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Abstract 

BACKGROUND: Pd nanoparticles over different supports were evaluated during the alkyne 

selective hydrogenation of medium chain (C7 and C5) and the 1-pentene purification at mild 

operational conditions (150 kPa and 303 K). The role of support and chloride was investigated; γ-

Al2O3, γ-Al2O3 modified with Mg, CaCO3 and activated carbon were used as supports and PdCl2 as 

precursor salt. The classical Lindlar catalyst was used as reference. 

RESULTS: The surface acidity offered by supports: weak, intermediate and strong acid sites 

(electronic effects), dispersion (geometric effects), surface species: MgO, PdxClyOz and/or 

functional groups (electronic effects); they can favor or disfavor the desorption of 1-alkene during 
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the purification of 1-pentene stream and the alkyne selective hydrogenation. Smallest particle sizes 

(3.8- 10.0 nm) favor the dissociative adsorption of hydrogen over Pd° active sites promoting good 

catalytic behavior. The best synthesized catalysts are Pd/Al–Mg and Pd/Ca, their high selectivity   

(≥ 90 %) is favored by the presence of superficial acidic Lewis sites. On the contrary, lower 

selectivity (74-80%) is assessed on catalysts with Brönsted acidic sites (Pd/Al and Pd/RX3), that 

favored the undesired overhydrogenation or isomerization reactions. 

CONCLUSION: The role of the support, the geometric and electronic properties during the 

hydrogenation reactions have the major influence on the selectivity and the catalytic performance. 

Low loaded Pd catalysts supported on Al2O3-Mg and CaCO3 (Pd/Al-Mg, Pd/Ca) can be used for the 

purification of medium or large terminal alkenes at mild reaction conditions as an alternative to the 

toxic Lindlar commercial catalyst. 

Keywords: Selective Hydrogenation, Alkyne, Palladium Nanoparticles, Support, Alkene 

Purification. 

 

INTRODUCTION 

The selective catalytic hydrogenation of alkynes has as its main product alkenes, due to the wide 

variety and versatility of alkenes application. Alkenes are very important products of the Fine 

Chemistry, Petrochemistry and Polymer Industry, etc1, 2. They are produced by non-selective 

thermal processes (steam cracking) or catalytic cracking of naphtha fractions, and are separated into 

cuts containing predominantly molecules of a specified number of carbon atoms. However, each cut 

contains the multiply unsaturated impurities (alkynes and dienes), so the problem is to purify the 

alkene stream using solvents (not environmentally friendly) or by selective hydrogenation reaction 

using a catalyst (green-chemistry process). This hydrogenation reaction is a key process for the 

elimination of impurities due to obtaining products with high added value. Selective hydrogenation 

reactions of short-chain alkynes (acetylene, propyne, butyne) have been studied extensively3, 4, due 



 
 

to several applications of the obtained products. The understanding about the hydrogenation of 

medium or long chain compounds is of great importance5-7, however the behavior of these systems 

is still under study. In this context, several authors have studied reactions of selective hydrogenation 

of medium/high molecular weight alkynes (C5 – C7)6,8-10, 3-methyl-1-pentyn-3-ol11, 2-methyl-3-

butyn-2-ol12, phenylacetylene13 and others14.  

Additionally, several authors have studied the alkenes production from petrochemical streams 

containing alkyne and alkadiene impurities15-18, these compounds need to be removed before the 

alkene is used in polymerization processes16, 19, 20. The presence of alkynes between 10 – 0.01 vol %  

in olefin streams are undesirable because they diminish the quality of polymer, and also, alkyne 

poisons the used catalysts in polymerization processes21. For example, a high purity alkene stream 

(polymer grade) for Ziegler-Natta catalyzed polyalkene formation must be essentially free from 

alkynes; usually, for a 1-butene stream; maximum desirable concentration of methylacetylene (plus 

other acetylenes) is 10 ppm in volume16. 

In the last decades, reports were focused in terms of controlling the selectivity during the 

hydrogenation of alkynes to obtain either pure alkenes or enriched alkenes streams. Selective 

processes in catalytic hydrogenation using heterogeneous catalysts can be affected by one or more 

factors that determine what type of catalyst should be used. In this sense, adjusting these parameters 

in the best way can generate the best synergism between catalytic activity and selectivity. 

Generally, the parameters that are directly related to improve the selectivity in the catalysts can be 

divided into structural properties and/or electronic properties. These parameters could be related to 

the following factors: the active phase, particle size, pore volume, structure and surface 

composition, surface acidity.  

Palladium catalysts are very used in hydrogenation reactions due to its high hydrogenating capacity, 

being an active and selective phase at low temperature and pressure6, 22, 23. However, the 

overhydrogenation should be avoided. The classical Lindlar catalyst, consisting of Pd(5%)/CaCO3 

poisoned with lead (which greatly increases its selectivity), has been used since 195424, 25. This 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/alkene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/alkyne


 
 

catalyst presents some disadvantages such as: i) its high cost due to the high metallic loading, ii) 

impossibility to pelletize preventing its removal and reuse, and iii) restricted use, especially for the 

manufacture of food, cosmetic and medicine, since the leaching of extremely toxic lead compound 

occurs. So, there is a challenge of synthesizing new low cost catalysts improving the performance 

of Lindlar catalyst with comparable or higher selectivity to the desired product during 

hydrogenation processes of medium/large molecular weight alkynes. Several Pd catalysts have been 

prepared and evaluated for the selective hydrogenation of olefins, e.g. Pd(1%)/Hydrotalcite26, 

Pd4S/carbon nanofiber18 and different bimetallic catalysts, Pd(0.4%)-Ni(0.5-1%)
22, Pd(0.5%) - In(0.4%)

27, Pd(1-

5%) - Bi28. 

Kiwi-Minsker et al.29 discussed the role of support in the selective hydrogenation of alkynes. 

Although the immediate role of the support is to dilute the active phase and facilitate the handling 

of the catalyst, the good choice of the suitable support also represents a powerful tool that will 

influence the properties of the catalyst30. In fact, the support provides some control of the particle 

size, the distribution of the metal and the stability of the active phase. Furthermore, the chemical 

and electronic properties generated due to metallic sites and support interactions, improves the 

catalyst performance31. While its structural properties affect the diffusion and adsorption of reagents 

and desorption of generated products32. Different supports, like metal oxides (TiO2, Al2O3, Fe3O4, 

MgO, CaCO3 and MnO2), or metal-organic frameworks (MOF), or activated carbon (C) are widely 

used synthesizing catalysts for the selective hydrogenation of alkynes6, 33-35. To optimize the 

performance of catalysts, it is essential to understand the effect of the support on the catalytic 

activity during the selective hydrogenation reaction. On the other hand, to study the effect of the 

residual chloride species of the chlorinated precursors is of great importance in the purification 

processes. These species can intervene in the catalytic activity and in the sulfurresistance processes 

by the presence of these compounds in these streams. In previous work during the selective 

hydrogenation of styrene with different catalysts, it was found that chloride complex species 

(Pdx
δ+OyClz) present in the surface electronic and steric effects that improved the activity or the 



 
 

sulfur resistance36-38. However, the effect of the acidity, residual chloride species and surface 

properties of the support on the catalytic performance has not been investigated in detail for 

selective hydrogenation of medium/long chain alkynes neither for the purification of alkene/alkyne 

mixtures. In a previous work, low loaded Pd catalysts were prepared using chloride of 

tetraamminepalladium(II) [Pd(NH3)4]Cl2 as a precursor solution. Highly dispersed Pd nanoparticles 

were obtained with an average particle size between 3−4.5 nm. The results of purification of 1-

pentene and hydrogenation of 1-heptyne or 1-pentyne showed high activity and selectivity for the 

prepared catalysts. Selectivity values were indeed higher than those of the Lindlar commercial 

catalyst15. 

Based on the above considerations, the objectives of this work are: i) Synthesize and characterize 

Pd catalysts using different supports γ-Al2O3, γ-Al2O3 modified with Mg, CaCO3 and a activated 

carbon obtained by incipient wetness impregnation of PdCl2. ii) Evaluate the supported Pd catalysts 

during the purification of 1-pentene in an alkyne/alkene (1-pentyne/1-pentene) stream and the 

selective hydrogenation of medium chain terminal alkynes (C7 and C5) reaction at mild operational 

conditions. iii) Study the effects of the acid strength of the catalysts, the type of active sites, particle 

sizes and the residual chloride, over the activity and selectivity. iv) Compare the activity and 

selectivity of the synthesized catalysts in contrast to those obtained with the classic Lindlar catalyst 

at identical operational conditions. 

 

EXPERIMENTAL  

Catalyst Preparation 

Four materials were used as support in this study: CaCO3 (Anhedra, purity 98.6%), activated carbon 

NORIT- RX3 EXTRA (acid-washed, steam-activated carbon powdered) and γ-Al2O3 (CK-300, 

Ketjen powdered, mesh 35-80, previously calcined 3 h at 823 K). RX3 and CaCO3 were used 

without previous treatment. A fraction of alumina was treated with an aqueous solution of 



 
 

MgSO4.7H2O (Anhedra, purity 99.8 %) in order to obtain ca. 5 wt % of Mg, dried 24 h at 373 K and 

calcined for 3 h at 823 K. Solids were called Al2O3 and Al2O3-Mg, respectively.  

Pd/Al, Pd/Al-Mg, Pd/Ca and Pd/RX3 catalysts were obtained by incipient wetness technique. The 

impregnation was performed using a solution of PdCl2 (Aldrich, purity 99.0 %) at pH= 1 for 

alumina or carbonaceous supports, while pH=5 was used for CaCO3 support. The solutions were 

stirred and sonicated during 20 min at 42 kHz and 100W (using a Branson Ultrasonics 2510 

equipment). The final charge on the catalysts was ca. 1 wt % of Pd.  Then, the synthetized 

monometallic catalysts were dried at 393 K during 24 h. Samples on Al2O3 and Al2O3-Mg were 

calcined in air at 873 K for 3 h; while the samples on CaCO3 and RX3 were pretreated with a N2 

flow during 3 h at 873 K in order to stabilize palladium nanoparticles, and avoid the support 

decomposition in an inert atmosphere. Finally, all the catalysts were reduced 1 h at 573 K in a H2 

stream at 50 mL min-1 in a tubular continuous flow quartz reactor. 

 

Catalysts Characterization 

A Micromeritics ASAP 2020 instrument was used to obtain the nitrogen adsorption-desorption 

isotherms between 0.02 and 0.98 relative pressures (P/Po) and the Brunauer–Emmett–Teller (BET) 

model was used to calculate the specific surface area (SBET) of the supports. Samples were 

outgassed 2 h at 523 K under vacuum, and then N2 adsorption isotherms at 77 K were obtained. 

The mass content of Pd in the catalysts was determined by Atomic Emission Spectroscopy with 

Inductive Plasma (ICP-OES) using a Perkin Elmer OPTIMA 2120 equipment, after digestion of the 

samples in diluted sulfuric acid solution at 363 K.  

The acidic strength and also amounts of acid sites on the surface of the alumina and carbonate based 

supports and catalysts, were measured by Temperature Program Desorption using pyridine as a 

probe molecule (TPD-Py). Measurements were made in a tubular reactor coupled to a Shimadzu 

GC-8A gas chromatograph with FID detector. Before the analysis 200 mg of the samples were ex 

situ reduced at 573 K for 30 min. The solids were then put into a fixed bed reactor treated with 



 
 

constant 40 mL min-1 of N2 flow at 723 K to desorb physisorbed compounds. The samples were 

cooled up to room temperature, and were treated during 30 min with a flow of nitrogen saturated 

with pyridine (Merck, Purity 99.5 wt %). After that, the weakly physisorbed pyridine was removed 

at 418 K for 1 h, at 40 mL min-1 constant N2 flow. Then, the temperature was increased from 418 up 

to 1000 K at a heating rate of 10 K min−1. The gases issued by the reactor were directly sent to the 

methanator and analyzed with a flame ionization detector (FID). The signal of the detector was 

recorded continuously versus the temperature of the sample.  

The acidic properties (Brönsted and Lewis acid sites ratio) of the supports and catalysts were 

evaluated by in- situ means of Diffuse Reflectance Infrared Fourier Transform Spectroscopy of 

pyridine (DRIFT-Py) in a Shimadzu FTIR, Affinity-1S.  25 mg of each sample was heated in situ in 

the cell for 30 min under vacuum at 673 K.  The cell was cooled up to 423 K and the background 

spectrum was recorded. Nitrogen saturated with Pyridine at atmospheric pressure was then 

introduced into the cell at 423 K for 30 min. All measurements were performed at this temperature 

to prevent physisorption of pyridine. The sample was then heated for 30 min at 473 K, cooled down 

up to 423 K and the spectrum was recorded by averaging 64 scans with a resolution of 4 cm-1.  

Surface chemistry of the activated carbon support was quantified in DTA/TGA-TA Instruments 

SDT Q600 coupled to a Hiden Mass Spectrometer 0-200 amu, 10 mg of the sample was heated 

from 278 to 1273 K and a ramp of 20 K min-1 in He atmosphere at a flow of 100 mL min-1. The area 

under the peaks of CO, CO2 and O2 desorptions were determined by the deconvolution using the 

Fityk programme. The reductive character of surface species was evaluated by Temperature 

Programmed Reduction analysis (TPR-H2). The measurements were made in Micromeritics Auto 

Chem II equipment equipped with a thermal conductivity detector. Before the analysis the samples 

were subjected to a pretreatment in Ar at 673 K for 30 min, and then cooled up to room 

temperature. The reduction procedure was carried out using a mixture of 5 % H2/Ar at a flow rate of 

30 mL min-1 with a heating ramp of 10 K min-1 up to 1273 K. The metal particle diameter and their 

distributions were obtained by TEM using a JEOL 100 CX II electron microscope with an 



 
 

acceleration voltage of 100 kV and 270000x. The samples were prepared by grinding the pellets, 

suspending the particles in ethanol and then sonicating them during 15 min. A drop of this 

suspension was placed on a 200 mesh copper grid with a Formvar film and observed in the 

equipment. A set of digital images were taken in order to make the phases identification and 

measure the particle diameters. Digital Micrograph software was used to obtain the particle size 

distributions. The electronic state of surface species and their superficial atomic relationships were 

obtained by X-Ray Photoelectron Spectroscopy (XPS), following the Pd 3d5/2, Ca 2p3/2, and 2p peak 

position of Mg, Cl and Al. The measurements were made using a VG-Microtech Multilab 

instrument equipped MgKα (hʋ: 1253.6 eV) and an energy flow of 50 eV. The analysis pressure 

during data acquisition was maintained at 5.10-7 Pa. The samples were ex situ previously reduced 1 

h at 573 K in H2 flow, following the same pretreatment conditions. The areas of the peaks were 

estimated by calculating the integral of each peak after subtracting a Shirley background and fitting 

the experimental peak to a combination of Lorentzian/Gaussian lines of 30–70% proportions. The 

binding energy used as reference were the Al 2p at 74.7 eV, Ca 2p3/2 at 346.6 eV and C 2p at 284.6 

eV, respectively for the Al2O3, CaCO3 and C supports39. The crystalline structure of the catalysts 

was defined in an X-ray Diffraction (XRD) Shimadzu XD-D1 equipment, with a CuKα (λ = 1.5405 

Å) in the range 10 < 2θ < 85º, at 1º min-1 scanning speed. Powdered samples were reduced ex situ in 

H2 stream.  

Catalytic Tests 

The catalysts were evaluated during the selective hydrogenation of 1-heptyne (Fluka, Cat. No. 

51950, purity > 98%), 1-pentyne (Aldrich, Cat. No. 627-19-0, purity > 99%) and 1-pentene/1-

pentyne mixtures (70:30 and 90:10 vol % ratios; 1-pentene Aldrich, Cat. No. 109-67-1, purity > 

98.5%). The operational conditions used were: 150 kPa, 303 K, and a molar ratio of substrate/Pd = 

1100 (S/Pd). 50 mL of 2 vol % substrate in toluene (Merck, Cat. No. TX0735-44, purity > 99%) 

solution using a stainless steel batch reactor coated with polytetrafluoroethylene (PTFE). Agitation 

of 750 rpm was used in order to eliminate external diffusional limitations. The reagents and 



 
 

products were analyzed by gas chromatography (GC) with an FID detector and HP INNOWax 

capillary column of Polyethyleneglycol (PEG).  

The Lindlar commercial catalyst (Aldrich, Cat. No. 20,573-7) was used for comparative purposes 

without any pretreatment as suggested by other authors for the hydrogenation of alkynes34, 40, 41.  

 

RESULTS AND DISCUSSION 

Supports Characterization 

The modified alumina support (Al2O3-Mg) showed by ICP-OES 5.5 wt % of Mg, being similar to 

the expected theoretical value, confirming the presence of magnesium surface species in this 

support.  The adsorption-desorption isotherms of Al2O3 and Al2O3-Mg present a type IV isotherm 

and a hysteresis loop type H2 associated with mesoporous structure, while CaCO3 support shows a 

type II isotherm associated with a macroporous or non-porous solid42 (Figure S1a). RX3 support 

(activated carbon) presents both types I and IV isotherms with a H4 hysteresis loop at higher 

relative pressures, which is associated with different porosity ranging from micropore to 

mesopore43-45 (Figure S1a). As reported in a previous work15; Al2O3, Al2O3-Mg and CaCO3 

supports showed a SBET of 180, 120 and 4 m2 g-1 and a pore diameter, dp, of 9.6, 7.2, and 10.6 nm, 

respectively. The Al2O3-Mg support, presents a reduction in the surface area, which is attributed to 

the incorporation of Mg species over Al2O3 surface, in total accordance with several published 

reports46. Whereas, the SBET values of CaCO3 support is very low, which is consistent with values 

reported for calcium carbonate47.  RX3 support shows the highest values of SBET (1,524 m2 g-1), pore 

volume (Vp 0.62 cm2 g-1) and average pore diameter (dp 26.7 nm) compared to the other supports 

(Table S1). These values are similar to those reported by other authors for this support44, 48.  

The DRIFT-Py spectra of the Al2O3, Al2O3-Mg and RX3 supports showed the vibrational bands at 

ca. 1,540 and 1,450 cm−1 corresponding to Brönsted and Lewis acidic sites49, respectively (Figure 

S2). The area under these wavenumber regions were integrated and the ratios Brönsted/ Lewis area 

were calculated. Al2O3 and RX3 supports show higher Brönsted/ Lewis acid site ratios: 0.75 and 



 
 

0.94, respectively (Table 2S), indicating higher concentration of Brönsted acidic sites. While, 

Al2O3-Mg support presents a lower Brönsted/Lewis ratio, 0.13, due to a greater concentration of 

Lewis acidic sites. These results agree with previously reported 15 data of temperature programmed 

desorption of pyridine (TPD-Py). Al2O3, Al2O3-Mg and CaCO3 supports showed by TPD-Py 

different total acidity 32.6, 63.6 and 1.0 µmolPy g-1, respectively15. According to Pyridine DRIFT 

and TPD γ-Al2O3 support had acid sites, mainly strong acidic sites (Brönsted). Al2O3-Mg support 

had the highest Lewis acidic strength due to the incorporation of magnesium species.  The CaCO3 

support exhibited the lowest or null acidity, which is related to the basic characteristics of this 

support. In the case of the activated carbon, RX3 support was not analyzed by the TPD-Py 

technique due to the desorption of CO and CO2, products of the decomposition of the support 

between 723 K - 1000 K, which might generate measurement errors in the catalytic methanation 

detection system. While the DRIFT-Py analysis shows that RX3 presents both Bronsted and Lewis 

acid sites, mainly Brönsted (Table S2). 

From the CO and CO2 desorptions during the TPD-MS analysis of RX3, as the temperature is 

increased, it is possible to obtain information about the different superficial groups present on the 

support, which can confer acid characteristics to the support50-52. The CO desorption peaks show 

mainly an evolution from 400-1000 K for the RX3 support, which could be attributed to carbonyl, 

phenols and quinone groups50-52 (Figure S1b). Besides, in CO2 evolution with different intensities 

and peaks are shown obtained for RX3 support  assigned to carboxylic anhydride groups and 

lactone groups on the carbon surface which are more stable systems53 (Figure S1b). The total areas 

of CO, CO2 and O2 calculated from the deconvolution of the signals obtained in the TPD-MS 

analysis of RX3 (Table S1) suggest that the support has a greater amount of functional groups such 

as: phenols, ethers and carbonyls/quinone as determined by the higher content of released CO 

compared to the total amount of released CO2 (carboxylic acid groups, anhydrides and lactones). 

From these results it can be concluded that the RX3 support has differences in the quantity, nature 

and stability. These results agree with that observed by DRIFT-Py.  



 
 

The TPR-H2 profiles of the supports are used as a reference to compare them with the profiles of the 

synthesized catalysts. The TPR profile of the supports showed quite similar behavior, showing 

significant changes from the baseline from 800 K (Figure S3). The Al2O3 support between 770- 

900 K an abrupt decrease in the TCD detector signal is observed, after 900 K the signal tends to 

normalize 38. This behavior could be attributed to water being evolved, due to a change of phase or 

sintering of the material as a consequence of the thermal decomposition of this support54. For the 

Al2O3-Mg, CaCO3 and RX3 supports the TPR profiles show at high temperatures the reduction of 

magnesium precursor species MgSO4 (H2S and SO3 residual can be generated)55, decomposition 

processes of CaCO3 in which CO2 is produced56 and hydrogen consumption assigned to the 

reduction of support surface groups50, respectively. The area below the peak of hydrogen 

consumption for RX3 support estimates a number of reducible species of several groups present on 

the surface of the support, especially oxygenated ones, these results agree with those found by TPD-

MS.  

Figure S5 shows the XRD diffractograms of the catalysts and their corresponding database 

references: Pd, MgO, CaCO3, Al2O3 and C type graphite. XRD for the Pd/Al–Mg, Pd/Al and Pd/Ca, 

Lindlar samples present the characteristic of γ-Al2O3 and calcium carbonate, respectively (Figure 

S5). While Pd/RX3 presents characteristic peaks of the C type graphite at 2θ = 26.4°. Due to the 

low concentration of Pd in all the samples (< 1 wt%), well below the detection limit of the XRD 

technique (> 5 wt %), the characteristic peaks of Pd(111) are overlapped with the peaks of the 

supports and the presence of Pd crystallites is undetectable. On the Pd/Al–Mg sample, the presence 

of MgO is detected with low intensity, characteristic peaks at 2θ = 37° and 45°.  For the Lindlar 

catalyst the characteristic peak of Pd (111) is observed at 2θ= 40.1°.  In spite of the very high Pd 

load (5 wt %) in the commercial catalyst the pattern is dominated by strong and narrow reflexes of 

the CaCO3 support. This is consistent with data previously reported by other authors15, 57. 

 

 



 
 

Catalysts Characterization  

Figures 1a and 1b show respectively the TPD-Py profiles and DRIFT-Py spectra for the catalysts. 

In the TPD-Py, three regions are marked (Figure 1a): Region-I of weak acidity for temperatures 

between 400 – 600 K, Region-II of medium acidity for temperatures between 600 – 800 K and 

Region-III of strong acidity for temperatures above 800 K, the integration of these areas give the 

total amount of acid sites58-60. According to different authors 61, 62, the peaks of weak acidity can be 

attributed to Lewis acid sites, the peaks of moderate acidity to a combination of Lewis and Brönsted 

acid sites, while strong acid sites would be Brönsted sites. The Pd/Al trace shows a considerable 

peak in Region-I, and a very pronounced medium acidity peak in the Region-II ca. 723 K; while the 

strong acidity peak of Region-III is still present. The addition of Mg species to the support 

significantly modifies the acidic characteristics of the Al2O3 support, which can be clearly seen in 

the TPD-Py profile. The TPD-Py trace of Pd/Al-Mg is shifted to lower temperatures, the area of 

Region-I is increased, also a medium acidity peak in the Region-II is also observed at 775 K, while 

the strong acidity peak of Region-III almost disappeared. Besides, Pd/Ca and Lindlar profiles are 

quite similar, showing a small peak in the Region-II at 690 K for both catalysts. The DRIFT-Py 

spectra of catalysts (Figure 1b) confirm the presence of Brönsted and Lewis acid sites over 

synthetized catalysts in different concentrations49. For Pd/Al Pd/Al-Mg and Pd/RX3 show both 

peaks corresponding to Brönsted and Lewis acid sites. While, for Pd/Ca a very small peak at 1,450 

cm-1 (Lewis acid sites) is observed. 

 



 
 

 

Figure 1. a) TPD-Py analysis and b) DRIFT-Py analysis of the catalysts.  

The TPD-Py traces were integrated to obtain total amount of weak Lewis acidity (400- 600 K), mild 

Lewis/Brönsted acidity (600–800 K) and strong Brönsted acid sites (T > 800 K) and the 

Brönsted/Lewis acid site ratios obtained by DRIFT-Py were included in Table 1. A marked 

increase in total acidity after palladium addition is observed in TPD-Py analysis of catalysts which 

could be attributed to the presence of several Pd and chloride residual species, responsible of 

different types of Lewis and Brönsted acid sites observed also by DRIFT-Py analysis. Pd/Al 

catalyst shows the highest total acidity compared to other catalysts, also a marked increase of 

medium acidity is observed. While Pd/Al-Mg catalyst shows that the incorporation of Mg(II) and 

Pd(II) species over the alumina support, has the greatest effect on the quantity and quality of acidic 

properties, exhibiting greater weak acidity, but a markedly decrease of medium acidity in 

comparison to the Pd/Al catalyst. Total, medium and weak acidity of Lindlar and Pd/Ca are the 

lowest, besides strong acidity is absent in both catalysts. This is mainly due to the basic character of 

the support. The obtained order of total acidity strength was: Pd/Al >> Pd/Al-Mg >>> Pd/Ca > 

Lindlar. In Table 2, the Brönsted/Lewis acid site ratio of the catalysts obtained by DRIFT-Py, show 

a similar remaining acid strength to that of fresh support (Tabla S2) and this confirms the results 

observed by TPD-Py.  

 



 
 

Table 1. TPD-Py and Brönsted/Lewis Ratio by DRIFT-Py results of the catalysts. 

Catalyt 
TPD-Py Acid Sites  (µmolPy g-1) DRIFT-Py 

Total Weak Medium Strong Brönsted/Lewis Ratio 

Pd/Al 106.38 37.71 63.54 5.13 0.71 

Pd/Al-Mg 82.05 65.89 14.40 1.75 0.11 

Pd/Ca 7.02 0.72 6.30 --- -- 

Pd/RX3 --- --- --- --- 1.13 

Lindlar 5.26 1.17 4.09 --- -- 

 

Figure 2a shows the TPR-H2 traces of the prepared catalysts. The reduction of species at 

temperatures below 250 K cannot be observed due to equipment limitations. Pd/Al and Pd/Al–Mg 

catalysts exhibit an initial reduction peak at 308 and 348 K, respectively. This peak at low 

temperatures is assigned to the reduction of bulk PdO species to metallic palladium63. For these 

peaks, a shift to higher temperatures is observed in this order: Pd/Al < Pd/Al–Mg which could 

indicate higher interaction forces between the metallic species with the support, consistent with the 

amount of weak acidity (related to Lewis sites). Figure 2a also shows that during TPR analysis, 

Pd/Ca and Pd/RX3 have a negative peak at 326 and 344 K, respectively, due to the release of 

hydrogen from the decomposition of the β-phase of Pd hydrides (β-PdH) formed during the 

reduction of PdO at low temperatures63. These species interact weakly with the support and thus Pd 

can be easily reduced.   

Besides, several peaks at 382, 437, 452 and 580 K for synthetized catalysts are also observed in 

Figure 2a. These peaks are assigned to the hydrogen consumption, due to the reduction of PdxOyClz 

oxychlorinated species or the reduction of Pd2+ ions stabilized by adjacent Cl- remaining after the 

calcination process15. For Pd/Al-Mg and Pd/Ca a gradual increase peak is observed at temperatures 

higher than 700 K. These peaks are attributed to the reduction of the remaining sulfate magnesium 

precursor (SO4
2-) that generates residual H2S or SO3

55 and to the decomposition of CaCO3
56, 64, 



 
 

respectively. For Pd/RX3 catalyst the TPR-H2 results show a broad peak with a maximum between 

700 - 981 K, this consumption is assigned to the reduction of surface groups on the catalyst50; this 

peak was also observed in the TPR-H2 profile of the support (Figure S3). The reduction profiles of 

the catalysts suggest that palladium is at least partly in the Pd0 metal state after the reduction 

treatment before the catalytic tests. 

 

Figure 2. a) TPR- H2 profile of the synthetized catalysts and b) TEM images. 

 

 

 

 

 

 

 



 
 

Table 2. Pd and Cl loadings, average particle size (dTEM) by TEM, dispersion (D) and XPS results. 

Sample 

ICP 

dTEM 

(nm) 

D 

(%) 

 XPS 

Pd Cl 
Pd 3d5/2 

BE (eV) 
Pd/X* 

(%at/at) 

Cl/Pd 

(%at/at) 
(wt %) Pd0 Pdδ+ Pdn+ 

Pd/Al 0.86 0.41 3.8 30 335.2(60%)  337.5(40%) 0.0040 4.15 

Pd/Al-Mg 0.73 0.22 6.2 19 334.9(72%) 336.1(28%)  0.0065 2.32 

Pd/Ca 0.90 0.55 10.0 11 334.8(45%) 336.1(33%) 337.5(23%) 0.0539 3.95 

Pd/RX3 0.74 0.11 7.1 16 335.3(74%)  337.0(26%) 0.0348 0.78 

Lindlar 5.00 -- 46.0 2.5 335.2(69%)  336.9(31%) 0.2430 -- 

* Pd/X: superficial atomic ratio, where X=Al for Pd on Al2O3 and Al2O3-Mg; X=Ca for Pd on CaCO3 and Lindlar; and 
X=C for Pd on RX3. 
 

Table 2 shows the Pd and Cl content measured by chemical analysis (ICP), average particle size 

(dTEM), dispersion (D) determined by TEM and XPS results for the Pd/Al, Pd/Al–Mg, Pd/Ca, 

Pd/RX3 and Lindlar catalysts. The commercial catalyst has a high Pd content of 5 wt %. For the 

synthetized catalysts a Pd mass content between 0.73 and 0.9 wt %, similar to the theoretical values, 

was determined by ICP analysis. A metal loading of 2.7 wt % of Mg was detected on Pd/Al–Mg. 

Besides, Table 2 shows the residual bulk chlorine content of the catalysts after calcination and 

reduction pretreatments. The bulk Cl- detected by ICP in all the catalysts, are consistent with the 

surface chloride species (PdxClyOz) observed by TPR-H2 analysis in Figure 2a. Higher Cl content in 

Pd/Ca and Pd/Al is found; while for Pd/Al-Mg and Pd/RX3, the lowest values are observed. The 

high charge density of Ca2+ would favor the adsorption of chloride species over the CaCO3 support. 

For the catalysts based on alumina and modified alumina, the presence of superficial Mg species 

might have an influence on the amount of final chlorine, the half bulk chloride is observed for the 



 
 

Pd/Al-Mg catalyst compared to Pd/Al, indicating that the presence of magnesium may help a lower 

presence of residual chlorine species. 

Figure 2b and S4 show TEM images and particle size distribution of the catalysts, respectively. 

Table 2 reports the average particle size (dTEM) as determined by TEM according to Equation I. 

∑
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ii

ii
TEM dn

dn
d

  (Eq. I) 

Particle size values confirm the presence of nanoparticles between 3.8 and 10 nm for all synthesized 

catalysts. Particle size order increases as follows: Pd/Al < Pd/Al-Mg < Pd/RX3 < Pd/Ca, 

respectively. Pd/Al, Pd/Al-Mg and Pd/RX3 catalysts have a Gaussian distribution which indicates 

uniform nanoparticle distribution. While for the Pd/Ca catalyst, a Gaussian trend is not observed, 

which indicates a less uniform distribution (Figure S4). 

The metallic dispersions D were calculated considering the spherical particle model adopted by 

Paryjczak and Szymura65, these values are included in Table 2. The highest dispersion is observed 

for the Pd/Al catalyst (≈ 30%), while for Pd/Al-Mg, Pd/Ca and Pd/RX3 lower dispersions are 

obtained, between 19-11%. These results may be indicative of greater interaction between the 

precursor PdCl2 salt at pH = 1 with the Al2O3 and Al2O3-Mg supports during wet impregnation due 

to their higher acidic characteristics (Table 1). Similarly, the lower specific surface area and pore 

volume of the CaCO3 support may be the responsible for the low dispersion of the metallic sites 

over this support. In the case of RX3 activated carbon, the presence of different surface functional 

groups could be responsible for the interaction with the precursor complex, reducing its metallic 

dispersion. The Lindlar commercial catalyst has the highest average particle size (46 nm) and the 

lowest dispersion (2.5%), as shown in Table 2. This can be attributed to the high loading of Pd 

deposited on a support of low surface area and acidity, thus promoting a greater agglomeration of 

the particles in the pore mouths.  



 
 

Figure 3 shows the XPS spectra of the Pd 3d region of synthetized catalysts (pretreated in hydrogen 

at 573 K) and Lindlar catalysts. This figure presents the Pd 3d5/2 and 3d3/2 signals separated by 

approximately 5 eV, in accordance with literature values66. The points are the experimental data and 

the curves beneath are the corresponding deconvoluted peaks informed on Table 2. The Pd/Al and 

Pd/RX3 present two Pd 3d5/2 peaks at 335.2-335.3 eV and 337.0-337.5 eV, which can be assigned to 

Pd0 and Pdn+ (with n close to 2) electrodeficient oxychlorinated species formed during the 

calcination pretreatment30, 38. The deconvolution of the Pd 3d5/2 signal for the Pd/Al-Mg catalysts 

shows the presence of two peaks at 334.9 eV and 336.1;  assigned to Pd0 and Pdδ+ (with 0< δ < 2)23, 

39. While, Pd/Ca catalyst presents three peaks for Pd 3d5/2 at 334.8, 336.1 and 337.5 eV, assigned to 

Pd0, Pdδ+ and Pdn+ , respectively30, 38, 39. Besides the Lindlar catalyst presents two peaks at 335.2 and 

336.9 eV attributed to Pd0 and Pdn+. Figure 3 also shows the XPS spectrum of the Mg 1s region of 

the Pd/Al-Mg sample with a peak located at 1304.95 eV, which is attributed to MgO surface species 

39 also detected by the ICP analysis. Deconvolution of the XPS spectra of the synthetized catalysts, 

also shows a peak at ca. 198.5 eV that corresponds to Cl 2p3/2 associated with surface chloride 

species 39 not completely eliminated after reduction.  

Values of the superficial Pd/X and Cl/Pd atomic ratios are also shown in Table 2. The Pd/Al 

superficial atomic ratio is higher for Pd/Al–Mg in comparison to Pd/Al (0.0065 and 0.0040, 

respectively); this could be explained to the preferential deposition of Pd on the pore mouth as the 

pore diameter diminished.  For the Pd/Ca and Lindlar catalyst the Pd/Ca superficial atomic ratio is 

the highest (0.0539 and 0.2430). This could be related to the differences in BET area and the very 

low pore volume (Vp) that favor a high content of palladium at a surface level. For Pd/RX3 catalysts 

the Pd/C superficial atomic ratio is intermediate (0.0348) due to higher interactions of Pd species 

with the support. On the other hand, Cl/Pd surface atomic ratios decrease in the following order: 

Pd/Al ≥ Pd/Ca > Pd/Al–Mg > Pd/RX3. The residual chlorine content in the catalysts after reduction 

could be explained by the different superficial PdxOyClz species detected on each catalyst by XPS, 



 
 

ICP and TPR-H2.  The presence of Clˉ could also have some influence on the metallic dispersion, as 

well as on the performance of the catalysts.  

 

Figure 3. XPS spectra of the Pd 3d region of all catalysts and the Mg 1s region of Pd/Al-Mg. 

 

 CATALYTIC TESTS 

Hydrogenation of Pure 1-Heptyne and 1-Pentyne 

The selectivities (S) to 1-alkene/n-alkane as a function of total conversions (X) during the 

hydrogenation of pure 1-heptyne or 1-pentyne, are shown in Figures 4a and b, respectively. As 

shown in both Figures, all the catalysts are active for the hydrogenation of 1-heptyne or 1-pentyne. 



 
 

Besides, initially all catalysts are high selectively to 1-heptene (Figure 4a, ca. 98%), but after X ≈ 

30% these values are higher than the Lindlar commercial catalyst. At higher conversions the 

selectivity to 1-heptene of Pd/Al and Pd/RX3 decreases up to 65 % when X= 99.9%. In addition, for 

Pd/RX3 a gradual increase in the selectivity to heptane is observed from X = 20 %, while in Pd/Al 

the increase in the selectivity to heptane is observed at high conversion values. Besides, Pd/Al-Mg 

and Pd/Ca catalysts presente selectivities to 1-heptene ca. ≈ 90% quite higher than Lindlar catalyst, 

82%, while the selectivities to heptane are rather stable after X= 30%. 

On the other hand, during 1-pentyne hydrogenation (Figure 4b), Pd/Al and Pd/Al-Mg catalysts 

have selectivities to 1-pentene ≥ 90%, higher to that of Lindlar commercial catalyst. For Pd/Ca or 

Pd/RX3 catalysts, initially high selectivity values are obtained ( ≥ 90 %), but when X ≥ 70 %, the 

selectivities begin to decrease, reaching values ca.70 and 78%, respectively for X= 99.9 %. 

 

 

Figure 4. Selectivity to 1-alkene or n-alkane vs Total conversion (%) during hydrogenation of (a) 1-

Heptyne (b) 1-Pentyne, for Pd/Al (♦,◊ ), Pd/Al-Mg (▲,△), Pd/Ca (■,□), Pd/RX3 (▼,▽) and 

Lindlar (●,○). Filled symbols 1-alkene, opened symbols n-alkane.  

 

In Figure 5 are shown the values of selectivities at isoconversion conditions (X= 99.9 %), values of 

the initial reaction rate (mass based r0) and TOF for all the evaluated catalysts during the 



 
 

hydrogenation of pure 1-heptyne and 1-pentyne. The initial reaction rate of the pure alkynes was 

calculated using the following formula (Equation II): 
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(Eq. II) 

r0 is the initial reaction rate of the alkyne [mol gPd
−1 min−1]. (∂X/∂t)t=0 is the tangent value of the plot 

of alkyne total conversion versus time at t = 0.  C0 is the initial concentration of alkyne [mol L−1], 

WPd the mass of palladium [gPd], V the reaction volume [L] and t the reaction time [min]. The 

turnover frequency (TOF) values were obtained for the catalysts as reported for several authors23, 67, 

68, using initial reaction rates determined in Equation III and dispersion values were calculated 

considering the spherical particle model, both values are indicated in Table 2: 
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(Eq. III) 

 

Where TOF is expressed in min−1, MWPd is the molecular weight of palladium and D the dispersion. 

 

Figure 5. Initial reaction rates, selectivities to the corresponding alkene and TOF, during 1-Heptyne 

and 1-Pentyne hydrogenations at isoconversion of 99.9 %. 

 



 
 

For the hydrogenation of the 1-heptyne, the following initial reaction rate order was found: Pd/Al > 

Lindlar > Pd/RX3 > Pd/Al–Mg > Pd/Ca. While for the hydrogenation of the 1-pentyne, the 

following initial reaction rate order is found: Pd/RX3 > Pd/Ca ≥ Pd/Al ≥ Pd/Al–Mg > Lindlar. The 

TOF values for 1-heptyne and 1-pentyne hydrogenation were quite similar between: Pd/Al and 

Pd/Al-Mg or between Pd/Ca and Pd/RX3, in contrast with TOF values of Lindlar catalyst. 

  

Figure 5 shows in all cases, regardless of the catalyst, the hydrogenation reaction rates of 1-pentyne 

are greater than those of 1-heptyne. Because of the smaller size of 1-pentyne, its adsorption on 

electrodeficient palladium oxychloride sites is more sterically and geometrically favored than 1-

heptyne, giving a higher hydrogenation rate. So, the 1-pentyne molecule, with a shorter 

carbonaceous chain, could interact with more active sites than 1-heptyne. As shown in Figure 5 the 

synthesized catalysts presented much higher or similar values of initial reaction rate of 1-pentyne 

than the Lindlar catalyst. During the hydrogenation of 1-heptyne, the synthesized catalysts 

presented a comparable initial reaction rate, quite similar to that of Lindlar catalyst. In terms of 

selectivities to 1-heptene or 1-pentene Pd/Al–Mg catalysts showed the highest values: 90 and 95%, 

respectively, greater to that obtained using the Lindlar commercial catalyst. While Pd/Al and 

Pd/RX3 had the lowest selectivity to 1-heptene, and Pd/Ca and Pd/RX3 had the lowest selectivity to 

1-pentene.  

High conversions and selectivities are achieved with lower Pd loading than the commercial Lindlar 

catalyst, ca. 1 vs. 5 wt %, respectively. The Pd synthesized catalysts showed higher or similar 

values of r0 than the Lindlar catalyst during the hydrogenation of 1-heptyne and 1-pentyne (pure 

compounds). The good activity of the synthesized catalysts could be related to: a) geometrical effect 

due to the small active sizes 3.8 – 10 nm (Table 2), b) electronic effect originated by the high 

content of Pd0 or Pdδ+ metallic sites, d10 rich in electrons as found by XPS (Table 2), that promotes 

the dissociative adsorption of hydrogen 69-71 and c) electronic effect between the acidic Lewis sites 

of the catalysts as determined by TPD and DRIFT of pyridine (Table 1). So, differences in activity 



 
 

could be mainly attributed to the influence of the geometric and electronic effects generated by 

different supports and chlorinated precursor.  

The selectivities of all the catalysts were excellent, these could be attributed to acidic Lewis sites 

that promote the adsorption and desorption of the alkyne and alkene (Lewis bases). It was observed 

that Pd/Al-Mg had the greatest selectivity to 1-heptene and 1-pentene, and the high content of weak 

acidic groups (Lewis acid sites). It has been reported26, 32, 72, that Mg species increase selectivity, 

stability and improves catalytic properties due to the decrease in deactivation and poisoning on the 

surface of the catalyst. Pd/Ca had high selectivity to 1-heptene and moderate selectivity to 1-

pentene, this could be attributed to the presence of Pdn+ and Ca2+ (hard Lewis acid sites) that 

promotes the adsorption of the alkyne triple bond (basic Lewis sites) and desorption of the alkene. 

On the other hand, the Pd catalysts supported on Al2O3 and RX3, initially showed very high 

selectivity to 1-heptene but, at a total conversion of 99.9 % decreased up to 65 %. Regarding the 

acidic properties, both catalysts had high acidity, mainly strong and medium acidity due to the 

presence of Brönsted acid sites in the case of Pd/Al and acidic functional groups, Brönsted type, in 

the case of Pd/RX3.  

 

1-Pentene Purification in 1-Pentene/1-Pentyne Streams 

In this work the 1-pentene purification of the stream C5 (1-pentene/1-pentyne mixture) was chosen 

as a model reaction to evaluate the catalytic performance and selectivity of the synthesized 

catalysts. In order to observe the effect of the alkene concentration in the 1-pentene/1-pentyne 

mixture, two different relationships were evaluated: 70:30 and 90:10 vol %. 

 

1-Pentene Purification in 1-Pentene/1-Pentyne Stream 70:30 vol % 

Figure 6 shows the molar concentration of the substrates and products as a function of time during 

the hydrogenation of 1-pentene/1-pentyne mixture, 70:30 vol %. In general, a decrease in the total 

concentration of 1-pentyne is observed for all the catalysts evaluated. Further, the progressive 



 
 

increase of the molar concentration of 1-pentene until total conversion of the alkyne was also 

observed in the Figure, indicating that the catalysts were selective for the hydrogenation of 1-

pentyne. The most active catalyst was Pd/Al, followed by Pd/Ca and Pd/RX3. While Pd/Al-Mg and 

Lindlar catalysts were the less active. In Figure 6 can be observed that Pd/Al-Mg and Pd/Ca 

favored the highest formation of 1-pentene with less production of pentane. Pd/Al and Pd/RX3 

favored overhydrogenation of 1-pentyne and the hydrogenation of 1-pentene. Additionally, the 

presence of isomerization product 2-pentene was only observed for Pd/Al catalyst.  

 

Figure 6. Concentration of reactants and products (mol L−1) as a function of time (min) during the 

purification of 1-pentene/1-pentyne mixture (70:30 vol %). 

 



 
 

Figure 7 contains values of selectivities at isoconversion conditions (X= 99.9 %), values of the 

initial reaction rate (mass based r0) and TOF for all the evaluated catalysts during the 1-Pentene 

Purification. For the purification of 1-pentene/1-pentyne stream (70:30 vol %), the following initial 

reaction rate order was found: Pd/Al >> Pd/Ca >> Pd/RX3 >> Pd/Al–Mg > Lindlar. Additionally, 

the Pd/Al-Mg and Pd/Ca catalysts had the highest selectivity to 1-pentene during the hydrogenation 

of the mixture with values of 94 and 93%, respectively. While for Pd/Al and Pd/RX3 a progressive 

decrease in selectivity was observed throughout the reaction, obtaining moderate selectivities 

compared to the other catalysts, close to 80%. 

 

Figure 7. Initial reaction rates, selectivities to 1-pentene and TOF, during the olefin purification in 

1-Pentene/1-Pentyne mixtures, 70:30 and 90:10 vol % at X = 99.9 %. 

1-Pentene Purification in 1-Pentene/1-Pentyne Stream 90:10 vol % 

Figure 8 shows the molar concentration profiles of reagents and products as a function of time 

during the hydrogenation of the stream 1-Pentene/1-Pentyne 90:10 vol %. In this Figure was 

observed mainly the consumption of 1-pentyne, the progressive increase in the concentration of 1-

pentene was less marked due to the high initial concentration of 1-pentene in the mixture. 

Otherwise, the presence of pentane in different concentrations was observed for all the catalysts. In 

Figure 8 similar performance was observed for Pd/Al, Pd/Ca and Pd/RX3 reaching total conversion 

ca 30-40 minutes. Besides, Pd/Al–Mg reached the total conversion at the longest reaction time, 80 



 
 

min. It was observed that Pd/RX3 and Pd/Al favored the overhydrogenation of the alkyne and the 

hydrogenation of 1-pentene. Pd/Al was the only catalyst that also favored the production of 2-

pentene. Pd/Al-Mg, Pd/Ca and Lindlar showed a slight decrease in the concentration of 1-pentene 

as the reaction advanced, forming the lowest amount of pentane in the mixture.  

Very similar r0 values were observed for the synthesized catalysts during the purification of 90:10 

vol % stream (Figure 7). The following order of initial reaction rates was found: Lindlar > Pd/Al > 

Pd/Ca > Pd/RX3 ≥ Pd/Al–Mg. Otherwise, it can be noted that during the purification of C5 streams, 

the prepared catalysts showed lower r0 and TOF values at higher concentration of alkene (90:10) 

than those obtained during the purification of 70:30 stream. The different values of TOF could be 

attributed to lower Pd loading and particle sizes than the commercial Lindlar catalyst (Figure 7).  

Besides, it was evidenced the high selectivity to 1-pentene of Pd/Ca and Pd/Al-Mg (90 and 91%, 

respectively) very similar to that of Lindlar catalyst; while the selectivities of Pd/Al and Pd/RX3 

were moderate (74 and 86%, respectively). From these results it can be affirmed that it is possible to 

purify 1-pentene from a C5 olefin stream of 1-Pentene/1-Pentyne mixture 90:10 vol % with the 

synthesized catalysts, as the selectivities are similar or higher to that of Lindlar commercial catalyst. 



 
 

 

Figure 8. Concentration of reactants and products (mol L−1) as a function of time (min) during 

the purification of 1-pentene/1-pentyne mixture (90:10 vol %). 

 

The results indicate that all the synthesized Pd catalysts were active during 1-pentene purification of 

C5 olefin at 70:30 and 90:10 vol % streams. High selectivities were observed for the evaluated 

catalysts, suggesting that their physicochemical properties prevent to some extent the processes of 

overhydrogenation and isomerization. This could be directly related to different surface interactions, 

electronic and geometric effects of the synthesized catalysts using different supports and chlorinated 

precursor. As previously discussed in hydrogenation of pure alkynes, small particle sizes (geometric 

effects) and Pd0 active sites (electronic effects) are responsible for the high activity. Pd/Al showed 

the highest activity; which correlates with the TEM results that showed the smallest particle size (≤ 



 
 

3.8 nm) and greatest dispersion. While Pd/Ca, Pd/RX3 and Pd/Al-Mg show a relationship regarding 

small particle sizes (between 6.2 to 10 nm) and moderate dispersions (Table 2). In addition, the 

presence of superficial Pd0 and Pdδ+ or Pdn+ species electronically modified with Cl- (oxychloride 

specie as determined by ICP, XPS and TPR analysis). These results showed better or similar values 

of initial hydrogenation rate than that of the commercial Lindlar catalyst, which has very large 

particle sizes (46 nm) and superficially Pd0 and Pdn+ species electronically modified with Pb, a very 

toxic element. Selectivity values to the desired product (1-alkene) between 74-94% were obtained 

for the two purified 1-pentene/1-pentyne streams. Surface acidity of the catalysts (Lewis and 

Bronsted sites), MgO or PdxClyOz surface species contribute to promote the desorption/adsorption 

of 1-pentene during the olefin purification being the responsible of the selectivity73.  The obtained 

results indicate that the Pd catalysts supported on Al2O3-Mg and CaCO3 show the best results in 

terms of selectivity for the purification of 1-pentene of the two mixtures, 70:30 or 90:10 vol %. 

Both catalysts showed high selectivity values, S ≥ 91%. Pd/RX3 showed a high selectivity to the 

alkene, ≥ 80%. While Pd/Al catalyst with Al2O3 support presented lower selectivity values 

compared to the other catalysts (≥ 74 %), which indicates that its properties favored the processes of 

overhydrogenation and isomerization. The 2-pentene isomerization product was only observed in 

the Pd/Al catalyst, favored by the strong acidic sites (Brönsted) of this catalyst. Additionally, the 

results of concentration of substrates and products as a function of time demonstrated the 

preferential hydrogenation of C≡C in the evaluated mixtures reaching its total conversion, 

indicating the excellent selectivities of the catalysts. When comparing the results obtained during 

the purification of 1-pentene with those obtained in the hydrogenation reaction of pure alkynes, a 

quite different behavior was observed, due to the differences of active sites and acidity properties of 

the catalysts. The literature indicates that it is important to have better catalytic properties to mainly 

improve the selectivity to the alkene, because in this type of alkene/alkyne purification reaction, at 

high concentration of alkyne, the alkyne efficiently blocks the re-absorption of alkene over some 

active sites9, 74. However, some catalytic properties such as: type of support, surface acidity, particle 



 
 

size, dispersion, type of active sites among others, can influence undesired processes such as 

overhydrogenation or isomerization reactions of alkenes6, 9, 75, 76. 

Scheme 1 summarizes the proposed interaction between palladium precursor with the different 

supports used in the synthesis of the catalysts. Initially, the chloride palladium precursor [PdCl4]2- at 

pH = 1 was impregnated over different supports that offer different physicochemical characteristics. 

After the pretreatment conditions, Pd0, Pdδ+ and Pdn+ nanoparticles were found superficially on the 

fresh catalysts. Residual chloride and PdxClyOz species were determined in all the catalysts, 

especially on Pd/Al and Pd/Ca. Pdδ+ClyOz, Pdn+ClyOz, Mg2+ and/or Ca2+ species, and carbonaceous 

acidic groups have different electro-deficiency (Lewis acid sites) which could be increased by 

metal-support interaction. 

Besides, Scheme 2 shows proposed hydrogenations mechanisms during the purification reaction of 

1-pentene in the C5 streams over supported Pd catalysts. A brief explanation for each catalyst 

mechanism is now presented: 

(2,a) Catalysts with Al2O3-Mg and CaCO3 supports: During the purification reaction of 1-pentene, 

the 1-pentyne or 1-pentene of the mixture are preferentially π or σ adsorbed on the Pdδ+, Pdn+, Mg2+ 

or Ca2+ electron-deficient sites. While H2 molecules are adsorbed and dissociated on Pd0 sites due to 

the interaction of its d10 filled orbital with the empty antibonding σ orbital of H2 83. On the other 

hand, the π or σ interaction of the adsorbed 1-alkyne is promoted by the presence of Lewis acidic 

sites and also facilitates the desorption of the desired 1-alkene in the mixture, preventing its further 

overhydrogenation or isomerization, improving selectivity and olefin purification.  

(2,b) Catalysts with Al2O3 and RX3 supports: During the purification reaction of 1-pentene, the 1-

pentyne or 1-pentene of the mixture are π or σ strongly adsorbed on the Pdn+ active sites or on 

surface groups of the activated carbon. The dihydrogen molecules are dissociatively adsorbed on 

Pd0 sites due to their high availability of electrons; besides, the Brönsted acidic sites promotes an 



 
 

extra hydrogen atom that increase the hydrogenation reaction rate but also promotes 

overhydrogenation, isomerization or polymerization reactions, decreasing the quality of the 

purification of 1-alkene and the selectivity of the process. 

 

Scheme 1. Proposed mechanisms of interactions between palladium precursor and the different 

supports used for the synthesis of catalysts (not scaled). 



 
 

 

Scheme 2. Proposed hydrogenation mechanism during the purification reaction of 1-pentene in 

the C5 streams over supported Pd catalysts (not scaled). 

CONCLUSIONS 

Pd nanoparticles were deposited on four different supports: γ-Al2O3, γ-Al2O3 modified with Mg, 

CaCO3 and activated carbon RX3 using palladium chloride (PdCl2) as a precursor salt. The catalysts 

were evaluated in the 1-pentene purification of alkene/alkyne streams (70:30 and 90:10 % vol) and 

during the selective hydrogenation of medium chain terminal alkynes (C7 and C5, pure compounds). 

Lindlar commercial catalyst was used as a reference. The role of the support, the geometric and 



 
 

electronic properties during the hydrogenation reactions have the major influence on the selectivity 

and over the catalytic performance.  

XPS and TPR-H2 analysis revealed that all the synthetized catalysts had a high concentration of 

superficial Pd0 nanoparticles and different amounts of Pdδ+OyClz or Pdn+OyClz oxychlorinated 

species. These nanoparticles of Pd were generated due to the interaction of the precursor employed 

(PdCl2) and the support (Metal-Support Interaction, MSI) during the synthesis of the catalysts.  

The TPD-Py results showed that Pd catalysts supported on Al2O3-Mg and CaCO3 present mostly 

weak acidity, Lewis type. While for the catalyst of Pd supported in Al2O3 presents mostly moderate 

or strong acidity, Brönsted type. For Pd/RX3, the TPD-MS results showed the presence of different 

surface groups on the activated carbon surface. 

The catalytic results showed that the prepared catalysts were highly active and selective to the 1-

alkene production. In this context, it was possible to purify 1-pentene from the alkyne / alkene 

evaluated streams, and it was also feasible to selectively hydrogenate the pure alkynes, 1-heptyne 

and 1-pentyne. Selectivity values were indeed higher than those of the Lindlar commercial catalyst. 

Smaller particle sizes, Pd0 and weak acidity favor high activity and selectivity to the alkene. 

The Brönsted acidic sites of Pd/Al and Pd/RX3 promote an extra hydrogen atom that increases the 

hydrogenation reaction rate but also promotes overhydrogenation, isomerization or polymerization 

reactions, decreasing the selectivity of the process. On the other hand, Lewis acid sites of Pd/Al-Mg 

and Pd/Ca catalysts, promote the π or σ interaction of the adsorbed 1-alkyne and also facilitates the 

desorption of the desired 1-alkene in the mixture, preventing its further overhydrogenation or 

isomerization, improving selectivity and olefin purification.  

Low loaded Pd catalysts supported on Al2O3-Mg and CaCO3 (Pd/Al-Mg, Pd/Ca) can be used for the 

purification of medium or large terminal alkenes at mild reaction conditions as an alternative to the 

Lindlar commercial catalyst. 
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