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ABSTRACT 

 
This PhD thesis has investigated a series of alternative sustainable routes for the 

production of commercially important chemicals (i.e. multifunctional ketones/aldehydes, 

alkene, alcohols and chalcones) via continuous gas phase (P = 1 atm; 453 K ≤ T ≤ 623 K) 

selective tandem (dehydrogenation-hydrogenation and dehydrogenation-hydrogenation-

condensation) processes over unsupported (SiO2, ZnO, ZrO2, CeO2 and MgO) and 

supported mono- (Au, Cu) and bi-metallic (Au-Cu) catalysts. The role of copper oxidation 

state was considered in the case of benzyl alcohol dehydrogenation coupled with 

phenylacetylene hydrogenation over a series of CeO2 supported catalysts. Cu+/Cu0 molar 

ratio (confirmed by XPS analysis) is shown to impact on catalytic activity, selectivity and 

hydrogen utilisation efficiency. The continuous hydrogenation of biomass-derived 

furaldehydes (e.g. furfural and 5-hydroxymethyl-2-furaldehyde) coupled with alcohol 

(e.g. 2-butanol and cyclohexanol) dehydrogenation was investigated over oxide 

supported gold/copper catalysts. Physical mixtures of Au/CeO2 + Cu supported on a range 

of oxides (Al2O3, ZrO2, SiO2, TiO2 and CeO2) served to prove a correlation between 

support basicity and H2 generation where hydrogen transfer was favoured by coke. The 

use of a bimetallic Au-Cu/CeO2 (based on XPS and HRSTEM-EDX) was adopted as a 

strategy to improve hydrogen transfer. The feasibility of continuous gas phase catalytic 

condensation of ketones and aldehydes to valuable chalcones was also examined. Under 

explicit catalytic control, it was demonstrated that conversion of 

acetophenone + benzaldehyde → benzylidenacetophenone over commercial MgO obeys 

a Langmuir-Hinshelwood type model where the catalyst shows long term stability. 

Benzylidenacetophenone production rate exhibits a positive dependence on Lewis 

basicity (quantified by CO2 chemisorption/TPD) for a series of thermally and chemically 

(Li- and Cs-promoted) magnesium oxide catalysts, where the caesium-promoted system 

delivered the highest activity. The potential of tandem dehydrogenation-hydrogenation-

condensation of benzyl alcohol + 2ˈ-nitroacetophenone → 2ˈ-aminochalcone over 

physical mixtures of supported gold (Au/CeO2, Au/MgO and Au/TiO2) and copper 

catalysts (Cu/CeO2 and Cu/MgO) was demonstrated, where product selectivity is 

sensitive to the Au oxidation state. The results gathered in this thesis demonstrate feasible 

innovative tandem processes with enhanced activity/selectivity and orders of magnitude 

improved H2 utilisation efficiency relative to standard catalytic routes. 
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Chapter 1 
Introduction and Thesis Structure 

- 

INTRODUCTION AND THESIS STRUCTURE 

 

This chapter sets the background for the research presented in the thesis, providing a brief 

overview of the advantages associated with catalytic tandem processes for improving 

process sustainability. The structure of the thesis is described in detail, with a summary 

of the objectives and methodologies employed. 

1.1 Introduction to Sustainable Chemical Production 

In 1998 Paul Anastas and John Warner [1.1] developed the concept of green 

chemistry, which draws on the 12 principles summarised in Table 1.1. After more than 

twenty years, the application of these principles has never been as critical for the chemical 

sector, where addressing process sustainability is a pivotal requirement. The application 

of catalysis (vs. stoichiometric routes; principle #9) for the transformation of renewable 

feedstocks (#3 and #7) to reduce the number of steps (#2) and energy requirements (#6), 

while attaining high selectivity values (#1) with minimal waste generation (#8), are key 

to the development of green chemistry [1.2].  

The sustainability of catalytic transformations can be improved by the application of 

alternative tandem routes that combine two or more chemical reactions in one-pot. These 

novel processes have immediate environmental (e.g. atom economy, energy efficiency, 

no use of derivatives/auxiliaries being the purification and work-up procedures avoided) 

and economic (e.g. simultaneous production of two or more valuable final products) 

benefits [1.3]. According to the classification by Fogg and dos Santos [1.4], the 

orthogonal tandem catalysis consists in a process where each reaction is catalysed by 

independent catalytic systems contributing to the formation of the final product(s) under 

uniform reaction conditions (e.g. no modifications of the operative parameters during the 

reactions). This last aspect and the requirement for high selectivity are the main 

challenges for developing efficient tandem systems [1.5]. Indeed, conventional 

homogeneous catalysts (e.g. transition metals [1.6], organometals [1.7] and enzymes 

[1.8]) used in tandem hydroformylation (of olefins, e.g. fatty acids and terpenes), 

defunctionalisation (of carboxylic acid) and isomerisation (of alkene) reactions [1.3], 

suffer from low selectivity with the additional drawback of complex/expensive catalyst 

separation/recovery.  
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Table 1.1. Green chemistry principles from [1.1]. 

1 Prevention 

It is better to prevent waste than to treat or 

clean up waste after it has been created 

7 Use of Renewable Feedstocks 

A raw material or feedstock should be 

renewable rather than depleting whenever 

technically and economically practicable. 

2 Atom Economy 

Synthetic methods should be designed to 

maximize the incorporation of all materials 

used in the process into the final product. 

8 Reduce Derivatives 

Unnecessary derivatization (use of 

blocking groups, protection/ deprotection, 

temporary modification of 

physical/chemical processes) should be 

minimized or avoided if possible, because 

such steps require additional reagents and 

can generate waste. 

3 Less Hazardous Chemical Syntheses 

Synthetic methods should be designed to 

use and generate substances that possess 

little or no toxicity to human health and the 

environment 

9 Catalysis 

Catalytic reagents (as selective as possible) 

are superior to stoichiometric reagents. 

4 Designing Safer Chemicals  

Chemical products should be designed to 

affect their desired function while 

minimizing their toxicity. 

10 Design for Degradation 

Chemical products should be designed so 

that at the end of their function they break 

down into innocuous degradation products 

and do not persist in the environment. 

5 Safer Solvents and Auxiliaries  

The use of auxiliary substances (e.g., 

solvents, separation agents, etc.) should be 

made unnecessary wherever possible and 

innocuous when used. 

11 Real-time analysis for Pollution 

Prevention 

Analytical methodologies need to be 

further developed to allow for real-time, in-

process monitoring and control prior to the 

formation of hazardous substances. 

6 Design for Energy Efficiency 

Energy requirements of chemical processes 

should be recognized for their 

environmental and economic impacts and 

should be minimized. If possible, synthetic 

methods should be conducted at ambient 

temperature and pressure. 

12 Inherently Safer Chemistry for Accident 

Prevention 

Substances and the form of a substance 

used in a chemical process should be 

chosen to minimize the potential for 

chemical accidents, including releases, 

explosions, and fires. 

 

A move to heterogeneous systems (i.e. acid-base, metal/acid(or base) and bimetallic) 

solid catalysts [1.5,1.9] allows to fine tune the catalyst physiochemical properties for 

specific applications (e.g. oxidation + esterification, hydrogenation + cyclisation, 

hydrolysis + hydrogenation), which has resulted in advances in the field of tandem 

catalysis. Considering the industrial importance of hydrogenation reactions (30-40% of 

processes in the fine chemical industry [1.10]; global revenue for 2021 estimated ca. 

191 × 109 USD; data from IndustryARC marketing research), it is not surprising that the 

development of tandem technologies has been directed at hydrogen mediated processes 

[1.11]. Indeed, hydrogenation reactions are typically operated in batch mode using excess 

of pressurised (5-100 bar) non-renewable H2 (12 kg CO2 generated per kg H2, by using 

https://www.industryarc.com/Report/15895/fine-chemicals-market.html
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(i) natural gas, (ii) liquid hydrocarbons and (iii) coal as raw materials) [1.12], with 

associated issues [1.13] that go against principles #2, #3, #6 and #12. These limitations 

can be circumvented in a tandem dehydrogenation-hydrogenation process due to in situ 

hydrogen generation, i.e. hydrogen generated in the dehydrogenation step over M1 “spills 

over” across the support and is utilised in the hydrogenation step over M2 (see schematic 

representation in Figure 1.1).  

 
Figure 1.1. Schematic for hydrogen transfer process in coupled dehydrogenation-hydrogenation system. 

Depending on the nature of the hydrogen donor (HD), this hydrogen transfer strategy 

can result in the synthesis of the target product from hydrogenation and (i) waste (e.g. 

CO2 from formic acid decomposition [1.13]), (ii) nothing else (e.g. hydrazine [1.14] or 

alkanes [1.11] as HD) or (iii) a second valuable product (e.g. ketones/aldehydes from 

alcohol dehydrogenation [1.11]); a compilation of the most recent (over the last 5 years) 

literature [1.5,1.11,1.15,1.16] on hydrogen transfer processes is provided in Table 1.2. 

Formic acid (HCOOH) is a biomass derived chemical (i.e. by-product from acid 

hydrolysis of hemicellulose, pyrolysis of cellulose and hydrothermal oxidation of 

cellulose, lignin and glucose [1.17]) reported as HD mainly for the reduction of carboxylic 

acids (e.g. levulinic acid [1.18] and hexanoic acid [1.19]) and furanic compounds (e.g. 

furfural and 5-hydroxymethylfurfural (HMF) ([1.20]). However, competitive dehydration 

to (undesired) CO + H2O can reduce the yield of hydrogen production. Hydrazine 

(H2N2H2), synthesised from non-renewable fossil resources [1.21], can be oxidised in situ 

by molecular O2 or H2O2 over traditional metal oxides into diimide (HN2H), which acts 

as sacrificial donor (by decomposing into H2 and N2) for the reduction of unsaturated C-

C bonds [1.14]. 
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Table 1.2. Compilation of literature dealing with tandem hydrogen transfer systems. 

Hydrogen Donor Hydrogenation Substrate Catalyst 
Operation 

mode 
Yield (%) Ref. 

HCOOH 

Levulinic acid 
Ru/TiO2 Batch 16 

[1.22] 
Ru/ZrO2 Batch 73 

Levulinic acid Ru/C Batch 75 [1.23] 

Levulinic acid Pt/ZrO2 Batch 80 [1.24] 

Levulinic acid Ni/Al2O3 Flow ≤90 [1.25] 

HMF 
Ni-Co/C Batch 

≤90 
[1.20] 

Furfural 80 

Furfural Cu-Cs/MCM Batch >99 [1.26] 

Furfural Ni-Cu/Al2O3 Batch 92 [1.27] 

H2N2H2 

Nitrobenzene MoO2 Batch 99 [1.28] 

Nitrobenzene Ni-Pt/TiO2 Batch 60 [1.29] 

Nitroarenes Fe3O4@Fe2O3-Bi2O3 Flow ≥93 [1.30] 

n-Alkane/ 

n-Decane 

n-alkane WMe5/SiO2 Batch n.a. [1.31] 

n-Decane WMe5/SiO2 Batch <40 [1.32] 

n-Decane W-Zr/SiO2 Batch <35 [1.33] 

2-Propanol Furfural Pd/Al2O3 Batch 18 

[1.15] 

2-Butanol 

Furfural Ru/RuO2/C Batch 76 

Furfural Pd-NPC Batch ≤92 

Levulinic acid Zr/UiO-66 Batch 67 [1.34] 

Furfural γ-Fe2O3@HAP Batch 34 [1.35] 

HMF Zr-Fe/(OH)4 Batch ≤71 [1.36] 

Benzyl Alcohol 

Aniline Pd/CeO2 Batch 28 [1.37] 

Aniline NiBr2 Batch ≤88 [1.38] 

Nitrobenzene Cu/SiO2 + Au/TiO2 Flow 100 [1.39] 

n.a. = not available.  
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Although the co-product from the dehydrogenation step is inert N2 (vs. non-eco CO2 

from HCOOH), this strategy suffers of low atom economy since auxiliaries are required 

for the formation of the hydrogen donor. Alternatively, hydrated hydrazine and/or 

hydrazine borane (H2N2H2BH3) can be used as direct hydrogen sources, but undesired 

decomposition into NH3 + N2 [1.40] and formation of explosive solid residue [1.21] are 

drawbacks. The coupled process with alkanes as HD has been explored for olefin 

metathesis, where dehydrogenation yields an alkene that undergoes metathesis, followed 

by its hydrogenation into the final product [1.11]. This strategy does not require any 

additional chemicals for the in situ production of hydrogen, but its scope is limited only 

to metathesis reactions. More versatile in terms of applications is the use of alcohols as 

the hydrogen source [1.16]. Indeed, similarly to alkane activation, dehydrogenation of 

alcohols can occur in tandem with an amination [1.11] or amination/reduction [1.41] 

step(s) leading to high-value amines (additives for agrochemicals/pharmaceuticals 

[1.42]). Moreover, the dehydrogenation of alcohols (and polyols) into targeted products 

(e.g. γ-butyrolactone (intermediate for the production of herbicides and rubber additives), 

cyclohexanone (involved in the synthesis of nylon-6,6)) can be coupled with the 

hydrogenation of aldehyde/ketones [1.43] to valuable alcohols [1.44] and olefins [1.45]. 

However, the selective reduction of –C=O, –NO2 and/or -C≡C- groups in the presence of 

other reactive functionalities is challenging due to the formation of by-products. 

Hydrogenation of multifunctional molecules has been typically carried out over transition 

(i.e. Pt-group) metal catalysts [1.11,1.46,1.47] that deliver high activity but low 

selectivity. Au-group metals, applied in standard stand-alone hydrogenations, deliver 

lower catalytic activity [1.48] due to the less efficient activation of H2 [1.49], but 

increased selectivity in the hydrogen treatment of alkynes (e.g. C3-C5 aliphatic 

hydrocarbons), α,β-unsaturated aldehydes (e.g. acrolein, crotonaldehyde) and nitroarenes 

(e.g. nitrostyrene, chloronitrobenzene) [1.50,1.51]. Since the coupling strategy does not 

involve activation of molecular H2, i.e. atomic hydrogen is generated through the 

dehydrogenation step, the Au-group based materials show promise for selective 

hydrogenation.  

The last row of Table 1.2 shows a one-pot catalytic process where the hydrogen 

generated in dehydrogenation of benzyl alcohol → benzaldehyde over Cu/SiO2 is utilised 

in the hydrogenation of nitrobenzene to aniline using Au/TiO2. The formation of the target 

N-benzylideneaniline results from N-alkylation involving benzaldehyde and aniline. This 

is an example of single pot cross-coupling dehydrogenation-hydrogenation-alkylation 
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system that represents a novel alternative for multistep processes and can serve to 

minimise the use of downstream operations for each reaction involved. The alkylation 

step can result in C-N (i.e. N-alkylation) and C-C (i.e. C-alkylation) bond formation 

[1.11]. Tandem dehydrogenation-hydrogenation-N-alkylation processes to date have 

been limited to production of imines [1.11] from (i) batch systems (which suffers from 

undesired over-hydrogenation to amine (≥7%) [1.52,1.53]) and (ii) continuous operations 

(with full target selectivity [1.39]). Processes involving dehydrogenation-hydrogenation-

C-alkylation over heterogenous catalysts in flow operation systems have remained 

relatively unexplored [1.39]. The studies on this topic are limited to the synthesis of α- 

monoalkylated nitroarenes (via intermediate Knoevenagel reaction) [1.11,1.54]. The 

formation of double C=C bond from tandem systems involving a final condensation step 

can be exploit for the synthesis of α,β-unsaturated carbonyl compounds, important 

intermediates in synthetic, material and medical chemistry [1.55]. To date, the only 

(semi)cross-coupling process reported consists in the study of Mura et al. [1.56], where 

α,β-unsaturated aldehydes are obtained via a Mannich-type condensation step, but a 

sacrificial hydrogen acceptor (i.e. crotononitrile) is required to avoid over-hydrogenation 

of the double bond. Chalcones are high-value α,β-unsaturated ketones of the flavonoids 

family (global revenue for 2024 estimated = 1.2 × 109 USD). They are used in the 

pharmaceutical industry due to their biological activity (e.g. anti-inflammatory, anti- 

bacterial, anti-tumoral and anti-oxidants capacity) linked to the presence of lateral groups 

(e.g. -OCH3, -NH2, -OH, -Ph(OH)2) on the backbone of the molecule [1.57]. The 

industrial production of chalcones is based on batch liquid condensation of acetophenone- 

and benzaldehyde-derivatives over homogeneous catalysts (e.g. alkaline hydroxide) 

[1.58], that requires multiple units and suffers from low selectivity due to the formation 

of undesired benzyl alcohol and benzoic acid [1.59], pressing the development of more 

efficient synthesis. Chalcone production in continuous systems over heterogenous 

catalysts is still unexplored, while there have been no reports on tandem processes for 

chalcone generation.  

It is important to stress that, while the tandem technology can become economically 

competitive only with the implementation of continuous flow operations [1.9,1.60], the 

bulk of the research has been focused on batch systems [1.11] (see Table 1.2). Moreover, 

recent reviews [1.61–1.63] have explicated the benefits of flow chemistry in the context 

of sustainability. Considering principles #3 (i.e. less hazardous chemical syntheses), #6 

(i.e. design for energy efficiency), #11 (i.e. real-time analysis) and #12 (i.e. accident 
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prevention) of Table 1.1, it has been demonstrated that continuous processes (vs. batch 

operations) address these requirements as it follows:  

a. the processing of smaller volumes of chemicals, which 

experience low residence times, avoids the accumulation of 

potentially hazardous intermediates, improving the safety of the 

process. 

b. the better temperature and mixing control results in efficient 

heat/mass transfer, reducing the energy requirements for the 

synthesis and the risks of reactor failure. 

c. the implementation of on-line monitoring with rapid response 

(possible due to the small volume of chemicals) ensures the 

minimization of waste generation. 

However, the inherent complexity of the process can account for the limited growth 

(i.e. ca. 20% over the last 6 years based on Web of Science) of tandem heterogeneous 

catalysis, albeit its potential, as noted in recent reviews [1.5,1.9], calling for new 

investigation.  

1.2 Thesis Objective and Structure 

The aim of the PhD research presented in this thesis, represented in an schematic 

manner in Figure 1.2, is the development of continuous catalytic tandem 

dehydrogenation (green)-hydrogenation (blue) (Part A, Chapters 2, 3 and 4) and 

dehydrogenation-hydrogenation-condensation (orange) (Part B, Chapter 7) processes 

directed at the formation of high value multifunctional ketones, aldehydes, alcohols and 

alkenes (grey solid frame) and bioactive intermediates (grey dashed frame). Before the 

discussion of the integrated (dehydrogenation-hydrogenation-condensation) process in 

Chapter 7, the development and optimisation of the continuous gas phase condensation 

reaction (Chapters 5 and 6) is evaluated. The main conclusions and proposed future 

directions are discussed in Chapter 8. A critical review is provided at the beginning of 

Chapters 2, 3, 4 and 5 as required by the University Regulations for chapters based on 

published manuscripts. 

https://www.hw.ac.uk/documents/regulations.pdf
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In Chapter 2 the effect of copper oxidation state (confirmed by XPS, XRD and 

STEM-EDX measurements) in the continuous gas phase stand-alone and coupled 

phenylacetylene hydrogenation (to styrene) with benzyl alcohol dehydrogenation (to 

benzaldehyde) is examined over a series of Cu/CeO2 catalytic systems. The (1 and 15% 

wt.) catalysts are synthesised by deposition-precipitation/impregnation and activated in 

H2 over the temperature range 573-773 K. Catalytic activity/selectivity in the stand-alone 

and coupled process are sensitive to the Cu oxidation state, which is accounted for on the 

basis of variations in the reaction mechanism and rate-determining step. In Chapter 3 the 

application of gold as a more active metal for hydrogenation (vs. copper [1.39]) is 

explored in the conversion of biomass-derived furfural [1.64]. The chapter examines the 

effect of the oxide carrier basicity (Al2O3, ZrO2, SiO2, TiO2 and CeO2) upon the dynamics 

of hydrogen generation/transfer for the coupled dehydrogenation-hydrogenation of 2- 

butanol/furfural → 2-butanone/furfuryl alcohol [1.65]. Evidence of a 70-fold greater 

hydrogenation activity and sustainability (100% hydrogen utilisation vs. <1%) in the 

coupling process relative to standard hydrogenation is provided. Chapter 4 is focused on 

the design and application of a bimetallic Au-Cu/CeO2 catalyst as a means of minimising 

the separation between the two active metal sites for m-furaldehyde hydrogenation and 

(primary and secondary) alcohol dehydrogenation, while avoiding alloy formation 

(confirmed by H2-TPR, XPS and STEM-EDX analysis), with the aim to optimise 

hydrogen transfer and utilisation [1.66]. The extended reaction scope provides insights on 

the reaction mechanism.  

In Chapter 5 the gas phase continuous condensation of acetophenone and 

benzaldehyde to valuable benzylideneacetophenone (chalcone) is investigated over a 

series of oxide catalysts (i.e. SiO2, ZnO, ZrO2, CeO2 and MgO). Under explicit kinetic 

control, the experimentally obtained rate/pressure profiles over MgO were subjected to 

standard Langmuir-Hinshelwood kinetic modelling, where the catalyst exhibits long-term 

stability. This process is further investigated in Chapter 6, where the key role of Lewis 

basicity in the same condensation reaction for a series of thermally and chemically (Li- 

and Cs-) modified MgO catalysts is demonstrated. Chapter 7 proves the feasibility of an 

integrated 2ˈ-nitroacetophenone hydrogenation + benzyl alcohol dehydrogenation + 2ˈ-

aminoacetophenone and benzaldehyde condensation tandem process. The obtained 

results show that product distribution is sensitive to (i) the Au electron density (i.e. Au0, 

Auδ+ and Auδ-), (ii) the degree of benzyl alcohol conversion, (iii) the Cu:Au molar ratio 

and (iv) the presence of oxygen vacancies.  
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Figure 1.2. Schematic of the research carried out and structure of the thesis. 
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PART A  

TANDEM DEHYDROGENATION-HYDROGENATION 

“I must ask myself, with each invention,  

what possible abuses await such an object? […] 

 I call this Dev's First Law of Invention.” 

                                                                                       — Steven Erikson, Malazan Book of the Fallen 
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Chapter 2 
Phenylacetylene Hydrogenation Coupled with Benzyl Alcohol Dehydrogenation over Cu/CeO2: A 

Consideration of Cu Oxidation State  

 

- 

PHENYLACETYLENE HYDROGENATION COUPLED WITH BENZYL 

ALCOHOL DEHYDROGENATION OVER Cu/CeO2:  

A CONSIDERATION OF Cu OXIDATION STATE 

 

Critical Review. Part A of the present thesis is focused on the development, 

improvement and understanding of tandem processes based on the coupling of alcohol 

dehydrogenation with hydrogenation of unsaturated alkynes/aldehydes. The first 

investigation (i.e. Chapter 2) has addressed the use of (low cost) monometallic copper 

nanoparticles supported on CeO2 as the catalyst of choice for the simultaneous production 

of styrene and benzaldehyde from phenylacetylene hydrogenation coupled with benzyl 

alcohol dehydrogenation. Being the initial study on a coupled system, critical aspects as 

reaction mechanism (stand-alone vs. tandem reactions) and the correlation between 

dehydrogenation and hydrogenation activity had to be explored. Ultimately, the results in 

this Chapter aim to demonstrate the benefits (e.g. increased production rate, enhanced 

selectivity and/or higher hydrogen utilisation) of the novel coupling system relative to the 

conventional catalytic route. Chapter 2 is based on the journal paper published in 

Journal of Catalysis [2] and it is reproduced with permission from the publisher. I shall 

declare my contribution: project conceptualization, methodology development, design of 

the experiments, experimental work, data analysis/interpretation and manuscript 

elaboration. The co-authors of the study were F. Cárdenas-Lizana, S.M. Francis, F. Grillo 

and C.J. Baddeley. S.M. Francis helped with the gathering of the XPS experimental data, 

whereas C.J. Baddeley and F. Grillo assisted with XPS data analysis/interpretation. F. 

Cárdenas-Lizana supervised the project. 

The rationale behind the selection of the two reactions examined in this Chapter can 

be explained considering two aspects. First, the commercial importance of the target 

chemicals. Styrene is a monomer employed in the manufacture of polystyrene, i.e. a 

polymer with multiple applications (e.g. packaging, household appliances, toys and 

electronic devices, among others [2.1]); annual worldwide production 1 million tons 

[2.2]). Benzaldehyde is used as an intermediate in the pharmaceutical (e.g. antifungal 

drugs) and cosmetic (e.g. perfumes and dyes) industry [2.3–2.5]. Secondly, the novelty 

of the catalytic transfer process for the partial triple bond hydrogenation. This study 

represents the first contribution dealing with the coupling of alcohol dehydrogenation 

with the hydrogenation of an alkyne. In the specific case of styrene production, the 

https://www.sciencedirect.com/science/article/pii/S0021951720304474
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industrial manufacture is based a on multi-step process consisting of (i) ethylbenzene 

dehydrogenation, (ii) oxidation and (iii) reaction with propene to give styrene and 

propylene oxide as co-product [2.6,2.7]. This process requires the use of two 

(dehydrogenation and oxidation) catalysts [2.7], identified as (toxic) iron- and chromium-

based materials [2.8], and it is equilibrium limited. These are clear drawbacks both in 

terms of process profit and sustainability, which can be overcome by the transformation 

of phenylacetylene using in situ produced hydrogen. The main challenge for the design 

of this catalytic process has been the selection/synthesis of a bi-functional catalyst, since 

dehydrogenation and hydrogenation steps require two distinct active sites. Research in 

the pertinent literature had highlighted copper as an active metal for non-oxidative benzyl 

alcohol dehydrogenation [2.3,2.9]. However, application of copper in (dehydrogenation-

hydrogenation) coupled systems has involved the use of more complex bimetallic (e.g. 

Ni-Cu [2.10], Cu-Cr [2.11,2.12]) and alloy (e.g. PdCu [2.13]) or less active [2.14,2.15] 

monometallic systems using basic supports (e.g. La2O2CO3 [2.15]). The strategy adopted 

for this study was to induce a combination of different oxidation states (i.e. Cu+ and Cu0; 

Cu2+ is inactive in both dehydrogenation [2.16] and hydrogenation [2.17,2.18] reactions) 

of copper on the (CeO2) support and exploit them in the two steps involved in the 

coupling, i.e. identify the copper oxidation state responsible for dehydrogenation and 

hydrogenation. 

This was possible by selecting different methods of preparation (i.e. deposition-

precipitation (DP) vs. impregnation (IM)), metal contents (i.e. 1 wt.% vs. 15 wt. %), metal 

precursors (i.e. Cu(NO3)2 (in DP) vs. CuCl2 (IM)) and final activation temperatures (i.e. 

573 vs. 773 K), as reported elsewhere [2.19,2.20]. Five Cu-based catalysts were prepared 

and denoted: DP1(573), DP15(573), DP15(773), IM1(773) and IM15(773), where the 

number outside the bracket represents the metal loading, whereas that inside the 

parentheses indicates the activation temperature. The aim was to synthesise a series of 

catalysts with different Cu+:Cu0 molar ratio, the analysis of which requires a series of 

complementary characterisation techniques, namely: (i) in situ X-ray photoelectron 

spectroscopy (XPS) over the Cu 2p level and LMM Auger region, (ii) H2 temperature 

programmed reduction (H2-TPR), (iii) X-ray diffraction (XRD) and (iv) scanning 

transmission electron microscopy (STEM) combined with energy dispersive X-ray 

(EDX). Indeed, although the XPS analysis alone over the metal(s) core level is recognised 

as a valid methodology for the determination of electronic configurations, in case the of 

Cu 2p level it is not an unambiguous approach due to the overlapping of copper species 
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(i.e. Cu+ and Cu0) [2.21]. The H2-TPR profiles and XPS spectra were fitted with 

Gaussian-Lorentzian curves after subtracting a Shirley background at fixed full width at 

half maximum. The comparison between core level and Auger region data was performed 

based on a Wagner plot and the percentage of Cu2+, Cu+ and Cu0 species were calculated 

according to the method developed by Jasieniak and Gerson and reported in [2.22]. The 

catalytic reactions (independent hydrogenation or dehydrogenation and coupled process) 

were carried out in gas phase with a fixed-bed tubular reactor operating in continuous at 

1 atm and 498 K. The catalysts were activated in situ at a final temperature according to 

the H2-TPR profiles. The efficiency of the tandem process (vs. stand-alone reactions) was 

evaluated based on (i) selectivity to target product(s) (i.e. amount of product produced 

relative to reactant consumed), (ii) turnover frequency (TOF, initial production rate per 

surface of active site) and (iii) H2 utilisation efficiency (i.e. H2 supplied by H2 consumed; 

H2 utilisation values ≫ 1 indicate low efficiency).  

Post-thermal treatment in H2 over the temperature range 573-773 K generated copper 

nanoparticles in the range of 2-13 nm with a mixture of: 74% Cu+ and 26% Cu0 on 

DP1(573), 55% Cu2+, 13% Cu+ and 32% Cu0 on DP15(573), 19% Cu2+, 51% Cu+ and 

30% Cu0 on DP15(773), 23% Cu+ and 77% Cu0 on IM1(773) and 25% Cu2+, 62% Cu+ 

and 13% Cu0 on IM15(773). Same values of Cu2+:Cu+:Cu0 ratio were obtained from both 

H2-TPR and XPS analyses in case of low loading samples, while some discrepancies (<20 

%) were observed in the case of the high loading (DP15(573) and IM15(773)) samples. 

XRD analysis confirmed the existence of only CeO2 and Cu phases. In addition, the 

IM15(773) catalyst exhibited oxychloride species. Given the inactivity of Cu2+ in both 

hydrogenation and dehydrogenation reactions, the relative content of Cu0 and Cu+ in the 

five catalysts was taken into consideration to study the effect of copper oxidation state on 

phenylacetylene and benzyl alcohol conversion in the stand-alone vs. coupled processes. 

It was established that the independent hydrogenation of phenylacetylene proceeds with 

low H2 utilisation efficiency with a similar selectivity response (at the same degree of 

conversion) over all the catalysts; an inverse dependence of styrene selectivity with 

phenylacetylene conversion was observed. The styrene production TOF showed to 

linearly increase with increasing Cu0:Cu+ ratio, similarly to H2 chemisorption, resulting 

in the following series of decreasing activity: IM1(773) > DP15(773) > DP15(573) > 

DP1(573) > IM15(773). It was observed that, at the same degree of conversion, the stand-

alone benzyl alcohol dehydrogenation produced benzaldehyde and toluene with different 

selectivity values over the various catalysts. A decrease in selectivity to target 
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benzaldehyde (95 → 85%) was recorded with increase of Cu+/Cu0 content, while greater 

TOFs were observed for catalysts with higher Cu0/Cu+ content. The coupled process 

delivered: (i) full selectivity to target benzaldehyde and styrene over all the catalysts, (ii) 

positive dependence for both reactions between TOF and Cu+:Cu0 ratio, (iii) general 

decrease of dehydrogenation activity (compared to that of independent reaction) and (iv) 

optimised hydrogen utilisation efficiency. The dehydrogenation TOFs and H2 utilisation 

efficiency correlated with the Alcohol:Alkyne ratio, while a volcano-type trend was 

obtained for hydrogenation TOFs. A lower (59 vs. 75 kJ mol-1) apparent activation energy 

of benzyl alcohol dehydrogenation compared to phenylacetylene hydrogenation was 

obtained, meeting the condition that imposes a lower energetic barrier of hydrogen 

production so that the coupled process can be more efficient than stand-alone 

hydrogenation. 

The comparison of XPS and H2-TPR deconvoluted profiles is applied in this study 

for the first time as strategy for the identification of copper oxidation states, with most 

studies using only spectroscopic (i.e. XPS, XANES and EXAFS [2.23]) or temperature-

dependent (H2-TPR and O2-TPO [2.24]) measurements. The approach used in this study 

has demonstrated to have multiple advantages: (i) accuracy of the qualitative (i.e. 

identification of the type of species) interpretation, (ii) evaluation of the degree of 

confidence relative to the quantitative (i.e. relative percentage of each species) analyses 

and (iii) mechanistic validation of the values obtained. Indeed, where H2-TPR and XPS 

analysis returned differences in content of (some) copper species of a (specific) catalyst, 

these were attributed to particle sizes (7-18 nm) bigger than the depth of XPS bean (ca. 3 

nm [2.25]) leading to different information from bulk vs. surface-type analysis. Moreover, 

considerations based on the (stepwise) reduction process Cu2+ → Cu+ → Cu0 (identified 

by H2-TPR) were used to justify the presence of the copper phase in two or three different 

oxidation states; the size of copper particles, complexation with (Cl-) anions, type of 

metal-support interactions and the redox properties of CeO2 support were proposed to 

control the electronic configuration of the copper phase. 

The results obtained from this study can provide a better understanding of one hot 

topic of copper catalysis still under debate: the identification of the oxidation state active 

in hydrogenation and dehydrogenation reactions. Indeed, conflicting findings can be 

found in the open literature where both Cu+ and Cu0 have been suggested as active sites 

for dehydrogenation [2.11,2.26–2.28] and hydrogenation [2.11,2.29] reactions. Moreover, 
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no information is provided for triple bond hydrogenation. The described hydrogenation 

trends were interpreted as follows: hydrogen activation on Cu0 sites (i.e. styrene TOFs 

correlates with Cu0 content) is the rate determining step of the stand-alone hydrogenation, 

which proceeds according to a stepwise reduction mechanism with styrene as 

intermediate and ethylbenzene as fully hydrogenated final product. The availability of 

activated hydrogen species generated in situ from alcohol dehydrogenation makes the 

adsorption/activation of the triple bond on Cu+ sites rate-determining in the coupling (i.e. 

styrene TOFs correlates with Cu+ content). The investigation of the hydrogen generation 

process via alcohol dehydrogenation led to the identification of the Cu0-CeO2 interface 

as active sites for benzaldehyde formation according to a two-step mechanism of 

hydroxyl and α-hydrogen removal (i.e. benzaldehyde TOFs correlates with Cu0 content). 

In contrast, Cu+ species were deemed responsible for hydrogenolysis to toluene (i.e. 

benzaldehyde selectivity decreases with Cu+ content). Up to the present date, the literature 

on the activity of Cu-based catalysts in the dehydrogenation vs. hydrogenolysis of 

alcohols is scarce. Nonetheless, the work of Gao et al. [2.30] can be flagged, who 

proposed Cu+ species as the active site for 2,5-bis(hydroxymethyl) furan hydrogenolysis. 

This Chapter also demonstrates, for the first time, a concerted mechanism for triple bond 

hydrogenation, based on direct hydrogen transfer from benzyl alcohol to activated 

phenylacetylene at the Cu+-CeO2 interface (i.e. styrene and benzaldehyde TOFs increase 

with Cu+, but no toluene is formed). This provides a comprehensive justification to (i) 

enhanced styrene TOF (of e.g. DP1(573)) in coupling vs. stand-alone, (ii) reaction 

exclusivity to benzaldehyde and (iii) lower benzaldehyde TOF in coupling vs. stand-alone 

(i.e. concerted transfer is slower than stepwise dehydrogenation [2.31]). Moreover, a 

parallel mechanism based on benzyl alcohol dehydrogenation on available Cu0 sites was 

not discarded, but it was proposed to be hindered by competitive phenylacetylene 

adsorption (e.g. see trend with Alcohol:Alkyne ratio). 

In conclusion, the study presented in this Chapter demonstrates the potential of this 

novel application of monometallic bi-functional copper-based catalysts for the 

simultaneous and selective production of valuable benzaldehyde and styrene by coupled 

benzyl alcohol dehydrogenation with phenylacetylene hydrogenation, delivering 

unprecedented styrene yield (i.e. 100%) and up to 3 times greater TOF with optimised H2 

utilisation. This process is a more sustainable production route vs. conventional syntheses, 

which is based on the use of toxic catalysts (against principles #3 and #4 of green 

chemistry [2.32]) and of multi-step strategy (against #8). Future work should consider the 
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applicability of the process for the transformation of other (renewable, principle #7 

[2.32]) substrates. The conversion of furanic-based molecules was considered in 

Chapters 3 and 4, where the negligible activity of Cu for carbonyl bond reduction [2.33] 

requires the use of a second metal leading to the design of a more complex catalytic 

system. 

2.1 Introduction 

Hydrogenation products are an important class of chemicals often produced 

industrially in batch systems using pressurised (5-100 bar) non-renewable H2 [2.34]. 

Coupling catalytic dehydrogenation with hydrogenation involves in situ hydrogen 

generation, transfer and utilisation [2.35]. This strategy can be considered as a promising 

alternative that circumvents the requirement for external H2 with the possible generation 

of two high value products. However, catalytic coupling processes have only been 

demonstrated for a limited number of molecular combinations to date, most notably the 

coupled reduction of aldehydes/ketones (e.g. furfural [2.13], acetophenone [2.36]) with 

dehydrogenation of aliphatic alcohols (e.g. 2-butanol, 2-propanol [2.37]). We are not 

aware of any report in the literature that involves -C≡C- bond transformation in tandem 

dehydrogenation-hydrogenation, the focus of this work. Two active sites are required for 

dehydrogenation and hydrogenation in the coupled system. Several catalysts have now 

been employed, primarily noble multi-metallic systems including bimetallic (e.g. Co-Ru 

[2.37] and Au-Cu [2.14]) and alloy catalysts (e.g. NiRuPtAu [2.38] and PdCu [2.13]). 

The use of a non-noble monometallic catalyst is an attractive consideration in the 

development of an effective catalyst, given the associated straightforward synthesis and 

low cost. However, there is a requirement for a bifunctional behaviour where the same 

metal promotes both steps. The metal oxidation state can control catalytic response [2.39]. 

Indeed, while metallic Au and Ag promote hydrogenation (e.g. nitroarenes [2.40,2.41]), 

the electron deficient counterparts (Auδ+ and Ag+) have been deemed active in the 

oxidative dehydrogenation of alcohols (e.g. benzyl alcohols, ethanol [2.42,2.43]). The use 

of monometallic catalysts in coupled dehydrogenation-hydrogenation is quite limited. 

Nevertheless, Jae et al. [2.44] examined the liquid phase coupled 2-propanol/5-

(hydroxymethyl)furfural reaction over Ru/C and identified Ru0 and Ru4+ as the active 

species for dehydrogenation and hydrogenation, respectively. In a recent study, Reddy 

and co-workers [2.45] investigated the tandem 2-propanol/hydrocinnamaldehyde process 

using a series of oxide (SiO2, Al2O3, MgO and ZrO2) supported Cu catalysts and attributed 
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the differences in catalytic response to variations in copper dispersion and acid-base 

properties of the support. Copper promotes -C≡C- bond hydrogenation [2.46] and alcohol 

dehydrogenation [2.47]. The active form of copper in alkyne hydrogenation still remains 

unknown and there is no general consensus regarding the copper oxidation state 

responsible for catalytic activity in alcohol dehydrogenation, i.e. Cu+ [2.27] and/or Cu0 

[2.11] have been identified as the active species. The ultimate copper oxidation state is 

determined by the Cu precursor [2.19], synthesis method [2.19], activation conditions 

[2.20] and nature of the carrier [2.19]. It is difficult to establish an explicit link between 

dehydrogenation/hydrogenation response and Cu oxidation state from the available 

literature. 

Herein, we have considered the continuous production of styrene, a precursor of 

polystyrene with an annual worldwide production of 1 million tonnes per year [2.2], via 

hydrogenation of phenylacetylene coupled with benzyl alcohol dehydrogenation to 

benzaldehyde, an important intermediate in the pharmaceutical and cosmetic industries 

[2.3] (Figure 2.1). The target styrene and benzaldehyde products can be readily separated 

by liquid-liquid extraction [2.48]. The industrial manufacturing of styrene by catalytic 

dehydrogenation of ethylbenzene over Fe-K-Cr oxide-based catalysts is inefficient due to 

(i) the multi-step nature of the process, (ii) catalyst deactivation and (iii) formation of 

propylene oxide as a by-product [2.49]. Gas phase catalytic hydrogenation of 

phenylacetylene has emerged as a viable alternative with a lower associated cost but over-

hydrogenation (to ethylbenzene) is difficult to fully circumvent, notably at conversions 

>80% [2.50]. Commercial benzaldehyde production can involve hydrolysis of benzyl 

chloride or oxidation of benzyl alcohol using (toxic) chromium and manganese salts with 

production of hazardous waste [2.3]. Gas phase dehydrogenation of benzyl alcohol in N2 

at P = 1 atm offers clear economic and environmental advantages [2.3], but an exhaustive 

search through the literature unearthed only two studies using MgO [2.3] and hydrotalcite 

[2.9] supported copper catalysts, where toluene was formed as a by-product. 
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Figure 2.1. Schematic reaction network for coupled process (framed) of benzyl alcohol dehydrogenation 

to target (I) benzaldehyde (with undesired C-O hydrogenolysis to (II) toluene) and phenylacetylene semi-

hydrogenation to target (III) styrene (with undesired over-hydrogenation to (IV) ethylbenzene). Note: Solid 

arrows denote target reactions, dashed arrows indicate routes to undesired products while dotted arrows 

illustrate utilisation of hydrogen released from benzyl alcohol dehydrogenation in the hydrogenation of 

phenylacetylene and carbon-oxygen hydrogenolysis to toluene. 

We provide in this work the first direct correlation between dehydrogenation-

hydrogenation response and Cu oxidation state in the gas phase benzyl alcohol 

dehydrogenation coupled with phenylacetylene hydrogenation over a series of Cu/CeO2 

catalysts. We demonstrate that product distribution can be tuned by changing the Cu 

oxidation state and switching from the stand-alone (independent dehydrogenation and 

hydrogenation) to the coupled process. 

2.2 Materials and Methods 

2.2.1 Catalyst Preparation and Activation 

The CeO2 support and bulk CuO (Sigma-Aldrich, 99.99%) were used as received. 

Five CeO2 supported (1 and 15% wt.) Cu catalysts were synthesised by deposition-

precipitation or standard impregnation and activated in flowing hydrogen (60 cm3 min-1, 

2 K min-1 to 573-773 K; BOC, >99.99%). The metal content, preparation method and 

final temperature during hydrogen thermal treatment were selected in order to generate a 

series of catalysts with different Cu+/Cu0 molar ratio. The samples synthesised by 

deposition-precipitation or impregnation are denoted in this paper by the prefix "DP" and 
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"IM", respectively, followed by the Cu content (1 or 15% wt.) with the associated 

activation temperature (573 or 773 K) specified in parentheses. DP1(573), DP15(573) 

and DP15(773) were synthesised (at 353 K) by dropwise addition of a sodium hydroxide 

solution (2 M, Fisher Scientific, ≥97%) to a suspension containing the CeO2 carrier (3 g) 

and the metal precursor (Cu(NO3)2∙3H2O, 40-600 cm3, 1 × 10-2 M, Sigma-Aldrich, 99%), 

kept under constant (650 rpm) agitation until pH = 10. The system was aged (353 K, 650 

rpm, 4 h) to guarantee homogeneous deposition of Cu2+ species. The precipitate was 

extracted by filtration, washed (distilled water until pH = 7) and dried (45 cm3 min-1 N2, 

393 K, ca. 12 h, BOC, >99.99%). IM1(773) and IM15(773) synthesis was based on 

standard impregnation with aqueous CuCl2 (35-525 cm3, 2 × 10-2 M, 4 g of CeO2, Sigma-

Aldrich, 99.99 %), where the slurry was heated (353 K, 650 rpm) until total evaporation; 

drying step as above. The catalyst precursors were sieved (75 μm, ATM fine test sieve), 

activated in H2 (step as above) and passivated at room temperature (60 cm3 min-1 1% v/v 

O2/N2) for ex situ characterisation. 

2.2.2 Catalyst Characterisation 

The copper content was determined by atomic absorption spectroscopy (AAS, 

Shimadzu AA-6650 spectrometer, air-acetylene flame) from the extract in 25% v/v 

HNO3/HCl. Temperature programmed reduction (H2-TPR)/ desorption (H2-TPD) and 

hydrogen chemisorption analysis (at 498 K) were carried out in the commercial CHEM-

BET 3000 unit (Quantachrome Instrument, detector = TCD, software = TPR WinTM). 

H2-TPR (17 cm3 min-1, 5% v/v H2/N2, 2 K min-1 to 573-773 K) was employed to 

determine the extent of Cu and CeO2 reduction, and the amount of surface chlorine [2.19], 

i.e. profile curve fitting (software = CasaXPS 2.3.17) serves to quantify the amount of 

hydrogen consumed during each transition step (α = Cu2+ → Cu+, β = Cu+ →Cu0, γ = 

Ce4+→Ce3+ and δ = 2Cl*→2HCl; Cl* indicates adsorbed chlorine on the catalyst surface) 

and extract the concentration of copper species (denoted 
2+

TPR
Cu

, 
+

TPRCu
 and 

0

TPRCu
), Ce3+ 

(
3+

TPRCe
) and adsorbed chlorine (

*

TPRCl
). Post- H2-TPR, physisorbed hydrogen was 

removed by treatment in flowing N2 (65 cm3 min-1, 1.5 h) at the final activation 

temperature. Hydrogen consumption during activation was corrected using H2-TPD (50 

cm3 min-1, N2, 50 K min-1 to 1073 K for 1 h) recorded in parallel directly after TPR to 

explicitly determine hydrogen utilised in the reduction of ceria. The samples were then 

cooled to room temperature and underwent hydrogen chemisorption by pulse (10-20 μL) 
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titration. H2 uptake reproducibility was better than ±5% and the values quoted in this work 

are the mean; there was no detectable hydrogen uptake on the ceria support alone.  

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Scienta 

ESCA 300 spectrometer using a monochromatic Al anode (Kα 1486.6 eV, 10 kV, 20 mA). 

Before analysis, the Cu/CeO2 catalysts were activated in situ in a pre-chamber under H2 

atmosphere (base pressure = 10-8 mbar, H2 partial pressure = 10-6 mbar; 2 K min-1 to 573-

773 K) and subsequently subjected to ultra-high vacuum conditions (ca. 10-8 mbar). Full 

range survey (0–1100 eV) and high-resolution spectra (over the Cu 2p, Ce 3d core levels 

and Cu LMM Auger region) were collected; analyser pass energy = 150 eV. The Ce 3d 

uꞌꞌꞌ peak was calibrated at binding energy (B.E.) = 917 eV and used as an internal standard 

to compensate for charging effects [2.51]. Spectral curve fitting and quantification used 

the CasaXPS software, employing relative sensitivity factors provided by Scienta. The 

distribution of Cu and Ce oxidation states was also derived from XPS curve fitting by 

fixing the B.E. for each Cu species (Cu0 and Cu+ (Cu 2p3/2 B.E. ≤ 933 eV) and Cu2+ (>933 

eV)) and Ce peaks (uꞌꞌꞌ peak B.E. = 917 eV with the 3d5/2 and 3d3/2 peaks separated by -

18.3 ± 0.3 eV) according to reported literature [2.51,2.52], using the Gaussian-Lorentzian 

curves after subtracting a Shirley background with a full width at half maximum (FWHM) 

fixed at 2.6-3.6 eV over Cu 2p3/2 [2.53] and 2.6-4.9 eV over Ce 3d [2.54] regions. The 

concentration of Cu in different oxidation states derived from XPS data fit was compared 

with that determined according to the method described by Jasieniak and Gerson as 

reported in [2.22], i.e.  

( )S S

shake-up main shake-up2+

XPS

main shake-up

A 1 + A A
Cu (%) = ×100

A + A

 
 

                              Eq. 2.1 

 

( )
( )S S

main main shake-up shake-up0 +

XPS XPS

main shake-up

A - A A A
Cu + Cu (%) = ×100

A + A
            Eq. 2.2 

where Amain and Ashake-up are the experimental areas of the main and shake-up 2p peak of 

Cu2+, respectively, while 
S S

main shake-up
A / A  represents the theoretical value for the ratio 

between the main and shake-up 2p peaks of pure Cu2+ (i.e. Cu(OH)2 
S S

main shake-up
A / A = 

1.57; CuCl2 = 1.63 [2.22]). It is important to note that the values for the distribution of 

Cu oxidation states extracted from curve fitting of experimental data and using the method 
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of Jasieniak and Gerson did not exceed 5%, considered acceptable [2.22]; the values 

quoted in this study (i.e. 
2+

XPSCu
, 

+

XPSCu
 and 

0

XPSCu
) are the mean. XPS data recorded from 

the Cu LMM region was used to calculate the modified Auger parameter α', defined as 

the sum of the binding energy of the Cu 2p3/2 and the kinetic energy of the Cu LMM peaks 

[2.22]. The distribution of copper oxidation states was also examined using a Wagner plot 

generated with data extracted from the analysis of the photoelectron and Auger electron 

regions. Reference data (i.e. B.E., K.E. and I') extracted from [2.22,2.55] for Cu2+, Cu+ 

and Cu0 were also included in the plot to facilitate the elucidation of the surface copper 

species. 

The (powder) X-ray diffractograms (XRD) were collected with a Bruker/Siemens 

D500 instrument (radiation = Cu Kα, scan rate = 0.02º step-1, range = 5º≤ 2θ≤ 85º). 

Diffractograms were compared with the JCPDS-ICDD reference standards, i.e. Cu (004-

0836), CeO2 (043-1002) and CeClO (153-4659), for identification. Metal particle 

morphology was evaluated by probe corrected scanning transmission electron 

microscopy (STEM) using a FEI Titan Themis unit equipped with an energy dispersive 

X-ray (EDX) detector operated at an accelerating voltage of 200 kV. The scanned images 

were collected on a Fischione High Angle Annular Dark Field or FEI Annular Dark Field 

detector using the FEI TIA software (version 4.9 SP1) for data acquisition and analysis. 

Specimen preparation involved (dry) deposition on a holey carbon/Au (or Ni) grid (300 

Mesh). The surface area-weighted mean copper nanocrystal size (d) was obtained from a 

measurement of up to 170 individual metal nanoparticles using the relationship: 

3

i i

2

i i

i

i

n d

d
n d



=





                                                    Eq. 2.3 

where ni is the number of particles of diameter di. The identification of elements from 

EDX analysis was based on the Gatan DigitalMicrograph software (Bruker database), 

which revealed the presence of (i) Cu (signals at 0.93, 8.05 and 8.90 keV) from the 

supported metal phase, (ii) Au (2.20, 9.71 keV) or Ni (0.85, 7.48, 8.27 keV) from the grid 

and (iii) Ce (4.84-5.80 keV) and O (0.53 keV) from the support. 
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2.2.3 Catalyst Testing 

Reactions (stand-alone hydrogenation of phenylacetylene in toluene under H2, stand-

alone dehydrogenation of benzyl alcohol under N2 and coupled dehydrogenation-

hydrogenation of benzyl alcohol/phenylacetylene under N2) were carried out in a 

(continuous) fixed-bed glass tubular reactor (i.d. = 15 mm, 433-573 K, 1 atm), after (in 

situ) catalyst activation under conditions of negligible mass/heat transfer constrains. A 

schematic of the gas phase reactor system (Scheme A.1) is provided in Appendix A. The 

organic reactant(s) was(were) vaporised and reached reaction temperature in a preheating 

zone of (1 mm) borosilicate glass beads situated above the catalytic bed. The reaction 

temperature in the catalyst bed was monitored (continuously) with a thermocouple and 

kept constant (±1 K) by mixing the Cu/CeO2 catalyst (1-50 mg) with (75 µm) ground 

glass. The organic reactant(s) was(were) fed into the reactor at a fixed calibrated flow rate 

(2 × 10-2 cm3 min-1) via a glass air-tight syringe (Hamilton) and Teflon line with a 

microprocessor-controlled infusion pump (Model 100 kd Scientific). The stand-alone 

(uncoupled) reactions were conducted in a co-current flow of N2 with benzyl alcohol (gas 

hourly space velocity (GHSV) = 3 × 103 h-1, molar copper to reactant feed rate (nCu/Fbenzyl 

alcohol) = 8 × 10-5 – 4 × 10-4 h) and H2 with phenylacetylene (GHSV = 3 × 103 h-1, 

nCu/Fphenylacetylene = 2 × 10-4 – 5 × 10-2 h, H2 content 80 times in excess to the stoichiometric 

requirement for the formation of styrene). Reactant conversion in the stand-alone 

reactions was varied by changing the nCu/F, altering the amount of catalyst while 

maintaining the total volume of the bed constant (884 mm3). The coupled reaction was 

conducted in N2 (GHSV = 3 × 103 h-1, nCu/Fphenylacetylene = 9 × 10-5 – 2 × 10-4 h, 

Alkyne:Alcohol molar ratio = 1-191). The reactor effluent was condensed in a liquid N2 

trap for subsequent analysis, which was made by capillary gas chromatography (Perkin- 

Elmer Auto System XL, detector = FID, column = DB-1 J&W Scientific (length = 50 m, 

i.d. = 0.33 mm, film thickness = 0.20 μm)). Qualitative analysis for the presence of HCl 

was carried out by flowing the gas through a two-necked gas-scrubbing bottle containing 

an aqueous NaOH solution (2 × 10-3 M, pH = 8.9) kept under constant agitation at 300 

rpm with independent pH (Corning 440 pH Bench-meter) analysis. Before each run, the 

system was flushed with N2. The reactants (benzyl alcohol (Acros organic, 99%) and 

phenylacetylene (Sigma-Aldrich, 98%)) and products/solvent (toluene (Sigma-Aldrich, 

99.8%), benzaldehyde (Fischer Scientific, ≥99%), ethylbenzene (Fluka, ≥99%) and 

styrene (Sigma-Aldrich, ≥99%)) and the gasses (He, N2, and O2 (BOC, >99.99%)) were 

used as supplied, without further purification. Data acquisition and analysis were carried 

out using the TurboChrom Workstation (version 6.3.2) chromatography data system. In 
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a series of preliminary blank tests, there was negligible conversion by passing (i) each 

reactant in a stream of N2 or H2 over the (CeO2) support alone or through the empty reactor 

or (ii) phenylacetylene in a stream of N2 over the activated Cu/CeO2 catalysts. Reactant 

(i) conversion (Xi) is defined by 

   

 
i,in i,out

i

i,in

Reactant - Reactant
(%) = ×100

Reactant
X                        Eq. 2.4 

and selectivity in terms of product "j" (Sj) is given by 

 

   
j,out

j

i,in i,out

Product
(%) = ×100

Reactant - Reactant
S                       Eq. 2.5 

where the subscripts “in” and “out” indicate "inlet" and "outlet" gas streams, respectively. 

Catalytic activity is also expressed as initial production rate (r0, molproduct molCu
-1 h-1) 

defined as:  

i i,0 j-1 -1

0 j Cu

Cu

×
(mol  mol  h ) =

F X S
r   

n


                              Eq. 2.6 

where Xi,0 represents the initial conversion of reactant “i” determined from time on-stream 

measurements as described in detail in Appendix B.1 according to [2.56]. Turnover 

frequency (TOF, initial production rate per surface copper, h-1) was obtained using the 

metal dispersion (DM) derived from microscopy measurements according to: 

-1 0

M

TOF (h )
r

 
D

=                                                 Eq. 2.7 

Hydrogen utilisation efficiency in the stand-alone hydrogenation vs. coupled process was 

assessed by: 
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2
2

2

H supplied
H  utilisation efficiency

H consumed
=

 
 

 
                       Eq. 2.8 

where "H2 supplied" is the molar hydrogen provided, either (i) via alcohol 

dehydrogenation or (ii) from an external gas cylinder supply, and "H2 consumed" 

indicates the amount utilised in phenylacetylene conversion corrected with the surface 

hydrogen post-TPR from H2-TPD; H2 utilisation values >> 1 indicate low efficiency. 

Carbon mass balance and data reproducibility was better than ±10%. 

2.3 Results and Discussion  

2.3.1 Catalyst Characterisation 

2.3.1.1 H2-TPR/XPS/H2-Chemisorption Analyses 

Catalytic performance in dehydrogenation-hydrogenation reactions is dependent on 

the concentration of surface active sites. In the case of Cu/CeO2, this is linked to the Cu0 

and Cu+ concentration at the surface. In addition, the metal hydrogen uptake capacity is 

of practical importance in hydrogenation applications [2.57]. Hydrogen TPR 

measurements were conducted to examine the reducibility of the copper phase. The 

surface composition and chemical/electronic state of copper in the activated catalysts was 

determined by XPS analysis. The hydrogen uptake capacity of the Cu/CeO2 catalysts was 

measured by hydrogen titration at reaction temperature (= 498 K).  

The H2-TPR profiles for the DP1 (IA), DP15 (IB), IM1 (IIA) and IM15 (IIB) 

catalysts are shown in Figure 2.2; hydrogen consumption and distribution of Cu 

oxidation states derived from curve fitting the H2-TPR response is presented in Table 2.1. 

Each profile exhibits a broad positive peak (H2 consumption) over the temperature range 

ca. 400-500 K (DP samples) and ca. 600-670 K (IM), which are close to the range of 

values reported (413-505 K (DP) [2.58,2.59] and 523-648 K (IM) [2.60,2.61]) for the 

conversion of Cu2+ into metallic Cu. A stepwise Cu2+ → Cu+ → Cu0 sequence has been 

proposed elsewhere [2.20] based on H2-TPR measurements where a mixture of the three 

copper species prevailed at T ≥ 580 K [2.62]. The volume of hydrogen consumed 

exceeded (by a factor up to 2) the amount required for the formation of metallic copper 

in all the catalysts, but was significantly lower (up to a 96-fold) than that required for the 

reduction of CeO2 → Ce2O3. This result is indicative of additional hydrogen consumption 

by (i) surface Cl species generated from the (CuCl2) metal precursor [2.19] and/or (ii) the 
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CeO2 carrier, that can result in partial reduction, notably at the Cu-support interface 

[2.63].  

 
Figure 2.2. H2-Temperature programmed reduction (H2-TPR) profiles for Cu/CeO2 catalysts prepared by 

(I) deposition-precipitation and (II) impregnation with (A) 1% wt. and (B) 15% wt. Cu loading. Note: Raw 

data are shown as open symbols () while curve fitted and envelope are represented by solid and dashed 

lines, respectively. Hydrogen consumption peaks associated with Cu2+→Cu+, Cu+→Cu0, Ce4+→Ce3+ and 

2Cl*→2HCl transitions are represented by α (red), β (blue), γ (green) and δ (grey), respectively. 

The H2-TPR profile for the DP1(573) sample (Figure 2.2(IA)) presents, after 

deconvolution, a main peak at Tmax,TPR = 446 K, corresponding to the reduction of Cu2+ 

→ Cu+, the hydrogen uptake associated with this signal matched (to ±1%, Table 2.1) the 

amount required for the α transition. A peak at higher Tmax,TPR (= 454 K) and lower 

intensity can be related to a partial reduction to metallic copper (i.e. Cu+ → Cu0) [2.64]. 

The associated hydrogen consumption was significantly lower than the amount required 

for the full β transition (21 vs. 79 μmol g-1; Table 2.1) and is consistent with a mixture of 

Cu+ (74%) and Cu0 (26%) post H2-TPR. The presence of Cu+ and Cu0 species after 

thermal treatment in H2 at 423-673 K was also observed by Dandekar et al. (for Cu/C) 

[2.65] and Kundakovic and Flytzani-Stephanopoulos (for Cu/CeO2) [2.66].
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Table 2.1. Physico-chemical properties of Cu/CeO2 catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 DP1(573) 
DP15 

IM1(773) IM15(773) 
(573) (773) 

Metal loading (%wt.) 1 15 1 15 

H2-TPR 

 (
2+

TPRCu , %) (-) (50) (-) (20) 

H2 consumed 

(μmol g-1) 

α (
+

TPRCu , %) 80a / 79b (74) 655a / 1180b (14) 73a / 78b (23) 1049a / 1180b (66) 

β (
0

TPRCu , %)  21a / 79b (26) 470a / 1180b (36) 56a / 78b (77) 190a / 1180b (14) 

γ (
3+

TPR
Ce , %)  106a/ 11504b (1)  1547a / 9877b (15) 180a / 11504b (2) 139a / 9877b (1) 

δ (
*

TPRCl , %) - - - 1060a / 2360b (55) 

XPS B.E. (eV) 

2+

XPSCu  (%) - 934 (55) 934 (19) - 935 (25) 

+

XPSCu  (%) 933 (74) 933 (13) 932 (51) 933 (23) 932 (62) 

0

XPSCu  (%) 930 (26) 932 (32) 930 (30) 931 (77) 930 (13) 

d (nm)c 2 7 8 4 13 

DM (%)d 50 15 12 25 8 

aexperimental value; btheoretical amount of hydrogen required for transition step; cmean particle size from STEM analysis (see Eq. 2.3); dcopper dispersion 

from STEM analysis. Note: Hydrogen consumption peaks during TPR associated with Cu2+→Cu+, Cu+→Cu0, Ce4+→Ce3+ and 2Cl*→2HCl transitions are 

represented by α, β, γ and δ, respectively, where * denotes adsorbed Cl. 
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An additional positive signal at 461 K can be attributed to partial reduction of the support, 

i.e. Ce4+→ Ce3+; γ, with the occurrence of oxygen vacancies as a result of spillover 

hydrogen, i.e. migration of H to the ceria support. The degree of copper reduction appears 

to be sensitive to the strength of metal-support interactions [2.67] where surface defects 

on the carrier can stabilise transition metal nanoparticles, rendering them less susceptible 

to reduction [2.66]. While the presence of Cu+ post H2-TPR can be attributed to strong 

copper interaction with CeO2 oxygen vacancies, there is also the possibility of a 

stabilisation of Cu+ species via the redox equilibrium Ce4+ + Cu0 ↔ Ce3+ + Cu+ [2.68]. 

The H2-TPR profile for the DP15(573) catalyst (Figure 2.2(IB)) is very similar to that 

recorded for DP1(573) (i.e. peaks at Tmax,TPR 442 ± 4 K, 451 ± 3 K and 464 ± 3 K), albeit 

a far greater difference between the experimental and theoretical hydrogen requirements 

for the (α, β, γ) transition steps, which results in a modified distribution of copper and 

Ce3+ species with different oxidation states (Cu2+ = 50%, Cu+ = 14, Cu0 = 36, Ce3+ = 15; 

Table 2.1). The presence of Cu2+ and Cu+ following activation in hydrogen at T ≥ 573 K 

has been previously demonstrated by CO chemisorption [2.65], H2-TPR [2.66] and XPS 

measurements [2.68] for oxide- (CeO2 and ZrO2) and carbon-supported Cu catalysts. The 

generation of larger copper nanoparticles on DP15(573) (vs. DP1(573)) post H2-TPR is 

likely due to the higher metal loading [2.69]. The lower metal dispersion in DP15(573) 

leads to (i) inhibition of hydrogen diffusion in the Cu cluster and (ii) weak metal-support 

interactions linked to the small area of contact at the interface between the metal 

nanocrystals and the CeO2 carrier which, in turn, hinders Cu2+ reduction and lowers the 

concentration of Cu+. The H2-TPR profiles measured for the IM samples (Figure 2.2(II)) 

also exhibited three main peaks at T ≤ 658 K but they were shifted to a significantly higher 

temperature (by ~185 K) relative to the DP catalysts. This suggests variations in metal-

support interactions that can be linked to the different (i) metal precursor (Cu(NO3)2∙3H2O 

vs. CuCl2) and (ii) preparation method (DP vs. IM). A surface Cl content > 1 ppb (>1 ppm 

for 1-4% wt. supported copper catalysts prepared via CuCl2 impregnation [2.19]) has been 

demonstrated to facilitate Cu surface mobility with the formation of larger metal particles 

[2.70]. As the IM samples were prepared using CuCl2, it is to be expected that these 

catalysts will bear larger metal nanoparticles, interacting weakly with the support and 

requiring higher reduction temperatures. Chen et al. [2.71], studying the hydrogen TPR 

of several Cu/CeO2 samples reported a ca. 50 K increase in reduction temperature for 

samples pre-treated in different atmospheres (i.e. air, vacuum, hydrogen) and attributed 

this to a change in the electronic state of Cu nanoparticles that is dependent on metal 
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dispersion with a shift to higher reduction temperature for bigger particles. Moreover, a 

stronger Cu/support interaction in the DP catalysts [2.19] improves the stabilisation of 

the excess electrons involved in the reduction step [2.72], lowering the temperature 

requirements. The H2-TPR profile for the IM15(773) (Figure 2.2(IIB)) exhibits, in 

addition to the peaks at T ≤ 658 K, signals at Tmax,TPR = 670 K, 678 K and 690 K, indicative 

of a multi-modal copper size distribution. The two H2-TPR signals at 670 and 678 K can 

be tentatively attributed to α and β transitions, respectively, during the reduction of larger 

Cu nanoparticles [2.73]. The H2-TPR signal at 690 K can be associated with the 

generation of HCl from CuCl2 (i.e. δ transition) linked to (i) Cl bonded to Cu and/or (ii) 

oxychloride species on the support. A similar rationale has been provided by Bond and 

co-workers [2.19] for the TPR hydrogen consumption peak recorded at Tmax,TPR = 700 K 

in their study of Cu/SiO2 and Cu/Al2O3 prepared with CuCl2 as metal precursor. The 

results from H2-TPR analysis demonstrate the generation of supported Cu particles with 

oxidation states in the range Cu0 = 14-77%, Cu+ = 14-74% and Cu2+ = 0-50% (Table 2.1). 

The 1% wt. Cu/CeO2 samples exhibit full reduction of Cu2+, whereas this step is 

hampered in the 15% wt. catalysts, which we attribute to inhibited hydrogen diffusion. 

Weak metal support interactions in IM (vs. DP) catalysts with increasing metal content 

(15% vs. 1% wt.) lowers Cu+ content. IM15(773) deviates somehow from this trend, 

where stabilisation via Cl- complexation [2.19] results in high concentration of copper (I).  

The H2-TPR measurements provide critical information on bulk characteristics 

which can differ greatly from surface properties [2.74]. The distribution of Cu oxidation 

states on the catalyst surface can be extracted from data fitting in the Cu 2p core level. 

However, the results can be compromised by the overlapping of copper species (i.e. Cu+ 

and Cu0) [2.21]. It has been demonstrated [2.21], that analysis of X-ray induced Auger 

transitions (i.e. electrons excited as a consequence of the relaxation process following the 

ejection of an electron from a core orbital) can serve as an additional measurement to 

investigate copper on the catalyst surface, where the spectra of Cu+ and Cu0 exhibit 

distinct peak(s) and shape. Surface copper and Ce3+ was examined by XPS analysis of 

the Cu 2p3/2 (Figure 2.3(A)), Cu LMM Auger (Figure 2.4) and Ce 3d regions (Figure 

2.3(B)); the values derived from curve fitting of the XPS measurements are shown in 

Table 2.1 and Figure 2.5(I). XPS analysis of the 1% wt. loaded samples (DP1(573) 

(Figure 2.3(IA) and IM1(773) (IVA)) confirmed a total reduction of Cu2+ (orange curve) 

to generate a mixture of Cu+ (red) and Cu0 (blue) species. In contrast, the 15% wt. 

catalysts (DP15(573) Figure 2.3(IIA), DP15(773) (IIIA) and IM15(773) (VA)) exhibit 
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an additional XPS signal at 943 ± 1 eV that can be related to the presence of Cu2+, i.e. 

shake-up satellite peak that can be linked to the O 2p → Cu 3d transition [2.75].  

 
Figure 2.3. XPS spectra for Cu/CeO2 (I) DP1(573), (II) DP15(573), (III) DP15(773), (IV) IM1(773) and 

(V) IM15(773) and CeO2 (VI) fresh (untreated) and (VII) thermally treated in H2 to 773 K over the (A) Cu 

2p3/2 and (B) Ce 3d regions (intensity expressed as normalised counts). Note: Raw data are showed as open 

symbol (), curve fitted and envelope are represented as solid (blue, red, orange, black and green for Cu0, 

Cu+, Cu2+, Ce4+ and Ce3+, respectively) and dashed lines, respectively. The markers included in (B) illustrate 

the position of the 3d5/2/3d3/2 levels for Ce4+ (v/u, v"/u" and v'''/u'') and Ce3+ (v0/u0 and v'/u'). 
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A greater Cu2+ content was recorded with increasing metal content (15 vs. 1% wt.), 

lower activation temperature (573 compared to 773 K) and for samples prepared by IM 

(vs. DP). The results in the Cu LMM kinetic energy region (K.E.) 900-930 eV for 

DP15(573) (IA) and IM15(773) (IB), as representatives, are depicted in Figure 2.4; 

Auger spectra of standards Cu2+, Cu+ and Cu0 are included to illustrate the level of 

similarity. The Auger spectrum for the DP15(573) presents a main peak at K.E. = 918.1 

eV that is characteristic of Cu0 (K.E. = 918.6 eV, [2.22]), although the profile shape is 

similar to that of Cu2+. On the other hand, the main signal for IM15(773) (915.1 eV) can 

be ascribed to Cu+ (915.2 eV, [2.22]) although the response largely converges with the 

profile for Cu2+. The results from the analysis in the LMM Auger region demonstrate that 

major contributions due to Cu+ and Cu0 for DP15(573) and IM15(773) catalysts, 

respectively, can be excluded. This is in agreement with the low concentrations of Cu+ 

and Cu0 (i.e. 13%, Table 2.1) extracted from the curve fitting of the XPS spectra. The 

Wagner plot can be used as an additional tool for the elucidation of copper oxidation 

states on the catalyst surface [2.55]. In this approach, the photoelectron binding energy 

(B.E.) is plotted as a function of the kinetic energy of the Auger electron (K.E.) and 

represented by lines with slopes of -1 intercepting α' (see 2.2 Materials and Methods 

section) and -3 intercepting I' (i.e. initial state parameter; values in this work extracted 

from [2.55]). The values of K.E. and B.E. for the DP15(573) and IM15(773) samples in 

the Wagner plot (Figure 2.4(II)) were obtained from the survey spectra (see Figure C.1 

in Appendix C) and the high-resolution spectra (Figure 2.4(I) and 2.3(A)). The results 

for DP15(573) suggest the presence of Cu2+, (i.e. experimental data follow straight line 

with slope = -1 and αꞌ = 1851.33 eV [2.22]). In the case of IM15(773), the points fall in 

the region characteristic of Cu+ species (i.e. straight line with slope = -3 and Iꞌ = 3713.7 

eV). Moreover, the calculated value of αꞌ = 1852.05 ± 0.05 eV for DP15(573) is close to 

that characteristic of Cu2+
, while that of IM15(773) (αꞌ = 1847.30 ± 0.10 eV) suggests the 

presence of Cu+ (1847.51 eV in CuCl [2.22]). The predominance of Cu2+ and Cu+ in 

DP15(573) and IM15(773), respectively, confirms the reliability of the distribution of 

copper oxidation states extracted from XPS data fitting in the 2p3/2 region. The presence 

of Cu+ (DP1(573) and DP15(773)) and Cu0 (IM1(773)) species was also proved for the 

rest of the samples by data inclusion in the Wagner plot, which further confirms the results 

from XPS fitting. 
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Figure 2.4. (I) XPS spectra over the Cu Auger LMM region for (A) DP15(573) and (B) IM15(773) 

Cu/CeO2 (intensity expressed as normalised counts). (II) Cu 2p3/2-Cu LMM Wagner plot including data 

reported in the literature (Cu2+ (✕), Cu+ (＋) Cu0 (✱), [2.31]) and experimental values extracted from 

survey (open symbols) and high-resolution regions (solid symbols) of DP1(573) (△), DP15(573) (,⬤), 

DP15(773) (◇,◆), IM1(773) (□) and IM15(773) (▽,▼). Note: Raw data in (I) are presented as open 

symbols () while spectra for standards Cu2+, Cu+, Cu0 are denoted as solid, dashed and dotted lines, 

respectively. Solid and dashed-dotted lines in (II) represent modified Auger parameter (α') and initial state 

parameter (I'), respectively. 

Consistent values for both measurements (H2-TPR and XPS) were obtained in the 

case of the low loading DP1(573) (i.e. Cu2+ = 0%; Cu+ = 74; Cu0 = 26, Table 2.1) and 

IM1(773) (0; 23; 77). However, there are inconsistencies in those obtained with each 

method for the high loading samples. We should flag that there is a dearth of published 

work recording Cu oxidation states based on more than one analytical technique with 

XPS [2.52] or CO chemisorption [2.65] typically used. Nonetheless, there are reports in 

the literature that have considered a combination of XPS, XANES and EXAFS [2.23] or 
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H2-TPR and O2-TPO measurements [2.24]. The discrepancy observed between H2-TPR 

and XPS data can be attributed to the type of information obtained with both 

methodologies. Indeed, H2-TPR is a "bulk" analytical technique while XPS is applicable 

for surface analysis. A source of disagreement can result from the information depth of 

the XPS measurements (ca. 3 nm [2.25]). This suggests copper nanoparticles >4 nm in 

the high loading Cu/CeO2 catalysts, in agreement with previous studies [2.76,2.77] that 

have reported Cu nanocrystals of 8-18 nm for oxide (SiO2, Al2O3) supported copper 

catalysts with similar loading (16-20% wt.) prepared by IM and DP. Although the 

combination of analytical methods employed in this work is complementary, catalytic 

reactions occur on the catalyst surface, consequently the distribution of Cu oxidation 

states based on XPS measurements was adopted in subsequent tests. 

The Ce 3d profile for the fresh (untreated) CeO2 (Figure 2.3(VIB)) and hydrogen 

treated ((VIIB)) are similar and dominated by three spin-orbit doublets (peaks v/u, v"/u" 

and v'''/u''' at 883 eV/901 eV, 888/907 and 899/917, respectively) that can be associated 

with the 3d5/2/3d3/2 levels of Ce4+ (black lines) [2.54]. Two additional spin-orbit doublets 

(peaks v0/u0 and v'/u'; 880 eV/899 eV and 886/904) are also in evidence and can be 

attributed to the 3d5/2/3d3/2 levels of Ce3+ (green) [2.54]. The extracted surface 

concentration of Ce3+ (11 ± 1 %) matches the value quoted by Zhang et al. for bulk CeO2 

[2.54]. The equivalent XPS response was expected considering the higher (≥823 K) 

temperature requirement for the Ce4+ → Ce3+ reduction [2.78]. A comparison of the XPS 

spectra of Cu/CeO2 (Figure 2.3(IB-VB)) with those of CeO2 ((VIB-VIIB)) suggests that 

incorporation of Cu served to facilitate CeO2 surface reduction with an increase (by up to 

28%) in the concentration of Ce3+. Enhancements of up to 40% in Ce3+ surface content 

has been reported post-Pd incorporation [2.79]. This can be tentatively attributed to 

spillover hydrogen on Cu/CeO2 that can participate in a superficial reduction of the oxide 

carrier, a result that is consistent with H2-TPR measurements. The correlation between 

concentration of Ce3+ and surface metallic copper (CuXPS
0, %) is shown in Figure 2.5(I), 

where there is a clear linear increase in Ce3+ density with increasing amount of Cu0 

(0 → 77%). This tendency suggests H2 adsorption at Cu0 sites and finds agreement with 

theoretical work (density functional theory (DFT)) demonstrating that molecular 

hydrogen does not chemisorb on Cu2+ or Cu+, but occurs on Cu0 [2.80] via dissociative 

adsorption [2.81]. Hydrogen uptake measured at reaction temperature (498 K) on all the 

Cu/CeO2 catalysts (1-147 μmol gCu
-1) was similar (1-158 μmol gCu

-1) to values reported 

previously for (Al2O3 and SiO2) supported Cu catalysts [2.82,2.83], but far lower than the 
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uptake for standard transition metal catalysts used in industrial hydrogenations (e.g. 2023 

μmol gPd
-1 for Pd/Al2O3 [2.84]). This is consistent with the high energy barrier for H2 

dissociation due to the filled d band of copper [2.85]. The hydrogen chemisorption vs. 

CuXPS
0 linear relationship shown in Figure 2.5(II), where H2 uptake capacity increases 

with increasing Cu0 surface content (13 → 77%), is further evidence for hydrogen 

chemisorption on metallic copper.  

 
Figure 2.5. Dependence of (I) surface Ce3+ content (CeXPS

3+, %) and (II) H2 uptake (μmol gCu
-1) on surface 

Cu0 concentration (CuXPS
0, %) for (▲) DP1(573), (⬤) DP15(573), (◆) DP15(773), () IM1(773) and (▼) 

IM15(773). Note: The result for pure CeO2 in (I) is represented as a symbol (). Dashed lines provide a 

guide to aid visual assessment. 

 

2.3.1.2 XRD/STEM-EDX 

The morphology of the supported copper nanoparticles was examined by combined 

XRD (Figure 2.6) and STEM-EDX measurements (Figures 2.7 and 2.8). All the catalysts 

present diffraction peaks at 2θ = 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7° and 79.1° 

corresponding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) and (4 2 0) 

planes of CeO2 with a cubic fluorite-type structure (JCPDS-ICDD reference 043-1002). 

The XRD patterns for the high loading Cu samples (DP15(573) (II), DP15(773) (III) and 

IM15(773) (V)) present additional signals at 2θ = 43.4°, 50.5° and 74.2° characteristic of 

(1 1 1), (2 0 0) and (2 2 0) planes of metallic Cu. The absence of Cu0 diffraction peaks in 

the 1% wt. Cu/CeO2 catalysis (i.e. DP1(573) (I) and IM1(773) (IV)) can be linked to the 

low metal loading and/or the presence of small (<5 nm) Cu particles [2.86]. The intensity 

(I) and width (W) of the main Cu XRD peak (2θ = 43.4°) is sensitive to copper 

nanoparticle size where a higher (I/W)43.4 ratio is indicative of larger metal nanoparticles 

[2.86].  
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Figure 2.6. XRD patterns for activated (I) DP1(573), (II) DP15(573), (III) DP15(773), (IV) IM1(773) and 

(V) IM15(773) Cu/CeO2 catalysts. Note: Peak assignment based on JCPDS-ICDD reference data: ( ) CeO2 

(043-1002), (✱) Cu (004-0836) and (△) CeClO (153-4659). 

Taking the three high loading Cu/CeO2 samples, the variation in (I/W)43.4 suggests 

the following sequence of increasing copper nanoparticle size: DP15(573) ((I/W)43.4 = 50 

counts degree-1) ~ DP15(773) (60) < IM15(773) (440). The XRD diffractogram pattern 

for IM15(773) exhibits additional signals at 2θ = 12.9°, 25.4°, 30.9°, 34.1°, 40.8°, 44.3°, 

51.7°, 57.1°, 76.9° and 79.1° due to the (0 0 1), (1 0 1), (1 1 0), (1 0 2), (1 1 2), (2 0 0), 



 

39 

Chapter 2 
Phenylacetylene Hydrogenation Coupled with Benzyl Alcohol Dehydrogenation over Cu/CeO2: A 

Consideration of Cu Oxidation State  

 

(2 1 1), (2 1 2), (1 1 5) and (3 1 2) planes of CeClO. This result is in line with the report 

of Soria et al. [2.87], who demonstrated by electron paramagnetic resonance (EPR) 

analysis, using oxygen as a probe molecule, the formation of a cerium oxychloride layer 

post- hydrogen thermal treatment to 773 K on the surface of Au/CeO2 and Rh/CeO2 

prepared by impregnation using a chlorine containing metal precursor. The absence of 

detectable XRD signals for CeClO in IM1(773) (IV) can be attributed to the lower metal 

and Cl content.  

 
Figure 2.7. (I) Representative STEM images with (II) associated particle distribution of (A) DP15(573) 

and (B) IM15(773) Cu/CeO2 catalysts. Note: Black arrows in the (IA) STEM image indicate isolated Cu 

nanoparticles. 

TEM-EDX analysis (see micrographs for DP15(573) (IA) and IM15(773) (IB) in 

Figure 2.7, as representative samples) have revealed copper nanoparticles at the 
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nanoscale (1-20 nm) for all the catalysts in this work. High magnification micrographs of 

individual nanoparticles (I) with associated EDX spectrum (II) on the surface of 

DP1(573) (A) and DP15(573) (B), as representatives, in Figure 2.8 demonstrate that the 

Cu component is present as discrete nanoparticles with a pseudo-spherical morphology. 

Metal particle size distribution is illustrated by the histograms presented in Figure 

2.7(II); mean Cu diameters (d) are shown in Table 2.1.  

 
Figure 2.8. (I) Representative high magnification STEM images with (II) associated EDX analysis of 

isolated Cu nanoparticle (dashed frame a-b) on (A) DP1(573) and (B) DP15(573) Cu/CeO2 catalysts. 

The nature of the metal precursor, metal loading and preparation method are critical 

in determining the ultimate size distribution [2.88]. The mean diameter obtained from 

STEM analysis for DP1(573) (2 nm) and IM1(773) (4 nm) is consistent with the absence 

of XRD peaks characteristic of copper. Taking the same metal content and final activation 

temperature (i.e. 15% wt. and 773 K), the Cu/CeO2 samples prepared by impregnation 

using CuCl2 (vs. deposition precipitation with Cu(NO3)2∙3H2O) are characterised by a 

broader distribution of larger Cu particles, indicative of weaker copper-CeO2 interactions. 

As expected, the samples with the higher metal content treated at increased activation 
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temperature bear the larger Cu nanoparticles, which can be attributed to greater mobility 

and agglomeration of Cu species that results in a wider size distribution [2.88]. This trend 

is in agreement with the distribution of copper oxidation states from H2-TPR and XPS 

measurements. The degree of heterogeneity for the high loading samples is illustrated by 

the results for the IM15(773) catalyst (Figure 2.7(IIB)) with an apparent bimodal 

distribution of smaller (ca. 9 nm) and larger (ca. 14 nm) Cu nanocrystals, consistent with 

the four H2-TPR peaks attributed to α and β transitions in Figure 2.2(IIB).  

2.3.2 Catalytic Response 

The characterisation measurements demonstrate the generation of a series of 

Cu/CeO2 samples with copper oxidation states in the range Cu0 = 13-77%, Cu+ = 13-74% 

and Cu2+ = 0-55%. The impact of variations in the copper oxidation state on the tandem 

dehydrogenation-hydrogenation of benzyl alcohol with phenylacetylene has been 

considered. It has been demonstrated that Cu2+ is inactive in hydrogenation (e.g. isoprene 

conversion over 1% wt. Cu/ThO2 [2.89]) and dehydrogenation reactions (e.g. ethanol 

transformation using 20% wt. Cu/Al2O3 [2.27]). In order to confirm the inactivity of Cu2+ 

in the catalytic conversion of benzyl alcohol and phenylacetylene, a (commercial) CuO 

was purchased and tested in the two (independent) reactions. CuO exhibited a lack of 

initial activity in both (dehydrogenation and hydrogenation) reactions. Based on these 

results, Cu0 and Cu+ were considered to establish the impact of metal oxidation state on 

catalytic performance. We first examine the catalytic response in the stand-alone phenyl 

acetylene hydrogenation, using an external hydrogen supply, and benzyl alcohol 

dehydrogenation (in N2) over the five Cu/CeO2 catalysts. A compilation of the studies in 

the open literature on hydrogenation of phenylacetylene and dehydrogenation of benzyl 

alcohol is presented Table 2.2; where pertinent, our results are related to the trends 

emerging from the tabulated studies.
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Table 2.2. Compilation of literature dealing with phenylacetylene hydrogenation and benzyl alcohol dehydrogenation. 

Catalyst System Reaction phase Sstyrene (%) TOFstyrene (h-1) Sbenzaldehyde (%) TOFbenzaldehyde (h-1) Ref. 

Cu/MgO S.A. Dehydrogenation gas - - 85-95 7 [2.3] 

Cu/Hydrotalcite S.A. Dehydrogenation gas - - 97 180-800 [2.9] 

Au/Hydrotalcite S.A. Dehydrogenation gas - - 97 n.a. [2.90] 

Au/Al2O3 S.A. Dehydrogenation gas - - 17 n.a. [2.90] 

Au/MgO S.A. Dehydrogenation gas - - 97 n.a [2.90] 

Cu/CeO2 S.A. Dehydrogenation gas - - 85-95 962-1472 
Present 

work 

Pd/Al2O3 S.A. Hydrogenation gas 1-70 34-2394 - - [2.8] 

Au/Al2O3 S.A. Hydrogenation gas 75-90 100-421 - - [2.8] 

Pd/α-Al2O3 S.A. Hydrogenation gas 30-60 6480-12960 - - [2.50] 

Au/Al2O3 S.A. Hydrogenation gas 1-27 1-138 - - [2.57] 

Pt/C S.A. Hydrogenation liquid 0 n.a. - - [2.91] 

Cu/Al2O3 S.A. Hydrogenation gas 60-70 n.a. - - [2.92] 

Pd/Al2O3 S.A. Hydrogenation gas 82 83 - - [2.93] 

Cu/C S.A. Hydrogenation gas 90 0.2 - - [2.94] 

Cu/CeO2 S.A. Hydrogenation gas 15-96 98-260 - - 
Present 

work 

Cu/CeO2 Coupling gas 100 13-375 100 70-1030 
Present 

work 

n.a. = not available 
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2.3.2.1 Stand-alone Phenylacetylene Hydrogenation 

The stand-alone phenylacetylene hydrogenation over all the catalysts generated 

styrene and ethylbenzene as the only two products, with no evidence of ring reduction (to 

ethylcyclohexane) which has been observed for reaction over Pt/C [2.91]. The stepwise 

(-C≡C- → -C=C- → -C-C- bond) hydrogenation of phenylacetylene to ethylbenzene 

through styrene as reaction intermediate is presented in Figure 2.1 (steps (III) and (IVb)), 

which also includes a direct (parallel -C≡C- → -C-C- reduction) pathway (step (IVa)) 

[2.8]. At conversions ≤50%, reaction over all Cu catalysts generated styrene as the main 

product with secondary generation of ethylbenzene, consistent with the work of Merrill 

[2.92] working under high H2 pressure (10 atm) using Cu/Al2O3. In contrast, under similar 

reaction conditions full hydrogenation to ethylbenzene was promoted over Au/Al2O3 

[2.57]. In each case, we recorded a temporal loss of activity to attain a pseudo-steady state 

after ca. 2 h (see variation of phenylacetylene conversion (Xphenylacetyelene) with time on-

stream over DP1(573), as a representative, in Figure 2.9(I)). Loss of activity in 

hydrogenation reactions over copper catalysts has been previously reported and ascribed 

to carbon deposition [2.62] and/or strong reactant/product adsorption on Cu [2.29].  

 
Figure 2.9. Variation of (I) phenylacetylene conversion/styrene molar flow (Xphenylacetylene, %; Fstyrene, mmol 

h-1) and (II) benzyl alcohol conversion/benzaldehyde molar flow (Xbenzyl alcohol, %; Fbenzaldehyde, mmol h-1) 

with time on-stream (t, h) in stand-alone () and coupled process (▲) over DP1(573). (III) Comparison 

of selectivity to styrene (Sstyrene, %) (open bars) at specific Xphenylacetyle (grey bars) over DP1(573), 

DP15(573), DP15(773), IM1(773) and IM15(773). Note: Dashed grey lines in (I-II) are the result of time 

scale fitting to obtain the initial Xphenylacetylene according to the method described in Appendix B.1. Reaction 

conditions: P = 1 atm, T = 498 K. 
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In order to gain some insight into the reaction mechanism, the dependence of styrene 

selectivity on phenylacetylene conversion was investigated. At similar levels of 

conversion, variations in the Cu0/Cu+ of the five catalysts in this work did not impact on 

product selectivity (Xphenylacetylene = 15 ± 1% → Sstyrene  = 93 ± 2%, Figure 2.9(III)). In 

contrast, product distribution was sensitive to phenylacetylene conversion (Figure 

2.10(I)). We recorded formation of ethylbenzene in trace quantities (Sethylbenzene ≤5%) at 

low phenylacetylene conversions (≤3%) and a shift to preferential ethylbenzene 

generation at the expense of styrene with increasing phenylacetylene conversion 

(Xphenylacetylene >50%). These results are consistent with a predominantly (stepwise) 

phenylacetylene → styrene → ethylbenzene mechanism following paths (III) and (IVb) 

in Figure 2.1, typical for hydrogenation of alkynes in gas phase operation [2.93]. It is 

important to state that, under similar reaction conditions the Cu/CeO2 in this work 

delivered a 3 times greater specific styrene production rate [2.8] and enhanced selectivity 

(90% vs. 82% [2.95]) compared to Pd/Al2O3, a standard catalyst in industrial alkyne 

hydrogenation [2.50]. 

 
Figure 2.10. (I) Styrene selectivity (Sstyrene, %) as a function of phenylacetylene conversion (Xphenylacetylene, 

%,) and (II) variation of benzaldehyde selectivity (Sbenzaldehyde, %) with Cu+/Cu0 molar ratio in independent 

hydrogenation/dehydrogenation (open symbols) and coupled process (solid symbols) over (,▲) 

DP1(573), (,✕) DP15(573), (,) DP15(773), (,|) IM1(773) and (,▼) IM15(773) Cu/CeO2 

catalysts. Note: Solid lines provide a guide to aid visual assessment. Reaction conditions: P = 1 atm, 

T = 498 K, Xbenzyl alcohol ~6%. 

The effect(s) of copper oxidation state on the activity delivered by Cu/CeO2 was 

considered at the same degree of conversion (Xphenylacetylene = 5 ± 2%) and the resultant 

variation of turnover frequencies (TOF, specific (per Cu surface atom) rate, see Eq. 2.7 

and Table 2.1) with Cu0/Cu+ molar ratio is shown in Figure 2.11(I). The experimentally 

determined specific rate increased linearly with increasing Cu0/Cu+ in the catalyst. A 
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similar trend was observed by Filonenko and co-workers [2.96] using (Group 11) Au in 

the hydrogenation of CO2, where a decrease in Au0 content was accompanied by a 

progressive decrease in activity. The opposite effect has also been recorded, with Ma et 

al. [2.24] reporting a concomitant increase in ester hydrogenation rate and Cu+/Cu0 ratio. 

The sequence of increasing activity over the Cu/CeO2 catalysts (i.e. 

IM15(773) < DP1(573) < DP15(573) < DP15(773) < IM1(773)) mimics the increase in 

H2 chemisorption capacity. The enhancement in hydrogen uptake that results from a 

greater Cu0 content (Figure 2.5(II)) was accompanied by an elevated hydrogenation rate. 

We could find no comparable published study of phenylacetylene hydrogenation over 

supported copper. However, our results are consistent with experimental work that has 

demonstrated a zero order dependence in -C≡C- bond coverage and identified H2 splitting 

as the rate-limiting step for the gas phase hydrogenation of propyne over Cu catalysts 

[2.62]. In addition to catalytic activity/selectivity, hydrogen utilisation efficiency is a key 

parameter that must be optimised to ensure process sustainability. The limited H2 

chemisorption on Cu (i.e. at least 15 times lower compared to noble metals typically used 

in hydrogenations [2.84]) results in low H2 utilisation efficiency (200-400 vs. 1 for 

reaction stoichiometry; see Eq. 2.8) which represents a severe sustainability gap. 

 
Figure 2.11. Variation of turnover frequency (TOF, h-1) as a function of (I) Cu0/Cu+ in stand-alone (open 

symbols) reactions and (II) Cu+/Cu0 in the coupled process (solid symbols) for styrene (solid lines) and 

benzaldehyde (dashed lines) production over (,▲) DP1(573), (,✕) DP15(573), (,) DP15(773), 

(,|) IM1(773) and (▽,▼) IM15(773) Cu/CeO2 catalysts. Note: Solid and dashed lines provide a guide to 

aid visual assessment. Reaction conditions: P = 1 atm, T = 498 K. 
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representative), where benzaldehyde was the main product (up to 95%, path (I) in Figure 

2.1), while toluene was generated as a secondary product via hydrogenolysis (path (II)). 

In contrast, deactivation in liquid phase dehydrogenation of benzyl alcohol over Pd/Al2O3 

has been reported and attributed to active site blockage due to adsorption of CO from 

decarbonylation [2.97]. Reaction selectivity can be assessed from Figure 2.10(II), were 

benzaldehyde selectivity (Sbenzaldehyde) is shown as a function of Cu+/Cu0 molar ratio. We 

observe a tendency of decreasing Sbenzaldehyde (95 → 85%) with increasing Cu+/Cu0. Our 

results indicate a dependence of selectivity on copper oxidation state, which impacts on 

the benzyl alcohol adsorption/activation mechanism. There is limited evidence in the 

literature of a dehydrogenation selectivity dependence on copper oxidation state [2.3]. 

Cassinelli et al. [2.27] studying the dehydrogenation of ethanol over Cu/Al2O3 recorded 

a greater selectivity to ethyl acetate (via condensation) with increasing concentration of 

Cu0. Alcohol adsorption (through the polarised oxygen (O2-) of the -OH group [2.98]) on 

Lewis acid sites [2.99] with hydrogen scission of the C-OH bond following a nucleophilic 

attack [2.100] generates toluene. Benzyl alcohol adsorption can also proceed at the Cu-

oxide interface with the -OH functionality binding to the carrier and the α-hydrogen 

interacting with copper [2.99], to form benzaldehyde. The reaction follows a two-step 

mechanism where abstraction of the second (α-)hydrogen through a carbocation-type 

transition state [2.101] is rate determining [2.99]. From a consideration of the copper 

electronic properties, a (Lewis acid) positive charge (Cu+) should facilitate interaction 

with the O2- of the hydroxyl group, favouring hydrogenolysis (to toluene).  

Specific benzaldehyde production rate (TOF) was calculated and the Cu0/Cu+ 

dependence is illustrated in Figure 2.11(I) where a linear correlation is in evidence. The 

use of Cu/CeO2 catalysts in the non-oxidative gas phase dehydrogenation of benzyl 

alcohol resulted in a significantly greater activity (by up to a factor of 16) relative to 

reactions over supported Au [2.90,2.99] and Pd [2.90] catalysts with comparable metal 

size (2-12 nm) in both gas and liquid phase operation. The Cu0 rich catalyst (IM1(773); 

Cu0/Cu+ = 3.4) delivered a specific dehydrogenation rate that was twice that recorded for 

the lower content system (IM15(773); 0.3). This result suggests that Cu0 stabilises the 

rate determining transition complex with a resultant increase in reactivity, i.e. repulsion 

between positively charged Cu+ and the cationic transition state results in elevated 

intrinsic dehydrogenation efficiency with enhanced Cu0/Cu+ content (0.3 → 3.4). This 

result finds agreement in the work of Kon et al. [2.102] who, studying the non-oxidative 

dehydrogenation of 2-octanol over Re/Al2O3, demonstrated enhanced activity with 
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increasing Re0 concentration. A greater dehydrogenation (vs. hydrogenation) activity is 

essential to ensure sufficient hydrogen supply in the coupling system. The results in this 

section confirm that this prerequisite is met by all the catalysts where hydrogen produced 

was at least 5 times greater than that consumed in the phenylacetylene hydrogenation 

step. 

2.3.2.3 Coupled Benzyl Alcohol Dehydrogenation with Phenylacetylene 

Hydrogenation 

The results presented in sections 2.3.2.1 and 2.3.2.2 demonstrate that undesired full 

hydrogenation to ethylbenzene (path (IV) in Figure 2.1) and hydrogenolysis to toluene 

(path (II)) were promoted in the stand-alone hydrogenation of phenylacetylene and 

dehydrogenation of benzyl alcohol, respectively, over the Cu/CeO2 catalysts. In contrast, 

the selectivity response is striking in that the five copper catalysts promoted the sole 

formation of the two target products, styrene and benzaldehyde, in the coupled process. 

The generation of styrene (from phenylacetylene transformation in N2 atmosphere) 

demonstrates effective use of the hydrogen generated in situ from the dehydrogenation of 

benzyl alcohol. We could find no comparable study in the literature where a switch in 

selectivity was observed for standard vs. coupled alkyne hydrogenation with alcohol 

dehydrogenation. Nonetheless, Nagaraja and co-workers [2.11] studying the tandem 

dehydrogenation-hydrogenation of cyclohexanol/furfural over bulk Cu-MgO-Cr2O3 

reported enhanced selectivity to cyclohexanone (from 75 to 100%) and furfuryl alcohol 

(50 → 100%) relative to the stand-alone reactions, but the authors did not elaborate 

further. Product distribution was largely insensitive to variations in Xphenylacetylene (Figure 

2.10(I)) and copper oxidation state (Figure 2.10(II)) where 100% selectivity of both 

target products was maintained. We associate this switch in selectivity (from full to partial 

hydrogenation) towards styrene generation to the low H2:phenylacetylene molar ratio, 

close to stoichiometry in the coupling process (vs. 80:1 molH2 molphenylacetylene
-1 in stand-

alone hydrogenation). In support of this, Bridier et al. [2.62] studying the gas phase 

hydrogenation of propyne over a series of (Al2O3, SiO2 and hydrotalcite) supported Cu 

catalysts reported absence of triple bond over-hydrogenation (to propane) at inlet 

H2:propyne <8. The suppressed hydrogenolysis to toluene can be tentatively linked to the 

presence of phenylacetylene as a hydrogen acceptor. Likewise, studying the same 

reaction over Cu/hydrotalcite by adding CO2 to the feed Gurram et al. [2.9] recorded a 

simultaneous decrease in toluene generation and a 2-fold increase in benzaldehyde 
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selectivity, attributed to consumption of in situ generated H2 in the dehydrogenation step 

via reverse water gas shift reaction.  

Under similar reaction conditions, reactant conversion in the coupled process, shown 

in Figure 2.9(I) (Xphenylacetylene) and (II) (Xbenzyl alcohol), exhibits a similar time on-stream 

dependence to that observed in the stand-alone (hydrogenation and dehydrogenation) 

reactions, albeit greater phenylacetylene conversion and lower dehydrogenation activity 

in the coupling system. The generation of activated atomic hydrogen (from benzyl alcohol 

dehydrogenation) serves to circumvent the activation of molecular hydrogen (rate 

determining in the stand-alone hydrogenation [2.62]), thereby increasing hydrogenation 

activity. The lower dehydrogenation conversion in the coupled process can be tentatively 

linked to competition for (copper) adsorption sites that must result in a displacement of 

benzyl alcohol from the surface by phenylacetylene. Our premise is in accordance with 

the reported higher (~10 kcal mol-1) desorption energy barrier from Cu for acetylene 

[2.103] relative to ethanol and isopropanol [2.104]. Coupled dehydrogenation-

hydrogenation can also proceed through direct hydrogen transfer (i.e. the -C≡C- bond in 

the alkyne is attacked by the α-hydrogen in the alcohol) following a mechanism similar 

to the Meerwein–Ponndorf–Verley (MPV) reaction, with a requirement for having the 

two active sites for dehydrogenation and hydrogenation in close proximity [2.105]. The 

MPV mechanism was initially proposed for homogeneous systems where good results 

have been established in the liquid phase tandem hydrogenation of carbonyl compounds 

with alcohols [2.105]. Nonetheless, there has been several published studies [2.105,2.106] 

where it has been successfully employed in gas and liquid phase coupling processes over 

(metal supported) heterogeneous catalysts. Benzyl alcohol dehydrogenation in the 

coupled process following a MPV-like mechanism cannot be ruled out. Nonetheless, 

inhibited hydrogen removal in the direct (vs. stepwise) process has been demonstrated 

elsewhere [2.31] and is consistent with the decrease in dehydrogenation activity for the 

coupled (vs. stand-alone) process.  

The extracted styrene and benzaldehyde TOF (from conversions vs. time on-stream 

profiles, Figure 2.9) were used to establish the dependence between 

hydrogenation/dehydrogenation activity and copper oxidation state in the coupled 

process. The results are presented in Figure 2.11(II) where a linear correlation with 

respect to Cu+/Cu0 concentration for both reactions is in evidence. There are reports in 

the literature that demonstrate (via UV-PES and IR spectroscopy) alkyne adsorption on 
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both metallic [2.103] and electron deficient [2.107] copper sites. In the case of (Pt-group) 

metals with high H2 chemisorption capacity (i.e. H2/Metal mol ratio ≥1 [2.108]), it has 

been proposed that -C≡C- bond adsorption/activation is rate determining in 

phenylacetylene hydrogenation [2.108]. The ceria supported Cu+ facilitates 

adsorption/activation of the (electron-donating) -C≡C- group in phenylacetylene through 

an electrostatic interaction [2.109], where a higher concentration of electron deficient 

copper results in an increased specific hydrogenation rate. Phenylacetylene adsorption on 

Cu+ limits the number of active sites available for the adsorption of benzyl alcohol at the 

hydroxyl oxygen and serves to suppress hydrogenolysis to toluene (Figure 2.10(II)). It 

should be noted that IM15(773) with the highest chlorine content (Table 2.1) deviates 

somehow from the general trend. We tentatively attribute the lower hydrogenation 

activity over IM15(773) to consumption of the available hydrogen in the conversion of 

Cl to HCl, consistent with the findings of Ordóñez et al. [2.110] who showed a decrease 

of (toluene) hydrogenation activity that was accompanied by the release of HCl from the 

catalyst surface. In order to test this premise, we monitored the pH of an aqueous NaOH 

trap before, during and after reaction where the solution pH progressively decreased (from 

8.9) to reach 7.5 after 3 h as a result of HCl produced [2.111]. A similarly greater TOF 

with increasing Cu+/Cu0 ratio was recorded for the dehydrogenation of benzyl alcohol in 

the coupled process (Figure 2.11(II)). We envision a surface mechanism where 

phenylacetylene is adsorbed on Cu+ sites while benzyl alcohol is activated (via the -OH 

group) on Ce4+-O2- in close proximity to the copper nanoparticles. The uncoordinated α-

hydrogen of the alcohol attacks [2.98] the activated triple bond which removes the 

hydroxyl hydrogen (from benzyl alcohol) in a concerted fashion to form a (six-membered 

cyclic) activated complex yielding the simultaneous formation of styrene and 

benzaldehyde. An increase in Cu+ content on the catalyst surface results in enhanced 

dehydrogenation activity. A similar mechanism was proposed by Wang et al. [2.112] for 

the liquid phase coupled 1-octanol dehydrogenation with styrene hydrogenation over 

Cu/La2O2CO3, although the authors did not identify the copper oxidation state active in 

the tandem process. 

The catalytic results suggest that the production of styrene and benzaldehyde in the 

stand-alone and coupled processes is favoured predominantly by Cu0 and Cu+, 

respectively. This has been accounted for in terms of a change in (i) the rate-determining 

step in the hydrogenation (i.e. activation of H2 vs. -C≡C- bond in the stand-alone and 

coupled reactions, respectively) and (ii) dehydrogenation mechanism (i.e. stepwise vs. 
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concerted α-hydrogen elimination for stand-alone and tandem processes, respectively). 

Our results find agreement with reported modified catalytic response in hydrogenation of 

furaldehydes over Ru-catalysts, where metallic [2.113] and electron deficient [2.44] 

ruthenium species were identified as the active sites in the stand-alone and coupled 

reactions, respectively. Moreover, alcohol dehydrogenation in tandem processes over 

catalysts in which the active sites for dehydrogenation and hydrogenation are in close 

proximity, predominantly follow a MPV mechanism, where alcohol → hydrogen-

acceptor hydride transfer is rate-determining [2.98]. We must stress that a switch from 

stand-alone hydrogenation to the coupled dehydrogenation-hydrogenation process 

(without external hydrogen supply) resulted in full phenylacetylene → styrene 

conversion, i.e. 100% yield of the target vinyl monomer, with a remarkably greater (two 

orders of magnitude) hydrogen utilisation. This exceeds the highest yields reported for 

gas phase hydrogenation of phenylacetylene (ca. 31% using Pd/Al2O3 [2.8]) and 

commercial production of styrene through ethylbenzene dehydrogenation (ca. 70% 

[2.114]). DP1(573) delivered the highest specific hydrogenation rate with almost full 

hydrogen utilisation and, therefore, it was employed for further analyses.  

The H2/alkyne ratio is key in determining the rate of alkene production where 

changes in hydrogen partial pressure affect available hydrogen on the surface. With the 

aim of further enhancing overall catalyst performance, we examined the effect of 

modifying the Alcohol:Alkyne molar feed ratio; the results obtained are presented in 

Table 2.3.  

Table 2.3. Effect of Alcohol:Alkyne molar ratio on dehydrogenation of benzyl alcohol to benzaldehyde 

and hydrogenation of phenylacetylene to styrene turnover frequency (TOF, h-1; Eq. 2.7) and H2 utilisation 

efficiency (Eq. 2.8) in the coupled process over the Cu/CeO2 DP1(573) catalyst. Reaction conditions: T = 

498 K, P = 1 atm, nCu =1× 10-3 mmol. 

 Alcohol:Alkyne 

 0.1 1 18 31 95 191 

TOF (h-1) 
Dehydrogenation 70 110 490 530 660 1030 

Hydrogenation 100 115 375 275 150 118 

H2 utilisation efficiency (-) 1.0 1.0 1.2 2.2 5.3 10.4 

In each case, we achieved full selectivity to the target products (benzaldehyde and 

styrene). At Alcohol:Alkyne = 0.1 the amount of hydrogen generated in the 

dehydrogenation step is not sufficient to account for the recorded hydrogenation rate (i.e. 

70 vs. 100 h-1). Alkyne hydrogenation can be enhanced by contributions due to spillover 
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hydrogen (i.e. atomic hydrogen generated during activation via dissociative adsorption of 

H2 on supported metal sites that can migrate to the support). H2-TPD is a practical analysis 

that can be used to quantify spillover hydrogen. The greater than expected styrene TOF 

can be correlated with surface available hydrogen where H2-TPD is related to 

phenylacetylene consumption rate, closing the balance of H2 utilisation efficiency (i.e. 1 

vs. 0.8). An increase in Alcohol:Alkyne (1 → 18) served to elevate hydrogen generated 

in the dehydrogenation step (step (I), Figure 2.1) and styrene TOF (from 115 to 375 h-1) 

with 1.0-1.2 hydrogen utilisation efficiency. Reaction at greater Alcohol:Alkyne (31 → 

191) further enhanced hydrogen production to attain a similar TOF to that achieved in the 

stand-alone dehydrogenation (i.e. 1030 vs. 1046 h-1). This result further confirms reactant 

competition with inhibited stepwise conversion of benzyl alcohol, in the presence of 

phenylacetylene. Nonetheless, at high Alcohol:Alkyne ratio (≥31) we observed a decrease 

in styrene production where full hydrogen utilisation could not be maintained. The 

carbonyl group in benzaldehyde bears a higher electron density than the -C≡C- bond in 

phenylacetylene [2.115], with a consequent stronger interaction with Cu+ sites on CeO2. 

The higher production of benzaldehyde (at increased benzyl alcohol TOF) must decrease 

the number of active sites available for -C≡C- adsorption/activation (rate limiting in the 

hydrogenation step of the coupled process), lowering styrene TOF. The less effective 

hydrogen utilisation can be linked to low phenylacetylene surface coverage, where the 

amount of hydrogen generated is greater than that required for full transformation to 

styrene. We have achieved a significantly higher specific styrene production rate in the 

coupled process relative to reported value for stand-alone hydrogenation over Cu 

catalysts (375 h-1 vs. 0.2 h-1 [2.94]). 

The applicability of pseudo-first order kinetic treatment can be tested [2.56] using 

the relationship: 

Cu

i, 0 i

1
ln =

(1- )

n
 k

X F

   
   

    
                                             Eq. 2.9 

where nCu/Fi (s) represents the Cu molar ratio in the catalyst bed to reactant "i" (i.e. 

phenylacetylene or benzyl alcohol) inlet flow rate. The ln[1/(1-Xi, 0)] vs. nCu/Fi linear 

relationship for the coupled hydrogenation (IA) and dehydrogenation (IB) steps shown 

in Figure 2.12, confirms adherence to pseudo-first order behaviour. The sole formation 

of styrene and benzaldehyde was maintained in the 433-575 K temperature range. The 



 

52 

Chapter 2 
Phenylacetylene Hydrogenation Coupled with Benzyl Alcohol Dehydrogenation over Cu/CeO2: A 

Consideration of Cu Oxidation State  

Arrhenius plots for the hydrogenation Figure 2.12(IIA) and dehydrogenation (IIB) 

reactions in the coupled process delivered apparent activation energies of Eapp,hydrogenation 

= 75 kJ mol-1 and Eapp.dehydrogenation = 59 kJ mol-1, comparable with those obtained in the 

stand-alone reactions (Eapp,hydrogenation = 88 kJ mol-1, Eapp,dehydrogenation = 44 kJ mol-1; see 

Figure C.2 in Appendix C). 

 
Figure 2.12. (I) Pseudo-first order kinetic plot and (II) Arrhenius relationship for (A) hydrogenation of 

phenylacetylene to styrene and (B) dehydrogenation of benzyl alcohol to benzaldehyde in coupled process 

over DP1(573). Note: Solid (hydrogenation) and dashed (dehydrogenation) lines in (I) and (II) are the result 

of pseudo-first order kinetic and Arrhenius equation data fit, respectively. Reaction conditions: P = 1 atm, 

T = 433-573 K. 

We could not find any reported activation energy for a comparable phenylacetylene-

benzyl alcohol coupling system in the literature. However, the apparent values obtained 

are similar to those recorded for phenylacetylene hydrogenation (using an external 

hydrogen supply) over Pd/C [2.116] (55 kJ mol-1) and alcohol (ethanol [2.117] and 

propanol [2.104]) dehydrogenation over carbon- and SiO2-supported Cu catalysts (50-

115 kJ mol-1). We recorded a lower activation energy in the dehydrogenation step, further 
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demonstrating that hydrogen generation is not rate determining in phenylacetylene → 

styrene transformation. 

2.4 Conclusions 

The results in this study support the following conclusions: 

i. Activation in hydrogen of 1 and 15% wt. Cu/CeO2 prepared by deposition-

precipitation and impregnation over the temperature range 573-773 K generated 

supported Cu nanoparticles (2-13 nm) with oxidation states in the range Cu0 = 13-

77 %, Cu+ = 13-74 % and Cu2+ = 0-55% as confirmed by XPS, XRD and STEM-

EDX measurements. 

ii. The H2-TPR results are consistent with a stepwise Cu2+ → Cu+ → Cu0 

transformation with complete reduction of Cu2+ for the low loading samples 

bearing small (2-4 nm) metal nanoparticles. Inhibited H2 diffusion and weak metal 

support interactions for larger (7-13 nm) copper nanocrystals in the high loading 

Cu/CeO2 catalysts results in a mixture of Cu2+, Cu+ and Cu0 species post- H2-TPR; 

the presence of bigger metal particles increases the temperature requirements for 

the reduction of the copper phase. 

iii. The generation of styrene and ethylbenzene via partial- and full-hydrogenation 

was observed in the stand-alone gas phase hydrogenation of phenylacetylene with 

low H2 utilisation efficiency. Although the copper oxidation state did not impact 

significantly on product distribution, we demonstrate a greater turnover frequency 

(TOF) over samples with increased Cu0/Cu+ attributed to elevated uptake capacity.  

iv. Benzyl alcohol dehydrogenation produced benzaldehyde (over metallic copper) 

and toluene (via C-OH hydrogenolysis over Cu+). 

v. The coupled dehydrogenation-hydrogenation of benzyl alcohol with 

phenylacetylene over all the Cu/CeO2 catalysts resulted in the sole formation of 

the targets benzaldehyde and styrene products. An increase in Cu+/Cu0 was 

accompanied by an enhanced specific styrene and benzaldehyde production rate 
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(TOF). We can account for this response on the basis of variations in the rate-

determining step (in hydrogenation) and reaction mechanism (in 

dehydrogenation) for the coupled vs. stand-alone processes. Reaction exclusivity 

was maintained over the temperature range 433-573 K (Eapp,hydrogenation = 75 kJ 

mol-1 and Eapp,dehydrogenation = 59 kJ mol-1) to attain 100% yield of styrene. 

vi. Full hydrogen utilisation and greater (up to 3-times) styrene TOF was recorded in 

the coupled dehydrogenation-hydrogenation process relative to the stand-alone 

reaction. Our results establish a basis for the development of a sustainable 

hydrogen-free continuous process for the production of high value 

alkenes/ketones using a non-noble copper catalyst. 
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CONTINUOUS FURFURYL ALCOHOL PRODUCTION via COUPLED 

DEHYDROGENATION-HYDROGENATION  

OVER SUPPORTED Cu AND Au CATALYSTS:  

A CONSIDERATION OF HYDROGEN GENERATION AND TRANSFER 

 

Critical Review. The previous chapter has demonstrated the feasibility of coupling the 

hydrogen generated in situ from alcohol dehydrogenation with alkyne hydrogenation over 

monometallic copper-based catalysts, where a maximum 3-fold enhancement (with full 

hydrogen utilisation) in hydrogenation rate relative to the stand-alone process was 

obtained. The introduction of a second metal can serve to increase the catalytic efficiency 

(activity/selectivity/stability) of the coupled system. Moreover, a switch from fossil fuel-

based chemicals (i.e. phenylacetylene and benzyl alcohol) to biomass-derived molecules, 

as substrates for the hydrogenation and dehydrogenation steps, should positively impact 

on process sustainability.  

In the present project a process based on continuous coupled dehydrogenation 

+ hydrogenation of 2-butanol with furfural for the simultaneous production of 2-butanone 

(intermediate in the plastics, coatings and films industry [3.1]) and furfuryl alcohol 

(intermediate in the production of thermoplastic resins, rubbers, adhesives, lysine and 

vitamin C [3.2,3.3]) was developed. Gold was chosen as the metal to promote selective 

hydrogenation. The study of the dynamics of hydrogen generation and transfer from 

copper to gold sites was the main objective of the project, with the aim to optimise the 

hydrogenation step in the coupled system both in terms of furfuryl alcohol productivity 

(i.e. process efficiency) and hydrogen utilisation (i.e. process sustainability). The results 

have been published in Molecular Catalysis [3] and are reported in this Chapter with 

permission from the publisher. I shall declare my contribution: project conceptualisation, 

design of the experiments, experimental work, data analysis/interpretation and 

manuscript elaboration. Co-authors F. Cárdenas-Lizana and M.A. Keane supervised the 

project and provided advise during the preparation of the manuscript, L. Collado provided 

assistance in manuscript editing, whereas R. Aguado-Molina and S. Martín-Treceño 

helped in gathering the experimental data.  

All the reactions (i.e. standard furfural hydrogenation, standard 2-butanol 

dehydrogenation and the coupled furfural + 2-butanol system) were carried out in a 

https://www.sciencedirect.com/science/article/pii/S2468823120301668?casa_token=EE4AX5kvPaMAAAAA:llsieQwF4G9jEVskHoiFrqzHdryH0lqDV9SeLggnraP3PWzY1VnaEognxwwDMhGXljlerGCTAw
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continuous fixed-bed tubular reactor operating at atmospheric pressure and T = 453 K, 

while conventional processes are conducted in batch systems. The catalytic bed consisted 

of a physical mixture of gold and copper catalyst(s) (i.e. reduced separately under H2 at 

573 K by temperature programmed reduction (H2-TPR)). The mechanism involved in the 

hydrogen transfer process was studied through (i) catalytic reactions adopting two 

configurations for the catalytic bed (i.e. a single Cu/oxide + Au/CeO2 bed and a dual 

Cu/oxide (atop)- inert glass wool- Au/CeO2 (bottom) bed) and (ii) thermogravimetric 

analysis (TGA) of the spent catalysts. The sustainability of the process was evaluated 

making use of the well-known E-factor, defined by Sheldon [3.4] as the ratio of waste 

produced (i.e. mass of unreacted furfural + 2-butanol + H2 + N2 in the outlet gas stream) 

to product(s) synthesised (i.e. furfuryl alcohol + 2-butanone). 

Standard furfural hydrogenation, using an external supply of H2, was first 

investigated; ceria supported Au (mean size = 3.5 nm from STEM) was used as catalyst. 

Hydrogenation to furfuryl alcohol was the only reaction promoted (i.e. 100% selectivity), 

with no evidence of hydrogenolysis to 2-methylfuran, decarbonylation to furan and/or 

ring reduction to tetrahydro furfuryl alcohol. However, less than 1% of the hydrogen 

supplied was utilised, with an associated E-factor of 430 (i.e. acceptable value for the 

production of fine chemicals in the range 1-50). The high E-factor can be attributed to the 

low hydrogen chemisorption capacity of Au, in line with H2 pulse titration experiments. 

Coupling with alcohol dehydrogenation (which serves as in situ hydrogen donor) was 

proposed as an alternative strategy to improve hydrogen utilisation and hydrogenation 

activity by chemoselective gold catalysts. The selection of the alcohol (2-butanol) in the 

tandem process was based on the formation of a co-product from dehydrogenation with 

associated high-value, i.e. 2-butanone. However, a second metal was required to promote 

the dehydrogenation step since no conversion was detected over Au/CeO2. The results of 

the previous chapter, in conjunction with reports in the literature [3.5,3.6], indicate copper 

is an active metal in alcohol dehydrogenation. In Chapter 2 copper catalysis was 

investigated in terms of the nature of active phase (i.e. Cu0 and Cu+) for the promotion of 

dehydrogenation (vs. dehydration) in the stand-alone (vs. coupled) process. In this project, 

the mechanism of hydrogen generation was studied by evaluating the effect of different 

oxides (e.g. Al2O3, ZrO2, SiO2, TiO2 and CeO2) for Cu particles in the nano-scale range 

(mean size 2-3 nm). A critical prerequisite for the coupled system, in order to ensure 

sufficient H2 supply, is that the rate of hydrogen production must be greater than that of 

the hydrogenation step. This prerequisite was met where all the supported Cu catalysts 



 

64 

Chapter 3 
Continuous Furfuryl Alcohol Production via Coupled Dehydrogenation-Hydrogenation over 

Supported Cu and Au Catalysts: A Consideration of Hydrogen Generation and Transfer 

promoted exclusive and time invariant formation of the target 2-butanone over 3 hour on-

stream, with dehydrogenation rates higher than the hydrogenation rate over Au/CeO2. 

Hydrogen production was shown to linearly increase with the Lewis basicity of the oxide 

support (quantified in terms of partial negative charge of the oxygen in the oxide, -qO), 

where greater electron density of the oxygen in the oxide facilitates the extraction of the 

hydroxyl hydrogen, identified as the rate-determining step in (aliphatic) alcohol 

dehydrogenation [3.7]; the highest rate was recorded over Cu/CeO2. The coupled process 

was then investigated. Two principal questions were addressed by testing the coupled 

system: (i) does the hydrogen produced in situ recombine to form molecular H2 or spill 

over as activated species? and (ii) in case of spillover, how does the transfer between the 

two catalysts happen? The first point was investigated by comparing the hydrogenation 

rates obtained in the stand-alone, single bed configuration and dual bed configuration 

coupled processes using Cu/CeO2 and Au/CeO2. A comparable hydrogenation activity 

(per mole of active Au) for the stand-alone and coupling process using a dual bed 

configuration was recorded. On the other hand, a 28-fold greater activity in the coupled 

process was obtained over the single bed configuration. This result suggests that, when 

the two catalysts are separated, the hydrogen generated over Cu on the top bed is 

transferred to the bottom bed where it is adsorbed/activated by gold (as for standard 

hydrogenation). In contrast, in case of the single bed configuration, the direct contact 

between Cu and Au allows the transfer of activated hydrogen species, circumventing the 

activation of molecular hydrogen. The impact of the support on hydrogen spillover was 

investigated using a single bed configuration and physical mixtures of 

Au/CeO2 + Cu/Oxide. Under the same reaction conditions, exclusive formation of 2-

butanone/furfuryl alcohol and a higher hydrogenation rate (vs. stand-alone) was achieved 

over all the systems in the coupled process. This demonstrates effective use of the 

hydrogen generated in situ via dehydrogenation of 2-butanol. The different Au/Cu 

combinations were characterized by a range of modified hydrogen utilization efficiencies, 

from 100% (Au/CeO2+Cu/CeO2) to 30% (Au/CeO2+Cu/SiO2). This is accounted for on 

the basis of hindered or facilitated hydrogen transfer over insulating and reducible oxides, 

respectively. Insights into the transfer mechanism were obtained via TGA which 

demonstrated that Cu → Au hydrogen transfer was favored by coke. Indeed, layers of soft 

coke (mass loss at T > 420-700 K from TGA) allowed the spillover of hydrogen as a 

proton-electron couple, in a similar manner to that on reducible supports. In Chapter 2 a 

direct correlation between hydrogenation rate and hydrogen release was demonstrated (in 

the coupled system) by changing the Alcohol:Alkyne molar ratio. This dependence was 
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further confirmed using the combination Au/CeO2 + Cu/CeO2 with Cu:Au molar ratio 

over the 12–30 range, where increasing hydrogenation rates were recorded with higher 

H2 production. Reaction over the novel coupled system served to attained a 70-fold 

greater hydrogenation rate (relative to stand-alone hydrogenation), full H2 utilisation and 

215 times lower E-factor (2 vs. 430). 

The results obtained from this study demonstrate that Au- and Cu-based catalysts are 

suitable for chemoselective carbonyl group hydrogenation and -OH dehydrogenation, 

respectively, in stand-alone and coupled processes. Considering the stand-alone reactions, 

the full selectivity towards furfuryl alcohol and 2-butanone represents an improvement 

relative to results reported over Pt-group metals [3.8] as standard metals for furfural 

hydrogenation, and other Cu-based catalysts for liquid [3.9] and gas phase 2-butanol 

dehydrogenation [3.10]. Moreover, although the conversion of furfural in coupled process 

has been recently reported over Fe-based [3.11,3.12] and alumina [3.13] catalysts, the 

selectivity to furfuryl alcohol was <90%. In such systems the occurrence of esterification 

reactions of furfural with the alcohol used as hydrogen donor (e.g. 2-propanol, ethanol 

and 1-butanol [3.14,3.15]) negatively affects furfuryl alcohol selectivity. The absence of 

undesired reactions in this study is a novel outcome that can serve to expand the field of 

catalytic applications of gold-based catalysts. 

A key aspect of this PhD is the development of tandem catalysis for the 

implementation of chemical process sustainability. According to the 6th principle of green 

chemistry, “if possible, synthetic methods should be conducted at ambient pressure”, 

whereas principles #11 and #12 state the importance of real-time analysis and safer 

chemistry to prevent from pollution and accidents [3.16]. Operation in continuous mode 

offers clear advantages for large scale production of [3.17] and the Green Chemistry 

Institute and American Chemical Society recommends a move from batch to flow systems 

as a strategy to achieve sustainable chemical production [3.18]. A search through the open 

literature revealed typical hydrogenation routes adopt high pressures (20-60 bar) 

[3.2,3.19] required to solubilize H2 in the reactive mixture of liquid batch systems, while 

coupling of furfural hydrogenation with alcohol dehydrogenation is performed 

exclusively in batch mode [3.20,3.21]. The continuous gas phase and atmospheric 

pressure reactions carried out in this study apply the aforementioned principles (as 

discussed in Chapter 1), representing a more sustainable novel approach. 
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The interest in the mechanism of hydrogen generation and transfer arises from the 

fact that furfural consumption rate is sensitive to the concentration and mobility of 

reactive surface hydrogen species. For the first time, a direct correlation between 

dehydrogenation activity and support Lewis basicity was demonstrated where reports in 

the literature have been limited to investigations on the effect of support Brønsted groups 

on alcohol (isopropyl [3.22] and benzyl alcohol [3.23]) dehydrogenation activity. An 

understanding of the (aliphatic) alcohol dehydrogenation mechanism (i.e. adsorption at 

the Cu-support interface with alkoxide intermediate formation as rate-limiting) can help 

to tailor the synthesis of active catalysts with high copper dispersion on (strong) basic 

oxides. Hydrogen spillover is a well-known phenomenon [3.24] and hydrogen diffusion 

across a solid-solid boundary was demonstrated [3.25,3.26]. The differences in the nature 

and mobility of hydrogen on reducible vs. non-reducible oxides was discussed in a recent 

paper by Wang et al. [3.27]. They reported the movement of hydrogen as H atoms on 

non-reducible supports (e.g. as in Cu/SiO2) or as electron/proton couple on reducible 

supports (e.g. as in Au/TiO2), where the latter is faster and occurs over longer distances 

[3.28]. However, up to date, the bulk of the work in this area has been performed using 

pure H2 over “defect-free” oxide surfaces [3.27] and under conditions significantly 

different from those in catalytic transfer hydrogenations. The use of laboratory 

synthesised Au/CeO2 + Cu/Oxide physical mixtures for the in situ hydrogen 

production/utilization in hydrogenation in a system that operates in the absence of an 

external supply of hydrogen represents a new application of the spillover phenomenon. 

Moreover, the results obtained indicate that generation of light hydrocarbons during 

reaction promote hydrogen transfer.  

In conclusion, the results obtained in this study demonstrate that coupled in situ 

hydrogen generation via dehydrogenation with hydrogenation is a sustainable and 

efficient alternative route to valuable products. The continuous production of furfuryl 

alcohol (with 70-fold greater hydrogenation rate vs. stand-alone process) and 2-butanone, 

which can be easily separated by distillation (90 K difference in boiling points), improves 

process economy. Moreover, the coupled Au/CeO2 + Cu/CeO2 is presented as new 

catalytic system for the tandem process, where the bifunction nature (i.e. supported metal 

and basic sites on the support) and redox properties are beneficial for process selectivity 

and efficiency. Ultimately, it is worth noticing that, on the base of the promising results 

generated in this study, it was possible to design an effective bimetallic Au-Cu/CeO2 
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catalyst for the selective hydrogenation of a range of m-fuladehydes coupled with alcohol 

dehydrogenation (topic of Chapter 4) with the aim to achieve process intensification.  

3.1 Introduction 

Catalytic hydrogenation is a core process in the chemical industry that is typically 

conducted batch-wise in an excess of pressurised H2 to maximise product yield [3.29]. 

Current hydrogen production involves high temperature reforming processes [3.30]. 

Issues of safe handling, sustainable synthesis (12 kg CO2 generated per kg H2) and 

(production and distribution) cost [3.30] are the drivers for the search of alternative 

hydrogen sources and/or hydrogen donors. Catalytic transfer hydrogenation typically 

employs an organic hydrogen carrier (i.e. sacrificial donor) in tandem with a 

homogeneous catalyst [3.31] where generation of stoichiometric quantities of organic 

waste requires multiple separation/purification steps to isolate the target product and 

facilitate catalyst reuse [3.31]. The potential of heterogeneous catalysts (e.g. Pd [3.32], 

Ru [3.33], Fe [3.12], Pt [3.34] and Cu [3.35]) has been flagged [3.36] but work to date 

has focused on batch liquid systems that suffer from high operating pressure (typically 

20-45 bar) [3.37,3.38], formation of by-products [3.39] and separation requirements for 

catalyst reuse.  

The feasibility of coupling endothermic and exothermic reactions over heterogeneous 

catalysts has been addressed in a recent review by Siddiki et al. [3.40]. We examine here 

an ambient pressure continuous coupling of (endothermic) non-oxidative 

dehydrogenation with (exothermic) hydrogenation to generate two valuable products 

without an external hydrogen supply. As shown in Figure 3.1(A), dehydrogenation (Step 

I) releases hydrogen (with Product 1) that is transferred (Step II) and used in 

hydrogenation with the formation of Product 2 through Step III. This requires two 

different active sites for hydrogen production and utilisation. We have focused on the 

continuous dehydrogenation/hydrogenation of biomass-derived 2-butanol/furfural 

[3.41,3.42] to valuable 2-butanone (1.2 million tons world production per year [3.43]) 

and furfuryl alcohol (130,000 tons world production per year [3.44]) (Figure 3.1(B)), 

which can be readily separated by distillation due to the (90 K) difference in boiling points 

[3.45]. Prior work has established selective furfural → furfuryl alcohol hydrogenation 

over supported Au catalysts [3.46], while alcohol → carbonyl compound hydrogen 

transfer is possible through a Meerwein-Ponndorf-Verley (MPV) mechanism when the 
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active sites for -OH and -C=O adsorption/activation are in close proximity [3.47]. 

Moreover, we have demonstrated viable coupling of (2-butanol → 2-butanone) 

dehydrogenation with furfural hydrogenation over a physical mixture of 

Cu/SiO2+Au/CeO2 [3.48]. 

 
Figure 3.1. (A) Schematic for the proposed coupled process; (B) reaction scheme for 2-butanol 

dehydrogenation to the target (I) 2-butanone and undesired ((II) dehydration to butene and (III) 

dimerisation to octanone and/or octanol isomers) by-products, furfural hydrogenation to the target (IV) 

furfuryl alcohol and undesired ((V) decarbonylation to furan, (VI) hydrogenolysis to 2-methylfuran and 

(VII) ring reduction to tetrahydro-furfuryl alcohol) by-products and (VIII) coupled dehydrogenation-

hydrogenation. Note: Solid arrows in (B) denote target reactions while dashed arrows indicate routes to 

undesired products and dotted arrows illustrate the coupled cycle, respectively. 

 

Hydrogenation rate in the coupled system is governed by the supply of hydrogen 

which depends on the amount (i) generated in 2-butanol conversion and (ii) transferred 

across the surface of the carrier. Alcohol adsorption/activation occurs at the Cu-oxide 

interface with the hydrogen-end binding to support basic sites [3.49]. The studies that 

have reported a catalytic response for alcohol (e.g. isopropyl [3.22] and benzyl alcohol 

[3.23]) dehydrogenation towards changes in catalyst basicity are scarce [3.22,3.23], 

although they point to higher activity with increased basicity. The Lewis basicity 
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(capacity for electron donation) of the carrier can impact on the cleavage of the O-H bond, 

but we could find no reported correlation with hydrogen production. In addition, the redox 

nature of the oxide carrier can impact on the nature and mobility of hydrogen, as discussed 

in a recent paper by Wang et al. [3.27]. Up to date, most of the work has been conducted 

with pure H2 over perfect/clean oxide surfaces [3.28] and under conditions that differ 

significantly from those in standard transfer hydrogenation reactions using 

homemade/commercial oxide carriers. 

Herein, we evaluated the role of the support in determining hydrogen generation and 

transfer capacity with a view to maximising furfuryl alcohol production. We have 

examined a group of oxides (Al2O3, ZrO2, SiO2, TiO2 and CeO2) and addressed hydrogen 

utilisation efficiency by direct comparison with conventional hydrogenation using an 

external supply of hydrogen. The sustainability of the coupling process was quantified 

using the green metric environmental factor (E-factor, kgwaste kgproduct
-1) [3.4]. 

3.2 Materials and Methods 

3.2.1 Materials 

The supports employed in this study (Al2O3, ZrO2, SiO2, TiO2 and CeO2) were 

obtained from Sigma-Aldrich and used as received. All the gases used in this work (O2, 

H2, N2 and He) were of ultra high purity (>99.99%, BOC). Furfural (≥99%), furfuryl 

alcohol (≥99%), 2-methyl furan (99%), tetrahydrofurfuryl alcohol (99%), furan (≥99%), 

2-butanol (≥99%), 2-butanone (≥99%), octanone (98%) and octanol (≥99%) were 

purchased from Sigma Aldrich and used without further purification. 

3.2.2 Catalyst Preparation and Activation 

Au/CeO2 was prepared by deposition-precipitation using urea (99%, Riedel-de Haën) 

as basification agent. An aqueous solution of urea (100 fold excess) and HAuCl4 (6 × 10-

4 M, 300 cm3; 99%, Sigma-Aldrich) was added to the support (5 g) and the suspension 

stirred and heated to 353 K under reflux (2 K min-1). The pH progressively increased to 

reach 7 after 3-4 h as a result of thermal decomposition of urea. Copper on Al2O3, ZrO2, 

SiO2, TiO2 and CeO2 was prepared by an equivalent deposition-precipitation procedure 

using Cu(NO3)2 (3 × 10-3 M, 300 cm3; 99%, Sigma-Aldrich) as metal precursor. The 

NaOH (2 M; ≥97%, Fisher Scientific) base was added to an aqueous solution of the metal 
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precursor containing the support (5 g) until pH = 10, heated to 353 K and aged under 

vigorous stirring for 4 h to ensure homogeneous deposition of Cu(OH)2 [3.50]. The solid 

was separated by filtration, washed with distilled water until pH = 7 and dried in 45 cm3 

min-1 He at 373-393 K overnight. The catalyst precursors were sieved (ATM fine test 

sieves) to mean particle diameter dcatalyst = 75 μm and activated at 2 K min-1 to 573 K in 

60 cm3 min-1 H2. After activation, the catalysts were cooled to ambient temperature and 

passivated in 1% v/v O2/He for off-line characterisation. 

3.2.3 Catalyst Characterisation 

The Au and Cu loading was determined 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). H2-Temperature programmed reduction (H2-

TPR) /desorption (H2-TPD), H2 chemisorption and total specific surface area (SSA) 

measurements were conducted on the commercial CHEM-BET 3000 (Quantachrome 

Instrument) unit with data acquisition/manipulation using the TPR WinTM software 

(version 1.0). Samples were loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) and 

heated in 17 cm3 min-1 (Brooks mass flow controlled) 5% v/v H2/N2 at 2 K min-1 to 573 

K, swept with 65 cm3 min-1 N2 for 1.5 h, cooled to 453 K and subjected to H2 

chemisorption by pulse (10-20 μL) titration. In blank tests, there was no measurable H2 

uptake on the support alone, whereas hydrogen consumption during activation was 

corrected using H2-TPD (50 cm3 min-1, N2, 50 K min-1 to 1073 K for 1 h) recorded in 

parallel directly after TPR to explicitly determine hydrogen utilised in the reduction of 

oxide support. The SSA values were recorded with a (30 cm3 min-1) 50% v/v N2/H2 flow 

using the standard single-point BET method. Prior to analysis, the samples were 

outgassed at 423 K for 1 h in N2. SSA and H2 uptake values were reproducible to within 

±5% and the values quoted in this paper are the mean. X-ray diffractograms (XRD) were 

recorded on a Bruker/Siemens D500 incident X-ray diffractometer using Cu Kα radiation, 

scanning at 0.02º per step over the range 10º ≤ 2θ ≤ 85º. The diffractograms were 

identified against the JCPDS-ICDD reference standards, i.e. CeO2 (43-1002), Au (04-

0784) and Cu (04-0836). Metal particle size and shape post- H2-TPR was examined by 

scanning transmission electron microscopy (STEM) on a JEOL ARM 200CF 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 

ADF1 detectors under the control of a Gatan DigiScan II, employing Gatan 
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DigitalMicrograph software (version 2.31) for data acquisition/manipulation. Samples 

were prepared for analysis by dry deposition on a holey carbon/Ni grid (300 Mesh). The 

surface area weighted mean metal size (d) was based on a count of up to 800 particles: 

3

i i

2

i i

i

i

n d

d
n d



=





               Eq. 3.1 

where ni is the number of particles of diameter di. Thermogravimetric analysis (TGA) 

before and after reaction was employed to determine the presence and type (e.g. light 

hydrocarbons (soft coke) at 473 ≤ T < 673 K, bulky hydrocarbons (hard coke) at 673 ≤ T 

< 873 K and carbon layers at T ≥ 873 K, [3.51,3.52]) of carbonaceous materials deposited 

on the catalyst surface as a result of reactant/product decomposition [3.53] using a 

LINSEIS STA PT 1600 instrument equipped with a Type S 240 furnace (RT-1773 K). 

Samples (13 × 10-3 – 23 × 10-3 g) were placed in an alumina crucible (i.d. = 7 mm, volume 

0.3 cm3) and heated in 100 cm3 min-1 N2 (Platon NGX), at 10 K min-1 to 973 K. 

3.2.4 Catalytic Procedure 

Reactions (stand-alone hydrogenation of furfural (in H2), independent 

dehydrogenation of 2-butanol (in N2) and coupled dehydrogenation-hydrogenation of 2-

butanol/furfural (in N2)) were carried out at atmospheric pressure and 453 K, in situ after 

catalyst activation in a continuous flow fixed-bed tubular reactor (dreactor = 15 mm). A 

schematic of the gas phase reactor system (Scheme A.1) is provided in Appendix A. 

Reaction conditions were selected to ensure negligible internal/external mass and heat 

transfer limitations. A layer of borosilicate glass beads served as preheating zone where 

the organic reactant(s) was(were) vaporised and reached reaction temperature before 

contacting the catalyst bed. Isothermal conditions (±1 K) were maintained by diluting the 

catalyst with ground glass (75 µm). Catalytic performance in a dual bed configuration 

(Cu/CeO2 on the top bed and Au/CeO2 in the bed below) was examined where each bed 

was separated by layer (15 mm) of glass wool (see Scheme A.2 in Appendix A); catalyst 

activation followed the procedure described above. Reaction temperature was 

continuously monitored by a thermocouple inserted in a thermowell within the catalyst 

bed. The reactant(s) was(were) delivered to the reactor at a fixed flow (2 × 10-2 cm3 min-

1) via a glass/teflon air-tight syringe and teflon line using a microprocessor controlled 
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infusion pump (Model 100 kd Scientific). Dehydrogenation was conducted in a co-current 

flow of N2 (20 cm3 min-1) with 2-butanol at GHSV (i.e. ratio of inlet gas flow rate 

(organic(s)+N2 or H2) to catalyst bed volume) = 3 × 103 h-1 and molar Cu (or Au, ncatalyst) 

to reactant feed rate (ncatalyst/Fi) = 2 × 10-4 – 4 × 10-4 h. Stand-alone hydrogenation was 

carried out in a co-current flow of H2 (20 cm3 min-1) with furfural maintained at GHSV 

= 3 × 103 h-1 with ncatalyst/Ffurfural = 1 × 10-3 h, where the H2 content was 90 times in excess 

to the stoichiometric requirement for furfuryl alcohol production. The coupled reaction 

was conducted in N2 (20 cm3 min-1) at GHSV = 3 × 103 h-1, ncatalyst/Ffurfural = 8 × 10-5 – 3 

× 10-4 h, with Cu:Au molar ratio in the range of 12-48. In a series of blank tests, passage 

of each reactant in a stream of H2 or N2 through the empty reactor or over the (Al2O3, 

ZrO2, SiO2, TiO2 and CeO2) support alone or in a H2 flow (stoichiometric H2/Furfural 

molar ratio = 1) over Au/CeO2 did not result in any detectable conversion. The reactor 

effluent was analysed by capillary GC (Perkin-Elmer Auto System XL gas 

chromatograph equipped with a programmed split/splitless injector and a flame ionisation 

detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary 

column (J&W Scientific)). Data acquisition and manipulation were performed using the 

TurboChrom Workstation (version 6.3.2) chromatography data system. Reactant (i) 

conversion (Xi) is defined by: 
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i
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reactant reactant
(%) 100

reactant

−
= X                 Eq. 3.2 

and selectivity (S) to product (j) is given by: 
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−
jS                Eq. 3.3 

where the subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 

Catalytic activity is also quantified in terms of (i) initial rate (r0 reaction,process), obtained 

from time on-stream measurements (Appendix B.1) [3.54], according to: 

0 reaction,process

catalyst


= i iF X

r
n

                Eq. 3.4 



 

73 

Chapter 3 
Continuous Furfuryl Alcohol Production via Coupled Dehydrogenation-Hydrogenation over 

Supported Cu and Au Catalysts: A Consideration of Hydrogen Generation and Transfer 

where the subscripts “reaction” and “process” refer to the dehydrogenation (D) or 

hydrogenation (H) reactions in the coupling and/or stand-alone processes and (ii) turnover 

frequency (TOF, h-1; rate per active site) calculated based on metal dispersion from 

microscopy analysis as described elsewhere [3.55].  

Hydrogen utilisation efficiency in the stand-alone hydrogenation vs. coupled process was 

assessed by: 

2
2

2

H  supplied
H  utilization efficiency

H  consumed
=                 Eq. 3.5 

where H2 supplied is the amount provided ((i) from an external gas cylinder supply or (ii) 

via alcohol dehydrogenation) while H2 consumed represents the molar hydrogen utilised 

in the conversion of furfural corrected with the surface hydrogen post- H2-TPR from H2-

TPD. Repeated reactions using different samples from the same batch of catalyst 

delivered raw data reproducibility and mass balance within ±7%. The E-factor was 

determined according to the method described by Sheldon [3.4], as the ratio of waste 

produced (i.e. mass of unreacted furfural+2-butanol+H2+N2 in the outlet gas stream) to 

product synthesised (i.e. furfuryl alcohol+2-butanone). 

3.3 Results and Discussion 

3.3.1 Conventional Stand-alone Furfural Hydrogenation 

The physico-chemical properties of the Au/CeO2 catalyst are presented in Table 3.1. 

Total specific surface area (SSA) was lower than the ceria support (49 m2 g-1), suggesting 

pore blockage by the metal component [3.56]. The H2 temperature programmed reduction 

(H2-TPR) profile for Au/CeO2 (Figure 3.2(I)) presents a maximum at 420 K with a 4-

fold greater H2 consumption relative to the amount required for the Au3+ → Au0 reduction 

(Table 3.1), indicative of partial support reduction at the Au-CeO2 interface [3.57]. The 

powder X-ray diffraction (XRD) pattern of Au/CeO2 (Figure 3.2(II)) matched that of 

CeO2 with a cubic fluorite structure (JCPDS-ICDD reference 43-1002). There were no 

detectable diffraction peaks for gold, suggesting metal nanoparticles <5 nm [3.58]. 
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Table 3.1. Physico-chemical characteristics of the Au/CeO2 catalyst. 

 Au/CeO2 

Metal loading [% wt.] 1 

SSA [m2 g-1] 40 

H2-TPR 
Tmax,TPR [K] 420 

H2 consumption [μmol g-1] 299a/69b 

d [nm] 3.5 ± 0.9 

H2 chemisorption [µmol gmetal
-1]c 65 

afrom TPR measurement; btheoretical for Au3+ → Au0; cAu; cH2 titration at 453 K. 

The representative scanning transmission electron microscopy (STEM) image 

(Figure 3.2(III)) confirms the formation of nano-scale Au particles (Figure 3.2(IV)) with 

a mean size of 3.5 nm. 

 
Figure 3.2. Au/CeO2: (I) H2-TPR profile, (II) XRD pattern, (III) representative STEM image with (IV) 

associated Au particle size distribution. Note: XRD peak assignments in (II) based on JCPDS-ICDD 

reference data: (■) CeO2 (43-1002). 
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Small (≤5 nm) gold nanoparticles with a high concentration of (low-coordination) Au 

edge and corner positions [3.59,5.60], active sites for hydrogen adsorption/activation 

[3.61], are essential for significant catalytic activity in hydrogenations [3.59]. 

In standard furfural hydrogenation using an external supply of H2, Au/CeO2 

promoted exclusive furfural → furfuryl alcohol transformation. In contrast, 

decarbonylation (to furan (path V) in Figure 3.1(B)), hydrogenolysis (to 2-methylfuran 

(path VI)) and/or ring reduction (to tetrahydro furfuryl alcohol (path VII)) have been 

reported for gas phase reaction over (Ta2O5, SiO2, Al2O3, TiO2) supported Pt, Ni and Pd 

catalysts [3.8]. The Au/CeO2 catalyst exhibited a decline in conversion to reach a pseudo-

steady state after ca. 2 h on-stream (see Figure 3.3).  

 
Figure 3.3.Variation of furfural conversion (Xfurfural, %) with time on-stream (t, min) in stand-alone 

hydrogenation over Au/CeO2 (⨯) and coupling process using a double bed configuration with Cu/CeO2 on 

top and Au/CeO2 below (□) and a single bed containing a physical mixture of Cu/CeO2+Au/CeO2 (◇). 

Reaction conditions: T = 453 K, P = 1 atm, Cu:Au = 12. 

 

The extracted specific furfuryl alcohol production rate (TOF = 171 h-1) was 

significantly greater than that recorded under similar reaction conditions (453 K) over 

(SiO2) supported Pt (133 h-1 [3.62]) and Ni (<1 h-1 [3.63]) catalysts. High selectivity to 

the target alcohol is a crucial requirement, but H2 utilisation must also be addressed in 

terms of overall process sustainability [3.16]. Less than 1% of the H2 supplied was used 

in hydrogenation over Au/CeO2 (i.e. 3 × 10-5 mol h-1 consumed vs. 32 × 10-3 mol h-1 

supplied) with a high associated E-factor = 430, indicative of serious inefficiency [3.4]. 

Hydrogen dissociation is rate-determining in aldehyde hydrogenation over Au [3.64] and 
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the low hydrogen utilisation can be attributed to a limited capacity of Au to chemisorb 

and activate hydrogen [3.65]. This is consistent with the significantly lower H2 uptake for 

Au/CeO2 (65 μmol gmetal
-1; Table 3.1) relative to values reported for supported Pd and Pt 

catalysts with similar metal loading (1460-1870 μmol gmetal
-1) [3.66,3.67]. 

Atomic hydrogen is generated stepwise during alcohol dehydrogenation over zero 

valent transition metal (e.g. Ni, Pt, Cu) catalysts [3.68–3.70]. This active form generated 

in situ can migrate from the metal nanoparticle to the support, along the oxide surface 

[3.71] and across solid/solid grain boundaries [3.72], to participate in hydrogenation 

[3.73] (Step II in Figure 3.1(A)). This supply of active hydrogen in the coupling 

dehydrogenation-hydrogenation circumvents the limitations associated with H2 activation 

by Au while retaining the inherent reaction selectivity. An essential requirement for 

effective coupling is that dehydrogenation proceeds at an equivalent or greater rate than 

hydrogenation to ensure sufficient hydrogen supply. There was no detectable activity in 

stand-alone dehydrogenation (2-butanol in N2) using Au/CeO2 and a second metal is 

required to promote hydrogen generation from 2-butanol transformation. Copper 

supported on oxides [3.6,3.74,3.75] and carbon [3.5] is effective in gas phase (423-573 

K) dehydrogenation (of cyclohexanol [3.74,3.75], n-pentanol [3.6] and ethanol [3.5]) and 

was accordingly chosen as our test catalyst. 

3.3.2 Hydrogen Generation from 2-Butanol Dehydrogenation 

A range of oxide carriers were chosen to evaluate the effect of the support on 

hydrogen production for a similar Cu loading (2-4% wt., Table 3.2). 

Table 3.2. Physico-chemical characteristics of oxide supported Cu catalysts. 

 Cu/Al2O3 Cu/ZrO2 Cu/SiO2 Cu/TiO2 Cu/CeO2 

Metal loading [% wt.] 2.5 3.3 2.7 1.9 3.5 

SSA [m2 g-1] 143 52 201 47 38 

H2-TPR 

Tmax,TPR [K] 497 481 527 423 453 

H2 consumption 

[μmol g-1] 
340a/393b 526a/519b 447a/425b 336a/299b 701a/551b 

afrom TPR measurement; btheoretical for Cu2+ → Cu0. 

 

The total surface area, which ranged from 38 m2 g-1 (Cu/CeO2) to 201 m2 g-1 

(Cu/SiO2), is in agreement with values recorded elsewhere [3.76,3.77]. The H2-TPR 
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profiles are presented in Figure 3.4 where the H2 consumed (Table 3.2) was close to the 

requirement for Cu2+ reduction to Cu0.  

 
Figure 3.4. H2-TPR profiles for (A) SiO2, (B) TiO2, (C) CeO2, (D) Al2O3 and (E) ZrO2 supported Cu. 

 

We observed a shift in the temperature of maximum H2 consumption (Tmax,TPR) 

during H2-TPR from 481-527 K for Cu supported on non-reducible ZrO2/Al2O3/SiO2 to 

423-453 K for Cu on reducible TiO2/CeO2. A similar trend of lower temperature reduction 

of Cu on TiO2 vs. SiO2/Al2O3 [3.78] and CeO2 vs. Al2O3 [3.79] has been reported and 

attributed to strong metal-support interactions [3.80], resulting in a more facile reduction 

of the (Cu2+) precursor on reducible supports [3.81]. There were no detectable Cu XRD 

diffraction peaks (Figure 3.5), suggesting a well dispersed metal phase [3.65]. This is 

consistent with microscopy analysis; STEM micrographs are presented in Figure 3.6(I) 

with associated Cu histograms (II) for Cu/SiO2 (A) and Cu/TiO2 (B), as representative 

samples. Both catalysts exhibit Cu particles ≤5 nm with a similar mean size (2-3 nm). 

The characterisation measurements suggest similar properties for the supported Cu phase 

in all the catalysts. 
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Figure 3.5. XRD patterns for (A) Cu/SiO2, (B) Cu/TiO2, (C) Cu/CeO2, (D) Cu/Al2O3, (E) Cu/ZrO2 and (F) 

Cu reference (JCPDS-ICDD 04-0836). Note: dashed lines identify position of the Cu0 main peaks (2θ = 

43.6°, 50.8°and 73.9°). 

 

 
Figure 3.6. (I) Representative STEM and (II) associated Cu particle size distributions for (A) Cu/SiO2 and 

(B) Cu/TiO2. 
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All the Cu catalysts exhibited an essentially time-invariant activity (see results for 

Cu/Al2O3 and Cu/TiO2, as representatives, in the inset to Figure 3.7) and 100% selectivity 

to the target 2-butanone with no evidence of dehydration ((path II) in Figure3.1(B)) or 

dimerisation (path III)). The combined ultra-selectivity and catalyst stability achieved in 

this work represents a net improvement compared with reported selectivity to 2-butanone 

(50-90%) over Cu catalysts in both liquid- [3.9] and gas-phase operation [3.10] and 

deactivation with time on-stream over Ni colloids [3.82]. The dehydrogenation of 

aliphatic alcohols over supported Cu is structure sensitive [3.83] and proceeds via a two-

step mechanism [3.68] involving heterolytic cleavage of the O-H bond [3.84] and 

abstraction of the second H in α-position [3.49]. Alcohol adsorption/activation occurs at 

the Cu-oxide interface with the α-hydrogen interacting with Cu and the hydrogen-end of 

the hydroxyl group binding to support Lewis basic (oxygen anion) sites [3.49]. The 

removal of the first H with the formation of a surface alkoxide [3.85] is rate determining 

[3.7] and should be sensitive to oxide Lewis basicity. This, in turn, is related to the partial 

negative charge of the oxygen in the oxide (-qO) which can be calculated [3.86,3.87] (see 

Eq. B.2 and Eq. B.3 in Appendix B) and a higher -qO reflects greater Lewis basicity 

[3.88]. 

 
Figure 3.7. Dependence of hydrogen production rate (r0 D,stand-alone; h-1; ⬤) from 2-butanol dehydrogenation 

on the partial negative charge of oxygen in the oxide support (-qO). Inset: Variation of 2-butanol conversion 

(X2-Butanol, %) with time on-stream (t, min) over Cu/Al2O3 (▽) and Cu/TiO2 (), as representative samples. 

Note: Horizontal dashed line represents specific hydrogen consumption rate in stand-alone furfural 

hydrogenation (r0 H,stand-alone) over Au/CeO2 using an external H2 supply. Solid and dotted lines (inset) 

provide a guide to aid visual assessment; Reaction conditions: T = 453 K, P = 1 atm. 
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We quantify dehydrogenation activity in terms of hydrogen production rate and the 

dependence on -qO is presented in Figure 3.7. Hydrogen produced was 2-10 times greater 

than that consumed in furfural hydrogenation over Au/CeO2 (dashed line in Figure 3.7) 

under the same reaction conditions. We observe a linear increase of activity with 

increasing -qO (from Cu/SiO2 = 0.15 to Cu/CeO2 = 0.48). A greater Lewis basicity of the 

oxide oxygen anion (i.e. higher -qO) facilitates hydrogen extraction from the hydroxyl 

group in 2-butanol to form the alkoxide intermediate which, in turn, increases 

dehydrogenation rate. In support of this, there is evidence in the literature of greater 

(oxidative) dehydrogenation rates in the conversion of alcohols with electron donating 

groups (vs. aliphatic alcohols) linked to a more facile removal of the acidic hydroxyl H 

on surface basic sites of a hydrotalcite catalyst [3.89]. 

We first examined the coupled dehydrogenation-hydrogenation (2-butanol + furfural 

in N2) over Au/CeO2 and Cu-based catalysts in separate runs. There was no coupling to 

produce furfuryl alcohol over Au/CeO2 and limited hydrogenation activity 

(r0 H,coupling ≤ 14 h-1) over all supported Cu catalysts. This demonstrates that only Au or 

Cu cannot promote both steps (dehydrogenation and hydrogenation) in the coupled 

reaction. 

3.3.3 Coupled 2-Butanol-furfural Dehydrogenation-hydrogenation 

The concentration and mobility of reactive surface hydrogen supply to Au determines 

furfural consumption rate in the coupled process. Hydrogen generated in situ (via 2-

butanol dehydrogenation over Cu) can diffuse across a solid-solid boundary [3.25,3.26] 

or desorb associatively and travel in between multiple catalyst beds in series to participate 

in hydrogenation reactions [3.90,3.91]. We examined the coupled process in these two 

configurations using (i) a two catalytic bed arrangement with Cu/CeO2 (highest 

dehydrogenation rate among the Cu catalysts) on top and Au/CeO2 (active in furfural 

hydrogenation) below (Cu:Au molar ratio = 12; see details in 3.2 Materials and Method 

section) and (ii) a physical mixture of Cu/CeO2+Au/CeO2 in a single bed. Adopting the 

2-bed arrangement, we observe the formation of furfuryl alcohol and 2-butanone as the 

only detected products. This result proves that hydrogen generated over Cu/CeO2 is 

transferred and borrowed by gold. In line with this, hydrogen desorption at T <453 K was 

proven using temperature programmed desorption (H2-TPD) by Liu et al. (over Ru/CeO2) 

[3.92] and Sepúlveda-Escribano et al. (Pt/CeO2) [3.93]. In terms of activity, we recorded 
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a similar conversion with time on-stream profile (see Figure 3.3) and hydrogenation rate 

relative to that in the stand-alone hydrogenation of furfural over Au/CeO2. This result 

indicates that hydrogenation activity is governed by the Au component where the 

hydrogen dissociation/activation capacity of gold determines surface hydrogen 

concentration and hydrogenation rate. Coupled reaction over Cu/CeO2 and Au/CeO2 in 

two separate beds was accompanied by a greater H2 utilisation efficiency (from 432 to 3) 

and a (2-fold) lower E-factor (=215) relative to stand-alone hydrogenation over Au/CeO2. 

Full selectivity to target 2-butanone/furfuryl alcohol was retained in the coupled 

dehydrogenation-hydrogenation of 2-butanol/furfural over a (single bed) 

Cu/CeO2+Au/CeO2 physical mixture (Cu:Au molar ratio = 12). We recorded a significant 

(28-fold) increase in specific (per mol of Au) hydrogenation activity which demonstrates 

the formation of activated H species in the dehydrogenation step [3.94] over Cu/CeO2 

that travel across the CeO2 support [3.95] and participate in the hydrogenation of furfural 

over Au/CeO2. This served to overcome the inefficient H2 activation step by Au (required 

in the stand-alone process and with a 2-bed configuration), resulting in higher 

hydrogenation rate, with full hydrogen utilisation and a lower associated E-factor (=15). 

Hydrogen generation is critical but the hydrogenation response is also dependent on 

hydrogen transfer (between Cu → Au and across CeO2) which can be influenced by 

interactions with the support [3.27]. In order to evaluate the possible support effects in 

coupled dehydrogenation-hydrogenation process we have assessed the catalytic action of 

physical mixtures containing Au/CeO2 with added Cu/oxide catalysts in a single bed 

configuration; the results are shown in Figure 3.8. Full selectivity to furfuryl alcohol and 

2-butanone and a (2-28 fold) greater hydrogenation rate (relative to the stand-alone 

hydrogenation over Au/CeO2) was attained over each physical mixture. The linear 

correlation between hydrogen supplied (from 2-butanol dehydrogenation) and 

hydrogenation rate (Figure 3.8(I)) proves that furfural hydrogenation in the coupling 

process is controlled by hydrogen generation in the dehydrogenation step. Yang et al. 

[3.96] linked the observed increase of nitro group hydrogenation rate in the coupling 

process (ammonia borane dehydrogenation with substituted nitrobenzenes 

hydrogenation) vs. stand-alone hydrogenation to the high hydrogen generation rate via 

ammonia borane dehydrogenation. 
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Figure 3.8. (I) Dependence of furfural hydrogenation rate (r0 H,coupling; h-1; □) on the amount of hydrogen 

supplied (mmol h-1) from 2-butanol dehydrogenation in the coupled process over physical mixtures of 

Cu/Oxide+Au/CeO2 and (II) variation in 2-butanol dehydrogenation rate in the coupling process 

(r0 D,coupling) relative to that in stand-alone reaction (r0 D,stand-alone) for reaction over Cu/Oxide+Au/CeO2 and 

Cu/Oxide, respectively. Reaction conditions: T = 453 K, P = 1 atm, Cu:Au = 12. 

We compared the specific (per mol of Cu) dehydrogenation activity in the coupling 

process over Cu+Au physical mixtures (r0 D,coupling) with that in the stand-alone 

dehydrogenation of 2-butanol (r0 D,stand-alone) over the oxide supported Cu catalysts and the 

results obtained are shown in Figure 3.8(II). The greater hydrogen production in the 

stand-alone dehydrogenation over all the catalysts is indicative of competition between 

furfural and 2-butanol for adsorption sites [3.97] that must result in a displacement of 2-

butanol by furfural. This is consistent with experimental work that has demonstrated a 

higher adsorption strength for furfural compared to alcohols on the surface of Cu/SiO2 

[3.98]. Panagiotopoulou et al. [3.99] concluded a similar inhibiting effect of furfural using 

a series of alcohols (2-propanol, 2-butanol and 2-pentanol) in the liquid phase production 

of 2-methylfuran. It should be noted that Cu/Al2O3 deviates somehow from the general 

trend with an almost equivalent dehydrogenation activity in the coupling process and 

stand-alone reaction. We tentatively attribute this response to the presence of low-

coordination oxygen atoms on the surface of Al2O3 [3.100,3.101] that can act as additional 

adsorption/activation sites for the -C=O functionality in furfural via nucleophilic attack 

at the polarised Cδ+ [3.97]. 

Taking the five physical mixtures presented in Figure 3.8, H2 utilisation efficiency 

increases in the order: Au/CeO2+Cu/CeO2 (1.00) > Au/CeO2+Cu/ZrO2 (1.02) > 

Au/CeO2+Cu/Al2O3 (1.19) > Au/CeO2+Cu/TiO2 (2.40) > Au/CeO2+Cu/SiO2 (3.34). 

These results indicate that the reducibility of the carrier does not impact significantly on 

hydrogen utilisation efficiency. Indeed, a similar hydrogen utilisation was obtained over 

(reducible) CeO2 and (non-reducible) Al2O3 supported Cu systems. Taking (non-
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reducible) Al2O3 and SiO2 we obtained a significant (36%) difference in hydrogen usage. 

It is well-known [3.102] that carbonaceous materials (e.g. carbon layers or coke) can 

facilitate hydrogen spillover across oxides by transfer as a proton-electron couple (i.e. 

enhanced mobility compared with transfer as H atoms) [3.28]. All the supported Cu 

catalysts exhibited an initial decline in activity with time on-stream to attain a pseudo-

steady state after ca. 90 min (Figure 3.9(I)). 

 
Figure 3.9. (I) Variation of 2-butanol conversion (X2-Butanol, %) with time on-stream (t, min) in the coupling 

process over physical mixtures of Au/CeO2 with Cu/Al2O3 (▽), Cu/CeO2 (△), Cu/ZrO2 (◇), Cu/TiO2 (⭘) 

and Cu/SiO2 (□). (II) Thermogravimetric analysis (TGA) profiles generated during thermal treatment (in 

N2) of spent (A) Cu/SiO2 (solid line) and (B) Cu/Al2O3 (▽). Reaction conditions: T = 453 K, P = 1 atm. 

The degree of catalyst deactivation in the coupling process was quantified in terms 

of % of activity lost between initial and steady state conversion. Cu/CeO2 and Cu/Al2O3 

exhibited the highest deactivation (~8%) while Cu/SiO2 and Cu/TiO2 showed a similar 

(high) stability (~1% deactivation). The observed temporal decrease in dehydrogenation 

activity can be attributed to coke formation, notably on acid sites of the carrier [3.103], 

during furfural conversion [3.104] over (e.g. SiO2 [3.105] and Al2O3 [3.106]) supported 

Cu catalysts. The possible formation of carbonaceous deposits was evaluated by 

thermogravimetric analysis (TGA) analysis; the results for Cu/SiO2 (A) and Cu/Al2O3 

(B), as representatives, are shown in Figure 3.9(II). The fresh (activated in H2) catalyst 

was carried through as a reference and the signals corrected to ensure that the profiles 

shown refer solely to carbon deposition during the coupled process. Both spent catalysts 

displayed a high temperature (>420-700 K) mass loss that can be linked to decomposition 

of "soft coke" (see 3.2 Materials and Method section) generated during furfural 

conversion [3.51,3.52]. Over the same temperature range, we observe a (3-fold) greater 

mass loss over Cu/Al2O3 relative to Cu/SiO2 that can be linked to increased coke 

accumulation on the more acidic alumina. Likewise, Wan and co-workers [3.107] 
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studying the synthesis of gasoline from methanol showed (by TGA analysis) higher (3.1% 

vs. 0.5%) coke concentration over zeolites with low (23 vs. 217) SiO2/Al2O3 ratio 

attributed to differences in acidity. The presence of carbonaceous deposits on the surface 

of Al2O3 facilitates hydrogen transfer in a similar manner to that on reducible supports as 

a proton-electron couple which, in turn, results in enhanced hydrogenation utilisation 

efficiency. 

Au/CeO2+Cu/CeO2, which delivered the best combined hydrogenation rate and 

hydrogen utilisation efficiency, was employed for further analyses. Catalytic coupling 

over a physical mixture of Cu/CeO2+Au/CeO2, varying the Cu/Au ratio, gave the results 

presented in Figure 3.10. In each case, 100% of selectivity to the target 2-butanone and 

furfuryl alcohol products was achieved. 

 
Figure 3.10. Catalytic results for coupled reaction over a Cu/CeO2+Au/CeO2 physical mixture in terms of 

(I) rate of furfuryl alcohol production (r0 H,coupling; h-1) and (II) quantity of hydrogen supplied (mmol h-1) via 

2-butanol dehydrogenation and H2 utilisation efficiency (□, see Eq. 3.5) as a function of Cu:Au molar ratio. 

Note: horizontal dashed line in (I) represents specific hydrogen consumption rate in stand-alone furfural 

hydrogenation over Au/CeO2 using an external H2 supply; dashed arrow in (II) indicates full H2 utilisation 

efficiency under stoichiometric conditions. Reaction conditions: T = 453 K, P = 1 atm. 

The rate of furfuryl alcohol production was enhanced (from 1600 h-1 to 3800 h-1) 

with increasing Cu:Au (from 12 to 30) (I)). This is an important result as it represents a 

70-fold greater hydrogenation rate relative to reaction over Au/CeO2 using an external H2 

supply (dashed line in (I)). The dependence of hydrogenation rate on Cu:Au ratio 

coincided with that observed for hydrogen generation from 2-butanol dehydrogenation 

(Figure 3.8(I)). Hydrogen utilisation efficiency converged at reaction stoichiometry, i.e. 

full usage by Au/CeO2 of the hydrogen generated by Cu/CeO2 (dotted arrow in (II)). 

Reaction at higher Cu:Au (=48) served to increase hydrogen generation with only a 

marginal increase in furfuryl alcohol production rate. Full H2 utilisation was not achieved 
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in this case, which can be attributed to insufficient Au to promote the hydrogenation step. 

The coupled process significantly lowered (215-fold) the E-factor to 2, which is at the 

lower end of the range (5->50) in the fine chemical sector [3.4]. 

3.4 Conclusions  

Au/CeO2 (mean Au size = 3.5 nm) promotes the continuous gas phase hydrogenation 

of furfural exclusively to furfuryl alcohol but less than 1% of the hydrogen supplied is 

utilised in the reaction. A series of oxide (Al2O3, ZrO2, SiO2, TiO2 and CeO2) supported 

Cu (2-4% wt.) catalysts were prepared by deposition-precipitation to deliver post- H2-

TPR metal nanoparticles with a mean size of 2-3 nm (from STEM). All the Cu catalysts 

promoted the sole formation of 2-butanone in the dehydrogenation of 2-butanol. The 

partial negative charge of the oxygen in the support correlated with hydrogen production 

rate where Cu/CeO2 delivered the highest dehydrogenation activity. A series of 

Au/CeO2+Cu/Oxide physical mixtures promoted exclusive formation of 2-butanone and 

furfuryl alcohol in coupled dehydrogenation-hydrogenation (of 2-butanol/furfural), 

where surface coverage by carbonaceous deposits facilitates hydrogen transfer, enhancing 

hydrogen utilisation efficiency. The combination Au/CeO2+Cu/CeO2 delivered full 

hydrogen utilisation and a 70-fold greater furfuryl alcohol production rate relative to 

conventional hydrogenation over Au/CeO2. Higher sustainability of the coupling process 

(vs. standard hydrogenation) is demonstrated with a significantly lower E-factor = 2 (vs. 

430). Our results establish the basis for the development of a continuous alternative route 

for the sustainable production of high value chemicals via single-pot coupled 

dehydrogenation-hydrogenation. 
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GAS PHASE HYDROGENATION OF FURALDEHYDES via COUPLING WITH 

ALCOHOL DEHYDROGENATION OVER CERIA SUPPORTED Au-Cu 

 

Critical Review. The previous chapter has been focused on the coupling of 2-butanol 

dehydrogenation with furfural hydrogenation over physical mixtures of oxide supported 

Au and Cu, where it has been established the mechanism involved in the hydrogen 

generation and transfer (from copper to gold sites). The removal of the solid-solid barrier 

between the two catalysts should facilitate hydrogen transfer which, in turn, should serve 

to enhance hydrogenation rate; such is the premise for this work. Moreover, this Chapter 

addresses the versatility of the coupled process by extending the number of substrates 

used for the dehydrogenation and hydrogenation steps. 

The starting point was the preparation and use of a bimetallic Au-Cu/CeO2 (Cu:Au 

= 2 mol/mol) catalysts for the coupled 2-butanol dehydrogenation (to valuable 2-

butanone), with the hydrogenation of biomass-derived 5-hydroxymethyl-2-furaldehyde 

(HMF) to 2,5-dihydroxymethylfuran (DHMF, precursor of resins, polymer plastics and 

artificial fibres [4.1,4.2]). The dehydrogenation of a series of aliphatic and cyclic alcohols 

(to aldehyde/ketones) and hydrogenation of m-substituted furaldehydes (to the 

correspondent alcohol) was evaluated. The research outcomes have been published in 

Molecules [4] and reproduced in this thesis with permission from the publisher. I shall 

declare my contribution: design of the experiments, experimental work, data 

analysis/interpretation and manuscript elaboration. Co-authors F. Cárdenas-Lizana and 

M.A. Keane supervised the project, L. Collado helped in gathering the experimental data, 

whereas advises on writing/editing during the preparation of the manuscript were 

provided by L. Collado, F. Cárdenas-Lizana and M.A. Keane. 

The catalytic activity of Au/CeO2 (catalyst employed in the project described in 

Chapter 3) was compared with that of the bimetallic Au-Cu/CeO2 in the continuous gas 

phase (T = 498 K) stand-alone (under H2 flow) and coupled (under N2 flow) reactions 

carried out in a fixed-bed tubular reactor operating at atmospheric pressure. The 

bimetallic catalyst was synthesised via stepwise deposition-precipitation on CeO2 of 

Cu(NO3)2 at pH= 10 with NaOH as basification agent, followed by deposition-

precipitation of HAuCl4·H2O at pH = 7 and 535 K using urea. The precipitated obtained 

was dried at 393 K overnight. Catalyst activation involved reduction under H2 flow at 2 

https://www.mdpi.com/1420-3049/23/11/2905
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K min−1 to 573 K for 1 h. Hydrogen temperature programmed reduction (H2-TPR), 

scanning transmission electron microscopy (STEM) combined with energy dispersive X-

ray (EDX) and in situ X-ray photoelectron spectroscopy (XPS) were performed to 

identify the electronic and morphological (size and shape) properties of the catalysts. A 

direct comparison between the materials was performed by fitting (with CasaXPS 

software, version 2.3.17) the H2-TPR profiles and XPS spectral curves, applying the 

method developed in Chapter 2. 

The activity of the monometallic Au/CeO2 and bimetallic Au-Cu/CeO2 catalysts in 

the stand-alone HMF hydrogenation and coupled hydrogenation with 2-butanol 

dehydrogenation was assessed. It was observed that the amount and the type of hydrogen 

(i.e. molecular or activated) on the surface has an impact on hydrogenation rate. Under 

stoichiometric conditions (i.e. 1:1 molH2 : molHMF), no conversion was detected in the 

stand-alone process over either of the catalysts. An increase in hydrogen supply (i.e. 80:1 

in excess) served to promote the sole formation of DHMF with comparable rates over 

both catalysts. This result suggests a similar nature for the gold phase on Au/CeO2 and 

Au-Cu/CeO2, where the copper component in the bimetallic catalyst does not contribute 

to the reduction of -C=O functionality. This is in line with the results obtained in Chapter 

3, where absence of hydrogenation activity was obtained over oxide supported Cu in the 

conversion of furfural. A 3.5-fold increase in hydrogenation rate was achieved via the 

coupling process over Au-Cu/CeO2 where full selectivity to DMF was maintained. This 

result demonstrates efficient use of the activated hydrogen species auto-transferred from 

2-butanol (selectively dehydrogenated into 2-butanone on Cu sites) to HMF adsorbed (via 

π-backdonation) on Au sites. Under similar reaction conditions Au/CeO2 was inactive in 

the coupled dehydrogenation-hydrogenation process, a result that can be ascribed to the 

absence of hydrogen generation via dehydrogenation due to the limited capacity of gold 

to promote alcohol dehydrogenation, in line with the results presented Chapter 3. In 

addition, full hydrogen utilisation was attained in the coupled system, a remarkable result 

on the light of the limited (0.2%) utilisation efficiency of the stand-alone process. An 

order of magnitude lower (environmental) E-factor (i.e. ratio between the waste and the 

products obtained) in the coupled vs. stand-alone process further proves the benefits of 

the coupled system. Exclusive -C=O hydrogenation and -OH dehydrogenation was also 

achieved for the coupling of (i) a series of alcohols (e.g. 1-propanol, 1-butanol, 2-

propanol, 2-butanol and cyclohexanol) dehydrogenation with HMF and (ii) 2-butanol 

with a range of m-substituted (e.g. -CH3, -CH2CH3, -CH2OH, -CF3, -N(CH3)2 and -H) 
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furaldehydes hydrogenation over Au-Cu/CeO2. The investigation from Chapter 2 and 3, 

where the nature of the sites active in dehydrogenation over Cu/Oxide was demonstrated, 

was further explored in this project form a molecular point of view by changing the type 

(primary vs. secondary, aliphatic vs. cyclic and C3 vs. C4) of alcohols. The increase of H2 

production mimicked that of hydrogenation rate according to: cyclohexanol < 1-propanol 

< 1-butanol < 2-propanol < 2-butanol, a result that can be linked to (i) lower reduction 

potential (ΔHf
0, i.e. difference in heat of formation between the alcohol and the 

corresponding carbonyl compound), resulting in a facilitated hydrogen removal and 

greater dehydrogenation rates and (ii) the hydrogenation step being dependent on 

hydrogen generation, in line with the results in Chapter 3. Hydrogenation rate in the 

coupling of 2-butanol (best hydrogen donor among the tested alcohols) with m-

furaldehydes followed the sequence: 5-dimethylamino-2-furaldehyde < 5-ethyl-2-

furaldehyde < 5-methyl-2-furaldehyde < furfural < HMF < 5-trifluoromethyl-2-

furaldehyde. The difference in activity can be attributed to a lower energetic barrier of 

the rate-determining step (i.e. formation of hydroxyalkyl intermediate [4.3]) due to the 

beneficial effect of electron withdrawing functionalities in meta position on the furanic 

backbone, consistent with a nucleophilic mechanism. In each case, a greater 

hydrogenation rate and hydrogen utilisation efficiency with a 3–15 times lower E-factor 

in the coupling process relative to standard hydrogenation was observed. The catalytic 

response over Au/CeO2 and Au-Cu/CeO2 was correlated with their critical physico-

chemical properties. Hydrogen consumption suggested full reduction of the gold 

component to the metallic form for both catalysts. Moreover, XPS measurements indicate 

(support → metal) charge transfer to form Auδ−, with no evidence of AuCu alloy 

formation in the bimetallic system. The presence of Au nanoparticles negatively charged 

is consistent with the adsorption mode and mechanism proposed for furaldehydes 

hydrogenation. STEM-EDX analysis revealed isolated Au and Cu nanoparticles (mean 

size = 4 nm) on the CeO2 support in close proximity.  

The results from catalyst characterization/testing demonstrate the activity of Au-

Cu/CeO2 in the coupled dehydrogenation-hydrogenation of alcohol with furaldehyde is 

governed by the bimetallic nature of the catalyst, where isolated Cu and Au sites catalyse 

the dehydrogenation and hydrogenation steps, respectively. It is well-known that the 

miscibility gap of Au-Cu is such that at T ≥490 K bulk AuCu alloy formation (i.e. Au3Cu 

(490 - 662 K), AuCu3 (663 - 682 K) and Au1Cu1 (≥683 K)) is possible [4.4]. 

Nevertheless, H2-TPR measurements suggest strong metal-support interactions which 
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hinders particle mobility on the catalyst surface, preventing alloy formation [4.5]. In 

support of this, Gamboa-Rosales et al. [4.6] recorded by XPS analysis the signals for Cu 

and Au over the 960-925 and 90-82 eV regions, respectively, for Au-Cu/CeO2 synthesised 

by wet impregnation and deposition-precipitation. It is important to stress that the use of 

Au-Cu systems for catalytic applications has been considered to a limited extent, with 

promising results in CO oxidation [4.5,4.7] and water-gas shift reaction [4.6]. However, 

according to an up-to-date research in the pertinent literature, there are not any studies on 

(tandem) hydrogenation-dehydrogenation over bimetallic Au-Cu catalysts. 

The exclusive formation of target DHMF reported in this chapter represents a 

significant improvement compared to typical selectivity values (65-90%) reported for 

both stand-alone and coupled processes. The selectivity in the production of DHMF is 

compromised by its involvement in undesired side reactions such as over-hydrogenation 

to 2,5-di-(hydroxymethyl)-tethrydrofuran (DHMTHF) and/or hydrogenolysis to 5-methyl 

furfuryl alcohol (MFA) and 2,5-dimethylfuran (DMF) [4.8]. Moreover, high selectivity 

to DHMF is also hindered by hydrogenolysis of HMF into 5-methyl-2-furaldehyde (MF) 

and ring-opening into 2-hexanol (2-HXOL) [4.9]. The formation of by-products 

DHMTHF, MFA and DMF has been reported in the liquid phase (stand-alone) 

hydrogenation over supported Ni [4.9], Pd [4.10] and Ru [4.11] catalysts. Moreover, 

lower (65%) selectivity to DHMF have also been observed elsewhere over (e.g. Al2O3 

and Ta2O5 [4.12], hydrotalcite and Nb2O5 [4.13]) supported Au. It is, however, worth 

flagging the work of Ohyama et al. [4.12] who obtained high (≥95%) DHMF selectivity 

over Au/FeOx/Al2O3, although the requirement for H2 pressure (30 bar vs. 1 bar in this 

work) is a decided drawback. The selective HMF → DHMF hydrogenation in tandem 

systems has been considered by other research groups where hydrogen generation was 

provided via dehydrogenation of 1,4-butanediol (to γ-butyrolactone) [4.14] and 2-butanol 

(to 2-butanone) [4.15] over Cu-Al and zirconium hydroxide, ethanol [4.16] over a series 

of metal hydroxides (e.g. Mg(OH)2, Al(OH)3, Ti(OH)4, La(OH)3, Sn(OH)4 and 

ZrO(OH)2) and 2-propanol and 2-butanol [4.17–4.19] using Sn- and Zn-promoted β-

zeolites, although such studies have not reported exclusive formation of DHMF. Indeed, 

cross reactions between reactants and/or products (e.g. etherification and acetalization) 

yielded 5-(ethoxymethyl)-furfural diethyl acetal (EMFDEA), 5-(ethoxymethyl)-furfural 

(EMF) and 5-(hydroxymethyl)-furfural diethyl acetal (HMFDEA) as by-products. 
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The 12th principle of green chemistry expresses the requirement of inherently safer 

chemistry for accident prevention stating that the “substances and the form of a substance 

used in a chemical process should be chosen to minimize the potential for chemical 

accidents, including releases, explosions, and fires”. The production of DHMF via HMF 

hydrogenation has been considered solely in pressurised batch liquid systems [4.20], 

where this work represents the first example of the coupled process in a continuous 

system. In fact, traditional metal/oxides (e.g. Ni/WO3 [4.21] and Au/Al2O3 [4.22]) and 

novel materials (e.g. Pd immobilised on amine-functionalised MOFs [23], core@shell Au 

in N-doped carbon [4.24] and Co-based BEA zeolite [4.25]) have been proposed as 

catalytic systems for HMF hydrogenation reaction under 10-50 bar of H2. The high 

flammability of H2 and risk of explosions in systems operated at high pressure is a decided 

safety issue against principle #12. The continuous gas phase hydrogenation and coupling 

routes at atmospheric pressure developed in this study represent a more sustainable safer 

approach. 

In conclusion, the tandem catalysis of HMF hydrogenation with 2-butanol 

dehydrogenation over bimetallic Au-Cu/CeO2 is proposed as a novel and environmental 

benign process. The methodology developed in Chapter 2 for H2-TPR characterisation 

and the findings of Chapter 3 in terms of hydrogen transfer mechanism have served to 

design an active and selective Au-Cu/CeO2 catalyst for coupled dehydrogenation 

+ hydrogenation reactions. The versatility of this new catalyst formulation is illustrated 

by the range of substrates tested in this work, which demonstrates the feasibility of using 

hydrogen generated in situ through alcohol(s) dehydrogenation for the selective 

hydrogenation of m-furaldehydes with important industrial applications. 

4.1 Introduction 

5-Hydroxymethyl-2-furaldehyde (HMF) has emerged as a promising biomass-

derived platform chemical [4.26] that can be readily obtained from C6 carbohydrates (e.g. 

fructose, glucose) by dehydration in the presence of acid catalysts (e.g. metal halides, acid 

metal oxides) [4.27,4.28]. 2,5-Dihydroxymethylfuran (DHMF), a reduction product of 

HMF, is used as a precursor in the manufacture of polymer plastics (e.g. polyurethane 

foams, 16M tons per year [4.1]) resins and artificial fibres [4.2,4.29]. Conventional 

HMF → DHMF reduction involves standard catalytic hydrogenation in batch liquid 

phase [4.30] that suffers from safety and environmental issues due to the requirement for 
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operating at high pressures (typically 5–100 bar) [4.30] under conditions with a high 

excess of hydrogen in order to maximise H2 solubility and product yield. Hydrogen 

production requires non-renewable fossil fuel-based technologies such as steam and auto-

thermal reforming [4.31]. Reaction selectivity is also challenging, as HMF hydrogen 

treatment can generate several products as shown in Figure 4.1(IA) [4.9–4.11] with Ru-

catalysts delivering high combined activity/selectivity [4.30]. There is now a pressing 

demand for a more sustainable system that satisfies green chemistry principles to promote 

selective DHMF formation (i.e. #2, #7, #9 and #12 [4.32]). Several metrics have emerged 

to quantitatively assess green performance, most notably the environmental factor (E-

factor, kgwaste kgproduct
-1) [4.33]. E-factor values within the 5–100 range are characteristic 

of catalytic processes in the manufacture of pharmaceutical and fine chemical industries 

[4.33]. Hydrogenation can be effectively carried out in the absence of an external 

hydrogen supply through an alternative coupled process in which hydrogen generated in 

situ via (non-oxidative) dehydrogenation of alcohols (Figure 4.1(IB)) is utilised in a 

hydrogenation process (Figure 4.1(II)). This coupling strategy offers a series of 

advantages relative to stand-alone hydrogenation and dehydrogenation reactions 

including: (i) one-pot simultaneous production of two valuable chemicals (i.e. improved 

atom economy), (ii) good thermal efficiency (i.e. heat transfer from exothermic 

hydrogenation to endothermic dehydrogenation), (iii) enhanced yields (i.e. consumption 

in the hydrogenation step displaces the equilibrium of dehydrogenation increasing 

hydrogen production) and (iv) improved process safety (i.e. no need for pressurised H2) 

[4.34,4.35]. Despite the multiple advantages, it is a challenging system, with only a 

limited number of published studies on coupled heterogeneous catalytic systems. This is 

likely due to several factors, including: (i) a requirement for two active sites for 

dehydrogenation and hydrogenation (M1 and M2 in Figure 4.1(II)) that must be separated 

but in close proximity to facilitate hydrogen transport and utilisation, (ii) that sufficient 

hydrogen must be generated in the dehydrogenation step for the hydrogenation reaction 

and (iii) the possibility of cross reaction between reactants and/or products. 
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Figure 4.1. (I) Reaction scheme for (A) HMF hydrogenation to the target DHMF (bold arrow, dashed 

frame) and undesired by-products from hydrogenolysis (MF, MFA, DMF), ring reduction (DHMTHF, 

MTHFA, DMTHF) and ring opening (2-HXOL) and (B) 2-butanol dehydrogenation to the target 2-

butanone (bold arrow, dashed frame) and undesired by-products from dehydration (butene) and 

dimerisation (octanone and/or octanol isomers). (II) Schematic representation of the coupling system. Note: 

HMF = 5-hydroxymethyl-2-furaldehyde, MF = 5-methyl-2-furaldehyde, 2-HXOL = 2-hexanol, DHMF = 

2,5-di-(hydroxymethyl)-furan, MFA = 5-methyl furfuryl alcohol, DMF = 2,5-dimethylfuran, DHMTHF = 

2,5-di-(hydroxymethyl)-tethrydrofuran, MTHFA = 5-methyltetrahydro furfuryl alcohol, DMTHF = 2,5-

dimethyltetrhydrofuran. 

It is nonetheless worth mentioning the promising results reported in the coupling of 

1,4-butanediol [4.36] and n-butanol [4.37] dehydrogenation with maleic anhydride 

hydrogenation, the coupled of cyclohexanol/furfural [4.35,4.38–4.40] and 1,4-

butanediol/furfural conversion [4.40–4.43]. Taking HMF → DHMF, the feasibility of 

coupling HMF with 1,4-butanediol over Cu-Al [4.14] and 2-butanol using zirconium 

hydroxides [4.15] has been explored only in batch liquid systems where the requirement 

of high pressure (16 bar) or low selectivity to target DHMF (SDHMF ≤ 90%) are decided 

(IA)

(II)

(IB)
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drawbacks. We were unable to find any study in the open literature dealing with DHMF 

production through a coupling process with HMF in continuous gas phase operation. 

We have recently showed the feasibility of coupling 2-butanol with furfural over a 

physical mixture of Au/CeO2 + Cu/CeO2 [4.44] (i.e. Chapter 3). Minimising the physical 

separation between Au and Cu in bimetallic catalysts should facilitate hydrogen 

transfer/utilisation. In this work we evaluate the continuous gas phase dehydrogenation 

of alcohols (to ketones/aldehydes) coupled with hydrogenation of HMF to DHMF over 

Au-Cu supported on (non-toxic, [4.45]) CeO2. The catalytic action of Au-Cu/CeO2 to 

promote -C=O group reduction for a series of m-substituted furaldehydes has been 

investigated to understand reaction mechanism and establish the potential of the 

bimetallic catalyst. The benefits of the coupled process are examined by comparison with 

(conventional) stand-alone hydrogenation using an external hydrogen supply over 

Au/CeO2 as a benchmark and employing the E-factor as a measure of environmental 

performance. 

4.2 Materials and Methods 

4.2.1 Catalyst Preparation and Activation 

The CeO2 support was purchased from Sigma-Aldrich and used as received. 1 mol% 

Au/CeO2 was prepared by deposition–precipitation using urea (Riedel-de Haën, 99%) as 

basification agent. An aqueous solution of urea (3 M) and HAuCl4·H2O (6 × 10-4 M, 300 

cm3, Sigma-Aldrich, 99.995%) was added to the support (5 g) and the suspension was 

stirred (600 rpm) and heated to 353 K. The pH progressively increasing reached 7 as a 

result of thermal decomposition of urea with consequent formation of Au(III) surface 

complexes [4.46]. The (1 mol% Au and 2 mol% Cu) Au-Cu/CeO2 catalyst was prepared 

by stepwise deposition–precipitation of Cu followed by Au. NaOH (2 M, Fisher 

Scientific, ≥97%) as basification agent was added to an aqueous solution of the metal 

precursor (Cu(NO3)2·3H2O (1 × 10−2 M, 200 cm3 Sigma-Aldrich, 99%)) containing the 

support (5 g) until pH = 10, heated to 353 K and aged under vigorous stirring for 4 h to 

ensure homogeneous deposition of Cu(OH)2 [4.47]. Au incorporation to the Cu/CeO2 

catalyst was performed by deposition–precipitation, method as above. The solid obtained 

was filtered, washed with distilled water until pH = 7 and dried at 393 K overnight. Prior 

to use in catalysis, the samples (sieved into a batch of 75 μm average diameter) were 

activated in 60 cm3 min−1 H2 at 2 K min−1 to 573 K, which was maintained for 1 h. The 
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samples were cooled to ambient temperature and passivated in 1% v/v O2/N2 at 298 K for 

ex situ characterisation. 

4.2.2 Catalyst Characterisation 

The Au and Cu 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). Temperature programmed reduction (H2-

TPR) /desorption (H2-TPD) were conducted on the CHEM-BET 3000 (Quantachrome 

Instrument, Anton Paar, Graz, Austria) unit with data acquisition/manipulation using the 

TPR WinTM software. Samples were loaded into a U-shaped Pyrex glass cell (3.76 mm 

i.d.) and heated in 17 cm3 min−1 (Brooks mass flow controlled) 5% v/v H2/N2 to 573 K at 

2 K min−1. The effluent gas passed through a liquid N2 trap and H2 consumption was 

monitored by a thermal conductivity detector (TCD). Hydrogen consumption during 

activation was corrected using H2-TPD (50 cm3 min-1, N2, 50 K min-1 to 1073 K for 1 h) 

recorded in parallel directly after TPR to explicitly determine hydrogen utilised in the 

reduction of ceria. Curve fitting H2-TPR profile (CasaXPS 2.3.17 software) was 

employed to analyse the reduction step(s) during thermal treatment [4.47]. Metal particle 

morphology (size and shape) was examined by scanning transmission electron 

microscopy (STEM probe corrected) on a JEOL ARM 200CF with an energy dispersive 

X-ray (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 

DigiScan II, employing Gatan DigitalMicrograph software (version 2.31) for data 

acquisition/manipulation. Samples were prepared for analysis by dry deposition on a 

holey carbon/Ni grid (300 Mesh). At least 250 individual metal nanoparticles were 

counted for each catalyst and the surface area-weighted mean metal particle size (d) was 

calculated from: 

3

i i

2

i i

i

i

n d

d
n d



=





                  Eq. 4.1 

where ni is the number of particles of diameter di. X-ray photoelectron spectroscopy 

(XPS) measurements were performed using a monochromatised Al anode (Kα 1486.6 eV, 
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10 kV, 20 mA). Prior to analysis, the samples were activated in situ in a pre-chamber 

under H2 atmosphere (102 mbar) at 2 K min−1 to 573 K. The source power was maintained 

at 3.9 × 103 W and the emitted photoelectrons were sampled from an area of 4 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 Au 4f, Cu 2p and Ce 3d 

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 CasaXPS software, using relative sensitivity factors provided by Kratos. 

4.2.3 Catalytic Procedure 

Reactions (independent hydrogenation of m-furaldehyde in H2, alcohol 

dehydrogenation in N2 and coupled alcohol dehydrogenation/m-furaldehyde 

hydrogenation in N2) were carried out under atmospheric pressure, in situ immediately 

after activation, in a fixed bed vertical continuous flow glass reactor (dreactor = 15 mm) at 

498 K. Operating conditions ensured negligible internal/external mass and heat transfer 

limitations [4.48]. A layer of borosilicate glass beads served as preheating zone where the 

organic reactant(s) was(were) vaporised and reached reaction temperature before 

contacting the catalyst bed. Isothermal conditions (± 1 K) were maintained by thoroughly 

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 

reactant(s) was(were) delivered to the reactor via a glass/Teflon air-tight syringe and 

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

Stand-alone hydrogenation and dehydrogenation were carried out in a co-current flow of 

H2 with m-furaldehyde (GHSV = 3.4 × 103 h− 1; molar Au to reactant feed rate (nAu/Fm-

furaldehyde) = 1 × 10− 3 h) or N2 with alcohol (GHSV = 3.4 × 103 h−1, nAu/Falcohol = 3 × 10−2 

h). The coupled reaction was carried out in N2 (GHSV = 3.4 × 103 h− 1, nAu/Fm-furaldehyde = 

2 × 10− 4 – 1 × 10− 3 h). The catalytic response over Au-Cu/CeO2 vs. Au/CeO2 in the stand-

alone hydrogenation of HMF (using an external hydrogen supply) was examined by using 

an aprotic solvent (anisole) to avoid any contribution to hydrogenation from in situ 

hydrogen production via alcohol dehydrogenation over Cu. In a series of blank tests, 

passage of each reactant in a stream of H2 or N2 through the empty reactor or over the 

(CeO2) support alone did not result in any detectable conversion. The reactor effluent was 

condensed in a liquid nitrogen trap for subsequent analysis using a Perkin-Elmer Auto 

System XL gas chromatograph equipped with a programmed split/splitless injector and a 
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flame ionisation detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm film 

thickness) capillary column (J&W Scientific). Data acquisition and manipulation were 

performed using the TurboChrom Workstation Version 6.3.2 (for Windows) 

chromatography data system. For a schematic of the gas phase reactor system see Scheme 

A. 1 in Appendix A. Furfural (Sigma-Aldrich, 99%), 5-methyl-2-furaldehyde (Sigma-

Aldrich, >98%), 5-ethyl-2-furaldehyde (Sigma-Aldrich, 98%), 5-hydroxymethyl-2-

furaldehyde HMF (Sigma-Aldrich, 99%), 5-trifluoromethyl-2-furaldehyde (Sigma-

Aldrich), 5-dimethylamino-2-furaldehyde (Sigma-Aldrich), 1-butanol (Sigma-Aldrich, 

99.8%), 2-butanol (Sigma-Aldrich, 99.5%) 1-propanol (Fisher Scientific, >99%), 2-

propanol (Fisher Scientific, >99.5%), cyclohexanol (Fisher Scientific, >98%) and anisole 

(Sigma-Aldrich, 99.7%) were used as supplied without further purification. All gases (O2, 

H2, N2 and He) were of ultra-high purity (>99.99%, BOC). Reactant (i) fractional 

conversion (Xi) is defined by: 
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while selectivity to product j (Sj) is defined as: 
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where subscripts in and out refer to the inlet and outlet streams. The catalysts exhibited a 

decline in conversion to reach a pseudo-steady state after 2 h on-stream. Catalytic activity 

is also quantified in terms initial rate (r0,Cp = hydrogenation in coupling process and r0,SA 

= hydrogenation in stand-alone reaction; mol molAu
-1 h-1), determined from time on-

stream measurements, as described in detail in Appendix B.1 according to [4.48]: 
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=                  Eq. 4.4 

Hydrogen utilisation efficiency in the stand-alone hydrogenation vs. coupled process 

was assessed by: 
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H  supplied
H  utilisation efficiency

H  consumed
=                Eq. 4.5 

where H2 supply is the molar hydrogen provided ((i) from an external gas cylinder supply 

or (ii) via alcohol dehydrogenation) while H2 consumed is the amount utilised in the 

conversion of m-furaldehyde corrected with the surface hydrogen post-TPR from H2-

TPD. Repeated reactions with different samples from the same batch of catalyst delivered 

raw data reproducibility and carbon mass balance within ±5%. 

4.3 Results and Discussion  

4.3.1 Catalytic Conversion of 5-Hydroxymethyl-2-Furaldehyde (HMF): Coupling 

Dehydrogenation-Hydrogenation vs. Conventional Stand-Alone Hydrogenation using an 

External H2 Supply 

In the gas phase coupled 2-butanol dehydrogenation with HMF hydrogenation, Au-

Cu/CeO2 was 100% selective towards the production of targets 2-butanone and DHMF 

(Figure 4.1(II)). These two products can be readily separated by distillation due to the 

(195 K) difference in boiling points [4.49]. The formation of DHMF demonstrates 

utilisation of hydrogen generated in the dehydrogenation step for the continuous 

conversion of HMF. We could not find any report on DHMF production through 

alcohol/HMF coupling dehydrogenation-hydrogenation in continuous gas phase 

operation. It is, nonetheless, worth mentioning the recent work of Hu et al. [4.15], who 

investigated the coupled HMF/2-butanol process in batch liquid phase over magnetic 

zirconium hydroxides although they reported the undesired formation of 5-methyl-2-

furaldehyde (MF) and 5-methylfurfuryl alcohol (MFA) with selectivity towards the target 

DHMF ≤90%. Exclusive formation of DHMF has proved difficult to fully circumvent 

also in standard hydrogenation, with unwanted over-hydrogenation (to DHMTHF, 

Figure 4.1(IA)) and/or hydrogenolysis (to MFA and DMF) reported in the liquid phase 

hydrogen treatment of HMF over supported Ni [4.9], Pd [4.10] and Ru [4.11] catalysts. 

In addition to DHMF selectivity, hydrogen utilisation efficiency is a key parameter that 

must be optimised to guarantee process sustainability. Full hydrogen utilisation was 

achieved in the coupled system with all the amount generated via 2-butanol 

dehydrogenation being utilised in HMF hydrogenation, i.e. H2/HMF = 1. We recorded no 

conversion in the stand-alone dehydrogenation of 2-butanol (in N2) over Au/CeO2 while 

under similar reaction conditions (P = 1 atm; T = 498 K) Cu/SiO2 delivers negligible 
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activity in the gas phase hydrogenation of furfural [4.50]. This suggests that Cu and Au 

are the active sites for 2-butanol dehydrogenation and HMF hydrogenation, respectively. 

Alcohol dehydrogenation over supported copper [4.51] proceeds through a two-step 

mechanism that involves sequential H abstraction from O-H bond and α-carbon 

[4.44,4.52]. HMF adsorption can proceed via -C=O bond π-backdonation on Auδ- [4.12] 

or carbonyl O coordination with Auδ+ sites [4.53]. Spillover hydrogen species migrate 

from Cu → Au across the CeO2 surface [4.54] with auto-transfer in the catalytic 

conversion of HMF → DHMF. 

We compared the catalytic response in the coupled vs. stand-alone process under the 

same reaction conditions of stoichiometric hydrogen supply (i.e. H2/HMF = 1). No 

conversion was detected over Au/CeO2 or Au-Cu/CeO2 in standard HMF hydrogenation 

using an external supply of H2. This lack of activity can be linked to the low capacity of 

Au for H2 chemisorption/activation [4.55,4.56], rate-limiting step in stand-alone 

hydrogenation [4.57]. Atomic hydrogen generated in situ in the coupled process during 

2-butanol dehydrogenation is active for hydrogenation [4.58] and participates in HMF 

transformation, circumventing the issue of H2 activation by gold. An increase in hydrogen 

supply (H2/HMF = 80) in stand-alone hydrogenation enhanced the available surface H2 

where both catalysts promote exclusive DHMF formation at similar production rates, but 

with less than 0.2% of the hydrogen supplied being utilised. This result demonstrates a 

requirement to work under conditions of hydrogen excess in the stand-alone process. 

Moreover, same activity/selectivity response over Au/CeO2 and Au-Cu/CeO2 further 

proves that the presence of Cu has no effect on the hydrogenation step which is governed 

by the gold component. We observed a 3.5-fold greater DHMF production rate in the 

coupling process relative to stand-alone hydrogenation over Au-Cu/CeO2. This 

demonstrates that the production of activated hydrogen over Cu by in situ alcohol 

dehydrogenation is more efficient than chemisorption of molecular H2 on Au via standard 

hydrogenation. Coupled reaction over Au-Cu/CeO2 was accompanied by lower E-factor 

(56) relative to standard hydrogenation in gas phase over Au/CeO2 (260) and batch mode 

using Ru catalysts (~100) [4.30]. Our results prove the benefits of the coupled process 

compared to standard hydrogenation for the transformation of HMF in terms of greater 

catalytic activity and full hydrogen utilisation efficiency with exclusive formation of 

target DHMF. 
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4.3.2 Catalyst Characterisation: Au-Cu/CeO2 and Cu/CeO2 

The critical properties of Au-Cu/CeO2 and Au/CeO2 are presented in Table 4.1. 

Table 4.1. Physico-chemical characteristics of CeO2 supported Au-Cu and Au catalysts. 

 Au-Cu/CeO2 Au/CeO2 

Metal loading (mol%) 1 (Au) / 2 (Cu) 1 

TPR 
Tmax,TPR (K) 

α 414 410 

β 429 423 

γ 437 - 

δ 443 - 

H2 consumption (µmol g−1) 340a/63b/61c 307a/69b 

d (nm)d 4 3 

XPS 

Binding energies 

(eV) 

Au0 (%) 83.6 (100) 83.5 (100) 

Cu0 (%) 928.7 (35)  

Cu+ (%) 932.0 (65)  

Ce3+ atomic ratioe 0.24 0.29 

aexperimental value; btheoretical hydrogen requirement for Au3+ → Au0; ctheoretical amount of 

hydrogen for Cu2+ → Cu+ → Cu0; dmean metal particle size from STEM analysis (Eq. 4.1)); eCe3+ 

atomic ratio = Ce3+/(Ce4+ + Ce3+) from XPS measurements (see Figure D.1 in Appendix D). Note: α, 

β, γ and δ represent hydrogen consumption peaks during TPR associated with transition of Au3+ → Au0, 

Ce4+ → Ce3+, Cu2+ → Cu+ and Cu+ → Cu0, respectively. 

Both catalysts exhibit a similar H2-TPR profile (Figure 4.2) characterised by a broad 

positive (hydrogen consumption) peak centred at 427±5 K that is within the reported 

temperature range (408–550 K) for the reduction of Au3+ → Au0 and transformation of 

Cu2+ to zero valent Cu [4.59,4.60]. Total H2 consumption exceeded (by up to a factor of 

4) the requirement for complete reduction of the metal precursor(s), indicative of partial 

support reduction at the metal-CeO2 interface by spillover hydrogen [4.61]. Both catalysts 

present peaks with Tmax,TPR at 412±2 K (α, violet) and 426±3 K (β, green) characteristic 

of Au3+ → Au0 and Ce4+ → Ce3+, respectively [4.62,4.63]. The similar hydrogen 

consumption for α (67±2 μmol g-1) and β (233±5 μmol g-1) in both catalysts suggests 

same nature of Au and equivalent degree of CeO2 support reduction by spillover hydrogen 

promoted by gold. 
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Figure 4.2. H2-Temperature programmed reduction (TPR) profiles for (I) Au-Cu/CeO2 and (II) Au/CeO2. 

Note: Raw data is shown as open symbols (), while curve fitted and envelope is represented by solid 

(violet, green, red and blue for α, β, γ and δ transition, respectively) and dashed lines, respectively. 

Limited capacity of Cu for H2 activation can account for the similar degree of CeO2 

reduction and same catalytic response in stand-alone hydrogenation over Au-Cu/CeO2 

and Au/CeO2. In addition, Au-Cu/CeO2 shows peaks characteristic of Cu2+ → Cu+ (γ 

centred at 437 K; red) and Cu+ → Cu0 (δ at 443 K; blue) indicative of stepwise Cu 

reduction [4.64,4.65], where hydrogen consumption is consistent with a Cu+:Cu0 molar 

ratio = 3:1. The presence of cationic copper following H2-TPR to 573 K can be linked to 

a stabilisation of Cu+ due to strong metal support interactions at Ce3+ sites [4.66,4.67]. 

Liu et al. [4.68], studying methanol steam reforming, showed (by XPS) the presence of 

Cu+ after reduction at T ≥573 K. 

Scanning transmission electron microscopy (STEM) measurements (Figure 4.3(I-

II)) revealed a similar metal dispersion and mean size for both catalysts characterised by 

pseudo-spherical nano particles with an associated surface area weighted mean diameter 

of 3.5±0.5 nm. The surface composition of the Au-Cu/CeO2 catalyst was probed by 

STEM-EDX elemental analysis. A detailed elemental analysis over small areas was 

carried out and the EDX spectra of three isolated metal particles (IIIAa–IIIAc) in Au-

Cu/CeO2 are shown in Figure 4.3.  
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Figure 4.3. (I) Representative STEM images with (II) associated metal size distribution histogram for 

(A) Au-Cu/CeO2 (solid bars) and (B) Au/CeO2 (hatched bars). Note: STEM-EDX analyses of (a–c) 

isolated metal particles in (IA) are shown in (IIIAa–IIIAc). 

The EDX spectra exhibit peaks due to nickel in the grid (7.5 and 8.3 keV) [4.69] and 

the CeO2 support (4.9–5.8 keV) [4.70]. The signals at 2.2, 9.7 and 11.5 keV in the EDX 

of particles a–b are characteristic of Au [4.70]. In contrast, particle c (IIIAc) shows only 

a peak at 8 keV consistent with the presence of Cu [4.70]. The detailed EDX analysis 
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over single metal nanoparticles reveals a close proximity of Au and Cu on the surface. In 

the case of the Au-Cu system, the miscibility gap is such that bulk alloy formation is 

possible at T ≥490 K [4.4]. There is a dearth of literature dealing with Au-Cu systems; 

however, metal segregation for Au-Cu/CeO2 catalysts post-thermal treatment at T ≤573 

has been proven theoretically [4.5] and experimentally [4.71] and attributed to strong 

interactions at the metal-CeO2 interphase. Zhang et al. [4.5] concluded that CeO2 support 

induces segregation for the Au-Cu system based on the CeO2-induced preferential 

segregation energy (Eseg,CeO2-Au), a parameter indicating the strength of the Cu-CeO2 vs. 

Cu-Au bond energy. Ta and co-workers [4.72] showed by atomic resolution 

environmental transmission electron microscopy that gold nanoparticles of 2–4 nm 

strongly anchored onto CeO2 and did not sinter after reduction at T ≤573 K. 

XPS spectra of in situ activated Au-Cu/CeO2 (I) and Au/CeO2 (II) over the Au 4f (A) 

and Cu 2p3/2 (B) binding energy regions are represented in Figure 4.4, and the results 

after deconvolution given in Table 4.1.  

 
Figure 4.4. XPS spectra over (A) Au 4f and (B) Cu 2p3/2 regions (intensity expressed as normalised counts) 

for (I) Au-Cu/CeO2 and (II) Au/CeO2. Note: Raw data is shown as open symbols () while curve fitted 

and envelope is represented by solid (violet (Auδ-), blue (Cu0), red (Cu+)) and dashed lines, respectively. 
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binding energies (B.E.) at 83.5 87.2 eV corresponding to 4f7/2 and 4f5/2 levels, 

respectively [4.55]. The B.E. values are lower than those reported for Au0 (Au 4f7/2 = 84.0 

eV and Au 4f5/2 = 87.7 eV [4.73,4.74]), indicative of Au-support interactions that impact 

on Au electronic character [4.75]. A similar 0.4-1.0 eV downshift in B.E. for Au 

nanoparticles ≤6 nm on CeO2 was reported by Lai et al. [4.76] and attributed to electron 

transfer from the support. The presence of Auδ− nanoparticles is consistent with the 

adsorption/activation of the -C=O functionality in HMF via π-backdonation [4.12]. The 

XPS spectrum for Au-Cu/CeO2 over the Cu 2p region (Figure 4.4(IB)) is characterised 

by a Cu 2p3/2 contribution at B.E. = 928.7 eV (blue line), corresponding to Cu0 (35%) 

[4.77]. A signal at higher B.E. (= 932.0 eV; red) with greater intensity can be linked to 

the presence of Cu+ (65%) [4.77]. The surface composition and oxidation state of copper 

from XPS measurements is consistent with H2-TPR results. The XPS spectra over the Ce 

3d region for CeO2, Au-Cu/CeO2 and Au/CeO2 are presented in Figure D.1 in Appendix 

D. The as-received and H2-treated (to 573 K) CeO2 samples show an equivalent response 

characterised by a Ce3+ atomic ratio = 0.11 ± 0.01, indicative of a higher temperature 

requirement for Ce4+ → Ce3+ reduction (>625 K) [4.62]. A similar higher Ce3+ atomic 

ratio (0.26±0.03) was recorded for both supported catalysts (Table 4.1). The presence of 

Au on CeO2 surface can induce a partial reduction of the support, due to hydrogen 

spillover [4.62,4.63], in agreement with H2 consumption during TPR analysis (Table 

4.1). 

4.3.3 Dehydrogenation of Alcohols Coupled with Hydrogenation of meta-Substituted 

Furaldehydes 

We examined the potential of the Au-Cu/CeO2 catalyst for coupling a range of 

alcohols with m-substituted furaldehydes and the results are presented in Figure 4.5. In 

each case, we achieved full selectivity to the target aldehyde/ketone (from 

dehydrogenation) and alcohol (from hydrogenation) with no evidence of undesired 

hydrogenolysis, ring reduction, dehydration or dimerisation. We first evaluated the effect 

of changing the nature of the alcohol in the dehydrogenation step and the results for the 

coupled process with HMF are shown in Figure 4.5(I). In each case, the rate of DHMF 

production was up to a 4-fold greater than that recorded over Au/CeO2 using an external 

hydrogen supply.  
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Figure 4.5. Comparison of hydrogenation performance over Au-Cu/CeO2 in the coupled process vs. stand-

alone reaction using Au/CeO2: Hydrogenation rate in the coupling reaction (r0Cp, bars) and rate 

enhancement (in the coupling vs. stand-alone hydrogenation given as r0Cp/r0SA) for the conversion of (I) a 

series of alcohols + HMF and (II) 2-butanol + m-substituted furaldehydes; (III) H2 utilisation efficiency in 

coupling system (●) and in stand-alone hydrogenation using an external H2 supply (○). Note: horizontal 

dashed line in (III) represent full H2 utilization under stoichiometric conditions. Reaction conditions: P = 

1 atm, T = 498 K. 
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The modified hydrogenation activity for the different alcohols (cyclohexanol < 1-

propanol <1-butanol <2-propanol <2-butanol) demonstrates that hydrogen generation 

(from dehydrogenation) is rate limiting in the coupling system. The greater hydrogenation 

rate for secondary vs. primary alcohols (2-butanol vs. 1-butanol and 2-propanol vs. 1-

propanol) observed is in line with reports in the literature [4.78,4.79] and consistent with 

reaction thermodynamics where hydrogen extraction from 2-butanol (to methyl elthyl 

ketone; reduction potential ΔH0
f = 69 kJ∙mol-1 [4.80]) is more favourable than 1-butanol 

conversion (to butyl aldehyde, ΔH0
f = 80 kJ∙mol-1 [4.80]) as well as in case of 2-propanol 

(formation of acetone, ΔH0
f = 70 kJ∙mol-1 [4.80]) and 1-propanol (formation of propanal, 

ΔH0
f= 86 kJ∙mol-1 [4.62]). Greater ΔH0

f (77 kJ∙mol-1 [4.80]) and increased steric 

hindrance [4.81] can account for the lower dehydrogenation rate of (cyclic) cyclohexanol 

(to cyclohexanone) relative to secondary aliphatic alcohol conversions.  

In the dehydrogenation of 2-butanol coupled with hydrogenation of substituted 

furaldehydes bearing -CH3, -CH2CH3, -CH2OH, -CF3, -N(CH3)2 and -H substituents in 

the meta-position, Au-Cu/CeO2 was again fully selective in generating 2-butanone and 

the corresponding alcohol product. The higher hydrogenation activity in the coupling 

process over Au-Cu/CeO2 relative to stand-alone hydrogenation using Au/CeO2 observed 

in the case of HMF extended to all the substituted furaldehydes (Figure 4.5(II)). The 

following activity sequence was established in the coupling process: 5-dimethylamino-2-

furaldehyde < 5-ethyl-2-furaldehyde < 5-methyl-2-furaldehyde < furfural < HMF < 5-

trifluoromethyl-2-furaldehyde. The hydrogenation of the carbonyl group has been 

proposed to occur through a nucleophilic mechanism [4.82] with formation of a 

negatively charged hydroxyalkyl intermediate [4.3] that results from the attack of the 

carbonyl oxygen by hydrogen that acts as a weak nucleophilic agent [4.83]. Electron 

withdrawing functionalities in meta-position of aromatic systems favour the 

delocalisation of the negative charge in the hydroxyalkyl intermediate lowering the 

activation energy barrier [4.3] of the first reaction step (i.e. addition of the first hydrogen), 

which, in turns increases hydrogenation rate. The σm factor (Hammett constant) is an 

empirical parameter that provides a measure of the electron donating/acceptor character 

of a functionality in meta-position on aromatic systems [4.84,4.85]. In a nucleophilic 

attack, reaction rate is increased by electron-withdrawing groups with σm > 0. The higher 

activity with increasing σm (from -N(CH3)2 σm = -0.16 to CF3 σm = 0.43) [4.81] (see 

Figure 4.5(II)) is consistent with a nucleophilic mechanism. 
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The hydrogen utilisation efficiency (see 4.2 Materials and Methods) in the 

conversion of the different m-furaldehydes by stand-alone hydrogenation (using 

conventional pressurised H2) and coupling is presented in Figure 4.5(III). The hydrogen 

utilisation for stand-alone hydrogenation of all the tested furaldehydes was 200–900 times 

greater than the stoichiometric (=1) requirements, a result that represents high 

inefficiency. This issue was circumvented in the coupled process where, in each case, 

hydrogen utilisation efficiency was close or equal to stoichiometry with an associated E-

factor 3–15 times lower relative to stand alone hydrogenation. 

4.4 Conclusions 

Activation in hydrogen of Au-Cu/CeO2 (Cu/Au mol ratio = 2) prepared by stepwise 

deposition–precipitation generated metal nanoparticles in the range 1–7 nm (mean = 3.5 

nm). STEM-EDX analysis of Au-Cu/CeO2 has revealed that Au and Cu nanoparticles are 

in close proximity on the surface while XPS results are consistent with formation of Auδ-

, Cu0 and Cu+. Au/CeO2 (bearing Auδ- nanoparticles with mean size = 3 nm) promoted 

the gas phase continuous hydrogenation of HMF (P = 1 atm, T = 498 K) exclusively to 

DHMF with only a small fraction of the hydrogen supplied being utilised. Under the same 

reaction conditions, Au-Cu/CeO2 delivered a higher DHMF production rate and full 

hydrogen utilisation in the coupled hydrogenation-dehydrogenation of HMF/2-butanol 

with a lower E-factor. Exclusive carbonyl-group hydrogenation and hydroxyl-group 

dehydrogenation with (up to a 6-fold) increase hydrogenation rate and hydrogen 

utilisation efficiency with a lower E-factor (relative to conventional stand-alone 

hydrogenation) extends to the coupling of a series of m-substituted (-CH3, -CH2CH3, -

CH2OH, -CF3, -N(CH3)2 and -H) furaldehydes with alcohol (1-propanol, 1-butanol, 2-

propanol, 2-butanol, cyclohexanol) dehydrogenation over Au-Cu/CeO2. Hydrogen 

generation is rate limiting and furaldehyde hydrogenation proceeds via a nucleophilic 

mechanism where the presence of electron withdrawing substituents (in the meta-

position) is shown to increase hydrogenation rate. Our results open new possibilities for 

the application of bimetallic Au-Cu catalysts for sustainable dehydrogenation-

hydrogenation coupling directed at production of high value chemicals from 

furaldehydes. 
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- 

CONTINUOUS PRODUCTION OF BENZYLIDENEACETOPHENONE via GAS 

PHASE REACTION OF BENZALDEHYDE AND ACETOPHENONE: 

MECHANISM AND REACTION KINETICS 

 

Critical Review. Part B of the present thesis is focused on the development and 

optimisation of an alternative continuous process for the production of valuable chalcone 

compounds with the aim of designing an efficient tandem cross-coupled system. In order 

to accomplish such objective, a first investigation on the feasibility of the synthesis of 

chalcone (e.g. benzylideneacetophenone) via continuous gas phase Claisen-Schmidt 

condensation (i.e. condensation between benzaldehyde and acetophenone) was 

considered and covered in this Chapter. Here, considerations on the reaction kinetics and 

mechanism (over MgO catalyst) are provided, based on a Langmuir-Hinshelwood type 

kinetic modelling of experimentally determined results. Chapter 5 is based on the journal 

paper published in Chemical Engineering Journal [1] and it is reproduced with the 

permission from the publisher. I shall declare my contribution: project conceptualisation, 

methodologies development, design of the experiments, experimental work, data 

analysis/modelling/interpretation and manuscript elaboration. Co-author A. Ruiz-Ruiz 

helped in gathering the experimental data, while F. Cárdenas-Lizana supervised the 

project.  

The catalytic activity of five (SiO2, ZnO, ZrO2, CeO2 and MgO) commercial metal 

oxides (particle size 75 μm) was investigated by carrying out the Claisen-Schmidt 

condensation (T = 573 K) in a fixed-bed tubular reactor operating at atmospheric pressure 

under N2 flow (to avoid undesired benzaldehyde oxidative dehydrogenation). Plug-flow 

condition (i.e. homogeneous reactants concentration and reaction conditions over each 

axial coordinate) and kinetic control (i.e. no external and internal mass/heat transfer 

limitations) were assessed. The conversion was maintained <10% to ensure the 

differential reaction condition which allows to apply an empirical power law equation to 

express the reaction rate. Insights on the reaction mechanism and kinetics were provided 

by changing the following operative parameters: (i) solvent polarity (quantified by using 

the dielectric constant ε), (ii) reactants partial pressure and (iii) reaction temperature. The 

Langmuir-Hinshelwood type kinetic model was based on the assumption that each step 

https://www.sciencedirect.com/science/article/pii/S1385894721008950?casa_token=4XwsEJRxlg4AAAAA:GoXBTsRsMQWA62HyFIpVHgKchfNb1r05aTKKns2yWOfAQxunVFs952hywODsW4hnWI-V9bCVrQ
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of the catalytic cycle can be considered as rate limiting and the others as quasi-

equilibrated. The set of experimental reaction rates were compared with those calculated 

and the model was validated by thermodynamic analysis (i.e. the calculation of activation 

energy (Eapp), enthalpy (ΔH0) and entropy (ΔS0) of adsorption) by applying the Arrhenius 

and Van’t Hoff equations. The catalysts were characterised in terms of (i) specific surface 

area by applying the BET method, (ii) surface basicity via CO2 temperature programmed 

desorption (CO2-TPD) and (iii) morphology via scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and powder X-ray diffraction (XRD).  

Heterogeneity of surface and morphological properties was observed for the five 

metal oxides. The microscopy analysis revealed a fuzz-like structure of SiO2 vs. polish 

crystalline sheets of different size and shape for the other samples. The results from XRD 

and SSA confirmed the increase in crystallinity from (amorphous) SiO2 to (low-surface 

area) ZnO. A range of basic sites was identified on the basis of the maximum temperature 

of CO2 desorption. The CO2-TPD profiles show the presence of only weak (Brønsted) 

sites on SiO2 and CeO2, whereas Lewis (medium to strong) sites were predominant on 

the other materials. It was proposed that the main factor affecting the surface basicity is 

the electron density on the oxygens of each oxide, where greater values of the oxygen 

negative partial charge correspond to higher availability of surface basic sites. It was 

found that the condensation rate increases with the total basicity of the catalysts, while 

the selectivity towards the target chalcone is affected by the concentration of (weak) -OH 

groups on the catalyst surface. Indeed, undesired benzyl alcohol and benzoic acid from 

benzaldehyde dismutation (via the Cannizzaro reaction) were produced by SiO2 and 

CeO2. The highest rate was obtained with MgO and this catalyst was employed in the 

following tests. Explicit catalytic control was confirmed by working with (i) a residence 

time (τ) equal to 1.5 s and (ii) a ratio of mass of MgO to reactant molar flow (WMgO/Fi) = 

2-10 g mol-1 h. High polar solvents were detrimental in the production of chalcone, 

according to the sequence: toluene < anisole < 2-butanol < nitrobenzene. These catalytic 

data were interpreted in the view of (i) the competitive adsorption on MgO between the 

reactants and the solvent and (ii) a solvation effect which can reduce the affinity of the 

carbonyl group of the reactants with the catalyst surface. Toluene (i.e. best solvent) was 

selected to prepare solutions with different relative concentrations of benzaldehyde and 

acetophenone. Parallel lines with slope 1.1±0.1 were obtained in logarithmic plots of the 

condensation rate and reactant “i” partial pressure (i) at different temperature (498-573 

K) and (ii) for a parametric study of benzaldehyde partial pressure with respect to 
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acetophenone partial pressure (e.g. 0.07 and 0.03 atm) at fixed temperature (573 K). Such 

trends were interpreted as indicative of a first order dependence with respect to both 

benzaldehyde and acetophenone (independent from changes in temperature) and non-

competitive adsorption between the two reactants. A mechanism based on (i) dissociative 

adsorption of acetophenone, (ii) adsorption of benzaldehyde, (iii) intermolecular 

nucleophilic attack, (iv) intramolecular nucleophilic attack and (v) water desorption was 

proposed and modelled according to the Langmuir-Hinshelwood approach. The kinetic 

modelling revealed that step (iii) is rate-limiting. Indeed, a parity plot characterised by a 

linear trend with slope = 0.99 and Adj. R2 = 0.98 was obtained exclusively for this step. 

The kinetic and equilibrium constants derived by non-linear data fitting were consistent 

with expected reaction thermodynamics, for instance: exothermic adsorption, 

endothermic condensation and double bond cleavage and negative ΔG0. Moreover, the 

calculated activation energy of the rate determining step (63 kJ mol-1) is found to be 3 

times higher than that of step (iv), confirming the greater energy barrier for the formation 

of single -C-C- bond vs. double -C=C- bond. Time invariant conversion and total 

selectivity was maintained over 28 days on-stream.  

The present study provides two main advances in the field of chalcone manufacture 

by exploring, for the first time, the feasibility of the Claisen-Schmidt condensation in a 

continuous gas phase system and identifying the rate-determining step with a systematic 

kinetic analysis. In a recent review by Rammohan et al. [5.1] the main approaches for the 

synthesis of chalcone compounds are discussed, where all the methodologies (e.g. base 

(or acid)-catalysed condensation reactions (i.e. current industrial process [5.2]), 

microware irradiation, ultrasound irradiation and biosynthesis) occur under liquid batch 

conditions. These processes are characterised by high contact times (typically in the order 

of hours or days) which results in the main drawbacks of catalyst deactivation by active 

site blockage (i.e. by coke deposition or irreversible surface modification) and low target 

selectivity (attributed to the occurrence of the Cannizzaro reaction). Indeed, loss of 

activity (up to 50%) [5.3,5.4] and chalcone selectivity with values spanning in the 27-80 

% range [5.5–5.8] have been reported. The continuous gas phase process developed in 

this Chapter has the combined benefits of (i) increased process efficiency, by reducing 

the contact time to seconds the deactivation of (MgO) catalyst and its unselective 

behaviour are prevented, and (ii) process sustainability, in line with the discussion 

provided in Chapter 1, addressing the premises of the present PhD thesis. 



 

123 

Chapter 5 
Continuous Production of Benzylideneacetophenone via Gas Phase Reaction of Benzaldehyde and 

Acetophenone: Mechanism and Reaction Kinetics 

The mechanism for chalcone production (from the condensation of acetophenone 

with benzaldehyde) is for the first time modelled with a systematic evaluation of all the 

elementary steps (i.e. reactants adsorption, surface reactions, products desorption) 

typically involved in heterogeneous catalysis. By looking at the available literature 

concerning condensation reactions of ketones and aldehydes, (i.e. the couple 

acetone + benzaldehyde can be taken as model system), the Eley-Rideal [5.6] and 

Langmuir-Hinshelwood [5.9] models have been invoked to account for the observed rate 

behaviour. However, it is important to stress that both reaction conditions (i.e. liquid batch 

system and high (230-310 bar) pressure) and type of catalyst (i.e. hydrotalcite and metal 

hydroxide) significantly differ from those applied in the investigation reported in this 

Chapter. Moreover, the rate-determining step is either assumed (i.e. in the Eley-Rideal 

model) or accounted on the base of only the surface (condensation and dehydration) 

reactions (i.e. in the Langmuir-Hinshelwood model). Moving to the base-catalysed 

condensation between acetophenone and benzaldehyde, the majority of published kinetic 

studies (e.g. [5.7,5.9]) report only an empirical expression of the reaction rate failing to 

provide insights on aspects still under debate [5.9–5.16]: (i) the exact structure of the 

reactive adsorbed species (i.e. non-dissociative vs. dissociative), (ii) the nature of the rate-

controlling step (i.e. adsorption of both reactants, acetophenone dissociative adsorption, 

or intermolecular nucleophilic attack) and (iii) the catalytically active sites. Therefore, a 

more rigorous approach is provided here. 

In conclusion, the investigation reported in Chapter 5 provides a new synthetic 

strategy for valuable (i.e. principal component of environmentally benign herbicides 

[5.17]) chalcone compound with possible implementation on industrial scale, on the basis 

of the 10-fold improved productivity in comparison with the reported values from batch 

systems. The mechanism proposed in this Chapter identifies the surface oxygens as the 

active sites involved in the rate limiting step. A better understanding on how such basic 

sites can affect the condensation activity of MgO is required for a full process 

characterisation and optimisation. This line of research is presented in Chapter 6, where 

laboratories synthesised MgO catalysts were compared in the continuous gas phase 

Claisen-Schmidt condensation.  
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5.1 Introduction 

Chalcones are α,β-unsaturated ketones within the family of flavonoids that find wide 

utilisation in the manufacture of pesticides (e.g. benzylideneacetophenone), 

pharmaceuticals (e.g. 2ˈ-hydroxychalcone, 2ˈ-hydroxy-4-methoxychalcone and 2ˈ-

aminochalcone) and food additives (e.g. 4,2ˈ,4ˈ-trihydroxychalcone) [5.1,5.18]. 

Industrial chalcone manufacture is based on batch liquid phase condensation of 

acetophenone- and benzaldehyde-derivatives (the Claisen-Schmidt reaction, Figure 5.1) 

using basic (e.g. alkaline hydroxides) or acidic (e.g. sulfuric acid and HCl) homogeneous 

catalysts [5.2]. This route suffers from severe drawbacks in terms of significant formation 

of undesired products (benzyl alcohol and benzoic acid, path (II) in Figure 5.1) through 

benzaldehyde disproportionation (the Cannizzaro reaction) [5.3]. In addition, product 

separation and catalyst recovery impact on efficiency, but this issue can be circumvented 

moving to heterogeneous systems. Heterogeneous catalysis studies have been exclusively 

focused on batch liquid phase reaction over solid acid (e.g. zeolite [5.10], montmorillonite 

[5.19] and Amberlyst-15 [5.20]) and basic catalysts (e.g. MgO [5.21,5.22], hydrotalcites 

[5.23], bentonite clay [5.24] and activated carbons [5.25]), where greater chalcone 

production rates have been recorded over basic systems [5.10]. Indeed, Tichit and co-

workers [5.26] have demonstrated that condensation rate is governed by the basic 

character of the catalyst, where any contribution due to catalyst acidity in catalytic activity 

is minor. 

 
Figure 5.1. Reaction scheme for the Claisen-Schmidt condensation of acetophenone- and benzaldehyde-

derivatives to target (path (I), bold arrow) chalcone and undesired (path (II), dashed arrow) benzyl alcohol- 

and benzoic acid-derivative. 
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The solvent polarity can influence the activity and/or selectivity in chalcone synthesis 

[5.5,5.7,5.27], although the effect is still far from understood. Enhanced catalytic activity 

in the condensation of acetophenones + 5-hydroxymethylfurfural over a hydrated Al/Mg 

mixed oxide was reported using acetonitrile (dielectric constant (ε) = 37) compared to 

ethanol (24), attributed to a lower activation energy of the solvated transition state in the 

most polar solvent [5.3]. On the other hand, a (3-fold) decrease in activity was recorded 

in the condensation of acetone with benzaldehyde over hydrotalcites using 

ethanol + water vs. acetonitrile with similar polarity (ε = 34 ± 4 ) and attributed to 

poisoning of basic sites [5.9]. Wang and Cheng [5.27] investigating the batch 

condensation of 2ˈ-hydroxyacetophenone + benzaldehyde over aminopropyl-

functionalized silica recorded a (50%) lower selectivity to 2ˈ-hydroxychalcone using 

1,3,5-trimethylbenzene (vs. dimethyl sulfoxide) with lower ε (2 vs. 49), although the 

authors did not elaborate further.  

A switch from batch liquid to gas phase continuous mode serves to decrease the 

associated energy demands while economies of scale favour continuous processes for 

large throughput, but a search through the open literature failed to unearth any reports of 

chalcone production in continuous gas phase operation. Catalyst lifetime is an important 

consideration in terms of commercial application, but severe catalyst deactivation in 

chalcone production has been a common feature [5.3,5.4]. This can be partly ascribed to 

the high contact time in batch systems that serves to enhance blockage of active sites 

[5.3,5.28]. An understanding of reaction pathway and mechanism are critical to elucidate 

the nature/role of the active sites and optimise reactor design for the development of a 

feasible industrial process. The mechanism of the Claisen-Schmidt condensation in 

heterogeneous systems is still open to discussion and Eley-Rideal [5.6] and Langmuir-

Hinshelwood [5.9] models have been invoked to account for the observed rate behaviour. 

Furthermore, the process has been viewed in terms of nucleophilic attack [5.9], but the 

structure of the reactive adsorbed species [5.10–5.12], the nature of the rate-controlling 

step [5.9,5.13,5.14] and the catalytically active sites [5.15,5.16] are still a matter of some 

debate. 

We view continuous gas phase catalytic condensation of acetophenones- and 

benzaldehyde-derivatives at atmospheric pressure as an innovative means of 

manufacturing chalcones. Taking the production of benzylidenacetophenone (via 

Claisen-Schmidt condensation of acetophenone + benzaldehyde), as representative of a 
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valuable chalcone [5.29], we examine the effect of basicity on the catalytic performance 

for a series of oxide catalysts (SiO2, ZnO, ZrO2, CeO2 and MgO). The condensation 

reaction is subjected to a kinetic and mechanistic treatment, mass transfer limitations are 

considered while catalyst long-term stability is assessed. 

5.2 Materials and Methods 

5.2.1 Catalyst Characterisation 

The SiO2, ZnO, ZrO2, CeO2, and MgO oxide catalysts were purchased from Sigma-

Aldrich and sieved (ATM fine test sieves) into a batch of 75 μm mean particle diameter 

(dcatalyst), prior to catalytic measurements. The morphology (size and shape) of the oxides 

was evaluated by XRD and scanning (SEM, FEI Scios/XLF30-FEG), transmission (TEM, 

JEOL HEM 2011) and scanning transmission (STEM, 2200FS field emission gun-

equipped unit) electron microscopy, employing Gatan Digital Micrograph 1.82 for data 

acquisition/manipulation. Powder X-ray diffractograms (XRD) were recorded on a 

Bruker/Siemens D500 incident X-ray diffractometer with Cu Kα radiation. Oxides were 

scanned at 0.02º step-1 over the range 5º ≤ 2θ ≤ 85º and the diffractograms identified 

against the JCPDS-ICDD reference standards, i.e. SiO2 (101-0921), ZnO (070-8070), 

CeO2 (043-1002), MgO (087-0651), tetragonal (t-ZrO2, 152-5705) and monoclinic ZrO2 

(m-ZrO2, 101-0912). The fraction of tetragonal zirconia (Vt) was obtained based on the 

method described by Gazzoli et al. [5.30], using the integrated areas (Ai) of the (1 0 1) t-

ZrO2 and (1 1 1) and (1 1 -1) m-ZrO2 planes, according to:  

( )
t

t

t t1.34 1
=

 − +

Q
V

Q Q
                                           Eq. 5.1 

where Qt represents the area ratio, defined as: 

XRD

t
t XRD XRD XRD

t m m

(1 0 1)

(1 0 1) (1 1 1) + (1 1 -1)

A
Q

A A A
=

+
                         Eq. 5.2 

The crystallite size (dXRD) was estimated using the Scherrer expression assuming 

negligible contributions of strain/instrumental broadening to reflection widths [5.31]. 

Carbon dioxide temperature programmed desorption (CO2-TPD) was employed to 

analyse the concentration and strength of surface basic sites. CO2-TPD and specific 
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surface area (SSA) measurements were recorded using the CHEM-BET 3000 

(Quantachrome Instrument) unit (detector = TCD, software = TPR WinTM 1.0, mass 

flow controller = Brooks). The oxide catalysts (50-300 mg) were first loaded into a cell 

(U-shaped Pyrex glass, internal diameter = 3.76 mm), outgassed (ramp = 10 K min-1, final 

temperature = 573 K, final isothermal hold time = 1 h) in helium (flow = 40 cm3 min-1, 

BOC, ≥99.99%) and cooled to 323 K. A continuous flow of carbon dioxide (flow = 40 

cm3 min-1, BOC, 99.5%, time = 30 min) was subsequently introduced, sufficient for 

surface saturation. The oxides were then thoroughly flushed with helium (flow = 80 cm3 

min-1, time = 2 h) to remove physisorbed carbon dioxide before TPD (ramp = 10 K min-1, 

final temperature = 1073 K). The CO2-TPD profiles were fitted with abstraction of the 

Shirley background making use of the Gaussian-Lorentzian function in CasaXPS 2.3.17. 

TPD recorded in parallel directly after the outgassing step in He to 573 K was featureless, 

a result suggesting that any release during TPD is due to carbon dioxide desorption. This 

is consistent with publications demonstrating that oxide decomposition contributions to 

CO2-TPD over 573-1073 K for SiO2, ZnO, ZrO2, CeO2 and MgO are negligible [5.32–

5.36]. SSA was recorded in a flow of nitrogen/helium (50% v/v, flow = 30 cm3 min-1, 

BOC, ≥99.99%) using pure nitrogen as internal standard. Three cycles of nitrogen 

adsorption-desorption were employed to calculate the SSA using the standard single-

point approach. SSA and CO2-TPD values were reproducible to within ±10% and we 

have quoted in this paper the mean values.  

5.2.2 Catalytic Procedure 

The reactants (acetophenone (Acros Organic, 98%) and benzaldehyde (Fisher 

Scientific, ≥99%)), solvents (toluene (Fisher Scientific, ≥99%), anisole (Sigma-Aldrich, 

99,7%), 2-butanol (Sigma-Aldrich, ≥99%) and nitrobenzene (Fluka, ≥99%)) and products 

(benzylideneacetophenone (Sigma-Aldrich, 97%), benzyl alcohol (Acros Organics, 99%) 

and benzoic acid (Sigma-Aldrich, ≥99.5%)) were used as provided by the supplier. The 

gases (O2, H2, N2 and He) were of ultra high purity (BOC, >99.99%).  

All the gas phase (498 K ≤ T ≤ 573 K) catalytic reactions were carried out under 

atmospheric pressure in a continuous flow fixed-bed (catalyst bed length (Lbed) = 5 mm) 

vertical (glass) tubular reactor of internal diameter (dreactor) = 15 mm. The oxide catalyst 

(10-50 mg) was supported on a glass frit. A “preheating zone” based on a layer (ca. 2 cm) 

of borosilicate glass beads (external diameter = 1 mm) situated above the catalytic bed 
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ensured the vaporisation of the organic reactants and that they contacted the catalyst bed 

at reaction temperature. The reaction temperature was maintained constant (±1 K) by 

(physically) mixing the catalyst with ground glass (75 µm); the catalyst bed temperature 

was monitored continuously using a thermocouple. A microprocessor controlled infusion 

pump (Model 100 kd Scientific) was employed to deliver the organic feed (pure reactants 

or as a 0.1-7 M solution) to the reactor at a fixed flow rate (2 × 10-2 cm3 min-1) through a 

glass/Teflon air-tight syringe and Teflon line. A co-current flow of acetophenone (A) + 

benzaldehyde (B) and N2 (PA and PB in the range 5 × 10-3 - 3 × 10-1 atm) was maintained 

at a gas hourly space velocity (GHSV) = 7 × 102 – 4 × 103 h-1. The catalyst mass (Woxide) 

to reactant "i" feed ratio (Woxide/Fi) spanned the range 2-10 g h mol-1. Contact time (τ = 

0.2 - 2.1 s) was adjusted by changing the flow of nitrogen, maintaining constant the 

volume of catalyst bed and inlet Woxide/Fi. The reactor effluent was condensed in a liquid 

nitrogen trap for subsequent capillary gas chromatography (GC) analysis. In blank tests, 

passage of acetophenone + benzaldehyde in a stream of nitrogen through the empty 

reactor, i.e. without the oxide catalyst, did not result in any measurable conversion. The 

composition of the reaction/product mixture was determined by gas chromatography with 

a Perkin-Elmer Auto System XL gas chromatograph unit (injector = programmed 

split/splitless, detector = FID, capillary column = DB-1 (50 m × 0.33 mm × 0.20 μm, 

J&W Scientific), software = TurboChrom Workstation 6.3.2). Reactant (i) conversion 

(Xi) was obtained from: 

   

 
i,in i,out

i
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reactant reactant
(%) 100

reactant

−
= X                                Eq. 5.3 

while selectivity to product "j" (Sj) is calculated from: 

 

   
j,out

j
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(%) 100

reactant reactant
= 

−
S                                 Eq. 5.4 

where the subscripts in/out denote the inlet/outlet streams. Activity is also quantified in 

terms of initial (r0, molchalcone moloxide
-1 h-1) and stationary state production rate (r, 

molchalcone molMgO
-1 h-1), extracted from time on-stream data as explained in [5.37]. Raw 

data reproducibility and carbon mass balance were better than ±5%. The fmincon non-

linear least squares algorithm in the optimisation toolbox of MatLab R2019a was 
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employed to discriminate the various models. Applicability of the models is probed in 

terms of the χ2 (chi-square): 

2

z calc,z
2

calc,z

-

=

  
z

r r

r
                                     Eq. 5.5 

where rz represents the experimentally determined reaction rate, while the function rcalc,z 

denotes the calculated reaction rate obtained from kinetic modelling. The critical χ2 was 

taken from the NIST table based on a degree of freedom N – P (number of data points – 

number of parameters) equal to 33 at a significance level α = 0.05 [5.38].  

5.3 Results and Discussion 

5.3.1 Catalyst Characterisation 

Catalyst textural properties in terms of crystallographic phase, specific surface area 

(SSA) and crystal size are critical as they can impact on catalyst acidity/basicity which, 

in turn, can modify the surface affinity for reactant(s)/product(s) influencing catalytic 

performance [5.16]. Key characteristics of the five oxide catalysts (SiO2, ZnO, ZrO2, 

CeO2 and MgO) considered in this study are given in Table 5.1. Oxide size/shape was 

examined using a combination of microscopy measurements and XRD. Representative 

TEM/STEM (I) and SEM (II) images are shown in Figure E.1 of the Appendix E. The 

TEM/STEM/SEM analyses revealed an array of crystals of varying shape and size. Large 

and polished “sheet-like” crystals are predominant in ZnO (B), ZrO2 (C), CeO2 (D) and 

MgO (E), while SiO2 (A) exhibits a “fuzz-like” morphology suggesting an amorphous 

structure. The crystallinity of the materials was confirmed by XRD analysis; the generated 

diffractograms are shown in Figure 5.2(I). A broad signal at ca. 2θ = 25 ± 10º for SiO2 

(A) is consistent with amorphous cristobalite (JCPDS reference standard 101-0921), in 

line with microscopy analyses. The XRD pattern of ZnO (B) presents eight main peaks 

at 2θ = 32.1º, 34.5º, 36.5º, 47.8º, 57.2º, 63.1º, 68.5º and 69.8º due to zinc oxide (070-

8070). XRD analysis of ZrO2 (C) revealed the three main peaks for t-ZrO2 ((1 0 1), (1 1 

2) and (2 1 1) at 30.4º, 50.5º and 60.5º; 152-5705) and m-ZrO2 ((1 1 1), (1 1 -1) and (2 2 

0) at 27.8º, 31.2º and 49.6º; 101-0912), where tetragonal content = 50% (Eqs. (5.1)-(5.2)). 

We could not find any published ZrO2-phase composition for commercial zirconia in the 

open literature, although reported publications have established a tetragonal content in 
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the 30-70% range for laboratory synthesised ZrO2 [5.39,5.40]. The XRD patterns for 

CeO2 (D) and MgO (E) matched those of the JCPDS-ICDD reference card for cerium 

(043-1002) and magnesium oxide (087-0651). The total SSA ranged from 8 m2 g-1 (ZnO) 

to 176 m2 g-1 (SiO2), and the results obtained for each oxide fall within values reported in 

the literature for comparable systems [5.41,5.42]. Standard line broadening 

measurements using the Scherrer formula yields crystallite sizes in the 18-50 nm range, 

where the values in Table 5.1 are in good agreement with SSA, i.e. the oxides that 

exhibited the greater SSA also bore the smallest crystal sizes. 

 
Figure 5.2. (I) XRD patterns and (II) carbon dioxide temperature programmed desorption (CO2-TPD) 

profiles for (A) SiO2, (B) ZnO, (C) ZrO2, (D) CeO2 and (E) MgO including differentiation between 

weak/medium/strong basic sites. Note: Peak assignments in (I) are base JCPDS-ICDD reference data for 

SiO2 (101-0921, ▢), ZnO (070-8070, ◇), t-ZrO2 (152-5705, +), m-ZrO2 (101-0912, ⭘), CeO2 (043-1002, 

▽) and MgO (087-0651, △). Raw data in (II) is denoted by symbols () while curve fitting and background 

are represented by solid (grey (weak sites), black (medium+strong)) and dotted lines, respectively. 

Surface basicity has been shown to play a critical role in the batch liquid phase 

Claisen-Schmidt condensation, having an impact on adsorption/desorption of 

acetophenone-, benzaldehyde-derivatives and chalcones [5.43].  

 



 

131 

 

Table 5.1. Physico-chemical characteristics of SiO2, ZnO, ZrO2, CeO2 and MgO catalysts. 

 SiO2 ZnO ZrO2 CeO2 MgO 

SSA (m2 g-1) 176 8 57 49 58 

dXRD (nm) - 50 18a/24b 38 20 

CO2-TPD 

Tmax,TPD (K) 

Weak 365 380 379 397 400 

Medium - 653, 691 548 - 510 

Strong - - 824, 1017 - 830 

CO2 desorbed (μmol g-1) / Basic sites (mol%) 

Weak 9 / 100 2 / 10 9 / 20 92 / 100 90 / 33 

Medium - 19 / 90 3 / 6 - 150 / 56 

Strong - - 34 / 74 - 30 / 11 
atetragonal; bmonoclinic. 
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We have employed temperature programmed desorption (with CO2 as probe 

molecule) as a well-established measure of total surface basic site concentration and 

strength [5.44]. The available literature suggests a lower requirement (323-450 K) for 

CO2 desorption from weak basic sites (such as -OH groups) compared to release from 

medium (e.g. terrace and edge -O2-; 450-750 K) and strong (e.g. corner -O2-; >750 K) 

sites [5.15,5.45]; surface oxygen basicity is dependent on -O2- electron density where CO2 

adsorption in a monodentate configuration [5.46] is stronger with decreasing oxygen site 

coordination number. The CO2-TPD profiles generated for all the catalysts are shown in 

Figure 5.2(II), which includes the temperature regions proposed for oxide basic strength. 

The values derived from curve fitting in terms of temperature for maximum release (Tmax), 

distribution of basic sites with different strength (mol%) and associated CO2 desorbed are 

presented in Table 5.1. With the exception of SiO2 and CeO2, each catalyst presents 

several desorption peaks, suggesting a range of basic strength. The SiO2 (II(A)) and CeO2 

catalysts ((II(D)) exhibited one desorption peak at 381 ± 16 K that can be attributed to 

weak basic sites associated with surface hydroxyl (Si-OH [5.47] and Ce-OH [5.48]) 

groups, where Tmax is in good agreement with literature (Tmax ≤ 393 K) [5.49]. In support 

to this, absence of medium and strong basic sites was also recorded by Storozheva et al. 

[5.47] and Kamimura and co-workers [5.49] studying the basic properties of commercial 

SiO2 and CeO2 by CO2/CHF3 TPD and FTIR analyses. In contrast, over the same 

temperature range the TPD measurement for ZnO generated the profile in II(B) 

dominated by CO2 desorption over the “medium region” (90%, Table 5.1) with Tmax= 653 

K and 691 K. CO2 desorption peaks from ZnO at Tmax ≤ 698 K have been reported 

previously [5.50,5.51], and attributed to medium strength -O2- basic sites linked to the 

presence of surface defects (i.e. oxygen vacancies) generated during thermal treatment at 

573 K [5.52]. In the profile recorded for ZrO2 (II(C)), the main desorption (74%) occurs 

in the “strong region” with associated Tmax at 824 K and 1017 K, which can be linked to 

CO2 desorption from low-coordinated -O2- sites [5.53]. The MgO catalyst (II(E)) presents 

three stages of CO2 desorption with Tmax values of ca. 400 (33%), 510 (56%) and 830 K 

(11%) corresponding, respectively, to weak, medium and strong basic sites. The 

appearance of three CO2 desorption signals from MgO (Tmax at 350-423 K, 450-550 K 

and 850 K) has been recorded previously [5.15,5.54], and ascribed to adsorption of carbon 

dioxide on basic sites with increasing strength (from FTIR measurements) by Cortés- 

Concepción et al. [5.16] and León and co-workers [5.46]. The amount of carbon dioxide 

released from all the oxides (Table 5.1) spanned the range 9-270 μmol g-1 (from 
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SiO2 → MgO), with values for each oxide in good agreement with those quoted in the 

open literature [5.47,5.49,5.55–5.57] There is no clear correlation between surface 

basicity and SSA. The catalyst SSA alone does not control the basic character and the 

electronic properties of the oxide (i.e. Metaln+-O2- charge distribution) must be taken into 

account. The oxygen partial negative charge (-qO) is a crucial parameter describing the 

electron density of the oxygen in oxides, where a higher -qO reflects greater electron 

density, thus enhanced basicity [5.58]. The reported [5.59–5.61] -qO, calculated applying 

Sanderson’s electronegativity equalisation principle [5.59], increase in the order: SiO2 

(0.15) < ZnO (0.20) < ZrO2 (0.34) < CeO2 (0.48) < MgO (0.50). This trend matches the 

recorded order from CO2-TPD (Table 5.1), which, in turn, can be correlated with the 

cation partial charge in the oxide that serves to increase the content of oxygens with low 

electronic stabilisation (increasing -qO) [5.62].  

The characterisation measurements have probed differences in the structural and 

acid-base properties for the five oxide catalysts in this work, which exhibited SSA ranging 

from 8 (ZnO) to 176 m2 g-1 (SiO2) and variations in concentration (9-270 μmol g-1) and 

strength of basic sites.  

5.3.2 Continuous Gas Phase Production of Chalcone via Condensation of 

Acetophenone and Benzaldehyde 

5.3.2.1 Evaluation of Heat/Mass Transfer Limitations 

A meaningful examination of catalytic performance requires process operation under 

intrinsic chemical control with negligible heat/mass transfer limitations. The application 

of plug-flow conditions guarantees a well mixed radial flow where transport gradients are 

minimised while reducing bypass or axial dispersion effects and avoiding reactant back 

mixing/channelling [5.63,5.64]. It is well established [64] that plug-flow reactor operation 

requirements are met where dreactor/dcatalyst > 30 (200 in this work) [5.65] and 

Lbed/dcatalyst > 50 (vs. 67) [5.64]. 

Catalytic activity was assessed based on chalcone production rate (r) as a measure of 

intrinsic catalytic performance using MgO, as a representative catalyst. External 

heat/mass transfer limitations were examined by means of the well-known approach of 

changing the contact time (τ) [5.66]. The results obtained are shown in Figure 5.3(I), 

where it can be seen a linear increase in r at τ < 1 s, suggesting external heat/mass 
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transport contributions. At τ from 1 to 2.1 s, the quasi-invariant r is diagnostic of minimal 

external heat/mass transport constraints. Based on this, τ was set at 1.5 s in the following 

catalytic runs. The linear dependence of benzaldehyde conversion with Woxide/FB (Figure 

5.3(II)) excluded internal mass transfer limitations, confirming chemical control.  

 
Figure 5.3. (I) Variation of chalcone production rate (r; molchalcone molMgO

-1 h-1) with contact time (τ, △; s) 

and (II) benzaldehyde conversion (XB; %) as a function of Woxide/FB (▲; g mol-1 h). Note: Dashed lines 

provide a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, [A] = [B] = 2 M, 

catalyst = MgO. 

 

5.3.2.2 Effect of Catalyst Basicity 

Analysis of possible contributions due to catalyst basicity (from CO2-TPD) must be 

normalised with respect to SSA. The initial chalcone production rate (r0) is shown as a 

function of specific (per m2) total basicity (ρbasicity) in Figure 5.4. An elevated r0 with 

increasing ρbasicity suggests the involvement of surface basic sites in the rate-determining 

step. This tendency is in line with previous studies showing enhance production rate over 

modified hydrotalcites [5.10] and MgO [5.15,5.16] with increased basicity, and attributed 

to a facilitated abstraction of the phenolic proton from the 2ˈ-hydroxyacetophenone 

intermediate [5.67]. We must stress that, while previous studies have shown a dependence 

between basicity and production of chalcone for individual oxide catalysts, we provide 

here the first report of basicity effects over a broad set of oxides in this reaction. 

At the same degree of conversion (XB ~5%), ZnO, ZrO2 and MgO promote the sole 

formation of target benzylideneacetophenone. A switch from exclusive 

acetophenone + benzaldehyde condensation (to chalcone) to (base-induced [5.68]) 

benzaldehyde disproportionation (to benzyl alcohol and benzoic acid, path (II) in Figure 

5.1) over CeO2 and SiO2, with the highest concentration of weak basic sites among all the 
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catalysts (100%, Table 5.1), suggests a direct contribution of weak basic sites (surface 

hydroxyl groups) to the Cannizzaro reaction. The same conclusion was reached by 

Toledo-Flores et al. [5.8] for the batch transformation over BaO-ZrO2 oxide. The best 

combined activity/selectivity response was achieved over MgO. Likewise, magnesium 

oxide exhibited the best performance in the liquid phase condensation of 2ˈ-

hydroxyacetophenone + benzaldehyde over (ZnO-supported) BaO, K2O and Na2O [5.11] 

and acetophenone + 5-hydroxymethylfurfural using hydrotalcites [3], linked to a higher 

concentration of basic (O2-) sites [5.3]. Based on the results in Figure 5.4, MgO was 

selected for subsequent tests.  

 
Figure 5.4. Variation of initial chalcone production rate (r0; molchalcone moloxide

-1 h-1) with specific basicity 

(ρbasicity; μmol m-2) for reaction over SiO2 (▢), ZnO (◇), ZrO2 (⭘), CeO2 (▽) and MgO (△). Note: 

Selectivity to target chalcone over each catalyst is indicated in brackets while the dashed line provides a 

guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, [A] = [B] = 2 M, XB ~5%.  

 

5.3.2.3 MgO 

We must highlight from the outset that, under all reaction conditions, 

benzylideneacetophenone, an important component of environmentally benign herbicides 

due to its phytotoxic properties [5.17], was the only product in the condensation of 

acetophenone with benzaldehyde. 
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Having demonstrated chemical regime, the dependence between catalytic activity (r) 

and solvent dielectric constant, ε (i.e. a key property that quantifies the capacity of the 

solvent to stabilise ions in solution and it is linked to its polarity) was examined and the 

results are presented in Figure 5.5.  

 
Figure 5.5. Chalcone production rate (r; molchalcone molMgO

-1 h-1) as a function of solvent dielectric constant 

(ε) for reaction in nitrobenzene (■), 2-butanol (▼), anisole (⬤) and toluene (◆). Note: Dashed line provides 

a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, [A] = [B] = 2 M, catalyst = 

MgO. 

A visual inspection of the graph reveals a decrease in r with increasing ε, in the order: 

toluene > anisole > 2-butanol > nitrobenzene. Competition between solvent and reactants 

for adsorption sites can affect chalcone production rate [5.5,5.27], where increase solvent 

surface affinity can lower condensation rate due to inhibited acetophenone/benzaldehyde 

activation as a result of electronic or steric effects. It has been proved by catalytic [5.3] 

and spectroscopic [5.67] experimental work, that adsorption of acetophenone and 

benzaldehyde on MgO involves surface O2- sites. The adsorption of toluene (via the 

aromatic ring) and anisole (through the aromatic ring and/or the methoxy oxygen) on 

magnesium oxide is known to occur by hydrogen bonding with surface hydroxyl groups 

[5.69,5.70], and does not affect acetophenone and/or benzaldehyde adsorption/activation. 

In contrast, adsorption of 2-butanol occurs with the -OH group attached to Mg2+-O2- pairs 

[5.71], while nitrobenzene adsorption is driven by interactions between the -NO2 

functionality and Mg2+ sites [5.72]. This, in turn, limits the availability of basic -O2- sites 

for reactant(s) adsorption due to direct solvent occupation or steric hindrance. 

Nevertheless, reactant/solvent adsorption competition cannot be the main source of 
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inhibited chalcone production for reaction in 2-butanol given the similar ε (17 ± 1 [5.63]) 

of the solvent, acetophenone and benzaldehyde. Reactant activation can also be 

influenced by “solvation” of the -C=O group by 2-butanol [5.73], which hinders 

adsorption. Toluene, with the highest production rate, was selected as the solvent for the 

following catalytic tests.  

5.3.2.3.2 Chalcone Production Kinetics: Reaction Orders, Energetics and Reactant 

Adsorption 

The kinetics for the production of chalcone can be represented by the empirical 

power law equation [5.74], where X <10% to ensure differential reaction conditions 

[5.75]: 

A B=  m nr k P P                                                    Eq. 5.6 

k is the rate constant, and m an n the orders of reaction with respect to the acetophenone 

and benzaldehyde partial pressures, respectively. The reaction orders were determined by 

means of logarithmic representations at constant temperature and partial pressure of 

benzaldehyde (equation on the left) or acetophenone (right): 

A B A Bln( ) = ln( ) + ln( )   ;   ln( ) = ln( ) + ln( )n mr m P k P r k P n P             Eq. 5.7 

Representative logarithmic plots showing the linear dependence of r with the partial 

pressure of acetophenone (PA, (A)) and benzaldehyde (PB, (B)) at 498 K, 523 K and 573 

K are presented Figure 5.6(I); the quality of the data fit (0.980 ≤ Adj. R2 ≤ 0.999). The 

computed reaction orders with respect to acetophenone (1.0 ± 0.1) and benzaldehyde 

(1.2 ± 0.1) were insensitive to reaction temperature. A first order dependence over a 

similar partial pressure range (i.e. Pi ≤ 0.1 atm) has been recorded in the gas phase (T = 

473 K) condensation of acetone + butyraldehyde over hydrotalcite catalyst [5.76], but we 

could find no documented temperature dependence of reaction orders in gas phase 

acetophenone + benzaldehyde condensation. Nonetheless, a first order kinetic behaviour 

with respect to both reactants has been demonstrated for the liquid phase condensation of 

acetophenone + benzaldehyde using homogeneous (e.g. sodium hydroxide [5.77] and 

sulfuric acid [5.78]) and heterogeneous (such as anion-exchanged resin [5.79] and 

hydrotalcites [5.9]) catalysts. 
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Figure 5.6. (I) Chalcone production rate (r; molchalcone molMgO

-1 h-1) as a function of (A) acetophenone 

partial pressure (PA; atm) where PB = 0.07 atm and (B) benzaldehyde partial pressure (PB; atm) where PA 

= 0.07 atm for reaction at 498 (▷), 523 (◄) and 573 K (△); (II) Arrhenius plot for chalcone production; 

(III) Chalcone production rate (r; molchalcone molMgO
-1 h-1) as function of benzaldehyde partial pressure (PB; 

atm) where PA = 0.03 atm (▲) and 0.07 atm (△). Note: Solid lines in (I) and (III) are the result of linear 

data fit to Eq. 5.7 while that in (II) represents the fit to Eq. 5.8. Reaction conditions: P = 1 atm, T = 498-

573 K, catalyst = MgO. 

Catalytic data were subjected to Arrhenius analysis according to: 

app

0

A B g

ln = ln( )
m n

Er
A

P P R T

 
− 

  
                                      Eq. 5.8 

where A0 and Eapp represent the apparent pre-exponential factor and activation energy, 

respectively, while Rg is the gas constant. The associated plot (Figure 5.6(II)) yields an 

Eapp for condensation (Adj. R2 = 0.973) of 54 kJ mol-1. A direct comparison of the Eapp 

value generated in this work with the reports in the literature is problematic given the 

absence of studies. Nevertheless, our Eapp is within the range of activation barrier values 

(48-69 kJ mol-1) reported over MgO for the liquid phase (2ˈ-
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hydroxy)acetophenone + benzaldehyde [5.7] and similar (63 kJ mol-1) to results quoted 

for the gas phase aldol condensation of acetaldehyde + formaldehyde [5.80].  

As part of the preliminary kinetic modelling tests, we examined the nature of the 

acetophenone and benzaldehyde adsorption mode (competitive or non-competitive) on 

MgO by evaluating the variation of r with PB where PA = 0.03 and 0.07 atm and the 

results obtained are shown in Figure 5.6(III). It is immediately evident that a change in 

acetophenone concentration did not affect the dependence of r on PB, i.e. the reaction 

order "n" was essentially the same and equal to ~1.2; quality of the data fit (0.989 ≤ Adj. 

R2 ≤ 0.994). This result suggests non-competitive dual-site adsorption of benzaldehyde 

and acetophenone. The latter finds support in the work of Sazegar et al. [5.12], who 

reported non-competitive adsorption of acetophenone and benzaldehyde for the liquid 

phase transformation over protonated aluminate-silica. 

5.3.2.3.3  Chalcone Production Kinetics: Kinetic Model 

Briefly, the catalytic data generated in the previous sections suggest the following: 

a. Non-competitive (dual-site, denoted S1 and S2) adsorption of 

acetophenone and benzaldehyde (Figure 5.6(III)). 

b. Surface basic (O2-) sites participation in the condensation to 

chalcone (Figures 5.2(II) and 5.4). 

c. Involvement of acetophenone and benzaldehyde in the rate-

determining step (Figure 5.6(I)). 

We envision a surface mechanism (Scheme 5.1 and Table 5.2) based on: adsorption 

of acetophenone (step 1) and benzaldehyde (step 2), inter- (step 3) and intra-molecular 

nucleophilic attack (step 4) and water desorption (step 5). In step 1, acetophenone (A) is 

dissociatively adsorbed to generate an enolate (A2S1, “anchored” to a Mg2+ site (S1) via 

the carbonyl oxygen) and hydrogen ion ((acid) α-hydrogen extracted by surface O2- sites 

(S2) as HS2), as has been shown by FTIR measurements [5.67]. Step 2 involves the 

adsorption/activation of benzaldehyde (B) on HS2 (as BHS2) via the Oδ- of the carbonyl 

group and surface Hδ+. In support of the latter, the bands at 1423 and 1564 cm-1 for 
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benzoate species in DRIFT spectra, characteristic of bidentate and bridge benzaldehyde 

adsorption on MgO [5.81], were not observed in the presence of acetophenone [5.67]. In 

step 3 the nucleophilic enolate (A2S1) attacks the activated H2C-C=O group in BHS2 to 

form a C-C bond that results in a β-hydroxy ketone (C-1HS2) and vacant S1, as previously 

suggested by Enchev and Mehandzhiyski [5.82] and Sazegar et al. [5.12]. The surface C-

1HS2 as reactive intermediate is converted to desorbed chalcone (C) and surface -OH 

(adsorbed on HS2) via nucleophilic attack at the ketonic α-hydrogen by the hydroxyl 

oxygen in step 4. The surface hydroxyl desorbs as water [5.10,5.12] from the oxide 

surface (step 5) with regeneration of (S2) active site.  

 
Scheme 5.1. Proposed reaction mechanism for the Claisen-Schmidt condensation of acetophenone and 

benzaldehyde to (chalcone) benzylidenacetophenone over MgO. 

S1 S2

BHS2

B

A
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Table 5.2. Rate expressions of the five steps involved in the Claisen-Schmidt condensation of acetophenone + benzaldehyde → chalcone employed in kinetic modelling. 

Step Reaction Rate expression  
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The kinetic modelling of acetophenone + benzaldehyde was carried out using the 

Langmuir-Hinshelwood approach considering the five steps described above (Table 5.2), 

where one step is chosen as rate limiting and the other four are in quasi-equilibrium (see 

Table E.1 in Appendix E) to eliminate the coverage-dependent terms. The rate 

expressions (Eqs. (5.9)-(5.13), Table 5.2) were fitted to the experimental data using non-

linear regressions analysis of MatLab software (see 5.2 Material and Methods section) 

and the results obtained are presented as a parity plot in Figure 5.7(I).  

 
Figure 5.7. (I) Parity plot between experimental reaction rate (r, molchalcone molMgO

-1 h-1) and calculated 

values (rcalc, molchalcone molMgO
-1 h-1) derived from Langmuir-Hinshelwood model given in Eqs. 5.9 (▢), 

5.10 (⭘), 5.11 (▲), 5.12 (▽) and 5.13 (◇) in Table 5.2; (II) Variation of kinetic (k (▲)) and equilibrium 

constants (K1 (■), K2 (), K4 (▼) and K5 (◆)) with temperature. Note: Solid line in (I) represents linear 

data fitting (slope = 0.99 with Adj. correlation coefficient R2 = 0.98) while those in (II) are the result of 

data fit to Eqs. 5.8 and 5.20 (Adj. R2 = 0.96 ± 0.03). 

 

The best linear fitting (Adj. R2 = 0.980) was obtained applying Eq. 5.11 and is 

consistent with the C-C bond formation (step 3) as rate-determining. This is in line with 

experimental work for liquid phase operation that has shown an increase in chalcone 

production ascribed to a facilitated nucleophilic attack with BHS2 as substrate and A2S1 

as the nucleophile [5.83]. Moreover, Shylesh et al. [5.84] identified the inter-molecular 

nucleophilic attack as rate-limiting in the gas phase aldol condensation over MgAl3 

hydrotalcite from H/D kinetic isotope effect studies. Eq. 5.11 was derived by describing 

the quasi-equilibrated adsorption of acetophenone (K1), benzaldehyde (K2) and water (K5) 

and cleavage of the chalcone double C=C bond (K4):  
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2 1 2

1 2

A S HS
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                                                     Eq. 5.14 
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2
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HS

5

H O S
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K
P θ

                                                        Eq. 5.17 

With regards to surface site (θi) balance: 

2 1 1A S S1= q q+
                                                        Eq. 5.18 

2 2 -1 2 2HS BH C HS S1= + Sq q q q+ +                                      Eq. 5.19 

Moreover, we show in this section that the rate/equilibrium constants obtained are 

meaningful and serve to explain underlying phenomena. The thermodynamic parameters 

can be determined assuming an Arrhenius (Eq. 5.8) and Van’t Hoff (Eq. 5.20) 

temperature dependence for kinetic (k = k3·L) and equilibrium (K1, K2, K4, K5) constants, 

respectively. 

0 0

i i
iln =

 
−



S H
K

R R T
                                          Eq. 5.20 

The applicability of the approach is confirmed by the linear correlations between ln k/ln 

K and 1/T in Figure 5.7(II). The extracted kinetic (A0,i, Eapp,i) and adsorption (standard 

entropy (∆Si
0) and enthalpy (∆Hi

0) of adsorption for each step i) parameters are presented 

in Table 5.3. An adequate kinetic model must not only satisfy statistical tests (e.g. 

residual distribution, model suitability) but also physico-chemical constraints. The 

positive slopes for K1, K2 and K5 are in line with the exothermic nature of the adsorption 

phenomenon [5.86], while the negative slopes for k and K4 are consistent with the 

endothermic character of condensation [5.87] and double bond cleavage [5.88], 

respectively. The reasonable agreement (within ±13%) in terms of the apparent activation 
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energy associated with step 3 (Eapp,3) obtained experimentally (Figure 5.6(II) and Eq. 

5.8) and by kinetic modelling, and the greater Eapp,3 (62 kJ mol-1) relative that of step 4 

(Eapp,4 = 21 kJ mol-1), confirms the inter-molecular nucleophilic attack as rate-determining 

and is consistent with the higher energy requirement for the formation of C-C vs. C=C 

bond [5.89]. The negative ΔSi
0 is in line with the decrease in entropy post-adsorption for 

the Langmuir model [5.90,5.91]. In order to comply with thermodynamics, the standard 

entropy of a chemical in vapour phase (Si
0) must be greater than its entropy change 

absolute value (|ΔSi
0|) [5.90]. The lower |ΔSi

0| associated with the adsorption of 

acetophenone (35 J mol-1 K-1 in Table 5.3, vs. Si
0 = 373 J mol-1 K-1 [5.92]), benzaldehyde 

(67 vs. 221 J mol-1 K-1 [92]) and water (15 vs. 188 J mol-1 K-1 [5.92]) satisfies this 

requirement. Moreover, the negative ΔG0 thermodynamic limitation implies that a 

negative ΔSi
0 must be accompanied by a negative ΔHi

0. The results presented in Table 

5.3 demonstrate that this prerequisite is always met. To the best of our knowledge, the 

values of adsorption enthalpies provided in this study represent the first reported 

thermodynamic data for acetophenone and benzaldehyde adsorption on the surface of 

MgO. 

Table 5.3. Calculated kinetic parameters; χ2 = 0.04 vs. critical χ2 = 21. 

Constant 
A0,i  

(molorganic molMgO
-1 h-1 atm-2) 

Eapp, i  

(kJ mol-1) 

ΔHi
0  

(kJ mol-1) 

ΔSi
0  

(J mol-1 K-1) 

K1 - - -45 -35 

K2 - - -40 -67 

ka 17 62 - - 

1/K4 11 21 - - 

K5 - - -16 -15 
ak = k3·L 

 

5.3.2.3.4 Catalyst Lifetime 

High selectivity to target chalcone is crucial, however, catalyst stability is a key 

consideration in chemical manufacturing where overall process efficiency is controlled 

by both selectivity and catalyst lifetime [5.93]. Significant catalyst deactivation (up to 

50%) in chalcone production has been a reported feature in several studies and attributed 

to carbon deposition [5.21], adsorption of reactant(s)/product(s) [5.25] and/or the 

deleterious impact of co-produced water that can induce the conversion of MgO to 

Mg(OH)2 [5.3]. Catalyst testing was extended over a prolonged (up to 672 h) time on-

stream, where the results shown in Figure 5.8 prove maintenance of full selectivity to 
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target benzylideneacetophenone and condensation rate. We must stress the high chalcone 

generation = 138 mmol month-1 achieved, which represents a marked improvement in 

productivity (by up to a factor of ten) relative to reaction under similar conditions in batch 

systems over hydrotalcites and MgO, as the two best heterogeneous catalysts for chalcone 

production [5.7,5.9,5.21,5.22]. 

 
Figure 5.8. Variation of benzaldehyde conversion (XB, △; %) and selectivity to chalcone (Schalcone, ✕; %) 

with time on-stream (t, days). Reaction conditions: P = 1 atm, T = 573 K, [A] = [B] = 2 M, catalyst = MgO. 

 

5.4 Conclusions 

The gas phase condensation (P = 1 atm, T = 498-573 K; Eapp = 58 ± 4 kJ mol-1) of 

acetophenone and benzaldehyde to bezylideneacetophenone (chalcone) has been carried 

out in a continuous fixed bed plug flow reactor using a range of metal oxides (SiO2, ZnO, 

CeO2, ZrO2 and MgO). Product distribution was sensitive to specific total basicity (ρbasicity 

= 7 × 10-2 - 466 × 10-2 μmol m-2) with formation of benzoic acid and benzyl alcohol (via 

Cannizzaro reaction) over SiO2 and CeO2, whereas exclusive generation of 

bezylideneacetophenone was observed using ZnO, ZrO2 and MgO. Chalcone production 

rate exhibits a positive dependence on total surface basicity (from CO2-TPD), with the 

greatest transformation over magnesium oxide. Under explicit catalytic control (i.e. 

τ = 1.5 s, Woxide/Fi = 2-10 g mol-1 h, dreactor/dcatalyst = 200, Lbed/dcatalyst = 67), a first order 

dependence with respect to both reactants is demonstrated for reaction over MgO. The 

rate data obey a Langmuir-Hinshelwood type model (χ2 = 0.04 << critical = 21), in which 

acetophenone and benzaldehyde adsorb non-competitively on the surface of MgO and the 

rate-limiting step is the formation of the -C-C- bond. Exclusive and time invariant (up to 

28 days) benzylideneacetophenone generation via continuous gas phase 
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acetophenone + benzaldehyde condensation over commercial MgO demonstrates the 

potential of this alternative route for the manufacture of valuable chalcones. 
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- 

CONTINUOUS PRODUCTION OF BENZYLIDENEACETOPHENONE via GAS 

PHASE REACTION OF BENZALDEHYDE AND ACETOPHENONE: 

EFFECT OF LEWIS BASICITY 

 

The previous Chapter has demonstrated that it is possible synthesising a chalcone 

compound (benzylideneacetophenone) via gas phase Claisen-Schmidt condensation, 

proposed as green (continuous and clean with stable activity) alternative to conventional 

batch methods; the rate-determining step in the catalytic cycle over MgO has been 

identified. The research has been than directed in this following Chapter to understand 

the nature of the sites (on MgO surface) active in the condensation reaction for further 

catalyst optimisation based on a systematic evaluation of the effect of (i) catalyst 

precursor, (ii) preparation method, (iii) activation conditions and (iv) promoter nature and 

concentration on the density of the catalytic sites. 

6.1 Introduction  

Metal oxides are well-known catalytic materials for condensation reactions [6.1]. In 

terms of surface chemistry that controls condensation performance, basicity has been 

identified as critical [6.1]. Indeed, surface basic sites can have an effect on 

(activity/selectivity) catalyst response by altering the reactant mode/strength of 

adsorption [6.2] and activation [6.3]. Magnesium oxide has been established as a highly 

efficient catalyst in the condensation of acetone, cyclopentanone, 6-methoxynaphthalene-

carbaldehyde + acetone and substituted-benzaldehyde + acetophenone [6.4]. MgO 

exhibits a combination of surface basic sites with modified strength [6.5] that can be 

quantified by CO2-temperature programmed desorption (CO2-TPD) analysis [6.6], 

including: (i) weak -OH Brønsted sites and (iia) medium 5- (terrace)/4- (step) and (iib) 

strong 3-fold coordinated -O2- (corner) Lewis sites. Magnesium oxide surface basicity 

can be tailored by the preparation method [6.7], characteristics of the precursor [6.8] and 

catalyst pre-treatment (e.g. calcination conditions [6.9]). Moreover, the use of additives 

has been shown to have an effect on the basicity of MgO, where anions (e.g. PO4
3-, F-, 

SO4
2- and Cl- [6.10]) can selectively poison the surface (medium -O2-) Lewis sites. On the 

other hand, the incorporation of cations (e.g. group IA [6.3,6.11,6.12], IIA [6.3], 

transition [6.13] and rare-earth [6.14] metals) has resulted in a greater 

concentration/strength of (medium + strong -O2-) Lewis basic sites, linked to differences 
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in their ionic radius relative to Mg2+ [6.13]. Changes in the basic character of MgO can 

induce modifications in the structural/textural properties of the oxide, altering the specific 

surface area (SSA) [6.15] and impacting on condensation performance [6.15]. Some 

consensus emerges from the literature that indicates higher basicity for greater SSA [6.7], 

but this is by no means irrefutable. Indeed, Díez and co-workers [6.12], observed an 

increase in total basicity (291 → 461 μmol g-1, from CO2-TPD) following introduction of 

Li to MgO, with no change (130 ± 5 m2 g-1) to SSA. León et al. [6.16], who investigated 

the basicity of commercial and homemade (prepared by decomposition of magnesium 

carbonate) MgO using CO2 calorimetry, quoted a greater basicity (590 vs. 530 μmol g-1 

uptake of carbon dioxide) over the commercial sample with lower SSA (26 vs. 70 m2 g-

1). Variations in MgO surface basicity can be arrived at by changing several variables, 

which, in turn, impact on SSA but we could find no published systematic analysis of these 

parameters.  

 
Figure 6.1. Main reaction pathway associated with condensation of acetophenone and benzaldehyde to 

benzylideneacetophenone over MgO. 

Chalcones are flavonoids extensively used in medicinal chemistry [6.17]. 

Benzylideneacetophenone possess remarkable antifungal properties, which has led to 

applications as a pesticide [6.18]. The industrial manufacture of 

benzylideneacetophenone is based on the liquid (batch) condensation of acetophenone 

with benzaldehyde in the presence of homogeneous acid or base catalysts (Claisen- 

Schmidt process) [6.17]. This synthesis route suffers from low productivity due to 

downtime (in between batches) and the generation of undesired by-products (e.g. benzyl 

alcohol and benzoic acid via benzaldehyde disproportionation) [6.19]. A transition to 

heterogeneous catalysis facilitates product separation and catalyst recovery, with 

promising results using MgO [6.20]. Although a link between condensation response and 

surface basicity has been suggested for the reaction over magnesium oxide [6.10], there 

is some disagreement in the literature regarding the type of basic sites directly involved 

in the transformation. We provide here, for the first time, a comprehensive examination 

of MgO surface Lewis basicity and its effect in the continuous gas phase synthesis of 
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benzylideneacetophenone though condensation of benzaldehyde with acetophenone 

(Figure 6.1). We have fine-tuned the basic properties of the oxide and identified the 

relationship with SSA by a systematic variation of the synthetic methods (ammonia 

precipitation, hydration and calcination), precursor (Mg(OH)2, Mg(NO3)2∙6H2O and 

(MgCO3)4∙Mg(OH)2∙5H2O) and calcination temperature (573-923 K). We also address 

the promoting effect of two alkaline metals (Li and Cs) with smaller and larger ionic 

radius than Mg.  

6.2 Materials and Methods 

6.2.1 Catalyst Preparation and Activation 

A series of magnesium oxides with modified basicity were synthesised according to 

previously published methodologies [6.7,6.9,6.21], the precursor(s) and main preparation 

step(s) are shown in Table 6.1. A commercial magnesium oxide (denoted MgO_Com in 

this Chapter, row 1 in Table 6.1) was purchased from Sigma-Aldrich (≥99.99%). MgO_N 

(row 2) was prepared by precipitation with aqueous NH4OH (Fisher-Scientific, 

≥99.99%), where an aqueous solution (10 cm3, 4 M) of Mg(NO3)2∙6H2O (Sigma-Aldrich, 

99.99%) and NH4OH (NH4OH:Mg mol ratio = 5) were contained in a sealed glass bottle 

(20 cm3), heated (2 K min-1) in a water bath to 333 K under vigorous (magnetic) stirring 

for 6 h and cooled to room temperature under constant agitation for 24 h. After filtration, 

the precipitate obtained was oven dried overnight at 343 K. The powder was calcined in 

80 cm3 min-1 (Brooks mass flow controlled) air at 1 K min-1 to 673 K, which was 

maintained for 12 h. MgO_H (row 3) was prepared by hydration, where a suspension of 

distilled water (300 cm3) and MgO_Com (10 cm3
H2O g-1

MgO) was stirred (650 rpm) at 298 

K for 12 h. The precipitate was oven-dried overnight at 343 K and calcined in 80 cm3 

min-1 air at 10 K min-1 to 673 K for 8 h. MgO_C (row 4) was synthesised via direct 

calcination of (MgCO3)4∙Mg(OH)2∙5H2O (Sigma-Aldrich, >99%) in 80 cm3 min-1 air at 

10 K min-1 to 723 K, maintaining this temperature for 2 h before cooling to 298 K. 

Calcination of Mg(OH)2 (prepared by hydration of MgO_Com as above) in 80 cm3 min-1 

air (10 K min-1) at temperature in the range 573-923 K (hold time 8 h) served to generate 

a series of magnesium oxide catalysts (row 5), they are denoted in this study "MgO_H" 

with the associated calcination temperature in parentheses.  
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Table 6.1. Precursor and preparation method in the synthesis of MgO catalysts. 

 

 

 

 

 

 

 

 

Row Number Catalyst Precursor Preparation method 

1 MgO_Com a   

2 MgO_N Mg(NO3)2∙6H2O NH4OH precipitation + Calcination at 673 K. 

3 MgO_H a Hydration + Calcination at 673 K. 

4 MgO_C (MgCO3)4∙Mg(OH)2∙5H2O Calcination at 723 K. 

5 

MgO_H(573) 

MgO_H(773) 

MgO_H(873) 

MgO_H(923) 

Mg(OH)2 Calcination at 573-923 K. 

6 

Li1MgO_H(773) 

Li5MgO_H(773) 

Li10MgO_H(773) 

Mg(OH)2 Impregnation with LiOH + Calcination at 773 K. 

7 

Cs1MgO_H(773) 

Cs5MgO_H(773) 

Cs10MgO_H(773) 

Mg(OH)2 Impregnation with CsOH + Calcination at 773 K. 

acommercial MgO purchased from Sigma Aldrich (≥99.99%). 
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A series of (1, 5 and 10 mol%) Li (row 6) and Cs (row 7) doped magnesium oxide 

catalysts were synthesised by standard wet impregnation, where 3 g of Mg(OH)2 

(obtained by hydration of MgO_Com as above) was contacted with an aqueous LiOH 

(7.5-75.0 cm3, 1 M, Sigma-Aldrich, ≥98%) or CsOH solution (7.5-75.0 cm3, 1 M, Sigma- 

Aldrich, ≥99.5). The slurry was heated (2 K min-1) to 358 K and maintained under 

constant stirring (ca. 650 rpm) until total evaporation. The solid obtained was oven dried 

overnight at 343 K and calcined in air (80 cm3 min-1) at 10 K min-1 to 773 K for 8 h. The 

samples containing lithium and caesium are labelled in this work with the prefix "Li" or 

"Cs", respectively, followed by the nominal alkali metal content (1, 5 or 10 mol%) with 

the calcination temperature specified in parentheses. Before use in catalysis, all the 

samples were sieved (75 μm average diameter, ATM fine test sieves). 

6.2.2 Catalyst Characterisation 

The Li and Cs content of the MgO samples was measured by inductively coupled 

plasma-mass spectrometry (ICP-MS, Agilent 7500ce) from the diluted (1:60-1:600 v/v) 

extract in 25% v/v HNO3/HCl (i.e. aqua regia). X-ray diffraction (XRD, 0.02º step-1, 5º ≤ 

2θ ≤ 85º, Bruker/Siemens D500) was carried out using Cu Kα radiation, with 

diffractogram pattern identification against JCPDS-ICDD reference standards, i.e. 

periclase MgO (087-0651), brucite Mg(OH)2 (100-0054), hydromagnesite 

Mg5(CO3)4(OH)2·4H2O (900-7620), zabuyelite Li2CO3 (900-8283), LiOH (101-0301), 

CsOH (722-1352), Li2O (101-0064) and Cs2O (009-0104). Periclase crystallite size 

(dXRD) was estimated using the Scherrer (line-broadening) equation [6.22], while the 

lattice parameter (a) was calculated according to the Bragg’s law [6.23] using the 

experimental peak position of the main plane (2 0 0) associated with magnesium oxide. 

The brucite:periclase molar ratio was calculated using XRD results following the method 

described by Rietveld [6.24], based on the simulation over the total angular range of the 

diffraction profile of the different phases contained in the sample. Thermogravimetric 

analysis (TGA, LINSEIS STA PT 1600, Type S 240 furnace (RT-1773 K), Platon NGX 

mass flow controller) was employed to investigate weight loss during the formation of 

MgO. Samples (1.4 × 10-3 – 7.3 × 10-3 g) were placed in an alumina crucible (internal 

diameter = 7 mm, volume = 0.3 cm3) and heated in O2 (100 cm3 min-1, 10 K min-1 to 873 

K). Magnesium oxide morphology was examined by scanning electron microscopy 

(SEM, FEI Scios, 5 kV). The distribution of Cs on the samples was evaluated by scanning 

transmission electron microscopy energy dispersive X-ray analysis (STEM-EDX, FEI 
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Titan Themis, Fischione high angle annular dark field and FEI annular dark field 

detectors, FEI TIA 4.9 SP1 software, 200 kV). Total specific surface area (SSA) and 

carbon dioxide chemisorption/temperature programmed desorption (CO2-TPD) were 

measured by automated flow methodology (CHEM-BET 3000 Quantachrome 

Instrument, Brooks mass flow controller, thermal conductivity detector (TCD), TPR 

WinTM 1.0 software). The MgO samples (5 × 10-3 - 150 × 10-3 g) were loaded into a 

Pyrex glass cell (U-shaped, internal diameter = 3.76 mm) and outgassed in dry He (30 

cm3 min-1, 10 K min-1 to 573 K, 1 h). The SSA was obtained using the standard single-

point BET method (50% v/v N2/He (30 cm3min-1), three cycles N2 adsorption-

desorption). The outgassed MgO samples underwent carbon dioxide chemisorption by 

pulse titration (5-10 cm3, 323 K) or constant flow (40 cm3 min-1, 323 K, 30 min) of CO2. 

Samples were then flushed with flowing He (80 cm3 min-1, 2 h) and subjected to CO2-

TPD (10 K min-1 to 1173 K) in the same flow until the signal returned to baseline. The 

profile obtained was corrected employing the CO2-TPD recorded in parallel directly after 

outgassing in He (i.e. without the CO2 chemisorption step) to determine explicitly TPD 

release due to carbon dioxide desorption; peak simulation was carried out with the 

CasaXPS 2.3.17 software, using Gaussian-Lorentzian curves and Shirley background. 

SSA and CO2 chemisorption/TPD values were reproducible to within ±10% and we have 

quoted in this paper the mean values. 

6.2.3 Gas Phase Condensation of Benzaldehyde and Acetophenone 

The continuous gas phase (1 atm, 573 K) condensation of acetophenone (Acros 

Organic, 98%) with benzaldehyde (Fischer Scientific, ≥99%) was carried out under 

chemical control operating conditions (demonstrated in Chapter 5), in a fixed-bed (glass) 

tubular reactor (internal diameter = 15 mm); see Figure A.1 in Appendix A. A preheating 

zone based on a layer of (borosilicate) glass beads (external diameter = 1 mm) ensured 

the organic reactants were vaporised and reached 573 K before contacting the catalytic 

bed. Isothermal conditions (±1 K) were maintained by mixing the MgO catalyst with 

ground (75 µm) glass. A thermocouple (Cole-Parmer digi-sense type-K) inserted above 

the catalytic bed was used for continuous monitoring of the reaction temperature. 

Acetophenone + benzaldehyde (mol ratio = 1) were delivered to the reactor as a toluene 

solution (2 M, Fisher Scientific, ≥99%) in a flow of N2 (20 cm3 min-1), at a fixed calibrated 

flow rate (2 × 10-2 cm3 min-1) through a glass air-tight syringe (10 ml, Hamilton) and 

Teflon line using a microprocessor controlled infusion pump (Model 100 kd Scientific). 
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The gas hourly space velocity (GHSV) was maintained at 1.4 × 103 h-1 with a molar MgO 

(nMgO) to benzaldehyde feed rate (nMgO/F) = 2 × 10-1 h. The reactor effluent was 

condensed in a liquid nitrogen trap and its composition analysed by (capillary) gas 

chromatography (Perkin-Elmer Auto System XL, programmed split/splitless injector, 

flame ionisation detector, DB-1 capillary column (50 m × 0.33 mm × 0.20 μm, J&W 

Scientific), TurboChrom Workstation 6.3.2 software). The products 

(benzylideneacetophenone (Sigma-Aldrich, 97%), benzyl alcohol (Acros Organic, 99%) 

and benzoic acid (Sigma-Aldrich, ≥99.5%)) were used as received for identification 

purposes. All the gases (O2, H2, N2 and He) were of ultra-high purity (BOC, >99.99%). 

Benzaldehyde conversion (Xbenzaldehyde) is given by:  

   

 
in out

benzaldehyde

in

Benzaldehyde - Benzaldehyde
(%) = ×100

Benzaldehyde
X               Eq. 6.1 

while selectivity with respect to product j (Sj) is defined by: 

 

   
j,out

j

in out

Product
(%) = ×100

Benzaldehyde - Benzaldehyde
S                         Eq. 6.2 

where the inlet and outlet gas streams are denoted by the subscripts “in” and “out”, 

respectively. Catalytic activity response is also quantified in terms of specific (per SSA) 

benzylideneacetophenone production rate at stationary conditions (R, μmol h-1 m-2), 

calculated from time on-stream measurements (Appendix B.1):  

SS Benzylideneacetophenone-1 -2

catalyst

×
( mol  h m ) =

SSA

F X S
R  

W


m


                                 Eq. 6.3 

where XSS represents the stationary-state conversion of benzaldehyde and Wcatalyst is the 

mass of catalyst with specific surface area SSA. Raw data reproducibility and carbon 

mass balance was better than ±5%. Preliminary blank tests demonstrate no detectable 

conversion by passage of acetophenone and/or benzaldehyde in a stream of N2 through 

the empty reactor. 
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6.3 Results and Discussion 

6.3.1 Commercial vs. Laboratory Synthesised MgO: Synthesis and Characterisation  

The nature and crystallinity of the MgO_N, MgO_H and MgO_C samples before 

treatment in air (denoted Pre_MgO_N (A), Pre_MgO_H (B) and Pre_MgO_C (C), 

respectively) was examined by XRD; the results are shown in Figure 6.2(I). The XRD 

patterns for the Pre_MgO_N (row 2 in Table 6.1) and Pre_MgO_H (row 3) are similar 

and characterised by seven main peaks at 2θ = 18.6°, 38.1°, 50.9°, 58.7°, 62.2°, 69.0° and 

72.1° corresponding to (0 0 1), (1 0 -1), (1 0 -2), (2 -1 0), (2 -1 1), (2 0 0) and (2 0 1) 

planes of brucite Mg(OH)2 (JCPDS-ICDD 100-0054 in Figure 6.2(Ia)). The growth of 

Mg(OH)2 crystals was proposed to occur through the formation of few nuclei [6.25] 

which slow expansion depends on the precipitation time [6.25,6.26]. The broader 

diffraction signals for Pre_MgO_H, suggesting a lower sample crystalline order, is 

possibly due to a shorter preparation time (12 vs. 24 h of precipitation, see 6.2 Materials 

and Methods section) that limits crystal growth [6.25]. A complex pattern was in 

evidence for the MgO_C catalyst precursor where the four main peaks at 9.9°, 13.8°, 

15.3° and 30.8° correspond, respectively, to (1 0 0), (1 1 0), (0 1 1) and (3 1 0) 

hydromagnesite Mg5(CO3)4(OH)2·4H2O planes (JCPDS-ICDD 900-7620 in Figure 

6.2(Ib)).  

 
Figure 6.2. (I) XRD patterns (including JCPDS-ICDD reference cards for (a) Mg(OH)2 (100-0054) and 

(b) Mg5(CO3)4(OH)2·4H2O (900-7620)) and (II) thermogravimetric analysis (TGA) profiles obtained 

during calcination step (in O2) of (A) Pre_MgO_N, (B) Pre_MgO_H and (C) Pre_MgO_C. 

The transformation of the magnesium hydroxide and magnesium carbonate to MgO 

involves the endothermic removal of the metal bonded -OH and carbonyl groups with 

release of water (ΔH = 80 kJ mol-1) [6.27] and carbon dioxide (ΔH = 113 kJ mol-1) [6.28]. 
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This transition is possible (i.e. ΔG < 0) at T >535 K [6.29]. The weight loss during the 

conversion of the catalyst precursors was monitored by in situ TGA analysis over the 300-

900 K range, the results for MgO_N (A), MgO_H (B) and MgO_C (C) formation are 

presented in Figure 6.2(II). Two mass losses are in evidence during calcination for the 

three samples, a principal (ca. 33 ± 7%) signal with the onset at ca. T ≥ 570 K and a 

secondary (ca. 6 ± 1%) at 323-523 K, where the latter can be linked to surface H2O release 

[6.8,6.9,6.21]. A similar decrease in weight at T ≥ 600 K has been reported previously 

during oxygen thermal treatment of magnesium hydroxide and attributed to bulk water 

removal [6.8,6.21], while losses at ≥650 K for magnesium carbonate can be associated 

with CO2 release [6.9]. The profile for Pre_MgO_C presents, in addition, a minor (ca. 

5%) decrease in mass at 523-600 K that can be associated with bulk H2O release [6.9]. 

The mass loss during the thermal treatment associated with the removal of bulk H2O and 

CO2 matched (≤15%) the stoichiometric requirements for the formation of MgO. The 

sequential increase of final temperature in the TGA profile associated to MgO_N (640 K) 

< MgO_H (709 K) < MgO_C (740 K) formation is indicative of differences in the energy 

requirements for the transformation of the three catalyst precursors to MgO. This can be 

attributed to (i) a greater energy demand for the removal of CO2 (vs. H2O) [6.9] and (ii) 

lower thermal conductivity of more amorphous brucite in the formation of MgO_H (vs. 

MgO_N) [6.30], requiring higher temperature for the transformation [6.31].  

 
Figure 6.3. (I) XRD patterns (including JCPDS-ICDD reference card for (a) MgO (087-0651), (b) 

Mg(OH)2 (100-0054) and (c) Mg5(CO3)4(OH)2·4H2O (900-7620)) and (II) carbon dioxide temperature 

programmed desorption (CO2-TPD) profiles for (A) MgO_Com, (B) MgO_N, (C) MgO_H and (D) 

MgO_C. Note: Raw data in (II) is shown as symbols (), while background and curve fitting are 

represented by dotted and solid (grey (Brønsted basic sites) and black (Lewis)) lines, respectively. 
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The XRD patterns for the calcined catalyst precursors (MgO_Com (A), MgO_N (B), 

MgO_H (C) and MgO_C (D)) are presented in Figure 6.3(I), where the five peaks in the 

2θ range at 37.0°-78.5° are due to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes 

of (periclase) MgO (JCPDS-ICDD 087-0651 in Figure 6.3(Ia)). In addition to the MgO 

contribution, signals at lower 2θ can be attributed to Mg species in trace amounts that 

result from incomplete transformation to MgO (i.e. 2θ = 18.6° in XRD of MgO_H linked 

to Mg(OH)2 (0 0 1) plane (JCPDS-ICDD 100-0054, Figure 6.3(Ib)) and 9.9° for MgO_C 

due to Mg5(CO3)4(OH)2·4H2O (1 0 0) plane (JCPDS-ICDD 900-7620, Figure 6.3(Ic)). 

This is consistent with our TGA results and published work [6.9], where full conversion 

of Mg(OH)2 and magnesium carbonates into MgO requires T >723 K. 

Table 6.2. Characteristics of MgO catalysts. 

The lattice parameter obtained from XRD for MgO_Com, MgO_N and MgO_H 

coincided (a = 4.211 Å, Table 6.2), matching that recorded in the JCPDS reference 

database and experimental values (±0.05%) quoted elsewhere [6.32,6.33]. The greater 

value for MgO_C (a = 4.227 Å) can be attributed to an increased distance between Mg2+ 

ions in the lattice structure [6.34]. The compounds formed during the transformation of 

brucite (i.e. water) and hydromagnesite (water + carbon dioxide) accumulate and enhance 

the pressure within the structure of the particle. These compounds are ultimately released 

through the faces of the particles, generating surface defects (e.g. steps). The (5 times) 

greater volume of gas generated during the formation of MgO_C results in a higher 

Catalyst 

Lattice 

parameter a 

(Å) 

SSA  

(m2 g-1) 

dXRD 

(nm) 

CO2-TPD 

Total 

(mmol g-1) 

Lewis sites 

(%) 

MgO_Com 4.211 58 20 270 67 

MgO_N 4.211 240 6 442 23 

MgO_H 4.211 127 5 648, 665a 57 

MgO_C 4.227 246 4 755, 758a 42 

MgO_H(573) 4.211 123 4 332, 363a 81 

MgO_H(773) 4.211 143 6 693 68 

MgO_H(873) 4.211 90 9 472 58 

MgO_H(923) 4.211 87 10 425 62 

Li1MgO_H(773) 4.211 145 6 676 61 

Li5MgO_H(773) 4.210 133 9 965 86 

Li10MgO_H(773) 4.207 124 7 1860, 1857a 83 

Cs1MgO_H(773) 4.211 123 8 747 63 

Cs5MgO_H(773) 4.213 45 13 998 91 

Cs10MgO_H(773) 4.218 23 43 1277 86 

aCO2 uptake (μmol g-1) from chemisorption measurements. 
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concentration of defects [6.35] which, in turn, cause the lattice expansion. The XRD and 

TGA measurements demonstrate the formation of magnesium oxide for MgO_N, 

MgO_H and MgO_C.  

Variations in morphological (i.e. SSA) and surface properties (i.e. basic character), 

critical for catalytic condensation, were expected as a result of the different precursors, 

preparation method and calcination conditions adopted [6.7,6.8]. These properties were 

investigated by scanning electron microscopy (SEM), Brunauer–Emmett–Teller (BET) 

method and carbon dioxide temperature programmed desorption (CO2-TPD). The SEM 

micrographs for the commercial and laboratory synthesised MgO catalysts are presented 

in Figure 6.4 where a range of crystal sizes/shapes are in evidence. MgO_Com (I) is 

characterised by an agglomeration of large (ca. 10 μm) and small (ca. 5 μm) sizes sheet-

like crystals. An irregular nanoplatelet-type morphology is in evidence for MgO_N (II) 

and MgO_C (IV) (as previously reported [6.7]), where the crystals exhibit similar 

thickness (<1 μm) but different size (MgO_N (≤2 μm), MgO_C (≤4 μm)). A crystal 

structure containing small (ca. 3 μm) flakes arranged in a random manner is observed for 

MgO_H (III), similar to that reported by Song et al. [6.36]. Such a morphology range 

may be attributed to the use of different precursors and conditions (i.e. heating ramp) 

during thermal treatment step [6.9]. We observe the absence of large, polished crystals in 

the laboratory synthesised MgO catalysts relative to the commercial sample ((II)-(IV) vs. 

(I)), indicative of a higher concentration of (micro → macro) pores and surface 

imperfections in the former. This can be linked to the disruption of the Mg(OH)2 precursor 

structure due to lattice contraction at high temperature (673-723 K) [6.21] and the 

released of H2O and CO2 gas (as suggested by TGA analysis) during preparation. 

Moreover, the differences in textural properties observed for the three synthesised 

samples ((II)-(IV)) can be attributed to (i) the (5-fold) greater volume of H2O/CO2 

generated during the calcination of (MgCO3)4·Mg(OH)2) vs. Mg(OH)2, that affects the 

concertation of surface defects, and (ii) the modified heating rate (1 vs. 10 K min-1 for 

MgO_N vs. MgO_H and MgO_C), where higher temperature ramps decrease water 

removal efficiency increasing sintering [6.21]. 
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Figure 6.4. Representative SEM images for (I) MgO_Com, (II) MgO_N, (III) MgO_H and (as inset) 

MgO_H(923), (IV) MgO_C, (V) Li1MgO_H(773) and (as inset) Li10MgO_H(773) and (VI) 

Cs1MgO_H(773) and (as inset) Cs10MgO_H(773). 

The SSA and dXRD of the synthesised MgO samples are presented in Table 6.2. The 

SSA recorded for MgO_Com (58 m2 g-1) is similar to the value (65 m2 g-1) reported 

elsewhere for commercial (Sigma-Aldrich) periclase [6.10]. A direct comparison of the 

SSA for the homemade MgO samples prepared in this work with studies in the open 

literature is challenging given the differences in precursor/synthesis method/activation 

conditions. Nonetheless, our results are similar (to within ±15%) to values recorded 

previously for MgO prepared using a similar procedure [6.3,6.9,6.37]. The SSA of all the 

laboratory synthesised catalysts exceeded that of the (commercial) MgO_Com (by a 

factor up to 4), yielding the sequence of decreasing SSA: MgO_C (246 m2 g-1) ~ MgO_N 

(240 m2 g-1) > MgO_H (127 m2 g-1). A higher density of surface defects for MgO_C can 

account, at least in part, for the greater SSA [6.38], while increased H2O removal 

efficiency during the synthesis of MgO_N relative to MgO_H is a direct consequence of 
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the elevated SSA of the former. Not unexpectedly, an enhancement in SSA was 

accompanied by a decrease in crystal size (from MgO_Com (dXRD = 20 nm) to MgO_C 

(4 nm), Table 6.2). Indeed, the formation of bigger oxide crystals is facilitated at higher 

heating ramps (i.e. increase probability of nanoparticle sintering) and lower volumes of 

gas released during transformation (i.e. decrease density of defects). A similar SSA vs. 

crystal size trend has been observed previously for commercial and laboratory 

synthesised (via sol-gel [6.21], ammonia precipitation [6.7] and calcination [6.9]) MgO 

where the particle sizes in this work are close to those quoted in the open literature for 

magnesium oxide (3-14 nm) [6.39]. 

Surface basicity was probed by CO2-TPD measurements; the TPD profiles for 

MgO_Com (A), MgO_N (B), MgO_H (C) and MgO_C (D) are given in Figure 6.3(II) 

and the CO2 released is presented in Table 6.2. The basic character of MgO_H and 

MgO_C, with trace quantities of the catalyst precursor (see XRD in Figure 6.3(I)), was 

also examined by CO2 chemisorption to account for a possible contribution of gas release 

from catalyst precursor decomposition [6.40]; the results are shown in Table 6.2. The 

total basicity of both samples from CO2 chemisorption matched (within ±3%) the 

desorption results, consistent with an exclusive CO2 desorption from basic sites during 

TPD. After peak deconvolution, each desorption profile is characterised by the 

appearance of positive peaks at Tmax,TPD ca <450 K, 450-670 K and >670 K. A direct 

comparison of the CO2-TPD profiles in this work with those in the literature for MgO 

systems is problematic considering the variations in metal precursor, catalyst preparation, 

activation conditions and desorption procedure. Nonetheless, from a consideration of 

available literature [6.10], the peak in the first region can be attributed to CO2 desorption 

from (weak) Brønsted basic sites (grey lines), with release at T ≥ 450 K from (medium to 

strong) Lewis basic sites. An additional peak centred at 640 K is in evidence in the CO2-

TPD profile of MgO_C that can be linked to desorption from (4-fold) low-coordinated -

O2- at the steps sites that causes the lattice expansion for MgO_C, as discussed previously 

(see XRD analysis). Indeed, the -O2- anions at steps sites are characterised by a more 

pronounced basic nature than those at terrace sites [6.41], as demonstrated by DFT 

calculations showing greater (up to 2.5 times) adsorption energy on 4-fold vs. 5-fold 

coordinated oxygen sites [6.42], where the former bind more strongly with CO2 [6.43] 

requiring higher desorption temperature. The total basicity (270-755 μmol g-1, Table 6.2) 

was within the range of values (100-850 μmol g-1) quoted elsewhere [6.7,6.16]. The 

consensus that emerges from the literature is that, over MgO catalysts, condensation 
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performance is directly related to the Lewis basicity [6.10,6.44], main type of basic sites 

in most of the samples in this work (Table 6.2). Consequently, we focus our attention on 

this type of sites to establish the impact on catalytic response.  

 
Figure 6.5. Concentration of Lewis sites (CLewis, μmol g-1) as a function of MgO specific surface area (SSA, 

m2 g-1) for samples synthesised using different methods (MgO_Com (), MgO_N (◆), MgO_H (), 

MgO_C ()), calcined at various temperatures ((✕); MgO_H(573) (1), MgO_H(773) (2), MgO_H(873) 

(3) and MgO_H(923) (4)), promoted by Li ((); Li1MgO_H(773) (a), Li5MgO_H(773) (b) and 

Li10MgO_H(773) (c)) and Cs ((); Cs1MgO_H(773) (d), Cs5MgO_H(773) (e) and Cs10MgO_H(775) 

(f)). Note: Solid and dashed lines provide a guide to aid visual assessment. 

The Lewis basicity (CLewis) is plotted as a function of SSA in Figure 6.5, where the 

CLewis is enhanced with SSA over the 58-127 m2 g-1 range. This is in line with previous 

reports where MgO catalyst with higher SSA bearing a higher density of the surface 

defects (e.g. low coordinated O2- atoms) have been shown to elevate CO2 release at T 

>450 K [6.45]. MgO_N and MgO_C with the highest SSA deviate somehow from the 

common trend, displaying substantially lower Lewis basicity. A lower than expected 

Lewis basicity was also recorded by Bartley et al. [6.9] for MgO with high SSA obtained 

by calcination of hydromagnesite, although the authors did not provide any explicit 

explanation for this response. In the case of MgO_N, this can be tentatively attributed to 

poisoning of Lewis (O2-) sites by NO3
- groups (i.e. Mg(NO3)2∙6H2O → Mg(OH)2 + NO3

-

[6.46]). Liu et al. [6.10] recorded a decrease in the Lewis basicity of MgO post-

incorporation of several anions (i.e. PO4
3-, SO4

2-, F- and Cl-). The lower concentration of 

Lewis sites recorded for MgO_C can be linked to rehydration [6.47] upon contact with 

air. The humidity in air can serve to increase surface water content which should, in turn, 

facilitate the MgO + H2O → Mg(OH)2 conversion decreasing the number of low- 

coordinated -O2- site. To test this hypothesis, an in situ CO2-TPD (see Figure F.1 in 
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Appendix F) was carried where contact with air post-calcination was circumvented. 

Avoiding contact with air delivered greater Lewis sites concentration (73% vs. 42%), 

confirming the detrimental effect of water on Lewis basicity.  

The characterisation results confirm the generation of (periclase) MgO samples with 

a range of SSA (58-246 m2 g-1) and Lewis basicity (101-371 mol g-1).  

6.3.2 Commercial vs. Laboratory Synthesised MgO: Catalytic Performance 

We have investigated the effect of changes in MgO SSA and Lewis basicity on the 

condensation of benzaldehyde with acetophenone. All the MgO catalysts delivered an 

essentially time invariant activity and full selectivity to the target 

benzylideneacetophenone with no evidence of benzyl alcohol + benzoic acid formation 

(via benzaldehyde disproportionation following the Cannizzaro reaction), as reported for 

reaction over homogenous basic catalysts (e.g. alkaline hydroxides) [6.48]. The absence 

of catalyst deactivation, proved by the two representative cases (MgO_N and MgO_H) 

presented in Figure 6.6(I), is remarkable given that deactivation linked to coke deposition 

during acetophenone + benzaldehyde condensation over MgO has been reported 

previously [6.49,6.50] for batch liquid phase systems. This can be tentatively linked to a 

low concentration of coke precursors working at short contact times in continuous gas vs. 

batch operation that inhibits coking [6.51]. Analysis of possible variations in surface 

Lewis basicity must consider concentration of basic sites normalised with respect to SSA. 

The relationship between specific (per m2) activity in terms of benzylideneacetophenone 

production rate (R) and density of Lewis basic sites (ρLewis) is shown in Figure 6.6(II), 

where a direct correlation is in evidence. In the previous Chapter, we have examined the 

production of benzylideneacetophenone over commercial MgO and identified the O2-- 

Mg2+ couple as the active group involved in the rate determining step (i.e. -C-C- bond 

formation).  
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Figure 6.6. Variation of (I) benzaldehyde conversion (Xbenzaldehyde; %) with time on-stream (t, h; open 

symbols) and (II) benzylideneacetophenone production rate (R, μmol h-1 m-2) with density of Lewis basic 

sites (ρLewis, μmol m-2; solid symbols) for reaction at the same degree of conversion Xbenzaldehyde = 5 ± 2%) 

over MgO_Com (), MgO_N (, ◆), MgO_H (, ) and MgO_C (). Note: Solid line in (II) provides 

a guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, nMgO/F = 2 × 10-1 h. 

Herein, we demonstrate that this response extends to a range of MgO catalysts 

prepared by different synthetic methodologies. MgO_H with the highest R was used for 

further catalyst modifications (i.e. thermal treatment and chemical doping) with a view to 

further enhance benzylideneacetophenone production rate. 

6.3.3 Effect of Calcination Temperature on MgO: Catalyst Characterisation 

Five calcination temperatures (573-923 K; rows 3 and 5 in Table 6.1) were selected 

to study the effects of thermal treatment on catalyst physico-chemical properties and 

condensation activity; the XRD results for the samples post-calcination are presented in 

Figure 6.7(I). The XRD pattern for MgO_H(573) in Figure 6.7(IA) reveals a mixture of 

MgO periclase (2θ = 42.9° and 62.2° corresponding to the (2 0 0) and (2 2 0) planes; 

JCPDS-ICDD 087-0651 in Figure 6.7(Ia)) and brucite Mg(OH)2 (2θ = 18.6°, 38.1°, 

50.9°, 58.7°, 62.2°, 69.0° and 72.1°→ (0 0 1), (1 0 -1), (1 0 -2), (2 -1 0), (2 -1 1) (2 0 0) 

and (2 0 1) planes; JCPDS-ICDD 100-0054, (Ib)), where MgO:Mg(OH)2 = 1:3; the low 

intensity broad signal at 42.9° (intensity/width ratio (I/W)42.9 = 73 counts degree-1) 

indicates a low degree of MgO crystalline order. The formation of periclase phase at 573 

K is consistent with thermodynamic requirements and the onset temperature of the main 

mass loss during TGA analysis (Figure 6.2(II)). Moreover, the formation of small 

crystals is in line with the low calcination temperature [6.4,6.52] and XRD analysis.  
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Figure 6.7. (I) XRD diffractogram patterns (including JCPDS-ICDD reference cards for (a) MgO (087-

0651) and (b) Mg(OH)2 (100-0054)) and (II) carbon dioxide temperature programmed desorption (CO2-

TPD) profiles for (A) MgO_H(573), (B) MgO_H, (C) MgO_H(773), (D) MgO_H(873) and (E) 

MgO_H(923), Note: Raw data in (II) is shown as open symbols (), while background and curve fitting 

are represented by dotted and solid (grey (Brønsted basic sites) and black (Lewis)) lines, respectively. 

An increase in calcination temperature (from 573 K (IA) to 773 K (IC)) served to 

facilitate the brucite → periclase transformation with a simultaneous growth in crystal 

size (Table 6.2), i.e. gradual disappearance of main signals for Mg(OH)2 at 18.6 and 38.1° 

and simultaneous increase in (I/W)42.9 from 73 to 712 counts degree-1. The XRD 

diffractograms for the samples calcined at T ≥ 773 K demonstrate the generation of large 

((I/W)42.9 = 1043 counts degree-1 in (ID) and (I/W)42.9 = 1180 counts degree-1 in (IE)) 

single-phase MgO crystals. Our XRD profiles match those obtained by Zhang et al. [6.53] 

who recorded an equivalent increase in crystal size (75% vs. 60% in this work) at higher 

calcination temperature (from 343 K to 1273 K). All the samples, regardless of the final 

calcination temperature, show the same lattice constant a (4.211 Å) as that of MgO_Com, 

suggesting the formation of larger crystals as a result of increased calcination temperature. 

The nature of this crystal growth is better illustrated by the two (main vs. inset) 

representative high magnification SEM micrographs in Figure 6.4(III). The images 

reveal MgO agglomeration with increasing calcination temperature (from 673 → 923 K), 

which has also been reported by Song et al. [6.36] for magnesium oxide after calcination 

at 673-873 K.  

SSA was affected by calcination temperature and the results for the different MgO_H 

catalysts are shown in Table 6.2. An increase in SSA (123 → 143 m2 g-1) and crystallite 

size (4→ 6 nm) with elevating calcination temperature is in evidence over the 573-773 

K, possibly due to progressive transition from low surface area brucite (82 m2 g-1) to 
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periclase with (gas) water released as shown by TGA and XRD measurements. Gulková 

et al. [6.21] reached a similar conclusion for a series of MgO catalysts prepared by solid- 

gel. A decrease in SSA (to 87 m2 g-1) for samples calcined T >773 K can be linked to 

sintering [6.39] that results in the generation of larger (up to 10 nm, Table 6.2) crystals.  

The basicity measurements extracted from titration and TPD (Table 6.2) matched 

(±8%), which suggests that we can discount a contribution from Mg(OH)2 decomposition; 

the CO2-TPD profiles for the calcined samples are presented in Figure 6.7(II). All the 

catalysts exhibit a desorption profile dominated by three main positive peaks with an ill- 

defined Tmax,TPD at <450 K, 450-720 K and >750 K, consistent with a predominance 

(≥58%) of Lewis basic sites. Once again, as the SSA increases the CLewis (i.e. 

concentration of low coordinated Lewis O2- sites) is enhanced (Figure 6.5), which probes 

that Lewis basicity is sensitive to calcination temperature. We were unable to find reports 

in the literature dealing with the effect on basicity for samples calcined at 573 K. 

However, a similar increase (36% vs. 43%) of total surface basicity was reported by Yang 

et al. [6.54] for samples calcined at 687 → 823 K, while Li et al. [6.55] has recently 

shown a decrease in the antibacterial activity of MgO calcined at T ≥ 823 K ascribed to a 

reduction in the concentration of surface defects and -O2-.  

The characterisation results demonstrate an equivalent impact (i.e. volcano-type 

trend) on catalysts SSA (87-143 m2 g-1) and Lewis basicity (262-472μmol g-1) from the 

calcination treatment (573-923 K). 

6.3.4 Effect of Calcination Temperature on MgO: Catalytic Performance  

Exclusive and time invariant production of target benzylideneacetophenone was 

preserved over all the catalysts for 5 h on stream; the benzylideneacetophenone 

production rates were studied as a function of the calcination temperature and the results 

are shown in Figure 6.8.  
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Figure 6.8. Variation of (I) benzylideneacetophenone production rate (R; μmol h-1 m-2) and (II) density of 

Lewis basic sites (ρLewis, μmol m-2) with calcination temperature of MgO_H samples (✕; bottom X-axis) 

and promoter (Li , Cs ) metal loading (top) for MgO catalysts. Note: Solid and dashed lines provide a 

guide to aid visual assessment. Reaction conditions: P = 1 atm, T = 573 K, nMgO/F = 2 × 10-1 h, Xbenzaldehyde= 

6 ± 2%. 

The least active catalyst (23 μmol h-1 m-2, Figure 6.8(I)) was that calcined at the 

lowest temperature (573 K), while a ca. 2-fold increase was achieved with higher 

temperature (673 K). A further increase in calcination temperature (773-923 K) did not 

affect the production rate which remained constant at 42 ± 2 μmol h-1 m-2. In order to 

better explain this trend, the correlation between the density of Lewis basic sites and the 

calcination temperatures was investigated (Figure 6.8(II)), obtaining a similar invariant 

response (3.2 ± 0.2 μmol m-2) for T ≥ 673 K with a drop (2.1 μmol m-2) for MgO_H(573). 

The trends of Figure 6.8 further confirm the strong dependence of the condensation rate 

on the density of Lewis basic sites, as proved previously for the MgO samples prepared 

using different methodologies (Figure 6.6). The lower values obtained for MgO_H(573) 

can be attributed to the presence (75 ± 5%) of residual Mg(OH)2 in the sample (in 

accordance with XRD analysis, Figure 6.7). Indeed, brucite bears solely surface Brønsted 

basic sites [6.56] and was inactive in the liquid-phase condensation of substituted 

acetophenones with benzaldehydes [6.57]. A similar correlation between density of Lewis 

basic sites (3.5 ± 0.5 μmol m-2) and (4-methyl-3-penten-2-ol) production rate (300 ± 10 

μmol h-1 m-2) has been reported [6.58] for catalytic transfer hydrogenation (of 2-propanol 

with mesityl oxide) over MgO catalysts calcined at 673-873 K, but we provide here the 

first study of MgO Lewis basic site effects in the continuous gas phase 

(benzaldehyde + acetophenone) condensation reaction. 
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6.3.5 Promoting Effect of Li vs. Cs on MgO: Catalyst Characterisation 

Lithium and caesium (1, 5 and 10 mol%, confirmed by ICP) were introduced on MgO 

(by impregnation), with a view to further improve benzylideneacetophenone production. 

The XRD diffractograms for the Li (A-C) and Cs-promoted (D-F) magnesium oxides are 

presented in Figure 6.9(I), where signals characteristic of periclase MgO (JCPDS-ICDD 

087-0651, Figure 6.9(Ia)) are in evidence. The absence of any XRD peaks due to Li and 

Cs hydroxyl precursors and/or metal oxides is in line with reported literature for Li- [6.59] 

and Cs-MgO [6.60] samples with comparable metal loading (5-18 mol%) and can be 

attributed to: (i) incorporation of Li/Cs into the MgO crystal structure and/or (ii) the 

presence of small (≤5 nm) oxide nanoparticles [6.61]. The substitution of Mg2+ by Li+ 

and Cs+ in the periclase crystal can be effectively analysed by a consideration of the main 

MgO peak (2θ = 42.9°) associated with the (2 0 0) plane, where a positive displacement 

to a higher 2θ results from the contraction of the crystalline structure due to the 

incorporation of smaller cations (vs. Mg2+) and vice versa [6.62]. The XRD 

magnifications presented in Figure 6.9(I) demonstrate a shift towards higher 2θ values 

(42.9 → 43.0°) with increasing Li loading (1 → 10 mol%) that was accompanied by a 

reduction (from 4.211 to 4.207 Å) of the lattice parameter a (Table 6.2). This lattice 

contraction is consistent with the lower ionic radius of Li+ (0.60 Å) compared to Mg2+ 

(0.65 Å) [6.63]. It follows that incorporation of Cs+ with a higher ionic radius (1.90 Å) 

resulted in a negative displacement (42.9 → 42.8°) of the (2 0 0) plane and an increase in 

a (from 4.211 to 4.218 Å) caused by a crystal structure expansion. The XRD profile of 

Li10MgO_H(773) with the highest lithium content (Figure 6.9(IC)) exhibits 3 additional 

peaks at 2θ = 21.5°, 30.6° and 31.8°characteristic of (1 1 0), (2 0 -2) and (0 0 2) main 

planes of zabuyelite Li2CO3 (JCPDS- ICDD 900-8283, Figure 9(Ib)). The formation of 

Li2CO3 has been reported previously for (>5 mol%) Li-MgO in which lithium was 

introduced by impregnation [6.64] and can be attributed to reaction at T ≥ 293 K [6.65] 

between LiOH and CO2 during synthesis [6.66].  
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Figure 6.9. (I) XRD patterns (including JCPDS-ICDD reference card for (a) MgO (087-0651) and (b) 

Li2CO3 (900-8283)) and (II) carbon dioxide temperature programmed desorption (CO2-TPD) profiles for 

(A) Li1MgO_H(773), (B) Li5MgO_H(773), (C) Li10MgO_H(773), (D) Cs1MgO_H(773), (E) 

Cs5MgO_H(773) and (F) Cs10MgO_H(773). Note: XRD diffractogram magnifications over 2θ = 40-46° 

for patterns I(A-C) and I(D-F) are presented as insets (c) and (d), respectively, while dashed line in (c-d) 

identifies position of MgO main peak (2θ = 42.9°). Raw data in (II) is shown as open symbols (), while 

background and curve fitting are represented by dotted and solid (grey (Brønsted basic sites) and black 

(Lewis)) lines, respectively. 
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Representative SEM micrographs are presented in Figure 6.4 that show a similar 

low-packed flake morphology for Li1MgO_H(773) (V) and Cs1MgO_H(773) (VI), 

equivalent to that of the starting MgO_H(773) (III) material. This result suggests no 

appreciable morphological modifications after contact with LiOH/CsOH in low 

concentrations (i.e. 1 mol%), and is consistent with the similar a (4.211 Å, see Table 6.2), 

SSA (134 ± 11 m2 g-1) and dXRD (7 ± 1 nm) for the three samples. An increase in Li content 

(1 → 10 mol%) did not affect significantly sample morphology (see Inset in Figure 

6.4(V)), SSA or particle size, which can be linked to the similar (±8%) ionic radius of Li+ 

and Mg2+. Our results are in line with previous reports that have observed an equivalent 

SSA (125 ± 25 m2 g-1) [6.61] and particle size (18-20 nm from XRD) [6.67] for (0-3 

mol%) Li-MgO catalysts. Moreover, Padró and co-workers [6.68], reported a comparable 

flake morphology with a “diffuse cloud” atop for MgO and (26 mol%) Li-MgO. In 

contrast, the incorporation of an increased amount of caesium, with a significantly (3-

fold) greater ionic radius than Mg2+, had a considerable effect on the structural properties 

of magnesium oxide generating larger/thicker and smoother crystals (see representative 

SEM image for Cs10MgO_H(773) in the inset to Figure 6.4(VI)) and resulting in a 

marked change in a (4.211 → 4.218 Å, Table 6.2), SSA (ca. 84% decrease) and dXRD 

(6 → 43 nm). These results suggest diffusion of Cs+ within the crystal structure that 

results in crystal expansion. Similar effects on SSA (decrease by 50%) and crystal size 

(60% increase) have been reported elsewhere [6.11,6.69] after incorporation of Cs (1-10 

mol%) with MgO by impregnation, although the authors did not elaborate further. While 

incorporation of Cs+ within the crystal structure can alter the SSA via modifications in 

particle size, there is also the possibility of a direct contribution through pore blockage. 

The latter is possible via deposition of Cs-containing nanoparticles generated during 

impregnation. Thomasson et al. [6.70] reported a 75% decrease in pore volume after MgO 

impregnation with 3 mol% of Cs, but they were not able to detect (via XRD) crystalline 

caesium oxide. STEM-EDX measurements for the high loading Cs10MgO_H(773) 

sample were conducted to establish the possible formation of Cs nanoparticles and a 

representative STEM micrograph (I) with the associated EDX elemental mapping for Cs 

(IIA) and Mg (IIB) is presented in Figure 6.10. EDX mapping revealed a homogeneous 

distribution of Cs+ and we can rule out the occurrence of caesium clusters on the surface. 

The results from STEM-EDX and XRD analyses confirm that the decrease in SSA with 

increasing caesium content is not linked to pore blockage.  
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Figure 6.10. Representative STEM-EDX analyses of Cs10MgO_H(773); (I) dark field STEM image with 

(II) EDX maps illustrating the distribution of (A) Cs (blue) and (B) Mg (red). 

Total basicity results coincided for titration and TPD (Table 6.2), a contribution from 

Li2CO3 decomposition can therefore be discarded; the CO2 desorption profiles for the six 

LiMgO and CsMgO samples are shown in Figure 6.9. Figure 6.5 illustrates the 

relationship between the extracted CLewis and SSA. It is immediately evident that the 

concentration of Lewis basic sites is inversely related to the SSA; the relationship is linear 

for both Li- and Cs-promoted MgO. This indicates that that the CLewis variations were not 

the result of an increase in SSA. An analysis of the CO2-TPD profiles can shed some light 

on this difference in concentration of Lewis basicity. By comparison with MgO_H(773) 

(Figure 6.7(IIC)), the low loading samples (Figure 6.9(IIA) and (IID) for 

Li1MgO_H(773) and Cs1MgO_H(773), respectively) exhibit a similar profile (i.e. 

Tmax,TPD = 425 ± 9 K, 545 ± 7 K and 878 ± 22 K) and Lewis basicity (64 ± 4%, 443 ± 29 

μmol g-1). This suggests a requirement for a higher concentration of the promoter to alter 

the surface basicity. This is consistent with the similar structural properties for the un-

promoted (MgO_H(773)) and 1% Li/Cs-modified samples and the results of Díez et al. 

[6.12]. An increase in Li/Cs content (1 → 10 mol%) in Li5MgO_H(773) (IIB), 
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Li10MgO_H(773) (IIC), Cs5MgO_H(773) (IIE) and Cs10MgO_H(773) (IIF), resulted 

in (ia) the appearance of a fourth desorption peak at 982-1190 K in the profiles of 

Li5MgO_H(773) and Li10MgO_H(773) and (ib) a displacement to a higher CO2 

desorption temperature (893-1174 K) for Cs5MgO_H(773) and Cs10MgO_H(773) and 

(ii) a concomitant (up to 3-fold) increase in Lewis basicity (Table 6.2). A similar Tmax,TPD 

displacement and elevation in Lewis basicity has been noted previously for 10% Li- and 

Cs-MgO [6.11,6.44]. The appearance of additional desorption peaks with higher 

associated Tmax,TPD indicates the release of a strongly bound carbon dioxide component 

from newly formed -O2- basic sites (vs. MgO_H(773)) with higher electron density as a 

result of Li-/Cs-incorporation. This is consistent with the generation of additional O- sites 

due to thermally induced Li+/Cs+ surface segregation [6.71], which negative partial 

charge (-qO) is greater (0.80 in Li-O and 0.94 in Cs-O) than that of undoped MgO (0.50 

in Mg-O) [6.61,6.72]. In addition, Cs+ incorporation serves to increase the Mg-O bond 

length due to lattice expansion (Table 6.2), with a consequent enhancement in the 

negative charge of the Lewis sites.  

6.3.6 Promoting Effect of Li vs. Cs on MgO: Catalytic Performance 

The characterisation measurements demonstrate a significant increase in Lewis 

basicity (414-1544 μmol g-1) post-incorporation of Li and Cs, with a concomitant 

decrease in SSA for the caesium-promoted samples. Selective generation of 

benzylideneacetophenone at the same degree of conversion was confirmed for all the 

catalysts over 5 h of time on-stream, with a linear increase in R with increasing Li/Cs 

content (1→10%) Figure 6.8(I), yielding a 2- (over Li10MgO_H(773)) and 4-fold 

(Cs10MgO_H(773)) greater production rate relative to (un-promoted) MgO_H(773). 

Similarly, higher methane conversions (into C2 hydrocarbons) over Li- and Cs-promoted 

MgO with increasing loading (1 → 20%) have been attained elsewhere [6.11]. The 

variation in the density of Lewis basic sites (ρLewis) with Li/Cs content (Figure 6.8(II)) 

coincided with that recorded for R, indicative of a correlation between condensation rate 

and specific Lewis basicity; the latter is sensitive to the loading and type of metal. 

Moreover, the linear increase that we observe confirms the results of Figure 6.5, where 

differences in Lewis basicity are not solely linked to variations in SSA as in the thermally 

treated materials. Di Cosimo et al. [6.3] compared the activity of un-promoted vs. (5 

mol%) Li- and (1 mol%) Cs-modified MgO in gas phase self-condensation of acetone 

and noted an equivalent activity dependence with ρLewis. To the best of our knowledge, 
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this work represents the first reported continuous benzylideneacetophenone over Cs-

promoted MgO where we demonstrate a significant (4-fold) increased production rate 

compared to commercial MgO. 

6.4 Conclusions 

We have examined the selective gas phase production of benzylideneacetophenone 

via condensation of acetophenone and benzaldehyde over commercial and laboratory 

synthesised MgO catalysts. Magnesium oxide with a periclase structure was generated 

post-calcination of hydroxide (from ammonia precipitation and hydration of commercial 

MgO) and carbonate precursors over the temperature range 573-923 K. The different 

precursors, synthetic methods and calcination temperatures resulted in MgO materials 

characterised by different SSA (58-246 m2 g-1) and Lewis basicity (102-471 μmol g-1 

from CO2-TPD), strongly correlated (i.e. higher Lewis basicity with increasing SSA). The 

incorporation of (1-10 mol%) Li+ and Cs+ resulted in (i) changes in the MgO lattice 

structure due cation inclusion, (ii) variations in SSA and (iii) enhanced Lewis basicity (up 

to 1544 μmol g-1 (Li-promoted) and 1098 μmol g-1 (Cs)). The positive dependence of the 

specific (per m2) rate in the selective and time-invariant production of 

benzylideneacetophenone on the specific density of Lewis basic sites was in evidence for 

all the catalysts, where the highest rate (4 times vs. commercial MgO) was obtained over 

the 10 mol% Cs-doped MgO catalyst, bearing the greatest specific Lewis basicity. We 

propose a selective process for the continuous and time-invariant production of valuable 

benzylideneacetophenone over novel MgO-based catalysts. 
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GAS PHASE 2ˈ-AMINOCHALCONE PRODUCTION FROM TANDEM 2ˈ-

NITROACETOPHENONE HYDROGENATION AND BENZYL ALCOHOL 

DEHYDROGENATION 

 

The feasibility of coupling alcohol dehydrogenation with hydrogenation processes over 

Cu + Au catalytic systems has been demonstrated in Part A, while Chapters 5 and 6 

have addressed the continuous production of benzylideneacetophenone over basic MgO 

catalysts via the Claisen-Schmidt reaction. This Chapter explores the production of 2ˈ-

aminochalcone by combining coupled benzyl alcohol dehydrogenation and 2ˈ-

nitroacetophenone hydrogenation with a Claisen-Schmidt condensation step in a tandem 

system over CeO2 and MgO supported copper and gold catalysts.  

7.1 Introduction  

2ˈ-Aminochalcone (NH2CH) is a flavonoid compound with important biological 

(e.g. antibacterial and cytotoxic) activity [7.1] used in the pharmaceutical industry [7.2] 

(e.g. treatment of Alzheimer’s disease [7.3]). The conventional synthesis of 

aminochalcones involves a multistepped process based on batch 

nitroacetophenone+benzaldehyde condensation (using NaOH), followed by 

purification/crystallization and subsequent -NO2 → -NH2 reduction with SnCl2 [7.4] 

using an external supply of pressurised hydrogen. Continuous operation in a one-pot 

process offers clear benefits in terms of reduced time and cost [7.5]. We propose in this 

work an alternative continuous single-pot process operated at atmospheric pressure for 

the production of NH2CH over reusable heterogeneous catalysts. The target chalcone will 

be obtained via condensation of in situ generated 2ˈ-aminoacetophenone (NH2AP) (from 

2ˈ-nitroacetophenone (NO2AP) hydrogenation) with benzaldehyde (BCO) (product of in 

situ benzyl alcohol (BOH) dehydrogenation); see the schematic network in Figure 7.1. 

This novel cross-coupled route adheres to the green chemistry principles, namely: atom 

economy (#2), the absence of auxiliaries (#5), energy efficiency (#6) and safer chemistry 

(#11 and 12), and represents innovation in enhanced sustainability and process 

intensification relative to conventional multi-stepped methods that necessitate an external 

supply of H2 [7.5].  
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Figure 7.1. Schematic illustrating cross-coupled process (yellow box) in the synthesis of 2ˈ-aminochalcone 

(NH2CH) via condensation of benzaldehyde (BCO) + 2ˈ-aminoacetophenone (NH2AP) (solid frame) 

generated through coupled benzyl alcohol (BOH) dehydrogenation (to target BCO) with selective 

hydrogenation of 2ˈ-nitroacetophenone (NO2AP) to NH2AP (dashed frame). 

One of the main challenges in the proposed cross-coupled process is the requirement 

for three types of active site for dehydrogenation-hydrogenation-condensation. The 

activity of copper based catalysts in the dehydrogenation of alcohols (e.g. aliphatic, cyclic 

and aromatic) is well-established [7.6], where the acid-base properties of the support can 

affect the hydrogen production rate [7.7] (i.e. Chapter 3). Gold catalysts have been 

employed successfully in the gas phase hydrogenation of nitroarenes, particularly the 

conversion of ortho- and para-chloronitrobenzene [7.8–7.10]. A search through the 

literature has failed to unearth any report using Au in the hydrogenation of NO2AP, with 

the only published hydrogen treatment of NO2AP limited to batch liquid phase 

transformation over Ru/TiO2 [7.11]. Moreover, we were unable to find any published 

work that has considered the reaction mechanism for NO2AP hydrogenation. It is, 

nonetheless, worth flagging published work in the hydrogenation of nitrobenzene (to 

aniline) over Au reporting that -NO2 → -NH2 reduction involves the formation of a 

hydroxylamine intermediate (i.e. phenylhydroxylamine) that can be converted via two 

paths (i.e. hydrogen addition to form aniline and condensation to azobenzene further 

hydrogenated to aniline [7.12]), where the azo-route is linked to phenylhydroxylamine 

accumulation on basic supports (e.g. CeO2 vs. TiO2) [7.13]. Metal oxides (e.g. 

hydrotalcites, MgO, CeO2) bearing Brønsted and Lewis surface basic sites have been 

successfully used as heterogeneous catalysts in both liquid [7.14–7.17] and gas (as 

demonstrated in Chapter 5) phase aldehyde + ketone condensation to chalcones. 

Catalysts activity and selectivity can be affected by the substituent(s) on the acetophenone 

backbone, where electron withdrawing (vs. donating) groups favour the condensation 
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reaction [7.18], whereas intra-molecular cyclisation has been reported in presence of 

protonated ortho-substituents (e.g. -OH [7.19] and -NH2 [7.20]) with loss of chalcone 

selectivity [7.21]. 

Herein, we evaluate, for the first time, the feasibility of the tandem cross-coupled 

dehydrogenation-hydrogenation-condensation of BOH+NO2AP (Figure 7.1) for the 

continuous production of valuable NH2CH. Gold activity in the synthesis of NH2AP is 

assessed in the stand-alone hydrogenation (to shed some light in the reaction mechanism), 

and coupling with BOH dehydrogenation over Cu-based catalysts. Given the key role of 

basicity in selective -NO2 reduction and condensation we have selected three oxide 

supports with modified basic character (CeO2, MgO and TiO2). The efficiency of the 

tandem process is evaluated by comparison with stand-alone NH2AP + BCO 

condensation.  

7.2 Materials and Methods 

7.2.1 Catalyst Synthesis 

The commercial carriers employed in this work (CeO2 (Sigma-Aldrich), MgO 

(Sigma-Aldrich) and TiO2 (P25 Degussa)) were used as received. For comparison 

purposes, a high surface area magnesium oxide was prepared by hydration of commercial 

MgO (denoted as MgO_L), as described in detail in Chapter 6. Briefly, water (300 cm3) 

was added to MgO (30 g) and the suspension was maintained at 298 K under vigorous 

stirring (650 rpm) for 12 h. The paste obtained was dried (air, overnight at 343 K) and 

calcined (80 cm3 min-1 air, 2 K min-1 to 573 K for 16 h). Au/CeO2 and Au/TiO2 were 

synthesised by deposition-precipitation of HAuCl4 (6 × 10-4 – 1.5 × 10-3 M, 300-400 cm3; 

Sigma-Aldrich, 99.99%) on the oxide support (5-10 g) under vigorous stirring (600 rpm) 

at 353 K, adding aqueous urea (3 M, Riedel-de Haën, 99%) dropwise until pH 7 that 

results in the deposition of Au(III) species [7.22]. Copper on CeO2 was also prepared by 

deposition-precipitation of Cu(NO3)2 (3 × 10-3 M, 300 cm3; 99%, Sigma-Aldrich) on ceria 

(5 g), using aqueous NaOH (2 M, ≥97%, Fisher Scientific) until pH = 10 to facilitate 

homogeneous deposition of Cu(OH)2 [7.23]. The solid obtained was filtered, washed with 

distilled water until pH = 7 and dried (He, 45 cm3 min-1 at 373 K overnight). Gold and 

copper on MgO (5-10 g) were synthesised by impregnation using aqueous HAuCl4 

(5 × 10−2 M, 50 cm3) and Cu(NO3)2 (7 × 10-2 M, 50 cm3). The slurry was heated in He to 

353 K at 2 K min−1 under vigorous stirring (600 rpm) for 5 h and dried in air at 393 K 

overnight. The catalyst precursors were sieved (ATM fine test sieves) to mean particle 
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diameter = 75 μm and activated at 2 K min-1 to 580 K in 60 cm3 min-1 H2 for 1-16 h. 

Samples were passivated at ambient temperature in 1% v/v O2/N2 for ex situ 

characterisation.  

7.2.2 Catalyst Characterisation 

Au and Cu content was measured by atomic absorption spectroscopy (AAS) using a 

Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted (1:60 v/v) 

extract in aqua regia (25% v/v HNO3/HCl). Specific surface area (SSA), hydrogen 

temperature programmed reduction (H2-TPR)/ desorption (H2-TPD), O2/H2/CO2 

chemisorption and carbon dioxide temperature programmed desorption (CO2-TPD) were 

determined using the commercial CHEM-BET 3000 (Quantachrome) unit equipped with 

a thermal conductivity detector (TCD). The samples (50-150 mg) were loaded into a 

Pyrex glass cell and heated in 17 cm3 min-1 (Brooks mass flow controller) 5% v/v H2/N2 

at 2 K min-1 to 580 K, where the effluent gas was passed through a liquid N2 trap. Samples 

were swept with 50 cm3 min-1 N2 flow for 2 h, cooled to room temperature and subjected 

to H2-TPD (50 K min-1
 to 1073 K for 1 h) to explicitly determine the hydrogen spillover. The 

activated sample was subjected to SSA analysis using the standard single-point method 

(30 cm3 min-1 50% v/v N2/He with pure N2 as internal standard). At least three cycles of 

N2 adsorption-desorption in the flow mode were performed to determine SSA with data 

reproducibility within ±10%. O2 pulse (50 μL) titration following H2-TPR at 298 K was 

employed to examine the degree of support reduction [7.24]. H2 pulse (200-1000 μL) 

titration post H2-TPR at reaction temperature (573 K) served to determine the capacity of 

gold for hydrogen dissociation/activation. Surface basicity was examined by CO2-TPD, 

where the reduced samples were cooled to 323 K (under 40 cm3 min-1 He) and treated 

with 40 cm3 min-1 CO2 for 30 min. Samples were thoroughly flushed in 80 cm3 min-1 He 

for 2 h with TPD at 10 K min-1 to 1073 K. The specific (per gram of catalyst) CO2 

desorbed from TPD was compared with the amount adsorbed by CO2 chemisorption, 

which involved pulse (500-2000 mL) titration at 323 K. Powder X-ray diffraction (XRD) 

measurements were recorded on a Bruker/Siemens D500 incident X-ray diffractometer 

using Cu Kα radiation; scanning at 0.02º step-1 over the range 5º ≤ 2θ ≤ 85º. 

Diffractograms were identified against the JCPDS-ICDD reference standards, i.e. CeO2 

(43-1002), TiO2 (rutile 21-1276, anatase 21-1272), MgO (87-0651), Au (4-0784) and Cu 

(500-0216). The rutile % wt. content was determined by XRD applying the method 

described by Fu et al. [7.25]. 
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Metal particle morphology was examined by scanning transmission electron 

microscopy (STEM) using a JEOL ARM 200CF and FEI Titan Themis unit equipped 

with an energy dispersive X- ray (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, JEOL ADF1 under the control 

of a Gatan DigiScan II, Fischione high angle annular dark field or FEI annular darkfield 

detectors, employing Gatan DigitalMicrograph software (version 2.31), Velox software 

(version 2.13) and/or FEI TIA software (version 4.9 SP1) for data 

acquisition/manipulation. Samples for analysis were dispersed by dry deposition on a 

holey carbon/Ni or carbon/Cu grid (300 Mesh). The surface area weighted mean metal 

size (d) was based on a count of up to 2200 particles: 

3

i i

2

i i

i

i

n d

d
n d



=





                                                        Eq. 7.1 

where ni is the number of particles of diameter di. 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Scienta 

ESCA 300 spectrometer under ultra-high vacuum conditions (ca. 10-8 mbar) using a 

monochromatic Al anode (Kα 1486.6 eV, 10 kV, 20 mA). After in situ activation, the 

analyser pass energy was 150 eV for full survey spectra (i.e. binding energy B.E. 0–1100 

eV) and for high-resolution spectra (over the Au 4f core level). The C 1s, Ce 3d uꞌꞌꞌ or O 

1s peaks were calibrated at 285.5, 917.0 and 530.7 eV, respectively, and used as internal 

standard to compensate for charging effects [7.26–7.28]. Spectra curve fitting and 

quantification were performed with the CasaXPS (2.3.17 software), using relative 

sensitivity factors provided by Scienta and Gaussian-Lorentzian curves (i.e. FWHM= 

1.5±0.3 eV) after subtracting the Shirley background.  

7.2.3 Catalytic Procedure 

Reactions (independent NO2AP (Sigma-Aldrich, 95%) and 2ˈ-nitrochalcone 

(NO2CH) (Alfa Aesar, 97%) hydrogenation (in H2), stand-alone BOH (Acros organic, 

99%) dehydrogenation (in N2), NH2AP (Sigma-Aldrich, 98%) and BCO (Fischer 

Scientific, ≥99%) condensation (in N2) and tandem BOH+NO2AP dehydrogenation-
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hydrogenation-condensation (in N2)) were carried out in a continuous gas phase (T = 573 

K, P = 1 atm) fixed-bed tubular reactor (i.d. = 15 mm); see Scheme A1 of Appendix A. 

The reaction conditions adopted were selected to ensure negligible heat/mass transfer 

limitations. A layer of borosilicate glass beads located on top of the catalyst bed served 

to vaporise the organic reactant(s) and to ensure that they reach the reaction temperature 

before contact with the catalyst bed. Isothermal (±1 K) reaction conditions were ensured 

by mixing the catalyst with ground glass (75 µm), where reaction temperature was 

continuously monitored using a thermocouple inserted in a thermowell within the bed. 

The reactant(s) was(were) delivered to the reactor at a fixed flow (2 × 10-2 cm3 min-1) via 

a glass air-tight syringe and Teflon line using a microprocessor controlled infusion pump 

(Model 100 kd Scientific). The independent hydrogenation of NO2AP and NO2CH was 

conducted in a concurrent flow of H2 (20 cm3 min-1) with an anisolic solution (0.15-0.35 

M, Sigma-Aldrich, 99.7%; gas hourly space velocity (GHSV) = 3 × 103 h-1 and molar 

metal (nAu or nCu) to reactant feed rate (nAu/Cu/F) = 1 × 10-4 - 1 × 10-2 h; the H2 content 

was 20 times in excess to the stoichiometric requirement for the formation of 

NH2AP/NH2CH. Stand-alone dehydrogenation was carried out in a co-current flow of 

N2 (20 cm3 min-1) with BOH (GHSV = 3 × 103 h-1, nAu/Cu/F = 1 × 10-4 - 1 × 10-2 h). The 

independent condensation was performed in a co-current flow of NH2AP + BCO (or 

NO2AP + BCO) and N2 (20 cm3 min-1, GHSV = 1.4 × 103 h-1, molar oxide (noxide) to 

reactant feed rate (noxide/F) = 2 × 10-1 h). Tandem dehydrogenation-hydrogenation-

condensation was conducted in N2 (20 cm3 min-1, GHSV = 3 × 103 h-1, nAu/F = 1 × 10-

4 - 1 × 10-2 h, Cu:Au molar ratio = 3-30). In a series of blank tests, passage of each reactant 

in a stream of H2 or N2 through the empty reactor or over the (CeO2, MgO and TiO2) 

carrier alone did not result in any detectable conversion. The effluent from the reactor 

was condensed in a liquid nitrogen trap and analysed by (i) capillary GC (Perkin-Elmer 

Auto System XL and/or QP2010 SE gas chromatographs equipped with a flame ionisation 

detector and/or mass spectrometer detector operating in positive ionization mode) 

employing a DB-1 (J&W Scientific 50 m × 0.33 mm i.d., 0.20 μm film thickness) or Rxi-

5HT (Restek 30 m × 0.25 mm i.d., 0.20 μm film thickness) capillary columns and (ii) 1H 

NMR (Bruker AVA400 400 MHz) in 25% v/v reactor effluent/dichloromethane-d2. 

Reactant (i) conversion (Xi) is defined by: 

   

 
i,in i,out

i

i,in

Reactant - Reactant
(%) = ×100

Reactant
X                          Eq. 7.2 



 

187 

Chapter 7 
Gas Phase 2ˈ-Aminochalcone Production from Tandem 2ˈ-Nitroacetophenone Hydrogenation and 

Benzyl Alcohol Dehydrogenation 

while selectivity with respect to product j (Sj) is defined by: 

 

   
j,out

j

i,in i,out

Product
(%) = ×100

Reactant - Reactant
S                          Eq. 7.3 

the subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 

Catalytic activity is also expressed in terms of initial production rate (r0,reaction; molj molcat
-

1 h-1) defined as:  

i,0 j-1 -1

0 reaction j cat

catalyst

×
(mol  mol  h ) =

F X S
r   

n


,                  Eq. 7.4 

where subindex reaction refers to hydrogenation, dehydrogenation or condensation step, 

Xi,0 represents the initial conversion of reactant “i” extracted from time on-stream 

measurements as described in [7.29] (see Appendix B) and ncatalyst indicates the Au 

(hydrogenation), Cu (dehydrogenation) and oxide (condensation) molar content in the 

catalyst bed. Initial turnover frequency (TOF, production rate per surface metal, h-1) was 

obtained using the metal dispersion (DM) derived from microscopy measurements. 

Hydrogen utilisation efficiency in the stand-alone hydrogenation vs. coupled process was 

assessed by: 

2
2

2

H  supplied
H utilisation efficiency =

H  consumed
                            Eq. 7.5 

where "H2 supplied" represents the molar hydrogen provided (i) via alcohol 

dehydrogenation or (ii) from an external gas cylinder supply, while "H2 consumed" is the 

amount utilised in the conversion of NO2AP corrected with the surface hydrogen post-

TPR from H2-TPD; H2 utilisation efficiency = 1 represents full utilisation, while values 

>>1 indicate low efficiency. Repeated reactions with different samples from the same 

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

±10%. The Berkeley Madonna software (version 9.1.19) using the numerical method 

Runge-Kutta 4 was employed for the NO2AP hydrogenation kinetic modelling, which 

applicability is probed in terms of the χ2 (chi-square): 
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2

i,z i-calc,z
2

i-calc,z

-

= z

x x

x


  
                                         Eq. 7.6 

where xi,z represents the experimentally determined molar fraction of chemical "i", while 

the function xi-calc,z denotes the calculated molar fraction of chemical "i" obtained from 

kinetic modelling. The critical χ2 was taken from the NIST table based on a degree of 

freedom N – P (number of data points – number of parameters) equal to 32 at a 

significance level α = 0.05 [7.30].  

7.3 Results and Discussion  

7.3.1 Stand-alone 2ˈ-Nitroacetophenone Hydrogenation 

7.3.1.1 Characterisation of Au-based Catalysts 

The critical physico-chemical properties of the CeO2, MgO and TiO2 supported gold 

catalysts are presented in Table 7.1. The SSA of the three catalysts is in good agreement 

with values quoted in the literature for Au-based catalysts with a comparable 1-3% wt. 

metal content [7.31–7.34]. The hydrogenation activity over small (<10 nm) gold 

nanoparticles is dependent on their electronic properties, i.e. Au0, Auδ+ or Auδ- [7.35], 

which can be assessed by H2-TPR and XPS measurements; STEM analysis can serve to 

elucidate the gold morphology. The H2-TPR profile for Au/MgO (Figure 7.2(IB)) is 

dominated by a single positive peak (Tmax,TPR = 573 K), where the associated H2 

consumption (8 mmol gAu
-1 ) coincided with that requited to reduce the gold precursor. 
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Table 7.1. Physico-chemical characteristics of Au- and Cu-supported catalysts. 

 Au/CeO2 Au/MgO Au/TiO2 Cu/CeO2 Cu/MgO 

Metal loading (% wt.) 0.7 3.4 1.9 3.5 3.2 

SSA (m2 g-1) 33 75 52 36 124 

H2-TPR 
H2 consumed (μmol gMetal

-1) 25a / 8b 8a / 8b 10a / 8b 19a / 16c 16a / 16c 

Tmax, TPR (K) 444 573 376 439 573 

d (nm) / D (%) 3 / 34 7 / 16 3 / 34 5 / 18 9 / 11 

XPS Au 4f7/2 
B.E. (eV) 83.1d / 84.0e 84.0e / 84.7f 84.0e / 84.7f 

- - 
Content (%) 92d / 8e 46e / 54f 90e / 10f 

Basicity 

CO2-TPD 

(μmol g-1) 

Brønsted 91 29 0 104 70 

Lewis 101 0 0 0 215 

CO2 uptake (μmol g-1) 184 29 0 105 293 

aexperimental value; btheoretical amount of hydrogen required for Au3+ → Au0; ctheoretical amount of hydrogen required for Cu2+ → Cu0; 
dAuδ-; eAu0; fAuδ+. 
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Figure 7.2. (I) H2 temperature programmed reduction (H2-TPR) and (II) XRD patterns of (A) Au/CeO2, 

(B) Au/MgO and (C) Au/TiO2. Note: XRD peak assignments in (II) are based on JCPDS-ICDD reference 

cards 43-1002 (CeO2; ▢), 087-0651 (MgO, ◇), 21-1276 (TiO2 rutile; ), 21-1272 (TiO2 anatase; ) and 

4-0784 (Au; △). 

As in the case of Au/MgO, a single positive peak characterised the H2-TPR response of 

Au/CeO2 (IA) and Au/TiO2 (IC) that was shifted to lower temperatures (444 K and 376 

K, respectively), indicative of a dependency between gold reducibility and the strength 

of metal-support interaction, where weaker interactions lead to more difficult reduction 

step requiring higher energy [7.36]; i.e. the stabilization of the excess electrons involved 

in the reduction step is more difficult [7.37]. Moreover, the associated H2 consumption 

was markedly greater than the theoretical requirement for Au/TiO2 (20%) and Au/CeO2 

(68%). This can be attributed to consumption by the support with formation of oxygen 

vacancies due to partial reduction at Au-oxide interface [7.38]. The modified hydrogen 

uptake for the three catalysts can be linked to differences in the reducibility of the support 

where the redox potential decreases in the order: CeO2 (1.6 V) > TiO2 (-0.6 V) > MgO 

(< -1.7 V) [7.39]. The extent of support reduction was quantified via oxygen titration after 

H2-TPR. The trend of decrease in O2 uptake for Au/CeO2 (99 μmol g-1) vs. Au/TiO2 (8 

μmol g-1) vs. Au/MgO (<1 μmol g-1), suggests a lower density of oxygen vacancies that 

is line with hydrogen uptake during TPR and reported literature [7.40,7.41].  

The XRD diffractogram pattern of Au/CeO2 in Figure 7.2(IIA) presents the 

characteristic reflections of cubic CeO2 (JCPDS-ICDD 43-1002) at 2θ = 28.6°, 33.1°, 

47.5°, 56.4° and 59.1°. The absence of XRD signals for Au can be due to the low metal 
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content (0.7% wt.) [7.33] and/or to the presence of small (<5 nm) gold nanoparticles 

[7.42]. The diffractogram of Au/MgO (IIB) shows peaks associated with brucite 

magnesium oxide (087-0651, 2θ = 36.8°, 42.8°, 62.2°, 74.6° and 78.5°). In addition, there 

are signals due to the presence of a metallic Au phase. There was no evidence of any gold 

in the XRD of Au/TiO2, and only reflections that are characteristic of a mixture of rutile 

(21-1276, 2θ = 27.4°, 36.1°, 41.3°, 54.3° and 69.0°; 17% as reported previously for 

Degussa P25 [7.43]) and tetragonal anatase (21-1272, 2θ = 25.3°, 36.9°, 37.8°, 38.6°, 

48.0°, 53.9°, 55.1°, 62.1°, 62.7°,68.8°, 70.3°, 75.0° and 82.7°) phases were detected.  

 
Figure 7.3. (I) Representative STEM images with (II) associated particle size distribution and (III) XPS 

spectra over the Au 4f region of (A) Au/CeO2, (B) Au/MgO and (C) Au/TiO2. Note: Raw data in (III) is 

shown as open symbols () while curve fitted (blue (Au0), violet (Auδ-) and red (Auδ+)) and envelope 

(black) is represented by solid lines. 
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The metal particle size/shape in Au/CeO2, Au/MgO and Au/TiO2 was examined by 

STEM analysis and the results obtained are presented in Figure 7.3(I-II) and Table 7.1. 

It is apparent that the gold nanoparticles exhibit a globular geometry in all the samples. 

A pseudo-spherical shape for supported metal nanoparticle is the most 

thermodynamically stable configuration [7.44]. A narrow distribution (1-6 nm; Figure 

7.3(IIA) and (IIC)) was observed for Au/CeO2 (d = 3 nm) and Au/TiO2 (3 nm), whereas 

the metal phase on MgO (IIB) exhibits a broader size range (1-11 nm; d = 7 nm). The 

latter effect can be linked to agglomeration of Au particles that is facilitated at increased 

metal loadings and for samples prepared via impregnation vs. deposition-precipitation 

[7.45].  

The electronic character of the supported Au phase was assessed by XPS analysis 

over the Au 4f7/2 binding energy (B.E.) region; the XPS spectra are presented in Figure 

7.3(III) while the results after deconvolution are given in Table 7.1. XPS data fitting of 

Au/CeO2 (IIIA) revealed a 0.9 eV shift of the main (92%) Au peak to lower (83.1 eV) 

B.E. than the characteristic value for Au0 (84.0 eV [7.46]). This B.E. shift is comparable 

to that (0.5 eV) recorded by Sun and co-workers [7.47] and suggests the presence of 

negatively charged Auδ- particles as a result of the electron transfer from the CeO2 support 

[7.48]. An additional peak at 84.0 eV with lower intensity is indicative of a small 

percentage of larger Au particles with metallic character [7.49], in line with STEM 

measurements Figure 7.3(IIA). The signals for Au/MgO (Figure 7.3(IIB)) suggest the 

presence of Auδ+ (54%; B.E. = 84.7 eV) due to Au-(OH-)MgO interactions [7.50,7.51] 

that affects the core ionization of Au [7.52], and Au0 (46%; 84.0 eV). The presence of 

Auδ+/Au0 in Au/MgO has been demonstrated previously by XANES [7.51] and XPS 

measurements [7.53]. The XPS spectrum for Au/TiO2 (IIIC) is characterised by a main 

(90%) Au 4f7/2 contribution at B.E. = 84.0 eV typical of metallic Au, in line with results 

recorded elsewhere [7.27,7.54]. An additional signal (10%) at higher B.E. (84.7 eV) 

suggests the presence of (small) electron deficient particles. The same B.E. shift has been 

observed previously [7.55] attributed to Auδ+ on TiO2 [7.56] due to electron transfer from 

Au to surface O [7.57].  

The characterisation results confirmed the formation of Au nanoparticles with 

modified size and electronic character on the three oxide supports. 
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7.3.1.2 Catalytic Response 

The gas phase stand-alone hydrogenation of NO2AP was carried out over Au/CeO2, 

Au/MgO and Au/TiO2 to yield NH2AP (SNH2AP ≥ 40%) and NOAP as the only products. 

In contrast, carbonyl group reduction (to form 4ˈ-ethyl aniline) and ring saturation (to 4ˈ-

ethylcyclohexylamine) have been reported for liquid phase 4ˈ-nitroacetophenone 

hydrogenation over Rh- [7.58] and Pd- [7.59,7.60] supported catalysts. The 

hydrogenation pathway over the three Au catalysts can be effectively analysed from a 

consideration of NH2AP selectivity (SNH2AP) as a function of NO2AP conversion (XNO2AP) 

and the results obtained are presented in Figure 7.4(I). A linear increase in SNH2AP with 

XNO2AP (up to 80% at 95% of conversion) is in evidence for Au/CeO2, indicative of a 

predominant stepwise hydrogenation pathway. In contrast, it can be seen that the 

conversion/selectivity profiles for Au/TiO2 and Au/MgO show a trend that deviates 

significantly from Au/CeO2. A constant SNH2AP at all XNO2AP was observed for both 

catalysts, suggesting a predominant concerted route. The proposed preferential stepwise 

(over Au/CeO2) and direct hydrogenation (Au/TiO2 and Au/MgO) routes are represented 

in Figure 7.4(II) and described by Eqs. 7.7-7.9: 

2 2NO2AP H NOAP H O+ ⎯⎯→ +1k

    Eq. 7.7 

2

2 2NOAP 2H NH2AP H O+ ⎯⎯→ +
k

    Eq. 7.8 

3

2 2NO2AP 3H NH2AP 2H O+ ⎯⎯→ +
k

   Eq. 7.9 

where ki is the kinetic rate constant for step "i". Both reaction mechanisms have been 

reported for the hydrogenation of nitroarenes. The nitroso intermediate involved in the 

sequential hydrogenation was detected by Yin et al. [7.61], whereas a direct 

hydrogenation route has been suggested based on FTIR analyses [7.11,7.13,7.62]. In 

order to examine the predominant reaction mechanism over the three catalysts, 

experimental data was subjected to mass balance analysis for each independent step based 

on a pseudo-first order kinetic behaviour, as previously established for the hydrogenation 

of substituted nitrobenzenes over Au where H2 content was in excess of the stoichiometric 

requirement for the -NO2 → -NH2 reduction [7.63]. 
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Figure 7.4. (I) Variation of 2ˈ-aminoacetophenone selectivity (SNH2AP; %) with 2ˈ-nitroacetophenone 

conversion (XNO2AP; %) for reaction over Au supported on CeO2 (▢), MgO () and TiO2 (△). (II) Reaction 

pathway of 2ˈ-nitroacetophenone hydrogenation. Note: Dashed lines provide a guide to aid visual 

assessment. Reaction conditions: T = 573 K, P = 1 atm. 

Reaction kinetics are described by Eqs. 7.10-7.12:  

( )
( )NO2AP

1 3 NO2AP

Au

d

d

x
k k x

n F
= − +     Eq. 7.10 

( )
NOAP

1 NO2AP 2 NOAP

Au

d

d

x
k x k x

n F
=  −     Eq. 7.11 

( )
NH2AP

3 NO2AP 2 NOAP

Au

d

d

x
k x k x

n F
=  +     Eq. 7.12 

where nAu/F has the physical meaning of contact time. The results of the non-linear 

regression of the experimental data to the kinetic model using the Berkeley Madonna 

software are presented in Figure 7.5(I) and the extrapolated kinetic rate constants are 

given in Table 7.2; the fitting of the experimental data to the model resulted in a χ2 = 

0.11, far below the critical (=23) value [7.64]. The hydrogenation of NO2AP over 

Au/CeO2 proceeds preferentially according to a consecutive mechanism (k1 > k3), where 

hydrogenation of NOAP was more facile than that of NO2AP (k2 > k1). In the case of 

conversion over Au/MgO the values of k1 and k2 = 0 molorganic molAu
-1 s-1 confirm a 

predominant concerted route. The formation of NH2AP over Au/TiO2 occurs exclusively 

through direct hydrogenation (k2 = 0 molorganic molAu
-1 s-1), whereas production of NOAP 

is also promoted albeit to a lower extent (k3 > k1). Our XPS results suggest that the 

(I) (II)
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electronic character of the supported gold phase is affected by the nature of the support 

which, in turn, can control NO2AP adsorption/activation path; such is our premise.  

 
Figure 7.5. (I) Initial mole fractions (xi) of 2ˈ-nitroacetophenone (NO2AP; △,▲,▲), 2ˈ-

nitrosoacetophenone (NOAP; ,⬤,⬤) and 2ˈ-aminoacetophenone (NH2AP; ▢,⬛,⬛) as a function of 

contact time (nAu/F, molAu mol-1 s) for reaction over Au supported on (A) CeO2 (open symbols), (B) MgO 

(black symbols) and (C) TiO2 (grey symbols). (II) Schematic of NO2AP and/or NOAP adsorption at (D) 

Au0, (E) Auδ+ and (F) Auδ- sites on Au/CeO2 (a), Au/MgO (b) and Au/TiO2 (c). Note: Solid lines in (I) 

represent fit to Eqs. 7.10-7.12.  
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Table 7.2. Pseudo-first order rate constants (k1, k2 and k3, see Eqs. (7.7-7.9)) for stand-alone NO2AP 

hydrogenation over Au-supported (CeO2, MgO and TiO2) catalysts. 

 ak1 ak2 ak3 

Au/CeO2 0.200 0.220 0.090 

Au/MgO 0 0 0.036 

Au/TiO2 0.010 0 0.112 

aunit =  molorganic molAu
-1 s-1 

We envision differences in the reaction mechanism as a result of variations in the 

NO2AP adsorption mode through the -NO2 group on Au0 (Figure 7.5(IID)) and Auδ+ 

(IIE) nanoparticles [7.65] or at the interface between gold nanoparticles and support 

oxygen vacancies (5(IID) and (IIF)) [7.66]. In the first case, direct adsorption trough 

multi-complexation can occur on Au/CeO2 (IIDa), Au/MgO (IID-Eb) and Au/TiO2 (IID-

Ec) leading to direct -NO2 → -NH2 reduction (i.e. k3 > 0 molorganic molAu
-1 s-1, Table 7.2). 

On the other hand, stepwise hydrogenation (k1 and k2 > 0) can result from -NO2 nitrogen 

interaction with Au0 on CeO2 (IIDa) and TiO2 (IIDc) or CeO2-supported Auδ- (IIFa) 

[7.67] in close proximity to an oxygen vacancy that activates the nitro group oxygen 

[7.11]. The addition of H2 results in the formation of the NOAP intermediate (k1), that 

hydrogenates further to NH2AP (k2) as a result of -N=O group adsorption on Auδ- 

nanoparticles via π-back donation (IIFa), in a similar fashion as with carbonyl 

compounds [7.38]. This last step is possible only on Au/CeO2 given the absence of Auδ- 

nanoparticles on Au/TiO2 (see Table 7.1). The formation of metal center M-N=O 

complex (with M =  Fe and Pd) via π-backbonding has been reported and attributed to the 

π-basicity of the metal [7.68]. The absence of oxygen vacancies (from O2 titration) on 

Au/MgO can account for the modified hydrogenation route through a preferential direct 

pathway (i.e. k1 = 0 molorganic molAu
-1 s-1), whereas the lower content (92%) on Au/TiO2 

(vs. Au/CeO2) is consistent with the different values of k1 (0.010 vs. 0.200 molorganic molAu
-

1 s-1). The k2 > k1 values over Au/CeO2 are consistent with experimental work reporting 

higher rates in nitrosobenzene (vs. nitrobenzene) hydrogenation over Pt [7.69] and Au 

[7.13]. The computed (via DFT calculations) energy barriers in nitrobenzene vs. 

nitrosobenzene hydrogenation into aniline (over Pd surface) have shown greater energy 

demand for the rate-determining transition state involved in the transformation of the 

nitro-group compared to the analogous case for the nitroso functionality [7.70]. 

Moreover, the sequence of decreasing k3 for Au/TiO2 > Au/CeO2 >Au/MgO (Table 7.2) 

matches the H2 chemisorption capacity of the three catalysts: Au/TiO2 (158 μmol gAu
−1) 

> Au/CeO2 (98 μmol gAu
−1) > Au/MgO (31 μmol gAu

−1), suggesting that the direct route 
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is not affected by the properties of the support (i.e. concentration of oxygen vacancies), 

but it is governed by the sole gold phase. In case of nitrobenzene hydrogenation, the direct 

route involves the formation of a surface intermediate (identified via FTIR as 

phenylhydroxylamine), which reduction to the target aniline is slower than 

nitrosobenzene hydrogenation [7.62]. It is possible that similar surface intermediate is 

formed on Au/MgO and Au/TiO2 affecting k3 vs. k2 values with consequent higher activity 

of Au/CeO2. This was confirmed by comparing the hydrogenation TOFs in Figure 7.6(I), 

where the sequence of activity Au/CeO2 > Au/TiO2 > Au/MgO is in evidence. An increase 

in reaction temperature (523 → 623 K) resulted in an enhanced hydrogenation TOF over 

all the catalysts (in line with an Arrhenius behaviour) with consequent greater selectivity 

of target NH2AP (Figure 7.6(II)); i.e. lower → higher T result in similar increase of 

NO2AP conversion and H2 activation capacity. The TOFs reported in the study are 

important results given the (2 orders of magnitude) lower value previously published by 

Zhang et al. [7.11], taken as the sole benchmark system available.  

 

 
Figure 7.6. 2ˈ-Aminoacetophenone (NH2AP) (I) turnover frequency (TOF; h-1) and (II) selectivity (SNH2AP; 

%) for reaction over Au/CeO2, Au/MgO, and Au/TiO2 at 523 K (open bars), 573 K (grey bars) and 623 

(hatched bars). Reaction conditions: P = 1 atm, XNO2AP = 43±3%. 

 

7.3.2 Coupling of 2ˈ-Nitroacetophenone Hydrogenation with Benzyl Alcohol 

Dehyderogenation in Tandem with Claisen-Schmidt Condensation 

The synthesis of NH2CH in the cross-coupled process requires the condensation of 

in situ produced NH2AP and BCO from hydrogenation of NO2AP coupled with the 

dehydrogenation of BOH (Figure 7.1). Preliminary results revealed limited 

dehydrogenation activity over the gold catalysts (1 order of magnitude lower TOF than 

that in hydrogenation). The coupled process requires a catalyst that can generate sufficient 
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hydrogen via dehydrogenation for the hydrogenation step. Copper-based catalysts are 

known to be efficient for dehydrogenation [7.71,7.72]. Two Cu/CeO2 and Cu/MgO 

catalysts (critical physiochemical properties are presented in Table 7.1 and Figure G.1 

in Appendix G) were selected and used as a physical mixture with the Au catalysts in the 

cross-coupled process. 

7.3.2.1 Catalyst Surface Basicity 

Catalyst basicity has been demonstrated (in Chapter 6) to have a critical effect in 

condensation reactions. The basicity of the five catalysts in this work was analysed by 

CO2-TPD; the profiles for the supports, Au-, Cu-based catalysts are presented in Figure 

7.7. To discount a possible contribution of metal precursor desorption/decomposition to 

the CO2-TPD signal, CO2 titration was carried out in parallel (post- H2-TPR). The results 

obtained (Table 7.1) reveal a good agreement (≤4%) between the two analyses and 

contributions from metal precursor can be discounted. The CO2-TPD profile of the CeO2 

support (IA) was equivalent to that recorded for Cu/CeO2 (IC), presenting a single 

desorption peak (98 ± 6 μmol g-1) at 400 ± 4 K characteristic of Brønsted Ce-OH groups 

[7.73]. In addition, the profile for Au/CeO2 ((IB)) exhibits signals at Tmax,TPD = 834 K (59 

μCO2 g
-1) and 1060 K (41 μCO2 g

-1), that can be associated with medium and strong Lewis 

sites, respectively [7.74]. This can be attributed to basicity development due to formation 

of oxygen vacancies during H2-TPR that results in the generation of -O2- sites with 

increased electron density [7.75].  

 
Figure 7.7. Carbon dioxide temperature programmed desorption (CO2-TPD) profiles generated for: (I) 

CeO2 support (A), Au/CeO2 (B) and Cu/CeO2 (C), (II) MgO support (A), Au/MgO (B) and Cu/MgO (C) 

and (III) TiO2 support (A) and Au/TiO2 (B). Note: CO2-TPD profile for MgO_L (obtained via calcination 

of Mg(OH)2 at 573 K for 16 h, see 7.2.1 Catalyst Synthesis section) is presented in (IIA'). Raw data is 

shown as open symbols (), while curve fitting is represented by solid (grey (Brønsted) and black (Lewis)) 

lines. 
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The hydrogen consumption during TPR was in excess of the requirement for the reduction 

of the metal precursor for Au/CeO2 and Cu/CeO2, where the greater difference for the 

former (68% vs. 16%) can account for the modified CO2-TPD response. After 

deconvolution, three desorptions centred at 400, 510 and 830 K are in evidence in the 

CO2-TPD profile of commercial MgO (IIA; total basicity = 270 μmol g-1), in line with 

reports in the literature [7.76,7.77]. This result suggests a combination of (weak, 33%) 

Brønsted and (medium + strong, 67%) Lewis basic sites. Total loss of Lewis basicity and 

a substantial reduction of Brønsted basic sites (89%) concentration was in evidence post- 

Au impregnation which resulted in a CO2-TPD profile with only one peak at 415 K, and 

a total basicity of 29 mmol g-1, close to the value (44 μmol g-1) reported by Wan et al. 

[7.78]. A change in surface basicity post-metal incorporation can be due to variations in 

SSA (i.e. recrystallisation of magnesium oxide [7.79]) and/or poisoning of basic sites. In 

order to shed some light on the factors involved in the modification of basicity, MgO_L 

was prepared and used as a benchmark system (see details in 7.2 Materials and Methods 

section). MgO_L is characterised by a higher concentration (vs. commercial MgO) of 

basic sites (832 μmol g-1) post-development of Lewis basicity (69 %) with associated 

Tmax,TPD =  523 and 897 K (Figure 7.7(IIAˈ)). Such response suggests that the decrease 

in basicity that we observed for Au/MgO (vs. MgO) can be attributed to: (i) a decrease in 

SSA (75 m2 g-1 vs. 180 m2 g-1 of unsupported MgO_L) and (ii) selective poisoning of 

Lewis -O2- sites by chlorine residues from the Au precursor. Liu et al. [7.77] reported a 

15-fold decrease in Lewis basicity after incorporation of Cl- to MgO. The CO2-TPD 

profile of Cu/MgO (Figure 7.7(IIC)) presents three desorption peaks with Tmax,TPD = 355 

K (24%), 590 K (50%) and 920 K (26%); total basicity = 290±3 μmol g-1, in good 

agreement (±13%) with that published by Marella et al. [7.80]. CO2 desorption peaks at 

~ 405 K, 550-650 K and 870-1080 K are typically reported for Cu/MgO catalysts 

[7.80,7.81]. We propose that the lower (31 vs. 58% for Au/MgO) decrease in SSA and 

the use of copper nitrate as precursor (vs. HAuCl4) can account for the greater surface 

basicity recorded for Cu/MgO relative to Au/MgO. The CO2-TPD profiles of TiO2 and 

Au/TiO2 (Figure 7.7(III)) were featureless, consistent with their negligible basic 

character [7.78]. 

7.3.2.2 Catalytic Response  

We first investigated the NH2CH production in continuous gas phase via direct 

condensation of NH2AP and BCO over the monometallic Au- and Cu- based catalysts. 

Full selectivity to the target NH2CH was recorded over the five catalysts, with no 
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evidence of benzyl alcohol or benzoic acid formation through BCO dismutation 

(Cannizzaro reaction [7.82]), as previously observed over metal oxides (e.g. BaO-ZrO2 

[7.83], CeO2 and SiO2 (Chapter 5)) with a high concentration of Brønsted basic sites. 

Full NH2CH selectivity over the Au- and Cu-based catalysts can be explained considering 

their hydrogenolysis [7.84,7.85] and dehydrogenation capacity which can facilitate the 

transformation of benzoic acid and benzyl alcohol to BCO. In order to establish the role 

of catalyst basicity we have plotted the catalyst activity (i.e. r0,condesation, initial production 

rate of NH2CH) as a function of the density of basic sites (ρbasicity, specific total basicity 

per m2) and the results are shown in Figure 7.8. The linear correlation between r0 and 

ρbasicity confirms the sole involvement of surface basic sites in the reaction mechanism. To 

the best of our knowledge, this study provides the first example of NH2CH production 

over heterogenous catalysts and in continuous operation.  

 
Figure 7.8. Dependence of initial 2ˈ-aminochalcone production rate (r0,condensation; molNH2AP molcat

-1 h-1) on 

the density of basic sites (ρbasicity; μmol m-2, ⬤) in the stand-alone condensation of 2ˈ-aminoacetophenone 

(NH2AP) + benzaldehyde (BCO) over oxide supported Au and Cu catalysts. Note: Dashed line provides a 

guide to aid visual assessment. Reaction conditions: T = 573 K, P = 1 atm. 

Physical mixtures of the Au + Cu catalysts were employed in the cross-coupled 

process; the catalytic results are summarised in Table 7.3. The production of NH2CH 

over all the catalytic systems demonstrates successful utilisation (H2 excess = 1) of in situ 

generated H2 from the selective (100%) BOH → BCO dehydrogenation. In each case, 

Cu/CeO2 delivered the greatest hydrogen production TOFs relative to Cu/MgO. We 

attribute such response to the Lewis acidity of the oxide metal cation, which is related to 
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cation polarisability (αCation) where higher αCation is indicative of lower Lewis acidity 

[7.86]. The lower Lewis acidity of the oxide metal cation in CeO2 (i.e. αCeO2 = 0.70 Å3 vs. 

αMgO = 0.09 Å3 [7.87]) serves to stabilise the carbocation-type transition state formed 

post-abstraction of the α-hydrogen (rate-limiting step) [7.88], lowering the activation 

energy barrier for BCO formation with an increase in dehydrogenation TOF. The 

differences in the type of hydrogen involved are reflected in the hydrogenation TOFs 

presented in Table 7.3. Under the same reaction conditions, a significantly greater (up to 

9 times higher) hydrogenation TOF was recorded in the tandem vs. stand-alone process 

over all the Au-based catalysts. We have shown previously [7.7] (i.e. Chapter 3) that the 

spillover of activated hydrogen species from Cu to Au phase in the coupled system is 

more efficient than the chemisorption of molecular H2 by Au (required in the stand-alone 

reaction), resulting in enhanced hydrogenation activity.  

Table 7.3. Catalytic results for cross-coupling reaction between NO2AP and BOH over physical mixtures 

of oxide supported Au + Cu catalysts. 

 
Au/CeO2 + Cu/ Au/MgO +Cu/ Au/TiO2 + Cu/ 

CeO2 MgO CeO2 MgO CeO2 MgO 

Dehydrogenation 
TOF  

(h-1) 
1850 1150 2187 1400 2000 1035 

Hydrogenation 
TOF  

(h-1) 
4345 1564 4506 1304 3041 1330 

Condensation 

r0,condensation 

(10-3 h-1) 
361 137 709 96 149 33 

SNH2CH
a (%) 20 22 60 100 20 7 

abalance closed with NH2PH 

The catalytic systems were effective in promoting the NH2AP + BCO condensation 

to NH2CH. In each case, the physical mixture containing Cu/CeO2 delivered a higher (up 

to 10 times) NH2CH production relative to those with Cu/MgO. This result suggests that 

production rates in the cross-coupled is not controlled by the catalyst basicity, but is also 

affected by the production of BCO. The formation of 1-[2-

(benzylideneamino)phenyl]ethanone (NH2PH) via condensation of NH2AP+BOH (i.e. 

N-alkylation) was observed over most of the physical mixtures. In order to understand 

which competitive condensation (i.e. NH2AP+BCO vs. NH2AP+BOH) was the most 

promoted by each catalyst, a mixture of reactants was delivered to the reactor containing 

the single catalysts. The production of NH2PH occurs predominantly on Au/CeO2 and 

Cu/CeO2 (i.e. SNH2CH = 25-45 %), a result that we tentatively linked to the presence of  

hydroxyl group (from BOH) as water and formation of C=N (from NH2AP) bond. If such 

a premise is correct, a variation in the concentration of BOH in the feed should impact on 
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the formation of NH2PH. Taking the most active Au + Cu combination (i.e. 

Au/MgO + Cu/CeO2, see Table 7.3) we evaluated the dependence of SNH2CH with 

parameters affecting BOH concentration, namely, the molar ratio of Cu:Au (Figure 

7.9(A)) and alcohol:ketone in the feed (i.e. OH:NO2 (B)).  

 
Figure 7.9. (I) 2ˈ-Aminochalcone selectivity (SNH2CH; %) and (II) degree of 2ˈ-aminoacetophenone 

conversion (XNH2AP, %) as a function of (A) Cu:Au and (B) OH:NO2 molar ratio for condensation reaction 

over Cu/CeO2 + Au/MgO (⬤) and (Cu/CeO2 + Cu/MgO) + Au/MgO (✕) physical mixtures in the tandem 

process. Note: Dashed lines provide a guide to aid visual assessment. Reaction conditions: T = 573 K, P = 

1 atm. 

An inspection of the data in Figure 7.9(IA) revealed that an increase in Cu content 

(from 3:1 to 15:1) results in greater (2 → 60 %) NH2CH selectivity, as a consequence of 

enhanced BOH dehydrogenation. Further increase of Cu:Au ratio (to 30:1) caused a loss 

of selectivity (to 3%), which can be linked to an excess of Cu/CeO2, active in the 

undesired condensation reaction. Indeed, when the Cu:Au ratio was increased by keeping 

the Cu/CeO2 content constant and adding Cu/MgO, enhanced SNH2CH (to 70%) was 

achieved. In parallel, conversion to NH2AP (XNH2AP) was examined as a function of 

Cu:Au ratio (Figure 7.9(IIA)), where we observe a linear increase (from 5 to 45 %) 

followed by a plateau at Cu:Au ≥15:1. The initial increase in XNH2AP mimics the NO2AP 
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consumption dependence with Cu:Au (see Figure G.2 of the Appendix G), where the 

plateau to complete NO2AP conversion is reached at Cu:Au ≥15:1. Such trends are 

indicative of condensation reaction limited by the degree of NO2AP conversion. 

At fixed Cu:Au ratio of 15:1, an inverse dependence of SNH2CH with OH:NO2 ratio is 

in evidence in Figure 7.9(IB), with the highest value (80%) obtained under stoichiometric 

conditions (i.e. 3:1). This result confirms the direct dependence between NH2PH 

formation and BOH concentration. Similarly, Namidala et al. [7.90] recorded greater 

(54 → 76 %) N-alkylate (vs. C-alkylate) yields at increasing concentrations of BOH. The 

dependence between XNH2AP and OH:NO2 (see (IIB)) was equivalent to that recorded for 

XNH2AP vs. Cu:Au (IIA), i.e. linear increase up to OH:NO2 =15:1 followed by a plateau at 

44±4 %. Based on these results, we try to further optimise the process using the 

Au/MgO + Cu/MgO physical mixture with the aim to enhance condensation activity at 

full NH2CH selectivity. Under optimal conditions (i.e. Cu:Au = 15:1 and 

OH:NO2 = 30:1), chemoselective formation of NH2CH with a production rate of 643 10-3 

h-1 was achieved. This value is double than the highest recorded for the stand-alone 

condensation (see Figure 7.8), demonstrating the tandem process is a more efficient 

synthetic route. To the best of our knowledge, the proposed orthogonal system represents 

the first reported example of substituted chalcones synthesis via a tandem process. Based 

on the results obtained, we propose the reaction network shown in Figure 7.10, which 

includes additional steps relative to the schematic in Figure 7.1. In addition to the 

dehydrogenation-hydrogenation-condensation route described in path A, condensation of 

NO2AP + BCO can result in the formation of 2ˈ-nitrochalcone (NO2CH) (path B(I)) 

which can undergo further reduction to NH2CH (B(II)). The higher efficiency of path B 

(vs. path A) in NH2CH production was tested by comparing the stand-alone condensation 

of BCO + NH2AP → NH2CH with (i) stand-alone condensation of BCO + NO2AP → 

NO2CH and (ii) stand-alone hydrogenation of NO2CH → NH2CH using Au/CeO2.  
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Figure 7.10. Proposed reaction mechanism in tandem process involving: (orange) path A(I) benzyl alcohol 

(BOH) → benzaldehyde (BCO) dehydrogenation + path A(II) 2ˈ-nitroacetophenone (NO2AP) → 2ˈ-

aminoacetophenone (NH2AP) hydrogenation + path A(III) BCO + NH2AP → 2ˈ-aminochalcone (NH2CH) 

condensation, (purple) path B(I) NO2AP + BCO → 2ˈ-nitrochalcone (NO2CH) condensation + path B(II) 

NO2CH → NH2CH hydrogenation and (grey) path C undesired BOH + NH2AP → 1-[2-

(benzylideneamino)phenyl]ethenone (NH2PH) condensation. Note: Dashed arrows represent hydrogen 

transfer.  

We observed a greater (827 × 10-3 vs. 310 × 10-3 h-1) NO2CH production rate (consistent 

with the promotion [7.21] of the rate-determining nucleophilic attack (see Chapter 5) by 

electron withdrawing -NO2 group (Hammet constant σNO2  =0.71 vs. σNH2  = -0.66 [7.91])) 

and high hydrogenation activity (i.e. TOF = 1085 h-1) that can support the rate values 

obtained during tandem process assuming a transformation following path B.  

7.4 Conclusions  

The tandem gas phase dehydrogenation-hydrogenation-condensation process was 

carried out over a series of Au + Cu physical mixture(s) (Cu:Au = 3-30), resulting in 

selective production of valuable NH2CH. Three Au-based catalysts (1-3% wt. , mean 

size = 3-8 nm) promoted the sole formation of NH2AP in the hydrogenation of NO2AP. 

The hydrogenation followed predominantly a direct route over Au/MgO and Au/TiO2 and 

stepwise pathway over Au/CeO2. This has been attributed to variations in the electronic 



 

205 

Chapter 7 
Gas Phase 2ˈ-Aminochalcone Production from Tandem 2ˈ-Nitroacetophenone Hydrogenation and 

Benzyl Alcohol Dehydrogenation 

properties of the gold phase (i.e. Auδ+, Au0 and Auδ-) in the three catalysts. Physical 

mixtures of Au with (CeO2 or MgO) supported Cu (3.3±0.2 wt.%, mean size = 5-9 nm) 

promoted the tandem dehydrogenation (BOH→BCO)+hydrogenation 

(NO2AP→NH2AP)+condensation to NH2CH with undesired formation of NH2PH. We 

recorded a 2-fold greater NO2AP hydrogenation TOFs in the tandem process relative to 

that in the stand-alone over Au. Selectivity to target NH2CH is sensitive to the (i) amount 

of oxygen vacancies, (ii) Cu:Au molar ratio and (iii) alcohol:ketone. Under optimised 

conditions (i.e. Cu:Au = 15:1 and OH:NO2 = 30:1) Au/MgO+Cu/MgO promoted the sole 

formation of NH2CH in the tandem process with double rates vs. stand-alone 

condensation.  
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- 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

This section contains a summary of the main findings of the research discussed in the 

previous chapters and provides the directions for future research. 

8.1 General Conclusions 

The research carried out for this PhD thesis demonstrates the feasibility of single-pot 

catalytic tandem systems as a sustainable alternative to multi-step processes. Indeed, a 

switch from stand-alone hydrogenation to dehydrogenation-hydrogenation and 

dehydrogenation-hydrogenation-condensation has resulted in reaction exclusively to 

target product(s) (up to 100% yield), (2-70-fold) enhanced activity and greater (up to 

100%) H2 utilisation. As novel contributions to the field, three aspects must be 

highlighted: (i) the switch from pressurised batch to continuous operation mode under 

atmospheric pressure in all the catalytic tests, (ii) the industrial relevance of the reactions 

explored (e.g. alkyne hydrogenation-alcohol dehydrogenation, nitroarene hydrogenation-

Claisen-Schmidt condensation) and (iii) the mechanistic interpretation provided (e.g. 

identification of the active sites and/or rate-determining step). A series of approaches (i.e. 

different synthetic methodologies and pre-treatments (e.g. catalyst activation) or use of 

bimetallics) have been directed to tailor the chemical/electronic properties of Cu-, Au- 

and MgO active sites. The critical inferences from the investigations carried out can be 

discussed considering three aspects: (i) catalyst synthesis/characterisation, (ii) catalytic 

performance and (iii) reaction mechanism. The main conclusions are listed in Table 8.1, 

which provides a backreference to the corresponding published papers presented in the 

List of Publications section.  

8.1.1 Inference of catalyst synthesis/characterisation 

Catalyst morphology has been demonstrated to be the critical parameter for (i) Cu- 

and Au-based and (ii) bulk oxide catalysis. An increase in Cu nanoparticle size serves to 

increase the temperature requirement for the reduction of the copper phase (Cu2+ → Cu+ 

→ Cu0) as a result of weak metal-support interactions and inhibited H2 diffusion 

(Chapter 2 and Chapter 4). Small (<10 nm) gold nanoparticles with a high density or 

surface defects (i.e. active sites for hydrogen adsorption/activation) are required for 
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significant hydrogenation activity. The preparation method (deposition-precipitation vs. 

impregnation), type of support (reducible vs. unreducible) and metal loading have been 

established to be the key parameters to control particle growth, leading to the generation 

of a range of Cu (2-13 nm, Chapters 2, 3, 4 and 7) and Au (3-7 nm, Chapters 3, 4 and 

7) size. The strength of metal-support interactions affects the Au electronic charge (due 

to support → metal electron transfer, Chapters 4 and 7) and the mobility of the 

nanoparticles avoiding formation of Au-Cu alloy phase (Chapter 4). 

Similarly, particle size is crucial for significant activity over bulk materials (e.g. 

MgO, Chapters 5 and 6), with a direct impact on specific surface area (SSA). A direct 

correlation between SSA and concentration of surface basic sites (active sites for 

condensation of aldehyde + ketone) has been demonstrated. Surface basicity can be fine-

tuned by the preparation method (calcination, hydration-calcination, ammonia 

precipitation-calcination) and activation temperature. Such SSA ↔basicity relationship 

does not extend using Li+ and Cs+ promoters (Chapter 6) or Au nanoparticles (Chapter 

7)).  

8.1.2 Inferences on catalytic response  

The results of coupling hydrogenation-dehydrogenation have established selective    

-C≡C (Chapter 2), -C=O (Chapters 3 and 4) and -NO2 (Chapter 7) reduction into -C=C, 

-HCOH and -NH2, respectively. Alcohol conversion to aldehyde/ketone in the coupled 

system demonstrates effective use of the in situ produced hydrogen. The hydrogen 

generation has proven to be the controlling step in the coupled process where an increase 

in dehydrogenation rate results in greater hydrogenation turnover frequency (TOF 

Chapters 3, 4 and 7). On the other hand, the hydrogen utilisation efficiency is facilitated 

by proton-electron transfer using reducible supports (Chapter 3). Although copper has 

been proven to be an inexpensive chemoselective catalyst (Chapter 2), Au delivers a 

greater hydrogenation activity in the coupled process (Chapter 3).  

The results presented in Chapters 5 and 6 have demonstrated the feasibility of the 

Claisen-Schmidt continuous gas phase condensation with advantages relative to the 

conventional batch liquid system. The coupling of the condensation step with 

hydrogenation-dehydrogenation reactions in a tandem system has been studied (Chapter 

7) over Cu + Au physical mixtures supported on basic (MgO and CeO2) oxides. Process 
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optimisation was achieved resulting in the sole condensation in the target chalcone with 

2-fold higher rates (vs. stand-alone). 

8.1.3 Inferences on reaction mechanism 

Mechanist investigations have been conducted for the catalytic processes developed 

in Part A and B of the thesis. The coupled system requires two types of active sites to 

promote each step. This can be achieved by (i) changing the metal oxidation state (as 

shown for Cu in Chapter 2), (ii) using a physical mixture of two metals (Cu and Au) 

supported catalysts (Chapters 3 and 7) and (iii) employing a bimetallic (Au-Cu) system 

where the two metals are separated but in close proximity (Chapter 4). 

In general, hydrogen addition to electron enriched functionality occurs via a 

nucleophilic attack (Chapter 4). Two hydrogenation mechanisms (i.e. for 

phenylacetylene in Chapter 2 and 2ˈ-nitroacetophenone in Chapter 7) have been 

described in detail and the main findings can be summarised as follows: (i) Cu+ sites 

catalyse phenylacetylene hydrogenation following a stepwise triple → double →single 

bond reduction, (iia) Auδ+ and Au0 favour a direct NO2 → NH2 reduction, whereas (iib) 

Auδ- promotes the stepwise NO2 → NOH →NH2 hydrogenation. From a mechanistic 

point of view, it has been established that the main difference between stand-alone 

hydrogenation and coupled with alcohol dehydrogenation is based on the nature of the 

hydrogen (i.e. molecular or activated species), which impacts the rate determining step 

(rds). For instance, in the stand-alone phenylacetylene hydrogenation, the activation of 

H2 on Cu0 was proved to be rate-limiting, whereas in case of hydrogen production from 

benzyl alcohol dehydrogenation, the rate-controlling step was identified as the triple bond 

adsorption/activation (Chapter 2). Moreover, the mechanism of alcohol dehydrogenation 

(in stand-alone and coupled system) is proposed to occur at the support/Cu0 interface with 

a stepwise hydrogen abstraction from the hydroxyl group (rds in case of aliphatic 

alcohols, Chapter 3) and α-carbon (rds in case of aromatic alcohols, Chapter 2). This 

mechanism is retained in the coupled process (Chapter 3, 4 and 7), but it can be 

accompanied by a concentred Meerwein–Ponndorf–Verley (MPV)-like hydrogen 

abstraction at Cu+/support interphase (Chapter 2). 

A kinetic investigation (Chapter 5) has established the catalytic cycle involved in 

the gas phase Claisen-Schmidt condensation, where formation of the C-C bond is 
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promoted on Lewis basic sites (Chapter 6) and is rate-limiting. A scheme based on two 

parallel paths has been proposed for the tandem process of Chapter 7: (i) benzyl alcohol 

dehydrogenation- 2ˈ-nitroacetophenone hydrogenation- benzaldehyde + 2ˈ-

aminoacetophenone condensation and (ii) benzyl alcohol dehydrogenation- benzaldehyde 

+ 2ˈ-nitroacetophenone condensation- 2ˈ-nitrochalcone hydrogenation.  

8.1.4 Final Remarks 

The combination of CeO2 and MgO supported Cu- + Au- catalysts as a physical 

mixture has been proved to be an efficient catalytic system for tandem processes based 

on the coupling of non-oxidative alcohol dehydrogenation, alkyne/aldehyde/nitroarene 

hydrogenation and aldehyde + ketone condensation. Although routes for the production 

of hydrogen cleaner than standard industrial methodologies are under current 

investigation (i.e. the reforming of biomass (e.g. pyrolysis and gasification) and water 

electrolysis) [8.1], the approach proposed in both Parts A and B is still preferable when 

developing hydrogen mediated processes. Indeed, the main disadvantages associated with 

the reforming reaction (i.e. undesired CO, CO2 and water formation) and electrolysis 

(non-competitive production costs) [8.1] are overcome by tandem catalysis, this last being 

an inherent safer strategy characterised by optimised atom economy and the co-

production of a high-value chemical.  

In conclusion, the research presented in this PhD thesis opens new possibilities for 

sustainable hydrogen free hydrogenation processes to deliver commercially important 

chemicals from biomass-derived feedstock with important safety and long term supply 

implications for large scale production. 
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Table 8.1. Summary of main conclusions from Chapters 2-7. Reference to the corresponding journal article is given in brackets. 

Chapter Reaction Catalyst Catalytic Results Mechanistic Investigation 

2, [2] 

 

Cu/CeO2: 

Cu0 + Cu+ 

Selectivity to targets: 100% 

 

Hydrogenation activity: up to 3-fold 

greater than stand-alone 

 

Hydrogen utilisation: ≤100% 

Stepwise hydrogenation: C≡C → C=C → C-C 

 

Stepwise dehydrogenation: O-H and C-H (rds) 

 

Concerted Meerwein–Ponndorf–Verley  

3, [3] 

 

Cu/MO + Au/CeO2 

 

(MO=Al2O3, ZrO2, 

SiO2, TiO2 and CeO2) 

Selectivity to targets: 100% 

 

Hydrogenation activity: up to 70-fold 

greater than stand-alone 

 

Hydrogen utilisation: ≤ 100% 

 

Stepwise dehydrogenation: O-H (rds) and C-H  

 

Hydrogen transfer as proton/electron couple 

 

4, [4] 

 

Au-Cu/CeO2 

Selectivity to targets: 100% 

 

Hydrogenation activity: up to 6-fold 

greater than stand-alone 

 

Hydrogen utilisation: ≤ 100% 

Nucleophilic hydrogenation attack at O(=C) 

 

Stepwise dehydrogenation; O-H (rds) and C-H 

5, [1] 

 

SiO2, ZnO, ZrO2, 

CeO2 and MgO 

Selectivity to targets: up to 100% 

 

Condensation activity: up to 10-times 

greater than batch 

Intramolecular nucleophilic attack (C-C 

formation) identified as rds  

6 

 

MgO 

Selectivity to targets: 100% 

 

Condensation activity: up to 4-fold 

greater than over commercial MgO 

Lewis basic sites (-O2-) active sites 

7 

 

Cu- + Au- 

(CeO2, TiO2, MgO) 

Selectivity to targets: up to 100% 

 

Hydrogenation activity: up to 2-fold 

greater than stand-alone 

 

Condensation activity: up to 2-fold 

greater than stand-alone 

Dehydrogenation/Hydrogenation/Condensation 

and 

Dehydrogenation/Condensation/Hydrogenation 
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8.2 Future Directions 

8.2.1 Renewables for tandem dehydrogenation-hydrogenation and dehydrogenation-

hydrogenation-condensation processes 

Future work should be directed to the development of coupling systems based on 

renewable chemicals for in situ H2 generation (e.g. diols such as 1,4-butanediol (→ 2H2 

+ γ-butyrolactone)) and hydrogenation (e.g. carboxylic acids: levulinic acid (→ γ-

valerolactone) and succinic acid (→ propanoic acid)), that result in the production of 

high-value chemicals. Formic acid is a well-known hydrogen source employed in coupled 

systems for biomass upgrading [8.2]. However, the stochiometric generation of CO2 is a 

definite drawback. The CO2 produced in situ could be further transformed into useful 

chemicals through alternative tandem reactions. Indeed, recent work on CO2 utilisation 

has shown the potential of coupling carbon dioxide with 1,4-diols in direct 

copolymerization [8.3] and formation of cyclic carbonates [8.4] over heterogeneous 

catalysts. The tandem dehydrogenation-hydrogenation-CO2 utilisation system will 

require a systematic catalyst design/optimization with reactor configuration. 

Similarly, the environmental footprint of the tandem dehydrogenation-

hydrogenation-condensation system in Chapter 7 could be further improved by using 

biomass-derived chemicals. Aldol condensation involving furfuryl alcohol [8.5] and 

levulinic acid [8.6] have been investigated in the last years, but work has been limited to 

batch mode operation. The tandem process in continuous flow may serve to promote 

alternative routes for the production of commercially important renewable chemicals. 

8.2.2 Alternatives to separate surface active sites in multi-metallic catalysts 

One of the challenges in tandem reactions is the requirement for several active sites 

to promote each individual step. These sites must be separated but in close proximity. The 

use of bimetallic (e.g. Pd-Au, Pd-Co, Ni-Cu) catalysts in coupled systems has been 

reported [8.7], where preparation by standard procedures (e.g. deposition-precipitation 

and/or impregnation) can result in undesired alloy formation. An approach to tackle this 

problem is the synthesis of novel supports that ensure metal segregation. This can be 

achieved, for example, by developing a yolk-shell structure [8.8] where each particle is 

formed by a core of the metal active in hydrogenation surrounded by an oxide shell 

externally impregnated with the dehydrogenation catalyst, where the porous void between 
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the core and oxide shell allows the diffusion of reactants. In addition, hyperbranched 

polymers (HPs) bear intramolecular cavities [8.9] that can host metal nanoparticles, while 

the (amphiphilic) branches can stabilise the nanoparticles of a second metal [8.10]. 

8.2.3 IR spectroscopy for tandem dehydrogenation-hydrogenation-condensation 

The mechanism proposed in Chapter 5 and 6 could be validated by means of in situ 

IR spectroscopy, whereas insights on the mechanism of the tandem system of Chapter 7 

could be obtained. Future work could involve the application of synchrotron infrared 

microspectroscopy which allows following rapid changes in local reactant concentrations 

under operando conditions [8.11]. This will require single crystals catalysts which behave 

as reactor cell. Zeolites are a good benchmark candidate for the Claisen-Schmidt 

condensation (as stand-alone and tandem process) due to their basicity, where the regular 

cages [8.12] can accommodate metal nanoparticles, active sites for the dehydrogenation 

and hydrogenation steps [8.13]. 

8.2.4 Application of reactive chromatography for tandem dehydrogenation-

hydrogenation-condensation 

The development of new continuous tandem processes should address the 

optimisation of both catalyst and reactor configuration. Regarding the latter, only a 

standard plug-flow glass reactor has been considered up to date. It has been demonstrated 

in Chapters 5 and 6 that stand-alone condensation in this standard system outperforms 

conventional batch stirred reactors. However, such configuration fails in the case of the 

tandem dehydrogenation-hydrogenation-condensation process described in Chapter 7 

due to undesired cross-coupling reaction between the two reagents. New strategies should 

be explored to reduce the contact between the two reactants involved in the undesired 

step (e.g. benzyl alcohol with 2ˈ-aminoacetophenone) in order to improve the yield of the 

target product from the desired condensation reaction. Reactive chromatography (RC) 

allows the separation of reactant(s) and product(s) due to their modified affinity for the 

resin contained in the packed bed that acts as catalyst and chromatography column [8.14]. 

The application of RC to tandem reactions is a new line of investigation with untapped 

potential for tandem processes. The RC is generally applied for stand-alone hydrolysis 

and esterification reactions [8.15], where reactor modelling [8.15] and identification of 

the active material for the packed bed are challenging. Taking 2ˈ-aminochalcone 

production as starting point, RC could be used to separate unreacted benzyl alcohol from 
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benzaldehyde + H2, which can react on a second bed with 2ˈ-nitroacetophenone. Catalyst 

optimisation should be focused on increasing the turnover frequency of benzyl alcohol 

dehydrogenation, where recent reports suggest improved performance with the 

introduction of promoters (e.g. Ni [8.16]) on Cu-based catalysts.  

8.2.5 Evaluation of tandem processes in pilot-scale systems  

Further research is required to bring the catalytic tandem technology to 

commercial/industrial level. The economic and environmental potential of tandem 

systems can be truly exploited only by integrating the reactor with units dedicated to (i) 

recycling of unconverted reactants and carrier gas, (ii) separation of each target product 

and (iii) catalyst reactivation. Future work should be directed to the design of a lab-scale 

pilot plant, where larger molar flows (e.g. in the order of mol h-1) of reactants can be 

processed with an on-line system for analytical measurements and automatized 

operative/safety controls. Such reactor unit should be based on a more performant system 

than standard fixed-bed reactors (as discussed in paragraph 8.2.4); catalytic membrane 

(CM) reactors are a good candidate. Indeed, CM reactors have the combined advantages 

of being already applied in hydrogen mediated processes (e.g. vs. RC reactors), 

guaranteeing competitive combined activity/selectivity (vs. fixed-bed reactors) and 

reducing process costs (i.e. single equipment for reaction and separation steps and easy 

catalyst regeneration procedure) [8.17], resulting in a technology ready to be applied in 

“small demonstration units” [8.18]. Process scale-up is complex [8.19] (<50 publications 

year-1 between 1991-2021 in transitions “from bench to pilot” from Web of Science), 

where further optimisation of the catalyst (e.g. long-term stability) will be required first 

at laboratory bench scale. 
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Appendix A: SCHEMATICS OF REACTOR CONFIGURATIONS 

 

Scheme A.1. Schematic for gas phase plug-flow reactor. 
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Scheme A.2. Schematic for (I) single bed and (II) dual bed configuration using Cu/CeO2 and Au/CeO2 as 

catalysts.  
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Appendix B: SUPPORTING CALCULATIONS 

Appendix B.1. Initial Conversion  

The initial conversion values (Xi,0, %) were calculated for each catalytic run from 

conversion (Xi) vs. time on-stream (t) profiles based on data set collected every 15-60 

minutes, where the change in activity can be expressed in terms of the empirical 

relationship: 

i i,0 i,SS i,0( ) ( )
t

X t X X X
tb


= + − 

+                                     Eq. B. 1 

where Xi,SS represents pseudo-steady state reactant conversion and β is a time scale fitting 

parameter. Fit converge yields values for Xi,0. 

Appendix B.2. Partial Negative Charge of Oxygen in the Oxide Support 

The partial negative charge of oxygen (-qo) in a metal oxide with formula MxOy can 

be obtained from:  

O
O 0.5

O2.08

iS S
q

S

−
− =


                                                     Eq. B. 2 

where the Si term is the modified intermediate electronegativity, which can be calculated 

based on the Sanderson’s electronegativities of M (SM) and O (SO) following the method 

described by Rodriguez et al. [3.86], according to: 

( )
1

x y x y
i M OS S S += 

                                               Eq. B. 3 

the "SM" and "SO" factors are tabulated parameters, the values used in this work were 

taken from [3.86,3.87].
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Appendix C: SUPPORTING FIGURES FROM CHAPTER 2 

 
Figure C.1. XPS survey spectra for (I) DP15(573) and (II) IM15(773) Cu/CeO2 catalysts (intensity 

expressed as normalised counts). 
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Figure C.2. (I) Pseudo-first order kinetic plot and (II) Arrhenius relationship for stand-alone (A) 

hydrogenation of phenylacetylene to styrene and (B) dehydrogenation of benzyl alcohol to benzaldehyde 

over the DP1(573) Cu/CeO2 catalyst. Note: Solid (hydrogenation) and dashed (dehydrogenation) lines in 

(I) and (II) are the result of pseudo-first order kinetic and Arrhenius equation data fit, respectively. Reaction 

conditions: P = 1 atm, T = 473-573 K. 
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Appendix D: SUPPORTING FIGURE FROM CHAPTER 4 

 
Figure D.1. XPS spectra over the Ce 3d region (intensity expressed as normalised counts) for (I) fresh 

CeO2, (II) CeO2 thermally treated in H2 to 573 K, (III) Au-Cu/CeO2 and (IV) Au/CeO2. Note: Raw data 

are shown as open symbols () while curve fitted and envelope is represented by solid (black and green 

for Ce4+ and Ce3+, respectively) and dashed lines.
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Appendix E: SUPPORTING FIGURE AND TABLE FROM CHAPTER 5 

 
Figure E. 1. Representative (I) TEM/STEM and (II) SEM images for (A) SiO2, (B) ZnO, (C) ZrO2, (D) 

CeO2 and (E) MgO. 
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Table E. 1. Expressions associated with fractional surface coverage of reaction intermediates (A2S1, BHS2, C-1HS2 and HS2) including the considered rate limiting step; 1 = θA2S1 + θS1 

and 1 = θBHS2 + θC-1HS2 + θHS2 + θS2. 
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Appendix F: SUPPORTING FIGURE FROM CHAPTER 6 

 
Figure F.1. In situ carbon dioxide temperature programmed desorption (CO2-TPD) profile for MgO_C. 

Note: Raw data is shown as open symbols (), while background and curve fitting are represented by 

dotted and solid (grey (Brønsted basic sites) and black (Lewis)) lines, respectively.  
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Appendix G: SUPPORTING FIGURES FROM CHAPTER 7 

 
Figure G.1. (I) H2-TPR profile, (II) XRD pattern and (III) STEM representative images of (A) Cu/CeO2 

and (B) Cu/MgO. Note: XRD peak assignments in (II) are based on JCPDS-ICDD reference cards 43-

1002 (CeO2, ▢), 087-0651 (MgO, ◇), 500-0216 (Cu, ▲). 

 

 
Figure G.2. Degree of 2ˈ-nitroacetophenone conversion (XNO2AP, %) as a function of (I) Cu:Au and (II) 

OH:NO2 molar ratio for condensation reaction over Cu/CeO2 + Au/MgO in the tandem process. Note: 

Dashed lines provide a guide to aid visual assessment. Reaction conditions: T = 573 K, P = 1 atm. 
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