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1. General procedure for the synthesis of furan/acetone adducts

All the aldol adducts were prepared by previously reported methods. [S1] Typically, for the synthesis of 
FFR/acetone adduct, 20 mmol FFR, 1.5 g CaO and 50 mL acetone was added in a 250 mL stainless steel batch 
reactor. The mixture was stirred at 140 °C for 4 h under nitrogen atmosphere. The obtained liquid was purified 
by column chromatography using a mixture of ethyl acetate and petroleum ether (v/v = 1:10) and dried by 
anhydrous Na2SO4. All the adol adducts and their corresponding hydrogenated products were identified by 1H-
NMR and 13C-NMR.

2. Mathematical expressions

Conversion (%) = 
(1 ‒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙] 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]

) × 100

Selectivity (%) = 

 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙]

∑𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 [𝑚𝑚𝑜𝑙]
× 100

Yield (%) = 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]

× 100

TON = 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑅𝑢 𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 [𝑚𝑚𝑜𝑙]

ATOF = 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑅𝑢 𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 [𝑚𝑚𝑜𝑙] ×  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 [ℎ] 

Rate of FFR or FA conversion = 
‒

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 [ℎ]
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3. The elimination of mass transfer limitation

Based on Weisz-Prater and Mears Criterion, we verified the absence of mass transfer limitation in 
measurement. 

3.1 Weisz-Prater Criterion for Internal Diffusion

If , the internal mass transfer effects can be neglected. 
𝑁𝑊 ‒ 𝑃 =

‒ 𝑟𝐴𝜌𝑏𝑅2

𝐶𝐴𝑏𝐷𝑒
< 1

𝑁𝑊 ‒ 𝑃 =
‒ 𝑟𝐴𝜌𝑏𝑅2

𝐶𝐴𝑏𝐷𝑒
=

2.08 × 10 ‒ 5 × 3 × 104 × (1.5 × 10 ‒ 4)2

520 × 4.26 × 10 ‒ 9
= 6.34 × 10 ‒ 3 < 1

Therefore, internal mass transfer limitation is proved absent.

3.2 Mears Criterion for External Diffusion

If , the external mass transfer effects can be neglected.

‒ 𝑟𝐴𝜌𝑏𝑅𝑛

𝐶𝐴𝑏𝑘𝑐
< 0.15

‒ 𝑟𝐴𝜌𝑏𝑅𝑛

𝐶𝐴𝑏𝑘𝑐
=

2.08 × 10 ‒ 5 × 3 × 104 × 1.5 × 10 ‒ 4 × 1

520 × 6.93 × 10 ‒ 4
= 2.60 × 10 ‒ 4 < 0.15

Therefore, external mass transfer limitation is proved absent.

3.3 Parameters used in the Weisz-Prater criterion and Mears Criterion 

Parameter Value

Reaction rate: ‒ 𝑟𝐴(𝑚𝑚𝑜𝑙/𝑚𝑔𝑐𝑎𝑡 ∙ 𝑠) 2.08 × 10 ‒ 5

Density of catalyst: 𝜌𝑏(𝑘𝑔/𝑚3) 3 × 104

Radius of catalyst: 𝑅 (𝑚) 1.5 × 10 ‒ 4(100 𝑚𝑒𝑠ℎ)

Surface reactant concentration: 𝐶𝐴𝑏(𝑘𝑚𝑜𝑙/𝑚3) 520

Effective liquid-phase diffusivity: a𝐷𝑒(𝑚2/𝑠) 4.26 × 10 ‒ 9

Reaction order: 𝑛 1

Mass transfer coefficient: b𝑘𝑐(𝑚/𝑠) 6.93 × 10 ‒ 4

Viscosity of ethanol: 𝜂𝐸𝑡𝑂𝐻(𝑃𝑎 ∙ 𝑠) 3.32 × 10 ‒ 4

Latent heat of vaporization of ethanol: 𝐿𝐸𝑡𝑂𝐻 (𝐽/𝑘𝑚𝑜𝑙) 3.94 × 107



Latent heat of vaporization of FFA:
𝐿𝐹𝐹𝐴 (𝐽/𝑘𝑚𝑜𝑙) 4.28 × 107

Schmidt number: c𝑆𝑐 1512

Reynolds number: d𝑅𝑒 1102

Sherwood number: e𝑆ℎ 231

Viscosity of the reactant mixture: 𝜇 (𝑃𝑎 ∙ 𝑠) 1.074 × 10 ‒ 3

Density of reactant mixture: 𝜌 (𝑘𝑔/𝑚3) 789

Liquid-phase diffusivity: 𝐷𝐴𝑏(𝑚2/𝑠) 9 × 10 ‒ 10

Superficial velocity: 𝑈 (𝑚/𝑠) 10

a 
𝐷𝑒 = 4.4 × 10 ‒ 15 𝑇

𝜂𝐸𝑡𝑂𝐻
(𝑉𝐸𝑡𝑂𝐻

𝑉𝐹𝐹𝐴
)1

6(
𝐿𝐸𝑡𝑂𝐻

𝐿𝐹𝐹𝐴
)

1
2

b 
𝑘𝑐 =  

𝑆ℎ𝐷𝐴𝑏

2𝑅

c 
𝑆𝑐 =

𝜇
𝜌𝐷𝐴𝑏

d 
𝑅𝑒 =

𝑈𝑅𝜌
𝜇

e 𝑆ℎ = 2 + 0.6𝑅𝑒
1

2𝑆𝑐
1

3

4. Supplementary data

Table S1. Summary of TPR results 

Sample Metal (mmol) Peak Quantity H2 Consumption (mmol)
Reduction 

Degreea

Ru/TiO2-lys-
DP

4.85 10-3× 4.25 7.67 10-3× 79%

Ru/TiO2-DP 5.54 10-3× 6.08 11.0 10-3× 99%
a Based on the assumption that the unreduced species are sole RuO2. [S2]

Table S2. Summary of EXAFS fits at Ru K-edge

Sample Coordination CN R(Å) σ2(10-3Å2) E(eV) R-factor
Ru foil Ru-Ru 12 2.67 -- -- --

Ru-O 5.2 1.96 7.7 -3.1Ru/TiO2-lys-
DP Ru-Ru 1.5 2.66 5.4 -3.1

1.39%

Ru/TiO2-DP Ru-O 2.7 1.91 5.7 -5.7 0.72%



Ru-Ru 4.9 2.67 5.1 -5.7
RuO2 Ru-O 6 1.98 -- -- --

CN, coordination number; R, distance between absorber and backscatter atoms; σ2, Debye-Waller factor.

Table S3. Catalytic activities of recently reported heterogeneous and homogeneous catalysts for total 
hydrogenation of FFR

Catalyst S/C Temp. 
(°C)

H2 
(MPa)

Time 
(h)

ATOF(h-
1) Ref.

Ru/TiO2-lys-DP 550 80 4 1.5 367 This 
work

Ru/TiO2-lys-DP 550 2 4 25 22 This 
work

Pd-Ir/SiO2 89 2 8 4 21 S3
Ni-Pd/SiO2 33 40 8 2 17 S4

Ni-Pd/TiO2-ZrO2 66 130 5 8 8 S5
Pd/Al2O3 11 90 2 2 4 S6
Pd/Al2O3 220 25 6 8 27 S7
Pd/MFI 350 220 3.4 5 67 S8
Pd/HAP 368 40 1 4 92 S9

Pd-Pt/TiO2 500 30 0.3 4 119 S10
Ru/ZrO2+Pd/Al2O3 45 30 0.5 3 12 S11

CuNi/CNT 14 130 4 10 1 S12
CuNi/MgAlO 12 150 4 3 4 S13
Ni-Ba/Al2O3 15 140 4 4 4 S14

Ni/C 12 120 1 2 6 S15
Ni/NAC 6 80 4 3 2 S16

Ru@C/TiO2 290 80 4 7 41 S17
Ru@G-CS 20 180 3 2 10 S18

polyCTR- -CD Ru𝛽 50 30 1 4 7 S19
S/C, the molar ratio of substrate to active metal.
ATOF, average turnover frequency (based on maximum product yield)

Table S4. Effect of solvent on FFR hydrogenation



Selectivity (%)b

Entrya Solvent Conv. (%)
THFA FA Othersc

1 MeOH >99 57 37 6
2 EtOH >99 >99 0 0
3 2-propanol >99 31 69 0
4 THFA >99 11 89 0
5 THF 70 3 86 11
6 DMF 30 0 83 17
7 toluene 27 0 >99 0
8 n-heptane 44 0 >99 0
9 H2O 81 2 98 0

10d THFA >99 >99 0 0

a Reaction conditions: FFR (5.2 mmol), solvent (10 mL), Ru/TiO2-lys-DP (metal 0.18 mol%), H2 (4 MPa), 80 
°C, 1.5 h. b Determined by GC methods using naphthalene as internal standard. c Others include ethers and 
unidentified oligomers. d 4 h.

Table S5. Summary of the XPS results of Ru/TiO2-lys-DP reduced at different temperatures

Ratio between species (%)
Reduction temperature (°C)

Ruδ+/(Ru0+Ruδ+) Ti3+/(Ti3++Ti4+)
100 50 10
300 20 40
500 5 50

Table S6. Summary of the XPS results of Ru/TiO2-DP reduced at different temperatures

Ratio between species (%)
Reduction temperature (°C)

Ruδ+/(Ru0+Ruδ+) Ti3+/(Ti3++Ti4+)
100 20 0
300 0 0
500 0 20



Fig. S1 UV-vis spectra of aqueous solutions containing various species

Fig. S2 HAADF-STEM image (a) and corresponding particle size distribution (b) of Ru/TiO2-DP



Fig. S3 TPR profiles of Ru/TiO2-lys-DP and Ru/TiO2-DP



Fig. S4 Reaction profile of Ru/TiO2-lys-DP in FFR hydrogenation. Reaction conditions: FFR (5.2 mmol), 
EtOH (10 mL), catalyst (metal 0.18 mol%), H2 (4 MPa), 80 °C. 

Fig. S5 Reuse of Ru/TiO2-lys-DP in 5.2mmol-scale hydrogenation of FFR. Reaction conditions: FFR (5.2 
mmol), EtOH (10 mL), catalyst (metal 0.18 mol%), H2 (4 MPa), 80 °C, 1.5 h. Note: The catalysts lost 
about 25 wt% mass in total in repetitive recovery process. 



Fig. S6 HAADF-STEM images and corresponding particle size distributions of (a,c) Ru/TiO2-trp-DP and (b,d) 
Ru/TiO2-tyr-DP



Fig. S7 TEM images and corresponding particle size distributions of Ru/TiO2-DP catalysts prepared with (a,e) 
0.01 mmol, (b,f) 0.025 mmol (c,g) 0.05 mmol and (d,h) 0.2 mmol lysine 



Fig. S8 Catalytic activities of Ru/TiO2-DP catalysts prepared with various amounts of lysine in total 
hydrogenation of FFR. Reaction conditions: FFR (5.2 mmol), EtOH (10 mL), catalysts (metal 0.18 mol%), H2 
(4 MPa), 80 °C, 1.5 h.

Fig. S9 TEM images and corresponding particle size distributions of (a,c) Ru/TiO2-lys-imp and (b,d) Ru/TiO2-
imp



Fig. S10 FTIR spectra of Ru/TiO2-lys-DP and Ru/TiO2-lys-imp 

Fig. S11 DRIFT spectra in the carbonyl region of Ru/TiO2-lys-DP and Ru/TiO2-lys-imp 



Fig. S12 TEM images and corresponding particle size distributions of (a,c) Ru/TiO2-R-lys-DP and (b,d) 
Ru/TiO2-A-lys-DP 



Fig. S13 XPS spectra of Ru/TiO2-R-lys-DP and Ru/TiO2-A-lys-DP (a) C 1s and Ru 3d spectra, (b) Ti 2p and 
Ru 3p3/2 spectra and (c) O 1s spectra (O1 refers to stoichiometric O in TiO2, O2 to O in reduced TiOx and O3 
to organic and hydroxylic O) [S20]



Fig. S14 Catalytic activities of Ru/MOx-lys-DP catalysts in total hydrogenation of FFR. Reaction conditions: 

FFR (5.2 mmol), EtOH (10 mL), catalysts (metal 0.18 mol%), H2 (4 MPa), 80 °C, 1.5 h.



Fig. S15 TEM images and corresponding particle size distributions of (a,d) Ru/CeO2-lys-DP, (b,e) Ru/Al2O3-
lys-DP and (c,f) Ru/SiO2-lys-DP 

Fig. S16 Reaction profile of Ru/TiO2-lys-DP in FFR hydrogenation. Reaction conditions: FFR (52 mmol), 
EtOH (10 mL), catalyst (metal 0.04 mol%), H2 (4 MPa), 80 °C.



Fig. S17 Reuse of Ru/TiO2-lys-DP in 5.2mmol-scale hydrogenation of FFR.

Fig. S18 HAADF-STEM image (a) and corresponding particle size distribution (b) of spent Ru/TiO2-lys-DP





Fig. S19 XPS spectra of spent Ru/TiO2-lys-DP (a) C 1s and Ru 3d spectra, (b) Ti 2p and Ru 3p3/2 spectra and 
(c) O 1s spectra (O1 refers to stoichiometric O in TiO2, O2 to O in reduced TiOx and O3 to organic and 
hydroxylic O) [S20]

Fig. S20 Effect of FA concentration on the reaction rate. Reaction conditions: FA (3-7 mmol), EtOH (10 mL), 
catalysts (200 mg), H2 (4 MPa), 25 °C. Each rate was calculated by five data points (0, 5, 10, 15 and 20 mins). 
The raw data are shown in Fig. S21. 



Fig. S21 Determination of FA conversion rate from the data in Fig. S20 

Fig. S22 Effect of H2 pressure on the reaction rate. Reaction conditions: H2 (4-8 MPa), FFR (5.2 mmol), EtOH 
(10 mL), catalysts (200 mg), 25 °C. Each rate was calculated by five data points (0, 3, 7, 10 and 15 mins). The 
raw data are shown in Fig. S23.



Fig. S23 Determination of FFR conversion rate from the data in Fig. S22

Fig. S24 In situ Fourier transform infrared spectra of (a) gaseous furan and furan adsorbed on (b) Ru/TiO2-DP 
and (c) Ru/TiO2-lys-DP.



Fig. S25 HAADF-STEM images and corresponding particle size distributions of Ru/TiO2-lys-DP reduced at 

(a,c) 100 °C and (b,d) 500 °C.



Fig. S26 TEM images and corresponding particle size distributions of Ru/TiO2-DP reduced at (a,c) 100 °C 
and (b,d) 500 °C



Fig. S27 XPS spectra of Ru/TiO2-lys-DP reduced at different temperatures (a) C 1s and Ru 3d spectra and (b) 
Ti 2p and Ru 3p3/2 spectra. The ratios between different species are summarized in Table S5.



Fig. S28 XPS spectra of Ru/TiO2-DP reduced at different temperatures (a) C 1s and Ru 3d spectra and (b) Ti 
2p and Ru 3p3/2 spectra. The ratios between different species are summarized in Table S6.



1H-NMR and 13C-NMR spectra of compounds
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