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Abstract

Partial hydrogenation of alkynes has industrial and academic relevance on a large scale;
industries such as petrochemical, pharmacological and agrochemical use these
compounds as raw material. Finding an economic, active and selective catalyst for the
production of alkenes through partial hydrogenation of alkynes is thus an important
challenge. Mono- and bimetallic catalysts (palladium, ruthenium and nickel) were
synthetized by the incipient wetness technique using gamma alumina and an activated
carbon as supports. The catalysts were characterized by inductively coupled plasma,
hydrogen chemisorption, temperature-programmed reduction and X-ray photoelec-
tronic spectroscopy (XPS). The objective of this work is to study 1-heptyne-selective
hydrogenation using supported catalysts influenced by different factors: (a) pretreat-
ment reduction temperature, (b) reaction temperature, (c) type of support, (d) metal
loading, (e) precursor salt and (f) addition of a second metal to monometallic palladium
catalyst. The Lindlar commercial catalyst, commonly used in these types of reactions,
was used for comparative purposes. XPS technique allowed verifying that the presence
of electron-deficient species on the catalyst surface with high metal loading affects the
conversion and selectivity to the desired product. Nevertheless, the influence of
geometrical effects and/or mixed active sites in the catalysts, as well as metal-metal and
metal-support interactions, cannot be neglected.

Keywords: selective hydrogenation, alkyne, alkene, heterogeneous catalysts, mono-
and bimetallic catalysts
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1. Introduction

Petroleum cuts contain mixtures of unsaturated and aromatic compounds. Among them,
acetylenichydrocarbons are very unstable; so they mustbe transformed to olefins. Alkenes have
industrial and academic relevance on a large scale; industries such as petrochemical, pharma-
ceutical and agrochemical use these compounds as raw materials. Partial hydrogenation
reactions using catalytic materials allow a reduction in operational costs and also enable high
selectivity to alkenes. Specifically, the catalytic selective hydrogenation of alkynes using either
homogeneous or heterogeneous catalysts has been widely studied in the past several years [1].
The hydrogenation of any alkyne conduces naturally to the alkene formation as the former
trends to bind more strongly than the latter on the supported metal catalyst, thus blocking the
possibility of the alkene readsorption or displacing it from the support surface. Many natural
products, such as biologically active compounds [2], are synthesized through this kind of
reactions.

Classical heterogeneous catalysts used to hydrogenate multiple carbon-carbon bonds contain
noble metals such as Pd, Pt, Ru and Rh, which are highly active and selective [3, 4]. Many
authors have found that supported palladium catalysts present the highest catalytic activity
for the partial hydrogenation of alkynes to alkenes [5, 6]. One of the most used catalytic systems
for these kinds of reactions is the Lindlar catalyst (Pd/CaCO; modified with Pb(OAc),),
developed in 1953 [7]. During decades, much research has been carried out modifying this
type of catalyst in order to increase the activity and selectivity to alkenes of low molar weight.
Several materials have been used as supports, and they are usually classified as organic
(macroreticular/macroporous polymers) or inorganic (silica, alumina, zeolites and clays).
Besides, modified palladium [8] or nanoparticles of Pd have also been investigated [9]. Another
kind of material, not clearly included in any of these groups, is carbonaceous species, whose
outstanding properties as a catalyst support are well recognized [10], among them are the
possibility of modifying the specific surface area, the porosity and the surface chemistry;
moreover, carbon supports present the advantage of being inert in liquid reaction media [11].
Many catalysts, mono- or bimetallic as well as complexes of several transition metals, have
also been proposed for these kinds of reactions [2, 12-14]. A major part of research efforts have
been devoted to the partial hydrogenation of short-chain alkynes such as ethyne [15], with few
worksrelated to longer chain alkynes. As Pd has increased its cost, itis a challenge to synthesize
cheaper catalysts. In this context, using nickel catalysts during the selective hydrogenation of
alkyne is less studied and has been recently researched [12].

Based on the above considerations, the objectives of this chapter are to evaluate the effects of
different factors on the activity and selectivity during the selective hydrogenation of 1-heptyne,
a long-chain terminal alkyne. The factors studied are (a) pretreatment reduction temperature,
(b) reaction temperature, (c) type of support, (d) metal loading, (e) precursor salt and (f)
addition of a second metal (such as nickel) to monometallic palladium catalyst. Last but not
least, all the catalytic performances are compared against those obtained with the commercial
Lindlar catalyst.
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2. Experimental details

2.1. Catalysts preparation

All the monometallic catalysts used in this work were prepared by the incipient wetness
technique, and for bimetallic catalyst the successive impregnation technique was used
following a procedure previously indicated [12]. v-ALO; (Ketjen CK 300, cylinders of 1.5 mm
diameter) and a pelletized activated carbon (AC: GF-45 provided by NORIT) were used as
supports.

All of the supports were impregnated with acid aqueous solutions of PdCl, or PA(NO;), (Fluka,
purity of >99.98%), and Ni(NO,),.6H,O (Fluka, purity of >98.5%) was used as the precursor salt
for the bimetallic catalyst.

The monometallic alumina-based catalysts were calcined at 823 K for 3 h. Before its catalytic
evaluation, all the catalysts were reduced for 1 h under a hydrogen stream at 573 K. Only the
High loaded Pd catalyst prepared with chlorine precursor salt was reduced at 373 and 573 K
to study the effect of pretreatment temperature on the catalytic behaviour. Besides, the
bimetallic catalyst was reduced for 1 h at 673 K.

2.2. Catalysts characterization

Physical adsorption of gases (N, at 77 K and CO, at 273 K) and mercury porosimetry were used
to determine the pore volume distribution and the specific surface area for both supports and
the specific surface area [16]. Both adsorptives (N, and CO,) allow estimating the pore volume
distribution for pores with a diameter up to 7.5 nm approximately. From Dubinin-Radushke-
vich equation to the CO, isotherm at 273 K, it is possible to obtain the micropore volume
(Vmiaro), While the supermicropore volume (V) is attained by the subtraction of V., to the
volume calculated by the same equation but applied to the N, adsorption isotherm at 77 K. By
mercury porosimetry using a Carlo Erba 2000 equipment, macropore volume (V,,.,) and part
of the mesopore volume (V,,.,) were determined. The rest of V., was obtained from N,
adsorption isotherm and Hg porosimetry as described previously [17].

Using ICP Perkin Elmer equipment, metal loadings of the catalysts were measured.

Micromeritics AutoChem II 2920 was used to determine the H, chemisorption of Pd at 303 K
using 0.2 g of catalyst. In situ sample reduction was performed using a H,/Ar stream (5% v/v),
ensuring the absence of beta-phase palladium hydride on the catalyst surface. The samples
were degassed in situ for 2 h in an argon flow (AGA purity of 99.99%) and cooled up to 303 K.
Then, the hydrogen uptake was measured by sending calibrated pulses. The metal dispersion
was calculated assuming a H:Pd = 1 stoichiometry [18].

Temperature programmed reduction, TPR, of the samples was performed using a Micromer-
itics AutoChem II 2920. Gamma-alumina-supported catalysts were pretreated for 30 min at
673 K under an O, stream, and cooled with an Ar stream (AGA purity of 99.99%). The
palladium anchored on GF-45 was pretreated with an argon flow at the same operational

17
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conditions used for alumina-based catalysts. The TPR profiles were obtained increasing the
temperature up to 1223 K at 10 K min™ in a 5% (v/v) hydrogen/argon stream.

Electronic states of Pd, Cl or N were measured using a VG Microtech Multilab equipment
following a procedure elsewhere published [19]. The reference-binding energies (BEs) were
Al2p at74.4eV and C 1s peak at 284.5 eV for alumina and carbonaceous catalysts, respectively.

2.3. Catalytic evaluations

The performed reaction test was the selective hydrogenation of 1-heptyne. Figure 1 shows the
scheme of 1-heptyne hydrogenation reaction; the possible products obtained are 1-heptene
(desired product) and n-heptane.

A stainless steel reactor was used during the catalytic evaluations. Catalyst of 0.75 g, a
hydrogen pressure of 150 kPa and temperatures of 298 and 303 K were used. Seventy-five
millilitres of 5% (v/v) 1-heptyne (Fluka, purity of >98%) in toluene (Merck, purity of >99%)
solution was used as feed. The possibility of diffusional limitations during the catalytic tests
was assessed following a procedure previously described [20]. Experiments were carried out
at different stirring velocities in the 180-1400 rpm range. Stirring velocities higher than 500
rpm allowed obtaining identical values of activity and selectivity for all of the catalysts. On
the other hand, the catalyst particle size was varied verifying that the conversion and selectivity
were the same (within experimental error) than those for the non-crushed catalysts. Therefore,
chemical control ensures neither external nor internal diffusional limitations during the
catalytic tests.

cH, Ho
//\/\/ 3 N H20W0H3
HCZ -atalyst
1-heptyne 1-heptene

n-heptane

Figure 1. Scheme for the 1-heptyne hydrogenation.

Gas chromatography (GC) using a flame ionization detector (FID) with a capillary column
(Chrompack CP WAX 52 CB) was used to analyse 1-heptyne, 1-heptene and n-heptane.



Alkyne Selective Hydrogenation with Mono- and Bimetallic-:Anchored Catalysts
http://dx.doi.org/10.5772/64866

3. Results and discussion

3.1. Catalysts characterization

Table 1 presents the Brunauer-Emmett-Teller (BET) surface area and micro-, supermicro-,
meso- and macropore volumes (Sger, Vinicror Vsmr Vineso aNd Vi TEspectively) of the y-AlOsand
AC supports. It can be observed that the activated carbon (AC) includes almost the same
amounts of the four types of pores, with a large proportion of pore volume in the range of
supermicro-, micro-, meso- and macropores, the so-called transport pores while y-ALO; is a
mesoporous solid having a poor contribution of supermicro-, micro- and macropores.

Support SBET (mZ g_l) Vmicro (mL g_l) Vsm (mL g_l) Vmeso (mL g_l) Vmacro (mL g_l)
AlL,O, 180 0.048 0.030 0.487 0.094
AC 1718 0.345 0.498 0.449 0.400

Table 1. BET surface area and pore volume distribution of the supports [16].

Table 2 contains the catalyst notation used according to the precursor salt, metal loading or
reduction temperature used during the catalysts preparation. Besides for all of the studied
catalysts, dispersions (D), XPS results and activity values (turnover frequency (TOF)) calcu-
lated considering a kinetic of zero order are reported in Table 2.

Catalysts Precursor Metal Reduction D XPS TOF
salt loading Temp (K) (%) (s™)
(Wt%)
Pd 3d;, Cl/Pd
BE (eV) or
N/Pd
(at/at)
Pds,/A1_373 PdCl, 4.69 Pd 373 42 337.0 0.6 9.1x10°
Pds5y,/Al PdCl, 4.69 Pd 573 28  336.5 0.2 1.8 x 102
Pds,/AC PdCl, 4.82 Pd 573 32 336.8 0.3 49 =103
Pd g 49,/ Al PdCl, 0.44Pd 573 58  334.9 - 5.1x1072
PdN g 49,/Al PA(NO;), 0.37 Pd 573 32 3349 - 1.1 x10™
Pd-Ni/Al Pd(NO,), 0.37 Pd 673 31 334.264%) - 1.6 x 10
Ni(NO;), 0.89 Ni 335.346%)

Table 2. Catalysts naming convention, precursor salt, metal loading, reduction temperature, dispersion values, XPS BE
of Pd 3ds,, C1/Pd or NPd atomic ratios and TOF values for all of the catalysts.

Asit canbe seen in Table 2, the dispersion values for Pd s,,/Al catalyst decrease as the reduction
temperature increases owing to the agglomeration of Pd particles. Also, at the same reduction
temperature (573 K), palladium supported on AC presents slightly higher dispersion than

19
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when alumina is used as support possibly because of the high surface area of AC [21] or to the
different porosity of the supports. Besides, a decrease in the metal loading, using the same
precursor salt, produces a significant increase in the dispersion value as the palladium active
sites are most exposed on the catalyst surface. On the other hand, at the same reduction
temperature, the change of precursor salt produces a higher dispersion when Pd(l, is used
because of complex oxychlorinated species formation during the calcination process. These
species, Pd*O,Cl,, present a stronger interaction with the support than that showed by PdO,
thus improving the metal dispersion [22].

Additionally, as nickel monometallic catalysts do not consume hydrogen during the chemi-
sorption analysis, the dispersion value of bimetallic Pd-Ni/Al catalyst was calculated taking
into account only the Palladium active sites. It can be noted that the dispersions of PdN g 4o,/Al
and Pd-Ni/Al catalysts are very similar, confirming that nickel in the bimetallic catalyst does
not chemisorb H, during the analysis. Last but not least, the dispersion values in Table 2 are
in total accordance with those reported by other authors [23].

In Table 2, Pd 3d;, BE and the Cl/Pd or N/Pd superficial atomic ratios obtained by XPS
technique are also listed. Low-loaded monometallic catalysts, Pd /Al and PdNg /Al
present the Pd 3d;,, peak with a binding energy equal to 334.9 eV that corresponds to Pd° [24],
whereas high-loaded monometallic catalysts, Pd sy,/Al 575, Pds,,/Al and Pd s, /AC, displayed
peak values of BE at 337.0, 336.5 and 336.8 eV, respectively. These higher binding energy values
indicate that the metal is electron-deficient (Pd®) possibly because of the presence of non-
reduced Pd oxychloride species formed during the calcination process [22] or to non-reduced
Pd species stabilized by neighbouring Cl atoms [23, 25]. The XPS BE results indicate that the
reduction temperature influences the electronic state of palladium in Pd,s,,/Al catalysts: the
one reduced at 373K has a peak at 337.0 eV, whereas that reduced at 573 K presents a peak
shifted to 336.5 eV. Therefore, the low reduction temperature used generates a more electron-
deficient Pd (337.0 eV) with a high Cl superficial content. On the other hand, high-loaded
monometallic catalysts present Pd with a slightly higher electron deficiency (Pd® species) and
a higher concentration of superficial Cl when Pd is anchored on GF-45.

In the case of the Pd-Ni/Al bimetallic catalyst after the deconvolution of the Pd 3ds, BE, two
signals can be seen at 334.2 eV (54% of all of the metal species, atomic basis) and 335.3 eV (46
at/at%) palladium species. These values suggest the presence of two type of Pd species in
simultaneous, represented by Pd® (electron-rich species) and slightly electron-deficient
palladium species (Pd®, with d close to 0), respectively. The former could be attributed to the
formation of metallic bonds or alloy, occurring at low temperatures [26, 27]. Additionally, for
Pd-Ni/Al catalyst, the BE of Ni 2p;, peak appears at 856.4 eV, which is attributed to electron-
deficient species (Ni™, with n close to 2) probably corresponding to different interactions
between nickel and aluminium (from the support) [28], or to the formation of intermediate Pd-
Ni-AlLO; surface species [12].

The XPS spectra of high-loaded monometallic catalysts prepared from chlorine precursors
show a peak at ca. 198.5 eV that corresponds to C1 2p;, The peak was associated to surface
chloride species [24] that were not completely eliminated after reduction. Besides, neither Cl
nor N was detected by XPS on the surface for the low-loaded monometallic catalysts.
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The TPR profiles of palladium mono- and bimetallic catalysts are shown in Figure 2. In this
figure, it can be seen that all the prepared catalysts present a main reduction peak at low
temperatures, between 259 and 358 K, that can be attributed to the reduction of palladium
oxidized species (PdO,) to Pd° [29]. Besides, the low-loaded catalysts present the reduction
peak shifted to lower temperatures, indicating that Pd species are more easily reduced than
those present on high-loaded catalysts. These shifts to higher temperatures are due to different
types of the metal-support interactions.

For the low-loaded catalysts, Pd g 4/Al, PANq4,/Al and Pd-Ni/Al, the profiles in Figure 2
show an inverted peak between 335 and 339 K, which could be assigned to the decomposition
of the 3-PdH phase that is formed during the reduction of the PdO, particles at low tempera-
tures [22, 29, 30].

The TPR profiles for the high-loaded catalysts prepared from PdCl, salt (Pds/Al and
Pdsy,/AC) show a second broad peak between 400 and 600 K, which is attributed to the
reduction of Pd*O,Cl, species [19, 22].

Pd%)/AC

_A Pd%)/Al
’_/\V X2 PdN(©0,4%)/Al
X2 Pd0.4%)/Al

200 300 400 500 600 700 800 900 1000
Temperature (K)

Hydrogen uptake (a.u.)

Figure 2. TPR profiles for Pdsy,/Al, Pdsy,/AC, Pd g 4,)/Al, PAN g 4,/Al and Pd-Ni/Al

The TPR profile of the bimetallic catalyst Pd-Ni/Al is also presented in Figure 2. Up to 500 K,
the reduction profile is very similar to the monometallic PANy 4,/Al catalyst, having its main
reduction peak at 286 K corresponding to PdO, reduction. The decomposition of the 3-PdH
phase is also present at lower temperature, 307 K; the shift of this signal suggests that the
decomposition of the 3-PdH phase is more easily accomplished in the bimetallic catalyst.
Furthermore, as shown in Figure 2, the bimetallic catalyst has a second peak at 621 K, which
is attributed to the reduction of NiO species to Ni°® [31-33]. It is well known that nickel
monometallic catalysts prepared from nitrate salts are reduced at temperatures between 600

21
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and 1000 K when the contact between NiO and alumina is intimate [33-35]. The patterns of
reduction depend on the nature of the metal-support interactions, which can be modified by
the calcination temperature employed during the preparation of the monometallic nickel
catalysts [34]. Besides, a broad peak is also present in this profile with a maximum at 1000 K,
which is attributed to the reduction of nickel aluminates, NiAl,O,, showing a strong metal-
support interaction [35, 36]. According to the calculated degree of reduction, determined by
TPR, the bimetallic catalyst has a low percentage of reduced Ni (7%) and Pd (74%). This
suggests the presence of strong Pd-Ni intermetallic interaction in the catalyst; however, the
interaction of Pd and Ni with the support cannot be neglected.

When palladium-supported catalysts are used during the alkyne hydrogenations, the 3-phase
hydride acts as a hydrogen source that promote over hydrogenation to obtain mainly the
alkane, decreasing the selectivity to the alkene. The disappearance of the 3-PdH phase is very
important because it could impact directly on the activity and selectivity [37]. These authors
state that the disappearance of the 3-PdH phase considerably decreases alkynes hydrogenation
rate to alkanes, thus increasing the selectivity to alkenes formation. For the prepared mono-
and bimetallic catalysts, the palladium -phase Pd hydride is not present as it is proved by the
TPR profiles at the pretreatment reduction temperature adopted.

According to XPS and TPR characterizations, it can be concluded that after pretreatment Pd°
is present in the low-loaded monometallic catalysts, while Pd*>*O,Cl, species are formed in the
high-loaded Pd catalysts. On the other hand, on the bimetallic catalyst, two kinds of palladium
species (Pd®, with d close to 0, and Pd®>’) and Ni™* (with 7 close to 2) are present on the surface.

3.2. Catalytic evaluations

3.2.1. Effect of the reduction temperature

Figure 3 presents 1-heptyne total conversion and selectivity to 1-heptene as a function of time
for Pds,,/Al catalyst pretreated for 1 h in a hydrogen flow at 373 and 573 K, the reaction
temperature was 303 K. In the figure, it can be seen that the total conversion increases as the
reduction temperature is increased, while the selectivity is slightly lower at the higher
reduction temperature (290%). From the TOF values displayed in Table 2, it may be concluded
that the catalyst reduced at higher temperature is nearly twice more active than when it is
reduced at 373 K. The activity results can be explained taking into account the electronic state
of Pd in each catalyst: the more electron-deficient palladium species the less active is the
catalyst for the hydrogenation of 1-heptyne. It is probably that the Pd® species inhibit the
interaction between the metal and 1-heptene due to an electronic effect, decreasing its electron-
donor character. Therefore, it can say that the presence of electron-deficient Pd*O,Cl, species
improves the selectivity to the desired product. Given that the chlorine is not completely
removed from the Pd s, /Al catalyst after the heat treatments, it seems likely that the role of
the remaining chlorine on the catalyst surface could be to stabilize the positively charged
palladium structures, resulting in less active but more selective catalysts (electronic and steric
factors). Therefore, our results suggest a correlation between the reduction temperature,
electron deficiency of palladium species and chloride content, with total conversion and



Alkyne Selective Hydrogenation with Mono- and Bimetallic-:Anchored Catalysts
http://dx.doi.org/10.5772/64866

selectivity. In total accordance with our results, an increase in selectivity was found by some
authors [38] when smaller and more electron-deficient Pd clusters were used. Other authors
[39] found that 1-heptene is more weakly adsorbed than 1-heptyne on electron-deficient Pd
species and, once formed, the 1-heptene molecules are more easily desorbed than 1-heptyne.
This effect was previously found for other partial hydrogenation reactions using monometallic
Ru-supported catalysts [40].
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Figure 3. Effect of reduction temperature: Total conversion of 1-heptyne (™, 0) and selectivity to 1-heptene (AA)asa
function of time for Pd /Al catalyst: reduced at 573 K (filled symbols) and reduced at 373 K (opened symbols). Reac-
tion temperature: 303 K.

According to the obtained results, 573 K was selected as the reduction temperature of the
monometallic catalysts because higher values of total conversions were obtained.

3.2.2. Effect of reaction temperature

Another important factor to evaluate is the reaction temperature. Alkyne hydrogenation
reactions must be carefully controlled, especially at large scale when large amount of catalyst
are used as in these kinds of exothermic reactions. It is well known that above 313 K, a complete
hydrogenation of the alkyne compounds occurs [5]. In order to evaluate this effect, the reaction
tests were performed at 280 and 303 K using the Pd /Al catalyst reduced for 1 h at 573 K
(optimal reduction temperature). In Figure 4, the total conversion and selectivity to 1-heptene
as a function of time at the mentioned temperatures are presented.
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Figure 4. Effect of reaction temperature: Total conversion of 1-heptyne (™, 0) and selectivity to 1-heptene (AA) a5 2
function of time for Pd /Al catalyst: 303 K (filled symbols) and 280 K (opened symbols). Reduction temperature: 573
K.

The obtained results shown in Figure 4 indicate a marked difference in the total conversion of
1-heptyne when the reaction temperature is increased. The total conversion is markedly higher
when the reaction is carried out at 303 K, while similar selectivity to 1-heptene values is
obtained at both temperatures. Other authors have found similar results while studying the
partial hydrogenation of several alkynes [41, 42].

As hydrogenation reactions are extremely exothermic, an increase in the reaction temperature
does not favour the reaction thermodynamically, but it improves the kinetic of the reaction.
Experimental results show that the optimum reaction temperature is 303 K because higher
total conversions of 1-heptyne are obtained with high selectivity to 1-heptene (=90%).

3.2.3. Effect of support

It is important to compare different materials employed as supports of the active phases, so
two kinds of supports were selected: alumina (inorganic) and activated carbon (a carbonaceous
material, called AC). The evaluated catalysts were Pd s, /Al and Pds,,/AC, reduced for 1 h at
573 K and run at 303 K. The total conversion and selectivity to 1-heptene versus time are
shown in Figure 5.

Analysing the data presented in Figure 5 and the TOF values shown in Table 2, it can be noted
that better performance is achieved when Al,O; is used as support. Initially, the obtained
selectivity values with both supports are higher than 90%, but for total conversion higher than
60% the selectivity to 1-heptene slightly decays.
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Figure 5. Effect of support: Total conversion of 1-heptyne (™, 0) and selectivity to 1-heptene (A,A) a5 a function of
time for Pd sy,/Al (filled symbols) and Pd,sy,/AC (opened symbols). Reduction and reaction temperatures: 573 and 303
K, respectively.

As both catalysts present quite similar dispersion values as well as Pd** electron-deficient
species and Cl/Pd atomic ratios, the observed differences in activity must be assigned to the
characteristic of the support. The influence of the support on the physicochemical properties
and, therefore, on the catalytic behaviour of metals is well established in the literature [43].

During the preparation step of the catalysts, the specific support properties of the carbons (such
as chemical nature, texture, pore structure, surface state, etc.) can modify the morphology and/
or localization of the metal particles, electronic structure of the surface metal atoms, adsorp-
tion-desorption equilibrium of reactants, and so on. This can generate differences in the
conversion and selectivity values. Thus, as our results suggest, the activity and selectivity of
palladium-supported catalysts is a complex property of the whole catalyst and cannot be
related to a single parameter. Considering the above, the slightly higher selectivity to 1-heptene
at the highest conversion values found for Pd,s,/AC catalyst could be associated to shape
selectivity induced by the porous support. In this way, this might be due to the 1-heptene
molecule has a planar end, unlike the more voluminous end of the fully saturated n-heptane.
The increase of the selectivity to the desired product may be associated with the localization
of the Pd species in narrow pores (micro- and supermicropores) in the carbon support. If this
is the case, it could also be suggested that the lower total conversion of Pd,s,,/AC catalyst is
due to the narrower porosity of the activated carbon, as it is probable that fewer 1-heptyne
molecules could reach the active sites located in the supermicropores. If a significant fraction
of the active species are located in pores of a particular size (larger supermicropores, practically
absent in Pds,,/Al catalyst, and mesopores), the concentration of 1-heptene in the neighbour-
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hood of the Pd species could be enhanced, thus favouring the consecutive hydrogenation of
1-heptene to heptane. Although the surface chemistry of GF-45 support is quite unlike that of
alumina, the similar dispersions and electronic states of palladium on Pds,,/Al and Pds,,/AC
reinforce the idea that their different catalytic behaviours are related to the differences in the
support porosities.

3.2.4. Effect of the metal loading

The price of a metal, its toxicity, easy handling and safety are a set of properties to take into
account during the preparation of the catalysts. Industrially profitable processes with highly
active, selective and cheaper catalysts are continually researched. As the cost of the catalyst is
important, a reduction of the metal loading on the final catalyst was considered and its effect
on activity and selectivity during the hydrogenation reaction was assessed.

In Figure 6, the total conversion and selectivity to 1-heptene for the palladium catalysts
supported on alumina with a metal loading of 5 and 0.4 wt% of Pd are presented. The used
precursor salt was PdCl,, the catalysts were reduced at 573 K and the catalytic tests were carried
out at 303 K.
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Figure 6. Effect of metal loading: Total 1-heptyne conversion (™, 0) and selectivity to 1-heptene (A,A) as a function of
time for Pd,sy,/Al (filled symbols) and Pd,y,,/Al (opened symbols). Reduction and reaction temperatures: 573 and 303
K, respectively.

In the figure, it can be seen that decreasing the metal concentration of the catalyst, at identical
operational conditions, decreases the total conversion (70-22% at 180 min). On the other hand,
considering TOF values of both catalyst shown in Table 2, it can be concluded that the low-
loaded Pd,g /Al catalyst is 2.8 times more active than the Pd,/Al. The selectivities to the
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desired product (1-heptene) were 95% average without large changes when the metal loading
is decreased. This fact is very important from an economic and industrial point of view.

It is well known that during hydrogenation reactions, metallic centres rich in electrons can
cleave the bond in H, by means of the interaction of a filled d metal orbital with the empty
sigma antibonding molecular orbital of H, [44]. The rupture of the hydrogen bond is more
easily done on metals with a high amount of available electrons in the external d orbital, as it
is the case of Pd g 4,/Al (with Pd®). This rupture should be less likely on metals with fewer d
electrons, as in the case of Pds,,/Al (with Pd® species). Therefore, the differences in activity
between the reported catalysts could be partly attributed to differences in the electronic density
of the external d orbital of each metal (electronic factor). So, the high activity of Pd, 4,,/Al could
be attributed to different factors: (a) palladium totally reduced Pd°, which favours the
dissociative adsorption of hydrogen (electronic factor), (b) high dispersion of the low-loaded
catalystindicating that a high amount of small active sites are present on the surface (geometric
factor) and (c) the absence of chlorine, a bulky and electronegativity element, which prevent
the adsorption of the alkyne (steric factor).

3.2.5. Effect of precursor salt

The effect of precursor salt (palladium chloride and nitrate) on the total conversion and
selectivity to 1-heptene during the 1-heptyne partial hydrogenation was studied using
Pd g 49,)/Al and PdN|g 4,/ Al catalysts reduced in a hydrogen flow at 573 K and tested at 303 K.
The results of total conversion and selectivity to 1-heptene are shown in Figure 7.
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Figure 7. Effect of precursor salt. Total conversion of 1-heptyne (m, l:'))and selectivity to 1-heptene (A,A) as a function
of time for PdN|g 4,,/Al (filled symbols) and Pd,,/Al (opened symbols). Reduction and reaction temperatures: 573 and
303 K, respectively.
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In Figure 7, it can be observed that both catalysts present very similar behaviour on 1-heptyne
total conversions and on selectivity to 1-heptene. As shown in Section 3.1, the characterization
techniques indicated the presence of reduced palladium after the pretreatment with hydrogen
flow at 573 K, and also there is neither chlorine nor nitrogen species on the surface of both
catalysts (absence of electronic and steric factor). As different dispersions were obtained with
chemisorption analysis, differences in TOF (shown in Table 2) indicate that PAN  4,,/Al is twice
active than Pd,/Al. So, geometric factors are responsible of the higher activity of
PdAN g 49,/ AL

3.2.6. Effect of the addition of a second metal: bimetallic catalyst

As the low-loaded palladium catalyst prepared with the nitrate precursor salt was more active
than that prepared with chloride salt, the addition of Ni to the monometallic PdN g 4,/Al
catalyst was evaluated in order to improve 1-heptyne total conversion. In Figure 8, 1-heptyne
total conversion and selectivity to 1-heptene as a function of time obtained during the hydro-
genation test for the monometallic Pd g 4,/Al and bimetallic Pd-Ni/Al catalysts are plotted. The
bimetallic catalyst was reduced for 1 h at 673 K, and the temperature of the catalytic evaluations
was 303 K.
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Figure 8. Effect of the addition of Ni: Total conversion of 1-heptyne (®, D) and selectivity to 1-heptene (A,A) as a func-
tion of time for PdN /Al (filled symbols) and Pd-Ni/Al (opened symbols). Reduction and reaction temperatures: 573
and 303 K, respectively.

According to Figure 8, the bimetallic and monometallic catalysts present similar and very high
selectivities to the desired product (97% c.a.). Therefore, it can be said that the addition of Ni
as a second metal to the alumina-supported palladium catalysts has no influence on the
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selectivity to 1-heptene. Therefore, the disappearance of the beta-phase palladium hydride
could be the cause, at least in part, of the high selectivities found for mono- and bimetallic
palladium catalysts. Besides, the nickel addition to the palladium monometallic catalyst
improves 1-heptyne total conversion. TOF values indicate that Pd-Ni/Al is 1.5 times more
active than Pd g 4,/ Al. There isnot a simple interpretation to explain the influence of the second
metal on the Pd performance. Alkyne partial hydrogenation reactions are more or less sensitive
to geometrical and electronic effects, the latter being the most important ones.

As observed by XPS, the nickel addition to the palladium catalyst promotes electron deficiency
of Ni (Ni™*) and Pd (Pd®), and generates electron-rich palladium species (Pd®). Since the
bimetallic catalyst has a high amount of available electrons in the 4d Pd orbital than mono-
metallic PAN g 4,,/Al, the hydrogen cleavage would be favoured on this catalyst. This would
explain the higher activity of the bimetallic Pd-Ni catalyst. The modification of the electronic
state of Pd could be responsible for the better catalytic behaviour, moreover considering the
high electronic density of the triple bond. However, the influence of geometrical effects
and/or mixed sites on the activity of the bimetallic catalyst cannot be discarded.

3.2.7. Commercial Lindlar catalyst

The Lindlar catalystis very often used as a reference for the selective hydrogenation of alkynes,
so in this work the performance of the commercial catalyst at 303 K was obtained. Figure 9
presents the total conversion of 1-heptyne and selectivity to 1-heptene versus reaction time for
this catalyst.
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Figure 9. Commercial Lindlar catalyst: Total conversion to 1-heptyne (K1) and selectivity to 1-heptene (A) as a function
of time for Lindlar catalyst. Reaction temperature: 303 K.
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In Figure 9, it can be observed that the Lindlar catalyst allows obtaining high values of 1-
heptyne total conversion with high selectivity to 1-heptene, between 82% and 86%. Comparing
the results obtained with the prepared high-loaded catalysts (5 wt% of Pd, similar to that of
Lindlar), a slightly better yield to 1-heptene is obtained with the Pds,/Al catalyst than that
obtained with Lindlar catalyst. Besides, it must be remarked that the prepared catalyst has the
advantage of being a pelletized material. On the other hand, the lowest yield to 1-heptene is
obtained with Pds,,/AC. Differences in total conversion can be associated to electronic effects,
as the surface palladium species on the Lindlar catalyst are more electron-deficient than those
present on Pd /Al or Pd 5, /AC.

3.3. Final considerations

In Figure 10, the initial 1-heptyne hydrogenation rates (calculated per gram of palladium) and
the selectivities to the desired product (1-heptene) at 180 min for all of the synthesized catalysts
against Lindlar catalyst results are compared.
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Figure 10. Comparison of initial 1-heptyne hydrogenation rates (a) and selectivities to 1-heptene at 180 min (b) for the
catalytic systems evaluated in the present chapter.

According to the results obtained and shown in Figure 10, the tested catalysts showed the
following order of activity:

Pd-Ni/Al > PdNg /Al > Pd /Al >> Lindlar > Pdsy/Al > Pdsy/Al 55 >
Pd5,,/AC

With the following order of selectivities:
Pd(5%)/A1_373 = Pd'Ni/Al = Pd(04%)/A1 = PdN(04%)/A1 = Pd(5%)/AC > Pd(S%)/Al >> Lil’ldlar

From Figure 10, it can be concluded that the prepared pelletized catalysts are more active and
selective than the Lindlar catalyst.

Finally, pelletized catalysts have additional advantages against the Lindlar catalyst: the easy
and cheap way of recovering the catalytic systems from the remaining solution at the end of
the industrial process.
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4. Conclusions

A series of palladium mono- and bimetallic catalysts were synthetized, characterized and
tested during the partial hydrogenation of a terminal alkyne. All the prepared catalysts are
active and highly selective for the partial hydrogenation of 1-heptyne under mild reaction
conditions. Various factors were studied, and the behaviour of the catalysts on activity and
selectivity during the hydrogenation of 1-heptyne was evaluated. The studied factors and the
principal conclusions obtained are condensed below:

1.

Variation of reaction and reduction temperatures: Pd sy, /Al catalyst was reduced at two
temperatures (373 and 573 K) before its catalytic evaluation and was tested at 280 and 303
K. The optimum reaction temperature to obtain high activity with high yield of 1-heptene
(desired product) is 303 K. On the other hand, high activity values are accessed when the
reduction temperature is 573 K.

Different support: Alumina and activated carbon were used as supports of the palladium
catalysts. The results show that higher activities are obtained when alumina is used as
support. The differences in the support porosities could be the cause of the differences
between Pd,s,,/Al and Pd s, /AC catalytic behaviour. Nevertheless, more experimental
work is necessary to reach a better understanding about the effect of the support on the
catalytic behaviour of the catalysts studied.

Metal loading: The decrease of the metal loading leads to cheaper catalysts, particles more
dispersed on the catalyst surface, metal species easier to reduce, with better activities,
maintaining high selectivity values.

Precursor salt: In this particular case of 1-heptyne partial hydrogenation, between nitrate
and chlorine precursors, a better activity is obtained with PdN|j 4,,/Al It can be remarked
that this catalyst is the most active system. However, it should be noted that the chlorine
species are necessary in order to increase the selectivity (steric and electronic factors due
to chloride species).

Bimetallic catalyst: The addition of a second metal, as nickel to palladium monometallic
catalyst, modifies the electronic state of palladium leaving it with electron-deficient and
electron-rich species, even though the influence of geometrical effects and/or mixed sites
cannot be neglected. Nickel proved to be a good promoter for the palladium monometallic
catalyst as it caused an increment in the activity without modifying the high selectivity to
1-heptene characteristic of Pd monometallic catalysts. Besides, this bimetallic catalyst
presents the advantages of low Pd loading and low cost of the nickel salt, which leads to
a cheaper and highly active and selective catalyst.

Comparison with commercial Lindlar catalyst: All catalysts synthesized during the present
study show better selectivity values to the desired product (1-heptene) than Lindlar
catalyst. This makes them valuable catalytic materials for the alkyne hydrogenation
reactions and as an alternative option to the expensive commercial catalyst. In addition,
Lindlar presents the disadvantage of being a non-pelletized material and must be operated
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under slurry conditions; therefore, the reagent solution must be purified after the reaction
through an uneconomic method to recover the catalyst.

Finally, considering XPS results, this chapter allows concluding that the presence of electron-
deficient species on the catalyst surface of the catalysts with high metal loading is an important
factor and influences on the activity and selectivity to the desired product. Nevertheless, the
influence of geometrical effects and/or mixed sites in the catalysts as well as metal-metal and
metal-support interactions cannot be neglected.
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