15 Amberlyst-70 Water MIBK:2-BuOH 180 10 86.0 66.9 1.48 27.3 2.8 40.3 57.5 10

16 Resin catalyst Water: DMSO MIBK 90 90 74.0 68.0 1.84 59.6 5.7 35.2 50.3 4

17 TESAS-SBA-15 Water MIBK:2-BuOH 130 140 84.0 71.0 1.40 26.3 3.2 41.7 59.6 12

18 HY-30 (this work) Water: DMSO MIBK:2-BuOH 140 240 88.8 71.3 1.26 157.9 3.2 44.3 63.3 /
19 SBA-15-PrSO3H Water MIBK:2-BuOH 180 120 66.0 74.0 1.93 32.2 3.3 34.2 48.8 10

20 HY-30 (this work) Water: DMSO MIBK:2-BuOH 180 45 99.5 75.2 0.91 133.6 2.7 52.4 74.8 /
20 Sulfonated MCM-41 Water MIBK 190 45 98.0 78.6 0.85 18.2 1.9 53.9 77.0 13

21 PS-PP/C-foam-1 Water MIBK 135 270 29.0 80.0 5.16 215.7 7.4 16.2 23.2 14

22 Heteropolyacids Water MIBK 170 160 88.7 80.3 1.00 49.3 2.2 49.9 71.3 15

23 H-MOR Water MIBK 165 90 87.0 85.0 0.93 98.6 2.5 51.8 74.0 16

24 HY-30 (this work) Water: DMSO MIBK:2-BuOH 160 45 85.9 86.1 0.93 135.3 2.7 51.7 73.9 /
25 SAPO-44 Water MIBK 175 60 89.0 88.0 0.82 93.1 2.3 54.8 78.3 17

26 Ag3PW12O40 Water MIBK 120 60 82.9 93.8 0.84 19.0 1.9 54.4 77.7 18

27 Cs2.5H0.5PW12O40 Water MIBK 115 60 78.2 94.7 0.93 23.8 2.3 51.8 74.0 19

28 HY-30 (this work) Water: DMSO MIBK:2-BuOH 140 120 42.5 98.8 2.40 238.0 4.8 29.4 42.0 /
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