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Chapter 6 

 

 

Summary 

 

 

Nanostructured oxides are of utmost importance for their wide range of applications in 

catalysis. The rational design of the physicochemical properties of the material, e.g. material 

morphology, surface property, acid type and amount, is the key factor in determining its 

catalytic performance and sometimes is limited by the classic synthetic pathways. On this 

backdrop, the synthesis of nanostructured oxide catalysts via supercritical CO2 (scCO2)-

assisted sol-gel methods have attracted great research attention and a review about this topic 

is presented in Chapter 1. This thesis focused on the use of scCO2 as a medium for the 

synthesis of nanostructured oxides and their application in related reactions in the context of 

green chemistry, such as oxidation reactions with H2O2 as environmentally friendly oxidant 

and transformation of bio-based sugars into valuable platform chemicals under mild reaction 

conditions, e.g. low reaction temperature, low catalyst loading and short reaction time. 

In the first experimental part of this thesis (Chapter 2), the synthesis of WO3-SiO2 material in 

scCO2 medium was investigated with the purpose of achieving good dispersion and stability of 

W and, developing active heterogeneous catalysts for epoxidation reaction with H2O2 as green 

oxidant. The WO3-SiO2 material prepared with a TMOS concentration of 20 wt% and a base: 

metal ratio of 0.5 (WO3-20SiO2-0.5) was the optimum catalyst in terms of catalyst yield and 

catalytic activity and selectivity towards epoxide. The WO3-20SiO2-0.5 catalyst achieved a 

cyclooctene conversion of 73% with cyclooctene oxide selectivity of >99% after 4 h reaction 

under mild reaction conditions (80 °C), equimolar H2O2 amount (1:1) and low WO3 loading 

(~2.5 wt%). The corresponding TON (328) was significantly higher compared to that of a 

WO3-SiO2 prepared via a similar sol-gel route but without scCO2 and of commercial WO3. 

Importantly, the catalyst is truly heterogeneous and reusable as it retained its activity in five 

consecutive runs. Notably, the catalyst is also active in the transformation of cyclohexene, 

with cyclohexane diol as the main product due to the strong acidity of the catalyst, and in the 

conversion of limonene, with the internal epoxide as the main product. A thorough 

characterisation study indicates that the superior catalytic activity of WO3-20SiO2-0.5 is 
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attributed to a combination of high surface area (892 m2 g-1) and good dispersion of W species, 

which were brought about by scCO2, and to the relatively low hydrophilicity, which was tuned 

by optimising the amount of base solution and silicon precursor concentration used in the 

synthesis of the catalysts. Additionally, the scCO2-assisted sol-gel method that led to the 

synthesis of this excellent catalyst has the potential to be applied to the preparation of other 

nanostructured oxides with active species homogeneously and stably dispersed on the 

support. 

In the second experimental part of this thesis, the synthesis of single oxide catalytic material 

in scCO2 medium was also explored. In Chapter 3, Nb2O5 nanoparticles catalyst was prepared 

by a scCO2-assisted precipitation method and applied in the aniline oxidative coupling with 

H2O2 to produce azoxybenzene. This is the first time that Nb2O5 nanoparticles catalyst was 

applied in this reaction. The catalyst achieved excellent catalytic activity (86%, stoichiometric 

maximum of 93% with the employed aniline to H2O2 ratio) and selectivity (92%) towards 

azoxybenzene in 45 min under mild conditions (no applied heating) employing a green 

solvent as ethanol and with a catalyst loading that was much lower compared to those 

reported in the literature for this reaction. The catalyst displays high efficiency in the 

utilisation of H2O2 as full aniline conversion could be reached by employing a small excess of 

H2O2 compared to the stoichiometric ratio. The Nb2O5 nanoparticles catalyst does not suffer 

from leaching and can be reused in consecutive runs without losing activity. This performance 

largely surpasses that of any other heterogeneous catalyst previously reported for this 

reaction and a reference catalyst prepared without scCO2. The nanoparticulate morphology 

and high surface area (340 m2 g−1) brought about by the utilisation of scCO2 in the synthesis 

account for the much superior catalytic performance of Nb2O5 for this reaction, compared to 

the aggregated large particles constituting the material prepared without scCO2. A control test 

in the presence of a radical scavenger suggested that the reaction follows a free-radical 

pathway. Notably, the catalyst is also versatile as it is active in the conversion of a variety of 

substituted anilines, including methyl or ethyl-substituted aniline and p-anisidine. 

In Chapter 4, the versatility of Nb2O5 catalyst was further explored in the conversion of 

glucose (the main constituent of cellulose) to 5-hydroxymethyl-furfural (5-HMF). With the 

aim of optimising the catalytic activity of the Nb2O5 material towards this reaction, different 

synthetic parameters were screened, by varying co-solvent and pressure of the scCO2-assisted 

precipitation and temperature of the thermal treatment. The most active catalyst was 

achieved with the synthesis employing ethanol as co-solvent, under a CO2 pressure of 140 bar, 
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and with 200 °C as thermal treatment temperature. The catalyst reached a 48% selectivity 

towards 5-HMF at 73% glucose conversion after 3 h of reaction under relatively mild reaction 

conditions (120 °C and a relatively low catalyst loading compared to those used in the 

literature), and can be reused in consecutive runs without losing activity. This catalytic 

performance is superior to that of a reference catalyst prepared without scCO2, which is 

attributed to its high surface area, open-structured nanoparticulate morphology, higher 

concentration of acid sites (as characterised by different techniques). Additionally, the 

catalyst is also active in the conversion of fructose, sucrose and cellobiose into 5-HMF.  

Furthermore, Nb2O5 nanoparticles catalyst was applied in the conversion of dihydroxyacetone 

(DHA, the oxidation product of glycerol, which is the main by-product in the synthesis of 

biodiesel) into lactic acid, displaying a lactic acid productivity of 0.284 h-1 at 100 °C, higher 

than that of the state-of-the-art catalyst for this reaction (0.240 h-1). However, a large fraction 

of pyruvaldehyde (PVA, intermediate product) was observed in the products, indicating that 

the catalytic activity of Nb2O5 in converting PVA is not sufficient for achieving a high yield of 

lactic acid. On this backdrop, developing a catalytic system with higher conversion of PVA and 

a concomitant higher yield of lactic acid was the subject of Chapter 5. A strategy for achieving 

this target lies in applying a designed binary catalytic system, in which the sequential steps 

are separately catalysed by Nb2O5 and a second catalyst, which was selected among a few 

oxides. The optimum catalytic system, considering catalytic activity in combination with 

synthetic procedure and cost of catalysts, occurred with a combination of Nb2O5 nanoparticles 

and Al2O3 nanorods catalysts, reaching an enhanced lactic acid productivity of 0.382 h-1 when 

compared to that obtained with only Nb2O5 catalyst (0.257 h-1) in a batch set-up at 100 °C. 

This superior catalytic performance is ascribed to the perfect match of the acidities of Nb2O5 

(higher amount of Brønsted acid sites) and Al2O3 (higher amount of Lewis acid sites) catalysts, 

which meet the conditions of more effective acid sites for sequential steps in this reaction.  

Other assets of these two catalysts consist of their nonporous nanostructures and high surface 

area that increase the amount and accessibility of active acid sites. Finally, this optimum 

catalytic system was further applied in a fixed-bed set-up employing a stacked-bed 

configuration of two catalysts (Nb2O5 on top of Al2O3), which displayed better yield and 

productivity of lactic acid when compared to those obtained in fixed-bed reactions employing 

only Nb2O5 or Al2O3 as the catalyst. The optimum catalytic system achieved lactic acid 

productivity of over 0.0533 h -1 in a continuous 12 h reaction at 100 °C at a weight hourly 

space velocity of 0.186 g (gh)-1. The good reusability in batch set-up and good stability in the 
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fixed-bed set-up of the optimum catalytic system consisting of Nb2O5 and Al2O3 are of relevant 

for the practical application of our designed catalytic system in the production of lactic acid. 

In this Ph. D. thesis, both composite oxide and single oxide materials have been successfully 

prepared in scCO2 medium by sol-gel or precipitation methods. This work underlines the 

importance of rationally choosing synthetic parameters in scCO2-assisted synthesis, which 

could lead to the formation of open-nanostructures and high surface area that is accompanied 

by large population of accessible active sites at their surfaces. These materials showed 

enhanced catalytic activity in relevant reactions compared to their counterpart catalyst 

prepared without scCO2 or state-of-the-art catalysts reported in the literature. Importantly, 

the synthetic approaches developed in this thesis may be applied to the synthesis of other 

catalytically relevant materials, which can be used as heterogeneous catalysts for many 

relevant reactions. 
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