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Abstract 

Electric plasma activation of methane opens up the possibility to produce ethene, an important 

platform chemical in industry, by using sustainable resources like biogas or hydrogenated 

carbon dioxide and electricity from renewable energies. The ethene stream of such pyrolysis 

plants contains, however, much higher concentrations of acetylene (≥ 15 vol.%) compared to 

ethene from conventional steam cracking of naphtha (< 2 vol.%). In this study, silver-palladium 

catalysts in various compositions supported on alumina were synthesized via a sol-

immobilisation technique and investigated in the selective gas-phase hydrogenation of equally 

concentrated acetylene-ethene mixtures under industrially relevant pressures. A molar Pd 

concentration of around 10 % in the PdAg alloyed nanoparticles was identified as the optimum 

composition for simultaneous high activity and ethene selectivity under catalysis conditions. 

Higher temperatures seem to be crucial for the stability of the catalysts on-stream most likely 

via increased desorption of active site blocking and high-boiling oligomers from acetylene. The 

best performing Pd10Ag90 displayed an ethene, ethane and C4+ selectivity of 65, 4 and 14% 

respectively, at 175 °C while being active for more than 200 minutes. The performance of the 

catalyst was compared with catalysts synthesized via a mechanochemical and a conventional 

wet-impregnation procedure. 
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Introduction 

Ethene is extremely important to modern society due to its two main uses, the first and 

predominant application is the formation of polyethylene via polymerisation. Secondly, ethene 

can be used as a C2 feedstock to synthesise important and high demand molecules such as 

ethylbenzene, polyethylene glycol (PEG) and polyvinylchloride (PVC).[1] Due to its importance, 

ethene is globally the most produced organic chemical with a production volume of 185 Mtons 

in 2018, increasing to 214.3 Mtons in 2021. It is forecast that the production of ethene will 

further increase by 7 to 10 % in the next 5 to 10 years.[2] Today, most of the ethene is produced 

via the steam cracking of different fossil feedstocks including ethane, naphtha, gas oil, and 

coal. The composition of the products depends on the initial feedstock but when ethane is 

used, 80 % of the product stream is ethene and up to 2 % is acetylene.[3] Whilst it would 

currently be a large transition away from steam cracking, diversifying how ethene is produced 

is pivotal for the future de-fossilisation of the chemical industry focusing on more sustainable 

processes. The Hüls plasma reforming process represents a highly promising alternative to 

produce ethene from more sustainable feedstocks while benefitting from the use of renewable 

energies. In this process, ethene is formed through the use of an electric plasma arc to convert 

biogas, natural gas or biomass to a mixture of acetylene, ethene, hydrogen, and carbon 

black.[4] The acetylene (≥ 15 vol.%) in the effluent ethene streams are substantially higher 

compared to steam cracking of naphtha (< 2 vol.%) which requires newly optimized catalysts 

for the selective gas-phase hydrogenation for downstream purification.[5] The presence of 

acetylene impurities in ethene streams is undesirable as acetylene poisons the catalyst used 

for the polymerisation of ethene. The concentration of acetylene must therefore be lowered to 

< 5 ppm to avoid poisoning.[5b, 6]  

Catalysts used for acetylene hydrogenation in ethene streams have two main considerations; 

they must be selective in producing ethene and not over-hydrogenating to ethane, and they 

must minimise oligomer formation from side-reactions.[4a] The side reactions initially produce 

butadiene, however, longer chains are formed when additional units of acetylene can react 

and bond. These side products are known as “green oil” and their formation is undesirable as 

it lowers the overall yield of ethene and poisons the catalyst surface. Due to the sheer scale 

of ethene production, partial hydrogenation of acetylene has been well studied both 

academically and industrially and many different catalyst systems have been reported so far. 

The most widely studied catalysts for selective acetylene hydrogenation are supported 

nanoparticles of palladium often with additive metals to improve the activity or the selectivity, 

these additives can include Cu,[7] Zn,[8] Ni,[9] Au,[10] and Ag.[11] Besides electronic effects, 

additive metals are believed to reduce palladium ensembles sizes and thereby weaken the 

adsorption of ethene on the catalyst surface favouring desorption over further hydrogenation 
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to ethane.[12] The results of studies on the origin of oligomers formation are much more 

ambiguous and range from strong Pd-C bonds of acetylene, vinylidene and vinyl species on 

larger palladium clusters to local deficiencies of activated hydrogen species.[12b, 13]  

The high exothermicity of the hydrogenation reaction and the increased oligomerization 

tendency at higher acetylene concentrations makes it particularly challenging for catalysts to 

become selective in the selective hydrogenation of acetylene-ethene mixtures after plasma 

reforming. Several groups are currently researching selective hydrogenation of equally 

concentrated acetylene-ethene mixtures. The Schüth group, for example, has developed a 

mechanochemically synthesized Pd1Ag9/Al2O3 catalyst that displays a selectivity to ethene of 

ca. 60 % at 100 °C, and ca. 70 % at 150 °C, at 10 bar and full acetylene conversion under the 

above-mentioned feed composition.[4a] The selectivity to ethane and C4 molecules was 

10 - 20 % and 10 % at 100 °C, and 10 % and 10 % at 150 °C, respectively. While having a 

quite similar selectivity performance than conventionally wet-impregnated catalysts, the 

mechanochemically synthesized materials demonstrated an exceptionally high stability on-

stream of more than 10 hours. This lifetime advantage was attributed to the substantially 

higher surface area of the alumina support that slows down deactivation processes via the 

deposition of high-boiling acetylene oligomers. Recently, the same group has reported even 

higher ethylene selectivity of up to 82% and lifetimes of more than 20 hours at 120 °C, 10 bar 

and full acetylene conversion under those demanding reaction conditions by modifying the 

surface of non-selective palladium catalysts with selected ionic liquids. Those SCILL-type 

catalysts (solid catalyst with ionic liquid layer) clearly outperform bimetallic catalysts reported 

so far under those reaction conditions.[14]  

Particle size, surface composition and ensemble sizes in multi-metallic nanoparticles 

influencing their behavior in catalysis are highly dependent on the way they have formed 

during synthesis. The predominant methods of catalyst synthesis are co-precipitation, 

impregnation, or deposition precipitation methods depending on the metal being deposited, 

the support and the amount of catalyst required. Catalyst preparation through sol 

immobilisation typically yields small supported metal nanoparticles (2-5 nm) with a narrow size 

distribution for various supported metals such as Ru,[15] Pd,[16] Pt,[17] and Au.[18] The procedure 

has been expanded to the synthesis of bimetallic compounds like Pd-Pt[19] and Pd-Au[20] 

catalysts. Sol immobilisation uses a polymer to stabilise metal nanoparticles within a sol, 

before the support is added and the sol is immobilised by in situ reduction to form the catalyst. 

In this study we have used a sol immobilisation technique to synthesise palladium-silver 

alloyed nanoparticles of different composition supported on alumina. To our knowledge this is 

the first reported example of this preparation with Ag-Pd. These catalysts were then 
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investigated them in the selective hydrogenation of equally concentrated acetylene-ethene 

mixtures at industrially relevant high pressure. Current commercial catalysts for the selective 

gas-phase hydrogenation of acetylene impurities are not optimized with respect to consistent 

size and composition of Ag and Pd nanoparticles or for those harsh reaction conditions with 

respect to the high reaction exothermicity and increased oligomerization processes. The 

results reveal the importance of catalyst synthesis method to address alloy composition, 

nanoparticle size and reaction conditions for simultaneous high ethene selectivity and lifetime 

on-stream.   

Results and Discussion 

Catalyst characterisation 

A sample of spherical (3-4 mm) alumina was gratefully provided by Saint-Gobain Norpro and 

when ground had a specific surface area of 54 m2 g-1 (pore vol. 0.26 cc g-1). The sample was 

powdered through grinding with an agate pestle and mortar and used as the metal 

nanoparticle support. Prior to metal deposition a powdered sample was examined by powder 

XRD to identify the phases present and the patterns underwent Rietveld refinement to 

characterise the lattice parameters of the crystalline phases. Refinement was carried out with 

the X’pert HighScore Plus software using Crystallographic Information Files (CIF) that 

matched the identified phases. Figure S1 illustrates the refinement analysis, whereby the 

agreement profile or Rprofile was 5.14 % (Rwp = 7.04 % and χ2 = 7.83) of the mixed phase 

material (see supplemental information). Refinement indicated that the alumina was 

comprised of 80.6 % α-alumina (ICSD 73725) and 19.4 % θ-alumina (ICSD 82504). The space 

group of α-alumina is 167, being hexagonal in structure (R3̅c) with lattice parameters of a/b = 

4.7597 Å, c = 12.9937 Å (alpha/beta = 90 ° and gamma = 120 °). The minor θ-phase is 

monoclinic (beta), according to space group 12 (C2/m), with lattice parameters of a = 11.797 

Å, b = 2.904 Å, c= 5.623 Å, alpha/gamma = 90 ° and beta 103.9 °. Following this, three alumina 

supported catalysts were synthesised via a sol-immobilisation method, with Ag and modestly 

increasing Pd fractions (4.7, 5.6 and 10.1 %). The catalysts were ca. 1 wt.% total metal 

loading, the actual values as measured from ICP-MS analysis are reported in Table 1.  

Table 1. Metal loading and composition of the supported Ag-Pd/θα-Al2O3 catalysts and 

specific surface area and pore volume.  

Catalyst Total metal 

loadinga /wt.% 

Compositiona /% Ag/Pd 

ratio 

SSA 

/m2 g-1 

Pore vol. 

/cc g-1 Pd Ag 

Pd5 0.89 4.7 95.3 20 49 0.23 

Pd6 1.01 5.6 94.4 17 41 0.21 

Pd10 0.79 10.1 89.9 9 44 0.19 
a loading and composition calculated from ICP-MS, samples dissolved in HNO3  
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TEM imaging of the three catalysts revealed that AgPd was present mainly in the form of 

isolated single nanoparticles (Fig. 1). The size and morphology of nanoparticles did not greatly 

vary between the three different loadings, although smaller nanoparticles could be found on 

the sample with highest Pd loading (Pd10). Further images and representative segmentation 

analysis to support the data in Figure 1 is displayed in Figure S2. Nanoparticles were 

consistently observed to be homogeneous alloys of Ag and Pd (see STEM-EDX elemental 

mapping in Figure 2).  

 

Figure 1. Particle size distributions (left) and representative bright field TEM images (right) of 

Pd5 (a and b), Pd6 (c and d), and Pd10 (e and f). Further images of the catalysts are shown in 

Fig. S2, including representative colour segmentation analysis.  

The respective mean equivalent circular diameter (ECD) of Pd5, Pd6 and Pd10 were 

7.6 ± 4.4 nm, 8.9 ± 5.0 nm and 5.6 ± 3.3 nm, respectively, as measured from sample sizes of 
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> 120 particles. Whilst the overall distribution is similar across the three samples, Pd10 has a 

larger proportion of particles with < 3 nm diameter.  

Figure 2. a) HAADF-STEM image of single AgPd nanoparticle with associated STEM-EDX 

elemental maps of b) Ag and c) Pd. Ag and Pd were observed to be homogeneously distributed 

across all bimetallic nanoparticles. 

XPS analysis of the PdAg samples revealed both Ag and Pd were present, with the latter in 

lower concentration in line with ICP analysis, the atomic concentrations are given in Table 2. 

It should be noted that given the low concentrations, the ratio will have some error, 

nevertheless the observed trend is comparable to that observed by ICP (Table 1). As such the 

Ag/Pd ratio from XPS analysis for the three catalysts agrees with the Ag/Pd ratios calculated 

from ICP, except the Pd6 catalyst, which exhibits a higher Ag content. As XPS is a surface 

sensitive technique, this may be a sign of surface enrichment by Ag in the alloyed 

nanoparticles. In such AgPd catalytic systems, the Pd has typically been reported to be 

metallic, with Ag preferentially at the surface due to its lower surface cohesive energies.[21] 

XPS binding energies for the Ag 3d5/2 and Pd 3d5/2 peaks are 367.9 and 335.4 eV, respectively, 

with that of Ag being slightly lower than bulk Ag (368.3 eV) and the Pd slightly higher than its 

bulk equivalent (334.8 eV), which are likely due to the formation of AgO and the low particle 

size of the Pd (Fig. S3). 

Table 2. XPS derived homogeneous equivalent atomic concentrations (at.%) 

 
Sample 

Concentration / at.% Ag/Pd 

Ratio O 1s Al 2p C 1s Ag 3d Pd 3d 

Pd5 54.06 27.45 18.45 0.22 0.01 22 

Pd6 53.96 29.41 16.38 0.24 0.01 24 

Pd10 51.51 27.97 20.32 0.18 0.02 9 
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Catalyst testing 

Catalyst composition and influence of reactor temperature  

The initial screening of the catalysts described in Table 1 was carried out at 100 °C and 10 bar 

with a gas composition of acetylene:ethene:hydrogen of 1:1:5 (total flow rate 140 ml min-1, 

WHSV 84,000 cm3 h-1 gcat
-1). When the temperature of the reactor was set to 100 °C, both the 

Pd5 and Pd6 catalysts showed essentially no activity with maximum conversions seen of 6 % 

and 11 %, respectively. The Pd10 catalyst was active at 100 °C, with an acetylene conversion 

above 90 % for 108 mins (Fig. 3a). After this time, the catalyst activity decreased rapidly, and 

the conversion was less than 10 % after 148 minutes. The average selectivity to ethene and 

ethane was 66 % and 5 % respectively over the first 108 minutes and the selectivity to C4 

products was ca. 13 %. The rapid deactivation is likely to be due to the accumulation of 

oligomeric products on the catalyst surface. The reaction temperature is initially higher than 

the set temperature, 180 to 100 °C respectively, however, this decreases continuously and 

when below 150 °C the catalyst deactivation is rapid. We consider that this is due to high-

boiling oligomers blocking the active sites, which can be reduced above this temperature.  

When the reaction temperature was increased to 150 °C, catalytic activity of above 80 % 

conversion over Pd5 was observed for approximately 20 minutes and over Pd6 this was 

modestly improved to approximately 40 minutes (Fig. 3b and c). The maximum conversion 

was ca. 90 % for both catalysts, and the selectivity to ethene was between 50 – 60 % as the 

catalysts deactivated. Therefore, a minimal level of palladium is required to allow for 

reasonable acetylene hydrogenation activity beyond 1 h on-stream. In the case where the Pd 

content was high (Pd95Ag5), activity was high for a longer time on-stream (high conversion for 

ca. 300 min) but the selectivity to ethane was 100 %, which concurs with previously reported 

results.[12b] Therefore, catalysts with Pd content above 20 % were not considered to be 

effective for high ethene selectivity.  

The Pd10 catalyst, even with only a small increase in palladium proportion compared to Pd6, 

maintained catalytic activity above 90 % conversion for approximately 140 minutes before 

rapidly deactivating (Fig. 3d). Over the Pd10 catalyst full conversion of acetylene was achieved, 

with an average selectivity to ethene of ca. 70 % and a selectivity to ethane of ca. 5 %. The 

selectivity to C4 compounds was 10 %, which combined with the carbon balance of 93 - 95 % 

suggests that oligomers and high-boiling green oil derivatives were formed, which might block 

active sites, explaining the severe deactivation phenomena observed with time on-stream.  
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Figure 3. Comparison of the acetylene hydrogenation reaction profiles over three PdAg 

catalysts; Pd10 at 100°C (a), Pd5 at 150°C (b), Pd6 at 150°C (c) and Pd10 at 150°C (d) Selectivity 

to ethane (▼), ethene (▲) and C4+ (◄); conversion of acetylene (■); Reactor temperature (□) 

and catalyst bed temperature (○). Reaction conditions: Pressure 10 bar, 0.1 g Catalyst diluted 

in 3 g SiC, Acetylene 20 ml min-1, ethene 20 ml min-1, hydrogen 100 ml min-1.  

 

The hydrogenation steps of acetylene to ethene and ethene to ethane are highly exothermic 

(-174.6 and -136.9 kJ mol-1, respectively[5a]) and hence the set temperature of the reactor 

heating does not represent the actual catalyst bed temperature over an active catalyst. The 

data contained in Table 3 demonstrates this phenomenon, which is appreciable over the Pd10 

catalyst, for which the catalyst bed temperature increased to 170 °C when the external heating 

set temperature was 100 °C. For the Pd5 and Pd6 catalysts at 100 °C, the measured 

temperature was approximately 100 °C, implying that there was low activity. When the reactor 

was set to 150 °C, the measured temperature when using the Pd10 catalyst was 220 °C. This 

is a large increase and may facilitate desorption of high-boiling oligomers from the catalyst 

surface and avoid site blocking and deactivation. The carbon mass balance (CMB) of the initial 

40 minutes of the reactions can be seen in Table 3 and supports this inference. When the 

reactor temperature was set at 150 °C, the CMB varies according to the actual catalyst 

temperature. For example, over the lowest activity catalyst Pd5, the average catalyst bed 
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temperature was calculated to be 171 °C and the CMB was 89.4 %. However, over more active 

catalysts such as Pd10, the catalyst bed temperature was initially over 210 °C, such that the 

reactor thermocouple recorded an average temperature of 160 °C; in this case the CMB was 

increased to ca. 96%. Higher temperatures seem to disfavour oligomerization processes, and 

this might be linked to a faster desorption of important oligomerization precursors like 

butadiene at higher temperatures.  

 

Table 3. Comparison of reaction temperature and catalyst bed temperature to carbon mass 
balance under reaction conditions from average data measured over initial 45 mins of 
reaction. 

Catalyst 

100 °C 150 °C 

Reactor T 
/°C 

Catalyst 
T /°C 

CMBa /% 
Reactor T 

/°C 
Catalyst 

T /°C 
CMB /% 

Pd5 101.6 97.1 99.3 150.5 171.0 89.4 

Pd6 103.9 103.3 93.9 150.8 194.8 96.5 

Pd10 101.5 143.3 94.8 160.0 212.9 95.5 
aCMB carbon mass balance (calculation in methods section) 

 

For comparison to sol-immobilisation, Pd-Ag catalysts supported on alumina were also 

prepared by two other synthesis methods. Both catalysts comprised of a Pd-Ag ratio of 1:9, 

which is close to that of the sol-immobilised Pd10 catalyst, however, one was prepared via a 

mechanochemical (MC) method and the second by a wet impregnation (WI) technique. Both 

were supported on a mechanochemically synthesized high surface area α-Al2O3.[22] The 

catalysts were reacted at 150 °C and showed differing catalyst lifetimes and ethene 

selectivities (Fig. 4). The shortest lifetime was seen over the WI catalyst, for which the 

acetylene conversion decreased rapidly after just 60 minutes TOL; here the ethene selectivity 

improved over the reaction period reaching ca. 60 % before the catalyst deactivated. Over the 

MC catalyst, 100 % acetylene conversion was achieved for over 200 minutes and the ethene 

selectivity modestly improved from 63 to 70 % during this time. In both cases the catalyst bed 

temperature was greater than 200 °C for the first 20 minutes TOL, which is similar to that over 

the Pd10 catalyst (Fig. 3d). Over the MC catalyst the selectivity to ethane and C4+ products was 

ca. 10 %, similar to that over Pd10; however, over the sol-immobilised catalyst the ethane 

selectivity was ca. 5 %. As previously reported, it can be assumed that the stability of the WI 

and MC catalysts on stream is rather related to the higher surface area of the α-AlsO3 support 

offering more space for high-boiling oligomers, than to potential sintering phenomena.[4a]  
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Figure 4. Acetylene hydrogenation reaction profiles over PdAg catalysts; 1 wt.% 

PdAg(1:9)/HSA-α-Al2O3 (MC) (a) and 1 wt.% PdAg(1:9)/HSA-α-Al2O3 (WI) at 150°C (b). 

Selectivity to ethane (▼), ethene (▲) and C4+ (◄); conversion of acetylene (■); reactor 

temperature (□) and catalyst bed temperature (○). Reaction conditions: pressure 10 bar, 0.1 g 

catalyst diluted in 3 g SiC, acetylene 20 ml min-1, ethene 20 ml min-1, hydrogen 100 ml min-1.  

 

To probe the reaction temperature effect further, reactions were carried out over the Pd10 

catalyst at 175 °C (Fig. 5). Great care was taken to assess the risks of increasing the 

temperature beyond 150 °C. The temperature safety ratings for the reactor and all internal 

pieces were considered as well as predicting the maximum temperature of the exotherm using 

other data and the exotherm data seen from lower temperatures with Pd10. The reactor and 

computer had fail-safes should the temperature increase too much, and these were set at 260 
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°C, which was 10 °C higher than the predicted maximum temperature. The reactor and the 

conditions were constantly monitored remotely for the first hour.  

At 175 °C, the acetylene conversion over the Pd10 catalyst was 100 % for 176 minutes and 

over 90 % for 235 minutes (Fig. 5). The respective average selectivity over the first 175 

minutes to ethene and ethane was approximately 65 % and 4 % and the average selectivity 

to C4 components was ca. 13 %. The exothermicity of the reaction caused the reactor to reach 

238 °C which was lower than the predicted 250 °C.  

 

Figure 5. Time-on-line reaction profile of acetylene hydrogenation at 175 °C, over Pd10. 

Selectivity to ethane (▼), ethene (▲) and C4+ (◄); conversion of acetylene (■); reactor 

temperature (□) and catalyst bed temperature (○). Reaction conditions: pressure 10 bar, 

temperature 175 °C, 0.1 g catalyst diluted in 3 g SiC, acetylene 20 ml min-1, ethene 20 ml min-

1, hydrogen 100 ml min-1. 

By increasing the temperature to 175 °C the catalyst operational lifetime was increased, likely 

due to desorption of oligomers formed on the catalyst, although this was at a cost to the 

selectivity of ethene which decreased from 71 % at 150 °C to 65 % when the temperature was 

set to 175 °C. However, this selectivity value was consistent over 200 minutes TOL. The 

selectivity of ethane was slightly reduced from 6.1 % at 150 °C to 4.2 % at 175 °C, however, 

the selectivity to C4+ increased from 9.4 to 13.6 %. The carbon mass balance over the first 45 
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minutes of the reaction during the period of the highest ethene selectivity was calculated to be 

93.0 % and decreased to an average of 90.7 % above 200 minutes time-on-line when the 

catalyst bed temperature decreased below 200 °C and the ethene selectivity decreased to 

< 60 %. The slightly increased selectivity to C4+ products suggests that they are desorbed prior 

to oligomerising, maintaining the relatively high CMB and catalyst lifetime when the catalyst 

bed temperature is maintained above 210 °C. The measured increase of short, volatile C4+ 

molecules, which we use as evidence of reduced build-up of higher oligomers as seen in Fig. 

3d and Fig. 5 over Pd10 at 150 °C and 175 °C respectively. C4+, particularly 1,3-butadiene are 

believed to be important precursors for the formation of higher non-volatile oligomers with 

acetylene. Therefore, an increased desorption at higher temperatures is commensurate with 

a reduced formation of the resulting higher oligomers.  

The post-reaction samples were separated from the SiC diluent and any quartz wool used to 

form the catalyst bed and analysed by electron microscopy to assess if the Ag-Pd 

nanoparticles had changed during the reaction period (Fig. S4 and S5). Analysis of the sample 

tested at 150 °C and 175 °C revealed segregation of Pd had occurred (Fig. 6). For the sample 

tested at 150 °C this segregation is modest and is primarily within the nanoparticles (Fig. 6 

and Fig. S6). The ECD of the particles increased from 5.6 ± 3.3 nm to 6.1 ± 4.5 nm (164 

particles sampled) as illustrated in Fig. S4. In contrast, the segregation of Pd on the sample 

tested at 175 °C is greater and has resulted in the formation of separate Pd nanoparticles (Fig. 

6 and Fig. S7), although these appear to be located near larger bimetallic particles, as 

highlighted. The morphology, size and composition have changed modestly for both used 

samples (Fig. 6) although not to a significant extent, the ECD of the sample tested at 175 °C 

increased to 7.1 ± 3.4 nm (150 particles sampled) (Fig. S4 and S5). The Ag content of 

nanoparticles measured by EDX mapping have increased by ca. 1 %, however, over the 

sample size this is within the standard deviation error.   

In addition to site blocking through oligomer build up, the segregation of Pd is not considered 

to contribute to deactivation. High Pd content catalysts such as 1 wt.% Pd95Ag5/TiO2 over-

hydrogenated acetylene and ethene streams resulting in 100 % selectivity of ethane without 

any C4+ produced, with a relatively long runtime (> 95 % conversion) of 300 mins. The testing 

data from Figures 3d and 5 show relatively stable selectivity to ethane and below 10 %, 

therefore, the Pd segregation may have occurred when the catalyst bed was at the highest 

temperature (>210 °C), within the initial 30 minutes TOL. However, this is challenging to 

ascertain.  

Reports detailing the influence of treatment conditions on the restructuring of Pt- or Pd-rich 

bimetallic catalysts suggest that Ag mobility is common.[11b, 23] High temperature pre-reduction 
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of the catalysts was shown to influence the formation of oligomers and hence enhance the 

ethene selectivity indirectly. In these cases, Ag was able to distribute over the Pd surface at 

reduction temperatures > 400 °C. In the work reported here, the low Pd composition and the 

high exothermicity of the reaction may have facilitated Ag mobility whereby the Pd 

accumulates at the edges of the nanoparticles or causes segregation of Pd from the Ag-rich 

structure.[42–44] 

Figure 6. a) HAADF-STEM image of AgPd nanoparticles of Pd10 tested at 150 °C (a) and at 

175 °C (e), with associated STEM-EDX elemental maps of Ag (b and f), Pd (c and g), overlaid 

Ag and Pd maps (d and h). Arrow indicates presence of high Pd content nanoparticle. 

 

Varying the feed-stream composition 

To investigate how the acetylene and ethene concentrations affected the conversion and 

product selectivities, the gas flow rates were varied. Only Pd10 was used in this testing as it 

was the most active catalyst studied. Initially the reaction mixture was changed so that it was 

no longer a competitive system, i.e. acetylene or ethene hydrogenation. Following this, the 

acetylene:ethene flow rate ratio was decreased whilst keeping the same flow rate of hydrogen. 

The non-competitive acetylene or ethene-only hydrogenation experiments are illustrated in 

Figure 7. When ethene was removed from the feed-stream, acetylene conversion was above 

90 % for 135 minutes compared to the reaction with ethene where it was above 90 % for 235 

mins. The lower runtime could be due to the total gas flow rate being lower and hence the 

residence time may be slightly longer. If the residence time is longer, more oligomers may 

form which would poison the catalyst. The carbon balance of the reaction was also lower when 

ethene was excluded. With ethene the carbon balance was 93 %, whereas without ethene the 

carbon balance dropped to 85 %. This would support the inference that more oligomers are 

formed via acetylene.  
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The selectivity to ethene was improved when ethene was absent from the feed stream at 175 

°C, increasing from 65 % with ethene to over 70 % without ethene. The selectivity to ethane 

was approximately comparable, however the selectivity to C4+ products was lower when 

ethene was removed, decreasing from ca. 15 % with ethene to 10 % without ethene. It has 

already been reported elsewhere that ethene might take part in oligomerization processes of 

acetylene-derived intermediates during selective hydrogenation on Pd surfaces.[24] 

  

Figure 7. Time-on-line catalytic reaction profiles over Pd10 where acetylene only (a) or ethene 

only (b) were used in the feedstock. Selectivity to ethane (▼), ethene (▲) and C4+ (◄); 

conversion of acetylene (■); reactor temperature (□) and catalyst bed temperature (○). 

Reaction conditions: pressure 10 bar, temperature 175 °C, 0.1 g catalyst diluted in 3 g SiC, 

acetylene 20 ml min-1 or ethene 20 ml min-1, hydrogen 100 ml min-1. 

 

When ethene is fed into the reactor without acetylene present, the conversion of ethene was 

below 20 %, however, this increases to 60 % at 250 minutes TOL (Fig. 7b). The selectivity to 

ethane is consistently above 80 %, though interestingly, no C4+ products were detected, which 

suggests that the C4 products come from the acetylene or acetylene-derived surface 

intermediates. The reactor temperature was also lower than the set temperature by about 15 

°C, which is due to the lower exothermicity of only the second step and the overall lower flow 

of unsaturated hydrocarbons.  

The carbon balance for the reaction was ca. 95 % for the first 100 mins and decreased to 90 

% over the next 170 mins. Because no C4+ products were detected, it is not clear where the 

carbon is lost to. Potentially, under these conditions, ethene may have formed >C4+ products 

and it would be expected that these longer chains would have eventually deactivated the 

catalyst.  

As the acetylene flow rate is decreased from 20 ml min-1 (Fig. 5) to 10 and 5 ml min-1 (Fig. 8), 

three different effects can be observed; firstly, the catalyst lifetime was increased, secondly, 

the selectivity to ethene decreases and lastly, selectivity to ethane increases whilst selectivity 
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to C4+ products decreases. The selectivity of ethene decreasing can be rationalised through 

fewer active sites being used by acetylene, therefore more ethene can adsorb and react. We 

note that the total WHSV has slightly changed as the H2 flow rate was not increased to 

compensate for the reduced acetylene feed, however, the change in residence time is not 

considered to be significant enough to increase operational lifetime as observed. As seen in 

the non-competitive ethene hydrogenation (Fig. 7b), no C4+ products were detected when 

hydrogenating ethene. As the relative concentration of acetylene decreases, less C4+ products 

would be formed which would mean less oligomers are poisoning the catalyst. This would 

have the effect of increasing the runtime as supported by the reaction profiles (Fig. 8). 

Interestingly, with the reaction using a 0.25:1 acetylene:ethene gas feed (Fig. 8b) the catalyst 

lifetime is extended further, typically when the catalysts start to deactivate, they deactivate 

quickly as seen in Figures 3 and 4. In this experiment the conversion does not reach 100 % 

and the catalyst appears to be deactivating slowly from the start of the reaction. Given the 

significantly lower acetylene feed concentration it can be assumed that the formation rate of 

high-boiling oligomers is decreased explaining slower deactivation. This extended catalyst 

lifetime was noteworthy, even if the selectivity to ethene and ethane was poor at about 35 % 

and 20 % respectively. We consider that the low acetylene concentration results in a reaction 

profile comparable to that of using ethene only in the feed-stream (Fig. 7b). In this reaction the 

catalyst bed temperature was lower than the reactor set temperature, and a low selectivity to 

C4+ products can be observed as a consequence of lower oligomer formation as seen with the 

feed ratio of 0.5:1 (Fig. 8a), resulting in the extended catalyst lifetime.  

 

Figure 8. Time-on-line catalytic reaction profiles over Pd10 where acetylene:ethene ratios of 

0.5:1: (a) and 0.25:1 (b) were used. Selectivity to ethane (▼), ethene (▲) and C4+ (◄); 

conversion of acetylene (■); reactor temperature (□) and catalyst bed temperature (○). 

Reaction conditions: pressure 10 bar, temperature 175 °C, 0.1 g catalyst diluted in 3 g SiC, 

acetylene 5-10 ml min-1 and ethene 20 ml min-1, hydrogen 100 ml min-1. 
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Conclusions 

In this study Pd-Ag alloyed nanoparticles of various compositions supported on transitional 

alumina were prepared by a sol-immobilisation technique and compared with materials 

synthesized on high surface area alpha-alumina via a ball milling and a more conventional 

wet-impregnation procedure. Despite the significantly smaller surface area of the transitional 

alumina support, Pd-Ag nanoparticles were in all three cases between 7 to 9 nm, underlining 

the strength of the sol-immobilisation technique for particle size control during synthesis. To 

assess catalytic properties under particularly challenging conditions the materials were tested 

in the selective hydrogenation of equally concentrated acetylene-ethene mixtures mimicking 

the effluent stream of a hypothetical methane-to-ethene conversion plant. Catalytic activity 

and ethene selectivity were highly dependent on the Pd concentration of the catalyst. While 

Ag most likely dilutes active Pd sites, it increases selectivity to ethene but decreases catalytic 

activity. A molar composition of 10 % Pd and 90 % Ag in the nanoparticles was identified as 

the optimum. Increasing the reaction temperature from 100 to 150 °C enhanced average 

ethene selectivity (up to 71 %) and lifetime (up to 140 min) over Pd10Ag90 under the chosen 

reaction conditions by presumably facilitating desorption of otherwise active site blocking 

acetylene oligomers. Further increase in reaction temperature to 175 °C resulted in increased 

catalyst lifetime to the detriment of ethene selectivity while favouring the oligomerization 

processes. Average ethene selectivity on-line over the sol-immobilized Pd10Ag90 catalyst (71 

%) outperformed the wet-impregnated (51 %) and the mechanochemically synthesized 

counterparts (67 %) at 150 °C. Despite the much lower surface area of the transitional alumina 

support, the sol-immobilized catalyst demonstrates higher stability on-line (ca. 140 min) than 

the conventional wet-impregnated material (ca. 60 min). Post-reaction analysis supports the 

inference that active site blocking high-boiling oligomers are more likely to cause deactivation 

than particle sintering or Pd dissolution. Investigating the role of acetylene and ethene in the 

formation of oligomers by variation of the feed gas composition suggests that important 

oligomerization precursors are solely formed in the presence of acetylene. Nevertheless, it is 

very likely that not only acetylene but also ethene further react with those precursors to high-

boiling hydrocarbons. Better understanding the origin and mechanism of oligomer formation 

in equally concentrated acetylene-ethene mixtures might pave the way to the development of 

synthesis procedures of even better performing materials under such challenging reaction 

conditions. 
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Experimental Procedures 

Catalyst Preparation 

Sol-immobilisation 

Catalysts were prepared by a sol-immobilisation method; silver nitrate (Ag(NO3) ≥99.9995%, 

ThermoFisher Scientific) and palladium nitrate (Pd(NO3)2∙2H2O (ca. 40% Pd basis, Merck) 

were dissolved separately in deionized water to form solutions with a metal concentration of 5 

mg ml-1. The containers with solution were wrapped in aluminium foil and stirred overnight and 

used within 3 days to avoid oxidation. A solution of polyvinyl alcohol (9000 - 10000 Da, 80 % 

hydrolysed, Merck) was also prepared with a concentration of 10 mg ml-1. For 2 g of a 1 wt.% 

catalyst, the amount of dissolved metal required, accounting for the total metal composition, 

was added to deionized water (800 ml). Polyvinyl alcohol was then added so that the weight 

ratio of PVA:metal was 1.2. A solution of sodium borohydride (0.1 mol dm-3) was added quickly 

(NaBH4:metal molar ratio = 5). After 30 minutes of stirring, the ground Al2O3 support (1.98 g, 

Saint-Gobain NorPro, experimental alumina carrier no. 750088) was then added to the 

solution with 8 drops of concentrated sulphuric acid to lower the pH to 1-2. This suspension 

was stirred for a further hour, after which the suspension was washed with deionized water 

(2000 ml), filtered, and then dried in an oven (110 °C, 16 hours). The resultant Ag-Pd/Al2O3 

catalysts were then denoted as Pdx, where x represents the % composition with Ag as 

measured with ICP-MS.   

Mechanochemical 

For the synthesis of high surface area α-Al2O3 (HSA-α-Al2O3), 1 g of γ-AlOOH was ball milled 

in a Fritsch planetary micro mill Pulverisette P7 (classic line, all milling equipment made of 

zirconia, 45 mL milling jar) together with three grinding balls (d. 15 mm) at 450 rpm for 6 h (24 

cycles of 15 min milling with a 5 min cooling break in-between). The obtained high surface 

area α-Al2O3 revealed a BET surface area of 110 m2 g-1 via N2 physisorption. Further details 

on the synthesis procedure and material properties can be found in previously published 

studies.[4,38] For the deposition of Pd1Ag9 nanoparticles, palladium and silver were added in a 

molar ratio of 1 to 9 in an amount corresponding to a total metal loading of 5 wt.% to 950 mg 

of γ-AlOOH. The mixture was milled for 6 h (24 cycles of 15 min with a 5 min cooling break in-

between) at 500 rpm in the presence of three grinding balls (d. 15 mm). 200 mg of the obtained 

5 wt.% Pd1Ag9/HSA-α-Al2O3 material was further diluted with 800 mg freshly prepared HSA-

α-Al2O3 by ball milling at 450 rpm for 1 h (4 cycles of 15 min with a 5 min cooling break in-

between) with three grinding balls (d. 15 mm). The obtained material was furthermore 

activated in pure hydrogen gas flow (100 ml min-1) at 150 °C (2 °C min-1) for 3 h and annealed 

under pure argon flow (100 ml min-1) at 600 °C (5 °C min-1) for 10 h in a tubular oven for 
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comparison. The final 1 wt.% Pd1Ag9/HSA-α-Al2O3 catalyst is according to the synthesis 

procedure denoted as MC in the following. 

Wet impregnation 

Palladium(II) nitrate and silver(I) nitrate were dissolved in deionized water (50 ml) in a molar 

ratio of 1 to 9 to yield a total metal loading of 1 wt.% in the final material. Freshly prepared 

HSA-α-Al2O3 (1.98 g) was added as support material and the mixture was stirred for 1 h at 

room temperature. The resulting slurry was dried under reduced pressure in a rotary 

evaporator (2 h, 70 °C). The recovered wet powder was further dried at 75 °C overnight and 

calcined at 120 °C for 2 h. The obtained material was furthermore reduced in pure hydrogen 

gas flow (100 ml min-1) at 150 °C (2 °C min-1) for 3 h and annealed under pure argon flow (100 

ml min-1) at 600 °C (5 °C min-1) for 10 h in a tubular oven. The final 1 wt.% Pd1Ag9/HSA-α-

Al2O3 catalyst is according to the synthesis procedure denoted as WI in the following. 

Catalyst Testing 

Selective hydrogenation of acetylene was carried out in a specially adapted reactor setup at 

the Max-Planck-Institut für Kohlenforschung (Mülheim an der Ruhr, Germany) (Fig. S8). Due 

to the inherent risk of explosion associated with pressurised acetylene, several safety features 

were considered in the fully remotely controllable reactor setup situated in an explosion safe 

cubicle. Further details on the reactor setup can be found in other published studies of the 

Schüth group.[4a, 14, 24] Catalytic testing was carried out in a plug-flow fixed bed reactor (steel, 

8 mm i.d.) under pressure of 10 bar in a temperature range from 100 to 175 °C. The reactor 

was equipped with an external oven and a thermocouple for heat control. The temperature 

inside the reactor was measured on-stream via a second thermocouple immersed in the 

catalyst bed. Hydrogen, nitrogen, ethene and methane were purchased from Air Liquide and 

used without any further purification. Acetylene (Air Liquide) was passed over a bed of 

previously dried zeolite A and alumina extrudates to remove acetone and other impurities prior 

to use and then compressed to 25 bar. Flow of gases was controlled individually via previously 

calibrated mass flow controllers to WHSV between 84,000 and 99,000 cm3 h-1 gcat
-1. 100 mg 

of pelletized, crushed and sieved catalyst (300-400 μm) was physically mixed with 3 g silicon 

carbide and placed onto a metal sieve inside the reactor tube. Quartz wool was added on top 

to hold the catalyst bed in place. All tubes downstream of the reactor were heated above 150 

°C to avoid product condensation. A constant flow of methane (10 ml min-1) was added after 

the reactor to the product or bypassed feed gas stream as internal standard. The composition 

of the feed and product gas stream was analysed via an online gas chromatograph (Agilent 

7890B). Detection of ethane, ethene, acetylene, C3 (propane, propylene) and C4 (butane, 1-

butene) was done via three sequential columns and corresponding detectors; a Rxi-5Sil MS 
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column (Restek) with a flame ionisation detector (FID) to separate long chain hydrocarbons, 

a RT-alumina BOND/Na2SO4 column (Restek) with FID to separate hydrocarbons up to C4 

and a RT-Msieve 5A column (Restek) with thermal conductivity detector (TCD) to detect and 

analyse inert gases. Flows of respective compounds were calculated via the peak area ratio 

to methane using previously assessed response factors. Acetylene (and ethene) conversion 

and selectivity to detected compounds was calculated according to the following equations 

using molar flows ṅ. 

(1)  Conversion (%) = 100 × 
ṅC2H2.out

ṅC2H2.in
 

(2)  Selectivity
C2H4

 (%) =100 × 
ṅC2H4.out - ṅC2H4.in

ṅC2H2.in - ṅC2H2.out
 

(3)  Selectivity
C2H6

 (%) = 100 × 
ṅC2H6.out

ṅC2H2.in - ṅC2H2.out
 

(4)  Selectivity
C3

 (%) = 100 × 
ṅC3.out ⋅ 1.5

ṅC2H2.in - ṅC2H2.out
 

(5)  Selectivity
C4

 (%) = 100 × 
ṅC4.out ⋅ 2

ṅC2H2.in - ṅC2H2.out
 

(6)  Carbon Balance (%) = 100 × 
ṅC2H2.out + ṅC2H4.out + ṅC2H6.out + ṅC3.out ⋅ 1.5 + ṅC4.out ⋅ 2

ṅC2H2.in + ṅC2H4.in
 

Runtime is the amount of time that the catalyst conversion was over a specified value. It is 

usually denoted as x minutes (conversion >95 %). 

Characterisation 

Inductively coupled plasma – Mass spectrometry (ICP-MS) was acquired by analytical 

services at Cardiff University, using an Agilent 7900 ICP-MS with IAS Autosampler. The ICP-

MS was calibrated using Perkin Elmer Multi Element Cal 4 (Pd) and Cal 3 (Ag) at 0, 1, 10, 

100, 1000 µg L-1 as well as using an internal standard Agilent ICP-MS IS Mix 5188-6525 

(72Ge). To prepare samples for ICP-MS, a known mass of catalyst was digested using nitric 

acid (1 ml, 70 %). After digesting overnight, the solutions were diluted up to 10 ml using 

deionised water and filtered with a Fisherbrand™ 0.45 µm PTFE hydrophilic syringe filter to 

remove any solids.  

Powder X-ray diffraction (XRD) analysis was performed on a PANalytical X’Pert Pro 

diffractometer using a Ni-filtered Cu-Kα radiation source operating at 40 KV and 40 mA. 

Diffraction patterns were recorded between 5 – 80 ° 2θ at a step size of 0.0167 ° (resulting in 

a total run time of ca. 40 mins) using a back filled sample holder. Diffraction patterns were 

identified using the Inorganic Crystal Structure Database (ICSD) Powder Diffraction File. 

X-ray photoelectron spectroscopy data acquisition and analysis was performed by Dr David 

Morgan in Cardiff University using a Thermo Fisher Scientific K-alpha+ spectrometer. Samples 
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were analysed using a micro-focused monochromatic Al X-ray source (72 W) using the “400-

µm spot” mode, which provided an analysis defining elliptical x-ray spot of ca. 400 x 600 µm. 

Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high resolution 

scan with 1 eV and 0.1 eV step sizes respectively. Charge neutralisation of the sample was 

achieved using a combination of both low energy electrons and argon ions. 

Data analysis was performed in CasaXPS v2.3.26 rev1.1N after calibrating the data to the 

lowest C(1s) component of adventitious carbon and taken to have a value of 284.8 eV or for 

alumina samples, to the Al 2p peak at 74.6 eV as this was found to be more stable a reference 

for these samples. Quantification was made using a Shirley type background and Scofield 

sensitivity factors, with an electron energy dependence according to the TPP-2M equation. 

Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 operating at 

200 kV. Samples were prepared by drop-casting over 300 mesh copper grids coated with 

holey carbon film. Scanning transmission electron microscopy (STEM) was performed using 

a Thermo-Scientific Spectra 200 Scanning Transmission Electron Microscope, at an 

accelerating voltage of 200 kV and with a convergence semi-angle of 30 mrad. The HAADF 

detector had an inner collection angle of approximately 56 mrad (outer angle of approximately 

200 mrad). EDX spectrum images were acquired on a Super-X detector. Particle diameters 

were measured manually, taking measurements by outlining the respective particle and 

calculating the equivalent circular diameter in the ParticleSpy Python package (ref 

https://zenodo.org/records/5094360). When analysing the signals from a bimetallic catalyst, 

further steps must be taken to separate the signals from palladium and silver as their Lα 

characteristic X-ray signals are seen at 2.838 and 2.984 keV, respectively. Because of this 

similarity, Pd and Ag signals can be mistaken for each other which would give a false map. 

The maps for the bimetallic catalysts were processed using Thermo Scientific Velox Software, 

which allowed for the signals to be separated with a high degree of certainty. 
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