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General procedure for the continuous conversion of levulinic acid into gamma valerolactone 
reactions
Flow reactions were conducted using an H-Cube instrument from Thalesnano Inc. equipped with a 

back-pressure regulator. Various concentrations of LA or methyl levulinates (0.1 to 3 M) were passed 

at a flow rate of 0.1 mL.min-1 through a fixed bed at different temperatures (30-90 °C) containing 0.1 

g catalyst under different hydrogen pressure (10-60 bar). The identity of the products was confirmed 

by GC-MS. Response factors of reaction products were determined by GC analysis using standard 

compounds in calibration mixtures of specified compositions.

The operation of the H-Cube mini plus without hydrogen gas
H-Cube Mini Plus can work in hydrogen mode ON for hydrogenations, or hydrogen mode OFF for 

catalytic reactions that do not require hydrogen. In the absence of hydrogen gas, the pressure can be 

produced by liquid phase.

The analysis of reaction mixtures with GC-MS and GC-FID
All products also were identified by GC-MS, a coupled Agilent 7820A GC-5977B/MSD, 

equipped with a column Agilent 19091S-433UI (HP-5MS Ultra Inert; 30 m× 250 µm×0.25 

µm; -60 °C-325 °C). An auto-injector was employed to inject the 1 µl of samples at 250 °C 

and was set to a 50:1 split ratio. Helium was used as carrier gas with flow rate of 1.8 mL min-1. 

The temperature program was set as follows: the oven initially started at 50 °C, held for 2 

min, raised to 250 °C at a rate of 20 °C.min-1, and held for 10 min at 250 °C. The ion source 

of the mass spectrometer was set at 280 °C. The peaks were analysed on the basis of retention 

time and using the NIST database and retention index.

The reaction mixtures were analysed by gas chromatography (GC) using a 6890 N 

chromatograph system (Agilent) equipped with an HP-5 column (30 m × 0.32 mm × 0.23 

mm) using a flame ionization detector (FID) (injector 250 °C, detector 250 °C). The oven 

initially started at 50 °C, held for 3 min, raised to 250 °C at a rate of 20 °C.min-1, and held for 

20 min. Response factors of the reaction products were determined with respect to the original 

starting materials from GC analysis using known compounds in calibration mixtures of 

specified compositions.

In addition, some samples were analysed with a Hewlett Packard HP 5890 Series II Gas 

Chromatograph, provided with an EQUITYTM-1 (60 m × 0.25 mm × 0.25 µm) column and an 

FID detector (Supelco Analytical, Bellefonte, PA, USA). The temperature in the injector as 
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well as in the reactor was 250 °C. The oven temperature program used was from an initial 

temperature of 50 °C for 5 minute that was increased up to 250 °C with a heating rate of 20 

°C.min-1 and remained constant at that temperature for 10 min. 

Calculation of Weight Hourly Space Velocity (WHSV) and space time yield (STY)

Weight Hourly Space Velocity (WHSV) = 

𝑔(𝑓𝑒𝑒𝑑)

𝑔(𝑐𝑎𝑡).ℎ
 (ℎ ‒ 1)

Space-time yield (STY) = 

𝑔(𝐿𝑒𝑣𝑢𝑙𝑖𝑛𝑖𝑐 𝑎𝑐𝑖𝑑)

𝑔(𝑅𝑢𝑡ℎ𝑒𝑛𝑖𝑢𝑚).ℎ
 (ℎ ‒ 1)
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Figure S 1. A) N2 adsorption-desorption isotherms, and pore size distribution curves (evaluated 
using the DH method) of the synthesized carbon and catalyst (the orang diagram for IBOMC; the 

blue diagram for Ru@IBOMC), B) TEM of Ru@IBOMC
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Figure S 2: A) t-plot of Ru@IBOMC, B) NLDFT of Ru@IBOMC with PSD of rp,peak = 3.95 nm 
and 4.82 nm, C) BJH of the catalyst, D) alpha-plot of the catalyst.
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Figure S 3. Low angel XRD of IBOMC

Table S1: Low angel XRD peak list of IBOMC

Pos.[°2Th.] Height [cts] d-spacing [Å] Rel. Int. [%]

0.91 (2) 2893 (548) 97.474 100

1.49 (1) 1387 (129) 59.32681 47.94
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Figure S 4: Elemental mapping images of Ru@IBOMC: Dispersion of Carbon element (A), 
Nitrogen element (B) Sulfur element (C) Oxygen element (D) Ruthenium element (E), and the 
combine of all elements (F) on the surface of Ru@IBOMC; EDX analysis of Ru@IBOMC (G); 

SEM of Ru@IBOMC (H).
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Table S 2: Quantitative EDX Results of Ru@IBOMC

Elt Line Int Error K Kr W% A% ZAF Ox% Pk/Bg Class LConf HConf Cat#

C Ka 121.8 2.9137 0.7562 0.5792 63.67 80.69 0.9098 0.00 673.46 A 62.18 65.15 0.00

N Ka 3.0 2.9619 0.0178 0.0136 7.24 7.87 0.1880 0.00 31.19 A 6.17 8.31 0.00

O Ka 16.7 3.0100 0.0318 0.0244 8.50 8.09 0.2864 0.00 34.53 A 7.97 9.04 0.00

S Ka 9.2 1.5207 0.0095 0.0073 0.79 0.37 0.9216 0.00 5.89 A 0.72 0.85 0.00

Ru La 78.6 2.1247 0.1848 0.1415 19.80 2.98 0.7147 0.00 19.96 A 19.23 20.38 0.00

1.0000 0.7660 100.00 100.00 0.00 0.00

Figure S 5: CO2 and NH3 TPDs of IBOMC
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Figure S 6: FT-IR of IBOMC
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Figure S 7. XPS of Ru@IBOMC
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Figure S 8: XPS deconvolution of Ru@IBOMC
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Figure S 9: TGA analyses of Ru@IBOMC and used Ru@IBOMC
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Figure S 10: A) t-plot of used-Ru@IBOMC, B) NLDFT of used-catalyst with PSD of rp,peak = 3.95 
nm and 4.82 nm, C) BJH of used-catalyst, D) N2 adsorption-desorption isotherms of used-catalyst.
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Figure S 11. Detection of GVL using GC Mass for conversion of LA into GVL, and reaction of LA 
with aniline at 90 °C

Figure S 12. Detection of 5-methyl-1-phenylpyrrolidin-2-one using GC Mass in conversion of LA 
with aniline at 30 °C
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Figure S 13. Detection of aromatic lactam using GC Mass in conversion of LA with aniline at 90 
°C

Figure S 14. Detection of 4-(phenylimino)pentanoic acid using GC Mass in conversion of LA with 
aniline at 30 °C
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Figure S 15. Detection of 4-(phenylamino)pentanoic acid using GC Mass in conversion of LA with 
aniline at 30 °C

Figure S 16. Detection of 5-methyl-1-phenyl-1,3-dihydro-2H-pyrrol-2-one using GC Mass in 
conversion of LA with aniline at 30 °C



S19

Figure S 17. Detection of 1-ethyl-5-methylpyrrolidin-2-one with GC Mass in conversion of LA 
with acetonitrile

Figure S 18. Detection of 1-ethyl-5-methyl-1,3-dihydro-2H-pyrrol-2-one with GC Mass in 
conversion of LA with acetonitrile
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Figure S 19: Chromatogram of standard Levulinic acid in GC-FID

Figure S 20: GVL Calibration curve using GC-FID
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Figure S 21: Chromatogram of mixture of reaction after hydrogenation of Levulinic acid at room 
temperature in GC-FID

Figure S 22: Chromatogram of mixture of reaction after hydrogenation of Levulinic acid at 90 °C 
in GC-FID
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Figure S 23: Chromatogram of mixture of reaction after hydrogenation of Levulinic acid at H2-free 
conditions in GC-FID

Figure S 24: Chromatogram of mixture of reaction after hydrogenation of Levulinic acid in GC-
MS 



S23

A B

C D

Figure S 25: A) Chromatogram of mixture of reaction after hydrogenation of Levulinic acid in the 
presence of Aniline at 90 °C using GC-MS; B) Chromatogram of mixture of reaction after 

hydrogenation of Levulinic acid 90 °C in the presence of Aniline and triethylamine as STD in GC-
MS; C) Chromatogram of mixture of reaction after hydrogenation of Levulinic acid in the presence 

of Aniline using GC-FID; D) Chromatogram of mixture of reaction after hydrogenation of 
Levulinic acid in the presence of Aniline and TEA as STD using GC-FID.
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Figure S 26: Chromatogram of mixture of reaction after hydrogenation of Levulinic acid in the 
presence of MeCN using GC-MS
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