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Abstract  

Synthesis of γ-valerolactone (GVL), a platform molecule that can be produced from lignocellulosic 

biomass, was performed in this work by hydrogenation of an alkyl levulinate over Ru/C. Kinetic 

models reported in the literature are typically not compared with rival alternatives, even if a 

discrimination study is needed to find the optimum operating conditions. Different surface reaction 

kinetic models were thus considered in this work, specifically addressing hydrogenation of butyl 

levulinate to GVL, where the latter was used as a solvent to minimize potential solvent interference 

with the reaction, including its evaporation. The Bayesian approach was applied to evaluate the 

probability of each model. It was found that non-competitive Langmuir-Hinshelwood with no 

dissociation of hydrogen model has the highest posterior probability.  

 

Keywords: Bayesian statistics, γ-valerolactone, model discrimination, kinetic modeling, 

hydrogenation.  
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1. INTRODUCTION 

Over the past few decades, the need for climate change mitigation and management of a potential 

energy crisis has led to the exploitation of biomass to produce biofuels, biochemicals and 

biomaterials 1. In particular, the use of non-edible lignocellulosic biomass (e.g. agricultural 

residues, energy crops, forestry, and industrial wastes) can be seen as a strategy to enhance the 

cleaner production of renewable fuels, chemicals and materials and to fulfill the demands of a 

growing population 2, avoiding the competition with food crops and having a significant impact on 

the worldwide rural economy. 

A pre-treatment process of the lignocellulosic biomass (for example, biological, thermochemical, 

catalytic or a combination of them) allows besides an easy removal of so-called extractives, also 

the production of different organic compounds, such as sugars, polyols, furanics, as well as several 

acids (e.g., levulinic acid, succinic acid, 3-hydroxy-propionic acid, etc.). These compounds can be 

used as starting materials (so-called platform molecules) to synthesize numerous value-added 

chemicals, fuel additives, solvents and paintings, novel monomers, etc. 3. Among all possible 

platform molecules that can be derived from lignocellulosic biomass refinery, levulinic acid (LA) 

is considered as one of the top value-added chemicals, being the basis for the synthesis of other 

important chemicals, such as γ-valerolactone (GVL) 4.  

GVL is a major precursor in biorefinery. It is characterized by interesting physical-chemical 

properties, being stable in water (no hydrolysis under neutral conditions) and in the presence of air 

(minimal if any formation of peroxides), making it a safe material for various industrial applications 

5. Other significant features of GVL are related to its fuel properties that are comparable to ethanol. 

In summary, GVL is renewable, stable and non-toxic 6. It can be used as a precursor of gasoline 

and diesel fuels, as a green solvent in fine chemical synthesis and food additives, and as an 
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intermediate in the synthesis of many value-added chemicals (e.g., adipic acid, the precursor of 

nylon) 2. 

The most common method for the production of GVL is the hydrogenation of LA or alkyl 

levulinates. One can distinguish different methods5,7,8 such as the use of molecular hydrogen9–19; 

in-situ decomposition of formic acid to hydrogen10,14,20–29; alcohols for catalytic transfer 

hydrogenation by the Meerwein-Ponndorf-Verley reaction30–31,32 or via the catalytic hydrogenation 

of 4-hydroxyvaleric acid 4.  

On the one hand, because of the easy access to the active catalytic center, in the last 20 years, many 

homogeneous catalysts have been developed to hydrogenate LA to GVL; among all, Ru-based 

catalysts are the most attractive and have been widely studied 5. On the other hand, homogeneous 

systems are challenging when it comes to product separation because of GVL high boiling point 

(207–208 °C) distillation is not economically attractive 6.  In recent years, this problem was partially 

overcome by confining the catalysts within a not-aqueous phase, enabling product separation and 

catalyst recycling. Nevertheless, such an approach is limited to a single catalyst recycle only and 

leads to a considerable decrease in LA conversion (81 vs. 55 %) 6. To favor downstream processes, 

a cost-efficient GVL large-scale production should be more oriented toward heterogeneous 

catalysis.  

Despite several attempts to develop vapor-phase hydrogenation continuous processes to produce 

GVL from LA, which were proved to be not favorable in terms of selectivity and energy demand 6, 

most of the studies are focusing on the liquid-phase hydrogenation systems aimed at the direct 

conversion of aqueous LA to GVL. The simplest and oldest systems involved transition metals as 

a catalyst; more recently and actually, supported metal catalysts have been and are extensively 

investigated. Among all, Ru/C resulted in being the most active, leading to the highest conversion 
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(> 95 %) and selectivity (≈ 99%) 6. The optimal operating temperature was found to be 130°C, with 

higher reaction temperatures causing a decrease in GVL yields. Another critical parameter 

influencing the GVL yield in heterogeneous catalysts is the support nature 33.  

The current work focuses on the heterogeneous catalytic hydrogenation of butyl levulinate (BL) to 

GVL over a catalyst with non-acidic support, namely Ru/C. 

The BL hydrogenation process to produce GVL is based on a two-step reaction, as depicted in 

Figure 134. In the first step, the Ru/C catalyzed hydrogenation of butyl levulinate takes place, 

leading to an intermediate formation. In the case of BL hydrogenation, the intermediate is butyl 4-

hydroxypentanoate (BHP). In the second step, the intra-cyclization of the intermediate occurs to 

form GVL.  

Reaction 1: hydrogenation

Reaction 2: cyclization
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Figure 1. Reaction scheme of hydrogenation of butyl levulinate to GVL. 

Piskun et al. 35 showed that for the hydrogenation of levulinic acid in a water solvent, protons 

(Brønsted acid) from levulinic acid dissociation could catalyze the second step. The second step 

can also be catalyzed by the presence of Lewis sites on the catalyst that could enhance the rate of 

the ring closure, as recently demonstrated by Li et al. 36. The positive influence of the Lewis sites 

on the selective formation of GVL was also reported in the study of Kasar et al. 37, reporting 

hydrogenation of LA catalyzed by bimetallic Ru−Ni/MMT, where an alternative to Figure 1 path 
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was realized, namely, α-angelica lactone was found to be the intermediate undergoing 

hydrogenation by dissociatively adsorbed hydrogen to form GVL. 
As previously mentioned, the hydrogenation of LA was widely explored in the last years, and, in 

the literature, one can find several models for its hydrogenation to produce GVL with different 

catalysts, different support materials and solvents 34,35,38–41.  

Although several esters of levulinic acid were applied in the literature, the choice of butyl levulinate 

as the substrate and GVL as the solvent in this study was motivated by its high vapor pressures 

limiting evaporation 42. Furthermore, it was shown that the thermal risk was lower for the 

hydrogenation of BL over Ru/C compared to the hydrogenation of methyl levulinate over Ru/C 43. 

Indeed, the kinetics of BL hydrogenation was shown to be slower than that for methyl levulinate, 

and the reaction enthalpy of BL hydrogenation was found to be lower than the corresponding value 

for methyl levulinate. Besides, the production of BL from the alcoholysis of carbohydrates is a 

promising route 44,45, justifying the utilization of BL as a reactant in the current work. Also, levulinic 

acid induces corrosive issues at high temperature 46,47. 

More specifically, this study aimed to elucidate the reaction kinetics considering different reaction 

mechanisms applying the Bayesian statistical approaches described in the literature 48. Bayesian 

approach is an excellent decision tool to select the most probable model via the calculation of the 

posterior density49.   
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2. MATERIALS AND METHODS  

 

2.1 Chemicals 

For the experiments and the analytical part, different chemicals were used without further 

purification: γ-valerolactone (wt% ≥ 99%) from Sigma Aldrich; Ru/C catalyst (Ruthenium, 5% on 

activated carbon powder, standard, reduced, nominally 50% water wet), n-butyl levulinate (wt% ≥ 

98%) and butanol (wt% ≥ 98%) were purchased from Alfa Aesar; hydrogen gas (H2 purity > 

99,999 vol%) was from Linde; acetone (analytical grade) and furfural were from VWR from Acros 

Organics, respectively. 

 

2.2 Analytical methods 

The concentrations of n-butyl levulinate and intermediate products were measured by GC-FID. The 

GC-FID apparatus is a Bruker Scion GC436 equipped with a flame ionization detector, an 

autosampler and a capillary column (Rxi-5 ms, 30 m x 0.32 mm internal diameter x 0.25 μm film 

thickness). The carrier gas was Helium (99.99%), and it was used at a constant flow rate of 1.2 

mL.min-1. A temperature of 270°C was used for the injector and the detector. The oven temperature 

was set according to the following program 35°C (3 min) - 15°C min-1 - 300°C. The total run time 

was 21 min. The injection volume was 0.2 μL, and the split ratio is 30:1. Furfural was used as an 

internal standard. The concentration measurement uncertainty was evaluated via the standard 

deviation of replicate measurements. The standard deviations for BL and the intermediates 

concentrations were found to be lower than 1% and 0.8%, respectively.   
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2.3 Kinetic experiments 

The kinetic experiments were conducted under isothermal and isobaric conditions in a 300 mL 

stainless steel Parr reactor operating in a batch mode (Figure 2). Efficient agitation was ensured by 

a gas entrainment impeller comprising a hollow shaft.  

The hydrogen was provided through a 0.5 L reservoir connected to a gas bottle. The uncertainty for 

pressure transducers was 0.1 bar, and 0.1°C for temperature probes. 

 

Figure 2. Experimental scheme of the reactor setup. 

In the first step, the desired amount of reactants, the solvent and the catalyst (untreated) were loaded 

into the reactor. The reactor was sealed, and the air was removed by a vacuum pump. In order to 

homogenize the mixture temperature, the agitation velocity was set at 400 rpm. Once the desired 

temperature was reached, the valve V1 was opened, allowing hydrogen to flow to the reactor. The 

agitation rate was set at 1000 rpm, which based on a previous study, was found to be sufficient for 
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overcoming gas-liquid and liquid-solid external mass transfers 34. Wang et al. 34 also showed that 

internal mass transfer can also be neglected.  

During a kinetic experiment, several samples were withdrawn periodically from the reactor through 

valve V6. These samples were filtered to separate the reaction mixture and the catalyst. For the 

success of the parameter estimation stage, it is fundamental to vary the operating conditions 

(reaction temperature, hydrogen pressure, catalyst loading, concentrations, etc.). These variations 

are shown in Table 1, which is the experimental matrix.  

Table 1. Experimental matrix for the kinetic study. 

Exp. 

H2 press.  Temp mcat [BL]0 [Interm]0 [GVL]0 [BuOH]0 

bar K 
kg (50%wt 

moisture) 
mol/m3 mol/m3 mol/m3 mol/m3 

1 23.4 403.15 0.0028 1834 0 6833 0 

2 23.3 413.15 0.0028 866 0 8831 0 

3 22.3 423.15 0.0018 807 0 8515 0 

4 22.3 407.15 0.0028 839 0 8877 0 

5 22.3 427.15 0.0028 619 0 8827 0 

6 20.0 403.15 0.0028 868 0 8755 0 

7 23.8 373.20 0.0005 1821 0 6851 0 

8 23.3 423.15 0.0000 59 1586 6884 189 

9 16.3 373.15 0.0005 1893 0 6719 0 

10 11.4 373.15 0.0005 1821 0 6675 0 

11 5.2 393.15 0.0010 1885 0 6720 0 

12 23.7 413.15 0.0000 56 1411 7120 168 
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3. RESULTS AND DISCUSSION 

 

3.1 Influence of reaction parameters and deactivation 

As found in a previous article of our group 34, under the experimental conditions applied in this 

manuscript, there are no external or internal mass transfer limitations. To compare the effects of 

initial reaction parameters on the kinetics, the following normalized values were used: 
[𝐵𝐿]

[𝐵𝐿]0
 and 

[𝐵𝐻𝑃]

[𝐵𝐿]0
.  

3.1.1 Effect of hydrogen pressure  

To evaluate the effect of hydrogen pressure on the kinetics, Experiments 7, 9 and 10 (Table 1) were 

compared. Figures 3A-B display the evolution of  
[𝐵𝐿]

[𝐵𝐿]0
 and 

[𝐵𝐻𝑃]

[𝐵𝐿]0
 versus reaction time. As can be 

seen at lower pressures, there is a minor effect of hydrogen pressure on the kinetics of BL 

hydrogenation, which becomes negligible upon pressure elevation (Figure 3.A). Figure 3.B shows 

that the conversion of BHP to GVL is the slowest step.    
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Figure 3. Effect of pressure on A)  
[𝐵𝐿]

[𝐵𝐿]0
 and B) 

[𝐵𝐻𝑃]

[𝐵𝐿]0
 at 100°C (Experiments 7; 9 & 10).  
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3.1.2 Effect of reaction temperature 

To evaluate the effect of reaction temperature on the kinetics, Experiments 2, 5 and 6 were 

compared. Figures 4A-B display the evolution of  
[𝐵𝐿]

[𝐵𝐿]0
 and 

[𝐵𝐻𝑃]

[𝐵𝐿]0
 versus reaction time at different 

temperatures, it is clearly illustrating a positive effect of the temperature elevation. A detailed 

analysis of the activation energies will be presented below.  
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Figure 4. Effect of temperature on A)  
[𝐵𝐿]

[𝐵𝐿]0
 and B) 

[𝐵𝐻𝑃]

[𝐵𝐿]0
  at 20 bars (Experiments 2, 5 & 6). 

 3.1.3 Effect of the catalyst amount 

To evaluate the effect of the catalyst amount on the kinetics, Experiments 3 and 5 were compared. 

Figures 5A-B display the evolution of  
[𝐵𝐿]

[𝐵𝐿]0
 and 

[𝐵𝐻𝑃]

[𝐵𝐿]0
 versus reaction time. The increase of catalyst 

amount increases the kinetics of the conversions of BL to BHP. As the first step is fast, the kinetics 

of conversion of BHP to GVL also increases.  
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Figure 5. Effect of catalyst amount on A)  
[𝐵𝐿]

[𝐵𝐿]0
 and B) 

[𝐵𝐻𝑃]

[𝐵𝐿]0
 at 20 bars and 150°C (Experiments 3 

& 5). 
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3.2 Kinetic modeling  

3.2.1 Kinetics 

From the experimental results and the literature data, hydrogenation of BL to GVL over Ru/C is a 

two-step reaction (Figure 1). The first step is the hydrogenation of the carbonyl group, leading to 

the intermediate butyl 4-hydroxypentanoate (BHP). The second step is the cyclization of this 

intermediate, leading to the production of butanol and GVL.  

In the kinetic analysis of the reaction performed by Wang et al. 34, power-law rate expressions were 

used for both stages. In the current work, mechanistic expressions were employed considering, for 

example, that the first step can proceed by several mechanisms, including competitive or non-

competitive Langmuir-Hinshelwood ones with molecular or dissociative hydrogen adsorption in 

both cases as well as the Eley-Rideal mechanism without any adsorption of hydrogen.  

For the second reaction, i.e., cyclization, both non-catalytic and catalytic pathways are possible. 

The latter pathway was introduced considering that the carbon supports exhibit typically low but 

not negligible acidity.  

Overall, ten kinetic models can be derived, as summarized in Table 2, with the details of derivations 

available in Supporting Information. In the kinetic expressions, adsorption of GVL was considered 

to be negligible, otherwise hindering significantly the rate of BL hydrogenation, which proceeds 

relatively fast in GVL as a solvent.  
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Table 2. Rate expressions of the hydrogenation step. 

MODELS Rate expression 

Langmuir Hinshelwood with 

molecular adsorption of H2 

(LH1) 

𝑘1 ∗ 𝐾𝐻2 ∗ [𝐻2] ∗ 𝐾𝐵𝐿 ∗ [𝐵𝐿] ∗ 𝜔𝐶𝑎𝑡.

(𝐾𝐻2 ∗ [𝐻2] + 𝐾𝐵𝐿 ∗ [𝐵𝐿] + 𝐾𝐵𝐻𝑃 ∗ [𝐵𝐻𝑃] + 1)2
 

Langmuir Hinshelwood with 

hydrogen dissociation (LH2) 

𝑘1 ∗ 𝐾𝐻 ∗ [𝐻2] ∗ 𝐾𝑖 ∗ 𝐾𝐵𝐿 ∗ [𝐵𝐿] ∗ 𝜔𝐶𝑎𝑡.

(√𝐾𝐻 ∗ [𝐻2] + 𝐾𝐵𝐿 ∗ [𝐵𝐿] + 𝐾𝐵𝐻𝑃 ∗ [𝐵𝐻𝑃] + 𝐾𝑖 ∗ 𝐾𝐵𝐿 ∗ [𝐵𝐿] ∗ √𝐾𝐻 ∗ [𝐻2] + 1)
2 

Eley-Rideal with no adsorption 

of hydrogen (ER1) 

𝑘1 ∗ [𝐻2] ∗ 𝐾𝐵𝐿 ∗ [𝐵𝐿] ∗ 𝜔𝐶𝑎𝑡.

(𝐾𝐵𝐿 ∗ [𝐵𝐿] + 𝐾𝐵𝐻𝑃 ∗ [𝐵𝐻𝑃] + 1)
 

Non-competitive Langmuir 

Hinshelwood with no 

dissociation of hydrogen 

(NCLH1) 

𝑘1 ∗ 𝐾𝐻2 ∗ [𝐻2]

(1 + 𝐾𝐻2 ∗ [𝐻2])
∗

𝐾𝐵𝐿^ ∗ [𝐵𝐿]

(1 + 𝐾𝐵𝐻𝑃^ ∗ [𝐵𝐻𝑃] + 𝐾𝐵𝐿^ ∗ [𝐵𝐿])
∗ 𝜔𝐶𝑎𝑡. 

Non-competitive Langmuir 

Hinshelwood with hydrogen 

dissociation (NCLH2) 

𝑘1 ∗ 𝐾𝐻 ∗ 𝐾𝐶 ∗ 𝐾𝐵𝐿^ ∗ [𝐻2]

√𝐾𝐻 ∗ [𝐻2] + 1

∗
[𝐵𝐿] ∗ 𝜔𝐶𝑎𝑡.

𝐾𝐵𝐿^. [𝐵𝐿] + 𝐾𝐶 . √𝐾𝐻 ∗ [𝐻2]. 𝐾𝐵𝐿^. [𝐵𝐿]. +𝐾𝐵𝐻𝑃^. [𝐵𝐻𝑃] + 1
 

 

The terms KBL, KH2, KH, 𝐾𝐵𝐿^, 𝐾𝐵𝐻𝑃^ and 𝐾𝐵𝐻𝑃  are adsorption constants. The term Ki and KC are 

equilibrium constants. The term 𝜔𝐶𝑎𝑡.  is the catalyst loading (mass of dried basis per reaction 

volume). For the cyclization step, two options must be considered: non-catalytic and heterogeneous 

catalytic one. The non-catalytic one is expressed as 

𝑅2,𝑛𝑜𝑛−𝑐𝑎𝑡. = 𝑘2,𝑛𝑜𝑛−𝑐𝑎𝑡. ∗ [𝐵𝐻𝑃]                                                                                                  (1) 
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The rate of a heterogeneously catalytic reaction was also supposed to be the first order in the 

reactant 

𝑅2,𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 = 𝑘2,𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 ∗ [𝐵𝐻𝑃] ∗ 𝜔𝐶𝑎𝑡.           (2)                                                                               

For each mechanism, two options were considered, one comprising only non-catalytic contribution 

and the other one considering both non-catalytic and catalytic cyclization (Table 3).   

Table 3. Tested models for the hydrogenation of BL to GVL. 

 

HYDROGENATION STEP CYCLIZATION STEP 

LH1 LH2 ER1 NCLH1 NCLH2 Non-catalyzed Heterogeneous catalyst 

Model 1 X     X  

Model 2 X     X X 

Model 3  X    X  

Model 4  X    X X 

Model 5   X   X  

Model 6   X   X X 

Model 7    X  X  

Model 8    X  X X 

Model 9     X X  

Model 10     X X X 
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3.2.2 Material balances 

Kinetic experiments were carried out under isobaric and isothermal conditions. A previous study34 

found that external and internal mass transfer limitations can be assumed to be negligible under the 

current operating conditions.  

Material balances for the different compounds in the liquid phase can be expressed as:  

𝑑𝐶𝐵𝐿

𝑑𝑡
= −𝑅1                                                                                                                               (3) 

𝑑[𝐻2]𝑙𝑖𝑞

𝑑𝑡
= 𝑘𝐿 . 𝑎 ∗ ([𝐻2]𝑙𝑖𝑞

∗ − [𝐻2]𝑙𝑖𝑞) − 𝑅1                                                                                                            (4) 

𝑑𝐶𝐵𝐻𝑃

𝑑𝑡
= 𝑅1 − 𝑅2,𝑛𝑜𝑛−𝑐𝑎𝑡 − 𝑅2,𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠                                                                     (5) 

𝑑𝐶𝐵𝑢𝑂𝐻

𝑑𝑡
= 𝑅2,𝑛𝑜𝑛−𝑐𝑎𝑡 + 𝑅2,𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠                                                                                                      (6) 

𝑑𝐶𝐺𝑉𝐿

𝑑𝑡
= 𝑅2,𝑛𝑜𝑛−𝑐𝑎𝑡 + 𝑅2,𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠                                                                                                       (7) 

In eq 4, [𝐻2]𝑙𝑖𝑞
∗  reflects the concentration of hydrogen at the gas-liquid interface. The values of this 

term were determined through Henry’s constant in GVL as a solvent 𝐻𝑒(𝑇) =
[𝐻2]𝑙𝑖𝑞

∗

𝑃𝐻2,𝑅𝑒𝑎𝑐𝑡𝑜𝑟
 34. In this 

study, the values of 𝑘𝐿 . 𝑎, i.e., volumetric gas to liquid mass transfer coefficient for hydrogen was 

expressed as a function of density, viscosity and temperature 42.   
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3.2.3 Parameter estimation 

Two observables were used: concentrations of BL and BHP. The commercial software Athena 

Visual Studio, using the Bayesian statistics, was used to develop the models 49,50.  

The concentrations of BL and BHP were used as observables during the parameter estimation stage. 

Several studies demonstrated that the Bayesian framework is better for the multi-response 

parameter estimation than the method of non-linear least squares 51,52. Such approach started to be 

widely applied in the kinetic modeling of several catalytic systems 51,53–63.   

The ordinary differential equations (ODEs) are solved by DDAPLUS, which solves non-linear 

initial-value problems involving stiff implicit systems. GREGPLUS package was used for the 

parameter estimation stage.  

The probability of the model 𝑀𝜔, describing the experimental concentrations Y within the error 

space ∑, was calculated 49,50. This probability, 𝑝(𝑀𝜔|𝑌, ∑), is known as the posterior distribution 

and is calculated as: 

 𝑝(𝑀𝜔|𝑌, ∑) =
𝐿(𝑌, ∑|𝑀𝜔)∙𝑝(𝑀𝜔)

𝐶
        (8) 

where, 𝐿(𝑌, ∑|𝑀𝜔)  is the likelihood function evaluating the probability of the experimental 

concentrations Y generated by the model 𝑀𝜔  with its parameter vector . The term C is a 

normalization constant. The probability 𝑝(𝑀𝜔) is the prior distribution taking into account the 

experimentalist knowledge. The boundaries of the estimated parameters are known, and the error 

space is evaluated by replicate experiments.  

The model discrimination was evaluated by the determination of the normalized posterior 

probabilities (eq 9).   
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𝜋(𝑀𝑘|𝑌, Σ) =
𝑝(𝑀𝑘|𝑌, Σ)∗100
∑ 𝑝(𝑀𝑘|𝑌,Σ)𝑘

         (9) 

During the parameter estimation, the GREGPLUS package minimizes the objective function 𝑆(𝜃), 

and can calculate the maximum posterior probability density of the different estimated parameters 

𝜃 and the values of the posterior distribution of the tested models 49,50.  

𝑆(𝜃) = (𝑛 + 𝑚 + 1) ∙ 𝑙𝑛|𝜐(𝜃)|        (10) 

where, 𝑛 is the number of events in response, 𝑚 is the number of responses and |𝜐(𝜃)| is the 

determinant of the covariance matrix of the responses. Each element of this matrix is defined as: 

𝜐𝑖𝑗(𝜃) = ∑ [𝑌𝑖𝑢 − 𝑓𝑖𝑢(𝜉𝑢, 𝜃)] ∙ [𝑌𝑗𝑢 − 𝑓𝑗𝑢(𝜉𝑢, 𝜃)]
𝑛
𝑢=1      (11) 

with Yiu the experimental concentration and 𝑓𝑖𝑢(𝜉𝑢, 𝜃) the estimated value for the response i and 

event u; Yju the experimental concentration and 𝑓𝑗𝑢(𝜉𝑢, 𝜃) the estimated value for response j and 

event u.   

The precision of the estimated parameters was evaluated by the marginal highest posterior density 

(HPD). The 95% HPD was calculated by the GREGPLUS package.  

The parameters to be estimated are the adsorption constants, the rate constants and the activation 

energies. 

The modified Arrhenius equation is used in order to decrease the correlation between the pre-

exponential factor and the activation energy:  

 
𝑘𝑖(𝑇𝑅) = 𝑘𝑖(𝑇𝑟𝑒𝑓) ∙ exp(−

𝐸𝑎𝑖
𝑇𝑅

(
1

𝑇𝑅
−

1

𝑇𝑟𝑒𝑓
)) 

(12) 

 

where, 𝑇𝑟𝑒𝑓  is the reference temperature (Tref=403.15K) chosen in the considered experimental 

temperature range. 
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3.2.4 Results  

Preliminary modeling results show that the adsorption constant for the intermediate BHP was close 

to zero, and that the ring-closure reaction catalyzed by Ru/C did not exhibit any temperature 

dependence. Thus, Ea2, heterogeneous was set to 0 kJ/mol. These preliminary results motivate our choice 

to not consider these two kinetic constants in the modeling stage.    

Tables 4 shows the value of the posterior probability share for each model. One can notice that 

Model 8 (41.35%), 2 (31.80%) and 4 (22.26%) are the most probable ones. For that reason, the 

modeling output for these three models are discussed and presented in the following. Due to space 

limitation, the parity plots for these models are included in Supporting Information (Figures S1-

S3). The parity plots show that the fitting quality of the three models is good. One should also 

observe that it is impossible to discriminate the most probable model only from the parity plots. 

Indeed, the R2 values are similar from these three models.   

The effect of the number of estimated parameters on the models was evaluated via the AIC number 

standing for Akaike Information Criterion (Table 4).64  

𝐴𝐼𝐶 = 𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡𝑒𝑣𝑒𝑛𝑡 ∙ 𝑙𝑛 (
[𝑌𝑗𝑢−𝑓𝑗𝑢(𝜉𝑢,𝜃)]

2

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡𝑒𝑣𝑒𝑛𝑡
) + 2 ∙

𝑁𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠      (13) 

The model with the lowest AIC value is of best quality. From Table 4, it can be concluded that 

Models 4 and 8 have the lowest AIC value, than Model 2.   
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Table 4. Modeling results from Bayesian statistics. 

Model 
Objective function Posterior probability 

Posterior probability 
share  

Number of 
estimated 

parameters 
AIC 

𝑆(𝜃) Log10𝑝(𝑀𝑘|𝑌, Σ) 𝜋(𝑀𝑘|𝑌, Σ) in%   

1 6497.91 -1.25 10+2 0.08 6 4.27E+03 

2 6430.30 -1.22 10+2 31.80 7 4.16E+03 

3 6451.40 -1.25 10+2 0.06 7 4.26E+03 

4 6386.27 -1.22 10+2 22.26 7 4.15E+03 

5 6647.54 -1.27 10+2 0.00 4 4.42E+03 

6 6602.22 -1.26 10+2 0.01 5 4.35E+03 

7 6464.54 -1.25 10+2 0.09 6 4.26E+03 

8 6417.32 -1.22 10+2 41.35 6 4.15E+03 

9 8114.67 -1.50 10+2 0.00 1 5.77E+03 

10 6434.52 -1.23 10+2 4.35 5 4.19E+03 

 

Tables S1-S3 (Supporting Information) displaying correlations between the estimated parameters 

illustrate significant correlations between the rate constant 𝑘1(𝑇𝑟𝑒𝑓) and the adsorption constants. 

For Models 2 and 4, the rate constant 𝑘1(𝑇𝑟𝑒𝑓) and the adsorption constants (𝐾𝐻2and𝐾𝐵𝐿) are in 

particular correlated, reflecting difficulties in the determination of adsorption constants directly 

from kinetic data.  

Tables 5-7 show the estimated values and their HPD intervals for the three models.  

From Model 2 (Table 5), the HDP interval is quite essential for the estimation of KBL. The 

estimation of such adsorption constant can be difficult.    
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Table 5. Estimated values at Tref=403.15K and statistical data for Model 2. 

  Bayesian approach 

Parameters Units Estimated HPD Intervals % 

𝑘1(𝑇𝑟𝑒𝑓) mol/s/kg_dry basis cat 3.57 68.18 

𝐸𝑎1 J/mol 33094.04 13.42 

𝐾𝐻2 m3/mol 0.0439 29.65 

𝐾𝐵𝐿  m3/mol 2.78 10-4 80.23 

𝑘2,𝐻𝑒𝑡(𝑇𝑟𝑒𝑓) m3/s/kg_dry basis cat 3.7210-6 23.80 

𝑘2,𝑛𝑜𝑛−𝑐𝑎𝑡(𝑇𝑟𝑒𝑓) 1/s 2.15 10-5 18.14 

𝐸𝑎2,𝑛𝑜𝑛−𝑐𝑎𝑡  J/mol 3.07 104 43.12 

 

The parameter estimation for Model 4 was less accurate (Table 6). The HDP intervals for k1(Tref), 

KH2 and KBL are higher than 100%.  
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Table 6. Estimated values at Tref=403.15K and statistical data for Model 4. 

  Bayesian approach 

Parameters 
Units 

Estimated 
HPD Intervals 

% 

𝑘1(𝑇𝑟𝑒𝑓) mol/m3/s/kg_dry basis cat 40.4 >100% 

𝐸𝑎1 J/mol 3.05 104 12.88 

𝐾𝐻2 m3/mol 29.0 >100% 

𝐾𝐵𝐿  m3/mol 4.31 10-03 >100% 

Ki - nd nd 

𝑘2,𝐻𝑒𝑡(𝑇𝑟𝑒𝑓) m3/s/kg_dry basis cat 3.67 10-06 24.19 

𝑘2,𝑛𝑜𝑛−𝑐𝑎𝑡(𝑇𝑟𝑒𝑓) 1/s 2.20 10-05 17.46 

𝐸𝑎2,𝑛𝑜𝑛−𝑐𝑎𝑡  J/mol 
2.86 1004 43.83 

 

 

 

 

The confidence intervals presented in Table 7 displaying the estimated values for Model 8 show 

reliability of such estimates. 

Table 7. Estimated values et Tref=403.15K and statistical data for Model 8. 

  Bayesian approach 

Parameters Units Estimated HPD Intervals % 

𝑘1(𝑇𝑟𝑒𝑓) mol/m3/s/kg_dry basis cat 0.711 52.72 

𝐸𝑎1 J/mol 29472.46 14.69 

𝐾𝐻2 m3/mol 0.264 39.59 

𝐾𝐵𝐿^ m3/mol 3.94 10-04 63.86 

𝑘2,𝐻𝑒𝑡(𝑇𝑟𝑒𝑓) m3/s/kg_dry basis cat 3.67 10-06 24.05 

𝑘2,𝑛𝑜𝑛−𝑐𝑎𝑡(𝑇𝑟𝑒𝑓) 1/s 2.20 10-05 9.38 

𝐸𝑎2,𝑛𝑜𝑛−𝑐𝑎𝑡 J/mol 28661.77 43.65 
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The estimated parameters from Model 4 exhibit rather important uncertainties; therefore the 

calculations are displayed only for Models 2 and 8.  

Although description of the experimental data by Model 2 is quite good (Figure S1), the 

correspondence for the intermediate compound is worse than for BL. Figure 6 shows the data fitting 

results of some experiments (entries 5, 7, 8, 9 and 11 in Table 1) with the Bayesian approach. It 

follows from the calculations that the Model 2 tends to slightly overestimate the concentration of 

the intermediate for experiment 7 (Table 1).  
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Figure 6. Fit of Model 2 (Langmuir-Hinshelwood with molecular adsorption of H2) to the 

experimental concentrations. EXP 5 (PH2: 22.3 bar, Temp: 427.15 K, mcat (50wt% moisture): 

0.0028 kg, [BL]0: 619 mol/m3, [GVL] 0: 8827 mol/m3 and [Interm]0=[BuOH]0= 0 mol/m3); EXP 7 

(PH2: 23.8 bar, Temp: 373.2 K, mcat (50wt% moisture): 0.0005 kg, [BL]0: 1821 mol/m3, [GVL] 0: 

6851 mol/m3 and [Interm]0=[BuOH]0= 0 mol/m3); EXP 8 (PH2: 23.3 bar, Temp: 423.15 K, mcat 

(50wt% moisture): 0.0000 kg, [BL]0: 59 mol/m3, [GVL] 0: 6884 mol/m3, [Interm]0=1586 mol/m3 

and [BuOH]0= 189 mol/m3); EXP 9 (PH2: 16.3 bar, Temp: 373.15 K, mcat (50wt% moisture): 

0.0005 kg, [BL]0: 1893 mol/m3, [GVL] 0: 6719 mol/m3 and [Interm]0=[BuOH]0= 0 mol/m3) and 

EXP 11 (PH2: 5.2 bar, Temp: 393.15 K, mcat (50wt% moisture): 0.0010 kg, [BL]0: 1885 mol/m3, 

[GVL] 0: 6720 mol/m3 and [Interm]0=[BuOH]0= 0 mol/m3).    

 

Visually, the fitting of Model 8 (Figure 7) is very similar to Model 2 having a slightly better fit even 

if the concentration of intermediates for experiment 7 is also overestimated. The uncertainty for the 

estimated parameters of Model 8 was lower compared to the Model 2.  
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Figure 7. Fit of Model 8 (Non-competitive Langmuir-Hinshelwood with no dissociation of 

hydrogen) to the experimental concentrations. EXP 5 (PH2: 22.3 bar, Temp: 427.15 K, mcat 

(50wt% moisture): 0.0028 kg, [BL]0: 619 mol/m3, [GVL] 0: 8827 mol/m3 and 

[Interm]0=[BuOH]0= 0 mol/m3); EXP 7 (PH2: 23.8 bar, Temp: 373.2 K, mcat (50wt% moisture): 

0.0005 kg, [BL]0: 1821 mol/m3, [GVL] 0: 6851 mol/m3 and [Interm]0=[BuOH]0= 0 mol/m3); EXP 

8 (PH2: 23.3 bar, Temp: 423.15 K, mcat (50wt% moisture): 0.0000 kg, [BL]0: 59 mol/m3, [GVL] 0: 

6884 mol/m3, [Interm]0=1586 mol/m3 and [BuOH]0= 189 mol/m3); EXP 9 (PH2: 16.3 bar, Temp: 

373.15 K, mcat (50wt% moisture): 0.0005 kg, [BL]0: 1893 mol/m3, [GVL] 0: 6719 mol/m3 and 

[Interm]0=[BuOH]0= 0 mol/m3) and EXP 11 (PH2: 5.2 bar, Temp: 393.15 K, mcat (50wt% 

moisture): 0.0010 kg, [BL]0: 1885 mol/m3, [GVL] 0: 6720 mol/m3 and [Interm]0=[BuOH]0= 0 

mol/m3). 
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4. Conclusion 

Production of γ-valerolactone (GVL) from the hydrogenation of alkyl levulinate over Ru/C is 

investigated more and more because GVL is a promising platform molecule. The use of butyl 

levulinate (BL) instead of levulinic acid present two benefits: decrease of corrosion and low vapor 

pressure of the reaction mixture. The reaction mechanism for this reaction is still under debate; for 

that reason, Bayesian inference was used. The hydrogenation of BL over Ru/C in GVL solvent was 

studied.  

Kinetic experiments were performed in an autoclave under isothermal and isobaric conditions. 

Different kinetic models were evaluated: Langmuir-Hinshelwood (LH) with molecular adsorption 

of H2, LH with hydrogen dissociation, Eley-Rideal with no adsorption of hydrogen, non-

competitive LH with no dissociation of hydrogen and non-competitive LH with hydrogen 

dissociation. For each evaluated model, the catalyzed effect of Ru/C on the cyclization was 

evaluated.   

It was found that the catalyst Ru/C catalyzes the cyclization reaction step. Based on the posterior 

probability and AIC evaluation, the non-competitive LH with no dissociation of hydrogen, 

including the second reaction heterogeneously catalyzed, is the most probable reaction mechanism. 

This model was shown to be correct for a reaction temperature range 373.15-427.15 K, a hydrogen 

pressure range 5.2-23.8 bar, BL concentration range 56-1893 mol/m3 and a catalyst mass 0.00-

0.0028 kg (50wt% moisture). This work highlights the benefits of using Bayesian inference to 

evaluate the most probable models. A continuation of this work could be to test different activated 

carbon support with different acid site concentrations to have a better understanding of the ring-

closure reaction catalyzed by the support.  
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 Abbreviation  

Dj  molecular diffusion coefficient of j [m2.s-1] 

Eai activation energy of reaction i [J.mol-1]  

He Henry’s coefficient [mol.m-3.bar-1] 

ΔHsol dissolution enthalpy [J.mol-1]  

ki Rate constant of reaction i 

kL.a volumetric mass transfer coefficient [s-1] 

(kL.a)modified modified volumetric mass transfer coefficient [(
Pa.s

K
)
0.5

. (
Pa.s

𝑘𝑔.𝑚−3)
0.25

. 𝑠−1] 

rj rate of formation or disappearance of compound j [mol.m-3 .s-1] 

P pressure [bar]  

Ri reaction rate i [mol.m-3.s-1] 

R gas constant [J.K-1.mol-1] 

R2 coefficient of explanation [%] 

T temperature [K]  

Vmolar molar volume [cm3.mol-1] 

wi weight percent 

yi experimental observable 

y
 

mean value of the experimental observables   

 
observable simulated by the model 

 

 

iŷ
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Greek letters 

𝛿  sensitivity factor of a reaction series to steric effects 

µ liquid viscosity [Pa.s] 

𝜌 mass density [kg.m-3] 

𝜔 objective function  

𝜔𝐶𝑎𝑡. catalyst loading [kg_dried basis.m-3] 

 

Subscripts and superscripts 

ave average 

Ref reference 

* interfacial value  

 

Abbreviations 

AIC  akaike information criterion  

BL butyl levulinate 

BHP butyl 4-hydroxypentanoate 

BuOH butanol 

GVL γ-valerolactone 

ROH co-product of the second reaction (butanol) 
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Associated Content 

Supporting Information.  

Supporting information consists of additional information on: Derivation of rate constants, Parity 

plots and Correlation matrix. 
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