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Abstract 

The focus of this thesis is the development of catalytic systems (i.e. supported Pd- and Ni-

based catalysts and bulk Mo2N) for partial -C≡C- bond hydrogenation in the transformation 

of functionalised alkynes directed at sustainable chemical processing. The continuous gas 

phase hydrogenation of 2-methyl-3-butyn-2-ol (to 2-methyl-3-buten-2-ol), 3-butyn-2-ol (to 

3-buten-2-ol, 3BE), 3-butyn-1-ol (to 3-buten-1-ol, 3BEOL), acetylene (to ethylene) and 

phenylacetylene (to styrene) has been performed at atmospheric pressure at 373-453 K. A 

range of characterisation techniques (AAS, H2-TPR, H2-TPD, H2 chemisorption, SSA, XPS, 

SEM, TEM, STEM, EDX) have been used to unravel the bulk and surface catalytic properties. 

Thermodynamic and mechanistic kinetic analyses have been employed to evaluate catalytic 

performance. In the hydrogenation of 3-butyn-1-ol , 3-butyn-2-ol and 2-methyl-3-butyn-2-ol 

over Pd/Al2O3 the reaction follows an electrophilic mechanism where the triple bond electron 

density is affected by the number of electron donating methyl groups and the position of the 

hydroxyl functionality, i.e. increase activity increasing the number of -CH3 groups. Thermal 

treatment of Pd/ZnO results in the formation of a -phase PdZn alloy that promotes partial -

C≡C- → -C=C- bond hydrogenation but at low conversions, attributed to metal particle 

encapsulation by the ZnO support. The synthesis of Al2O3 supported colloidal Pd-Zn catalysts 

serves to control alloy composition and avoid metal encapsulation while attaining high 

selectivity to target alkenol. We probe a direct correlation between alkynol hydrogenation 

rate and surface hydrogen where the nature of the carrier (carbon, Al2O3, MgO, CeO2) affects 

the electronic properties of the palladium phase but does not alter significantly catalytic 

performance. Undesired isomerisation (to 2-butanone) is promoted in the hydrogenation of 

3-butyn-2-ol over Pd but not over Ni, although the latter delivers low activity due to limited 

hydrogen uptake capacity. A Pd-Ni/Al2O3 catalyst (Pd: Ni = 1:1) delivers increase activity 

and 3-buten-2-ol (selectivity, which we attribute to formation of PdNi nanoparticles. We have 

also considered the catalytic response over bulk NiZn alloys and Mo nitride catalysts. 

Variations in Zn content results in the generation of several NiZn alloys with different 

crystallographic phase (i.e. α-NiZn, β-NiZn and δ-NiZn) with -NiZn delivering the highest 

alkenol production in the hydrogenation of 3-butyn-2-ol. We also demonstrate that catalytic 

activity can be enhanced by spillover hydrogen for reaction over α-NiZn/ZnO. -Mo2N 

promotes the partial hydrogenation of acetylene, phenylacetylene and 2-methyl-3-butyn-2-ol 

where incorporation of palladium in trace amounts serves to elevate surface hydrogen 

concentration and catalytic activity. 
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Chapter 1:                                                                                             

Introduction and Scope of the Thesis 

This chapter shows a short overview of the sustainable chemical processing, with a 

focus on selective hydrogenation of alkynols over different transition metals (e.g. Pd and 

Ni). The objectives of this PhD research are defined, and the approach taken is described. 

1.1 Sustainable Chemical Processing and Selective Hydrogenation. 

The chemical industry has a direct impact on the environment [1] due to production 

of toxic waste and high energy demand [2]. As a result, over the last decade more 

restrictive environmental legislation has resulted in a pressing demand for the 

development of more sustainable processes [3]. “Green chemistry” aims to minimise 

waste and can be effectively quantified by the "E factor" (kg waste produced kg product-

1) [2]. The selective hydrogenation of alkynols plays a key role in the synthesis of 

vitamins (e.g. A, E, K [4,5]), nutraceuticals and carotenoids (e.g. resveratrol and β-

carotene [6]), bioactive ingredients of the fine chemical sector [5]. The fine chemical 

industry has a high associated E factor (5-50 kg waste kg product-1 vs. 0.1-5 kg waste kg 

product-1 for the oil and bulk chemicals industry)  [7]. Consequently, process optimisation 

is key in this sector. 

The demand for bioactive chemicals has increased significantly in recent years [8] 

with research on selective alkynol hydrogenation focused on: i) alternative reactor 

configurations that improve energy efficiency, reducing operational costs [9,10] and ii) 

catalyst design to maximise alkenol selectivity [11]. A transition from batch to continuous 

operation has gained increasing attention since it is favoured by large scale production 

with easy scale-up, higher throughput and without dead times [12]. A short review on the 

lines of investigation in catalyst optimisation directed at increasing -C=C- bond 

selectivity in alkynol hydrogenation is provided in the following section. 
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1.2 Transition Metal Catalysts Used in Selective Hydrogenation  

Selective -C≡C- → -C=C- bond hydrogenation has been extensively studied since 

the 50s-60s, at which point there was a fast development of polyethylene and 

stereoselective hydrogenated chemicals in the pharma industry [13,14]. Among all the 

transition metals considered, Pd is the transition metal that delivers the highest olefin 

yield and selectivity [15]. The great catalytic performance of Pd in selective -C≡C- 

hydrogenation, is ascribed to its unique electronic properties as it is the only transition 

metal with a 4d105s0 electronic valence (in which 0.36 e- in the d orbital are transferred to 

the 5s.) [16]. The Pd d-valence band feature enhances H2 chemisorption compared to other 

group VIII transition metals [17] and minimizes the C≡C- and -C=C- adsorption strength 

due to an  e- donation decrease between the π-bond of the unsaturations and the metal 

catalysts. A reduction in the electronic transfer between the substrates and the catalyst in 

selective hydrogenation avoids: i) the formation of very stable and unreactive 

chemisorbed C≡C species and/or ii) the presence of highly coordinated chemisorbed -

C=C- intermediates that do not desorb from the catalyst surface until they are fully 

hydrogenated [18]. Figure 1.1 depicts a typical reaction scheme on -C≡C- hydrogenation. 

In order to be selective to -C=C- manufacture, several strategies can be followed where 

one of the following factors must control the catalytic hydrogenation: 

 

Figure 1.1: Proposed reaction steps on selective hydrogenation using a model alkyne [19]. 

a) Kinetic factor: When the rate of formation of the intermediate (k2 in Figure 1.1) on 

the catalyst is considerably higher than its rate of consumption (k4 in Figure 1.1). 

 

b) Thermodynamic factor: When the adsorption equilibrium (k1/k-1) of the reactant on 

the catalyst is considerably higher than for the intermediate (k3/k-3), forcing the 

intermediate surface desorption and preventing its readsorption.  
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The high selectivities achieved on -C≡C- hydrogenation using Pd based catalysts are 

conventionally linked to the thermodynamic factor, considering the higher adsorption 

strength of -C≡C- (-1.6 eV) compared to -C=C- (1.0 eV) [20]. Nonetheless, still the C=C-

bond selectivities achieved by using monometallic Pd catalysts are far from satisfactory 

to the industrial requirements [21]. The impossibility to be fully -C=C- selective, is linked 

to the complex number of surface intermediates identified by using surface science 

techniques (e.g. FT-IR, EELS, etc.) over Pd surface [22] (see Figure 1.2), each of them 

having a different role in the products formed in the reaction. 

 

Figure 1.2: Suggested surface intermediates formed in acetylene hydrogenation. Reprinted 

from Ref. [22]. Copyright 2001, with permission from Elsevier. 

The -C≡C- functional group can chemisorb to Pd either associatively, via π or di-σ 

chemisorbed bonds, (Figure 1.2, 1 and 2) or dissociatively (Figure 1.2, 6 and 7). On 

associatively chemisorbed fashion mode, the semi-hydrogenation of π /di-σ chemisorbed 

-C≡C- leads to the chemisorbed vinyl specie (Figure 1.2, 3) which with a further semi-

hydrogenation step leads to -C=C- formation. During hydrogenation, also multi-bonded 

carbon species with the catalysts such as ethylidyne (Figure 1.2, 4) and ethylidene 

(Figure 1.2, 5) are formed, which are responsible for the single bond formation during 

over-hydrogenation [23]. Additionally, on longer aliphatic -C≡C- chains (e.g. propyne, 

butyne), other side reactions such as double bond migration occurs, linked to the π-allyl 

intermediate formation [24]. The multi-bonded chemisorbed species formed between the 

(-C≡C- and -C=C-) unsaturations and the catalysts is linked to two main factors: 

a) Electronical factor: Electron deficient Pd active sites promotes C-H cleavage 

leading to the formation of multi-bonded chemisorbed -C≡C- [25] (e.g. 

ethylidyne) that favours over-hydrogenation and double bond migration side 

reaction steps [26,27]. 

 

b) Geometrical factor: The chemisorbed multi-bonded species requires the 

coordination of the -C≡C- with several Pd atoms and their accommodation is 

easier on big ensembles sizes [28].  
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With respect to the dissociatively -C≡C- chemisorbed species (Figure 1.2, 6 and 7 

species) are linked to green oil formation [29]. Due to the variety of surface intermediates 

found on Pd surface, several reaction schemes have been proposed during the last decades 

[30–32]. As an illustrate example, Figure 1.3 shows the reaction mechanism proposed by 

Molnar et. al [22] , using acetylene as a probe molecule. 

.  

Figure 1.3: Proposed reaction scheme in acetylene hydrogenation. Reprinted from Ref. 

[22]. Copyright 2001, with permission from Elsevier. 

Several strategies have been considered to improve the selectivity to the target 

alkene, primarily  

a) Use of additives: The usage of additives in trace amounts act as a transient 

selective poison competing with olefin for adsorption sites. In gas phase 

operation, CO has been used as a promoter for partial acetylene hydrogenation 

[22]. The Pd adsorption strength with hydrocarbons can be classified in the 

following order [21]: 

CO > Alkyne > > alkadiene > >olefins. 

In an industrial operation, in conditions in which acetylene concentrations are 

low (1-5 ppm) there would be an insufficient number of -C≡C- molecules that 

inhibits the adsorption of -C=C- [21]. For those cases, the CO molecules used as 

promoter tend to occupy those active sites. On the other hand, nitrogen-based 

molecules (e.g. piperidine, quinoline) have been employed in the liquid phase 

hydrogenation of (1-butyne and  3-methyl-1-pentyn-3-ol) [33,34]. Furthermore, 

the interaction of N with Pd leads to changes in palladium electron density that 

impact on catalytic activity and selectivity [22]. 
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b) Use of a second metal: The addition of a second metal aims to modify, at 

the same time, both the electronic and geometric structure of monometallic Pd, 

leading to an increase in -C=C- bond selectivity [35]. With regards to Pd 

electronical configuration, the addition of a second metal can impact in a decrease 

of the reactants and intermediate adsorption strengths that favours the (-C≡C-/-

C=C-) surface displacement ratio. The changes in the adsorption energy is 

visualized in Figure 1.4, where the different adsorption strength of the reactant 

and intermediate has been calculated via DFT calculations. 

 

Figure 1.4: Calculated adsorption energies of di-σ bonded acetylene and ethylene on the 

surfaces of various Pd-based surfaces: Pd (111). Reprinted from Ref [36]. Copyright 2006, with 

permission from American Chemical Society. 

With respect to the geometrical modifications induced on Pd catalysts, the 

addition of a second metal can dilute the Pd surface, reducing the Pd surface 

ensembles sizes. The effect of a second metal in the Pd surface ensembles effects 

can be clearly visualised in Figure 1.5, in which the isolation of Pd atoms in the 

surface force the -C≡C- to be chemisorbed exclusively via π-bond, preventing its 

surface complexation.  

 

Figure 1.5: Representation of a di- σ bonded chemisorbed acetylene (left) and a weaker -

bonded π acetylene molecule to an isolated Pd atom (right) [37] . 
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Additionally, the incorporation of a second metal into Pd structure can have an effect 

in blocking unselective active sites: Anderson et al [38] has shown that deposition of Bi 

and Pb metals over Pd metal occurs preferentially over surface defects (kinks, edges) and 

terraces that are linkers for -C=C- double bond migration and cis-trans isomerization steps 

respectively (see Figure 1.6) [38].  

 

Figure 1.6: Representation of Pd surface in which Bi atoms preferentially deposits on low-

coordinated step/edges sites. Reprinted from Ref. [38]. Copyright 2009, with permission from 

Elsevier. 

Numerous second metals have been screened, from alkali/alkaline metals (Na, K, 

Mg, Ca, etc.) [39], to early and late transition metals (Nb, Ti, Cu, Ag, Au) [40,41], sp 

metals (Pb, Ga, Ge, etc.) [42–44] and lanthanides (e.g. Ce) [40,45]. Among them, the 

most commonly used on industrial scale are Lead, using Pd-Pb/CaCO3 (Lindlar) catalyst 

for liquid phase fine chemicals manufacture, and  Silver, using Pd-Ag/Al2O3 catalysts in 

gas phase steam reforming hydrogenation [46]. 

However, these approaches have had limited success and high selectivity to the target 

alkene remains a critical challenge. Additional modifiers (e.g. Zn and Bi) [11], and new 

catalyst synthetic routes (e.g. colloidal methodologies) are current strategies under 

consideration [47]. In addition, the combined high cost and low abundance of Pd has 

resulted in a search for alternative metals to promote selective alkyne hydrogenation [48].  

c) Use of Reducible Support (SMSI): The reduction of the support impacts on the 

catalyst morphology (e.g. decrease of metal surface defects and ensemble sizes) 

via strong metal-support interaction (SMSI), which impacts in a -C=C- selectivity 

improvement [49,50]. Figure 1.7 shows a schematic diagram that illustrates the 

SMSI effect on -C≡C- hydrogenation, in which a partial support reduction takes 

place by thermally treating the Pd supported catalyst under a H2 flow. During the 

process, Pd active sites are covered partially or totally with a reduced oxide layer 

that results in a catalyst encapsulation [51]. Among all the supports chosen to 

induce SMSI effect, the most common in catalysis are those with a high capacity 
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of being reduced (e.g. CeO2, TiO2 and Fe3O4) [52]. In hydrogenation of 

unsaturated hydrocarbons, the selectivity enhancement with the use of  this 

methodology has been recently review by several authors [52,53] 

 

Figure 1.7: SMSI scheme applied to the selective hydrogenation of MBY. 

More abundant and less expensive metals such as Fe or Cu have been considered 

[54], among which Ni shows promise. Hydrotalcite supported bimetallic Ni-Co and Ni-

Cu catalysts delivered high olefin selectivity in the hydrogenation of acetylene at T=448 

K and atmospheric pressure [55]. Theoretical work (DFT calculations) has suggested Zn 

as promising second metal [54], with NiZn exhibiting a similar -C=C-/-C≡C- adsorption 

strength as PdAg [56]. Further experimental work has confirmed an equivalent product 

distribution over γ-Ni5Zn25 and PdAg alloys on acetylene hydrogenation [57]. Another 

research area that has emerged over the last few years is the use of alternative bulk 

materials, such as metal nitrides [58]. In particular, γ-Mo2N shows promise for acetylene 

hydrogenation with selectivities comparable to those recorded over standard industrial 

catalysts (S Ethylene ≥ 90%) [59,60], although the use of the these materials for selective 

hydrogenation is scarce. It is also worth mentioning the use of alternative metals such as 

Au and Ag which delivered high alkene selectivities but poor activity compared to Pd 

[61–63].   
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1.3 Reactor Configuration: Transition from batch to Fixed bed Plug Flow Reactor 

The research of an alternative reactor in the transition from batch to continuous 

reactor has been developed during the last years towards a more efficient hydrogenation 

reaction. Batch reactors are closed systems where the reactant together with the catalysts 

and solvents are charged into the reactor, and remain in it for a defined reaction time 

under preselected H2 pressure and temperature conditions [64]. This is an unsteady-state 

operation where concentration of the C≡C- reactant changes with time; where its mass 

balance follows this equation: 

(𝑟(C≡C) = 𝐶(C≡C)0 ∙
𝑑𝑋𝐴

𝑑𝑡
 (1.1) 

Where the efficient stirring ensures uniform composition and temperatures  over all 

the reactor volume [64,65]. For liquid phase hydrogenation of polyfunctional -C≡C- 

molecules (e.g. alkynols), a wide range of H2 pressures (PH2 = 1-20 atm) and temperatures 

(T = 283-393 K) are used, being summarised in the work of Crespo-Quesada et.al [35]. 

The schematics of a batch pressurized reactor is displayed in Figure 1.8: 

 

Figure 1.8: Slurry batch pressurized reactor scheme. Reprinted from Ref [66]. Copyright 

2019, with permission from American Chemical Society. 

Two major advantages that are associated with batch are namely flexibility (may be 

shut down easily and quickly) [65] and versatility of the equipment. However, these are 

counteracted with the high labour and handling cost operational procedures, with 

considerable shutdown time for emptying, heating and cooling of the reactor [64,65].  

The switch from batch to continuous phase reactors resolves these limitations by 

working as an open system (the reactants are continuously introduced and the product 

extracted) under steady state conditions. 
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 Several continuous reactors have been reported for selective hydrogenation 

reactions (capillary, packed-bed and monolithic reactors). Their performance is 

summarised  by Marrodan et.al. [9]. In this thesis, for the selective hydrogenation of 

alkynols, a fixed bed plug-flow reactor is used for the first time, working in gas phase, 

under steady state regime and atmospheric conditions. 

Apart from the simplicity and easy maintenance of a plug flow reactor [67], working 

under gas phase conditions allows for the removal of the liquid phase in which the alkynol 

is dissolved. The transition from triphasic (solid-liquid-gas) to biphasic (solid-gas) 

catalytic system improves the H2 utilisation in the reaction [21] as the high H2 pressures 

requirements to improve the gas solubility in the liquid solvent in batch reactors is no 

longer needed. At the same time, a gas-solid reaction facilitates the recovery of the solid 

catalysts [68] and enables control over the contact time (𝜏) between the solid catalyst and 

the gas reactants. As shown in Equation 1.2, the contact time between the reactant and 

catalysts can be easily tuned either by changing the volume of the catalysts on the bed, 

keeping the gas flow rate constant or vice versa:  

𝜏 (𝑠) =
𝑉𝑏𝑒𝑑  (𝑐𝑚3)

𝐹 (𝑐𝑚3 𝑠−1)
 (1.2) 

Figure 1.9 shows a scheme of a continuous fixed-bed plug flow reactor, in which 

both reactants (H2 and alkynol solution, blue and red arrow respectively in Figure 1.9) 

are continuously delivered co-axially through the top of the reactor. During the process, 

the gas feed (either H2 or a mixture of N2 and H2) is controlled by the usage of mass flow 

controllers (blue arrow in Figure 1.9), whereas the alkynol reactant, is introduced from a 

calibrated infusion pump (red arrow in Figure 1.9). The pressure induced by the syringe 

plunger into the alkynol solution, forces the falling of droplets (green arrow in Figure 

1.9) that reaches a pre-heating zone of the reactor. In this area, it is ensured that the 

reactant is vaporised and diffuses through the catalysts bed where the reaction occurs. 

The effluents generated from the reaction are collected in a condenser (yellow arrow in 

Figure 1.9) and the sample obtained is treated via gas chromatography analysis. 
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Figure 1.9: Representation of a fix-bed of a plug-flow reactor. 
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1.4 Characterisation Techniques used in this thesis. 

The following techniques and methodologies were used in the characterisation of the 

different catalysts. 

1.4.1.- XPS: 

The X-ray photoelectron spectroscopy is an important and common method to 

analyse the near-surface composition of a sample [69], that requires the usage of an ultra-

high vacuum (UHV) chamber for the measurements. The fundamentals of XPS is to 

measure the kinetic energy of electrons ejected by a material sample which was excited  

using X-rays beams from a specific anode (usually Mg or Al) [70]. The measurement of 

the kinetic energy of the electrons ejected allows the calculation of the binding energy 

(BE) by subtracting this parameter and the work function () from the energy of the 

incident X-ray photons (h): 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜑 (1.3) 

 

The work function () is defined as the energy difference between the Fermi level 

and the vacuum level and varies based on the spectrometer used. From the XPS analysis, 

the XPS spectrum plot is obtained, that relates the intensity of the measured electrons 

versus the Binding Energy (see Figure 1.10). This plot allows identification of the 

different elements present on the sample surface as each of the elements has a distinctive 

binding energy emitted from different orbitals (1s,2s,2p,3d, etc.).  

 

Figure 1.10: Representative (XPS) survey scan spectra of an elastomer with the major elemental 

lines identified (C, O, N, P and F). Reprinted from Ref [71]. Copyright 1985, with permission 

from Springer Nature. 
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The XPS analysis also allows the determination of the oxidation state of the element 

(e.g. Fe3+, Fe2+ and Fe0) [72] as well as its degree of polarization (e.g. Pd− and 

Pd+ )  considering the BE deviation from the standard zero-valency value of the 

element. The concentration of the element in the near surface region can also be 

determined by XPS analysis by integrating the peak element and using a tabulated 

sensitivity factor. Further details regarding the element concentration calculus can be 

found it in the following article [74]. 

1.4.2.- Powder X-ray powder diffraction: 

Powder X-ray diffraction (XRD) is a key technique based on constructive 

interference that occurs between monochromatic X-rays emitted and the atomic planes of 

a crystalline structure. The interaction of the beam rays with the sample produce a 

diffraction of the X-rays (see Figure 1.11) with an () angle, satisfying Bragg´s Law in 

which the wavelength of electromagnetic radiation (λ) to the diffraction angle (θ) and the 

lattice spacing (d) in a crystalline sample are related (see Equation 1.4) [75]  

𝑛 ∙ 𝜆 = 2𝑑 ∙ 𝑠𝑖𝑛𝜃 (1.4) 

 

Figure 1.11: Geometrical condition for diffraction from lattice planes Reprinted from Ref. [75] 

Copyright 2016, with permission from Elsevier. 

In the experiment, the monochromatic X-rays  are generated in a heated cathode tube, 

typically of Cu, that emits an X-ray radiation with a specific wavelength (Cu Kα radiation 

= 1.5418Å) [76]. A detector records the diffracted signal to a count rate which is then 

output to a device such as a computer monitor (see Figure 3.3).  

XRD technique allows the identification of the crystalline phases present int the 

catalyst sample and the quantification of the crystals mean particle size: From the 
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information provided by the XRD spectra, the crystal size (dhkl) of the component can be 

calculated using the Paul Scherrer equation [77].  

𝑑ℎ𝑘𝑙 =
𝐾 ∙ 𝜆

𝛽 ∙ 𝑐𝑜𝑠𝜃
 (1.5) 

Where β is the peak width of the diffraction peak profile at half maximum height 

resulting from small crystallite size in radians and K is a constant related to crystallite 

shape, normally taken as 0.9.  

1.4.3.- Electron Microscope Technique: SEM, TEM and EDX. 

The usage of electron microscopy caused a revolution in imaging technology over 

the last century, which overcame the resolution limitations ascribed to the light 

microscope on nanomaterials [78].  Resolution (R) is defined as the ability to distinguish 

the features of the object in the image, and  is proportional to the wavelength size (λ), 

considering the equation proposed by Abbe [79]:  

𝑅 =  
0.612 ∙ 𝜆

2 ∙ 𝑁𝐴
 (1.6) 

Where NA is defined as the numerical aperture. The electron microscope used the 

wave-particle duality physical principle, in which the shorter wavelengths of the electrons 

(40 pm-1 pm)  compared to visible light (400-700 nm) [78] enhances the spatial resolution 

of the image down to less than 0.1 nm [78].  

The usage of electron microscopy offers a wide variety of characterisation techniques 

(EELS, Auger Spectroscopy, EDX, SEM, TEM, etc.). In this thesis, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive X-

ray Spectroscopy (EDX) have been used. These techniques are inspired in different 

physical principles that occurs after the interaction between the electron beam coming 

from the electron microscope (primary electrons) with the sample.  
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Figure 1.12: Scheme of the different interactions and analysis between the primary 

electrons with a sample. 

As depicted in Figure 1.12, TEM is based on the change of the direction of the 

primary electrons after impacting with the sample [80]. SEM technique is based on the 

detection of electrons ejected from the inner shell of an excited element in the sample 

(secondary electrons emission) due to its interaction with the primary electrons (see 

Figure 1.13). The hole created from the secondary electron is occupied by an electron of 

an outer layer of the ionized element, releasing X-ray energy that is collected for the EDX 

analysis (see Figure 1.13).  

 

Figure 1.13: Characteristic of X-ray and secondary electron emission Reprinted from Ref. 

[78] Copyright 2016, with permission from Elsevier. 
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These techniques are used in catalysis for several purposes: While SEM provides 

information of the catalysts surface morphology [81] (see Figure 3.4 (II)), TEM 

technique is focused on the analysis of the catalysts internal microstructure [82], allowing 

measurements of nanoparticles crystallites (see Figure 3.4 (I)),. EDX techniques 

provides information on the chemical composition of the material (see Figure7.2) [83], 

as the distinctive X-ray emitted for each element allows their identification in the sample 

catalysts. The EDX profile is represented with the radiation recorded on (keV) and the 

peak intensity counts on the y-axis (see Figure 7.2). 

1.4.4.- Quantachrome Instrument: SSA, TPR, TPD and H2-chemisorption: 

Quantachrome instrument is widely used in the characterisation of solid catalysts. In 

this thesis, several techniques such as specific surface area (SSA) catalyst [84], H2- 

Temperature Programmed Reduction (H2-TPR), desorption (H2-TPD) [85] and H2 

chemisorption [84] over the different catalytic systems were carried out. All the 

techniques performed on Quantachrome are based on the measurement of thermo-

conductivity changes of a gas mixture between the inlet/outlet of the sample cell. The gas 

mixture is composed of an inert gas (N2 or a noble gas) and a gas subjected to study, 

having both big differences in thermo-conductivities. This instrument can measure a wide 

variety of gases (generally H2, O2, CO2, CO and NH3) [86] being in this thesis focused on 

the H2 gas interaction with the catalysts. Quantachrome instrument is represented 

schematically in Figure 1.14 in which the two gases with high purity are mixed with mass 

flow controllers (FC) and passes through a TCD detector (TCD R Figure 1.14), that 

measures the thermo-conductivity before entering the reactor cell.  

 

Figure 1.14: Diagram of a Quantachrome apparatus. 
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A cold trap is included after the gas mixture goes through the reactor with the aim to 

remove possible impurities (e.g. moisture) that can affect the reading in the second TCD 

(TCD A Figure 1.14) detector. The TCD detector is based on two sets of filaments, 

installed as a Wheatstone bridge circuit (R in Figure 1.14) in which a change in the gas 

concentration between both filaments will unbalanced the bridge leading to an electrical 

signal. The changes can be quantified by making a standard external calibration that are 

explained in more detail in the following sections. Quantachrome apparatus can be 

visualized in the photo shown in Figure 1.15 that allows a better comprehension of the 

equipment described.  

 

Figure 1.15: Quantachrome apparatus used for catalyst characterisation. 
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1.4.4.1 H2-TPR: 

In the H2-TPR technique, a reducing gas mixture (generally H2+N2) [87] goes 

through the catalyst sample cell which is subjected to a programmed temperature linear 

rise [88,89]. The electrical signal coming from the TCD detector is represented versus 

time and/or temperature in a TPR spectra profile shown in Figure 3.2. With the 

temperature programmed increase, the signal fluctuates leading to the formation of 

several peaks with different signals, negative (H2 release due to Pd-H decomposition, see 

Figure 3.2) and/or positive (H2 consumption used of the metal oxidation state reduction, 

see Figure 5.2) peaks in the TPR profile. It is common to find a profile with more than 

one positive peak in a TPR that can be due to: 

a) The stepwise reduction of an element (e.g. Fe3+ → Fe2+ and Fe2+ → Fe0) [90]. 

b) The different nature of interaction between precursor phase and support [86]  (e.g. 

Ni(NO3)2 on Al2O3 in Fig 5.2). 

c) The existence of different elements in the sample susceptible to be reduced (e.g. 

bimetallic Pd-Ni in Figure 5.2 or Pd supported over a reducible support [91]). 

The reduction of M2Ox, leading to M2Ox-1 and H2O product formation is controlled 

thermodynamically, the reaction only being feasible when the free Gibbs energy change 

is negative (∆𝐺 < 0), as shown in the following equation: 

∆𝐺 =  ∆𝐺0 + 𝑅𝑇 log  (
𝑃𝐻2𝑂

𝑃𝐻2
) (1.7) 

Where ∆𝐺0 represents the Gibbs standard energy and PH2O and PH2 the gas vapour 

partial pressures of the reaction species. The log (PH20/PH2) coefficient in TPR analysis is 

assumed as negative as the moisture is constantly swept away from the sample cell [92]. 

Therefore, the stability of the oxide is linked to the temperature requirements needed for 

overcoming the positive ∆𝐺0 of the specie [93].  

TPR technique is also useful for the quantification of the volumetric H2 gas 

consumed during the reduction process [93] and can be determined by an external 

calibration. For the external calibration, injections of known H2 volumes are made over a 

blank sample cell, where inert N2 flows with the same flowrate through the apparatus at 

STP conditions. The different injections generate peak pulses of different areas that can 

be linearly correlated (see Figure 1.16), obtaining a correlation factor from the slope.  
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Figure 1.16: Calibration curve of a TPR experiment. 

In the quantification of the H2 consumed from TPR peaks, the reduction peak areas 

obtained by integration versus time are correlated to the volumetric of H2 consumed by 

using the slope of the external calibration: 

𝑉𝐻2(𝜇𝐿) = 𝐴𝑟𝑒𝑎𝑝𝑒𝑎𝑘 ∙
(∆𝑉)

(∆𝐴𝑟𝑒𝑎)
 (1.8) 

From the volume of hydrogen reduction, the number of moles consumed can be 

easily determined by applying the ideal gas law equation. 

1.4.4.2 Temperature Programmed Desorption (TPD): 

On H2-TPD analysis, the sample, opportunely saturated with chemisorbed H2  is 

submitted to a control temperature program, being heated at a constant heating rate (4-

100 K min-1 ) [94] up to high temperatures (1373K) [95]. With an increase in temperature, 

the chemisorbed H2 is desorbed from the surface, and is swept from the sample cell using 

an inert flow (15-60 cm3 min-1 of He, Ar or N2) and recorded by the TCD detector outlet.  

In H2-TPD analysis it is possible to evaluate the number and different types of active 

sites in which H2 chemisorbs in the sample, as well as, their bond strength. The number 

of different H2 active sites in the sample can be correlated to the number of peaks that can 
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be visualized on a H2-TPD diffractogram (see Figure 7.5). The quantification of H2 

chemisorbed from those peaks is performed by external calibration, as similarly happened 

with the H2-TPR technique. On a H2-TPD diffractogram, the H2 desorption temperature 

reflects the bond strength interaction between the catalysts and the substrate, where the 

higher the temperature peak, the stronger the H-Catalysts bond.  

1.4.4.3 Surface Chemisorption 

The aim of H2 chemisorption evaluates the amount of H2 uptake by the catalysts 

sample, which is of a great help in understanding the catalytic activity and product 

distribution in a hydrogenation reaction [96]. This technique has been traditionally carried 

out on group VIII noble metal catalysts, with a great capacity on chemisorbing H2, which 

is adsorbed in a dissociative form mode [50]. The procedure is based on injecting 

repeatedly, from an air-tight syringe, a known volume of H2 that is mixed with the inert 

stream (N2) before contacting the sample. Once the H2 in the gas mixture contact the 

catalysts sample, part of it is retained on the surface in the form of chemisorbed specie 

and the excess will leave the sample cell, generating an electrical signal in the form of a 

pulse peak (see Figure 1.17).  The total volume of H2 adsorbed (Vt) during the analysis 

is given by: 

𝑉𝑡 =  ∑ 𝑉𝑎𝑖

𝑁

𝑖=𝑙

 (1.9) 

Where N is the number of pulses necessary to saturate the active sites and Vai is the 

volume of gas adsorbed from the pulse. The amount of gas adsorbed for each pulse is 

given by the difference between the area of the peak given for the reference pulse and the 

area under the peak acquired during the adsorption process (see Figure 1.17). Once the 

reactive gas saturates the sample, the peaks areas acquired by the TCD (B, Figure 1.17) 

are equal to the reference calibration peak (A, Figure 1.17) and is an indication that the 

analysis is concluded [86]. 
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Figure 1.17:Example of a pulse chemisorption analysis using Pd/Al2O3 (1% wt.) catalysts. 

The peaks obtained in the chromatogram, after N injections, are integrated and 

therefore the relation between the peak area and quantity of gas injected can be easily 

calculated after calibration. This technique also allows the determination of the surface 

transition metal exposed as well as its mean particle size determination (dmetal), by using 

the equation: 

𝑑𝑚𝑒𝑡𝑎𝑙 = (104 ∙ 𝐹)/(𝑀𝑆𝑆 ∙ 𝐷𝑚) (1.10) 

Where (Dm) corresponds to metal density, (F) to the shape factor (for a sphere F = 6) 

and MSS to metal surface area (square meters per gram of sample), that is determined by 

the following formula:  

𝑀𝑆𝑆 = (𝑉𝑚 ∙ 𝑁𝑎)/(𝑆𝑓 ∙ 𝑆𝑑) (1.11) 

Where Vm is the amount of gas chemisorbed (moles per gram of sample), Na the 

Avogadro number, Sf the stoichiometric factor (in the case of H2 is 2) and Sd the metal 

surface density (number of catalysts atoms per square meter).  
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1.4.4.4 Specific Surface Area (SSA): 

The SSA is defined as the ratio between the total surface of a substance and its 

volume, and constituted a key parameter in the characterisation of porous materials [97] 

that can be classified as a function of their pore size range in microporous (d pore < 2 nm), 

mesoporous ( 2nm < d pore < 50 nm) and macroporous (d pore > 50 nm) [98]. The SSA is 

determined by the usage of physical adsorption principles allowing the calculation of the 

total gas volume occupied on the surface catalysts [98]. In the physical adsorption, the 

adhesion of the gas molecules to the material takes place via weak Van der Waals and 

London dispersion forces interactions ( 10-40 kJ mol-1) [98,99]. Among all the possible 

adsorbates that can be used in physical adsorption in SSA (Ar, CO, CO2, etc.) [100], the 

most utilised is N2 operating at its condensation temperature (78 K) that allows the 

formation of a liquid layer over the material. Prior to the SSA analysis, the catalyst 

sample, with the aim to remove the moisture and other volatiles, is subjected to a 

degasification, heating up the sample under specific temperature conditions while the 

carrier gas runs through the sample cell [101].  

After the degasification step, a known (He + N2) gas mixture with a fixed flowrate is 

set to flow over the sample cell, which is immersed in liquid N2., generating the physical 

adsorption of the N2 gas that results in a change of the signal intensity (adsorption step, 

peak A in Figure 1.18). After the maximum peak, the signal becomes stable again, 

suggesting that the material cannot uptake more chemisorbed N2 (saturation point). Once 

the signal is stabilized, the Dewar of liquid N2 where the sample is immersed, is replaced 

by one beaker of water at room temperature. The drastic changes in temperature in the 

sample cell forces the N2 desorption from the catalyst leading to the formation of a 

negative peak (desorption step, peak B in Figure 1.18). The volume of N2 physisorbed in 

the catalyst is calculated by injecting a known volume of N2 after the stabilization of 

desorption step, correlating therefore the area obtained from the one resulting from the 

analysis (internal calibration step, peak C in Figure 1.18). 
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Figure 1.18: Example of N2-Physisorption treatment using Ni/Al2O3 (6% wt.) catalysts as a 

probe. 

Several theoretical descriptors are used in the characterisation of surface area (e.g. 

Langmuir, Freundlich, Polanyi, etc [102,103]), however, the most widely used is the so-

called Brunauer–Emmett–Teller (BET) model. The BET model assumes several 

approximations with the aim to simplify the mathematical model (homogeneous surface, 

independent heat of adsorption with surface coverage, no interaction between adsorbates 

in the same layer, etc.) [97] and consider the presence of a multilayer adsorption valid for 

non-corrosive gases in the surface area determination [98]. The BET expression is given 

by the following formula:  

𝑥

𝑣 (1 − 𝑥)
=

1

𝑣𝑚𝑜𝑛 ∙ 𝑐
+

𝑥 (𝑐 − 1)

𝑣𝑚𝑜𝑛 ∙ 𝑐
 (1.12) 

Where x is corresponds to N2 partial pressure (controlled by instrument), v is the 

volume of N2 adsorbed by the material and vmon is the amount of adsorbate required to form 

a monolayer under standard pressure and temperature conditions and c is the Langmuir 

equilibrium constant. The BET equation can be simplified in cases where the c parameter 

is much higher than 1, leading to the single-point BET equation [104]: 

𝑥

𝑣 (1 − 𝑥)
=

𝑥

𝑉𝑚𝑜𝑛
 (1.13) 
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Therefore, the previous quantification of the volume of N2 physisorbed by an internal 

calibration (see Figure 1.18) allows the determination of the first monolayer physisorbed 

by N2. The surface area of the sample, expressed in m2 g-1 is calculated using equation 

1.14, where N is Avogadro number and Am is the cross-sectional area of N2 (16.2 Å) [105] 

𝑆𝑆𝐴 = 𝑉𝑚𝑜𝑛 ∙ 𝑁 ∙ 𝐴𝑚 ∙ 10−20 (1.14) 

  



24 

 

1.5 Scope and the thesis plan  

The aim of this thesis is the development of an alternative hydrogenation process in 

continuous gas phase operation, directed at the sustainable synthesis of valuable alkenols 

that could lead to higher yields in comparison with the traditional batch liquid phase 

mode. This thesis can be structured into two main blocks, depending on the transition 

metal catalyst used.  The first block (chapter 2-5) is dedicated to understanding the gas 

phase alkynol selective hydrogenation mechanism with the usage of Pd-based catalysts. 

Several operational and catalytic variables that impact in the hydrogenation process are 

analysed systematically, with the purpose of tailoring a suitable catalyst for the alkenol 

manufacture in gas phase conditions. The second part of the thesis (chapter 5-7) is 

devoted to finding alternatives to Pd catalysts by using less-scarce transition metals, such 

as Ni and Mo2N catalysts, both having excellent properties in several hydrogen-mediated 

reactions. In these chapters, the main objective is to achieve the same range of alkenol 

selectivities as the ones obtained with industrial Pd catalysts. Concurrently, the alkenol 

yield was sought to be improved by optimizing the catalysts H2 utilisation, with the 

modification of variables (e.g. H2 spillover, promotion of N vacancies, etc.) that impacts 

in the reactivity of the process. 

The work has involved catalyst synthesis and characterisation, analysis of 

thermodynamic and kinetics and catalyst/process optimisation. Catalyst characterisation 

has been based on AAS, TPR, hydrogen chemisorption at room and/or reaction 

temperature, H2-TPD, BET surface area, XRD, TEM, STEM, EDX and XPS 

measurements.  

The role of  electronic effects on -C≡C- bond hydrogenation is evaluated in chapter 

2, (publication No. 1) in the hydrogenation of several C4 alkynols such as 2-methyl-3-

butyn-2-ol (MBY), 3-butyn-2-ol (3BY) and 3-butyn-1-ol (3BYOL). The aim is to change 

the -C≡C- electron density with the addition of electron donating (-CH3) groups to the C-

OH functionality, that can decrease the C≡C- → -OH electron transfer in the molecule. 

The catalytic performance and product distribution formed with increasing conversion is 

evaluated over the three alkynols molecules using monometallic 1.2% wt. Pd/Al2O3 

catalysts as a benchmark.  

The role of Pd geometric effects in -C≡C- bond hydrogenation is considered in 

chapter 3 (publication No. 2). The synthesis of monometallic Pd colloids, affording 

better control over Pd morphology (narrow particle size range), were deposited using ZnO 

and Al2O3 supports and activated over a wide activation temperature range (403-973 K) 
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for the catalytic hydrogenation of MBY. Under a reducing environment and depending 

on the activation temperature, it is known that Pd/ZnO can partially reduce the ZnO 

support leading to alloy phase formation (-PdZn) followed by Pd partial encapsulation 

(PdZnO1-x). The aim in this chapter is to control -PdZn alloy formation (measured via 

XPS) by changing the activation temperature with the purpose to understand how a 

variation in Pd ensemble sizes (due to -PdZn formation) impacts on MBY 

hydrogenation. The performance of the new Pd/ZnO catalyst formulation is demonstrated 

by comparing with an industrial (Pd-Lindlar) catalyst. 

In chapter 4 (publication No. 3) the issue of (PdZnO1-x) encapsulation formation is 

avoided by ex situ preparation of PdZn colloids subsequently deposited over Al2O3 

support with a different (Pd: Zn) molar ratio, therefore allowing the role of PdZn alloy on 

the reaction to be determined. The catalytic performance obtained on PdZn/Al2O3 colloids 

is then compared with a Pd/ZnO catalyst with a similar PdZn % alloy composition and 

particle size.  In the same chapter, the role of H2 in the catalytic performance on gas phase 

hydrogenation is determined by testing monometallic Pd/Al2O3 over a wide range of (H2: 

alkynol) inlet molar feed ratios. Additionally, the effect of Pd electronic properties (e.g. 

Pdδ- and Pdδ+) in the reaction process have been tested by comparing several Pd supported 

catalysts (Pd/MgO, Pd/C, Pd/Al2O3 and Pd/CeO2) with the same morphology (mean 

particle size) but different acid-base properties and reducibilities. 

The potential of Ni metal catalyst on selective alkynol hydrogenation is studied in 

chapter 5 with the hydrogenation of 3BY. The use of Ni metal catalysts aims to block 

the double bond migration step, which is known to occur in 3BY hydrogenation over Pd 

catalysts. Therefore, with the use of Ni catalysts, we expect to simplify the product 

distribution, which might impact positively towards 3BE selectivity. The catalytic 

performance of both monometallic Ni and Pd are compared under the same reaction 

conditions, metal loading, and synthetic method (incipient wetness impregnation on 

Al2O3 support). The role of Ni as a co-metal catalyst is also analysed in the 3BY 

hydrogenation over Pd-Ni/Al2O3 catalysts. We expect that the electropositive character of 

Ni can induce electronic changes in Pd an electronic change that facilitates the alkenol 

surface displacement by tuning the (-C≡C-)/(-C=C-) adsorption strength ratio. 

In chapter 6, we attempted to understand the role of Zn promoter in 3BY 

hydrogenation over bulk Ni catalysts. The incorporation of Zn atoms into Ni 

crystallographic structure leads to the formation of several NiZn alloy phases with 

different crystal structure (α, β, δ),  In this chapter, we expect to control the Ni ensemble 
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sizes, responsible for undesired over-hydrogenation by modifying the Ni-Ni coordination 

number on the different NiZn crystallographic structures. The effect of H2 spillover is also 

evaluated by comparing the catalytic response over bulk vs. supported -NiZn/ZnO alloy. 

The main intention is to utilise the H2 chemisorbed on ZnO support for -C≡C- reduction. 

(via spillover) with the aim to improve the catalytic activity of the process.  

The potential of bulk catalytic materials is further explored in chapter 7 by the 

catalytic hydrogenation of γ-Mo2N, synthesised via temperature programmed reduction-

nitridation of MoO3. Changes in the reduction-nitridation set of conditions (e.g. H2/N2 

ratio) have an impact on γ-Mo2N structural properties (e.g. N surface vacancies) that have 

a direct effect in -C≡C- hydrogenations, as H2 is known to chemisorb on N vacancies. In 

this chapter, the use of a Pd promoter before (γ-Mo2N (A)) and after MoO3 (γ-Mo2N (B)) 

reduction-nitridation is suggested with the aim to enhance the H2 uptake of the material 

due to structural changes (e.g. increase N vacancies) and/or by the ability of Pd in splitting 

H2. 
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Chapter 2:                                                                                                      

Gas Phase Catalytic Hydrogenation of C4 Alkynols over Pd/Al2O3 

In this chapter, we have investigated, for the first time, the mechanism involved in the 

continuous gas phase hydrogenation of primary alkynol (3-butyn-1-ol, 3BYOL) over a 

commercial Pd/Al2O3 catalyst. We extend the catalyst testing to consider secondary and 

tertiary C4 alkynols and prove possible contributions to catalytic performance (i.e. alkenol 

production rate and selectivity) due to the position of the hydroxyl group and the number of 

electron donating (-CH3) substituents, i.e. effect of -C≡C- bond electron density on catalytic 

performance. 

2.1 Introduction 

The bulk of research on -C≡C- bond hydrogenation has been focused on the 

transformation of acetylene (to ethylene) over Pd catalysts where the main challenge is to 

selectively promote semi-hydrogenation with -C=C- formation [106]. Product distribution is 

influenced by alkyne adsorption/activation mode [107]. Associative adsorption (through a 

π/σ double bond) on Pd planes [107] follows the Horiuti-Polanyi model, consistent with a 

stepwise alkyne → alkene → alkane transformation [22,108]. Alternatively, dissociative 

adsorption via H + three point σ bond [22] or H + π-allyl specie [24] on electron deficient 

edges/corners of palladium nanoparticles [109] can lead to direct alkyne → alkane 

hydrogenation [26] or double bond migration [27]. The electronic properties of the palladium 

phase and the electron density of the -C≡C- bond functionality can influence the alkyne 

adsorption/activation which, in turn, impact on olefin selectivity. Taking an overview of the 

published literature, unwanted over-hydrogenation and double migration are prevalent over 

electron deficient (Pdδ+) nanoparticles that promote strong complexation with the (electron-

rich) -C≡C- bond [33,110]. The triple bond charge has also a direct role to play and can be 

affected by inductive effects (i.e. electron transfer from/to additional groups in poly-

functional alkynes). The literature dealing with -C≡C- bond polarisation effects in 

hydrogenation of multifunctional alkynes is limited. It is, however, worth noting published 

work that shows increasing activity (over Pd(II) complexes [111] and Pd-Ru catalysts [112]) 

for hydrogenation of substituted acetylenes with electron donating (e.g. -R=H, -C6H5, -CH3) 

functional groups [112]). Terasawa and co-workers [111], investigated the catalytic response 
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for a series of functionalised alkynes over polymer bounded Pd(II) complexes catalyst and 

concluded that -C=C- selectivity is sensitive to the nature of the substituent (i.e. increased 

olefin selectivity in the presence of electron withdrawing substituents (-Cl,-OH) vs. electron 

donating (-C6H6) functional groups [112]). Alkenols have found widespread applications in 

the manufacture of pharmaceutical (e.g. intermediates for vitamins E, A, K [113] and anti-

cancer additives [114]) and agri-food (e.g. dimethyloctenol and citral [113,114]) products. 

Industrial synthesis involves selective hydrogenation of the correspondent substituted 

alkynol [5]. Alkynols can be categorised with respect to the number of carbons bonded to the 

carbon bearing the -OH group (C-α in Figure 2.1), i.e. primary (one C directly attached; 

labelled C-β1), secondary (C-β1 and C-β2) and tertiary (C-β1, C-β2 and C-β3). 

 

Figure 2.1: Classification of (A) primary, (B) secondary and (C) tertiary C4 alkynols. Note: 

Arrows represent associated charge transfer effect. 
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Work to date has focused on batch liquid mode hydrogenation of saturated (tertiary) 

alkynols (e.g. 3-methyl-1-pentyn-3-ol [113]) using pressurised (up to 10 atm) reactors [35] 

with limited research on the selective hydrogenation of primary [115,116] and secondary 

alkynols [66]. Gas phase continuous operation facilitates control over contact time, which 

can influence product selectivity [117,118]. We were unable to find any study in the open 

literature on gas phase hydrogenation of primary or secondary alkynols and only one 

published paper in the transformation of tertiary alkynols [119]. In this work, we set out to 

gain an understanding of the mechanism involved in the production of primary alkenols, 

considering continuous gas phase hydrogenation of 3BYOL over a commercial Pd/Al2O3 

catalyst, as a model system. We extend the catalyst testing to consider secondary and tertiary 

butynols and prove possible contributions to catalytic performance (i.e. alkenol production 

rate and selectivity) due to the position of the hydroxyl group. 

2.2 Experimental  

2.2.1 Catalyst Characterisation 

A commercial 1.2% wt. Pd/Al2O3 (Sigma-Aldrich) served as model catalyst. Prior to use, 

the catalyst was sieved (ATM fine test sieves) to mean particle diameter = 75 μm and 

activated in 60 cm3 min-1 H2 (BOC, ≥99.99%) at 2 K min-1 to 573 K to ensure reduction to 

Pd0 [120], cooled to ambient temperature and passivated in 1% v/v O2/He (30 cm3 min-1) for 

1 h for ex situ characterisation. Palladium particle morphology (size and shape) was 

determined by STEM using a JEOL 2200FS operated at an accelerating voltage of 200 kV 

and employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. The sample 

was dispersed in acetone and deposited on a holey Cu grid (300 mesh). The number weighted 

mean Pd diameter (d) was determined as described elsewhere [121] from a count of 800 

particles. XPS analyses were conducted on an Axis Ultra instrument (Kratos Analytical) 

under ultra-high vacuum conditions (<10-8 Torr) using a monochromatic Al K X-ray source 

(1486.6 eV). The source power was maintained at 150 W and the emitted photoelectrons 

were sampled from a 750 × 350 mm2 area at a take-off angle = 90°. The analyser pass energy 

was 80 eV for survey spectra (0–1000 eV) and 40 eV for high resolution spectra (Pd 3d5/2 

and 3d3/2). The adventitious carbon 1s peak was calibrated at 284.5 eV and used as an internal 

standard to compensate for charging effects. Curve-fitting served to identify/quantify Pd 
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species with modified electronic properties using CasaXPS software in which the Pd 3d 

spectra were fitted with abstraction of the Shirley background using the Gaussian–Lorentzian 

function. 

2.2.2 Catalytic Procedure 

Reactions were carried out at 373 K at atmospheric pressure in situ after activation in a 

continuous flow fixed bed vertical tubular glass reactor (15 mm i.d.). The catalytic reactor 

and operating conditions were selected to ensure negligible heat/mass transport limitations. 

A layer of borosilicate glass beads (1 mm) served as a preheating zone where a butanolic 

solution of the alkynol (3BYOL + BA; 3BY +1-butanol (BOL); MBY + BOL) was vaporised 

and reached reaction temperature before contacting the catalyst. Isothermal conditions (±1 

K) were maintained by diluting the catalyst bed with ground glass (75 μm diameter). Reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell within 

the catalyst bed. The alkynol reactant was delivered via a glass/teflon air-tight syringe and 

Teflon line using a microprocessor-controlled infusion pump (Model 100 kd Scientific) at a 

fixed calibrated flow rate. A co-current flow of H2 (or H2/N2; PH2 over the range of 5 × 10-3 

– 9 × 10-2 atm) and alkynol was maintained at GHSV = 1  104 h-1. The flow rate was 

monitored using a Humonics (Model 520) digital flowmeter. Molar metal Pd (n) to inlet 

alkynol molar feed rate (n/F) spanned the range 3 × 10-5 – 368 × 10-4 h. In blank tests, 

reactions in the absence of catalyst or over the Al2O3 support alone did not result in any 

measurable conversion. The reactor effluent was condensed in an ice-bath trap for subsequent 

analysis, which was made on a Perkin-Elmer Auto System XL gas chromatograph equipped 

with a programmed split/spit-less injector and a flame ionisation detector using a Stabilwax 

(fused silica) 30 m × 0.32 mm i.d., 0.25 μm film thickness capillary column (RESTEK). Data 

acquisition/manipulation was performed using the TotalChrom Workstation Version 6.1.2 

(for Windows) chromatography data system. The solvents (2-butanol (BA) (Alpha Aesar, 

99%) and BOL (Fisher, 99.4%)), reactants 3BYOL (Aldrich, 97%), 3BY (Aldrich, 97%) and 

MBY (Aldrich, 98%)) and products (3-buten-1-ol (3BEOL) (Aldrich, 96%), BOL (Aldrich, 

99%), crotyl alcohol (2BEOL) (Aldrich, 96%), butyraldehyde (BHDE) (Aldrich, 96%), 3-

buten-2-ol (3BE) (Aldrich, 97%), BA (Aldrich, 99.5%), 2-butanone (BONE) (Aldrich, 

99%), MBE (Aldrich, 98%), 2-methyl-butan-2-ol (MBA) (Aldrich, 99%)) were used without 

further purification. Reactant and product molar fractions (xi) were obtained using detailed 
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calibration plots (not shown). Catalytic performance is considered in terms of conversion (X) 

at steady state after 3 h on-stream: 

 (2.1) 

while selectivity to product j (Sj) was obtained from: 

 (2.2) 

The subscripts "in" and "out" refer to the inlet and outlet streams. Catalytic activity is also 

quantified in terms of alkynol consumption rate (R, molAlkynol gPd
-1 h-1) obtained following 

the procedure described elsewhere [122]. Repeated reactions with different samples from the 

same batch of catalyst delivered raw data reproducibility and a carbon mass balance within 

±6%. 

2.2.3 Thermodynamic Analysis 

The application of thermodynamics to catalytic processes provides critical information 

in terms of maximum conversion/selectivity possible under a given set of reaction conditions. 

All the reactant and products involved in the hydrogenation of 3BYOL (as representative) 

were considered (3BYOL, 3BEOL, BOL, 2BEOL, BHDE and H2). The inlet 3BYOL was 

set at 1 mol and product distribution determined at equilibrium where T = 373 K, P = 1 atm 

and H2: Alkynol molar ratio = 2 to mimic catalytic reaction conditions. The equilibrium 

calculations were made using Aspen Plus [123] to obtain product distribution under 

conditions of minimised Gibbs free energy using the method of group contribution [124].   
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2.3 Results and discussion  

2.3.1 Catalyst Characterisation  

The Pd/Al2O3 catalyst used in this study bore, post- H2-TPR to 573 K, metal 

nanoparticles with diameters ranging from ≤1 nm up to 6 nm (see representative STEM 

image (A) and histogram derived from microscopy analysis (B) in Figure 2.2) and a number 

weighted mean diameter of 3 nm. An enhanced intrinsic alkenol selectivity for palladium 

nanoparticles of 3 nm has been reported elsewhere in the liquid (dehydroisophytol over Pd 

colloids [125]) and gas phase (MBY using Pd/SiO2 [119]) hydrogenation of alkynols. The 

STEM images reveal a pseudo-spherical morphology, the most thermodynamically stable 

configuration [109], indicative of a small area of contact at the interface between the Pd 

nanocrystals and the Al2O3 support. 

XPS measurements were carried out to provide insight into the electronic character of 

the supported Pd phase. The resulting spectra over the Pd 3d BE region is shown in Figure 

2.2(C). The XPS profile exhibits a doublet with a main Pd 3d5/2 signal at 334.9 eV, that is 

0.3 eV lower than that characteristic of metallic Pd (335.2 eV, [126]), a result that suggests 

partial electron transfer from OHδ- groups on the alumina support [127]. This is consistent 

with reported (electron-rich) Pdδ- (4-5 nm) on Al2O3 [128]. The formation of butane and 2-

hexene through undesired over-hydrogenation and double bond migration, respectively, has 

been reported in the hydrogenation of 1-butyne (over Pd/Al2O3) [27] and 1-hexyne (using Pd 

black) [110] ascribed to the presence of (electron-deficient) Pdδ+ nanoparticles. In addition, 

the profile shows a weak doublet (12%) with curve-fitted values at higher BE (Pd 3d5/2 = 

337.1 eV; Pd 3d3/2 = 342.7 eV) that can be ascribed to Pd2+ as a result of passivation for ex 

situ characterisation analyses [129]. A similar (10-12%) percentage value was reported by 

Weissman et al. [130] attributed to oxygen chemisorption on Pd (111) following a 

passivation step. 
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,  

Figure 2.2: (A) Representative STEM image with (B) associated Pd particle size distribution and 

(C) XPS spectrum over the Pd 3d region for Pd/Al2O3. Note: Raw data is shown as symbols (○) while 

curve fitted and envelope is represented by dashed and solid lines, respectively. 
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2.3.2 Reaction Thermodynamics 

The calculated change in Gibbs free energy of formation at 373 K for each reaction step 

(ΔG(I-VII)) are included in Figure 2.3. The ΔG(I-VII) values serve as criteria in the evaluation 

of thermodynamic feasibility, where reactions can occur spontaneously when ΔG<0. Each 

reaction step exhibits negative ΔG indicating that all products considered are 

thermodynamically favourable. Under our reaction conditions, a thermodynamic analysis of 

3BYOL hydrogenation established full conversion predominantly to BOL (SBOL > 99%) with 

trace amounts of BHDE. Formation of alkanol can result from -C=C- reduction in 3BEOL 

(step (II) in Figure 2.3) or direct alkynol hydrogenation via step (III). Hydrogenation of the 

intermediates, that result from alkenol double bond migration (2BEOL (step (IV)) and keto-

enol tautomerization (BHDE (step (V)), also generates BOL (steps (VI-VII)). 

 

Figure 2.3: Reaction scheme with Gibbs free energies (ΔG(I-VII)) for each step in the 

hydrogenation of primary (3BYOL) alkynol: Reaction conditions: T = 373 K, P = 1 atm. 
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2.3.3 Gas Phase Hydrogenation of 3BYOL 

Dependence of hydrogenation path can be effectively proved from a consideration of 

selectivity as a function of 3BYOL conversion; the corresponding data for reaction over 

Pd/Al2O3 is presented in Figure 2.4. At low conversions (<25%), product composition 

deviates from predominant BOL generation under thermodynamic equilibrium, indicative of 

operation under catalytic control. 3BEOL and BOL were the predominant products of partial 

and full hydrogenation, respectively, but double bond migration (to 2BEOL and BHDE) was 

also detected with a selectivity ≤10%. Formation of  3BEOL and BOL has been previously 

reported in the liquid phase (P = 1-6 atm; T = 300-348 K) hydrogenation of  3BYOL over 

MCM-41[131], Fe3O4 [132] and Fe3O4 coated SiO2 [116] supported Pd Catalyst.  Production 

of 2BEOL observed in this work can be linked to reaction temperature (373 K), where T < 

353 K serve to avoid double bond migration [133]. 

 

Figure 2.4: Variation of selectivity (Sj (%), j = 3BEOL (■), BOL (●), 2BEOL + BHDE (◆) 

with conversion (X (%)) in hydrogenation of  3BYOL -1-ol over Pd/Al2O3. Note: solid lines 

provide a guide to aid visual assessment. Reaction conditions: T = 373 K, P = 1 atm. 
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A decrease in 3BEOL selectivity was accompanied by increased formation of BOL at 

high conversions, indicative of a sequential hydrogenation route (i.e. Horiuti-Polanyi 

mechanism) from -C≡C- → -C=C- → -C-C-, typical for gas phase alkyne hydrogenations 

[39].  

2.3.4 Gas Phase Hydrogenation of 3BY and MBY 

Reaction pathways in the hydrogenation of secondary 3BY and tertiary (MBY) C4 

alkynols are shown in Figure 2.5.  

 

Figure 2.5: Reaction schemes for the hydrogenation of (A) secondary 3BY and (B) tertiary 

(MBY) alkynols. 
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Both alkynols can undergo sequential (alkynol → alkenol → alkanol, steps (I-II)) and 

direct (alkynol → alkanol, step (III)) hydrogenation. Alkenol double bond migration in the 

transformation of 3BY generates BONE, (step (IV) in Figure 2.5(A)) but this step is not 

possible in the conversion of MBY as the C-α (Figure 2.1) is fully substituted. 

Hydrogenation rate for the three C4 alkynols is presented in Figure 2.6(A) where activity 

decreases in the order: tertiary > secondary > primary. This sequence matches that of 

decreasing the number of methyl substituents bonded to the C-α (Figure 2.1), i.e. MBY (C-

β1, Cβ2 and C-β3) > 3BY (C-β1 and C-β2) > 3BYOL (C-β1). Alkyne hydrogenation has been 

proposed to proceed via an electrophilic mechanism [112,134].  

Reactive hydrogen is provided by dissociative chemisorption of H2 on Pd [135]. The 

hydroxyl function can serve to deactivate the triple bond for electrophilic attack through 

inductive effects by decreasing the overall electron density due to -C≡C- → -OH electron 

transfer [136,137]. The presence of (electron donating [138]) methyl substituent(s) bonded 

to the C-α serves to decrease the "electron-release" from the triple bond (see charge transfer 

in Figure 2.1) which favours the electrophilic attack. Our results are in line with the work of 

Karavanov and Gryaznov [112] who studying the liquid phase hydrogenation of 

functionalised tertiary alkynols over a Pd-Ru alloy membrane catalyst reported a (40%) 

enhanced activity as the electron donating character of the substituent increased (i.e. -CH2OH 

< -H < -CH3).  

The results of product selectivity as a function of alkynol conversion for the three C4 

alkynols under consideration are presented in Figure 2.6(B-C). The alkenol selectivity vs. 

conversion profiles (Figure 2.6(B)) for secondary and tertiary alkynols follow a linear 

decrease of the intermediate concentration as conversion increases, suggesting that they 

follow the same consecutive hydrogenation route as the primary (steps (I-II) in Figure 2.3 

and Figure 2.5(A-B)). In each case, regardless of the degree of conversion, greater alkenol 

selectivity was recorded in the transformation of the primary ~ secondary > tertiary. The 

lower alkenol selectivity recorded for the tertiary alkynol can be ascribed to direct formation 

of MBA (SMBA = 14% at X ~ 5%) following step (III) in Figure 2.5(B)). Alkynol dissociative 

adsorption on (low coordination) Pd sites [139] can lead to direct -C≡C- → -C-C- bond 

hydrogenation [26] following hydrogen attack of the surface (multi-coordinated) alkylidyne 

intermediate [22].  
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Figure 2.6: (A) Reaction rate and variation of selectivity (Sj, %) as a function of conversion (X, 

%) for products from (B) partial reduction and (C) hydrogen bond migration/reduction in the 

hydrogenation of primary (solid bar and solid symbols), secondary (open bar and open symbols) 

and tertiary (hatched bar and crossed symbols) C4 alkynols over Pd/Al2O3; 3BEOL (),BOL (), 

2BEOL+ BHDE (◆), 3BE (), BA (), BONE (), MBE () and MBA (). Note: solid lines 

provide a guide to aid visual assessment. Reaction conditions: T = 373 K, P = 1 atm. 
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This intermediate is generated by H abstraction at the "external" carbon in the -C≡C- 

bond (e.g. C-δ in 3BYOL, Figure 2.1). Alternatively, double bond migration [27] with 

aldehyde/ketone formation (steps (IV-V) in Figure 2.3 and (IV) in Figure 2.5(A)) can occur 

as a result of hydrogen addition to the surface π-allyl intermediate generated by hydrogen 

removal from the carbon bonded to the triple bond functionality (e.g. C-β1 in 3BYOL) [140]. 

The lower activation energy for the formation of the π-allyl (vs. alkylidyne) intermediate 

[141,142] can account for the absence of direct -C≡C- → -C-C- bond hydrogenation in the 

conversion of 3BYOL and 3BY. In contrast, hydrogen abstraction in MBY is only possible 

at the (external -C≡C- carbon) C-γ (i.e. no C-α hydrogen) to generate MBA. Alkenol double 

bond migration (via hydrogen addition to the external carbon, i.e. C-δ in 3BYOL and C-γ in 

3BY, Figure 2.1, of the π-allyl intermediate [24]) was promoted to a lesser extent in the 

transformation of 3BYOL vs. 3BY, i.e. higher selectivity to BONE relative to 2BEOL 

+ BHDE at all conversions (Figure 2.6(C)). Likewise, Bianchini et al. [143] reported a lower 

isomerisation yield in the liquid phase hydrogenation of 3BEOL (relative to 3BE) over a Rh 

complex catalyst. We examined 2BEOL and BHDE reactivity in order to assess BOL 

formation via hydrogenation (steps (VI) and (VII), respectively, in Figure 2.3) and probe 

selectivity responses. Under similar reaction conditions, we recorded no conversion of 

BHDE, a response that is consistent with the low capacity of -C=O group (e.g. methyl vinyl 

ketone and benzalacetone [144]) hydrogenation by Pd [145]. Conversion of 2BEOL 

generated BOL as the sole product but at an appreciable higher (by a factor of 2) rate when 

compared with that recorded for the 3BYOL reaction. The lower double bond migration in 

terms of 2BEOL + BHDE (vs. BONE) generation must result from a more facile 

transformation of the 2BEOL intermediate. Indeed, lack of activity was observed for the 

conversion of BONE over Pd/Al2O3. We acknowledge that catalytic response may not 

governed by inductive effect alone and the dynamics of surface interactions by the hydrogen 

reactant can have a major bearing. Future work will be carried out to evaluate the effect of 

H2 content in the feed (i.e. Alkynol:H2 molar ratio) on catalytic performance. 
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2.4 Conclusions 

We have examined the effect of –OH group position on catalytic gas phase 

hydrogenation of C4 alkynols over Pd/Al2O3 (Pdδ- nanoparticles with mean (number 

weighted) size = 3 nm). A correlation between the number of electron-donating (-CH3) 

groups and catalytic activity has been established consistent with the following decreasing 

activity sequence: tertiary (MBY) > secondary (3BY) > primary (3BYOL). The conversion 

of primary and secondary alkynols follows a stepwise (alkynol → alkenol → alkanol) 

reaction mechanism while direct alkynol → alkanol transformation was a feature of MBY 

hydrogenation. Double bond migration is promoted to a greater extent in the transformation 

of 3BY relative to 3BYOL consistent with 2BEOL hydrogenation. The results in this work 

establish the role of -C≡C- polarity in determining the activity/selectivity pattern for the 

synthesis of valuable alkenols. 
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Chapter 3:                                                                                              

Partial Hydrogenation of MBY over Pd/ZnO: Effect of Reduction 

Temperature on Alloy Formation and Catalytic Response. 

In this chapter, we examine the impact on catalytic performance of PdZn alloy phase 

relative to a standard metallic Pd phase (using Pd/Al2O3) in the continuous gas phase 

hydrogenation of MBY. The effect on catalytic response of PdZn alloy relative to PdCu 

(in Pd/CuO) and Pd3Pb alloy phases (in industrial Lindlar's catalyst) has also been 

evaluated. Furthermore, we have also investigated the catalytic response over Au/Al2O3, 

with high selectivity in triple bond semi-hydrogenation. 

3.1 Introduction 

2-Methyl-3-buten-2-ol (MBE) is an important intermediate in the manufacture of 

vitamins A and E (30,000 tons world production [1] with an expected increasing demand 

[2]. Industrial synthesis of MBE involves selective hydrogenation of MBY (MBY) in 

pressurised (2-10 bar) batch liquid systems [3]. A transition from batch to continuous 

operation (at atmospheric pressure) offers clear advantages in terms of energy efficiency 

and increased productivity for high throughput [4]. The development of continuous 

systems for MBY hydrogenation is now gaining increasing attention, as shown in the 

review by Moreno-Marrodan et al. [5] The reaction network for MBY hydrogenation is 

presented in (Figure 3.1). The main challenge in MBE production is to avoid over-

hydrogenation (to MBA) and oligomerization [6].  

MBE selectivity is controlled by the relative alkenol/alkynol adsorption strength 

(Ake/Aky) on metal active sites [146] and favoured at low Ake/Aky [147] (i.e., the alkynol 

reactant chemisorbs strongly on the catalyst surface and facilitates the desorption of the 

target MBE by displacement). Palladium has been identified as the best catalytic metal 

for partial hydrogenation of -C≡C- → -C=C- bond [148], which can be linked to the low 

Ake/Aky ratio (~10-3) [22] relative to other transition metals typically used in 

hydrogenation (e.g., Ake/Aky on Pt ~10-2) [147]. Olefin formation is structure sensitive 

and favoured over 3-5 nm Pd nanoparticles [149].  
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Figure 3.1: Simplified reaction scheme for the selective hydrogenation of MBY to target 

MBE with MBA and dimers as undesired reaction by-products from further 

hydrogenation/oligomerisation. 

Full hydrogenation (to MBA) has been attributed to multi-coordination of MBY 

[149] on (i) surface defects (e.g., corners and edges) of small (<3 nm) palladium 

nanoclusters with low electron density (Pdδ+) [149] and (ii) large ensembles of Pd atoms 

on the crystal planes of palladium nanocrystals >5 nm [30]. A number of strategies have 

been considered to facilitate the formation of Pdδ- species and/or reduce Pd ensemble size 

including: use of basic supports (e.g., MgO and Ga2O3) [150], incorporation of an external 

promoter with a lone pair of electrons (e.g., quinoleine) [34], addition of a second (more 

electropositive) metal (e.g., Ag, Cu, Pb) [11,22] and/or formation of a homogenous alloy 

[28].  

Recent studies have shown the potential of a PdZn alloy phase in selective 

hydrogenation of CO2  to CH3OH [151] and semi-hydrogenation of unsaturated 

hydrocarbons (e.g., dienes [152], alkynes [153] and alkyndiols [150]). The catalytic 

application of PdZn catalysts in liquid phase hydrogenation of substituted alkynes has 

been the subject of appreciable research [154]. However, no attempts have been made to 

establish a direct correlation between PdZn alloy concentration and catalytic 

performance, and we have failed to unearth any study in the open literature on continuous 

alkynol hydrogenation using a supported PdZn alloy catalyst. The synthesis of supported 

PdZn alloy catalysts can involve the simultaneous loading of both metal precursors on a 

support (e.g., co-impregnation [155] or co-precipitation [156]) or loading of a Pd 

precursor on ZnO (e.g., incipient wetness impregnation) [155] followed by high 

temperature (T > 473 K) activation in H2 [157]. These methodologies suffer from poor 

control of particle size distribution [158] with a detrimental effect on 

composition/homogeneity of the PdZn alloy phase formed [159]. A strategy to avoid 

these issues is the synthesis of size-controlled Pd colloids that can be subsequently 

deposited on a ZnO support [160]. Altering the final reduction temperature impacts on 
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the degree of support reduction which, in turns, modifies the amount of PdZn alloy phase 

generated [161].  

In this work, we investigate the effects on catalyst response of PdZn alloy phase in 

comparison with a standard metallic Pd phase (using Pd/Al2O3) in the continuous gas 

phase hydrogenation of MBY. The impact on catalytic performance of PdZn alloy relative 

to PdCu (using Pd/CuO) and Pd3Pb alloy phases (in an industrial Lindlar catalyst) has 

also been considered. Moreover, as Au has delivered high selectivity in partial -C≡C- 

bond hydrogenation [162] we have also studied the catalytic response of Au/Al2O3. 

3.2. Experimental Section 

3.2.1. Catalyst Preparation and Activation 

The oxide supports, ZnO, Al2O3 and CuO were purchased from Sigma-Aldrich and 

used as received. 1% wt. Pd/ZnO, Pd/Al2O3 and Pd/CuO were prepared by deposition of 

ex-situ synthesised monodispersed Pd nanoparticles according to a previously published 

procedure [163]. An aqueous solution of PdCl2 (0.015 M) (Fluka, >99%) and 

Na2MoO4·H2O (Fluka, >99%) (Pd/Mo mol ratio = 1) was heated in a three neck round 

bottom flask at 368 K under continuous stirring (500 rpm) until complete evaporation. 

The solid residue was dissolved in water and contacted (at ambient temperature) with a 

continuous flow of H2 (100 cm3 min-1) for 30 minutes resulting in the formation of 

uniform Pd nanoparticles stabilised by molybdate anions [164]. Palladium deposition was 

achieved via adsorption where the support (ZnO, Al2O3 or CuO; ca. 2 g) was immersed 

and stirred in the Pd colloidal solution for ca. 2 h, the slurry filtered and dried in air at 

ambient temperature. 1% wt. Au/Al2O3 was prepared by deposition-precipitation (DP) 

using urea as basification agent. An aqueous mixture of urea (100-fold excess) and 

HAuCl4 (4.4  10-5 mol cm-3) was added to the support (ca. 2 g). The suspension was 

continuously stirred (650 rpm) and heated at 2 K min-1 to 353 K, the pH progressively 

increased to reach ca. 7 after 3 h as a result of thermally induced urea decomposition 

[165]. The solid was separated by centrifugation, washed with deionised water (with 

centrifugation between each washing) until chlorine free (confirmed by AgNO3 test) and 

dried in He (45 cm3 min-1) at 373 K (2 K min-1) for 5 h. A commercial (5% wt.) 

Pd(Pb)/CaCO3 (Lindlar catalyst; Pd/CaCO3  poisoned (by impregnation) with lead acetate 

following a patented method) [166] was purchased from Johnson Matthey. Prior to use, 

the catalysts were sieved into a batch of 75 µm average diameter and thermally treated in 
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60 cm3 min-1 H2 at 10 K min-1 to 403-973 K, which was maintained for 1 h. Samples for 

off-line analysis were passivated in 1% v/v O2/He at ambient temperature. 

3.2.2 Catalyst Characterisation 

The Pd and Au loading was measured by atomic absorption spectroscopy (AAS) 

using a Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted 

extract in aqua regia (25% v/v HNO3/HCl). Total SSA, TPR, and room temperature H2 

chemisorption were determined using a commercial CHEM-BET 3000 (Quantachrome) 

unit equipped with a thermal conductivity detector (TCD) with data 

acquisition/manipulation using the TPR WinTM software (Version 1.0a). Total SSA was 

obtained using the standard single point BET method. The samples were loaded into a U-

shaped Quartz cell, outgassed at 423 K for 1 h in 60 cm3 min-1 He and cooled down to 

room temperature. SSA values were recorded with a 50% v/v N2/He flow (30 cm3 min-1); 

pure N2 (99.9%) served as the internal standard. At least two cycles of N2 adsorption–

desorption in the flow mode were used to determine total surface area. TPR measurements 

involved a heating process in 17 cm3 min-1 5% v/v H2/N2 at 10 K min-1 to 403 ≤ T ≤ 973 

K, where the effluent gas passed through a liquid N2 trap. Post-TPR, the thermally treated 

samples were maintained at the final temperature in a constant flow of H2/N2 for 1 h. 

After TPR, the samples were swept with a flow of N2 for 1.5 h to remove any physisorbed 

hydrogen and cooled to room temperature to be subjected to H2 chemisorption using a 

pulse (30 μl) titration procedure. Hydrogen pulse introduction was repeated until the 

signal area was constant, indicating surface saturation. SSA and H2 uptake values were 

reproducible to ±5% and the values quoted in this paper are the mean. Powder X-ray 

diffractograms (XRD) were recorded on a Bruker/Siemens D500 incident X-ray 

diffractometer using Cu K radiation. The samples were scanned at a rate of 0.02º step-1 

over the range 20º ≤ 2θ ≤ 90º (scan time = 5 s step-1). Diffractograms were identified 

using the JCPDS-ICDD reference standard for zincite ZnO (070-8070), γ-Al2O3 (153-

7011), Pd (046-1043) and β-PdZn (072-2936). Metal nanoparticle size and shape was 

examined by transmission (TEM), scanning transmission (STEM) and high resolution 

scanning electron microscopy (HRSEM). TEM measurements were performed using a 

JEOL JEM 2011 HRTEM unit with a UTW energy dispersive X-ray (EDX) detector 

(Oxford Instruments) operated at an accelerating voltage of 200 kV using Gatan Digital 

Micrograph 3.4 for data treatment. STEM analysis w conducted in a JEOL 2200FS 

operated at an accelerating voltage of 200 kV, employing Gatan Digital Micrograph 1.82 

for data acquisition/manipulation. HRSEM measurements were carried out in a Zeiss 
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Merlin microscope equipped with a secondary electron detector. The acceleration voltage 

was 2.5 kV and the working distance was kept at 1.5 mm. Atomic number contrast (i.e. 

"Z contrast") images were obtained with a JEOL 2200FS field emission gun-equipped 

TEM instrument operated in scanning mode at an accelerating voltage of 200 kV with a 

nominal 0.5 nm probe size, employing Gatan Digital Micrograph 1.82 for data 

acquisition/manipulation. By using an annular dark field detector with a minimum 

collection semi-angle of ~100 mrad, the recorded images have intensity approximately 

proportional to tZ1.7–2 (sample thickness t, average atomic number Z), facilitating a clear 

contrast between the heavy and lighter element components in the catalyst samples. Up 

to 300 individual metal particles were counted for each catalyst and the surface area 

weighted mean size (d) was calculated from: 
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n d

n d
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(3.1) 

where ni is the number of particles of diameter (di). XPS analyses were conducted on an 

Axis Ultra instrument (Kratos analytical, Manchester UK) under ultra-high vacuum 

condition (<10-8 Torr) and using a monochromatic Al K X-ray source (1486.6 eV). The 

source power was maintained at 150 W and the emitted photoelectrons were sampled 

from a square area of 750 × 350 μm2; the photoelectron take-off angle was 90°. The 

analyser pass energy was 80 eV for survey spectra (0 – 1000 eV) and 40 eV for high 

resolution spectra (over the Pd 3d core level). The carbon 1s peak was calibrated at 285.0 

eV and used as an internal standard to compensate for any charging effects. Spectra curve 

fitting and quantification were performed with the Casa XPS software (version 2.3.17), 

using Shirley background and Gaussian Lorentzian curves with fixed Pd 3d5/2 position (-

5.26 eV) and intensity (+1.5-fold) with respect to Pd 3d3/2 peak [167] and full width at 

half maximum (FWHM) of 1.4 eV and 2.4 eV to account for the difference in signal 

intensity [168]. 
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3.2.3 Gas Phase Hydrogenation of MBY: 

Hydrogenation of MBY (Sigma-Aldrich, 99%) was carried out at atmospheric 

pressure and 403 K after in situ catalyst activation in a continuous flow fixed bed tubular 

reactor (15 mm i.d.). Reactions were conducted under operating conditions that ensured 

negligible mass/heat transport limitations. A layer of borosilicate glass beads served as 

preheating zone, ensuring that the MBY reactant was vaporised and reached reaction 

temperature before contacting the catalyst. Isothermal conditions (±1 K) were ensured by 

diluting the catalyst bed with ground glass (75 µm) before insertion into the reactor. 

Reaction temperature was continuously monitored by a thermocouple inserted in a 

thermowell within the catalytic bed. Pure MBY was delivered to the reactor at a fixed 

calibrated flow rate (1.2 cm3 h-1) via a glass/teflon airtight syringe and teflon line using a 

microprocessor-controlled infusion pump (Model 100 kd Scientific). A co-current flow 

of MBY and H2 (<1% v/v organic in H2) was maintained at a GHSV = 2 × 104 h-1 with a 

molar metal (Pd or Au) to inlet reactant molar feed rate (n/F) of 4 × 10-7 - 11 × 10-6 h. 

The H2 content was in excess of the stoichiometric requirement for full hydrogenation (to 

MBA), the flow rate was monitored using a Humonics (Model 520) digital flowmeter. In 

a series of blank tests, passage of MBY in a stream of H2 through the empty reactor or 

over each support alone did not result in any detectable conversion. The reactor effluent 

was condensed in an ice-cold water trap for subsequent analysis, which was made using 

a Perkin-Elmer Auto System XL gas chromatograph equipped with a programmed 

split/split-less injector and a flame ionisation detector, employing a Stabilwax (Cross-

Bond Carbowax-PEG; 30 m × 0.32 mm i.d., 0.25 μm film thickness) capillary column 

(Restek). Data acquisition and manipulation were performed using the TurboChrom 

Workstation Version 6.3.2 (for Windows) chromatography data system. MBY, MBE and 

MBA (Sigma-Aldrich, ≥98%) were used as supplied without further purification. All the 

gases (O2, H2, N2 and He) employed were of ultra-high purity (BOC, >99.98%). Reactant 

and product molar fractions (xi) were obtained using detailed calibration plots (not 

shown). MBY conversion (XMBY) was obtained from 

in out

in
MBY

[MBY] [MBY]

[MBY]
(%) 100

−
= X

 

(3.2) 

and selectivity in terms of MBE (SMBE) as target product is given by 
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(3.3) 

where the subscripts “in” and “out” refer to the inlet and outlet gas streams. Catalytic 

activity is also quantified in terms of MBY transformation rate (RMBY, mol mol Pd
-1 s-1) 

obtained from time on-stream measurements, using MBY conversion (ca. 5-10%) at 

steady-state condition:  

-1 1 MBY
 MBY Pd

100
(mol mol  s  )− 

=


X F
R

n  
(3.4) 

Turnover frequency (TOF, rate per active site, s-1) was calculated using metal dispersion 

(D) values from microscopy analysis according to: 

1 MBY
 (s  )− =

R

D
TOF  (3.5) 

Repeated reactions with different samples from the same batch of catalyst delivered raw 

data reproducibility and carbon mass balances that were within ±5%.  

3.3 Results and Discussion 

3.3.1 Pd/ZnO vs. Pd/Al2O3 

3.3.1.1 Catalyst Characterisation 

Total SSA of the ZnO (10 m2 g-1) and Al2O3 (173 m2 g-1) supports are in accord with 

values in the literature for zincite ZnO (4-10 m2 g-1) [169] and gamma-phase alumina 

(140-190 m2 g-1) [170]. The introduction of Pd colloids resulted in lower values of SSA 

(Table 3.1), suggesting pore blockage by the metal component [171]. The TPR profiles 

(Figure 3.2) for Pd/ZnO and Pd/Al2O3 show a hydrogen released (negative peak) at 335 

K that can be linked to room temperature Pd β-hydride decomposition [172]; room 

temperature palladium precursor reduction to Pd0 has been established elsewhere [173]
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Table 3.1: Physico-chemical properties of Pd/ZnO, Pd/Al2O3, Au/Al2O3, Pd/CuO and Lindlar catalysts   

 

 Pd/ZnO Pd/Al2O3 Au/Al2O3 Pd/CuO Lindlar 

Metal loading (wt. %) 1.0 0.9 1.1 1.1 5.0 

SSA (m2 g-1) 8 157 166 20 10 

TPR 

Tmax (K)a 335, 685 335 448 333,525 340 

H2 consumption 

(μmol g-1) 
2103b - 87b/84c 11300b - 

H2 uptake (μmol gmetal
-1)d 

167e/85f 1560e/1020f 32e 75e 217g 

Metal particle size (nm) 
6h/6f 6h/10f 4e 5e 4g 

Metal dispersion (%) 18h/18f 18h/11f 30e 22e 27g 

aTmax associated with negative TPR peak is given in italic. 
bExperimental value. 
cTheoretical H2 consumption for Au3+

→Au0. 
dHydrogen chemisorption at room temperature. 
eCatalyst activated in hydrogen at 573 K. 
fCatalyst activated in hydrogen at 973 K. 
gCatalyst activated in hydrogen at 603 K 
hFresh catalyst 
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Figure 3.2: TPR profiles for (A) Pd/ZnO (solid line), (B) Pd/Al2O3 (dashed line) and (C) 

ZnO (dotted line). 

Hydride composition in terms of H/Pd molar ratio depends on Pd nanoparticle size 

[174]. We observe a similar value for both catalysts (~0.20) consistent with formation of 

well dispersed nano-scale (4-6 nm) palladium particles [174]. TPR of Pd/ZnO (Figure 

3.2(A)) exhibits a broad positive signal over the range 475-775 K. The amount of 

hydrogen associated with the single consumption peak (Tmax at ca. 685 K) was 

significantly lower (by a factor of 6) than that required to fully reduce ZnO to metallic 

zinc and suggests that the presence of Pd results in "partial" ZnO → Zn reduction at the 

metal-support interface [175] with formation of a PdZn alloy phase [150]. The presence 

of Pd on ZnO surface resulted pivotal for partial support reduction, being the TPR profile 

recorded for bare ZnO (Figure 3.2 (C)) featureless (i.e. no hydrogen consumption), as a 

consequence of limited H2 splitting by ZnO. 

XRD analysis was used to examine crystal properties and confirm PdZn alloy 

formation; results for the ZnO (I) and Al2O3 (II) systems are presented in Figure 3.3 

Selected areas in the diffractogram of Pd/ZnO fresh (IB) and post-TPR to 973 K (IC) 

have been magnified and are shown as insets (a) and (b), respectively. The as-received 

ZnO support (IA) presents sharp signals at 2θ = 32.1°, 34.5°, 36.5°, 47.8°, 57.2°, 63,1°, 
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68.5° and 69.8° corresponding to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (2 -1 0), (1 0 3), (2 

-1 2) and (2 0 1) planes of hexagonal close-packed (hcp) zincite (ID). The XRD pattern 

for all the Pd/ZnO samples exhibited the diffraction peaks observed in (IA) with an 

additional reflection at 2θ = 40.1° in (IB) (see inset (a)) due to the (1 1 1) main plane of 

metallic Pd (IE). Post-TPR at 973 K (IC) the XRD reflection of Pd0 at 2θ = 40.1° 

disappears while we observe the simultaneous appearance of XRD signals at 2θ = 41.2° 

and 44.1° (see inset (b)) characteristic of hexagonal (-phase) PdZn alloy (IF). A stable 

β-PdZn alloy phase can be formed at T ≥ 373 K during heating treatment in hydrogen 

[152,176]. The comparable intensity for the main peak in (a) and (b) observed for Pd/ZnO 

fresh and activated at 973 K is indicative of similar metal dispersion. This is consistent 

with reports in the literature that have shown absence of metal agglomeration for (2-7 

nm) Cu [177], Au [178] and Pt [179] nanoparticles supported on ZnO after activation up 

to T = 873 K. Oxygen vacancies are surface defects generated by the loss of lattice oxygen 

due to high temperature chemical reduction in hydrogen (ca. 738 K for ZnO [180] and 

550 K on Pd/ZnO [181]). The lack of metal sintering can be linked to strong interaction 

of Pd with surface defects on ZnO. Moreover, β-PdZn alloy at the metal-support interface 

[182] can also serve to anchor Pd nanoparticles inhibiting metal mobility. The XRD 

pattern of the as-received alumina support (IIA) presents a broad reflection at 

2θ = 66.9° associated with the (4 4 0) main plane of cubic γ-Al2O3 (IID). The XRD 

diffractograms of the fresh (IIB) and activated (to 973 K) Pd/Al2O3 (IIC) show an 

additional peak at 2θ = 40.1° (see inset (c) and (d)) characteristic of Pd0 (see profile (IIE)). 

The main Pd0 peak in Pd/ZnO ((IB) and inset (a)) and Pd/Al2O3 ((IIB) and inset (c)) has 

a similar intensity and width. In contrast, the activated Pd/Al2O3 exhibits a sharper peak 

(i.e. higher intensity and smaller width) suggesting Pd particle growth. A weaker 

interaction between (non-reducible) Al2O3 (vs. reducible ZnO) and Pd is consistent with 

the lower adhesion energy (Eads, Pd-Al2O3 = 0.3-1.59 J m-2 vs. Eads, Pd-ZnO = 2.3-2.5 J 

m-2) [183] and can result in metal surface diffusion and particle sintering. 
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Figure 3.3: XRD patterns associated with (I) ZnO (A), Pd/ZnO fresh (B) and after 

hydrogen thermal treatment to 973 K (C), JCPDS-ICDD reference for (D) zincite-ZnO (070-

8070), (E) Pd (046-1043) and (F) β-PdZn (072-2936); (II) Al2O3 (A), Pd/Al2O3 fresh (B) and 

after hydrogen thermal treatment to 973 K (C), JCPDS-ICDD reference for (D) zincite-ZnO 

(070-8070), (E) Pd (046-1043) and (F) β-PdZn (072-2936); (II) Al2O3 (A), Pd/Al2O3 fresh (B) 

and after treatment to 973 K (C), JCPDS-ICDD reference for (D) -Al2O3 (153-7011) and (E) 

Pd (046-1043). Note: XRD diffractogram magnifications over ca. 2θ = 38-46° for patterns (IB), 

(IC), (IIB) and (IIC) is presented as insets (a), (b), (c) and (d), respectively. Dashed line 

identifies position of the Pd0 main peak (2θ = 40.1°) while dotted lines illustrate the position of 

characteristic peaks for β-PdZn (2θ = 41.2° and 44.1°) 
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Metal particle morphology was further examined by microscopy analyses, 

representative TEM, SEM and STEM images of (unsupported) Pd nanoparticles and 

(supported) fresh and activated to 973 K (as a representative) Pd/ZnO and Pd/Al2O3 are 

presented in Figure 3.4; associated metal particle size histograms are shown in Figure 

3.5. 

 

Figure 3.4: Representative (I) TEM image of Pd colloids (scale bar = 20 nm); (II) SEM 

micrographs at medium (A) (scale bar = 100 nm) and high-resolution (B) (scale bar = 20 nm) 

for fresh (a) Pd/ZnO and (b) Pd/Al2O3; (III) STEM image of (a) Pd/ZnO (scale bar = 20 nm) 

and (b) Pd/Al2O3  (scale bar = 50 nm) after H2 treatment to 973 K. 
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Figure 3.5: Metal particle size histograms associated with (I) Pd colloids, (II) fresh and 

(III) post-thermal treatment in H2 to 973 K (a) Pd/ZnO and (b) Pd/Al2O3. 

SEM analysis of Pd/ZnO (Figure 3.4(IIa)) shows an aggregation of small crystallites 

(≤40 nm) with a rod-like structure characteristic of zincite-ZnO [184]. The alumina carrier 

presents a more amorphous structure (Figure 3.4(IIb)), a result that is in line with the 

broad diffraction peak observed by XRD analysis (Figure 3.3(II)). The representative 

TEM image of Pd colloids (Figure 3.4(I)) demonstrates the formation of quasi-spherical 

nanoparticles with a narrow (4-7 nm; Figure3.5 (I)) size distribution and mean size (=5 

nm). This is consistent with morphology (shape and size) reported elsewhere [163] for Pd 

colloids synthesised by a similar method. The SEM micrographs (Figure 3.4(II)), size 

distribution histograms (Figure 3.5(II)) and entries in Table 3.1 demonstrate that 

deposition of Pd on the ZnO and Al2O3 supports had little effect on palladium 

nanoparticle shape or size for the fresh samples. The integrity of the metal nanocrystals 

was maintained in Pd/ZnO with no significant changes in size/shape post-activation to 

973 K (Figure 3.4(IIIa), Figure 3.5(IIIa) and Table 3.1). In contrast, we observed an 

increase in nanoparticle size for Pd/Al2O3 after thermal treatment to high temperature 

(from 6 → 10 nm; Figure 3.4(IIIb), Figure 3.5(IIIb) and Table 3.1) that is consistent 

with XRD measurements and reported literature showing metal sintering at T > 575 K for 
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Al2O3 supported metal catalysts [185] and Pd colloids supported on non-reducible carriers 

[186]. XRD provides information on bulk characteristics which can differ significantly 

from surface properties [187]. XPS analysis can provide critical information on surface 

Pd content/charge and PdZn alloy formation [188]. The fitted Pd 3d envelope for (I) 

Pd/ZnO and (II) Pd/Al2O3, activated in H2 to 973 K, as representative examples, are 

shown in Figure 3.6.  

 

Figure 3.6: XPS profile over the Pd 3d region for thermally treated (to 973 K) in hydrogen 

(I) Pd/ZnO and (II) Pd/Al2O3. Note: Raw data are shown as open symbols () while curve 

fitted and envelope are represented by solid and dashed lines, respectively. 

Both catalysts present an XPS spectrum characterised by a doublet with Pd 3d5/2 (BE) 

= 334.6 ± 0.1 eV and Pd 3d3/2 BE = 339.9 ± 0.1 eV that are ca. 0.5 eV lower than those 

characteristic of Pd0 (Pd 3d5/2 BE = 335.1 eV and Pd 3d3/2 BE = 340.4 eV [189]). This 

suggests electron transfer from the carrier to Pd resulting in a partial negatively charged 

metal phase (Pdδ-). A similar downshift in BE have been previously reported for (2-10 
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nm) Pd nanoparticles [190] and ascribed to electron transfer from the oxide carrier [191]. 

The spectrum of each catalyst exhibits a doublet at higher BE (Pd 3d5/2 =  337.0 ± 0.5 eV 

and Pd 3d3/2 = 342.2 ± 0.5 eV) characteristic of surface Pd2+ species that can result from 

surface oxidation during the passivation step [187]. The XPS spectrum of Pd/ZnO 

presents an additional doublet at values of BE equal to 335.7 eV (Pd 3d5/2) and 340.9 eV 

(Pd 3d3/2) that is characteristic of PdZn alloy [188].  

The XRD results suggest that increased activation temperature facilitates PdZn alloy 

formation. In order to explicitly demonstrate change(s) in the surface composition of the 

active sites due to thermal treatment, we have plotted the surface content of Pdδ- and PdZn 

species (balance close with Pd2+ content; 5 ± 2%) obtained from XPS analysis, as a 

function of activation temperature and the results are presented in Figure 3.7.  

 

Figure 3.7: Variation in surface Pdδ- (open symbol) and PdZn alloy content (solid symbols) 

with activation temperature for Pd/ZnO (, ) and Pd/Al2O3 (). Note: solid and dashed lines 

provide a guide to aid visual assessment. 

We recorded a PdZn content of ca. 30% for Pd/ZnO activated at 403-473 K. A similar 

temperature requirement (≥373 K) has been shown by XANES and EXAFS for PdZn 

alloy phase formation [152]. A greater PdZn alloy content (30 → 63%) was accompanied 

by a decrease in the amount of Pdδ- (from 60% to 32%) with increasing activation 
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temperature. Pd/Al2O3 exhibited a (ca. 25%) decrease in the surface concentration of Pdδ- 

with activation temperature (403 K → 973 K) (Figure 3.7) that can be ascribed to particle 

sintering. Gigola et al. [192], observed the same temperature dependence and reached a 

similar conclusion for CeO2-Pd/-Al2O3. In each case, the concentration of Pdδ- for 

Pd/Al2O3 was greater than that recorded for Pd/ZnO (60-80% vs. 32-60%) activated at 

the same temperature. 

Hydrogen chemisorption analysis is of practical importance in hydrogenation 

applications. We recorded a total hydrogen uptake in the range 85-1560 mmol gPd
-1 on 

Pd/ZnO and Pd/Al2O3 activated up to 973 K (Table 3.1) in line with reported values (234-

2380 mmol gPd
-1) for Pd/ZnO [58] and Pd/Al2O3 [59] with similar metal content. We 

observed a decrease in uptake with increasing activation temperature, with lower values 

for Pd/ZnO vs. Pd/Al2O3. This is consistent with published work where β-PdZn alloy 

phase has exhibited limited hydrogen chemisorption capacity [58] and particles bearing 

a greater Pdδ- content have shown to enhance H2 adsorption/activation [60]. While the 

nature of the palladium phase can impact directly on hydrogen chemisorption, there is 

also the possibility of an indirect contribution via "metal encapsulation". The latter is 

possible through the formation of a ZnO1-x layer post-H2 treatment to T ≥373 K [46] that 

covers partially the palladium sites and inhibits hydrogen uptake. 

3.3.1.2 Catalytic Response 

The effect of catalyst activation temperature on MBY hydrogenation activity (I) and 

MBE selectivity (II) response over Pd/ZnO and Pd/Al2O3 is presented in Figure 3.8. Both 

catalysts reached a pseudo stationary state after 90 minutes of reaction (see inset) showing 

a similar activity dependence characterised by a decrease in hydrogenation rate with 

activation temperature where greater values were observed for Pd/Al2O3 (vs. Pd/ZnO) at 

each activation temperature. -C≡C- bond hydrogenation over supported Pd has been 

proposed to follow the Horiuti-Polanyi mechanism consistent with a sequential alkyne → 

alkene → alkane conversion [193]. Atomic hydrogen, formed through dissociative H2 

chemisorption on palladium, acts as weak electrophilic agent and attacks (in two 

sequential steps) the triple bond [112]. The addition of the second H is rate limiting [194] 

and sensitive to hydrogen coverage on the metal Surface [108] (i.e. higher concentration 

of surface hydrogen lowers the activation energy barrier) [30] 

. The greater activity over samples activated at lower temperature and Pd/Al2O3 (vs. 

Pd/ZnO) can be tentatively linked to an enhanced hydrogen chemisorption capacity 
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(Table 3.1) due to higher surface Pdδ- content (Figure 3.7). Catalytic activity was 

insensitive to activation temperature at T ≤ 473 K, the temperature range over which we 

observed an almost constant Pdδ- concentration in Pd/ZnO (~60%) and Pd/Al2O3 (~80%) 

(Figure 3.7). Activation at T > 473 K resulted in a concomitant decrease in activity 

(RMBY), Pdδ- and H2 chemisorption. This can be ascribed to -PdZn alloy formation and 

(partial) metal encapsulation for Pd/ZnO and metal sintering for Pd/Al2O3, as 

demonstrated by XPS, XRD and microscopy analyses.  

 

Figure 3.8: Variation of (I) MBY transformation rate (RMBY, mol molPd-1 s-1; solid 

symbols) and (II) MBE selectivity (SMBE, %; open symbols) with catalyst activation temperature 

over Pd/ZnO (,) and Pd/Al2O3 (, ). Inset in (I): Variation of MBY conversion (XMBY) 

with time on-stream over Pd/ZnO () and Pd/Al2O3 () activated at 573 K (n/F = 0.013 h), as 

representative samples. Reaction conditions: T = 403 K, P = 1 atm, XMBY ~ 10%. 
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We conducted a series of experiments to examine the effect(s) of β-PdZn alloy 

formation on reaction selectivity at the same degree of conversion and the results are 

given in Figure 3.8(II). The conversion of MBY over Pd/ZnO and Pd/Al2O3 generated 

MBE and MBA as the only products (i.e. SMBE + SMBA = 100). There were no detectable 

oligomerisation products (Figure 3.1), a result that deviates from -C≡C- bond gas-phase 

hydrogenation of alkynes (e.g., acetylene) [22] over (SiO2 and zeolite) supported Pd 

catalysts [195,196]. The absence of oligomer formation in this work can be the result of 

high H2:Alkyne ratio [22] (i.e., alkyne condensation is hampered at low surface alkyne 

concentrations) [197] and presence of Lewis basic sites on Al2O3 and ZnO [39,198] (i.e., 

oligomerisation is promoted in the presence of metal cations of strong acid supports) 

[199]. We observed higher selectivity (ca. 25%) to the target MBE over Pd/ZnO (vs. 

Pd/Al2O3) at each activation temperature. Both (Al2O3 and ZnO supported) systems 

exhibit a similar SMBE vs. activation temperature dependence characterised by three main 

regions: (i) low SMBE (≤85%) for catalysts activated at T ≤ 473, (ii) enhanced SMBE (70-

90 %) for samples reduced over 473 ≤ T < 673 K and (iii) highest SMBE (up to 97%) for 

systems thermally treated in hydrogen at T > 673 K. The high selectivity achieved in this 

work is an important result on the light of the lower SMBE values reported for MBY 

hydrogenation over Pd/ZnO in pressurised (3-10 bar) batch systems [200]. Pd/ZnO and 

Pd/Al2O3 bear metal particles of similar size (ca. 6 nm) upon activation at low 

temperatures (≤473 K) although the formation of β-PdZn alloy (Figure 3.7) can reduce 

the size of Pdδ- ensembles on metal crystal planes (responsible for MBY multi-

complexation and undesired MBA formation) [28] resulting in greater olefin selectivity. 

An increase in PdZn alloy concentration following activation between 473 and 673 K 

(Figure 3.7) further reduces palladium ensemble size increasing SMBE. Over the same 

range of activation temperatures Pd/Al2O3 undergoes metal sintering (6 → 10 nm) which 

lowers the concentration of surface defects [201], responsible for over-hydrogenation 

[149]. The almost constant MBE selectivity for samples activated at T > 673 K is 

consistent with minor variations in PdZn alloy content (60 ± 3%, Figure 3.7) on Pd/ZnO 

and percentage of surface defects for metal particles with d > 8nm [202] for Pd/Al2O3. 
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3.3.2 Pd/ZnO vs. Pd/CuO vs. Au/Al2O3 vs. Lindlar Catalyst 

3.3.2.1 Catalyst Characterisation  

The SSA of Au/Al2O3, Lindlar and Pd/CuO are recorded in Table 3.1. The TPR 

activation profiles of the three catalysts are given in Figure 3.9 while the temperatures 

associated with maximum H2 desorption/consumption are provided in Table 3.1. 

 

Figure 3.9: (I) TPR profiles and (II) representative TEM/STEM images (scale bar = 20 

nm) with (III) associated metal particle size histogram for (A) Au/Al2O3, (B) Lindlar's and (C) 

Pd/CuO catalysts. Note: TPR profile magnification over ca. 295 K ≤ T ≤ 395 K for (IC) is 

included as an inset. 

Au/Al2O3 (IA) shows a single positive peak at Tmax = 448 K with experimental 

hydrogen consumption matching that required for complete Au3+ to Au0 reduction [203]. 

Hao et al. [204] demonstrated (by XPS analysis) the formation of metallic gold in 

Au/Fe2O3 after thermal treatment (in H2) to 573 K. The negative peak at 333-340 K in the 

TPR profiles of Lindlar (IB) and Pd/CuO (IC) catalysts can also be linked to Pd β-hydride 

decomposition. The equivalent H/Pd molar ratio for the Lindlar catalyst (0.17 vs. 0.20) 
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suggests a similar Pd nanoparticle size to that recorded for Pd/ZnO and Pd/Al2O3 (i.e., 6 

nm). Pd/CuO exhibited a lower H/Pd ratio (~0.05), a result that can be linked to Pd 

encapsulation due to the room temperature formation of PdCuO1-x species [205] that 

reduce H2 diffusion into Pd bulk phase [206] lowering H/Pd. We observed a significantly 

lower surface Pd content (from XPS elemental analysis) relative to AAS loading (0.2 vs. 

1 wt.%) for Pd/CuO which further suggests metal encapsulation by CuO. TPR of Pd/CuO 

shows a positive peak at ca. 425-560 K with a Tmax = 525 K characteristic of CuO → Cu0 

[207]. The lower band gap of CuO (1.2 eV) [208] relative to ZnO (3.3 eV) [80] results in 

greater reducibility [76] and can account for the downshift in the temperature requirement 

(by 160 K; see Figures 3.2(A) vs. Figure 3.9(IC)) for CuO reduction. The hydrogen 

uptake for Au/Al2O3 (32 μmol gAu
-1) was low, in line with the high activation energy 

barrier of H2 dissociative adsorption due to the filled d band [81]. Hydrogen 

chemisorption on Pd Lindlar (217 μmol gPd
-1) and Pd/CuO (75 μmol gPd

-1) was 

significantly lower (up to a 20-fold) than that recorded for Pd/Al2O3 activated at a similar 

temperature (Table 3.1), which can be linked to Pd coverage by Pb(OAc)2 during catalyst 

synthesis [166] and PdCu alloy formation post-TPR at T ≥ 438 K [209]. 

A representative high-resolution STEM image of Au/Al2O3 is given in Figure 3. 

9(IIA) with associated nanoparticle size histogram in Figure 3.9(IIIA). The catalyst 

exhibits pseudo-spherical Au nanoparticles in the 1–8 nm size range with a mean diameter 

of 4 nm (Table 3.1). Low-coordination surface sites (e.g., corner, steps and edges) in gold 

nanoparticles ≤5 nm have been identified as active sites for hydrogen 

adsorption/activation [210] and are essential for significant activity in hydrogenations 

[211]. The representative STEM images of Pd Lindlar (IIB) and Pd/CuO (IIC) are shown 

in Figure 3.9. Metal particles of globular morphology in the 2- 6 nm size range are in 

evidence (Figure 3.9(IIIB-IIIC)), with a mean Pd particle size of 4 nm (Lindlar) and 5 

nm (Pd/CuO) (Table 3.1).  

3.3.2.2 Catalytic Response 

In this study, catalytic performance of Pd/ZnO was compared with other well-known 

selective catalysts for alkyne hydrogenation including Au/Al2O3 and Pd alloys (Pd3Pb in 

Lindlar catalyst and PdCu in Pd/CuO). We first examined the catalytic performance of 

Pd/ZnO vs. Pd/CuO vs. Au/Al2O3 under the same reaction conditions and the results 

obtained are presented in Figure 3.10. 



61 

 

 

Figure 3.10: Variation of MBY transformation rate (TOF, s-1; open bars) and MBE 

selectivity (SMBE, %; solid bars) for reaction over Pd/ZnO, Pd/CuO and Au/Al2O3 activated at 

573 K. Reaction conditions: T = 403 K, P = 1 atm, XMBY ~ 10%. 

Au/Al2O3 and Pd/CuO with lower hydrogen uptake capacity (32-75 μmol gmetal
-1 vs. 

167 μmol gmetal
-1) delivered the lowest activity. Marin-Astorga et al. [212] reported a 

similar dependence of activity with H2 uptake in the hydrogenation of C3-C5 alkynes 

over Pd/SiO2 and Pd/MCM-41. Under the same conversion degree (XMBY =10%), the 

three catalysts delivered a similar high selectivity (ca. 96%) to the target MBE 

(SMBA ~ 4%). Lin et al. [213] reported high SMBE in liquid phase operation over Au 

supported on active carbon, but we provide in here the first evidence of elevated MBE 

production in continuous gas phase operation. 

The relationship between MBY conversion (XMBY) and MBE selectivity (SMBE) for 

Pd/ZnO, Pd/Al2O3 and industrial Lindlar catalyst shown in Figure 3.11 provides an overall 

picture of the selectivity trends; the lines are intended merely as a guide to aid visual 

assessment and do not possess any "fitting" significance.  
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Figure 3.11: Variation of MBE selectivity (SMBE, %) as a function of MBY conversion 

(XMBY, %) for reaction over Pd/ZnO (), Pd/Al2O3 () and Lindlar's () catalysts. Note: 

dashed lines provide a guide to aid visual assessment. Reaction conditions: T = 403 K, P = 1 

atm. 

In each case, SMBE decreased (to varying degrees) as MBY conversion was increased. 

This anti-sympathetic correlation between XMBY and SMBE is to be expected in a stepwise 

hydrogenation scheme where total hydrogenation should be enhanced at greater XMBY. We 

could not find any report of MBY hydrogenation promoted by supported Pd catalysts that 

has considered the dependence of SMBE with XMBY. It is, nonetheless, worth flagging the 

work of Kim and Moon [214] who observed a similar trend in the gas phase hydrogenation 

of acetylene over Pd/SiO2. MBE selectivity over Pd/Al2O3 was significantly lower than that 

recorded for Pd/ZnO, regardless of MBY conversion. We observed an intermediate level of 

SMBE over the Lindlar catalyst at all MBY conversions, which can be tentatively ascribed to 

a decrease of Pdδ- ensemble size by the Pd3Pb alloy phase [38]. The higher MBE selectivity 

over Pd/ZnO (vs. Lindlar) can be explained by the increased temperature requirement for 

the generation of Pd3Pb relative to β-PdZn [36] which, in turn, will result in a greater surface 

β-PdZn content at each temperature. 
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3.4. Conclusions 

A series of Pd/ZnO catalysts with different β-PdZn alloy content were synthesized via 

deposition of ex situ generated Pd colloids followed by thermal treatment in H2 to 403-973 

K and used in the continuous gas phase hydrogenation of MBY→MBE. Powder XRD 

analysis confirmed alloy formation while XPS measurements revealed the coexistence of 

Pdδ- and β-PdZn alloy on the catalyst surface with increase PdZn/Pdδ- mol ratio at higher 

activation temperatures. Pd/ZnO was the most selective to the target MBE while (a 

benchmark) Pd/Al2O3 delivered the highest activity, regardless of reduction temperature in 

H2. Both systems showed a similar dependence with activation temperature consistent with 

greater MBE selectivity and lower activity over catalysts prepared at higher temperature. 

We attributed this response to dilution of exposed Pdδ- ensembles due to alloy formation and 

metal encapsulation (for Pd/ZnO) or metal agglomeration (in Pd/Al2O3). Pd/ZnO also 

delivered the best combined activity/MBE selectivity relative to industrial Lindlar catalyst, 

Pd/CuO and Au/Al2O3. Our results establish a direct correlation between surface β-PdZn 

alloy content and catalytic performance for the continuous gas phase transformation of 

alkenols with multiple industrial applications.  
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Chapter 4:                                                                                                    

Zn-Promoted Selective Gas Phase Hydrogenation  

of Tertiary and Secondary C4 Alkynols  

over Supported Pd 

In Chapter 3, we have demonstrated high MBE selectivity in the continuous gas 

phase semi-hydrogenation of MBY over several Pd/ZnO catalysts (activated in H2 at 403-

973 K), although metal encapsulation and tuning alloy composition were decided 

drawbacks. In this chapter, we carry out a systematic evaluation of the key parameters 

(H2: Alkynol, nature of the carrier and Pd-Zn alloy) in the production of C4 tertiary and 

secondary alkenols via alkynol semi-hydrogenation. We have analysed the dependence 

between alkynol hydrogenation and H2 partial pressure using Pd/Al2O3, as a benchmark. 

We also consider the impact of the nature of the support for (carbon, CeO2, ZnO, Al2O3, 

MgO) supported Pd catalysts and the effect of alloy composition using Pd-Zn/Al2O3 

synthesised by colloidal deposition. 

4.1 Introduction 

The catalytic hydrogenation of alkynols is the main route to alkenols [5], widely 

employed as intermediates in the manufacture of fine chemicals (e.g. vitamins and 

anticarcinogenic agents) [215]. The industrial process is carried out in pressurised (2-5 

bar) batch liquid phase reactors over Pd catalysts [114]. A move from batch to continuous 

operation reduces the number of processing steps, which improves environmental 

performance (E-factor reduction from (23 → 3 kg waste generated kgproduct
-1) [216]. Alkynols 

can be classified based on the number of substituents bonded to the hydroxyl C as 

primary, secondary and tertiary (i.e. one carbon, two or three, respectively). The work to 

date has focused on hydrogenation of tertiary alkynols [217]. The economic benefits of 

alkenol production are dependent on catalyst performance, where undesired condensation 

(to dimers), full hydrogenation (to alkanol) and double bond migration (to ketone) are 

difficult to fully avoid [38,218]. Hydrogen uptake/release is undoubtedly a critical factor 

that impacts on activity/selectivity response and is linked to metal particle size and H2: 

Alkynol ratio. The formation of small (<4 nm) Pd nanoparticles is essential for significant 

hydrogen uptake and hydrogenation activity [219]. Control of metal dispersion is 

challenging using conventional catalyst preparation techniques (e.g. impregnation or DP) 
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but this can be circumvented by the synthesis of size-controlled metal colloids that are 

subsequently anchored onto a carrier [125]. The undesired formation of dimers and 

alkanols can be governed by hydrogen coverage on the catalyst surface [31] which, in 

turn, can be influenced by the H2:Alkynol ratio, i.e. dimer generation and full 

hydrogenation are promoted at low (≤1.5) [31] and high ratios (≥2.5) [220], respectively. 

Alkynol hydrogenation reactions have been conducted where the H2:Alkynol 

(stoichiometric = 1 to alkenol production) was maintained low (typically = 1  10-2 - 2  

10-2) in both, liquid and gas phase operation [221,222]. It is, however, worth flagging the 

work of Prestianni et al.[119], who examined the gas phase hydrogenation of (tertiary) 

MBY over  unsupported Pd nanocubes using an H2:Alkynol ratio of 3. 

The electronic character of the Pd site is an additional consideration that impacts 

directly on the mode and strength of reactant adsorption [28]. Although this can be 

effectively modified by the Pd crystal size [149] or the acid-base/redox properties of the 

support [223], it is difficult to establish a direct correlation from the existing literature for 

optimum alkenol production. Surface defects (e.g. kinks, steps and edges) are prevalent 

on small (<2.5 nm) palladium nanoparticles [224] and promote undesired -C≡C- over-

hydrogenation [225] and/or alkenol double bond migration [38]. On the other hand, (111) 

planes in larger (>6 nm) Pd0 nanoparticles favour the formation of dimers [225]. A 

"support effect" has been reported in the literature for carriers with modified acid-base 

properties. Zakarina and co-workers [226] and Bönnemann [227] working with a series 

of oxide (SiO2, Al2O3, MgO, CaCO3, CeO2) supported palladium catalysts, linked their 

observed increased in activity and alkenol selectivity in the liquid phase hydrogenation 

of MBY and 3-hexyn-1-ol to an increased basicity of the carrier that results in the 

formation of electron-rich Pd nanoparticles. The opposite effect has also been observed, 

Berguerand and co-workers [150] recorded a drop in activity in the 2-butyne-1,4-diol 

hydrogenation linked to the presence of Pdδ- nanoparticles using a wide range of supports 

(MgO, ZnO, Ga2O3,Al2O3, ZrO2, SnO2, SiO2). Alkenol selectivity over supported Pd has 

also been shown to be influenced by the incorporation of a second metal and ascribed to: 

(i) blockage of Pd surface sites at corners that promote alkanol formation, (ii) electron 

transfer from/to Pd sites [228] which impacts on the -C≡C-/-C=C- adsorption strength 

[228] and/or (iii) alloy formation that induces geometric and electronic modifications. An 

alloy lead-poisoned Pd/CaCO3 (Lindlar’s) catalyst is typically used at industrial scale [44] 

but there is a pressing demand for alternative formulations due to the high toxicity of Pb 

[229]. PdZn alloy has shown promise for alkenol production in pressurised batch liquid 



 

66 

 

systems [220]. In previous work [230], we have shown high selectivity in the continuous 

gas phase semi-hydrogenation of MBY over a series of Pd/ZnO catalysts (activated to 

different temperatures), but control of alloy composition was a decided drawback. We 

have extended that study to consider a series of Al2O3 supported Pd-Zn colloidal catalysts 

as a means of controlling alloy composition. 

 Our intended purpose in undertaken this work was to provide a systematic analysis 

of the critical parameters (H2: Alkynol, nature of the support and Pd-Zn alloy) in the 

synthesis of tertiary and secondary alkenols through partial hydrogenation of the 

correspondent alkynol. We have selected MBE and 3BE, with multiple applications in 

the synthesis of vitamins and tocopherols [231], as model molecules. We have examined 

the dependence of alkynol hydrogenation on H2 partial pressure over Pd/Al2O3, as a 

benchmark. We also address the effect of the nature of the carrier for Pd supported on a 

group of carbon, reducible (CeO2 and ZnO) and non-reducible oxides (Al2O3, MgO) with 

modified acid-base properties as well as the effect of alloy formation for a series of Pd-

Zn/Al2O3 catalysts prepared by colloidal deposition. 

4.2 Experimental 

4.2.1 Catalysts Preparation 

MgO, CeO2, ZnO, 1.2% wt. Pd/Al2O3 (denoted Pd/Al2O3-I in this work) and 1.0% 

wt. Pd/C were obtained from Sigma-Aldrich while the Al2O3 support was purchased from 

Alfa Aesar. Laboratory synthesis of Pd/MgO (0.9% wt.), Pd/CeO2 (0.8% wt.) and Pd/ZnO 

(1.1% wt.) by DP using urea (Riedel-de Haën, 99%) as basification agent followed a prior 

procedure [232]. Briefly, an aqueous solution of urea (100-fold urea excess) and PdCl2 

(Sigma-Aldrich, 99%, 0.16 M, 30 cm3) was added to MgO, CeO2 and ZnO (Alpha Aesar, 

30 g) in a three neck round bottom flask. The suspension was heated (2 K min− 1 to 353 K) 

under constant stirring, where the pH progressively increased to the isoelectric point of 

each support (pH 7 for CeO2 , 10 for ZnO and 11 for MgO) as a result of urea 

decomposition [105].  

𝑁𝐻2𝐶𝑂𝑁𝐻2 + 3𝐻2𝑂 → 𝐾2𝑁𝐻4 + 𝑂𝐻− + 𝐶𝑂2 (4.1) 

The catalysts were separated by filtration, washed with distilled water until nitrate free, 

dried in He (45 cm3 min− 1) at 373 K (2 K min− 1) for 5 h and sieved to 75 μm. mean 

particle diameter.  
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In addition, a series of Al2O3 supported colloidal catalysts (Pd/Al2O3-II, Zn/Al2O3, 

Pd-Zn/Al2O3 (Pd:Zn molar ratios = 95:5, 70:30 and 30:70)) were prepared by deposition 

of ex-situ synthesised monodispersed Pd, Zn and Pd-Zn nanoparticles prepared by a 

solvent (aka. Polyol) method described in detail elsewhere [233–235]. Briefly, poly-n-

vinyl pyrrolidone (monomer: metal = 10:1) was mixed with anhydrous ethylene glycol 

(60 cm3) and ZnCl2 in a two-necked round-bottom flask, stirred for 1 h at 353 K and 

cooled to 273 K in an ice bath (solution 1). In a separate two-necked, round-bottom flask, 

palladium (II) acetate (0.03−0.07 g) was dissolved in 1,4-dioxane (20 cm3) under 

vigorous stirring for 2 h (solution 2). Both solutions were mixed under continuous stirring 

to ensure homogenization where the pH of the mixture was adjusted to pH 9–10 by 

addition of an aqueous NaOH solution (1−2 cm3 ,1 M). The resulting (bright yellow) 

solution was capped and heated at 373 K under vigorous stirring for 2 h. A change in 

colour took place (yellow → dark brown) indicative of colloid formation[236]. The 

solution was cooled to room temperature and the colloids purified (with excess acetone, 

∼1000 cm3) and redispersed (in MeOH). The nanoparticles were deposited on the Al2O3 

support by deposition as described previously [235]. Prior to use, the catalysts were sieved 

into a batch of 75 μm average diameter and reduced in 60 cm3 min-1 H2 (BOC, ≥99.99%) 

at 2 K min-1 to 373-573 K in order to ensure formation of Pd0 [237]. After activation, the 

samples were cooled to ambient temperature and passivated in 1% v/v O2/He (30 cm3 

min-1) for 1 h for ex-situ characterisation by TEM/STEM and XPS analyses. 

4.2.2 Catalyst Characterisation 

The Pd and Zn content was determined by inductively coupled plasma-optical 

emission spectroscopy (ICP-OES) using a Perkin–Elmer Optima 4300 ICP-OES 

spectrometer. Before analysis, the samples were treated in concentrated HNO3 at 343 K 

for 12 h. SSA, H2 chemisorption (at room temperature and/or 373 K) and hydrogen 

temperature-programmed desorption (H2-TPD) were performed using the commercial 

CHEM-BET 3000 (Quantachrome) unit equipped with a thermal conductivity detector 

(TCD) with data acquisition/manipulation using the TPR WinTM software. Total SSA was 

obtained using the standard single point BET method. The samples were loaded into a U-

shaped Quartz cell, outgassed in 60 cm3 min-1 He to 373 K overnight[238] and cooled 

down to room temperature. SSA values were recorded with a (30 cm3 min-1) 50% v/v 

N2/He flow; pure N2 (BOC, 99.9%) served as the internal standard. At least two cycles of 

N2 adsorption–desorption in the flow mode were used to determine total surface area. The 

samples were reduced in 17 cm3 min-1, 5% v/v H2/N2 at 2 K min-1
 to 373-573 K. The 
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thermally treated samples were maintained at the final temperature in a constant flow of 

H2/N2 for 1 h, swept with a flow of N2 for 1.5 h in order to remove any physisorbed 

hydrogen and maintained (at 373 K) or cooled (to room temperature) to be subjected to 

H2 chemisorption using a pulse (30 μl) titration procedure. Samples were then thoroughly 

flushed (in N2) for 30 min and H2-TPD conducted in 60 cm3 min-1 N2 at 50 K min-1 to 

973 K. In blank tests, there was no measurable H2 uptake on the support alone. SSA and 

H2 chemisorption/desorption values were reproducible to within ±10% and the values 

quoted are the mean. Metal particle size and shape was determined by transmission (TEM, 

JEOL JEM 2011 TEM unit) and (STEM, JEOL 2200FS field emission gun-equipped 

TEM unit), employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. 

Samples for analysis were crushed and deposited (dry) on a holey carbon/Ni grid (300 

Mesh). Up to 800 individual metal particles were counted for each catalyst and the surface 

area-weighted metal diameter (d) was calculated from: 

 
(4.2) 

                         

where ni is the number of particles of diameter di. Particle size was also determined by 

room temperature H2 chemisorption measurements (dH2; stoichiometric Pd:H = 1) [239]. 

XPS measurements were performed using a monochromatized Al anode (Kα 1486.6 eV, 

10 kV, 20 mA). The source power was maintained at 3.9  103 W and the emitted 

photoelectrons were sampled from an area of 13 mm2; the photoelectron take-off angle 

was normal emission (0°). The analyser pass energy was 150 eV for survey (0–1100 eV) 

and high-resolution spectra (over the Pd 3d5/2, Pd 3d3/2 and Pd 3p3/2 core levels).  The C 

1s peak was calibrated at 284.5 eV and used as internal standard to compensate for 

charging effects. Spectra curve fitting and quantification were performed with the Casa 

XPS software (version 2.3.17), using Shirley background and Gaussian Lorentzian curves 

(GL30) with band width (FWHM) ranging from 1.5-2.5 eV and fixed Pd 3d5/2 position (-

5.26 eV) and intensity (+1.5-fold) relative to Pd 3d3/2 peak [240]. The same fitting 

procedure was employed in determining the Pd 3p3/2 position, with deconvolution of the 

O 1s peak as described in detail elsewhere [241,242]. 

4.2.3 Catalytic System 

The hydrogenation of MBY and 3BY  (Sigma-Aldrich, purity ≥97%) as a solution in 

BOL (Sigma-Aldrich, ≥97%) was carried out in situ, immediately after catalyst 
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activation, under atmospheric pressure at 373 K in a continuous flow fixed bed vertical 

glass reactor (i.d. = 15 mm). The catalytic reactor and operating conditions were selected 

to ensure negligible heat/mass transport limitations. A layer of borosilicate glass beads 

served as a preheating zone where the alkynol reactant was vaporised and reached 

reaction temperature before contacting the catalyst. Isothermal conditions (±1 K) were 

maintained by diluting the catalyst bed with ground glass (75 μm diameter). Reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. The alkynol was delivered to the reactor at a fixed calibrated flow 

rate via a glass/teflon air-tight syringe and teflon line using a microprocessor-controlled 

infusion pump (Model 100 kd Scientific). A co-current flow of alkynol and H2 or H2/N2 

(PH2 = 4 × 10-2 – 3 × 10-1 atm) was maintained at GHSV = 1 × 104 h-1. The flow rate was 

monitored using a Humonics (Model 520) digital flowmeter. The molar Pd (n) to inlet 

alkynol molar feed rate (n/F) spanned the range 8 × 10-6 – 1 × 10-4 h. In blank tests, 

passage of each alkynol in a stream of H2 through the empty reactor or over the 

(oxide/carbonaceous) support alone did not result in any detectable conversion. The 

reactor effluent was frozen in an ice-bath trap for subsequent analysis which was made 

using a Perkin-Elmer Auto System XL gas chromatograph equipped with a programmed 

split/splitless injector and a flame ionization detector using a Stabilwax (fused silica) 30 

m × 0.32 mm i.d., 0.25 μm film thickness capillary column (RESTEK). Data 

acquisition/manipulation was performed using the TotalChrom Workstation Version 

6.1.2 (for Windows) chromatography data system. The products, MBE (98%), MBA 

(99%), 3BE (97%), BA (99.5%) and BONE (99%) were purchased from Sigma-Aldrich 

and used without further purification. Reactant/product molar fractions (xi) were obtained 

using detailed calibration plots (not shown). Alkynol conversion (Xi) was obtained from:  

in out

i
in

[Alkynol] [Alkynol]
(%) 100

[Alkynol]

−
= X                                            (4.3) 

where selectivity in terms of (for example) alkenol (SAlkenol) is given by: 

out

Alkenol
in out

[Alkenol]
(%) 100

[Alkynol] [Alkynol]
= 

−
S                                            (4.4) 

The subscripts "in" and "out" refer to the inlet and outlet streams, respectively. 

Catalytic activity is also quantified in terms of steady-state (after ca. 3 h) alkynol 

consumption rate (R, molAlkynol gPd
-1 h-1), determined from time on-stream measurements 

[243]. Repeated (up to three separate) catalytic runs with different samples from the same 

batch of catalyst delivered raw data reproducibility and carbon mass balance within ±6%.   
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4.3 Results and Discussion 

Reaction selectivity is crucial as alkynol hydrogen treatment can result in a range of 

intermediates and by-products as shown in Figure 4.1, which presents the reaction 

networks for the transformation of  MBY (I) and 3BY (II) based on the pathways 

proposed for liquid phase -C≡C- bond hydrogenation[149].  

 

Figure 4.1: Reaction pathways in the hydrogenation of (I) MBY and (II) 3BY. 

Step A represents the target -C≡C- → -C=C- alkenol semi-hydrogenation. Further 

hydrogenation results in alkanol formation (Step B), which has been ascribed to surface 

alkenol activation (via di-δ) on Pd planes [11]. Alkanol can also be generated directly 

from the alkynol (Step C) through -C≡C- dissociative adsorption on Pd surface defects 

[26]. The formation of dimers (Step D) can result from condensation of two semi-

hydrogenated alkene species [244] and has been linked to the formation of vinyl radicals 

(●CH=CH2) on surface Pd planes [245] at low H2:-C≡C- (≤1.5) [31] and PAlkynol (≤0.02 

kPa) [246]. BONE formation (Step E) via double bond migration and keto-enol 

tautomerization [247] is also favoured on palladium surface defects [110]. The catalysts 

used in this study promoted only hydrogenation (to MBE, MBA, BE and BA) and double 

bond migration steps (to BONE) under all reaction conditions, whereas  no dimerization 

was observed in the transformation of MBY and 3BY unlike previous work [222].  
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4.3.1 Effect of Hydroxyl Group Position and Hydrogen Partial Pressure 

We first examined the catalytic action of commercial Pd/Al2O3-I (as a benchmark) 

in the gas phase hydrogenation of tertiary (MBY) and secondary (BY) alkynols where the 

inlet hydrogen has been varied from excess (H2: Alkynol up to 10) to lean (stoichiometric) 

conditions. 

4.3.1.1 Catalyst Characterisation: Pd/Al2O3-I 

The STEM analysis post-activation served to reveal that Pd is present in a highly 

dispersed form (see representative image in Figure 4.2(I)) with the majority of particles 

in the size range 1-3 nm.  

 

Figure 4.2: (I) Representative high magnification STEM image with (II) associated Pd 

particle size distribution and (III) XPS spectrum over the Pd 3d region for Pd/Al2O3-I. Note: 

XPS raw data is shown as open symbols () while curved fitted and envelope is represented by 

solid and dashed lines, respectively. 

The histogram in Figure 4.2(II) shows metal nanoparticles with a narrow size 

distribution and a small mean diameter (d = 3.0 nm). A palladium particle size of dH2 = 

3.6 nm was calculated from H2 chemisorption (see methodology in Experimental section) 

that is in good agreement with the value obtained from STEM measurements. The XPS 

spectrum over the Pd 3d BE region is shown in Figure 4.2(III). A two-doublet system is 

in evidence for the reduced sample, spanning the range ca. 332-344 eV. The Pd 3d5/2 BE 

value for the main (79%; Table 4.1) doublet (334.9 eV) is lower than that characteristic 

of palladium bulk metal (335.1 eV) [189], suggesting the existence of electron-rich 

palladium particles (Pdδ-) as a result of electron transfer from the alumina support.[248] 

The appearance of the two secondary (21%) peaks with BE Pd 3d5/2 = 336.9 eV and Pd 

3d3/2 = 341.2 eV can be ascribed to Pd2+  [249] due to formation of surface PdO during 

the passivation step [250]. 
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Table 4.1: Physico-chemical characteristics of the oxide and carbon supported Pd catalysts   

 

 Pd/Al2O3-I Pd/C Pd/MgO Pd/CeO2 Pd/ZnO 

Pd content (%wt.) 1.2 1.0 0.9 0.8 1.1 

SSA (m2 g-1) 145 870 95 37 8 

da / dH2
b (nm) 3.0 / 3.6 2.8 / 3.0 3.0 / 3.9 3.0 / 1.0 2.9 / 5.6 

H2 chemisorption 

(mmol gPd 
-1)c 1.4 1.6 1.2 4.7 0.9 

XPS Pd 3d5/2  

binding energies 

(eV) 

Pd0 (%) 334.9 (79) 335.8 (90) d 335.4 (90) 334.7 (50) 

PdZn (%) - - - - 335.8 (28) 

Pd2+ (%) 336.9 (21) 337.4 (10) d 337.2 (10) 336.9 (22) 

avalue obtained from STEM/TEM measurements; bvalue from room temperature H2 chemisorption analysis; 
chydrogen uptake at 373 K; dsignals recorded at 530.5 eV for Pd0 or MgO.[189] 
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4.3.1.2 Catalytic Response over Pd/Al2O3-I 

Catalytic activity (R; molAlkynol gPd
-1 h-1) and selectivity (Sj; %) in the hydrogenation 

of MBY (I) and 3BY (II) at the same degree of conversion (XAlkynol ~ 25%) is illustrated 

as a function of H2: Alkynol molar ratio in Figure 4.3. The experimentally determined 

hydrogenation rate of the two alkynols increased linearly with increasing H2 content in 

the feed. The non-competitive nature of reactive alkyne/hydrogen adsorption has been 

established theoretically for (liquid phase) 1-butyne hydrogenation over Pd/Al2O3 [251] 

and is consistent with experimental work that has demonstrated a first order dependence 

in hydrogen coverage for the (gas phase) hydrogenation of acetylene[252] but we provide 

here, for the first time, catalytic data for continuous gas phase operation using 

functionalised alkynes (alkynols). The hydrogenation rate of the tertiary alkynol (MBY) 

was (ca. 2-fold) greater than that of the secondary (BY) over the entire H2: Alkynol 

interval that was examined. Although we could find no comparable published catalytic 

study for the gas phase hydrogenation of alkynols, Aramendia et al.[253] reported a 

similar two-fold greater hydrogenation rate in the liquid phase (P = 4 bar, T = 306 K) 

transformation of MBY (compared to BY) over Pd/Sepiolite. The hydrogenation of 

alkynes has been suggested to proceed through an electrophilic mechanism [112] where 

the presence of  an additional (electron donor) methyl substituent on the -OH carbon (in 

MBY vs. BY) increases electron density at the -C≡C- bond (positive inductive 

effect)[137] favouring the hydrogen attack. 

 We observe the formation of products from partial (MBE and BE) and full 

hydrogenation (MBA and BA) in the transformation of MBY and 3BY while BONE  

formation from double bond migration was recorded in the conversion of BY. The 

hydrogen content in the feed did not influence the selectivity response in the conversion 

of MBY or 3BY and a similar product distribution was maintained at each H2:Alkynol 

(MBY → SMBE = 62 ± 3%, SMBA = 38 ± 3%; 3BY → SBE = 69 ± 3%, SBA = 19 ± 3%, 

SBONE = 12 ± 2%). 
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Figure 4.3: Variation of selectivity (Sj, bars) and alkynol transformation rate (R, ) with 

H2:Alkynol molar inlet ratio in the hydrogenation of (I) MBY to MBE (open bars) and MBA 

(solid bars) and (II) 3BY to BE (open bars), BA (solid bars) and BONE (grey bars) over 

Pd/Al2O3-I. Reaction conditions: P = 1 atm, T = 373 K, XAlkynol ~ 25%. 
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Our results are in line with published work showing a similar selectivity for the gas 

phase hydrogenation of isoprene over a hydrotalcite supported Cu catalyst under 

conditions of modified hydrogen content (H2:Reactant = 1-11) in the feed [254]. We 

observe a lower selectivity to the target alkenol in the hydrogenation of tertiary MBY 

(SMBE ~60%) relative to 3BY (SBE ~70%). This can be ascribed to differences in the 

alkynol/alkenol adsorption strength (KAlkynol/Alkenol), i.e. a stronger adsorption of the -C≡C- 

functionality (relative to -C=C-) on the Pd surface for 3BY compared to MBY (KMBY/MBE 

= 19 vs. KBY/BE = 35) [253] favours the desorption of the alkenol intermediate by 

displacement. The formation of BA (SBA = 19 ± 3%) was greater than BONE generation 

(SBONE = 12 ± 2%), i.e. preferential hydrogenation (Steps B+C in Figure 1(II)) relative 

to double bond migration (Step E), which can be linked to the inhibited formation of the 

π-allyl intermediate involved in the formation of BONE [24]. The results in this section 

clearly demonstrate that the hydrogen content in the feed had little effect on reaction 

selectivity in the hydrogenation of tertiary (MBY) and secondary (BY) alkynols. We 

focus our attention then on the role of the carrier.  

4.3.2 Effect of the Support 

The acid-base and/or redox properties of the carrier can induce electron transfer [255] 

from/to the support to the Pd phase resulting in the formation of negatively (electron-

enriched) or positively charged palladium nanoparticles [255] which can impact on 

reactant adsorption/activation [256] and catalytic performance in hydrogenations [257]. 

In this section we examine the hydrogenation of MBY and 3BY over Pd supported on 

reducible and non-reducible supports with modified acidity. We consider a series of 

catalysts with similar Pd loading (0.8-1.2% wt.; Table 4.1) that facilitates a direct 

comparison to determine the role of the carrier.  

4.3.2.1 Catalyst Characterisation: Oxide and Carbon Supported Pd Catalysts 

The main physico-chemical properties of the oxide and carbon supported Pd catalysts 

are presented in Table 4.1. STEM analysis of commercial and laboratory synthesised Pd 

supported systems demonstrates a similar mean particle size of 2.9 ± 0.1 nm (Table 4.1). 

Consistent (mean) nanoparticle sizes determined from STEM and H2 chemisorption were 

obtained for Pd supported on non-reducible oxides and carbon (i.e. Pd/Al2O3-I (3.3 ± 0.3 

nm), Pd/C (2.9 ± 0.1 nm) and Pd/MgO (3.5 ± 0.5 nm)). A similar metal dispersion (7-

10% error) was reported by Mustard and Bartholomew [258] using microscopy and H2 

chemisorption measurements in the analysis of non-reducible (Al2O3 and SiO2) supported 
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Ni catalysts. There are discrepancies in the results generated with both techniques for the 

remaining two Pd supported on reducible oxide (i.e. CeO2 and ZnO) catalysts, a response 

that suggests some involvement of the carrier which influences hydrogen uptake. Metal 

encapsulation and alloy formation are two possible sources that can inhibit uptake, 

resulting in an over-estimation of metal particle size [258]. The term "encapsulation" can 

be defined as a partial/total blockage of the catalytic active (metal) sites by a thin layer of 

reduced oxide support [259] and is a documented feature of Pd supported on ZnO post-

activation (in H2) to 423 K [260]. Moreover, the incorporation of Au[261] and Pb[262] 

to Pd/Al2O3 resulted in a reduction in H2 uptake attributed to alloy formation. The 

generation of a supported PdZn alloy phase in Pd/ZnO can occur following partial 

reduction of the ZnO support by hydrogen generated on Pd0 during thermal treatment in 

H2 to T ≥ 373 K [152]. The positive deviation on the particle size determination on 

Pd/ZnO can be tentatively linked to partial encapsulation by the ZnO carrier and/or PdZn 

alloy formation that lowers hydrogen chemisorption capacity. Under-estimation of metal 

size can be the result of H2 consumption by the support. Indeed, there is reported evidence 

that have shown room temperature hydrogen spillover for Pd/CeO2 that results in "partial" 

reduction of ceria [263]. The application of electron microscopy for the determination of 

metal nanoparticle size has certain limitations that can result in inaccurate size estimation, 

e.g. poor contrast between the metal crystallites and the carrier that results in an over-

estimation of the mean particle size and difficulties in the detection of metal particles with 

sizes <1 nm [240]. Although both (microscopy and chemisorption) techniques should 

complement each other, our results suggest that the titration analysis for the reducible 

oxide supported catalysts does not provide a reliable measure of palladium size, STEM 

gives the more accurate metal size. Hydrogen chemisorption is, however, a key 

consideration in hydrogenation processes. Hydrogen uptake under reaction conditions 

(373 K) was significantly lower than that recorded at ambient temperature for all the 

catalysts, which can be linked to the exothermic nature of hydrogen chemisorption over 

Pd metal, making the process less favourable as temperature increases [264]. Hydrogen 

chemisorption on Pd/Al2O3-I, Pd/C and Pd/MgO (1.4 ± 0.2 mmol gPd
-1) was equivalent 

and in line with values reported elsewhere (0.7-2.4 mmol gPd
-1) [265] for supported Pd 

catalysts with the same metal content. Pd/CeO2 and Pd/ZnO exhibit the lowest (0.9 mmol 

gPd
-1) and highest hydrogen chemisorption values (4.7 mmol gPd

-1), respectively, 

displaying the same trend as previously obtained at room temperature.  
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 We examined the electronic properties of the palladium phase by XPS analysis 

over the Pd 3d BE region with peak deconvolution, as presented in Figure 4.4 for 

Pd/ZnO, as representative; the results for the Pd 3d5/2 peaks are shown in Table 4.1.  

 

Figure 4.4: XPS spectrum over the Pd 3d region for Pd/ZnO catalyst. Note: Raw data is 

shown as open symbols () while curve fitted and envelope is represented by solid and dashed 

lines, respectively. 

In this region of the 3d5/2 signals Pd/C, Pd/CeO2 and Pd/ZnO exhibit a main (50-

90%) component with BE (334.7-335.8 eV) close to Pd0 (335.1 eV) [189] and a secondary 

(10-22%) peak (BE = 336.9-337.4 eV) that can be ascribed to Pd2+ from passivation [266]. 

The BE associated with the principal Pd 3d5/2 signal shows a clear dependence on the 

carrier. Previous studies have reported a positive shift to higher (+0.6 eV) binding 

energies with a decrease in metal particle size (from 8 nm to <1 nm) [267] ascribed to a 

decrease on the electron density of Pd that affects its d band [268]. In this study, all the 

catalysts exhibit an equivalent particle size which suggests that this effect alone cannot 

account for the modification of the main Pd 3d5/2 peak BE. A shift of BE to lower/higher 

values can also be the result of interactions with the carrier. Pd/ZnO exhibits a BE (334.7 

eV) that is ca. 0.4 eV lower than metallic palladium indicative of electron-rich (Pdδ-) 

active sites which are ascribed to the electron donating character of the basic carrier [269]. 

The presence of Pdδ+ on C and CeO2 follows from the recorded (0.3-0.7 eV) higher BE 

(compared to Pd0) that can be linked to Pd → carrier electron transfer [270,271]. The 
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occurrence of the MgKL1L23 peak originating from the catalyst support lies in the region 

of the 3d5/2 signal of Pd0 (335.1 eV [189]) and Pd2+ (336.3 eV)[189]. Consequently, the 

electronic properties of the palladium component in Pd/MgO were examined by analysing 

the BE of Pd 3p3/2[242], which offers an alternative to the use of a non-monochromatized 

MgKα (1253.6 eV) radiation [272]. Pd/MgO exhibits a Pd 3p3/2 BE of 530.5 eV which is 

lower than that characteristic of Pd0 (531.4 eV) [273], consistent with the presence of Pdδ-

. The Pd/ZnO spectrum (Figure 4.4) presents an additional signal at Pd 3d5/2 of 335.8 eV 

(Table 4.1) that can be attributed to the occurrence of a PdZn alloy phase[274]. Tew et 

al.[152], demonstrated (by XRD and XAS) formation of PdZn alloy (at 373 K) on the Pd 

surface of Pd/ZnO that progresses into the bulk with increasing the temperature.   

 The characterisation measurements demonstrate formation of nanoscale Pd 

particles with similar mean size (2.9 ± 0.1 nm) but different electronic properties and 

hydrogen uptake capacities. 

4.3.2.2 Catalytic Response over Oxide and Carbon Supported Pd Catalysts 

The effect of the support on alkynol hydrogenation rate (R) and selectivity response 

is shown in Figure 4.5. A similar hydrogenation rate was obtained in the hydrogenation 

of MBY (62 ± 5 molMBY gPd
-1 h-1) and 3BY (36 ± 6 mol3BY gPd

-1 h-1) over Pd/Al2O3-I, 

Pd/C and Pd/MgO while Pd/ZnO, with the lowest hydrogen uptake (Table 4.1), delivered 

the lowest MBY (35 molMBY gPd
-1 h-1) and 3BY (20 mol3BY gPd

-1 h-1) transformation rate. 

This result suggests that the nature of the carrier does not impact significantly on 

hydrogenation rate, which is governed by the hydrogen uptake. Bragina and co-workers 

[275], working with a series of oxide supported Pd catalysts, associated their observed 

increase in diphenylacetylene hydrogenation to higher hydrogen concentration where the 

nature of the support did not affect the activity/selectivity response. The opposite effect 

has also been reported, where a greater activity over Pd/CaCO3 (vs. Pd/Al2O3, 

Pd/Charcoal and Pd/CeO2) was recorded by Bönnemann and co-workers[227] and 

attributed to the presence of Pdδ-, that lowers the strength of alkyne interaction with 

palladium sites[139]. Pd/CeO2 with greater hydrogen chemisorption (Table 4.1) 

delivered equivalent activity, which further confirms that the additional chemisorbed 

hydrogen is consumed by the support and does not contribute to hydrogenation activity 

under the reaction conditions applied. 
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Figure 4.5: Variation of selectivity (Sj, bars) and transformation rate (R, ) in the 

hydrogenation of (I) MBY to MBE (open bars) and MBA (solid bars) and (II) 3BY to BE (open 

bars), BA (solid bars) and BONE (grey bars) over a series of oxide and carbon supported Pd 

catalysts. Reaction conditions: P = 1 atm, T = 373 K, H2: Alkynol molar inlet ratio = 4, XAlkynol 

~25%. 
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 With respect to product distribution, it can be seen the modified catalytic 

performance of Pd/ZnO with a significant greater alkenol selectivity (SMBE = 90%; SBE = 

96%) in comparison with the rest of the systems. This suggests that the electronic 

modifications on Pd catalyst linked to the  interactions with the support are playing a 

minor role where the increased olefin selectivity over the Pd/ZnO catalyst can be 

tentatively attributed to PdZn alloy formation and partial encapsulation that serves to 

decrease Pd ensemble size and (partially) cover palladium defect sites [182].  

4.3.3 Promoting Effect of Zn in Pd for Pd-Zn Colloids Supported on Al2O3 

We evaluated in this section the possibility of Zn promotion over Pd by deposition 

(on Al2O3) of a series of bimetallic colloids with varying Pd: Zn molar ratios ((95:5), 

(70:30) and (30:70)). We compare the results with those obtained over two monometallic 

(colloidal) Pd/Al2O3-II and Zn/Al2O3 and examined the effect of PdZn alloy formation 

for alkynol hydrogenation (using MBY and BY) in catalytic systems with Pd, Zn and 

PdZn active sites, evaluating individually the contribution of each of them. The catalytic 

action of three physical mixtures (Pd/Al2O3-II+Zn/Al2O3) was also considered for 

comparison purposes.  

4.3.3.1 Catalyst Characterisation: Colloidal Pd and Pd-Zn Supported on Al2O3 

Physico-chemical properties of the colloidal catalysts in this study are given in Table 

4.2. Representative medium (I) and higher (inset in (I)) magnification TEM images of 

Pd-Zn/Al2O3 (95:5 (A), 70:30 (B), 30:70 (C)) are presented in Figure 4.6 and serve to 

illustrate the nature of metal particle size and shape for the four Pd-containing colloidal 

systems. The catalysts present pseudo-spherical metal particles, a typical shape for PVP 

stabilised Zn[276] and Pd[277] colloids, with similar size distribution (size range 1–6 nm, 

Figure 4.6(II)) and mean (2.7 ± 0.2 nm; Table 4.2). XPS analysis was conducted to 

provide some insight into Pd–Zn surface interactions. The results for Pd/Al2O3-II (profile 

(I)) and Pd-Zn/Al2O3 (30:70) (II), as representatives, are presented in Figure 4.7; the Pd 

3d5/2 BE are given in Table 4.2
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Table 4.2:  Physico-chemical characteristics of the Al2O3 supported colloidal Pd, Zn and Pd-Zn catalysts 

 

 
Pd/Al2O3-II Zn/Al2O3 

Pd-Zn/Al2O3  

(95:5) 

Pd-Zn/Al2O3  

(70:30) 

Pd-Zn/Al2O3  

(30:70) 

Pd content  

(% wt.) 
0.7 - 1.0 0.8 0.6 

Pd: Zn molar ratio - 0 95:5 70:30 30:70 

SSA  

(m2 g-1) 
50 41 42 42 42 

H2 chemisorption 

(mmol gPd
-1)a 0.4 b 0.5 0.6 0.5 

Metal size range 

(nm)c 1-5 - 1-5 1-5 1-6 

d  

(nm)c 2.5 - 2.5 2.6 2.9 

XPS Pd 

3d5/2  

 BE (eV) 

Pd0 (%) 335.0 (80) - 334.7 (65) 335.0 (39) 334.9 (37) 

PdZn (%) - - 335.5 (5) 335.7 (31) 335.8 (36) 

Pd2+ (%) 337.1 (20) - 336.7 (30) 336.8 (30) 336.7 (27) 

ahydrogen uptake at 373 K; babsence of hydrogen uptake; cvalue obtained from STEM/TEM measurements. 
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Figure 4.6: (I) Representative medium and high (inset) TEM images with (II) associated 

metal particle size distribution for the activated colloidal bimetallic (A) Pd-Zn/Al2O3 (95:5), (B) 

Pd-Zn/Al2O3 (70:30) and (C) Pd-Zn/Al2O3 (30:70) catalysts. 
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After deconvolution, the Pd 3d5/2 spectra for the four Pd-containing systems present two 

peaks characteristic of Pdδ- (334.8 ± 0.2 eV) and Pd2+ (336.9 ± 0.2 eV), similar to those 

recorded for Pd/Al2O3-I (Figure 4.2(III) and Table 4.1) with equivalent metal dispersion, 

suggesting similar particle size and metal-support interaction that is independent of the 

preparation method. Pd-Zn/Al2O3 presented and additional peak at higher (335.6 ± 0.2 

eV) BE characteristic of PdZn alloy [278] with a concomitant decrease in Pdδ- and 

increase in PdZn with enhanced Zn content. Hydrogen pulse titration measurements at 

reaction temperature demonstrate a significantly lower H2 chemisorption for Pd/Al2O3-II 

relative to Pd/Al2O3-I, which can be linked to an adsorption site coverage by the PVP 

stabiliser in the colloidal system [279]. We observed an equivalent (0.5 ± 0.1 mmol gPd
-

1) H2 uptake for the monometallic Pd/Al2O3-II and bimetallic Pd-Zn/Al2O3 catalytic 

systems, indicative of hydrogen uptake by the PdZn alloy, in agreement with published 

work [280]. 

 

 

Figure 4.7: XPS spectra over the Pd 3d region for colloidal (I) Pd/Al2O3-II and (II) Pd-

Zn/Al2O3 (30:70). Note: Raw data is shown as open symbols () while curve fitted and 

envelope is represented by solid and dashed lines, respectively. 
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. 4.3.3.2 Catalytic Response over Colloidal Pd and Pd-Zn Supported on Al2O3 

Monometallic Pd/Al2O3-II delivers a similar catalytic response than Pd/Al2O3-I and 

exhibits the lowest alkenol selectivity (SMBE = 64%; SBE = 66%) among all the colloidal 

catalysts subjected to study. Under the same reaction conditions Zn/Al2O3 was inactive, 

which can be attributed to the incapacity of Zinc for hydrogen adsorption/activation[281], 

consistent with the absence of hydrogen uptake at reaction temperature (Table 4.2). The 

catalytic response recorded for the Pd/Al2O3-II+Zn/Al2O3 physical mixtures was 

demonstrated under reaction conditions where the Pd content was kept constant in the 

catalyst bed and the Pd:Zn mol ratio varied (95:5, 70:30 and 30:70) by the addition of 

different amounts of the Zn/Al2O3 catalyst. The results shown in Figure 4.8 for the 

hydrogenation of MBY (I) and 3BY (II) demonstrate that, for this operational window, 

the activity over the three Pd/Al2O3-II+Zn/Al2O3 combinations coincide with that 

recorded over Pd/Al2O3-II (i.e. 124 ± 7 molMBY gPd
-1 h-1; 66 ± 4 mol3BY gPd

-1 h-1). 

Moreover, product distribution over the three physical mixtures was also similar to that 

observed for Pd/Al2O3-II (i.e. SMBE = 63 ±  2%, SMBA = 37  ±  1%; SBE = 68 ±  2%, SBA = 

20 ± 1%, SBONE = 13 ± 1%). This suggests that incorporation of Zn/Al2O3, as a physical 

mixture with Pd/Al2O3-II, does not impact on catalytic response, which is governed by 

the Pd component. The three (bimetallic) Pd-Zn/Al2O3 catalysts were tested under similar 

reaction conditions (i.e. constant Pd content in the bed). The results in Figure 4.8 show a 

similar alkynol consumption rate for Pd-Zn/Al2O3, Pd/Al2O3-II+Zn/Al2O3 and Pd/Al2O3-

II, a result that is consistent with the equivalent hydrogen chemisorption under reaction 

conditions (0.5 ± 0.1 mmol gPd
-1; Table 4.2). In contrast, the selectivity response is 

remarkable, in that the three Pd-Zn/Al2O3 catalysts promoted a greater selectivity (up to 

SMBE = 86% and SBE = 92%) to the target alkynol whereas Pd/Al2O3-II and Pd/Al2O3-

II+Zn/Al2O3 promoted over-hydrogenation (to alkanol; steps B and C in Figure 4.1) and 

double bond migration (to butanone; step E) to a significantly greater extent (SMBE ≤ 64% 

and SBE ≤ 69%); full hydrogenation and double bond migration inhibition was a feature 

of increasing Zn content. The switch in catalytic response from over-

hydrogenation/double bond migration (Pd/Al2O3-II and physical mixtures) to preferential 

partial hydrogenation (Pd-Zn/Al2O3) is indicative of differences in alkynol interaction 

where preferential -C≡C- → -C=C- occurs on the supported bimetallic. 
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Figure 4.8: Variation of selectivity (Sj, bars) and transformation rate (R) in the 

hydrogenation of (I) MBY () to MBE (open bars) and MBA (solid bars) and (II) 3BY () to 

BE (open bars), BA (solid bars) and BONE (grey bars) over colloidal Pd/Al2O3-II and a series 

of bimetallic Pd-Zn/Al2O3 and (physical mixtures) Pd/Al2O3-II+Zn/Al2O3 catalysts. Note: 

dashed lines provide a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 373 

K, H2: Alkynol molar inlet ratio = 10, XAlkynol ~25%. 
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The incorporation of a second metal in bimetallic Pd-containing catalysts can result 

in geometric and/or electronic modifications [28], which impacts on catalytic 

(activity/selectivity) performance. A Ag →Pd electron donation generates palladium 

nanoparticles with a partial negative charge (Pdδ-), increasing the rate of triple bond 

hydrogenation while decreasing the rate of double bond hydrogenation [282]. Moreover, 

incorporation of Cu has been reported to induce geometrical changes on the Pd active 

sites leading to a partial blockage of low-coordination metal atoms and/or a decrease in 

Pd ensemble size, active sites for over-hydrogenation and/or double bond migration[283]. 

The increase in alkenol production that we observe can be tentatively ascribed to a 

reduction of Pdδ- surface concentration (from 80% to 37%, Table 4.2) due to PdZn alloy 

that decreases the number of palladium atoms on surface ensembles responsible for 

unselective reactions. We cannot discount a partial coverage of (unselective) low-

coordinated Pd kinks and corner sites by the Zn component [284] due to its lower surface 

tension (0.99 J m-2 ) relative to Pd (2.03 J m-2) [285]. Indeed, at 373 K, Zn atoms can 

diffuse to the surface and interact with Pd to form a thermodynamically stable PdZn alloy  

(ΔH = -100.4 kJ mol-1) [286] on Pd planes and/or defects sites.[287] Wang et al.[283], 

investigated the liquid phase hydrogenation of  phenylacetylene over a series of Al2O3 

supported Pd-Zn catalysts (Zn:Pd molar ratios 91:9 - 86:14) and reported the highest yield 

to the target olefin (YEthylbenzene ~ 90%) at full conversion over the bimetallic system with 

the highest Zn content ascribed to Pd  Zn electron transfer and PdZn alloy formation that 

blocks unselective active sites. We provide here, for the first time, the results over a highly 

active and selective Pd-Zn catalyst for continuous production of secondary and tertiary 

alkenols. 

 Catalytic properties of PdZn are sensitive to changes on the support. A similar 

alkenol selectivity (SMBE = 89 ± 3% and SBE = 94 ± 2%) was observed over Pd/ZnO and 

Pd-Zn/Al2O3 (30:70) with equivalent PdZn alloy content (32 ± 4%). However, a (2-fold) 

lower hydrogenation rate was obtained over Pd/ZnO compared to the colloidal catalyst 

albeit a similar hydrogen uptake for both catalysts (0.7 ± 0.2 mmol gPd
-1; Tables 4.1 and 

4.2). The hydrogenation of -C≡C- bond-containing chemicals can be elevated by 

contributions due to spillover hydrogen, i.e. atomic hydrogen produced by dissociative 

adsorption of H2 on supported metal sites that can migrate to the carrier. H2-TPD is a 

practical measurement that can serve to quantify the degree of hydrogen spillover; the H2 

TPD profiles for Pd/ZnO (I) and Pd-Zn/Al2O3 (30:70) (II) are presented in Figure 4.9.  
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Figure 4.9: Hydrogen temperature programmed desorption (H2-TPD) profiles for (I) Pd/ZnO 

and (II) Pd-Zn/Al2O3 (30:70). 

 The profile obtained for Pd/ZnO was featureless, indicative of hydrogen 

consumption by the ZnO support during TPR and consistent with the recorded hydrogen 

chemisorption measurements, i.e. atomic hydrogen spills from the Pd sites to the carrier 

resulting in "partial" ZnO → ZnO1-x reduction at the metal-support interface with 

generation of a PdZn alloy phase [288], [180]. In contrast, over the same temperature 

range, the Pd-Zn/Al2O3 (30:70) catalyst exhibited a broad positive signal (H2 released) at 

T > 503 K where the total amount desorbed that was significantly greater (by a factor of 

13) than that taken up in the titration step. This response is a strong indication that the 

hydrogen released from the Pd-Zn/Al2O3 (30:70) sample is predominately spillover 

hydrogen generated during the activation step by H2-TPR [289]. The elevated rate 

recorded in this work over Pd-Zn/Al2O3 (30:70) can be correlated with surface available 

reactive hydrogen where H2-TPD is related to alkynol consumption rate. A similar effect 

has been reported elsewhere [289] in the hydrogenation of acetylene over a series of Pd-

Ag/Al2O3 catalysts with a different Ag content, where an increase in the amount of 

hydrogen desorbed (based on TPD measurements) resulted in greater catalytic activity.  
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4.4 Conclusions 

We have established that the formation of a Pd-Zn alloy phase can influence catalytic 

performance in Pd promoted gas phase hydrogenation of tertiary (MBY) and secondary 

(BY) alkynols. Catalyst characterisation of Pd nanoparticle size by (room temperature) 

H2 chemisorption and TEM/STEM was carried out where the latter is shown to provide 

the most reliable results. Hydrogen titration leads to erroneous results due to metal 

encapsulation, alloy formation and/or consumption by the carrier. Alkynol consumption 

rate correlates with H2 chemisorption capacity. An increase in H2: Alkynol was 

accompanied by enhanced hydrogenation rate in the conversion of MBY and 3BY, albeit 

a similar product composition. The nature of the carrier (carbon, Al2O3, MgO, CeO2) 

affects the electronic properties of the Pd phase (proved by XPS) but did not influence 

significantly catalytic activity or selectivity for a series of catalysts with similar metal 

nanoparticle size. In total contrast, Pd/ZnO delivered a significantly greater selectivity to 

the target olefin, which is attributed to the generation of a PdZn alloy (based on XPS). 

The beneficial role of spillover hydrogen has been established where increase surface 

hydrogen content enhances alkenol production over Pd-Zn/Al2O3 (30:70) compared to 

Pd/ZnO with similar PdZn alloy content.  
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Chapter 5:                                                                                               

Selective Gas Phase Hydrogenation of  

3BY over Pd-Ni/Al2O3 

Nickel is a well-established metal for hydrogenation but its application in triple bond 

transformation is limited, albeit a reported low isomerisation activity. The introduction of 

a second electropositive metal, such as Ni, in bimetallic Pd-Ni systems can modify the Pd 

electronic properties and/or surface ensemble size, with a direct impact on catalytic 

performance. In this chapter, we study the continuous gas phase hydrogenation of 3BY 

over bimetallic Pd-Ni/Al2O3. For comparison purposes, we also evaluate the catalytic 

response over Pd/Al2O3, Ni/Al2O3 and a physical mixture of Pd/Al2O3+Ni/Al2O3. 

5.1 Introduction 

Alkenols are important intermediates employed in the manufacture of vitamins and 

agri-food products [5]. The standard industrial synthesis route has involved the 

hydrogenation of alkynols over Pd catalysts [114]. The existing literature on alkynol 

hydrogenation has focused on tertiary alkynols, notably MBY [290]. The only reported 

transformation of secondary alkynols involved liquid phase conversion of 3BY using 

Pd/Al2O3 in pressurised (oscillatory baffled vs. stirred tank) reactors [66]. We have 

recently reported the formation of BA and BONE as by-products in the continuous 

hydrogenation of 3BY over a commercial Pd/Al2O3 catalyst [291]. Four possible reaction 

pathways are associated with the hydrogenation of 3BY [66], as shown in Figure 5.1. 

Path A involves partial hydrogenation to the target product, 3BE. BA formation can occur 

either via further conversion of 3BE (Path B) or through direct hydrogenation of the 3BY 

reactant (Path C). In Path D, 3BE undergoes isomerisation (via double bond migration) 

to BONE. Our main goal in this work is to direct the reaction along Path A, increasing 

the level of 3BE formation in continuous flow operation. 
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Figure 5.1: Reaction scheme in the hydrogenation of 3BY. 

Triple bond hydrogenation is strongly influenced by the electronic and geometric 

properties of the active metal sites [283]. Negatively charged Pd nanoparticles favour 

partial (-C≡C-→-C=C-) reduction (Path A in Figure 5.1) [292] while low-coordination 

sites (Pdδ+) in small (<3 nm) nanoparticles promote -C=C- bond conversion, Paths B and 

D [38,39]. 3BY multi-coordination on large (surface) Pd ensembles of ≥5 nm metal 

nanoparticles [106] also leads to undesired alkanol generation (Paths B and C) [22,293]. 

The incorporation of a second electropositive metal (e.g. nickel) can alter the Palladium 

(i) electronic character (through Ni→Pd electron donation) and (ii) size of surface 

ensembles [42]. Although nickel is a well-known metal for hydrogenation, there is limited 

work dealing with its application in -C≡C- bond hydrogenation and we could find no 

reports in the literature on alkynol hydrogenation. Nonetheless, in liquid phase operation, 

it was shown that for a series of SiO2 supported (Pd, Ni, Pt, Ru, Rh and Ir) catalysts nickel 

inhibits isomerisation in the hydrogenation of cis-2-butene-1,4-diol, a response that was 

attributed to a lower electron density in the d band [294]. In this study we consider the 

catalytic action of Pd-Ni bimetallic as a means of controlling -C=C- bond formation while 

achieving high activities. The promoting effect of Bi [295] Ag [228] and Cu [228] on 
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supported Pd catalysts for liquid phase MBY hydrogenation has been previously 

considered but the authors have been unable to find any published study on alkynol 

hydrogenation over Pd-Ni catalysts. Nevertheless, higher activity and -C=C- bond 

selectivity has been reported over supported (γ-Al2O3, zeolites) and unsupported Pd-Ni 

(vs. Pd) in the hydrogenation of 3-hexyne [296] and phenylacetylene [233] attributed to 

electronic/geometric modifications of the Pd phase. Increased activity in the liquid phase 

hydrogen treatment of hexachlorobenzene over Pd-Ni/C (vs. Pd/C) was observed by 

Simagina and co-workers [297], ascribed to segregation of surface palladium. Hou et al. 

[298] recorded inhibited double bond migration in the hydrogenation of butadiene over 

Pd-Ni/SiO2 (relative to Pd/SiO2 and Ni/SiO2) which they linked to differences in 1-butene 

adsorption strength. In this work we report, for the first time, the gas phase hydrogenation 

of 3BY over Pd-Ni/Al2O3. We also consider catalytic performance of laboratory 

synthesised Pd/Al2O3, Ni/Al2O3 and a Pd/Al2O3+Ni/Al2O3 physical mixture for 

comparison purposes; catalytic response is linked to critical structural characteristics.  

5.2 Experimental 

All the gases (H2, N2, He and O2) employed in this work were of ultra-high purity 

(BOC, >99.98%). 

5.2.1 Materials and Catalysts Preparation 

The Al2O3 support (Puralox) was purchased from Condea Vista Co. and used as 

received. Al2O3 supported Pd (6.9% wt.), Ni (6.1% wt.) and Pd–Ni (Pd: Ni mol ratio 1:1; 

total metal content 7.1% wt.) were synthesised by incipient wetness impregnation. 

Aqueous solutions (0.6 cm3 g−1) of Pd (NO3)2 (1.4 mol dm−3) and/or Ni (NO3)2 

(2.3 mol dm−3) were added dropwise (at 353K) to the Al2O3 carrier with constant agitation 

(ca. 500 rpm). The impregnated solid samples were oven dried (at 383K for 16 h) and 

sieved (ATM fine test sieves) into a batch of particles in the 62–75 μm size range. A 

physical mixture of Pd/Al2O3+Ni/Al2O3 (Pd: Ni mol ratio 1:1, denoted Pd+Ni in this 

work) was also investigated for comparison purposes. The catalysts were activated in 60 

cm3 min-1 H2 at 10 K min-1 to 723 K, cooled to room temperature and passivated (30 cm3 

min-1, 1% v/v O2/He, Brooks mass flow controlled, 1 h) for ex situ characterisation. 

5.2.2 Catalyst Characterisation 

Palladium and nickel metal content was determined by inductively coupled plasma-

optical emission spectrometry (ICP-OES, Varian Vista-PRO) from the diluted extract in 
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HF. SSA, H2-TPR and (ambient temperature) H2 chemisorption measurements were 

performed using the commercial CHEMBET 3000 (Quantachrome Instruments) unit 

equipped with a thermal conductivity detector (TCD) with data acquisition/manipulation 

using the TPR WinTM software (version 1.0a). Total SSA was obtained using the standard 

single point BET method. The catalysts were loaded into a U-shaped Pyrex glass cell 

(3.76 mm i.d.), outgassed by heating treatment (60 cm3 min-1 He to 423 K overnight) and 

cooled to room temperature. SSA values were recorded with a (30 cm3 min-1) 50% v/v 

N2/He flow; pure N2 served as the internal standard. At least three cycles of N2 adsorption-

desorption in the flow mode were used to determine total surface area. TPR involved 

heating treatment (17 cm3 min−1, 5% v/v H2/N2) to 723K at 10 K min−1 where the effluent 

gas passed through a liquid N2 trap. The hydrogen treated samples were swept (65 cm3 

min−1, N2) for 1.5 h, cooled to ambient temperature and subjected to H2 chemisorption 

using a pulse (50 μL) titration procedure. Hydrogen pulse introduction was repeated until 

the signal area was constant, indicating surface saturation. In a series of blank tests, there 

was no measurable hydrogen uptake on the Al2O3 support alone. SSA and H2 

chemisorption values were reproducible to within ±5% and the values quoted in this paper 

are the mean. Powder X-ray diffractograms (XRD) were recorded on a Bruker/Siemens 

D500 incident X-ray diffractometer using Cu K radiation. The samples were scanned at 

a rate of 0.02º step-1 over the range 20º ≤ 2 ≤ 90º. Diffractograms were identified using 

the JCPDS-ICDD reference standards, i.e. γ-Al2O3 (10-0425), Pd (05-0681) and Ni (04-

0850). Metal particle size and shape was examined by TEM using a JEOL JEM 2011 

HRTEM unit with a UTW detector (EDX) detector (Oxford Instruments) operated at an 

accelerating voltage of 200 kV and using Gatan Digital Micrograph 3.4 for data 

acquisition/manipulation. Samples for analysis were prepared by dispersion in acetone 

with deposition on a holey Cu grid (300 mesh). Up to 600 individual metal particles were 

counted for each catalyst and the surface area-weighted metal diameter (dTEM) was 

calculated from:  

3

i i
i

TEM 2

i i
i

=








n d

d
n d

 (5.1) 

where ni is the number of particles of diameter di. XPS analyses were conducted on an 

Axis Ultra instrument (Kratos Analytical) under ultrahigh vacuum conditions (<10−8 Torr) 

using a monochromatic Al Kα X-ray source (1486.6 eV). The source power was 

maintained at 150 W, and the emitted photoelectrons were sampled from a 750 × 350 μm2 
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area at a take-off angle of 90°. The analyser pass energy was 80 eV for survey spectra 

(0−1000 eV) and 40 eV for high-resolution spectra (Pd 3d5/2, Pd 3d3/2, Ni 2p3/2 and Ni 

2p1/2). The oxygen 1s peak was calibrated at 531.0 eV and used as an internal standard to 

compensate for any charging effects. XPS analysis was employed to assess the formation 

of bimetallic Pd-Ni nanoparticles by measuring the satellite intensities for the 2p levels 

of nickel with respect to the Ni 2p3/2 (denoted ∆Ni 2p3/2) and Ni 2p1/2 lines (∆Ni 2p1/2) 

[299]. 

5.2.3 Catalytic Procedure  

Reactions were carried out at 373 K and atmospheric pressure in situ after activation 

in a continuous flow fixed bed vertical tubular glass reactor (15 mm i.d.). The catalytic 

reactor and operating conditions were selected to ensure negligible heat/mass transport 

limitations. A layer of borosilicate glass beads (1 mm) served as a preheating zone and 

the alkynol reactant was vaporised and reached reaction temperature before contacting 

the catalyst. Isothermal conditions (±1 K) were maintained by diluting the catalyst bed 

with ground glass (75 μm). Reaction temperature was continuously monitored by a 

thermocouple inserted in a thermowell within the catalyst bed. 3BY (Sigma-Aldrich, 

≥97%) was delivered in a butanolic (BOL; Aldrich, 99%) solution via a glass/teflon air-

tight syringe and Teflon line using a microprocessor controlled infusion pump (Model 

100 kd Scientific) at a fixed calibrated flow rate (1.2 cm3 h-1). A co-current flow of H2 (or 

H2/N2; PH2 over the range 5 × 10-3 – 90 × 10-2 atm) and alkynol was maintained at GHSV 

= 1 × 104 h-1. The flow rate was monitored using a Humonics (Model 520) digital 

flowmeter. The molar metal (nmetal) to inlet alkynol molar feed rate (nmetal/F) spanned the 

range 0.3 × 10-4 – 368 × 10-4 h. In blank tests, reactions in the absence of catalyst or over 

the support alone did not result in any measurable conversion. The reactor effluent was 

frozen in a liquid nitrogen trap for subsequent analysis which was made using a Perkin-

Elmer Auto System XL gas chromatograph equipped with a programmed split/splitless 

injector and a flame ionisation detector using a Stabilwax (fused silica) 30 m × 0.32 mm 

i.d., 0.25 μm film thickness capillary column (RESTEK). Data acquisition/manipulation 

was performed using the TotalChrom Workstation Version 6.1.2 (for Windows) 

chromatography data system and reactant/product molar fractions (xi) were obtained 

using detailed calibration plots (not shown). Hydrogenation activity is expressed in terms 

of conversion of 3BY (X): 
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𝑋(%) =
[3𝐵𝑌]𝑖𝑛 − [3𝐵𝑌]𝑜𝑢𝑡

[3𝐵𝑌]𝑖𝑛
∙ 100 (5.2) 

 

where [3BY] is the concentration of 3BY; the subscripts "in" and "out" refer to the inlet 

and outlet streams. Selectivity in terms of (e.g.) 3BE (S3BE) is given by:  

𝑆3𝐵𝐸(%) =
[3𝐵𝐸]𝑜𝑢𝑡

[3𝐵𝑌]𝑖𝑛 − [3𝐵𝑌]𝑜𝑢𝑡
∙ 100 (5.3) 

 

Catalytic activity is also quantified in terms of stationary state alkynol consumption 

rate (R, mol3BY gmetal
-1 h-1), determined from time on-stream measurements as described 

elsewhere [122]. Repeated reactions with different samples from the same batch of 

catalyst delivered raw data reproducibility and a carbon mass balance within ±6%. 

5.3 Results and Discussion 

5.3.1 Catalyst Characterisation 

Critical catalyst properties are given in Table 5.1. The three systems have a similar 

metal content (6.6 ± 0.5% wt.), which enables a direct comparison. The SSA (166-173 

m2 g-1) are within the range (123-205 m2 g-1) reported elsewhere [300] for γ-Al2O3 

supported metal catalysts. We recorded a (9-13%) decrease in SSA for each catalyst 

relative to the starting Al2O3 carrier (190 m2 g−1) that can be attributed to a partial 

blockage by the metal phase [301]. The H2-TPR profiles for Pd/Al2O3 (I), Ni/Al2O3 

(II) and Pd-Ni/Al2O3 (III) are shown in Figure 5.2, and the Tmax values associated with 

the predominant peak(s) in each profile are given in Table 5.1; the H2-TPR conditions 

matched those employed for catalyst activation before hydrogenation (see section 5.2.1 

Materials and Catalysts Preparation). Over the same temperature range (i.e. up to 723 K), 

the TPR response for the alumina carrier was featureless, i.e. lack of hydrogen 

uptake/release, an expected result that is in line with reported literature showing a higher 

temperature requirement (≥1373 K) for the reduction of γ-Al2O3 [302]. The TPR profile 

for Pd/Al2O3 exhibits a single negative (H2 released) peak with a Tmax at 387 K. It is well 

known that palladium can absorb hydrogen at room temperature to generate the β-Pd 

hydride phase where H2 partial pressure exceeds 0.02 atm [303]; 0.06 atm in this work. 

The decomposition of the β-Pd hydride has been associated with the appearance of a 

hydrogen release during H2-TPR in the temperature range 360-473 K [304,305]. Hydride 

composition (H/Pd) is dependent on palladium nanoparticle size [306]. The value 

recorded in this work (0.20 μmolH μmolPd
-1) is significantly smaller than that 

https://www.sciencedirect.com/science/article/pii/S0926860X14000039#fig0010
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characteristic of bulk Pd (0.7 μmolH μmolPd
-1) [307], indicative of palladium particles at 

the nano-scale. Indeed, Aduriz et al.[308], reported an average palladium particle size of 

ca. 12 nm (from TEM) for Pd/Al2O3 with an associated H/Pd = 0.20. In addition to 

hydride decomposition, the TPR profile for Pd/Al2O3 also exhibited two positive peaks, 

a main H2 consumption at 560 K and a (lower intensity) ill-defined signal at 723 K, 

indicative of oxide-Pd precursor interactions that serve to stabilise the metal phase 

requiring a greater reduction temperature [257,309]. Otto and co-workers [310] observed 

the presence of unreduced PdO (based on XPS analysis) in activated (to 573 K) Pd/Al2O3, 

ascribed to carrier-metal electron transfer that serves to stabilise the metal oxide, 

increasing the reduction temperature requirements. 
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Table 5.1:  Physico-chemical properties of the Al2O3 supported Pd, Ni and (bimetallic) Pd-Ni catalysts. 

 

 Pd Ni Pd-Ni 

Metal loading (% wt.) 6.9 6.1 7.1 

SSA (m2 g-1) 173 166 168 

TPR Tmax (K)a 387b, 560, 723 715 354b, 429, 723 

dTEM (nm) 20 30 27 

Pd/Ni surface atomic ratio - - 0.7-24 

XPS binding 

energies (eV) 

Pd 3d5/2 335.0 - 335.5 

Pd 3d3/2 340.2 - 340.7 

Ni 2p3/2 

∆Ni 2p3/2 
- 

856.1 

5.2  

854.9 

5.6  

Ni 2p1/2 

∆Ni 2p1/2 
- 

873.3 

6.4  

872.1 

6.8  
amain positive (H2 consumption) TPR peak is given in italic; bnegative TPR peak associated with Pd hydride 

decomposition;  
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Figure 5.2: TPR profiles for Al2O3 supported (I) Pd, (II)Ni and (III) bimetallic Pd-Ni 

In contrast, a single positive peak (Tmax = 715 K) was recorded during the reduction 

of Ni/Al2O3, that can be associated with the reduction of Ni2+ to metallic nickel [311]. 

The broadness of the signal suggests the reduction of several surface nickel species. This 

is consistent with a stepwise decomposition of nickel nitrate to nickel oxide where T ~ 

573 K [312,313], with subsequent reduction to metallic nickel at 673-773 K [313]. The 

TPR profile for the bimetallic Pd–Ni/Al2O3 (Figure 5.2(III)) differs significantly from 

that resulting from the combination of those recorded for Pd/Al2O3 (I) and Ni/Al2O3 (II), 

indicative of an interaction between nickel and palladium that impacts on reduction 

behaviour. Differences relative to the monometallic Pd catalyst are in evidence in terms 

of the hydride composition; we observed a reduction (0.20 → 0.11 µmolH mmolPd
-1) of 

H/Pd mol ratio. The lower H/Pd can be attributed to a smaller number of octahedral 

cavities in Pd due to a decrease in nanoparticle size [306] and/or generation of bimetallic 

by incorporation of nickel in the palladium lattice [314]. Moreover, we recorded a (ca. 33 

K) displacement to lower temperatures in the palladium hydride decomposition peak 
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which can be due to the formation of bimetallic clusters [306]. Indeed, a shift in the 

temperature of hydride decomposition has been reported for Pd-Ag/TiO2 [315] and Pd-

In/SiO2 [316] attributed to the generation of bimetallic nanocrystals. A hydrogen 

consumption peak at Tmax = 429 K was also in evidence in the TPR profile of Pd–

Ni/Al2O3, which can be ascribed to the combined reduction of both metal precursors 

where the presence of Pd and Ni impacts on overall activation, resulting in a more facile 

reduction, i.e. hydrogen spillover from dissociative adsorption on Pd0 (formed at room 

temperature) facilitates Ni2+ reduction [304] lowering the temperature requirement for 

this step [317]. In support to this, P. Mierczynski et al. [318] concluded that incorporation 

of Pd with Ni (on Pd-Ni/CeO2-Al2O3) serves to decrease the reduction temperature of 

nickel by ca. 30-60 K. 

The XRD patterns presented in Figure 5.3 for the γ-Al2O3 carrier (I) and the 

supported Pd (II), Ni (III) and bimetallic Pd-Ni (IV) systems provide important bulk 

structural properties. The diffractogram pattern associated with the oxide support show 

signals at 2θ = 45.9° and 66.9°, corresponding to the (4 0 0) and (4 4 0) planes of cubic 

γ-Al2O3, the broadness of the peaks suggests a short range order [319]. In addition, 

reflections at 2θ = 40.1°, 46.7° and 68.1° for Pd/Al2O3 can be assigned to the (1 1 1), 

(2 0 0) and (2 2 0) planes of Pd0 with a cubic symmetry. The peak at 2θ = 44.5° for 

Ni/Al2O3 matches the (1 1 1) plane of cubic metallic nickel. By comparison with the XRD 

pattern generated for Pd/Al2O3, the Pd–Ni catalyst exhibits a 0.6° (positive) displacement 

of the Pd (1 1 1) plane (dashed line). Such effect has been reported previously and 

attributed to the formation of a bimetallic Pd–Ni phase [320]. Lu et al. [321] examined 

(unsupported) Ni-Pd nanoparticles and reported a similar (0.6°) shift in the Pd (1 1 1) 

main plane attributed to a contraction of the lattice spacing (0.228 → 0.204 nm) due to 

Ni incorporation in the crystal structure of Pd. 
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Figure 5.3: XRD patterns associated with (I) Al2O3 carried and supported (II) Pd, (III) Ni 

and (IV) bimetallic Pd-Ni. Note peak assignments based on JCPDS-ICDD references data: () 

-Al2O3 (10-0425); () Pd (05-0681); () Ni (04-0850). Dashed line serves to illustrate the 

position of the main reflection (2θ = 40.1°) corresponding to the (111) plane of metallic Pd. 

Metal nanoparticle size distribution from TEM analysis for supported Pd (I), Ni (II) 

and Pd-Ni (III) can be compared in Figure 5.4 and Table 5.1. The metal size range and 

mean nanoparticle size of Ni/Al2O3 and Pd-Ni/Al2O3 coincided (1-60 nm; dTEM = 28 ± 2 

nm) with no obvious modifications due to co-impregnation with both metal precursors. 

The broad metal size range is consistent with literature dealing with oxide (SiO2 and 

Al2O3 ) supported Ni prepared by impregnation with similar metal content (~8% wt.) 

[289]. On the other hand, palladium on Al2O3 is characterised by a narrower distribution 

of smaller Pd nanoparticles (1-40 nm; dTEM = 20 nm). The ultimate particle size 

distribution is sensitive to metal-support interactions which is dependent on the charge 

density of the metal precursor. The greater charge density of palladium in Pd(NO3)2 

(1.01×103 e nm-3 vs. 0.83×103 e nm-3 for nickel in Ni(NO3)2 [322]) favours interaction 

with tetrahedral/octahedral sites on Al2O3 [323] which, in turn, results in a narrow size 

distribution of smaller palladium particles.  
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Representative TEM images of Pd/Al2O3 (IA), Ni/Al2O3 (IB) and Pd-Ni/Al2O3 (IC) 

in Figure 5.5 revealed a similar pseudo-spherical shape morphology for the three 

catalysts, diagnostic of limited metal/carrier interactions in catalysts prepared by 

impregnation [324]. 

 

Figure 5.4: Metal particle size distribution for Al2O3 supported (I) Pd (solid bars), (II) Ni 

(open bars) and (III) bimetallic Pd-Ni (grey bars). 
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The TEM-EDX quantitative analysis of multiple isolated metal particles in Pd-

Ni/Al2O3 revealed a non-uniform distribution of both metals on the catalyst surface albeit 

no evidence of segregated clusters of pure Pd or Ni. The extracted range of surface Pd/Ni 

atomic ratios (see Table 5.1; representative EDX spectra for single metal nanoparticle in 

Figure 5.5(II)) is consistent with a palladium surface enrichment. Our results find support 

in previous studies that have demonstrated (by XPS) surface segregation with palladium 

enrichment for carbon [325] and SiO2 [326] supported Pd-Ni catalysts. Segregation in 

bimetallic is dependent on the surface free energy which, in turn, can be affected by the 

surface tension of the two metals [327]. The diffusion (from the bulk) of Pd with the 

lowest surface tension (1.6 J m-2 vs. 2.3 J m-2 for Ni [328,329]) lowers the free energy, 

resulting in surface enrichment. 

 

Figure 5.5: (I) Representative TEM images for Al2O3 supported (A) Pd, (B) Ni and (C) 

bimetallic Pd-Ni and (II) EDX spectrum of an individual metal particle in bimetallic Pd-

Ni/Al2O3.. 
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X-ray photo-electron spectroscopic (XPS) analysis can provide critical information 

in terms of changes to the electronic properties of surface Pd sites as a result of Ni 

incorporation. The XPS spectra over the Pd 3d  and Ni 2p BE regions for Pd/Al2O3 (IA) 

Ni/Al2O3 (IB) and Pd–Ni/Al2O3 ((IC) and (IIC)) are shown in Figure 5.6; the associated 

Pd 3d5/2, Pd 3d3/2, Ni 2p3/2 and Ni 2p1/2 BE are compared in Table 5.1. The XPS for 

Pd/Al2O3 exhibits a BE maximum at 335.0 eV for Pd 3d5/2 with a secondary peak at higher 

BE (= 340.2 eV) for Pd 3d3/2 that are within the 335.2 ± 0.3 eV and 340.5. ± 0.2 eV of 

Pd0 [330,331]. Pd-Ni/Al2O3 also presented two peaks but at higher (by 0.5 eV) BE, a 

response indicative of a Pd electronic modification by the inclusion of Ni component in 

its crystallographic structure that is consistent with an electronic re-hybridisation of Pd 

orbitals, i.e. electron transfer from the inner (d) orbital to the outer (s) orbital that results 

in a reduction of electrostatic repulsion shifting the Pd core-levels to higher BE [332] 

 

Figure 5.6: XPS spectra for Al2O3 supported (A) Pd, (B) Ni and (C) bimetallic Pd-Ni over 

the (I) Pd 3d and (II) Ni 2p regions. Note: Dashed line in (IA) and (IC) illustrate the position of 

the core level binding energies (BE) for Pd 3d5/2 while dotted lines in (IB) and (IIC) denote the 

BE for Ni 2p3/2 of Ni0. 
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Bertolini et al. [333,334] recorded a similar 0.4-0.8 eV shift in the Pd 3d BE of bulk 

Pd-Ni attributed to formation of a bimetallic phase. The Ni 2p spectra for Ni/Al2O3 (IB) 

exhibited two peaks with BE = 856.1 and 873.3 eV for Ni 2p3/2 and Ni 2p1/2, respectively. 

The reference BE values for Ni0 are 852.7 and 869.9 eV) [335], although it has been 

reported elsewhere [336] that nickel-alumina interactions can result in a displacement to 

higher BE values. The shift in the BE of Ni 2p suggests the generation of Niδ+ 

nanoparticles through electron transfer to Al2O3 [337]. Moreover, overlap of Ni 3d and O 

2p orbitals on adjacent atoms can result in the generation of a covalent polar bond where 

nickel atoms (on alumina) exhibit a "partial" electron charge [338]. For the Pd-Ni/Al2O3 

catalyst, a 1.2 eV decrease in the BE associated with Ni 2p (vs. Ni/Al2O3, Table 5.1) is in 

evidence, suggesting formation of bimetallic nanoparticles, which is in line with XPS the 

results in the Pd 3d region [339]. Moreover, the formation of bimetallic Pd-Ni 

nanoparticles can also be attested by the changes in the relative distance between the main 

and satellite peaks in the Ni 2p regions for Ni/Al2O3 and Pd-Ni/Al2O3 (ΔNi 2pX/2, Table 

5.1), where an increase, by 0.4 eV, is observed for the bimetallic catalyst. Such increase 

can be related to the introduction of Pd with higher electronegativity (2.2 vs. 1.9 for Ni) 

that impacts on surface plasmon losses from the Ni 3d9 4s1 valence band [299]. The same 

conclusion was reached by Hillebrecht et al. [299] who recorded a 0.4 eV increase in the 

in ΔNi 2p3/2 and ΔNi 2p1/2 of unsupported Ni vs. PdNi. The Pd/Ni atomic ratio from XPS 

analysis (=6.1) exceeded the bulk value, which confirms the Pd surface enrichment from 

EDX analysis. TPR, XRD and XPS analyses suggest the generation of the bimetallic 

phase with a palladium surface enrichment (from TEM-EDX and XPS) in Pd-Ni/Al2O3.  

5.3.2 Catalytic Performance 

The hydrogenation of 3BY over all the catalysts generated 3BE, BA and BONE with 

no evidence of condensation (to dimers). The high H2/-C≡C- molar ratio in this work (=8) 

can account for the observed absence of dimer generation which is favoured at ≤1.5 ratios 

[22]. The temporal variation of 3BY conversion (X) is shown in the inset to Figure 5.7 

for Pd-Ni/Al2O3, as a representative. We observe an initial drop in activity to reach a 

pseudo-stationary state after ca. 2 h on-stream. The absence of dimer formation and 

attainment of stationary state activity is an important result given reports in the literature 

that have shown a continuous decline of time on-stream activity in the hydrogenation of 

-C≡C- compounds over Cu/SiO2 [340] and Pd-Ag/Al2O3 [341] attributed to coke 

formation and/or deposition of oligomers.  
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Figure 5.7: Variations in 3BY consumption rate (R, mol3BY gPd
-1 h-1) with hydrogen 

chemisorption at ambient temperature for Al2O3 supported Pd (), Ni (), physical mixture 

Pd+Ni () and bimetallic Pd-Ni (). Inset: Variation of 3BY conversion (X, %) with time on-

stream over Pd-Ni/Al2O3. Note: Raw data is shown as symbols (,,,) while (dashed) 

trend lines serve to guide the eye. Reaction conditions: T = 373 K, P = 1 atm, H2:Alkynol mol 

ratio = 2. 

Dissociative adsorption of H2 is a key controlling step in -C≡C- bond hydrogenation 

[194] and is dependent on the nature [342] and particle size [343] of the supported metal. 

Room temperature hydrogen chemisorption is a practical approach to quantify metal 

hydrogen dissociation capacity [344]. Hydrogen uptake was measured and is presented 

as a function of alkyne transformation rate (R) in Figure 5.7, where there is a clear 

increase in R with increasing hydrogen chemisorption. This tendency is in line with 

published work showing enhanced catalytic activity over catalysts with greater hydrogen 

uptake capacity in phenol hydrogenation [345] and methanol steam reforming [346]. 

Hydrogenation activity was low over Ni with the lowest hydrogen uptake capacity, which 

can be linked to the presence of electrons in the 4s orbital [347], resulting in a high 

activation energy barrier for dissociative hydrogen adsorption, i.e. 432 kJ mol-1 on Ni vs. 

420 kJ mol-1 on Pd [348]. The introduction of Ni/Al2O3 as a physical mixture had not a 

significant effect on neither H2 uptake capacity nor alkynol consumption rate with a 

similar response to that recorded over Pd/Al2O3, a result suggesting that the catalytic 
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performance is driven by palladium active sites. We observe a significantly greater 

hydrogenation rate over Pd-Ni/Al2O3 relative to the monometallic Pd and Ni catalysts. 

The enhanced hydrogen uptake over the Pd-Ni catalyst suggests a more efficient H2 

cleavage over bimetallic nanoparticles. Maccarrone et al. [296] quoted differences in 

hydrogen chemisorption for Pd-Ni/Al2O3 compared to Pd/Al2O3, while computational 

work [349] has shown an increase in hydrogen uptake capacity for PdNi vs. Pd accounted 

for on the basis of a lower associated H2 dissociation energy over the former [349]. 

Variations in catalytic activity and/or selectivity [350] in hydrogenation reactions over 

mono- and bi-metallic catalysts have been observed previously. Lederhos et al. [351] and 

Domínguez-Domínguez and co-workers [233] studying the hydrogenation of 1-heptyne 

and phenylacetylene over Pd-Ni/Al2O3 and a series of (bulk) Pd-X catalysts (X = Ni, Fe 

and Mg) reported enhanced activity/olefin selectivity attributed to the bimetallic character 

of the Pd-X nanoparticles linked to modifications in active site geometric properties and 

electron density. Dependence of hydrogenation pathway over the four Al2O3 supported 

catalysts (Ni, Pd, Pd+Ni and Pd-Ni) can be effectively proved from a consideration of 

3BE selectivity (S3BE) as a function of 3BY conversion (X); the corresponding data for 

the different catalysts is shown in Figure 5.8.  

At the same degree of conversion (e.g. 44±2%), the activity selectivity profiles for 

Pd/Al2O3 and Pd/Al2O3+Ni/Al2O3 overlapped, which indicates that incorporation of 

nickel as a physical mixture does not contribute to the reaction pathway which is governed 

by palladium. However, the S3BE vs. X profiles for Pd/Al2O3, Ni/Al2O3 and Pd-Ni/Al2O3 

do not coincide, suggesting that the presence of Pd and Ni in the bimetallic system can 

impact on the reaction network, i.e. parallel (k3, Figure 5.1) vs. stepwise (k1, k2) 

hydrogenation vs. double bond migration (k4). In order to relate the catalytic response of 

the three catalysts (Pd/Al2O3, Ni/Al2O3 and Pd-Ni/Al2O3) in terms of hydrogenation 

pathway (see Figure 5.1 and Eqns. (5.4)-(5.7)), the mass balance for each compound was 

applied assuming pseudo-first order kinetic behaviour, as previously established for 

catalytic hydrogenation of phenyl-acetylene and styrene [352], for each individual step 

working under H2:Alkynol in excess (by a factor of 16) of the stoichiometric requirement 

for the generation of the alkenol intermediate, which gives Eqns. (5.8)- (5.11). 
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Figure 5.8: Variations in 3BE selectivity (S3BE, %) with conversion (X, %) in 

hydrogenation of 3BY over Al2O3 supported Pd (, solid line), Ni (, dashed line), physical 

mixture Pd+Ni (, solid line) and bimetallic Pd-Ni (, dotted line). Note: Raw data is shown as 

symbols (,,,) while trend lines (solid, dashed and dotted) serve to guide the eye. 

Reaction conditions: T = 373 K, P = 1 atm. 
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(5.4) 

 
(5.5) 

 
(5.6) 

 
(5.7) 

and  

𝑑𝑥3𝐵𝑌

𝑑(𝑛/𝐹)
= −(𝑘1 + 𝑘3) ∙ 𝑥3𝐵𝑌 

(5.8) 

𝑑𝑥3𝐵𝐸

𝑑(𝑛/𝐹)
= 𝑘1 ∙ 𝑥3𝐵𝑌 − (𝑘2 + 𝑘4) ⋅ 𝑥3𝐵𝐸 (5.9) 

𝑑𝑥𝐵𝐴

𝑑(𝑛/𝐹)
= 𝑘2 ∙ 𝑥3𝐵𝐸 + 𝑘3 ⋅ 𝑥3𝐵𝑌 (5.10) 

𝑑𝑥𝐵𝑂𝑁𝐸

𝑑(𝑛/𝐹)
= 𝑘4 ⋅ 𝑥3𝐵𝐸 (5.11) 

 

where ki is the pseudo-first order kinetic rate constant for step i and (nmetal)/F has the 

physical meaning of contact time. The results of a non-linear regression of the 

experimental data to the kinetic model using the Berkeley Madonna software are 

presented in Figure 5.9 while the resulting k3/k1, k2/k1 and k2/k4 are given in Table 5.2; 

which reveals a good fitting of experimental data (mole fractions) with the model with an 

error deviation of <5 %. 
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Figure 5.9: Molar fractions at steady state (xi,ss) of 3BY (,,), 3BE (,,), BA (,,) and BONE (,,) as a function of contact time (n/F, 

molPd or Ni  h
-1 mol3BY) for reaction over Al2O3 supported (I) Pd (solid symbols, solid lines), (II) Ni (open symbols, dashed lines) and (III) (bimetallic) Pd-Ni (grey 

symbols, dotted lines). Note: dashed lines represent fit to eqns. (5.8- 5.11). 

 

.
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Table 5.2: Values of the rate constant ratios k3/k1, k2/k1 and k2/k4 for the 3BY → 3BE (k1), 

3BE → BA (k2), 3BY → BA (k3) and 3BE → BONE (k4), steps.  

 

 Pd Ni Pd-Ni 

k3/k1 0.2 0.5 0.0 

k2/k1 0.8 2.1 0.4 

k2/k4 1.3 - 4.7 

  

The hydrogenation of 3BY over all the catalysts proceeded through a preferentially 

consecutive mechanism (i.e. k3/k1 ≤ 1) that is typical of triple bond hydrogenation in gas 

phase over supported Pd [353] and Ni [354] catalysts. Double bond migration occurs as 

a result of hydrogen addition to the surface π-allyl intermediate formed by hydrogen 

removal from the carbon bonded to the triple bond functionality [27]. Butanone formation 

was not observed over Ni/Al2O3, although isomerisation was promoted over both 

Pd/Al2O3 and Pd-Ni/Al2O3 where the k2/k4 ratio (>1, Table 5.2) is indicative of 

preferential over-hydrogenation (to BA). The k2/k1 ratio (≤ 1) over Pd/Al2O3 and Pd-

Ni/Al2O3 is consistent with an electrophilic mechanism, characteristic of alkyne 

hydrogenation [112], where the conversion of the alkenol intermediate proceeded at a 

lower rate than that of 3BY as a result of the greater electron density of the -C≡C- (vs. -

C=C-) bond [18]. Cherkasov et al. [295], observed the same trend (i.e. k1 > k2) for the 

liquid phase hydrogenation MBY over Pd/SiO2 Pd-Bi/SiO2 and Pd-Lindlar, although the 

authors did not elaborate further. In this mechanism, hydrogen generated by dissociative 

adsorption on Pd sites attacks sequentially the chemisorbed -C≡C- and -C=C- species, 

where the latter is rate limiting [119]. Reaction over Pd-Ni favoured 3BE hydrogenation 

(k1 >>> k2) leading to increase 3BE selectivity (Figure 5.9 and Table 5.2). The bimetallic 

particles in Pd-Ni/Al2O3 have a lower electron withdrawing character than palladium in 

Pd/Al2O3 due to a lower π → d electron donation (by up to 0.14 e-) [339], with a 

consequent weaker interaction of (electron rich) -C=C- bond with PdNi that must favour 

the displacement of 3BE from the surface by 3BY. This is consistent with computational 

work (DFT calculations) [355] that has demonstrated a greater alkene displacement from 

the surface of Pd-Ni (vs. Pd) by an alkyne molecule [355]. The opposite trend (i.e. k2/k1  

> 1) is observed over Ni/Al2O3, a result that we tentatively attribute to 3BY rate inhibition 
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due to strong -C≡C- bond interaction that serves to stabilize the reactant, rendering it less 

susceptible to hydrogen attack. Our premise is in line with the reported greater alkynol-

metal adsorption strength on Ni (189 kJ mol-1) compared to Pd (91 kJ mol-1) [87]. 

5.4 Conclusions 

The synthesis of monometallic Pd/Al2O3 by incipient wetness impregnation followed 

by hydrogen TPR activation delivered a narrow distribution of metal nanoparticles (mean 

= 20 nm). Preparation of monometallic Ni/Al2O3 following the same procedure and 

bimetallic Pd-Ni/Al2O3 (by co-impregnation) generated larger metal nanocrystals (mean 

= 28 ± 2 nm). Powder XRD, TEM-EDX and XPS measurements have revealed a 

bimetallic PdNi phase enriched with palladium on the surface in Pd-Ni/Al2O3, a 

consequence of which is an enhanced H2 uptake capacity relative to Pd/Al2O3. 

Hydrogenation over Ni/Al2O3 resulted in low catalytic activity to promote partial (to 3BE) 

and full hydrogenation (BA) with no detectable BONE generation. In contrast, Pd/Al2O3 

and Pd/Al2O3+Ni/Al2O3 delivered a similar (greater) transformation rate and promoted a 

coupled hydrogenation/isomerisation with the formation of 3BE, BA and BONE. 

Reaction over Pd-Ni/Al2O3 resulted in an increase rate (up to 12 mol3BY gPd
-1 h-1) and the 

highest selectivity to 3BE (up to 95%). We attribute the distinct catalytic performance 

over Pd-Ni/Al2O3 to electronic modifications induced by the addition of Ni in agreement 

with XPS and TPR results. Our results proved the potential of Ni-promotion for Pd-based 

catalysts directed and the selective production of alkenols with multiple industrial 

applications. 
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Chapter 6:                                                                                                   

Gas Phase Hydrogenation of 3BY over Unsupported and Supported 

Ni-Zn Alloys. 

Nickel promotes lower isomerisation activity compared to palladium, while the 

results in Chapters 3 and 4 have demonstrated the beneficial effect of Zn as a modifier 

to inhibit full hydrogenation (to alkanol). In this chapter, we have evaluated the 

continuous production of 3BE through the gas phase hydrogenation on 3BY using a 

series of bulk and supported NiZn alloys with different crystallographic phase (i.e.  α-, 

β- and δ-). 

6.1 Introduction 

Partial hydrogenation of alkynols to alkenols is a topic that is currently attracting 

appreciable research activity. However, a search through the open literature revealed only 

one study that considered the hydrogenation of secondary alkynols (over Pd/Al2O3) [66]. 

3BE is a valuable intermediate in the manufacture of butadiene (13,000,000 tonnes per 

year worldwide [358]. The hydrogenation of 3BY can follow several pathways, as shown 

in Figure 6.1.  

 

Figure 6.1: Reaction pathway in the hydrogenation of 3BY. 
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Step a involves partial hydrogenation to target 3BE, which can be further 

hydrogenated to BA (step b). In step c, 3BY is directly converted to BA while 3BE is 

isomerised to BONE in step d via double bond migration and keto-enol tautomerization. 

The formation of dimers (step e) can result from condensation involving 3BY 

[57].Existing industrial routes have involved the use of Pd catalysts [359] that suffer from 

the generation of by-products from undesired oligomerisation, double bond migration and 

over-hydrogenation [110]. In addition to the selectivity issue, palladium is a non-

abundant metal (6 × 10-4 ppm in the Earth's crust [48]) with a high associated cost (~103 

USD kg-1, [56]).  

Nickel promotes lower isomerisation activity relative to palladium, a response that 

has been attributed to electronic effects from differences in the bandwidth on both metals 

that impact on reactant adsorption/activation [294]. Moreover, Ni is available in higher 

concentrations  (90 ppm) and at a lower cost (10 USD kg-1, [48,294]). Nickel catalysts 

have been successfully employed in hydrogen mediated reactions such as conversion of 

aldehydes, carboxylic acids, CO2, alkenes and alkynes [360]. However, we have failed to 

unearth any study in the literature using nickel catalysts in the gas phase hydrogenation 

of alkynols. It is, however, worth flagging the work of Trimm et al. [354,361], who 

examined acetylene hydrogenation over Ni/SiO2 and reported good stability with time 

on-stream but poor alkene selectivity (Sethene= 45%) due to extensive oligomerisation and 

over-hydrogenation to ethane.  

We have reported recently [362] the results of the gas phase hydrogenation of 3BY 

over a series carbon/oxide supported Pd catalysts. In that work, we demonstrated that 

incorporation of Zn results in the formation of a PdZn alloy phase that inhibits generation 

of BA but an appreciable isomerisation to BONE. We have extended that study to 

consider the catalytic action of NiZn bimetallic as a means of controlling selectivity (i.e. 

inhibit isomerisation using Ni (step d in Figure 6.1) and hinder BA generation by 

incorporation of Zn (steps b and c)) while attaining high conversions through alloy 

formation. High temperature (973-1173 K) reaction of the cubic (α-NiZn; Zn content = 

<1-27%), tetragonal (β-NiZn; 45-53%), brass type (γ-NiZn; 75-85%) and monoclinic (δ-

NiZn; 90-92%) structures [363]. There is a dearth of literature dealing with the catalytic 

implications of NiZn alloys, which is the focus of this work. Nevertheless, Al2O3 

supported α- and β-NiZn catalysts have been successfully employed in the steam 

reforming of ethanol [364] and deoxygenation of methyl laurate [365]. Of particular 

relevance to this study, Spanjers et al. examined the hydrogenation of acetylene+ ethylene 
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over (bulk) α-, β- and γ-NiZn alloys [57] and Ni/ZnO [366], concluding a decrease in 

oligomer formation and greater olefin selectivity with increasing Zn content. In this study 

we have investigated the continuous gas phase hydrogenation on 3BY over unsupported 

(bulk) and supported NiZn alloys, linking catalytic performance with critical catalyst 

characterisation measurements. To the best of our knowledge, this is the first reported 

explicit comparison of α-, β- and δ-NiZn in hydrogenation. 

6.2 Experimental 

6.2.1 Catalyst Preparation 

The metal precursors (Ni (NO3)2·6H2O and Zn (NO3)2·6H2O), ZnO and δ-NiZn alloy 

were obtained from Sigma-Aldrich. The (unsupported) bulk catalysts were prepared by 

DP using Na2CO3 as a basification agent following a method described in detail elsewhere 

[367]. Briefly, 100 cm3 of an aqueous (0.1 M) solution of Ni(NO3)2·6H2O + 

Zn(NO3)2·6H2O (Ni: Zn molar ratios = 90:10 and 50:50) was stirred (600 rpm) at 353 K 

for 1 h. An aqueous Na2CO3 solution (1 M) was then added dropwise to the suspension 

until pH = 9.0, and aged under vigorous stirring for 2 h to generate a cake from the 

precipitated nickel and zinc carbonate salts [368]. The solid obtained was separated by 

filtration, washed with deionized water until pH = 7 and dried at 373 K in static air. The 

dried sample was calcined in static air (5 K min-1 to 773 K for 4 h) in order to form 

ONixZn100-x solid solution [369]. A Ni bulk catalyst was prepared for comparison 

purposes following an identical synthesis route with Ni (NO3)2·6H2O. Using the same 

procedure (nickel precursor, basification agent, stirring rate and temperature), we also 

synthesised a 13 mol% Ni/ZnO by DP until the pH reaches the isoelectric point of ZnO 

(pH= 10), post-treatment as above. The catalyst precursors were sieved (ATM fine test 

sieves) into a batch of 75 µm average particle diameter. Prior to reaction, the samples 

were activated in 60 cm3 min-1 H2 (BOC, ≥99.99%) at 4 K min-1 to 1073 K, which was 

maintained for 48 h, and cooled to room temperature in a N2 flow (52 cm3 min-1, BOC, ≥ 

99.99%) at 4-10 K min-1 for 24-48 h to ensure reduction of nickel and zinc with generation 

of an alloy phase [57]. Samples were passivated at ambient temperature in 1% v/v O2/He 

(30 cm3 min-1, BOC, 99.9%) for 1 h for ex-situ characterisation. 
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6.2.2 Catalyst Characterisation 

The Ni and Zn content were measured by AAS using a Shimadzu AA-6650 

spectrometer with an air-acetylene flame from the diluted extract in aqua regia 

(25% v/v HNO3/HCl). H2-TPR, H2 chemisorption (at reaction temperature = 373 K) and 

hydrogen temperature programmed desorption (TPD) were determined using the 

commercial CHEM-BET 3000 (Quantachrome) unit equipped with a thermal 

conductivity detector (TCD) with data acquisition/manipulation using the TPR WinTM 

software. The samples were loaded in a U-shaped quartz cell, contacted with 5% v/v 

H2/N2 (17 cm3 min-1) and activated at 4 K min-1
 to 1073 K. The effluent gas passed through 

a liquid N2 trap to ensure removal of released water. After TPR, the reduced samples were 

maintained at the final temperature in a constant flow of H2/N2 for 1 h and swept with a 

(50 cm3 min-1 ) flow of N2 for 1.5 h in order to remove any physisorbed hydrogen. The 

samples were then cooled to 373 K and subjected to an undiluted H2 chemisorption pulse 

(30 μL) titration procedure. Pulses were repeated until the signal area was constant, 

indicative of surface saturation. In blank tests, there was no measurable H2 uptake on ZnO 

alone. Samples were then thoroughly flushed (in N2; 50 cm3 min-1 for 1 h) and TPD 

conducted at 50 K min−1 to 873 K. At least three cycles of TPR, hydrogen chemisorption 

and TPD were carried out where the results were reproducible to within ±10% and the 

values quoted in this paper are the mean.  

 Powder X-ray diffractograms (XRD) were recorded on a Bruker/Siemens D500 

incident X-ray diffractometer using Cu K radiation. The samples were scanned at a rate 

of 0.02º step-1 over the range 20º ≤ 2θ ≤ 90º (scan time = 5 s step-1). Diffractograms were 

identified against JCPDS-ICDD reference standards (ZnO (210-7059), NiO (043-1049), 

Ni (003-1051), ONi90Zn10 (230-0284), -NiZn (153-8880), ONi70Zn30 (152-6386), β-

NiZn (153-8139) and δ-NiZn (152-3421)). Crystal particle size (dhkl) was estimated using 

the Scherrer equation: 

 

(6.1) 

 

where K = 0.9, λ is the incident radiation wavelength (1.5056 Å), β is the peak width 

at half the maximum intensity and θ represents the diffraction angle corresponding to the 

main plane associated with NiO (2θ = 43.4°), Ni (2θ = 44.6°), ONi90Zn10 (2θ = 43.2°), α-

NiZn (2θ = 44.2°), ONi70Zn30 (2θ = 43.1°), β-NiZn (2θ = 46.6°) and δ-NiZn (2θ = 43.0°). 

hkl
cos

K
d


=
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6.2.3 Catalytic Performance in the Hydrogenation of 3BY 

The hydrogenation of 3BY (Sigma-Aldrich, purity ≥97%) as a solution in BOL 

(Sigma-Aldrich, ≥97%) was carried out in situ, immediately after catalyst activation, 

under atmospheric pressure at 373 K in a continuous flow fixed bed vertical glass reactor 

(i.d. = 15 mm). The catalytic reactor and operating conditions were selected to ensure 

negligible heat/mass transport limitations. A layer of borosilicate glass beads (diameter = 

3 mm) served as a preheating zone where the alkynol reactant was vaporised and reached 

reaction temperature before contacting the catalyst bed. Isothermal conditions (±1 K) 

were maintained by diluting the catalyst bed with ground glass (75 μm diameter). 

Reaction temperature was continuously monitored by a thermocouple inserted in a 

thermowell within the catalyst bed. The alkynol reactant was delivered to the reactor via 

a glass/teflon air-tight syringe and teflon line using a microprocessor-controlled infusion 

pump (Model 100 kd Scientific) with an inlet molar flow = 1.5-3.1 mmol h-1. A co-current 

flow of alkynol and H2 or H2/N2 (PH2 = 9 × 10-2 - 100 × 10-2 atm) was maintained at GHSV 

= 1 × 104 - 3 × 104 h-1, the flow rate of which was monitored using a Humonics (Model 

520) digital flowmeter. The molar Ni (n) to inlet alkynol molar feed rate (n/F) spanned 

the range 36 × 10-5 – 33 × 10-2 h. In blank tests, passage of 3BY in a stream of H2 through 

the empty reactor or over the ZnO support alone, i.e. in the absence of catalyst, did not 

result in any detectable conversion. The reactor effluent was frozen in an ice-bath trap for 

subsequent analysis which was made using a Perkin-Elmer Auto System XL gas 

chromatograph equipped with a programmed split/split-less injector and a flame 

ionization detector using a Stabilwax (fused silica) 30 m × 0.32 mm i.d., 0.25 μm film 

thickness capillary column (RESTEK). Data acquisition/manipulation was performed 

using the TotalChrom Workstation Version 6.1.2 (for Windows) chromatography data 

system. The products, 3BE (97%), BA (99%) and BONE (99%) were purchased from 

Sigma-Aldrich and used without further purification. Reactant/product molar fractions 

(xi) were obtained using detailed calibration plots (not shown). 3BY conversion (X) was 

obtained from: 

𝑋(%) =
[3𝐵𝑌]𝑖𝑛 − [3𝐵𝑌]𝑜𝑢𝑡

[3𝐵𝑌]𝑖𝑛
× 100 

(6.2) 

 

where selectivity in terms of (for example) 3BE (S3BE) is given by: 

𝑆3𝐵𝐸(%) =
[3𝐵𝐸]𝑜𝑢𝑡

[3𝐵𝑌]𝑖𝑛 − [3𝐵𝑌]𝑜𝑢𝑡
× 100 

(6.3) 
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The subscripts "in" and "out" refer to the inlet and outlet streams. Catalytic activity 

is also quantified in terms of initial 3BY transformation rate (R, mol gNi
-1 h-1), determine 

from time on-stream measurements as described elsewhere [243] and TOF (rate per active 

site, h-1) calculated using metal particle size from XRD analysis [370] . Repeated (up to 

three separate) catalytic runs with different samples from the same batch of catalyst 

delivered raw data reproducibility and carbon mass balance within ±6%. 

6.3 Results and Discussion  

6.3.1 Bulk Ni and NiZn Alloys 

6.3.1.1 Catalyst Characterisation 

Powder XRD patterns of the fresh/calcined bulk catalysts before (A) and after 

activation (C) are presented in Figure 6.2; the TPR profiles recorded during the hydrogen 

treatment step are shown in Figure 6.2(B). The X-ray diffractogram pattern of the fresh 

(Figure 6.2(IA)) and hydrogen treated ((IC)) ZnO are identical and show peaks at 2θ = 

31.8o, 34.6o, 36.4o, 47.7o, 56.8o, 63.1o, 66.6o, 68.2o, 69.3o, 72.9o, 77.2o and 81.7o that can 

be associated, respectively, with the (100), (002), (101), (102), (110), (103), (200), (112), 

(201), (004), (202) and (104) main planes of hcp ZnO. The similar XRD patterns is 

consistent with the negligible H2 uptake during TPR (Figure 6.2(IB)), a response that 

was expected and in agreement with reported literature where reduction of ZnO requires 

T > 1225 K [371].  

The diffractogram for the calcined Ni catalyst precursor (Figure 6.2(IIA)) 

presents signals at 2θ = 37.3o, 43.4o, 63.0o, 75.6o and 79.6o corresponding to the (111), 

(200), (220), (311), and (222) planes of NiO (JCPDS-ICDD 043-1049). Standard X-ray 

line broadening based on the Debye-Scherrer formula using the main diffraction peak (at 

2θ = 43.4o) yielded an average particle size of 13 nm.  
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Figure 6.2: XRD patterns associated with (A) fresh/calcined and (C) reduced samples and 

(B) TPR profiles for (I) ZnO and (unsupported) bulk (II) Ni, (III) -NiZn (IV) -NiZn and (V) 

-NiZn. Note: Peak assignments based on JCPDS-ICDD reference data for ZnO (210-7059, ), 

NiO (043-1049, ), Ni (003-1051, )ONi90Zn10 (230-0284, ), α-NiZn (153-8880, ), 

ONi70Zn30 (152-6386, ), β-NiZn (153-8139. ) and δ-NiZn (152-3421, ). 
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This mean size is in good agreement with the value (8 nm) reported by Li et al. [372] 

for NiO prepared by a similar precipitation method with nickel acetate and sodium 

carbonate. The TPR profile generated for bulk NiO is presented in Figure 6.2(IIB). 

Hydrogen consumption matched (±5%) that required for the reduction of Ni2+→Ni0. The 

profile is characterised by a sharp positive signal (H2 consumption peak) at Tmax = 627 K. 

A single stage reduction with associated Tmax in the 600-685 K temperature range has 

been reported in the literature [372] during TPR of bulk NiO and ascribed to the reduction 

to metallic nickel. Differences in reduction temperature for unsupported NiO can be 

accounted for in terms of metal particle size where a shift in Tmax to higher values is 

indicative of larger nickel nanoparticles [373]. The Tmax for maximum H2 consumption 

was close to the value (643 K) recorded elsewhere [173] for bulk NiO with an associated 

particle size (obtained from XRD) of 17 nm, indicative of a similar metal dispersion to 

the catalyst in this work. The XRD diffractogram pattern of the activated bulk catalyst 

(Figure 6.2(IIC)) presents peaks at 2θ = 44.6°, 51.9°, and 76.5° that correspond, 

respectively, to the (1 1 1), (2 0 0) and (2 2 2) planes of (cubic) metallic Ni; mean particle 

size based on main (2θ = 44.6o) = 85 nm. This result suggests that thermal treatment in 

hydrogen to 1073 K served to increase metal crystallite size. Richardson and co-workers 

[374] reported a crystal size increase from 2.5 nm (for as prepared NiO) to 45 nm (reduced 

at 573 K). Sehested et al. [375] noted that crystal size grew drastically (by 27%) for 

activation at T ≥ 973 K and ascribed this to agglomeration of Ni crystallites formed on 

the surface of Ni2+ during reduction.  

The diffractogram of the calcined -NiZn catalyst (IIIA) exhibits peaks at 2θ = 37.1o, 

43.2o, 62.7o, 75.2o and 79.1o that match the (111), (200), (220), (311) and (222) of ONi90 

Zn10 solid solution (JCPDS-ICDD 230-0284); mean size = 7 nm. It is important to note 

that there were no detectable signals due to NiO or ZnO, a result that confirms complete 

transformation to ONi90Zn10. By comparison with the diffractogram pattern of NiO 

(Figure 6.2(IIA)), we observe a 2θ = 0.2-0.5o shift to lower values. This can be attributed 

to substitution of Ni2+ by Zn2+ in the crystal structure where the greater radii of the latter 

(0.074 nm vs. 0.069 nm [369]) serves to increase the lattice parameter [369], inversely 

proportional to the XRD diffraction angle (θ) following the Bragg's law [376]. The TPR 

profile of the calcined -NiZn (Figure 6.2(IIIB)) is characterised by a broad hydrogen 

consumption with a main positive peak at Tmax at 614 K and a secondary uptake at 760 K, 

that can be attributed to the concurrent reduction of Ni2+ and Zn2+ in ONi90Zn10. The 

overall hydrogen uptake during TPR matched the requirement for precursor reduction to 
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zero valent Ni and Zn. While we could not find any directly comparable published TPR 

analysis of ONixZn100-x solid solutions, we can draw on the findings of some pertinent 

catalyst characterisation reports. Wang and co-workers [377] recorded a similar response 

for a physical mixture of NiO+ZnO, where the TPR profile exhibited a main consumption 

at ca. 623 K with a (weak) broad reduction peak at T > 653 K. Velu et al. [378] working 

with Cu100-xNixZnAl-mixed metal oxide catalysts associated the broad TPR peak at 573-

673 K to the reduction of Ni2+ and/or Zn2+. Jafarbegloo et al. [379], studying NixMg100-

xO solid solutions reported the appearance of two peaks at 573-773 K and 1098 K during 

TPR that they attributed to the reduction of Ni2+ on the surface and bulk of the catalyst, 

respectively. After activation, -NiZn (Figure 6.2(IIIC)) exhibits three peaks at 2θ = 

44.2°, 51.5°, and 75.8°, characteristic of (111), (200) and (220), main planes of a fcc 

alpha- phase NiZn alloy (JCPDS 153-8880); mean size = 35 nm. A similar (~ 6-fold) 

increase in crystal size was observed in the reduction of → Ni and ONi90Zn10 → -NiZn.  

Peak assignments for calcined -NiZn (Figure (IVA), 2θ = 37.0o, 43.1o, 62.6o, 75.0o 

and 78.9o) are consistent with the (003), (10-2), (2-10), (2-13) and (006) planes associated 

with ONi70Zn30 solid solution (JCPDS 152-6386); mean size = 8 nm. The increased Zn 

content in the Ni lattice resulted in a further (2θ = 0.1-0.2o) shift relative to ONi90Zn10. In 

addition to the solid solution peaks, a response due to ZnO is in evidence. In support of 

this, Rubio-Marcos et al. [369] showed that, for Zn concentrations above 30%, the 

samples undergo phase-separation into ZnO and ONi70O30. Mean particle size (8 nm) was 

equivalent to that obtained for ONi90Zn10. The TPR of calcined -NiZn (IVB) shows a 

broad peak with a Tmax at 789 K, which can be linked to the reduction of ONi90Zn10 and 

ZnO. The quantity of hydrogen associated with the single hydrogen consumption 

exceeded the amount required for the Ni2+ → Ni0 conversion but was lower than that 

necessary to fully reduce Zn2+ to metallic Zn. A comparison of the TPR response of 

ONi90Zn10 with that of ONi70Zn30 suggests an increase in reduction temperature for 

ONixZn100-x solid solutions with greater zinc content. This observation is in line with the 

study of García et al.[380], who working with NiO-MgO system recorded a (ca. 35 K) 

shift to higher reduction temperature for the hydrogen consumption during TPR for 

samples with increase Mg content. We tentatively linked the displacement towards higher 

reduction temperatures to a zinc surface enrichment  due to the higher surface tension of 

Zn2+ (1.8 N m-1 vs. 0.8 N m-1 for Ni2+ [381]), and higher temperature requirement for the 

reduction of Ni+ in the bulk of the solid solution. Indeed, a zinc-rich surface has been 

demonstrated (by XPS) for Ni/ZnO/Al2O3 catalysts with a Ni Zn ratio = 48:52 [367]. 
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Moreover, Parmaliana et al. [382], working with a series of mixed phase of NixMg100−xO 

calcined at 973 K at different final isothermal hold times, recorded an increase in intensity 

and shift to higher temperatures (from 613 to 788 K) for the TPR peak linked to the 

reduction of Ni2+ ions in the subsurface of the MgO, which they ascribed to enhanced 

nickel diffusion into the subsurface at extended calcination times. The XRD pattern of 

the hydrogen treated -NiZn is presented in Figure 6.2(IVC), with reflections at 43.2°, 

46.6° 57.7° and 68.0° corresponding to the (111), (200), (002) and (220) planes of a 

tetragonal -phase NiZn alloy (JCPDS-ICDD 153-8139); mean particle size 13 nm. The 

smaller (2-fold) increase in crystal size observed during the ONi70Zn30 → -NiZn 

transition (vs. ONi90Zn10 → -NiZn) can be tentatively ascribed to the formation of an 

intermediate α-ONi70Zn30 alloy phase that induces partial recrystallization in the bulk 

structure. A similar rationale has been provided by Murzinova et al. [383] in their study 

of TiAlMoZr alloys to account for the variations in grain size associated with the - vs. 

-alloy phases.  

The X-ray diffractogram pattern of the fresh (Figure 6.2(VA)) and hydrogen treated 

((VC)) -NiZn are the same and show the main diffraction peaks at 2θ = 32.7o, 33.2o, 

34.8o, 35.2o, 35.4o, 35.6o, 36.1o, 36.8o, 37.6o, 38.1o, 39.0o, 39.8o, 41.2o, 41.6o, 41.8o, 42.3o, 

42.9o, 43.0o, 43.1o,  43.4o, 43.6o, 43.7o, 45.1o, 45.2o, 48.5o, 48.7o, 48.8o, 50.2o, 59.1o, 59.3o, 

61.5o, 62.2o, 63.4o, 70.0o, 70.2o, 74.3o, 74.3o, 76.4o, 76.5o, 77.2o, 77.7o, 77.8o, 79.0o, 80.0o 

corresponding to (221), (202), (022), (20-3), (401), (51-1), (42-1), (130), (420), (13-1), 

(31-3), (131), (222), (60-2), (33-1), (330), (22-3), (113), (421), (13-2), (600), (51-3), 

(402), (023), (62-2), (040), (40-4), (620), (711), (800), (24-3), (423), (82-3), (731), (115), 

(93-2), (40-6), (060), (60-6), (153), (55-3), (443), (713), (642) planes characteristic of a 

monoclinic δ-NiZn alloy phase (JCPDS-ICDD 152-3421); mean size = 75 nm. The TPR 

of the commercial -NiZn catalyst (Figure 6.2(VB)) was featureless, a response 

consistent with the identical XRD patterns pre- and post-TPR. 

Hydrogen uptake (Table 6.1) on all bulk catalysts was low (≤1 mmol gNi
-1). We could 

not find any other study in the literature that provides a measure of H2 chemisorption at 

373 K for comparable bulk Ni systems. However, our recorded hydrogen chemisorption 

values are of the same order of magnitude than those recorded at room temperature for 

bulk Ni and supported Ni-Au alloy (2-4 μmol gNi
-1) [384,385]. Hydrogen adsorption on 

nickel is dependent on chemisorption temperature and Ni coordination number. Smeds et 

al. [386] demonstrated enhanced chemisorbed hydrogen (by up to a 2-fold) with an 
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increase in titration temperature (298 → 423 K). In terms of Ni nanoparticle size 

dependence, the consensus that emerges from the literature is of a greater hydrogen 

uptake on smaller nanocrystals [384], i.e. greater Ni surface area.  We observe a decrease 

in hydrogen chemisorption for Ni > -NiZn > -NiZn > -NiZn (see Table 6.1). This 

result is consistent with reported literature [365]  showing a (15%) lower hydrogen uptake 

for a Ni70Zn30Al alloy with a greater amount of zinc relative to  Ni80Zn20Al. The decrease 

in hydrogen chemisorption for the Ni-containing catalysts with increase Zn content can 

be linked to zinc migration through diffusion effects that results in a concomitant decrease 

in surface nickel and hydrogen uptake.  
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Table 6.1:  Characterisation and catalytic results over bulk catalytic systems. Catalyst characterisation results: catalyst 

source or preparation method (for laboratory synthesised samples), zinc content, nominal Ni:Zn content and crystal 

structure, hydrogen uptake and Ni size. Catalysis results: hydrogenation rate (R) and TOF for hydrogenation of 3BY . 

Reaction conditions: T = 373 K, P = 1 atm, (H2:Alkynol) mol ratio = 114, X ~ 25%. 

 

Catalyst ZnO Ni -NiZn -NiZn -NiZn 

Catalyst source/Synthesis Commercial DPa DP DP Commercial 

Zn content (mol%) - - 11 48 89 

Nominal Ni:Zn Content   

(Crystal structure) 

 

(hcpb) 

 

(fccc) 
 

(fcc solid solution) 

 

(tetragonal) 

 

(monoclinic) 

H2 uptake (mmol gNi
-1)d - 1.0 0.3 0.1 <0.1 

dhkl (nm)e 

Calcinedf - 13 7 8 - 

Reducedg - 85 35 13 72 

102  R (mol gNi
-1 h-1) - 7 6h/11i 4 5  10-2 

TOF (h-1) - 356 124h/230i 31 2 

aDP = deposition-precipitation; bhcp =hexagonal close-packed; cfcc = face-centred cubic; dat reaction temperature (373 K); 
efrom XRD measurements; fin air to 773 K; gin H2 to 1073 K; hfor reaction over α-NiZn; ifor reaction over a physical 

mixture of α-NiZn+ZnO (Ni:Zn = 1:15). 
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6.3.1.2 Catalytic Response 

We first examined the catalytic action of the NiZn alloy systems in the gas phase 

hydrogenation of 3BY; catalytic activity and conversion vs. 3BE selectivity (S3BE) 

dependence is shown in Table 6.1 and Figure 6.3, respectively, where 3BE was the main 

product (up to 98%). BA was formed as by-product with no detected generation of BONE 

or oligomers.  

 

Figure 6.3: Variation of 3BE selectivity (S3BE, %) with initial 3BY conversion (X, %) for 

reaction over activated (unsupported) bulk Ni (), -NiZn (), -NiZn () and -NiZn () 

catalysts. Reaction conditions: T = 373 K, P = 1 atm, (n/F) = 4 × 10-4 - 15 × 10-2 h. Note: solid 

lines provide a guide to aid visual assessment. 

There is evidence in the literature suggesting that oligomerization over Ni catalysts 

is sensitive to H2:-C≡C- molar ratio and consistent with a decrease in oligomerisation rate 

with increased hydrogen content [387]. The absence of oligomerisation in this work can 

be linked to the high H2:-C≡C- (= 54-114), well above the experimental values (6-10) 

used when oligomer formation has been promoted [361,366]. The results presented in 

Table 6.1 demonstrate a decrease in activity (R) with increasing Zn content following the 

order Ni > -NiZn > -NiZn > -NiZn. Analysis of possible contributions to catalytic 

activity in bulk Ni and NiZn alloys bearing different metal particle sizes is only 
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meaningful in terms of specific activity (TOF, see Experimental section). The similar 

decrease in TOF and R over catalysts with increasing Zn content demonstrate that metal 

dispersion had little impact on catalytic activity in the case of unsupported Ni and NiZn 

mixed phases, which is governed by the zinc content in the catalyst. Trimm et al. [361] 

and Spanjers and co-workers [366] working in the catalytic hydrogenation of acetylene 

over (MgAl2O4 and ZnO) supported Ni vs. NiZn alloys reported elevated activity over the 

former and for - (vs. -NiZn with greater Zn content) that they attributed to the presence 

of surface Zn/ZnO that inhibits hydrogen/acetylene adsorption lowering the rate.  The 

modified activity over the catalytic systems can be linked to hydrogen uptake capacity as 

shown in Table 6.1 where the activity decreased sequence matches that of decreasing 

hydrogen uptake, i.e. the decrease in hydrogen chemisorption that results from 

incorporation of Zn with Ni was accompanied by a lower hydrogenation rate. This is 

consistent with reports in the literature showing enhanced activity in the hydrogenation 

of phenyl-alkynes (propyne, butyne and pentyne) over Pd/MCM relative to Pd/SiO2 with 

greater hydrogen uptake capacity [212].  

Alkenol selectivity increased over the samples with enhanced Zn content, S3BE Ni < 

-NiZn < -NiZn < −NiZn. The lower 3BE selectivity over bulk Ni can be ascribed to 

a contribution of the parallel (step c in Figure 6.1) and sequential (step b in Figure 6.1) 

reaction pathways due to -C≡C- multi-coordination on large surface nickel ensembles 

[388], to generate ethylidyne (step c) and ethylidene intermediates (step b) [31,389]. 

Each of these systems bears a unique Ni coordination environment, where the number of 

nearest nickel neighbours decrease in the order: Ni (12) > -NiZn (9.6) > -NiZn (4.0) > 

-NiZn (0; only Zn neighbours) [57]. Moreover, there is reported literature [365] that has 

demonstrated (by magnetic hysteresis) a decrease on the size of surface nickel ensembles 

with increasing zinc for NiZn alloys. Consequently, an increase in zinc content will serve 

to decrease the population of large nickel-atom ensembles, responsible for BA formation. 

While the size of surface Ni-atom aggregates can impact on product distribution through 

the reactant adsorption mode, the adsorption/activation of the alkynol can also be affected 

by electronic modifications in the Ni phase (post-Zn incorporation). Indeed, the inclusion 

of Zn in the NiZn alloy induces a reduction in the d bandwidth as a result of d → (s,p) 

orbital electronic rehybridization, weakening the electronic interaction with the -C=C- 

bond [390], facilitating its desorption [57] and increasing selectivity to 3BE. This finds 

agreement with theoretical work that has demonstrated a lower -C=C- bond adsorption 

stability for NiZn alloys relative to Ni [54].  
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The results in this section suggest a positive effect in alkenol selectivity with the 

progressive increase of Zn content that we link to geometric/electronic effects that impact 

on reactant adsorption/activation. The highest alkenol production (TOF = 100  h-1) was 

attained over the alpha-phase NiZn alloy. Hydrogenation rate in the transformation of 

CO, toluene and NOx [391–393] can be increased by contributions due to spillover 

hydrogen. Spillover hydrogen is formed through H2 dissociative chemisorption on metal 

sites, followed by migration of atomic hydrogen to the support [384]. The occurrence of 

hydrogen spillover has been suggested to be influenced by the addition of support as a 

physical mixture [384]. In order to evaluate the possible spillover effects in the 

hydrogenation of 3BY we have assessed in the next section the action of bulk and 

supported -NiZn and consider a contribution due to spillover hydrogen by examination 

of physical mixtures with added (ZnO) carrier. 
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6.3.2 ZnO Supported -NiZn Alloy 

6.3.2.1 Catalyst Characterisation 

A 13 mol% Ni/ZnO catalyst was prepared to compare with the bulk -NiZn alloy, 

introducing as an external factor the hydrogen spillover that takes place from ZnO support 

species; critical characteristics are presented in Table 6.2 

Table 6.2: Characterisation and catalytic results over the Ni/ZnO catalyst. 

Catalyst characterisation results: nickel loading, temperature maxima (Tmax) 

and H2 consumption/desorption during activation by TPR and TPD, hydrogen 

uptake and Ni size. Catalysis results: hydrogenation rate (R) and TOF for 

hydrogenation of 3BY. Reaction conditions: T = 373 K, P = 1 atm, (H2: 

Alkynol) mol ratio = 114, X ~ 25%. 

 

Catalyst Ni/ZnO 

Ni loading (mol%) 13 

TPR 

Tmax (K) 602 

H2 uptake (mmol g-1) 2.4 × 103 a/1.4 × 103 b 

H2 uptake (mmol gNi
-1)c 3.4 

TPD 

Tmax (K) 733d, 756e 

H2 released (mmol gNi
-1) 37d/460e 

dNi (nm)f  12 

102  R (mol gNi
-1 h-1) 26d/43e 

TOF (h-1) 190d/314e 

aexperimental value; brequired for the Ni2+ → Ni0 reduction step; cat reaction 

temperature (373 K); dfor Ni/ZnO, efor a physical mixture of Ni/ZnO+ZnO (NiZn = 

1:15); ffrom XRD measurements. 

 

The recorded TPR profile is shown in Figure 6.4 and presents a principal peak at 

602 K with a shoulder at 468 K. The main peak can be ascribed to the reduction of Ni2+ 

to zero valent metal [394].  
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Figure 6.4: TCD response for the (hydrogen) temperature programmed treatment of 

Ni/ZnO to 1073 K. Inset: XRD pattern for passivated catalyst post-thermal (TPR) treatment. 

Note: Peak assignments based on JCPDS-ICDD reference data for ZnO (210-7059, ) and α-

NiZn (153-8880, ). 

The secondary peak can be attributed to reduction of a NiOx surface phase [395] 

formed during the drying step [396]. The quantity of hydrogen consumed during TPR 

(2.4 × 103 μmol g-1) exceeded (by a factor of 2) the amount required to reduce the Ni 

precursor to the metallic form but was significantly lower (by a ten-fold) than that 

necessary to fully transform ZnO to Zn. This suggests a partial reduction of the zinc oxide 

support at 602 K promoted by Ni, which can result in the formation of an NiZn alloy 

phase [366]. The formation of intermetallic alloy after TPR was examined by XRD. The 

diffractogram generated is presented as an inset to Figure 6.4.  

In addition to  reflections characteristic of ZnO (2θ = 31.8o, 34.6o, 36.4o, 47.7o, 56.8o, 

63.1o, 66.6o, 68.2o, 69.3o, 72.9o, 77.2o and 81.7o), peaks at 44.2o, 51.5o, 75.8o can be 

assigned to (111), (200) and (220) planes of -NiZn. A metal particle size of ca. 12 nm 

was calculated from XRD measurements. Hydrogen chemisorption post-activation for 

Ni/ZnO (3.4 μmol gNi
-1, Table 6.2) was significantly greater (by a factor of 11) relative 
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to the value recorded for the bulk -NiZn sample. An increase in uptake with decreasing 

-NiZn particle size in the supported catalyst  (35 vs. 12 nm) is consistent with reported 

enhanced hydrogen chemisorption for smaller Ni nanoparticles [384]. 

Hydrogen temperature programmed desorption (TPD) were conducted to evaluate total 

surface hydrogen [391]. In the case of NiZn alloys, it has been established [390] that 

decomposition (Zngas+Nisolid) is possible in the temperature range 650-850 K under 

ultrahigh vacuum conditions (2 × 10-10 Torr). A decrease in Zn content as a result of alloy 

decomposition will alter the NixZn100-x composition and should result in a modification 

of the XRD diffractogram pattern.  

Exclusive hydrogen desorption during TPD was confirmed by XRD analysis (see 

insets to Figure 6.5), where no changes in composition and/or particle size were observed 

pre- and post-thermal treatment. Ni/ZnO with inclusion of additional support should 

exhibit different amounts of spillover hydrogen, therefore, we consider the TPD response 

of Ni/ZnO (A) and Ni/ZnO+ ZnO (B) and the TPD profiles (post-TPR) are given in 

Figure 6.5; hydrogen release from bulk -NiZn was negligible and close to detection 

limits. It is important to note that we recorded an equivalent hydrogen chemisorption 

value for the Ni/ZnO system with or without addition of the support (3.4 ± 0.05 μmol gNi
-

1), which demonstrates that H2 chemisorption was only associated with the supported -

NiZn component. 

The profile for the Ni/ZnO catalyst (Figure 6.5(A)) showed a positive (hydrogen 

release) peak at T > 730 K where associated amount of hydrogen released well exceeded 

(by a factor of 10, Table 6.2) that taken up in the chemisorption step, indicative of 

spillover hydrogen generated during TPR from the support [397]. Indeed, desorption at T  

≥ 593 K have been reported in the literature for ZnO supported Ni [398] and Pd [399] and 

Zn-based Cu [400] catalysts and linked to spillover hydrogen. The profile obtained for 

the catalyst carrier mixture is like that corresponding to the catalyst alone but with a 

significant (12-fold) increase in the amount of hydrogen desorbed (Table 6.2). A similar 

effect has been reported elsewhere [401] attributed to an enhanced spillover hydrogen. 

javascript:popupOBO('CMO:0002673','c1cy00051a')
javascript:popupOBO('CMO:0002673','c1cy00051a')
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Figure 6.5: H2-TPD response (solid line) with temperature ramp (dashed line) for: (A) 

Ni/ZnO and (B) Ni/ZnO+ZnO. Inset to (A): XRD pattern for passivated Ni/ZnO post-thermal 

(TPD) treatment. Note: Peak assignments based on JCPDS-ICDD reference data for ZnO(210-

7059, ) and α-NiZn (153-8880, ). 
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6.3.2.2 Catalytic Response 

 In order to fully evaluate the performance of -NiZn we compared the catalytic 

response of the bulk and supported catalyst under the same reaction conditions. In terms 

of specific activity, hydrogenation rate was greater (2-fold) for Ni/ZnO, which can 

tentatively link to the higher surface hydrogen (hydrogen chemisorption + TPD) on the 

supported system. This is in line with reported literature [402] that has identified 

hydrogen addition as the rate-determining step in -C≡C- → -C=C- hydrogenation over 

Ni-based catalysts. Moreover, Burch et al. [403] suggested that ZnO can act as a reservoir 

of hydrogen in the hydrogenation of CO in methanol steam reforming over Cu/ZnO. 

Considering the TPD results, the use of physical (or mechanical) mixtures of the support 

(ZnO) with the catalysts (-NiZn and Ni/ZnO; Catalyst: ZnO mol ratio = 1:15) can 

provide an explicit assignment of spillover contribution to hydrogenation performance. 

The inclusion of ZnO led to a (2-fold) increase specific hydrogenation rate, which can be 

taken as confirmation of the participation of spillover hydrogen in hydrogenation over 

Ni/ZnO. Both catalysts bearing the same (alpha-phase) NiZn alloy phase display the same 

product distribution, a result that suggests that 3BE selectivity is controlled by the NiZn 

molar ratio in the alloy. Since catalytic activity is evaluated as specific rate (TOF), the 

differences must be linked to variations in surface hydrogen content (hydrogen 

chemisorption and spillover hydrogen). 
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6.4 Conclusions 

Bulk and (ZnO) supported Ni and NiZn alloy catalysts with different Zn content and 

crystallographic phase (i.e. α-NiZn (NiZn = 90:10), β-NiZn (50:50) and δ-NiZn (10:90)) 

exhibit quite distinct behaviour in the continuous gas phase hydrogenation of 3BY. 

Powder XRD analysis confirmed alloy formation where incorporation of Zn served to 

suppress H2 chemisorption. While double bond migration (to BONE) was fully avoided 

over all the catalysts, we observed lower H2 uptake and specific activity (up to a 70-fold) 

but increased alkenol selectivity (up to 98%) over the bulk alloys with increasing Zn 

content. We can associate the differences in the observed catalytic performance to 

variations in reactant adsorption/activation over the different Ni-based catalysts. α-NiZn 

delivered the highest alkenol activity/selectivity. The synthesis of a ZnO supported α-

NiZn catalyst served to maintain the same alkenol selectivity but increase activity (by a 

factor of 2), which is linked to the participation of spillover hydrogen (based on TPD 

analyses). Our results demonstrate the potential of NiZn alloys for the continuous 

production of valuable alkenols. 
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Chapter 7:                                                                                                       

Pd-Promoted Selective Gas Phase Hydrogenation of Alkynes over -

Mo2N 

Standard heterogeneous catalysts based on supported transition metals suffer from 

the complexity and high cost associated with their synthesis. Bulk molybdenum nitrides 

can uptake hydrogen and exhibit catalytic properties similar to those of noble metals, 

although its application in selective hydrogenation has been considered to a limited 

extent. In this chapter, we investigate the application of gamma-phase Mo nitride to 

promote the selective gas phase hydrogenation of acetylene, phenylacetylene and MBY. 

We also evaluate the effect of Pd, introduced in trace amounts, as a promoter. 

7.1 Introduction 

Molybdenum nitrides exhibit catalytic properties similar to those of noble metals 

(e.g. Pd, Pt) [404]. A switch from classic heterogeneous catalysts based on supported 

transition metals to bulk materials offers clear advantages in terms of less complex and 

expensive production. Molybdenum nitrides have been employed successfully in several 

hydrogen-mediated reactions (e.g. hydrodesulfurisation of dibenzothiophene, 

hydrodeoxygenation of phenol and hydrodechlorination of 1,3-dichlorobenzene) [405]. 

However, their application in selective hydrogenation has been considered to a lesser 

extent. Hydrogenation over molybdenum nitrides is limited by hydrogen 

adsorption/activation [406] although they exhibit a different selectivity response 

compared with "conventional" Group VIII metal catalysts [407] that has yet untapped 

potential. 

Molybdenum nitrides can adopt several MoxNy phases, including cubic (γ-Mo2N), 

tetragonal (β-Mo2N) and hexagonal (δ-MoN) crystal structures [408]. The three allotropic 

forms have shown distinct catalytic properties, where the application of γ-Mo2N in 

chemoselective hydrogenation show promise [409]. Synthesis by temperature 

programmed reduction-nitridation of MoO3 with H2+N2 [59] generates γ-Mo2N with SSA 

and surface N/Mo molar ratio in the range 45-132 m2 g-1 [59] and 0.3-1.2 [404,410], 

respectively. Gamma-phase Mo nitride generation follows a topotactic pathway (i.e. 

maintenance of reactant morphology), with a stepwise (MoO3 → HxMoO3  → MoOyN1-y 

→ γ-Mo2N) transformation that involves the formation of  molybdenum bronzes 

(HxMoO3) and oxynitrides (MoOyN1-y) [411]. Changes in stabilisation of the 
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intermediates influences (SSA) and/or N/Mo, which impacts on reactant/catalyst surface 

interactions and catalytic performance. 

Palladium is a well- known catalytic metal for hydrogenation with a high capacity to 

dissociate H2 [174]. It is possible to deposit trace amounts of Pd on the MoO3 precursor, 

which, with reduction/nitridation generates -Mo2N [59]. Variations in surface hydrogen 

from palladium deposition can impact on the composition and structural properties of the 

HxMoO3 and/or MoOyN1-y [412] which, in turn, affects SSA and/or surface N/Mo [413]. 

Moreover, the increase in surface hydrogen from the incorporation of Pd with gamma-

phase Mo nitride should result in enhanced catalytic performance. These are the premises 

on which this work has been based. Prior research has focused on the promoting effect of 

Mo2N in chemoselective hydrogenation over transition metal supported catalysts. This is 

the case with Mo2N-promoted Pt/SBA-15 in the hydrogenation of cinnamaldehyde [414] 

or the liquid phase reduction of p-nitrophenol over Mo2N-Pd/ SBA-15 [415]. It is, 

however, worth flagging the work of Zaman et al., who investigated the promoting effect 

of K [416] and alkali metals (Cs and Li) [417] on the hydrogenation of CO over -Mo2N. 

In terms of hydrogenation, the focus of this work, gamma-phase Mo2N has been 

employed to promote the transformation of crotonaldehyde [418], CO [416,417], 

acetylene [419] and aromatic nitrocompounds [420]. However, a search through the open 

literature has failed to unearth any reported study on hydrogenation of alkynols over Mo 

nitride. 

Styrene and 2-methyl-3-buten-2ol (MBE) are commercially important chemicals in 

the manufacture of synthetic rubbers [421] and nutraceuticals (e.g. vitamins A and E) 

[422], while selective semi-hydrogenation of acetylene (to ethene) is key in the synthesis 

of polyethylene (49 ×106 tons year-1 [423]). In this contribution, we provide the first 

reported application of Pd-promoted gas phase hydrogenation of acetylene, 

phenylacetylene and MBY over γ-Mo2N. 
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7.2 Experimental 

7.2.1 Materials and Analytical Methods 

All the gases used in this work (Ar, N2, H2, O2, He and C2H2) were of ultra- high 

purity (>99.7%, BOC). The (phenylacetylene (Aldrich, ≥ 99.9%) and MBY (Aldrich, 

98%)) reactants and solvent (ethanol, Riedel-de Häen, ≥ 99.5%) were purchased and used 

without further purification. The composition of the reaction/product mixtures was 

determined using a Perkin-Elmer Auto System XL chromatograph equipped with a 

programmed split/split-less injector and a flame ionization detector, employing a Stabilwax 

(Cross-bond Carbowax-PEG, Restek, USA) or Carboxen 1010 (Supelco, Fluka Holding 

AG) capillary column. Data acquisition and manipulation were performed using the 

TotalChrom Workstation (Version 6.3.2 for Windows) chromatography data system. 

Reactant and product molar fractions (xi) were obtained using detailed calibration plots 

(not shown) where the total mass balance in the mixture (based on GC analysis) was 

analysed for every extracted sample. The extent of hydrogenation can be represented by 

the reactant conversion where, taking acetylene (XAcetylene) as representative reactant. 

Acetylene, in Acetylene, out

Acetylene

Acetylene, in

(%) 100
−

= 
n n

X
n

 (7.1) 

where "nAcetylene" represents the number of moles of acetylene; subscripts “in” and “out” 

refer to the inlet and outlet streams, respectively. The selectivity of e.g. ethylene (SEthylene) 

as the target product in the transformation of acetylene, is given by: 

Ethylene,out

Ethylene

Acetylene,in Acetylene,out

(%) 100= 
−

n
S

n n
 (7.2) 

while selectivity to green oil (SGreen oil) was calculated from the mass balance [359] 

 
(7.3) 
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Catalytic activity is quantified in terms of stationary state specific (per total surface 

area of the catalyst (SSA), m2) alkyne consumption rate (R, µmol m-2 h-1), following the 

procedure described elsewhere [59]. 

( ) in Alkyne-2 -1mol m h
SSA m 

  
m =

  

F
R


 (7.4) 

where "Fin" is the organic reactant (acetylene/phenylacetylene/MBY, mmol h-1) inlet 

molar flow of and "m" the mass of catalyst (g). Repeated reactions with different samples 

from the same batch of catalyst delivered raw data reproducibility and a carbon mass 

balance within ±7%. 

7.2.2 Catalyst Preparation 

Bulk γ-Mo2N was synthesised by temperature programmed reduction-nitridation 

following a method described in detail elsewhere [59]. Briefly, MoO3 (130 mg, 

99.9995%, Alfa Aesar) was placed in a horizontally mounted quartz reactor (13 mm i.d.), 

flushed with dry He 400 cm3 min-1 (Bronkhorst mass flow controlled) for 4 h (GHSV = 

24000 h-1) and heated (at 5 K min-1) to 623 K to ensure removal of physisorbed water 

[424]. A (400 cm3 min-1) flow of 10% v/v N2/H2 was then introduced and the temperature 

raised at 0.15 K min-1 to 933 K and maintained for 8 h. At the end of the temperature 

programmed treatment, the sample was quenched by switching to He (60 cm3 min-1), 

cooled (at ca. 50 K min-1) to ambient temperature for 1 h with sample passivation in 1% 

v/v O2/N2 (100 cm3 min-1) for 2 h to avoid autothermal oxidation upon contact with air 

[404]. Two Pd/γ-Mo2N with a nominal metal content of 0.1% wt. were prepared by 

deposition of monodispersed Pd nanoparticles on -Mo2N (denoted γ-Mo2N-Pd(A) in this 

work) and MoO3 (γ-Mo2N-Pd(B)), where the latter underwent a reduction-nitridation 

process as above. An aqueous solution of PdCl2 (0.015 M) (Fluka, >99%) and 

Na2MoO4·H2O (Fluka, >99%) (Pd/Mo mol ratio = 1.2) was heated at 368 K under 

continuous stirring (500 rpm) until the solution underwent a colour change (from light to 

dark brown), indicative of Pd-polyoxometallate formation [164]. An aliquot of aqueous 

Pd-polyoxometallate (50 cm3, 1 × 10-4 M) and (100 mg) MoO3 (−Mo2N-Pd(B)) or γ-

Mo2N (−Mo2N-Pd(A)) was mixed and contacted (at ambient temperature) with a 

continuous flow of H2 (100 cm3 min-1) for 30 min and kept for ca. 2 h resulting in the 

formation of uniform Pd nanocrystals stabilised by molybdate anions ≤ 1.5 nm [164] and 

deposition (via adsorption) on MoO3/-Mo2N [164], the slurry was then filtered and dried 
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in air at ambient temperature. The samples were sieved (ATM fine test sieves) into a batch 

of 75 μm average diameter. Prior to use in catalysis, the samples were activated in 60 cm3 

min-1 H2 at 5 K min-1 to 700 K and maintained at the final isothermal hold for 1h. 

7.2.3 Catalyst Characterisation 

The Pd loading was measured by AAS using a Shimadzu AA-6650 spectrometer with 

an air-acetylene flame from the diluted extract in aqua regia (25% v/v HNO3/HCl). 

Temperature programmed reduction (TPR), total SSA and temperature programmed 

desorption (TPD) were determined using a commercial CHEM-BET 3000 

(Quantachrome) unit equipped with a thermal conductivity detector (TCD) with data 

acquisition/manipulation software (TPR WinTM, Version 1.0a). TPR measurements 

were conducted by heating the samples in 17 cm3 min-1 5% v/v H2/N2 at 5 K min-1 to 700 

K, where the effluent gas passed through a liquid N2 trap. The reduced samples were 

maintained at the final temperature for 1 h. The samples were then swept with 52 cm3 

min-1 N2 for 1 h, to remove physisorbed hydrogen, and cooled to room temperature. 

 Hydrogen TPD was conducted in a N2 flow (52 cm3 min-1) at 50 K min-1 to 900 K 

with a final isothermal hold until the signal returned to the baseline. Total SSA was 

obtained using the standard single point BET method. SSA values were recorded with a 

50% v/v N2/He flow using pure N2 as internal standard. At least two cycles of N2 

adsorption–desorption in the flow mode were used to determine total surface area. SSA, 

TPR and TPD values were reproducible to ±5% and the values quoted in this paper are 

the mean.  

Powder X-ray diffractograms (XRD) were recorded on a Bruker/Siemens D500 

incident X-ray diffractometer using Cu Kα radiation. The samples were scanned at a rate 

of 0.02º step-1 over the range 15º ≤ 2θ ≤ 85º (scan time = 5 s step-1). Diffractograms were 

identified using the JCPDS-ICDD reference standard for γ-Mo2N (25-1366) and Pd (046-

1043). Surface N/Mo mol ratio and Pd content was extracted from XPS measurements, 

performed on a Scientia ESCA 300 spectrometer using a monochromatic Al anode (Kα 

1486.6 eV, 10 kV, 20 mA). The source power was maintained at 3900 W and the emitted 

photoelectrons were sampled from an area of 13 mm2; the photoelectron take-off angle 

was normal emission (0°). The analyser pass energy was 150 eV for full range survey (0–

1100 eV) and high-resolution spectra (over the Mo 3d3/2 and Mo 3d5/2 BE range, 227-239 

eV). The adventitious C 1s peak was calibrated at 284.5 eV and used as internal standard 

to compensate for any charging effects. Spectral curve fitting and quantification 
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employed the CasaXPS software, using relative sensitivity factors provided by Kratos. 

Analysis by scanning electron microscopy (SEM) was conducted using a Philips FEI 

XL30-FEG equipped with an Everhart-Thornley secondary-electron (SE) detector 

operated at an accelerating voltage of 10-15 kV and using a NORAN System SIX version 

1.6 for data acquisition/manipulation. Before analysis, the samples underwent 

hydrocarbon decontamination using a plasma cleaner (EVACTRON). STEM probe 

corrected measurements were conducted using a JEOL ARM 200CF unit equipped with 

an (EDX) detector operated at an accelerating voltage of 200 kV. The scanned images 

were collected using either Gatan 806 High Angle Annular Dark Field, Gatan 805 

Annular Dark Field/Bright field or JEOL ADF1detectors under the control of a Gatan 

Digi-Scan II, employing Gatan Digital Micro-graph software (version 2.31) for data 

acquisition/manipulation. Samples were prepared for analysis by dry deposition on a 

holey carbon/Cu grid (300 Mesh).  

7.2.4 Alkyne Hydrogenation 

Reactions were carried out at T = 453 K and P = 1 atm, in situ immediately after 

activation (in flowing H2 at 5 K min-1 to 700 K) under operating conditions that ensured 

negligible heat/mass transport limitations. A layer of borosilicate glass beads served as 

preheating/mixing zone, ensuring that the reactants reached reaction temperature before 

contacting the catalyst. Isothermal conditions (±1 K) were maintained by mixing the 

catalyst with ground glass (75 µm). Reaction temperature was continuously monitored by 

a thermocouple inserted in a thermowell within the catalyst bed. The hydrogenation of 

acetylene was conducted in a (i.d. = 12 mm) jacketed tubular reactor equipped with a 

Juvo thermostat (Type 500, K. K. Juchheim Laborgeräte GmbH, Bernkastel-Kues, 

Germany). The gas reactant (200 - 1000 cm3 min-1, Brooks mass flow controlled) mixture 

(1%/20%/79% v/v C2H2/H2/Ar) was introduced and samples taken for analysis every 10 

min on-stream using an extraction valve. The gas phase hydrogenation of phenylacetylene 

and MBY were carried out in a fixed bed vertical glass reactor (i.d. = 13 mm). The organic 

reactant was delivered to the reactor at a fixed calibrated flow rate range (2 × 10-2 cm3 

min-1 (phenylacetylene) and 1.2 × 10-2 cm3 min-1 (MBY)) via a glass/teflon air-tight 

syringe and teflon line using a microprocessor-controlled infusion pump (Model 100 kd 

Scientific). A co-current flow of the organic and ultra-pure H2 (<1% v/v organic in H2) 

was maintained at GHSV = 4200 h-1 and the ratio of catalyst mass to inlet organic molar 

feed rate (W/Fin) in the range 16-42 g mol-1 h. In a series of blank tests, passage of each 
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reactant (acetylene, phenylacetylene or MBY) in a stream of H2 through the empty reactor 

did not result in any detectable conversion. 

7.3 Results and Discussions 

7.3.1 Catalyst Characterisation 

The XRD diffractogram patterns for the γ-Mo2N (I), γ-Mo2N-Pd(B) (II) and γ-

Mo2N-Pd(A) (III) systems are shown in Figure 7.1. The three catalysts present 

diffraction peaks over the range 2θ= 15-850 at 37.40, 43.50, 63.10, 75.70 and 79.80 

corresponding to the (111), (200), (220), (311) and (222) planes of (cubic) γ-phase Mo2N 

(JCPDS-ICDD card number 25-1366)). 

 

Figure 7.1: XRD patterns with crystallographic plane characteristic of each peak 

associated with (I) γ-Mo2N, (II) γ-Mo2N-Pd(B) and (III) γ-Mo2N-Pd(A). XRD peak 

assignments based on JCPDS-ICDD reference data: (▲) −Mo2N (Card No. 25-1366). 
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There were no reflections characteristic of bulk oxides (e.g. MoO3, MoO2) in the reduced-

nitridised samples. This is consistent with the complete transformation of the MoO3 

precursor to -Mo2N where the passivation step results in the generation of a surface (vs. 

bulk) protective oxide layer. It should be noted, that there were no detectable signals due 

to palladium in the XRD of γ-Mo2N-Pd(B) (II) or γ-Mo2N-Pd(A) (III), which can be 

attributed to the low metal content and/or the presence of small (≤2 nm) Pd nanoparticles 

[425]. 

A low Pd content (Pd/Mo ≤ 0.0010) in γ-Mo2N-Pd(B) (a) and γ-Mo2N-Pd(A) (b) was 

also confirmed by STEM-EDX surface analysis (Figure 7.2(I-II)) and XPS 

measurements, albeit it was appreciable (2-fold) greater for γ-Mo2N-Pd(A). 

 

Figure 7.2: Representative (I) STEM images with EDX analysis and (II) spectra over 

framed areas for (a) −Mo2N-Pd(B) and (b) −Mo2N-Pd(A). 
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The migration of suboxide species on top of metal nanoparticles, termed 

"encapsulation", is a documented feature of Pd on oxide supports (e.g. Fe2O3) during H2 

thermal treatment at T ≥ 523 K [426]. The low surface Pd/Mo content in γ-Mo2N-Pd(B) 

suggests that this effect extends to Pd/MoO3.  The three gamma-phase Mo nitrides exhibit 

a similar crystallite size (9.9 ± 0.9 nm, Table 7.1) that is consistent with reported values 

(7.7-14.2 nm) [427]. The SSA recorded for the three nitrides (Table 7.1) is similar (85 

m2 g-1) to that recorded by McKay et al. [428] for -Mo2N prepared by thermal treatment, 

where the following sequence is established:γ-Mo2N-Pd ~ γ- Mo2N(A)<γ-Mo2N-Pd(B). 

Table 7.1: Physicochemical properties of −Mo2N and (0.1 %wt.) Pd-promoted (introduced before 

(B) and after (A) nitride preparation) −Mo2N. 

 

Catalysts 

XRD analysis 

SSA  

(m2 g-1) 

H2 uptake  

(µmol g-1) 

TPD  

(µmol m-2) 

Surface  

N/Moa 

 
dhkl  

(nm) 
I(111)/I(200) 

γ-Mo2N 10.8 1.5 63 498 11 0.7 

γ-Mo2N-Pd(B) 9.0 0.9 90 619 78 0.3 

γ-Mo2N-Pd(A) 10.2 1.6 60 1384 98 (33a/65b) 0.4 

afrom XPS measurements; bhydrogen released associated with peak at Tmax ca. 700 K; c hydrogen 

desorption associated with peak at Tmax ca. 800 K. 

 

This sequence matches that of decreasing the intensity ratio of the (111)/(200) XRD 

peaks (I(111)/I(200), Table 7.1) and there is evidence in the literature that variations in 

textural features result in changes in SSA and the I(111)/I(200) [58]. Hydrogen molybdenum 

bronze (HxMoO3), is generated during the formation of -Mo2N by incorporation of 

hydrogen in MoO6 octahedra [429,430]. Dissociative chemisorption of hydrogen on 

palladium increases surface hydrogen content [174]. This can affect the 

structure/composition of the HxMoO3, which must influence the textural properties of the 

nitride. Such premise is consistent with the work of Sakagami et al. [431], who concluded 

a simultaneous increase in the amount of hydrogen in the molybdenum bronze (H0.8MoO3 

→ H1.6MoO3) and SSA (from ca. 75 to 180 m2 g-1) for MoO3 reduced at 773 K. Zhang et 

al. [432] observed, during the synthesis of -Mo2N by heating treatment of MoO3 with 

NH3+N2, that an increase in NH3:N2 GHSV (14000 → 88000 h-1) was accompanied by 

lower  I(111)/I(200) (1.4 → 0.4) ratios and an increase in surface area (13 → 140 m2 g-

1).Representative SEM images for γ-Mo2N (I), γ-Mo2N-Pd(B) (II) and γ-Mo2N-Pd(A) 
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(III) are presented in Figure 7.3, where it can be seen that the three nitrides are comprised 

of predominantly large platelets (ca. 12 × 11 × 0.5 mm) with secondary small rod-like 

crystallites (ca. 2.5 × 1.5 × 0.2 mm). The similar structure of the -Mo2N samples and the 

starting MoO3 (see inset to Figure 7.3(I)) confirms the topotactic molybdenum trioxide 

transformation [433]. 

 

Figure 7.3: Representative SEM micrographs for (I) − () −Mo2N-Pd(B) and 

(III) −o2NPd(A). Note: Inset in (I) shows representative SEM image for MoO3 precursor. 
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The surface morphology of γ-Mo2N-Pd(B) is different and the platelet show greater 

surface irregularities (cracks), which contribute to an increase in the surface area. This 

can be attributed to the presence of Pd that serves to elevate surface hydrogen, resulting 

in a greater and faster H2O release during the formation of the oxynitride intermediate 

[59].  

The TPR profiles (up to 700 K) generated for γ-Mo2N (I), γ-Mo2N-Pd(B) (II) and γ-

Mo2N-Pd(A) (III) are shown in Figure 7.4. The TPR response for -Mo2N is 

characterised by two (hydrogen consumption) positive signals, a principal peak at 591 K 

with a shoulder at 700 K. 

 

Figure 7.4: TPR profiles for (I) γ-Mo2N, (II) γ-Mo2N-Pd(B) and (III) γ-Mo2N-Pd(A). 

The hydrogen consumed during the TPR analysis can be linked to (i) removal of the 

passivating layer, (ii) reaction with N and the occurrence of nitrogen vacancies and/or 

(iii) surface adsorption of hydrogen, which can migrate to sub-layers. Indeed, Ozkan et 

al. [434] working with passivated -Mo2N, reported the appearance of two peaks at very 

similar temperatures (ca. 403-573 K and 603-695 K) which they ascribed to the removal 

of oxygen and nitrogen, respectively [434]. The introduction of palladium resulted in a 
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displacement in the reduction temperature to a lower value (by ca. 15 K) for γ-Mo2N-

Pd(B). An equivalent effect has been recorded for reducible oxides (e.g. CeO2 [91], TiO2 

[435] post-incorporation of Pd with a decrease in the temperature requirements (up to 225 

K) for the partial reduction of the carrier. This can be linked to a contribution from 

reactive hydrogen dissociated on palladium [174], which spills over onto the -Mo2N and 

participates on its superficial reduction. The TPR response for γ-Mo2N-Pd(A) was quite 

distinct, with a broad single peak with a maximum at ca. T = 648 K which can be linked 

to the concomitant reaction with N and O. 

XPS measurements can provide crucial information on surface nitrogen content 

[427]  where N vacancies have been identified as active sites in hydrogenation over Mo 

nitrides [60]. The surface N/Mo extracted from XPS analysis (Table 7.1) is comparable 

with values (0.3-1.2) [404,410] recorded for -Mo2N prepared through thermal treatment 

in N2+H2.. We observed decreasing N/Mo for -Mo2N > γ-Mo2N-Pd(A) > γ-Mo2N-Pd(B). 

A decrease in N/Mo as a result of nitrogen removal is accompanied by the formation of 

surface cracks and craters, which can contribute to elevate SSA [427]. The lowest N/Mo 

content for γ-Mo2N-Pd(B) is consistent with SEM (Figure 7.3) and SSA measurements 

(Table 7.1).  

Hydrogen TPD generated the profiles for (I) −Mo2N, (II) −Mo2N-Pd(B) and (III) 

−Mo2N-Pd(A) presented in Figure 7.5. The three samples exhibit a H2 desorption over 

a broad temperature interval with a main peak at Tmax ca. 800 K. Hydrogen released at T 

> 500 K have been attributed to loss of H2 from bulk (vs. surface) -Mo2N [436]. The 

diffusion hydrogen from the surface to -Mo2N sub-layers has been suggested, which 

results in strong interactions that necessitate high temperatures for release [437]. The TPD 

profile for −Mo2N-Pd(A) exhibits a secondary peak at ca. 700 K, which coincide with 

that reported elsewhere (680-725 K) for hydrogen desorption from Pd [438]. 
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Figure 7.5: TPD profiles for (I) γ-Mo2N, (II) γ-Mo2N-Pd(B) and (III) γ-Mo2N-Pd(A) 

The absence of low temperature hydrogen desorption peak for −Mo2N-Pd(B) 

suggests Pd encapsulation, in agreement with STEM-EDX measurements. Taking the 

three nitrides, the specific (per SSA) volume of H2 desorbed (Table 7.1) was up to ca. 

650 times greater than hydrogen chemisorption values recorded for -Mo2N with similar 

SSA [420], and must result from hydrogen uptake during TPR. Taking the H2 desorbed 

from the Mo nitride (i.e. associated with the peak at Tmax  ca. 800 K), the specific volume 

of hydrogen released decreased in the following order: −Mo2N-Pd(B) (78 µmol m-2) > 

−Mo2N-Pd(A) (65 µmol m-2) > −Mo2N (11 µmol m-2). This sequence mimics that of 

increasing N/Mo and there is evidence in the literature that nitrogen vacancies in Mo 

nitrides can accommodate hydrogen [439]. The higher concentration of nitrogen 

vacancies (i.e. lower N/Mo) can explain the greater hydrogen desorption from the Mo 

nitrides. 
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7.3.2 Catalytic Response 

Reaction selectivity is crucial in acetylene (I), phenylacetylene (II) and MBY (III) 

hydrogenation, where several intermediates and by-products can be generated [9], as 

shown in Figure 7.6. Ethylene, styrene and MBE were the main products in the 

hydrogenation of acetylene, phenylacetylene and MBY, respectively, over the three Mo 

nitrides (S = 82-93%) with ethane, green oil, ethylbenzene and MBA formed as secondary 

products (Table 7.1).  

 

Figure 7.6: Reaction scheme illustrating the pathways for hydrogenation of (I) acetylene, 

(II) phenylacetylene and (III) MBY. Note: solid arrow denotes pathway to target (framed) 

product from partial hydrogenation while dashed arrows indicate routes to undesired by-

products from -C≡C- bond full-hydrogenation and/or oligomerisation. 
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It is important to stress that the alkene selectivity achieve in this work is equivalent 

to that reported for reactions at industrial scale over Pd-based catalysts [440], which 

demonstrates that Mo nitrides could represent a suitable replacement. Hao and co-workers 

[419] reported high selectivity to ethylene (40-85%) in the selective hydrogenation of 

acetylene over -Mo2N but we could not find any report in the open literature for the 

conversion of alkynols using Mo nitrides. Hydrogenation of -C≡C- over −Mo2N, follows 

the Horiuti-Polanyi mechanism, i.e. sequential -C≡C- → -C=C- → -C-C- conversion [60]. 

The high selectivity to the target alkene/alkenol can be linked to the surface displacement 

of the chemisorbed partial hydrogenated product by the alkyne reactant as a result of the 

differences in adsorption energy on -Mo2N (-51.6 for -C≡C- vs -15.4 Kcal mol-1 -C=C-

) [60]. Product distribution was equivalent in the conversion of three alkynes over all the 

Mo nitrides (SAlkene/Alkenol = 87 ± 5%, SAlkane/Alkanol = 11 ± 4%, SGreen oil = 7 ± 4%), albeit 

formation of green oil in small quantities was only promoted in the conversion of 

acetylene. Green oil formation occurs via alkene+alknyne condensation and is inhibited 

at increasing surface H2 coverage [245], i.e. high acetylene surface concentration limits 

H2 coverage and inhibits hydrogenation. The generation of green oil results in catalyst 

deactivation due to occlusion of active sites and it is a common feature of processes at 

both industrial and laboratory scale with reported selectivities in the range 15-97% [441–

443]. We recorded a largely minimised green oil formation over the three Mo nitrides in 

this work (3-11 %), a result that can be tentatively linked to the high hydrogen to alkyne 

mol ratio (H2:C≡C-≥ 20). 
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Table 7.2: Reaction rate (R) with product selectivities (Si) at the same conversion (XReactant ~ 20%) for the hydrogenation of acetylene, phenyl-

acetylene and  MBY over −Mo2N and (0.1% wt.) Pd-promoted (introduced before (B) and after (A) nitride preparation) −Mo2N. (Reaction 

conditions:  P = 1 atm, T = 453K). 

Catalysts 

Reactants 

Acetylene Phenylacetylene MBY 

R 

(µmol m-2 h-1) 
Products (% Si) 

R 

(µmol m-2 h-1) 
Products (% Si) 

R 

(µmol m-2 h-1) 
Products (% Si) 

−Mo2N 72 

C2H4 (90) 

Green oil (3) 

C2H6 (7) 

0.4 
Styrene (93) 

Ethylbenzene (7) 
1.3 

MBE (92) 

MBA (8) 

−Mo2N-Pd(B) 236 

C2H4 (82) 

Green oil (11) 

C2H6 (7) 

0.9 
Styrene (90) 

Ethylbenzene (10) 
10.4 

MBE (87) 

MBA (13) 

−Mo2N-Pd(A) 380 

C2H4 (83) 

Green oil (10) 

C2H6 (7) 

1.3 
Styrene (88) 

Ethylbenzene (12) 
14.2 

MBE (86) 

MBA (14) 
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In terms of activity, the extracted specific (per SSA) reaction rates are given in Table 

7.2. The promoting effect of Pd is probed by the significantly increase hydrogenation rate 

over −Mo2N-Pd(B) and −Mo2N-Pd(A) relative to −Mo2N. Zaman and co-workers 

[416,417] observed increased activity in CO hydrogenation (to alcohol) for alkali metals 

(Li, K, and Na) promoted −Mo2N but we demonstrate in here, for the first time, the Pd-

promoting effect in -C≡C- bond hydrogenation over -Mo2N. The greater rate recorded 

in this work can be attributed to elevated surface available hydrogen for the Pd-promoted 

samples (Table 7.1), i.e. the enhanced surface hydrogen that results from incorporation 

of Pd with -phase Mo2N was accompanied by an increased hydrogenation rate. 

Moreover, reaction rate over the three nitride catalysts decreased in the order: RAcetylene > 

RMBY > RPhenylacetylene, a result that can be tentatively linked to (i) steric constrains due to 

the aromatic ring in phenylacetylene and (ii) the deactivating effect of (electron 

withdrawing) -OH in MBY, which is consistent with an electrophilic mechanism, as 

demonstrated previously [112]. S. Shimazu et al. [444] observed that hydrogenation of 

acetylene proceed at a (36-fold) higher rate than that of phenylacetylene for reaction over 

Pd(II) complexes and ascribed this rate inhibition to steric hindrance in the case of the 

latter. Moreover, Terasawa et al. [111] investigated the hydrogenation of functionalised 

alkynes over Pd catalysts and observed lower activity in the transformation of reactants 

with electron withdrawing (e.g. -Cl, -OH) substituents.  
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7.4 Conclusions 

Thermal treatment of MoO3 in N2+H2 generated -Mo2N with high SSA (60 m2 g-1). 

Incorporation of Pd before (on MoO3; denoted −Mo2N-Pd(B)) and after (-Mo2N; 

−Mo2N-Pd(A)) reduction/nitridation generated an equivalent particle size (9.9 ± 0.9 nm) 

but elevated specific (per SSA) surface hydrogen (based on TPD measurements) and 

lower N/Mo (from XPS), with higher specific hydrogenation rate in the conversion of 

acetylene, phenylacetylene and MBY. TPD analysis suggests Pd encapsulation for 

−Mo2N-Pd (B) where STEM-EDX mapping has establish a low Pd/Mo surface content. 

The target alkene/alkenol was the main product (S = 82-93%) in the hydrogenation of 

acetylene, phenylacetylene and MBY over the three Mo nitrides with green oil generation 

in trace amounts (≤11%) in the conversion of acetylene. Increased -C≡C- bond 

hydrogenation rate in the transformation of acetylene > MBY > phenylacetylene is 

associated to steric constrains and the deactivating effect of the -OH functional group. 

Our results demonstrate the promoting effect of Pd for selective hydrogenation of 

alkyne/alkynols over Mo nitrides. 
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Chapter 8:                                                                                                   

Summary and Future Work 

The goal of this PhD was to demonstrate the feasibility of an alternative gas phase 

catalytic process for the selective hydrogenation of alkynols to alkenols. The results 

presented demonstrate the viability of tuning the electronic and structural properties of 

Pd and Ni through interactions with the support and/or incorporation of a second metal to 

control catalytic performance. A number of strategies have been suggested to enhance 

alkenol production. The work has established the potential of bimetallic Pd-Ni, Pd-Zn, 

Ni-Zn and bulk -Mo2N catalysts for the selective production of valuable alkenols in a 

continuous catalytic system operated under mild reaction conditions.  

8.1 General conclusions. 

The results in this thesis have established the suitability of selective gas phase -C≡C- 

bond partial hydrogenation of C4 primary, secondary and tertiary alkynols over 

oxide/carbonaceous supported Pd, Pd-Zn, Ni, Pd-Ni, Ni-Zn and bulk -Mo2N catalysts. 

The catalytic performance on gas phase hydrogenation using Pd-based bimetallic 

catalysts leads into alkenol selectivities better than the ones given for industrial Lindlar 

catalysts. The use of alternative transition metal catalysts such as Ni-Zn and bulk β-Mo2N, 

shows promising -C=C- selectivities values albeit further work must be done in 

optimizing the alkenol yield production in order to be considered as feasible Pd-based 

catalyst substitutes. 

In chapter 2, it has been proved that the polarity of the -C≡C- bond is affected by 

the position of the -OH group functionality and the number of (electron-donating) -CH3 

groups in primary (3BYOL), secondary (3BY) and tertiary (MBY) C4 alkynols which, in 

turn, determines the activity/selectivity response in the gas phase production of alkenols 

over Pd/Al2O3. The catalytic response shows a catalytic activity increase with increasing 

-C≡C- electron density, consistent with an electrophilic mechanism. A wide product 

distribution is observed on three alkynols due to over-hydrogenation and double bond 

migration side of reaction, attributed to Pd ensembles and surface defects.  

In chapter 3, Pd/ZnO has been proven to be more selective and less active than 

Pd/Al2O3, under all activation temperature ranges, and is ascribed to -PdZn alloy and 

PdZnO1-x surface phases formation, that limits the hydrogen uptake capacity of the 

catalyst. An increase of the activation temperature enhances a -PdZn alloy surface 
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enrichment on Pd/ZnO whereas a Pd particle size growth due to particle sintering is 

experienced on Pd/Al2O3, resulting in an MBE selectivity improvement due to the 

dilution of Pdδ- ensembles and surface defects respectively. The quality of Pd/ZnO 

catalytic performance has been shown by its comparison with industrial Lindlar catalysts, 

delivering greater alkenol selectivity. However, the role of surface -PdZn and       

PdZnO1-x species on catalytic hydrogenation are still to be determined. 

In chapter 4, the PdZn alloy formation was proven to be controlled by deposition of 

(Pd: Zn) colloids with different mol ratio over Al2O3 support. A decrease in (Pd: Zn) mol 

ratio results in a greater PdZn alloy formation (measured by XPS) and a higher alkenol 

enhancement. Under similar PdZn (%) alloy mol content, bimetallic Pd-Zn/Al2O3 (30:70) 

display a 2-fold time rate increase with similar alkenol selectivities than Pd/ZnO due to 

metal encapsulation circumvention. The higher H2 spillover capacity of Al2O3 support 

compared to ZnO (measured by H2-TPD) also accounted for the higher activity response. 

Alkynol gas phase hydrogenation over 1-10 (H2: Alkynol) molar feed range, has shown 

a first order dependence in H2 coverage. A competitive character does not exist between 

reactants. We demonstrate that alkynol consumption rate correlates with surface 

hydrogen (H2 chemisorption/TPD) where the nature of the support (carbon, Al2O3, MgO, 

CeO2) affects the electronic properties of the Pd phase (from XPS) but does not 

significantly influence catalytic performance.  

In chapter 5, The undesired formation of BONE (via 3BE isomerisation) in the 

hydrogenation of 3-butyn-2-ol is fully circumvented over Ni/Al2O3 albeit low 

conversions and extensive over-hydrogenation was recorded. A higher activity is 

recorded over Pd/Al2O3, but an appreciable ketone formation was recorded as double 

bond migration was promoted. The role of Ni as a co-metal has been proved successful 

for the selective hydrogenation process. The electronic modifications on Pd core shell 

induced by Ni incorporation on Pd-Ni/Al2O3 catalysts (from XPS and TPR results) results 

in a hydrogen uptake enhancement and in a concomitant improvement in the catalytic 

activity and 3-buten-2-ol selectivity.   

In chapter 6, bulk and (ZnO) supported Ni and NiZn alloy catalysts with different 

Zn content and crystallographic phase (i.e. α-NiZn, β-NiZn and δ-NiZn) exhibit distinct 

behaviour in the continuous gas phase hydrogenation of 3BE, attributed to variations in 

reactant adsorption/activation that inhibits C≡C- multi-coordination on surface Ni. A 

decrease in the Ni-Ni coordination in the crystalline structure on the different NiZn alloys 
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structures results in a higher 3BE selectivity albeit a decrease in the 3BY rate of 

transformation is observed. Among the different alloy phases, α-NiZn delivered the 

highest alkenol production rate, with an increase in activity over α-NiZn/ZnO linked to a 

contribution of spillover hydrogen.  

We demonstrate the potential of bulk γ-Mo2N as a suitable replacement for selective 

-C≡C- bond hydrogenation in chapter 7, delivering high selectivity to the target 

alkene/alkenol in the hydrogenation of different -C≡C- molecules, such as acetylene, 

phenylacetylene and MBY. The incorporation of Pd as a promoter before and after MoO3 

nitridation serves to increase surface H2 content (measured by H2-TPD) which is ascribed 

to surface modifications γ-Mo2N crystal structure and/or the exceptional properties of Pd 

in chemisorbing in H2. The increase in the hydrogen uptake of the material results on Pd 

promoted γ-Mo2N resulting in a higher -C=C- production. 

8.2 Future Directions 

8.2.1 Enhanced Alkenol Production over Supported NiZn Alloys 

The results presented in Chapter 6 have established selective hydrogenation of 3BY 

to 3BE over bulk and supported NiZn alloys, but low activity attributed to the limited 

hydrogen uptake capacity of the alloy. Further work should target higher activity with full 

selectivity to the target alkenol. Several strategies are considered for increasing the C≡C- 

hydrogenation rate. The use of low SSA ZnO support on NiZn alloy has shown an 

improvement in the alkenol production. The swap from ZnO to other oxide/carbonaceous 

supports with a considerable higher surface area, can enhance the H2 chemisorption on 

the support [445] which improves the hydrogenation rates achieved (see Chapter 6) 

A second strategy will be directed to promoted the formation of  Niδ+  as it is known 

to promote the H2 adsorption/activation [446] to a higher extent. A suitable means for 

changing Ni electronic structure is with the use of acidic supports (e.g. TiO2, ZrO2) in 

which metal ↔ support interactions [447] takes place. The utilisation of reducible 

supports with acidic properties are recommended considering the high temperature 

requirements (≥ 602 K, chapter 7) for NiZn alloy formation. Therefore, NiZn alloy  

sintering can be avoided by using reducible carriers e.g. (CeO2, TiO2, La2O3) that anchors 

the transition metal to the support. [448,449]. Furthermore, reducible supports are also 

able to uptake hydrogen [450], which should further elevate catalytic activity. Another 

way to induce Niδ+ is by the addition of a second co-metal which is more electronegative, 

(e.g. Au) which have recently given promising results in -C≡C- hydrogenation [451] 
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The production of other valuable alkenols (e.g. 3-hexyn-1-ol and isophytol) with 

applications in the synthesis of leaf alcohol and Vitamin A and E [5,452] through selective 

alkynol hydrogenation should also be considered to demonstrate the versatility of the new 

catalyst formulations.  

Furthermore, the utilisation of NiZn metal catalyst in the hydrogenation of internal -

C≡C- bond (3-hexyn-1-ol) would be interesting to analyse from the mechanistic point of 

view due to the impossibility of forming some surface intermediates responsible for over-

hydrogenation (e.g. ethylidyne) on internal -C≡C-, and to the poor capacity of Ni in 

promoting double bond migration.  

8.2.2 Alkynol Hydrogenation over Bulk/Supported Molybdenum Nitrides 

The work presented in Chapter 7 demonstrates the potential of γ-Mo2N for selective 

alkynol hydrogenation in the conversion of phenylacetylene and 2-methyl-3-butyn-2-ol 

with limitations in activity. Hydrogenation of molybdenum nitrides occurs on 

uncoordinated Moδ+ active sites linked to N vacancies occurring at high reduction 

temperatures (Tmax = 650-700 K).  

To shed some light on N vacancies formation, it is suggested to perform a study that 

systematically evaluates how the activation conditions parameters (e.g. H2 partial 

pressure, final temperature) impacts on the topotactic bronze HxMoO3 formation that 

conditioned the N vacancies density and catalytic activity. 

On the other hand, N vacancies can also be promoted by causing textural changes 

(e.g. surface irregularities) during MoO3 reduction-nitridation with the addition of Pd 

promoter (see Chapter 7). A further investigation focused on determining Pd role γ-

Mo2N structure could be performed by testing, under the same reaction and activation 

conditions, Pd/ γ-Mo2N catalysts with different Pd loadings. Additionally, the role of 

other promoters typically used on γ-Mo2N catalysis (e.g. Pt, K) [453] should be 

considered for alkynol hydrogenation.  

Along the same lines, a transition from -Mo2N bulk to supported -Mo2N crystallites 

in a high surface area support can be considered by deposition and further 

reduction/nitridation of  (NH4)6Mo7O24⸱4H2O precursor deposits [418]. The switch to 

supported systems affords: i) the formation of smaller nanoparticles with a higher 

concentration of surface defects and ii) the presence chemisorbed hydrogen in the support 

might enhance the transformation rate. 
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