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Abstract 

Finding sustainable resources has always been a strong research due to the current 

massive consumption of non-renewable fossil fuels on a global scale. Recently, the 

transformation of renewable biomass into value-added chemicals has become a crucial 

alternative to solve this problem. Levulinic acid (LA) and glucose are the most 

significant biomass-derived compounds and γ-valerolactone (GVL) is considered to be 

the important intermediate of chemicals and fuels. However, the safety and cost of 

external hydrogen are the main obstacles for the production of GVL from biomass and 

its derived chemicals by catalytic transfer hydrogenation process. Herein, we introduce 

the conversion of LA and glucose-derived LA into GVL without an external hydrogen 

donor, respectively. One process is the production of GVL from LA in a maximum 

yield of 99% at relatively mild conditions (150 oC) for 3 h with hydrogen, which is from 

the decarboxylation reaction of formic acid (FA) in water with Raney Ni. The other 

process is conversion of glucose into LA and GVL in two steps. More than 50% yield 

of LA and 67% yield of GVL could be obtained from glucose with 3% HCl solution 

and Raney Ni.  
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1. Introduction 

Nowadays, excessive consumption of fossil fuels due to world population increases, 

environmental pressure and the bulk of resource needs, has stimulated the effects for 

the renewable production of chemicals and resources. Lignocellulosic biomass consists 

of hemicellulose (20-35%), cellulose (35-50%) and lignin (10-25%), is the most 

abundant, low-cost and renewable carbon materials on the earth1. Nature produces over 

170 billion metric tons of biomass per year by photosynthesis, 75% of which can be 

applied to the class of carbohydrates. Surprisingly, only 3-4% used by humans for food 

and other field purposes2. In contrast to other renewable energy, such as solar, hydrogen, 

tidal, wind energy, biomass is the only renewable resources of fixed carbon of replacing 

fossil fuels, which is crucial for the production of liquid hydrocarbon fuels and 

chemicals3-7. Meanwhile, It has been predicted that more than 20% of liquid fuels and 

25% of chemicals by 2030 will be synthesized from biomass2, 8-10. In recent years, 

conversion of biomass and its derived levulinic acid (LA) into value-added products 

has been vastly reported, which has attracted worldwide attention. It is well-known that 

LA has been identified to be a valuable product derived from biomass11, that can be 

produced at high yields from cellulose using mineral acids, and can be converted into 

valuable chemicals and fuels12-14. Gamma-valerolactone (GVL), as a sustainable liquid 

for energy and carbon-based chemicals, has been regarded as one of the most promising 

products as a food additive, fuels, organic solvent, and benign intermediate for the 

production of more valuable chemicals, such as acetaldehyde, 5-Nonanone and 2-

methylglutaric acid 15-16. Noteworthy, GVL is stable for several weeks at high 

temperature (150 oC) and its thermal decomposition only proceed under the presence 

of appropriate catalysts, and its vapor pressure is remarkably low, even at higher 
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temperatures (3.5 KPa at 80 oC), making it easy and safe to store and move globally in 

large quantities17-18.       

Over the past decades, there are extensive studies on production GVL from biomass 

and LA has been performed, either using heterogeneous or homogeneous catalysts19-24. 

Particularly, noble metal catalysts, such as Ru/C, Ru/grapheme, Pd complex, and 

Au/ZrO2, displayed highly activity in LA hydrogenation (Scheme1 (1))19, 25-27. Li et al. 

reported that 99% yield of GVL was received with supported Ru catalysts under 

optimum reaction conditions (100 oC, 2.0 MPa H2, LA= 0.1 g/mL) in water28. Manzer 

et al. screened various noble metal catalyst (Ir, Rh, Ru, Pd, Pt and Re) and pointed out 

Ru/C exhibited the highest yield of GVL at 97% in dioxane solvent by 5.5 MPa H2
29. 

Although satisfactory results were achieved using noble metal catalysts, the distinct 

defect of being high cost limited the actual application of these catalysts in large-scale 

GVL production from biomass. Hence, exploring low-cost, stable, highly active, and 

easily recycle catalysts is the key process for the present studies.  

  In recent years, transition metal, such as Ni, Co, Fe, Cu, and Zn, has also been applied 

in hydrogenation reactions of LA and its esters (Scheme 1(2))30-35. In this respect, 

Zhang et al. developed a series of cheap and magnetic Ni/Cu/Al/Fe catalysts for the 

selection hydrogenation of LA to GVL, more than 98% GVL yield can be received at 

415 K under 2.0 MPa H2 for 3 h, and the magnetic catalyst could be recycled for more 

than five cycles without being defeated in its performance36. Zhong et al. reported a 

facile and green method on the production GVL from LA, 98% yield of GVL was 

obtained over the Fe catalyst at 250 oC in water by using Zn as reductant and requires 

neither gaseous hydrogen nor precious metal catalyst37. 

  Currently, Formic acid (FA) has considered as an attractive hydrogen carrier because 

of its relatively high hydrogen content (4.4 wt%), and “hydrogen batteries” have been 



proposed38. In this work, initially, reduction of LA into GVL with FA as H2 source 

instead of high-pressure molecular hydrogen, which avoids some problems such as 

hydrogen storage and transportation (Scheme 1(3)). Later, we studied the conversion 

of glucose to GVL by two-step process under acid condition over Raney Ni/Fe (Scheme 

1(4)). To our delight, more than 95% and 60% yield of GVL was obtained under 

relatively mild condition from LA and glucose, respectively.     
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Scheme 1.  The conversion of LA or biomass into GVL of previous and our work 

2. Materials and Methods 

2.1 Materials. 

Formic acid (≥ 96%, ACS) was purchased from Aladdin, HCl solution (36%~38%, 

AR) and Glucose were purchased from Sino-pharm Chemical Reagent, Raney Ni (＜

150 μm) was also purchased from Aladdin, Fe powder (325 mesh, 97%) were purchased 

from Sigma-Aldrich. All chemicals were used without further purification. Standard γ-

valerolactone (GVL, 98%) and levulinic acid (LA, 99%) were purchased from Sino-



pharm Chemical Reagent and J&K, respectively,  used as standards for the qualitative 

analysis of the products in the liquid samples. 

2.2 Experimental Procedure 

All of the experiments were conducted in a Teflon-lined stainless steel batch reactor 

with an inner volume of 28 mL (the upper limit temperature of the reactors are 250 oC). 

The experimental procedure is briefly described as follows: (1) Conversion of LA into 

GVL: the desired amount of LA, FA and Raney Ni catalysts were loaded into the reactor 

with filling rate water of 35% (8.4 mL). Then the reactor was sealed and putted into an 

oven that had been preheated to the desired temperature for 1-4 h. After the reaction, 

the reactor was taken out from the oven and was cooled to room temperature with 

electric fan. (2) Direct conversion of glucose to GVL by 2-step method: at the first step, 

the acidolysis of glucose was performed only with glucose and HCl solution were putter 

into reactor. Subsequently, desired of Fe and Raney Ni were loaded into reactor desired 

temperature. The reaction time was defined as the time that the reactor was taken into 

the oven. The liquid product after reaction was collected and filtered with a 0.22-μm 

filter membrane. The solid samples were also collected, washed with deionized water 

and absolute ethanol several times to remove impurities, and dried in vacuum at 40 °C 

for 6 h. The conversion of LA (X), yield (Y) and selectivity (S) of GVL were defined 

based on the following equations: 

 

𝑋 =
𝑚𝑜𝑙𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑖𝑛𝑝𝑢𝑡
× 100%  (1) 

𝑌 =
𝑚𝑜𝑙𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐺𝑉𝐿

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑖𝑛𝑝𝑢𝑡
 × 100%  (2) 

𝑆 = 𝑌
𝑋⁄  × 100%      (3) 

2.3 Analytic Method. 



The liquid samples were analyzed by high performance liquid chromatography 

(HPLC, Agilent 1200 LC) equipped with two Shodex KC-811 columns and UV 

detector. The mobile phase is 2 mmol/L HClO4 with flowing rate of 1 mL min-1. The 

gaseous products were analyzed using a gas chromatograph equipped with thermal 

conductivity detector (GC-TCD), equipping a carbon molecular sieve (TDX-01) 

column and detected with TCD in a GC system (HP-5890 Series II). The detail 

description of the testing method has been reported in our previous study39. 

The solid samples were analyzed by X-ray diffraction (XRD, Shimadzu X-ray 

Diffractometer 6100) to determine the composition and phase purity, employing a 

scanning rate of 5◦/min and 2θ ranges from 10o to 80o. The accelerating voltage was set 

at 40 KV with a 30-mA flux. Diffraction patterns were compared with reference data 

in the ICDD PDF-2 database.  

3. Results and Discussion 

3.1 Conversion of LA into GVL with FA as hydrogen source 

Initially, a series of experiments with FA and LA were carried out under high-

temperature conditions to investigate the feasibility of hydrogenation of LA into GVL 

with and without Raney Ni catalyst.  Figure 1. shows the effect of Raney Ni on the yield 

of GVL and conversion of LA with FA as H2 source. Predictably, the observed 

phenomenon indicated the reaction of hydrogenation of LA would hardly proceed in 

absence of Raney Ni at 180 oC. In the same case, however, the yield and selectivity of 

GVL sharply increased when Raney Ni was added (Figure 1(b)). To explore the reason, 

the decomposition of FA was conducted at 180 oC for 30-120 min in the presence or 

absence of Raney Ni (Figure S1). Compared to the reaction without catalyst, the thermal 

decomposition’s rate of FA dramatically increased to 75% with the time increased from 

javascript:void(0);


30 min to 120 min by using Raney Ni. Therefore, the results reveal that the production 

of GVL from LA is feasible with FA as hydrogen source by addition of catalyst. 

   

(a)                                                        (b) 

Figure 1. Effect of with and without Raney Ni on the GVL yield (a) without Raney Ni, 

(b) with Raney Ni (LA: 10 g/L, FA: 8 g/L, temperature: 180 oC, Raney Ni: 0.2 g, filling 

rate of water: 35% ) 

  To investigate the optimum reaction conditions for the conversion of LA into GVL, 

the effect of reaction temperature and time, molar ratio of LA and FA, the amount of 

Raney Ni and filling rate were performed. Firstly, the effect of reaction temperature and 

time on the yield of GVL was examined by changing the time from 1 h to 4 h at 130 oC, 

140 oC, 150 oC, 180 oC, respectively. As shown in Figure 2, an increase of in reaction 

time led to an increase in the yield of GVL at ambient reaction temperatures and more 

than 90% yield of GVL was easily obtained under relatively mild reaction conditions. 

With respect to thermodynamics, △Gred (the Gibbs free energy for the reduction of 

oxides) decreases with the reaction temperature increases40. Therefore, the 

improvement in the conversion of LA to GVL at a higher temperature and longer time 

could be attributed to the decrease of △Gred. In addition, apart from GVL, other 

products in liquid samples were also analyzed by HPLC (Figure S2). Noteworthy, other 
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byproducts were not discovered besides added substrate (FA, LA) and targeted 

production GVL.     

 

Figure 2. The influence of temperature and time on the yield of GVL (LA: 10 g/L, FA: 

8 g/L, Raney Ni: 0.2 g, filling rate of water: 35%) 

  Subsequently, the influence of hydrogen pressure on the yield and selectivity of GVL 

was investigated at 150 oC by changing the molar ratio of LA and FA (Figure 3). It is 

noteworthy that the yield of GVL did not significantly increased with the increased of 

molar ratio of LA and FA from 1:1 to 1:4, which is most likely the hydrogen pressure 

isn’t a key role for reduction of LA into GVL. Hence, the phenomenon illustrates the 

synthesis of GVL from LA has a great selectivity and the GVL yield is hardly affected 

by the molar ratio.  
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Figure 3. The effect of molar ratio of LA and FA on the yield of GVL and conversion 

of LA (temperature: 150 oC, time: 3 h, Raney Ni: 0.2 g, filling rate of water: 35%) 

  Then, to examined the effect of Raney Ni amount on the yield of GVL and conversion 

of LA. A series of experiments with different amount of Raney Ni were carried out 

under relatively mild conditions. As shown in Figure 4, both the yield of GVL and 

conversion of LA showed an upward trend with the amount of Raney Ni increased from 

0.01 g to 0.2 g. It is likely because Raney Ni added not only promotes the thermal 

decomposition of FA, but also provides more activity site for hydrogenation reaction 

of LA. 
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Figure 4. The effect of Raney Ni amount on the yield of GVL and conversion of LA 

(temperature: 150 oC, time: 3 h, LA: 10 g/L, FA: 8 g/L, filling rate of water: 35%) 

      Furthermore, the effect of pressure on the yield of GVL was also investigated by 

changing the filling rate in the reactor to simplify handling. The yield of GVL and 

conversion of LA decreased with the filling rate and reached 25% when the filling rate 

increased to 65% (Figure S3). The increase in water filling would lead to an declined 

in the concentration of Raney Ni, and thus lead to a weaken of the reaction equilibrium 

of toward the generation of GVL. This may be one of expositions for the decrease in 

the yield of GVL with the increase in the filling rate. Meanwhile, this explanation is 

also consistent with the Le Chatelier's principle41.   

Finally, we investigate the stability and recyclability of Raney Ni catalyst, the Raney 

Ni after the reaction was recovered and recycled. As shown in Figure 5, the observed 

phenomenon showed that the yield of GVL decreased from 95% to 69% after being 

reused for 4 times at 150 °C. The decrease in the yield of GVL with the increase in 

recycle time is probably because Raney Ni may emerge digestion of metallic ion under 

high-temperature and acidulous conditions. 
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Figure 5. Effect of Raney Ni reuse time on the yield of GVL (temperature: 150 oC, time: 

3 h, LA: 10 g/L, FA: 8 g/L, Raney Ni: 0.2 g, filling rate: 35%)  

3.2 Conversion of glucose into GVL 

  As we all know, decomposition of lignocellulosic biomass into FA and LA under acid 

conditions has been reported42-44.  Moreover, in suit generated FA from biomass would 

act as hydrogen source to reduction glucose-derived LA without extra hydrogen source. 

  Firstly, we studied the decomposition of glucose by utilizing different reaction time 

and different concentration of HCl solution at 250 oC (Figure S4). It is evidently that a 

reaction time of 30 min and a HCl solution concentration of 3% are the optimum 

reaction conditions for glucose conversion to LA and FA, the excellent yield of LA and 

FA achieved were 50% and 14.8% . In addition, with the reaction time extended, the 

yield of LA and FA further decreased due the formation of humins and other side 

products44-45. Thus, acidolysis of glucose with 3% HCl concentration and 30 min 

reaction time in one-step process.   

  Subsequently, the effect of other reaction parameters, such as reaction temperature 

and time, Raney Ni amount, Fe amount, were examined after acidolysis reaction of 

glucose. As shown in Figure 6, it is clearly indicated the yield of GVL remarkably 

increased with the time increased from 1h to 4 h at different temperature. More than 

60% yield of GVL can be obtained at 220 oC for 4 h. Meanwhile, due to the amount of 

FA from glucose obviously less than the amount of LA, thus, besides Raney Ni, we 

used Fe as reductant to provide hydrogen from water separated. The results were also 

in line with the Le Chatelier's principle mentioned above.  



 

Figure 6. Effect of temperature and time on the yield of GVL from glucose (Raney Ni: 

0.2 g, Fe: 10 mmol, glucose: 1 mmol, filling rate: 30%) 

  Furthermore, from the Figure 7, the yield of GVL slightly increased to 64% and 69% 

with the Fe amount of increased from 5 to 25 mmol at 200 oC and 220 oC, respectively. 

Then, the solid samples after reaction were collected and detected by XRD (Figure S5), 

the results showed the Fe was almost completely oxidized to Fe3O4. Moreover, in our 

previous work, in suit Fe3O4 would play a co-catalytic role for reduction of NaHCO3 to 

FA46. At the same time, previous studies have also reported that reduction of Fe3O4 to 

Fe can be achieved with biomass-derived glycerol under hydrothermal conditions. Thus, 

the whole process would be sustainable by integrating the reduction of Fe3O4 to Fe with 

glycerol and the conversion of glucose to GVL with Fe/Raney Ni through a Fe/Fe3O4 

cycle. 
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Figure 7. Effect of Fe amount on the yield of GVL (temperature: 200 oC, 220 oC, time: 

3 h, Raney Ni: 0.2 g) 

3.3 Proposed Reaction Mechanism of Conversion of LA into GVL 

   On the basis of the obtained results, a possible reaction mechanism of conversion of 

glucose into GVL was achieved in scheme 2. Generally, glucose would undergo 

isomerization to fructose, and the decomposed products from fructose similar to those 

of glucose47. Then, Hexose sugars can be degraded to furfural which is formed from 

pentoses and 5-hydroxymethylfurfural (5-HMF) during thermo chemical reaction 

(Figure S6). 5-HMF, as a precursor of LA, subsequently decomposes into LA and 

formic acid under acidic conditions, and the water might play a catalyst role for the 

decarboxylation reaction 43, 48. In addition, FA decomposition has been reported to give 

two reaction pathways: dehydrogenation reaction (1) to form H2 and CO2, and 

dehydration (2) to form H2O and CO49. Thus, the gas samples after decomposition of 

FA were analyzed by GC-TCD (Table S1), and over 85% (mol/mol) yield of H2 can be 

achieved. Finally, generated LA from glucose was converted to GVL via ring-closure 

reaction. Initially, the in situ formed H2 from FA or water was adsorbed on the surface 

of the Raney Ni. Meanwhile, the γ-carbonyl (C=O) of LA was also adsorbed on the 
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surface of catalyst. Then, the activated hydrogen attacks the carbon of the C=O and the 

double bond was reduced. Finally, the formed O- attacks the carbon of –COOH with 

the leaving of hydroxyl and GVL was formed.   

 

Scheme 2. Proposed Mechanism of Synthesis of GVL from LA or glucose with Raney 

Ni catalyst. 

4. Conclusion 

  In summary, an eco-friendly and facile method was proposed for efficient 

transformation of LA and glucose into GVL using Raney Ni catalyst in water. A 

considerably high GVL yield of 99% was obtained with FA as hydrogen source in the 

absence of extra hydrogen. Also, more than 50% yield of LA and 67% yield of GVL 

can be achieved from glucose, which is the key to the practical application. These 

results indicated the meaningful exploration of a simple and effective process for the 

production of GVL from biomass-derived LA or even directly from biomass. 

 

Corresponding Author 

Jing Xu; Tel & Fax: +0086-021-54745410; Email: ruozixj@sjtu.edu.cn 

Conflicts of interest 

There are no conflicts to declare. 

O OH

OH
HO

OHHO

5-HMFFructose

O

OH

HO

HO

HO

OH

Glucose

OH

O

O

LA

+

OHO

FA

H  H
O

O
OH

Raney Ni

O-

O

OH

Raney Ni

OH

O

OH

O O

GVL

H2O

isomerization

H+
O

OHO
dehydration

H+

CO2

H 2

γ-hydroxyvaleric acid

rehydration

mailto:ruozixj@sjtu.edu.cn


Acknowledgments  

Jing Xu was supported by Shanghai Post-doctoral Excellence Program of Shanghai 

Municipal Human Resources and Social Security Bureau. 

Funding 

This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

 

References 

1. Zhu, J.; Gan, L.; Li, B.; Yang, X., Synthesis and characteristics of lignin-derived 
solid acid catalysts for microcrystalline cellulose hydrolysis. Korean Journal of Chemical 
Engineering 2016, 34 (1), 1-8. 
2. Corma, A.; Iborra, S.; Velty, A., Chemical Routes for the Transformation of 
Biomass into Chemicals. Chemical Reviews 2007, 38 (36), 2411-2502. 
3. Huber, G. W.; Iborra, S.; Corma, A., Synthesis of transportation fuels from 
biomass: chemistry, catalysts, and engineering. Chemical reviews 2006, 106 (9), 
4044-4098. 
4. Klass, D. L., Biomass for renewable energy, fuels, and chemicals. 1998, 29 
(12), 1028-1037. 
5. Petrus, L.; Noordermeer, M. A., Biomass to biofuels, a chemical perspective. 
Cheminform 2007, 38 (3), 861-867. 
6. Jin, F.; Gao, Y.; Jin, Y.; Zhang, Y.; Cao, J.; Wei, Z.; Smith Jr, R. L., High-yield 
reduction of carbon dioxide into formic acid by zero-valent metal/metal oxide redox 
cycles. Energ Environ Sci 2011, 4 (3). 
7. He, R.; Hu, B.; Zhong, H.; Jin, F.; Fan, J.; Hu, Y. H.; Jing, Z., Reduction of CO2 
with H2S in a simulated deep-sea hydrothermal vent system. Chem Commun (Camb) 
2019, 55 (8), 1056-1059. 
8. Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A., Bimetallic catalysts for 
upgrading of biomass to fuels and chemicals. Chemical Society reviews 2012, 41 (24), 
8075. 
9. Alonso, D. M.; Bond, J. Q.; Dumesic, J. A., Catalytic conversion of biomass to 
biofuels. Green Chemistry 2010, 12 (9), 1493-1513. 
10. Yang, Y.; Zhong, H.; He, R.; Wang, X.; Cheng, J.; Yao, G.; Jin, F., Synergetic 
conversion of microalgae and CO2 into value-added chemicals under hydrothermal 
conditions. Green Chem 2019, 21 (6), 1247-1252. 
11. Bozell, J. J.; Petersen, G. R., Technology development for the production of 
biobased products from biorefinery carbohydrates-the US Department of Energy's "Top 
10" revisited. Green Chemistry 2010, 12 (4), 539-554. 



12. Bond, J. Q.; Alonso, D. M.; Wang, D.; West, R. M.; Dumesic, J. A., Integrated 
catalytic conversion of gamma-valerolactone to liquid alkenes for transportation fuels. 
Science 2010, 327 (5969), 1110-4. 
13. Amarasekara, A. S.; Wiredu, B., Acidic ionic liquid catalyzed one-pot conversion 
of cellulose to ethyl levulinate and levulinic acid in ethanol-water solvent system. 
BioEnergy Research 2014, 7 (4), 1237-1243. 
14. Lyu, L.; Zeng, X.; Yun, J.; Wei, F.; Jin, F., No catalyst addition and highly 
efficient dissociation of H2O for the reduction of CO2 to formic acid with Mn. Environ 
Sci Technol 2014, 48 (10), 6003-9. 
15. Wettstein, S. G.; Alonso, D. M.; Chong, Y.; Dumesic, J. A., Production of 
levulinic acid and gamma-valerolactone (GVL) from cellulose using GVL as a solvent in 
biphasic systems. Energy & Environmental Science 2012, 5 (8), 8199-8203. 
16. Yan, K.; Yang, Y.; Chai, J.; Lu, Y., Catalytic reactions of gamma-valerolactone: 
A platform to fuels and value-added chemicals. Applied Catalysis B Environmental 
2015, 179, 292-304. 
17. Wong, C. Y. Y.; Choi, W. T.; Lui, M. Y.; Fridrich, B.; Horváth, A. K.; Mika, L. T.; 
Horváth, I. T., Stability of gamma-valerolactone under neutral, acidic, and basic 
conditions. Structural Chemistry 2017, 28 (2), 423-429. 
18. Horváth, I. T.; Mehdi, H.; Fábos, V.; Boda, L.; Mika, L. T., γ-Valerolactone—

a sustainable liquid for energy and carbon-based chemicals. Green Chemistry 2008, 
10 (2), 238-242. 
19. Du, X. L.; He, L.; Zhao, S.; Liu, Y. M.; Cao, Y.; He, H. Y.; Fan, K. N., Hydrogen-

independent reductive transformation of carbohydrate biomass into γ-valerolactone 

and pyrrolidone derivatives with supported gold catalysts. Angewandte Chemie 2011, 
50 (34), 7815-9. 
20. Deng, L.; Li, J.; Lai, D. M.; Fu, Y.; Guo, Q. X., Catalytic Conversion of Biomass-

Derived Carbohydrates into γ -Valerolactone without Using an External HSupply. 

Angewandte Chemie 2010, 121 (35), 6651-6654. 
21. Wright, W. R.; Palkovits, R., Development of heterogeneous catalysts for the 

conversion of levulinic acid to γ-valerolactone. Chemsuschem 2012, 5 (9), 1657–

1667. 
22. Mai, E. F.; Machado, M. A.; Davies, T. E.; Lopez-Sanchez, J. A.; Silva, V. T. D., 
Molybdenum carbide nanoparticles within carbon nanotubes as superior catalysts for 

γ-valerolactone production via levulinic acid hydrogenation. Green Chemistry 2014, 

16 (9), 4092-4097. 
23. Galletti, A. M. R.; Antonetti, C.; Luise, V. D.; Martinelli, M., A sustainable 

process for the production of γ-valerolactone by hydrogenation of biomass-derived 

levulinic acid. Green Chemistry 2012, 14 (3), 688-694. 
24. Chia, M.; Dumesic, J. A., Liquid-phase catalytic transfer hydrogenation and 
cyclization of levulinic acid and its esters to γ-valerolactone over metal oxide catalysts. 

Chemical Communications 2011, 47 (44), 12233-12235. 
25. Piskun, A.; Haan, J. D.; Wilbers, E.; Bovenkamp, H. V. D.; Tang, Z.; Heeres, H. 

J., Hydrogenation of Levulinic acid to γ-Valerolactone in water using mm sized 

supported Ru catalysts in a packed bed reactor. Acs Sustainable Chemistry & 
Engineering 2016, 4 (6). 
26. Wang, Y.; Rong, Z.; Wang, Y.; Wang, T.; Du, Q.; Wang, Y.; Qu, J., Graphene-
based metal/acid bifunctional catalyst for the conversion of levulinic acid to γ-

valerolactone. Acs Sustainable Chemistry & Engineering 2017, 5 (2), 1538-1548. 

27. Ortiz-Cervantes, C.; Flores-Alamo, M.; García, J. J., Hydrogenation of Biomass-

Derived Levulinic Acid into γ-Valerolactone Catalyzed by Palladium Complexes. Acs 
Catalysis 2015, 5 (3), 1424-1431. 



28. Chuang, L. I.; Xiao-Juan, N. I.; Xin, D. I.; Liang, C. H., Aqueous phase 

hydrogenation of levulinic acid to γ-valerolactone on supported Ru catalysts prepared 

by microwave-assisted thermolytic method. Journal of Fuel Chemistry & Technology 
2018, 46 (2), 161-170. 

29. Manzer, L. E., Catalytic synthesis of α-methylene-γ-valerolactone: a biomass-

derived acrylic monomer. Applied Catalysis A General 2004, 272 (1), 249-256. 
30. Kumar, V. V.; Naresh, G.; Sudhakar, M.; Anjaneyulu, C.; Bhargava, S. K.; 
Tardio, J.; Reddy, V. K.; Padmasri, A. H.; Venugopal, A., An investigation on the 
influence of support type for Ni catalysed vapour phase hydrogenation of aqueous 

levulinic acid to γ-valerolactone. Rsc Advances 2016, 6 (12), 9872-9879. 

31. Mohan, V.; Raghavendra, C.; Pramod, C. V.; Raju, B. D.; Rao, K. S. R., Ni/H-
ZSM-5 as a promising catalyst for vapour phase hydrogenation of levulinic acid at 
atmospheric pressure. Rsc Advances 2014, 4 (19), 9660-9668. 
32. Jaya, V. S.; Sudhakar, M., Vapour phase hydrogenation of aqueous levulinic 
acid to gamma-valerolactone over CuZnAlO hydrotalcite. Indian Journal of Chemistry 
2016, 55 (5), 554-559. 
33. Lomate, S.; Sultana, A.; Fujitani, T., Vapor Phase Catalytic Transfer 

Hydrogenation (CTH) of Levulinic Acid to γ-Valerolactone Over Copper Supported 

Catalysts Using Formic Acid as Hydrogen Source. Catalysis Letters 2017, 1-11. 
34. Jones, D. R.; Iqbal, S.; Ishikawa, S.; Reece, C.; Thomas, L. M.; Miedziak, P. J.; 
Morgan, D. J.; Edwards, J. K.; Bartley, J. K.; Willock, D. J., The conversion of levulinic 

acid into γ-valerolactone using Cu–ZrO2 catalysts. Catalysis Science & Technology 

2016, 6 (15). 
35. Yoshida, R.; Sun, D.; Yamada, Y.; Sato, S.; Hutchings, G. J., Vapor-phase 

hydrogenation of levulinic acid to γ-valerolactone over Cu-Ni bimetallic catalysts. 

Catalysis Communications 2017, 97, 79-82. 
36. Zhang, J.; Chen, J.; Guo, Y.; Chen, L., Effective Upgrade of Levulinic Acid into 

γ-Valerolactone over an Inexpensive and Magnetic Catalyst Derived from Hydrotalcite 

Precursor. Acs Sustainable Chemistry & Engineering 2015, 3 (8), 1708-1714. 
37. Zhong, H.; Li, Q.; Liu, J.; Yao, G.; Wang, J.; Zeng, X.; Huo, Z.; Jin, F.; Zhong, 
H.; Li, Q., New Method for Highly Efficient Conversion of Biomass-Derived Levulinic 

Acid to γ-Valerolactone in Water without Precious Metal Catalysts. Acs Sustainable 
Chemistry & Engineering 2017, 5 (8). 
38. Chauvier, C.; Tlili, A.; Gomes, C. D.; Thuery, P.; Cantat, T., Metal-free 
dehydrogenation of formic acid to H-2 and CO2 using boron-based catalysts. Chemical 
Science 2015, 6 (5), 2938-2942. 
39. Jin, F.; Zhou, Z.; Moriya, T.; Kishida, H.; Higashijima, H.; Enomoto, H., 
Controlling hydrothermal reaction pathways to improve acetic acid production from 
carbohydrate biomass. Environmental Science & Technology 2005, 39 (6), 1893-902. 
40. Larcher, D.; Patrice, R., Preparation of Metallic Powders and Alloys in Polyol 
Media: A Thermodynamic Approach. Journal of Solid State Chemistry 2000, 154 (2), 
405-411. 
41. Jenkins; Brooke, H. D., Le Chatelier's Principle. Blackwell Publishing Ltd: 2008; 
p 160-163. 
42. Acharjee, T. C.; Lee, Y. Y., Production of levulinic acid from glucose by dual 

solid‐acid catalysts. Environmental Progress & Sustainable Energy 2018, 37. 

43. Rackemann, D. W.; Doherty, W. O. S., The conversion of lignocellulosics to 
levulinic acid. Biofuels Bioproducts & Biorefining 2015, 5 (2), 198-214. 
44. Kumar, K.; Parveen, F.; Patra, T.; Upadhyayula, S., Hydrothermal Conversion 
of Glucose to Levulinic Acid using Multifunctional Ionic Liquids: Effect of Metal ion co-
catalysts on Product Yield. New Journal of Chemistry 2017. 



45. Bayu, A.; Guan, G.; Karnjanakom, S.; Hao, X.; Kusakabe, K.; Abudula, A., 
Catalytic synthesis of levulinic acid and formic acid from glucose in choline chloride 
aqueous solution. Chemistryselect 2016, 1 (2), 180-188. 
46. Duo, J.; Jin, F.; Wang, Y.; Zhong, H.; Lyu, L.; Yao, G.; Huo, Z., NaHCO3-
enhanced hydrogen production from water with Fe and in situ highly efficient and 
autocatalytic NaHCO3 reduction into formic acid. Chemical Communications 2016, 52 
(16), 3316-3319. 
47. Kabyemela, B. M.; Adschiri, T.; And, R. M. M.; Arai, K., Glucose and Fructose 
Decomposition in Subcritical and Supercritical Water:  Detailed Reaction Pathway, 
Mechanisms, and Kinetics. Ind.eng.chem.res 1999, 38 (8), 2888-2895. 
48. And, J. Y.; Savage, P. E., Decomposition of Formic Acid under Hydrothermal 
Conditions. Industrial & Engineering Chemistry Research 1998, 37 (37), 2-10. 
49. Ruppert, A. M.; Jędrzejczyk, M.; Sneka-Płatek, O.; Keller, N.; Dumon, A. S.; 

Michel, C.; Sautet, P.; Grams, J., Ru catalysts for levulinic acid hydrogenation with 
formic acid as a hydrogen source. Green Chemistry 2016, 18 (7), 2014-2028. 

 


