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1 INTRODUCTION 
 

1.1  The petro and the bio-based refining  
 

The conversion and valorization of biomass derived platform molecules are among of the most 

relevant and challenging activities of modern research in organic chemistry. At the current rate of 

growth of World population, chemicals produced by nature and their derivatives will become 

increasingly important not only to face the hunger for energy and for products of our Society and the 

life-style expectation of future generations, but to keep our Planet a liveable place for mankind by 

progressively reducing our dependency on dwindling supplies of fossil sources.1,2  However, the 

development of researches and technologies for the upgrading of bio-based compounds is a complex 

issue whose trend over the years has been largely determined not by the scientists and technologists, 

but by policy makers of major Countries worldwide. The variation of oil price in the past five-six 

decades exemplifies the scenario (Figure 1). Every time the World has incurred on the effects of a 

socio-economic crisis like in the past ‘70s or more recently, starting from 2005, huge increases of the 

oil price occurred and therefore, a massive interest followed for the exploitation of renewable 

resources. On the other hand, the same fluctuations in the oil price has acted also in the opposite 

direction: in the ‘80s, when international agreements made the cost of barrel drop to almost 1/10 with 

respect to the ‘70s, a literal stop of new technologies based on renewable products has been 

experienced. This is clearly teaching that there is a way to go for improving the sustainability of the 

modern Society through the circular economy and the implementation of low carbon footprint 

technologies, especially to make the application of these concepts and principles gradually less 

dependent from the economic mood of the main Nations. 
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Figure 1. Inflation-adjusted WTI spot price (1970-2018) 2019 USD/bbl • monthly data from EIA.3  WTI: West Texas 

Intermediate, also known as Texas light sweet, is a grade of crude oil used as a benchmark in oil pricing. 

  Nonetheless, although with important exceptions, the industrialized Countries are becoming 

aware that mankind is running out of time to find solutions for some of the biggest issues our Planet 

has ever experienced mostly including the climate change and the supply of fresh water, and the 

constant increasing of resources for funding programs on the green and blue growths witnesses a 

change of pace. In this respect, it is interesting to quote a statement of Sheik Zaki Yamani, as a former 

oil minister from Saudi Arabia, who, already in the 2000, said ‘‘the stone age didn’t end for lack of 

stone, and the oil age will end long before the world runs out of oil’’.4 Probably speaking against the 

interests of Saudi Arabia, Zaki Yamani was admitting that before the end of oil, humanity’s changing 

needs would have been satisfied by an oil-free industry in the future.   

The current situation however, is clearly contrasting two aspects: on one side, the refining and 

processing of oil that, due to more than a century of research and billions of investments, are based 

on mature technologies which make the petro and related industries highly advanced and competitive; 

on the other, the development of biorefineries which, while being the only acceptable option for a 

sustainable growth, it is still in its infancy with an immense potential often lacking knowhow and 

tools for its exploitation. To cite some data and estimates on the European situation, the sale chemical 

market accounts for a total of €542 billion, while the market for bio-based chemicals, mostly 

contributed from Germany, was €5,8 billion in 2016 with an expected growth to €21,6 million by 

2025, at a CAGR of 16.16% between 2017 and 2025.5. The German chemical industry however, is 

still dominated by the petrochemistry which accounts for the 76% of its total production.6 Currently 

a lot of efforts are pursued by the EU to increase the greenness of the industrial activities. The launch 

of European Bio-economy strategy defined as “the production of renewable biological resources and 

the conversion of these resources and waste streams into value added products”, drove an increase of 
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the total EU economy of the sector, from €2.09 trillion in 2008 to €2.29 trillion in 2015.7 In 2017, 

there were 224 biorefineries operating across Europe, in addition to several others under 

construction.8 However, 181 of these commercial biorefineries are ‘first- generation’ facilities, which 

use feedstocks such as sugar, starch, oils, and fats, and produce mainly biofuels and products of oleo-

chemistry, while only 43 biorefineries are ‘second-generation’ plants where lignocellulosic 

feedstocks, such as non-food and non-energy crops and biowaste, are processed for obtain energy 

(biofuel, electricity, heat) and synthesise renewable chemicals and materials. Particularly, fast-paced 

regulatory developments in the EU are accelerating programs for the exploitation of lignocellulosic 

biomass. An example is the EU Directive 2015/1513 which sets out the target for a maximum of 7% 

share of biofuels to be derived from cereals, starch, sugars, and oil-bearing crops by 2020 (including 

those grown for energy purposes on agricultural land).9 Additionally, in January 2018, the European 

Parliament voted to limit its support for biofuels made from food crops, aiming to gradually reduce 

such fuels to 3.8% by 2030. This act clearly acknowledged a relevant issue of this market in a context 

where the global demand for fuels is growing and the bio-based worldwide production is constantly 

increasing very often however with poor, if any, regulations. 

With the aim to stimulating the use of lignocellulosic feedstocks and consolidating second generation 

biorefineries, EU has funded also several projects in the Horizon 2020 programme during the 7-year 

period from 2014 to 2020. These are summarised Table 1.10 

 

Table 1. Projects Funded by the EU 2014 to 2020 for utilizing lignocellulosic feedstocks in the biorefinery industry 
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Although a remarkable gap still exists between the petro- and the bio-based Worlds, this scenario 

highlights the effort that the scientific/industrial community is undertaking to shift the Society’s 

dependence away from petroleum in favor of an innovative and economic viable use of methods and 

technologies to convert renewable biomass resources into clean energy and products. Moreover, if 

the last goal is sustainability, the processing of the biomass including its primary fractionation and 

the further upgrading of bio-based molecules, must be designed to make them the least detrimental 

for the environment and the least harmful for the human health. Shortly speaking, transformations of 

biomass derivatives must be chosen to fulfil the known general principles of Green Chemistry and 

Green Engineering. 11,12 

  

1.2  Biomass deived feedstocks   
 

The vegetable kingdom (plants, fruits and seeds) comes up as one of the most abundant and 

diversified repositories of chemical products in nature. The most valuable part of lignocellulosic 

biomass is comprised of sugar derivatives including cellulose (35-50% of dry weight) and 

hemicellulose (20-35%), and a complex polymeric aromatic structure as lignin (10-25%).13 (Figure 

2). 

 

Figure 2. Key global biomass resources from agricultural residues, wood, and herbaceous energy crops.2 

It has been widely recognized that the high oxygen content of bio-based feedstocks may 

represent an opportunity to avoid energy-intensive oxidative processes used in the petroleum industry. 

For example, carbohydrates derived from biomass can in principle, provide excellent starting reagents 

to obtain alcohols, carboxylic acids, and esters. Beyond being natural products, the latter are also 

stereo- and regiochemically pure, thereby reducing the dependence on expensive chiral catalysts and 
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complex syntheses that are currently required to install chemical functionality in petrochemicals. 

Other outstanding features of bio-based feedstocks are their biocompatibility and biodegradability: 

this explains why ca 80% of biopolymers produced worldwide are based on cellulose and 

hemicellulose. However, if the chemical richness of biomass is an added-value, it becomes also an 

issue when the isolation of the single components is considered: the co-presence of long chain 

oxygenated polymers mixed with proteins, minerals and small organic molecules enhances the 

treatment costs of biomass at the level that separation and purification processes in a biorefinery 

account for 50% of the total processing costs. By contrast, for crude oil mainly composed of alkanes, 

olefins, and aromatics, the same operations (separation and purification) in a conventional refinery 

usually amount to 20-40% of costs.1415 In order to minimize such an impact on the biorefining 

economy, extensive studies have been carried out to improve either the extraction of high-added value 

chemicals present in the biomass and their further chemical upgrading, by using solvents with 

tuneable physicochemical properties, particularly water, CO2 and selected organic media, and a 

variety of catalytic, mostly heterogeneous ones, systems.16,17   

In the case of lignocellulose, the first step of any treatment process, is the separation of its three 

main components, cellulose, hemicellulose and lignin, starting from the delignification to deconstruct 

the raw material. Of the several available technologies based on both physical and chemical 

treatments, the steam explosion assisted by the addition of CO2 is a highly promising method since 

the in-situ generated carbonic acid can significantly improve the hydrolysis efficiency.18–20 A 

different approach has been reported by implementing an organosolv technique where the use of 

supercritical CO2 (scCO2) is combined to a water-ethanol binary extraction solution. This method 

allowed a delignification efficiency of 82% for sugarcane bagasse with preservation of the sugar 

components of the extracted cellulose.21  
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Figure 3. Schematic representation of wheat straw pre-treatment by supercritical CO2.22 

A similar green fractionation procedure has been also described in the OrganoCat process in 

which the depolymerization of hemicellulose is catalysed by oxalic acid and 2 methyl tetrahydrofuran 

(2-MTHF) is  used as a solvent for the lignin fraction.23 In this respect, it has been recently proved 

that a lignin extraction efficiency as high as 94.6% was achieved in a liquid-liquid 2-MTHF/lignin 

solution under alkaline conditions.24 This study elucidated the dependency of the extraction 

productivity on the pH value: in particular, for pH <13 the efficiency was around 6%, while at pH=14, 

even though lignin underwent some chemical reaction, the extraction was almost quantitative  (95%).  

Another complex case is that of cellulose in which the high stability of β-1,4-glycosidic bonds 

between glucose monomeric units, ant the occurrence of strong inter- and intra-molecular hydrogen 

bonds network determine a poor solubility in most common solvents. A promising strategy has been 

designed through a cascade process where cellulose undergoes an initial hydrolysis to glucose in the 

presence of sulphuric acid catalyst, followed by the dehydration of the resulting hydromethyl furfural 

intermediate to afford an equimolar mixture of formic acid and levulinic acid.25 The latter is thereafter 

converted to γ-valerolactone (GVL) using formic acid as a hydrogen donor and subsequentially 

subjected to hydrogenolysis for the formation of 5-nonanone over a bi-component catalyst comprised 

of ceria-zirconia and Pd/Nb2O5. 

In the past two decades, many analyses have been reported to identify the most 

promising products or families of compounds that can be achieved from biomass. The extensive work 

commissioned by the US Department of Energy in 2004 to the National Renewable Energy 

Laboratory (NREL) and the Pacific Northwest National Laboratory (PNNL) and its revision in 2010 

still continue representing cornerstones in this field. 26,27 These studies have proposed for the first 
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time, a systematic and detailed guideline to classify bio-based chemicals using selection criteria 

employed in traditional petrochemical industry flow-charts. Starting from over 300 initial candidates, 

a screening based on the type of raw material, the estimated processing costs, the estimated selling 

price, the chemical functionality, the potential use and development in the market, etc., allowed to 

recognise a restricted list of building blocks, the so-called top platform chemicals, shown in Figure 4. 

 

Figure 4. Comparison between U.S.A. DOE’s and Bozell top derived chemicals. 

Although this approach has been refined over the years,28 current platform bio-based 

molecules mass include most of the original Top 10 structures such as mono- and di-carboxylic 

functionalized acids, 3-hydroxy butyrolactone, isoprene derived bio-hydrocarbons, glycerol and 

derivatives, and few sugars as sorbitol and xylitol. Due to the specific interest for this Thesis, the next 

paragraphs will review the case of levulinic acid and glycerol.  
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1.3 Levulinic acid 
 

Levulinic acid (LA: 4-oxopentanoic acid) is a keto-carboxylic acid whose structure was 

mentioned for the first time in 1840 by Gerardus Johannes Mulder, professor of Chemistry at 

Rotterdam and Utrecht. He synthetized this molecule by heating fructose in a hydrochloric solution 

and named it after the former term “levulose” for fructose as its acidic form.29 However, due to limited 

production technologies and high prices of feedstocks, levulinic acid had to wait nearly a century 

before its commercialization. First industrial production of levulinic acid began in 1940s via the acid-

catalysed hydrolysis of sugars carried out under batchwise conditions;30  thereafter, in 1953, the US 

company Quaker Oats filed a patent for the continuous production of levulinic acid from a hexose-

yielding material and a water solution of non-volatile acid catalysts (eg. H3PO4, H2SO4).
31 In 1956, 

levulinic acid was recognised as one of the basic raw chemical with great development potential,32 

and since then, it became progressively more interesting until 2004 when it was included in the top 

12 building block platform chemicals from the United State department of Energy (see Figure 1). 

Nowadays, levulinic acid finds applications in a plethora of industrial sectors (see later on this 

chapter), but despite its versatility and the cheap raw materials from which it is obtained (biomass, 

bagasse, manure and brewery waste), its production continues to be limited by market constraints. 

Manufacturers have to face with a daunting task of matching target prices of close to USD 1 per kilo 

to penetrate into the downstream platform applications, while the present prices bouncing between 

USD 5 per kilo and USD 8 per kilo. In 2013 however, the demand of levulinic acid was estimated at 

2,6 ktonn/y and thanks to the R&D efforts in the field, the price was downed in the proximity to the 

final goal and the corresponding CAGR (compound annual growth rate) was evaluated in the range 

of 5-6% for 2014-2020, especially in US.33 
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1.3.1 Production 
 

1.3.1.1 The acid-catalysed hydrolysis of biopolymers 

 

LA is still produced through the above-mentioned acid-catalysed hydrolysis of hexoses-based 

feedstocks such as cellulose and inulin. However, from the initial continuous process developed in 

1953, a lot of efforts have been made to investigate the reaction and its mechanism with the aim to 

optimize conditions and the related costs of processing. Almost all steps of the hydrolytic cleavage 

of hexoses are known from both thermodynamics and kinetics standpoints.34 First, the 

polysaccharides are converted into the hexoses monomers such as glucose and fructose which then 

undergo dehydration to obtain hydroxymethylfurfural (HMF, Scheme 1).35  

              

Scheme 1. First step of acid-catalysed hydrolysis of hexoses-based feedstocks and the dehydration to HMF. 

Glucose and fructose are present in several anomeric forms, which are readily interconverted 

by the well-known mutarotation equilibrium. The acid catalyst pushes to a change in the tautomeric 

equilibrium of the sugar forms. At elevated temperatures, it is the dehydration of fructose that mostly 

contributes to the formation of hydroxymethylfurfural (HMF). This conversion can proceed via the 

1,2-enediol intermediate or via direct dehydration of fructose (dashed path). With respect to the 

ketoses, glucose and other aldoses show a much lower dehydration activity due to the lower relative 

abundance in solution of the corresponding acyclic forms. It has been demonstrated that – when 

occurring - the dehydration of glucose largely proceeds via the intermediacy of fructose:36 recent 

theoretical calculations indicate that the process likely involves a concerted transfer of two hydrogen 

atoms between the two isomer sugars.37 Curiously, the selectivity of the dehydration reactions of 
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Scheme 1 is enhanced by increasing the temperature in the range of 190-270 °C. This result, 

somewhat overlooked in the literature, has been explained by differences in activation energies of 

species involved in the anomeric equilibria of fructose, more precisely by the effect of the temperature 

in increasing the relative amount of acyclic fructose which is the reactive species in the dehydration 

process. The reaction has been widely studied in several media such as water, organic solvents, 

biphasic systems, ionic liquids, and near- or supercritical water, by testing an assortment of catalysts, 

both homogeneous and heterogeneous systems including mineral and organic acids, organo-catalysts, 

salts, and solid acids such as ion-exchange resins38 and zeolites.39 Notably, the same conditions and 

catalysts can be used for the transformation of HMF into LA which consists of a sequence of 

hydration and dehydration steps. An in-depth study of the overall process was reported by Horvat et 

al. who used a 13C NMR technique to explore the formation and the evolution of intermediate 

species.40 (Scheme 2). 

 

Scheme 2. Possible pathways for production of Levulinic acid (LA) from 5-hydroxymethylfurfural (HMF); in 

brackets not isolated intermediates.4041 

Several transitory steps have been hypothesised to account for the stochiometric of the 

reaction which implies at its very end, the addition of two water molecules. However, the aleatory 

lifetime and/or the high energy content of the many postulated intermediate moieties made hard the 

mechanistic investigation: the hydration-dehydration pathway is not yet fully understood. 
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1.3.1.2 Influence of different feedstocks 

 

The different ratio of cellulose, hemicellulose and lignin present in different lignocellulosic 

feedstocks affects the proportion between hexoses and pentoses, with a direct effect on the yield and 

products distribution during the dehydration of the biomass. Cellulose is a natural syndiotattic 

polymer composed by glucose units linked each other’s by β-glycosidic bonds.42 The use of cellulose 

as precursor for the production of LA guarantees a high grade of purity in terms of monomers, but 

the high crystallinity grade of the biopolymer makes it a challenging substrate. During the first 

hydrolytic step of cellulose, severe working conditions including high temperatures and strong acid 

media, are therefore required.43 Moreover, the glucose-to-fructose isomerization reaction is necessary 

to obtain the active species (fructose) towards HMF (cfr Scheme 1).36 It should be noted that such an 

isomerization is currently performed in the Industry and it represents the largest biocatalytic process 

in the world for the production of high-fructose corn syrups (HFCS) (Scheme 3).44  

 

Scheme 3. Schematic of HFCS production from corn starch. 

 

The production of glucose syrup is carried out using various amylases and glucoamylase (also 

known as Amyloglucosidase), heat and chemicals such as caustic soda and/or hydrochloric acid, to 

break down the major components of starch, i.e. amylose and Amylopectin. The resulting syrup is 

then passed through an immobilized column of glucose isomerase where glucose is isomerized to 

fructose to yield HFCS, primarily HFCS-90 which is then blended with glucose syrup to produce 

HFCS-55 and HFCS-42.45 Despite the high activity of the enzyme, the implementation of this 

technology in a biorefinery is limited by the moderate yield of fructose (42 wt %) along with the need 

of pure glucose as a reagent, the strict control of temperature and pH, and the cost of the biocatalyst. 

The extent of the isomerization can be improved through the Lobry de Bruyn−van Ekenstein 

rearrangement that take place by rising the temperature up to 90 °C in the presence of base catalysts; 

though, low yields are achieved due the poor stability of monosaccharides in basic media.46–48 

Recently, the attention has been focused on some inorganic catalysts active for the isomerization of 

glucose.49 One of the most interesting system has been a Sn-Beta zeolite, a Lewis acid catalyst, that 

allowed a 33% yield of fructose via 1,2-hydride shift reaction.50 Pienkoß et al. have also reported the 
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use of natural kaolin for the isomerization/etherification of glucose to methyl-fructosides (MF).51 This 

strategy, thanks to the higher reactivity of fructose respect to glucose towards etherification, allows 

to use methanol for the selective derivatization (methylation) of fructose in situ. The product (MF) is 

so removed from the reaction equilibria, thereby increasing the final yield. Moreover, fructose is 

ultimately prepared by the reaction of MF with water. 52,53  

Another source of hexoses for the synthesis of LA is hemicellulose (HC),54 whose amorphous 

structure makes the biopolymer more active for chemical transformations including hydrolysis. On 

the other hand, the high number of monomers that can be obtained by the hydrolytic cleavage limits 

the selectivity and the yield of desired products. The content of hexoses and pentoses in HC accounts 

for the formation of either HMF (and subsequentially LA, from hexoses) and, with the same 

technology/conditions, furfural and its derivatives (from pentoses). Other side products achieved in a 

sensible yield from HC are humins. These compounds form as a mixture of dense oils deriving by the 

irreversible repolymerization of pentoses and hexoses, an undesired reaction which brings about the 

poisoning of the solid catalysts used for the hydrolysis of HC.35  

 

1.3.1.3 Homogeneous and heterogeneous catalysis 

 

The close interconnection between the synthesis of LA from hydration/dehydration of HMF 

and the production of HMF from the hydrolysis of biomass (Schemes 1 and 2) explains the similar 

features of the catalysts used for both processes. The two reactions require an acidic media; though, 

compared to HMF, lower temperatures and pH values (in the range of 160-250 °C and pH lower than 

2 respectively) are needed to maximise the yield of LA. Therefore, a high extent of hydrolysis of the 

raw lignocellulose drives to a low selectivity towards LA and vice versa, with a significant impact on 

the production of the acid itself.55–57 Most of the studies in this field have been conducted employing 

mineral Brønsted acids as catalysts (e.g. HCl, H2SO4, HNO3), demonstrating that the acidic strength 

has a primary role on the biomass conversion, but not on the LA selectivity. The latter instead, 

depends on the intrinsic composition of the starting feedstocks and on the anion of acid catalyst. As 

a result, a case-by-case optimization including the selection of pre-treatment, temperature, pH, 

catalyst/substrate ratio and reaction time, is often necessary according to the different raw 

lignocellulose used.  

When homogeneous acid catalysts are used, the workup and isolation of LA are usually 

carried out by distillation, liquid extraction and neutralization. In the case of volatile catalysts such 

as HCl, distillation and steam stripping at the end of the reaction allow to recover and reuse up to 

95% of the water solution and the catalyst. LA is typically achieved in 95-97% purity.58,59 In the case 
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of non-volatile acids (e.g. H2SO4), reactive extraction separation methods have been employed to 

minimize the processing steps. Reactive extraction techniques are carried out in a biphasic system 

comprised of water and an immiscible alcohol, the latter acting concurrently as an esterifying agent 

(for LA) and an extraction solvent.60 After the reaction, the resulting acidic water solution can be 

easily recycled without any treatment. (Scheme 4) 

 

 

 

Scheme 4. Schematic representation of reactive extraction process for the production of butyl-levulinate. 

 

When heterogeneous acid catalysts are used, despite an inferior activity with respect to 

homogeneous systems, a facile isolation of products and separation of catalyst are possible with 

reduced issues of corrosion to the equipment, and lower environmental impact. Solid acids based on 

early transition metals like Cr and Zr have proven efficient for the reaction; though, toxicity and costs 

represent major limitations for their application.61–63 Other systems characterised by bivalent 

functionalities including Lewis and Bronsted acid sites have been applied for the production of LA 

from different feedstocks. One of the first ever employed solids of this type was a LZY zeolite by 

which LA was achieved in a 43% yield.64 Operating at 150°C, it was noted that activity and selectivity 

were affected by the geometry of the zeolite pores and they suffered from a poisoning effect due to 

the formation of humins on the catalyst surface. A slightly less yield (38%) of LA was reported using 

cellulose as a starting material in the presence of catalytic sulfonated TiO2.
65 Composite materials 

combining suitable porosity, acidity and redox properties in a single solid have been also described 

to enhance the productivity in the synthesis of LA. For example, the hydrolysis of cellulose followed 

by the hydration/dehydration of the resulting HMF was successfully performed on a Fe3O4-SBA-

SO3H composite: at 150 °C, LA was isolated in a 42% yield.66 Among other heterogeneous systems 
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ZrO2, ionic resins, NbOPO4, and Fe/HY zeolite should be mentioned for the production of LA starting 

from different feedstocks.63,67–69 Finally, mostly in the presence of solid catalysts, the reaction has 

been satisfactorily carried out under vapor phase conditions.70   

 

1.3.2 Derivatization of levulinic acid 
 

Levulinic acid (LA) is a versatile intermediate for the synthesis of chemicals with a number of 

applications in different industrial fields spanning from food, fuel and cosmetic additives, monomers 

for biobased plastics, pesticides and building blocks used in pharmaceutic industry.60,71–74 Major 

properties of LA and some of its representative derivatives are summarized in Table 2. 

 

Table 2 Major properties of levulinic Acid 

Molecular 

Weight 

(g/mol) 

Refractive 

Index a 

Density 

(g/mL) 

Viscosity 

(mPa/s) b 

pKa Melting 

Point (K) 

Boiling 

Point (K) 

Water 

Solubility 

(g/L) 

116,11 1,4796 1,134 18,316 4,64 306-308 518-519 675 

a. Given at 293 K.75 

b. Measured at 308,15 K.76 

 

 

Figure 5. Levulinic acid main derivatives 

 



 pag. 16 

The (rich) chemistry of LA is due to the co-presence of two functional groups, i.e. a carbonyl 

and a carboxylic one, which confer to the molecule a typical acid behaviour along with the reactivity 

of a ketone. Owing to the relatively strong electron receptor effect of the oxygen atom at the carbonyl 

group, LA has a dissociation constant (pKa = 4.64 at 18 °C) higher than a common saturated acid. 

Moreover, the length of the carbon chain of LA allows to stabilize several cyclic products with 5-

membered rings. The next paragraphs briefly overview some of the most common reactions of LA 

for the synthesis of derivatives illustrated in Figure 5.  

 

1.3.2.1 Esterification 

 

A conventional practice to obtain levulinate esters straight from biomass is through the already 

mentioned reactive extraction protocols, by which lignocellulosic materials provide the desired 

products in an alcoholic solution immiscible with water (cfr Scheme 4). However, when pure LA is 

used as a reagent, the esterification can be conducted either with or without a (acid) catalyst, albeit 

with lower yields under uncatalyzed conditions (Scheme 5). [67–69],80 

OH

O

O

with, w/o cat
O

O

O

R

ROH, -H2O

 

Scheme 5. Esterification of levulinic acid. 

 The reaction can be performed via homogeneous and heterogeneous catalysis. Heterogeneous 

systems belonging to the class of hetero polyacids (HPAs) have proven suitable to the purpose. 

Dodecatungstophosphoric acid (DTPA) has been extensively investigated owing to its strong 

Bronsted acidity and thermal stability.81 However, to overcome some issues due to leaching and low 

surface area, HPAs have been supported on porous materials as zeolites, SBA-15, activated carbon, 

and metal oxides.75,82–90 At 78 °C, Pasquale et al. achieved a 70% yield of ethyl levulinate by 

engineering a silica-supported Wells-Dawson heteropoly acid.86 Also, sulfonated silica has been 

successfully employed in esterification reactions of LA with different alcohols, offering a remarkably 

stable catalytic performance with time.91,92 Other efficient sulfonated systems have been described in 

the class of organic resins and ionic liquids. A synergic effect in promoting the formation of alkyl 

levulinate was noticed between the porosity of Amberlyst polymers and the strength, density, and 

dispersion of SO3H acid functional groups in the solid catalyst.93,94 In the case of SO3H functionalized 

ionic liquids (ILs), major environmental and economic benefits were recognised in their recyclability 

and their flexibility to act concurrently as solvent and catalyst systems, and the possibility of working 

under multiphase conditions to limit issues of both corrosion and toxicity.95–98  
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Different strategies for the synthesis of ethyl and butyl levulinate have been also proposed using acid 

zeolites, particularly H-β (HBA), 99,100 and Novozym 435 (Candida antarctica lipase) as a biocatalyst. 

At 50 °C, the latter allowed to reach a 85% conversion in 2 hours.101 

 

1.3.2.2 Cyclization products through multiple subsequent reactions  

 

Several cyclic products with five-membered rings can be obtained from LA: α- and β-angelica 

lactones, γ-valerolactone (GVL) and pyrrolidones are among the most important ones.  

GVL is a cyclic ester with a methyl group in γ-position, whose structure and properties make it 

suitable as an environmentally friendly solvent and a building block in fine and biofuel industries. 

The preparation of GVL is achieved via three major routes starting form LA (Scheme 6). 

 

 

Scheme 6. Pathways for the synthesis of GVL from LA. 

In the first one, the ketone function of LA is hydrogenated to γ-hydroxyvaleric acid (GHV) which, 

being an unstable intermediate, undergoes an in situ ring-closing reaction through an intramolecular 

esterification with elimination of a water molecule (Scheme 6, mid).102 The implementation of this 

process under innovative multiphase conditions has been a substantial part of this Thesis. Therefore, 

a further analysis of this subject will be considered later, on the result and discussion section. The 

second option starts with the dehydration of LA in the presence of a strong acid catalyst to form 

angelica lactone (AL, both α- and β-isomers) which is then hydrogenated to GVL (Scheme 6, right). 
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Finally, the third strategy involves the hydrogenation of levulinate esters followed by an 

intramolecular ring-closing transesterification with release of an alcohol (Scheme 6, left).103   

For the three sequences of Scheme XX, a plethora of hydrogenation catalysts based on 

homogeneous metal complexes or heterogenous metals in the form of nanoparticles or supported 

solids have been reported. Among them, Ru-based catalysts have been described as the most 

productive systems in the presence of molecular H2.
104  

 It should be noted here that GHV undergoes a spontaneous ring-closing reaction toward GVL 

even at rt,105 while AL is a much more stable compound whose hydrogenation takes place usually at 

50 °C and 24 bar of H2.
106

 Indeed, AL as such has been reported as a useful platform chemical for 

fine107 and biofuel industries. For example, a promising application has been described in the 

production of branched C7–C10 hydrocarbons to obtain gasoline-like liquids (Scheme 7).  

 

Scheme 7. C7–C10 hydrocarbons obtained by the hydrogenation of ALD over Ir-ReOx/SiO2 (54 bar of H2).108  

 

In the presence of K2CO3 as a catalyst, AL forms the corresponding angelica lactone dimer (ALD) in 

a yield as high as 94%.109–111,108 Thereafter, ALD is reduced with H2 (54 bar) over a bimetallic oxide 

catalyst as Ir-ReOx/SiO2. Branched C7–C10 hydrocarbons are obtained in an overall yield of 88%.  

Another family of relevant cyclic compounds derived from LA are N-alkyl pyrrolidones 

(NAPy). These compounds are five-membered ring heterocycles with a range of applications as green 

solvents, monomers for polymer production (e.g. for PVP, polyvinylpyrrolidone) and precursors of 
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pharmaceuticals.112–114 Although several methods are available for the synthesis of NAPy, the most 

used protocol involves the reductive amination of LA.115–117 The mechanism of this reaction is still 

under debate, but some of the main steps have been described as shown in Scheme 8.  

 

Scheme 8. The reaction mechanism for the formation of NAPy from LA. 

  

The initial condensation of a primary amine with the ketone function of LA originates an 

imine intermediate (I). This compound is then reduced by gaseous H2 (or other H donors) over a metal 

catalyst, producing a secondary amine (A) that undergoes a ring-closing reaction with the formation 

of  a N-alkyl pyrrolidone and the release of water.118 Alternatively, the imine equilibrates with its 

tautomer, an enamine (E), that cyclizes to an unsaturated N-alkyl pyrrolidone. The hydrogenation of 

this species affords the final compound.   A different mechanism (not shown in Scheme 8) has been 

also proposed through the hydrogenation/cyclization of an amide obtained from by an acyl 

nucleophilic substitution of the amine on the carboxylic group of LA.119 

As for the hydrogenation/dehydration of LA, also the reductive amination of LA has been 

investigated this Thesis. A further analysis of this subject will be considered later, on the result and 

discussion section. 

 

1.3.2.3 D-Aminolevulinic acid (DALA) 

 

LA has been investigated as a starting material for the synthesis of δ-aminolevulinic acid which is a 

bioactive compound naturally occurring in plants and animal cells, and with applications as an 

herbicide and in photodynamic therapy in cancer treatment.120–122 A successful approach for the 

synthesis of DALA from LA was reported by optimizing a conventional protocol comprised of an α-
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bromination reaction of ketones followed by an amination process promoted by sodium 

diformylamide 
123 (Scheme 9). 

 

 

Scheme 9. Synthesis of δ-aminolevulinic acid (DALA). 

However, although DALA was obtained in quantitative yields with >90% purity, the costs of reagents 

and disposal of by-products still represent a limitation to the commercial exploitation of the procedure.      

 

1.3.2.4 Succinic acid 

 

The oxidation of LA has been recently studied for the synthesis of succinic acid (SA) which 

is another molecule on the top 12 list of bio-based platform chemicals. With a total market of $400 

million USD/y, the main interest for SA comes its high chemical versatility that allows its conversion 

to a number of different products including 1,4-butanediol, -butyrolactone, tetrahydrofuran, N-

methyl-2-pyrrolidone, 2-pyrrolidone, succinimide, succinic esters, maleic acid/maleic anhydride, and 

several others.74,124–126    

Protocols for the oxidation of LA to SA have been reported using different catalytic systems, 

including: i) V2O5 either as such at high reaction temperatures (360–400 °C) or in combination with 

HNO3 under mild conditions (40–60 °C);127 ii) Ru-based magnetic nanoparticles at temperatures of 

150–180 °C;128 iii) different mineral acids in the presence of H2O2 as an oxidizing reagent.129 

Although the combination H2SO4/H2O2 yielded succinic acid in a 48% yield, the product purification 

and the catalyst recovery are major issues increasing the energy cost of the method. Yet, the reaction 

discloses an enormous potential which is certainly paving the way for future investigations. 

 

1.3.2.5 1-4 pentanediol 
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Both LA and GVL have been explored for the preparation of 1,4-pentanediol (1,4-PDO), a 

branched diol highly used as a monomer for polyesters (Scheme 10).130   

 

Scheme 9. Synthesis of 1,4-PDO from LA and GVL. 

 

The first synthesis of 1,4-PDO from GVL dates to 1947:  in the presence of copper-chromium 

oxide as a catalyst, the product was isolated in up to 83% yield.131 Much more recently, a copper 

doped zirconia catalyst has been described for the same process affording 1,4-PDO in a 96% yield at 

200 °C and 60 bar of H2.
132 

The straightforward hydrogenation of LA to 1,4-PDO has been investigated on both 

homogenous organometallic catalysts based on Ru(acac)3 and a triphos ligand, 133,134 and Rh- and Ru-

based heterogeneous systems doped with MoOx.
135 136 One the best result was achieved with an active 

carbon supported molybdenum modified ruthenium catalyst (Ru-MoOx/AC) by which 1,4-PDO was 

obtained in a 96% selectivity. This study confirmed the formation of GVL as the main reaction 

intermediate and the cooperative role of the two metal species of the catalytic system. Mo was 

necessary to coordinate and activate the double bond of GVL, while Ru promoted the hydrogenation 

of the lactone to the diol. 

 

1.3.2.6 Diphenolic acid 

 

The condensation of LA with phenol produces diphenolic acid (DPA) which can be used as a 

direct replacement of its structural analogue bisphenol A (BPA), in the production of polycarbonates, 

epoxy resins, polyarylates, and other polymers, but also as a component of lubricants, adhesives, and 

paints (Scheme 10).73 

 

Scheme 10. The synthesis of diphenolic acid (DPA) from LA and phenol 
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Traditional catalysts to produce DPA include strong Brønsted mineral acids such as HCl and H2SO4. 

However, the demand for less toxic and corrosive compounds has spurred the investigation of more 

eco-friendly solid acids. A result similar to mineral acids has been achieved using silica-supported 

Keggin catalysts with a pore size of 0.6 nm and a surface area of 400–800 m2 g-1, by which the 

conversion of LA into DPA was in the range of 60–80%.137 Also, thiol-containing acid ionic liquids 

offered an excellent catalytic performance for the condensation of LA with phenol, affording DPA in 

over 90 mol% yield.138 At present however, the (high) cost of levulinic acid is limiting the 

competitiveness of biobased DPA with respect to its analogue BPA sourced from non-renewable 

feedstocks.    
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1.4 Glycerol 
 

1.4.1 Discovery and synthesis 
 

K. W. Scheele in 1779 observed the formation of a viscous liquid while he was heating a mixture of 

olive oil and litharge (lead monoxide). Scheele named the unknown liquid as the “sweet principle of 

fat”,139 and then glycerine after the Greek word glykys meaning sweet. The empirical formula was first 

proposed by Pelouze in 1824 and its first commercial application concerned the production of dynamite, 

invented by Nobel in 1866. 

The first industrial process for large scale production of glycerol was developed in Germany 

during WWII. The synthetic route was designed starting from the high temperature (300-600°C) 

chlorination of propene. The so-formed allyl chloride was oxidised by hypochlorite to obtain 

dichlorohydrine which in turn, was set to react with calcium hydroxide or sodium hydroxide to generate 

epichlorohydrine. The last step was the hydrolysis of epichlorohydrine with a basic aqueous solution 

(Scheme 11. I) 

A different synthetic methodology was proposed and actuated by Shell.140 that implemented the 

oxidation of propene using oxygen instead of chlorine. In this case, acrolein was produced as an 

intermediate which was subsequentially reduced to allyl alcohol via the Meerwein-Ponndorf-Verley 

reaction.141 The last step included the epoxidation reaction of the allyl alcohol to glycidol which was 

finally hydrolysed, to obtain glycerol (Scheme 11. II). 

A third approach was followed by Progil in the 60’s.142 The process involved the direct 

epoxidation of propene to propenoxide with oxygen or peroxides. The propenoxide was then isomerized 

to allyl alcohol using lithium orthophosphate as a catalyst. Once the allyl alcohol was obtained, the Progil 

procedure continued using the same chemistry of the above-described Shell method (Scheme 11. III). 

 

Scheme 11. Schematic representation of the three different processes for the production of synthetic glycerol. (I) 

German process WWII; (II) Shell process; (III) Progil process. 
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Notwithstanding the good performance and yields, these three processes are no longer used  today 

because of their economic unsustainability determined by the toxicity of the involved reagents and 

intermediates, and most of all, the large amount of contaminated wastewater that is co-generated.143 The 

majority of glycerol available in the current market comes from the transesterification of natural oils 

during the manufacturing of biodiesel. 144 This type of glycerol along with a minor contribution deriving 

from the hydrolysis of fatty acids, goes under the name of   native or natural glycerol to distinguish it 

from the petrochemistry sourced product.145 

 

1.4.1.1 Native glycerol 

 

The most important biofuels are bioethanol and biodiesel. 78,146–148 149 The United States is the largest 

manufacturer of ethanol (nearly 15 billion gallons in 2015) obtained from the fermentation of sugar. The 

combined productions of ethanol in US and Brazil (the second largest ethanol supplier) cover up to 85% 

of the world's market, and ca 90% of the biofuels market. 150,151 Biodiesel is the second most abundant 

renewable liquid fuel and the largest producer is the EU.152 This fuel offers the same performance of 

common diesel, but it comes with a lower sulphur content that reduces toxic emissions and has intrinsic 

renewability and biodegradability in water.153 Biodiesel is mainly obtained by the transesterification of 

triglycerides with light alcohols in the presence of a base catalysts (NaOH, KOH, etc.). Every three moles 

of fatty acid ester, the process co-generates one mole of glycerol (Scheme 12).  

 

Scheme 12. Schematic representation of the biodiesel production. 

 

 In the last decades, lot of efforts have been focused to improve the process by minimising the 

drawbacks due to the use of conventional catalysts. An elegant solution was proposed in 2005 by the 

Institut Francais du Pétrole (IFP) that patented a new heterogeneous process called Esterfif.154 The overall 

reaction was carried out using methanol as a transesterification agent and Zn-Al oxide as a solid catalyst. 

The excess methanol was removed by partial evaporation while products and glycerol were separated in 

a settler. In 2006, another interesting process was proposed by the University of Amsterdam, in which in 
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which the feedstock was selected among low-quality oils, and a reactive distillation methodology was 

used for the recovery of the products.155,156 Besides these processes, several researchers have reported the 

use of supercritical,157 enzymatic158 and ultrasonic159 technologies to produce biodiesel. 

 A minor contribution of native glycerol comes also from the so-called hydrolytic high-pressure 

splitting process where triglycerides undergo hydrolysis to generate fatty acids and glycerol as a side-

product. This technology is often performed in a continuous flow reactor at high temperature and high-

pressure water steam.160 

 

1.4.2 Glycerol: properties, applications, and reactivity  
 

As mentioned above, native glycerol belongs to the top value bio-based chemicals.161 The non-

toxicity, the bio-origin, and the simultaneous presence of three hydroxyl groups confer to the molecule 

interesting physico-chemical properties and a flexible reactivity which make it suitable for applications 

in many industrial fields.162 

Glycerol is a colourless hygroscopic and viscous liquid at room temperature. It forms intra- and inter-

molecular hydrogen bonds in a high range of temperature. Indeed, the strength of the resulting hydrogen 

bond network allows the existence of at least one hydrogen bond in all phases and at all temperatures. In 

the liquid phase, the H-bonding is responsible for high viscosity, high boiling point, and complete 

miscibility of glycerol in water and short chain alcohols. By contrast, it is insoluble in hydrocarbons, 

ethers and chlorinated solvents. Pure anhydrous glycerol shows a wide liquid range (mp=18.2 °C and 

bp=290 °C) at atmospheric pressure. Crystalline glycerol, however, is difficult to obtain owing to its 

strong tendency toward supercooling. The table 3 summarized some physical and chemical properties of 

pure glycerol. 

 

Table 3. Major physicochemical properties of glycerol at 20 °C 
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Glycerol is used in the food and cosmetic industry as humectant, solvent and sweetener and in medical 

and pharmaceutical formulations especially as a lubricant and hydrating agent. Chemical industry, taking 

advantage of its polyalcohol structure employs glycerol as a monomer to produce polyesters and other 

polymers. Glycerol is used as intermediate building block to produce nitro-glycerine, acrolein, diols, 

epichlorohydrin, ethers, and fuels such as H2 and short chain alkanes. Some of the major applications of 

glycerol are illustrated in Figure 6. 163 

 

Figure 6. Major industrial applications of glycerol  

 

Out of all the possible products obtainable from glycerol, for brevity, only some of them will be 

described herein. These compounds and the reactions to obtain them from glycerol are described in figure 

7. 
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Figure 7. Most investigated chemical transformations and products of glycerol   

 

1.4.2.1 Oxidation products 

 

Glycerol oxygenated products are widely employed in industry. The first oxidation of one of the 

primary hydroxyl groups leads to the formation of glyceraldehyde which is easily converted into glyceric 

acid by further oxidation. These compounds are intermediates in the synthesis of Lactic acid from 

glycerol.164,165 Glyceraldehyde is in equilibrium with dihydroxyacetone (DHA) which can be produced 

by isomerization of the aldehyde or by direct oxidation of the secondary hydroxyl group of glycerol.  

DHA is mainly produced by fermentation using Gluconobacter oxydans, though an efficient chemical 

method for the same reaction was patented in 2017 by Kaneda and Matsuda who used TEMPO and Cu(II) 

salts as catalysts. The final selectivity towards DHA was 95%.166 The aerobic oxidation of glycerol in 

water over precious-metal-based catalysts such as Au/C yields glyceric acid or sodium glycerate with up 

to 75% selectivity.167 Pt/C has also been reported for the oxidation of glycerol to glyceric acid with a 

maximum of 70% yield. The oxidation of both primary hydroxyl groups produces tartronic acid: this 

compound was achieved in 58% yield over a PtFe/CeO2 catalyst.168,169 
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Poly(ketomalonate) (PKM) derives from the oxidative polymerization of glycerol. Multifunctional 

supported CeBiPt/C catalyst is used either under basic or acidic conditions for the oxidative 

polymerization. Glycerol is directly converted into a high-molecular-weight polycarboxylate that is an 

excellent building block for household detergents.170 The PKM thereby formed can easily be decomposed 

with excess aeration, which results in full decarboxylation and formation of poly(oxymethylene).171 

 

1.4.2.2 Etherification products 

 

Glycerol cannot be used as such in fuel formulations due to its polymerization and/or the formation of 

toxic acrolein at the engine temperature. Glycerol ethers however, have been extensively studied to this 

purpose. Particularly, glycerol tertiary butyl ether (GTBE) has proved to be an excellent additive with a 

large potential for diesel and biodiesel fuels. The production of glycerol tert-butyl ethers (GTBEs) was 

thoroughly investigated in a number of studies.172 Good results were obtained using olefins, more 

specifically isobutene, as alkylating agents in the presence of acid catalysts (Scheme 13). 

 

Scheme 13. Reaction of glycerol with isobutene towards ethers. 

The reaction occurs by consecutive etherification steps in which the formation of mono- and di-alkyl 

ethers on the primary hydroxyl groups occurs first, followed by the etherification of the secondary alcohol 

functionality to obtain the tertiary alkyl ethers. Acid catalysts mostly include homogeneous strong 

Brønsted acids and heterogeneous ion exchange resins173–175, zeolites176–179, mesoporous silica180,181 and 

supported polyacids182. In this respect, remarkably efficient systems were Hyflon® catalysts (SSHC, 

based on acidic perfluorinated polymers) by which the reaction of glycerol with isobutene (343 K, 6 h, 

Rcat/sub = 7,5 wt.% RIB/Gly = 3 mol/mol) reached total conversion of glycerol and a selectivity towards 

GTBE and DTBE above 50% and 40%, respectively, with a low percentage of GMBE and oligomerized 

products.183 The Hyflon® catalysts showed higher selectivity and enhanced stability compared with 

Amberlyst 15.184 As a fuel additive, a mixture of GTBE and GDBE could be employed, while GMBE 

was an undesired oxygenated additive due to its hydrophilicity. It has been demonstrated that when a 

mixture of 1,3-di-, 1,2-di-, and 1,2,3-tri-tertbutyl glycerol was incorporated in a standard 30–40% 
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aromatic-containing diesel fuel, a significant reduction of emissions of particulate matter, hydrocarbons, 

carbon monoxide, and unregulated aldehydes was achieved.185  

 

1.4.2.3 Acrolein and epichlorohydrin 

 

The dehydration of glycerol is received increasing attention as one of the most promising ways to 

valorize it.163,186,187 Indeed, the desired dehydration product, acrolein, is a versatile intermediate largely 

employed by the chemical industry for the production of acrylic acid esters, superabsorber polymers, and 

detergents.188 In one example, the dehydration reaction was investigated under continuous flow conditions 

in the presence of sub- and supercritical water as the reaction medium and a homogeneous catalyst as zinc 

sulfate:189 at 360 °C and 25 MPa,  a maximum selectivity of 75% was obtained at a conversion of 50%. 

Another approach reported the dehydration of crude glycerol over H3PW12O40 supported on Cs-modified 

SBA-15 (HPW/Cs-SBA15).190 In this case, although alkaline residues of the crude reagent acted as a 

powerful inhibitor of the catalyst and had to be eliminated, a good conversion and selectivity toward 

acrolein (86% yield) was obtained. 

Epichlorohydrin, a chemical employed in the production of epoxy resins, is now commercially 

synthesized from glycerol by a catalytic reaction with HCl followed by dehydrochlorination with NaOH 

(Scheme 14). 

 

Scheme 14. Production protocol for the synthesis of epichlorohydrin from glycerol.191 

 The glycerol-based process (named Epicerol®) involves the direct synthesis of dichloropropanol, an 

intermediate product, from glycerine and hydrochloric acid. This reaction has been commercially scaled 

up by Solvay S.p.A that started the first plant based on the Epicerol® technology in 2007 in Tavaux, 

France. 192 Beyond the use of naturally sourced glycerol as a substitute for fossil derived propylene 

employed in the traditional epichlorohydrin production process, the process had further major benefits in 

avoiding harmful reagents and intermediates as Cl2 and allyl chloride. 
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1.4.2.4 Cyclic products: the model case of glycerol carbonate 

 

Glycerol carbonate [4-(hydroxymethyl)-1,3-dioxolan-2-one: GlyC] is one of the top derivatives 

of glycerol which exemplifies a model product for both the reactions of transesterification and cyclisation 

of glycerol. Physicochemical properties of GlyC are in between those of propylene 

carbonate and glycerol, showing an unusually wide liquid range (from -69 °C to 354 °C), a 

high flashing point (190 °C),  a good biodegradability in water, and a high solvency which makes it an 

excellent medium even for inorganic salts. 193 Indeed, GlyC is used in different applications as a green 

solvent,  an electrolyte carrier, a curing agent, a plasticizer/humectant for cosmetics, a starting material 

for glycidol and epichlorohydrin, hyperbranched polyethers, polycarbonates and non-isocyanate 

polyurethanes.194–200 

The strategies for the synthesis of glycerol carbonate from glycerol are summarized in Figure 8. 

Most interesting routes are represented by paths a), d), e), and f), that involve catalytic reactions able to 

either minimize or avoid the use of toxic reagents, solvents and wastes, and improve the process safety. 

Although the carbonation of glycerol by CO2 is the most sustainable option 

(path a), the reaction is severely limited by thermodynamics with a best-reported yield of GlyC not 

exceeding 34% in the presence of nBu2SnO and methanol as catalyst and solvent, respectively.201 

Figure 8. Major strategies for the synthesis of GlyC from glycerol. 

 

A much more promising approach is the transcarbonation of glycerol with an organic carbonate, 

particularly ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) are used 

to this purpose [paths d) and e)]. For example, GlyC was isolated in a 87% yield from the reaction of 

Indirect synthetic routes: 

TRANSFESTERIFICATION 
Direct synthetic routes: 

CARBONATATION 
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ethylene carbonate and glycerol carried out under mild conditions (1 h, 35 °C) in the presence of an Al−Ca 

mixed oxide as a catalyst.202 Although DMC is less reactive than EC, it is becoming the preferred reactant 

for the synthesis of GlyC because it simplifies the work-up (mostly distillation and filtration steps) of 

final reaction mixtures.203 In a recent peculiar configuration, a catalytic process was described by which 

the simultaneous production of biodiesel and GlyC was achieved starting from natural triglycerides and 

a non-calcined hydrotalcite catalyst: the reaction was carried out at 150 °C for 3 h affording 97.3% 

conversion of the oil and 93.2% selectivity towards GC in the presence of a mixture of DMC and methanol 

as reagents.204 This process also exemplifies an in-situ upgrade of the crude glycerol from biodiesel 

manufacture. 

Another interesting approach for the synthesis of GlyC is via urea alcoholysis.205 The reaction is 

performed in the absence of solvents, while the co-product NH3 is removed by vacuum distillation or 

under a stream of N2. Moreover, NH3 recovered from the process can be condensed with CO2 to regenerate 

urea. Of the many reported catalysts, ZnO, zinc sulphate, basic oxides, zeolites or hydrotalcites usually 

allow a high conversion (>80%) and complete selectivity towards GlyC.205 Gold supported on zeolites 

and gold-palladium nanoparticles have been also described to further improve the reaction 

performance.206,207  

 

1.4.2.5 Reforming of glycerol 

 

From both industrial and innovation viewpoints, a remarkable achievement in the chemistry of glycerol 

is its reforming process to obtain hydrogen. The reforming of carbohydrates is thermodynamically 

favourable than that of hydrocarbons and therefore, it can be carried out at lower temperatures. Some 

features of the two reactions are compared in Scheme 15 for the model case of methane and glycerol.208  

 

Scheme 15. Steam reforming: comparison between the reaction of methane and glycerol 
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Glycerol reforming in the aqueous phase takes place under comparatively mild conditions (200–250 °C) 

and, depending on the catalyst, the production of hydrogen may be accompanied by the formation of CO2 

or carbon monoxide. The formation of syngas (CO/H2) is usually obtained over Pt-based catalysts  

(synthesis gas or syngas),209 and it is often coupled with a Fischer-Tropsch or methanol synthesis.210,211 

The energy balance for these coupled reactions is also favourable. The formation of synthesis gas from 

glycerol is highly endothermic, with an enthalpy change of about 80 kcal/mol, while the conversion of 

synthesis gas to alkanes is highly exothermic with a release of 110 kcal/mol. This results in an overall 

mildly exothermic conversion of glycerol into alkanes by the combination of reforming and Fischer–

Tropsch synthesis.208 Steam reforming of glycerol for hydrogen production has been conducted also over 

cheap Ni-based catalysts. It has been found that Ni/MgO was a better system compared to Ni/TiO2 and 

Ni/CeO2, affording H2 in a 56.5% yield.212 In this case however, a temperature as high as 650 °C was 

necessary.  

 

1.4.2.6 Hydrogenolysis 

 

The development of novel technologies to promote the selective hydrogenolysis of glycerol, especially 

towards the formation of added-value commodity chemicals as propanediols (both 1,2- and 1,3-

propanediol isomers: 1,2- and 1,3-PDO), is a hot topic in this field. 1,2-PDO finds major applications in 

paints, polyester resins manufacture, liquid detergents, cosmetics, food and tobacco, and as an antifreeze 

coolant and a de-icing reagent;213–215,216 while, its isomer, 1,3-PDO, is mainly involved as a monomer in 

the synthesis of polymers such as polytrimethylene terephthalate (PTT), polyethers and 

polyurethanes.186,217  

The conventional preparation of propanediols from fossil sources starts from the oxidation of propylene 

to propylene oxide followed by the hydrolysis of the intermediate.218219 By contrast, the same products 

can be achieved by the catalytic hydrogenolysis of glycerol which provides an alternative approach from 

renewable reactants (either glycerol and hydrogen). For the specific interest on this subject in the present 

Thesis, the following paragraph offers an overview of the reaction mechanism, catalysts, and protocols 

reported in the literature. The hydrogenolysis of glycerol has been extensively investigated in the past 

decades, and different routes have been proposed depending on the properties of the catalysts used 

(Scheme 16).186,220,221 
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Scheme 16. Different pathways for the hydrogenolysis of glycerol toward the corresponding diols. 

 

Among the three pathways of scheme 16, the dehydration–hydrogenation route (1) and the 

dehydrogenation–dehydration–hydrogenation route (2) are mainly accounted for the formation of 1,2-

PDO, while the direct-hydrogenolysis route (3) has been recently proposed for the production of 1,3-PDO. 

Whatever the product, high-yield processes require the selection of the metal active phase and the fine 

tuning of the acid/base properties of the catalyst to avoid C-C and/or C-O cleavage reactions producing 

undesired by-products, as light alcohols (ethanol and methanol), hydrocarbons (methane, ethane, etc) and 

even CO and CO2. In addition the catalyst engineering needs specific doping agents or additives.222–224  

Transition metal catalysts based on Cu225–228, Ni229–231, and Co232,233 have been the most frequently 

adopted systems for the glycerol hydrogenolysis. One of the best ever reported catalyst was copper-

chromite (Cu2Cr2O5) by which 1,2-propanediol was obtained in yields >70% under comparatively mild 

conditions (200 °C, 14 bar H2).
234 The performance and stability of copper-chromite were studied by 

several research groups which highlighted the role of multiple effects including the surface area of the 

solid, 235 the interaction between Cu and CuCr2O4, 
226 and the surface state of reduced Cu° and/or Cu+.236 

It was generally accepted that Cu° and Cu+ were the sites for the activation of hydrogen and the 

dehydration of primary hydroxyl groups of glycerol, respectively. Notwithstanding the good results, the 

presence of the highly toxic chromium as a crucial component of this catalyst represented a remarkable 

drawback that limited its commercial applications due to environmental and safety issues. Eco-friendly 

alternatives were therefore proposed using either Cu-based catalysts supported on SiO2
237,238, MgO239, 

ZnO240, and Al2O3
241  and other noble metals as Ru, Pt, Ir and Ag in combination with acid or basic 
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additives. However, only with a few of these systems, particularly some based on Pt, Ru–Cu, and Ag, a 

high selectivity to 1,2-PDO or 1,3-PDO was achieved at a good conversion of glycerol. For example, 

Jiang et al. described a multicomponent catalyst comprised of a bimetallic Ru-Cu mixture, and bentonite 

impregnated with an ionic liquid (1,1,3,3- tetramethylguanidinium lactate (TMGL) as a support: at 230 °C 

and 80 bar (H2), by optimizing the Ru:Cu ratio (3:1), a quantitative conversion was reached with an 

excellent yield (85%) of 1,2-PDO (Scheme 17).242 

 

Scheme 17. Hydrogenolysis of glycerol catalysed by Ru-Cu bimetallic catalysts supported on IL modified bentonite.  

A different method reported that after 10 h at 220 °C and 15 bar, the hydrogenolysis of glycerol 

proceeded with a 46% conversion and 96% 1,2-PDO selectivity in the presence of Ag/Al2O3 catalyst (2 

mmol Ag/g Al2O3).
243 On the other hand, the use of Pt was more promising for the synthesis of 1,3-PDO. 

The most performant catalysts were Pt/WOx/Al2O3 and Pt/WOx/AlOOH by which a maximum 1,3-PDO 

yield of 67% was achieved after 12 h at 180 °C and 50 bar. 244–247 The metal (Pt) was active for the 

hydrogenation, while WOx and Al2O3 provided Brønsted and Lewis acidic sites, respectively. Another 

efficient system was based on iridium nanoparticles supported on a silica-modified rhenium-oxide (Ir–

ReO/SiO2). In this case, the 1,3-PDO selectivity was 46% at 81% conversion.248,249 
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1.5  Carbon materials as supports for metal catalysts 
 

The conclusive paragraphs of this introductory chapter offer a survey on carbon materials used as supports 

for metal catalysts. Indeed, as part of the PhD program described in this Thesis work, the properties of 

different carbons have been investigated, particularly the surface acid/base features, to explore their 

effects on the partition and the recycle of C-supported Ru-based systems in the presence of mutually 

immiscible water/hydrocarbon phases. This study will be detailed in the results and discussion section.      

Although the control of the reaction selectivity is often a key issue in heterogeneous catalysis, solid 

catalysts are used in the majority (85%) of the industrial processes mostly because of their advantageous 

recovery and recycle compared to homogeneous systems.250  In the current practice, such operations 

(recovery and recycle) can be assisted by the use of multiphase configurations which, interestingly, have 

proved successful in several chemical and enzymatic reactions for the transformation of bio-based 

compounds. Carbon materials owing to the large specific surface area, high porosity, excellent electron 

conductivity, and relative chemical inertness, have been advocated as leading supports for many metal 

catalysts used in these biorefining processes.251–253 254 

 

1.5.1 Carbon black and activated carbon   
 

Carbon black is an amorphous carbon prepared by pyrolysis and physical or chemical activation 

of organic precursors, such as coal, wood, fruit shell, or polymers, at elevated temperatures (400 - 

1000 °C).255–257 The first step of carbonization results in the formation of a compact char mass (with 

surface area up to 200 m2/g) where the elementary carbon atoms rearrange into stacks of flat aromatic 

sheets which are cross-linked randomly by aliphatic bridging groups, with free interstices among them. 

The obtained structure is best described as a twisted network of defective carbon layer planes, the surface 

of which is characterized by the presence of different functional groups such as carboxylic, anhydrides, 

ketones, etc. (Figure 9).258   
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Figure 9. Most common functionalities on the surface of carbon black 

 

Activated carbon is then prepared by physical or chemical activation.259–261 During the physical 

activation, carbon materials are pyrolyzed at 600−900 °C in the absence of oxygen, and subsequently 

exposed to oxidizing atmospheres (oxygen or steam) at 600−1200 °C.262  

The chemical activation takes place using oxidant additives, such as KOH, 261,263–265 H3PO4,
260 

ZnCl2,
259,266 etc.. For example, in the reaction between carbon and potassium hydroxide (solid-solid 

reaction), microporous carbon materials (pore size <2 nm) are achieved with high specific surface areas 

up to 1530 m2/g, large pore volumes of 1,5 cm3/g, and large adsorption capacities for gaseous or liquid 

adsorption.252,267 This route is preferred owing to the relatively low temperature (500-550 °C) and short 

time (2-3 h) needed for the process. Also, supermicroporous carbon materials with surface areas higher 

than 2400 m2/g can be obtained depending on different carbon precursors.268 A case of study has been 

described by Shijie Li et al. for the preparation of super activated carbon (SACs) by chemical activation 

method with KOH using gulfweed as precursor focusing on the influence of the temperature and of the 

gulfweed:KOH (w/w) impregnation ratio. They reported the formation of SACs with a specific surface 

area as high as 3362 m2/g obtained with an impregnation ratio of 4:1 and working at 850 °C for 120 

min.269 

Although microporous carbon materials find several applications in adsorption, separation, and catalysis, 

some limitations have been sometimes reported due to slow mass transport, low conductivity, and collapse 

of porous structures during high-temperature treatments.270–272 Mesoporous carbon materials (pore size 

2−50 nm) may help to overcome these issues.  The synthesis of mesoporous solids has been designed 

through different approaches by implementing: i) the carbonization of precursors which are comprised of 

one thermosetting and one thermally unstable component, respectively; 273,274 ii) the activation of carbon 

precursors assisted by metal (oxides) or organometallic compounds as catalysts;275–277 iii) the replication 
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synthesis with pre-synthesized hard templates through impregnation, carbonization, and template 

removal; 278,279 iv) the self-assembly using soft templates through co-condensation and carbonization 

processes; 280–282 v) the use of expanded starch water-gel (starbons).283 As an example Dan Li et al. 

reported a one-pot synthesis of highly ordered mesoporous carbon materials using resorcinol and 

hexamethylenetetramine as reagents and Pluronic F127 (triblock copolymer) as template in water media 

at 80 °C for 24 h. The black powder obtained was then pyrolyzed at different temperatures up to 900 °C 

to form a body-centered cubic (Im3m) mesoporous carbon with a varying pores sizes (3-5 nm) dependent 

on the pyrolysis temperature.284 

 

1.5.2 Between catalysts and (inert) supports 
 

One of the most important applications of carbon black and activated carbons is in the field of 

heterogeneous catalysis. A number of protocols employing carbon materials as catalysts or supports have 

been reported including acylation of alcohols and amines, alkylation of aromatics, and C-C coupling, 

hydrogenation, hydrogenolysis and oxidation reactions.254,285–290 Table 3 highlights some properties of 

carbons employed as supports.  

 

Table 3. Key Advantages of Carbon Support in Catalytic Applications. 

1. Chemical resistance 

2. Tailored pore size distribution for specific reactions 

3. Amphoteric character due to the presence of various oxygenated functional groups. 

4. High thermal stability (even above 1200 °C); except in the presence of oxygen. 

5. Less expensive compared to alumina and silica supports. 

6. Tunable porosity (micro-, meso-, macro- porous) 

7. Porous carbons can be prepared in different physical forms (granules, extrudates, pellets, fibers, 

etc.). 

8. Active phase can be recovered by eliminating the support through burning away the carbon. 

 

Another relatively recent frontier in the use of carbon supports is for the stabilization of catalytic 

metal nanoparticles (MNPs).291 Indeed, unsupported metal nanoparticle catalysts tend to agglomerate in 

solution, and their recovery is very complicated. However, when bound to a carbon support, the NPs may 

be stabilised by their dispersion on the carbon surface, which hinders, if not avoids, their coalescence and 

facilitate their recovery and reuse. Critical to this purpose are both the carbon surface chemistry which 
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determines the precursor-support interactions (electrostatic and/or π-π stacking) and the protocol for the 

synthesis of nanoparticles with special attention to the type of trapping agents and reducing conditions 

(of metal precursor) employed. One successful example has been described by Ayumu Onda et al. on the 

synthesis of several carbon supported metal nanoparticles by an impregnation method and treatment at 

high temperature (300-500 °C) in hydrogen flow.292 

Notably, carbon supports fabricated from (inexpensive) biomass derived feedstocks, very often 

display not only well-defined pore sizes and high surface areas, but they are functionalized with oxygen 

bearing surface groups which improve the interactions between the support and the active phase (i.e. a 

noble metal precursor) and allow a more uniform particle distribution.286 

 

1.5.3 Catalysts shaped bodies 
 

The choice of the catalyst shaped bodies among the different available forms including fine powder, 

pellets, monolith, etc. is another crucial issue to cope with during the design of a process, especially for 

large scale applications. For example, finely divided carbon powders can be easily suspended in a liquid 

reaction medium, providing a high external surface, low diffusion distances in the porous structure of 

each individual particle and consequently low mass transfer limitations. 293 294 Moreover, in uniformly 

impregnated catalysts, on condition that the loading of the active phase does not exceed 5 wt% (this is the 

case of the majority of supported metal systems), the sintering of the metal crystallites is minimised. On 

the other hand, once a catalytic process is complete, the separation and recovery of fine carbon powders 

by filtration and/or centrifuging of the final reaction mixture, can be not only a time-consuming step, but 

also a rather energy-demanding operation. This aspect has been briefly mentioned here for it has been 

investigated in this Thesis with reference to the recovery and reuse of a 5% Ru-based catalyst supported 

on powdered carbon. Indeed, the implementation of multiphase reaction conditions proved successful to 

this purpose (see result and discussion section).   

To consider also other configurations, in egg-shell type catalysts, the precious metal is in the outer 

periphery of the support particles. Such a distribution is useful when diffusional restrictions occur inside 

the pore structure of the support. Though, the poisoning of this type of catalysts may be rapid for the high 

accessibility of the active metal surface. This is the case of Rh carbon supported catalysts for aqueous-

phase hydrodechlorination of 4-chlorophenol in which egg-shell structures had the highest catalytic 

activity towards cyclohexanol (98% selectivity) due to the facile access of the substrate to the active 

sites.295 Monolithic structured catalysts or adsorbents based on activated carbon have been widely used 

for abatement of pollutant emissions.296,297 These systems are usually obtained by mixing the support with 
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a binder to keep compressed the carbon particles, followed by the addition of an adequate amount of water 

to form a paste that is further shaped and dried. The final step is a pyrolytic treatment to favour 

graphitization and removal of excess binder in the resulting material.298 

 

1.5.4 C-supported metal catalysts in biorefining processes 
 

Carbon supports have a large application potential in chemical and enzymatic reactions for the 

upgrading of biomass derived compounds.251–253,299,300 Most of the latter in fact, are comprised of 

(bio)polymers with a high oxygen content which, for a large number of applications, must be 

reduced.4,68,131,146,231 Hydrogenation as such or coupled to hydrolysis, hydrogenolysis and 

dehydroxylation reactions are therefore widely employed sequences in the conversion of biobased 

building blocks. In this field, noble transition metals, particularly C-supported ruthenium, gold and 

platinum, are often the catalysts of choice. Compared to other metals as palladium and nickel, these 

systems present advantages including a higher resistance to sintering, oxidation, and leaching, and higher 

efficiency for the activation of hydrogen. A few representative examples have been selected from the 

literature and commented below. Pt/C (5 wt%) was described as a catalyst for the tandem 

dehydrogenation/hydrogenolysis reaction of renewable polyols without an external H2 source. At a 

moderate temperature (115-160 °C) in an alkaline medium, glycerol, xylitol, mannitol, and sorbitol were 

converted mainly into lactic acid (60% selectivity), generating glycols and linear alcohols as co-

products.301 Ru/C was recognised as the most effective catalyst to produce GVL from LA and furan 

derivatives from HMF,302–306 while C-supported Pt and Au based catalysts were successfully reported for 

the oxidation of bio-based alcohols to the corresponding aldehydes in aqueous solutions.307 An issue 

sometimes referred to for these carbon-supported metals is a moderate selectivity towards desired 

products, which is ascribed to the inertness of carbon, i.e. to the absence of strong acid or basic functions 

able to address the reaction towards a preferential pathway among the possible ones. In this respect, 

elegant solutions have been proposed using bimetallic catalysts by which not only the selectivity, but also 

the activity and the stability have been improved. An example is the PdxAuy/C system that was described 

for the hydrogenation of HMF toward DMF (dimethyl furan) carried out at 60 °C and 1 bar H2: compared 

to mono-metals Pd/C and Au/C, the reaction selectivity was increased up to 96%.308 Gilkey et al. 

investigated the role of RuOx as a Lewis acid in a Ru/RuOx/C catalyst used for the transfer hydrogenation 

of furfural to 2-methylfuran using 2-propanol as hydrogen source:309 It was demonstrated that the metal 

oxide component was crucial as lewis acid site for the intermolecular hydride transfer process. Pt/C and 

Pt−Sn/C bimetallic catalysts were compared in the steam reforming of glycerol.310 At low Sn/Pt ratios, 

Sn promoted the CO oxidation reaction and it increased the selectivity on the formation of H2 up to 17% 
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yield. Sn was also able to inhibit the formation of coke and to hinder the sintering of Pt, thereby improving 

the overall performance and stability of the catalyst. 
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1.6 Aim and summary of the Thesis 
 

The present Thesis work has been mainly carried out at the Università Ca’ Foscari Venezia in the 

laboratories of the Green Organic Synthesis Team (GOST). A part of the work has been conducted at the 

Kyoto University (Japan) in the Solid-State Chemistry Group led by Professor Hiroshi Kitagawa. In 

general, a systematic application of Ru-based carbon supported catalysts has been investigated for both 

the hydrogenation and the hydrogenolysis of different bio-based derivatives under multiphase (MP) 

conditions. The intrinsic challenge of this study has been associated not only with the reactivity of the 

chosen substrates, but also with their physico-chemical properties and the nature of the catalysts. All these 

aspects have affected the implementation of MP procedures aimed to optimize the catalyst/products 

separation and the recovery and recycle of the catalyst. 

Chapter Two: the hydrogenation/dehydration of levulinic acid (LA).  The first part of the work 

has been focused on the hydrogenation/dehydration of levulinic acid (LA) carried out over standard 

(commercial) 5% Ru/C, in multiphase systems comprised of immiscible aqueous-organic phases. The 

major novelty of this study has been the evidence that by combining the surface properties of specific 

carbon supports and the intrinsic acidity of LA, the latter was completely converted to the desired product 

(-valerolactone, GVL) that was isolated from the aqueous solution, while the catalyst was segregated as 

a suspension in an hydrocarbon medium (most often, isooctane). This configuration has proven perfectly 

suited to the design of a semi-continuous hydrogenation of LA to GVL by which Ru/C was reused 

or up to 4 recycles without any loss of performance. The protocol has been successfully extended 

to the multiphase reductive amination of LA for the synthesis of N-alkyl pyrrolidones, particularly on 

the model derivative of cyclohexylamine as 1-cyclohexyl-5-methylpyrrolidin-2-one (CyMP). No 

previous MP procedures have been reported before to this purpose. Notably, it has been also demonstrated 

that the reaction selectivity is improved in the presence of formic acid acting as an inhibitor of the side-

reaction of hydrogenation of LA to GVL. The overall work has been published in: Alessandro Bellè, 

Tommaso Tabanelli, Giulia Fiorani, Alvise Perosa, Fabrizio Cavani, and Maurizio Selva “A Multiphase 

Protocol for Selective Hydrogenation and Reductive Amination of Levulinic Acid with Integrated 

Recovery of Carbon-Supported Ru-based Catalysts” ChemSusChem 2019, 12, 3343–3354, DOI 

10.1002/cssc. 201900925. Moreover, the results have been the object of an oral presentation:  XX 

Congresso Nazionale di Catalisi - XX Congresso Nazionale della Divisione  di Chimica Industriale, Sept. 

2-5, 2018, Milano, Italy, and a poster communication: A. Bellè, A. Perosa, M. Selva Selective Stripping 

of C-supported Metal Catalysts from aqueous to organic phases by supercritical sc-CO2, International 

Symposium on Synthesis and Catalysis, Sept. 5-8, 2017, Evora (PT). 
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The hydrogenolysis of glycerol (GlyC). The second part of the Thesis project has been dedicated 

to exploring the hydrogenolysis of glycerol (GlyC) with the double aim to design a catalytic process for 

the selective production of 1,2-propanediol (1,2-PDO) and to recycle the catalyst under MP conditions. 

Several approaches have been attempted initially by combining the use of 5% Ru/C with both solid acid 

co-catalysts (Amberlyst 15 and niobium phosphate) and acidic conditions induced by compressed CO2. 

The results, however, have been not satisfactory, especially for the poor selectivity due to the onset of 

several side reactions of C-C bond cleavage. Other strategies have been therefore devised with Ru-based 

bimetallic catalysts supported on C. Carbon has been chosen as a support not only for its wide commercial 

availability and low cost, but also for its property to assist the partition/segregation of the catalysts in MP 

systems as described above for the reaction of LA.  

Chapter three. In the first phase of the study of bimetallic systems, very good results have been 

achieved using Ru-W systems prepared by a simple impregnation/co-impregnation method of metal 

precursors as RuCl3 and Na2WO4 and a commercial carbon powder.  Indeed, a 1,2-PDO selectivity up to 

98% has been obtained at complete conversion, specifically with a Ru-2WOx/C catalyst where the Ru:W 

molar ratio was 4:1. Experiments have confirmed the robustness of the catalyst and the steadiness of its 

performance after several (up to 7) recycles. High resolution TEM analyses have suggested that the 

behaviour of Ru-2WOx/C has been likely due a highly homogeneous distribution of very small metal 

nanoparticles (below 2 nm) on the carbon support where Ru sites are surrounded by WOx clusters. The 

latter being able to almost completely suppress the C-C bond cleavage reactions. Finally, the use of Ru-

W/C systems has been made possible under MP conditions: by the aid of compressed CO2, catalysts have 

been segregated in an isooctane phase, while the reaction product, 1,2-PDO, has been confined in an 

aqueous solution. The results of this study are the object of a paper that will be submitted soon for 

publication.  

Chapter four. The second phase of the project on bimetallic catalysts at the Kyoto University, has 

been dedicated to C-supported bimetallic catalysts based on Ru-Pd. The synthesis of such systems has 

been studied via different techniques by which metal precursors as RuCl3 and K2PdCl4 have been set to 

react in the presence of triethylene glycol (TEG) and NaBH4 as reductants and different stabilizing agents 

as polyvinylpyrrolidone (PVP), Aliquat 336 (methyl trioctyl ammonium chloride, an ionic liquid) and 

powdered carbon. The characterization of the bimetallic samples has proven that TEG and PVP as 

reducing and trapping agents, respectively, allow the formation of homogeneous nanoalloys of different 

compositions, while non-uniform solid solutions are obtained using NaBH4 and carbon as a 

stabilizer/support. Although these systems have been designed for their potential interest for catalysis, the 

reactions for which they have been investigated in this Thesis, i.e. the catalytic hydrogenation of LA and 
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the hydrogenolysis of glycerol, have shown that the tested combinations of Ru-Pd/C do not display any 

significant benefits over monometallic catalysts, particularly Ru/C taken as a reference system.        
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2 MULTIPHASE SELECTIVE HYDROGENATION AND 

REDUCTIVE AMINATION OF LEVULINIC ACID WITH 

INTEGRATED RECOVERY OF CARBON-SUPPORTED RU-

BASED CATALYSTS 
 

2.1 Introduction 
 

Multiphase systems (MPs) can be achieved by combinations of multiple immiscible phases such 

as aqueous solutions, ionic liquids (ILs), and non-polar solvents based on organic and supercritical media; 

or thermoregulated phases comprised of mixtures of organic and perfluorinated compounds.1–3  MP 

systems can be used to steer the conversion or selectivity of organic reactions or to aid in the separation 

of products and catalysts. For example, the confinement/stabilization of metal catalysts in ILs in the form 

of nanoparticles or heterogeneous solids.4–6 MP systems based on ILs have thus been described for: 

hydrogenations including enantioselective ones; oxidations of benzylic alcohols to the corresponding 

carbonyls; epoxidations and cycloadditions of CO2; C−C and C−X bond-forming processes, etc.7 

Applications have emerged also in the conversion of biomass and bio-sourced compounds such as the 

synthesis of 5-hydroxymethylfurfural (HMF) from fructose,8–10 the hydrogenation/dehydration of 

levulinic acid to -valerolactone,11 the enzymatic hydrolysis of cellulose to glucose,12 and the production 

of 2-phenyl ethanol from yeast cells.13 Other MP systems based on mutually insoluble solvents have been 

applied to the acid catalyzed dehydration of mono-, di-, and poly-saccharides in water/DMSO solutions 

in the presence of hydrophobic organic solvents such as methyl isobutyl ketone (MIBK), 1-butanol, 2-

butanol, 1-hexane, etc. acting as extractants of products;14 and to the hydrolytic breakdown of dimethyl-

furan for the synthesis of 2,5-hexanedione.15  

Pertinent to this context are also MP systems combining ILs and supercritical CO2 on the principle of 

univocal solubility which means that ILs do not dissolve in scCO2, but scCO2 is soluble in ILs.16–18 Such 

systems were successfully used to confine reacting substrates and catalysts in the IL-phase, while products 

were recovered by compressed CO2 (Scheme 1).19 

 

 

 

 

 
 

 

 

 

Scheme 1. Products recovery from ILs/CO2 biphase systems 
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Examples were described for the extraction of HMF obtained by the dehydration of sugars,20,21 

the recovery of carvacrol derived from the hydrogenation of carvone,22 the purification of phenolics from 

the fractionation of lignocellulosic biomass,23 and the recovery of cellulose from [EMIm][DEP]/DMF 

solutions.24  

The potential of MP systems for the upgrading of the platform chemical levulinic acid (LA) has been 

further explored in this thesis work. The aim was to integrate the catalytic synthesis of added-value 

derivatives of LA with an efficient catalyst/products separation procedure for the recycle of the catalyst. 

In particular, the hydrogenation of LA to -valerolactone, and its reductive amination to 1-cyclohexyl-5-

methylpyrrolidin-2-one were investigated in mutually immiscible aqueous/hydrocarbon phases, both with 

and without selected ionic liquids, and in the presence of C-supported Ru which is among the most 

versatile and active heterogeneous catalysts for processing water-soluble bio-sourced organic reactants.25–

31 Herein, a new IL-free multiphase protocol is described whereby the desired derivatives of LA are 

obtained in high yields and selectivity, accompanied by easy and highly efficient recovery and recycle of 

the metal catalyst and product isolation. Indeed, at the end of MP-reactions, the Ru/C catalyst can be 

segregated in a hydrocarbon solvent (more often isooctane) with no leaching in the aqueous phase where 

organic products are dissolved.   

The reliability of the method has been tested under several different conditions by using either LA as such 

or in mixture with formic acid, and at T and p up to 150 °C and 35 bar, respectively. The study proved 

the robustness of the procedure and its suitability to implementing the investigated processes in a semi-

continuous mode. 

Besides practical advantages of this finding, the surface and morphological characterization of Ru/C used 

in this study and its comparison to other C-supports as such, offers a perspective on the complex 

phenomena of confinement of the catalytic system into the hydrocarbon medium. 
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2.2 Results and Discussion 
 

2.2.1 Hydrogenation/dehydration of LA: effects of reaction conditions and catalyst 

segregation.  
 

The conversion of levulinic acid (LA) to γ-valerolactone (GVL) was used a model reaction to begin 

the investigation (Scheme 2).  

 

 

  

Scheme 2. Catalytic hydrogenation/dehydration of LA to GVL 

The used MP system was comprised of an aqueous solution of LA, a hydrocarbon (i-octane), 

and a commercially available catalyst, 5% Ru/C, sourced from Aldrich. The volumetric water/i-

octane ratio, the concentration of aq. LA, and the catalyst amount were chosen based on previous 

results reported by our group.11 More specifically, reactions were carried out in a steel autoclave fitted 

with a glass liner charged with an aq. solution of LA (10 mL, 0.36 M), i-octane (5 mL), and 5% Ru/C 

(28 mg). The temperature and pressure were set 80 and 100 °C, and 35 bar (gaseous H2), respectively.    

Comparative tests were also run with the addition of an extra phase of methyl trioctyl phosphonium 

bistriflimide ([P8881][Ntf2]:
32 360 mg) as an ionic liquid apt to segregate the catalyst.   

Conversion of LA and products selectivity were determined by GC, while the structure of 

products was assigned by GC/MS, and by comparison to an authentic sample of GVL. All tests were 

run in duplicate to ensure reproducibility.   

Table 1 summarizes the results by comparing the effect of the IL and the reaction temperature. 

As anticipated above, this reaction had been previously explored by our group in a multiphase 

system similar to that describe above (i-octane/water and an onium salt  as a hydrophobic IL phase).11 

The reaction proceeded in water where both the LA and the product were soluble, yielding GVL in a 

quantitative yield. Ru/C as a catalyst was perfectly segregated in the IL medium due to the presence 

of the organic phase that prompted phase-separation. This protocol however, though highly efficient 

for catalyst/product separation, did not allow the recovery of the original catalyst embodied in the 

viscous IL-layer, and it suffered from IL degradation issue.  

The experiments of table 1 highlighted that in the absence of the IL, not only the reaction was 

feasible, but its outcome was improved. At 80 °C, after 1 hour, conversion of LA increased from 70% 

in the presence of the onium salt to 91% in the water/isooctane system (entries 1 and 3). Although 

with a smaller difference, a similar trend was appreciated also at 100 °C where the corresponding 
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conversions were 95 and >99% (entries 2 and 4). The selectivity to GVL was quantitative only once 

the process was complete; otherwise, in analogy to previous literature observations,11 γ-

hydroxyvaleric acid (HVA) was detected as an intermediate (entries 1 and 3; cfr Scheme 2). In all 

cases, the mass balance was validated by using an external standard (see experimental) proving that 

products and unconverted reagent were quantitatively confined in the aqueous phase.  

 

Table 1. Conversion of LA to GVL under MP-conditions with and w/o [N8881][Ntf2] as an IL.[a] 

Entry 
[P8881][Ntf2] 

(IL:Ru, wt/wt) [b] 

T 

(°C) 

t/p 

(h/bar, [c]) 

LA Conv. 

(%)[d] 

GVL Sel. 

(%)[d] 

Observed 

Separation[e] 

1 15 80 1/35 70 80[f] 

 
      

2 15 100 1/35 95 95 

3 none 80 1/35 91 82[f] 

 
      

4 none 100 1/35 >99 >99 

[a] Reactions were carried out in a steel autoclave fitted with a glass liner charged with an aq. solution of LA (10 mL, 

0.36 M), i-octane (5 mL), 5% Ru/C (28 mg), and [P8881][Ntf2] (360 mg when indicated; entries 1-2). [b] Ionic 

liquid:Ru weight ratio. [c] Pressure (bar) of H2. [d] Conversion of LA and selectivity of GVL were determined by GC 

using internal standards (see experimental section). [e] Visual appearance of the multiphase system at the end of the 

experiments. [f] GVL and hydroxyvaleric acid (HVA) were the sole reaction products.     

 

The most striking and unexpected behavior was that without any IL, conditions of entries 3-4 

allowed the selective confinement of the catalyst in the hydrocarbon phase, meaning that the 

catalyst/product separation was made possible only by adjusting the relative amounts and 

concentration of water and i-octane. Moreover, albeit acting out of the aqueous phase where the 

reaction took place, the catalyst displayed an activity (TOF=234 h-1 at 80 °C) only slightly lower than 

that reported for the hydrogenation of LA catalyzed by 5% Ru/C in conventional water solution 

(TOF=273 h-1, 70 °C, 30 bar of H2).
26   

Table 1 shows photographs of the multiphase system at the end of the process in the presence and in 

the absence of the IL, respectively (last column, top and bottom). By contrast, before the reaction, 

Ru/C appeared manifestly partitioned in the immiscible phases.  
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A more in-depth investigation of the effects of the temperature, reaction time was then carried 

out in the range of 65-130 °C and 1-6 hours, respectively. Other conditions were those of entries 3-4 

of Table 1 [aq. solution of LA (10 mL, 0.36 M), i-octane (5 mL), 5% Ru/C (28 mg), 35 bar of H2]. 

Figure 1 reports the results.  

 

 

Figure 1. Left: effect of the reaction temperature on the MP-conversion of LA to GVL. Conditions were those of entries 

3 and 4 of Table 1 w/o any added IL. Right: effect of the reaction time on the multiphase hydrogenation of LA to GVL. 

Other conditions: 65 °C, aq. LA (0.35 M, 10 mL); i-octane (5 mL); 5% Ru/C (28 mg; LA:Ru=260 mol:mol), and H2 (35 

bar). 

In the IL-free system, reactions conducted for 1 hour showed that both the conversion of LA 

and the selectivity to GVL smoothly increased from 39 to >99% and 74 to >99%, respectively, in the 

range of 60 to 100 °C. Then, no other changes were appreciated by a further increase of T up to 

130 °C (red and green profiles, respectively, Figure 1, left). At 65 °C, experiments prolonged from 1 

to 6 hours allowed to enhance the conversion from 39 to 92, while selectivity to GVL did not exceed 

73% with the intermediate γ-hydroxyvaleric acid (HVA) as the complement to 100% (red and green 

profiles, respectively, Figure 1, right). 

It was also noticed that the reaction was favored by an increase of the H2 pressure (Figure 2). 

At 65 °C, a plateau on the conversion of LA was reached at 35 bar [62%, 2 h; other conditions were 

those of entries 3-4 of Table 1: aq. solution of LA (10 mL, 0.36 M), i-octane (5 mL), 5% Ru/C (28 

mg). A similar trend in the same range of p was observed also for the hydrogenation of LA carried 

out in aqueous solution in the presence of Ru/-Al2O3 catalyst. This saturation effect was ascribed to 

the low solubility of H2 in water.25,28
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Figure 2. Effect of the H2 pressure on the conversion of LA during multiphase hydrogenation. Other conditions: 65 °C, 

2 hours, aq. LA (0.35 M); i-octane (5 mL); 5% Ru/C (28 mg, LA:Ru=260 mol:mol).  

 

 Of note, all experiments of Figures 1 and 2 confirmed the catalyst separation in the IL-free 

system. Regardless of T and p however, Ru/C was neatly suspended in i-octane only.   

The reaction could also be easily scaled-up. At 100 °C, a test carried out by triplicating the 

volumes and amounts of solutions, reactants, and the catalyst with respect to entry 4 of Table 1, 

confirmed a quantitative reaction after 1 hour and a perfect catalyst/product segregation in the two 

immiscible phases. GVL was distilled from the aqueous solution, and isolated in an 88% yield, thus 

further confirming the mass balance.   

To the best of the knowledge of our group on MP reaction systems, these findings had no precedents 

and interestingly, they could be exploited not only to simplify the overall procedure but also to 

improve the performance, recovery, and recycle of Ru/C. It should be here noted that the separation 

of C-supported catalysts from organic/aqueous solutions is a well-documented issue in industry: even 

conventional techniques of filtration and centrifugation become expensive, if not impracticable, for 

fine powdered carbons with low particles size (often the most active supports),33,34 and alternative 

approaches based on the engineering of magnetically separable carbon materials have been 

proposed.35,36 

 



 pag. 75 

2.2.2 Catalyst recycling and leaching tests.  
 

The cost of catalysts in a liquid-phase reaction may represent up to one third of the total cost 

of the process, implying that its loss, e.g. by leaching, can be critical and its recovery and reuse is 

imperative.37,38 Accordingly, the above-described IL-free protocol was explored to investigate on the 

recyclability and stability of Ru/C. Conditions of entry 4 in Table 1 (aq. LA, 0.36 M; i-octane, 5 mL; 

5% Ru/C, 28 mg; 35 bar of H2) were used for the recycling tests, though, temperature and time were 

set at 65 °C and 2 hours to moderate the final conversion and to ensure a more accurate control of the 

reaction outcome. Once the first run was complete, the lower aqueous phase was removed from the 

vessel, the isooctane layer containing the catalyst was washed with Milli-Q water (3 x 5 mL), and a 

fresh aqueous solution of LA (0.36 M; 10 mL) was added. The recycling procedure was repeated four 

times, and the whole set of reactions was run twice to ensure reproducibility. The results are illustrated 

in Figure 3.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 3. Recycle of Ru/C on 4 subsequent runs in the conversion of LA into GVL carried out at 65 °C for 2 hours. Other 

conditions were those of Figure 1 (aq. LA, 0.36 M; i-octane, 5mL; 5% Ru/C, 28 mg; 35 bar of H2). 
 

Tests demonstrated that conversion of LA and selectivity to GVL remained constant in the 

range 62-70% and 65-75%, respectively, through the 4 runs (green and red bars). Notably, -

hydroxyvaleric acid (HVA) was observed in all cases, thereby indicating that the chosen conditions 

(65 °C, 2 hours) were insufficient to complete the dehydration step of the intermediate HVA to GVL 

(Scheme 2; see also, Figure 1).  

This observation was complemented by an additional experiment in which the effect of the 

reaction time was further explored by performing the multiphase hydrogenation/ dehydration of LA 

under the conditions of Figure 1 (right) for 4 hours. Results are reported in Figure 4 that shows the 
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1H NMR spectrum recorded after of reaction, and in Table 2 that indicates the composition of the 

reaction mixture at different time intervals once the multiphase experiment of Figure 4 was complete. 

 

 

Figure 4. 1H NMR of the aqueous mixture recovered after the multiphase hydrogenation of LA (4 h; 65 °C; 35 bar of H2, 

aq. LA, 0.35 M; i-octane, 5mL; 5% Ru/C, 28 mg). NMR signals for both GVL and HVA are indicated and further 

highlighted in the enlargement reported in the upper box (left).39 

 

Table 2. Conversion of HVA into GVL at room temperature 

Entry t (h)a 
Conv. 

(%)b 

Products distribution 

(%)b 

HVA GVL 

1 0.5 88 24 76 

2 1 87 24 76 

3 2  89  23  77 

4 16  89  14  84 

5 36  90  8  92 

a Time elapsed once the multiphase experiment of Figure 4 was complete. b Conversion and products distribution were 

determined by GC analysis of the reaction mixture which was left to stand at room temperature. 

 

After the reaction was complete (4 h), the presence of HVA as a reaction product (intermediate) was 

confirmed by 1H NMR (Figure 4).  The corresponding conversion of LA and selectivity to GVL were 

92 and 75%, respectively (by GC).  Subsequently, the aq. solution recovered after the reaction was 
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allowed to stand at room temperature and analyzed by GC at intervals. It was noticed that 

hydroxyvaleric acid slowly continued to dehydrate to GVL and cyclize to GVL: after 36 hours, the 

selectivity to GVL increased from 75 to 92% (Table 2). Similar trends were noticed also in the 

reduction of LA catalyzed by Ru/C, in methanol solutions.40 

The stirring speed. Recycling tests proved that the stirring speed was a key parameter for an 

effective reuse of the catalyst. Figure 3 refers to reactions carried out in MP mixtures magnetically 

stirred at 1300 rpm. However, if the same experiments were repeated at a lower speed, the reaction 

outcome was remarkably different: for example, by halving the agitation rate at 650 rpm, both 

conversion and selectivity progressively decreased to reach values of 23 and 18%, respectively, after 

four subsequent reuses of the catalyst (Figure 5). 
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Figure 5. Effect of the stirring speed on the multiphase hydrogenation of LA. Experiments were carried out at 65 °C for 

2 hours, and using aq. LA (0.35 M), i-octane (5 mL), and 5% Ru/C (28 mg). Conditions were those of Figure 2 (main 

text), except for a lower speed rate of 650 rpm. 

The first reaction (run 1) started with the catalyst partitioned in both the aqueous and the 

hydrocarbon phases. From run 2 on, Ru/C acted exclusively as a suspension in i-octane, out of the 

aqueous solution where the reaction took place. Under such conditions, if the multiphase system 

was not adequately stirred, both the conversion of LA and the selectivity to GVL decreased. 

It could be anticipated that mass transfer limitations of solid-catalyzed gas-liquid processes 

like hydrogenations,41 were even more pronounced in the investigated MP-arrangement than those 

observed in conventional single-liquid phase systems,37,42 because the catalyst was in a hydrocarbon 

phase and an aq./org interfacial barrier had to be overcome for the reaction to occur. An inspection 
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of this aspect was carried out by closely studying the effect of the stirring speed on the reaction: under 

the conditions of Figure 1, control experiments were carried out in from 300 to 1000 rpm (Figure 6).  
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Figure 6. The conversion of LA into GVL for the MP-reaction carried out at different stirring speeds. Other conditions: 

aq. LA, 0.36 M; i-octane, 5mL; 5% Ru/C, 28 mg; 35 bar of H2; 65 °C; 2 h. 

 

During the first run, when Ru/C was partitioned in aqueous and hydrocarbon phases, a moderate 

variation of conversion of LA (from 45 to 63%) was noticed by changing the stirring speed. However, 

when the reaction started the catalyst suspended in i-octane (second run), a remarkable improvement 

of the conversion from ca 25% up to 65% was obtained as the stirring rate was increased from 300 to 

1000 rpm. Above that value, no further changes were appreciated, thereby indicating that the MP-

process was no longer subjected to external mass transfer limitations at or above 1000 rpm. The mass 

balance verification proved that at the end of the MP-experiments, products and unconverted reagent 

were quantitatively confined in the aqueous phase. This could not rule out that intermediates or 

products were also present in the organic phase during the reaction (65 °C, 35 bar). Although this 

investigation was interesting to further speculate on diffusional limitations of the process, a detailed 

kinetic study was beyond the scope of the Thesis work: indeed, the sampling of the mixture under 

reaction conditions could not be carried out due to technical difficulties and potential danger. 

Autoclaves used in this study were not equipped for such measures.    
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Leaching control. The complete segregation of Ru/C in the i-octane phase (entries 3-4 of Table 1) 

was confirmed by both indirect experiments based on the Sheldon test,43,44 and direct ICP analyses of the 

aqueous phase. In the Sheldon test, once the first and the second runs of Figure 3 were complete, the 

corresponding aqueous solutions were recovered and set to react separately, as such for 2 hours at 65 °C 

and 35 bar of H2, under magnetic stirring. Both tests were negative: GC/MS analysis showed that no 

further hydrogenation of LA took place (conversion, 62-65%, did not change with respect to Figure 3), 

thereby indicating that no active catalyst was present in the aq. solutions. If any homogeneous water-

soluble Ru-species formed, these did not contribute to the reaction. The absence of metal leaching in the 

aqueous phase was finally demonstrated by ICP/MS analyses proving that the dissolved Ru was <0.01 

wt% with respect to the metal amount in the catalyst used for the reactivity tests. Results are reported in 

Table 3 (details on ICP analyses will be provided in the experimental section). 

 

Table 3. ICP-MS analyses of the Ru content 

Entry  Sample  

Ru content  

(µg/L)b 
Leaching 

(%)c 

1 A 0.22 0.01 

2 B 0.14 <0.01 

3 C 0.13 <0.01 
a Samples A-C: aqueous solutions recovered after three tests of multiphase hydrogenation of LA carried out at 100 °C, 35 bar 

of H2, for 4 h. Other conditions: aq. LA (0.35 M), i-octane (5 mL), and 5% Ru/C (28 mg). b Amount of Ru determined by 

ICP-MS, in samples A-C. c Wt% of Ru leached in the aq. phase with respect to the metal amount in the catalyst used. 

 

Overall, Ru/C was stable and reusable without loss of performance in the hydrocarbon phase. The 

MP-system was perfectly suited to the design of a semi-continuous hydrogenation of LA to GVL, as 

illustrated in Scheme 3. The experiments involved simple removal the aqueous GVL-containing phase 

once the first reaction was complete, and replacement with fresh aqueous solution of LA. Then, the 

mixture could be once more subjected to the reaction conditions for the first recycle, and so on. If 

necessary, i-octane could be removed by rotary evaporation, thus yielding a quantitative recovery of the 

original catalyst as a dry powder. 

The MP-protocol was then explored to extend its applicability for the synthesis of GVL from the reaction 

of LA in the presence of formic acid.   
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Scheme 3. Semi-continuous catalytic hydrogenation of LA under IL-free multiphase conditions 

2.2.3 Multiphase hydrogenation of mixtures of levulinic and formic acid. 
 

Bio-based levulinic acid is currently synthesized from saccharides through an acid-catalyzed 

sequence yielding 5-(hydroxymethyl) furfural (HMF), which in turn, generates an equimolar mixture of 

LA and formic acid (FA) in water solution.45,46 Since FA can be catalytically decomposed to CO2 and H2 

over Ru/C,47 it (FA) may act as an in-situ transfer hydrogenation agent. This approach has been 

successfully applied for the direct conversion of the aqueous stream of LA and FA into GVL, without 

external H2 supply.48,49 However, limitations exist due to the high temperature (≥ 190 °C) required for the 

dissociation of formic acid, and the need of excess FA (up to 4 molar equivalents) for the reaction to 

proceed.50 This behavior was confirmed by the results obtained in this Thesis work using the IL-free 

multiphase system. Under the conditions of Figure 1, at 190 °C, the reaction of an aqueous equimolar 

solution of LA and FA (0.36 M in each acid, 10 mL) provided a negligible formation of GVL (<1%) even 

after 12 hours. The decomposition of formic acid was also studied through the following additional 

experiment. An aliquot (0.01 mL) of an equimolar aq. solution of FA/LA (0.36 M in each acid, 10 mL) 

was diluted in D2O and analyzed by 1H NMR. Thereafter, the same aq. FA/LA solution was set to react 

at 190 °C for 2 hours under multiphase conditions in the presence of i-octane (5 mL) and 5% Ru/C (28 

mg; LA:Ru=260 mol:mol). Once the experiment was complete, the aqueous phase was recovered, diluted 

in D2O, and analyzed by both GC and 1H NMR. No formation of GVL was detected (by GC). Moreover, 

the conversion of FA estimated by comparing reference NMR signals of FA (s, H, at 8.1 ppm) and LA (s, 

CH3, at 2.1 ppm) before and after the test, indicated that the decomposition of FA occurred only to a 

modest extent, not exceeding 14% of the initial acid amount (Figure 7).  
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Figure 7. Comparison of reference NMR signals of FA and LA before and after the test at 190 °C for 2 hours. Other 

conditions: aq. solution of FA/LA (0.36 M in each acid, 10 mL), i-octane (5 mL) and 5% Ru/C (28 mg). 

 

It should also be noted that under the conditions of Figure 7, further experiments were carried out 

under an additional pressure of N2, up to 35 bar, with the aim of limiting/hindering the evaporation of 

both the aqueous and the organic phases. No improvements were noticed.   

Multiphase reactions, however, were successful when performed under a H2 pressure. The most 

representative result is illustrated in Figure 8, reporting a substantially quantitative conversion of LA and 

selectivity > 95% to GVL, for an experiment carried out for 12 h at 130 °C and 35 bar of H2 [other 

conditions: LA and FA in a 1:1 molar ratio (0.36 M in each acid, 10 mL), i-octane (5 mL), and 5% Ru/C 

(28 mg)]. Compared to Figure 1 (left) showing that aq. LA alone was fully converted at only 65 °C and 4 

hours, Figure 8 proved a remarkable detrimental role of FA on the kinetics. This was ascribed to the 

competitive adsorption of FA over the Ru/C surface which, as described in the literature, disfavours the 

hydrogenation of LA.48–50 However, the excellent selectivity to GVL (red profile) highlighted a promoting 

effect of the high temperature on the dehydration of the intermediate HVA (cf. Figure 3). It should be 

noted that the catalyst always appeared confined in the i-octane phase where it was perfectly separated 

from the product. By contrast, previous studies of our group indicated the hydrogenation of LA in the 

presence of FA was not practicable when IL-mediated multiphase systems were used: not only harsher 

conditions were required (150 °C, 35 bar of H2, 16-32 h), but only moderate conversions, not exceeding 

21%, were observed.11  

Recycle tests proved that Ru/C could be reused without loss of activity, acting as a suspension in 

the i-octane phase. Three subsequent reactions repeated on the same catalyst showed that under the 

conditions of Figure 8, after 4 hours, conversion of LA and selectivity to GVL were steady in the range 

of 70-75% and >95%, respectively. Results are reported in Figure 9.    

 

 

 

Before test 

After test 
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Figure 8. Conversion of LA and selectivity to GVL for the multiphase reaction performed using an equimolar aq. solution 

of LA and FA (0.36 M in each acid, 10 mL). Other conditions: 130 °C, 35 bar of H2, i-octane (5 mL), and 5% Ru/C (28 

mg).  

 

 

Figure 9. Recycle of Ru/C in the reaction of aq. equimolar mixures of FA/LA. Conditions: 130 °C, 4 hours, 1300 rpm, 

5% Ru/C (30 mg), aqueous equimolar solution of levulinic acid and formic acid (0.36M each, 10 mL), and isooctane (5 

mL). 
 

Although the transfer hydrogenation from FA to LA was not possible, the proposed MP-method 

worked satisfactorily under H2 pressure, and it could in principle, be used for the synthesis of GVL 

starting from mixtures of LA/FA as received from the decomposition of sugars.  
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2.2.4 Multiphase reductive amination of levulinic acid.  
 

The reductive amination of LA provides access to N-alkyl pyrrolidones of renewable origin, 

relevant as solvents, surfactants, complexing agents, and intermediates for inks and fiber dyes 

(Scheme 4).51  

 

 

 

 

Scheme 4. N-alkylpyrrolidones from levulinic acid 

Homogeneous and heterogenous catalysts (i.e. Au/ZrO2, Pt-MoOX/TiO2, C-coated Ni 

nanoparticles, Ir/SiO2-SO3H, and Ru-, Ir-, and In-complexes) prove active for the reaction, using 

either formic acid as a transfer hydrogenation or H2 or even hydrosilanes as reductants.51–58 The 

catalyst/product separation and catalyst reuse, however, are serious drawbacks, especially for large-

scale applications.51 To cope with these problems, the multiphase approach investigated in this Thesis 

work, was explored for the model reaction of LA with cyclohexylamine. An important issue was the 

need to minimize the presence of water because of its adverse effects on the reaction. Unfortunately, 

initial tests showed that the catalyst remained partitioned between the two immiscible phases of the 

system, and most importantly, the major reaction was the competitive hydrogenation of LA to GVL 

and not the desired formation of 1-cyclohexyl-5-methylpyrrolidin-2-one (CyMP). For example, at 

130 °C and 15 bar of H2, when an equimolar aq. solution of LA and CyNH2 (3.6 mmol each; total 

volume = 5 mL) was set to react in the presence of 5% Ru/C (28 mg), and i-octane (5 mL), levulinic 

acid was quantitatively converted after 16 h, yielding a mixture of GVL (83%), CyMP (9%), and 

other derivatives (8% in total) whose structures were assigned by GC/MS and comparison of literature 

data (Scheme 5). 51,52,55,57  Figure 10 reports the mass spectra of detected products.  

 

 

 

 

 

 

Scheme 5. Products observed during MP-reaction of LA and CyNH2 
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Figure 10. Mass spectra of products observed during the reductive amination of LA with cyclohexylamine. Structures 

were assigned also by comparison to literature data.51,52,55,57 
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To disfavor the formation of GVL during the MP-process, we envisaged adding formic acid (FA), 

known to selectively inhibit the adsorption of LA over Ru/C (see previous paragraph,48–50). Further 

screening studies were therefore carried out with an equimolar mixture of LA and FA (3.6 mmol each), 

by adjusting the quantity of CyNH2 (3.6-7.2 mmol) and water (0.5-5 mL), and by varying T and p (130 

and 150 °C, and 15 and 35 bar H2 respectively). Other conditions were not modified [16 h, 5% Ru/C (28 

mg), and i-octane (5 mL)], implying that the total reaction volume changed from 5.5 to 10 mL according 

to the variations of the aqueous phase. All tests were run in duplicate to ensure reproducibility. The most 

representative results are reported in Table 4 which contains also the experiments carried out without FA, 

for comparison.  

At 130 °C and in the absence of FA, the role of both water and CyNH2 was highlighted. Selectivity 

towards the formation of CyMP improved progressively from 9 to 27% by decreasing the volume of water 

from 5 to 0. 5 mL (entries 1-3); below this limit (0.5 mL), the partitioning of reactants (particularly 

CyNH2) and products in i-octane inhibited segregation of the catalyst and favored the formation of a 

mixture of unidentified by-products.59 The volume of water was thereafter maintained between 0.5 and 2 

mL. Doubling of the reactant amine was also beneficial, imparting a 10% increase of the selectivity of 

the reductive amination (entries 2 and 4). Yet, the main reaction path remained the 

hydrogenation/dehydration of LA.  

At 130 °C, the best results in terms of selectivity were achieved by the addition of FA, that 

reversed the products distribution. The combined effects of FA, excess amine, and reduced water volume 

promoted the formation of CyMP in up to 80% and concurrently limited GVL to almost negligible 

amounts (3-5%) (entries 5-7). 

Finally, by performing reactions at 150 °C and 35 bar, the quantity of products termed as “others”, 

was reduced allowing to obtain the desired pyrrolidone with 88% selectivity at almost complete 

conversion (entry 10). No further optimization was explored. 

Therefore, we observed that by tuning of the reaction conditions and parameters, the selectivity 

of the multiphase reductive amination could be improved by a factor of 10. Such a dramatic change was 

ascribed to concurrent effects inferred by examining the accepted mechanisms for catalytic reductive 

amination, 51,52,56,57 and comparing the structures of co-products designated as “others” in Table 4.   
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All reactions were carried out for 16 h, in the presence of 5% Ru/C (28 mg), and i-octane (5 mL). The total 

reaction volume changed from 5.5 to 10 mL according to the variations of the aqueous phase. [a] LA:CyNH2 

molar ratio. [b] LA:FA molar ratio. [c] Conversion of LA (determined by GC). [d] Compounds of Scheme 5 

other than GVL and CyMP. 
 

First, FA acted as an inhibitor for the adsorption of LA on Ru/C, thereby favoring the reaction of LA with 

CyNH2 rather than its hydrogenation to GVL and. Reductive amination plausibly followed pathways 

illustrated in Scheme 6. 

 

 

 

 

 

 

 

 

 

Scheme 6. Mechanism for multiphase reductive amination of LA with cyclohexylamine. 

The initial condensation of LA and cyclohexylamine may produce either the imine A and the 

amide B. Investigations already reported in the literature substantially exclude any role of noble metals 

Table 4. Multiphase reductive amination of LA with CyNH2 both in the presence and in 

the absence of FA. 

 
Entry 

 

LA:CyNH2 

(mol:mol) [a] 

 

H2O 

(mL) 

FA 
(mol:mol)[b] 

T 
(°C) 

p 
(bar) 

Conv. 
(%) 

[c] 

Selectivity (%) 

CyMP GVL Others [d] 

1 1 5 none 130 15 >99 9 83 8 

2 1 2 none 130 15 >99 20 65 15 

3 1 0.5 none 130 15 99 27 68 5 

4 2 2 none 130 15 95 32 62 6 

5 1 2 Yes (1) 130 15 94 65 20 15 

6 2 2 Yes (1) 130 15 >99 80 5 15 

7 2 0.5 Yes (1) 130 15 >99 80 3 17 

8 2 2 Yes (1) 150 15 >99 79 7 14 

9 2 2 Yes (1) 150 35 >99 82 6 12 

10 2 0.5 Yes (1) 150 35 96 88 5 7 
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as catalysts in the formation of imines and amides. For example, without any catalyst and solvent, the 

reaction of n-octylamine and LA provided the corresponding imine [4-(octylimino)pentanoic acid] in a 

14% yield after 10 min at room temperature.51 Moreover, at 120 °C (solventless conditions), a quantitative 

yield of the imine derived from ethyl levulinate and aniline was obtained in the presence of Pt/TiO2 

catalyst, but it was demonstrated that the reaction did not require noble metal catalysis; the process was 

strongly promoted by the Lewis acidity associated to Ti4+ sites on TiO2 support.60,61 On the other hand, 

also amides of LA could be obtained in the absence of catalysts and solvents.57 Specifically, N-

cyclohexyl-4-oxopentanamide, compound B of scheme 6, was observed in the uncatalyzed reaction of 

LA and CyNH2 at 120 °C for 12 h.52 To speculate on these aspects, additional experiments were performed 

also in aqueous solution. According to the conditions of entry 10 in Table 4, a mixture of LA (3.6 mmol) 

and CyNH2 in a 1:2 molar ratio in water (0.5 mL) was set to react at different temperatures, from ambient 

up to 100 °C. Neither the imine A nor the amide B (or other products) were observed, thereby confirming 

the adverse effect of water on the formation of such compounds, and consequently on the overall process 

of reductive amination.51,58,62 However, the presence of amide B among by-products of the reaction 

carried out at 150 °C (see scheme 6) not only provided evidence for its intermediacy in the synthesis of 

the pyrrolidone product, but it indirectly supported the same role for imine A. The latter compound, being 

highly reactive, could not be observed. Indeed, both the catalytic hydrogenation of the imine C=N bond 

to produce the amine C and the subsequent dehydration/cyclization of C to CyMP were reported as easy 

and fast transformations over noble metals (Pt, Ru, Pd) (Scheme 6, top and right),57 On the other hand, 

GC/MS analyses showed evidence for two isomeric unsaturated cyclic precursors of CyMP (m/z=179; 

Scheme 6, E and F) as minor products. Alternative pathways can be then formulated considering either 

the equilibrium of imine A with enamine D followed by dehydration (Scheme 6, mid), or the 

cyclization/dehydration of amide B (scheme 6, left) to get both compounds E and F. CyMP is finally 

produced by a catalytic C=C bond hydrogenation. 

It should be noted that similar cyclic intermediates have been proposed in two recent studies of reductive 

amination of LA,52,57 but they have been synthesized only as derivatives of benzylamine.57 Our attempts 

to isolate the corresponding products from CyNH2 have been unsuccessful.  

The investigation proved the concept that the multiphase protocol could be extended to the 

reductive amination of LA. The water sensitivity of the reaction implied the use of minimal volumes of 

the aqueous phase whose presence, however, was necessary for the catalyst/product segregation.59 The 

latter (separation) was achieved at the end of the process, by adjusting both the water/i-octane proportions 

in a 2:1 volumetric ratio, and pH at 2.5 with few drops of aq. HCl. It should be noted here that: i) no 

apparent correlation could be inferred between the selectivity and the catalyst separation. The presence 

of FA was crucial to improve the formation of CyNMP, but it was not compulsory to induce the 
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segregation of Ru/C in the organic phase (see also next paragraph); ii) even after the reaction at 150 °C 

and 35 bar, the recovery of the suspension of Ru/C in i-octane (5 mL) was quantitative. Moreover, the 

hydrocarbon proved stable with unaltered composition and purity; iii) once i-octane was rotary evaporated, 

the catalyst was tested for a single recycle under the conditions of entry 10 (Table 4). No appreciable 

changes of the catalytic performance were noticed with respect to the fresh catalyst.   

 

2.2.5 The selective segregation of the Ru/C on hydrocarbon phases: choice of model C-

supports.  
 

In the investigated MP-conditions, a hypothesis for the unusual selective partitioning of the 

catalyst in the hydrocarbon phase was based on the role of surface and bulk properties of the C-support. 

Initial experiments were then aimed to identify other C-supports with an affinity for liquid hydrocarbons 

similar to that of the investigated Ru/C. Six commercial carbons (1-6) were selected for the purpose. If 

not already provided as powders, specimens were finely grinded before tests. Each carbon sample (30 

mg) was introduced in a biphase system comprised of water (milli Q, 10 mL) or an acidic aqueous solution 

(10 mL), and i-octane (5 mL). Acid solutions were obtained by adding levulinic acid (0.36 M) or HCl 

(3x10-3 M) so that the resulting pH (2-2.5) reproduced conditions of starting mixtures in the studied 

multiphase reactions. Then, at rt, the system was kept under vigorous magnetic stirring. Results are 

reported in Table 5. 

Four facts were evident from visual inspection. i) Segregation occurred only for a limited number 

of samples (the reference 5% Ru/C, and 2 and 4: entries 1, 2, and 5). ii) When present, complete 

partitioning of the sample in i-octane took place after 60-90 min only with an acid aqueous solution, 

independently from the acid (LA or HCl) and at constant pH (2.0-2.5). In pure milli-Q water, samples 

were uniformly suspended in the biphase system. iii)  Both 5% Ru/C and C-supports (2 and 4) were neatly 

confined in the hydrocarbon phase, in all cases. iv) All the other C-samples (1, 3, 5 and 6) appeared 

dispersed in water and i-octane, regardless of time and pH of aq. phase. Experiments confirmed the 

separation of samples 0 (the reference 5% Ru/C), 2, and 4 of Table 5(in the case of sample 4, details are 

shown in Figure 11).  

The behaviour of samples 0, 2 and 4 was general: similar results to those of Table 5 were noticed 

when i-octane was replaced with other hydrocarbons (hexane, cyclohexane; 5 mL) or water-insoluble 

solvents such as diethyl carbonate (5 mL). Overall, the observed segregation behaviour was ascribed to 

the surface composition of the carbons, usually comprised by different oxides (carboxylic-, phenolic-, 

lactonic-, and ether- groups) whose presence affects the hydrophobicity of such materials.63 Nonetheless, 

solids morphology and even the presence of inorganic impurities could not be ruled out.64 
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Figure 11. Behaviour of carbon sample 4 in the biphase system. 

An array of characterization techniques such as N2 adsorption, temperature-programmed desorption 

(TPD), Raman and infrared spectroscopy methods (DRIFTS), SEM coupled with energy dispersive X-

Ray analysis (EDX), and chemical titration methods,64–68 was therefore used to further compare the 

reference catalyst to carbons 3 (ENGELHARD, 44853) and 4 (NORIT SX 1G) which were selected as 

model for one inactive (3) and one active (4) sample towards separation in biphase systems, respectively. 

They were finely ground in a mortar prior to characterization. 

 

 

Table 5. Comparison of 5% Ru/C and commercial carbon samples in a biphase system 

Entry  Sample # Source MP-conditions[a] Observed separation 
[b] 

1 0,  
5% Ru/C 

Aldrich, Lot # MKBW5890V H2O/i-octane None 

Acid sol./ i-octane Yes[c]  

2 1 BASF 288954, Lot # 13601 H2O/i-octane None 

Acid sol./ i-octane None 

3 2 ENGELHARD S-45502; Lot 

# 12775, Moist. Cont. 43.3% 
H2O/i-octane None 

Acid sol./ i-octane Yes[c] 

4 3   ENGELHARD, 44853; Lot # 

12823, Moist. Cont. 56.9% 
H2O/i-octane None 

Acid sol./ i-octane None 

5 4   NORIT SX 1G Lot # A-10536 H2O/i-octane None 

Acid sol./ i-octane Yes[c] 

6 5   NORIT RX1 Extra Lot # 

660658 
H2O/i-octane None 

Acid sol./ i-octane None 

7 6 NORIT RX3 Extra Lot # 

580092 
H2O/i-octane None 

Acid sol./ i-octane None 

[a] pH of both milli-Q water and aq. acid solutions did not vary during tests. [b] Segregation of the catalyst or the carbon in 

i-octane.  [c] Segregation was observed after 60-90 min at rt.  

 



 pag. 90 

2.2.6 Physical and chemical characterization of Ru/C and samples 3 and 4.  
 

It should be first noted that most of the analysis of the textural properties carried out by N2 

adsorption isotherms and SEM, and the composition/properties of the surfaces performed by 

spectroscopic and TPD techniques, did not highlight specific features or differences between the Ru/C 

catalyst, carbon 4, and the inactive sample 3, ascribable to the ability of the material to segregate in the 

hydrocarbon phase. Results are reported in Table 6, and Figure 12-18. (Details on the preparation of 

samples, instruments and executions of experiments are in the experimental section). 

 

Table 6. Surface areas and the total pore volumes (Vp) from adsorption isotherms 

Entry Sample #, 

Type 

Surface area 

(m2/g) 

Pore volume  

(cm3/g) 

1 0, 5% Ru/C 653 0.67 

2 3, 

ENGELHARDT 

996 0.71 

3 4, NORIT SX 1G 1076 0.78 

The BET equation was used to calculate the apparent surface areas and the total pore volumes (Vp) were 

evaluated using Gurvitch’s rule (p/p0= 0.99) 

 

Carbons 3 and 4 showed similar surface areas and pore volumes (Table 6), despite they had a 

remarkably different behavior in the biphase system. 

SEM analyses. Morphological analogies were also consistent with SEM analysis. The comparison of SEM 

images extended to all samples of Table 5 (the reference catalysts and carbons 1-6) did not allow 

appreciable differentiations among the specimens. (Figure 12).   

With specific reference to the model samples 3 and 4, SEM analyses of showed that, on average, particles 

of sample 3 were slightly smaller than those of 4, and displayed an architecture indicating tiny particles 

anchored to clusters of larger sizes. However, the comparative inspection of SEM images did not 

highlighted differences in terms of morphology and particle size, such as to offer unambiguous proofs for 

the segregation phenomenon described in Table 3. This conclusion was further supported by SEM 

analyses to samples 1, 2, 5 and 6 of Table 3: in general, images did not allow appreciable 

differentiations among the investigated specimens. Sample 0 (the reference catalyst) also showed a 
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relatively wide range of carbon particles size distribution, with nanoparticles of Ru finely dispersed over 

the support surface. 
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Figure 12. SEM Images of 5% Ru/C and carbon samples 1-6. A brief accompanying note 

details the separation behaviour of each sample in the biphase system according to the results of 

Table 5. 

 

Drift and Raman. DRIFT spectra recorded for carbons 3 and 4 by using pyridine as a probe molecule, 

showed almost superimposable profiles, meaning that Lewis and Brønsted acid sites available at the 

surface of the carbon materials and identified by adsorption bands at 1445 cm-1, 1465 cm-1, 1574 cm-1 

and 1530-1550 cm-1,69,70 were hardly distinguishable either by strength or relative amounts (Figure 13). 

Similar results were obtained from Raman spectroscopy (Figure 14). 
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Figure 13. DRIFT spectra of pyridine adsorption on samples 3 and 4. Spectra acquired after 4 min of a pulse of pyridine (2 

μL). The range of pyridine adsorption between 1900 and 110 cm-1 is enlarged in top box). (Further details are in the 

experimental section).   

 

 

Figure 14. Raman spectra of samples 3 and 4. Conditions: 5 accumulations, 10 s, 25% of laser power, and 50x objective; 

spectral resolution is 1 cm-1).   

 

TPD measures. Desorption profiles from 5% Ru/C, and sample 3 and 4 and the corresponding 

deconvolution are illustrated in Figures 15-17. Further details are in given in the experimental section.   
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Figure 15. Desorption profile of CO2 and CO from sample Ru/C; (a) desorption profile of CO2, (b) deconvolution of the 

desorption profile of CO2; (c) desorption profile of CO (d) deconvolution of the desorption profile of CO. 

 

Figure 16. Desorption profile of CO2 and CO from sample 3; (a) desorption profile of CO2, (b) deconvolution of the 

desorption profile of CO2; (c) desorption profile of CO (d) deconvolution of the desorption profile of CO. 
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Figure 17. Desorption profile of CO2 and CO from sample 4; (a) desorption profile of CO2, (b) deconvolution of the 

desorption profile of CO2; (c) desorption profile of CO (d) deconvolution of the desorption profile of CO. 

 

Starting from the accepted patterns of thermal decomposition of carboxylic acids and anhydrides, 

lactones, phenols, and carbonyl/quinones,64,67,71 Figure 18 describes the results of TPD analyses by 

grouping the relative % amount of the different classes of oxygen-bearing surface groups determined for 

5% Ru/C and carbons 3 and 4 (calibration curves for both CO and CO2  are shown in experimental section). 

The (moderate) fluctuations observed in the distribution of the surface groups did not point to any trend 

by which specimens could be distinguished for the behavior shown under multiphase conditions of Table 

5. 

 
Figure 18. Distribution of the different classes of oxygen-bearing surface groups determined by TPD tests, in the reference 

catalyst, and samples 3 and 4. TPD tests were performed on 218 mg of each sample which were first degassed under a flow 

of helium, and then, heated at a rate of 5 °C min-1 up to 910 °C (details are in the experimental). 
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EDX analyses and Boehm titration. Some appreciable differences among samples 0 and 3-4 

emerged by EDX analyses and further surface chemical characterizations carried out Boehm titration and 

point of zero charge (pHpzc). EDX mapping other elements than C, showed that both the reference catalyst 

and carbon 4 active for segregation, contained quantities of Na in the range of 0.1-0.2% (entries 1 and 3, 

Table 7), while the same metal was virtually absent in carbon 3 (entry 2). This held true also from the 

comparison of carbon 2 (active for separation in a biphase system; Na=0.2%) with carbons 1, 5 and 6 

(inactive) in which the Na amount was even below the detection limit (Table 7).    

 

Table 7. EDX-analyses of the reference catalyst and samples 3 and 4. The values reported are calculated as 

average of five different elemental analyses (EDX wide range mapping of 350x300µm).  

Entry  Sample 

#  

Elements (wt, %) 

C O Na Mg Ca S Cl Al K Ru 

1 0, 5% 

Ru/C 

86.15 8.49 0.17 0.04  0.13  0.14  4.88 

2 3 93.17 8.14 0.02 0.02 0.06 0.21 0.08 0.08 0.02  

3 4 93.43 5.90 0.08 0.04  0.16 0.39    

 

Boehm titration was carried out according to a standardized protocol by which the investigated 

sample (0.50 g) was titrated using three aq. solutions diversified by their basic strengths, containing 

NaHCO3, Na2CO3 and NaOH, respectively.65 The point of zero charge (pHpzc), i.e. pH at which the charge 

of the carbon surface is zero, was determined by equilibrating selected amounts of both the reference 

catalyst and carbons 3 and 4 in standard acid aqueous solutions through procedures described 

elsewhere.65,72 (Details of the methods are in the experimental section). Results are reported in Table 8. 

The Boehm titration showed that the total acidity due to oxygen surface groups did not vary significantly 

between the samples, oscillating in the range of 120-140 µeq/g. Though, strong acid functions as 

carboxylic ones accounted for more than 90% of the acidity of sample 3 (entry 2); while, the contribution 

of the same (carboxylic) groups was 13% and 36% for Ru/C and carbon 4, respectively (entries 1 and 3). 

Likewise, the lowest pHpzc (2.2) was measured for 3, thereby confirming its higher surface acidity among 

the investigated samples. The two methods not only provided consistent results, but they suggested a 

correlation for the behaviour in the biphase systems: the higher the surface acidity (for 3), the higher the 

hydrophilicity due to H-bonding, the poorer the separation in the hydrocarbon phase.    
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Table 8. Boehm titration and evaluation of pHPZC for the reference catalyst and carbons 3 and 4 

Entry  Sample #  pHpzc Acidity (µeq/g) 

Total Carboxylic Lactones Phenol 

1 0, 5% Ru/C 3.6 140 50 46 41 

2 3 2.2 140 130            10 

3 4 2.6 120 15 85 20 

 

Overall, the physico-chemical characterization studies lead to hypothesize multiple reasons for 

the segregation described in Table 5, among which a role is played by properties that are apparently 

common to the reference catalyst and samples 2 and 4 active for separation in i-octane: the presence of 

non-negligible quantities (0.1-0.2%) of Na-based impurities and a relatively low surface acidity. The 

phenomenon, however, is far from being understood since the nature of these properties and their relative 

contributions/effects to the separation in the multiphase systems still remain to be clarified. Moreover, 

the incongruity between the results offered by Boehm titration and pHpzc analyses from one side, and from 

the other, those obtained by the TPD/spectroscopic measures might be due to the different environments 

under which the techniques operate. Titration-based methods are carried out in aqueous solutions, while 

TPD and DRIFT/Raman spectra are acquired on a partially dehydrated sample where solvation effects on 

surface functional groups are mitigated, if occurring at all. 
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2.3 Conclusions 
 

The present results highlight the potential of a multiphase system comprised of two immiscible 

aqueous and hydrocarbon phases, and a heterogenous Ru-based catalyst supported on C, for the 

synthesis of valuable derivatives of levulinic acid as -valerolactone and N-cyclohexyl methyl 

pyrrolidone, through reactions of hydrogenation and reductive amination, respectively. Compared to 

other MP-systems based on ionic liquids, the procedure not only allows an enhanced reactivity, but 

if offers an original solution to separate reaction products from the catalyst in a semi-continuous mode. 

By tuning the relative volumes of water and hydrocarbon and the concentration of reactants in the 

aqueous solution, Ru/C can be completely segregated, without aqueous leaching, and recycled as a 

suspension in the hydrocarbon medium, while products are recovered from water solution, free of 

any cross-contamination. The method is reliable under a variety of conditions for the reactions of 

levulinic acid as such or in mixture with formic acid (FA). FA acts as a competitor of levulinic acid 

for the catalyst active sites, thereby always disfavoring the kinetics of the investigated processes; its 

presence, however, is crucial to improve the selectivity of MP-reductive amination. Moreover, the 

procedure has been successfully scaled up for the preparation of -valerolactone, demonstrating its 

applicability to overcome issues posed by filtration/centrifugation for the separation of finely 

powdered C-supported catalysts.  

The investigation of factors affecting switching and confinement of Ru/C in the hydrocarbon medium, 

has provided evidence of a complex phenomenon which shows a dependence from the pH of the 

aqueous phase and most plausibly, it occurs when the C-support exhibits a moderate surface acidity 

and contains minor amounts of alkali-metal impurities. However, reasons and the nature of the effects 

responsible of this intriguing behaviour are far from being understood and will be the object of future 

investigations. 

Finally, although the present study has been focused on levulinic acid, the versatility of the multiphase 

protocol paves the way for its extension to the upgrading of many hydrosoluble derivatives of 

renewable origin. 
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2.4 Experimental Section 
 

2.4.1 General 
 

Levulinic acid, formic acid, 5% Ru/C, i-octane, cyclohexane, diethyl carbonate, cyclohexylamine, 

diethylenglycol dimethylether [diglyme, MeO(CH2CH2O)2Me] were commercially available 

compounds sourced by Aldrich. If not otherwise specified, they were employed without further 

purification. Ionic liquids as methyl trioctyl ammonium and phosphonium bistriflimide salts were 

prepared according to a method described elsewhere.32 Water was milli-Q grade. H2 and N2 gases 

were purchased from SIAD, Italy. 

GC–MS (EI, 70 eV) and GC (flame ionisation detector; CG/FID) analyses were performed with an 

HP5-MS capillary column (L = 30 m, Ø = 0.32 mm, film = 0.25 mm) and an Elite-624 capillary 

column (L = 30 m, Ø = 0.32 mm, film =1.8 mm), respectively.  

1H NMR spectra were recorded at 400 or 300 MHz, and 13C NMR spectra were recorded at 100 MHz; 

chemical shifts are reported downfield from tetramethylsilane (TMS), and CDCl3 was used as the 

solvent. 

 

2.4.2 Reaction Procedures 
  

2.4.2.1 Hydrogenation of Levulinic Acid.  

 

In a typical hydrogenation experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) 

was charged with a 0.36 M aqueous solution of levulinic acid (LA, 3.6 mmol; total volume=10 mL), 

5% Ru/C (30 mg, 0,015 mmol of Ru) as catalyst and isooctane (5 mL). The vessel was placed in a 

jacketed steel autoclave equipped with a manometer and two needle valves by which, at rt, H2 was 

admitted at the desired pressure. The autoclave was then heated by oil circulation at the desired 

temperature (65-100 °C), while the mixture was kept under magnetic stirring at a rate of 1300 rpm. 

After 4 hours, the autoclave was cooled to rt, and purged. Thereafter, an aliquot (0.5 mL) of the water 

solution was collected, mixed with an aq. solution of diethylenglycol dimethylether as external 

standard [diglyme, MeO(CH2CH2O)2Me; 0.01 M, 0.5 mL], and analysed by GC to determine the 

conversion of LA and the selectivity towards the observed products (γ-valerolactone and γ-

hydroxyvaleric acid).  
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2.4.2.2 Hydrogenation of Levulinic acid in presence of Formic Acid.  

 

Procedure A.  

Tests were carried out under the same conditions described for the hydrogenation of LA as 

such (see above), except for the following differences: i) an aqueous solution containing an equimolar 

mixture of levulinic acid and formic acid (0.36 M each; total volume=10 mL) was used; ii) the 

temperature was set at 130 °C; iii) the reaction time was up to 12 h.  

Procedure B (Formic acid as a hydrogen donor).  

Tests were conducted as for procedure B, except for: i) no gaseous H2 was used; ii) the 

temperature was set at 190 °C. In this case, at the end of the reaction, aliquots (0.05 mL) of the 

aqueous solution were taken, diluted with deuterated water (0.5 mL) and analysed by 1H and 13C 

NMR to evaluate the decomposition of formic acid.  

For both procedure A and B, GC-analyses of final mixtures and recycle tests (only for procedure A) 

were carried out as described in the case of LA as such. Recycle tests were run for 4 h. 

 

ICP-MS analyses of aq. solutions recovered after the multiphase hydrogenation of LA. Analyses were 

performed using a Perkin Elmer ICP NexION 350 X. A calibration curve was obtained by using six 

aqueous solutions containing 0, 200, 500, 1000, 2000 ppb of Ru. These solutions were all prepared 

by dilution of a 1000 mg/L standard solution of RuCl3 in HCl. A 1000 ppm solution of Re-187 was 

used as internal standard. The linear fit was automatically calculated by the ICP software resulting 

with interceptor= -2170.8, slope= 39.671 and correlation coefficient= 0.9976. After a set of three 

subsequent hydrogenation tests of LA carried out under the above-described conditions (100 °C, 35 

bar, 4 h), aliquots (1 mL) of the corresponding aqueous solutions recovered at the end of the 

reactions were diluted with milli-Q water (5 mL) and then analysed by ICP-MS three samples of 

aqueous solutions recovered. The value of Ru recorded for each analysis was the average of 6 

subsequent acquisitions. The metal content was always <0.01 wt% with respect to the metal amount 

in the catalyst used for the reactivity tests. 

 

2.4.2.3 Reductive amination of levulinic acid with cyclohexylamine. 

 

Experiments were carried out in a 25-mL tubular reactor of borosilicate glass (Pyrex) which 

was charged with: i) with an aqueous solution containing an equimolar mixture of levulinic acid and 

formic acid (3.6 mmol each). The total volume was varied in the range of 0.5-4 mL; ii) 

cyclohexylamine (3.6-7.2 mmol); ii) 5% Ru/C (30 mg; 0.015 mmol of Ru) as catalyst, and isooctane 
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(5 mL). The glass vessel was then placed in a jacketed steel autoclave and tests were then performed 

according to the procedure above described for the hydrogenation of LA as such. The temperature, 

H2 pressure, and time were set at 130-150 °C, 35 bar, and 16 h, respectively.     

GC-analyses of final aqueous mixtures were carried out as described in the case of LA as such. 

Once the reaction was complete, N-cyclohexyl methyl pyrrolidone (CyMP) was extracted from 

aqueous solution with acetyl acetate (3x10 mL). Combined organic extracts were washed with diluted 

hydrochloric acid (3 mM, 10 mL) and then aq. NaOH (3 mM, 10 mL) to remove traces of the 

unreacted (excess) amine and acid, respectively. The final solution of acetyl acetate was dried over 

Na2SO4, filtered, and rotary-evaporated. The brown oily residue (from different runs: 0.58-0.62 g, 

Y=91-94%, purity 85-89%; residual cyclohexylformamide was present) was analysed by GC/MS and 

upon dissolution in CDCl3, further characterised by 1H and 13C NMR. Both mass and NMR spectra 

were consistent to those reported in the literature for CyMP.52 

Attempts to isolate isomer intermediates detected in the final reaction mixture (compounds E and F: 

m/z=179; see Schemes 5 and 6) by either liquid-liquid extractions or column chromatography were 

unsuccessful. Also, the synthesis of such products was attempted starting from LA and 

cyclohexylmine, according to the procedure reported for the reaction of LA with benzylamine.57 All 

tests however, failed yielding mostly the cyclohexylamide of LA. 

All hydrogenation and reductive amination tests were duplicated to check for reproducibility. In the 

repeated tests performed under the same conditions, the values for conversion and selectivity differed 

by less than 5% from one reaction to another. 

GC-calibration curves. An aqueous solution (0.5 mL) of diethylenglycol dimethylether [diglyme, 

MeO(CH2CH2O)2Me] (0.01M) was mixed with a variable volume of an aqueous solution (0.5-0.05 

mL; 0.35 M) of the desired substrate, LA or GVL. The total volume was then adjusted to 1 mL with 

milli-Q water. Such solutions were analyzed by GC-FID using an Elite-624 capillary column (L = 30 

m, Ø = 0.32 mm, film =1.8 mm) and the following injection/analysis mode: injection port, 240°C; 

initial column temperature: 60 °C; initial hold time: 2 min; temperature ramp, 15°C; final column 

temperature, 220°C final hold time, 5 min. The corresponding calibration curves for LA and GVL are 

reported in figure 19. For GC-MS same type of column and analysis method has been used. 
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Figure 19. Calibration curves GVL and LA 

 

 

2.4.3 Characterization of 5% Ru/C and carbon samples 3 and 4 
 

Nitrogen adsorption–desorption isotherms were obtained at the liquid nitrogen temperature with a 

Micromeritics ASAP 2010 system. Each sample was degassed at 130 8Covernight before the 

measurement of the N2 physisorption isotherm. From the data, the BET equation was used to calculate 

the specific surface areas. 

2.4.3.1 TPD 

 

The TPD analysis of carbon has been performed with a POROTEC Chemisorption TPD/R/O 1100 

automated system, promoting the controlled decomposition of the sample in a temperature ramp 

under a flow of He (30 mL/min). The evolution of gaseous compounds was monitored with an on-

line MS (Cirrus 2, MKS Instrument). TPD tests were performed on 218 mg of each sample which 
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were first degassed under a flow of helium, and then, heated at a rate of 5 °C min-1 up to 910 °C. The 

determination of peak areas corresponding to the release of CO2 and CO, deconvolutions (Figure 15-

17), and the evaluation of deconvoluted quantities were calculated by using Origin software after 

calibration.63  The calibration curves were prepared using a gas syringe. The gases used were 99,99% 

CO and a 10% CO2 in He. Results are reported in Figure 20.  

The distribution percentage of the single species was calculated on the μmol/g value calculated from 

the calibration curve. 

 

 

 

Figure 20. Calibration Curves of CO and CO2 in the TPD-MS. 

 

2.4.3.2 DRIFT 

 

In-Situ DRIFT spectra were acquired with a Bruker Vertex 70 instrument equipped with a Pike 

DiffusIR cell attachment and recorded using an MCT detector after 128 scans and with a 4 cm−1 

resolution in the region 4000-450 cm−1. The equipment was coupled with a mass spectrometer 

EcoSys-P from European Spectrometry 4 Systems. In a typical experiment, a sample of carbon was 

loaded and pre-treated at 200 °C under a flow of He (10 mL/min) for 40 min in order to remove 
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adsorbed molecules. Then, using KBr as background, spectra were acquired at different temperatures 

(200-100-50-25 °C) while cooling the sample down to 25 °C. Then, a pulse of pyridine (2 μL) was 

introduced. IR spectra were then acquired at 1 min time intervals in order to follow the adsorption 

process. For the desorption process, the spectra were acquired at 25 °C at 1 min time intervals for 10 

minutes. 

 

2.4.3.3 Raman 

 

Raman analyses were carried out using a Renishaw Raman System RM1000 instrument, equipped 

with a Leica DLML confocal microscope, with 5x, 20x, and 50x objectives, video camera, CCD 

detector, and laser source Argon ion (514 nm) with power 25 mW. The maximum spatial resolution 

is 0.5 µm, and the spectral resolution is 1 cm-1. For each sample, at least five spectra were collected 

by changing the laser spot on the surface. The parameters of spectrum acquisition are generally 

selected as follows: 5 accumulations, 10 s, 25% of laser power to prevent sample damage, and 50x 

objective. 

 

2.4.3.4 SEM 

 

Scanning electron microscopy/energy dispersive spectroscopy (SEM/EDX) analyses were performed 

using an EP EVO 50 Series Instrument (EVO ZEISS) equipped with an INCA X-act Penta 

FET®Precision EDS microanalysis and INCA Microanalysis Suite Software to provide images of the 

spatial variation of elements in a sample (Oxford Instruments Analytical). An accelerating voltage of 

20 kV was applied with a spectra collection time of 60 s, and point measurements were performed in 

10-15 regions of interest. Secondary electron images were collected.   

 

2.4.3.5 Boehm Titration.  

 

The procedure was carried out starting from the reference catalyst (5% Ru/C) and carbons 3 and 4 of 

Table 5. A method reported in the literature was followed.65 Three identical amounts (0.50 g each) of 

the investigated sample were introduced in three different 250-mL Erlenmeyer flasks (A, B and C). 

A 0.05 M aq. Solution of NaHCO3 (50 mL) was added to flask A, a 0.05 M aq. Solution Na2CO3 (50 

mL) was added to flask B, and finally, a 0.05 M aq. Solution of NaOH (50 mL) was added to flask C. 

The so-prepared suspensions were allowed to equilibrate for 72 h. Each basic solution was filtered 

on a paper and stored in a closed vessel. Then, a retro-titration method was used to evaluate the final 
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pH: a 10-mL aliquot of each of the recovered basic solutions was added with a 0.05 M aq. Solution 

of HCl and stirred for 10 min. The solutions as prepared were titrated with a 0.05 M solution of NaOH 

and the equilibrium point was evaluated using phenolphthalein as an indicator. Each titration was 

performed three times. In the case of aq. Na2CO3, 20 mL of 0.05 M HCl were used. The quantities of 

the different surface groups (phenolic, lactonic, and carboxyl groups) are calculated based on their 

different reactivity with bases: aq. NaOH neutralises all surface groups, aq. Na2CO3 reacts with both 

carboxyl and lactonic groups, and finally, NaHCO3 reacts only with carboxylic groups. Therefore, 

the amount (µeq/g) of carboxylic groups is determined directly from the reacted NaHCO3, while the 

amount of carboxyl and lactonic groups is calculated by the difference of reacted Na2CO3 and 

NaHCO3, and the number of surface phenols is measured by the difference between reacted NaOH 

and Na2CO3. 

2.4.3.6 The point of zero charge (pHpzc) 

 

The procedure was carried out starting from the reference catalyst (5% Ru/C) and carbons 3 

and 4 of Table 3. A method reported in the literature was followed.52 A sample (0.020 g each) was 

introduced in a graduated cylinder to which milli-Q water (10 mL) was added. A pH-meter coupled 

with a DLS analyser were used to measure the pH and the potential of the suspension. The latter 

(suspension) was then gradually acidified by an automatic device with which two different solutions, 

a 0.05 M of HCl and a 0.01 M of HCl, were added dropwise. The potential was then measured as a 

function of pH (Figure 21).  

 

Figure 21. Evaluation of the point of zero charge (pHpzc). Left: sample 3; right: sample 4. The potential was measured 

as a function of pH. Reported values are averaged over 3 measures carried out for each sample. 

The point of zero charge (pHpzc) evaluation. 
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3 HYDROGENOLYSIS OF GLYCEROL 
 

3.1 State of the art 
 

The global market of glycerol is showing a positive trend since the demand was 2,247 kilo tons in 

2013 and is expected to reach 3,469 kilo tons by 2020, with a CAGR of 6.4% averaged over a 

seven years period (2014-2020).1 As was mentioned in the introduction, the current production of 

glycerol is mostly based on the biodiesel manufacture, with minor amounts coming from the steam 

splitting of oils and other more recent routes based on biological fermentation processes using 

inexpensive and abundant materials and cellulose derivatives, which are booming quickly.2,3  

In this context, among the most attractive strategies to convert native glycerol into high added-value 

compounds, the catalytic hydrogenolysis plays a preeminent role for the synthesis of propanediols, 

which are excellent solvents, intermediates and monomers for a variety of applications (See Scheme 

16, chapter 1). The reaction proceeds through a dehydration step which is usually catalysed by acids 

and a hydrogenation step catalysed by metals of which Ruthenium has been and is extensively 

studied.4–8 In addition to processes described in the introduction, this paragraph will provide further 

information on the subject, highlighting how the process selectivity is often critical since a wide range 

of liquid-phase and gas-phase products may be achieved.9,10  

An early study by Montassier et al. showed that at 210 °C, the hydrogenolysis of aqueous glycerol 

over Ru/C took place along with side-processes of C-C and/or C-O cleavage: a mixture of ethylene 

glycol (EG),  ethane,  and 1,2-propanediol (1,2-PDO) in ca. 50, 25, and 12% selectivity, was obtained 

along with methane and other by-products.11 A first attempt to improve the formation of propanediols 

was devised using an acid-activated carbon as a catalyst support to favour the dehydration of glycerol.  

Although the treatment of activated carbon by nitric acid improved the surface acidity (due to the 

generation of –COOH groups), the corresponding catalyst (Ru/AC) still exhibited a 1,2-PDO 

selectivity as low as 8%. Moreover, the acid sites were not stable and decomposed during the 

reduction of the catalyst at 250 °C. Another approach was designed by the combination of Ru/AC 

with acid co-catalysts to promote simultaneous dehydration and hydrogenation. Liquid acids as 

H2SO4 and HCl were not effective due to low dehydration activity and poor 1,2-PDO selectivity.12 

Instead, a reasonably good performance was offered by solid acids in the form of organic resins.12–14 

Miyazawa et al. reported a selectivity towards 1,2-PDO as high as 76% using a system comprised of 

Ru/C and Amberlyst 15 under comparably mild conditions (120 °C and 80 H2 bar).14 To improve the 

thermal stability of the resin, Amberlyst 15 was replaced with Amberlyst 70, a highly cross-linked 

polystyrene-divinylbenzene material, and an alkylsulfonic resin named DAE26-4, which was 
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obtained by the copolymerization of 2-acrylamido-2-methyl-propansulfonic acid with N,N-

dimethylacrylamide.15,16 However, Amberlyst 70 generated SO2 and H2S when the operating 

temperature exceeded 190 °C, while DAE26-4, though resistant up to 200 °C, allowed low conversion 

(23%).15 Ru-based catalysts supported on solid inorganic acids, such as γ-Al2O3, SiO2 and ZrO2, have 

been also tested for the hydrogenolysis of glycerol. These systems exhibited an obviously higher 

thermal resistance compared to organic resins, and they were used as such or with the addition of 

acids as co-catalysts.17 E. S. Vasiliadou and co-workers reported that Ru/SiO2 promoted the 

hydrogenation of glycerol and prevented hydrogenolysis of 1,2-PDO. The result was ascribed to the 

moderate acidity of the catalyst.18 Ru supported on basic oxides, such as CeO2, La2O3 and MgO, and 

bimetallic systems such as RuAu and PtRu were also investigated.19,20 In all cases however, there was 

room to improve either the conversion and the reaction selectivity. Although a remarkable good result 

was described with a binary Ru-Cu catalyst by which an excellent yield (85%) of 1,2-PDO was 

achieved (see ref. 242, introduction), an issue common to all the studied protocols was the recovery 

and the reusability of the catalysts. This aspect has been addressed in the present Thesis work, where 

the hydrogenolysis of glycerol was explored under multiphase conditions aimed to concurrently reach 

a satisfactory reaction outcome and implement efficient down-streaming operations as the separation 

of the product from the catalyst and the prolonged reuse of the catalyst. 

 

3.2 Result and discussion 
 

 The hydrogenolysis of glycerol was initially investigated using a commercial 5% Ru/C sourced 

by Aldrich, in order to implement a protocol as accessible as possible at least for what concerned the 

catalytic system. Due to the complexity of the reaction and the vast body of literature available, a 

preliminary screening was conducted under the conditions more often reported for the process, 

particularly T and p in the range of 100-200 °C and 40-80 bar, respectively.4–8 Experiments were 

carried out in a stainless-steel autoclave, using an aq. glycerol solution (10 mL, 10% w/w), 5% Ru/C 

(150 mg, 0,075 mmol of Ru), gaseous H2 (60 bar), and by changing the time and the temperature 

between 5 and 25 hours, and 120 and 190 °C, respectively. 

 

3.2.1 Effect of the reaction time and the temperature.  
 

The reaction provided several liquid and gaseous products. Among them, the attention was placed on 

more interesting liquid derivatives as 1,2-PDO and EG (1,2-propanediol and ethylene glycol). The 

formation of these two compounds and the conversion of glycerol were determined by GC using 
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triglyme as an external standard. Other products, named as “others”, included light liquids (mostly 

methanol and ethanol) and gases (mostly CO, CO2, and CH4) whose total amount was the complement 

to 100 of the overall reaction selectivity (Scheme 1). The structure of products was assigned by 

GC/MS. Further details are described in the experimental section. 

 

Scheme 1. Products observed in the hydrogenolysis of glycerol at 150 °C and 60 bar 

 

The effect of the reaction time is shown in Figure 1 that reports the results of experiments performed 

at 150 °C and 60 bar.  

 

Figure 1. Effect of the reaction time on the catalytic hydrogenolysis of glycerol carried out at 150 °C and 60 bar (H2), 

using an aqueous solution of glycerol (10 mL, 10% w/w) and Ru/C (150 mg, 5 wt%). Top: conversion of glycerol over 

time. Bottom: products distribution. Black and red bars: 1,2-PDO and EG. Blue bar, “others”, was the sum of light liquid 

products (mostly MeOH and EtOH) and gases (mostly CO, CO2, and CH4), other than PDO and EG. 
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The glycerol conversion smoothly increased from 35% up to almost quantitative by increasing 

the reaction time from 5 to 14 hours, respectively (top). The products distribution, however, was 

rather unsatisfactory with a maximum selectivity towards 1,2-PDO and EG not exceeding 10 and 

27%, respectively, achieved at low conversion (bottom left: red and black bars). As the reaction time 

was increased and the reaction proceeded further, the formation of both EG and 1,2-PDO was 

negligible (≤5% each) and the majority of products came from competitive C-C bond cleavage 

processes (blue bar). This behaviour was in agreement with previous studies reporting that the (low) 

density of acid groups on Ru/C was not enough for an efficient activation of the dehydration step 

required for the selective formation of 1,2-PDO.20 This aspect was further confirmed by investigating 

the effect of the temperature. 

Figure 2 reports the results of experiments performed at 60 bar for 12 hours, in the range of 120-

190 °C. 

  

Figure 2. Effect of the temperature on the catalytic hydrogenolysis of glycerol carried out at 60 bar (H2), for 12 hours, 

using an aqueous solution of glycerol (10 mL, 10% w/w) and Ru/C (150 mg, 5 wt%). Conversion of glycerol over time 

(black profile). Red and blue: selectivity to 1,2-PDO and EG, respectively. Magenta: “others” as the sum of light liquid 

products (mostly MeOH and EtOH) and gases (mostly CO, CO2, and CH4), other than 1,2-PDO and EG. 
 

C-C bond cleavage reactions were favoured over the desired hydrogenolysis of glycerol even at a 

moderate temperature: at 120 °C, although the conversion of glycerol was as low as 5%, major 
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traces of 1,2-PDO and EG were observed. From these results, the study was continued at 150 °C for 

12 hours, under conditions by which a reasonably good conversion (70%) was reached and the total 

selectivity of PDO and EG (12+26=38%) was not so far from that corresponding to the sum of all 

other products (“others”, 62%).   

3.2.2 Effect of acid co-catalysts.  
 

With the aim to favour the dehydration of glycerol, additional experiments were carried out in the 

presence of solid acids as co-catalysts.21,22 Both a protic acid as the Amberlyst 15 resin and niobium 

phosphate (NbP) were used to this purpose.23–25 The strong acidic properties of the latter (NbP) are 

due to both Brønsted (H0 ≤ -8.2) and Lewis acid sites; moreover, the solid proves stable in water even 

at high temperatures.26–28  

Reactions were performed under the conditions of Figure 2 (150 °C, 60 bar, 12 h) by adding 

increasing amounts of NbP, from 50 to 400 mg. Accordingly, the corresponding NbP:Ru molar ratio 

changed from 1 to 7. Results are reported in Figure 3.  

 

Figure 3. The hydrogenolysis of glycerol carried out with added niobium phosphate (NbP from 50 to 400 mg). Other 

conditions: 150 °C, 60 bar (H2), 12 hours, aqueous solution of glycerol (10 mL, 10% w/w), and Ru/C (150 mg, 5 wt%). 

The selectivity is defined as for figures 1 and 2. 

 

The presence of NbP remarkably impacted on both the conversion and the products 

distribution. As the NbP:Ru molar ratio was increased from 1 to 3.8, the selectivities to 1,2-PDO and 

EG were boosted to 63% and 32%, respectively, with only trace amounts of “others” (light liquids 

and gaseous side-products, ≤5%). The reaction outcome was not appreciably modified when the 

quantity of NbP was further increased. Compared to Figures 1 and 2, not only the dehydration of 
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glycerol was favoured but C-C bond cleavage side-processes were limited at the level that the 

formation of 1,2-PDO became the most important pathway, while EG was the second major product. 

The conversion of glycerol however, dropped dramatically from 72% to 19%. A reason for this strong 

inhibiting effect on conversion and on side-hydrogenolysis reactions was considered from visual 

inspection of mixtures collected at the end of experiments of Figure 3. In all cases, an intimate 

suspension was noticed when Ru/C and NbP were present in the water phase, which made plausible 

to hypothesize a coating effect of NbP on the surface of the active metal catalyst (Ru/C), making it 

less accessible to glycerol. No further investigations were performed on this aspect.   

An additional experiment was instead carried out by replacing NbP with Amberlyst 15. 

Conditions were the same of Figure 3 except for the temperature that was reduced to 120 °C, to avoid 

the thermal degradation of the acid resin. The amount of Amberlyst 15 (0.3 g) was chosen based on 

the work of Miyazawa et al..14 The result is summarised in Scheme 2. 

 

T/t 

(°C, h) 

pH2 

(Bar) 

5% Ru/C 

(mg) 

Amberlyst 

15 (mg) 

Conversion 

(%) 

Selectivity (%) 

1,2-PDO EG 

120, 5 60 28 300 40 60 40 

 
Scheme 2. The combined use of 5% Ru/C and Amberlyst 15 in the hydrogenolysis of glycerol 

 In agreement with the paper of Miyazawa, it was confirmed that Amberlyst 15 was an even 

better co-catalyst than NbP: at 120 °C, after only 5 hours, the conversion of glycerol and the 

selectivity to 1,2-PDO and EG were comparable to those achieved with NbP at 150 °C after 12 hours. 

The major issue, however, was the mechanic fragility of the resin that at the end of each experiment, 

upon stirring, appeared as torn in tiny pieces flocculating in the aqueous solution. These conditions 

were obviously not suitable for the recovery and the reuse of the catalyst/co-catalyst system.     

3.2.3 Multiphase conditions with ionic liquids.  
 

The hydrogenolysis of glycerol was investigated under multiphase conditions similar to those 

described in chapter two, for the hydrogenation of levulinic acid (LA). As for LA, the multiphase 

system (MPs) could help in the control of the products distribution as well as in the separation of 

Ru/C from the reagent/products, and the subsequent recycle of the catalyst. 

Initial experiments were performed using an aqueous solution of glycerol (10 mL,10% w/w), 

isooctane (5 mL), 5% Ru/C (150 mg, 0,075 mmol of Ru) as a catalyst, and a hydrophobic ionic liquid 
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(IL) as trioctylmethylphosphonium bistriflimide ([P8881][NTf2], 0.5 g) or  trioctylmethylammonium 

chloride ([N8881][Cl], 0.5 g). Such ILs were chosen also for their high thermal stability.29 

Thereafter, further tests were carried out by adding solid acids as NbP (0.2 g; NbP:Ru= 3.8 molar 

ratio) or Amberlyst 15 (0.3 g). Figure 4 shows the visual appearance of the multiphase system under 

the different tested conditions. 

In the absence of solid acids, the multiphase system allowed the perfect segregation of Ru/C on the 

IL layer placed between the aqueous (bottom) and the isooctane (top) phases (left). The use of 

isoctane, apparently inconsistent, was necessary to aid phase separation. Glycerol was dissolved only 

in the aqueous phase which was crystal clear.  A similar behaviour was observed when Amberlyst 15 

was used: interestingly, the resin was adsorbed on Ru/C and both solids were embodied by the IL 

phase (mid). On the contrary, the high hydrophilicity of NbP made it to partition between water, 

where it was mostly suspended, and the IL phase (right).  

       

Figure 4. Pictures of different multiphase systems comprised of two immiscible phases as an aqueous solution of glycerol 

(10 mL,10% w/w) and isooctane (5 mL), 5% Ru/C (150 mg, 0,075 mmol of Ru) as a catalyst, and a hydrophobic ionic 

liquid as trioctylmethylphosphonium bistriflimide ([P8881][NTf2], 0.5 g). Left: no acid solids added; Mid: with added 

Amberlyst 15 (300 mg); Right: with added NbP (200 mg).   

 

In all cases however, the use of ILs was detrimental. The MPs allowed poor, if any, activity 

for the investigated reaction: i) without added acids, no conversion of glycerol was detected even 

operating at 200 °C for 12 h. The same held true with Amberlyst which limited the reaction 

temperature to 120 °C. Moreover, the mechanical degradation of the resin persisted albeit fragments 

of the polymer were confined in the IL phase at the end of the experiments. ii) conversion was of only 

7% when NbP was used (200 °C, 12 h). In this case, not even traces of liquid products could be 

detected. 
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3.2.4 Multiphase conditions with added CO2.  
 

A different approach to continue the investigation was conceived based on the study reported 

in chapter 2 for levulinic acid. The behaviour of an ionic liquid-free multiphase system comprised of 

an aqueous solution of glycerol (10 mL, 10% w/w), isooctane (5 mL) and 5% Ru/C (150 mg, 0,075 

mmol of Ru) was explored at 150 °C and 60 bar (H2), in the presence of an additional pressure of 

CO2. Under such conditions, it was noticed that increasing the CO2 pressure from 0 to 50 bar, allowed 

the progressive and quantitative segregation of the catalyst in the hydrocarbon phase. Figure 5 shows 

pictures of the system subjected to different pressures. 

 
Figure 5. Segregation of Ru/C in isooctane as a function of the CO2 pressure (left). No segregation was observed with 

other added gases (N2, Ar, He; right) 

 

After exposure to a moderate pressure (≤10 bar), Ru/C was uniformly suspended between the aqueous 

solution and isooctane; at 30 bar, an appreciable segregation in the hydrocarbon was visible and 

finally, a stable confinement of the catalyst was achieved at 50 bar along with the obtainment of a 

clear aqueous phase (left, magenta box). ICP analyses confirmed that no leaching occurred: the 

amount of Ru in water was less than 0.01% of the total quantity of the used metal.  

Among reasons for this behaviour, not yet fully understood, the acidic environment originated by the 

dissolution of CO2 in water played a crucial role. Indeed, the literature reports that under pressures of 

70-200 atm, the pH of a binary CO2/water mixture is rather constant between 2.80 and 2.95.30 In the 

investigated MPs, the acidity plausibly modified the interactions/solvation of the catalyst surface, 

more precisely of acid groups on C-support, with/by water, thereby making Ru/C progressively more 

hydrophobic, at the level that it totally partitioned in the isooctane phase (see further details in chapter 

two). This interpretation was further corroborated by the fact that the catalyst confinement was 

observed only with CO2, while other (inert) gases as N2, Ar, and He used to pressurize the system, 

were completely ineffective (Figure 5, right; green box).   

Whichever the explanation, the CO2-mediated catalyst segregation was not only an unprecedented 

observation, but it could offer a new strategy to modify the multiphase protocol aimed to improve the 
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reaction selectivity and simplify downstreaming operations as catalyst/product separation and catalyst 

recycle. Some experiments were therefore carried out at 150 °C and 60 bar (H2), to compare the 

hydrogenolysis of an aqueous solution of glycerol (10 mL, 10% w/w) catalysed by 5% Ru/C (150 

mg), both with and without isooctane (5 mL) and CO2 (50 bar). Table 1 reports the conversion of 

glycerol and the product distribution achieved in these tests. 

 

Table 1. The multiphase hydrogenolysis of glycerol carried out at 150 °C and 60 bar (H2), with or 

w/o isooctane and/or CO2.   

Entry Isooctane 

(5 mL) 

CO2 

(50 bar) 

Conversion 

(%) 

 Selectivity (%)a Cat. 

segregationb 1,2-PDO EG 

1 None None 35 10 25 None  

2 Yes None 20 10 25 None 

3 None Yes 25 45 20 Yes 

4 Yes Yes 15 35 15 Yes 
Reaction conditions: aq. solution of glycerol (10 mL, 10% w/w), 5% Ru/C (150 mg), 5 h. a The selectivity was reported 

only for 1,2-PDO and EG. The complement to 100 was from light liquids and gaseous by-products (Figures 1 and 2). b 

Confinement of Ru/C in the isooctane phase by visual observation    

 

The introduction of isooctane led to a not negligible reduction of the glycerol conversion 

which dropped to 35 to 20%, with no effects on the products distribution (entries 1-2, Table 1). By 

contrast, in the absence of the hydrocarbon phase, the pressurization of the reaction system with CO2 

still resulted in a decrease of the conversion (25%), but it remarkably improved the selectivity to 1,2-

PDO (45%) and EG (20%) (entry 3, Table 1). This result was not dissimilar to that reported in Figure 

3 when solid NbP was used and it proved that the intrinsic acidity brought about by CO2 in the MPs 

was beneficial to promote glycerol dehydration. Under the conditions of entry 3, the catalyst appeared 

as a powder floating over the aqueous phase at the end of the experiment, thereby indicating that CO2 

favoured the partitioning of Ru/C out of water.  

The combined use of isooctane and CO2 was not advantageous: albeit the selectivity to 1,2-PDO 

(35%) and EG (15%) was comparably higher than that achieved without CO2, the conversion was an 

issue since it reduced to only 15% (entry 4). Moreover, Ru/C was quantitatively recovered in the 

hydrocarbon phase, but it proved inactive when reused as such to run another reaction. The 

performance of the catalyst could be fully restored only after its isolation and reactivation at 300 °C 

in a hydrogen atmosphere (25 mL/min; 5 h). Among reasons for this behaviour, the occurrence of C-

C bond cleavage processes over the fresh catalyst plausibly induced coke deposition on its surface 

that affected adversely the further performance of the metal phase.31     

Overall, the process was still far from being defined as an effective hydrogenolysis of glycerol.  
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3.2.5 Bimetallic WOx-Ru/based catalysts.  
 

Background. None of the above-mentioned approaches with the use of acid co-catalysts, ionic liquids 

or under an additional CO2 pressure was successful. Apparently, the weak link was the commercial 

5% Ru/C catalyst by which neither the desired conversion of glycerol into 1,2-PDO and/or EG, nor 

the separation/recycle could be satisfactorily performed.  To address this issue, after reviewing the 

literature again, it was concluded that Ru-based bimetallic systems could offer an option since late 

transition metals including Ru, were effective to activate gaseous hydrogen, while the functional 

groups of glycerol (hydroxyls) could strongly interact with metal oxides. Among the latter, WO3 was 

considered the most promising oxide to help improving the activity and selectivity of Ru/C.  

WO3 has been already reported as a solid acid for the hydrogenolysis and hydrogenation of biomass 

derivatives.32–35 Pertinent to this Thesis work, some examples are mentioned here for the case of 

glycerol. WO3 modified catalysts have been mainly used for the synthesis of 1,3-PDO.36–38 One of 

the best system was a WO3/ZrO2-supported Pt (2 wt% Pt and 10 wt% W) by which the deoxygenation 

of aqueous glycerol was carried out in a continuous-flow mode: at 130 °C and 40 bar of H2, 

conversion of glycerol and yield of 1,3-PDO were 70% and 32% (1,3-PDO/1,2-PDO = 17.7), 

respectively.39 Another platinum-loaded WO3-Al2O3-SiO2 catalyst (2%Pt, WO3:Al2O3-SiO2=2) was 

used instead under batch conditions to provide 48% glycerol conversion and 56% selectivity to 1,3-

PDO [optimized space time yield of 18.34 g/(gPt h] at 160 °C and 60 bar H2 pressure.40 Authors 

proposed a reaction mechanism starting with the splitting of H2 on the Pt nanoparticles followed by 

the spillover of H atoms onto the surface of the WO3-Al2O3-SiO2 support where both protons and 

hydride species form. Meanwhile, glycerol too adsorbs on the (aluminium silicate framework) 

support surface through hydrogen bonding with the primary alcohol group, leaving the secondary 

hydroxyl exposed. The latter undergoes protonation, dehydration and hydrogen transfer to generate 

3-hydroxypropenol, which in turn, tautomerizes to 3-hydroxypropanal (3-HPA). Finally, 3-HPA is 

hydrogenated to 1,3-PDO on Pt sites (Scheme 3).  

A different approach was reported by supporting Pt (2 wt%) on mesoporous Ti–W oxides (Ti100-nWn-

T, where n and T refer to the mol% of W in Ti–W composites) with a tungsten content range n=10–

20. At 180 °C and 55 bar H2 pressure, these systems exhibited a selectivity to 1,3-propanediol variable 

from 34% to 40% at a conversion of 18-24%.41 

In these examples, the relevance of Brønsted acid sites on WOx surface was considered to promote 

the dehydration of glycerol,36,37,42,43 while the occurrence of slightly reduced WOx clusters formed in 

the presence of H2 was hypothesised to stabilize carbocations species during the reaction.43,44   
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Scheme 3. Reaction Mechanism of Glycerol Hydrogenolysis to 1,3-PDO over Pt/WAl catalyst, from ref 40 

 

The use of WO3 as such or in combination with other metal oxide supports and noble metals 

has been more seldom described for the synthesis of 1,2-propanediol from glycerol. Table 2 

summarises some of best results achieved with Ru-based catalysts.  

 

Table 2. The hydrogenolysis of glycerol to 1,2-propanediol in the presence of W-modified Ru-based 

catalysts 

Catalyst 
T/p/t  

(°C/bar/h) 

Glyc/ 

cat  

wt%a 

Conversion 

(%) 

1,2-PDO 

Yield 

(%) 

EG 

Yield 

(%) 

Ref. 

Ru/WO3 1 wt% 220/40/8 53 73,5 17 16 45
 

Ru/CsPW 5 wt%b 150/5/10 5 20 19 nd 46
 

Ru/C 5 wt% + 

CsPWc 180/60/8 11 21 13 1 47
 

a Glycerol/catalyst weight ratio. b Ru/CsPW = Ruthenium-doped (5 wt%) acidic heteropoly salt Cs2.5H0.5[PW12O40]. 

Ru/C 5 wt% + CsPW (Cs2.5H0.5[PW12O40]). 
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In this Thesis work, the same reaction has been investigated over four different WOx-modified 

Ru catalysts supported on C, with a Ru:W molar ratio in the range of 1-16. These solids were prepared 

by changing the W content, while the Ru loading was kept constant (5 wt%). The metal oxide was 

indicated as WOx due to the co-existence of different oxidized phases of W, as described later in the 

characterization section (see XPS spectra).  

3.2.5.1. Preparation of the catalysts. WOx-modified Ru catalysts supported on C were 

prepared through the adjustment of co-impregnation-precipitation methods reported in the literature 

for the synthesis of Ru nanoparticles decorating WO3,
48 and Pt-Ru-Sn-W/C.49 RuCl3 and Na2WO4 

were used as the metal precursors and a commercial powdered carbon (NORIT SX 1G; for properties, 

see Table 6 in Chapter 2) was the support. In a typical synthesis, a mixture of the carbon black powder 

(NORIT SX 1G; 1 g), RuCl3 (0,5 mmol) and Na2WO4 (0,03-0,5 mmol) was dispersed in a water (40 

mL) and stirred for 2 hours. Conc.d aq. HCl (0.5 mL; 37 wt%) was then added and the resulting 

suspension was heated at 80 °C for 3 h. HCl allowed the decomposition of the sodium tungstate, and 

the strong acidity prevented the re-dissolution of WO3 species (Scheme 3). 

 

 

Scheme 3. Reactions occurring during the preparation of catalyst. 

 

Water was slowly evaporated in 6 hours and the collected solid was first dried at 180 °C overnight 

under a N2 flow (20 mL/min) and subsequently, it was reduced at 300 °C in a H2 flow (25 mL/min) 

for 3 h. The collected powder was finally washed with milli-Q water (50 mL), filtered, dried, and 

stored in a closed sample holder.   

Four samples were so achieved with a nominal metal loading of 5wt% for Ru, and of 9, 2, 1 and 0,5 

wt% for W, respectively. These were named after the different W content, as Ru-9WOx/C, Ru-

2WOx/C, Ru-1WOx/C, and Ru-0.5WOx/C.  

An aliquot (50 mg) of each solid was dissolved under strong acid/oxidizing conditions in the presence 

of aqua regia (5 mL) and H2O2 (1 mL), under  MW irradiation, and the recovered aqueous solutions 

were subjected to ICP/MS analyses (other details are reported in the catalyst characterization section). 

Results are summarized in Table 3. The content of residual sodium is also indicated in each specimen.    

 



 pag. 124 

Table 3. Metal loading of Ru-WO3/C catalysts  

Entry 
Catalyst 

(label) 

Ru  

(wt%) a 

W 

(wt%) a Ru:W  

(molar ratio) 

Na 

(wt%) 
N D N D 

1 Ru-9WOx/C 5 4.5 9 6 1.3:1 5 

2 Ru-2WOx/C 5 4.8 2 2 4:1 0.1 

3 Ru-1WOx/C 5 4.7 1 1 8:1 0.1 

4 Ru-0.5WOx/C 5 4.8 0.5 0.4 16:1 0.1 
a Metal (Ru or W) loading of the catalyst as wt%; N: nominal loading from the preparation; D: loading 

determined by ICP measures. 

 

For three out of the four solids, specifically for Ru-2WOx/C, Ru-0.1WOx/C and Ru-0.5WOx/C, the 

metal loading (Ru or W; wt%) determined by ICP analyses (D values) corresponded to the nominal 

metal content (N values) expected from the amounts of RuCl3 and Na2WO4 used during the synthesis 

(entries 2-3). In these cases, it was also noticed that the quantity of Na (0.1%) equaled that measured 

by EDX in the commercial 5% Ru/C (compare Table 7, chapter 2).  

A significant deviation was instead observed for the sample Ru-9WOx/C where not only the measured 

loadings of metals were below the expected contents, but also the molar ratio of Ru to W was 1.3 

rather than 1 as anticipated by the synthesis. An attempt to repeat the preparation of the catalyst gave 

the same unsatisfactory result which led to conclude that the synthetic protocol was not suitable to 

load W-contents exceeding 2 wt%. It was plausible that when used in high relative amounts, metal 

precursors interfered with each other altering their co-adsorption on the C-support and making their 

dispersion process not effective. Whichever the reason, the Ru-9WOx/C was no longer investigated. 

Further details on the preparation of catalysts and ICP/MS analyses are described in detail in the 

experiment section.  

3.2.5.2. Catalytic activity of Ru-WOx/C systems. The performance of Ru-WOx/C catalysts was 

investigated for the hydrogenolysis of aqueous glycerol. Experiments were carried out under 

conditions based on the previously described tests with commercial 5% Ru/C (Table 6, chapter 2). 

Batch reactions were initially performed at 150 °C and 5 bar of H2 for 6 h, in a stainless-steel autoclave 

charged with an aqueous solution of glycerol (5 mL, 5 wt%) and the chosen catalyst (150 mg).   

Results are reported in Table 4. The glycerol conversion and the distribution of products 

detected in the liquid phase were determined by GC upon calibration. For a more complete 

comparison, the overall mass balance was calculated by considering the loss of carbon-based species 

from the reagent’s liquid solution, due to the formation of gaseous by-products. The table also 

includes a test with the commercial catalyst (5% Ru/C). 
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Table 4. The performance of Ru-WOx/C and Ru/C systems for the hydrogenolysis of 

glycerol run at 150 °C for 6 hours. 

Entry Cat.  
Conv. 

(%) 

Liquid products (selectivity, %) Carbon 

loss (%) 1,2-

PDO 
EG 1-PrOH 2-PrOH 

MeOH + 

EtOH 

1 Ru/C 60 13 80 - - 7 51 

2 
Ru-

2WOx/C 
73 97 0.5 0.5  1  1 3 

3 
Ru-

1WOx/C 
61 98 0.5 0.5 1 1 2 

4 
Ru-

0.5WOx/C 
40 98 0.5 1 0.5 1 5 

All reactions were carried out using an aqueous solution of glycerol (5 mL, 5 wt%) and the chosen catalyst 

(150 mg). 

 

 A striking improvement in the reaction selectivity and carbon balance was manifest when the 

commercial catalyst was replaced by any of the WOx-modified Ru systems. The latter allowed the 

almost exclusive formation of the desired 1,2-PDO. For example, at a comparable conversion of ca 

60%, the selectivity for 1,2-PDO was 98% and 1% over Ru-0.5WOx/C and Ru/C, respectively 

(entries 1 and 4). Ru alone favored the multiple hydrogenolysis of glycerol yielding not only EG 

(80%) in the liquid phase, but also gaseous derivatives accounting for a carbon loss as high as 51%. 

By contrast, the C-C bond cleavage activity of the bimetallic catalysts was negligible producing only 

traces (≤3%) of liquid by-products.  

Another evidence emerging from the catalysts comparison was the pronounced effect of the amount 

of WOx on glycerol conversion that showed a progressive decrease from 73% to 61% and 40%, with 

the increase of the Ru:W molar ratio from 4:1 to 8:1 and 16:1  (entries 2-4). On balance, the best 

performing system was Ru-2WOx/C (Ru:W=4 mol/mol) with which the highest conversion was 

reached with an excellent 97% selectivity towards 1,2-PDO. Compared to already reported catalysts 

for the hydrogenolysis of glycerol, these results demonstrated that the use of WOx-modified Ru 

allowed one of the most efficient protocol for the synthesis of 1,2-PDO. From the literature, it was 

plausible that WOx clusters formed on the carbon surface, where they could play a double role on: i) 

providing Brønsted acid sites under reaction conditions to enhance the glycerol conversion;77 ii) 

limiting C-C bond cleavage side reactions due to the stabilization of carbocations originated as 

intermediates during the process. Such effects were proposed for the isomerization of alkanes 

catalyzed by Pt/WO3/ZrO2.
50

  

To further investigate on this aspect, three other catalysts were prepared:  

i) the first system was obtained starting from a mixture of carbon black powder (NORIT SX 1G; 1 

g) and Na2WO4 (1 mmol) in the absence of any Ru precursor. After the treatment on the above-
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described impregnation method [water: 50 mL; conc.d aq. HCl: 0.5 mL, 37 wt%; 80 °C, 3 h; water 

distillation, drying at 180 °C (overnight, N2), reduction at 300 °C (H2), and final washing with water], 

the solid sample was labelled as 2WOx/C. The expected amount of W was 2 wt%.  

ii) the second system was synthesized by impregnating RuCl3·H2O (105 mg) on 2WOx/C in order 

to obtain a solid with a 4:1 molar ratio of Ru and W which reproduced the proportion of metals of the 

best performing catalyst of Table 4 (Ru-2WOx/C: entry 3). This sample was labelled as [Ru-

2WOx/C]ts (ts=two-step synthesis). 

iii) the third system was finally obtained by mechanically mixing 2WOx/C (150 mg) and the 

commercial 5% Ru/C (150 mg). Once again, the two components were added to replicate the metals 

proportion of Ru-2WOx/C. This sample was labelled as [Ru-2WOx/C]mm (mm=mechanical mixture). 

The systems i)-iii) were then set to react under the conditions of Table 4 [150 °C, 5 bar of H2, 6 h; aq. 

glycerol: 5 mL, 5 wt%]. In each test, the catalyst was added to reach the same W and Ru contents of 

Table 4: accordingly, 2WOx/C and [Ru-2WOx/C]ts  were used in the same quantity (150 mg), while  

a double amount (300 mg) was necessary for [Ru-2WOx/C]mm. Results are reported in Table 5.  

 

Table 5. The hydrogenolysis of glycerol carried out over WOx/C and WOx-modified Ru 

systems prepared by different procedures  

Entry 
Cat.  

(mg) 

Metal 

loading 

(wt%) 

Synthetic 

method 

Conv. 

(%) 

1,2-PDO 
Sel (%) 

Carbon 

loss (%) 

1 
2WOx/C  

(150) 
2 (W) Impregnation  0 - - 

2 
[Ru-2WOx/C]ts 

(150) 

2 (W),  

5 (Ru) 
Two-step 

impregnation 
15 96 5 

3 
[Ru-2WOx/C]mm 

(300) 

2 (W),  

5 (Ru) 
Mechanical 

mixture 
35 96 7 

All reactions were run at 150 °C for 6 hours, using an aqueous solution of glycerol (5 mL, 5 wt%) and the chosen 

catalyst. 

 

Experiments demonstrated that 2WOx/C was totally ineffective for the reaction, while both [Ru-

2WOx/C]ts and [Ru-2WOx/C]mm   allowed a high 1,2-PDO selectivity (96%) with low carbon loss 

(≤5%), albeit the corresponding glycerol conversion was only 15% and 35%, respectively. The latter 

two samples were significantly less active than the co-impregnated catalyst of reference, i.e. Ru-

2WOx/C (conv.: 73%). Overall, two facts emerged: i) W-oxide was not involved in the catalysis of 

the hydrogenolysis reaction, but its contribution was crucial to reduce the C-C bond cleavage activity 

of Ru and improve the formation of the desired 1,2-PDO; ii) the interaction between the components 

of the catalyst was optimized when the metal precursors were simultaneously impregnated on the C-

support and then both subjected to a reduction treatment.   
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Based on these data, the study of the hydrogenolysis of glycerol was continued using the best system 

of Table 4, Ru-2WOx/C (Ru:W 4:1 molar ratio). The effects of major reaction parameters (T, P, t and 

glycerol concentration) were investigated.    

3.2.5.3. Effects of T and p. In the presence of Ru-2WOx/C, the hydrogenolysis of glycerol was 

explored at three different temperatures of 120, 150 and 170 °C, respectively. Other conditions were 

kept unchanged with respect to Table 4 [aq. glycerol solution: 5 mL, 5 wt%; H2 pressure: 5 bar; t = 6 

h; catalyst: 150 mg). Results are reported in Figure 6.    
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Figure 6. Influence of the temperature on the conversion of glycerol and the selectivity towards 1,2-PDO. Other 

conditions: aq. glycerol=5 mL, 5 wt%, Ru-2WOx/C=150 mg; 6 h; H2 pressure=5 bar. 

  

In the explored range of temperature, the conversion of glycerol was more than doubled, from 

45 to >99%, while the influence on 1,2-PDO selectivity was very moderate: it (selectivity) remained 

substantially steady above 97% at 120-150 °C with a slight drop to 92% at 170 °C due to the formation 

of ethylene glycol (EG: 2%) and light liquid alcohols (MeOH, EtOH and propanols: 6% in total) as 

by-products. In all cases however, the carbon loss was negligible (≤5%). Based on these results, the 

study was continued at 150 °C by investigating the effect of the H2 pressure from 5 to 35 bar. Other 

conditions were those of Table 4 (Figure 7).    



 pag. 128 

0 5 10 15 20 25 30 35 40

0

10

20

30

40

50

60

70

80

90

100

 GlyC conversion

 1,2-PDO selectivity

C
o

n
v

e
rs

io
n

 a
n

d
 S

e
le

c
ti

v
it

y
 (

%
)

H
2
 pressure (bar)

 
Figure 7. Influence of the H2 pressure on the conversion of glycerol and the selectivity towards 1,2-PDO. Other 

conditions: aq. glycerol=5 mL, 5 wt%, Ru-2WOx/C=150 mg; 6 h; 150 °C. 

  

From 2 to 5 bar, a sharp increase of the glycerol conversion from 3 to 73% was noticed with 

minimal, if any, effects on the 1,2-PDO selectivity (≥97%).  This behaviour was plausibly due to the 

availability of gaseous H2 in the reactant solution: at 50 °C for example, an approximately 5-fold 

increase of H2 solubility in water has been reported when the pressure is enhanced from 1 to 5 bar.51 

A further rise of the pressure up to 35 bar had limited consequences on the conversion, but it reduced 

the selectivity to 88% in favour of EG (1%) and light alcohols (11% in total). Once again, a role could 

be played by the H2 solubility in water which triplicates in the interval 5-35 bar,52 thereby resulting 

in an increase of the C-C bond cleavage activity of the catalyst. Similar effects of the H2 pressure 

have been described for example, during the upgrading of FT (Fisher and Tropsch) waxes catalysed 

by Pt/ZrO2/SO4,
53 and in the hydrogenolysis of glycerol over both Cu- and Ru-based systems.54,55 

3.2.5.4. Effects of the reaction time and the glycerol concentration. The influence of the reaction time 

was briefly examined based on the best previous experiments. Under the conditions of Figure 7, tests 

demonstrated that even at 150 °C a quantitative conversion of glycerol was achieved by prolonging 

the hydrogenolysis for up to 12 hours. The corresponding 1,2-PDO selectivity was 87% which, albeit 

still very good, confirmed the tendency already observed at 170 °C (cf Figure 7), i.e. a slight increase 

on the formation of liquid by-products (EG+light alcohols) at conversions close to 100%. The carbon 

loss, however, was below 5%. This outcome was comparable to one of the best literature 

achievements reporting a Ru-Cu/ZrO2 bimetallic catalyst by which a complete hydrogenolysis of 

glycerol was described with 84 % selectivity towards 1,2-PDO (87% C-based selectivity on liquid 
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products). The process occurred at 180 °C and 100 bar of H2 and took 24 hours using a highly 

concentrated aq. solution of glycerol (60 wt%).56 

No further optimization of the reaction time was investigated in this Thesis work, but the result 

obtained after 12 hours at 150 °C was used to implement an additional set of experiments aimed to 

explore the effect of the concentration of glycerol in the aqueous solution in the range of 5 to 20 wt%.  

The H2 pressure (5 bar), the type/amount of catalyst (Ru-2WOx/C, 150 mg) and the overall volume 

of the aqueous solution (5 mL) were kept unchanged with respect to Figure 7. Results are reported in 

Figure 8 which illustrates the trend of the conversion and the 1,2-PDO selectivity as a function of the 

glycerol concentration.  
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Figure 8. The hydrogenolysis of GlyC carried out over Ru-2WOx/C (150 mg) at different concentrations of the aqueous 

solution (5 mL) of GlyC. Other conditions: 150 °C, 5 bar (H2), 12 hours. 

The concentration of glycerol remarkably affected the extent of its hydrogenolysis at the level that 

the conversion did not exceed 18% in the test carried out using a 20 wt% aq. solution. As expected, 

the conversion progressively increased from 30 to 46 and 62% when the reactant solution was diluted 

to 15, 10, and 7.5 wt%, respectively. A quantitative reaction was finally achieved with 5 wt% of aq. 

glycerol. The 1,2-PDO selectivity was >90% over a wide range of glycerol concentration (5-20 wt%), 

though, in line with the above-described results, a decreasing trend was observed meaning that the 

control of products distribution became more difficult with increasing conversion. Other reported 
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studies led to a similar conclusion: Maris et al. reported a decrease in selectivity of 1,2-PDO raising 

the conversion of the glycerol, both using mono and bimetallic systems.20 Employing PtRu/C as 

catalyst, the selectivity dropped from 30% to 24% while the conversion was increased from 23% to 

42%. The selectivity drop was even higher when an additive such as NaOH was introduced, reaching 

only 18% at quantitative conversion.  

Notably, the loss of the hydrogenolysis selectivity at a high conversion of glycerol was described as 

one of the main drawbacks also when Ru/C was used as a catalyst.57,58 

3.2.5.5. The recycle of the Ru-2WOx/C catalyst. As was mentioned in chapter 2, the recovery and 

reuse of a catalyst are of fundamental importance to reduce wastes and costs of a chemical process. 

This analysis requires that not only the activity in terms of conversion and selectivity, but also the 

stability of the active phase to leaching phenomena and/or chemical modification must be assessed 

over time and after multiple reuses of the catalytic system. With the aim of exploring such aspects in 

this Thesis work, recycle experiments were carried out using the reference WOx-modified Ru catalyst, 

Ru-2WOx/C. Reaction conditions were chosen to moderate the final conversion and to ensure a more 

accurate control of the reaction outcome. According to the results of Figures 6 and 7, the 

hydrogenolysis tests were performed for 6 hours at 150 °C and 5 bar of H2, in the presence of Ru-

2WOx/C (150 mg) and using an aq. solution of glycerol (5 mL for each run, 5 wt%). The following 

recycle procedure was used: once the first reaction was complete, the catalyst was filtered on paper 

and washed with water (15 mL), accurately removed from the filter and dried overnight under vacuum 

(70 °C at 5 mbar). The weight of the dried powder confirmed that the mass loss was negligible (below 

0.01%) with respect to the initial catalyst sample. Thereafter, the recovered powder was recycled for 

a second test. The overall sequence was repeated for 7 subsequent runs. Results are reported in Figure 

9.   
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Figure 9. Recycle tests of Ru-2WOx/C (150 mg). Reaction conditions were those of Figures 6 and 7: aq. solution of 

glycerol (5 mL, 5 wt%), 150 °C, 5 bar of H2 bar, 6 h. 

Experiments proved that the catalytic performance of Ru-2WOx/C was perfectly maintained over 7 

subsequent recycles: both the conversion (black profile) and the 1,2-PDO selectivity (green bars) 

were steady at about 70% and >95%, respectively. The solutions of 1st, 2nd and 5th recycles were 

analyzed via ICP to determine the leaching of the active phase. As shown in Table 6, the leaching of 

Ru was steady and negligible, while a significant loss of W (ca 5%) was manifest after the first run 

(entry 1). This loss however, quickly decreased in the subsequent reactions, to reach 0.1% after the 

third run (entry 3). This was confirmed also by ICP analysis of the supported catalyst after dissolution 

in MW.  

Table 6. Leaching of Ru and W after recycles, by ICP analysis 

Entry  Run Ru (%) W (%) 

1 1 <0.01 4.5% 

2 2 <0.01 0.3% 

3 5 <0.01 0.1% 
The leaching of Ru and W was calculated based on the initial metal loading of both Ru and W. 

 

A similar behavior has been reported by Liu et al. who studied a Pt-WO3/SiO2 catalyst for the 

hydrogenolysis of 1,4-anhydroerythritol. The catalyst showed a negligible loss of Pt during the 
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recycles, while the W leaching was 3.6% and 1.8% during the activation step and after the first use 

respectively, but only 0.2% in the following recycles.59 

To further investigate on the catalyst stability, a second set of recycle experiments were carried under 

the same conditions of Figure 9, except for the H2 pressure and the reaction time which were both 

increased up to 35 bar (conditions of Figure 8) and 12 hours. The aim was to explore the response of 

the catalytic system during its recycle, when exposed to harsher/stressing conditions. The recycle 

procedure was the same described above. Results are illustrated in Figure 10 which shows the trend 

of the glycerol conversion and the products distribution in five subsequent runs.   
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Figure 10. Recycle tests of Ru-2WOx/C (150 mg). Reaction conditions: aq. solution of glycerol (5 mL, 5 wt%), 150 °C, 

35 bar of H2 bar, 12 h.   

 

The combination of a high pressure and prolonged reaction time allowed a quantitative conversion of 

glycerol which did not substantially change during the experiments. The 1,2-PDO selectivity showed 

instead, a gradual slight decrease from 88 to 82%. This behaviour was consistent with the results 

previously reported by Alhanash et al. who suggested that at a high hydrogen pressure, a slow 

degradation of the catalytic active sites of the Ru/CsPW system could take place due to over-reduction 

of W(VI) species with a correlated loss of acidity.46 
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Overall, recycle tests led to conclude that the investigated catalyst was stable over time, at least at 

modest H2 pressure (5 bar). Notwithstanding the system was subjected to a moderate leaching of W, 

its performance was not appreciably altered during up to 7 reuses.   

3.2.5.6. The use of Ru-2WOx/C under multiphase conditions. The good results achieved with Ru-

2WOx/C prompted us to examine whether the catalyst could be used under the multiphase conditions 

previously described in this chapter and in chapter 2. With the aim to induce the catalyst/products 

separation, the hydrogenolysis of aq. glycerol (5 mL, 5 wt%) was carried out at 150 °C in the presence 

of isooctane (5 mL), with and without the further addition of CO2 (50 bar). Experiments were 

designed based on Figure 7, though variations of the reaction time from 6 to 12 h and of the H2 

pressure from 5 to 35 bar were applied. Results are summarised in Table 6. For comparison, the 

outcome of some reactions in the absence of isooctane is also indicated (from Figures 6 and 7).     

Table 7. The multiphase hydrogenolysis of glycerol carried out with Ru-WOx/C as a catalyst in the 

presence of isooctane and CO2.   

Entry i-octane 
CO2  p/t 

(bar/h) 

Conv. 

(%) 

 1,2-PDO 

Sel. (%)c 

Cat. 

Segregationd 
beforea  afterb 

1 None None 5/6 73 97  -  

2 None None 35/12  >99 88 - 

3 Yes None 5/12 78 94 None 

4 Yes None 35/12 80 87 - 

5 Yes  Yes 35/12 80 83 Yes 

6 Yes Yes  35/12 <10 96 Yes 
a CO2 added before the reaction. b CO2 added after the reaction.  c The selectivity towards 1,2-PDO. The complement to 

100 was from propanol and 2-propanol by-products. d Confinement of Ru-WOx/C in the isooctane by visual observation    

 

With respect to the use of an aq. solution alone (Table 7, entries 1-2), the presence of isooctane had 

an adverse effect on the reaction: after 12 hours, the conversion of glycerol was 78% and 80% at 5 

and 35 bar, respectively (Table 7, entries 3 and 4). A plausible reason was the partition of the catalyst 

between the aqueous solution and the hydrocarbon medium: indeed, from the visual inspection of the 

final reaction mixtures, Ru-2WOx/C appeared finely dispersed throughout the liquid biphase system.  

The addition of CO2 was performed according to the procedure already described in paragraph 3.2.4, 

when commercial Ru/C was used. In particular, the test of entry 4 (35 bar, 12 h) was repeated and 

once complete, the reactor (autoclave) was cooled to rt, vented, pressurized with CO2 (50 bar), and 

finally heated again for 3 h at 100 °C. The glycerol conversion did not vary (80%), but the catalyst 

was perfectly segregated in the isooctane phase, thereby confirming the possibility to separate it from 

the product under multiphase conditions (Table 7, entry 5). Finally, in a subsequent experiment, the 

reactor (autoclave) was pressurized with a mixed atmosphere of H2 (35 bar) and CO2 (50 bar) before 

the reaction. After 12 h, Ru-2WOx/C was confined in the hydrocarbon medium, though a conversion 
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of only 10% was achieved (Table 7, entry 6). This dramatic drop of activity was consistent with the 

presence of the catalyst in a phase (i-octane) different from that (water) where the reaction took place. 

Moreover, it could not be ruled out that CO2 affected/reduced the H2 solubility in water.60 

The 1,2-PDO selectivity was not altered under multiphase conditions: values matched those obtained 

at comparable conversions (T and p) using only aq. solutions.  

Overall, (preliminary) results gathered so far suggested that the tested multiphase system was 

promising to implement a protocol by which the selective hydrogenolysis of glycerol to 1,2-PDO was 

coupled to the catalyst/product separation and catalyst recycle. The objective of future investigations 

will be to further explore the use of CO2 as a (reversible) source of acidity or other organic/inorganic 

acids for the control of phase-separation and the recovery of C-supported metal catalysts.  

The last part of this study has been instead focused on the characterization of the WOx-modified Ru 

catalysts to clarify the role of WOx in the improvement of the selectivity observed during the 

hydrogenolysis of glycerol to 1,2-PDO.  

 

3.2.5.1 The characterization of WOx-modified Ru systems. 

 

Catalyst characterization.  WOx-modified Ru catalysts supported on C were characterized by XPS, 

TEM, XRF and XRD for morphological-structural properties.  

 

XPS analysis. The X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Shimadzu 

ESCA-3400 X-ray photoelectron spectrometer available at the Kyoto University. All the spectral line 

binding energies were referred to the C at 284.4 eV. Standard energy differences between the different 

tungsten oxides and ruthenium species were considered in the curve filling process of the Ru3p, and 

W4f energy region of the systems studied in this work. Binding energies are reported within an 

experimental error of + 0.2 eV. The catalyst Ru-2WO3/C, which had the best performances in the 

catalytic tests were analysed before and after use and compared with a 2 wt% WO3/C . 

All the three samples did not show surface charging during XPS analysis: after deconvolution of the 

different components, the C1s signal related to carbon-carbon bonds is centred at 284.4 eV of binding 

energy (BE). 

Considering the large amount of C in the samples with respect to Ru (the ratio C/Ru is around 20), 

we were forced to record the Ru3p doublet band because of the overlap of the Ru3d band with the 

much more intense C1s band. 
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Ru-2WOx/C_fresh 

The 4f doublet of tungsten shows the W4f7/2 signal falling at 35.1 eV of BE and with a FWHM of 1.8 

eV (Figure 11, left). The spin-orbit-splitting distance between the two doublet signals is 2.2 eV. The 

W4f7/2 BE is characteristic of W oxide, WO3, as reported in literature.61 The presence of some amount 

of W in +5 oxidation state cannot be completely excluded: actually, the very low amount of W with 

respect to oxygen present in the analyzed region prevents any sigificant fit on the O1s band involving 

contributions coming from W oxides. 

 

Figure 11. XPS spectra of Ru-2WO3/C: (left) Binfing energy of W4f  Ru-2WO3/C fresh; (right) Binfing energy of 

Ru3p  Ru-2WO3/C fresh. 

The 3p doublet band of rutheniun shows the Ru3p3/2 signal falling at at 462.6 eV of BE and with a 

FWHM of 4.4 eV (Figure 11, right). The spin-orbit-splitting distance between the two doublet signals 

is 22.5 eV. The Ru3p3/2 BE is in agreement with the presence of Ru oxide, RuO2.
62,63 However, 

usually the difference in BE between oxidized and metallic species is limited to few tenths of eV in 

Ru3p3/2 band, thus allowing the possibility that a significant amount of Ru could be in oxidation states 

lower than +4.  

Ru-2WOx/C_used 

The 4f doublet of tungsten shows the W4f7/2 signal falling at 35.4 eV of BE and with a FWHM of 1.6 

eV (Figure 12, left). The spin-orbit-splitting distance between the two doublet signals is 2.2 eV. The 

W4f7/2 BE is characteristic of W oxide, WO3, as reported in literature.64 The presence of some amount 

of W in +5 oxidation state cannot be completely excluded for the same reason described before. 
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The 3p doublet band of rutheniun shows the Ru3p3/2 signal falling at 462.4 eV of BE and with a 

FWHM of 3.7 eV (Figure 12, right), a little bit smaller than before, suggesting a possible better-

defined chemical state of Ru. The spin-orbit-splitting distance between the two doublet signals is 22.5 

eV. As already reported, the Ru3p3/2 BE is in agreement with the presence of Ru oxide, RuO2, as 

found in literature.62,63 However, usually the difference in BE between oxidized and metallic species 

is limited to few tenths of eV in Ru3p3/2 band, thus allowing the possibility that a significant amount 

of Ru could be in oxidation states lower than +4.  

 

Figure 12. XPS spectra of Ru-2WO3/C used: (left) Binfing energy of W4f ; (right) Binfing energy of Ru3p. 

 

2% WO3/C  

The 4f doublet of tungsten shows the W4f7/2 signal falling at 35.4 eV of BE, with a FWHM of 1.4 eV 

(Figure 13): if compared to the two Ru-doped samples, the reduced FWHM suggests a possible better-

defined chemical state of tungsten in this sample. The spin-orbit-splitting distance between the two 

doublet signals is 2.2 eV. The W4f7/2 BE is characteristic of W oxide, WO3, as reported in literature.65 

The presence of some amount of W in +5 oxidation state cannot be completely excluded for the same 

reason described before, even if less probable considering the better-defined curves. 
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Figure 13. XPS spectra WO3/C: Binfing energy of W4f . 

The XPS analyses were used to evaluate the ratio in metal loading of the above reported catalysts and 

also of the Ru-0.5WOx/C and Ru-0.25WOx/C that are not showed here (Table 3). 

Table 3. Metal loading of Ru-WO3/C catalysts  

Entry 
Catalyst 

(label) 

Nominal 

Ru:W  

(molar ratio)  

By XPS 

Ru:W  

(molar ratio) 

1 Ru-2WOx/C 4:1 3.8:1a 

2 Ru-1WOx/C 8:1 8:1 

3 Ru-0.5WOx/C 16:1 16:1 
a Average of 4 samples. 

XRD analyses. XRD spectra were recorded for all the WOx-modified Ru catalysts. As an example, 

Figure 14 (left) shows the pattern of Ru-2WO3/C sample. This matched with the diffraction profile 

of the carbon support, but it did not allow to confirm the presence and/or the structure of either WO3 

or Ru species (Figure 14, left). Rather than a lack of crystallinity of the metal components, this 

observation was attributed to the occurrence of both metals in the form of very small nanoparticles 

(below 2 nm) highly dispersed on the support (see also later on this paragraph, TEM analyses). On 

the other hand, the similarity of XRD patterns of the fresh and used catalyst (Figure 14, left and right, 

respectively) suggested that the structure of the system was likely preserved, or it was not subjected 

to substantial changes after the hydrogenolysis tests.     
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Figure 14. XRD spectra of the Ru-2WO3/C sample. Left: fresh catalyst; right: catalyst after the use for the 

hydrogenolysis of glycerol carried out under the conditions: aq. solution of glycerol (5 mL, 5 wt%), 150 °C, 5 bar of H2 

bar, 6 h. 

 

ICP analyses. ICP-OES analysis were run using a Perkin Elmer Optima 5300DV. A calibration curve 

was obtained by using twelve aqueous solutions, of each targeted element, containing 0, 100, 200, 

300, 500, 1000, 2000, 3000, 4000, 5000, 6000, 7000 ppb of Ru. These solutions were prepared by 

dilution of a 1000 mg/L standard calibration solutions of RuCl3 in HCl, (NH₄)₂WO₄ in H2O and NaCl 

in H2O. The linear fit of Ru, W and Na were automatically calculated by the ICP software resulting 

with interceptors of -1156.0, -729.2 and -13,3, slopes of 22.08, 26.36 and 0.617, and correlation 

coefficients of 0.999897, 0.999972 and 0.999883, respectively. 

ICP analyses were carried out to determine either the actual metal loading on the solid catalysts after 

their synthesis (Table 3) and use (Table 8), and the metal leaching on solutions recovered at the end 

of catalytic tests (Table 6).  

Analyses of the fresh and exhausted (post-reaction) (Table 8) catalysts were performed after digesting 

the carbon supported catalysts in the presence of a highly oxidants solution under MW irradiation. 

The selected carbon supported catalyst (50 mg) was charged into a PTFE vessel (bomb) with aqua 

regia (4 mL) and H2O2 (2 mL, 30 v/v%). The bombs were placed in a microwave oven (MILESTONE 

“ETHOS 1600”) and the following power ramp was set: 

1) 400 W 2 min 

2) 250 W 4 min 

3) 400 W 4 min 

4) 600 W 8 min 

At the end of the digestion step, a homogeneous solution was obtained. This was transferred in 50 

mL graduated flask and brought to volume with milli-Q H2O. The prepared solution (1 mL) was 

diluted with additional milli Q water H2O (9 mL), and finally analyzed. The contents of Ru, W and 

Na recorded for each analysis were the average of 6 subsequent acquisitions. 
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After a set of 5 subsequent hydrogenolysis tests of GlyC carried out under the above-described 

conditions (150 °C, H2 5 bar, 6 h), aliquots (3 mL) of the corresponding aqueous solutions recovered 

at the end of the reactions were diluted with milli-Q water (7 mL) and then analyzed by ICP-OES. 

The contents of Ru, W and Na recorded for each analysis were the average of 6 subsequent 

acquisitions. 

 

Table 8. Metal loading of Ru-2WO3/C catalysts during recycles 

Run 

Ru  

(wt%) a 

W 

(wt%) a 

Ru in 

solutionb 

W in 

solutionb 

N D N D Ppm ppm 

0 5 4,8 2 2 0 0 

1 5 4,8 2 1.9 0.01 0.1 

4 5 4,7 2 1.8 0.01 0.03 

5 5 4,7 2 1.8 0 0.01 
a Metal (Ru or W) loading of the catalyst as wt%; N: nominal loading from the preparation; D: loading determined by 

ICP measures. b Metal (Ru or W) found in the solution after reaction: the hydrogenolysis of glycerol carried out under 

the conditions: aq. solution of glycerol (5 mL, 5 wt%), 150 °C, 5 bar of H2 bar, 6 h. 

  

TEM analysis. High-resolution scanning transmission electron microscopy (HRSTEM), high-angle 

annular dark-field (HAADF)- STEM and EDX analyses were recorded on a Hitachi HD-2700 STEM 

instrument operated at 200 kV at the Naka Application Center, Hitachi High-Technologies 

Corporation and on a JEM-ARM 200F STEM instrument operated at 200 kV. 

 

 

Figure 14. EDX mapping analysis of fresh Ru-2WO3/C fresh. 

EDX analyses were carried out to investigate the dispersion of the elements constituting the catalyst. 

Figure 14 reports the mapping of the elements in the fresh Ru-2WO3/C chosen as model sample, 

where chemical components are identified by different colours. It was confirmed that the deposit was 

comprised of Ru and W on the carbon, both well dispersed over the whole surface of the support. 

Aggregates with high contrast were mostly Ru: the average size of ruthenium nanoparticles was 

estimated considering more than 100 particles and resulted of about 1.5 ± 0.2 nm and 1.6 ± 0.4 nm 

for both the fresh and the used catalyst (after 2 recycles) respectively (Figure 15). This corroborated 
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the fact the no signals of both Ru and W were detected in the XRD spectra, and suggested that a very 

slow, if any, agglomeration process of metal particles took place during the hydrogenolysis reaction. 

In other words, most of the metal particles preserved their size even after the first use of the catalyst, 

which was the most plausible reason for the good recyclability observed for the Ru-WOx/C system 

(Figure 10).   

A further indication of the nature and composition of the nanoparticles came from the cross section 

analyses reported in figure 16, that showed how the composition of single nanoparticles. Even though 

no alloy is present a strong interaction is more than plausible because their close proximity. From the 

cross section the amount of W is lower as expected for the 4:1 ratio, moreover the high resolution 

image showed that the ordered dots are crystals but there are some single dots or randomly aggregated 

dots which may be very small sized (below 100 nm) WOx clusters. 

Studies on the activity of a multimetallic Pt/ZrW system demonstrated that the dimension of WOx 

clusters was crucial for the catalytic performance in the production of 1,3-PDO.66 Albeit Zr was an 

acid enough support, Authors proved that medium size WOx clusters of imparted a strong Brønsted 

acidity suitable to boost the formation of 1,3-PDO, while smaller clusters favoured the formation of 

Lewis acid sites. In analogy to these results, for the present case of Ru-WOx/C catalysts where the 

surface acidity of support was very moderate, the occurrence of small clusters of WOx likely 

accounted for the high selectivity observed towards the desired 1,2-PDO.  
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Figure 15. Model STEM images of catalyst Ru-2WO3/C; (top left) image and (top right) histogram of size distribution 

of the Ru nanoparticles of fresh sample; (botton left) image and (bottom right) histogram of size distribution of the Ru 

nanoparticles of used sample (after 2 recycles). 

 

Figure 16. Linear analysis of the nanoparticles in the fresh catalyst and one of the agglomerate found in the used 

catalyst. 
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3.3 Conclusions 
 

The work described in the present chapter has been focused on the study of the hydrogenolysis 

of glycerol carried out either in an aqueous solution and under multiphase (aq.-organic) conditions, 

in the presence of a variety of C-supported Ru-based catalysts. The main issue of the process is the 

poor selectivity due to the competition between the desired hydrogenation/dehydration of glycerol, 

yielding propanediols, and C-C bond cleavage side-reactions producing light liquids and gaseous 

derivatives. Indeed, the latter compounds represent the majority of products observed under a variety 

of experimental conditions, even when the conversion is limited (ca 30%).  

In the presence of commercial 5% Ru/C, the following salient aspects have been demonstrated: 

i) the addition of solid acids as co-catalysts (Amberlyst 15 and niobium phosphate, NbP) may 

improve the hydrogenolysis selectivity, but remarkably decreases the activity of Ru. Moreover, the 

hydrophilic nature of NbP phosphate and the mechanical fragility of Amberlyst, make the separation 

of the catalyst from unconverted reagent/products hardly implementable.   

ii) The use of multiphase systems mediated by hydrophobic ionic liquids has proved impracticable 

since highly detrimental for the catalyst activity. Apparently, the strong embedding of Ru/C in the 

viscous IL-phase, hinders the access of glycerol (and gaseous H2) to the catalyst surface, thereby 

resulting in poor, if any, conversion even at very high temperatures.   

iii)  A good catalyst/products separation is achieved by the combined use of compressed CO2 and 

isooctane, which allows the quantitative recovery of Ru/C in the hydrocarbon phase. Yet, the reaction 

selectivity remains unsatisfactory.     

Notwithstanding the variety of tested conditions, results led us to conclude that Ru/C is not a 

suitable catalyst for the hydrogenolysis of glycerol.  

A very promising approach has been instead identified using a novel class of catalysts based on 

C-supported Ru modified with WOx. These systems have been prepared by a simple co-impregnation-

precipitation protocol starting from RuCl3 and Na2WO4 as the metal precursors and a commercial 

powdered carbon (NORIT SX 1G). Three samples obtained with a nominal metal loading of 5wt% 

for Ru, and of 2, 1 and 0,5 wt% for W, respectively, have shown an excellent performance yielding 

1,2-PDO with a selectivity up to 98% at a substantially quantitative conversion. Experiments have 

demonstrated that W-oxide is not involved in the catalysis of the hydrogenolysis reaction, but its 

contribution is crucial to reduce the C-C bond cleavage activity of Ru: indeed, such bimetallic 

catalysts produce only negligible traces (≤3%) of liquid by-products. Compared to the current 

literature on the hydrogenolysis of glycerol, WOx-modified Ru catalysts allow one of the most 

efficient protocol for the synthesis of 1,2-PDO. 
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Recycle experiments carried out using Ru-2WOx/C (2 wt% of W) as a reference catalyst, have also 

confirmed that the catalytic performance is perfectly maintained over 7 subsequent tests where both 

the conversion and the 1,2-PDO selectivity are steady at about 70% and >95%, respectively. 

Moreover, a negligible leaching of Ru is detected, while the loss of W (ca 5% after the first use) 

rapidly decreases to stabilize to 0.1% from the third recycle on.   

Notwithstanding the very good activity and properties exhibited by the WOx-modified Ru catalysts, 

their characterization has been challenging. For example, XRD analyses did not allow to confirm the 

presence and/or the structure of either WO3 or Ru species because of the very small size of metal 

particles (below 2 nm). Also, XPS spectra have been not conclusive on the existence and the nature 

of interactions between Ru and W. Moreover, due to the strong signal of carbon and its related oxygen 

groups the oxidation state of the metals remain uncertain. 

High resolution TEM images of Ru-2WOx/C (the reference catalyst) have finally proved that the 

average size of metal particles is about 1.5 ± 0.2 nm and 1.6 ± 0.4 nm for both the fresh and the used 

system, thereby substantiating the fact that no agglomeration process of metals takes place during the 

hydrogenolysis reaction. This is the most plausible reason for the good results of the recycle 

experiments. Moreover, from high-res TEM and in analogy with literature studies on a multimetallic 

Pt/ZrW system, the occurrence of small clusters of WOx (ca 100 nm) in the proximity of Ru sites 

present on Ru-WOx/C likely accounts for the high selectivity observed towards the formation of 1,2-

PDO.  

Overall, such bimetallic systems, yet largely unexplored, have provided a new stimulating approach 

to cope with the selectivity issue of the investigated reaction, and they may possibly pave the way for 

other applications in the field of hydrogenolysis processes and/or other hydrogenation reactions for 

the upgrading of bio-based derivatives. 
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3.4 Experimental Section 
 

3.4.1 General 
 

Glycerol, 5% Ru/C, i-octane, cyclohexane, diethyl carbonate, cyclohexylamine, diethylenglycol 

dimethylether [diglyme, MeO(CH2CH2O)2Me], triethylenglycol dimethylether [triglyme, 

MeO(CH2CH2O)3Me], Na2WO4  were commercially available compounds sourced by Aldrich. If not 

otherwise specified, they were employed without further purification. Ionic liquids as methyl trioctyl 

ammonium and phosphonium bistriflimide salts were prepared according to a method described 

elsewhere.[18] Water was milli-Q grade. H2 and N2 Ar and CO2 gases were purchased from SIAD, 

Italy. 

GC–MS (EI, 70 eV) and GC (flame ionisation detector; CG/FID) analyses were performed with an 

HP5-MS capillary column (L = 30 m, Ø = 0.32 mm, film = 0.25 mm) and an Elite-624 capillary 

column (L = 30 m, Ø = 0.32 mm, film =1.8 mm), respectively.  

1H NMR spectra were recorded at 400 or 300 MHz, and 13C NMR spectra were recorded at 100 MHz; 

chemical shifts are reported downfield from tetramethylsilane (TMS), and CDCl3 was used as the 

solvent. 

. High-resolution scanning transmission electron microscopy (HRSTEM), high-angle annular dark-

field (HAADF)- STEM and EDX analyses were recorded on a Hitachi HD-2700 STEM instrument 

operated at 200 kV at the Naka Application Center, Hitachi High-Technologies Corporation and a 

JEM-ARM 200F STEM instrument operated at 200 kV. 

3.4.2 Reaction Procedures  

 

3.4.2.1 Hydrogenolysis of Glycerol.  

 

In a typical hydrogenolysis experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) was 

charged with 10 mL of a 10% w/w glycerol water solution, and 5% Ru/C (150 mg, 0,075 mmol of 

Ru) as catalyst. The vessel was placed in a jacketed steel autoclave equipped with a manometer and 

two needle valves by which, at rt, H2 was admitted at the desired pressure. The autoclave was then 

heated by oil circulation at the desired temperature (120-200 °C), while the mixture was kept under 

magnetic stirring at a rate of 1300 rpm. After 5-24 hours, the autoclave was cooled to rt, and purged. 

An aliquot (0.5 mL) of the water solution was collected, mixed with an aq. solution of triethylenglycol 

dimethylether as external standard [diglyme, MeO(CH2CH2O)2Me; 0.01 M, 0.5 mL], and analysed 
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by GC to determine the conversion of glycerol and the selectivity towards the observed products 1,2-

propanediol and ethylene glycol.  

 

3.4.2.2 Hydrogenolysis of glycerol in presence of NbP.  

 

In a typical hydrogenolysis experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) was 

charged with 10 mL of a 10% w/w glycerol water solution, 5% Ru/C (150 mg, 0,075 mmol of Ru) as 

catalyst and 50-400 mg of NbP. The vessel was placed in a jacketed steel autoclave equipped with a 

manometer and two needle valves by which, at rt, H2 was admitted at the desired pressure. The 

autoclave was then heated by oil circulation at the desired temperature (150 °C), while the mixture 

was kept under magnetic stirring at a rate of 1300 rpm. After 12 h hours, the autoclave was cooled to 

rt, and purged. An aliquot (0.5 mL) of the water solution was collected, mixed with an aq. solution of 

triethylenglycol dimethylether as external standard [diglyme, MeO(CH2CH2O)2Me; 0.01 M, 0.5 mL], 

and analysed by GC to determine the conversion of glycerol and the selectivity towards the observed 

products 1,2-propanediol and ethylene glycol. 

 

3.4.2.3 Hydrogenolysis of glycerol in a multiphase system 

 

In a typical hydrogenolysis experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) was 

charged with 10 mL of a 10% w/w glycerol water solution, 5 ml of isooctane, 350-500 mg of IL 

([N8881][Cl] or [P8881][NTf2] which was synthetized following a reported procedure 29) and 5% Ru/C 

(150 mg, 0,075 mmol of Ru) as catalyst. The vessel was placed in a jacketed steel autoclave equipped 

with a manometer and two needle valves by which, at rt, H2 was admitted at the desired pressure. The 

autoclave was then heated by oil circulation at the desired temperature (120-200 °C), while the 

mixture was kept under magnetic stirring at a rate of 1300 rpm. After 12 hours, the autoclave was 

cooled to rt, and purged. An aliquot (0.5 mL) of the water solution was collected, mixed with an aq. 

solution of triethylenglycol dimethylether as external standard [diglyme, MeO(CH2CH2O)2Me; 0.01 

M, 0.5 mL], and analysed by GC to determine the conversion of glycerol and the selectivity towards 

the observed products 1,2-propanediol and ethylene glycol. 

 

3.4.2.4 Catalyst separation mediated by CO2 

 

In a typical experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) was charged with 10 

mL of a 10% w/w glycerol water solution, 5 ml of isooctane and 5% Ru/C (150 mg, 0,075 mmol of 

Ru) as catalyst. 
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Procedure A. The autoclave was purged and charged with 60 bar of H2, 50 bar of CO2, and heated at 

150 °C for 12 h.  

Procedure B. The autoclave was charged with the desired H2 pressure and then heated by an oil 

circulating thermostat at the desired temperature (120-200 °C), while the mixture was kept under 

magnetic stirring at a rate of 1300 rpm. After the reaction, the autoclave was cooled at rt, purged and 

re-charged with 60 bar of CO2 and heated at 100 °C for 2-3 hours. 

 

3.4.3 Bimetallic Ru-W catalysts 
 

3.4.3.1 Synthesis  

 

WOx-modified Ru was prepared by co-impregnation method using RuCl3 and Na2WO4 as 

precursors. Finely powdered carbon (1 g, NORIT SX 1G) was suspended and stirred in milli-Q water 

(50 mL). In a separate flask, RuCl3*H2O (0.1 g) Na2WO4 (0.128 - 0.09 mg; Ru:W = 1 - 16 mol:mol) 

were dissolved in milli-Q water (50 mL). The aq. solution of metal precursors was added to the carbon 

suspension and the resulting mixture was stirred overnight at rt. It was then heated at 80 °C, added 

with aq. HCl (1 mL;15 wt%), and kept at 80 °C for 3 h. Thereafter, water was slowly evaporated at 

95 °C. The black powder was collected, dried at 180 °C overnight, and reduced at 300 °C in H2 

atmosphere (25 ml/min) for 3 h. It was then treated under N2 at room temperature for 30 minutes. At 

the end the sample was washed with milli-Q water (50 mL) to eliminate the residual salts and dried 

in vacuum at 70 °C for 12 hours before any use. 

 

3.4.4 Reaction Analysis 
 

The reaction conversion and selectivity were determined by GC analyses through calibration curves 

previously obtained for the reactant (glycerol) and the major liquid products (EG, 1,2-PDO, 2-PrOH, 

and EtOH). Calibration curves are shown in Figures 17 A-E.  
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Figure 17. GC_FID Calibration curves with a solution of diethylenglycol dimethylether [diglyme, 

MeO(CH2CH2O)2Me] (0.0013200 wt%). A) Glycerol; B) 1,2-PDO; C) EG; D) 2-PrOH; 3) EtOH. 

 

The calibration curves were obtained by the analysis of a solution (0.4 mL) prepared by mixing an 

aqueous solution of diethylenglycol dimethylether [diglyme, MeO(CH2CH2O)2Me; 0.2 mL, 0.01 M) 

as a standard, and an appropriate amount (0.2-0.02 mL) of an aqueous solution of the desired substrate. 

Starting 

Solution 

g sub g tot 

(sub+H2O) 

Wt% mol  

GlyC 0.251 4.991 5.02 0.055 

1,2-PDO 0.214 5.097 4.20 0.055 

EG 0.175 4.991 3.51 0.056 

2-PrOH 0.161 4.993 3.24 0.054 

EtOH 0.121 4.993 2.42 0.053 

Each solution was prepared by weighting both substrate and solvent (water) 

 The carbon loss in liquid phase was evaluated as the difference of initial moles of glycerol and the 

final sum of moles of all liquid compounds. 

%𝐶𝐵𝑎𝑙𝑎𝑛𝑐𝑒 =
∑ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐺𝑙𝑦𝐶 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 

𝐺𝑙𝑦𝐶 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
∗ 100 

%𝐶𝑙𝑜𝑠𝑠 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 = 100 − %𝐶𝐵𝑎𝑙𝑎𝑛𝑐𝑒  
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4 SYNTHESIS OF BIMETALLIC CARBON SUPPORTED 

CATALYSTS 
 

4.1 Introduction 
 

Nanoparticles composed of two different metals (BMNPs) display novel and improved 

electronic, optical, catalytic or photo catalytic properties than monometallic systems,1 thanks to the 

combination of individual components and the new properties emerging from the synergy between 

the metals.2–4 The structure of BMNPs is strictly dependent on the relative strengths of metal-metal 

bond, surface energies of bulk elements, relative atomic sizes, preparation method and conditions, 

etc. For example, the research in the field on mixed A–B nanoalloys has demonstrated that surprising 

advantages/abilities may derive by changing compositions or combinations of the constituent 

elements. Just to cite only a couple of cases: i) a solid solution of stoichiometry Ag0.5Rh0.5 exhibited 

a hydrogen storage ability comparable to Pd (located between Rh and Ag in the periodic table), 

despite both the single components Rh and Ag did not show any significant capacity for the  same 

property (hydrogen storage);5 ii) a bimetallic PdxAuy/C system with a range of different compositions 

(Pd/Au molar ratio, x/y) allowed the hydrogenolysis of 5-hydroxymethylfurfural (HMF) with a 

selectivity of 96% towards 2,5-dimethylfuran (DMF), while under the same conditions, this did not 

exceed 60 and 0% using the corresponding monometallic Pd/C and Au/C catalysts.6  

In this PhD thesis, the synthesis and use of catalysts based on BMNPs have been considered 

with emphasis for some of reactions discussed and investigated in chapters two and three, i.e. the 

transfer-hydrogenation reaction of LA to GVL using formic acid as H2 source and the selective 

hydrogenolysis of glycerol to 1,2-PDO. 

Formic acid may act as a transfer hydrogenation agent (THA) thanks to its decomposition to CO2 and 

H2. This process has been extensively studied with Ru, Pt, Pd and Au based catalysts.7–12 Pd/C is one 

of the most active catalyst for the dehydrogenation of formic acid.13–15 Ru/C is also able to decompose 

formic acid, though harsher conditions (190 °C in the gas phase) are generally required.1 However, 
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when FA is used as a THA for the reduction of LA, all monometallic systems lose their activity at the 

level that very often an external supply of H2 is necessary for the reaction to occur.19–21 Meng et al. 

have combined the mean-field kinetic model with both the transient thermal desorption and 

isothermal desorption spectra to demonstrate that there is a stabilizing interaction between two surface 

formate species on Ru(0001).22 Comparatively, levulinic acid and dihydrogen have a much weaker 

energy of adsorption with the consequence that during the transfer-hydrogenation of LA with FA, the 

catalyst surface is fully covered by formate moieties until most of the formic acid is converted. In 

other words, FA acts as an inhibitor for the LA hydrogenation. This detrimental effect has been 

discussed also by us in chapter 2.     

One of the major challenges of the hydrogenolysis of glycerol is the control of the selectivity due to 

the several pathways/products that may occur/form during the reaction. Bimetallic catalysts seem the 

most promising solution to this problem, especially when a single hydrogenolysis step is desired as 

in the case of the synthesis of 1,2-propanediol. In chapter three, examples of such bimetallic systems 

have been selected and discussed from the literature and a catalyst based on the Ru-W combination 

has been prepared and successfully applied to the purpose.     

In light of these considerations, with the aim of combining the high activity of Pd for FA 

decomposition and the comparatively good efficiency of Ru towards the LA hydrogenation reaction, 

further studies in this PhD thesis have been dedicated to the preparation of new Ru-Pd bimetallic 

systems obtained via innovative techniques, and their use for the synthesis of GVL from LA. The 

same catalysts were then examined also for the glycerol hydrogenolysis. 

 

4.2 Results and discussion 

The synthesis of RuPd bimetallic systems. A common strategy to synthesize BMNPs involves 

the concurrent reduction of two metal precursors.25–28 However, due to the large differences in redox 

potential and chemical behaviour between metals, one metal tends to nucleate first with adverse 

effects not only on the composition of the system with respect of the ratio of the metals, but also on 

the geometry and the size of the nanoparticles.31 In the specific case of Pd and Ru, the redox potentials 

of two elements make easier the reduction of Pd ions compared to Ru ions with the consequence that 

if the synthesis of the corresponding BMNPs is attempted, the resulting material is often comprised 

of Pd and Ru segregated structures. To avoid this drawback and allow a smooth growth process of 

BMNPs, both thermodynamic and kinetic parameters must be adjusted to balance the reduction rates 

of the metals and achieve a final structure in the form of a solid-solution.29,30 An approach designed 
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to this purpose has been conceived through the addition of the metal precursors (RuCl3 and K2PdCl4) 

into a thoroughly heated solution of triethylene glycol (TEG) acting as a reducing agent, in the 

presence of trapping or stabilizing agents such as polymers, surfactants or solid supports.31–37 Among 

the latter, polyvinylpyrrolidone (PVP) has been often reported for its thermal stability and solubility 

in TEG. One of the most effective protocols based on the combination of metal precursors, TEG, and 

PVP has been developed by the group of Prof. H. Kitagawa at the Kyoto University where part of the 

experimental program of this PhD thesis has been carried out for the preparation of Pd-Ru systems. 

The following paragraphs will detail the used synthetic sequence. Some variations including the 

addition of different stabilizing agents as black carbon (Vulcan X) for supported nanoparticles, and 

the combination of ionic liquids and black carbon in the presence of NaBH4 as a reductant, will also 

be discussed. Moreover, the characterization of each sample and the results of catalytic tests for the 

decomposition of formic acid and for the hydrogenolysis of glycerol will be reported.  

 

4.2.1 RuPd Nps synthesized with TEG as reducing agent 

The below-described procedure was used to prepare three samples of general formula RuxPd1-

x  where x, the molar fraction of Ru, was set to vary from 0.3 to 0.5 and 0.7, respectively and  Ru0.3Pd0.7, 

Ru0.5Pd0.5, and Ru0.7Pd0.3 were so obtained. The following paragraph will detail the case of the 

Ru0.5Pd0.5 sample.  

The Ru0,5Pd0,5 as a model example. The synthetic procedure of a Ru-Pd bimetallic system 

based on identical amounts of the two metals is summarized in Figure 1. A homogenous solution of 

K2PdCl4 and RuCl3·nH2O in water (20 mL) was slowly sprayed over the TEG/PVP mixture pre-

heated at the temperature of 200 °C. Once the addition was complete, the reactant solution was kept 

at 200 °C for 15 minutes before cooling at room temperature and proceeding with the isolation of the 

metal nanoparticles. The isolation of the sample labelled as Ru0.5Pd0.5_PVP was performed by 

centrifugation, sonication in water/EtOH and drying under vacuum. Full details are given in the 

experimental section.  
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Figure. 1 Schematic representation of the synthesis of Ru0,5Pd0,5 stabilized by PVP. 

TEM of the Ru0,5Pd0,5_PVP sample showed uniformly monodispersed BMNPs with a size of 

11 nm (Figure 2, left).5 The particles were slightly aggregated due to the low amount of stabilizing 

agent (PVP) used during the synthesis (see experimental section). Moreover, the nano-alloy showed 

an intermediate geometry in between fcc, typical of Pd nanoparticles, and hcp, typical of Ru 

nanoparticles, with a spherical-type shape. The Pd:Ru ratio of the alloy was determined by XRF 

analyses that confirmed small deviations from the expected composition.  

The XRD pattern of Ru0,5Pd0,5_PVP is shown in Figure 2 (right) and compared to the 

diffraction patterns simulated for Pd-fcc and Ru-hcp NPs (black and red profiles). For PdRu nanoalloy, 

the diffraction peaks at 40°, 47°, 68°, and 83° were due to the Pd (111), (200), (220), and (311) 

reflections, respectively, which represented the typical character of a crystalline Pd face-centered 

cubic (fcc) phase. This indicated that the Ru was either in an amorphous state or alloyed with the Pd 

and the particles have prevailed Pd (fcc) crystal structure. The symmetry of the peak at 68° was 

representative of a good homogeneity of the solid metal mixture. Careful investigation of the XRD 

pattern (Figure 2, right) revealed that all diffraction peaks were shifted synchronously to higher 2θ 

values due to the presence of Ru in the Pd crystal structure and vice versa. The shift was an indication 

of the reduction of lattice constants. The lattice constants for the two components were refined to be 

a = 3.862 Å for the fcc lattice and a = 2.7232 Å and c = 4.384 Å for the hcp lattice as previously 

reported by Kusada et. al.5 The lattice constant of the fcc component was smaller than that of Pd (a = 

3.8925 Å). The lattice constants of the hcp components were larger than those of Ru (a = 2.7054 Å, 

c = 4.2788 Å). The linear correlation between the lattice constants and the alloy composition followed 

Vegard’s law, which is an approximate empirical rule proposing a linear relation, at constant 
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temperature, between the crystal lattice constant of an alloy and the concentrations of the constituent 

elements.41  

 

Figure 2. (left) TEM image of Ru0,5Pd0,5_PVP NPs; (right) XRD patterns (2θ = 30°−90°) of Pd0.5Ru0.5 nanoparticles 

and simulated Ru-hcp and Pd-fcc. 

 

The XRD pattern of Ru0.5Pd0.5_PVP was compared also with one nanoalloy of the same 

composition previously synthesized by the Kitagawa’s laboratory (Figure 3).5 A very good match of 

the two profiles was confirmed, thereby supporting the formation of the desired alloy with fcc and 

hcp mixed phases. 

Figure. 3 XRD patterns (2θ = 30°−90°) of Pd0.5Ru0.5 nanoparticles from Kitagawa lab’s (green plot) and the sample 

synthesized in this Thesis work (blue plot). 
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Ru0,5Pd0,5 on carbon support. The Ru0,5Pd0,5 sample was then supported on carbon (Vulcan 

X). To this purpose, the nanoparticles were dispersed in ethanol under sonication, and then powdered 

carbon was added. The mixture was kept under stirring overnight, at room temperature, and then 

filtered on a Teflon membrane and dried. The final Ru0.5Pd0.5_C01 specimen had a total metal loading 

of 10 wt%. It was analysed by TEM and XRD.  

The deposition on C did not substantially altered the size and the shape of BMNPs (spherical-

type particles with a size of 11 nm). The XRD and XRF analyses gave the same results of the non-

supported system for what concern the peak shift of the crystal planes (XRD) and the elements 

composition of the alloy (XRF: Ru=49%, Pd=51%).  

The TEM images however, showed several empty zones on carbon as if nanoparticles were 

preferably aggregated in localized regions with a non-homogeneous dispersion on the support (Figure 

4). Attempts to improve the dispersion by preparing other samples at different concentration, time of 

stirring and sonication time, were unsuccessful. Another strategy to overcome this drawback was to 

modify the synthetic procedure of BMNPs through the straightforward addition of metal precursors 

and carbon support on TEG.   

 

 

 

 

 

 

 

 

 

Figure 4. TEM images of Pd0.5Ru0.5_C01 (supported on carbon) resolution of 100 nm, 10 mA, 100 kV. 

 

The samples Ru0.5Pd0.5_C02 and Ru0.5Pd0.5_C03 were prepared in a TEG suspension heated 

at 200 °C in the presence of carbon (Vulcan X) acting as trapping agent and support, without any 

PVP (see experimental section for full details). The metal precursors were slowly added to TEG/C 

with a pipette (Ru0.5Pd0.5_C02) or a spray (Ru0.5Pd0.5_C03). Even this procedure, however, was not 
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satisfactory. TEM images showed that the nanoparticles were more finely dispersed on the support 

nanoparticles (no empty regions were noticed), but they were non-homogeneous in shape and size 

(Figure 5, top). This suggested the presence of a phase separation between the metals (Ru-NPs + Pd-

NPs) which was confirmed from the XRD pattern and the related peak shift analysis (Figure 5, 

bottom). In particular, the first peak of Ru0.5Pd0.5_C02 (red plot) was centred at 40.05°, while in the 

case of Ru0.5Pd0.5_PVP the same signal was at 40.4° and the simulation of Pd-fcc was at 40.1° (111). 

The prevalence of a pure Pd-fcc was therefore achieved. Furthermore, the peak at 43.6° was attributed 

to ruthenium (101) which proved the presence of a pure Ru-hcp structure. Similar signals were 

observed in the Ru0.5Pd0.5_C03 sample. 

 

Figure 5. (TOP) TEM images of Ru0.5Pd0.5_C02 (left) and Ru0.5Pd0.5_C03 (right), resolution of 100 nm, 10 mA, 

100 kV. (BOTTOM) XRD patterns of Ru0.5Pd0.5_PVP (black), RuPd_C02 (red) and RuPd_C03 (blue). 

Finally, XRF gave an average composition of Ru (49.4%) and Pd (50.6%) that matched the 

expected one.  
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The synthetic protocol was then further modified by using the carbon support and a little 

amount of PVP as a co-stabilizing agent. The RuPd (Ru0.5Pd0.5_C04) sample was so prepared (see 

experimental section for full details). This method succeeded. Indeed, RuPd (Ru0.5Pd0.5_C04) showed 

a good homogeneity of the alloy crystal structure for what concern the morphology of the 

nanoparticles with a satisfactory distribution in size (7,0 ± 1,0 nm) and shape. At the same time, the 

dispersion on the carbon support was acceptable (Figure 6). The nanoparticles were smaller than those 

synthetized with only PVP, probably due to the interaction between the nanoclusters and the carbon 

which favoured the nucleation and limited the growing step. Compared to RuPd_PVP and the 

simulated single phase of Ru-hcp and Pd-fcc, the XRD pattern RuPd_C04 showed no significant 

evidences of phase separation: the Pd and Ru peaks were shifted as in RuPd_PVP but the smaller size 

of the nanoparticles made the XRD data analysis uncertain (Figure 7). The XRF analysis gave a ratio 

of Ru:Pd 51:49. The sample was also analysed with a high resolution TEM (Figure 8) coupled with 

an EDX for linear and map analyses (Figure 9).  

 

Figure 6. TEM images of Ru0,5Pd0,5_C04, 100 nm (left), 50 nm (right). 
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Figure 7. XRD patterns of Pd-fcc simulation (black), Ru-hcp simulation (red), Ru0,5Pd0,5_PVP (blue), Ru0,5Pd0,5_C_04 

(violet) and Ru0,5Pd0,5_Wu (Pd0.5Ru0.5 nanoparticles from Kitagawa lab’s)reference sample (green). 

 

The Pd0.5Ru0.5_C04 was further characterized by EDX line scanning analysis (Figure 9, 

BOTTOM). The compositional line profiles of Pd and Ru on a Pd0.5Ru0.5_C04 nanoparticle showed 

that Ru and Pd atoms were homogeneously distributed over the whole particle. The EDX mapping 

analyses confirmed that the formation of an atomic-level Pd-Ru alloy in which most of the 

nanoparticles were composed of RuPd solid solution. The linear analysis confirmed the presence of 

both elements with an average abundance of 54% and 46% for Ru and Pd, respectively. This result 

accounted for by the predominance of red (Ru) over green (Pd). 

  

Figure 8. High resolution TEM images of Ru0,5Pd0,5_C04 sample 
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Figure 9. TOP: elemental mapping analyses of Ru (red), Pd (green) and their overlapping. BOTTOM: linear elemental 

analysis of a nanoparticle: Ru red plot and Pd blue pot. 

 

Other bimetallic systems. As mentioned above, the procedures described in paragraph 1.2.1 

were used for the preparation of two other bimetallic systems as Ru0.3Pd0.7, and Ru0.7Pd0.3. These 

samples were prepared and supported on carbon according to the method illustrated for 

Ru0.5Pd0.5_C04. The supported solids were labelled as Ru0.3Pd0.7_C04 and Ru0.7Pd0.3_C04, 

respectively. Interestingly, from the XRD analyses (not shown here), the dominant diffraction pattern 

of such nanoalloys changed from the fcc pattern to the hcp pattern with increasing the Ru content as 

expected by the Vangard’s law.41 

 

4.2.2 RuPd Nps synthesized with NaBH4 as reducing agent 
 

4.2.2.1  Use of Aliquat 336 (methyl trioctyl ammonium chloride) as a stabilizing agent 

 

The synthesis of bimetallic systems with NaBH4 as a reductant was initially performed in the 

presence of Aliquat 336 (methyl triottil ammonium chloride), an ionic liquid acting as a stabilizing 

agent. At rt, an aqueous solution (5 mL) containing the metal precursors (Na2PdCl4 and RuCl3·nH2O) 
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was added to an aqueous solution of Aliquat 336 (20 mL; 0.14 M). Aqueous NaBH4 (5 mL, 0.3 M) 

was rapidly introduced and the resulting solution was left under stirring for 1 h at rt. The nanoparticles 

were then collected by centrifugation using ethanol and acetone as additives to isolate the NPs from 

IL (Details on the isolation of BMNPs are given in the experimental section). Interesting aspects 

which differentiate the use of ILs from PVPs as stabilizing agents, are the molecular asymmetry and 

the occurrence of a cooperative network of hydrogen bonds between cations and anions.42 Particularly, 

ILs act as supramolecular media where hydrogen bonding network allows for a self-organization in 

non-polar and charged regions with the latter (polar) domains being able to entrap positively charge 

nanoparticles with size below 10 nm.43,44  

The procedure based on the NaBH4/Aliquat 336 combination was used to prepare 9 different 

bimetallic systems of general formula RuxPd1-x where x was set to vary between 1 and 9.  

From TEM analyses, all samples showed very small spherical-type nanoparticles in the range 

of 2-3 nm. As an example, Figure 10 reports the case of Ru0.5Pd0.5_IL (containing equal amounts of 

both metals) whose average particles size was 2.6 ± 0.5 nm. 

 

2.5  ± 0.5 nm  

Figure 10. TEM image of Ru0.5Pd0.5_IL, resolution of 100 nm (100 kV, 10 A) and 20 nm. 

However, a high charge-up effect was detected during TEM analyses due to the presence of the IL 

on the surface of the particles. This prevented the normal emission of secondary electrons causing 

image deformation and sample shift during scanning, especially at high zoom grade. To limit this 

effect (aggregation of nanoparticles) before the analyses, the colloidal suspension of nanoparticles in 
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the IL was separated and dispersed in hexane. Few drops were then directly collected and put on the 

TEM grid for. This allowed the recording of better images from which the size of the nanoparticles 

was calculated with an improved accuracy. Figure 11 shows the case of Ru0.5Pd0.5_IL: the 

corresponding NP size was 3.0 ± 0.5 nm.  

Figure 11. TEM image of Ru0.5Pd0.5_IL, resolution of 50 nm (100 kV, 10 A), size 3.0 ± 0.5 nm 

The XRD analyses of all RuxPd1-x systems were carried out and the related profiles plotted 

together in Figure 12. The signal in the proximity of 40° showed that increasing the quantity of Ru 

(from bottom to top) a gradual shift to higher angles, was observed. Though, the very small size of 

the nanoparticles did not allow an accurate study, specifically an exact Rietveld refinement to 

determine the crystal structure parameters, was not possible.  

 

Figure 12. XRD patterns of the RuxPd1-x_IL system prepared with NaBH4 as a reductant and Aliquat 336 as a 

stabilizing agent. 

 

50 nm 
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STEM and EDX map analyses suffered from the drawback mentioned above for TEM. The 

interference of the charge of the ionic liquid with the electron beam, allowed to evaluate the size of 

nanoparticles at a magnification of 20 nm. However, a size estimation was carried out from the STEM 

images, yielding nanoparticles of ca 2 nm for all RuxPd10-x samples (Table 1) 

Table 1. Size estimation of nanoparticles in RuxPd1-x_IL systems, from STEM images at 20 nm resolution. 

Sample Ru0.1Pd0.9 Ru0.2Pd0.8 Ru0.3Pd0.7 Ru0.4Pd0.6 Ru0.5Pd0.5 Ru0.6Pd0.4 Ru0.7Pd0.3 Ru0.8Pd0.2 Ru0.9Pd0.1 

Size 

(nm) 

2.4 ± 0.4 2.7 ± 0.4 2.3 ± 0.6 2.5 ± 0.5 2.6 ± 0.5 2.9 ± 0.4 2.7 ± 0.3 2.8 ± 0.4 2.7 ± 0.4 

 

Different approaches were then designed to support the obtained nanoparticles on carbon 

(Vulcan X). At first, nanoparticles were isolated, dispersed in ethanol and mixed with a suspension 

of the powdered carbon support in ethanol. This method however, suffered from the same aggregation 

problem already noticed for the supported RuPd_PVP samples (compare figure 3 and figure 13 left): 

nanoparticles formed large aggregates and several empty carbon regions were visible.  

 

Figure 13. TEM images at 100 nm resolution: Ru0.5Pd0.5_IL supported on carbon after isolation (left); Ru0.5Pd0.5_IL 

supported on carbon with hexane and ethanol without isolation (right). 

The procedure was then (slightly) modified. The solid (powdered) carbon was dispersed in ethanol, 

while the NPs-IL system was separated from the water phase (where NPs were recovered after 

synthesis) with hexane. Thereafter, the carbon suspension was added under stirring to the hexane 

phase. The change of polarity due to the presence of ethanol was successful to clean up the NPs from 

the IL and allowed to obtain well dispersed carbon-supported nanoparticles, as shown in figure 13 

for the Ru0.5Pd0.5_IL sample (right). 



 pag. 169 

 

Figure 14. EDX maps and linear composition analysis of Ru0.5Pd0.5_C 

 

The presence of Ru and Pd within the same nanoparticles was verified by linear EDX analysis 

Figure 14 shows the case of Ru0.5Pd0.5_C.  

RuxPd1-x systems supported on C were also analysed by high-resolution TEM. From the 

STEM analysis the metals are well dispersed over the whole surface of the carbon but there is not 

evidence of formation of a nano-ally. The very small nanoparticles are only very close as shown in 

Figure 14. 

4.2.2.2  Use of Carbon as a stabilizing agent 

 

The procedure above described using NaBH4 as a reducing agent was also used by replacing 

the ionic liquid with powdered carbon (Vulcan X) as a stabilizing agent. In this case, at rt, an aqueous 

solution (5 mL) containing the metal precursors (K2PdCl4 and RuCl3·nH2O) was added to an aqueous 
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suspension of the carbon support (200 mg in 20 mL). Aqueous NaBH4 (5 mL, 0.3 M) was rapidly 

introduced and the resulting solution was left under stirring for 2 h at rt. The supported nanoparticles 

were then dried ad described in the experimental section. Three bimetallic systems of formula 

Ru0.5Pd0.5_NaBH4_C, Ru0.6Pd0.4_NaBH4_C, and Ru0.4Pd0.6_NaBH4_C, respectively, comprised of 

well dispersed supported nanoparticles with a good shape and size homogeneity were obtained. The 

size was around 3-4 nm in all samples. As an example, Figure 15 shows the TEM image of 

Ru0.5Pd0.5_NaBH4_C.  

 

3.1 ± 0.7 nm 

Figure 15. TEM image of Ru0.5Pd0.5 prepared with NaBH4 in presence of Carbon. 

The Ru0.6Pd0.4_NaBH4_C was characterized also by using high resolution TEM, and EDX map and 

linear analyses. Results are illustrated in Figure 16. The elemental analysis indicated the formation 

of a mixed ruthenium palladium system with a good homogeneity. This was likely due to the rapid 

addition of aq. NaBH4 to the solution of metal precursors (see above, the procedure) that prevented 

the degradation of the reducing agent in the water over time.  Despite the good morphologies of these 

samples, none of them was used for catalytic tests because of their high instability: they were high 

pyrophoric if exposed to air. 



 pag. 171 

 

Figure 16. EDX maps and linear composition analysis of Ru0.6Pd0.4_NaBH4_C 

 

As described above the synthesis of nano-alloy with a good grade of homogeneity is possible utilizing 

TEG as reducing agent in presence of PVP. The addition of carbon in the TEG-PVP solution allows 

the one pot synthesis of supported nano-alloys with ratio RuxPd1-x. The formation of nano-alloys was 

confirmed by STEM and XRD analyses. Using NaBH4 as reducing agent the preparation of a non-

homogeneous nano-alloys occurred only using carbon as support while the use of IL drove to the 

formation of single metals very small nanoparticles with a high grade of dispersion as shown in figure 

14. 

 

4.2.3 Catalytic tests 
 

4.2.3.1 Hydrogenolysis of glycerol 

 

Catalysts. Some of the above prepared Ru-Pd bimetallic systems supported on C were initially tested 

as catalysts for the hydrogenolysis of glycerol and their activity was compared to that of monometallic 

samples based on Ru/C and Pd/C. Among those described in the previous paragraph, the bimetallic 

specimens selected for this study were chosen for their homogenous dispersion of metal nanoparticles 

on the support and their stability. Table 2 summarized the basic features of the used catalysts.   

    



 pag. 172 

 

Table 2. Mono- and bi-metallic catalysts used to investigate the hydrogenolysis of glycerol in this study   

Entry Catalyst label Source Preparation method 
Metal  

(wt%) 

1 Ru/C Aldrich na Ru (5) 

2 Pd/C Aldrich na  Pd (5) 

3 Ru/C + Pd/C  Mechanical mixing of entries 1 and 2 
Ru (5)  

Pd (5)  

4 Ru0,5Pd0,5_C01 This work Procedure of paragraph 1.2.1 
Ru (5)  

Pd (5) 

5 Ru0,5Pd0,5_C02 This work Procedure of paragraph 1.2.1 
Ru (5)  

Pd (5) 

6 Ru0,5Pd0,5_C04 This work Procedure of paragraph 1.2.1 
Ru (5)  

Pd (5) 

7 Ru0,3Pd0,7_C04 This work Procedure of paragraph 1.2.1 
Ru (3)  

Pd (7) 

8 Ru0,7Pd0,3_C04 This work Procedure of paragraph 1.2.1 
Ru (7)  

Pd (3) 

9 Ru0,5Pd0,5_IL_C This work Procedure of paragraph 1.2.2.1 
Ru (5)  

Pd (5) 

10 Ru0,5Pd0,5_NBH4_C This work Procedure of paragraph 1.2.2.2 
Ru (5)  

Pd (5) 

 

 Catalytic hydrogenolysis. A typical procedure is described for the model catalyst Ru0.5Pd0.5/C.  

A stainless-steel autoclave was charged with an aq. glycerol solution (10 mL, 10% w/w) and RuxPd1-

x/C (10wt %: 75 mg; 0,037 mmol of Ru and 0,037 mmol of Pd), and heated at  150 °C under 60 bar 

of gaseous H2 (60 bar). Experiments were carried out for 12 h under vigorous magnetic stirring.  

Thereafter, the vessel was cooled to rt and purged. The conversion of glycerol and the products 

distribution were evaluated by GC-FID analyses using triethylenglycol dimethylether as a standard.  

Detected products were ethylene glycol (EG), 1,2-propanediol (1,2-PDO), and “others” which 

included light liquid derivatives (EtOH, MeOH, 1-PrOH, 2-PrOH) and gaseous compounds as CH4, 

CO,  (see also chapter 3). Table 3 shows the results for each of the tested catalyst.  
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 Table 3. The hydrogenolysis of glycerol over mono- and bi-metallic catalysts. 

Entry  Catalyst 

Glycerol 

Conversion 

(%) 

Selectivity (%) 

EG 1,2-PDO Othersa 

1 Ru/C 64 24 15 61 

2 Pd/C 1 - - - 

3 Ru/C + Pd/C 50 20 20 60 

4 Ru0,5Pd0,5_C01 5 50 47 3 

5 Ru0,5Pd0,5_C02 4 53 45 2 

6 Ru0,5Pd0,5_C04 15 55 30 15 

7 Ru0,3Pd0,7_C04 13 60 25 25 

8 Ru0,7Pd0,3_C04 20 53 30 17 

9 Ru0,5Pd0,5_IL_C 0 - - - 

10 Ru0,5Pd0,5_NBH4_C 60 44 21 35 

Reaction conditions: aq. glycerol solution (10 mL, 10% w/w), 75 mg of the selected catalyst, gaseous H2 (60 bar), 12 h 

at 150 °C. a Total of light liquid products (EtOH, MeOH, 1-PrOH, 2-PrOH) and gaseous products.   

 

Bimetallic systems proved in general, poorly active: typical conversions ranged from 5 to 20% 

(entries 4-8) compared to 64 and 50% achieved by Ru/C and the mechanical mixture Ru/C+Pd/C, 

respectively (entries 1 and 3). Especially, the catalysts synthetized using TEG and PVP (entries 4, 6-

8) showed a very low activity, suggesting a poisoning effect due to residual PVP adsorbed on the 

surface of the metal nanoparticles. This behaviour was even more pronounced for Ru0,5Pd0,5_IL_C: the 

plausible poisoning induced by the IL (Aliquat 336 employed as the stabilizing agent) made the system totally 

ineffective (entry 9). 

The only exception was Ru0.5Pd0.5_NBH4_C by which the conversion of glycerol was improved up 

to 60% (entries 10).  

In all cases, however, the selectivity was rather unsatisfactory. Although bimetallic catalysts showed 

a lesser activity for C-C bond cleavage than Ru/C and Ru/C+Pd/C, significant amounts of both EG 

and “others” as by-products were still observed: for example, in the presence of Ru0.5Pd0.5_NBH4_C,   

EG, 1,2-PDO, and others were obtained with a selectivity of 44, 21%, and 35%, respectively.  

The overall results indicated that the tested catalysts were not promising for the hydrogenolysis of 

glycerol. Ru-Pd systems were therefore no longer considered in this investigation. 
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4.2.3.2 Hydrogenation of Levulinic acid in the presence of Formic acid. 

 

Two of the catalysts of Table 3, specifically Ru0,5Pd0,5_C04 and Ru0.5Pd0.5_NBH4_C, were 

tested to explore the conversion of levulinic acid (LA) to -valerolactone (GVL) in the presence of   

formic acid (FA). This reaction was thoroughly described in chapter 2.   

Initial tests were carried out to investigate whether FA could act as a transfer hydrogenation 

agent through its decomposition of FA into H2 and CO2. This study was conducted at the Kyoto 

University where no steel pressure vessels (autoclaves) were available. Therefore, an Ace pressure 

tube (15 mL, L × O.D. 10.2 cm × 25.4 mm) was used as the reactor. This was filled with an aq. FA 

solution (10 mL, 0,36 M) and the catalyst of choice (15-50 mg), and heated for 12 h at different 

temperatures of 60, 80, 100, 110 and 120 °C. The latter (120 °C) was the upper limit compatible with 

the used reactor. Under such conditions, the decomposition of FA did not take place, not even at trace 

levels.   

Thereafter, at the Ca’ Foscari university labs, the study was resumed using a 150-mL 

autoclave as the reactor, both with and without an additional H2 pressure. A 25-mL tubular glass vial 

(Pyrex) was charged with an equimolar aq. solution of FA and LA (10 mL; 0,36 M in each acid) and 

the selected catalyst (15 mg: 10 wt % of Ru+Pd loading). The vial was placed in a jacketed steel 

autoclave equipped with a manometer, and heated at 130 °C, while the mixture was kept under 

magnetic stirring at a rate of 1300 rpm. The same procedure was used providing also additional H2 

pressure of 35 bar. The most representative results are reported in Table 4.  

Table 4. The reaction of LA in the presence of FA and Ru/C or Ru-Pd bimetallic systems as catalysts. 

Entry Catalyst 

H2 

pressure 

(bar) 

Time 

(h) 

FA 

decomposition 

(%) 

LA 

conversion 

(%) 

GVL 

selectivity 

(%) 

1 

Ru/C 

/ 24 / / / 

2 35 8 / 50 99 

3 35 24 / 97 99 

4 
Ru0.5Pd0.5_C04 

/ 24 5 / / 

5 35 24 4 70 99 

6 
Ru0.5Pd0.5_NaBH4_C 

/ 24 8 / / 

7 35 24 10 90 99 
A mixture comprised of an equimolar aq. solution of FA and LA (10 mL, 0,36 M in each acid) and the selected catalyst 

(15 mg) was set to react at 130 °C. a 30 mg of 5% Ru/C were used   

 

In the absence of an external hydrogen source, no reaction was observed over Ru/C (used as reference 

catalyst), while both Ru0.5Pd0.5_C04 and Ru0.5Pd0.5_NaBH4_C showed a modest activity towards the 

decomposition of FA (5 and 8%; entries 4 and 9).  No conversion of LA was detected in all cases. In 

the presence of gaseous H2, the bimetallic systems did not apparently offer any substantial 

improvement with respect to Ru/C (compare entries 3, 5 and 9). 
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Results gathered so far are, however, at a very preliminary stage and they require further 

investigations which will the object of future studies.       
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4.3 Conclusions 
 

The structure of bimetallic nanoparticles can be oriented from alloy to core–shell and can be mediated 

both by the preparation conditions as well as the properties of metal components. Alloying or 

segregation ability of two metals depends on the relative strengths of metal–metal bond, the surface 

energies of bulk elements, the difference in the standard reduction potentials of metals and their 

relative atomic sizes. Herein, we studied different approaches for the synthesis of RuPd bimetallic 

systems and protocols to support them on carbon. The RuPd systems were then characterized by TEM, 

EDX and XRD analyses. In summary, PdxRu1−x solid solution alloy nanoparticles were obtained 

through a chemical reduction method based on TEG as a reducing agent and PVP as a stabilizer. From 

XRD spectra, the structure of PdxRu1−x changed from fcc to hcp with increasing Ru content. The 

addition of black carbon in the TEG solution allowed an efficient one-pot protocol for the preparation 

of supported nanoparticles, with an increased metal dispersion. On the other hand, a facile room 

temperature aqueous approach was also implemented for the direct synthesis of bimetallic (RuxPd1−x) 

nanoparticles employing an ionic liquid as a trapping agent. These nanoparticles have been then 

successfully isolated from the IL and supported on black carbon. The high reactivity of the NaBH4 as 

a reducing agent allowed to obtain C-supported RuPd systems without employing further additives. 

Although the metal nanoparticles are highly dispersed on the carbon support, improvements on their 

structural homogeneity are necessary. 

The bimetallic systems synthetized have been studied as catalysts for the hydrogenolysis of 

glycerol and the hydrogenation of levulinic acid in the presence of formic acid. At the present stage, 

the preliminary available results suggest that bimetallic systems are not able to significantly improve 

the reactions outcome, in terms of both conversion and selectivity, with respect to monometallic 

systems, i.e. 5% Ru/C taken as a reference catalyst.  

A lot of further work should be however conducted in this field and to highlight also other 

applications of these bimetallic systems. Improvements of the structure homogeneity and the catalytic 

activity can be possibly achieved by studying the effects of the concentration of the precursor’s 

solution, the washing processes and activation strategies such as high temperature treatments in H2 

atmosphere.  

 

 



 pag. 177 

4.4 Experimental section 
 

4.4.1 General 
 

Glycerol, levulinic acid, formic acid, 5% Ru/C, i-octane, ethanol, acetone, diethylenglycol 

dimethylether [diglyme, MeO(CH2CH2O)2Me], triethylenglycol dimethylether [triglyme, 

MeO(CH2CH2O)3Me], Aliquat 336, RuCl3*H2O, were commercially available compounds sourced 

by Aldrich. PVP-40 (polyvinylpyrrolidone, MW = 40000), triethylenglycol (TEG), ethylenglycol 

(EG), diethylenglycol (DEG), Na2PdCl4, and K2PdCl4 were sourced by WAKO. If not otherwise 

specified, they were employed without further purification. Water was milli-Q grade. 

TEM images of the synthesized nanoparticles were recorded on a Hitachi HT7700 TEM instrument 

at 100 kV, available at the Kyoto University. High-resolution scanning transmission electron 

microscopy (HRSTEM), high-angle annular dark-field (HAADF)- STEM and EDX analyses were 

recorded on a Hitachi HD-2700 STEM instrument operated at 200 kV at the Naka Application Center, 

Hitachi High-Technologies Corporation and a JEM-ARM 200F STEM instrument operated at 200 

kV. X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Shimadzu ESCA-3400 X-

ray photoelectron spectrometer available at the Kyoto University. GC–MS (EI, 70 eV) and GC (flame 

ionisation detector; CG/FID) analyses were performed with an HP5-MS capillary column (L = 30 m, 

Ø = 0.32 mm, film = 0.25 mm) and an Elite-624 capillary column (L = 30 m, Ø = 0.32 mm, film =1.8 

mm), respectively. H2 gas was purchased from SIAD, Italy. 

1H NMR spectra were recorded at 400 or 300 MHz, and 13C NMR spectra were recorded at 100 MHz; 

chemical shifts are reported downfield from tetramethylsilane (TMS), and D2O was used as solvent. 

 

4.4.2 Catalysts preparation 
 

4.4.2.1 Nanoparticles of Ru (Ru-NPs) 

 

In a 50-mL flask, ethylene glycol of (EG: 25 mL) and polyvinylpyrrolidone (PVP: 0.33 g, 3 mmol) 

were introduced and stirred at room temperature for 30 min. Ruthenium chloride hydrate (0.452 g, 

2,1 mmol) was then added and the solution was heated at 200 °C (reflux of EG) for 3 hours. Thereafter, 

Ru-NPs were recovered by the following procedure:  

1) In a 50 mL centrifugation vessel, the NPs solution (5 mL) was mixed with Et2O (10 mL) and 

Acetone (5 mL). The mixture was then centrifuged for 3 minutes at 7000 rpm. The upper 

liquid phase was discarded (this step eliminated part of the PVP and the EG). 
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2) to the solution recovered after step 1, H2O (5 mL) was added and then sonication was applied 

until the complete dispersion of NPs in water. Acetone (10 mL) and Et2O (2.5 mL) were then 

introduced and the mixture was further centrifuged at 7000 rpm for 3 min. The aqueous phase 

was discarded (this step eliminated the residual precursor and the formed salts). 

3) to the solution recovered after step 2, EtOH (5 mL) was added and sonication was applied 

until the complete dispersion of the NPs. Then, centrifugation (5 min at 7000 rpm) allowed to 

precipitate the NPs. The liquid phase was discarded. The step 3 was repeated at least 3 times 

to remove as much PVP as possible. 

4) The nanoparticles were finally dried in vacuum overnight before performing any analysis or 

reaction. 

  

Figure 18. TEM images of Ru-NPs: resolution 200 nm (left), 50 nm (right). Size: 5 ± 0,5 nm. 

 

4.4.2.2 Ru0.5Pd0.5_PVP NPs 

In a beaker, a mixture of triethylene glycol (TEG, 100 mL) and PVP (0.11 g, 1 mmol) were 

heated at 200 °C. At the same time, a second mixture of K2PdCl4 (77 mg, 0.24 mmol) and RuCl3·nH2O 

(62.5 mg, 0.24 mmol) was dissolved in H2O (25 mL). The aq. solution of the metal precursors was 

slowly sprayed over the TEG solution while the temperature was kept stable at 200 °C (Scheme 1). 

Once the addition of the water solution was complete, the reactant solution was kept at 200 °C for 

additional 15 minutes. It was then cooled to room temperature. The isolation of NPs was carried 

according to steps 1-4) described above for Ru-NPs.   
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Scheme 1. The synthesis of Ru0,5Pd0,5_PVP NPs 

 

4.4.2.3 Ru0.5Pd0.5_PVP_C_01 

 

Ru0.5Pd0.5_PVP (10 mg of NPs) was dispersed EtOH (4.5 mL), under sonication. In a different 

vessel, finely powdered solid carbon (Vulcan X, 100 mg) was suspended in EtOH (20 mL), under 

sonication. The two suspensions were then mixed and left under stirring overnight (15 hours). The 

total metal loading on carbon was 10 wt%. 

4.4.2.4 Ru0.5Pd0.5_C_02 

In a beaker, TEG (100 mL) was heated at 200 °C. At the same time, a second mixture of 

K2PdCl4 (77 mg, 0.24 mmol), RuCl3·nH2O (62.5 mg, 0.24 mmol), and finely powdered solid carbon 

(Vulcan X, 500 mg) was dissolved/suspended in H2O (25 mL). The suspension was slowly added 

with a pipette to TEG, while the temperature was kept stable at 200 °C (Scheme 2). Once the addition 

of the suspension was complete, heating was allowed for further 15 minutes at 200 °C. The suspension 

was cooled to rt, cooling at room temperature and the isolation of NPs was carried according to steps 

1-4) described above for Ru-NPs.   
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Scheme 2. The synthesis of Ru0.5Pd0.5_C_02 

 

4.4.2.5 Ru0.5Pd0.5_C_03 

In a beaker, TEG (100 mL) was heated at 200 °C. At the same time, a second mixture of 

K2PdCl4 (77 mg, 0.24 mmol), RuCl3·nH2O (62.5 mg, 0.24 mmol), and finely powdered solid carbon 

(Vulcan X, 500 mg) was dissolved/suspended in H2O (25 mL). The suspension was slowly sprayed 

over TEG, while the temperature was kept stable at 200 °C (Scheme 3). Once the addition of the 

suspension was complete, heating was allowed for further 15 minutes at 200 °C. The suspension was 

cooled to rt, cooling at room temperature and the isolation of NPs was carried according to steps 1-

4) described above for Ru-NPs.   

 

Scheme 3. The synthesis of Ru0.5Pd0.5_C_03 

 

 

 

4.4.2.6 Ru0.5Pd0.5_C_04 

In a beaker, a mixture of TEG (100 mL), PVP (0.055 g, 0.5 mmol), and finely powdered solid 

carbon (Vulcan X, 500 mg) was heated at 200 °C. At the same time, a second mixture of K2PdCl4 (77 

mg, 0.24 mmol) and RuCl3·nH2O (62.5 mg, 0.24 mmol) was dissolved in H2O (25 mL). The solution 

of metal precursors was slowly sprayed into the TEG/PVP/C suspension, while the temperature was 

kept stable at 200 °C (Scheme 4). Once the addition of the suspension was complete, heating was 

allowed for further 15 minutes at 200 °C. The suspension was cooled to rt, cooling at room 

temperature and the isolation of NPs was carried according to steps 1-4) described above for Ru-NPs.   
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Scheme 4. The synthesis of Ru0.5Pd0.5_C_04 

 

4.4.2.7 Ru0.3Pd0.7_C_02 

In a beaker, a mixture of TEG (100 mL), PVP (0.055 g, 0.5 mmol), and finely powdered solid 

carbon (Vulcan X, 500 mg) was heated at 200 °C. At the same time, a second mixture of K2PdCl4 

(111 mg, 0.34 mmol) and RuCl3·nH2O (38.2 mg, 0.14 mmol) was dissolved in H2O (25 mL). The 

solution of metal precursors was slowly sprayed into the TEG/PVP/C suspension, while the 

temperature was kept stable at 200 °C (Scheme 5). Once the addition of the suspension was complete, 

heating was allowed for further 15 minutes at 200 °C. The suspension was cooled to rt, cooling at 

room temperature and the isolation of NPs was carried according to steps 1-4) described above for 

Ru-NPs.   
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Scheme 5. The synthesis of Ru0.3Pd0.7_C_02 

 

4.4.2.8 Ru0.7Pd0.3_C_01 

In a beaker, a mixture of TEG (100 mL), PVP (0.055 g, 0.5 mmol), and finely powdered solid 

carbon (Vulcan X, 500 mg) was heated at 200 °C. At the same time, a second mixture of K2PdCl4 (47 

mg, 0.14 mmol) and RuCl3·nH2O (89 mg, 0.34 mmol) was dissolved in H2O (25 mL). The solution 

of metal precursors was slowly sprayed into the TEG/PVP/C suspension, while the temperature was 

kept stable at 200 °C. Once the addition of the suspension was complete, heating was allowed for 

further 15 minutes at 200 °C. The suspension was cooled to rt, cooling at room temperature and the 

isolation of NPs was carried according to steps 1-4) described above for Ru-NPs.   

4.4.2.9 Ru0.5Pd0.5_ NaBH4_C 

In a beaker, a suspension of H2O (20 mL) and finely powdered solid carbon (Vulcan X, 200 

mg) was stirred at room temperature. At the same time, a second mixture of Na2PdCl4 (31 mg, 0,096 

mmol) and RuCl3·nH2O (25 mg, 0.096 mmol) was dissolved in H2O (5 mL). The solution of the metal 

precursors was then added to the aq. suspension and stirring was allowed for 15 min. Thereafter, a 

solution of NaBH4 (57 mg) in H2O (5 mL) was rapidly mixed with the suspension and left under 

stirring for 2 hours. The isolation of carbon-supported NPs was carried by filtration, washing of the 

solid with abundant water first, and then EtOH (to remove all residual salts), and drying under vacuum 

overnight. 

4.4.2.10 Ru0,3Pd0,7_ NaBH4_C 

In a beaker, a suspension of H2O (20 mL) and finely powdered solid carbon (Vulcan X, 200 

mg) was stirred at room temperature. At the same time, a second mixture of Na2PdCl4 (39 mg, 0,13 
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mmol) and RuCl3·nH2O (15 mg, 0.006 mmol) was dissolved in H2O (5 mL). The solution of the metal 

precursors was then added to the aq. suspension and stirring was allowed for 15 min. Thereafter, a 

solution of NaBH4 (57 mg) in H2O (5 mL) was rapidly mixed with the suspension and left under 

stirring for 2 hours. The isolation of carbon-supported NPs was carried by filtration, washing of the 

solid with abundant water first, and then EtOH (to remove all residual salts), and drying under vacuum 

overnight. 

4.4.2.11 Ru0.5Pd0.5-IL 

 

In a beaker, a mixture of H2O (20 mL) and Aliquat 336 (methyl trioctyl ammonium chloride, 

1 mL) was stirred at room temperature. At the same time, a second mixture of Na2PdCl4 (31 mg, 0,096 

mmol) and RuCl3·nH2O (25 mg, 0.096 mmol) was dissolved in H2O (5 mL). The solution of the metal 

precursors was then added to the aq. suspension and stirring was allowed for 15 min. Thereafter, a 

solution of NaBH4 (57 mg) in H2O (5 mL) was rapidly mixed with the suspension and left under 

stirring for 2 hours. The NPs were isolated by using basically the same procedure described in the 

paragraph 1.4.2.1 (steps 1-4).   

1) In a 50 mL centrifugation vessel, the NPs solution (5 mL) was mixed with Et2O (10 mL) and 

Acetone (5 mL). The mixture was then centrifuged for 3 minutes at 7000 rpm. The upper 

liquid phase was discarded (this step eliminated part of Aliquat 336). 

2) to the solution recovered after step 1, H2O (5 mL) was added and then sonication was applied 

until the complete dispersion of NPs in water. Acetone (10 mL) and Et2O (2.5 mL) were then 

introduced and the mixture was further centrifuged at 7000 rpm for 3 min. The aqueous phase 

was discarded (this step eliminated the residual precursor and the formed salts). 

3) to the solution recovered after step 2, EtOH (5 mL) was added and sonication was applied 

until the complete dispersion of the NPs. Then, centrifugation (5 min at 7000 rpm) allowed to 

precipitate the NPs. The liquid phase was discarded. The step 3 was repeated at least 3 times 

to remove as much IL as possible  

4) The nanoparticles were dried in vacuum overnight before performing any analysis or reaction. 

 

 

4.4.2.12 Ru0.1Pd0.9, Ru0.2Pd0.8, Ru0.3Pd0.7, Ru0.4Pd0.6, Ru0.6Pd0.4, Ru0.7Pd0.3, Ru0.8Pd0.2 and Ru0.9Pd0.1 

 

The above described procedure used for the synthesis of Ru0.5Pd0.5-IL was repeated to prepare 

also the samples Ru0.1Pd0.9, Ru0.2Pd0.8, Ru0.3Pd0.7, Ru0.4Pd0.6, Ru0.6Pd0.4, Ru0.7Pd0.3, Ru0.8Pd0.2 and 
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Ru0.9Pd0.1. The amounts of Na2PdCl4 and RuCl3·nH2O were adjusted case-by-case, according to the 

desired molar fractions of Ru and Pd.  

 

4.4.2.13 Hydrogenolysis of Glycerol.  

 

In a typical hydrogenolysis experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) 

was charged with a glycerol water solution (10 mL, 10% w/w) and a selected Ru-Pd/C (75 mg, 10 

wt%, see Table 2) as a catalyst. The vessel was placed in a jacketed steel autoclave equipped with a 

manometer and two needle valves by which, at rt, H2 was admitted at the desired pressure. The 

autoclave was then heated by oil circulation at the desired temperature (150 °C), while the mixture 

was kept under magnetic stirring at a rate of 1300 rpm. After 12 hours, the autoclave was cooled to 

rt, and purged. Thereafter, an aliquot (0.5 mL) of the water solution was collected, mixed with an aq. 

solution of triethylenglycol dimethylether as external standard [triglyme, MeO(CH2CH2O)2Me; 0.01 

M, 0.5 mL], and analysed by GC to determine the conversion of glycerol and the selectivity towards 

the observed products (1,2-propanediol and ethylene glycol).  

 

4.4.2.14 The reaction of LA in the presence of FA 

 

Procedure A: the investigation of the decomposition of FA  

An Ace pressure tube of ~15 mL (L × O.D. 10.2 cm × 25.4 mm) equipped with a neoprene o-

ring was used as reactor. The reactor was filled with an aq. solution of FA (10 mL, 0.36 M) and the 

selected catalyst (15-50 mg, see Table 2 and paragraph 1.2.3.2), and heated for 12 h at different 

temperatures of 60, 80, 100. 110, and 120 °C. To evaluate the decomposition of the formic acid, an 

aliquot (few drops) of the final reaction mixture was withdrawn, dissolved in D2O, and analysed by 

1H NMR.  

Procedure B: the hydrogenation of LA in the presence of FA 

In a typical experiment, a 25-mL tubular reactor of borosilicate glass (Pyrex) was charged 

with an equimolar aq. solution of levulinic acid and formic acid (10 mL, 0.36 M in each acid), and 

the selected catalyst (15 mg, see paragraph 1.2.3.2). The vessel was placed in a jacketed steel 

autoclave equipped with a manometer, heated at 130 °C, while the mixture was kept under magnetic 

stirring at a rate of 1300 rpm. Experiments were also carried out by charging the autoclave with 

additional 35 bar of gaseous H2. After different time intervals (8-24 hours), the autoclave was cooled 

to rt, and purged. An aliquot (0.5 mL) of the water solution was collected, mixed with an aq. solution 
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of diethylenglycol dimethylether as external standard [diglyme, MeO(CH2CH2O)2Me; 0.01 M, 0.5 

mL], and analysed by GC to determine the conversion of levulinic acid and the selectivity towards -

valerolactone as the reaction product. The formic acid decomposition was determined by H1NMR. 
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