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Abstract 
 

 

 

In this thesis, the catalytic activity of supported metal nanoparticles has been 

investigated in the selective conversion of bio-derived molecules using alternative 

technologies such as heterogeneous photocatalysis and microwave-assisted heating. 

The first part of this Thesis presents the development of a new synthesis 

method (SASI) for the preparation of gold metal nanoparticles supported on 

conjugated microporous polymers (CMPs). The new method involves the preparation 

of metallic sols and their subsequent immobilization on the polymeric support in the 

presence of an organic solvent. For comparison, the traditional sol immobilisation 

method and the wet impregnation method were used to prepare gold catalysts. The 

catalytic activity of the catalysts was evaluated in the oxidation of glucose under 

microwave-assisted heating. The 2 wt% Au/CMP-SASI(ACN-W) catalyst showed 

the highest activity in the oxidation of glucose and demonstrated to be reusable after 

several runs without losing activity and selectivity. 

The second part presents the evaluation of the photocatalytic activity of 

several gold catalysts in the oxidation of glucose under UV and visible light. Several 

support materials such as titanium dioxide (TiO2), conjugated microporous polymers 

(CMPs), and multi-walled carbon nanotubes (CNTs) were used to prepare the gold 

catalysts. The initial experiments were carried out under alkaline conditions at 

atmospheric pressure, then a representative sample (2 wt% Au/CNTs) was used to 

catalyse the glucose oxidation in the presence of molecular oxygen as the oxidant 

under alkaline conditions. Interestingly, the results revealed that the Au/TiO2 catalyst 

promotes the formation of several products during photocatalysis. Blank tests 

demonstrated the influence of the support material in the oxidation of glucose. These 

results contradict previous work which claims that the selective photo-oxidation of 

glucose into gluconic acid (as the main product) can be carried out using TiO2-based 

gold catalysts under alkaline conditions. Additional experiments were carried out 

using gold nanoparticles supported on CMPs or CNTs. The results demonstrated the 

strong effect of the thermal reaction in the photocatalytic process regardless of the 

type of support used in this work. 
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The third part presents a new approach for the photocatalytic conversion of 

polysaccharides using noble metal nanoparticles supported on TiO2. Parameters such 

as nature of the substrate, light intensity, irradiation time, and solvent composition 

were investigated in order to provide the optimal conditions to perform the 

photocatalysis. The results showed that organic solvents such as acetonitrile cannot 

be used during photocatalysis as it can undergo photodegradation over the gold 

catalysts. These results contradict previous work where it was established the 

positive effect of acetonitrile in the formation of carboxylic acids from glucose. The 

photoconversion of cellulose was carried out using water as a solvent in the presence 

of molecular oxygen as the oxidant under UV and visible light for 24 hours. 

Unfortunately, the formation of products was not observed. In order to improve the 

efficiency of the photocatalysts in the cellulose conversion, a promoter (NaOH) was 

added to the reaction mixture before the photocatalysis. The results showed that the 

presence of the base improves the cellulose reactivity allowing the formation of 

several oxidation products. On the other hand, additional experiments were carried 

using starch as starting material under visible light conditions, however, traces of 

oxidation products were observed along with high amounts of oligomers after 

photocatalysis, highlighting the complexity of the substrate. 
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ACN Acetonitrile 

ACN−W Acetonitrile‒Water 

ATR Attenuated total reflectance  
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CHN CHN elemental analysis 

CMD Centre of Materials Discovery 
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CNTs Carbon nanotubes 
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FTIR Fourier‒transform infrared spectroscopy 
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ICal Imaging Centre at Liverpool 

ICP−OES Inductively Coupled Plasma − Optical Emission 
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LMCT Ligand‒to−metal charge‒transfer 

LUMOs Lowest unoccupied molecular orbitals 
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ROS Reactive oxygen species 
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SI Sol-immobilization method  
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TBB Tetrabromobenzene  

TCD Thermal conductivity detector  

TEM Transmission electron microscopy  

TiO2 Titanium dioxide 
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XRD X-Ray Diffraction 
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Chapter 1 
 

 

 

 

Introduction 

 

 

 
1.1 Catalysis 
 
 
 The concept of catalysis was developed in 1835 by Berzelius when he 

scrutinized the recorded observations of experimental work and denoted them as 

catalysis [1]. He defined the term catalysis to the substances that accelerate chemical 

reactions, and they are not consumed during the process. Later, in 1895 Ostwald 

provided a more accurate definition: catalysis is a process where a substance 

modifies the rate of a chemical reaction, and it is not consumed or transformed at the 

end. Now, this substance is called catalyst, and the IUPAC defines a catalyst as a 

substance that increases the rate of a reaction without modifying the thermodynamics 

[2]. A catalyst does not alter the standard Gibbs free energy, but only influences the 

energy barrier (the activation energy, Ea) between reactants and products. Figure 1.1 

shows the energy diagram which compares a catalysed (red line) and uncatalysed 

(black line) reaction. For the uncatalysed reaction the activation energy (Ea) is high, 

and therefore sufficient energy must be applied to overcome this barrier in order to 

produce C from A + B. In the case of the catalysed reaction (red line), the presence 

of the catalyst provides an alternative reaction pathway where the formation of C 

from A + B is more favourable. This alternative path implies an activation energy 

(Ea,cat.) lower than the one for the uncatalysed process (Ea).  
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Figure 1.1 The energy diagram of a reaction catalysed (red line) and uncatalysed (black line). Ea 
corresponds to the activation energy, and Ea,cat. is the activation energy for the catalysed reaction.
 
  

Catalysis can be categorized into two fields: homogeneous and heterogeneous 

catalysis. Typically, homogeneous catalysis implies that both the catalyst and 

reactant are presented in the same phase, for example, the decomposition of ozone in 

the presence of chlorine free radicals. In heterogeneous catalysis, both the catalyst 

and reactant are in a different phase; for example, the oxidation of carbon monoxide 

(gas phase) in the presence of a gold catalyst (solid phase) [3].  

 
Heterogeneous catalysis is the most important type of catalysis, and it is 

estimated that nearly 90% of the chemical processes in the industry involves the use 

of a solid catalyst, ranging from the food to petrochemical industries [4, 5]. In 

heterogeneous catalysis, the reactants (in liquid or gas phase) can be converted into 

products over the surface or within the pores of the solid catalyst. In this scenario, it 

is clear that many reactions dependent on the effectiveness of the solid catalyst. 

Moreover, it is desirable that a catalyst can perform chemical transformations with 

high selectivity to the desired products and acceptable rates of reaction. At the same 

time, the catalyst should be stable at different reaction conditions without losing 

activity, but more importantly, it should provide good accessibility to the reactants in 

order to reach the active sites and being transformed. Therefore, the heterogeneous 

catalytic reactions involve a series of reaction steps in which the catalyst and 

reactants participate. For example: 
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1. Diffusion.- The reactants diffuse within the boundary layer to the catalyst surface. 

2. Internal diffusion.- The reactants diffuse into the pores in order to reach the active 

centers of the catalyst. 

3. Adsorption.- Adsorption of the reactants over the active centers. 

4. Reaction.- Chemical transformation of the adsorbed reactants. 

5. Desorption.- After the formation of the products, they are desorbed from the active 

centers of the catalyst. 

6. Internal diffusion.- The products diffuse out of the pores. 

7. Diffusion. The products diffuse out of the catalyst through the boundary layer. 

 
Due to the presence of different reaction steps, the total rate of the reaction is 

affected by several parameters, including; a) film diffusion (steps 1 and 7), b) pore 

diffusion (steps 2 and 6), and c) the reaction kinetics (steps 3-5). In heterogeneous 

catalysis can also be presented mass and heat transfer effects for highly endothermic 

and exothermic systems [5].  

 
1.2 Support Materials In Heterogeneous Catalysts 
 

In heterogeneous catalysis, reactions are performed using reactants in liquid 

or gas phase and a solid catalyst, which is the heart of many catalytic processes in the 

industry. Typically, the catalytic activity of the solid catalysts is associated with 

metal surface sites (usually the active phase), and the presence of metal nanoparticles 

which are deposited on an inert support. As a result, it is desirable to increase the 

surface-to-volume ratio of the active phase in order to improve the catalytic activity 

of the final catalyst, thus the support material plays an important role in the catalyst 

development. The support material has several uses for the catalytic process: it 

increases the surface area available for the active phase, reduces the sintering 

process, and improves the chemical stability of the final catalyst [6]. Hence, the 

support stability is crucial as it can affect the lifetime of the catalyst, and 

consequently the catalytic activity. Common and novel support materials include 

metal oxides, carbon-based materials, zeolites, ordered mesoporous materials, 

polymers, and metal-organic frameworks [7-12]. In this thesis, support materials 

such as titanium dioxide, carbon nanotubes, and conjugated microporous polymer, 

were used to prepare solid catalysts. The following sections will be referred to these 

support materials.  
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1.2.1 Titanium Dioxide (TiO2) 

 
 
 Titania or Titanium dioxide (TiO2) is the most studied semiconductor 

material due to its high reactivity, thermal stability, nontoxicity, low cost and 

exceptional photoactivity under UV light irradiation [13]. TiO2 has been widely 

investigated in the literature in several fields including, photocatalysis, sensors, 

heterogeneous catalysis, solar cells, and antimicrobial applications [14-17]. TiO2 can 

be presented in three crystalline phases: brookite, rutile, and anatase (Figure 1.2). 

Brookite and anatase phases are less stable than rutile as they can undergo a phase 

transition at temperatures above 650 °C, forming the rutile phase [18]. Typically, the 

preparation of TiO2 materials (brookite, anatase, or rutile) requires high temperatures 

to crystallize the amorphous material resulting in large particles and nonporous 

structures. However, it has been reported that crystalline TiO2 with high porosity and 

well-defined mesostructure can be synthesized at low temperatures [19]. Moreover, 

crystalline TiO2 structures have also been prepared by solution-based methods 

without thermal treatment forming particles below 10 nm [20].  

  

 

 

 
Figure 1.2 Crystalline phases of TiO2: rutile, anatase, and brookite. Taken from Haggerty et al. 
[21]. 
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As a support material, TiO2 has demonstrated a positive effect on the catalytic 

activity of the TiO2-based catalysts for several reactions, including oxygen reduction 

[22], hydrodesulfurization [23], propylene production [24], and dehydrogenation [25]  

among others. However, TiO2 presents a few disadvantages that might limit its use in 

heterogeneous systems, for example, low adsorption, particle aggregation, and small 

surface area. Despite these limitations, a vast number of studies have used TiO2 as 

support material for catalytic applications. In heterogeneous catalysis, noble metal 

nanoparticles (i.e. Au, Ag, Pt) [26-29] have been employed as active sites to catalyse 

several reactions using TiO2 as a support material due to its high chemical and 

thermal stability as well as the promoting effect on the reaction performance as a 

result of the strong metal-support interactions [30]. However, the synthesis and 

activation method for the metal nanoparticles can also influence the catalytic activity 

of the final material. Therefore, the optimisation of the synthesis parameters and 

reactions conditions are directly related to the catalyst performance. 

 

 

 

1.2.2 Carbon nanotubes (CNTs) 

 
 
 Carbon nanotubes (CNTs) were synthesized for the first time in 1991 by 

Iijima et al. [31] during the vaporization of carbon by an electric arc, and the 

following year they were produced at higher yield by varying the helium pressure in 

a reaction vessel [32]. The CNTs consist of graphite sheets (one graphite layer is 

donated as graphene) rolled up into a tube. CNTs can be classified into two main 

types: single-walled nanotubes (SWCNTs) and multi-walled nanotubes (MWCNTs). 

SWCNTs is an individual graphene sheet, while MWCNTs consist of concentric 

graphene sheets. Typically, CNTs are synthesized by three different methods: 

 
1. The arc discharge method.- In this method, an arc discharge is generated between 

two carbon electrodes situated inside a reaction vessel under an inert atmosphere 

(helium or argon) with and without a catalyst [31, 33]. The method produces 

different materials such as fullerenes, MWCNTs, amorphous carbon and traces of 

graphene when pure graphite is used.  
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2. Laser vaporization (ablation).- A high power laser impinges on a graphite sample 

in the presence of transition metals (cobalt or nickel) under inert gas flow (helium or 

argon) at high temperature (1200 °C). The products are recovered using a water-

cooled trap positioned outside the reactor [34, 35]. Moreover, it has been 

demonstrated that the use of transition metals such as cobalt or nickel promotes the 

formation of SWCNTs with yields ranging from 70 to 90 % [34]. However, the 

method produces small amounts of CNTs with high purity and is not economically 

viable for large-scale production. 

 
3. Chemical vapor deposition (CVD).- The CVD method has been widely used for 

the preparation of CNTs due to its low-cost, high yields, and ease of scale-up. 

Typically, the method implies the use of a metal catalyst (i.e. cobalt, nickel, iron) at 

temperatures above 600-1200 °C while a hydrocarbon (i.e. ethylene, acetylene) vapor 

is passing through the tubular reactor. The metal catalyst decomposes the 

hydrocarbon vapor while at the same time the CNTs are growing over the metal 

catalyst, then they are collected after reaction [36, 37]. Moreover, liquid (i.e. 

benzene, ethanol) or solid (i.e. camphor, naphthalene, ferrocene) hydrocarbons can 

be used as starting material for the production of CNTs [38].  

 

CNTs have attracted much attention since they were discovered by Iijima et 

al. [31], due to their exceptional mechanical, thermal and electrical properties which 

make them promising materials for a range of applications including hydrogen 

storage, field emission devices, photocatalysis, sensors, heterogeneous catalysis, and 

nanoelectronic devices among others [39-41]. In heterogeneous catalysis, CNTs have 

been used as a support material due to its high thermal stability and inert structure 

that allows them to be used under different conditions. CNTs have been defined as 

nanoreactors [41] where metal nanoparticles (i.e. Au, Pt, Ru) can be deposited either 

inside or outside the tubes aiming to catalyse chemical reactions, for example, 

hydrogenations [42], oxidations [43], hydroxylations [44], and photodegradation [45] 

among others. In general, MWCNTs are preferred over the SWCNTs as a support 

material because of their larger internal diameter which allows the diffusion of the 

reactants within the cavities.  
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1.2.3 Conjugated Microporous Polymers (CMPs) 
 
 

Conjugated microporous polymers (CMPs) are amorphous materials which 

consist of a three-dimensional structure with extended π-conjugation [46]. CMPs are 

mainly composed of carbon-carbon and carbon-hydrogen bonds, and due to their 

organic structure, they can be produced in a range of compositions resulting in 

microporous structures with unique physical properties [47]. Moreover, chemical 

functionalities can be incorporated into the network allowing to fine-tune of the 

intrinsic properties for specific applications (i.e. synthesis of soluble CMPs) [48, 49]. 

CMPs have been synthesized using a wide range of organic reactions such as the 

Suzuki‒Miyaura polycondensation [47], Sonogashira‒Hagihara [50], and Yamamoto 

reaction [51] among others. The synthesis and design of conjugated microporous 

networks have gained much attention in recent years, and more particularly in the 

areas of gas adsorption [52], energy storage [53], light-harvesting [46], light emitting 

[54], and carbon capture [55]. 

 
In heterogeneous catalysis, CMPs have been recently used as a support 

material due to its ability to incorporate metal nanoparticles inside the microporous 

network. In this case, the pores provide spaces where metal particles can be confined, 

thus limiting particle aggregation and growth in particle size. To date, there are a few 

reports where CMPs were used as a support material for heterogeneous catalysts. 

Particularly, CMPs-based catalysts have been used to catalyse several reactions 

including oxidations, hydrogenations, Suzuki-coupling reactions, and Heck‒

Mizoroki coupling reactions [56-59]. In other cases, the CMP-based catalysts were 

not used under catalytic conditions, and their study was limited to the hydrogen 

sorption [10]. In all cases, palladium metal nanoparticles were used as active sites to 

perform chemical reactions, obtaining high conversion and remarkable selectivity to 

the desired products. Therefore, CMPs have demonstrated to be promising support 

materials that can be tuned to have specific properties which can produce 

heterogeneous catalysts with multiple functions.  
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1.3 Synthesis Methods for The Preparation of Heterogeneous 
Catalysts 
 
 
 In heterogeneous catalysis, the catalyst is considered the heart of any 

chemical transformation. In the chemical industry, it has been estimated that 90% of 

the chemical transformations employ a solid catalyst at some point during the 

process [5]. Therefore, the synthesis method is fundamental for the preparation of 

catalysts with high activity and stability, and more importantly, it is desirable that the 

catalysts can perform selective reactions avoiding the formation of side products. 

Typically, the catalysts consist of metal particles deposited on a support material, and 

since they are considered the active phase, it is essential to maximize the metal 

surface area in order to increase the catalytic activity. In this case, metal particles are 

usually synthesized in the range of 2 to 10 nm [60], then they are deposited on a 

support material with a high surface area, for example, activated carbon, CMPs, and 

silica among other. To date, there are several methodologies [60-62] for the 

preparation of supported nanoparticles, the most common methods used in the 

literature are impregnation, co-precipitation, deposition-precipitation, and sol 

immobilisation. These methods are briefly presented in the following sections. 

 
 
1.3.1 Impregnation 
 
 

The impregnation method is the most common synthetic procedure used in 

the preparation of metal catalysts. In this method, the appropriate amount of the 

metal precursor is dissolved in a solvent which allows the proper dissolution of the 

metal precursor. The freshly prepared solution is added to the support material, then 

it is aged and heated until the solvent is evaporated to form a thick paste. Finally, the 

solid is dried and calcined, in some cases, a reduction step is required afterwards 

[63]. Typically, there are two types of metal precursors: organic and inorganic. For 

example, inorganic precursors include metal salts/sulfates, carbonates or nitrates, and 

chlorides, while the organic precursors include metal acetylacetonates [62]. The most 

common solvent is water for the inorganic precursors, while organic solvents such as 

acetonitrile or hexane are used for organic precursors [12]. The impregnation method 

can be classified into two main types: incipient wetness or dry impregnation and wet 
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impregnation. For the incipient wetness impregnation, the volume of the metal 

solution is usually less than the pore volume of the support, whereas the wet 

impregnation method, the volume of the metal solution exceeds the pore volume. 

 
 
1.3.2 Co-precipitation 
 
 

In this method, salts of the metal precursor and support (typically nitrates) are 

dissolved in water and mixed in aqueous alkaline solution (i.e. Na2CO3, K2CO3), 

then the nucleation and growth processes simultaneously occur, resulting in a 

precipitate in the form of hydroxide or carbonate. Finally, the solid material is 

filtered, washed and then thermally treated [64]. During the synthesis, several 

parameters need to be controlled in order to avoid variations in the final solid: for 

example, temperature gradients, efficient mixing, the pH of the solution, ageing time 

and the sequence of the components [61]. The co-precipitation method is usually 

employed for the preparation of metal catalysts with high metal loading ranging from 

10 to 15%. 

 
 
1.3.3 Deposition-Precipitation 
 
 
 The deposition-precipitation method was first reported by Haruta et al. [3] in 

the preparation of gold catalysts for the carbon monoxide oxidation. In this method, 

the metal precursor is dissolved in a solvent (typically water), then the pH of the 

solution is adjusted to the desired value using a base in order to precipitate the metal 

precursor in the form of metal hydroxide or carbonate on the surface of the support 

material. Finally, the solid material is filtered, washed and thermally treated [64]. 

Due to the rapid nucleation and growth of the metal hydroxides particles in the 

solution, it is unlikely that they can be deposited inside the pores, and therefore they 

expected to be present on the surface of the support material [61]. In order to attain a 

homogeneous distribution of the particles during the synthesis, efficient mixing and 

gradual pH adjustment must be achieved. For the latter, it has been demonstrated that 

the use of urea is beneficial to the entire process as it can be added to the system at 

room temperature and when it is heated to 90 °C, slowly hydrolyses. As the rate of 

precipitation is higher than the rate of hydrolyses, the pH of the solution can be 
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considered constant through the synthesis [64]. However, the optimum pH is 

governed by the isoelectronic point (IEP) of the support material. In this case, acidic 

oxides such as SiO2 (IEP = 2) cannot be used. Despite this, the deposition-

precipitation method is still used in the literature, and more particularly it is used for 

the preparation of gold catalysts [65, 66]. 

 
 
1.3.4 Sol Immobilisation 
 
 
 The sol immobilisation method was first reported by Prati et al. [67] for the 

preparation of gold nanoparticles supported on activated carbon. In this method, an 

aqueous solution of the metal precursor is prepared by solubilizing the appropriate 

amount of the metal salt. Then, the metal precursor is reduced using a strong 

reducing agent (i.e. NaBH4) in the presence of a stabilizer molecule (i.e. polymer, 

surfactant) [68]. Subsequently, the metallic sol is immobilized onto the support 

material. This step is the most important during the synthesis as the immobilization 

can be affected by the intrinsic properties of the support (i.e. surface area, IEP), and 

the concentration of the stabilizing agent [69]. In addition, it has been demonstrated 

that the nature of the protective agent can affect the metal dispersion on the support 

material.  

There are two main advantages associated with the method: the colloidal 

synthesis allows control over the size, shape and even composition of the metal 

nanoparticles [70], and the method can be applied in most common support materials 

[64]. However, the main disadvantage of the method is the presence of the protecting 

agent due to it can affect the catalytic activity of the metal nanoparticles [69]. In this 

case, two post-treament methods have been used to partially or completely remove 

the protecting agent: calcination and solvent washing. The former might promote the 

sintering of the particles, whereas the latter has demonstrated a positive effect on the 

catalytic activity of the metal nanoparticles [26]. 
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1.4 Biomass 
 
 
 
1.4.1 Biomass as an alternative renewable resource for the production of 
chemicals 
 
 
 The majority of chemicals and fuels that are utilized by humankind up until 

the 21st century come from fossil fuels. However, several factors such as climate 

change, international conflicts, fluctuating fossil fuel prices, pollution from the 

petroleum refining processes and the depletion of fossil fuel reserves have motivated 

nations to search alternative sources to reduce our dependence on petroleum-based 

chemicals and fuels. The use of biomass offers an alternative as a substitute for fossil 

fuels due to its abundance, availability, and capability to be converted into useful 

products (electrical/heat energy, transport fuel, and chemical feedstocks). Biomass 

can be defined as all biologically produced matter, and its production is estimated at 

146 billion metric tons a year [71], contributing to almost 10-14% of the world's 

energy supply [72]. Biomass can be obtained from a wide range of organic materials 

such as wood, agricultural crops, and their waste by-products, grass, algae [71] and 

animal wastes [73]. Therefore, biomass has considerable potential as raw material 

and sustainable resource to produce fuels and chemicals with zero carbon emissions.   

  

 
 
 
1.4.2 Biomass composition 
 
 
 Biomass is the organic material derived from the reaction between CO2, the 

air, water and sunlight that are activated via photosynthesis to produce several 

organic molecules such as carbohydrates, fats, proteins, oils, and other products. 

Particularly abundant are cellulose and hemicellulose which are the main 

components of the cell walls of plants bound within lignin, Figure 1.3 [74]. 

Typically, any material that is mainly composed by cellulose, hemicellulose, and 

lignin is usually referred to as lignocellulosic biomass. 
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Figure 1.3 Structure of lignocellulosic biomass with cellulose, hemicellulose, and lignin as the 
main components. Take from Menon et al. [74].
 

 
 Lignocellulosic biomass has been considered a good candidate for use as a 

renewable and sustainable source to produce chemicals and energy instead of fossil 

fuels [72, 75]. As a raw material, lignocellulosic biomass is mostly formed of three 

different polymeric units: lignin (15─20%), hemicellulose (25─35%) and cellulose 

(40─50%) [76]. Cellulose is the most abundant component among them, and it is 

mainly composed of linear D-glucose units which are bound to each other by β-1,4 

linkages, forming long chains. Thus, due to the linear configuration of D-glucose and 

the enormous amount of hydroxyl groups, inter- and intramolecular hydrogen bonds 

are formed making the cellulose’s structure more rigid (crystalline) and highly 

insoluble in water as well as most other common organic solvents [77]. Due to its 

crystallinity, cellulose presents seven different polymorphs (Iα, Iβ, II, III1, III2, IV1, 

IV2), although in nature Iα and Iβ are the most abundant, for example, the structure Iα 

is present in algae and bacteria, while the structure Iβ is present in cotton and ramie 

fibers [78]. Cellulose presents the formula (C6H10O5)n, where "n” is the number of 

repeating units. The number of repeating units in cellulose is defined as the degree of 

polymerization (DP), Figure 1.4 [76]. The DP in cellulose normally depends on the 

type of material, although in raw cellulose the DP can achieve values up to 9000 

units [79].    
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Figure 1.4 The chemical structure of cellulose with D-glucose as the repeating unit. Degree of 
polymerization n = DP. Taken from Huang et al. [76].
 
 
 Hemicellulose is the second most abundant component of lignocellulosic 

biomass, and its structure may include several sugars that make it a complex 

polymer. Hemicelluloses are composed of different sugars such as hexoses (glucose, 

galactose, mannose) and pentoses (xylose and arabinose) that are branched 

throughout the polymeric matrix, Figure 1.5 [80].  

 
 

 

Figure 1.5 Functional groups in the structure of hemicelluloses. Taken from Rinaldi et al. [80].
 
 

In general, the amount and type of sugars that are contained in hemicelluloses 

will depend on the raw material used and differs if derived from wood (hardwood or 

softwood), pulping liquors, plant gums and plants [78]. On the other hand, 

hemicelluloses do not possess a strong protected structure like cellulose so can be 

readily attacked by acids, bases or enzymes [80]. 
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Lignin is the third most important component of the lignocellulosic biomass 

(cellulose, hemicellulose, and lignin) and the most complex. Lignin contributes to 

almost 15─20% of the biomass composition [76] and its structure, molecular weight, 

and abundance depends on the type of material, for example, the content of lignin in 

some materials decreases as follows softwoods > hardwoods > grasses [81]. The 

lignin structure is based on three different cinnamyl alcohols which are p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol, Figure 1.6. These cinnamyl alcohols 

are responsible for the formation of the lignin by polymerization, producing a 

complex structure which due to the variety of sources, it can differ significantly and 

cannot be precisely determined, Figure 1.7 [82]. 

 
 

 
Figure 1.6 Functional groups in the structure of lignin. Taken from Dorrestijn et al. [82]. 

 
 

 
Figure 1.7 Possible structure of lignin. Taken from Dorrestijn et al. [82]. 
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1.4.3 Biomass Transformation 
 
 

 Lignocellulosic biomass has a great potential as a substitute for petroleum-

based chemicals and fuels due to its abundance, high availability and low cost. Given 

that cellulose is the most abundant component of the lignocellulosic biomass and, it 

is estimated that 50% of the organic carbon in the biosphere is presented in the form 

of cellulose [73], it represents the most promising natural source to be converted into 

chemicals and fuels. As mentioned in the previous section, cellulose presents a rigid 

structure making it highly insoluble in water and the most common solvents. 

Therefore, it is important to improve the reactivity and accessibility of the cellulose 

in order to allow its conversion into useful products.  

In this case, different pretreatment methods have been developed to reduce 

the crystallinity of cellulose in order to increase its reactivity. Some of these methods 

are ball-milling [83, 84], ozonolysis [85], microwave irradiation (MWI) [86], 

ultrasound [87], the non-thermal atmospheric plasma method [88] and the 

solubilization in ionic liquids [89, 90], liquid acids [91, 92]. Although these 

pretreatment methods modify the cellulose's structure and increase its reactivity, the 

final result will depend on the type of process selected to transform cellulose into 

valuable products.  

For the transformation of lignocellulosic biomass, several methods have been 

developed to convert these materials into useful forms. Some of these methods can 

be classified as thermochemical, chemical and biochemical [93]. Generally, it is 

necessary to take into account different factors before applying a specific method to 

convert biomass. For example, the thermochemical transformation normally involves 

temperatures above 700°C which can result in the decomposition of the formed 

products due to the high temperatures [94]. Thus, the use of high temperatures 

involves a considerable amount of energy input for this method that affects the cost-

benefit of the process. In the case of acid hydrolysis (chemical method), problems 

arise with respect to the use of strong acids like HCl and H2SO4, such problems 

involve the handling and storage of acids, reactor corrosion, catalyst recovery and 

hazardous waste that require further treatment prior to final disposal [76].  

On the other hand, enzymatic hydrolysis (biochemical method) of cellulose is 

typically carried out by cellulase enzymes (endoglucanase, cellobiohydrolase, and β-
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glucosidase) which degrade cellulose to glucose at mild conditions (pH of 4.8 and 

temperature of 45‒50 °C) [94, 95]. Despite this advantage in the process, the 

enzymatic hydrolysis presents different problems such as low activity, the process 

takes several days, the use of buffers to keep the pH and the high cost of the 

enzymes.  

 
 
 
 
 
 

 

 
 
 

1.4.4 Application of Heterogeneous Photocatalysis for Biomass Transformation 
 
 
1.4.4.1 General Principles of Photocatalysis 
 
 
 The term photocatalysis was first used in 1921 by Baly et al. [96] in the 

photoconversion of carbon dioxide to formaldehyde, the authors associated the 

results obtained to the presence of light which acts as a promoter accelerating the 

reaction. Later, in 1964 Doerffler et al. [97] used the term photocatalysis to describe 

a process in which a solid catalyst and light can influence a reaction. The main 

breakthrough occurred in 1972 when Fujishima and Honda reported the 

photoelectrochemical water splitting on TiO2 electrodes [13]. This publication has 

been crucial in many research areas as it has promoted the application of 

photocatalysis in emerging fields such as solar energy conversion, hydrogen 

production, and heterogeneous photocatalysis among others. 

A semiconductor material such as TiO2, as stated by the band theory [98], 

presents a valence band (VB) and a conduction band (CB), and the separation 

between the VB and CB is called the band gap (or energy gap ‒ Eg). In order to 

promote an electron (e-) from the VB to the CB, a photon with energy (hυ) that 

exceeds the band gap (Eg) of the semiconductor is required. The absorption of this 

photon excites an electron which is promoted from the VB to the CB, leaving a 

positive hole (h+) in the VB (Figure 1.8). The electrons and holes are known as 

charge carriers. 
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Figure 1.8 Light-induced excitation of electrons from the VB to CB with energy hυ ≥ Eg.

 

After the electron-hole generation, the charge carriers can be trapped by 

defect sites within or on the surface of the TiO2 [99]. Also, they can recombine and 

dissipate energy as heat. More importantly, these electrons and holes can migrate to 

the surface of the semiconductor and initiate reduction and oxidation reactions 

respectively, as shown in Figure 1.9 [100]. Therefore, the efficient separation and an 

increase in the lifetime of the photogenerated charge carriers are of crucial 

importance for an effective photocatalyst. 

 

 
Figure 1.9 Photocatalytic mechanism on a TiO2 particle. Reduction and oxidation reactions 
promoted by electrons (e-) and holes (h+) respectively, and the recombination of the charge carriers. 
Taken from Yasuhiro et al. [100].
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Typically, the TiO2 photocatalyst has been used as the reference material in 

photocatalytic applications due to its non-toxicity, strong oxidizing power, long-term 

photostability, low cost, and remarkable photocatalytic activity [101]. However, TiO2 

can only be activated under UV light irradiation (λ < 388 nm, 5% of the incident 

solar radiation) due to its wide band gap (3.0‒3.2 eV, the values depend on the 

phase) [102]. Furthermore, the TiO2 photocatalyst presents high electron-hole 

recombination rate which affects its photocatalytic activity [103]. In this scenario, 

various strategies have been investigated in order to extend the photoresponse of the 

TiO2-based photocatalysts to the visible region and reduce the fast electron-hole 

recombination rate, for example, sensitization using an organic dye [104], non-metal 

doping (i.e. N, F, S) [105-107], the peroxo-TiO2 synthesis (oxygen-rich materials) 

[108], coupled semiconductors [109, 110], and deposition of noble metals (i.e. Au, 

Ag) [27, 111]. Thus, the presence of some dopants has shown a significant shift in 

the absorption band of TiO2 towards the visible region, and reduced the 

recombination of charge carriers, allowing an increase or a decrease of the 

photocatalytic activity in some cases. 

 
 Particularly, the modification of the TiO2 photocatalyst with noble metals has 

attracted interest due to nanoparticles of noble metals can strongly absorb visible 

light as a result of their surface plasmon resonance (SPR) [112], which can be tuned 

by varying the size, shape, and even composition of the particles [113]. Moreover, 

the use of noble metal nanoparticles can be advantageous to the entire system as they 

can serve as an electron trap and active centers, reducing the recombination rate and 

increase the photoactivity. Generally, noble metal nanoparticles are supported on 

metal oxides (i.e. TiO2, ZnO, CeO2), and more recently, alternative materials such as 

carbon nanotubes, carbon quantum dots, and reduced graphene have been used as 

supports or charge carriers due to their electronic and structural properties [114-116]. 

Therefore, the combination of noble metal nanoparticles and semiconductors 

materials offers an alternative route to catalyse reactions using visible light 

irradiation at room temperature [117], in fact, some of them have already 

demonstrated remarkable activity for thermal-driven reactions (i.e. Au/C) [118]. 
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1.4.4.2 Surface Plasmon Resonance 
 
 

The surface plasmon resonance (SPR) is defined as the resonant photon-

induced coherent oscillation of the conduction electrons at the metal-dielectric 

interface that is established when the frequency of the incident photons has the same 

frequency of metal surface electrons oscillating against the restoring force of their 

positive nuclei [119-121]. In other words, the SPR is the collective oscillations of the 

free electrons in the conduction band of the metal nanoparticles induced by the 

incident electromagnetic radiation (Figure 1.10). As a result of the SPR, metallic 

nanoparticles can absorb visible, infrared and near-infrared light in particular regions 

[122], for example, metal nanoparticles of Au, Ag, and Cu absorb visible light at 

530, 400, and 580 nm respectively [123]. 

 
 

 
Figure 1.10 Schematic representation of the surface plasmon resonance (SPR). 

 

 
In addition, the intensity and position of the SPR might be influenced by 

several factors such as the dielectric properties of the metal nanoparticles, the 

surrounding medium, metal-support interactions, electronic interactions with the 

protective agent, the size, and shape of the nanoparticles [102, 124]. In particular, it 

has been observed that the SPR effect is strongly related to the particle size, for 

example, gold nanoparticles with a particle size < 5 nm do not present an SPR 

absorption [125], while gold nanoparticles larger than 5 nm show a strong band in 

the 520‒580 nm region [66, 123, 126-128]. In this case, as the particle size increases 

the absorption band broadens and shifts to longer wavelengths. Therefore, the SPR 
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absorption that distinguishes noble metal nanoparticles from other nanoplatforms has 

been applied in different research areas including surface-enhanced Raman 

spectroscopy [129], sensors [130], solar cells [131], and nanomedicine [132] among 

others.  

More recently, the SPR property of the noble metal nanoparticles has been 

introduced into the emerging field of plasmonic photocatalysis, where noble metal 

nanoparticles are supported on a semiconductor material (usually TiO2) and used to 

catalyse chemical reactions under light irradiation conditions [27, 111, 133]. More 

interestingly, noble metal nanoparticles in contact with a semiconductor lead to the 

formation of the so-called Schottky junction which allows for the build-up of an 

internal electric field close to the metal/support interface [134]. As a result, the 

electrons and holes can move freely in different directions reducing the electron-hole 

recombination and consequently increase their lifetime.  

In addition to the SPR effect which promotes light absorption, metal 

nanoparticles can also absorb UV light as a result of the inter-band electron 

transitions, for example, from 5d to 6sp for gold nanoparticles [125, 135].  

 

 

 

 
1.4.4.3 Major Mechanisms in Plasmonic Nanoparticles  
 
 
 The SPR in metallic nanoparticles is a complex process that is accompanied 

by a number of physical effects such as optical near-field enhancement, hot electron 

injection and photothermal conversion [136-138]. The first is a result of plasmon 

resonances, while the second and third are originated from the non-radiative damping 

of plasmon resonances [138]. 

 

• Optical near field enhancement 

 
Upon illumination, the free electrons in a metal nanoparticle oscillate at the 

frequency of the incident electric field. Then, this oscillation is further enhanced 

when the SPR of the metal nanoparticle matches the frequency of the incident light. 

As a result of this oscillation, the metal nanoparticle acts as an electromagnetic 
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dipole re-emitting light at the same frequency [136]. Therefore, a fraction of this 

emitted light is scattered into the far-field, while the other is concentrated at the 

metal surface, producing a local electric field [138]. The local electric field 

enhancement is strongly dependent on the shape of the nanoparticles, for example, 

non-spherical nanostructures (i.e. nanocubes, nanoprisms) generate a high 

concentration of charges localized at the edges or sharp corners [139-141]. In 

addition, the enhancement of the electric field intensity can also be affected by the 

presence of metal nanoparticles in close proximity to each other. In the case of two 

silver nanocubes of 75 nm separated by ~1 nm, the electric field intensity is 

estimated to be 3 orders of magnitude (106) larger than the one in an isolated 

nanocube (~103) [119]. The areas between plasmonic nanoparticles with high-

intensity fields are called “hot spots” [119, 120]. Electromagnetic simulations using 

the finite-difference time-domain method have demonstrated that the electric field 

intensity in the hot spot regions is 1000 times higher than the incident electric field 

[142].  

When a semiconductor is integrated with a plasmonic metal nanoparticle, the 

excited SPR generates an intense electric field that can increase the rate of electron-

hole generation in the semiconductor that is in close proximity to the photo-excited 

plasmonic metal nanoparticle [119]. However, the near field effect is limited by the 

band gap of the semiconductor, and therefore the energy of plasmonic fields should 

be higher than the band gap in order to enhance the electron-hole generation in the 

semiconductor [143]. 

Due to the SPR effect implies enhanced local electromagnetic fields, such 

oscillating fields can also interact with polar molecules adsorbed on the metal 

surface. This conclusion was demonstrated in the oxidation of formaldehyde, 

methanol and cyclohexane utilising the Au/ZrO2 catalyst under illumination 

conditions. The results showed that molecules with similar structural features react in 

accordance with their polarity, that is, the molecule with higher polarity can be easily 

activated on the metal surface [144]. Furthermore, plasmonic metal nanoparticles 

supported on zeolites have demonstrated to enhance the polarized electrostatic field 

in the support due to the SPR effect. As a result, the enhanced polarized electrostatic 

field is able to polarize molecules adsorbed on the surface or within the porous 

matrix in zeolites, thus reducing the energy required for electron transfer or the 

activation of reactants [145].  
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• Hot electron injection 

 
Following the light absorption and the SPR excitation in plasmonic 

nanostructures, electromagnetic decay occurs in a femtosecond timescale, either 

radiatively through re-emitted photons [146] or non-radiatively by transferring the 

energy to hot electrons [147-149]. In the non-radiative process, surface plasmons 

decay via the Landau damping process, which causes the formation of hot electron-

hole pairs [150, 151]. Landau damping is a quantum mechanical process, which has 

been widely investigated using femtosecond spectroscopy and it can occur on a 

timescale ranging from 1−100 fs [152, 153]. The hot electrons generated by the 

damping of surface plasmons are not in thermal equilibrium and are characterised by 

high effective temperatures [154, 155].  

In the non-radiative decay in noble metal nanostructures, the generation of hot 

electrons can occur through intraband excitations within the conduction band (i.e. 

from occupied s band to empty s band) or through interband excitations (i.e. from the 

d band to the sp conduction band) [150, 154]. In the case of the most common 

plasmonic metals such as Au and Ag, the interband transitions energy levels are 2.4 

eV and 4 eV respectively. However, these energy levels lie below the Fermi energy 

levels for Au and Ag, suggesting that interband excitations are more unlikely to 

occur than intraband excitations [156, 157]. The hot electrons generated from 

plasmon decay will ultimately relax via electron−electron scattering and 

electron−phonon collisions, and then converted into heat [158]. 

In order to efficiently capture hot electrons, a plasmonic nanostructure can be 

integrated with an appropriate semiconductor to form a Schottky barrier. Typically, 

TiO2 is used as semiconductor due to it has a high density of states in its conduction 

band and permits rapid electron injection [154]. The Schottky barrier blocks the 

electron transfer between the metal and the semiconductor. However, upon excitation 

of the SPR of the metal nanostructures, hot electrons generated from plasmon decay 

can have sufficient energy to overcome the Schottky barrier and then be injected into 

the conduction band of the semiconductor [159-162]. The necessary energy for hot 

electrons to overcome the Schottky barrier is smaller than the band gap of the 

semiconductor [159, 163]. After the injection of hot electrons into the 

semiconductor, the plasmonic nanostructures are left with a positive charge (hole, 

h+).  
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On the other hand, hot electrons can also be injected into the lowest unoccupied 

molecular orbitals (LUMOs) of adsorbed molecules via two mechanisms (indirect 

and direct electron transfer). In the indirect electron transfer mechanism, the hot 

electrons are first generated in the metal nanostructure and then transferred into the 

LUMOs of the adsorbed molecules, potentially inducing chemical transformations 

[150, 164]. For the direct electron transfer mechanism, hot electrons generated from 

plasmon decay are directly injected into the adsorbed molecule, rather than first 

occupying available states in the metal [150, 164]. However, despite the differences 

between the indirect and direct electron transfer mechanism, it is likely that they can 

occur simultaneously in real photocatalytic reactions [150]. 

 

 
• Photothermal conversion 

 
In the non-radiative process, hot electrons generated from plasmon decay can be 

transferred from the metal nanoparticles to an electron acceptor (i.e. adsorbate, 

semiconductor) [150, 164]. However, in another non-radiative pathway, these hot 

electrons can also relax through electron−electron and electron−phonon collisions 

[158]. This process of energy exchange between the electrons and the phonon modes 

of the nanoparticles results in an increase in the temperature of the metal 

nanoparticles, followed by heat transfer to the environment [150, 154, 164]. This 

ability of the metal nanoparticles to convert light into heat is described by the 

photothermal conversion efficiency (μ), which correlates the absorption (σabs) and 

extinction (σext) cross-sections of a plasmonic nanostructure by the following 

expression: μ = σabs/σext [137].   

The photothermal conversion is strongly dependent on the size and shape of the 

nanoparticles. Particularly, it has been reported that metal nanoparticles smaller than 

~10 nm results in a photothermal conversion efficiency of nearly 96% [165]. In the 

case of nanoparticles with a specific geometry such as flat, elongated or sharp 

nanostructures, have demonstrated to be more efficient heaters than nanoparticles 

with other shapes with the same volume [166]. In this study, the authors concluded 

that the incident electric field can more easily penetrate the thin nanostructures, and 

therefore the whole geometry is integrated into heat generation [166]. The steady-

state temperature of the nanoparticles depends on the absorbed light power (Q = 
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σabsI, where I is the light intensity) and the thermal diffusion efficiency of the 

surrounding medium. In the case of metal nanoparticles dispersed in liquid solvents 

under continuous light irradiation, the steady-state temperature is almost constant 

because of liquids normally have larger thermal conductivities [121]. For example, a 

gold nanosphere (20 nm) dispersed in water is 5 °C hotter than the surrounding 

medium when it is illuminated with an irradiance of I = 1 mWμm−2 [121, 167]. 

Moreover, metal nanoparticles in an aqueous environment have also been 

investigated under laser illumination. For example, it has been demonstrated that 

gold nanorods in solution can increase the solution temperature from ambient to 

76°C when they are illuminated with a laser light power of 2 W [165]. 

On the other hand, the reaction rate (k) of most chemical reactions follows the 

Arrhenius equation [168], k = A exp(−Ea/RT), in which is described the relation 

between the rate of reaction and temperature. As mentioned before, plasmonic metal 

nanoparticles can efficiently convert light into heat, and consequently, this thermal 

energy can potentially be used to accelerate and control the reaction rate of chemical 

reactions [144, 169-172].  

 

 

 
1.4.4.4 Proposed Mechanisms for Plasmonic Photocatalysis 
 
 
 Plasmonic photocatalysis has emerged as a promising technology for the 

conversion of photons into charge carriers (e‒ and h+) which can perform chemical 

reactions, resulting in an efficient conversion of light energy into chemical energy 

[173-175]. However, this technology is still in its infancy, and fundamental questions 

have been partially explained or remain unsolved, for example, how plasmon-

mediated visible light photocatalysis work?. In this case, three main mechanisms 

have been proposed to understand the plasmon-mediated photocatalysis.  

 (i) The most widely accepted mechanism establishes that noble metal 

nanoparticles absorb the visible light, then the photogenerated charge carriers are 

separated by the metal-semiconductor interface and finally, the oxidation and/or 

reduction reactions occur on the surface of the catalyst.  In this mechanism, electrons 

and/or holes are transferred from the noble metal nanoparticles to the semiconductor 

material [174, 176-179].  
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(ii) In the case of metal nanoparticles which are separated by a thin non-

conductive material layer (~2‒6 nm) from the semiconductor, a different mechanism 

is proposed by Linic et al. [119]. The radiative energy transfer from the noble metal 

nanoparticles to the semiconductor is a result of the interaction between the 

semiconductor and the plasmon-induced electric field concentrated in the vicinity of 

the metal nanoparticles [119]. The plasmon-induced electric field can improve the 

formation of charge carriers on the surface of the semiconductor, and consequently, 

they can be transferred to the semiconductor-liquid interface, improving the 

efficiency of the plasmonic photocatalyst. 

(iii) For noble metal nanoparticles deposited on insulating oxides such as 

ZrO2 and SiO2, it has been proposed that the metal nanoparticles can be subjected to 

rapid heating (~3‒5 °C per second) by absorbing visible light and as a result, 

chemical reactions can take place [144]. 

 

1.4.4.5 Photocatalytic Transformation of Biomass Model Compounds 
 
 

Biomass is an attractive and sustainable source which can contribute to 

reduce our dependency on fossil fuels in the production of high-value chemicals and 

fuels. Biomass is an inexpensive and highly available source which is mainly 

composed of polysaccharides, lipids, and amino acids. Several methods have been 

used to convert biomass into useful products, for example, steam gasification [180], 

supercritical fluids [181], and pyrolysis [182]. However, these technologies require 

high energy input resulting in expensive processes. In this scenario, heterogeneous 

photocatalysis provides an alternative route to perform chemical transformations 

driven by sunlight at mild conditions. In this application, TiO2-based photocatalysts 

have been widely used due to its non-toxicity, thermal stability, and high reactivity in 

different conditions.  

To date, biomass model compounds such as carbohydrates have been 

investigated under photocatalytic conditions as they represent the most abundant 

component in real biomass (40─50%) [76]. Carbohydrates are of great interest as 

they can be converted into valuable products such as platform molecules, 

pharmaceuticals, detergents, and polymers [183, 184]. In order to transform 

carbohydrates into molecules of interest, they can be subjected to chemical 

modifications such as reduction, isomerization, and oxidation reactions. Therefore, 
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the photocatalytic conversion of carbohydrates and other biomass model compounds 

represents the most promising alternative to produce high-value chemicals from 

renewable sources in an environmentally responsible manner. 

 

1.4.4.5.1 Photocatalytic Oxidation of Glucose 

 
 The photocatalytic oxidation of carbohydrates such as glucose was first 

reported using TiO2-based catalysts due to its thermal stability, low cost, non-

toxicity, and remarkable activity under UV light irradiation. Particularly, the 

oxidation of glucose has been widely investigated as it leads to the formation of 

carboxylic acids which are used as a food additive, in pharmaceuticals and soluble 

detergents [185]. In heterogeneous photocatalysis, the glucose photo-oxidation was 

reported for the first time by Colmenares et al. [186] using TiO2-based catalysts 

under UV light irradiation. An ultrasound-mediated sol-gel synthesis was used to 

prepare two different catalysts (TiO2(US) and TiO2(R)) which were compared to the 

reference material (TiO2-P25, Evonik) under photocatalytic conditions. The results 

showed that the TiO2(US) catalyst displayed a modest glucose conversion of 11%, 

but more importantly this material showed the highest selectivity to the organic 

products with 71% after 10 minutes of light irradiation in the presence of a 50/50 v/v 

water/acetonitrile mixture. Under these conditions, gluconic acid, glucaric acid, and 

arabitol were detected in the liquid phase, while CO2 was observed in the gas phase 

along with light hydrocarbons. Colmenares et al. [186] suggested that the presence of 

the acetonitrile in the water/acetonitrile mixture is beneficial to the system as a lower 

amount of water might result in a low concentration of radical species which could 

promote the mineralization reaction limiting the formation of the organic acids. 

 Later, Colmenares et al. [187] reported the photocatalytic activity of TiO2 

nanoparticles supported on zeolite Y synthesized by an ultrasound-mediated sol-gel 

synthesis. The photocatalysts were tested in the glucose oxidation and the 

degradation of phenol under UV light irradiation. The results showed that gluconic 

acid and glucaric acid were produced after 10 minutes of UV light irradiation. The 

glucose conversion was 15.5% with a total selectivity to the organic acids of 68% in 

the presence of a 50/50 v/v water/acetonitrile mixture. In this case, the small 

improvement in the glucose conversion was associated with the support material as it 
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has been reported that zeolites can promote electron transfer reactions and reduce the 

electron-hole recombination [188]. 

 More recently, Da Vià et al. [117] reported for the first time the glucose 

oxidation under visible light conditions using TiO2-based catalysts. Several 

parameters such as substrate concentration, lamp power, type of light, reaction time 

and TiO2 crystalline phases were evaluated under photocatalytic conditions. The 

results showed a glucose conversion of 42% with a gluconic acid selectivity of 7% 

after 4 hours of reaction under visible light irradiation. Moreover, it was found that 

the photo-oxidation of glucose using the TiO2 photocatalyst produces short-chain 

aldoses (i.e. arabinose, glyceraldehyde, erythrose) and formic acid. The photoactivity 

of the TiO2 material under visible light irradiation was attributed to the formation of 

a glucose-TiO2 charge transfer complex as a result of the interaction between the 

metal and substrate. More interestingly, Da Vià et al. [117] demonstrated for the first 

time that the glucose photo-oxidation can be carried out under natural light. 

Therefore, the results reported by Da Vià are promising as they provide evidence that 

the use of natural light is an attractive alternative to produce high-value chemicals. 

 Despite the results obtained by Colmenares and Da Vià in the photo-

oxidation of glucose, the production of valuable molecules such as gluconic acid is 

limited due to the low efficiency of the TiO2 photocatalyst even when the 

photoreactions were performed under UV light irradiation. Moreover, the 

composition of the solvent showed to be fundamental during photocatalysis as the 

presence of acetonitrile led to the formation of organic acids, however, the use of 

water as a green solvent is more desirable as the separation of the products could 

involve an additional cost if a second solvent is used. 

In order to overcome these drawbacks, Colmenares et al. [189] reported the 

preparation of Fe-doped TiO2 nanoparticles supported on silica or zeolite. 

Particularly, the use of the Fe+ ion might be advantageous as it can be incorporated 

into the crystal lattice of TiO2 due to its similar size with the Ti4+ ion resulting in a 

positive effect on the electron-hole separation. The Fe-TiO2/SiO2 and Fe-TiO2/Ze 

catalysts were prepared using the ultrasound-mediated impregnation method. The 

results showed that the incorporation the Fe+ ion into the TiO2 structure was achieved 

as evidenced by red-shift in the absorption bands of the catalysts compared to the 

undoped ones. The catalysts were tested in the glucose oxidation in the presence of a 

50/50 v/v water/acetonitrile mixture under UV light irradiation. The photocatalytic 
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results showed that gluconic acid and glucaric acid were formed in the presence of 

both catalysts. However, a glucose conversion of 7.2% with a selectivity of 94.3% to 

the organic products was achieved after 20 minutes of reaction using the Fe-TiO2/Ze 

catalyst under optimized conditions. Following this line, Colmenares et al. [190] 

reported the use of the Cr3+ ion for the preparation of the Cr-TiO2/SiO2 and Cr-

TiO2/Ze catalysts. These materials were prepared using the ultrasound-mediated 

impregnation method as reported in their previous work [189]. Unfortunately, the 

result showed a glucose conversion of 7% with a selectivity of 87% to the organic 

acids (gluconic acid and glucaric acid) after 20 minutes of light irradiation. 

Therefore, these results demonstrate that transition metals such as Fe and Cr cannot 

promote the photo-oxidation of glucose despite the significant reduction of the band 

gap of TiO2. 

On the other hand, Bellardita et al. [191] reported a different approach in the 

preparation of photoactive materials for the photo-oxidation of glucose under light 

irradiation. In this case, two heteropolyacids were deposited on TiO2, the commercial 

Keggin heteropolyacid (H3PW12O40) and the home-prepared K7PW11O39 salt. 

Heteropolyacids (HPAs) have been used as homogeneous photocatalysts due to their 

significant photoresponse under UV light irradiation. Light absorption by the HPA 

produces a charge transfer-excited state HPA* which is more efficient oxidant 

compared to the HPA ground state [192]. The HPA/TiO2 catalysts were prepared by 

the wet impregnation method and the solvothermal method. The photo-oxidation of 

glucose was carried out under UV light irradiation using a 1 mM aqueous glucose 

solution. The results showed that the product distribution and selectivity were 

strongly dependent on the catalysts used. Despite this, gluconic acid, fructose, 

arabinose, erythrose, and formic acid were detected in all cases. Moreover, glucaric 

acid and glyceraldehyde were observed in particular cases. 
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• Selective Photocatalytic Oxidation of Glucose by Noble Metal Nanoparticles 

 
 
 The photo-oxidation of glucose was first reported using TiO2-based 

photocatalysts, however, these materials can only be activated under UV light 

irradiation, and therefore their activity was limited. In this case, noble metal 

nanoparticles (i.e. Ag, Au) have been used to extend the light absorption of the 

photocatalysts to the visible region in order to improve the photocatalytic activity as 

a result of the surface plasmon resonance effect (SPR) [112]. Recently, Da Vià et al. 

[27] reported the photo-oxidation of glucose under both UV and visible light using 

silver nanoparticles supported on TiO2. The Ag/TiO2 photocatalysts were prepared 

by the wet impregnation method. Several parameters such as the metal/substrate 

ratio, irradiation time, lamp power, type of light and substrate concentration were 

evaluated under photocatalytic conditions. The results showed that the photo-

oxidation of glucose led to the formation of several products such as gluconic acid, 

arabinose, erythrose, glyceraldehyde, and formic acid under both UV and visible 

light conditions. Surprisingly, it was also observed that the bare TiO2 and Ag/TiO2 

catalysts produced the same compounds under both UV and visible light conditions. 

Particularly, it was found that under UV light irradiation, the concentration of the 

organic products decreased as a result of the mineralization reaction. Under 

optimized conditions, the results showed that the 0.5 wt% Ag/TiO2 catalyst was the 

most selective to the formation of gluconic acid (20%), however, the glucose 

conversion was 6% after 2 hours of reaction under visible light irradiation. 

Nevertheless, the obtained results under both UV and visible light suggested the 

presence of two mechanisms which could be responsible for the formation of the 

products. The Ruff degradation and the α-scission process were combined to explain 

the presence of the products formed under both UV and visible light, Figure 1.11. 
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Figure 1.11 Mechanism proposed for the photo-oxidation of glucose under both UV and visible 
light. Adapted from Da Vià et al. [27].
 

 

On the other hand, Zhou et al. [111] reported for the first time the selective 

photo-oxidation of glucose under both UV and visible light using gold nanoparticles 

supported on TiO2. The Au/TiO2 catalysts were prepared by the deposition-

precipitation method with a metal loading of 3 wt%. Several parameters were 

investigated in order to determine their influence during photocatalysis, for example, 

light intensity, type of light, the presence of a promoter, temperature and irradiation 

time. Interestingly, the results showed complete glucose oxidation under both UV 

and visible light (conversion > 99%) after 4 hours of reaction. More importantly, 

gluconic acid was the main product with a selectivity of 94% and 99% for the 

reactions under UV and visible light respectively. In this case, the authors 

demonstrated that the addition of a base such as Na2CO3 improves the oxidation 

process, achieving high conversion values and selectivity [111]. It was proposed that 

the base acts as a promoter [193] under visible light, accelerating the oxidation 

process, whereas under UV light it might serve as a sacrificial agent for the radical 

species formed. The role of the base under both UV and visible light was confirmed 

by electron paramagnetic resonance (EPR) analysis.  
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Based on the experimental results, Zhou et al. [111] proposed two possible 

mechanisms for the oxidation process under light irradiation conditions. (i) Under 

visible light, the photoactivated electrons from the metal nanoparticles generated by 

the SPR, are injected into the conduction band of the TiO2. Then, these electrons 

reduce molecular oxygen (O2) in the form of radical (•O2
−), which is involved in the 

oxidation process. (ii) Under UV light conditions, the electrons are promoted from 

the VB to the CB of the TiO2, then they are trapped by the metal nanoparticles. 

Finally, molecular oxygen is first activated over the surface of the metal 

nanoparticles by the photoactivated electrons and then participated in the oxidation 

process. 

 In a similar work, Omri et al. [133] reported the use of gold catalysts in the 

photo-oxidation of glucose under standard conditions (A.M. 1.5G, 100 mW/cm2). 

The Au/TiO2, Au/Al2O3, and Au/CeO2 catalysts were prepared using the deposition-

precipitation method with a metal loading between 0.4 and 0.7 wt%. The 

photocatalytic tests were carried out using water as a solvent and hydrogen peroxide 

as the oxidant (1.1 equiv.) under alkaline conditions (1 equiv.). Under photocatalytic 

conditions, the Au/CeO2 catalyst was the most active among them, achieving a 

glucose conversion of 99% with a gluconic acid selectivity of 95% after 10 minutes 

of light irradiation. Moreover, the Au/CeO2 catalyst demonstrated to be reusable as it 

retained its photocatalytic activity after five runs under the same experimental 

conditions. The remarkable photocatalytic activity of the Au/CeO2 catalyst was 

attributed to the electronic and structural properties of the CeO2 support combined 

with the presence of the gold nanoparticles.  

 Furthermore, the authors [133] demonstrated that carbohydrates with a degree 

of polymerization from 1 to 6 (mono- and oligosaccharides) can be converted into 

their corresponding mono- and hexa-aldonates. The work reported by Omri et al. 

[133] represents the first example of selective photo-oxidation of oligosaccharides 

under light irradiation conditions.  
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1.4.4.5.2 Photocatalytic Conversion of Polysaccharides 
 

  
In the photocatalytic conversion of complex polysaccharides like cellulose a 

few attempts have been made in this field. Lina et al. [194] reported the 

photocatalytic conversion of cellulose under visible light irradiation using gold 

nanoparticles supported on zeolites. Prior to reaction, cellulose was dissolved in 1-

ethyl-3-methylimidazolium chloride (ionic liquid) for 1 hour at 130 °C. Parameters 

such as temperature, light intensity, and wavelength were analysed in order to 

determine the optimal conditions in the system. The main products in the reaction 

were glucose and 5-hydroxymethylfurfural (HMF) with a total yield of 60% at 130 

°C after 24 hours of reaction. 

 On the other hand, cellulose has also been used as a sacrificial agent to 

produce valuable chemicals and H2 from water, when it was immobilized onto TiO2 

and exposed under UV light irradiation [195]. In addition, the photocatalytic 

conversion of cellulose under UV light was performed using a concentrated zinc 

chloride solution and a cylindrical corrugated plate photoreactor [196]. It was found 

that a ZnCl2 solution dissolves and helps to break down the glycosidic linkages 

allowing the cellulose depolymerisation. 5-Hydroxymethylfurfural (HMF) was 

mainly favoured when a corrugated plate was used instead of a flat plate 

configuration in the photoreactor.  

 The other examples are related to the photocatalytic degradation of the 

contaminants of wastewater from the lignocellulosic industries (Paper and Pulp 

Industry). Some examples include the use of TiO2 [197], Pt/TiO2 [198], TiO2/ZnO 

[199] and ferrous ions (Fe2+) [200] on the degradation of lignin and other organic 

compounds, the Cu/TiO2 catalyst has also been used during the degradation of 

lignocellulosic components (lignin, cellulose, and hemicellulose) of the coffee pulp 

[201]. 
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1.5 Aim of the Work 

 
 

This work will focus on the investigation of the catalytic activity of supported 

metal nanoparticles for the selective oxidation of bio-derived molecules and their 

application in heterogeneous photocatalysis and thermal catalysis. The aim of this 

PhD is to obtain basic information in the application of supported noble metal 

nanoparticles for the selective conversion of glucose and cellulose into valuable 

products using alternative technologies such as photocatalysis and microwaves. The 

project can be divided in the following objectives:  

 

 

• Development of a synthesis method for the preparation of gold nanoparticles 

supported on conjugated microporous polymers (CMPs), and evaluation of 

the obtained catalysts in the oxidation of glucose. 

 

• Assessment of the photocatalytic activity of gold catalysts (Au supported on 

TiO2, CNTs, and CMPs) in the oxidation of glucose under UV and visible 

light. 

 

• Evaluation of the photocatalytic activity of noble metal nanoparticles 

supported on TiO2 in the photoconversion of cellulose under UV and visible 

light using molecular oxygen as the oxidant at high-pressure conditions. 
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Chapter 2 
 

 

Experimental 

 

 

2.1 Chemicals 
 
 
 
Table 2.1 List of chemicals used in this thesis and their supplier

Chemicals Supplier 
AgNO3 (> 99%) Sigma-Aldrich 

H2PtCl6·xH2O (≥ 99.9%) Sigma-Aldrich 

RuCl3·xH2O (99.98%) Sigma-Aldrich 

α-Cellulose  Sigma-Aldrich 

Cellulose microcrystalline (Avicel® PH-101) Sigma-Aldrich 

Starch, soluble (ACS reagent) Sigma-Aldrich 

TiO2, AeroxideTM P25, ACROS OrganicsTM Fisher Scientific 

Ethyl acetate (HPLC Grade) Fisher Scientific 

Tetrahydrofuran (HPLC Grade) Fisher Scientific 

Methanol (HPLC Grade) Fisher Scientific 

N,N-dimethylformamide (HPLC Grade), DMF Fisher Scientific 

Acetonitrile (HPLC Grade), ACN Fisher Scientific 

H2SO4 (> 95%) Fisher Scientific 

5-Keto-D-gluconic acid (98%) Carbosynth 

2-Keto-D-gluconic acid (98%) Carbosynth 

D-(-)-Arabinose (99%) Alfa Aesar 

D-(+)-Arabitol (99%) Alfa Aesar 

Nitrogen BOC 

Hydrogen BOC 

Oxygen BOC 

Carbon dioxide BOC 

Ultrapure water (Resistivity > 1MΩ.cm at 25°C) Millipore Milli-DI® 
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Chemicals Supplier 

D-(+)-Glucose (≥ 99.5%, GC) Sigma-Aldrich 

D-(+)-Cellobiose (≥ 98%) Sigma-Aldrich 

D-Gluconic acid sodium salt (≥ 99%) Sigma-Aldrich 

Tartronic acid (≥ 97%) Sigma-Aldrich 

D-Sorbitol (≥ 98%)     Sigma-Aldrich 

D-(-)-Fructose (≥ 99%) Sigma-Aldrich 

Formic acid (≥ 98%) Sigma-Aldrich 

Acetic acid (≥ 99%)   Sigma-Aldrich 

DL-Glyceraldehyde (≥ 90%, GC) Sigma-Aldrich 

D-Saccharic acid potassium salt (≥ 98%) Sigma-Aldrich 

Glycolic acid (99%) Sigma-Aldrich 

D-(-)-Tartaric acid (99%) Sigma-Aldrich 

D-(+)-Gluconic acid δ-lactone Sigma-Aldrich 

D-(-)-Erythrose (≥ 75%) Sigma-Aldrich 

D-Mannitol (≥ 98%) Sigma-Aldrich 

Benzene-1,4-diboronic acid (≥ 95%) Sigma-Aldrich 

1,2,4,5-Tetrabromobenzene (97%) Sigma-Aldrich 

Tetrakis(triphenylphosphine)palladium(0) (99%), Pd(PPh3) Sigma-Aldrich 

K2CO3 (99.9%) Sigma-Aldrich 

NaOH (≥ 98%) Sigma-Aldrich 

Na2CO3 (≥ 99.5%) Sigma-Aldrich 

Poly(2,6-dimethyl-1,4-phenylene oxide), (PPO) Sigma-Aldrich 

NaBH4 (≥ 98%) Sigma-Aldrich 

Polyvinyl alcohol (Mw 9,000-10,000, 80% hydrolyzed), PVA Sigma-Aldrich 

Multi-walled carbon nanotubes (Lot #MKBT4011V) Sigma-Aldrich 

Ethanol (≥ 99.8%) Sigma-Aldrich 

HAuCl4·3H2O (≥ 99.9%) Sigma-Aldrich 
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2.2 Definitions 
 

 
 
 
 Conversion	(%) = 	Moles	of	substrate	convertedInitial	moles	of	substrate ∗ 100																																								(2.1) 
 
 

 
 
 	Selectivity୧(%) = 	 Moles	of	product୧∑ Moles	of	product୧୬୧ୀଵ ∗ 100																																																						(2.2) 

 
 

 
 
 	Yield୧(%) = 	 Moles	of	product୧Initial	moles	of	substrate	 ∗ 100																																																											(2.3) 

 
 
 
 	Carbon	Mass	Balance	(%) = 	 Total	moles	of	carbon	detectedInitial	moles	of	carbon	of	substrate	 ∗ 100								(2.4) 

 
 
 
 	Turn	Over	Frequency	(TOF) = 	Moles	of	substrate	converted	Total	moles	of	metal	x	time 																											(2.5) 
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2.3 Synthesis of the Conjugated Microporous Polymer (CMP-1) 
 
 The conjugated microporous polymer (CMP-1) was prepared by the Suzuki‒

Miyaura polycondensation reaction [1]. The synthetic procedure followed the 

protocol reported by Sprick et al. [2]. In a typical synthesis, 829 mg of benzene-1,4-

diboronic acid, 984 mg of 1,2,4,5-tetrabromobenzene, 15 mL of an aqueous solution 

of K2CO3 (2 M), 74 mL of N,N-dimethylformamide and 75 mg of Pd(PPh3) were 

charged in a two-neck flask (250 mL). Nitrogen was bubbled through the mixture for 

30 minutes, and then the mixture was heated at 150 °C for 48 hours under reflux 

conditions. After the polycondensation reaction, a grey solid was formed and 

recovered by filtration (vacuum filtration), then it was washed with deionised water 

(250 mL) and methanol (250 mL). Subsequently, the solid was dried overnight under 

reduced pressure at 65 °C. The dried solid was then purified by Soxhlet extraction 

using tetrahydrofuran as a solvent for 48 hours under reflux conditions. After 

purification, the final solid was dried overnight under reduced pressure at 65 °C. 

Finally, the polymer was stored in a desiccator until further use. The CMP-1 

structure can be found in Chapter 3, Section 3.2.1 (Scheme 3.1). 

 
 
2.4 Catalyst preparation 
 
 
2.4.1 Wet Impregnation Method (WI)  
 
2.4.1.1 Synthesis of the Au/CMP-WI(ACN) and Au/PPO-WI(ACN) catalysts 
 
 
 An aqueous solution of the metal precursor (HAuCl4·3H2O) was prepared by 

solubilising the appropriate amount of the metal salt in deionised water. Typically, 

0.1 g of the support (CMP or PPO) was suspended in acetonitrile, 8 mL for CMP and 

4 mL for PPO, in a vial under vigorous stirring for 12 hours in the absence of light 

(the vails were covered with aluminum foil to prevent degradation of the solvent). 

Subsequently, the appropriate volume of the metal solution was dropwise added, then 

the mixture was stirred at room temperature for 1 hour. The vial was placed in an oil 

bath at 70 °C until the solvent was evaporated. The final solid was dried overnight at 

65 °C. Finally, the solid was treated under H2 flow (50 mL min-1) at 190 °C for 3 

hours at 2 °C min-1.  
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2.4.1.2 Synthesis of the TiO2-supported noble metal catalysts 

 
 

An aqueous solution of the appropriate metal precursor (HAuCl4·3H2O 

H2PtCl6·xH2O, AgNO3, RuCl3·xH2O) was prepared by solubilising the metal salt in 

deionised water. For the preparation of 0.5 g of a 1.5 wt% metal catalyst, the support 

(TiO2-P25, AeroxideTM) was suspended in 4 mL of deionised water in a vial at room 

temperature under magnetic stirring. The appropriate volume of the metal solution 

was dropwise added, then the vial was heated using an oil bath at 80 °C until the 

solvent was evaporated. The solid was dried overnight at 110 °C under reduced 

pressure. In the case of the Au/TiO2 and Ag/TiO2 catalysts, they were calcined under 

static air at 400 °C for 3 hours at 2 °C min-1. Prior to the reaction, the Pt/TiO2 and 

Ru/TiO2 catalysts were treated under H2 flow (50 mL min-1) at 400 °C for 4 hours 

with a heating rate of 2 °C min-1. 

 

 

2.4.2 Sol Immobilisation Method (SI)  
 
2.4.2.1 Synthesis of the Au/CMP-SI, Au/PPO-SI, and Au/TiO2-SI catalysts 
 
 
 The traditional sol immobilisation method was used to prepare the Au/CMP-

SI, Au/PPO-SI, and Au/TiO2-SI catalysts [3-5]. The gold catalysts with a metal 

loading of 2 wt% were prepared as follows: To an aqueous solution of the metal 

precursor (HAuCl4·3H2O) of the desired concentration, the appropriate amount of 

PVA (1 wt%) was added (Au/PVA = 0.1 wt/wt) under vigorous stirring, then a 

freshly prepared solution of NaBH4 (0.1 M) was added to form a red sol (NaBH4/Au 

= 5 molar ratio). After 30 minutes of sol generation, the support (CMP-1, PPO, TiO2) 

was added, and the mixture was acidified with H2SO4 to pH 1. After the 

immobilisation of the colloidal solution on the support (2 h), the slurry was filtered 

(vacuum filtration), and the obtained solid was washed with deionised water (2 L). 

The catalyst was dried overnight at 90 °C under reduced pressure. Finally, the 

catalyst was washed with water (250 mL) at 90 °C under reflux conditions and 

magnetic stirring (500 rpm) for 60 minutes [3], then it was dried overnight at 90 °C 

under reduced pressure. 
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2.4.3 Organic Solvent-Assisted Sol Immobilization (SASI) 
 

 

2.4.3.1 Synthesis of the Au/CMP and Au/PPO catalysts using ACN and DMF as 
solvents 
 

 

 The organic solvent-assisted sol immobilisation method (SASI) was 

developed in order to prepare metal catalysts using conjugated microporous 

polymers (CMPs) as support. The SASI method consists of three separate steps: 1) 

Preparation of the pre-formed nanoparticles, 2) swelling of the polymer using an 

organic solvent under heat treatment, and 3) immobilisation of the colloid onto the 

support. Gold catalysts with a metal loading of 2 wt% were prepared as follows: 

 
1) For the preparation of 0.4 g of a gold catalyst, the appropriate volume of the metal 

solution was added to 700 mL of deionised water under vigorous stirring (1100 rpm). 

Subsequently, 114 μL of an aqueous solution of PVA (1 wt%) was added to the 

mixture (Au/PVA = 0.1 wt/wt). Finally, a freshly prepared solution of NaBH4 (0.1 

M, 2.9 mL) was added to form a red sol (NaBH4/Au = 5 molar ratio). The mixture 

was kept under stirring for 30 minutes. 

 
2) The support (0.4 g, CMP or PPO) was suspended in 58 mL of an organic solvent 

(acetonitrile-ACN or N,N-dimethylformamide-DMF) under moderate stirring (400 

rpm), then the mixture was heated at 90 °C under reflux conditions for 30 minutes. 

 
3) Finally, the aqueous colloidal solution prepared in the step 1 was immobilized 

onto the swollen polymer (step 2) and the mixture was kept at 90 °C under vigorous 

stirring (1000 rpm) at reflux conditions for 2 hours. After the immobilisation of the 

colloid onto the support, the slurry was filtered (vacuum filtration) and the obtained 

solid was washed with dionised water (1 L). The solid was dried overnight at 60 °C 

under reduced pressure. The final solid was stored in a desiccator in the absence of 

light until further use. The SASI method was used to prepare the Au/CMP-

SASI(DMF-W), Au/CMP-SASI(ACN-W), Au/PPO-SASI(DMF-W), and Au/PPO-

SASI(ACN-W) catalysts.  
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2.4.3.2 Synthesis of the Au/CNTs catalyst 
 

 Multi-walled carbon nanotubes (CNTs) were used as a support for the 

immobilization of gold nanoparticles using the organic solvent-assisted sol 

immobilisation method (SASI) developed in the previous section. The synthetic 

procedure consists of the three steps mentioned in section 2.4.3.1, but an additional 

one was required for the preparation of the catalyst. Prior to the thermal treatment 

under reflux conditions (step 2), the CNTs (0.4 g) were sonicated in ethanol (58 mL) 

for 1 hour at room temperature in order to improve their dispersion in the liquid 

medium as reported in the literature [6-8]. After sonication in ethanol, the synthesis 

was carried out in the same manner as described in section 2.4.3.1. 

 

2.5 Catalyst Recycling 
 
 
 Recycling tests for the Au/CMP-SASI(ACN-W) catalyst were performed 

using a pyramidal scheme as reported by Da Vià et al. [9]. The experiments were 

carried out at 130⁰C and 10 bar of oxygen pressure using a SynthWAVE microwave 

reactor. In all cases, 50 mg of the catalyst was added to 5 mL of a glucose aqueous 

solution in a 40 mL glass vial. After the reaction, the catalyst was filtered (vacuum 

filtration) and washed with deionised water (400 mL), then it was dried overnight 

under reduced pressure at 110 °C. For the recycling tests, the first set of experiments 

were performed by running three simultaneous reactions, then the recovered catalyst 

was treated as mentioned above, and then it was used for two simultaneous reactions. 

After the second test, the catalyst was treated following the same procedure, and 

finally, it was used for one reaction. 

 

2.6 Mechanical Treatment 
 

 Microcrystalline cellulose (Avicel® PH-101) and α-Cellulose were ball-

milled in order to reduce their crystallinity and improves the catalyst performance. 

The samples (2.5 g) were separately pulverized with 18 ZrO2 balls (10 mm) in a 45 

mL grinding bowl (ZrO2) for 48 hours at 600 rpm using a Planetary Micro Mill 

(Fritsch GmbH, PULVERISETTE 7 premium line). After the treatment, the samples 

were stored in a desiccator until further use. 
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2.7 Catalyst Characterization 

 
 
2.7.1 X-Ray Diffraction (XRD) 
 
 
 X-ray diffraction measurements were carried out using a Panalytical X’Pert 

PRO HTS X-ray diffractometer using a Cu-Kα radiation (λ= 1.54Å) in the 2θ range 

of 4‒90°. In all cases, the samples were ground to fine powder in an agate mortar 

before the analysis. The samples were analysed at the Centre of Materials Discovery 

(CMD) in the Chemistry Department, University of Liverpool, UK. 

 

 

2.7.2 Transmission Electron Microscopy (TEM) 
 
 
 Transmission electron microscopy analysis was carried out using a JEOL  

JEM-2100F microscope operated at 200 kV. Samples were dispersed in ethanol 

under sonication and then deposited on a holey carbon coated 300 mesh copper grid 

(TAAB Laboratories Equipment Ltd). TEM analysis was performed at the Imaging 

Centre at Liverpool (ICal), University of Liverpool, UK. 

 

 

2.7.3 UV-Vis Spectroscopy 
 
 
 UV-Vis analysis was carried out using a Thermo ScientificTM EvolutionTM 

220 spectrophotometer. Colloidal solutions were analysed in a 10 mm quartz cuvette 

in the range of 200-800 nm in order to confirm the presence of metal nanoparticles. 

Deionised water was used for the reference cuvette. 

 The solid catalysts were characterized by diffuse reflectance UV-Vis 

spectroscopy using a Thermo ScientificTM EvolutionTM 220 spectrophotometer 

equipped with an ISA-220 Integrating Sphere (Thermo ScientificTM) in the range of 

200-800 nm. The baseline was calibrated using a PTFE reference disk. Prior to the 

analysis, the samples were finely ground in an agate mortar. 
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2.7.4 Infrared Spectroscopy  
 
 
 ATR-FTIR measurements were carried out using a Perkin Elmer Spectrum 

100 Series FTIR spectrometer equipped with an attenuated total reflectance (ATR) 

accessory.  Prior to the analysis, the solid samples were finely ground in an agate 

mortar. ATR-FTIR spectra were collected in the range of 4000-600 cm-1 with 32 

scans per sample with a spectral resolution of 4 cm-1. 

 

 

2.7.5 Surface Area Measurements 
 
 

The surface area was measured by nitrogen sorption using a Quantachrome 

NOVA 4200e gas sorption analyzer at 77 K. The Brunauer-Emmett-Teller (BET) 

equation was used to determine the surface area of the CMP support by 5 point 

measurements in the range of 0.05 < p/p0 < 0.3, where p and p0 represent the 

equilibrium pressure and the saturation pressure of the adsorbate at the adsorption 

temperature respectively. Prior to the analysis, the sample (50 mg) was degassed 

overnight under vacuum at 150 °C.  

 

 

2.7.6 Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) 
 
 

 ICP-OES analysis was performed by Mr. Stephen Moss at the Analytical 

Services in the Chemistry Department (University of Liverpool) using an Agilent 

5110 ICP-OES spectrometer with SVDV detection. Prior to the analysis, the catalyst 

(10 mg) was suspended in aqua regia (nitric acid and hydrochloric acid in a molar 

ratio of 1:3) for digestion (2 mL), and then the mixture was treated under microwave 

conditions (15 W, 800 rpm) for 30 minutes. Subsequently, 0.5 mL of the mixture was 

diluted with 9.5 mL of deionised water. Finally, the samples were submitted by the 

author for analysis. Each sample was analysed in triplicate.  
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2.7.7 CHN Elemental Analysis 
 
 
 CHN analysis was performed by Mrs. Jean Ellis at the Analytical Services in 

the Chemistry Department (University of Liverpool) using a Thermo Scientific 

FlashEATM 1112 Series CHN Analyzer.  

 

 

2.7.8 X-ray Photoelectron Spectroscopy (XPS) 
 
 
 XPS analysis was performed by Dr. Mark A. Isaacs at the Research Complex 

at Harwell (RCaH) using a Kratos SUPRA XPS fitted with a monochromated Al Kα 

X-ray source (1486.69 eV) and an electron flood gun. Samples were affixed to a 

glass microscope slide to ensure full electrical isolation from the system. Samples 

entered the analysis chamber at a pressure below 1 x 10-8 Torr. The XPS spectra 

were processed using the CasaXPS Version 2.1.34 software. 

 

 

2.8 Product Analysis 
 
 
2.8.1 High-Performance Liquid Chromatography (HPLC) 
 
 
 The reaction products were analysed using an Agilent Technologies 1200 

Infinity HPLC equipped with a photodiode array detector (DAD) and a refractive 

index detector (RID). An Aminex HPX-87H column (300 x 7.8 mm) was used to 

separate the obtained products using a sulfuric acid aqueous solution of 25mM as a 

mobile phase with a flow rate of 0.65 mL min-1. The retention times of the obtained 

products were compared to the known standards in order to confirm their presence in 

the reaction mixture. Calibration curves were used for the quantification of products 

and reactants after the reaction. The standard solutions were prepared by solubilising 

the appropriate amount of the compound in water at concentrations of 40, 30, 20, 10, 

5, 1 and 0.5 mM. Table 2.2 shows the detection method and the retention times of the 

compounds used. However, some of these compounds were not observed under 

reaction conditions.  
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Table 2.2 Retention times and detection method for the compounds 
used in the HPLC analysis. 

Compound Detector Retention time / min 

Cellobiose RID 6.9 
Glucaric acid DAD 7.2 
2-Keto-Gluconic acid DAD 7.72 
5-Keto-Gluconic acid DAD 7.86 
Tartronic acid DAD 7.97 
Tartaric acid DAD 8.16 
D-(+)-Gluconic acid δ-lactone DAD 8.18 
Gluconic acid DAD 8.21 
Glucose RID 8.5 
Fructose RID 9.3 
Mannitol RID 9.53 
Sorbitol RID 9.68 
Arabinose RID 10.1 
Arabitol RID 10.3 
DL-Glyceraldehyde RID 10.6 
D-Erythrose RID 10.8 
Glycolic acid RID 11.5 
Formic acid DAD 13.1 
Acetic acid DAD 14.2 

 

 

 

 

2.8.2 Gas Chromatography 
 
 
 Gas phase products (H2 and CO2) were collected using a Tedlar® PLV Gas 

Sampling Bag (Sigma-Aldrich) and quantified using an Agilent Technologies 7890A 

Gas Chromatograph System equipped with a thermal conductivity detector (TCD). 

The product analysis was carried out using a Carboxen®-1010 PLOT capillary 

column (30 m x 0.53 mm, 30 μm,  Sigma-Aldrich). The injection port was set at 280 

°C with a split of 30:1. For the analysis of the gas phase products, the initial oven 

temperature was set at 40 °C and held for 1 minute, then the temperature was 

increased from 40 to 250 °C with a heating rate of 20 °C min-1 and held for 15 

minutes. Calibration curves were prepared using 5 % hydrogen in nitrogen (BOC) 

and 9.6 % carbon dioxide in helium (BOC). The retention times and the formulas 

used to determine the amount of hydrogen and carbon dioxide are shown in Table 

2.3. 
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Table 2.3 Retention time and calibration curves of the gases used in this 
work. 

Compound Retention time / min Equation 
Hydrogen (H2) 1.1 y = 5E+09x + 362.02 

Carbon dioxide (CO2) 9.5 y = 1E+09x + 17.77 

 

 
2.9 Description of Experimental Setup 
 
2.9.1 Photocatalysis 
 
 Photocatalytic experiments were carried out using three different systems: a 

Luzchem Photoreactor, a 300 W Xenon Oriel Arc Lamp and a Parr Stirred Photo-

reactor illuminated by a 1000 W Xenon Oriel Arc Lamp. These systems were used to 

perform the experiments described in Chapters 4 and 5. 

  

2.9.1.1 Luzchem Photoreactor 
 
 
 Photocatalytic experiments under both UVA and visible light were carried 

out using a Luzchem Photoreactor (Mod. LZC-4, Luzchem Research Inc., CAN) 

equipped with 16 lamps for a total power of 128 W (Figure 2.1). The reactor consists 

of 8 top and 8 side lamps, which can be controlled independently. An internal 

temperature controller (FuzyPro 1/6 DIN, HCS Ltd, CAN) can be used to perform 

reactions from room temperature to 45 °C. 

 

 
Figure 2.1 Luzchem Photoreactor equipped with 16 UVA lamps, typical experimental setup.
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2.9.1.2 Photoreactor – 300 W Xenon Lamp 
 
 
 A 300 W Xenon oriel arc lamp (Mod. 6258, Newport, UK) controlled by a 

power supply (Mod. 69911 Newport, UK) was used to replicate the natural sunlight 

in the photocatalytic experiments (Figure 2.2). Due to its sun-like spectrum (Figure 

2.3), the lamp was equipped with a UV filter with a cut-off value of 420 nm 

(Mod.FSQ-GG420) and a water filter to remove the infrared radiation (Mod.61945) 

and avoid overheating of the reaction mixture. 

  
 

 

Figure 2.2 Typical experimental setup used for the 300 W Xenon lamp. 
 

 
Figure 2.3 Spectral irradiance of the 300 W Xenon arc lamp [10]. 
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2.9.1.3 Pressurized Photoreactor – 1000 W Xenon Lamp 

 
Photocatalytic experiments at high-pressure conditions were carried out using 

a windowed Parr Micro Stirred Reactor (Mod. 4950, Parr Instrument Company, 

Illinois, USA) equipped with a Parr 4848 reactor controller (Figure 2.4). The reactor 

was irradiated at a 90o angle through a sapphire oblong window using a 1000W 

Xenon oriel arc lamp (Mod. 6271, Newport, UK) as the light source (Figure 2.5). 

The lamp was equipped with a UV filter with a cut-off value of 420 nm (Mod.FSQ-

GG420) and a water filter (Mod. 6123NS) to remove the infrared region and avoid 

overheating of the reaction mixture. 

 
 

 
Figure 2.4 Experimental setup used for the 1000 W Xe lamp and the windowed Parr Stirred 
Reactor. 

 

 
Figure 2.5 Spectral irradiance of the 1000 W Xenon arc lamp [10]. 
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2.9.2 Microwave Assisted Heating 
 
2.9.2.1 Catalytic Studies Under Microwave Conditions  
 

Microwave technology has emerged as a green alternative route for a wide 

range of applications such as organic synthesis, sintering processes and 

heterogeneous catalysis [11-13]. The microwave heating process implies the 

conversion of electromagnetic energy to heat as a result of the combination of the 

dielectric properties of the irradiated material and the electromagnetic field applied 

[14]. Some advantages of microwave irradiation include fast heating, non-contact 

heating, efficient energy transfer and automation of the process among others [15]. 

In this work, catalytic experiments were carried out using a CEM Discover® 

SP microwave reactor equipped with a gas addition accessory (Mod. 908255, CEM 

Corporation, NC, USA). The experiments were performed using a 10 mL reaction 

vessel equipped with a fiber optic temperature probe mounted inside a quartz 

thermowell. This system was used for the catalytic studies on the glucose oxidation 

reaction described in Chapter 3 (Figure 2.6). 

 
 

 

Figure 2.6 Image of the CEM Discover® SP microwave reactor used for the glucose 
oxidation reaction. 
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2.9.2.2 Catalyst Recycling under Microwave Conditions 
 
 

 Recycling tests for the Au/CMP-SASI(ACN-W) catalyst were carried out 

using a SynthWAVE microwave reactor (Milestone Srl, Italy) equipped with a 

recirculating chiller (Figure 2.7). The reactor allows performing one or multiple 

reactions at high temperature and pressure. For the recycling tests, the first set of 

experiments were performed by running three simultaneous reactions, then the 

recovered catalyst was used for two simultaneous reactions. Finally, the catalyst 

recovered from the second test was used for one reaction. The catalysts used during 

the second and third test were washed and dried before the reaction as described in 

section 2.5. The reactions were performed using a 40 mL glass vials fitted with a 

polytetrafluoroethylene (PTFE) cap which allows pressure equalization. The reaction 

conditions for the recycling tests were similar to ones for the CEM Discover® SP 

microwave reactor, 130 °C and 10 bar oxygen pressure. 

 

 

 

Figure 2.7 Image of the SynthWAVE microwave reactor used for the recycling tests. 
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2.10 Catalyst Evaluation 
 
 
2.10.1 Glucose Oxidation under Microwave Conditions 
 

 A 10 mL glass vial was charged with a glucose aqueous solution (55.5 mM, 

2mL) and catalyst (substrate/metal = 438 molar ratio). The vial was sealed, 

pressurized (10 bar N2) and purged three times, then it was pressurized with 

molecular oxygen at 10 bar. Finally, the vial was heated at 130 °C for 30 minutes 

under microwave conditions (70 W, 800 rpm). Samples were taken at fixed intervals, 

and the liquid products were separated from the catalyst using a PTFE filter 

(GILSON®, 0.22 μm) and quantified using HPLC analysis. 

 

 

2.10.2 Glucose Photo-oxidation at Atmospheric Pressure With and Without 
Base 
 

 In a typical test, a 16 mL glass vial was charged with 14 mL of a glucose 

aqueous solution (20 mM or 1 mM) and 30 mg of the catalyst. The mixture was 

stirred at 700 rpm throughout the experiment, and it was irradiated at a constant 

distance by the 300 W Xenon lamp. In the case of the experiments performed using 

the Luzchem photoreactor, the vial was placed inside the chamber. In both cases, the 

system was allowed to reach equilibrium for 10 minutes in the absence of light 

before reaction. For the experiments under alkaline conditions, the base was added at 

the beginning of the reaction (substrate/base = 1:1 molar ratio). Samples were taken 

at fixed intervals, and the liquid products were separated from the catalyst using a 

PTFE filter (GILSON®, 0.22 μm) and quantified using HPLC analysis. 

 

 

2.10.3 Glucose Photo-oxidation under Alkaline Medium at High-Pressure 
Conditions 
 

 A 100 mL glass liner was charged with 40 mL of a glucose aqueous solution 

(400 mM), Na2CO3 (substrate/base = 1:1 molar ratio) and 90 mg of the catalyst. The 

liner was placed inside the high-pressure reactor, and then the reactor was sealed. 

The system was pressurized (10 bar N2) and purged three times, then it was 
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pressurized to the desired value with O2. The reaction mixture was stirred at 500 rpm 

and heated from room temperature to 40 °C using a Parr 4848 reactor controller. The 

system was allowed to reach equilibrium for 10 minutes in the absence of light 

before reaction. Samples were taken at fixed intervals, and the liquid products were 

separated from the catalyst using a PTFE filter (GILSON®, 0.22 μm). The liquid 

samples were diluted 20 fold in water and analysed by HPLC. 

 

 

2.10.4 Photocatalytic Conversion of Polysaccharides at High-Pressure 
Conditions With and Without Base. 
 
 

 A 100 glass liner was charged with 40 mL of deionised water, the substrate 

(50 mg or 150 mg), and catalyst (42 mg or 90 mg). The liner was placed inside the 

high-pressure reactor, and then the reactor was sealed. The system was pressurized 

(10 bar N2) and purged three times with nitrogen, then it was pressurized to the 

desired value with O2 or H2. The reaction mixture was stirred at 500 rpm and heat 

from room temperature to 40 °C using a Parr 4848 reactor controller. Then, the 

system was allowed to reach equilibrium for 10 minutes in the absence of light 

before reaction. For the experiments under alkaline conditions, the based was added 

at the beginning of the reaction with a substrate/base = 1:1 molar ratio. Samples were 

taken at fixed intervals, and the liquid products were separated from the catalyst 

using a PTFE filter (GILSON®, 0.22 μm) and quantified using HPLC analysis.  
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Chapter 3 
 

 

Development of Gold Catalysts on Polymeric 

Supports for the Glucose Oxidation: The 

Organic Solvent-assisted Sol Immobilisation 

(SASI) Method     
 

 

3.1 Introduction 
 
  
 The sol-immobilization method (SI) is a widely used synthetic route to 

prepare supported-metal catalysts for catalytic applications [1-3]. The SI technique in 

comparison with traditional methods (e.g., impregnation) for catalyst synthesis, 

offers the possibility of controlling the particle size, shape and metal dispersion 

independently of the material used as support [1-7]. Typically, SI [1] implies the 

preparation of metal nanoparticles formed after the reduction of a metal precursor 

dissolved in water with a reducing agent in the presence of a stabilizer. Then in a 

second step, the pre-formed nanoparticles (the colloid) are immobilized on the 

support. The use of a reducing agent during the preparation of the colloid is 

beneficial to the entire system since it prevents additional catalyst reduction and 

changes in the material’s properties. On the other hand, the use of a stabilizer can 

limit the catalytic activity by blocking actives metal sites [8-11] in some 

circumstances, but in other cases, its presence is required to avoid an increase in 

particle size [11, 12] or even necessary to make the metal nanoparticles more 

compatible in different environments by adding functionalities on the particle surface 

[13]. Therefore, the stabilizer plays an important role as protective agent for the 

metal nanoparticles and its removal should not compromise the catalytic activity of 

the final material. 
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To overcome this problem, the removal of the stabilizer from the metal 

nanoparticles surface has been addressed by different approaches such as thermal 

treatment under oxidative or inert atmosphere at elevated temperatures [14, 15], UV 

irradiation in presence of ozone [16-18], oxygen plasma treatment [19], and solvent 

washing [1, 11, 20]. Although these techniques could be useful to remove, partially 

or completely, the stabilizer from the nanoparticles surface, slight modifications in 

particle size, shape and distribution cannot be avoided [9]. Therefore, the use of the 

SI technique for the preparation of supported-metal catalysts is not a straightforward 

procedure, but its main advantage among other synthetic routes is that the 

nanoparticles formation is not affected by the support material [8].  

 
 Given that SI technique has shown superior control on the nanoparticles 

formation, model catalysts can be prepared to evaluate different parameters affecting 

the catalytic activity without considering the support effects. In particular for gold-

based catalysts, supports such as metal oxides (e.g., TiO2, ZrO2) [1, 8, 11], silica [21-

23] and activated carbon [5, 9, 24] are the most employed supports in the 

immobilization of gold nanoparticles. Although the aforementioned materials have 

shown good performance as supports for gold nanoparticles, several disadvantages 

have been observed during their application. For example, leaching of metal and 

increase in particle size were observed when gold on carbon was used under alkaline 

conditions [5], sintering during the activation of the catalyst and weak metal-support 

interaction are the main drawbacks associated to silica-based supports [25-28], and 

the support effect on the catalytic activity of gold nanoparticles for metal oxides [8, 

29-32]. Therefore, it is clear that there is no “universal” support which could solve 

the above issues, but it would be desirable to find one that potentially minimize their 

impact on the catalytic activity of the gold nanoparticles. The search for new suitable 

supports able to enhance catalytic performance is therefore desirable.      

 
A new class of porous organic materials, namely conjugated microporous 

polymers (CMPs) have emerged as promising supports where metal nanoparticles 

can be confined into the pores, thus providing good control of particle size as well as 

reducing particle aggregation [33-35]. CMPs can be composed of carbon-carbon and 

carbon-hydrogen bonds as well as nitrogen-rich pyridine units, and due to their 

organic structure, it is possible to introduce different chemical functionalities into the 
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network while conventional microporous materials such as zeolites and activated 

carbons do not allow it [36]. Hence, the use of microporous organic materials of 

tunable porosity such as CMPs could be advantageous for gold catalysis, since they 

offer potential for control of particle size which is important for gold nanoparticles 

due to their size-dependent catalytic activity. However, suitable preparation methods 

need to be devised.   

 
To date, the impregnation method (by using supercritical CO2 as a solvent or 

conventional synthesis with ethanol) [33, 35] and the polymer-encapsulated metal 

nanoparticles synthesis [34] have been reported as synthetic routes to deposit metal 

nanoparticles in CMPs. However, these techniques present some disadvantages, for 

example, the use of supercritical fluids requires high pressures [37], the conventional 

impregnation does not allow control of particle size as well as produce less active 

catalysts [38], and the encapsulation of metal nanoparticles is limited by the amount 

of metal entrapped into the polymeric matrix. Although there has been progress in 

the preparation of microporous polymer-based catalysts, the number of studies is 

limited, thus there is a necessity to develop new synthetic routes that produce more 

robust catalysts and fully exploited the intrinsic microporosity of the CMPs.  

 
Schmidt et al. [35] reported that palladium nanoparticles can be deposited 

into CMPs networks by conventional impregnation with metal loadings up to 15 

wt%. The catalysts were tested for the hydrogenation of diphenylacetylene to 1,2-

diphenylethane with total conversion after 2 hours. The authors suggested that the 

accessibility of the metal nanoparticles within the polymeric network was 

responsible for the catalytic activity. Similarly, Pd catalysts were prepared by 

impregnation, however, supercritical CO2 was used as solvent at pressures ranging 

from 7.38 to 28 MPa, producing palladium nanoparticles located at the surface (~5‒

10 nm) and within (~1‒3 nm) the polymer as reported by Hasell et al. [33]. 

Unfortunately, the samples were not used in catalysis and the investigation was 

limited to the hydrogen sorption. A more detailed analysis of Pd catalysts using 

CMPs as support was reported by Ishida et al. [34]. The catalysts were prepared 

using the Pd(PPh3)4 complex which is typically used for the polymerization as the 

metal precursor to produce palladium nanoparticles within the polymeric network 

after thermal tratment with nitrogen (Pd/CMP-1-N2) or hydrogen (Pd/CMP-1-H2) 
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gas. The prepared catalysts were tested for the hydrogenation of 4-nitrostyrene to 4-

ethylnitrobenzene where the Pd/CMP-1-H2 catalysts showed conversion values of 

99% and selectivity of 99% to the desired product. To further investigate the effect of 

functional groups on the CMP network during catalysis, hydroxyl groups were added 

by changing the monomer during the polymerization step. The Pd catalysts with 

(Pd/CMP-OH-H2) and without (Pd/CMP-1-N2, Pd/CMP-1-H2) hydroxyl groups were 

tested for the hydrogenation of N-benzylideneaniline and oxidation of benzyl 

alcohol. The catalytic results showed that the catalysts with and without hydroxyl 

groups were active for the hydrogenation reaction. However, the oxidation of benzyl 

alcohol was improved by the addition of OH groups into the CMP network with a 

73% yield of benzaldehyde compared to 34%  for the catalysts without hydroxyl 

groups. Therefore, it is clear that the catalytic results demonstrate that the CMPs 

networks can serve as supports for the metal nanoparticles. Nevertheless, it is 

important that future studies will be directed to improve understanding of the metal-

support interactions and their effect on the catalytic activity. 

 
In the present chapter, we report for the first time a novel synthetic route to 

deposit metal nanoparticles onto microporous organic polymers and demonstrate 

their catalytic activity. The new route involves the preparation of colloidal sols and 

their immobilization on the support which was previously treated with an organic 

solvent (e.g., acetonitrile-ACN or dimethylformamide-DMF) under thermal 

conditions. The CMP-1 network [39] was used as support for the gold nanoparticles 

to produce the Au/CMP catalyst. For comparison, poly(2,6-dimethyl-1,4-phenylene 

oxide) (PPO), a commercial polymer, was used as support for the first time to 

produce the Au/PPO catalyst. In addition, the traditional sol-immobilisation and 

impregnation methods were used to prepare gold catalysts using the CMP and PPO 

supports, then the catalysts were compared with the organic solvent-assisted sol-

immobilisation method. The bare supports and gold catalysts were characterized 

using different techniques such as TEM, XPS, XRD, Solid UV-Vis, ICP-OES, BET, 

CHN elemental analysis and FTIR. The gold catalysts were tested in the oxidation of 

glucose to gluconic acid using microwave assisted heating. 
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3.2 Results and discussion 
 
 
 In the early stages of the investigation, the CMP-1 network could be obtained 

from the Cooper group (Prof A. I. Cooper FRS, University of Liverpool, UK), 

however, we decided to carry out the synthesis of the polymer in our laboratory. The 

main aim was to have control over the synthetic procedure, and then integrated it 

with the preparation of the gold catalysts. Therefore, it was crucial that we got 

involved in the synthesis of the polymeric material. In the present work, we prepared 

40 batches of the CMP network which were used for the preparation of the catalysts 

and characterization tests. 

 
 
 
3.2.1 Synthesis and characterization of the CMP network 

 
 
 The conjugated microporous polymer CMP was prepared by the 

Suzuki―Miyaura polycondensation reaction [40] (Scheme 3.1) according to the 

protocol reported by Sprick et al [39]. Briefly, a two neck flask (250 mL) was 

charged with the following reagents under nitrogen flow: 1,4-benzene diboronic acid 

(BDBA) (829 mg, 5 mmol), 1,2,4,5-tetrabromobenzene (TBB) (984 mg, 2.5 mmol), 

K2CO3 (15 mL of 2M aqueous solution), dimethylformamide (75 mL) and Pd(PPh3) 

(75 mg, 6.49x10-2 mmol). Nitrogen was bubbled through the mixture for 30 minutes 

and then the mixture was heated at 150 °C for 48 hours.  

 

Scheme 3.1 Suzuki―Miyaura polycondensation reaction. 
 



 

74 
 

As a result, a grey solid was recovered by filtration (Figure 3.1), washed with 

water and methanol, and purified by Soxhlet extraction using tetrahydrofuran as 

solvent for 48 hours. After purification, the solid was dried overnight under reduced 

pressure, and stored in a desiccator until further use. The obtained polymer for each 

synthesis was about 500‒600 mg. The CMP network was characterized with CHN 

elemental analysis, FTIR, XRD, ICP-OES, N2 sorption and solid UV-Vis. 

 
 

 
Figure 3.1 Solid CMP network (sample 32) prepared by the Suzuki―Miyaura 
polycondensation reaction. 

  
 
 To confirm the reproducibility of the as-prepared polymer during the 

synthesis, three separate batches were analysed by CHN elemental analysis and ICP-

OES to determine the carbon, hydrogen and palladium content in the prepared 

samples. The results in Table 3.1 shows that a sample typically could consist of 88.6 

wt% carbon, 4.6 wt% hydrogen and 1.2 wt% palladium. The obtained results are in 

good agreement with the reported values [39] and the standard deviation among the 

samples is less than 1% which is a good indicative of the reproducibility of the 

synthesis and the obtained material.  

 

 
Table 3.1 Total carbon and hydrogen content measured by CHN 
elemental analysis, and palladium content measured by ICP-OES.a 

Sample  C (%) H (%) Pd (%) 

CMP 88.66±0.84 4.68±0.06 1.25±0.33 
aValues represent the mean of three measurements ± SD (n = 3).
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The nitrogen adsorption isotherm of the CMP (Figure 3.2a) suggest a type I 

isotherm according to the IUPAC classification that indicates the presence of 

microporosity (pores < 2 nm) [41]. The surface area of the CMP was calculated by 

using the Brunauer-Emmett-Teller method (BET), obtaining 671 m²/g which was 

similar to the reported value of 683 m²/g [42]. The powder X-ray diffraction analysis 

(Figure 3.2b) shows that the material is completely amorphous in agreement with 

previous reports [39].  

 

 

   

 

 
Figure 3.2 Nitrogen sorption isotherm (a, open symbol indicates desorption isotherm) and 
powder X-ray diffraction pattern (b) for the CMP network (sample 32).  
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Figure 3.3 Solid UV-Vis spectrum of the CMP network (sample 32). 

 

 
The solid UV-Vis spectrum of the polymer is displayed in Figure 3.3 where a strong 

absorption band is observed at 345nm in the UV region. This result is consistent with 

the literature since organic polymers with conjugated π-electrons such as linear 

poly(p-phenylene) have shown band gaps from 2 to 5 eV which correspond to light 

absorption in the UV range [39, 43]. 

 

 
Figure 3.4 FT-IR spectra of the CMP network (sample 32) and the monomers (BDBA and TBB)

 
 

The FTIR analysis of the CMP network is displayed in Figure 3.4 and the 

absorption bands are reported  in Table 3.2. The IR spectrum shows absorption bands 

of the C-H, B-O, C-Br and aromatic C-H bonds from the BDBA and TBB monomers 

as well as bands assigned to the C=C bond in aromatics (1604 cm-1) and substituted 
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phenyl rings (1474 cm-1). The band at 1187 cm-1 corresponds to the C-H in-plane 

bending bonds in the polymeric network, whereas the O-H stretch bond is observed 

as a weak band at 3647 cm-1 that has been assigned to the B(OH)2 group from the 

monomer BDBA [44]. In conclusion, the experimental results showed that the CMP-

1 network was successfully synthesized in this work and its application in 

heterogeneous catalysis will be discussed in the following sections. 

 

 
Table 3.2 IR absorption frequencies of the CMP-1 network 

Absorption bands (cm-1)   

[44] This work Assignments Monomer 
3645 3647 ν(O-H) BDBA 

3027, 2952 3031, 2952 Aromatic ν(C-H) BDBA, TBB 
1600 1604 Aromatic ν(C=C)  
1472 1474 ν(C=C)a  
1372 1370 ν(B-O) BDBA 
1185 1187 δ(C-H)  
1005 1006 ν(C-Br) TBB 
834 835 ν(C-H)b BDBA 

768, 746, 697 767, 745, 696 ν(C-H)c TBB 
aVibrational modes of the substituted phenyl rings. 
bBending modes of the di-substituted,  and  ctetra-substituted phenyl rings. 
 

    

 

3.2.2 Synthesis of the Au/CMP and Au/PPO catalysts by the WI, SI 

and SASI methods  

 

Gold catalysts have been widely investigated in the catalysis field due to their 

remarkable activity and selectivity for many reactions [45], but since the early 

reports on the oxidation of carbon monoxide showed that the catalytic activity can be 

affected by the synthesis method and support used [46, 47], a lot effort has been 

made to improve understanding in the preparation method and its effect on the 

catalytic activity in gold catalysts. Therefore, the aim of this section is to provide an 

efficient route for the preparation of gold catalysts using microporous polymers as 

supports which present swelling properties. The catalysts were prepared using 

conventional methods, wet impregnation (WI) and sol-immobilisation (SI), and for 

the first time the organic solvent-assisted sol-immobilisation (SASI) method.  
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3.2.2.1 Wet impregnation (WI) 

 

 The WI method typically implies the contact of the support with an aqueous 

solution of the metal precursor where an excess amount of the solution is added. The 

gold catalysts prepared in this work by the WI method followed the same synthetic 

route as a typical impregnation does, however, acetonitrile was used as a solvent 

(Section 2.4.1). The aforementioned organic solvent is beneficial in two ways: it 

allows the swelling of the polymer facilitating the diffusion of the metal ions into the 

polymeric matrix and permits the solubilization of the metal precursor [48-50]. 

Therefore, the WI method with acetonitrile as solvent was used to prepare the 2 wt% 

Au/CMP-WI(ACN) and 2 wt% Au/PPO-WI(ACN) catalysts.  

 

 
Figure 3.5 The CMP (sample 30) and PPO supports suspended in acetonitrile before being 
placed on a stirring plate for 12 hours.

 

 
 In a typical synthesis, 0.1 g of the support (CMP or PPO) was suspended in 

acetonitrile (Figure 3.5), 8mL for CMP and 4 mL for PPO, in a vial under magnetic 

stirring for 12 hours in the absence of light (the vials were covered with aluminum 

foil to prevent degradation of the solvent). Then, an aqueous solution of the metal 

precursor (HAuCl4·3H2O, Sigma-Aldrich) was dropwise added. The mixture was left 

under magnetic stirring at room temperature for 1 hour and then it was heated at 70 

°C until the solvent was evaporated. The solid obtained was dried overnight at 60 °C. 

Finally, the samples were treated under H2 flow (50 mL min-1) at 190 °C for 3 hours 

at 2 °C min-1.  

CMP PPO 
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3.2.2.2 Sol immobilisation (SI) 

 

The sol immobilisation method (SI) is a well-known synthetic route that can 

be used for any type of support, producing metal-supported catalysts with notable 

catalytic activity. The SI method implies the preparation of a colloidal solution, then 

the pre-formed nanoparticles are immobilized onto the support [1-7].  

 
The SI method was utilised to prepare gold catalysts using the CMP and PPO 

polymers as support as described in Section 2.4.2. Briefly, the appropriate amount of 

the metal precursor (HAuCl4·3H2O) was dissolved in deionised water under magnetic 

stirring at room temperature, then it was reduced by a reducing agent (sodium 

borohydride-NaBH4) in the presence of a stabilising polymer (Polyvinyl alcohol-

PVA). After sol generation, the support (CMP or PPO) was added and the mixture 

was acidified with H2SO4 to pH 1. After the immobilisation of the colloidal solution 

on the support, the slurry was filtered, and the obtained catalyst was washed with 

deionised water and dried overnight. Then, the catalyst was washed with water at 

reflux conditions in order to remove the excess of the stabilising agent following the 

procedure reported by Lopez-Sanchez et al. [1]. Finally, the 2 wt% Au/CMP-SI and   

2 wt% Au/PPO-SI were obtained.  

 

 

3.2.2.3 Organic Solvent-Assisted Sol Immobilisation (SASI) 

 

The organic solvent-assisted sol immobilisation (SASI) method was 

developed for the preparation of gold catalysts using conjugated microporous 

polymers as support. The advantage of using these polymers is due to metal 

nanoparticles can be confined into the porous network, allowing control of particle 

size as well as reducing particle aggregation. This synthetic procedure has not been 

reported in the current literature, thus it opens up routes to efficiently produce porous 

polymer-based catalysts for its application in heterogeneous catalysis. The SASI 

method consists of three separate steps: 1) Preparation of the pre-formed metal 

nanoparticles, 2) swelling of the polymer in the presence of an organic solvent under 

heat treatment and 3) immobilisation of the colloid onto the support. The general 

synthetic route of the SASI method is shown in Figure 3.6. 
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Figure 3.6 Schematic representation of the SASI method. 1) Preparation of the pre-formed 
nanoparticles, 2) swelling of the polymer, and 3) immobilisation of the colloid onto the support.   
RT = Room temperature, NaBH4 = Sodium borohydride, Au NPs = Gold nanoparticles. 

 

 
STEP 1: The first step in the SASI method includes the preparation of the 

gold nanoparticles by chemical reduction (NaBH4 as reducing agent) of the gold 

precursor (HAuCl4·3H2O) in the presence of a stabilising agent (Poly(vinyl alcohol)-

PVA). The UV-Vis spectra of the aqueous HAuCl4 solution used in this work is 

shown in Figure 3.7.  

 

 

Figure 3.7 UV-Vis spectra of the aqueous HAuCl4 solution before (red line) and 
after (black line) reduction.
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The starting gold solution showed two bands at 217 and 289 nm which 

correspond to the ligand-to-metal charge transfer (LMCT) transition bands of the 

[AuCl4]‒ ions (red line) [51, 52]. After chemical reduction by using sodium 

borohydride (NaBH4) as reducing agent both bands decreased indicating that Au3+ 

ions were reduced into metallic state [53] and a broad band at 516 nm was formed 

(black line). This band is the surface plasmon resonance band (SPRB) which is due 

to the presence of spherical gold nanoparticles [54-56].  

 
STEP 2: The second step in the SASI method corresponds to the swelling of 

the polymer with an organic solvent under heat treatment at reflux conditions. As 

mentioned before, the swelling of the polymeric network improves the diffusion of 

metal ions or metal nanoparticles onto the polymeric matrix due to the expansion of 

the network volume. In order to determine the organic solvent which maximizes the 

swellability of the CMP, a separate analysis was carried out following the same 

procedure described by Wilson et al. [57].  

 
The swellability test was performed using the same procedure reported by 

Wilson et al. [57] in the study of hypercrosslinked polymer networks. The 

quantification of the swellability of the CMP network was evaluated using 

acetonitrile (ACN), dimethylformamide (DMF), and ethyl acetate (EtOAc) as the 

organic solvents. The method consists of adding a known amount of the polymer to 

an Eppendorf microcentrifuge tube, then the organic solvent is added, and the 

polymer is allowed to stand over an extended period of time. The resulted height of 

the swollen polymer in the microcentrifuge tube is measured for each solvent used. 

The amount of swelling (Q, mL/mg) is determined by using the equation 3.1 which 

was obtained during the calibration of a microcentrifuge tube with precise amounts 

of water, Figure 3.8. 

 

     y = 2.6304x0.551                                          (3.1) 

 
 

The swelling tests for the CMP were carried out as follows: 1mg of the CMP 

network was placed into the Eppendorf tube, then 1mL of the organic solvent was 

added. The polymer was allowed to stand in the organic solvent for 20 hours in 

absence of light at room temperature. The height of the swollen polymer was 
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measured with a ruler and the obtained values were converted using the equation 3.1. 

The Q values were calculated as an average of three measurements, and the error was 

calculated as the standard deviation. 

 

 
Figure 3.8 Calibration curve of the Eppendorf microcentrifuge tubes with water. 

 
 

Figure 3.9 shows the amount of swelling (Q, mL/g) of the CMP network with 

different organic solvents. The test showed that DMF maximizes the swellability of 

the polymer by comparison with the other two solvents. The swelling values for the 

CMP network against the organic solvents are 72.3 mL/g for DMF, 70.7 mL/g for 

EtOAc and 65.4 mL/g for ACN.  

 

 
Figure 3.9 Swellability test for the CMP network (sample 32) utilising acetonitrile (ACN), 
dimethylformamide (DMF), and ethyl acetate (EtOAc). The Q values were calculated as an 
average of three measurements.
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From Figure 3.9 it is clear that there is no solvent dependence in the swelling 

of the CMP network, hence the chosen solvent will depend on the final application. 

In the second step of the SASI method acetonitrile or dimethylformamide were used 

as solvent since ethyl acetate is not miscible with water. The miscibility between the 

organic solvents ACN or DMF and water allows the use of the PVA stabilized gold 

nanoparticles which were suspended in an aqueous solution.  In a typical synthesis, 

0.1 g of the support (CMP or PPO) was suspended in 15 mL of the organic solvent 

(ACN or DMF), then the mixture was heated at 90 °C under magnetic stirring at 

reflux conditions for 30 minutes. 

 
STEP 3: Following the synthetic route in the SASI method, the aqueous 

colloidal solution prepared during the first step was immobilized onto the swollen 

polymer (step 2) and the mixture was kept at 90 °C under stirring at reflux conditions 

for 2 hours. Finally, the slurry was filtered, and the obtained catalyst was washed 

with deionised water. Then, the catalyst was dried overnight at 60 °C under reduced 

pressure and stored until further use. The SASI method was used to prepare the 2 

wt% Au/CMP-SASI(ACN-W) and 2 wt% Au/CMP-SASI(DMF-W) catalysts using 

the organic solvents acetonitrile and dimethylformamide. The nomenclature for these 

catalysts includes the addition of the letter “W” which refers to the water used for the 

preparation of the colloidal solution and shows the presence of the mixtures water-

acetonitrile and water-dimethylformamide during the preparation of the gold 

catalysts. The characterization and catalytic activity of the prepared catalysts will be 

discussed in the following sections. 
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3.2.3 Characterization of the Au/CMP and Au/PPO catalysts 

 

3.2.3.1 The Au/PPO catalysts 

 

 The ICP-OES analysis of the Au/PPO catalysts was carried out to determine 

the real metal loading of the gold catalysts prepared by the WI, SI and SASI 

methods. Table 3.3 shows that the synthetic method has an effect on the amount of 

gold deposited on the samples. The Au/PPO-WI(ACN) catalyst showed that the WI 

method effectively deposited the desired amount (slightly higher due to the 

experimental error) of the metal on the support, whereas the SI method showed that 

the complete deposition of gold was not achieved  for the Au/PPO-SI catalyst. The 

results suggest that the SI method was not a good technique and therefore we needed 

to develop the SASI method. The Au/PPO-SASI(DMF-W) catalyst showed that the 

SASI method successfully deposited the metal on the support and even high metal 

loading was achieved. The high metal content in this catalyst is associated to the 

experimental error during the preparation of the catalyst but it demonstrates that 

Au/PPO catalysts with high metal content can be prepared using the SASI method 

and DMF as solvent. Meanwhile, the Au/PPO-SASI(ACN-W) catalyst showed the 

lowest metal content among the catalysts in this series, indicating that the solvent 

(ACN) affects the deposition of the metal on the PPO support.  

 

Table 3.3 Metal amount determined by the ICP-OES analysis 
for the Au/PPO catalysts

Catalysts [Au]nominal / wt% [Au]real / wt% 

Au/PPO-SASI(ACN-W) 2 0.2 
Au/PPO-SASI(DMF-W) 2 3.1 
Au/PPO-SI 2 1.1 
Au/PPO-WI(ACN) 2 2.6 

 
 

The Au/PPO catalysts were characterized by diffuse reflectance UV-Vis 

spectroscopy (DR UV-Vis) with the aim of investigating any change on the metal 

nanoparticles after deposition on the PPO support. As shown in Figure 3.10, DR UV-

Vis spectra were measured in the 400-800 nm range of the catalysts. The DR UV-Vis 

spectra of the Au/PPO catalysts showed the presence of the surface plasmon 

resonance (SPR) band of gold in the range between 524 and 578 nm.  
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Figure 3.10 UV-Vis spectra of the Au/PPO catalysts prepared by the WI, SI and SASI (using ACN 
or DMF as solvents) methods.

 
 

Plasmonic peaks in the same range have been attributed to the presence of 

gold nanoparticles [58-65]. In Table 3.4 the SPR bands of the Au/PPO catalysts are 

reported. The SPR band of the Au/PPO catalysts prepared by the SI and SASI 

methods showed a red shift of the plasmonic peaks with respect to the SPR band 

(516 nm) of the gold nanoparticles in the colloidal solution. The red shift observed in 

the plasmon band for the gold catalysts might be due to an increase in particle size or 

a support effect [66, 67]. The catalyst prepared by the WI method showed a 

plasmonic peak centered at 524 nm which could indicate the presence of small gold 

nanoparticles [58-65]. 

 

Table 3.4 Gold surface plasmon resonance band 
for the Au/PPO catalysts. 

Catalysts UVλmax / nm 
Au/PPO-SASI(ACN-W) 550 
Au/PPO-SASI(DMF-W) 550 
Au/PPO-SI 578 
Au/PPO-WI(ACN) 524 

 
 

XRD analysis was carried out on the Au/PPO catalysts prepared by the WI, 

SI and SASI methods with the aim to identify the presence of gold diffraction signal 

in the samples. The XRD analysis of the Au/PPO catalysts in the 2θ range of 20‒80° 

is shown in Figure 3.11.   
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Figure 3.11 XRD patterns of the Au/PPO catalysts prepared by the WI, SI and SASI (using ACN 
or DMF as solvents) methods.

 
 
The XRD analysis on the PPO-supported gold catalysts showed the 

amorphous character of the polymeric support (Figure 3.11). The samples prepared 

by the WI, SI, and SASI(ACN-W) methods showed the presence of low-intensity 

reflection signals at 2θ ≈ 38.3° and/or 44.4° that correspond to the [1 1 1] and [2 0 0] 

planes of gold    [68-70]. However, the Au/PPO-SASI(DMF-W) catalyst in this 

series showed the most intense reflection signals at 2θ ≈ 38.2°, 44.4°, 64.5º, and 

77.7º that correspond to the [1 1 1], [2 0 0], [2 2 0] and [3 1 1] planes of gold with 

face-centered cubic (fcc) crystalline structure [68-70]. The increased intensity of the 

reflection signals for gold in the Au/PPO-SASI(DMF-W) catalyst could be 

associated to the high metal (3.1 wt%) content as evidenced by the ICP-OES analysis 

reported in Table 3.3. 

 
X-ray photoelectron spectroscopy (XPS) analysis was carried out on the 

Au/PPO catalysts prepared by the WI, SI and SASI methods with the aim to 

determine the species present at the surface and the influence of the electronic 

properties of the polymer in the final material. Figure 3.12 shows the XPS spectrum 

(scattered points) of the gold catalysts over the Au 4f region. In order to determine 

the different gold species and their chemical state in the samples, the deconvolution 

of the Au 4f spectrum was performed using the CasaXPS Version 2.1.34 software. 

The spectra were fitted by using two spin-orbit split Au 4f7/2 and Au 4f5/2 

components (asymmetric doublet), solid lines in Figure 3.12.  
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Figure 3.12 XPS spectra of the Au 4f region for the Au/PPO catalysts.  

 
 

The Au 4f7/2 peak is generally used as binding energy reference to assign the 

chemical state of the gold species [71-74]. Hence, the binding energies (BE) values 

will be referred to the Au 4f7/2 core-level in this section. The assignments of the 

chemicals states for the Au/PPO catalysts were obtained from the literature, but they 

correspond to different materials. Table 3.5 shows the BE values and the relative 

surface composition for the Au/PPO catalysts. The XPS analysis of the Au/PPO-

WI(ACN) catalyst showed that the Au 4f7/2 peak was located at 83.72 eV which can 

be assigned to the Auδ‒ oxidation state [75, 76]. The XPS spectrum of the Au/PPO-SI 

catalyst showed the presence of two gold species after deconvolution of the Au 4f 

doublet, the Auδ‒ (83.42 eV) and Auδ+ (84.69 eV) oxidation states [75-77]. For the 

catalysts prepared by the SASI method, the Au/PPO-SASI(DMF-W) catalyst showed 

the Auδ‒ oxidation (83.26 eV) state [75, 76], whereas the Au/PPO-SASI(ACN-W) 
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catalyst showed the Auδ‒ (83.44 eV) and Auδ+ (84.57 eV) oxidation states [75-77] 

after deconvolution of the Au 4f doublet. The results reported by the XPS analysis on 

the Au/PPO catalysts showed that the Auδ‒ and Auδ+ oxidation states are mainly 

favoured on the PPO support.  

 

Table 3.5 Binding energy (BE) values of the Au 4f region of the Au/PPO catalysts and 
relative surface composition.

Catalyst Au 4f7/2 

BE (eV) 
Au 4f5/2 
BE (eV) 

Chemical 
State 

Surface Composition (At%) 

Au 4f C 1s O 1s 

Au/PPO-SASI(ACN-W) 83.44 87.13 Auδ‒ 1.84 86.22 11.47 
 84.57 88.41 Auδ+ 0.46   
Au/PPO-SASI(DMF-W) 83.26 86.92 Auδ‒ 0.97 89.84 9.19 

Au/PPO-SI 83.42 87.08 Auδ‒ 4.23 81.86 10.59 
 84.69 88.16 Auδ+ 3.31   
Au/PPO-WI(ACN) 83.72 87.36 Auδ‒ 0.09 89.52 10.39 

 

 

3.2.3.2 The Au/CMP catalysts 

 

 The ICP-OES analysis was carried out on the Au/CMP catalysts in order to 

determine the real metal content of gold in the catalysts prepared by the WI, SI, and 

SASI methods. Table 3.6 shows that the metal content in the catalysts was affected 

by the synthesis method. The Au/CMP-WI(ACN) catalyst showed that the required 

amount of gold was deposited using the WI method with acetonitrile as solvent. In 

the case of the Au/CMP-SI catalyst, the concentration required was not achieved 

during the synthesis, indicating that the SI method is not a suitable route to produce 

gold catalysts and therefore we needed to develop the SASI method in order to use 

pre-formed metal nanoparticles more efficiently on polymeric supports. For the 

samples prepared by the SASI method, the use of DMF as solvent during the 

synthesis produced gold catalysts with high metal content (similar findings were 

observed for the Au/PPO-SASI(DMF-W)), whereas the use of ACN showed that the 

metal content was close to required value. 

 
Table 3.6 Metal amount determined by the ICP-OES analysis 
for the Au/CMP catalysts 

Catalysts [Au]nominal / wt% [Au]real / wt% 
Au/CMP-SASI(ACN-W) 2 1.6 
Au/CMP-SASI(DMF-W) 2 2.6 
Au/CMP-SI 2 1.2 
Au/CMP-WI(ACN) 2 2.1 
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The CMP-supported gold catalysts were characterized by diffuse reflectance 

UV-Vis spectroscopy (DR UV-Vis). Figure 3.13 shows the DR UV-Vis spectra of 

the samples in the 400-800 nm range. The Au/CMP catalysts showed the presence of 

the surface plasmon resonance (SPR) band of gold for the gold catalysts between 542 

and 569 nm (Table 3.7), indicating the presence of gold nanoparticles [58-65]. In all 

cases, a red shift was observed in the plasmonic peaks that it can be associated to 

several factors such as solvent effect, metal-support interactions and particle growth 

[66, 67].  

 

 
Figure 3.13 UV-Vis spectra of the Au/CMP catalysts prepared by the WI, SI and SASI (using 
ACN or DMF as solvents) methods.

 
 

Table 3.7 Gold surface plasmon resonance 
band for the Au/CMP catalysts. 

Catalysts UVλmax / nm 
Au/CMP-SASI(ACN-W) 560 
Au/CMP-SASI(DMF-W) 542 
Au/CMP-SI 569
Au/CMP-WI(ACN) 551 

 

 
X-ray diffraction analysis was performed on the Au/CMP catalysts prepared 

by the WI, SI and SASI methods. The aim was to identify the presence gold 

diffraction signals in the final materials. The samples were analysed in the 2θ range 

of 20‒80°, and the results are reported in Figure 3.14. The diffraction patterns of the 

Au/CMP catalysts showed the amorphous character of the CMP polymer in 

agreement with previous reports [39, 44]. 
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Figure 3.14 XRD patterns of the Au/CMP catalysts prepared by the WI, SI and SASI (using ACN 
or DMF as solvents) methods.

 
The CMP-supported gold catalysts (Figure 3.14) prepared by the SI and SASI 

methods showed low-intensity reflection signals of gold at 2θ ≈ 38.2° and/or 44.4°	which	 correspond	 to	 the [ 1 1 1] and [2 0 0] planes, whereas the sample prepared by 

WI showed reflection signals at 2θ ≈ 38.2°, 44.4°, 64.5º, and 77.7º that correspond to 

the [1 1 1], [2 0 0], [2 2 0] and [3 1 1] planes of gold with face-centered cubic (fcc) 

crystalline structure [68-70].  

  
XPS analysis was performed on the Au/CMP catalysts prepared by the WI, SI 

and SASI methods with the aim to identify the formed gold species and their 

chemical state in the final material. Figure 3.15 shows the XPS spectrum (scattered 

points) of the gold catalysts over the Au 4f region. The XPS analysis was carried out 

in the same manner as described in section 3.2.3.1 for the Au/PPO catalysts. The 

obtained spectra after deconvolution are presented as solid lines in Figure 3.15. The 

binding energies and the relative surface composition are reported in Table 3.8. 

 
Table 3.8 Binding energy (BE) values of the Au 4f region of the Au/CMP catalysts and 
relative surface composition.

Catalyst Au 4f7/2 

BE (eV) 
Au 4f5/2 
BE (eV) 

Chemical 
State 

Surface Composition (At%) 

Au 4f Pd 3d C 1s O 1s 
Au/CMP-SASI(ACN-W) 82.95 86.65 Auδ‒ 1.21 0.95 92.86 4.81
 84.13 88.15 Au0 0.15    

Au/CMP-SASI(DMF-W) 83.27 86.98 Auδ‒ 0.85 0.96 93.78 4.24
 84.02 88.39 Au0 0.16    

Au/CMP-SI 83.80 87.47 Auδ‒ 0.31 0.48 94.57 4.28
 84.38 88.07 Au0 0.36    

Au/CMP-WI(ACN) 84.37 88.05 Au0 0.06 ND 95.64 4.29
ND = No detected 
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Figure 3.15 XPS spectra of the Au 4f region for the Au/CMP catalysts. 

 

Similar to the Au/PPO catalysts, the assignments of the chemical states for 

the Au/CMP catalysts were obtained from the literature, but they correspond to 

different materials. In the CMP-supported gold catalysts, the presence of two gold 

species was observed for the samples prepared by SI and SASI methods. The Au 

4f7/2 BE values for the Au/CMP-SI (83.8 and 84.38 eV), Au/CMP-SASI(DMF-W) 

(83.27 and 84.02 eV) and Au/CMP-SASI(ACN-W) (82.95 and 84.13 eV) catalysts 

showed the presence of the Auδ‒ and Au0 species [75, 76, 78-80], whereas the BE 

value for the Au/CMP-WI(ACN) (84.37 eV) catalyst in this series is consistent with 

the presence of metallic gold (Au0) [75, 78-80]. The XPS analysis on the Au/CMP 

catalysts showed that the Auδ‒ and Au0 oxidation states are mainly favoured on the 

CMP support. 
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The Au/CMP-SASI(ACN-W) catalyst was characterised by transmission 

electron microscopy (TEM) as shown in Figures 3.16 and 3.17. Figure 3.16a shows 

that the gold nanoparticles were homogeneously dispersed on the CMP surface and 

the presence of agglomerated nanoparticles was not observed. Figure 3.16b shows 

that the gold nanoparticles retained their spherical shape after deposition onto the 

support, indicating that the nature of the CMP network does not have an effect on the 

metal nanoparticles. The presence of small gold nanoparticles with mean particle size 

of 3.7 nm was observed for the Au/CMP-SASI(ACN-W) catalyst (Figure 3.17).  

 

 

   
Figure 3.16 Bright field TEM micrographs from different regions of the fresh 1.6 wt 
% Au/CMP-SASI(ACN-W) catalyst.

 
 
 

   

Figure 3.17 Particle size distribution obtained from the bright field TEM image (A) 
from the fresh 1.6 wt % Au/CMP-SASI(ACN-W) catalyst.

 

 

 

A) B) 
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3.2.3.3 Final Comparative Remarks 

 

 Gold catalysts were prepared on polymeric supports using conventional 

methods (WI and SI) and novel synthesis as the SASI method. The catalysts were 

characterized using several techniques such as ICP-OES, Solid UV-Vis, XRD, TEM, 

and XPS. Since the materials presented in this work are reported for the first time, we 

decided to show the characterization of the catalysts in two sections, Section 3.2.3.1 

for the Au/PPO catalysts and Section 3.2.3.2 for the Au/CMP catalysts. The aim was 

to show a more detailed analysis of the new materials using the above techniques. In 

this section, we will present a comparative examination of the catalysts prepared and 

the effect of the synthesis method in the final materials. 

 
 The ICP-OES analysis of the Au/PPO and Au/CMP catalysts showed that the 

synthesis method had an effect on the metal deposition (Table 3.9). Particularly, the 

catalysts prepared by the WI method, Au/PPO-WI(ACN) and Au/CMP-WI(ACN), 

showed that the desired amount of the metal was deposited on the support. In the 

case of the SI method, the Au/PPO-SI and Au/CMP-SI catalysts showed that 

approximately half of the metal amount was deposited in the samples, indicating the 

SI method is not a suitable route to prepare gold catalysts on polymeric supports. The 

new synthetic route, the SASI method, demonstrated that the use of an organic 

solvent during the synthesis improves the swelling of the polymer and metal 

deposition. Particularly, the use of DMF showed that catalysts with high metal 

content can be prepared, whereas the use ACN showed that the immobilization of the 

gold nanoparticles was favoured on the CMP.  

 
Table 3.9 Metal amount determined by the ICP-OES analysis 
for the Au/PPO and Au/CMP catalysts. 

Catalysts [Au]nominal / wt% [Au]real / wt% 
Au/CMP-SASI(ACN-W) 2 1.6 
Au/CMP-SASI(DMF-W) 2 2.6 
Au/CMP-SI 2 1.2 
Au/CMP-WI(ACN) 2 2.1 
Au/PPO-SASI(ACN-W) 2 0.2 
Au/PPO-SASI(DMF-W) 2 3.1 
Au/PPO-SI 2 1.1 
Au/PPO-WI(ACN) 2 2.6 
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The presence of the SPR band in supported gold catalysts derives from the 

presence of the SPR band of gold nanoparticles in solution. In the case of supported 

gold catalysts, the SPR band can change closely with the particle size, shape, and the 

support material [58-65]. The gold nanoparticles (in solution) used in this work 

presents a SPR band at 516 nm (Figure 3.7) which is in good agreement with the 

reported values [54-56]. After the immobilization of the gold nanoparticles onto the 

supports (CMP and PPO) using the SI and SASI methods, the SPR band was 

observed at higher wavelength in all cases (Figures 3.10 and 3.13). The catalysts 

prepared by the WI method showed a red shift of the SPR band as the ones prepared 

by colloidal methods. Based on the results reported in Table 3.10, it is clear that the 

synthesis method and solvent produced different particle size on the supports due to 

the shift of the SPR band as it has been demonstrated for supported gold catalysts 

which have shown SPR bands above 520 nm with a particle size between 2 and 20 

nm [55-62]. The SPR band in the supported gold catalysts can also be influenced by 

the solvent during the preparation step. However, the effect of the solvent is difficult 

to compare among the systems because of the different dielectric properties of the 

solvents [81, 82]. Although, it should be noticed that the use of DMF as solvent 

during the synthesis of the Au/CMP-SASI(DMF) and Au/PPO-SASI(DMF) catalysts 

produced higher metal loadings than ACN as solvent (Table 3.9). 

 

Table 3.10 Gold surface plasmon resonance band 
for the Au/PPO and Au/CMP catalysts.

Catalysts UVλmax / nm 
Au/CMP-SASI(ACN-W) 560 
Au/CMP-SASI(DMF-W) 542 
Au/CMP-SI 569 
Au/CMP-WI(ACN) 551 
Au/PPO-SASI(ACN-W) 550 
Au/PPO-SASI(DMF-W) 550 
Au/PPO-SI 578 
Au/PPO-WI(ACN) 524 

 

The XRD analysis on the CMP- and PPO-supported gold catalysts showed 

the amorphous character of the polymers. The supported gold catalysts in most cases 

showed very low-intensity reflection signals which may be due to the low amount of 

gold on the polymers or the gold nanoparticles are small. In fact, the Au/PPO-

SASI(DMF-W) catalyst showed the effect of metal loading on the intensity of the 
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reflection peaks of gold as this catalyst presented the highest metal loading among 

the samples (Table 3.9). Although the metal content was high for the Au/PPO-

SASI(DMF-W) catalyst, the average crystallite size was calculated to be 9.7 nm 

using the Scherrer equation [83], whereas the Au/CMP-WI(ACN) catalysts showed a 

crystallite size of 85.7 nm. These results once again support the use of colloidal 

methods in combination with organic solvents on the synthesis of polymer-supported 

catalysts. 

 
The XPS analysis was performed on the fresh Au/PPO and Au/CMP catalysts 

synthesized by the WI, SI and SASI methods, Figures 3.12 and 3.15. The BE values 

of the Au 4f region (4f7/2 and 4f5/2 components) and surface composition for the gold 

catalysts are summarized in Table 3.11. The curve-fitting of the Au 4f spectrum for 

the gold catalysts showed the presence of electropositive (Auδ+) and electronegative 

(Auδ‒) oxidation states as well as metallic gold (Au0). The observed chemical states 

in the samples were assigned as a function of the binding energy position. The gold 

catalysts with BE values between 84.02 and 84.38 eV showed the presence of 

metallic (Au0) species [75, 78-80]. In the case of catalysts with BE values between 

84.57 and 84.69 eV but lower than 85.0 eV (Au+)   have been attributed to species 

with a partial positive (Auδ+) charge resulting from the electron transfer from gold 

[75, 77].  

 
 
 

Table 3.11 Binding energy (BE) values of the Au 4f region of the Au/PPO and Au/CMP 
catalysts and surface composition.

Catalyst Au 4f7/2 

BE (eV) 
Au 4f5/2 
BE (eV) 

Chemical 
State 

Surface Composition (At%) 

Au 4f Pd 3d C 1s O 1s 

Au/CMP-SASI(ACN-W) 82.95 86.65 Auδ‒ 1.21 0.95 92.86 4.81
 84.13 88.15 Au0 0.15    

Au/CMP-SASI(DMF-W) 83.27 86.98 Auδ‒ 0.85 0.96 93.78 4.24
 84.02 88.39 Au0 0.16    

Au/CMP-SI 83.80 87.47 Auδ‒ 0.31 0.48 94.57 4.28
 84.38 88.07 Au0 0.36    

Au/CMP-WI(ACN) 84.37 88.05 Au0 0.06 ND 95.64 4.29
   
Au/PPO-SASI(ACN-W) 83.44 87.13 Auδ‒ 1.84 ― 86.22 11.47
 84.57 88.41 Auδ+ 0.46    

Au/PPO-SASI(DMF-W) 83.26 86.92 Auδ‒ 0.97  89.84 9.19 

Au/PPO-SI 83.42 87.08 Auδ‒ 4.23 81.86 10.59
 84.69 88.16 Auδ+ 3.31    
Au/PPO-WI(ACN) 83.72 87.36 Auδ‒ 0.09 ― 89.52 10.39 
ND = No detected 
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In most cases, the gold catalysts showed the presence of an intense peak for 

the Au 4f7/2 level located at BE values between 82.95 and 83.80 eV, which are lower 

than the BE value of metallic gold (Au0) at 84.0 eV [75, 78-80]. This negative shift 

in the binding energies could indicate that the gold species are more reduced than 

metallic gold, thus a partial negative (Auδ‒) charge is observed [75, 76]. The presence 

of gold species with a partial negative charge has been attributed to electron transfer 

from the support to the gold nanoparticles. In particular, it has been reported that 

supports such as CeO2 [76, 84], TiO2 [85-87], γ-Al2O3 [71], and graphene [88] could 

act as electron donors to the gold particles. Therefore, it is possible that the presence 

of a partial negative charge on Au sites in the CMP- and PPO-supported gold 

catalysts is due to a metal-support interaction. This assumption can also be supported 

by the fact that gold does not easily donate electrons due to its high electronegativity 

and high ionization potential [89]. Hence, it can be assumed that the polymers (CMP 

or PPO) can act as electron donors to the gold particles, resulting in a partial negative 

(Auδ‒) charge on Au sites. The presence of the Auδ‒ oxidation state is still under 

debate in the literature, results obtained by Zwijnenburg et al. [90] using 197Au-

Mössbauer spectroscopy did not show negatively charged gold particles. Moreover, 

some groups have attributed the origin of this negative shift in the BE values to 

initial or final state effects [91, 92], while others attribute it to the changes in electron 

density to Coulombic forces [93]. In this scenario, it is clear that the assignment of 

chemical states in gold catalysts is complex and changes in binding energies could be 

associated to metal-support interactions or changes in particle size and shape, thus 

the information reported in the literature should be interpreted with caution. 

Nevertheless, we can conclude that the use of CMP as support clearly results in a 

partial negative charge in the gold particles and this could be due to its electronic 

properties. 
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3.2.4 Catalyst Testing 
 

3.2.4.1 Au/CMP and Au/PPO catalysts for the oxidation of glucose 

 

The catalytic performance of the CMP- and PPO-supported gold catalysts 

was investigated for the glucose oxidation reaction using microwave assisted heating. 

The oxidation of glucose has been widely investigated in the literature as alternative 

route to produce value added chemicals from sustainable sources as biomass. The 

selective oxidation of glucose to gluconic acid is an important reaction since the 

carboxylic acid and its salts are widely used as a food additive, in pharmaceuticals 

and as a raw material for biodegradable polymers [94]. The glucose oxidation is 

often carried out using molecular oxygen (Scheme 3.2) or air at atmospheric pressure 

in the presence of supported metal catalysts. Typically, palladium and platinum 

catalysts have been extensively studied in the glucose oxidation, however, the strong 

adsorption of oxygen on the metal surface have limited their catalytic activity [95]. 

In this scenario, gold catalysts have emerged as an alternative to the palladium and 

platinum catalysts due to their remarkable activity, and selectivity to gluconic acid 

[96-105]. The glucose oxidation using gold catalysts has shown that basic conditions 

are required to maintain high activity and selectivity as reported by Biella et al. [5]. 

Therefore, most studies on the glucose oxidation using gold catalysts have been 

carried out in two different ways, in basic media [5, 96, 99], and base-free conditions 

in the presence of molecular oxygen or air as the oxidant [103, 104, 106]. Since the 

catalytic transformation of glucose is well-known in the literature, it was selected as 

a test reaction to determine the effect of the synthesis method (WI, SI, and SASI) and 

support material (CMP and PPO) in the as-prepared catalysts.  

 

Scheme 3.2 The glucose oxidation in the presence of a metal catalyst with molecular 
oxygen as the oxidant. 
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The reaction was carried out using a 55.5 mM glucose stock solution in the 

presence of molecular oxygen as the oxidant (10 bar) and heated for 30 minutes at 

130 ºC under microwave assisted heating (CEM Discover® SP, Section 2.9.2). In 

some cases, the oxidation process showed the formation of different products such as 

tartronic, glycolic, and formic acids, however, gluconic acid was the most abundant 

product in all cases. The blank test showed no formation of oxidation products when 

the bare CMP was used under reaction conditions, demonstrating that gold 

nanoparticles are needed to carry out the glucose oxidation (Table A.5, Appendix A). 

In the following sections, the glucose conversion, gluconic acid yield and the 

turnover frequency will only be presented in the discussion, unless stated otherwise. 

Conversion, mass balance and yields of products for the glucose oxidation are 

reported in Appendix A. 

As an example, Table 3.12 shows conversion, product yield, mass balance 

and TOF values in the catalytic oxidation of glucose using the Au/PPO catalysts. 

Figure 3.18 shows (a) the glucose conversion and (b) gluconic acid yield for the 

Au/PPO catalysts. The results shows that the synthesis method had the strongest 

effect on the catalytic activity. The Au/PPO-SASI(DMF-W) and Au/PPO-SI 

catalysts were the most active in this series with conversion values of 28.5% and 

35.4% and gluconic acid yields of 27.4% and 33.8% after 30 minutes of reaction 

time. However, the Au/PPO-SI catalyst showed the highest TOF value (68.8 min-1) 

compared to the Au/PPO-SASI(DMF-W) catalyst (13.5 min-1), indicating that the 

Au/PPO-SI catalyst was the most active among the catalysts prepared in this series. 

 

  
                                  (a)                                                                          (b) 

Figure 3.18 Glucose conversion (a) and gluconic acid yield (b) for the Au/PPO catalysts. Reaction 
conditions: Glucose/Au = 438 molar ratio, T = 130 ºC, Reaction time = 30 min, P(O2) = 10 bar. 

Reaction time / min
0 5 10 15 20 25 30

G
lu

co
se

 c
o

n
ve

rs
io

n
 /

 %

0

20

40

60

80

100
Au/PPO-SASI(ACN-W) 
Au/PPO-SASI(DMF-W) 
Au/PPO-SI 
Au/PPO-WI(ACN) 

Reaction time / min
0 5 10 15 20 25 30

G
lu

c
o

n
ic

 a
c

id
 y

ie
ld

 /
 %

0

20

40

60

80

100

Au/PPO-WI(ACN) 
Au/PPO-SI 
Au/PPO-SASI(DMF-W) 
Au/PPO-SASI(ACN-W) 



 

99 
 

Notably, the Au/PPO-SASI(ACN-W) catalyst showed the lowest glucose 

conversion (2.2% after 30 min.) among the catalysts synthesized by the SASI 

method. In this case, the poor activity of the Au/PPO-SASI(ACN-W) catalyst can be 

associated to the solvent (acetonitrile) used during the synthesis, which limits the 

immobilization of the gold nanoparticles onto the support. As a result, the Au loading 

of the catalyst was 0.2 wt % (Table 3.3), a value far below the desired metal content 

(2 wt %). On the other hand, the 2.6 wt % Au/PPO-WI(ACN) catalyst showed that 

high metal content did not improve the catalytic activity as the glucose conversion 

was 2.3% after 30 minutes of reaction time. Despite the high metal content in the 

Au/PPO-WI(ACN) catalyst, the catalytic activity was negligible, thus indicating that 

the WI method produced less active catalysts. A possible explanation for the low 

activity could be associated to the particle size which cannot be controlled by the WI 

method [38] and this represents the most important factor for the gold nanoparticles 

due to their size-dependent activity [32].  

 

Table 3.12 Conversion, product yield and mass balance values in the catalytic 
oxidation of glucose with the Au/PPO catalysts under microwave conditions after 
30 minutes reaction time.
 

Catalyst 
Glucose 

Conversion 
(%) 

Gluconic 
acid 
(%) 

Tartronic 
acid 
(%) 

Mass  
Balance 

(%) 

 
TOFa 
(min-1) 

Au/PPO-SASI(ACN-W) 2.2 2.2 - 99 1.8 

Au/PPO-SASI(DMF-W) 28.5 27.4 - 98.9 13.5 

Au/PPO-SI 35.4 33.8 0.13 98.5 68.8 

Au/PPO-WI(ACN) 2.3 0.17 2.13 99 2.7 
a TOF values were calculated at 5 minutes reaction time, TOF = (Moles of glucose 
converted)/(Moles of metal x Time).

 
For the first time, we report the oxidation of glucose to gluconic acid using 

novel Au/PPO catalysts with molecular oxygen as the oxidant. The results showed 

that the synthesis method had a strong effect in the catalytic activity of the final 

material. The SI method showed to be more efficient in the preparation of gold 

catalysts using the PPO as support, however, low conversion values and yields were 

observed in all cases. Based on the previous findings, it is clear that more robust 

materials (supports) need to be developed in order to improve the catalytic activity of 

metal nanoparticles. For this reason, we took advantage of conjugated microporous 

polymers where metal nanoparticles can be confined into the porous structure, thus 

providing particle size control and a protective environment for catalytic 

applications. 
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Gold catalysts were prepared by the WI, SI  and SASI methods using the 

CMP as support. The catalysts were tested in the glucose oxidation under microwave 

assisted heating (similar conditions to the Au/PPO catalysts). Figure 3.19 shows the  

(a) glucose conversion and (b) gluconic acid yield for the Au/CMP catalysts. The 

Au/CMP-WI(ACN) catalyst showed 2.3% conversion and gluconic acid yield of 

1.8% which were the lowest values observed in this series. This results once again 

confirm that catalysts synthesized by the WI method are less active than the ones 

prepared by the immobilization of colloidal nanoparticles (SI and SASI methods). 

The Au/CMP-SI catalysts showed 52.3% conversion and gluconic acid yield of 

48.5%, indicating that the SI method can be an alternative in the preparation of gold 

catalysts on CMPs or any other material. However, the catalysts prepared by the 

novel SASI method showed superior activity than the ones prepared by the SI 

method. The Au/CMP-SASI(DMF-W) catalyst showed 85.3% conversion and 

gluconic acid yield of 70.6%, whereas the Au/CMP-SASI(ACN-W) showed 86.8% 

conversion and gluconic acid yield of 71.5%.  

 

 
                                  (a)                                                                          (b) 

Figure 3.19 Glucose conversion (a) and gluconic acid yield (b) for the Au/CMP catalysts. 
Reaction conditions: Glucose/Au = 438 molar ratio, T = 130 ºC, Reaction time = 30 min, P(O2) = 
10 bar. 

 

The results showed similar conversion values and yields for the catalysts 

prepared by the SASI method. This trend could be due to the catalysts are very 

similar in composition despite the organic solvent used. Indeed, the XPS results 

(Table 3.11) showed that the Au/CMP-SASI(DMF-W) and Au/CMP-SASI(ACN-W) 

catalysts presented the Auδ‒ and Au0 oxidation states at the surface. Although this is 

an indication that the catalysts present the same chemical species at the surface, other 
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effects such as particle size and preparation method could play a more important role 

on the catalytic activity. For a valid comparison, the turnover frequency (TOF) was 

used to measure the catalytic activity of the materials in the glucose oxidation 

(Section 2.2). The TOF values were calculated at 5 minutes of reaction time in all 

cases. 

Figure 3.20 shows the TOF values of the CMP- and PPO-supported gold 

catalysts as a function of the synthesis method and solvent used. The results 

confirmed that the CMP-supported gold catalysts displayed superior activity than the 

PPO-based catalysts. The Au/CMP-WI(ACN) showed a TOF of 1.2 min-1, which 

was the lowest value observed in this series, whereas the Au/CMP-SI catalyst 

showed a TOF of 131.2 min-1, indicating that the SI method could be a suitable 

method to prepare gold catalysts using the CMP as support. However, we went one 

step further and developed the SASI method in order to increase the intrinsic activity 

(TOF) of the final material. As a result, the Au/CMP-SASI(DMF-W) showed a TOF 

of 162.7 min-1, whereas the Au/CMP-SASI(ACN-W) showed the highest TOF value 

(201.8 min-1) among the catalysts tested in this series and even more active than the 

Au/PPO-SI with a TOF of 68.8 min-1 

In the literature, the oxidation of glucose using polymers as supports for the 

gold nanoparticles has attracted limited attention due to the low conversion values 

and poor stability of the catalysts compared to metal oxides or carbon as supports 

[96-105].  

 

 
Figure 3.20 TOF values for the glucose oxidation in the presence of the Au/CMP and Au/PPO 
catalysts. Reaction conditions: Glucose/Au = 438 molar ratio, T = 130 ºC, P(O2) = 10 bar. 

TOF values were calculated at 5 minutes reaction time. TOF = 
ெ௢௟௘௦ ௢௙ ீ௟௨௖௢௦௘	௖௢௡௩௘௥௧௘ௗ୑୭୪ୣୱ ୭୤ ୫ୣ୲ୟ୪	×	୲୧୫ୣ  
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To the best of our knowledge, some groups have attempted the oxidation of 

glucose using polymeric materials as supports. Biffis et al. [107] reported the glucose 

oxidation using gold nanoclusters (2.5 nm) stabilized by polymer microgel supports 

at 50 °C and pH 9.5, obtaining a modest TOF of 7.5 min-1. However, Ishida et al. 

[108] reported that gold nanoparticles supported on basic anion-exchange resins such 

as quaternary ammonium salt (‒N+Me3) showed a TOF of 450 min-1 in the glucose 

oxidation at 60 °C and pH 9.5. Comparing the results reported by Biffis et al. [107] 

and Ishida et al [108], it is clear that the use of molecular oxygen and alkaline 

conditions promote the oxidation reaction. Nevertheless, the Au/CMP-SASI(ACN-

W) catalyst showed better results in terms of catalytic activity (TOF = 201.8 min-1) 

than the catalyst (TOF = 7.5 min-1) reported by Biffis et al. [107] but it was less 

active than the catalyst (TOF = 450 min-1) prepared by Ishida et al. [108], where the 

reactions conditions were carefully selected to obtain high TOF values (0.1 wt% Au 

catalyst, and glucose/Au = 32,000 molar ratio).  

In Table 3.13 are reported several supports (metal oxides or carbon-based 

materials) which have been investigated using gold nanoparticles in the glucose 

oxidation. Among catalysts, gold supported on carbon (Au/C) has shown to be very 

active for the base-free glucose oxidation as reported by Biella et al. [5]. The catalyst 

showed total conversion and 100% selectivity to gluconic acid after 6 hours. 

However, leaching of the metal and changes in particle size were the main 

disadvantages of this catalyst. Other supports have been also studied in the glucose 

oxidation but different catalytic activities were reported, indicating that factors such 

as the synthesis method and metal-support interactions could affect the final material. 

Nevertheless, the SASI method has demonstrated that metal nanoparticles can be 

loaded on conjugated microporous polymers and the glucose oxidation reaction 

represents the first example of a gold-catalysed selective oxidation using synthetic 

organic networks as supports. 

 
Table 3.13 Catalytic transformation of glucose to gluconic acid with molecular oxygen as the 
oxidant using gold catalysts under base-free conditions.

Catalyst Catalyst 
ratio 

Oxidant 
 

T  
(°C) 

Time 
(h) 

Con.  
(%) 

Selec. 
 (%) 

Ref.

Au/C 1000 3 bar O2 100 6 100 100 [5]
Au/TiO2 438 3 bar O2 160 1 88 95 [109]
Au/Al2O3 100 1 bar O2 120 18 76 95 [110]

Au/graphite 100 3 bar O2 110 2 55 84 [104]
Au/CeO2 140 2.3 bar O2 65 2 77 98 [106]

Au/CMP-SASI(ACN-W) 438 10 bar O2 130 0.5 87 89 This work 
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3.2.4.2 Optimisation of the Au/CMP-SASI(ACN-W) catalyst  

 
 As shown in Figures 3.19 and 3.20 the Au/CMP-SASI(ACN-W) catalyst 

displayed the best catalytic performance and intrinsic activity among the gold 

catalysts prepared. In this section, the optimisation of the catalyst preparation by the 

SASI method will be presented and evaluated in the glucose oxidation reaction. The 

optimisation of the catalyst is required in order to improve the catalytic performance 

of the final material and make it more attractive for its application in other reactions.  

 

3.2.4.2.1 Effect of the Temperature on the Synthesis Method 

 
 The effect of the temperature on the preparation of the Au/CMP-SASI(ACN-

W) catalyst was explored and the catalysts prepared were tested in the oxidation of 

glucose under identical reaction conditions. As described in Section 3.2.2.3, the 

SASI method (Figure 3.6) consists of three separate steps which are: 1) Preparation 

of the colloidal solution, 2) swelling of the polymer with an organic solvent under 

heat treatment and 3) immobilisation of the colloid onto the support. In the SASI 

method, the effect of temperature starts during the second step when the swelling of 

the polymer is carried out under thermal treatment with the aim of improving the 

diffusion of the metal nanoparticles onto the porous network. In this section, the 

effect of the temperature on the swelling of the polymer (step 2) was examined 

during the preparation of the catalyst.  

 
The Au/CMP-SASI(ACN-W) catalyst presented in section 3.2.4.1 was 

synthesized as follows : The support (CMP, 0.1 g) was suspended in ACN (15 mL) 

and treated at 90 °C for 30 minutes under reflux conditions (step 2), then the 

immobilisation of the colloidal solution was carried out at the same temperature         

(90 °C) under reflux conditions for 30 minutes (step 3). For the catalysts prepared in 

this section, the temperature was modified during the steps 2 and 3. The Au/CMP-

SASI(ACN-W)-RT catalyst was prepared at room temperature without reflux 

conditions during the steps 2 and 3, whereas the Au/CMP-SASI(ACN-W)-45°C 

catalyst was prepared at 45 °C, the temperature was the same during the steps 2 and 

3, and no reflux conditions were used. Finally, the Au/CMP-SASI(ACN-W)-90°C 
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was prepared at 90 °C, the temperature was the same during the steps 2 and 3, and 

reflux conditions were used during the synthesis. 

Table 3.14 shows the ICP-OES analysis of the Au/CMP-SASI(ACN-W)-RT, 

Au/CMP-SASI(ACN-W)-45°C and Au/CMP-SASI(ACN-W)-90°C catalysts. The 

results showed similar metal content in all cases, indicating that the temperature has 

no effect on the immobilisation of the colloidal gold nanoparticles. 

 
Table 3.14 Solid UV-Vis and ICP-OES analysis for the Au/CMP-SASI(ACN-W) catalysts 
prepared by the SASI method at different temperatures.

Catalyst T/ °C [Au]nominal / wt% [Au]real / wt% UVλmax / nm TOFd 
 

Au/CMP-SASI(ACN-W)b 

90a 2 2.23 534 273.6 

45a 2 2.32 532 275.4 

RTc 2 2.33 530 190.7 

a Thermal treatment = 30 min., b Immobilisation time = 30 min., c RT = Room temperature and no reflux.   
d TOF values were calculated at 5 minutes reaction time, TOF = (Moles of glucose converted)/(Moles of metal 
x Time). 
 

Solid UV-Vis analysis was carried out on the Au/CMP catalysts prepared at 

different temperatures as shown in Figure 3.21. The DR UV-Vis spectra of the 

Au/CMP catalysts showed the presence of the surface plasmon resonance (SPR) 

band of gold in the range between 530 and 534 nm (Table 3.14), indicating the 

presence of gold nanoparticles [58-65]. In all cases, a red shift was observed in the 

plasmonic peaks with respect to the SPR band (516 nm) of the gold nanoparticles in 

the colloidal solution. The SPR bands of the catalysts were located at similar position 

(Table 3.14), which might indicate that the particle size was the same in all cases. 

 

 
Figure 3.21 UV-Vis spectra of the Au/CMP catalysts prepared by SASI method at different 
temperatures. 
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Figure 3.22 shows the catalytic results in the oxidation of glucose at 5 

minutes of reaction time with the catalysts prepared. The Au/CMP-SASI(ACN-W)-

RT catalyst showed a glucose conversion of 42.8% and gluconic acid yield of 38.3%. 

The Au/CMP-SASI(ACN-W)-45°C showed 61.7% conversion and 56.1% gluconic 

acid yield, whereas the Au/CMP-SASI(ACN-W)-90°C displayed 58.9% conversion 

and gluconic acid yield of 55%. Therefore, it is clear that the catalytic activity of the 

gold nanoparticles was influenced by the effect of the temperature on the synthesis 

method. In particular, the catalyst synthesized at room temperature showed the 

lowest conversion and selectivity. Meanwhile, the Au/CMP-SASI(ACN-W)-45°C 

and Au/CMP-SASI(ACN-W)-90°C showed very similar values of conversion, 

selectivity and TOF (Table 3.14). The results showed that the temperature has an 

effect during the preparation of the catalyst as the final samples displayed different 

activity. This phenom requires more investigation but we can speculate that the 

immobilisation of the gold nanoparticles is really fast, and the use of high 

temperature might help to solubilise the stabilizer agent (PVA) present on the 

nanoparticles, resulting in gold nanoparticles with different activity. This speculation 

could be in agreement with previous reports [1], however, it needs to be 

demonstrated. 

 
 
 

 
Figure 3.22 Influence of the temperature on the SASI method. Reaction conditions: 
Glucose/Au = 438 molar ratio, T = 130 ºC, P(O2) = 10 bar. 

 

 

Au/CMP-SASI(ACN-W)

Room Temperature 45 ºC 90 ºC

G
lu

co
se

 c
o

n
ve

rs
io

n
, 

G
lu

co
n

ic
 a

ci
d

 y
ie

ld
 /

 %

0

20

40

60

80

100
Glucose conversion
Gluconic acid



 

106 
 

3.2.4.2.2 Effect of the Immobilisation Time 

 
The catalysts presented in section 3.2.4.2.1 were synthesized as follows : The 

support (CMP, 0.1 g) was suspended in ACN (15 mL) and treated at 90 °C for 30 

minutes under reflux conditions (step 2), then the immobilisation of the colloidal 

solution was carried out at the same temperature (90 °C) under reflux conditions for 

30 minutes (step 3). The catalysts prepared in this section followed the same 

procedure described above but the immobilisation was carried out at different times 

during the step 3 (t = 0.5, 2, 5 and 24 hours). The temperature was fixed at 90 °C, 

based on the assumption that high temperature might help to solubilise the stabilizer 

agent (PVA). The fresh catalysts were tested in the oxidation of glucose under 

identical reaction conditions.  

 
 Table 3.15 shows the ICP-OES analysis of the fresh catalysts prepared by the 

SASI method at different immobilisation times. The results showed that desired 

metal content was achieved in all cases, although some catalysts presented slightly 

high metal content due to the experimental error during the synthesis.  

 
Table 3.15 Solid UV-Vis and ICP-OES analysis for the Au/CMP-SASI(ACN-W) catalysts 
prepared by the SASI method at different immobilisation times. 

Catalysts Time / hr [Au]nominal / wt% [Au]real / wt% UVλmax / nm 

 
 

Au/CMP-SASI(ACN)a 

0.5 2 2.23 534 
2 2 2.19 530 
5 2 2.33 541 

24 2 2.43 536 
a Thermal treatment = 30 min. with ACN and reflux conditions at 90⁰C. 

 
 

Figure 3.23 shows the solid UV-Vis analysis of the Au/CMP catalysts 

prepared by the SASI method at different immobilisation times. The UV-Vis spectra 

of the Au/CMP catalysts showed the presence of the SPR band of gold in the range 

between 530 and 541 nm (Table 3.15), indicating the presence of gold nanoparticles 

[58-65]. The catalysts presented a red shift in all cases with respect to the SPR band 

(516 nm) of the gold nanoparticles in the colloidal solution. The SPR band of the 

catalysts were observed at different positions which might indicate that the catalysts 

presented different particle size.  
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Figure 3.23 Solid UV-Vis spectra of the Au/CMP catalysts prepared by SASI method at different 
immobilisation times. 

 
Figure 3.24 shows the effect of the immobilisation time on the preparation of 

the Au/CMP catalysts by the SASI method for the glucose oxidation at 5 minutes of 

reaction time. The results showed that the Au/CMP-SASI(ACN-W)-0.5h catalyst 

presented the lowest catalytic activity in this series with a TOF of 201.8 min-1 whilst 

the Au/CMP-SASI(ACN-W)-2h catalyst showed the highest catalytic activity with a 

TOF of 327.8 min-1. The glucose conversion and gluconic acid yield were also 

dependent on the immobilization time and the highest values were observed for the 

Au/CMP-SASI(ACN-W)-2h catalyst with 69.2% conversion and 67.2% gluconic 

acid yield.  

 

 
Figure 3.24 Effect of the immobilisation time on the preparation of the Au/CMP catalysts. 
Reaction conditions: Glucose/Au = 438 molar ratio, T = 130 ºC, P(O2) = 10 bar. TOF values 

were calculated at 5 minutes reaction time. TOF = 
ெ௢௟௘௦ ௢௙ ீ௟௨௖௢௦௘ ௖௢௡௩௘௥௧௘ௗ୑୭୪ୣୱ ୭୤ ୫ୣ୲ୟ୪ × ୲୧୫ୣ     
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Although the catalysts presented slightly different metal content the results 

showed that the catalytic activity of the Au/CMP catalysts was mainly affected by 

the variation of the immobilisation time. Several explanations could be hypothesized 

in order to explain the differences observed on the catalytic activity of the Au/CMP 

catalysts. (i) Due to the preparation method implies the use of moderate temperature 

(90 °C), longer immobilisation times might help to solubilise the protecting agent 

(PVA) causing changes in the particle size and therefore affecting the catalytic 

activity, whereas (ii) at short times (below 2 hours) the amount of the protecting 

agent could be sufficient to limit the activity of the gold nanoparticles. (iii) As 

acetonitrile was used to improve the swellability of the polymer, longer 

immobilisation times might allow more metal nanoparticles to be deposited into the 

porous network affecting the availability of active sites. These speculations might be 

useful to understand the effect of the immobilisation time on the catalytic activity, 

however, they need to be demonstrated. 

 

 

 

3.2.4.2.3 Effect of the Metal Loading 

 

 Gold catalysts were synthesized by the SASI method with different metal 

loadings (0.5, 1, 2 and 3 wt %) and tested in the oxidation of glucose under the 

following reaction conditions: temperature = 130 °C, pressure = 10 bar, reaction time 

= 30 minutes and glucose/Au = 438 molar ratio (the catalyst amount was adjusted 

according the metal loading to maintain the same substrate/metal ratio in all cases). 

The catalysts were synthesized using the optimal parameters determined in the 

previous sections: the support (0.1g) is suspended in ACN (15 mL) and treated at 

reflux conditions (90 °C) for 30 minutes (step 2), then the colloidal solution is added 

and the mixture is stirred for 2 hours (immobilisation time, step 3) at 90 °C.  

 
The ICP-OES analysis of the catalysts prepared by the SASI method is 

reported in Table 3.16. The results showed that the CMP support was loaded with the 

desired metal content up to 3 wt %, indicating that the SASI method is a suitable 

technique to deposit gold nanoparticles onto conjugated microporous polymers.  

 



 

109 
 

Table 3.16 Solid UV-Vis and ICP-OES analysis for the Au/CMP-SASI(ACN-
W) catalysts prepared by the SASI method with different metal loadings. 

Catalysts [Au]nominal / wt% [Au]real / wt% UVλmax / nm 
 
 
Au/CMP-SASI(ACN)a 

0.5 0.57 525 

1 1.18 536 

2 2.19 530 

3 3.39 528 
a Thermal treatment = 30 min. with ACN at reflux conditions (90 ⁰C), Immobilisation 
time = 2 hours. 

 
 
 
 Figure 3.25 shows the solid UV-Vis analysis of the Au/CMP catalysts 

prepared by the SASI method with different metal loadings. The UV-Vis spectra of 

the gold catalysts shows plasmonic peaks between 525 and 536 nm (Table 3.16), 

indicating the presence of gold nanoparticles [58-65]. All catalysts presented a red 

shift with respect to the SPR band (516 nm) of the gold nanoparticles in solution. 

The presence of plasmonic peaks at different wavelengths might indicate gold 

particles with different sizes. Moreover, the solid UV-Vis spectra of the Au/CMP 

catalysts showed that the SPR band was amplified as the gold content increased from 

0.5 to 3 wt %. However, the position of the SPR band and its intensity could also 

depend on the particle size and shape, therefore, the solid UV-Vis analysis should be 

interpreted with caution. 

 

 

 
Figure 3.25 Solid UV-Vis spectra of the Au/CMP catalysts prepared by SASI method with 
different metal loading. 
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Figure 3.26 Effect of the metal loading on the oxidation of glucose catalysed by 
the CMP-supported gold catalysts. Reaction conditions: Glucose/Au = 438 molar 
ratio, T = 130 ºC, P(O2) = 10 bar. TOF values were calculated at 5 minutes 

reaction time. TOF = 
ெ௢௟௘௦ ௢௙ ீ௟௨௖௢௦௘ ௖௢௡௩௘௥௧௘ௗ୑୭୪ୣୱ ୭୤ ୫ୣ୲ୟ୪ × ୲୧୫ୣ     

 

 
Figure 3.26 shows the catalytic results for the gold catalysts as function of the 

gold content. The 2.19 wt% Au/CMP-SASI(ACN-W) catalyst showed the highest 

activity with a TOF of 327.7 min-1, whereas the 0.57 wt% Au/CMP-SASI(ACN-W) 

displayed the lowest activity with a TOF of 151.4 min-1. Surprisingly, the 1.18 wt% 

Au/CMP-SASI(ACN-W) catalyst showed similar activity (TOF = 250.2 min-1) to the 

3.39 wt% Au/CMP-SASI(ACN-W) (TOF = 253 min-1). A possible explanation for 

the low activity of the 3.39 wt% Au/CMP-SASI(ACN-W) catalyst could be 

associated to particle agglomeration due to the high metal loading. The glucose 

conversion and gluconic acid yield showed the same trend as the TOF where the 2.19 

wt% Au/CMP-SASI(ACN-W) catalyst demonstrated to be the most active catalysts 

for the oxidation of glucose. 
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3.2.4.2.4 Catalyst Reusability 
 
 
 Given the improvement in the preparation of CMP-supported gold catalysts 

by the SASI method, recycling studies for the 2 wt% Au/CMP-SASI(ACN-W) 

catalyst were carried out. The catalyst was prepared using the optimal conditions 

determined in previous sections. The recycling tests were carried out using the 

SynthWAVE microwave reactor (Section 2.9.2.2) at 130⁰C and 10 Bar of oxygen 

pressure. The catalyst (50 mg) catalyst was added to 5 mL of a glucose stock solution 

and placed in a 40 mL glass vial. The reaction mixture was vented three times with 

nitrogen gas before reaction, then it was vent two times with oxygen gas and finally 

the system was pressurized at 10 Bar of oxygen pressure. After reactions conditions, 

the reaction mixture was centrifuge for 5 minutes in order to separate the catalyst 

from the liquid phase, then a liquid sample was taken for the HPLC analysis (Section 

2.8.1).  

 
The mixture containing the spent catalyst was filtrated and washed three 

times with deionised water. Finally, the washed catalyst was dried overnight at 110 ⁰C and then ground. The first run was performed by running three simultaneous 

reactions, then the recovered catalyst was treated following the previously mentioned 

procedure, and then it was used in a second run for two simultaneous reactions. After 

reaction, the catalyst was treated following the same procedure. For the third run, one 

reaction was performed. The oxidation of glucose was carried out for 20 minutes 

where the gluconic acid displayed the highest yield.  

 

 

Table 3.17 Recycling tests of the 2 wt% Au/CMP-SASI(ACN-W) catalyst prepared by 
the SASI method for the oxidation of glucose to gluconic acid.a 

 Product yield for the glucose oxidation (%) 

Catalyst Run Conv. 
(%) 

Gluconic 
acid 

Tartronic 
acid 

Glycolic 
acid 

Formic 
acid 

  
 

 
Au/CMP-SASI(ACN-W) 

 

1 90.3 71.7 3.12 0.46 4.14 

1 90.4 72.0 3.18 0.45 4.62 

1 90.0 71.7 3.08 0.47 3.89 

2 91.2 69.0 3.14 0.46 4.40 

2 91.3 70.5 3.19 0.54 4.14 

3 90.3 67.2 3.29 0.60 4.66 
a Reaction conditions: Glucose/Au = 438 molar ratio, T = 130 ºC, P(O2) = 10 Bar, Reaction time = 
20 min. 
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The glucose conversion and product yield are shown in Table 3.17. The 

results once again have demonstrated that the 2 wt% Au/CMP-SASI(ACN-W) 

catalyst effectively transform glucose to gluconic acid without losing activity and 

stability after several reuses. Moreover, the ICP analysis showed that metal leaching 

was not observed during the experiments as shown in Table 3.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.18 Metal amount determined by the ICP-OES analysis 
before and after catalyst reusability a.

Catalyst Run [Au]real / wt% [Pd]real / wt% 

 
 
Au/CMP-SASI(ACN-W) 

 

Fresh 2.16 1.38 
1 2.15 1.37 
2 2.15 1.35 
3 2.15 1.33 
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3.3 Conclusions 

 

In this chapter, we have investigated for the first time the utilisation of porous 

polymers as supports for the gold catalysts in the glucose oxidation reaction. The 

conjugated microporous polymer CMP-1 [39] and poly(2,6-dimethyl-1,4-phenylene 

oxide) (PPO, commercial polymer) were used as supports for the gold nanoparticles. 

To prepare the catalysts, we have developed the solvent-assisted sol immobilisation 

(SASI) method where the use of an organic solvent (dimethylformamide or 

acetonitrile) is essential to improve the swellability of the polymers allowing the 

immobilization of the gold nanoparticles into the support material.  

The SASI method was compared with conventional methods such as the 

traditional sol immobilisation-SI and wet impregnation-WI. The catalytic results 

showed that the SASI method produced the most active catalysts among the 

preparation methods. With the addition of dimethylformamide as solvent, higher 

metal loading were achieved, however, the use of acetonitrile produced gold catalysts 

with superior activity. Recycling studies of the Au/CMP-SASI(ACN-W) catalyst 

demonstrated that the catalytic activity prevails after several reuses. 

The XPS analysis showed that the predominant species were Auδ‒ sites, 

which are associated with the electron transfer from the support to the gold 

nanoparticles. This assumption could be supported by the fact that the CMP and PPO 

supports present aromaticity in their structure which could contribute by donating 

electron density, although the presence of an electronegative oxidation state (Auδ‒) is 

still under discussion in the literature, this work shows its presence. 

 Therefore, this work has demonstrated that porous polymers can serve as 

support materials for catalytic applications and the preparation method is of great 

importance as it can affect the catalytic performance of the final material. 
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Chapter 4 
 
 

 
 
 
 
Catalytic Studies Under Light Irradiation 
 
 
 
 
 

4.1 Introduction 
 
 

Glucose is the most abundant and promising monosaccharide which has attracted 

much attention in recent years. It is a simple molecule which is highly water-soluble 

and more reactive than other complex polysaccharides. Glucose can be obtained 

from the depolymerisation of cellulose [1-3] or by enzymatic processes from sucrose 

[4]. As a feedstock, glucose has been used to produce high-value chemicals and fuels 

such as sorbitol [5], gluconic acid, glucaric acid, arabitol [6], hydroxymethylfurfural 

[7], formic acid [8], ethanol [9] and hydrogen [10]. Therefore, glucose is an 

extremely versatile molecule which can be converted into chemicals and fuels at 

different conditions. Particularly, the oxidation of glucose to gluconic acid has been 

widely investigated as the carboxylic acid and its salts are used as a food additive, in 

pharmaceuticals and soluble detergents [11]. Currently, gluconic acid is produced by 

fermentation of glucose, however, the accumulation of gluconic acid in the medium 

affects the microbes function and consequently low yields and reaction rates are 

observed [12]. An alternative approach for the oxidation of glucose is the use of 

heterogeneous photocatalysis which has been successfully applied for the selective 

oxidation of alcohols in the gas [13, 14] and liquid phase [15, 16] with promising 

results.  
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The photocatalytic oxidation of glucose was first reported using TiO2-based 

photocatalysts [6, 17-20] and more recently metal nanoparticles (i.e., Au, Ag) were 

used to extend the light absorption of the photocatalyst to the visible region due to 

the surface plasmon resonance effect (SPR) [21-23]. In 2011 Colmenares et al. [17] 

reported for the first time the glucose oxidation under UV light using TiO2-based 

photocatalysts prepared by an ultrasound-mediated sol-gel synthesis. The catalysts, 

TiO2 (US) and TiO2 (R), were tested and compared to the benchmark material, 

Degussa (Evonik) P25 (commercial TiO2) [24]. The TiO2 (US) photocatalyst 

displayed the highest selectivity to products such as gluconic acid, glucaric acid and 

arabitol in the liquid phase while CO2 was detected in the gas phase. Later, the same 

authors reported the photocatalytic activity of different materials such as TiO2 

nanoparticles [6], Fe-TiO2 [20], and Cr-TiO2 [18], which were supported on zeolite 

or silica and tested for the oxidation of glucose under UV light. The results showed 

that the reaction conditions had a strong influence on the product distribution, 

particularly solvent composition and irradiation time. Gluconic acid and glucaric acid 

were detected in most cases while arabitol [6] was found under specific conditions. 

 
 The photocatalytic transformation of glucose to aldoses (arabinose and 

erythrose) was reported by Chong et al. [25] using TiO2-based photocatalysts, 

however, oxidation products such as gluconic and formic acid were detected. 

Particularly, gluconic acid was obtained when the Rh/TiO2-A and Rh/TiO2-P25 

photocatalysts were used. Chong et al. [25] also reported that arabinose and erythrose 

were formed through the C-C bond cleavage (α-scission) of glucose along with 

hydrogen and formic acid. The same mechanism (α-scission) was observed for 

arabinose and erythrose as starting materials. 

 
 In 2015 Bellardita et al. [26] reported the preparation of two heteropolyacid-

TiO2 (HPA/TiO2) composites which were tested for the oxidation of glucose under 

UV light. The commercial Keggin heteropolyacid (H3PW12O40) and home prepared 

K7PW11O39 salt were supported on TiO2. The results showed that products such as 

gluconic acid, arabinose, erythrose and formic acid were obtained using the 

HPA/TiO2 catalysts and bare support (TiO2). In some cases, traces of products such 

as glyceraldehyde, glucaric acid and fructose were detected. 
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The previous work showed that the photocatalytic transformation of glucose 

can produce a wide range of high-value chemicals. However, the initial studies were 

carried out under UV light which limits the application of photocatalysis in real 

conditions (UV light represents c. 4% of the solar spectrum). In 2016 we reported for 

the first time the selective photo-oxidation of glucose under visible light conditions 

using TiO2 as photocatalyst [19]. In this work, we found that the ligand-to-metal 

charge-transfer (LMCT) complex, TiO2-glucose, is responsible for the photocatalytic 

activity under visible light conditions. As a result, gluconic acid and other partial 

oxidation products (arabinose, erythrose, glyceraldehyde and formic acid) were 

obtained under visible light irradiation. Moreover, it was demonstrated that the 

photo-oxidation of glucose can be carried out under natural light. In the same year, 

we also presented a study on the photo-conversion of glucose using TiO2-supported 

silver photocatalysts under visible light [21]. It was found that the reaction conditions 

affect the product distribution, particularly the use of UV light promotes the 

formation of CO2 (mineralisation pathway) and limits the production of high-value 

chemicals. 

 

 

 

Scheme 4.1 Reaction mechanism for the photocatalytic conversion of glucose under UVA and 
visible light proposed by Da Vià et al., adapted from reference [21].
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A mechanism (Scheme 4.1) which includes the Ruff degradation [27] reaction and 

the α-scission [25] process was proposed to explain the presence of gluconic acid, 

short-chain aldoses (arabinose, erythrose, and glyceraldehyde), and formic acid 

during the photocatalytic conversion of glucose under UV and visible light. 

 
 By the end of 2016, Zhou et al. [23] reported the selective photocatalytic 

oxidation of biomass derivatives using the Au/TiO2 photocatalyst under UV and 

visible light. The authors showed that the photo-oxidation of the substrates under 

both UV and visible light only produces the carboxyl compounds with selectivities 

higher than 95% in alkaline conditions. In the case of the photo-oxidation of glucose, 

the results showed total conversion (>98%) and yields higher than 92% after 4 hours 

of irridation under both UV and visible light. The authors suggested that the base 

(Na2CO3) is responsible for the exceptional results as it acts as a promoter under 

visible light or sacrificial agent under UV light. The visible light activity of the 

photocatalyst was attributed to the surface plasmon resonance effect (SPR) of the 

gold nanoparticles, whereas the UV light activity was due to the band gap excitation 

of TiO2. 

The results published by Zhou et al. [23] suggested that the Au/TiO2 

photocatalyst can be used to perform selective photo-oxidation reactions under 

alkaline conditions, however, the study shows an unexpected behaviour of the TiO2 

support during photocatalysis. The recent work reported by Colmenares [6, 17, 18, 

20], Chong [25], Bellardita [26], and Da Vià [19, 21] showed that the TiO2-supported 

photocatalysts and bare TiO2 are able to convert glucose to specific products (i.e., 

gluconic acid, glucaric acid) under UV or visible light, but it has also been 

demonstrated that TiO2 can promote side reactions or even degradation of the 

products formed. More recently, Jin et al. [8] reported the photo-oxidation of glucose 

into formate using Degussa P25 (commercial TiO2) under alkaline conditions. Blank 

experiments were carried out in the presence and absence of the base (NaOH) under 

UV light. The results showed that the glucose conversion increased nearly eightfold 

in the presence of the base (NaOH), obtaining higher formate selectivity after 3 hours 

of irradiation at 50 °C. Optimisation studies showed a glucose conversion of 100% 

with a formate yield of 35% after 9 hours of reaction at 25 °C. The authors suggested 

that alkaline conditions promote the formation of oxidative radicals (O2
•‒, •OH), 

which facilitates glucose oxidation. More interestingly, the results reported by Jin et 
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al. [8] about the role of the base during photocatalysis contradict the previous 

findings reported by Zhou et al. [23]. 

 
The previous results demonstrate that the current literature on the selective 

photo-oxidation of biomass derivatives such as glucose is still unclear and does not 

provide conclusive results to the scientific community. The results reported by Jin [8] 

and Zhou [23] motivated us to further study the photo-oxidation of glucose under 

alkaline conditions using gold-based photocatalysts.  

 
 
4.2 Results and Discussion 
 
 
4.2.1 Catalyst Testing 
 
 The photocatalytic oxidation of glucose was performed under visible and UV 

light conditions using two different systems. Tests under visible light conditions 

were carried out using a 300 W Xenon Oriel Arc Lamp (Mod. 6258, Newport, UK) 

equipped with UV filter with a cut-off value of 420 nm and with a water filter to 

remove the IR radiation and avoid overheating of the reaction mixture. A Luzchem 

Photoreactor (Mod. LZC-4, Luzchem Research Inc., CAN) equipped with 16 lamps 

(UVA or visible, 8 W per lamp), which provide a total power of 128 W was used to 

perform the reactions under both UV and visible light conditions. Control 

experiments (blank reactions) were carried out in the dark using the Luzchem 

Photoreactor (lights off) and the temperature was adjusted to the obtained value 

under visible light conditions (Chapter 2, Section 2.9.1.1). In a typical test, 14 mL of 

a glucose stock solution (20 mM) were transferred into a 16 mL borosilicate glass 

vial (reactor), then the catalyst (30 mg) was added to the solution. Subsequently, the 

appropriate amount of the base (Na2CO3) was added and the reactor was sealed. The 

temperature in the reaction mixture was recorded at fixed intervals using a 

thermocouple which was inserted in the vial. Initial tests were carried out for 24 

hours with sampling every 30 minutes in the first 2 hours and after 4, 6 and 24 hours. 

In the optimized conditions, the tests were carried out for 6 hours. The products were 

separated from the slurry by filtration using a PTFE filter (GILSON®, 0.22 μm) and 

quantified using HPLC analysis (Chapter 2, Section 2.8.1). 
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4.2.1.1 TiO2‒based photocatalysts for the photo-oxidation of glucose 

 
The photocatalytic conversion of glucose was carried out using the 2 wt% 

Au/TiO2-SI and TiO2 (Degussa P25) catalysts under UV and visible light conditions. 

The Au/TiO2-SI catalyst was synthesized using the traditional sol immobilisation 

technique [28-30] as described in Chapter 3 (Section 3.2.2.2). Briefly, the method 

implies the preparation of metal nanoparticles by the reduction of the metal precursor 

(HAuCl4·3H2O) in solution with a reducing agent (sodium borohydride-NaBH4) in 

the presence of a stabilizing polymer (Polyvinyl alcohol-PVA). After sol generation, 

the colloid is immobilised on the support (TiO2).  

The ICP-OES analysis of the Au/TiO2-SI catalyst showed that the real metal 

loading was 1.6 wt%, indicating that the amount of metal was slightly lower than the 

target value of 2 wt%. The Au/TiO2-SI and TiO2 catalysts were characterized by 

diffuse reflectance UV-Vis spectroscopy (DR UV-Vis) as shown in Figure 4.1. The 

DR UV-Vis spectrum of the bare TiO2 (black line) shows a strong band in the range 

of 200-380 nm, indicating that the TiO2 support can only be activated in the UV 

region (black line), whereas the UV-Vis spectrum of the Au/TiO2-SI (red line) 

catalyst shows the UV light response of the TiO2 and the visible light response of the 

gold nanoparticles. The absorption peak centered at 541 nm in the visible region is 

assigned to surface plasmon resonance (SPR) effect of the gold nanoparticles. 

Plasmonic peaks in the same range have been attributed to the presence of gold 

nanoparticles [31-34]. 

 

 
Figure 4.1 Solid UV-Vis spectra of the Au/TiO2-SI and TiO2 catalysts. The Au/TiO2-SI catalyst 
showed the characteristic purple color of the gold nanoparticles (inset).
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As reported by Zhou et al. [23] total glucose conversion with high yield to gluconic 

acid can be achieved after 4 hours of irradiation under UV or visible light by using 

the Au/TiO2 in alkaline conditions. In order to corroborate the results reported by 

Zhou et al. [23], the photo-oxidation of glucose was carried out under UV and visible 

light using the Au/TiO2-SI and TiO2 catalysts in alkaline conditions. The reactions 

were performed by using a 20 mM glucose stock solution with a glucose/Na2CO3 = 

1:1 molar ratio and 30 mg of catalyst. Figure 4.2 shows the results of the photo-

oxidation of glucose after 4 hours of reaction time using the Au/TiO2-SI and TiO2 

catalysts. 

 

 
Figure 4.2 Glucose conversion and product selectivity values after 4 hours of reaction under UV 
and visible light in basic conditions. Glucose/Na2CO3 = 1:1 molar ratio, 30 mg catalyst, 20 mM 
glucose stock solution.  

 

 As it was expected the results show that the photo-oxidation of glucose under 

UV or visible light using TiO2-based catalysts or bare TiO2 leads to the formation of 

several products. The reaction under visible light using bare TiO2 shows a glucose 

conversion of 26% with formic acid as the main product. This result confirms that 

the photo-oxidation of glucose can be performed under visible light using the TiO2 

catalyst as reported by Da Vià et al. [19]. Moreover, it was found that the presence of 

the base promotes the formation of fructose as a result of the isomerisation of 

glucose via the Lobry de Bruyn-Alberda van Ekenstein rearrangement [35]. In the 

case of the Au/TiO2-SI catalyst, the glucose conversion was 43% under visible light 

with gluconic acid and formic acid as the main products. Comparing the results of 

the Au/TiO2-SI catalyst with TiO2, it is clear that the improved photoactivity of the 

P
ro

d
u

ct
 S

el
ec

ti
vi

ty
 / 

%

0

20

40

60

80

100

G
lu

co
se

 c
o

n
ve

rs
io

n
 /

 %

0

20

40

60

80

100

Gluconic acid 
Tartronic acid 
Arabinose 
Fructose 
Glyceraldehyde+Erythrose 
Glycolic acid 
Formic acid 
Glucose conversion

Au/TiO2-SI (Visible)TiO2 (Visible) Au/TiO2-SI (UV)



 

130 
 

Au/TiO2-SI catalyst is due to the presence of the gold nanoparticles and their visible 

light response as a result of the SPR effect. Remarkably, the selectivity to gluconic 

acid increased from 3.5% with TiO2 as catalyst to 36% when the Au/TiO2-SI catalyst 

was used in similar conditions. This result might indicate that the presence of gold 

nanoparticles promotes the selective photo-oxidation of glucose to gluconic acid. In 

fact, Au-based catalysts have shown exceptional activity for the glucose oxidation 

under “thermal” conditions [36-39] and more recently plasmon-driven photocatalysis 

has demonstrated to be a promising alternative for the glucose transformation [22, 

23].  

In order to examine the effect of light irradiation, the photo-oxidation of 

glucose was performed under UV light using the Au/TiO2-SI catalyst. The results 

showed a glucose conversion of 29% with formic acid as the main product. 

Surprisingly, the selectivity to gluconic acid decreased from 36% under visible light 

to 10% under UV light. It is worth noting that supported gold nanoparticles might be 

used to perform chemical reactions under UV light: when the Au/TiO2 catalyst is 

irradiated with UV light, electrons are photo-excited to the conduction band from the 

valence band of TiO2 and then transferred to the gold nanoparticles which can 

activate various chemical species by an electron-transfer reaction. Also, gold 

nanoparticles exhibit modest UV absorption due to the intraband transition of the 

electrons from 5d to 6sp orbitals [40, 41] and therefore this excitation could be used 

in photocatalysis. Even though gold nanoparticles present significant UV light 

response, the results reported in Figure 4.2 shows that the Au/TiO2-SI catalyst did 

not have a substantial effect on the photo-oxidation of glucose under UV light.  

 
The results obtained for the photo-oxidation of glucose under UV or visible 

light using the Au/TiO2-SI catalyst demonstrated that the presence of the base 

(Na2CO3) and gold nanoparticles did not impart the remarkable photoactivity 

reported by Zhou et al. [23]. In order to reproduce as close as possible the 

experimental conditions reported by Zhou et al. [23], the photo-oxidation was 

performed using a 1 mM glucose stock solution while the amount of catalyst (30 mg) 

and the volume of the solution (14 mL) were the same due to the experimental set-up 

used (Section 2.9.1.2). Table 4.1 shows the comparison between Zhou’s [23] 

experimental set-up and this work as well as the reaction conditions used. 
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Table 4.1 Experimental set-up and reaction conditions used for the 
photo-oxidation of glucose using Au-based photocatalysts.

Parameter Zhou et al. 
[23] 

This work 

Glucose concentration 1 mM 1 mM 
Glucose/Na2CO3 molar ratio 1:1 1:1 
Catalyst amount 25 mg 30 mg 
Metal loading (wt %) 3 % 1.6 % 
Irradiation time 4 h 6 h 
Illuminated area 2 cm2 4.5 cm2 
Light intensity 0.3 W/cm2 0.45 W/cm2 
Lamp (Power) Xenon (N/A) Xenon (300 W) 
Position of the light source Top-irradiation Side-irradiation 
Volume of reaction mixture 1 mL 14 mL 
Volume of reactor 10 mL 16 mL 
Type of light Visible Visible 
Temperature 30 °C 34±5 °C 
N/A = Not available

 
 

 
Figure 4.3 Glucose conversion and product selectivity values for the Au/TiO2-SI catalyst after 6 
hours of reaction under visible light in basic conditions. Glucose/Na2CO3 = 1:1 molar ratio, 30 mg 
catalyst, 1 mM glucose stock solution.

 

 The results reported in Figure 4.2 showed that visible light irradiation 

displayed better performance on the glucose oxidation. Therefore, it was decided to 

use visible light to carry out the photoreaction. Figure 4.3 shows the results obtained 

with the Au/TiO2-SI catalyst for the photo-oxidation of glucose in alkaline 

conditions. At low concentration of substrate, the Au/TiO2-SI catalyst showed nearly 

total glucose conversion (99%) after 6 hours of reaction under alkaline conditions. 

Surprisingly, gluconic acid was not detected during the analysis of the products. This 

result might indicate that gluconic acid is converted into short-chain aldoses as soon 

as it forms. Despite higher glucose conversion, the photo-oxidation process did not 
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show any improvement in the product distribution, in fact, degradation of the organic 

compounds into formic acid was detected. 

  
 The results obtained under UV and visible light irradiation demonstrate that 

the Au/TiO2 and TiO2 catalysts are unable to perform the selective photo-oxidation 

of glucose in alkaline conditions. Even when the photo-oxidation of glucose was 

performed under similar reaction conditions (Table 4.1 and Figure 4.3) as reported 

by Zhou et al. [23], the Au/TiO2 catalyst did not promote the formation of gluconic 

acid as the main product. These results confirm that the TiO2 support actively 

participates in the reaction, allowing the formation of unwanted products. Therefore, 

it is clear that the search for new supports which present photoactivity but do not get 

directly involved in the reaction is desirable. 

 

 

4.2.1.2 Conjugated Microporous Polymers (CMPs) as alternative 
support materials for the selective photo-oxidation of glucose 
 
 
 In Chapter 3, it was demonstrated that conjugated microporous polymers 

(CMPs) are suitable supports for the deposition of metal nanoparticles. These novel 

polymer-based catalysts showed good activity and stability during catalysis, even 

after several reuses. More interestingly, CMPs have shown potential for 

photocatalytic applications due to their extended π-conjugation, high surface area, 

chemical inertness, and photophysical properties [42-44]. In 2010 Chen et al. [45] 

demonstrated that CMPs with polyphenylene structures can serve as an antenna for 

light-harvesting. The authors suggested that the conjugated structure allows energy 

transfer from the CMPs framework to an energy acceptor. Recently, Cooper et al. 

[42] reported the synthesis of pyrene-based CMPs photocatalysts for the hydrogen 

production from water under visible light. The results showed that the optical gap 

(1.94‒2.95 eV) and surface area (597‒1710 m2 g‒1) can be modified by varying 

monomer composition allowing the formation of CMPs with unique photocatalytic 

properties. The authors also demonstrated that the polymers are capable of producing 

hydrogen from water in the absence of cocatalysts. Therefore, it is clear that the 

CMPs are promising materials with tunable properties which make them suitable 

supports for use in photocatalytic applications. 
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In this section, gold nanoparticles were immobilised on different polymeric 

structures (CMPs) and tested for the photo-oxidation of glucose under visible light in 

alkaline conditions. The gold catalysts were synthesized by the solvent-assisted sol 

immobilisation (SASI) method using acetonitrile as solvent, as reported in Chapter 3. 

Polymeric structures such as E-PAF, CMP-2, CMP-4, CMP-8, and CMP-10, kindly 

provided by the Cooper group (Prof A. I. Cooper FRS, University of Liverpool, UK) 

were used as support materials, whereas the CMP-1 structure was prepared as 

reported in Chapter 3.  

 
Table 4.2 shows the photophysical properties and the apparent Brunauer‒

Emmett‒Teller surface areas of the polymeric networks. The CMPs (1 to 10) show a 

read shift in the absorption onset from 420 to 532 nm, which is attributed to the 

increase of pyrene content in the polymeric network, thus the polymers are active 

under visible light. 

 
Table 4.2 Photophysical properties and surface area of the CMPs. 

Polymer λon-set
a 

(nm) 
Optical gapa 

(eV)a 
SABET

a,b 
(m2 g‒1) 

Comments 

E-PAF N/Ab 3.24 1067 Non-conjugated 
CMP-1 421 2.95 671 This work 
CMP-2 463 2.69 682 [42] 
CMP-4 489 2.54 684 [42] 
CMP-8 512 2.42 1056 [42] 
CMP-10 532 2.33 995 [42] 
a Values obtained from Sprick et al. [42] 
b N/A = Not available, SA = Surface area

 
 

Table 4.3 shows the ICP-OES analysis of the gold catalysts prepared by the 

SASI method using different polymeric networks. The results show that the required 

metal loading was achieved in some cases, however, in other cases an incomplete 

deposition of the gold nanoparticles was detected. This result might indicate that the 

nature of the support affects the immobilisation of the metal nanoparticles. 

 
Table 4.3 Solid UV-Vis and ICP-OES analysis for the gold 
catalysts prepared by the SASI method using different porous 
networks. 

Catalysts [Au]nominal / wt% [Au]real / wt% UVλmax / nm 
Au/E-PAF 2 1.2 531 
Au/-CMP-1 2 1.6 550 
Au/-CMP-2 2 1.0 529 
Au/-CMP-4 2 2.0 N/Da 

Au/-CMP-8 2 1.8 N/Da 

Au/-CMP-10 2 2.1 571 
a N/D= Not detected
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a)  

 
 

Au/E-PAF 

b)  
 
 

Au/CMP-1 
  

c)  
 
 

Au/CMP-2 
 

Figure 4.4 UV-Vis spectra of the (a) Au/E-PAF, (b) Au/CMP-1 and (c) Au/CMP-2 catalysts 
prepared by the SASI method and digital photographs of the corresponding samples. 
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a)  
 

 

 
Au/CMP-4 

 

b)  
 
 

Au/CMP-8 
 

c)  
 

 

 
Au/CMP-10 

 

Figure 4.5 UV-Vis spectra of the (a) Au/CMP-4, (b) Au/CMP-8 and (c) Au/CMP-10 catalysts 
prepared by the SASI method and digital photographs of the corresponding samples. 

 

Wavelength / nm
200 300 400 500 600 700 800

A
b

so
rb

an
ce

 /
 a

.u
.

Au/CMP-4-SASI(ACN-W)

Wavelength / nm
400 500 600 700 800

A
b

so
rb

a
n

ce
 /

 a
.u

.

0.025 a.u.

Wavelength / nm
200 300 400 500 600 700 800

A
b

so
rb

an
ce

 / 
a.

u
.

Au/CMP-8-SASI(ACN-W)

Wavelength / nm
400 500 600 700 800

A
b

s
o

rb
a

n
ce

 /
 a

.u
.

0.05 a.u.

Wavelength / nm
200 300 400 500 600 700 800

A
b

so
rb

an
ce

 /
 a

.u
.

Au/CMP-10-SASI(ACN-W)

Wavelength / nm
500 600 700 800

A
b

s
o

rb
a

n
ce

 /
 a

.u
.

0.05 a.u.

571 nm



 

136 
 

The polymer-supported gold catalysts were characterized by diffuse 

reflectance UV-Vis spectroscopy (DR UV-Vis) as shown in Figures 4.4 and 4.5. The 

DR UV-Vis spectra of the gold catalysts show the presence of plasmonic peaks 

between 529 and 571 nm (Table 4.3). Plasmonic peaks in the same range have been 

attributed to the presence of gold nanoparticles [31-34]. Surprisingly, the Au/CMP-4 

and Au/CMP-8 catalysts did not show the presence of plasmonic peaks (Figures 4.5a 

and 4.5b) despite the high metal content (Table 4.3). This result could be explained 

considering the interaction of the residual palladium from the synthesis of the 

polymers with the gold nanoparticles resulting in the formation of Au/Pd bimetallic 

nanoparticles. As reported by Wu et al. [46], the presence of Pd suppresses the 

formation of the surface plasmon of the gold structures in the Au/Pd systems. 

However, this is pure speculation and the presence of bimetallic nanoparticles in the 

Au/CMP-4 and Au/CMP-8 catalysts needs to be demonstrated. 

 The initial experiments in the photo-oxidation of glucose were carried out 

under visible light irradiation and dark conditions. The tests under visible light were 

performed using the 300 W Xenon Lamp and the Luzchem Photoreactor (equipped 

with 16 visible lamps, 128 W). Blank tests (dark conditions) were carried out using 

the Luzchem photoreactor with the lights off, while the temperature was adjusted to 

the one recorded for the reaction under visible light. The Au/CMP-1 catalyst was 

used as a representative sample to perform the reactions under visible light 

irradiation and dark conditions.  

Figure 4.6 shows the results obtained for the glucose oxidation after 24 hours 

of reaction using the Au/CMP-1 catalyst. In this set of experiments, the effect of the 

light intensity (300W and 128W) and solvent composition (acetonitrile/water 50/50 

v/v) were investigated. Surprisingly, it was found that the reactions did not show any 

difference in the photocatalytic activity when they were performed under visible light 

irradiation or dark conditions. The results obtained for the 300 W lamp show the 

highest glucose conversion (38.5%) with a gluconic acid selectivity of 95% after 24 

hours of reaction, similar values of conversion (43.9%) and selectivity (95.2%) were 

found for the reaction under dark conditions. The same trend was observed when the 

light intensity decreased from 300 W to 128 W. The glucose conversion (29%) and 

selectivity to gluconic acid (>99%) under visible light irradiation showed similar 

values to the ones obtained under dark conditions after 24 hours of reaction, 23% and 

98.8% respectively.  
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      a) 300W Xe Lamp 

 

 

       b) 128W Visible Light (Luzchem)

 

 

      c) 128W Visible Light (Luzchem)   
(50/50 v/v, ACN/H2O) 

 

 
 

Figure 4.6 Glucose conversion and product selectivity values after 24 hours of reaction under 
visible light irradiation and dark conditions using the Au/CMP-1 catalyst. 20 mM glucose stock 
solution (14 mL), 30 mg of catalyst, atmospheric pressure. The mass balance in all cases was 
>99%. 
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The glucose oxidation with the 300 W lamp showed an increase of 9.5% with 

respect to the 128 W system (Luzchem photoreactor) under visible light. This result 

might indicate that the light intensity does not have an effect on the glucose 

oxidation using the Au/CMP-1 catalyst. In fact, the small increase in conversion 

could be associated with an increase in temperature. When the reaction was carried 

out using the 300 W lamp, the temperature was 38±4 °C. While the 128 W system 

(Luzchem photoreactor) kept the temperature at 30±1 °C.  

 
On the other hand, the solvent composition was modified in order to promote 

the photo-oxidation of glucose. As reported by Shiraishi et al. [47], the presence of 

acetonitrile as co-solvent could be beneficial to prevent radical recombination 

reactions which might affect the photocatalytic activity. Recently, Colmenares et al. 

[17] reported that a water/acetonitrile 50/50 v/v mixture promotes the formation of 

organic compounds (gluconic acid, glucaric acid, and arabitol) during the photo-

oxidation of glucose using TiO2-based catalysts. Therefore, a 20 mM glucose stock 

solution was prepared by solubilising the appropriate amount of glucose in a 

water/acetonitrile mixture 50/50 v/v. The reaction was carried out using the    

Au/CMP-1 catalyst under visible light irradiation (128 W) and dark conditions. The 

results showed a glucose conversion of 8% with a gluconic acid selectivity of 98.7% 

under visible light after 24 hours of reaction, whereas the reaction in the dark showed 

a glucose conversion of 9% with a gluconic acid selectivity of >99%. Unfortunately, 

the results showed (Figure 4.6c) that the addition of acetonitrile did not have an 

effect on the glucose oxidation, in fact, the presence of the organic solvent was 

detrimental to the system.  

 
These results revealed that the presence of visible light does not promote the 

photo-oxidation of glucose as the reaction in the dark showed similar results, even 

when the solvent composition was modified to improve the photoactivity. Moreover, 

the Au/CMP-1 catalyst has shown to be an effective material which promotes the 

formation of gluconic acid as the main product. At this stage of the work, we have 

demonstrated that the glucose oxidation might be a thermally driven process rather 

than a light-driven process. However, some authors have suggested that the photo-

oxidation of glucose can be carried out using gold catalysts (i.e. Au/M, M= TiO2, 

Al2O3, CeO2) under visible light irradiation (0.3 W/cm2 or 0.1 W/cm2) and basic 
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conditions (Na2CO3 or NaOH) [22, 23]. Consequently, the next step was to prove 

that the addition of a base promotes the photo-oxidation of glucose under visible 

light irradiation. Similarly to the previous tests, the reaction was carried out using the 

Au/CMP-1 catalyst under visible light irradiation and dark conditions. A 20 mM 

glucose stock solution and a glucose/Na2CO3 = 1:1 molar ratio were used in these 

tests. 

 

Figure 4.7 Conversion and product selectivity values for the glucose oxidation using the Au/CMP-1 
catalyst under visible light irradiation and dark conditions. Glucose/Na2CO3 = 1:1 molar ratio, 20 
mM glucose stock solution (14 mL), 30 mg of catalyst, atmospheric pressure. The mass balance in all 
cases was >99%. 
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alkaline conditions. As shown in Figure 4.8, the Au/CMP-1 catalyst leads to the 

formation of gluconic acid as the main product, whereas the Au/TiO2 promotes the 

formation of oxidation and degradation products as a result of the interaction of 

glucose with the TiO2 support as reported by Chong et al. [25] and Da Vià et al. [19]. 

Therefore, the use of a conjugated microporous polymer (CMP-1) as support for the 

gold nanoparticles could be a promising alternative for the selective transformation 

of glucose into high-value chemicals. To further confirm that the CMPs can serve as 

support materials, the glucose oxidation was carried out using CMP-supported gold 

catalysts (Table 4.3) in alkaline conditions. 

 
 

(a) (b) 

Figure 4.8 Conversion (a) and product distribution (b) values for the glucose oxidation using the 
Au/CMP-1, Au/TiO2 and TiO2 catalysts under visible light and basic conditions. Glucose/Na2CO3 = 
1:1 molar ratio, 20 mM glucose stock solution (14 mL), 30 mg of catalyst, atmospheric pressure. 
The mass balance in all cases was >96%.
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structure and emphasize the importance of support selection in oxidation reactions 

under basic conditions. 

 

 

Table 4.4 Conversion and product selectivity values for the glucose oxidation 
using CMP-supported gold catalysts in alkaline conditions.a 

Catalysts Time 
(h) 

Conv. 
(%) 

Gluconic Acid 
(%) 

Tartronic Acid 
(%) 

Fructose 
(%) 

TOFb

(h‒1) 

 
Au/E-PAF 
 

0.5 
6 
24 

2.7 
6.6 
15 

- 
- 
- 

- 
- 
- 

>99 
>99 
>99 

- 
- 
- 

 
Au/CMP-1 

0.5 
6 
24 

18 
92 
94 

>99 
98 
93 

- 
1.4 
6.9 

- 
- 
- 

41 
- 
- 

 
Au/CMP-2 

0.5 
6 
24 

10 
88 

>99 

>99 
>99 
94 

- 
- 
- 

- 
0.4 
4.4 

36 
- 
- 

 
Au/CMP-4 

0.5 
6 
24 

19 
95 
95 

88 
94 
92 

- 
- 

3.3 

12 
6.0 
4.7 

31 
- 
- 

 
Au/CMP-8 

0.5 
6 
24 

18 
>99 
>99 

>99 
92 
84 

- 
0.6 
12 

- 
7.2 
4.0 

37 
- 
- 

 
Au/CMP-10 

0.5 
6 
24 

25 
91 

>99 

94 
92 
93 

- 
- 

2.0 

5.7 
8.0 
5.0 

41 
- 
- 

a Reaction conditions: 30 mg of catalyst, Glucose/Na2CO3 = 1:1 molar ratio, 20 mM glucose stock 
solution (14 mL), atmospheric pressure, visible light (300 W), The mass balance in all cases was 
>98%. b TOF values were calculated at 30 minutes reaction time. TOF = Moles of glucose 
converted / (Moles of metal x time). 

 

 

 In this section, the photo-oxidation of glucose under visible light irradiation 

in basic conditions was performed using gold nanoparticles supported on conjugated 

microporous polymers. For the first time, it was demonstrated that CMP-supported 

gold catalysts promote the formation of selective oxidation products such as gluconic 

acid from glucose. Although CMPs are suitable materials for light-harvesting [42] 

and do not interfere in the reaction mechanism, the results showed that the presence 

of visible light does not have any effect on the glucose oxidation as the reaction in 

the dark (thermal conditions) showed similar values of conversion and selectivity. 

Therefore, these results highlight the importance of careful evaluation of the reaction 

conditions (blank experiments) in order to avoid duplication of information and 

incorrect conclusions. 
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4.2.1.3 Carbon Nanotubes (CNTs) as support material for the 

selective photo-oxidation of glucose 

 
 
 Noble metal nanoparticles (i.e. Au, Ag) have been widely studied in different 

research areas such as catalysis [28-30], biotechnology [48], optics [49-51], and 

energy [52, 53], due to their unique physical and chemical properties. One of the 

most important features of the noble metal nanoparticles is its ability to absorb 

visible light due to the surface plasmon resonance (SPR), which can be tuned by 

varying the particle size, shape and refractive index of the surrounding medium [54-

56]. Thus, this unique property (SPR) of the noble metal nanoparticles has provided 

an alternative route for the preparation of efficient visible light responding 

photocatalysts. Typically, plasmonic photocatalysts are often composed of noble 

metal nanoparticles deposited on semiconductor oxides (i.e. TiO2, ZrO2) [21-23, 25, 

57], but recently carbonaceous materials such as carbon [58], graphene [59-61], and 

reduced graphene oxide [62-65], have attracted attention due to their electronic and 

structural properties. In this scenario, carbon nanotubes (CNTs) have emerged as a 

new class of carbon materials with exceptional properties such as high surface area, 

thermal stability, high electronic conductivity, etc. [66]. Particularly, it has been 

demonstrated that CNTs enhance light harvesting and/or promote charge transport in 

different photocatalytic processes [66-69]. More recently, noble metal nanoparticles 

have been incorporated into the CNTs’ structure and used in photocatalytic 

applications.  

Liu et al. [70] reported the selective photo-oxidation of cyclohexane under 

visible light using gold nanoparticles confined inside or outside CNTs. The results 

showed that the cyclohexane conversion increased nearly fourfold for the gold 

nanoparticles confined inside CNTs compared to the ones outside. Moreover, the 

confinement of the gold nanoparticles produced cyclohexanol as the main product 

and small traces of cyclohexanone, whereas gold nanoparticles outside CNTs showed 

low selectivity to cyclohexanol as a result of the formation of unknown products. 

The authors demonstrated that upon excitation of the SPR of the metal nanoparticles 

with visible light, electrons are transferred from the gold nanoparticles to the CNTs, 

reducing electron-hole recombination. On the other hand, Silva et al. [71] reported 

the photocatalytic reforming of methanol and bio-derived molecules using noble 
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metal nanoparticles (Au, Pt, Pd, Ir ) supported on CNTs-TiO2 composites. The 

results show that composites loaded with noble metals promote the hydrogen 

production compared to non-metal loaded composites. Particularly, Pt-based 

catalysts were the most active for hydrogen production from water/methanol 

solutions. The Pt/CNTs-TiO2 catalyst displayed the highest rate of hydrogen 

evolution compared to the Pt/TiO2 catalyst. The authors suggest that several factors 

might influence the photocatalytic activity, for example, particle size, the work 

function of the metal, the synthesis method, metal-support interaction, etc. 

Irrespective of this, the authors suggest that the synergistic effect of the CNTs-TiO2 

composite might be attributed to the CNTs acting as a photosensitizer as reported in 

the literature [68, 69]. Based on the previous reports, it is clear that carbon nanotubes 

are of great interest due to they have demonstrated their enormous potential for 

photocatalytic applications, ranging from hydrogen production to biological 

disinfection [66-73].  

In this section, gold nanoparticles were immobilised on multi-walled carbon 

nanotubes (CNTs, Sigma-Aldrich) and tested for the photo-oxidation of glucose 

under visible light irradiation at atmospheric pressure. The Au/CNTs catalysts were 

prepared using the SASI method as described in Chapter 3 (section 3.2.2.3), but it 

was slightly modified (Figure 4.9). Prior to the thermal treatment under reflux 

conditions (step 2), the CNTs were sonicated in ethanol for 1 hour at room 

temperature in order to improve their dispersion in the liquid medium as reported in 

the literature [74-76]. Then, the synthesis was carried out in the same manner as 

described in Chapter 3. 

Figure 4.9 Schematic representation of the SASI method. 1) Preparation of the pre-formed metal 
nanoparticles, 2) sonication and thermal treatment, and 3) immobilisation of the colloid onto the 
support material. 
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The ICP-OES analysis of the Au/CNTs catalyst (a representative sample of 

all catalysts) showed that the real metal loading was 1.1 wt%, indicating that the 

amount of metal was lower than the target value of 2 wt%. 

XRD analysis on the bare support and Au/CNTs catalyst is shown in Figure 

4.10. Because of the nature of the CNTs, the characteristic XRD patterns of the 

CNTs are very similar to ones of graphite [77]. The diffraction patterns of the CNTs 

show the presence of reflection signals at 2θ ≈ 25.6° and 43.2° that correspond to the 

[0 0 2] and [1 0 0] planes of graphite structure [77-79]. Moreover, it is worth noting 

that the XRD patterns of the CNTs did not show any change after sonication, 

indicating that their structure was not damaged or modified. In the case of the 

Au/CNTs catalyst, reflection signals at 2θ ≈ 38.3°, 66.7° and 78.1° that correspond to 

the [1 1 1], [2 0 0] and [3 1 1] planes of the gold crystalline structure were observed 

[80-82]. The average gold particle size for the Au/CNTs was calculated to be 9.3 nm 

using the Scherrer equation [83].  

 
 

 
Figure 4.10 XRD patterns for the CNTs (black line) and Au/CNTs (red line) materials. 

 
 

 XPS analysis was performed on the 1.1 wt% Au/CNTs catalyst prepared by 

the SASI method. Figure 4.11 shows the spectrum (scattered points) of the Au/CNTs 

catalyst over the Au 4f region. The XPS analysis was performed using the CasaXPS 

software. The spectrum was fitted by using two spin-orbit split Au 4f7/2 (red line) and 

Au 4f5/2 (blue line) components. The XPS analysis of the Au/CNTs catalyst showed 
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binding energies of the Au 4f7/2 and Au 4f5/2 levels at 84.37 and 88.04 eV 

respectively. Binding energy values between 84.02 and 84.38 eV for the Au 4f7/2 

level have been attributed to the presence of metallic gold (Au0) [84-87]. Hence, the 

peak at 84.37 eV in the Au/CNTs catalyst is assigned to metallic gold (Au0). 

 

 
Figure 4.11 XPS spectrum of the Au 4f region for the Au/CNTs catalyst. 

 
 

 The photo-oxidation of glucose was carried out under visible light irradiation 

and dark conditions using the Au/CNTs catalyst. The tests under visible light were 

performed using a 300 W Xenon Lamp (Mod. 6258, Newport, UK), whereas the 

ones in the dark were performed using the Luzchem photoreactor with the lights off 

(Mod. LZC-4, Luzchem Research Inc., CAN). Under visible light, the temperature in 

the reaction mixture was recorded using a thermocouple which was inserted in the 

vial, while the temperature under dark conditions was adjusted to the one recorded 

under visible light using an internal temperature controller (FuzyPro 1/6 DIN, HCS 

Ltd, CAN).  

Blanks experiments were carried out under visible light and dark conditions 

in order to investigate the effect of the base (Na2CO3) and support material on the 

photo-oxidation of glucose. In all cases, 14 mL of a 20 mM glucose stock solution 

were used. The reactions under alkaline conditions were performed using a 

glucose/Na2CO3 = 1:1 molar ratio. 
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Figure 4.12 Blank experiments under visible light irradiation and dark conditions. All experiments 
were carried out under alkaline conditions with a Glucose/Na2CO3 = 1:1 molar ratio. The mass 
balance in all cases was >96%.

 
 
 Figure 4.12 shows the results obtained for the blank reactions under alkaline 

conditions after 6 hours of reaction time at atmospheric pressure. Blank experiments 

showed no reaction under both visible light and dark conditions in the absence of the 

catalyst (Figures 4.12a and 4.12b). On the other hand, Luo et al. [88] reported for the 
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first time that CNTs after being purified and thermally treated, they can be used as 

photocatalysts under visible light. Although CNTs were used without purification in 

the synthesis of the gold catalysts, a blank test was carried out using the CNTs as the 

catalyst under visible light (Figure 4.12c). The results showed that the raw CNTs 

cannot perform the oxidation of glucose under visible light as no reaction was 

observed after 6 hours. In all cases, fructose was the main product as a result of the 

isomerisation of glucose via the Lobry de Bruyn-Alberda van Ekenstein 

rearrangement [35].  

The previous results demonstrated that glucose cannot be oxidized using the 

bare support (CNTs) under visible light and the presence of the base did not produce 

large amounts of fructose after extended times. Hence, the next step was to 

investigate the photoactivity of the Au/CNTs catalyst on the photo-oxidation of 

glucose under visible light irradiation and dark conditions. Moreover, control 

experiments under base-free conditions were also performed. Figures 4.13 and 4.14 

show the glucose conversion and product selectivity for the Au/CNTs catalyst after 6 

hours of reaction time with and without the addition of the base. The results showed 

a glucose conversion of 21% with a selectivity of 95% to gluconic acid after 6 hours 

of reaction under visible light and base-free conditions, whereas the reaction under 

dark conditions showed a glucose conversion of 9% with a selectivity of 99% to 

gluconic acid.  

 

 
Figure 4.13 Conversion values for the photo-oxidation of glucose using the Au/CNTs catalyst 
under visible light irradiation and dark conditions. Reactions conditions: Glucose/Na2CO3 = 1:1 
molar ratio, 30 mg of catalyst, 14 mL of a 20 mM glucose stock solution. The mass balance in all 
cases was >96%. 
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Figure 4.14 Product selectivity for the photo-oxidation of glucose using the Au/CNTs catalyst 
under visible light irradiation and dark conditions. 

 

 

In the case of the reactions under alkaline conditions, the results showed a 

glucose conversion of 99% with a selectivity of 98% to gluconic acid under visible 

light after 6 hours, while the reaction under dark conditions showed a glucose 

conversion of 98% with a selectivity of 95% to gluconic acid. Traces of fructose 

were detected under both visible light (1.7%) and dark conditions (5%), while small 

traces of tartronic acid were only detected under visible light (0.2%).  

 
These results demonstrate that the addition of the base promotes the oxidation 

of glucose in the presence of the Au/CNTs catalyst. However, the promotional effect 

of the base was observed under both visible light and dark conditions. Although an 

increase in the reaction rate was observed under visible light (Figure 4.13), the 

reaction in the dark reached the same conversion value under the same experimental 

conditions (glucose/base = 1:1 molar ratio, temperature and amount of catalyst). This 

result might indicate that the small increase in the reaction rate could be associated 

with a light-driven process. In fact, the experiments in the absence of the base 

showed an increase in the glucose conversion under visible light (21%) compared to 

the reaction in the dark (9%). In this scenario, it is clear that the Au/CNTs catalyst 

can promote the photo-oxidation of glucose under visible light, and the presence of 

the base accelerates the transformation of glucose as reported by Zhou et al. [23]. 
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Despite the high catalytic activity of the Au/CNTs catalyst under visible light 

irradiation and alkaline conditions, the oxidation of glucose required long reaction 

times to achieve total conversion (6 hours). Consequently, the selective photo-

oxidation of biomass-derived molecules such as glucose might not be considered an 

alternative route to produce high-value chemicals as many industrial processes 

require short reaction times to guarantee high production volumes. In most industrial 

processes, the oxidation stage is performed using toxic oxidants which produce large 

quantities of waste [89]. Therefore, the search for clean catalytic processes has 

become one of the main goals of academia and industry. An alternative approach for 

the oxidation of alcohols and carbohydrates is the use of air or molecular oxygen as 

eco-friendly oxidants [39, 90-92]. Particularly, molecular oxygen (O2) can be 

activated by photocatalysts to produce reactive oxygen species (ROS) such as H2O2, 

OH•, O2
•‒ and 1O2, which are important oxidants in several organic reactions [93]. 

More interestingly, the selective photo-oxidation of alcohols such as aliphatic, 

aromatic and alicyclic, has been reported using molecular oxygen in the presence of 

a photocatalyst [94-98]. Based on the current literature, the use of molecular oxygen 

as the oxidant could potentially improve the efficiency of the Au/CNTs catalyst on 

the photo-oxidation of glucose. Therefore, we went one step further and decided to 

investigate the photo-oxidation of glucose using molecular oxygen under visible light 

irradiation and alkaline conditions. Briefly, the photocatalytic tests were performed 

using a Parr Stirred Reactor with oblong windows (Mod. 4590, Parr Instrument 

Company, Illinois, USA) and a 1000 W Xenon Oriel Arc Lamp (Mod. 6271, 

Newport, UK) as the light source. The lamp was equipped with a UV filter (Mod. 

FSQ-GG420, Newport, UK) with a cut-off value of 420 for visible light irradiation (λ 

> 420 nm) and a liquid filter (Mod. 6123NS, Newport, UK) to remove the infrared 

region and avoid overheating of the reaction mixture. The Au/CNTs catalyst (90 mg) 

was used in 40 mL of a glucose stock solution with a glucose/base = 1:1 molar ratio. 

The mixture was added to a 100 mL glass liner and then located on the photoreactor. 

Then, the vessel was sealed and purged with nitrogen and then pressurized with 

oxygen. The system was allowed to reach equilibrium for 10 minutes in the absence 

of light (section 2.9.1.1). Liquid samples were collected every 30 minutes in the first 

2 hours and after 4, 6 and 24 hours. The temperature was set to 40 °C and monitored 

using a 4848 Reactor Controller (Parr Instrument Company, Illinois, USA). 
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           a) 1000 Xe Lamp (O2, 4 bar)  

           b) 1000 Xe Lamp (N2, 4 bar)  

Figure 4.15 Glucose conversion and product selectivity values for the Au/CNTs catalyst under visible 
light irradiation and alkaline conditions. Reaction conditions: Visible light (1 kW), 90 mg of catalyst, 
Glucose/Na2CO3 = 1:1 molar ratio, 20 mM glucose stock solution (40 mL), T = 40±2 °C The mass 
balance in all cases was >97%.

 
 

The initial experiments were performed under oxygen or nitrogen atmosphere 

in the presence of visible light using the Au/CNTs catalyst. The reactions were 

carried out for 24 hours (Figure 4.15). The results showed a glucose conversion of 

83% with a selectivity of 95% to gluconic acid after 30 minutes of reaction under 4 

bar oxygen pressure (Figure 4.15a). When comparing these results with the ones 

obtained at atmospheric pressure (Figure 4.13), the effect of oxygen pressure on the 

oxidation of glucose showed an increase in conversion from 20% (atmospheric 

pressure) to 83% at the same reaction time (30 minutes). Moreover, it was found that 

the formation of tartronic acid was favoured at long reaction times. Tartronic acid is 

a high value-added chemical which is used in the pharmaceutical and food industry 

[99, 100]. These results clearly demonstrate the promotional effect of oxygen on the 

glucose oxidation in the presence of the Au/CNTs catalyst under visible light.  

Reaction time / h
0 5 10 15 20 25

G
lu

co
se

 c
o

n
ve

rs
io

n
 /

 %

0

20

40

60

80

100

Glucose conversion

Au/CNTs

Reaction time / h
0 5 10 15 20 25

P
ro

d
u

ct
 S

el
ec

ti
vi

ty
 /

 %

0

20

40

60

80

100

Gluconic acid
Tartronic acid
Glucaric acid
Formic acid 

Au/CNTs

Reaction time / h
0 5 10 15 20 25

G
lu

c
o

se
 c

o
n

ve
rs

io
n

 /
 %

0

20

40

60

80

100

Glucose conversion

Au/CNTs

Reaction time / h
0 5 10 15 20 25

P
ro

d
u

c
t 

S
el

e
ct

iv
it

y 
/ 

%

0

20

40

60

80

100

Gluconic acid 
Tartronic acid
Fructose 
Formic acid 

Au/CNTs



 

151 
 

In order to further investigate the effect of oxygen, the reaction was carried 

out using nitrogen gas at a pressure of 4 bar under the same experimental conditions 

(temperature, glucose/base = 1:1 molar ratio and amount of catalyst). Interestingly, 

the results showed a drop in the glucose conversion from 83% (O2, 4 bar) to 29% 

after 30 minutes of reaction when nitrogen was used under photocatalysis. The main 

products obtained were gluconic acid and fructose, with the latter, as a result of the 

isomerisation of glucose [35]. Clearly, the results showed that the use of nitrogen has 

a negative impact on the photo-oxidation of glucose as low conversion values and 

unwanted products (fructose) were observed.  

 
The preliminary oxidation test demonstrated that the presence of oxygen 

improves the efficiency of the Au/CNTs catalyst, making photocatalysis an attractive 

route for the selective oxidation of biomass-derived molecules. Following this, we 

investigated the effect of the oxygen pressure on the photo-oxidation of glucose 

using the Au/CNTs catalyst under visible light irradiation and alkaline conditions. As 

it was found the oxidation of glucose showed high conversion values (83%) at short 

reaction times (Figure 4.15a) when a 20 mM glucose stock solution was used under 4 

bar oxygen pressure. In order to properly evaluate the effect of oxygen pressure on 

the oxidation reaction, the glucose concentration was increased from 20 mM to 400 

mM while keeping constant the amount of catalyst (90 mg). Moreover, the reaction 

time was reduced from 24 to 2 hours in order to avoid degradation of the products 

formed as it was observed in the preliminary test (Figure 4.15a). 

 

 
Figure 4.16 Effect of the oxygen pressure on the glucose conversion using the Au/CNTs catalyst 
under visible light irradiation and alkaline conditions.
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Figure 4.16 and Table 4.5 show the glucose conversion and product 

selectivity values for the Au/CNTs catalyst respectively. As expected, the glucose 

conversion increased as the oxygen pressure did. For example, the results showed an 

increased in the conversion from 10% at atmospheric pressure to 85.5% at 30 bar 

oxygen pressure after 2 hours of reaction under visible light, thus showing the 

promotional effect of oxygen on the reaction rate. Furthermore, it was found that 

under atmospheric conditions the isomerization of glucose into fructose 

predominates over the oxidation reaction as a result of the low oxygen concentration. 

Gluconic acid was the main product in all cases, except for the reaction at 

atmospheric pressure (Table 4.5). It is worth noting that tartronic acid and formic 

acid were produced in low quantities despite the high oxygen concentration in some 

cases. This observation is notable as it suggests that the oxidation of glucose can be 

performed at short reaction times and high oxygen concentration using the Au/CNTs 

catalyst without loss of selectivity. Surprisingly, the reactions conducted in the dark 

showed conversion values very close to the ones for the reactions carried out under 

visible light (Figure 4.16). Once again, these results demonstrate the strong 

contribution of the thermal reaction (dark conditions) to the nonthermal one (light-

driven process) and emphasize the importance of careful evaluation of the reaction 

conditions. 

   

 

Table 4.5 Effect of the oxygen pressure on the glucose oxidation using the Au/CNTs 
catalyst under visible light irradiation and alkaline conditions. Conversion and product 
selectivity values after 2 hours of reaction time.a 

 Pressure 
(Bar) 

M.B. 
(%) 

Conv. 
(%) 

Selectivityb

(%) 
   

GL TA FT FA 
 30 97.3 77.6 93.8 1.1 - 5.0 

Dark 10 96.3 53.7 91.1 1.0 - 7.8 
 4 95.7 35.1 82.2 0.5 7.1 10 
 Atmospheric 96.7 7.87 47.7 - 52 - 

 30 96.9 85.5 91.2 1.5 - 7.2 
Visible 10 95.9 63.9 84.9 1.2 - 13.7 
Light 4 98.4 30.9 76.9 0.6 8.9 13.4 

 Atmospheric 99.0 10.0 24.6 - 75 - 
a Reaction conditions: Visible light (1 kW), 90 mg of catalyst, Glucose/Na2CO3 = 1:1 molar 
ratio, 400 mM glucose stock solution (40 mL), 2 hours reaction time, T = 40±2 °C. 
b M.B.= Mass balance, Conv.= conversion, GL= Gluconic acid, TA= Tartronic acid, FT= 
Fructose, FA= Formic acid.
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4.3 Conclusions 
 
 
 The photo-oxidation of glucose was carried out using gold metal 

nanoparticles supported on semiconductor materials such as titanium dioxide (TiO2), 

conjugated microporous polymers (CMPs) and multi-walled carbon nanotubes 

(CNTs). The initial experiments were performed under basic conditions at 

atmospheric pressure, then a step forward was made by addition of molecular oxygen 

as the oxidant with the aim of improving the efficiency of the gold catalysts in the 

photo-oxidation of glucose. 

The results obtained for the reactions carried out under visible light 

irradiation with the TiO2 and Au/TiO2 catalysts demonstrated the effect of the 

support on the oxidation reaction as it was found that both TiO2 and Au/TiO2 

catalysts promoted the formation of several products such as gluconic acid, formic 

acid and short-chain aldoses (arabinose, erythrose, and glyceraldehyde). The 

presence of small sugars provides evidence of the α-scission mechanism which was 

first suggested by Chong et al. [25], and then later confirmed by Da Vià [19, 21]. 

These results contradict the work reported by Zhou et al. [23] and Omri et al. [22] as 

the authors claim that the selective photo-oxidation of glucose into gluconic acid (as 

the only product) can be performed using TiO2-based gold catalysts under visible 

light irradiation and alkaline conditions. 

The previous results provided useful information about the synergistic effect 

between the support and metal nanoparticles on the photo-oxidation of glucose. 

Therefore, we decided to use an organic semiconductor material as support for the 

gold nanoparticles due to their chemical inertness. Particularly, we focused on the 

conjugated microporous polymers (CMPs) as they have been used in photocatalytic 

applications due to their extended π-conjugation and remarkable photophysical 

properties [42-44]. The CMPs-supported gold catalysts were prepared using the 

SASI method developed in Chapter 3. The photo-oxidation of glucose was 

performed under the same experimental conditions as the TiO2-based catalysts. 

Surprisingly, the results showed that under visible light irradiation or dark conditions 

the glucose oxidation displayed similar values of conversion and selectivity but more 

importantly, it was found that the use of CMPs inhibits the formation of side 

products compared to the TiO2 support. 
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In order to further investigate the glucose oxidation under photocatalytic 

conditions. Multi-walled carbon nanotubes (CNTs) were used as support material for 

the gold nanoparticles. The Au/CNTs catalysts were prepared using the SASI method 

as reported in Chapter 3. The results showed an increase in the reaction rate when the 

oxidation was performed under visible light in alkaline conditions, however, similar 

glucose conversion was observed at the end of the reaction under dark conditions. 

Comparing these results with the ones under base-free conditions, it was clear that 

the presence of the base accelerates the glucose oxidation under visible light. 

Additional experiments were carried out using molecular oxygen as the oxidant 

under alkaline conditions. It was found that oxygen improves the reaction rate and 

the efficiency of the Au/CNTs under visible light irradiation. However, the results 

demonstrated once again the strong effect of the thermal reaction in the 

photocatalytic process.  
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Chapter 5 
 
 

 

 

 

 

Photocatalytic Conversion of Polysaccharides by 

Noble Metals Supported on TiO2 
 
 
 
 
 
 

5.1 Introduction 
 
 
 

Titania or Titanium dioxide (TiO2) is the most studied semiconductor since 

the discovery of the photoelectrochemical water splitting by Fujishima and Honda 

[1]. The TiO2 photocatalyst presents some advantages such as high stability, 

nontoxicity, low cost, and remarkably photoactivity [2]. Despite the intrinsic 

properties that make it an ideal photocatalyst, TiO2 cannot be activated under visible 

light as it only absorbs wavelengths below 380 nm due to the wide bandgaps of its 

components (rutile-3.2 eV and anatase-3.0 eV) and therefore, UV light irradiation is 

required to generate electron-hole pairs [3, 4]. The use of UV light is the major 

drawback of the TiO2 photocatalyst as it comprises only ~5% of the solar spectrum. 

Therefore, several strategies have been  used to extend the TiO2 photoresponse to the 

visible region of the solar spectrum, for example, sensitization using organic dyes [5] 

or metal complexes [6], doping with nonmetallic impurities [7, 8], coupling with a 

narrow-band-gap semiconductor [9, 10], and deposition of noble metals (i.e. Au, Ag, 

Pt) [11-13].  
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On the other hand, photocatalysis has emerged as an alternative route for the 

photodegradation of organic pollutants from the pulp and paper industry. 

Particularly, the combination of UV light irradiation and the TiO2 catalyst has been 

used in the purification and treatment of cellulose bleaching effluents [14-16]. 

However, most of these studies were dedicated to the photodegradation of the 

organic matter. In an attempt to produce valuable chemicals, early studies showed 

the production of CO and CO2 from cellulose [17], while others reported the 

production of volatile hydrocarbons under UV light irradiation [18, 19]. In 2011 Fan 

et al. [20] reported for the first time the selective photoconversion of cellulose into 5-

hydroxymethylfurfural (HMF) using TiO2 thin films in the presence of a 

concentrated ZnCl2 solution. Later, Wang et al. [21] demonstrated for the first time 

the conversion of microcrystalline cellulose (previously treated with 1-ethyl-3-

methylimidazolium chloride) into glucose and HMF under visible light irradiation 

using an Au/HY-zeolite/TiO2 hybrid photocatalysts at  140 °C for 6 hours. More 

recently, in 2016 Zhang et al. [22] reported the hydrogen production along with small 

traces of sugars and acids from cellulose under UV light conditions. Although these 

studies have demonstrated that cellulose can be converted into high-valuable 

chemicals under light irradiation, the use of high temperatures and expensive 

solvents limits the application of photocatalysis as an environmentally friendly 

alternative.  

In this chapter, we present a new approach for the photocatalytic conversion 

of polysaccharides into valuable chemicals under light irradiation. This section will 

focus on the photoconversion of complex feedstocks (α-cellulose, Avicel® PH-101, 

starch soluble) in the presence of light irradiation using TiO2-supported noble metal 

catalysts under oxygen pressure. Parameters such as nature of the substrate, light 

intensity, reaction time and solvent composition were investigated in order to get the 

best reaction conditions for the photocatalytic conversion of polysaccharides. 
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5.2 Results and discussion 
 

 

 The photocatalytic conversion of polysaccharides (α-cellulose, Avicel® PH-

101, starch soluble) was carried out using noble metals supported on TiO2 under 

UVA and visible light irradiation. The reactions were performed using three different 

systems:  a 300 W Xenon Oriel Arc Lamp (Mod. 6258, Newport, UK), a 1000 W 

Xenon Oriel Arc Lamp (Mod. 6271, Newport, UK), and a Luzchem Photoreactor 

(Mod. LZC-4, Luzchem Research Inc., CAN). The lamps were equipped with a UV 

filter with a cut-off value of 420 nm and with a water filter to remove the IR 

radiation and avoid overheating of the reaction mixture. The Luzchem Photoreactor 

was equipped with 16 UVA lamps, which provide a total power of 128 W. In a 

typical test, the appropriate amount of the polysaccharide was suspended in water or 

a water/acetonitrile mixture 50/50 v/v, then the catalyst was added and the reactor 

sealed. For the experiments under pressure, the reaction vessel was purged with 

nitrogen three times and then pressurized with the appropriate gas (O2 or H2). 

Reactions under alkaline conditions were carried out using NaOH as the base with a 

substrate/base = 1:1 molar ratio. In all cases, the reaction mixture was allowed to 

reach equilibrium for 10 minutes in the absence of light. The temperature was 

recorded using a thermocouple and an internal temperature controller (FuzyPro 1/6 

DIN, HCS Ltd., CAN) for the 300 W Xenon Lamp and the Luzchem photoreactor 

respectively. For the pressurized system, the temperature was set to 40 °C and 

monitored using a 4848 Reactor Controller (Parr Instrument Company, Illinois, 

USA). Liquid products were separated from the reaction mixture using a PTFE filter 

(GILSON®, 0.22 μm) and quantified using HPLC analysis. Gas phase products (H2 

and CO2) were collected using a Tedlar® PLV Gas Sampling Bag (Sigma-Aldrich) 

and quantified using GC analysis.  
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5.2.1 Catalyst Testing 
 
 
 
 The photocatalytic conversion of polysaccharides was performed using TiO2-

supported noble metal catalysts under UVA and visible light conditions. The 

catalysts were prepared using the traditional wet impregnation method (section 

2.4.1). Briefly, the support (TiO2) was suspended in water under vigorous stirring, 

then the appropriate amount of the aqueous solution of the metal salt was added 

(HAuCl4·3H2O, AgNO3, H2PtCl6·xH2O, Pd(NO3)2·2H2O, RuCl3·xH2O) and finally, 

the solution was left to evaporate at constant temperature until it became a paste. The 

obtained solid was dried under reduced pressure for 12 hours and calcined under 

static air for 3 hours at 400 °C with a heating rate of 2 °C min-1. The Pt/TiO2 and 

Ru/TiO2 catalysts were reduced under H2 flow (50 mL/min-1) with a heating rate of 2 

°C min-1 for 4 hours before reaction. 

 
The ICP-OES analysis of the TiO2-based catalysts is reported in Table 5.1. 

The results showed that the real metal loading was lower than the nominal value in 

some cases, indicating an incomplete metal deposition. However, the traditional wet 

impregnation method was chosen for the preparation of the catalysts because of its 

simplicity and low-level waste, making it attractive for scale-up production.  

 
 

Table 5.1 ICP-OES analysis for the TiO2-supported noble metal 
catalysts prepared by the traditional impregnation method.

Catalysts [Au]nominal / wt% [Au]real / wt% 

Au/TiO2 1.5 1.52 
Ag/TiO2 1.5 1.16 
Pt/TiO2 1.5 1.14 
Pd/TiO2 1.5 1.27 
Ru/TiO2 1.5 1.41 

 
 
 
The catalysts were characterized by diffuse reflectance UV-Vis spectroscopy 

(DR UV-Vis) as shown in Figure 5.1. The DR UV-Vis spectrum of the TiO2 support 

showed a strong band in the range of 200-380 nm, indicating that the TiO2 support 

can only be activated in the UV region (purple line). In the case of the Au/TiO2 

catalyst, the UV-Vis spectrum showed an absorption peak located at 580 nm in the 

visible region, which is assigned to the surface plasmon resonance effect (SPR) of 
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the gold nanoparticles (dark red line). Plasmonic peaks in the same region have been 

attributed to the presence of gold nanoparticles [23-26]. The solid UV-Vis spectrum 

of the Ag/TiO2 catalysts showed a plasmonic peak in the visible range at 450 nm 

(green line), which is attributed to the presence of silver nanoparticles [27-29]. 

 
 
 
 

 
   

Figure 5.1 Solid UV-Vis spectra of the Au/TiO2, Ag/TiO2 and TiO2 catalysts used for the 
photoconversion of polysaccharides under UVA and visible light conditions. 
 

 

 

 

 

5.2.1.1 Photocatalytic Conversion of α-Cellulose Under Light 
Irradiation 
 
 
 Cellulose is a polymer which consists of several glucose units linked via β-

1,4-glycosidic bonds. Due to the high amount of hydroxyl groups in the structure, 

cellulose can easily form intra- and intermolecular hydrogen bonds, leading to the 

formation of a rigid structure [30, 31], which is insoluble in water and most common 

solvents [32]. Therefore, the cellulose's crystalline structure limits its reactivity to be 

depolymerized it into soluble oligosaccharides and glucose. In order to reduce the 

crystallinity of cellulose and increase its reactivity, several pretreatment methods 
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have been used to facilitate the transformation of cellulose, for example, acid 

treatment, solubilisation in ionic liquids and nonthermal atmospheric plasma among 

others [33-35]. In this work, the ball-milling method [36-38] was used to reduce the 

crystallinity of cellulose and improve the efficiency of the TiO2-based catalysts. The 

sample (α-cellulose, 2.5 g) was pulverized with ZrO2 balls (10 mm, 18 balls) in a 45 

mL grinding bowl (ZrO2) for 48 hours at 600 rpm using a Planetary Micro Mill 

(Fritsch GmbH, PULVERISETTE 7 premium line).  

 
 
 

 
Figure 5.2 XRD patterns of the Pure α-Cellulose and Milled α-Cellulose. 

 

 

 XRD analysis of the pure α-cellulose and milled α-cellulose is shown in 

Figure 5.2. The XRD pattern of the pure α-cellulose showed the presence of 

reflection signals at 2θ ≈ 16.1°, 22.4° and 34.5° that correspond to the [0 1 0], [0 0 2] 

and [0 4 0] planes of the cellulose crystalline structure [37, 39]. For the milled α-

cellulose, the XRD analysis did not show the presence of peaks for crystalline 

cellulose in the samples, indicating that amorphous cellulose was formed in all cases.  
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To date, cellulose has only been investigated in photocatalysis for the 

purification and abatement of organic pollutants from the pulp and paper industry 

using TiO2 as the photocatalyst under UV light irradiation [14-16]. The importance 

of TiO2 as the photocatalyst in the photodegradation of organic pollutants in the 

cellulose bleaching effluents is associated with the production of strong oxidant 

species which are used to degrade the organic matter. In addition to the formation of 

highly oxidative species by the TiO2 photocatalyst, it has been reported that the use 

of molecular oxygen accelerates the photodegradation of organic matter due to the 

formation of reactive oxygen species (ROS) by the photocatalytic reduction and 

oxidation processes of oxygen and water [40-42]. The combination of TiO2 and 

molecular oxygen in the presence of UV light irradiation, it appears to be the most 

feasible alternative to degrade the rigid structure of cellulose. Therefore, we decided 

to carry out the photocatalytic conversion of the milled α-cellulose under UV light 

irradiation using TiO2-based catalysts with molecular oxygen.  

 
The initial experiments were carried out using bare TiO2 (90 mg) as the 

photocatalyst in the presence of molecular oxygen (10 bar) under UV light 

irradiation (1000 W) for 24 hours. Pure water and a 50/50 v/v water/acetonitrile 

mixture were used as a solvents for the milled α-cellulose (50 mg). The 

water/acetonitrile mixture has been reported to promote selective oxidations as lower 

water content might hinder the formation of highly reactive radicals as reported by 

Colmenares et al. [43, 44].  

 
Prior to the photocatalytic experiments, HPLC analysis of the pure α-

cellulose and milled α-cellulose was carried out in order to determine the presence of 

oligomers or impurities in the samples. The tests were performed using 50 mg of 

pure α-cellulose and milled α-cellulose which were suspended separately in 40 mL of 

water, then the mixtures were stirred in the absence of light. Liquid samples were 

taken from the respective mixture after 24 hours and separated from the solid phase 

using a PTFE filter (GILSON®, 0.22 μm). Product analysis was carried out using an 

Agilent 1260 Infinity HPLC with an Aminex HPX-87H column using a refractive 

index detector (RID) and a diode array detector (DAD). For the photocatalytic tests, 

the obtained products were identified by comparison with the known standards 

(Chapter 2, section 2.8.1). 
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Retention time / min 

Figure 5.3 HPLC-RID chromatograms for the liquid phase of the α-cellulose/water (red line) and 
milled α-cellulose/water (blue line) mixtures.

 
 

Figure 5.3 shows the HPLC-RID chromatograms for the analysis of the liquid 

phase of the milled α-cellulose/water/acetonitrile and pure α-cellulose/water 

mixtures. The results showed that no oligomers were detected for the milled α-

cellulose, and no peaks for the untreated α-cellulose were observed. For the 

photocatalytic experiments, milled α-cellulose will be used throughout this section, 

unless stated otherwise. 

 
The initial photocatalytic tests for the cellulose conversion using TiO2 as the 

photocatalyst and molecular oxygen under UV light irradiation with pure water or a 

water/acetonitrile mixture are shown in Figure 5.4. The results showed that the use of 

a 50/50 v/v water/acetonitrile mixture in the photoconversion of milled α-cellulose 

leads to the formation of several products such as tartronic acid, arabinose, and 

erythrose (Figure 5.4a). Moreover, the presence of unknown products (denoted 1, 2 

and 3) was observed in both detectors (RID and DAD). When pure water was used as 

a solvent, small traces of glucose were observed after 24 hours of reaction (Figure 

5.4b). From these results, it is clear that the presence of acetonitrile contributes to the 

formation of aldoses and acids, while pure water might promote the total 

mineralization of the products formed due to the presence of highly reactive radicals.  
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Figure 5.4 HPLC-RID/DAD chromatograms for the photocatalytic conversion of milled α-cellulose 
with TiO2 as photocatalyst under UV light irradiation and oxygen pressure using (A) water or (B) 
water/acetonitrile as a solvents. Reaction conditions: milled α-cellulose =50 mg, catalyst =90 mg, 
P(O2) =10 bar, T =40±4 °C, t =24 hours, solvent =40 mL.
 
 

Interestingly, the analysis of the formation of products throughout the 

reaction shows that the aldoses and acids are formed after 12 hours when a 

water/acetonitrile mixture is used as a solvent, and they became more evident after 

24 hours of reaction time (Figure 5.5). These results demonstrate that the 

photoconversion of cellulose requires long reaction times under these experimental 
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conditions, and therefore new strategies must be devised to improve the reaction 

performance. 

 

 
Figure 5.5 HPLC-RID chromatograms for the photocatalytic conversion of milled α-cellulose with 
TiO2 as a photocatalyst under UV light irradiation and oxygen pressure using a 50/50 v/v 
water/acetonitrile mixture as a solvent.
 
 
 It is well documented that the deposition of noble metal nanoparticles on a 

semiconductor improves the photocatalytic activity due to the formation of a 

Schottky junction which increases electron-hole separation and facilitates electron 

transfer to reducible species [45]. Therefore, the photocatalytic conversion of milled 

α-cellulose was carried out using TiO2-supported noble metal catalysts under UV 

light irradiation in the presence of molecular oxygen with a water/acetonitrile 

mixture as a solvent. Figure 5.6 shows the HPLC-RID chromatograms for the photo-

oxidation of milled α-cellulose using the TiO-based photocatalysts (TiO2, Au/TiO2, 

Ag/TiO2, and Pt/TiO2) after 24 hours of reaction time. The results showed that the 

formation of the same unknown products (denoted 1, 2, and 3) was observed in all 

cases, even though a clear shift in the retention time among the samples was 

observed. More surprisingly, it was found that aldoses (arabinose and erythrose) and 

acids (tartronic acid) were exclusively produced when TiO2 was used as the 

photocatalyst. In this scenario, the presence of noble metal nanoparticles supported 

on the TiO2 surface might not have an effect on the cellulose conversion into high-

value products, however, these results do not provide conclusive evidence of the lack 

of catalytic activity of the metal nanoparticles under such conditions. At this point, it 
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was speculated that the power of light source (1000 W) could promote the 

mineralization of the products formed due to the high density of radical species in the 

reaction medium. Hence, it was decided to investigate the effect of the power of light 

source by using a 300 W lamp. 

 

 
Figure 5.6 HPLC-RID chromatograms for the photocatalytic conversion of milled α-cellulose 
using TiO2-supported noble metal catalysts under UV light irradiation and oxygen pressure using a 
50/50 v/v water/acetonitrile mixture as a solvent.

 
 
 The Au/TiO2 photocatalyst was used as a representative sample for the 

photocatalytic conversion of milled α-cellulose under UV light irradiation and 

oxygen pressure. Figure 5.7 shows the HPLC-RID chromatograms for the Au/TiO2 

photocatalyst using the 300 W and 1000 W lamps in the photoconversion of 

cellulose. The results show that the formation of the same unknown products 

(denoted 1, 2, and 3) was observed after 24 hours of reaction time. Moreover, it is 

also evident from Figures 5.6 and 5.7 that the presence of metal nanoparticles do not 

lead to the formation of products such as aldoses and acids compared to the bare 

TiO2. These observations are very unusual for the TiO2-supported noble metal 

catalysts as it was expected a positive effect of the noble metals on the photocatalytic 

activity. In fact, some reports have shown that metal nanoparticles might have a 

negligible effect on the photocatalytic activity, particularly in the case of gold-

modified TiO2 photocatalysts [46-48]. Despite the apparent lack of activity of the 

TiO2-supported noble metal catalysts, the effect of the solvent composition, 
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temperature, oxygen concentration, light intensity, have demonstrated to have 

sometimes a decisive role on the photocatalytic activity. Therefore, we speculated 

that the apparent lack of photoactivity of the catalysts might be associated with the 

use of the water/acetonitrile mixture as it has been reported that lower water content 

might hinder the formation of radical species [43, 44]. 

 

 
Figure 5.7 HPLC-RID chromatograms for the photocatalytic conversion of milled α-cellulose 
under UV light using a 300 W and 1000 W lamps in the presence of molecular oxygen and the 
Au/TiO2 catalyst with a 50/50 v/v water/acetonitrile mixture as a solvent. 

 

 

 In order to investigate the stability of the water/acetonitrile mixture under 

photocatalytic conditions, blank tests were carried out using the TiO2 catalyst under 

UV light irradiation in an inert (N2) or reactive (O2) atmosphere. For the blank 

experiments, 90 mg of the catalyst was suspended in 40 mL of the water/acetonitrile 

mixture, then the reactor was sealed and pressurized with the appropriate gas (O2 or 

N2). Figure 5.8 shows the HPLC-RID chromatograms for the water/acetonitrile 

mixture after 24 hours of UV light irradiation in the presence of TiO2 as a catalyst 

under oxygen or nitrogen pressure. Surprisingly, the results showed the presence of 

the same unknown peaks (denoted 1, 2, and 3) under both oxygen and nitrogen 

pressure. Particularly, the HPLC analysis of the water/acetonitrile mixture under 

oxygen pressure showed more intense peaks for the unknown products compared to 

the analysis for the system under nitrogen pressure. This result demonstrated that the 
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water/acetonitrile mixture was subjected to an oxidation reaction. In this case, the 

organic component (acetonitrile) was responsible for the formation of the products 

observed at 14.2, 14.7 and 15.5 minutes (denoted 1, 2, and 3 respectively) in the 

HPLC analysis. Unfortunately, it was demonstrated that acetonitrile can be oxidized 

under both oxygen and nitrogen pressure in the presence of UV light irradiation and 

the TiO2 catalyst. 

 

 
Figure 5.8 HPLC-RID chromatograms for the water/acetonitrile mixture after 24 hours of UV light 
irradiation in the presence of the TiO2 catalyst.

 
 
 Acetonitrile has been used in different applications [43, 49-51], and more 

particularly the photo-oxidation of glucose towards glucaric acid and gluconic acid 

[43]. In this paper, the authors suggest that in the presence of a water/acetonitrile 

mixture the selectivity to desired products increases, as acetonitrile provides a 

protective environment for the products formed, however, no more details were 

provided to support the evidence.  

 
On the other hand, it has been found that acetonitrile can be presented in both 

molecularly (in Ti4+ sites) and dissociatively (by the influence of surface OH groups) 

during its exposure on the TiO2 surface, after the adsorption, CH3C(O)NH2 and 

CH3C(O)NH surface species are formed. Chuang et al. [52] have proposed that these 

species can be photodecomposed on the surface to adsorbed CH3COO−, HCOO−, 

NCO, and CN-containing species (Figure 5.9). Based on the previous reports and the 
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obtained results, the presence of the peaks at 14.2, 14.7 and 15.5 minutes (denoted 1, 

2, and 3 respectively) in the HPLC analysis are due to the photo-oxidation of 

acetonitrile on the TiO2 surface. Moreover, it was confirmed that the most intense 

peak with a retention time of 14.7 minutes corresponds to acetic acid, as the photo-

oxidation of acetonitrile can promote the formation of the acetate ion (CH3COO−) on 

the TiO2 surface. The injection of the acetic acid standard solution into the Aminex 

HPX-87H column confirms the presence of the acid (Figure 5.10). 

 

 

 
Figure 5.9 Mechanism proposed for the thermal and photochemical reactions of acetonitrile on the 
TiO2 surface. Adapted from Chuang et al. [52].
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Figure 5.10 HPLC-RID/DAD chromatogram for the acetic acid standard solution. 
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To further investigate the photoconversion of milled α-cellulose, the reaction 

was performed using pure water as a solvent in the presence of UV light irradiation 

and molecular oxygen with TiO2, Pt/TiO2, and Au/TiO2 as the catalysts. Figure 5.11 

shows the HPLC-RID/DAD chromatograms for the products formed after 24 hours 

of reaction. The results showed small traces of glucose and formic acid in all cases, 

and no other products were detected under these conditions. Despite considerable 

efforts to try to transform cellulosic biomass (α-cellulose) by light irradiation, the use 

of model substrates might be more suitable for practical application in 

photocatalysis. 

 

 
Retention time / min 

Figure 5.11 HPLC-RID/DAD chromatograms for the photocatalytic conversion of milled α-
cellulose with the TiO2, Pt/TiO2, and Au/TiO2 catalysts under UV light irradiation and oxygen 
pressure using pure water as a solvent. Reaction conditions: milled α-cellulose =50 mg, catalyst 
=90 mg, P(O2) =10 bar, T =40±4 °C, t =24 hours, water =40 mL.
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5.2.1.2 Photocatalytic Conversion of Cellulose Microcrystalline 
(Avicel® PH-101) Under Light Irradiation 
 

  

 In the previous section, the photocatalytic conversion of α-cellulose was 

studied using TiO2-supported noble metal catalysts under UV light irradiation in the 

presence of molecular oxygen. Several strategies were applied in order to transform 

α-cellulose into valuable chemicals, however, due to the complex nature of the 

substrate our efforts were unsuccessful. Therefore, we decided to investigate a model 

substrate which can partially mimic the natural physical properties of the α-cellulose. 

In this case, microcrystalline cellulose [53] (Avicel® PH-101, Sigma-Aldrich) was 

used as a model compound for the photocatalytic experiments. Prior to the reaction, 

the microcrystalline cellulose (MCC) was pulverized for 48 hours using the ball-

milling method with a Planetary Micro Mill (Fritsch GmbH, PULVERISETTE 7 

premium line) as described in the previous section. Subsequently, 50 mg of milled 

MCC was suspended in 40 mL of water under vigorous stirring for 24 hours in the 

absence of light, then a liquid sample was analysed by HPLC. 

 

 

 
Figure 5.12 HPLC-RID chromatograms for the liquid phase of the milled MCC/water mixture.
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Figure 5.12 shows the HPLC-RID chromatogram for the liquid phase of the milled 

MCC/water mixture after 24 hours of vigorous stirring. The results showed that the 

mechanical treatment of MCC produced soluble oligomers which can also be used as 

starting material for the formation of valuable chemicals.  

 
 The photocatalytic conversion of milled MCC was carried out using TiO2 as a 

catalyst under both oxygen and nitrogen pressure in the presence of UV light 

irradiation. The reactions were performed using water as a solvent. The results 

showed that the soluble oligomers from the milled MCC were consumed during the 

photoreaction under both nitrogen and oxygen pressure. In both cases, traces of 

glucose were detected after 24 hours (Figure 5.13). Furthermore, the analysis of the 

gas phase products showed the presence of carbon dioxide (CO2) under both oxygen 

and nitrogen pressure (Figure 5.14), whereas hydrogen (H2) was only detected in the 

presence of a nitrogen atmosphere (see Appendix B: Figure B.1). Hence, these 

results showed the effect of the reaction atmosphere on the photoconversion of the 

soluble oligomers, however, despite the harsh conditions used (i.e. O2 pressure, UV 

light), no other products were observed.  

 

 

 
Figure 5.13 HPLC-RID chromatograms for the photocatalytic conversion of milled MCC using 
TiO2 as a catalyst under UV light irradiation and N2/O2 pressure. Reaction conditions: milled MCC 
=50 mg, catalyst =90 mg, P =10 bar, T =40±4 °C, t =24 hours, water =40 mL, UV light =1000 W.
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Figure 5.14 Carbon dioxide evolution for the photocatalytic conversion of milled MCC using TiO2 
as a catalyst under UV light irradiation and N2/O2 pressure. Reaction conditions: milled MCC =50 
mg, catalyst =90 mg, T =40±4 °C, t =24 hours, water =40 mL, UV light =1000 W. 
 

In an attempt to transform the milled MCC into valuable chemicals, further 

tests were carried out at different conditions: lamp power (300 and 128 W), solvent 

composition (water, 50/50 v/v water/acetonitrile), reaction time (2 and 24 h), type of 

light (UVA and visible light). However, the photodegradation of the soluble 

oligomers was observed in all cases, and no other products were obtained from the 

milled MCC (see Appendix B: Figures B.2-B.4). 

On the other hand, the photocatalytic hydrogenation of the milled MCC was 

also carried out using the 1.4 wt% Ru/TiO2 catalyst under UV light irradiation. 

Particularly, Ru-based catalysts have been widely used in hydrogenation [54] and 

oxidation [55] reactions, and more recently, ruthenium nanoparticles were used as a 

co-catalyst for the ammonia decomposition (2NH3 → N2 + 3H2) under photocatalytic 

conditions [56]. Therefore, we attempted to produce sorbitol or mannitol [57, 58] 

from the hydrogenation of milled MCC using the 1.4 wt% Ru/TiO2 catalyst under 

UV light irradiation. 

Figure 5.15 shows the HPLC-RID chromatograms for the photocatalytic 

hydrogenation of milled MMC using the 1.4 wt% Ru/TiO2 catalyst under UV light 

irradiation after 24 hours of reaction. The results showed the presence of small traces 

of glucose and an unknown product at 4 hours of reaction, however, soluble 

oligomers were observed in the reaction mixture after 24 hours. Also, the presence of 

traces of CO2 was observed after 4 hours, similar to the formation of the products 
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(see Appendix B: Figure B.5). Unfortunately, these results demonstrated the poor 

activity of the Ru/TiO2 catalyst for the hydrogenation of the milled MMC under 

photocatalytic conditions. 

 

 

 
Figure 5.15 HPLC-RID chromatograms for the photocatalytic hydrogenation of milled MCC using 
the 1.4 wt% Ru/TiO2 catalyst under UV light irradiation. Reaction conditions: milled MCC =50 
mg, catalyst =90 mg, P (H2) =10 bar, T =40±4 °C, t =24 hours, water =40 mL, UV light =1000 W.
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5.2.1.2.1 Photoconversion of milled MMC (Avicel® PH-101) Under 
Light Irradiation and Basic Conditions 
 

 

 Cellulose is a complex polysaccharide which is composed of several glucose 

units linked via β-1,4-glycosidic bonds. Typically, the average number of glucose 

units in the cellulose’s structure is defined as the degree of polymerization (DP). In 

native cellulose, the DP can vary from 2000-9000 glucose units, depending on the 

source [59]. Due to the high amount of hydroxyl groups in the structure, the glucose 

units are stuck together, forming strong hydrogen bonds which create a rigid 

structure [30, 31]. In order to facilitate the transformation of cellulose, various 

pretreatment methods such as mechanical, alkaline or acid treatment, solubilisation 

in ionic liquids, nonthermal atmospheric plasma among others, have been 

investigated by several authors [33-38, 60-62]. In this section, alkaline conditions 

were used in combination with the ball-milling method for the photocatalytic 

conversion of milled MCC under UV light irradiation. Particular, it has been 

demonstrated that the use of basic conditions at low temperatures improves the 

cellulose reactivity by promoting the hydrolysis (alkaline scission) of the glycosidic 

linkages resulting in a decrease in the degree of polymerization [62].  

 
 The photocatalytic experiments were carried out using the TiO2, Ag/TiO2 and 

Au/TiO2 catalysts under UV light irradiation and oxygen pressure. In a typical test, 

150 mg of milled MCC was added to 40 mL of water, then the appropriate amount of 

the catalyst (42 mg) was suspended in the mixture, followed by the addition of the 

base (NaOH) with a substrate/base = 1:1 molar ratio. Subsequently, the reactor was 

purged with nitrogen and then pressurized with molecular oxygen. In all tests, the 

reaction mixture was allowed to reach equilibrium for 10 minutes in the absence of 

light. The temperature was set to 40 °C and monitored using a 4848 Reactor 

Controller (Parr Instrument Company, Illinois, USA). 

 
Figures 5.16-5.19 shows the HPLC-RID chromatograms for the 

photocatalytic conversion of milled MCC using the TiO2-based catalysts after 24 

hours of reaction time. Figures 5.16-5.18 shows the products obtained for the 

photoconversion of milled MCC with the TiO2, Ag/TiO2, and Au/TiO2 catalysts 

respectively, under UV light irradiation and oxygen pressure. The results showed that 



 

183 
 

the presence of the base (NaOH) promoted the formation of a wide range of products 

such as aldoses, carboxylic acids, sugar alcohols, and unknown products in some 

cases. In addition, it was found that some peaks of these compounds overlap each 

other as a broad peak was observed in the same range, 8 to 9 min (Figures 5.16-

5.18). 

 

 
Retention time / min 

Figure 5.16 HPLC-RID chromatograms for the photoconversion of milled MCC using the TiO2 
catalyst with molecular oxygen under UV light irradiation and basic conditions. 
 

 

 
Retention time / min 

Figure 5.17 HPLC-RID chromatograms for the photoconversion of milled MCC using the Ag/TiO2 
catalyst with molecular oxygen under UV light irradiation and basic conditions. 
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Retention time / min 

Figure 5.18 HPLC-RID chromatograms for the photoconversion of milled MCC using the Au/TiO2 
catalyst with molecular oxygen under UV light irradiation and basic conditions. 

 

 

 
Retention time / min  

Figure 5.19  HPLC-RID chromatograms for the photoconversion of milled MCC using the Au/TiO2 
catalyst with molecular oxygen under visible light irradiation (1000 W) and basic conditions.  
 

 
More interestingly, the photoconversion of milled MCC demonstrated the 

effect of both UV and visible light on the formation of the products with the Au/TiO2 

catalyst (Figures 5.18 and 5.19). In the case of the reaction under visible light, the 

results showed low-intensity peaks for the products formed using the Au/TiO2 
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catalyst. Also, the HPLC-RID chromatograms showed the presence of soluble 

oligomers after 24 hours of reaction, suggesting the poor activity of the Au/TiO2 

catalyst under visible light (Figure 5.19). This result might indicate that the incident 

irradiation was not sufficient to promote the formation of electron-hole pairs on the 

Au/TiO2 surface. When the reaction was performed under UV light irradiation, more 

intense peaks were observed for the products formed (Figure 5.18). The HPLC-RID 

chromatograms confirmed that soluble oligomers were not detected after 24 hours of 

reaction time.  Furthermore, the peak with a retention time between 8‒9 min was 

more intense than the one under visible light, suggesting the presence of high 

amounts of oxidation products.  

An additional test was carried out under dark conditions using the Au/TiO2 

catalyst and milled MCC in the presence of molecular oxygen and alkaline 

conditions. The results showed low-intensity peaks for the products formed after 24 

hours of reaction for the Au/TiO2 catalyst. Due to the absence of light irradiation, 

especially UV light, small traces of oxidation products were detected (Figure 5.20).  

 
 

 
Retention time / min 

Figure 5.20  HPLC-RID chromatograms for the photoconversion of milled MCC using the Au/TiO2 
catalyst with molecular oxygen under basic conditions in the absence of light (dark). 

 

 
Due to the complex nature of the cellulose, it was not possible to identify and 

quantify all the products, however, cellulose conversion and yields were calculated 

using the response factor of the known standards which are reported in Chapter 2, 
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section 2.8.1. For the soluble oligomers and unknown product (8.2 min), the 

glucose’s response factor was used to calculate their concentration in the reaction 

mixture. For comparison, the blank reaction was carried out using TiO2 as a catalyst 

in the absence of light under alkaline conditions and oxygen pressure (see Appendix 

B: Figure B.6). 

 
 

Table 5.2 Conversion and yield values for the photocatalytic transformation of milled 
cellulose (Avicel PH-101) into valuable chemicals using TiO2-supported noble metal 
catalysts under oxygen pressure and alkaline conditions.** 

 TiO2
a Au/TiO2

a Au/TiO2
b TiO2

c Au/TiO2
c Ag/TiO2

c 

Conversion % 3.77 0.99 4.80 6.64 14.51 18.05 
 Yield (%)   

Acetic Acid 0.65 0.48 0.77 1.32 2.13 6.84 
Formic Acid 1.12 0.97 1.21 0.86 3.38 5.82 
Glycolic Acid 1.88 1.67 1.79 0.28 1.53 1.27 
Arabitol 0.47 0.48 0.91 0.55 0.77 0.55 
Arabinose 0.55 0.37 0.62 0.33 0.52 0.58 
Fructose 0.75 0.39 0.55 0.29 0.70 0.79 
Glucaric Acid 0.32 ND 0.25 0.20 0.28 ND 
Cellobiose 0.55 0.60 0.50 0.23 0.85 0.19 
Glucose 0.20 0.17 0.34 ND ND ND 
Glyceraldehyde 062 0.25 0.75 0.13 0.01 0.07 
Gluconic Acid ND ND ND ND ND ND 
Erythrose ND ND ND 0.15 ND ND 
Unknown (8.241s)* 2.01 0.61 2.36 8.36 9.52 8.01 
Oligomers* 0.44 0.69 0.57 ND 0.36 ND 
*Based on the glucose’s calibration curve, No detected = ND, a Dark, b Visible light, c UV light. 
**Reaction conditions: milled MCC =150 mg, catalyst =42 mg, P(O2) =10 bar, T =40±4 °C, t =24 
hours, water =40 mL, Lamp power =1000 W, milled MCC/NaOH =1:1 molar ratio. 

 
 
 

Table 5.2 shows the summarized results on the photocatalytic conversion of 

milled MCC (Avicel PH-101) using TiO2-supported noble metal catalysts. As 

expected, the reactions performed under visible light irradiation (b) and dark (a) 

conditions showed low conversion values for the TiO2 and Au/TiO2 catalysts. Also, 

the presence of soluble oligomers after 24 hours of reaction confirms the poor 

activity of the materials as the TiO2 catalyst cannot be activated under visible light 

and the incident irradiation was not sufficient to generate electron-hole pairs on the 

Au/TiO2 surface. In the case of UV light irradiation, high conversion values were 

achieved with the TiO2, Ag/TiO2, and Au/TiO2 catalysts after 24 hours of reaction. 

Soluble oligomers were only detected for the Au/TiO2 catalyst, while they were not 

presented for the TiO2 and Ag/TiO2. This result suggests that the TiO2 and Ag/TiO2 

catalysts improve the conversion of milled MCC, more particularly, the formation of 
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oxidation products. In fact, the Ag/TiO2 showed the highest yield of acetic and 

formic acids which are over-oxidation products, demonstrating the highly oxidizing 

environment. Therefore, these results demonstrated that TiO2-supported noble metal 

catalysts can be used for the photoconversion of milled MCC into valuable chemicals 

with molecular oxygen under light irradiation and alkaline conditions. 

  
 

Retention time / min 
Figure 5.21 HPLC-RID chromatograms for the photoconversion of water-soluble starch using the 
Au/TiO2 catalyst under visible light irradiation and oxygen pressure. Reaction conditions: Startch 
=150 mg, catalyst =42 mg, T =40±4 °C, t =24 hours, water =40 mL, Lamp power =1000 W, P (O2) 
=10 bar. 

 
 
In an attempt to further investigate the photoconversion of polysaccharides 

using TiO2-based catalysts, the conversion of water-soluble starch (Sigma-Aldrich) 

was carried out under visible light irradiation and oxygen pressure. Preliminary tests 

were performed using the TiO2 and Au/TiO2 catalysts under base-free conditions, 

however, traces of the products and high amounts of soluble oligomers were 

observed in both cases (see Appendix B: Figures B.7 and B.8). On the other hand, 

the reaction performed under alkaline conditions using the Au/TiO2 catalyst showed 

the highest amount of soluble oligomers and small quantities of products, despite the 

long reaction times (Figure 5.21). Although the photoconversion of water-soluble 

starch was unsuccessful with the Au/TiO2 catalyst, these results highlight how the 

nature of the substrate and the reaction conditions play an important role in the 

activity of the photocatalysts. 
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5.3 Conclusions 

 

 In this study, the photocatalytic conversion of polysaccharides was 

investigated using TiO2-supported noble metal catalysts under light irradiation and 

oxygen pressure. Polysaccharides such as microcrystalline cellulose ‒ Avicel PH-

101, α-cellulose, and water-soluble starch were used as a starting material for the 

photocatalytic studies. The initial experiments demonstrated that the solvent 

composition plays an important role on the photoactivity of the catalysts as it was 

found that the presence of an organic solvent, particularly in a 50/50 v/v 

water/acetonitrile mixture, promotes the formation of aldoses and carboxylic acid 

from α-cellulose under UV light irradiation. But at the same time, the organic solvent 

can undergo photodegradation over noble metal-loaded TiO2 catalysts and the bare 

TiO2, limiting the availability of active sites for the photocatalytic processes. 

 Due to the complex nature of the α-cellulose, it was decided to investigate a 

model substrate which could partially mimic the physical properties of the native 

cellulose. Particularly, microcrystalline cellulose (Avicel® PH-101, Sigma-Aldrich) 

was used as a model substrate in an attempt to produce valuable chemicals using 

light irradiation and TiO2-based catalysts. The results showed that microcrystalline 

cellulose was not transformed into valuable chemicals under photocatalytic 

conditions and the presence of carbon dioxide can be attributed to the total 

mineralization of the soluble oligomers produced during the pretreatment step. In 

order to improve the cellulose reactivity, the reactions were carried out under basic 

conditions (NaOH) in the presence of molecular oxygen. It was found that in the 

presence of the base, several products were formed, especially oxidation products 

which were favoured by the presence of noble metal-loaded TiO2 catalysts under UV 

light irradiation (Table 5.2). 

 In order to further investigate the application of TiO2-based catalysts on the 

photoconversion of polysaccharides, the photocatalytic transformation of water-

soluble starch was carried out using the TiO2 and Au/TiO2 catalysts under visible 

light irradiation and alkaline conditions. This approach was aimed to produce 

valuable chemicals (i.e. gluconic acid) at mild conditions by taking advantage of the 

high solubility of the starch in water, however, small traces of oxidation products and 

high amounts of soluble oligomers were detected after reaction. Therefore, these 
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results highlight the complex nature of polysaccharides and the difficulty in 

identifying the products formed under light irradiation, but at the same time, they 

offer new insights for the selection of reaction conditions in the photocatalytic 

conversion of polymeric carbohydrates using TiO2-supported noble metal catalysts. 
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Chapter 6 
 

 

 

 

 

 

Conclusions and Future Work 

 

 

 The aim of this Thesis was to investigate the selective valorization of bio-

derived molecules using metal nanoparticles supported on different materials such as 

conjugated microporous polymers, multi-walled carbon nanotubes, and titanium 

dioxide. The catalytic activity of the supported metal catalysts was evaluated under 

thermal and photocatalytic conditions aiming to produce high-valuable chemicals 

from model molecules. In this Thesis, the experimental work was focused on three 

main directions: the development and testing of novel polymer-based catalysts, 

catalytic studies under light irradiation, and the photocatalytic conversion of 

polysaccharides at high-pressure conditions. This chapter presents the conclusions 

for the research projects reported in Chapters 3‒5. 

 

6.1 Chapter 3 

 
 
 For the first time, we have synthesized gold nanoparticles supported on 

conjugated microporous polymers (CMPs), and the resulting gold catalysts were 

assessed for the glucose oxidation reaction. Conventional methods were explored for 

the preparation of the gold catalysts, however, it was required to develop a new 

synthetic procedure which could take advantage of the intrinsic properties of the 



 

195 
 

CMPs (swellability and microporosity). As a result, the organic solvent-assisted sol 

immobilisation (SASI) method was developed to prepare gold catalysts. The TEM 

and XPS analyses of a representative sample of the Au/CMP-SASI(ACN-W) catalyst 

showed well-defined spherical gold nanoparticles (3.7 nm) and the presence of Auδ‒ 

species, which are associated with the electron transfer from the support to the metal 

nanoparticles. The SASI method produced highly active catalysts compared to the 

conventional methods, and the presence of acetonitrile as a solvent during the 

preparation of the catalysts demonstrated to be a fundamental part of their superior 

activity. Under optimized conditions, the 2.1 wt% Au/CMP-SASI(ACN-W) catalyst 

displayed the highest catalytic activity with a TOF value of 327.7 min-1 in the 

glucose oxidation. Moreover, it was found that the Au/CMP-SASI(ACN-W) catalyst 

can be reused several times without losing activity. Therefore, we have demonstrated 

for the first time that conjugated microporous polymers can be used as a support 

material for the deposition of metal nanoparticles, and the synthesis method has a 

strong effect on the catalytic activity of the resulting catalyst. 

 
 
Future Work 

 
 
 In this chapter, it was showed that CMPs-supported gold catalysts can be 

used in heterogeneous catalysis, particularly in the glucose oxidation reaction. 

However, it would be desirable to extend the use of the CMPs as support material for 

various metals, in order to explore their application in reactions of interest. For 

example, as they are mainly composed of carbon-carbon bonds and presented 

aromaticity in their structure, the use of the CMPs for the toluene and benzyl alcohol 

oxidation could be advantageous due to the presence of similar properties, however, 

this speculation needs to be demonstrated. On the other hand, it is required to 

investigate the role of the acetonitrile during the synthesis of the catalysts in order to 

gain more control over the final material as it was found a solvent-dependent 

catalytic activity. Moreover, the investigation of additional parameters on the 

synthesis of the polymer-based catalysts might be useful to improve their activity, for 

example, solvent composition, PVA/metal ratio, and the method for the removal of 

the stabilising agent. In order to optimize the catalyst synthesis and loading 

procedure, it would be required to determine the spatial position and distribution of 
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the metal nanoparticles within the CMP network. Particularly, this analysis is 

important for metal nanoparticles with size-dependent catalytic activity as their 

confinement inside the pores could potentially limit particle aggregation. Therefore, 

the synthesis of polymer-based catalysts could be improved by knowing the exact 

position of the nanoparticles within the polymeric network. In this case, electron 

microscopy techniques such as high-angle annular dark-field scanning transmission 

electron microscopy and electron tomography can be used to characterize metal 

nanoparticles within porous structures [1, 2]. 

 

 

6.2 Chapter 4 
 
 
 The aim of Chapter 4 was to investigate the oxidation of glucose under light 

irradiation conditions using gold nanoparticles supported on different semiconductor 

materials. The photo-oxidation of glucose under both UV and visible light irradiation 

showed the formation of several products such as tartronic acid, gluconic acid, 

formic acid, and short-chain aldoses when the TiO2 and 1.6 wt% Au/TiO2 catalysts 

were used under alkaline conditions. The presence of these products was also 

reported by Chong et al. [3] and Da Vià et al. [4] under both UV and visible light 

irradiation using TiO2-based catalysts. The results obtained in this work confirmed 

the previous findings [3, 4], but at the same time contradict the work reported by 

Zhou et al. [5] and Omri et al. [6]. The authors suggest that the selective photo-

oxidation of glucose to gluconic can be performed using TiO2-based catalysts in 

alkaline medium under both UV and visible light irradiation, and the presence of side 

products is not even considered under such conditions.  

In this scenario, it was clear that a new approach should be taken in order to 

understand such discrepancies, and more particularly the synergistic effect between 

the metal nanoparticles and the support material should be avoided. Therefore, we 

decided to investigate the use of conjugated microporous polymers (CMPs) as a 

support material for the gold nanoparticles due to their chemical inertness, but more 

importantly, due to their extended π-conjugation which provides the driving force for 

the light-harvesting process [7]. The initial experiments were performed using the 1.6 

wt% Au/CMP-1 catalyst under visible light irradiation and base-free conditions. As 
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expected, the main product was gluconic acid along with small traces of tartronic 

acid in all cases, but more surprisingly, it was found that the photo-oxidation of 

glucose under both visible light irradiation and dark conditions showed almost 

identical values of conversion and selectivity. These results might indicate that the 

oxidation process is thermally-driven rather than a photocatalytic process. However, 

this is purely speculation and needs to be demonstrated. In an attempt to influence 

the reaction mechanism by the presence of light irradiation, the photo-oxidation of 

glucose was performed using the 1.6 wt% Au/CMP-1 catalyst under visible light and 

alkaline conditions. As reported by Zhou et al. [5] and Omri et al. [6], the photo-

oxidation of glucose under light irradiation can be strongly influenced by the 

presence of a base. Surprisingly, the results showed almost complete glucose 

conversion after 6 hours of reaction under visible light irradiation and thus 

confirming the promotional effect of the alkaline conditions. Despite the remarkable 

improvement in the glucose oxidation, the reaction under dark conditions showed 

similar values of conversion and selectivity to the reaction in the presence of visible 

light. Hence, we have demonstrated that the use of CMPs as a support material 

inhibits the formation of side products compared to the TiO2 support, but at the same 

time, these studies suggest that the glucose oxidation over CMPs-supported gold 

catalysts is governed by thermal catalysis. 

In an attempt to further investigate the photo-oxidation of glucose under light 

irradiation, multi-walled carbon nanotubes (CNTs) were used as a support material 

for the gold nanoparticles. Particularly, CNTs have emerged as promising materials 

for photocatalytic applications due to their electronic and structural properties [8]. 

Under visible light, the results showed complete glucose conversion with a 

selectivity of 98% to gluconic acid when the 1 wt% Au/CNTs catalyst was used 

under alkaline conditions. However, the results obtained in the dark showed similar 

values of conversion and selectivity at the end of the reaction. Once again, our results 

confirmed the promotional effect of the base and highlighted the inevitable thermal 

contribution to the glucose oxidation. Additional experiments were carried using the 

1 wt% Au/CNTs catalyst under visible light irradiation in the presence of molecular 

oxygen at high-pressure conditions. The results showed that the presence of 

molecular oxygen improved the reaction rate and the efficiency of the catalyst, 

however, the synergistic effect between photocatalysis and thermal catalysis could 

not be avoided. 
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Future Work 

 
 
 In Chapter 4, the photo-oxidation of glucose was studied under light 

irradiation conditions using metal nanoparticles supported on semiconductor 

materials. Interestingly, we have found considerable discrepancies between this work 

and the literature. At this point, the apparent discrepancies could be attributed to the 

different experimental conditions; for example, substrate concentration, illumination 

time, temperature, light intensity, additives, metal loading, and experimental setup 

among others. In this scenario, future work should be considered on a case-by-case 

basis, however, we suggested additional experiments from a more general 

perspective. For example, it would be useful to investigate the apparent activation 

energies of both the thermal (dark conditions) and photocatalytic reaction in order to 

determine whether the oxidation of glucose is favoured under light irradiation 

conditions or by thermal catalysis. Moreover, it would be required to identify the 

radical species produced by the photocatalysts under light irradiation conditions with 

the aim to determine the active species. As the photocatalytic and thermal reaction 

follow different mechanisms, it would be interesting to investigate the role of O2 in 

both systems. 

 
 
 
 
6.3 Chapter 5 
 
 
 The aim of Chapter 5 was to investigate the photocatalytic conversion of 

polysaccharides using TiO2-supported noble metal catalysts at high-pressure 

conditions. The results showed the formation of small traces of organic acids 

(gluconic and formic acids) and short-chain aldoses (arabinose and erythrose) from 

the milled α-cellulose when the TiO2 catalyst was used under UV light irradiation 

and oxygen pressure. Particularly, it was found that the use of a 50/50 v/v 

water/acetonitrile mixture as solvent promoted the formation of sugars and acids, 

while the reaction conducted with water as a solvent produced small traces of 

glucose, suggesting the presence of highly reactive radicals which led to the total 

mineralization of the products formed. Unfortunately, it was found that acetonitrile 
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can undergo photodegradation when TiO2-supported noble metal catalysts are used. 

Therefore, the photoconversion of milled α-cellulose was performed with water as a 

solvent. After 24 hours of reaction, traces of formic acid and glucose were detected 

under UV light conditions.  

 Due to the complex structure of the α-cellulose and its poor activity under 

light irradiation, it was decided to investigate the photoconversion of a model 

substrate such as microcrystalline cellulose (MCC, Avicel® PH-101). The tests were 

carried out using milled MCC under alkaline conditions and oxygen pressure with 

the TiO2, Au/TiO2, and Ag/TiO2 catalysts. The results showed that under UV light 

conditions, the highest conversion was 18% for the Ag/TiO2 catalyst, whereas the 

conversion of MCC over the TiO2 support was 6.6%. Hence, these results 

demonstrated that noble metal nanoparticles (i.e. Ag and Au) supported on TiO2 can 

perform the photoconversion of milled MCC under UV light irradiation and oxygen 

pressure in alkaline conditions. However, despite promising results with the metal 

catalysts, it was evident that the photoconversion of milled MCC is an unselective 

process for the production of valuable chemical, and therefore more work will be 

needed in order to tune the selectivity to the desired products. 

 On the other hand, preliminary tests were carried out using water-soluble 

starch using the TiO2 and Au/TiO2 catalysts under visible light irradiation and 

oxygen pressure in alkaline conditions. The aim was to produce carboxylic acids 

such as gluconic and glucaric acids at moderate conditions taking advantage of the 

low crystallinity and high solubility of the starch. Our results showed that the TiO2 

and Au/TiO2 catalysts produced small traces of soluble oligomers and organic acids 

under base-free conditions and visible light irradiation. When the photoconversion of 

starch was performed using a base as a promoter under similar experimental 

conditions with Au/TiO2 catalyst, the results showed high amounts of soluble 

oligomers and small traces of acids and sugars. Unfortunately, the soluble oligomers 

were not converted into molecules of interest even after 24 hours of reaction at 

moderate conditions. Despite these results, this work presents an initial approach for 

the photoconversion of polysaccharides using TiO2-supported noble metal catalysts 

and emphasizes how the nature of the substrate contributes to the photocatalysis. 
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Future Work 

 
 
 In Chapter 5, the photoconversion of polysaccharides was carried out using 

noble metal-loaded TiO2 catalysts. In most cases, it was found that the identification 

of the products (i.e. soluble oligomers, organic acids) was limited to the known 

standards, and therefore it would be desirable to determine and quantify the 

molecules formed after photocatalysis. In this case, several analytical techniques 

could be useful to solve the problem: for example, total organic carbon analysis 

(TOC), gel permeation chromatography (GPC), time-of-flight mass spectrometry 

coupled with liquid chromatography (HPLC-QTOF) among others. However, the use 

of these techniques is not straightforward, and sample derivatization might be 

required before analysis. On the other hand, it was found that the photoconversion of 

polysaccharides in alkaline conditions produces soluble oligomers which could be 

further oxidized and formed unwanted products. An alternative approach for the 

overoxidation process might involve the separation of the soluble compounds (i.e. 

oligomers, sugars) as they are formed, and therefore it would be needed to develop a 

continuous flow process. With the aim of improving the photoconversion of the 

polysaccharides using metal catalysts, the polymeric carbohydrates could be 

subjected to various treatments before reaction, for example, ball milling, mix-

milling (substrate-catalyst), ultrasound, and acid treatment among others. Regarding 

the photocatalyst, the situation is more complicated as it would be required to 

prepare a multifunctional photocatalyst which can perform simultaneous hydrolysis 

and oxidation along with light-harvesting.  
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Table A.5 Comparison of the catalytic activity of the Au/CMP catalyst and bare CMP in the 
glucose oxidation under microwave conditions. Conversion, product yield and mass balance values 
after 10 minutes of reaction time.a

 
Catalyst 

Reaction 
Time 
(min) 

Glucose 
Conversion 

(%) 

Gluconic 
acid 
(%) 

Tartronic 
acid 
(%) 

Fructose 
 

(%) 

Mass 
Balance 

(%) 

 2 19 17 − − 98 
b Au/CMP 5 40 37 − − 96 

 10 68 56 − − 87 
 2 4.3 − − 3.7 99 

CMP 5 6.7 − − 5.8 99 
 10 8.1 − − 6.5 97 

a Reaction conditions: Glucose/Au = 438 molar ratio, T = 160 ºC, P(O2) = 7 bar, t = 10 min. 
b Catalyst: 1.6 wt % Au/CMP-SASI(ACN-W)
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Appendix B 
 

 

 

 
Figure B.1 Hydrogen and carbon dioxide evolution for the photocatalytic conversion of milled 
MCC using TiO2 as a catalyst under UV light irradiation and nitrogen pressure. Reaction 
conditions: milled MCC =50 mg, catalyst =90 mg, T =40±4 °C, t =24 hours, water =40 mL, UV 
light =1000 W. 

 

 

 
Figure B.2 HPLC-RID chromatograms for the photocatalytic conversion of milled MCC under UV 
light irradiation (128W) utilising TiO2 as a catalyst in the presence of a 50/50 v/v water/acetonitrile 
mixture at atmospheric pressure.

Reaction time / h
0 5 10 15 20 25

H
2,

 C
O

2
 / 

μ
m

o
l

0.00

0.01

0.02

0.03

0.04

0.05

H2

CO2

Retention time / min
4 6 8 10 12 14 16 18

n
R

IU
 / 

a
.u

.

0

200

400

600

800
Photoreaction under UV light (24h, 128W) 
Photoreaction under UV light (2h, 128W) 
Soluble oligomers

RID

Glucose 

Acetic acid 



 

208 
 

 
 

 
Figure B.3 HPLC-RID chromatograms for the photocatalytic conversion of milled MCC under UV 
light irradiation (128W) utilising TiO2 as a catalyst at atmospheric pressure. Comparison of the 
obtained products between the water (black line) and water/acetonitrile mixture (red line). 

 
 
 
 

 
Figure B.4 HPLC-RID chromatograms for the photocatalytic conversion of milled MCC under 
Visible light irradiation (300 W) utilising the TiO2 catalyst at atmospheric pressure. The reactions 
were carried out using water (red line) and a 50/50 v/v water/acetonitrile mixture (black line). 
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Figure B.5 Carbon dioxide evolution for the photocatalytic hydrogenation of milled MCC using 
the 1.4 wt% Ru/TiO2 catalyst under UV light irradiation. Reaction conditions: milled MCC =50 
mg, catalyst =90 mg, T =40±4 °C, t =24 hours, water =40 mL, UV light =1000 W, P (H2) =10 bar.

 
 
 
 

 
Retention time / min 

Figure B.6 HPLC-RID chromatograms for the conversion of milled MCC using the TiO2 catalyst 
with molecular oxygen under basic conditions in the absence of light.
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Retention time / min 

Figure B.7 HPLC-RID chromatograms for the photoconversion of water-soluble starch using the 
TiO2 catalyst under visible light irradiation and oxygen pressure. Reaction conditions: Startch =150 
mg, catalyst =42 mg, T =40±4 °C, t =24 hours, water =40 mL, Lamp power =1000 W, P (O2) =10 bar. 

 
 
 

 
Retention time / min 

Figure B.8 HPLC-RID chromatograms for the photoconversion of water-soluble starch using the 
Au/TiO2 catalyst under visible light irradiation and oxygen pressure. Reaction conditions: Startch 
=150 mg, catalyst =42 mg, T =40±4 °C, t =24 hours, water =40 mL, Lamp power =1000 W, P (O2) 
=10 bar. 
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