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1. INTRODUCTION 

The automotive fuels and raw materials for the chemical industry are for their gratest 

part of fossil origin. Clearly, the supply of fossil feedstocks is getting more and more limited. 

Concerning the increasing price of fossil commodities and their harmful effects on the 

environment, it is of great importance to find new types of fuels and basic chemicals. 

Alternatives are the renewable biomaterials including the so-called second generation (2G) 

biofuels and industry chemicals. They can be produced from non-edible biomass consisting of 

cellulose, hemicellulose and lignin. One of the most important 2G biomaterials is levulinic 

acid (2-oxo-pentanoic acid) (LA), from which -valerolactone (GVL) and ethyl levulinate 

(ELA) can be produced. These are the model molecules for my PhD study. 

-valerolactone has a pleasant odour, it is a C-5 cyclic ester, which occurs in natural 

sources. Recently, István Tamás Horváth and co-workers have developed a very efficient 

catalytic method for the production of GVL from carbohydrates. Following the pioneering 

work of the Hungarian researchers, GVL has become the focus of interest to produce it from 

biomass and concerning its organic chemistry. Ethyl levulinate can be produced on an 

industrial scale from biomass through levulinic acid using the BIOFINE technology; ELA is 

also a promising renewable chemical feedstock and biofuel. 

     

-valerolactone (GVL)   ethyl levulinate (ELA) 

Sustainability is a key aspect for the realization of the „bioeconomy”. This aspect 

requires the consideration of the effect of the new biomaterials on the environment, including 

the chemistry of the environment. It is unavoidable that GVL and ELA get into the 

atmosphere, during their practical application influencing the quality of air through their 

chemical reactions. Use of GVL and ELA in IC engines may also produce harmful pollutants. 

The complex chemical processes of combustion and the atmosphere are studied by using 

computer models. Reliability of the models is dependent on the kinetic and photochemical 

parameters of the constituting elementary processes. The subject of my thesis is the 

determination and discussion of such parameters.  

I have selected -valerolactone (GVL) and ethyl levulinate (ELA) as models of my 

PhD research motivated by basic reaction kinetic and photochemical objectives. Beyond the 
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academic interest, I have always considered the practical implications of my results. The 

following elementary reactions and photochemical processes have been investigated: 

  (1) k1 (T, p) 

  (2) k2 (298 K, p) 

  (3) 3 (298 K, ) 

  

 

(3a) 3a (298 K, 248 nm) 

  (3b) 3b (298 K, 248 nm) 

  (4) k4 (T, 1600 mbar) 

I have determined rate coefficients for elementary reactions (k1, k2 and k4), studied 

their temperature and pressure dependences (T, p). The kinetic results have been discussed in 

terms of structure-reactivity relationships. I have determined the absorption spectra of GVL 

(GVL ()) and applied the respective absorption cross sections for deriving photodissociation 

quantum yields as well as the primary quantum yields for the products but-3-ene-2-yl-formate 

(BF) and acetaldehyde (3a and 3b). 

In the kinetic literature, the elementary reactions of OH radicals have been studied by 

for the most, which are discussed also in several critical data evaluations. It is surprising then 

that no work has been published on the OH + GVL (1) and OH + ELA (2) reactions. Thus, it 

is not known how the ring structure effects the reactivity since no kinetic investigation has 

been performed on the reaction of OH with a cyclic ester. I have studied the temperature 

dependence of the OH + GVL reaction in order to examine if the reaction obeys the Arrhenius 

law or it deviates from the usual temperature dependence. One of the motivations for study is 

that more and more OH reactions of polar molecules have been found not to follow the 

Arrhenius law: the temperature dependence of the rate coefficient becomes less-and-less 

pronounced with decreasing temperature. It is not known, however whether such temperature 

dependence occurs for the reaction of OH with a cyclic ester. 

There are no experimental reaction kinetic results reported on the OH + ELA reaction, 

therefore I have applied an empirical estimation procedure which is proposed in the literature. 
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The estimated value is compared then with my own experimental result to assess if the 

estimation method can be used for the reaction of OH with oxo-esters. 

Surprisingly, the absorption spectrum of GVL was not known prior to my PhD work. 

For this very reason, and in order to apply the respective absorption coefficients for derivation 

of quantum yields for GVL, I have determined the absorption spectrum in acetonitrile and 

water solution as well as in the gas phase at 193 nm. In our research group we have developed 

an experimental method to determine quantum yields (QYs) by using pulsed laser photolysis 

coupled with GC analysis. The photodissociation quantum yield has been determined in the 

gas phase at 193 nm and in acetonitrile solution at 193 and 248 nm. Several qualitative and 

quantitative analytical methods have been applied to determine the products of the photolysis 

for GVL. My main objective was to propose a new photochemical mechanism for GVL and to 

compare it with the reported in the literature. 

Thermal decomposition of ELA also takes place during its high temperature oxidation 

when it is used in an internal combustion engine. The most efficient way of investigating high 

temperature chemical reactions is provided by the Shock Tube (ST) experimental technique 

which is, however, very expensive. Thus, it was my pleasure to have the opportunity to 

perform ST experiments at the Karlsruhe Institute of Technology in Germany. 

Apart from reaction kinetic and photochemical investigations, I have participated in 

engine performance and emission studies of GVL at the Department of Energy Engineering of 

the Budapest University of Technology (BME). 

2. EXPERIMENTAL 

I have used several experimental setups and methods in my reaction kinetic and 

photochemical experiments, characteristic for them is that most of them involve the 

application of pulsed lasers. The experimental arrangements and methods were mostly 

available, but I also participated in the development and optimalization of the experimental 

techniques. 

Kinetic experiments of the elementary reactions were performed by using the so-called 

„direct” or „absolute” methods, where the atoms and free radicals were detected directly by 

using optical methods at the ms or μs time scale. 

The OH-reactions were studied by the application of the complementary experimental 

techniques of Discharge Flow (DF) and Pulsed Laser Photolysis (PLP). Rate coefficient for 

overall reactions have been determined under pseudo-first-order conditions in large excess of 

reactants over the OH concentration. At aplying the DF method, the reactions were carried out 
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in a fast flow of helium in an isothermal flow tube. The OH radicals were produced by 

reacting H atoms with NO2 inside the movable injector positioned axially in the middle of the 

reactor; H atoms were produced by microwave dissociation of H2. OH radicals were detected 

by resonance-fluorescence (RF). The analytical light source was an OH resonance lamp 

operated by microwave discharge of flowing water vapour (excitation and detection at ~308 

nm). The DF method is suitable for the study of elementary reactions at a few mbar of 

pressure when the basic operational condition applies that the reaction time can be given by 

the internal diameter of the reactor and the flow rate. 

The OH radicals were generated by the 248 nm exciplex-laser photolysis of nitric acid 

vapour and detection was achieved also by the RF method in the PLP-RF experiments. 

Following the laser flash, the OH radicals enter reaction with GVL or ELA and their 

concentration decreases. The rate coefficients of the reactions could be determined by 

recording and analysing the „decay” of the RF signal; the PLP-RF method provides reliable 

results above ~30 mbar pressure. 

My study tour in Germany provided the opportunity to study the thermal 

decomposition of ELA by using the Shock Tube (ST) method. The shock wave generated and 

reflected in the shock tube heats-up the reaction mixture in a very short time to a high 

temperature (T = 1300 – 1500 ), where the thermal decomposition of ELA takes place. The H 

atoms formed in the reaction were detected by light absorption using the Hydrogen Atomic 

Resonance Absorption detection method (H-ARAS). The rate coefficient was determined by 

analysis of the time history of the H-ARAS signal in the experiments. 

The photolysis experiments were carried out at 193 and 248 nm wavelength using 

exciplex lasers. The photodissociation quantum yield of GVL was determined measuring the 

depletion of the concentration of GVL by gas chromatographic analysis (GC). Samples were 

withdrawn from the photolysed mixtures at regular time intervals and the number of laser 

pulses and the laser energy were recorded. GC and GC-MS analytical methods were used for 

the identification and quantitative measurements of the photolysis products. But-3-ene-2-yl-

formate and levulinic aldehyde were synthesized by novel synthetic methods. But-3-ene-2-yl-

formate and acetaldehyde were measured quantitatively by GC and their primary product 

quantum yields were obtained by kinetic analysis of the experimental results. 

I have joined to GVL engine studies in the György Jendrassik Laboratory of BME: we 

have measured engine parameters and the composition of the exhaust gases. 
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3. POSSIBLE PRACTICAL APPLICATIONS 

My PhD thesis presents essentially a fundamental photochemical and reaction kinetic 

research which has, however, practical implications as well. The indirect aspects are related to 

combustion and atmospheric chemistry and the results of the engine studies may gain direct 

practical applications as well. Clearly, it is of importance to investigate the effect of the new 

biofuels and industrial chemicals on the chemistry of the atmosphere. In my reaction kinetic 

studies I have determined rate coefficients for the OH-reactions of GVL and ELA. By making 

use of the kinetic results, the atmospheric lifetimes for these new biomaterials are estimated to 

be ~10 and ~4 days. These relatively short lifetimes imply that GVL and ELA are not 

expected to accumulate in the atmosphere even if their practical usage will become significant 

in the future. 

One can frequently read in the literature that GVL is „a well known biofuel”. In 

reality, however, my dissertation presents the first detailed study about the application of 

GVL in IC engines. The conclusion is that GVL can be applied in an advantages manner for 

use as a blend to diesel fuel. This is notable in view of the recent suggestion that black carbon 

is the second most important greenhouse constituent in the atmosphere. Beside this, it is well 

known that diesel smoke is very harmful to human health as being mutagenic and 

carcinogenic. It has been reported also that diesel engines are major sources of atmospheric 

black carbon world wide.  
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4. NEW SCIENTIFIC RESULTS 

1. The rate coefficient of the gas phase elementary reaction of OH with GVL has been 

determined by using two independent reaction kinetic methods at laboratory 

temperature and at three reaction pressures. The two methods have provided results in 

good agreement supporting their reliability. Thus, the average is proposed for the rate 

coefficient of the OH + GVL reaction at room temperature: k1 (298 K, 2,95 – 91 mbar 

He) = (1.17 ± 0.11(2)) 10
–12

 cm
3
 molecule

–1
 s

–1
. The rate coefficient is independent of 

pressure in the studied pressure range, which is in line with the suggestion that the 

reaction likely occurs by hydrogen abstraction mechanism. 

 

2. The temperature dependence of the OH + GVL reaction has been studied over the 

temperature range 298 – 423 K. The temperature dependence has been concluded to 

deviate from the Arrhenius law: the rate coefficient in the lower temperature range 

changes less-and-less with decreasing temperature. The non-Arrhenius behavior can be 

explained by noting that prereaction complex is likely formed on along the reaction path 

promoting quantum chemical tunnel effect which becomes important at low 

temperature. The experimentally determined temperature dependence is described well 

by a 2-exponential rate expression (T = 298 – 423 K): k1 = 9.1 10
–13

 exp (66.9 / T) + 5.4 

10
–9

 exp (–3606,2 / T) (cm
3 

molecule
–1 

s
–1

). The OH radical reacts with relatively high 

rate with GVL, but it is slower compared with the OH + aliphatic ester reactions 

suggesting a reactivity-reducing effect of the cyclic ring structure of GVL. No kinetic 

data for the reactions of OH with GVL and ELA have been reported so far. 

 

3. The rate coefficient for the reaction of OH with ethyl levulinate has been determined at 

room temperature varying the other experimental parameters in a wide range. The 

following result has been obtained: k2 (298 K, 47 – 89 mbar) = (3.43 ± 0.52) 10
–12

 cm
3

 

molecule
–1

 s
–1

. No study on the kinetics of this reaction has been reported and even no 

kinetic results have been published on any other OH + oxo-ester reaction. Thus, the rate 

coefficient has been estimated by using an empirical group additivity procedure 

(Atkinson method). The estimated rate coefficient has been found about 40% larger than 

the experimental one. The reason of the substantial discrepancy can be attributed to the 

fact that the group additivity factors reported in the literature are not appropriate for 

estimating the rate coefficients of the reactions of oxo-esters with OH. 
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4. In the shock tube experiments of ELA the formation of H atom was observed which 

obeyed first order kinetics (T = 1300 – 1500 K, p = 1600 mbar). This result has been 

discussed in terms of an H atom elimination reaction of ELA. The derived activation 

energy, EA,4 = 212.9 kJ mol
–1

, is much smaller, however, than one would expect for an 

unimolecular decomposition reaction via the breakage of a C–H bond. This observation 

indicates the occurrence of secondary reactions from which H atoms are formed in fast 

reactions during the pyrolysis of ELA at high temperature. 

 

5. The absorption spectrum of GVL has been found to have a wide absorption band with 

maxima at 212 and 203 nm wavelegths in acetonitrile and water solutions, respectively. 

The determined absorption cross sections have been utilized for the calculation of 

quantum yields for GVL. The absorption cross sections at the wavelength of the pulsed 

laser photolysis experiments are the following: GVL (CH3CN, 193 nm, 298 K) = (1.04 

± 0.10) 10
–20

, GVL (CH3CN, 248 nm, 297 K) = (1.42 ± 0.24) 10
–21

, GVL (g, 193 nm, 

298 K) = (9.73 ± 0.50) 10
–20

 cm
2
 molecule

–1
. The absorption spectrum of GVL was not 

known previously. 

 

6. The photochemistry of GVL was studied using exciplex-laser photolysis at 193 and 248 

nm wavelengths. The photodissociation quantum yield (GVL consumption) has been 

determined in the gas phase and acetonitrile solution. The following quantum yields 

have been proposed: 3 (193 nm, g) = 0.49 ± 0.04, 3 (193 nm, CH3CN) = 0.23 ± 

0.70, 3 (248 nm, CH3CN) = 0.32 ± 0.02 (T = 298 K). Several photolysis products 

have been identified, including but-3-ene-2-yl-formate, levulinic aldehyde, ethylene, 

acetaldehyde, trans-2-butene, cis-2-butene, methane, acetylene, ethane, propene, 

methanol, carbon-monoxide and carbon-dioxide. Primary product quantum yields for 

but-3-ene-2-yl-formate and acetaldehyde have been estimated providing the following 

results at 248 nm: 3a (but-3-ene-2-yl-formate) = 0.28 ± 0.02 és 3b (acetaldehyde) = 

0.04 ± 0.01 (T = 298 K). 
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7. The photodissociation quantum yield has been determined to be significantly less than 

unity. Moreover, the sum of the primary quantum yields of BF and acetaldehyde in 

acetonitrile solution has been found approximately equal with the photodissociation 

quantum yield ( = 248 nm, T = 298 K). The identified photolysis products and the 

determined quantum yields support the proposed photochemical mechanism. In this 

mechanism, following light absorption, the GVL ring opens at different sites forming 

different biradicals. Complex rearrengements or CO2-elimination leads to the formation 

of the identified products. The less-than-unity quantum yield can be understood by 

considering that the biradicals can reform the initial GVL molecule. 

 

8. Engine performance and emission studies have shown that GVL can well be applied as 

a blend for diesel engines: although GVL slightly reduces brake power and increases 

fuel consumption, but it reduces very significantly the smoke concentration of the 

exhaust gas. 
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