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Abstract: We report here for the first time that supported molybdenum carbide is an efficient catalyst to 

selectively convert levulinic acid into γ-valerolactone in aqueous phase. We have observed that the support 

plays a fundamental role over the activity and stability of molybdenum carbide that is stable when supported 

in carbon nanotubes but undergoes deactivation when supported on activated carbon. Particularly, when the 

carbide nanoparticles are positioned within the carbon nanotubes, conversions and selectivity values higher 

than 99 and 90 %, respectively, were observed at 30 bar of H2 and 200 °C using a continuous-flow trickle-bed 

reactor. In a basis of per active site, these values are similar to those obtained for a ruthenium catalyst 

evaluated at the same conditions. 

 

The use of waste biomass for the production of biofuels and high value-added chemicals is a key point 

towards the development of a sustainable economy. Indeed, biomass is the only renewable and sustainable 

source of organic molecules. In order to cope with the increasing demands in energy of the industrial and 

transport sectors, extensive research has been dedicated to improving the technologies which are able to 

transform biomass into value-added bio-derived compounds in a sustainable way. 1-2 

The conversion of residual biomass into platform molecules has attracted a great deal of attention because 

these platform molecules can be converted into an enormous variety of high value-added organic compounds. 
2-5 In particular, the production of γ-valerolactone (GVL) via the selective hydrogenation of levulinic acid 

(LA) is arousing much scientific interest because of its applicability in several industrial sectors and the 

possibility of generating many valuable chemicals from it. 6-8 For instance, GVL can be used as a green 

solvent, a gasoline blender (can be mixed in any proportion to gasoline), 9 and as a diesel precursor (alkanes 

and alkenes can be produced through subsequent catalytic reactions). 2, 4 

Recent studies have shown that catalysts based on noble metals are the most effective in the catalytic 

hydrogenation of levulinic acid presenting an economic challenge that requires the development of new 

heterogeneous catalysts. Wright and Palkovits recently reviewed the literature 10 and concluded that ruthenium 
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based materials display better activity when compared to other active catalysts based on noble metals such as 

palladium, 11-12 iridium 13 or gold. 14-15 For instance, Tukacs et al. 16 compared three different catalysts in the 

hydrogenation of LA (10 % Pd/C, 5 % Ru/C and Raney-Ni) in a continuous-flow reactor and found the Ru-

based catalyst achieved the highest conversion (82.9 %) at 100 bar and 100 °C. Similarly, Upare et al. 17 

observed that a 5 % Ru/C catalyst exhibited higher activity (100 %) and selectivity to GVL (> 99%) when 

compared to Pd/C and 5 % Pt/C catalysts. However it is noteworthy that the work of Upare et al. 17 was 

carried out at atmospheric pressure, in gas phase using a continuous-flow reactor at a temperature of 265 oC. 

Under such conditions and without any solvent the high conversion and selectivity values are not surprising. 

Despite the good activity and selectivity observed in the aforementioned reports, precious metals are scarce 

and there are growing concerns about future supply, availability and increasing price, in particular for metals 

such as Ru, Pd and Pt. Currently, the use of precious metals increases the final production costs thus making 

the large scale production of GVL uneconomical, 18 this also adds additional risk when a new process for the 

production of bio-derivatives is being evaluated. 

In this communication, we report supported molybdenum carbide to be a low cost catalyst for the 

hydrogenation of levulinic acid to γ – valerolactone in a continuous-flow liquid-phase reactor (Scheme 1). 

This catalyst is as active and selective as those based on noble metals. The use of molybdenum carbide as a 

low cost alternative is based on its well-known and proven features such as mechanical strength, high 

electrical and thermal conductivity and, mainly, its comparable catalytic behaviour to precious metals. 19-20 

 

  
Scheme 1. Levulinic acid hydrogenation to γ-valerolactone in liquid phase using water as solvent. 

 

Two different materials were used as supports for the molybdenum carbide active phase: activated carbon 

(AC) and carbon nanotubes (CNT). The carbide precursors were prepared by incipient wetness impregnation 

using an appropriate amount of aqueous solution of ammonium heptamolybdate to achieve 20 % (w/w) Mo2C. 

The precursors were then submitted to temperature-programmed carburization (TPC) under a stream of 20 % 

(v/v) CH4 / H2 (100 mL min-1) at 650 °C using a heating ramp of 2.5 °C min-1. When the temperature reached 

650 °C, the system was kept isothermal for 2 hours before being cooled down to room temperature 21. Due to 

the pyrophoric nature of transition metal carbides, the samples were passivated under a mixture of 1 % (v/v) 

O2 / N2 (50 mL min-1) over 12 hours before being exposed to the atmosphere. For comparison, a ruthenium 

catalysts supported on activated carbon (5 % (w/w)) was also synthesised. The ruthenium precursor was 

prepared by wetness impregnation using ruthenium (III) nitrosyl nitrate solution and temperature-programmed 
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reduction (TPR) was used to synthesize the catalyst using pure hydrogen (50 mL min-1) – 200 °C / 2 hours and 

a heating ramp of 5 °C min-1.  

The crystalline phases present after synthesis where characterised by X-ray diffraction (XRD), shown in 

Figure 1, where asterisks represent the characteristic peaks of the corresponding support (activated carbon at 

2θ = 24.3 °, 43.5 ° and 79.5 ° and carbon nanotubes 2θ = 23.5 º and 43.2 º). The dotted line depicts the main 

diffraction peak of β-Mo2C located at 2θ = 39.4 º and attributed to the (1 0 1) plane in agreement with ICDD 

35 – 0787. We found that the carbidic phase obtained after carburization of Mo2C /CNT precursor using a 

CH4/H2 gas mixture was the β-Mo2C crystalline structure This is shown by the presence of the main peak at 

39.4 º in Figure 1b, and also by the presence of minor diffraction peaks at 2θ = 34.4 °, 37.9°, 52.1°, 61.5° and 

75.5° (represented by the arrows in Fig. 1b) in the sample Mo2C/CNT which are characteristic of the beta 

phase. These observations contrast with observations by Frank et al.22 that indicated the preferential formation 

of an α – MoC1-x phase instead of β-Mo2C upon carburization of MoO3/CNT using a CH4/H2 gas mixture. 

However, it must be noted that β-Mo2C is the phase commonly obtained when bulk MoO3 is used as starting 

material. 20  

The diffraction peaks corresponding to the beta Mo2C are also partially visible for the AC supported catalyst, 

but are of lower intensity due to the high dispersion of the molybdenum carbide nanoparticles over the high 

specific surface area activated carbon; 678 m2 g-1 as compared to 270 m2 g-1 for the carbon nanotubes. Indeed, 

this hypothesis is supported by the transmission electron microscopy (TEM – Fig. 2a) analysis showing that 

while the average particle size for the particles supported on AC is 1.0 nm (Fig. 2b) with a narrow distribution 

(range from 0.5 to 3 nm), the particles supported on CNT are slightly bigger presenting a mean particle size of 

3.3 nm and a narrow distribution (Fig. 3c).  
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Figure 1. X – ray diffraction of 5 % Ru/AC (a), 20 % Mo2C/CNT (b) and 20 % Mo2C/AC  (c). The asterisks 
show the characteristic diffraction peaks of the supports. The arrows show the diffraction peaks of the β-
Mo2C. 
 

Similarly, we believe that the low ruthenium content (5 % (w/w)) together with the high surface area of the 

AC is the reason why ruthenium diffraction peaks could not detected (Fig. 1a).  

   
Figure 2. TEM micrograph of Mo2C/AC at 250 kx (a) and its particle size distribution (b). 
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Figure 3.  TEM micrographs of Mo2C/CNT at 150 kx (a), 300 kx (b) magnifications and the particle size 
distribution (c). 
When clusters of atoms are deposited onto supports they tend to ball up forming hemispherical particles.23-24 

Careful inspection of Figure 3 indicates that most of the Mo2C particles are elongated thus suggesting that 

they are located inside the carbon nanotubes rather than on its outside walls. This is a clear example of how 

the support can affect the particle size, morphology and dispersion. On the other hand, Chen et al. 25 have 

shown that the covalent bonding between external Mo2C nanoparticles and carbon nanotubes produces a 

charge transfer from molybdenum to carbon thus changing de d-band centre causing a dramatic change in 

activity. 26 

Taking this into account, the different catalytic performances of Mo2C/CNT and Mo2C/AC in the 

hydrogenation of levulinic acid to γ-valerolactone is shown in Fig. 4 can be explained. The reaction was 

carried out in an automatic continuous-flow trickle bed reactor (Microactivity, PID Eng&Tech, model 

MAPGLM3) where the performance of Mo2C/AC and Mo2C/CNT (Figure 4) was evaluated at 30 bar and 

three different temperatures (100, 150 and 200 °C) using a liquid space velocity (LHSV) of 3 h-1. Prior to 

testing, blank experiments were done to investigate if the supports would present any activity. It was found 

that none of them displayed any significant activity (XLA < 5 %).  

Page 6 of 12Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



 
 

6 

As shown in Figure 4a, at 100 °C the LA conversion was low for Mo2C/AC (XLA ~ 8 %), while Mo2C/CNT 

presented a higher value of conversion (XLA ~ 16 % - Fig. 4b). The same trend was observed when the 

temperature was increased to 150 °C with Mo2C/AC presenting a lower conversion (XLA ~ 16 %) than 

Mo2C/CNT (XLA ~ 41 %). The difference in the conversion obtained for both catalysts at 100 and 150 ºC 

already indicates the influence exerted by the supports over the reaction where the utilization of carbon 

nanotubes contributes positively for a higher conversion of levulinic acid. This improvement becomes even 

clearer when the results at 200 ºC are analysed. As can be seen in Fig. 4a and Fig. 4b, despite having a high 

initial conversion at 200 ºC (approx. 95 %), the sample Mo2C/AC showed considerable deactivation over the 

reaction time, whereas the catalyst Mo2C/CNT kept its conversion steady and higher than 99 %. 

  

        
Figure 4. Levulinic acid conversion versus time over Mo2C/AC (a) and Mo2C/CNT (b) at 30 bar of H2 and 
LSHV = 3h-1. Tests performed at 100 ºC (■), 150 ºC (●) and 200 ºC (▲). 
 

Besides the excellent activity showed by the β-Mo2C phase, it is noteworthy that, regardless the choice of the 

support, the values of selectivity to γ-valerolactone were always above 90 %. In the case of Mo2C/CNT, the 

high selectivity and activity was kept over 24 for hours of reaction without any signs of deactivation or 

changes in selectivity. 

The positioning of particles on the internal walls of nanotubes and the charge transfer effects have been used 

by many authors to create nanoreactors 27-29 with differentiated electronic properties that can improve the 

catalytic performance of supported metals in hydrogenation reactions. 30-32 The remarkable properties shown 

by metal particles either encapsulated by carbon nanotubes or located on the external walls are ascribed to the 

effect of electron confinement caused by the electron deficiency of the internal walls of the CNT or to charge 

transfer effects between the external particles and the CNT, respectively. In summary, the deformation of sp2 

hybridization in CNT walls causes the π-electron density to shift from concave inner surface to the convex 

surface of the external walls of CNT leading to an electron-deficient interior surface and an electron-enrich 

exterior surface 23 – 24. Additionally, the observed stability could also either be a consequence of the 

encapsulation of the particles within the CNT where they are better protected against leaching or oxidation, 
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(two of the most probable causes for the deactivation) or due to change in the de d-band centre of the particles 

deposited on the external walls. The encapsulation effect has previously been observed for catalytic iron 

species, where the reducibility of the iron species and its resistance to oxidation was enhanced when inside the 

CNT as compared to species located on the external walls. 18, 33 We suggest that the additional stability 

observed for Mo2C/CNT might also be due to this confinement effect that protects the nanoparticles from 

deactivation via oxidation, thus preserving the original phase.  

In order to evaluate the potential of Mo2C as an alternative replacement to noble metal based catalysts, we 

prepared and tested a 5 % (w/w) ruthenium catalyst on activated carbon of known high activity for levulinic 

acid hydrogenation. 2, 10, 34 The catalytic results on line at several temperatures are displayed in Figure 5. 

 
 Figure 5 – Levulinic acid conversion versus time over 5 % Ru/AC at 30 bar of H2 and LSHV = 3h-1. Tests 
performed at 100 ºC (■), 150 ºC (●) and 200 ºC (▲). 
 

At 100 ºC the levulinic acid conversion was approximately 65 %, whereas at 150 and 200 ºC the conversion 

was 83 % and 100 %, respectively. This observation alone indicates that the ruthenium-based catalyst is more 

active than the Mo2C-based catalysts. However, in order to properly contrast the specific activity of the Mo2C 

phases with ruthenium, TOF values were calculated allowing for a quantitative correction based upon metal 

active sites. CO chemisorption studies, a well establish technique to quantify the number of active sites in 

transition metal carbides 35,36, were carried out and the values of turnover frequency (TOF) determined at 100 

ºC and 150 ºC are presented in Table 1. The TOF values were calculated assuming a pseudo-first order 

reaction because the concentration of hydrogen was kept practically constant over the reaction time due to the 

high ratio between the liquid flow (levulinic acid aqueous solution) and gas flow, which was 1000. 
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Table 1. Turnover frequency values for 20 % Mo2C/AC, 20 % Mo2C/CNT and 5 % Ru/AC for the 

hydrogenation of LA to GVL at 30 bar of H2 and different temperatures. 

Sample CO Chemisorption 
(µmol CO gcat

-1) 
TOF (h-1) 

100 ºC 150 ºC 

20 % Mo2C/AC 142 1.9 4.5 
20 % Mo2C/CNT 172 4.8 10.3 
5 % Ru/AC 737 2.8 2.3 
 

 

The TOF values presented in Table 1 clearly show that the molybdenum carbide is superior to the ruthenium 

catalysts for the LA hydrogenation to GVL. Mo2C/AC and Ru/AC displayed similar turnover frequencies at 

both temperatures (2-4 h-1). However, the Mo2C/CNT catalyst displayed a notably higher TOF and higher 

selectivity to GVL than the ruthenium catalyst. Besides that, Mo2C/CNT (90.3 %) has shown to be as 

selective as the 5% Ru/AC (88.3 %) towards GVL. Amongst the by-products detected by GC/MS  

2-methyltetrahydrofuran, α-angelic lactone, pentanoic acid and 1,4-pentanediol were the ones identified as can 

be seen in the supplementary information. The observation of by-products formation for the 5% Ru/AC 

catalyst is in agreement with the work of Al-Shaal et al. 37 whom have performed the levulinic acid 

hydrogenation in a batch reactor at 130 oC and 12 bar using a 5% Ru/C catalyst and water as solvent. Under 

these conditions the authors obtained a conversion of levulinic acid of 99.5 % and a γ-valerolactone selectivity 

of 86.6 %, values similar to the ones obtained in our work. Despite the fact that was not possible to identify all 

of the by-products, GVL was the major product produced and the others represent less than 10 % of the total 

area on the chromatographic analysis. 

It is well known that the transformation of levulinic acid to γ-valerolactone occurs through two major paths 

involving dehydration and hydrogenation reactions, as shown in Scheme 2. 10, 34, 37, 38  

 
Scheme 2. Reaction pathways for γ-valerolactone formation. 
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The observation of small quantities of α-angelic lactone amongst the reaction products and the absence of γ-

hydroxyvaleric acid could be an indicative that the levulinic acid hydrogenation on molybdenum carbide 

occurs through the α-angelic lactone path. However, the presence of pentanoic acid in the products could be 

due to dehydration/hydrogenation reactions of the γ-hydroxyvaleric acid, suggesting that the levulinic acid 

hydrogenation occurs through both pathways, as has already been reported in the literature. 34, 37, 38 

Although further investigation is required to fully understand the cause of the deactivation for the Mo2C/AC, 

it has been shown for the first time that Mo2C has a great potential to be used in the hydrogenation of levulinic 

acid to γ-valerolactone in aqueous phase using a continuous-flow trickle bed reactor. In particular, the use of 

carbon nanotubes led to a catalyst (Mo2C/CNT) that not only has presented an excellent yield of GVL but also 

a higher activity per active site than that obtained for Ru/AC.  

 

Conclusions 

 

The selective production of γ-valerolactone through levulinic acid hydrogenation was successfully achieved at 

30 bar of pressure using molybdenum carbide supported on activated carbon and on carbon nanotubes in a 

continuous reactor using water as solvent. We have discovered that supported molybdenum carbide is an 

efficient catalyst to selectively convert levulinic acid into γ-valerolactone in the aqueous phase. Particularly, 

when the carbide nanoparticles are positioned within the carbon nanotubes, conversions and selectivities 

above 90 % were observed at 30 bar of H2 and 200 °C using a continuous-flow trickle-bed reactor. The choice 

of carbon support had a large effect on particle size, morphology and catalyst activity.  When the Mo2C was 

prepared on carbon nanotubes most of nanoparticles are encapsulated within the nanotubes and the Mo2C 

phase displays a higher TOF than ruthenium supported on activated carbon. In view of the sustainability and 

price limitations that noble metals have, the application of Mo2C for γ-valerolactone production represents an 

excellent example of a necessary shift to more sustainable catalysts for the upgrade of bio-derived chemicals. 
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Notes and references 

 

X – Ray powder diffraction (XRD) analysis was carried out on a Panalytical diffractometer (model X`Pert Pro 

HTS) with copper radiation (Cu Kα = 1.5418 Å).  The samples were scanned from 2θ = 10 º to 2θ = 90 º at a 
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speed of 1 º per minute. Transmission electron microscopy (TEM) analyses were performed in a JEOL JEM-

2100 at 200 kV. The identification and quantification of the liquid products was done using a GC-MS 

(Agilent, model 7890 – 5975C) equipped with an automatic injector, mass selective detector and flame 

ionization detector (FID). For the analysis, a VF-Waxms (Polyethylene glycol, 30 m x 0.25 mm x 0.30 mm) 

capillary column was used with a temperature program of 80 to 250 ºC at a heating rate of 8 ºC min-1. CO-

pulsed chemisorption measurements were obtained by pulsing calibrated volumes of 20 % (v/v) CO/He gas 

mixture and following online the ion m/z = 28 with a mass spectrometer (Pfeiffer Vacuum, model D-35614 

Asslar). 
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