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Abstract 
The current demand for mono-unsaturated hydrocarbons is large and it is expected that it will keep growing. To 

produce these alkenes more purely, selective hydrogenation is needed to remove small amounts of alkadiene or 

alkyne impurities in the stream.  This is done by using supported Pd catalysts, which are very active for this 

reaction, but not as selective. To improve the selectivity of the catalyst, the Pd metal can be promoted or alloyed 

with other metals. The aim of this research is to study the effects of K, Mn, Cu, Zn and Ag promoters on Pd 

catalysts in the selective hydrogenation of poly-unsaturated hydrocarbons. To investigate this, the selective 

hydrogenation of a 1,3-butadiene impurity in a propylene feed is used as a model reaction.  

A synthesis method has been established to prepare comparable promoted catalysts, namely sequential incipient 

wetness impregnation with a subsequent reduction. Promoted Pd catalysts are obtained with the desired mol 

ratio of promoter metal to Pd of 1:10. Electron Microscopy (EM) analysis showed that the metal nanoparticles 

have an uniform distribution over the support and the particles have a surface averaged particle size between 

6 and 11 nm. With Temperature Programmed Reduction (TPR) analysis it was determined that Pd promotes the 

reduction of ZnO and possibly CuO, hence ZnO and potentially CuO are probably in close proximity to Pd. X-ray 

Diffraction (XRD) characterisation showed that there was a lattice contraction for the Mn, Ag, Zn and Cu 

promoted catalysts of 0.46, 0.51, 0.91 and 0.97%, respectively. This suggests that the metals might be 

incorporated into the Pd crystal lattice. 

Overall, the monometallic Pd catalyst yielded the highest activity and total butene selectivity in the selective 

hydrogenation of butadiene. Only at room temperature, the K-Pd/C catalyst exhibited an increase in Turnover 

Frequency (TOF) from 25 to 41 s-1 compared to the Pd/C catalyst. Nevertheless, all catalysts still displayed a high 

activity (>100 s-1 at 90 °C) for the hydrogenation of butadiene in comparison to other metals. The Ag promoted 

catalyst exhibited the highest total butene selectivity among the promoted catalysts, which was just a little bit 

lower than the monometallic Pd catalyst. The Ag promoted Pd catalyst also showed a higher 1-butene selectivity 

than the monometallic Pd catalyst, both at low and high conversion levels. The Zn and Cu promoted samples also 

exhibit a higher 1-butene selectivity, in contrast to the K and Mn promoted samples, which showed a decrease 

at higher conversion. This effect on the 1-butene selectivity is explained by the isomerisation activity of the 

catalysts. The Pd catalyst displays a high isomerisation activity, while the Ag and Zn promoted catalysts show a 

significant lower 1-butene TOF over the whole temperature range (22-150 °C).  

The (isomerisation) activity and selectivity were compared to the relative electronegativity (ΔEN), van der Waals 

radius (rvdw) of the promoter metals and the XRD derived lattice contraction of each catalyst. The butadiene and 

1-butene TOF did not seem to correlate with the ΔEN or the lattice contraction. However, when the promoter 

metal has a smaller rvdw, both the butadiene and 1-butene TOF seem to increase. The rvdw did also seem to have 

an influence on the selectivity to all butenes and 1-butene; the larger the promoter atom, the higher the 

selectivity. Using a promoter metal with a lower electronegativity seemed to increase the total and 1-butene 

selectivity. No distinct correlation is found between the lattice contraction and the selectivity.  

Oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR) pre-treatments 

(PTs) are performed before the catalytic test of the Mn promoted Pd catalyst. All PTs decreased the temperature 

that was needed to reach full conversion, compared to the catalyst that was not pre-treated. The ROR PT 

increased the butadiene conversion of the Mn-Pd/C catalyst at 25 °C from 20% to 50%. When an O or R PT was 

performed before catalysis, the catalyst activated during heating under reaction conditions. Finally, performing 

a R or ROR PT increased the total selectivity and a reducing PT as last step increased the selectivity towards 

1-butene.   
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1. Introduction 
Catalysis, especially heterogeneous catalysis, plays an important role in the chemical industry.1–5 In 

approximately 90% of chemical processes a catalyst is required for at least one step in the process.2,3 

Furthermore, the majority of catalysts used in industry are heterogeneous catalysts. Therefore, heterogeneous 

catalysis is viewed as one of the pillars of the chemical and energy industry. Moreover, it will be important in the 

transition towards a more sustainable and carbon neutral chemical industry.4,5 The production of chemicals 

accounts for about 25% of the industrial energy use and heterogeneous catalysts play a large role in these energy-

intensive processes.4 Accordingly, increasing the efficiency of heterogeneous catalysts will also lead to less 

energy consumption and reduction of the environmental impact of these large chemical processes. 

One large process in chemical industry is the production of mono-unsaturated hydrocarbons. Currently, there is 

a significant demand for mono-unsaturated hydrocarbons, and this demand is still growing as well.6–8 For 

example, propylene and ethylene are the two most important starting materials in petrochemical industry.6–12 In 

2021, the world consumption of propylene was 100 million tonnes and it is expected to grow to 135 million 

tonnes in 2025.8 The produced chemicals ethylene and propylene are mainly used for the production of 

polyethylene and polypropylene plastics.8–11,13–15 These plastics are used in a large variety of products such as, 

bottle caps, furniture, toys, diapers, tampons and more.7,16 Moreover, ethylene and propylene are the building 

blocks for many other chemicals. Ethylene is used to produce polyvinyl-chloride, ethylene oxide, ethanol, 

acetaldehyde, vinyl acetate, ethylbenzene and propylene for propylene oxide, acrylonitrile and isopropyl 

alcohol.7,13 The monomers are synthesized during the steam cracking of petroleum hydrocarbons, such as Naphta 

or LPG. This oil fraction is converted to a mixture of unsaturated hydrocarbons and small amounts of poly-

unsaturated hydrocarbon impurities, like alkadienes and alkynes.7–9,13–15,17–19 These impurities form during the 

cracking due to the harsh conditions, more specifically high temperature and high pressure.7–9,13 The formation 

of these poly-unsaturated hydrocarbons is unfavourable since they irreversibly deactivate the catalysts needed 

for the downstream polymerization process, for example the Ziegler-Natta catalyst.7,9–15,17,18,20–25 To minimize the 

catalyst deactivation in processes downstream, the alkadiene levels should be decreased to well below 10 ppm 

in the stream.7,11,13,15,18,20,24 To remove the small amount of impurity from the main alkene stream, there are 

multiple solutions; remove the impurities by fractional distillation, extract the impurities with solvent extraction 

or with a zeolite or metal-organic framework.7,9,11,13,17 Besides these solutions, the one that is applied the most 

because it is the most efficient, is selective hydrogenation.7,9,11,13,15,24 In addition to the chemical industry, 

selective hydrogenation is also important in the pharmaceutical, agrochemical and food industry.9,15,24,26 In 

selective hydrogenation, a catalyst will selectively convert the poly-unsaturated hydrocarbon impurities in the 

olefin mixture to mono-unsaturated hydrocarbons, without fully hydrogenating the alkenes towards alkanes, 

thereby removing the unwanted impurities from the olefin stream. There are two main side reactions in selective 

hydrogenation reactions: the over hydrogenation to alkanes and oligomerisation reactions.9,11,13,15,27 The over 

hydrogenation to alkanes is unwanted because it will decrease the selectivity towards alkenes. Oligomerisation 

reactions are responsible for the formation of green oil, which is a precursor for solid coke. This coke will lead to 

activity loss because it will block the active sites on a catalyst, therefore the oligomerisation reaction is also an 

undesired side reaction of selective hydrogenation reactions.7,9,11,27 

Palladium (Pd) based catalysts are known to have high activity and selectivity for selective hydrogenation 

reactions and are therefore widely used in industry.6,12,22,28–30 However, these Pd catalysts usually have a poor 

long-term stability and show a limited selectivity,9,14,28,31–33 especially at higher conversion levels.7,24  To increase 

the selectivity of the catalyst, the Pd metal can be promoted or alloyed with other metals.6,7,9,17,21,22,34 This will 

likely increase the selectivity, however most of the time also decrease the catalyst activity.15,35 Therefore finding 

a catalyst for selective hydrogenation with both high activity and selectivity, is still of great interest in research 

today.12,15,28,36 Two examples of Pd based alloyed catalysts are the Pd-Ag/Al2O3 and Lindlar Pd-Pb/CaCO3 catalysts 

that are still widely used in industry, because they improve the alkene selectivity of Pd catalysts.6,7,9,18,24,31,37  

However, suitable alternatives for the Lindlar catalyst are being explored due to catalyst poisoning by lead and 

low Pd atom utilization efficiency.15,31 Besides Ag and Pb, many components may be used to promote the Pd, for 

instance Na, K, C, Si, Fe, Mn, Co, Ni, Cu, Zn, B, S, Cr, Sn, Sb, Bi, Au, Ga, Ge and Tl have been reported to improve 

the Pd catalyst in some way.6,9,21,24,28,38  
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In this study we will focus on five promoter metals, K, Mn, Cu, Zn and Ag, and their effect on carbon supported 

Pd catalysts in a model selective hydrogenation reaction. The research will solely be focused on promoting 

effects, hence the molar ratio of metal to Pd will be kept constant at 1 to 10. The model reaction that is used, is 

the selective hydrogenation of 1,3-butadiene towards butenes in an excess of propylene, which is displayed in 

Figure 1. This reaction is not only an industrially relevant process, but also an interesting model-reaction for the 

study of catalysts in selective hydrogenation reactions.19,34,39–41 It is desired to selectively hydrogenate 

1,3-butadiene towards butenes without the over hydrogenation of the butenes to n-butane or the propylene to 

propane. Butenes that might form are 1-butene and its isomers cis-2-butene and trans-2-butene. An application 

of 2-butenes is the use as an alkylating agent for the production of high octane fuel.6,7,10,13 However, 1-butene is 

the most desired butene specie, for instance as a monomer for the production of polybutene, as a co-monomer 

for the production of polyethylene and as a reagent in the synthesis of butyl alcohol and maleic 

anhydride.6,7,10,11,13,42 Therefore, it is not only relevant to improve the overall selectivity of this reaction towards 

butenes instead of butanes, but also to look at the selectivity to 1-butenes versus 2-butenes and among the latter 

the selectivity towards cis-2-butene versus trans-2-butene. Besides the selectivity, it is also important to retain 

the high activity of Pd in this reaction. 

In this work, first a theoretical background will be given on the selective hydrogenation of butadiene and the role 

of the catalyst support and Pd in this reaction. Additionally, the different promoting effects of K, Mn, Cu, Zn and 

Ag that are already known will be discussed. After this, the research aim and approach will be stated. Next, the 

experimental details of the synthesis method, characterisation techniques and catalytic tests will be given. In the 

results and discussion section, the promoting effect on selectivity, activity and isomerisation properties will be 

studied. Furthermore, correlations are made between the obtained catalyst activity and selectivity to promoter 

metal properties, such as the electronegativity and van der Waals radius. Additionally, the effect of performing 

a reducing or oxidizing pre-treatment on the promoted catalysts is looked into. Finally, the conclusion of the 

study and ideas for further research are stated in the outlook. 

  

Figure 1: Model reaction used for this research; The selective hydrogenation of 1,3-butadiene to butenes in an excess of 

propylene. The gas stream consists of a small impurity of 1,3-butadiene, hydrogen, an excess of propylene and a helium 

balance. It is desired to produce the mono-unsaturated products; 1-butene and its isomers, trans- and cis-2-butene. The 

over hydrogenation of the alkenes to fully saturated alkanes is undesired. 
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2. Background 

2.1  Selective hydrogenation of 1,3-butadiene 
As stated in the introduction and displayed in Figure 1, in the selective or semi-hydrogenation of 1,3-butadiene 

it desired to selectively hydrogenate 1,3-butadiene to butenes without the hydrogenation of unsaturated 

hydrocarbons towards fully hydrogenated alkanes.11,20,23,43 It was found that the activation energies for the 

hydrogenation of 1,3-butadiene to butenes by Pd is approximately 40-85 kJ/mol.19,23,43 Three butene isomers 

might form during this reaction; 1-butene, cis-2-butene and trans-2-butene. The composition of the isomers is 

usually unchanged until 1,3-butadiene is fully consumed, which indicates that the reactant 1,3-butadiene is more 

strongly adsorbed on the catalyst surface than the butene products. This leads to reaction orders close to zero 

in 1,3-butadiene and first order in hydrogen.23,43,44 

The selective hydrogenation of an alkadiene over a Pd catalyst follows the Horiuti-Polanyi mechanism, of which 

the mechanism of the hydrogenation of butadiene is displayed in Figure 2.7,15,43,45,46 Butadiene species can exist 

in two conformations, syn and anti, and can also interconvert between these conformations. However, after the 

anti- or syn-butadiene is adsorbed on the surface, it is conformationally non-interconvertible. Therefore, the 

ratio of anti- and syn-butadiene in the gas mixture is the determining factor for the final ratio of cis- to 

trans-2-butene. In the gas phase and at room temperature, the preferred conformation of butadiene is anti, this 

conformation is 20 times more likely than the syn-conformation.43,46 The 1,4-addition of hydrogen to the 

anti-conformation will lead to trans-2-butene and the syn-conformation to cis-2-butene.7,43,45,46 Besides the 

1,4-addition, the 1,2-addition of hydrogen to the anti- and syn-conformation will yield 1-butene. All butene 

species are primary products and isomerisation of the species on the catalyst surface does not occur. Moreover, 

the butene composition was not affected by the formation of butane.43,46 Since the preferred conformation of 

gaseous butadiene at room temperature is anti, trans-2-butene formation will be dominant over cis-2-butene 

formation. The ratio of trans- to cis-2-butene can even be as high as 20 for Pd catalysts, but this ratio is expected 

to drop at higher temperatures. 7,43,45,46  

  

Figure 2: Mechanism of the selective hydrogenation of 1,3-butadiene on a Pd catalyst. Gaseous 1,3-butadiene exists in 

the anti- and syn-conformation. The 1,2- and 1,4-addition of hydrogen to the adsorbed anti-butadiene will lead to 1-butene 

and trans-2-butene formation, respectively. The 1,2- and 1,4-addition of hydrogen to the adsorbed syn-butadiene will lead 

to 1-butene and cis-2-butene formation, respectively. Adsorption is abbreviated as Ads and desorption as Des. 
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2.2  Pd as catalyst for selective hydrogenation 
Pd has been widely applied in catalysts for selective hydrogenation reactions due to its high activity and relatively 

high selectivity in this process.6,12,22,28–30 However, the selectivity of Pd catalysts in these reactions could still be 

improved,9,14,28,31–33 especially at higher conversion levels.7,24 Therefore, the possibility of promoting the Pd 

catalysts with other metals to improve the catalyst selectivity has been explored since the 1970s.11,47 Besides 

adjusting the Pd catalyst, the use of a poison, like CO, in the feedstock may also increase the selectivity of the 

catalyst.9,13,15  

Pd has been studied extensively in selective hydrogenation reactions and it was found that Pd could form both 

Pd hydrides (PdHx) and Pd carbides (PdCx).9,11,27,48,49 Pd is able to absorb large amounts of hydrogen, even in Pd 

nanoparticles. Two phases of Pd hydrides have been reported, with α-PdHx observed at low hydrogen pressures 

and β-PdHx observed at high hydrogen pressures. In hydrogenation reactions, the β-PdHx phase does show a 

higher activity, but also a lower selectivity to alkenes than α-PdHx due to more over hydrogenation. Smaller Pd 

particles show less formation of hydrides and therefore higher selectivity as well.9,11,27,35,48,49 The Pd carbide 

phase (PdCx, where x is between 0 and 0.13) can be formed as well during the hydrogenation reactions with a 

hydrocarbon gas feeds around 100 °C. The phase decomposes again in hydrogen or oxygen atmosphere above 

100 °C.50 The formation of the PdCx phase suppresses hydrogen absorption and therefore also PdHx formation, 

which is favourable for the selectivity. However, the carbide phase has been correlated with a decrease in activity 

and stability of the Pd catalysts. This is probably because the carbon atoms in the PdCx phase are able to involve 

in certain reactions and the phase was not favourable in the suppression of oligomerisation reactions.11,27,48  

2.3  Choice of catalyst support 
Pd nanoparticles are often deposited on a support to improve the dispersion of the Pd particles. Besides that, a 

support may influence the electronic structure of the Pd particles.51 Therefore, the use of different catalyst 

supports may have an important influence on the catalyst performance.9,15,51–53 In literature, inorganic oxides like 

titania, silica and alumina and carbonous supports are listed as good supports for Pd nanoparticles in selective 

hydrogenation reactions.9,13,51 The support should not contain tiny pores as these might lead to the full 

hydrogenation towards alkanes and therefore a lower alkene selectivity. Furthermore, the support should be 

inert to products and reactants, to prevent side reactions from occurring. Finally, acidic groups on the support 

are unfavourable since these will result in more polymerisation reactions, which will decrease the catalyst 

selectivity and stability.9,13  

In this research, Graphene Nanoplatelets (GNP) will be used as a support for the Pd catalysts. GNP is known for 

its high surface area and high pore volume, which is favourable for the synthesis method. Additionally, the carbon 

support has a high electrical and thermal conductivity and is chemically inert.9,18,54 Besides that, research has 

shown that GNP is able to intercalate hydrogen, which resulted in a higher activity for the hydrogenation of 

ethylene. This was explained by the additional supply of hydrogen from GNP to the Pd particles. Moreover, the 

Pd hydride phase seemed to be more stable on a GNP support than on an activated carbon support.55 Finally, the 

carbon support is easy to analyse with XRD and gives a good contrast in TEM making the catalyst characterisation 

easier. 

2.4  Promotional effects on Pd 
The selectivity of a Pd catalyst may be improved by three effects: a geometric, an electronic and a kinetic effect. 

A geometric effect may occur due to active site isolation, for example in a single atom alloy catalyst. By increasing 

the distance between Pd atoms and decreasing the Pd-coordination numbers, the adsorption of the alkene 

species is altered, leading to a different selectivity. An electronic effect might be obtained by alloying or 

promoting the Pd metal with other metals. This will lead to a modified electronic structure of the surface, which 

will change the properties of adsorption and desorption of the catalyst during a selective hydrogenation reaction. 

Alkenes are replaced by gaseous polyunsaturated hydrocarbons on the catalyst surface, before it will have the 

possibility to hydrogenate fully to alkanes. This will increase selectivity towards monosaturated hydrocarbons. 

Finally, there is the kinetic effect, which can be caused by alloying or promoting the Pd catalyst. This alloyed or 

promoted catalyst will dilute the Pd concentration and therefore restrain the Pd hydride formation, consequently 
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increasing the alkene selectivity. In this research, mainly electronic promoting effects are expected due to the 

low mol ratio of promoter metal to Pd (1:10).9 

2.5  Promotional effect of promoter metals  
Several studies were already published on the many different possible promoter metals. However, most of the 

promoted catalysts were studied in the selective hydrogenation of acetylene instead of butadiene. Besides that, 

many reported promoted catalysts that were studied had different ratios of promoter metal to Pd, most of the 

times high ratios. By having low promoter metal to Pd ratios, this study will hopefully give more insight into the 

promoting effects of K, Mn, Cu, Zn and Ag on Pd. The promoter metal’s place in the periodic table are displayed 

in Figure 3.56 According to the phase diagram, Ag is expected to form an alloy during the reduction treatment 

conditions and with metal molar ratios of 1 to 10 promoter metal to Pd.57 Mn and Cu are not expected to form 

an alloy under these conditions, whereas Zn is believed to have the potential to form an intermetallic alloy with 

Pd.15,58–61 No phase diagram was found for K-Pd. Nevertheless, one was found for lithium-Pd, which is not 

expected to form an alloy.62 Since the lithium is an alkali metal from the first group like K, it is expected that K 

also does not form an alloy with Pd.  

2.5.1 K  
Research showed that 1B group transition metals, such as Cu and Ag, enhance the selectivity of Pd catalyst due 

to an electron donating character. Alkali metals would have an even stronger electron donating character.37  

Therefore, studying the potential of K as an electronic promoter for Pd might be interesting. A K promoted Pd 

catalyst has been studied in the selective hydrogenation of acetylene.37 The 1 wt.% K- 1 wt.% Pd/Al2O3 catalyst 

(molar ratio of approximately 3:1 K:Pd) enhanced both activity and selectivity towards ethylene. However, it was 

found to increase the oligomer formation as well.63 The addition of K was found to reduce the ethylene 

adsorption strength of the Pd due to electronic effects, thereby increasing the ethylene selectivity.37 Besides this, 

using a K promoter on a Pt catalyst for the selective hydrogenation of 1,3-butadiene has also been studied and 

showed an increase in activity and selectivity due to a similar electronic effect as was seen for K promoted Pd 

catalyst in the selective hydrogenation of acetylene. However, this was only observed for a K surface coverage 

on Pt up to 0.4 monolayer. With a higher surface coverage, the activity and selectivity drop, possibly due to site 

blocking effects.19 

2.5.2 Mn 
Mn was studied as a promoter for Pd in Mn-Pd/Al2O3 catalysts (molar ratio of approximately 2:1 Mn:Pd) in the 

selective hydrogenation of acetylene and showed an increase in activity and selectivity. An increase of the 

Figure 3: Periodic table of the elements. The Pd and all the promoter metals, K, Mn, Cu, Zn and Ag are highlighted in the 

figure.56 
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conversion of acetylene of around 20% was reported due to the addition of a Mn promoter. This was probably 

due to the changed hydrogen chemisorption and desorption properties of the Mn promoted catalysts. Besides 

this, the promoter will change the chemisorption properties of the Pd catalysts of acetylene, ethylene and 

ethane, which might also influence the activity and selectivity of the Pd catalyst.64 

2.5.3 Cu 
Monometallic Cu catalysts are decent catalysts for selective hydrogenation reactions.24,39,65,66 Cu catalysts display 

high selectivity for the selective hydrogenation of 1,3-butadiene, but they exhibit significantly lower activity 

compared to Pd catalysts, by approximately 3-4 orders of magnitude. Besides that, the Cu catalysts require higher 

temperatures to achieve complete conversion. Furthermore, the Cu catalysts displayed poor stability in this 

reaction due to high oligomer formation.24 Besides monometallic Cu catalysts, bimetallic Cu-Pd catalysts for 

selective hydrogenations of acetylene and 1,3-butadiene have been widely explored by many 

researchers.10,12,17,22–24,67,68 

Cu-Pd/TiO2 catalysts with molar ratios between 0.02-0.09 Cu:Pd displayed a higher selectivity compared to 

monometallic Pd/TiO2 catalysts in the selective hydrogenation of acetylene. This improved selectivity is 

attributed to both an electronic and geometric effect. Unfortunately, the activity was decreased for these 

promoted catalysts.22 In the selective hydrogenation of butadiene in an excess of 1-butene, Cu-Pd catalysts with 

a molar ratio of approximately 2 Cu:Pd showed a much higher selectivity towards butenes. This increase seems 

to be related to a decrease in the amount of hydrogen that is adsorbed onto the surface.23 In another research 

it is stated that a higher selectivity is expected for Pd-Cu/Al2O3 catalysts (molar ratio of 1:3 Pd:Cu) compared to 

monometallic Pd catalysts. It was calculated with Density Functional Theory (DFT) that the adsorption energies 

of hydrogen and butenes over the bimetallic Pd-Cu (111) are lower than over the monometallic Pd (111), which 

indicates that the surface of the bimetallic catalyst should be more selective to butenes. Their experimental 

results confirmed these expectations as the bimetallic catalysts showed a higher selectivity to butenes. Besides 

that, the bimetallic catalysts showed a higher activity to the total of butenes and 1-butene at lower temperatures 

(<50 °C). They contribute this to both a geometric effect by Pd active site isolation and an electronic effect of an 

electron transfer of Cu to Pd.10 

2.5.4 Zn 
A PdZn/ZnO (1 wt.% Pd) catalyst of which the molar ratios are unclear (but it seems like an intermetallic 1:1 PdZn 

alloy has formed) has been reported for the selective hydrogenation of acetylene in an excess of ethylene. The 

catalyst is reported to reach a selectivity of ∼90% at acetylene conversion of nearly 100% at reaction 

temperatures of 60 °C. The Pd active sites are said to be arranged in Pd-Zn-Pd intermetallic alloy ensembles, 

which will isolate the Pd active sites, making isolated Pd active sites. These single Pd active sites can easily 

dissociate hydrogen to active H species. The isolated sites have a weak bonding which promotes the desorption 

of ethylene of the surface and thereby suppresses the formation of ethane. Besides that, the sites have a 

moderate bonding mode for acetylene. This combination leads to high activity and selectivity.28 The formation 

of PdZn alloys by hydrogenating Pd/ZnO catalysts was studied before by Tew et al.32 The PdZn alloy started 

forming around 100 °C already and at 300 °C a crystalline 1:1 PdZn alloy is observed. This catalyst shows a 

decrease in the activity of 1-pentyne hydrogenation probably due to surface site dilution and increased particle 

size. However, it does show an increase in pentene selectivity, which is attributed to the changed electronic 

structure of the PdZn alloy, which is similar to monometallic Cu.32 For a PdZn/ZnO catalyst (unclear molar ratio) 

in the selective hydrogenation of 1,3-butadiene in an excess of 1-butene, the surface coverage of hydrogen is 

reported to be lower. This results in an increase of butene selectivity and less butane formation. Moreover, the 

concentration of butadiene and butene adsorption sites has changed, which also leaded to a change in 

selectivity.69 

2.5.5 Ag 
Bimetallic Ag-Pd/Al2O3 catalysts have been used in industry since the 1980s. However, these catalysts usually 

consist of an excess of Ag compared to the Pd. This catalyst has been well studied, but since this research is about 

using low Ag to Pd ratios, the observed promotional effects might be different. The bimetallic industrially applied 

catalysts are said to supress the unwanted over hydrogenation to alkanes and also increase process selectivity. 

The Ag will modify the electronic properties of Pd by increasing the d-band electron density due to a charge 
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transfer from Ag to Pd. This electronic effect reduces the adsorption strength of ethylene, making is easier for 

ethylene to desorb from the surface.9  

Ag-Pd/TiO2 catalysts with a molar ratio of 0.64 Ag:Pd showed an increase in both activity and selectivity in the 

selective hydrogenation of acetylene. This was attributed to both an electronic and a geometric effect. More 

specifically, Ag is able to geometrically block large Pd ensembles on the surface which leads to a higher 

selectivity.18  Besides, the use of Ag promote as a promoter was studied for bio-synthesized Ag-Pd/Al2O3 catalysts 

with 1:1 and 1:3 Ag:Pd molar ratios in the selective hydrogenation of butadiene. Both 1:1 and 1:3 Ag-Pd/Al2O3 

catalysts exhibit a higher selectivity than the monometallic Pd/Al2O3 catalyst. This is contributed to a Pd active 

site dilution, which suppressed the over hydrogenation reaction towards n-butane. Furthermore, the Ag-Pd 

catalysts showed improved stability; the butadiene conversion decreased from 100% to 90% and the butene 

selectivity is almost unchanged after 50 hours on stream at 35 °C. This was attributed to an unchanged particle 

size and metallic state of Pd.34 

2.6  Pre-treatments effects on a bimetallic system 
Some of the promoter metals will form metal oxides in air at room temperature, even after a reduction 

treatment. To reduce the metal oxide another time just before the catalyst testing, a reducing pre-treatment can 

be performed. Moreover, the performance of a pre-treatment may lead to restructuring of bimetallic catalyst 

particles and therefore also lead to a change in the catalytic properties.41,70,71 One study shows that a 

pre-treatment with an oxygen containing compound can improve the catalytic performance of bimetallic Pd-Ag 

catalysts in the selective hydrogenation of acetylene. A pre-treatment with O2, CO or CO2 will expose the Pd 

active sites in the PdAg alloy, which increases the acetylene conversion.70 The aim of conducting an oxidative 

pre-treatment on the promoted catalysts utilized in this study, is to surface and expose either Pd or promoter 

atoms. Reduction-oxidation-reduction treatments are known for redispersion of the active metal to regenerate 

deactivated catalysts.52 Therefore, this treatment could also alter the catalyst metal dispersion when performed 

as a pre-treatment. 

Metallic Mn is not stable in air and the surface will oxidize to manganese oxide when being exposed to air after 

the reduction treatment.72 That is why the pre-treatment effects will be studied on Mn promoted catalysts in 

this research, to hopefully see a change in activity or selectivity due to the difference of metallic Mn or Mn oxide 

in the catalyst. The reduction pre-treatment will (partly) reduce the Mn oxide again. On the other hand, the 

oxidation pre-treatment might bring the Mn oxide to the surface of the Pd particle. Combining the two might 

also have different effects on the catalytic properties. Moreover, performing a reducing pre-treatment might 

increase the amount of Pd hydrides on the surface and in the bulk of the catalyst, which would result in a higher 

activity. That is why oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction 

(ROR) pre-treatments and their effect on activity and selectivity of the Mn promoted catalyst are investigated.  
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3. Aim & Approach of the research 
The aim of this research is to study the effects of several promoter metals on Pd catalysts in the selective 

hydrogenation of poly-unsaturated hydrocarbons. In this study, the selective hydrogenation of a 1,3-butadiene 

impurity in a propylene feed is used as a model reaction.  To get more insight into the different promoting effects 

of metals on Pd, several metals within the d-block and one alkali metal are studied, namely; K, Mn, Cu, Zn and 

Ag. Literature suggests that all these metals have the potential to promote Pd catalysts in selective hydrogenation 

reactions in some manner. By correlating changes in catalytic properties like activity and selectivity with metal 

properties such as electronegativity and atom size, it might be possible to attribute the observed changes to 

specific promoting effects. A better understanding of the promoting effects that positively or negatively impact 

the Pd catalyst, can aid in carefully choosing the appropriate promoter metal to optimize these effects. 

First, a standard synthesis method has to be determined to prepare all bimetallic catalysts in the same manner 

and create comparable promoted catalysts. The heat treated catalysts are studied with Temperature 

Programmed Reduction (TPR) analysis, to study the reduction process and determine if the promoter atoms are 

in proximity to the Pd particles. The reduced catalysts are characterised using Electron Microscopy (EM) analysis 

techniques, mainly to determine the particle size of the Pd particles and the particle distribution on the support 

surface. X-Ray Diffraction (XRD) analysis is used to determine particle size as well, besides, the Pd crystal lattice 

contraction can be studied. The prepared catalysts are tested in a gas flow set up to compare the catalytic 

properties of the promoted catalysts in terms of activity and selectivity. Isomerisation tests are performed to 

study the isomerisation properties of 1-butene of each promoted catalyst. Lastly, the effect of performing a pre-

treatment on the monometallic Pd and Mn promoted catalysts before the catalytic test is researched. 
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4. Experimental details 

4.1  Catalyst preparation 
4.1.1 Chemicals 

The support that is used for the preparation of the catalysts, is Graphene Nanoplatelets (GNP) with a surface 

area of approximately 500 m2/g (high purity grade, XG Sciences). The used precursor salts are Pd(NH3)4(NO3)2 

(aq) (10 wt.% in H2O, Sigma Aldrich), KNO3 (s) (ACS reagent, ≥99.0%), Mn (NO3)2 ∙ 4 H2O (s) (for analysis, Acros 

Organics), Cu (NO3)2 ∙ 3 H2O (s) (99% for analysis, Acros Organics), Zn (NO3)2 ∙ 6 H2O (s) (98% reagent grade, Sigma 

Aldrich) and AgNO3 (s) (Laboratory reagent grade, Fisher Scientific). 

4.1.2 Synthesis methods 
Incipient wetness impregnation (IWI) is used to prepare the monometallic Pd catalysts, this method is depicted 

in Figure 4. In an IWI method, the carbon support is dried before the impregnation by heating it to 180 °C for 

2 hours under vacuum. A 2 mL precursor solution is made by dissolving a Pd precursor salt in purified water 

(Milli-Q). The volume of precursor solution that is added is calculated to be the same as the pore volume of the 

support. The Pd precursor solution is added dropwise to the dry support with a needle, while under vacuum and 

being stirred with a stirring bar. After impregnation, the Pd catalysts are dried under vacuum for 18 ± 1.5 hours 

at room temperature. Additionally, the dried impregnated catalyst is heat treated to form a Pd pre-catalyst. 

Finally, this pre-catalyst is reduced to form the monometallic Pd catalyst.  

There are two possible routes to prepare the promoted Pd catalysts, one of them is the co-IWI method which is 

indicated with the red arrow in Figure 4. In this method, first the support is dried as described for the Pd catalyst 

synthesis. The dried support is then impregnated with a 2 mL precursor solution containing two precursor salts, 

the Pd precursor salt and the promoter precursor salt. After the impregnation, the sample is dried as described 

above. Subsequently, the dried catalyst is heat treated and reduced to form a co-impregnated Pr-Pd/C catalyst. 

The second method to prepare the promoted Pd catalysts is the sequential IWI method. In this method, the 

second impregnation is performed on a previously synthesized Pd (pre-)catalyst. The sequentially impregnated 

promoted catalyst can either be reduced via a conjointly or subsequent reduction method, which are both 

depicted in Figure 4 as the blue and green arrow, respectively. In the conjointly reduction method, the sequential 

impregnation is performed on a Pd pre-catalyst. After this second impregnation, the promoted Pd pre-catalyst is 

dried and heat treated again. Finally, the PdO and the promoter oxide will be reduced conjointly. In the 

subsequent reduction method, the second impregnation is performed on a reduced Pd catalyst. After which the 

promoted Pd catalyst is dried, heat treated and reduced once again. In Chapter 5.1, the determination of the 

best synthesis method for the preparation of the promoted catalysts will be discussed. 

The different ratios of the metal salt and metal solution were combined to prepare various weight percentages 

(wt.%) of the promoters. All catalysts are prepared so that the catalyst would have 2 wt.% Pd and a 1:10 promoter 

to Pd mol ratio. To determine the heat treatment and reduction temperatures needed to treat the catalysts, 

literature was consulted and Thermo Gravimetric Analysis – Mass Spectrometry (TGA-MS) and Temperature 

Programmed Reduction (TPR) were performed to experimentally determine the right treatment temperatures 

Figure 4: Description of incipient wetness impregnation (IWI) synthesis methods. A Pd/C catalyst is prepared by IWI 

followed by drying, heat treating and reduction. In the co-IWI method the dried carbon support is impregnated with a 

precursor solution containing both the Pd and the promoter precursor salt, then dried, heat treated and reduced to from 

Pr-Pd/C. To synthesize Pr-Pd/C with a sequential impregnation, a Pd pre-catalyst (conjointly reduction method) or a 

reduced Pd catalyst (subsequent reduction method) is impregnated, dried, heat treated and reduced. 
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per catalyst. All heat treatments are performed for 2 hours under a gas flow of 100 mL/min N2. All the reduction 

treatments are performed under a gas flow of 90:10 mL/min N2:H2. In both treatments, the temperature ramp 

was between 0.5 to 3 °C/min.  

4.2  Catalyst characterisation 
4.2.1 Nitrogen Physisorption 

A micromeritics TriStar II Plus Version 3.01.01 is used to determine the pore volume and BET surface area of the 

support and reduced Pd catalysts. It is important to know the pore volume of the synthesized Pd catalysts for the 

sequential incipient wetness impregnation to prepare the promoted catalysts. The samples are first dried at 

150˚C under N2 for 10 minutes before starting the analysis. The micro- and mesopore volumes are determined 

using the t-plot method.  

4.2.2 TGA-MS 
Thermo Gravimetric Analysis – Mass Spectrometry (TGA-MS) is performed on a PerkinElmer TGA 8000 coupled 

to a Hiden Analytical HPR-20 to study the decomposition of the metal precursor salts into metal oxides by 

analysing mass loss and product gasses that are formed during the heating. The samples are first dried at 100 ˚C 

for one hour and cooled down again to 30 ˚C before heating to 800 ˚C with a 5 ˚C/min under 100 mL/min argon 

flow. The following MS components listed with their corresponding mass-to-charge (m/z) ratios are monitored 

during the TGA-MS experiment: ammonia (17) water (18), nitric oxide (30), carbon dioxide (44) and nitrogen 

dioxide (46).  

4.2.3 TPR 
Hydrogen Temperature Programmed Reduction (TPR) is used to analyse the reduction process of heat treated 

catalysts and to determine the reduction temperature of the promoted catalysts. This is done by studying the 

hydrogen that is taken up by the sample during the heating program. All TPR measurements are performed on a 

Micromeritics AutoChem II 2920 apparatus with Thermal Conduction Detector. Approximately 40 mg of >75 μm 

sieved sample is used to avoid pressure drop. The sieved sample is transferred into a quartz tube reactor and 

embedded between small pieces of glass wool. First, the samples are dried by heating the oven to 120 °C with a 

heating ramp of 10 °C/min under an argon flow, for 15 minutes. The samples are then cooled down to room 

temperature before the measurement starts. The gas flow is switched to 5% hydrogen in argon and is 

equilibrated for 15 minutes. Subsequently, the temperature is increased to 700 °C with a ramp of 5 °C/min. 

Finally, the reactor is cooled down to room temperature under an argon flow.  

After plotting the data, a TPR peak area (ATPR) is obtained and with this area, the amount of H2 uptake per gram 

catalyst is determined with Equation 1. In this calculation, a pressure (p) of 1 atm, room temperature (298.15 K) 

and a gas constant R = 82.05734 cm3 atm K-1 mol-1 are used.73 

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝐻2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝𝑒𝑟 𝑐𝑎𝑡𝑎𝑡𝑙𝑦𝑠𝑡 (
𝜇𝑚𝑜𝑙

𝑔
) =  

𝑝 (𝑎𝑡𝑚) ∗ 𝐴𝑇𝑃𝑅 (
𝑐𝑚3

𝑔
𝑆𝑇𝑃)

𝑅  (
𝑐𝑚3 ∗ 𝑎𝑡𝑚

𝐾 ∗ 𝑚𝑜𝑙
) ∗ 𝑇 (𝐾)

 

Equation 1: The calculation of the experimental value of H2 uptake per catalyst. 

Besides this, an expected value of H2 uptake per gram catalyst can be calculated with Equation 2. With the 

amount of sample used for the TPR experiment, the wt.% of metal (wt.% M) in the sample and the molecular 

weight of the metal (MM), the amount of mol metal oxide is calculated. With this and the reaction mol ratios of 

H2 to metal oxide, it is determined how much H2 should be taken up by the metal oxide to fully reduce.  

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝐻2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝𝑒𝑟 𝑐𝑎𝑡𝑎𝑡𝑙𝑦𝑠𝑡 (
𝜇𝑚𝑜𝑙

𝑔
) =  

𝑤𝑡. % 𝑀

𝑀𝑀(
𝑔

𝑚𝑜𝑙
)

∗ 𝑚𝑜𝑙𝑟𝑎𝑡𝑖𝑜
𝐻2 (𝑚𝑜𝑙)

𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 (𝑚𝑜𝑙)
∗ 106 

Equation 2: The calculation of the expected value of H2 uptake per catalyst. 

4.2.4 XRD 
A Bruker D2 Phaser 2nd Generation diffractometer X-ray diffraction (XRD) apparatus is used to perform powder 

XRD measurements on most calcined, reduced and in some cases dried catalysts. The apparatus has an X-ray 
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source of 30 kV and 10 mA, a 1 mm fixed slit, a 141 mm goniometer radius, a scattering screen 2 mm above the 

sample and a Lynxeye (1D mode) detector. The samples are irradiated with a Co-Kα,1,2 source with a wavelength 

(λ) of 1.79026 Å. All samples are measured at room temperature at 2θ ranges 15-85° or 20-80°, while rotating at 

15 rotations/min. The increment was set at 0.05 degrees/step and the time of steps between 0.9 and 3 s/step.  

The XRD diffractograms are normalised to the peak intensity of the GNP diffraction peak at approximately 

30.5 °2θ. The Pd crystallite size is calculated by applying the Scherrer equation (Equation 3)74 to the Pd diffraction 

peak around 46.5 °2θ. The full width at half maximum (FWHM) of this Pd peak is used as line broadening (β) and 

the FWHM is obtained by fitting a Gaussian peak on the Pd peak at around 46.5 °2θ using Origin software. In the 

calculation, the shape factor of K= 1 for spherical crystals with a cubic symmetry and a X-ray wavelength for 

Co-Kα,1,2 of λ = 1.79 Å are used.74 

𝑑𝑋𝑅𝐷(𝑛𝑚) =  
𝛫 ∗  𝜆 (𝑚)

𝛽 (radians) ∗ cos(𝜃)(𝑟𝑎𝑑𝑖𝑎𝑛𝑠)
∗ 10−9 

Equation 3: The calculation of the Pd crystallite size (dXRD). 

The crystal lattice constant (a) of the Pd can also be determined from the XRD diffractograms. These are 

calculated with Braggs Law75 (Equation 4):  

𝑎 (Å) =  
𝜆 (Å)

2 sin (
1
2

∗ 2𝜃) (𝑟𝑎𝑑𝑖𝑎𝑛𝑠)
∗  √ℎ2 + 𝑘2 + 𝑙2 

Equation 4: The calculation of the Pd crystal lattice constant (a) calculation with Braggs Law. 

This equation is applied to the main diffraction peak of the Pd peak with a face-centered cubic (FCC) crystal 

structure with miller indices (hkl) = 111 at approximately 46.5 °2θ. For each promoted catalyst, the lattice 

contraction or expansion with respect to the monometallic Pd catalysts is determined with the calculated lattice 

constants.  

When the sample is placed inaccurately in the XRD analysis, the X-ray beam does not converge at the right 

position which results in incorrect peak positions. This error in the data is called sample displacement. The sample 

displacement can be taken into account by using the following calculation, with Equation 5.75 With this formula, 

it can be calculated where the peaks should be positioned instead of the position where they are observed. In 

this calculation, s is the amount of displacement, Δ2θ is the peak shift and θ is the position of the observed peak. 

R is the goniometer radius, which is 0.141 m in the used XRD apparatus. 

∆2𝜃 (°) =  
−2𝑠 (𝑚) ∗ 𝐶𝑜𝑠(𝜃)(°)

𝑅 (𝑚)
 

Equation 5: The calculation of the XRD peak shift (Δ2θ). 

4.2.5 EM 
Bright field Transmission Electron Microscopy (TEM) and High Angle Annular Dark Field (HAADF) imaging with 

Energy Dispersive X-ray (EDX) spectroscopy are used to study the nanoparticle size and distribution of both Pd 

and promoter on the carbon support. These experiments are performed on a FEI Talos F200X apparatus. The 

samples for EM measurements are prepared by depositing small amounts of catalyst sample onto a Cu sample 

grid, coated with holey carbon (Agar Scientific 300 Mesh Copper grid). Using ImageJ computer software, particle 

diameters are measured in EM images by measuring at least 200 individual particles on different sample areas. 

With this data the mean surface averaged particle size (dSA) and their standard deviation (σSA) are calculated with 

Equation 6.18 In this equation, n is the total number of measured particles and di displays the diameter of the ith 

particle. 

 𝑑𝑆𝐴(𝑛𝑚) ± 𝜎𝑆𝐴 (𝑛𝑚) =  
∑ 𝑑𝑖

3 (𝑛𝑚3)𝑛
𝑖=1

∑ 𝑑𝑖
2𝑛

𝑖=1  (𝑛𝑚2)
± √

1

𝑛
∑ (𝑑𝑆𝐴(𝑛𝑚) − 𝑑𝑖 (𝑛𝑚))2

𝑛

𝑖=1
 

Equation 6: The calculation of the mean surface averaged particle size (dSA) and their standard deviation (σSA). 
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𝑁𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 =  
𝐴𝑃𝑟 (𝑛𝑚2)

𝐴𝐴𝑣,𝑃𝑑 (𝑛𝑚2) ∗ 𝑁𝑃𝑑 𝑎𝑡𝑜𝑚𝑠 
 

Equation 7: The calculation of the number of monolayers that a promoter can form on the Pd surface. 

Besides that, the number of monolayers that a promoter metal can form on the Pd surface (Nmonolayer) can be 

calculated with the data (Equation 7). In this formula, the area of each promoter atom (APr), the average area of 

all EM measured Pd atoms (AAv,Pd) and the number of Pd atoms in the sample (Npd atoms) can be calculated with 

Equation 8, Equation 9 and Equation 10 respectively. The van der Waals radius of each metal (rvdw,Pr) used in 

Equation 8 is calculated using Equation 12.  In the calculations with Equation 10, the amount of Pd that is in the 

catalyst is derived from how much Pd precursor salt is added during the synthesis. The density of Pd (ρPd)that is 

used for the calculations is 12.02 g/cm3.72 The average volume of all EM measured Pd atoms (VAv,Pd) that is used 

in Equation 10, can be calculated with Equation 11. In Equation 9 and Equation 11, n also displays the total 

number of particles measured with TEM and rPd,i is the radius of the ith Pd particle. 

𝐴𝑃𝑟 =  4𝜋 ∗ 𝑟𝑣𝑑𝑤,𝑀 (𝑛𝑚2) 

Equation 8: The calculation of area of each promoter atom. 

 

𝐴𝐴𝑣,𝑃𝑑 =
∑ 4𝜋 ∗ 𝑟𝑃𝑑,𝑖

2𝑛
𝑖=1

𝑛
(𝑛𝑚2) 

Equation 9: The calculation of the average area of all EM measured Pd atoms. 

 

𝑁𝑃𝑑 𝑎𝑡𝑜𝑚𝑠 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑃𝑑 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑔)

𝜌𝑃𝑑  (
𝑔

𝑛𝑚3)

𝑉𝐴𝑣,𝑃𝑑(𝑛𝑚3)

 

Equation 10: The calculation of the number of Pd atoms in the catalyst sample. 

 

𝑉𝐴𝑣,𝑃𝑑 =
∑

4
3

𝜋 ∗ 𝑟𝑃𝑑,𝑖
3𝑛

𝑖=1

𝑛
 (𝑛𝑚3) 

Equation 11: The calculation of the average volume of all EM measured Pd atoms. 

The van der Waals radius of each metal (rvdw,M) can be calculated with Equation 12. This calculation changes for 

each crystal structure due to the shape of the unit cell and the number of atoms in the unit cell. Pd, Ag and Cu 

exhibit a face-centered cubic (FCC), Mn a body-centered cubic (BCC) and Zn a hexagonal close packed (HCP) 

crystal structure.72 For each crystal structure x and y can be filled in from Table 1 and with those, the van der 

Waals radius of the metal can be calculated. It should be noted that FCC and HCP have the same packing density, 

so to calculate rvdw,M of a HCP crystal lattice, the FCC parameters can be used. In the formula, the molecular 

weight of the metal (MM), density of the metal (ρM) and Avogadro’s number (Na) are used.72 For the K promoted 

catalysts, the ionic radius is used for the calculation of Nmonolayer, since K is present as KNO3 or K+.72 

𝑟𝑣𝑑𝑤,𝑀 (𝑛𝑚) = 𝑥 ∗ √𝑦 ∗
𝑀𝑀 (

𝑔
𝑚𝑜𝑙

)

𝜌𝑀  (
𝑔

𝑐𝑚3) ∗ 𝑁𝑎 (𝑚𝑜𝑙−1)
 

3

 

Equation 12: The calculation of the van der Waals radius (rvdw) of each metal. 

 

 FCC BCC 

x 1

√8
 √3

4
 

y 4 4 
 

Table 1: Variables x and y for Equation 11 for different crystal structures, face-centered cubic (FCC) and  body-centered 

cubic (BCC). 
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4.3  Catalytic testing 
4.3.1 Standard catalytic test 

To study catalysts in the selective hydrogenation of poly-unsaturated hydrocarbons, the selective hydrogenation 

of a 1,3-butadiene impurity in a propylene feed is used as a model reaction. A gas flow set up with a Pyrex plug 

flow reactor with an internal diameter of 4 mm is used to study the catalytic properties of each (promoted) 

catalyst. The oven temperature and reactor temperature are measured during the tests.  

The reactors are filled with an amount of catalyst that contains approximately 0.6 μg of Pd, but the exact amount 

of Pd in each reactor can be found in figure descriptions. Every catalyst is hundred times diluted with GNP and 

sieved at a 38-75 μm fraction to minimize the internal diffusion limitations. Besides the catalyst, around 300 mg 

Silicon Carbide (SiC) is used as a thermal dilutant to prevent hot spots from developing.  

The reactor is placed inside an oven, which allows for a good temperature control. A thermocouple is placed in 

close proximity to the catalyst bed, which will monitor the temperature of the catalyst bed. The total gas flow is 

kept constant at 50 mL/min, which corresponds to a Gas Hourly Space Velocity (GHSV) of approximately 

20000 h-1. In a standard catalytic test, this gas feed consists of 0.3%  1,3-butadiene, 30% propylene, 20% H2 and 

the rest is balanced by helium gas. The gas flows are controlled by EL-FLOW Bronkhorst mass flow controllers. 

The gas outlet is connected to a Thermo Scientific Trace 1300 gas chromatograph (GC), which analyses the 

product gas feed and provides a measured signal intensity of each gas. The temperature ramp used is always 

0.5°C/min, except for the Mn-Pd/C catalyst, which has a heating temperature ramp of 0.75 °C/min. Before each 

test, the gas flow is analysed on bypass to obtain a reference for the gas concentration in ppm. This value will be 

used in calculations to account for the impurities in the gas feed.  

Each monometallic promoter catalyst that does not contain any Pd is tested as reference on the catalytic setup 

to establish that the promoter metal does not show any activity in this reaction without the Pd. For these 

reference catalysts, the amount of promoter metal is kept roughly the same as in the promoted Pd catalysts.   

Activity calculations 

The catalyst activity is discussed in terms of conversion and Turnover Frequency (TOF). The conversion is 

calculated via Equation 13. 

𝐵𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = (1 − 
𝐶𝑡,𝑏𝑑(𝑝𝑝𝑚)

𝐶0,𝑏𝑑(𝑝𝑝𝑚)
 ) ∗ 100% 

Equation 13: The calculation of the butadiene conversion. 

In this equation, Ct, bd is the concentration of butadiene at a certain time, and C0, bd is the bypass analysed 

concentration of butadiene. This equation calculates the amount of butadiene that is converted with respect to 

the reference starting butadiene concentration that was measured. The conversion of propylene is calculated in 

a similar matter, but with propylene concentrations.  

The Turnover Frequency (TOF) is defined as the amount of mol butadiene that is converted per mol surface Pd 

atoms per second and is calculated by Equation 14.18 By using TOF, the particle size and amount of Pd in the 

reactor are taken into account, therefore making the comparison between all catalysts more straightforward. 

𝑇𝑂𝐹 (𝑠−1) =  
𝐶𝑜𝑛𝑣. 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒 (%) ∗  0.3% ∗ 𝑇𝑜𝑡. 𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 (𝐿 𝑠−1) ∗ 𝑝 (𝑎𝑡𝑚) ∗  𝐷 (%)

𝑅 (L atm 𝐾−1 𝑚𝑜𝑙−1) ∗ 𝑇𝑟𝑜𝑜𝑚(𝐾)
∗  

𝑀𝑃𝑑(
𝑔

𝑚𝑜𝑙
)

𝑃𝑑𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟  (𝑔)
 

Equation 14: The calculation of the Turnover Frequency (TOF). 

 

𝐷 (%) = 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
1.112 (𝑛𝑚)

𝑑𝑆𝐴 (𝑛𝑚)
 

Equation 15: The calculation of the dispersion (D) of atoms in a Pd particle. 

In this calculation, the amount of mol butadiene that is converted, is calculated by multiplying the conversion of 

butadiene with the total amount of butadiene gas flow. The total amount of butadiene gas flow is calculated 

with the knowledge that 0.3% of the total gas feed consists of butadiene. It is assumed that the pressure (p) in 
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the lab is 1 atm and that the temperature is equal to room temperature (293.15 K). A gas constant of 

R=0.082 057 338 L atm 𝐾−1 𝑚𝑜𝑙−1 and MPd=106.42 g/mol are used for the calculation. The amount of Pd surface 

atoms is determined by calculating the dispersion of the catalyst particles. The dispersion (D) calculates the 

fraction of Pd atoms that are on the surface of the Pd particle and is defined as 1.112 divided by the surface 

averaged particle size (dSA), see Equation 15. The number 1.112 is derived from a calculation involving the volume 

occupied by an atom in bulk metal (14.70 Å3 for Pd) and the area occupied by a surface atom (7.93 Å2 for Pd).76  

Selectivity calculations 

The selectivity is explained by three terms, the selectivity of product p, the (total) selectivity of butenes and the 

C4-selectivity of product p. The selectivity of a product p (Sp) is defined as the fraction of the product p in the  

product gas stream, see Equation 16. The total gas stream is all of the C4 products plus the product propane. The 

selectivity of butenes is defined as the sum of the selectivity of all the butenes, as can be seen in Equation 17.   

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝 = 𝑆𝑝(%) = (
𝐶𝑝 (𝑝𝑝𝑚)

𝐶𝑐4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠(𝑝𝑝𝑚) + 𝐶𝑝𝑟𝑜𝑝𝑎𝑛𝑒(𝑝𝑝𝑚)
) ∗ 100% 

Equation 16: The calculation of the selectivity of a product p (Sp).  

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑏𝑢𝑡𝑒𝑛𝑒𝑠 (%) = 𝑆1−𝑏𝑢𝑡𝑒𝑛𝑒 + 𝑆𝑡𝑟𝑎𝑛𝑠−2−𝑏𝑢𝑡𝑒𝑛𝑒 + 𝑆𝑐𝑖𝑠−2−𝑏𝑢𝑡𝑒𝑛𝑒 

Equation 17: The calculation of the selectivity of butenes. 

The C4 selectivity of a product p is defined as the fraction of the product p in the C4 gas stream. The C4 gas 

stream in this case consists of 1-butene, cis- and trans-2-butene and n-butane. The C4 selectivity to a product p 

is explained by Equation 18. 

𝐶4 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝 (%) =  (
𝐶𝑝 (𝑝𝑝𝑚)

𝐶𝑐4 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠(𝑝𝑝𝑚)
) ∗ 100%  

Equation 18: The calculation of the C4 selectivity of a product p. 

4.3.2 Isomerisation testing 
Isomerisation tests are performed to study the isomerisation properties of each promoted and monometallic Pd 

catalyst. The isomerisation activity and selectivity of each promoted catalyst might give us more information on 

the hydrogenation mechanism of butadiene. The same catalytic gas flow set-up is used, but the gas feed mixture 

of butadiene and propylene is changed to a 1-butene gas feed. The catalysts will isomerise the 1-butene towards 

cis-2-butene and trans-2-butene or hydrogenate to n-butane. Here, the total gas flow is kept constant at 

50 mL/min. The isomerisation gas feed consists of 0.3%  1-butene, 5% H2 and a He gas is used as balance. The 

rest of the isomerisation test is similar to the standard catalytic test that is described above. The conversion of 

1-butene is calculated the same as for butadiene as explained in Equation 12 only then with the 1-butene 

concentrations. The TOF is also calculated in a similar way as Equation 13 describes, but then with the 1-butene 

conversion instead of the butadiene conversion. The selectivity calculations are also similar and the selectivity of 

an isomerisation product p is calculated via Equation 15. The fraction of a specific product in the isomerisation 

products stream is determined with Equation 17.  

4.3.3 Pre-treatments 
In a standard catalytic test with butadiene, no pre-treatment (PT) is performed before the test. However, the use 

of different PTs, and especially their effect on a Mn promoted catalyst, is also studied in this research. The pre-

treatments are performed by heating the catalyst in the reactor at 300 °C for one hour with a 5 °C/min 

temperature ramp under either a gas flow of 30 mL/min of either H2 for reduction or O2 for oxidation. Four 

different PTs are researched; oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-

reduction (ROR) PTs. After the pre-treatments, the sample is cooled down again to 25 °C  and is flushed with 

30 mL/min N2 gas before the standard butadiene catalytic test is performed.  
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5. Results & Discussion 

5.1  Determination of synthesis method  

To be able to study the promotional effect of several metals, a standard synthesis method has to be determined 

to prepare all bimetallic catalysts in the same manner. To prevent any particle size effects in catalysis, it is desired 

to have a similar average particle size in all of the catalysts. Therefore, the goal of studying the synthesis method 

is to find the synthesis method that can prepare a bimetallic catalyst with average particle size that is comparable 

to the mono-metallic Pd catalyst. The monometallic Pd catalyst, reduced at 500 °C, had an average particle size 

of 4.5 ± 1.4 nm (PdS/C) .  

First, bimetallic Mn-Pd/C catalysts were prepared using both a co- and sequential-impregnation method with a 

heat treatment and reduction step performed at 600 °C and 450 °C, respectively. These catalysts were 

characterised with TEM analysis and the mean particle size was determined for both methods, see Table 2. By 

using the sequential-impregnation method, particles were obtained with an average size of 10.0 ± 3.2 nm. This 

is much larger than the monometallic Pd catalyst. However, the 13.8 ± 3.8 nm particles of the co-impregnated 

catalyst was even larger. Hence, the sequential impregnation method is more favourable than the co-

impregnation method. 

Within the sequential impregnation method, there are also two ways in preparing the catalyst. A conjointly-

reduction or a subsequent-reduction may be used to reduce the metal oxides. To study the influence of the 

reduction method, sequentially impregnated and subsequent reduced catalysts were prepared to compare to 

the sequentially impregnated and conjointly-reduced catalyst. The subsequent reduction synthesis led to a mean 

particle size of 6.4 ± 1.8 nm, which is closer to 4.5 nm, the particle size of the monometallic Pd catalyst, than the 

conjointly reduced sample. However, the heat treatment and reduction temperatures were also different so the 

differences in particle size will more likely relate to that. But since the sequential impregnation with subsequent 

reduction method led to more similar particle sizes to the monometallic Pd catalyst, this method was considered 

as the best synthesis method to prepare bimetallic catalysts in this study. 

Nevertheless, during the synthesis of several catalysts, the obtained mean particle size was still much larger than 

was desired. This was due to the fact that the reduction temperatures used to reduce the promoter metals were 

higher than the reduction temperature of the monometallic Pd catalyst, which was 500 °C. To overcome this 

problem, a monometallic Pd catalyst is prepared using a similar reduction temperature as the highest reduction 

temperature used to prepare a promoted catalyst (600 °C). This yielded a monometallic Pd catalyst with a larger 

mean particle size (dSA = 10.9 ± 3.1 nm), named Pd/C. 

Since the decomposition of KNO3 only occurs at very high temperatures (~750°C) under oxygen,77–79 it is decided 

to not try to decompose the precursor salt with a heat treatment and just study the promotion of the 

impregnated and dried KNO3 on Pd. Furthermore, following the usual synthesis steps (in light) when preparing 

the Ag-Pd catalysts resulted in very large (~50-140 nm) Ag particles due to the silver precursor that is easily 

reduced by photons. Therefore, the synthesis of the Ag promoted Pd catalyst is performed in the dark as much 

as possible. Besides this, the Ag precursor salt was impregnated on a oxidized Graphene Nanoplatelets (oxC) 

supported Pd catalyst  (dSA = 4.3 nm). The oxC support is chosen because the extra surface groups38 decrease the 

mobility of the silver particles on the support, and thereby result in less sintering of these particles. The carbon 

support is oxidized at 80°C for 2 hours with 65% HNO3 (aq) and the Pd catalysts are synthesized with this support. 

The oxidation and the synthesis of the oxGNP supported Pd catalysts were performed by Oscar Brandt Corstius. 

 IWI method Reduction method THT (°C) Tred (°C) dSA ± σSA (nm) 

Mn-Pd/C Co- Conjointly 600 450 13.8 ±3.8 

Mn-Pd/C Sequential Conjointly 600 450 10.0 ± 3.2 

Mn-Pd/C Sequential Subsequent 250 560 6.4 ± 1.8 

Table 2: A comparison between two different Incipient Wetness Impregnation (IWI) methods (co and sequential) and two 

different reduction methods (conjointly and subsequent); the corresponding heat treatment (THT) and reduction (Tred)  

temperatures used in the synthesis, the TEM obtained surface averaged particle size (dSA) and standard deviation (σSA). 
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5.2  Characterisation of the prepared catalysts 
Two monometallic Pd catalysts were prepared using an incipient wetness impregnation (IWI) method, one with 

a small (PdS/C) and one with a large (Pd/C) surface averaged particle size. With these Pd catalysts, the promoted 

Pd catalysts were synthesized using a sequential IWI with subsequent reduction method. In Table 3, it is listed 

on which Pd catalyst each of the prepared promoted catalysts have been impregnated and the amount of Pd and 

promoter (Pr) that are present in each catalyst. The Mn and Zn promoted catalysts have been sequentially 

impregnated on the PdS/C catalyst (dSA = 4.5 nm), while the K and Cu promoted catalysts have been sequentially 

impregnated on the Pd/C catalyst (dSA = 10.9 nm). As stated in the previous chapter (5.1), the Ag promoted 

catalyst has been synthesised on a Pd/oxC catalyst (dSA = 4.3 nm). Besides that, the resulting mol ratio of Pr to Pd 

per catalyst is listed. The desired mol ratio of Pr to Pd was 0.1, and as can be seen in Table 4, this mol ratio was 

accomplished for each catalyst. The heat treatment and reduction temperatures that were used in the 

preparation of the catalysts is specified.  

All catalysts were characterised with TEM, see Figure 5a-f. These images show that the particles are distributed 

uniformly over the carbon support. Besides that, the particle size distributions were also determined from these 

TEM images. As can be seen, all catalysts show a good particle size distribution with a low standard deviation. 

Only the Ag-Pd/C catalyst displays a little larger standard deviation, which might be the result of the facile 

reducibility of the Ag nitrate by light. However, even for this catalyst, the particle size distribution is still decent 

with only a few outliers. The calculated surface averaged particle size of every catalyst was determined from 

these images and is listed in Table 3. Most of the catalysts have a comparable particle size to the monometallic 

Pd/C catalyst, except for the Mn-Pd/C catalyst. Therefore, each bimetallic catalyst will be compared to the 

monometallic Pd/C catalyst (dSA = 10.9 nm) in the catalytic data. It is not expected that the difference in the 

particle sizes will have a significant influence on the activity or selectivity of the catalysts. A TEM image of the 

PdS/C catalyst and its particle size distribution can be found in Appendix Figure A1. 

 

 

 

 

Catalyst IWI on 
Wt.% 

Pd 
Wt.% 

Pr 

Mol 
ratio 
Pr:Pd THT (°C) Tred (°C) dSA ± σSA (nm) dXRD (nm) Nmonolayer 

PdS/C GNP 1.88 - - 250 500 4.5 ± 1.4 4.5 - 
Pd/C GNP 2.53 - - 250 600 10.9 ± 3.1 8.6 - 
K-Pd/C Pd/C 2.53 0.10 0.11 - - 10.4 ± 3.2 7.9 1.5 
Mn-Pd/C PdS/C 1.88 0.12 0.12 250 560 6.4 ± 1.8 6.9 2.9 
Cu-Pd/C Pd/C 2.53 0.17 0.11 500 450 10.8 ± 3.3 8.9 2.8 
Zn-Pd/C PdS/C 1.88 0.14 0.12 350 600 8.6 ± 2.4 8.4 2.8 
Ag-Pd/C Pd/oxC 2.54 0.28 0.11 400 590 9.8 ± 4.4 7.1 3.3 

Table 3: A comparison between the monometallic and promoted Pd catalysts; An indication on which monometallic Pd 

catalysts each of the promoted Pd catalysts have been impregnated, the amount of metal in each catalyst as weight 

percentage (wt.%) of Pd and promoter (Pr), the corresponding mol ratio of Pr to Pd, the heat treatment (THT) and reduction 

(Tred) temperatures used in the synthesis, the TEM obtained surface averaged particle size (dSA) and the corresponding 

standard deviation (σSA), the Scherrer calculated average particle size (dXRD) and the calculated number of monolayers 

that the promoter metal could form on the Pd particles surface (Nmonolayer). 
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Figure 5: a-f) TEM images of monometallic and promoted Pd catalysts and the obtained particle size distribution per 

catalyst, the surface averaged particle size and standard deviation and the total counts in the analysis. 
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Per catalyst, the number of monolayers that the promoter metal would be able to form on the Pd surface was 

calculated and are listed in Table 3. All promoters are able to form approximately 2 or 3 monolayers on the Pd 

surface. This is high, since it is unwanted to cover the whole surface of all Pd particles. However, it is unknown if 

the promoter metals will only be found on/in the Pd particles or if the promoter metals are also/only to be found 

on the carbon support. If the promoter metals exists on the support, it might not cover the whole Pd surface. If 

the promoter metals would only attach onto the carbon support, the surface coverage of all promoter metals on 

the carbon support is calculated to be around 0.1-0.3%. With EDX, images were made of some of the promoted 

catalysts. The images made from the Mn, Zn and Ag promoted catalysts are shown in Figure 6. For the Mn and 

Ag promoted sample, it is unclear if the promoter metal signal is actually higher in the Pd particles than in the 

background/on the support. For the Zn promoted samples, it seems like the promoter metal signal is higher on 

the Pd particles than in the background, but the background also shows promoter metal signal. This could mean 

that Zn can be found on both the support and on/in the Pd particles.  

For the Ag-Pd/C catalyst, 13 particles divided over 2 images (Appendix Figure A2 and Figure A3) were quantified 

by measuring the amount of signal in specific areas created over the particles. The results are shown in Figure 7. 

The results from the particles in Image 1 indicate that the ratio of Pd to Pr is approximately 0.1 for smaller 

particles, which was the desired mol ratio. However, the results from the particles in Image 2 show that with 

larger particle sizes (>12 nm), the ratio of Ag:Pd increases. This might be the result of the unstable Ag nitrates 

that reduce easily under light. When the Ag nitrates are reduced, the metallic Ag might sinter onto Pd particles, 

which would explain why the ratio of Ag:Pd increases linearly with increasing the particle size. The quantification 

of both images indicates that Ag is somehow present on or in the Pd particles.  

a) b) c) 

Figure 6: STEM-EDX images of a) Mn-, b) Zn- and c) Ag-Pd/C catalysts. Pd signal is indicated by a red dot and the 

promoter metals are indicates with a green dot. 

Figure 7: EDX metal signal intensity which gives the percentage of metal in the particle as a function of the particle size 

for 13 particles, divided over 2 images. Pd is indicated in red and Ag is indicated in blue. The data points obtained from 

image 1 are squares and the data points obtained from image 2 are dots. 

5 10 15 20 25 30
0

20

40

60

80

100

 

 

M
 i
n
 p

a
rt

ic
le

 (
%

)

Particle size (nm)

Pd

Ag

Image 1

Image 2



S.M.J. Wilms – MSc Thesis 
 

- 23 - 
 

All prepared promoted catalysts and the monometallic Pd/C catalyst were analysed with XRD and the 

diffractograms between 40 and 57.5 °2θ are shown in Figure 8. The full diffractograms between 20 and 80 °2θ 

can be found in Appendix Figure A4. The Pd peaks, indicated by the dotted red lines, are clearly visible in all 

samples. The main diffraction peak of Pd(111) at approximately 46.4 °2θ is used to calculated the particle sizes 

listed in Table 3 with the Scherrer equation. The metals used for promotion are not visible in these diffractograms 

due to the low weight loading in the samples. Something that does indicate the presence of the promotion 

metals, is the main diffraction peak of Pd at 46.4 °2θ, which shifts a little bit for the promoted samples. When 

atoms with a different atomic radii are added to the Pd crystal lattice, lattice defects are created. As a result, the 

lattice might expand or contract. This lattice expansion or contraction will lead to a shift in the Pd diffraction. The 

lattice constants are calculated using Brags Law. Additionally, the peak shifts are calculated in terms of lattice 

contraction in % compared to the Pd(111) peak in the monometallic Pd catalysts with the most comparable 

surface averaged particle size. This is the Pd/C catalyst for each promoted catalyst, except for the Mn-Pd/C 

catalyst. Both the calculated lattice constants and peak shifts are specified in Table 4. In these calculations, 

sample displacement is taken into account.  

 

Catalyst Calculated rvdw (Å) a (Å) Lattice contraction (%) 

PdS /C 1.38 3.925 - 

Pd /C 1.38 3.927 - 

Mn-Pd/C 1.16 3.907 0.46 

Cu-Pd/C 1.28 3.889 0.97 

Zn-Pd/C 1.39 3.891 0.91 

Ag-Pd/C 1.44 3.906 0.51 

Table 4: A comparison between the monometallic and the Mn, Cu, Zn and Ag promoted Pd catalysts in terms of the 

calculated atomic radius of the metal. For the monometallic Pd catalysts this metal is Pd, for the promoted catalysts it is 

the promoter metal. The lattice constants (a) are calculated for each Pd crystal with the main Pd diffraction around 

46.4°2θ  and with Brags Law. In this calculation, sample displacement is taken into account. With these lattice constants, 

the lattice contraction in percentage is calculated and listed here. The lattice contraction is calculated for each promoted 

catalysts with respect to the Pd/C catalyst, except for the Mn-Pd/C catalyst which was compared to the PdS/C catalyst 

because their particle sizes are more comparable. 
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Figure 8: XRD plots of the carbon support (C), the monometallic Pd catalyst and all promoted catalysts between 40 and 

57.5 °2θ. The two Pd diffractions are indicated by the dotted red lines, Pd(111) around 46.4 °2θ and Pd(200) around 

50.9 °2θ. The carbon diffraction peak around 31 °2θ is normalised to the same peak in the carbon reference with 

respect to its position (°2θ) and intensity. In the plotted data, sample displacement is not taken into account. 
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Recent research has shown that K+ ions are small enough to be intercalated into the graphite lattice.80,81 This will 

lead to peak shifts of the carbon support diffractions, which is used as a reference to determine if the Pd(111) 

peak has shifted. For that reason, it is not reliable to do a similar lattice contraction analysis of the K-Pd/C XRD 

data. Therefore, the K-Pd/C catalyst is not listed in Table 4. To overcome this issue, another crystalline substance 

could be added to the sample to use as a reference for the XRD data.   

When adding a metal atom with a larger atomic radius to the Pd lattice, it is expected for the lattice to expand, 

while it is expected to contract when a smaller atom is added to the Pd lattice. However, a lattice contraction is 

observed for each promoted catalyst while some of the promoter metal atoms have a larger calculated atomic 

radius. The addition of Mn, Cu, Zn and Ag does lead to a lattice contraction, 0.46, 0.97, 0.91 and 0.51% 

respectively. The lattice contraction could indicate that these promoter metals are incorporated into the Pd 

lattice. Nevertheless, only Ag and Zn are expected to form an (intermetallic) alloy with Pd according to their 

phase diagrams.15,57,58,60,61 So it could be that this lattice contraction is a result of the incorporation of the Ag and 

Zn in the Pd lattice. At least, the contraction indicates that the addition of the promoter metals lead to some kind 

of lattice defect. Still, it is hard to say whether a lattice contraction smaller than 1% are actually meaningful or if 

they fall into the margin of error within the XRD analysis technique or calculations that were made. 

Most of the prepared catalysts were also studied with TPR and these results are shown in Figure 9, except for 

the K and Ag promoted samples. A zoom at the CuO/C and CuO-Pd/C plots is provided in the figure. The K 

promoted catalysts was never heat treated due to very extreme heat treatment conditions to form potassium 

oxides and was therefore not studied with TPR. The Ag promoted catalyst was reduced directly after the heat 

treatment to minimize light exposure and thereby preventing sintering as much as possible, thus no TPR analysis 

is performed on this catalyst before reduction. No monometallic MnO2/C catalyst was prepared and is therefore 

also missing from these TPR results. The calculated amounts of hydrogen needed to reduce the sample and the 

reduction temperatures of the carbon support are shown in Table 5. In Figure 9, it is hard to find any reduction 

peaks of metal oxides other than PdO and possibly CuO, this is probably due to low weight loadings of the 

promoter metals. Nevertheless, we can still explore the influence of the promoter metals on the reduction of the 

carbon support. 

PdS/C is used as a reference for the TPR analysis instead of the Pd/C catalyst, but this should not be a problem 

for the comparison with the promoted Pd catalysts. That is because during the reduction of the metal oxide in 

the PdSO/C catalyst in the TPR measurement, reduced metal nanoparticles will form and grow. Because the 

analysis temperature is rising to 700 °C, the metal nanoparticles will sinter at higher temperatures and therefore 

increase in particle size during the analysis. The Pd/C catalyst has a larger average particle size than PdS/C, 

10.9 nm vs 4.5 nm respectively (Table 3). The Pd particles in the Pd/C, that has been previously reduced at 600 °C, 

will not grow much in particle size until the TPR measurement has reached a temperature higher than 600 °C. 

However, the Pd particles in the PdS/C catalyst, which has been previously reduced at 500 °C, will sinter and grow 

at temperatures higher than 500 °C. At the TPR measurement temperature of 600 °C, the Pd  particles in the 

PdS/C catalyst should have similar particle sizes to the Pd particles in the Pd/C catalyst. Therefore, it is assumed 

that particle sizes are similar for the PdS/C and Pd/C catalyst at 600 °C during the TPR measurement. This allows 

us to study the carbon reduction peak around 600 °C and compare the prepared promoted Pd catalysts to the 

PdS/C catalyst instead of the Pd/C catalyst. Unfortunately, the CuO-Pd/C catalyst does contain another wt.% of 

Pd compared to PdS/C, 2.53 wt.% and 1.88 wt.%, respectively (Table 3). This will most likely have an influence on 

the amount of hydrogen needed for the carbon support reduction. 

In Figure 9, the PdO reduction peak around 175 °C is clear and the area is close to the calculated expected value 

of 177 μmol H2/ g cat that is needed to hydrogenate the amount of PdO that is present in the PdSO/C catalyst 

(188 μmol H2/ g cat, see Table 5). Moreover, after PdO reduction, the freshly reduced Pd also seems to promote 

the carbon support reduction. This can be seen because the amount of hydrogen that is used for the support 

reduction is higher. For the PdS/C catalyst, the reduction of PdO to metallic Pd took place before the TPR analysis. 

In this catalyst, the Pd does increase the amount of hydrogen that is consumed to hydrogenate the carbon 

support with the same amount as PdO did (22 μmol H2/ g cat). Furthermore, a small hydrogen release can be 

seen around 60 °C for the previously reduced PdS/C catalyst. This hydrogen release is the result of the 

decomposition of PdHx species.  
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a) TC,red (°C) H2 uptake (μmol H2/ g cat)  

C 599 212  

PdS/C* 599 234  

PdSO/C* 572 234  

b) TC,red (°C) H2 uptake C (μmol H2/ g cat) H2 uptake C (μmol H2/ g cat) 
relative to C (1) or PdS/C (2) 

MnO2-Pd/C 562 304 70 (2) 

CuO-Pd/C 582 149 -85 (2) 

CuO 589 208 -4 (1) 

ZnO-Pd/C 597 246 11 (2) 

ZnO 511 291 79 (1) 

c) TM,red (°C) H2 uptake metal oxide (μmol H2/ g cat) Expected H2 uptake (μmol 
H2/ g cat) 

PdSO/C* 173 188 177 

CuO/C 420 13 19 

Table 5: a) The reduction temperature of the carbon support and the calculated hydrogen uptake for this carbon reduction 

peak of the C support reference, PdS/C and PdSO/C. b) The reduction temperature of the carbon support, the calculated 

hydrogen uptake for this carbon reduction peak and the relative hydrogen uptake for this carbon reduction peak 

compared to the hydrogen uptake of the carbon support (1) or PdS/C (2), of several Pd promoted and monometallic 

promoter metal oxides. c) The reduction temperature of the PdSO and CuO reduction peak, the calculated hydrogen 

uptake for this metal oxide reduction peak and the calculated expected hydrogen uptake value of the reduction of the 

metal oxides. *The named PdS/C catalyst in this table is not the same as the PdS/C catalyst listed in Table 4. The 

impregnated batch of catalyst was split in two batches and heat treated and reduced separately. However, the heat 

treatment and reduction conditions were exactly the same, resulting in very similar catalysts. The difference in the 

calculated dXRD of both catalysts is 0.12 nm. 
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Figure 9: TPR plots of the carbon support (C), the monometallic heat treated and reduced Pd catalyst, Mn, Cu and Zn 

promoted and monometallic Cu and Zn heat treated catalysts. The hydrogen uptake is expressed as a function of 

temperature. By calculating the area of a peak (with Origin software), the amount of hydrogen that is taken up by the 

sample (μmol H2/ g cat) is determined. *The named PdS/C (and PdSO/C) catalyst in this figure is not the same as the 

PdS/C catalyst listed in Table 4. The impregnated batch of catalyst was split in two batches and heat treated and reduced 

separately. However, the heat treatment and reduction conditions were exactly the same, resulting in very similar 

catalysts. The difference in the calculated dXRD of both catalysts is 0.12 nm. 
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The MnO2-Pd/C catalyst does increase the amount of hydrogen that is consumed to reduce the carbon support, 

by 70 μmol H2/ g cat, compared to the monometallic PdS/C catalyst. Additionally, This could mean that MnO2 has 

a promoting effect on the support reduction. The MnO2-Pd/C catalysts does not shown a hydrogen release 

because the analysis started after the typical hydride release temperatures (between 50 and 60 °C). 

When the CuO/C catalyst is studied in Figure 9, the carbon reduction peak appears to have a small shoulder peak. 

This peak is better visible in the zoom of the CuO/C and CuO-Pd/C graphs, which is also shown in this figure. The 

H2 uptake of this peak, 13 μmol H2/ g cat, is close to the expected H2 uptake value for the reduction of CuO that 

was calculated, 19 μmol H2/ g cat. Therefore, this small peak could be ascribed to the CuO reduction. However, 

CuO usually reduces at much lower temperatures (300 °C).65,82 Consequently, it is questionable if this shoulder 

peak is a result of CuO reduction. In the CuO-Pd/C catalyst, this shoulder disappears A possible explanation for 

the disappearance of the shoulder peak for the TPR analysis of the Cu-Pd/C catalyst, is that Pd may have 

promoted the reduction of CuO, resulting in the peak being reduced at much lower temperatures. This would 

indicate that Pd and the CuO are in close proximity. Since it is unclear whether the shoulder peak can be ascribed 

to CuO reduction, not many conclusions can be made.  

When we look at the carbon reduction peak around 585 °C of the CuO/C catalyst, the addition of CuO to the 

carbon support does not seem to lead to a promotion of the support reduction like was observed for the PdO/C 

catalyst. The amount of hydrogen that is used for the carbon support reduction is approximately the same for 

the carbon support (212 μmol H2/ g cat) and the CuO/C catalyst (208 μmol H2/ g cat). However, the combination 

of CuO and metallic Pd seems to limit the carbon support reduction considering it has a lower hydrogen uptake 

of 85 μmol H2/ g cat. This is unexpected since the CuO-Pd/C catalyst has a higher wt.% of Pd, which should lead 

to a higher amount of carbon reduction. It could indicate that Pd has some kind of influence on the CuO or vice 

versa, leading to a different carbon reduction.  

On the contrary, the ZnO seems to have a promoting effect on the carbon support reduction, since the peak 

shifts from 599 °C to 511 °C. Furthermore, the amount of hydrogen that is taken up is increased by 

80 μmol H2/ g cat. For the ZnO-Pd/C catalyst, this promoting effect on the support reduction disappears and no 

other reduction peaks are visible in the plot. This could indicate that the reduced Pd metal already reduces ZnO 

before the TPR analysis is even started and therefore leads to a different carbon reduction as well. This would 

indicate that Pd and ZnO are in close proximity. Since the Pd probably promotes reduction of ZnO, it might be 

worth to try to reduce the K promoted Pd samples in future work. High temperatures are needed to reduce KNO3, 

but maybe the Pd is able to promote the reduction and make it possible to reduce KNO3 at lower temperatures. 

This would allow for a better comparison of results with the K-Pd/C catalyst. 

To conclude, the addition of metal oxides to the carbon surface lead to a higher hydrogen uptake by the carbon 

support reduction and sometimes also lower reduction temperatures. Moreover, Pd probably promotes the 

reduction of ZnO and possibly CuO, and this is also expected for the promoter metals Mn and Ag. 
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5.3  Catalysis 

5.3.1 Activity 
In this chapter, catalytic performance in terms of activity of all promoted catalysts will be discussed. In each test, 

approximately 0.6-0.7 μg Pd is loaded in the reactor. As stated in the experimental section, each monometallic 

promoter catalyst that does not contain any Pd is tested as reference on the catalytic setup. This is done to 

establish that the promoter metal does not show any activity in this reaction without the Pd. For these reference 

catalysts, the amount of promoter metal is kept roughly the same as in the promoted Pd catalysts. The results of 

the reference tests can be found in Appendix Figure A5 and, it is clear that the catalytic activity for the selective 

hydrogenation of butadiene or propylene of the promoter metals is negligible compared to Pd catalysts. 

In Figure 10a the conversion of butadiene as a function of the temperature is shown for the monometallic and 

all promoted Pd catalysts. Already at room temperature, the Pd catalyst converts more than 10% of the 

butadiene feed and reaches full conversion already around 80 °C. None of the promoted catalysts reach full 

conversion at this temperature, they all required higher temperatures, ranging from 90 °C for the Mn-Pd/C 

catalyst to 140 °C for the Zn- and Ag-Pd/C catalysts. However, some promoted catalysts did display an even higher 

conversion at room temperature than the Pd only catalyst. The Mn- and K-Pd/C promoted catalysts convert about 

20% of the butadiene at room temperature.  

The calculated Turnover Frequency (TOF) per temperature is plotted in Figure 10b. As explained in the 

experimental details section, the particle size and amount of Pd in each catalyst will be taken into account in the 

TOF calculations, making it a fair way to compare the activity of the catalysts. One thing that stands out is that 

most of the curves resemble the curves Figure 10a, only the curve of the Mn-Pd/C catalyst has changed 

extensively. This is because all catalysts have comparable particle sizes, except for the Mn-Pd/C one, which has 

a much smaller particle size (see Table 3) and therefore also a lower TOF compared to the others at similar activity 

per gram Pd. The Cu-, Zn-, Ag-Pd/C and monometallic Pd/C all show an exponential curve for the activity, which 

is expected. However, the K- and Mn-Pd/C catalysts do not display an exponential curve, which could indicate 

that there are mass transfer limitations. Smaller particles lead to more mass transfer limitations than larger 

particles. This is a possible explanation why the Mn-Pd/C displays mass transfer limitation, since the particles in 

the Mn-Pd/C catalyst are smaller than all the particles in all other catalysts (dSA = 6.4 nm). It could also be due to 

a bad mixing of the catalytic bed, but this is not likely since all catalyst reactors are prepared in a similar way.  

As expected from the results of Figure 10a, Pd/C displays the highest TOF values in the higher temperature range. 

Only the K-Pd/C catalyst shows higher TOF values at temperatures lower than 45 °C. The Cu-Pd/C and Mn-Pd/C 

catalyst show similar TOF values as the monometallic Pd catalyst at 25 °C, but yield lower TOF values at higher 

temperatures. The Ag-Pd/C and Zn-Pd/C catalysts both show lower TOF values than the monometallic catalyst in 

the whole temperature range. However, all promoted catalysts still have a relatively high TOF for the 
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Figure 10: Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Conversion of butadiene as a 

function of temperature. b) Turnover frequency as a function of temperature. Amount of Pd loaded in each 

reactor (μg): 0.598 Pd/C; 0.601 K-Pd/C; 0.600 Mn-Pd/C; 0.685 Cu-Pd/C; 0.598 Zn-Pd/C; 0.703 Ag-Pd/C. 
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hydrogenation of butadiene. With TOF values higher than 100 mol butadiene per mol surface Pd per second at 

T=90 °C, all catalysts are still very active compared to non-Pd catalysts.7,24,39 To conclude, all promoted catalysts 

have a lower activity than the monometallic Pd catalyst at higher temperatures near full conversion, but the 

promoted catalysts still have a reasonable high activity for the hydrogenation of butadiene.  

5.3.2 Selectivity 
As mentioned in the introduction, the bottle neck of Pd catalysts is the selectivity, especially at high conversion 

levels. Therefore, it is important to also study the influence of the promoters on the selectivity. The selectivity as 

a function of the butadiene conversion of all catalysts are shown in Figure 11a. The monometallic Pd catalyst 

exhibits the highest selectivity to butenes at higher conversion. The Ag-Pd/C catalyst displays the highest 

selectivity of the promoted catalysts, which is just a bit lower than the Pd catalyst. The Cu-Pd/C catalyst shows 

comparable selectivity to the monometallic Pd catalyst at lower conversion levels (~14-24%). Unfortunately, the 

selectivity goes down almost immediately, yielding less butenes than the Pd/C and Ag-Pd/C catalyst at higher 

conversion. The steep decrease in the selectivity curves of the K- and Mn-Pd/C catalysts indicate once again that 

mass transfer limitations might be present for these catalysts. 

The fraction of 1-butene in the C4 stream is expressed in Figure 11b at two different levels of butadiene 

conversion, namely around 22% and 86% butadiene conversion. Around 22% conversion, the fraction of 1-butene 

in the stream is much higher for the Ag-Pd/C catalyst than for the Pd/C catalyst, respectively 61% and 56%. 

Besides the Ag promoted catalyst, the Cu, Mn and Zn promoted samples have a slightly higher fraction of 

1-butene in the gas stream at low conversion. The K promoted sample has approximately the same selectivity to 

1-butene at low conversion. At higher conversion, the differences in 1-butene selectivity become more apparent. 

The Pd/C and Ag-Pd/C catalyst stay stable at around the same fraction. However, the Zn-Pd/C catalyst increases 
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Figure 11: Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Selectivity towards all butenes 

as a function of butadiene conversion. b) Fraction of 1-butene in the C4 product stream at conversion levels around 22% 

(19-24%) and 86% (83-88%). The exact fraction of 1-butene of each catalyst is displayed above the column. c) The C4 

selectivity towards all butenes and n-butane as a function of the butadiene conversion. Amount of Pd loaded in each 

reactor (μg): 0.598 Pd/C; 0.703 Ag-Pd/C; 0.685 Cu-Pd/C; 0.601 K-Pd/C; 0.600 Mn-Pd/C; 0.598 Zn-Pd/C. 
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a bit and the K- and Mn-Pd/C decrease with 6% and 4%, respectively. The reason why the Ag-Pd/C catalyst has 

such high fractions of 1-butene might be due to an isomerisation effect, which will be discussed further in Chapter 

5.3.3.  

The selectivity towards all butenes and n-butane as a function of conversion are displayed in Figure 11c. The 

Ag-Pd/C catalyst shows the highest selectivity towards n-butane at low conversion as can be seen in this figure. 

But as the conversion increases, the selectivity to n-butane of all other promoted catalysts gradually increases, 

while the n-butane level for the Ag promoted catalyst stays rather stable until 95% conversion is reached. This 

gradual increase finally results in a higher n-butane formation for every other promoted catalyst at 80% 

conversion and higher. Only the Pd/C catalyst has a lower formation in the whole conversion range, but is also 

less constant than the Ag promoted sample. Additionally, it stands out that the Ag-Pd/C catalyst not only has the 

highest selectivity towards 1-butene, it displays the lowest for cis-2-butene and trans-2-butene as well. This could 

be explained by different isomerisation properties of Ag-Pd/C compared to the monometallic Pd/C catalyst. 

Therefore, more research is performed on the 1-butene isomerisation properties of all promoted samples and 

the monometallic Pd catalyst, which is discussed in the next section.  

5.3.3 Isomerisation 
As mentioned in the previous chapter, the Ag, Zn and Cu promoted catalysts showed a higher selectivity towards 

1-butene than the monometallic Pd catalyst and this may be the result of a isomerisation effect. To study this 

isomerisation effect, catalytic experiments are performed with a 1-butene gas flow instead of a butadiene gas 

flow. With a 0.3% 1-butene and 5% hydrogen gas feed, the catalyst can isomerise the 1-butene towards 

cis-2-butene or trans-2-butene, or fully hydrogenate the 1-butene to n-butane. Each catalyst is tested until 

temperatures are reached where the same catalyst would have reached a 100% butadiene conversion. 

The monometallic and all promoted catalysts are tested and the results are shown in Figure 12a,b. In Figure 12a, 

the 1-butene conversion is plotted as a function of temperature. The figure indicates that none of the catalysts 

reach full conversion of 1-butene, even at the temperature where the catalyst would have reached a 100% 

butadiene conversion. Besides that, the curves seems to reach a plateau at higher temperatures. Some catalysts 

even exhibit a slight decrease in 1-butene conversion at higher temperatures (K-Pd/C, Mn-Pd/C and Pd/C). The 

data that were measured during cooling down slope of the catalyst, is shown in Appendix Figure A6. Here it can 

be seen that all catalysts seem to deactivate after reaching the highest temperature, except for Ag-Pd/C, which 

seems to activate. The deactivation characteristics were not observed for the butadiene tests for all promoted 

and monometallic Pd catalysts, except for Mn-Pd/C, which can be seen in Appendix Figure A7. This indicates that 

the deactivation is not temperature related. It could also be the result of a catalyst reshaping, which might change 

the binding sites of the catalysts. This could change the catalysts’ activity for the isomerisation of 1-butene, but 

not for butadiene.  
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Figure 12: Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) The 1-butene conversion as a 

function of temperature. b) Turnover frequency as a function of temperature. Amount of Pd loaded in each reactor (μg): 

0.658 Pd/C; 0.594 K-Pd/C; 0.600 Mn-Pd/C; 0.612 Cu-Pd/C; 0.607 Zn-Pd/C; 0.602 Ag-Pd/C. 
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For the isomerisation reaction, the activity is also expressed in terms of Turnover Frequency (TOF). However, the 

TOF is now defined as the amount of mol 1-butene that is converted per mol Pd surface atom per second. It is 

clear that the monometallic Pd and K promoted catalysts have a very high TOF for 1-butene, especially compared 

to the Zn and Ag promoted samples. The TOF of 1-butene of the monometallic Pd catalyst is around 140 s-1 at 

the temperature where the catalyst would reach full butadiene conversion (90 °C, see Figure 10a), while all 

promoted samples, except for K-Pd/C, show a lower TOF (approximately 50-110 s-1) at their corresponding full 

conversion temperatures. This gives an explanation for the higher selectivity of Zn and Ag towards 1-butene 

during butadiene hydrogenation: the 1-butene simply gets converted with slower rates by the Zn- and Ag-Pd/C 

than by the monometallic Pd catalyst. 

By comparing the temperatures of the isomerisation test with the results of standard catalytic butadiene tests, 

corresponding butadiene conversion levels are determined. With this comparison, the selectivity towards the 

1- and 2-butenes can be represented as a function of selected low and high butadiene conversion values, as 

depicted in Figure 13a. This figure shows that at temperatures corresponding to low and especially at high 

butadiene conversion the Cu, Zn and Ag promoted samples isomerise less 1-butene to cis- or trans-2-butene than 

the monometallic Pd catalyst. On the other hand, the K- and Mn-Pd/C catalysts display an even higher 

isomerisation of 1-butene at high butadiene conversion. This is the same conclusion as was drawn from the 

isomerisation activity results, only here it is compared to the butadiene conversion instead of the temperature. 

This gives more insight in what is happening in the butadiene hydrogenation at low and high butadiene 

conversion. The trend that was observed for the selectivity to 1-butene at high conversion in Figure 11b, is very 

similar to the trend that can be seen in amount of 1-butene that is left in the stream at high conversion in Figure 

13a.  

In Figure 13a, the ratio of trans- to cis-2-butene seems to be very similar for each catalyst. The ratio of trans- to 

cis-2-butene is expressed at low and high corresponding butadiene conversion in Appendix Figure A8. At low 

butadiene conversion, this ratio is approximately 1:1 for every catalyst. At higher conversion, the selectivity shifts 

a little bit towards trans-2-butene. Still, this ratio is quite comparable for each catalyst. The 1:1 ratio of trans- to 

cis-2-butene in the isomerisation test indicates that the isomerisation of 1-butene to cis-2-butene is as favourable 

as the isomerisation to trans-2-butene. 

The selectivity to n-butane as a function of temperature is shown in Figure 13b. The figure seems to resemble 

Figure 12a, which makes sense, since the more 1-butene is converted at a certain temperature, the more 

n-butane is formed. Furthermore,  in the butadiene test, the Pd/C catalyst displayed the lowest selectivity 

towards n-butane at almost the whole temperature range. While for the 1-butene isomerisation, several 

catalysts show a lower selectivity towards n-butane than Pd/C at all temperatures, namely Cu-, Zn- and Ag-Pd/C. 

The Ag-Pd/C catalyst displays the lowest formation of n-butane at the whole temperature range, which is quite 

surprising since the Ag promoted catalyst showed the highest selectivity of n-butane in the standard butadiene 

catalyst tests at lower conversion levels, see Figure 11c. Moreover, the monometallic Pd had a lower n-butane 
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Figure 13: Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Selectivity towards all butenes 

as a function of the estimation of the corresponding butadiene conversion. b) Selectivity towards n-butane as a function 

of temperature. Amount of Pd loaded in each reactor (μg): 0.658 Pd/C; 0.594 K-Pd/C; 0.600 Mn-Pd/C; 0.612 Cu-Pd/C; 

0.607 Zn-Pd/C; 0.602 Ag-Pd/C. 
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selectivity than Ag-Pd/C at the whole temperature range, which can also be seen in Figure 11c. One explanation 

for this result could be that the Ag-Pd/C catalyst forms n-butane out of butadiene without releasing 1-butene 

from the catalyst surface. This would indicate that the Ag-Pd/C catalyst has a higher adsorbing strength to 

1-butene. But if this is true, 1-butene should not desorb from the surface easily, resulting in more n-butane 

formation compared to the Pd catalyst in the isomerisation test as well as in the butadiene test. Surprisingly, this 

was not observed in the results. The obtained results are puzzling and challenging to explain. 

To conclude, Ag addition to a Pd catalyst limits the activity for 1-butene isomerisation. The catalyst also exhibited 

the lowest formation of n-butane with a 1-butene feed. 

5.3.4 Trends in results 
It would be valuable if a correlation could be made with the catalysts’ activity and selectivity compared to certain 

metal properties. This would make it easier to attribute the improved or regressed catalytic results that are 

observed to a type of promoting effect such as electronic, geometric or kinetic. Since an electronic effect is mainly 

expected, the electronegativity (EN)83 of the promoter metals might give more insight. The EN of each promoter 

metal and Pd itself is listed in Table 6. Besides the EN of the promoter metals, the van der Waals radius (rvdw) 

might also have an influence on the catalytic properties of Pd. When an alloy is formed and a smaller or larger 

atom enters the Pd lattice, the lattice might expand or contract. This adapted lattice might have different catalytic 

properties due to for instance a change in adsorption and desorption properties. The rvdw and the difference in 

van der Waals radius (Δrvdw) compared to Pd are calculated and listed in Table 6 together with the XRD obtained 

lattice contraction. It has been decided to leave the K-Pd/C data points out of the linear fit for the comparison of 

activity and selectivity to Δrvdw, as the Δrvdw value that is listed in Table is probably not fit to use for the data 

comparison. That is because the K promoted catalyst is not heat treated and reduced and most likely still consists 

of KNO3. However, the data points of the K-Pd/C catalysts are still shown in each rvdw comparison plot. 

 

 

 

 

 

 

It immediately stands out that Pd has the highest EN, thus all the added promoter metals will act as an electron 

donor to Pd. The activity in terms of butadiene TOF at 25 °C of the promoted samples is plotted as a function of 

the difference in EN (ΔEN), see Figure 14a. The K promoted sample is the only promoted catalyst that shows an 

increase in TOF at lower temperatures compared to the Pd catalyst. This might be due to the fact that K is the 

least electronegative and could therefore have a larger electronic effect than the other metals. However, when 

looking at the other catalysts, Mn and Cu promoted samples show a comparable TOF as the Pd catalyst, while Ag 

and Zn show a decrease in TOF. Yet, the Cu and Ag have a similar EN, so if the Pd is promoted by an electronic 

effect, it would be expected that Ag and Cu show similar values of TOF as well. Likewise, the Zn and Mn have a 

similar EN, but show totally different TOF values at 25 °C. Therefore, it is concluded that no distinct trend is 

observed for the activity in butadiene hydrogenation compared to the EN. 

The activity in terms of TOF expressed as a function of both Δrvdw and the lattice contraction is shown in Figure 

14. There seems to be a relation between the Δrvdw and the TOF. The promoter metals with a more similar rvdw 

 Pd K Mn Cu Zn Ag 

EN 2.2 0.82 1.55 1.9 1.65 1.93 

ΔEN  -1.38 -0.65 -0.3 -0.55 -0.27 

rvdw (pm) 138 133* 116 128 139 144 

Δrvdw (pm)  -5 -22 -10 +1 +6 

Lattice 
contraction (%) 

  0.46 0.97 0.91 0.51 

Table 6: Pauling electronegativity (EN) for Pd and each promoter metal and the difference in electronegativity between 

Pd and promoter metals (ΔEN). A darker yellow indicates a larger difference. The calculated van der Waals radius (rvdw) 

of Pd and each promoter metal, the difference in the van der Waals radius between Pd and the promoter metals (Δrvdw) 

and the corresponding lattice contraction expressed in percentage.*The literature derived ionic radius of K+.72 A darker 

colour indicates a larger difference, where red indicates a smaller and blue a larger rvdw than Pd. For the lattice 

contraction, a darker green indicates a larger lattice contraction.  
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to the rvdw of Pd lead to a lower TOF, while the promoter metals with a smaller rvdw than Pd lead to a higher TOF. 

However, none of the promoted catalysts reach a higher TOF than Pd (except for the K promoted catalyst which 

was left out of the correlation assessment). Two pairs of promoted catalysts showed a comparable lattice 

contraction, namely Mn and Ag, and Zn and Cu. Despite that, the catalysts with similar lattice contraction show 

a totally different TOF value at 25 °C. It could be concluded that the activity of the catalyst may depend on the 

size of the promoter metal atom, but not on the measured lattice contraction. Nevertheless, if the rvdw of the 

promoter metal is influencing the Pd catalyst, it will probably be the result of incorporation into the Pd lattice. 

This incorporation could lead to a change in the active sites of Pd, leading to different catalytic properties. 

However, if this is indeed the case, then a similar correlation with the lattice contractions would be expected. 

Moreover, none of the promoter metals are actually expected to be incorporated into the Pd lattice according 

to their phase diagrams, except for Ag and possibly Zn.15,57–61  

Figure 14: Butadiene (bd) TOF values of all promoted and monometallic Pd catalysts in the butadiene experiments at 

25 ֯°C as a function of the difference in the difference in EN (ΔEN) and van der Waals radius (Δrvdw) compared to Pd, and 

the calculated lattice contraction. The red dotted line indicates a linear fit between all data points except K-Pd/C and 

Pd/C. 

Figure 15: 1-Butene (1-but) TOF values of all promoted and monometallic Pd catalysts in the isomerisation experiments 

at 27 ֯°C as a function of the difference in the difference in EN (ΔEN) and van der Waals radius (Δrvdw) compared to Pd, 

and the calculated lattice contraction. The red dotted line indicates a linear fit between all data points except K-Pd/C and 

Pd/C. 
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The isomerisation activity is also plotted as a function of the EN,  Δrvdw and lattice contraction and can be found 

in Figure 15. Similar to the results that were obtained for the butadiene TOF and EN correlation, no distinct trend 

is observed. Cu and Ag, and Mn and Zn have a very comparable ΔEN, but their 1-butene TOF values are not alike.  

In the correlation of Δrvdw and the TOF of 1-butene, a clear correlation can be distinguished. It seems that a 

promoter metal with a rvdw that is smaller than the rvdw of Pd increases the isomerisation activity of 1-butene, 

which is similar to the observed results for the butadiene TOF. Unfortunately, it is desired to have a catalyst with 

a high butadiene TOF and a low 1-butene TOF, because a high 1-butene TOF will lead to a lower 1-butene 

selectivity in the selective hydrogenation of butadiene. For the correlation of the lattice contraction and the TOF 

of 1-butene, there is no trend observed. This raises the same concerns as was stated earlier regarding the 

correlation of Δrvdw and the lattice contraction with the TOF of butadiene. 

As stated in the background information, besides the activity, it is known that electronic effects could also affect 

the selectivity. At lower conversion, the differences in selectivity of all catalysts are small, this makes it hard to 

find any trends at lower conversion. At higher conversion levels (~86% butadiene conversion), the differences in 

selectivity become more apparent, therefore the selectivity at higher butadiene conversion levels is used for the 

correlations. However, it is good to keep in mind that at higher conversion, more mass transfer limitations will 

come into play. Two types of selectivity will be studied, the total selectivity towards all butenes and the fraction 

of 1-butene in the C4 gas stream. In the total selectivity, the fraction of all butenes divided by all butenes, 

n-butane and propane is used. In the fraction of 1-butene in the C4 gas stream, the fraction of 1-butene divided 

by all butenes and n-butane is used. The hydrogenation of propylene is not taken into account in this second 

calculation. 

In Figure 16b, the total selectivity and fraction of 1-butene in the C4 gas stream of all catalysts at approximately 

86% conversion are displayed as a function of ΔEN compared to Pd. The total selectivity of Pd is the highest. The 

Ag shows a bit lower selectivity, Mn, Cu and Zn show similar selectivity and K shows the lowest selectivity. The K 

promoted sample might exhibit the lowest selectivity due to the biggest difference in EN, in which case the 

electronic effect has had a negative influence on the selectivity. A trend might be present, in which the promoter 

metals with the smallest difference in EN display a higher total selectivity. However, then it would be expected 

that the Cu promoted sample exhibits a similar selectivity compared to the Ag, since they also have comparable 
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Figure 16: Total selectivity and fraction of 1-butene in the gas stream of all promoted and monometallic Pd catalysts at 

approximately 86% conversion as a function of the difference in electronegativity (ΔEN). The coloured dotted lines 

indicate a linear fit between all data points except Pd/C. 
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ENs. Moreover, the Mn, Cu and Zn sample show comparable selectivity, even though their EN is different. 

Therefore, it is hard to say if the trend is really there. A trend might also exist as the promoters with a EN closer 

to Pd show a higher 1-butene selectivity and the ones that have a larger difference in EN show a decrease in 

1-butene selectivity. However, again, not all the promoters fall into the trend perfectly. The Cu should be closer 

to the Ag value and Mn should also exhibit slightly higher selectivity to fit in the curve.  

To conclude, it is hard to find a clear correlation in the comparison of EN to selectivity and it is not clear if the 

difference in selectivity for the promoted catalysts are caused by an electronic effect. A correlation might be 

observed, indicating that the promoter metals with a smaller difference in electronegativity tend to have a higher 

total selectivity. 

The relation of the Δrvdw and the lattice contraction to the total selectivity and 1-butene selectivity are also 

studied and displayed in Figure 17. For both the total and the 1-butene selectivity, the larger the promoter metal 

atom is, the higher the selectivity. Still, if this is the reason why selectivity is increased, then it would also be 

expected that adding an atom that is of similar size of Pd, would not have a large influence. When looking at the 

Zn promoted catalysts, which has a comparable size to Pd, it shows much lower overall selectivity and much 

higher 1-butene selectivity. Therefore, it is unclear if this observed trend is correct. If it is true that the atom size 

of the promoter metals influences the selectivity, then this would most likely also be seen when comparing the 

selectivity to lattice contraction. However, this is not the case. No trend is observed when comparing the total 

selectivity to the lattice contraction. The Zn and Cu promoted catalysts have a similar lattice contraction and also 

a similar total selectivity. On the other hand, the Ag- and Mn-Pd/C catalysts have a similar lattice contraction as 

well, but show a large difference in total selectivity (about 20%). For the fraction of 1-butene, there is also no 

observed trend. Here, it is also the case that Ag- and Mn-Pd/C catalysts have a similar lattice contraction, but at 

the same time display a large difference in selectivity. Again, this raises the concerns that were stated before 

regarding the correlation of Δrvdw and the lattice contraction with the TOF of butadiene. 

To conclude, it might be that adding larger promoter metal atoms to Pd will lead to a higher total selectivity, but 

not higher than Pd itself. Furthermore, the addition of larger promoter metal atoms to Pd may lead to a higher 

1-butene selectivity, which may exceed the 1-butene selectivity of Pd. Besides, no trends are observed for the 

comparison with the selectivity and the XRD derived lattice contraction.  
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Figure 17: Total selectivity and fraction of 1-butene in the C4 gas stream of all promoted and monometallic Pd catalysts 

at approximately 86% conversion as a function of the difference in the van der Waals radius (Δrvdw) and the calculated 

lattice contraction. The coloured dotted lines indicate a linear fit between all data points except K-Pd/C and Pd/C. 
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5.4  Pre-treatments 

5.4.1 Pre-treatments on monometallic Pd catalyst 
The effect of performing pre-treatments (PTs) before a catalytic test is studied on a monometallic Pd catalyst. 

Oxidizing the monometallic Pd catalyst will most likely not have any positive effects on the catalytic properties 

of the catalyst because metallic Pd has a better catalytic performance than PdO. Therefore, a reduction PT (PT_R) 

at 300 °C is studied for the monometallic Pd catalyst. The results are shown in Figure 18a-c. In Figure 18a, the 

conversion of butadiene is expressed as a function of temperature. This figure shows that the pre-treated catalyst 

reaches full conversion at lower temperatures (~70 °C) than the Pd/C catalyst without any PT (~80 °C). This might 

be due to the reduction of some oxidized Pd particles to metallic Pd during the PT. The total selectivity towards 

all butenes is plotted against the butadiene conversion in Figure 18b. The two catalysts exhibit comparable total 

selectivity and only differ a little bit at higher conversion levels (Figure 18c).  Nevertheless, the fraction of 

1-butene is reasonably higher at lower conversion levels for the pre-treated Pd catalyst. At higher conversion, 

this difference becomes smaller (~1%) because the fraction of 1-butene in the C4 product stream lowers 

significantly for the pre-treated catalyst. 

5.4.2 Pre-treatments on Mn promoted Pd catalyst 
The effect of doing a PT before performing the catalytic test with a Mn promoted catalyst is investigated. This 

study is performed on the Mn promoted catalyst, since Mn is easily oxidized back to manganese oxide in air. This 

would probably result in mainly Mn oxide species in the Mn-Pd/C catalyst in the standard catalytic tests. 

Therefore, the Mn promoted sample is expected to show the greatest differences in catalytic properties after 

performing PTs. The oxidation PT might bring the Mn oxide to the surface of the Pd particle. On the other hand, 

the reduction PT could (partly) reduce the metal oxides again. Combining the two might also have different 
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Figure 18: Catalytic performance of the Pd/C catalyst with and without reducing pre-treatment (PT_R); a) Turnover 

frequency as a function of temperature. b) Selectivity towards all butenes as a function of butadiene conversion. c) 

Fraction of 1-butene in the C4 product stream at conversion levels around 15% (14-17%) and 72% (69-75%). Amount of 

Pd loaded in each reactor (μg): 0.598 Pd/C; 0.595 Pd/C_PT_R. 
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effects on catalytic properties. That is why oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-

oxidation-reduction (ROR) PTs at 300 °C and their effect on activity and selectivity of the Mn promoted catalyst 

are researched.  

The effect of all these different PTs on the activity are shown in Figure 19a-c. Figure 19a shows that all PTs result 

in the catalysts needing lower temperatures to reach full conversion. The catalyst without PT needs a 

temperature of approximately 95 °C, while the catalysts with a O or ROR PT only need temperatures of 70 °C and 

R and OR approximately 85-90 °C. Besides this, the ROR PT catalyst already has a butadiene conversion of 

approximately 50% at RT, while the catalyst without PT starts at 20% butadiene conversion at RT. The Pd catalyst 

starts at a butadiene conversion of around 15%, thus the ROR PT catalyst shows increased conversion levels at 

RT. It also stands out that the R, OR and ROR PT have different curves, but they all reach full conversion around 

the same temperatures (80-90°C). For example, this might be an indication that there is a loss of active sites or 

that mass transfer limitations are influencing the catalysis. 

One more thing that stood out in the plot with the conversion as a function of temperature, is displayed in Figure 

19b. The oxidation and reduction PT catalysts exhibit a different ramp during the heating (H) and during the 

cooling (C). For the O PT and R PT, the cooling ramps end at room temperature at approximately 55% and 30% 

butadiene conversion, while the heating ramp started around 25% and 10% butadiene conversion at room 

temperature, respectively. This could indicate the activation of a catalyst during the catalytic test. For the O PT, 

this activation could be due to reduction of the oxidized catalyst in the reducing conditions of the catalytic test 

at higher temperatures. However, if the reduction of the catalyst after the oxidation PT resulted in the higher 

butadiene conversion at room temperature, then it is also expected that the OR PT would start at the same 

conversion level at room temperature as the ending of the oxidated cooling ramp. Yet, this is not the case. As 

can be seen in Figure 19b, the OR PT catalyst starts with even lower butadiene conversion at room temperature 

as the heating ramp of the O PT catalyst did. One thing that catches the eye in this plot is that the ROR treated 

catalyst does show a similar starting level of butadiene conversion (~50%) as the activated O PT catalyst. The 

activation during catalysis might also be a result of particle resizing. To study that, the spent catalyst that was 

pre-treated with an O PT, was studied with TEM analysis. Since the catalyst is 100 times diluted with GNP, it was 

very hard to find actual catalyst particles. However, some were found and analysed and the mean particle size 

of the spent catalyst was determined. The Mn-Pd/C catalyst before catalysis had an average particle size  of 

6.4 nm with a standard deviation of 1.8 nm. The spent Mn-Pd/C PT_O catalyst had an average particle size of 

6.8 ± 1.6 nm. No substantial change in particle size was observed, so this is probably not the reason for the 

observed activation of the catalyst during catalysis.  

It might also be a result of the presence or absence of PdCx or β-PdHx species in the catalyst. As stated in chapter 

2.2, it is known that the presence of β-PdHx species can increase the catalyst activity and decrease the catalyst 

selectivity. It could be that the O PT removes β-PdHx species and that these species form again during the catalysis 

at higher temperatures. After catalysis, the reformed β-PdHx species in the catalyst could increase catalyst 

activity in the cooling ramp. This would explain why the catalyst diplays higher activity at room temperature in 

the cooling slope than in the heating slope. In that case, it is also expected that the selectivity decreases in the 

cooling slope. However, this is not observed for the catalyst, see Figure 19c. On the contrary, the total selectivity 

is higher in the cooling ramp than in the heating ramp.  

For the R PT, the activity is also increased during the heating and cooling cycle, but the selectivity is pretty similar 

for the heating and cooling ramp, see Figure 19b and c. This is hard to explain, since an increase in activation 

might mean a higher amount of β-PdHx species that are formed during the catalysis. But after a reducing pre-

treatment, we do not expect this value to increase by much during the catalysis. It would even make more sense 

if the activity would decrease during catalysis after a hydrogenation treatment, as the formation of PdCx species 

that can be formed during the catalysis conditions, will prevent more formation of β-PdHx species. 
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Figure 20: Catalytic performance of the Mn-Pd/C catalyst with and without PTs. The four different PT’s are oxidation (O), 

reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR); a) Selectivity towards all butenes as a 

function of butadiene conversion. b) Fraction of 1-butene in the C4 product stream at conversion levels around 18% 

(14-21%), 50% (44-57%) and 89% (87-93%). The exact fraction of 1-butene of each catalyst is displayed above the 

column. Amount of Pd loaded in each reactor (μg): 0.600 No_PT; 0.602 PT_O; 0.593 PT_R; 0.606 PT_OR; 0.611 PT_ROR. 

Figure 19 Catalytic performance of the Mn-Pd/C catalyst with and without PTs. The four different PT’s are oxidation (O), reduction 

(R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR); a) Conversion of butadiene as a function of temperature 

of all PTs. b) Conversion of butadiene as a function of temperature for the O and R PT, the heating (H) and cooling (C) ramps of 

these PTs are shown. The conversion of butadiene at room temperature is shown for the OR and ROR PT.c) Selectivity towards 

all butenes as a function of butadiene conversion of the heating (H) and cooling (O) ramp the PT_O and PT_R. Amount of Pd 

loaded in each reactor (μg): 0.600 No_PT; 0.602 PT_O; 0.593 PT_R; 0.606 PT_OR; 0.611 PT_ROR. 
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The selectivity towards all butenes and the fraction of 1-butene in the C4 product stream at certain butadiene 

conversion levels are shown in Figure 20a and b, respectively. The R and ROR PTs seem to increase the total 

selectivity towards all butenes. This might suggest that having a reduction as the last PT is the reason why the 

total selectivity increases. On the contrary; the OR PT results in a lower total selectivity. When looking at the 

fraction of 1-butene in the C4 product stream in Figure 20b, the selectivity towards 1-butene is higher for every 

PT catalyst at low butadiene conversion. Only the O PT catalyst has a lower fraction of 1-butene in the stream at 

high conversion, compared to the not pre-treated catalyst. With these results we can conclude that having a 

reducing step as last PT step will increase the selectivity towards 1-butene. This could be due to the reduction of 

the Pd in the catalyst, since these results were also observed for the monometallic Pd catalyst. However, a R PT 

for the monometallic Pd catalyst didn’t influence the selectivity towards the total of butenes much, whereas a 

influence of PTs is observed when performed on the Mn-Pd/C catalysts.  

Even though the obtained results are fascinating, they are hard to explain. To gain more insight into the effects 

of performing a PT, a suggestion for further research is to study the PTs on a different bimetallic promoted Pd 

catalyst. For example on the Ag-Pd/C catalyst. This catalyst already shows an increase in 1-butene selectivity 

compared to the monometallic Pd. It will be of particular interest to investigate if the performance of a R PT will 

improve the 1-butene selectivity of that promoted Pd catalyst even more. Besides that, the Ag-Pd/C catalyst has 

the best total selectivity of the promoted catalysts, even though it is still lower than the monometallic Pd. It will 

be interesting to see whether a R PT will increase the total selectivity of the Ag-Pd/C, maybe even to similar 

values as the monometallic Pd with a R PT.  
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6. Conclusions 
A synthesis method has been established to prepare promoted catalysts of comparable size, namely sequential 

incipient wetness impregnation with a subsequent reduction. This method leads to promoted Pd catalysts with 

the desired mol ratio of promoter metal to Pd of 1:10. Moreover, the catalysts all displayed an uniform particle 

distribution over the support as determined by TEM. Analysis of TEM images showed a narrow particle size 

distribution for each catalyst, with surface averaged particle sizes of approximately 6-11 nm. From 

characterisation with XRD, a lattice contraction was calculated for the Pd(111) lattice. A lattice contraction was 

observed for the Mn, Cu, Zn and Ag promoted Pd catalysts. Mn and Ag exhibited comparable lattice contractions, 

as did Cu and Zn, which were respectively 0.46% and 0.51%, and 0.97% and 0.91%. However, it is unclear if these 

values fall into the margin of error or if they are really due to the lattice contraction of Pd. TPR analysis shows 

that the addition of metal oxides to the carbon surface leads to a higher hydrogen uptake for the reduction of 

the carbon support and sometimes also leads to lower reduction temperatures. Moreover, Pd probably promotes 

the reduction of ZnO and possibly CuO too. This is also expected for the promoter metals Mn and Ag, but this 

could not be investigated since the AgO2(-Pd)/C and MnO2/C catalysts were not measured with TPR. 

During the selective hydrogenation of butadiene, all promoted Pd catalysts needed higher temperatures 

(90-140 °C) to reach full conversion compared to the monometallic Pd catalyst (80 °C). The K promoted catalyst 

is the only promoted catalyst that shows a higher TOF than the monometallic Pd catalyst at lower temperatures. 

At 25 °C the K-Pd/C catalyst exhibits a TOF of approximately 40 molbd/molsurface Pd s-1and retains its higher TOF 

values until around 45 °C. At higher temperatures, the monometallic Pd/C catalyst shows the highest TOF. The 

Cu and Mn promoted samples show similar TOF values at 25 °C  but have a lower TOF than Pd/C at full conversion. 

The Ag and Zn promoted catalysts show lower activity in the whole temperature range. Nevertheless, all catalysts 

have a high activity for the hydrogenation of butadiene compared to other transition metals.  

The monometallic Pd catalyst does exhibit the highest selectivity towards the sum of all butenes in the selective 

hydrogenation reaction of butadiene. Ag-Pd/C displays slightly lower total butene selectivity compared to Pd/C. 

The Mn-,Cu-, Zn- and especially K-Pd/C catalysts have a much lower total selectivity. Besides a reasonably high 

total selectivity, the Ag promoted catalyst shows a higher 1-butene fraction in the C4-product stream than Pd/C, 

both at low and high conversion levels. The Zn and Cu promoted samples also exhibit a higher 1-butene 

selectivity. The K and Mn promoted samples display similar 1-butene selectivity at lower conversion, but this 

1-butene selectivity decreases at higher conversion. This can be explained by the different 1-butene 

isomerisation properties of the catalysts. None of the catalysts reach a full conversion of 1-butene, even at higher 

temperatures. Furthermore, the K promoted and monometallic Pd catalyst exhibit a much higher isomerisation 

rate than the other catalysts, with the Ag and Zn promoted catalyst displaying the lowest isomerisation activity. 

At 90 °C, the Ag and Zn promoted catalysts displayed 1-butene TOF values lower than 40 mol1-but/molsurface Pd s-1, 

while the K-Pd/C and Pd/C reached 1-butene TOF values of around 140 mol1-but/molsurface Pd s-1. Therefore, we can 

conclude that the Ag and Zn catalysts convert less 1-butene to form cis- and trans-2-butene and consequently 

have a higher selectivity towards 1-butene. This could indicate that 1-butene is more easily desorbed from the 

Ag promoted Pd surface than from a monometallic Pd surface, however the higher n-butane formation of 

Ag-Pd/C in the selective hydrogenation of butadiene refutes this explanation.  

A few possible trends are observed by comparing (isomerisation) activity and selectivity of all catalysts to the 

relative electronegativity, van der Waals radius (rvdw) of each promoter metal and the XRD derived lattice 

contraction. For the activity in the selective hydrogenation of butadiene and in the isomerisation of 1-butene, 

there is no dependence found related to electronegativity or observed lattice contraction. However, the rvdw of 

the promoter metal does seem to influence the butadiene and isomerisation activity of the Pd catalyst. When a 

promoter metal with a smaller rvdw is added to the Pd catalyst, both the butadiene and 1-butene TOF seem to 

increase. The rvdw does also seem to influence the selectivity to all butenes and 1-butene; the larger the promoter 

atom is, the higher the selectivity. Furthermore, the addition of a metal with a lower electronegativity, and thus 

more electron donating, seems to decrease the total and 1-butene selectivity. For the XRD derived lattice 

contraction, no distinct relation is observed between either the (isomerisation) activity or selectivity. 

Nevertheless, for each trend it is hard to say if the observation is reliable, because in each trend one or more 

data points do not agree with the observed trend.  
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Oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR) pre-treatments 

(PTs) are performed before the catalytic test and the results are studied for the Mn promoted Pd catalysts. All 

PTs decrease the temperature needed to reach full conversion compared to the non-pre-treated catalyst. The 

ROR PT increases the butadiene conversion at 25 °C from 20% to 50%. The catalysts that were pre-treated with 

an O or R PT seemed to get activated during the selective hydrogenation reaction conditions and it is unclear 

what caused the deactivation in these catalysts. Additionally, performing a R or ROR PT increases the total 

selectivity and a reducing PT as last step increases the selectivity towards 1-butene. Although the obtained results 

are difficult to explain, they do provide valuable insights into the potential effects of certain PT conditions on 

bimetallic Pd catalysts. 
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7. Outlook 
First of all, some adjustments can be made to prepare more comparable catalysts. For instance, it might be 

rewarding to experiment with the heat treatment and reduction of the K promoted catalysts. Due to the presence 

of Pd, the KNO3 might decompose and reduce at lower temperatures than the harsh conditions that were stated 

in literature for the decomposition of KNO3. Furthermore, it will be useful to prepare monometallic Mn catalysts, 

for example to use as a reference for TPR and to study the catalytic activity of a monometallic Mn catalyst. 

Moreover, the Zn and Mn promoted catalysts can be synthesized using the larger monometallic Pd catalyst, as 

was done for the other promoted catalysts. In this way, more similar particle sizes might be obtained, which is 

favourable for the comparison between all catalytic properties. Besides that, the number of monolayers that a 

promoter metal can form on Pd could be taken into account in the synthesis of the catalysts. It is undesired that 

the promoter metal is able to cover the whole Pd surface and block all active sites. To accomplish this, the wt.% 

of promoter metals could be lowered.  

Secondly, the exact weight percentage of metals in each catalyst can be studied with inductively coupled plasma 

optical emission spectroscopy (ICP-OES). In this research, the expected wt.% of metals in the catalysts is 

calculated based on the assumption that all precursor solution is deposited on the support. Nevertheless, the 

actual wt.% of metals in the catalysts has not been experimentally determined. However, the wt.% of metal are 

important in the analysis of the catalytic data. For example, the wt.% of Pd is used to calculate the amount of Pd 

in each reactor. The amount of Pd in each reactor will influence the activity and selectivity greatly and therefore 

in this research the amount of Pd in each catalytic test was kept constant at approximately 0.6 ug. If the actual 

amount differs from the amounts we expect, this would have had a big influence on the catalytic properties. 

Besides, the amount of Pd in each test is also used for the TOF calculations. Therefore, determining the exact 

wt.% of metals in each catalyst will be useful.  

Furthermore, a monometallic Mn and K reference catalyst and the K and Ag promoted Pd catalysts have not been 

studied with TPR. This might give more insight into the reduction of the promoter metal oxides and proximity of 

Pd to those promoter metals.  

Besides, TEM analysis can be performed on the spent catalysts that were used to perform the catalytic tests. This 

analysis could give more insight into possible particle resize effects. This was only done for the oxidation pre-

treatment (PT), but not for any of the other catalysts. Besides the oxidation PT, the reduction PT catalyst also 

showed an increase in activity after catalysis, but this spent catalyst was not analysed with TEM. Moreover, EDX 

quantification can be performed on more bimetallic catalyst particles to study the composition of the particles. 

This was only done for the Ag-Pd/C catalyst and this gave the insight that the Ag could be found in/on the Pd 

particles and that the ratio of Ag to Pd was approximately 0.1 for the average sized particles (9.8 ± 4.4 nm). 

Extending the same conclusions to the other bimetallic catalysts would be advantageous. 

In addition, it is recommended to conduct a more elaborate research on the effects of PTs on bimetallic Pd 

catalysts by examining other bimetallic promoted Pd catalysts, such as Ag-Pd/C. This catalyst has already 

demonstrated an increase in 1-butene selectivity compared to the monometallic Pd catalyst. It would be 

particularly valuable to investigate whether the application of an R PT would further improve the 1-butene 

selectivity of the promoted Pd catalyst. Furthermore, despite having a lower total selectivity than the 

monometallic Pd, the Ag-Pd/C catalyst has the best total selectivity among the promoted catalysts. It would be 

intriguing to see if the implementation of an R PT would enhance the total selectivity of the Ag-Pd/C catalyst, 

potentially even reaching similar values as the monometallic Pd with an R PT. 

Besides, since all the promoter metals that are studied in this research have a lower electronegativity than Pd, it 

might be beneficial to study the promoting effect of another promoter metal that has a higher electronegativity 

than Pd. For example, Au might be used as a promoter. Au is also known to be active and highly selective in the 

hydrogenation reaction of butadiene.39 Using Au as a promoter will hopefully give more insight into the electronic 

effects of the promoter metals to Pd and confirm or disprove the trends observed for the activity and 1-butene 

selectivity. 

Additionally, studying the promoted catalysts with Extended X-ray Absorption Fine Structure  (EXAFS) might give 

more insight into the position of the promoter metals in the catalyst. For instance, if they are mainly deposited 
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on the support or on the Pd nanoparticles. By performing XAS, coordination numbers will be obtained from Pd 

and promoter metals, which can give more insight on the proximity of the promoter and Pd atoms. This is 

important for this research, since it is now unclear if and how the promoter metals interact with the Pd atoms. 

Besides this, it might give insight into the possible formation of Pd active site ensembles which would lead to a 

geometric promotional effect. 

Moreover, by changing the partial pressures of reaction gasses in the catalytic tests, reaction-order calculations 

can be performed with the data obtained. The reaction orders could improve the understanding of the reaction 

mechanism that the promoted Pd particles follow to hydrogenate butadiene. 

Furthermore, catalytic tests to study the stability of the promoted catalysts can be performed to get an even 

better insight into the promoting effects of the promoter metals on the catalytic properties. To study the stability 

in a catalytic test, the test can be run for several hours on the same temperature. The results will show if the 

activity and selectivity of the catalyst is stable over a longer period of time.  

Finally, the promoted catalysts can be studied in different selective hydrogenation reactions to research its 

catalytic properties in other reactions. A reaction that could be of interest, is the selective hydrogenation of 

acetylene, which has similar applications as butadiene.9 Besides, this might be interesting because the selective 

hydrogenation of acetylene involves the partial hydrogenation of a triple bond instead of a diene. Secondly, the 

selective hydrogenation of cinnamaldehyde also involves another type of partial hydrogenation, namely the 

selective hydrogenation of an alkene, bonded to a ketone. Additionally, this reaction is widely studied and has a 

large number of applications in industry.84 
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9. Layman’s abstract 
Plastics are produced out of alkenes and therefore, the demand for alkenes is very large and still growing. An 

alkene, is a molecule consisting entirely of hydrogen and carbon, with only one double bond. To produce alkenes 

more purely, we need to remove small amounts of molecules with two double bonds from the gas stream. This 

can be done by selective hydrogenation, which is the addition of hydrogen to one of the two double bonds, 

creating an alkene. It is however unwanted to remove both double bonds which would lead to the formation of 

alkanes.  

A catalyst will improve this reaction. A catalyst is a compound which makes a reaction go faster, without it being 

consumed or changed during the reaction. In this research, we will study Palladium (Pd) as a catalyst. Pd is a 

metal, which has a very high activity for this reaction, but not a high selectivity. The activity of a reaction means 

how much of the product is made every second. In this reaction it is desired to only produce the alkenes as a 

product, and not any by-products such as the alkanes. The selectivity expresses a ratio of how much products 

are made versus the by-products. The higher this ratio is, the better. To improve the selectivity of the catalyst, 

another metal can be added to the Pd catalyst. This metal is called a promoter to Pd.  

The aim of this research is to study the effects of several promoter metals: Potassium (K), Manganese (Mn), 

Copper (Cu), Zinc (Zn) and Silver (Ag) on a Pd catalyst. The exact reaction that was studied is displayed in Figure 

21. It is the selective hydrogenation of 1,3-butadiene in an excess of propene. We want to remove 1,3-butadiene 

by adding hydrogen to one of its double bonds. This will form 1-butene, our desired product. Moreover, 1-butene 

is able to change its shape to form trans-2-butene and cis-2-butene. We also wish to keep propene the same as 

it is in the starting gas stream. We do not want to hydrogenate to form the alkane by-products, butane and 

propane. 

A method has been established to prepare the catalysts. In this method, we first make a Pd catalyst by mixing 

the support and a carefully chosen amount solution of a Pd salt and water. A support is a compound that is 

needed to keep the metals stable, in this research a Carbon support (C) is used. After the mixing, the catalyst is 

dried and heat treated to remove the salt and the water and form Pd particles. Subsequently, a salt of the 

promoter metal is added and the catalyst is again dried and heat treated. This resulted in catalysts with a ratio 

of promoter metal to Pd of 1:10, which was also desired. Analysis showed that the catalysts are distributed evenly 

over the support and the particle sizes are approximately 6 to 11 nanometer, which is approximately 20 million 

times smaller than a usual soccer ball. It was also determined that Cu and possibly Zn could be in close proximity 

to Pd.  

Figure 21: The selective hydrogenation of 1,3-butadiene to butenes in an excess of propylene. H2 means hydrogen and 

cat means catalyst. The gas stream consists of a small impurity of 1,3-butadiene, propylene, hydrogen and a helium 

balance. It is desired to produce the following alkenes; 1-butene (green), trans-2-butene and cis-2-butene (both orange). 

It is unwanted to form the alkanes, butane and propane, indicated in red. 
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Overall, the catalyst with only Pd yielded the highest activity and selectivity. Only at lower temperatures, the Pd 

catalyst with K added exhibited a higher activity. Nevertheless, all catalysts still showed a higher activity 

compared to other metals. The Pd with Ag promoted catalyst had the highest selectivity towards the sum of all 

butenes of all the promoted catalysts, which was just a little bit lower than the Pd catalyst itsself. The Pd catalyst 

with Ag added displayed a higher selectivity to specifically 1-butene, which is favourable. The Pd catalysts with 

Zn and Cu also showed this increase in 1-butene selectivity. By contrast, the K and Mn promoted Pd catalysts 

decreased this selectivity at higher conversion.  

These results can be explained by the isomerisation process, which was also studied here. The isomerisation 

process is the change that 1-butene can make to cis-2-butene and trans-2-butene. The catalyst can improve this 

process, which results in more 1-butene that is converted to cis-2-butene and trans-2-butene. The catalyst with 

only Pd, is a lot better at improving this process, than the Pd catalyst with Ag, Zn or Cu on it. Because the Pd 

catalyst converts more 1-butene, the ratio of 1-butene will decrease in the product composition, which explains 

the lower 1-butene selectivity that was observed for the Pd catalyst. 

Every metal has certain properties, for instance, how big the metal atom is. Besides this, a property of metals is 

the electronegativity. The electronegativity is a way to express whether the metal would rather attract an 

electron or donate some of its electrons. If the electronegativity of a metal is larger than another metal, it will 

steal a part of its electrons. In this research, it was studied if these metal properties could explain the results that 

were obtained for the activity and selectivity. The activity only seemed to depend on the atom size of a metal; 

the smaller the atom, the higher the activity. The selectivity was influences by two things: the electronegativity 

and the promoter atom size. The selectivity increases when the electronegativity is small. Besides, when a larger 

atom is used as a promoter, the selectivity increases.  

Lastly, a study was conducted on the effect of pre-treatments. When a pre-treatment (PT) is performed, the 

catalyst will be heated to 300 °C in a certain gas just before the reaction experiments. Several PT types were 

studied by using two different types of gas in the PT; oxygen and hydrogen. When using oxygen, the PT is called 

an oxidation. When using hydrogen, the PT is called a reduction. Oxidation (O), reduction (R), oxidation-reduction 

(OR) and reduction-oxidation-reduction (ROR) PTs were performed and studied. The PTs were all performed on 

the Pd catalyst with Mn added to it. All the PTs decreased the temperature which is needed to convert all the 

1,3-butadiene in the stream, compared to the catalyst that had no PT. Furthermore, performing a R or ROR PT 

increased the total selectivity. Finally, when the last step of the PT was a R, the selectivity towards 1-butene 

increased.   
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10. Appendices 
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Figure A1: a) TEM image of Pd catalyst with smaller particle size (PdS/C) than Pd/C and b) the obtained particle size 

distribution.  The surface averaged particle size and standard deviation and the total counts in the analysis are displayed 

in the figure. 

Figure A2: EDX image 1 of the particles that were quantified in the Ag-Pd/C sample. 

Figure A3: EDX image 2 of the particles that were quantified in the Ag-Pd/C sample 



S.M.J. Wilms – MSc Thesis 
 

- 47 - 
 

 

 

 

  

20 25 30 35 40 45 50 55 60 65 70 75 80

 

N
o
rm

a
lis

e
d
 c

o
u
n
ts

 (
a
.u

)

2 (
 o 

)

C

Ag-Pd/C

Zn-Pd/C

Cu-Pd/C

Mn-Pd/C

K-Pd/C

  

Pd/C

  

  

  

  

 

 

 

Figure A4:  XRD plots of all promoted and monometallic Pd catalysts from 20-80 °2θ. 
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Figure A5: Plots of monometallic K, Cu, Zn and Ag/C reference catalysts. a) Conversion of butadiene and b) conversion of 

propylene as a function of temperature. *Ag catalyst was synthesized in light and thus has large Ag particles (±100 nm). 
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Figure A6: The conversion of 1-butene as a function of temperature in the isomerisation tests, the heating (_H) and 

cooling (_C) curves of all promoted and monometallic Pd catalysts are displayed. 
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Figure A7: The conversion of butadiene as a function of temperature in the isomerisation tests, the heating (_H) and 

cooling (_C) curves of all promoted and monometallic Pd catalysts are displayed. 
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conversion for all the promoted and monometallic Pd catalysts. 
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11.2 List of Abbreviations 
Abbreviation Definition 

(S)TEM (Scanning) Transmission Electron Microscopy 

(Δ)EN (Difference in) Electronegativity 

(Δ)rvdw (Difference in) Van der Waals radius 

1-but 1-butene 

Butadiene / bd 1,3-butadiene 

ATPR Temperature-Programmed Reduction peak area 

BCC Body-centered cubic 

BET Brunauer–Emmett–Teller 

DFT Density Functional Theory 

dSA The surface averaged particle size 

dXRD The Scherrer calculated particle size 

Ea Activation energy 

EDX Energy Dispersive X-ray spectroscopy 

FCC Face-centered cubic 

FWHM Full Width at Half Maximum 

GC Gas chromatograph 

GHSV Gas Hourly Space Velocity 

GNP Graphene Nanoplatelets 

HAADF High Angle Annular Dark Field 

HCP Hexagonal close packed 

IWI Incipient Wetness Impregnation 

m/z ratio Mass-to-charge ratio 

Milli-Q (Deionized) ultra-pure water 

MM Molecular weight of a metal 

Na Avogadro’s number 

Nmonolayer Number of monolayers 

O PT Oxidation Pre-treatment 

OR PT Oxidation-reduction Pre-treatment 

oxGNP oxidized Graphene Nanoplatelets 

PdCx Pd carbides 

PdHx Pd hydrides 

Pr promoter 

PT Pre-treatment 

R PT Reduction Pre-treatment 

rM Calculated (van der Waals) Radius of a metal 

ROR PT Reduction-oxidation-reduction Pre-treatment 

Siso,p Selectivity of a product p in a isomerisation test 

Sp Selectivity of a product p 

STP Standard Temperature of 273.15 K and Pressure of 1 bar 

T Temperature 

TEM Transmission Electron Microscopy 

TGA-MS  Thermo Gravimetric Analysis – Mass Spectrometry 

THT The heat treatment temperature 

TOF Turnover Frequency 

TPR Temperature-Programmed Reduction 
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Tred The reduction temperature 

wt.% Weight percentage 

XRD X-ray Diffraction 

β Line broadening 

λ Wavelength 

ρM Density of a metal 

σSA The surface averaged standard deviation 
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11.3 List of Figures 

Fig. Description Page 

1 Model reaction used for this research; The selective hydrogenation of 1,3-butadiene to butenes in an 

excess of propylene. The gas stream consists of a small impurity of 1,3-butadiene, hydrogen, an 

excess of propylene and a helium balance. It is desired to produce the mono-unsaturated products; 

1-butene and its isomers, trans- and cis-2-butene. The over hydrogenation of the alkenes to fully 

saturated alkanes is undesired. 

- 6 - 

2 Mechanism of the selective hydrogenation of 1,3-butadiene on a Pd catalyst. Gaseous 1,3-butadiene 

exists in the anti- and syn-conformation. The 1,2- and 1,4-addition of hydrogen to the adsorbed anti-

butadiene will lead to 1-butene and trans-2-butene formation, respectively. The 1,2- and 1,4-addition 

of hydrogen to the adsorbed syn-butadiene will lead to 1-butene and cis-2-butene formation, 

respectively. Adsorption is abbreviated as Ads and desorption as Des. 

- 7 - 

3 Periodic table of the elements. The Pd and all the promoter metals, K, Mn, Cu, Zn and Ag are 

highlighted in the figure. 
- 9 - 

4 Description of incipient wetness impregnation (IWI) synthesis methods. A Pd/C catalyst is prepared 

by IWI followed by drying, heat treating and reduction. In the co-IWI method the dried carbon support 

is impregnated with a precursor solution containing both the Pd and the promoter precursor salt, then 

dried, heat treated and reduced to from Pr-Pd/C. To synthesize Pr-Pd/C with a sequential 

impregnation, a Pd pre-catalyst (conjointly reduction method) or a reduced Pd catalyst (subsequent 

reduction method) is impregnated, dried, heat treated and reduced. 

- 13 - 

5 a-f) TEM images of monometallic and promoted Pd catalysts and the obtained particle size distribution 

per catalyst, the surface averaged particle size and standard deviation and the total counts in the 

analysis. 

- 21 - 

6 STEM-EDX images of a) Mn-, b) Zn- and c) Ag-Pd/C catalysts.  - 22 - 

7 EDX metal signal intensity which gives the percentage of metal in the particle as a function of the 

particle size for 13 particles, divided over 2 images.  
- 22 - 

8 XRD plots of the carbon support (C), the monometallic Pd catalyst and all promoted catalysts between 

40 and 57.5 °2θ. The two Pd diffractions are indicated by the dotted red lines, Pd(111) around 46.4 

°2θ and Pd(200) around 50.9 °2θ. The carbon diffraction peak around 31 °2θ is normalised to the 

same peak in the carbon reference with respect to its position (°2θ) and intensity. In the plotted data, 

sample displacement is not taken into account. 

- 23 - 

9 TPR plots of the carbon support (C), the monometallic heat treated and reduced Pd catalyst, Mn, Cu 

and Zn promoted and monometallic Cu and Zn heat treated catalysts. The hydrogen uptake is 

expressed as a function of temperature. By calculating the area of a peak (with Origin software), the 

amount of hydrogen that is taken up by the sample (μmol H2/ g cat) is determined.  

- 25 - 

10 Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Conversion of 

butadiene as a function of temperature. b) Turnover frequency as a function of temperature.  
- 27 - 

11 Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Selectivity towards all 

butenes as a function of butadiene conversion. b) Fraction of 1-butene in the C4 product stream at 

conversion levels around 22% (19-24%) and 86% (83-88%). The exact fraction of 1-butene of each 

catalyst is displayed above the column. c) The C4 selectivity towards all butenes and n-butane as a 

function of the butadiene conversion.  

- 28 - 

12 Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) The 1-butene 

conversion as a function of temperature. b) Turnover frequency as a function of temperature.  
- 29 - 

13 Catalytic performance of the monometallic Pd and all promoted Pd catalysts; a) Selectivity towards all 

butenes as a function of the estimation of the corresponding butadiene conversion. b) Selectivity 

towards n-butane as a function of temperature.  

- 30 - 

14 Butadiene (bd) TOF values of all promoted and monometallic Pd catalysts in the butadiene 

experiments at 25 ֯°C as a function of the difference in the difference in EN (ΔEN) and van der Waals 

radius (Δrvdw) compared to Pd, and the calculated lattice contraction.  

- 32 - 

15 1-Butene (1-but) TOF values of all promoted and monometallic Pd catalysts in the isomerisation 

experiments at 27 ֯°C as a function of the difference in the difference in EN (ΔEN) and van der Waals 

radius (Δrvdw) compared to Pd, and the calculated lattice contraction.  

- 32 - 

16 Total selectivity and fraction of 1-butene in the gas stream of all promoted and monometallic Pd 

catalysts at approximately 86% conversion as a function of the difference in electronegativity (ΔEN).  

- 33 - 

17 Total selectivity and fraction of 1-butene in the C4 gas stream of all promoted and monometallic Pd 

catalysts at approximately 86% conversion as a function of the difference in the van der Waals radius 

(Δrvdw) and the calculated lattice contraction.  

- 34 - 

18 Catalytic performance of the Pd/C catalyst with and without reducing pre-treatment (PT_R); a) 

Turnover frequency as a function of temperature. b) Selectivity towards all butenes as a function of 

butadiene conversion. c) Fraction of 1-butene in the C4 product stream at conversion levels around 

15% (14-17%) and 72% (69-75%).  

- 35 - 

19 Catalytic performance of the Mn-Pd/C catalyst with and without PTs. The four different PT’s are 

oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR); a) 
- 37 - 
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Conversion of butadiene as a function of temperature of all PTs. b) Conversion of butadiene as a 

function of temperature for the O and R PT, the heating (H) and cooling (C) ramps of these PTs are 

shown. The conversion of butadiene at room temperature is shown for the OR and ROR PT.c) 

Selectivity towards all butenes as a function of butadiene conversion of the heating (H) and cooling 

(O) ramp the PT_O and PT_R. 

20 Catalytic performance of the Mn-Pd/C catalyst with and without PTs. The four different PT’s are 

oxidation (O), reduction (R), oxidation-reduction (OR) and reduction-oxidation-reduction (ROR); a) 

Selectivity towards all butenes as a function of butadiene conversion. b) Fraction of 1-butene in the 

C4 product stream at conversion levels around 18% (14-21%), 50% (44-57%) and 89% (87-93%). The 

exact fraction of 1-butene of each catalyst is displayed above the column. 

- 37 - 

21 The selective hydrogenation of 1,3-butadiene to butenes in an excess of propylene. H2 means 

hydrogen and cat means catalyst. The gas stream consists of a small impurity of 1,3-butadiene, 

propylene, hydrogen and a helium balance. It is desired to produce the following alkenes; 1-butene 

(green), trans-2-butene and cis-2-butene (both orange). It is unwanted to form the alkanes, butane 

and propane, indicated in red. 
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A2 EDX image 1 of the particles that were quantified in the Ag-Pd/C sample. - 46 - 
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and cooling (_C) curves of all promoted and monometallic Pd catalysts are displayed. 
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A7 The conversion of butadiene as a function of temperature in the isomerisation tests, the heating 

(_H) and cooling (_C) curves of all promoted and monometallic Pd catalysts are displayed. 
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A8 The ratio of trans-2-butene to cis-2-butene in the isomerisation tests at low and high corresponding 

butadiene conversion for all the promoted and monometallic Pd catalysts. 
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