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Abstract: 

Conversion of biomass-derived gamma-valerolactone (GVL) to valuable chemicals 

has been studied extensively, and understanding the reaction mechanism is very 

valuable for enhancing the turnover rate and selectivity. Here, we report first-

principles density functional calculations, through which we show in detail the 

reaction pathways of GVL conversion on a Ru(0001) surface, in good agreement with 

recent experimental results performed on supported Ru catalysts. We find that GVL 

undergoes a ring-opening reaction rather easily, and that the rate-limiting step 

towards the formation of 1,4-pentanediol and 2-pentanol is the hydrogenation step. 

The high energy barrier for this step is caused by a strong interaction between Ru and 

the unsaturated acyl intermediate that is formed after opening the ring. Among all the 

primary products, formation of the 2-butanol has the smallest activation barrier, 

while the slowest step is the C-C bond cleavage in the decarbonylation step. We 

further show that the same acyl intermediate after ring opening of GVL can also be 

formed by dehydrogenation of 1,4-pentanediol with a moderate activation barrier, 

which suggests both 2-pentanol and 2-butanol can also be produced in secondary 

steps.  
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Introduction	

Renewable oxygenates derived from lignocellulosic biomass have attracted 

extensive attentions, because they can be converted to valuable chemicals or blended 

into fuels1-7. Among a variety of these biomass-derived oxygenates, ϒ-valerolactone 

(GVL) has been particularly interesting because of its excellent properties as solvent 

of biomass-derived streams8,9 and the possibility of being used as a precursor for 

high-value chemicals10,11. GVL can be produced via a multi-step process in which acid 

catalysts convert sugars into levulinic acid, followed by noble-metal-catalyzed 

reduction reaction in the presence of H212-14. In addition, GVL can be converted from 

furfural, which is also an important platform chemical obtained from thermal 

treatment of biomass at moderate temperatures via dehydration of xylose15-18. It has 

been reported that conversion of furfural to GVL can be catalyzed by zeolites with 

Brønsted and Lewis acid sites, combined with sequential transfer-hydrogenation19. 

GVL can be converted to a variety of chemicals, such as liquid alkenes through 

an integrated catalytic system10,20. Hydrogenation of GVL over Cu-Cr oxide at 240-

260 °C produces 1,4-pentanediol (1,4-PDO) and 2-methyltetrahydrofuran (2-

MTHF)21. The former one can be potentially used as a monomer to produce biomass-

derived biodegradable polymers and the latter has been identified as a fuel 

component13. The chemical conversion of GVL may involve a multi-step process 

including ring opening, hydrogenation and dehydration22. Significant efforts have 

been focused on the use of ruthenium catalyst, with either homogeneous molecular 

catalysts22 or supported nanoparticles23-25, with and without a solvent environment. 

Using a molecular Ru catalyst, by tuning the ligands and the additives in the solution, 

Geilen et al. have shown that the selectivity of GVL conversion can be controlled to 

either high-yield of 1,4-PDO or high-yield of 2-MTHF22. Using heterogeneous Ru/C 

catalysts, Al-shaal et al. have shown that, in a solvent-free environment, GVL can be 

converted to a mixture of 2-MTHF, 2-butanol (2-BuOH) and small amounts of 2-

pentanol (2-PeOH). They proposed that the formation of 1,4-PDO is the rate-

determining step in the hydrogenation of GVL23. Very recently, Rozenblit et al. have 

investigated the aqueous-phase conversion of GVL over a Ru/C catalyst, and proposed 

that GVL might be converted to 1,4-PDO, 2-BuoH and 2-PeOH in parallel paths derived 
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from the same surface acyl species produced through the ring-opening reaction24. In 

the same study, it was shown that the major product 2-BuOH results from the direct 

decarbonylation of the acyl species. Several elementary steps, including the ring 

opening and decarbonylation have been studied using DFT calculations24. However, 

a detailed reaction profile has not been investigated, and it is still not clear what are 

the rate-limiting steps to form the various products observed, such as 1,4-PDO, 2-

BuOH and 2-PeOH. 

 Here we report a complete reaction profile obtained using DFT calculations, 

through which we show several missing links in the previously proposed reaction 

mechanisms of GVL ring-opening and hydrogenation reactions. We have found that 

hydrogenation of the unsaturated acyl species formed after the ring-opening reaction 

of GVL is the rate limiting step for the reaction path towards 1,4-PDO, and 2-PeOH 

due to the strong interaction between the Ru surface and the O and C atoms in the 

acyl species. By contrast, the rate-limiting step for the formation of 2-BuOH is the 

decarbonylation step. Formation of 2-BuOH has the lowest overall reaction barrier. 

In addition, we show that both 2-BuOH and 2-PeOH can be formed from the same acyl 

intermediate, which can also be formed through dehydrogenation of 1,4-PDO. In 

other words, 2-BuOH and 2-PeOH can be both primary and secondary products in the 

conversion of GVL over a ruthenium catalyst. Finally, we provide a discussion about 

how these calculations can be used to interpret relevant experimental results 

recently reported in the literature. 

 

Computational	Methods	

DFT calculations were carried out using the VASP package26. The Perdew-

Burke-Ernzerhof generalized gradient approximation exchange-correlation potential 

(PBE-GGA)27 was used, and the electron-core interactions were treated in the 

projector augmented wave (PAW) method 28,29. Structures were optimized until the 

atomic forces were smaller than 0.02 eV Å-1 with a kinetic cut off energy of 400 eV. 

The brillioun zone was sampled using the k-point gamma for all calculations. The 

trend remained the same when the k-point sampling was increased to a 2*2*1. Van 

der Waals interactions were taken into account by incorporating the DFT-D3 semi-
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empirical method30, which significantly improves the calculation accuracy of weak 

adsorption systems31. Reaction barriers were determined with the Nudged Elastic 

Band method32,33. The Ru(0001) surface was used for the calculations due to its low 

surface energy34, and was modeled with a (6×6) supercell, which contained repeated 

slabs with four metal layers separated by an 18 Å vacuum region. The bottom two Ru 

layers are fixed at their bulk positions while the top two layers are fully relaxed. 

 

Results	and	Discussion:	

We computed several different adsorption geometries of GVL on Ru(0001) to 

determine the most stable structure.  It was found that GVL adsorbs on the metal 

surface through the carbonyl carbon, carbonyl oxygen, as well as the oxygen of the 

furanic ring. The carbonyl carbon binds to an hcp (hexagonal closed packed) site of 

the Ru(0001) surface through interaction with 3 surface ruthenium atoms with a 

distance of 2.19 Å. Both the carbonyl oxygen and the furanic ring oxygen bind to a 

surface Ru atom with distances of 2.05 Å and 2.21 Å, respectively. This adsorption 

configuration is in agreement with a previous calculation24. GVL adsorbed with this 

structure can undergo a ring-opening reaction with an activation barrier of 25 kJ/mol, 

as discussed below in Figure 1. In addition, we find an almost equally stable structure 

(less stable by 0.6 kJ/mol), which is shown in Figure S2, in which the carbonyl oxygen 

binds to a surface Ru atom with a bond length of 2.27 Å along with the methyl group 

pointing towards the surface.  The GVL molecule adopting this configuration needs to 

overcome an activation barrier of 69 kJ/mol of the ring-opening reactions (Figure S3). 

Considering the similar adsorption energy between these two structures, we think 

they may reach equilibrium at the surface and the one with the lower activation 

barrier will dominate the surface reactions, while the second adsorption 

configuration may not be kinetically relevant. 
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Figure 1 Energy profile calculations (kJ/mol) for the formation of 1,4-PDO from GVL. 
Structures of the initial, intermediate and final states are shown. The two arrows 
indicate the apparent barriers for the forward and backward reactions.  The inset 
shows the gas phase GVL molecule, with the atoms labeled for discussion in the text. 

In order to understand the reaction steps that GVL can undergo based on the 

products, detailed step-by-step reaction pathways were developed. Figure 1 shows 

that GVL can undergo a ring opening step, forming a surface adsorbed acyl species. 

This exothermic ring-opening reaction (-31 kJ/mol) is driven by the strong Ru 

interaction to both carbon and oxygen35, which also drives ring-opening reactions of 

other heterocyclic aromatics such as furanics36. The combination of low energy 

barrier and exothermicity of this step suggest that adsorbed GVL molecules on 

Ru(0001) may undergo ring opening easily through the breaking of the C(1)-O(2) 

bond. Alternatively, the GVL ring could open at the C(4)-O(2) bond. However, 

Rozenblit et al. has shown that ring opening of GVL through breaking the C(4)-O(2) 
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bond has a much greater energy cost.24 Moreover, the cleavage of the C(1)-O(2) bond 

gives a much better agreement with the product distribution found in varied 

experiments23,24 than the C(4)-O(2) cleavage.  

This ring-opening reaction leads to an acyl intermediate, which can go through 

four sequential hydrogenation steps to yield 1,4-PDO. The subsequent steps for the 

formation of 1,4-PDO are the hydrogenation of the two oxygen atoms followed by two 

hydrogenation steps of the carbonyl carbon. The first hydrogenation step occurs at 

the carbonyl oxygen atom - O(1) - with a true energy barrier of 100 kJ/mol. 

Hydrogenation of the other oxygen atom O(2) as the first step was also considered, 

but calculations show a higher activation barrier for this route, due to the fact that 

O(1) is adsorbing on a top site of the Ru surface compared to the O(2) atom, which is 

adsorbed on a fcc (face centered cubic) site. The reaction to form 1,4-PDO from GVL 

is endothermic with reaction energy of 74 kJ/mol and an apparent barrier of 146 

kJ/mol. The rate limiting step is the hydrogenation step due to the strong interaction 

between Ru and the unsaturated carbon and oxygen atoms in the GVL ring-opening 

product35, which suggests that the formation of 1,4-PDO is very sensitive to the 

hydrogen coverage. The energy barriers reported in figure 1 correspond to 

calculations done in vacuum, experimental results we carried in the presence of 

solvent water. As studied by Iglesia and coworkers (Mechanistic	role	of	water	on	the	

rate	and	selectivity	of	Fischer‐Tropsch	synthesis	on	ruthenium	catalysts), water solvent 

can help stabilize intermediates through hydrogen bonding and lower the barrier for 

the hydrogenation steps involving the formation of O-H. However, we believe the 

trend and the rate determining step should hold correct. Coverage affect has been 

studied by Vlachos and coworkers (Coverage‐induced	 conformational	 effects	 on	

activity	and	 selectivity:	Hydrogenation	and	decarbonylation	of	 furfural	on	Pd(111)), 

where they showed that hydrogen coverage affects both the intermediates and 

transition states energies as well as the activation energy for hydrogenation of 

furfural on Pd (111) surface. This result is supported by the enhanced yield measured 

experimentally when increasing H2 pressure24. The energy profile in Figure 1 also 

shows a moderate activation barrier for the reverse reaction, that is, dehydrogenation 

of the 1,4-PDO to form the ring-opening acyl intermediate. As discussed later in the 
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text, this ring-opened GVL can lead to formation of 2-BuOH and 2-PeOH. In other 

words, 2-BuOH and 2-PeOH may be formed either as a primary product from GVL or 

a secondary product via 1,4-PDO. 

 

Figure 2 Energy profile calculations (kJ/mol) for the formation of 2-Pentanol from 
GVL. 

The second pathway examined in this contribution is the formation of 2-

pentanol. The first step in this reaction is the same formation of the ring-opened acyl 

intermediate CH3CH(O*)-(CH2)2-C*-O*. The subsequent step in this reaction is the 

direct deoxygenation of the intermediate to form CH3CH(O*)-(CH2)2-C* and an oxygen 

atom adsorbed on the surface. This deoxygenation step has an energy barrier of 69 
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kJ/mol and is exothermic (91 kJ/mol). The exothermicity of this step is due to the 

strong interaction of the oxygen atom with Ru(0001), and the newly formed α-Carbon 

strongly interacting with the Ru surface. The hydrogen-assisted deoxygenation has 

also been investigated in this case, where C(1)-O(1) bond breaking occurred after the 

hydrogenation of the O(1) Oxygen. The calculated true activation barrier is 24 kJ/mol 

(Figure S4), much lower than that of the direct deoxgenation shown in Figure 2. 

However, as shown in Figure 1, the hydrogenation step of this the O(1) atom has an 

activation barrier of 100 kJ/mol, which is higher than that for the direct 

deoxygenation (69 kJ/mol). Therefore, the direct deoxgenation is more likely to 

happen rather than the hydrogen-assisted deoxygenation. The subsequent steps in 

the formation of 2-pentanol are the hydrogenation of the second oxygen atom – O(2), 

which has an energy barrier of 107 kJ/mol, followed by three hydrogenation steps of 

the unsaturated α-Carbon, as shown in Figure 2. The rate-limiting step of these 

reactions is the third hydrogenation of the α-Carbon to completely break the Ru-C 

bond. This overall reaction has apparent activation energy of 163 kJ/mol. with an 

energy cost of 29 kJ/mol.  
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Figure 3 Energy profile calculations (kJ/mol) for the formation of 2-Butanol from GVL. 

 Next, we examined the reaction path for the conversion of GVL to 2-butanol. 

Figure 3 shows that this pathway involves a decarbonylation step of the acyl 

intermediate formed as a result of GVL ring opening. Decarbonylation of CH3CH(O*)-

(CH2)2-C*-O* to yield CH3CH(O*)-CH2-CH2* and carbon monoxide has an energy 

barrier of 92 kJ/mol and is exothermic (-51 kJ/mol). Once the CH3CH(O*)-CH2-CH2* 

intermediate is formed, hydrogenation of the oxygen atom and the α-Carbon have 

true energy barriers of 124 kJ/mol and 63 kJ/mol, respectively. The rate-limiting step 

of forming 2-butanol is thus the decarbonylation of the acyl intermediate. Indeed, 

Rozenblit et al. have shown strong inhibition effect for forming 2-butanol when CO is 

introduced24, which supports the conclusion that the direct decarbonylation of the 

ring-opened GVL is rate-limiting. 

Now, we are in a position to compare all the reaction pathways. First, we note 

that the formation of 2-butanol has the lowest apparent barrier (61 kJ/mol), and can 
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be formed directly from GVL through a ring-opened acyl intermediate. This result is 

in line with the experimental results showing that 2-butanol is the most abundant 

product24. The above study also suggests that all products are primary and can be 

formed directly from the aforementioned acyl intermediate. Meanwhile, the 

moderate barrier for 1,4-PDO to form the same acyl intermediate (72 kJ/mol as 

indicated in Figure 1 by an arrow) suggests that, once 1,4-PDO forms, it can easily 

convert to 2-butanol and MTHF as well, which probably explains why the yield of 1,4-

PDO is always very low23,24. Instead, due to the large activation barrier, formation of 

2-pentanol should be very limited. Because of the thermal stability of the acyl 

intermediate and large activation barrier for the hydrogenation, the Ru surface may 

be covered mostly by the acyl species under the reaction condition. We have also 

calculated the adsorption energies of GVL and all the products on the Ru surface, 

which is summarized in Table 1. The adsorption energies are rather similar, which 

may suggest competitive adsorption of these species on the surface. Particularly, due 

to the large heat of adsorption on the Ru surface, 1,4-PDO may stay on the surface and 

undergo dehydrogenation to form other products, such as 2-BuOH, 2-PeOH and 2-

MTHF, which is supported by the experimental observation of 2-BuOH, 2-MTHF, and 

2-PeOH when feeding 1,4-PDO24. Iglesia et al. (Kinetic	and	Mechanistic	assessment	of	

Alkanol/Alkanal	Decarbonylation	and	Deoxygenation	pathways	of	metal	catalysts) also 

showed that decarbonylation and hydrogenolysis of alkanols goes through 

dehydrogenation steps to activate the C-C bond vicinal to the terminal oxygen.  

Table 1. Adsorption energy of GVL and all the products using the DFT-D3 method. 

 GVL 1,4-PDO 2-PeOH 2-BuOH 2-MTHF 

Eads (kJ/mol) -96 -113 -107 -98 -98 

 

We do not present details of the formation of MTHF here since previous 

experiments over a Ru catalyst have shown that MTHF is a secondary product 24 and 

can be obtained from 1,4-PDO22,23. We have calculated the ring-closure reaction using 

the deoxygenated acyl species CH3CH(O*)-(CH2)2-C* in Figure 2 as the initial 

structure, and found a very high activation barrier of 318 kJ/mol for this ring-closure 
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step, due to the fact that this ring closing requires the breaking of multiple C-Ru and 

O-Ru bonds. One possibility is that MTHF forms from CH3CH(O*)-(CH2)2-HC* in Figure 

2 followed by ring closing and hydrogenation, because the hydrogenation of the C(1) 

carbon may weaken the interaction between C(1) and the Ru surface leading to 

reduced barrier for ring-closure. This unsaturated alcohol intermediate, CH3CH(O*)-

(CH2)2-HC*, can be formed by deoxygenation of the acyl species CH3CH(O*)-(CH2)2-

C*-O*; however, due to the smaller activation barrier for the competing C-C cleavage 

for decarbonylation to form CH3CH(O*)-(CH2)2 and sequentially hydrogenation, 2-

BuOH may be more competitive as compared to formation of MTHF. So MTHF may 

not be formed through a direct transformation from GVL. Instead, MTHF should be 

formed via ring-closure of the same CH3CH(O*)-(CH2)2-HC* intermediate that is 

formed from dehydrogenation and hydrogenolysis of 1,4-PDO, followed by a 

hydrogenation step as described in Figure Sx.  (I put the figure in dropbox. 

  

Conclusion	

In this study, we report a detailed reaction mechanism study for the conversion of 

GVL on a ruthenium catalyst. Our calculations suggest that 1,4-PDO, 2-BuOH and 2-

PeOH can be formed through a common surface intermediate, but their rate-limiting 

step varies differently from hydrogenation for 1,4-PDO and 2-PeOH to 

decarbonylation for 2-BuOH, the latter has the smallest activation barrier. These 

results agree with previous experimental results reported in the literature and can be 

used as a guide for design of new catalysts with tailored reaction selectivity.  For 

example, if 1,4-PDO and MTHF were the target molecules, one option would be to 

design bimetallic catalysts that retain a high activity for ring opening, such as Ru, but 

promote the hydrogenation step, such as using Pt or Pd.  
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