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Introduction and objectives 

Nowadays, fossil carbonaceous materials (coal, oil, natural gas) are the primary sources of 

energy and carbon in the production of energy and chemicals, respectively. The conversion of 

the chemical energy of fossil-derived organic materials into other forms of energy like heat, 

mechanical or electrical, is accompanied by adverse effects on the environment. The only way 

to slow down the decay of our environment is to replace the use of fossil fuels with inexhaustible 

and renewable energy sources, such as, hydro, wind, solar and geothermal. It is also important 

that the chemical industry should use renewable carbon resources, like biomass and carbon 

dioxide as raw material as much as possible. It is a directive of the European Union that by the 

year 2030, 32 % of the consumed energy should be renewable. The renewable energy content 

of transport fuels should be increased to 14%. 

Lignocellulose-based biomass is the largest available resource of renewable organic 

material. Its non-food or feed fraction is sufficient to meet the carbon needs of chemical 

industry. The major components of lignocellulose are carbohydrate polymers (cellulose and 

hemicellulose). Applying chemical/biochemical processes they can be converted first into 

monomer sugars and then into alcohols, furfural derivatives and carboxylic acids. All these 

compounds can serve as as platform raw materials for the chemical industry. Establishing the 

scientific and technological founds of the chemical utilization of lignocellulose is a timely and 

important task of research and development. 

Levulinic acid (LA, 4-oxopentanoic acid) is a low molecular weight organic acid, 

containing keto and carboxyl groups, is a promising platform molecule. The production of LA 

is economically feasible by acid catalyzed hydrolysis of plant biomass. Nowadays it is produced 

commercially using the so called "Biofine" process. Due to its reactive functional groups, LA 

is relatively easy to be further converted. Its oxygen content can be reduced by catalytic 

hydrodeoxygenation (HDO). Catalytic dehydration, hydrogenation, and hydrogenolysis are key 

reactions. Through consecutive catalytic hydrogenation and dehydration steps, LA can be 

further transformed into more valuable chemicals even on industrial scale. Through γ-

valerolactone (GVL) intermediate chemicals can be prepared, such as pentane-1,4-diol (1,4-

PD), which can be used as a polymer component, and 2-methyltetrahydrofuran (2-MTHF), 

pentanoic acid esters, alcohols and alkanes, which can be used as fuel surrogates and solvent. 

By appropriate choice of catalyst and reaction parameters, catalytic hydroconversion of 

levulinic acid can be stopped at GVL formation. GVL is a renewable, environmentally friendly 
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solvent that can be used as a food and fuel additive and as raw material in the production of 

fragrances and cosmetics.  

The hydroconversion of LA was investigated on oxide-supported heterogeneous catalysts, 

containing transitional metals in gas and liquid phase reactions. Hydrogen gas was used as a 

reducing agent. Hydrogen is a preferred reactant because it can also be produced using 

renewable solar energy and can be easily separated from the liquid products of the reaction. My 

aim was to explore the reaction network of LA hydroconversion, to find relationships between 

the acidity of bifunctional catalysts, the nature of the supported metal, and the catalytic 

behavior, and ultimately, to further understand the catalytic mechanism. 

Methods 

The heterogeneous catalytic hydroconversions were carried out in a fixed bed flow-through 

reactor. The reaction temperature was 200−300 oC, the pressure 1-30 bar and the space velocity 

was chosen in the range of 0.1-1 (gcatalyst/greactant) hours. The H2/reactant molar ratio was 12. By 

impregnation I prepared Co- and Ni-catalysts using aqueous solutions of Co and Ni salts. SiO2, 

γ-Al2O3 and H-Beta zeolite were used as support. The impregnated support was calcined and 

then reduced in situ in the reactor prior to the catalytic measurements. The reduction process 

was investigated by temperature-programmed reduction (H2-TPR) experiments. The specific 

surface area of the catalysts was calculated from nitrogen adsorption isotherms using the BET 

method. The metal content of the catalysts was determined by atomic absorption spectroscopy 

(AAS). The crystalline metal oxide and metal phases formed on the supports were identified by 

X-ray powder diffractometry (XRD). The average particle size was calculated from the powder 

diffractogram using the Scherrer equation and the dispersion. The hydrogen adsorption method 

was used to determine the metal dispersion. Hydrogen adsorption capacity was measured by 

temperature-programmed H2 desorption (H2-TPD). The acidity of the catalysts was 

characterized by the infrared spectra of adsorbed pyridine (FT-IR). 
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Research results 

The substantiated reaction network of LA and GVL transformations presented here serves 

the better understanding of  the research results summarized in the theses. 

 

Theses 

1. I have shown that the reduced catalysts contain Lewis acid centers in addition to metal 

(Con
0, Nin

0) centers. Lewis acid centers are formed by the interaction of the unreduced cobalt 

and nickel oxide species with the silica support. These centers catalyze dehydration reactions.  

(Described in publications No. 1. and 3.) 

 

2. I have confirmed that over catalyst with dehydration (acid) and hydrogenation (metal) 

functions γ-valerolactone (GVL) is formed from LA via the intermediate angelica lactone. 

The possibility of GVL formation via 4-hydroxypentanoic acid intermediate that could have  

formed by hydrogenation of the carbonyl group of levulinic acid, was excluded.  

 (Described in publications No. 1. and 3.) 

 

3. I was the first to detect surface carboxylate anions formed in LA chemisorption on 

Co/SiO2 catalyst.  The IR bands of adsorbed LA at 1576 and 1442 cm-1 were assigned to the 
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asymmetric (νas (COO-)) and symmetric (νs (COO-)) vibrations of the carboxylate group. The 

adsorption sites must be cobalt/cobalt oxide formations, interacting with the support, because 

carboxylate anions were not obtained from the interaction of LA and SiO2 support.  

(Described in publication No. 1.) 

 

4. I have shown that on the Lewis acid/Lewis base (Co-cation/oxide anion) centers of the 

cobalt oxide the heterolytic dissociation of LA takes place and a surface levulinate anion and 

proton are formed. It is probable that the enol form of levulinate, 4-hydroxy-3-pentenoate, is 

the activated species leading to GVL formation. From 4-hydroxy-3-pentenoate α-angelica 

lactone is formed by dehydration and intramolecular ring closure. Hydrogenation of the 

carbon-carbon double bond of the angelica lactone on metal Con
0 centers gives GVL.  

(Described in publication No. 1.) 

 

5. I have shown that by appropriate choice of reaction conditions on Co/SiO2 and Co/Al2O3 

catalysts, the hydroconversion of LA can be stopped at the formation of GVL. Not only the 

hydrogenation of the angelica lactone but also the hydrogenolysis of the formed GVL ester 

bond (O(CO)) takes place at the metal centers of the freshly reduced catalyst. 

Pentane-1,4-diol (1,4-PD) is formed which, upon dehydration followed by ring closure is 

converted to 2-methyltetrahydrofuran (2-MTHF). The surface carboxylate structures formed 

in the catalytic reaction reduce the hydrogenation activity of the catalyst and inhibit the further 

conversion of GVL.  

(Described in publication No. 1.) 

 

6. I proved that the initial rate of GVL formation increases with the concentration of 

metallic cobalt on SiO2 and Al2O3 supported cobalt catalysts. This suggests that the rate-

determining step in GVL formation is the hydrogenation of angelica-lactone.  

(Described in publication No. 1.) 

 

7. I have shown that by increasing the reaction temperature, the reaction of LA HDO over 

the Co/SiO2 catalyst shifts from GVL formation to 2-MTHF formation. By increasing the 

temperature, the carboxylate coverage of the active cobalt centers is reduced, thereby the 

hydrogenation and the GVL ester bond hydrogenolysis activity of the catalyst increases.  

(Described in publication No. 1.) 
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8. I have shown that GVL is the final product on Co/Al2O3 catalyst in the hydroconversion 

of LA over a relatively wide temperature range (200-300 ° C). The opening of the GVL ring 

is inhibited because of the low hydrogenation activity of the catalyst due to the strong 

interaction between the cobalt oxide and the Lewis acidic γ-Al2O3 support. 

 

9. I proved that the formation of GVL is the primary reaction on the highly dispersed 

Ni/SiO2 catalyst from LA. Furthermore, I have shown that by changing the space time and the 

pressure, the GVL ring opening can be controlled. At high space time and atmospheric 

pressure GVL is converted to pentanoic acid (PA). Pentanoic acid is formed on the catalyst 

without Brönsted acid sites by hydrogenolysis reaction. At higher pressures (10-30 bar), with 

higher hydrogen coverage of active metal centers, the ester bond (O(CO)) of GVL is 

cleaved to form pentane-1,4-diol (1.4 PD) by uptake of two hydrogen molecules. 1,4-PD is 

dehydrated on the Lewis acid sites and 2-MTHF becomes the major product.  

(Described in publication No. 3.) 

 

10. I have confirmed that on the strong Brönsted acidic Co/H-Beta zeolite catalyst from LA 

or GVL pentanoic acid is formed via the pentenoic acid intermediate through 

protonation/rearrangement/deprotonation/hydrogenation mechanism. At higher temperatures, 

further reduction of pentanoic acid produces pentan-1-ol, and then pentane is formed through 

pent-1-ene intermediate. The reaction between pentanoic acid and pentan-1-ol produces 

pentanoic acid pentyl ester (PPE). It has been shown that SiO2 and Al2O3 supported catalysts 

with lower Co-dispersion are not active in GVL conversion to pentanoic acid.  

 

11. I verified that the pentan-2-ol product on the Co/SiO2 catalyst is mainly obtained by 

hydrogenation of the pentan-2-one intermediate formed by cleavage of the 2-MTHF C-O 

bond. Pentan-1-ol is formed primarily by hydrogenation following dehydration of 1,4-PD. 

The primary product of GVL conversion is 2-MTHF, while pentan-1-ol is formed in the 

secondary reaction.  

(Described in publication No. 2.) 

 

12. I proved that during the first step of GVL hydroconversion the carbonyl group of GVL 

is hydrogenated and 2-hydroxy-5-methyltetrahydrofuran intermediate is formed. 

Subsequently, the C-O bond next to the hydroxyl group in the furan ring is cleaved and the 

intermediate is converted to pentane-1,4-diol by the addition of a second hydrogen molecule. 
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Hydrogenolysis of the C-O bond next to the furan ring methyl group was excluded because of 

the formation of a less stable geminal diol. On the Lewis acid centers 1,4-PD is converted to 

2-MTHF by dehydration. It is probable that GVL molecules interacting with the OH groups 

on the silica support are the activated species.  

(Described in publication No. 2.) 

Conclusions 

I have studied the heterogeneous catalytic hydroconversion of levulinic acid and its 

derivatives. Understanding the reaction mechanism can help to scale up the process. The Co 

and Ni catalysts I have prepared can be used for the continuous production of high value-

added compounds.  
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