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1.1 Catalysis  

Catalysis plays an indispensable role in our current and future everyday lives, the 

environment and the worldwide economy. Although catalytic processes have been used 

by humankind for centuries in, for example, sugar fermentation, the concept “catalysis” 

was first described by Berzelius in 1835 as: “Several compounds have the property to 

decompose and recombine the elements of which the compound itself remains 

indifferent”.1 This refers to the key property of a catalyst, which is to break apart 

molecules, and build different molecules out of the resulting atoms, without the catalyst 

itself being consumed. Since then, the field of catalysis has gradually grown in 

importance within chemistry and engineering, with close to 14% of the Nobel Prizes in 

Chemistry (and close to 20% of the laureates) awarded to catalyst-related findings.2,3 

Catalysts are chemical accelerators: they increase the rate of chemical reactions, 

resulting in faster reactant decomposition and/or product formation and steer the 

selectivity within complex reactant mixtures towards specific products.4 Catalysts are 

used in detergents, for the production of drugs and in everyday items (polymers such 

as plastics and cushion foam), in the generation of energy carriers such as liquid fuels, 

hydrogen and ammonia and in environmental applications such as exhaust catalysis. 

For instance, since the 1970s, legislation for sulphur dioxide and nitrogen-oxide 

emission (compounds leading to so-called “acid-rain”) has spurred catalyst 

development for vehicle exhaust systems that were essential to mitigate emissions.5 

Today, every combustion engine-driven car is equipped with a catalytic converter to 

reduce harmful exhaust emissions. Hydrogen-powered vehicles also rely on the use of 

suitable electrolysis and fuel cell (electro)catalysts. More recently, catalytic processes 

are being developed to convert captured CO2 into valuable chemicals in an effort to 

contribute to CO2 circularity.6–8 

It is estimated that 40% of the global gross domestic product (GDP, $104 trillion in 

20239) is directly related to catalysis or catalytic processes.10 The major contribution is 

in the large-scale production of fuels and chemicals since 90% of chemical 

transformations are performed with the aid of a catalyst.11 Heterogeneous catalysis, 

defined as a process where the reactant material and the catalyst are in different 

phases, is the backbone of the chemical industry. Typically, heterogeneous catalysts are 

solids such as extrudates containing supported metal nanoparticles, whereas the 

reactants and products are gas-phase or liquid-phase, which enables facile catalyst 

separation from the products. 
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1.2 Selective hydrogenation 

1.2.1 Applications 

One example of a (catalysed) chemical conversion is the hydrogenation of unsaturated 

molecules. Here, molecular hydrogen (H2) is added to compounds which have one or 

more unsaturated bonds (e.g., C=C bonds), which increases their saturation with 

H-atoms. Several hydrogenation processes, such as ammonia (NH3) synthesis, CO 

hydrogenation, paraffin production and hydroconversion are carried out on a global 

scale for the production of fertilisers, chemical building blocks and fuels. Hence, it is not 

surprising that it is estimated that a quarter of all chemical transformations require at 

least one hydrogenation step.12 

Selective hydrogenation means that a specific functional group or reactant is targeted 

while others are left untouched.12,13 Examples of relevant selective hydrogenation 

processes are the semi-hydrogenation of alkynes or alkadienes to alkenes, the partial 

hydrogenation of α,β-unsaturated ketones or aldehydes to unsaturated alcohols and the 

selective hydrogenation of substituted nitro-arenes (Figure 1.1). These reactions are 

relevant for the industrial production of fine chemicals14, food additives, flavours, 

fragrances and pharmaceuticals15. 

A large-scale application of selective hydrogenation is the semi-hydrogenation of 

polyunsaturated hydrocarbons (e.g., alkynes or alkadienes) for the purification of 

alkenes, such as ethylene, propylene and butenes.16 These alkenes (light olefins) are 

chemical building blocks for the production of polymers (plastics) with applications 

varying from low-cost plastic wraps (“cling film”, low-density polyethylene) to flexible 

construction piping (poly(1-butene)).  

Typically, alkenes are produced by steam cracking of an oil fraction such as the naphtha 

fraction (C5-C12). Under the harsh conditions in the steam cracker (>800 °C)17,18, 

polyunsaturated molecules are generated in addition to the desired alkenes. These 

alkyne or alkadiene impurities, typically present in concentrations below 1 vol%, must 

be removed from the alkene feedstock to prevent deactivation of the polymerisation 

catalyst in the downstream process. Moreover, molecules with more than one 

 
Figure 1.1. Examples of selective hydrogenation. Top to bottom: selective hydrogenation 

of alkynes, α,β-unsaturated ketones and nitro-arenes. Adapted from reference 12. 
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unsaturated carbon-carbon bond can induce branching of the polymer product, which 

can be detrimental to the quality of the specific polymer product and application. 

Therefore, a selective hydrogenation step of the alkene-rich feedstock is essential for 

the polymerisation industry, which produced over 400 megatons of polymer products 

in 2022.19 

In selective hydrogenation or semi-hydrogenation, the reactant molecules are 

hydrogenated to only form alkenes. The undesired complete hydrogenation is referred 

to as over-hydrogenation. In this purification process, the conversion of 

polyunsaturates should be very high so that a minimum amount of the impurities 

remains in the alkene feed. Examples are the removal of acetylene from ethylene, 

propyne/propadiene from propylene, and butyne/butadiene from butene, as well as 

butadiene removal from acetylene-rich feeds.16 Importantly, the process should be very 

selective since unselective hydrogenation of the alkene products or feed will lead to loss 

of alkenes. Hence, a challenging balancing act is required during operation: reaching 

near-complete conversion without over-hydrogenation. 

 

1.2.2 Industrial considerations 

The removal of polyunsaturated hydrocarbons by selective hydrogenation is 

performed either by so-called “front-end” or “tail-end” operation, which refers to the 

position of the selective hydrogenation reactor with respect to the de-methaniser 

unit.16,20,21 The two industrial routes are schematically depicted in Figure 1.2.22,23 In 

both cases, an alkene-rich feed is produced from cracking a carbon-containing source. 

After the steam cracker, a mixture of hydrocarbons (HCs), CO and H2 is obtained. The 

mixture is fed either directly into the selective hydrogenation reactor (front-end) or 

first in a de-methaniser unit (tail-end). In the de-methaniser, the lightest molecules 

(CH4, CO, H2) are removed from the mixture by distillation. Therefore, in front-end 

conditions, the polyolefin-olefin mixture contains a large excess of H2 and high CO 

concentration (Table 1.1). In tail-end operation, lighter elements are removed, and the 

H2 and CO concentrations are controlled by external feeding to the selective 

hydrogenation reactor. This facilitates the operation at a low H2:CxHy ratio, typically 

close to unity, which limits over-hydrogenation. 

Both front-end and tail-end operations have advantages and disadvantages. Front-end 

conditions favour a high activity due to the high hydrogen-to-hydrocarbon ratio, but 

prevention of over-hydrogenation and thermal runaway is more challenging. In tail-end 

operation, the amount of hydrogen fed into the reactor is lower (Table 1.1) and can be 

externally controlled, leading to less over-hydrogenation. However, more oligomers 

and coke deposits are formed during tail-end operation, resulting in lower stability of 

the catalyst. In short, tail-end operation can be better controlled but is slower and 

requires more frequent regeneration of the catalyst, increasing the energy intensity of 
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the process.24 Hence, the front-end route is advantageous concerning lower energy 

consumption, less catalyst and longer catalyst lifetime.25,26 From an academic point of 

view, the challenge of retaining good selectivity in hydrogen excess is interesting to 

study. Therefore, the research described in this thesis concerns selective hydrogenation 

under typical front-end concentrations, with 20% hydrogen and a 100-fold alkene 

excess (Table 1.1). For simplification of the reaction mixture, no CO is introduced into 

the reactor, which will affect the activity and the selectivity of the catalysis. Another 

noteworthy distinction in reaction conditions lies in the pressure. Under industrial 

conditions, the high pressure results in a partial condensation of the reactants and 

Table 1.1. Typical gas composition and operation conditions for selective hydrogenation.  

Parameter Unit Tail-end Front-end Utrecht 

Polyunsaturated hydrocarbon (HC) mol% 2.0 0.2 0.3 

Excess alkene mol% 71 37 30 

Hydrogen mol% 2.4 22 20 

Alkanes mol% 25 40 - 

CO ppm 40 2 800 - 

H2/polyunsaturated HC ratio [-] 1.5 110 67 

Pressure bar 20 35 1.0 

Temperature °C 60 70 20-250 

Space velocity m3 mcat
-3 h-1 3 000 2 000 20 000 

 

 
Figure 1.2. Schematic overview of reaction steps used in a typical selective 

hydrogenation refinery. Two routes are depicted for the production of high-purity alkenes, 

by either front-end or tail-end operation. 
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products in the micropores of the catalysts. In contrast, our laboratory testing 

conditions maintain entirely gaseous reactants at atmospheric pressure. 

 

1.3 Butadiene hydrogenation 

This thesis focuses on one specific step in the refinery processes, which is the removal 

of 1,3-butadiene (butadiene hereafter) impurities. Butadiene is a reactant of specific 

interest since it is the main impurity in butenes feedstocks (C4-hydrocarbons). Also, in 

C2-rich hydrocarbon feeds (acetylene/ethylene mixture), butadiene is an undesired 

impurity since it can react with acetylene to form coke deposits, which decrease the 

activity and stability of the catalysts.16,27–29 Interestingly, semi-hydrogenation of 

butadiene leads to different butene isomers, namely 1-butene, trans-2-butene and 

cis-2-butene. Therefore, not only reactant selectivity (alkadiene vs alkenes) but also 

product isomer selectivity is of relevance. Hydrogenation of butadiene is both 

industrially important, as well as a suitable model reaction to investigate catalyst 

performance regarding both activity and selectivity.30 For polymer (plastic) production, 

1-butene is highly favoured since it is the only butene-isomer that can produce a high 

molecular weight polymer. Moreover, high-purity 1-butene has value as an additive in 

the growing market of linear low-density polyethylene (LLDPE), which contains 4 to 

10 wt% 1-butene.16,31,32 

 

1.3.1 Thermodynamics 

Butadiene removal from an excess of propylene has been the subject of academic 

publications over the past decade.33–38 The different chain lengths of the 

polyunsaturated impurity (butadiene) and desired alkenes (propylene) facilitate the 

distinction between direct over-hydrogenation (n-butane) and alkane (propane) 

formation side reactions. Figure 1.3 depicts the possible reaction paths from butadiene 

and propylene and the reaction enthalpies and entropies. Under typical hydrogenation 

conditions, all hydrogenation steps are spontaneous (∆G<0) and exothermic (∆H<0), 

with a slight entropy loss (T∆S<0).39 From Figure 1.3, it is evident that butane and 

propane are more stable than butene and propene. Therefore, butadiene hydrogenation 

has to be favoured, but butene hydrogenation has to be kinetically limited by the use of 

an appropriate catalyst to achieve high selectivity. Removing 0.3% butadiene from a 

100-fold excess of propylene (typical front-end concentrations, Table 1.1) is like 

catalytically removing a needle from a haystack, while thermodynamically, the 

exothermic hydrogenation is like trying to burn selectively a match that is located in a 

haystack, without setting the whole “propylene haystack” on fire (thermal runaway). 

 The semi-hydrogenation of butadiene can yield three butene isomers: 1-butene, 

trans-2-butene and cis-2-butene. The Gibbs free energies of formation of these isomers 

from butadiene are similar (∆G=-79 to -86 kJ/mol at 25 °C).39,40 Trans-2-butene is the 
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most stable isomer (lowest ∆G) and has a thermodynamically expected fraction above 

50% up to 200 °C (Figure 1.4A), followed by cis-2-butene, whereas 1-butene is the least 

stable isomer (roughly below 10%). Interestingly, 1-butene has the highest entropy 

(less negative ∆S), increasing its stability with increasing temperature. The ratio of the 

2-butene isomers is temperature dependent (Figure 1.4B) and varies from ca. 1.7 

trans:cis 2-butene ratio at 25 °C to 1.4 at 200 °C.  
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Figure 1.4. Thermodynamic equilibria of butene-isomers. Composition calculated with 

HSC Chemistry 9 at 1 bar.39 (A) Values of ∆H and ∆S for the butadiene semi-hydrogenation 

towards the three butene-isomers at 25 °C are listed, showing the butene isomer composition 

as a function of the temperature. (B) The 2-butene trans:cis ratio as a function of the 

temperature.  

 
Figure 1.3. Reactant and products during the selective hydrogenation of butadiene from 

an excess of propylene. Values above the arrows indicate the change in Gibbs free energy 

(∆G), the heat of reaction (∆H) and the entropic change (∆S) for hydrogenation of each 

reactant, obtained at 298 K and 1 bar from HSC Chemistry 9 software.39  
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1.3.2 Hydrogenation mechanism 

Hydrogenation of unsaturated hydrocarbons over metal surfaces generally occurs via 

the so-called “Horiuti–Polanyi” mechanism.41 Molecular hydrogen is dissociatively 

adsorbed onto the metal surface. The unsaturated hydrocarbon is adsorbed onto the 

metal surface, and hydrogen atoms are added to the C=C bond in a successive manner. 

In Figure 1.5, this is visualised for the shortest alkene, ethylene.42 The fundamental 

steps include the adsorption of ethylene, successive H-insertion and desorption of 

ethane. In this example, the addition of deuterium (red atoms) is depicted to 

differentiate between the pristine hydrogen atoms of ethylene (green atoms) and the 

atoms added by saturation of the hydrocarbon. 

The number of possible reactions increases for longer hydrocarbons, such as depicted 

for butadiene in Figure 1.6.22 At room temperature, gaseous butadiene can be present 

in two conformations: the most stable S-trans-1,3-butadiene form (Anti, 95%) and the 

S-cis-1,3-butadiene form (Syn, 5%).43,44 The hydrogenation pathway of butadiene over 

metal surfaces was investigated in the 1960s by Wells and co-workers, who identified 

two main routes for hydrogenation.45–49 Because of the high concentration in the gas 

phase, predominantly the trans-configuration of butadiene will be present on the metal 

surface, resulting in Route I as the dominant pathway for hydrogenation. Following the 

Horiuti-Polanyi mechanism, the hydrocarbon is hydrogenated by sequential addition of 

two H-atoms (steps 1 and 2). The first H-addition to the adsorbed butadiene molecule 

is to either of the C=C bonds in the symmetrical adsorbed butadiene molecule (step 1). 

 
Figure 1.5. Schematic hydrogenation (deuteriation) of ethylene over metal surface. Metal 

atoms are blue, carbon atoms are black, hydrogen atoms are green, and deuterium atoms are 

red. Reprinted with permission from reference 42. Copyright 2013 American Chemical Society. 
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Figure 1.6. Pathway for hydrogenation of butadiene towards different products. 

H-atoms are omitted from the line structures for clarity. Single dashed, solid and double solid 

lines represent π-, σ-bond and carbene-bond to the metal atoms (grey circles), respectively.  
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The second H-addition, in part, determines the selectivity of the reaction. If 1,2-addition 

is preferred, 1-butyl intermediate (C-1b) will be formed, which yields gaseous 1-butene 

as a product when desorbed from the metal surface. 1,4-addition will generate 2-butyl 

intermediates (C-I and C-II) and 2-butene products. The ratio of 1-butenes to 2-butenes, 

as well as the trans:cis ratio in the 2-butene products, is dictated by the ratio of the 

π-alkyl intermediates. Wells et al. concluded that the product selectivity of a metal can 

be explained as follows: if the metal (such as is the case for Pt and Rh) allows 

interconversion between B-I and B-II species (indicated by the dashed arrow), a 

trans:cis 2-butene ratio close to thermodynamic equilibrium (Figure 1.4B) is found.48 

The absence of interconversion (e.g., on Pd) is associated with high trans:cis ratios, close 

to the anti:syn ratio of gaseous butadiene. 

Later, Boitiaux et al. proposed a novel interpretation of the mechanism.50–53 They 

postulated that interconversion is, in fact, slow on all metals. Rather, the formation of a 

carbene intermediate (E-I or E-II in Figure 1.6) is a precursor for lower trans:cis ratios 

and more butane formation.53 The carbene intermediate allows skeletal isomerisation 

(step 5) of adsorbed 2-butenes. Moreover, this carbene is susceptible to further 

hydrogenation, yielding n-butane as a product. Hence, over metals where the carbenes 

are formed (Pt and Rh), the product selectivity for butadiene hydrogenation will shift 

towards more n-butane formation and lower trans-2-butene concentration. This 

correlation was substantiated by experimental results for Ru, Rh, Pd, Os, Ir and Pt 

catalysts.53 

 

1.4 Carbon-supported Pd nanoparticle catalysts 

1.4.1 Pd in selective hydrogenation reactions 

High surface-area metals, such as Raney nickel54, Pd- and Pt-black and the Pd-based 

Lindlar catalyst55, are widely used for (selective) hydrogenation reactions in industrial 

applications. For the hydrogenation of 1,3-butadiene, metal powder catalysts of 

platinum-group-metals (PGMs: Ru, Rh, Pd, Os, Ir, Pt)45,46,48, base-metal (Fe, Co, Ni)47 and 

coinage metals (Cu, Ag, Au)47,56,57 have been investigated. The PGM catalysts show 

higher activities than the base and coinage metal catalysts and require lower 

temperatures for hydrogenation, for example, 200 °C for Fe and 0 °C for Pd.45,47 Of the 

PGMs, Pd is the most active for butadiene hydrogenation, while at the same time, it 

shows the highest selectivity to olefins.45 Other metals such as Pt and Rh show lower 

selectivities, with the formation of n-butane even at low conversions.58 This 

substantiates the mechanism postulated by Boitiaux (Figure 1.6), for which Pt and Rh 

yield low trans:cis 2-butene ratios and initial n-butane formation, whereas Pd does not 

form carbene intermediates and hence shows no initial n-butane formation and high 

(>10) trans:cis ratios. 
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Supported nanoparticle catalysts of many of these metals have also been tested in the 

selective hydrogenation of butadiene traces from an excess of propylene, in line with 

typical industrial conditions.34–37,59–63 The coinage metals show good selectivities 

towards butene. The surface averaged activity, expressed as turnover frequency (TOF) 

at 120-125 °C was 0.2×10-3, 4×10-3 and 6×10-3 molbutadiene molmetal,surface-1 s-1 for Ag, Au 

and Cu, respectively.37,63 Lucci et al. demonstrated that a combination of Cu with Pt in 

the dilute regime (1:140 Pt:Cu ratio) showed good selectivity and stability for selective 

butadiene hydrogenation, although relatively high temperatures were required 

(160 °C).34  

In this thesis, we focus on Pd-based (both monometallic and bimetallic) metal 

nanoparticles. Monometallic Pd is highly active, with a TOF of 1-10 s-1 at 40-47 °C, while 

retaining nearly 100% butene selectivity up to almost complete butadiene removal 

(e.g., 90% conversion).35,64 Its unique combination of activity and selectivity for the 

hydrogenation of polyunsaturated hydrocarbons makes Pd the most investigated and 

industrially applied metal candidate for selectivity hydrogenation reactions.12,16,20,57,65 

The high activity of Pd can also be problematic for retaining the selectivity. Especially 

near complete butadiene conversion (e.g., >90% conversion), achieving high semi-

hydrogenation selectivity is challenging, as alkane formation is reported.20 In an effort 

to combine the activity of Pd with the selectivity of coinage metals, bimetallic PdAu, 

PdAg and PdCu are investigated. 

During selective hydrogenation reactions, i.e., in the presence of H2 and hydrocarbons, 

monometallic Pd can potentially form both Pd hydrides (PdHx) and Pd carbides 

(PdCy).23,65 Both phases are known to affect the catalytic performance of Pd.23,66 The 

formation of β–PdHx increases the activity but also leads to lower selectivity, whereas 

surface-H leads to more selective semi-hydrogenation.66 Under ambient reaction 

conditions (298 K, 0.2 bar H2), macrocrystalline Pd forms β-PdHx up to a H content of 

x=0.6, which is stable up to ~60 °C.67,68 Pd-carbide formation increases the selectivity 

by inhibiting the formation of bulk hydrides.23,66 PdCy (up to y=0.13) can form upon 

exposure to unsaturated hydrocarbons, especially for smaller alkynes (e.g., acetylene) 

and to a lesser extent, for alkenes or larger molecules (e.g., butadiene).69,70 The surface 

carbides decompose in the H2 atmosphere at 100 °C, while the bulk carbides remain 

stable under selective hydrogenation conditions.71 Dilution of Pd in another metal 

limits the formation of β–PdHx, which increases the selectivity.20 

 

1.4.2 Hydrocarbon adsorption 

Hydrocarbon adsorption and desorption are essential steps in selective hydrogenation, 

and hence, the adsorption strength of the reactant and product molecules is of great 

importance. In the literature, using density functional theory (DFT), the adsorption 

modes of relevant hydrocarbon molecules for butadiene hydrogenation on Pd surfaces 

were calculated and they are depicted in Figure 1.7. On Pd(111)72, trans-butadiene 
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adsorbs most strongly with 1,2,3,4-tetra-σ binding on a Pd-tetramer, where each of the 

four carbon atoms is bound to a different Pd atom. Adsorption of cis-butadiene is 

slightly less exothermic (-1.60 eV vs -1.72 eV) and coordinates to three Pd atoms. 

Interestingly, the cis-butadiene geometry allows for the coordination of both C=C bonds 

to the same Pd surface atom, which is more likely on sites with lower coordination, such 

as corners. For nanosized Au, such a geometric effect was demonstrated, where 

cis-2-butene was preferentially formed on corner and edge sites through Route II of 

Figure 1.6.73 In their optimal binding mode on Pd(111), both cis- and trans-butadiene 

are bound parallel with respect to the metal surface. When only one C=C bond of 

butadiene is coordinated to the surface, as depicted in Figure 1.7C, a considerably lower 

adsorption strength is found (-0.94 eV). The large difference in the tetra- and di-σ 

binding of trans-butadiene indicates that on extended Pd(111) planes, almost all 

butadiene molecules are bound flat on the surface. 

Butenes (1-butene, trans-2-butene and cis-2-butenes) all adsorb in a similar manner 

and with a similar adsorption energy, as the olefins are di-σ bound to two adjacent Pd 

atoms with both carbon atoms of the C=C bond. DFT predicts that 1-butene is the most 

stable butene-isomer on a Pd(111) surface (-0.90 eV), followed by cis-2-butene 

(-0.77 eV) and trans-2-butenes (-0.72 eV), resulting in a higher product selectivity to 

1-butene.72 The di-σ configuration of the olefins is favoured over the di-π configuration 

(C=C bound to one Pd atom) by ca. -0.12 eV.72 For propylene, similar reported 

adsorption strengths were found on Pd(111), between -0.73 and -0.75 eV.38,74 In 

contrast, the saturated alkanes (propane and butane) bind very weakly, with an 

enthalpy close to zero (-0.02 to -0.07 eV).74–76  

The large difference in adsorption energy between butadiene and the alkenes allows a 

high selectivity to butene products during butadiene hydrogenation, as the strongly 

adsorbing butadiene effectively blocks propylene from adsorbing onto the surface. 

Moreover, butadiene replaces the butene products as soon as they are formed on the 

surface, decreasing the butene residence time on the metal surface and resulting in little 

over-hydrogenation to butane. The formation of alkanes will occur only when the 

butadiene concentration near the Pd surface is low.  

Figure 1.7A-F depicts geometries calculated on Pd(111), which has the lowest surface 

energy surface of Pd and, hence, the highest facet abundance for Pd nanoparticles.77 

However, nanoparticles expose various facets, also depending on size.78–80 Moreover, 

the surface of smaller nanoparticles will contain more sites with lower coordination 

(e.g., edge- and corner-sites) and less extended terraces. Because of the lower 

coordination of the Pd atom in these sites, the interaction with the reactants is different 

on a stepped surface, such as Pd(211).  

For the alkenes, the adsorption strength on Pd(211) was calculated slightly higher than 

on Pd(111) (-1.01, -0.88 and -0.95 eV for 1-butene, trans-2-butene and propylene).74,75  
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Figure 1.7. Hydrocarbon binding geometries on Pd. Adsorption modes of (A-C) butadiene 

(“BD”) and (D-F) butene-isomers on Pd(111).72 (G-I) Adsorption of butadiene on “stepped” (G) 

Pd(110), (H) Au1Pd(110) and (I) Pt1Cu(111) surface.28,75,83 Depicted geometries show the most 

stable biding mode (except for C, see main text). Corresponding adsorption enthalpy is given 

in eV. Black, light-orange, grey, gold and copper colours represent C, H, Pd, Au and Cu atoms. 
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For trans-butadiene, an adsorption enthalpy of -1.94 eV was calculated on the Pd(211), 

similar in energy and mode as Pd(110) (1.97 eV, Figure 1.7G), and indicating stronger 

interaction than on Pd(111) (-1.72 eV).28,81 On these corrugated surfaces, 

trans-butadiene binds to three adjacent (linear) Pd atoms, different than on a flat 

Pd(111) tetramer (Figure 1.7A).  

The increased adsorption strength of the hydrocarbons on Pd(211) edge sites, 

compared to Pd(111), suggests a particle-size dependence where smaller nanoparticles 

with more edge-sites bind the reactants more strongly than larger nanoparticles with 

extended terraces. However, these calculations consider a single molecule on an infinite 

plane, whereas in reality, Pd ensembles are finite in size. For butadiene, smaller Pd 

ensembles do not facilitate the most stable configuration, where the hydrocarbon is 

bound to 3 or 4 Pd atoms. Hence, part of the butadiene will bind to only one or two Pd 

atom(s), significantly lowering adsorption energy. For example, for the di-σ binding 

onto lower coordinated geometries, such as corners or small edges, the adsorption 

enthalpy of butadiene (-0.94 eV, Figure 1.7C) is closer to that of the butenes (-0.88 

to -1.01 eV) and propylene (-0.95 eV) on Pd(211).74 Hence, on small nanoparticles, 

butadiene adsorption is more competitive with butenes and propylene compared to on 

large particles with extended surfaces. 

The adsorption of reactants strongly depends on the specific metal, as described in 

detail for Pd in the paragraph above. On some other metals, hydrocarbons bind more 

weakly, such as for butadiene on Au(111) (-0.42 eV) or Cu(111) (-0.34 eV).38,82 When 

one Pd atom in Pd(110) was replaced with a Au atom, a significant decrease in 

adsorption energy was calculated, from -1.96 eV for Pd(110) to -1.16 eV for 

Au1/Pd(110) (Figure 1.7G-H). Reduction of the Pd concentration in bimetallic alloys 

down to the single atom limit further decreased the hydrocarbon adsorption enthalpy.  

Unfortunately, no DFT calculations were found in the literature that describe the 

interaction of butadiene with isolated Pd atoms in coinage host metals. There are, 

however, reports on the butadiene hydrogenation over isolated Pt1/Cu(111).34,82,83 For 

an isolated Pt atom diluted in a Cu(111) host, adsorption enthalpies of -0.57 eV were 

found for butadiene (Figure 1.7I).83 Because only one C=C bond is coordinated to the Pt 

atom, similar adsorption energies were found for 1-butene, trans-2-butene and 

cis-2-butene over Pt1/Cu(111) (-0.51, -0.28 and -0.39 eV, respectively). Note that these 

interactions are 1.1 eV weaker than on Pt(111) for butadiene and ca. 0.5 eV for the 

butenes.72 Similar values were obtained for the interaction of butadiene with isolated 

Pd on a bare carbon (graphene) support, which showed -0.57 eV for butadiene 

and -0.48 eV for 1-butene.84  

These trends were also observed for alkyne adsorption, as isolated Pd atoms resulted 

in adsorption energies that were much weaker than monometallic Pd and closer to the 

interaction of the coinage hosts.83,85–91 Interestingly, the hydrocarbon adsorption 

depended on the Pd ensemble size, as dimer and trimers showed higher adsorption 

strength compared to isolated Pd.82,87 For example, Pt2/Cu(111) showed an adsorption 
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enthalpy for butadiene of -0.78 eV, where both C=C bonds can coordinate to a Pt site. 

For the butenes, with only one C=C bond, similar adsorption enthalpies as on 

Pt-monomers were calculated (-0.49, -0.25 and -0.32 eV for 1-butene, trans-2-butene 

and cis-2-butene). However, the Pt-dimers showed weaker adsorption than when 

coordinated to two Pt atoms in Pt(111). This shows hydrocarbon adsorption depends 

on geometric effects such as ensemble size. Alloying Pd induces electronic effects 

associated with a shift of the d-band centre away from the Fermi level, which also 

contributes to reduced adsorption energy.92 

 

1.4.3 Hydrogen activation 

In addition to hydrocarbon adsorption, the activation of molecular hydrogen (H2) is 

essential. The hydrogen adsorption energies show similar trends as for the 

hydrocarbon adsorption energies: Pd binds H2 more exothermically than the coinage 

metals (+0.47, -0.09 and -0.79 eV on Au, Cu and Pd(111) surfaces respectively), but 

weaker than hydrocarbons, discussed in the previous section.93 For Pd-alloys, the 

hydrogen adsorption is always weaker than on monometallic Pd and increases in 

strength with Pd ensemble size.87,94,95 Also, the activation energy of hydrogen 

dissociation is of importance for the hydrogenation activity.90,91 The activation barrier 

for dissociative adsorption of H2 on monometallic Pd is negligible.33,96 Isolated Pd in 

Au(111) or Cu(111) shows slightly higher activation energies of 0.20 and 0.02 eV, 

which is considerably lower than on monometallic Au(111) or Cu(111) (1.04 and 

 
Figure 1.8. Energy landscape for the hydrogenation of acetylene. Black and red lines 

represent Pd(111) and PdAg(111) metal surfaces, respectively. Dotted lines indicate the relative 

energy of gaseous molecules. Adsorption energies are depicted by the downward arrows, while 

double sides arrows highlight the activation energy for hydrogenation. Reprinted from 

reference 100 with permission from AAAS. 
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0.5 eV, respectively).33,96,97 Although the activation energy is greatly reduced compared 

to Au(111), the (selective) hydrogenation reactions over Pd1Au monomers are typically 

found to be rate-limited by the high activation barrier for hydrogen dissociation, which 

results in a low surface concentration of hydrogen.33,89–91,93–99 For Pd-trimers, a higher 

activity for dissociation was obtained.87,94,95 Hence, during selective hydrogenation 

reactions, the catalytic activity and selectivity depend on the adsorption and activation 

of both reactants (polyunsaturated hydrocarbon and molecular hydrogen), which is 

influenced by the nature and geometry of the active site. 

Lastly, we describe the H-insertion into the unsaturated adsorbed hydrocarbon moiety 

on the metal surface. Studt et al. illustrated how this affected the activity and selectivity 

of acetylene (C2H2) hydrogenation over monometallic Pd and bimetallic PdAg.100 

Figure 1.8 visualises the energy landscape for the hydrogenation of acetylene over 

Pd(111) and PdAg(111). Acetylene is adsorbed onto the metal surface and sequentially 

hydrogenated (so-called “Horiuti-Polanyi mechanism”, Figure 1.5). The adsorption 

energy of acetylene, indicated by the first downward arrow, is more exothermic on Pd 

than on PdAg. The higher catalytic turnover rate of Pd is associated with a lower 

activation energy for H-insertion (Ehyd1) and the more exothermic acetylene adsorption. 

H-insertion onto adsorbed ethylene (C2H4* in the figure) also shows a lower activation 

energy (Ehyd2) on Pd than on PdAg. Therefore, over-hydrogenation to ethane-precursors 

is faster over Pd. Moreover, the activation energy for over-hydrogenation on PdAg is 

substantially higher than the ethylene adsorption energy (indicated by the horizontal 

dashed lines). Therefore, the molecules desorb rather than hydrogenate, resulting in a 

high ethylene yield and little ethane formation on PdAg. 

Note that in Figure 1.8, the energies of the adsorbed H-atoms are added to the adsorbed 

hydrocarbon without an activation barrier. As discussed before, hydrogen activation 

should also be considered in the complete hydrogenation pathway. Moreover, in dilute 

Pd-alloys, hydrocarbons adsorption and hydrogen activation occur on spatially 

separated active sites. To facilitate the hydrogenation of the unsaturated hydrocarbon, 

diffusion of atomic hydrogen to the active site where the hydrocarbon is adsorbed is 

required (“spillover”), which is associated with an additional energy cost.94 When 

spillover is slow, as on Au, this decreases the reaction rate, whereas, on Cu, efficient 

spillover creates a beneficial interplay between Pd and Cu sites.33,97 

 

1.4.4 Carbon as support material 

Metal nanoparticles of a few nanometres (nm) are typically deposited onto a catalyst 

support material. This increases the dispersion of the metal compared to metal powder 

or wire catalysts. The support acts as a physical anchoring site for the nanoparticles, 

increasing both the dispersion and the stability by preventing nanoparticle 

agglomeration and growth during catalytic operation.101 In this thesis, we use carbon 

as a support material because of its exceptionally high thermal heat conductivity 
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(>420 W m-1 K-1)102, much higher than, for example, mesoporous silica 

(<0.1 W m-1 K-1)103,104, which limits the generation of local temperature hot-spots of the 

exothermic hydrogenation reactions.  

Carbon materials are of interest as catalyst supports, because of their relatively weak 

metal-support interaction.105,106 For selective hydrogenation under front-end 

conditions, Benavidez et al. demonstrated that Pd nanoparticles of similar size  

(0.7 to 0.8 nm) were more selective when supported on carbon than when supported 

on Al2O3.107 They found that a higher Pd-oxide content (15%) in the as-reduced 

alumina-supported Pd, which was absent in the carbon-supported catalyst, had a 

negative electronic effect on the selectivity of the catalyst. Lewis-acidic supports, such 

as TiO2, are detrimental for reactions with polyunsaturated hydrocarbons since the 

conversion of olefins to carbonaceous deposits (oligomerisation or fouling) readily 

occurs on the Lewis-acid sites of the support. This fouling results in poor stability and 

rapid deactivation of Au- and Cu-catalysts that were supported on TiO2.36,62  

This work uses graphitic nanoplatelets (GNP) as a carbon support, consisting of 

graphene layers stacked into graphitic flakes of 10-20 nm thickness and 0.5-1.0 micron 

width. It was shown that this carbon material is effective in (selective) oxidation and 

hydrogenation reactions.37,108–110 This GNP has a high surface (500 m2/g) and an 

accessible surface without channel-like pores, which is beneficial for the deposition of 

nanoparticles during synthesis and facilitates diffusion of reactants and products 

during catalysis. This graphitic carbon does not show strong Lewis acidity, although 

slight Brønsted acidity from the carboxylic and phenolic surface groups is present 

(4.6 atom% O, 0.19 groups nm-2).110 Interestingly, the nanoplatelet structure has been 

reported to intercalate hydrogen, which can be beneficial in activity for hydrogenation 

reactions.111 

 

1.5 Scope of this thesis 

In the next chapters, some key parameters for the catalytic performance of carbon-

supported Pd nanoparticles (Pd/C) are discussed. The focus is on understanding 

structure-performance relationships in the selective hydrogenation of a 

butadiene/propylene gas mixture over Pd-based catalysts. The effect of the catalyst 

structure, such as size, shape and composition are addressed, as well as the influence of 

the reaction conditions. A schematic overview of the experimental chapters (Chapters 

2 to 4) is provided in Figure 1.9. 

In Chapter 2, the effect of nanoparticle size of monometallic Pd particles is discussed. 

From a series of differently sized catalysts (between 2 and 20 nm in Pd diameter), the 

catalytic activity and selectivity were correlated to the structure of the exposed surface 

sites. Smaller nanoparticles, with many corner-, step- and edge-sites, showed a different 

catalytic activity from larger nanoparticles, for which flat and extended terrace sites are 
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dominant. This size-dependent activity trend was different for butadiene and 

propylene reactants, which resulted in a size-dependent selectivity of the reaction.  

In Chapter 3, we reflect on the effects of mass transfer limitations. A series of catalysts 

was prepared with similar particle size but varying weight loadings between 0.02 and 

2.5 wt%, and therefore varying Pd surface site density (0.01 to 2.6 m2Pd/gcat). These 

catalysts were pelletised and sieved into different size fractions to achieve catalyst 

grains between, on average, 20 to 200 µm. The impact of external and internal heat and 

mass transfer limitations on the catalyst activity and selectivity was evaluated. In 

particular, we found a strong effect of butadiene concentration gradients within the 

catalyst grains induced by internal mass transfer limitations. This chapter helps to 

recognise and prevent diffusion limitations, which can skew results in a way that can 

be wrongly ascribed to the properties of the catalyst rather than to the reaction 

conditions. 

In Chapter 4, the combination of active Pd and selective Cu are investigated in 

bimetallic PdxCu100-x catalysts. By a colloidal synthesis approach, monodisperse 

particles were prepared with Pd content varying from 0 to 13% while keeping size and 

shape constant. The interaction of Pd and Cu within individual nanoparticles was 

investigated by extensive characterisation, both in the as-synthesised materials and 

during catalytic operation. The local electronic configuration and the geometric 

ensemble size of the Pd atoms were correlated to the catalytic performance of the 

bimetallic nanoparticles. The results showed that the surface- and mass-normalised 

 
Figure 1.9. Overview of experimental chapters. Effect of (2) particle size, (3) mass transfer 

limitations, (4) bimetallic PdxCu100x composition and (5) dopants on the selective 

hydrogenation of butadiene in a large excess of propylene over carbon-supported Pd 

nanoparticle catalysts. 
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activity of Pd were dependent on the Pd concentration. Also, the selectivity of the 

reaction was affected by variations in the Cu:Pd ratio, especially near complete 

butadiene conversion. These insights contribute to the understanding of bimetallic 

catalysts for selective hydrogenation reactions, controlling the activity-selectivity 

balance through the Pd concentration. 

In Chapter 5, the effect of additives on Pd/C catalysts is discussed. To mitigate effects 

due to Pd dilution, a low (1:10) dopant-to-Pd ratio was used. The mixing of various 

metal(oxide) dopants (K, Mn, Cu, Zn or Ag) and the Pd metal within the nanoparticles 

was investigated. During the selective butadiene hydrogenation, large differences in 

activity and selectivity were found for some dopants. By further isomerisation tests of 

1-butene as the reactant, the trends in isomer selectivity during selective 

hydrogenation were explained. Altogether, this chapter indicates how adding a 

minority of a secondary element impacts the performance of Pd-rich catalyst for 

selective (di)olefin hydrogenation and isomerisation. 

Chapter 6 provides a brief overview of the previously described chapters. In this 

summary, the most important results on Pd-based catalysts for selective 

hydrogenation of butadiene are compared, and the key descriptors that determine the 

performance of the catalytic reaction are highlighted. These insight contribute to the 

ration design of Pd-based catalysts for selective hydrogenation reactions. Also, an 

outlook is provided with ideas for future work. Lastly, a lay summary in Dutch is 

provided in Chapter 7.  
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Abstract 

Supported Pd nanoparticles are widely used as catalysts for the selective 
hydrogenation of alkynes and diolefins. They have a high activity, but 
limiting over-hydrogenation to alkanes remains challenging. We varied the 
nanoparticle size of a Pd on carbon catalyst from 2 to 17 nm and studied its 
effect on the catalytic activity and selectivity in the selective hydrogenation 
of 1,3-butadiene in the presence of an excess of propylene. The butadiene 
hydrogenation activity per metal surface atom increased slightly with Pd 
particle size, from 17 s-1 to 34 s-1 at 25 °C for 2 nm to 17 nm particles. 
Contrarily, the propylene hydrogenation activity decreased with particle 
size: from 2.6 s-1 to 0.4 s-1 from 2 to 17 nm particles. Overall, a higher product 
selectivity was obtained with increasing particle size over the full butadiene 
conversion range. Altogether, this paper provides valuable insight into the 
rational design of monometallic Pd-catalyst for selective hydrogenation. 



2 

2.1 Introduction 

Typical industrial catalysts for selective hydrogenation are supported palladium 

nanoparticles (Pd NPs).1,2 Palladium is preferred due to its high activity at low 

temperatures. Of the platinum group metals, Pd is also the most selective metal for 

alkyne/alkadiene hydrogenation.3 However, pure Pd still produces side products, 

particularly at high polyunsaturated hydrocarbon conversion levels. Therefore, 

secondary metals such as silver are added to decrease the ensemble size of Pd by 

dilution in a second metal.4 In a different approach to reduce alkane formation, 

unselective sites are intentionally deactivated by the introduction of surface modifiers 

such as lead acetate or quinoline.5 This increases the selectivity but inevitably comes at 

the expense of activity. For example, in the commercial Lindlar-catalyst6 (Pb- and 

quinoline-modified 5 wt% Pd/CaCO3), it has been estimated that only 0.02 wt% of the 

Pd is active during operation.5,7 Detailed understanding of the catalytic performance of 

monometallic Pd NPs is key to steering towards atom-efficient use of scarce metals for 

sustainable selective hydrogenation catalysts. Moreover, industrial catalysts such as 

the Lindlar-catalyst are structurally complex, making it challenging to derive structure-

performance relationships of the different components. 

One important structure-performance relationship is the size-(in)sensitivity of a 

reaction, which is reported as the dependency of the surface-normalised activity on the 

size of the metal particles. This is especially important for metal particles ranging from 

1 to 20 nm, where atoms with low coordination numbers (corners, edges and steps) 

dominate the surface of the smallest NPs, while on larger NPs, more coordinated 

terraces are the most abundant surface sites.8–10 Since activity per (surface) atom is an 

averaged value over all available sites, this can be highly dependent on the metal 

particle size. For example, it is often reported that hydrogenation of simple alkene 

structures, such as ethylene and propylene, is structure-insensitive,11 that is, the 

intrinsic hydrogenation activity is independent of particle size. Regarding more 

complex polyunsaturated olefins, Pt-catalysed 1,3-butadiene hydrogenation showed no 

particle size effect on activity or selectivity.12 Contrarily, Boitiaux et al. showed that for 

butyne and butadiene, the turnover frequency (TOF) of Pd decreased for particles 

smaller than 4 nm, while activity to butene hydrogenation was constant for different 

metal dispersions.13 Explanations for the increase in TOF over larger particles involve 

both electronic14–16 and geometric effects17–20. For example, Silvestre-Albero et al. 

showed on well-defined Pd/Al2O3/NiAl(110) crystals that an increasing TOF with size 

was found when activity was normalised to the number of surface atoms.17 However, 

when normalised to atoms in the Pd(111) plane of their model structure, the TOF was 

independent of particle size. More recently, other well-defined model systems, such as 

single-atom catalysts, have been studied for selective hydrogenation reactions.21–27 

Surface science studies on these well-defined model systems provide a powerful tool to 

investigate structure-performance relationships, albeit restricted to low pressures and 

sub-ambient temperatures. These conditions can be very different from the industrial 
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conditions. Bridging the gap between fundamental research and industrially relevant 

conditions is not straight-forward. 

Support materials for heterogeneous catalysts are typically metal-oxides due to their 

high thermal and chemical stability.28 Carbon supports have a weaker interaction with 

supported metal nanoparticles and are often used for Pd-catalysed selective 

hydrogenation reactions.2 The interaction between support and nanoparticle can also 

influence the selectivity. For example, the selective hydrogenation of a 1:70 

acetylene:ethylene mixture over Pd NPs of similar size (ca. 1 nm) was more selective 

when supported on carbon than when supported on Al2O3 or MgO.15 Utilising carbon as 

a support also provides good heat conductivity, which limits local temperature hot-

spots that can occur in exothermic hydrogenation reactions. Regarding carbon-

supported particle size effects, Tardy et al. reported that Pd particles from 1.4 to 3.5 nm 

showed an increase in TOF with particle diameter.29 The low activity of smaller NPs was 

ascribed to rapid deactivation by carbon coverage, in line with findings of Boitiaux 

et al.13 However, these tests were performed in batch-operation and without excess 

alkene, making it challenging to translate these conclusions to more realistic operating 

conditions. Moreover, Pd size-dependency studies on selective hydrogenation were 

mainly focused on catalytic activity towards the alkyne or alkadiene rather than the 

selectivity of the reaction.  

In this chapter, we describe the size-dependent activity and selectivity of Pd on carbon 

(Pd/C) catalysts for a range of nanoparticle sizes varying from 2 to 17 nm. The selective 

hydrogenation of 0.3 vol% butadiene was investigated in the presence of a 100-fold 

excess of propylene and 20 vol% hydrogen during continuous operation, in line with 

typical industrial front-end concentrations.1,20,30,31 The activity and selectivity of the 

catalysts towards all reactants and products were taken into account and determined 

with respect to the average Pd NP size.  

 

2.2 Experimental details 

2.2.1 Chemicals and gasses 

For the catalyst synthesis, the following chemicals were used without further 

purification: Aqueous solutions of 10 wt% tetraaminepalladium(II)nitrate (99.99%, 

Sigma Aldrich) and 65 vol% HNO3 (AnalaR NORMAPUR analytical reagent, VWR 

Chemicals). Impregnation solutions were prepared by dilution of the Pd-precursor in 

purified water (mQ with a resistivity of 18.2 MΩ . cm at 25 °C, Direct-Q® 3 UV). 

Graphene NanoPlatelets (GNP) were used as a carbon catalyst support (xGNP®C-500, 

500 m2/g, 1-20 nm average thickness, 0.5-1.0 µm average width, XG Sciences). 

For the catalyst preparation and the catalytic testing, the following gasses were used: 

1,3-butadiene (>99.5% purity, Air Liquide Benelux, 0.21% cis-2-butene impurity), 

Propylene (>99.5% purity, The Linde Group, 0.04% propane impurity), Hydrogen 
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(>99.9990% purity), Helium (>99.9990% purity), Nitrogen (>99.9990% purity), 

1-butene (>99.0% purity, Linde).  

 

2.2.2 Catalyst preparation 

A series of Pd/C catalysts with different sizes was prepared by incipient wetness 

impregnation of aqueous palladium(II)tetraamine nitrate precursor on dried GNP, 

followed by drying and reduction at different temperatures. It was shown before that 

this carbon material is effective in (selective) oxidation and hydrogenation 

reactions.32-35 In short, carbon support was dried for 30 minutes at 150 °C under a 

dynamic vacuum (< 3 mbar). The pore volume was determined at 0.81 mL/g as 

determined by N2-physisorption. 0.732 g of 10 wt% tetraaminepalladium(II)nitrate 

precursor solution (1.052 g/mL) was weighed into a syringe and dropwise added to 

1.000 g of dried carbon under a small static vacuum. The impregnated support was 

gently stirred for at least 2 hours to homogenise and dried overnight under a dynamic 

vacuum at room temperature. The dried solids were heat treated with a ramp of 

0.5 °C/min to 200 °C with 1-hour isothermal hold in 100 mL/min N2 to decompose the 

nitrate and amine precursors. In a second heating step the precatalyst was reduced in 

100 mL/min of 20% H2/N2. Metallic Pd NPs with different sizes were grown from the 

same batch of precatalyst (dried and heat treated) by varying the final reduction 

temperature between 160 and 600 °C.  

Larger Pd particles were prepared in an alternative approach without the need for 

reduction temperatures above 600 °C. Pd nanoparticles were prepared by growing 

them in the precursor solution. Here, 4.663 g of a 10 wt% aqueous solution of 

tetraaminepalladium(II)nitrate was acidified with 0.0456 g of 65 vol% HNO3 (final 

pH≈1), after which the acidified solution was diluted to 5 mL with mQ water. The 

solution was diluted another 40 times with 0.1 M HNO3 and left undisturbed in a closed 

vial for 7 days in the dark at room temperature. 2.00 g GNP was incipiently wetted with 

1.79 g of this liquid. After impregnation, this catalyst was homogenised, dried and 

heated under N2, as described in the previous paragraph, without a final reduction step. 

 

2.2.3 Characterisation 

The shape, size and spatial distribution of the supported nanoparticles were analysed 

by Transmission Electron Microscopy (TEM). Bright-field micrographs were obtained 

on a Talos 120C (Thermo Scientific) transmission electron microscope operated at 

120 kV. The powder sample was applied to the TEM grids by spreading the dry catalyst 

powder onto the Holey Carbon Film-covered Cu grids of 300 micron mesh (Agar 

Scientific). Size analysis was performed by manually measuring particle diameters in 

the micrographs using the ImageJ software. The number-averaged particle diameter is 

defined as: 
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 𝑑TEM ± 𝜎TEM =
1

𝑁
∑ 𝑑𝑖

𝑁

𝑖=1
± √

1

𝑁−1
∑ (𝑑𝑖−𝑑TEM)2

𝑁

𝑖=1
 Eq. 2.1 

where 𝑑𝑖  is the measured diameter determined by TEM and 𝜎TEM is the spread of 

measured particles defined as the standard deviation. From the individual 

measurements, a mean volume-area diameter (𝑑VA or Sauter-diameter)36 was 

calculated, assuming spherical particle shape, as follows: 37 

 𝑑VA ± 𝜎VA =
∑ 𝑑𝑖

3𝑁
𝑖=1

∑ 𝑑𝑖
2𝑁

𝑖=1

± √
1

𝑁−1
∑ (𝑑𝑖−𝑑VA)2

𝑁

𝑖=1
 Eq. 2.2 

Phase analysis and crystallite size determination were performed by X-ray Diffraction 

(XRD) on a Bruker D2 Phaser, equipped with a cobalt (Kα, 1.78897 Å) radiation source. 

Diffractograms were obtained by measuring 0.2 g of material in a 2.5 mm PMMA Bruker 

powder specimen holder with a diffraction angle from 20 to 70° 2θ and a 1-2 second 

step-size of 0.05° under 15 rpm rotation. Pd crystallite sizes (𝑑XRD) were determined 

from the width of the Pd(111) diffraction signal using the Scherrer equation:38 

 𝑑XRD =
𝑘 𝜆

𝛽 𝑐𝑜𝑠𝜃
 Eq. 2.3 

where 𝑘 is a dimensionless shape factor (0.93)39, 𝜆 is the incident X-ray wavelength 

(Co-Kα, 0.179×10-9 meter), 𝛽 is the integral breadth of the peak, related to the full width 

at half maximum (1.06×FWHM) for a Gaussian peak shape40, and 𝜃 is the position of the 

diffraction peak (23.3° for Pd(111)) with angles of 𝛽 and 𝜃 in radians. 

 

2.2.4 Catalytic testing 

The performance of the catalysts was tested in a custom-built gas-phase hydrogenation 

set-up to study the selective hydrogenation of butadiene in a 100-fold excess of 

propylene, as previously described by Masoud et al.41 Herein, we used 50 mL/min flow 

of a reaction gas consisting of 0.3%, 30% and 20% by volume for butadiene, propylene 

and H2, respectively, and He as balance, in line with typical industrial concentrations 

under front-end conditions.30 A thermocouple was pressed into a glass notch directly 

after the catalytic bed to measure the temperature of the catalytic bed as accurately as 

possible without interacting with the reactant gasses. The Pd/C catalyst powders were 

diluted in dried carbon support and pressed into a pellet (74 MPa), which was then 

gently crushed over a set of sieves to obtain sieve fractions of 38-75 µm. The reactor 

bed was further diluted with ca. 0.30 g SiC of 212-400 µm. Prior to the introduction of 

the reaction gas, the reactor was flushed with 50 mL/min N2 for 15 minutes to remove 

traces of air and water. Isomerisation experiments were performed with 50 mL/min 

flow of 0.3% 1-butene, 5% H2 and He as balance. 

Product distributions were analysed by an on-line gas chromatograph sampling every 

15 minutes and equipped with an FID detector (Thermo Scientific TRACE 1300, 

hydrocarbons detected: C1 to C5). Chromatogram peak areas of products and reactants 
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were compared to a known calibration gas mixture consisting of 1,3-butadiene, 

1-butene, trans-2-butene, cis-2-butene, n-butane, hydrogen, helium, propylene and 

propane (The Linde Group). Prior to each catalytic test, the mixed reaction gas 

composition was analysed to certify its composition before passing it over the catalyst 

in the reactor. 

The concentrations of products and reactants were monitored during operation from 

which conversion (𝑋𝑖) was defined as: 

𝑋1,3-butadiene =
𝐶1-butene + 𝐶trans-2-butene + 𝐶cis-2-butene + 𝐶n-butane

𝐶1-butene + 𝐶trans-2-butene + 𝐶cis-2-butene + 𝐶n-butane + 𝐶1,3-butadiene

 Eq. 2.4 

for butadiene conversion and 

 𝑋propylene =
𝐶propane

𝐶propane + 𝐶propylene

 Eq. 2.5 

for conversion of propylene, where 𝐶𝑖  is the concentration in ppm of the individual 

hydrocarbons. 

The selectivity (𝑆𝑖) of the reactions is defined as: 

 𝑆butenes =
𝐶1-butene + 𝐶trans-2-butene + 𝐶cis-2-butene

𝐶1-butene + 𝐶trans-2-butene + 𝐶cis-2-butene + 𝐶n-butane + 𝐶propane

 Eq. 2.6 

for the total selectivity towards alkene products (butenes) and  

 𝑆C4,isomer =
𝐶C4Hx

𝐶1-butene + 𝐶trans-2-butene + 𝐶cis-2-butene + 𝐶n-butane

 Eq. 2.7 

for the C4-isomer selectivity, where 𝐶C4Hx is the concentration of either of the 

C4-products. 

The yield (𝑄) of 1-butene is defined as: 

 𝑄1-butene = 𝑋1,3-butadiene × 𝑆butenes × 𝑆1-butene Eq. 2.8 

Turnover frequencies (TOFs) were calculated as the number of reactant molecules 

being converted per Pd surface atom per second, obtained at stable conversion levels 

(typically 3 hours on stream). To determine the TOF, the flow and composition of the 

reaction gas, the conversion, the product concentrations in the chromatogram, the 

amount of catalyst, the Pd weight loading and the metal dispersion were used as 

follows: 

 𝑇𝑂𝐹(s−1) =

𝑝
𝑅𝑇

× 𝐹 × 𝐶𝑖
0 × 𝑋𝑖

𝑚Pd

𝑀
× 𝐷

 Eq. 2.9 

where 𝑝 is the pressure in the reactor (1.013 bar), 𝑅 is the ideal gas constant 

(83.145 mL bar K-1 mol-1), 𝑇 is the gas inlet temperature (295 K), 𝐹 is the reaction gas 

flow (0.833 mL/s), 𝐶𝑖
0 is the inlet reactant concentration (0.3% for butadiene, 30% for 

propylene) and 𝑋𝑖  is the conversion of the individual reactant (see above). The 

numerator depicts the number of molecules (in moles) converted every second. The 
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denominator normalises the activity to the number of Pd surface atoms, where 𝑚Pd is 

the mass of Pd in the reactor (g), 𝑀 is the molar mass (106.42 g/mol) and 𝐷 is the 

dispersion of the Pd NPs, which is defined as: 

 𝐷(%) =
6(𝑣Pd/𝑎Pd)

𝑑VA

× 100% Eq. 2.10 

where 𝑣Pd is the volume of a Pd atom (14.70 Å3), 𝑎Pd is the area of a Pd atom (7.93 Å2, 

based on bulk Pd metal properties) and 𝑑VA is mean volume-area diameter as 

determined from TEM.37 The equation simplifies to 𝐷 = 1.112/𝑑VA for Pd NPs with 𝑑VA 

in nanometers, assuming spherical particles and fcc structure. 

Kinetic studies were performed by changing the temperature (up to 100 °C) or partial 

gas pressures (0.15-0.60%, 15-60% and 10-40% by volume for butadiene, propylene 

and H2, respectively) while keeping the total flow constant at 50 mL/min. The changes 

in partial pressures were realised by varying one of the reactants at a time and 

counteracting He as a balance. Reaction orders were obtained by a linear fit of the 

relation between log(TOF) and log(partial pressure) for the different reactants 

(hydrogen, butadiene and propylene).  

 

2.3 Results and discussion 

2.3.1 Preparation of the palladium on carbon catalysts  

The carbon-supported Pd-catalysts, heated to different reduction temperatures, were 

imaged by Transmission Electron Microscopy (TEM). The micrographs in Figure 2.1A-E 

show the as-prepared catalysts, having been prepared using different synthesis 

parameters to tune the particle size. Manual measurements of the particles’ diameter 

resulted in average particle sizes of 2.4±1.0 (A, blue), 3.4±1.0 (B, yellow), 4.4±1.1 

(C, grey), 9.4±2.7 (D, orange) and 17±8.6 nm (E, light blue). The inset of each 

subfigure shows a spherical representation of a Pd crystallite of corresponding 

diameter, assuming an fcc structure, single crystalline particles and an atomic Pd radius 

of 138 pm.37 This visualises the expected exposed surface of Pd. The smallest NPs show 

a rough Pd surface, rich in corner and edge sites, whereas larger NPs show a larger 

fraction of extended terrace sites.  

The Pd particles were likely metallic, as no reducible species were observed by 

temperature programmed reduction below 250 °C. All carbon-supported Pd-catalysts 

are referred to as “X_Pd/C” throughout this chapter, where X is the number averaged 

particle diameter in nanometres. The spread of the particle sizes within the catalysts 

was analysed from the corresponding size histograms (Figure 2.1F). For example, for 

the 2_Pd/C catalyst, roughly 40% of the measured particles had a diameter smaller than 

2.0 nm and more than 75% below 3.0 nm. In contrast, for 4_Pd/C, more than 90% of the 

measured particles were above 3.0 nm. Similarly, for 9_Pd/C, at least 90% of the 

diameters were larger than 6.0 nm, a size range in which almost no particles were 
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detected for the catalysts reduced at lower temperatures. This degree of polydispersity 

resulted in only limited overlap of particle sizes between different catalysts, which 

allowed the establishment of a size-performance relationship for these Pd/C catalysts. 

The particle sizes of the Pd/C catalysts shown in Figure 2.1A-E were confirmed by the 

X-ray Diffraction (XRD) in Figure 2.1G. All materials showed a broad feature between 

48 and 55° 2θ attributed to the overlap of (100) and (101) reflections of the graphitic 

support. The Pd-containing catalysts exhibited an additional diffraction peak of metallic 

Pd(111) at 46.7° and a shoulder indicative of Pd(200) at 54.2° 2θ, more noticeable after 

subtraction of the carbon diffraction. The width of the Pd(111) peak clearly decreased 

with increasing particle size. The weak intensity and broad peaks for the 2_Pd/C and 

3_Pd/C catalysts can be ascribed to a lower crystallinity of the 2 and 3 nm NPs 

compared to the 4 and 9 nm particles. For 17_Pd/C, a Pd(111) peak was observed, but 

it was very weak due to the low weight loading of this catalyst (about 40 times lower 

than for the other catalysts).  

The full-width at half-maximum (FWHM) of the Pd(111) peak was analysed to derive 

the crystallite sizes listed in Table 2.1. For 3_Pd/C, peak analysis could not be 

performed due to the low crystallinity. The reduction temperature for this catalyst 

(160 °C) initiated particle formation (Figure 2.1B) but potentially was not sufficient for 

restructuring into ordered crystallites. The crystallite sizes from XRD are in good 

agreement with the values and trend obtained from TEM. The only noticeable exception 

 
Figure 2.1. Structural characterisation of as-synthesised Pd/C catalyst with different NP 

sizes. (A-E) Bright-field TEM micrographs of carbon-supported nanoparticles of, on average, 

2 nm (A, blue), 3 nm (B, yellow), 4 nm (C, grey), 9 nm (D, orange) and 17 nm (E, light blue), with 

as inset a schematic representation of a spherical Pd particle with the measured average 

diameter. (F) Size histograms of the Pd nanoparticles measured by TEM. The solid lines are a 

lognormal distribution fitted to the data. (E) Powder X-ray diffractograms of untreated carbon 

support and Pd/C catalysts. The upper lines show the intensity normalised to the C(004) peak 

at 64° 2θ, and the lower lines show the intensity after subtracting the carbon diffractogram. 

Dashed line is added to guide the eye for the broad Pd(111) peak at 46.7° 2θ in 2_Pd/C. 
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is the 17_Pd/C catalyst, where 𝑑𝑋𝑅𝐷  is significantly smaller than 𝑑TEM. This could be 

explained by polycrystallinity in these large particles of 17 nm (found by TEM), which 

on average consist of multiple agglomerates of roughly 8 nm crystallite domains (found 

by XRD). We found no indication of such agglomeration from TEM, as spherical particles 

were found without indication of any crystallite grain boundaries. However, the low 

intensity of the Pd(111) diffraction due to the low weight loading (Figure 2.1G) limits 

the accuracy of the FWHM fitting and could underestimate the derived crystallite size. 

 

2.3.2 Impact of Pd particle size on butadiene and propylene conversion  

The catalysts were tested for selective hydrogenation of butadiene in 100-fold excess 

of propylene. The reactors were loaded with different amounts of total Pd mass to 

ensure a similar Pd surface area in each catalytic test (0.3-0.4 cm2 Pd per test; see 

Table 2.2). After an initial activation period, all catalysts showed stable conversion 

levels between 10 and 25% conversion of butadiene at 25 °C (Figure 2.2A). Low 

butadiene conversion levels were chosen to stay in the kinetically limited regime and 

study the butadiene and propene performance of the catalysts. Mass-transfer 

limitations were minimised (Weisz modulus < 0.03 and Carberry number < 0.001 at 

25 °C for all catalysts; more details in Chapter 3). For all catalysts, the conversion of 

propylene (open symbols) was more than 2 orders of magnitude lower than the 

conversion of butadiene (closed symbols), demonstrating the preferential conversion 

of butadiene over propylene by all Pd/C catalysts. For example, 4_Pd/C showed 

9.5% butadiene conversion at 25 °C, whereas only 0.006% of propylene was converted. 

The difference between butadiene and propylene conversion levels further increased 

for larger NPs: 17_Pd/C showed 18% butadiene conversion concomitant with 0.002% 

propylene conversion at 25 °C. 

Turnover frequencies (TOFs) at 25 °C for both butadiene and propylene were 

determined from the steady-state conversion levels of Figure 2.2A (after 1.5-3 hours) 

Table 2.1. Overview of the catalysts used in this chapter. 

Catalyst Diameter 

𝒅𝑻𝑬𝑴 (nm)a 

Dispersion 

(%)b 

Crystallite 

size 𝒅𝑿𝑹𝑫(nm)c 

Pd wt%e Reduction 

temperature (°C) 

2_Pd/C 2.4 ± 1.0 34.7% 2.1 2.54f 300  

3_Pd/C 3.4 ± 1.0 28.1% n.d 2.54f 160g 

4_Pd/C 4.4 ± 1.1 22.5% 4.1 2.54f 500  

9_Pd/C 9.4 ± 2.7 10.3% 9.3 2.53 600 

17_Pd/C 17 ± 8.6 4.6% 8.0d 0.07 n.a. 
a Number averaged particle diameter from TEM measurements. b From D=1.112/dVA, where 

dVA=∑  𝑁
𝑖=1 dTEM,i

3/∑  𝑁
𝑖=1 dTEM,i

2. c Derived from the Scherrer equation on the Pd(111) peak.39 
d Less accurate fit due to low weight loading. e Determined by the metal amount present in 

the impregnation solution. f Grown from the same batch of precatalyst. g Reduced with 

1.0 °C/min ramp, compared to 0.5 °C/min for the other Pd/C catalysts.  
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and catalytic experimental details in Table 2.2, taking into account the differences in Pd 

mass loading, metal dispersion and reactant concentrations. The Pd nanoparticles did 

not grow during catalysis (𝑑TEM,used, Table 2.2), hence 𝑑VA of the as-synthesised 

catalysts was used for the calculation of the TOF. Figure 2.2B summarises the TOFs for 

butadiene (closed symbols) and propylene hydrogenation (open symbols) for all Pd/C 

catalysts. The butadiene TOF of the catalysts slightly increased with particle size, from 

17 to 34 molbutadiene molPd,surface-1 s-1 for catalysts with 2 to 17 nm particles, respectively. 

The propylene TOF depended more strongly on the particle size and decreased from 

2.6 molpropylene molPd,surface-1 s-1 for 2_Pd/C catalyst to 0.65 s-1 for 4_Pd/C and below 0.5 s-1 

for the 9 nm and 17 nm particles.  

The 1-2 orders of magnitude higher TOF of butadiene compared to propylene can, in 

part, be explained by the difference in adsorption energy of the hydrocarbons. Density 

functional theory (DFT) calculations showed that on Pd(111), Pd(100) and Pd(110) 

 
Figure 2.2. Activity of Pd/C catalysts as function of NP size. (A) Conversion of butadiene 

(closed symbols) and propylene (open symbols) at 25 °C. Catalysts loaded to different amounts, 

indicated by the Pd mass in the legend (see Table 2.2). (B) Turnover frequencies (TOFs) towards 

butadiene (closed circles) and propylene (open triangles) as a function of average particle 

diameter. Dashed lines to guide the eye. Conditions: 50 mL/min, 1 atm, 22.000 h-1 GHSV, 0.3% 

butadiene, 30% propylene, 20% hydrogen and He balance. 

Table 2.2. Additional catalytic experimental details. 

Catalyst 𝒎𝐜𝐚𝐭 

(mg) 

Dilutiona 𝒎𝐏𝐝 

(µg) 

Pd surface  

area, (cm2)b 

TOS 

(h) 

Tmax 

(°C) 

𝒅𝐓𝐄𝐌,𝐮𝐬𝐞𝐝 

(nm)c 

2_Pd/C 2.83 306 0.23  0.36  28  50 2.1 ± 0.7 

3_Pd/C 1.06 121 0.22  0.28  n.d. n.d. n.d. 

4_Pd/C 0.97 65 0.38  0.38  82  50 4.4 ± 1.4 

9_Pd/C 2.70 100 0.68  0.31  n.d. n.d. n.d. 

17_Pd/C 1.85 - 1.37  0.28  66  75 16 ± 10.3 
a Diluted in bare graphitic carbon support prior to pelletising and sieving. b APd=Ssp×mPd and 

Ssp=4.5×106×D (cm2 g-1), where 𝐷 is the metal dispersion.37 c Number averaged particle 

diameter from TEM measurements. 
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facets the adsorption energy of butadiene was much higher (-1.4 eV to -1.8 eV) 

compared to that of both propylene and butene (both roughly -0.8 to -1.0 eV).42 Similar 

results were found on Pd(111) for butadiene compared to 1-butene, trans-2-butene and 

cis-2-butene (-1.72 eV versus -0.90, -0.72 and -0.77 eV, respectively).43 We also studied 

the influence of competitive adsorption during the hydrogenation of butadiene or 

propylene in the absence of the other hydrocarbon. In short, the hydrogenation activity 

of butadiene was not affected by the presence of propylene, whereas the propylene 

hydrogenation activity decreased by 1-2 orders of magnitude when 0.3% butadiene 

was co-fed into the reaction mixture. With an equimolar mixture of 1% butadiene and 

1% propylene, 2-3 orders of magnitude preferential activity towards butadiene 

compared to propylene was observed. 

The TOF values are comparable to those reported in the literature for butadiene 

conversion over Pd/C (ca. 20 s-1 for 2.8 nm at room temperature)29 and Pd/SiO2 

(ca. 17 s-1 for 4.1 nm at 20 °C)44. For propylene hydrogenation over commercial 

monometallic Pd/SiO2, a TOF of roughly 10 s-1 was reported45, in line with the TOFs in 

our experiments in the absence of butadiene (11.4 and 9.3 s-1 for 4_Pd/C and 17_Pd/C). 

The increasing butadiene hydrogenation activity per Pd surface atom with increasing 

particle size in Figure 2.2B is in line with results reported by Borodziński, who observed 

a little over two-fold increase in TOF for acetylene in excess of ethylene when increasing 

particle size from 4.2 to 16 nm.19 The increase was ascribed to larger fraction of exposed 

Pd(100) and Pd(111) terraces. The insets of Figure 2.1A-E show that a substantial 

increase in the exposed fraction of terraces for larger nanoparticles is expected in the 

investigated size range. A similar explanation was reported for the size-dependent 

butadiene hydrogenation over Pd/Al2O3/NiAl(110) (in the absence of an alkene 

excess).17 Figure 2.2B confirms that such correlation also holds for butadiene in large 

excess of propylene. From our work, we conclude that the catalytic intrinsic activity of 

 
Figure 2.3. Surface atom speciation. Fraction of corners, edges and planes for truncated 

octahedron particle shape, which is most similar to the Wulff-constructed shape of Pd.46 Inset 

represents the smallest possible nanoparticle of this shape with an edge length of two atoms. 
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Pd NPs towards butadiene hydrogenation in large excess of propylene and hydrogen 

increases with particle size.  

The decrease in propylene TOF with increasing NP size (Figure 2.2B) under these 

reaction conditions was not reported before, also not for other small olefinic molecules 

such as ethylene and butene.11,13 The strong decrease in propylene TOF for particles up 

to 5 nm may be due to a decrease in the fraction of undercoordinated edge/corner sites 

with increasing particle size, as qualitatively seen from the insets in Figure 2.1A-E. 

Calculation of the fraction of edge/corner sites of various particle shapes shows a 

strong decrease in the 1-5 nm range, after which this fraction is more constant 

(Figure 2.3).9,10,46 The observed trend in propylene TOF matches the decrease in the 

fraction of edge/corner surface sites. Therefore, we propose that geometric effects 

explain the particle size effects, where the corner and edge sites contribute most to the 

conversion of propylene. This is supported by DFT calculations, which showed that 

butadiene binds very strongly onto Pd(111), Pd(100) and Pd(110) planes42 as well as 

on Pd(211) step sites47. In all cases, the most stable configuration of the butadiene 

molecule was parallel to the metal surface and bound to 3 or 4 adjacent Pd atoms. For 

example, on Pd(111), the 1,2,3,4-tetra-σ bound configuration has a much higher 

adsorption energy (-1.72 eV) compared to the di-σ configuration (-0.94 eV) bound to 

two Pd surface atoms.43 This indicates that on terrace sites, high selectivity is obtained 

due to the preferential binding of butadiene over propylene and butene, whereas on 

lower coordinated geometries (e.g., corners), the adsorption energy of butadiene is 

closer to that of the alkenes (e.g., for propylene -0.73 and -0.95 eV on Pd(111) and 

Pd(211)).48  

As discussed in section 1.4.1, the formation of Pd-carbide or Pd-hydride phases can 

affect the catalytic performance during selective hydrogenation.31,49–51 Under the 

reaction conditions (298 K, 0.2 bar H2), macrocrystalline Pd forms stable β-PdHx with 

x=0.6, which decreases down to x=0.46 and 0.42 for 7.0 nm and 2.6 nm particles.52 

Therefore, the ratio of surface-to-bulk hydrogen increases for smaller Pd particles.53 

The formation of carbide is found irrespective of particle size.51,54 Thus, decreasing the 

particle size of Pd NPs mitigates bulk Pd-hydride formation, which is associated with 

lower selectivity, but increases surface-to-bulk H ratio and Pd-carbide formation. If this 

would be a dominant effect, the selectivity would be higher for smaller Pd particles, 

while the opposite was found. Hence, the hydride and carbide formation effects do not 

explain the reported results. 

 

2.3.3 Reaction orders and apparent activation energies 

Further investigation into the competitive adsorption and kinetics was performed by 

the study of reaction orders and apparent activation energies. Figure 2.4A shows the 

reaction order in hydrogen to be a near first-order dependence. This is in line with 

reports from selective alkadiene and alkyne hydrogenation studies.24,55,56 There is a 
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slight particle size dependence for the reaction order in hydrogen, which decreases 

from +1.1 for 2_Pd/C to +0.7 for 17_Pd/C. This suggests hydrogen is more limiting for 

the reaction rate over smaller NPs. Regarding the hydrocarbon reactants, the reaction 

orders are about -0.25 and 0 for butadiene and propylene respectively. The apparent 

orders are size-independent. The insensitivity (zero-order) to the propylene 

concentration indicates that propylene does not compete for the same active sites as 

butadiene under the given reaction conditions. The negative reaction order (-0.25) in 

butadiene means that less butadiene is converted when the inlet concentration of 

butadiene is increased. This counter-intuitive response is explained by the fact that 

under these reaction conditions, strongly bound butadiene effectively inhibits H2 

adsorption. From the H2-order, it was found that this is the most critical factor in 

determining the reaction rate, as is observed in other Pd-based selective hydrogenation 

studies.17,24 

Figure 2.4B shows that the apparent activation energies of butadiene were insensitive 

to particle size and roughly 50 kJ/mol, a value in line with the literature.57 Similar 

activation energies substantiate the difference in activity (Figure 2.2B) is ascribed to a 

difference in a number of active sites (e.g., terrace sites) and not due to the difference 

in apparent activation energy. Moreover, this indicates that severe mass transfer 

limitations do not occur in the temperature range (25-40 °C) used for the Arrhenius fit 

of the activity data, as in a diffusion-limited regime, the apparent activation energy 

would shift to lower values. 
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Figure 2.4. Kinetic measurements for butadiene hydrogenation. (A) Reaction orders 

determined at steady state activity at 25 °C for (10-20% initial conversion) butadiene 

hydrogenation as a function of average particle size. Dashed lines as guide for to eye. Orders 

are calculated from a linear fit of log(TOF) vs log(p/p0) plots, varying the partial pressure of the 

reactants hydrogen (blue squares), propylene (orange triangles) or butadiene (black circles) 

one at a time, counteracted by He as balance. Partial pressures varied from 0.5 to 2.0 times the 

normal reaction gas composition (0.3% butadiene, 30% propylene, 20% hydrogen). (B) 

Apparent activation energies for butadiene hydrogenation determined from linear fit of 

log(TOF)-T-1 between 25 and 40 °C, obtained below 40% conversion. 
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2.3.4 Effect of particle size on the product selectivity 

The product selectivity of the catalyst was influenced by the average particle size. 

Figure 2.5A (black closed squares) shows the total alkenes selectivity of the reaction for 

each Pd/C catalyst at 25 °C. The selectivity towards the butene isomers increased with 

increasing particle size and was 82% for 2_Pd/C (i.e., 18% selectivity to n-butane and 

propane) and 98% for 9_Pd/C. More specifically, regarding the C4-selectivity, 2_Pd/C 

converts 4.7% of butadiene to n-butane, whereas the amount of n-butane decreased to 

0.3% for 17_Pd/C. This indicates a particle size dependence in both total selectivity 

(alkenes vs alkanes formation) and over-hydrogenation (n-butane formation), where 

larger NPs are more selective.  

The selectivity to the different butene-isomers (open symbols) shows that for all Pd/C 

catalysts, 1-butene was the major product, followed by trans-2-butene and 

cis-2-butene. Although the high fraction of 1-butene is in contrast with the 

thermodynamic equilibrium of butenes (Figure 1.4A),58 it can be explained by the so-

called “Horiuti-Polanyi mechanism”.59 In this mechanism, molecular hydrogen is 

adsorbed dissociatively on the metal surface first. Then, the alkadiene is adsorbed and 

two hydrides are added successively to the unsaturated molecule. Sequential 

1,2-addition to the terminal C=C bond of 1,3-butadiene forms an adsorbed 1-butene 

intermediate. Gaseous 1-butene is formed when desorption is faster than isomerisation 

or further hydrogenation, explaining the high 1-butene levels in Figure 2.5A. For all 

catalysts, trans-2-butene is approximately 10 times more abundant than cis-2-butene. 

Although trans-2-butene is the favoured conformational isomer, the trans:cis ratio is 

higher than thermodynamically expected (1.7 at 25 °C, Figure 1.4B). Both the high 

 
Figure 2.5. Particle size dependent selectivity. (A) Butene selectivity (closed squares) defined 

as the percentage of butenes relative to the sum of butenes, n-butane and propane. Product 

distribution of the C4-isomers (open symbols) defined as the percentage of 1-butene (green 

squares), trans-2-butene (blue circles), cis-2-butene (yellow triangles) and n-butane (red closed 

triangles) in the C4-product stream. Data obtained at steady state conversion (10-25%) at 

25 °C. (B) Butene selectivity as function of temperature for 9_Pd/C (orange squares), 4_Pd/C 

(grey triangles), 3_Pd/C (yellow downward triangles) and 2_Pd/C (blue diamonds). The 

conversion is varied by a temperature variation of up to 100 °C. 
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1-butene levels and trans:cis ratio indicate the reaction is determined by kinetics rather 

than thermodynamic equilibria. 

Interestingly, a particle size dependence was also observed in the isomer compositions. 

For example, 1-butene levels increased from 50% to 60% from 2_Pd/C to larger NPs. 

Simultaneously, the composition levels for trans-2-butene decreased from 44% to 37%. 

Cis-2-butene levels decreased in a similar fashion, but with a slightly steeper decline, 

from 5.6% to 3.2%. Therefore, the gain in 1-butene yield for the larger nanoparticle 

catalysts comes at the expense of 2-butenes, indicating a lower isomerisation activity. 

Isomerisation tests of 0.3% 1-butene in 5% H2/He confirm there is a relatively higher 

isomerisation activity compared to hydrogenation activity, which increased over 

smaller NPs, and the obtained trans:cis ratio is around 1.0 for all catalysts, which is 

lower than obtained from butadiene hydrogenation (trans:cis of 8-12, Figure 2.5A). This 

indicates that the 2-butene isomers are formed mainly through direct hydrogenation of 

adsorbed butadiene and only to a limited extent by readsorption of 1-butene followed 

by isomerisation. Furthermore, for butadiene hydrogenation, a higher reaction order in 

hydrogen was observed on smaller nanoparticles (Figure 2.4). This higher order 

indicates that the availability of hydrogen on the surface becomes more limiting, which 

explains the increased isomerisation. 

The increase in trans:cis ratio with particle size may be understood from the different 

binding geometry of the 2-butene intermediates. For the cis geometry, two π-allylic 

bonds to the same Pd binding site are required, analogous to an inorganic bidentate 

ligand complexes.3,60 Such coordination is more likely on active sites with lower 

coordination numbers, such as corners. This geometric effect was demonstrated earlier 

for Au, where cis-2-butene was preferentially formed on corner and edge sites.61 In 

contrast, on flat terraces, C4-intermediates likely bind on two (or more) surface atoms, 

which results in more trans-2-butene. This could partly explain the larger amount of 

cis-2-butene formed over smaller Pd particles. 

Figure 2.5B depicts the selectivity over the Pd/C catalysts at higher conversion levels, 

which was achieved by gradually raising the operation temperature. All catalysts show 

a decreasing selectivity with increasing conversion, mostly due to more propane 

formation. Over-hydrogenation to n-butane also increases with conversion but to a 

lesser extent (below 5% at the highest reported conversions). Nanoparticles of 9 nm 

exhibit a selectivity to butenes of roughly 85% at 85% conversion, whereas for 2_Pd/C, 

the selectivity is close to 40% at similar conversion levels. This illustrates the higher 

selectivity towards butenes of larger particles at higher conversion levels. 

The 1-butene yield as a function over butadiene conversion was determined to probe 

the selectivity of butadiene semi-hydrogenation, as opposed to over-hydrogenation or 

isomerisation. For all catalysts, an optimum in 1-butene yield is observed (Figure 2.6A), 

which for larger nanoparticles had a higher value and was obtained at higher butadiene 

conversion. The catalyst 9_Pd/C was very selective towards 1-butene up to 95% 

butadiene conversion without significant selectivity loss due to isomerisation and over-
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hydrogenation side reactions. Interestingly, despite the lower dispersion of the 9 nm 

NPs compared to the 4 nm particles, they showed similar activity per gram of Pd due to 

the higher TOF of 9_Pd/C. These results demonstrate that 2 nm particles (albeit with 

high gravimetric activity) do not satisfy the requirement for selective hydrogenation 

reactions to operate near full conversion1,20,30,31, and larger NPs of ca. 10 nm are needed 

to retain good selectivity. 

Finally, the impact of temperature and metal loading was investigated by comparing 

two catalytic tests: one ran at 25 °C with 11 µg of Pd, and one at 100°C with 0.4 µg 

(Figure 2.6B). The 17_Pd/C catalyst at lower temperature and higher loading showed a 

butene selectivity above 85%, of which almost 50% to 1-butene, up to 95% butadiene 

conversion and was stable up to 100 hours on stream. On the contrary, at higher 

temperatures and lower metal loading, the catalyst showed a butene selectivity below 

80%, a maximum obtained 1-butene yield of 38% and deactivated after 24 hours on 

stream. Therefore, depending on the desired application, different catalyst designs as 

well as catalytic conditions can be chosen for optimal performance. For example, one 

might prefer to have small nanoparticles operated at higher temperatures, considering 

maximum activity per gram of metal. However, when the goal is obtaining and retaining 

a high selectivity close to complete conversion for prolonged operation times in 

selective hydrogenation reactions, larger Pd nanoparticles at lower temperatures are 

more desired.  
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Figure 2.6. 1-Butene yield. (A) 1-Butene yield as function of the corresponding butadiene 

conversion of differently sized Pd NPs. (B) 1-Butene yield of 17_Pd/C as function of 

corresponding butadiene conversion for test at high temperature and low loading, and low 

temperature and high loading.  
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2.4 Conclusions 

A series of 2 to 17 nm carbon-supported Pd nanoparticle catalysts were prepared and 

tested in the selective hydrogenation of butadiene in the presence of a 100-fold excess 

of propylene. The butadiene hydrogenation activity per surface Pd atom slightly 

increased with nanoparticle size, from 17 s-1 to 34 s-1 at 25 °C for 2 nm to 17 nm 

particles, respectively. The propylene hydrogenation activity decreased with 

nanoparticle size from 2.6 to 0.65 and 0.4 s-1 for particles of 2 nm, 4 nm and 17 nm, 

respectively. Therefore, the selectivity towards alkene products is size-dependent, 

where larger particles exhibit a higher selectivity. These trends are explained by a 

decrease in corner and edge surface sites with increasing particle size. These 

undercoordinated sites are more prone to facilitate alkane formation in comparison to 

terrace surface sites, which favour butadiene hydrogenation. In addition to preferential 

hydrogenation (alkadiene vs alkene), less 1-butene isomerisation occurs on larger 

particles. This resulted in higher 1-butene yields for larger NPs, obtained at butadiene 

conversion levels closer to 100%. Lastly, for similar conversion levels, the selectivity 

and stability were better at 25 °C with higher Pd loading than with a lower Pd loading 

at 100 °C.  
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Abstract 

As demonstrated in the previous chapter, retaining high selectivity at high 
conversion using a Pd catalyst is challenging during selective hydrogenation 
reactions. The resulting undesired alkane formation is often ascribed to 
intrinsic properties of the Pd metal. However, in this chapter, we show that 
heat and mass transport effects strongly impact the catalytic activity and 
selectivity of Pd nanoparticles on carbon (Pd/C) catalysts in the selective 
hydrogenation of butadiene. By systematically varying the Pd loading and 
catalyst grain size, we show that higher loadings and larger grains strongly 
decrease the butene selectivity. This is ascribed to an effect of internal 
diffusion limitations arising from butadiene depletion in the core of the 
catalyst grains and not by intrinsic properties of Pd. The comprehensive 
assessment of heat and mass transport phenomena is essential to reliably 
relate experimental observations to catalyst properties such as Pd particle 
size, support or promoter effects. It contributes to the understanding of 
catalysts for selective hydrogenation of butadiene and can be extended to 
other reactions and/or supported metal catalysts. 
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3.1 Introduction 

Selective hydrogenation is of great interest both for academic research as well as for 

industrial applications ranging from the production of fine chemicals, pharmaceuticals, 

food additives and agrochemicals to the purification of polymer-grade purity olefins.1-4 

Typically, supported Pd-based catalysts are used for selective hydrogenation reactions 

because of their superior activity at moderate temperatures.5–7 Their high activity, 

however, also induces challenges in retaining good selectivity, as Pd often leads to 

unwanted alkane production. The poor performance of monometallic Pd is ascribed to 

properties such as strong heat of adsorption of the reactant8 and/or the formation of 

Pd-hydride6. Therefore, commercially available Pd-based catalysts for selective 

hydrogenation are typically modified with secondary metals such as Ag9 or Pb10 and/or 

molecular adsorbates10,11. Proposed explanations for the increased selectivity of 

modified Pd include geometric12–14 and/or electronic8,14–17 effects. Such modifications 

increase the selectivity but often come at the expense of the conversion. The surface- or 

mass-normalised activity roughly decreases by 1 to 2 orders of magnitude compared to 

monometallic Pd, which is undesirable considering the scarcity and costs of Pd 

metal.12,16–19 This raises the question of how improved selectivity can be disentangled 

from the effects of reduced activity. Hence, a fundamental understanding of Pd-based 

catalyst intrinsic performance is valuable. 

In addition to the chemical properties of a catalyst, a considerable influence on the 

catalytic performance is related to the physical and structural properties in 

combination with the reaction conditions. For example, heat generation in exothermic 

reactions can induce local temperature effects on or near the active metal nanoparticle 

surface if the overall heat conductivity of the system is not sufficient. Early attempts by 

Luss to model the heat generated by an exothermic reaction over platinum 

nanoparticles predicted a temperature increase with an upper bound as high as 200 to 

500 °C.20 Sharma et al. spectroscopically showed that the surface temperature of a 

1% Pt/SiO2 catalyst increased by 119 °C, from 98 to 217 °C, upon continuous exposure 

to a CO/O2 mixture.21 Similarly, a temperature difference of 130 °C between the metal 

nanoparticle and the reaction gas was found during steady-state oxidation of 2% CO 

over a Pt/Al2O3 monolith.22 Geitenbeek et al. showed by luminescence thermometry 

that a sharp increase in temperature is induced during methanol-to-hydrocarbons 

(MTH) reactions.23 Upon exposure of the reaction gas (18% methanol in He) over 

H-ZSM-5 zeolite catalyst, a temperature increase of 100 °C was observed, from 500 to 

600 °C, which took up to 2 hours to stabilise to steady-state conversion. This illustrates 

that exothermic reactions can cause local heating effects that can be deliberately 

applied to induce higher catalytic activity24 but should be avoided when determining 

the intrinsic structure-performance relationships of a catalyst. 

In heterogeneous catalysis, the activity scales with the concentration of the reactants 

and the reaction order. Hence, the reactant concentration at the catalyst active site is 

highly relevant. In typical reactors (e.g., plug flow), unless operating in differential 
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conversion mode, a significant concentration gradient over the catalytic bed exists due 

to the difference in reactant concentration at the beginning (inlet) and end of the 

catalytic bed (outlet). This concentration gradient increases with the increasing 

conversion. If a catalyst reaction rate surpasses the reactant diffusion rate, a 

concentration gradient is generated in the vicinity of the catalyst, which is referred to 

as mass transport or diffusion limitations.  

With external mass transport limitations, the reaction rate is limited by the reactant 

supply from the bulk gas or liquid phase to the catalyst grains. Internal mass transport 

limitations describe the limitations of diffusion within a catalyst grain, as a gradient is 

induced from the surface to its interior. A framework for assessing the effect of these 

mass transport limitations has been developed by Thiele, Weisz and Prater.25,26 For 

selective hydrogenation reactions, the presence of diffusion limitations can negatively 

influence not only the activity but also the selectivity.27,28 This is aggravated by the 

presence of micropores29, larger catalyst grain sizes30, and/or coke build-up.31–34 The 

Barreto group studied the kinetics of selective hydrogenation of butyne- and 

butadiene-butene mixtures in trickle bed reactors.35,36 They demonstrated that the local 

concentration of polyunsaturated molecules sharply dropped inside the catalyst grains 

due to internal mass transfer limitations. These results gave valuable insights into some 

parameters determining selectivity during selective hydrogenation reactions. 

However, the literature has been focused on liquid-phase hydrogenation in batch 

operation, whereas academic selective hydrogenation of alkynes and alkadienes mostly 

occurs in the gas phase during continuous operation.4 Liquid-phase and gas-phase 

hydrogenation differ from a kinetic viewpoint, as the effective diffusion of gasses is 

orders of magnitude faster than in the condensed phase.37 Moreover, in liquid-phase 

hydrogenation reactions, the reaction kinetics depend on the solubility of molecular 

hydrogen, which complicates the comparison of literature with gas-solid 

heterogeneous catalysis. 

Therefore, in this chapter, we describe the effects of heat and mass transport during the 

gas-phase selective hydrogenation of 1,3-butadiene. We demonstrate that diffusion 

limitations strongly affect the catalytic performance of Pd/C catalysts and explain how 

these effects are identified and avoided. 

 

3.2 Experimental details 

3.2.1 Catalyst preparation and characterisation 

Carbon-supported Pd-catalysts (Pd/C) were prepared by incipient wetness 

impregnation of Pd-precursor onto graphene nanoplatelets (GNP) support, as 

described in section 2.2.2. The desired metal weight loading (2.5 wt%) of the Pd/C 

catalyst was achieved by dilution of the 10 wt% tetraamine palladium(II) nitrate with 

purified water, while the lower weight loadings (0.5 wt%, 0.1 wt% and 0.02 wt%) were 
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prepared by successive further dilution of the impregnation solution of the 2.5 wt% 

Pd/C catalyst with purified water. Pd nanoparticles were grown to the desired size 

(see Chapter 2) using a high-temperature reduction step at 500 °C in 10% H2 (1 °C/min, 

1-hour hold, 10 and 90 mL/min H2 and N2 flow).19,38  

Bright-field TEM images were collected at 120 kV on Talos L120C (Thermo Scientific) 

electron microscope. Images of the post-catalysis samples were acquired by scanning 

TEM (STEM) on a Talos F200X (Thermo Scientific) electron microscope in dark field 

mode operated at 200 kV. Nanoparticle sizes were determined by manually measuring 

the diameters of 100-400 Pd particles in different regions of the sample using ImageJ 

software. The number-average diameters and volume area averaged diameters were 

determined by Eq. 2.1 and 2.2.  

Accordingly, the available surface area of Pd (SA, m2Pd/gcat) is calculated from the 

dispersion (𝐷, Eq. 2.10) and Pd weight loading (𝑤𝑡%) as 

 𝑆𝐴 = 𝑤𝑡% 𝑁Av 𝑎Pd 𝐷/𝑀Pd 
 Eq. 3.1 

where 𝑁Av is Avogadro’s constant (6.022×1023 mol-1) and 𝑀Pd is the molar mass of Pd 

(106.42 g/mol). 

X-ray diffraction (XRD) measurements were performed as described in Section 2.2.3. 

Scans were continuously accumulated for at least 60 hours to improve the 

signal-to-noise ratio for determination of the crystallite size of the low wt% catalysts.39 

 

3.2.2 Catalytic testing 

The catalytic performance was assessed in a custom-built gas-phase hydrogenation 

set-up. Experimental details are provided in section 2.2.4. The as-prepared catalysts of 

2.5%, 0.5% and 0.1% Pd/C (by weight) were diluted in bare carbon (GNP), so the final 

weight loading of all Pd/C-C mixtures was 0.02% Pd (Figure 3.1). Of the (diluted) 

catalysts, 1.0 g was pressed into a pellet (74 MPa), which was then gently crushed over 

a set of sieves to obtain sieve fractions of 1-37 µm, 38-74 µm, 75-149 µm and 

150-211 µm. For each catalytic test, 2.50 mg of (diluted) catalyst was mixed with 0.30 g 

of SiC (212-400 µm), which resulted in a constant metal loading of 0.50 µg Pd in the 

reactor.  

The conversion (𝑋𝑖) and selectivity (𝑆𝑖) during the catalytic test were determined by 

Eq.2.4-8. The selective butenes yield (𝑄) of the reaction was determined as the product 

of conversion and selectivity as: 

 𝑄butenes = 𝑋1,3-butadiene 𝑆butenes Eq. 3.2 
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3.2.3 Calculations of transport phenomena 

Estimations of heat and mass transfer effects in catalytic fixed-bed reactions were 

calculated using the Eurokin web-tool40 and the references therewithin. As criteria for 

mass and heat transport limitations, a deviation of more than 5% from the non-limited 

activity is considered as a transport-limited reaction.25,26,40,41 A detailed description of 

the calculations is provided in the supporting information. The calculations are based 

on the diffusion and thermal properties of the gasses as obtained from the literature 

(Table S3.1). Temperature-dependent values are determined at the relevant reaction 

temperature during the catalysis. The density of the gas mixture is based on the ideal 

gas law, assuming constant pressure (1 atm). The properties of the reactor and the 

catalyst materials are listed in Table 3.1. The pellet density was calculated by measuring 

the thickness of a 13 mm catalyst pellet with known mass prior to sieving, pressed at 

74 MPa. The porosity was calculated by adding a known amount of material to the 

catalytic reactor and measuring the height of a catalyst bed. 

For the diffusion criteria, butadiene is taken as the limiting reactant (0.3 mol%) in the 

gas mixture. The calculated bulk diffusivity (𝐷BD,bulk, Eq. S3.1-Eq. S3.3) of butadiene in 

the mixture was between 1.5 and 2.5×10-6 m2/s for 25 and 100 °C, respectively 

(Table S3.1). Taking in consideration Knudsen diffusion, the effective diffusivity 

(𝐷BD,eff, Eq. S3.4-Eq. S3.6) was between 3.5×10-7 and 3.9×10-7 m2/s (see section 3.6 on 

page 71 for details), in line with other estimations on gas-phase diffusion in porous 

 
Figure 3.1. Schematic representation of selective hydrogenation reactor at different 

length scales. From left to right: 4.0 mm internal diameter fixed bed reactor with inlet gas 

mixture of 0.3% butadiene (BD), 30% propylene (PP), 20% hydrogen and 49.7% helium. Pd/C 

catalyst grains (black) are mixed with nonporous and inert SiC particles (grey). Reactant and 

product concentrations are analysed by on-line gas chromatography (GC). Middle: catalyst 

grains with non-diluted 0.02% Pd/C or 0.1% Pd/C diluted in GNP to achieve equal Pd weight 

loading in each reactor. The greyscale schematically indicates the reactant concentration in the 

grains during catalysis, as it is converted over the active Pd nanoparticles, but not over the 

inert carbon dilutant. Right: selective hydrogenation of butadiene over Pd nanoparticles, in an 

excess of hydrogen and propylene. Drawings not to scale.  

 

Reactor
SiC and Pd/C
dreactor = 4 mm

GC

BD, PP,
H2, He

Catalyst grain
0.02 wt.% Pd/C 

dgrain = 19 – 180 µm

or

Diluted catalyst grain
0.1 wt.% Pd/C + C

dgrain = 19 – 180 µm

Pd nanoparticle
dPd = 5 – 10 nm
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solids.37 In this calculation, cylindrical pores were assumed for the support, for which 

the pore diameter was estimated from the catalyst density and the surface area of the 

carbon (Table 3.1). This geometrical assumption overestimated the microporosity of 

the carbon, which has a relatively open catalyst structure (vide infra, section 3.3.1). For 

the carbon support, porosity arises from the stacking of graphitic plate-like sheets and 

not from channel-like micropores. Hence, the provided values for 𝐷BD,eff should be 

considered as a lower limit for butadiene diffusion rates. 

External and internal heat transfer phenomena were calculated based on the rate and 

exothermicity of the reactions and the thermal properties of the gas mixture 

(Table S3.1) or the solid catalyst. The heat of the reaction was determined from the 

hydrogenation reaction enthalpy of each reactant (butadiene, butene, propylene). In 

the butadiene hydrogenation reaction, the different butene products have slightly 

different reaction enthalpies (-110, -120 and -116 kJ/mol for 1-butene, trans-2-butene 

and cis-2-butene, respectively). An average value of -113.8 kJ/mol is obtained for the 

typical product distribution of Pd-catalysed butadiene hydrogenation (60% 1-butene, 

37% trans-2-butene and 3% cis-2-butene).19,42 For the hydrogenation of 

propylene, -124 kJ/mol is used, and -125 kJ/mol for the over-hydrogenation of 

1-butene to n-butane. External temperature gradients were calculated as the 

temperature difference over the gas film surrounding the catalyst grain (Eq. S3.9-13). 

The difference between the average temperature of the catalyst grain and the external 

surface temperature of the grain was calculated as the internal temperature gradient 

(Eq. S3.14). The temperature differences were compared to the dimensionless 

activation energy of butadiene hydrogenation to check the activity criterion 

(<5% deviation) as a result of heat transfer limitations. 

 

Table 3.1. Properties of reactor and catalyst.  

Pressure 1.013×105 Pa Pellet 

porosity (𝜺𝐩 
) 

0.82  m3/m3
cat 

Molar inlet flow (𝑭) 3.44×10-5  mol/s Pellet density 

(𝝆𝐩) 

657 kg/m3
cat 

Internal diameter 4.0×10-3 m Catalyst 

density (𝝆𝐜𝐚𝐭) 

1045 kg/m3
bed 

Bed porosity (𝜺 ) 0.37  m3/m3
bed Mass catalyst 

(𝒎𝐜𝐚𝐭) 

2.5 ×10-6 kg 

Tortuosity (𝝉) 1.64 - Catalyst grain 

size (𝒅𝐩)a 

19, 56, 

112, 180 

×10-6 m 

Reaction-order (𝒏) -0.2519 - Catalyst 

surface area 

500 ×103 m2/kg 

a Average grain size from 1-37, 38-74, 75-149 and 150-211 µm sieve fractions. 
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External and internal mass transfer limitations were assessed by comparison of the 

effective diffusion of butadiene and the observed consumption rate of butadiene 

molecules. The volumetric reaction rate of the catalyst grains, 𝑅vol.
Obs (mol m−3 s−1), is 

defined as: 

 𝑅vol.
Obs = 𝑅mass

Obs  𝜌cat =
𝐹 𝑥𝑖  𝑋𝑖  𝜌cat

𝑚cat

 Eq. 3.3 

where 𝑅mass
Obs  is the observed gravimetric reaction rate (mol kg−1 s−1), 𝜌cat is the density 

of the catalyst grains (1045 kg m−3), 𝐹 is the reaction gas flow (3.44×10-5 mol s−1), 𝑥𝑖  is 

the reactant inlet fraction (0.003 for butadiene, 0.3 for propylene), 𝑋𝑖  is the conversion 

of the individual reactant and 𝑚cat is the loaded mass of catalyst (2.5×10-6 kg). External 

diffusion limitations were assessed based on the Carberry number, which describes the 

difference between the bulk gas-phase concentration (𝐶BD
0 , 0.3 mol%) and the 

concentration at the external surface of a catalyst grain (𝐶BD
surf, see Eq. S3.16). Internal 

diffusion limitations were calculated by the Weisz-Prater criterion.26 The 

Weisz-modulus (Φ) was defined as: 

 
Φ = (

𝑛 + 1

2
)

𝑅vol.
Obs (𝑑p/6)2

𝐷BD,eff 𝐶BD
surf

 
Eq. 3.4 

where 𝐶BD
surfwas be determined from the Carberry number (Eq. S3.16). To fulfil the 

Weisz-Prater criterion (deviation less than 5% due to diffusion limitation in small 

pores), the Weisz-modulus should be less than 0.08.43 Analogous to the Weisz-Prater 

modulus (Φ) is the Thiele modulus (𝜑)25 which is defined as: 

 𝜑 =
𝑑p

6
√(

𝑛+1

2
) 

𝑅vol.
Obs

𝐷BD,eff
 𝐶BD

surf𝑛−1
. Eq. 3.5 

The Thiele- and Weisz-moduli are related by Φ =  𝜂int𝜑2, where 𝜂𝑖𝑛𝑡is the effectiveness 

factor, which is a measure for the catalyst utilisation between 0 and 100%. The 

effectiveness factor is defined as the ratio between the observed average reaction rate 

and the rate of reaction at the catalyst surface (in the absence of any diffusion 

limitations).44,45 It provides an average fraction of the catalyst material which is used in 

the catalysis to its full potential. Without any limitations, 𝜂𝑖𝑛𝑡=1, which decreases as a 

result of increasing mass transport limitations, when part of the catalyst interior will 

contribute less to the total reactions. For a first-order reaction 𝜂𝑖𝑛𝑡  is derived from the 

Thiele modulus as: 

 𝜂int =
1

𝜑
(

1

tanh(3𝜑)
−

1

3𝜑
) Eq. 3.6 

Since the catalyst reaction rate depends on the reactant concentration, we define the 

internal effectiveness factor to be related to the concentration profile inside a catalyst 

grain. Here, the mathematical integration of the concentration profile as function of 

penetration depth, 𝑓(𝑑, 𝑥), over the entire grain represents the value of 𝜂int. Assuming 

spherical grains, this means: 
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  ∫ 4π (𝑑 − 𝑑p/2)
2

× 𝑓(𝑑, 𝑥)d𝑑

𝑑p/2

0

 =  𝜂int × ∫ 4π (𝑑 − 𝑑p/2)
2

d𝑑

𝑑p/2

0

 Eq. 3.7 

where 𝑑 is the penetration depth inside the catalyst grain, 𝑑p/2 is the centre of the grain 

at half the diameter and 𝑓(𝑑, 𝑥) is the concentration profile as a function of the 

penetration depth. For 𝑓(𝑑, 𝑥) multiple functions can be assumed, such as an 

exponential decrease 

 𝑓(𝑑, 𝑥) = e−𝑑𝑥  Eq. 3.8 

which is valid for a reaction with positive reaction order (𝑛), a linear 

concentration-depth profile 

 𝑓(𝑑, 𝑥) = 1 − 𝑑𝑥 Eq. 3.9 

which describes a zero-order reaction, or a concentration profile which is expected for 

𝑛 <0 such as 

 𝑓(𝑑, 𝑥) = 1 − e𝑑𝑥  Eq. 3.10 

where the values for 𝑥 can be determined if 𝜂int is known, using a numerical solver and 

Eq. 3.7. 

 

3.3 Results and discussion 

3.3.1 Structural properties of supported Pd catalysts 

Pd-catalysts of different weight loadings were prepared by incipient wetness 

impregnation followed by a reduction treatment at 500 °C to induce Pd particle 

growth.19,38 Figure 3.2A shows the Transmission Electron Microscopy (TEM) image of 

a typical Pd/C catalyst grain of roughly 1 micron. Figure 3.2B-E depict higher 

magnification images of the supported Pd nanoparticles of four selected catalysts. The 

images show Pd particles of similar size dispersed over the carbon support. The number 

of visible particles per image decreased with decreasing weight loading, showing just a 

single Pd particle in the TEM image with the lowest Pd loading (Figure 3.2E, 0.02 wt%). 

Average Pd particle sizes between 4.4 and 9.6 nm in diameter were found for the 

different catalysts, resulting in a specific Pd surface area between 0.01 and 2.6 m2/g 

(Table 3.2). An increasing trend in size was observed with decreasing weight loading, 

contrary to expected loading-size correlations, where higher metal loadings typically 

result in more agglomeration and, thus, larger particles.46–49 The observed trend in 

particle size might be attributed to slight instability of the diluted Pd-precursor, as the 

catalysts were prepared from high to low weight loading in successive order 

(see section 3.2). Nevertheless, the nanoparticles in the different catalysts were of a 

suitable size (> 4 nm), so minimal effects due to size-dependent catalytic performance 

are present.19 For the catalytic results, the catalysts will be referred to according to their 
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specific Pd surface area (SA) as X_Pd/C, where X is the exposed surface of the Pd 

nanoparticles, in m2Pd/gcatalyst. 

X-ray diffraction (XRD, Figure 3.2F) showed diffraction peaks of graphite (support) and 

metallic palladium nanoparticles and no indication of other crystalline phases, such as 

Pd-oxide, between 20 and 70° 2θ. Figure 3.2F shows the Pd(111) diffraction at 46.6° 2θ, 

which increased in intensity for higher Pd weight loading. The carbon-subtracted 

spectra in the inset of the figure give the isolated Pd(111) peak. The crystallite size of 

Table 3.2. Palladium nanoparticles properties.  

Catalyst Pd wt%a dTEM 

(nm) 

dVA 

(nm) 

Dispersion SA  

(m2
Pd/gcat) 

dXRD 

(nm) 

2.6_Pd/C 2.51 4.4±1.1 4.9±1.2 22.6% 2.55 3.8 

0.4_Pd/C 0.49 5.3±1.2 5.8±1.3 19.3% 0.42 4.3 

0.06_Pd/C 0.10 6.6±2.0 7.8±2.5 14.2% 0.064 5.8 

0.01_Pd/C 0.019 9.6±2.1 10.4±2.3 10.6% 0.0091 n.d.b 
a Determined from precursor amount in incipient wetness impregnation. b Not determined 

due too low weight loading.  

 

 
Figure 3.2. Catalyst characterisation. (A-E) Transmission electron microscopy (TEM) images 

of Pd/C catalysts with weight loading of (AB) 2.5 wt% at low (A) and high (B) magnification, (C) 

0.5 wt% (D) 0.1 wt% and (E) 0.02 wt%. Insets show size histograms of the individually measured 

diameters from TEM and lognormal fit to the distribution. (F) X-ray diffractogram of the Pd/C 

catalysts. The inset shows the carbon-subtracted intensity, highlighting the Pd(111) diffraction. 
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Pd particles was determined from the full width at half maximum (FWHM) of the 

carbon-subtracted Pd(111) diffraction peak, according to the Scherrer equation.39,50,51 

Average crystallite sizes between 3.8 and 5.8 nm were found for the catalyst between 

2.5 and 0.1 wt% Pd, respectively (Table 3.2). For the 0.02 wt% catalyst, the diffraction 

signal was too weak to observe any Pd diffraction. The trends in crystallite size from 

XRD corroborate the particle sizes obtained by TEM (Table 3.2), suggesting that the Pd 

particles are single crystalline. 

 

3.3.2 Conversion and catalyst activity 

Figure 3.3A depicts the conversion of butadiene as a function of temperature for 

0.01_Pd/C and 2.6_Pd/C for the smallest (19 µm) and largest (180 µm) average grain 

size. The conversion increased with temperature and showed an S-shaped curve. This 

shape reflects an initial exponential increase followed by saturation when approaching 

complete conversion.  

Surprisingly, the observed activity at 25 °C differed for the different catalyst grain sizes 

within the same catalyst sample (comparing triangles to circles), even though an 

identical amount of Pd metal was loaded in each reactor (0.50 µg Pd). For example, the 

activity of the 180 µm grains was 1.4-1.5 times higher than the 19 µm grains at 25 °C. 

A local heating effect can explain this phenomenon. With the larger grains, the same 

amount of catalyst is concentrated in fewer grains. For example, decreasing the radius 

of one spherical grain by a factor of 2 results in 23=8 times smaller grains with a 

combined volume equal to the single larger grain. Therefore, with a larger grain size, 
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Figure 3.3. Catalytic activity. (A) Butadiene conversion as function of temperature for 

2.6_Pd/C (solid line, filled symbols) and 0.01_Pd/C (dashed line, open symbols) catalysts with 

an average grain size of 19 µm (circles) or 180 µm (triangles). Conversion was stabilised for 

1.5 hours at 25 °C before heating to 100 °C with 0.5 °C/min. (B) Comparison of conversion of 

all catalyst-grain size combination at 25 °C and 100 °C. Reaction conditions: 0.50 µg Pd, 

50 mL/min reaction gas mixture of 0.3% butadiene, 30% propylene, 20% H2 and He balance. 
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the generated heat from the exothermic hydrogenation reactions was retained in fewer 

particles in a smaller fraction of the catalyst bed. The generated heat within the vicinity 

of the catalyst grains resulted in a higher local temperature, which induced higher 

apparent activity. The 1.4-1.5 times increase corresponds to a temperature increase of 

5-6 °C assuming Arrhenius behaviour and 50 kJ/mol activation energy, which is less 

than 9.1 °C adiabatic temperature increase estimated at 100% butadiene conversion 

(Eq. S3.8).5,19 

Figure 3.3A also shows that at 25 °C, the activity for 2.6_Pd/C was roughly 3.5 times 

higher than for 0.01_Pd/C with an equal amount of metal loaded in the reactor. The 

activity ratio between these two catalysts (3.5) was larger than their corresponding 

metal dispersion ratio (2.1, Table 3.2). Therefore, the particle size difference cannot 

explain the activity increase of 2.6_Pd/C. The trends in higher activity with higher Pd 

loading were ascribed to more local heating of the catalysts with higher Pd loading. In 

the undiluted 0.01_Pd/C (Figure 3.1), the distribution of Pd is uniform over the catalyst 

grain. In contrast, for 0.06_Pd/C, the specific Pd area is 7 times more concentrated and 

more heterogeneously distributed throughout the catalyst grain since it is mixed in a 

1:4 ratio with bare carbon (Figure 3.1). Such local concentration effects also 

contributed to local heating in the 0.4_Pd/C and 2.6_ Pd/C catalysts, with 25 and 125 

times more concentrated Pd in parts of the catalyst grain. 

From the initial exponential increase with temperature, the apparent activation 

energies (Eact) were derived between 25 and 47 °C. The Arrhenius plots (Figure S3.1) 

yield Eact of 45.9±0.4 and 43.4±0.3 kJ/mol for 2.6_Pd/C and 0.01_Pd/C with 19 µm grain 

size, respectively, in line with previous studies on Pd-catalysed butadiene 

hydrogenation.5,19 For the 0.01_Pd/C catalyst with 180 µm grains, a similar Eact 

(43.3±0.7 kJ/mol) was found, whereas for 2.6_Pd/C, the obtained value is only 

25.8±2 kJ/mol. The lower apparent activation energies for higher loadings and larger 

grains suggested the occurrence of mass transport limitations already below 47 °C and 

40% conversion. 

At higher conversion, the 19 µm grains were more active than the 180 µm grains and 

an inverted trend was observed compared to at 25 °C (Figure 3.3AB). The decrease in 

activity for the larger grains originated from mass transfer limitations becoming more 

prominent, as evidenced by the decreasing slope in the Arrhenius plot (Figure S3.1). 

Because of the increasing activity of Pd/C at elevated temperatures, the diffusion rate 

of butadiene became limiting. Hence, a part of the volume of the catalyst grains was 

deficient in butadiene concentration, resulting in a lower average activity. As a result, 

none of the tested catalysts with 180 µm grains showed 100% conversion at 100 °C, 

whereas for the smaller grains, complete conversion was obtained (Figure 3.3B). 

In short, reactors with equal Pd mass loading showed variable catalytic activity, which 

cannot be explained by an effect of particle size.19 Local heating effects induced higher 

activity over Pd/C catalysts with higher Pd loading and/or larger grain size, especially 

at low conversion. At higher conversion, the activity trend as a function of grain size 
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was inverted due to increasing mass transfer limitations. Here, smaller grains 

outperformed the larger grains, as depicted by the cross-over point of the catalysts in 

Figure 3.3A. Local concentration gradients, as a result of diffusion limitations, have a 

large influence on obtaining active catalysts.24 However, this only describes the activity 

of the catalyst, whereas selectivity is of essential importance, especially in selective 

hydrogenation applications. 

 

3.3.3 Selectivity to butenes 

Figure 3.4A shows the selectivity to butenes as of function over butadiene conversion 

of 2.6_Pd/C and 0.01_Pd/C catalysts for the smallest (19 µm) and largest (180 µm) 

tested average grain size. The 19 µm grains showed a selectivity close to 100% at low 

(e.g., <25%) butadiene conversion levels. The high butene selectivity is explained by the 

strong adsorption of butadiene, in comparison to butenes or propylene (adsorption 

energy of -1.7 eV for butadiene, between -0.7 and -0.9 eV for propylene and butenes on 

Pd(111)).52,53 Therefore, as a result of strong competitive adsorption, the Pd 

nanoparticle surface is covered by butadiene, which effectively blocks propylene 

adsorption and limits the residence time of the butene that is formed. Only at higher 

butadiene conversion levels (e.g., >85%), the selectivity decreased due to a decreasing 

concentration of butadiene at the nanoparticle surface. 

The 0.01_Pd/C catalyst with larger grains (180 µm) also showed a high selectivity at 

low conversion levels (e.g., >90% selectivity below 50% conversion), whereas for 

2.6_Pd/C, the selectivity was below 80% at 26% conversion. For the butane selectivity, 

similar trends were observed as a function of Pd loading and grain size (Figure S3.1B). 

The low selectivity of 2.6_Pd/C catalyst with 180 µm grain size is ascribed to internal 

mass transfer limitations, as will be discussed in more detail in section 3.3.4. The 

 
Figure 3.4. Butene selectivity. (A) Selectivity as function of butadiene conversion of 2.6_Pd/C 

(solid line, filled symbols) and 0.01_Pd/C (dashed line, open symbols) catalysts with an average 

grain size of 19 µm (circles) or 180 µm (triangles). (B) Butenes yield during the selective 

hydrogenation of butadiene. 
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combination of a high loading and large grains induced an intraparticle butadiene 

concentration gradient, which decreases from the edge of the grain toward the interior. 

As a result, near the edge of the grain, butadiene was converted selectively, whereas 

further inside the grain, butane and propane formation occured due to the lower 

butadiene concentration and, hence, higher coverage with alkenes. For the combination 

of the tested highest Pd loading and grain size, this selectivity was already limited at 

low temperatures (25 °C, 26% conversion), where smaller grain and lower loading 

retained their selectivity up to higher conversion. For example, the 19 µm grains 

retained a selectivity above 90% up to 75% conversion. 

Figure 3.4B depicts the butene yield as a function of butadiene conversion, where yield 

was calculated by multiplication of conversion and selectivity (Eq. 3.2). At low 

conversions, the yield increased linearly, following the diagonally (i.e., 100% 

selectivity) dotted lines because the total reaction selectivity was constant and near 

100% (Figure 3.4A). The yield slowly deviated from the diagonal line upon increasing 

conversion as selectivity declined. Eventually, the total yield even decreased with 

increasing conversion. Thus, the interplay between increasing butadiene conversion 

and decreasing butene selectivity induced an optimum butene concentration in the gas 

mixture. This optimum was close to 80% butene yield (95% conversion) for the 

0.01_Pd/C with 19 µm grains, whereas lower values for the optimum yield and 

conversion were found for the larger grains (Figure 3.4B). For example, over the 

2.6_Pd/C catalyst with 180 µm grains, a maximum yield of only 32% was obtained at 

58% conversion. 

Thus, the selectivity of the reaction strongly depended on the Pd loading and catalyst 

grain size, especially at higher conversion levels. All tested catalysts showed a decrease 

in selectivity with increasing conversion. The smallest tested grains (19 µm) showed 

good butene selectivity up to ~100% butadiene conversion, in line with the 

requirements for selective hydrogenation.3–5 On the contrary, the largest tested catalyst 

grains (180 µm) showed a steep decrease in selectivity already at moderate conversion 

levels (<50%). The strong dependence of the selectivity on catalyst grain size showed 

that internal mass transfer limitations can greatly influence catalyst selectivity. 

 

3.3.4 The influence of heat and mass transport 

To better understand the experimental observations in sections 3.3.2 and 3.3.3, 

potential heat and mass transport limitations were assessed. First, the catalyst of which 

the performance was most affected by transport limitations (180 µm grain size, 

2.6_Pd/C) was studied in more detail. An overview of all the heat and mass transport 

calculations is presented in Table S3.2. In short, heat transport limitations were 

negligible, as the estimated temperature gradients (external and internal) were less 

than 0.7 °C (Eq. S3.9 & Eq. S3.14). This low value is related to the high thermal 
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conductivity of the reaction mixture (50% He and 20% H2, >150 mW/(mK)54) and the 

solid catalyst material (Pd and C, >70 and >400 W/(mK), respectively).55,56 

External mass transfer limitations, resulting in a butadiene concentration gradient from 

the bulk gas phase to the outer surface of the catalyst grain, had little to no influence on 

catalysis. Even at 100 °C, a Carberry number of 0.03 (Table S3.2) was calculated, well 

below the 0.2 criterion for a 5% activity deviation (Eq. S3.15). However, internal mass 

transfer limitations were present already at 25 °C, as a Weisz-modulus (Φ) of 0.09 was 

calculated, just above the Weisz-Prater criterion of 0.08 (Eq. 3.4). At higher 

temperatures, the increased activity led to more diffusion limitations of the reactants 

(Φ=0.3), resulting in an effectiveness factor of 87% at 100 °C.  

Since internal diffusion limitations were the main contributor to transport limitations, 

they were examined in more detail. Figure 3.5A shows the calculated Weisz-modulus of 

0.01_Pd/C and 2.6_Pd/C catalysts, with either 19 µm or 180 µm average grain size. The 

19 µm grains showed a small Weisz-modulus (Φ<0.005 at 100 °C) and internal mass 

transfer limitations can be neglected. More severe limitations were observed over the 

larger grains, with Φ=0.02 or 0.09 at 25 °C for 2.6_Pd/C or 0.01_Pd/C, respectively. With 

increasing temperature, the Weisz-moduli increased to values above 0.3 at 100 °C, 

indicating strong internal diffusion limitations. Figure 3.5B provides an overview of the 

derived Weisz-moduli of tested Pd loadings and grain sizes, at the lowest (25 °C) and 

highest (100 °C) tested temperature. For the 180 µm grains at 25 °C, only the 0.01_Pd/C 

catalyst showed a sufficiently low Weisz-modulus below the Weisz-Prater criterion 

(Φ<0.08, dashed horizontal line). At 100 °C, catalysts with 56 µm or smaller grains were 

needed to satisfy this criterion. The calculated values of Φ for the catalysts in 

Figure 3.5A clearly indicates the importance of internal mass transfer limitations for 

both the experimentally observed activity (Figure 3.3A) and selectivity (Figure 3.4A), 
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Figure 3.5. Internal diffusion limitations. (A) Weisz-modulus of 2.6_Pd/C (solid line, filled 

symbols) and 0.01_Pd/C (dashed line, open symbols) catalysts with average catalyst grain size 

of 19 µm (circles) or 180 µm (triangles). (B) Overview of the Weisz-moduli for the tested 

combinations of Pd loading and grain size at lowest (25 °C) and highest (100 °C) tested 

temperature. Dashed horizontal lines indicate Weisz-Prater criterion (Φ=0.08). 
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which both decrease with increasing Weisz-modulus, hence larger grains induce 

diffusion limitations. 

The internal effectiveness factor, 𝜂int, can be used to estimate the butadiene 

concentration gradient within the catalyst grain (Eq. 3.7). Figure 3.6 shows the 

calculated butadiene concentration in a spherical 180 µm grain of the 0.01_Pd/C 

catalyst. The values for 𝜂int were taken at the lowest (25 °C) and highest (100 °C) 

catalysis testing temperatures, and the Pd loading was assumed to be uniformly 

distributed throughout a spherical grain. At 25 °C, an effectiveness factor of 98% was 

obtained, resulting in a relatively flat concentration profile (black lines in Figure 3.6). 

This means the average butadiene concentration in the grain equalled 98% of the 

concentration at the surface of the grain (𝑑 =0, Eq. 3.7). At 100 °C, the bulk 

concentration was slightly lower, following the ideal gas law. Moreover, a lower 

effectiveness factor of 84% was obtained. Accordingly, a steeper decrease of the 

butadiene concentration gradient was calculated (red lines in Figure 3.6A).  

For a linear concentration gradient (assuming zero-order reaction, 𝑛=0), the butadiene 

concentration in the middle of the grain was calculated to be less than 37% of the 

surface concentration. When a negative reaction order (𝑛<0) is assumed (as observed 

for strongly adsorbing butadiene5,19), the reaction rate increases with decreasing 

reactant concentration, resulting in a faster-declining gradient towards the middle of 

the catalyst grain.57 As a result, in this example, part of the grain (31% of the diameter, 

3.0% of the volume) is entirely free of butadiene, which enables alkane formation in the 

interior. The estimated concentration profile of a spherical particle is visualised in 

Figure 3.6B. Although near the external surface of the grain, hydrogenation is selective 

due to the high concentration of butadiene58, the unselective alkane formation in the 

 
Figure 3.6. Intraparticle concentration profile. (A) Estimated butadiene concentration as 

function of penetration depth into an exemplary catalyst grain. Calculated by Eq. 3.9 (𝒏=0) or 

Eq. 3.10 (𝒏<0). Bulk concentration calculated from the ideal gas law at 1 atm. Surface 

concentration estimated from Carberry number for 180 µm grains (Eq. S3.16). (B) The grayscale 

illustrates the concentration inside a spherical catalyst grain at 100 °C with 𝜂int=84% (𝑛<0).  
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interior of the grain will strongly decrease the overall selectivity. Note that this 

concentration profile in Figure 3.6A is a one-dimensional representation of the grain 

and for a spherical shape, half of the volume is located in the outer 21% radial distance. 

Moreover, this analysis assumed uniformly distributed Pd throughout the catalyst 

grain, which in practice is only valid for the undiluted 0.01_Pd/C catalyst. For the higher 

weight loadings, the Pd/C catalyst was mixed with inert carbon (see Figure 3.1), 

resulting in locally higher Pd concentration and steeper local butadiene concentration 

gradients. 

From the experimental data in sections 3.3.2 and 3.3.3 and the calculations in this 

section, it is evident that internal mass transfer limitations strongly affect the 

performance in selective butadiene hydrogenation. Figure 3.7 depicts the dependence 

of the butene selectivity (taken at 85% butadiene conversion) as a function of the 

calculated Weisz-modulus for different Pd loading and grain size combinations. All 

catalysts showed a steep decrease in selectivity with increasing Φ, already at Φ<0.05, 

well below the generally accepted criterion of Φ<0.0825,26,40,41, indicating that the 

selectivity was more strongly affected than the activity by internal diffusion limitations. 

The 0.01_Pd/C showed higher selectivity than the catalyst with higher Pd loading, even 

at similar estimated diffusion limitations. This is ascribed to the preparation of the 

catalyst grains, where the catalysts 0.1%, 0.5% and 2.5% Pd/C were diluted with inert 

carbon powder (5, 25 and 125 times, respectively) to obtain a final weight loading of 

0.02 wt% Pd (Figure 3.1). Therefore, within these catalyst grains, there is a 

heterogeneity of Pd-rich and purely inert (carbon) regions at the scale of the support 

sheets (0.5-1.0 µm, Figure 3.2A). The calculations of the Weisz-modulus do not take into 

account these local Pd concentrations. As a result, the Pd-rich regions of the grain will 

have a steeper butadiene concentration gradient at the same conversion and internal 
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Figure 3.7. Weisz-modulus as selectivity descriptor. Comparison of the experimentally

measured selectivity (taken at 85% conversion) and the calculated Weisz-modulus of the tested 

catalysts. Lines as a guide for the eye.
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effectiveness factor, which is associated with lower selectivities, especially at high 

conversion levels. 

Lastly, these insights into the selectivity trends were used to provide some guidelines 

for catalyst design for the selective hydrogenation of butadiene and similar reactions 

and can be extended to metal catalysts other than Pd. If a metal turnover frequency 

(TOF) is measured or estimated, the volumetric reaction rate of the catalyst (𝑅𝑣𝑜𝑙.
𝑒𝑠𝑡 ) can 

be calculated from Eq. S3.7. Analogous to section 3.2.3, the Weisz-modulus can be 

calculated (Eq. 3.4) and compared to the effective diffusion rate required for good 

selectivity. Figure 3.7 indicates that a Weisz-modulus smaller than 0.03 is necessary for 

retaining high selectivity above 70% at 85% butadiene conversion. Table 3.3 provides 

an overview of various metal catalysts for the selective hydrogenation of butadiene in 

large excess of propylene that are reported in the literature.19,59–62 For Pd/C, a 

maximum grain size of ca. 50 µm is required, in line with the experimental results from 

Figure 3.7. The coinage metals (Cu, Ag, Au) show orders of magnitude lower intrinsic 

metal activity (TOF), even at the higher reaction temperature. Therefore, the critical 

grain sizes for internal diffusion limitations are 5 to 34 times larger than for Pd 

catalysts, even at higher weight loading and smaller nanoparticle sizes. 

Our findings emphasise the need to assess internal mass transfer limitations during 

selective hydrogenation of trace amounts (e.g., 0.3%) of butadiene over highly active Pd 

and show the importance of carefully evaluating if experimental trends are not partially 

due to heat or mass transfer effects. The same supported Pd nanoparticles showed a 

broad range of catalytic performance, which could wrongfully be ascribed to intrinsic 

catalyst properties rather than to diffusion limitations. Therefore, for academic 

research, the occurrence of any of these effects should be carefully discarded before 

ascribing trends to various catalyst properties such as metal nanoparticle size, weight 

loading and/or promoters. Diffusion-related effects also rely on catalyst geometry, 

accessibility, meso- and/or microporosity, grain size and/or gas-solid interaction with 

the support. The impact of a variation of the thermal properties should also be carefully 

assessed, for example, when comparing conductive to insulating catalyst supports or 

Table 3.3. Maximum catalyst grain size (𝒅𝐩) for other metal catalysts from the literature.  

Catalyst Nanoparticle 

size (nm) 

wt% TOF (s-1) T (°C) 𝒏 𝒅𝐩 (µm)a 

Pd/C19,This work 5.0 0.1% 20 25 -0.25 53 

Cu/C59 7.3 6.3% 6×10-3 125 0.25 268 

Cu/SiO2
59 7.3 5.7% 5×10-3 125 0.25 309 

Ag/SiO2
60 2.9 1.8% 0.2×10-3 120 0.7561 1 807 

Au/SiO2
60 2.6 3.7% 4×10-3 120 0.262 437 

a Calculated so that Φ<0.03. Catalyst properties, intrinsic activity (TOF) and reaction order in 

butadiene (𝑛) taken from the literature. Calculations based on selective butadiene 

hydrogenation (20% conversion, 0.3 mol% inlet). 
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when varying inert dilute gasses such as Ar and He, which have a tenfold difference in 

thermal conductivity.63 

More generally, this manuscript its experimental observations and calculations can be 

extended to any heterogeneous catalysis system. One can estimate the associated 

transport phenomena by adapting some of the properties of Table 3.3 for the desired 

application, as typical industrial catalysts operate at very different reaction conditions 

than those discussed for selective hydrogenation. For example, in Cu-catalysed 

hydrogenation of CO/CO2 to methanol, metal weight loadings up to 60 wt% Cu and 

temperatures around 230 °C are used, greatly increasing the catalysts volumetric 

activity.64 The effective diffusion, however, is also much higher due to 20% CO/CO2 

reactant feed and 50-100 atm operation pressure. However, reactants might condense 

inside the catalyst pores, which greatly lowers diffusion rates. In short, the mass 

transport limitations strongly influence the catalytic performance, especially for the 

combination of highly active metals, such as Pd, and trace amounts of reactants. Metals 

with lower activity, such as Cu, are less affected by this, especially when the inlet 

reactant concentrations are higher.  

 

3.4 Conclusions 

The influence of heat and mass transport limitations was investigated for the gas-phase 

selective hydrogenation of butadiene in a large excess of propylene with Pd/C catalysts. 

At low temperatures and conversions, higher Pd loading and larger catalyst grains led 

to enhanced activity due to local heating by the exothermic reactions. However, at high 

conversions, the activity of larger grains was lowered due to mass transfer limitations. 

The selectivity towards butenes strongly depended on internal diffusion limitations and 

strongly decreased with increasing Pd loading and catalyst grain size. The combination 

of catalytic results and calculations highlighted the importance of diffusion-induced 

concentration gradients inside catalyst grains. The impact on selectivity was much 

more severe than the impact on activity according to the Weisz-Prater criterion. Our 

insights provide guidelines for the understanding of the influence of catalyst structure 

for Pd-catalysed hydrogenation reactions and can be extended to other catalysts and 

reactions to better understand catalytic materials and design reliable catalytic testing 

conditions. 
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3.6 Supplementary information 

3.6.1 Heat and mass transport phenomena 

Gas diffusion 

For the transport properties of the reaction gas (Table S3.1, references 54 and 65–71), 

the value of the mixture is determined as the sum of the four components as: 

 𝑃𝑚𝑖𝑥 = ∑(𝑥i 𝑃i) Eq. S3.1 

where 𝑃i is the property of interest and 𝑥𝑖  is the molar fraction of each reactant. For 

simplicity, the initial molar fractions are used throughout the calculations. Even at the 

highest observed catalytic activity (100% butadiene and 5% propylene conversion at 

100 °C) the average value of the transport properties of the mixture only varied by less 

than 0.8% because of the large excess of H2 and He. 

 

Diffusion volumes (𝜈i) of each reactant were estimated for C4H6, C3H6, He and H2.40 The 

diffusion of butadiene (BD) in the individual gasses (𝐷𝐵𝐷,𝑖) was calculated from Fuller, 

Schettler and Giddings72 as: 

 
𝐷𝐵𝐷,𝑖 =

3.2 × 10−8 𝑇1.75 √
1

𝑚BD
+

1
𝑚i

𝑝 (𝜈BD
1/3 + 𝜈i

1/3)2
 

Eq. S3.2 

where 𝑇 is the temperature (K), 𝑚i is the molar mass (kg/mol) and 𝑝 is the pressure 

(101325 Pa).  
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The total diffusivity of butadiene in the reaction mixture is calculated with 

Wilke-equation41 as: 

 𝐷BD,mix = (1 − 𝑥BD) × ( ∑
𝑥i

𝐷BD,i
i≠BD

)−1 Eq. S3.3 

which results in a bulk diffusivity of 1.52―2.45×10-6 m2/s for butadiene between 

25―100 °C. 

 

For diffusion inside the catalyst grains, in the presence of narrow pores, limitation due 

to gas-solid interactions should be taken into account in addition to gas-gas 

interactions. The Knudsen diffusion (𝐷K) is calculated as  

 𝐷K =
2𝑟pore

3
√

8 R 𝑇

π 𝑚BD

 Eq. S3.4 

where 𝑅 is the ideal gas constant (8.3145 𝑚3 𝑃𝑎 𝐾−1 𝑚𝑜𝑙−1) and 𝑟 is the estimated pore 

radius: 

 𝑟pore =
2𝜀cat

𝜌cat𝑆
 Eq. S3.5 

where 𝜀cat is the catalyst porosity (0.82 m 
3/mcat 

3 ), 𝜌cat is the catalyst density 

(657 kg/mcat 
3 ) and S is the surface area of the catalyst (500×103 m2/kg). This results in 

an estimated pore radius of 3.1×10-9 m (3.1 nm) and 𝐷K between 7.1―8.0×10-7 m2/s. 

From the combined resistivity of Knudsen diffusion and bulk diffusivity of butadiene, 

the effective diffusivity of butadiene (𝐷BD,eff) is calculated as: 

 𝐷BD,eff =
𝜀 

𝜏
(

1

𝐷BD,mix

+
1

𝐷K

)

−1

 Eq. S3.6 

Table S3.1. Properties of reaction gasses.  

 Molar 

fraction 

Molar 

mass 

Diffusion 

volume 

𝑫𝑩𝑫,𝒊
a  Viscosity 

 

Thermal 

conduc- 

tivity 

Heat 

capacity 

Reactant vol% ×10-3 

kg/mol 

×10-5 

m3/mol 

×10-6  

m2/s 

×10-6 

Pa s 

×10-3 

W/(mK) 

J/(molK) 

Butadiene 0.3 54.09 7.79 n.a.a 8.7-10.5 15.0-24.3 79.9-97.7 

Propylene 30 42.08 6.14 6.5-9.6 9.0-10.7 17.0-25.6 63.8-78.8 

Hydrogen 20 2.016 0.707 4.0-5.9 8.9-10.4 179-210 28.7-28.9 

Helium 49.7 4.003 0.288 3.4-5.1 19.7-23.1 154-180 18.5-17.2 

Mixture 100 15.18 n.a. 1.5-2.5b 14.3-16.8 118-139 34.3-37.4 
a Defined as the diffusivity of butadiene in the other gas. b Determined by the Wilke-equation 

(Eq. S3.3.). Temperature-dependent values are listed between the minimum and maximum 

temperature of the catalytic test, 25-100 °C. 
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where 𝜏 is the catalyst tortuosity, which can be estimated from 𝜏 = 1/√𝜀 
 .73 This results 

in an 𝐷BD,eff of 3.5―3.9×10-7 m2/s between 25―100 °C. 

 

Activity 

The volumetric reaction rate can be estimated for any catalytic system, for example by 

taking known turnover frequency (TOF) from the literature as: 

 𝑅vol.
est. =

𝑇𝑂𝐹 𝐷 𝑚metal 𝜌cat

𝑀metal 𝑚cat

 Eq. S3.7 

where 𝑇𝑂𝐹 is the intrinsic surface-averaged activity (molecules surface-atom−1 s−1), 

𝐷 is the catalyst dispersion74 and 𝑀metal is the molar mass of the metal. 

 

Heat transfer 

The adiabatic temperature rise (∆𝑇ad) in the reactor due to exothermic reactions can be 

calculated as: 

 ∆𝑇ad =
∑ (𝑥i 𝑋i | ∆r𝐻i|)i=BD,PP,n-but   

𝐶p,gas

 Eq. S3.8 

where ∆r𝐻i is the hydrogenation reaction enthalpy of each reactant (see section 3.2.3 

in the main text). 𝐶p,gas is the heat capacity of the gas mixture (Table S3.1) which we 

assume constant even at full butadiene conversion since the molar fraction of is very 

low (0.3%) and conversion of propylene was always below 5%. For full butadiene semi-

hydrogenation, this results in a temperature increase of the reaction gas of 9.1 °C, which 

increases up to 60 °C when 5% propylene conversion and 10% butane formation are 

considered. 

 

External heat transfer limitations are calculated by the temperature difference over the 

gas film that surround the catalyst grain.75 

 ∆𝑇film =
∑ (𝑅vol.,i

Obs  | ∆r𝐻i|)i=BD,PP,n-but

 𝛼p 𝑎V

 Eq. S3.9 

where in 𝑅vol.,i
Obs  × | ∆r𝐻i| the produced heat by hydrogenation of butadiene, propylene 

and butene. αp is the transfer coefficient (W/(m2K)), which is defined as: 

 𝛼p  =
𝑁𝑢 λgas 

𝑑p

 Eq. S3.10 

where λgas is the thermal conductivity of the gas (Table S3.1) and 𝑁𝑢 is the Nusselt 

number, defined as: 

 𝑁𝑢 = 2 + 1.1𝑅𝑒0.6𝑃𝑟1/3, Eq. S3.11 

Where Prandtl number, 𝑃𝑟, is defined as: 

 𝑃𝑟 =
𝐶p,gas 𝜇

λgas

 Eq. S3.12 



3 

To exclude external heat transfer effects to alter the catalytic activity by more than 5%, 

∆𝑇film should be less than 0.05𝛾𝑏 𝑇⁄ , where 𝑇 is temperature and 𝛾𝑏 is the dimensionless 

activation energy: 

 𝛾b =
𝐸act

R 𝑇
 Eq. S3.13 

with 𝐸act in J/mol, which for 𝐸act of 50×103 J/mol results in ∆𝑇film<0.74 K at 25 °C and 

<1.2 K at 100°C. 

 

Internal heat transport limitations are calculated as the difference between catalyst 

grain edge and the average grain temperature as: 

 ∆𝑇int,av =
𝑑p

2  ∑ (𝑅vol.,i
Obs  | ∆r𝐻i|)i=BD,PP,n-but

60 λcat

 Eq. S3.14 

where λ𝑐𝑎𝑡  is the heat conductivity of the catalyst grain, which because of the high heat 

transfer properties of graphite55, we assume to be limited by Pd (72.1-73.5 W/(mK) for 

25-100 °C)56. Analogous to external heat transport, deviations less than 5% of the 

catalytic activity when ∆𝑇𝑖𝑛𝑡<0.05𝛾b 𝑇⁄ . 

 

External mass transfer limitations 

To understand the effect of external diffusion limitations by the Carberry number, 𝐶𝑎, 

is calculated which describes the difference between butadiene concentration at the 

catalyst grain exterior surface compared to the bulk gas-phase concentration. In other 

words, 𝐶𝑎=0.75 if the surface concentration is 25% of the reactor inlet concentration. 

 𝐶𝑎 =
𝑅vol.

Obs

𝑘g 𝑎V 𝐶BD
0 =

𝐶BD
0 − 𝐶BD

surf

𝐶BD
0 <

0.05

|𝑛|
 Eq. S3.15 

where, 𝑅vol.
Obs is the volumetric reaction rate of the catalyst (mol mcat

−3 s−1), 𝑘g is 

external mass transfer coefficient (m3 m−2 s−1), 𝑎𝑉  is the external surface area of the 

catalyst grain (6/𝑑p for spherical shape, where 𝑑p is the average catalyst grain size in 

meters), 𝐶BD
i  is the concentration of butadiene in the bulk (𝐶BD

0 = 0.3 mol% 

= 0.123 mol mgas
−3 at 25°C) and at the external surface of the grain (𝐶BD

surf) which can 

be rewritten to determine surface concentration as: 

 𝐶BD
surf = 𝐶BD

0 (1 − 𝐶𝑎)= 𝜂ext 𝐶BD
0  Eq. S3.16 

where 𝜂𝑒𝑥𝑡  is the effectiveness factor of external diffusion. 

 

The external mass transfer coefficient, 𝑘𝑔, is calculated as 

 𝑘g = 𝐷BD,mix 𝑎V 𝑆ℎ Eq. S3.17 

where 𝐷BD,mix is molecular diffusivity of butadiene in the gas mixture (see Eq. S3.3) and 

Sherwood number, 𝑆ℎ is defined as:76 

 𝑆ℎ = 2 + 1.1𝑅𝑒0.6𝑆𝑐1/3, Eq. S3.18 

where the Reynolds number, Re, is defined as:  
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 𝑅𝑒 =
𝑑p 𝜌gas 𝑢

𝜇
 Eq. S3.19 

with 𝜌𝑔𝑎𝑠  the gas density (0.62-0.50 kg m−3), 𝑢 the superficial gas velocity 

(0.067-0.084 m s−1) and 𝜇 the gas mixture viscosity (Table S3.1). 

The Schmidt number, Sc, is defined as: 

 𝑆𝑐 =
𝜇

𝜌gas 𝐷BD,mix

 Eq. S3.20 

This results in a value of Carberry number between 0 and 1. For a criterion of less than 

5% resistance of activity due to external diffusion limitations, Ca should be less than 

0.05/|𝑛|, where 𝑛 is the reaction order (-0.25 for butadiene).19  

 

 

 
 

 

Table S3.2. Calculated heat and mass transport. Catalytic data taken from 180 µm 2.6_Pd/C.  

Property unit low T high T  Property unit low T high T 

𝑻𝐬𝐞𝐭 °C 25 100  𝑻𝐬𝐞𝐭 °C 25 100 

𝑿𝐂𝟒𝐇𝟔
 % 26 91  ∆𝑻𝐢𝐧𝐭,𝐛𝐮𝐥𝐤 °C 0.022 0.35 

𝑿𝐂𝟑𝐇𝟔
 % 0.07 5  ∆𝑻𝐚𝐝 °C 3.4 59 

𝑺𝐂𝟒𝐇𝟏𝟎
 % 0.5 10  𝑪𝒂 - 0.011 0.031 

𝑹𝐯𝐨𝐥.
𝐎𝐛𝐬 mol/m3s 14.1 253  𝜼𝐞𝐱𝐭 % 98.9 96.9 

∆𝑻𝐟𝐢𝐥𝐦 °C 0.03 0.44  𝚽 - 0.09 0.3 

∆𝑻𝐢𝐧𝐭,𝐚𝐯 °C 0.012 0.23  𝜼𝐢𝐧𝐭 % 95.0 87.0 
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Figure S3.1. (Left) Arrhenius plot of catalysts depicted in Figure 3.2A of the main text. Dashed 

lines indicated the fitted data used for the determination of apparent activation energy.  

(Right) Selectivity to butenes, considering only the C4Hx molecules, as a function of butadiene 

conversion.  



 

 



 

 

Chapter 4  

 

Bimetallic PdCu particles 
 

 

  

This chapter is based on: Brandt Corstius, O.E., Nolten, H.L., Tierney, G.F., Xu, Z., Doskocil, E.J.,  

van der Hoeven, J.E.S. & de Jongh, P.E. Tuneable bimetallic PdxCu100-x catalysts for selective 

butadiene hydrogenation. Catalysis Today, under review, (2024). 
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Abstract 

To improve the selectivity of Pd, especially at high conversion levels, it can be 
diluted with a more selective metal such as Cu, Ag or Au. We report a detailed 
study on the effect of the Pd:Cu ratio on the catalytic performance of carbon-
supported Cu-rich catalysts for the selective hydrogenation of butadiene in an 
excess of propylene. Monodisperse bimetallic PdxCu100-x nanoparticles of 
7-8 nm diameter with tuneable Pd content of 0.6 to 13% were prepared 
colloidally. Catalytic turnover frequencies for butadiene hydrogenation 
increased with Pd-fraction up to 1.0 s-1 for Pd7Cu93 and Pd13Cu87. The butene 
selectivity, measured at 90% conversion, was roughly 80% for the catalysts 
with a Pd fraction above 3% and slightly increased with lower Pd 
concentrations. Operando X-ray absorption spectroscopy identified an electron 
density transfer from Cu to Pd in the bimetallic catalysts and a slight 
preferential clustering of Pd. The trend in catalytic activity was ascribed to an 
increased Pd ensemble size, indicated by higher Pd-Pd coordination numbers. 
For bimetallic PdxCu100-x/C catalysts, a Pd content of 3-7% retains a high 
selectivity of 78% at 90% conversion while improving the activity by 3-4 orders 
of magnitude compared to pure Cu catalysts. This chapter provides insights into 
controlling the activity-selectivity balance through metal nanoparticle 
compositions.    
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4.1 Introduction 

As an alternative to Pd-based catalysts for selective hydrogenation reactions, coinage 

metals such as Cu1-3, Ag4 and Au4-6 have been identified as hydrogenation catalysts with 

high selectivity, albeit at considerably lower activity. In an effort to combine the activity 

of Pd and the selectivity of the coinage metals, bimetallic systems such as PdCu, PdAg 

and PdAu have been investigated for selective hydrogenation reactions.7-16 The dilution 

of Pd in a second metal often improves its selectivity, but compromises its activity 

compared to monometallic Pd. 

The influence of diluting Pd with a secondary metal on the catalytic performance can be 

explained by both geometric and electronic effects. For very dilute Pd, active sites 

consist of isolated Pd atoms or small clusters, which interact differently with the 

reactants than extended Pd surfaces, such as those present in pure Pd. For example, 

isolated atoms show lower adsorption energies for hydrocarbons13-21 and 

hydrogen7,22-25, as well as a higher energy barrier for hydrogen dissociation7,15,22,24-27, 

compared to the more active monometallic Pd. These effects are ensemble size 

dependent, resulting in higher activity over surface Pd dimers or trimers compared to 

isolated Pd atoms.16,23,27,28 In addition, the hydrogenation of polyunsaturated molecules 

over dilute bimetallic Pd catalysts can require the cooperation of two spatially 

separated active sites, where hydrogen is dissociatively adsorbed on one site and 

thereafter spills over to an adjacent site where the hydrocarbon is adsorbed.22 

The electronic effects of alloying Pd with Ag lead to lower adsorption energies of both 

acetylene and ethylene on PdAg compared to on Pd surfaces, as calculated by density 

function theory (DFT).29 The reduced acetylene binding strength reduces the catalysts' 

activity, whereas lowered ethylene adsorption favours desorption rather than over-

hydrogenation, resulting in a higher selectivity. DFT on isolated Pd surface sites in Au, 

Ag, and Cu surfaces indicated the largest electron transfer to Pd from the Cu host, which 

is associated with higher selectivity.21 Several reports show the potency of bimetallic 

PdCu catalysts for selective hydrogenation reactions.9,30-35 Yet, a systematic study 

investigating the performance of PdCu catalysts over a large range of Pd-Cu 

compositions while keeping other structural parameters such as the particle size and 

shape constant, is still missing.  

We studied the effect of the Cu-to-Pd ratio in supported bimetallic nanoparticles on the 

selective hydrogenation of butadiene by tuning the Pd-fraction from 0.6% to 13% 

(167:1 and 7:1 Cu:Pd). The catalysts were tested in the selective hydrogenation of 

butadiene in the presence of excess propylene. We found that both the activity and 

selectivity of the catalysts depended on the Pd:Cu ratio and correlated this to the 

structural characteristics of these systems using operando X-ray absorption 

spectroscopy. 
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4.2 Experimental details 

4.2.1 Catalyst preparation 

The following chemicals were used without further purification: Cu(I)acetate (97%, 

Sigma-Aldrich, stored in Ar-glovebox), Pd(II)acetate (Pd 45.9-48.4%, Alfa Aesar), 

trioctylamine (TOA, >92.5%, Sigma-Aldrich, synthesis grade), tetradecylphosphonic 

acid (TDPA, 98%, Sigma-Aldrich), 2-propanol (isopropanol, 99.5%, anhydrous, Sigma-

Aldrich), hexane (>95%, Sigma-Aldrich) and HNO3 (aq, 65%, VWR chemicals). As 

carbon support, graphene nanoplatelets (xGnP® C-500 HP, ca. 500 m2/g, XG Sciences) 

were used after functionalisation (vide infra). 

Bimetallic PdCu and monometallic Cu colloidal particles were prepared by adapting a 

previously described method for Cu nanoparticles.36,37 In short, 10 mL of TOA was 

heated under continuous stirring and N2 flow to 130 °C, held for 60 minutes in a three-

neck flask equipped with a water-cooled condenser, and cooled to room temperature. 

Next, 123 mg of Cu(I)acetate, a variable amount of Pd(II)acetate and 139 mg of TDPA 

were added, keeping the TOA mixture under a blanket of N2. The flask was purged three 

times using vacuum/N2 and rapidly (30-40 °C/min) heated to 180 °C, held for 

30 minutes, and further heated to 270 °C. After 30 minutes at this temperature, the 

mixture was let to cool down to room temperature in 10-15 minutes. The suspension 

was diluted with 25 mL hexane and precipitated by addition of 150 mL isopropanol. 

The bimetallic PdCu particles were separated from the solvent by centrifugation 

(8000 rpm, 30 minutes) and redispersed in ca. 10 mL hexane. The colloidal suspensions 

were stored at 5 °C for 1 to 3 days (until deposition on the catalyst support). 

An oxidation treatment was performed to increase the concentration of surface groups 

of the carbon supports. A detailed description of the procedure and the characterisation 

of the oxidised and untreated carbon is given by Visser et al.38 In short, 400 mL 65% 

HNO3 (aq) was carefully added to 10 g bare carbon in a 1 L round bottom flask equipped 

with a water-cooled condenser and at the top connected to two, in series connected, gas 

bubblers filled with water. The mixture was heated to 80 °C under vigorous stirring. 

After 2 hours, room temperature deionised water was added to a total volume of 1 L. 

The mixture was let to cool further to room temperature without stirring for an hour. 

The supernatant was decanted and the residue was washed with deionised water until 

a neutral pH was reached. The wet powder was dried overnight at 120 °C in static air. 

PdCu/C catalysts were prepared by adding roughly 5 mL of the colloidal suspension to 

1.0 gram of functionalised graphitic carbon support, whereafter the hexane was 

evaporated at 55 °C overnight. The dry powders were heated to 250 °C with 1 °C/min 

under 100 mL/min 20% O2/N2 flow and held at that temperature for 2 hours to remove 

the ligands and residual solvent. One catalyst was prepared without Pd(II)acetate and 

served as a Cu reference catalyst (Cu100). After calcination, the PdCu/C and Cu/C 

samples were stored in their oxidised form under air. 
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Pd reference catalysts (Pd100) were prepared by incipient wetness impregnation (see 

Chapters 2 and 3) of the functionalised carbon (0.8 mL/g as determined by 

N2-physisorption) using a diluted (0.01-0.05 mol/L) Pd-tetraamine nitrate aqueous 

precursor solution. The concentration was chosen to obtain a Pd weight-loading similar 

to the Pd in PdCu/C catalysts (0.1-0.5 wt%, vide infra). The samples were heat treated 

(2 hours, 250 °C, N2) to remove nitrate and amine precursors and reduced (1 hour, 

500 °C, H2) to induce particle growth of the carbon-supported Pd nanoparticles to the 

desired sizes.39  

 

4.2.2 Characterisation 

The PdCu and Cu colloidal nanoparticles suspended in hexane were drop cast onto 

holey carbon-coated grids (300 mesh, Au) and let to dry under ambient conditions, 

while the PdCu/C catalyst powders were dry-deposited onto the carbon-coated grids 

(300 mesh, Cu). The shape, size and dispersion of the metal nanoparticles were 

analysed using (scanning) transmission electron microscopy ((S)TEM) with a Talos 

F200X (Thermo Fisher Scientific) microscope operated at 200 kV. Elemental mapping 

and quantification of Cu and Pd were performed by energy dispersive X-ray 

spectroscopy (EDX) in STEM mode on both large-area images as well as individual 

nanoparticles. From the TEM images, the diameters of individual nanoparticles (𝑑𝑖) 

were measured and the results were analysed using Eq. 2.1 and 2.2. 

Inductively coupled plasma optical emissions spectroscopy (ICP-OES) was performed 

with a PerkinElmer Optima 8300 and a PerkinElmer S10 autosampler. Roughly 20 mg 

of the PdCu/C or Cu/C catalysts was dissolved in 3 mL aqua regia (3:1 HNO3:HCl) for 

3 hours. Afterwards, the solutions were diluted with 5% HNO3 to ca. 0.5 mg/L of 

estimated Cu and/or Pd concentration. A calibration curve for the emission lines of 

known concentrations of Cu (225 nm) and Pd (340 nm) between 0 and 1.0 mg/L was 

measured, from which the Cu and Pd metal loadings in PdCu/C catalysts were 

calculated.  

Thermogravimetric analysis (TGA) combined with mass spectrometry (MS) and 

infrared (IR) spectroscopy were performed to follow the ligand removal during the heat 

treatment (see above). TGA-MS was performed on Perkin Elmer Pyris 1 TGA instrument 

while heating from 30 to 800 °C with a 10 °C/min ramp under 20% O2/Ar atmosphere. 

IR measurements were performed on powder samples with a Perkin Elmer 2000 FT-IR 

in attenuated total reflection (ATR) mode. Spectra were collected from 600 to 

4000 cm-1.  

X-ray diffraction (XRD) was performed as described in section 2.2.3. Crystallite sizes 

were estimated from the full width at half maximum (FWHM) of the highest intensity 

CuO (41.5° 2θ) or Cu2O (42.6° 2θ) oxide diffraction peaks.40  
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The lattice parameter (𝑑hkl) was determined from Bragg’s law as 

 
𝑑hkl =

λ

2𝑠𝑖𝑛 (𝜃)
 

Eq. 4.1 

Temperature programmed reduction (TPR) was performed with a Micromeritics 

AutoChem 2920. Typically, 40 mg of sample (>75 µm) was dried under Ar flow at 120 °C 

for 15 minutes and let to cool to room temperature, after which the gas flow was 

switched to 5% H2/Ar. The H2 consumption during reduction was followed with a TCD 

detector from room temperature to 800 °C with a 10 °C/min ramp. The onset of the 

reduction peak was determined as the intersection between the baseline and the slope 

of the peak at the maximum derivative. 

In situ and operando X-ray absorption spectroscopy (XAS) measurements were 

performed at the Pd K-edge (23.50 keV) in fluorescence mode (photodiode detector) 

and the Cu K-edge (8.979 keV) in transmission mode at the ROCK beamline at SOLEIL 

(Gif-sur-Yvette, France).41 At ROCK, continuous fast switching (~30 s) between both 

edges was possible using two Quick-XAS monochromators equipped with a Si(111) 

channel-cut crystal, which oscillated at 2 Hz. In this set-up, spectra of both elements 

were acquired in alternating fashion for 30 seconds at Cu and 120 seconds at Pd K-edge, 

with limited time lost between switching of the monochromators. The beam spot size 

was 100-200 µm2. Approximately 7 mg of pelletised 38-75 µm sieve fraction catalyst 

material was loaded into a 5 mm bed packed between quartz wool into a 2.1 mm outer 

diameter quartz capillary with 50 µm wall thickness. The capillary was loaded onto a 

home-built gas-phase reactor placed at 45° with respect to the X-ray beam direction 

equipped with two graphite heating blocks. The temperature of the sample was 

monitored by a thermocouple placed in the quartz wool inside the reactor directly after 

the catalytic bed. The sample holder was flushed with 20 mL/min hydrogen (AlphaGaz 

2, 99.9999%), reduced at 250 °C (3 °C/min) for 1 hour and let to cool to 30 °C in 

hydrogen while continuously acquiring spectra. Afterwards, pre-mixed reaction gasses 

were introduced over the catalyst at 30 °C, consisting of a 50 mL/min 50:30:20 vol% 

mixture of 0.6% butadiene/He (AirLiquide), propylene (>99.5%) and hydrogen, 

respectively, at atmospheric pressure. The concentration of the gasses was monitored 

by an on-line mass spectrometer. Reference spectra of Pd and Cu foils were acquired in 

transmission mode simultaneously to the measurement of the catalyst. PdO, CuO and 

Cu2O pellets were acquired ex situ. 

Analysis was performed with the Demeter software package, using the Athena and 

Artemis applications.42 The spectra were energy calibrated to the peak maxima for the 

first derivative of the absorption spectra set at 23.50 keV for Pd K-edge and 8.979 keV 

for Cu K-edge. The extended X-ray absorption fine structure (EXAFS) was extracted 

from the normalised spectra in Athena by Forward Fourier transform of the k-space 

with R=1.0 cutoff, k-weight of 2 or 3 in the range 3.0<k<14 Å-1. Linear combination 

fitting (LCF) was performed in Athena using the range from -20 to +50 eV from the 

inflection point. The best fit was determined by a fit of least squares of the metal foil 
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and metal oxide reference spectra. From the LCF, the reduction temperature was 

determined, which was defined as the temperature where half of the spectrum was 

fitted to the metal foil. The EXAFS fitting was performed in Artemis for 1.4<R<3.0 Å 

radial distance (R). An amplitude reduction factor (S02) of 0.68 for Pd-foil was fitted, 

using a cif file of fcc Pd (mp-2 reference43, average Pd-Pd distance 2.77 Å). The quality 

of the EXAFS fits was assessed by the R-factor (Rf), which quantifies the misfit of the 

data and the determined model.  

 

4.2.3 Catalytic testing 

Catalytic testing was performed on the set-up described in Chapter 2. After loading the 

catalyst, the reactors were flushed for 15 minutes with 50 mL/min N2 before switching 

to 20 mL/min H2. The PdCu/C and Cu/C catalysts were fully reduced in situ by heating 

to 250 °C in H2 with 3.8 °C/min and 1-hour isothermal hold before cooling to 25 °C in 

H2 in 30 minutes before introducing the reaction gas. 

Turnover frequencies (TOFs) per metal surface atom were calculated with Eq 2.9, 

assuming a homogeneous distribution of Pd and Cu in the nanoparticles. For the 

inclusion of Cu into the calculations, 63.546 g/mol molar mass, 11.83 Å3 atomic volume 

and 6.85 Å2 atomic surface area were taken for Cu. The estimation of the dispersion 

(Eq. 2.10) simplifies to 𝐷Pd =
1.112

𝑑VA
 for monometallic Pd nanoparticles and 𝐷Cu =

1.036

𝑑VA
 

for Cu with 𝑑VA in nanometers, assuming spherical particles and an fcc structure. For 

the bimetallic PdCu nanoparticles, the dispersion is estimated as a linear combination 

between Cu and Pd as: 

 
𝐷PdCu =

1.112 × 𝜃Pd + 1.036 × (1 − 𝜃Pd)

𝑑VA

 
Eq. 4.2 

where 𝜃𝑃𝑑  is the molar Pd-fraction (Pd/(Cu+Pd), between 0 and 1) of Pd, as determined 

by ICP-OES. 

 

4.3 Results 

4.3.1 Structure of the PdCu/C catalysts 

The as-prepared PdCu colloids (Figure 4.1A) were, on average, 6.5 ± 0.9 nm in 

diameter, as determined by transmission electron microscopy (TEM). Elemental 

mapping using energy dispersive X-ray spectroscopy (EDX) of the Cu and Pd in sample 

Pd3Cu97 (Figure 4.1B) visualised the homogeneous co-existence of both metals in each 

individual colloid and did not indicate separated metal domains. The bulk Cu:Pd ratio 

of these colloids was 26, as determined over a large area of colloids (550×550 nm2). 

This is close to the value found by ICP-OES (33, see Table 4.1). Quantification of a 
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representative subset of 10 individual nanoparticles depicted in Figure 4.1B showed 

similar Cu:Pd ratios in all particles and the composition of the two metals was uniform 

throughout the sample with a standard deviation of 22%.  

After deposition onto the carbon, 7.4 ± 1.4 nm particles (Figure 4.1C) were 

homogeneously distributed over the entire carbon support particles. Similar sizes in 

Figure 4.1C and Figure 4.1A evidence that limited particle growth had occurred during 

colloid deposition and heat treatment at 250 °C for 2 hours in 20% O2/N2. Table 4.1 

shows an overview of the metal loading, composition and particle size of the different 

catalysts in the series. It shows total loadings of 1.3-4.1 wt% Cu and 0.03-0.50 wt% Pd 

on carbon, resulting in Pd-fractions varied between 0.6% and 13.4% for the bimetallic 

catalysts, which are referred to as “PdxCu100-x” throughout this manuscript, where x is 

the percentage of Pd in PdCu, as measured by ICP-OES. The analysis of the TEM images 

Table 4.1. Overview of as-synthesised PdCu/C catalysts.  

Sample Pd wt%a Cu wt%a Cu:Pda Pd/(Cu+Pd) 

(mol/mol)a 

Particle 

diameter 

(nm)c 

Crystallite  

size (nm)d 

Cu100 - 3.52 n.a. 0 6.2 ± 1.3 6.7 

Pd0.6Cu99.4 0.03 3.10 167 0.006 7.5 ± 4.3 7.9 

Pd1.2Cu98.8 0.05 2.29 85 0.012 7.9 ± 1.3 6.6 

Pd3Cu97 0.21 4.11 33 0.030 7.4 ± 1.4 6.5 

Pd7Cu93 0.18 1.33 12 0.074 7.0 ± 1.3 5.6 

Pd13Cu87 0.50 1.94 6.5 0.134 7.4 ± 1.0 5.0 

Pd100(0.1%) 0.1b - n.a. 1 5.0 ± 1.6 n.d. 

Pd100(0.5%) 0.5b - n.a. 1 5.3 ± 1.2 4.3 
a Determined by ICP-OES. b Determined by precursor concentration during impregnation.  

c Number-averaged diameter from TEM. d Calculated from Scherrer equation on CuO or Cu2O 

diffraction peak.40 

 

 
Figure 4.1. Electron microscopy of the free-standing and carbon-supported PdCu 

colloids. (A) Bright-field transmission electron microscopy (BF-TEM) micrograph and  

(B) scanning TEM energy dispersive X-ray (STEM-EDX) map of the Pd3Cu97 colloids. The inset 

shows a linescan over the diameter of the particle as indicated by the white arrow. (C) BF-TEM 

micrograph of metal nanoparticles of this sample after deposition on the carbon support.  
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of all PdCu/C catalysts after oxidative heat treatment shows similar particle diameters 

and polydispersities independent of the Pd content.  

To verify at which temperature the organic TOA and TDPA were removed by oxidative 

heat treatment, thermogravimetric analysis was used (TGA, Figure 4.2A). In 20% O2/N2, 

the weight loss of the PdCu/C catalysts between 200 and 400 °C was ascribed to the 

removal of organics from the particles. Attenuated total reflection infrared 

spectroscopy (ATR-IR, Figure 4.2B) did not exhibit C-H vibrations associated with TOA 

and TDPA after 2 hours at 250 °C, evidencing complete removal of the organics by this 

mild oxidative treatment.44 X-ray diffraction (XRD) measurements on PdCu/C calcined 

at a higher temperature (350 °C) indicated decomposition of the carbon support 

accompanied by growth of particles, observed by a loss of C diffraction intensity and 

narrowing of CuO diffraction peak, respectively. Hence, the mild oxidative treatment 

(calcination) for 2 hours at 250 °C in 20% O2/N2 provided sufficient removal of residual 

organic solvent and/or capping ligands that originated from the nanoparticles but did 

not induce significant carbon decomposition or metal particle growth. 

The X-ray diffractograms (Figure 4.3A) showed diffraction peaks ascribed to CuO 

((002) and (111) at 41.5° and 45.3° 2θ) and/or Cu2O ((111) at 42.6° 2θ) for all Cu-rich 

catalysts after calcination in 20% O2/N2. No diffraction due to crystalline PdO or Pd was 

observed for the PdCu catalysts (highest diffraction intensity expected for PdO(101) at 

39.5° or Pd(111) at 46.9° 2θ), which proved that no significant amount of Pd (oxide) 

crystallites was present. From the full width at half maximum (FWHM) of the Cu-oxide 

  
Figure 4.2. Ligand removal heat treatment. (A) Mass loss of PdCu/C (orange) and carbon 

support (black) under 20% O2/N2 (orange) and PdCu/C under Ar (blue) atmosphere. Samples 

heated with 10 °C/min ramp. (B) IR spectra of PdCu/SiO2 catalyst before and after heat 

treatment (2h, 250 °C, 20% O2/N2) normalised to Si-O peak. Deposition onto SiO2 instead of 

carbon was necessary to minimise C-H vibration absorption of the support. The additional peak 

between 3020 and 2820 cm-1 in the black curve (before heat treatment) indicate the presence 

of organic ligand and is in line with reference IR spectra of trioctylamine (TOA, SpectraBase® 

compound ID BoJQr2Kggzj) and tetradecylphosphonic acid (TDPA, SpectraBase® compound 

ID 5hGnvRTmUTG).44 
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diffraction peaks, crystallite sizes were determined between 5.0 and 7.9 nm, in line with 

observations by TEM (Table 4.1).  

Additional compositional information of the bimetallic materials was derived from the 

diffraction peak position in the X-ray diffractograms in Figure 4.3A, where a peak shift 

to lower angles was observed with increasing Pd-fraction. By incorporation of larger Pd 

atoms (0.138 nm atomic radius, 0.203 nm Pd-O bond distance compared to 0.128 nm 

Cu metal radius, 0.184 nm Cu-O bond distance) into the Cu-oxide lattice, the lattice 

parameter increased and the peak position shifted to lower angles. The derived lattice 

parameter of Cu2O increased from 2.54 Å for Pd1.2Cu98.8 to 2.60 Å for Pd13Cu87; an 

expansion slightly larger than expected by Vegard’s law (0.033 Å) for a 10% larger bond 

distance of Pd-O compared to Cu-O. This peak shift substantiates the results of 

elemental mapping (Figure 4.1B), that Cu and Pd are mixed on the atomic scale in the 

individual nanoparticles/crystallites.  

Since Pd atoms act as active sites for H2 dissociation, if Pd and copper oxide are well 

mixed, the presence of Pd and H-spillover onto the Cu-oxide are expected to result in 

lower reduction temperatures of the Cu-oxide.7 The reduction profiles of all catalysts 

(Figure 4.3B) show a complete reduction to metallic Cu at temperatures below 250 °C. 

A trend in the peak maximum and peak onset is observed towards lower temperatures 

for higher Pd concentration, evidencing reduction promotion of the copper oxide by the 

Pd. Lastly, since all catalysts were fully reduced at 250 °C, this temperature was chosen 

as the reduction pre-treatment temperature for further characterisation and catalytic 

testing. After reduction, the bimetallic catalysts were more resistant to re-oxidation in 

air compared to the monometallic Cu/C catalyst, as found by XRD. After two weeks in 

air, the diffraction peak area of oxide:metal was 37:63 for Pd0.6Cu99.4, whereas almost 

complete oxidation (84:16) was observed over Cu/C.  

 
Figure 4.3. Characterisation of PdCu/C catalysts by XRD and TPR. (A) Powder X-ray 

diffractograms normalised to C(004) peak at 64° 2θ. Peak positions of refences indicated by 

vertical dotted and dashed lines. (B) Temperature programmed reduction profiles of PdCu/C 

catalysts normalised to Cu mass.  
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4.3.2 Catalytic activity 

The activity of the catalysts after reduction was tested in the selective hydrogenation of 

0.3 vol% butadiene in 100-fold excess of propylene and 20 vol% hydrogen (Figure 4.4). 

Panel A shows the conversion as a function of the temperature of the bimetallic 

catalysts and monometallic references. The monometallic Cu on carbon catalyst only 

showed considerable butadiene activity above 110 °C, in line with results reported in 

the literature for Cu/C and Cu/SiO2 catalysts of similar size.1 For the Cu100 catalyst, the 

surface normalised activity, expressed in turnover frequency (TOF), was 

6.4 × 10-3 molbutadiene molCu,surface s-1 at 130 °C. This value is similar to that reported 

earlier in literature for 7 nm Cu/C nanoparticles (6 × 10-3 s-1 at 125 °C)1 under identical 

reaction conditions but prepared by incipient wetness impregnation and reduction of a 

Cu-nitrate precursor. The similar activity of these Cu/C catalysts suggests there is no 

influence of possible traces of residual ligands for the present series of colloidally 

prepared catalysts.  

The conversion for all bimetallic catalysts showed a similar temperature dependence 

(Figure 4.4A). From the Arrhenius plot (Figure 4.4B), apparent activation energies 

were between 52 and 93 kJ/mol (Table 4.2, butadiene conversion below 40%). The 

apparent activation energies for the bimetallic PdCu samples were similar and all 

between 57 and 65 kJ/mol, which is substantially lower than for monometallic Cu/C 

(93 kJ/mol, Figure 4.4B) and closer to that of monometallic Pd (52 kJ/mol). This 

indicates that the exposed Pd atoms/clusters are likely the active sites for butadiene 

 
Figure 4.4. Catalytic activity. (A) Butadiene conversion as function of temperature. Reactors 

were loaded with varying amounts of catalyst (between 0.5 and 16 µg of Pd, Table 4.2) to 

achieve conversions <7.5% at 25 °C. (B) Arrhenius plots for butadiene hydrogenation in TOF 

per metal surface atoms (Cu+Pd). From the linear fit of the slope of Ln(TOF)-T-1 plots, the 

activation energies were determined, below 40% butadiene conversion. Star and arrow 

represent data from the literature for 7 nm Cu/C prepared by conventional incipient wetness 

impregnation.1 Reaction conditions: 50 mL/min 0.3% butadiene, 30% propylene, 20% H2, He 

balance. 
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hydrogenation in the PdCu/C catalysts. Cu might undergo surface oxidation by oxygen 

traces in the reaction gas, especially at lower temperatures where CuO is 

thermodynamically favoured.1 To rule out any effects related to partial oxidation, we 

tested the bimetallic PdCu/C during heating and cooling to 90 °C and under isothermal 

reaction conditions at 40 °C but found no indication of instability or deactivation. 

To compare the intrinsic activities, the TOFs were calculated, which takes into account 

the amount of catalyst loaded and the nanoparticle size. For the bimetallic PdCu/C 

catalyst, a random distribution of Pd and Cu over the bimetallic nanoparticles was 

assumed; hence, the surface ratio is assumed to be the same as the overall metal ratio. 

For the monometallic references, the surface-normalised activity per metal atom 

(Table 4.2) of Pd was 5-7 orders of magnitude higher activity compared to Cu 

(Figure 4.5A). In the bimetallic PdCu/C catalyst, the activity increased strongly with 

increasing Pd fraction, from 0.6 to 210 mmolbutadiene molPd+Cu,surface-1 s-1 for Pd0.6Cu99.4 and 

Pd13Cu87. Hence, we assumed the exposed Pd atoms to be the only contributor to the 

Table 4.2. Details of the catalytic tests.  

Catalyst µg Pda µg Cua Dilutionb 
Eact 

(kJ/mol)c 

TOF at 25 °C 

per metal  

(×10-3 s-1) 

TOF at 25 °C 

per mol Pd 

(s-1) 

Cu100 - 1600 - 93 ± 2.2 n.d. n.a. 

Pd0.6Cu99.4 15.5 1600 - 58 ± 0.4 0.62 ± 0.16 0.16 ± 0.04 

Pd1.2Cu98.8 8.3 420 - 57 ± 1.7 4.6 ± 0.77 0.29 ± 0.05 

Pd3Cu97 4.4 240 - 65 ± 1.6 16 ± 3.0 0.55 ± 0.10 

Pd7Cu93 4.3 32 3.1 64 ± 2.6 110 ± 20 0.93 ± 0.17 

Pd13Cu87 3 12 12.7 62 ± 2.3 210 ± 30 0.99 ± 0.13 

Pd100(0.1%) 0.5 - 25.3 52 ± 0.8 6610 ± 2114 6.6 ± 2.1 
a Amount of Pd and/or Cu in each reactor for the catalysis shown in Figure 4.4A. b Dilution of 

each catalyst was prepared in oxidised carbon prior to pelletising and sieving. c Apparent 

activation energy derived from linear fit of ln(TOF)-T-1 plot between 25 and 50 °C (Figure 4.4B). 

 
Figure 4.5. Activity overview. (A) Direct comparison of monometallic Pd- and Cu-references. 

(B) Surface-normalised Pd turnover frequencies (TOFs) of Pd and PdCu catalysts at 25 °C as 

function of Pd-fraction. 
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total activity and the activity of Cu to be negligible, which is especially true at 

temperatures below 110 °C. Normalised to the exposed Pd atoms, the TOF in the 

PdCu/C catalysts (Figure 4.5B, blue symbols) shows values between 0.16 and 

1.0 molbutadiene molPd,surface-1 s-1, which are lower than monometallic Pd/C (6.6 s-1). The 

TOF increased from 0.16 s-1 for 0.6 mol% Pd up to 1.0 s-1 at 7 mol% Pd, after which it 

stabilised and remained similar even when the doubling the Pd content (i.e., TOF is 

approximately 1.0 s-1 for both Pd7Cu93 and Pd13Cu87). Because of the similar particle 

sizes of the colloidally prepared nanoparticles (Table 4.1), a near-identical trend is 

observed in the reaction rate per gram of Pd (Figure 4.5B, black symbols). The reaction 

rate increased roughly ten-fold from 0.11×10-3 molbutadiene gPd-1 s-1 for Pd0.6Cu99.4 to 

1.3×10-3 mol g-1 s-1 for Pd7Cu93 and Pd13Cu87. The 5 nm monometallic Pd nanoparticles 

showed an order of magnitude higher activity at 11×10-3 mol g-1 s-1. 

 

4.3.3 Selectivity 

During the hydrogenation of butadiene, the selectivity towards the butene products 

(1-butene, trans-2-butene and cis-2-butene) was monitored as a function of conversion 

(Figure 4.6A). Herein, both butane and propane formation are taken as the unselective 

products during selective hydrogenation. All catalysts showed a butene selectivity close 

to 100% at low butadiene conversions, which slightly decreased with increasing 

conversion and showed a steeper decrease when approaching complete conversion. 

Monometallic Cu and Cu-rich (≥98.8% Cu) catalysts retained good selectivity up to high 

conversion, whereas the bimetallic PdCu catalysts with lower Cu-fraction and the 

monometallic Pd reference showed similar selectivity-activity relationship. For a better 

comparison with Pd13Cu87, a monometallic Pd/C catalyst was tested with similar Pd 

weight loading (0.5 wt%, Table 4.1), which showed worse selectivity compared to 

Pd13Cu87. The selectivity trend was ascribed to an increasing amount of internal mass 
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Figure 4.6 Butene selectivity. (A) Selectivity as a function of conversion. (B) Weisz-modulus 

(see Chapter 3) calculated for all catalysts, indicating the trend in selectivity can be ascribed to 

the amount of internal diffusion limitations.  
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transfer limitations (see Chapter 3), as evidenced by the higher Weisz-modulus for the 

less selective catalysts (Figure 4.6B).  

To investigate the intrinsic performance of the catalysts with minimal influence of mass 

transfer limitations, selectivities at low butadiene conversions (15%) are reported as 

filled circles in Figure 4.7A. At these low conversion levels, the selectivity of the 

monometallic and bimetallic catalysts hardly differed from each other; the butene 

selectivities were between 96.5% and 98.5% (i.e., 1.5-3.5% combined butane and 

propane levels). To assess the catalysts’ performance more closely to their industrial 

operation conditions, we report the butene selectivities at high conversion levels (90%) 

as open circles in Figure 4.7A. All catalysts show a reasonably good selectivity, above 

75% towards butene products at 90% butadiene conversion. A decreasing trend in 

butene selectivity was observed with increasing Pd-fraction from 91.4% for Pd0.6Cu99.4 

to 85% for Pd1.2Cu98.8 and roughly 78% for Pd3Cu97 and higher Pd-content. Pd13Cu87 

showed a higher butene selectivity (78%) than the 0.5 wt% Pd/C reference (62%, 

square in Figure 4.7A). 

In addition to the butene selectivity (alkene vs alkane products), the selectivity towards 

individual C4-products was investigated at high conversion levels (90%, Figure 4.7B). 

During butadiene hydrogenation, all catalysts predominantly produced 1-butene, 

followed by trans-2-butene and showed the lowest isomer selectivity towards 

cis-2-butene. For Pd/C and PdCu/C, the relative ratios were identical and roughly 60%, 

35% and 5% for 1-butene, trans-2-butenes and cis-2-butenes characteristic of Pd-

catalysed butadiene hydrogenation.39,45,46. For monometallic Cu, a different C4-isomer 

distribution was observed (73%, 17% and 10% respectively), in line with reports on 

Cu-catalysed butadiene hydrogenation.1,2 The formation of n-butane was very limited 

for all catalysts (<2%). Therefore, even at 90% butadiene conversion, most of the 

unselective alkane products came from the hydrogenation of the 100-fold excess of 
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Figure 4.7. Selectivity of bimetallic PdCu and monometallic Cu and Pd catalysts. 

(A) Butenes selectivity at low (15%) and high (90%) butadiene conversion levels. (B) Butene-

isomer and butane selectivity obtained close to full butadiene conversion (90%). 
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propylene and not from the over-hydrogenation of butene. For example, the 78% 

butene selectivity of Pd13Cu87 (Figure 4.7A) involved only 2% butane formation 

(Figure 4.7B) and ten times more propane formation.  

 

4.3.4 X-ray absorption spectroscopy 

In situ reduction 

The Pd3Cu97, Pd7Cu93 and Pd13Cu87 catalysts were investigated by X-ray absorption 

spectroscopy (XAS) under relevant conditions for reduction and catalysis. For 

Pd0.6Cu99.4 and Pd1.2Cu98.8, the Pd-loading (Table 4.1) was too low to acquire spectra of 

sufficient quality. XAS spectra were acquired while alternating between the Cu K-edge 

(8.979 keV) and the Pd K-edge (23.50 keV). The X-ray absorption near edge structure 

(XANES) normalised spectra at the Cu K-edge (Figure 4.8A) of Pd7Cu93 showed that at 

30 °C in pure H2, the Cu-speciation was mostly Cu2+ as the spectral features resembled 

the CuO reference. During the ramped heating to 250 °C, the Cu2+ was reduced to Cu+ 

and eventually Cu0, depicted by a shift of the edge jump to lower energies and a reduced 

white line intensity peak after the edge-jump. At the Pd K-edge (Figure 4.8B), a 

reduction of Pd2+ to Pd0 was observed, with slightly more noisy spectra due to the lower 

weight loading of Pd in the catalyst.  

Similar spectral changes in both edges are observed for Pd3Cu97 and Pd13Cu87. The 

reduction of Pd appears to occur at lower temperatures compared to Cu, as shown by 

the colour of the lines just before reaching the final oxidation state (green vs 

yellow/orange lines for Pd and Cu, respectively). From linear combination fitting of the 

XANES, the reduction temperature of the elements was determined for the catalysts. 

With increasing Pd concentration in the catalysts, the reduction temperature decreased 

and was 136, 122 and 123 °C for Cu-species and 117, 93 and 94 °C for Pd-species for 

Pd3Cu97, Pd7Cu93 and Pd13Cu87 catalysts, respectively (±3-6 °C due to temperature ramp 

during acquisition). This trend is in line with TPR measurements (Figure 4.3B), 

although the values obtained by XAS are slightly lower, ascribed to lower temperature 

ramp (3 vs 10 °C/min), higher hydrogen concentration (100% vs 5%) and lower catalyst 

mass (7 vs 50 mg) during XAS measurements. 

From the normalised XANES spectra, extended X-ray absorption fine structure (EXAFS) 

analysis was performed. Similar to the changes in XANES, the radial scatting paths from 

EXAFS for the PdCu catalyst showed a transition from Cu2+ (Figure 4.8C) and Pd2+ 

(Figure 4.8D) species towards Cu0 and Pd0 during reduction. Interestingly, the reduced 

Pd atoms showed a scattering at a slightly lower radial distance than Pd-Pd of the Pd 

foil reference, which indicated the large contribution of Pd-Cu scattering in the 

bimetallic catalyst and evidenced the alloying during the pretreatment. 
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Operando measurements 

After cooling to 30 °C in H2, a longer scan of 15 minutes at the Pd K-edge and 5 minutes 

at the Cu-K edge was performed. Afterwards, the reaction gas was introduced at 30 °C. 

Hereafter, we focus on the speciation of Pd because, regarding activity and selectivity, 

this is the dominant element in the bimetallic catalysts. Figure 4.9A shows the XANES 

spectra at the Pd K-edge of Pd3Cu97, Pd7Cu93 and Pd13Cu87 under selective 

hydrogenation reaction conditions, as well as the ex situ PdO and Pd-foil references. The 

spectra were acquired during the first 20 minutes of the operando synchrotron 

measurement. The spectra of the three PdCu/C catalysts in Figure 4.9A overlap, 

indicative of a similar oxidation state. The position of the edge jump (taken as the first 

maximum of the absorption derivative) was at lower energies than for the Pd-foil 

reference. This indicates that Pd in PdCu was more electron-rich than Pd in the Pd-foil, 

which can be attributed to electron density transfer from Cu to Pd in the reduced 

bimetallic particles.21 Figure 4.9B shows the EXAFS radial scattering paths for Pd3Cu97, 

Pd7Cu93, Pd13Cu87 and Pd(O)-references. The PdCu/C catalysts showed a large 

 
Figure 4.8. In situ XAS measurement of Pd7Cu93 during reduction. Spectra acquired by 

alternating at the Cu K-edge (AC) and Pd K-edge (BD). (AB) XANES spectra and (CD) derived 

EXAFS scattering paths during ramped heating (3 °C/min) under H2 flow. For the Cu and Pd 

metal foil references, the EXAFS intensity is halved for visualisation purposes.  
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contribution from a scattering path at 2.5 Å, ascribed to the scattering of Pd atoms with 

neighbouring Cu-atoms. This scattering path decreased in intensity with increasing Pd 

content, i.e., decreasing Cu:Pd ratio. Furthermore, a shoulder is present for all bimetallic 

catalysts at 2.7 Å, which indicates the presence of Pd-Pd scattering, which slightly 

increases for high Pd content. 

The catalysts showed activity during operando XAS, which was very similar to the 

laboratory catalytic tests (comparing Figure 4.4A and Figure 4.10). At 30 °C, the three 

catalysts showed 5-10% butadiene conversion, as determined by on-line MS. During 

heating of the reactor, the butadiene conversion reached almost 100% at 80-90 °C and 

showed limited amount of n-butane formation. Little change in activity and selectivity 
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Figure 4.9. Operando X-ray absorption spectroscopy. (A) Normalised Pd K-edge absorption 

spectra of the PdCu/C catalysts at 30 °C under reaction gas and PdO and Pd-references. (B) 

Corresponding phase-corrected k3-weigthed Fourier transforms of PdCu/C, PdO and Pd 

spectra. Reaction conditions: 50 mL/min 0.3%:30%:20%:49.7% C4H6:C3H6:H2:He. 

 

 
Figure 4.10. Operando activity. Butadiene conversion (green symbols) monitored by on-line 

MS during the catalytic test at ROCK for the Pd3Cu97 (left), Pd7Cu93 (middle) and Pd13Cu87 (right) 

catalysts. Red/orange symbols indicate the butadiene to butane selectivity and black symbols 

show the propylene conversion, for which the values are amplified tenfold for visualisation 

purposes. 
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were observed during controlled cooling of the reactor back to 30 °C. For the three 

catalysts, similar scattering paths (Figure 4.11) were obtained at 30 °C in H2 after 

reduction, in the reaction gas at the start of the reaction and after a heating/cooling 

cycle to 90 °C. Therefore, we decided to further investigate the Pd-speciation only at the 

start of the reaction, in line with the data presented in Table 4.2 and Figure 4.5B. The 

operando EXAFS spectra at the start of the reaction were fitted and the obtained fitting 

parameters are presented in Table 4.3. The CNs of Pd-Cu were 9.1 ± 0.1, 7.9 ± 0.7 and 

7.3 ± 0.5 for Pd3Cu97, Pd7Cu93 and Pd13Cu87, respectively, indicating Pd is mainly 

coordinated with Cu. The CN of Pd-Cu slightly decreased with increasing Pd content. 

Simultaneously, the fitted CNs of Pd-Pd increased with increasing Pd-fraction and were 

2.9 ± 0.4, 3.3 ± 0.8 and 3.9 ± 0.5 for Pd3Cu97, Pd7Cu93, and Pd13Cu87. Based on the Cu:Pd 

ratios of these catalysts (between 7 and 33) and the fitted CNs, Pd showed a slight 

Table 4.3. Fitted EXAFS parameters. PdCu/C catalysts fitted with both Pd-Cu and Pd-Pd scatter 

paths under reaction gas atmosphere at 25 °C after in situ reduction (H2, 1h, 250 °C). Fitting 

window of 3.0<k<14 Å-1 and 1.4<R<3.0 Å. 

Sample 
Scatter  

path 
CN 

Radial  

distance (Å) 

2σ2 ×10-3  

(Å-2) 

∆E0  

(eV) 

Rf  

(%) 

Pd3Cu97 
Pd-Cu 9.1 ± 0.1 2.578 ± 0.003 6.2 ± 0.1 

-4.4 ± 0.2 0.14 
Pd-Pd 2.9 ± 0.3 2.696 ± 0.01 0.9 ± 0.1 

Pd7Cu93 
Pd-Cu 7.9 ± 0.7 2.580 ± 0.001 6.1 ± 0.9 

-0.9 ± 0.6 2.4 
Pd-Pd 3.5 ± 0.7 2.704 ± 0.007 0.9 ± 0.2 

Pd13Cu87 
Pd-Cu 7.3 ± 0.5 2.582 ± 0.005 8.2 ± 0.5 

-2.2 ± 0.7 2.9 
Pd-Pd 3.9 ± 0.8 2.710 ± 0.009 0.8 ± 0.3 

Pd-foil Pd-Pd 11.9 ± 0.6 2.739 ± 0.003 
5.1 ± 0.3 

(So
2=0.68) 

-2.6 ± 0.4 0.95 

Cu3Pd Pd-Cu 12 2.627 
Reference structure, n.a. 

Cu-foil Cu-Cu 12 2.542 

 

 
Figure 4.11. Operando EXAFS fits. Radial scattering magnitude (solid and coloured lines), real 

scatter path (black dashed lines) and its corresponding EXAFS fit (open symbols) of the spectra 

at the start of the reaction. Non phase-corrected data is shown. The feature at ~1.7 Å is not 

reminiscent of Pd-O scattering, as there is no match in the fitting of the real scattering path. 

Hence only Pd-Pd and Pd-Cu scatter paths have been considered. 
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preference to coordinate to Pd under these conditions. The total CN (sum of Pd-Pd and 

Pd-Cu) of the three catalysts was similar: 12.0 ± 0.4, 11.4 ± 1.4 and 11.2 ± 1.3 

(Table 4.3), and in line with a particle size >5 nm as found by TEM (Table 4.1).47,48 

 

4.4 Discussion  

The butadiene hydrogenation catalytic results indicate that the Pd atoms or clusters 

exposed at the surface are likely responsible for activity in the bimetallic catalysts, 

as evidenced by the similar selectivities (Figure 4.7) and apparent activation energies 

(Figure 4.5) of PdCu/C and Pd/C. The Pd-normalised activity of all bimetallic PdCu 

catalysts was lower than for monometallic Pd, which can be explained by geometric and 

electronic effects. At low Pd content, isolated Pd atoms or small clusters (<4 atoms) do 

not accommodate a strong tetra-σ binding of butadiene molecules to the surface, as it 

would on monometallic Pd, decreasing the activity over bimetallic catalysts.49 It was 

recently demonstrated that for acetylene hydrogenation over Pd-Zn catalysts, Pd3Zn 

surface sites dominated the total activity, whereas Pd1Zn sites were found to be nearly 

inactive and monometallic Pd was an order of magnitude more active than the pure 

Pd3Zn surface phase.50 Such a fraction-dependent activity aligns with our findings for 

butadiene hydrogenation over PdCu/C catalysts (Figure 4.5B), where increasing 

activity with higher Pd-fraction is ascribed to a larger Pd ensemble size (CNPd-Pd, 

Table 4.3).  

The electron density transfer from Cu to Pd, as observed by XANES in Figure 4.9A, may 

have induced a weaker interaction of Pdδ- with hydrocarbons and hydrogen, resulting 

in lower activity. This electronic effect is supported by density functional theory (DFT) 

calculations: a decrease in the adsorption energy of butadiene was observed from Pd to 

PdCu to Cu with values of -1.6 eV for Pd(111), -1.2 eV for PdCu(111)51 and -0.34 eV for 

Cu(111)28, where the latter showed the lowest catalytic activity (Figure 4.5). Similarly, 

dilute Pd in Pd0.18Cu15/Al2O3 alloy catalyst was reported to be less active than the 

monometallic Pd0.18/Al2O3 reference for the hydrogenation of styrene.8 Lastly, the lower 

activity of PdCu could be ascribed to a more rate limiting hydrogen activation, as on 

isolated Pd surface sites, the dissociation of molecular hydrogen and the H-spillover to 

the adsorbed hydrocarbon site are slower than on pure Pd.15 

The high selectivity of the catalysts can be explained by the large difference in the 

adsorption energy of butene or propylene (-0.82 and -0.75 eV, respectively)14 and 

butadiene (between -1.6 and -1.7 eV)49,51, as calculated for Pd(111). Therefore, the 

strongly binding butadiene effectively blocks propylene from adsorbing onto the 

surface, resulting in high butene selectivities (Figure 4.7A). Similarly, butadiene 

replaces the butene products as soon as they are formed, decreasing the butene 

residence time on the Pd surface, resulting in little over-hydrogenation to butane 

(Figure 4.7B). Only at very low butadiene concentrations, close to complete conversion 

(Figure 4.6A), or due to the occurrence of internal mass transfer limitations52 
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(Figure 4.6B), a significant number of alkenes start to be hydrogenated associated with 

lower selectivity.  

The butene isomer distribution (Figure 4.7B) formed over Pd and PdCu showed a high 

selectivity to 1-butene (ca. 60%), different from the thermodynamic equilibrium where 

2-butenes are favoured.53 Kinetically, 1-butene is formed by sequential 1,2-addition of 

two hydrogen atoms to one of the terminal C=C bonds of adsorbed butadiene. 

Formation of 2-butenes can be direct by 1,4-addition or by skeletal rearrangement of 

(re)adsorbed 1-butene species and showed a trans:cis ratio of ~10 over Pd. From DFT, 

1-butene is predicted as the most stable butene-isomer on Pd(111) (adsorption energy 

of -0.90 eV, compared to between -0.72 and -0.77 eV for trans- and cis-2-butene), 

resulting in the high selectivity to 1-butene.49 The Cu-catalysed isomer distribution is 

substantially different: 73% of 1-butene is formed, and the remaining 2-butenes have a 

trans:cis ratio close to the thermodynamic ratio of 1.7.53 The high 1-butene selectivity 

over Cu cannot be fully explained by the stability of the intermediates, since similar 

adsorption energies are found for 1-butene, trans-2-butene and cis-2-butene 

(-0.12, -0.08 and -0.11 eV).28 However, the higher reaction order in hydrogen (+1.7, 

Figure S4.1) showed a strongly H-limited reaction step in the butadiene hydrogenation 

over Cu, indicating that less isomerisation will occur.15 Together with facile desorption 

associated with the low butene adsorption energy on Cu, this explains the high 1-butene 

selectivity 

 

4.5 Conclusions 

The influence of the Pd-to-Cu ratio was investigated for Cu-rich catalysts in the selective 

hydrogenation of butadiene. The Pd mass- and surface-normalised activity in bimetallic 

PdCu catalysts was lower than that of monometallic Pd but gradually increased with Pd 

content. Operando X-ray absorption spectroscopy shows a slight preferential clustering 

of the Pd in the bimetallic nanoparticles, as well as electron density transfer from Cu to 

Pd. These changes in the active site in terms of the Pd ensemble site and its electronic 

properties, and hence adsorption energies, explain why the behaviour is very different 

from that of pure Pd. The Pd-containing catalysts showed similar isomer and high 

butene selectivities up to near-complete butadiene conversion. Monometallic Cu and 

Cu-rich (Cu:Pd≥85) catalysts showed slightly superior butene selectivity at high 

conversions, albeit at much lower activities. This chapter highlights the importance of 

tuning the Pd-concentration in Cu-rich bimetallic catalysts to combine favourable 

activities with high selectivities while minimising the Pd content. 
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Figure S4.1. Reaction orders. Determined at steady state butadiene conversion (10-20%). 

Orders are calculated from a linear fit of log(activity) vs log(p/p0) plots, varying the partial 

pressure of the reactants hydrogen (blue squares), propylene (orange triangles) or butadiene 

(black circles) one at a time, counteracted by He as balance. Experimental details are provided 

in Figure 2.4A. 
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Dopant effects 
 

 

 

 

This chapter is based on: Studying the promotional effects of different metals on Pd catalysts 

for the selective hydrogenation of 1,3-butadiene, MSc thesis by S.M.J. Wilms (2023). 
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Abstract 

To retain high selectivities in hydrogenation reactions, Pd is often alloyed with 
less active, more selective metals such as Cu, Ag or Au. However, these metals 
are typically in large excess compared to Pd, resulting in the superimposed 
effects of electronic and geometric contributions. In this chapter, we investigate 
Pd catalysts to which only 10 mol% of dopants (K, Mn, Cu, Zn, Ag) were added. 
During the selective hydrogenation of butadiene, an increased activity was 
found for K-Pd/C, whereas Zn- and Ag-addition strongly decreased the activity, 
ascribed to a shift in the d-band centre. The butene selectivity was highest for 
undoped Pd/C. Interestingly, the C4-distribution showed a higher 1-butene 
fraction for Cu-, Zn- and Ag-doped catalysts. 1-Butene isomerisation tests 
demonstrated that these three catalysts had a lower activity for 1-butene 
hydrogenation and isomerisation. Altogether, this chapter shows how the 
addition of a minority additive impacts the performance of Pd/C catalyst for 
selective (di)olefin hydrogenation and thereby contributes to the 
understanding of Pd-based catalysts as effective hydrogenation or 
isomerisation catalysts. 

 

 Doped Pd

Pure Pd

Butadiene 

hydrogenation

1-Butene
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5.1 Introduction  

Building on the Chapters 2, 3 and 4, we have gained understanding on how activity and 

selectivity of Pd-based catalysts are connected, and investigated how addition of a 

secondary metal such as Cu influences performance. Next to PdCu1–4, bimetallic 

Pd-alloys such as PdNi5–8, PdZn9–12, PdAg13–17, and PdAu18–23 have been investigated for 

the selective hydrogenation of alkadienes and alkynes. The selectivity of these catalysts 

towards semi-hydrogenation products is typically enhanced by alloying the Pd with a 

second metal. However, compared to the monometallic Pd reference catalysts, the 

activity is often lower.1,5,9,13,18 The difference in catalytic performance of the bimetallic 

catalysts is ascribed to electronic effects24,25, geometric effects9,20,26 or a combination of 

the two1,2.  

The addition of the second metal induces an electron density transfer to or from the Pd, 

which alters the interaction of the Pd surface atoms with the reactants, intermediates 

and products and thereby changes the yield of products of the reaction. Studt et al. 

indicated important descriptors for selectivity and activity for acetylene hydrogenation 

by density functional theory (DFT) calculations. Mixing of Pd with Ag shifted the d-band 

centre down with respect to the Fermi level, which weakened the ethylene adsorption 

(higher selectivity) but also reduced the activity by lowered acetylene adsorption 

strength, compared to monometallic Pd.24 For butadiene hydrogenation over various 

metals, an electronic effect is described by Wells et al., where the 1-butene selectivity 

increases with increasing Pauling electronegativity.27 The more filled d-band led to 

more 1,2-addition compared to 1,4-addition, due to progressive destabilisation of the 

π-allyl intermediate (C-I and C-II in Figure 1.6), which increased the 1-butene yield. 

Geometric effects related to the Pd ensemble size also influence the catalytic 

performance. By reducing the ensemble size of Pd down to the single-atom limit in what 

is sometimes called single-atom catalysts, which contain at the surface Pd atoms 

entirely surrounded by other non-Pd metal atoms, the binding modes with the reactant 

inevitably change.23,26,28,29 For example, on these catalysts, butadiene is coordinated 

with one C=C bond to the Pd atom, whereas on extended Pd surfaces, the most stable 

configuration is coordinated to four different atoms with both C=C bonds flat the 

surface.26,29 Moreover, remarkably different catalytic behaviour has been observed over 

dilute Pd-in-Au catalysts for monomers, dimers and trimers (Pd1Au, Pd2Au and Pd3Au, 

respectively) in the activation of hydrogen30,31 and the interaction with alkynes20. The 

effect of ensemble size was also demonstrated for PdZn systems by Dasgupta et al., who 

prepared catalyst surfaces with well-defined PdZn monomers, trimers and a mixture of 

both. They showed that the Pd3Zn sites dominated the activity of the surface, whereas 

Pd1Zn sites were found almost inactive for selective hydrogenation.9 Strikingly, Pd3Zn 

still showed an order of magnitude lower activity than monometallic Pd. 

In all the abovementioned studies, the focus has been on systems where Pd is the 

minority metal (i.e., Pd<<M), often in the single-atom limit.32,33 Hence, in addition to 

electronic effects (charge transfer between two metals), there are large contributions 
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from geometric effects associated with Pd ensemble size. Furthermore, advanced 

characterisation is necessary to establish whether the surface composition is the same 

as the overall composition, as interaction with gases might selectively draw metals to 

the surface. This complicates establishing a clear structure-performance relationship 

induced by the second metal or additive. Moreover, the reported selectivity 

enhancements are often concomitant with a significant decrease in activity (and 

vice versa), which makes it difficult to disentangle the improved selectivity from the 

reduced activity in these bimetallic Pd-catalysts. Therefore, a systematic study that 

disentangles electronic from geometric effects in selective hydrogenation reactions 

over Pd-catalysts is missing. In this Chapter, we focus on the effects of adding various 

metals or metal oxides on the performance of Pd-catalysts in low (10 mol%) dopant 

concentration to investigate electronic effects while minimising the Pd ensemble size. 

Literature proposes a number of candidates as additives for Pd-based catalysts for 

selective hydrogenation.34–38 In this paragraph, a few of these candidates are 

highlighted; an overview of the discussed dopants is provided in Table 5.1. Limited 

reports for butadiene hydrogenation were found, hence we describe the dopant effects 

in acetylene hydrogenation and comment on the general trends we expect for butadiene 

as a reactant. In addition to PdAg14 (as discussed before), PdZn39 and PdCu3 are 

reported to lead to a higher ethylene selectivity, with lower acetylene conversion, 

compared to Pd. The influence of the additive on the catalysis was ascribed to an 

electron density transfer to Pd, resulting in further filling of the d-orbital and a weaker 

interaction with the hydrocarbons. Similar electronic effects were ascribed in K-doped 

Pd/Al2O3 catalysts.40 Regarding activity, higher conversions were found over the 

catalysts doped with elements at the left side of the period table, which was ascribed to 

faster desorption of ethylene. In contrast, the addition of coinage metals led to lower 

activities. Recently, Mn was identified as an interesting promoter for several Cu-

catalysed hydrogenation reactions, such as methanol synthesis and ester 

hydrogenation.41,42 For acetylene hydrogenation, there is one report where 

Mn-Pd/Al2O3 showed higher conversion and selectivity than Pd/Al2O3.43 Although a 

complete explanation for the effect of Mn-addition remained unclear, it presents an 

intriguing promoter to study. Since the discussed trends are ascribed to the interaction 

Table 5.1 Dopant effects on Pd-catalysed hydrogenation of acetylene and relevant 

properties for mixing and electronic interactions. 

Dopant K Mn Cu Zn Ag 

Activity to acetylene + + - - - 

Selectivity to ethylene + + + + + 

Fraction miscible with in Pd fcc n.a. 0-12% 0-25% 0-18% 0-100% 

Expected species during reaction oxide oxide metallic oxide/metal metallic 

Pauling EN metal (Pd=2.20)49 0.82 1.55 1.90 1.65 1.93 

References 40,48 43,47 3,45 39,46 14,44 
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strength of Pd with acetylene or ethylene, similar trends might be expected for 

butadiene and butene reactants. 

Interaction and/or miscibility between the dopant and Pd is of importance. Ag and Pd 

are fully miscible over the entire alloy fraction, independent of temperature.44 For Cu-45, 

Zn-46 and Mn-addition47, multiple discrete phases can be formed, depending on the 

M:Pd stoichiometry. At 90 at% Pd, however, all these systems are predicted to obtain a 

Pd fcc phase, where the dopant is substituted in the host lattice. For Pd-K, mixed phases 

are observed only above 5×103 bar and are not expected to form under ambient 

conditions.48 However, these phase diagrams assumed that only metallic compounds 

are present. Under ambient conditions, especially K and Mn, as well as Zn, will form 

oxides. For Cu and Ag, the more noble metals, a metallic dopant species is expected 

under relevant synthesis and reaction conditions, which mixes with the metallic Pd. 

When mixed, the Pd and metallic dopant have an electronic interaction, which depends 

on their relative electronegativity (EN). The Pauling EN decreases from right to left in 

the periodic table as: Pd (2.20) > Ag (1.93) ~ Cu (1.90) > Zn (1.65) > Mn (1.55) > 

K (0.82).49 However, as mentioned before, the more electropositive elements such as K, 

Mn and Zn can be present in their oxidic form, and this EN value is not accurate. The 

values of the metallic elements values indicate that the species are less electronegative 

than Pd. Therefore, electron transfer is expected to Pd, increasing its d-orbital filling. 

In this chapter, we focus on the effects of several metals, with electronic properties 

varying from s-metals to transition metals on the right of the d-metal block, on the Pd-

catalysed selective hydrogenation of butadiene while excluding geometric effects by 

keeping a low dopant-to-Pd ratio (M:Pd=0.1). We show that the addition of minority K, 

Mn, Cu, Zn or Ag to Pd/C nanoparticle catalysts strongly affected the catalytic 

performance of the selective semi-hydrogenation of butadiene traces from an excess of 

propylene. Through 1-butene isomerisation tests, we provide additional mechanistic 

insight into the observed selectivity trends among the promoted Pd catalysts.  

 

5.2 Experimental details 

5.2.1 Preparation of the Pd/C catalyst 

Carbon-supported Pd catalysts were prepared by incipient wetness impregnation (IWI) 

methods (see Chapter 2). The samples were reduced at either 500 or 600 °C 

(0.5-1.0 °C/min) for 2 hours. The lower reduction temperature resulted in the growth 

of smaller Pd nanoparticles of ca. 5 nm, denoted as Pds/C throughout this chapter, 

whereas the larger nanoparticles (ca. 9 nm) are denoted as Pd/C. 
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5.2.2 Synthesis of M-Pd/C catalysts 

For the doping of Pd/C catalysts the following precursors were used: KNO3 (ACS 

reagent, ≥99.0%), Mn(NO3)2∙4H2O (analysis grade, Acros Organics), Cu(NO3)2∙3H2O 

(99%, Acros Organics), Zn(NO3)2∙6H2O (98% reagent grade, Sigma Aldrich), AgNO3 

(Laboratory reagent grade, Fisher Scientific). 

The doped M-Pd/C materials were prepared by sequential impregnation on the 

reduced Pd/C or Pds/C catalysts. Notably, similar surface areas (BET, m2/gcarbon) and 

pore volumes (single point at p/p0=0.995, cm3/gcarbon at STP) were found by 

physisorption for the untreated carbon support (522 m2/g, 0.756 cm3/g), and the Pd/C 

(511 m2/g, 0.684 cm3/g) catalyst after drying, heat treatment and reduction. Similar to 

the IWI of Pd/C materials, the support was dried before the impregnation of the metal 

nitrate precursors. The concentration of metal nitrate precursors was chosen for the 

M:Pd to result in a 0.1 molar ratio. The impregnated solids were dried overnight under 

a dynamic vacuum and heat treated under nitrogen flow to 250-500 °C (Theat, Table 5.2). 

Finally, the catalysts were reduced at 450-600 °C (Tred, Table 5.2) with 0.5-1.0 °C/min, 

2 hours isothermal hold.  

No additional heat treatments were performed for K-promoted Pd catalysts because the 

reported conditions for nitrate decomposition were too harsh (>700 °C)50,51 and were 

expected to cause severe nanoparticle agglomeration and support gasification. For 

Ag-promoted catalyst, the carbon support was oxidised prior to Pd-impregnation by the 

method of Visser et al.52 to prevent the Ag nanoparticles from growing too much.53 

Furthermore, all synthesis steps which involved handling of Ag-precursors were 

performed with glassware and reactors shielded from light. Lastly, references of K/C, 

Cu/C, Zn/C and Ag/C were prepared without Pd by following the same steps as M-Pd/C 

catalysts above, but with impregnation of the dopant directly onto the carbon support 

instead of onto Pd on carbon catalyst.  

 

Table 5.2. Catalysts synthesis parameters.  

Sample Support Pd wt%a M wt%a M:Pd (molar) Theat (°C) Tred (°C) 

PdS /C GNP 1.88 - - 250 500 

Pd/oxC oxGNP 2.54 - - 250 500 

Pd/C GNP 2.53 - - 250 600 

K-Pd/C Pd/C 2.53 0.10 0.11 - - 

Mn-Pd/C PdS/C 1.88 0.12 0.12 250 560 

Cu-Pd/C Pd/C 2.53 0.17 0.11 500 450 

Zn-Pd/C PdS/C 1.88 0.14 0.12 350 600 

Ag-Pd/C Pd/oxC 2.54 0.28 0.11 400 590 
a Based on the precursor amount added in incipient wetness impregnation. 
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5.2.3 Characterisation 

Bright-field TEM image acquisition and STEM-EDX elemental mapping of the 

as-synthesised M-Pd/C catalysts were performed as described in Chapter 4. 

Nanoparticle sizes were determined by manually measuring at least 200 nanoparticles 

at different regions of the sample and analysing the dataset with Eq. 2.1 and Eq 2.2. Pd 

crystallite sizes and lattice parameters are determined from XRD by Eq. 2.3 and Eq. 4.1. 

Nitrogen physisorption was performed on the carbon support and as-synthesised Pd/C 

catalyst to determine the porosity properties of the materials. BET surface area and 

single point pore volume (at p/p0=0.995) were determined on a Micromeritics TriStar 

II Plus. Prior to N2-dosing, the samples were dried at 150 °C in N2 for 10 minutes. 

 

5.2.4 Catalytic testing 

The catalytic performance was tested as described in Chapter 2. For each catalytic test, 

2-3 mg of diluted catalyst was mixed with 0.3 g of SiC (212-400 µm), which resulted in 

a constant metal loading of 0.6-0.7 µg Pd in the reactor. Conversion and selectivity 

calculated by Eq. 2.4 to Eq. 2.7. 

For the calculation of the metal TOF, Eq. 2.9 is used. Here, several assumptions were 

made based on the nanoparticle size, shape and composition. For all particles, we 

assumed a spherical shape and fcc structure consistent with our TEM results.54 We 

assume homogeneous mixing of the Pd with the dopant within the nanoparticles, where 

the surface composition is the same as the bulk (M:Pd=0.1). Since the exact location of 

the dopant atoms is uncertain, we simplified the dispersion of the nanoparticle to be 

solely dependent on the atomic parameters of Pd (Eq. 2.9), and we did not consider the 

average atomic volume and area variations induced by the incorporation of the second 

metal. Overall, this will not change the dispersion significantly since the second metal 

is present in a 10 mol% concentration only.  

 

5.3 Results and discussion 

5.3.1 Synthesis of supported nanoparticles 

The shape, size and distribution of the metal nanoparticles in the as-synthesised 

M-Pd/C catalysts were analysed by transmission electron microscopy (TEM, 

Figure 5.1). The micrograph of the monometallic Pd/C catalyst (reduced at 600 °C) in 

Figure 5.1A shows Pd nanoparticles on the carbon support with a volume-area mean 

diameter (dVA) of 10.9 ± 3.1 nm (Figure 5.1D, Table 5.2), resulting in a metal dispersion 

of 10.3% (at% of Pd at the surface). For the doped Pd-catalysts, particle sizes close to 

the value of Pd/C were obtained. For example, in the synthesis of Zn-Pd/C (Figure 5.1K) 
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and Ag-Pd/C (Figure 5.1L), the particles grew to dVA values of 8.6 and 9.8 nm, 

respectively, even though they were impregnated onto Pd/C catalyst with smaller 

nanoparticles (4.3 and 4.5 nm, Table 5.2). For Mn-Pd/C, reduced at 560 °C, slightly 

smaller nanoparticles were obtained (Figure 5.1F, dVA=6.4 nm), in line with the 

expected size for monometallic Pd/C reduced at that temperature.55  

The distribution of the dopant atoms within individual Pd nanoparticles was 

investigated by scanning TEM energy dispersive X-ray spectroscopy (STEM-EDX) 

mapping. Figure 5.2A depicts the spatial overlap of Zn- and Pd-species in the Zn-Pd/C 

catalyst. The linescan intensity over one individual supported particle (Figure 5.2B) 

 
Figure 5.1. Electron microscopy of supported (doped) Pd nanoparticle catalysts. 

(A-C,G-F) Bright field TEM micrographs of as-synthesised doped and undoped Pd catalysts 

(50 nm scale bars). (D-F,J-L) The corresponding histograms of the particle diameters. Solid lines 

are a lognormal fit to the distributions. 
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shows the uniform distribution of both metals. The emission spectrum (Figure 5.2C) 

shows no detectable Zn- or Pd-species on the carbon support. Quantification over the 

area of an individual nanoparticle resulted in a Zn:Pd atomic ratio of 0.14, in line with 

the synthesis precursor ratio of 0.12 (Table 5.2).  

The M-Pd nanoparticles were further characterised by X-ray diffraction (XRD). The 

diffractograms of the (M-)Pd/C samples (Figure 5.3A) contain diffraction lines for 

crystalline graphitic carbon and Pd domains, as evidenced by the C(002) at 30.3°, 

overlapping C(100)/C(101) between 48.4° and 53.0° and (004) at 63.8° 2θ, as well as 

Pd(111) and Pd(200) at 46.4° and 54.0° 2θ, respectively. Pd was the only observed 

crystalline metal(oxide) phase, as no diffraction from oxidised PdO nor from any of the 

dopants (either metallic or oxidic) was detected. The Pd crystallite size was determined 

from the peak width of the carbon-subtracted diffractogram (Figure 5.3B) by the 

Scherrer equation (Eq. 2.3) on the Pd(111) diffraction peak at 46-47° 2θ. The (M-)Pd 

crystallite sizes varied between 6.4 and 7.9 ± 0.1 nm, in line with the results obtained 

from TEM analysis (Table 5.2). Interestingly, a peak shift was observed towards higher 

Table 5.3. Catalysts characterisation overview. 

Sample dTEM 

(nm)a 

dVA 

(nm)b 

Dispersionc dXRD 

(nm)d 

d(111) 

(Å)e 

Δd(111) 

(Å) 

Pd/C 9.3 ± 2.7 10.9 ± 3.1 10.3% 7.9 ± 0.1 2.275 - 

K-Pd/C 8.6 ± 2.7 10.4 ± 3.2 10.7% 7.2 ± 0.1 2.279 0.004 

Mn-Pd/C 5.6 ± 1.6 6.4 ± 1.8 17.3% 6.4 ± 0.1 2.272 -0.003 

Cu-Pd/C 9.0 ± 2.8 10.8 ± 3.3 10.3% 7.7 ± 0.1 2.262 -0.013 

Zn-Pd/C 7.4 ± 2.1 8.6 ± 2.4 13.0% 7.3 ± 0.1 2.264 -0.011 

Ag-Pd/C 6.5 ± 2.9 9.8 ± 4.4 11.3% 6.8 ± 0.1 2.275 0.000 
a Number-averaged diameter from TEM. b Mean volume-area diameter: ∑ 𝑑𝑖

3𝑁
𝑖=1 /∑ 𝑑𝑖

2𝑁
𝑖=1 . 

c Dispersion(%)=1.112/dVA. d Average crystallite size from full-width at half maximum (FWHM) 

of Pd(111) peak in Figure 5.3B. FWHM obtained by Gaussian peak fit from 44.3 to 48.6° 2θ. 
e Derived from Eq. 4.1, where peak position is obtained from the Gaussian fit. 

 

 
Figure 5.2. Elemental analysis of Zn-Pd/C catalysts. (A) STEM-EDX map for Zn- and 

Pd-species. (B) Linescan intensity for Zn-K and Pd-L emission over an individual nanoparticle 

as shown by the arrow in panel A. (C) EDX intensity for metal nanoparticle (green circle in panel 

A) and bare carbon support (grey square in panel A). Intensities in (C) were normalised to the 

Cu-K emission due to the Cu-mesh TEM grid. 
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diffraction angles for the Pd(111) and Pd(200) peaks in Zn- and Cu-Pd/C samples. This 

shift indicated that the average lattice distance decreased (Eq. 4.1). This can be 

explained by the incorporation of smaller transition metal atoms into the Pd-lattice, as 

expected based on the Cu-Pd and Zn-Pd phase diagram.45,46 For Cu-Pd/C, an average 

Pd(111) lattice compression of 0.013 Å was derived from Figure 5.3B, which matches 

with the theoretical expected decrease of 0.015 Å based on Vegard’s law, the molar 

ratios of Pd and Cu, and the metal radii of 137 and 128 pm for Pd and Cu, respectively. 

No significant shifts in lattice parameters were observed for Ag-Pd/C, Mn-Pd/C and 

K-Pd/C. For Mn-Pd/C and K-Pd/C, the limited change in lattice parameter is consistent 

with oxide formation, meaning that the second metal did not dissolve in the Pd host but 

was dispersed over the Pd/C catalyst. 

 

5.3.2 Catalyst activity 

The butadiene conversion as a function of temperature for M-Pd/C catalysts during 

heating is depicted in Figure 5.4A. Every catalytic test was performed with a similar 

amount (0.6-0.7 µg Pd) of Pd metal and butadiene conversions varied between 4.7% 

and 22% at 25 °C and increased with temperature to 95% conversion between 70 and 

122 °C. Similar conversion levels were observed for the individual catalysts during the 

cooling of the reactor (Figure 5.4B), hence there was no indication of either activation 

or deactivation. The dopant reference catalysts without Pd showed negligible activity 

for butadiene or propylene hydrogenation (< 0.1% butadiene and < 0.0003% (~1 ppm) 

propylene at 100 °C). Therefore, the reported activity is ascribed to the (doped) Pd 

nanoparticles and not to the carbon support or isolated dopant metal sites.  

 
Figure 5.3. X-ray diffraction of M-Pd/C. (A) Diffractograms normalised to the C(002) 

diffraction peak at 30.3° 2θ of carbon support, Pd/C and M-Pd/C catalysts. (B) 

Carbon-subtracted intensity of (M-)Pd/C catalysts, indicating a slight shift in the Pd(111) and 

Pd(200) diffraction peaks.  
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The highest butadiene conversions at 25 °C (Figure 5.4A) were observed for K-Pd/C 

and Mn-Pd/C, with 22% and 21%, respectively, followed by 14% butadiene conversion 

for Pd/C and Cu-Pd/C, and 6.2% and 4.7% conversion for Ag-Pd/C and Zn-Pd/C, 

respectively. These results indicate that the initial activity of the doped catalysts is 

similar to or slightly higher than Pd/C for the K-, Mn- and Cu-doped materials. In 

contrast, a significant decrease in activity is observed by the Zn- and Ag-addition. At 

high conversion levels, Pd/C was the most active catalyst, surpassing the activity of Mn- 

and K-Pd/C. The surface-normalised activity (TOF, Figure 5.4C) showed a similar trend 

as the conversion (Figure 5.4A), with the most notable difference being that the activity 

of Mn-Pd/C is lower than that of the Pd/C catalyst. The high conversion of Mn-Pd/C is 

therefore explained by the smaller nanoparticles (Table 5.2, dVA=6.4 nm) compared to 

Pd/C (11.9 nm), resulting in a higher active site density (m2Pd/gcat) and higher reaction 

rate. The K-Pd/C catalyst was the only catalyst that was intrinsically more active than 

the monometallic Pd/C catalyst below 40 ˚C and showed a 60% higher TOF at 25 °C. 

Because no additional heat treatments were performed in the preparation of K-Pd/C, 
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Figure 5.4. Catalytic activity. (A) Conversion of butadiene as a function of temperature for 

(M-)Pd/C catalysts during heating and (B) cooling of the reactor. (C) Calculated corresponding 

turnover frequencies (TOFs) for butadiene hydrogenation during heating. (D) Arrhenius plot of 

data in (C). Activation energies determined below 45 °C. Reaction conditions: 50 mL/min 0.3% 

butadiene, 30% propylene, 20% H2, He balance, 1 atm, 0.5 °C/min ramp. All reactors contained 

0.6-0.7 µg of Pd metal. 
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both K+ and NO3- were dispersed over the Pd/C catalysts. The nitrate anion could have 

a strong electronic effect on Pd, which could explain the higher activity compared to 

Pd/C. Noteworthy, both Zn- and Ag-Pd/C showed a significantly lower TOF compared 

to Pd/C, by a factor of 4.0 and 2.6 at 25 °C for Zn and Ag, by the addition of only 10 mol% 

of the dopant.  

The temperature-dependency of the activity showed an exponential increase for most 

catalysts at the lowest tested temperatures only, e.g., below 45 °C. Between 25 and 

45 °C, the maximum value for the apparent activation energy (Eact,app, Figure 5.4D) was 

found to be between 43 and 54 kJ/mol for Pd/C, Cu-Pd/C, Zn-Pd/C and Ag-Pd/C, in line 

with the values for Pd/C and PdCu/C catalysts in Chapter 4. For K-Pd/C and Mn-Pd/C, 

lower values were obtained; 30 and 34 kJ/mol, respectively. The lower values are a sign 

of mass transfer limitations induced by either a faster volumetric reaction rate or 

slower butadiene diffusion (see Chapter 3). For Mn-Pd/C, its smaller nanoparticle size 

resulted in a higher active site density and higher reaction rate. For K-Pd/C, with a 

similar nanoparticle size as Pd/C, a higher intrinsic activity was observed compared to 

Pd/C, as evidenced by the higher TOF in Figure 5.4C.  

Summarising, our findings showed that at low conversion, K-Pd/C was slightly more 

active than Pd/C, while a significant decrease in activity was observed for the Ag- and 

Zn-containing catalysts. Similar results have been reported earlier for acetylene 

hydrogenation, where an increase in activity was found for K-promoted Pd/Al2O340, as 

well as a decrease by Ag- and Zn-addition9,14. Intriguingly, in literature for these dopants 

with opposite effects on the activity, a similar explanation was provided based on 

acetylene hydrogenation: electron transfer to Pd increased its electron density, which 

downshifted the d-band centre resulting in weaker interaction with the hydrocarbons. 

For the K-Pd/Al2O3 catalyst, the higher acetylene hydrogenation activity was ascribed 

to a weaker binding of ethylene, which favoured a facile desorption of the formed 

product.40 Contrarily, for Zn- and Ag-Pd/C, a lower reactivity towards acetylene due to 

the downshifted d-band was provided as a reason for the reduced activity.9,14 The 

improved activity of K-Pd/C might be in part explained by the residual NO3- anions on 

the catalyst. However, it is clear that more systematic and precise studies, involving 

spectroscopic and computational assessment of which dopant species are present 

under reaction conditions, and what their electronic influence is, are necessary to fully 

understand the observed effects. 

 

5.3.3 Catalyst selectivity 

The semi-hydrogenation selectivity to the butene isomers (sum of 1-butene, 

trans-2-butene and cis-2-butene) as a function of butadiene conversion is shown in 

Figure 5.5A. At low butadiene conversion levels (<35%), all catalysts exhibited a high 

selectivity of >90% towards the butene products (i.e., <10% combined butane and 

propane formation). At higher conversion levels, the selectivity towards butene 
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isomers decreased, especially when approaching full butadiene conversion. The butene 

selectivity was highest for monometallic Pd/C and decreased upon addition of the 

dopants with Ag > Zn ~ Cu ~ Mn > K. Figure 5.5B depicts a detailed overview of the 

C4-product distribution as a function of butadiene conversion for the different catalysts. 

For example, the selectivity towards the 1-butene isomer decreased as 

Ag > Zn > Cu > undoped Pd > Mn > K. Concomitant with the decreasing 1-butene trend, 

the formation of 2-butenes and n-butane increased as a result of 1-butene isomerisation 

to 2-butene and over-hydrogenation to n-butane. The trend in 1-butene selectivity is 

visualised in Figure 5.5C, which compares the 1-butene fraction of all catalysts at low 

(19-24%) and high (83-88%) butadiene conversion. At low conversions, a similar 

selectivity was obtained for all catalysts, between 55 and 60% 1-butene. At higher 

conversions, the difference in selectivity between the catalysts increased, as the Zn- and 

Ag-Pd/C showed a slight increase in selectivity, Pd/C and Cu-Pd/C showed a similar 

selectivity, and K-Pd/C and Mn-Pd/C exhibited a lower selectivity.  

The selectivity to the sum of butenes as well as the 1-butene selectivity, decreased for 

K- and Mn-Pd/C catalysts at relatively low butadiene conversions (<50%). This low 
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Figure 5.5. Butene selectivity for the unpromoted and promoted Pd nanoparticle 

catalysts. (A) Selectivity towards the butene isomers (1-butene, trans-2-butene and 

cis-2-butene) as a function of the butadiene conversion. (B) The distribution of C4-products as 

a function of the butadiene conversion. (C) Fraction of 1-butene in the C4-product stream at 

low conversion levels (19-24%) and high conversion levels (83-88%). 
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selectivity can be explained by internal diffusion limitations (Chapter 3), as were 

observed in section 5.3.2. On the contrary, over Zn-Pd/C and Ag-Pd/C, the 1-butene 

fraction slightly increased with increasing conversion and less isomerisation was 

observed compared to the monometallic Pd/C catalyst. Strikingly, all doped catalysts 

show more alkane formation than Pd/C, both in propane (Figure 5.5A) as well as butane 

(Figure 5.5B). Therefore, there is a clear difference in the product distribution of the 

doped and undoped catalysts. Over Pd/C, alkane formation is most suppressed and 

hence showed the highest butene selectivity. Over Zn-Pd/C and Ag-Pd/C, isomerisation 

was limited, and therefore the 1-butene yield was highest.  

The dopant-induced change in performance might be explained by electronic effects, as 

a clear trend for the dopants and their position in the periodic table is observed. The 

lowest selectivity and highest activity was obtained by K-addition, whereas Zn- and 

Ag-Pd/C showed the lowest activity and high selectivity. These effects are likely 

electronic in nature, but cannot be fully explained solely by Pauling electronegativity 

(EN) (since ENCu~ENAg and <ENPd for all dopants) of the elements, and more extensive 

characterisation and systematic studies are required. 

 

5.3.4 1-Butene isomerisation 

The butadiene hydrogenation mechanism over doped and undoped Pd was further 

elucidated by isomerisation tests of 0.3% 1-butene in 5% hydrogen (helium balance). 

The 1-butene conversion (combined isomerisation and hydrogenation) for all catalysts 

is shown in Figure 5.6A. The TOF for 1-butene conversion is depicted in Figure 5.6B. 

The addition of K slightly increased the intrinsic activity, whereas addition of the 

coinage metals showed a decrease in activity in the order Cu > Zn > Ag. For Mn-Pd/C a 

near-identical intrinsic activity was found compared to Pd/C, calculated at 25 °C as 

roughly 15-16 mol1-butene molPd,surface-1 s-1. Compared to the butadiene hydrogenation 

activity (Figure 5.4C), the TOF values for 1-butene conversion for all catalysts were 

between 1.4 to 7.5 times lower at 25 °C (Figure 5.6C). The ratio between the TOFs for 

hydrogenation of butadiene and of 1-butene follows the trend of Ag-Pd/C > Zn-Pd/C > 

Cu-Pd/C > undoped Pd/C > K-Pd/C ~ Mn-Pd/C. Here, K- and Mn-doped catalysts 

showed a TOFbutadiene:TOFbutenes ratio near 1.0 at 60 °C, whereas for Ag-Pd/C, this was 

almost tenfold higher, strongly favouring activity for butadiene hydrogenation over 

1-butene over the whole temperature range. Regarding the preferential hydrogenation 

of butadiene over 1-butene, the observed trend indicated that transition metal dopants 

with more higher 3d-orbital filling are more selective, and addition of Ag (4d-metal) 

yields the highest preferentiality. Further studies, including reaction order studies for 

the isomerisation would be interesting to elucidate the origin of the differences. 

The C4-distribution during 1-butene conversion is depicted in Figure 5.6D. At 30 °C low 

n-butane formation and isomerisation was found for all catalysts. At higher 

temperatures (80 °C), a trend in selectivity emerged. K- and Mn-doped catalysts 
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performed slightly worse than undoped Pd/C since more n-butane was formed with a 

similar amount of 2-butenes. The selectivity increased when Pd/C was doped with Cu, 

Zn or Ag, especially for the latter, which showed little n-butane formation and a very 

low amount of isomerisation products. The observed trans:cis ratio of 1.4-1.7 that is 

obtained with 1-butene isomerisation aligns with the thermodynamic butene 

equilibrium (see Figure 1.4B)56,57, whereas for butadiene hydrogenation, a trans:cis 

ratio close to 10 was found. This significant difference points towards a different 

mechanism of 2-butene formation. During 1-butene isomerisation, formation of 

2-butenes occurs by sequential H-addition, skeletal rearrangement and H-extraction, 

resulting in a trans:cis close to equilibrium.18,57,58 In contrast, during butadiene 

hydrogenation, 2-butenes form through direct semi-hydrogenation of adsorbed 

butadiene in a high (~10) trans:cis ratio, characteristic for monometallic Pd 

catalysts.59-61 Therefore, readsorption of 1-butene followed by isomerisation during 

butadiene hydrogenation (Figure 5.5C) is likely negligible, since that would have 
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Figure 5.6. 1-Butene isomerisation. (A) Conversion of 1-butene over (M-)Pd/C catalyst as 

function of temperature. (B) TOF for 1-butene conversion. (C) Ratio between the TOFs of 

butadiene hydrogenation and 1-butene conversion as a function of temperature. 

(D) C4-product distribution at low (30 °C) and high (80 °C) temperature during 1-butene 

conversion. Catalysts loading and temperature programs identical to the tests in Figure 5.4.  
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resulted in a trans:cis ratio closer to 1.7, as was observed during 1-butene 

hydrogenation (Figure 5.6D). 

 

5.4 Conclusions 

The effect of various additives (K, Mn, Cu, Zn, and Ag-based) on the performance of 

Pd-catalysts was investigated during the selective hydrogenation over butadiene. The 

addition of the dopants decreased the butadiene hydrogenation activity, especially at 

higher temperatures and conversion levels. The decrease in catalytic activity was 

particularly strong for Zn- and Ag-doped catalysts. This was likely due to electron 

density transfer to Pd, further occupying the d-band electronic states, which decreased 

the interaction with butadiene. Furthermore, the lowest amount of alkane formation 

(propane and n-butane) was observed over the undoped Pd-catalyst. Interestingly, 

higher 1-butene selectivities were found for the Cu-, Zn- and Ag-containing catalysts. 

Isomerisation tests of 1-butene showed that the addition of Cu, Zn or Ag species 

suppressed the 1-butene conversion relative to the butadiene conversion, which 

resulted in higher 1-butene yields for these catalysts. This chapter indicates that the 

addition of a minority amount (10 mol%) of a dopant greatly changes the catalytic 

performance of Pd-catalysts during selective hydrogenation reactions. The beneficial or 

detrimental influence of the dopants on Pd is dependent on the specific reactant (diene 

or alkene) and the desired application of the reaction (e.g., low alkane formation or high 

isomer yield). 
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6.1 Summary 

This thesis covers a study on the selective hydrogenation of gaseous 1,3-butadiene 

(butadiene hereafter) over palladium (Pd) nanoparticle catalysts. This reaction is of 

essential relevance for industrial high-purity olefin production, where butadiene 

impurities have to be reduced down to the ppm level. Retaining a high selectivity up to 

complete butadiene conversion is challenging. Therefore, a full understanding of the 

effects of catalyst properties and reaction conditions on the catalytic performance is 

required. Several factors influence the catalysis, such as nanoparticle size, reaction 

conditions, metal composition and catalyst structure. Using different synthesis, 

characterisation and catalytic testing methods, we aimed to develop a better 

comprehension of the properties of the catalyst and reaction conditions that affect 

catalytic activity and selectivity. The general background of selective hydrogenation 

reactions is discussed in Chapter 1. Moreover, detailed information on the use of Pd as 

active metal and carbon as nanoparticle support is provided with a focus on the 

application in the selective hydrogenation of butadiene from an excess of propylene. 

In Chapter 2, the influence of Pd nanoparticle size on the catalytic performance is 

discussed. We systematically varied the nanoparticle size of carbon-supported Pd 

(Pd/C) catalysts from 2 to 17 nm in diameter and studied its effect on the catalysis. The 

nanoparticle size determined the structure of the exposed surfaces, where small 

nanoparticles contain a majority of corner- and edge-sites, while larger nanoparticles 

expose more flat and extended terraces. The butadiene hydrogenation activity per Pd 

surface atom increased with nanoparticle size, from 17 s-1 to 34 s-1 at 25 °C for 2 nm to 

17 nm nanoparticles. Contrarily, the propylene hydrogenation activity decreased 

strongly over the same range of nanoparticle sizes; from 2.6 s-1 to 0.4 s-1, in line with the 

fraction of exposed corner-sites. Therefore, a size-dependent product selectivity was 

obtained, with a higher butene selectivity for larger nanoparticles over the full 

butadiene conversion range.  

In Chapter 3, the effect of heat and mass transport limitations on activity and selectivity 

is described using Pd/C catalysts of similar particle size. By varying the Pd loading, a 

specific surface area of between 0.01 to 2.6 m2Pd/gcat was obtained for different 

catalysts. The effective mass transport (diffusion) was varied by using different average 

catalyst grain sizes (between 19 and 200 µm). By comparing to the observed reaction 

rates, we calculated whether the external and internal heat and mass transport were 

sufficiently fast. The combination of catalytic results and calculations highlighted the 

importance of diffusion-induced concentration gradients inside catalyst grains. The 

observed impact of these gradients on the butene selectivity was much more severe 

than the impact on activity. This chapter provides guidelines for understanding the 

influence of catalyst structure and testing conditions for Pd-catalysed hydrogenation 

reactions and how to avoid attributing observations to intrinsic catalyst properties 

while, in reality, they are caused by internal mass transfer limitations. 
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In Chapter 4, we deal with bimetallic PdCu/C catalysts and focus on the influence of the 

Cu-to-Pd ratio (between 7 and 167) in Cu-rich catalysts on the catalytic performance. 

The Pd mass- and surface-normalised activity in bimetallic PdCu catalysts was lower 

than that of monometallic Pd but gradually increased with Pd content. Operando X-ray 

absorption spectroscopy showed a slight preferential clustering of Pd in the bimetallic 

nanoparticles, as well as electron density transfer from Cu to Pd. This changes the active 

site in terms of the Pd ensemble site and its electronic properties, and hence adsorption 

energies, which explains why the behaviour is very different from that of pure Pd. The 

Pd-containing catalysts showed similar isomer product compositions and high butene 

selectivities up to near-complete butadiene conversion. Monometallic Cu and Cu-rich 

(Cu:Pd≥85) catalysts showed slightly superior butene selectivity at high conversions, 

albeit at much lower activities. This chapter highlights the importance of tuning the Pd-

concentration in Cu-rich bimetallic catalysts to combine favourable activities with high 

selectivities while minimising the Pd content. 

In Chapter 5, we explore the effect of various additives (K, Mn, Cu, Zn, and Ag-based) 

on the performance of Pd/C catalysts. The addition of the dopants decreased the 

butadiene hydrogenation activity, especially at higher temperatures and conversion 

levels. This reduced activity was ascribed to an electron density transfer to Pd and was 

particularly strong for Zn- and Ag-doped catalysts. The lowest amount of alkane 

formation (both propane and n-butane) was observed over the undoped Pd-catalyst. 

Interestingly, higher 1-butene selectivities were found for the Cu-, Zn- and 

Ag-containing catalysts. Isomerisation tests of 1-butene showed that the addition of Cu, 

Zn or Ag species suppressed the 1-butene conversion relative to the butadiene 

conversion, which resulted in higher 1-butene yields for these catalysts. This chapter 

indicates that the addition of a minority amount (10 mol%) of a dopant greatly changes 

the catalytic performance of Pd-catalysts. 

 

6.2 Outlook 

Throughout my PhD project, more than one hundred different catalyst samples have 

been prepared, which were all characterised using multiple methods and examined by 

various catalytic tests. This research has provided answers to many questions and 

arguably gave rise to even more additional questions. This section offers some 

suggestions for future research directions and their associated challenges as a follow-

up to the work presented in this thesis. 

From Chapter 2, we learnt that corner sites on smaller Pd nanoparticles are 

detrimental to the butene selectivity, while terraces provide improved selectivity. By 

controlled synthesis methods, particles with well-defined facets can be prepared, 

maximising terrace site exposure and minimise the corner site fraction. However, 

retaining such shapes under catalytic working conditions might be challenging. Another 
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approach is to make large particles by core-shell design, where the core is preferentially 

a cheap substitute for an expensive Pd core, but is required to have no detrimental effect 

on the electronic properties of the catalytically active Pd shell. In an ideal scenario, the 

core even enhances the catalytic properties of Pd.  

A concentration-activity correlation with regards to the Pd fraction was found in 

Chapter 4. For the lowest Pd concentrations (<1 at%), however, we were unable to 

correlate the low activity to the Pd geometry. With advanced characterisation methods, 

such as aberration-corrected electron microscopy or molecular probe spectroscopy, it 

is possible to detect isolated Pd atoms inside the Cu-host and to distinguish them from 

larger Pd ensembles. We note that the nature of the Pd site depends on the atmosphere, 

hence such experiments should preferentially be performed under in situ or operando 

conditions, which complicates the feasibility of the experiments. 

For the dopant addition in Chapter 5, we found a trend in the effect on activity and 

selectivity based on the position of the dopant within the periodic table. These trends 

should be substantiated by calculations of electronic transfer or measured 

experimentally. In situ or operando X-ray absorption spectroscopy on these samples 

could be insightful into the oxidation state of these dopants and their electronic 

interactions with Pd. Moreover, computational assessments of which dopant species 

are present under reaction conditions and their electronic influence are necessary to 

fully understand the observed trends. 

For Chapters 4 and 5, the use of more than one metal(-oxide) raises interesting 

questions on restructuring or preferential surface occupation for Pd and the secondary 

element. It is interesting to investigate such effects based on relevant pre-treatment 

conditioning, such as heating in H2, O2 or CO, and to correlate catalytic performance to 

the affinity with molecules in the reaction gas. 

The strong effect of internal mass transfer limitations, observed in Chapter 3, should 

be minimised to obtain accurate structure-performance relationships in catalysis. 

Therefore, as a general approach, catalysts with very low Pd loadings can be used to 

revisit some of the investigations of intrinsic catalytic properties, including effects of 

size, support and additives. However, the downside of catalysts with low Pd loading is 

that determining the structure of the catalysts becomes increasingly more difficult due 

to reduced signal-to-noise ratio during characterisation experiments.  

Lastly, in academic studies, including this thesis, there is often a so-called “materials 

and pressure gap” with respect to industry. To overcome these gaps, more complicated 

reaction mixtures, including CO and CH4, and higher pressures (Table 1.1) should be 

tested to better resemble the typical front-end conditions in selective hydrogenation 

reactors. Moreover, the influence of binder materials and additives in the use of 

industrial catalyst bodies, such as extrudates, can be explored. 
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Welkom in alweer het laatste hoofdstuk van dit proefschrift! Leuk dat je het bijna hebt 

uitgelezen (of ben je hier begonnen?). In dit hoofdstuk geef ik een bondige samenvatting 

van het onderzoek dat ik de afgelopen vier jaar heb gedaan. In die jaren ben ik vaak 

door vrienden en familie gevraagd waar ik precies aan werkte. Het was niet altijd even 

gemakkelijk om helder uit te leggen, vooral als ik niet precies wist wat de chemische 

achtergrondkennis was van degene die de vraag stelde. Ik begrijp dat de woorden 

“selectieve hydrogenatie met palladium katalysatoren” een verre van alledaags of 

tastbaar begrip zijn. In de tekst hieronder neem ik graag de tijd om, met zoveel mogelijk 

herkenbare voorbeelden, uit te leggen aan welk specifiek stukje binnen de scheikunde 

ik al die tijd heb gewerkt.  

 

Wat is katalyse? 

Wij hebben als mensen dagelijks (wellicht onbewust) te maken met verschillende 

scheikundige processen. Deze chemische reacties spelen een rol bij bijvoorbeeld het 

klaarmaken van eten, het op- en ontladen van je telefoon of bij het afbreken van alcohol 

door enzymen in ons lichaam. In dit proefschrift staat een specifieke tak binnen de 

scheikunde centraal; de katalyse. Katalyse is onlosmakelijk verbonden met het 

versnellen van veel chemische processen en draagt zo voor een groot gedeelte bij aan 

een duurzamere industrie en de wereldwijde economie. Zo wordt bij de productie van 

90% van alle materialen, brandstoffen, oplosmiddelen, plastics en medicijnen ten 

minste één gekatalyseerde omzetting gebruikt.1 In andere woorden: ten minste een 

omzetting vindt plaats met behulp van “een katalysator”. Zo’n katalysator is een 

materiaal dat chemische reacties versnelt, ze bij lagere temperatuur laat plaatsvinden 

of ze in een bepaalde richting stuurt. Een bekend voorbeeld is de katalysator in elke 

benzineauto, waar schadelijke uitlaatgassen (zoals giftige stikstofoxides, 

koolstofmonoxide en roetdeeltjes) door de katalysator worden afgebroken, en weer 

opgebouwd tot minder schadelijke uitlaatgassen (water, stikstof en koolstofdioxide). 

Hierbij is het van belang dat de katalysator de reacties versnelt zonder zelf verbruikt te 

worden. Daardoor kunnen ze opnieuw gebruikt worden voor een volgende chemische 

reactie. Drie belangrijke eigenschappen van een katalysator zijn activiteit (aantal 

omzettingen per minuut), selectiviteit (welke omzettingen worden versneld) en 

stabiliteit (hoelang een katalysator effectief mee gaat).  

Recente schattingen geven aan dat katalyse in direct verband kan worden gebracht met 

40% van het wereldwijde bruto nationaal product (BNP, €95.4 biljoen in 2023).2–4 Dat 

betekent dat katalyse bijdraagt aan een jaarlijkse waarde van €38.2 biljoen, meer dan 

het BNP van heel Europa (€23.2 biljoen) of de Verenigde Staten (€27.0 biljoen). Ter 

vergelijking heeft Nederland een BNP van €1.0 biljoen (€1.000.000.000.000). De 

grootste bijdrage van katalyse aan de wereldwijde economie is door de onmisbaarheid 

van katalysatoren in de chemische industrie. Zoals eerder genoemd, worden 90% van 

alle kunstmatig geproduceerde materialen gemaakt met behulp van een katalysator.1 
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De grootschalige toepassingen van katalyse variëren van de productie van alledaagse 

producten zoals kunststoffen en kleding, het maken van medicijnen tot het produceren 

van synthetische brandstoffen, waterstof en kunstmest. Hiermee is ook een belangrijke 

rol weggelegd voor de katalyse om een meer duurzame en circulaire toekomstige 

economie te creëren, met name via de energietransitie. 

Een gekatalyseerde en niet-gekatalyseerde omzetting kunnen vergeleken worden met 

twee routes over de Zwitserse Alpen (Figuur 7.1). Om van Göschenen naar Airolo te 

komen, moet een bepaalde energiebarrière (hoogteverschil) overbrugd worden. In dit 

voorbeeld ligt het hoogste punt van de bergpas op exact 1000 hoogtemeters boven het 

beginpunt van de reis. Het kost een bepaalde hoeveelheid energie om dit hoogste punt 

te bereiken. Na het bereiken van het hoogste punt, komt er juist energie vrij, omdat de 

auto door zwaartekracht versnelt (kinetische energie) en de remschijven opwarmen 

(warmte-energie) bij het remmen. Na de afdaling, kom je aan in Airolo, 36 hoogtemeters 

boven het begin van de rit. Een katalysator verlaagt de energiebarrière van een reactie, 

vergelijkbaar met het verlagen van de hoogtemeters van de autotocht. Bijvoorbeeld 

door via de Gotthardtunnel te rijden, wordt het hoogste punt aanzienlijk verlaagd 

vergeleken met de bergpas, en is maar een stijging van 69 hoogtemeters nodig om dit 

punt te bereiken.  

Het verschil tussen de energiebarrières van deze twee paden is schematisch 

weergegeven in Figuur 7.1 met de groene en rode pijlen. Het begin en eindpunt zijn 

exact hetzelfde, maar het pad daartussen is aanzienlijk gemakkelijker gemaakt. Op 

eenzelfde manier maakt een katalysator het mogelijk om chemische reacties te laten 

plaatsvinden via een ander, gemakkelijker, pad. De begin- en eindstoffen zijn hetzelfde, 

en ze hebben dezelfde chemische energie als via een niet-gekatalyseerd reactiepad. 

Maar het pad van begin- naar eindstof doorlopen is veel gemakkelijker mét de hulp van 

een katalysator. Naast het verlagen van de energiebarrière, kan een katalysator ook 

helpen in de selectiviteit. Door bepaalde reactie-routes gemakkelijk te maken, ofwel 

 
Figuur 7.1. Energielandschap. De benodigde energiebarrière om de Zwitserse Alpen te 

doorkruisen wordt aanzienlijk verlaagt met behulp van de Gotthardtunnel, vergelijkbaar met 

een chemische omzetting die door een katalysator wordt versneld. 
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andere juist te verhinderen, kan de selectiviteit van een chemische reactie richting een 

bepaald product gestuurd worden. Om terug te komen op de Alpen-metafoor, is dit te 

vergelijken met asfalteren van bepaalde wegen, terwijl andere gevaarlijke 

bergweggetjes juist worden afgesloten. Op deze manier zal het meeste verkeer zich 

uiteindelijk vooral via één route, richting één eindpunt, bewegen. 

 

De selectieve reactie 

De chemische reactie die in dit proefschrift is beschreven, is selectieve hydrogenatie. 

Met hydrogeneren wordt een proces bedoeld waarbij waterstofgas (H2) chemisch 

wordt gebonden aan een waterstof-onverzadigd molecuul. Zo’n molecuul wordt 

daardoor meer verzadigd met waterstof atomen (H). Een bekend voorbeeld uit de 

voedselindustrie zijn onverzadigde vetzuren, die met hydrogeneren worden omgezet 

in verzadigde vetzuren. In selectieve hydrogenatie is het vereist dat de reactie specifiek 

is voor één bepaalde binding van een specifiek molecuul, zodat de overige bindingen en 

moleculen onaangetast blijven. Voorbeelden van reacties waar selectiviteit belangrijk 

is, is het hydrogeneren van moleculen met meerdere onverzadigde ‘dubbele’ koolstof-

koolstof bindingen (C=C) ofwel met een drievoudige (C≡C) binding, zoals bijvoorbeeld 

butadieen en acetyleen in Figuur 7.2. Bij deze voorbeelden is het van belang dat slechts 

een enkele hydrogenatie stap plaatsvindt naar buteen of ethyleen, zonder ook een 

volgende stap (volledige hydrogenatie) naar butaan of ethaan. Deze selectieve reacties 

zijn essentieel bij de productie van medicijnen, kleur- geur- en smaakstoffen, vitamines 

en polymeren.5 

 
Figuur 7.2. Voorbeelden van de selectieve hydrogenatie. Schematische weergave van twee 

veelvoorkomende reacties: het selectief omzetten van butadieen of acetyleen naar buteen en 

ethyleen, zonder over-hydrogenatie naar butaan of ethaan. De moleculen zijn schematisch 

weergegeven met de initiële waterstof atomen in het grijs, de onverzadigde (dubbele of 

drievoudige) koolstof-koolstof bindingen in het blauw, de gewenste waterstoftoevoeging in 

het groen, en de ongewenste waterstof in het rood (over-hydrogenatie). 
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Een grootschalige industriële toepassing van selectieve hydrogenatie is het zuiveren 

van “alkeen” gasmengsels.6 Bij de productie van deze hoogwaardige alkenen, zoals 

bijvoorbeeld buteen of ethyleen, wordt altijd een klein beetje ongewenst butadieen of 

acetyleen gevormd. De concentratie van deze onzuiverheden is minder dan ongeveer 

1% in het mengsel. De kleine hoeveelheid onzuiverheid moet echter volledig uit het 

gasmengsel verwijderd worden, omdat anders een essentieel chemisch proces in een 

later stadium (de polymerisatie) ernstig wordt belemmerd. Door middel van selectieve 

hydrogenatie wordt de ongewenste onzuiverheid omgezet tot een gewenst 

hoogwaardig alkeen product (Figuur 7.2). Noodzakelijk is wel dat deze reactie zeer 

selectief verloopt, zodat er geen over-hydrogenatie plaatsvindt, met laagwaardige 

bijproducten zoals butaan en ethaan als gevolg. Bij elke hydrogenatie komt warmte vrij 

(het is een “exotherme” reactie). Dit maakt het nog lastiger om de reactie onder controle 

te houden, vooral als veel omzettingen snel achter elkaar plaatsvinden, en er veel 

warmte vrijkomt. Het selectief hydrogeneren van zo’n kleine (<1%) onzuiverheid uit 

een gasmengsel van gewenste producten, is alsof je op een chemische manier een speld 

(1% butadieen) uit een hooiberg (99% alkenen) probeert te halen. Echter, omdat de 

alkenen zelf óok gehydrogeneerd kunnen worden, waar weer warmte bij vrijkomt, is 

het meer vergelijkbaar met selectief een lucifer uit een hooiberg proberen te 

verwijderen door alleen de lucifer aan te steken, zonder dat de hooiberg eromheen 

vlam vat. Dit maakt selectieve hydrogenatie een zeer uitdagend wetenschappelijk 

vraagstuk met grootschalige industriële relevantie. 

 

Wat zijn nanodeeltjes? 

Voor katalytische omzettingen worden veelal metaal nanodeeltjes gebruikt. Voor 

selectieve hydrogenatie zijn metalen als koper, zilver en goud (de zogenoemde 

muntmetalen) bekend. Deze muntmetalen hebben een goede selectiviteit, maar de 

activiteit is over het algemeen erg laag. Platinagroep metalen (PGMs) zoals rhodium, 

palladium en platina zijn vele ordergroottes actiever dan de muntmetalen. Van de 

PGMs, is palladium (Pd) het meest selectief, wat het de ideale kandidaat maakt voor 

selectieve hydrogenatie reacties, door de combinatie van hoge activiteit en goede 

selectiviteit. 

Een nadeel van palladium is dat het een vrij kostbaar metaal is (32.000 €/kg).7 Daarom 

is het gewenst om het metaal zo effectief mogelijk te gebruiken. Dit wordt gedaan door 

het metaal in zogenoemde nanodeeltjes op te splitsen. Deze deeltjes van enkele 

nanometers (nm, 0.000000001 meter) hebben een veel groter oppervlak waar katalyse 

kan plaatsvinden, vergeleken met als het Pd in één enkel stuk geconcentreerd zou zijn. 

Ter illustratie, 1 gram Pd (dichtheid 12 g/cm3) kan worden omvat door een bolletje van 

0.54 cm in diameter met een oppervlak van 0.92 cm2, iets minder dan een kleine 

postzegel. Wanneer je deze palladium doperwt opsplitst in nanodeeltjes van 5 nm, geeft 

dat een totaal oppervlak van ongeveer 100 m2 voor 1 gram metaal, ongeveer de grootte 

van een halve tennisbaan. Kortom, door gebruik te maken van zulke nanodeeltjes wordt 
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het oppervlakte van dezelfde hoeveelheid Pd met ongeveer een factor 1 miljoen 

vergroot.8 Om enigszins gevoel te krijgen voor hoe klein deze deeltje dan zijn, kun je je 

een tennisbal in je hand voorstellen. Deze tennisbal is ongeveer 100 miljoen keer 

(8 ordergroottes) kleiner dan de aarde (Figuur 7.3). Een tennisbal is weer 1000 keer 

groter dan een gemiddelde hoofdhaar (0.06 mm). Beeld je nu in dat een nanodeeltje 

weer 100.000 keer kleiner is dan die hoofdhaar, ofwel 100.000.000 keer kleiner dan 

een tennisbal. Om deze nanodeeltjes te bestuderen zijn geavanceerde meetmethodes 

ontwikkeld; bijvoorbeeld met elektronenmicroscopie is het mogelijk om deze 

nanodeeltjes te bekijken, zoals te zien is op de achterkant van dit proefschrift. 

Voor deze nanodeeltjes zijn zogenoemde dragermaterialen nodig. Deze 

dragermaterialen zijn de fysieke ondersteuning van de nanodeeltjes, die ervoor zorgen 

dat ze hun kleine afmetingen behouden en niet samenklonteren tot grotere deeltjes. 

Idealiter hebben dragermaterialen een groot oppervlak waar de nanodeeltjes op 

afgezet kunnen worden. In het dragermateriaal kun je een groot oppervlak en volume 

creëren door het aanbrengen van veel kleine holtes of poriën, waardoor het gaat lijken 

op een nano-versie van een keukenspons. In dit proefschrift wordt koolstof als 

dragermateriaal gebruikt. Specifiek gebruiken we grafeen nanoplaatjes (GNP), die 

bestaan uit meerdere op elkaar gestapelde lagen grafeen, wat grafiet vormt; hetzelfde 

materiaal waar potloodpunten van gemaakt zijn. Deze platen (10-20 nm dik en 

500-1000 nm lang) hebben een groot beschikbaar oppervlak van 500 m2/g waar de Pd 

nanodeeltjes van een paar nanometer op worden afgezet. Een voordeel van koolstof als 

dragermateriaal, is dat het geen chemische reacties kan aangaan met de 

metaaldeeltjes.9–11 Daarnaast heeft koolstof een hele hoge warmtegeleiding, wat 

bijdraagt aan een betere afvoer van de warmte die door de (exotherme) 

hydrogenatiereacties vrijkomt.12 Voor ons vormen palladium nanodeeltjes afgezet op 

het koolstof dragermateriaal (de nano-potloodpunt-spons) de basis van de 

katalysatoren die besproken worden in dit proefschrift. De katalysator poeders worden 

uiteindelijk samengedrukt en gezeefd tot een hanteerbare korrelgrootte (ter grootte 

van fijne zandkorrels, 0.02-0.2 mm, dat is ongeveer 0.3-3 hoofdharen) die in een 

katalytische test opstelling geplaats kunnen worden.  

 
Figuur 7.3. Verschil in grootte tussen een palladium nanodeeltje, twee tennisballen en 

de aarde. De aarde is ongeveer 1×108 keer groter dan de tennisballen, die ook weer ongeveer 

1×108 keer groter zijn dan een typisch metaal nanodeeltje.  

0.06 mm 2 6.5 cm1.3 nm

 100.000.000  100.000.000

13 Mm
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Wat staat er in dit proefschrift? 

Om chemische processen schoner, zuiniger en efficiënter te laten plaatsvinden zijn dus 

katalysatoren nodig. Elk proces heeft in principe een optimale katalysator en optimale 

reactiecondities (zoals druk, temperatuur en stroming van reactanten). Veel 

(scheikundige) ontdekkingen zijn het resultaat van doelgericht onderzoek, maar 

anderen van trial-and-error (gissen en missen) of toevalsbevindingen. Voor het 

ontwikkelen van betere of nieuwe katalysatoren, is het van belang om te begrijpen hoe 

de katalytische prestaties samenhangen met de eigenschappen van de katalysator. 

Daardoor kunnen katalysatoren aangepast worden voor een nog betere werking, en 

kunnen katalysatoren worden ontworpen voor nieuwe toepassingen. In dit proefschrift 

zijn verschillende katalysatoreigenschappen gecorreleerd aan de katalytische 

prestaties, uiteengezet in 5 hoofdstukken. 

In Hoofdstuk 1 wordt een inleiding gegeven in het onderwerp van dit proefschrift: de 

selectieve hydrogenatie met Pd katalysatoren (een zin die hopelijk nu meer herkenning 

opwekt). Dit hoofdstuk beschrijft de relevante achtergrond van de chemische reacties 

en de belangrijke eigenschappen van de katalysatoren, zoals de interactie die Pd heeft 

met de moleculen. 

In de Hoofdstukken 2 t/m 5 staat beschreven wat het effect is van het variëren van 

verschillende katalysator materiaaleigenschappen en reactiecondities op de katalyse. 

Als gemeenschappelijk thema, worden in al deze hoofdstukken koolstofgedragen 

palladium nanodeeltjes (Pd/C) gebruikt voor het verwijderen van butadieen door 

middel van selectieve hydrogenatie (Figuur 7.2) uit een 100-voudige overmaat van 

propyleen (alkeen). Tijdens de katalyse worden activiteit en selectiviteit nauwkeurig in 

de gaten gehouden, als functie van temperatuur en andere reactiecondities. De 

resultaten worden gekoppeld aan de variaties van de eigenschappen van de 

katalysatoren, om zo een beter inzicht te krijgen in de werking van Pd/C tijdens 

selectieve hydrogenatie reacties. 

In Hoofdstuk 2 wordt het effect van de grootte van de nanodeeltjes beschreven. 

Hiervoor is een serie van verschillende Pd nanodeeltjes gemaakt, variërend van 

ongeveer 2 tot 20 nm in diameter. Met deze variatie in grootte, komt ook een variatie 

van hoe het oppervlak van zo’n nanodeeltje er uit ziet. Een klein nanodeeltje 

(Figuur 7.4A) bevat relatief veel hoek- en randpunten. Bij grotere nanodeeltjes neemt 

de hoeveelheid platte vlakken juist toe, en neemt de fractie hoekpunten sterk af. Deze 

vlakken, randen of hoekpunten hebben allemaal een andere interactie met de butadieen 

en propyleen moleculen, en daardoor ook een andere activiteit en selectiviteit. De 

katalytische experimenten lieten zien dat de activiteit voor butadieen ongeveer 

verdubbelt met grotere deeltjesgrootte (van 2 tot 20 nm), omdat butadieen efficiënt 

wordt omgezet op het platte oppervlak. Tegelijkertijd nam de activiteit voor de 

ongewenste propyleen hydrogenatie juist sterk af: een zesvoudige afname van 2 naar 

20 nm deeltjes. Deze afname in propyleen activiteit volgde eenzelfde trend als de fractie 

van de hoekpunten in een nanodeeltje, wat er op wijst dat propyleen vooral over deze 
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hoekpunten in kleine nanodeeltjes wordt omgezet. Het verschil in activiteit van deze 

twee reacties resulteerde in een grootte-afhankelijke selectiviteit die veel beter was 

voor grotere nanodeeltjes. Kortom, grotere deeltjes zijn selectiever dan kleinere 

deeltjes. Je hebt alleen wel relatief meer van het dure palladium nodig om grotere 

deeltjes te maken. 

In Hoofdstuk 3 wordt de invloed van de reactiecondities besproken. We keken naar 

nanodeeltjes met vergelijkbare grootte, maar met een verschillende hoeveelheid 

deeltjes per gram dragermateriaal. Deze katalysatoren zijn weer onderverdeeld op 

basis van de “korrelgrootte” (grootte van samengeperste Pd/C deeltjes). De 

combinaties van de belading en korrelgrootte geven een groot variërende verhouding 

tussen katalytische activiteit (die toeneemt met toenemende hoeveelheid nanodeeltjes) 

en de diffusiesnelheid van de butadieen gasmoleculen (die afneemt met toenemende 

korrelgrootte). Vervolgens zijn warmtegeleiding en diffusiesnelheden voor deze 

katalysatoren berekend. Zo werd aangetoond dat vooral de zogenoemde “interne 

diffusie limitaties” een grote invloed hebben op de selectiviteit van de reactie. Door de 

hoge snelheid waarmee de Pd nanodeeltjes de butadieen omzetten, is de 

diffusiesnelheid te laag om voldoende nieuwe butadieen aan te voeren. Deze limitaties 

zijn te vergelijken het bewegen door een doolhof: het is gemakkelijk om langs de randen 

te komen en het zal er druk bezocht zijn, maar hoe dieper naar het midden van het 

doolhof je je begeeft, hoe langer dit duurt en hoe minder mensen dit bereiken. Hierdoor 

ontstaat er een concentratiegradiënt van butadieen: binnenin de katalysator korrels is 

minder butadieen aanwezig (Figuur 7.4B). Dit effect wordt sterker voor hogere Pd 

beladingen (butadieen wordt al aan rand van het doolhof snel omgezet), en grotere 

korrels (het doolhof wordt groter). Als deze effecten te groot worden, is in het 

middendeel van de katalysatorkorrel amper butadieen aanwezig. Dan hebben daar de 

ongewenste reacties vrij spel en neemt de totale selectiviteit af. Dit hoofdstuk beschrijft 

hoe met dezelfde Pd nanodeeltjes, grote verschillen in katalytische werking optraden. 

Deze verschillen zijn niet het gevolg van de materiaaleigenschappen van de 

nanodeeltjes, wat laat zien dat het van groot belang is hoe een test wordt uitgevoerd, 

en dat wordt gecontroleerd of het massa- en warmtetransport de reactie bij kunnen 

houden. 

In Hoofdstuk 4 worden nanodeeltjes bestaande uit twee metalen, namelijk Pd en koper 

(Cu), behandeld. In deze bimetallische (“tweemetalige”) deeltjes werd de verhouding 

tussen Pd en Cu gevarieerd, met een Pd concentratie tussen de 0 en 13%. Door middel 

van röntgendiffractie en elektronenmicroscopie is aangetoond dat de Pd en Cu atomen 

gemengd zijn in de nanodeeltjes. Verder liet röntgenspectroscopie zien dat er een 

elektronische interactie is tussen Cu en Pd. De katalytische activiteit van de 

bimetallische deeltjes nam toe met toenemende Pd concentratie, maar bleef altijd lager 

dan voor een Pd katalysator zonder Cu. Ook de selectiviteit was afhankelijk van 

verhouding van de twee metalen, en nam iets toe voor de hogere Cu-tot-Pd 

verhoudingen. Deze invloed op de activiteit en selectiviteit met toenemende Pd concen- 
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Figuur 7.4. Schematisch weergave van de experimentele hoofdstukken (2-5) uit dit 

proefschrift. (A) Hoofstuk 2: variatie van de deeltjesgrootte geeft een andere samenstelling 

van het oppervlak. (B) Hoofdstuk 3: een butadieen concentratie gradiënt ontstaat in de 

katalysator korrels, afhankelijk van de Pd concentratie en de korrelgrootte. (C) Met 

toenemende Pd-concentratie in bimetallische palladium-koper katalysatoren vormen grotere 

Pd-clusters, met toenemende activiteit. (D) Het toevoegen van een kleine hoeveelheid van een 

promoter metaal aan Pd nanodeeltjes beïnvloed de activiteit en selectiviteit. 
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tratie werd verklaard door een toenemende Pd clustergrootte, dat wil zeggen dat op het 

oppervlak van het katalytische metaaldeeltje meer Pd atomen zich naast elkaar 

bevonden (Figuur 7.4C). 

In Hoofdstuk 5 wordt het effect van verschillende “promoters” op de werking van Pd 

nanodeeltjes besproken. Hierbij werd een kleine hoeveelheid van een tweede metaal 

element (M) toegevoegd aan een bestaande Pd nanodeeltje. Voor het tweede metaal 

element zijn kalium (K), mangaan (Mn), koper (Cu), zink (Zn) en zilver (Ag) uitgekozen 

op basis van resultaten uit de wetenschappelijke literatuur. Onverwachts lieten alle 

‘gepromote’ katalysatoren een lagere selectiviteit zien dan Pd/C. Ook was een hogere 

temperatuur nodig voor de volledige omzetting van butadieen. Interessant was dat de 

selectiviteit van de gevormde buteen producten wel verbeterde. Vooral met Zn- en 

Ag-toevoeging werd meer van het gewenste 1-buteen gemaakt, en minder 2-buteen 

(Figuur 7.4D). Deze verschillen in selectiviteit werden verder onderzocht met 1-buteen 

isomerisatie experimenten, waaruit ook bleek dat Zn- en Ag-toevoeging de sterkste 

invloed op de prestaties hadden. 

Samenvattend; Hoofdstuk 2 benadrukt dat de vorm en grootte van een nanodeeltje 

uitmaakt voor welke moleculen er effectief op worden omgezet. In Hoofdstuk 3 wordt 

aangekaart hoe belangrijk het is om (naast de materialen) de reactiecondities 

zorgvuldig af te stemmen, om zinnige informatie uit de katalytische resultaten te 

krijgen. Hoofdstuk 4 beschrijft deeltjes met twee metalen en laat zien dat activiteit en 

selectiviteit van elkaar afhankelijk zijn, en dat twee niet altijd beter is dan één. 

Hoofdstuk 5 laat zien dat het toevoegen van een kleine hoeveelheid van een tweede 

metaal element de katalytische werking van Pd drastisch kan veranderen, met 

uiteenlopende resultaten afhankelijk van de toevoeging van verschillende elementen.  

Deze inzichten leiden tot een beter begrip van Pd-gebaseerde katalysatoren voor 

selectieve hydrogenatie van butadieen, wat ook vertaald kan worden naar andere 

reacties. De meest vergelijkbare is de selectieve hydrogenatie van acetyleen, wat veel 

overlap in reactiecondities heeft.13 Vandaar dat vooral effecten uit Hoofdstuk 3, ook 

voor acetyleen hydrogenatie een grote rol kunnen spelen. Voor hydrogenatie reacties 

in het algemeen, zijn Hoofstuk 4 en 5 interessant, waar de interactie van waterstof en 

andere reactanten op bimetallische deeltjes wordt belicht. Hier blijkt dat 

monometallisch Pd de meest actieve vorm is, maar dat een lagere activiteit wel kan 

leiden tot een betere selectiviteit. In een breder perspectief kunnen deze inzichten 

natuurlijk ook worden gebruikt voor andere metalen en reacties. 
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