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Table S1 Distribution of the products in hydrogenation of furfural versus catalyst loading?

D e DD~y L

Furfural THFA
Catalyst loading Yield (%)
Entry Catalysts (mg) Con.(%) F THF EMF FL GVL
A A

| Ni/ZSM-5 40 100.L0 0.0 36.6 0.0 258 285
2 Co/ZSM-5 40 100.0 0.0 0.0 0.0 21.0 60.7
3 Fe/ZSM-5 40 36.7 0.0 0.0 0.6 17.5 25
4 Ni-Fe/ZSM-5 40 100.0 0.0 0.0 184 389 39.0
5 Co-Fe/ZSM-5 40 100.0 0.0 09 200 412 363
6 Ni-Co/ZSM-5 40 100.0 0.0 68.7 00 54 185
7 Ni-Co-Fe/ZSM-5 40 100.0 0.0 1.8 55 97 750
8 Ni/ZSM-5 80 100.0 0.0 40.1 0.0 17.7 28.1
9 Co/ZSM-5 80 100.0 0.0 0.0 0.0 79 632
10  Fe/ZSM-5 80 56.1 0.0 0.0 0.0 242 54
11 Ni-Fe/ZSM-5 80 1000 0.0 2.1 2.1 414 463
12 Co-Fe/ZSM-5 80 100.0 0.0 0.0 1.0 383 425
13 Ni-Co/ZSM-5 80 100.0 0.0 71.8 0.0 26 240
14 Ni-Co-Fe/ZSM-5 80 100.0 0.0 29 0.0 27 739
15  NV/ZSM-5 100 100.L0 0.0 46.6 0.0 158 258
16  Co/ZSM-5 100 100.0 0.0 0.0 0.0 55 545
17  Fe/ZSM-5 100 60.4 0.0 0.0 0.0 29.1 &.1
18  Ni-Fe/ZSM-5 100 100.0 0.0 49 0.0 4l1.6 54.7
19  Co-Fe/ZSM-5 100 100.0 0.0 0.0 0.0 40.1 520
20  Ni-Co/ZSM-5 100 100.0 0.0 67.8 00 14 184
21  Ni-Co-Fe/ZSM-5 100 100.0 0.0 2.6 0.0 2.0 737

aReaction conditions: T = 150 °C; ¢ = 10 h; Py, =4 MPa (at room temperature); stirring speed = 600
rpm; reactant: 0.4 mmol; ethanol: 5 mL.
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Table S2 Distribution of the products in hydrogenation of furfural versus reaction medium?

Yield (%)
Entry Catalysts Solvents  Con. (%) THF CPO CPL
FA A AMF AL GVL
1 Ni/ZSM-5 Isopropanol 100.0 0.0 89.3 0.06  0.0° 9.1 - -
2 Co/ZSM-5 Isopropanol 100.0 0.0 2.9 79.1> 0.0 5.9 - -
3 Fe/ZSM-5 Isopropanol 63.2 0.0 0.0 11.7° 12.8° 5.4 - -
4 Ni-Fe/ZSM-5 Isopropanol 100.0 57.9 3.9 362> 0.00 0.0 - -
5 Co-Fe/ZSM-5 Isopropanol 100.0 214 29 59.5>  32¢ 103 - -
6 Ni-Co/ZSM-5 Isopropanol 100.0 0.0 89.1 .76 0.0° 0.0 - -
7 Ni-Co-Fe/ZSM-5  Isopropanol 100.0 0.0 3.0 614> 03° 56 - -
8 Ni/ZSM-5 Methanol 100.0 00 17.6 0.0 5034 17.9 - -
9 Co/ZSM-5 Methanol 100.0 0.0 0.0 0.0 504 555 - -
10 Fe/ZSM-5 Methanol 22.6 0.0 0.0 0.0 12.5¢ 0.0 - -
11 Ni-Fe/ZSM-5 Methanol 100.0 0.0 0.7 0.0 7874 173 - -
12 Co-Fe/ZSM-5 Methanol 100.0 0.0 0.0 0.0 6554 214 - -
13 Ni-Co/ZSM-5 Methanol 100.0 00 279 0.0 13.8¢ 356 - -
14 Ni-Co-Fe/ZSM-5  Methanol 100.0 0.0 1.3 0.0 374 56.0 - -
15  Ni/ZSM-5 H,0 100.0 00 121 - 6.4° 44 3.1 5.2
16  Co/ZSM-5 H,0 100.0 00 129 - 4.0 120 20 27.1
17  Fe/ZSM-5 H,0 63.1 0.0 0.0 - 0.0° 0.0 00 00
18  Ni-Fe/ZSM-5 H,0 100.0 00 111 - 7.5¢ 7.6 3.7 305
19  Co-Fe/ZSM-5 H,0 100.0 0.0 1.2 - 42¢ 117 2.1 375
20  Ni-Co/ZSM-5 H,0 100.0 0.0 339 - 3.1° 9.6 1.5 5.2
21 Ni-Co-Fe/ZSM-5 H,0 100.0 0.0 226 - 3.9¢ 82 1.9 202

aReaction conditions: T = 150 °C; ¢t = 10 h; Py, = 4 MPa (at room temperature); stirring speed = 600
rpm; catalyst: 60 mg; reactant: 0.4 mmol; solvent: 5 mL. AMF represents 2-alkoxymethyl-furan; AL
represents alkyl levulinate.

b2-Isopropoxymethyl-furan was formed in isopropanol. ‘Isopropyl levulinate was formed in
isopropanol. 4Methyl levulinate was formed in methanol.

¢1,4-Pentanediol was formed in water.
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Table S3 Distribution of the products in hydrogenation of various reactants?
Yield (%)

Ent Catalysts Reactants Con. (% F
ntry ataly (%) F TH EMF EL GVL

A A
1 Ni/ZSM-5 FA 100.0 - 465 00 179 225
2 Co/ZSM-5 FA 100.0 - 0.0 00 103 619
3 Fe/ZSM-5 FA 100.0 - 0.0 00 723 13.7
4 Ni-Fe/ZSM-5 FA 100.0 - 1.7 0.0 46.8 357
5 Co-Fe/ZSM-5 FA 100.0 - 0.0 0.7 42.0 452
6 Ni-Co/ZSM-5 FA 100.0 - 626 00 38 177
7 Ni-Co-Fe/ZSM-5 FA 100.0 - 0.0 00 39 66.6
8 Ni/ZSM-5 EL 41.1 - - - - 383
9 Co/ZSM-5 EL 96.1 - - - - 752
10 Fe/ZSM-5 EL 14.0 - - - - 132
11 Ni-Fe/ZSM-5 EL 40.1 - - - - 390
12 Co-Fe/ZSM-5 EL 35.7 - - - - 335
13 Ni-Co/ZSM-5 EL 93.7 - - - - 711
14 Ni-Co-Fe/ZSM-5 EL 95.1 — — — - 847

aReaction conditions: T = 150 °C; ¢t = 10 h; Py, = 4 MPa (at room temperature); stirring speed = 600
rpm; catalyst: 60 mg; reactant: 0.4 mmol; ethanol: 5 mL.
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Table S4 Distribution of the products in hydrogenation of furfural via transfer hydrogenation®

Yield (%)
Entry Catalysts Con. (%) F THF EMF EL GVL
A A

1 Ni/ZSM-5 76.7 00 0.0 1.2 412 162
2 Co/ZSM-5 99.3 00 0.0 132 492 19.0
3 Fe/ZSM-5 433 0.0 0.0 0.7 266 3.9
4 Ni-Fe/ZSM-5 66.2 00 0.0 9.8 346 118
5 Co-Fe/ZSM-5 70.9 00 0.0 9.5 40.8 6.8
6 Ni-Co/ZSM-5 83.8 00 0.0 324 257 13.0

7 Ni-Co-Fe/ZSM-5 98.7 0.0 0.0 33.5 419 239

aReaction conditions: T = 150 °C; ¢ = 14 h; Py, =4 MPa (at room temperature); stirring speed = 600

rpm; catalyst: 60 mg; reactant: 0.4 mmol; ethanol: 5 mL.
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Table S5 Kinetic study for the conversion of various reactants over Ni-Co-Fe/ZSM-5 catalyst?

Reaction rate for Reaction rate T Reaction rate for EL
Entry ©C) furfural °C) for FA ©C) (mmol-g.,-h)
(mmol-g.,'-h1) (mmol-g.,'-h1) o
1 120 23.1 120 5.7 140 1.7
2 140 433 140 16.1 160 4.9
3 160 78.5 160 27.9 180 9.7

aReaction conditions: Py, = 4 MPa, stirring speed = 800 rpm, catalyst: 20 mg, reactant: 6 mmol;
ethanol: 20 g.
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Table S6 The abundance of various functionalities recorded over Ni/ZSM-5, Ni-Co/ZSM-5 and Ni-
Co-Fe/ZSM-5 catalysts?

Wavenumbe .
Functional Abundance Ratio of other functional
Entry Catalysts r
groups (a.u.) groups to C-O-C
(cm™)
1 C=0 1673 2.2293 3.55
2 C=C 1568 1.4910 2.38
3 Ni/ZSM-5 C-O0 1156 0.6273 1.00
4 C-0-C 1020 1.1358 1.81
5 -(CHy),- 755 1.2385 1.97
6 Cc=0 1673 2.0551 4.04
7 Cc=C 1568 1.1597 2.28
8 Ni-Co/ZSM-5 C-0 1157 0.5088 1.00
9 C-0-C 1020 0.9949 1.96
10 -(CHy),- 755 1.2008 2.36
11 C=0 1673 2.1466 3.53
12 . C=C 1567 1.0979 1.81
Ni-Co-
13 C-O0 1157 0.6076 1.00
Fe/ZSM-5
14 C-0-C 1020 1.2038 1.98
15 -(CHp),- 755 1.6765 2.76

aThe functional groups were obtained from in-situ FT-IR spectra at 150 °C in Fig. 5 (d). The abundance

of functional groups was measured based on the absorbance of peaks.
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Table S6 Distribution of the products for the hydrogenation of various reactants to GVL over various

catalysts
Con. Yield
Entry Catalysts Reaction conditions ( "OA;I; ((1)/e0) Ref.
j ZrBeta and CARMEL o660, = 48 b furfural 1000 780 38
nanosheets

One step: T=150 °C, t=12 h; two

PDVB-IL pol
VBIIL polymer and - T=130°C, t= 6 h; furfuryl 1000 69.0 39

Co/Tio; alcohol
Av/ZrO, catalyst o 4 ) .

3 combined with ZSM-5 T=120°C; t=24 h; hemicellulose 100.0  61.5 40

4 Sn-Al-Beta T =180 °C; t = 24 h; furfural 100.0 60.5 41
Heteropolyacid

5 supported on Zr-Beta T =160 °C;t=24 h; furfural 100.0  70.0 42
zeolite

6 DUT-67(Hf) T =180 °C; t = 24 h; furfural 100.0  87.1 43

7 Zr-Al-beta T =190 °C; t =48 h; furfural 100.0 35.0 44

8  Ni-Co-Fe/ZSM-5 T =150 °C; t = 14 h; furfural 1000 857 ISILE:
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Scheme S1 Proposed reaction pathways for conversion of the sugars-derived furans.
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Fig. S1 (a) N, adsorption/desorption isotherms; (b) and (c) pore size distribution curves of Ni, Co and

Fe supported on ZSM-5 catalysts.
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Fig. S2 FT-IR spectra of the used and the fresh metal supported on H-ZSM-5 catalysts.
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