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1 General introduction 

 
Chapter 1 – General introduction 

Summary 
 

Copper, one of the first metal used by humans, has a significant impact on society. It 

has interesting physicochemical properties that spur technological applications. In 

catalysis, the metal is often used in the hydrogenation of organic molecules, both for 

bulk and fine chemical synthesis. An important example is the production of 

methanol from synthesis gas (a mixture of CO, CO2 and H2). Methanol is one the 

most important building blocks in industrial chemistry and used for the synthesis of 

sustainable fuels as well as specialty chemicals. Cu nanoparticles are particularly 

promising for selective hydrogenation reactions such as the hydrogenation of triple 

C≡C bonds to double C=C bonds, and the hydrogenation of a specific double C=C 

bond while leaving other unsaturated moieties in the molecule untouched. The 

selective hydrogenation of 1,3-butadiene is introduced which, together with 

acetylene, represents a major disruptor in the efficient synthesis of olefin-based high-

quality polymers and fine chemicals and it’s the main reaction discussed in this 

thesis. Also, an introduction to particle size effects, the dependence of activity, 

selectivity, and stability on particle size, is provided. Finally, an overview of the 

content of this thesis is presented. 

 

 

 

 



 

 

CHAPTER 1 

General introduction 

 

2 

 

1.1 – Copper 
 

Copper is regarded as the first metal used 

by humans for the fabrication of tools and 

weapons.1 The main reason for its early 

success is that copper can be easily found in 

nature in its metallic form (example of 

“native copper” in Figure 1.1 on the right). 

Estimates place the earliest use of native 

copper for the manufacturing of utensils and 

ornaments at around 9000 B.C.1 The ability to 

extract copper from ores, however, was 

developed only 5000 years later. Some of the 

most important copper-containing minerals 

that can be found in nature are azurite 

(Cu2(CO3)2(OH)2), malachite (Cu2(CO3)(OH)2) 

and chalcopyrite (CuFeS2). Present-day Israel, 

Egypt, Iran, and Jordan were some of the 

earliest locations of copper smelting sites. 

Early societies here traded and used copper to produce pots, trays, saucers, and drinking 

vessels. 

Tools made of bronze or other 

copper alloys, including chisels, 

razors, harpoons, arrows, 

spearheads and even plumbing 

parts, have been discovered  dating 

from to the third millennium BCE.2,3 

Around the same period, Cu was 

also used as coinage metal, together 

with Ag and Au (Figure 1.2: copper 

alloy Roman sestertius, possibly of 

Septimius Severus, AD 193-211). 

This is still the case for many 

currencies around the world (even 

though Cu is usually alloyed with 

other metals to avoid surface 

oxidation). A few thousands of years have passed since, yet our society still heavily relies on 

the shiny reddish metal. The laptop on which I am writing these lines of text, power cables, 

electric cars, fridges, air-conditioners would not exist, or would be very expensive, without 

copper.  

But why is this metal so popular? This is due to its distinctive properties. Copper is a 

relatively malleable metal, it’s corrosion-resistant (due to surface passivation) and has 

  

Figure 1.2 A copper alloy Roman sestertius, possibly of 
Septimius Severus (AD 193-211). The coin is quite worn making 
identification difficult, although the figure on the reverse may 
be female and may be holding a phoenix. Rights holder: PAS, 
Oxfordshire County Council. Record number BERK-BC7832. 
Reproduced under license CC BY-SA 4.0 DEED. 

Figure 1.1  Native copper about 1½ inches (4 cm) 
in size. Author photograph: “Jonathan Zander”. 
https://commons.wikimedia.org/wiki/File:NatCop
per.jpg. Reproduced under license: CC BY-SA 3.0. 
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antimicrobic properties. However, it is mostly known for its superior electrical conductivity 

(59.6 MS m-1), second only to silver, and its high thermal conductivity (400 W m-1 K-1). Copper 

not only possesses fascinating macroscopic properties. If shaped in the form of nanoparticles 

(NPs) - ensembles of typically ~10 to 103 atoms – it has tunable physical properties, which 

makes it suitable for applications that range from regenerative medicine to catalysis.4 

Catalysis, in particular, is an important branch of (industrial) chemistry and is responsible 

for around 35% of the world's GDP5 and production of 90% of the chemicals (by volume).6 

Copper-based catalysts (promoted via zinc oxide7–9) are for instance used for the production 

of methanol, an important building block for a vast amount of compounds such as resins, 

pharmaceuticals and perfumes. Hydrogen production via the water gas shift reaction (the 

conversion of CO and H2O into CO2 and H2), is a crucial step for the production of ammonia 

and thus fertilizers, and is carried out on ZnO-modified Cu-Al2O3 catalysts.10,11 Cu-based 

catalysts are also used in pollutants control, e.g. Cu-functionalized zeolites used for the 

removal of toxic NOx fumes from exhaust gas of large ships and urban incinerators via 

ammonia SCR (Selective Catalytic Reduction).12,13 Other important use of Cu-based 

nanoparticles can be found in electrocatalysis,14,15 hydrogen evolution,16–18 photocatalytic 

water splitting,19,20 and numerous organic couplings,21–23 reduction24–28 and oxidation29–31 

reactions.  

The following sections will introduce the basics of metal nanoparticle catalysis, with 

specific focus on particle size effects and hydrogenation reactions. 

 

1.2 – Copper nanoparticles in catalysis  
 

A catalyst is a “substance that increases the rate of a given reaction without undergoing 

changes and without modifying the stability of either reactants or products”.32 In practice, 

catalysts make a reaction occur faster by allowing it to run via a lower energy pathway 

(schematic representation in Figure 1.3), enabling the production of several products such as 

plastics, fuels, and pharmaceuticals. In addition, environmental catalysis contributes to a more 

sustainable human activity and healthier environment by lowering the impact of chemical 

processes, achieve carbon circularity, produce renewable fuels, and improve the sustainability 

of the transportation industry.33–36 

Most catalytic processes involve metals as active sites, often a transition metals.32 These 

metals have partially filled d-orbitals with well-defined energy levels and that  extend far and 

in specific directions, and hence are able to interact with the electronic orbitals of atoms and 

molecules. Metals used in catalysis are often noble metals, such as Pt, Pd, Rh, Ru, Ir, known 

for their high catalytic activity in industrially relevant reactions. However, base metals, such 

as Ni and Cu, are also frequently used in chemical industry, not only for their cost 

effectiveness, but also for their high selectivity to desired products.  
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Figure 1.3 Potential energy diagram for a reaction without (red) and with (blue) catalyst. Here, the 
overall energy released during the reaction represents the relative stability of the products compared 
to the reactants, that remains unaltered upon addition of a catalyst.  

 

Apart from the type of metal used in a given process, how the metal is placed in the final 

catalyst is also of great importance. Catalysts can be used in form of a single metal cation (or 

few, such as in multi-metallic homogeneous complexes) stabilized by ligands, with this 

complex dissolved in a reaction solution. This class of materials is referred to as homogeneous 

catalysts. Alternatively, the metal can also be present as an ensemble of atoms in a solid 

material (monoliths, foams, gauges, supported nanoparticles) leading to what is known as a 

“heterogeneous” catalyst. In this case the reaction occurs between reactants being gas, vapor, 

or liquid, on the surface of a solid catalytic phase. The third class of catalysts are biocatalysts, 

which are key to life on earth, but their industrial application is limited (e.g., enzymes). 

Heterogeneous catalysts are often preferred for large scale industrial applications, due to their 

good stability and recoverability, and relatively low cost.  

Copper finds wide application in different fields of catalysis. Homogeneous Cu-based 

catalysts are omnipresent in organic synthesis because of their flexible oxidation state 

(typically ranging between Cu0, CuI, and CuII) and lower price than noble metals (e.g. Pt and 

Rh).37,38 Its flexible oxidation state and ability to bind heteroatoms allows Cu to assist in bond 

formation (and breaking), both via radical pathways and via two-electron transfer 

mechanisms.37 This has made Cu-based complexes the catalyst of choice for reactions such as 

Ullmann coupling,37,39 Ullmann-Goldberg coupling,37,39 Ullmann-Hurtley condensation,37,39 as 

well as other C-C, C-heteroatom bond formation and organic oxidations.37,39–43 

Heterogeneous Cu-based catalysts (typically in the form of supported nanoparticles) find 

application in hydrogenation. Hydrogenation involves the activation of H2 and subsequent 
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transfer of H to unsaturated bonds. Typical reactants are alkenes/alkynes, alkadienes, 

aldehydes and ketones, and even smaller molecules such as CO and CO2.8,44–52 There is 

extensive knowledge on noble metals such as Pt and Pd and their interaction with H2, but 

much less is known about solid Cu-based hydrogenation catalysts. 

So called Platinum Group Metals (“PGM”) such as Ru, Rh, Pd, Os, Ir, are able to bind the H2 

molecule strongly and activate it, and hence they are excellent hydrogenation metals, at least 

in terms of activity. However, other transition metals outside this group also show interesting 

hydrogenation properties. These metals are often much less active, but more selective. To 

understand why and how activity depends on the nature of the metal, we must consider the 

interaction between the electronic states of the metal and the adsorbate, as well as the final 

electronic states of the adsorbed atoms (if dissociative binding occurs). Considering only the 

highest occupied electronic levels of the metal, adsorption, and activation of reactants (e.g., 

H2) mostly involves interaction of molecular/atomic orbitals with the metal broad s-band 

(broad= extends in a broad range of energies), and the narrow d-band. Schematics of a typical 

DOS (Density Of States) for a transition metal is schematically represented in Figure 1.4A. 

 Interaction between the orbitals of the adsorbate atoms and the s-band of the metal leads 

to attraction and is characterized by the broadening of the adsorbate states and lowering 

them.53 This interaction is similar for all the transition metals, especially the ones at the right 

part of the transition series. For this reason, it is not the interaction that typically drives 

differences in metal activity.53–56 The interaction between the d-band of the metal with the 

orbitals of the adsorbate is, on the contrary, strongly element specific. In fact, it is the one 

that generates bonding and antibonding states for the metal-molecule and metal-molecular 

fragment (e.g., atom) systems (Figure 1.4B, orbital at the top-center has antibonding character, 

the one at the bottom-center has bonding character). The relative filling of bonding and 

antibonding states, ultimately, drives the metal ability to bind the molecule and eventually 

activate dissociation.53 

According to the “d-band model”,53 the type of interaction between molecule and the metal 

surface depends on two main factors. First, the characteristic of the d-band, which are 1) band 

width, 2) band filling and 3) band center (of mass) respective to the metal Fermi level (the 

highest energy state occupied by electrons in a material at absolute zero temperature). As  

d-band center, filling and width are all correlated, the “d-band model” can be rationalized and 

simplified by focusing on only one of the three band characteristics. Often, the one that is 

used is the d-band center, as easier to quantify and visualize.53,57 The second factor playing a 

significant role in metal surface-molecule interaction is the geometric extent of the d-band of 

the metal.  
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Figure 1.4 A) Illustration of the density of states (DOS) of a typical transition metal, showing the broad 
s-band and the narrow d-band around the Fermi level. Shaded area represents the band filling (at 0 K, 
there would be zero possibility to find electrons above the Fermi level). Note the partially filled d-band 
(typical of transition metals); B) Adsorbate level (orbitals) splitting due to interaction with the metal 
d-band. The position of the d-band relative to the Fermi level depends on the nature of the metal. For 
transition metals, the d-band is only partially filled (strictly speaking, Au, Ag, Cu are not transition 
metals, as the d-band is completely filled). 

 

The d-band model suggests that when the d-band is broad its center is hence relatively low 

e.g. ~3 eV or more below the Fermi level energy (which by definition is within the d-band and 

at its top for d10 metals), not only the bonding states but also the antibonding ones can end 

up below Fermi level. This means that antibonding states can be populated, thus leading only 

to a net weak metal-adsorbate interaction. As soon as the d-band moves closer to the Fermi 

level (high-lying d-band), antibonding states are “pushed” upward in energy. Some of these 

states might hence end up above the Fermi level, and thus they will remain empty. The result 

is that the net metal-adsorbate interaction is stronger, and chemisorption is usually 

observed.53,57 

Figure 1.5 reports an example of such metal-adsorbate interaction between the (111) 

surfaces of Ni, Pt, Cu, Au, and the H atom. The shaded area represents the (occupied) density 

of one-electron states for atomic hydrogen chemisorbed on the four clean surfaces, while the 

dotted curves are the metal d-projected states. Peaks between -5 and -10 eV are the dominant 

H 1s – metal d-bonding resonances, while the peaks of the corresponding antibonding states 

are highlighted with arrows (Figure 1.5). In all cases, the energies are relative to the Fermi 

energy of the metal (which is set to zero). Both Ni(111) and Pt(111) have high-lying d-bands 

(equivalently, high d-bands centers, specifically -1.29 and -2.25 eV respectively; band centers 

εd for transition metals can be found in ref.53). For these two surfaces, the antibonding states 

(arrows) are unpopulated, hence both surfaces can strongly bind H. Cu(111) and Au(111), on 

the contrary, have deeper-lying d-bands (d-band centers equal to -2.67 and -3.56 eV, 

respectively),53 which leads to more populated antibonding states, hence both surfaces are 

less efficient in binding H.53–55 In this case, however, the interaction is not completely 

repulsive thanks to the coupling of the H 1s orbital with the metal s-band.53 
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Figure 1.5: Solid lines: density of one-electron states (DOS) for H chemisorbed on Ni(111), Cu(111), 
Pt(111) and Au(111) surfaces. The DOS is projected onto the atomic H 1s state. Dotted lines: surface 
d-bands DOS of the four clean metal surfaces, for reference. Reproduced with permission from 
Springer Nature, ref.54  

 

The second factor playing a role is the spatial extension of the d-band. Cu(111) has a 

relatively small size of its d orbitals, with antibonding states occupied, but little Pauli 

repulsion. There is an optimal H-Cu(111) distance for which the net interaction is bonding.53 

Moving down the groups of the transition metal series, the size of the d orbitals increases (3d 

<4d <5d). This leads to increased Pauli repulsion, which decreasing the stability of the metal-

bound molecule/atom complex.53 This effect is large enough to make the Au(111)-H 

interaction repulsive. A very similar argument is valid for the interaction of the H2 molecule 

with the metal surface. The combined effect is that H2 is easily dissociated on Pt(111) and 

Ni(111), an activation energy needs to be overcome to bind H to Cu(111), and atomic H 

adsorption is not facilitated by Au(111).54 This is confirmed by experimental results, as for 

instance Pt and Ni (111) surfaces have a low barrier and readily dissociate H2, while Cu has a 

significant barrier for H2 dissociation, and no dissociation is observed on Au(111).53,54  

Following the theory and generalizing for small molecules (H2, N2, CO…), it is clear that 

moving to the left of the transition series (towards higher d-band centers53) gives lower 

activation barriers and stronger bonds. Bonds are stronger for elements higher in the period 

table. The search for the perfect transition metal for a specific reaction involves a compromise 

between its ability to bind/dissociate the adsorbate, and a sufficiently weak adsorption 

between metal-reaction intermediate to avoid bonding irreversibly. Another important 

parameter to take in consideration is metal oxidizability. For instance, metals such as Mn and 

Fe could be poorly active in typical hydrogenation reactions also because it might actually be 

difficult to pass from their oxidic to the metal form under typical hydrogenation conditions 

in virtue of their strongly negative reduction potential. Noble metals, on the other hand, are 

typically in their zero-valent (metallic) state under typical reaction conditions, while Cu can 
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be reduced fairly easily (1bar H2, T>100-150°C, see also Chapter 2).  Activity of hydrogenation 

metals also depends on the molecule to be hydrogenated, as well as the exposed metal surface.  

Focusing only on the ability to bind and activate H2, it is clear that Cu occupies a rather 

unique position in the periodic table. The H2 binding process is activated, and the adsorption 

strength is below that of Pd and Pt. This means that the activity of Cu can be more easily 

controlled e.g., by altering environmental conditions such as temperature. Additionally, the 

description above is based on well-defined extended metal surfaces. For nanoparticles, the 

picture is more complex. In general, the smaller the nanoparticle the more the energy of the 

electronic bands resembles the one of the single atom or hypothetical “metal molecule” (M-

M). This gives narrower energy bands, and at higher energies than the one of the bulk.58 The 

milder activity of Cu hence allows electronic tuning and catalyst design, for instance by 

nanosizing.58   

Experimental results for Cu-based catalysts for hydrogenation reactions show that the 

adsorption of H2 on Cu surfaces highly depends on the facet concerned. Low index facets such 

as (111), (100), (110) only show physisorption of the H2 molecule.59 On the contrary, high 

index faces such as (211) and (311) can show activated hydrogen chemisorption, with a heat 

of adsorption of 40 kJ/mol, or ~0.4 eV (Cu-H binding energy of 474 kJ/molH2, 4.9eV)59 and 

activation energy of adsorption of 21 kJ/mol (~0.2 eV).59 For Cu, the M-H dissociation energy 

is around 237 kJ/molH (~2.5 eV), H-H bond energy is equal to 436 kJ/molH2 (or ~4.5 eV,  at 

room temperature), similar but lower than the M-H of other well-known hydrogenation 

metals such as Pd (around 320 kJ/mol, 3.3 eV) and Pt (350 kJ/mol, 3.6 eV). Hence, the hydrogen 

coverage of Cu is generally low. In conditions in which the availability of hydrogen is the rate 

limiting step, this enables higher selectivity (to partially hydrogenated intermediates, e.g., as 

in conversion of poly- to mono-unsaturated compounds, see Chapter 2) than for conventional 

Pd and Pt catalysts.28,59  

In conclusion, metallic Cu represents an interesting alternative to noble metal 

hydrogenation catalysts, specifically when dealing with processes that requires high 

selectivity. More information, in particular for alkyne and alkadiene conversion to alkenes, 

can be found in section 1.5 of this Chapter.  
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1.3 – Particle size effects 
 

Heterogeneous catalysts require an efficient interaction between a solid and a liquid or gas, 

due to the bi- or three-phasic nature of the catalytic processes. To optimize the catalytic 

activity per gram of metal, the specific surface area has to be high, which is achieved by 

shaping the metal into very small particles containing tens to few thousands of atoms. In 

practical applications, the particle size varies between small metal clusters to particles of 

around one hundred nanometers in size (hence the terminology “nanoparticles”).  

The fraction of the atoms that resides at the surface (also known as dispersion) scales 

inversely with the particle diameter, with 1 nm particles/clusters displaying almost 100% 

dispersion and 10 nm particles around 10% dispersion. Assuming that the intrinsic catalytic 

activity (i.e., the turnover frequency, TOF, defined as the ratio between 

molconverted/molmetal_surf_atoms per unit time) remains constant, the weight-based catalyst 

activity scales with the dispersion, and hence also inversely with the particle diameter.  

However, reality deviates from this model for a variety of reasons. First of all, small clusters 

of atoms (typically <100) display electronic quantum size effects, strongly dependent on the 

exact number of valence electrons present. According to the superatom model, metal clusters 

with a “magic number” of free (valence) electrons (2, 8, 18, 20, 34, 40, 58, 92, 138...) have a high 

stability due to electron shell closure, while metal clusters with a few electrons more or less 

are much less stable.60,61 Another type of effect is related to discontinuous variations in 

dispersion for small metal particles: metal clusters or particles that have such a number of 

atoms that there form closed surfaces or facets are more stable than particles with a few atoms 

more or less, due to the difference in average coordination number. For instance, for a 

dodecahedron (an increasing number of shells surrounding a central atom, with 12 

coordination in the interior of the particle), this results in particles with a higher stability if 

they contain 13, 55, 147, 309 etc. atoms.62  

For larger particles, the trends as a function of size become more continuous. An effect that 

is specifically relevant for catalysis is the type of facets and surface sites that is exposed at the 

surface to the reactants. Particles smaller than 10-20 nm do not just expose facets, but also a 

significant fraction of kink, step and corner sites. For metals possessing fcc structure, kink 

sites have half the number of neighboring atoms (6) compared to an atom in the bulk of the 

crystal (12), while terrace can have 8 to 9 and step sites have 7 neighboring atoms respectively. 

More strongly undercoordinated sites adsorb molecules and atoms more strongly. This is due 

to both electronic and geometrical properties (e.g., a bulky molecule might be adsorbed more 

easily on a kink site rather than a terrace). This leads to a particle size effect that is generally 

known as “structure sensitivity” in catalysis, leading to trends in catalytic activity and 

selectivity as a function of particle size.63,64 This is illustrated for an fcc cuboctahedral particle 

in Figure 1.6A. 
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Figure 1.6 A) Fraction of surface atoms with a specific GCN (generalized coordination number)36 as a 
function of the particle diameter for the cuboctahedral geometry. B) TOF and pre-exponential factor 
as a function of Cu particle size for the hydrogenation of CO2 to methanol. Reproduced from ref.36 
with permission from the Royal Society of Chemistry. Licensed under: CC BY 3.0 DEED. 

 

Increasing the particle diameter while retaining the particle geometry, changes the fraction 

of surface atoms. The fraction of corners atoms decreases by increasing the particle size, while 

terrace sites increase for particles up to 10 nm, flattening out at above 30 nm. As facets and 

sites have different activities, the average TOF depends on the particle diameter. In the 

example depicted in Figure 1.6A, reactions that would occur preferentially on edge sites 

benefit of particles of around 3 nm, while both smaller and bigger diameters would lead to a 

lower TOF. Highly undercoordinated sites, such as steps, kinks, and corners, usually bind 

molecules more strongly than flat and dense terrace sites (e.g., fcc(111)). Hence, small 

molecules such as CO, N2, O2 and NO are usually activated on step sites, such as the edges of 

(111) terraces of metal crystals.65  

Step-edge sites seems crucial in almost every reaction involving a dissociative adsorption step, 

with cleavage of a π-bond of a diatomic molecule.53,65–67 Removing an atom present in the 

row of a step site leads to the formation of a kink. Surfaces with a high fraction of these 

(highly unsaturated) kink sites can show high selectivity towards cleavage/activation of σ 

type bonds, such as C-C bonds (i.e., kink sites cause hydrogenolysis rather than for 

isomerization).65,68 Also hydrogenation processes for which H2 dissociation is rate limiting, 

are expected to benefit of the presence of kink sites. In this case, dissociating/activating the 

H-H bond requires effective interaction with a σ type of molecular bond. The rate of structure 

sensitive reactions hence depends on the nanoparticle diameter distribution (and possibly 

different relative abundance of catalytic sites). Notable examples of structure sensitive 

reactions are Co and Fe-catalyzed Fisher-Tropsch synthesis,69–71 numerous Pt and Pd-

catalyzed hydrogenations and oxidations,65,72–78 methanation over Ru and Ni,79–81 as well as 

numerous electrocatalytic processes.14,65,82–86 

Copper nanoparticles, which recently gained much attention as catalysts for hydrogenation 

reactions, also show particle size effects.7,26,27,36 Recent work on Cu and Cu/Zn on SiO2 

catalysts for methanol synthesis from synthesis gas (CO/H2, usually with addition of CO2)7 
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suggests that the surface-dependent activity of sub-10 nm copper is due to geometric rather 

than electronic effects. The authors observed a three-fold increase in TOF by going from 

particles of 2 to 8 nm, regardless of the presence of ZnOx as promoter.7 In the hydrogenation 

of ethyl acetate to ethanol27 for Cu/C catalysts a similar size-dependence of the activity was 

reported with a 4-fold increase in TOF when going from 3 to 10 nm particles. In both cases 

the authors ascribed the observed effect to the fraction of different surface sites responsible 

for H2 activation as well as ethyl acetate uptake. This is consistent with the observation that 

particles with a size above 2-3 nm usually have size-insensitive local density of state of surface 

sites,65,87 hence electronic effects are unlikely.  

Also, Cu-catalyzed methanol synthesis by CO2 hydrogenation is structure sensitive: small 

nanoparticles displayed a lower activity, but higher methanol selectivity (the side product 

being CO);36 see Figure 1.6B. The turnover frequency for the methanol synthesis increased 

around 3-fold by moving from 5 to 13 nm Cu nanoparticles, while the apparent activation 

energy for MeOH formation was size-independent, hence it is the density of active sites rather 

than their nature that changes. DFT calculations indicated that formate (main intermediate of 

the reaction) has lowest formation energy on low density Cu(211) and Cu(110) (step/edge 

sites), which abundancy is expected to be higher for particles above 10 nm.36 

In this thesis we report on particle size effects for Cu nanoparticles in the case of selective 

hydrogenation of 1,3-butadiene. An in-depth discussion of the impact of particle size on the 

activity and selectivity of silica supported Cu catalysts can be found in Chapter 3.  

 

1.4 – Copper nanoparticles preparation and control over particle size 
 

Conventional methods to prepare supported Cu nanoparticles (and other metal 

nanoparticles) include incipient wetness impregnation and drying, precipitation methods 

(deposition-precipitation and co-precipitation), ion adsorption and colloidal synthesis.58,88 

Each route has its specific advantages and disadvantages. The different steps in the synthesis 

can greatly affect the catalyst final structure and hence performance. Control over the particle 

size can almost always be achieved, but the methodology needs to be adjusted to the type of 

metal and precursor, and reported methods include a fair dose of trial-and-error.  

In precipitation, a metal precursor is precipitated from a liquid phase solution in the form 

of a low-solubility compound (often, but not exclusively, a metal oxide or hydroxide). The 

most used methods involve a gradual increase in the pH of the solution, the direct reduction 

of the metal precursor, or removal of ligands from metal complexes. The method requires 

control over nucleation and growth. When a support material is present, nucleation is favored 

on the surface of the solid due to lowering of the surface free energy of the precipitate. In this 

case the method is referred to as (homogeneous) deposition-precipitation, (H)DP, and it can 

be used for the preparation of high metal loading catalysts (>20%).88  
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Another precipitation-based method is coprecipitation. The method involves simultaneous 

precipitation of both the metal and the support. Compared to (H)DP, it has the major 

advantage of achieving even higher metal loadings (60-80%). For this reason, a large number 

of commercial catalysts, such as for methanol production, steam reforming, water gas shift 

reaction, hydrogenation, and hydrocarbon oxidation are produced in this way.88–90   

Academic literature on Cu precipitation mainly involves two supports: TiO2 and SiO2. DP-

prepared Cu-TiO2 is usually obtained by urea-mediated (CO(NH2)2) precipitation of copper 

nitrate (Cu(NO3)2) on suspended titania.52,91 The reaction is carried out in double-walled 

vessels and has duration of several hours (typically 24 h). The reaction mixture is heated to 

80 °C, causing decomposition of the urea into NH3, which increases the pH of the solution 

causing precipitation of typically copper hydroxide. Reduction of the precipitated copper 

species at temperatures around 250 °C in H2- or CO- rich atmosphere yields to Cu metal 

nanoparticles. Delannoy et al. demonstrated that a method to vary the metal particle size is 

to change the weight loading of Cu. For instance, 1, 2 and 4 wt% loadings yield 0.6, 4.5 and 8.5 

nm Cu particles upon reduction.52,91 

SiO2-based supports dissolve at high pH and can react with Cu. High weight loadings (>30%) 

of uniformly distributed Cu particles are achieved by reduction of Cu phyllosilicate. This 

compound is obtained by precipitation/recrystallization of Cu nitrate onto suspended silica 

via hydrolysis of urea at 90 °C.92–94 The clay-like material is then reduced at 250 °C under 

N2/H2 in order to yield a Cu/SiO2 catalyst. Particle size control can be achieved by choosing a 

specific heating ramp as well as reductant type (most often H2 and CO) and concentration. 

For example, particles of 12, 17 and 24 nm were obtained with a heating ramp of 2 °C min-1 in 

10, 20 and 50 % H2 gas, respectively.92 Smaller particles (8 nm) were obtained with faster 

heating (5 °C min-1)92 or by reducing the weight loading of Cu (5 to 2 nm with weight loadings 

of 18% and 5%, respectively).95  

Electrostatic (or ion-) adsorption of metal ions from solution onto support materials is 

another well-known synthesis route for metal-based catalysts. The technique relies on the 

interaction between charged surface groups of the support and oppositely charged metal 

cations or metal complexes. Control over the charged of the surface groups is obtained by 

tuning the pH of the solution with respect to the point-of-zero-charge of the support. The 

metal loading is limited by the density of charged surface groups on the support. The 

technique yields low weight loadings of highly dispersed precious metals, but it’s impractical 

for the preparation of low-activity metals that require high metal loadings. Examples of 

application of the technique are the preparation of single-atom catalysts96 (which however 

applications are limited mostly to research) ion-exchanged zeolites.12,97,98   

Colloidal synthesis offers control over the metal particle size and shape. The colloids are 

prepared by nucleation and particle growth from a precursor solution, with reduction of the 

metal cations being achieved via addition of reducing agents,88 while stabilizing agents (such 

as PVA or PVP) are present to regulate nanoparticles growth. Particle sizes can be tuned by 

controlling the nucleation rate and growth rates.88 Complete removal of the ligands, as well 



 

 

CHAPTER 1 

General introduction 

 

13 

 

as the low stability of ligand free particles, potential organic waste generated, and low 

concentration (needed for synthesizing stable colloids) makes their large-scale 

implementation challenging. At this time, there is only one successful example of industrial 

manufacturing of colloidal (Pd, Pt) based catalyst.99 Regarding Cu, usage of colloids in 

catalysis is very uncommon due to their low stability in solution. However, successful 

preparation of Cu colloidal suspensions was recently reported.100–104 

Incipient wetness impregnation (IWI) and drying is a synthesis technique involving filling 

the pores of a support (90 to 100% of the pore volume) with a metal precursor solution, 

followed by heat- or vacuum-assisted removal of the solvent. Ideally, this yields 

homogeneously distributed solid metal precursor inside the porous structure. The metal 

precursor is then decomposed at elevated temperatures, yielding metal or metal oxide 

nanoparticles. The choice of the metal precursor is of foremost importance since it must 

decompose under relatively mild conditions and yield only gaseous by-products (preferably 

non-hazardous and non-flammable gases and vapors) and the target solid metal or metal 

oxide. Strong interaction between the metal precursor and support limits metal redistribution 

during the heating step, giving additional control on the particle size distribution. A final 

treatment such as reduction or sulfidation can be applied, depending on the desired phase for 

catalysis.  

Impregnation is widely applied for preparing Cu-based catalyst with high Cu loadings on 

supports such as Al2O3 SiO2, CeO2 and TiO2.88,90 Due to the nature of the method, the support 

needs to be moderately porous (>0.10 ml g-1) in order to achieve medium weight loadings and 

homogeneous distribution of the metal in the final solid. The most common precursor is 

Cu(NO3)2, which has a high solubility in water (3 g mL-1) and a low decomposition 

temperature (<300 °C). In the past decade, several methods to control Cu particle size have 

been explored in our group. On carbon, a good strategy is to start from smaller Cu particles 

and thermally sinter them. For instance, for 6.3 wt% Cu/OxGNP (surface-oxidized graphitic 

nanoplatelets) first copper nitrate was decomposed under N2, to yield to 3 nm CuO particles, 

followed by thermal sintering under H2. Cu particles between 3 and 7 nm were obtained by 

varying the sintering temperature between 250 and 400 °C.92 By combining different thermal 

sintering methods, carbon modification, and modulation of the weight loading (6 to 12 wt%) 

the particle size range was extended from basically single Cu species45 up to 14 nm27 or even 

23 nm45. The thermal sintering method can however be applied only when the particles 

weakly bind to the surface of the support.  

For SiO2, particle size control can be obtained by using supports having different pore sizes. 

A similar method was used for preparing Cu2O particles for electrocatalytic H2 generation.105 

E.g. silica gels with pores of 3, 6, 15 and 23 nm were impregnated with 18.7 Cu wt% ex 

Cu(NO3)2 and decomposed under 2% NO/N2 atmosphere, yielding 4, 6, 7 and 10 nm CuO 

particles.105 Also the gas atmosphere during the heat treatments influenced the Cu 

nanoparticles sizes; Cu particles of 2-4 nm were be obtained on both SiO2 gel and mesocellular 

SiO2 foam via decomposition under N28,92,106 or H2-N292,107. To the best of our knowledge, 
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there are no systematic studies on the effect of the synthesis conditions on IWI-prepared Cu 

nanoparticles supported onto other metal oxides, such as Al2O3, TiO2 and CeO2. 

In our work, we focused mainly on incipient wetness impregnation as technique for the 

preparation of Cu nanoparticles. Control on the Cu particle size (in the range 2-10 nm) was 

achieved by tuning the Cu weight loading, the temperature of the nitrate decomposition step 

as well as the gas atmosphere used for the decomposition of the Cu nanoparticles. 

 

1.5 – Selective hydrogenation of 1,3-butadiene  
 

Hydrogenation reactions play a crucial role in fine and bulk chemicals production. Many 

processes are based on the addition of hydrogen to an unsaturated carbon-carbon bond, often 

using a supported catalyst. Examples include the hydrogenation of polyunsaturated 

hydrocarbons to mono-olefins,28 hardening of vegetable oils,108 and selective hydrogenation 

of various organic compounds such as vitamin intermediates,109,110 pharmaceutical and 

agrochemical active ingredients.109,111  

The H2 molecule is rather inert due to its high binding energy of 4.52 eV (~450 kJ mol-1). A 

catalyst (most often a transition metal) is hence required to bind and activate the molecule. 

This can occur in different ways: the adsorption of H2 on the surface of the catalyst can lead 

to homolytic cleavage of the bond (2 H·, typical of metal surfaces), heterolytic cleavage (H+ 

and H-, in case of highly polarized single cation catalysts) or the bond can be just weakened, 

instead of broken, via partial occupation of the antibonding σ orbitals of the H–H adsorbed 

molecule (see section 1.2). Transition metals such as Ni, Pd, Pt, Rh, are extensively used in 

both homogeneously and heterogeneously catalyzed hydrogenation. Examples are the 

Wilkinson catalyst ([RhCl(PPh3)3]) used for the hydrogenation of unsaturated 

hydrocarbons,112,113 Raney nickel (porous Ni) for the hydrogenation of aromatic and nitro 

compounds,114,115 and palladium on carbon using in organic synthesis.116–119  

Heterogeneously catalyzed hydrogenation is also extensively used in industry for the 

removal of impurities from crude streams.120–125 An example is the removal of highly 

unsaturated molecules from olefin streams. Polyunsaturated compounds, such as dienes and 

alkynes, are present in the product stream from steam-cracking of naphtha to olefins (e.g., 

1,3-butadiene, up to 1-5 wt.% in C2–C4 steam cracking mixtures126). The products are light 

alkenes (typically C2 to C4) used in subsequent reactions such as polymerization and selective 

oxidation to form polyethylene, polypropylene, epoxides, methanol, ethanol, as well as 

detergents and fuels. In almost all cases, the presence of polyunsaturated compounds is highly 

undesirable, as they interfere with subsequent processing due to their ready oxidation, 

oligomerization, or their ability to poison various metal-based catalysts.28,127,128 Consequently, 

their concentration should be reduced to below tens of ppms, ideally by reducing them to 

useful alkenes, which are already present in large excess, without (further) hydrogenating the 

alkenes to alkanes.28,127,129  
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This challenge is commonly addressed by palladium-based hydrogenation catalysts.130–135 

Pure Pd has a high hydrogenation activity, but a poor selectivity at high alkyne/alkadiene 

conversions. Therefore, the metal is often diluted or partially deactivated with appropriate 

modifiers, in catalysts such as PdAg/Al2O3, PdS/CaCO3 and PdPb/CaCO3.130,131,133 However, 

restructuring and metal segregation (e.g., when a large excess of diluting metal is present136 

or after oxidative regeneration of the catalyst137) can decrease the selectivity and stability by 

allowing side reactions such as isomerization, polymerization as well as over-

hydrogenation.51,136 Little is known about reaction mechanism and catalyst stability and 

selectivity for non-noble metal catalysts such as Cu.138 Before discussing this catalysts further, 

it is worth reviewing the properties and reactivity of 1,3-butadiene. 

1,3-butadiene is the smallest possible conjugated diene. The molecule is essentially flat, with 

all 4 carbons being sp2-hybridized and hence sharing a conjugated π system. The molecule is 

typically adsorbed in a di-π structure, with the plane of the molecule parallel to the metal 

surface.28 The reaction has been examined in detail over supported metal nanoparticles, in 

particular using Ni,139–141 Pd,142–147 and Au.52,134,148,149 Important information regarding the 

reaction mechanism was obtained by experiments in hydrogen/deuterium mixtures under 

mild conditions (<1 bar, <100 °C).28,141,147 D exchange was limited, and little HD was formed, 

suggesting a low coverage of H species on the surface of the metals. A maximum number of 

two deuterium atoms in each butene molecule (whether 1-butene, trans-2-butene, or cis-2-

butene) showed that isomerization did not occur at a significant rate, as this would involve 

the cleavage of C-H bonds and formation of new C-H/D ones (possibly increasing the 

deuterium content of the molecule produced by the isomerization step). The formation of any 

of the olefins thus follows a 1,2- or 1,4- addition.28,141,147 Over hydrogenation can occur both 

via hydrogenation of the produced alkenes or via 2,3-addition, since the intermediate product 

(*CH2CH2CH2CH2*) is unstable and readily reacts with another two H atoms. 

The negligible isomerization rate of butenes on different metals (at low diene conversion 

levels) simplifies the study of the reaction mechanism, in particular regarding structural and 

electronic effects on the possible modes of coordination of the semi-hydrogenated 

intermediates (reaction mechanism reported in Figure 1.7).  Metals such as Cu, Ni, Pd, Pt, Ag 

give a high selectivity to 1-butene (50–75%) with trans-2-butene as the second product and 

with a cis-2-butene concentration either equal or slightly lower than trans-2-butene (Au is an 

exception, as it can give a larger selectivity towards cis-2-butene than trans-2-butene).28,148 

Metals and metal sulphides such as Rh, Ir, Ti, V, Zr, Nb, Ni(S), Pd(S), Co(S), Fe(S) seem to 

increase the yield in trans-2-butene at the expense of 1-butene.28,150 This observation led to 

the conclusion that metals that are stronger electron-acceptors favor the adsorption of the 

mono-olefins in πσ mode (π-butenyl, Figure 1.7), which leads to the rearrangement of the 

double bond between C2 and C3, yielding trans-2-butene. On the contrary, metals and metal 

particles that are weaker electron acceptors tend to stabilize the σ-coordinated intermediate 

(σ-butenyl) leading to the formation of a terminal double bond (1-butene).  
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Figure 1.7 Mechanistic scheme for the hydrogenation of 1,3-butadiene.28 Adsorbed state of 1,3-
butadiene explicitly indicated in the first row. The way the reaction proceeds (the structure of the 
half-hydrogenated state, central row) depends on the structure of 1,3-butadiene once adsorbed on the 
surface of the metal. 

 

Cu has been reported as a reasonably active catalyst for the selective hydrogenation of 

alkynes and alkadienes since the 1970’s. The reactants investigated include propyne,151 1,3-

butadiene,46,152 1-butyne153 and 1-butene-3-yne.153 The catalysts were prepared by reduction 

of precipitated Cu species153 or Cu2+ ions adsorbed onto silica.154,155 Cu was 3 to 4 orders of 

magnitude in terms of 1,3-butadiene turnover frequency less active than Pd-based 

catalysts,111,156 but particularly selective (selectivity to butenes usually above >90% up to 90% 

conversion).151–153 Unfortunately, the stability of the investigated catalysts was generally 

poor, due to oligomer formation, often referred to as “green oil formation”, which limited 

further interest in this type of catalysts.52,151,157  

Renewed interest in Cu as a selective hydrogenation catalyst was spurred by a paper from 

Studt et al.158, who computationally predicted that not only Pd-alloys, but also base metals 

and related alloys such as NiZn, FeZn, monometallic Ni and Cu were good catalysts.158 Recent 

experimental developments on Cu-based catalysts were reported by the group of Louis et 
al.157 In particular, the authors showed that the addition of Zn species to TiO2-supported Cu 

catalysts helped to stabilize the catalytic performance. The monometallic copper lost more 

than 90% activity within 4 h on stream, while for the Cu3Zn1 sample the decrease in activity 

was ~30% during 20 h on stream. Partial alloying of Zn with Cu and passivation of TiO2 

surface Lewis acid sites by Zn species might play an important role in stabilizing the 

samples.157  

Insight regarding the support effect on catalyst stability was recently reported by Masoud 

et al. for Au-based catalysts.148 SiO2-supported Au nanoparticles demonstrated much more 
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stable catalytic performance than TiO2-supported ones (10% loss of the initial activity for 

Au/SiO2 after 5 days on stream at 200 °C, while Au/TiO2 loses 90% of its initial activity after 

15 h on stream, same conditions). The steady loss in activity in the case of Au/TiO2 was due 

to green oil formation on the TiO2 support surface, which gradually also covered the active 

metal surface. Full recovery of the initial catalyst activity was obtained by heating in air.148  

More details regarding the use of Cu and Cu based catalysts for the selective hydrogenation 

1,3-butadiene investigated in the context of this thesis are reported in Chapter 2, 3 and 4.  

 

1.6 – Selective hydrogenation of 2-methyl-3-butyn-2-ol 
 

Selective carbon-carbon triple bond hydrogenation of alkynols to alkenols is important for 

the production of fine chemicals. The reaction is widely used for the manufacture of 

fragrances, agrochemicals, biologically active compounds, pharmaceuticals and fat-soluble 

vitamins.110,159–161 Alkenols contain both a carbon-carbon double bond and a C–OH unit. They 

are extensively used as nucleophiles in C-C couplings with carbonyl electrophiles. For 

example, cis-2-butene-1,4-diol is an intermediate in the syntheses of vitamin A and vitamin 

B6 and is also used as a monomer to generate poly(2-butenediol), an unsaturated telechelic 

polyether diol.162–164 Another important example is the hydrogenation of dehydroisophytol 

to isophytol, an intermediate step in the production of α-tocopherol, one of the components 

with the highest vitamin E activity.110,165 An example of reaction scheme for the synthesis of 

α-tocopherol, is reported in Figure 1.8. Two important selective hydrogenation steps are 

involved in the process: the hydrogenation of 2-methyl-3-butyn-2-ol to 2-methyl-3-buten-2-

ol, and the hydrogenation of dehydroisophytol to isophytol.110 

The selective hydrogenation of alkynols to alkenols poses challenges, since hydrogenation 

of acetylenes moieties with a metal catalyst can result in the formation of fully saturated C-

C bonds. This unselective process is kinetically favoured if the second hydrogenation step 

(alkene to alkane) is faster than the first (alkyne to alkene).110 The selectivity of the catalyst 

is enhanced by adding selective catalyst poisons.110 Catalysts used for this type of reaction 

are noble metals (Pt, Pd, Rh) or other transition metals (mostly Ni), and the process is usually 

carried out in a three-phase, slurry type semibatch reactor. One of the most used catalyst for 

this transformation is Pd in the form of Lindlar-type catalysts.162–164,166 These consist of Pd 

nanoparticles supported on CaCO3, with 5% Pd weight loading and 2-5% Pb loading, 

depending on the application.110,167,168 These catalysts showed high selectivities (>95%) and 

activities of substrate conversion in hydrogenation of alkynols.99 However, the use of 

environmentally unfriendly modifiers such as lead acetate and quinoline, which eventually 

contaminate target products, is not desirable.110,167,168  
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Figure 1.8 Simplified reaction scheme of the synthesis of α-tocopherol, a component with the highest 
vitamin E activity (Vitamin E is a group of 8 fat-soluble vitamins, all with antioxidant properties). 
Reprinted (adapted) with permission from ref.165. Copyright 2017 American Chemical Society.  

 

As discussed in section 1.2, Cu represents a viable alternative to Pd-based catalysts for the 

gas phase hydrogenation of alkadienes and alkynes. However, few studies addressed 

supported Cu catalysts for liquid phase hydrogenation. Copper chromite (Cu`Cr`Oa) was 

studied for the hydrogenation of vegetable oils.169–173 The major drawback of copper chromite 

catalysts is the high toxicity of certain Cr compounds.174,175 Only during the last decade 

supported Cu nanoparticles gained attention as potential catalyst for the selective 

hydrogenation of organic compounds in liquid phase. Villaverde et al.174 reported that 

Cu/SiO2 prepared via deposition precipitation has a similar activity as Cu-Cr (TOF: 0.55 vs. 

1.33 min-1, respectively) in the selective hydrogenation of furfural to furfuryl alcohol. 

Modifications of the catalyst, such as preparation of co-precipitated CuMgAl, can lead to even 

higher activity, around twice that of the reference Cu-Cr catalyst.174  

Cu/SiO2 was also studied for the hydrogenation of acetophenone to 1-phenylethanol, an 

important pharmaceutical intermediate. The authors observed close to 100% product yield, so 

no hydrogenolysis or cracking leading to side products. The reaction displayed a negative 

order in acetophenone, first order in hydrogen and typical Langmuir-Hinshelwood reaction 

kinetics. Another important well-known reaction used to study selective hydrogenation 

catalysts is the hydrogenation of cinnamaldehyde to cinnamyl alcohol. Gutierrez et al. 
prepared a series of Cu catalyst (supported onto Al2O3, SiO2, MCM-48, CeO3, Fe2O3) and tested 

for the hydrogenation of cinnamaldehyde in isopropyl alcohol at 100 °C and 10 bar. The 

highest selectivity was observed for Cu/SiO2 (48% at 30% conversion).48 Liu et al. reported a 

higher selectivity to cinnamyl alcohol of 80% at around 50% conversion of cinnamaldehyde 

for 6 nm Cu supported on ordered mesoporous carbon. Clearly, the choice of a suitable 

preparation method, support and reaction conditions is very important.  
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In our study, we explored Cu/SiO2 catalysts for the selective hydrogenation of 2-methyl-3-

butyn-2-ol, an important intermediate in the production of fat-soluble vitamins and 

fragrances.110 Results and discussion can be found in Chapter 5. 

 

1.7 – Scope of this thesis 
 

The main aim of the research described in this thesis was to study the activity, stability and 

selectivity of supported Cu catalysts for industrially relevant gas- and liquid- phase selective 

hydrogenation reactions. Focus was on the reaction mechanism, selectivity mechanism, as 

well as on the influence of Cu particle size. Synthesis method development was crucial to tune 

the Cu nanoparticle size on silica. Transmission electron microscopy, X-ray powder 

diffraction, thermogravimetric analysis, temperature programmed reduction, were applied in 

order to elucidate the collective structure-performance relationships in the gas phase 

hydrogenation of 1,3-butadiene in excess of propene and in the liquid phase hydrogenation 

of 2-methyl-3-butyn-2-ol. 
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 Hydrogenation of 1,3-butadiene on Cu 
nanoparticles immobilized on inert supports: 
catalyst stability and selectivity 

Chapter 2 – Hydrogenation of 1,3-butadiene  on Cu nanoparticles immobilized on inert supports: catalyst stability and selectivity 

Abstract 
 

In this chapter, the catalytic performance of copper nanoparticles (3 and 7 nm) 

supported on either silica gel or graphitic carbon is discussed in the selective 

hydrogenation of 1,3-butadiene in the presence of a 100-fold excess of propene. We 

demonstrate that the routinely used temperature ramp-up method is not suitable in 

this case to reliably measure catalyst activity, and we present an alternative 

measurement method. The catalysts exhibited selectivity to butenes as high as 99% 

at nearly complete 1,3-butadiene conversion (95%). Kinetic analysis showed that the 

high selectivity can be explained by considering H2 activation as the rate limiting 

step, and the occurrence of a strong adsorption of 1,3-butadiene with respect to 

mono-olefins on the Cu surface. The 7 nm Cu nanoparticles on SiO2 displayed high 

stability, with almost full retention of their initial activity over 60 h of time-on-

stream at 140 °C. This remarkable long-term stability and high selectivity towards 

alkenes indicate that Cu nanoparticles are a promising alternative to replace precious 

metal-based catalysts in selective hydrogenation. 
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2.1 – Introduction 
 

Hydrogenation reactions play an important role in fine and bulk chemicals production. 

Notable processes that are based on the catalytic addition of molecular hydrogen to an 

unsaturated carbon-carbon bond are the hydrogenation of polyunsaturated hydrocarbons to 

olefins,28 hardening of vegetable oils,108 and selective hydrogenation of various organic 

compounds such as vitamin intermediates,109,110 pharmaceutical and agrochemical active 

ingredients.109,111 The selective removal of polyunsaturated hydrocarbons, for example 1,3-

butadiene, from monounsaturated hydrocarbons via hydrogenation is an essential alkenes 

purification step. In particular, removal of alkadienes and alkynes is necessary to guarantee 

good process ability of light olefins for the production of polymer- and alkene-derived 

intermediates.28,52,135,142,153,126–128,130–134 At the same time, the reaction is interesting for 

fundamental hydrogenation studies. The physicochemical property and type of metal catalyst 

used for the reaction can, in fact, have a significant effect on observed hydrogenation rate, 

distribution of isomers, polyunsaturated to monounsaturated hydrogenation ratio and over-

hydrogenation behavior (hence hydrogenation selectivity).  

Cu-based catalysts have already been reported as moderately active in the hydrogenation 

of different unsaturated hydrocarbons, such as propyne,151 butadiene,46,152 1-butyne153 and 1-

butene-3-yne.153 Although Cu catalysts displayed activities around 4 orders of magnitude 

lower than the one of Pd-based materials (the catalysts of choice for hydrogenation reactions), 

they presented much desirable selectivities (>>90%) as over-hydrogenation was very 

limited.111,151–153,156 However, the Cu-based catalysts can generally be rather unstable, and 

deactivate in few hours of testing due to production of oligomers (often referred to as “green 

oils”). This limited applications and further interest in this type of catalysts.52,151,157  

Only recently, investigation on Cu-based materials regain the deserved attention, also 

thanks to computational studies confirming Cu as one of the ideal candidates for selective 

hydrogenations of hydrocarbons (Studt et al.158). Concerning the selective conversion of 1,3-

butadiene to butenes, an important experimental milestone was achieved by Louis et al.157 In 

particular, the authors showed that the addition of Zn species to TiO2-supported Cu 

nanoparticles helped to stabilize the catalytic performance of the catalyst, guaranteeing 

retention of ~70% of the initial activity during 20h on stream (contrary to pure Cu that suffered 

almost complete activity loss under 4h).157 The behavior of Cu nanoparticles, however, can’t 

be untangled completely from the support and Zn promoter, as TiO2 can potentially boost 

hydrogenation activity and Zn is needed to suppress side reactions on the defective TiO2 

surface.148,157 

In this chapter, we discuss the selective hydrogenation of 1,3-butadiene in 100-fold excess 

of propene using supported Cu nanoparticles. We specifically focused on monometallic Cu 

supported on silica and graphitic carbon. These supports were chosen based on their relative 

inertness towards oligomer formation (fouling), as well as towards the main and side 

reactions. This guarantees that the behavior of the nanosized Cu can be isolated from the one 

of the supports. In addition, the samples were prepared by incipient wetness 
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impregnation,90,106 which we show being a robust synthesis methodology for the production 

of well-defined Cu particles distributions.  

The Cu samples were fully characterized and tested in continuous flow reaction 

conditions.148,149 We investigated in detail both the catalysts selectivity and stability. 

Attention was also paid to the catalytic testing methodology, which was shown to be of 

paramount importance to obtain reliable results for copper-based hydrogenation catalysts. 

 

2.2 – Experimental section 
 

Materials. The following chemicals were used without any further purification: silica gel 

high purity grade (Davisil Grade 645, ≥99% purity, Sigma Aldrich), average pore size 150 Å, 

BET surface area 300 m2 g-1, 60-100 mesh; turbostratic graphitic support (high surface area 

graphitic carbon, HSAG–500, kindly provided by Timcal Ltd.), average pore size 250 Å, BET 

surface area 500 m2 g-1, <100 mesh; Copper(II) nitrate trihydrate, 99% (for analysis, ACROS 

Organics™); Nitric acid 65%, AnalaR NORMAPUR® analytical reagent. MilliQ water was used 

for the preparation of all the impregnating solutions (Direct-Q® 3 UV, water resistivity of 

18.2 MΩ.cm at 25°C). The gases used during the catalyst preparation and testing were 

purchased from Air Liquide Benelux Industry: Propylene 3.5 (99.95% purity), 1,3-butadiene 

2.5 (99.5% purity), Hydrogen 5.0 (99.9990% purity), Helium 5.0 (99.9990% purity), Nitrogen 5.0 

(99.9990% purity) and 10% NO/Ar (99.90% purity). 

Functionalization of the carbon support. The pristine carbon support (HSAG-500, high 

surface area turbostratic graphitic carbon, average pore size 250 Å, BET surface area 500 m2 

g-1; kindly provided by Timcal Ltd) was surface functionalized by liquid-phase oxidation using 

concentrated nitric acid.125 Herein, ~10 gram of the pristine carbon material was suspended 

in HNO3 (aq) (65%; 40 mL g-1), inside a 1 L round-bottom flask fitted with a reflux condenser. 

The pristine graphite material was heated to 80 °C in approximately 25 min, and kept at 80 °C 

for 110 min. Thereafter, the reaction was quenched by diluting the suspensions with ~1.6 L of 

cold deionized water (25 °C). The surface-oxidized carbon was allowed to sediment for 30 min 

and the supernatants were decanted. The solids were washed with deionized water until a pH 

of around 7 was reached. After the final washing step, the carbons were dried overnight at 

120 °C and crushed into powders. Finally, the carbon support was dried for 90 min at 170 °C, 

under dynamic vacuum, to remove traces of adsorbed water, and kept inside an Ar-filled 

glovebox (Mbraun LABmaster; <1 ppm H2O; <1 ppm O2). 

 

Synthesis of Cu/SiO2. Cu nanoparticles on silica gel were prepared via adaptation of the 

impregnation and drying method reported elsewhere for SiO2-based supports.105,106 In 

particular, the impregnation solution concentration and the thermal treatment conditions 

were adjusted in order to obtain particles of ~3 and ~7 nm (final Cu weight loading equal to 

5.7 wt.%). Around 2 g of bare support (Davisil Grade 645, ≥99% purity, average pore size 150 

Å, BET surface area 300 m2 g-1; Sigma Aldrich) were dried at 230 °C for 2 h in a double-neck 
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round-bottom flask. The material was then impregnated under static vacuum with dropwise 

addition of a 1 M Cu(NO3)2 solution acidified to pH ~1 with HNO3 to incipient wetness (the 

volume of the solution used was equal to 90% of the total pore volume of the support). The 

impregnated solid was then transferred in a 4A zeolite-filled desiccator and kept there for 2 

days. Subsequently, it was further dried under dynamic vacuum at room temperature for 5 

days and then transferred to a tubular plug flow reactor for the final thermal decomposition 

treatment.  

 

Nanosized Cu0 particles of 3 nm (sample 3nm_Cu/SiO2) were obtained by heating the solid 

to 250 °C under 20% H2/N2. The sample was left to cool down to room temperature, purged 

with 20 vol% O2/N2 flow (100 mL min-1 g-1) and heated up to 250 °C in the same gas mixture 

(heating ramp of 2 °C min-1, isothermal hold of 2 h, 100 mL min-1 gas flow for each gram of 

dry material). It was found that particles cannot be grown larger on silica gel by simply 

increasing the reduction or the nitrate decomposition temperature. Larger crystallites were 

thus prepared by using 2% NO/N2 as gaseous atmosphere during the copper nitrate 

decomposition step, as previously described by Munnik et al.106 In particular, particles of 

around 7 nm (sample 7nm_Cu/SiO2) were obtained by performing the thermal treatment at 

350 °C under 2% NO/N2 (heating ramp of 2 °C min-1, isothermal hold of 2 h, 300 mL min-1 gas 

flow for each gram of dry material). The samples (supported CuO) were exposed to air and 

stored in closed vials at room temperature. 

 

Synthesis of Cu/C. Cu/C catalysts were prepared with a similar impregnation and drying 

method.27,125 As for Cu/SiO2, the synthesis parameters were chosen to obtain particles of ~3 

and ~7 nm and guarantee homogeneous distribution of the Cu NPs over the surface of the 

support. For the preparation, around 2 g of dry oxidized carbon were impregnated by 

dropwise addition of a 2M Cu(NO3)2 solution acidified to pH ~1 with HNO3 to incipient 

wetness (the volume of the solution used was equal to 90% of the total pore volume of the 

support; resulting Cu weight loading equal to 6.3 wt.%). The dried impregnate was heated to 

230 °C (0.5 °C min-1), followed by 1 h isothermal hold at 230 °C, under N2 flow (100 mL min-1 

g-1) to decompose the nitrate precursor. The sample was left to cool down to room 

temperature, purged with 20 vol% O2/N2 flow (100 mL min-1 g-1) for 3 h at room temperature, 

then purged with pure N2 flow (100 mL min-1 g-1) for 30 min. Subsequently, the material was 

reduced by heating to 150 °C (2 °C min-1), with 2 h isothermal hold at 150 °C, under 5 vol% 

H2/N2 flow (100 mL min-1 g-1). Next, the temperature was increased to either 250 or 400 °C 

(2 °C min-1), with 1 h isothermal hold at the final temperature, to obtain the 3nm_Cu/C and 

7nm_Cu/C catalysts, respectively. The final catalyst was collected after letting it cool down 

to room temperature and passivating it by exposure to air (overnight) at room temperature, 

then stored in closed vials at RT. Prior to X-ray powder diffraction analysis and TEM imaging, 

the nanoparticles were fully oxidized under 20 vol% O2/N2 flow (100 mL min-1 g-1) at 250 °C 

(heating ramp of 2 °C min-1, isothermal hold of 2 h). 

 

X-ray powder diffraction and TEM imaging. Characterization measurements were 

performed on XRD analysis was carried out on the as-prepared samples with a Bruker D2 



 

 

CHAPTER 2 
Hydrogenation of 1,3-butadiene on Cu nanoparticles immobilized 

on inert supports: catalyst stability and selectivity 

 

25 

 

Phaser. Radiation source: Co Kα (1.78897 Å). The diffractogram were recorded in the 2θ 

interval 15–90˚ with a step size of 0.05˚. Rietveld refinement was conducted with 

DIFFRAC.SUITE TOPAS software. Transmission electron micrographs of the Cu/C and 

Cu/SiO2 catalysts were obtained on a Tecnai F20 apparatus, operated at 200 kV. Scanning 

transmission electron microscopy was performed in high-angle annular dark-field (HAADF) 

mode on a Talos F200X (FEI), equipped with a high-brightness field emission gun (X-FEG) 

and operated at 200 kV.  

 

Prior to TEM imaging, the two silica-supported samples were both ultamicrotomed in order 

to increase the contrast between the amorphous silica gel support and the Cu nanoparticles. 

The catalyst grains (<75 µm) were embedded in a two-component epoxy resin (Epofix, EMS) 

and cured at 60 °C for 24 h. The embedded catalysts were sliced into 50 nm nominal thickness 

sections by means of a Diatome Ultra 35° diamond knife mounted on a Reichert-Jung Ultracut 

E microtome. The sections were then deposited on a TEM grid and analyzed. Graphitic carbon 

supported materials were finely grinded via mortar and pestle and dry deposited onto the 

TEM grids. Average particle sizes were defined as ���� = ∑ ���,�3    ⁄ � ∑ ���,�2� , while particle 

size dispersion was described as standard deviation. The number of surface copper atoms was 

calculated using a copper dispersion of 1.46*1019 atoms per square meters of Cu exposed 

surface area. The latter was calculated by assuming a spherical particle shape and using the 

equation �	
 = 6000/����  �	
  where �	
  is the specific copper surface area (�	
2  
	
−1 ), ����  

is the mean particle diameter and  �	
  is the copper density (8.92 g cm−3).106 The CuO and Cu 

particle sizes (after reduction of the pre-catalyst prior to catalytic tests) were assumed to be 

the same. 

 

Temperature programmed reduction tests. Temperature programmed reduction (H2-TPR) 

profiles for the as-prepared 3 and 7 nm CuO particles on SiO2 and C were performed using a 

Micromeritics Autochem II ASAP 2920 apparatus, with H2 consumption measured using a 

thermal conductivity detector. The sample (~150 mg) was first dried at 120 °C for 30 min under 

an Ar flow (~1 L min-1 g-1) and cooled down to room temperature. Subsequently, the samples 

were heated at constant rate to 450 °C (5 °C min-1 for Cu on SiO2, 2 °C min-1 for Cu on C) 

under 5 vol% H2/Ar gas flow (~2 mL min-1 g-1). Small (3 nm) and large (7 nm) CuO particles 

on both SiO2 and C were fully reduced at temperatures below 250 °C. The reduction onset 

temperature was between 100 and 125 °C. 

 

Catalytic tests. The catalytic tests were performed with the use of a tailor made gas-phase 

hydrogenation set-up previously described by Masoud et al.148 The experiments were carried 

out by loading a homogeneous mixture of each individual sample (sieve fraction 75–150 µm; 

total amount of copper loaded in the reactor equal to 1.28 mg) and 150 mg of SiC as thermal 

diluent (sieve fraction 212–425 µm) in a U-shaped Pyrex packed bed microreactor (internal 

diameter of 4 mm). Prior to the test, the catalysts were reduced in situ under pure H2 flow 

(50 mL min−1) from RT to 250 °C (ramp 2 °C min−1) and kept at 250 °C for 90 min. Hereafter, 

the catalyst was put into contact with the reaction mixture (0.3% butadiene, 30% propene, 20% 

hydrogen, and helium for balance with a flow rate of 50 NmL min−1, 1 bar). The reactor 
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temperature was either linearly increased from RT to 150 °C at 0.5 °C/min or held constant 

for 2 h long isothermal steps in the range 110–180 °C. More details on the methodology can 

be found later in the text (see sections 2.4 and 2.5).  

 

The concentration of the products and unconverted reactants was monitored every 15 

minutes via gas chromatography using a Flame Ionization Detector (GC-FID, hydrocarbons 

detected: C1-C4). The composition of the gas mixture fed to the reactor was monitored at the 

beginning and at the end of each catalytic run by by-passing the reactor bed. Calculated 

turnover frequencies (TOF, s-1) were defined as the molecules of 1,3-butadiene consumed per 

unit time per Cu surface atom, calculated as follows: 

 

��� =
� �1,3−���1,3−��� � ∗  

1������ 1.46 ⸱ 1019/��� 

 

where � is the reactor pressure (1 bar), �1,3−�� is the butadiene volumetric flow rate to the 

reactor (0.15 NmL min-1), � is the ideal gas constant, � is the temperature at which the ��� 
is calculated, �1,3−�� is the conversion of 1,3-butadiene to butenes at a temperature equal to �, �	
 is the exposed Cu surface area (expressed in m2 gCu-1 and calculated as �	
 =

6000/����  � 	
, where ����  is the mean particle diameter in nm, and � 	
 is the copper 

density, 8.92 g cm−3), �	
 is the amount of Cu loaded inside the reactor (1.28 mg), 1.46 ⸱ 1019 

is the number of Cu atoms per square meters of Cu exposed surface area and ��� is the 

Avogadro number (6.022 ⸱ 1023).106,176  

The total selectivity to butenes was defined as follows: 

 

�� !" #$"$% �&� '  � �
 $($# =
	1−��)*+* + 	),-+.−2−��)*+* + 	/0.−2−��)*+*	1−��)*+* + 	),-+.−2−��)*+* + 	/0.−2−��)*+* + 	��)-+* + 	1,21-+* 

 

Where 	0 denotes the concentration (expressed as ppmv) of each individual product of the 

reaction.  

Reaction orders were calculated by varying the partial pressure of one reactant (propene, 

1,3-butadiene, H2) at a time. The standard mixture is obtained by mixing 0.15 NmL min-1 of 

1,3-butadiene, 15 NmL min-1 of propene, 10 mL min-1 of hydrogen, He as balance. The 

volumetric flow rate is kept constant by decreasing/increasing the volumetric flow rate of He. 
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2.3 – Structural characterization 
 

The structural properties of the prepared catalysts (oxidized form) were investigated by X-

ray powder diffraction, and results are reported in Figure 2.1. CuO crystallite sizes obtained 

via Rietveld refinement are shown in Table 2.1. Both silica-supported samples (3nm_Cu/SiO2 

and 7nm_Cu/SiO2) display two main characteristic CuO reflections peaks at 42° and 45.5° 

(corresponding to the [002] and [111] diffractions, respectively), while the broad scattering 

band at 25° is ascribed to the disordered silica gel support. The peak broadening for 

3nm_Cu/SiO2 indicates the presence of only small CuO crystallites in this sample. For 

7nm_Cu/SiO2 the intense and much sharper diffraction peaks demonstrate the presence of 

large CuO crystallites. The average CuO crystallite sizes were 3.1 and 10.4 nm in 

3nm_Cu/SiO2 and 7nm_Cu/SiO2, respectively (Table 2.1). The diffractogram of the 3nm_Cu/C 

did not show any CuO or Cu/Cu2O reflections, implying a high copper dispersion. Lastly, the 

sample 7nm_Cu/C exhibited intense CuO peaks, and the calculated average crystallite size 

was 10.1 nm, similar to the 7nm_Cu/SiO2 sample. 

 

 

Figure 2.1 X-ray powder diffraction patterns of the oxidized 3nm_Cu/SiO2, 7nm_Cu/SiO2, 3nm_Cu/C 
and 7nm_Cu/C. X-ray source: Co Kα. 

 

 

 

 



 

 

CHAPTER 2 
Hydrogenation of 1,3-butadiene on Cu nanoparticles immobilized 

on inert supports: catalyst stability and selectivity 

 

28 

 

Table 2.1 Structural properties for the as-prepared samples.  

 

The XRD results show that the crystallite sizes on carbon can be tuned by changing the 
temperature at which the catalyst is treated. A reduction step conducted at 400 °C led to larger 
and more crystalline CuO nanoparticles (sample: 7nm_Cu/C), while at 250 °C particle growth 
was limited (sample: 3nm_Cu/C). This was not observed by HAADF-STEM in the case of CuO 
over SiO2 (see Figure 2.2, 3nm_Cu/SiO2 prepared at 250 and 450 °C). The difference between 
carbon and silica supports suggests that Cu (or CuO) particles are more strongly anchored on 
the surface of the silica rather than on the modified graphitic carbon. Moreover, preparation 
via reduction under H2 at 250 °C results (upon further oxidation) in measurable CuO 
crystallites on SiO2 but not on oxidized carbon, which may indicate a different interaction of 
the copper species with these two supports, such as the presence of amorphous CuO phase 
over the carbon support. 

 
 

Figure 2.2 HAADF-STEM images for the as synthesized (A) 3nm_Cu/SiO2 (with corresponding particle 
size distribution in frame B) and (C) 3nm_Cu/SiO2(450) catalysts (with corresponding particle size 
distribution in frame D). Cu particles do not grow larger by increasing the reduction temperature at 
which the impregnated support is treated (in this case, from 250 °C to 450 °C for 3nm_Cu/SiO2 and 
3nm_Cu/SiO2(450) respectively). 

Catalysts Cu0 weight loading  Particle size  Cu dispersion 

 (%) dTEM (nm) dXRD (nm) (%) 

3nm_Cu/SiO2 5.7 3.5 ± 1.0 3.1 20 

7nm_Cu/SiO2 5.7 7.3 ± 2.4 10.4 14 

3nm_Cu/C 6.3 3.1 ± 0.9 n.a. 34 

7nm_Cu/C 6.3 7.3 ± 1.8 10.1 14 
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The CuO nanoparticle sizes and distributions on both silica and surface-oxidized graphitic 
carbon were investigated with TEM (Figure 2.3). A uniform distribution of the CuO particles 
over the surface of the support was observed for both the silica and the graphitic carbon. 
Interestingly, the 3nm_Cu/C sample contained small particles all over the surface of the 
carbon, which had not been detected via XRD probably due to low crystallinity. Unimodal 
particle size distributions were found for all the four samples and no particles above 20 nm in 
diameter were present. 

 

Figure 2.3 Representative transmission electron micrographs for the as synthesized (A) 3nm_Cu/SiO2, 
(B) 7nm_Cu/SiO2, (C) 3nm_Cu/C and (D) 7nm_Cu/C catalysts, with the corresponding particle size 
distributions. Silica-supported samples were ultramicrotomed to 50 nm slices (nominal thickness) 
prior to imaging. 
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The particle diameters as determined by TEM are in good agreement with the crystallite 

sizes as estimated by XRD (Table 2.1). In the case of 7nm_Cu/C and 7nm_Cu/SiO2, XRD data 

analysis gives a slightly larger crystallite diameter (about 10 nm) in both cases. This could be 

explained by considering the higher degree of crystallinity and hence diffraction intensity of 

the larger particles present in those samples (most probably caused by slight over-

impregnation of a fraction of the support) which leads to a stronger contribution to the overall 

signal by the larger crystallites. Hence the effective copper dispersion used for the evaluation 

of the catalytic data was based on the CuO particle sizes determined from TEM data (Table 

2.1).  

 

2.4 – Activity measured during a temperature ramp 

 

The results of the temperature ramp catalytic experiments are reported in Figure 2.4 in 

terms of 1,3-butadiene conversion vs. temperature. Specifically, a comparison of the 

conversion data for the 3 and 7 nm Cu on SiO2 and C is shown in Figure 2.4A, while Figure 

2.4B reports the data collected for a heating-and-cooling cycle for the sample 3nm_Cu/SiO2. 

All test data were collected while linearly heating (or cooling) the in situ pre-reduced samples 

from 50 to 175 °C with 0.5 °C min-1.  

The bare supports did not show any hydrogenation activity when exposed to the reactant 

mixture at temperatures up to 200 °C. Both silica-supported and carbon-supported catalysts 

(3 and 7 nm) showed a similar concentration profile for the consumption of 1,3-butadiene 

versus temperature (Figure 2.4A, for raw and full product distribution refer to Supporting 

Information of ref.26). In particular, the onset of 1,3-butadiene consumption was around 

105 °C, with a sharp decrease in 1,3-butadiene concentration until full conversion (>98%) at 

120–130 °C (indicated later in the text as T98%). In all cases, the catalysts were almost fully 

selective towards butenes, and the main product of the reaction was 1-butene (selectivity 60-

70%, significantly higher for carbon-supported catalysts than for the silica-supported 

catalysts). Smaller amounts (10–15%) of cis-2-butene and trans-2-butene were also detected 

and their concentration increased with the temperature. Butenes and propene conversions 

were generally below 1.5% and 1%, respectively, at almost full (>95%) 1,3-butadiene 

conversion (see SI in ref.26 for more details, as well as section 2.7) 
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Figure 2.4 A) 1,3-butadiene conversion as a function of temperature for the 3nm_Cu/SiO2, 
7nm_Cu/SiO2, 3nm_Cu/C and 7nm_Cu/C samples. B) 1,3-butadiene conversion as a function of the 
temperature for the sample 3nm_Cu/SiO2; the datapoints were collected while heating the in situ pre-
reduced catalyst from 50 °C to 175 °C and then cooling down the used catalyst back to room 
temperature (temperature ramp: 0.5 °C min-1). Reaction conditions: butadiene/propene/H2/He= 
0.15/15/10/24.85 mL min-1,1 bar(a), and 1.28 mg of Cu loaded. GHSV: 35 000 h-1. 

 

All catalysts displayed the same activity (per unit Cu mass) within error at temperatures 

between 105 and 125 °C, as evident from the almost perfect overlap of conversion data (see 

Figure 2.4A). This is surprising as differences due to the different particles sizes and supports 

might be expected. Hence, we started a more detailed study of the activity by temperature 

cycling experiments, with as an example results for 3nm_Cu/SiO2, reported in Figure 2.4B. In 

this case, a pronounced hysteresis was observed; the high 1,3-butadiene conversion was 

retained to temperatures below 105 °C during cooling. A possible explanation might be the 

formation of local hotspots in the catalyst bed due to the exothermicity of the hydrogenation 

reaction, although this is not expected under the given conditions (ref.26 and associated SI). 

Another possibility is that the low activity between 85 and 105 °C during the first heating 

ramp is due to deactivation of the surface of the copper nanoparticles by oxidation. 

Oxidation of copper is favored at low temperatures (e.g., during cooling and preparation 

steps after in situ activation or at the beginning of the catalytic test heating ramp) and can be 

caused by trace amounts of oxygen and/or water that are always present in commercial gas 

mixtures. The onset of activity might correspond to the reduction of Cu oxides by the H2 

present in the reaction mixture. Temperature programmed reduction (TPR) experiments were 

carried out on both silica and carbon supported samples in order to verify the reduction 

temperature of the Cu nanoparticles for the catalyst pre-treatment, as well as for investigating 

reduction onset (Figure 2.5).  
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Figure 2.5 H2 consumption while heating for the as-prepared 3 (A) and 7 nm (B) CuO particles on SiO2 
and C (initially oxidized under 20 vol% O2/N2 flow, 100 mL min-1 g-1, at 250 °C 2h hold).  

 

All four samples showed one unique reduction peak at the testing conditions employed for 

the TPR experiment (5%vol H2/Ar flow, ~2 mL min-1 g-1, and heating ramp equal to 5 °C min-

1). Regarding SiO2 supported samples, the onset of reduction was 135 and 160 °C and peak 

temperature equal to 210 and 215 °C for 7 and 3 nm Cu, respectively. In both cases, the Cu 

was completely reduced at a temperature of 250 °C. For C supported samples, the onset was 

slightly lower (125-130°C) and peak temperature equal to 150 and 160 °C for 3 and 7 nm 

particles, respectively. Cu on C was completely reduced at 200 °C. The results suggests that 

the reduction step carried out before any catalytic test (2 °C min-1, 250 °C, see also section 2.2 

– Experimental Section) should guarantee full reduction of CuO to metallic Cu nanoparticles. 

As anticipated, however, temperatures below 100-120 °C might lead to slow formation of Cu 

oxides on the surface of the nanoparticles if traces of O2 or H2O are present. This might 

explain the similar reaction onset observed for the experiments reported in Figure 2.4A. 

To evaluate that the Cu can retain its metallic oxidation state (Cu0) at high temperature 

(>100-120 °C) and under reaction conditions, we additionally simulated the thermodynamic 

equilibrium of Cu/Cu2O/CuO, considering the worst-case scenario of 50 ppm of O2 present in 

the gas mixture as impurity. We assumed a molar ratio in Cu:H2:O2:He of 1:10:10-2:102. The 

relative amount of CuO and Cu2O at temperature between 100 °C and 250 °C was negligible 

(Cu:Cu2O:CuO molar ratio in the orders 1:10-32:10-32, hence absence of Cu oxides). These 

calculations, together with H2-TPR results, indicate that the Cu nanoparticles will consist of 

metallic Cu under the highly reducing reaction conditions (T= 150-250 °C). 

Interestingly, a sudden increase in conversion between 100–120 °C was previously reported 

also in the case of hydrogenation of various alkynes using Cu-based catalysts.153 Using a 

single heating ramp is a common way to assess the activity of catalysts. Although this might 

be a valid method when measuring catalytic performance of more noble metals such as Pd,177 

Pt178 or Au,148,179 clearly for Cu-based catalysts the intrinsic properties might be obscured by 

oxidation. Therefore, another type of testing protocol was developed, as described in the next 

section. 
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2.5 – Activity under steady state conditions 
 

The new measurements protocol involved a first step of catalyst pre-conditioning for 15 

hours under reaction mixture at T= 110–130 °C. Subsequently, the catalyst was heated (or 

cooled) to the desired temperature and kinetic data were recorded for 2 h in isothermal 

conditions. The datapoints used for performance evaluation were collected at the end of a 2 h 

hold, in order to reach a steady state in terms of solid-to-gas interface composition and 

thermal equilibrium. The process was iterated at each temperature level and multiple points 

were collected at one chosen temperature to detect possible activation/deactivation. An 

example of such a measurement is illustrated in Figure 2.6A for 3nm_Cu/SiO2. Additionally, 

data at the same temperature were collected multiple times over the entire course of the test 

in order to verify possible catalyst deactivation. An example is reported in 2.6B, where the 

multiple datapoints collected at a temperature of 120 °C are highlighted.  

 

Figure 2.6 (A) 1,3-butadiene conversion as a function of the temperature for the 3nm_Cu/SiO2 sample. 
The data were collected at steady state conditions after 15 h pre-conditioning (T=110-130 °C). 
Additionally, data were collected at the same temperature multiple times during the same test in order 
to check for possible catalyst deactivation (B). The points marked with the red arrow on both plots 
represents the same datapoint. The datapoint marked with an asterisk was used as control (for 
stability/reproducibility). Conditions: as in Figure 2.4. 

 

As it can be observed in Figure 2.6A, the new protocol yielded a well-defined onset 

temperature of activity (and no hysteresis, here not shown), and clear conversion gradient vs. 

Temperature, different from the sudden conversion jump observed in Figure 2.4A. In addition, 

the test enabled the sampling of the catalyst conversion at the same temperature multiple 

times. In Figure 2.6B, it is clear that after the first pre-conditioning step (first 15h), the catalyst 

reached steady state, as the datapoint collected between 15 and 75h at 120 °C were the same 

within measurement uncertainty. Hence, no change in catalyst activity is expected during the 

test (after pre-conditioning).  

The 1,3-butadiene conversion profiles as function of the temperature obtained with the 

described protocol are given in Figure 2.7A and 2.7B for three selected catalysts, 

3nm_Cu/SiO2, 7nm_Cu/SiO2 and 7nm_Cu/C. With this new measurement protocol, the 
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activity plot looked very different from the one obtained by linearly heating the catalyst 

(Figure 2.4A), with clear differences between the various catalysts. Both 7nm_Cu/C and 

7nm_Cu/SiO2 showed very similar conversion profiles (Figure 2.7A). Hydrogenation activity 

was measurable starting at around 115 °C with almost full 1,3-butadiene conversion reached 

at around 170 °C. However, the sample 3nm_Cu/SiO2 (Figure 2.7B) displayed a higher activity 

than the 7nm_Cu/SiO2, with full hydrogenation at 135 °C.  

 

 

Figure 2.7 1,3-butadiene conversion as function of temperature for A) 7nm_Cu/SiO2 and 7nm_Cu/C 
and B) 3nm_Cu/SiO2 and 7nm_Cu/SiO2 samples. The catalysts were preconditioned for at least 15 
hours at 110–130 °C prior to measurements (see Figure 2.6). The catalytic data were collected after 
allowing at least 2 h at a given T for reaching stable state conditions. Conditions: 1,3-
butadiene/propene/H2/He = 0.15/15/10/24.85 mL min-1, 1 bar(a) and 1.28 mg of Cu loaded for each test. 
GHSV: 35000 h-1. 

 

The turnover frequencies (normalized to the number of exposed copper atoms) measured 
at 125 °C with the method and conditions described in Figures 2.6 and 2.7 were 6 (± 2) ×10-3, 
5 (± 2) ×10-3 and 22 (± 6) ×10-3 s-1 respectively for 7nm_Cu/C, 7nm_Cu/SiO2 and 
3nm_Cu/SiO2. The TOFs measured for Cu nanoparticles in this work can be compared for 
those previously reported in literature. Wang et al. measured a turnover frequency of  
32×10-3 s-1 at 105 °C for 5 nm Cu on TiO2 (same reaction conditions),91 higher than for the 
catalysts hereby reported. The authors stated that the catalyst was able to partially 
hydrogenate 1,3-butadiene at temperatures as low as 60 °C.91 The lower Cu-based activity for 
the catalysts supported on SiO2 and carbon, compared to TiO2, may be caused by support 
effects for small nanoparticles on reducible metal oxide supports. For example, Masoud et al. 
reported a 4-fold higher activity (but much lower stability) for <5 nm Au nanoparticles 
supported on TiO2 compared to Au/SiO2.148 The activity may also be strongly influenced by 
the specific catalyst pre-treatment and reaction conditions.  

The Cu-based activities for 1,3-butadiene hydrogenation investigated in our work were 
higher than for Au/SiO2 catalysts (4×10-3 s-1 at 120 °C)148 as well as for Ag/SiO2 systems 
(0.2×10-3 s-1 at 120 °C)149 yet much lower than for Pd/Al2O3 (10.5 s-1 at 40 °C) as measured 
under similar reaction conditions.156 Hence our results confirm that supported Cu 
nanoparticles are reasonably active catalysts for 1,3-butadiene hydrogenation. However, at 
least as important as the activity, is the catalyst stability, which is discussed in the next 
section. 
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2.6 – Stability 
 

Measurements carried out at steady state conditions revealed that the catalysts, after proper 

pre-conditioning, displayed stable and reproducible activity (see Figure 2.7). However, TEM 

analysis of the used catalysts revealed that the 7nm Cu supported on carbon, sample 

7nm_Cu/C, suffered from extensive particle growth (from ~7 to ~23 nm) during the catalytic 

testing described in section 2.5 (Figure 2.7), while all silica-supported samples retained their 

initial particle size (see also ref.26 and associated Supporting Information). Hence, we focused 

in more detail on the Cu/SiO2 system and more specifically on the activated (reduced) 

3nm_Cu/SiO2 and 7nm_Cu/SiO2 catalysts (more details on the Cu/C samples can be found in 

ref.26). Silica supported samples were hence tested for stability during a 60h run at a given 

temperature. The results are reported in Figure 2.8A, while total selectivity to butenes and C4 

composition can be found in Figures 2.8B and 2.8C.  

 

 

Figure 2.8 A) 1,3-butadiene conversion as a function of the time-on-stream for the 3nm_Cu/SiO2 (test 
carried out at 130 °C) and 7nm_Cu/SiO2 (140 °C) samples. Conditions: 1,3-butadiene/propene/H2/He = 
0.15/15/10/24.85 mL min-1, 1 bar(a) and 1.28 mg of Cu loaded for each test. GHSV: 35 000 h-1. B) 
Selectivity to butenes and C) C4 products composition (bottom) as a function of the time-on-stream. 
Lines: guide for the eye. 
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The 3 nm catalyst tested at 130 °C exhibited full conversion for the entire 60 hours of 
catalytic test (Figure 2.8A). Full conversion does not allow to assess stability changes. Long 
term tests on 7nm_Cu/SiO2 (140 °C, same conditions) revealed a high stability, with the 1,3-
butadiene conversion equal to ~40% from the beginning to the end of the run. It is interesting 
to note a good agreement between these data and the ones collected under steady state 
conditions (Figure 2.7) for both the samples, which underlines the remarkable stability of 
these catalysts as well as the robustness of our new measurement protocol.  

Regarding the selectivity to butenes (Figure 2.8B), a steady selectivity of around 98.8% was 
observed for the sample 7nm_Cu/SiO2 (in good agreement with the results shown in Figure 
2.10). For this catalyst, the major component of the C4 products composition was 1-butene 
(70%). The product concentration was stable for 60 hours. The sample 3nm_Cu/SiO2, however, 
displayed a gradual increase in selectivity (from 50% to 96%, Figure 2.8C). Concomitantly, the 
selectivity towards 1-butene formation also increased over time until reaching a steady value 
of 73%. This might suggest restructuring of the catalytic surface over time (yet, the small 
particle size distribution was retained, see ref.26 and associated SI), or possible deactivation of 
a small fraction of unselective sites. Ex-situ FT-IR investigations of the fresh and used samples 
post-test reported in Figure 2.8, are reported in Figure 2.9.  

 

 

Figure 2.9 Ex situ FT-IR data collected for 3nm_Cu/SiO2 fresh and used sample (tested at 130 °C for 
60 h (same reaction conditions as described in Figure 2.8). 

 

Regarding formation of possible oligomers starting from 1,3-butadiene, the two main 

interesting signals are the C=C stretching (1640 – 1680 cm-1) and the =C-H stretch, expected 

between 3000 and 3100 cm-1. Both the fresh and the used 3nm_Cu/SiO2 catalysts do not 

display features in the two areas of interest, suggesting that the formation of carbonaceous 

oligomers is absent or very limited.  

The catalysts described in this work were significantly more stable than Cu catalysts 

immobilized on oxidic supports reported in literature. For instance, 5 nm Cu/TiO2 described 
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by Wang et al. measured using the same reaction mixture, but at T= 90 °C, lost more than 90% 

of its activity in less than 10 hours on stream.157 Deactivation was mainly ascribed to “green 

oil” or coke poisoning (formation of C4+ oligomers or carbonaceous deposit).52,151,157 No 

results for Cu catalysts on SiO2 have been reported before. However, differences in stability 

between SiO2- and TiO2- supported catalysts were reported by our group for Au catalysts 

used in selective hydrogenation of the same reaction mixture.148 Higher stability was 

observed for Au nanoparticles immobilized on the silica support than on titania P25 (almost 

full retention of the activity for Au/SiO2 catalyst after 16 h at 200 °C, versus 88% loss in activity 

for Au/TiO2 tested in the same conditions). Analysis revealed coke formation on the TiO2 

support under reaction conditions, even in the absence of Au.148  

 

An important role of the support was reported for the hydrogenation of alkynes as well. 

Sárkány,180 for instance, observed that the amount of carbon deposited over Pd catalyst 

supported on TiO2 was twice the one on α-Al2O3 during pulse-flow hydrogenation 

experiment of ethyne/ethene mixtures (3.9 carbon atoms per Pd surface atom for Pd/TiO2 

versus 1.66 for Pd/Al2O3). Combination of adjacent vinyl species and/or insertion of ethyne 

into Pd-C bond of adsorbed vinyl intermediates to form a diene were considered the reason 

for the formation of green oil in ethyne hydrogenation. The authors postulated that the TiO2 

support, due to the presence of Ti3+ sites decorating the Pd particle, enhanced the 

concentration of retained hydrocarbons over the surface of the catalyst, leading to a greater 

formation of C6+ oligomers.180 It is clear that using more inert supports, as we show here for 

Cu-based catalysts, is a successful strategy to produce stable catalysts for the hydrogenation 

of alkadienes.  
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2.7 – Selectivity 
 

In this section, the selectivities of 3nm_Cu/SiO2 and 7nm_Cu/SiO2 (collected during the 

tests reported in Figure 2.7) are discussed in more detail. Propene conversion and selectivity 

to butenes are displayed in Figure 2.10A and B, respectively. The total selectivity to butenes 

(Figure 2.10B, see section 2.2) is defined as the ratio between the C4 alkenes productivity over 

the total hydrogen consumption (see section 2.2).26 For both catalysts, hydrogenation of 

alkenes to alkanes was limited, with a propene conversion below 0.1% in the entire 1,3-

butadiene conversion range (Figure 2.10A). Sample 3nm_Cu/SiO2 exhibited a maximum 

propene conversion of 0.06%, while for 7nm_Cu/SiO2 it is limited to 0.013% at almost full (97%) 

1,3-butadiene conversion (corresponding to roughly 40 ppm of propane present in the reactor 

outlet stream).  

 

 

Figure 2.10 A) Propene conversion and B) Total selectivity to butenes data (defined as the ratio 
between the butenes productivity over the total hydrogen consumption) as function of the 1,3-
butadiene conversion for the reduced 3nm_Cu/SiO2 and 7nm_Cu/SiO2. Pre-treatment, reaction 
conditions and testing methodology as in Figure 2.7. 

 

Although the propene conversion is commonly used in the literature to assess the 

performance of this class of hydrogenation catalysts, it is valuable to additionally look at the 

total selectivity to butenes (Figure 2.10B). In this way both undesired reactions, hydrogenation 

of propene (to propane) and over-hydrogenation of 1,3-butadiene (to butane), are taken into 

consideration. Both silica-supported catalysts presented high selectivities. For instance, at 97% 

1,3-butadiene conversion, the total selectivities to butenes were 94% for the 3 nm Cu and an 

astonishing 99% to butenes for 7nm_Cu/SiO2. The difference in selectivity between the two 

catalysts is substantial. The higher overall activity of 3nm_Cu/SiO2 in terms of 1,3-butadiene 

hydrogenation to butenes (Figure 2.7) and alkenes hydrogenation with respect to 

7nm_Cu/SiO2 (Figure 2.10), suggests a particle size dependency. More details on particle size 

effect can be found in Chapter 3 of this thesis.  
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In order to better understand the catalyst selectivity, sample 3nm_Cu/SiO2 was also tested 

at temperatures well above 140 °C, the T required to achieve full hydrogenation of 1,3-

butadiene (T98%). Under these conditions (with top-down flow) at the bottom of the catalytic 

bed, the 1,3-butadiene concentration is negligible, and the reaction atmosphere consists 

mainly of propene, butenes and H2. The fraction of the catalytic bed that experiences these 

conditions increases with the reaction temperature. The 1,3-butadiene conversion, propene 

conversion and C4 composition are reported in Figure 2.11. The propene conversion is low 

and constant from 110 °C up to 150 °C (temperatures at which the 1,3-butadiene consumption 

is below 98%). At temperatures higher than 140 °C, i.e., at full conversion with the 1,3-

butadiene concentration depleted at the bottom of the catalytic bed, the propene conversion 

increases. This conversion, however, remains lower than 1% at 50 °C higher than the 

temperature required for full 1,3-butadiene hydrogenation. Simultaneously, conversion of 

butenes to butane remains almost absent. These observations highlight the remarkably high 

selectivity of Cu/SiO2 catalysts. 

 

Figure 2.11 1,3-butadiene conversion (blue bars), propene conversion (orange bars) and C4 (butenes) 
distribution as a function of temperature for 3nm_Cu/SiO2. Pre-treatment, reaction conditions and 
testing methodology as in Figure 2.7. 

 

A similar trend was observed for the C4 products, with the trans-2-butene concentration 

increasing with temperature only above 150 °C, at the expense of the less stable 1-butene, a 

sign that isomerization becomes significant only when 100% conversion is reached and when 

part of the catalytic bed is depleted in 1,3-butadiene. In fact, from both thermodynamic and 
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experimental data, the trans-2-butene is the most stable molecule, and hence is expected to 

be present in higher amount, followed then by cis-2-butene and finally 1-butene (see Figure 

2.12 for butenes thermodynamic data). Concomitantly, n-butane appears as a product of the 

hydrogenation of C4 species from 150 °C onwards. This clearly suggests that competitive 

adsorption, hence the strong adsorption of 1,3-butadiene on Cu, is a key factor in the high 

selectivity for alkadiene conversion, as side reactions such as isomerization or further 

hydrogenation of alkenes only take place once the 1,3-butadiene concentration is severely 

depleted in the reactor, and hence also low in concentration at the surface of the Cu particles.  

The phenomena described above can be compared to what was observed for the Pd-based 

catalysts for which the preferential adsorption of alkynes and dienes makes it possible to 

maintain high alkenes selectivity up to relatively high conversion, although the 

hydrogenation rate of adsorbed ethene is for instance about one hundred times higher than 

that of adsorbed ethyne.181,182 

 

Figure 2.12 C4 alkenes equilibrium composition as a function of the temperature at atmospheric 
pressure (p= 1 bar). Solid lines: as calculated via HSC Chemistry 7 from an equimolar mixture (1:1:1) 
of the three butenes (1-butene, cis-2-butene, trans-2-butene). Crosses: experimentally measured by 
Maccoll et. al.183 

 

Further evidence is provided by analyzing the reaction kinetics data. From the 1,3-butadiene 

hydrogenation rate as function of the partial pressure of the reactive species (Figure 2.13), we 

observed a first-order dependency in H2 pressure, a fractional positive order in 1,3-butadiene 

(0.25) and a nearly-zeroth order in propene (0.08). The first-order dependency in hydrogen 

pressure suggests a low hydrogen surface coverage (linear adsorption regime),28,46 in line with 

the general observation that H2 adsorbs relatively weakly on Cu.28,152 The slightly positive 

order in 1,3-butadiene can be ascribed to its particularly strong affinity to bind the copper 

nanoparticles, since almost complete surface saturation is reached.  
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The low reaction order in 1,3-butadiene is in line with literature reports for experiments 

involving Ni, Au, Pd and Co.28,46,142,184 In addition, this kinetic behavior partially resembles 

what was observed in case of Pd model catalysts (Pd/Al2O3/NiAl(110), Pd > 4 nm),142 for which 

the 1,3-butadiene adsorption can be so strong that the hydrocarbon can even limit hydrogen 

penetrating the adsorption layer and adsorbing onto Pd active sites.142 Lastly, the near-zeroth 

reaction order in propene partial pressure shows that the competition of adsorption between 

the butadiene and propene is strongly in favor of the former. 

 

 

31,3−�
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Figure 2.13 Reaction rate order for the selective hydrogenation of 1,3-butadiene over 3nm_Cu/SiO2 as 

a function of the 1,3-butadiene, H2 and propene partial pressure. Log of the activity is defined as the 
log10 of (4��"5,78��)-�0*+*/2+9*,)*�  #85
:*)-;85 ) versus the log10 of the reactants pressure.  

 

We hence explain the almost full selectivity to butenes of our Cu/SiO2 system (Figure 2.11) 

to the strong preferential bonding of polyunsaturated molecules over mono-unsaturated ones. 

As long as there is an appreciable 1,3-butadiene concentration, the diene almost fully covers 

the surface of the Cu catalyst, hindering the hydrogenation and/or isomerization of alkenes 

(Figure 2.12). Assuming similar intrinsic hydrogenation rates for all the adsorbed 

hydrocarbons, the selectivity measured for 7nm_Cu/SiO2 at 130 °C would correspond to a 1,3-

butadiene to propene surface coverage ratio of 50:1. Conversion of butenes (mainly 1-butene) 

was limited, which indicates that butenes once formed, then rapidly desorb from the copper 

surface.  

An adsorption/desorption-driven selectivity was already predicted computationally in the 

case of hydrogenation of alkynes/alkenes mixtures, such as ethyne/ethene,158 
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propyne/propene over Cu and Ni185 as well as the hydrogenation of enynes over Cu.186 In a 

recent study on the selective hydrogenation of 1-phenyl-1-propyne in batch reactor, the 

authors found that Cu/SiO2 has no intrinsic selectivity towards alkenes formation at full 

conversion since the apparent rate of hydrogenation of the alkene to the alkane is faster than 

that of hydrogenation of the alkyne to the alkene.187 They rather assigned the high selectivity 

to alkenes to a competitive substrate adsorption on the Cu nanoparticles with the adsorption 

constant of the alkyne on Cu/SiO2 being orders of magnitude higher than that of the alkene. 

Lastly, a comparison with the literature reveals that the propene conversion values here 

obtained (Figure 2.11A) are much more favorably low than that for other Cu-based catalysts 

in literature (0.1-1%), as measured under similar reaction conditions (Cu/TiO2,91 Cu-

Zn/TiO2,157 Cu-Au/TiO2 and Au/TiO252). Our Cu/SiO2 systems also outperform Pd-based NPs 

(generally propene conversion >1%, same conditions),188 single-atom Pd and Pt/Cu (~0.1 and 

~1% propene conversion; corresponding gas feed: 1.9/2% butadiene, 70/20% propene, 4.7/16% 

hydrogen and balance He, respectively),146,189 Au/SiO2 catalysts (for which the conversion of 

propene was already particularly low, <0.1%, same conditions)148,149 or PdAu bimetallic 

nanorods (selectivity to butenes below 90%, same conditions).188 To the best of our knowledge 

our high butenes selectivity (>98%) under these conditions is only rivalled by that reported 

for Cu-based catalysts obtained via carbonization of MOFs (HKUST-1, 50 wt.% Cu).190 

 

2.8 – Conclusions  
 

Copper nanoparticles (~3 and ~7 nm) supported either on silica gel or on surface-oxidized 

graphitic carbon were synthetized and used as catalysts for the selective hydrogenation of 

1,3-butadiene in the presence of a 100-fold excess of propene. A new protocol for the 

measurement of catalytic data for Cu-based hydrogenation catalysts was developed, which is 

a more reliable alternative to the ramp-up methodology. The catalysts exhibited full 

conversion of the alkadiene at mild temperatures (130–170 °C). The conversion of propene at 

almost full 1,3-butadiene consumption was generally less than 0.2 % (0.01% for the 7 nm 

Cu/SiO2 system) and the total selectivity to butenes was above 94% for all the catalysts (up to 

99% for the same catalyst 7 nm Cu/SiO2). For both Cu catalysts, conversion of propene and 

butenes to alkanes remains limited even at temperatures well above the ones required for full 

1,3-butadiene conversion (propene conversion <1% at 190 °C). Reaction order and detailed 

product analysis proved that the exceptionally high selectivity can be ascribed to the strong 

preferential adsorption on the Cu surface of alkadienes rather than alkenes. Furthermore, the 

7 nm Cu/SiO2 retained its initial activity for the full 60 h time-on-stream test at 140 °C.  
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 Particle size effects  

Chapter 3 – Particle size effects 

Abstract 
 

In the previous chapter we discussed the promising stability and selectivity of 

nanosized Cu supported on SiO2. Differences in behavior between 3 and 7 nanometer 

Cu suggests possible size-dependent catalytic performance. In this chapter we 

discuss in more details Cu particle size effect in the selective conversion of 1,3-

butadiene. To this end, we synthesized and investigated activity and selectivity of 2, 

3, 4, 7 and 10 nanometers Cu supported on SiO2. The catalysts exhibited particle size-

dependent activity, with particles above 4 nm being 3 to 4 times more active than the 

2 nm ones, and at the same time more selective (up to 99% at almost full butadiene 

conversion for 7-10 nm particles). The higher activity of larger particles was ascribed 

to a higher fraction of kinks and step sites, essential to activate hydrogen. The high 

selectivity of nanoparticulate Cu catalysts was explained by a very strong 

preferential adsorption of 1,3-butadiene compared to mono-olefin (propene) 

adsorption on the Cu surface (in particular on larger particles), as proven via 

adsorption measurements. These findings may guide both testing and catalyst design 

for reactions where hydrogen surface availability and selectivity play a key role. 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: Totarella, G., de Rijk, J. W., Delannoy, L., de Jongh, P. E. (2022). 
Particle Size Effects in the Selective Hydrogenation of Alkadienes over Supported Cu 
Nanoparticles. ChemCatChem, 14(19), e202200348. 
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3.1 – Introduction 
 

As introduced in Chapter 1 of this thesis, catalytic reaction can be classified as either 

dependent of or independent of particle size (often referred to as structure insensitive or 

sensitive, as the exposed facets and active surface sites of the metal nanoparticle changes with 

particle diameter).63,64,191,192 Structure insensitive reactions, or better, reactions for which the 

weight-based activity scales linearly with the metal specific surface area, benefit from the 

presence of smaller particles due to increased surface (catalytic) area. In the case of particle-

size (or structure) dependent63,64,191,192 reactions, certain particle sizes give optimal catalytic 

performance and non-monotonic dependencies might appear.63,64,191,192 In principle, all 

catalysts based on nanoparticles are actually expected to show activity dependent on size, if 

the particles are made sufficiently small.  

Hydrogenation of (poly)unsaturated hydrocarbons, a well-studied model reaction for 

selective hydrogenation catalysts and very relevant in industrial applications,52,121,140,158,193,194 

is considered to be a structure insensitive reaction for most substrates and most transition 

metal surfaces.63,195–197 This is well documented in particular for ethylene hydrogenation and 

other alkene hydrogenations that do not involve C-C cleavage.198 Hydrogenation of alkynes 

and dienes presents more challenges, as multiple hydrogenated products are possible. In this 

case not only the activity of the catalyst must be taken into consideration, but also its 

selectivity. Results discussed in Chapter 2 suggest that the 1,3-butadiene hydrogenation in 

presence of propene over Cu nanoparticles might indeed display particle size dependent 

activity and selectivity. 

In order to systematically study particle size effects, we prepared a series of supported Cu 

catalysts with different Cu particle sizes and tested them for the hydrogenation of trace 

amount (3000 ppm) of 1,3-butadiene in an excess of propene. For the synthesis of differently 

sized, well-defined Cu particles, we built on previous literature on incipient wetness 

impregnation for supported Cu.26,27,105,106 Methods were adapted in order to synthesize 

nanoparticles in the size range 2-10 nm supported on SiO2. The samples were evaluated at 

different gas flows and reactor loadings in order to compare the catalyst selectivity at similar 

temperature and 1,3-butadiene conversion. Finally, 1,3-butadiene and propene 

adsorption/desorption experiments helped to explain the trends in catalyst selectivity. 

 

3.2 – Experimental section 
 

Details on the chemicals used for the synthesis and gas feeds are reported in Chapter 2 in 

section 2.2. Cu nanoparticles on silica were synthesized via incipient wetness impregnation 

and drying following a method reported elsewhere for silica (SiO2) gel supports.26,105,106 The 

impregnation solution concentration and the thermal treatment conditions were tweaked to 

obtain particles of 2, 3, 4, 7 and 10 nm (final Cu weight loading equal to 5.7 wt.%, except for 

4 nm Cu, for which the weight loading was equal to 10.5 wt.%). After synthesis, all samples 
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were left to cool to room temperature, purged with 20 vol% O2/N2 flow (100 mL min-1 g-1) and 

heated up to 250 °C in the same gas mixture (heating ramp of 2 °C min-1, isothermal hold of 

2 h, 100 mL min-1 gas flow for each gram of dry material). The samples (supported CuO 

nanoparticles) were exposed to air and stored in closed vials at room temperature. Details 

regarding the methodologies used for the structural characterization of the synthesized 

catalysts can be found in Chapter 2 section 2.2.  

Catalytic tests. Catalytic tests were performed using a tailor-made gas-phase hydrogenation 

set-up described in Chapter 2 section 2.2 (see also ref.149). The experiments were carried out 

by loading a mixture of each individual sample (sieve fraction 75–150 µm; total amount of 

copper loaded in the reactor 1.28 mg unless otherwise specified), and 150 mg SiC as thermal 

diluent (sieve fraction 212–425 µm) in a U-shaped Pyrex packed bed microreactor (internal 

diameter 4 mm). Prior to the test, the catalysts were reduced in situ under pure H2 flow 

(50 mL min−1) from RT to 250 °C (ramp 2 °C min−1) and kept at 250 °C for 90 min. Hereafter, 

the catalysts were put into contact with the reaction mixture (0.3% butadiene, 30% propene, 

20% hydrogen, and helium for balance with a flow rate of 50 NmL min−1, 1 bar, unless 

otherwise specified). Tests were conducted at temperatures between 100 and 200 °C. The 

concentrations of the products and unconverted reactants was monitored every 15 minutes 

via gas chromatography using a Flame Ionization Detector (GC-FID, hydrocarbons detected: 

C1-C4). The composition of the gas mixture fed into the reactor was monitored at the 

beginning and at the end of each catalytic run by by-passing the reactor bed.  

Calculated turnover frequencies expressed as mmol of H2 consumed per h per mmol of Cu 

surface atoms (TOF, h-1) were here defined as follows: 
 
 

��� =  
��)2)�� 10> ?@A 	��)*+*B0 C + 	+8��)-+* + 	1,21-+*D ∗  

1������ 1.46 ⸱ 1019/��� 

 

Where � is the reactor pressure (1 bar), � �  is the total volumetric flow rate to the reactor (3 

L h-1 @ STP, with the assumption that inlet and outlet flow rate remained constant, since the 

highly diluted system), � is the ideal gas constant, � is the temperature at which the ��� is 

calculated, 	 terms are the concentration, expressed in ppmv, of all products of the reaction 

(1-butene, trans-2-butene, cis-2-butene, n-butane and propane), �	
 is the exposed Cu surface 
area (calculated as �	
 = 6000/���� �	
 , where ����  is the mean particle diameter and �	
  

is the copper density, 8.92 g cm−3), �	
 is the amount of Cu loaded inside the reactor, 

1.46 ⸱ 1019 is the number of Cu atoms per square meters of Cu exposed surface area106 and ��� is the Avogadro number (6.022 ⸱ 1023). 
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The total selectivity to butenes was defined as follows: 

�� !" #$"$% �&� '  � �
 $($# = 	1−��)*+* + 	),-+.−2−��)*+* + 	/0.−2−��)*+*	1−��)*+* + 	),-+.−2−��)*+* + 	/0.−2−��)*+* + 	��)-+* + 	1,21-+* 

 
while the 1,3-butadiene to butenes selectivity was calculated as: 

1,3-�
 !��$($  � �
 $($# #$"$% �&� ' =
�1−GHIJKJ+�ILMKN−2−GHIJKJ+�OBN−2−GHIJKJ�1,3−GHIMPBJKJBK− �1,3−GHIMPBJKJQHI  

In every case, 	� denotes the concentration (expressed as ppmv) of each individual product 

of the reaction. 

 

Hydrocarbons adsorption/desorption tests. Propene and 1,3-butadiene adsorption tests 

were carried out by adapting the set-up used for the catalytic tests. In particular, the GC 

sampling line was connected to a fast mass spectrometer apparatus (Hiden Analytical QGA) 

and the reactor (4 mm ID) was replaced with a larger one (12 mm ID) to accommodate a larger 

amount of catalyst. Prior to the measurement, 900 mg of pristine catalyst was loaded into an 

8mm ID reactor and pre-reduced in situ under pure H2 flow (50 mL min-1) from RT to 250 °C 

(ramp 2 °C min-1) and kept at 250 °C for 90 min. The gas atmosphere was then switched to 

pure N2 (50 mL min-1) for 5 minutes at 250 °C and then the reactor was rapidly cooled down 

in the same N2 atmosphere to 30 °C. After 15 minutes of temperature stabilization and gas 

mixture background measurement, the gas atmosphere was switched to either 0.3% 1,3-

butadiene in He (25 mL min-1 total) or 0.6% propene + 0.3% 1,3-butadiene in He (25 mL min-1 

total; gas mixture concentrations were chosen in order to have a reliable control on the gas 

flow and optimal temporal resolution).  

Data were collected every 15 seconds until steady state concentrations of the gas at the inlet 

of the reactor were reached. For one selected sample (7 nm Cu particles on SiO2), a DSC 

measurement was carried out after saturation in 0.3% 1,3-butadiene in He (25 mL min-1 total). 

The transfer of the sample in DSC sample holder was done in glovebox and the measurement 

was done in dry and air-free environment, under constant Ar flow (heating/cooling ramp of 

10 °C min-1). 
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3.3 – Synthesis results and structural characterization 
 

A summary of the parameters used to produce the differently sized Cu nanoparticles is 

reported in Table 3.1. Transmission electron micrographs as well as particle size distribution 

for the synthesized catalysts are shown in Figure 3.1, while the relative average Cu particle 

size and width of the distribution can be found in Table 3.1. In particular, impregnation of the 

silica gel with 1 M solution of Cu(NO3)2 followed by either heat treatment in i) N2 (350 mL 

min-1, 2 °C min-1, 2 h at 350 °C), ii) 20% H2/N2 (250 mL min-1, 2 °C min-1, 2 h at 300 °C) or iii) 

2% NO/N2 (350 mL min-1, 2 °C min-1, 2 h at 350 °C) yielded 2, 3 and 7 nm particles respectively 

(Table 3.1 and Figure 3.1).  

For 2 and 3 nm Cu, nanoparticle diameter spread was 0.6 and 1.0 respectively (as 1σ, 

standard deviation, of the particle diameter distribution), while for the 7 nm the spread was 

around 2.4 nm. Particles of around 10 nm were also obtained via thermal decomposition under 

2% NO/N2, with the difference that the flow was applied in bottom-top configuration 

(fluidized bed, 350 mL min-1). In this case, the spread was larger and around 4.2 nm. The Cu 

weight loading of 2, 3, 7 and 10 nm was 5.7 wt%. Particles of around 4 nm were obtained by 

impregnating the silica gel support with a 2 M solution of Cu(NO3)2 (roughly doubling the Cu 

weight loading, which was equal 10.5 wt.%) followed by direct reduction under 20% H2/N2 

(250 mL min-1, 2 °C min-1, 2 h at 300 °C). For 4 nm, the width of the particle size distribution 

was 1.2 nm.  

These methods were hence effective in tuning the final particle size distribution of Cu, 

mostly by varying the decomposition process (temperature and gas atmosphere). As expected, 

larger particles lead to larger spread in diameters distribution. In order to verify the 

crystallinity and crystallite size of the obtained Cu nanoparticles, XRD measurements were 

run on pre-oxidized samples (300 °C under simulated air, 1 h). The pre-oxidation step is 

necessary in order to obtain a stable Cu phase (in this case CuO, see also Chapter 2). CuO 

nanoparticles XRD profiles can be found in Figure 3.2.  

 

Table 3.1 Synthesis parameters and physicochemical properties of the silica-supported Cu catalysts. 

Catalyst 

 
Cu 

loading 
[wt%] 

Gas atmosphere used 
during thermal 

treatment 

Ttreatment 

[°C(°C/min)] 
DTEM±σTEM 

[nm] 
dXRD 

[nm] 

SCu 
[mCu

2 gCu
-1] 

2nm_Cu/SiO2 5.7 AN2 - 350 mL min-1 350(2) 2.0 ± 0.6 n.a 336 

3nm_Cu/SiO2 5.7 A20% H2/N2 - 250 mL min-1 300(2) 3.5 ± 1.0 3 192 

4nm_Cu/SiO2 10.5 A20% H2/N2 - 250 mL min-1 300(2) 4.4 ± 1.2 6 152 

7nm_Cu/SiO2 5.7 A2% NO/N2 - 350 mL min-1 350(2) 7.3 ± 2.4 10 92 

10nm_Cu/SiO2 5.7 B2% NO/N2 - 100 mL min-1 350(2) 9.9 ± 4.2 12 68 
A packed-bed configuration 
B bottom-top flow (fluidized bed) 
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Figure 3.1 Transmission electron micrographs (left) and particle size distributions (frequency counts, 
right) for the as synthesized A) 2nm_Cu/SiO2, B) 3nm_Cu/SiO2, C) 4nm_Cu/SiO2, D) 7nm_Cu/SiO2 
and E) 10nm_Cu/SiO2.  
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Figure 3.2 X-Ray Diffractograms for the oxidized catalyst samples (CuO) 2nm_Cu/SiO2, 3nm_Cu/SiO2, 
4nm_Cu/SiO2, 7nm_Cu/SiO2 and 10nm_Cu/SiO2. The materials were prior to the measurements 
oxidized under dynamic O2/N2 atmosphere at 300 °C for 1h. The sample 4nm_Cu/SiO2 has double the 
weight loading of the remaining samples (10.5 wt% vs 5.7 wt%). Large peak at 25 2theta degree: SiO2. 
CuO peaks marked in the image. 

 

The CuO crystallite sizes obtained from the XRD characterization were in good agreement 

with the particle sizes measured by TEM in almost all cases. The only exception was 2 nm Cu, 

which displayed very low-intensity sharp peaks, suggesting a (limited) presence of larger 

crystallites. However, the low intensity suggests that the vast majority of CuO is present 

either as amorphous or as very small particles, for which crystalline order is limited due to 

the restricted diameter. To conclude, we hereby show that controlling the synthesis 

conditions, such as temperature and reactive atmosphere, can be an excellent method to 

achieve good control over the CuO/Cu particle size in the range of 2 to 10 nm. 
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3.4 – Particle size effect on catalyst activity  
 

Figure 3.3 shows the evolution of the concentration of all C4 species as function of reaction 

temperature for different catalysts. Data for 3 and 7 nm were shown already in Chapter 2, but 

are repeated here for convenience. All catalysts were pre-conditioned by exposing them to 

the reaction mixture for 15 h at 130 °C as described in detail in Chapter 2. We focus here on 

discussing the results for 2nm_Cu/SiO2 and 4nm_Cu/SiO2, as a detailed comparison of activity 

and selectivity of all 5 catalysts is reported later in this section as well as in section 3.5. 

 

 

Figure 3.3 Concentration profiles for the reactant 1,3-butadiene and its hydrogenation products, as 
function of the reactor temperature for the catalysts A) 2nm_Cu/SiO2, B) 3nm_Cu/SiO2, C) 
4nm_Cu/SiO2, D) 7nm_Cu/SiO2 and E) 10nm_Cu/SiO2. The data were collected under steady-state 
conditions. Heating ramp= 0.5 °C min-1. Reaction conditions: butadiene/propene/H2/He= 
0.15/15/10/24.85 mL min-1,1 bar(a) and 1.28 mg of Cu loaded (2.56 mg for 10nm_Cu/SiO2). GHSV: 
35 000 h-1. 
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For 2 and 4 nm Cu, conversion of 1,3-butadiene was detected at temperatures as low as 

100 °C. The main products of hydrogenation were 1-butene (>70%), followed by trans- and 

cis-2-butene (produced in similar amounts, around 10-15% at T > 120 °C). Only traces of 

butane were formed. Full 1,3-butadiene conversion (1,3-butadiene concentration below 50 

ppm) was reached at 140 °C for the 2nm_Cu/SiO2 catalyst and 160 °C for the 4nm_Cu/SiO2 

sample, respectively. The 1,3-butadiene concentration profiles obtained for 2 and 4 nm Cu on 

SiO2 show a similar shape and slope, suggesting that both catalysts have comparable 

activation energies for the hydrogenation of the alkadiene. The 2 nm catalyst appears to be 

more active per Cu unit mass than the 4 nm catalyst. In fact, the temperature for which 50% 

conversion of 1,3-butadiene is reached is 106 °C and 126 °C respectively for 2 and 4 nm 

particles.  

To better compare the differences in activity, the experiments were repeated at similar 

conversions and in the same temperature range (100 – 170 °C) by adjusting the amount of 

catalyst loaded in the reactor. An example of 1,3-butadiene conversion vs. temperature 

profiles is reported for the catalysts 2 and 4 nm Cu in Figure 3.4A (the 1,3-butadiene molar 

flow rate to the reactor was kept the same, specifically 0.552 mmol h-1 1,3-butadiene).  

 

Figure 3.4 A) 1,3-butadiene conversion experiments carried out at similar conversion level for 2 and 4 
nm particles. B) turnover frequencies (TOF) calculated at 130 °C from total hydrogen consumptions 
for all different particle sizes investigated; C) Arrhenius plot and D) activation energy vs. Cu particle 
size for the 2, 3, 4, 7 and 10 nm Cu on SiO2 catalysts as calculated from 1,3-butadiene consumption 
rates.  
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As it can be observed from the data reported in Figure 3.4A, similar 1,3-butadiene 

conversions were achieved when tested with copper loadings of 0.417 mCu2 for 2nm_Cu/SiO2 

(45% conversion) and 0.099 mCu2 for 4nm_Cu/SiO2 (50% conversion). This corresponds to that 

the 4 nm particles are around 4 times more active than 2 nm ones per unit Cu surface area. 

This difference is also reflected in the turnover frequencies (mmol of H2 consumed per hour 

per mmol of Cu present at the nanoparticle surface, see section 3.2 for calculation) as 

calculated at 130 °C for all catalysts. The data for 2, 3, 4, 7 and 10 nm Cu on SiO2 is reported 

in Figure 3.4B. As expected from the results discussed in Figure 3.4A, the TOF of Cu 

nanoparticles increased 4-fold by going from 2 to 4 nm Cu (24 h-1 vs. 107 h-1, Figure 3.4B).  

To summarize, varying the particle size above 4 nm resulted in a limited change in activity. 

For instance, 7 and 10 nm Cu only 20% less active than 4 nm Cu on SiO2, and around >3 times 

more active than 2 nm particles. Importantly, the 7 and 10 nm particles were already shown 

to retain their particle size after activity testing during previous experiments (see Chapter 2 

and ref.26). We hereby also tested smaller particles (2 nm) for changes in particle size 

distribution, as smaller particles might be more prone to growth. Also in this case, we did not 

observe substantial changes in Cu particles diameter distribution (see Figure 3.5).  

 

Figure 3.5 DF-TEM A) and particle size distribution B) for the used 2nm_Cu/SiO2 catalyst. In the 
histogram, the red area represents the particle size distribution of the fresh catalyst (same as Figure 
3.1A), the shaded area represents the particle size distribution of the used catalyst.  

 

Lastly, to assess the origin of the difference in activity between particles, the conversion 

data were modelled in terms of Arrhenius plots (Figure 3.4C). The kinetic model applied for 

the study of the 1,3-butadiene conversion data is based on the work described in Chapter 2, 

while the packed bed reactor design equation (integral form) used for extrapolating the kinetic 

constant is reported in ref.199 The reaction rates were normalized to the Cu surface area 

instead of catalyst weight (Cu surface areas are reported in Table 3.1 as SCu, calculations can 

be found in Chapter 2). The activation energy for the hydrogenation of 1,3-butadiene was 
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independent of the Cu particle size (Figure 3.4D). In particular, a value of Eact equal to 62 ± 3 

kJ mol-1 was found, well in line with previously reported data for the hydrogenation of 1,3-

butadiene from alkene-free streams on model systems.28 The difference in catalyst activity is 

hence due to the different pre-exponential A values (reported in Table 3.2 as Abd). The 4 nm 

Cu on SiO2, the most active catalyst as normalized per Cu area, showed ~4 times higher pre-

exponential factor, hence activity, than the smallest Cu nanoparticles investigated. 

 

Table 3.2 Pre-exponential factor for the 1,3-butadiene hydrogenation to butenes (Abd), propene 
hydrogenation in absence of 1,3-butadiene (Ap), propene hydrogenation in presence of 1,3-butadiene 
(Apwbd) and the ratio between Ap and Apwbd.  

Sample name Abd 

(mol s-1 m-2 bar-1.25) 
Ap 

(mol s-1 m-2) 

Apwbd 

(mol s-1 m-2) 

Ratio 
Ap/Apwbd 

2nm_Cu/SiO2 271 0.093 0.011 8 

3nm_Cu/SiO2 1168 0.055 0.007 9 

4nm_Cu/SiO2 1320 0.010 0.001 12 

7nm_Cu/SiO2 809 0.033 n.a.* n.a.* 

10nm_Cu/SiO2 704 0.180 0.0003 700 

*propane concentration too low for performing Arrhenius plot fitting. 

  

The same activation energy for the different Cu particle sizes suggests that the nature of 

the active site involved in the determining step for the hydrogenation of 1,3-butadiene to 

butenes is the same in all catalysts. This indicates that size-dependency of the activity, 

especially in the range 2-4 nm, is probably linked to structural/geometric effects than 

electronic ones.  

 By assuming the same reaction pathway for the hydrogenation of 1,3-butadiene on all the 

differently sized Cu nanoparticles, the numerical value of the pre-exponential factor (Table 

3.2) can hence be used as an indirect measure of the relative abundancy of active sites, or 

“active site – reactant” adducts. Furthermore, the 1,3-butadiene reaction rate order is first-

order in hydrogen pressure, zeroth order in propene pressure and fractional (0.25) order in 

1,3-butadiene partial pressure (see Chapter 2). The reaction rate is hence limited by the 

availability of activated hydrogen on the surface of the Cu nanoparticles.7 This is in agreement 

with literature evidence of low deuterium-hydrogen exchange for Cu catalysts under typical 

hydrogenation conditions, pointing out to low concentration of activated hydrogen on the Cu 

surface.46,147  

An analogous effect of the nanoparticle size on Cu activity, with a maximum at diameters 

above 4-6 nm, was observed for other gas phase hydrogenation reactions. In the case of 

methanol synthesis, van der Berg et al.7,27, for instance, observed an increase in TOF by a 

factor of 3 going from 2 to 8 nm copper particles for both Cu and promoted Cu (CuZn) 

supported nanoparticles. Structural effects on the hydrogenation activity of Cu nanoparticles 

were observed also in case of the hydrogenation of ethyl acetate to ethanol for carbon- 
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supported Cu.27 In this case, a maximum activity was observed at 6 nm, which stayed rather 

constant up to 13 nm Cu. In both cases the authors ascribed the observed effect to the reaction 

taking place at surface sites with a unique configuration of several copper atoms such as step-

edge and kink sites, identified as responsible for H2 activation.  

The observation that not all Cu atoms on the surface of NPs have the same reactivity (in 

the size range below 10 nm) has also been reported in recent literature.200 The activity trends 

described in this work, as well as in ref.7,27, correlate with the theoretical fraction of Cu step 

(B5A, B5B on fcc metals) and kink (B6) surface sites, usually found at the interface of Cu(111) 

and Cu(100) (the geometrical equivalent of high Miller index Cu(311), Cu(221), Cu(321) 

planes). The maximum relative abundance of these sites is interestingly expected at around 

4-6 nm.7,27,201–203 

In conclusion, the 1,3-butadiene hydrogenation activity described in this work strongly 

correlates to the abundancy of step and kink sites over the Cu surface. These in turn control 

the surface availability/concentration of hydrogen and henceforth the reaction rate. This 

activity pattern seems to be in common with other Cu-catalyzed gas phase hydrogenations.  
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3.5 – Particle size effects on catalyst selectivity  
 

The selectivity of the catalysts was evaluated in terms of butenes produced (1-butene + 

trans-2-butene + cis-2-butene) against i) the consumption of 1,3-butadiene (Figure 3.6A, see 

equation in section 3.2) and ii) the total amount of hydrogen consumed by the catalyst (Figure 

3.6B, see equation in section 3.2). The first captures the ability of the catalyst to hydrogenate 

1,3-butadiene to butenes without further over hydrogenation to butane. The second reflects 

the ability of the catalyst to hydrogenate 1,3-butadiene preferentially over other alkenes in 

the stream (i.e., propene), which helps understanding alkadiene-alkene hydrogenation 

competition as well as being a critical parameter in practical application.52,121,140,158,193,194 As 

the concentration of propene in the gaseous reaction mixture is very high (30%, versus 0.3% 

1,3-butadiene), conversion of a small fraction of the propene can drastically lower the total 

selectivity of the catalyst (e.g. 100% 1,3-butadiene conversion and 1% of propene conversion 

corresponds to a catalyst selectivity of 50%).  

 

 

 
 
Figure 3.6. A) 1,3-butadiene to butenes selectivity (ratio between production rate of butenes to 
consumption rate of 1,3-butadiene) as function of 1,3-butadiene conversion; B) total selectivity to 
butenes as a function of 1,3-butadiene conversion. Samples: pre-reduced 2 and 4 nm Cu. Dashed lines 
are guide for the eye. Note: axis in figure A and B have different scaling. 

 

The catalyst that displayed the lowest 1,3-butadiene to butenes selectivity in the entire 

series was 2nm_Cu/SiO2. The selectivity for this catalyst, however, was still rather high due 

to very limited formation of n-butane (1,3-butadiene to butenes selectivity above 99%, Figure 

3.6A). Catalysts with larger particle size displayed formation of similar amounts of n-butane, 

usually well below 50 ppm (see Figure 3.3), and hence a 1,3-butadiene to butene selectivity 

>99.5% in the entire 1,3-butadiene conversion range investigated (e.g., see Figure 3.6A for 

4nm_Cu/SiO2). In terms of n-butane formed, the catalysts displayed similar behavior within 

measurement error.  

The total selectivity to butenes was above 70% for all the catalysts investigated, with the 

4nm_Cu/SiO2 exhibiting the highest selectivity (Figure 3.6B). A minor selectivity decrease 
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was found at high diene conversions for 4 nm Cu (from 98.8 % to 93.8 % selectivity by going 

from 65 to 98 % 1,3-butadiene conversion). For the 2nm_Cu/SiO2, the selectivity also slightly 

decreases with increasing the 1,3-butadiene conversion, from 85 % at 35 % conversion to 78 % 

at 98 % 1,3-butadiene conversion. 

What really differentiated the different samples was the amount of propene consumed, 

which varied drastically between the different particle sizes, thus affecting the total selectivity 

of the catalyst. To better highlight the difference in behavior of the different catalysts 

regarding the unselective conversion of propane, Figure 3.7 displays the concentration of 

propane produced against the conversion of 1,3-butadiene. For instance, at 80% 1,3-butadiene 

conversion the concentration of propane produced by 4 and 2 nm was 10 and 550 ppm, 

respectively. In addition, the amount of propane formed for 4, 7 and 10 nm particles was below 

50 ppm and comparable. As major differences in selectivity were driven by conversion of 

propane to propene (instead of over-hydrogenation of 1,3-butadiene to butane), the rest of 

the discussion will focus on the total catalyst selectivity (see section 3.2). 

 

Figure 3.7 Propene concentration vs. 1,3-butadiene conversion for 2nm_Cu/SiO2, 3nm_Cu/SiO2, 
4nm_Cu/SiO2, 7nm_Cu/SiO2 and 10nm_Cu/SiO2 in the selective hydrogenation of 1,3-butadiene. The 
conversion of 1,3-butadiene was varied by varying the temperature.  

 

Direct comparison of selectivities is not trivial since the selectivity depends both on the 

temperature and on the concentration of all the species in the reactor bed during catalysis 

(see also Chapter 2).184 Hence, tests at the same temperature of 130 °C with varying 1,3-

butadiene conversion (5–20 %, see Figure 3.8A) as well as data at a constant 1,3-butadiene 

conversion of ~80% (Figure 3.8B) are here reported. The data reveal a clear trend in selectivity, 

with the 2 nm particles being the least selective ones (~75 %) of the entire set (Figure 3.8, frame 

A and B). Interestingly, the selectivity to butenes increased by going from 2 to 4 nm (74, 87 

and 98%, respectively for 2, 3 and 4 nm) and levelled off to more than 95% for 4, 7 and 10 nm 
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particles (Figure 3.8B). The same trends are observed at higher conversion values. This shows 

that the larger Cu nanoparticles (equal or above 4 nm) are the most selective ones. 

 

 

Figure 3.8 Total selectivity to butenes vs. particle diameter for the samples 2nm_Cu/SiO2, 
3nm_Cu/SiO2, 4nm_Cu/SiO2, 7nm_Cu/SiO2 and 10nm_Cu/SiO2. A) Data measured at constant 
temperature (130 °C, around 5–20% of 1,3-butadiene conversion); B) Data measured at ~80% 1,3-
butadiene conversion. Dashed lines were added to guide the eye. 

 

Separate propene hydrogenation experiments were carried out to clarify the origin of the 

high catalyst selectivity. The first test was carried out with additional 1,3-butadiene in the 

reactor feed, the second experiment in its absence. An example of these data can be found in 

Figure 3.9A for the sample 2nm_Cu/SiO2. Data are also reported as natural logarithm of the 

reaction rate of the propene hydrogenation reaction against the reciprocal temperature (frame 

3.9B), assuming zero order reaction kinetic in propene and hydrogen (hence the reaction rate 

is equal to the kinetic constant of the reaction, kprop.hydr). This assumption is justified 

considering differential conversion conditions, due to rather constant concentrations for 

propene and hydrogen along the reactor bed. The addition of 1,3-butadiene to the reaction 

mixture causes a sharp decrease in propane production (almost 10-fold decrease at 150 °C). 

The drastic decrease of the propene hydrogenation rate by the presence of 1,3-butadiene was 

observed for all catalysts in the series. 
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Figure 3.9 A) Concentration of propane produced as function of the temperature during the 
hydrogenation of 30% propene in He in presence (green half triangles) and absence (green full 
triangles) of 0.3% of 1,3-butadiene for the sample 2nm_Cu/SiO2; B) corresponding Arrhenius plot 
(natural logarithm of the propene hydrogenation kinetic constant vs. 1000/T). Conditions: 1,3-
butadiene/propene/H2/He= 0.15(or 0):15:10:24.85(or 25.00), 1 bar, 5.6 mg Cu. GHSV: 52 500 h−1.  
 

Strikingly, the slope of the Arrhenius curves obtained for the propene-only case 

(corresponding to Eact = kJ mol-1,) is independent of the presence of 1,3-butadiene (Figure 3.9B; 

see Figure 3.10A and B for a comparison for all the catalysts). Furthermore, the apparent 

activation energy for hydrogenation of propene is lower than for 1,3-butadiene (38 vs. 

62 kJ mol-1, respectively), but nevertheless propene hydrogenation activity of the sample(s) is 

strongly hindered by the presence of 1,3-butadiene. The change in reaction rate is hence 

explained by a change in pre-exponential factor. The ratio between the pre-exponential 

factors obtained in the case of hydrogenation of propene carried out without and with 3000 

ppm of 1,3-butadiene in the reaction mixture was calculated for all the catalysts (see Figure 

3.10A and B, as well as Table 3.2, Ratio Ap/Apwbd). This ratio increases along with the particle 

size (8, 9, 12 and 700 for 2, 3, 4 and 10 nm Cu on SiO2 respectively).  

 

  

Figure 3.10 Arrhenius plots displaying the natural logarithm of the propene hydrogenation kinetic 
constant as function of 1000/T for all samples of the series in case of A) absence and B) presence of 
3000 ppm of 1,3-butadiene. 
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Lastly, hydrocarbon adsorption experiments were carried out on two selected catalysts 

(3nm_Cu/SiO2, 7nm_Cu/SiO2) to verify whether the impact of the presence of 1,3-butadiene 

on the propene hydrogenation can be explained by the stronger adsorption energy for 1,3-

butadiene compared to propene (Figure 3.11). During these experiments, pre-reduced 

catalysts were exposed to either 1,3-butadiene or a mixture of 1,3-butadiene and propene in 

He (0,6% concentration for each hydrocarbon, 25 mL min-1 total; the conditions were adjusted 

to have proper time-resolution and hence quantifiable hydrocarbon uptake). The diluent, in 

this case, acts as both a carrier and a tracer. The delay between the He signal and any of the 

two hydrocarbons is proportional to the amount of alkadiene or alkene adsorbed. The results, 

also known as breakthrough curves, are shown in Figure 3.11 in terms of relative amount of 

1,3-butadiene and/or propene at the inlet of the reactor (a value of 100% means that the 

concentration of the specific molecule in the inlet and the outlet of the reactor is the same).  

 

 

 
Figure 3.11 Hydrocarbon adsorption experiments for 3nm_Cu/SiO2 and 7nm_Cu/SiO2 catalyst. The 
pre-reduced catalysts were exposed to either i) 0.6% 1,3-butadiene in He (Figure 3.11A: 3nm_Cu/SiO2, 
Figure 3.11B: 7nm_Cu/SiO2) or ii) 0.6% 1,3-butadiene + 0.6% propene in He (the 0.6% propene 
concentration was adjusted in order to increase the time resolution of the experiment; Figure 3.11C: 
3nm_Cu/SiO2, Figure 3.11D: 7nm_Cu/SiO2). Helium is used both as diluent and inert tracer. Amount 
of catalyst loaded = 0.9 g. Gas flow: 25 mL min-1. Temperature = 30 °C.  
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Reference experiments conducted on pre-dried silica gel only shown simultaneous emission 

of He and hydrocarbons from the exposed packed bed, hence no hydrocarbon uptake by the 

support itself. For both the 3 and 7 nm supported Cu nanoparticles, a clear delay in the signal 

of the hydrocarbons was observed (see Figure 3.11), confirming the uptake of hydrocarbons 

by Cu nanoparticles. Release of 1,3-butadiene upon heating was verified via DSC experiment 

for the 7 nm Cu/SiO2, Figure 3.12. In that case, no endothermic peak was observed for the 

propene-treated material, while one endothermic peak (with onset at around 120 °C) was 

observed for 1,3-butadiene treated material (the thermal event was ascribed to the release of 

1,3-butadiene from the surface of the catalyst).  

In the 1,3-butadiene/He experiments, the amount of 1,3-butadiene adsorbed was equal to 

0.014 and 0.018 mmol mCu-2 respectively for 3 nm and 7 nm Cu. Upon addition of propene to 

the mixture, a modest, yet significant amount of propene was adsorbed by both materials 

(around 0.001 mmol mCu-2 for 3 and 7 nm Cu). Interestingly, both materials were able to retain 

1,3-butadiene even in presence of propene, with modest to no change in the uptake amount 

of the diene (unaltered for the 7 nm Cu/SiO2; while a decrease, from 0.014 mmol mCu-2 to 0.008 

mmol mCu-2 was observed for 3 nm Cu/SiO2). The observation suggests that the adsorption of 

1,3-butadiene was stronger than for propene, in particular for the larger particles. This 

difference in relative adsorption strength can potentially explain the difference in selectivity 

between smaller particles (2 and 3 nm) and the more selective larger ones (4 nm and above). 

  

 

Figure 3.12 Hydrocarbon desorption experiments by means of DSC. The experiment was carried out 
after saturation pure 1,3-butadiene over 7nm_Cu on SiO2 particles. The bar on the bottom left 
represents a heat flow of 0.1 mW per mg of sample loaded. The measurement was done in air-free 
environment and under Ar flow (heating/cooling ramp of 10 °C min-1). Two consecutive heating ramps 
were recorded per experiment.  
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The hydrogenation of 1,3-butadiene and propene displayed different activation energies  
(62 vs. 38 kJ mol-1, respectively), suggesting that the energy barrier of the hydrogenation 
reaction is more likely to be the insertion of activated hydrogen on the hydrocarbon substrate 
rather than hydrogen dissociation. This reinforces the hypothesis that the reaction selectivity 
depends on the relative concentration of the two hydrocarbons present on the surface, with 
the reaction kinetic following a Langmuir-Hinshelwood type of mechanism.26,145,204 For 
particles above 2 nm, electronic effects are unlikely. Moreover, electronic effects would be 
expected to also change the selectivity, as an increase in electron-acceptor character would 
promote πσ coordination of the semi-hydrogenated butenyl intermediate (π-butenyl), leading 
to formation of trans-2-butene at the expenses of 1-butene.26,28,150 

A rather similar selectivity to 1-butene was observed for all samples (Figure 3.3), as well as 
size insensitive activation energies for the hydrogenation of 1,3-butadiene and propene. This 
strongly suggests that electronic effects cannot explain the dependence of selectivity on 
particle size. In this work, the lowest selectivity was observed for 2 and 3 nm particles. The 
surface of these small particles (~2 nm) is known to be rich in corner and edge sites, which 
concentration drops quickly for larger sizes (5 nm and more, which on the contrary have 
higher concentration of steps and kinks).27,36,201 Their high abundancy can hence lead to a 
higher coverage and activation of smaller molecules (or smaller semi-hydrogenated 
intermediates), as in this case propene, lowering the selectivity of the catalyst towards 
hydrogenation of 1,3-butadiene. In conclusion, while the hydrogen surface concentration 
dictates the catalyst activity, the difference between the adsorption of the hydrocarbons 
(butadiene and propene) on the exposed Cu-nanoparticles is responsible for the catalyst 
selectivity. The ideal Cu catalyst has a surface consisting of a large fraction of steps and kinks 
sites (high activity) and is poor in corner and edge sites (linked to low selectivity). Optimal 
activity and almost full selectivity to butenes are thus achieved on Cu particles above 4 nm.  

 

3.4 – Conclusions 
 
Differently sized copper nanoparticles (from 2 to 10 nm) catalysts were synthesized and 

used for the selective hydrogenation of 1,3-butadiene to butenes in presence of a large excess 
of propene. The 1,3-butadiene hydrogenation activity of nanoparticulate Cu increased with 
increasing Cu particle size up to 4 nm (4-fold increase in pre-exponential factor from 2 to 4 
nm particles). In addition, the 1,3-butadiene reaction rate appeared to be limited by availability 
of H on the surface of Cu, with an associated activation energy equal for all five catalysts. The 
increase in activity with increasing particle size was ascribed to the increase in relative 
abundance of hydrogenation active sites, in particular steps and kinks, by moving from 2 to 
4 – 10 nm. Kinetic analysis of the hydrogenation of 1,3-butadiene and propene, together with 
hydrocarbon adsorption experiments, proved that the selectivity of Cu nanoparticles is 
governed by the preferential adsorption on the Cu surface of alkadienes rather than alkenes.  
This preferential hydrocarbon uptake is also favored by a high surface concentration of step 
and kink sites. Lastly, near full selectivity to butenes (total, ~99%) was observed for 7-10 Cu 
nm particles. 
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4 Metal/metal oxide additives  

Chapter 4 – Metal/metal oxide additives 

Abstract 
 

Controlling the Cu particle size is an effective strategy to tune the behavior of Cu 

based catalysts (see Chapter 3). In relevant applications, nanoparticulate Cu is often 

promoted by metal/metal oxides, typically of period 4 of the transition series. This 

chapter presents a preliminary investigation on the effect of three different additives, 

specifically Mn, Fe and Zn oxides, on the catalytic properties of 2 nm Cu supported 

on SiO2. The additives had strikingly different effects on the activity and selectivity 

of Cu. Specifically, 5% (atomic percentage based on metal content) Fe oxides led to a 

mild decrease in selectivity of the catalyst and showed a marked effect on the 

activation energy of the hydrogenation process, suppressing H2 consumption. Zn 

oxides (5%), which are often used for promoting methanol synthesis catalysts, had a 

detrimental effect on the selectivity of Cu, which was below 50% in the whole 

conversion range investigated. The only modifier that showed a positive promotional 

effect was MnOx, which led to a roughly 3-fold increase in 1,3-butadiene 

hydrogenation conversion while preserving the selectivity. Mn hence is a promising 

promoter for Cu-based catalysts used in the selective (partial) hydrogenation of 

polyunsaturated hydrocarbons. 
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4.1 – Introduction 
 

Nowadays, Cu nanoparticles-based catalysts find interesting uses in gas phase 

hydrogenation processes, and more are currently investigated (see Chapter 1). However, Cu 

is rarely used in its pristine and isolated metal form. In industrial applications, Cu 

nanoparticles are often combined with metal oxides, for instance ZnO, MnOx and Cr2O3.205–

207 The addition of these oxides is beneficial in terms of activity, selectivity and/or stability of 

the catalyst.205–207 Examples of application of Cu/MyOx based catalysts (M= metal) can be 

found in major commercial processes such as the conversion of CO/CO2 into 

methanol,7,8,207,208 ethanol dehydrogenation209,210 and the water-gas shift reaction.211–213 

These additives can affect the performance of the Cu-based catalyst in a number of ways: by 

the formation of new catalytic active sites,44,214,215 synergistic electronic effects,216,217 

stabilization of more active metallic/metal oxide/alloy phases,209,216 structural 

modifications,6,216 as well as passivation of unselective centres.6,217  

The most well-known Cu-based catalytic system is Cu/Al2O3/ZnO, which is utilized for 

methanol synthesis via CO/CO2 conversion.7,8,207,208 The promoting effect of ZnO was for long 

under debate. The initial hypothesis was that ZnO is able to remove sites on the alumina 

phase, which would otherwise convert methanol to dimethyl ether, causing a yield loss. More 

importantly, ZnO would supposedly enhance the catalyst activity via hydrogen spillover, a 

preferred property ideal for any gas phase hydrogenation that display a conversion rate 

limited by hydrogen availability.218  

More recent findings on Cu/Zn on more inert support such as graphitic carbon, however, 

asserts that Zn can actually exist in zerovalent oxidation state during methanol synthesis.219 

The authors, for instance, observed for Zn an average oxidation state of 0.5, and average 

coordination number of 8 during in-situ X-ray absorption spectroscopy studies. Hence, Zn 

can appear not only as partially oxidized surface species (as mostly observed on oxidic 

support), but also in metallic form and bonded together with other metal atom, as for instance 

Cu. This is often masked on oxidic supports as strong promoter-support interaction can lead 

to Zn-oxidic support bonding.219 This reduced Zn can form a low-Zn CuZn alloy, which might 

be responsible of the higher observed catalyst activity, as activity boost by Zn addition is 

observed also in the case of inert support such as graphitic nanoplatelets.219  

Other interesting promotors for Cu-based hydrogenation catalysts were studied in ester 

hydrogenolysis. Brands et al.220, for instance, reported that the activity of Cu could be boosted 

by adding 3d-transition metal oxides, with the activity increasing in the order Mo > Co ~ Zn 

~ Mn > Fe > Ni. In this specific case, the electronegativity of the promoter strongly correlated 

with the increase in catalyst activity, and the effect was ascribed to the higher electron density 

of the metal center leading to stronger absorption of the organic substrate.220  

Another promoter worth of special attention is Mn. Recently, MnOx was found able to boost 

copper hydrogenation activity. In a recent study,221 the addition of 11% Mn/(Cu+Mn) resulted 

in a 7-fold increase in hydrogenation rate for the production of ethanol from ethyl acetate 
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reduction. The authors concluded that the promotor effect was most likely due to increased 

hydrogen surface coverage.221  

In this explorative study, three different additives, namely Zn, Fe and Mn oxides, were 

tested in the Cu-catalyzed hydrogenation of 1,3-butadiene. Focus of this study was to explore 

whether promotion via metal/metal oxides could boost the Cu activity in diene 

hydrogenation, without compromising its selectivity.  

 

4.2 - Experimental section 
 

Details on the chemicals used for the synthesis of the catalysts and details on the gaseous 

feeds can be found in Chapter 2.  

Metal oxides promoted Cu-based catalysts were synthesized via co-impregnation of two 

different supports, namely SiO2 (Davisil Grade 645, 285 m2 g-1, pore size of 15 nm) and carbon 

(graphitic nanoplatelets, GNP500, 500 m2 g-1). Preparation was based on incipient wetness 

impregnation (IWI) described in Chapter 2 and 3 of this thesis.26,105,106 For all samples, the 

surface density of Cu atoms was 2 Cu/nm2. The precursor solution was an aqueous solution 

of Cu(NO3)3 · 3H2O acidified to pH ~ 1 by addition of HNO3 (in order to ensure protonation of 

silanol groups  as well as preventing early precipitation of metal salts). Promoted catalysts 

were prepared by introducing Fe, Mn, or Zn nitrate to the impregnation solution. An overview 

of the different promoter precursors, catalyst names and metal-to-Cu atomic ratio is given in 

Table 4.1.  

 
Table 4.1 Catalysts prepared and investigated in this study. 

Catalyst name Promoter Promoter precursor 
M:Cu atomic 

ratio 

HNO3 added 

[ml per 5 ml sol.] 
Cu/SiO2 - - 0:100 1.0 

1%Fe99%Cu/SiO2 Fe Fe(NO3)3 · 9H2O 1:99 0.8 

5%Fe95%Cu/SiO2 Fe Fe(NO3)3 · 9H2O 5:95 0.5 

10%Fe90%Cu/SiO2 Fe Fe(NO3)3 · 9H2O 10:90 0 

1%Mn99%Cu/SiO2 Mn Mn(NO3)2 · 9H2O 1:99 1.0 

5%Mn95%Cu/SiO2 Mn Mn(NO3)2 · 9H2O 5:95 1.0 

1%Zn99%Cu/SiO2 Zn Zn(NO3)2 · 6H2O 1:99 1.0 

5%Zn95%Cu/SiO2 Zn Zn(NO3)2 · 6H2O 5:95 1.0 
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Heat treatment. Decomposition of the supported metal nitrates was carried out in tubular 

oven under gas flow, similarly to what is described in Chapter 2 and 3 of this thesis.90,222 For 

each preparation, the material was placed in a 24 mm inner diameter quartz reactor tube, with 

a catalyst bed height of 3 mm. The catalysts prepared on silica-based supports were treated 

under N2 flow to avoid formation of large crystallites and hence lower the particle size and 

maximize the Cu-MxOy contact.90,223 Full decomposition of the nitrates species was carried 

out at 450 °C for 1 h (Table 4.2). Lastly, the samples were left to cool down to room 

temperature, purged with 20 vol% O2/N2 flow (100 mL min-1 g-1) and heated up to 250 °C in 

the same gas mixture (heating ramp of 2 °C min-1, isothermal hold of 2 h, 100 mL min-1 gas 

flow for each gram of dry material). This step was performed to oxidize the sample and 

stabilize them for long term storage in air. 

 

Table 4.2 Thermal treatment and gas flows used for the preparation of MxOy-promoted Cu catalysts 
supported onto silica-based support(s).  

Step Time [min] Temperature [°C] Heating rate  
[°C min-1] 

N2 flow  
[cm3 min-1] 

1 5 20 0 (isothermal) 350 

2 215 450 2.0 350 
3 60 450 0 (isothermal) 350 

4 115 20 -5.0 350 

5 stop 20 0 (isothermal) 350 

 

Characterization. Average crystallite size of copper and promoter species crystallites (as 

well as phase) were investigated via powder X-ray diffraction (XRD). The material was loaded 

in open XRD powdered-sample holder. As for these measurements, a Bruker D2 Phaser has 

been used, with a fixed slit of 1.0 mm and a Co Kα1,2 X-ray source (λ = 1.79026 Å). The 2θ 

range investigated was 10°-80°. The average crystallite size and phase were determined by 

using Bruker DIFFRACT.EVA software.  

Temperature programmed reduction was carried out on a Micromeritics AutoChem II 2920 

Chemisorption Analyzer with H2. Around 50 mg of fresh catalyst (pre-oxidized) was loaded 

in a quartz reactor. The samples were pretreated at 120 °C (10 °C/min) under an Ar flow rate 

of 20 cm3 (drying step). After a 15 min hold at 120 °C, the catalyst was left to cool down to 

room temperature under the same argon flow. Subsequently, the gas flow was switched to 

5 vol% H2/Ar and the sample was heated to 500 °C with a rate of 2.0 °C min-1. The material 

was held at the final temperature for 10 minutes and lastly cooled down to room temperature. 

TPR profiles were also used to calculate the weight loading of Cu, according to this simplified 

reaction scheme: CuO + H2  Cu + H2O. 
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The average weight loading of Cu was hence estimated with the following equation: 

� ��% =  �ST�ST,UVW����ST�.-:1;* ∗ 100% 

where �ST represents the volume of hydrogen consumed as calculated via integration of 

background corrected Cu TPR area (100-280 °C), �ST,UVW the density of H2 at standard 

temperature and pressure (0.08988 g NL-1), ��� the atomic mass of Cu (63.55 g mol-1), �ST 

the molar mass of H2 (2.01 g mol-1), and �.-:1;* the mass of dried sample in grams. Particle 

sizes and particle size distributions were investigated with transmission electron microscopy 

(TEM). TEM samples were prepared via finely pulverizing the catalyst with mortar and pestle, 

followed by dry deposition on TEM grid (holey carbon Au grid, 300 mesh, Agar Scientific) 

and dry sonication. Samples were imaged on FEI Tecnai 20F (FEG, X-TWIN objective lens, 

operated at 200 kV, bright field mode. Particle size distributions were analyzed via ImageJ 

software. 

 

The elemental distribution of Cu and promoter were investigated using a FEI Talos F200X 

(200 kV, STEM mode). Elemental maps were obtained in HAADF-STEM-EDX mode. Average 

particle sizes were estimated under the assumption of spherical nanoparticles. Surface (ds) 

and volume (dv) averaged particle sizes were calculated as follows: 

�. = Y1� A �0Z
[

0\5
]

^.`
                      �9 =  Y1� A �07

[

0\5
]

5/7
 

The width of the particle distribution was calculated as the standard deviation of the particle 

size diameters, as below (�0 are the diameters of the single particles counted.): 

b� = c∑ (�0 − �.)Z0 � − 1 h^.`
 

Full details regarding the setup employed for hydrogenation test can be found in Chapter 2 of 

this thesis. Catalytic tests were carried out in a glass plug-flow reactor of 4mm ID. The reactor 

was loaded with 23 mg of SiO2 supported catalyst. The catalysts were all pelletized and sieved in 

the range 75-150 µm and mixed with 150 mg of SiC granules (212-425 µm) to guarantee thermal 

uniformity of the catalyst bed. Due to the exothermic nature of the hydrogenation reaction, the 

controlling thermocouple was connected externally to the reactor, right next to the catalyst bed. 

For the hydrogenation tests, pre-conditioning and catalytic runs were carried out as follows. 

Prior to the measurement, samples were reduced in situ at 300 °C under 40 cm3 min-1 of H2, for 

1 h. The catalyst was thus cooled to 50 °C and the reaction mixture was then introduced into the 

reactor with a constant flow rate of 50 cm3 min-1. The reaction mixture consisted of 0.3 vol% of 

1,3-butadiene, 30 vol% of propene, 20 vol% of H2 and helium as balance. Concentration of products 

and unconverted reactants was monitored via in line gas chromatography equipped with a flame 

ionization detector (GC-FID).  
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4.3 – Influence of additives on the structure of the fresh catalysts 
 
The diffractograms of supported Cu nanoparticle catalysts, either pristine or additivated with 

Fe, Mn, or Zn on SiO2 support are shown in Figure 4.1. Diffractograms were recorded after the 
final oxidation step (see section 4.2). 

 

Figure 4.1 X-ray diffractograms for Cu-MxOy nanoparticles supported on SiO2. Catalysts additivated 
with A) 1 and 5% Mn, B) 1, 5 and 10% Fe and C) 1 and 5% Zn and. The dashed lines refer to CuO 
crystalline phase. All figures have the Cu/SiO2 diffractogram at the bottom as reference. Broad peak 
at around 25° is ascribed to amorphous SiO2. 

 

Regarding pure Cu on SiO2, the as-prepared catalyst displayed sharp peaks at around 41° 

and 46° 2θ, that can be assigned to bulk CuO (all samples were treated in simulated air at 

250 °C to guarantee stable phase for sample handling, see section 4.2). As discussed in Chapter 

2, these are due to the presence of few larger crystallites (>25 nm) which can be a by-product 

of the IWI synthesis, and are not representative of the population of crystallites present on 

the surface of the silica (see Chapter 2, as well as Figure 4.2). Upon addition of the additives, 

no increase in crystallite size was observed. In particular, the CuO diffraction peaks 

disappeared for the Mn-promoted samples, as well as 1% and 10% Fe, indicating the presence 

of only small particles (<3 nm). For 5% Fe additivated samples, no substantial change was 

observed, while for Zn additivated samples, the CuO peaks appeared sharper and higher in 

intensity than for pristine Cu nanoparticles. 
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Figure 4.2 Transmission electron micrographs (dark fields) for A) Cu/SiO2, B) 5%Fe95%Cu/SiO2 and C) 
5%Mn95%Cu/SiO2. Particle size distributions, average particle size and particle size standard deviation 
for D) Cu/SiO2, E) 5%Fe95%Cu/SiO2 and F) 5%Mn95%Cu/SiO2. 

 

TEM analysis and particle size distribution for Cu/SiO2, 5%Mn95%Cu/SiO2 and 

5%Fe95%Cu/SiO2 is shown in Figure 4.2. The SiO2-supported catalysts yielded small 

nanoparticles, around 2 nm, regardless of the modifier added (see also Figure 4.2D, E and F 

for particle size histograms). In the cases here investigated, the width of the distribution was 

less than 1 nm. The method was well established only for pure Cu supported on SiO2, but 

these results shows that the presence of the metal oxide additives, at the concentrations 

hereby investigated, does not alter the particle size distribution of Cu (additionally, presence 

of Mn or Fe seems to hinder formation of larger crystallites, see also Figure 4.2 and Chapter 2 

for comparison with unpromoted Cu). 
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4.4 - Influence of additives on Cu reducibility 
 

Temperature programmed reduction experiments were carried out on samples supported 

on SiO2, to investigate the influence of additives on the reduction behavior of copper oxide. 

Before the experiment, the samples were oxidized to CuO by treating them in 20 vol% O2/N2 

flow (100 mL min-1 g-1) at 250 °C (heating ramp of 2 °C min-1, isothermal hold of 2 h). The TPR 

results are reported in Figure 4.3. 

 

 

Figure 4.3 H2-TPR profiles obtained for modified (5%-MxOy 95%Cu) and pristine CuNPs on SiO2. 
Samples: 5%Zn 95%Cu/SiO2, 5%Mn 95%Cu/SiO2, 5%Fe 95%Cu/SiO2 and Cu/SiO2. Reduction profiles 
recorded on pre-oxidized samples by heating them to 500 °C with a heating rate of 2.0 °C min-1 under 
flow of 5 vol% H2/Ar (20 cm3 min-1, 100 mg of sample loaded). 

 

For the pristine Cu/SiO2 sample, two reduction peaks are observed. With a heating rate of 

2 °C min-1, copper undergoes a first reduction from Cu2+ to Cu+, with an onset of around 

125 °C and a peak at 180 °C, and a second reduction from Cu+ to Cu0 with an onset of roughly 

190 °C and peak at 210 °C. On SiO2, our Cu NPs are hence fully reduced at 250 °C.  

Regarding the 5% additivated samples, Cu was also fully reduced to metallic phase at 250 °C. 

Specifically, Zn additivated Cu particles show a similar 2 steps reduction of copper, with the 

Cu2+  Cu+ reduction starting at around 150 °C and Cu+  Cu0 at 200 °C. Regarding Fe and 

Mn promoted Cu, both samples show almost the same reduction profile, with one single 

reduction peak (Cu2+  Cu0) centered at around 190 °C and with an onset temperature of 

150 °C. For the sake of completeness, it is worth pointing out that the reduction might have 
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happened in two steps, but temperature resolution might have been too low to observe two 

peaks. 

The addition of Mn and Fe slightly lowered the reduction temperature suggesting mild 

interaction between the Cu and the promoter even at low (5%) modifier concentrations, or an 

influence of the slightly smaller particle size. More interestingly, the addition of the two 

additives led to the disappearance of the bimodal reduction profile found for by pure Cu (at 

the conditions investigated in Figure 4.3). This suggests a possible destabilization of the 

transient Cu+ and indicates close intimacy between metal oxide and Cu-based nanoparticles. 

This effect was not observed for the Zn-additivated Cu.  

 

 

4.5 - Influence of additives on the activity of 2 nm Cu/SiO2 catalysts 
 
The activity of Fe, Zn- and Mn- additivated 2 nm CuNPs supported on SiO2 is shown in 

Figure 4.4 in terms of 1,3-butadiene conversion as function of the reaction temperature, while 
Table 4.3 reports the surface-specific activities. For the sake of simplicity, only 5% MxOy 
additivated samples are discussed in this first section. Datapoints were collected during 
cooling down from 200 °C to 50 °C in order to keep the Cu in a reduced state (zero-valent) 
during the whole test (see also considerations in Chapter 2, section 2.4 and 2.5) 

 

 

Figure 4.4 1,3-butadiene conversion as function of temperature during cooling (temperature ramp 
details: 0.5 °C min-1, T= 200 °C  50 °C). Dashed lines: guide for the eye. Flow rate: 50 cm3 min-1. 
Concentration: 0.3 vol% of 1,3-butadiene, 30 vol% of propene, 20 vol% of H2 and He as balance. 
Sample loading: 23 mg reduced in situ at 300 °C. 
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Table 4.3 Cu/SiO2 and 5% (Mn/Fe/Zn) Cu/SiO2 surface-averaged particle size (± width of the particle 
size distribution), catalyst activity per gram of Cu and Turnover Frequency (TOF, surface-normalized) 
calculated at 105°C from the data in Figure 4.4. 

Sample dS [nm] 
activity 

[µmol1,3-bd gCu-1 s-1] 
TOF105 °C 
[s-1 10-3] 

Cu/SiO2 1.6 ± 0.4 35 2.2 

5%Fe95%Cu/SiO2 1.8 ± 0.6 39 2.5 

5%Mn95%Cu/SiO2 2.0 ± 0.6 122 7.8 

5%Zn95%Cu/SiO2 2.0 ± 0.6 9 0.55 

 

Before testing, it was verified that the pure metal oxide additives (100%Fe/SiO2, 

100%Mn/SiO2, 100%Zn/SiO2, 2 metal atoms per nm2 of SiO2, same impregnation method and 

pre-reduction method as used for MxOy-Cu samples) showed only negligible activity (in all 

cases less than 5% conversion up to 200 °C). The activity of the additivated catalyst displayed 

in Figure 4.4 is mainly due to Cu (promoted) activity. 

The pure Cu NPs of 2 nm supported on SiO2 (Cu/SiO2) displayed a sigmoid-shaped 

conversion profile, with an onset temperature of around 90 °C and full 1,3-butadiene 

conversion reached at a temperature of 130 °C. Addition of Mn led to a higher activity (onset 

temperature 80 °C vs. 90 °C, full conversion at 115-120 °C). In terms of TOFs (see Chapter 2 

for TOF calculation), the 5%Mn promoted sample was around 3 times more active than 

Cu/SiO2 (7.8 10-3 s-1 vs. 2.2 10-3 s-1). In terms of hydrogenation energy barrier, one can expect 

that both samples have a very similar activation energy due to the very similar slopes of the 

conversion plots (Figure 4.4, see also Chapter 3: pure Cu/SiO2 exhibited an activation energy 

of ~62 kJ mol−1).  

Addition of Zn on the other hand decreased the activity with respect to pure Cu (onset 

105 °C and full conversion at 150-160 °C, TOF at 105 °C equal to 0.55 10-3 s-1 vs. 2.2 10-3 s-1, 

respectively). The activation energy did not change significantly. So, like for Mn, Zn oxide(s) 

seem not to chemically affect the activity of Cu, i.e., via the different bonding energies of key 

reaction intermediates (see also Chapter 3). Their effect can hence be due to other factors such 

as an effect on the number of available active Cu atoms on the Cu surface and/or a decrease 

in available activated hydrogen.199,221 Possible formation of a partial alloy might be 

responsible of such decrease. Presence of a surface alloy, however, cannot be confirmed (or 

excluded) with the observations hereby reported. Lastly, it is also worth indicating that the 

samples additivated with Zn showed, after synthesis, a limited but not negligible presence of 

larger CuO crystallites (> 25 nm, see Figure 4.1), as CuO diffraction peaks were more intense 

than for pristine Cu. Their presence might also have played a role in reducing the observed 

Cu activity.  

ZnOx has been extensively studied in recent literature as Cu promotor, in particular for the 

hydrogenation of CO/CO2. ZnOx can increase the activity of Cu by an order of magnitude in 

case of CO/CO2 conversion to methanol.7,207,219 Although its role is not fully understood, it is 
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clear that under methanol synthesis conditions the ZnOx is reduced, and at least partially 

alloys with the Cu. As the reaction conditions for 1,3-butadiene hydrogenation are much 

milder and less reducing, this effect is less likely. The observed decrease in activity of 2 nm 

Cu particles following the addition of 5% Zn via co-impregnation might be explained by the 

ZnOx covering active sites.  

Lastly, the Fe-additivated sample presented a drastically different behavior, with a less steep 

conversion curve and an onset temperature of around 85 °C, and finally full conversion of  

1,3-butadiene at around 160 °C. This suggests a lower activation energy and hence direct 

influence on the bonding strength of key intermediates. Overall, even though a direct 

comparison cannot be made (due to drastically different activation energy), the 

5%Fe95%Cu/SiO2 is less active than the other catalysts, as lower conversions were reached 

especially above 120 °C. To recap, for samples containing 5% MxOy, the activity of the catalysts 

followed the trend Mn>unpromoted>Zn>Fe. 

 

 

Figure 4.5 1,3-butadiene conversion profiles measured as function of the temperature during 
temperature programmed runs (0.5 °C min-1, T= 200-50 °C) for A) Fe-additivated samples (green 
curves) and B) Mn-additivated samples (red curves). In both cases, 0% (Cu), is displayed for 
comparison. Dashed lines: guide for the eye. Flow rate: 50 cm3 min-1. Concentration: 0.3 vol% of           
1,3-butadiene, 30 vol% of propene, 20 vol% of H2 and Helium as balance.  

 

To investigate the effect of promoter loading, additional samples were prepared on silica: 

1%Fe99%Cu/SiO2 and 1%Mn/99%Cu/SiO2. Resulting 1,3-butadiene conversion plots are shown 

in Figure 4.5A (Fe) and Figure 4.5B (Mn). For the Mn-promoted samples, 1% Mn gives an 

improved activity, while adding 5 times more (5%) only slightly further increases the activity.  

Regarding iron oxide, 1% Fe addition does seem to alter 1,3-butadiene hydrogenation 

activity of Cu, with a somewhat steeper hydrogenation curve, while a larger amount (5%) 

slightly increases the activity at the lowest temperatures but decreases Cu activity at higher 

temperatures (>110-120 °C, Figure 4.4). The conversion profile suggests a lower activation 

energy for the 5% Fe sample 1,3-butadiene conversion (less steep profile). The lower activity, 

hence, must come from a simultaneous decrease in pre-exponential factor (Chapter 3) or, in 
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other words, a decrease in the number of active sites for butadiene conversion. However, the 

Fe-additivated catalyst also displayed a very poor selectivity (see next section 4.6). To better 

assess the overall activity of the catalysts, the total hydrogen consumption (selective + 

unselective conversions) must be taken into account. Figure 4.6 shows that the Fe-additivated 

catalyst had the lowest hydrogen consumption of all catalysts, confirming indeed that 5% Fe 

is detrimental for the availability/concentration of activated hydrogen on the surface of Cu 

particles. Mn addition led to the highest total hydrogen consumption compared to pure Cu as 

well as Zn and Fe-additivated Cu nanoparticles (Figure 4.6).  

 

 

Figure 4.6 Total hydrogen consumed (obtained from hydrogen balance calculated from the 
concentration of all the products detected) measured during the experiments depicted in Figure 4.4. 
Temperature range: 110 – 140 °C. 

 

The increase in activity post Mn addition can be explained in terms of increased surface 

hydrogen concentration (Chapter 3). There is little literature regarding the use of Mn as 

promoter for Cu in hydrogenation reaction. However, its possible beneficial effect on catalyst 

activity has already been observed. For instance, Mn can be used to improve catalyst activity 

in case of synthesis of methanol via direct CO2 hydrogenation.224 The authors in this case 

tested 5 different transition metals (Cr, Mn, Fe, Co, Ni) and prepared promoted 7-12 nm Cu 

particles on SBA-15 support. Interestingly, Fe reduced the activity of Cu of about 30%, while 

the sample with the highest activity was the Mn-additivated one. In the work presented in 

this Chapter, we also observed a decrease in activity upon addition of Fe and increase in 

activity in case of Mn.  
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A more systematic study was carried on the hydrogenation of another organic compound, 

namely ethyl acetate. The authors, in this case, studied the activity of 5 nm Cu particles 

supported on carbon at different MnOx concentrations. Although the different substrate and 

reaction conditions (ethyl acetate, T = 180-210 °C, 30 bar), the authors observed up to a 7-fold 

increase in hydrogenation activity for the 10%Mn 90%Cu sample, and around 3-fold increase 

for the 5%Mn 95%Cu sample, when compared to pure Cu. X-ray absorption spectra carried on 

these samples revealed that the oxidation state of Cu is not affected by the presence of Mn 

oxides (Cu remained zero-valent, and there was no strong indication of extended formation 

of surface alloys). At low weight loading (<10%) Mn was partially reduced, having overall 

oxidation state between +2 and +3. In terms of reaction kinetic, reaction rate analysis 

indicated that the dissociative adsorption of hydrogen was the limiting factor for this reaction. 

The authors concluded that the promotor effect was mostly due to increased hydrogen surface 

coverage,221 which would be in line to what was also observed in the framework of this thesis 

for Cu-based catalysts (Chapter 3). 

 

4.6 - Influence of additives on the selectivity of 2 nm Cu/SiO2 catalysts 
 

Concentration profiles for the products of the 1,3-butadiene hydrogenation (and propene 

hydrogenation, if any) were collected to estimate the selectivity of the catalysts. Briefly, the 

production of butenes (trans-2-butene, cis-2-butene, 1-butene) was considered as desired, 

while conversion of propene and/or butenes into propane and n-butane, respectively, was 

considered as unwanted. The total selectivity to butenes is hence here reported as the molar 

ratio between desired products and total moles of products generated by the catalyst 

(calculations are reported in Chapter 3). Results in terms of selectivity to butenes as function 

of 1,3-butadiene conversion are reported in Figure 4.7 (frames A-C), for the pristine and 

modified 2 nm Cu/SiO2. Selectivities at 50 and 98% 1,3-butadiene conversion for the same 

catalysts are reported in Figure 4.7D. An explanation of the reaction mechanism and 

selectivity can be found in Chapter 3.  

All samples investigated showed a very similar selectivity trends vs. 1,3-butadiene 

conversion except the Zn-additivated sample. In general, at low conversion values (less than 

20% 1,3-butadiene conversion), the selectivity to butenes is above 90% . For both Mn and Fe-

additivated samples, as well as the unpromoted catalyst, the selectivity drops significantly at 

higher diene conversions. For the Fe-additivated sample, the selectivity was generally lower 

than the one observed for pure Cu/SiO2 (Figure 4.7C and D). Addition of Zn, resulted in very 

low selectivities, with a decrease in selectivity from around 98% (pure Cu) to 38% (5%Zn) 

already at around 10% 1,3-butadiene conversion. The Mn additivated samples, on the contrary, 

displayed both a very similar selectivity profile, as it can be observed by the almost full overlap 

of the two curves, as well as selectivity in line with the one observed for pristine Cu.  
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Figure 4.7 Selectivity to butenes as function of 1,3-butadiene conversion for A) 1 and 5% Fe-additivated 
2 nm Cu on SiO2, B) 1 and 5% Mn-promoted 2 nm Cu on SiO2 and C) 5% Zn-additivated 2 nm Cu on 
SiO2, as well as unpromoted 2 nm Cu/SiO2. The data were collected during the experiments discussed 
and depicted in Figure 4.4 and 4.5. Frame D) reports the selectivity to butenes as measured at 50% and 
98% 1,3-butadiene conversion. Data were interpolated (linearly) between two neighboring datapoints 
whenever there were no exact data at exactly 50 and 98% conversion (except for 5% Zn, for which the 
data reported in the bar plot were measured at 91% 1,3-butadiene conversion). 

 

The primary unwanted reaction, lowering the catalysts selectivity, was the conversion of 
propene to propane for all the catalysts. Regarding the over hydrogenation of 1,3-butadiene 
and butenes to butane, the reaction was particularly limited. In all cases, less than 1% butane 
at around 90% conversion of butadiene was observed.  

To summarize, promotion with 1 and 5% Mn preserves the original catalyst selectivity (2 nm 
Cu on silica), despite of the 3-fold increase in catalyst activity/TOF (Figure 4.5 and Table 4.3). 
There was only a slight difference between the two different concentrations of Mn.  
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4.7 – Conclusion 

Cu nanoparticles (2 nm) supported on SiO2 were additivated with different amounts (1-5% 

atomic ratio) of Mn, Fe or Zn oxide. These additives had a considerable influence on their 

catalytic performance for the hydrogenation of 1,3-butadiene in presence of a 100-fold excess 

of propene. The addition of 5% Fe oxide (5% Fe/(Cu+Fe) metal atomic percent) led to both a 

decrease in activity and selectivity to butenes of the catalyst. Addition of Zn did not alter the 

Cu activity but led to a large decrease in selectivity, which was below 45% in the whole 1,3-

butadiene conversion range investigated. Addition of 1% or 5% MnOx improved the catalyst 

activity around 3-4-fold, while preserving the high alkenes selectivity. The result might be 

explained by the ability of MnOx to increase the hydrogen availability at the Cu surface, 

without altering the Cu oxidation state or intermediates (partially hydrogenated 

hydrocarbons) adsorption strength. Hence Mn oxides are proposed as promising promoter 

for Cu-based catalysts used in hydrogenation of polyunsaturated hydrocarbons.  
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5 Selective hydrogenation of 2-methyl-3-
butyn-2-ol over supported Cu nanocatalysts 

Chapter 5 – Selective hydrogenation of 2-methyl-3-butyn-2-ol over supported Cu nanocatalysts 

Abstract 
 

Nanosized copper is an excellent alternative to noble metal-based catalysts in gas 

phase selective hydrogenation, but little is known about its performance in liquid 

phase catalysis. We investigated the activity and selectivity of 2 and 7 nm Cu on SiO2 

catalysts for the three-phase partial hydrogenation of 2-methyl-3-butyn-2-ol, a 

highly relevant reaction for fine chemical synthesis. Next to the desired 2-methyl-3-

buten-2-ol, also 2-methyl-2-butanol was formed as a result of over-hydrogenation. 

The 7 nm Cu nanoparticles were intrinsically 2.5 times more active than 2 nm Cu (in 

terms of turnover frequency), and they were also more selective. At 180 °C the 

selectivity was only 15% at 50% conversion, but lowering the reaction temperature 

to 160 and 140°C led to 80% and even ~100% selectivity (at 50% conversion). The 

unselective step was around two times faster than the selective one, hence the high 

selectivity is due the stronger adsorption of the reactant than of the desired product, 

which limits over-hydrogenation. 

 

 

 

 

 

 

 

This chapter is based on: Totarella, G., de Jongh, P. E. (2024). Selective hydrogenation of  
2-methyl-3-butyn-2-ol over supported Cu nanocatalysts. Submitted. 
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5.1 – Introduction 
 

As already mentioned in Chapter 1 of this thesis, another interesting and relevant 

application of selective hydrogenation catalysts based on Cu nanoparticles is the conversion 

of alkynols to alkenols.110,159–161,225,226 Alkenols are extensively used in fine chemistry as 

nucleophiles in coupling reactions e.g., with carbonyl electrophiles,227,228 to form C–C bonds 

and thus larger and more complex molecules, such as vitamins, pharmaceutical compounds 

and polymers.110,162–165 The reaction itself is often carried out in liquid phase (e.g., slurry type 

reactor) and shares with gas-phase hydrogenations an important challenge: the full 

hydrogenation of the C≡C is kinetically favoured as the second hydrogenation (C=C to C-C) 

is faster than the partial hydrogenation (C≡C to C=C).110 The use of very selective catalysts is 

hence essential.  

Commercially, the catalyst of choice is the so called “Lindlar catalyst”,162–164,166 which consists 

of Pd nanoparticles (5% wt.,typically 2-10 nm in size) supported on CaCO3, with the addition 

of 2-5% Pb and organic selectivity promoters.99,110,167,168 The additives/promoters, however, 

are undesirable (especially in the final product) as they are toxic and environmentally 

hazardous. Copper, as it has been proven very selective for gas phase hydrogenations (see 

ref.26,153,157,158,229, as well as results on 1,3-butadiene hydrogenation presented in this thesis) 

might be a valuable alternative to modified Pd-based catalysts. 

Very few studies have been dedicated to the investigation of supported Cu nanoparticles for 

liquid phase hydrogenations.47,174,230,231 Most studies on Cu-based catalysts focus on Cu 

chromite (Cu`Cr`Oa).169–173 However, its use nowadays is restricted due to the potential 

presence (or later formation) of very toxic Cr6+ species.174,175 Regarding pure Cu, SiO2-

supported48 and C-supported231 nanoparticles showed a good selectivity in the hydrogenation 

of cinnamaldehyde to cinnamyl alcohol, although the preparation strategy and support choice 

were crucial to achieve the desired catalyst performance.48,231 Other examples of Cu catalyzed 

liquid phase hydrogenations are the conversion of acetophenone to 1-phenylethanol230 and 

furfural to furfuryl alcohol.174  

An important reaction used in particular in vitamin and fragrance synthesis is the 

conversion of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE),159 which will be 

the focus of this chapter. The only products reported in literature for the MBY hydrogenation 

are 2-methyl-3-buten-2-ol (desired product), 2-methyl-2-butanol (MBA, over-hydrogenation 

product) and oligomers (Scheme 5.1):232,233  
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Scheme 5.1: Proposed reaction mechanism for the hydrogenation of MBY.232,233 

Most of the existing literature on 2-methyl-3-butyn-2-ol hydrogenation focuses on Pd-based 

catalysts, both in gas and liquid phase.110,232–235 González-Fernández et. al.234 studied the gas 

phase hydrogenation of MBY at 130 °C and 1 atm total pressure (<1% MBY, balance H2) for 1% 

Pd/ZnO, 1% Pd/Al2O3 and 5% Pd Lindlar catalyst (particle sizes between 5 and 10 nm). 

Relatively high selectivities (around 95 %) were achieved for Pd/ZnO but at only 10 % MBY 

conversion. At 60% conversion, the Lindlar-type catalyst yielded around 60% selectivity to 

MBE, while Pd/Al2O3 and Pd/ZnO displayed selectivities of around 30 % and 75 %. The authors 

reported MBA as main byproduct of the reaction.  

Liquid phase tests for Pd-based catalysts were carried out by Shen et al.235, which tested 

pure Pd particles supported on nitrogen doped carbon(CN), as well as Zn/ZnO promoted Pd 

(reaction conditions: 0.245 M MBY in water, 5 bar H2, stirring rate 1000 rpm, 35 °C). A 

maximum selectivity of ~85% was at around 25% conversion in case of pure Pd supported on 

CN (70% selectivity at 80% MBY conversion). The highest reported selectivity was measured 

for PdZn/ZnO: around 95% but only at low conversions (between 10 and 50% 2-methyl-3-

butyn-2-ol conversion). Much better selectivities (96% at 90%) were obtained on non-

supported 6-13 nm Pd for the solvent-free reaction (pure MBY) and in presence of 

stabilizers.236 However, it is difficult to judge the intrinsic selectivity of the metal 

nanoparticles in presence of stabilizers, as they potentially poison unselective centers, while 

separation of a colloidal or homogeneous Pd based catalyst from the reaction mixture is 

cumbersome.  

Regarding pure Cu nanoparticles, to the best of our knowledge only one publication 

exists.237 Recently, Shesterkina et al. prepared and tested Cu-Fe nanoparticles supported on 

SiO2 and Al2O3 and tested them in the liquid phase selective hydrogenation of 2-methyl-3-

butyn-2-ol. The conditions were 0.2 M MBY solution in ethanol (15 mL), 150 °C, H2 pressure 

1.3 MPa (MBY to H2 molar ratio equal to 1:10). It was reported that the 5%wt. Cu/SiO2 sample 

tested as reference showed ~90% selectivity at 90% conversion. Unfortunately, neither particle 

size nor amount of catalyst loaded in the reactor were reported.  

This study represents an exploration of the properties of Cu/SiO2 catalysts in the liquid 

phase selective hydrogenation of 2-methyl-3-butyn-2-ol, an important intermediate in the 
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production of fat-soluble vitamins and fragrances. We compare catalysts with different 

particle size, report intrinsic (surface-based) activities and selectivities at different 

conversions and temperatures. The single metal Cu catalysts here reported potentially surpass 

unmodified Pd catalysts in terms of selectivity.  

 

5.2 – Experimental section 
 

The catalysts preparation methodology, as well as characterization methods, were already 

fully described in section 2.2 of this thesis (samples 2nm_Cu/SiO2 and 7nm_Cu/SiO2).  

Catalytic testing. The catalytic properties of SiO2-supported Cu nanoparticles were 

investigated in the liquid-phase hydrogenation of 2-methyl-3-butyn-2-ol(MBY) to 2-methyl-

3-buten-2-ol (MBE) in batch-type reactor. Prior to each experiment, the Cu catalysts were 

reduced under pure hydrogen at 300 °C for 2 h. The material was then transferred in an Ar 

glovebox in order to avoid any possible oxidation of the metallic Cu during the reactor loading 

procedure. The reaction media consisted of a 2% by volume solution of MBY in toluene 

(concentration: 0.2 mol L-1; the solution was prepared and stored under N2, with both reactant 

and solvent dried overnight with molecular sieves 4A).  

Reaction conditions were 100 ml of solution, 200 ml head space, 14 mg total Cu loaded and 

20 bar H2, unless otherwise specified. The reactor used was a 300 mL Parr Autoclave equipped 

with a glass liner, gas-injection port, liquid-only sampling line and 4-blades turbine-type 

impeller mixer for homogeneous mixing of the reaction slurry. Once the reactor was loaded 

and sealed, the head space of the reactor was flushed 3 times with Argon, 3 times with H2, 

and finally pressurized with H2 to 20 bar after which the reactor was brought to the desired 

reaction temperature. MBE hydrogenation tests were also carried out by using the same 

method described for MBY. The product of the reaction was stored in a fridge (4 °C) in 

ermetically closed vials, for a maximum of 1 month. 

Product analysis (reaction media sampled through liquid-only sampling line) to analyze the 

time dependence of the MBY conversion and selectivity to MBE was performed using GC-FID 

(Varian 430-GC, with VF-5ms column, 30 m x 0.25 mm x 0.25 µm, fused silica; integrated 5 m 

guard section to capture high boiling points substances that might damage the column). 

Quantification limits (lowest detectible concentration) for MBY, MBE and MBA were 0.005 

mol L-1, while 0.10 µmol L-1 was the detection limit. For the byproducts acetone and 

methylbutene, the quantification limits was ~0.02 mol L-1 and detection limit ~0.5 µmol L-1) 

The total runtime of the GC was 7.5 minutes, with a carrier (He) flow of 3.0 mL min-1. The 

oven temperature program consisted of a first step of 2.2 minutes at 60°C and then a fast ramp 

(70 °C min-1) to 290 °C and an isothermal hold at the same temperature. The FID detector log 

frequency was 20 Hz.  
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 Identification of byproducts was carried out by means of GC-MS (Shimadzu GCMS model 

QP2010, detector: single quadrupole). The column used for GC-MS analysis was equivalent to 

the one used  for the GC-FID. The gas-chromatography step was performed between 60 and 

265°C, with a heating ramp of 70 °C min-1. Masses scanned/detected between 45 and-500 m/z. 

Lastly, the observed turnover frequency (TOF) was estimated with the following formula: 

 

��� =   � ∗ 	ijk ∗ �ijk������ 1.46 ⸱ 105n/��� 

 

Where V is the volume of the liquid phase (assumed constant), 	ijk the initial 
concentration of the 2-methyl-3-butyn-2-ol (MBY), �ijk the measured conversion (as 
calculated via GC-FID data), ���  the amount of Cu in the reactor, 1.46 ⸱ 105n the number of 
Cu atoms per ���Z ,106 and ��� the Avogadro Number.   

 
 

5.3 – Conversion of MBY over Cu/SiO2 catalysts  
 

Prior to catalyst testing, tests without active metal phase were performed on the 
hydrogenation of 2-methyl-3-butyn-2-ol (MBY) using the reactor (glass liner + stirring rod 
and sampling line fully submerged in the reaction mixture) and the bare SiO2 support. Data 
are reported in Figure 5.1. The concentration of MBY was stable during the whole duration of 
the test, highlighting that the conversion was negligible (<2% after 30 min 130 °C, 30 min 
180 °C, 120 min 210 °C). No other compound apart from MBY was detected. 

 

Figure 5.1 Blank test performed on the hydrogenation of 2-methyl-3-butyn-2-ol (MBY) for the empty 
reactor (glass liner + stirring rod and sampling line, full immerged in reaction mixture + 250 mg SiO2 
support). Reaction temperature reported in red.  
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In contrast, in presence of silica-supported Cu nanoparticles a significant conversion was 

observed. The concentrations of the components of the reaction mixture, including products 

formed, were determined via GC-FID. All oxidizable carbon-based products with a boiling 

point below 290 °C were detected (assuming that they do not thermally degrade within the 

7.5 min runtime, see section 5.2). In this section, we will focus exclusively on the main 

hydrogenation reaction, which consists in the conversion of MBY (2-methyl-3-butyn-2-ol) 

into either MBE (2-methyl-3-buten-2-ol, the desired product of the partial hydrogenation step) 

and MBA (2-methyl-butan-2-ol, unwanted and formed by subsequent hydrogenation of MBE, 

see Scheme 5.1). Two by-products were also detected, most likely acetone and 

methylbutene(s). Details regarding additional by-products are reported later in the text, 

section 5.4.  

Figure 5.2 shows the concentration of MBY, MBE and MBA as a function of the reaction 

time for tests carried out at 160 °C and 20 bar H2. Both catalysts displayed MBY hydrogenation 

within 10-20 min of testing. The 2 nm Cu catalyst reached 50 % MBY conversion in 20 minutes, 

while for the 7 nm catalyst similar conversion was reached after around 60 min testing (mind 

the different time scales on the x-axes in Figure 5.2). The first product of the reaction was the 

desired product MBE. However, the MBE was further converted at longer reaction times, as 

facilitated by the excess of H2 (H2 to MBY ratio of 8). For 2 nm Cu nanoparticles, MBA started 

to be formed after 10 minutes, and at 20 minutes, a maximum in the MBE concentration was 

observed (0.03 mol L-1). Longer reaction times resulted in full consumption of MBE and 

formation of MBA (max concentration reached equal to 0.10 mol L-1). For 7 nm Cu 

nanoparticles, the formation of MBA started later (between 60 and 80 minutes). A much 

higher maximum MBE concentration, 0.075 mol L-1, was reached. For the 2 nm catalyst,  the 

entirety of the intermediate (and desired) MBE was further consumed in 60 min, versus 

160 min for 7 nm Cu.  

 

 

Figure 5.2. A) Concentrations of 2-methyl-3-butyn-2-ol, 2-methyl-3-buten-2-ol, 2-methylbutan-2-ol as 
function of reaction time for the samples 2nm_Cu/SiO2  and B) 7nm_Cu/SiO2 each for 14 mg Cu (right). 
Reaction temperature: 160 °C (details can be found in the section 5.2). The lines in the figure are drawn 
to guide the eye. Note the different x-axis (time axis) scales. 
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From Figure 5.2, it is clear that the 2 nm Cu catalyst displays a higher weight-based activity 

than 7 nm Cu. Also, the 2 nm Cu/SiO2 catalyst displayed a stronger tendency to hydrogenate 

MBE to MBA, hence potentially possess a lower selectivity than the 7 nm Cu. A preliminary 

kinetic analysis was run on the tests reported in Figure 5.2 in order to extract reaction orders. 

The data are reported in Figure 5.3 in terms of natural logarithm of the consumption rate of 

MBY (calculated via finite difference) vs. natural logarithm of the MBY concentration. 

Regarding the test carried out at 160 °C, a reaction order of 0.55 (±0.08) and 0.59 (±0.07) were 

found respectively for 2 and 7 nm Cu on SiO2. The intercepts estimated from this analysis are 

proportional to ln(k). Hence, the ratio between kinetic constants k for 7 and 2 nm samples is 

equal to e-4.24/e-4.84 = ~2. This indicates that the 2nm Cu catalyst is around twice as active (per 

unit weight of loaded catalyst) as the 7nm Cu catalyst. It should be pointed out, however, that 

while reaction orders from this analysis are relevant, the difference in activity hereby 

discussed are based on catalyst weight (or equivalently Cu weight, since the Cu loading in the 

reactor was the same). 

 

Figure 5.3 Kinetic fit of natural logarithm of the empirical reaction rate (dCMBY/dt) vs. natural 
logarithm of the concentration of MBY. The fitted equation is equal to ln(dCMBY_cons/dt) = ln(k) + n * 
ln(CMBY). The slope of the plot corresponds to the reaction order “n ”.  

 

As highlighted in the Chapter 3 of this thesis, a better way to assess potential particle size 

effect, or better the intrinsic activity of the Cu nanoparticles, is to estimate their surface-

normalized activity, as for instance in terms of TOF. In this case,  the Cu surface area-based 

activities (turnover frequencies) for the MBY consumption were equal to 0.031 s-1 for 2 nm 

Cu and 0.078 s-1 for 7 nm. The larger particles were hence roughly 2.5 times intrinsically more 

active than 2 nm.  
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This clear particle size effect resembles that for gas phase hydrogenation reactions over Cu 

(e.g., methanol synthesis,7 1,3-butadiene hydrogenation,26,199 and ethyl acetate 

hydrogenation27), for which generally a 3-4 fold increase in intrinsic activity is observed going 

from ~2 nm Cu to 7-8 nm, above which the activity is size-independent. This similarity 

suggests that, like in these gas-phase hydrogenation reactions, the reaction rate for this liquid 

phase hydrogenation is probably limited by H surface availability.  

A comparison with results from literature cannot easily be made. For liquid-phase 

hydrogenations, Cu catalysts are seldom investigated. Almost uniquely reported are Pd 

catalysts, which are typically very active, but show low selectivity if not modified/poisoned. 

Additionally, to the best of our knowledge, there is no reporting for Ni-based catalysts, which 

is a very common hydrogenation metal. Regarding Pd-based catalysts, Zn-promoted Pd 

displays TOFs between 0.02 and 0.13 s-1 at 35 °C and 5 bar H2 (0.05 mol L-1 MBY in water),235 

while commercial-type Lindlar catalysts (PdPb/CaCO3) display TOF of around 2 s-1 at 80 °C 

and 1 bar H2 (0.25 mol L-1 MBY in ethanol).238 If we would extrapolate this to 160 °C 

(considering an Arrhenius-type dependency of the TOF as function of the temperature, and 

an activation energy of 30 kJ mol-1) this would correspond to a TOF of ~15 s-1 (2-to-5*103 

higher activity than Cu). Also for selective hydrogenations carried out in gas phase,26 Pd 

catalysts have typically a 3 to 6 orders of magnitude higher activity. However, given the 

scarcity of Pd, and the fact that selectivity is a much more crucial factor for this type of 

reaction, lower cost, and lower activity but high selectivity catalysts might be viable 

alternatives to Pd. 

 The shape of the concentration profiles in Figure 5.2 suggests that MBE is an intermediate 

in the formation of MBA. The two catalysts clearly display different selectivities. The final 

concentration of MBE+MBA+MBY is 0.11 mol L-1, while the starting concentration of MBY 

was 0.2 mol L-1, which indicates the formation of side products at high MBY conversions. 

Catalyst selectivity is discussed in more detail in the next sections.  

 

5.4 – Side products 
 

During the tests depicted in Figure 5.2, particularly at high MBY conversions other 

compounds were detected in the reaction mixture apart from MBE and MBA. The two 

additional side products identified (via GC-MS) were acetone and methylbutene(s). Figure 5.4 

displays the concentration profile of MBY, together with the concentration of the two  

side-products, measured during the experiment depicted in Figure 5.2 (frame A and B) as well 

as the mass spectra for the two side products (frame C and D). The two products were 

identified by matching using the NIST mass spectral library (similarity index >95%). The 

concentration of methylbutene was too low to distinguish which of its 3 isomers (2-methyl-

1-butene, 2-methyl-2-butene, 3-methyl-1-butene) was formed. The complete reaction scheme 

relevant for the experiments reported in this study is displayed in Scheme 5.2. 
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Although the different MBY consumption rates (see time scale in Figure 5.4A and 5.4B), the 

amount of methylbutene(s) formed for both the catalysts was roughly equal. For both, the 

concentration of methylbutene(s) was 0.04 mol L-1 at 100% MBY conversion (after 60 minutes 

for 2 nm Cu, 140 minutes for 7 nm Cu). Strikingly, for the 7 nm Cu also acetone is present. 

Acetone production started after 60 minutes of reaction (roughly at the same time MBA 

appeared, see Figure 2B). The final concentration was 0.06 mol L-1 (at 100% MBY conversion).  

 

  

Figure 5.4 Concentrations of 2-methyl-3-butyn-2-ol and the two by-products acetone and 
methylbutene for A) 2 nm and B) 7 nm Cu. Reaction temperature: 160 °C (same experiment reported 
in Figure 5.2; details on conditions can be found in section 5.2). The lines in the figure are drawn to 
guide the eye. Note the different x-axis scales. C) and D) are reporting the mass spectra for the two 
byproducts identified via GCMS as methylbutene and acetone (the acetone base peak, at m/z=43, is 
missing as MS scan was done for m/z >45).  
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Scheme 5.2. Proposed reaction scheme for the reaction investigated in this work. The only desired 
product of the hydrogenation of MBY (2-methyl-3-butyn-2-ol) is MBE (2-methyl-3-buten-2-ol). 

 

Concerning the origin of the additional by-products, acetone must be formed by C-C bond 

cleavage, most likely cleavage of the C2-C3 bond in the MBY molecule. Concomitant 

formation of acetylene is expected.239,240 Acetylene however cannot be detected (if formed) 

due to its low concentration and high volatility (and/or ready hydrogenation to ethane, which 

is also highly volatile hence would equilibrate in the reactor head space, which during these 

tests was not possible to be sampled). The cleavage reaction described above is known to 

occur over solid catalysts having basic functionalities/sites.239,240 However, neither the empty 

reactor nor, more importantly, the support itself displayed formation of acetone from MBY 

when tested at similar conditions (see Figure 5.1). The formation of methylbutene(s) has not 

been reported before for Lindlar-type catalysts, although it is worth pointing out that 

byproducts of the selective hydrogenation of MBY are rarely fully characterized.  

The two catalysts presented different product distributions, with the 7 nm catalyst showing 

a much higher yield to the desired product MBE at all MBY conversion levels. It is worth 

noting that the carbon balance for 7 nm Cu tested at 160 °C was around 98 % at 100% MBY 

conversion, while only 70 % of the carbon-containing products molar balance was detected 

for the less selective 2 nm Cu/SiO2. These small particles expose a high fraction of highly 

undercoordinated edge and corner sides, which hence are likely to promote the formation of 

undesired byproducts. For this reason, we focused further investigations regarding the effect 

of process conditions on selectivity on the 7nm_Cu/SiO2 catalyst.  
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5.5 – Effect of the temperature on activity and selectivity 
 

Figure 5.5 displays the MBY conversion vs time (frame A) and selectivity to MBE (defined 

as molar ratio between MBE produced and total MBY consumed) vs MBY conversion (frame 

B) for different temperatures. After 20 minutes of reaction, conversions of 3, 9 and 25 % were 

observed at 140, 160 and 180 °C respectively. Focusing on conversion, 30% MBY consumption 

was obtained after 70, 40 and 20 minutes at 140, 160 and 180 °C respectively (data linearly 

interpolated). This roughly 2/3-fold increase in reaction rate for every 20 °C translates to an 

activation energy of 50-80 kJ mol-1. This is well in line with activation energies generally 

expected for the hydrogenation of (poly)unsaturated C-C bonds (30–90 kJ mol−1),46,47 and as 

expected somewhat higher than estimated for Pd-based catalysts (30 kJ mol-1).151  

 

 

Figure 5.5 MBY conversion vs time (frame A) and selectivity of MBE vs MBY conversion (frame B) for 
7nm_Cu/SiO2 at T= 140 °C, 160 °C and 180 °C. Reaction conditions: see section 5.2. The lines are guides 
to the eye.  

 

The selectivity (Figure 5.5B) is clearly higher to the desired 2-methyl-3-buten-2-ol at lower 

temperatures for a given conversion. For instance, at 25 % MBY conversion, a selectivity of 

100% was achieved at 140 and 160 °C, while at 180 °C the selectivity was only 25%. At 50 % 

conversion, the catalyst retains 100% selectivity at 140°C, while at 160 and 180°C the 

selectivities were 80% and 9%, respectively. For the test carried at 180° C, the reaction media 

at the end of the test appeared yellow/orange, suggesting possible formation of other 

compounds (possibly oligomers), however in such low concentrations that it was not possible 

to recover enough material for analysis.  

The higher selectivity at lower temperatures is explained by a higher activation energy for 

the hydrogenation of MBE to MBA (unselective reaction) than for the desired MBY to MBE 

conversion.233 Regarding formation of other side products (see section 5.4), hydrogenolysis 

reactions are typically favored at higher temperatures, with activation energies of the order 

of 50–250 kJ mol−1; much higher than the value found for the desired hydrogenation reaction 



 

 

CHAPTER 5 
 Selective hydrogenation of 2-methyl-3-butyn-2-ol  

over supported Cu nanocatalysts 

 

90 

 

for 7nm_Cu/SiO2. Hence it is clear that relatively low reaction temperatures should be chosen 

to avoid such byproducts, in which case the selectivity to the desired MBE product is mostly 

determined by competition with the fully hydrogenated MBA. Hence the competition 

between these two products is discussed in more detail in the next section.  

 

5.6 – Catalyst selectivity 
 

To better understand the selectivity to the desired MBE intermediate product, Figure 5.6A 

directly compares for the 7 nm Cu catalyst the conversion vs. reaction time for the 

hydrogenation of MBE alone at 160 °C (tested in a separate experiment) and that of MBY. 

Frame B of Figure 5.6 reports the concentration of reactant and products during the MBE 

hydrogenation test depicted in frame A.  

 

 

Figure 5.6 A) Conversion of MBE (2-methyl-3-buten-2-ol) to MBA (2-methylbutanol) and conversion 
of MBY (2-methyl-3-butyn-ol) to MBE as function of the reaction time. Reaction conditions: 0.2 mol  
L-1 MBY (or MBE) in toluene, 14 mg Cu in the 7nm_Cu/SiO2 catalyst), 20 bar H2, 160 °C. The lines are 
drawn to guide the eye. B) Product distributions for the conversion of MBE (2-methyl-3-buten-2-ol) to 
MBA (2-methylbutanol). C-balance after 130 min of reaction test equal to 100%. 

 

The hydrogenation of MBE is much faster than that of MBY. For instance, a moderate 

conversion of 40% is reached within 20 minutes for MBE to MBA, while for MBY to MBE 

conversion the same level was reached in 50 minutes. MBE hydrogenation only led to around 

80 % selectivity to MBA (Figure 5.6B), with only methylbutene(s) detected as secondary 

product (notice that no acetone was detected, as expected from scheme 5.2). The 

hydrogenation rate of MBE is hence almost 2.5 times that of MBY under these reaction 

conditions. The faster hydrogenation of the alkenol due to respect to alkynol conversion was 

also observed in literature for Pd. For instance, commercial Pd-based catalyst (Lindlar catalyst, 

5 wt % Pd/CaCO3 modified with Pb) tested at temperatures between 40 and 80°C, also showed 



 

 

CHAPTER 5 
 Selective hydrogenation of 2-methyl-3-butyn-2-ol  

over supported Cu nanocatalysts 

 

91 

 

apparent kinetic constant of MBE hydrogenation higher than the one for MBY hydrogenation 

of a factor 1.2-2.233  

The fact that nevertheless high selectivities to MBE can be achieved means that the 

selectivity is probably explained by differences in adsorption strength of the compounds 

involved, i.e., stronger adsorption of the triple bond in the alkynol than for the double bond 

in the alkenol, facilitating the selectively hydrogenated product to leave the metal surface and 

having a small chance of being re-adsorbed and further hydrogenated. The high catalyst 

selectivity observed for 7nm_Cu/SiO2, e.g., 100 % MBE selectivity at 50 % MBY conversion 

(140 °C, Figure 5.5) is hence explained by a much stronger adsorption and hence surface 

coverage of the Cu active sites with MBY rather than with MBE.  

A comparison can be made with Pd and modified Pd-based catalysts. Alberto González-

Fernández et. al. investigated the dependency of the MBE selectivity on the MBY conversion 

for 1% Pd/ZnO, 1% Pd/Al2O3 and 5% Pd Lindlar catalyst. The materials were tested in gas 

phase hydrogenation of MBY at 130 °C and 1 atm total pressure (<1% MBY, balance H2). High 

selectivities (95 %) were achieved for Pd supported on ZnO at 10 % MBY conversion. The main 

byproduct of the reaction was MBA. At 60% conversion, Pd/Al2O3 and Pd/ZnO displayed 

selectivities of around 30 % and 75 %, while the Lindlar-type catalyst yielded around 60% 

selectivity to MBE. Liquid phase tests for Pd-based catalysts were carried out by Shen et al.235, 

which synthesized and tested pure Pd nanoparticles supported on nitrogen doped carbon(CN), 

with and without Zn/ZnO as promoter. The reaction conditions were: 0.245 M MBY in water, 

5 bar H2, stirring rate 1000 rpm, 35 °C. The authors observed a selectivity of ~75% at around 

70 % conversion in case of pure Pd supported on CN (max selectivity observed: 85% at 25% 

MBY conversion). The highest reported selectivity was measured for PdZn/ZnO, around 95% 

between 10 and 50% 2-methyl-3-butyn-2-ol conversion.  

This means that the MBE selectivity of close to 100% at 50% conversion for the Cu catalysts 

reported in this work is clearly superior to what is generally reported for unpromoted Pd-

based hydrogenation catalysts. We also showed that reaction temperature is an important 

parameter to achieve high selectivities by avoiding formation of byproducts. Even higher 

selectivities might be achieved by optimizing the reaction conditions (e.g. using a lower H2 

pressure, or different solvent) or via the use of promotors.241  

 

5.7 – Conclusion 
 

The activity and selectivity of supported Cu nanoparticles were assessed for the liquid 

phase selective hydrogenation of 2-methyl-3-butyn-2-ol to 2-methyl-3-buten-2-ol, a crucial 

reaction for the production of vitamins and fragrances. Our 5.7 wt% Cu/SiO2 catalysts are 

rater active, with full conversion of MBY within 3 h at 160 °C (2% MBY in toluene, 250 mg of 

catalyst). Regarding surface-normalized activity, the 7 nm particles were twice as active as 2 

nm Cu (TOF ~ 0.1 s-1 @ 160 °C). In addition, the 7 nm Cu was much more selective displaying 

full selectivity to MBE up to 50% MBY conversion at 140 °C. This high selectivity is due to 
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preferential adsorption of MBY over MBE on the Cu surface, as full selectivity was obtained 

even though the conversion of MBE is 2.5 times faster. Lower temperatures limited both 

overhydrogenation to MBA as well as formation of other byproducts. Hence, Cu represents a 

good candidate for the selective hydrogenation of alkynol to alkenol; although higher reaction 

temperatures are needed, its selectivity rivals that of unpromoted Pd catalysts at similar 

conversions. 
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Summary and Outlook 

Catalysts enable the production of numerous compounds, such as specialty materials, 

bioactive compounds, fuels and indirectly even food. They do not only have an important 

economic and societal impact, but are also particularly important for the environment. 

Modern catalyst design contributes to a more sustainable human activity and healthier 

environment by lowering the impact of chemical processes, achieving carbon circularity, 

producing renewable fuels, and minimizing the negative impact of transportation. Studies on 

catalysts performance and their dependence on reaction conditions and catalyst structure and 

composition are hence crucial, both from a fundamental point of view and in the context of 

their deployment in relevant applications. 

This thesis covers the activity, stability, and selectivity of supported Cu catalysts for 

relevant gas- and liquid-phase selective hydrogenation reactions. The main aim was to gain 

insight into the reaction mechanisms and kinetics, develop a reliable testing methodology, 

and to understand the mechanism governing catalyst selectivity. To this end, we synthesized 

and tested Cu-nanoparticles supported on either on C or SiO2. Additionally, we adapted the 

catalyst synthesis procedure to obtain different nanoparticle sizes, in the range of 2 to 10 nm. 

The catalysts were assessed for the selective hydrogenation of trace amounts of 1,3-butadiene 

in large excess of propene, as well as for the hydrogenation of 2-methyl-3-butyn-2-ol, a 

reaction for which Cu catalysts had not been studied yet. We focused on fundamental 

understanding of these catalytic processes, while at the same time adopting testing conditions 

to mimic as closely as possible typical industrial working conditions. 

Chapter 1 provides a general overview on Cu nanoparticles and on the basics of 

nanoparticle catalysis and synthesis methodologies. The uniqueness of Cu is explained, both 

in terms of d-band theory as well as based on established literature concerning its use in 

relevant processes, such as methanol synthesis and selective hydrogenation of unsaturated 

organic moieties. A brief review on particle size effects is provided, with specific focus on Cu. 

Lastly, a detailed introduction to the selective hydrogenation of 1,3-butadiene, from a 

molecular point of view to practical applications, is given.  

Chapter 2 focuses on the use of nanoparticulate Cu in the selective hydrogenation of 1,3-

butadiene in the presence of a 100-fold excess of propene. The reaction is particularly relevant 

for the production of high-quality olefins and subsequent more complex products. From a 

fundamental viewpoint, it presents an important challenge as virtually full selectivity to 

alkenes is required for the catalyst, i.e. exclusive hydrogenation of the trace amount of 1,3-

butadiene while leaving the olefins untouched. Cu-based catalysts had been reported as active 

for the selective hydrogenation of different unsaturated hydrocarbons, however, their poor 

stability limited further investigation. A crucial point is the testing methodology, which is 

critical for catalysts prone to oxidation. We demonstrate that the use of inert supports and 

accurate particle size control via incipient wetness impregnation, are valuable strategies to 
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produce highly selective to butenes (~99%) and stable Cu nanoparticulate catalysts. An 

explanation for the high catalyst selectivity is provided, as well as reflections on the 

hydrogenation kinetics, which are more widely of relevance for other Cu-catalyzed selective 

hydrogenations. 

Chapter 3 discussed in more detail the particle size effect on activity and selectivity of Cu 

nanoparticles in the selective hydrogenation of 1,3-butadiene. All nanoparticle-based 

catalysts are expected to show size-dependent activities. However, the specific trends depend 

on both the reaction and the active metal itself. The particle size effect can lead to interesting 

behavior in terms of activity and selectivity of the catalyst, deviating from just scaling with 

the exposed metal surface area. The activities and selectivities of 2, 3, 4, 7 and 10 nm Cu 

nanoparticles supported on SiO2 are reported. Maximum activity (normalized to the Cu 

surface area) was observed for particles of 4 to 7 nm, which were 3 to 4 times more active 

than 2 nm particles. This higher activity was explained by the fraction of kinks and steps sites, 

which are essential to activate hydrogen, which was observed being the rate limiting step for 

the selective conversion of 1,3-butadiene. In terms of preferential hydrogenation of 1,3-

butadiene to butenes, the nanoparticles of 4 and 7 nm were also the ones with the highest 

selectivity in the investigated series. 

Kinetic analysis of propene hydrogenation, the unwanted reaction, as well as adsorption 

and calorimetric experiments, established that the selectivity is due to the preferred 

adsorption of 1,3-butadiene with respect to propene and butenes on the Cu surface. The 

findings of this chapter may guide both testing and catalyst design for reactions where 

hydrogen surface availability and specific moiety selectivity play a key role. 

Chapter 4 presents a preliminary investigation of the effect of common metal/metal oxide 

additives for Cu-based hydrogenation catalysts. Cu nanoparticles were synthesized via 

incipient wetness co-impregnation in the presence of Mn, Fe or Zn oxide precursors, and 

tested for the reaction that was also reported in Chapter 2 and 3. The experiments showed 

that Fe oxides mildly suppressed Cu hydrogenation activity and decreased Cu selectivity 

already at very low concentration of modifier, i.e., 1:99 Fe:Cu atomic ratio. The addition of Zn 

oxides did not have a significant effect on total hydrogenation activity, but altered the rate 

with which 1,3-butadiene and propene were hydrogenated, leading to a strong decrease in 

catalyst selectivity (<50%, even at low 1,3-butadiene conversion). Mn oxides, on the other 

hand, improved the catalyst activity 2 to 3-fold, while completely retaining the high selectivity 

to butenes of the unmodified sample.  

Chapter 5 moves from selective hydrogenation in gas phase, to the same type of reaction 

in liquid phase. Cu/SiO2 was tested for the selective (partial) hydrogenation of alkynols to 

alkenols, a highly relevant conversion step widely employed in the synthesis of fat-soluble 

vitamins, pharmaceuticals, and fragrances. This conversion presents an interesting challenge, 

as the unwanted conversion of the alkenols is faster (around twice as fast) than the 

hydrogenation of the alkynol, hence a very high selectivity of the catalyst is required. We 

show that 7 nm Cu nanoparticles are 2.5 times more active (surface normalized) than 2 nm 
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ones. At the same time, the larger particles showed much higher selectivities, around ~100% 

at 50% conversion (Treaction=140 °C). Cu nanoparticles showed selectivities that rivals the one 

of Pd (unpromoted), a commonly used active metal for hydrogenation processes. 

To summarize, supported Cu nanoparticles are very promising for the selective (partial) 

hydrogenation of polyunsaturated (or highly unsaturated) compounds. Monometallic Cu-

based catalysts, which are known in literature to be prone to deactivation during 

hydrogenation of polyunsaturated molecules (i.e., due to formation of long-chain oligomers), 

can be made more stable by suppressing unwanted side reactions. This can be obtained by 

careful control of Cu nanoparticle size, reaction conditions, and by adopting inert supports 

such as C and SiO2.  

Catalyst design allows to tune catalyst activity and selectivity, which are maximum at a 

particle size of 4 to 7 nm. Hydrogenation of polyunsaturated compounds is rate limited by 

hydrogen surface availability. This governs the catalyst activity (such as its dependency on 

particle size) and, together with preferential adsorption of polyunsaturated vs. 

monounsaturated moieties, also the catalyst selectivity. Other examples of nanoparticulate 

Cu catalyzed reactions for which activity and selectivity depend on the concentration of 

hydrogen at the catalyst surface, such as methanol synthesis and the hydrogenation of ethyl 

acetate, were recently reported in the scientific literature. This indicates that the knowledge 

gathered in this thesis is relevant also for other Cu-catalyzed (or base metal-catalyzed) 

hydrogenation processes. The advanced understanding of the behavior of this base active 

metal, and its catalytic properties, may assist in developing very selective and stable 

hydrogenation catalysts. Cu is a promising alternative to noble-metal based hydrogenation 

catalysts, which regularly require the use of potentially hazardous stabilizers and selectivity 

additives. Its use hence may assist in developing a more efficient use of energy, material and 

resources in applied hydrogenation catalysis. 
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Nederlandse samenvatting 

Katalysatoren zijn essentieel voor het maken van dagelijkse producten zoals plastic, 

medicijnen, brandstoffen en voedingsstoffen. Ze zijn niet alleen van groot economisch belang, 

maar ook relevant voor het milieu en de energietransitie. Moderne katalysatoren kunnen 

bijdragen aan het verlagen van het energie-, materialen- en grondstoffengebruik; ze dragen 

bij aan circulariteit en verminderen van de CO2 uitstoot en andere negatieve emissies in de 

transportsector. Het begrijpen van de eigenschappen en hoe hun effectiviteit afhangt van 

procescondities, katalysatorstructuur en -samenstelling is erg belangrijk, zowel vanuit 

wetenschappelijk oogpunt als voor praktisch gebruik. 

Het onderzoek beschreven in dit proefschrift gaat over de activiteit, selectiviteit en 

stabiliteit van gedragen koperkatalysatoren voor relevante gas- en vloeistoffase selectieve 

hydrogeneringsreacties. Het voornaamste doel was om inzicht te verkrijgen in 

reactiemechanismen en kinetiek, om een betrouwbare testmethodologie te ontwikkelen, en 

om te begrijpen welke factoren bepalend zijn voor de selectiviteit van katalysatoren. Om dit 

doel te bereiken, onderzochten we kopernanodeeltjes aangebracht op poreus koolstof of silica. 

Een bereidingsmethode werd ontwikkeld om verschillende grootten kopernanodeeltjes te 

verkrijgen, tussen de 2 en 10 nm in diameter. Deze katalysatoren werden getest in een reactie 

waarbij sporen 1,3-butadieen in een grote overmaat aan propeen gehydrogeneerd werden. 

Ook werden voor de eerste keer koperkatalysatoren getest om 2-methyl-3-butyn-2-ol te 

hydrogeneren. Hoewel begrip het hoofddoel was, werden de reactiecondities zodanig gekozen 

dat ze de industriële procescondities zo goed mogelijk benaderden. 

Hoofdstuk 1 geeft achtergrond met betrekking tot kopernanodeeltjes en de katalytische 

eigenschappen en synthesemethoden voor nanodeeltjes. Koper is uniek, zowel in zijn 

elektronische (d-band) structuur als ook als unieke katalysator voor bepaalde chemische 

reacties zoals de synthese van methanol en de selectieve hydrogenering van onverzadigde 

koolstof-koolstof-bindingen. Na een korte uitleg over deeltjesgrootte-effecten, bevat dit 

hoofdstuk als laatste zowel moleculaire and toepassingsrelevante informatie over de 

selectieve hydrogenering van 1,3-butadieen. 

 Hoofdstuk 2 richt zich specifiek op kopernanodeeltjes voor 1,3-butadieen hydrogenering 

in een honderdvoudige overmaat van propeen. Deze reactie is erg relevant om alkenen en 

daaruit weer nog complexere producten zoals polymeren te maken. Wetenschappelijk is dit 

uitdagend omdat de selectiviteit kritisch is: sporen van 1,3-butadieen moeten volledig 

omgezet worden, terwijl de grote overmaat aan alkenen onaangeroerd moet blijven. Tot nu 

toe beschouwden weinigen koperkatalysatoren als relevant voor selectieve 

hydrogeneringsreacties, waarschijnlijk vanwege de geringe stabiliteit. De juiste testprocedure 

is essentieel voor dit type katalysatoren dat erg gevoelig is voor oxidatie. Wij laten zien dat 

ons gebruik van inerte dragermaterialen en goede controle over de deeltjesgrootte door 

impregnatie (juist voldoende metaalzoutoplossing toe dienen om de poriën van de drager te 
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vullen en dan door verhitting dit om te zetten in metaal nanodeeltjes op de drager), een 

succesvolle aanpak is om katalysatoren te maken die zeer selectief buteen maken (~99%) en 

bovendien erg stabiel zijn.  Deze grote selectiviteit wordt onderbouwd, en inzicht wordt 

gegeven in de kinetiek van de hydrogenatie, wat ook relevant is voor koper-gekatalyseerde 

selectieve hydrogenering van andere moleculen. 

Hoofdstuk 3 gaat in detail in op de invloed van deeltjesgrootte op de activiteit en 

selectiviteit van kopernanodeeltjeskatalysatoren. Voor alle gedragen metaalkatalysatoren is 

de deeltjesgrootte belangrijk voor hoe actief ze zijn, maar hoe die afhankelijkheid precies is 

hangt af van het type metaal en reactie. Hoewel je zou verwachten dat de activiteit schaalt 

met het specifieke metaaloppervlak (m2/g) is dat vaak niet het geval. Katalysatoren met 2, 3, 

4, 7 en 10 nm koperdeeltjes gedragen op silica werden bestudeerd. Genormaliseerd naar het 

koperoppervlak waren de 4 tot 7 nm koperdeeltjes het meest selectief en het meest actief, zo’n 

3 to 4 keer actiever dan de 2 nm deeltjes. Dit komt omdat bij deze 4 tot 7 nm deeltje een groot 

deel van het metaaloppervlak kristalvlakken betreft met veel monoatomaire treden (een hoge 

Miller index), en/of vlakken waarvoor alle drie de Miller indices verschillend zijn, en deze 

treden ook nog regelmatig verspringen. De snelheidsbepalende stap in de hydrogenering van 

butadieen is namelijk de adsorptie en splitsing van diatomaire waterstofmoleculen, en dit 

proces verloopt bijzonder snel op bovengenoemde plekken op het metaaloppervlak.  Analyse 

van de snelheid waarmee propeen wordt gehydrogeneerd (de ongewenste reactie), 

gecombineerd met adsorptie- en warmteopnamemetingen, toonde aan dat de hoge 

selectiviteit te wijten was aan het feit dat 1,3-butadieen heel veel sterker adsorbeert op het 

kopermetaaloppervlak. Op het metaaloppervlak aanwezig waterstofatomen binden dus bij 

voorkeur aan dit molecuul simpelweg omdat het metaaloppervlak hiermee bedekt is, en niet 

met andere moleculen die eventueel gehydrogeneerd zouden kunnen worden. Dit is een 

belangrijk inzicht voor het op de juiste wijze testen en ontwerpen van katalysatoren waarbij 

de beschikbaarheid van waterstof op het metaaloppervlak om bepaalde groepen te 

hydrogeneren de limiterende factor is. 

Hoofdstuk 4 is een eerste verkenning van het toevoegen van metaaloxide, die vaak worden 

gebruikt als additieven, maar niet voor de door ons bestudeerde koper-gebaseerde 

hydrogeneringskatalysatoren. De kopernanodeeltjes werden afgezet in aanwezigheid van 

Mn, Fe of Zn zouten, en getest als katalysatoren voor dezelfde reactie die ook in hoofdstuk 2 

en 3 beschreven staat. IJzeroxiden maakten de koperkatalysator minder actief en ook met 

slechts 1% ijzeroxide nam de selectiviteit al af. Zinkoxiden hadden weinig effect op de 

activiteit van de koperkatalysator, maar veranderden de snelheid waarmee 1,3-butadieen en 

propeen werden omgezet, waardoor de selectiviteit bijzonder laag werd (<50% zelfs wanneer 

nauwelijks butadieen werd omgezet). Daarentegen verbeterde het toevoegen van 

mangaanoxiden de activiteit van de katalysator met een factor twee tot drie, terwijl de zeer 

hoge selectiviteit naar buteen behouden bleef. 

Hoofdstuk 5 behandelt ook hydrogenering, maar niet zoals in de andere hoofdstukken van 

gassen, maar met een vloeibaar reactiemedium. Cu/SiO2 werd gebruikt om alkynolen te 

hydrogeneren naar een alkenolen. Dit is een belangrijke reactiestap om vet-oplosbare 
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vitaminen te maken, maar ook medicijnen en geurstoffen. De omzetting is een interessante 

uitdaging omdat de volgende reactie stap waarin C-C binding volledig verzadigd wordt, 

normaal gesproken twee keer zo snel verloopt als de eerste stap naar het gewenste product. 

Een selectieve katalysator is dus essentieel. Oppervlakte-genormaliseerd waren 7 nm 

kopernanodeeltjes 2.5 keer zo actief als 2 nm deeltjes. Belangrijk was dat de grotere deeltjes 

ook veel selectiever waren, met vrijwel volledige selectiviteit bij 50% omzetting 

(Treactie=140 °C). Kopernanodeeltjes zijn hiermee net zo selectief als palladium (zonder 

additieven), het algemeen gebruikte metaal om deze reactie te katalyseren. 

Samenvattend kunnen we stellen dat kopernanodeeltjes zeer veelbelovend zijn voor de 

hydrogenering van meervoudig onverzadigde moleculen. Tot nu toe werd koper als een 

weinig stabiele katalysator beschouwd, waarbij het activiteitsverlies waarschijnlijk te wijten 

was aan geleidelijke bedekking van het metaaloppervlak met polymeren, die gevormd werden 

door nevenreacties. Wij laten echter zien dat dit voorkomen kan worden door zorgvuldig de 

kopernanodeeltjesgrootte en reactiecondities te kiezen, en gebruik te maken van weinig 

reactieve dragermaterialen zoals koolstof en silica.  Zowel activiteit als selectiviteit zijn 

maximaal bij een koperdeeltjesgrootte van 4 tot 7 nm. De snelheidsbepalende stap bij de 

hydrogenering is de beschikbaarheid van waterstof op het metaaloppervlak waar de reactie 

plaats vindt. De beschikbaarheid van waterstof verklaart zowel waarom deze deeltjesgrootte 

optimaal is voor de activiteit als de selectiviteit, wanneer ook in aanmerking wordt genomen 

dat meervoudig onverzadigde moleculen sterker geadsorbeerd worden dan moleculen met 

eenvoudig onverzadigde bindingen (en dus een veel hogere oppervlakte-bedekkingsgraad 

hebben).  

De nieuwe kennis in dit onderzoek verkregen en in dit proefschrift beschreven is ook 

relevant voor andere hydrogeneringsreacties die door koper gekatalyseerd kunnen worden, 

zoals methanol synthese en ester hydrogenering. Het kan leiden tot het ontwikkelen van 

relatief goedkope en zeer selectieve en stabiele katalysatoren. Koper is daarmee een 

veelbelovend alternatief voor edelmetalen, die vaak ook potentieel gevaarlijke of 

milieuonvriendelijke additieven nodig hebben, en kan leiden tot efficiënter gebruik van 

energie, metalen en andere grondstoffen in grootschalige hydrogeneringsprocessen. 
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Riepilogo in italiano 

Cenni di catalisi eterogenea 

Con il termine catalisi ci si riferisce al fenomeno per cui la velocità di una reazione chimica 

è modificata (accelerata) dall’azione di una sostanza o materiale detto catalizzatore. 

Quest’ultimo è generalmente presente in piccole quantità - se comparato alla concentrazione 

dei reagenti - e non partecipa direttamente alla reazione, restando dunque inalterato nel 

tempo. Grazie all’azione di un catalizzatore, ad esempio, reazioni che potrebbero portarsi a 

compimento in tempi nell’ordine di anni o più, sono in grado di verificarsi nel giro di ore, 

minuti o anche tempi inferiori al secondo. In altre parole, la catalisi rende accessibile la 

produzione di determinate sostanze in tempi compatibili con la vita stessa.  

Non sorprende, dunque, che i sistemi biologici come il corpo umano posseggano 

numerosissimi catalizzatori, detti enzimi (chimicamente, proteine). Alcuni esempi: gli enzimi 

proteolitici scindono i legami peptidici, consentendo la digestione di proteine, il ricambio 

cellulare e la coagulazione del sangue. Le amilasi agiscono sull’amido rendendolo digeribile. 

La catalasi modula la concentrazione di specie reattive dell’ossigeno, ed è lo stesso enzima 

responsabile per la formazione di schiuma quando si utilizza dell’acqua ossigenata nella 

disinfezione di una ferita (le bollicine non sono nient’altro che ossigeno prodotto dalla 

scissione dell’acqua ossigenata in ossigeno e comune acqua). Questa lista è ben lontana 

dall’essere esaustiva. È importante però aggiungere che tutti questi enzimi non sono solo in 

grado di accelerare reazioni chimiche, ma sono anche specifici. Ovvero accelerano solo 

specifiche reazione chimiche, legandosi a specifiche sostanze/reagenti (un po’ come ad una 

serratura corrisponde un’unica chiave) e producendo determinati prodotti. 

I catalizzatori non sono presenti esclusivamente nei sistemi biologici; oltre agli enzimi, 

esistono altre tipologie di catalizzatori, sia presenti in natura o sintetizzabili in laboratorio. 

Tutti hanno sentito parlare della cosiddetta marmitta catalitica (o convertitore catalitico), un 

dispositivo che, ad esempio, accelera l’ossidazione di vapori di idrocarburi incombusti ed il 

tossico monossido di carbonio - questo nel caso dei catalizzatori ossidanti - riducendo 

l’impatto delle automobili su ambiente e salute umana. Nell’industria chimica sono 

numerosissimi gli esempi di catalizzatori utilizzati per la produzione di sostanze e materiali. 

Basti pensare che la catalisi è indirettamente responsabile per circa il 35% del Prodotto Interno 

Lordo mondiale e di circa il 90% (in volume) della produzione di sostanze chimiche (Capitolo 

1). Senza la catalisi industriale non sarebbe possibile produrre fertilizzanti, carburanti e 

biocarburanti, idrogeno (mediante processi elettro- o fotoelettro- catalitici), fibre sintetiche, 

plastiche, vernici e farmaci. In aggiunta, oggigiorno la catalisi gioca un ruolo fondamentale 

nel ridurre l’impatto ambientale di mezzi di trasporto, processi chimici e produzione 

industriale. 
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Ma come funzionano i catalizzatori? Le reazioni chimiche, al fine di verificarsi, richiedono 

il superamento di una barriera energetica, detta energia di attivazione; questa barriera 

energetica può essere “superata” ad esempio incrementando la temperatura dei reagenti fino 

ad “innescare” la reazione. Il ruolo del catalizzatore è quello di abbassare l’energia di 

attivazione senza perturbare energia di prodotti e reagenti. Esemplificando, il lettore può 

immaginare questa barriera energetica come una montagna nel mezzo del percorso che 

collega due città distanti. Una opzione - non catalizzata - potrebbe essere quella di muoversi 

da una città all’altra scalando la montagna, il che richiederebbe una grande quantità di 

energia. La seconda opzione - catalizzata - consisterebbe invece nell’attraversare la montagna 

tramite un tunnel. Nell’ultimo caso, il risultato sarebbe lo stesso, ma lo sforzo necessario 

sarebbe di gran lunga inferiore ed il percorso più rapido. In questo caso la compagnia di 

costruzione del tunnel farebbe le veci di catalizzatore. L’uso di un catalizzatore, in pratica, può 

comportare una riduzione dell’energia necessaria al sostentamento di una reazione (o 

processo) chimico, portando alla formazione più rapida ed efficiente di prodotti chimici e 

parallelamente una minore produzione di scarti.  

Questo lavoro di tesi si sofferma principalmente su catalizzatori a base di rame (simbolo 

chimico Cu). Il rame è un metallo presente in natura in grandi quantità, facilmente estraibile, 

che gode di importanti proprietà chimico-fisiche, come ad esempio elevata conducibilità 

termica ed elettrica. Cu è anche già largamente utilizzato in importanti processi chimici, come 

la sintesi di metanolo, molecola fondamentale per la produzione di una grande quantità di 

sostanze chimiche di interesse industriale.  

Tuttavia, il rame, così come tanti altri metalli, non può essere utilizzato direttamente come 

catalizzatore nella sua forma originale e macroscopica. Infatti, le reazioni catalitiche 

(eterogenee) sono processi che avvengono in corrispondenza della superficie di contatto tra 

catalizzatore e reagenti. Dunque, una valida strategia per aumentare l’efficienza di utilizzo di 

un catalizzatore solido è quello di produrlo sottoforma di particelle fini, incrementandone 

esponenzialmente la superficie esposta. Nell’industria chimica, così come nell’ambito della 

ricerca chimica, è di ampio interesse la sintesi e l’utilizzo di particelle di diametri 

estremamente ridotti, dell’ordine di 1-100 nanometri (cosiddette nanoparticelle). Si tenga 

conto che 1 nanometro corrisponde 1 miliardesimo di metro (0.000000001 metri, o 10-9 metri). 

Per dare un’idea al lettore delle dimensioni in gioco, si immagini una collana di perle, ogni 

perla delle dimensioni di un nanometro. La collana dovrebbe essere formata da un quarto di 

milione di perle (250'000) affinché abbia la stessa circonferenza di un capello umano. 

Equivalentemente, si immagini che il rapporto di dimensione che esiste fra una grande arancia 

e l’intero pianeta Terra è lo stesso presente fra un’arancia ed una nanoparticella di 1 

nanometro.  

La strategia di preparazione di catalizzatori a base di nanoparticelle non è semplicemente 

guidata dall’obiettivo di massimizzare la superficie di contatto tra metallo e reagenti. Le 

nanoparticelle hanno, difatti, proprietà chimico-fisiche differenti dal materiale di dimensioni 

macroscopiche. È necessario, dunque, controllare la loro struttura e morfologia superficiale 

in fase di sintesi. Difatti, nonostante le nanoparticelle metalliche possano possedere struttura 
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cristallina, gruppi di atomi che ne ricoprono la superficie possono essere organizzati in diverse 

geometrie. Ognuna delle suddette geometrie può rendere il catalizzatore più o meno attivo e 

selettivo, e talune possono favorire la produzione di certi prodotti anziché altri.  

Una volta preparate, le nanoparticelle raramente vengono utilizzate tal quali. Nel caso di 

catalizzatori solidi, queste vengono depositate su supporti porosi, come ad esempio  

carboni attivi, gel di silice, allumina o materiali ceramici ed ossidi metallici. Ciò al fine di 

evitare la loro coagulazione, migliorarne l’usabilità e per garantire facile separazione dai 

prodotti finiti. Il supporto stesso può essere inerte nei confronti della reazione, parteciparvici 

come co-catalizzatore, o cambiare le proprietà delle nanoparticelle. Inoltre, è possibile 

l’aggiunta di sostanze additive al fine di migliorarne le prestazioni catalitiche. Ciò, insieme 

alla loro ridotta dimensione, rende sintesi ed il loro studio complesso. Basti pensare che al 

fine di “fotografarle” (per misurarne il diametro e forma) si adoperano microscopi elettronici 

con un costo che può superare le centinaia di migliaia di euro e che richiedono edifici 

appositamente costruiti ed isolati da ogni vibrazione. Il loro studio, sia dal punto di vista 

teorico e pratico, è però fondamentale e può avere risvolti importanti sulla società. 

 

Contenuto della tesi 

Questa tesi riguarda lo studio dell'attività, la stabilità e la selettività di catalizzatori a base 

di nanoparticelle di rame supportate su materiali porosi, per rilevanti reazioni di 

idrogenazione selettiva in fase gassosa e liquida. L'obiettivo dello studio alla base di questa 

tesi era quello di ottenere informazioni sui meccanismi e sulla cinetica di reazione, sviluppare 

una metodologia di test affidabile, verificare la dipendenza delle prestazioni catalitiche sulla 

base del diametro particellare, e comprendere il meccanismo che governa la selettività del 

catalizzatore. A tal fine, sono stati sintetizzate e testate nanoparticelle di Cu supportate su C 

o SiO2. La procedura di sintesi del catalizzatore è stata adattata al fine di ottenere diverse 

dimensioni delle nanoparticelle, specificatamente nell'intervallo da 2 a 10 nm. I catalizzatori 

sono stati testati nella reazione di idrogenazione selettiva di tracce di 1,3-butadiene presenti 

in largo eccesso di propene, nonché per l'idrogenazione di 2-metil-3-butin-2-olo (quest’ultima 

una reazione per la quale i catalizzatori di Cu non erano ancora stati studiati). Lo studio si è 

soffermato sulla comprensione fondamentale di questi processi catalitici, allo stesso tempo 

adottando condizioni di prova quanto più fedeli possibili alle tipiche condizioni di lavoro 

industriali. 

Il Capitolo 1 fornisce una panoramica generale sulle nanoparticelle di Cu, su concetti 

basilari di catalisi e sulle metodologie per la sintesi di catalizzatori metallici a base di 

nanoparticelle. Le peculiarità delle nanoparticelle di Cu è spiegata sia in termini di “teoria 

della banda d ”, sia sulla base della letteratura riguardante il loro utilizzo in processi di 

rilevanza industriale, come la sintesi di metanolo e l'idrogenazione selettiva di composti 

organici insaturi. Viene fornito, inoltre, un breve resoconto sulla dipendenza delle proprietà 

catalitiche in funzione della dimensione delle nanoparticelle (particle size effect), con 
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particolare attenzione al Cu. Infine, nel capitolo viene riporta un'introduzione dettagliata 

all'idrogenazione selettiva dell'1,3-butadiene, da un punto di vista sia molecolare che 

riguardante gli aspetti pratici ed industriali.   

Il Capitolo 2 si concentra sull'uso di nanoparticelle di Cu nell'idrogenazione selettiva 

dell'1,3-butadiene in presenza di un largo eccesso (100x) di propene. La reazione è 

particolarmente rilevante per la produzione di olefine di alta qualità e per la produzione, 

mediante suddette olefine, di successivi prodotti a più alto peso molecolare. Da un punto di 

vista fondamentale, la reazione qui descritta richiede elevatissime selettività (verso la 

produzione di alcheni), in quanto la reazione desiderata è l'idrogenazione esclusiva di 1,3-

butadiene (presente in concentrazione pari a migliaia di ppm) lasciando intatte le olefine 

(come ad esempio il propene). La letteratura corrente descrive i catalizzatori a base di rame 

come attivi per l'idrogenazione selettiva di diversi idrocarburi (poli)insaturi. Tuttavia, la 

scarsa stabilità di catalizzatori a base di Cu ha limitato ulteriori indagini. Un punto importante 

è la metodologia utilizzata per testare le proprietà di questi catalizzatori, che si è rivelata di 

sostanziale importanza per catalizzatori soggetti a rapida ossidazione. In questa tesi viene 

dimostrato che l'uso di supporti inerti ed un accurato controllo del diametro delle particelle 

tramite impregnazione incipiente, sono valide strategie per la produzione di catalizzatori 

nanoparticellari di Cu altamente selettivi (~99%) e stabili. Viene infine fornita una spiegazione 

sui meccanismi alla base della loro elevata selettività, così come valutazioni sulla cinetica di 

idrogenazione, che sono più ampiamente rilevanti per altre idrogenazioni selettive catalizzate 

da Cu. 

Il Capitolo 3 espone l’effetto del diametro delle particelle sulle proprietà catalitiche di Cu 

nanoparticellare, nel contesto dell’idrogenazione selettiva di 1,3-butadiene. In linea di 

principio, tutti i catalizzatori basati su nanoparticelle dovrebbero mostrare attività dipendenti 

dalle dimensioni delle stesse. Tuttavia, gli intervalli di diametri alla quale questo effetto è 

visibile dipendono sia dalla reazione che dal metallo attivo. La modulazione dei diametri 

particellari può portare all’ottimizzazione dell’attività catalitica e a maggiori selettività del 

catalizzatore, mostrando un comportamento che non è banalmente funzione lineare della 

superficie specifica esposta.  

Questo capitolo si concentra specificatamente su attività le selettività delle nanoparticelle 

di Cu con diametri di 2, 3, 4, 7 e 10 nm supportate su SiO2. La massima attività (normalizzata 

alla superficie di Cu) è stata osservata per particelle da 4 a 7 nm, che erano da 3 a 4 volte più 

attive delle particelle da 2 nm. Questa maggiore attività può essere ascritta alla maggiore 

densità di siti attivi di quali kinks e steps, siti che risultano essenziali per attivazione 

dell'idrogeno. Questa reazione, difatti, è il passaggio cineticamente limitante per la 

conversione selettiva dell'1,3-butadiene. Per nanoparticelle di 4 e 7 nm, è stato osservato anche 

la più alta selettività nell'intera serie. L'analisi cinetica dell'idrogenazione del propene (si noti, 

reazione indesiderata), nonché esperimenti di adsorbimento e misure calorimetriche, hanno 

stabilito che la più alta selettività delle particelle di 4 e 7 nm è dovuta al più forte 

adsorbimento, sulla superficie di Cu, di 1,3-butadiene contro l’adsorbimento propene e buteni. 

Le osservazioni riportate in questo capitolo possono essere potenzialmente estese alla 
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preparazione (ed analisi) di catalizzatori per idrogenazioni selettive, laddove la 

concentrazione superficiale di idrogeno (attivato) e selettività a specifici gruppi funzionali 

altamente insaturi giocano un ruolo fondamentale sulle performance catalitiche.  

Il Capitolo 4 presenta un'indagine preliminare sull'effetto dei comuni additivi metallici (o 

ossidi metallici) per catalizzatori di idrogenazione a base di rame. In questo caso, le 

nanoparticelle di Cu sono state sintetizzate tramite co-impregnazione incipiente ed in 

presenza di precursori di ossidi di Mn, Fe o Zn. I catalizzatori così sintetizzati sono stati testati 

nella reazione descritta nei Capitoli 2 e 3. Gli esperimenti hanno dimostrato che gli ossidi di 

Fe hanno un effetto deleterio sia per quanto riguarda l'attività di idrogenazione delle 

nanoparticelle di Cu, sia riguardo la loro selettività. Peggiori prestazione catalitiche si sono 

osservate a una concentrazione molto bassa di additivo, specificatamente 1:99 di rapporto 

atomico Fe:Cu. L'aggiunta di ossidi di Zn non ha avuto effetti significativi sull'attività di 

idrogenazione totale (consumo totale di idrogeno), ma ha alterato il rapporto tra velocità di 

idrogenazione di 1,3-butadiene e propene. Ciò ha comportato una forte diminuzione della 

selettività del catalizzatore (<50%, anche a bassa conversione di 1,3-butadiene). Gli ossidi di 

Mn, d'altra parte, hanno migliorato l'attività del catalizzatore di un fattore 2-3, pur 

mantenendo sorprendentemente l'elevata selettività delle nanoparticelle.  

Il Capitolo 5 si sofferma sull’idrogenazione selettiva in fase liquida di 2-metil-3-butin-2-olo a 

2-metil-3-buten-2-olo. La reazione fa parte del gruppo delle idrogenazioni selettive (parziale) 

di alcoli polinsaturi in alcoli monoinsaturi, un processo di conversione di estrema rilevanza 

nella sintesi di vitamine, prodotti farmaceutici e fragranze liposolubili. Questa conversione 

richiede catalizzatori altamente selettivi, in quanto la conversione indesiderata degli alcoli 

monoinsaturi è più veloce dell'idrogenazione degli alcoli polinsaturi (circa due volte più 

veloce, reazione indesiderata). Mostriamo che le nanoparticelle di Cu dal diametro di 7 nm 

sono 2,5 volte più attive (attività normalizzata alla superficie esposta di Cu) rispetto a quelle 

da 2 nm. Allo stesso tempo, le particelle più grandi hanno mostrato selettività molto più 

elevate (verso la specie monoinsatura) di circa ~100% al 50% di conversione (reazione T = 140 

°C). Le nanoparticelle di Cu hanno mostrato una selettività che compete, se non superiore, a 

quella del Pd (non promosso), un metallo attivo comunemente usato per i processi di 

idrogenazione. 

In conclusione, le nanoparticelle di Cu sono molto promettenti nelle reazioni di idrogenazione 

parziale di composti polinsaturi, in particolar modo quando alte selettività sono necessarie. Il 

metallo attivo, che è tipicamente considerato instabile per questa classe di processi, può essere 

reso stabile da un attento controllo della dimensione delle particelle, delle condizioni di 

reazione e dall'adozione di supporti inerti come C e SiO2. Il design del catalizzatore consente 

di regolare l'attività e la selettività del catalizzatore, che sono massime a una dimensione delle 

particelle compresa tra 4 e 7 nm. L'idrogenazione dei composti polinsaturi è limitata dalla 

disponibilità superficiale dell'idrogeno, che riteniamo essere alla base di molte altre 

idrogenazioni mediate da Cu. Le conoscenze qui raccolte sono rilevanti per altri processi di 

idrogenazione catalizzati da Cu (o catalizzati da metalli di base). Per quanto riguarda il Cu, la 

comprensione del comportamento di questo metallo attivo di base e delle sue proprietà 
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catalitiche può aiutare a sviluppare catalizzatori di idrogenazione largamente selettivi e 

stabili. Il Cu è un'alternativa promettente ai catalizzatori di idrogenazione a base di metalli 

nobili, che normalmente richiedono l'uso di stabilizzanti e additivi (per migliorarne la 

selettività) potenzialmente tossici e nocivi. Il suo utilizzo può quindi portare ad un uso più 

efficiente di energia, materiali e risorse nei processi di idrogenazione catalitica. 
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