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Abstract 

Introduction 

The non-edible Biomass is an abundant and relatively cheap carbon source that 

can be quickly reintegrated and that is ethically accepted because they cannot be 

used as a food source. They represent the best candidate to supply both energy 

and non-fossil carbon for our industrial society and have an enormous potential 

since they can be transformed into useful platform chemicals through 

biotechnological or thermochemical conversion steps.  Levulinic acid (LA) was 

highlighted as one of the most promising platform chemicals mainly obtained 

from acid hydrolysis of lignocellulosic biomass because its synthesis is easier 

respect to other possible building block derived from cellulose. However, the 

actual chemical processes limit an economically convenient production in 

commercial quantities. Levulinic acid esters (LAEs) or alkyl levulinates fall certainly 

within the most important derivatives of levulinic acid and represent strategic 

value-added chemicals from a biofuel-market perspective, as biofuel additives, 

replacing current chemicals synthetized from petrochemicals.  At the present, 

ethyl levulinate (EL) is the most widely studied alkyl levulinate since it provides a 

better blending option with fuel likewise other higher alcohols (butyl levulinate). 

The big advantage of EL is that it is synthetized with ethanol, which is traditionally 

produced from renewable resources. 

In this thesis work, the use of heterogenous catalysts for esterification reaction, 

with a deep investigation on kinetic aspects to design and optimize industrial 

reactors, will be investigated. By hydrogenation of levulinic acid it is possible to 

obtain γ-valerolactone, that is a very interesting solvent that can substitute the 

traditional solvents. This reaction is the second object of these project. 

 

Thesis organization  

The thesis after a general introduction to the production and uses of Levulinic Acid 

(Chapter I) is organized in 2 parts: levulinic acid esterification (part A) and levulinic 

acid hydrogenation (part B) 
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Part A 

The first chapter of Part A is devoted to the state of art on levulinic acid 

Esterification (Chapter II). The successive chapters describe the experimental 

work. In Chapter III the results on the influence of reaction parameters on the 

esterification reaction of Levulinic acid with different catalysts (Amberlyst-15, 

Amberlite IR120 and Dowex 50Wx8) is reported. Chapter IV is devoted to the 

study of process intensification from batch to continuous reactor for the ethyl 

levulinate synthesis with Amberlite IR120 as catalyst. The possibility to use a 

chromatographic reactor, to integrate reaction and separation stages, is 

described at the end of Part A in Chapter V 

Part B 

In Chapter VI the state of art on levulinic acid hydrogenation is reported. 

The experimental work, reported in Chapter VII, was devoted to elucidate the 

influence of catalyst acidity in γ-valerolactone yield, and a deeper analysis on the 

performances of SiO2/Nb2O5/RuO catalysts, prepared via sol-gel technique was 

conducted. 
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CHAPTER I 

Levulinic acid as a building block for chemistry  

State of the art 

Preamble 

In this chapter the background (paragraph 1.1) of the research project, 

highlighting the necessity of bio-chemicals to decrease the world’s dependence 

on fossil resources is presented. From hydrolysis of lignocellulosic biomass, it is 

possible to produce levulinic acid that was considered as one of the most 

promising platform chemicals (paragraph 1.2) and the literature about the 

continuous processes for the commercial production of levulinic acid is described 

(paragraph 1.3). In paragraph 1.4, derivatives of levulinic acid and their application 

is listed and briefly explained; while paragraph 1.5 provides an outline of the 

research aim that will be focused on their dedicated chapters. 

 

1.1. Introduction  
To satisfy the ever-growing global energy demand fossil resources such as coal, 

oil and natural gas are still extensively used. Nevertheless, at the current 

consumption rhythm, the global resources will eventually run out. Based on BP’s 

Statistical Review of World Energy 2016, we would have about 115 years of coal 

production, and roughly 50 years of both oil and natural gas remaining (Figure 1). 
1, 2 

 

Figure 1.1. Years of global oil, natural gas and coal left, reported as the reserves-to-product 

ratio which measures the remaining amount of a non-renewable resource, expressed in 

time. 
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In this scenario to safeguard our future and to bring it towards “green chemistry” 

perspective, sustainable alternatives have been taken in account. Biomass is the 

best candidate to supply both energy and non-fossil carbon for our industrial 

society. Biomasses are relatively cheap, quickly reintegrated and ethically 

accepted by the society because they cannot be used as a food source and for 

that they are considered as a second-generation raw material. 3,4 

Moreover, the substitution of fossil source with biomasses is fundamental for the 

solution of the greenhouse gas emissions problem (changing global climate), 

indeed the CO2 generated by its transformation into chemical products and 

biofuels or by the combustion of the latter, it is reused by existing plants for the 

photosynthesis process and for biomass regrowth.  

In the last decade, many studies have highlighted the enormous potential of 

lignocellulosic biomass, in the large framework of opportunities deriving from 

renewable energy sources, as a key resource for the development of a more 

sustainable chemical and energy industry. 3,5,6 

Also, lignocellulosic biomass is considered as “second generation biomass” and 

includes non-food crops such as wood, agriculture waste, paper mill discards, 

grass and organic waste. The composition of lignocellulosic biomass could be 

roughly represented by a ratio of ca. 38–50% of cellulose, ca. 23–32% 

hemicellulose and ca. 15–25% lignin, but it differs for different types of biomass 

and geographical origin. Cellulose is a linear polymer of glucose linked by bond β-

1,4 and have a crystalline structure obtained through intra- and intermolecular 

hydrogen bonding networks, that give structural strength to the plants. 

Hemicellulose is also a polymeric material consisting of C6-sugars (glucose, 

mannose and galactose) and C5-sugars (mainly arabinose and xylose). 

Hemicelluloses have random, amorphous structure that provide structural 

strength by linking cellulose fibers into microfibrils and cross-linking with lignin 

through hydrogen bonds and van der Waals forces. Lignin is an amorphous, 

mononuclear aromatic compounds that fills the spaces in the cell wall between 

cellulose and hemicellulose through combinations of hydrogen bonds, ionic -

interactions, ester and ether linkages and van der Waals interactions. 7–10 

The pre-treatment of lignocellulosic biomass is not an easy step since the lignin 

creates a barrier effect limiting the accessibility to cellulose and hemicellulose. 

Therefore, the purpose is to break the lignin structure and separate the cellulose 

in order to increase exposure to enzymes in the hydrolysis phase.  
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Figure 1.2. Pretreatment effect on the lignocellulosic biomass. 

Principally, the treatment methods include physical, chemical, thermophysical, 

thermochemical, and biological. Through thermochemical processes (i.e. 

gasification, hydrolysis and pyrolysis) the entire biomass is considered as 

feedstock and is pre-treated in order to extract polysaccharides, and it is a very 

significant step. Formation of monosaccharides, such as hexoses and pentoses, 

occurs after polysaccharides hydrolysis.11–14 Then, there are several processes for 

transforming each sugar to the key intermediate, such as furfural, 5-

hydroxymethylfurfural (5-HMF) and levulinic acid (LA). 9 

 

Figure 1.3. Reaction scheme for the conversion of lignocellulosic biomass. (Adapted from 

[15]) 

These products are highly desired: the glucose, for example, is important in the 

conversion process to bioethanol; the 5-HMF is the ideal candidate in the 

production of the biofuel precursors and polymers and the levulinic acid can be 

utilized to produce various bio-chemicals (succinic acid, resins, polymers, 
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pharmaceuticals) and oxygenated fuel additives. Furthermore, in the conversion 

of hexose sugars to levulinic acid there is also a parallel formation of formic acid 

that is a low value chemical product used specially in the production of 

plasticizers, formaldehyde, textiles and pharmaceuticals. As well, formic acid find 

application as a source for hydrogen production and it can be used in the reaction 

of levulinic acid to higher value products via transfer hydrogenation. 16–18 

The facility in which are collected all the biomass conversion processes, at the 

purpose to transform it in products that find an application in the production of 

fuels, power, heat and platform chemicals, is defined Bio-refinery as described by 

the American National Renewable Energy Laboratory (NREL). 19–21 The bio-refinery 

of the future will be similar to the hodiern petrochemical refinery. It will be a 

highly integrated system of optimized processes from the point of view of energy 

efficiency and use of resources. 

 

1.2. Top-value added chemicals: levulinic acid 
Researchers from Department of Energy of the National Renewable Energy 

Laboratory Documents (DOE/NREL) have identified twelve sugar-based building 

blocks, after screened approximately 300 substances, by evaluating the potential 

markets of their derivatives and the complexity of the synthetic pathways.11,22 

Among these, levulinic acid was highlighted as one of the most promising platform 

chemicals from hydrolysis of lignocellulosic biomass (Fig.2) for fuels and chemicals 

and because it can be obtained from a wide range of feedstocks, becoming a 

chemical bridge between petroleum processing and biomasses. 

Levulinic acid (LA), is a crystalline γ-ketoacid also known as 4-oxopentanoic acid 

(or 4-oxovaleric acid).  

 

Figure 1.4. Levulinic acid molecular structure. 

In 1840 the Dutch professor G. J. Mulder mentioned levulinic acid for the first 

time, he prepared LA by heating fructose with mineral acids at high temperature 
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(reaction 1), but there aren’t details about reaction conditions and LA yield.23 

 

(1) 

LA is readily soluble in water (675 g/L at 293.15 K), ethanol, diethyl ether, acetone 

and many other organic solvents, and it crystallizes at room temperature. The 

main physical properties of LA are given in Table 1.1. 3,24 

Table 1.1. Physical properties of levulinic acid. 

Physical properties Value 

Color Clear yellow 
pKa 4.65 (at T=273 K) 
Melting point 306 to 308 K 
Boiling point 518 to 519 K 
Density 1.1447 g/mL (at T=298,15 K) 

Heat of vaporization (423.15 K) 0.58 kJ/mol 
Heat of fusion 79.8 kJ/mol 

The feedstock and processing conditions determine the levulinic acid production 

as showed by technoeconomic evaluations and there are a lot of reasons why its 

production does not reach commercial quantities. 25 The main reason is the raw 

material costs, used for production of high purity levulinic acid, that involves 

petrochemical feedstocks as maleic anhydride and furfuryl alcohol. The recovery 

problems of the levulinic acid due to its inherent physical properties, then the  

equipment costs which should include also a catalyst recovery plant and, in the 

end, the high temperatures required for the conversion reaction. 18 Today the 

best approach is the investigation of the conversion of lignocellulosic materials 

and its reaction to produce LA with catalysts, both homogeneous and 

heterogeneous, thanks to which the reaction speeded-up and numerous studies 

have been published in the last decades in this regard, in particular there are some 

new in- depth reviews on this topic. 26–28 

-  Homogeneous catalysts 

In table 1.2 are show an overview of different biomasses as starting materials in 

the LA synthesis using homogeneous catalysts. The most used are HCl and H2SO4 
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through which 73% and 81% as maximum LA yields are respectively obtained from 

fructose while using glucose as feedstock, lower yields of LA are obtained. Several 

factors have an impact on the activity and reactivity of mineral acids: catalyst 

concentration and strength, typology and concentration of used feedstock and 

finally the reaction conditions (time and temperature). 26 However, the major 

challenge is still the separation of LA from mineral acid, assuming that these acid 

catalysts are difficult to recycle and are harmful to the equipment. Generally, the 

homogeneous catalyst separation requires flash separation and organic solvent 

extraction respectively for HCl and H2SO4 from LA. Nowadays, ionic liquids (ILs) 

have gained wide interest in green catalysis field due to their properties such as 

low volatility, high boiling point and high polarity. SO3H-functionalized ionic liquids 

(SFILs) are an optimum alternative in term of separation and reuse.  

Ren et al.29 using 1-methyl-3-(3-sulfopropyl) imidazolium hydrogen sulfate  

([C3SO3Hmim]HSO4) has reached 86.1% LA yield starting from depolymerized 

cellulose. Shen et al. 30 has studied the 1-(4-sulfonic acid) butyl-3-

methylimidazolium hydrogen sulphate ([BSmim]HSO4)4 achieving a LA yield to 

39.4%. In this work, the ([BSmim]HSO4)4 was also used to study the reusability of 

the IL catalysts and it show a good catalytic activity after four repeated runs. A 

drawbacks in the use of ILs is their high cost and their difficult to purification.31 
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Table 1.2. Overview of LA yield from different feedstocks with homogeneous catalysts in 

water. 

Feedstock Catalyst T 

(°C) 

Reaction 

time 

YLA (wt%)*  YLA (mol %) Ref. 

Glucose H2SO4 1 M 140 1 h - 59 [32] 

 H2SO4 2 M 170 2 h 41 80.7 [33] 

 HCl 2M 170 30 min 49 - [33] 

Fructose H2SO4 1 M 140 30 min - 74 [34] 

 H2SO4 2 M 170 30 min 43 - [33] 

 HCl 2M 100 24 h 81 - [35] 

Extruded starch 4% H2SO4 200 40 min - 67 [35] 

Paper sludge 98% H2SO4 200 1 h 15.4 27.1 [26] 

 37% HCl 200 1 h 31.4 55.1 [26] 

Bagasse HCl 4.5 wt% 220 45 min 22.8 82.7 [36] 

Poplar sawdust 37% HCl 200 1 h 29.3 51.0 [36] 

Cellulose H2SO4 2 M 170 50 min 34 - [33] 

 HCl 0.927 M 180 20 min 60 - [35] 

 [C3SO3Hmim]HSO4 

16.7 wt% 

170 5 h - 86.1 [29] 

 [BSMim]HSO4 120 2 h 39.4 - [30] 

*LA yields measured using HPLC or GC analysis and based on the amount of C6 sugars in the 

feedstock 

Despite this is a promising result, the application in large-scale is difficult due to 

the complex synthesis process and the high cost. 

- Heterogeneous catalysts 

Even though homogeneous catalysts are successful, heterogeneous ones offer a 

promising alternative due to their ease recovery and separation and their 

handling nature thus overcoming also technological disadvantages (i.e., 

environment pollution and equipment corrosion). Despite this the deposition of 

humins on the catalyst surface lead to the deactivation of the active sites, 

therefore low LA yields are obtained. The humins are insoluble by-products from 

acid catalyzed hydrolysis/dehydration reactions of biomasses. However, most 

studies have already reviewed reported zeolite, ionic exchange resins (i.e. 

Amberlyst) and among new polymer catalyst designs, a 5-chloro-sulfonated hyper 

branched poly-(arylene oxindole)s) as heterogeneous catalysts that provided the 

highest LA yield. The most representative results are shown in Table 1.3.  Already, 

in 1987 Jow et al.37 used LZY zeolite (Faujasite) powder starting from d-fructose 

to prepare LA achieved the highest yields of up to 66 %. As show in Table 1.3, LA 
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yields obtained from low molecular weight sugars (i.e. fructose and glucose) and 

lignocellulosic biomasses are comparable with yield achieved with homogeneous 

catalysts and to get similar quantities of LA prolonged reaction time are required. 
18 

 

Table 1.3. Overview of LA yield from different feedstocks with heterogeneous catalysts. 

Feedstock Catalyst T (°C) Reaction time YLA (%)*  YLA (mol%) Ref. 

Glucose Amberlyst-70 180 25 h - 50 [38]  

 Fe/HY zeolite 180 4 h 66 - [39]  

 5-Cl-SHPAOs 165 5 h 51 - [40] 

Fructose Amberlyst-15  120 24 h 52  [41]  

 LZY- zeolite  140 15 h 66 43.2 [37] 

 5-Cl-SHPAOs 165 1 h 66 - [40]  

Starch 5-Cl-SHPAOs 165 7 h 50 - [40] 

Nordic pulp  Amberlyst-70 180 60 h - 57 [38]  

Cellulose Amberlyst-70 160 16 h - 69 [42]  

 5-Cl-SHPAOs 165 5 h 48 - [40] 

*LA yields measured using HPLC or GC analysis. The yield calculated in the respective paper is not 

clear.  

Even though heterogeneous catalysts have received extensive attention, in order 

to promote the biomass large-scale application a depth exploration of the 

catalytic mechanism on the reaction of biomass conversion is required. To 

improve the LA yields, other important research topics for the future are also to 

prevent the catalyst deactivation due to the humins deposition, designing new 

catalysts structure involving likewise different organization of the acid sites. 

 

1.3.  Continuous process for the commercial production of 

levulinic acid 

A typical laboratory batch reactor has been used to obtain the results shown in 

Table 1.2 and 1.3 in the previous paragraph. As already mentioned, is not very 

simple to achieve high LA yields and the first application in large scale dates from 

1957 and was proposed by Dunlop and Wells 43 starting from furfural corn cob 

residues. In this process, sulphuric acid was used as catalysts and the corn cob 

furfural residue is mixed with it and with water. The mixture is continuously 

passed through a reactor at a flow rate such that the residence time of the 
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material within the reactor is of 2 h, at 169°C. At this point, the humins that are 

formed during the reaction are separated in a filter unit.  

Thereafter the aqueous mixture, that contain LA, acid catalyst, and formic acid, is 

passed through an upper portion of a solvent extraction column and at the same 

time a water-immiscible solvent (methyl isobutyl ketone) is passed into the 

bottom of column.  The acid so separated is recycled and sent back to the mixer 

prior the reactor. Finally, the extraction solvent is separated from the LA and is 

recycled to the extraction column. Through a vacuum distillation, a further 

concentration and purification of LA is carried out in a fractionation unit achieving 

a LA yield of 19.9 wt % (based on the weight of the dry feedstock).  

Mixer

Filter-press

Solvent extraction column

Feedstock

Sulphuric 

acid

Levulinic acid

LA fractionator

Acid recycle

Humins

Solvent

recycle

 

Figure 1.5. Continuous process to produce levulinic acid from corncob feedstock. Adapted 

from [15]. 

 

The first consolidated technology to commercialize the LA production was based 

on Biofine process patented by Fitzpatrick in 1990 44 and in 1997 45. A block 

diagram of the system is shown in Figure 1.6. 

Tubular 
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Pre-mixer

Filter-press

Back-mix reactor

Plug-flow reflow actor

Feedstock

Sulphuric 

acid

Steam

Humins

Levulinic acid

Formic acid

Furfural

 

Figure 1.6. Continuous process to produce levulinic acid based on Biofine technology. 

Adapted from [15].  

 

The Biofine Process, using a polymerization inhibitor, reduces excessive char 

formation, achieves from cellulose LA yields of 70–80% of the theoretical 

maximum. To reach this goal, feedstock materials for a Biofine plant must be of 

appropriate particle size (ca 0.5 to 1 cm) this guarantees, above all, efficient 

hydrolysis. The feedstock, initially shredded is passed through to a mixing tank in 

which there is sulphuric acid recycled. The process consists of two stages, with 

two reactors. In the first stage, the reaction occurs in a plug-flow reactor at a 

temperature of 210–220°C and a pressure of 25 bar at a mean residence time of 

12 s to effectively hydrolyze the polysaccharides into soluble sugar monomers and 

oligomers. Obviously, considering that the products are removed in continuous, 

and take into account the short residence time, the diameter of the reactor is 

small.  

The second stage is slower than the first one and requires mean residence time 

of 20 min. In this step the reaction occurs in a back-mix reactor, and the operating 

conditions are less severe (190–200 °C, 14 bar). LA is removed from the remaining 

product (formic acid and furfural), while solid by-products are removed in a filter-

press unit. Based on this technology, the first pilot plant was built in New York at 

South Glen Falls (1996-2000) with a capacity of 1 ton per day.21 

A 50 TPD demonstration plant was also built in Caserta, Italy during between 2000 

and 2005 by GF Biochemicals, starting from local tobacco bagasse and paper mill 

sludge. In 2015, GF Biochemicals announced that has started the commercial 

production of levulinic acid. 46 

 



 

 

11 

 

1.4. Potential Applications of LA and Its Derivatives 

Levulinic acid is a precursor for the production of a wide variety of utilizable 

chemicals such as levulinate esters, γ-valerolactone (GVL), succinic acid, α-

angelica lactone, 2-methyltetrahydrofuran (MTHF), δ-aminolevulinic acid (DALA), 

and so on (Fig. 1.7) and it finds applications for several commercial purposes: 

additives, fragrances, solvents, resins, printer ink, drug delivery systems, 

antifreezing agents, polymers, pharmaceuticals, and plasticizers (Table 1.4).  

 

 

Figure 1.7. Derivatives of levulinic acid and their application.  

   

Table 1.4. Levulinic acid derivatives and their potential application (Adapted from [47]). 

Levulinic acid derivatives Applications 

Levulinate esters Solvents, plasticizers 

Ethyl levulinate Food flavoring, fuel additives, fragrance  

γ-valerolactone (GVL) Solvents, biofuels, polymers, fuel additive 

Succinic acid Pesticides, solvents, polymers, lubricants  

α-angelica lactone Solvents, fuel additive   

2-methyltetrahydrofuran (MTHF) Solvents, fuel additive   

δ-aminolevulinic acid (DALA) Cancer treatment, insecticides, herbicides 

Diphenolic acid  
Epoxy resins, adhesives, lubricants, paints, 

polymers 

Levulinic Ketals 
Plasticizers for PVC, polyols for polyurethane 

materials, polymer synthesis 
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The potential applications of LA derivatives have been already reviewed largely 
21,27,35,48, following are list some of the more promising chemicals which potentially 

have the largest markets. 

- Diphenolic acid 

Diphenolic acid (DPA) is a chemical that can find some application specially for the 

synthesis of epoxy resins and polycarbonates. DPA can be synthesized from the 

condensation reaction of LA with two moles of phenol in the presence of Brönsted 

acid 49.   

Initially, DPA was replaced by bisphenol A (BPA), a petrolchemical derived with a 

low cost. Now, the reduced cost of LA production due to the Biofine process made 

possible to reclaim its marketplace. DPA is a structurally analog to BPA but also 

contains a carboxyl group that offers more functionality in the polymer synthesis 

and this will ensure new sustainable opportunities for the chemical industry.  

 

Figure 1.8. Synthesis of diphenolic acid from levulinic acid and phenol. 

The molar ratio of both isomers has an important effect on the final polycarbonate 

properties, as for example the crystallinity and color stability and the formation 

of o,p′-DPA isomer is undesirable. 35 

Homogeneous and heterogeneous catalysts have been used for the synthesis of 

DPA, and Table 1.5 gives DPA yields for some selected catalysts.  

 

Table 1.5. Diphenolic acid yields for selected catalysts. (Adapted from [27]) 

Catalyst T (°C) Reaction time (h) YLA (%)*  Ref. 

HCl (40%-mol of LA) 100 6  28 [50]  

H2SO4 (300%-wt of LA) 25 20  60 [51]  

H3PW12O40/SBA-15 100 8  80 [52] 

Sulfonated hyperbranched 
poly(arylene oxindoles) 

100 16 52 [53]  

[BSMim]HSO4 60 24 93 [54] 
* The yield calculated in the respective paper is not clear.  
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As showed in Table 1.5, the ionic liquids [BSMim]HSO4 exhibited higher catalytic 

activity with 100% selectivity to p,p′-DPA isomer. For that reason and because 

[BSMim]HSO4 can be re-used multiple times, at now this catalyst has been claimed 

as best catalyst for the green production of DPA. 54 
 

- Succininc acid 

Succinic acid (SA) is a versatile compound and different important compounds can 

be derivated from it as γ-butyrolactone, 1,4-butanediol and tetrahydrofuran. In 

addition to the application reported in Table 1.4, SA is largely used in the food and 

beverage industry as an acidity regulator.  

The reaction from which it is possible to obtain SA from levulinic acid is through 

catalytic oxidation with oxidants such as oxygen and peroxides (Fig. 1.9).  

 
Figure 1.9. Synthesis of succinic acid from levulinic acid. 

Some catalysts with relative reaction conditions used for the conversion of LA to 

SA are summarized in Table 1.6. 

 

Table 1.6. Succinic acid yields for selected catalysts. (Adapted from [27]) 

* The yield calculated in the respective paper is not clear.  

Ruthenium based magnetic nanoparticles, Ru(III)-MNP, was found to be highly 

active for oxidation reaction, it is easily recoverable and no oxygen was used as 

an oxidant, thus this method could be a green catalytic oxidation process. 55 

 

Catalyst T (°C) Reaction time (h) Solvent YLA (%)*  Ref. 

Ru(III)- MNP 150 6  - 98 [55] 

Amberlyst-15 80 6 Methanol 36 [56] 

I2/t-BuOK RT 1 Water  87 [57] 

H2WO4 100 6 - 47 [58] 
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- Levulinic ketals 

Levulinic ketals are a class of compounds that are involved as plasticizers for PVC, 

or in polyols for polyurethane materials and in polymer synthesis. LA ketals and 

esters have attracted attention as biodegradable surfactants. They can be 

synthetized from LA or levulinate esters in reaction with an alcohol or a diol/triol 

in the presence of an acid catalysts. 35 

 

  

Figure 1.10. Synthesis of levulinic ketals from levulinic acid or levulinate esters. 

Generally, most studies reported ketalization of levulinic acid esters rather than 

the direct use of levulinic acid that is a relatively unexplored area. The 

bifunctionality of LA provide the possibility to react with polyols (as glycerol, for 

example) in two different reaction way: the keto group can form ketals with 1,2 

or 1,3 hydroxyls, and the carboxylic acid may sustain esterification.  

 

- δ-aminolaevulinic acid 

δ-Aminolaevulinic acid (DALA) is a very expensive product and it is used sparingly 

only for highly selective herbicidal treatment and some brain cancer therapies. 

The conventional mechanism expected the bromination of LA in an alcohol 

medium to give mixtures of 5-bromo- and 3-bromoesters that are separated by 

distillation. Successively, using a nucleophilic nitrogen species (such as sodium 

azide or potassium phthalimide), the 5-bromolevulinate is aminated. This 

synthesis gives low yields at very high cost. The National Renewable Energy 

Laboratory (NREL) showed that DALA can be prepared from LA using sodium 

diformyalmide as the N-nucleophile achieving high yields (> 80 mol %) and purity 

(> 90%). 21,35 
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Figure 1.11. Synthesis of δ-aminolaevulinic acid from levulinic acid. 

 

- Levulinate esters  

The carboxylic group of LA is implicated in an important reaction, i.e. the 

esterification through which are produced levulinate esters using acid catalyst, 

both homogeneous and heterogeneous.  

The esterification reaction of LA is also possible without catalyst, but longer 

reaction time and higher temperature and pressure are required.  

 
Figure 12. Synthesis of levulinate esters from levulinic acid. 

Another way to obtain levulinate esters is the direct synthesis with an alcohol and 

in the presence of a catalyst from monosaccharides, polysaccharides, and 

lignocellulosic biomass. However, the formation of by-products (as formate ester, 

humins, HMF and HMF ethers) lower the yields, for that reason the best method 

to synthetize levulinate esters is to start from LA.   

An in-depth review about the esterification of LA and application of levulinate 

esters will be dealt in a dedicated chapter (Chapter II). 

 

- γ-valerolactone (GVL) 

GVL can be synthetized through a hydrogenation reaction of LA using hydrogen 

gas as the source for hydrogen and suitable catalysts, among the most used there 
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are platinum oxide, Raney nickel, rhenium catalysts and rhodium complexes. 

Different pathways involved in the γ-valerolactone synthesis (see Fig. 13) and they 

depend on the conditions adopted. 

 
Figure 1.13. Synthesis of γ-valerolactone from levulinic acid. 

In a greener and low-cost perspective noble metal-free LA to GVL conversion is 

also possible via catalytic transfer hydrogenation (CTH) using alcohols as hydrogen 

donor. An in-depth review about the hydrogenation of LA and application of GVL 

will be dealt in a dedicated chapter (Chapter VI). 
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CHAPTER II 

Levulinic acid esters from levulinic acid  

 State of the art 

Preamble 

A brief state of the art on levulinic acid esters and the importance of their 

application as biofuel additives are outlined (paragraph 2.1). The synthesis 

mechanism of levulinic acid esters production and the catalysts used are outlined 

in this chapter and current and potential applications of LA and its derivatives are 

explained (paragraph 2.2). Paragraph 2.3 is dedicated to highlighting the 

importance of the chemical reaction kinetics study to optimize the esterification 

reaction. 

2.1.  Introduction  
Levulinic acid esters (LAEs) or alkyl levulinates fall certainly within the most 

important derivatives of levulinic acid and represent strategic value-added 

chemicals from a biofuel-market perspective, as biofuel additives 1, replacing 

current chemicals synthetized from petrochemicals.  

These compounds, among other, can be used as substrates for various types of 

reactions (as addition and condensation) at the ester and keto groups and they 

found applications as bio lubricants2, flavoring and fragrances agents3, 

plasticizers4,5, green solvents6,7, personal care products8 , latex coating 

compositions9 and polymer and resin precursors 10,11.  

Above all, is the use of LAEs as biofuel additives to attract a lot of interest due to 

the ability of this oxygenated compounds to modify some physical properties of 

diesel and gasoline fuels 12–16 replacing in sustainable way aggressive additives as 

tetraethyl lead and according to a report by Grand View Research Inc., in 2022 the 

demand of these compounds to reach almost 49.1 tons and an annual growth rate 

of 3.6%, just consider that the request in the 2014 was of 32.4 tons. 17,18 

Biofuel additives based on LAEs, other than having the common uses like to 

prevent the engine parts corrosion, to enhance the complete combustion of the 

fuel and help to reach the suitable lubricity; after mixed in appropriate 

compositions (generally LAEs/fuel ratio is between 0.5-20 vol%) they exhibit 

excellent properties that make them suitable for such application as good 

oxidative stability, flow-property, flash point-, cloud-point- stability. 19 
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Figure 2.1. Summary of properties to have for blended fuels. Adapted from Badgujar et 

al. [18] 

Furthermore, very important for a green and sustainable future, is that levulinates 

blended with fuels enhance the cleaner combustion process avoiding the formation of 

exhausting pollutants like CO, CO2, hydrocarbon, sulfur and lower NOx emissions. 1 

Consequently, LAEs are ever more reason of R&D initiatives in this field, also due to the 

easiness of synthesis from levulinic acid. There are four different synthetic routes to 

obtain levulinate ester compounds as shown in Figure 2.2. 18 

 

 
Figure 2.2. Different synthesis routes to produce levulinate esters. Adapted from Badgujar 

et al. [18] 
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First route starts from furfuryl alcohol and LAEs are obtained in high yield through an easy 

reaction under relatively mild conditions. This pathway has a disadvantage which is 

production and availability of the furfuryl alcohol. 1,18,20 

The second route is the one-pot synthesis of LAEs from cellulose follows a series of acid-

catalyzed steps, as shown in Fig. 2.2. This process has the advantage to by-pass several 

intermediate reactions but suffer of different drawbacks as humin formation, lower yield 

and selectivity, and is really limited by harsh reaction conditions with high catalyst 

amounts. 21 The third route expect to start from furfural which is firstly reduced to furfuryl 

alcohol and then through an acid-catalyzed alcoholysis transformed in LAEs. In this case, 

disadvantage is the use of hazardous H2 gas for reduction at high reaction temperature 

and pressure. 18,22 

Therefore, all the routes provide for the acid catalyzed alcoholysis and the simplest 

pathway is the fourth, consisting in a direct esterification of levulinic acid with alcohols 

(i.e., methanol, ethanol, propanol and butanol) and in high LAE yields using different 

catalytic systems.23–26 

At the present, ethyl levulinate is the most widely studied alkyl levulinate since provide a 

better blending option with fuel likewise other higher alcohols (butyl levulinate). The big 

advantage of EL is that it is synthetize with ethanol, which is traditionally produced from 

renewable resources and with lower total costs respect methanol and butanol. In mixtures 

with fuels, ethyl levulinate enhance the engine efficiency prolonging the operating life; 

moreover, thanks to the high oxygen content about 33% reduces NOx and CO emissions.27 

 

2.2. Esterification reaction 

The mechanism proposed for acid catalyzed synthesis of LA (Fig. 2.3) involves the 

coordination of the carbonyl oxygen with the active site of catalyst, and the 

formation of a carbocation to which occurs a nucleophilic attack of the alcohol.  

A tetrahedral intermediate is obtained in which there are two equivalent hydroxyl 

groups. One of these hydroxyl groups is eliminated after a proton shift 

(tautomerism) to give water and the ester. 25,26 

 

 

Figure 2.3. Mechanism of acid catalyzed esterification reaction of LA with alcohols to 

produce levulinate esters. 
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The direct esterification of LA with alcohols to produce levulinate esters has been 

studied since about 150 years ago. 28,29 Some years later, study about LAEs 

synthesis was progressively intensified and Sah30 and then Schuette31 et al. were 

the first that published the formation of alkyl levulinates starting with an excess 

of the corresponding alcohols and in the presence of HCl. Earlier studies employed 

mostly homogeneous catalysts (i.e. sulfuric acid, phosphoric acid, p-toluene 

sulphonic acid, etc.) which are low cost and easy to handle specially in modulating 

the acidic strength required for the reaction.1,32 Literature concerning ethyl 

levulinate production with the use of homogeneous catalyst is very poor and 

mostly belonging from the past. 33–35 

Nowadays, the esterification of LA has been carried out using heterogeneous 

catalyst (i.e., solids with Brønsted acidity) that are now the preferred catalysts 

giving moderate to high yields of alkyl levulinates. Very recently, one in-dept 

review article was published by Badgujar et al. 18 in which are summarized the 

scientific progress about the use of various kinds of solid acid catalysts (silica 

based, resins, zeolites, heteropoly- acids, mixed metal oxide, nano-catalyst etc.); 

also the process, advantage and disadvantage, and challenge of the various 

catalytic systems to obtain LAEs from levulinic acid was highlighting.  

 

- Heterogeneous catalysts 

Some of heterogeneous acid catalysts are summarized in Table 2.1 and reported 

in the Badgujar 18 review. As we well know, the choice in the use of solid catalysts 

is due both to their easy separation steps from the products and recovery and 

reuse in various reaction cycles. In the development of new catalysts, from an 

economic and environmental perspective, they must be easy to prepare, low cost 

and have high selectivity to the product. Using solid catalyst, the adsorption of 

reagents on the catalyst surface must be take into account since its significantly 

influence the rate of the reaction. Therefore, the catalyst needs to be designed 

also considering the porosity and channel size, adaptable surface 

functionalities, the surface area, and the chemical and thermal stability.  

 

 

 

 

 

 



 

 

24 

 

Table 2.1. Heterogeneous acid catalysts reported in literature 18. 

 Catalyst LAEs 
Time 

(h) 
Temperature 

(°C) 
Yield 
(%) 

Ref. 

S
il
ic

a
 c

a
ta

ly
st

 

HClO4/SiO2 nanoporous solid-
acid (10% w/w) 

EL 5 100 99 [36] 

HClO4/SiO2 nanoporous solid-
acid (10% w/w) 

BL 5 100 90 [36] 

Tungsten oxide incorporated 
SBA-16 catalyst (0.5 g) 

ML - 250 96 [37] 

Tungsten oxide incorporated 
SBA-16 catalyst (0.5 g) 

EL - 250 95 [37] 

R
e

s
in

 c
a
ta

ly
st

 

Amberlyst-15 (30%) ML 5 64.7 82 [23] 

Amberlyst-15 (30%) EL 5 78.4 71 [23] 

Amberlyst-15 (30%) BL 5 117.7 55 [23] 

Dowex 50Wx2 (0.8%) BL 8 80 94 [32] 

Aquivion mP90 (10 mol%) PL 24  90 92 [38] 

Z
e

o
li
te

 c
a
ta

ly
st

 

H-Y catalyst (10 wt%) BL 4 120 32.2 [39] 

H-ZSM-5 BL 4 120 30.6 [39] 

Micro/Meso-HZ-5 catalyst (20 
wt%) 

ML 5 120 91 [40] 

Micro/Meso-HZ-5 catalyst (20 
wt%) 

EL 5 120 95 [40] 

M
O

F
 c

a
ta

ly
st

 Zirconia containing MOF UIO-66  
(1.8 mol%) 

BL 5 120 99 [41] 

Zirconia containing MOF UIO-
66-NH2 (1.8 mol%) 

BL 5 120 99 [41] 

LAEs: alkyl levulinates, ML: methyl levulinate, EL: ethyl levulinate, BL: butyl levulinate, PL: 

pentyl levulinate MOF: metal organic framework. 

Silica based catalyst aroused great interest from researchers given that can be 

acid functionalized (for example with HClO4, H2SO4, PTSA).  Yang and Tang 36 

synthetize alkyl levulinate using HClO4 as acid sites and nano-porous silica gel as 

support, showing that it is possible to reach high yield. Enumula et al. 37 

demonstrated that the uniform insertion of tungsten oxide into a ordered 

mesoporous silica SBA-16 lead to high yield and showed enhanced acidity and 

activity. Unfortunately, these silica-based catalysts suffer from leaching 
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phenomena losing the activity because the formation of H-bonding in polar 

solvent. In the field of catalyst morphology design, polystyrene sulphonic acid 

resins represent the challenge, thanks to the high ion-exchange capacity, the 

swelling properties and the living polymerization methods that allows for different 

range of structures, modulating acid sites along polymers. Alkyl levulinates 

synthesis from LA on various resin-supported acid catalysts was studied, among 

others, by Tejero et al. 32 who demonstrated the potential of  a gel-type resin as 

Dowex 50Wx2 to produce butyl levulinate with a yield of 94%. Ramli et al. 24 used 

Amberlyst-15 as catalyst for the synthesis of short-chain levulinates, while 

Trombettoni et al. 38 using long chain alcohols to produce LAEs with a cation 

exchange resins, named Aquivion mP90.  

Zeolites represent another group of solid with great catalytic potential. Zeolites 

can be natural or synthetic materials. They are microporous aluminosilicate 

minerals with well-defined channel, pores and cavities that contribute to the 

catalytic activity. They are noted for their ability toward ion-exchange, water 

molecules trap (esterification side product) and adsorption capacity. Even the 

zeolites can be functionalized enhancing the acidic properties. Maheria et al.39 

synthetize butyl levulinate (BL) founding that the preferential order to high yield 

was HY> H-ZSM-5. Nandiwale et al.40 demonstrated the great potential of zeolites, 

in particular of micro/meso-HZ-5 at 20 wt% to produce renewable alkyl levulinate 

reaching high yield 91-95%. 

Among the class of metal organic frameworks (MOF), Zirconium-MOFs formed by 

terephthalate (UiO-66)41 are active and stable catalysts used for the acid catalyzed 

esterification of LA. MOFs are a crystalline micro/mesoporous material formed by 

metal ions or metal clusters interconnected by hydrophobic linkers. Even in this 

case it is possible to modulate the acidity, the cavity size, and the stability of the 

catalyst itself ensuring wide range of features. 

A very interesting paper concerning the production of ethyl levulinate, was 

published by Fernandes et al.26 that have compared different heterogeneous 

catalysts such as zeolite (HUSY, HBEA, HMOR, HZSM-5, HMCM-22) sulfated oxides 

(SnO2, ZrO2, Nb2O5, TiO2) and a commercial sulfonic resin (Amberlyst-15).  
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Figure 2.4. Catalysts screening for the esterification of levulinic acid with ethanol. 

(Adapted from [26]) 

As a conclusion of their own study Fernandes et al.26 demonstrated that the 

activity of the zeolites is correlate to the pore channels rather than the total 

acidity, that is more important in the sulfated oxide catalysts (Fig. 2.4). This latter 

correlation has suggested that strong acidic sites are needed to synthetize ethyl 

levulinate from levulinic acid. Despite zeolites are cheapest materials (prize for 

laboratory application 0.1€/g) they showed low activity (levulinic acid conversion 

lower than 15%). However, Amberlyst-15 is a good candidate as catalyst for the 

levulinic acid esterification reaction, achieving a yield of 54%.  

This promising result is due to the presence of SO3H functional groups supported 

on a polymer matrix made of polystyrene cross-linked with divinylbenzene (DVB) 

that provide the acidic character to the resin and through the which start the 

reaction. The main catalytic resins are Amberlyst 15, Amberlyst 36, Amberlite 

IR120, Purolite, Smopex101 and Dowex. These ion-exchange resins have a lot of 

good characteristics as high surface area, accessibility to the active sites, 

appropriate pore structures, high thermal stability, and the peculiarity of swelling 

property in polar media. They are commercially provided as beads that can have 

either a dense internal structure with or without pores, dividing in gel-type and 

macroreticular resins respectively. Among others, safe to use, readily to remove 

at the end of the reaction, possibility to regenerate and then use several times 
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are the major advantages. The most important parameter that characterizes 

different resins is the cross-linking content (due to the divinylbenzene amount), 

which determines the surface area, the pore size distribution and hence the 

accessibility to the active sites. When the resin is put in contact with the polar 

media, based on the different affinity, the polymeric matrix changes its 

morphology, and this phenomenon is called swelling. Lower the cross-linking 

content, higher is the swelling due to the flexibility of the polymeric matrix. During 

swelling phenomena, enlargement of pore size occurs enhancing the mass 

transfer and the reaction rate. 23 

 

2.3 Kinetic aspects of esterification reaction 

The study of the chemical reaction kinetics plays an important rule to do an 

accurate and safe chemical reactor design. The R&D about this theme already 

begin in the academic laboratories and in research institute at the purpose to 

understand the chemical processes and their reaction kinetics and convert this 

information into a mathematical rate expression. That kinetic expression will 

allow us to understand the influence of the main parameters as temperature, 

composition, speed of agitation and concentration of catalytic active sites. Hence, 

only in this way it is possible to determine the size of the catalytic reactor, 

evaluate the potential industrial applicability of the catalysts, estimate the overall 

costs to realize a production plant and without reliable kinetics is not possible 

predict how eventual secondary reactions may effect on the operational safety 

and the environmental impact of chemicals production unit.42 

Kinetic study on the esterification reaction of LA is relatively well-know, but 

related to specific processes, many gaps exist and only few kinetic investigations 

have been published in the literature on the ethyl levulinate synthesis. Bart et al.34 

was the first, in the early 1990s, to publish the kinetics of the reaction between 

LA and n-butanol in the presence of sulfuric acid. About LA esterification with 

ethanol Nandiwale et al.43 presented a kinetic study based on pseudo-

homogeneous (P-H) model and a second order kinetics using DTPA 

(dodecatungstophosphoric acid [H3PO4·12WO3·xH2O]) supported on desilicated 

H-ZSM-5 as catalyst.  

In this thesis results obtained a in dept kinetic research program on esterification 

of LA with ethanol promoted by different heterogeneous catalysts (Amberlyst-15, 

Amberlite IR120 and Dowex 50Wx8) are reported in the next Chapters. 
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  CHAPTER III 

  

Esterification of levulinic acid with ethanol promoted by  

 ion-exchange resins as catalysts 

 

Preamble 

In this chapter the use of ion exchange resins as catalysts for the synthesis of ethyl 

levulinate is detailed. At the purpose to find new cheapest catalyst for an eventual 

industrial application, batch experiments with different resins are studied: four 

commercial sulfonic resins were tested (Amberlyst-15 dp=600μm, Amberlyst-15 

dp=300μm, Amberlite IR-120 and Dowex 50Wx8). Amberlyst-15, a macroreticular 

structure type and Amberlite IR120 and Dowex 50W-8 as gel-type structure. 

Comparing the activities of them, the kinetics of the reaction, changing the 

operation conditions (i.e., stirring rate, temperature, catalyst loading and 

reactants ratio) was investigated and a reliable kinetic model for the description 

of the experimental data is proposed. As a consequence, it will be possible to 

optimize the production of the ethyl levulinate (EL). 

 

3.1. Introduction  
As discusses in chapter II, heterogeneous catalysts are now preferred to the 

homogeneous one. The heterogeneous approach leads to various advantages, 

not only to safeguard the equipment, otherwise corroded by mineral acids, but 

also to the process design and plant costs. In the last few years, researchers have 

investigated the use of resins as catalysts in the levulinic acid esterification 

reaction. 1–4 

To get a deeper insight into the origin of the performance in the catalytic process, 

it is necessary to know that the structure of the catalyst seems to be a major 

factor.  

The ion exchange resin catalysts are commercially available in spherical resin 

beads and can be of two categories: macroreticular and gel type, based on its pore 

structure. This porous nature directly influences the rate of the catalyzed 

reaction. Besides differing in structure, gelular and macroreticular type differ also 

in their ability to swell when in contact with the reaction media that depend in 

turn on the affinity among their and the capacity to adsorb part of the liquid 
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according to the crosslinking degree of the resin. Since different component take 

part in the esterification reaction (acid, alcohol, ester, and water), the catalyst will 

sorbs selectively each of them in different amount. So, in order the reaction 

proceed it is necessary that the reagents diffuse inside the catalyst and obviously 

swelling process makes the active adsorption sites more accessible. 5 

The rate by which the reagents diffuse into the pore, directly influence the overall 

rate of chemical reaction, for this reason it is important to study the swelling 

phenomena and the eventual pore diffusion limitations. 

The macroreticular resins have permanent mesopores that is the results of partial 

agglomeration of small, dense, and highly cross-linked polymer particles. When 

the resin swells, additional “true” pores open up within a thin layer of polymer 

gel, just beneath the pore walls, and thus only a portion of the polymer structure 

is implicated to form the accessible gel-phase. 

Gel-type resins in dry state does not have any type of porosity and only a few 

catalytic active sites are appreciable on the surface. But, in swollen state, an 

appropriate liquid can pass through the whole polymer structure, due to the 

lower crosslinking degree. A completely accessible gel-phase extends to the whole 

volume of the resin particle.6,7 

The swelling process is shown in figure 3.1. 

 

Figure 3.1. Morphological changes in dry state and in swelling state of a gel-type and 

macroreticular catalyst particle. 
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Consequently, gel-type resins have potentially in catalytic activity much higher 

than their macroreticular counterparts, due to the highest accessible acidic 

groups per unit of volume. Hence, the accessibility to the activated centres is 

always somewhat limited, depending on the swelling of the polymer matrix and 

the steric hindrance of the molecule that take part to the reaction.  

To optimize the production of EL, the reaction kinetics catalyzed by sulfuric acid 

was study to evaluate the dependency of the kinetics on Brønsted concentration. 

Then, the performance of the two catalysts groups through in-dept kinetic study 

were investigated. The kinetic experiments were conducted varying different 

reaction conditions (i.e., temperature, LA: EtOH molar ratio, catalyst amount, 

stirring rate). Take-up and partition tests were performed on the resins in order 

to evaluate parameters such as the swelling ratio and the partition coefficients. A 

reliable model has been developed to describe the experimental data including 

kinetic and mass transfer phenomena, paying attention on both fluid–solid 

external and internal diffusion limitations. In this way, once determinate the 

realistic kinetic parameters, in perspective will allow to design more accurately 

dedicated pilot plants and among the catalysts studied, were chosen the best (in 

term of activity and commercial cost) to test in continuous operation and in 

reactive chromatography. 

 

3.2. Experimental section 

3.2.1. Materials 
The following chemicals were used in the experiments without further 

purification: levulinic acid 98 wt% was purchased by Merck, ethanol 99 wt %, by 

Alfa Aesar. Following ion exchange resin was used as catalysts: Amberlite® IR-120 

(H) was obtained by Room and Haas; Dowex 50WX-8, was obtained by Sigma 

Aldrich. Amberlyst-15 of two different size was used. Amberlyst-15 of 600 μm 
particle size (A15-1); Amberlyst-15 of 300 μm particle size (A15-2). A15-1 was 

purchased from Acros Organics, while A15-2 was obtained from Sigma Aldrich. 

The main characteristics of all the tested resins catalysts are reported in Table 3.1. 

For the analysis of the products, by titration were used: ethanol (96 wt%, by Carlo 

Erba) and phenolphthalein (by Merck) as indicator.  
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Table 3.1. Physical properties of the used ion exchange resin used as catalysts. 

 Particle 
size [μm] 

Active sites 
concentration 

[meq/g] 

Crosslinking 
degree [%] 

Surface 
area 

[m2/g] 

Density 
ρInt  

[g/cm3] 

A15-1 600 4.95 20 53 0.6 
A15-2 300 4.53 20 45 0.6 
Amberlite IR120 620-830 4.40 8 1.53 1.5 
Dowex 50WX-8 150-300 4.83 8 0.23 0.8 

  

3.2.2. Methods 
Esterification of levulinic acid with ethanol in presence of different catalyst groups 

has been carried out in a batch reactor, showed in Figure 2 that consists of: 

-  Stainless steel reactor (Parr Instrument Company, Series 4560), with a capacity 

of 300 cm3, equipped with an external heating jacket. 

- Thermocouple connected to a controller system, which allows to regulate the 

temperature inside the reactor through the heating jacket. 

- Magnetic stirrer on the top of the reactor allowed stirring the reaction mixture 

at the desired rate (100–600 rpm), it is connected to a controller system. 

- Controller system, which can regulate the stirring velocity, temperature of the 

heating jacket and can also detect pressure level inside the reactor.  

- Nitrogen tank.  

- Manometer, to regulate N2 pressure inside the reactor.  

- Pin valve for sampling. A stainless-steel filter of 50 μm mesh it is installed on the 

sampling line to prevent catalyst loss during the sampling procedure.  

- Pin valve for depressurization of the system.  

 

   
 

Figure 3.2. Scheme of the batch system setup (A) and laboratory batch system (B). 

 

A B 
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The classical experimental procedure consists in a pre-treatment of the catalyst 

in an oven at 333 K for 6-8 h, at the aim to remove water, since the resins are 

hygroscopic. This enables to avoiding the shift of the chemical equilibrium in the 

ethyl levulinate synthesis. Then the dried resin is weighted in the desired amount 

along with LA and ethanol and mixed inside the batch reactor for a total of 200 g. 

After the reactor is loaded, it is well sealed and exposed to nitrogen pressure. 

Nitrogen was used as an inert gas to maintain constant pressure (5 bar), 

preventing the evaporation of the lower boiling components (ethanol 351 K) at 

the operating temperatures. Once the operating temperature is reached, the first 

sample is taken through the sampling valve. Each sample is analyzed by acid-base 

titration using standardized 0.1 M NaOH as titrating agent and phenolphthalein 

as indicator, whereas the concentration of ethyl levulinate is determined by GC 

(HP 6890 Series) using a column ZB-Wax and an FI detector. To estimate the error 

on the experimental data, expressed as the standard deviation, each sample was 

analyzed three times. 

 

3.2.3. Take-up and partition experiments  
The experimental tests to evaluate the swelling degree were conducted following 

the steps of Bodamer and Kunin8. The experiments were conducted using a 

graduated cylinder of 10 mL, where an aliquot of 2 mL of dry resin was added and 

weighted. Each compound involved in the reaction was added separately. The 

solutions were mixed from time to time with a rod to improve contact between 

the chemical species and the resin and let increasing for about one hour. The 

absence of change in catalyst wet volume with time indicates the attainment of 

equilibrium. Finally, the catalyst, separated from the solution was weighed to 

obtain the total amount of the liquid incorporated by swelling and then it was 

possible to calculate the take-up factor. 

To determine the real concentration of each reactant/product in the catalyst 

pores, a set of partition tests were conducted. Partition coefficients were 

measured by preparing solutions of reactants/products at different molar ratio, 

simulating samples characterized by different levulinic acid conversions. The tests 

were conducted at room temperature in a single-necked glass flask, in which 

about 2.5 g of dry catalyst was placed in contact with 20 mL of liquid solution for 

30 min. Samples were withdrawn to check when the system reached the 

equilibrium conditions, analyzed via GC-FID method. The details of the method 

are reported here: column Zebron ZB-WAX, stationary phase: 100% polyethylene 

glycol, L = 60m, ID = 0.32 mm, film thickness = 0.25 μm, detector: FID, carrier He, 
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injector temperature: 250 °C, detector temperature 250 °C, column pressure 

14psi, temperature ramp: 150 °C for 0 min, heating at 20 °C/min up to 250 °C, 

temperature isotherm for 25 min. Measured retention times: levulinic acid 11.3 

min, ethanol 5.6 min, ethyl levulinate 6.9 min. The water content in the samples 

was determined by Karl-Fischer titration using Hydranal KetoSolver Hydranal 

Composite 5 K as a titration reagent. 

 

3.3. Results and discussion  

3.3.1 Blank tests  
Experiments are performed firstly in the absence of catalysts to evaluate the 
effect of non-catalytic reaction (Table 3.2). The results are reported in Fig. 3.3 in 
terms of levulinic acid conversion vs reaction time. 
 
Table 3.2. Summary of experiments performed without catalyst. 

Test ν 
[rpm] 

cLA0·103 

[mol/ m3] 

cEtOH0·103 

[mol/ m3] 

nEtOH/ nLA 

[mol/ mol] 

T 

[K] 

Time 

[h] 

1 400 2.54 12.7 5/1 303.15 7 

2 400 2.54 12.7 5/1 323.15 7 

3 400 2.54 12.7 5/1 343.15 7 

4 400 2.54 12.7 5/1 363.15 7 

5 400 6.24 6.24 1/1 343.15 7 
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A maximum conversion of about 7% at 7h was observed at 363K with alcohol/LA 

molar ratio 5:1, since levulinic acid itself is able to act as a catalyst. 

Figure 3.3.  Blank test experiments at different temperature on the left and at different molar 

ration on the right. symbols are the experimental data; lines are the model predictions. 

The activation energy of the non-catalyzed reaction was subsequently evaluated 

through the linearized Arrhenius equation: ݇ = ݁ ܣ  ݌ݔ ൬− ;   ஺ܴܶ൰ܧ    ln(݇) = ln(ܣ) – 
஺ܴܧ ∙ 1ܶ                                           (1)  

From the slope of the linearized Arrhenius equation, obtained by linear fit, it was 

possible to determine a first experimental evaluation of the activation energy of 

the non-catalyzed reaction. ܧ௔ ஻௅஺ே௄ = 29.3 kJ/ mol   

3.3.2 Kinetic study with H2SO4 as catalyst 
Further experiments were carried out with sulfuric acid as catalyst (Table 3.3) 

investigating some operation conditions (i.e., temperature, catalyst load and 

reactant ratio). Despite the homogeneous catalyst are not now preferred, for the 

reasons explained in the Chapter 2, paragraph 2. The goal of these experiments 
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was also to obtain the enthalpy and activation energy values useful as initial values 

in the parameters estimation (see below, paragraph 3.3.4.1). 

 

Table 3.3. Summary of experiments performed without catalyst and with H2SO4 as 

homogeneous catalyst. 

Test ν 

[rpm] 

cLA0·103 

[mol/ m3] 

cEtOH0·103 

[mol/ m3] 

nEtOH/ nLA 

[mol/ mol] 

T 

  [K] 

H2SO4 load 

[mol/ m3] 

Time 

[h] 

1 400 2.53 12.7 5/1 303.15 80 23 

2 400 2.53 12.7 5/1 323.15 80 8 

3 400 2.53 12.7 5/1 343.15 80 7 

4 400 2.53 12.7 5/1 363.15 80 5 

5 400 2.54 12.7 5/1 323.15 40 23 

6 400 2.52 12.6 5/1 323.15 160 6 

7 400 3.60 10.80 3/1 323.15 80 23 

8 400 5.91 6.02 1/1 323.15 20 6 

9 400 6.15 6.20 1/1 333.15 20 6 

10 400 5.91 5.56 1/1 343.15 20 6 

 

As we expected, increasing the temperature, an increase of the reaction rate was 

observed, and shorter reaction times were enough to reach the chemical 

equilibrium. The opposite occurs at lower temperature, where more than 24h 

were necessary. Furthermore, a maximum equilibrium conversion of 90% with an 

ethanol/levulinic acid (EtOH/LA) molar ratio of 5:1 at 363.15K was observed in the 

presence of sulfuric acid with a reaction rate higher than the blank tests. The 

results are reported in Figures 3.4 in terms of levulinic acid conversion vs reaction 

time. 
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Figure 3.4. Effect of temperature (left) and molar ratio (right) on the levulinic acid esterification 

catalyzed by sulphuric acid. Symbols are the experimental data; lines are the model predictions. 

On this set of data, a first experimental evaluation of the activation energy and 

the enthalpy of the reaction catalyzed with sulfuric acid respectively was 

performed obtaining the following values: ܽܧுమௌைర  = 20.5 kJ/ mol   Δܪுమௌைర = 26.2 kJ/ mol   

The enthalpy of the esterification reaction catalyzed by sulfuric acid was evaluated 

through the linearized van’t Hoff equation.  

ቆ߲( ߲ܶ(௘௤ܭ݈݊ ቇ௉ =  −∆௥ܪ଴ܶଶ  ;   ln൫ܭ௘௤൯ = −∆௥ܪ଴ ܴ ∙ 1ܶ +
∆ܵ଴ ܴ                                 (2)  

While ln(Keq) was obtained according to the following equation: 

 ln൫ܭ௘௤൯ = ln ቆ 
ܿா௅௘௤ ∙ ܿுଶை௘௤ܿ௅஺௘௤ ∙ ܿா௧ைு௘௤ቇ                                                                                 (3)  
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Figure 3.5 (left) showed that increasing the catalyst concentration, the reaction 

rate increases as well and as a consequence shorter time is necessary to reach the 

equilibrium composition. These results demonstrated the potential of the 

homogeneous mineral acid, as Brønsted acid catalyst. 

Figure 3.5. Effect of catalyst concentration on the levulinic acid esterification, on the left. Levulinic 

acid conversion plotted versus normalized experimental time by the catalyst bulk density, on the 

right. Symbols are the experimental data; lines are the model predictions.  

 

A maximum equilibrium conversion of 83% with 1%mol (160 mol/m3) of catalyst 

and an EtOH/LA molar ratio of 5:1 at 323.15K. 

An interesting result is observable in Figures 3.5 (right), in which multiplying the 

reaction time per the sulfuric acid concentration, the experimental data overlap. 

As demonstrated in the literature9, this plot is very useful as gives direct 

information: (i) the reaction order with respect to the catalyst load is equal to one; 

(ii) the absence of the external mass transfer resistance is confirmed. 

The result which can be extracted from these data is that the reaction kinetics is 

of the first order respect to the sulfuric acid concentration and a single 

dissociation of sulfuric acid takes place.10 Generally the dissociation of an acid 

depends on the medium, the dissociation of sulfuric acid in water is very high; 

since in this case the medium is ethanol and levulinic acid, different ethanol-to-

levulinic acid molar ratios experiments were carried out showing that by 

increasing the ethanol content, higher ethyl levulinate concentrations are 

obtained. 
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Figure 3.6. Effect of the molar ratio on the levulinic acid esterification catalyzed by H2SO4. Symbols 

are the experimental data; lines are the model predictions 

A maximum equilibrium conversion of 85% with an EtOH/LA molar ratio of 5:1 at 

323.15K. The results are reported in Figure 3.6 in terms of levulinic acid 

conversion vs reaction time.   

3.3.3. Kinetic study with ion exchange resins as 

catalyst 
The four resins were tested in EtOH molar excess (EtOH:LA= 5) at 333K and fixing 

the catalyst amount at 1.5 wt%. All tested commercial sulfonic resins were able 

to catalyse such reaction, the Figure 3.7 shows the effect of the different 

morphological structure of all the resins tested in this study. The catalytic 

activities of the resins decrease in the order: Amberlite IR120>Dowex 50Wx8> 

A15-2≈A15-1.  
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Figure 3.7. Levulinic acid conversion for blank test and the experiments catalyzed by A15-1, A15-2, 

Amberlite IR120 and Dowex 50Wx8. The temperature was fixed at 333K, the levulinic acid/alcohol 

molar ratio is equal to 5 mol/mol. 

The behavior among the two classes of structure, macroreticular and gel-type, is 

similar and some differences are appreciable after 6 hours of reaction. Gel-type 

resins have been found to be more active than macroreticular ones. This is 

somewhat intuitive if it looks at the structure. As mentioned before, the 

macroreticular resins have higher crosslinking degree and as a consequence they 

have more rigid structure, probably this increases the resistance against the 

diffusion lowering their efficiency and activity. 6, 11 The best performance of the 

gel-type resins investigated in this thesis can be ascribed to their higher swelling 

degree. To confirm this hypothesis, take-up and partition experiments were 

conducted. These experiments were useful both to relate the behavior of the 

resin activity with the structure and to predict the kinetic behavior. 

 

3.3.3.1. Take- up experiments 

In the following section as a procedure example the take-up factor experiments 

of the two catalyst’s type, i.e., Amberlyst-15 and Dowex 50Wx8 (see Table 3.2) 

were reported and determined at varying of the molar fractions of the 

components (1, 0.8, 0.5, 0.2, 0) preparing binary solution (LA/EtOH, LA/EL, 

LA/H2O, EtOH/EL, EtOH/H2O, EL/H2O). After obtaining the initial weight of the 

dry resin, note the intrinsic density (Table 3.2), the initial dry volume was 
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obtained. After the addition of the solution and the subsequent swelling of the 

resin, it was possible to obtain the weight of the adsorbed solution and therefore 

the adsorbed volume given the density of the used binary mixture. 

ߝ =
ௗܸ௥௬஺௠௕ௗܸ௥௬஺௠௕  +  ܸ ௔ௗ௦                                                                                                    (4)  

where the take-up (ε) factor is defined by the ratio between the volume of the 

dry resin (VdryAmb) divided divided by total volume of the resin after the swelling, 

thus the sum of the volumes of the dry catalyst (VdryAmb) and the liquid retained by 

the resin itself (Vads). 

Table 3.4. Summary of Amberlyst-15 (A15-1 and A15-2) Take-up experiments. 

xEtOH [-] εEtOH/LA     
[-] 

εEtOH/EL     
[-] 

εEtOH/H2O      
[-] 

xH2O  [-] εH2O/EL        
[-] 

εH2O/LA     
[-] 

xLA [-] εLA/EL     
[-] 

0 0.50 0.49 0.54 0 0.49 0.50 0 0.49 

0.2 0.51 0.50 0.54 0.2 0.51 0.44 0.2 0.49 

0.4 0.50 0.51 0.54 0.4 0.52 0.43 0.4 0.49 

0.6 0.53 0.53 0.55 0.6 0.53 0.45 0.6 0.51 

0.8 0.52 0.53 0.54 0.8 0.54 0.43 0.8 0.50 

1 0.53 0.53 0.53 1 0.54 0.54 1 0.50 

Average 0.51 0.52 0.54 Average 0.52 0.47 Average 0.50 

*The take- up factor are the same for A15-1 and A15-2 being the same the chemical structure type 

As can be seen, the resin retained more H2O and LA compared to EtOH and LE. 

Amberlyst-15 demonstrates a very high affinity with water in the presence of any 

other component. The results of the take-up experiments on Amberlyst-15 shown 

an average swelling for all the investigated binary solutions of 0.5.  

Table 3.5. Summary of Dowex 50Wx-8 Take-up experiments. 

xEtOH [-] εEtOH/LA        
[-] 

εEtOH/EL        
[-] 

εEtOH/H2O        
[-] 

xH2O  [-] εH2O/EL       
[-] 

εH2O/LA       
[-] 

xLA [-] εLA/EL       
[-] 

0 0.52 0.46 0.57 0 0.46 0.52 0 0.46 

0.2 0.46 0.48 0.58 0.2 0.45 0.49 0.2 0.45 

0.5 0.49 0.44 0.53 0.5 0.51 0.51 0.5 0.36 

0.8 0.53 0.52 0.55 0.8 0.57 0.56 0.8 0.45 

1 0.58 0.58 0.58 1 0.57 0.57 1 0.52 

Average 0.52 0.50 0.56 Average 0.51 0.53 Average 0.45 
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In this case, the resin retained more H2O and EtOH compared to LA and LE. The 

results of the take-up experiments of Dowex 50Wx-8 shown an average for all the 

investigated binary solutions of 0.52.  

At least, the take up factor of each mixture components that is retained by 

Amberlite IR120 shown the following results: 0.67 for ethanol, 0.23 for levulinic 

acid, 0.65 for water and 0.66 EtOH/LA 5:1  

 

3.3.3.2. Partition experiments 

The partition tests were useful to determinate the real concentration of each 

reactant/product in the catalyst pores. The partition coefficients were calculated 

in according to the following equation: ݉௜ =
௙ܿܿ௜ − ܿ௙ 

                                                                                                                  (5)  

where ci is the concentration of the component before the partition test and cf is 

the concentration of the same component after the treatment. Different 

solutions were prepared by simulating different levulinic acid conversions. The 

average values of the partition coefficients were determined and listed in Table 

3.6. 

Table 3.6. Average value of the partition coefficients. 

 mLA [-] mEtOH  [-] mEtLA  [-] 

Amberlyst-15 1.04 1.38 1.60 
Amberlite IR120 1.00 1.00 1.00 
Dowex 50Wx-8 1.06 1.17 0.97 

 

3.3.4. Kinetic study with Amberlyst-15 as catalyst (I) 

Several experiments were conducted with Amberlyst-15 as the catalyst, 

investigating a wide range of operation conditions (i.e., stirring rate, temperature, 

catalyst load, reactant ratio, listed in the Publication I) and the catalyst stability as 

well. It was decided to present only some examples of the obtained results, to 

make clearer the paragraph. By the evaluation of the stirring rate effect it was 

possible to conclude that, as expected, as the stirring rate increases, the thickness 

of the stagnant film of the catalyst particle decreases, on the other hand, if the 

stirring rate is sufficiently high, the external diffusion of the reagents to the 
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Diffusive regime Kinetic regime 

catalyst particle is no longer limiting. The results are reported in Fig. 3.8 in terms 

of the initial reaction rate vs the stirring rate. It was observed that the reaction 

rate increases with increasing stirring rate and for both the ion exchange resins, 

external diffusion limitation is not observed at stirring rates exceeding 600 rpm.  

 

Figure 3.8. Effect of stirring rate on the levulinic acid esterification initial rate, catalyzed by A15-1 

and A15-2, by fixing the ethanol-to-levulinic acid molar ratio of 5:1 at T = 343.15 K and at ρB = 22 
kg/m3. Symbols are the experimental data, lines the calculated data. 

This fact clearly indicates that the thickness of the stagnant liquid film surrounding 

the particles becomes negligible and the concentration of both reactants and 

products on the solid surface is equal to the one in the liquid bulk. Moreover, by 

using the two catalysts, different plateaus are observed (i.e., lower for higher 

particle radius), suggesting the occurrence of intraparticle mass transfer 

limitations for at least the catalyst characterized by the highest value of the radius 

(A15-1). The presence of different plateau values is a clear indication of 

intraparticle concentration profiles, as for bigger particle the diffusive path that 

the molecules should run across is longer compared to the one available for 

smaller particles. 

The experiments conducted varying the temperature have showed a similar 

equilibrium conversion, with identical operation conditions, for both resins. A 

maximum equilibrium conversion of 91% was obtained when working at 600 rpm, 

T = 363.15 K with ρB = 22.02 kg/m3 and an EtOH:LA molar ratio of 5:1. 
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Furthermore it was necessary to prolong the experiment overnight to determine 

the equilibrium constant at each temperature since the chemical equilibrium was 

reached at long reaction times (usually more than 24 h). As we expected by 

increasing the temperature, the reaction rate increases as well (Fig. 3.9).  

 

Figure 3.9. Effect of temperature on the levulinic acid esterification catalyzed by A15-1 (left) and A15-

2 (right) by fixing the ethanol-to-levulinic acid molar ratio of 5:1, ρB = 22 kg/m3 and v = 600 rpm. 
Symbols are the experimental data, lines the model calculated profiles. 

The activation energy of the heterogeneous catalyzed reaction was evaluated 

through the linearized Arrhenius equation (1), while the enthalpy through the 

linearized van’t Hoff equation (2).  ܧa45.2=1-15ܣ kJ/mol                                           ܧa49.4=2-15ܣ kJ/mol  

Δ35.6=1-15ܣܪ kJ/mol                                         Δ62.2=2-15ܣܪ kJ/mol  

 

The experimental values of enthalpy and activation energy were used as initial 

values in the parametric estimation carried out on the whole experimental data 

set, in order to determinate an optimal value (section 3.3.4.1). Further results on 

the effect of the catalyst load and the ethanol-to-levulinic acid molar ratio on the 

levulinic acid esterification can be found in the Publications I. 
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The experiments shown that increasing the catalyst bulk density in the reactor, 

the reaction rate increased and by increasing the ethanol content, higher ethyl 

levulinate concentrations were obtained. 

 

3.3.4.1. Mathematical model 

The classic esterification reaction mechanism consists of two steps, protonation 

of the carboxylic group (RCOOH) and nucleophilic attack of alcohol (R-OH), namely 

Fisher esterification, is obviously also applicable in case of Amberlyst-15 for the 

esterification of levulinic acid. Applying the hypothesis of quasi-equilibrium to the 

first rapid reaction phase and considering the reversibility of the reaction, the 

reaction rates for the self-catalyzed reaction (R1) in the liquid phase and for the 

reaction catalyzed by the Amberlyst-15 (R2) were defined. The reaction rate 

expressions are given by the Eqs. (6) and (7) respectively. 

ܴଵ =  ݇ଵ ∙  ܿ௅஺ಽ ൬ܿ௅஺ಽܿா௧ைுಽ −  
ܭ1 ∙ ܿுమைಽܿா௅ಽ൰                                                      (6)  

ܴଶ =  ݇ଶ ൬ܿ௅஺ೄܿா௧ைுೄ −  
ܭ1 ∙ ܿுమைೄܿா௅ೄ൰                                                                   (7)  

A first order behavior with respect to the concentration of levulinic acid for the 

auto-catalytic reaction was hypothesized and verified, at this aim blank 

experiments (in absence of catalyst) were conducted (paragraph 3.3.2) and 

interpreted to retrieve kinetic parameters and rate law to describe the 

contribution of autocatalysis, showing that in every case a levulinic acid 

conversion lower than 10% was obtained in the adopted range of reaction 

conditions.  

Even if the effect of autocatalysis is not remarkable high, it is necessary to take it 

in consideration to obtain more precise kinetic parameters for the reaction 

catalyzed by Amberlyst-15. Moreover, it will be of high importance when 

extrapolating the results at higher temperatures.  

Two mass balance equations, liquid side and solid side were used: ߝ௉ ∙ డ௖೔ೄడ௧ =  
஽೐೔

(௫∙ோು)మ ∙ డడ௫ ቀݔଶ  
డ௖೔ೄడ௫ ቁ + ௉ߩ  ∙ ଶ௜                                                               (8)ݎ   

1௅ܸ ∙ ݀݊௜ಽ݀ݐ = ଵ௜ݎ − ௜ೄܬ  ∙ ଵ                                                                                               (9)ߝ   
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The fluid–solid mass transfer rate is given by Eq. (9), indicating a linear 

dependence between the mass transfer rate and the concentration gradients in 

the stagnant liquid film surrounding the catalyst particle. The transport rate of the 

component inside the resins (ܬ௜ೄ)  was evaluated in the liquid phase mass balance 

and concentrations are adjusted by the partition coefficients (mi): ܬ௜ೄ =  ݇ௌ ∙ ܽௌ௣ ቀܿ௜ಽ −݉௜ܿ௜ೄห௫ୀଵቁ                                                                              (10)  

The software gPROMS ModelBuilder v. 4.0 was used to conduct all the simulations 

and parameter estimation activities in the present study. The results of the 

parameter estimation are shown in Table 3.7, in which are shown that all the 

parameters errors and the correlations between them were reasonably low as it 

ca be see in Figures 3.8-3.9. 
 

Table 3.7. Summary of the estimated parameters and correlations matrix. 

 Value 95% C.I. Units EaC kcref 

EaC 83.5 3.7 kJ/mol 1  

kref 9.0·10-11 0.2·10-11 (m3/mol)·(m3/kg)·s-1 -0.16  1  

 

The activation energy obtained from the parametric estimation was higher than 

those evaluated through the linearized Arrhenius equation (1) (45.2 kJ/mol for 

A15-1 and 49.4 kJ/mol for A15-2), this is due to the mass transport phenomena 

of the system.  For both resins, the evaluation of the reaction efficiency was 

obtained in according to the Eq. 11, ߟ =
∫ (ݔ)ଶݎ) ∙ ܴ௉ ∙ ଶ|௫ୀଵݎଵ଴ݔ݀(ݔ ∙ ∫ (ܴ௉ ∙ ଵ଴ݔ݀(ݔ                                                                                       (11)  

where x represents the radial coordinate. The results are displayed in Figure 3.10, 

confirming that the efficiency of A15-2 is higher than the ones of A15-1 due to the 

lower diffusion path of the fluid elements in the resin. 



 

 

48 

 

 

Figure 3.10. Reaction efficiency plot for A15-1 and A15-2. 

The agreement between the experimental data and the model with all the 

simulated curves can be found with further detail in the corresponding paper 

(Publication I). 

3.3.5 Kinetic study with Amberlite IR120 as catalyst (II) 

Amberlite IR120 was also tested to evaluate the kinetics of the LA esterification 

with ethanol. The experiments were the same as Amberlyst-15 and all the 

adopted conditions tests and the compositions of the time zero sample are shown 

detail in Publication II. 

Influence of external mass transfer resistance during kinetic tests was evaluated 

varying the velocity of the rotating impeller in the reactor vessel from 200 to 800 

rpm; the catalyst mass and the molar ratio of levulinic acid to ethanol ratio was 

also evaluated. The obtained results for the observed reaction rate plot versus the 

stirring rate (Fig. 3.11) showed that at stirring speeds greater than 400 rpm the 

reaction rate profile becomes flat, allowing to conclude that from 400 rpm on the 

absence of external mass transfer limitation is evident.  
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Kinetic regime Diffusive regime 

 

Figure 3.11. Effect of stirring rates on the reaction rate by fixing the EtOH to LA molar ratio of 5:1, at 

ρB=19.7 kg/m3 of catalyst and at temperature of 343K. The symbols are the experimental data 
collected at the four stirring rates; continuous lines represent the simulations. 

 

Experiments were conducted varying the amount of the catalyst. The results 

reported in Figure 3.12A clearly indicate that by increasing the catalyst load, 

reaction rate increases as well. The equilibrium plateau is independent on the 

catalyst load as expected. The collected data were plotted as a function of 

normalized abscissa (i.e. catalyst density multiplied by reaction time), observing a 

good overlap of the experimental data (Fig. 3.12B).  

A B  

Figure 3.12. The effect of Amberlite IR120 bulk density on the levulinic acid esterification, 

fixing EtOH to LA 5:1 molar ratio at 800 rpm and at temperature of 343K. Raw data on 

levulinic acid conversion versus time (right); symbols are the experimental data; lines are 

the model predictions. 
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The effect of the molar ratio of levulinic acid to ethanol and temperature were 

and the results showed in Publication II indicated that by increasing the molar 

ratio, the highest yield in ethyl levulinate was obtained and an increase in 

temperature value lead to a higher reaction rate.  

A first experimental activation energy and reaction enthalpy values was evaluated through 

the linearized Arrhenius equation (1) and the linearized van’t Hoff equation (2) 

respectively. The results obtained are the follows:  

Ea = 38.61 kJ/mol                     ΔH= 54.18 kJ/mol 
The latter values will be used as initial values in the mathematical model developed with 

gPROMS Model builder (see below, section 3.3.5.1).  

 

3.3.5.1.  Mathematical model 

A fluid-solid intraparticle model was used for the interpretation of experimental 

data collected with Amberlite IR120 H as catalyst in the batch reactor. All the 

equations used for the development of the mathematical model are readily 

available in Publication II. Even in this case, the model was developed considering 

the diffusion in the whole solid particle to verify the intra-particle mass transfer 

limitation, see equations reported before 8-10. 

A parameter estimation was conducted simultaneously on all the collected 

experimental data. The results of the parameters estimation are shown in the 

Table 3.8, together with statistic information, and the simulated data are 

compared with the experimental data in Figures 3.11 and 3.12 and in more details 

in all the Figures reported in the Publication II. 

 

Table 3.8. Results of parameter. CI: confidence interval. Tref=333 K. 

 Value 95% C.I. Units EaC ks0 kref 
EaC 68.83‧103 56.22‧102 J/mol 1   

ks0 1.91‧10-7 8.33‧10-8 m/s -0.7  1   

Kc,ref 2.86‧10-10 2.73‧10-11 (m3/mol)·(m3/kg)·s-1 0.6 -0.6 1 

 

The parameters are consistent, and the standard error of the parameters were 

typically less than 4%, showing only a slight correlation.  

High limitation in the intra-particle diffusion is confirmed by the Weisz-Prater 

criterion (W—P), Eq. 12: ܥௐି௉ =
ି௥೚್ೞோ೛మ஽೐஼ಽಲ(೟సబ)

                                    (12) 
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The result obtained from the W-P criterion is about 103, and this confirm the 

presence of intra-particle diffusion limitation. This result is opposite to the 

expected one, because the gel-type catalyst should involve a low intra-particle 

diffusion limitation, probably the high limitation of the diffusion inside the particle 

is due to the dimension of the molecules of the studied system. 

The effectiveness factor of the system was calculated adopting the definition 

reported in Eq. 11. The results reported in Figure 3.13 confirm a rather high 

intraparticle diffusion limitation, leading to a plateau value of 0.7, lower than that  

obtained with A15-1 and A15-2. 

 
Figure 3.13. Reaction efficiency plot for Amberlite IR 120. 

3.3.6 Kinetic study with Dowex 50Wx8 as catalyst 
Batch experiments were performed changing the impeller rate, temperature, 

catalyst load and reactants’ molar ratio to evaluate the Dowex 50WX-8 resin 

performance under various conditions.   
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Table 3.9. Experimental conditions adopted for the experiments conducted in 

batch reactor. 

Test v 

[rpm] 

T 

[K] 

ρcat 

[kg/ m3] 

cEtOH 

[mol/ m3] 

cLA 

[mol/ m3] 

EtOH/ LA ratio 

[mol/ mol] 

1 200 343 19.84 14.3∙103 2.8∙103 5:1 

2 400 343 19.84 14.3∙103 2.8∙103 5:1 

3 600 343 19.84 14.3∙103 2.8∙103 5:1 

4 600 323 19.84 14.3∙103 2.8∙103 5:1 

5 600 353 19.84 14.2∙103 2.8∙103 5:1 

6 600 333 19.84 14.3∙103 2.8∙103 5:1 

7 600 343 9.92 14.3∙103 2.8∙103 5:1 

8 600 343 4.96 14.3∙103 2.8∙103 5:1 

9 600 343 19.84 1.0∙103 4.0∙103 2.5:1 

10 600 343 19.84 5.3∙103 5.3∙103 1:1 

 

The first experiments were carried out to evaluate the effect of the stirring on the 

reaction rate (experiments 1-3, Table 3.9). The external film diffusion limitation is 

negligible due to the film thickness being reduced by the agitation, at high stirring 

rate (400-600 rpm). At 200 rpm the agitation is too slow and diffusion in the 

stagnant film layer limits the reaction rate. This obtained results are evident in 

figure 3.14 in which the observed reaction rate plot versus the stirring rate is 

reported. 
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Figure 3.14. Effect of the stirring rates on the reaction rate by fixing the EtOH to LA molar ratio of 

5:1, at 19.84 kg/cm3 of catalyst and at temperature of 343 K. The symbols are the experimental data 

collected at the three stirring rates; continuous line represents the simulation. 

The LA conversion reached after 24 h of reaction is independent of impeller rate, 

resulting in 89% for all three tests. This was to be expected, as agitation does not 

affect the thermodynamics of the reaction. The results are reported in Figure 

3.15. 
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Figure 3.15. LA conversion vs. time for different impeller rates by fixing the EtOH:LA molar ratio of 

5:1, the catalyst amount at bulk density of 19.84 kg/m3 and the temperature of 343 K. 

 
Experiments were conducted to investigate the effect of the temperature (tests 3 
to 6, Table 3.9). As expected, the higher the reaction temperature, the higher the 
observed reaction rate, as showed in figure 3.16 and in accordance with the 
Arrhenius law 
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Figure 3.16. The effect of temperature on the levulinic acid esterification, fixing EtOH to LA 5:1 molar 

ratio at 600 rpm and with bulk density of 19.84 kg/m3 of catalyst. Symbols are the experimental 

data; lines are the model predictions. 

 

From the linearization of the Arrhenius (1) and Van’t Hoff equations (2) it was 

possible to extrapolate a first approximative values of the activation energy and 

the reaction enthalpy. The results obtained are: 
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௔ܧ     = 54.7 ± 6.0 ݇ /ܬ ܪ∆ ݈݋݉ = 48.4 ± 9.5 ݇ /ܬ  ݈݋݉
Better estimation of these parameters will be performed through the 

mathematical model developed.  

Other set of experiments was conducted varying the catalyst amount and fixing 

the temperature, the EtOH:LA molar ratio and the rpm as shown in Table 3.9 (tests 

3, 7 and 8). The results reported in figure 3.17 indicate that the quantity of Dowex 

50 WX-8 in the reactive system affect both the reaction rate and the LA 

equilibrium conversion, as the percentage of resin determines the concentration 

of sulphonic groups that catalyze the esterification reaction. The highest LA 

conversion (89%) and reaction rate were obtained with the highest catalyst load 

(2% wt.) of the tests. Using 1 and 0.5 % wt. of catalyst load gave us 81.5 and 68 % 

LA conversion respectively. It is obvious that higher catalyst loads allow for the 

reaction to have more available active sites for reaction catalysis. Another 

interesting result can be deducted plotting the LA conversion rate as a function of 

normalized abscissa, i.e., the product between time of reaction and catalyst bulk 

density. The data collected in the first hours of reaction shown a good overlap 

(Fig. 3.17 right). This can be interpreted as the reaction kinetics being of the first 

order respect to the catalyst load. 
 

Figure 3.17. The effect of Dowex 50Wx8 amount on the levulinic acid esterification, fixing EtOH to LA 

5:1 molar ratio at 600 rpm and at a temperature of 343 K, on the left. LA conversion vs. reaction time 

per catalyst bulk density, on the right. Symbols are the experimental data, lines are the model 

predictions. 

 

Finally, the effect of the molar ratio of levulinic acid to ethanol was at least studied 

at 343 K (Fig. 3.18), see Table 3.9 tests 3, 9 and 10. The results showed that the 
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highest molar ratio (5:1) resulted in the best LA conversion (89%) and rate 

reactions. 

Figure 3.18. The effect of the ethanol to levulinic acid molar ratio on the levulinic acid esterification, 

fixing the temperature at 343 K, the stirring rate at 600 rpm and the catalyst density equals to 19.84 

kg/m3. Symbols are the experimental data; lines are the model predictions. 

 

3.3.6.1. Mathematical model 

All the chemical and physical implication of the fluid-solid system were takin into 

account in a developed model that described the kinetics of the esterification of 

levulinic acid with Dowex 50Wx8 in the batch system. The model was developed 

follow the equation reported in Publication II with some differences reported 

below. The association factors for example depend on the nature of the 

component and in this case the values of Φi have been recovered from literature12 

and are reported in Table 3.10. 

 

Table 3.10. Association factors of the four chemical components of our system. 

 

 

 

 

Molar volumes at normal boiling point have been determined through the Tin and 
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௜ܸ = 0.285 ܸ ௖,௜ଵ.଴ସ଼                                                                                                      (13)  

Where Vc,i , the critical volume of component i, has been recovered from literature 

for EtOH and water while the Marrero and Pardillo group interaction contribution 

method has been used for LA and EL12. Table 3.11 reports the values for Vc,i and 

Vi . 
 

Table 3.11. Critical volumes and molar volumes at normal boiling points. 

 Vc,i [cm3/mol] Vi [cm3/mol] 

LA 346.9 130.91 

EtOH 168 61.23 

EL 461.3 176.48 

W 56 19.36 

 

The viscosity of the mixture has been evaluated with the aid of the Grunberg-

Nissan method (Eq. 14) and has been considered independent of temperature in 

the temperature range of our experiments: 

ln(ߟெ) = ෍ݔ௜ ln(ߟ௜) +
1

2
෍෍ ௜௝ܩ௝ݔ௜ݔ                                                                          

                                                                                        (14)

௡
௝ୀଵ

௡
௜ୀଵ௜  

Where ηi is the viscosity of the pure component i and Gij is an interaction 
parameter which is a function of composition and temperature. Table 3.12 shows 

the parameters used for the estimation of the viscosity of the mix. 

 

 Table 3.12. Correlation parameters and viscosity of pure components at 343.15 K. 

Parameter Unit Measure Value 

GEtOH/LA - -1.0577 

GEtOH/EL - -1.1749 

GLA/EL - -0.1172 

ηLA cP 1.228 

ηEtOH cP 0.524 

ηEL cP 0.853 

ηW cP 0.4035 

 

The two-mass balance for the bulk and solid phase can be find in the previous 

section, equation 8-10. 
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A parameter estimation was conducted simultaneously on all the collected 

experimental data. The results of the parameters estimation are shown in the 

Table 3.13, together with statistic information.  

 

Table 3.13 Parameter estimation results. 

 
Estimated Value 95 % CI Correlation Matrix Units 

 ௔,௖ 51387 2545 1  J/mol ݇௖,௥௘௙ 1.68 x 10-10 4.69 x 10-12 -0.34 1 (m3/mol)∙(m3/kg)/sܧ  ௔,௖ ݇௖,௥௘௙ܧ  

 

The agreements between experimental and calculated data are very good, as 

revealed in Figs. 3.16–3.18 and in the parity-plot reported in Fig. 3.19, showing 

that most of the data fall in a window of error of ±20%. 

 Figure 3.19. Parity plot comprising all the available experimental data collected in the batch reactor. 
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3.4. Conclusions 

In conclusion, the screening study revealed that all the catalysts tested are able 
to catalyze such reaction from levulinic acid to ethyl levulinate. Comparing the 
results of the batch experiments, they produced rather similar LA conversion 
values. Despite that, looking the results of the parameter estimation summarized 
in table 3.14, activation energy and mass-transfer coefficient values are the 
highest for Amberlite IR120 and Dowex 50Wx8, resulting to be the most suitable 
catalysts for LA esterification under mild reaction conditions.  
 

Table 3.14 Parameter estimation results. 

Catalyst ࢉ,ࢇࡱ 
[J/ mol] 

 ࢌࢋ࢘,ࢉ࢑

[(m3/ mol)∙(m3/ kg)/ s] 
Amberlyst-15 83500 0.9‧10-10 

Amberlite IR120 68.83‧103 2.86‧10-10 

Dowex 50Wx8 51387 1.68 ‧10-10 

 

Amberlite IR120 was selected to conduct a continuous esterification in a fixed bed 
reactor (Chapter IV); while Dowex 50Wx8 was used in reactive chromatography 
(Chapter V).  
In perspective, this screening and kinetic studies will allow to design accurately 
dedicated pilot plants of the levulinic acid esterification process, normally run in 
industry in batch using mineral acids as catalyst. 
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CHAPTER IV 

Ethyl levulinate synthesis in a fixed bed reactor promoted by 

Amberlite IR120 (II) 

 

Preamble 

In this chapter the use of Amberlite IR120 as catalysts for the synthesis of ethyl 

levulinate in a fixed bed continuous reactor is reported.  

The kinetics of the reaction was validated, based on the previous batch 

experiments (Chapter III), and the levulinic acid conversion was optimized. A fluid-

dynamic characterization was conducted to understand the behavior of the flow 

reactor. 

 

4.1. Introduction  

The optimization of the ethyl levulinate production could be possible through the 

transfer from batch reactors (current technology) to continuous ones. To proceed 

to a scale-up of the reaction, the comprehension of the reaction mechanism 

(kinetic and diffusive) is needed. 

Object of this chapter is to validate the mathematical model described in Chapter 

III, paragraph 3.3.5.1, on the LA esterification with ethanol and the use of 

Amberlite IR120 as catalyst, which has been shown to be the best among the 

catalysts studied. As continuous reactor a fixed bed reactor packed with the same 

catalyst (Amberlite IR120) was used. The detail of this work can be found in the 

Publication II. 

 

4.2. Experimental section 

4.2.1. Materials 

The following chemicals were used in the experiments without further 

purification: levulinic acid (98 wt%, by Merck), ethanol (99 wt%, by Alfa Aesar), 

Amberlite® IR-120 (H) ion exchange resin (by Room and Haas) was used as a solid 

acid catalyst. For the analysis of the products, by titration were used: ethanol (96 

wt%, by Carlo Erba) and phenolphthalein (by Merck) as indicator. 
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4.2.2. Methods 

To ensure a constant and precise volumetric flow, an HPLC pump was used to feed 

the reaction mixture to the packed bed reactor. The reactor was made of a steel 

tube (L = 0.3 m, ID = 0.0078 m). After pre-treatment, the catalyst was readily 

packed in the reactor. The amount of catalyst needed to fill the reactor was 

calculated also considering the swelling phenomena, i.e., the degree of swelling 

of the catalyst particle, resulting that 7 g of dry catalyst was enough to fill the 

reactor. A heating jacket was placed outside the reactor to ensure constant 

temperature guaranteeing isothermal operation; the temperature was measured 

by a thermocouple and regulated with a PID controller. To keep the reaction 

mixture in the liquid phase, the system was connected to a nitrogen cylinder 

regulated by a manometer to guarantee 5 bar of absolute pressure. Samples were 

collected periodically to measure the steady-state conditions, through a 

dedicated pin valve. As done for the kinetic study in batch, each sample was 

analyzed three times to estimate the error on the experimental data, also in this 

case expressed as standard deviation, using the same analytical methods. The 

kinetic experiments were conducted at flow rate 1.7–8.3∙10−8 m3/s, for each 

temperature (323, 343 and 363K) with a given reactant’s molar ratio of roughly 

ethanol/levulinic acid ratio of 6:1. The summary of the operating conditions is 

reported in Table 4.1, while flow sheet of the continuous system is shown in Fig. 

4.1.  

 

Table 4.1. Summary of the operation conditions adopted for the kinetic 

experiments conducted in the packed bed reactor.  

Test T [K] ̇࢓] ܄૜/ [૜࢓/࢒࢕࢓] ࢊࢋࢋࢌ,ࡴࡻ࢚ࡱࢉ [࢙ [૜࢓/࢒࢕࢓] ࢊࢋࢋࢌ,࡭ࡸࢉ   

1 323 (1.7-8.3)∙10-8 13.0∙103 2.2∙103 

2 343 (1.7-8.3)∙10-8 13.3∙103 2.5∙103 

3 363 (1.7-8.3)∙10-8 13.0∙103 2.2∙103 
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Figure 4.1. Continuous system flow sheet (A) and laboratory continuous system (B) 

adopted to conduct the kinetic experiments and the fluid-dynamic 

characterization. 

Be aware that for the kinetic experiments, the on-line detector was not used. The 

test 1, experiment performed at T = 323 K and V̇ = 1.7∙10−8 m3/s, was prolonged 

for 50 h reaction time to check the catalyst stability. 

 

4.2.2.1. Fluid-dynamic characterization 

The fluid-dynamic study about real continuous system is one of the most 

important steps to understanding its behavior; in a real reactor there are mixing 

phenomena both in axial and radial direction that contribute to the dispersion of 

A 

B 
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residence time into the reactor. In this case study the reactor is a tubular packed 

bed reactor, and its ideal pattern is a plug-flow, the fundamental hypothesis on 

which it is based is:  

- Perfect radial mixing, whole fluid elements in the same axial coordinate 

have equal intensive properties along the radius;  

- Perfect axial segregation, there are different intensive properties for each 

axial coordinate.  

It is easy to note that these hypotheses are far from the real behavior and the 

equipment always deviates from the ideal pattern. The turbulent flow contributes 

to the deviation from laminar flow due to the existence of turbulent diffusivity, 

responsible both axial and radius mixing. It is important to underline that radius 

mixing approaching the turbulent flow to the plug flow, because contributing to 

flatten the concentration in axial direction, on the other hands it is responsible, in 

axial direction, from the ideal deviation. So, the mixing phenomena due to 

turbulent diffusivity acting both in axial and in radial direction, in the radius 

coordinate contributing to approaching the turbulent behavior to plug flow, but, 

at the same time, are totally responsible of the axial dispersion that contributing 

to the deviation from the ideal pattern (plug flow). On this basis the flow model 

used for the fluid-dynamic characterization is the axial dispersion model in which 

we take in account the contributing of turbulent diffusivity along axial dispersion. 

At first, is important introduce the residence time distribution (E) an equation 

utilized to know the age distribution of fluid elements. It is evident that elements 

of fluid taking different routes through the reactor needs different time to pass 

inside it. The distribution time for the fluid elements that leaving the reactor is 

called residence time distribution (RTD), and for the study case the equation is for 

an open vessel, derived by Levenspiel and Smith (1975).2  (ݐ)ܧ =
௨ඥସగ஽೥௧ ݌ݔ݁ ቂ− (௅ି௨௧)మସ஽೥௧ ቃ                                                                                    (1)                                  

Where u is the linear velocity [m/s], calculated as the ratio between the 

volumetric flow (Q) [m3/s] and the product among surface area (A) [m2] and bed 

void degree (εB) [/] as show in the following equation (Eq. 2). Dz is the axial 

dispersion coefficient [m2/s], and its magnitude is indicative of the deviation from 

the ideal flow (plug flow). L is the reactor length [m]. 
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ݑ = ஻ߝܣܳ                                                                                                                           (2)   

The evaluation of E is possible with a tracer. Different methods are available, but 

in this case, we used the pulse experiment, more reliable and accurate with 

respect to step-pulse. The experiment consists to introduce an amount of tracer 

into the fluid entering the reactor and record the time of the tracer leaving the 

reactor. The tracer is injected in a short time, along the reactor start spreading 

caused by many things as velocity profile, turbulent mixing, molecular diffusion, 

etc., its shape curve is symmetrical and gaussian at any instant. At the reactor exit 

the detector detect the tracer and collect the data. Find the value of E is necessary 

to evaluate the magnitude of the axial dispersion coefficient (Dz) or the 

dimensionless group characterizing the spread in the whole vessel (Dz/(uL)), 

called vessel dispersion number (1/Pe), that measures the extent of axial 

dispersion.  

The experiments were conducted in the same equipment used for the 

measurement of kinetic data in continuous, with the unique difference that an 

HPLC injector was installed between the HPLC pump and the packed bed reactor. 

Stimulus-response pulse experiments were conducted to evaluate the RTD 

(residence time distribution) with yellow naphthol as tracer, and the UV 

absorbance was recorded using an on-line detector (Reach Device RD4), using a 

HPLC injector to pulse the yellow naphthol solution to the reactor. Yellow 

naphthol was chosen for two main reasons: (i) a dye where sulfonic groups are 

present, thus exerting repulsive forces avoiding adsorption phenomena on the 

resin; (ii) it is a molecule big enough to exclude intraparticle diffusion. Thus, it is 

possible to directly obtain the bed void fraction using this tracer in pulse 

experiments. Each experiment was repeated three times to estimate the error on 

the axial dispersion coefficient (Dz). The operating conditions in the continuous 

reactor are listed in Table 4.2. 
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Table 4.2. Summary of the experimental conditions adopted for the fluid-dynamic 

characterization experiments.  

Test T [K] ̇࢓] ܄૜/  P [Pa] ΔP [Pa] [࢙

1 298 1.7∙10-8 2∙105 14 

2 298 2.5∙10-8 2∙105 20 

3 298 3.3∙10-8 2∙105 25 

4 298 5.0∙10-8 2∙105 33 

5 298 6.7∙10-8 2∙105 52 

6 298 10∙10-8 2∙105 76 

7 298 13∙10-8 2∙105 101 

8 298 17∙10-8 2∙105 122 

9 343 5.0∙10-8 2∙105 37 

10 343 8.3∙10-8 2∙105 68 

11 343 12∙10-8 2∙105 91 

 

The collected data were subsequently processed with OriginPro®, each gaussian 

curve for each volumetric flow is separated on its injection time and overlapped 

with the others to evaluate the experimental reproducibility of the test (fig. 4.2). 

 

Figure 4.2. Pulse experiment reproducibility 

If the test is reproducible, each gaussian curve is normalized, that is the area 

under the curve is unity, and the RTD is: 
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න ݐ݀(ݐ)ܧ = 1

ஶ
଴                                                                                                            (3)  

In this way both the experimental residence time distribution and the average 

residential time (τ) were evaluated. Finally, the experimental RTD was compared 
with the calculated RTD, proposed by Levenspiel and Smith (eq. 1), and the value 

of the axial dispersion coefficient and the bed void degree are estimated. The 

following two images show the normalized experimental RTD and the comparing 

of this last one with the calculated RTD (figure 4.3). 

 

Figure 4.3. Normalized experimental RTD (left); Comparison among experimental and 

calculate RTD (right).  

As is possible to see the calculated RTD describes accurately the experimental 

RTD allowing us to obtain the parameters. 

The results from the RTD experiments were used to determine the axial dispersion 

coefficient (Dz) and thus, obtain the Peclet number. The axial dispersion model is 

often used to describe the fluid-dynamics in tubular reactors, describing the 

turbulence in the longitudinal direction with an axial dispersion term. The axial 

dispersion coefficient accounts for both molecular diffusion and convection 

mechanisms in the axial direction. Dz gives an idea of the performance of the 

reactor, e.i., when Dz = 0, it means that the reactor is a plug flow and when 

Dz→+∞, the reactor behaves as a conƟnuous sƟrred tank reactor. 
The main assumptions of the adopted reactor model are reported below: 

- Uniform velocity and concentration profiles along the radius of the pipe 

- No radial dispersion is considered 

The collected data were interpreted using the mass balance equation reported in 

Eq. (4), that is a typical axial dispersion model for a nonreactive system. 

0 100 200 300 400 500

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

2
9
4

.8

E
exp

(t)

 Baseline of E
exp

(t)

 Peak Center of E
exp

(t)

 Base Markers of E
exp

(t)

E
(t

) 
[-

]

Time [s]



 

 

68 

 

 ݀ܿ௧݀ݐ = ݑ− ߲ܿ௧߲ݖ + ௭ܦ ߲ଶܿ௧߲ݖଶ                                                                                              (4)  

where, u is the velocity (m/s), Dz is the axial dispersion coefficient (m2/s). 

Two boundary conditions were defined to solve numerically the PDE system:             ܿ௧ |௭ୀ଴ =  ܿ௧,௙௘௘ௗ൫0 ≤ ݐ ≤ ௜௡௝௘௖௧௜௢௡൯; ܿ௧ݐ |௭ୀ଴ = 0 ൫ݐ > ௜௡௝௘௖௧௜௢௡൯                  (5)ݐ   

 డ௖೟డ௭ ቚ௭ୀ௅ = 0                                         (6)  

Closed-closed vessel Boundary Condition (BC) were chosen as the Peclet numbers 

were expected to be high for the studied system; the mentioned BCs consider 

that no axial dispersion occurs both at the inlet and outlet of the reactor. The first 

BC is referred to the inlet of the reactor, considering the feed concentration, that 

for a pulse-experiment shows a classical pulse function, where the tracer 

concentration at the inlet of the reactor is equal to zero when the experimental 

time is greater than the injection time, while it is equal to a finite value for 

experimental time comprised between zero and the injection time.  

The injection time is given by the volume of the HPLC injector loop (20 μL) divided 
by the flowrate of the experiment.  

 

4.2.2.2. Mathematical model  

The kinetic models for the esterification of levulinic acid developed for continuous 

reactors was written using gPROMS ModelBuilder v.4.0 software. The numerical 

method of lines, using a finite difference approach, was used to solve the partial 

differential equations systems, i.e., the mass balance equations of the continuous 

models. A first order backwards finite difference method was applied for the 

packed bed axial coordinate in the continuous model, adopting 200 discretization 

points. 

 

4.3. Results and discussions 

4.3.1. Fluid-dynamic characterization 

The results of the experiments conducted in pulse modality using as a tracer 

yellow naphthol are reported in Table 4.3. 
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Table 4.3. Results of the fluid-dynamic characterization experiments in continuous packed 

bed reactor. 

 

As revealed, the axial dispersion coefficient (Dz) increases with the volumetric flow 

rate, due to the increase in turbulent mixing which can’t be neglected. Another 

parameter obtained was the reactor void degree (ࢿB) is change between 0.34 and 

0.37 with an average value of 0.36±0.02. The Péclet number, defined as in Eq. 7. ܲ݁ =
௨௅஽೥                      (7) 

Where u is the velocity magnitude (m/s), L is a characteristic length of the reactor 

(m), and Dz is a characteristic diffusion coefficient (m2/s). As it is possible to note 

the Péclet number is equal to the inverse of axial dispersion coefficient. The 

Reynolds particle number is the ratio between the inertial forces against the 

viscous forces, in a packed bed such as our case it is define (Eq. 8): ܴ݁௣ =
ௗ೛ఘ೑௨ఓ೑                                                                                      (8) 

Where dp is the particle diameter (m), ρf is the density of fluid (kg/m3), u is the 

linear velocity of mixture through (m/s), and μf  is the fluid viscosity (cP). The values 

obtained for each test are report in Table 4.3. 

Considering that Dz (the reverse of Pèclet) is always <0.01, it can be confirmed 

that the deviation to the plug flow of our reactor configuration is small. Contrarily 

at 343 K the slope is more pronounced, then at this temperature the reactor 

behavior changes with the volumetric flow and, even considering the vessel 

dispersion number, its values are always >0.01 so the deviation of our reactor is 

Test 
V  

[m3/ s] 

T 

[K] 

τ 
[s] 

DZ 

[m2/ s] 

B 

[-] 

Pe 

[-] 

Rep 

[-] 

1 1.7·10-8 298 295 (2.6±0.2)‧10-6 0.34±0.02 110 2.5 

2 2.5·10-8 298 201 (3.9±0.2)‧10-6 0.35±0.02 105 1.6 

3 3.3·10-8 298 153 (5.6±0.2)‧10-6 0.35±0.01 114 1.2 

4 5.0·10-8 298 101 (8.1±0.3)‧10-6 0.35±0.03 116 0.8 

5 6.7·10-8 298 77 (1.2±0.1)‧10-5 0.35±0.02 115 4.8 

6 10·10-8 298 52 (1.5±0.1)‧10-5 0.36±0.02 101 3.3 

7 13·10-8 298 40 (1.7±0.2)‧10-5 0.37±0.03 120 6.3 

8 17·10-8 298 35 (2.2±0.2)‧10-5 0.37±0.03 107 7.2 

9 5.0·10-8 343 103 (1.2±0.1)‧10-5 0.35±0.02 87 2.5 

10 8.3·10-8 343 61 (1.7±0.2)‧10-5 0.34±0.02 88 4.1 

11 12·10-8 343 50 (2.1±0.1)‧10-5 0.35±0.02 96 5.7 
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large from the plug flow. The obtained Pe were fitted vs Rep, obtaining the plot 

reported in Figure 4.4, showing a slight invariance in the investigated range. 

 
Figure 4.4. Péclet number plot vs Reynolds particle number. 

4.3.2.  Kinetic experiments in packed bed reactor 

The first experiment was conducted to check the stability on stream of the 

catalyst. The experiment was performed at T = 323 K and V = 1.7∙10−8 m3/s 

flowrate. The results are reported in Fig. 4.5A. As revealed, the catalyst shows 

good stability in the adopted conditions, confirming its applicability in a 

continuous device. Experiments were conducted in a fixed bed reactor packed 

with Amberlite IR120, with the aim to validate the kinetic model developed in 

batch conditions. 

 
Figure 4.5. A. Levulinic acid conversion vs time on stream for the experiment conducted at T = 323 K 

and a volumetric flowrate of 1.7·10−8 m3/s. B. Simulated and experimental data comparison for the 

kinetic experiments conducted in the packed bed reactor. Symbols: Experimental data; Lines: 

Simulated values. 
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Each test was conducted changing the volumetric flowrate and temperature. The 

experimental results are reported in Fig. 4.5B, showing the trend of the levulinic 

acid conversion degree that decreases with the volumetric flow, parametric with 

temperature. The highest conversions for the lower volumetric flow are due to a 

higher contact time between the reactants and the catalyst. Another important 

thing to underline is the temperature effect on the reaction: the conversion is 

high for the highest temperature adopted in the reactor, as expected. 

The experimental data collected in the continuous system were simulated 

developing a dedicated model. In a heterogeneous system, with a porous solid as 

catalyst, three limiting regimes can be found: i) external fluid-solid mass-transfer, 

due to the diffusion of reactants from the liquid bulk to the solid surface; ii) 

internal mass-transfer, due to the diffusion of the reactant from the solid surface 

to the core of the particle and vice versa for the products; iii) kinetic regime, due 

only to the reaction rate. At first, the external mass transfer coefficient (ks) was 

estimated with the Dwivedi & Upadhyay correlation3, applicable for Reynolds 

particle number <10, Eq. 9 ݇௦ = ஻ିଵߝ ݑ 1.108 ቆݑ ݀ ௣ߤߩ ቇି଴.଻ଶ ൬ ൰ି଴.଺଻ܦߩߤ
                                                          (9)  

where, D is the levulinic acid molecular diffusivity in ethanol (m2/s), μ is the 

ethanol dynamic viscosity (cP) and ρ the ethanol density (kg/m3). The result 

obtained from Dwidevi & Upadhyay correlation give a low external mass-transfer 

coefficient value (ks = 2.3‧10−7 m/s). As, the reactants molecule would, with this 

assumption, diffuse slowly in the stagnant film surrounding the catalyst particle, 

it is reasonable to assume that the reaction occurs only on the catalyst surface. 

Thus, we excluded the intra-particle mass transfer limitations in the packed bed 

reactor. On this basis the continuous model was developed considering only 

external mass-transfer limitation and the surface reaction. The value of the 

external mass-transfer coefficient was calculated from Eq. 9. The summary of the 

modelling assumptions is reported below:  

- Uniform velocity and concentration profiles along the radius of the pipe 

- No radial dispersion is considered  

- The autocatalytic reaction occurs in the liquid bulk phase  

- The catalytic reaction occurs on the catalyst surface  

- The reactor is considered isothermal  

- Fluid-solid mass transfer resistance is dominant compared with 

intraparticle diffusion limitation 
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By adopting the mentioned assumptions, the bulk phase mass balance equation 

reported in Eq. 9 can be written, where z is the axial coordinate: ݀ܿ௜݀ݐ = ݑ− ߲ܿ௜߲ݖ + ௭ܦ ߲ଶܿ௜߲ݖଶ − ݇௦ܽ௦௣൫ܿ௜ −݉௜ܿ௜(௦)൯ + ே஼ݎ௜ߥ                                     (10)  

where, u is the velocity (m/s), Dz is the axial dispersion coefficient (m2/s) 

evaluated with the fluid-dynamic characterization and ks the fluid-solid external 

mass transfer (m/s) and asp the specific surface area (m2/m3). The reaction rate 

expression with related parameters is applied as can be found in the batch model 

and the physical quantities adopted are the same too. Two boundary conditions 

were defined to solve numerically the PDE system: ܿ௜ |௭ୀ଴ =  ܿ௜଴                                                                                                                    (11)   

   ߲ܿ௜߲ݖ ฬ௭ୀ௅ = 0                                                                                                                    (12)  

Closed-closed vessel Boundary Condition (BC) were chosen as the Peclet numbers 

are high for the studied system; the mentioned BCs consider that no axial 

dispersion occurs both at the inlet and outlet of the reactor. The first BC is referred 

to the inlet of the reactor, considering the feed concentration of each component. 

The second BC is referred at the outlet of the reactor. The mass balance on the 

solid phase considered in the model was evaluated as in Eq. (13). ݇௦ܽ௦௣൫ܿ௜ −݉௜ܿ௜(௦)൯ =  + ஻                                                                             (13)ߩ஼ݎ௜ߥ   

Each experiment was simulated with no additional parameter estimation activity. 

The results of the simulation and the comparison with the experimental data are 

shown in Fig. 5 in terms of LA conversion against the volumetric flow, varying the 

temperature. As revealed, the model predictions are very good, simulating the 

trends accurately both with temperature and flowrate, allowing to conclude that 

the model was successfully validated. 

Furthers information are reported in the Publication II. 

 

4.4. Conclusions 
The developed model was validated by conducting experiments in continuous 

packed bed reactor. The continuous unit was first characterized in terms of fluid-

dynamics, showing a behavior not far from the plug-flow, then was used to 

conduct a set of experiments, varying temperature, and residence time. The data 

were interpreted by a fluid-solid mass transfer limited packed bed reactor model, 
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as by using existing correlations it is possible to conclude that fluid-solid external 

mass transfer limitation is surely the rate-determining step of the reaction 

network. The collected data were simulated, with no additional parameter 

estimation allowing the validation of the developed kinetic model. 

In conclusion, this study puts the basis for the scale-up of the levulinic acid 

esterification process, normally run-in industry in batch using mineral acids as 

catalyst. 
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CHAPTER V 

Reactive chromatography applied to ethyl levulinate synthesis 

(III-IV) 

 

Preamble 

In this chapter a proof of concept of the reactive chromatography to ethyl 

levulinate synthesis from levulinic acid was given. 

5.1. Introduction  
The sustainable growth in the chemical industry implies a continue innovation 

with a transformation of the old way of seeing the chemical engineering, as 

converting the raw material into products through process at lower consumption 

of starting material and energy, zero waste and zero pollution. Obviously, this 

transformation requires a novel combination of science and technology, provided 

by process intensification techniques, i.e., multifunctional reactors in which the 

chemical reaction and the chromatographic separation are integrated into the 

same unit, such as reactive chromatography.1  

Reactive chromatography has gained considerable attention for different reasons: 

- For equilibrium limited reactions, continuous removal of the reaction 

products shifts the equilibrium and increase the conversion also reducing 

by-product formation.  

- Using catalyst as packing material of column it is no longer necessary to 

remove the catalyst from the reaction product.  

- It is possible to separate complex mixtures with great precision. 

- The integration of both reaction and separation units reduces capital and 

operating costs. 

Thus, the obtained reaction product is separated through the adsorption on the 

resin and in accordance with the adsorptive separation process principle, the 

difference in affinity between the sorbent and reaction products is the main 

reason for efficient separation.2  

Cation exchange resins find employment as packing materials for ion exchange 

chromatography columns, in which the negatively charged analytes interact with 
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the positive portion of the stationary phase and get separated depending on how 

strong the interaction is.  

Good performance shown by the ion exchange resins studied in this thesis work 

as catalysts along with the adsorption capacity of these resins suggest that LA 

esterification with ethanol could be conducted in a chromatographic reactor in 

which the potential for catalysis and separation is carry out in a single reactor. To 

support this, in literature are reported the studies of Mazzotti3, Rodrigues1, Vu et 

al. 4 and Russo et al.5 that used ion exchange resins for reactive chromatography 

experiments, conducting reactions such as acetic acid esterification and acetals 

synthesis, ethyl lactate production and xylene isomerization/separation, or esters 

hydrolysis. 

In this chapter the realization of the chromatographic reactor experimental setup 

was delineated. To show the effectiveness of this concept, a chromatographic 

column (Resex ROA-Organic Acid H+ (8%)) was tested. Then, experiments in the 

fixed-bed chromatographic reactor packed with Dowex 50WX-8, among the resins 

previously studied in this thesis work, are conducted with the aim to demonstrate 

that the method ensures reaching full conversion of the system. 

5.2. Experimental section  

5.2.1 Materials 
The following reagents were purchased from well-known companies and used 

without any further purification: levulinic acid (99 wt%) and ethyl levulinate (99 

wt%) were supplied by Sigma Aldrich, ethanol (99 wt%) supplied by Carlo Erba 

Reagents. Rezex ROA-Organic Acid H+ (8%) HPLC ion-exclusion columns (8%) 300 

x 7.8 mm was purchased by Phenomenex. Amberlyst-15 (A15-1, see Chapter III) 

and Dowex 50WX-8 ion exchange resin were purchased by Acros Organics and 

were used as solid acid catalysts. The main properties of the resins are reported 

in Table 3.2 (see Chapter III) and taken from the material data sheet of the catalyst 

itself.  

5.2.2 Methods 
The setup for the chromatographic reactor is shown in Figure 1. Ethanol is stored 

in the tank (1) and pumped into the system by an HPLC pump (2) that allows for 

flow rate setting and pressure drops reading. The ethanol flux passes through a 

Rheodyne injector valve (3) where an injector combined with a 20 μL loop allows 
to pulse the other reactant (LA) into the ethanol stream. The stream is then sent 

to the chromatographic reactor (4), consisting of a steel tube of 0.3 m length and 
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0.0078 m diameter jacketed with a heater regulated by a PID system (5). An online 

detector (Reach Device RD4, (6)) reveals the presence of solutes in the ethanol 

flux through UV (250 nm and 280 nm), IR and conductivity detectors. A pin valve 

(7) is placed after the detector, for samples withdrawal. The accumulation tank 

(8) is provided with a pin valve for decumulation of the liquid stream. The pressure 

in the chromatographic reactor system is applied through a reductor (9) linked to 

a N2 bottle (10). Packing of the tubular reactor (supplied by Phenomenex) was 

obtained after drying the resin and calculating the amount needed, considering 

the degree of swelling of the catalysts’ particle (see Chapter III, section 3.3.1). 

About 6 g of A15-1 and about 6.5 g of Dowex 50 WX-8 were necessary to fill the 

tubular reactor. Ethanol was then streamed continuously for 6 h with a flow of 1.0 

cm3/min into the reactor to let the resin swell and pack the tube completely. 

 

 
Figure 5.1. Chromatographic reactor setup scheme and laboratory system. (1) Tank; (2) HPLC pump; 

(3) Injector; (4) Chromatographic reactor; (5) PID; (6) Online detector; (7) Sample withdrawal valve; 

(8) Accumulation tank; (9) Reductor; (10) N2 bottle. 
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The performance of the chromatographic reactor was evaluated with tests in 

which levulinic acid was pulsed into a stream of ethanol and collecting data from 

the online detector. To determine if the resins successfully separated the 

components of the system, tests pulsing EL were conducted and a comparison 

between the UV (250 nm) spectra was made. The summary of the experimental 

conditions with the use of Amberlyst-15, HPLC column Rezex ROA and Dowex 

50Wx8, is illustrated in Table 5.1, Table 5.2, and Table 5.3 respectively. Rezex ROA 

column properties are listed in Table 5.3. 

Table 5.1. Experimental conditions for the chromatographic reactor runs 

performed with Amberlyst-15  at P = 2 bar; CLA = 0.5 mol/L. 

Test T [K] Q  [cm3/min] ΔP [MPa] 

1 303 1 5-6 
2 303 2 12 

3 303 3 18 

4 303 4 24 
5 303 5 30 

6 303 6 38 

7 303 7 46 

8 303 8 51 
9 303 9 59 

10 303 10 67 

11 323 1 5-6 

12 343 1 5-6 
13 363 1 5-6 

 

Table 5.2. Experimental conditions for the chromatographic reactor runs performed with 

Rezex ROA at P = 2 bar; CLA = 0.5 mol/L, ΔP= 5-6 MPa and T=273 K. 

Test Q [cm3/min] 

R1 0.6 
R2 0.7 
R3 0.8 
R4 0.9 

 

It was not possible to fix the flow rates higher than 0.9 mL/min due to problems 

concerning excessive pressure drops. 
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Table 5.3. Rezex ROA- Organic acid properties. 

Ionic form Hydrogen 

Standard Dimensions 300x7.8 mm 

Matrix Sulfonated styrene-divinylbenzene 

Cross linking degree 8% 

Particle size 8μ 
Max flow rate 1.0 mL/min 

 

Table 5.4. Experimental conditions for the chromatographic reactor runs 

performed with Dowex 50wx8. 

Test cLA 
[mol/L] 

cEL 
[mol/L] 

T 
[K] 

Q 
[cm3/min] 

P 
[bar] 

ΔP 
[MPa] 

C1 6 - 303 0.8 2 9 
C2 6 - 303 0.9 2 10 
C3 6 - 303 1.1 2 13 
C4 6 - 303 2.5 2 30 
C5 6 - 303 5 2 54 
C6 - 6 303 0.8 2 9 
C7 - 6 303 0.9 2 10 
C8 - 6 303 1.1 2 13 
C9 - 6 303 2.5 2 30 

C10 - 6 303 5 2 54 
C11 6 - 313 1.1 2 13 
C12 6 - 313 1.7 2 21 
C13 6 - 313 1.8 2 23 
C14 6 - 313 1.9 2 24 
C15 6 - 313 2.5 2 30 
C16 - 6 313 1.1 2 13 
C17 - 6 313 1.7 2 21 
C18 - 6 313 1.8 2 23 
C19 - 6 313 1.9 2 24 
C20 - 6 313 2.5 2 30 
C21 6 - 323 1.8 2 23 
C22 6 - 323 2.0 2 26 
C23 6 - 323 2.5 2 30 
C24 6 - 323 5.0 2 54 
C25 - 6 323 1.8 2 23 
C26 - 6 323 2.0 2 26 
C27 - 6 323 2.5 2 30 
C28 - 6 323 5.0 2 54 
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Take-up tests were performed to investigate how our reactive system affects the 

catalysts. Indeed, the evaluation of the swelling phenomenon is fundamental 

when a resin is to be used as a packing material for a reactor to avoid complete 

plugging of the system. The experimental procedure was reported in Chapter III, 

section 3.2.3 whereas the results were shown in section 3.3.3.1 of the same 

Chapter III. 

5.3. Results and discussions 

5.3.1 Reactive chromatography with Amberlyst-15 

A first evaluation set of experiments were performed with the use of Amberlyst-

15 (Table 1). The results of each experiments are reported in figure 2-4. 
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Figure 5.2. UV spectra of LA 0.5M injected in the chromatographic reactor packed with Amberlyst-

15 and working at 303 K and at different flow rates. 
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Figure 5.3. UV spectra of LA 0.5M injected in the chromatographic reactor packed with Amberlyst-

15 and working at 303 K and at different flow rates. 
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Figure 5.4. UV spectra of LA 0.5M injected in the chromatographic reactor packed with Amberlyst-

15 and working at 303 K and at different flow rates. 
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It can be seen from the results, only one peak appears. After GC analysis both 

ethyl-levulinate and levulinic acid are presents in the reaction products and they 

have the same retention time. This can be easily evaluated comparing the results 

obtained pulsing ethyl-levulinate and levulinic acid separately, at the same 

volumetric flow rate of 1 cm3/min, Figure 5.5. 
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Figure 5.5. UV spectra of LA and EL 0.5 M at 303K and at flow rates of 1 cm3/min. 

This is what we expected because at higher flow rates the time required to flow 

through the reactor is lower. LA is only partially converted, it has not got the time 

to interact with the resin and thus the UV analyzer only detects one peak, the 

chemical species exit the reactor at the same time.  
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Figure 5.65. Figure 5. UV spectra of LA pulse at different temperatures and at flow rates of 1 

cm3/min. 

Tests performed changing the temperature showed one peak that correspond, 

after GC analysis, to ethyl levulinate. It is possible to confirm that, enhancing the 

temperature a complete LA conversion occurs. Therefore, the reaction suffers 

from limitations due to external mass transfer, causing LA completely conversion 

but failing to separate it from the product. Probably this is due to the fact that LA 

is unable to enter inside Amberlyst-15 particle, and it is not adsorbed by the solid, 

while already in the external liquid film it has the favorable conditions to react. 

 

5.3.2  HPLC column for reactive chromatography 

To demonstrate the efficiency of this concept a set of experiments was done with 

an HPLC column, Rezex ROA, with sulfonated Styrene-divinylbenzene matrix, 

because the properties of the column allow to neglect the transfer limitations. In 

Table 5.3 the properties of the column are reported; among them the HPLC 

column has the limit to work at a maximum flow rate of 1 mL / min. In figure 5.7, 

the result obtained at 0.6 mL/min shown only one peak that correspond, after GC 

analysis, to ethyl levulinate. So, at this flow rate there are the complete LA 

conversion. 
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Figure 5.7. UV spectra of LA 0.5 M at 273K and 0.6 mL/min (A) 0.7 mL/min (B) and 0.8 mL/min (C). 

In order to appreciate the goodness of the separation of the chromatographic 

reactor, tests increasing the flow rate were carried out up to a maximum of 0.9 

mL /min. 

An excellent result in terms of separation is obtained at 0.8 mL / min in which we 

have two peaks and GC analysis reveal the presence of levulinic acid too, more 

pronounced at 0.9 mL/ min (Fig. 5.8), demonstrating that it is possible to conduct 

a reaction with excellent conversion and selectivity also having an accetaple 

degree of separation. 

 
Figure 5.8. UV spectra of LA 0.5 M at 273K and 0.9 cm3/min. 

 

5.3.3  Reactive chromatography with Dowex 50Wx8 

Having found that the concept can be applied there is no better choice than 

Dowex 50Wx8 in chromatographic separations, and for the highest levels of 
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selectivity, consistency, and reliability in column separations, it is select among 

the catalysts studied in the previous chapter (see Chapter III).  

 

- Effect of the stream flow rate 

The first set of experiments consisted in pulsing LA at 303 K at different flow rates 

(Table 5.4, C1-C5). The UV spectra results are reported in figure 5.9. 

 

 
Figure 5.9. UV spectra of LA 6M injected in the chromatographic reactor working at 303 K and at 

different flow rates. 

As revealed, the LA retention time decrease when the flow rate increase. This is 

what we expected because at higher flow rates the time required to flow through 

the reactor is lower. In more detail, looking at the curves shape at the 

intermediate flow rate (0.9 and 1.1 cm3/min tests) it can be noted the formation 

of a second peak. Instead, the test at 0.8 cm3/min flow rate shows a single, broad 

peak detected at a retention time similar to the second peak shown in the two 

tests at intermediate flow rates. 

An explanation of this behavior can be ascribed to the time of interaction of the 

reagents with the resin that makes the reaction happen.  

At lower flow rates, 0.8 cm3/min, the entire quantity of LA pulsed into the reactor 

has enough time to interact with Dowex 50 WX-8 and it is totally converted, 

resulting in a single EL peak at the detection point. At intermediate flow rate 

values, LA is only partially converted, and both the carboxylic acid and the ester 

are detected by the UV analyzer with detection times that are in line with their 

affinity values. To confirm this hypothesis, a solution of EL 6M in ethanol was 
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pulsed into the chromatographic reactor at the same operative conditions and 

the UV spectra were compared with the corresponding LA spectra (Table 5.4, C6-

C10). Obtained curves are reported in detail in the relative Publications IV.  At high 

flow rates, like 5.0 and 2.5 cm3/min, the LA has not got the time to interact with 

the resin and thus the UV analyzer only detects one peak, the chemical species 

exit the reactor at the same time. Thus, Dowex 50 WX-8 performs a good 

separation of the product and the reagent, allowing theoretical recover of the 

pure product from the reactor outlet. 

 

- Effect of the reactor temperature 

The effect of temperature was evaluated performing tests at 313K data was 

collected pulsing LA at 1.1 and 2.5 cm3/min flow rates (Table 5.4, C3 and C11; C4 

and C15).  In figure 5.10, a comparison of the experiments at the same flow rates 

and different temperatures are shown. 

A B  
Figure 5.10. UV spectra for LA 6 M injections at 1.1 cm3/min (A) and 2.5 cm3/min (B) flow rate at 

different temperatures. 

At 2.5 cm3/min flow rate, as expected, the raise in temperature does not make a 

significant difference since LA has no time to interact with the resin. At 1.1 

cm3/min flow rate, it can be note that the conversion to EL is complete. The 

reaction kinetics is positively affected by higher temperatures, obtaining 

complete conversion of the carboxylic acid at higher flow rates. 

Since we obtained two opposite outcomes (0 and 100% conversion), further tests 

were conducted to pinpoint the flow rate values that would give partial LA 

conversion at the same temperature, so that it could be verified that good 

separation would occur. 

Figure 5.11 show the results of test at 313 K and 1.7, 1.8 and 1.9 cm3/min flow 

rates. 
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A B  
Figure 5.11. (A) UV spectra of LA 6 M pulses at 313 K and different flow rates. (B) UV spectra at 1.9 

cm3/min of LA and EtOH. 

All three tests display the formation of two peaks, one is to attribute to LA and 

the other, which is kind of embedded into the first, to EL.  

To prove that the conversion is not complete and that there is the presence of 

both LA and EL, a solution of EL 6 M was prepared and injected at the same 

operative conditions. In Publication IV, are shown the results and the 

correspondence confirm that the second peak in the LA injections spectra can be 

attributed to EL formation. 

Through peaks deconvolution the approximate LA conversion was determined. 

The conversion values were not much different for the tests at 1.7, 1.8 and 1.9 

cm3/min flow rate (65, 67 and 68% respectively) and given the difficulty in peaks 

fitting due to the EL peaks being broad these values are only indicative. 

From this data it can be possible to confirm that the separation of EL from LA 

occurs at these operative conditions and that the range of conversion values is 

narrower than the one obtained with tests at 303 K and 0.9 and 1.1 cm3/min flow 

rates. 

Another set of experiments was carried out raising up the temperature to 323 K 

to further evaluate the performance of our chromatographic reactor setup. This 

time no second peak appeared in any of our tests at different flow rates (1.8, 2, 

2.5, 5 cm3/min) when LA 6 M pulses were sent through the resin-packed tubular 

reactor (Figure 5.7). If this was to be expected for the higher flow rates based on 

previous collected data, it remained to be demonstrated the nature of the single 

peaks at the lower flow rates.  

EL 6 M injections at the same temperature and flow rate values demonstrate that 

at lower flow rates LA is completely converted to EL. 
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Further proof for the injection test at 1.8 cm3/min (Figure 5.12) is given by the LA 

injection test with the same flow rate at lower temperature: the EL peak of that 

spectrum perfectly corresponds to the only peak in the LA injection spectrum at 

323 K.  

 
Figure 5.12. UV spectra of LA and EL 6 M at 313 and 323 K at 1.8 cm3/min flow rate. 

At 323 K the reaction kinetics and the quantity of catalyst that completely packs 

the column allow for complete conversion of LA to EL with flow rate values that 

give the organic acid enough time to interact with the ion-exchange resin. 

Water produced by the esterification reaction is mostly kept inside the solid. This 

should not affect LA conversion largely, but too much water adsorbed in the resin 

could in fact reduce the quantity of EL obtained at the reactor outlet due to the 

EL hydrolysis taking place. 

After many tests run with the chromatographic reactor setup, the resin showed 

that it was indeed starting to accumulate water. EL pulses started showing two 

peaks at the UV analyzer, which would only be explained by the presence of water 

in the system reacting with the ester and forming LA. 

To remove water from the Dowex 50 WX-8 resin, a 0.05 cm3/min flow of methanol 

was sent through the packed reactor for 24 h.  
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Finally, the LA conversion achieved by the chromatographic reactor setup at the 

different operative conditions employed is summarized Figure 5.13. 

Figure 5.13. LA conversion achieved at different operative conditions during the 

chromatographic reactor tests with LA 6M pulses. XLA values were determined by 

comparison with EL 6M injections and with peaks deconvolution. 

 

As revealed, the trends are rather logical, as conversion decreases by increasing 

the flowrate, as lower residence times are achieved. The quantification of the data 

reported in this paper can give a real impact in the optimization of the 

chromatographic reactor operation conditions. 

 

5.4 Conclusions 
 

The possibility of conducting LA esterification with ethanol for production of EL in 

a chromatographic reactor setup was successfully verified using Dowex 50 WX-8, 

demonstrating that in some cases it is possible to achieve full LA conversion. 

A tubular reactor was packed with Dowex 50 WX-8 to build a chromatographic 

reactor setup. Tests at different temperatures and flow rates were done to 

evaluate the catalytic and the separation efficiency of the resin itself.  

The chromatographic separation method proved to work for LA esterification, as 

with sufficiently low flow rates the LA pulses were completely converted to EL, 
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while with moderate flow rates the partially unconverted LA was well separated 

from the ester. While, at flow rates higher than 2.5 cm3/min LA do not have time 

to interact with the resin surface. At temperatures near to room temperature 

(303 K) LA was completely converted to EL. This is a very encouraging result 

considering that this is not possible in a batch system due to the thermodynamic 

equilibrium. It was also proved that if the resin should trap too much water, as a 

by-product of the esterification, it is possible to clean it with a methanol 

treatment. In a future perspective this promising reactive setup could be further 

investigated with a fluid-dynamic characterization and the development of a 

model that could describe the qualitative data obtained with the chromatographic 

reactor. Certainly, a higher experimental effort must be conducted to retrieve 

separately information about the kinetics of the reaction, point that it will be 

surely investigated in our future works. 
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CHAPTER VI 

        Levulinic acid hydrogenation to γ-valerolactone 

 

State of the art 

Preamble 

A brief state of the art on the γ-valerolactone (GVL) and the importance as 

intermediate chemical with a wide range of applications as fuel, fuel additive and 

as a green solvent are outlined (paragraph 6.1). The synthesis mechanism of GVL 

production from levulinic acid and the catalysts used are outlined in this chapter 

(paragraph 6.2).   

 

6.1. Introduction 

To highlight the value of LA, the most promising reaction is the hydrogenation to 

GVL, a platform molecule that has gained considerable attention in the last 

decade, as manifested by the high number of publications, about 1.210 in the last 

10 years.116 

 

Figure 6.1. Statistical data over the last ten years from SCOPUS.1  

GVL is a heterocyclic five carbon ester (C5H8O2) with one methyl group in γ-

position, has a sweet, herbaceous odor, that makes it perfect for application in 

perfumes and food additives.2,3 
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For its attractive physicochemical properties, GVL can be used as a solvent for 

various processes, for the synthesis of biomass derived chemicals; a precursor for 

more high value-added chemicals (like 1,4-pentanediol, 2-

methyltetrahydrofuran) and in the fuel sector.4-6  

GVL can be blended in gasoline and it performs comparably to ethanol/gasoline 

mixtures, since it retains 97% of the energy content of glucose and GVL 

combustion energy is similar to that of ethanol (29.7 MJ/Kg). Moreover, GVL has 

a lower vapor pressure (Table 6.1) and it is a fundamental parameter in fuel sector 

in order to control the emission of volatile organic compounds (VOCs). 7 

 

Table 6.1. Physicochemical properties of GVL.8  

Molecular weight (g/mol) 100.112 

Density (g/mL) 1.05 

Flash point (°C) 96 

Melting point (°C) -31 

Boiling point (°C) 207-208 

Solubility in water (%) 100 

ΔHvap (kJ/mol) 54.8±0.4 

ΔcH°liq (kJ/mol) -2649.6±0.8 

Δ fH°298 (kJ/mol)   -461.3 

Cetane number <10 

Vapor pressure (kPa) 3.5 at 80°C 

 

Although GVL also possesses a stereogenic carbon center, the major application 

in the fuel sector or as solvent do not require a specific enantiomeric form and 

GVL is usually synthetized and used in the racemic form. However, the 

enantiomeric form of GVL find applications as a chiral chemicals in the synthesis 

of PhACs (pharmaceutically active molecules). 9 

6.2. Hydrogenation reaction mechanism 

According to the literature the production of GVL from LA hydrogenation over a 

catalyst would be perhaps the most efficient and economic method reported to 

date124, and GVL synthesis follow the reaction pathways shown in a schematic 

diagram (figure 2), based on the literature. 11-13   
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Figure 6.2. Schematic diagram on the hydrogenation of levulinic acid to γ-valerolactone. Figure 

adapted from Malu et al. [13]  

 

Pathway 1, under mild conditions:  

- hydrogenation of LA with H2 attacks on the carbonyl group and the 

formation of an intermediate, γ-hydroxyvaleric acid;  

- intramolecular dehydration and lactonization to form GVL. 

Pathway 2, at high temperature: 

- esterification of the enolic form of LA which leads to the formation of the 

angelica lactone; 

- hydrogenation of the double bond in the α-angelic and β-angelic lactone 

to obtain GVL.  

 
Thus, both reaction pathways carried out through the hydrogenation step and the 

dehydration step and in order to provide good yields it is necessary that are 

ensure both acid and metallic sites. 7,14,15 

The metallic sites activity influences the hydrogenation step while the acidic 

catalyst strength has an influence on the other reaction step.16  

Either way, these two steps will always take place with the difference that changes 

the sequence in which occurs that in turn, depends on the conditions adopted. 

Different researchers have demonstrated the presence of the γ-hydroxyvaleric 

acid as intermediate during the experiments proving that, the first pathway is the 

thermodynamically and kinetically preferred at low temperature. 17 

It was also demonstrated by Lomate et al. 18 that in vapor phase the reaction first 

proceeds to the formation of α-angelica lactone, so at high temperature the 

second pathway is preferred. Despite traditionally the reaction occurs with a 

direct hydrogenation (H2), new better and safe methods to guarantee the 



 

 

95 

 

hydrogen supply are now constantly explored. In literature, formic acid and 

alcohols are at moment the best H2 donors for the GVL production.18-21  

 

6.3. Catalysts for GVL synthesis 

 
Both homogeneous and heterogeneous catalysts have been studied over the past 

decades for this reaction. Typically, precious metals such as iridium (Ir)22, 

palladium (Pd)23, platinum (Pt)24 and ruthenium (Ru)25,26 are the most catalysts 

used. In particular, Ru-based catalysts are by now classified as benchmark 

catalysts for this reaction, since high GVL yield can be reached (> 97%) under 

relatively mild condition. 27 As well know the high boiling point of GVL (207–208°C) 

makes product/catalyst separation by means of distillation uneconomical so the 

catalyst recovery is very difficult in the case of homogeneous catalysts application, 

even if it is possible to obtain a high yield of GVL under relatively mild conditions.  

The latest more comprehensive review about homogeneous catalyst have been 

done in the 2016 by Omoruyi et al.28 and covers all the advances until that 

moment. As far as the current research literature reports, Ru-chelating tridentate 

phosphine complexes, shows the best performance in promoting the efficiency of 

the reaction with better catalytic activity. Performing the reduction of LA with 

[RuCl2(PPh3)3] as catalyst, give rise to a yield of up 99% GVL and good catalytic 

performance were also achieved using the water-soluble ligand 

triphenylphosphine-trisulfonic acid (TPPTS) with [Ru(acac)3] (Table 6.2). 21,29 

,  
Table 6.2. Overview of homogeneous Ru-based catalysts mostly used in LA hydrogenation 
reaction. 

Catalyst T(°C) pH2 (bar) Time (h) GVL yield (%) Ref. 

[RuCl2(PPh3)3] 180 12 24 99 [28] 
RuCl3 + TPPTS 90 45 1.33 >99 [28] 

[Ru(acac)3] 140 50 5 98 [30] 
[Ru(acac)3] + TPPTS 140 50 5 97 [30] 
[Ru(acac)3] + TPPTS 140 50 21 92 [30] 

 

Given the above-mentioned shortcoming of homogeneous systems, 

heterogeneous catalytic systems have many advantages (low cost and 

recyclability) and have by now completely replace the homogeneous ones. Even 

for solid catalysts, significant progresses have been made in the GVL synthesis 

from LA with the application of ruthenium-based catalytic system by than the 
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catalytic counterparts based on other transition metals. The great commitment in 

enhancing more and more the ruthenium-based catalysts is due to the inherent 

and unique ability of ruthenium itself, under mild reaction conditions, to 

hydrogenate the carbonyl moiety of LA selectively into an alcohol functionality to 

form 4-hydroxyvaleric acid intermediate which spontaneously yields GVL after 

dehydration and cyclization step. The potential of the ruthenium-based catalysts, 

also for the heterogeneous catalysts, was already showed by Manzer et al.27 in 

2004, comparing the activities of 5% of different metal catalysts (i.e., Ir, Rh, Pd, 

Ru, Pt, Re and N) supported on the same carrier (activated carbon) and using 1,4-

dioxane as solvent. The 5% Ru/C catalyst was the best with ~ 100% conversion 

and >97% selectivity of GVL after 4 h hydrogenation. In 2011, Ru/C was again 

found to have a higher catalytic performance than the other catalysts by Upare et 

al.25 that carried out the reaction over carbon supported Ru, Pt and Pd. 

Despite, Ru/C is by now considered as a benchmark catalyst for this reaction it 

suffers of leaching issue and of slow and irreversible deactivation. The latter is 

probably due to the sintering of the ruthenium particles and at deposition of the 

carbonaceous deposits on the catalyst surface.31  

Thus, very important in the studies of ruthenium-based catalysts is the proper 

regulation of the carrier acidity by which it could be enhance the activity of the 

catalyst. Stronger is the interaction between Ru and the carrier, more is the 

stability of Ru and so the cyclability performance. Moreover, as mentioned before 

it has been demonstrated that the supports have an effect on the coke deposition, 

active metal leaching and sintering so researchers have turned their attention to 

developing new highly efficient solid catalysts which greatly determine the 

catalytic stability, placing attention on the support type.32  

Al-Shaal et al. 33 investigated other inorganic supports, other carbon, such as TiO2, 

Al2O3, and SiO2 at aim to compare the activity of the catalysts demonstrating that 

the highest LA conversion (99.2%) and GVL selectivity (89.8%) were achieving by 

Ru/C catalyst (entry 2, Table 6.3). 

Seretis et al. 26 and Maumela et al.34 have very lately published two reviews on the 

recent advances in the field of ruthenium-catalyzed hydrogenation reactions of 

LA. Both reviews are focused on the effect of different solid supports since its 

choice has a strong influence on the catalyst performance, as the stability. The 

first review is focused on TiO2 and carbon supported catalysts; while the other 

one is very complete and ranging from a comparison of Ru with other metals, 
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examining the effect of the support, the solvent and the effect of bimetallic 

catalyst on the catalyst performance.  

Yu and coworkers32, in their detailed review have classified and critically discusses 

the effect of different solid acid supports on the overall catalytic performance of 

the bifunctional systems: metal oxides, molecular sieves, metal organic 

frameworks (MOFs), acid functionalized carbons, acidic resins and others (i.e. 

hydroxyapatite (HAP) and sulfonated polyether sulfone (SPES)) are also developed 

as a novel support. Some examples of Ru-based catalysts are listed in Table 6.3. 

 
Table 6.3. Overview of heterogeneous Ru-based catalysts mostly used in LA hydrogenation 
reaction 

Entry Catalyst T (°C) ࡴ࢖૛(M Pa) Time (h) 
Catalytic 

performance 
Ref. 

1 5% Ru/C 150 3.5 4 90% GVL yield [35] 
2 5% Ru/C 130 1.2 2.7 89.8% GVL sel. [33] 
3 5% Ru/Al2O3 130 1.2 2.7 80.4% GVL sel. [33] 
4 5% Ru/TiO2 130 1.2 2.7 87.8% GVL sel. [33] 
5 5% Ru/SiO2 130 1.2 2.7 76.5% GVL sel. [33] 
6 1% Ru/TiO2 130 4 0.5 >99% GVL sel. [36] 
7 Ru/SMS 70 0.5 4 95.6% GVL yield [37] 
8 Ru/MCM-41 70 0.5 4 84.1% GVL yield [37] 
9 Ru/MIL-101(Cr) 70 1 5 99% GVL yield [38] 

10 Ru/OMC-S 70 0.7 3 97% GVL sel. [39] 
11 Ru/SiO2 70 3 2 98% GVL sel. [40] 
12 Ru/C 70 3 2 98% GVL sel. [40] 
13 Ru/SPES 70 3 2 100% GVL sel. [40] 
14 Ru/C+NBO 70 0.5 3 98.6% GVL sel. [12] 
15  Ru/C+NBP 70 0.5 3 98.3% GVL sel. [12] 
16 Ru/C+A15 70 0.5 3 98.9% GVL sel. [12] 
17 Ru/C+ A70 70 0.5 3 99.9% GVL sel. [12] 
18 Ru@Dowex 70 0.5 7 >99% GVL sel. [41] 
19 Ru0.9-Ni0.1/OMC 150 4.5 2 97% GVL sel. [42] 
20 Ru0.9-Ni0.1/C 150 4.5 2 15% GVL sel. [42] 

Molecular sieve: spherical mesoporous silica (SMS), mesoporous molecular sieve (MCM-41); metal 
organic framework: Chromium terephthalate metal–organic framework (MIL-101 (Cr)); Acid 
functionalized carbons: ordered mesoporous carbon with sulfuric groups (OMC-S); ion-exchange 
resin: Amberlyst-15 (A15), Amberlyst-70 (A70) 

 

From this study is evident the importance and the fundamental role of both the 

support choice and the addition of the metals .34,42,43  

As it is evident by the catalyst performance results show in Table 6.3, the use of 

acidic supports on which Ru metal nanoparticles are dispersed is a good strategy 
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to prepare new catalysts act as a bifunctional catalyst for the hydrogenation of LA 

because offer a simultaneous access of both sites (acid and metal) useful to the 

dehydration and hydrogenation of LA to GVL.  

A very interesting approach was studied by Raspolli-Galletti 12 that showed the 

enhancing effect that is could be obtained combining an heterogeneous acid, such 

as cationic exchange resins (Amberlyst 70, Amberlyst 15), niobium phosphate 

(NBP) or oxide (NBO), and the commercial ruthenium supported catalysts (Table 

6.3, entry 14-17).  

Figure 6.3. Effect of different bifunctional catalysts on the levulinic acid conversion (mol%). 

Adapted from [12] 

A similar enhancement was obtained by Moreno-Marrodan and Barbaro 41 

achieving 99.8% LA conversion and 99% GVL selectivity using Ruthenium 

nanoparticles supported on Dowex, as sulfonic acid ion exchange resin, through 

impregnation method.  

To further improve the performance of Ruthenium catalysts’ family, researchers 

have turned their attention on the combination of bi-metals by exploiting their 

complementary properties to achieve better catalytic activity and stability 

obtaining bi-metallic catalysts. One example is the addition of Re to the 

benchmark Ru/C for which was obtained an enhancement of the activity with a 

GVL selectivity higher than 95%. 44 Another example is given for the catalyst Ru0.9-

Ni0.1/OMC, for which was reached a LA conversion of 99% and 97% of GVL 

selectivity. Comparing these results with those obtained in the case of Ru0.9-Ni0.1 

on carbon as a support (LA conversion 34% and GVL yield 15%) a drastic drop was 

observed (Table 6.3, entry 19-20). It was demonstrating that adding Sn to the Ru/C 
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catalyst, the stability of the catalyst increases although the initial catalytic activity 

was higher with Ru/C respect Sn-Ru/C. The above discussion, along with 

references cited, help the reader to appreciate and to further investigate the 

evolution of Ru-based catalysts. The efficiency of the latter catalysts is evaluated 

also in comparison with the use of non-noble metals (i.e., Ni, Zr, Co, Cu) and Ni-

based catalysts have attracted a lot of attention to their high catalytic 

activity.7,34,45,46 

Another important factor which must be taken into account in the GVL synthesis 

is the choice of the solvent. As reported in the literature, there is a direct influence 

among the solvent and the performance of the catalyst, in term of stability and 

selectivity towards the product. There are only few published studies that attempt 

to clarify the specifical role of solvent and they are agree that H2O is the ideal 

solvent, other than the other (dioxane, THF, ethanol, toluene), for the 

hydrogenation reaction of LA to GLV. The enhancement in activity obtained with 

water is due to the hydrogen bond effect transporting H atoms to the catalysts 

surface, participating into reaction as hydrogen source. 36,47 

 

6.4.  One-pot catalysts preparation: sol- gel method 

Inspired by the results obtained with bifunctional catalysts, in the perspective to 

develop a new efficient ones and explore new preparation method, an interesting 

synthesis reported in literature is surely the one-pot sol-gel method. Sol-gel 

chemistry collect many strategies to prepare materials from solution precursors 

and the importance of this procedure is due to the possibility to regulate the 

physico-chemical properties of the materials through the manipulation of the 

operative conditions. High yield, low operation temperatures, and low production 

costs are only some of the advantages of the sol-gel method. This method 

potentially replaces the traditional preparation via that expected to obtain mixed-

oxide catalysts or supported metal oxide by post synthesis methods: 

impregnation, coprecipitation and deposition procedures. In the following figure 

are summarized the main step of the procedure: 

- Solution of the precursors. 

- Condensation and hydrolysis to form a SOL. 

- Polycondensation of hydrolyzed precursors with formation of GEL 

(gelation step). 
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- Drying & aging steps with formation of dense “XEROGEL” (evaporation of 

solvent and collapse of the porous network). 

- Calcination at selected temperature to stabilize the materials. 

The aging step can be added to ensure a growth of particles or a change in the 

composition and properties of the gel since chemical reactions continue long after 

the gel formation. 48 

Figure 6.4. Main steps of the synthetic procedure via sol-gel method. 

6.5. Greener alternative to H2 as hydrogen source 

In addition to the non-safety use of H2 as hydrogen source in the LA reaction to 

GVL, another way it is possible which involves the use of inexpensive and 

accessible H-donor molecules, as alcohols. This reaction is recognized as catalytic 

transfer hydrogenation (CTH) and is considered to have bright application 

prospect. Xue et al. 45 recently, in their work about valorization of levulinic acid 

over non-noble metal catalysts, have dedicated a section on transfer 

hydrogenation with alcohols showing the performance of various catalysts. 

Among the metal-based catalysts (e.g., Ni, Cu, Zr), zirconium-based catalysts were 

comprehensively reported giving high LA conversion and selectivity toward GVL. 

For example, Chia and Dumesic 49 in their work have reported the CTH of LA and 

its esters to GVL over ZrO2 using 2-butanol as hydrogen donor and they obtained 

99.9% LA conversion with a GVL selectivity of 71% working at 220°C for 16-hour 

reaction.  

The activity of ZrO2, among a number of different metal oxides, resulted from the 

fact that possess both acid and base characteristics (Zr4+ and O2–, respectively). 

Recently, first Enumula et al. 50 and then Kuwahara et al. 19 found that ZrO2 

supported on mesoporous SBA-15 catalyze very efficiently the LA conversion. 
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Enumula et al. studied the reaction in with different secondary alcohols in 

continuous hydrogenation, obtaining the best results with 2-butanol (100% LA 

conversion with 96% GVL selectivity at 250°C). Kuwahara et al., achieved 99.9% 

LA conversion and 90% GVL selectivity in 2-propanol under mild reaction 

conditions (150°C for 3h).   
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CHAPTER VII 

 Investigation on metallic and acid sites of Ru/Nb/Si catalysts 

to efficiently produce γ-Valerolactone from Levulinic Acid 

Hydrogenation 
 

 

7.1 Introduction 

The synthesis reaction of γ-valerolactone (GVL) is carried out by the 

hydrogenation of levulinic acid (LA) using heterogeneous catalysts, which have 

the advantage of being relatively easy to separate and recycle. An important 

aspect that emerges from the studies in the literature, reported in the previous 

section, is that classical hydrogenation catalysts, such as Ru/C, seem to work 

better in the presence of an acidic co-catalyst. To optimize the process, it is 

necessary to design bifunctional catalysts able to favor both the hydrogenation 

and the acid-catalyzed step of the reaction. In a recent review Yu et al.1 , examined 

the effects of the acid characteristic of the support in which the metallic phase is 

dispersed on the performance of bifunctional catalysts for the heterogeneous 

transformation LA to GVL. They conclude that the acidity of the support plays a 

key role in this transformation affecting both the metal dispersion and the stability 

of the catalyst in mild reaction conditions.1  

This observation represents the starting point of this study in which it has been 

demonstrated that gels deriving from mixed oxides of niobium, silicon and 

ruthenium made possible the hydrogenation reaction of LA with good yields. 

In this part of work, the effect the chemical composition of different Ru-Nb-Si gel-

derived nanomaterials on the catalytic performance in the LA hydrogenation 

reaction was explored with special attention to the acid surface characteristics of 

the matrix in which the Ru nanoparticles are dispersed. Keeping the RuO2 amount 

at 3.8 mol% the Nb2O5 content was changed from 0 to 6.9 mol% in the RuO2 -

Nb2O5-SiO2 (Ru-Nb-Si) mixed-oxide system with the aim to clarify the role played 

by the two components (the metallic phase and the acid matrix) in determining 

the reaction pathway and then the GVL yields. It should be noted that modulating 

the composition of the support and then its acid characteristics HPA or GVL were 

isolated as the only product of the reaction. 
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7.2 Experimental section  

7.2.1 Sol-gel synthesis 

Mixed-oxide materials, whose nominal molar composition is reported in Table 7.1, 

were prepared by a one-pot sol-gel route in collaboration with Prof. Aronne group 

at the Department of Chemical, Materials and Production Engineering.  

The following reagents by Sigma–Aldrich were used. Tetraethoxysilane (TEOS, 

Si(OC2H5)4 99%), niobium(V) chloride, (NbCl5 99%), anhydrous ethanol (EtOH), 

ruthenium(III) chloride-3-hydrate (RuCl3·3H2O 99.98%), tetramethylsilane (TMS, 

Si(CH3)4≥99.0%).  
A solution of NbCl5 in anhydrous EtOH with a molar ratio NbCl5/EtOH = 1:6 was 

prepared in a dry box at room temperature. The solution was stirred for 20 

minutes to allow the formation of partially substituted Nb(OEt)5-X(Cl)X species and 

the removal of HCl produced. An alcoholic solution of TEOS with molar ratio 

TEOS/EtOH = 1:4 was prepared to which a proper amount of RuCl3·3H2O (0.613 

mmol) was added: the latter solution was then mixed with the former solution. 

The resulting clear reddish solution was hydrolysed at room temperature by using 

deionized water, finally obtaining a hydro-alcoholic solution with the molar ratio 

TEOS/H2O = 1:4. From this final solution, a transparent dark-red gel was obtained 

within two days. The gelled system was kept for 3 days at room temperature 

before drying, and afterwards it was fully dried in air at 110 °C in an electric oven 

until a constant weight was reached. After such treatments, amorphous hardened 

dry gels were obtained. The dried gels (xerogels) were annealed for 2 h at 500 °C 

in air to obtain stable powdered materials (Table 7.1). 

 The catalysts used in the reaction were obtained from these materials by a 

reduction treatment under a 0.1 L min-1 H2 flow, 1 bar, 300 °C for 3 h and finally 

cooled at room temperature (r.t.) under H2 flow.  
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Table 7.1. Textural properties of samples 

Sample   Molar Composition  

N2 physisorptiona NH3-TPDa Nb/Rue 
    

DRu
g 

SBET
b 

(m2g-1) 

Acid sitesd 

(mmol/g) 

Oxa Redf 

 

4Ru0Nb RuO2(0.038)SiO2(0.962) 523* >0.01 - - 12 

4Ru2.5Nb RuO2(0.038)Nb2O5(0.024)SiO2(0.938) 398 0.08 0.56 1.62 5 

4Ru5Nb RuO2(0.038)Nb2O5(0.047)SiO2(0.915) 472 2.39 1.15 3.58 5 

4Ru7.5Nb RuO2(0.038)Nb2O5(0.069)SiO2(0.893) 412 2.00 1.93 10.99 4 

a  annealed sample at 500°C for 2 h 
b specific surface area calculated by BET method from N2 adsorption data in 0.1 – 0.3 P/P0 range 
c micropore volume estimated using t-plot analysis in the 0.35 – 0.5 nm range. 
d amount of NH3 chemisorbed per gram of sample 
e Nb/Ru ratio calculated on the basis of EDS maps 
f reduced sample in H2 (1 bar, 0.1 ml/min) at 300°C for 3 h  
g ruthenium dispersion obtained by CO chemisorption 
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7.2.2 Structural, morphological and surface acidity 

characterization 
X-ray diffraction patterns were recorded with a Bruker D8 X-ray diffractometer, 

operating in the reflection mode with Cu-Kα radiation (λ = 1.5418 Å, 40 kV, 30 

mA). The data were collected in the 5 - 80° range (2ܤߠ) with steps of 0.015°. 

FTIR (Fourier Transform Infrared) spectra were collected in the ATR (Attenuated 

Total Reflection) mode using a Bruker Equinox 55 spectrometer equipped with a 

Platinum ATR cell, in which diamond (refractive index = 2.41) is used as ATR 

crystal. The spectra were recorded between 4000 and 500 cm-1 with a resolution 

of 4 cm-1. DR UV–vis (Diffuse Reflectance UV-Visible) spectra were recorded in the 

range of 200 – 800 nm on a Shimadzu UV-3600 Plus spectrophotometer. A 

Spectralon® Diffuse Reflectance Standard was used to measure the background 

spectra. The measured intensity was expressed as the value of the Kubelka–Munk 

function F(R). N2 adsorption and desorption isotherms of the samples were 

recorded at -196 °C using a Micromeritics Tristar 3000 apparatus. Samples were 

previously outgassed at 250 °C under vacuum for minimum 6 h. The BET 

(Brunauer-Emmett-Teller) method was used to calculate the samples specific 

surface area, SBET, in the 0.1 – 0.3 P/P0 range. The micropores volume was 

estimated using t-plot analysis in the 0.35 – 0.5 nm statistical thickness range. 

FTIR spectroscopy measurements of NH3 adsorption were carried out at room 

temperature (r.t.). FTIR spectra of self-supporting wafers were collected on an 

Equinox 55 (Bruker) spectrophotometer equipped with MCT (Mercury – 

Cadmium- Telluride) cryodetector. The powders were pressed into thin self-

supporting wafers (optical density of about 20 mg cm-2) and treated under high 

vacuum (residual pressure <10-3 mbar) at 300 °C in a standard vacuum frame, to 

remove water and other atmospheric contaminants. Afterwards, increasing 

pressures of NH3(g) were dosed on the outgassed samples (equilibrium pressure 

range: 0 – 15 mbar). Afterwards, the samples were outgassed for 1 h at r.t. and at 

300 °C, to check adsorption reversibility.  

NH3-TPD (Temperature Programmed Desorption) measurements were carried 

out using a CATLAB-PCS (Hiden Analytical), a quartz microreactor coupled to a 

Mass Spectrometer. About 0.1 g fresh sample was preheated in argon flow (50 

mL min-1) at 300 °C for 60 min (ramp 10 °C min-1). Adsorption of NH3 (5 vol. % in 

helium; flow rate 30 mL min-1) was done at 70 °C. The TPD measurement, under 
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an argon flow of 30 mL min-1, was conducted by heating the sample from 70 to 

600 °C at a 10°C min-1 rate. 

FESEM (Field Emission Scanning Electron) measurements were performed using 

a Tescan S9000G FESEM 3010 microscope (30 kV) equipped with a high brightness 

Schottky emitter and fitted with Energy Dispersive X-ray Spectroscopy (EDS) 

analysis by an Ultim Max Silicon Drift Detector (SDD, Oxford). For analyses, the 

samples, in the form of powders, were deposited on a stub coated with a 

conducting adhesive and inserted in the chamber by a fully motorized procedure. 

Carbon monoxide chemisorption was performed in a Micromeritics Pulse 

Chemisorb 2705 equipment. The catalyst (0.15 g), placed in a U-shaped sample 

tube, was heated at a rate of 10 °C min-1, under a pure flow of H2, to perform a 

reduction pretreatment at 300 °C for 3 hours. The sample was cooled down to 35 

°C. The CO chemisorption was performed sending pulses of 0.037 mL of CO in 

helium, to the sample and recording the corresponding peak value of the non 

adsorbed CO. This process was repeated until saturation, namely when no more 

CO was adsorbed when an additional pulse is given. The total amount of CO 

adsorbed is found by summing the amount adsorbed at each pulse. 

 

7.2.3  Catalytic tests 

The synthesis of GVL from LA hydrogenation was performed in a fed-batch 

reactor, where H2 is fed at constant pressure to a vessel charged with about 4.0 g 

of LA, 200 g of water and 0.5 g of catalyst. The catalyst was pre-treated, before 

loading, performing a reduction in a dedicated system under a 0.1 L min-1 H2 flow, 

1 bar and 300 °C for 3 h. The so-reduced catalyst was cooled at room temperature 

under H2 flow and then quickly charged to the vessel.  

The reaction mixture, containing the catalyst, was flushed with N2 at 5 bar, to 

evacuate the dissolved O2 before feeding H2. In this step, the temperature was 

increased to the desired value (70 °C) using a heating jacket, and the solution is 

kept under constant stirring at 300 rpm. After approximately 10 N2 washes, H2 was 

fed to the reactor at 20 bar and the reaction was started. Samples were 

periodically withdrawn from the reaction vessel, to evaluate the evolution with 

time of both LA conversion and GVL yield. An AISI 316 stainless steel net was 

installed at the bottom of the withdrawn pipe to avoid any catalyst loss. 

Temperature and H2 flow were measured by a National Instruments DAQ device, 

equipped with a homemade acquisition script written in LabView 2013. During 
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the reaction, reagents/intermediates/products were analysed by GC every 30 

min, according to a procedure described in the following. All the experimental 

tests were performed at 300 rpm, at temperature of 70 °C and with a hydrogen 

pressure of 20 bar, while N2 pressure was fixed at 1.0 bar. 

The samples were analysed by GC, using ethylene glycol as an external standard. 

In a sample volume of approximately 2-3 cm3, a 100 mL volume of the standard 

was dissolved. The so-prepared sample (1μL) was injected in a PerkinElmer Clarus 
580 GC (equipped with a 30mx0.32mmx0.26μm Supelco SLB-IL60 column) with a 

FID detector. The injector was a PSSI, working at 300 °C, with a carrier (He) 

pressure of 14 psi and working in on-column mode. The temperature ramp was 

set as follows: 100 °C heating to 300 °C with a rate of 10 °C min-1; the temperature 

was kept at the final value for 25 min. The retention times were the following: 

ethylene glycol: 4.7 min; γ-valerolactone: 6.2 min; γ-hydroxyvaleric acid: 7.11 min; 

levulinic acid: 10.4 min. 

 

7.3  Results and discussion 

7.3.1 Structural, textural, and electronic properties 

All dried gels are amorphous (data not shown) while the XRD profiles of the 

annealed samples (2h at 500 °C) are shown in Figure 7.1. The peaks of RuIV oxide, 

RuO2, (JCPDS Card No. 40-1290) can be noticed in all profile together with a broad 

halo centred at approximately 2θ = 24°, typical of amorphous silica.2-4 This 

indicates that the annealing causes the precipitation in the amorphous matrix of 

RuO2 crystals. On the other hand, the lack of typical peaks of Nb2O5 crystalline 

aggregates corroborate the hypothesis of a very high dispersion of niobium in the 

siloxane matrix. 
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Figure 7.1. XRD patterns of gel-derived materials annealed at 500 °C for 2 h. The pattern of the 

corresponding 4Ru0Nb sample is also reported as a reference. 

 

In the FTIR-ATR spectra of the annealed samples the main absorption bands at 

1055 and 1200 cm-1 (Figure S1) are related to vibration modes of siloxanes (Si-O-

Si) groups166. The bands at 795 and 1630 cm-1 are assigned to the symmetric 

stretch of Si-O-Si groups (νSi-O-Si) and to the bending mode of molecular water 

(δO-H), respectively. Interestingly, the spectra of the samples containing niobium 

show a band at 950 cm-1 related to Si-O-(Nb) bonds at the silica-niobia interface167 

indicating the enhanced interaction between SiO4 tetrahedra and NbO6 

octahedra, which results into high niobium dispersion, in agreement with the XRD 

findings.. In the range 2850-3650 cm-1, the spectra of all the samples exhibit a 

broad absorption band due to the O-H stretching mode of hydroxy groups 

involved in H bonding. The presence of OH-related bands indicates that the 

annealed samples adsorb water during cooling as a result of their porous nature. 

The DR UV-vis spectra (FigureS2) of the annealed samples containing niobium are 

dominated by the ligand-to-metal-charge-transfer transition band (LMCT from O2- 

to Nb5+) centred at about 245 nm. As the niobium content increases, the peaks 

position shift to slightly higher wavelengths and the absorption bands become a 
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little wider indicating the presence of a wide distribution of NbO6 octahedra (less 

or more distorted). 

The surface areas, evaluated by the BET, together with micropore volumes are 

reported in Table 7.1. 

The isotherms of all the annealed samples show an initial step increase at low P/P0 

values, owing to the presence of micropores, followed by a continuous increase 

of the adsorbed volume with increasing P/P0 and a small hysteresis loop 

(especially evident in the isotherms of 4Ru0Nb and 4Ru2.5Nb), likely caused by 

the presence of some disordered mesopores. 

According to the results, among the samples with the same content of ruthenium, 

the 4Ru0Nb catalyst displays the highest specific surface area (300 m2g-1) while a 

decrease can be observed in the samples containing niobium. Such behaviour can 

be related to the amount of Nb2O5 dispersed in silica, nevertheless at low Nb–Si 

ratio the niobium dispersion is very high and markedly decreases when the Nb 

loading is 6.9 wt%. Micropore volume is merely by niobium content. 

 

7.3.2 Surface acidity properties  

To assess the nature of acid sites on the surface of the synthesized materials a 

spectroscopic IR investigation was performed using NH3 as probe molecule, 

because it can interact with both Brønsted acidic sites (by forming NH4
+ ions) and 

Lewis acidic sites (by forming acidic–basic adducts). Its small size allows 

quantitatively probing of almost all acid sites inmicro-, meso-, and macro-porous 

oxides. The protonated species (NH4
+ ions) and the coordinatively bonded NH3 in 

Lewis adducts have different NH vibrations. In particular, the deformation 

vibrations (bending modes) at ca. 1450 and 1610-1630 cm−1 provide reliable 

indicators for the presence of protonated and coordinatively bonded NH3, 

respectively.   

Figure 7.2 reports difference spectra (after subtraction of the spectra of the bare 

samples, i.e., outgassed at 300 °C) concerning NH3 adsorption (equilibrium 

pressure ca. 5.0 mbar) at r.t. on the annealed samples previously outgassed at 

300 °C. To allow comparison, the spectra in Fig. 7.2 were normalized to sample 

unit weight, in such a way that the bands intensity of different samples can be 

compared. These spectra show that, in the absence of Nb a single band is 

observed at 1633 cm-1 (4Ru0Nb sample), readily ascribed to NH3 molecules 

interacting with surface Si-OH species via H-bond, such OH groups being weakly 
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acidic and, thus, unable to transfer a proton to NH3, but able to H-bond the 

molecule at r.t..  

Addition of Nb brings about the appearance of other two bands at ca. 1610 and 

1456-1465 cm-1. The former is assigned to the bending mode of NH3 molecules 

adsorbed on coordinatively unsaturated Lewis (L) sites (e.g. Nb5+ ions), the latter 

to the bending mode of NH4
+ species, formed upon interaction between NH3 and 

(Nb-related) acidic -OH groups acting as Brønsted sites (B). Such bands were not 

removed by prolonged evacuation at r.t., but by outgassing the samples at 300 °C 

(spectra not shown). Since the spectra have been normalized to sample unit 

weight, a comparison of the relative intensity of the bands is allowed, showing 

that both intensities follow this trend: 4Ru2.5Nb < 4Ru7.5Nb < 4Ru5Nb. This trend 

also agrees with the total desorbed amounts of NH3 measured by TPD later 

reported. Both L and B bands are less intense with 4Ru2.5Nb, showing that at low 

Nb loading the surface acidic sites are less abundant; moreover, the band due to 

the bending mode of the NH4
+ species is seen at 1465 cm-1, i.e. at lower 

wavenumbers than with the other two samples (4Ru5Nb and 4Ru7.5Nb), giving 

rise to a bending mode at 1456 cm-1. The position of the bending mode is related 

to the strength of the interaction of NH3 with surface OH groups, i.e. to their acidic 

strength showing that the 4Ru2.5Nb has weaker B sites. Considering the spectra 

in Fig. 7.2, the 4Ru5Nb catalysts seems to be the one containing more acidic sites, 

whereas at higher Nb loadings (4Ru7.5Nb) some Nb-related phenomena occur, 

which bring about an overall decrease of acidity. Further information can be found 

in the Publication V. 

 



 

 

114 

 

 
Figure 7.2. Difference FTIR spectra concerning the room temperature. adsorption of NH3 

(equilibrium partial pressure ca 5.0 mbar) on the samples previously outgassed at 300 °C. 

Spectra have been normalized to sample unit weight, in order to allow comparison. 

The surface acidic properties of the synthesized materials were also analysed by 

NH3 temperature-programmed desorption (TPD) experiments. The obtained 

values of the total amount of NH3 desorbed are reported in Tab. 7.1. As can be 

seen, the trend of these values well agrees with the above IR analysis. As matter 

of fact, the acidity of 4Rb0Nb is very low, then we observe an increase of acidity 

with the increase of Nb content until a nominal concentration of 4.7%. The acidity 

then decreases for a further increase in Nb mount.  

NH3 TPD and FTIR spectroscopy studies point out that the composition, i.e. the 

Nb/Ru ratio, strongly influences the surface acidity of the catalysts, which suggest 

that a synergic interaction between Ru and Nb is established within the silica 

matrix.  

 

7.3.3 Morphology and elemental distribution of both 

annealed and reduced materials 
Both morphology and element distribution of both annealed (500 °C for 2 h) and 

reduced (300 °C under H2 flow for 3 h) materials were investigated by FESEM. The 

aim was to obtain information on the dispersion of Ru and Nb as well as on their 
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respective arrangements within the materials to disclose the interaction between 

the two elements.  

FESEM representative images of the 4Ru2.5Nb catalyst (reduced sample) are 

shown in panels a and b of Figure 7.3, revealing Ru flower-like morphology in the 

presence of Nb. EDS maps of Si, O, Ru and Nb showed homogeneous distribution 

of the different elements at nanometric scale within the 4Ru2.5Nb catalyst, panel 

c of Figure 3.  

 

 
Figure 7.3. FESEM image (a) and EDS layered image (b) of the 4Ru2.5Nb catalyst. EDS maps 

of the region shown in a) for Si, O, Ru and Nb (c). Image collected at 25 kV with the standard 

SE detector. Instrumental magnification: 34000x 

 

These findings were corroborated by measurements carried out at higher 

magnification (Figure 7.4), that highlighted the Nb dispersion at atomic level, 

whereas Ru is in the form of very small nanoparticles. These features put in 

evidence a close contact between the highly dispersed Nb and Ru species.  
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Figure 7.4. FESEM representative image of 4Ru2.5Nb catalyst and EDS spectra of selected 

points/regions. Image collected at 25 kV with the standard SE detector. Instrumental 

magnification: 261000x. 

 

Morphology and element distribution were checked also in the case of both 

annealed and reduced 4Ru5Nb and 4Ru7.5Nb samples. Similar features were 

observed, as shown in Figure 7.5 and Figure 7.6, confirming that also in these 

cases, Ru is located in regions where the flower-like morphology is not present 

and that Nb is homogeneously dispersed within the materials, independently 

from the Ru amount in the catalysts. Further information can be found in the 

Publication V. 
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Figure 7.5. FESEM image of the 4Ru5Nb catalyst (a), EDS layered image (b) with the 

corresponding EDS maps O, Si, Ru and Nb (c). Image collected at 25 kV with the standard 

SE detector. Instrumental magnification: 30000x 

 

 

Figure 7.6. FESEM image of the 4Ru7.5Nb catalyst (a), EDS layered image (b) with the 

corresponding EDS maps of Ru, Nb, O, and Si (c). Image collected at 25 kV with the standard 

SE detector. Instrumental magnification: 15000x 

 



 

 

118 

 

In Table 7.1 the Nb/Ru ratios calculated on the basis of EDS maps (obtained as wt 

% of the different elements) are summarised for all ternary materials containing 

Nb. The ratios have been determined for both annealed and reduced catalysts.  

Overall, the Nb/Ru increased with increasing the Nb loading and it is shown that, 

among the annealed samples, 4Ru2.5Nb has the lowest Nb/Ru ratio, meaning that 

in this case the lowest amount of Nb is located at the surface and/or close to the 

surface of the material.  

Upon reduction at 300 °C, an increased Nb/Ru ratio was observed for all the 

catalysts, which could be an indication that Nb migrates toward the surface of the 

catalyst under reducing conditions, possibly affecting the dispersion of the highly 

dispersed Ru phase. Moreover, such enhancement was minimum for 4Ru2.5Nb 

and it was particularly evident for 4Ru7.5Nb. These features corroborated that 

the Nb species are highly and homogeneously dispersed on the 4Ru2.5Nb 

material either after oxidation at 500 °C or after reduction at 300 °C, in agreement 

with XRD and FTIR-ATR results. In addition, the ruthenium dispersion in the 

reduced materials was estimated by CO chemisorption and the results are 

summarized in Table 7.1. 

The 4Ru0Nb catalyst, without niobium, shows the best ruthenium dispersion, 

whilst the ruthenium dispersion gets worse as the amount of Nb increases, in 

agreement with the characterization results showing the occurrence of strong 

mutual influence between the two elements. In conclusion, the observed 

interaction between Nb and Ru is depending on the composition and affects both 

metal dispersion and acidity of the bifunctional Ru-Nb-Si catalysts. 

Further information can be found in the Publication V. 

 

7.3.4 Catalyst screening for LA hydrogenation to GVL 

The Ru-Nb-Si catalysts were tested in the hydrogenation of LA to GVL, under mild 

conditions and in aqueous environment. In Figure 7.7, the intermediate γ-

hydroxypentanoic acid (HPA) and product (GVL) final concentrations (after 2 h) 

for each catalyst are displayed.  

Using the 4Ru0Nb catalyst at the end of the reaction LA is completely converted 

into HPA and only traces of GVL was observed.  
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Figure 7.7. Conversion of LA and selectivity to GVL and HPA obtained for each catalyst.at 

2h reaction (70 °C, PH2= 20 bar, 200g water, 4.0 g LA, 0.5 g catalyst) 

 

In the case of catalysts containing niobium the lactonization reaction of HPA to 

GVL was favoured with almost complete selectivity to GVL whereas different final 

LA conversion values were obtained with the increase of niobium content 

indicating that the yield to GVL is strongly influenced by the acid characteristics of 

the matrix. 

The turnover frequency (TOF) per mole of ruthenium was calculated as the 

LA consumption rate referred to the number of moles of ruthenium, as 

shown in the following equation: ܱܶܨோ௨ =  
1݊ோ௨ ݀݊௅஺݀ݐ   

and the results obtained are shown in Table 7.2. 

 

 

 

 

 

4Ru0Nb 4Ru2.5Nb 4Ru5Nb 4Ru7.5Nb

0.0

0.2

0.4

0.6

0.8

1.0

 xLA

 sHPA

 sGVL



 

 

120 

 

Table 7.2. TOFRu values and Kinetic constants calculated on the experimental data. 

Catalyst TOFRu (s
-1) k1 [h

-1] k2 [h
-1] 

4Ru0Nb 5.85×10-2 2.20 0.01 

4Ru2.5Nb 1.24×10-2 0.26 8.76 

4Ru5Nb 0.98×10-2 0.25 29.40 

4Ru7.5Nb 0.95×10-2 0.25 29.90 

 

The TOFRu values calculated on the LA reveal the influence of catalyst composition 

on LA conversation. However, to investigate quantitively the influence of 

morphology on both LA conversion and selectivity to GVL or HPA, deeper kinetic 

analysis of the data was performed. The kinetic data collected using the different 

Ru-Nb-Si catalysts were elaborated using a pseudo-homogeneous kinetic model, 

which considers that the reaction is in series, the reagent LA produces the 

intermediate HPA in the first step, and HPA is converted into the product GVL in 

the second step: 

The rate of LA disappearance, r1, is given by the equation: ݎଵ =  ݇ଵܥ௅஺                                                  (2) 

The rate of disappearance of the intermediate HPA, r2, is given by the equation: ݎଶ =  ݇ଶܥு௉஺                                                     (3) 

It is assumed that the kinetics are of the first order both in the first and in the 

second reaction step since the experiments were conducted in excess of 

hydrogen and both kinetic constants have physical dimensions equal to [h-1]. The 

mass balance equation are as follows: ௗ஼ಽಲௗ௧ =  −݇ଵܥ௅஺                                                                (4) ௗ஼ಹುಲௗ௧ =  + ݇ଵܥ௅஺ −  ݇ଶܥு௉஺                                                              (5) 
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ௗ஼ಸೇಽௗ௧ =  +  ݇ ଶܥு௉஺                                                              (6) 

The two kinetic constants of the reactions, k1 and k2, were estimated and their 

values are displayed in Table 5. 

In Figure 7.8, as an example, the comparison between experimental data and the 

concentration profiles obtained by the model is displayed for 4Ru2.5Nb. 

 

 

Figure 7.8. Experimental data and calculated concentration profile for 4Ru2.5Nb as 

catalyst. (70 °C, PH2= 20 bar, 200 g water, 4.0 g LA, 0.5 g catalyst)  

 

The values of k1 calculated well agree with both TOFRu ones (Table 7.2) confirming 

that the hydrogenation is mainly controlled by Ru dispersion. The hydrogenation 

activity is maximum for 4Ru0Nb catalyst and became lower with the decrease of 

dispersion (see also Table 7.1). An opposite trend is seen for the lactonization 

kinetic constant k2 that is mainly favoured by the increasing niobium content and 

so by the increasing of the acidity of the surface.  

It has to point out, the observed 100% selectivity of 4Ru0Nb catalyst to HPA with 

the complete conversion of LA. At our knowledge this is the first case where such 

results have been reported. 

The silica support for ruthenium in the LA hydrogenation is not extensively used 

because ruthenium catalysts on silica prepared by impregnation are subject to 
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irreversible deactivation for the sintering phenomena5. However, in addition to 

the acidity of the support, selectivity can also be inflected by reaction conditions.  

For example, Kuwahara et al, working at 70°C (as in this work) with a ruthenium 

catalyst supported by impregnation on silica, achieved a selectivity of 4% at HPA 

for a conversion of 88% LA. 6 

However, one must consider that in addition to the possible difference in acidity 

of the support, they used about 15 times higher concentration of LA and about 

2.5 times higher concentration of catalyst. This certainly increases the acidity of 

the reaction environment. 

Based on the above results, we explored the possibility to perform the whole 

transformation of LA to GVL by means of two separate and consecutive steps. In 

the former the LA hydrogenation to HPA takes place using the 4Ru0Nb catalyst 

and in the successive step the HPA dehydration to GVL occurs using a catalyst with 

suitable distribution of acid sites. For the latter step we used the 

2.5Nb2O5·97.5SiO2 catalyst. 

A preliminary test was performed adopting the same reaction conditions 

described in section 7.2.3 for the first step, obtaining a liquid solution rich of HPA. 

This solution, in the consecutive step, was put in contact with the 

2.5Nb2O5·97.5SiO2 catalyst, obtaining very encouraging results: after 2h of 

reaction, HPA was fully converted in GVL, leading to no side product.  

 

7.4 Conclusions 

Bifunctional Ruthenium-Niobium-Silicon (RNS) mixed oxides-based catalysts, with 

different contents of ruthenium and niobium, were studied for LA hydrogenation 

to γ-valerolactone. With the aim of comparing the performance of the different 

RNS catalysts, tests were conducted in a fed-batch reactor under H2 flow and the 

results were coupled with a multi technique characterization, in order to establish 

structure-activity relationships. The pre-reduced Ru containing catalysts 

demonstrated to be effective in the hydrogenation of LA to HPA, whereas for the 

successive lactonization reaction the presence of niobium is necessary as it is 

responsible of the increase of acidity of the catalyst. A competition between the 

two metals takes place at the material surface due to the migration of Ru and Nb 

species upon the reduction treatment before catalysis. This phenomenon is 

strongly connected with the different Nb/Ru ratios of the catalysts and therefore 

affects in different extent the Ruthenium dispersion, ruling as a consequence the 
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hydrogenation activity. For the first time a catalyst and related conditions have 

been found to obtain 100% selectivity to HPA at complete conversion of LA. 
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Conclusions 

Starting from levulinic acid, it is possible to obtain bio-chemicals of high industrial 

interest: ethyl levulinate obtained by esterification reaction and γ-valerolactone, 

by hydrogenation reaction. The aim of this PhD thesis project was the study of the 

kinetic, catalytic and reactor aspects of the reactions mentioned above.  

Some general conclusions can be drawn from the obtained results. 

In the part A, the esterification reaction was optimized by performing a catalyst 

screening, in batch reactor, of four ion exchange resins with different structure.  

A kinetic study was conducted at the aim to evaluate the effect of the mass-

transfer phenomena, developing a mathematical model that is in good agreement 

with the experimental data collected.  

A general conclusion is that the developed model shown high flexibility and it was 

possible to simulate a large set of experiments, very useful for researchers in both 

academia and industry to design laboratory-scale and industrial-scale reactors. 

Among the group of catalysts studied, two of them have showed the highest 

activity and they have been chosen for two different purposes of process 

intensification: a continuous operation in a fixed bed reactor and a reactive 

chromatography application; both successfully validate for LA esterification.  

In the part B of this thesis work, bifunctional Ruthenium-Niobium-Silicon (RNS) 

mixed oxides-based catalysts, synthesized by sol-gel route, with different 

contents of ruthenium and niobium, were studied for LA hydrogenation to γ-

valerolactone.  

The aim was to clarify the role of both redox (Ru) and acid (Nb) sites in the reaction 

and the catalytic performances of the materials are related to a morphologic and 

structural characterization. The results confirm the hydrogenation-dehydration 

consecutive reaction network and evidence the possibility to selectively produce 

either GVL or the intermediate γ-hydroxypentanoic acid by an accurate choice of 

the catalyst composition.  
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Abbreviations 

5-Cl-SHPAOs 5-chloro-sulfonated hyper branched poly-(arylene oxindole)s 

5-HMF 5-hydroxymethylfurfural 
A15-1  Amberlyst-15 (600 µm) 
A15-2  Amberlyst-15 (300 µm) 
BPA Bisphenol A 
([BSmim]HSO4)4 1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulphat 
CTH Catalytic transfer hydrogenation 
DALA δ-aminolevulinic acid 
DOE/NREL Department of Energy of the National Renewable Energy 

Laboratory Documents 
DPA Diphenolic acid  
EL  Ethyl levulinate 

EtOH  Ethanol 
FID  Flame ionization detector 
GVL Gamma Valero lactone 
H2O  Water 
HPLC High Performance Liquid Chromatography 
ILs Ionic liquid 
L Liquid phase 

LA Levulinic acid 

LAEs Levulinic acid esters 
MOF Metal organic frameworks 
MTHF 2-methyltetrahydrofuran 
NREL National Renewable Energy Laboratory 
PID Proportional Integral Derivative 
PDE Particle differential equation 
RTD Residence time distribution 
S  Solid phase 

SA Succinic acid 
   
List of symbols 

Aµ, Bµ, Cµ, Dµ, Eµ  Viscosity coefficients of component i 
Aρ, Bρ, Cρ, Dρ  Density coefficients of component i 
asp  Specific surface area [m2/m3] 
cL  Concentration in liquid phase [mol/m3] 
cS  Concentration in solid phase [mol/m3] 
CW-P Weisz-Prater criterion (W—P) 
D Molecular diffusivity [m2/s] 
De  Effective molecular diffusivity [m2/s] 
Dz Axial dispersion coefficient [m2/s] 
ID Internal diameter [m] 
Ea  Activation energy [J/mol] 
Gij Interaction parameter [-] 
 JS Transport rate [mol/(m3 s)] 
K Equilibrium constant [–] 
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k1  Self-catalyzed rate constant [(m3/mol)2/s] 
k2 Amberlyst-15 catalyzed rate constant [(m3/mol)·(m3/kg)·s-1] 
ks  Fluid–solid mass transfer coefficient [m/s] 
m  Partition coefficient [–] 
<m> Average value of the partition coefficient [–] 
MW  Molecular weight [g/mol] 
nL  Amount of species in liquid phase [mol] 
Pe Péclet number [-] 
R1 Self-catalyzed reaction rate [mol/(m3 s)] 
R2 Catalytic reaction rate [mol/(kg s)] 
r1,i  Component self-catalyzed generation rate [mol/(m3 s)] 
r2,i  Component catalytic generation rate [mol/(kg s)] 
Re Reynolds number [-] 
Rg  Ideal gas constant [J/(K mol)] 
RP  Particle radius [m] 
RPdry  Dry particle radius [m] 
T  Temperature [K] 
t  Time [s] 
v  Stirring rate [rpm] 
V̇ Flow rate [m3/s] 
Vads Volume of liquid retained by the resins [m3] 
VdryAmb Volume of the dry resin [m3] 
VL  Liquid volume [m3] 
x  Dimensionless radial coordinate of the spherical particle [–] 
xi  Molar fraction [–] 
XLA  Conversion of levulinic acid [–] 
wcat  Catalyst mass [kg] 
ΔH  Reaction enthalpy [J/mol] 
ΔP Pressure difference [Pa] 
αsw Swelling coefficient [%] 
ε  Take-up factor [–] 
ε1  Volumetric ratio between the solid and the liquid phases [–] 

  Viscosity [cP] 

mix  Viscosity of the reaction mixture [cP] 
νi  Stoichiometric coefficient [–] 
ρi  Density [kg/m3] 
ρB  Catalyst bulk density (mass of catalyst/ volume) [kg/m3] 
ρP Amberlyst-15 density [kg/m3] 
τ  Tortuosity of the Amberlyst-15 particle [–] ߶  Association factor [–] 
η Reaction efficiency [–] 
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