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Abstract 

 

 

 

 

This doctoral work is focused on the sustainable valorization of cellulose 

and its derivable molecules, through the application of the hydrogenolysis 

technology, by using heterogeneous Pd-based catalysts, in order to achieve 

products with high-added values, such as chemicals and fuels. In particular, 

the study of hydrogenolysis has been conceived with a bottom-up approach 

starting from polyols, namely sorbitol (C6) and shorter polyols (C5-C2), to 

approach finally the cellulose, with the aim to unravel the reactivity and 

selectivity, and to understand the mechanism of reactions involved.  

This study is mainly devoted toward the investigation of the bimetallic 

co-precipitated Pd/Fe3O4 catalyst, therefore its textural and structural 

characteristics have been deeply elucidated through several characterization 

techniques (XRD, TEM, H2-TPR, XPS and EXAFS), in order to highlight the 

key factors that determine its unique catalytic performances observed. A 

comparison of the performance of the bimetallic Pd/Fe3O4 catalyst and that of 

the commercial Pd/C was also performed. The importance of the mechanical 

pretreatment of cellulose (e.g. ball milling) and the role of water in its 

hydrogenolysis were also assessed. 

The last part of this doctoral study was dedicated to the investigation of 

hydrogen donor (H-donor) molecules, such as limonene and 2-propanol, 

studying the conversion of cellulose, by using the bimetallic Pd/Fe3O4 catalyst. 

These reactions were performed in presence and in absence of water, in order 

to understand its role. 
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Chapter 1 

 

 

 

INTRODUCTION 

 

1.1. Sustainable production of chemicals from lignocellulosic 

biomass 

The increasing interest in producing fuels and chemicals from biomasses 

is mainly derived from the rapid growth of the worldwide energy demand. 

Furthermore, two oil crises within the 20th century, the gradual depletion of 

oil and gas resources, combined with an increased demand for energy and the 

global warming are forcing the scientific community to investigate new, 

sustainable, cost efficient and renewable substitutes to fossil fuels.  

To replace effectively fossil-derived fuels and chemicals, the resources 

must be renewable, of sufficient abundance and not in competition with 

agricultural land and food production. For all these reasons, the most 

promising sustainable source of organic carbon is the biomass from plants, 

since it is abundant, inexpensive, renewable, and CO2-neutral feedstock. The 

definition of biomass consists in the biodegradable fraction of products, 

wastes and residues from biological origin, from agriculture (including 

vegetal and animal substances), from forestry, as well as the biodegradable 

fraction of industrial and municipal waste [1]. Moreover, biomass has the big 

advantage to be available all over the world (not being located in specific 

geographical territories, like fossil fuels), representing a strategic point not 

only to achieve a safe energy supply, but also to promote local economies. The 

valorization of renewable materials represent an effective way to limit 

excessive carbon dioxide release in the Earth atmosphere. Many potential 
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building blocks and fine chemistry intermediates can be produced by biomass 

conversion.  

In particular, nowadays, the worldwide attention is focusing on the use 

of lignocellulosic biomasses (also known as biomass of 2nd generation), 

exclusively derived from residues or waste, inedible raw materials and 

collected from non-cultivable lands. Indeed, the lignocellulosic biomass is 

readily available from various waste streams, including agriculture, forestry 

and paper industry and is produced in large quantities (170-200 x 109 t/year) 

worldwide [2]. Therefore, lignocellulosic biomasses play a particularly crucial 

role being ethically sustainable and not in competition with edible biomasses. 

For these precious reasons, at present, strong efforts are focused on the 

development of successful lignocelluloses-based technologies for the 

production of biofuels and bio-chemicals. 

Lignocellulosics have a complex “chemical-architecture” [3] and are 

mainly composed of cellulose, hemicellulose and lignin (Figure 1.1).  

 

Figure 1.1 Chemical structure of lignocellulosic material and its constituents:    

cellulose, hemicellulose, lignin [4]. 

 

The three main constituents of lignocellulosics can be transformed into 

biomass-derived platform chemicals with varying compositions and 
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functionalities. A variety of chemical routes and industrial processes have 

been explored to valorize lignocellulosic biomasses [5-15]. Monosaccharides 

and phenolic compounds are obtained from a low-cost biogenic feedstock, 

even though their fractionation, depolymerization and chemical upgrading 

can be rather complex and cost-intensive [16]. A non-exhaustive 

representation of the most important lignocellulosic-derivable molecules for 

chemical industry are reported in Figure 1.2. 

 

 

Figure 1.2 Chemical structure of cellulose, hemicellulose, lignin, and related 

derivable molecules [17]. 

 

Cellulose, the largest single component of lignocellulosic biomasses, is a 

polymer characterized by glucosidic units, with an average molecular weight 

of around 100,000 [3]. The glucose units are bonded through β-glycosidic 

linkages at the positions 1 and 4. The β-1,4- glycosidic linkages leads to side-

by-side disposition of the pyranose rings in long chains, forming an intense 

intramolecular hydrogen bonding between the groups nearby the glycosidic 
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bond; this feature maintains the structure of cellulose as a “planar sheet”, 

which can be packed as well through hydrogen bonds and a large number of 

Van der Waals weak interactions (Figure 1.3). In this arrangement, most 

chemical functions of cellulose are not accessible to enzymes, chemicals and 

solvents [18-20]. Cellulose is not digestible by humans, making its utilization 

in the chemical manufacture irrelevant for the human food supply. Therefore, 

the conversion of cellulose into added-value chemicals and/or fuel 

components is one of the core technologies in the modern bio-refinery [21-24]. 

The first step for cellulose valorization is based on its depolymerisation into 

oligomers and glucose followed by several type of catalytic reactions 

(hydrogenation, oxidations, esterification, etc.) for the manufacture of a pool 

of chemicals such as C6–C2 polyols, levulinic acid, hydroxymethylfurfural 

(HMF), among others ([21-25] and “references within”). Polyols, with their 

peculiar chemical properties, represent an important resource for production 

of several building-block chemicals. Indeed, sorbitol (C6 polyol), xylitol (C5 

polyol) and glycerol (C3 polyol) are included in the list of 12 potential biomass-

derived platform chemicals [26]. Moreover, among the family of biomass 

derived polyols, glycerol (C3 polyol) has become a primary building block 

being the main by-product in the biodiesel production [27-34]. 

 

Figure 1.3 Chemical structure of cellulose. 

 

Hemicellulose, unlike cellulose, has a heterogeneous chemical structure 

of pentoses, hexoses and sugar acids. Hardwood hemicelluloses is chiefly 

composed by xylans whereas softwood hemicellulose mainly consists of 

glucomannans (Figure 1.4) [35-36]. Hemicellulose can be easily hydrolyzed 

into its sugar constituents by chemical or enzymatic processes [37-39]. The 

chemical hydrolysis of hemicelluloses into xylose and arabinose is generally 

afforded in high yields and low costs. Xylose, in particular, is largely used in 

modern biorefineries to produce furfural (2-furaldehyde) through several 

homogeneous and heterogeneous catalytic processes [40]. Furfural, with a 
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world production of about 200,000 tonnes per year, is the key precursor of 

important building blocks such as furfuryl alcohol, 2-methylfuran, 2-

methyltetrahydrofuran and levulinic acid [41–43]. 

 

Figure 1.4 Chemical structure of hemicellulose. 

 

Lignin is unique among other biomass components, being characterized 

by an aromatic sub-structure with a large amount of etheric C–O bonds 

(Figure 1.5) [3]. The native constituents of lignin are therefore of particular 

interest for a lignocellulosic biorefinery aimed to the sustainable production 

of green aromatic compounds. At present, industrial processes are limited to 

vanillin and “kraft lignin” (about 60 kt/year) manufacture but, the research on 

the sustainable production of chemicals from lignin has developed rapidly in 

the last years [44–48]. To this regard, one of the major challenges is the low 

cost-effective catalytic depolymerization of lignin preserving its aromatic 

nature [49–61]. 

 

Figure 1.5 Chemical structure of lignin. 
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1.2. Deoxygenative technologies: Hydrogenolysis, CTH and APR 

Biomass-derived polyols are characterized by a higher O/C ratio with 

respect to fossil-derived feedstocks, because, in their structure, every carbon 

atom is linked to a hydroxyl group. Therefore, deoxygenative technologies 

could face the need of the effective reduction of the oxygen content allowing 

the production of new high added value chemicals ready to be integrated into 

the modern market chain [62,63]. 

Hydrogenolysis processes, among several technologies, have gained a lot 

of attention since these allow the breaking of carbon-carbon and/or carbon-

oxygen bonds in the presence of a hydrogen source [63–65]. One of the main 

drawbacks in hydrogenolysis, also known as “hydrodeoxygenation” if 

referred to the C–O bond breaking, is concerning the hydrogen management 

due to the poor solubility of molecular H2 that leads to a considerable safety 

hazard. Moreover, hydrogen supply and related purchase, transport and 

storage costs need to be considered. 

Alternatively to classic hydrogenolysis/hydrodeoxygenation processes, 

which generally require high pressure of molecular hydrogen, catalytic 

transfer hydrogenolysis (CTH) reactions by means of simple alcohols (2-

propanol, methanol and ethanol) and other hydrogen donor (H-donor) 

molecules (hydrazine, tetralin, formic acid, cyclohexene, etc.) have been 

generally proposed as an efficient alternative to the direct use of H2 in the 

course of the last decade [66-69]. Since their introduction in 1903 when 

Knoevenagel revealed the disproportionation of dimethyl-1,4-

dihydroterephthalate promoted by palladium black catalysts [70], CTH 

reactions are getting increasing attention improving the sustainability and 

economics of hydrogenation reactions in modern green chemistry since: (i) 

they do not require hazardous pressurized molecular hydrogen; (ii) the 

hydrogen donors are generally readily available, inexpensive, obtainable 

from renewable resources and easy to handle and (iii) they generally produce 

valuable by-products (i.e. oxidized alcohol products). Moreover, CTH has 

been successfully adopted in reducing the oxygen content in biomass-derived 

feedstocks [69]. 

Another efficient route to obtain the hydrogen necessary for the cleavage of 

C–C and C–O bonds stems also directly from biomass-derived molecules and 

by the aqueous phase reforming (APR) process [71-82]. The APR process 

presents many advantages than conventional steam reforming reactions 
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because it occurs, under mild conditions, in liquid phase and in a single 

reactor. The APR process converts starting substrates into hydrogen, through 

the breaking of C–C, C–H and O–H bonds and the subsequent water gas shift 

(WGS) reaction. In order to maximize the hydrogen production, a good APR 

catalyst needs to show significant activity in the C–C bond breaking and in 

the WGS reaction, but poor activity towards the C–O bond cleavage and 

methanation reaction. 

 

 

1.3.    Valorization of cellulose and polyols through hydrogenolytic 

technologies 

1.3.1 Hydrogenolysis   

The hydrogenolysis process consists in the reductive breaking of C-C and 

C-O bonds (in the case of cellulosic compounds) by means of hydrogen. This 

technology offers a promising potential to overcome the available 

technologies and to reach the need of the future refinery concept.  

The hydrogenolysis of cellulose was reported for the first time in 1925, 

when a dry distillation of cellulosic materials both in presence and in absence 

of a metal catalyst, at high temperatures and hydrogen pressures was 

performed [83]. In absence of catalyst a relevant formation of charcoal was 

observed, instead, in presence of a Ni-based catalyst, a distillate (composed of 

organic acids, ketones, alcohols, phenols and furans) yield higher than 80% 

was obtained. 

An increasing research followed, with the aim to improve the yield in 

hydrocarbons, in milder operating conditions, using a different feedstock, and 

a great attention was paid on the composition of the catalyst. Several works 

were focused on the conversion of municipal wastes, sewage sludge and 

newspapers. In some cases also continuous pilot plants were developed [84-

86]. In 1983 Johnson Matthey patented a production of fuel oil starting from 

municipal and agricultural wastes, using ruthenium and copper based 

catalysts [87].  

Since the beginning, studies on the hydrogenolysis of biomass-based 

materials demonstrated the relevant potential to obtain fuels and chemicals 

starting from renewable sources. Already in 1944 Berl highlighted the 



 

8 

 

fundamental importance to develop a method to synthesize fuels from 

biomass [88]. In our days, the need of catalytic processes for biomass 

conversion is renewed and it is becoming urgent.  

Beyond the conversion of the biomass in liquid fuels, it is also 

fundamental the hydrogenation of cellulose applied to the production of 

polyols (e.g. sorbitol, xylitol, erythritol, glycerol, 1,2-propanediol and 

ethylene glycol). For example, 1,2-propanediol and ethylene glycol are 

traditional products on large scale obtained from petrochemical industry. 

Also in these cases, the early applications, usually based on copper or nickel 

catalysts, showed the potential of cellulose for the production of short chain 

polyols [89,90].  

In order to utilize efficiently the cellulose, it is necessary to perform 

effectively the hydrolysis, which is the first step to breakdown its polymeric 

structure in order to obtain monomeric products (e.g. glucose, sorbitol). 

Indeed the thermally and chemically stable structure of the cellulose is hard 

to be deconstructed. However, the hydrolysis is typically favored by the 

addition of acid substances or by the water auto-protolysis, promoted at high 

reaction temperatures [91,92].   

Efficient catalysts for the hydrogenolysis of cellulose, should be able to 

promote both the initial hydrolysis into monomeric glucose and the following 

cascade reactions that lead to short chain polyols, being able to suppress the 

formation of side products, such as humins. So far, the catalysts studied most 

extensively for the hydrogenolysis of the cellulose, were nickel- and copper- 

based catalysts, nonetheless a great variety of other catalysts have been tested. 

However, the attention was mainly focused on the first reported catalysts 

because they are well known metals and able to catalyze the hydrogenation 

of glucose to sorbitol and the hydrogenolysis of glycerol [65,93]. 

The conversion of cellulose into hexitols may take place through two 

different mechanisms: the Eley-Rideal, where the hydrogenation of the 

carbonyl (un-adsorbed) occurs by the interaction with a metal-hydride 

surface, or the Langmuir-Hinshelwood, in which the carbonyl adsorbed on a 

vacant site interacts with a metal-hydride surface [65]. Typically, at 

temperatures higher than 200°C the hydrogenolysis reaction leads to 

formation of gaseous products and short chain polyols, indicating a great 

involvement of C-C bond cleavages. Short- chain polyols are commonly 



 

9 

 

obtained through decarbonylation, retro-aldol, retro-Michael and retro-

Claisen reactions. Whereas, the C-O bond cleavage is commonly considered 

to proceed through dehydration followed by keto-enol tautomerization and 

hydrogenation, leading to dehydroxylation products.  

Catalysts based on noble metals, exhibiting significant activity and high 

selectivity, are efficient towards the promotion of hydrogenation reactions 

and, for this reason, have been extensively investigated.  

Fukuoka and co-workers investigated the conversion of cellulose in 

presence of platinum-based catalysts supported on several silico-alluminated 

oxides, such as γ-Al2O3, SiO2-Al2O3 and HUSY zeolite, compared to Ru 

supported on HUSY. After 24 h of reaction at 190°C, with an initial pressure 

of 50bar of hydrogen. A 30% yield of sorbitol was obtained over all catalytic 

systems [94,95].  

The hydrogenolysis of cellulose into polyols promoted by the Ru/C 

catalyst and reversibly formed acids, was reported by Luo et al. [96]. At 245°C, 

using an initial pressure of 60 bar of hydrogen, within 30 min of reaction, the 

cellulose was completely converted and a 40% yield of hexitols was reached, 

even though consistent side reactions occur, leading to a broad distribution of 

products, such as sorbitan, xylitol, erythritol, glycerol, ethylene glycol, 

methanol and methane. Furthermore, the formation of humins contributes to 

an overall low carbon efficiency of the process. The authors performed the 

reaction also in different solvents than water (e.g. dioxane or ethanol), where 

no reactivity was found, revealing the essential role of water for the 

conversion of cellulose [96]. 

Wang and co-workers report a catalytic screening of numerous metals 

over several supports, identifying the Ru/CNT as the catalytic system able to 

obtain superior yields of sorbitol, starting from un-pretreated cellulose 

(having 85% of crystallinity). Indeed, a 36% yield of sorbitol is obtained after 

24 h of reaction at 185°C, starting with a pressure of 50 bar of hydrogen. 

Significant improvements can be obtained when the cellulose is pretreated: a 

69% yield of sorbitol is obtained starting from a cellulose having the 33% of 

crystallinity, within the same operating conditions [97]. 

The addition of acids to the reaction is a fundamental expedient to enable 

the hydrolysis of cellulose in milder conditions, being usually the limiting 

step of the overall hydrogenolitic process. On this purpose, Palkovits and co-
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workers investigated the hydrogenolysis of cellulose combining catalysts of 

ruthenium, platinum or palladium supported on activated carbon in presence 

of phosphoric or sulphuric acids. Thanks to the presence of mineral acids, a 

temperature of 160°C and 50 bar of initial hydrogen pressure, are enough to 

obtain high conversion of cellulose. Full conversion and 60% yield of C4-C6 

sugars are also obtained in presence of Ru/C and sulphuric acid [98]. 

Furthermore, the same group investigated the combination of heteropoly 

acids (i.e. H3PW12O40 and H4SiW12O40) with the Ru/C catalyst, that allows to 

obtain 80% yield of sugar alcohols within 7 h of reaction. Interestingly, such 

system can be applied also to a real biomass feedstock (i.e. spruce), obtaining 

full conversion of cellulose and hemicellulose with a 67% yields of polyols 

[99]. 

Sels and co-workers optimized the operating conditions to obtain full 

conversion of ball milled cellulose and 100% selectivity into hexitols, 

including 85% of sorbitol and 15% of sorbitan, starting from a concentrated 

cellulosic feed, using a mixture of heteropoly acids and the Ru/C catalyst 

[100]. Furthermore, the same group investigated cesium salts of heteropoly 

acids combined with the Ru/C catalyst. Working in this way, higher activities 

were obtained and the cesium salts showed the advantage to facilitate the 

recycle of the acid catalysts, because they can be re-crystallized at room 

temperature [101]. Even more, yields up to 90% of hexitols are obtainable 

using traces concentration of mineral acids (35-177 ppm) coupled with 

ruthenium-supported on zeolites (i.e. USY and MOR) [102]. 

Tungstic acid combined with Ru/C catalyst was used to obtain ethylene 

glycol (yields up to 50%) starting from cellulose, within 30 min of reaction at 

245°C and an initial pressure of 60 bar of hydrogen [103]. Even if a full 

conversion of cellulose can be obtained, the process suffers of low carbon 

efficiency, since several other products are obtained. An interesting 

advantage regarding the use of tungstic acid is the evidence that it is soluble 

in water at high temperatures (therefore the reaction is actually 

homogeneously catalyzed). However, at room temperature, tungstic acid is 

insoluble in water, facilitating its recover and reusability: more than 20 cycles 

of reaction were performed and a leaching of tungsten <50ppm was 

registered. 
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Wu et al. applied the sulfonic acid mesoporous silica (MCM-41) together 

with Ru/C, at 230°C and 60 bar of H2, to obtain - after 40 min of reaction - 

propanediol and ethylene glycol as main products [104]. 

An innovative approach was reported by Rinaldi, which combines the 

mechanocatalysis to the depolymerization of cellulose, followed by 

hydrogenolysis [105,106]. The basic concept consists in the ball milling of the 

cellulose in presence of low amounts of impregnated mineral acids (e.g. 

sulphuric acid, chloric acid), in order to promote the depolymerization of 

cellulose. In this way, the soluble product obtained was hydrogenated in 

presence of the Ru/C catalyst, obtaining up to 94% yield of hexitols and the 

possibility to perform up to 6 cycles of reaction. The same authors upgraded 

the approach using α-cellulose, beechwood, and poplar wood in Simoloyer 

mills operating on hectogram and kilogram scales [107]. Innovative 

approaches were also reported by the Fukuoka research group, where the so-

called ‘mix-milling’ process consists in the enhancement of the solid-solid 

contact between cellulose and the carbon catalyst through a pretreatment 

[108,109]; also the realization of a carbonaceous catalyst, prepared starting 

from the same woody biomass substrate (Eucalyptus), was presented [110]. 

Contrarily to expensive and rare noble metals, base-metals are cheaper 

and less rare. Therefore, base metal based catalysts could be more feasible 

even if they show lower activity in hydrogenation reactions. In any case, such 

disadvantage can be overcome by adopting appropriate precautions (e.g. 

increasing the temperature, the quantity of catalyst or the prolongation time 

of the reaction). 

The addition of Ni to tungsten carbide supported on activated carbon, 

allows to obtain a 61% yield of ethylene glycol starting from cellulose (245°C, 

60 bar of H2, 30 min) as reported by Zhang and co-workers [111]. With a 

similar catalyst, the conversion of corn stalk into ethylene glycol and 1,2-

propanediol was reported [112]. The same authors report also the conversion 

of the raw wooden biomass, where a Ni-W2C catalyst allows 75% yield of 

ethylene glycol from cellulose and hemicellulose (235°C, 60 bar of H2) and 47% 

yield of monophenols from lignin [113]. Nickel- promoted catalysts seem to 

be an interesting low cost alternative to platinum- and ruthenium- based 

catalysts. 
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Bimetallic tungsten catalysts were found active for the promotion of 

hydrogenolysis processes. In particular, bimetallic systems of tungsten with 

metals of groups VII-X of the periodic table, exhibit encouraging results to 

produce ethylene glycol from cellulose. Among these catalysts, the Ni-W 

reaches a 75% yield of ethylene glycol at 245°C, 60 bar of H2, within 30 min of 

reaction [114].  As cheaper alternative, also the Raney Ni and tungstic acid 

were investigated [115]. Nickel, combined with other metals (Rh, Ru, Pt, Pd 

and Ir) supported on mesoporous carbon (MC) exhibits higher yields under 

the same operating conditions [116].  

For the conversion of microcrystalline cellulose nickel- based systems on 

several supports were screened. Ni/ZnO is distinguished for the possibility to 

reach full conversion of microcrystalline cellulose and 70% yield into 

alkanediols (245°C, 60 bar of H2, 2 h) [117]. 

The deposition of nickel nanoparticles at the top of carbon nanofibers 

leads to active systems to promote the conversion of cellulose. Indeed, 92% of 

conversion with a 50% yield of sorbitol within 4 h of reaction at 273°C at an 

initial pressure of 60 bar of H2, was obtained [118]. 

Copper- based catalysts were investigated by Palkovits and co-workers. 

Copper supported on ZnO/Al2O3 achievs 95% yield of products, where 67% 

are C1-C3 compounds (245°C, 50 bar of H2, 3 h) [119].  

Considerable yields to ethylene glycol (43%) and 1,2-propanediol (32%) 

starting from a high concentration of cellulose (15% wt) were obtained on 

using CuCr catalysts added with the base Ca(OH)2 [120]. 

Being aware of the huge amount of scientific literature concerning the 

valorization of cellulose and its derived polyols (moreover in continuous 

increase), only a summary of the most significant recent works was presented.  

 

1.3.2 Catalytic Transfer Hydrogenolysis (CTH)  

1.3.2.1 Carbohydrates and Glucose 

Guo and co-workers investigated how to convert biomass derived 

cellulose, starch and glucose into γ-valerolactone without using any external 

hydrogen source. Their approach is based on a first step in which the 

dehydration of biomass carbohydrates into levulinic and formic acids occurs, 



 

13 

 

and a second step where formic acid furnishes the hydrogen necessary to the 

reduction of levulinic acid into γ-valerolactone [121]. In particular, the 

carbohydrates (microcrystalline cellulose, α-cellulose and starch) were 

hydrolyzed in presence of a 0.8M HCl aqueous solution at 220°C, in order to 

obtain levulinic acid and formic acid. In this step it is very important that the 

yield to formic acid is high enough (in excess or in equimolar amount with 

respect to levulinic acid) to enable the subsequent reduction of levulinic acid 

into γ-valerolactone. In this work, the recyclable and cheap 

RuCl3/PPh3/pyridine catalyst was used. In a model experiment, γ-

valerolactone was produced with a yield of 48%, performed using glucose as 

a biomass-derived carbohydrate [121].  

Another example of combined dehydration and transfer-hydrogenation 

to produce γ-valerolactone, starting from glucose or fructose, is given by 

Heeres and coworkers [122]. In this case the process was performed in water 

using an acid catalyst, the trifluoroacetic acid (TFA) coupled with a 

heterogeneous hydrogenation catalyst (Ru/C); also molecular hydrogen or 

formic acid were investigated as hydrogen donors [122].  

Au-based catalysts were also investigated by Fan and co-workers [123]. 

Particularly, the Au/ZrO2 catalysts show interesting results in converting 

efficiently glucose into levulinic acid and formic acid in high yield, 54 and 58% 

respectively, giving a 51% yield of γ-valerolactone and a total yield (95%) 

relative only to the second step of the transfer-hydrogenation. In the same 

conditions also cellulose, starch and fructose were converted [123]. 

Scholz et al. applied co-precipitated Cu-Ni-Al catalysts to the 

hydrogenation of glucose, by using 1,4-butanediol as hydrogen source, to 

obtain sorbitol. A yield of 67% to sorbitol was obtained from glucose. The 

catalyst remains stable within 48 h of reactivity, with the possibility be applied 

also to several other substrates (i.e. fructose, mannose, xylose, arabinose) to 

obtain the corresponding polyols [124].  

Finally, there is also an example, given by Van Hengstum et al., where 

glucose is used as H-donor substrate [125]. An equimolar mixture of glucose 

and fructose was employed to obtain gluconic acid and hexitols, such as 

sorbitol and mannitol. Using Pt/C and Rh/C catalysts, it is possible to obtain 

equal amounts of gluconic acid and hexitols, operating at room temperature 

in an aqueous alkaline medium, under nitrogen atmosphere. The general 
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mechanism occurring in this reaction starts from the generation of hydrogen 

from the dehydrogenation of glucose; the hydrogen generated is chemisorbed 

on the metallic surface of the catalyst and it is subsequently consumed by the 

co-adsorbed fructose [125]. 

 

1.3.2.2 Cellulose  

At present, the work developed by Fukuoka and coworkers is the unique 

example of a catalytic transfer hydrogenation process applied to cellulose, in 

order to obtain hexitols, such as sorbitol and mannitol, without using high 

pressures of molecular hydrogen but only hydrogen, produced in situ 

through the dehydrogenation of 2-propanol. A screening of several Ru-based 

catalysts was carried out, by using milled cellulose in an aqueous solution at 

25% vol of 2-propanol at 190°C for 18 h [126] and it was clear that the support 

plays a crucial role for the reactivity of Ru-based catalysts. Indeed, the 

Ru/carbons appear the most reactive, particularly Ru/C-Q10, Ru/CMK-3 and 

Ru/AC(N) (entries 1-3, Table 1.1), show high conversion (74-81%) and high 

yields to sorbitol and mannitol (sum of C6-polyols 42.5-46%). Other supports, 

such as Al2O3, TiO2 and ZrO2 were found inactive. Through characterization 

measurements, it was found that the reactivity is given by the presence of 

highly dispersed cationic ruthenium species, active in the transfer 

hydrogenation [126].    

Beltramini, in collaboration with Fukuoka, continued the study 

concerning catalysts of Ru supported on activated carbon and applied to CTH 

of cellulose, with the scope to optimize the operating conditions. Reactions 

were performed in batch mode, overcoming the problem linked to long 

reaction time, carrying on the process with a continuous set-up in a fixed bed 

reactor [127]. First of all they studied the reactivity of glucose, obtaining 82% 

of conversion and 80% of yield to hexitols at 180°C and only 20 min of 

reaction, using water and 2-propanol in equal volume. Subsequently, the 

optimised conditions were applied to the transfer hydrogenation of cellulose 

oligomers, obtained through a milling process of crystalline cellulose 

impregnated with sulphuric acid. This pre-treatment was necessary, in order 

to facilitate the solubilization of the reacting substrate for the continuous 

process and to reduce the time of reaction. In this way, within 20 min of 

reaction at 180°C it was possible to obtain the highest yield to hexitols of 35% 
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(entry 5). Performing the reaction in a continuous set-up, a constant yield in 

hexitols of 36% constant for 12 h of reaction, with a LHSV of 4.7 h-1 was 

obtained. The mechanism that enables the hydrogen transfer from 2-propanol 

to glucose, appears to be the di-hydride mechanism [127]. 

 Table 1.1 Catalytic transfer hydrogenolysis of cellulose performed in batch 

conditions.  

Entry Substrate1 Catalyst 
H-

donor2 

Temp  

(°C) 

Gas 

(bar) 

Time  

(h) 

Conv 

(%) 

Yield 

Sorbitol 

(%) 

Yield 

Mannitol 

(%) 

Ref 

1 MC Ru/C-Q10 2-PO 190 N2 (1) 18 80.2 36.8 9.0 [126] 

2 MC Ru/CMK-3 2-PO 190 N2 (1) 18 81.2 35.7 9.3 [126] 

3 MC Ru/AC(N) 2-PO 190 N2 (1) 18 74.4 33.5 9.0 [126] 

4 Glucose Ru/AC(N) 2-PO 180 Ar (15) 0.33 82 77.0 2.7 [127] 

5 ACO Ru/AC(N) 2-PO 180 Ar (15) 0.33 100 32.2 3.1 [127] 

1 Abbrevations: MC: milled cellulose; ACO: acidified cellulose oligomers; 
2 Abbreviations: 2-PO: 2-propanol.  

 

1.3.2.3 Glycerol and other polyols  

Glycerol, being derivable from cellulose, beyond to be a by-product in 

biodiesel manufacture, is a promising renewable molecule to obtain 1,2-

propanediol, which is an important polymer precursor. Therefore, the 

conversion of glycerol into 1,2-propanediol, through the catalytic transfer 

hydrogenolysis becomes an interesting tool. In Table 1.2 are summarized the 

main results available in literature, concerning several catalytic substrates 

applied to the catalytic transfer hydrogenolysis (CTH) of glycerol.  

The catalytic transfer hydrogenolysis of glycerol, was performed for the 

first time by Pietropaolo and co-workers, using 2-propanol as hydrogen donor 

and solvent [128]. The investigation started by using the unreduced bimetallic 

catalyst PdO/Fe2O3, that reaches complete conversion of glycerol and a high 

selectivity of 94% towards 1,2-propanediol, after 24 h of reaction at 180°C 

(entry 2). Ethanol was also used instead of 2-propanol, showing complete 

conversion of glycerol with a slightly lower selectivity to 1,2-propanediol 

(90%), at the same operating conditions (entry 1).  

Shortening the reaction time to 8 h, it is still possible to obtain an almost 

complete conversion of glycerol (96%) and high selectivity to 1,2-propanediol 
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(87%), in presence of 2-propanol, by using the catalyst in its unreduced form 

of PdO/Fe2O3 (entry 3). The reactivity of this bimetallic catalyst can be further 

improved through a reductive pretreatment in H2 at 200°C, that leads to the 

Pd/Fe3O4 catalyst converting completely the glycerol in 8 h and reaches a 

comparable selectivity into 1,2-propanediol (84%, entry 4) [128]. The same 

group has further investigated the Pd-based catalysts for the CTH of glycerol 

using 2-propanol as hydrogen source, focusing on bimetallic Pd-Co and Pd-

Fe catalysts, to clarify which parameters affect the reactivity in the CTH of 

glycerol. Moreover, a particular attention was paid also to the method of 

synthesis chosen: incipient wetness impregnation (iWI) or co-precipitation 

(CP) [128].    

Table 1.2 Catalytic transfer hydrogenolysis of glycerol to 1,2-propanediol. 

Entry Catalyst H-donor 1 Cat/Gly 2 
Temp  

(°C) 

Gas 

(bar) 

Time  

(h) 

Conv  

(%) 

1,2-PDO 

Select. (%) 
Ref 

1 PdO/Fe2O3 EtOH 0.237 180 N2 (5) 24 100 90 [128] 

2 PdO/Fe2O3 2-PO 0.237 180 N2 (5) 24 100 94  [128] 

3 PdO/Fe2O3 2-PO 0.237 180 N2 (5) 8 96 87 [128] 

4 Pd/Fe3O4 2-PO 0.237 180 N2 (5) 8 100 84  [128] 

5 Pd/Fe3O4 2-PO 0.207 180 N2 (5) 24 100 56  [129] 

6 3 Pd/Fe3O4 2-PO 0.207 180 N2 (5) 24 67 48 [129] 

7 Pd/Co3O4 2-PO 0.207 180 N2 (5) 24 100 64  [129] 

8 3 Pd/Co3O4 2-PO 0.207 180 N2 (5) 24 38 15  [129] 

9 
Ni-

Cu/Al2O3 
 - 0.166 220 H2 (45) 24 70.5 66.9 [130] 

10 
Ni-

Cu/Al2O3 
2-PO 0.166 220 N2 (45) 24 60.4 64.6 [130] 

11 
Ni-

Cu/Al2O3  
2-PO 0.166 220 N2 (45) 10 28.2 77.4 [131] 

12 
Ni-

Cu/Al2O3 
MeOH 0.120 220 N2 (45) 10 26.2 51.2 [131] 

13 
Ni-

Cu/Al2O3 
FA 0.120 220 N2 (45) 10 33.5 85.9 [131] 

14 
Ni-

Cu/Al2O3 
FA 0.498 220 N2 (45) 24 90 82 [132] 

15 70Cu30Al 2-PO - 220 N2 (69) 5 69 90 [133] 

16 20Cu/ZrO2 FA - 220 N2 (5) 18 97 95 [134] 

[1] Abbrevations: EtOH: ethanol; 2-PO: 2-propanol; MeOH: methanol; FA: formic acid;  
[2] Ratio of Cat/Gly (g/g); [3] Catalyst prepared through the incipient wetness impregnation 
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Co-precipitated catalysts, both Pd/Fe3O4 and Pd/Co3O4, reached the 

complete conversion of glycerol and exhibited a high selectivity into 1,2-

propanediol (60% ca.). Contrarily to impregnated samples, that showed a 

poor reactivity in CTH reaction. This difference in reactivity is ascribable to 

the presence of bimetallic ensembles over catalytic surfaces of co-precipitated 

systems that ensures a strong interaction between palladium and iron or 

cobalt. Bimetallic ensembles constitute the active phase responsible for the 

promotion of the glycerol CTH reaction. This evidence confirms that the 

catalytic method of preparation plays a crucial role in driving the electronic 

properties of the bimetallic PdM sites (M = Co or Fe). Furthermore, a tight 

correlation between the ability of catalysts towards the dehydrogenation of 2-

propanol and the ability to perform CTH reactions was found [129]. 

The transfer hydrogenolysis of glycerol into 1,2-propanediol, catalyzed 

by bimetallic Pd/Fe3O4 and Pd/Co3O4 catalysts, enlightens a mechanism in 

which the glycerol (i) adsorbs over the bimetallic active sites and gives 

dehydration, breaking a C-OH of a primary alcoholic group, (ii) thanks to the 

hydrogen supplied from the 2-propanol dehydrogenation, the intermediate 

acetol can be hydrogenated into 1,2-propanediol (Figure 1.6) [129].   

 

 

Figure 1.6 Mechanism of CTH of glycerol over Pd/Fe3O4 and Pd/Co3O4 catalysts. 

 

Gandarias et al. have deeply studied the reactivity of bimetallic catalysts 

Ni-Cu/Al2O3, prepared through the sol-gel technique, which enables to obtain 

the best performances when catalysts are pretreated at 450°C [130-132]. At the 

beginning, authors studied the hydrogenolysis of glycerol either in presence 

of molecular hydrogen or in conditions in which the hydrogen is produced in 

situ, through the aqueous phase reforming (APR) or the catalytic transfer 

hydrogenolysis (CTH), performed using 2-propanol as hydrogen source 

[130]. They found that 2-propanol is a more effective hydrogen source than 

the aqueous-phase reforming, for the glycerol hydrogenolysis process. Even 

if the results obtained in the CTH of 2-propanol are comparable to those 
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obtained in presence of molecular hydrogen (entries 9-10). Two different 

mechanisms are involved when the hydrogenolysis of glycerol occurs in 

presence of molecular hydrogen or in presence of 2-propanol (Figure 1.7). 

Glycerol is first transformed into the intermediate 1,3-dihydroxyisopropoxide 

in both cases, but in the former the intermediate is first dehydrated to acetol 

and subsequently this is hydrogenated to give 1,2-propanediol; in the latter 

1,3-dihydroxyisopropoxide is directly converted into 1,2-propanediol, whilst 

the acetol is obtained from 1,3-dihydroxyisopropoxide dehydration which 

occurs on acid sites. Moreover, the deactivation of the catalyst occurs more 

rapidly in the case of the presence of 2-propanol, because adjacent sites are 

required for the donor and the acceptor molecules during the transfer 

hydrogenation [130]. 

 

 

 

Figure 1.7 Mechanism of CTH of glycerol over Ni-Cu/Al2O3 catalyst. 

 

Anyway, on changing the hydrogen donor molecule, it is possible to 

improve the performance of the CTH of glycerol on the bimetallic Ni-

Cu/Al2O3 catalyst [131]. Gandarias et al. performed a study on the effect of the 

hydrogen donor molecule, by comparing methanol, formic acid and 2-

propanol. Being aware that glycerol and the hydrogen donor molecules are in 

competition for the same active sites, they operated with a semi-continuous 

set-up in order to feed continuously the solution containing the donor 

molecule, changing in each test the concentration of the solution. It was found 

an optimum rate to feed the donor molecule, in order to maximize the 

selectivity into 1,2-propanediol [131]. The most significant results obtained 

are reported in Table 1.2 (entries 11-13). Formic acid appears to be the most 
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effective hydrogen donor molecule. The scale of efficiency, relative to the 

molecules ability, follows this order: formic acid> 2-propanol> methanol. 

With the aim to further improve the reactivity of the Ni-Cu/Al2O3 catalyst, it 

is necessary to add formic acid and molecular hydrogen in order to obtain a 

conversion of glycerol of 44% and a selectivity to 1,2-propanediol of almost 

90% [131].   

The kinetic study enables to understand that the hydroxyl groups of 

glycerol and the target product 1,2-propanediol, adsorb over the same acidic 

sites of the Al2O3 support. Therefore, to overcome this drawback, it is 

necessary to increase the amount of the catalyst in order to obtain high 

conversion (90%) and selectivity (82%), within 24 h of reaction (entry 14) [132].  

Concerning the role of metallic sites, the higher prevalence of C-O 

bonding cleavage is given in the presence of a Cu-Ni alloy. This catalyst 

reduces the amount of active Ni ensembles, which are responsible for both the 

C-C and C-O bond cleavage, while the Cu ensembles rule mainly the C-O 

breaking and not the C-C one. Therefore, in presence of the reduced Ni-

Cu/Al2O3 catalyst, the C–C bond cleavage is limited, while the activity for C–

O bond cleavage is significantly promoted [132]. 

Rasika et al. performed a study on the dehydration and the 

hydrogenolysis of glycerol both in presence of water and 2-propanol, 

screening the reactivity of Cr-based and Cu-Al catalysts [133]. If the 

hydrogenolysis of glycerol is considered, the co-precipitated Cu-Al catalysts 

shows a better performance, particularly in presence of 2-propanol as H-

donor. Indeed the 70Cu30Al catalyst reachs a 69% of conversion and 90% of 

selectivity in 1,2-propanediol within 5 h of reaction (entry 15). The evidence 

of different performances in presence of 2-propanol instead of water, indicates 

that the two processes are ruled by two different reaction pathways [133]. 

Yuan et al. investigated a series of Cu/ZrO2‐based catalysts, particularly 

the 20%Cu/ZrO2, synthesized by co-precipitation, can be used to convert 

glycerol to 1,2‐propanediol in high yields with formic acid as hydrogen 

source. They found that conditions to optimize the production on 1,2-

propanediol, are a FA/glycerol molar ratio (1:1) and the temperature of 200°C. 

Both conditions enable to increase the yield to 1,2‐propanediol to 94% after 18 

h (entry 16) [134]. Furthermore, this kind of catalyst is also pretty stable, since 
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it is reusable at least five times without losing any appreciable reactivity and 

selectivity [134].  

In conclusion it is possible to observe that the bimetallic Pd-based 

catalysts, particularly the Pd/Fe3O4, shows better performances in milder 

operating conditions. This is advantageous, with respect to the bimetallic 

PdCo catalyst, because iron oxide is preferable over cobalt oxide, being less 

toxic and cheaper. 

 

In literature, some works that report the conversion of glycerol in 

traditional hydrogenolysis conditions (with addition of molecular hydrogen), 

but operating in a solvent that can donate hydrogen, like ethanol and 2-

propanol are present (Table 1.3). 

 A bimetallic Pd-Cu/solid-base catalyst was prepared via thermal 

decomposition of the PdxCu0.4Mg5.6−xAl2(OH)16CO3. The hydrogenolysis of 

glycerol is easier to be performed on bimetallic Pd-Cu/solid-base catalysts 

than over separated Pd and Cu systems. Performing the hydrogenolysis of 

glycerol on the Pd0.04Cu0.4/Mg5.5Al2O8.5, at 180°C within 10 h and 20 bar of H2, 

both in ethanol and methanol solutions, conversion and selectivity to 1,2-

propanediol reach high values (entries 1-2) [135]. Authors suggest that such 

performance, better than in water, is ascribable to the less strong interaction 

between the ethanol and the catalyst surface, making more surface available 

to the conversion of glycerol [135,136]. In presence of some similar catalysts 

based on Rh (Rh0.02Cu0.4/Mg5.6Al1.98O8.6), the hydrogenolysis of glycerol, in 

presence of ethanol, reaches high conversion and selectivity to 1,2-

propanediol respectively, 91% and 99%, at 20 bar of H2 and 180°C of 

temperature (entry 3). Moreover, this catalyst was found stable for five 

consecutive hydrogenolysis tests in ethanol, even if the conversion decreases 

from 91% to 57% in the third cycle and then it remains constant until the fifth 

cycle [137]. Similarly to Pd-Cu/solid-base catalyst, the improved performance 

showed in alcoholic solutions, rather than in water, was attributed to a minor 

interaction of the solvent with the catalytic surface [137].  

Also the bimetallic Pd/Fe3O4 catalyst was tested for the hydrogenolysis of 

glycerol using 2-propanol as solvent and adopting mild operating conditions 

such as 180°C and only 5 bar of molecular hydrogen (entry 4) [138]. 
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Gong et al. have found that it is possible to vehicle the selectivity of 

glycerol towards 1,3-propanediol using a 2Pt/20WO3/ZrO2 catalyst, in ethanol 

as solvent medium (entry 5) [139]. 

It should be interesting to investigate more deeply the real role of an H-

donor solvent that enables to perform the hydrogenolysis of glycerol with low 

molecular hydrogen pressures, compared to higher pressures typically 

necessaries in water. 

Table 1.3 Hydrogenolysis of glycerol in presence of H-donor solvents. 

 Catalyst Solvent 1 Cat/Gly 2 
Temp  

(°C) 

Gas 

(bar) 

Time  

(h) 

Conv  

(%) 
Select. 3 
(%) 

Ref 

1 Pd0.04Cu0.4/Mg5.5Al2O8.5 MeOH 0.125 180 H2 (20) 10 89.5 1,2-PDO (98) [135] 

2 Pd0.04Cu0.4/Mg5.5Al2O8.5 EtOH 0.125 180 H2 (20) 10 88.0 1,2-PDO (99)  [135] 

3 Rh0.02Cu0.4/Mg5.6Al1.9O8.6 EtOH 0.167 180 H2 (20) 10 91.0 1,2-PDO (99) [137] 

4 Pd/Fe3O4 2-PO 0.237 180 H2 (5) 24 100 1,2-PDO (71)  [138] 

5 2Pt/20WO3/ZrO2 EtOH 0.250 170 H2 (55) 12 45.7 1,3-PDO (21) [139] 

1 Abbrevations: EtOH: ethanol; 2-PO: 2-propanol;   
2 Ratio of Cat/Gly (g/g); 
3 Abbreviations: 1,2-PDO: 1,2-propanediol; 1,3-PDO: 1,3-propanediol. 

 

Another interesting route to valorize glycerol, like a potential biorefinery 

feedstock, is that leading to allyl alcohol by using H-donor molecules as 

solvent, favouring the dehydration of glycerol to acroleyn followed by 

reductive H-transfer to allyl alcohol (Figure 1.8). 

 

 

Figure 1.8 Schematic representation of the dehydration/H-transfer of glycerol into 

allyl alcohol. 

Schüth and coworkers investigated the conversion of glycerol into allyl 

alcohol, through an initial dehydration to acrolein, by using iron oxide as 

catalyst [15]. Among the operating conditions investigated, it was found that 
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at 320°C it is possible to obtain an almost full conversion of glycerol and a 

yield to allyl alcohol of 20–25%. In particular, the selectivity in the transfer 

hydrogenation to allyl alcohol is close to 100%. This evidence has never been 

observed before, for iron oxide catalysts, scarcely considered so far in 

hydrogen transfer reactions. In such reactions, the hydrogen donor species 

could be the glycerol itself and some intermediates bearing hydroxyl groups 

[140]. 

Furthermore, Masuda and coworkers carried out the conversion of 

glycerol into allyl alcohol using iron oxide-based catalysts at 350°C [141]. The 

dehydration of glycerol takes place on acid sites of catalysts, while the allyl 

alcohol formation occurs through a hydrogen transfer mechanism. Several 

alkali metals (Na, K, Rb, and Cs) were supported on ZrO2–FeOX substrate and 

all of them gave high allyl alcohol yield suppressing glycerol dehydration due 

to the reduced catalyst acidic property. Particularly, the K-supported catalyst 

(K/ZrO2–FeOX) reaches an allyl alcohol yield of 27% mol. Also in this case, the 

hydrogen transfer mechanism seems to take place from the reaction of 

glycerol with hydrogen atoms derived from formic acid obtained during the 

reaction, or active hydrogen species produced from the decomposition of H2O 

by ZrO2. Furthermore, the addition of Al2O3 (K/Al2O3–ZrO2–FeOX), enables to 

improve the stability of the catalyst during the glycerol conversion, making 

the K/Al2O3–ZrO2–FeOX applicable also directly to the crude glycerol (which 

is the waste solution obtained from biodiesel production), reaching a yield of 

29% in allyl alcohol after 4-6 h of reaction [141]. 

Another kind of approach was followed by Bergman and coworkers. 

Formic acid was applied either as acid catalyst or solvent, with the aim to 

deoxygenate the glycerol into an allyl compound through the mediation of 

formic acid (230-240°C) [142]. Using this method, it is possible to perform the 

conversion of the 1,2-dihydroxyl group to a carbon–carbon double bond. The 

same procedure was applied to erythritol, that has been converted into 2,5-

dihydrofuran at 210-220°C [142]. During the dehydration step, formic acid 

acts as acid catalyst and in the reductive step it acts as hydrogen donor [142]. 

A similar approach was followed by Fristrup and co-workers [143]: two 

vicinal diols were reducted into an alkene group and the deoxydehydration 

(DODH) of glycerol and erythritol was performed with the cheap and 

commercially available (NH4)6Mo7O24•4H2O catalyst, in presence of 2-

propanol, which acts as solvent and reducent agent. With this approach the 
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total yield of reduced species (such as alkene and alcohols) can be as high as 

92%, at 240-250°C. The DODH of erythritol can reach a 39% of yield in 2,5-

dihydrofuran [143]. 

 

1.3.3 Aqueous Phase Reforming (APR)  

The aqueous phase reforming (APR) was reported for the first time by 

Dumesic and co-workers. They proposed a ravishing way to produce H2 from 

oxygenated hydrocarbons using mild temperatures (200−260 °C) and 

pressures (20−50 bar) [71,77]. Fundamental requirements of the APR process 

is the production of H2 with a low CO concentration, due to the possibility to 

couple the water gas shift (WGS) reaction in a single batch. A trace 

concentration of CO (< 500 ppm) is required to make feasible the application 

of the process in fuel cells. Moreover, a good catalyst of APR must not present 

high activity toward undesirable reactions such as methanation and Fischer-

Tropsch. 

In summary, the most desired metals should present a good activity 

toward C–C cleavage and WGS reaction and a low activity towards 

methanation. In agreement with these considerations, metal precious such as 

Pt and Pd are good candidates, but also Ni is an interesting metal, due also to 

its lower price, and its use in combination with Pt as bimetallic catalyst. 

Numerous metal-supported catalysts have been studied for the APR 

process, due to the synergic effect between metal and acid/base features of the 

support, in order to promote different reactions. A lot of efforts have been 

focused on the H2 production from methanol, ethylene glycol, glycerol, 

sorbitol, glucose, or cellulose on Pt, Pd, or Raney-Ni based catalysts [71-

82,144-163].  

Starting from cellulose a H2 yield of ca. 27 % was obtained over the Pt/C 

catalyst [144]. Since satisfactory H2 yield values are hard to achieve by using 

only one-component catalysts, the addition of a second metal to form PtM (M 

=  Ni,[145-148]; Co,[148-151]; Fe,[148-152];Mn,[153]; Re[154-157]) or PdFe [148] 

alloys was often investigated. The formation of alloys tailors the electron 

density on Pt or Pd active sites [4, 164-167], improving the ability to perform 

the WGS reaction. The bimetallic PdFe catalysts will be discussed in the 

following paragraph 1.4. 
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Ethylene glycol at 210°C shows a TOF, in H2 production that increases 

from 1.87 min−1 over Pt/Al2O3 to 5.18 over the bimetallic Pt1Ni1/Al2O3 catalyst 

[148].  

The H2 production from glycerol at 230°C, over Pt1Co5, supported on 

multi−walled carbon nanotubes (MWCNs), shows a time yield per site up of 

44.4 min−1, which is almost four times higher than that over single Pt atoms 

supported on MWCNs, while the turnover rate, in the WGS reaction, 

increases from 0.42 min−1 to 13.2 min−1 [150]. On the bimetallic PtRe/C catalyst, 

the TOF for H2 production from glycerol was 23.3 min−1 at 225 °C, thirteen 

times higher than on the monometallic Pt/C catalyst, and also the ability to the 

WGS reaction increases of 65 times with the Re addition [155].  

Addition of tin to the Raney-Ni catalyst, as a result of the formation of the 

Ni-Sn alloy and the Sn location at Ni-defect sites, significantly improves the 

H2 selectivity by decreasing the rate of methane formation [77]. 

Another approach to improve the activity to the H2 production is to 

modify the catalyst composition [158] or the support [159] with a WGS 

promoter, such as CeO2, or by using the WGS promoter directly as the 

support, such as iron oxide [148,160]. Starting from cellulose over CeO2 

modified Raney-Ni catalyst, a H2 yield of ca. 24% was obtained, significantly 

higher than that obtained over the simple Raney Ni catalyst (8%) [158].  

Several supports have been tested for the APR process. A study 

performed by Menezes and co-workers [168] reports a screening of the 

support basicity, mantaining the same Pt loading. In this context, MgO and 

ZrO2 show the highest hydrogen production and lower alkane yield (CH4), 

due to the higher electron-donating nature of the metal and due to the basicity 

of the MgO support that probably is involved in the reaction mechanism. The 

H2 production activity could also be promoted by CaO, Ca(OH)2 or KOH 

[146,161-162], because bases could promote the CO2 capture, facilitating the 

WGS reaction, whilst they could inhibit the methanation [146,161-162] or the 

dehydration pathway [155]. When Ni-based catalysts are used, alkaline 

conditions can improve the activity to H2 production and also suppress Ni 

leaching [163].  

The use of lignocellulosic fractions was also studied in the APR process.  
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A comparison of the three fractions obtainable from lignocellulosic 

biomasses (cellulose, hemicellulose, and lignin) after pretreatments in 

subcritical conditions, before the APR reaction, was reported by Erbatur et al. 

[169]. The three hydrolysate feeds over a commercial Pt/C present different 

behaviors. The cellulose fraction shows the highest amount of gases produced 

(48% more than that of hemicellulose over wheat straw), but the relative 

percentage of H2 over the total gases is lower than that observed with 

hemicellulose. The lignin fraction does not produce hydrogen, but only CO2 

with small amounts of CH4, while hemicellulose shows ca. 30% H2 and 10% 

CH4 in the total gas produced. Since several kinds of biomass have been 

studied, the differences in reactivity within the fractions analyzed were 

focused on the crystallinity degree. The hydrolytic pretreatment enables to 

reduce the crystalline index, making the fractions more available to 

degradation, producing a higher amount of gaseous products. The effect of 

the crystalline fraction over the APR reaction was analyzed more in depth by 

Tian et al. [170]. One of the main challenge is the acceleration of the hydrolysis 

step, that is highly dependent on the crystallinity of the feed. Once produced 

by hydrolysis, the suggested intermediate, glucose, is then readily 

transformed into hydrogen over a Pt/C catalyst. In order to improve this step, 

a combined hydrothermal-catalytic treatment accelerating the hydrolysis step 

of the biomass through the addition of a mineral acid to the traditional APR 

catalyst was proposed by Lin et al. [171].  

The lignocellulosic biomass is a complex feed and the treatment needs to 

be developed more in depth, mainly due to the complexity of the subsequent 

reactions pathway, together with the hard reactivity of the feed; however, 

some encouraging results indicate the possibility to produce hydrogen 

through the APR process. 

Indeed, the first pilot plant for APR, starting from glucose, was developed 

in 2005 by Virent Energy Systems Inc, a partner of the University of Wisconsin 

[172]. The project is based on the hydrogenation of glucose into sorbitol to 

produce a hydrogen-rich stream. At the beginning the main aim was focused 

on the optimization of the process in order to produce 10 kg of hydrogen per 

day, subsequently the catalyst was optimized to maintain hydrogen 

productivity and targets. Furthermore, Virent in the BioForming® process 

developed a process combining the APR technology with a modified 

conventional catalytic process (i.e. a petrochemical process) that can work 
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with a wide range of C5 and C6 sugars, as well as other bio-deriving feedstocks 

(polysaccharides, organic acids, furfural), and produces a mixture of chemical 

intermediates including alcohols, ketones, acids, furans, paraffins, and other 

oxygenated hydrocarbons. [173]. 

Regarding the APR reaction process, there are not many patents probably 

because the process is still under development and, so far, high hydrogen 

yields have not been obtained. In particular, the patent literature can be 

distinguished in (i) works concerning the reforming process alone [174-176] 

and (ii) more complex projects that treat rough biomasses through several 

steps, with APR being only one unit of the overall processes [177-178]. 

At present, aqueous phase reactions of polyols are studied in industries 

to produce fuels and chemicals [179]. 

Furthermore, APR processes can be included in biorefinery plants to 

generate in situ the necessary hydrogen supply (for HDT, HDO, and pyrolysis 

reactions), which currently comes from fossil resources.  

However, several economic drawbacks need to be overcome, such as the 

achievement of high hydrogen yield using raw feeds, the reduction of steps 

regarding the feedstock pretreatment and the achievement of pure streams in 

order to reduce the cost of purification of the products. 

Nonetheless, the encouraging results obtained and the versatility of this 

process which enables its application at different feedstocks without 

significant changes in reactivity, suggest that the APR process is a suitable 

alternative for the production of hydrogen and building blocks from the 

renewable biomass. 

 

 

1.4. Upgrading of cellulose and polyols promoted by bimetallic Pd-

Fe catalysts  

Transition metals have been successfully used in the catalytic valorization 

of biomass-derived molecules. Traditionally, platinum-group metals (PGMs) 

are all excellent hydrogenation catalysts, widely used in industry and 

refineries [180-183]. Palladium has a lower cost and more abundant reserves 

than platinum (that is still the most widely used element in catalysis) 
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[184,185]. Homogeneous and heterogeneous palladium-based catalysts have 

found a potential application in several industrial reactions including 

hydrogenation, dehydrogenation, hydrogenolysis, reforming, oxidation, 

coupling reactions, carbonylation/decarbonylation and 

hydrodesulphurization [186-196]. With respect to other PGM elements, 

palladium is characterized by a fundamental electronic configuration unique 

among transition metals (4d10, 5s0) [197] that can be strongly influenced by the 

coordination environment [167]. 

The modification of catalytic properties of palladium by adding a second 

metal can be related, from a general point of view, in terms of (i) “ligand” 

effects (related to the shifting of the d-band density); (ii) “ensemble” effect (a 

dilution of palladium surface by a relatively unreactive second co-metal); (iii) 

“stabilizing” effect (improving the active sites stability) [198-203]. Hence, 

heterogeneous catalysts based on palladium bimetallic systems have gained 

increasing attention for their enhanced activity and durability in different 

reactions. In particular, heterogeneous bimetallic Pd-Fe catalysts show an 

excellent performance in promoting the cleavage of C–O and C–C bonds in 

platform derived molecules of cellulose, hemicellulose and lignin. The main 

peculiarity of these bimetallic catalysts is the formation of bimetallic Pd-Fe 

ensembles or alloys that allows modification of the electronic density of 

palladium, thus promoting unexpected catalytic reactions under mild 

conditions. 

Results obtained in important green and sustainable reactions will be 

presented, including: aqueous-phase reforming (APR) [148,160], 

hydrogenolysis [138,204-208] and catalytic transfer hydrogenolysis (CTH) 

[128-129] of C6–C2 polyols. All these reactions will be discussed in details with 

the aim to show the unicity of heterogeneous Pd-Fe catalysts that are suitable 

for a wide reductive valorization processes of all constituent components of 

lignocellulosic biomasses having the potential to be successfully used in 

modern biorefineries to produce simple bulk compounds.  
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1.4.1. Hydrogenolysis of cellulose and C6-C2 polyols by using Pd-Fe catalysts 

Cellulose deriving polyols are characterized by the highest O/C ratio than 

other biomass-derived molecules and typical chemical commodities and fuels 

available in the industrial market. Therefore, the main issue consists in 

reducing the oxygen content through deoxygenative and CTH/APR processes 

[62, 130, 209-212]. 

Ethylene glycol [210] (EG, C2 polyol) is the simplest basic unit of polyols 

and can be used as representative molecule for larger polyols and sugars 

molecules to exploit the selective cleavage of C–C, C–H, O–H and C–O bonds. 

Currently, ethylene glycol is mainly produced via ethylene obtained by 

cracking of fossil raw materials, but can be also easily obtained from the direct 

catalytic conversion of the cellulosic biomass [211,212]. Bond energies of both 

C–C and C–OH bonds are almost the same (ΔHC–C 83 kcal·mol−1 and ΔHC–O 86 

kcal·mol−1) [213,214]. Therefore, when reactions are performed under drastic 

operating conditions, it is less likely to achieve a higher selectivity. If 

hydrogenolysis breaks selectively C–C bond, methanol will be the favorite 

reaction product; on the contrary, the breaking of the C–O bond will generate 

ethanol, that can be further converted into CO2 or CH4 (Figure 1.9) [4]. 

 

 

Figure 1.9 Hydrogenolysis of ethylene glycol through C-C or C-O bond rupture. 

 

Tsang and co-workers successfully used the co-precipitated Pd/Fe2O3 

catalyst for methanol production starting from ethylene glycol [204]. The 

peculiar reactivity of the catalyst, after reduction, stems from the strong metal-

support interaction exerted through the extremely small PdFe clusters. 

Hydrogenolysis of ethylene glycol, on the 5% Pd/Fe2O3 catalyst at 195°C and 

20 bar of hydrogen, affords high selectivity to a methanol and ethanol 

mixture. Other metal particles (Ru) on different oxide supports (ZnO, Ga2O3, 

CeO2 and Al2O3) were also tested: the only combination for a good methanol 

production was found to be Pd and iron oxide (Figure 1.10).  
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Figure 1.10 Hydrogenolysis of ethylene glycol carried out over 5% Pd supported on 

different oxides (a) and over 5% Pd and 5% Rh supported on iron oxide 

(b) [Adapted from Ref. 204]. 

 

Bimetallic PdM (M= Fe, Co, Zn) samples were investigated in the 

hydrogenolysis of ethylene glycol to explore the effect of the d-band filling 

parameter on the cleavage of C–O and C–C bonds [206]. As illustrated in 

Figure 1.11, experimental results show a significant decrease of the selectivity 

to methanol from 50% with the PdFe sample to 19% with the PdZn system. 

On the contrary, the selectivity to ethanol increases on passing from a value 

of 3% to 24%. 

 

Figure 1.11 Hydrogenolysis of ethylene glycol promoted by PdFe, PdCo and PdZn 

catalysts. Operating conditions: 5% wt EG aqueous solution, initial 

pressure of H2: 50 bar, at 250°C for 24 h of reaction [Adapted from Ref. 

206]. 
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A series of heterogeneous Pd-Fe catalysts blended with different 

concentration of Zn (II) were also prepared and tested in the ethylene glycol 

hydrogenolysis [205]. A significant selectivity toward the C–C bond cleavage 

was registered, related to the increased amount of neighbor Fe atoms in the 

PdFe nanoclusters (Figure 1.12). Furthermore, the C–C bond breaking ability 

increases almost linearly with the concentration of Fe(0) present in the 

catalytic system. 

 

Figure 1.12 Relationship between the selectivity in C-C bond cleavage obtained in 

hydrogenolysis of ethylene glycol and the Fe content in PdFe catalyst 

[Adapted from Ref. 205]. 

 

Dumesic and co-workers were pioneers in developing the aqueous-phase 

reforming (APR) process from oxygenated molecules [72-82]. Bimetallic Pd-

Fe catalytic systems were investigated for APR of ethylene glycol [76]. 

Authors highlight the promoting effect of iron in the APR process, obtaining 

a significant improvement in the TOF of the H2 production, with the 6% 

Pd/Fe2O3 sample, that is considered the most promising catalytic system [76]. 

The real potential of Pd/Fe3O4 in the APR of biomass-derived oxygenated 

molecules was sustained and confirmed also by Qiao [160]. Pd-based catalysts 

were prepared by incipient wetness impregnation (IWi) over different metal 

oxide supports (Fe2O3, Cr2O3, NiO, Al2O3, ZrO2). Pd/Fe2O3 catalyst appears as 

the most suitable IWi catalyst for its superior activity, selectivity and stability 

in the APR of ethylene glycol. Moreover, the Pd/Fe3O4 catalyst — prepared 

through co-precipitation— shows a superior performance than those obtained 

with the impregnated Pd/Fe2O3 sample, while the H2 selectivity remains on 
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the same order of magnitude (94%), confirming the importance of the 

preparation method used [160]. 

Glycerol (Gly, C3 polyol), the main by-product obtained from the 

biodiesel production, is gaining importance as bio-feedstock to produce 

chemicals, because of the growing worldwide expansion of biofuels [27-29]. 

An attractive valorization route is the selective hydrogenolysis of glycerol 

because it is a clean and economically competitive process that allows 

production of different valuable chemicals such as 1,2-propanediol (1,2-PDO), 

1,3-propanediol (1,3-PDO), ethylene glycol (EG) and C1–C3 alcohols [30]. 

Great efforts have been focused on its conversion into 1,2-propanediol that is 

widely used in the manufacture of pharmaceuticals, cosmetics, food products, 

polyester resins and functional fluids. Moreover, glycerol can be used as 

starting substrate for the sustainable production of renewable hydrogen 

through the APR process. The performance of bimetallic PdFe catalysts on 

glycerol hydrogenolysis was recently investigated to ascertain the 

morphological effect of the iron oxide support (rod-like and plate-like) on the 

catalyst activity [207]. Pd–plate-like iron oxide catalysts show higher activity 

than Pd-rod-like samples with the glycerol conversion/1,2-PDO production 

increasing with the reduction temperature (200–300 °C) [215-216]. The higher 

activity, shown by the Pd-plate-like iron oxide catalyst, was correlated to a 

higher amount of active sites at the interface [217-218]. Moreover, CO2-TPD 

measurements reveal an exact correlation between the catalytic activity and 

the number of basic sites (oxygen vacancies) present on the catalytic surface 

[219,220]. 

Hence, the activity of the Pd-plate-like iron oxide in glycerol 

hydrogenolysis was blamed to increase when the amount of surface oxygen 

vacancies grows up, due to the (001) polar surface, highlighting that the 

bifunctional metal-oxide interfacial catalysis could be conditioned by the 

shape of the support [207]. 

Glycerol hydrogenolysis over co-precipitated PdFe bimetallic catalysts 

with and without the addition of Zn (II), were investigated by Tsang and co-

workers to elucidate the effect exerted by the addition of a second co-metal, 

that facilitate the reduction of Fe ions into metallic iron [205]. The 

hydrogenolysis carried out with an aqueous solution of glycerol (1 wt %) at 

250°C for 120 h with an H2 initial pressure of 50 bar, shows complete 

conversion of glycerol over reduced PdFe catalysts, both in presence and in 
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absence of Zn(II). The PdFe catalyst added with Zn(II) shows a different 

distribution of products in liquid phase with 1,2-propanediol (ca. 32%) and 

ethanol (ca. 32%) as main products. This result highlights that PdFe catalysts 

are more selective in the C–C bond cleavage than in the C–O bond breaking, 

when the Fe(0) content in the bimetallic nanoparticles increases through the 

addition of Zn(II). The increase of the Fe atom content influences the electronic 

structure of Pd, causing a shift of the d-band center position to a lower value. 

Consequently, the C–O cleavage becomes more difficult causing a gradual 

depletion of the electron filling in the d-band. The effect is that the back 

donation from the d-band of palladium to the π* anti-bonding C–O orbital is 

reduced. Conversely, the lower d-band electron density strengths the Pd-C 

bond formation. Coupling both factors, a higher specificity to the C–C 

selectivity over the C–O cleavage is to be expected [205]. 

The effective feasibility of the selective catalytic transfer hydrogenolysis 

of glycerol into 1,2-propanediol, promoted by the PdFe catalyst, was 

demonstrated for the first time by Pietropaolo and co-workers[128]. Reactions 

were performed under inert atmosphere in absence of added hydrogen and it 

was ascertained that the transfer of hydrogen occurs from the alcoholic 

solvent (2-propanol or ethanol) to the glycerol, through the dehydrogenation 

of the solvent. Glycerol hydrogenolysis reactions were carried out within 24 

h in an autoclave charged with 5 bar of inert gas, using PdO/Fe2O3 unreduced 

catalyst and a glycerol (12% wt) solution in 2-propanol (or ethanol). The 

glycerol reaches the complete conversion (84%–100%) in the temperature 

range of 150–180°C, showing a remarkable selectivity to 1,2-propanediol 

(91%–94%), followed by a minor amount of ethylene glycol. Acetone was also 

detected in liquid phase, being produced from the 2-propanol 

dehydrogenation. The presence of 1-hydroxyacetone (AC) is an important 

intermediate, that enables to maximize the selectivity to 1,2-propanediol and 

it is detected in reactions carried out in a shorter time than 24 h. 

Glycerol CTH reactions under mild conditions (180°C, 5 bar of N2), in 2-

propanol used as solvent, were deeply investigated to understand the 

different reactivity obtained from co-precipitated and impregnated PdFe 

catalysts [129]. Impregnated samples (Pd/Fe2O3 and Pd/Fe3O4) result 

considerably less active than the analogous co-precipitated, and 1-

hydroxyacetone is detected as the prevalent product, followed by 1,2-

propanediol and ethylene glycol in small percentages. An interesting 
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correlation between the amount of acetone measured and the glycerol 

conversion was also experimentally verified. A reaction mechanism of 

glycerol in CTH condition was also proposed. The first step involves the 

glycerol chemisorptions on metal sites. The following C–OH cleavage occurs 

through a SN1 mechanism with an internal re-arrangement into acetol. 

Finally, the transfer hydrogenation of acetol to 1,2-propanediol occurs directly 

from 2-propanol through the H-species obtained from its dehydrogenation 

[129]. 

The main results discussed for hydrogenolysis, APR and CTH reactions 

of glycerol are reported in Table 1.4. 

Table 1.4 Catalytic conversion of glycerol in hydrogenolysis, APR and CTH 

conditions over PdFe catalysts. 

Catalyst Solvent H-source Temp 

[°C] 

Time 

[h] 

Conv 

[%] 

Main Prod 

 [%] 4 

Ref 

Zn-Pd/Fe3O4 1 H2O H2 (50 bar) 250 120 100 
1,2-PDO (33%),  

EtOH (32%) 
[205] 

Pd/Fe3O4 1 H2O H2 (50 bar) 250 120 100 1,2-PDO(33%)  [205] 

PdO/Fe2O3 1 2-PO 3 2-PO (5bar) 180 24 100 1,2-PDO (94%)  [128] 

Pd/Fe3O4 1 2-PO 2-PO (5bar) 180 24 100 1,2-PDO (56%)  [129] 

Pd/Fe3O4 2 2-PO 2-PO (5bar) 180 24 66.5 1,2-PDO (48%)  [129] 

Pd/Fe2O3 2 2-PO 2-PO (5bar) 180 24 44.0 AC (58%) [129] 

1 Catalyst prepared by co-precipitation; 
2 Catalyst prepared by incipient wetness impregnation; 
3 2-PO: 2-propanol; 
4 1,2-PDO: 1,2-propanediol; EtOH: ethanol; AC: 1-hydroxyacetone. 

 

 

Considerable research interest has been directed towards sorbitol (Sorb, 

C6 polyol) hydrogenolysis, because it allows the production of fundamental 

chemical intermediates [65,221–223]. 

The overall reaction pathway of sorbitol hydrodeoxygenation is reported 

in Figure 1.13 [224]. The sorbitol conversion mainly exhibits four key 

reactions: hydrogenation, dehydration, retro-aldol condensation and 

decarbonylation [225]. Sorbitol could be dehydrated to cyclic products such 

as 1,4-sorbitan and isosorbide. The latter leads to 1,2,6-hexanetriol (1,2,6-HXT) 



 

34 

 

through hydrogenolysis and dehydration/hydrogenation reactions. 1,2,6- 

Hexanetriol is a valuable intermediate because, through 

dehydration/decarbonylation reactions, affords lighter alcohols and polyols; 

alternatively, it could be dehydrated and hydrogenated to hexanol. Hexanols 

can be converted into alkanes, like n-pentane and n-hexane through 

dehydrogenation/decarbonylation or dehydration/hydrogenation, 

respectively. 

Most of the C4 and C5 oxygenates are obtained by decarbonylation 

reactions and can be converted into alkanes (n-butane and n-pentane) or into 

shorter oxygenates and alkanes through decarbonylation reactions. The retro-

aldol condensation of sorbitol leads to C2 and C3 alcohols and polyols that are 

further converted into alcohols or alkanes by dehydration and hydrogenation 

reactions [225]. 

As a whole, the conversion of sorbitol mainly involves (i) the cleavage of 

the C–OH group through dehydrogenation/decarbonylation; (ii) the C–C 

bond breaking by retro-aldol condensation or (iii) the C–H and C–OH 

cleavage through the dehydration/hydrogenation route. 

 

Figure 1.13 Reaction network in hydrodeoxygenation of sorbitol [226]. 
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Dumesic and co-workers demonstrated, for the first time, that sorbitol 

can be hydrodeoxygenated into alkanes over a series of noble metals loaded 

over solid acid catalysts [72,73].  Zr-P is a promising solid-acid support for the 

HDO process, because it is stable in hydrothermal conditions, does not give 

leaching problems and it has more Brønsted acid sites than Lewis sites [227]. 

The addition of Fe to Pd appears a useful way to improve the catalytic 

activity. Indeed, the Pd1Fe3 sample supported on zirconia phosphate (Zr-P) 

shows a significant activity compared to other catalysts screened. A previous 

analysis shows that Fe addition to Pd plays a positive role, improving the 

activity up to 63 times for the hydrogenation of the carbonyl group, which is 

a fundamental step in HDO of biomass-derived oxygenated molecules [227-

229]. As shown in Figure 1.14, the bimetallic Pd1Fe3/Zr-P affords the highest 

activity than other screened catalysts [227,230]. Authors reports the detailed 

product selectivity concerning 3% wt of Pd/Zr-P and Pd1Fe3/Zr-P catalysts, 

grouped by product functionality [227]. More C1–C4 products are formed 

upon adding Fe to Pd catalysts [230]. This stems from the higher amount of 

Fe-containing bimetallic sites [231]. Moreover, the Pd1Fe3/Zr-P shows a lower 

selectivity toward dehydration products (sorbitan and isosorbide). This 

means that the bimetallic catalyst promotes subsequent hydrogenolysis 

reactions of sorbitan and isosorbide through a series of 

dehydration/hydrogenation steps. Also in this case, the ability of the PdFe 

system to avoid undesired side reactions, such as methanation or methane 

reforming was confirmed. For a high conversion value (WHSV 0.16 h-1) the 

presence of humins, derived from polymerization of isosorbide, was noticed 

[232]. 

 

Figure 1.14 Comparison of TOF in HDO of sorbitol over Pd- and Pt-based catalysts 

[Adapted from Ref. 227]. 
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In the presence of the Pd1Fe3/Zr-P catalyst a product mixture with an 

octane number (101) higher than that detected on using the Pd/Zr-P (92) is 

obtained. The bimetallic system is more selective in affording gasoline-range 

products, showing a higher yield (55%) than that of the Pd/Zr-P substrate 

(24%). 
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Chapter 2 

 

 

 

EXPERIMENTAL 

 

All chemicals, involved in this doctoral experimentation, were purchased 

and used without any further purification. 

 

2.1. Preparation of the catalyst 

The Pd/Fe3O4 catalyst, designed with a nominal palladium loading of 5% 

wt, was prepared through the co-precipitation technique. The synthesis 

occurs through a co-precipitation reaction from a solution containing nitrate 

precursors of palladium (II) and iron (III) poured into a solution of carbonates 

(Figure 2.1).  

 

Figure 2.1 Co-precipitation of the metallic precursors within a solution of carbonates. 
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The obtained solid co-precipitate was washed and filtrated and then 

dried overnight at 120°C and, before any reaction, reduced with H2 at 200°C.  

Benchmark catalysts such as Pd/C and Fe3O4 were purchased from 

commercial sources (AlfaAesar and Sigma Aldrich) and Pd/C was used after 

reduction under H2 flow at 200°C for 2 h.  

 

 

2.2. Characterization techniques 

 Characterization techniques typically used for the textural, structural 

and morphological investigation of bimetallic Pd-Fe catalysts were: x-ray 

diffraction (XRD), transmission electron microscopy (TEM), temperature-

programmed reduction (H2-TPR), x-ray photoelectron spectroscopy (XPS) 

and extended x-ray absorption fine structure (EXAFS). All these techniques 

are widely used because they provide accurate results allowing to obtain both 

quantitative and qualitative results [1,2]. 

 

2.2.1. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) patterns were acquired at room temperature on 

a Philips X-Pert diffractometer by using the Ni β-filtered CuKα radiation (λ = 

0.15418 nm). Analyses were registered in the 2θ range of 10–80° at a scan 

speed of 0.5° min−1. Diffraction peaks were compared with those of standard 

compounds reported in the JPCDS data file. 

 

2.2.2. Transmission Electron Microscopy (TEM) 

The particle size and the relative morphology of investigated catalysts 

were analyzed by performing Transmission Electron Microscopy (TEM) 

measurements using a JEM-2100F (JEOL, Japan) operating at an acceleration 

voltage of 200 kV and directly interfaced with a computer controlled-CCD for 

real-time image processing. Particle size distributions were obtained by 

counting several hundred particles visible on the micrographs on each 

sample. From the size distribution, the average diameter was calculated by 

using the expression: dn = Σnidi/ni (where ni is the number of particles of 

diameter di). 
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2.2.3. Hydrogen Temperature Programmed Reduction (H2-TPR) 

H2-TPR measurements were performed using a conventional TPR 

apparatus. The dried sample (50 mg) was heated at a linear rate of 10°C min−1 

from 0 to 1000°C in a 5% vol H2/Ar mixture at a flow rate of 20 cm3 min−1. The 

consumption of hydrogen was monitored with a thermal conductivity 

detector (TCD). A molecular sieve cold trap (maintained at −80°C) and a tube 

filled with KOH, placed before the TCD, were used to block water and CO2, 

respectively. Signal calibration was done by injecting a known amount of H2 

into the carrier. 

 

2.2.4. CO-pulse chemisorption  

The active surface areas (Sact) were determined by CO pulse 

chemisorption technique using a ‘Micromeritics Chemi Sorb 2750’ system at 

room temperature. Samples were first reduced with H2 at 25 stp ml/min using 

a 10°C min−1 ramp up to 200°C, then cleaned with He, at 25 stp ml/min for 15 

min, and finally cooled to room temperature.  

CO pulses (0.64 stp ml, 5% CO/He – 1.29 μmol CO each injection) were 

injected until saturation. Sact values were calculated by assuming a CO/Pd 

stoichiometry of 1 and a surface area of 7.87 × 10−20 m2 per Pd atom [3]. 

 

2.2.5. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements were performed 

on a JPS-9010MC photoelectron spectrometer using an AlK (1486.6 eV) 

radiation source. After the reduction treatment, samples were introduced into 

the XPS chamber, avoiding exposure to air. All spectra were recorded at room 

temperature, and the binding energies (BE) were set taking the C 1s peak at 

284.6 eV as reference. 

In order to obtain XPS spectra, the pressure in the analysis chamber was 

maintained at 5 × 10−9 mbar. The binding energies (BE) were set taking the C 

1s peak at 284.6 eV as the reference. Peak deconvolution and fitting analyses 

were performed using the peak-fitting software “SPECSURF, JEOL” 

including the spin–orbit splitting and relative intensities of the spin–orbit 

components fixed. 
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2.2.6. Extended X-ray Absorption Fine Structure (EXAFS) 

Extended X-ray absorption fine structure (EXAFS) of the Pd-based 

catalysts have been measured at the Photon Factory of the High Energy 

Accelerator Research Organization - KEK (Tsukuba, Japan). Fe-K edge 

XANES/EXAFS spectra for the catalysts were obtained using a Si (111) two-

crystal monochromator with beam line BL9A, whereas Pd K-edge spectra 

were obtained using a Si (311) two-crystal monochromator with beam line 

NW10A.  

Analysis of the EXAFS data have been performed using the EXAFS 

analysis program, REX (Rigaku Co.). 

 

 

2.3.  Mechanical pretreatment of cellulose 

Cellulose structure is difficult to be converted, because its robustness due 

to β-1,4-glycosidic linkages and inter- and intra-chain hydrogen bonds. 

Therefore, pretreatments (chemical, mechanical, etc.) are useful to 

overcome this problem, reducing crystalline domains and increasing  

amorphous regions, making the cellulose more suitable to the conversion. In 

particular a mechanical pretreatment, instead of chemical pretreatments, 

avoids to use corrosive and toxic substances [4-6]. 

 

 

Figure 2.2 Schematic representation of cellulose regions: crystalline and amorphous 
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The microcrystalline cellulose (Sigma Aldrich, particle size of 51μm) was 

mechanically pretreated in a planetary ball milling (Mono Mill II, Fritsch) with 

a speed of 400 rpm for 3 h; about 10g of microcrystalline cellulose (MCC) were 

treated per run.  

Microcrystalline and ball milled celluloses were characterized through 

XRD measurements, performed at room temperature on a Philips X-Pert 

diffractometer by using the Ni β-filtered Cu Kα radiation (λ = 0.15418 nm) in 

the 2ϴ range of 20–80° at a scan speed of 0.5° min−1. Finally, the crystallinity 

index (CrI%) was estimated through the Segal method. 

 

2.3.1. Crystalline Index  

In order to quantify the crystallinity index (CrI %) relative to the cellulose 

before (MCC) and after (BMC) the mechanical pretreatment, the Segal method 

has been employed [7]. 

This method, also known as ‘XRD peak height method’, is useful to 

compare the relative differences between samples, being based on the changes 

in XRD patterns during the variation of crystalline domains, through the 

application of (e.g. mechanical) treatments.  

The crystallinity index (CrI%) can be calculated through the ratio of the 

height of the 002 peak (I002) and the height of the minimum (IAM), between the 

002 and the 101 peaks [7-9], represented in Figure 2.3, in agreement with the 

following equation: 

𝐶𝑟𝐼 (%) =
𝐼002−𝐼𝐴𝑀

𝐼002
∙ 100  
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Figure 2.3 Schematic representation of the ‘Segal method’ applied to the 

quantification of the crystallinity index. 

 

 

2.4.  Catalytic experiments 

Catalytic reactions were performed in batch conditions in a 100 ml 

stainless steel autoclave (Parr Instruments) at a stirring speed of 500 rpm. The 

vessel was charged with 40ml of aqueous suspension with 4%wt of cellulose 

and 0.25g of the reduced catalyst; then the reactor was purged at least two 

times with N2 (99,9%). Subsequently  the desired pressure (5 bar of H2 or N2) 

was reached and finally the reactor was heated at the reaction temperature 

(180-240°C), continuously monitored through a thermocouple fixed into the 

autoclave and connected to the reactor controller, within the duration of the 

test (up to 24h). At the end of the reaction, the system was cooled down and, 

when at room temperature, the pressure was released carefully and the liquid 

phase analyzed. In some experiments also the gas phase was analyzed. 

During three years of doctoral work, it was necessary to use autoclaves 

having different size. Therefore, the operating conditions were properly 

adapted, in order to keep comparable every catalytic test.  
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Table 2.1 Operating conditions used when reactions were performed in a set-up of 

100 mL or 75mL. 

 Set-up 100mL Set-up 75 mL  

VLIQ 40 mL 30 mL 

VGAS 60 mL 45 mL 

WSUBSTR 1,7 g 1.3 g 

WCAT 0.25g 0.19 g 

VLIQ/VGAS 1.5 1.5 

WCAT/VLIQ 0.00625 0.00625 

WCAT/WSUBSTR 0.147 0.147 

% WSUBSTR 4% 4% 

 

 

 

2.5.  Analytical techniques applied to reactions 

Products present in aqueous liquid phase, were quantified through off-

line high performance liquid chromatography (HPLC) analysis. 

The Shimadzu HPLC was equipped with an Aminex HPX-87-H column, 

following these parameters: mobile phase 5mM H2SO4 at a speed flow of 0,6 

ml min-1and oven heated at 70°C; every measurement was performed within 

a range of 30-60 min.  

During the year of research developed at RWTH Aachen University, the 

following two analytical methods, applied to a similar Shimadzu HPLC 

apparatus, were also used: 

- Phenomenex-Rezex ROA Oganic Acid H+ (300 x 7.8mm) column 

maintained at 70°C, using a 0.6 ml min-1 flow of 5mM H2SO4; the 

duration of each analysis was 30 min; 

- Organic Acid Resins column, operating at 40°C, eluted with a mobile 

phase of 2mM trifluoroacetic acid (TFA) at a speed flow of 1 ml min-1 

flow; the duration of each analysis was 25 min. 
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The carbon content of each aqueous reaction solution, before and after 

every reaction, was quantified by using a total organic carbon (TOC) analyzer 

Shimadzu. TOC measurements are fundamental to confirm the carbon 

balance in the liquid phase.  

 

Products present in the gaseous phase were analyzed through gas 

chromatography (GC), using an instrument (Agilent 7890A) equipped with a 

molecular sieve column (Supelco, Porapak Q column 80/100 mesh) and a 

capillary column (HP-PLOT/Q, internal diameter: 0,53 mm; length: 30 m; film 

thickness: 40 μm) linked with the TCD detector and a capillary column (HP-

Al, internal diameter: 0.53 mm; length: 50 m; film thickness: 15 μm) connected 

to a FID detector. 

The organic mixture relative to reactions performed starting from 

limonene, were analyzed through a GC (Thermo Fisher) equipped with an 

IVA-OV1701 column (length 50 m, internal diameter 0.25 mm and film 

thickness 0.25 μm), using a FID (250°C, 50Hz); Temp. 50-240°C at a speed of 

heating of 8°C /min and 20 min of isotherm. 

 

 

 

2.6. Conversion, selectivity and carbon mass balance 

The conversion of polyols in the liquid phase was calculated on the basis 

of the following equation: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%] =  
𝑚𝑜𝑙 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑚𝑜𝑙 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑓𝑒𝑒𝑑
 × 100 

 

When the reagent is solid, like cellulose, the conversion has been 

estimated through gravimetric method, in agreement with the following 

equation: 

𝐶𝑜𝑛𝑣.𝐶𝐸𝐿𝐿. [%] =  
𝑤𝐶𝑒𝑙𝑙

𝐼𝑁 − 𝑤𝐶𝑒𝑙𝑙
𝑂𝑈𝑇

𝑤𝐶𝑒𝑙𝑙
𝐼𝑁  × 100 
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Where 𝑤𝐶𝑒𝑙𝑙
𝐼𝑁  indicates the weight of cellulose put at the beginning of the 

reaction and 𝑤𝐶𝑒𝑙𝑙
𝑂𝑈𝑇 is the weight of cellulose recovered at the end of the 

reaction. 

 

The molar selectivity of each product detected in the liquid phase was 

calculated in agreement with the following equation: 

𝑀𝑜𝑙𝑎𝑟 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [%] =  
𝑚𝑜𝑙 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑛 𝐿𝑖𝑞 𝑝ℎ𝑎𝑠𝑒

Σ𝑚𝑜𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖𝑛 𝐿𝑖𝑞 𝑝ℎ𝑎𝑠𝑒
 × 100 

 

The products yield was calculated on carbon basis and defined as: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑌𝑖𝑒𝑙𝑑 [%] =  
𝑚𝑜𝑙 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 × 𝐶 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝐶 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 × 100 

 

The carbon balance at the end of each reaction was confirmed by using a 

liquid total organic carbon analyzer (Shimadzu TOC-VCSH). The percentage 

of carbon loss has been estimated through the comparison of the carbon 

balance evaluated by HPLC analysis and by TOC measurements. A good 

agreement between the carbon balance obtained by HPLC and TOC 

measurements was found (carbon loss in liquid phase lower than 5%). Each 

measurement was repeated at least three times and every result is 

conveniently mediated. 

The total organic carbon of the gas phase, when calculated, was estimated 

as the difference between the TOC measurements before and after 

hydrogenolysis reactions. In all experiments, the analytical results of GC 

analysis showed a carbon balance in gas phase higher than 95%.
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Chapter 3 

 

 

 

CHARACTERIZATION 

 

3.1. Physico-chemical characterization of Pd/Fe3O4 catalyst 

The present study is focused on the application of the bimetallic Pd/Fe3O4 

catalyst, particularly the catalyst synthesized through the co-precipitation 

method.  Previously, also impregnated bimetallic catalysts have been 

investigated by our research group, but the method of impregnation allows 

to obtain catalysts with a structural composition that is unable to obtain 

significant activities, with respect to co-precipitated catalysts [1,2]. 

The co-precipitated Pd/Fe3O4 catalyst, having a nominal palladium 

loading of 5% wt, was prepared through the dropwise addition of a solution 

containing nitrate precursors of palladium (II) and iron (III) into a solution of 

sodium carbonate. The obtained co-precipitate was washed and filtrated, then 

dried overnight at 120°C and, before any reaction, reduced at 200°C under a 

H2 flow.  

X-ray fluorescence (XRF) measurements indicated 8.7% wt of palladium 

loading, over a BET surface area of 170 m2/g, where 2.51 m2/g is the active 

surface area, as detected through CO pulse chemisorption measurements [3]. 

 The most common analysis techniques used so far for the 

characterization of bimetallic Pd-Fe catalysts were: x-ray diffraction (XRD), 

transmission electron microscopy (TEM), temperature-programmed 

reduction (H2-TPR), x-ray photoelectron spectroscopy (XPS) and extended x-

ray absorption fine structure (EXAFS). All these techniques are widely used 

because they provide accurate results allowing to obtain both quantitative 

and qualitative results [1, 9]. 
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3.1.1. X-ray Diffraction (XRD) 

XRD pattern of the co-precipitated Pd/Fe3O4 catalyst, after the reduction 

at 200°C under H2 flow, reveals only reflections related to Fe3O4 (Figure 3.1). 

Typical reflections related to the cubic crystal magnetite, in agreement with 

JCPDS No. 82-1533, are here below reported: 30.4° (220); 35.8° (311); 43.4° 

(400); 54.0° (422); 57.5° (511); 63.2° (440) [5-7]. 

 

Figure 3.1 XRD pattern of the Pd/Fe3O4 catalyst. 

The absence of the (111) reflection, related to metallic palladium, means 

that palladium nanoparticles are very well dispersed over the catalytic surface 

[1-4].  

XRD patterns of co-precipitated Pd/Fe3O4 catalyst reduced at 100°C (a), 

200°C (b) and after 12 h (c) and 24 h (d) of reactions are reported in Figure 3.2. 

Profiles (a) and (b) show only characteristic reflections of Fe3O4, indicating 

that the catalyst is under the reduced form already when the reduction is 

performed at 100°C [3]. 

The absence of the reflection at the 2ϴ degree ca. 40.1°, related to the 

metallic palladium (111) plane, indicates that the palladium particles are 

under the XRD revelation limit (<2.5 nm) and are highly dispersed on the 

magnetite surface, as confirmed by TEM measurements.  
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XRD patterns of catalysts recovered after reactions are shown in profiles 

(c) and (d). Also after 24 h of reaction there are no modifications of the Fe3O4 

support structure, whilst the increase of the diffraction peak ascribed to the 

plane (111) of the metallic palladium is indicative of the presence of palladium 

particles agglomeration. 

 

Figure 3.2 XRD patterns of Pd/Fe3O4 catalyst reduced at 100°C (a), reduced at 200°C 

(b) and after 12h (c) and 24h (d) of reaction. On the top of diffractograms 

corresponding faces of Fe3O4 (bordeaux) and metallic palladium (blue) are 

reported. 

 

3.1.2. Transmission Electron Microscopy (TEM) 

TEM images of the co-precipitated Pd/Fe3O4 catalyst at magnification of 

50 and 5 nm and relative particle size distribution are reported in Figure 3.3. 

The Pd/Fe3O4 catalyst exhibits a predominance of nanometric palladium 

particles, within the range of 1.2 and 3.5 nm, and a pretty narrow size 

distribution. Indeed, a bimodal distribution with a majority of particles of 1.2 

nm diameter, followed by a second population of slightly larger palladium 

particles, with 2.3 nm average diameter, was found [1-4]. 

These results are in agreement with XRD measurements, in which the 

absence of the diffraction line related to metallic palladium, suggests the 

presence of highly dispersed palladium particles, which should be extremely 
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small, being the conventional limit of XRD instruments for the detection of 

supported nanoparticles usually of 2-2.5 nm.  

Furthermore, similar results of reduced palladium on iron oxide catalyst 

were reported also by Tsang and palladium particles sized in the range of ca. 

0.5 – 2.5 nm of diameter were found [8]. 

 

Figure 3.3 TEM images of Pd/Fe3O4 catalyst at magnification of 50 and 5 nm and 

relative particle size distribution. 

 

3.1.3. Hydrogen Temperature Programmed Reduction (H2-TPR) 

The H2-TPR profile of the unreduced co-precipitated Pd/Fe2O3 catalyst 

shows a main area of only one intense peak of reduction at low temperature, 

starting at 44°C and centered at ca. 80°C, that includes reductions of either 

Pd+2 → Pd0 and Fe+3 → Fe3O4, as determined by the calculation of the hydrogen 

consumption [1-4]. 

 

Figure 3.4 H2-TPR profiles of Pd/Fe2O3 catalyst (violet) and pure Fe2O3 (pink). 
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The H2-TPR profile of the unreduced pure Fe2O3 catalyst is also included, 

in order to compare the reductive profile of the bimetallic catalyst (Figure 3.4). 

For the pure iron oxide (Fe2O3), the reduction starts at significantly higher 

temperatures (ca. 320°C) and the profile presents two main peaks: the first 

centered at ca. 420°C that belongs to the reduction of Fe+3 → Fe3O4, whilst the 

second is centered at ca. 690°C due to the following reduction of  Fe3O4→FeO. 

Through the comparison of H2-TPR profiles of the unreduced bimetallic 

catalyst (Pd/Fe2O3) and the pure oxide (Fe2O3) the promoting effect played by 

the palladium nanoparticles on the iron oxide support, which is indicative of 

a strong metal-support interaction (SMSI) [1-4, 9], results very clear.  

Furthermore, the low temperature at which is placed the main reduction 

peak of the unreduced bimetallic catalyst (Pd/Fe2O3), entirely below 100°C, is 

in agreement with the XRD pattern of the bimetallic catalyst reduced at 100°C 

(profile (a) in Figure 3.2), that shows signals only referred to the magnetite 

structure [3-4]. 

If these evidences are not enough, other authors, so far, reported similar 

results relative to co-precipitated Pd/Fe3O4 catalysts, where the method used 

to synthesize the material plays a fundamental role on the properties 

observed; in particular all authors reach the same conclusion regarding the 

effectiveness of palladium nanoparticles in promoting the reduction of 

hematite into magnetite [1, 8-12]. 

 

3.1.4. X-ray Photoelectron Spectroscopy (XPS) 

The comparison of X-ray photoelectron spectroscopy (XPS) spectra of 

reduced and unreduced Pd/FexOy samples leads to confirm the presence of 

only Fe3O4 over the reduced catalyst (as previously shown through XRD 

patterns, Figures 3.1 and 3.2). This evidence was ascertained because of the 

absence of the satellite peak at 718.5 eV. This indicates that the Fe2O3 structure 

over the reduced surface is totally absent (Table 3.1).  

Furthermore, after the reducing treatment, the shift of ca. 0.5 eV of the Pd 

3d5/2 binding energy to higher values, than that observed for metallic 

palladium, indicates the presence of partial positively charged metal Pd 

species (Pdδ+) (Table 3.1 and Figure 3.5). 
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This evidence is attributed to alloy formation for bimetallic supported Pd 

catalysts [2,3]. 

 

Table 3.1 Binding Energy values of Pd 3d5/2, Fe 2p3/2 and Fe 2p3/2 sat., and O 1s for 

un-reduced (Pd/Fe2O3) and reduced (Pd/Fe3O4) bimetallic catalysts.   

 Binding Energy (eV) 

Catalyst Pd 3d5/2 Fe 2p3/2 Fe 2p3/2 sat. O 1s 

Pd/Fe2O3 336.2 710.9 718.5 530.2 

Pd/Fe3O4 335.2 710.7 - 530.2 

 

 

 

Figure 3.5 XPS Pd 3d5/2 and Fe 2p3/2 graphs of the reduced Pd/Fe3O4 catalyst. 

 

 

3.1.5. Extended X-ray Absorption Fine Structure (EXAFS) 

Extended X-ray absorption fine structure (EXAFS) is a technique able to 

provide valuable information about the structure of metal alloys, since it gives 

information about the local structure around Pd, the Pd–support oxide 

interaction and/or the Pd bimetal nanoparticle formation [13-15]. 
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EXAFS characterization of different Pd/FexOy catalysts has been deeply 

investigated by several research groups and the results have been 

summarized in a review dedicated to Pd/FexOy catalysts [1].  

The results, obtained through EXAFS investigations performed over 

bimetallic Pd/Fe3O4 and monometallic Pd/C (used as the benchmark Pd-based 

catalyst) catalysts, are reported here below in Table 3.2.  

Results reveal that some iron particles are alloyed into the palladium 

nanoparticles forming Pd–Fe bimetallic ensembles, being the Pd-Fe bond 

length shorter than that of Pd-Pd bonds (Table 3.2). These findings indicate 

that on the Pd/Fe reduced catalyst strong interactions between the palladium 

nanoparticles and the iron oxide support are present [1-3]. 

 

Table 3.2 EXAFS characterization at the Pd K-edge for Pd/Fe and Pd/C catalysts. 

Catalyst Scattering 

pair 

CN a) Bond Length 

(Å) 

R-factor  

(%) 

Ef b) 

(eV) 

DW factor c) 

 

K-range 

Pd/Fe Pd-Pd 1.9 2.66 1.6 -7.4 7.3 2-12 

 Pd-Fe 1.0 2.59   5.1  

Pd/C Pd-Pd 8.0 2.73 2.6 -7.6 6.1 2-17 

a) CN = coordination number; 
b) Ef = Energy of fluorescent x-ray 
c) DW factor: Debye-Waller factor (σ2·10-3 Å2). 
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3.2. Conclusions 

The surface of the co-precipitated Pd/Fe3O4 catalyst is characterized by 

the presence of highly dispersed palladium nanoparticles, as shown by X-ray 

diffraction (XRD) and transmission electron microscopy (TEM) techniques.  

Furthermore, TEM characterizations allowed to measure the average size 

of the particles and the relative particle size distribution that reveal a majority 

of particles of 1.2 nm diameter. 

H2-TPR measurements indicate the presence of only one intense peak at 

low temperature, entirely placed at T<100°C, whose area includes the 

reduction of both palladium and iron cations species, confirming the existence 

of a strong metal-support interaction (SMSI) and highlighting the promoter 

effect played by palladium in the reduction of iron oxide from hematite into 

magnetite. 

XPS investigations on the reduced Pd/Fe3O4 catalyst confirm the presence 

of intimate interactions between palladium nanoparticles and the iron oxide 

support. 

Finally, EXAFS measurements confirm the presence of Pd-Fe bimetallic 

ensembles on the surface of the reduced Pd/Fe3O4 catalyst. 
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Chapter 4 

 

 

 

STUDY OF MODEL MOLECULES: 

HYDROGENOLYSIS OF POLYOLS 

 

4.0. Overview of the approach 

 

Figure 4.0 Schematic representation of the approach followed to investigate the 

performance of the Pd/Fe3O4 catalyst for the valorization of polyols, before 

to investigate directly the polymer cellulose. 
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Before to start the detailed description of the reaction pattern involved in 

the hydrogenolysis of polyols promoted by the co-precipitated Pd/Fe3O4 

catalyst, it is important to spend few words to explain the approach followed 

during this investigation. 

The first part of this research was focused on the study of the 

hydrogenolysis of polyols, starting from polyols with short carbon chain 

before the investigation of polyols with longer carbon chain, in particular the 

C6 polyol sorbitol. This approach enables to facilitate the comprehension of 

the mechanism of reaction given by the co-precipitated Pd/Fe3O4 catalyst.  

Only after the clarification of the overall reactions pathways followed by 

using the title catalyst, it was possible to shift the attention on the polymer 

cellulose, described in the subsequent chapter of this thesis. 

 

4.1. Polyols C3-C2 

The experimental investigation, at the beginning, was focused on 

biomass-derived polyols having the shortest carbon chain (C3 – C2), such as 

glycerol, 1,2-propanediol and ethylene glycol.    

Glycerol (C3 polyol, Gly) is a valuable feedstock, being the main by-

product in bio-diesel production, cheaply available in increasing amounts [1]. 

Furthermore, the selective hydrogenolysis of glycerol leads to 1,2-

propanediol (C3 diol, 1,2-PDO), which is a useful feedstock in several 

industrial fields [2]. Ethylene glycol (C2 polyol, EG) is the shortest polyol, 

typically used as antifreeze agent and as precursor of valuable polyesters 

(polyethylene terephthalate (PET) and polyethylene-naphthalate (PEN)) [3].  

 

4.1.1. Hydrogenolysis reactions 

In Table 4.1 the results obtained by the hydrogenolysis of glycerol, 1,2-

propanediol and ethylene glycol, within the range of temperature 

investigated (180-240°C), using a very low initial H2 pressure (5 bar) are 

summarized. 

Using glycerol as starting substrate, 1,2-propanediol (1,2-PDO) is the 

main reaction product at the lowest temperature (180°C) investigated, 

indicating that the Pd/Fe3O4 catalyst prefers the C–O bond cleavage rather 
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than the C–C bond breaking. Upon increasing the reaction temperature, a 

higher glycerol conversion accompanied by a lower selectivity towards 1,2-

propanediol together with an increased amount of ethanol, methanol, 1-

propanol and 2-propanol is observed. It is worth noting that the amount of 

ethanol reaches a maximum of 70.5% in the liquid phase products at 240°C, 

indicating that, at higher temperatures, the Pd/Fe3O4 catalyst also activates 

consistently the C–C bond breaking. 

Table 4.1 Conversion of C3-C2 polyols promoted by the Pd/Fe3O4 catalyst in 

presence of molecular hydrogen.  

Operating Conditions: 40 ml of aqueous solution with 4% wt of polyol, 

0.25g of Pd/Fe3O4 catalyst, initial pressure of H2: 5 bar, 180-240°C, 24 h 

of reaction, within an autoclave of 100mL. 

Abbreviations: 1,2-PDO = 1,2-Propanediol; POs: Propanols (1-propanol and 2-propanol); EG: Ethylene 

Glycol; EtOH: Ethanol; MeOH: Methanol.  

Note: (-) means that such product is not considerable for the reaction considered, while (0.0) means that 

such product has not been detected.  

1,2-Propanediol was also tested as starting reagent, in the same operating 

conditions, in the presence of molecular hydrogen (Table 4.1). Ethanol was 

found to be the main product, obtained with higher selectivity (90-94.7%) at 

every temperature investigated. 

     Molar Selectivity [%] 

Entry Temp. Conv.  CLiq Ph. C3  C2  C1 

 [°C] [%] [%] 1,2-PDO POs EG EtOH MeOH 

Glycerol 180 92.4 78.6 77.1 0.2 15.0 7.7 0.0 

Glycerol 210 100.0 67.6 57.7 1.7 9.7 27.2 3.7 

Glycerol 240 100.0 57.2 9.3 10.1 0.5 70.5 9.6 

1,2-PDO 180 14.2 98.6 - 5.3 0.0 94.7 0.0 

1,2-PDO 210 61.5 72.2 - 6.1 0.0 93.9 0.0 

1,2-PDO 240 78.7 67.7 - 8.6 0.0 90.0 1.4 

EG 180 11.0 91.6 - - - 50.1 49.9 

EG 210 31.7 72.7 - - - 43.4 56.6 

EG 240 72.1 51.7 - - - 28.2 71.8 
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All these results suggest that ethanol found at higher reaction 

temperatures, arises mainly from the dehydrogenation/decarbonylation of 

1,2-propanediol. 

Having identified 180°C as the best reaction temperature in order to 

obtain 1,2-propanediol from glycerol, the hydrogenolysis of glycerol at 

different reaction times (Table 4.2) was investigated. As expected, the glycerol 

conversion increases when the reaction time passes from 6 to 24 hours. 

 

Table 4.2 Conversion of glycerol promoted by the Pd/Fe3O4 catalysts in presence 

of molecular hydrogen, at different reaction times.  

Operating Conditions: 40 ml of aqueous solution with 4% wt of glycerol, 

0.25g of Pd/Fe3O4 catalysts, initial pressure of H2: 5 bar, 180°C, 6-24 h of 

reaction, within an autoclave of 100mL. 

Abbreviations: 1,2-PDO = 1,2-Propanediol; POs: Propanols (1-propanol and 2-propanol); EG: Ethylene 

Glycol; EtOH: Ethanol; MeOH: Methanol.  

 

The pressure effect was also investigated upon increasing the initial 

hydrogen pressure from 5 to 20 bar, at 180°C. It was observed a decrease in 

glycerol conversion as well as a lower 1,2-propanediol selectivity (Figure 4.1). 

Such a conversion decrease, on increasing the hydrogen pressure, in other 

hydrogenolysis reactions carried out over heterogeneous palladium systems, 

was ascribed to the competitive adsorption of the substrate and H2 on the 

catalyst surface [4].  

The recycle of the Pd/Fe3O4 catalyst at 180°C in the presence of H2, was 

performed after washing the sample with pure water and a lower conversion, 

as expected, was observed (Figure 4.2). However, the selectivity did not 

change appreciably, as already reported in the past, and in experiments 

performed using 2-propanol as solvent [5]. The Pd/Fe3O4 catalyst was also 

     Molar Selectivity [%] 

Entry Time Conv.  CLiq Ph. C3  C2  C1 

 [h] [%] [%] 1,2-PDO POs EG EtOH MeOH 

Glycerol 6 60.9 81.1 78.6 0.0 16.0 4.2 1.2 

Glycerol 12 78.2 79.8 78.1 0.0 16.0 4.9 1.0 

Glycerol 24 100.0 57.2 9.3 10.1 0.5 70.5 9.6 
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tested at higher glycerol concentrations (20% wt of glycerol solution, 1g of 

reduced Pd/Fe3O4 catalyst, initial pressure of H2: 20 bar, 24 hours of reaction): 

the selectivity towards 1,2-propanediol (83,9%), ethylene glycol (11,2%), 

ethanol (4,2%) and propanols (0,7%) was detected with a glycerol conversion 

of 83,9%. 

 

Figure 4.1  Initial H2 pressure effect on the glycerol conversion (%) and 1,2-

propanediol yield (%) in the reaction performed with the reduced 

Pd/Fe3O4 catalyst.  

Operating Conditions: 40 ml of aqueous solution with 4% wt of glycerol, 

0.25g of Pd/Fe3O4 catalyst, initial pressure of H2: 5-20 bar, 180°C, 24 h of 

reaction, within an autoclave of 100mL. 

 

Finally, the reactivity of ethylene glycol hydrogenolysis (Table 4.1), in 

presence of the Pd/Fe3O4 catalyst, shows a pretty equimolar selectivity into 

methanol and ethanol at 180°C and, when the temperature increases, the main 

product becomes methanol. Reactions starting from ethylene glycol proceed 

more slowly with respect to glycerol, at every temperature investigated. At 

180°C, the Pd/Fe3O4 catalyst equally cleaves the C–C and the C–O bonds of 

EG, allowing the production of methanol and ethanol in comparable yields. 

Upon raising the reaction temperature, an enhanced performance of Pd/Fe3O4 

catalyst to C–C bond breaking is noticed. 

The presence of added H2 in the catalytic test does not allow a truthful 

quantitative analysis of gas phase products. However, in the temperature 
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range investigated (180–240°C) a qualitative analysis reveals the main 

presence of CO2 accompanied by a very low amount of alkanes. 

 

 

Figure 4.2  Recycle of the Pd/Fe3O4 catalyst in the glycerol hydrogenolysis (in 

presence of molecular H2).  

Operating Conditions: 40 ml of aqueous solution with 4% wt of glycerol,  

0.25g of Pd/Fe3O4 catalyst, initial pressure of H2: 5 bar, 180°C, 24 h of 

reaction, within an autoclave of 100mL. 

  

 

4.1.2. Reactions without molecular H2: under inert atmosphere 

Since glycerol is considered an interesting feedstock to produce bio – 

hydrogen, the feasibility to produce hydrogen from glycerol through the 

aqueous-phase reforming process promoted by the Pd/Fe3O4 catalyst was 

investigated [6-8]. 

In Table 4.3 and 4.4 results obtained by reactions carried out under inert 

atmosphere (aqueous phase reforming (APR) conditions), the distributions of 

products in liquid and gas phases, respectively, are reported.  

Upon increasing the temperature from 180 to 210 and 240°C, glycerol is 

fully converted with a higher production of gas phase products and at 240°C 

a H2 selectivity of 80.5% in gas phase products is reached. 
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The liquid phase product distribution for the APR of glycerol at 180°C, 

includes mainly 1,2-propanediol, ethylene glycol, and methanol. In the gas 

phase, H2 is the main product (73.4%) together with CO2 (26.1%) and a 

negligible amount (0.5%) of light alkanes (methane, ethane and propane) are 

observed. The hydrogen necessary for the hydrogenolysis reaction derives 

from the aqueous phase reforming of glycerol itself as well as from the water 

gas shift (WGS) process. 

 

Table 4.3 Conversion of glycerol and ethylene glycol promoted by the Pd/Fe3O4 under 

inert atmosphere. Liquid phase composition. Operating Conditions: 40 ml of 

aqueous solution with 4% wt of polyol, 0.25g of Pd/Fe3O4 catalyst, initial 

pressure of N2: 5 bar, 180-240°C, 24 h of reaction, within an autoclave of 

100mL. 

Abbreviations: 1,2-PDO = 1,2-Propanediol; POs: Propanols (1-propanol and 2-propanol); EG: Ethylene 

Glycol; EtOH: Ethanol; MeOH: Methanol.  

Note: (-) means that such product is not considerable for the reaction considered, while (0.0) means that 

such product has not been detected.  

Significant changes in the liquid phase product composition are also 

detected. As expected, the amount of 1,2-propanediol decreases while a 

higher selectivity to ethanol and propanols is observed. Similarly, the 

ethylene glycol selectivity drops from 12.2% at 180°C to 6.3% at 210°C and to 

0.2% at 240°C as a result of the further dehydrogenation and hydrogenolysis 

processes. 

 

    Molar Selectivity [%] 

Entry Temp. Conv.  CLiq Ph. C3  C2  C1 

 [°C] [%] [%] 1,2-PDO POs EG EtOH MeOH 

Glycerol 180 9.8 76.8 72.8 3.5 12.2 1.0 10.5 

Glycerol 210 100 64.7 42.9 5.2 6.3 36.6 9.0 

Glycerol 240 100 41.9 9.4 8.7 0.2 73.0 8.7 

EG 180 13.3 89.8 - - - 39.7 60.3 

EG 210 34.5 73.5 - - - 26.7 73.3 

EG 240 66.2 50.9 - - - 23.4 76.6 
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Table 4.4 Conversion of glycerol and ethylene glycol promoted by the Pd/Fe3O4 

under inert atmosphere. Gas phase composition. Operating Conditions: 40 

ml of aqueous solution with 4% wt of polyol, 0.25g of Pd/Fe3O4 catalyst, 

initial pressure of N2: 5 bar, 180-240°C, 24 h of reaction, within an autoclave 

of 100mL. 

 

It is important to highlight that CO is never detected, which is indicative 

of a worthy activity of the bimetallic Pd/Fe3O4 catalyst toward the water gas 

shift reaction. 

Typical operating conditions in APR processes are characterized by the 

presence of higher pressures, in order to maintain water in the liquid state. 

The operating conditions, described in this work, use very low initial 

pressure. However, in the temperature range investigated, the amount of 

water in the vapor state should be very low (below 3% at 240°C) allowing to 

investigate the C–C bond breaking under reaction conditions very close to 

those usually adopted for APR reactions. 

A combination of APR and in situ hydrogenolysis reactions of ethylene 

glycol is also observed. In line with the reactions carried out in the presence 

of added H2, a lower conversion of ethylene glycol, with respect to glycerol, 

is achieved within the temperature range of 180–240°C. The liquid phase 

analysis shows methanol (C–C bond breaking) as the main reaction product 

and the selectivity to ethanol (C–O bond cleavage) gets lower as the 

temperature increases. Gas phase products are characterized by a good H2 

production and an insignificant amount of alkanes. 

     Molar Selectivity [%] 

Entry Temp. Conv.  CGas Ph.    

 [°C] [%] [%] H2 CO2 Alkanes 

Glycerol 180 9.8 23.2 73.4 26.1 0.5 

Glycerol 210 100 35.3 77.8 20.8 1.4 

Glycerol 240 100 58.1 80.3 17.5 2.2 

EG 180 13.3 10.2 81.7 18.3 0.0 

EG 210 34.5 26.5 81.6 18.4 0.0 

EG 240 66.2 49.1 81.2 18.8 0.0 
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4.1.3. Discovering the reaction mechanism: Hydrogenolysis vs. APR  

The results of the glycerol conversion at 180°C in the presence of 

molecular H2 over the Pd/Fe3O4 catalyst are in agreement with those obtained 

before, by other members of our group, when 2-propanol was used as the 

solvent and hydroxyacetone (AC) was identified as a reaction intermediate 

during the 1,2-propanediol formation [5, 9]. The main difference lies in the 

higher fraction of ethylene glycol and ethanol detected in water and not 

observed in 2-propanol where a good selectivity to 1-propanol was also found 

(Figure 4.3).  

 

Figure 4.3  Glycerol hydrogenolysis promoted by the Pd/Fe3O4 catalyst in presence of 

added H2 (5 bar), by using water (conversion = 92,4%) or 2-propanol 

(conversion = 100%) as reaction solvent. Distribution of products in liquid 

phase.  

 

Therefore, it can be stated that in glycerol hydrogenolysis, it is 

undesirable to use water as a reaction medium in order to drive the 

equilibrium to propanol formation.  

Cross-check experiments, under both reaction conditions used in this 

study (H2 or N2) and within the temperature range investigated (180–240°C), 

show that pure Fe3O4 does not give any glycerol conversion, suggesting that 

the presence of palladium is an essential prerequisite for C–O and C–C bond 

breaking. 
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In agreement with the catalytic results, the conversion of glycerol 

promoted by the bimetallic Pd/Fe3O4 catalyst can follow two distinctive routes 

for the 1,2-propanediol and ethylene glycol formation (Figure 4.4). 

 

 

Figure 4.4 Initial steps in glycerol conversion, both in presence and in absence of 

molecular H2: the dehydration/hydrogenation and the 

dehydrogenation/decarbonylation routes.  

 

The adsorption of two adjacent alcoholic groups of glycerol on Pd and Fe 

sites with a subsequent C–OH breaking promoted by palladium, is the first 

step in the reaction pathway that leads to 1,2-propanediol. The unstable enol 

is then rearranged to hydroxyacetone (AC), which is finally hydrogenated 

into 1,2-propanediol [9]. On the other hand, glycerol conversion toward 

ethylene glycol proceeds via a previous dissociation of primary alcoholic 

groups followed by the C–H bond breaking. The ensuing glyceraldehyde 

undergoes a final C–CO breaking leading to ethylene glycol and CO 

formation. Other possible alternative processes, such as the one affording 

dihydroxyacetone (derived from the dehydrogenation of the secondary 

alcoholic group), have been discarded since such pretty stable compound has 

never been detected. 

Data reported in Tables 4.3 and 4.4 concerning reactions carried out under 

inert conditions show that, together with H2, CO2 and a small amount of 
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alkanes, liquid phase products are formed. The presence of hydrogenolysis 

products implies that the in situ produced H2 participates directly in the 

hydrogenation of the intermediates produced from the dehydration route. 

Therefore, it can be affirmed that hydrogenolysis and APR are 

competitive processes (hydrogenolysis vs. APR) and that the dehydration and 

dehydrogenation reactions are key elementary steps in the conversion of 

glycerol both in the presence and in absence of added H2. 

In the presence of H2 or under inert atmosphere, at 180°C, the Pd/Fe3O4 

catalyst allows the conversion of glycerol to 1,2-propanediol in a good yield 

showing an enhanced ability toward the C–O bond cleavage. Conversely, at 

higher reaction temperatures, dehydrogenation reactions prevail and the 

dehydration/ hydrogenation steps become less important, even when 1,2-

propanediol is used as the starting substrate (Table 4.1). To this regard, the 

research group of Tsang has also recently observed the higher ability of the 

co-precipitated Pd/Fe3O4 catalyst (prepared by an analogous synthetic 

procedure) in the selective C–C bond breaking of biomass derived polyols at 

a high reaction temperature (250°C) [10]. Accordingly, a recent report clearly 

shows that reaction temperatures lower than 180°C are more advantageous to 

the production of propanols from 1,2-propanediol [11]. The temperature 

dependence of the reaction pathway’s selectivity can be related to the 

different bond energies involved in the alternative processes [12]. The 

dehydration/ hydrogenation route implies the initial C–OH cleavage of the 

primary alcoholic group (EC−OH ≅ 80 kcal mol−1) [12] followed by the 

rearrangement of the unstable enol to hydroxyacetone which is finally 

hydrogenated to 1,2-propanediol [9]. Conversely, the dehydrogenation 

/decarbonylation route involves the prior O–H breaking (EO–H ≅ 104 kcal mol−1)   

[11] followed by the β C–H (with respect to oxygen) elimination and by the 

consequent C–CO rupture [13-14]. Moreover, since a negligible amount of 

methanol was detected in the reactions carried out by using 1,2-propanediol 

as the starting substrate it can be confirmed that the rupture of the O–H bond 

is a fundamental prerequisite for C–C cleavage. Similar conclusions have been 

also proposed by Lercher and co-workers that suggest a reaction network 

consisting of parallel routes, including dehydrogenation and dehydration as 

the primary steps in the hydrodeoxygenation and APR of C3 alcohols and 

polyols [15-16]. 
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In this regard, it is worth to underline that the C–CO bond energy value 

is about 83 kcal mol−1, quite proximate to that of an internal C–C bond (EC–C ≅ 

85 kcal mol−1) [12]. Therefore, C–CO is cleaved preferentially with respect to 

the direct breaking of the C–C bond since (i) the terminal C=O group does not 

undergo steric hindrance and easily interacts with the catalyst metal surface 

and (ii) its removal is helped by the simultaneous aldehydic C–H (≅95 kcal 

mol−1) bond breaking promoted by metal particles. Accordingly, on the basis 

of theoretical studies, it has been reported that the C–C bond breaking of 

glycerol on the Pt (111) surface has a very high barrier with respect to that of 

the terminal C–CO bond cleavage [17]. 

 

Figure 4.5 Hydrogenolysis vs. APR: overall reaction pathways for the conversion of 

glycerol.  

 

  An analogous competition of the dehydration/hydrogenation and 

dehydrogenation processes (hydrogenolysis vs. APR) occurs starting from 

ethylene glycol. The catalytic results at 180 and 210°C in the presence of H2 

show a competition between the CO–H bond cleavage and C–O bond 

breaking reactions (methanol and ethanol are almost equally formed) while, 

at 240°C, the CO–H bond scission reaction becomes more favorable with a 

higher production of methanol confirming the temperature dependence of the 

dehydration and dehydrogenation routes. Under inert conditions, methanol 

is the main reaction product obtained in the liquid phase as a result of the 

prevalence of the dehydrogenation/decarbonylation route.  
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Recent density functional theory (DFT) calculations, complemented with 

temperature-programmed desorption (TPD) experiments, demonstrate that 

the decomposition of ethylene glycol on Pt and Pt/Ni surfaces proceeds first 

through dehydrogenation to reach one of the species with a terminal CO 

followed by C–C bond cleavage [18]. All these results allow the overall 

pathways for describing the hydrogenolysis vs. APR reactions starting from 

glycerol to be drawn, as represented in Figure 4.5. The gas phase composition 

of the reactions carried out under inert atmosphere are characterized by a 

H2/CO2 ratio higher than the maximum value theoretically expected for the 

glycerol APR (1): 

C3H8O3 + 3H2O → 7H2 + 3CO2  (1) 

The explanation for the “apparent” anomaly is that the catalytic tests are 

conducted in batch mode with the gas phase products collected in a gas 

sampler cylinder directly connected to the autoclave reactor. The sampling 

system adopted allows the collection of gas-phase products at about 2/3 of the 

pressure measured at 25°C. Therefore, under our sampling conditions, it is 

necessary to take into consideration that CO2 is much more soluble in water 

than H2 (CO2(sol)/H2(sol) ≅ 55). Therefore the H2/CO2 ratio measured is expected 

to be higher than predicted on the basis of reaction (1) and even higher as the 

final pressure (related to the reaction temperature) increases.  

In accordance with all these considerations, the measured pH values of 

the liquid phase are 6.10, 5.90 and 5.75 for the reactions carried out 

respectively at 180, 210 and 240°C as expected from the weak acidity of CO2 

in water.  

Analogous considerations can be referred to APR reactions of ethylene 

glycol.  

Another very important peculiarity of the Pd/Fe3O4 catalyst is the absence 

of CO (as a gas phase product) in all experiments. The obvious implication is 

that the WGS equilibrium is completely shifted towards H2 and CO2 

formation. Consequently, the Pd/Fe3O4 is very efficient in the WGS reaction 

but poorly effective as a Fisher–Tropsch or methanation catalyst. 

This is easily understandable considering that both palladium and Fe3O4 

are known to be efficient catalysts for affording WGS products. Analogous 

results were also obtained by Dumesic's research group showing a superior 

activity of the impregnated Pd/Fe3O4 catalyst with respect to the analogous 
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Pd/Fe2O3 in the APR of ethylene glycol as a result of the enhanced WGS 

reaction promoted by the synergistic effect of Pd nanoparticles and magnetite 

[19]. 

 

4.2. Polyols C6-C4 

Cellulose and hemicellulose derived sorbitol (C6 polyol, Sorb) and xylitol 

(C5 polyol, Xyl) have been inserted in the list of top 12 biomass-based building 

blocks [4,20-21] representing key renewable resources for modern 

biorefineries. Sorbitol is attracting intense industrial and research interests 

[22-23]. At present, it is largely used in pharmaceutical, food and cosmetic 

industries [24]. Moreover, sorbitol has been proposed as building block for 

production of biofuels, chemicals [25-27] and renewable hydrogen (through 

the aqueous phase reforming process, APR) [25, 28-32]. Xylitol is widely 

applied as sweetener and inhibitor for the development of bacteria in foods 

[24, 33]. Erythritol (C4 polyol, Eryth) is the main starting substrate for the 

synthesis of butanediols (BDOs), that are widely employed as precursors of 

polyester resins, polyurethanes and polymers such as polybutylene-

terephthalate (PBT) [24,33].  

 

4.2.1. Hydrogenolysis of Sorbitol 

The catalytic results of the bimetallic Pd/Fe3O4 catalyst in the 

hydrogenolysis of sorbitol, compared with that of the commercial Pd/C, are 

reported in Table 4.5. The bimetallic Pd/Fe3O4 catalyst shows excellent 

performances affording an almost complete conversion at 180°C (91%) and a 

total conversion (100%) at 210°C. The distribution pattern of products, in 

liquid phase, changes within the temperature range investigated. Indeed, at 

lower temperatures (150 and 180°C) the main reaction products are xylitol 

(Xyl) and glycerol (Gly), followed by lower amounts of erythritol (Eryth) and 

ethylene glycol (EG). When the temperature increases, xylitol and glycerol are 

gradually converted into smaller polyols such as butanediols (BDOs = 1,2-

butandiol + 1,4- butanediol + 2,3-butandiol), 1,2-propanediol (1,2-PDO), 

propanols (POs: 1-propanol and 2-propanol), ethylene glycol (EG) and 

ethanol (EtOH). It is worth noting that, as the reaction proceeds toward 

products having lower molecular weight, the amount of ethanol 

progressively increases, so that it becomes the main product, in liquid phase, 
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at 240°C (63.5% mol-based selectivity, 25.4% carbon based yield). On the 

contrary, the commercial Pd/C exhibits a significant lower activity. Indeed, at 

210°C the sorbitol conversion is less than 30% and the maximum is 60% at 

240°C, the highest temperature investigated. The selectivity pattern, on 

increasing the temperature, follows a similar trend as that reported for the 

Pd/Fe3O4 catalyst; furthermore, a much lower ethanol yield is always 

registered (12% carbon-based yield at 240°C). 

 

Table 4.5 Conversion of sorbitol promoted by Pd/C and Pd/Fe3O4 catalysts, in 

presence of molecular H2. Liquid phase composition. Operating Conditions: 

40 ml of aqueous solution with 4% wt of sorbitol, 0.25g of reduced catalyst, 

initial pressure of H2: 5 bar, 180-240°C, 24 h of reaction, within an autoclave 

of 100mL. 

    Molar Selectivity [%]  

Cat. Temp. Conv. Liq Ph.  C5  C4     C3     C2   

 [°C] [%] [%] Xyl  Eryth 1,2- BDO 1,4- BDO 2,3-BDO  Gly 1,2-PDO  1-PO  2-PO  EG  EtOH  OP 

Pd/Fe3O4 240 100.0 40.0 0.0 0.0 0.0 0.3 2.8 0.0 5.9 13.0 1.0 0.0 63.5 13.5 

Pd/C 240 60.0 44.0 0.0 0.0 3.2 0.0 2.0 0.0 20.4 13.4 0.0 12.4 45.4 3.2 

Pd/Fe3O4 210 100.0 60.0 0.0 0.0 8.4 0.0 7.4 1.2 22.0 10.0 0.0 8.1 41.3 1.6 

Pd/C 210 28.0 100.0 0.0 0.0 11.4 0.0 2.1 4.3 35.0 4.2 0.0 26.1 16.9 0.0 

Pd/Fe3O4 180 91.0 80.0 5.5 1.8 7.2 0.0 5.0 19.5 27.9 2.0 0.0 13.4 8.5 9.2 

Pd/C 180 13.6 100.0 0.0 0.0 12.0 0.0 0.0 18.0 42.0 0.0 0.0 22.0 6.0 0.0 

Pd/Fe3O4 150 17.0 100.0 33.0 7.0 0.5 0.0 0.0 35.0 10.0 0.0 0.0 8.0 0.5 6.0 

Pd/C 150 <1 100.0 - - - - - - - - - - - - 

Abbreviations: Xyl: Xylitol; Eryth: Erythritol; 1,2-BDO: 1,2-Butanediol; 1,4-BDO:1,4-Butanediol; 2,3-BDO: 

2,3-Butanediol; Gly: Glycerol; 1,2-PDO: 1,2-Propanediol; 1-PO: 1-Propanol; 2-PO: 2-propanol; EG: Ethylene 

glycol; EtOH: Ethanol; OP: other products.  

Furthermore, pure Fe3O4 was tested, within the same temperature range, 

but no appreciable sorbitol conversion was observed. 

The lack of a significant reactivity using either Pd/C or pure Fe3O4, 

confirms that the marked activity shown by the bimetallic Pd/Fe3O4 catalyst 

has to be attributed to the strong interaction between palladium and iron, as 

consequence of the preparation method (co-precipitation) [34, 35] in analogy 

with other reports attaining to C3 and C2 polyols.  
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Table 4.6 Conversion of sorbitol promoted by the Pd/Fe3O4 in presence of molecular 

H2. Gas phase composition. Operating Conditions: 40 ml of aqueous solution 

with 4% wt of sorbitol, 0.25g of Pd/Fe3O4 catalyst, initial pressure of H2: 5 

bar, 180-240°C, 24 h of reaction, within an autoclave of 100mL. 

Temp 

[°C] 

Conv.  

[%] 

Gas Ph. 

[%] 

   Molar Selectivity [%] 

CH4 C2H6 C3H8 CO2 

240 100.0 60.0 6.0 0.9 1.6 91.5 

210 100.0 40.0 3.1 0.5 0.2 96.2 

180 91.0 20.0 0.7 0.2 0.2 98.9 

 

Gaseous products were also quantitatively analyzed, pulling out the gas 

phase from the reaction vessel, cooled down at room temperature, after every 

experiment without accounting for the amount of molecular hydrogen, added 

as pure reactant (5 bar at 25°C) at the start of each reaction. The amount of gas 

products rises on increasing the reaction temperature (180–240°C), although 

its composition was found quite constant, being composed by, mainly, carbon 

dioxide and only small amounts of alkanes (methane, ethane and propane). 

Gaseous compositions, detected at different temperatures, are depicted in 

Figure 4.6. It is worth to highlight that carbon monoxide was never detected 

in the gas phase, confirming that the Pd/Fe3O4 catalyst is also effective to 

promote the water gas shift reaction, as previously observed in the 

hydrogenolysis of glycerol and ethylene glycol, carried out under APR 

conditions [36].   

 

Figure 4.6 Hydrogenolysis of sorbitol: gas phase composition at 180°C (20%), 210°C 

(40%) and 240°C (60%) after 24h of reaction promoted by Pd/Fe3O4 

catalyst.  
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Considering the 240°C value as a significant reaction temperature to 

maximize the ethanol production in liquid phase, sorbitol hydrogenolysis was 

also investigated at different reaction times (3, 6, 12 and 24 h). The sorbitol 

conversion was complete already after 3 h of reaction, although the ethanol 

selectivity in liquid phase increases as the reaction proceeds from 3 to 24 h 

(Figure 4.7, top). Results obtained from investigations at different reaction 

times at 180 and 210°C are reported in Table 4.7 and 4.8. The effect of the 

hydrogen pressure increase from 5 to 20 bar was also investigated. At 240°C 

the conversion of sorbitol remains complete; however, the decrease of ethanol 

selectivity in liquid phase was ascertained (Figure 4.7, bottom). A similar 

effect was also observed, at 180 and 210°C (Figure 4.8 and 4.9). The result 

suggests an inhibitory effect, due to the hydrogen pressure, on the 

hydrogenolysis reaction, probably ascribed to a competitive adsorption of 

substrate and hydrogen on the catalyst surface [19, 25, 36–47]. 

 

 Figure 4.7 Reaction time (top) and initial H2 pressure (bottom) effects, showed in 

terms of selectivity (%) and carbon liquid phase (%) obtained in the 

hydrogenolysis of sorbitol carried out in presence of H2 at 240°C, with 

Pd/Fe3O4 catalyst, for 24 h of reaction.  
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Table 4.7 Reaction time effect (6-24h). Liquid product selectivity (% mol) in the 

hydrogenolysis of sorbitol carried out at 180°C. Operating Conditions: 

40 ml of aqueous solution with 4% wt of sorbitol, 0.25g of Pd/Fe3O4 

catalyst, initial pressure of H2: 5 bar, 180°C, 6-24 h of reaction, within 

an autoclave of 100mL. 

   Molar Selectivity [%] 

Time Conv Liq.Ph. C5 C4 C3 C2  

[h] [%] [%] Xyl Eryth 
1,2 -

BDO 

1,4 -

BDO 

2,3 -

BDO 
Gly 1,2-PDO 1-PO 2-PO EG EtOH OP 

6 56.0 95.0 14.0 4.0 6.0 0.0 3.0 27.0 20.0 2.0 0.0 11.0 5.0 8.0 

12 78.0 80.0 9.6 3.0 6.5 0.0 5.5 25.6 22.5 1.0 0.0 11.2 6.2 8.9 

24 91.0 80.0 5.5 1.8 7.2 0.0 5.0 19.5 27.9 2.0 0.0 13.4 8.5 9.2 

Abbreviations: Xyl: xylitol; Eryth: erythritol; 1,2-BDO: 1,2-butandiol; 1,4-BDO: 1,4-butandiol; 2,3-BDO: 2,3-

butandiol; Gly: glycerol; 1,2-PDO: 1,2-propanediol; 1-PO: 1-propanol; 2-PO: 2-propanol; EG: ethylene 

glycol; EtOH: ethanol; OP: other products. 

 

 

 

 

 

 

Table 4.8 Reaction time effect (6-24h). Liquid product selectivity (% mol) in the 

hydrogenolysis of sorbitol carried out at 210°C. Operating Conditions: 40 ml 

of aqueous solution with 4% wt of sorbitol, 0.25g of Pd/Fe3O4 catalyst, 

initial pressure of H2: 5 bar, 210°C, 3-24 h of reaction, within an autoclave 

of 100mL. 

   Molar Selectivity [%] 

Time Conv Liq.Ph. C5 C4 C3 C2  

[h] [%] [%] Xyl Eryth 1,2 -BDO 1,4 -BDO 2,3 -BDO Gly 1,2-PDO 1-PO 2-PO EG EtOH OP 

3 96.7 90.0 1.9 0.0 10.3 0.0 4.3 12.7 34.8 2.8 0.0 18.0 11.7 3.5 

6 100 70.0 1.8 0.0 9.3 0.0 6.1 8.0 34.5 1.7 0.0 14.4 18.2 6.0 

12 100 65.0 0.0 0.0 9.0 0.0 7.4 1.3 29.1 7.2 0.0 10.3 32.2 3.5 

24 100 60.0 0.0 0.0 8.4 0.0 7.4 1.2 22.0 10.0 0.0 8.1 41.3 1.6 

Abbreviations: Xyl: xylitol; Eryth: erythritol; 1,2-BDO: 1,2-butandiol; 1,4-BDO: 1,4-butandiol; 2,3-BDO: 2,3-

butandiol; Gly: glycerol; 1,2-PDO: 1,2-propanediol; 1-PO: 1-propanol; 2-PO: 2-propanol; EG: ethylene 

glycol; EtOH: ethanol; OP: other products 
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Figure 4.8 Effect of the initial H2 pressure increase (5-20 bar) on the product 

distribution expressed in terms of selectivity (%) and carbon in liquid 

phase (%) obtained through hydrogenolysis of sorbitol carried out in 

presence of H2 at 180°C, with Pd/Fe3O4 catalyst after 24 h of reaction. 

 

 

Figure 4.9 Effect of the initial H2 pressure increase (5-20 bar) on the product 

distribution expressed in terms of selectivity (%) and carbon in liquid 

phase (%) obtained through hydrogenolysis of sorbitol carried out in 

presence of H2 at 210°C, with Pd/Fe3O4 catalyst after 24 h of reaction. 
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4.2.2. Hydrogenolysis of C5-C3 polyols 

In order to achieve a complete pattern of reactions, the hydrogenolysis of 

C5-C3 polyols, over the Pd/Fe3O4 catalyst, was also investigated under the 

same operative conditions. The results obtained at 240, 210 and 180°C are 

detailed in Tables 4.9-4.11, respectively.  

The conversion of all C5-C3 polyols at 240°C is very high ranging from 

78.7 to 100% except for 2,3-butanediol (2,3-BDO) that, as expected, is a stable 

molecule and does not give any appreciable reactivity [48]. From the 

distribution of products in liquid phase, it is quite clear that ethanol is mainly 

formed from xylitol, 1,4-butanediol, 1,2-propanediol and glycerol 

hydrogenolysis, demonstrating that, under the reaction conditions adopted, 

both C-O and C-C cleavages simultaneously occur. 

 

Table 4.9 Conversion of C5-C3 polyols promoted by the Pd/Fe3O4 catalyst under 

hydrogen pressure. Operating Conditions: 40 ml of aqueous solution with 

4% wt of polyol, 0.25g of Pd/Fe3O4 catalyst, initial pressure of H2: 5 bar, 

240°C, 24 h of reaction, within an autoclave of 100mL. 

    Molar Selectivity [%]  

 Entry n°C  Conv.  Liq Ph.  C4  C3   C2  

   [%] [%] 1,2- BDO 1,4- BDO 2,3-BDO 1,2-PDO   1-PO 2-PO EG EtOH OP 

Xyl C5  100.0  40.0  2.4  0.0  2.9  5.4  16.0  0.0  1.2  64.1  8.0 

Eryth C4  100.0  36.0  2.1  0.0  15.1  9.1  31.0  1.0  0.8  34.3  6.6 

1,2-BDO   98.0  63.0  -  0.0  0.0  18.0  80.0  0.0  0.0  1.0  1.0 

1,4-BDO   100.0  73.0  0.0 -  0.0  0.0  6.5  0.0  0.0  92.5  1.0 

2,3-BDO   0.0  100.0  0.0  0.0  -  0.0  0.0  0.0  0.0  0.0  0.0 

Gly C3  100.0  57.2  -   -  -  9.3  8.0  2.0  0.5  70.5  9.7 

1,2-PDO   78.7  67.7  -  -  -  -  7.6  1.0  0.0  90.0  1.4 

Abbreviations: Xyl: Xylitol; Eryth: Erythritol; 1,2-BDO: 1,2-Butanediol; 1,4-BDO: 1,4-Butanediol; 2,3-BDO: 

2,3-Butanediol; Gly: Glycerol; 1,2-PDO: 1,2-Propanediol; 1-PO: 1-Propanol; 2-PO: 2-Propanol; EG: Ethylene 

glycol; EtOH: Ethanol; OP: Other products. 

Note: (-) means that such product is not considerable for the reaction considered, while (0.0) means that 

such product has not been detected.  

Xylitol is mostly converted into C2 and C3 alcohols, respectively ethanol 

(64.1% mol-based selectivity, 25.6% carbon-based yield) and POs (16% mol-
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based selectivity, 8.6% carbon-based yield) and, in a lesser amount, di-

alcohols, such as butanediols and 1,2-propanediol. 

Erythritol follows a similar pattern affording C2 and C3 alcohols in almost 

equal amount. However, di-alcohols are also obtained, being butanediols 

(BDOs) the most abundant products, confirming the efficiency of erythritol to 

produce butanediols [48]. The investigated butanediols show a different 

pattern in the hydrogenolysis reaction. 1,2-Butanediol produces preferentially 

1-propanol (80% mol-based selectivity, 49.4% carbon-based yield) followed 

by a smaller amount of 1,2-propanediol (18% mol-based selectivity, 11.1% 

carbon-based yield). On the contrary, 1,4-butanediol breaks preferentially the 

C2-C3 bond leading to an ethanol mol-based selectivity, that slightly 

overcomes 90% (67,5% carbon-based yield). As previously mentioned, the 2,3-

BDO does not give any reactivity. 

The C3 polyols reactivity, in analogy with our previous report [36], 

follows the order: glycerol (100%) > 1,2-PDO (78.7%) being both very selective 

in ethanol production. 

 

Table 4.10 Liquid product selectivity (mol %) in the hydrogenolysis of C5-C3 Polyols 

promoted by the Pd/Fe3O4 catalyst. Operating Conditions: 40 ml of aqueous 

solution with 4% wt of polyol, 0.25g of Pd/Fe3O4 catalyst, initial pressure 

of H2: 5 bar, 210°C, 24 h of reaction, within an autoclave of 100mL. 

  Molar Selectivity [%] 

Entry Conv. Liq Ph.  C4 C3 C2  

 [%] [%] Eryth 1,2 -BDO 1,4 -BDO 2,3 -BDO 1,2-PDO 1-PO 2-PO EG EtOH OP 

Xyl 100 45.0 0.5 5.0 2.0 7.0 20.4 8.3 0.0 13.0 40.8 3.0 

Eryth 100 50.0 - 1.2 0.0 31.2 11.3 21.4 1.4 0.8 22.8 9.9 

1,2-BDO 66.5 76.0 - - 0.0 0.0 7.0 67.0 0.0 0.0 0.0 26.0 

1,4-BDO 64.0 80.0 - 0.0 - 0.0 0.0 8.0 0.0 0.0 91.0 1.0 

2,3-BDO 0.0 0.0 - 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 

Gly 100 67.6 - - - - 57.7 1.7 0.0 9.7 27.2 3.7 

1,2-PDO 61.5 72.2 - - - - - 5.5 0.6 0.0 93.9 0.0 

Abbreviations: Xyl: Xylitol; Eryth: Erythritol; 1,2-BDO: 1,2-Butanediol; 1,4-BDO: 1,4-Butanediol; 2,3-BDO: 

2,3-Butanediol; Gly: Glycerol; 1,2-PDO: 1,2-Propanediol; 1-PO: 1-Propanol; 2-PO: 2-Propanol; EG: Ethylene 

glycol; EtOH: Ethanol; OP: Other products. 

Note: (-) means that such product is not considerable for the reaction considered, while (0.0) means that such product 

has not been detected.  
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Table 4.11 Liquid product selectivity (mol %) in the hydrogenolysis of C5-C3 Polyols 

promoted by the Pd/Fe3O4 catalyst. Operating Conditions: 40 ml of aqueous 

solution with 4% wt of polyol, 0.25g of Pd/Fe3O4 catalyst, initial pressure 

of H2: 5 bar, 180°C, 24 h of reaction, within an autoclave of 100mL. 

   Molar Selectivity [%] 

Entry Conv Liq.Ph.  C4   C3   C2  

 [%] [%] Eryth 1,2 -BDO 1,4 -BDO 2,3 -BDO Gly 1,2-PDO 1-PO 2-PO EG EtOH OP 

Xyl 68.0 70.0 4.0 3.9 0.0 2.6 9.5 20.0 0.5 0.0 20.0 12.5 27.0 

Eryth 94.0 76.0 - 14.0 1.0 16.0 9.5 16.0 1.4 0.0 9.8 3.1 29.2 

1,2-BDO 23.5 93.0 - - 0.0 0.0 0.0 5.4 65.2 0.0 0.0 0.0 29.4 

1,4-BDO 30.0 100 - 0.0 - 0.0 0.0 0.0 4.0 0.0 0.0 91.0 5.0 

2,3-BDO 0.0 0.0 - 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Gly 92.4 78.6 - - - - - 77.1 0.2 0.0 15.0 7.7 0.0 

1,2-PDO 14.2 98.6 - - - - 0.0 - 5.0 0.3 0.0 94.7 0.0 

Abbreviations: Xyl: xylitol; Eryth: erythritol; 1,2-BDO: 1,2-butandiol; 1,4-BDO: 1,4-butandiol; 2,3-BDO: 2,3-

butandiol; Gly: glycerol; 1,2-PDO: 1,2-propanediol; 1-PO: 1-propanol; 2-PO: 2-propanol; EG: ethylene 

glycol; EtOH: ethanol; OP: other product. 

Note: (-) means that such product is not considerable for the reaction considered, while (0.0) means that 

such product has not been detected.  

 

 

 

4.2.3. Understanding the reaction mechanism: C-O and C-C bond cleavages 

Consistent with the catalytic results obtained from the hydrogenolysis 

of sorbitol and C5-C3 polyols, a global reaction pathway, promoted by the 

bimetallic co-precipitated Pd/Fe3O4 catalyst, is proposed in Figure 4.10. 

It is well accepted that the initial reaction step, in the hydrogenolysis of 

polyols, is the dehydrogenation of primary or secondary alcoholic group, 

leading to an aldehyde or a ketone [49–51]. In the light of observed reaction 

products, the hydrogenolysis of sorbitol follows, at the beginning, two main 

alternative ways: (i) the dehydrogenation/decarbonylation of terminal C—

OH groups and (ii) the cleavage of internal C—C bonds via the 

dehydration/retro-aldol reaction. 

The first steps, in sorbitol hydrogenolysis, are sketched in Figure 4.11. 

Three possible reaction routes have to be considered. In the case of an 

adsorption of a primary hydroxyl group on the catalyst surface, the 

dehydrogenation process allows an initial formation of glucose (open chain). 
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The following reaction pathway leads to shorten the polyol chain and the 

terminal C-CO breaking enables the production of xylitol (Route A). 

 

 

Figure 4.10 Schematic representation of cascade reactions involved in the sorbitol 

hydrogenolysis carried out over Pd/Fe3O4 catalyst. 

 

On the other hand, if the internal C—C bond of glucose is cleaved by a 

retro-aldol mechanism, erythritol and ethylene glycol are formed as reaction 

products (Route B). Conversely, if a secondary hydroxyl group is 

dehydrogenated, the retro-aldol cleavage of C3-C4 bond affords two molecules 

of glycerol (Route C). Subsequently, consecutive reactions such as 

dehydrogenation/decarbonylation and dehydration/hydrogenation occur, 

leading, to final products including butanediols and C2-C3 alcohols, 

particularly ethanol (Figure 4.10). The contribution of other reaction 

mechanisms, such as the dehydration of sorbitol into cyclic compounds (e.g. 

isosorbide and 1,4-sorbitan) was not found to be operating in the reaction 

network over the Pd/Fe3O4 catalyst. Therefore, sorbitol appears to be 

simultaneously and consecutively subjected to two alternative patterns, as 

data at 150°C, where the conversion degree is low but useful to appreciate the 

initial steps, demonstrate (Table 4.5). The dehydrogenation/ decarbonylation 

of terminal C —OH groups produces xylitol (33% mol-based selectivity), 

while the retro-aldol condensation operates on the internal chain either 

breaking the C3-C4 bond, that forms two molecules of glycerol (35% mol-based 
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selectivity at 150°C) or, to a lesser extent, breaks the C2-C3 bond producing 

erythritol (7% mol-based selectivity) and ethylene glycol (8% mol-based 

selectivity). 

 

Figure 4.11 First steps in sorbitol conversion: the initial dehydrogenation is followed 

by retro-aldol condensation or decarbonylation reactions. 

 

Xylitol is, in turn, converted into erythritol through 

dehydrogenation/decarbonylation, or through retro-aldol condensation, 

affording glycerol and ethylene glycol. Production of butanediols probably 

stems from erythritol rather than directly from xylitol. 

Indeed, erythritol, through the dehydration/hydrogenation, leads to 

butanediols (BDOs) in a considerable amount, while, through retro-aldol 

condensation, ethylene glycol is obtained. Glycerol undergoes successive 

hydrogenolysis reactions leading, in liquid phase, prevalently to propanols 

and ethanol. 

Butanediols react through different hydrogenolysis patterns depending 

on the isomer considered. The 2,3-butanediol does not give any appreciable 

conversion in the operating conditions investigated. The 1,2-butanediol, 

probably through dehydrogenation/decarbonylation, affords mainly 1-

propanol whereas the 1,4-butanediol through retro-aldol condensation breaks 

the C2-C3 bond producing ethanol, and leads, marginally, to propanols 

through dehydrogenation/ decarbonylation. 

The glycerol detected during the hydrogenolysis of sorbitol, almost 

entirely, derives from the initial retro-aldol condensation of sorbitol and only 
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in slight percentages, from xylitol and erythritol hydrogenolysis. 

Furthermore, glycerol dehydration/hydrogenation or dehydrogenation 

/decarbonylation affords 1,2-propanediol and ethylene glycol, respectively. 

1,2-propanediol then leads to propanols or ethanol, after dehydration/ 

hydrogenation or dehydration/decarbonylation, respectively. 

Finally, the hydrogenolysis of ethylene glycol could lead to ethanol or 

methanol. It is worth noting that, at the beginning of the reaction, having 5 

bar of H2 pressure, the initial molar ratio of H2/sorbitol is about 2,5. However, 

in order to perform the complex pattern of reactions observed (Figure 4.10) 

the amount of H2 should be higher than that available on the vessel volume. 

Nevertheless, it is useful to remember that H2 can be also formed by APR 

of sorbitol itself (as well as from other polyols formed through the 

hydrogenolysis process):  

CxOxH2(x+1) + xH2O → xCO2 + (2x+1) H2 

where the stoichiometry involves the sum of the two reactions:  

(1)  Reforming of polyol into hydrogen and carbon monoxide  

(CxOxH(2x+1)→ x CO + (x + 1) H2) 

(2) Water Gas Shift (WGS) reaction of carbon monoxide into carbon 

dioxide and hydrogen (xCO + x H2O → x CO2 + x H2) 

As mentioned above, in §4.2.1, the gas phase is composed, together with 

molecular H2, by carbon dioxide and only traces of alkanes are detected (Table 

4.6). Therefore, hydrogenation, leading to gaseous hydrocarbons is negligible 

with our catalyst. Moreover, the complete absence of carbon monoxide 

indicates that all the CO deriving from decarbonylation is converted into 

carbon dioxide through the water-gas-shift reaction promoted by the 

Pd/Fe3O4 catalyst. 

Hydrogenolysis of sorbitol over Pd/C occurs with a similar reaction 

pathway as that observed on using the Pd/Fe3O4 catalyst. 

However, both sorbitol conversion and products distribution point to a 

slower reactivity. Indeed, at a lower temperature (150°C) a very small amount 

of sorbitol seems to be converted entirely into glycerol, through retro-aldol 

condensation. This is then partially hydrogenolized into 1,2-propanediol and 

ethylene glycol. Conversely, upon increasing the temperature, starting from 

180°C formation of erythritol, partially converted to butanediols, also occurs. 
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The lateral C—C cleavage of sorbitol into xylitol, seems to be absent. At 

temperatures above 200°C, the cascade hydrogenolysis processes are more 

shifted towards C3-C2 diols and alcohols and, at 240°C, ethanol is the prevalent 

product in liquid phase, although the amount is significantly lower than that 

obtained over the Pd/Fe3O4 catalyst.  

The lower activity of the Pd/C catalyst, if compared with that of Pd/Fe3O4, 

can be correlated to its lower ability to dehydrogenate sorbitol in analogy with 

a recent report on the use of simple primary and secondary alcohols as H-

donor molecules for the transfer hydrogenolysis of benzyl phenyl ether [39]. 
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4.3. Conclusions 

The main conclusions, emphasized by the investigation regarding the 

hydrogenolysis of polyols promoted by the Pd/Fe3O4 catalyst, are 

summarized here below. 

The catalytic conversion of biomass-derived glycerol was investigated 

under both hydrogenolysis and aqueous phase reforming conditions over the 

bimetallic Pd/Fe3O4 catalyst. The starting alternative processes were found to 

be the dehydration/hydrogenation and the dehydrogenation 

/decarbonylation with the latter controlled by the initial O–H breaking 

followed by the β C–H elimination rather than the direct C–C bond cleavage. 

At 180°C, the C–O bond is preferentially cleaved allowing the production of 

1,2-propanediol, while the C–C bond breaking becomes favorable at higher 

reaction temperatures leading to the formation of H2 in a good yield.  

In analogy, by using ethylene glycol (C2 polyol) as the starting substrate, 

both C–O and C–C bonds are equally cleaved at 180 and 210°C, whereas a 

significant increase in dehydrogenation products is observed at higher 

temperatures. 

Therefore, a change in selectivity in the C–O and C–C bond cleavage of 

biomass derived C2–C3 polyols, on using the Pd/Fe3O4 catalyst, is observed by 

varying the reaction temperature. 

In all experiments, CO was never detected in the gas phase products thus 

revealing an excellent performance of the Pd/Fe3O4 catalyst in promoting the 

water gas shift reaction. 

The catalytic conversion of the biomass-deriving sorbitol (C6 polyol) and 

C5-C3 polyols was investigated under mild hydrogenolysis conditions over 

the bimetallic Pd/Fe3O4 catalyst, exhibiting a higher performance compared to 

that of the Pd/C catalyst. The hydrogenolysis reactions of C5-C3 polyols with 

the Pd/Fe3O4 catalyst were also carried out in order to completely understand 

the main pathways occurring in the reaction. 

The starting reactions were found to be the dehydrogenation/ 

decarbonylation of the terminal C—COH group and the dehydrogenation 

followed by the retro-aldol reaction (internal C—C bond cleavage). At the 

beginning, the sorbitol carbon chain is preferentially shortened leading to 

xylitol and C3 or C4 & C2 polyols. After the initial cleavage of sorbitol, a series 
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of cascade reactions (such as H2/-CO, H2O/H2, retro-aldol condensation and 

hydrogenation) occur, leading to production of shorter diols, alcohols and 

gaseous products. A similar cascade pattern of reactions leads to the 

preferential formation of ethanol, at the highest temperature investigated 

(240°C). With the unique exception of 2,3-butanediol, C2-C3 alcohols are the 

main reaction products obtained by the hydrogenolysis of the investigated 

substrates suggesting that the co-precipitated Pd/Fe3O4 catalyst can be a 

suitable catalyst for the production of ethanol from bio-derived C6-C3 polyols. 

Finally, the gas phase analysis, in all experiments, shows the total absence 

of CO revealing the excellent performance of the Pd/Fe3O4 catalyst in 

promoting the water-gas-shift reaction.  
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 Chapter 5 

 

 

 

CONVERSION OF CELLULOSE 

 

5.1. Microcrystalline cellulose and pretreated cellulose  

The cellulose used in this work is the microcrystalline cellulose (MCC) 

having a mean particle size of 51 μm, purchased from Sigma Aldrich, whose 

x-ray diffraction pattern is reported in Figure 5.1 (black profile). 

All the typical reflection peaks for cellulose containing high crystalline 

degree were observed (Figure 5.1) [1,2].  

The opinion concerning the fundamental importance to pretreat the 

cellulose, in order to reduce the crystallinity degree, making the cellulose 

more suitable towards the conversion in milder processes, rather than the un-

pretreated one, is commonly accepted by the scientific community [3-7]. 

Following this scientific evidence, some aliquots of the microcrystalline 

cellulose have been mechanically treated within a planetary ball milling, for 3 

h at a speed rate of 400 rpm. The XRD pattern of the ball milled cellulose 

(BMC) is shown in Figure 5.1 (blue profile). At a glance, it is possible to 

observe the significant structural change occurred after the mechanical 

pretreatment that consistently increases the amount of amorphous regions in 

BMC samples.   

In particular, the crystallinity index of the MCC and BMC has been 

calculated through the Segal method, based on the XRD patterns, as described 

in the section 2.3.1. The microcrystalline cellulose has a crystallinity index of 

92%. However, the ball milled cellulose shows a significantly lower 

crystallinity index of 12%.   
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Figure 5.1. Diffraction patterns of microcrystalline cellulose (black profile) and ball 

milled cellulose (blue profile). 

 

5.2. Hydrogenolysis of Cellulose 

The hydrogenolysis of the ball milled cellulose (BMC), pretreated as 

previously described, was studied in the temperature range of 180-240°C, 

using a very low initial pressure of H2 (5 bar), within 24 h of reaction, in 

presence of the pre-reduced bimetallic Pd/Fe3O4 catalyst (Table 5.1, entries 1-

3). The hydrogenolysis of BMC reaches a considerable value also at the lowest 

temperature investigated (i.e. 58.8% at 180°C), and becomes complete when 

approaches 210°C. As the temperature increases, the product distribution is 

directed towards the ethanol formation. In particular, ethanol is the main 

product at 240°C, reaching a molar selectivity of 64.5%. In general, the 

distribution of products, in liquid phase, is in agreement with the 

performance observed in the hydrogenolysis of sorbitol and shorter polyols 

[8, 9], in presence of the same Pd/Fe3O4 catalyst. The reaction pattern involves 

a preliminary dehydrogenation, followed by decarbonylation and retro-aldol 

reactions, subsequently followed by a series of hydrogenolitic cascade 

reactions, leading to a high selectivity to ethanol.  
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Table 5.1. Conversion of ball milled cellulose (BMC) and microcrystalline cellulose 

(MCC), both in presence and in absence of molecular H2, promoted by the 

pre-reduced Pd/Fe3O4 catalyst. Operating conditions: 40 mL of water with 4% 

wt of BMC or MCC, 0.25g of Pd/Fe3O4 catalyst, initial pressure of H2 or N2 : 

5 bar, 180-240°C, 24 h of reaction, within an autoclave of 100mL.  

       Molar Selectivity [%] 

Entry Substr. Gas  Temp.  Conv.  Liq. Ph Gas Ph C6 C5 C4  C3   C2   

   [°C] [%] [%] [%] Sorb Xyl 1,2-BDO 2,3-BDO Gly 1,2-PDO 1-PO EG EtOH OP [a] 

1 BMC H2 180 58.8 58.8 0.0 2.6 3.9 14.7 12.1 23.7 21.5 0.0 10.0 10.5 1.0 

2 BMC 
H2 

210 100.0 63.0 37.0 0.0 0.5 10.2 7.4 0.4 26.5 0.0 4.5 43.9 6.6 

3 BMC 
H2 

240 100.0 50.0 50.0 0.0 0.3 8.0 8.1 0.0 11.6 0.0 1.8 64.5 5.7 

4 MCC 
H2 

180 23.0 23.0 0.0 1.0 2.9 12.1 15.8 24.7 23.2 0.0 7.2 10.1 3.0 

5 MCC 
H2 

210 92.5 67.6 24.9 0.3 0.8 16.9 10.0 3.2 26.8 0.0 7.0 30.4 4.6 

6 MCC 
H2 

240 100.0 50.0 50.0 0.0 0.3 3.9 5.0 0.0 10.1 0.0 6.0 68.7 6.0 

7 MCC N2 180 21.0 21.0 0.0 0.5 4.5 12.9 7.2 3.7 36.5 2.2 0.0 27.3 5.2 

8 MCC N2 210 85.9 59.6 26.3 0.2 2.2 9.7 4.9 0.5 24.0 17.5 0.9 32.9 7.2 

9 MCC N2 240 100.0 41.7 58.3 0.0 0.7 3.8 3.7 0.1 9.6 11.9 0.2 58.4 11.6 

Abbreviations: Sorb: sorbitol; Xyl: xylitol; 1,2-BDO: 1,2-butanediol; 2,3-BDO: 2,3-butanediol; Gly: glycerol; 1,2-
PDO: 1,2-propanediol; 1-PO: 1-propanol; EG: ethylene glycol; EtOH: ethanol; OP: other products. 

[a] Other products, such as: erythritol, oxalic acid, acetic acid and others.  
 

As expected, using the unpretreated microcrystalline cellulose (MCC) as 

starting material, lower conversions were registered at all investigated 

temperatures (Table 5.1, entries 4-6). 

Therefore, at first instance, it is possible to affirm that through a one-pot 

process, carried out under neutral conditions, without any further addition of 

acid or basic reagents, the production of ethanol with a high selectivity, 

starting from cellulose, is feasible thanks to the reaction pattern activated by 

the bimetallic Pd/Fe3O4 catalyst.  

It is commonly ascertained that one of the main drawbacks of 

hydrogenolysis processes is closely related to the use of molecular hydrogen, 

which makes difficult the application of such process, due to economical and 

safety reasons. In order to overcome the limit linked to the use of molecular 

H2, the un-pretreated microcrystalline cellulose (MCC), under inert and 

neutral conditions, was directly processed in presence of the Pd/Fe3O4 catalyst 

(Table 5.1, entries 7-9). Surprisingly, the results obtained highlight that it is 
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not necessary to pretreat the cellulose. Indeed, it was reported that water, 

under the operating conditions, is in a quasi-subcritical state (Figure 5.2) [10], 

favoring the initial hydrolytic step of the cellulose, through the breaking of 

the glucosidic bonds. In the operating conditions of reaction, water enhances 

the auto-hydrolysis reaction, allowing to obtaining a higher concentration of 

protonic species that act themselves as pretreatment step, favoring the 

hydrolysis of cellulose [11-12].  

 

Figure 5.2. Indicative representation of the quasi-subcritical state of water, within the 

operating conditions adopted during the reaction: T=180 – 240°C; P<50bar. 

 

At temperatures >200°C the effect of the quasi-subcritical water becomes 

higher, therefore considerable conversions are obtained at 210 and 240°C 

(Table 5.1, entries 8-9). The time effect on the conversion of MCC, at 210 and 

240°C, under inert atmosphere, is reported in Tables 5.2 – 5.3.  

In agreement with these results, the hydrogen produced from 

dehydrogenation and/or APR reactions involved in the process, is enough to 

allow the self-sustainability without the addition of any external hydrogen 

source. 

In Figure 5.3 the HPLC chromatograms relative to the conversion of MCC 

in the same operating conditions (240°C, 5bar N2, 24h) are compared: in the 

first case in absence of catalyst and in the second case in presence of the 

Pd/Fe3O4 catalyst. In absence of catalyst the conversion of MCC is 66% and 

with the Pd/Fe3O4 catalyst is 100%. Therefore the role, played by water, in the 

quasi-subcritical state, where the favored auto-hydrolysis of water enables the 
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hydrolysis of MCC, obtaining only glucose, fructose and C6 polyols, in 

agreement with the literature [13-15] is certainly highlighted. When the 

reaction is performed in presence of the Pd/Fe3O4 catalyst, besides the full 

conversion of cellulose, the distribution of products in liquid phase goes 

towards the formation of C3-C4 polyols and C2-C3 alcohols, mainly ethanol 

(Table 5.1, entry 9). 

 

Figure 5.3. Comparison of HPLC chromatograms of MCC conversion at 240°C, initial 

pressure of N2: 5bar, 24h of reaction performed in presence of the Pd/Fe3O4 

catalyst (red profile) or in absence of catalyst (blue profile). 

 

Finally, the reactivity of the bimetallic Pd/Fe3O4 catalyst was compared at 

240°C, when the selectivity to ethanol is maximized, with benchmark catalysts 

of monometallic species: Pd/C and Fe3O4. As it can be seen from Table 5.4, 

complete conversion and high selectivity to ethanol is obtained only in 

presence of the bimetallic catalyst Pd/Fe3O4, whereas Pd/C reaches a 

conversion lower than 80% and a different distribution of products in liquid 

phase is observed (e.g. acids). Also the Fe3O4 shows a scarce reactivity. 

Therefore, the peculiar reactivity of Pd/Fe3O4 catalyst is ascribable to the 

presence of bimetallic ensembles that act as active phase and are responsible 

of the pattern of products observed [8].   
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Table 5.2 Reaction time effect (6-24 h) at 210°C. Conversion of microcrystalline 

cellulose (MCC) under inert atmosphere, promoted by the pre-reduced 

Pd/Fe3O4 catalyst. Operating conditions: 40 mL of water with 4% wt of MCC, 

0.25g of Pd/Fe3O4 catalyst, initial pressure of N2: 5 bar, 210°C, 6-24 h of 

reaction, within an autoclave of 100mL. 

    Molar Selectivtiy  [%] 

    C5 C4  C3   C2   

Time   
[h] 

Conv. 
[%] 

LiqPh 
[%] 

GasPh 
[%] 

Xyl 1,2-BDO 2,3-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

6 29.4 21.2 8.2 2.3 15.0 0.0 6.3 26.5 5.1 18.2 25.3 1.3 

12 52.9 40.4 12.5 2.4 14.2 1.8 2.7 33.1 7.4 0.0 32.8 5.6 

24 85.9 59.6 26.3 2.2 9.7 4.9 0.5 24.0 17.5 0.9 32.9 7.4 

Abbreviations: Xyl: xylitol; 1,2-BDO: 1,2-butanediol; 2,3-BDO: 2,3-butanediol; Gly: glycerol; 1,2-PDO: 1,2-
propanediol; 1-PO: 1-propanol; EG: ethylene glycol; EtOH: ethanol; OP: other products. 

 

 

 

Table 5.3. Reaction time effect (1-48 h) at 240°C. Conversion of microcrystalline 

cellulose (MCC) under inert atmosphere, promoted by the pre-reduced 

Pd/Fe3O4 catalyst. Operating conditions: 40 mL of water with 4% wt of MCC, 

0.25g of Pd/Fe3O4 catalyst, initial pressure of N2: 5 bar, 240°C, 1-48 h of 

reaction, within an autoclave of 100mL. 

    Molar Selectivtiy  [%] 

    C5 C4  C3   C2   

Time 

[h] 

Conv. 

[%] 

LiqPh 

[%] 

GasPh 

[%] 
Xyl 1,2-BDO 2,3-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

1 70.9 70.9 0.0 3.2 7.7 5.1 2.5 20.7 9.6 32.0 9.7 9.5 

3 73.4 72.1 1.3 1.5 9.7 5.0 0.2 21.4 14.1 4.5 37.3 6.3 

6 93.5 63.0 30.5 1.2 7.5 4.6 0.3 17.7 19.2 2.7 39.4 7.4 

12 98.3 53.0 45.3 1.1 4.8 4.3 0.2 10.5 19.7 1.0 50.5 7.9 

24 100.0 41.7 58.3 0.7 3.8 3.7 0.1 9.6 11.9 0.2 58.4 11.6 

48 100.0 40.0 60.0 1.4 2.0 2.7 0.4 8.3 9.1 0.0 44.3 31.8 

Abbreviations: Xyl: xylitol; 1,2-BDO: 1,2-butanediol; 2,3-BDO: 2,3-butanediol; Gly: glycerol; 1,2-PDO: 1,2-
propanediol; 1-PO: 1-propanol; EG: ethylene glycol; EtOH: ethanol; OP: other products. 
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Table 5.4 Comparison of catalysts in the conversion of microcrystalline cellulose (MCC) 

at 240°C, in absence of molecular H2. Operating conditions: 40 mL of water 

with 4% wt of MCC, 0.25g of catalyst, initial pressure of N2: 5 bar, 240°C, 24 

h of reaction, within an autoclave of 100mL. 

    Molar Selectivity [%] 

    Polyols C4 C3 C2  

Cat. Conv.  LiqPh  GasPh  C6 [a] C5 [b] C4 [c] 1,2-BDO 2,3-BDO Gly 1,2-PDO 1-PO EG EtOH OP [d] 

 [%] [%] [%]            

Pd/C 78.8 39.8 39.0 0.5 7.1 7.5 2.7 1.4 1.5 12.3 8.4 3.0 6.5 49.1 

Fe3O4 66.5 27.7 38.8 1.6 11.0 12.6 0.0 3.9 0.0 3.0 0.0 2.5 0.0 65.4 

Pd/Fe3O4 100.0 41.7 58.3 0.0 0.7 0.0 3.8 3.7 0.1 9.6 11.9 0.2 58.4 11.6 

Abbreviations. 1,2-BDO: 1,2-butanediol; 2,3-BDO: 2,3-butanediol; Gly: glycerol; 1,2-PDO: 1,2-propanediol; 1-PO: 1-propanol; 

EG: ethylene glycol; EtOH: ethanol; OP: other products 

[a] C6 Sugars: Fructose, Glucose;  

[b] C5 Polyols: Xylitol, Adonitol; 

[c] C4 Polyols: Erythritol, Erythrose; 

[d] Other products, such as acetic acid, aceton and others.  
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5.3. Conclusions 

The reactivity of the co-precipitated bimetallic Pd/Fe3O4 catalyst, applied 

to the conversion of cellulose into short polyols and C2-C3 alcohols has been 

investigated and has demonstrated the possibility to perform the 

hydrogenolysis of both pretreated (BMC) and unpretreated (MCC) cellulose, 

also without any external addition of molecular hydrogen.  

Indeed, a synergistic effect is played by water (that favors its auto-

hydrolysis, at the operating conditions, acting as pretreatment and favoring 

the hydrolytic step) and the Pd/Fe3O4 catalyst (that activates the 

hydrogenolysis and rules the pattern of products obtained). Therefore, the 

consequent main result is a self-sustainable, one-pot hydrogenolysis, leading 

to a liquid phase mainly constituted by ethanol (58.4-68.7%).   

The process is performed under neutral conditions, without any further 

addition of acids or bases for enhancing the cellulose conversion. Finally, 

through the comparison of the bimetallic catalyst Pd/Fe3O4 with two 

benchmark catalysts (Pd/C and Fe3O4), was revealed the role of the bimetallic 

ensemble: the main responsible for the peculiar reactivity observed. 
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Chapter 6 

 

 

 

CONVERSION OF CELLULOSE USING  

H-DONOR MOLECULES 
 

6.1. Introduction to the approach 

With the aim to convert directly the cellulose into C3-C2 alcohols, through 

a one pot process, the hydrogenolysis promoted by the Pd/Fe3O4 catalyst was 

investigated. The hydrogenolysis traditionally uses water as solvent and high 

pressure molecular hydrogen to break C-C, C-O, O-H bonds presents several 

drawbacks. Therefore, it is worth to investigate the possibility to use less 

conventional sources of hydrogen, like some molecules which furnish 

hydrogen through a dehydrogenation process, commonly called hydrogen 

donor (H-donor) molecules. 

In particular, the present investigation is focused on the study of 

performance of limonene and 2-propanol used as H-donor for the direct 

conversion of cellulose into short chain alcohols. 

Limonene is an interesting bio-derivable molecule, from waste orange 

peels, and is gaining increasing attention for its valuable products and 

possible applications [1]. Furthermore, limonene is a molecule with a 

consistent ability to give, through dehydrogenation, p-cymene and hydrogen 

(two products with added value) [2, 3]. Therefore, the aim is to investigate a 

process based on the reaction of two bio-derivable reagents, cellulose and 

limonene, in order to obtain high value added products from their respective 

sustainable conversion.  
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Figure 6.1 Schematic representation of the approach pursued to perform the cellulose 

conversion through a less conventional route, using H-donor molecules: 

limonene and 2-propanol. 

 

2-Propanol is a C3 alcohol that, through dehydrogenation, produces 

acetone, and it is well known in organic chemistry as H-donor molecule.  

Recently, Fukuoka and co-workers, for the first time, applied 2-propanol as 

source of hydrogen for the conversion of cellulose into C6 sugars (i.e. sorbitol 

and mannitol), using Ru-based catalysts [4]. 

 

6.2. Conversion of cellulose in presence of limonene  

 The whole reaction pattern that can start from limonene, including all 

obtainable products, is depicted in Figure 6.2 [2, 5-7]. In principle, limonene 

can undergo four types of reactions, such as (i) isomerization into terpinenes 

(α-terpinene and γ-terpinene) and α-terpinolene, where products maintain 

two insaturation sites, like limonene; (ii) hydrogenation into menthenes (p-

menth-1-ene and p-menth-3-ene) and through further hydrogenation 

menthanes (trans-p-menthane and cis-p-menthane); (iii) dehydrogenation into 
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the aromatic p-cymene; (iv) disproportionation into menthanes and p-

cymene.  

 

Figure 6.2 Summary of reactions and products obtainable from limonene. 

 

At the beginning of the work, the co-precipitated bimetallic Pd/Fe3O4 

and commercial Pd/C and Ru/C systems were used for an initial screening of 

limonene reactivity under inert atmosphere and results referring to every 

catalyst used are summarized in Table 6.1. 

Both Pd-based catalysts, Pd/Fe3O4 and Pd/C, showed full conversion 

and the disproportionation reaction (Figure 6.3) rules the reaction pattern, 

with a selectivity of ca. 70% into p-cymene, within the temperature range 

investigated (180-240°C). Whilst Ru/C showed a different product 

distribution, which gives dehydrogenation (48.5% p-cymene) and 

isomerization (18.9% terpinolene and 32.6% phellandrene), and a significantly 

inferior reactivity, because at the highest temperature investigated (240°C) the 

conversion reached only 26.7%, assessing that Ru/C has not a great fitting 

toward the conversion of limonene.  

The first significant evidence is the possibility to convert a bulk liquid 

solution of limonene into an organic solution containing the 70% of the 

valuable product p-cymene.  
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Table 6.1 Conversion of limonene promoted by Pd/Fe3O4, Pd/C and Ru/C catalysts.  

Operating conditions: 30 mL of limonene, 0.19g of catalyst, initial pressure of 

N2: 5 bar, 180-240°C, 24 h of reaction, within an autoclave of 75mL. 

   Molar Selectivity of Products from limonene [%] 

Catalyst 
Temp 

[°C] 

Conv. 

[%] 

P-Cymene 

(3)[a] 

Terpinolene 

(2) 

Phellandrene 

(2) 

P-Menthane 

(0) 

Pd/Fe
3
O

4
 

180 100.0 67.5 0.0 0.0 32.5 

240 100.0 69.6 0.0 0.0 30.4 

Pd/C 

180 98.9 70.0 0.0 5.2 24.8 

240 100.0 68.3 0.0 0.0 31.7 

Ru/C 240 26.7 48.5 18.9 32.6 0.0 

[a] The number reported in brackets indicates the amount of insaturations present within the referring 

molecule. 

Subsequently, the effect of the reaction time on the conversion of 

limonene at 180 and 240°C, again under inert atmosphere, has been 

investigated in order to understand the reaction pattern change within 24 h, 

in presence of both Pd/Fe3O4 (Table 6.2) and Pd/C (Table 6.3) catalysts. The 

Pd/Fe3O4 system is certainly more active than Pd/C, since its conversion is 

complete also at the lowest temperature investigated and at the shorter 

reaction time (3 h). Also the pattern of reactions does not change significantly, 

showing a systematic selectivity of ca. 70% into p-cymene. Analogously, Pd/C 

doesn’t show any appreciable variation in its product distribution. Only 

slightly lower conversion values are detected at 180°C, revealing a scarcer 

reactivity in comparison with the bimetallic catalyst.  

 

Figure 6.3 Disproportionation reaction of limonene leads the formation of p-cymene 

and p-menthane.  
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Table 6.2 Time effect relative to the conversion of limonene promoted by Pd/Fe3O4 

catalyst. Operating conditions: 30 mL of limonene, 0.19g of Pd/Fe3O4 

catalyst, initial pressure of N2: 5 bar, 180-240°C, 3-24 h of reaction, within 

an autoclave of 75mL. 

   Molar Selectivity of Products from limonene [%] 

Temp. 

[°C] 

Time 

[h] 

Conv. 

[%] 

P-Cymene 

(3) 

Terpinolene 

(2) 

Phellandrene 

(2) 

P-Menthane 

(0) 

180 3 100 68.7 0.0 2.4 28.9 

180 6 100 68.6 0.0 2.0 29.4 

180 24 100 67.5 0.0 0.0 32.5 

240 3 100 70.2 0.0 9.4 20.4 

240 6 100 70.2 0.0 9.4 20.4 

240 24 100 69.6 0.0 0.0 30.4 

 

 

 

Table 6.3 Time effect relative to the conversion of limonene promoted by Pd/C 

catalysts. Operating conditions: 30 mL of limonene, 0.19g of Pd/C catalyst, 

initial pressure of N2: 5 bar, 180-240°C, 3-24 h of reaction, within an 

autoclave of 75mL. 

   Molar Selectivity of Products from limonene [%] 

Temp 

[°C] 

Time 

[h] 

Conv. 

[%] 

P-Cymene 

(3) 

Terpinolene 

(2) 

Phellandrene 

(2) 

P-Menthane 

(0) 

180 3 97.7 72.5 0.0 15.0 12.5 

180 24 98.9 70.0 0.0 5.2 24.8 

240 3 100 89.4 0.0 0.0 10.6 

240 6 100 67.3 0.0 0.0 32.7 

240 24 100 68.3 0.0 0.0 31.7 

 

When 4% wt of the unpretreated cellulose (microcrystalline cellulose, 

MCC) is added to a bulk solution of limonene, under inert atmosphere at 

240°C, within 24 h of reaction, in presence of the bimetallic Pd/Fe3O4 catalyst, 
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a conversion value of 67% of cellulose can be observed. On the other hand, 

when the reaction is performed in presence of Pd/C catalyst only a conversion 

of 35.4% is registered (Table 6.4). At the same time, the limonene pathway and 

product distribution remains unchanged. 

It is worth to underline that the conversion of cellulose implies the 

disappearance of the solid amount of the polymer (and through the 

gravimetric method the conversion degree is calculated, as explained in § 2.6) 

but it was not possible to identify the products in which cellulose should be 

converted. Indeed, in Figure 6.4 is schematized the procedure followed to 

analyze both solid and liquid phases, obtained after the reaction. In particular, 

the treatment of the organic liquid phase, containing both products derived 

from limonene and those obtained from cellulose (unknown), in order to be 

safely analyzed through the gas chromatographic technique, was consistently 

diluted. Therefore, products derived from limonene have been determined 

without any problem, but products formed from cellulose, whose 

concentration is significantly lower than those deriving from limonene, are 

impossible to be individuated. Extraction with an aqueous phase of the bulk 

organic liquid solution does not give any result by using the HPLC technique, 

probably due to the low concentration. Alternatively, it could be possible that 

cellulose, being in an apolar medium like limonene may be degraded, 

probably thanks to the high temperature of reaction, into oligomer products, 

that are not detectable through HPLC measurements. 

However, the conversion of cellulose in such conditions shouldn’t be 

only a thermal effect of degradation, because the catalyst surely plays some 

role since the conversion values, at the same temperature, are significantly 

different when the catalytic system is changed: 67% (Pd/Fe3O4), 45.4% (Ru/C), 

35.4% (Pd/C) and 30% (in absence of catalyst). Again, the role of the bimetallic 

Pd/Fe3O4 catalyst has to be highlighted.  
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Table 6.4 Conversion of MCC in presence of an organic solution of limonene, 

promoted by Pd/Fe3O4, Pd/C and Ru/C catalysts. Operating conditions: 30 

mL of limonene with 4% wt of MCC, 0.19g of catalyst, initial pressure of 

N2: 5 bar, 180-240°C, 24 h of reaction, within an autoclave of 75mL. 

    Molar Selectivity of Products from limonene [%] 

 Catalyst 
Temp 

[°C] 

X
Cellulose

 

[%] 

X
Limonene

 

[%] 

P-Cymene 

(3) 

Terpinolene 

(2) 

Phellandrene 

(2) 

P-Menthane 

(0) 

Pd/Fe
3
O

4
 

180 3.5 100.0 68.1 0.0 0.5 31.4 

240 67.0 100.0 71.0 0.0 1.0 28.0 

Pd/C 
180 0.0 100.0 68.0 0.0 0.0 32.0 

240 35.4 100.0 74.1 0.0 12.2 13.7 

Ru/C 
180 0.0 6.1 57.1 42.9 0.0 0.0 

240 45.4 28.1 51.0 26.2 22.8 0.0 

 

 

Figure 6.4 Schematic description of the post reaction treatment of solid and liquid 

phases obtained from reactions performed by using a mixture of bulk 

limonene and 4% wt of MCC, promoted by catalysts.  
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Furthermore, when the conversion of cellulose is carried out in a biphasic 

mixture of limonene and water, an interfacial contact occurs during the 

reaction, enabling to vehicle the aqueous phase water-soluble products 

deriving from cellulose reactions. The post reaction treatment of solid and 

liquid (both organic and aqueous phases) are illustrated in Figure 6.5. Here it 

is indicated that the analytical identification of products obtained both from 

the organic phase of limonene and the aqueous phase deriving from cellulose 

have been identified through GC and HPLC measurements, respectively.  

 

Figure 6.5 Schematic description of the post reaction treatment of solid and liquid 

phases obtained from reactions performed by using biphasic 50% vol 

limonene/water mixture and 4% wt of MCC, promoted by catalysts. 

Results obtained performing the conversion of MCC in presence of the 

biphasic mixture of limonene and water at 50% vol, are summarized in Table 

6.5. Conversion and selectivity related to limonene and its derived products, 

have not been reported because their values remain identical to those 

previously reported (Tables 6.1 and 6.4). For what the catalytic conversion of 

cellulose is concerned, the highest conversion value (85%) was obtained at 

240°C when the reaction was promoted by the bimetallic Pd/Fe3O4 catalyst 

and the products distribution shows a consistent selectivity to ethanol (56%), 

analogously to that observed when the reaction was performed entirely in 

water (see § 5.2).  
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It is worth to underline the possibility to obtain, from this biphasic 

process, two products with high added value, such as p-cymene from 

limonene and ethanol from cellulose, considering that both starting materials 

can be wastes from agricultural and food industries. Furthermore, two 

valuable products can be directly obtained, at the same time, within the two 

different liquid phases, easily separable: p-cymene (ca. 70%) in the organic 

phase and ethanol (ca. 60%) in the aqueous one. 

When the process is promoted by the Pd/C catalyst lower conversion values 

are observed (17,4% at 180°C and 72% at 240°C) and a different product 

distribution leads, at higher temperature to organic acids with short carbon 

chain, generally reported as other products. A lower temperature 24.5% of 1,2-

propanediol, followed by 16% of xylitol can be obtained. 

 Conversion and product distribution promoted by the Ru/C catalyst 

are not particularly interesting (Table 6.5).  

 

Table 6.5 Conversion of MCC in presence of biphasic mixture of 50% vol 

limonene/water, promoted by Pd/Fe3O4, Pd/C and Ru/C catalysts. 

Operating conditions: 30 mL of limonene/water (50% vol) with 4% wt of 

MCC, 0.19g of catalyst, initial pressure of N2: 5 bar, 180-240°C, 24 h of 

reaction, within an autoclave of 75mL. 

      Molar Selectivity of Products from Cellulose [%] 

 Cat Temp   XCellulose C6 C5 C4  C3   C2     

  [°C] [%]  Xyl Eryth BDOs Gly 1,2-PDO EG EtOH OP 

Pd/Fe 180  31.5 1.0 1.4  1.3 25.2 11.5  19.6  9.3  20.8  9.9  

 240  84.9 0.7 1.3 1.1 12.9 2.2  1.0 5.3 56.1 19.4 

Pd/C 180  17.4 4.3 16.1  0.0 13.3 1.3  24.6  1.9  11.0  27.5 

 240  72.2 1.6 1.8 4.6 10.1 0.3 2.6 15.2 5.8 58.0 

Ru/C 180  24.9 12.8 11.1  4.0 8.1 1.1  18.9  2.6  2.2  39.2 

 240  77.9 5.3  3.4 2.9 7.3  0.0  3.0 0.0  25.6 52.5 
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6.3. Conversion of cellulose using 2-propanol  

In this paragraph the investigation regarding the behavior of 2-propanol, 

as hydrogen source, is summarized. 

The Pd/Fe3O4 catalyst has been chosen as reference catalyst because it 

showed the best performance in all reactions previously investigated. In this 

case the investigation starts from sorbitol (C6 polyol), in order to have a 

preliminary idea about the role of 2-propanol in presence of water played in 

the conversion of cellulosic bio-derivable molecules. 

When a bulk solution of 2-propanol is used as H-source in presence of 4% 

wt of sorbitol and Pd/Fe3O4 as catalyst (Table 6.6), the conversion of sorbitol 

is complete at every temperature investigated (210 and 240°C), whereas the 

selectivity is mainly oriented towards 1,2-propanediol (31.7 and 30.2%) and 

ethanol (35.9 and 37%), respectively C3 diol and C2 alcohol. No significant 

changes have been found upon increasing the temperature, except for the 

conversion of the bulk 2-propanol that increases from 14% (210°C) to ca. 28% 

(240°C).  

However, when water is added at the liquid mixture of 2-propanol (50% 

vol), a significant variation in the distribution of products is observed, 

obtaining a selectivity of ca. 50% into ethanol, in analogy to the result 

previously obtained on using 100% water as reaction medium (Table 6.7). 

 

Table 6.6 Conversion of sorbitol in presence of a 2-propanol bulk liquid phase, 

promoted by Pd/Fe3O4 catalysts. Operating conditions: 30 mL of 2-propanol 

with 4% wt of sorbitol, 0.19g of Pd/Fe3O4 catalyst, initial pressure of N: 5 

bar, 210-240°C, 24 h of reaction, within an autoclave of 75mL. 

    Molar Selectivity of Products from Cellulose [%] 

 Temp X2-PO XSorbitol C4  C3   C2   

 [°C] [%] [%] 2,3-BDO 1,2-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

2-PO 

100% 

210 14.1 100 6.8 2.3 3.4 31.7 0.0 11.0 35.8 9.0 

240 27.9 100 4.4 7.5 1.0 30.2 13.5 5.8 37.0 0.6 
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Table 6.7 Conversion of sorbitol promoted by Pd/Fe3O4 catalysts, varying the 

composition of the liquid mixture: 2-propanol 100%, 50% and 0% (remaining is 

water). Operating conditions: 30 mL of 2-propanol (100%) or a mixture of 2-

propanol/water (50% vol) with 4% wt of sorbitol, 0.19g of Pd/Fe3O4 catalyst, initial 

pressure of N2: 5 bar, 240°C, 24 h of reaction, within an autoclave of 75mL. 

    Molar Selectivity of Products from Cellulose [%] 

 Temp X2-PO XSorbitol C4  C3   C2   

2-PO [°C] [%] [%] 2,3-BDO 1,2-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

100% 240 27.9 100 4.4 7.5 1.0 30.2 13.5 5.8 37.0 0.6 

50% 240 26.8 100 3.0 5.7 1.0 23.0 5.1 6.1 49.8 6.3 

0% [*] 240 - 100 2.8 0.0 0.0 5.9 13.0 0.0 63.5 14.8 

[*] Data obtained in water, already reported in Table 4.5. 

 

 

A variation is observed when the process is carried out using the 

microcrystalline cellulose as reagent substrate. As reported in Table 6.8, a 

conversion of cellulose (ca. 4% at 210°C and ca. 36% at 240°C) was found, but 

no products were detected through HPLC measurements. The lack of 

detection of products, may be ascribable to the lack of polarity necessary to 

break the cellulose into short chain products (from C6 hexitols to shorter 

products) detectable on HPLC instrument. Again, it is plausible to assume 

that cellulose is degraded into oligomers. In order to corroborate the theory 

that the lack of sufficient polarity of reaction solvent does not allow the 

cleavage of C-C and C-O bonds, water was added to 2-propanol in the 

reaction medium (Table 6.9). When only 25% vol of water was added to 2-

propanol, a significant conversion of cellulose (93% at 240°C, either in 

presence of 25%vol or 50%vol of water) carries out to short diols and alcohols. 

A higher amount of 2-propanol (75%vol) favors the formation of 1-propanol 

(C3 alcohol) and ethanol (C2 alcohol) in comparable amounts. When there is 

an equivalent amount in volume of 2-propanol and water, the main products 

become 1,2-propanediol (C3 diol) and ethanol. Finally, when the process is 

performed entirely in water, the main product become only ethanol. The 

composition of the reacting liquid mixture seems to play a clear role to 
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determine the reaction pathway and therefore the nature of obtained 

products.  

 

Table 6.8 Conversion of MCC in presence of a 2-propanol bulk liquid phase, 

promoted by Pd/Fe3O4 catalysts. Operating conditions: 30 mL of 2-propanol 

with 4% wt of MCC, 0.19g of Pd/Fe3O4 catalyst, initial pressure of N2: 5 bar, 

210-240°C, 24 h of reaction, within an autoclave of 75mL. 

    Molar Selectivity of Products from Cellulose [%] 

 Temp X2-PO XCellulose C4  C3   C2   

 [°C] [%] [%] 2,3-BDO 1,2-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

2-PO 

100% 

210 10.8 3.9 - - - - - - - - 

240 27.9 35.9 - - - - - - - - 

 

 

 

Table 6.9 Conversion of MCC promoted by Pd/Fe3O4 catalysts, varying the 

composition of the liquid mixture: 2-propanol 100%, 75%, 50% and 0% 

(remaining is water). Operating conditions: 30 mL of liquid mixture with 

4%wt of MCC, 0.19g of Pd/Fe3O4 catalyst, initial pressure of N2: 5 bar, 

240°C, 24 h of reaction, within an autoclave of 75mL. 

    Molar Selectivity of Products from Cellulose [%] 

 Temp X2-PO XCellulose C4  C3   C2   

2-PO [°C] [%] [%] 2,3-BDO 1,2-BDO Gly 1,2-PDO 1-PO EG EtOH OP 

100% 240 27.9 35.9 - - - - - - - - 

75% 240 23.7 93.2 0.0 0.0 1.8 13.5 31.9 7.3 33.0 12.5 

50% 240 20.0 93.0 0.0 0.0 1.0 31.8 19.6 6.4 27.3 13.9 

0% [*] 240 - 100 3.7 3.8 0.1 9.6 11.9 0.2 58.4 11.6 

[*] Data obtained in water, already reported in Table 5.1, entry 9. 
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6.4. Conclusions 

This chapter, dedicated to the evaluation of the possibility to use 

hydrogen donor (H-donor) molecules (such as limonene and 2-propanol), as 

source of hydrogen to convert cellulose, permits to summarize the 

conclusions reported here below. 

Dehydrogenation of limonene into p-cymene, which is a valuable 

product required in several industrial fields, is efficiently promoted through 

both Pd-based catalysts (Pd/Fe3O4 and Pd/C) obtaining full conversion of a 

bulk solution of limonene, with a ca. 70% selectivity into p-cymene. 

When a biphasic mixture of limonene and water (50% vol) is used to 

convert microcrystalline cellulose, at 240°C it is possible to obtain from each 

phase a high added value product: (i) p-cymene (ca. 70%) from the organic 

phase and (ii) ethanol (ca. 56%) from the aqueous phase.  

In the case in which a 4% wt of microcrystalline cellulose is put into a bulk 

limonene organic phase, in presence of the bimetallic Pd/Fe3O4 catalyst, was 

reached the highest conversion of cellulose (67%) occurs. However, it was not 

possible to detect cellulose deriving products. 

Several evidences have been highlighted from the use of 2-Propanol.  

First of all, 2-propanol enables to perform the full conversion of sorbitol 

and mainly 1,2-propanediol and ethanol are obtained. Therefore, 2-propanol 

- in the transfer hydrogenolysis of sorbitol - acts as H-donor molecule driving 

the selectivity into C3 products, while the presence of water favors the C2 

alcohol formation. 

The presence of water plays a crucial role to enable the hydrogenolysis 

and to obtain products with a short carbon chain. Therefore, 2-propanol may 

be a hydrogen source for the cellulose, only in presence of water. Besides, 

using cellulose as starting molecule, the prevailing formation of C3 products 

in presence of high amounts of 2-propanol was observed. 
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Chapter 7 

 

 

 

FINAL CONCLUSIONS 

 

In this doctoral work, the performance of the co-precipitated bimetallic 

Pd/Fe3O4 catalyst has been investigated for the conversion of biomass-

derivable molecules, starting from model molecules, such as C6-C2 polyols 

and, finally, cellulose. Mild operating conditions, the presence and the 

absence of molecular hydrogen, and the feasibility to use other molecules, as 

hydrogen donors, have been investigated. 

The physico-chemical and the structural properties of the co-precipitated 

Pd/Fe3O4 catalyst have been characterized through XRD, TEM, H2-TPR, XPS 

and EXAFS measurements. These techniques highlight the presence of highly 

dispersed palladium nanoparticles on the support, revealing a majority of 

particles having an average diameter of 1.2 nm. The existence of a strong 

metal-support interaction (SMSI) that enables the promoting effect played by 

palladium in the reduction of hematite to magnetite has been ascertained. 

Intimate interactions between palladium nanoparticles and the iron oxide 

support are present and the existence of Pd-Fe bimetallic ensembles on the 

surface of the reduced Pd/Fe3O4 catalyst has been confirmed. 

 

The catalytic conversion of biomass-derived glycerol (C3 polyol) both 

under hydrogenolysis and aqueous phase reforming conditions, over the 

bimetallic Pd/Fe3O4 catalyst, has been investigated. The starting processes 

were found to be the dehydration/hydrogenation and the dehydrogenation 

/decarbonylation with the latter controlled by the initial O–H breaking 

followed by β C–H elimination rather than direct C–C bond cleavage. At 
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180°C, the C–O bond breaking is preferentially cleaved allowing the 

production of 1,2-propanediol, while C–C bond breaking becomes favorable 

at higher reaction temperatures leading to formation of H2 in a good yield.  

Similarly, when ethylene glycol (C2 polyol) is the starting substrate, the 

C–O and C–C bonds are equally cleaved at 180 and 210°C, whereas at higher 

temperatures a significant increase in dehydrogenation products has been 

observed. 

Starting from C2-C3 polyols, the change in selectivity from the C–O to the 

C–C bond cleavage is better appreciable upon the variation of the reaction 

temperature. 

 The hydrogenolysis of sorbitol (C6 polyol) and C5-C3 polyols has been 

investigated under mild operating conditions (using only 5 bar of initial H2) 

promoted by the bimetallic Pd/Fe3O4 catalyst, exhibiting a higher performance 

compared to that of the commercial Pd/C catalyst. With the aim to gain a 

complete understanding of the main pathways involved in the process 

catalyzed by Pd/Fe3O4, the screening regarding the hydrogenolysis of C5-C3 

polyols have also been performed. 

The starting reactions were found to be the dehydrogenation/ 

decarbonylation of the terminal C—COH group and the dehydrogenation 

followed by the retro-aldol reaction (internal C—C bond cleavage). At the 

beginning, the sorbitol carbon chain is preferentially shortened leading to 

xylitol and C3 or C4-C2 polyols. After the initial cleavage, a series of cascade 

reactions occurs (such as H2/-CO, H2O/H2, retro-aldol condensation and 

hydrogenation), leading to the production of shorter diols, alcohols and 

gaseous products. A similar cascade pattern of reactions leads to the 

preferential formation of ethanol, at the highest temperature investigated 

(240°C). C2-C3 alcohols, in particular ethanol, are the main reaction products 

obtained by the hydrogenolysis of the investigated substrates, suggesting that 

the co-precipitated Pd/Fe3O4 catalyst can be suitable for the production of 

ethanol from bio-derived C6-C3 polyols. 

Furthermore, the gaseous phase analysis, in all experiments concerning 

polyols, shows the total absence of CO, revealing the excellent performance 

of the Pd/Fe3O4 catalyst in promoting the water gas shift (WGS) reaction.  
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The subsequent investigation of cellulose to be transformed directly into 

short polyols and C2-C3 alcohols, in a one-pot process, through the use of 

Pd/Fe3O4 catalyst has been carried out. 

 Within this investigation it was demonstrated the possibility to perform 

the hydrogenolysis of unpretreated (MCC) cellulose and not only the 

pretreated one. Moreover, the hydrogenolysis process was found self-

sustainable, being performable also without any external addition of 

molecular hydrogen. 

A synergistic effect played by water, used as solvent, and the Pd/Fe3O4 

catalyst was found. Water, through its auto-hydrolysis, acts as a pretreatment 

favouring the initial hydrolytic step of cellulose; whereas the Pd/Fe3O4 catalyst 

activates the hydrogenolysis reaction and rules the pattern of products 

obtained as ascertained by the reactivity already reported on using C6-C3 

polyols. Blank tests of C6-C3 polyols in absence of catalyst show no reactivity, 

whilst the same blank test starting from cellulose have shown the role of water 

as promoter of hydrolysis into glucose and C6 sugars.  

The outstanding result of this investigation is the feasibility of a one pot 

self-sustainable hydrogenolysis starting from cellulose not pretreated, leading 

a liquid phase mainly constituted by ethanol (58.4-68.7%). This process is 

performable under neutral conditions, without any further addition of acid or 

basic substance in order to enhance the conversion.   

The role of the bimetallic ensemble of palladium and iron present on the 

catalytic surface is the main responsible for the peculiar reactivity observed. 

Such evidence has been demonstrated through the comparison of the 

reactivity of the bimetallic catalyst Pd/Fe3O4 with two benchmark catalysts 

(Pd/C and Fe3O4). 

 

The last part of the research concerns the possibility to use, instead of 

molecular hydrogen, other hydrogen-donor (H-donor) molecules to convert 

the cellulose into short chain alcohols. In particular, the present investigation 

was focused also on the reactivity of limonene and 2-propanol as H-donor 

substrates. 

 Pd-based catalysts (Pd/C and Pd/Fe3O4) have been confirmed very active 

towards the dehydrogenation of limonene into p-cymene, enabling to obtain 
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full conversion of a bulk solution of limonene, with a ca. 70% selectivity into 

p-cymene. 

Moreover, the Pd/Fe3O4 catalyst is able to perform, at the same time, the 

dehydrogenation of limonene into p-cymene and the de-polymerization of the 

cellulose. Indeed, when a biphasic mixture of limonene and water (50% vol) 

is used to convert microcrystalline cellulose, at 240°C it is possible to obtain 

from each phase a high added value product: (i) p-cymene (ca. 70%) from the 

organic phase and (ii) ethanol (ca. 56%) from the aqueous phase.  

When a 4% wt of microcrystalline cellulose is put into a bulk limonene 

organic phase, in presence of the bimetallic Pd/Fe3O4 catalyst, the highest 

conversion of cellulose (67%) was reached even though it was difficult to 

clarify the nature of the involved transformations. 

Several evidences have been highlighted from the application of 2-

propanol.  

First of all, 2-propanol enables to convert completely sorbitol in a solution 

containing mainly 1,2-propanediol and ethanol.  Therefore, 2-propanol acts as 

H-donor molecule with sorbitol. The presence of 2-propanol increases the 

selectivity into C3 products, while the presence of water favors the C2 alcohol 

formation. 

2-Propanol can act as H-donor molecule for the conversion of cellulose, 

only in presence of water. The preliminary results obtained, highlighted that 

when the reaction is performed with 2-propanol, the conversion level is lower, 

but the selectivity into C3 products becomes higher.  

In any case, the presence of water has revealed its crucial importance to 

enable the cellulose hydrolysis and in general a successful conversion into 

valuable products. Therefore, 2-propanol may be a hydrogen source for the 

cellulose, only in presence of water. In analogy with sorbitol, using cellulose 

as starting molecule, the prevailing formation of C3 products in presence of 

higher amounts of 2-propanol can be observed. 
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