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Abstract 

 
The focus of this thesis is the investigation of sustainable routes for the 

production of commercially valuable oxygen containing compounds through the 

application of ceria-based catalysts. The catalytic transformation of levulinic acid (to γ-

valerolactone), CO2, methanol and nitrobenzene (to methyl-N-phenyl carbamate), 1-

butanol (to 1-butene) and 1,3-butanediol (to 3-buten-2-ol) have been examined. Taking 

the conversion of levulinic acid as a model system, it was established that the surface 

oxygen vacancies, formed during temperature programmed reduction of reducible 

oxides, activate levulinic acid for reaction. Process sustainability has been examined in 

terms of full hydrogen utilisation with 100% yield of the target γ-valerolactone under 

stoichiometric conditions over supported Au catalysts. The production of the carbamate 

directly from CO2 was initially optimised towards dimethyl carbonate formation as a 

reaction intermediate, where the highest reported rate has been achieved. It was shown 

that total surface area of CeO2 is not a determining parameter for catalytic performance, 

while a decrease in Ce3+ content upon calcination improves CO2 activation. Dehydration 

of 1-butanol/1,3-butanediol revealed the requirement for the strong Lewis acid sites on 

the surface of the catalyst to form an alkene. The results presented in this thesis 

demonstrate direct participation of the ceria in the catalytic dehydration and 

carboxylation reactions. 
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Chapter 1  

Introduction and Scope of the Thesis 

 

This chapter provides an overview of the concept of sustainable chemical 

processes, focusing on the ceria-based catalysis. The objectives of this MPhil research 

are defined and the approach taken is described. 

1.1 Sustainable Chemical Processing and production of oxygenated compounds 

The chemical industry is heavily based on the exploitation of (non-renewable) 

fossil fuels for the production of a wide range of commodity chemicals [1]. The demand 

for the production of these chemicals has been increasing over the years, where the 

current global manufacture is more than 3.5 × 108 tonnes·year-1 with a prospect increase 

of 25% by 2020 [2]. Currently, hazardous feedstocks (e.g. highly flammable solvents, 

phosgene, volatile amines, isocyanates, etc.) [3] are used as raw materials to 

manufacture oxygen containing commodity chemicals, which are then used to produce 

fuel-additives, perfumes, solvents and pharmaceuticals [4, 5]. The use of these toxic 

feedstocks causes serious safety and environmental issues. Moreover, the conventional 

multistep route for the manufacture of commodities [6] results in the generation of large 

amounts of waste that requires treatment prior to disposal. These issues have stimulated 

the development of sustainable manufacturing processes, which need to involve a high 

degree of energy efficiency and circumvent the formation of by-products. Ceria-based 

catalysts have been proven to be effective in the production of chemical commodities 

due to their enhanced activity, selectivity and stability in various applications. Cerium 

oxide has been employed in a series of processes, i.e. direct synthesis of carbonates [7], 

selective hydrogenation [8, 9], reactions involving aldol condensations [10] and others. 

In most cases, the redox properties of ceria-based catalysts are considered to play a key 

role in determining their catalytic behaviour [11]. However, it is crucial and essential to 

further optimise this reaction system and improve the understanding of the structure-
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property relationship of ceria-based catalysts in order to meet the requirements of 

sustainable chemical processing. 

1.2 Scope and organisation of the thesis 

The aim of this research was to explore the catalytic activity/selectivity and the 

redox properties of ceria-based catalysts for the synthesis of commercially valuable 

products. The work involved kinetic and thermodynamic analysis, catalyst preparation, 

characterisation and process optimisation. Catalyst characterisation has involved AAS, 

TPR, H2/O2/NH3 chemisorption, H2/CO2 TPD, SSA, XRD, STEM and XPS 

measurements. A switch from batch liquid to continuous mode of operation offers the 

possibility to improve product quality, decrease energy consumption, solvent utilization 

and the amount of waste generated [3]. Ceria-based catalysts were employed in the 

production of oxygen containing compounds in Chapter 2-5; thesis organisation and 

scope are summarised in Table 1.1.  

 
Table 1. 1: Scope of the studies undertaken in this thesis. 

 Reactant Catalysts Objective 

Chapter 2 Levulinic acid 

Au/Al2O3 

Au/CeO2 

Au/TiO2 

Pd/Al2O3 

Reducibility of the support, oxygen 

vacancies, exclusive production of the 

target γ-valerolactone 

Chapter 3 

CO2; H2; N2; 

methanol; 

nitrobenzene; 

aniline  

CeO2 

Pd/CeO2 

The role of support redox and acidity 

properties, the effect of CO2 partial 

pressure, CeO2 catalyst synthesis 

Chapter 4 
1-butanol / 

1,3-butanediol 

CeO2 

Au/CeO2 

Ag/CeO2 

Pd/CeO2 

Thermodynamic analysis, the role of 

support redox and acidity properties, 

the effect of metal incorporation 

  

The continuous gas phase transformation of Levulinic acid (LA) was examined over 

supported (Al2O3, CeO2 and TiO2) Au and catalytic performance compared with 
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benchmark Pd/Al2O3. Support reducibility facilitated the sequential hydrogenation and 

dehydration reactions providing additional active sites for LA activation. This work is 

extended in Chapter 3, where the effect of modifying the surface Ce3+ and Ce4+ of 

CeO2 (by metal incorporation or calcination treatment) has been investigated on CO2 

activation in the carbamate synthesis. An influence of the redox properties of CeO2 on 

product distribution along with mechanisms involved is further examined in 1-

butanol/1,3-butanediol dehydration, comparing the catalytic action of ceria supported 

Au, Ag and Pd systems in Chapter 4. The thesis ends (Chapter 5) with a concluding 

summary and suggested future work. 

1.3 References  

[1.1] R. Sheldon, Green and Sustainable Manufacture of Chemicals from Biomass: 

State of the Art. Green Chem., 2014. 16: p. 950-963. 

[1.2]  Y. Yao, D. Graziano, M. Riddle, J. Cresko and E. Masanet, Greener Pathways 

for Energy-Intensive Commodity Chemicals: Opportunities and Challenges. 

Curr. Opin. Chem. Eng., 2014. 6: p. 90-98. 

[1.3] A. Cybulski, J. Moulijn, M. Sharma and R. Sheldon, Chapter 1 – Introduction, 

In Fine Chemicals Manufacture. Elseiver Science B.V., 2001: p. 1-13. 

[1.4] A. Cornejo, I. Barrio, M. Campoy, J. Lázaro and B. Navarrete, Oxygenated Fuel 

Additives from Glycerol Valorization. Main Production Pathways and Effects on 

Fuel Properties and Engine Performance: A Critical Review. Renew. Sust. 

Energ. Rev., 2017. 79: p. 1400-1413. 

[1.5] R. Breitling and E. Takano, Synthetic Biology Advances for Pharmaceutical 

Production. Curr. Opin. Biotech., 2015. 35: p. 46-51. 

[1.6] A. Halpaap and J. Dittkrist, Sustainable Chemistry in the Global Chemicals and 

Waste Management Agenda. Curr. Opin. Green Sust. Chem., 2018. 9: p. 25-29. 

[1.7] H.J. Lee, S. Park, I.K. Song and J.C. Jung, Direct Synthesis of Dimethyl 

Carbonate from Methanol and Carbon Dioxide over Ga2O3/Ce0.6Zr0.4O2 

Catalysts: Effect of Acidity and Basicity of the Catalysts. Catal. Lett., 2011. 141: 

p. 531-537. 
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[1.8] F. Cárdenas-Lizana, Z.M. de Pedro, S. Gómez-Quero and M.A. Keane, Gas 

Phase Hydrogenation of Nitroarenes: A Comparison of the Catalytic Action of 

Titania Supported Gold and Silver. J. Molec. Catal. A, Chem., 2010. 326: p. 48-

54. 

[1.9] L. McEwan, M. Julius, S. Roberts and J.C.Q. Fletcher, A Review of the Use of 

Gold Catalysts in Selective Hydrogenation Reactions. Gold Bull., 2010. 43: p. 

298-306. 

[1.10] G. Postole, B. Chowdhury, B. Karmakar, K. Pinki, J. Banerji and A. Auroux, 

Knoevenagel Condensation Reaction over Acid–Base Bifunctional 

Nanocrystalline CexZr1−xO2 Solid Solutions. J. Catal., 2010. 269: p. 110-121. 

[1.11] J.J. Delgado, E. del Río, X. Chen, G. Blanco, J.M. Pintado, S. Bernal and J. J. 

Calvino, Understanding Ceria-Based Catalytic Materials: An Overview of 

Recent Progress. Catalysis by Ceria and Related Materials, 2013. 2: p. 47-138. 
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Chapter 2 

Continuous Gas Phase Catalytic Transformation of Levulinic Acid to 

γ-Valerolactone over Supported Au Catalysts 

γ-Valerolactone is a high value chemical obtained from hydrogenation of bio-

derived levulinic acid. In this chapter, the role of support redox and acidity properties 

has been examined in the continuous gas phase hydrogenation of aqueous levulinic acid 

at ambient pressure over gold on Al2O3, CeO2 and TiO2; Pd/Al2O3 served as a 

benchmark in catalyst tests. This chapter has been published in Journal of Chemical 

Technology and Biotechnology. Co-authors F.C.-L. and M.A.K. directed the project and 

co-wrote the chapter. 

2.1 Introduction 

γ-Valerolactone (GVL) is a lignocellulose building block chemical used as an 

intermediate in alkane (jet fuel, gasoline and diesel fuel), aromatic (fuel additives), 

polymer and solvent production [1]. The main route to GVL is the hydrogenation of 

levulinic acid (LA), obtained from cellulose, starch, or C6 sugars [2] via low cost 

($0.09-0.22 kg-1) acid hydrolysis [3, 4]. The reaction pathways from a compilation of 

the literature [5-7] on LA → GVL transformation are presented in Figure 2.1. GVL 

production proceeds via hydrogenation and dehydration steps. The predominant 

pathway is still a matter of debate where variations in operating conditions [5], choice 

of support [8] and metal [9] or solvent [10] impacts on catalytic activity and/or 

selectivity.  

The catalytic hydrogenation of LA using both homogeneous [11] and 

heterogeneous [5] systems has been investigated. Heterogeneous catalysis offers 

advantages in terms of product separation and catalyst reuse. Work to date has largely 

dealt with pressurised (5-250 bar) batch liquid phase conversion in organic solvents 

(1,4-dioxane, methanol and toluene) where full selectivity to GVL at high conversions 

remains challenging [11-14]. 
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Figure 2. 1: Reaction pathways involved in the transformation of levulinic acid 

(LA) to the target (framed) γ-valerolactone (GVL). 

 

Continuous GVL formation at ambient pressure facilitates higher throughput. In 

catalytic hydrogenation, control over contact time can govern conversion [15] and 

selectivity [16]. Reviews by Wright and Palkovits in 2012 [5], Yan et al. in 2015 [7] 

and Delidovich et al. in 2016 [17] identified supported Pd and Ru as the best catalysts 

for continuous gas phase transformation of LA with a productivity of 81-91 mmolGVL 
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gmetal
-1 h-1 and 90-98.6% GVL yield. Use of toxic 1,4-dioxane [18] as solvent and excess 

hydrogen are process sustainability issues to be addressed. 

The use of supported gold catalysts for the transformation of biomass-derived 

feedstock to value-added chemicals is showing promise [19]. Notable examples include 

aldehyde reduction (e.g. 2-hydroxymethyl-5-furfural → 2,5-bis(hydroxymethyl)furan) 

[20], dehydration of carbohydrates [21] and hydrogenation/dehydration of succinic 

anhydride to γ-butyrolactone [22]. Lewis and Brønsted acid sites contribute to catalytic 

dehydration [23] (Figure 2.1, steps (I), (IV), (VII), and (VIII)). In the case of reducible 

oxide supports (e.g. titania and ceria), oxygen vacancies generated by the loss of 

structural oxygen from the oxide sub-lattice [24] can modify reactant 

adsorption/activation and influence catalytic performance [25]. These vacancies can fix 

oxygen in water [26], alcohols [27] and aldehydes [28]. Increased rate and carbonyl 

reduction selectivity in the conversion of aldehydes has been ascribed to facilitated -

C=O activation at oxygen deficient sites in CeO2 [29] and Fe2O3 [30]. Using DFT 

calculations, Baker et al. [31] identified oxygen vacancies in Pd/TiO2 as the 

catalytically active sites for -C=O reduction in furfural hydrogenation. The opposite 

effect is also possible where strong binding of oxygenated reactants to these vacancies 

[32] has been deemed responsible for lower hydrogenation activity [33].  

In this work, we evaluate the impact of the support redox (reducibility) and acid 

properties in the continuous hydrogenation of LA over a series of oxide (Al2O3, CeO2 

and TiO2) supported Au catalysts, taking Pd/Al2O3 as a benchmark. We examine the 

reaction pathways and consider the effect of varying inlet H2/LA, using water as a 

solvent with a view to clean production of GVL. 

2.2 Experimental 

2.2.1 Catalyst Preparation and Activation 

The oxide carriers (γ-Al2O3 (Puralox, Condea Vista Co.), CeO2 (Grace Davison) 

and TiO2 (P25, Degussa)) were used as received. Supported (1.0-3.0% wt.) Au catalysts 

were prepared by deposition-precipitation. Urea (100-fold excess, Riedel-de Haën, 

99%), used as basification agent, was added to an aqueous solution of HAuCl4 (4 × 10-5 
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– 5 × 10-3 M; 20–50 cm3, Sigma-Aldrich，99%) containing the support (5-30 g). The 

suspension was stirred and heated to 353 K (2 K min-1) for 3 h in a He purge where the 

pH progressively increased to ca. 7 after 3 h as a result of thermally induced urea 

decomposition with Au3+ deposition [34]. The resultant solid was separated by 

centrifugation, washed with deionised water until the wash water was Cl-free (AgNO3 

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

Pd/Al2O3 (1.2% wt. Pd, Sigma-Aldrich) catalyst was employed as benchmark. Prior to 

use, the catalysts were sieved to 75 µm average particle diameter (ATM fine test sieves) 

and activated in 60 cm3 min-1 H2 at 2 K min-1 to 573–603 K. Samples were passivated in 

1% v/v O2/He at ambient temperature for ex situ analysis. 

2.2.2 Catalyst Characterisation 

The (Au and Pd) metal content was measured by atomic absorption spectroscopy 

(Shimadzu AA-6650 spectrometer with an air-acetylene flame) from the diluted extract 

in aqua regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR), 

H2/O2/NH3 chemisorption, temperature programmed desorption (TPD) and specific 

surface area (SSA) measurements were recorded using the commercial CHEM-BET 

3000 (Quantachrome Instruments) unit equipped with a thermal conductivity detector 

(TCD) for monitoring gas composition and the TPR WinTM software for data 

acquisition/manipulation. Samples (0.05-0.1 g) were loaded into a U-shaped Quartz cell 

(3.76 mm i.d.), outgassed for 30 min and total SSA recorded in a 30% v/v N2/He flow 

with undiluted N2 (BOC, 99.9%) as internal standard. Two cycles of N2 adsorption-

desorption were employed using the standard single point BET method. TPR analysis 

was conducted in 17 cm3 min-1 (Brooks mass flow controller) 5% v/v H2/N2 at 2 K min-1 

to 573–603 K where the effluent gas passed through a liquid N2 trap. Samples were 

maintained at the final isothermal hold in a flow of H2/N2 until the signal returned to 

baseline, swept with 65 cm3 min-1 N2 for 1.5 h, cooled to reaction (493 K, H2 

chemisorption) or ambient (NH3 chemisorption) temperature and subjected to pulse (10-

1000 µl) titration (BOC, ≥99.98%). Hydrogen/ammonia pulses were repeated until the 

signal area was constant and there was no detectable uptake. Ammonia TPD was 

conducted to determine total acidity [35]. Samples were thoroughly flushed in N2 (65 
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cm3 min-1) for 1.5 h post-NH3 titration to remove weakly bound NH3 and heated at 30 K 

min-1 (in 65 cm3 min-1 N2) to 973 K. Oxygen chemisorption was performed to assess the 

extent of support reduction [36], where the samples were swept with 65 cm3 min-1 He 

for 1.5 h post-TPR, cooled to 493 K and subjected to O2 pulse (10 µl) titration. It has 

been demonstrated elsewhere that Au contribution to total O2 adsorbed is negligible 

[37]. SSA and gas uptake values were reproducible to ±5%. Gold and Pd metal particle 

morphology (size and shape) was determined by scanning transmission electron 

microscopy (STEM) using a JEOL 2200FS operated at an accelerating voltage of 200 

kV, employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. 

Samples for analysis were prepared by dispersion in acetone and deposited on a holey 

Cu grid (300 mesh). The number weighted mean Au and Pd diameters (d) were 

determined from a count of up to 800 particles [38].  

2.2.3 Gas Phase Hydrogenation of Levulinic acid (LA) 

2.2.3.1 Materials 

LA (98%) and GVL (99%) were supplied by Sigma-Aldrich and used as 

received. All the gases (H2, N2, O2 and He) were of ultra-high purity (BOC, ≥99.99%). 

2.2.3.2 Catalytic System 

Reactions were performed at ambient pressure over the temperature range 493-

573 K, immediately after in situ catalyst activation in a fixed bed vertical continuous 

plug-flow glass reactor (i.d. = 12 mm). A layer of borosilicate glass balls (2 mm 

diameter; height = 3 cm) served as preheating zone, ensuring the reactant was vaporised 

and reached reaction temperature before contacting the catalyst. Isothermal conditions 

(±1 K) were maintained by diluting the catalyst bed (Lbed = 2 mm; Vbed = 226 mm3; 

fraction of catalyst in the bed by volume = 0.1-1) with ground glass (75 µm). Reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. An aqueous or organic (toluene) solution of LA (0.29 M) was 

delivered to the reactor via a glass/teflon air-tight syringe and a teflon line at a fixed 

calibrated flow rate using a microprocessor controlled infusion pump (Model 100, KD 

Scientific). A co-current flow of LA and H2, N2 or H2+N2 was maintained at GHSV = 2 

× 104 h-1 where inlet H2/LA was varied from stoichiometry (=1 for GVL formation) to 
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far in excess (=420); gas flow rate was monitored using a Humonics (Model 520) digital 

flowmeter. The molar metal (n) to inlet LA feed rate (F) spanned the range 5 × 10-4 – 1 

× 10-2 h. In a series of blank tests, reactions using GVL or LA as reactant in a stream of 

H2 through the empty reactor or over the support alone did not result in any detectable 

conversion. 

2.2.3.3 Analytical Method and Activity/Selectivity Evaluation 

The reactor effluent was frozen in a liquid nitrogen trap and analysed by 

capillary GC (Perkin-Elmer Auto System XL gas chromatograph equipped with a 

programmed split/splitless injector and flame ionisation detector (FID)) using a 

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

(RESTEK), employing Turbo-Chrom Workstation Version 6.3.2 (for Windows) for data 

storage and manipulation. Product composition was based on detailed calibration plots 

(not shown) using commercial samples. Catalytic activity is quantified in terms of 

fractional conversion (X) 

in out

in

LA -LA=
LA

X                                                        (2.1) 

extracted from time on-stream measurements [39]. Selectivity in terms of the target 

GVL (SGVL) is given by 

out
GVL

in out

GVL= 100
LA -LA

×S                                                 (2.2) 

where the subscripts "in" and "out" refer to the inlet and outlet streams. Repeated 

reactions with different samples from the same batch of catalyst delivered 

conversion/selectivity values reproducible to within ±5%; carbon mass balance was 

complete to better than ±9%. 

2.3 Results and discussion 

2.3.1 Catalyst Characterisation  

Catalyst physico-chemical characteristics are given in Table 2.1. The SSA range 

from 52 m2 g-1 (Au/TiO2) to 166 m2 g-1 (Au/Al2O3) and the values obtained for each 

system are in agreement with those reported in the literature [40, 41]. The TPR profiles 
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of laboratory synthesised Au/Al2O3 (A), Au/CeO2 (B) and Au/TiO2 (C) are presented in 

Figure 2.2(I) with associated H2 consumption in Table 2.1. Activation of Pd/Al2O3 by 

TPR followed the procedure described previously [42]. Au/Al2O3 exhibited a single 

positive peak at 461 K that is comparable with the literature [43]. 

 
Table 2. 1: Physico-chemical characteristics of supported Au and Pd catalysts and 

pseudo-first order rate constant for the transformation of levulinic acid to γ-

valerolactone at 493 K (k493). 

Catalyst Au/Al2O3 Au/CeO2 Au/TiO2 Pd/Al2O3 

SSA (m2 g-1) 166 108 52 156 

TPR H2 consumption × 102 (µmol g-

1) 
1a/1b 5a/2b 2a/1b - 

H2 chemisorption (µmol g-1)c 5 3 4 17 

O2 chemisorption × 10-2 (µmol m-2)c  1 21  23 2 

d (nm) 4.3 3.0 3.2 3.0 

(NH3 chemisorptiond / TPD) × 10-2 

(mmol g-1) 
15/16 23/28 12/12 - 

k493 ( h-1) 33 83 96 128 
aexperimentally determined value 
btheoretical value for Au3+→Au0 
ctitration at 493K 
dtitration at 298K 

 

 
Figure 2. 2: (I) TPR and (II) NH3-TPD profiles for (A) Au/Al2O3, (B) Au/CeO2 and 

(C) Au/TiO2. 
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Hydrogen consumption matched the requirements for Au3+ 
→ Au0. A lower 

temperature reduction peak was in evidence for Au/CeO2 (Tmax = 420 K) and Au/TiO2 

(Tmax = 376 K) and can be linked to weaker Au-support interactions [40] resulting in a 

more facile reduction of the metal phase [44]. Hydrogen consumption during TPR of 

Au/CeO2 (5 × 102 µmol g-1) and Au/TiO2 (2 × 102 µmol g-1) exceeded the amount 

required for reduction of the metal precursor (Table 2.1), indicative of partial support 

reduction [45]. Hydrogen chemisorption on all the Au catalysts was lower than the 

benchmark Pd/Al2O3 (Table 2.1), which can be explained by the higher activation 

barrier for dissociative H2 adsorption on Au [46]. The consensus from the literature 

suggests that H2 adsorption on Au is dependent on temperature and Au coordination 

[47]. Smaller Au particles exhibit a greater preponderance of corner and edge sites that 

facilitate H2 adsorption, which is favoured by a higher titration temperature [48]. 

Dissociated H2 chemisorbed on Au can spill onto the support and promote superficial 

reduction of the oxide carrier with the generation of oxygen vacancies, an effect that has 

been reported for Au/CeO2 [49] and Au/TiO2 [50].  

Oxygen chemisorption post-TPR was negligible on Au/Al2O3 and Pd/Al2O3 (Table 

2.1), consistent with the non-reducibility of Al2O3 where temperatures ≥1373 K are 

required for oxide reduction [51]. Greater uptake on Au/CeO2 and Au/TiO2 is consistent 

with vacancy formation during TPR of these reducible oxides. Representative STEM 

images (I) and associated particle size distribution histograms (II) for Au/Al2O3 (A), 

Au/CeO2 (B) and Au/TiO2 (C) are provided in Figure 2.3. The Au particles are in the 1-

8 nm size range, which has been identified as crucial for hydrogenation activity [52]. 

Au/CeO2 and Au/TiO2 showed a narrower distribution of smaller metal particles, which 

can be linked to stabilisation at oxygen vacancies that serves to inhibit sintering during 

TPR [53]. The Pd/Al2O3 sample exhibited similar mean metal size (Table 2.1) and is a 

suitable reference catalyst to assess the catalytic performance of supported Au in LA 

hydrogenation. 
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Figure 2. 3: Representative (I) STEM images and (II) associated Au particle size 

distributions for (A) Au/Al2O3, (B) Au/CeO2 and (C) Au/TiO2. 
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Surface acidity was determined by NH3 chemisorption/TPD. Total acidity 

measurements coincided for titration and TPD; the desorption profiles for Au/Al2O3 

(A), Au/CeO2 (B) and Au/TiO2 (C) are provided in Figure 2.2(II). The three catalysts 

exhibited a principal desorption peak for NH3 release over the 600-973 K range, 

characteristic of strong acid sites, i.e. NH3 desorption at T ≥673 K [8, 54]. Surface 

acidity in the case of Al2O3, CeO2 and TiO2 is associated with uptake at Al3+, Ce4+ or 

Ti4+ Lewis acid centres, as demonstrated by XPS [55], temperature-programmed 

redaction [55], NMR [56] and FT-IR [57, 58] measurements. The quantity of NH3 

chemisorbed/desorbed (Table 2.1) on the three Au catalysts (12-28 × 10-2 mmol g-1) 

was comparable with that reported for Al2O3 [40, 41], CeO2 [59], and TiO2 [60, 61] 

supported Au systems (10-38 × 10-2 mmol g-1).  

2.3.2 Catalyst Performance 

Reaction over supported Au under conditions of excess hydrogen (H2/LA = 420) 

generated GVL as sole product at X ≤ 0.75 (Figure 2.4(I)). This response finds 

agreement with the work of Du et al. [62] in batch liquid phase conversion of LA + 

formic acid (5 bar) over (ZrO2, TiO2, SiO2) supported Au where CO2 was formed as by-

product (from formic acid). We provide here the first reported catalytic data for gas 

phase continuous flow operation at ambient pressure over Au catalysts. Taking the 

reaction pathways presented in Figure 2.1, GVL generation through the formation of 

(levulinic and hydroxy levulinic) esters (steps (I-II)) is associated with batch liquid 

operation with alcohol solvents [63]. The LA → GVL composite 

hydrogenation/dehydration is possible via two routes. Reaction through steps (VI) and 

(VII) involves hydrogenation of the ketone group at metal sites to form 4-

hydroxypentanoic acid (HPA) that undergoes acid-catalysed ring closure 

(intramolecular esterification) [6]. There is theoretical (DFT) [64, 65] and experimental 

[65] evidence that LA → HPA hydrogenation (step (VI)) is rate-determining. HPA is 

highly reactive and readily undergoes dehydration to GVL [66]. Alternatively, 

dehydration of LA (step (VIII)) on acid sites generates α-angelica lactone (AGL) that 

undergoes reduction to GVL (step (IX)) [67]. 
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Figure 2. 4: Variation of γ-valerolactone selectivity (SGVL) with (I) levulinic acid 

(LA) fractional conversion (X) under reaction conditions in excess of hydrogen 

(H2/LA = 420) and (II) inlet H2/LA at full LA conversion (X = 1) over Au/Al2O3 

(¡), Au/CeO2 (r) and Au/TiO2 (¯); Reaction Conditions: T = 493-573 K, P = 1 

atm, n/F = 5 × 10-4 – 1 × 10-2 h. 

 

The HPA or AGL intermediates were not isolated in the product mixture. 

Conversion of LA to AGL via step (VIII) is favoured by replacing H2 with N2 as gas 

carrier, circumventing reduction (step (VI)). Switching from H2O to toluene as LA 

solvent should also favour dehydration to AGL. Reaction (at 573 K) in N2 using toluene 

over the three Au catalysts resulted in exclusive LA → AGL at a similar low conversion 

(X ≤ 0.08). At the same reaction temperature, catalyst tests using the three systems in H2 

with H2O promoted LA → GVL at 10-fold higher conversion. Transformation of an 

aqueous LA feed (in H2) to GVL must proceed predominantly via HPA in a sequential 

hydrogenation and dehydration (steps (VI) and (VII)). It is established that acid sites 

contribute to dehydration [23]. The three Au catalysts exhibit similar surface acidity 

(see Figure 2.2(II) and Table 2.1), which did not promote significant LA → AGL but 

must contribute to HPA → GVL (step (VII)) in the sequential conversion of LA. Balla 

et al. [68] and Kumar and co-workers [69] showed that catalytic activity in the gas 

phase transformation of LA → AGL is dependent on the concentration [68] and type 

[69] of acid sites. 
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We have previously established the applicability of pseudo-first order kinetics 

for hydrogenation over Au under plug-flow conditions where H2 was maintained in 

excess [47] according to 

-1ln(1- ) = ×⎛ ⎞
⎜ ⎟
⎝ ⎠

nX k
F

                                                       (2.3) 

where the parameter n/F has the physical significance of contact time. The rate 

constants (k) obtained from linear regression of 1)1(ln −− X  vs. n/F (Figure 2.5) were 

fitted to an Arrhenius expression to give an apparent activation energy for LA → GVL 

of 35 kJ mol-1 (see inset to Figure 2.5 for Au/Al2O3). This is within the range (26-54 kJ 

mol-1) [6] reported for liquid phase reaction over Ru catalysts. The activity of Au/Al2O3 

was appreciably lower than that of Au on reducible supports (Table 2.1). Differences in 

rate can result from variations in H2 uptake under reaction conditions [70]. However, 

the three supported catalysts exhibit an equivalent chemisorption capacity (Table 2.1). 

It is significant that Au/CeO2 and Au/TiO2 with similar density of oxygen vacancies 

(and greater than Au/Al2O3) delivered an equivalent catalytic activity. A possible 

contribution due to LA adsorption/activation at these vacancies should then be 

considered. Calaza et al. [71] have established (by TPD, RAIRS and DFT) carbonyl 

group activation at oxygen vacancies on CeO2. To probe this effect we evaluated the 

catalytic response of physical mixtures of Au/Al2O3 with (non-reducible) Al2O3 and 

(reducible) TiO2/CeO2. Reaction over Au/Al2O3+Al2O3 and Au/Al2O3 delivered the 

same LA consumption rate (300 mmolGVL gmetal
-1 h-1). In contrast, Au/Al2O3+TiO2 and 

Au/Al2O3+CeO2 combinations exhibited measurably higher rates (500-600 mmolGVL 

gmetal
-1 h-1). Oxygen vacancy formation in CeO2 and TiO2 as part of the Au/Al2O3+TiO2 

and Au/Al2O3+CeO2 mixtures is possible by spillover hydrogen migration across 

solid/solid grain boundaries [72]. The greater activity of Au/Al2O3 with reducible CeO2 

and TiO2 suggests a direct contribution of these surface defects to catalytic activity. A 

similar conclusion was reached by Manyar et al. [73] and Hu and co-workers [74] in the 

hydrogenation of carboxylic acids and dimethyl succinate (to γ-butyrolactone) over 

TiO2 supported Pt and Mn spinel-supported Cu, respectively. 
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Figure 2. 5: (I) Pseudo-first order kinetic plot for the conversion of levulinic acid 

(LA) to γ-valerolactone (GVL) over Au/Al2O3 (¡), Au/CeO2 (r) and Au/TiO2 (¯) 

with (II) Arrhenius plot for reaction over Au/Al2O3; Reaction Conditions: T = 493-

573 K, P = 1 atm, H2/LA = 420. 

 

At higher LA conversion (X > 0.75), GVL selectivity declined (Figure 2.4(I)) due to the 

formation of pentanoic acid. The generation of pentanoic acid can result from HPA 

hydrogenation-dehydration (step (IV) in Figure 2.1) or further conversion of GVL (step 

(V)). Kumar et al. [69] has shown by combined pyridine adsorption/DRIFTS analysis 

and kinetic measurements that acid sites promote GVL ring opening to pentanoic acid. 

Using GVL as reactant under the same reaction conditions, we recorded negligible 

conversion (X < 0.03), suggesting step (IV) as the predominant source of pentanoic 

acid.   

 Unwanted transformation of HPA to pentanoic acid (via step (IV) in Figure 2.1) 

requires hydrogen. With a view to maximise GVL formation and limit pentanoic acid 
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formation we evaluated the catalytic response to modifications in H2 content in the feed 

(inlet H2/LA); the results obtained are presented in Figure 2.4(II). A decrease in H2/LA 

served to increase GVL selectivity to reach 100% yield over the three catalysts under 

stoichiometric conditions. Levulinic acid transformation is typically operated under an 

excess of pressurised gaseous H2 in order to maximise product yield [11-13]. Mohan et 

al. [75] studied the effect of H2/LA molar ratio for reaction over Ni/H-ZSM-5 and 

reported a maximum 92% GVL yield at H2/LA = 8. The authors recorded lower 

conversions at H2/LA < 8 while formation of pentanoic acid was promoted at H2/LA > 

8. To the best of our knowledge, this is the first report of 100% GVL yield in 

continuous operation with full hydrogen utilisation. Under these reaction conditions, 

Pd/Al2O3 delivered a higher LA consumption rate than Au/Al2O3 (1090 vs. 300 

mmolGVL gmetal
-1 h-1), that correlates well with the reported higher activity for Pd (vs. 

Au) in hydrogenations [76, 77] but promoted undesired pentanoic acid (SPentanoic acid = 

10%). We have recorded 100% yield of GVL with an order of magnitude greater 

productivity relative to the state-of-the art supported Pd and Ru catalysts [5, 7, 17]. Our 

results demonstrate that oxide supported Au promotes GVL formation via HPA where 

catalytic activity is sensitive to the redox nature of the oxide carrier.  

2.4 Conclusions 

In the gas phase continuous catalytic conversion of (aqueous) LA, 100% yield of 

target GVL was achieved under stoichiometric conditions (H2/LA = 1) over oxide 

(Al2O3, CeO2 and TiO2) supported Au. The formation of GVL results from 

hydrogenation/dehydration with HPA as reactive intermediate. Oxygen titration 

following TPR established partial reduction of CeO2 and TiO2 where Au on reducible 

supports delivered a higher GVL production rate (relative to Au/Al2O3) that is linked to 

LA activation at surface oxygen vacancies. Palladium on Al2O3 as benchmark exhibited 

higher LA consumption rates but promoted formation of pentanoic acid. Higher H2 feed 

content (H2/LA >2) generated pentanoic acid over the Au catalysts. Continuous GVL 

formation at ambient pressure from an aqueous LA feed represents a significant 

advancement over current pressurised batch liquid operations using organic solvents. 

We have demonstrated full hydrogen utilisation and an order of magnitude higher GVL 
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production rate than current state-of-the art supported Pd and Ru catalysts. 
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Chapter 3 

Catalytic Single-pot Methyl-N-Phenyl Carbamate Production From 

CO2, Methanol and Nitrobenzene. Influence of the ceria redox 

properties 

In the previous chapter, support redox character was established as a critical 

catalyst feature that determined performance in the transformation of levulinic acid. 

That work is extended in this chapter, where the role of Ce3+/Ce4+ ratio for as 

prepared/received and calcined CeO2 and Pd/CeO2 catalysts has been examined with 

respect to single-pot methyl-N-phenyl carbamate (MPC) production from CO2, 

methanol and nitrobenzene (NB).  

3.1 Introduction 

The utilisation of carbon dioxide in the production of fine chemicals is receiving 

significant attention [1, 2]. Only ca. 2×108 tonnes year-1 of CO2 emissions is utilised by 

the chemical industries [3] due to high energy requirement for C-O bond activation [4]. 

CO2 has been converted to a range of products including formic acid [5], methanol [6], 

carbonates [7, 8], carbamates [9], urethane intermediates [10] and carboxylated allyl 

derivatives [11]. The conversion to carbamates and carbonates is one of the most 

promising alternatives because of their ability to form polyurethanes and polycarbonates 

[12-14], which are extensively produced in industry (7.5×106 tonnes year-1 in China 

alone in 2011 [15]). Commercial synthesis of carbamates involves reaction of amines 

with toxic phosgene [14, 16]. Methyl-N-Phenyl carbamate (MPC) is a simplest 

carbamate and valuable intermediate for the synthesis of polyurethane, pesticides and 

herbicides [16]. The main non-phosgene methods for synthesising carbamates include 

oxidative carbonylation of an amines [17, 18], reductive carbonylation of nitroarenes 

[19, 20] and methoxycarboxylation of an amines [21]. However, many drawbacks (i.e. 

hazardous reactants, harsh operating conditions, high cost, etc. [22]) associated with the 
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above routes have a negative impact on carbamate production. Among these methods, 

the methoxycarboxylation of an amine uses carbonate as a reactant, which could be 

potentially synthesised directly from CO2 [7, 8]. This will promote CO2 utilization and 

provide a cleaner and safer route for carbamate synthesis as water is the only reaction 

by-product. There have been a few attempts to synthesise carbamates directly from CO2 

[23-25], however due to thermodynamic limitations these reactions were performed 

under high CO2 pressures (25-300 atm) and an activity for the formation of target 

carbamates was below 60%. In order to optimise the production of carbamates in a 

single-pot, a simplified scheme of reaction pathways involved was considered and is 

shown in Figure 3.1, where dimethyl carbonate (DMC), nitrobenzene (NB), aniline 

(AN) and MPC were selected as a simplest model molecules. Initially, carboxylation of 

methanol results in the formation of DMC (step I) while the hydrogenation of NB 

results in the formation of AN (step II). Then AN together with DMC undergoes the 

condensation reaction (step III) to form MPC. It has been shown that the step II can be 

easily performed in the presence of transition metals (i.e. Pd [26], Cu [27], etc.) and step 

III requires only weak Lewis acid (LWA) sites on the surface of a catalyst [28]. 

However, the step I appears to be determining due to difficulties associated with CO2 

activation [29] and, therefore, its optimisation is critical for the single-pot carbamate 

production.  

Several homogeneous [30, 31] and heterogeneous [32, 33] catalysts have been 

employed for the transformation of carbon dioxide to DMC. Among homogeneous 

ones, Sn and Nb complexes received more attention, however the yield of DMC 

remains low (≤61%). This was attributed to the conversion of the catalysts into 

oligomers during reaction that reduces their activity. Heterogeneous catalysts such as 

CeO2, ZrO2 or TiO2 have also been used but since this reaction is thermodynamically 

limited [29], most of the work carried out at elevated pressures (PCO2 = 20 – 300 atm) 

[29-33] in order to shift the equilibrium towards DMC formation. 
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Figure 3. 1: Simplified scheme of reaction pathways involved in the production of 

methyl N-phenyl carbamate (MPC). 

 

It worth noting, that only a few studies managed to overcome reaction 

limitations by using a dehydrating agents which help to remove co-produced water from 

the catalyst surface [34-36]. Honda et al. [36] improved the yield (from 0.02 to 1.8 

mmol at T = 423 K) of diethyl carbonate (DEC) by using acetonitrile as a dehydrating 

agent, under low CO2 pressure (5 atm) and over CeO2 catalyst. It has been also shown 

that total acidity and basicity of the catalyst [33, 37, 38] determine activation of CO2 

and methanol, however the type of acid/base sites (Lewis or Brønsted) in DMC 

production is still not considered. CeO2 has received much attention because of it 

redox/oxidation properties, high oxygen mobility and ability to switch between 

oxidation states (Ce3+/Ce4+) [37]. The modification of Ce3+/Ce4+ ratio on the surface of 

CeO2 can alter the acid-base configuration [37] and as a result can improve catalytic 

performance for carbonate production from CO2. Leino et al. [34], studied the effect of 

CeO2 preparation variables, where an increase in calcination temperature has been 
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shown to decrease carbonate production rate ascribed to decrease in specific surface 

area (SSA). Increase activity was recorded over CeO2 with greater SSA (up to 2 mmol 

at T = 453 K and P = 90 atm). Yoshida et al. [37] showed the dependence of catalytic 

activity towards DMC formation to SSA of CeO2 and suggested that rate is nearly 

proportional to SSA and the active site of the reaction is on (111) crystal surface of 

CeO2. In terms of the redox properties of cerium oxide, it has been shown that the 

surface modification produced by methanol adsorption (during DMC formation) caused 

Ce4+ → Ce3+ reduction and catalyst deactivation [39, 40]. However, the role of 

Ce3+/Ce4+ ratio of CeO2 (before the reaction) on the catalytic activity for the carbonate 

production has not been considered. 

In this study, we demonstrate and optimise the alternative route for MPC 

production via DMC and directly from CO2. We establish the link between the acid-

base properties and Ce3+/Ce4+ ratio of CeO2 and investigate their effect (along with 

SSA) on catalytic activity for DMC formation. We consider the limitations due to water 

formation and examine the reaction in gas phase under continuous operation mode and 

at ambient pressure. 

3.2 Experimental 

3.2.1 Catalyst Preparation and Pretreatment 

A commercial CeO2 support (CeO2-comm) was purchased from Sigma Aldrich 

and used as received. The preparation technique of this commercial support has been 

described by Hanawa et al. [41] and results in the ultrafine particles. A laboratory 

synthesised CeO2 sample (CeO2) was prepared by precipitation at room temperature 

following a procedure described elsewhere [42]. Briefly, ammonium hydroxide (30 cm3 

h-1, 28-30% NH3 basis, Sigma Aldrich) was added using a microprocessor controlled 

infusion pump (Model 100 kd Scientific) at a fixed calibrated flow rate into well stirred 

(400 rpm) aqueous solution of Ce(NO3)3 × 6H2O (1 M; 70 cm3, 99%, Sigma Aldrich) 

until pH reached 11. This pH is far above the isoelectric point of CeO2 (ca. 6.8) and 

facilitates cation (Ce3+) deposition from the solution. The synthesis time was set 60 h in 

order to achieve high porosity of the material after nucleation and, therefore, high 
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surface area [35]. The resultant precipitate was filtered, washed with deionised water 

until the pH value reached ca. 7 and dried in He (45 cm3 min-1) at 373 K (2 K min-1) for 

5 h. A 4.2% w/w Pd/CeO2 catalyst was prepared by deposition-precipitation on CeO2-

comm. An aqueous solution of sodium carbonate (>99%, anhydrous, Sigma Aldrich), 

used as basification agent, was added (2 M, 50 cm3) dropwise to an aqueous solution of 

Pd(NO3)2 (2 × 10-5 M; 300 cm3, Sigma Aldrich) containing the CeO2 support (10 g). 

The suspension was stirred and pH progressively increased to reach ca. 10 with 

precipitation of Pd(OH)2 [43]. The resultant solid was separated by centrifugation, 

washed with deionised water until the pH reached ca. 7 and dried in He (45 cm3 min-1) 

at 373 K (2 K min-1) for 5 h.  

Prior to use, the catalysts were sieved to 75 µm average particle diameter ATM 

fine test sieves and activated (in H2)/calcined (in O2) at 2 K min-1 to 573–873 K. The 

activated samples were passivated in 1% v/v O2/He at room temperature for ex situ 

characterisation. 

3.2.2 Catalyst Characterisation 

The Pd content was measured by atomic absorption spectroscopy (Shimadzu 

AA-6650 spectrometer with an air-acetylene flame) from the diluted extract in aqua 

regia (25% v/v HNO3/HCl). SSA, temperature programmed reduction (TPR), O2 

chemisorption and carbon dioxide temperature programmed desorption (CO2-TPD) 

measurements were recorded using the commercial CHEM-BET 3000 (Quantachrome 

Instruments) unit equipped with a thermal conductivity detector (TCD) for continuous 

monitoring of gas composition and the TPR WinTM software for data 

acquisition/manipulation. Samples (0.05-0.1 g) were loaded into a U-shaped Quartz cell 

(3.76 mm i.d.), outgassed for 30 min (at room temperature) and the total SSA recorded 

in a 30% v/v N2/He flow with undiluted N2 (BOC, 99.9%) as internal standard. Two 

cycles of N2 adsorption-desorption were employed using the standard single point BET 

method. CeO2 was subjected to CO2 chemisorption by continuous flow (100 cm3 min-1, 

298 K, 1 atm, BOC, 99.99%). CO2-TPD in N2 (65 cm3 min-1) was conducted at 30 K 

min-1 to 900 K with a final isothermal hold until the signal returned to baseline. SSA 

and CO2 release values were reproducible to within ±7% and the values quoted 
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represent the mean. TPR analysis was conducted in 17 cm3 min-1 (Brooks mass flow 

controller) 5% v/v H2/N2 at 2 K min-1 to 573 K, following the reduction procedure 

established previously [44]. The sample was maintained at the final isothermal hold in a 

flow of H2/N2 until the signal returned to baseline, swept with a 65 cm3 min-1 flow of N2 

for 1.5 h and cooled to room temperature. Oxygen chemisorption was performed to 

assess the extent of support reduction [45] where the samples were swept with 65 cm3 

min−1 He for 1.5 h post-TPR, cooled to 493 K and subjected to O2 pulse (10 𝜇L) 

titration. 

 Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident 

X-ray diffractometer using Cu Kα radiation. The samples were scanned (0.02o step-1) 

over the range 5º≤ 2θ ≤ 85º. The diffractograms were identified using the JCPDS-ICDD 

reference standards, i.e. CeO2 (43-1002). Ceria crystallite mean size was estimated from 

the full width at half maximum (FWHM) and Debye-Scherrer’s equation: 

 

θ
λ

cos
89.0=
×

×
B

D  (3.1) 

 

where 0.89 is the shape factor, λ is the X-ray wavelength, B is the line broadening at 

FWHM (in radians) of CeO2 (111) plane and θ is the Bragg angle. XPS spectra were 

collected on an Axis Ultra instrument (Kratos Analytical) x-ray photoelectron 

spectrometer under ultra-high vacuum condition (< 10-8 Torr) using an Al Kα (hν 

=1486.6 eV) x-ray source. The binding energies (BE) were calibrated with respect to the 

C-C/C-H components of the C 1s peak (BE = 284.7 eV). Spectra processing applied the 

Casa XPS software package. 

3.2.3 Catalytic System 

DMC (≥99% w/w), MeOH (99.8% w/w), MPC (97% w/w), AN (≥99.5% w/w), 

NB (≥99% w/w) and acetonitrile (99.8% w/w) were supplied by Sigma-Aldrich and 

used as received. All the gases (H2, N2, O2, CO2 and He) were of ultra high purity 

(>99.99%, BOC). 
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3.2.3.1 Carboxylation of Methanol 

3.2.3.1.1 Liquid Phase Operation 

Liquid phase carboxylation of methanol (T = 423 K; PCO2 = 5 atm) was 

conducted in a commercial batch stirred stainless steel reactor (100 cm3 autoclave, Parr 

reactor) equipped with a pressure controlled CO2/N2 supply system. The temperature 

was maintained at 423 ±1 K by a programmed temperature controller (Parr 4848). At 

the beginning of each run, the mixture of methanol (8 cm3), dehydrating agent 

(acetonitrile, 31 cm3) and catalyst was introduced to the reactor, sealed and flushed 3 

times with N2 to release the remaining air. The system was then heated to the reaction 

temperature, pressurised with CO2 and the stirring was engaged at ca. 800 rpm (time t = 

0 for reaction). In blank tests, reaction in the absence of catalyst did not result in any 

measurable conversion. Aliquots (1 cm3) for analysis were collected via a gastight 

syringe with in-line filters. The catalytic activity was quantified in terms of fractional 

MeOH conversion (XMeOH)  

 

0 MeOH,

DMC2
MeOH C

C
X

×
=  (3.2) 

 

where the subscript “0” refers to initial concentration. The initial rate of DMC 

production was determined from a linear regression of DMC concentration profiles at 

XMeOH < 0.2 [46].  

3.2.3.1.2 Gas Phase Operation 

Gas phase carboxylation of methanol (T = 523 – 723 K; P = 1 atm) was carried 

out in a fixed bed vertical continuous plug-flow glass reactor (i.d. = 12 mm). Methanol 

was vaporised, mixed with CO2 over a layer of borosilicate glass balls (2 mm diameter) 

and reached the reaction temperature before contacting the catalyst bed. Reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. Pure MeOH was delivered to the reactor via a glass/teflon air-

tight syringe and a teflon line at a fixed calibrated flow rate using a microprocessor 

controlled infusion pump (Model 100, KD Scientific). A co-current flow of MeOH and 
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CO2 was maintained at GHSV = 1× 104  – 2 × 104 h-1 with an inlet MeOH molar flow 

(FMeOH) of 1 × 10-2 – 3 × 10-2 mol h−1. The rate of DMC production was insensitive to 

variation in contact time (τ) from 0.2 to 0.4 s, indicative of minimal external mass 

and/or heat transport contributions. Passage of MeOH in a stream of CO2 through the 

empty reactor did not result in any detectable conversion. The fractional conversion of 

MeOH was defined as 

 

in MeOH,

out DMC,2
MeOH C

C
X

×
=  (3.3) 

 

where the subscripts “in” and “out” refer to the inlet and outlet streams. 

3.2.3.2 Single-pot Carbamate Production 

Gas Phase production of MPC (T = 723 K; P = 1 atm) was carried out in a fixed 

bed vertical continuous plug-flow glass reactor (i.d. = 12 mm). A mixture of MeOH and 

NB (MeOH:NB = 1:3, 1.2 ml h-1) was vaporised and mixed with CO2 + H2 (CO2:H2 = 

11:1, 3.6 × 103 ml h-1) and delivered to the reactor. A co-current flow of MeOH, NB and 

CO2/H2 was maintained at GHSV = 2 × 104 h-1 with FMeOH = 1 × 10-2 mol h−1 and FNB = 

9 × 10-2 mol h−1. Passage of MeOH and/or NB in a stream of CO2 and H2 through the 

empty reactor did not result in any detectable conversion. The total mass of catalyst was 

divided into 2 beds for the reaction with double-bed arrangement, where the inlet 

reactants flow rates were kept constant. The fractional conversion of NB (XNB) and 

DMC (XDMC) was defined as 

 

in NB,

out AN,2
NB C

C
X

×
=  (3.4) 

inDMC,

outMPC,2
DMC C

C
X

×
=

 
(3.5) 

 

3.2.3.3 Analytical Method and Activity/Selectivity Evaluation 

The reactor effluent was analysed by capillary GC (Perkin-Elmer Auto System 

XL gas chromatograph equipped with a programmed split/split less injector and FID) 
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using a Stabilwax (fused silica) 30 m × 0.32 mm i.d., 0.25 µm film thickness capillary 

column (RESTEK) employing Turbo-Chrom Workstation Version 6.3.2 (for Windows) 

for data storage and manipulation. Quantitative analysis of reactants/products in the 

mixture was based on detailed calibration plots (not shown) where analytical 

reproducibility was better than ±8%. Repeated reactions with different samples from the 

same batch of catalyst delivered conversion and selectivity values that were 

reproducible to within ±6%. Carbon mass balance was complete to better than ±12%. 

3.3 Results and Discussion 

3.3.1 Catalyst Structure Characterisation 

The XRD patterns for CeO2 as prepared (Figure 3.2(I)) and calcined at 423 K 

(II), 673 K (III) and 873 K (IV) show eight main peaks at 28.5o, 33.2o, 47.5o, 56.3o, 

59.0o, 69.4o, 76.7o and 79.0o that correspond to the main planes of a cubic fluorite 

structure  (Figure 3.2(V)).  
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Figure 3. 2: XRD patterns for CeO2 (I) as prepared and calcined at (II) 423 K, (III) 

673 K, (IV) 873 K and (V) JCPDS-ICDD reference standard for CeO2 (43-1002). 
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The similar position and peak relative intensity for all the samples indicates that 

CeO2 crystal phase was not affected by calcination temperature. We observe an increase 

in particle size for synthesized (from 9 nm → 14 nm) and commercial (from 14 nm → 

16 nm) CeO2 samples following calcination to 873 K that agrees with reported literature 

[47]. Li et al. [48] reported that with increase in calcination temperature the crystallite 

size of CeO2 showed an exponential dependence, indicating that crystallite growth is 

diffusion related. The smaller particle size of the synthesized CeO2 (9 vs. 14 nm) was 

attributed to the longer aging time during preparation (60 vs. 10 h [41]) and resulted in 

greater SSA (119 vs. 52 m2g-1). An increase in SSA may be attributed to the further 

division of ceria into thinner slices after long time interaction with water molecules 

[49]. The variation of SSA with calcination temperature is presented in Figure 3.3, 

where a decline of 45 and 23% was recorded with an increase in temperature for the 

synthesized and commercial CeO2, respectively.  

 
Figure 3. 3: Variation of specific surface area (SSA) with calcination temperature 

(Tcalcination) for CeO2-comm (¢ , dashed line) and CeO2 (p , solid line). Note: dotted 

box indicates response over the fresh samples while error bars represent standard 

error of the mean obtained from 3 experiments. 
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These values falls in the range 13 – 51% quoted in literature [37] and can be ascribed to 

the sintering of the catalysts. Fine particles have an ability to agglomerate due to their 

high surface energy. This tendency becomes stronger at higher temperatures [49]. Since 

the sinterability of ceria favours smaller particle size [50], a lesser decrease in SSA was 

recorded for CeO2-comm, which was also attributed to the negligible change in 

crystallite size.  

3.3.2 Catalyst Surface Characterisation 

The Ce 3d spectra for Pd/CeO2-comm, and fresh and calcined CeO2 are shown 

in Figure 3.4. The XPS profiles present three 3d3/2-3d5/2 spin-orbit-split duplets with 

binding energies (BE) at (A) 907.0 and 888.2 eV, (B) 900.0 and 881.7 eV and (C) 916.0 

and 897.4 eV that represent different 4f configurations of Ce4+ (i.e. (A) Ce 3d94f1 O 2p5, 

(B) Ce 3d94f2 O 2p4 and (C) Ce 3d94f0 O 2p6 final states). Signals at (D) 901.1 and 

884.0 eV, (E) 898.2 and 880.6 eV provide evidence for the formation of Ce3+ on all of 

the samples [51]. The Ce3+/Ce4+ ratios (presented in Table 3.1) were calculated from 

XPS Ce3+/ (Ce4+ + Ce3+) ratio following the procedure established elsewhere [52], 

where Ce4+ = (A) + (B) + (C) and Ce3+ = (D) + (E). The values obtained fall in a range 

between 0.1 and 0.5 quoted in the literature [53, 54] with associated experimental error 

below 0.02.  

 
Table 3. 1: CO2 desorbed (from TPD analysis) and Ce3+/Ce4+ molar ratio (based on 

XPS) for commercial (CeO2-comm) and homemade (CeO2) ceria and Pd/CeO2-

comm. 

Catalyst CO2 desorbed (µmol m-2) Ce3+/Ce4+ 

CeO2-comma 1.2 0.23 

CeO2-commb 0.8 0.14 

CeO2
a 7.7 0.31 

CeO2
b 4.8 0.16 

Pd/CeO2-comm - 0.48 
afresh sample. 
bsample calcined at 873 K. 
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Figure 3. 4: XPS spectra for (I) Pd/CeO2-comm and (II) fresh and (III) calcined at 

873 K CeO2 with associated 4f configurations for Ce4+ (A-C) and Ce3+ (D-E). Note: 

the lines represent the XPS experimental data (solid line) and peaks after 

deconvolution (dotted line).  
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It should be noted that the highest relative Ce3+ content in Pd/CeO2 suggests 

partial support reduction as noted elsewhere [55]. Because CeO2 is reducible support the 

reduction of Pd during TPR will cause the generation of oxygen vacancies (the loss of 

structural oxygen from the oxide sub-lattice [56]) which corresponds to the partial 

reduction of Ce4+ to Ce3+ cations. Greater enrichment in Ce3+ for the lab synthesised 

CeO2 is attributed to the preparation method of the catalyst. Since the oxidation of the 

precipitant Ce(OH)3 to Ce(OH)4 in air is slow, the dehydration of Ce(OH)3 starts to take 

place along with the oxidation step to form Ce3+. Both commercial and synthesized 

CeO2 showed a decrease in Ce3+ content after calcination (Table 3.1), suggesting the 

oxidation to Ce4+ species.  
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Figure 3. 5: CO2-TPD profiles recorded for (I) fresh and (II) calcined at 873 K 

CeO2-comm. 

 

Total surface basicity was determined from CO2-TPD (Figure 3.5) and CO2 

desorbed (per SSA) is given in Table 3.1. Both catalysts exhibited two desorption peaks 
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over low (≤500 K) and high (500-723 K) temperature range, characteristic of weak and 

moderate basic sites, respectively [57]. Surface basicity in the case of as received 

sample is mainly attributed to Lewis sites (Ce3+), oxide (O2-) ions and residual OH-

groups [34] while the amount of CO2 desorbed (1.2 µmol m-2) is in a good agreement 

with the literature (1.9 µmol m-2 [58]). Lower CO2 desorption on calcined CeO2-comm 

(0.8 µmol m-2, Table 3.1) is associated with a removal of -OH groups from the surface, 

resulting in oxidation of Ce3+ to Ce4+. The amount of CO2 desorbed from as 

prepared/calcined synthesised CeO2 samples was much higher relative to CeO2-comm. 

ones (Table 3.1), which is attributed to the greater O2- and Ce3+ content (confirmed by 

XPS).  

3.3.3 Optimisation of Dimethyl Carbonate Production (step I) 

3.3.3.1 Effect of Calcination Temperature on Liquid phase Catalytic Dimethyl 

Carbonate Production 

We first examine the effect of calcination temperature on the rate of DMC 

production and the results are presented in Figure 3.6. Both commercial and 

synthesised CeO2 catalysts exhibited a continuous increase in specific rate (normalised 

with respect to SSA) with calcination temperature (from 423 to 873 K). Yoshida et al. 

[37] also showed increased rate of carbonate formation at higher calcination 

temperature over CeO2, a result they ascribed to the change in SSA. We established (by 

XPS) that calcination is modifying these surface properties of CeO2, i.e. Ce3+ (Lewis 

base) to Ce4+ (Lewis acid) ratio. The result obtained indicates that Ce4+ is an active site 

of the reaction. Jung et al. [59] proposed the mechanism for ZrO2, where methanol 

dissociates on the Lewis acid (LWA) site (Zr4+) to form CH3O-Zr group with release of 

a H atom and CO2 adsorbs through the C atom on the Lewis base (LWB) site (O2-) and 

through the oxygen at Zr4+ cation. The proximity of the methoxide oxygen to the carbon 

of CO2 enable transfer to form CH3OCOO-Zr. Once another molecule of methanol is 

adsorbed in identical way, DMC is formed by transfer of a methyl group to the terminal 

O atom of methyl carbonate species. This mechanism revealed that the cooperation of 

both acid and base sites is required for CO2 activation, i.e. Ce4+ and O2- for CeO2. 
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Figure 3. 6: Variation of specific (per m2) rate of DMC production with calcination 

temperature (Tcalcination) for reaction over CeO2-comm (¢ , dashed line), CeO2 (p , 

solid line) and Pd/CeO2-comm (r , dotted line). Note: response over samples as 

prepared (or as received) is contained within the dotted box while error bars 

represent standard error of the mean obtained from 3 experiments. 

 

In order to support this statement and understand the role of ceria redox properties, we 

tested Pd/CeO2-comm with higher Ce3+/Ce4+ ratio (Table 3.1) and lower O2- content 

(based on O2 chemisorption, Table 3.2) relative to CeO2–comm. The rate of reaction 

over Pd/CeO2-comm was a factor of two times lower. The specific rate of DMC 

production obtained over CeO2 calcined at 873 K (4 × 10-5 molDMC m-2 h-1) is similar to 

the maximum value quoted in literature for DEC (3.5 × 10-5 molDEC m-2 h-1, [36]) at the 

same reaction conditions ( T = 423 K; PCO2 = 5 atm). Since Ce3+/Ce4+ ratio is controlling 

the DMC production rate and both synthesized/commercial CeO2 calcined at 873 K 
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delivered the equivalent values, CeO2-comm was chosen as test catalyst for gas phase 

reactions. 

 
Table 3. 2: O2 chemisorption and reaction rates (R) for reaction at 723 K over 

CeO2-comm and Pd/CeO2-comm. 

Catalyst 
O2 chemisorption 

(µmol g-1) 

R (×10-5 molDMC/ANm-2h-1)  

Step I 

CO2→DMC 

Step II 

NB→AN 

Step III 

DMC→MPC 

CeO2-comm 0 33 - 82 

Pd/CeO2-comm  4.1 11 1×108 78 

DMC = dimethyl carbonate; NB = nitrobenzene; AN = aniline; MPC = methyl N-
phenyl carbamate. 

 

3.3.3.2 Gas Phase Catalytic Dimethyl Carbonate Production 

Continuous DMC production in gas phase offers the possibility of continuous 

carbonate formation at atmospheric pressure in the absence of dehydrating agents [29]. 

A range of catalysts (i.e. Cu-based solid catalysts [60-62] or Co1.5PW12O40 [61, 62]) 

have been tested in gas phase systems under 1-12 atm reaction pressures. However, the 

yields and DMC selectivities are below 10 and 91%, respectively, where the main by-

products were dimethoxy methane and methyl formate. Full selectivity to DMC at 

ambient pressure in continuous gas phase operation has not been reported.  

DMC was generated as the sole product at a rate of 8 × 10-5 molDMCm-2h-1, which is 

the highest rate of specific DMC formation from CO2 over reported in the literature (2.2 

× 10-5 molDMCm-2h-1 [36] at 423K and 2 atm). The switch of operation mode from batch 

to continuous resulted in significant rate improvement (from 2.4 to 8 × 10-5 molDMCm-

2h-1) that is attributed to more effective water removal from the active sites of the 

catalyst in gas phase causing the shift of the equilibrium.  
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3.3.3.3 Effect of Variation of CO2/MeOH Ratio, Contact Time and Temperature 

on DMC Production Rate in Gas Phase 

The documented gas phase catalytic methanol carboxylation studies have all 

been conducted where methanol was in excess [42] or near stoichiometric [61, 62] 

quantities, however an increase of CO2 content in the feed can serve to enhance surface 

CO2 which should promote the formation of DMC. The effect of varying the inlet 

CO2/MeOH was examined over CeO2-comm and the results are presented in Figure 

3.7.  
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Figure 3. 7: Specific DMC formation rate (per m2) as a function of CO2/MeOH 

ratio in reaction over CeO2-comm calcined at 873 K. Reaction conditions: T = 573 

K (triangle, T = 723 K); P = 1 atm. 

 

An initial change of CO2/MeOH (from 0.5 to 5) resulted in a steep improvement 

of the initial DMC production rate from 8 to 19 × 10-5 molDMCm-2h-1. The volume of 

MeOH was reduced to further increase CO2/MeOH in the system (from 5 to 20) while 
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the volume of CO2 was kept constant. Only a slight increase in the rate up to 22 × 10-5 

molDMCm-2h-1 was observed (Figure 3.7), meaning that the rate becomes insensitive at 

higher CO2/MeOH since maximum surface coverage with CO2 has been achieved. The 

effect of the reaction temperature on the initial DMC production rate has been 

considered for the optimum conditions (CO2/MeOH = 20), where the change from 573 

to 723 K resulted in an increase of the rate from 22 to 33 × 10-5 molDMCm-2h-1. Under 

the same reaction conditions Pd/CeO2-comm showed lower DMC production rate 

relative to CeO2-comm (11 vs. 33 × 10-5 molDMCm-2h-1, Table 3.2). This was attributed 

to the higher Ce3+ content (Table 3.1) and O2 chemisorption (Table 3.2). It should be 

also stressed out that the CO2 content in the feed did not influence product composition 

and reaction exclusivity to DMC was maintained at each CO2/MeOH. 

3.3.4 Gas Phase Single-Pot Formation of Methyl N-Phenyl Carbamate  

The highest rate of DMC formation was achieved over CeO2-comm at 723 K, while 

the NB conversion to AN was only detected over Pd/CeO2-comm (Table 3.2). The 

condensation reaction of AN with DMC was performed over both catalysts and the 

results obtained (82 and 78 × 10-5 molDMCm-2h-1 for CeO2-comm and Pd/CeO2-comm 

respectively, Table 3.2) suggest that the rate of MPC formation is insensitive to the 

oxidation state of ceria and to the presence of the metal. Taking into account all the 

requirements for the three steps involved in the formation of MPC the single-pot 

reaction was performed over each catalyst and the results with schematic illustration of 

product distribution are presented in the Figure 3.8. The single-pot reaction over CeO2-

comm was fully selective to DMC. Ceria does not chemisorb hydrogen [55] and did not 

promote the formation of AN and MPC. DMC production rate was not affected by the 

presence of NB or hydrogen in the feed. In order to check the possibility of the 

condensation reaction (step III, Figure 3.1) in single-pot over CeO2-comm, NB and H2 

were substituted with AN and N2 (Figure 3.8(IB)). Although, the rate of DMC 

formation (35 × 10-5 molDMCm-2h-1) was not affected, MPC has not been formed. The 

same single-pot reaction over Pd/CeO2-comm with NB (IIA) or AN (IIB) in the feed 

showed lower DMC formation rate relative 
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Figure 3. 8: Single ((I) CeO2-comm and (II) Pd/CeO2-comm) and double (III) 

catalyst bed reaction arrangement with associated products from inlet (A) NB + H2 

and (B) AN + N2 reactants. Acronyms: nitrobenzene (NB), aniline (AN), dimethyl 

carbonate (DMC), methyl-N-phenyl carbamate (MPC). 
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to CeO2-comm (11 vs. 33-35 × 10-5 molDMCm-2h-1), which correlates with the results 

obtained for the reaction of DMC formation from CO2 and MeOH (Step I, Figure 3.1). 

The presence of palladium helped to transform NB to AN (Figure 3.8(IIA)), however 

the condensation reaction of AN with DMC has not been observed and MPC was not 

formed. Considering these results obtained for both CeO2-comm and Pd/CeO2-comm, 

we suggest that activation of CO2 involves the initial formation of an intermediate with 

sequential transformation to DMC. This intermediate is required for the condensation 

reaction with AN to form MPC. However, as DMC is formed during the reaction, it 

leaves the surface of the catalyst and condensation with AN does not occur. 

Operation of a second catalyst bed with Pd/CeO2-comm in series should 

facilitate the conversion of DMC exiting the first bed by reaction with AN generated via 

NB hydrogenation in the second bed. This will lead to the formation of MPC. A 

simplified schematic diagram of the double-bed arrangement and corresponding product 

distribution is presented in Figure 3.8(III). MPC has been produced (57 × 10-5 

molDMCm-2h-1) along with unreacted DMC and AN. This is the first time that the 

production of MPC from CO2 has been reported over both continuous and batch modes 

of operation. 

3.4 Conclusions 

We have achieved MPC production in a continuous single-pot process operated at 

atmospheric pressure using CO2, methanol and NB. We studied the effect of calcination 

of CeO2 on the specific carboxylation rate and the highest rate was achieved at 873 K 

for liquid operation mode. We have established that catalytic performance for DMC 

production is dependent predominantly on the redox properties of CeO2 (surface 

Ce3+/Ce4+ ratio) rather than SSA. CO2-TPD revealed the presence of weak-moderate 

surface basicity, which was mainly attributed to Ce3+ sites. The effect of Pd 

incorporation resulted in an increase of Ce3+ surface content (by partial oxide reduction 

during TPR), which lowered catalytic activity towards DMC formation. This result 

indicates on the requirement of surface O2- and Ce4+ species for the activation of CO2, 

which is also supported by an increase in the specific rate with calcination temperature. 
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In the gas phase continuous mode, 100% selectivity to the target DMC was achieved 

over CeO2-comm (calcined at 873K) with the highest rate (8 × 10-5 molDMC m-2 h-1 in 

respect to SSA) quoted in the literature. The effect of varying the inlet CO2/MeOH (0.5 

– 20) and the reaction temperature (573 – 723 K) over CeO2-comm helped to further 

improve the initial DMC production rate from 8 to 33 × 10-5 molDMCm-2h-1. MPC was 

achieved (at rate 57 × 10-5 molDMCm-2h-1) over a double-bed (CeO2-comm on top and 

Pd/CeO2-comm in the bottom) arrangement.  
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Chapter 4 

Catalytic Dehydration of Alcohols to Industrially Relevant Products 

over Ceria  

In this chapter, the effect of ceria surface properties (Ce3+/Ce4+) on product 

distribution in 1-butanol/1,3-butanediol dehydration is studied, using Al2O3 as a 

benchmark. The reaction pathways and mechanisms involved are considered and 

discussed.  

4.1 Introduction 

Unsaturated (allylic and homoallylic) alcohols are important intermediates in the 

manufacture of aroma chemicals, pharmaceuticals, agricultural chemicals, and polymers 

[1]. Traditional synthesis of these compounds has been based on the use of fossil fuel 

derivatives [2, 3]. With an annual global production of allyl alcohol alone exceeding 14 

× 105 tonnes [4] there is an imperative need for the development of alternative ways to 

synthesise unsaturated alcohols. 3-Buten-2-ol (3B2OL) is an unsaturated alcohol 

extensively used for the production of industry-relevant chemicals (i.e. methyl vinyl 

ketone [5]). 3B2OL is industrially produced by reacting methylmagnesium iodide with 

2-propenal (Figure 4.1(I)), also known as acrolein [6]. There are several safety and 

sustainability issues associated with this pathway as acrolein is highly flammable, very 

toxic, corrosive and dangerous for the environment [7] and is conventionally prepared 

by oxidation of propene [8], which is produced from fossil resources (e.g. petroleum, 

natural gas and coal [9, 10]). There are currently three alternative routes being studied 

for the production of 3B2OL (Figure 4.1): hydration of butadiene (II) [11], dehydration 

of 2,3-butanediol (III) [12, 13] and 1,3-butandiol (IV) [14-16]. The former pathway (II) 

involves using toxic and flammable butadiene [17, 18] as a reactant. Dehydration of 

diols (III and IV) is a most attractive option since diols are cheap, non-hazardous and 

can be produced from sustainably sourced feedstock (i.e. sugarcane molasses) [19, 20]. 



 

56 
 

However, this process has its own challenges which are associated with the side-product 

formation [12, 21].  

 

 

 

Figure 4. 1: Reaction pathways involved in 3-buten-2-ol production. 

 

Dehydration of 1,3-BD is slightly more viable compared to 2,3-butanediol which 

is ascribed to the higher reported selectivity to 3B2OL (65 vs. 50%) [12, 21]. Reaction 

pathways involved in the dehydration of 1,3-BD are presented on Figure 4.2, where it 

can be seen that the dehydration of 1,3-BD can proceed via primary and/or secondary 

hydroxyl group. Since the target 3B2OL is produced by elimination of the primary 

hydroxyl group, the dehydration of terminal mono-alcohol (i.e. 1-butanol) was chosen 

to investigate the influencing factors on product distribution and to optimise the 

formation of target alkene (i.e. 1-butene). It has been established [22, 23] that the 

cooperation of both acid and base properties of the catalyst are determining in the 

dehydration performance. An initial activation of an alcohol on the surface of the 

catalyst proceeds through the adsorption of OH- on the Lewis acid (LWA) site [12]. It 

has been confirmed [24, 25] that the rate of alcohol conversion increases with increasing 

surface (Lewis) acidity of the catalyst. Among all of the catalysts tested in 1-butanol 

dehydration reaction, the alumina based ones showed the highest activity (up to 100%),  
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Figure 4. 2: Reaction pathways associated with 1,3-butanediol dehydration. 

 

which was attributed to the high Lewis acidity [26, 27]. It was also demonstrated in 

previous chapter that the calcination treatment of cerium oxide alters the surface acid-

base properties by increasing the amount of LWA sites caused by Ce3+ to Ce4+ 

transformation.  

Taking this into account, in this study we establish the effect of modifying 

surface properties of ceria (Ce4+/Ce3+) on the catalytic activity and product distribution 

in 1-butanol/1,3-butanediol dehydration under continuous mode of operation, taking 

Al2O3 as a benchmark. We consider the mechanisms involved and study the effect of 

metal incorporation on product distribution. 

4.2 Experimental 

4.2.1 Catalyst Preparation 

A commercial CeO2 support was purchased from Sigma Aldrich and used as 

received. A 4.2% w/w Pd/CeO2 catalyst was prepared by deposition-precipitation on 
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CeO2. An aqueous solution of sodium carbonate (>99%, anhydrous, Sigma Aldrich), 

used as basification agent, was added (2 M, 50 cm3, 20 cm3 h-1) to an aqueous solution 

of Pd(NO3)2 (2 × 10-5 M; 300 cm3, Sigma Aldrich) containing the CeO2 support (10 g). 

The suspension was stirred and pH progressively increased to reach ca. 10 with 

precipitation of Pd(OH)2 [28]. A 1.1% w/w Au/CeO2 and 0.6% w/w Ag/CeO2 were 

prepared by deposition-precipitation on CeO2 using urea as basification agent in a 

similar manner. An aqueous mixture of urea (ca. 10-fold urea excess, Riedel-de Haën, 

99%) and 400 cm3 (5 × 10-4 M) metal precursor (HAuCl4 or AgNO3, Sigma Aldrich) 

was added to the support (10 g). The suspension was stirred and heated to 353 K (2 K 

min-1) and the pH progressively increased (from pH = 3 ~ 4) to reach ca. 8 after 3h as a 

result of thermally induced urea decomposition. The resultant solid was separated by 

centrifugation, washed with deionised water until the pH reached ca. 7 and dried in He 

(45 cm3 min-1) at 373 K (2 K min-1) for 5 h. Prior to use, the catalysts were sieved to 75 

µm average particle diameter ATM fine test sieves and activated (in H2)/calcined (in 

O2) at 2 K min-1 to 573–873 K. The activated samples were passivated in 1% v/v O2/He 

at room temperature for ex situ characterisation. 

4.2.2 Catalyst Characterisation 

The metal content was measured by atomic absorption spectroscopy (Shimadzu 

AA-6650 spectrometer with an air-acetylene flame) from the diluted extract in aqua 

regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) was recorded 

using the commercial CHEM-BET 3000 (Quantachrome Instruments) unit equipped 

with a thermal conductivity detector (TCD) for continuous monitoring of gas 

composition and the TPR WinTM software for data acquisition/manipulation. Samples 

(0.05-0.1 g) were loaded into a U-shaped Quartz cell (3.76 mm i.d.), and heated in 17 

cm3 min-1 (Brooks mass flow controller) 5% v/v H2/N2 at 2 K min-1 to 573 K, following 

the reduction procedure established previously [29]. The samples were maintained at the 

final isothermal hold in a flow of H2/N2 until the signal returned to baseline, swept with 

a 65 cm3 min-1 flow of N2 for 1.5 h and cooled to room temperature. 
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4.2.3 Chemicals 

1-butanol (99.8% w/w), 1,3-butanediol (≥99% w/w), 3-buten-2-ol (97% w/w), 

dibutyl ether (99.3% w/w), 2-buten-1-ol (96% w/w), 3-buten-1-ol (96% w/w), 3-butene-

2-one (≥95% w/w), butanone (≥99% w/w) and 2-butanol (99.5% w/w) were supplied by 

Sigma Aldrich and used as received. All the gases (H2, N2, O2 and He) were of ultra 

high purity (>99.99%, BOC). 

4.2.4 Catalytic System 

Gas phase dehydration of 1-butanol/1,3-butanediol (T = 473 – 623 K; P = 1 atm) 

was carried out in a fixed bed vertical continuous plug-flow glass reactor (i.d. = 12 

mm). Reactant was delivered to the reactor via a glass/teflon air-tight syringe and a 

teflon line at a fixed calibrated flow rate (1.2 cm3 h-1) using a microprocessor controlled 

infusion pump (Model 100, KD Scientific). A layer of borosilicate glass balls (2mm 

diameter; 3 cm height) served as preheating zone, ensure that the reactant was vaporised 

and reached the reaction temperature before contacting the catalyst bed. Reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. A co-current flow of 1-butanol/1,3-butanediol and N2 was 

maintained at GHSV = 2 × 104 h-1 with an inlet 1-butanol/1,3-butanediol molar flow (F) 

of 1 mol h−1. Passage of reactant in a stream of N2 through the empty reactor did not 

result in any detectable conversion. The fractional conversion of 1-butanol/1,3-

butanediol (Xi) was defined as 
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where the subscripts “in” and “out” represent the concentration of reactant entering in 

and concentration of the product leaving out the reactor. 

4.2.5 Analytical Method and Activity/Selectivity Evaluation 

The reactor effluent was directly connected to an online GC gas inlet valve via a 

1/16-inch diameter stainless steel tube. The sample line was heated (~363 K) by tape 

heaters and wrapped with woven fiberglass insulation to avoid reaction product 
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condensation and maintain the temperature in the line. The effluent was analysed by 

capillary GC (Perkin-Elmer Auto System XL gas chromatograph equipped with a 

programmed split/split less injector and FID) using a Rtx-1 (dimethyl polysiloxane) 60 

m × 0.32 mm i.d., 5 µm film thickness capillary column (RESTEK) employing Turbo-

Chrom Workstation Version 6.3.2 (for Windows) for data storage and manipulation. 

Quantitative analysis of reactant/products in the mixture was based on detailed 

calibration plots (not shown) where analytical repeatability was better than ±5%. 

Repeated reactions with different samples from the same batch of catalyst delivered 

conversion and selectivity values that were reproducible to within ±6%. Carbon mass 

balance was complete to better than ±8%. 

4.2.6 Thermodynamic analysis 

All the reactant and product species involved in thermodynamics were 

considered. Setting the inlet 1-butanol at 1 mol, product distribution at equilibrium was 

determined over 273-773 K at a total pressure of 1 atm. The equilibrium calculations 

were made using Aspen Plus ® software where Peng-Robinson fluid package and 

RGIBBS reactor were applied to obtain product composition under conditions of 

minimised Gibbs free energy. 

4.3 Results and discussion 

4.3.1 Thermodynamic analysis of 1-butanol dehydration 

Thermodynamic analysis of the chemical reaction provides an important 

measure of the maximum conversion and selectivity that is possible to achieve under 

specific reaction conditions [30, 31]. The possible pathways in the dehydration of 1-

butanol are identified in Figure 4.3. The initial loss of the water molecule from 1-

butanol results in the formation of the target 1-butene (I), which can further undergo 

isomerisation (to cis-2-butene (II) and trans-2-butene (III)) or sequential hydration to 

2-butanol (IV). Cis- and/or trans-2-butenes can easily transform into each other (V) and 

as well as 1-butene undergo hydration reactions (VI, VII) to form 2-butanol. Dibutyl 

ether (DBE) can also be obtained (VIII) if initially the dehydration of two 1-butanol 

molecules is taking place [27].  
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Figure 4. 3: Reaction pathways in 1-butanol dehydration. 

 

The analysis considered the effect of reaction temperature (273 – 773 K) on the 

reactant conversion and product selectivity. Dehydration step was found to be fast and 

not rate limiting as complete 1-butanol conversion was achieved at temperatures above 

323K. The effect of the temperature on product distribution has been demonstrated on 

Figure 4.4, where at low temperature range (≤400 K) a combination of 1-butene, DBE, 

cis- and trans-2-butenes was generated at equilibrium with trans-2-butene as the 

predominant product. An increase in temperature to 773 K resulted in a continuous 

decrease in selectivity to trans-2-butene and increase in selectivity to 1-butene. Based 

on this thermodynamic analysis, the reaction temperature has a negligible influence on 

the selectivity to DBE and cis-2-butene while the formation of the target 1-butene 

would be favoured at higher reaction temperatures. 
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Figure 4.4: Product selectivity (S) as a function of temperature at the 

thermodynamic equilibrium: 1-butene (solid line), cis-2-butene (dashed line), 

trans-2-butene (dotted line) and dibutyl ether (short dotted line). 

 

4.3.2 Catalytic Results 

4.3.2.1 Dehydration of 1-butanol 

Catalytic activity was assessed in terms of the fractional 1-butanol conversion 

(X) over CeO2 and is presented as a function of time on-stream in Figure 4.5(I). An 

initial temporal loss of activity was followed by the achievement of steady state 

conversion after 3 h on-stream. Activity profiles were fitted to the empirical relationship 

[32, 33]. 

0

3 0h

X X t
X X tβ

⎛ ⎞− Δ
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where X3h represents fractional conversion after 3 h on-stream and β  is a time scale 

fitting parameter. Fit convergence yielded values for 0X , which is a measure of initial 

activity.  
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Figure 4. 5: (I) Variation of 1-butanol fractional conversion (X, ¢) with time on 

stream over CeO2; line represent fit to eq. (4.2). (II) Variation of selectivity (S) to 

1-butene (£), DBE (¡) and cis/trans-2-butenes (r) with initial fractional 

conversion of 1-butanol (X0) over CeO2: T = 473-623 K, P = 1 atm. 
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The dependence of selectivity on initial fractional conversion over CeO2 is 

presented in Figure 4.5(II) where cis- and trans-2-butenes were combined together for 

easy reference. Product distribution was sensitive to conversion for reaction over CeO2 

with the mixture of 2-butene isomers as predominant products at low fractional 

conversion (<0.15) and a switch to a preferential 1-butene formation at higher 

conversion (>0.20). An activity on Figure 4.5(II) was raised by increasing the 

temperature (from 473 to 623 K) and remained far below the complete conversion that 

was achieved at equilibrium in the thermodynamic calculations.  

The comparison of Al2O3 and CeO2 was made at an equivalent fractional 1-

butanol conversion (~0.2) and the results are presented in Table 4.1. 

 

Table 4. 1: Product distribution and initial conversion in the conversion of 1-

butanol over Al2O3, fresh and calcined CeO2 at T = 573K. 

Catalyst X0 
Selectivity (%) 

1-Butene DBE (cis and trans) -2-Butene 

Al2O3 22 51 11 38 

CeO2 20 34 32 34 

CeO2 calcined 24 42 22 36 

 

As it can be seen from the table the selectivity to the target 1-butene is higher 

over alumina (51 vs. 34%) while this difference in selectivity is mainly attributed to the 

formation of DBE over ceria (Table 4.1). It has been shown that the product formation 

from 1-butanol dehydration is sensitive to acid site strength [26] and 1-butene formation 

as well as isomerization to 2-butenes requires acid sites stronger than those involved in 

the DBE formation [22, 26]. The Lewis acid (LWA) strength of metal ions is 

proportional to the electronegativity of metals in their oxide form [34]. Al2O3 has higher 

electronegativity relative to CeO2 (1.61 vs. 1.12 [35]) and, therefore, has stronger LWA 

sites. It has been demonstrated in the previous chapter that the calcination treatment of 

cerium oxide can improve the Lewis acidity of the catalyst by increasing the amount of 



 

65 
 

Ce4+ (LWA) species. Calcined CeO2 was tested in dehydration of 1-butanol reaction and 

the results are presented in the Table 4.1. There was a measurable increase in the 

selectivity to 1-butene over calcined CeO2 that can be linked to the decrease of weak-

moderate Lewis base (LWB) sites (upon calcination), which are essential for DBE 

formation [26]. 

4.3.2.2 Dehydration of 1,3-butanediol 

Dehydration of 1,3-BD can proceed via primary and/or secondary hydroxyl 

group (see Figure 4.2). Dehydration of 1,3-BD over Al2O3 resulted in a combination of 

3B2OL, 3B1OL, 2B1OL and BD, where the selectivity to predominant BD was 85% 

and to the target 3B2OL was below 5%. Meanwhile, the switch of the catalyst to CeO2 

resulted in the formation of only 2 products: 3B2OL and 2B1OL. This means that the 

presence of the weak-moderate acid sites on ceria [36] helps to limit the reaction once 

unsaturated alcohols are produced while strong acid sites on alumina promote further 

dehydration of unsaturated alcohols to BD. Nevertheless, since 3B2OL and 2B1OL are 

produced via elimination of both hydroxyl groups of 1,3-BD, the mechanism of the 

reaction has to be considered prior further optimisation. 

4.3.3 Mechanism for 1,3-butanediol dehydration 

There are a few mechanisms that have been proposed for the dehydration of 

alcohols over CeO2 [15, 38, 39]. The dehydration of 1,3-butanediol over CeO2 can 

proceed via E2 (elimination of the terminal OH-, I) and radical (initial reduction of Ce4+ 

site, II) mechanisms, which are presented in the Figure 4.6. The E2 dehydration 

mechanism (I) involves initial alcohol adsorption on the LWA site (Ce4+) via terminal 

OH-. The alkene is being formed and desorbed from the surface of the catalyst 

following by the single step β-hydrogen transfer to a surface O2- and elimination of OH-. 

The next step involves water formation with sequential desorption and catalyst 

regeneration. It should be noted that dehydration via E2 mechanism results in the 

formation of solely 3B2OL. Dehydration of 1,3-BD via radical mechanism (II) involves 

initial abstraction of the hydrogen atom from the second carbon with it following 

activation on Ce4+ site. Then, a hydroxyl radical is eliminated to produce an unsaturated 
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alcohol and water. Elimination of the terminal hydroxyl radical favours the formation of 

the target 3B2OL and elimination of the secondary OH favours 2B1OL.  

 

 

Figure 4. 6: Reaction mechanisms for the dehydration of 1,3-butanediol over 

CeO2: (I) elimination of the terminal OH- (E2) and (II) initial reduction of Ce4+ site 

(radical). 

 

Considering these two mechanisms presented on Figure 4.6, the dehydration activity of 

CeO2 is dependent on LWA site (Ce4+) and its neighbouring LWB site (O2-), while the 

radical mechanism requires solely Ce4+. The presence of 2B1OL clearly indicates that 

the reaction proceed via mechanism (II), however the formation of 3B2OL can be a 

result of both mechanisms (I) and (II). Since mechanisms (I) and (II) require the 

surface Ce4+ sites, the reduction of CeO2 (Ce4+ to Ce3+) will cause the decrease in both 

3B2OL and 2B1OL. Based on this, if reaction proceeds only via mechanism (II), 
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3B2OL/2B1OL ratio should not change during the reduction of ceria. However, if 

reaction is taking place via (I) together with (III), 3B2OL/2B1OL ratio should decrease. 

4.3.4 Effect of metals 

It has been previously established [40-42] that the incorporation of the noble 

metals (such as Au, Pd and Ag) on ceria can cause partial support reduction. Au/CeO2, 

Pd/CeO2 and Ag/CeO2 were used in this study to promote the reduction of Ce4+ to Ce3+ 

and to establish the effect on 3B2OL/2B1OL ratio. Hydrogen consumption during TPR 

for ceria supported Au, Ag and Pd catalysts is presented in Table 4.2, where for all 

three catalysts the experimental H2 consumption exceeded the theoretical requirement 

for the reduction of metal precursor.  

 
Table 4. 2: H2 consumption during TPR for Au/CeO2, Pd/CeO2 and Ag/CeO2. 

Catalyst Au/CeO2 Pd/CeO2 Ag/CeO2 

Experimental H2 consumption (µmol g-1) 495 680 293 

Theoretical H2 consumptiona (µmol gMe
-1) 61 42 26 

a amount required for reduction of metallic form. 

 

The value for Pd/CeO2 (680 µmol gPd
-1) was measurably greater, indicative to the higher 

extent of ceria reduction [41]. The variation of 3B2OL/2B1OL ratio over calcined 

CeO2, Au/CeO2, Ag/CeO2 and Pd/CeO2 is presented on Figure 4.7, where it can be seen 

that the ratio decreased in the order CeO2 ≥ Au/CeO2 ≥ Ag/CeO2 ≥ Pd/CeO2. Since the 

decrease in Ce4+ content (active site of the reaction) resulted in the decrease of 3B2OL 

with respect to 2B1OL, we propose that the dehydration of 1,3-BD follows both E2 and 

radical mechanisms (Figure 4.6, I and II respectively).  
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Figure 4. 7: Variation of 3-buten-2-ol/2-buten-1-ol (3B2OL/2B1OL) ratio over 

calcined CeO2, Au/CeO2, Pd/CeO2 and Ag/CeO2. Reaction conditions: T = 573 K, P 

= 1 atm, X0 ~ 0.2. 

4.4 Conclusions 

Under thermodynamic control, complete conversion of 1-butanol can be achieved 

where an increase in temperature (to 773K) favours 1-butene formation. Dehydration of 

1-butanol over both Al2O3 and CeO2 delivered a product composition far removed from 

thermodynamic equilibrium where alumina presented the highest 1-butene selectivity 

(51%) due to stronger Lewis acidity. In contrast, under the same reaction conditions 

CeO2 was more selective to DBE. The calcination of CeO2 resulted in an increase of 

surface Ce4+ species (active sites), which improved the selectivity to 1-butene (from 34 

to 42%). In dehydration of 1,3-BD, Al2O3 was not selective to the target 3B2OL since 

strong acid sites (Al3+) promoted further dehydration to produce BD. Meanwhile, CeO2 

delivered only 3B2OL and 2B1OL as a products and two mechanisms were considered 

to clarify product distribution. It was established that reaction can proceed solely via 

radical or with contribution of E2 mechanisms. The incorporation of the metal on ceria 
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promoted a partial (Ce4+ to Ce3+) reduction during TPR and resulted in change of 

3B2OL and 2B1OL ratio. The trend observed suggest that the higher the extent of ceria 

reduction, the lower is the 3B2OL/2B1OL ratio, indicating that dehydration of 1,3-BD 

follows both E2 and radical mechanisms. 
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Chapter 5 

Summary and Future Work 
 

5.1 General Conclusions 

The main objective of this thesis was to explore alternative cleaner routes for the 

sustainable production of valuable oxygen containing compounds with multiple 

industrial applications. This work has focused on the use of ceria-based catalysts with 

detailed characterisation to allow correlation of structure with performance. Reaction 

mechanisms underpinning each process have also been considered. The significant 

findings of this work are provided in this Chapter and future research directions are 

proposed. In the gas phase transformation of LA to GVL, presented in Chapter 2, the 

nature of the support (reducible vs. non-reducible) has a considerable impact on 

catalytic performance. The Al2O3 supported Pd exhibited the highest LA consumption 

rate among all of the catalysts studied but generated an undesirable pentanoic acid as a 

by-product. This work has tackled selectivity issues, taking a series of approaches 

directed at maximising exclusive formation of a target GVL by decreasing the H2 feed 

content and introducing the supported Au systems. It was concluded that the surface 

oxygen vacancies generated during TPR for Au on reducible supports (CeO2 and TiO2) 

promote the activation of LA and elevate the overall reaction rate. The reducibility of 

CeO2 was further investigated in Chapter 3, where a comparison of the catalytic action 

of Pd/CeO2, commercial and synthesised CeO2 catalysts served to establish the 

involvement of surface Ce4+ and Ce3+ in carbonate/carbamate production. Comparison 

of the continuous gas phase and liquid batch modes of operation has established clear 

advantages for the former in terms of activity due to more efficient removal of co-

produced water from the surface of the catalyst. The characterisation and catalytic 

results demonstrate that calcination treatment of CeO2 increased Ce4+ content with a 
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concomitant decrease in surface area and increase in particle size. It was concluded that 

higher Ce4+/Ce3+ ratio and the presence of surface O2- promote the CO2 activation. 

Contact time is an essential process variable where the use of multiple catalyst beds in 

series facilitates enhanced product output. Carbamate was achieved over a double-bed 

(CeO2 on top and Pd/CeO2 on the bottom) arrangement. Modification of surface Ce3+ → 

Ce4+ of CeO2 caused the decline of weak-moderate surface basicity that was mainly 

attributed to Ce3+ sites. The acid-base character of CeO2 plays a critical role and it was 

further examined in Chapter 4, where Lewis acid (LWA) sites are rate determining in 

the dehydration of mono- and polyalcohols into corresponding alkenes. A comparison 

between Al2O3 and CeO2 revealed that stronger LWA sites are preferential for the 

formation of the target alkene while weaker LWB sites are essential for etherification. It 

was established that dehydration can proceed via initial elimination of the hydroxyl 

group of an alcohol or via elimination of a β-hydrogen radical on the LWA site (Ce4+). 

The incorporation of metals promoted a partial (Ce4+ to Ce3+) reduction during TPR and 

caused distinct product distribution that was in agreement with the presented 

mechanisms. 

5.2 Future Directions 

5.2.1 Selective Transformation of Succinic Acid to γ-Butyrolactone 

The work presented in Chapter 2 has established that the redox properties of CeO2 

significantly enhance the rate of GVL production by means of LA activation at surface 

oxygen vacancies. An extension of the work to more complex reactions that involve 

carbonyl group transformation is essential to support these findings. For instance, 

investigating the selective hydrogenation of succinic acid to γ-butyrolactone, which is 

an important chemical intermediate and solvent in fine chemical and pharmaceutical 

industries [1, 2]. The majority of the work has been conducted in batch liquid phase 

operation under high pressures (>50 bar) and with low yields of the target product 
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(<50%) [3]. Exclusive production of γ-butyrolactone is challenging due to 

cyclisation/dehydration and hydrogenation reactions, which require a catalyst with 

emphasised acid properties and hydrogenation activity [4]. Drawing on the selective 

catalytic action of Au/CeO2 in C=O reduction (Chapter 2) a programme of study is 

proposed to examine the role of support in hydrogenation of succinic acid over Au. 

5.2.2 Catalytic Dehydration of 2,3-Butanediol to 3-Buten-2-ol over Ceria 

As established in Chapter 4, dehydration of 1,3-butanediol over the range of ceria-

based catalysts results in the formation of two specific unsaturated alcohols, target 3-

buten-2-ol and by-product 2-buten-1-ol. The modification of surface chemistry of CeO2 

by calcination treatment or metal incorporation caused the change in proportion 

between these products. This reaction system requires further exploration. It is proposed 

to extend the dehydration work with the use of 2,3-butanediol as reactant. This would 

eliminate the formation of unfavoured 2-buten-1-ol since both hydroxyl groups are not 

in the terminal position. There is evidence in the literature that the acid-base properties 

of CeO2 can alter the product distribution [5]. The continuous gas phase dehydration of 

alkanediols over ceria-based catalysts requires further investigation. 
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