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ABSTRACT 

Diffusional mass transfer is vital in heterogeneous catalysis, influencing reactants reach catalytic active 

sites and product removal. The interplay between diffusion and reaction rates significantly impacts 

overall reaction performance, particularly in catalyst pellets, which are key in determining reactor 

pressure drops. Most academic research, laboratory experiments, simulations, and engineering 

innovations on diffusional mass transfer in catalyst pellets rely on porous structures of randomly packed 

fine particles, which possess fixed parameters (e.g., porosity and tortuosity), limiting advancements in 

enhancing internal diffusional mass transfer. This thesis introduces a novel approach to overcoming 

these limitations by creating a new microchannel structure within spherical beads, a geometry widely 

used in industrial catalytic processes. The research explores the modification and optimisation of this 

unique structure, material synergies and related topics such as reusability. The findings provide a 

comprehensive overview of this innovation by intensifying advanced oxidation processes (AOPs) and 

its potential benefits for other diffusion-limited reactions. Chapter 4 introduces alumina beads with 

oriented finger-like microstructures to revolutionise diffusional resistance within spherical beads. Two 

types of mesoporous materials (γ-Al2O3 in Chapter 5 and carbon xerogel in Chapter 6) were 

incorporated into these innovative alumina beads to further enhance their specific surface area, 

facilitating the uniform catalyst dispersion. Furthermore, alternative inorganic material, silica, was 

applied in Chapter 7 to prepare the microchannel-structured silica beads. Most importantly, all samples 

after being used and regenerated exhibited significantly higher catalytic performance than the fresh ones 

due to the enhanced accessibility of open pores on the bead surface during regeneration, highlighting 

the significance of intensifying the diffusional transfer process to benefit catalytic reactions. Such 

benefits are highly transferable to a broader spectrum of heterogeneous catalysis applications. Notably, 

the ceramic beads in this research are easily separable from the bulk solution, addressing scalability 

issues common with conventional nano- or micro-scale catalysts.  
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1. Chapter 1 Introduction 

Chapter 1 provides a concise overview of the long-standing diffusional mass transfer limitations within 

porous catalyst pellets and how these limitations hinder reaction efficiency as well as the design and 

operation of packed bed reactors. Building on this foundation, the chapter introduces the overarching 

innovation of this thesis, outlines its aims and objectives, and provides an overview of the structure and 

content of each chapter.  

 

1.1 Background 

Catalysis plays a crucial role in chemical transformation, and straddles a wide range of disciplines, such 

as chemistry [1, 2], chemical engineering [3-5], material science [6], biology and biochemistry [7], 

environmental science [8], energy [9], and engineering [10], etc. Vast majority of industrial catalytic 

reaction processes involve heterogeneous catalysts, accounting for approximately 80% of the global 

market share [11]. However, the heterogeneous reaction systems are often limited by mass and/or heat 

transfer rather than by reaction kinetics [12]. In mass transfer-controlled reactions, the reaction rate is 

typically determined by how quickly reactants reach the reactive sites and how promptly products 

removed, often limited by slow diffusion at microscales or inadequate mixing in the bulk phase. Process 

intensification (PI) techniques have been investigated to address these limitations by, for example, 

configuring reactions within small channels, shortening diffusional distances, and thereby enhancing 

reactant diffusion efficiency [13, 14]. However, the small and narrow internal channel sizes 

(approximately 0.01-1 mm in diameter) of microreactors result in a high pressure drop as fluids pass 

through [15]. In traditional packed-bed reactors, the use of fine catalyst powders promotes diffusional 

transfer but result in high pressure drops. This necessitates the use of large particles or pellets (1-3 mm 

in diameter), which have less favourable diffusional transfer characteristics [16, 17]. The long-standing 

challenge of such trade-offs between intraparticle diffusion and pressure drop in catalytic reactors 

continues to limit advancements in catalysis and reaction engineering technology, necessitating new 

innovations.  

One potential solution to this challenge involves catalyst substrate at millimetre-scale with certain pores 

to favourite diffusional mass transfer, a process-intensifying approach reported by Stankiewicz and 

Moulijn [18]. Examples of these substrates include monolithic substrates and ceramic foam supports 

[19-23]. Vega et al. reported novel 3D-printed Fe/SiC honeycomb monolithic reactors with various cell 

structures for phenol hydroxylation [20]. The results indicated that the catalytic performance of the 

monolithic reactor with triangular cells was superior to that of the slurry reactor and other intensified 

units (square and tronco-conical cells). Zhang et al. found that the production of monocyclic aromatic 

hydrocarbons increased from 39.15% with ZSM-5 powder catalysts to 78.96% when ZSM-5@ceramic 

foam catalysts were applied [19]. Additionally, it has been reported that the external mass transfer 
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coefficients for the conventional ceramic beads (1.5 mm and 3 mm in diameter), honeycombs (400 cells 

per square inch (CPSI)) and ceramic foams (20 pores per inch (PPI) and 45 PPI) followed a definite 

trend, with the ranking order of 1.5 mm beads >> 45 PPI foams > 20 PPI foams ≈ 3.3 mm beads > 400 

CPSI honeycombs [24]. Meanwhile, the pressure drop was ranked in the following order: 1.5 mm beads > 

3.3 mm beads ≈ 45 PPI foams ≈ 20 PPI foams > 400 CPSI honeycombs.  

Technically, conventional ceramic bead with a uniform macroscopic catalyst distribution (homo-type, 

Figure 1-1 ) suffers from a significant mass transfer resistance, as reactants diffuse from external surface 

of the bead to reach the reactive catalytic sites within the inner cores, and vice versa for products leaving 

the catalyst bead. Differences in diffusion rate of reactants/products often leads to less controllable side 

reactions and poorer selectivity as a typical consequence. The degree of mass-transfer limitations in the 

catalytic system can be interpretated by the Thiele modulus, denoted as φ: 

𝜑 =   
𝑉𝑃

𝐴𝑃
 √

𝑘𝑟

𝐷𝑒
                                                          (Equation 1-1 ) 

where 𝑉𝑃 is the volume of the catalyst support/beads, 𝐴𝑃 is the external surface area of the catalyst 

support/beads, 𝑘𝑟 is the first-order rate constant, and 𝐷𝑒 is the effective diffusion coefficient [25]. When 

φ is greater than 0.3, the diffusion of the reactant through the pores is commonly considered as the rate 

determining step. As a result, a homogeneous distribution of the active phase in large catalyst supports 

is only beneficial for relatively slow catalytic processes that allow reactants to diffuse to the active sites. 

Otherwise, the catalytic reaction ends up being internally diffusion-limited when φ increases to 0.3 or 

higher.  

 

Figure 1-1 Schematic diagram of diffusional transfer inside commercial catalyst substrates. 
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To address this, a non-uniform macroscopic distribution of catalyst patterns, such as eggshell pellets 

(Figure 1-1 ), was introduced to circumvent the rules by replacing the pellet sizes with the thickness of 

the catalytic layer of several hundreds of micrometres [26, 27]. For instance, Fratalocchi et al. 

successfully prepared small eggshell Co/γ-Al2O3 catalysts by the multiple impregnation method, and 

the thin outer layer of cobalt, regarded as the active sites, greatly reduced the diffusion limitations, thus 

presenting high CO conversion, limited methane selectivity and high C5+ selectivity in the Fischer-

Tropsch Synthesis [26]. Howeizi et al. synthetised a series of Pd/γ-Al2O3 catalysts and found that the 

sample with the egg-shell type of Pd dispersion exhibited the highest catalytic performance due to the 

higher accessibility of the reactants to Pd active sites in these strong diffusion-limited reactions [28]. 

However, although the trade-off between diffusional mass transfer and pressure drop could be solved 

by this type of catalyst support, there is a significant unused/inert volume of catalyst pellets. In other 

words, the core of the egg-shell pellets, which contains inert material, is not active and does not 

participate in the catalytic reaction. This inactivity reduces volumetric productivity and causes 

variations in reaction fronts, as well as thermal and mass fronts within the reactor. 

In summary, over the past several decades, there has been limited progress in innovating porous 

structures to address the long-standing challenges of diffusional mass transfer limitations. Overcoming 

these limitations is crucial for advancing heterogeneous catalysis materials, processes, and the design 

and operation of related reactors, with implications across a wide range of applications and disciplines. 

Introducing new strategies to enhance diffusional mass transfer at the microscale has the potential to 

make a significant impact in these areas. This thesis aims to explore and initiate novel approaches from 

this perspective, by innovating microchannel structured ceramic beads. Based on the reported work 

related to the fabrication of microchannel-structured hollow fibre membranes [29, 30], the development 

of microchannel-structured ceramic beads appears to be relatively feasible. 

 

1.2 Aims and objectives 

The primary aim of this work is to design and validate innovative microchannel-structured ceramic 

beads and explore their potential application in diffusion-limited chemical reactions, such as 

peroxymonosulfate (PMS)-activated advanced oxidation processes (AOPs) reaction system. The four 

key objectives outlined below are aimed at achieving this: 

(1) To develop and validate a methodology for fabricating finger-like microchannel-structured spherical 

ceramic beads to enhance diffusional mass transfer.  

(2) To establish a material strategy for integrating a catalytically active phase with an auxiliary 

mesoporous material within the beads, enabling their application to general heterogeneous catalysis 

processes.  
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(3) To create synergies in material functionality to drive enhancements that go beyond innovations in 

pore structure design.  

(4) To demonstrate the efficiency of these approaches through the PMS-activated AOPs system.  

 

1.3 Thesis structure 

This thesis consists of eight chapters in total. Chapter 1 briefly introduces the research background of 

catalyst technology for process intensification, and outlines aims and objectives of this thesis. Chapter 

2 provides the fundamental knowledge of process intensification, conventional catalyst substrates for 

heterogeneous catalysis, and typical heterogeneous catalysis-AOPs, as well as key research gaps within 

the field of catalyst substrates and AOPs. Chapter 3 presents the research methodology and 

characterisation techniques involved. 

Chapter 4 focuses on the development and fabrication of innovative microchannel-structured alumina 

beads as the catalyst substrates to enhance diffusional mass transfer in heterogeneous catalysis, i.e., 

PMS-induced AOPs for catalytic degradation of sulfamethoxazole (SMX).  

Chapter 5 explores a material strategy for integrating a catalytic active phase, i.e., 2 wt.% Co3O4, with 

an auxiliary mesoporous material (most commonly used γ-Al2O3) within the alumina beads, broadening 

their application to a wide range of heterogeneous catalysis processes. In this chapter, two different 

catalyst incorporation methods, i.e., two-step sequential impregnation method (2Co/ASx) and one-step 

co-impregnation method (2Co/ASx (co-imp.)), were examined to investigate the trade-offs of 

diffusional mass transfer and the specific surface area. 

Chapter 6 investigates the integration of multifunctional carbon xerogels to drive enhancements that 

extend beyond pore structure innovations discussed in Chapter 4 and the auxiliary mesoporous materials 

examined in Chapter 5. The synergistic effects of mesoporous carbon xerogels facilitate the adsorption, 

catalyst dispersion, PMS activation, and pore confinement, building on the findings presented in the 

preceding chapters.  

Chapter 7 introduces the design and fabrication of innovative microchannel-structured silica beads as 

catalyst substrates to advance diffusional mass transfer in heterogeneous catalysis. Different from 

Chapter 4, this chapter employs silica as an alternative inorganic material to demonstrate the versatility 

and applicability of these approaches across a broader range of materials. Additional interesting findings 

include the variation of diameters, porosity, and the specific surface area of the silica beads by differing 

the sintering temperatures. The effectiveness of these approaches from Chapter 4 to Chapter 7 were all 

demonstrated through the PMS-activated AOPs system. Additionally, transparent microchannel-
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structured silica beads (SiO2-1100C (6h)) were also successfully developed, offering significant 

potential for advancing large-scale photocatalysis, a distinct class of AOPs.  

Finally, Chapter 8 concludes the thesis by summarising the key findings and giving recommendations 

for the future work.  
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2. Chapter 2 Literature review 

Chapter 2 provides a literature review on the process intensification (PI) at microscale that balances 

between the diffusional mass transfer and pressure drop. This includes the PI fundamentals and 

examples of PI methods, such as microreactors, membrane reactors, and millimetre-scale structured 

catalyst substrates, for heterogeneous catalysis. Based on this research background, the research gaps 

in structured catalyst substrates and AOPs – a typical model for heterogeneous catalytic reactions – 

have also been included for better understanding microscale process intensification. 

 

2.1 Process intensification fundamentals 

Process intensification, introduced by Ramshaw nearly five decades ago, is a strategy in chemical 

engineering aimed at making dramatical reductions in the size and complexity of chemical processes, 

while simultaneously achieving a substantially smaller, cleaner, safer and more energy efficient 

technology [31]. It entails the design of novel PI technology of increased volumetric productivity but 

reduced energy consumption, without compromising process safety and product quality. In such 

approaches, the rate of some process, e.g., reaction kinetics, may be increased due to the reduction of 

physical dimensions and transport limitations [32]. It is a fast-growing field that characterised by a vast 

majority of definition and interpretations, but there is no clear definition that all agree on so far. Van 

Gerven and Stankiewic [32] proposed four generic principles for PI design:  

(1) Maximize the effectiveness of intra- and intermolecular events – this principle highlights a 

potentially critical yet underexplored aspect of PI, focus on improving process kinetics, the underlying 

factor for low conversion and selectivity.  

(2) Give each molecule the same processing experience – this results in ideally uniform product 

distribution with minimum waste.  

(3) Optimise the driving forces at every scale and maximise the specific surface area to which these 

forces apply – this principle emphasises optimising the transport rates across interfaces. Take, for 

example, microreactors that reduce channel diameters from millimetre to micrometre scales to enhance 

the mass and heat transfer [15].  

(4) Maximize the synergetic effects from partial processes – this enables multitasking by integrating 

multiple processing tasks together, achieving higher efficiencies than standalone operations. Synergistic 

effects should be leveraged at all scales, often through macroscale multifunctionality. 

The above principles outline explicit goals for process intensification. Principles (2) and (3) pertain to 

intensification of transport processes, whereas principles (1) and (4) refer to intensification in chemical 

and process design, respectively. As Van Gerven and Stankiewic stated [32], a completely intensified 
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process successfully implements all the above-stated principles, via the use of one or more fundamental 

PI approaches, which can be categorized into four domains, as illustrated in Figure 2-1: 

(1) Spatial domain (structure) – introducing structure. 

(2) Thermodynamic domain (energy) – introducing alternative energy forms or alternative ways of 

energy transfer. 

(3) Functional domain (synergy) – introducing function integration. 

(4) Temporal domain (time) – introducing dynamic operation. 

 

 

Figure 2-1 The concept of principles, approaches, and scales on process intensification, adapted from [32]. 

 

In process intensification, a well-defined geometry or structure, e.g., microchannels, honeycomb 

monoliths, is usually used to reduce spatial randomness, allowing for controlled movement toward the 

preset goal [32]. Spatial structuring in PI can be employed to implement any of the four PI principles, 

and it involves engineering at all scales, from nano- to macro-scale. At the molecular scale, the 

effectiveness of intra- and intermolecular events can be affected by structural measures [33]. The 

molecular reactor like zeolite catalyst is a powerful case in point, which position the small molecule 

within their pores for the reaction [34]. Similarly, the other three PI principles are achieved by 

introducing meso- and macroscale structures, such as structured catalytic packings to increase the 

geometrical surface areas (GSA) for the mass transfer and to allow synchronized chemical reactions 

[35, 36]. Examples include monolithic substrates [37, 38], foam structured catalyst supports [39, 40], 

nanofiber structured catalyst supports [41, 42], as well as milli- and micro-channel systems [43, 44]. 
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These spatially structured units also enable multifunctional integration, achieving synergetic effects of 

the partial processes. It happens, for instance, in catalytic membrane reactors [45]. 

In terms of energy in PI, the fundamental theory is to optimise the way energy in its various forms (e.g. 

heat, pressure, and movement) is transmitted precisely and efficiently from source to recipient (ideally 

reactants only) [32]. Similar to spatial structuring (the first PI approach), the thermodynamic domain 

approach also applies to all four PI principles. At the molecular scale, it focuses on orienting molecules 

by magnetic fields [46, 47], strong electric fields [48, 49], or laser fields [50]. At the meso- and 

macroscale, alternative energy forms (e.g., electromagnetic radiation – microwaves and light [51, 52]) 

and alternative ways (e.g. rotating packed beds by creating artificial gravity fields [53, 54]) of 

transferring the energy have been revealed to boost mass and heat transport and to improve the contact 

of phases. Instead of relying on traditional energy transfer systems, the thermodynamic approach in PI 

encourages more direct energy transfer mechanism that effectively target localised areas in the process. 

The functional domain is the third key approach in PI, focusing on combining multiple functions or 

processes together into a single unit or component (e.g. a molecule, a phase, or a reactor) to significantly 

improve overall catalytic efficiency, surpassing the effectiveness of performing separate function in 

sequence [32]. At the molecular scale, the catalytic function can be coupled with a secondary or tertiary 

function, such as multifunctional catalysts [55, 56] or adsorption [57, 58], and can also synergise with 

acoustic [59] or electromagnetic energy [60] inputs. Synergy at the macroscale can achieved by 

introducing multifunctional reactors, such as membrane reactors that integrates reaction and separation 

[45, 61], heat exchanger reactors that combines reactions with heat exchange [62, 63]. Synergy in PI is 

directly related to the fourth PI principle, as stated earlier. This PI approach seeks to foster synergy, 

with multifunctionality being essential for improving catalytic efficiency. 

The last PI approach is the temporal domain, which basically involves either (i) manipulation of the 

time scales by, for instance, shortening the mixing times [64], or (2) the introduction of periodic 

dynamic operation (e.g., oscillating temperatures) [65] to intensify the process [32]. Intentionally 

introducing periodic operation can facilitate the implementation of all four PI principles. For example, 

purposeful cycling the liquid feed by pulse in trickled-bed reactors has demonstrated enhanced mass 

and heat transfer rates, fulfilling the third PI principle [66]. This approach complements the other PI 

domains by incorporating a time-based dimension into the process to enhance the catalytic activity, 

selectivity, or yield. 

 

2.2 Classification of process intensification 

According to Stankiewicz and Mouljin [18, 35], process intensification can be categorised into two 

major areas: process-intensifying equipment (hardware) and processing methods (software), as shown 



J. Zheng, PhD Thesis, Aston University 2024 

     26 

 

in Figure 2-2. PI equipment refers to the innovation of structured devices with enhanced mass and heat 

transfer and/or intensive mixing, such as microreactors [14, 15], membrane reactors [67], and novel 

structured catalyst supports [40]. PI methods, however, provide innovative strategies to enhance the 

efficiency and effectiveness of chemical process. This technology involves the integration of reaction 

and other functions (e.g., multifunctional reactors), new hybrid separation (e.g., membrane adsorption), 

and alternative forms or ways of energy (e.g. microwave). There can be some overlaps between the two, 

as new methods may necessitate the development of innovative equipment and vice versa.  

 

 

Figure 2-2 Classification of process intensification, adapted from [18]. 

 

2.2.1 Microreactors 

As a promising PI equipment, microreactors have been widely applied in nanomaterial synthesis [68, 

69], CO2 capture [70, 71], Fischer-Tropsch Synthesis [72-74], methyl isobutyl ketone production [75, 

76], wastewater treatment [77-79], biomedicine [80-82], and steam reforming [83]. On the one hand, 

one of the most significant advantages of microreactors is their microchannel structures with lateral 

dimensions ranging from 0.01 to 1 mm [84], providing shorter diffusion paths compared to conventional 

reactors. Technically, the reduced dimensions result in enhanced mass transfer efficiency and interfacial 

surface area. Take multi-channel microreactor for example, Gorges et al. immobilized TiO2 catalysts 

onto the photocatalytic microreactor, which consists of 19 parallel channels with a channel cross-section 

of approximately 200 × 300 μm, for the degradation of 4-chlorophenol [85]. The mass transfer 
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coefficient estimated from Sherwood numbers demonstrated that there was no mass transfer limitation 

for this system. Additionally, the illuminated specific surface area of this microreactor surpassed that 

of traditional photocatalytic reactors by a factor of 4-400 times. Chen et al. anchored nanoscale zero-

valent iron catalyst onto the reduced graphene oxide/polypyrrole nanocomposite microreactor, which 

could degrade 99% of p-nitrophenol within 50 s, outperformed the conventional batch reactors due to 

the strong convection and highly efficient mass transfer [86]. On the other hand, because of the small 

microchannel sizes and small fluid volumes involved, microreactors enable precise regulation of the 

reaction parameters, such as reactant concentrations, flow rates, mixing, reaction time control, mass and 

heat transfer rates [87]. This empowered the controlled nucleation and growth of nano- and micro-

crystals with well-defined properties, which had been challenged in conventional bulk and batch 

procedures [69]. 

Despite of the noticeable mass transfer efficiency and precise process control over the reaction 

parameters of microreactors, their drawbacks and challenges should be acknowledged. On the one hand, 

due to the small microchannel dimensions, incorporating catalysts of this size range (micrometre scale) 

typically cause a high pressure drop [88]. This is why the industry tends to employ relatively large 

particles (1-3 mm) to enable less pressure drops inside packed bed reactors [16, 17]. That, in turn, results 

in more significant mass transfer resistance, especially when catalyst and/or catalyst support sizes 

surpass 300 μm.  

On the other hand, the low throughput of microreactors pose a significant challenge for industrialisation, 

although it has been reported that microreactors offered potential for straightforward scaling up. There 

are two primary scale-up strategies: numbering-up and size-up, as shown in  Figure 2-3 [89]. Parallel 

numbering up focuses on the increase of multiple microreactors/microchannels in parallel, which seeks 

to retain the hydrodynamic properties, exceptional mass transfer coefficients, and catalytic performance 

of the microreactors [69].  

 

Figure 2-3 Two primary scale-up strategies for microreactors: (a) numbering-up and (b) dimensional scaling-up, 

adapted from [77].  



J. Zheng, PhD Thesis, Aston University 2024 

     28 

 

Nevertheless, managing multiple identical microreactors/microchannels require sophisticated 

monitoring and regulation system to ensure consistent operation across units [90]. At the same time, 

operating multiple units in parallel also significantly increases the overall energy demand for both 

monitoring and process control, as well as equipment and maintenance costs [91]. Dimensional scaling-

up, however, scaling up the internal volume of a single microreactor, enables the physical dimensions 

of the reactor increase from micrometre to millimetre scales or beyond [77]. However, as the 

microchannel sizes increase, the microreactor fluid flow pattern progressively shifts from surface-force 

driven to gravity-driven, compromising inherently process efficiency of microreactors by poor 

dissipation and less effective mass transfer [77, 89].  

Yang et al. investigated the scale-up effect of mini-fluidized bed reactor for the photocatalytic 

degradation of methylene blue by increasing the quartz tube inner diameter from 1 mm to 3 mm [92]. 

The results demonstrated that the photocatalytic performance of 1 mm tube was 4.5 times higher than 

that of 3 mm tube, which could be attributed by the changes of radiation flux density, specific surface 

area, mass transfer resistance, and light penetration depth. Krummradt et al. found that the yields of 

organic product remained relatively stable (> 90%) at scales below 1 mm but might sharply decline 

with size [93]. Elvira et al. reported that for a wide range of residence times (0-250 s), the flow dynamics 

in reactor channels with diameter ranging from 100 μm to 1 mm were comparable, but starkly different 

in a 5 mm diameter channel [94]. It is noteworthy that continuing scaling up the dimension of 

microreactors to millimetre-scale leads to a reaction pattern resembling that of packed-bed reactors, 

which suffers from a longstanding challenge of balancing pressure drop with mass and heat transfer. 

Therefore, innovation is highly demanded for both the scaling up of microreactors and the catalyst 

substrates employed in pack-bed reactors. 

 

2.2.2 Membrane reactors 

Membrane reactors are a particular example of multifunctional reactors as the permeable membrane 

combines the chemical reaction with a separation process in a single unit. The permeable membrane 

here is a system consists of a barrier that permits certain substances (e.g., hydrogen, oxygen) to travel 

through while blocking unwanted ones [95]. This system significantly simplified the downstream 

purification, thereby reducing the capital cost and enhancing energy efficiency [96]. Interesting 

applications including hydrogen production [97, 98], CO2 hydrogenation [99, 100], wastewater 

treatment [101-103], fuel cells [104, 105], photocatalysis [106, 107], etc..  

For instance, Biao et al. showed that the Ag-TiO2 catalysts immobilised on Al2O3-based photocatalytic 

membrane reactor could achieve up to 99.9% rejection rates and 23.3% removal for both simulated and 

real polyester microplastic fibres from laundry processes [108]. Despite this, membrane reactors are 



J. Zheng, PhD Thesis, Aston University 2024 

     29 

 

susceptible to biological fouling, membrane clogging, or the development of a cake layer over time, as 

shown in Figure 2-4, which significantly reduces their efficiency [109]. Alardhi et al. reported that both 

the permeate flux and the rejection coefficient decreased as feed concentrations and flow rates increased 

when polyvinyl chloride hollow fibre ultrafiltration membrane was applied for methyl green removal, 

particularly at higher feed concentrations (40 mg/L, 50 mg/L) and flow rates (150 ml/min, 200 ml/min) 

[96]. The decline was caused by membrane pore blockage, adsorption within the pores, concentration 

polarization, and the formation of a gel layer. The most common approach to mitigate this issue is to 

construct fouling-resistant membrane surfaces, typically hydrophilic or super-hydrophilic, by chemical 

pre-treatment, such as surface coating, surface grafting, surface bioadhesion, physical blending and 

surface segregation [110]. 

 

 

Figure 2-4 The primary membrane fouling behaviour during microplastics-containing wastewater treatment, 

adapted from [109]. 

 

As noted, membrane reactors allow for selective in-situ separation of reactants and products, leading to 

a favourable thermodynamic equilibrium shift and thereby promoting higher conversion rates and yields 

[18, 111]. Gallucci et al. claimed that zeolite membrane reactor displayed the highest catalytic 

hydrogenation of CO2 at the same reaction conditions (temperature, pressure, H2/CO2 ratio, and space 

velocity) with regard to traditional reactor and the lithiated Nafion membrane reactor [99]. The CO2 

yield derived from zeolite membrane reactor (8.7%) was higher than that of traditional reactor (2.4-

2.8%) and lithiated Nafion membrane reactor (2.5%). Moreover, the ability for membrane reactors to 
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continuously remove products could avoid side reactions, which enhances the overall catalytic 

efficiency (e.g., conversion, selectivity, and yields) in equilibrium-limited reactions [112]. 

It is important to note that these benefits are only achievable with the appropriate membrane properties 

and operation conditions. When engineering a membrane reactor, the key point is to ensure that the 

permeable membrane is suitable for the operating conditions, such as high temperatures, pressures, and 

potential interactions between the membrane and catalysts [111]. For example, inorganic membranes 

(e.g., carbon, ceramics, or metals) basically are more suitable for hydrogen processes, because these 

membrane materials function at high reaction temperatures from 300-800˚C, with some capable of 

enduring temperatures as high as 1000˚C [111]. Zeolite membranes ideally permeate only small 

molecules like H2O and H2 [113]. Porosity of the membrane materials also plays a key role as 

membranes with small porosity exhibit a higher mass transfer resistance, leading to lower flux and 

higher aeration energy demands [114].  

To the end, in terms of the second drawback of membrane reactors, it should be the scalability issues in 

large-scale industrial applications. Similar to microreactors in Section 2.2.2, membrane reactors can 

also be scaled up by either increasing the size of the membrane tubes or increasing the number of the 

membrane tubes [115]. Scaling up a membrane reactor by enlarging its size makes it difficult to 

maintain the identical catalytic efficiency, as the proportional surface area available for reactions should 

match the pre-scale-up configuration [116]. This results in reduced membrane strength at larger sizes, 

limiting the feasibility of membrane reactor under high pressure and temperature conditions [115].  

Instead, numbering-up the membrane area is more promising, as it allows for optimal design through 

assorted potential arrangements of multiple parallel tubes. Chompupun et al. scaled up the membrane 

reactor to a square honeycomb monolith pattern, which was composed of a square reactor with four 

adjacent quadrant reactors [116]. Ma et al. designed 7-tube cylindrical modules and 19-tube cylindrical 

modules using computational fluid dynamics (CFD) simulations for hydrogen separation [117]. Choi et 

al. simulated the steam methane reforming (SMR) reaction kinetic model and permeation model using 

CFD simulations under catalytic membrane reactor (CMR) and baffled membrane reactor (BMR) [115]. 

They found that the BMR experienced more complex flow patterns compared to CBR, resulting in 

higher driving force for H2 permeation, and thereby higher SMR reaction efficiency. However, the CH4 

conversion and permeate H2 yield for both membrane reactors decreased rapidly with the increase of 

gas hourly space velocity (GHSV) and number of membrane tubes. Moreover, membrane reactors with 

different geometries after scaling up does not generally preserve sufficient similarity compared to 

original single membrane unit [118]. This potentially undermine the credibility and practicality of the 

scale-up process by causing issues like temperature deviations, resulting instability in long-term 

operation [115, 119]. 

 



J. Zheng, PhD Thesis, Aston University 2024 

     31 

 

2.2.3 Structured catalyst substrates 

Although microreactors and membrane reactors provide several benefits from their miniaturisation of 

the equipment, their challenges in scaling up, limited throughput, and complex design and operations 

restrict their use in large-scale industrial applications. Besides the miniaturisation of reactors, 

constructing specialised geometrical structures for catalyst substrates is a favourable option. These 

structured catalyst substrates provide a structural framework or surface on which the catalytic active 

phases can be well deposited or embedded. One the one hand, they share the common characteristics of 

conventional less structured and irregular catalyst supports (e.g., spherical, cylindrical, or extruded 

pellets with homogeneous catalyst distribution), such as enhancing the surface area of catalysts by 

dispersing active species, maintaining the mechanical strength of catalysts during the reaction, 

stabilising the active metals against agglomeration and oxidation, and improving mass and heat transfer 

[120-122]. On the other hand, these specific structures are capable of balancing pressure drop with mass 

and heat transfer to a certain extent, particularly at high gas hourly space velocity. 

Up to now, structured catalyst substrates including catalyst supports featuring monolithic structures 

[123-126], foam structures [39, 127, 128], and nanofibers [129-131], by which intensive mixing, or 

enhanced mass and heat transfer is achieved [18]. Figure 2-5 shows three commonly used structured 

catalyst substrates: honeycomb monoliths, foams, and pellets. In contrast to microreactors and 

membrane reactors illustrated in Section 2.2.1 and Section 2.2.2, these catalyst substrates offer both 

reduced pressure drop and enhanced mass and heat transfer, as previously mentioned [37]. Also, they 

present fewer design and operational challenges, which can be directly assembled in the packed-bed 

reactors, along with simpler scaling-up processes. 

 

Figure 2-5 Commonly used catalyst support structures, adapted from [132]. 
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2.2.3.1 Monolithic substrates 

A case in point, structured honeycomb monolithic substrates feature numerous straight, thin-walled 

narrow parallel cells/channels to improve the mass transfer effectiveness [18, 133]. In general, 

monolithic substrates with larger GSA per reactor volume tend to come with more small parallel 

channels, which leads to higher values of CPSI. The catalytic active phase can be incorporated to these 

structures by various techniques, with washcoating being the most commonly employed method [134]. 

The catalyst applied to the surface of washcoat layers made of porous material experiences lower mass 

transfer resistance, resulting in enhanced reaction activity. Meanwhile, pressure drop can also be 

lowered to one to two orders of magnitude than that of conventional randomly packed pellets or beads 

in packed bed systems [133].  

Jacquot et al. systematically studied the effect of two model packing configurations: 3D printed catalyst 

alumina monoliths (800 μm in diameter, porosity of 61%) and packed-bed conventional commercial 

alumina spheres from Sasol (800 μm in diameter, porosity of 44%, type I as shown in Figure 1-1 ) on 

the pressure drop and velocity profiles over selective oxidation of benzyl alcohol to benzaldehyde [135]. 

It was found that the pressure drop in the packed-bed spheres (Simulation: 400 kPa/m at 5 m/s; 

Experiment: 150 kPa/m at 5 m/s) was noticeably higher than that in the monoliths (Simulation: 20 

kPa/m at 5 m/s; Experiment: 20 kPa/m at 5 m/s). This could be attributed to the fact that the monolith 

follows a creeping flow pattern while the flow around spheres is more turbulent, resulting in superior 

inertia loss and, consequently, a higher pressure drop. Moreover, following 24 hours of continuous 

reaction, the conversion rate for monoliths (~ 63%) exceeded that of their crushed packed-bed 

counterparts (~ 32%) and packed-bed spheres (~ 24%). 

However, a further increase of CPSI, such as reaching 900 for conventional monolithic catalytic 

converter, to ensure sufficient active catalytic surface led to a sharp rise in pressure drop, therefore only 

monolithic substrates of 400 CPSI and 600 CPSI have been more commonly applied in automotive 

industry [136, 137]. Mahyon et al. reported a novel hollow fibre substrate with radial microchannels 

(900 CPSI), which could reduce the diffusional resistance inside catalytic layers but maintain a low 

pressure drop [22]. After wash-coating a thin layer of gamma-Al2O3, serving as the support for the 

active species (0.7 wt.% Pd), on the inner walls of these microchannels, the wash-coated samples could 

further lower the light-off temperatures of CO oxidation at low pressure drops.      

 

2.2.3.2 Foam substrates 

Another promising type of structured catalyst substrate, foams with three-dimensional frameworks full 

of solid struts, have spurred extensive research across various fields due to their high foam porosity, 

tortuous transport paths through the matrix, high temperature resistance, large surface-to-volume ratios, 
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and mechanical strength [127, 138, 139]. Interesting applications include Fischer-Tropsch synthesis 

(FTS) [140, 141], steam methane reforming [142, 143], photocatalysis [144, 145],  catalytic combustion 

[146, 147], and nitrogen oxide removal [148], etc.  

As illustrated in Figure 2-6, foams can be categorised into two types based on their pore structures: 

open-cell and closed-cell [146]. Closed-cell ceramic foams contain isolated and closed-off pores that 

possess superior mechanical strength and low thermal conductivity, rendering them more commonly 

applied to thermal insulation, such as sintering furnace liners [149]. In contrast, open-cell ceramic foams 

characterised by solid edges and open faces, allowing fluids or gases to pass through interconnected 

pores, usually used for filtration, catalytic reactions, or as catalyst supports and sound-absorbing 

materials [127].  

 

 

Figure 2-6 Category of foams based on different criteria. 

 

Figure 2-7 showcases the pore structures of open-cell ceramic foams, which are composed of three 

components: cells, windows, and struts [149]. The struts construct the solid framework of the ceramic 

form, providing structural integrity, rigidity, and the mechanical strength. The composition of the struts 

determines the mechanical properties of the foam, including its compressive strength and resistance to 

wear. Cells are spherical or elliptical voids enclosed by struts, while windows are openings that connect 

these cells to one another. In general, ceramic foams have pore density of 10-100 PPI, implying an 
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interconnecting porosity of 75-90% or even higher [146]. Few studies have been reported in the ceramic 

foams with a porosity higher than 90%, because the imperfect pore structure stemming from the 

openings significantly reduces the mechanical properties of ceramic foams, severely restricting their 

practical applications [150].  

 

 

Figure 2-7 SEM images of open-cell ceramic foams with varied magnification, adapted from [149]. 

   

These ceramic foams can be fabricated by various raw materials, e.g., alumina [139, 149, 151], silicon 

carbide [152, 153], and aluminium silicates [154]. There are also precedential studies on the preparation 

of foamed ceramics using industrial solid waste, such as vitrification slag (industrial byproduct of 

metallurgical processes) [155], fly ash (a fine powder waste from thermal power plants rich in silica, 

alumina, and other oxides) [156], and red mud (harmful solid waste from aluminium and steel industries) 

[157, 158]. Chen et al. combined 40-50 wt.% red mud, 26.25-40 wt.% fly ash, 15-20 wt.% sodium 

borate (fluxing agent), and 5 wt.% sodium silicate (foaming agent) to prepare foam ceramics with 

porosity of 64.14-74.15%, compressive strength of 4.04-10.63 MPa, and bulk density of 0.51-0.64 

g/cm3 [159].  

To the end, sufficient contact between the gas/bulk phase and surface reactions is attained in both 

monoliths and foams. In a packed bed reactor containing ceramic monolithic substrates or ceramic foam 

substrates rather than random packing, the high bed porosity endows them with a lower pressure drop 

and improved mass and heat transfer, and vice versa [143]. Thompson et al. compared the total pressure 

drop of honeycomb monolith (20 CPSI, bed porosity of 52%), foam (7 PPI, bed porosity of 80%), and 

random particle at different gas flow velocities for the catalytic combustion of lean methane–air 

mixtures [160]. They found that the pressure drops for three catalyst loading patterns at 1.5 m/s are 

ranked as follows: random particle (55 KPa) >> foam (10 KPa) > honeycomb monolith (5 KPa). 

Eggenschwiler et al. revealed that the pressure drop in honeycomb monoliths follows a linear 
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relationship, whereas the pressure drop across ceramic foam substrates varies as a quadratic function of 

the flow velocity [161]. Also, at mean flow velocity of 25 m/s, the pressure drops were approximately 

10 KPa/m, 70 KPa/m, 72 KPa/m, and 128 KPa/m for honeycomb monolith (400 CPSI), ceramic foam 

(8 PPI), ceramic foam (10 PPI), and ceramic foam (15 PPI), respectively. This sequence of pressure 

drop echoes the work by Thompson et al [160]. 

More importantly, Patcas et al. additionally included the conventional ceramic beads in the comparison 

of volumetric rate constants (Kv) and pressure drop (∆P/L) as functions of the superficial gas velocity 

[24]. They selected five ceramic substrates: foams (20 PPI, bed porosity of 73.7%), foams (45 PPI, bed 

porosity of 75.2%), honeycomb (400 CPSI, bed porosity of 70.9%), conventional beads (3.3 mm, bed 

porosity of 44.0%), and conventional beads (1.5 mm, bed porosity of 41.1%) for the analysis. The 

selection criterion for foams and honeycombs was based on their comparable pore/channel count (20 

PPI ≈ 400 CPSI) or surface area (45 PPI ≈ 400 CPSI), whereas the ceramic beads possessed geometric 

surfaces similar to those of foams (20 PPI ≈ 3.3 mm, 45 PPI ≈ 1.5 mm). As shown in Figure 2-8,  Patcas 

et al. found that the external mass transfer coefficients for conventional uniform ceramic beads (type 1 

as shown in Figure 1-1 ), honeycombs and ceramic foams followed a definite trend, with the ranking 

order of: 1.5 mm beads >> 45 PPI foams > 20 PPI foams ≈ 3.3 mm beads > 400 CPSI honeycombs 

(Figure 2-8 (a)). Meanwhile, the pressure drop was ranked in the following order: 1.5 mm beads > 3.3 

mm beads ≈ 45 PPI foams ≈ 20 PPI foams > 400 CPSI honeycombs (Figure 2-8 (b)), as highlighted in 

Section 1.1. 

   

 

Figure 2-8 (a) Volumetric rate constants (Kv, s-1) as a function of the superficial gas velocity (m/s) over different 

ceramic substrates in the mass transfer controlled kinetic regime, and (b) the pressure drop as a function of the 

superficial gas velocity, adapted from [24].  
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2.2.3.3 Research gap 1 - Lack of studies on the innovative microchannel-structured beads 

In the development of process intensification, particularly structured catalyst substrates, there is a 

noticeable lack of innovations aimed at intensifying PI at the microscale or within the pellets. Spherical 

catalyst substrates featuring innovative special structures, such as shape-selective designs, optimised 

pore radii distributions and connectivity, might be a turning point to facilitate the reaction process [35]. 

According to the CO oxidation reaction results derived from Figure 2-8, one can conclude that the 

volumetric rate coefficients (proportional to the mass transfer coefficients [24]) and pressure drop for 

packings with comparable geometric surface areas (1.5 mm beads ≈ 45 PPI foams ≈ 400 CPSI 

honeycomb) decreased in the order: beads > foams > honeycomb. The mass transfer coefficients of 1.5 

mm ceramic beads were drastically higher than others, holding significant promise for further 

enhancement with the design and development of innovative microstructures for the beads. In addition, 

even though the 1.5 mm beads had a relatively high pressure drop due to their small size, it has been 

confirmed to decline as low as foams when the bead size was increased to 3 mm (Figure 2-8 (b)). 

Therefore, 3 mm ceramic beads with distinctive microstructures are anticipated to exhibit the highest 

mass transfer coefficient compared to ceramic foams and monoliths, while still preserving a low 

pressure drop. 

Currently, commercial catalyst supports are available in various shapes, including spheres, cylinders, 

rings, and extrudates, with spheres being the most widely used shape. Spheres normally ensure uniform 

packing and provide better resistance to attrition than other shapes, achieving a relative lower pressure 

drop. However, as noted in Section 1.1, the commercial catalyst supports in packed-bed reactors are 

typically either porous beads with isotropic structures (Figure 1-1 , type 1) [162, 163] or eggshell pellets 

with a thin catalyst layer on the surface (Figure 1-1 , type 2) [28]. This is due to the long-standing 

challenges of balancing pressure drop (1-3 mm) and intraparticle diffusion resistance (< 300 μm), as 

previously described for microreactors in Section 2.2.1.  

To fill this research gap, an innovative microchannel-structured ceramic beads (Figure 2-9) with radial 

straight finger-like microchannels inside was developed in Chapter 4 to decouple structural limitations 

of current catalyst design, i.e., trade-off between diffusional mass transfer and pressure drop of packed 

bed units [164]. This unique bead can maintain a low pressure drop (3 mm in diameter) within a reactor 

while simultaneously provide high geometrical surface areas (finger-like microchannels). For any 

sphere beads, the simplest textual model for the effective diffusion coefficient (De,i) derived from the 

molecular diffusion coefficient (Di), the average porosity (εp) and tortuosity (τp) of the material [165]: 

𝐷𝑒,𝑖 =  
𝜀𝑝

𝜏𝑝
𝐷𝑖                                                            (Equation 2-1) 

At a fixed particle porosity, the effective diffusion coefficient is inversely proportional to tortuosity. 

Therefore, the tradeoff between tortuosity and geometrical surface area in conventional uniform beads 
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makes it difficult to sustain a high value of 𝐷𝑒,𝑖. This also mirrors the lower mass transfer coefficients 

of 3.3 mm beads compared to 1.5 mm beads in Figure 2-8 (a).  

 

 

Figure 2-9 Schematic diagram of diffusional transfer inside novel microchannel-structured ceramic beads. 

 

In contrast, microchannel-structured ceramic beads (MSCBs) possess shorter transport distances and 

lower tortuosity due to the presence of finger-like microstructures, leading to a diffusion process that 

more closely mimics bulk diffusion and thereby resulting in a significantly higher 𝐷𝑒,𝑖 compared to the 

conventional homogeneous-type beads. Unlike traditional beads as shown in Figure 1-1 , which consist 

of macro-pores formed by the random packing of micro- or meso-porous particles and have complex 

diffusion routes inside, these micro-structured ceramic beads (Figure 2-9) dramatically boost the 

effective diffusivity.  

It is worth noting that these beads were engineered for industrial use, with consideration given to the 

mechanical strength of materials, so α-Al2O3 was chosen in Chapter 4 other than γ-Al2O3 despite its 

relatively higher specific surface area. Generally, the weak mechanical strength of γ-Al2O3 can lead to 
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rapid crumbling under intense loading. This produces dust and fragments that obstruct the spaces 

between pellets, resulting in a premature increase in bed pressure drop [166]. However, due to the 

inherent small specific surface area of α-Al2O3, modifications are required to enhance its catalytic 

performance. Hence, Chapter 5 and Chapter 6 introduced γ-Al2O3 and carbon xerogels as washcoating 

layers onto the surface of the microchannels within the alumina beads to boost the specific surface area. 

The catalytic performance of these materials was carried out for the degradation of organic pollutants 

in a PMS-activated AOPs system under mild reaction conditions, a representative chemical reaction for 

wastewater treatment, despite the generic benefits are transferrable to wider reaction systems. 

 

2.3 Microchannel-structured catalyst substrates  

In order to prepare microchannel-structured ceramic beads, the fabrication process applied for micro-

structured ceramic membrane exemplified by Li`s group are unquestionably highly feasible [167-171]. 

As shown in Figure 2-10 (a-b), Wu et al. prepared a unique micro-structured inorganic hollow fibre 

membrane, which was comprised of finger-like voids in the cross section and a thin sponge-like layer 

on the outer surface [167]. Finger-like voids were formed during the non-solvent induced phase-

inversion process, in which the solvent in the polymer suspension and nonsolvent (miscible with the 

solvent) in the coagulant bath, commonly water, underwent exchange at the interface between two 

contact phases [172]. The consolidation of the shaped hollow fibre membrane precursor also took place 

during this process.  

Later, Lee et al. developed microchannel-structured membranes with five different solvents – dimethyl 

sulphoxide (DMSO), N-methyl-2-pyyrolidone (NMP), dimethylacetamide, dimethylformamide and 

triethyl phosphate – resulting in microchannels with different shapes, either cylindrical or sponge-like 

or pear-shaped conical structures [173]. Figure 2-10 (c) presents the SEM images of the cross-sectional 

and surface views of a ceramic membrane fabricated using DMSO as the solvent, [173]. It can be 

observed that the diameters and lengths of the microchannels in Membrane-DMSO specimen differ 

from the top layer to the bottom layer. The top region of the membrane was the interface initially in 

contact with the non-solvent during the microchannel growth process. The long, straight, and cylindrical 

microchannels were categorised by their propagation depth for a more intuitive observation, with the 

deepest channels being the longest and widest, and each successive layer towards the upper region 

having shorter and narrower channels. In fact, the gradual increase in channel size and the reduction in 

density towards the bottom layer are key features of membranes produced through the phase-inversion 

process [168, 174]. As stated, when the polymer suspension is subjected to the non-solvent, a steep 

concentration gradient results in rapid solvent/non-solvent exchange and quick solidification at the top 

layer [172]. This rapid phase inversion process leads to the formation of small microchannels on the 

upper layer. In contrast, the bottom layer of the membrane, being farther away from the instant contact 
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with the non-solvent, undergoes a slower solvent/non-solvent exchange, taking more time for the 

generation of finger-like microchannels and thus a wider channel size distribution [173].  

 

 

Figure 2-10 SEM images of the asymmetric alumina hollow fibre membrane sintered at 1450 ˚C for 4 h: (a) whole 

view, (b) cross section, adapted from [167]; (c) SEM images of the cross-sectional views of ceramic membrane-

DMSO with the labelled hierarchical levels, adapted from [173]. 

 

In theory, this method can be a viable strategy for the fabrication of microchannel-structured ceramic 

beads with both finger-like structures within the beads and sponge-like structures on the surface layer, 

provided that the shaped spherical ceramic beads can be produced. Figure 2-11 illustrates two main 

methods for the formation of spherical beads, i.e., colloidal vibration moulding and needle system [175-

179]. The former approach (Figure 2-11 (a)) tended to shape the green B4C beads by rotating the 

commercial boron carbide powders with polyvinyl alcohol (PVA) in a planetary ball mill [175]. The 

size and sphericity of the B4C beads were determined by the rotation time and the concentration of PVA 

solution. In contrast, the latter technique (Figure 2-11 (b)) provided a laboratory scale bead-forming 

apparatus, with ceramic suspension continuously being extruded out of the nozzle and then dropped 
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into the dropping column [176]. Simultaneously, ethanol was dripped from the intravenous tubing into 

the reaction column, which was added to lower the surface tension and preserve sufficient gelling 

solution during the shaping process [176]. Notwithstanding the production of spherical ceramic beads 

by these two methods, finger-like microstructures have not been developed, as the compositions of the 

ceramic suspension and coagulant bath (non-solvent) are decisive. Therefore, the needle system will be 

applied in this research, and the physical/chemical parameters of the bead-forming process will be 

systematically examined as well, as detailed in Chapter 4.  

 

 

Figure 2-11 Schematic of two bead-forming methods: (a) planet-type rotation method, adapted from [175]; (b) 

needle system with (1) slurry stirrer, (2) slurry transportation pump, (3) intravenous tubing for ethanol, (4) nozzle 

and nozzle position controller, (5) dropping column, (6) manual valve, (7) metallic filter net, and (8) collection 

container, adapted from [176]. 

 

2.4 Mesoporous washcoating materials 

Once the base innovative catalyst substrates are developed, it is necessary to integrate mesoporous 

materials with strong adherence and high surface-to-volume ratio to achieve their full potential, as α-

Al2O3 exhibits extremely high mechanical strength, chemical and thermal resistance, but has a low 

specific surface area, as noted in Section 2.2.3.3. The adhesive strength of the washcoats on the base 

catalyst supports is vital as it determines the durability and reusability of the constructed catalyst 

supports, particularly under harsh reaction conditions [180]. High specific surface area (SSA) values of 

the washcoat layer deposited on the catalyst supports typically provides numerous active sites and 

ensures a sufficient surface to disperse and anchor catalysts, which is beneficial in catalytic reactions 

[181]. Additionally, mesoporous, and well adherent coatings would reduce the diffusional resistance, 
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therefore higher chemical reaction kinetics and activity [182]. Given these distinct advantages, the 

washcoating layer has been widely introduced onto various catalyst supports, including microreactors, 

honeycomb monoliths, ceramic form substrates, and ceramic membranes [22, 183]. It is worth noting 

that washcoating layers in AOPs predominantly comprise the catalyst itself, with minimal research 

available on this subject and no reported cases of washcoating layers being used to increase the specific 

surface area of the catalyst support. Table 2-1 summarised various mesoporous materials used for 

washcoating structured catalyst substrates, including a few AOPs reactions where the catalyst itself 

serves as the washcoating layer, with γ-Al2O3 being the most commonly used material. 

 

Table 2-1 An overview of various washcoatings introduced onto the catalyst supports. 

NO. Catalyst 

supports 

Washcoating layer Catalyst Application Ref. 

1 Cordierite 

honeycomb 

Al/Zr pillared 

bentonite clay (Al/Zr-

PILCs) 

13-39 wt.% Al/Zr-

PILCs (3:1) 

Catalytic wet air 

oxidation 

[184] 

2 Porous alumina 

ceramic 

La(Co0.2Al0.2Fe0.2Mn0.2

Cu0.2)O3 catalyst 

La(Co0.2Al0.2Fe0.2M

n0.2Cu0.2)O3 

AOPs [185] 

3 Capillary 

microreactor 

(fused silica) 

γ-Al2O3 0.02 wt.% Pd Hydrogenation of 3-

methyl-1-pentyn-3-ol 

[186] 

4 Chip-based 

microreactors 

Zeolite (ZSM-5), 

silicate 

0.1% Pd, 

2% Pd 

Production of methyl-

iso-butyl-ketone, 

hydrogenation of 3-

methyl-1-pentyn-3-ol 

[75] 

5 Stainless steel 

microreactors 

(porous disks) 

Zeolite (mordenite, 

zeolite Y, ETS-10) 

/ / [187] 

6 Ceramic 

monoliths 

(cordierite, 400 

CPSI) 

N-doped carbon 

nanotubes (CNTs) 

CNT-BM-M Catalytic wet 

oxidation 

[188] 

7 Stainless steel 

meshes 

TiO2 and Ti1-xSnxO2 

catalyst 

TiO2 and Ti1-

xSnxO2 

Photocatalysis [189] 

8 Al2O3 foam Mesoporous CoSi 

catalysts 

Mesoporous CoSi Catalytic Fenton-like 

oxidation 

[190] 

9 Monolithic 

supports 

γ-Al2O3 Ir / [191] 

10 Capillary 

microreactor 

(fused silica) 

TiO2 Au, Pt–Sn Citral hydrogenation [192] 

11 Microreactor Mesoporous silica, 

TiO2, mesoporous 

titania 

Pt Nitrobenzene 

hydrogenation 

[193] 
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12 Microreactor polydopamine Pd Nitrobenzene 

hydrogenation 

[194] 

13 Microchannel 

reactor 

Silica Au-Pd Synthesis of hydrogen 

peroxide 

[195] 

14 Stainless steel 

tubular 

microreactors 

MCM-41 / / [196] 

15 Cu foam supports γ-Al2O3 CuZnZr / [197] 

16 Honeycomb 

monolith 

ZSM-5 1% Pd Ethylene removal [198] 

17 Micro-channel 

reactor 

γ-Al2O3 Pt Methane catalytic 

combustion 

[199] 

18 Monolithic 

supports 

Carbon nanofiber Ni Methane 

decomposition 

[200] 

19 Ceramic foams γ-Al2O3 / Properties and 

pressure drop analysis 

[201] 

20 Stainless steel 

foams 

TiO2 (Degussa P25) 

catalyst 

TiO2 (Degussa 

P25) 

Photocatalysis [202] 

21 Hollow fiber 

membrane 

γ-Al2O3 0-10wt.% Pd CO oxidation [22] 

22 FeCrAlloy 

microreactors 

γ-Al2O3 20wt.% Pt methane combustion [183] 

 

In some cases, particularly for structured catalyst supports with low specific surface area, applying a 

thin γ-Al2O3 washcoating layer enhances porosity, facilitating uniform catalyst dispersion and thus 

improving catalytic performance. For example, Singh et al. investigated different NiMo/γ-Al2O3 

washcoatings (12.0 wt.% MoO3/2.0 wt.% NiO, 18.6 wt.% MoO3/3.2 wt.% NiO, 24.3 wt.% MoO3/4.0 

wt.% NiO) and different catalyst sizes (0.275 mm and 1.5 mm) on 400 CPSI cordierite monolith for 

hydrodesulfurization of dibenzothiophene in a packed-bed rector [203]. It was observed that as metal 

loadings increased, the specific surface area of NiMo/γ-Al2O3 decreased from 164.0 m2/g to 109.1 m2/g, 

resulting in reduced metal dispersion and, consequently, lower conversion efficiency. Additionally, the 

rate constants of all 1.5 mm catalysts were lower than that of 0.275 mm due to the enhanced diffusional 

mass transfer resistance, either at 548 K or 593 K. Ballarini et al washcoated a thin γ-Al2O3 layer (15 

µm) to 2 mm α-Al2O3 spheres to uniformly disperse Pt, PtSn and PtGe catalysts for n-butane 

dehydrogenation [204]. The specific surface area of α-Al2O3 spheres dramatically elevated from 4.7 

m2/g to 175 m2/g after the introduction of γ-Al2O3, and the bimetallic catalysts (PtSn and PtGe) exhibited 

superior catalytic performance compared to the monometallic catalyst (Pt). 

To the best of our knowledge, another washcoating material used in this thesis, i.e., carbon xerogel, has 

not been employed to function as the washcoating layer yet. However, some studies have explored other 

carbonaceous materials, such as carbon nanotubes (CNTs) [188, 205] and carbon nanofibers (CNFs) 
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[206], for similar applications. For instance, Soghrati et al. found that the catalytic performance of 

methane decomposition for CoMo catalyst deposited on the CNT-washcoated monoliths (98%) was 

higher than that on the conventional γ-Al2O3 support (91%) or on acid-treated monoliths (88%) [205]. 

This can be ascribed to the higher BET surface area of CNTs, the well-adhered CNTs washcoating layer 

for catalyst dispersion, and the greater ease of sulfidation of MoO2 catalyst compared to MoO3 catalyst 

(the primary active molybdenum phase in other CoMo-based samples). 

 

2.5 Advanced Oxidation Processes 

2.5.1 Overview 

AOPs were first proposed by William H. Glaze in the 1980s for drinking-water treatment with ozone, 

a powerful disinfectant and oxidant [207, 208]. The AOP concept was evolved from the oxidation 

processes involving highly reactive chemical species, particularly hydroxyl radicals (·OH), to other 

reactive species, such as sulphate radicals (SO4·-), for efficient water/wastewater purification [209, 210]. 

Different from common radicals like chloride (1.27 V vs. NHE) and ozone (2.07 V vs. NHE), the 

radicals involved in AOPs like hydroxyl radicals (1.8-2.7 V vs. NHE) and sulphate radicals (2.5-3.1 V 

vs. NHE) have considerably higher oxidation potentials, facilitating the oxidation of a wider range of 

organic pollutants [211-213]. Taking advantages of higher oxidation potentials and non-selectivity, 

AOPs have diverse applications in industrial effluents treatment, such as distillery [214], hazardous 

effluent [215], pharmaceutical waste [126, 216], metal-plating wastes [217], and persistent dyes [218]. 

Table 2-2 exhibits seven main types of AOPs based on the published research [164, 219-222]. 

 

Table 2-2 Classification of advanced oxidation processes and key features 

AOPs Radicals Energy source Key features Ref. 

Ozone oxidation ·OH 

 

the oxidizing 

potential of ozone 

Powerful oxidiser; inhibits both bacteria and 

fungus; high concentration dosage required; 

expensive; complex process, etc. 

[219, 

220] 

Electrochemical 

oxidation  

·OH, ·O2
-, 

h+  

 

electrical energy Removes highly toxic compounds; no 

hazardous by-product; energy source needed; 

electrode’s maintenance, etc. 

[220] 

Fenton 

oxidation 

 

·OH 

 

the chemical 

reaction between 

H2O2 and Fe2+ 

No need for external energy; cost-effective 

and simple operation; narrow pH range (2.5-

3.5); generation of iron sludge, etc.   

[223] 

Photocatalysis 

 

·OH, ·O2
-, 

h+  

 

light energy 

(UV/visible light) 

Uses natural energy source; low catalyst 

used; no need for additional chemicals; 

[221] 
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complex reactor design; difficulty in large-

scale application, etc. 

Radiolysis 

 

H·, ·O2
-, 

·OH 

high-energy 

ionizing radiation 

(e.g., γ-rays or 

electron beams)  

high penetration power of radiation; highly 

efficient generation of reactive species; high 

capital cost; secondary pollution; safety 

concerns, etc. 

[224] 

Sonolysis 

 

H·, HO2·, 

·OH 

ultrasonic sound 

waves 

highly efficient generation of reactive 

species; no need for additional chemicals; 

effective in turbid or highly contaminated 

water; high energy consumption; machines 

undergo tear and wears; noise pollution, etc. 

[222] 

Sulphate-radical 

based AOPs 

(SR-AOPs) 

SO4·−, 

·OH, ·O2
-, 

1O2 

Heat/UV/transition 

metal catalysts 

(e.g., Co2+) 

/electrical 

activation/sonolysis 

high oxidation potentials; longer half-life 

time of SO4·−; wide pH range (2.0-8.0); 

limited large-scale applications, etc. 

[164, 

223] 

 

Recently, SR-AOPs stand out as a preferred emerging technology to degrade organic contaminants into 

non-toxic or low-toxic small molecules in water bodies [164]. This can be attributed to the generation 

of highly reactive species, such as sulphate radicals and other reactive oxygen species (ROS), which 

can be generated by peroxymonosulfate (PMS, HSO5
-) or persulfate (PS, S2O8

2-) under heat, ultrasounds, 

transition metal ions/oxides or UV light [225, 226]. One of the main advantages of the SR-AOPs is that 

it can be effectively functioned over a wide pH range of 2.0-12.0, with optimal catalytic performance 

normally observed between 3.0 and 8.0, owing to the stability of SO4·− and PMS/PS [227-229]. In 

addition, as shown in Table 2-2, the oxidation potential of SO4·− (2.5-3.1 V vs. NHE) is higher than that 

of ·OH (1.8-2.7 V vs. NHE), a typical radical involved in Fenton reactions [230]. Furthermore, SO4·− 

has longer half-life time (t1/2 = 30 μs) than ·OH (t1/2 = 20 ns) [212, 213]. As a result, SR-AOPs is a 

promising AOPs technology in water and wastewater treatment. 

In SR-AOPs, PMS (also known as Oxone®) displays a more efficient catalytic performance for the 

degradation of organic pollutants than PS [231]. It has received more attention because of its high 

reactivity, resulting from an asymmetric structure (HO-O-SO3
-) and favourable large length of the O-O 

bond (1.326 Å) that needs less energy to break [229, 232]. This characteristic facilitates the activation 

processes to generate ROS, such as SO4·− and ·OH. PMS is a strong oxidising agent, with the redox 

potential of 1.82 V [231]. However, it is hard to be decomposed naturally, resulting in low reaction 

activity, and thus appropriate activation method is required to accelerate the generation of SO4·−. A 

viable and economically feasible technique within SR-AOPs is the activation of PMS by transition 

metal-mediated heterogeneous catalysts, such as Co2+, Mn2+, Fe2+, and Ru3+, etc., to generate SO4·− and 

other ROS for the powerful wastewater treatment [233].  

For example, Wu et al encapsulated confined Co3O4 within carbon shells and integrated them onto 

Mn2O3 nanorods for efficient PMS activation and bisphenol A degradation [234]. These carbon shells 
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function as electronic conductors, facilitating electronic interactions between Co3O4 and Mn2O3, while 

also serving as protective layers to mitigate oxidation during AOPs reactions. Zhu et al employed 

microbial-treated Fe2+/PMS and Co2+/PMS AOPs systems to degrade high concentrations of aniline 

(1000 mg/L), achieving a residual concentration of 1.08 mg/L after 96 hours under reaction conditions 

of pH 7 and 30 ˚C [235]. Anipsitakis and Dionysiou also reported nine transition metals for the 

activation of three oxidising agent, including PMS [236]. They found that the PMS activation by 

transition metals for the degradation of 2,4- Dichlorophenol followed this order: Ni2+ < Fe3+ < Mn2+ < 

V3+ < Ce3+ < Fe2+ < Ru3+ < Co2+, with Co2+ and Ru3+ being the best metal catalysts. Compared to Co2+, 

the high cost and limited natural abundance of Ru impede its widespread application in industrial 

settings, as is the case with AOPs.  

 

2.5.2 Research gap 2 - Lack of studies on the innovative catalyst substrates for AOPs 

In PMS activation, cobalt-based catalyst, particularly cobalt oxide (Co3O4), is one of the most active 

transition metal-based catalysts in AOPs reaction system for water treatment and purification [237-239]. 

A key drawback of cobalt-based catalysts is the potential leaching of cobalt ions, as the released cobalt 

ions are both toxic and challenging to recycle [213]. Catalyst immobilisation on catalyst supports has 

been demonstrated an appropriate strategy to address this problem. For example, Zou et al anchored 

Co3O4 on chitosan-derived biochar for the degradation of 10 mg/L phenacetin, and the results indicated 

that the rate constant was 6 times higher than Co3O4 alone [213]. Furthermore, cobalt ions leaching for 

the first run is 0.3 mg/L, lower than the cobalt emission standard of 1 mg/L and other research work 

under similar reaction conditions, such as yolk-shell Co3O4 spheres (9.5 mg/L) [240], RGO/Fe3O4-

Co3O4 yolk-shell nanostructures (1.5 mg/L) [241], and 3C-Co9S8 (3.4 mg/L) [242]. Additionally, non-

immobilised Co3O4 catalysts usually suffer from uneven dispersion and agglomeration in water, which 

in turn limit the electron transfer rate and the overall catalytic activity [243]. As a result, exposing more 

active sites on the stable substrates is a promising strategy to improve the cobalt dispersion and stability, 

other than its separation from the treated water.  

Various materials, such as carbon-based materials, metal oxide, and zeolites have been employed as the 

substrates and have shown encouraging results [244-248]. Macias-Quiroga et al. reported that carbon-

based catalysts (68.5%) constitute the primary catalysts and/or catalytic supports used in AOPs, 

followed by TiO2 (20.4%), SiO2 (5.2%), Pillared Interlayered Clays (3.1%), Al2O3 (1.6%) and zeolites 

(1.2%) [249]. Al2O3 accounted for a small proportion although it is one of the most common and robust 

substrates with an extremely high mechanical strength, thermal and chemical stability under rigorous 

conditions [250]. Furthermore, researchers often focus on loading catalysts onto Al2O3 powder for 

AOPs reactions, particularly γ-Al2O3. This is because it has a large specific surface area, although it is 

less stable compared to α-Al2O3 [250-252]. Nevertheless, it remains a difficulty to separate the used 
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catalyst powders from the treated water, leading to the potential release of nanoparticles into the 

environment and resulting in secondary pollution.  

The use of powdered catalysts also presents challenges for the upscaling of AOPs and other catalytic 

reaction processes in industrial applications, particularly within packed-bed reactors. While the use of 

fine powders ensures good access to catalyst active sites and reduces diffusional mass-transfer 

resistance, industry more commonly employs catalyst pellets of millimetre size. This approach helps 

mitigate the pressure drop issues associated with fine powders inside packed bed reactors. However, 

these relatively large spheres suffer from diffusion limitation issues, making the distribution of active 

sites critical.  

As noted, SR-AOPs is a promising wastewater treatment technology, but the conflicts between pressure 

drop and mass transfer resistance in catalyst substrates prevent the AOPs from large-scale practical 

applications. As far as we know, the study on the influence of diffusion resistance on organic pollutant 

purification by PMS-based AOPs is limited. Moral-Rodriguez et al. investigated the intraparticle 

diffusion of ronidazole and SMX during adsorption onto granular activated carbon (1.016 mm) from an 

aqueous solution. Their findings indicated that the overall adsorption rates of both antibiotics were 

primarily controlled by intra-particle diffusion [253]. This also necessitates the exploration of novel 

catalyst substrates to resolve persistent challenges associated with intraparticle diffusion at large particle 

sizes. As mentioned in Section 2.2.3.3, innovative microchannel-structured ceramic beads with a 

diameter of 3 millimetres hold terrific potentials in this respect.   
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3. Chapter 3 Methodology 

Chapter 3 presents the research methodology of the whole PhD project, from the preparation of catalyst 

substrates to the catalytic reactions, and characterisation techniques involved for the intuitive 

observation and analysis of the microstructured ceramic beads. 

 

The design and preparation of innovative microchannel-structured ceramic beads are the most 

significant parts of this research. As mentioned in Section 2.2.3.3, conflicts between diffusional 

resistance and pressure drop in conventional catalyst technology necessity the novelty of the catalyst 

supports. This chapter details the research methodology including (i) the preparation of novel catalyst 

supports, (ii) material characterisation techniques, and (iii) catalytic activity analysis. The flow chart of 

the thesis methodology is depicted in Figure 3-1. 

 

 

Figure 3-1 Flow chart of the thesis methodology. 
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3.1 Preparation method 

In this thesis, four main methods, i.e., phase inversion, sol-gel, dip-coating, and wetness incipient 

impregnation methods, were included for the preparation of ceramic beads, washcoating layers (γ-Al2O3 

and carbon xerogel), modified ceramic beads, and cobalt-based ceramic beads. The phase-inversion 

method is a well-known technique for the preparation of micro-structured inorganic membranes, which 

is widely used in a plurality of fields, such as steam methane reforming [171, 254], hydrogen 

purification [255, 256], oxidative coupling of methane [257, 258], gas separation [29], and solid oxide 

fuel cells [170, 259, 260]. It involves solvent/non-solvent exchange at the interface between ceramic 

suspension and non-solvent, resulting in the formation of finger-like microstructures, as mentioned in 

Section 2.3. Figure 3-2 shows the flowchart of three stages involved in the preparation of micro-

structured ceramic beads in this research. Inspired by Li`s group [167-171], the homogeneous ceramic 

suspension is a mixture of dispersant – ethyleneglycol 30-dipolyhydroxystearate (Arlacel P135), 

solvents – NMP or DMSO, and polymer binders – Poly (methyl methacrylate) (PMMA) or poly-

polyethersulfone (PESf). Afterwards, the degassed ceramic suspension is transferred into a 100 mL 

stainless steel syringe and dripped into a water bath prior to the phase inversion process. Finally, the 

ceramic green body is sintered in a furnace to burn off the polymer binder and densify the ceramic 

materials. 
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Figure 3-2 A flowchart outlining the fabrication process for micro-structured ceramic beads. 

 

In terms of the sol-gel method, Figure 3-3 exhibits two schematic diagrams of the preparation of γ-

Al2O3 sols (for Chapter 5) and carbon xerogel sols (for Chapter 6). As shown in Figure 3-3 (a), a cooling 

reflux apparatus is setup to prepare γ-Al2O3 sols, with a mixture of aluminium isopropoxide (AIP) and 

DI water in their molar ratio of 1:100 being refluxed and stirred vigorously at 90 ˚C for several hours 

until the suspension is converted into a clear sol, which was built upon the literature [261-263]. In 

contrast, carbon xerogel can be synthesised by mixing certain amounts of resorcinol, formaldehyde, 

sodium carbonate, and DI water [264, 265]. 

 



J. Zheng, PhD Thesis, Aston University 2024 

     50 

 

 

Figure 3-3 Schematic illustration of the preparation of washcoatings by the sol-gel method: (a) γ-Al2O3 sol and 

(b) carbon xerogel sol. 

 

3.2 Characterisation 

This research focuses on designing and preparing innovative catalyst substrates, with a strong reliance 

on various characterisation techniques to analyse and understand the physicochemical properties of the 

prepared materials. Table 3-1 lists a summary of the characterisation techniques, the corresponding 

instrument models, and the specific purpose of each technique used in this thesis. The analysis is 

summarised in detail as outlined below. 

Powder X-ray diffraction (XRD) spectra were recorded on an advanced X-ray diffractometer (Bruker 

D8, Germany) with Cu Kα radiation (λ=1.5418Å) in the range of 2θ = 5-80˚ at room temperature, 

operated at 40 kV and 40 mA. The specific surface area of samples was obtained at -196˚C with liquid 

nitrogen on a Nova 4000 porosimeter, using the Brunauer–Emmett–Teller (BET) method and the 

Barrett, Joyner, and Halenda (BJH) method. Prior to the measurement, samples were gently ramped to 

130˚C and degassed under vacuum for 5-6 h. Mercury intrusion porosimetry (MIP, Autopore IV 9500, 

Micromeritics) was used to investigate the pore structure of ceramic beads before and after removing 

the outer skin layer. The mercury intrusion data were collected under absolute pressure ranging from 

0.10 to 60000.00 psia with an equilibration time of 10 s. The chemical composition analyses were 

investigated on an X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha Photoelectron 

spectrometer, USA) system equipped with an Al Kα source. All binding energies were calibrated using 

the contaminant carbon (C 1s = 284.8 eV) as a reference. The morphology and composition of ceramic 

beads were analysed by a scanning electron microscopy (SEM, JEOL JSM-IT200, operating at 5 kV 

and working distance of 10 mm) and energy-dispersive X-ray spectroscopy (EDS), respectively. 
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Thermogravimetric analysis (TGA) was carried out on the TGA-DSC 2 STAR system (Mettler Toledo) 

with a heating rate of 10˚C/min in either air or nitrogen atmosphere for different sample analysis. The 

cobalt content was analysed by an inductively coupled plasma-optical emission spectrometry (ICP-OES) 

apparatus (iCAP 7000 Series). 

 

Table 3-1 Characterisation techniques and prototype 

No. Characterization Instrument Purpose 

1 X-ray diffraction (XRD) Bruker D8, Germany To study the crystallographic structure, chemical 

composition, and physical properties of the 

prepared ceramic beads before and after catalyst 

incorporation 

2 Brunauer–Emmett–Teller 

(BET) 

Nova 4000 

porosimeter 

To investigate the BET surface area, total porosity 

or total pore volume, median pore diameter, and 

pore size distribution of the innovative ceramic 

beads 

3 Mercury intrusion 

porosimetry (MIP) 

Autopore IV 9500, 

Micromeritics 

To further understand the porosity and pore size 

distribution of macro-sized ceramic beads, 

particularly beads before and after removing the 

thin skin layer on the beads` surface 

4 X-ray photoelectron 

spectroscopy (XPS) 

Thermo Scientific K-

Alpha Photoelectron 

spectrometer, USA 

To analyze the elemental composition and 

chemical state of elements in the cobalt-based 

ceramic beads, particularly the chemical state of 

element Co  

5 Scanning electron 

microscopy (SEM) 

JEOL JSM-IT200 To intuitively observe the high-resolution images 

of the surface of ceramic beads, including surface 

topography, morphology, and composition 

6 energy-dispersive X-ray 

spectroscopy (EDS) 

JEOL JSM-IT200 To analyze the elemental composition and 

distribution of ceramic beads 

7 Thermogravimetric 

analysis (TGA) 

TGA-DSC 2 STAR 

system (Mettler 

Toledo) 

To measure changes in the mass of a material as a 

function of temperature or time, so as to analyze 

the decomposition of materials 

7 Inductively plasma 

optical emission 

spectroscopy (ICP-OES) 

iCAP 7000 Series To analyze the cobalt concentrations in both solid 

catalyst samples and aqueous pollutant solutions 

after reaction 
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3.3 Evaluation of catalytic performance 

Environmental pollution arising from pharmaceutical and personal care products (PPCPs) that include 

but are not limited to antibiotics, antimicrobial agents, cosmetics, etc. has been attracting a great deal 

of attention in recent years [266, 267]. Many antibiotics, such as SMX, paracetamol, and naproxen, 

have been ubiquitously detected in surface and ground waters in concentrations ranging from 

nanograms to micrograms per litre, posing risks to public health and the ecosystem and becoming 

contaminants of emerging concerns [226, 268, 269]. SMX is a typical sulphonamide antibiotic drug 

widely used against human and veterinary infections but recalcitrant to conventional water and 

wastewater treatment plants due to its strong hydrophilicity, high stability, and antibacterial nature [228, 

267]. Although it was detected in low concentration (0.01-2.0 μg/L) in surface water, continuous 

exposure or the accumulation of SMX concentration in the long term owing to continuous discharge 

could pose an adverse threat to human health, such as chronic diseases and genetic mutation [216, 270, 

271]. 

In contrast, the second type of organic pollutants, phenols (e.g., p-HBA, phenol), are major toxic and 

recalcitrant organic compounds that commonly exist in effluents from various industries, such as 

pesticide, pharmaceutical, and petrochemical sectors [272, 273]. Phenol and phenolic compounds 

comprise of a hydroxyl group (-OH) bonded directly to an aromatic hydrocarbon ring, typically a 

benzene ring. Their concentration in the discharged effluents can reach thousands of parts per million, 

which poses severe risks to both aquatic ecosystems and human health [274]. But, the WHO has 

recommended a threshold of 1.0 µg/L (or 1.0 parts per billion) for the phenol concentration in drinking 

water to prevent any adverse effects of organoleptic properties [275]. Likewise, dye wastewater also 

causes serious environmental concern due to its complex composition (a mixture of dyes, surfactants, 

salts, heavy metals, and other chemicals) and high pollution potential, such as affecting aquatic 

organisms by decreasing light penetration, lowering dissolved oxygen levels, and impeding 

photosynthesis [276]. 

In this thesis, the catalytic performance of cobalt-based catalysts supported on the innovative 

microchannel-structured ceramic beads was evaluated for the degradation of three types of organic 

pollutants (PPCPs, phenols, and dyes) in a PMS activated system. The experiments were carried out in 

a batch reactor in a water bath and connected with a mechanical overhead stirrer. Initially, a certain 

amount of catalyst was placed in 100 mL of SMX solution with vigorously stirring at 150 rpm for 30 

min to achieve the adsorption-desorption equilibrium. Afterwards, the catalytic reactions were initiated 

by adding PMS (0.31 mM) and continued for another 120 min. When the reaction was in process, 1 mL 

of aqueous solution was withdrawn by a syringe at fixed time intervals and filtered by a 0.2 μm PTFE 

syringe filter, and then immediately injected into a HPLC vial which was already injected with 0.5 mL 

methanol as a quenching agent. This is because that methanol has a high reactivity with both ⋅OH and 

SO4
⋅- (k⋅OH = 9.7 × 108 M-1s-1, kSO4⋅-= 3.2 × 106 M-1s-1) [277, 278]. The concentrations of organic pollutant 
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solutions were analysed on an ultra-high performance liquid chromatography (UHPLC, Shimadzu 

Prominence, Japan) using a UV detector set at different wavelengths (270 nm for SMX, p-HBA, and 

phenol, 464 nm for MO) [229, 279, 280]. A C-18 column (Restek Rapter, 2.7 μm, 100 × 2.1 mm, France) 

was used to differentiate the organics and the column oven temperature was set to 45 ˚C. Methanol and 

ultrapure water (pH 3.5 adjusted by acetic acid) with a volume ratio of 90:10 was used as the mobile 

phase at a flowrate of 0.3 mL/min. The catalytic degradation kinetics of SMX followed the pseudo-

first-order kinetic model and can be estimated using the following equation: 

𝑙𝑛 (
𝐶

𝐶0
) =  −𝑘𝑡                                                        (Equation 3-1) 

where 𝑘 is the apparent reaction rate constant (min−1), and 𝐶0 and 𝐶 are the initial SMX concentration 

(mg/L), and the SMX concentration at specific time intervals (mg/L), respectively.  All experiments 

were carried out in triplicate to ensure reliability, leading to minimal variations and therefore extremely 

small error bars, except for Figure A7, where the effect of PMS concentrations on SMX degradation 

was evaluated. 

 

3.4 Key abbreviations and definitions  

To ensure clarity and ease of understanding in describing the samples prepared and used in this research, 

we have introduced additional abbreviations specific to the catalysts used in the four experimental 

chapters (Chapters 4-7), in addition to the universal nomenclature presented on pages 10-11, as 

summarised in Table 3-2. 

 

Table 3-2 Key abbreviations and their definitions of samples used in this thesis  

No. Abbreviations Chapter Short definition 

1 MSCB 4 Microchannel-structured ceramic beads 

2 MSCB0 4 Microchannel-structured ceramic beads type I: beads with a 

common isotropic structure without radial microchannels 

3 MSCB1 4 Microchannel-structured ceramic beads type II: beads with 

radial finger-like microchannels and a denser outer skin-layer 

on the bead surface 

4 MSCB2 4 Microchannel-structured ceramic beads type III: beads with 

radial finger-like microchannels and no skin-layer on the bead 

surface 

5 2Co/MSCB0 4 2 wt.% of Co3O4 to the microchannel-structured ceramic beads 

type I 

6 2Co/MSCB1 4 2 wt.% of Co3O4 to the microchannel-structured ceramic beads 

type II 
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7 xCo/MSCB2 4 x wt.% of Co3O4 to the microchannel-structured ceramic beads 

type III (x = 0.5, 1, 2, and 5) 

8 ASx 5 Microchannel-structured alumina beads type III (labelled as 

“MSCB2” in Chapter 4) with γ-Al2O3 sols after drying at 35 ˚C 

for different time (x = 0, 1, 2, 3, and 4); Detailed in Section 

5.2.2 

9 2Co/ASx 5 2 wt.% of Co3O4 to the microchannel-structured ceramic beads 

type III after washcoating with γ-Al2O3 sols via two-step 

sequential impregnation method 

10 2Co/ASx (co-imp.) 5 2 wt.% of Co3O4 to the microchannel-structured ceramic beads 

type III after washcoating with γ-Al2O3 sols via one-step co-

impregnation method 

11 CXx 6 Carbon xerogel sols with different concentrations (x = 0, 1, 2, 

3, and 4); Detailed in Section 6.2.2 

12 ACXx 6 Microchannel-structured alumina beads type III (labelled as 

“MSCB2” in Chapter 4 and “AS0” in Chapter 5) modified with 

carbon xerogel sols of different concentrations 

13 2Co/ACXx 6 2 wt.% of Co3O4 to the microchannel-structured ceramic beads 

type III after washcoating with carbon xerogel sols 

14 SiO2-xC 7 Microchannel-structured silica beads after being sintered at 

different temperatures (x = 1000, 1020, 1100, and 1200 for the 

main text); Detailed in Section 7.2.2 

15 2Co/SiO2-xC 7 2 wt.% of Co3O4 to the microchannel-structured silica beads 

after being sintered at different temperatures 
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4. Chapter 4 Innovative microchannel-structured alumina beads to 

address diffusional transfer resistance 

Chapter 4 presents the preparation and characterization of innovative alumina beads for the 

degradation of SMX solutions in a PMS-activated system. To study the efficacy in reducing diffusional 

transfer resistance—a process intensification approach at microscales—beads without microchannels 

and with an outer skin layer were also prepared for comparison of reaction performance under various 

conditions. 

A part of this chapter is presented in this paper: 

Zheng, J, Wu, Z, et al. Catalytic micro-structured ceramic beads and efficacy evaluation through SMX 

degradation in PMS-activated systems [J]. Separation and purification Technology, 354 (2025): 129060. 

 

4.1 Introduction 

As mentioned in Chapter 2, there is a long-standing challenge of balancing pressure drop of packed bed 

reactor and diffusional resistance in catalyst supports with millimetre-scale diameters. A homogenous 

distribution of the active phase in large catalyst particles or pellets is only beneficial for relatively slow 

catalytic processes that allow reactants to diffuse to all the active sites. While for faster reactions, current 

catalyst technology has employed the non-uniform macroscopic distribution patterns, such as eggshell 

pellets with a thin catalyst layer on the surface of inert core, to bypass the issues of diffusional mass 

transfer. However, a significant volume of unused inert inner core exists, which reduces the volumetric 

productivities and leads to varying reaction fronts, as well as thermal and mass fronts within the reactor.  

In this chapter, the innovative microchannel-structured ceramic beads (MSCBs) with a significantly 

different diffusion pathways were prepared for the degradation of SMX, a representative reaction for 

addressing emerging organic pollutants in water. Unlike traditional beads, which consist of macro-pores 

formed by the random packing of micro- or meso-porous particles and have complex and long diffusion 

routes inside, these microchannel-structured ceramic beads can dramatically boost the effective 

diffusivity. This enhancement is achieved by reducing diffusion restrictions from the random pore 

network through the creation of radial micro-channels, leading to a diffusion process that more closely 

mimics bulk diffusion. This advancement will facilitate the potential upscaling of AOPs by better 

meeting with the industrial requirements for the catalytic materials.  

Herein, a transition metal catalyst, Co3O4, was impregnated in the MSCBs for the degradation of SMX 

in the PMS-activated AOPs reaction system under different reaction conditions (e.g., catalyst 

concentration, reaction temperature, and SMX concentration). The morphologies of the cross-sectional 

and surface of these ceramic beads were examined by SEM and EDS analysis, and other 
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physicochemical properties were systematically characterised. Furthermore, the stability and reusability 

of the as prepared 2Co/MSCBs were investigated. Finally, the active species involved in the 

2Co/MSCB2|PMS reaction system were analysed through quenching experiment, and the catalytic 

mechanism of this reaction system was further proposed. 

 

4.2 Experimental 

4.2.1 Chemicals and materials 

Alpha-alumina powder and Yttria Stabilized Zirconia (YSZ) grinding media were purchased from 

Inframat Advanced Materials (USA). PMMA, Oxone® (PMS, KHSO5·0.5KHSO4·0.5K2SO4), SMX, p-

benzoquinone (p-BQ, ≥ 98%), tert-butanol (tBA, ≥ 99.5%), sodium azide (NaN3, ≥ 99.5%), and acetic 

acid (ReagentPlus®, ≥ 99%) were all provided by Sigma-Aldrich. Cobalt nitrate hexahydrate (Co 

(NO3)26H2O, 99% pure)/methanol (HPLC grade, ≥ 99.8%), PESf (Radel A-300), NMP (99+%, ACS 

reagent) and Arlacel P135 were provided by Fisher Scientific, Ameco Performance (USA), ACROS 

Organics and Uniqema (UK), respectively. All chemicals were used as received without any further 

purification. Milli-Q water (18.3 MΩ cm) was used during the whole experimental process.  

 

4.2.2 Preparation of micro-structured ceramic beads (MSCBs) 

Microchannel-structured Al2O3-based beads of 2-3 mm in diameter were fabricated for the first time by 

a phase-inversion and sintering method, as shown in Figure 4-1, inspired by the work in Li’s group [169, 

172]. Specifically, prior to the addition of α-alumina powders (150 g), Arlacel P135 (1.05 g) was 

dissolved in NMP solvent (122.41 g), and the mixture was milled with 20 mm agate milling balls with 

an approximate alumina/agate weight ratio of 2 for 48 h. After the addition of PMMA, the suspension 

was continued for milling for another 48 h. The suspension was then transferred to a gas-tight vacuum 

degassing chamber (DP 27, Applied Vacuum Engineering) and degassed under vacuum for 3 h until no 

bubbles were visible at the surface, and then the suspension was transferred to a 100 mL stainless steel 

syringe fitted with polytetrafluoethylene O-rings and extruded at 0.1 mL/min into a water bath (a non-

solvent for the polymer). The actual flow rate of the extrusion was controlled by a Chemyx Fusion 

6000-X syringe pump, ensuring the uniformity of the prepared precursor ceramic beads. These 

precursor ceramic beads were kept in the water bath for 24 h to allow the completion of phase inversion.  

Finally, the dried ceramic beads were sintered in stagnant air (furnace BRF 16/5, Elite) at 600 ˚C for 2 

h and then 1450 ˚C for 4 h with a heating and cooling rate of 5 ˚C/min. The sintered microchannel-

structured ceramic beads were named as MSCB1. Afterwards, the thin skin layer on the surface of 

MSCB1 was removed by blending them with coarse silica carbide (46 grit) in a volume ratio of 1:2 and 
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place them in the Jarmill. The continuous rotation of SiC and MSCB1 in the Jarmill ensures the removal 

of skin layer due to wear and abrasion caused by the higher Moh’s hardness of SiC (13) than α-Al2O3 

(9). The resulting sample was denoted as MSCB2. For comparison, ceramic beads without radial 

microchannels (MSCB0) were prepared by the same method, wherein PMMA was substituted with 

PESf, and the quantity of NMP was augmented from 122.41 to 133.95 g. 

It is worth noting that the formation of spherical ceramic beads is dependent on various operating 

parameters, e.g., suspension compositions, extrusion rates, nozzle dimensions, air gap and even the 

depth of the water bath. Detailed experiments and discussions are summarised in Text A1 in the 

supplementary information.  

 

 

Figure 4-1 Schematic illustration of the preparation of the micro-structured ceramic beads and the cobalt 

incorporation process, via phase inversion and incipient wetness impregnation method, respectively. 

 

4.2.3 Preparation of Co-based catalytic ceramic beads (Co/MSCBs) 

Cobalt oxide was loaded on the ceramic beads by the traditional incipient wetness impregnation (IWI) 

method, where a pre-determined volume of cobalt nitrate hexahydrate aqueous solution was added to 

the ceramic beads [281, 282]. Then, the catalyst precursor was dried at 35˚C overnight before being 

calcined at 450˚C in stagnant air for 3 h at heating and cooling rates of 5˚C /min, as shown in Figure 

4-1. The as-prepared samples were denoted as xCo/MSCBy, where “x” refers to the weight percentage 

of Co3O4 to the ceramic beads, and “y” implies the specific ceramic beads (e.g., MSCB2 for the micro-

structured ceramic beads without the skin layer). 
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4.2.4 Characterisation and catalytic performance test 

The characteristics of the microchannel-structured alumina beads before and after cobalt loading were 

analysed by a series of characterisation techniques, including XRD, XPS, SEM, EDS, BET, MIP, and 

ICP. Further details can be found in Section 3.2. The catalytic performance of three types of catalytic 

ceramic beads – 2Co/MSCB0 (beads with a common isotropic pore structure), 2Co/MSCB1 (beads with 

radial finger-like microstructures and a denser outer skin-layer), and 2Co/MSCB2 (beads with finger-

like microstructures and no outer skin layer) – was evaluated for the degradation of SMX solutions in 

a PMS-activated system. The experiments were carried out in a batch reactor in a water bath at 20 ˚C 

and connected with a mechanical overhead stirrer. Other detailed information can be found in Section 

3.3. 

 

4.3 Results and discussion 

4.3.1 Characterisations of ceramic beads and Co-based MSCBs 

The crystallographic structures of ceramic beads before and after cobalt impregnation were analysed by 

XRD. As shown in Figure 4-2 (a), all diffraction peaks were well matched with the rhombohedral phase 

of Al2O3 referenced in JCPD file no. 88-0826 [283]. However, the characteristic peaks of Co3O4 were 

barely visible in the three cobalt-based samples, which can be attributed to the low concentration and 

high dispersion of cobalt oxide [284]. This is supported by the XRD patterns of ceramic beads MSCB2 

with a higher Co3O4 loading (Figure 4-2 (b)), high-resolution XPS spectra of Co in the sample 

2Co/MSCB2 (Figure 4-3 (d)), the EDS mapping images (Figure 4-6), alterations in colour of the cobalt 

oxide concentration from 0.5 wt.% to 5 wt.% (Figure 4-10 (a)), and the ICP results (Figure 4-10 (c)). It 

can be seen from Figure 4-2 (b) that the main characteristic peak at 36.9˚, indexed to the (311) plane of 

Co3O4 (JCPDS # 42-1467), appeared when the Co3O4 loading increased to above 5 wt.% (5Co/MSCB2) 

[285, 286]. In fact, a small characteristic peak for (311) plane of Co3O4 could be found when zooming 

in the x-axis in the coordinate, as shown in the inset of Figure 4-2 (a), further confirmed the existence 

of Co3O4. 
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 Figure 4-2 XRD patterns of (a) three types of ceramic beads (MSCB0, MSCB1, MSCB2) before and after Co3O4 

impregnation, and (b) ceramic beads MSCB2 with different Co3O4 loading.  

 

Additionally, chemical compositions of the sample 2Co/MSCB2 were further investigated by XPS 

analysis, as shown in Figure 4-3 (a-d). Figure 4-3 (a) exhibited elemental compositions of 2Co/MSCB2 

in the XPS survey spectra, which confirmed the presence of elements Al, O, C and Co. The C 1s 

spectrum belongs to the adventitious carbon originated from the carbon grid during the sampling 

process. In Figure 4-3 (b), the main peak at 73.8 eV could be attributed to Al3+, while the extremely 

weak peak at 75.3 eV resulted from the formation of small amounts of aluminium suboxide during the 

cobalt impregnation process [287, 288]. The O 1s spectrum in Figure 4-3 (c) could be divided into two 

components: the signal at 530.5 eV is characteristic peak of lattice oxygen species in Al-O bond of 

Al2O3, and 531.3 eV was related to the Al-O-H, suggesting that hydroxyl groups were attached on the 

surface of Al2O3 [289, 290]. The existence of hydroxyl groups could be either attributed to residue water 

precursors during the process, or to the exposure of the catalysts to humid atmospheres prior to the XPS 

measurement [291]. As for the Co 2p spectra (Figure 4-3 (d)), two peaks at 780.0 eV and 795.0 eV 

corresponded to Co 2p3/2 and Co 2p1/2 of Co3+, respectively, while two subpeaks at 781.6 eV and 797.1 

eV were associated with Co 2p3/2 and Co 2p1/2 of Co2+, respectively [292, 293]. A spin energy interval 

of 15 eV refers to the mixed valence of Co3O4 [294]. Furthermore, two prominent shake-up satellite 

peaks (denoted as “Sat.”) for Co2+ could also be observed at binding energy of 786.4 eV and 804.5 eV 

[240]. These findings further testified the successful incorporation of Co3O4, aligning with the XRD 

results. 
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Figure 4-3 (a) XPS survey spectra and high-resolution XPS spectra of (b) Al (c) O, and (d) Co for the sample 

2Co/MSCB2. 

 

Prior to conducting SEM analysis, ceramic beads were halved using a knife to expose their cross-

sections, and the corresponding SEM images of both the cross-sectional and surface views can be 

observed in Figure 4-4. Figure 4-4 (a) and Figure 4-4 (b) depict the sponge-like structure in both the 

cross-section and surface of MSCB0, while Figure 4-4 (c) reveals a finger-like structure of MSCB1 in 

the cross-section with exposed microchannel sizes ranging from 150 to 1200 μm in length and 50 to 

100 μm in width, depending on the cutting patterns. It is worth noting that the actual dimensions of 

microchannels are relatively uniform, as these structures developed in all directions inside the beads. 

Apparently, a dense sponge-like skin layer with a thickness of 70 μm on the cross-sectional edge of 

MSCB1 could be noticed, as corroborated by the surface view of MSCB1 depicted in Figure 4-4 (d), 

which exhibits a similar sponge-like structure to that of MSCB0. However, it can be seen from Figure 

4-4 (e-h) that the dense skin layer disappeared in MSCB2, and some small open channels with diameters 

ranging from 1.97 to 15.54 μm (Figure 4-4 (f) and Figure 4-4 (i)) could be observed on the surface layer 

of the beads. This confirmed that the skin layer has been successfully removed, facilitating the 

transportation of reactants and products in catalytic reactions. 
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Figure 4-4 SEM images of (a) the cross-sectional view and (b) the surface view of MSCB0, (c) the cross-sectional 

view and (d) the surface view of MSCB1, (e, g, h) the cross-sectional views and (f) the surface view of MSCB2 

with different magnification levels, along with their corresponding whole views (inset), and (i) the size distribution 

of open channels on the surface of MSCB2. 

 

After incorporating with 2 wt.% Co3O4, these samples were further analysed by SEM analysis and EDS 

mapping to investigate the formation and dispersion of cobalt oxide. Figure 4-5 confirms that the 

introduction of Co3O4 did not change the pristine morphologies of ceramic beads. The EDS mapping of 

Al, O and Co elements on both the cross-sectional view (Figure 4-6 (a)) and surface view (Figure 4-6 

(b)) of MSCB2 demonstrated the high stability of these MSCBs and the high dispersion of Co3O4. 

Noting that the difficulty in identifying Co3O4 within the micro-channels of the cross-sectional view in 

Figure 4-6 (a) arises from the fact that the depth of pores falls below the detectable limit of the 

equipment. Furthermore, the EDS mapping of MSCB0 (Figure A5 (a)) and MSCB1 (Figure A5 (b-c)) 

demonstrated comparable extensive cobalt dispersion.  
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Figure 4-5 SEM images of (a) the cross-sectional view and (b) the surface view of 2Co/MSCB0, (c) the cross-

sectional view and (d) the surface view of 2Co/MSCB1, (e) the cross-sectional view and (f) the surface view of 

2Co/MSCB2, along with their corresponding whole views (inset). 

 

 

Figure 4-6 EDS mapping results of Al, O and Co elements for the cross-section of (a) 2Co/MSCB1 and (b) 

2Co/MSCB2. 
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The textural characteristics of three types of ceramic beads before and after cobalt impregnation were 

depicted by the nitrogen physisorption experiments, as shown in Table A1. It could be found that all 

samples have small surface area owing to the intrinsic properties of α-Al2O3 and there were no 

significant differences among them in terms of surface area, total pore volume and pore diameters.  

The limitations of the BET method in assessing anisotropic pore structures necessitated the use of 

mercury intrusion porosimetry. As depicted in Figure 4-7, the pore size distribution curve for these 

ceramic beads reveals differing pore structures. MSCB1 has smaller pores with an average diameter 

(Dp) of 387.5 nm, while MSCB2 has significantly larger pores with a broader size distribution (Dp 

ranging from 5,000 to 300,000 nm). The MIP measurement mechanism, which requires a higher 

pressure for mercury to infiltrate smaller pores, suggests that 387.5 nm represents the average pore size 

of the skin layer on MSCB1's outer surface (refer to Figure A6 (c) and the inset (1) in Figure 4-7). The 

peak area of the distribution curve thus represents the pore volume of both the sponge-like structure and 

the radial micro-channels. Upon removal of the skin layer, mercury can directly access the micro-

channels at a substantially lower pressure. This results in the detection of larger pores in MSCB2 (the 

insect (2) in Figure 4-7). Increasing the pressure further allows mercury to infiltrate the remaining 

sponge-like pores within the beads. These observations are consistent with the SEM results presented 

in Figure 4-4. For additional details on MIP measurements for other MSCBs samples with different 

specifics, refer to Figure A6. Additionally, the porosity and pore volume data of MSCB1 and MSCB2 

exhibit minimal changes. This can be attributed to the thin skin layer, which constitutes less than 5% of 

the bead radius.  

 

Figure 4-7 Pore size distribution of micro-structured ceramic beads with dense sponge-like structures (MSCB1) 

and exposed open channels (MSCB2) on the surface layer. 
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4.3.2 Catalytic degradation of SMX  

In the liquid-solid reaction system, intraparticle diffusion becomes more significant, especially for 

catalyst particles with a diameter larger than 0.20-0.25 mm [295]. However, the creation of micro-

channels within catalyst substrates can address this issue by enabling the radial micro-channels to serve 

as a “highway”, thereby facilitating the transport of both reactants and products. Herein, the influence 

of the microstructures of catalyst substrates was investigated by the degradation of SMX under different 

reaction conditions, such as the reaction temperatures and SMX concentrations, as shown in Figure 4-8 

and Figure 4-9. Before finalising the PMS dosage for three types of samples, the effect of PMS 

concentrations has been investigated (Figure A7), with 0.1 g/L exhibiting the most suitable catalytic 

performance (28.1%). This is comparable to the research with a similar PMS dosage [185, 296]. Figure 

4-8 (a) displays the degradation of 20 mg/L SMX at 20 ˚C using the three ceramic beads. It is evident 

that the self-degradation of SMX and its purification using 2Co/MSCB2 only were negligible (0.1%), 

and there was limited difference among these samples under this reaction condition, with 2Co/MSCB2 

(70.5%) slightly surpassing others. This is consistent with the results of the corresponding reaction 

kinetics (Figure 4-8 (b)) and rate constants (Figure 4-8 (c)).  It is worth noting that at the beginning 

stage (5 min), the reaction rate constant kapp for 2Co/MSCB0 (0.04572 min-1) is the lowest compared to 

2Co/MSCB1 (0.05279 min-1) and 2Co/MSCB2 (0.05285 min-1). This is mainly attributed to the greater 

intra-particle diffusion resistance caused by the isotropic structure of 2Co/MSCB0. As the reaction 

continued, this disparity gradually diminished because the concentration gradient of the contaminants 

between external and internal surfaces of the catalyst support decreased. Additionally, the diffusion 

coefficient in liquid phase (10-10-10-9 m2/s) is very slow and is almost always overshadowed by 

convection. 

Nevertheless, as the SMX concentration increased to 40 mg/L (Figure 4-8 (d)), the degradation 

efficiency saw an enhancement from 49.6% with 2Co/MSCB0 to 59.1% with 2Co/MSCB2, indicating 

that the specific microchannels within the ceramic beads promotes the transportation of reactants and 

products. Moreover, the exposed open channels on the surface layer of MSCB2 contributed to a 

reduction in diffusion resistance compared to the one with a thin dense skin on the surface layer, i.e., 

2Co/MSCB1 (54.9%). Likewise, Figure 4-8 (f) indicates that the rate constants of 2Co/MSCB2 

throughout the entire process were higher than those of 2Co/MSCB0, with the kapp value of 2Co/MSCB2 

being 1.32 times that of 2Co/MSCB0. Further increasing the SMX concentration to 50 mg/L displayed 

a comparable scenario, as shown in Fig. A8 (a-b). 
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Figure 4-8 Degradation of different SMX concentrations at 20 °C, their reaction kinetics, and the corresponding 

rate constants (insert): (a, b) [SMX]0 = 20 mg/L; (c, d) [SMX]0 = 40 mg/L. Reaction Conditions: [PMS]0 = 0.1 

g/L, T = 20 °C, [catalyst]0 = 0.2 g/L. 

 

As known, reaction temperature is another key parameter for affecting the intra-particle diffusion as a 

higher temperature usually results in a faster movement of molecules. Apparently, Figure 4-9 (a) 

revealed that 2Co/MSCB2 (96.0%) performed the best catalytic performance within 60 min, in 

comparison to 2Co/MSCB0 (86.4%) and 2Co/MSCB1 (87.6%) when the reaction temperature 

increased from 20˚C to 50˚C for the degradation of SMX under the same reaction conditions. All 

catalysts showed increased catalytic activity as the activation energy for diffusion is lower at a higher 

temperature, according to Arrhenius equation [297]. 

𝐷 =  𝐷0𝑒𝑥𝑝 (
−𝐸𝐴

𝑅𝑇
)                                                     (Equation 4-1) 

where D denotes the diffusion coefficient (in m2/s); D0 is the prefactor of diffusion coefficient (in m2/s); 

EA is the activation energy for diffusion (in J/mol); R ≈ 8.31446 J/(mol⋅K) is the universal gas constant 

and T is the thermodynamic temperature (in K). The degradation efficiency of 2Co/MSCB0 and 

2Co/MSCB1 is similar, which can be attributed to the thin skin layer (⁓70 μm) on the surface of the 

beads. Under this reaction condition, the rate constant of 2Co/MSCB2 is 1.62 times and 1.54 times of 

those of 2Co/MSCB0 and 2Co/MSCB1, respectively (Figure 4-9 (c)). Similarly, the degradation 

patterns of 2Co/MSCB2 followed a similar trend with the elevation of SMX concentrations to 40 mg/L 

(Figure 4-9 (d, e, f) and 50 mg/L (Figure A8 (c, d) at 50 ˚C. Overall, the experimental advantages of 
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this novel micro-structured catalyst substrate were investigated and verified by the PMS-activated 

AOPs reaction system. 

Arrhenius law was applied to investigate the activation energy of 2Co/MSCB2 in the reaction system 

at three SMX concentrations. 

𝑘 = 𝐴𝑒−
𝐸𝐴
𝑅𝑇                                                              (Equation 4-2) 

Where A denotes the pre-exponential factors. The reaction activation energies (EA) were calculated via 

linear fitting of lnk versus 1/T and were determined to be 38.52 kJ/mol, 21.09 kJ/mol, and 14.20 kJ/mol 

for SMX concentrations of 20 mg/L, 40 mg/L, and 50 mg/L, respectively. These results demonstrate 

that the reaction between SMX solutions and 2Co/MSCB2 occurs more easily as SMX concentration 

rises. Given that the EA values for SMX were higher than that of diffusion-controlled reactions (10-13 

kJ/mol) [298], it can be concluded that the degradation process is dominated by the chemical reaction 

rate at the solid-liquid interface. However, EA for 50 mg/L SMX mineralization was nearly that of a 

diffusion-controlled reaction. This implies that increasing the SMX concentration further would lead to 

a diffusion-limited reaction, thereby enabling the structural advantages of this catalyst substrate more 

apparent. This will be explored in our future work. 

 

 

Figure 4-9 Degradation of different SMX concentrations at 50 °C, their reaction kinetics, and the corresponding 

rate constants (insert): (a, b) [SMX]0 = 20 mg/L; (c, d) [SMX]0 = 40 mg/L. Reaction Conditions: [PMS]0 = 0.1 

g/L,, T = 50 °C, [catalyst]0 = 0.2 g/L. 
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In addition, the effect of Co3O4 loading and catalyst concentrations on SMX removal in 

Co/MSCBs|PMS system was further explored. As shown in Figure 4-10 (a), the SMX removal rate rose 

as the Co3O4 loading increased from 0.5 wt.% to 2 wt.%, which could be attributed to the increased of 

Co3O4 addition, resulting in more active sites for PMS activation. This, in turn, generated more 

accessible reactive radicals (SO4·-, ·O2
-, and ·OH) for the reaction. However, further increasing it to 5 

wt.% led to a decline in SMX degradation efficiency, which could be attributed to the agglomeration of 

cobalt oxide, as supported by the SEM results in Figure A4 (h-i) and EDS mapping result of Co in the 

insert of Figure 4-10 (a). Herein, the brighter colour highlighted in the insert of Figure 4-10 (a) mirror 

the backscattered electron detector-compositional (BED-C) images depicted in Figure A4 (h-i), 

although conducting EDS mapping for micro-channels in the cross-section at high magnifications 

proved to be challenging due to the depth of these finger-like structures. It is worth noting that the 

colour of these beads changed from grey to dark as more cobalt oxide was loaded on them. The real 

Co3O4 content of all samples was investigated by ICP and is presented in Figure 4-10 (c). The disparity 

between the expected weight and the real weight is minimal. Besides, Figure 4-10 (b) shows that the 

SMX removal increased from 28.7% to 65.6% within 30 min with the catalyst dosage increase from 

0.04 g/L to 1 g/L, thanks to more active sites. The leaching of cobalt ions in this reaction system was 

acceptable, as all catalytic systems showed cobalt leaching levels below 0.40 mg/L, which aligns with 

the published work [299]. 
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Figure 4-10 Degradation profiles of SMX with different (a) Co3O4 loading ([catalyst]0 = 0.2 g/L) and (b) catalyst 

concentration (catalyst: 2Co/MSCB2). (c) Co3O4 theoretical content and real content obtained by ICP method, 

and quenching effect on SMX degradation efficiency under different MeOH addition. (d) Effect of quenching 

agents on SMX degradation (catalyst: 2Co/MSCB2). Reaction Conditions: [PMS]0 = 0.1 g/L, [SMX]0 = 20 mg/L, 

T = 20 ˚C. 

 

4.3 Possible catalytic reaction pathways and mechanism 

 In order to determine the main reactive species and their contributions to the 2Co/MSCB2|PMS system 

for SMX degradation, radical quenching experiments were carried out. Herein, certain amounts of NaN3, 

p-BQ, methanol (MeOH) and tBA were introduced into the 2Co/MSCB2|PMS system for the 

degradation of SMX, as shown in Figure 4-10 (d). As known, NaN3, p-BQ, and tBA could be acted as 

the scavenger for 1O2, ·O2
-, and ·OH, respectively, while MeOH is commonly used as a quencher of 

SO4·- and ·OH [300, 301]. When NaN3 was introduced in the system, the SMX removal efficiency was 

significantly suppressed from 70.5% to 5.1%. Recent research by Wang`s group revealed that NaN3 

could directly interact with PMS and affect the removal efficiency of target contaminants [302]. It is 

also reported that another popular 1O2 quencher, furfuryl (FFA), could react with 1O2 and ·OH, and 

might also consume SO4
-· during quenching tests [284]. Therefore, the depressed SMX degradation 

efficiency shown in Figure 4-10 (d) may not directly indicate that 1O2 plays a dominant role in the 
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reaction system. Subsequent research will further examine the contribution of 1O2 in the 

2Co/MSCB2|PMS system. In contrast, the introduction of p-BQ and tBA caused a suppression of 26.9% 

and 4.4% for the degradation of SMX, demonstrating the partial contribution of ·O2
- and the negligible 

effect of ·OH, respectively. However, when MeOH was added, the degradation efficiency declined to 

32.1%, leading to a 38.4% suppression of SO4·- and ·OH, ultimately resulting in a 34.0% reduction in 

SO4
-· alone. Furthermore, as the methanol concentration rose from 100 mM to 500 mM, the inhibitory 

effect gradually intensified (Figure 4-10 (c)). Continuing to increase it to 1M, 2M and 3M led to limited 

alteration, with 27.3% degradation still occurring during the reaction. This indicated that the 

2Co/MSCB2|PMS reaction system may follow radical and non-radical pathways.  

In summary, due to the co-existence of radical pathway (SO4
-·, ·O2

-, and ·OH) and non-radical pathway 

(1O2) in the 2Co/MSCB2|PMS system, a possible catalytic mechanism for the efficient degradation of 

SMX in the 2Co/MSCB2|PMS system was proposed in Figure 4-11. On the one hand, Co2+ on the 

surface of 2Co/MSCB2 could successfully be activated to generate SO4·-, accompanying the formation 

of Co3+ (Equation 4-3). Simultaneously, the generated Co3+ can convert to Co2+ by reacting with HSO5·-, 

resulting in the redox cycle of Co2+/ Co3+ and the formation of SO5·- (Equation 4-4). As reaction 

proceeded, the generated SO4·- was partially transferred to ·OH (Equation 4-5), but it played a negligible 

role (4.4%) in this reaction system. At the same time, the produced SO5·- could be transformed to SO4·- 

(Equation 4-6). Moreover, some PMS reacted with ·OH to form HO2·, and HO2· further self-

decomposed to ·O2
- (Equations 4-7, 4-8). In the non-radical pathway, 1O2 can be produced by the 

consumption of ·O2
- and ·OH (Equation 4-9). As per the synergistic interaction between radicals and 

non-radicals, the rapid regeneration of Co (II) was achieved, greatly enhanced the catalytic performance 

for PMS activation and SMX decomposition (Equation 4-10). 

Co (II) + HSO5·- → Co (III) + SO4·- + OH−                                  (Equation 4-3)  

Co (III) + HSO5·- → Co (II) + SO5·- + H+                                     (Equation 4-4) 

SO4·- + OH− → ·OH + SO4
2−                                            (Equation 4-5)  

SO5·- + 2H2O → SO4·- + ·OH                                               (Equation 4-6) 

HSO5·- + ·OH → HO2·                                                     (Equation 4-7) 

HO2· → H+ + ·O2
-                                                         (Equation 4-8) 

·O2
- + ·OH → 1O2 + OH-                                                   (Equation 4-9) 

1O2/SO4·-/·O2
-/·OH/PMS + SMX → intermediates + CO2 + H2O                 (Equation 4-10) 
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Figure 4-11 A proposed mechanism for catalytic oxidation of SMX by 2Co/MSCB2|PMS system. 

 

4.4 Reusability and stability of 2Co/MSCB2 

Reusability is crucial for commercial and practical applications of catalysts. Figure 4-12 shows the 

cyclic experimental results of the 2Co/MSCB2 for the SMX degradation with different regeneration 

methods under the same reaction conditions. As shown in Figure 4-12 (a), when the catalysts were 

separated from the liquid phase and washed with DI water only, the SMX degradation decreased from 

70.5% to 63.5%, 53.3%, 46.7% and 40.5% within 120 min in the 2nd, 3rd, 4th, 5th run, respectively. This 

might be attributed to the adsorption of organic pollutants on the surface of catalysts, which reduced 

the amounts of exposed active sites, preventing the degradation of target organic pollutants, as 

evidenced by the SEM images (Figure 4-13 (g)). Most importantly, the SMX removal efficiency 

recovered instantly after regenerating the catalysts by post-sintering at 450 ˚C for 1 h (6th cycle). More 

than that, 94.7% of SMX was removed within 120 min in this cycle, surpassing the fresh one (70.5%) 

by a considerable margin. The regenerated catalysts were capable to achieve a similar removal 

efficiency (69.8%) with a reaction time of 45 minutes. However, the SMX removal efficiency fell back 

to its original level (59%) when the catalysts were continuously used for the subsequent cycle (7th). 

Likewise, this phenomenon recurred during the second (12th, 98.7% SMX removal in 120 min, 68.5% 

SMX removal in 30 min) and third regenerations (16th, 100% SMX removal in 120 min, 70.9% SMX 

removal in 20 min), underscoring its scientific rather than sporadic nature. To the best of our knowledge, 

this is the first time that used AOPs catalysts could demonstrate a much higher catalytic performance 

than the fresh one. Zhu et al. reported a novel MOF-derived CuO-Fe3O4@C catalyst for bisphenol A 

mineralization, and the reusability results exhibited a similar trend to this work before and after 
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regeneration [303]. Initially, the BPA removal efficiency was 100%, but it dropped to 41.5% after three 

consecutive cycles. When the catalyst was regenerated by washing and post-sintering, its performance 

immediately returned to 94.3% for the third cycle. This aligns with most previous research, where the 

reactivity and stability of catalysts technically exhibited a downward trend in the mineralization of 

antibiotic pollutants, although some studies demonstrated that catalysts retained high efficiencies 

comparable to the initial test over a few cycles [226, 266, 304]. These findings are still insufficient to 

verify their high cycling potential because of the continuous depletion of exposed active sites and the 

intrinsic properties of the catalyst powders. However, in this work, the unique catalyst substrate could 

facilitate the sustained exposure of accessible cobalt sites and reduce the intraparticle diffusion 

resistance over the long term. The major reason responsible for this was likely related to the larger and 

increased number of exposed open channels on the surface of the beads after post-sintering, as shown 

in Figure 4-13 (e). The interesting findings provide a new insight into the preparation of catalysts and/or 

catalyst substrates in the academic and industrial applications. 

 

Figure 4-12 Recycling and reuse of the 2Co/MSCB2 for (a) 18 successive cycles with cleaning by DI water only 

(1st, 2nd, 3rd, 4th, 5th, 7th, 8th, 9th, 10th, 11th, 13th, 14th, 15th, 17th, 18th) or regenerating by sintering at 450 ˚C for 1h 

(6th, 12th, 16th), (b) 6 successive cycles with regenerating by post-sintering at 450 ˚C for 1h, and (c) two cycles 

with cleaning by different approaches. Reaction Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.2 g/L, [SMX]0 = 

20 mg/L, T = 20 ˚C. 
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In order to verify the impact of this regeneration method, another set of catalysts was employed for the 

cyclic experiments. The used catalysts were subjected to post-sintering at 450 ˚C for 1 hour after each 

reaction, as illustrated in Figure 4-12 (b). Obviously, the SMX degradation efficiency enhanced 

gradually as the increased number of cycles, with SMX removal of 70.4%, 95.8%, 96.4%, 96.1%, 99.0%, 

and 99.3% for the 1st, 2nd, 3rd, 4th, 5th, and 6th cycle. This implies that post-sintering is a practical and 

efficient strategy for regenerating the used catalysts, thereby sustaining a notably improved degradation 

efficiency during continuous utilisations. Finally, Figure 4-12 (c) demonstrated that apart from 

regenerating catalysts through post-sintering, there was minimal distinction among alternative 

approaches (i.e., cleaning with DI water three times, rinsing with DI water three times and ethanol three 

times, washing with DI water three times followed by washing with ethanol under vacuum in the round-

bottom flask three times). 

 

Figure 4-13 SEM images of cross-sectional view of 2Co/MSCB2 after recycled for (a) twice (used 2Co/MSCB2), 

(b) 18th (used 2Co/MSCB2 (18th run)), and (c) post sintering treatment after 18th cycles (used 2Co/MSCB2 (18th 

after post sintering)); SEM images of surface views of 2Co/MSCB2 after recycled for (g) twice, (f) 18th, and (d, e) 

post sintering treatment after 18th cycles; (h) XRD patterns of 2Co/MSCB2 before and after use. 
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Figure 4-13 depicts the XRD patterns and SEM images of fresh and used 2Co/MSCB2 samples. As 

shown in Figure 4-13 (h), no obvious changes of XRD diffraction patterns could be observed among 

samples before and after use for once, 18 times, and 18 times after being regenerated by post-sintering. 

This revealed that the catalyst and catalyst substrate had excellent stability, which is accord with the 

cyclic experimental results in Figure 4-12 (a). Additionally, with regard to the SEM morphologies 

among three samples after used, it is clear that although the cross-sectional view of these beads (Figure 

4-13 (a-c)) did not undergo significant alterations, the sizes and number of open channels on the surface 

layer of beads (Figure 4-13 (e-g) boosted as the cyclic experiments increased. The increased openness 

of the surface could potentially be attributed to the removal of loosely packed alumina powders during 

thermal cycles. These powders were formed on the bead surface during the grinding processes and 

partially blocked some surface pores. Moreover, the post-sintering process facilitated the clearage of 

adsorbed reactants and products, which are difficult to be cleaned by DI water and/or methanol. This is 

in keeping with the previous findings in Figure 4-12 (c). As indicated in Figure 4-13 (g), most of the 

exposed open channels on the surface layer of used 2Co/MSCB2 have been adsorbed and blocked by 

the reactants and products, with only a small number of pores (approximately 9 μm in diameter) could 

be detected. However, when the catalyst was used for 18 times, more detectable pores with smaller 

sizes (~6.5 μm) could be identified in Figure 4-13 (f). This might be related to the exposure of inner 

layer of the bead surface after the active sites on the outer layer have been consumed during the reaction. 

Technically, when the phase inversion happens, the micro-channels commence near the surface region 

of the ceramic beads and progressively expand as they propagate, resulting in relative wider channels 

inside than that of the surface region [173]. Therefore, we can reasonably anticipate that with an 

increased number of cyclic experiments in this reaction system, there will be a further enhancement in 

catalytic performance owing to the more and larger exposed open channels. This aligns well with the 

efficacy of the MSCBs in reducing diffusional transfer resistance inside porous catalyst pellets. 

Furthermore, in contrast to the used 2Co/MSCB2 (18th run) with partial blockage of the open channels, 

further post-sintering treatment contributed to the complete clearance of adsorbed organic pollutants 

and products. This explains the larger pores, i.e., approximately 18 μm, in Figure 4-13 (e) and Figure 

4-13 (d) and boosted catalytic performance in Figure 4-12 (a). These findings represent a considerable 

breakthrough in the way of design catalyst substrates in catalytic reactions. 

In contrast to conventional strategies, which focus on increasing the effective surface area of the nano 

catalysts or enhancing PMS activation through surface engineering of heterogeneous catalysts to expose 

more active sites and accessible surfaces, this work provided a new insight into improving the reactivity 

and stability of catalysts in PMS-activated cobalt-based AOPs systems. The large particle size of the 

2Co/MSCB2 (3 mm in diameter), featuring distinctive radial micro-channels, can effectively address 

the long-standing challenge of balancing pressure drop and intra-particle diffusion in packed-bed 

reactors while also facilitating easy separation and recycling from the bulk fluid. Consequently, this 
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study highlights significant advancements in catalyst technology research and demonstrates 

considerable potential for both academic and industrial applications. 

 

4.5 Conclusion 

In summary, this chapter investigated the 2Co/MSCBx|AOPs reaction system for the degradation of 

different SMX solutions under mild reaction conditions, with key findings summarised below: 

(1) Novel microchannel-structured alumina beads were successfully prepared for the first time by 

a simple phase-inversion and sintering-assisted method. Three different configurations of 

ceramic beads were analysed through various physiochemical techniques and employed for the 

catalytic oxidation of SMX in the PMS activated AOPs system. As expected, 2Co/MSCB2 

exhibited the best degradation efficiency towards PMS activation as compared to 2Co/MSCB0 

and 2Co/MSCB1, particularly when operating at higher SMX concentrations and higher 

reaction temperatures. The improved SMX removal efficiency could be attributed to the 

reduced diffusion resistance and abundant available active sites on the micro-channels inside 

the beads, which aligns with initial hypotheses, directly addressing the first research aim in 

Section 1.2. 

(2) Reaction parameters including catalyst dosage, SMX concentration, reaction temperatures 

validate the advantage of this specific catalyst substrate configuration.  

(3) More importantly, 2Co/MSCB2 after used and regenerated exhibited a significantly higher 

catalytic performance (16th run, 70.83% in 20 min) than the fresh one (70.47% removal in 120 

min), and this recurred when regenerating the catalysts by post-sintering at 450 ˚C for 1 h. This 

could be ascribed to the more and larger exposed open channels on the surface layer of micro-

structured ceramic beads, which further reduced the intraparticle diffusion resistance in the 

AOPs reactions.  

(4) Finally, the radical quenching experiment was conducted, and the catalytic mechanism of the 

radical and non-radical pathways associated with SMX degradation were explored.  

These findings pave a foundation for further study on exploring material integration with auxiliary 

multifunction (Chapters 5 and 6) and the preparation of other microchannel-structured ceramic 

beads (Chapter 7). 
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5. Chapter 5 Innovative microchannel-structured alumina beads with 

enhanced specific surface area for intensifying SMX abatement 

inside microchannels 

Building on Chapter 4, Chapter 5 introduces gamma-alumina mesoporous coating throughout the 

microchannel-structured beads using two impregnation methods. This aims to enhance the specific 

surface area, improve the distribution of the catalytic active phase, and intensify catalytic reactions 

within the microchannels. 

A part of this chapter is presented in this paper: 

Zheng, J, Wu, Z. Innovative microchannel-structured beads for microscale process intensification: A 

case study on water treatment for sulfamethoxazole abatement [J]. Chemical Engineering Journal, 504 

(2025): 158527. 

 

5.1 Introduction 

Chapter 4 introduces novel microchannel-structured alumina beads (3 mm in diameter) with radial 

straight finger-like microchannels (20-100 μm in width) inside to decouple structural limitations of 

current catalyst design, i.e., trade-off between diffusional mass transfer and pressure drop of packed 

bed units. These unique beads can maintain a low pressure drop within a packed-bed reactor while 

simultaneously provide high geometrical surface areas. However, because these beads were engineered 

for industrial use, with consideration given to the mechanical strength of materials, so α-Al2O3 was 

chosen other than γ-Al2O3 despite its higher specific surface area. As noted, the weak mechanical 

strength of γ-Al2O3 can lead to rapid crumbling under intense loading. This produces dust and fragments 

that obstruct the spaces between pellets, resulting in a premature increase in bed pressure drop [166]. 

Due to the inherent small specific surface area of α-Al2O3, modifications are required to enhance its 

catalytic performance, i.e. increasing specific surface area for better distribution of catalytic phase of 

smaller size, and intensifying interactions with reactants. 

In this chapter, γ-Al2O3 sol was prepared by a simple sol-gel method and washcoated onto the 

microchannels of microchannel-structured alumina beads (labelled as “MSCB2” in Chapter 4 but “AS0” 

in this chapter for simplicity) for the first time. The increased specific surface area of ASx samples will 

offer more accessible active sites for any diffusion-limited catalytic reactions. Two different catalyst 

impregnation methods, i.e., two-step (2Co/ASx) and one-step (2Co/ASx (co-imp.)) approaches, were 

investigated and the prepared samples were systematically characterised by a series of characterisation 

techniques, such as BET, SEM, XPS, etc. The structural advantages of these samples were validated in 

a PMS-activated AOPs reaction system for the degradation of SMX under mild reaction conditions. 
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Furthermore, the stability and reusability of samples were discussed to better meet with the industrial 

requirements. Finally, the active species involved in the 2Co/AS4|PMS reaction system were analysed 

through quenching experiment, and the catalytic mechanism of this reaction system was further 

proposed. 

 

5.2 Materials and methods 

5.2.1 Chemicals and materials 

In this chapter, cobalt nitrate hexahydrate (Co (NO3)26H2O, 99%), methanol (HPLC grade, ≥ 99.8), 

and nitric acid (HNO3, analytical reagent grade, 70%) were purchased from Fisher Scientific. 

Aluminium isopropoxide (AIP), Oxone® (PMS, KHSO5·0.5KHSO4·0.5K2SO4), SMX, p-benzoquinone 

(p-BQ, ≥ 98%), tert-butanol (tBA, ≥ 99.5%), sodium azide (NaN3, ≥ 99.5%), and acetic acid 

(ReagentPlus®, ≥ 99%) were all obtained from Sigma-Aldrich. All chemicals were used as received 

without any further purification. Milli-Q water (18.3 MΩ cm at 25˚C) was used during the whole 

experimental process.  

 

5.2.2 Preparation of γ-Al2O3-washcoated ceramic beads (ASx) 

Microchannel-structured alumina beads of 3 mm in diameter were prepared by a phase-inversion and 

sintering-assisted method, as reported in our previous work (Chapter 4) [164]. After that, a sol-gel 

method [261] was used to prepare γ-Al2O3-washcoated alumina beads. Initially, 11.34 g of AIP was 

dissolved in 100 g of DI water to give a 1 M aqueous solution, and then a small amount of HNO3 was 

added to the solution to maintain the pH of the suspension ~3.5. The suspension was refluxed and stirred 

vigorously at 85˚C for several hours until it transformed into a clear sol. The sol was then allowed to 

cool down to room temperature in preparation for wash-coating, where four different γ-Al2O3 sols were 

obtained by drying the cooled sol in an oven at 35˚C for 0 h, 8 h, 23 h, and 31 h, designated as sol 1, 

sol 2, sol 3, and sol 4, respectively, as per the aging time. The as-prepared sol was subsequently 

incorporated into the alumina beads (AS0) by immersing the beads into the sol under vacuum for 20 

minutes. This degassing process would facilitate the infiltration of the sol into the micro-channels. 

Finally, the sol-gel γ-Al2O3 coated specimens were sintered at 500˚C in a muffle furnace for 1 hour. For 

simplicity, the specimens were denoted as AS1, AS2, AS3 and AS4, respectively. The increased mass 

of γ-Al2O3 sol coatings for each sample and surface area increment were summarised in Table 5-1. 
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Table 5-1 Weight increase and specific surface area increment of γ-Al2O3 wash-coated samples. 

Sample 

γ-Al2O3 sol 

aging 

time (h) 

Mass before 

wash-coating 

(g) 

Mass after 

wash-

coating (g) 

Wash-

coated γ-

Al2O3 (g) 

γ-Al2O3 

mass 

fraction (%) 

Surface area 

increment 

fraction (%) 

AS1 0 5.0107 5.1054 0.0947 1.90 72.5 

AS2 8.5 5.0075 5.1712 0.1637 3.27 159.7 

AS3 23 5.0089 5.2536 0.2447 4.89 363.7 

AS4 31.5 5.0080 5.5049 0.4969 9.92 587.1 

 

5.2.3 Preparation of Co-based catalysts (Co/ASx) 

Cobalt oxide was incorporated throughout the beads by the incipient wetness impregnation method. 

Firstly, 0.74 g of cobalt nitrate hexahydrate was dissolved in 4.5 mL of DI water, and then added to 10 

g of ASx beads, resulting in a Co3O4 to alumina bead weight ratio of 2 wt.%. Then, the catalyst precursor 

was dried and sintered at 450˚C for 3 h at heating and cooling rates of 5˚C /min, as shown in Figure 5-1. 

These catalysts were denoted as 2Co/ASx, where “x” refers to the γ-Al2O3 sol, as previously illustrated. 

In comparison, one-step co-impregnation method was applied to prepare samples 2Co/ASx (co-imp.). 

Specifically, after the preparation of γ-Al2O3 sol, 0.74 g of cobalt nitrate hexahydrate was mixed in 4 

mL of γ-Al2O3 sols, and then 10 g of alumina beads (AS0) was added into the sols, being degassed 

under the vacuum for 20 minutes. Finally, the dried 2Co/ASx (co-imp.) was sintered at 450˚C for 3 

hours. Rather than washcoating alumina beads in the prepared γ-Al2O3 sol, sintering, and then 

incorporating with cobalt precursors, this method could incorporate the entire catalyst onto the 

microchannel walls in one step. 

 

 

Figure 5-1 Diagrammatic representation of the γ-Al2O3 wash-coating process and catalyst integration 
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5.2.4 Characterisation and catalytic performance test 

The physiochemical properties of ASx, 2Co/ASx, 2Co/ASx (co-imp.) samples were examined by a 

series of characterisations, including XRD, BET, XPS, SEM, and ICP. Details can be found in Section 

3.2. Additionally, the catalytic performance of 2Co/ASx and 2Co/ASx (co-imp.) was evaluated for the 

degradation of SMX solutions in a PMS activated system. The experiments were carried out in a batch 

reactor in a water bath and connected with a mechanical overhead stirrer. Other detailed information 

can be found in Section 3.3. 

 

5.3 Results and discussion 

5.3.1 Phase compositions of ASx and 2Co/ASx 

Four different γ-Al2O3 sol coatings were incorporated into the microchannel-structured alumina beads, 

and their XRD patterns in Figure 5-1 demonstrated that all diffraction peaks of samples before and after 

cobalt impregnation were well matched with the rhombohedral phase of α-Al2O3 referenced in JCPD 

file no. 88-0826 [283]. There are no characteristic peaks of γ-Al2O3 observed due to the low intensity 

of γ-Al2O3 phase compared to α-Al2O3. A slight shift of three main characteristic peak positions (Figure 

5-1 (b) and (c)) for ASx samples might be linked to the presence of γ-Al2O3 [305]. No characteristic 

peaks of Co3O4 were detected in either 2Co/ASx or 2Co/ASx (co-imp.) samples, which can be ascribed 

to the low concentration and high dispersion of cobalt oxide. This aligns with our previous research 

[164] and will be further examined by the XPS result (Figure 5-3 (b)), ICP results (1.77 wt.% of Co for 

2Co/AS4 and 1.74 wt.% of Co for 2Co/AS4 (co-imp.)), and BET results (Table 5-2). 
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Figure 5-2 XRD patterns of ASx (innovative alumina beads before and after washcoating γ-Al2O3 sols), 2Co/ASx 

(ASx beads after cobalt impregnation via two-step sequential impregnation method), and 2Co/ASx (co-imp.) (ASx 

beads after cobalt impregnation via one-step co-impregnation method) samples. 

 

Table 5-2 summarises the textual properties of γ-Al2O3 sol gel-washcoated alumina beads before and 

after cobalt impregnation using N2 adsorption. By adding different γ-Al2O3 sols into the microchannel-

structured alumina beads AS0, the surface areas of ASx samples gradually enhanced as the aging time 

for γ-Al2O3 sol increased, facilitating the dispersion and deposition of active components [306]. More 

γ-Al2O3 washcoatings for AS4 resulted in a much higher BET surface area (36.03 m2/g), nearly 10 folds 

of the one without washcoating layers (AS0, 3.65 m2/g). Meanwhile, the average pore diameter dropped 

slightly, accordingly, indicating the successful incorporation of γ-Al2O3. BET analysis of γ-Al2O3 

powder synthesised by the sol gel method was also include for comparison, which possessed similar 

SBET and Dp to the literature [307].  

 

Table 5-2 Textural properties of γ-Al2O3 sol-washcoated alumina beads (ASx) before and after cobalt 

impregnation. 

Sample SBET (m2/g) VT (cc/g) Dp (nm) 

AS0 3.65 0.01 14.82 

AS1 7.49 0.02 9.45 

AS2 9.40 0.02 9.97 

AS3 13.98 0.03 7.55 

AS4 36.03 0.05 5.78 
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γ-Al2O3 (sol-gel) 202.00 0.21 4.24 

2Co/AS1 6.31 0.02 13.52 

2Co/AS2 7.65 0.02 11.93 

2Co/AS3 12.45 0.04 13.19 

2Co/AS4 21.05 0.05 9.29 

2Co/AS1 (co-imp.) 10.69 0.03 10.14 

2Co/AS2 (co-imp.) 9.16 0.02 9.23 

2Co/AS3 (co-imp.) 10.43 0.02 8.76 

2Co/AS4 (co-imp.) 14.47 0.04 9.81 

SBET: surface area; VT: Total pore volume; DP: Average pore diameter. 

 

After cobalt deposition, four samples prepared using the two-step method (2Co/ASx) experienced a 

slight reduction in surface area, whereas the four samples prepared by the one-step method (2Co/ASx 

(co-imp.)) displayed a similar surface area (~10 m2/g) for samples 2Co/AS1-3 (co-imp.). As for the 

highest surface areas for each method, 2Co/AS4 (co-imp.) (14.47 m2/g) showed a lower value than 

2Co/AS4 (21.05 m2/g). This might be attributed to two reasons. On the one hand, the different thermal 

treatment methods for 2Co/ASx and 2Co/ASx (co-imp.) might result in different material properties. In 

this work, 2Co/ASx underwent two calcination processes (500˚C and 450˚C for the formation of γ-

Al2O3 and Co3O4, respectively), whilst 2Co/ASx (co-imp.) experienced merely one (450˚C). 

Researchers have reported that the calcination processes would lead to different specific surface area of 

the γ-Al2O3 washcoat [183, 262]. However, 450˚C was normally used as the calcination temperature to 

transform Co (NO3)2·6H2O into Co3O4 [281, 307, 308]. Further increasing the sintering temperature 

might result in the formation of CoAl2O4 due to the strong interaction between Co3O4 and γ-Al2O3 [307, 

309, 310], as confirmed by the XRD results and colour change of Co/γ-Al2O3 pellets sintered at different 

temperatures (Figure A9). On the other hand, when the catalytically active component, i.e. cobalt-based 

precursor, was mixed with the prepared γ-Al2O3 sol prior to the washcoating procedure, the rheological 

properties of the washcoated layer might be greatly influenced [183, 311], affecting the specific surface 

areas accordingly. 

XPS spectra of 2Co/AS0 and 2Co/AS4 were measured to verify the presence of Co element and the 

chemical state of 2Co/ASx samples. As shown in Figure 5-3 (a), the XPS survey spectra confirmed the 

presence of elements Al, O, C and Co in both samples. The C 1s spectra for both samples centred at 

284.8 eV belong to adventitious carbon, which originated from the carbon grid during sample 

preparation process [312]. The Co 2p spectra revealed that cobalt existed in two chemical states (Co3+, 

Co2+) in both 2Co/AS0 and 2Co/AS4, corresponding to the compositions of Co3O4. Additionally, the 

shift of binding energy from 2Co/AS0 (780.0 eV) to 2Co/AS4 (780.3 eV), lower intensity of Co 2p 
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spectrum but relatively higher intensity of cobalt satellite peaks (786.6 eV and 803.8 eV) in 2Co/AS4 

could be attributed to the presence of γ-Al2O3, which is consistent with the BET results (Table 5-2) [292, 

293]. Likewise, the existence of γ-Al2O3 sol coatings in 2Co/AS4 resulted in higher intensities of the O 

1s spectrum (Figure 5-3 (d)), and Al 2p spectrum (Figure 5-3 (c)) as well as the disappearance of 

extremely weak peak centred at 75.3 eV in 2Co/AS0, which was associated with the formation of small 

amounts of aluminium suboxide during the cobalt impregnation process [164, 287, 288]. 

 

  

Figure 5-3 (a) XPS survey spectra and high-resolution XPS spectra of (b) Co 2p, (c) Al 2p and (d) O 1s of cobalt-

impregnated microchannel-structured alumina beads before (2Co/AS0) and after γ-Al2O3 washcoatings 

(2Co/AS4). 

 

5.3.2 Morphology of ASx samples before and after cobalt incorporation 

SEM images of both the cross-sectional and surface views of microchannel-structured alumina beads 

without (AS0) and with γ-Al2O3 sol washcoatings (ASx) are depicted in Figure 5-4. Before conducting 

SEM analysis, these beads were halved by a knife to expose their cross-sections. Figure 5-4 (a-e) and 

Figure 5-4 (a2-e2) presented the cross-section of ASx samples with radial microchannels, which consist 

of irregularly packed granules sized at approximately 400 nm. As the amount of γ-Al2O3 coatings 
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increased, the average width of radial microchannels decreased accordingly, with 85.59 μm, 81.92 μm, 

74.62 μm, 56.98 μm, and 54.03 μm measured for AS0, AS1, AS2, AS3 and AS4, respectively. All 

measurements were performed from the half radii of the beads, i.e., the 1/4 region of the beads’ diameter, 

to ensure consistency. Different from the loosely packed granular structures of α-Al2O3 at the inner 

surface of microchannels in AS0 (Figure 5-4 (a2)), γ-Al2O3 with a smooth and flat surface, marked by 

yellow dashed frames, could be observed in the enlarged SEM images of AS1-4 samples (Figure 5-4 

(b2-e2)). With further increased the loadings of γ-Al2O3 sol, the number of this thin coating layer 

gradually grew with the increase of γ-Al2O3 sol aging time. This aligns with the BET results 

aforementioned in Table 5-2 and SEM images of γ-Al2O3 powder in Figure 5-4 (f, f2). Furthermore, 

gamma-Al2O3 inside the microchannels did not cover and block the opening ends of oriented 

microchannels, and even the sample with the highest γ-Al2O3 sol loadings (AS4) remained unblocked. 

As shown in Figure 5-4 (a3, a4), before washcoating with γ-Al2O3 sol, the surface of the sample AS0 

exhibited numerous small open channels, with an average pore size of 6.02 μm. The introduction of γ-

Al2O3 did not change the pristine morphologies of alumina beads, but some open channels were partially 

blocked by γ-Al2O3 coatings. This might potentially increase the mass transport resistance when over-

loaded with the γ-Al2O3 washcoatings. It is worth noting that there were no significant changes on the 

overall average pore sizes of open channels for ASx samples, although large amounts of γ-Al2O3 

coatings could be observed on the surface layer of AS4. In certain areas, γ-Al2O3 nanoparticles partially 

obstructed the open channels, similar to samples AS1-3, with the average pore size in these regions 

being 4.42 μm (Figure 5-4 (e4)). In contrast, γ-Al2O3 washcoatings accumulated into large submicron 

flakes in some areas, yet substantial cracks (Figure 5-4 (e3)) and exposed pores (Figure 5-4 (f3, f3)) with 

an average size of 4.35 μm pertained. 
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Figure 5-4 SEM images of the cross-sectional views of (a, a2) microchannel-structured alumina beads (AS0), 

microchannel-structured alumina beads modified with (b, b2) γ-Al2O3 sol 1(AS1), (c, c2) γ-Al2O3 sol 2 (AS2), (d, 

d2) γ-Al2O3 sol 3 (AS3), and (e, e2) γ-Al2O3 sol 4 (AS4); the surface views of (a3, a4) AS0, (b3, b4) AS1, (c3, c4) AS2, 

(d3, d4) AS3, and (e3, e4, e5, e6) AS4; (f, f2) SEM images of γ-Al2O3 powder. 

 

Figure 5-5 displayed the SEM images of AS4 samples after incorporating 2 wt.% Co3O4 by two-step 

sequential impregnation method (2Co/AS4) and one-step co-impregnation method (2Co/AS4 (co-

imp.)). Apparently, the introduction of Co3O4 did not alter the pristine morphologies of both alumina 

beads. Figure 5-5 (b, b2) and Figure 5-5 (d, d2) demonstrated that all finger-like microchannels for these 
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two samples remained and no catalyst agglomerations could be found in the cross-section. The surface 

views of 2Co/AS4 in Figure 5-5 (a, a2, a3) displayed a relative coarse texture, with an average exposed 

open channel size of 8.16 μm. In contrast, Figure 5-5 (c, c2, c3) illustrated that the surface of 2Co/AS4 

(co-imp.) was coated with small γ-Al2O3 submicron flakes, of which the sizes of flakes and exposed 

open channels were 20 μm and 8.01 μm, respectively. Details regarding other 2Co/ASx and 2Co/ASx 

(co-imp.) samples are provided in the supplementary information (Text A2-2, Fig. A10).  

 

 

Figure 5-5 SEM images of (a, a2, a3) the surface views of 2Co/AS4, (b, b2) cross-sectional views of 2Co/AS4, (c, 

c2, c3) the surface views of 2Co-AS4 (co-imp.), and (d, d2) the cross-sectional views of 2Co-AS4 (co-imp.). 

 

5.3.3 Evaluation of the catalytic performance 

Based on the above characterisation results, innovative microchannel-structured alumina beads with 

enhanced specific surface area have been successfully prepared and cobalt-based catalysts have been 

deposited on the beads. If their catalytic performance proves remarkable, it would be critically important 

and advantageous for microscale process intensification. The catalytic efficiency of two types of cobalt-

based ASx samples was investigated by degrading SMX solutions (10 mg/L, 20 mg/L, 40 mg/L) at 

different reaction temperatures (20˚C, 40˚C) in a PMS-activated AOPs system, as shown in Figure 5-6, 

Figure 5-7, and Figure A12.  
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Figure 5-6 displays the degradation of different SMX concentrations at 20˚C, comparing the sample 

before washcoating with γ-Al2O3 sol (2Co/AS0) to six samples that were washcoated by two different 

methods (2Co/ASx and 2Co/ASx (co-imp.)). The self-degradation of SMX for all reaction conditions 

(SMX concentrations, reaction temperatures) in this work was all negligible (< 0.1 %). As shown in 

Figure 5-6 (a), when the initial SMX concentration was 10 mg/L, PMS alone could degrade 32.58% of 

SMX, which is comparable to the research with a similar PMS dosage [313]. While the SMX removal 

efficiency was greatly improved using 2Co/AS0 (90.56%). Additionally, all samples with enhanced 

surface area could completely remove SMX in 120 minutes, and 2Co/AS4 (co-imp.) could degrade 100% 

SMX within 45 minutes. The removal efficiency for SMX in 2Co/ASx system witnessed a gradually 

increased performance as the increase of γ-Al2O3 sol loadings, i.e., increased specific surface area, with 

2Co/AS1 (78.53%) < 2Co/AS2 (87.01%) < 2Co/AS3 (98.37%) < 2Co/AS4 (100%) within 60 min, 

respectively. In contrast, the catalytic activity of two 2Co/ASx (co-imp.) samples was also investigated, 

following the trend 2Co/AS2 (co-imp.) (95.01%) < 2Co/AS4 (co-imp.) (100%) within 60 min. Under 

this reaction condition, 2Co/ASx (co-imp.) samples exhibited higher catalytic performance than those 

in 2Co/ASx, probably due to the high dispersion of cobalt-based catalysts and larger open channel sizes 

on the surface, as shown in Figure A10. Likewise, the reaction kinetics (Figure A12 (a)) and the 

corresponding rate constants (Figure 5-6 (b), Figure A12 (b)) were consistent with the degradation 

performance. Therefore, the enhanced catalytic performance and improved utilization efficiency of 

volumetric productivity of 2Co/ASx and 2Co/ASx (co-imp.) samples validate the potential of these 

materials for the process intensification at microscale.  

Moreover, when the SMX concentration increased to 20 mg/L, the degradation efficiency displayed a 

comparable scenario, as shown in Figure 5-6 (c-d) and Figure A12 (c-d). Nevertheless, as the SMX 

concentrations increased to 40 mg/L (Figure 5-6 (e)), the reaction rate for 2Co/AS4 (co-imp.) was lower 

than 2Co/ASx samples before 120 min, which could be ascribed to the partial blockage of some regions 

in 2Co/ASx (co-imp.) by γ-Al2O3 submicron flakes (Figure 5-5 (c2)). These flakes resulted in less 

effective interactions between SMX molecules and active sites, thereby impeding the rapid diffusion of 

reactants and products, particularly at higher concentrations of organic pollutants [22]. As shown in 

Figure A9 (d-f), the surfaces of samples prepared by method 2 were more easily obstructed, with the 

blocked regions increasing progressively from 2Co/AS1 (co-imp.) to 2Co/AS4 (co-imp.). Additionally, 

the disparity for SMX removal efficiency between the sample before (2Co/AS0) and after washcoating 

(2Co/ASx) decreased, with 59.02%, 64.75%, 70.14%, 74.84%, 74.86%, and 75.00% for 2Co/AS0, 

2Co/AS1, 2Co/AS2, 2Co/AS3, 2Co/AS4, and 2Co/AS4 (co-imp.), respectively. This indicated that 

there is a balance between the BET surface area and the intraparticle diffusion (e.g., open channels sizes 

on the bead surface) at high concentrations of organic pollutants. At higher SMX concentrations, more 

reactants from the bulk solution are required to diffuse into the alumina beads for the catalytic reaction, 

but the γ-Al2O3 washcoating films on the surface impaired their ability for intraparticle diffusion. 
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Consequently, the rate constants for 2Co/AS4 and 2Co/AS4 (co-imp.) decreased from being 2.58 times 

and 3.72 times higher than 2Co/AS0 at 20 mg/L SMX to 1.55 times and 1.57 times higher at 40 mg/L 

SMX, respectively, as shown in Figure 5-6 (d) and Figure 5-6 (f). This is consistent with the previously 

published catalytic performance results, where thicker wash-coating layers led to an increase in light-

off temperature, despite the large BET areas [22]. 

 

 

Figure 5-6 Degradation of different SMX concentrations at 20 ˚C and the corresponding rate constants: (a, b) 

[SMX]0 = 10 mg/L; (c, d) [SMX]0 = 20 mg/L; (e, f) [SMX]0 = 40 mg/L. Reaction Conditions: [PMS]0 = 0.1 g/L, 

T = 20 ˚C, [catalyst]0 = 0.2 g/L, r = 150 rpm. 
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Reaction temperature is a key parameter influencing the intra-particle diffusion, as a higher temperature 

usually results in a faster movement of molecules. Figure 5-7 revealed that at 40 ˚C, SMX degraded 

more easily under 2Co/ASx and 2Co/AS4 (co-imp.) systems, in comparison to 2Co/AS0. At the 

beginning stage, such as 5 min, the SMX degradation efficiency (Figure 5-7 (a)) reached 24.47%, 

44.69%, 53.24%, 58.03%, 67.54%, and 70.65% for 2Co/AS0, 2Co/AS1, 2Co/AS2, 2Co/AS3, 2Co/AS4, 

and 2Co/AS4 (co-imp.), respectively. Similarly, Figure 5-7 (c) depicted that the rate constants of 

2Co/AS4 and 2Co/AS4 (co-imp.) at 5 min were 4.01 times and 4.37 times than that of 2Co/AS0. 

Apparently, at high reaction temperatures, the diffusion coefficient escalated, implying that the 

diffusion resistance for γ-Al2O3-loaded samples was less significant than at low temperatures; On the 

contrary, the surface area and dispersion of cobalt oxides had a greater impact on the catalytic 

performance. As the reaction continued, such as the rate constants of 120 min in Figure 5-7 (d), this 

disparity gradually diminished because the concentration gradient of the contaminants between external 

and internal surfaces of the catalyst support decreased. 

 

 

Figure 5-7 (a) Degradation of 20 mg/L SMX at 40 ˚C, (b) their reaction kinetics, and (c, d) the corresponding 

rate constants. Reaction Conditions: [PMS]0 = 0.1 g/L, T = 20 ˚C, [catalyst]0 = 0.2 g/L, r = 150 rpm. 
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In short, all innovative microchannel-structured alumina beads after modification, whether synthesised 

using two-step sequential impregnation method or one-step co-impregnation method, demonstrated 

significantly enhanced catalytic performance for SMX abatement. As noted, this result is vital for 

advancing the PI technology. Although some research has explored PI at the process unit level, such as 

employing ceramic foam structures [19, 138] and honeycomb monoliths [20, 21] as catalyst supports to 

potentially balance mass transfer and pressure drop, it has also been reported that the external mass 

transfer coefficients for conventional uniform beads (1.5 mm, 3 mm), honeycombs (400 CPSI) and 

ceramic foams (20 PPI), 45 PPI) are ranked in the following order: 1.5 mm beads >> 45 PPI foams > 

20 PPI foams ≈ 3.3 mm beads > 400 CPSI honeycombs [24]. Therefore, on the one hand, this work 

addressed the long-standing challenge of balancing mass transfer and pressure drop by creating 

innovative finger-like microchannels in beads with millimetre-scale diameter. The external mass 

transfer coefficient of this novel 3 mm beads (AS0) would be significantly higher than that of 3 mm 

conventional uniform bead, and even more so when compared to ceramic foams. On the other hand, 

ASx samples, with their increased specific surface area of the base substrates, could better disperse and 

deposit active components, leading to more efficient catalytic reaction simultaneously in microscale 

process intensification.  

 

5.3.4 Possible catalytic reaction pathways and mechanism 

To understand the contributions of possibly generated reactive species to the 2Co/AS4 reaction system 

for SMX degradation, entrapping experiments were carried out. Herein, NaN3 (5 mM), p-benzoquinone 

(p-BQ, 5 mM), methanol (MeOH, 1M) and tert-butanol (tBA, 1M) were introduced into the system to 

capture 1O2, ·O2
-, SO4·-/·OH, and ·OH, respectively [300, 314]. As shown in Figure 5-8, when NaN3 

was introduced to the system, the SMX removal efficiency was significantly suppressed from 95.75% 

to 8.45%. Recent research revealed that two most common quenches, NaN3 and furfuryl, could both 

consume either PMS or 1O2/·OH, affecting the removal efficiency of target contaminants [315]. 

Therefore, the depressed SMX degradation efficiency by adding NaN3 may not directly reflect the 

dominant role of 1O2 in the reaction system. Subsequent research will be conducted to explore the 

contribution of 1O2. In contrast, the addition of p-BQ and tBA provoked the partial inhibition of 35.85% 

and 1.37% for the degradation of SMX, demonstrating a relatively minor role of ·O2
- and the negligible 

effect of ·OH, respectively. However, when MeOH was added, the degradation efficiency fell into 

decline rapidly (31.17%), leading to a 64.58% suppression of SO4·- and ·OH, ultimately resulting in a 

63.21% reduction in SO4·- alone, suggesting that SO4·- played a key role in the process.  
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Figure 5-8 Effect of quenching agents on SMX degradation (catalyst: 2Co/AS4). Reaction Conditions: [PMS]0 = 

0.1 g/L, [SMX]0 = 20 mg/L, T = 20 ˚C, [catalyst]0 = 0.2 g/L, r = 150 rpm. 

 

Based on the above analysis and experimental results, a possible activation mechanism of AOPs over 

2Co/AS4 for the efficient degradation of SMX was speculated in Figure 5-9. In the metal oxide/PMS 

system, the breakdown of O-O bond in PMS (HSO5
-) by receiving electrons from Mn+ typically triggers 

the generation of SO4·- and ·OH, where M represents metals such as Co, Fe, Cu, etc., and n indicates 

different valence states [316]. When PMS was introduced, Co2+ on the surface of 2Co/AS4 initially 

activated PMS directly to generate SO4·- and Co3+ (Equation 4-3). Simultaneously, the produced Co3+ 

could react with PMS to convert back to Co2+, thereby establishing a redox cycle between Co2+ and 

Co3+, along with the formation of SO5
- (Equation 4-4). This process may be accompanied by the 

generation of non-radical 1O2 (Equation 4-9). As reaction proceed, some of the SO4·- radicals 

transformed to ·OH (Equation 4-5) and then ·O2
- (Equations 4-7, 4-8), while some SO4·- reacted with 

PMS to further be transformed to SO5·- (Equation 5-1), which continues to react with H2O to form 1O2 

(Equation 5-2). Consequently, the primary ROS (SO4·-) and secondary ROS (·O2
-, 1O2) contributed to 

the catalytic SMX abasement by breaking it down into smaller molecules, eventually fully mineralising 

it into CO2 and H2O (Equation 4-10).  

SO4·- + HSO5·- → SO5·- + HSO4
-                                        (Equation 5-1) 

2SO5·- + H2O → 1.5 1O2 + 2HSO4
-                                                            (Equation 5-2) 
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Figure 5-9 A proposed mechanism for catalytic oxidation of SMX by 2Co/AS4|PMS system. 

 

5.3.5 Reusability and stability of 2Co/AS4 

The practical application of catalysts, particularly the microchannel-structured ceramic beads designed 

for industrial use in this study, also depends heavily on their reusability and stability. Herein, 2Co/AS4 

was typically selected to degrade SMX for successive 16 runs. After each run, the beads were collected 

by simplying pouring out the aqueous solution and then rinsed with deionised water. Before 5th, 9th, and 

13th run, the beads were further regenerated by sintering at 450˚C for 1 hour to remove the residue 

reactants and products adsorbed. As shown in Figure 5-10, the sample exhibited superior reusability, 

with SMX removal efficiency maintained at 95.75%, 88.86%, 86.07%, and 85.17% within 120 min for 

the 1st, 2nd, 3rd, and 4th run, respectively, when the sample was only reinsed with DI water. The minor 

reduction could be ascribed to the coverage of surface active sites by reactants and products during the 

degradation process, as evidenced by the SEM images in Figure 5-12 (a2, a3). Most importantly, the 

regenerated sample, after sintering, demonstrated a significantly enhanced SMX removal efficiency 

(100%), even exceeding that of the fresh sample (95.75%). This enhancement also reflected in being 

able to achieve a comparble removal efficiency (96.28%) within a reaction time of just 30 min. Likewise, 

this phenomenon recurred during the second (9th, 100%) and third (13th, 100%) regenerations, whereas 

almost all studies have reported a downward trend due to the continueous depletion of exposed active 

sites and intrinsic nature of catalyst powders [300, 317]. As far as we know, aside from our recent 

publication [164], this is the another instance where catalytic efficiency not only remained stable for 

reusability test but actually further improved as the cycling experiments progressed. In addition, the 
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XRD patterns of the used samples (Figure 5-11 (c)), whether used for once or 16 times, showed similar 

patterns without significant variation before and after reaction. This indicates the exceptional stability 

of the catalysts and catalyst supports throught the catalytic process. 

 

 

Figure 5-10 Reusability of the sample 2Co/AS4 on the degradation of SMX for 16 successive cycles with being 

cleaned by DI water only (1st, 2nd, 3rd, 4th, 6th, 7th, 8th, 10th, 11th, 12th, 14th, 15th 16th) or being regenerated by post-

sintering at 450 ˚C for 1h (5th, 9th, 13th). Reaction Conditions: [PMS]0 = 0.1 g/L, [SMX]0 = 20 mg/L, T = 20 ˚C, 

[catalyst]0 = 0.2 g/L, r = 150 rpm. 

 

 

Figure 5-11 XRD patterns of 2Co/AS4 before and after reaction. 
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In order to explore the reasons behind the improved SMX removal efficiency, Figure 5-12 depicts the 

morphologies of the used samples at different magnifications. As illustrated in Figure 5-12 (a, a2, a3), 

the surface of the used 2Co/AS4 for once was partially blocked by adsorbed reactants and products after 

reaction, and for other unblocked open channels, the average size was approximately 7.14 μm. The 

shapes of the microchannels inside in Figure 5-12 (a4, a5) showed no obvious changes, except for a 

brighter colour, which might be due to the adsorbed pollutants. This is consistent with the slight 

decrease of catalytic SMX removal efficiency. Similarly, used 2Co/AS4 after 16th run in Figure 5-12 

(b, b2, b3) had a similar obstructed phenomenon and relatively smaller open channels sizes (6.99 μm). 

However, when the used sample 2Co/AS4 after 16th run was regenerated by post-sintering (Figure 5-12 

((c, c2, c3)), more detectable exposed open channels could be observed, with a mean pore size of 6.77 

μm. The post-sintering process facilitated the clearage of adsorbed reactants and products, which are 

challenging to cleaned with DI water. Meanwhile, the size of these open channels increased compared 

to the ones before (Figure 5-4 (e4, e6), ~ 4.4 μm) and after cobalt loading (Figure 5-5 (a3), ~ 5.82 μm). 

This might be linked to the removal of loosely packed alumina powders from the bead surface during 

the post-sintering treatment, which aligns with the reusability test result for 2Co/AS0 reported in 

previous studies [164]. Interestingly, the size of the exposed open channels in this work after the post-

sintering procedure (~ 6.77 μm) is smaller than that of 2Co/AS0 reported in the literature (~ 18 μm) 

[164]. This indicates that modifying AS0 with γ-Al2O3 sol may also enhance the stability of the catalyst 

supports during the catalytic reaction process, leading to reduced loss of loosely packed alumina 

powders. Overall, the synergistic effects of having more and larger exposed open channels in this work 

contributed to intraparticle diffusion, significantly enhancing the catalytic performance of SMX 

degradation. 
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Figure 5-12 SEM images of (a, a2, a3) the surface views and (a4, a5) cross-sectional views of the used 2Co/AS4; 

(b, b2, b3) the surface views of the used 2Co/AS4 for 16 times; (c, c2, c3) the surface views and (c4, c5) cross-

sectional views of the used 2Co/AS4 for 16 times after regeneration. 

 

5.4 Conclusion 

In this chapter, novel microchannel-structured alumina beads (AS0) with enhanced specific surface area 

(ASx) were prepared by phase-inversion and sol-gel methods and were investigated for intensifying 

diffusional mass transfer via the reaction the catalytic degradation of SMX in the PMS-activated system, 

with key findings summarised below:  

(1) The improved surface area was achieved by washcoating a thin layer of γ-Al2O3 sol onto the 

inner surface of the microchannels within the alumina beads. SEM images revealed a well-

defined finger-like microstructures within the alumina beads and confirmed the presence of γ-

Al2O3 on both the surface of the alumina beads and the inner surfaces of the microchannels 

inside.  

(2) Cobalt oxide was successfully incorporated onto the beads by two approaches: two-step 

sequential impregnation method (2Co/ASx) and one-step co-impregnation method (2Co/ASx 

(co-imp.)). As expected, the degradation efficiency of samples prepared by these two methods 

improved with the rise in surface area due to the increased accessible active sites. However, 

2Co/ASx (co-imp.) exhibited higher catalytic activity than 2Co/ASx. This might be attributed 
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to the high dispersion of cobalt oxide and the larger exposed open channels on the bead surface, 

which facilitated intraparticle diffusion. It is noteworthy that samples 2Co/ASx (co-imp.) were 

more easily blocked by γ-Al2O3 granules at high γ-Al2O3 sol loadings, such as sol 4 in this study, 

and exhibited similar open channel sizes compared to 2Co/AS4. This might be the main reason 

behind the lower catalytic activity at high SMX concentrations (40 mg/L) than 2Co/AS4. The 

enhancement of the catalytic performance of 2Co/ASx and 2Co/ASx (co-imp.) samples well 

align with the second research aim in Section 1.2. 

(3) It is unusual that after being used and regenerated, 2Co/AS4 demonstrated substantially higher 

catalytic performance (96.32% in 20 min) than the fresh catalyst (95.75% in 120 min). This 

enhancement was consistently observed when the catalysts were regenerated by post-sintering 

at 450 ˚C for 1 h, which could be attributed to the relatively increased number and size of 

exposed open channels on the surface of 2Co/AS4, which further reduced the intraparticle 

diffusion resistance in the AOP reactions.  

We believe that the transferable advantages demonstrated in this work can advance the development of 

a broad spectrum of heterogeneous catalysis for efficient and durable catalytic reactions, including 

process intensification at the microscale level, benefiting both academia and industry. 
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6. Chapter 6 Innovative Microchannel-Structured Alumina Beads 

Modified by Functionalised Carbon Xerogel for the Degradation of 

Organic Pollutants 

 

Building on Chapters 4 and 5, Chapter 6 incorporates carbon xerogels as a more advanced mesoporous 

coating material into the microchannel-structured beads. To elevate the material research beyond the 

previous chapters, the carbon-based mesoporous material is expected to further intensify the reaction 

by reducing the dimensions of the Co-based catalyst, promoting better catalyst distribution, and 

enhancing adsorption. This should lead to greater SMX abatement performance compared to the 

previous chapters, further highlighting the potential of the microchannel-structured beads in 

intensifying diffusional mass transfer and integrating with different functional materials. 

A part of this chapter is presented in this paper: 

J. Zheng, F. García-García, Y. Yang, K. Li, T. Bridgwater, H. Yang, Z. Wu*. Carbon xerogel-enhanced 

microchannel-structured beads for organic pollutants degradation: A novel catalyst for synergistic 

microscale process intensification [J]. Applied Catalysis B: Environment and Energy, 366 (2025): 

125069. 

 

6.1 Introduction 

Chapter 4 demonstrated innovative alumina beads featuring both large pores (micrometre-sized 

microchannels) and small pores (nanometre-sized clusters of alumina granules), with large pores 

reducing the mass transfer resistance by prompt transportation of large molecules, and small pores 

contributing to dispersing catalytic active phase. Given the limitations of its relatively small specific 

surface area due to the intrinsic nature of alpha-phase alumina, Chapter 5 introduces gamma-phase 

alumina as wahcoatings to enhance the SSA of these beads and confirmed its feasibility. This provides 
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a solid foundation for exploring alternative mesoporous materials, such as carbon materials, which offer 

significantly higher SSA and additional functionalities compared to γ-Al2O3, to fulfil their potential for 

diverse applications in the future. As noted in Chapter 5, ASx samples experienced blockage on the 

surface layer of alumina beads when excessive γ-Al2O3 sols were applied, which hindered the growth 

of gamma-Al2O3 sol and thereby limited any additional increase in surface area. 

Carbonaceous materials with high specific surface area, such as activated carbons [318, 319], graphene 

[320], carbon nanotubes [321], and carbon xerogels (CXs) [318, 322], have been widely used as 

functional catalyst supports for adsorption, hydrogenation, oxidation, ammonia decomposition, etc.. 

Cheap and porous carbon xerogels are a new type of nanocarbons, which offer large SSA, high purity, 

and tuneable textual and structural properties [264, 318]. Furthermore, carbon xerogels can be produced 

using the conventional sol-gel method [318, 323], which facilitates the incorporation of a thin CX 

washcoat layer into the ceramic beads. Therefore, carbon xerogels were applied as the functional 

washcoating material within the microchannel-structured ceramic beads in this chapter.  

The decontamination of organic pollutants in PMS-activated AOPs was used as the model reaction 

system, validating the transferable material and microstructural advantages of this design. In AOPs, 

carbon materials also exhibited remarkable adsorption capacity [322, 324] and carbon materials with 

oxygen-containing functional groups, particularly C═O, were favourable to PMS activation [325-327], 

potentially contributing to a synergistic effect towards AOPs reactions. This would streamline multiple 

operational units/equipment and process tasks into a single multifunctional alumina bead, fulfilling 

another crucial principle of the PI technology [18, 328], thereby achieving synergistic process 

intensification at microscale process unit.  

As a result, PMS-activated AOPs will be applied as the model reaction system in this chapter to validate 

the micro-structural advantages of novel modified microchannel-structured alumina beads (ACXx). For 

comparison, base microchannel-structured alumina beads (ACX0, equal to MSCB2 in Chapter 4 and 

AS0 in Chapter 5) and modified microchannel-structured alumina beads with the most commonly used 

washcoat, γ-Al2O3, namely AS4 in Chapter 5, were also applied. After incorporating with cobalt-based 

catalyst (2Co/ACXx), we will systematically investigate the influences of the specific surface area, 

washcoating properties (carbon xerogels and γ-Al2O3), sulfamethoxazole concentrations (10 mg/L, 20 

mg/L, 40 mg/L), reaction temperatures (20˚C, 30˚C, 40˚C), catalyst dosage, and organic pollutant types 

- type I: PPCPs (sulfamethoxazole); type II: phenols (4-hydroxybenzoic acid and phenol); type III: dyes 

(methyl orange) - on the catalytic performance. Furthermore, we will examine the catalytic mechanism 

of 2Co/ACXxǀPMS system, as well as its stability and reusability.  
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6.2 Experimental 

6.2.1 Chemicals and materials 

Resorcinol (ACS reagent, ≥ 99%), formaldehyde (ACS reagent, 37 wt.% sol.), sodium carbonate 

(BioXtra, ≥ 99%), Oxone® (PMS, KHSO5·0.5KHSO4·0.5K2SO4), SMX, 4-hydroxybenzoic acid (p-

HBA), phenol, p-benzoquinone (p-BQ, ≥ 98%), tert-butanol (tBA, ≥ 99.5%), sodium azide (NaN3, ≥ 

99.5%), methyl orange (MO, ACS reagent), and acetic acid (ReagentPlus®, ≥ 99%) were all obtained 

from Sigma-Aldrich. Cobalt nitrate hexahydrate (Co (NO3)26H2O, 99 % pure), methanol (HPLC grade, 

≥ 99.8%), and nitric acid (HNO3, analytical reagent grade, 70%) were purchased from Fisher Scientific. 

All chemicals were used as received without any further purification. Milli-Q water (18.3 MΩ cm at 

25˚C) was used during the whole experimental process.  

 

6.2.2 Preparation of carbon xerogel-based alumina beads (ACXx) 

Microchannel-structured alumina beads (ACX0) of 3 mm in diameter were synthesised by a phase-

inversion and sintering-assisted method, as reported in our previous work [279]. Prior to the dip coating 

process, carbon xerogels, labelled as CX, were prepared by a conventional sol-gel method [318]. 

Specifically, a precursor solution of resorcinol (R), formaldehyde (F) and sodium carbonate (C) with 

molar ratios of R/C = 200 and R/F = 0.5 were stirred for 30 min. The starting solution was named as 

CX1, and then it was mixed with DI water to produce the rest of CXx sols and x hereafter refers to the 

CX solution concentrations. The volume ratios of starting solution (CX1) to the top up DI water for 

CX2, CX3 and CX4 were set as 4:1, 4:2, and 4:3, respectively.  

Afterwards, the microchannel-structured alumina beads were immersed in the four CXx sol solutions 

for 10 min, then dried at 65˚C for 20 min in a rotavapor (Buchi), and gelated at 100˚C in an oven 

overnight. The dried samples were then sintered at 800˚C for 1 h in a nitrogen atmosphere with a heating 

rate of 5˚C/min to carbonize the carbon xerogel gels in the beads. The prepared CXx-based alumina 

beads were labelled as ACXx (x = 0, 1, 2, 3, 4). The schematic diagram of the synthesis of ACXx 

samples was presented in Fig. 6-1. For comparison, CX powder was prepared using the same approach 

without the addition of alumina beads; Another sample AS4 prepared by the sol-gel method [261] with 

surface area between ACX0 and ACXx samples (same as the one used in Chapter 5), was also included 

for reference. 
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Figure 6-1 Schematic diagram of the synthesis of ACXx samples. 

 

6.2.3 Preparation of Co-based catalysts (2Co/ACXx) 

2 wt.% of cobalt oxide was incorporated on the ACXx beads, including ACX0 without carbon xerogel 

loadings, by the traditional incipient wetness impregnation method [279]. Firstly, 0.74 g of cobalt nitrate 

hexahydrate was dissolved in 4.5 mL of DI water, and then slowly added to 10 g of ACXx beads, 

resulting in a Co3O4 to ACX weight ratio of 2 wt.%. Then, the dried samples were sintered at 450˚C for 

3 h in a flow of N2 atmosphere (100 mL/min) at a heating rate of 5˚C /min. These catalysts were denoted 

as 2Co/ACXx, where “x” refers to the CXx sol concentration, as previously illustrated. 2Co/AS4 was 
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synthesised using the same impregnation method with an identical cobalt loading, as noted in Section 

5.2.3. 

 

6.2.4 characterisation and catalytic performance test 

The physicochemical properties of ACXx and 2Co/ACXx samples were characterised by XRD, BET, 

TGA, SEM, XPS and ICP, with additional detailed information available in Section 3.2. Furthermore, 

the catalytic performance of 2Co/ACXx was evaluated for the degradation of three types of organic 

pollutants (PPCPs – SMX, phenols – p-HBA and phenol, dyes – MO) in a PMS activated system. The 

experiments were carried out in a batch reactor in a water bath and connected with a mechanical 

overhead stirrer. Further detailed information, e.g., mobile phase and stirring speed, can be found in 

Section 3.3. 

 

6.3 Results and discussion 

6.3.1 XRD, BET, and TGA analysis of ACXx and 2Co/ACXx samples 

Figure 6-2 shows the XRD patterns of the samples before and after CX and cobalt loadings. All ACXx 

samples in Figure 6-2 (a) demonstrated diffraction peaks corresponding to the α-Al2O3 (JCPD file no. 

88-0826) [279], and no diffraction signals of carbon xerogels could be observed. This might be 

attributed to the weak diffraction peaks for the pure CX powder owing to their intrinsic nature [329], as 

shown in Figure 6-2 (a-b). However, the presence of carbon xerogel in ACXx samples was evident due 

to the noticeable colour change after CX loadings, as shown in Figure 6-1. Additional evidence will be 

provided in the following characterisation results, including significant SBET increasement (Table 6-1), 

TGA results (Figure 6-4), SEM images (Figure 6-6) and XPS spectra (Figure 6-8 (d)). Likewise, no 

significant differences were observed in the XRD patterns for 2Co/ACXx samples after cobalt 

incorporation (Figure 6-2 (c)) compared to ACXx samples, which could be ascribed to the low Co 

content of 2 wt.% and uniform distribution of Co on the alumina beads [221, 279]. Furthermore, the 

detection of 1.72 wt.% Co in 2Co/ACX1 sample through ICP measurement could validate the existence 

of cobalt alternatively. 
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Figure 6-2 XRD patterns of (a) samples before and after RF-derived CX loadings, (b) the magnified x-axis for 

ACXx samples, and (c) ACXx samples after cobalt incorporation. 

 

Table 6-1 summarised the structural characteristics of three types of microchannel-structured alumina 

beads: (1) ACX0 (without any washcoatings), (2) AS4 (with γ-Al2O3 washcoatings), and (3) ACXx 

(with carbon xerogel washcoatings) samples before and after cobalt impregnation. Apparently, the base 

ACX0 beads without any washcoatings had the lowest BET surface area (SBET = 3.65 m2/g). As dip 

coating with γ-Al2O3 sols, the specific surface area significantly increased to 36.03 m2/g, which is 9.9 

times higher than that of ACX0. When changed the coatings to carbon xerogel sols, the SBET further 

increased, with 66.98 m2/g, 59.92 m2/g, 56.62 m2/g, and 37.20 m2/g for ACX1, ACX2, ACX3 and 

ACX4, respectively. Herein, ACX1 sample with lowest water content possessed the highest surface 

area, which is 18.6 times and 1.9 times than those of ACX0 and AS4 samples. For comparison, the 

surface areas for pure γ-Al2O3 and carbon xerogel powders were 202.00 m2/g and 691.41 m2/g, 

respectively.  

Additionally, the average pore diameter of ACX0 dropped from 387.50 nm (mercury intrusion results 

as reported in our recently published work [279]) to 5.78 nm, 3.15 nm, 2.39 nm, 2.59 nm, and 2.58 nm 

after modified with γ-Al2O3, ACX1, ACX2, ACX3, and ACX4, respectively. This indicates the 

successful incorporation of high-surface-area materials, which might contribute to more accessible 

active sites for the high dispersion of cobalt-based catalysts on the alumina beads, thereby higher 

catalytic efficiency in the chemical reaction process. Simultaneously, the nanoconfined space may 

enrich pollutant molecules in the pores [330]. After cobalt incorporation, all samples exhibited a similar 

slight decrease trend in BET surface area and increase in average pore diameter. Studies related to 

doping with metallic oxides reveals a similar pattern, typically attributed to the reduction in micropores 

that were partially obstructed by the metallic oxide particles [331, 332]. In this sense, the reduction in 

SBET for 2Co/ACXx samples was probably associated with the introduction of cobalt oxide, particularly 

the partial blockage of microporosity by the Co3O4. That, in turn, revealed the successful incorporation 

of cobalt-based catalysts. 
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Table 6-1 Textural properties of AS4 and ACXx samples before and after cobalt impregnation. 

Sample SBET (m2/g) VT (cc/g) Dp (nm) 

ACX0 3.65 0.01 / 

AS4 36.03 0.05 5.78 

ACX1 66.98 0.05 3.15 

ACX2 59.92 0.04 2.39 

ACX3 56.62 0.04 2.59 

ACX4 37.20 0.02 2.58 

γ-Al2O3 powder 202.00 0.21 4.24 

CX powder (before pyrolysis) 345.18 0.35 4.05 

CX powder (800 ºC) 691.41 0.44 2.55 

2Co/ACX0 2.77 1.16 / 

2Co/AS4 21.05 0.05 9.29 

2Co/ACX1 49.33 0.05 3.80 

2Co/ACX2 44.87 0.05 4.12 

2Co/ACX3 37.05 0.03 3.37 

2Co/ACX4 35.52 0.03 3.35 

SBET: Specific surface area; VT: Total pore volume; DP: Average pore diameter. 

 

The N2 adsorption-desorption isotherms in Figure 6-3 were consistent with the SBET results, with all 

ACXx samples displaying a low but increasing adsorption capacity as carbon xerogel sol concentration 

rose, which follows a type IV isotherm according to the IUPAC classification [279]. In contrast, carbon 

xerogel powder exhibited a high adsorption capacity, corresponding to a type IV isotherm, which is 

typical for mesoporous materials [323]. It is noteworthy that the carbon xerogel powder before pyrolysis 

(Figure A13) presented a lower adsorption capacity, confirming that the pyrolysis treatment preferably 

generated more nanopores in the CX-modified samples [333]. Consequently, all ACXx samples in this 

work were sintered at 800˚C for 1 h under a flow of nitrogen. In general, the specific surface area of 

carbon xerogels is highly dependent on the chemical compositions, drying temperatures, and sintering 

profile. For example, Moreno et al. found that increasing the pyrolysis temperature from 700˚C to 950˚C 

resulted in a reduction in the specific surface area of large carbon xerogel particles (>212 µm), 

decreasing from 585 m2/g to 471 m2/g [334]. Peikolainen et al. reported that Na2CO3 is critical to 

deprotonate resorcinol during the synthesis of resorcinol-formaldehyde gel, thereby facilitating its 

reaction with formaldehyde [335]. Furthermore, the concentration of Na2CO3 has a significant impact 

on cluster formation and growth, with higher Na2CO3 concentrations leading to the formation of smaller 
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clusters and smaller pores between them, ultimately producing materials with an increased specific 

surface area. 

 

 

Figure 6-3 N2 adsorption-desorption isotherms of ACXx samples. 

 

The thermal behaviour of ACXx and 2Co/ACXx samples shown in Figure 6-4 was examined by TGA 

analysis throughout the 40-800˚C temperature range under a flow of air. This was conducted to 

determine the actual content of carbon xerogels, as carbon xerogels can be completely decomposed into 

CO2 and H2O in the presence of oxygen. For ACX0 beads composed of α-Al2O3, there was negligible 

weight loss, indicating the superior thermal stability of the base alumina beads. In contrast, samples 

after carbon xerogel modification experienced a weight loss when the temperature reached at 

approximately 600˚C. It can be seen from the inset that the residual weights of ACX1, ACX2, ACX3, 

and ACX4 at 800˚C were 95.49%, 95.99%, 96.85%, and 97.32%, respectively, corresponding to a total 

weight loss of 4.51%, 4.01%, 3.15%, and 2.68%. These results could confirm the weight percentage of 

carbon xerogels in each sample due to the consumption of carbon matrix in the air atmosphere. The 

weight loss results exhibited a downward trend as the CX sol concentration decreased, which are also 

in concordance with the experimental findings on carbon xerogel mass fraction during the sample 

preparation process, as shown in Table A2. Compared to the TGA results for ACXx samples prior to 

cobalt loading, 2Co/ACXx samples experienced two weight loss stages, occurring between 40-290˚C 
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and 290-325˚C. The initial stage, showing only a 1.1% weight loss, could be ascribed to the minimal 

consumption of Co3O4, as documented in the literature [336], while the subsequent stage was related to 

the decomposition of carbon xerogels in an air atmosphere, similar to what was observed in ACXx 

samples. It is important to emphasize that the transformation of Co3O4 from cobalt precursor under 

nitrogen flow was verified by the TGA profile of cobalt nitrate hexahydrate (Figure A14 (a)) and XRD 

pattern (Figure A14 (b)). A detailed discussion was provided in the appendix (Text A3-1). Likewise, a 

similar decline trend in carbon xerogel contents for 2Co/ACXx samples was observed, but the 

decomposition temperature reduced to 320˚C. This can be linked to the interactions between cobalt 

oxide and carbonaceous materials. Gao et al. observed a similar phenomenon of which the initial 

decomposition temperature decreased from 522˚C to 255˚C-270˚C as the Co3O4 content increased [337]. 

 

 

Figure 6-4 TGA profiles of ACXx and 2Co/ACXx in air atmosphere with a heating rate of 5 ˚C/min. 

 

6.3.2 Morphological analysis 

Figure 6-5 depicts the SEM images of samples before (ACX0) and after carbon xerogel modifications 

(ACX1-4) at different magnification levels. The cross-sectional views in Figure 6-5 (a-e) revealed that 

all samples possessed radial finger-like microchannels, with no significant differences observed among 

them. This is due to the fact that carbon xerogels consisted of microclusters assembled by microspheres 

at the nanometre scale, as highlighted by the higher magnification morphologies of ACX1 shown in 

Figure 6-6 (a-c). This result aligns with the SEM images of RF-derived carbon xerogel reported in the 
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literature [338]. Regarding the surface views, ACX0 ( Figure 6-5 (a2, a3)) exhibited numerous exposed 

open channels, but as the sol concentrations increased, these channels were partially obstructed by 

carbon xerogels, particularly ACX1 with the highest concentration of carbon xerogel. Moreover, as 

illustrated in Figure 6-6 (d-f), numerous carbon xerogels were detectable on the surface of ACX1 at 

high magnifications, further confirming the successful incorporation of carbon xerogel washcoatings. 

 

Figure 6-5 SEM images of the cross-sectional views of (a) microchannel-structured alumina beads (ACX0), 

microchannel-structured alumina beads modified with different carbon xerogel concentrations: (b) ACX1, (c) 

ACX2, (d) ACX3, and (e) ACX4; and the surface views of (a2, a3) ACX0, (b2, b3) ACX1, (c2, c3) ACX2, (d2, d3) 

ACX3, and (e2, e3) ACX4. 

 

Figure 6-6 High magnification SEM images of (a-c) finger-like microstructures in the cross-section and (c-e) 

surface of ACX1. 
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Figure 6-7 displayed the SEM images of two representative samples, i.e., ACX1 and ACX3, after 

incorporating 2 wt.% Co3O4 by a simple impregnation method. The introduction of Co3O4 did not alter 

the original morphologies, such as finger-like microchannels in the cross-section and exposed open 

channels on the surface, of both alumina beads. It can be seen from Figure 6-7 (a2, a3) and Figure 6-7 

(b2, b3) that 2Co/ACX3 exhibited more noticeable exposed open channels due to the lower carbon 

xerogel loadings and sol concentrations, leading to the less partially blocked pores by carbon xerogels, 

which is in accordance with the SEM images of ACX1 (Figure 6-5 (b2)) and ACX3 (Figure 6-5 (d2)) 

before cobalt incorporation. 

 

 

Figure 6-7 SEM images of (a) the cross-sectional view and (a2, a3) the surface views of 2Co/ACX1, (b) the cross-

sectional view and (b2, b3) the surface views of 2Co-ACX3. 

 

6.3.3 XPS analysis 

To verify the presence of Co element and probe the chemical valence state of 2Co/ACXx samples, XPS 

spectra of 2Co/ACX0 and 2Co/ACX1 were analysed. As shown in Figure 6-8 (a), the XPS survey 

spectra confirmed the presence of elements Al, O, C and Co in both samples. The corresponding high 

resolution XPS spectra of Al 2p (Figure 6-8 (b)), O 1s (Figure 6-8 (c)), and Co 2p (Figure 6-8 (e)) 

revealed that the existence of carbon xerogel sol coatings in 2Co/ACX1 resulted in lower intensities of 

the Al 2p, O 1s, and Co 2p spectra. Simultaneously, an extremely weak peak centred at 75.3 eV in 

2Co/ACX0, associated with the formation of trace amounts of aluminium suboxide during the cobalt 

impregnation process [279, 287, 288], was no longer observed in the 2Co/ACX1 sample. This finding 

could be attributed to the presence of carbon xerogels, which is further supported by the BET results 
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(Table 6-1) [292, 293], and in accordance with the XPS results as shown in Section 5.3.1 (Figure 5-3) 

[279]. As noted, cobalt oxide was not detected in the XRD patterns, but the Co 2p spectra revealed that 

cobalt was present in two chemical states (Co3+, Co2+) in both 2Co/ACX0 and 2Co/ACX1, 

corresponding to the compositions of Co3O4.  

In contrast, the C 1s spectra in Figure 6-8 (d) displayed a higher intensity for 2Co/ACX1 compared to 

2Co/ACX0. This increased intensity was directly linked to the additional carbon source from the carbon 

xerogel in 2Co/ACX1. As observed, the deconvolution of the XPS spectra for the C 1s regions revealed 

two peaks for 2Co/ACX0 and three peaks for 2Co/ACX1. The adventitious carbon centred at 284.8 eV 

in both samples was originated from the carbon grid during sample preparation process [312]. Both 

peaks centred at 286.4 eV and 285.9 eV were assigned to C═O bond, as reported by Kim et al. [339]. 

They indicated that peaks within the 285.9-286.4 eV range are associated with C═O bond in phenol, 

alcohol, and ether, etc. In addition, the third peak existed in 2Co/ACX1 at 288.8 eV was attributed to 

carbon in carboxylic groups [230, 323]. Consequently, the XPS spectra verified the presence of Co 

element in two chemical valence states, as well as the successful incorporation of CXs. 

 

 

Figure 6-8 (a) XPS survey spectra, and high-resolution XPS spectra of (b) Al 2p, (c) O 1s, (d) C 1s, and (e) Co 

2p of cobalt-impregnated microchannel-structured alumina beads before (2Co/ACX0) and after CX loadings 

(2Co/ACX1). 
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6.3.4 Evaluation of the catalytic activity 

6.3.4.1 Effect of SMX concentrations and reaction temperature 

The introduction of CXs improved the dispersion of the catalytic active phase, leading to more 

accessible active sites participating in the catalytic reaction, which is expected to result in enhanced 

catalytic activity. In this work, the catalytic performance of novel 2Co/ACXx samples was investigated 

by the degradation of organic pollutants in a PMS-activated AOPs reaction system. The influences of 

SMX concentrations (10 mg/L, 20 mg/L, and 40 mg/L), reaction temperatures (T = 20˚C, 30˚C, and 

40˚C), organic pollutant types (SMX, p-HBA, phenol, and MO), the contribution of the BET surface 

area, and washcoating properties (γ-Al2O3 sol washcoatings as reference, carbon xerogel sol 

washcoatings as primary) were all included, as shown in Figure A15, Figure 6-9, Figure 6-10, Figure 

6-12, Figure A16, and Figure A17. For all SMX degradation reactions, the blank experiments, which 

involved the 2Co/ACX1 catalyst alone without the addition of PMS, demonstrated negligible catalytic 

performance (< 0.1%).  

Figure 6-9 (a) depicts the degradation of 20 mg/L SMX at 20˚C. The results demonstrated that the 

removal efficiency for PMS only, 2Co/ACX0, 2Co/AS4, 2Co/ACX1, and 2Co/ACX3 was 26.4%, 

34.9%, 52.2%, 99.2%, and 97.0%, respectively. Meanwhile, the reaction kinetics in Fig. 8 (b) and the 

corresponding rate constants in Fig. 8 (c) were consistent with the catalytic performance. It is obvious 

that 2Co/ACX1 with the highest BET surface areas possessed the highest catalytic activity, and the rate 

constant of 2Co/ACX1 was 15.3 times, 10.9 times, and 6.3 times higher than those of PMS alone, 

2Co/ACX0, and 2Co/AS4, respectively. This was further validated during the degradation of 10 mg/L 

SMX, as illustrated in Figure A15 and Text A3-2 in the supplementary information. The remarkably 

boosted catalytic performance may be related to the enhanced SBET, and this will be further explored in 

the subsequent reactions. 

Figure 6-9 (b) demonstrated that this pattern persisted when the SMX concentration was raised to 40 

mg/L, though the differences between 2Co/ACX1 and 2Co/ACX3 became slightly less pronounced. 

The diminishing difference is probably owing to more exposed open channels of 2Co/ACX3 on the 

bead surfaces, as corroborated by the SEM images in Figure 6-5 (a3, b3), which contributed to reducing 

the mass transfer resistance at higher pollutant concentrations. It is widely recognized that high pollutant 

concentrations typically increase the demand for accessible active sites, and a greater number of open 

channels on the surface certainly aids in transporting more pollutants into the microchannels to interact 

with the active sites. This is comparable to our recent published work at high SMX concentrations [279, 

340]. However, this restricted mass transfer could be improved by increasing the reaction temperature 

to 30˚C, because the diffusion coefficient increases with rising reaction temperature, according to 

Arrhenius equation [297]. As a result, the degradation efficiency of 2Co/ACX1 and 2Co/ACX3 
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followed the trend of 40˚C > 30˚C > 20˚C, a pattern also observed in the reaction kinetics (Figure 6-9 

(e)) and the corresponding rate constants (Figure 6-9(f)). 

 

 

Figure 6-9 (a) Degradation of 20 mg/L SMX using three types of catalysts at 20 ˚C, (b) their reaction kinetics, 

and (c) the corresponding rate constants; (d) Degradation of 40 mg/L SMX using three types of catalysts at three 

reaction temperatures, (e) their reaction kinetics, and (f) the corresponding rate constants during the whole 

reaction process. Reaction Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.02 g/L, r = 150 rpm. 
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6.3.4.2 Effect of catalyst dosage and pH 

Besides the effects of SMX concentrations and reaction temperatures, the degradation of SMX was also 

studied under varying catalyst dosages and pH levels, as depicted in Figure 6-10. As expected, the SMX 

removal progressively grew from 21.3% to 92.2% within 30 min with the catalyst dosage increase from 

0.002 g/L to 0.2 g/L, thanks to more accessible active sites for PMS activation. This, in turn, generated 

more reactive radicals, such as SO4·- and ·O2
-, for the efficient degradation of organic pollutants. In this 

work, a catalyst dosage of 0.02 g/L was selected as the target for SMX elimination, expect for Figure 

A16, where 0.2 g/L of catalyst was used in all reactions to assess the catalytic activity at higher catalyst 

dosages.  

Figure 6-10 (b) shows the SMX removal efficiency at an initial pH range of 3-11. At pH levels of 5-10, 

the degradation efficiency remained robust, consistently nearly 100%. However, the degradation rate 

decreased under strong acid and base conditions, with 86.9% of SMX breaking down at pH 3 and only 

16.2% at pH 11, even though the efficiency remained satisfactory at pH 3. This is due to the fact that, 

on the one hand, in strong acid solutions, excess H+ consumes HSO5
-, preventing the redox cycle of Co 

(II)/Co (III), and consequently poor SMX degradation [341]; On the other hand, in strong base solutions, 

the main reactive species, SO4·- (E˚ =2.5-3.1 V, t1/2 = 30 μs), transformed to ·OH with lower redox 

potential (E˚ =1.8-2.7 V) and a shorter half-life time (t1/2 = 20 ns) [212, 213]. 

 

 

Figure 6-10 (a) Effect of catalyst dosage and (b) initial solution pH on the degradation of 20 mg/L SMX using 

2Co/ACX1. Reaction Conditions: [PMS]0 = 0.1 g/L, T = 20 ˚C, r = 150 rpm. 
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6.3.4.3 Preliminary analysis of PMS activation by carbon xerogels 

Carbon materials containing oxygen-functional groups, such as -COOH and C═O, have been reported 

to activate PMS [342], thereby facilitating the catalytic activity. To the best of our knowledge, reported 

work on carbon xerogels for AOPs are scarce, including Co and Fe in carbon xerogels [343] and N-

doped carbon xerogels [344]. However, in order to explore the role of carbon xerogels in PMS activation, 

we conducted a preliminary analysis of catalytic reactions using a spectrophotometer (UV-Vis 

Evolution 220, Thermo Scientific), as illustrated in Figure 6-11 and Figure A18. Figure 6-11 displays 

the UV-Vis spectra of SMX concentrations over time during reactions with different catalysts. The 

results indicated that ACX1, i.e., 2Co/ACX1 before cobalt loading, showed minimal degradation of 

SMX in the absence of PMS (Figure 6-11 (a)). However, when PMS was added, ACX1 could degrade 

25.1% of SMX within 4 hours (Figure 6-11 (b)), accompanied by a wavelength shift from 267 nm to 

270 nm. This red shift in the absorption edge is consistent with the 2Co/ACX1 result in Figure A18 (c), 

implies that PMS was activated by ACX1 even without a cobalt catalyst [345]. Additionally, ACX1 

powder (obtained by grinding ACX1) exhibited enhanced SMX degradation (56.9% in 4h) and a more 

pronounced red shift in absorption (Figure 6-11 (d)). On the one hand, this highlighted the significance 

of mass transfer in catalytic reactions, as catalyst powder typically diffuses faster than large beads; on 

the other hand, we can conclude that PMS could be activated by carbon xerogel-based materials. For 

comparison, Figure A18 (a, b, d) shows the absorption spectra of 2Co/ACX1, 2Co/ACX1 powder, and 

CX powder in the absence of PMS, where SMX degradation occurred without a shift in the absorption 

edge. This indicates that this degradation process was attributed to the adsorption capacity of the carbon 

xerogel, as supported by Figure A19. 
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Figure 6-11 UV-Vis spectra of (a) ACX1 without PMS, (b) ACX1 with 0.1 g/L PMS, and (d) ACX1 powder with 

0.1 g/L PMS for the degradation of SMX; (c) SMX degradation with different catalysts in the presence and absence 

of PMS. Reaction conditions: [SMX] = 20 mg/L, [catalyst]0 = 0.2 g/L, T = 20 ˚C, r = 150 rpm. 

 

6.3.4.4 Effect of organic pollutants 

For practical applications, the catalytic ability of materials for different types of organic pollutants was 

pivotal. To further study the capability of the 2Co/ACXxǀPMS system, degradation of phenols (p-HBA 

and phenol) and dyes (MO) was also assessed, as shown in Figure 6-12 and Figure A17. Figure 6-12 

provided compelling evidence for the efficacy of p-HBA and phenol elimination using the 2Co/ACXx 

samples, drastically surpassing the performance of 2Co/ACX0 and 2Co/AS4, aligning with the SMX 

removal in Figure 6-9 and Figure A15-16. In the case of blank experiments for the degradation of these 

two pollutants, 2Co/ACX1 sample alone oxidized 13.2% of p-HBA and 14.4% of phenol without the 

addition of PMS. This can be ascribed to the adsorption capacity of carbon xerogels. Comparable results 

for p-HBA and phenol adsorption on various carbon materials have been documented in the literature 

[280, 299, 346]. It is crucial to point out that the considerably high adsorption capacity of CX powder, 

beyond than of γ-Al2O3 – both the commercial ones and sol-gel type used in this study – has been proven 
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in Figure A19. Furthermore, a similarly substantial enhancement in MO elimination using 2Co/ACX1 

is also discovered in Figure A17.  

 

Figure 6-12 Degradation of (a) 20 mg/L p-HBA and (b) 20 mg/L phenol using three types of catalysts. Reaction 

Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.1 g/L, T = 20 ˚C, r = 150 rpm. 

 

Based on the above catalytic results, the exceptional catalytic performance of 2Co/ACXx samples in all 

reactions has been validated. This can be attributed to a synergistic effect of the following factors: (a) 

The enhanced BET surface area of 2Co/ACX1 unquestionably contributed to improving the dispersion 

of the catalytic active phase, i.e., cobalt oxide, thereby facilitating the generation of more reactive 

radicals for the reaction; (b) In comparison to both the base alumina beads (2Co/ACX0) and γ-Al2O3-

modified alumina beads (2Co/AS4), carbon xerogel in CX-modified alumina beads (2Co/ACXx) also 

contributed to the catalytic reaction by boosting the adsorption capacity for the degradation of organic 

pollutants; (c) The doped carbonaceous materials could catalyse the self-decomposition of PMS to 

generate reactive oxygen species [320, 321, 347, 348], so partial PMS activation by carbon xerogels 

might be advantageous in the 2Co/ACXxǀPMS as well; (d) The nanoconfined pore effect on PMS 

activation within the nanoparticles of 2Co/ACXx samples (Dp = 3.80-4.12 nm) could play a role in 

accelerating chemical reactions, as interactions between the nanoconfinement and either reactants 

(organic pollutants including SMX, p-HBA, phenol, and MO), oxidizing agent (PMS), the transition 

state, the product, or the catalysts (2Co/ACXx) in a nanoconfined space may alter the reaction energy 

diagram [330, 349].  

As exemplified in Figure 6-13, the bare microchannel-structured alumina beads have catalysts directly 

loaded onto the substrates with a large pore size of 387.50 nm, based on the mercury intrusion data 
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from our recently published paper (Chapter 4, Figure 4-7) [279]. After applying a washcoat of γ-Al2O3 

or carbon xerogels, however, the catalysts could be deposited on the washcoating layers, where the pore 

diameters were lowered to 9.29 nm for γ-Al2O3 and 3.80 nm for CX. Taking into account the molecular 

sizes of PMS (0.315 × 0.305 × 0.350 nm), SMX (1.49 × 0.64 × 0.56 nm), p-HBA (0.75 × 0.43 × 0.15 

nm), phenol (0.54 × 0.46 nm), and water molecules (0.28 × 0.06 nm) [350-353], the smaller pore 

diameter in 2Co/ACXx samples could allow up to twelve layers of PMS molecules to diffuse into the 

nanopores and interact with the catalytic active phase, resulting in a confinement effect that improved 

the utilisation of short-lived reactive oxygen species; (e) The tremendous diffusional mass transfer in 

the three-millimetre diameter alumina beads with finger-like microstructures promoted the transport of 

reactants and products, which, in turn, improved the catalytic reactions across all three types of alumina 

beads. In short, the synergistic process intensification at the microscale process unit, i.e., microchannel-

structured alumina beads paired with functional carbon xerogels, endued the system with the 

exceptional catalytic performance for the decontamination of various organic pollutants. 

 

 

Figure 6-13 A schematic diagram illustrating three types of catalysts with (2Co/A(γ-Al2O3) and 2Co/ACXx) and 

without (2Co/ACX0) washcoatings.  

 

6.3.4.5 Possible catalytic reaction pathways and mechanism 

A series of selective radical quenching agents (10 mM NaN3, 10 mM p-BQ, 1 M MeOH, 1 M tBA) 

were introduced to the 2Co/ACX1ǀPMS reaction system to assess the contribution of each reactive 

species, as shown in Figure 6-14. When NaN3 and p-BQ were was added, the SMX removal efficiency 

was drastically surpressed from 99.19% to 7.30%, and 54.82%, respectively. This might be related to 

the crucial role of 1O2 [279] and ·O2
- [221]. However, it has been recently reported that NaN3 and p-BQ 

may also quench SO4·- and ·OH [354-356], so additional evidence – electron paramagnetic resonance 



J. Zheng, PhD Thesis, Aston University 2024 

     114 

 

(EPR) – were conducted to further verify their contributions in AOPs. As illustrated in Fig. 10 (c), when 

2,2,6,6-tetramethyl-4-piperidone (TEMP) was added into 2Co/ACX1ǀPMS reaction system, distinct 

three-line signals with peak strength of 1:1:1 for TEMP-1O2 were detected, and the intensity increased 

as the reaction time progressed from 10 min to 20 min. In contrast, the addition of 5,5-dimethyl-1-

pyrroline N-oxide (DMPO) (Fig. 10 (d)) resulted in the formation of ·O2
- signals. This served as direct 

evidence for the formation of 1O2 and ·O2
- [221, 357]. 

Additionally, tBA performed a minimal inhibitory effect, less than 4.7%, on SMX removal in the range 

of 100 mM to 1000 mM (Figure A20 (a)), revealing the negligible contribution of ·OH [358], although 

dintinct four-line signals with peak strength of 1:2:2:1 for DMPO-·OH were detected in Fig. 10 (e) 

[355]. Furthermore, as MeOH can react with both ·OH (k = 9.7 × 108 M s-1) and SO4·- (k = 2.5 × 107 M 

s-1) [353], the massive supression of SMX removal by MeOH suggested that SO4·- was the primary 

ROS in the system. Similarly, 1000 mM MeOH efficiently quenched ·OH and SO4·-, as evidenced by 

Figure A20 (a), where various amounts of MeOH were added and stabilised at 1000 mM. The 

generation of SO4·- can be evidenced by the detection of six-line signals corresponding to DMPO-SO4·- 

adducts in Fig. 10 (e) [357]. It is also important to note that the weak signals for DMPO-·OH and 

DMPO-SO4·- observed with PMS alone in Fig. 10 (e) align with the self-degradation of contaminants 

when catalysts were absent in Fig. 6, Fig. S5, Fig. S6, Fig.9, and Fig. S7. 

Moreover, the reaction rate constants (k) are consistent with the quenching experiment, as shown in 

Figure A20 (b). It is also worth noting that the quenching experiments across the three systems (Figure 

A21 (a)) revealed only slight variation in the contributions of active species, with a ranking order of 

SO4·- > ·O2
- > ·OH and a difference range of 6-11%. Notwithstanding the deficiency of definitive 

evidence for the involvement of 1O2 and ·O2
- for all systems, observations from the quenching results 

revealed a gradual increase in its role. This trend might be attributed to more frequent redox cycles 

driven by more accessible active sites, as 1O2 can be obtained by the transformation of ·O2
-, the 

decomposition of PMS, and the reactions of SO5·- (Figure A21 (b)) [359]. 

 



J. Zheng, PhD Thesis, Aston University 2024 

     115 

 

 

Figure 6-14 (a) Effect of quenching agents on degrading SMX and (b) contribution of each scavenger (catalyst: 

2Co/ACX1). 

 

 

Figure 6-15 EPR signals detected in 2Co/ACX1|PMS system for (a) TEMP-1O2 adducts, (b) DMPO-·O2
-, and 

(c) both DMPO-·OH and DMPO-SO4·-. 

 

Based on the quenching experiments, a possible catalytic mechanism for the degradation of SMX by 

2Co/ACX1 was proposed and illustrated in Figure 6-16. When PMS was added to the reaction system, 

it quickly diffused into the finger-like microchannels (20 -100 μm in width) of the ceramic beads (3 

mm in diameter). Subsequently, up to twelve layers of PMS molecules (0.315 × 0.305 × 0.350 nm) 

further diffused into the pores of carbon xerogel washcoating layers (Dp = 3.8 nm), and then interacted 

with catalytic cobalt active phase (Co2+) to trigger the reaction, generating large amounts of SO4·- and 

Co3+. Meanwhile, HSO5
- was then oxidised by Co3+ to yield SO5·-, with Co3+ being reduced back to 

Co2+. Therefore, the redox cycle of Co2+/Co3+ was established, facilitating the robust and long-term 

catalytic degradation of contaminants. As the reaction progressed, SO4·- radicals were partially 

converted into ·OH radicals, which had a minimal role in this system but contributed to the formation 

of the predominant ·O2
- radicals. As noted, 1O2 was produced by the conversion of O2·-, the reactions of 
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SO5·- with water or PMS, and the self-dissociation of the generated SO5·- (Figure A21 (b)). In the end, 

the generated radicals (SO4·- and ·O2
-) and non-radical species (1O2) reacted with the target contaminants, 

driving the decontamination process.  

 

 

Figure 6-16 A proposed mechanism for catalytic oxidation of SMX by 2Co/ACX1. 

 

6.3.4.6 Reusability and stability 

Cycling experiments were carried out using 2Co/ACX1 to decompose SMX over five consecutive runs, 

in order to evaluate its reusability and stability for practical applications. As shown in Figure 6-17 (a), 

the catalytic performance remained highly efficient after five recycle runs, implying the superior 

stability and reusability of 2Co/ACX1 catalyst. In addition, unlike powdered catalysts, these bead 

samples are straightforward to separate from the bulk solution without energy consumption. Separation 

can be achieved with minimum effort through simply pouring out the aqueous solution and rinsing with 

deionised water. Chemical seperation is estimated to account for about 10-15% of global total energy 

consumption [360]. This work, however, eliminated the requirement of thermal-energy-intensive 

separation procedure, bringing down operational cost while preserving marvellous catalytic efficiency. 

Furthermore, the XRD patterns of the fresh and used samples shown in Figure 6-17 (b) highlighted their 

extraordinary stability. It is noteworthy that the metal ions leaching for 2Co/ACX0, 2Co/AS4, and 

2Co/ACX1 samples during the reusability tests have been investigated, as shown in Appendix 3 (Text 

A3-3 and Figure A22). In addition, the XPS analysis of 2Co/ACX1 after the 5th cycle (Figure A23) 
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further confirmed its stability, as no significant changes were observed in the valence states of the 

elements. Only a slight reduction in the intensity of Co 2p (Figure A23 (b)) and C 1s (Figure A23 (c)) 

was detected, potentially due to the consumption of the Co3O4 catalyst and minor leaching of metal ions, 

as evidenced by Figure A22.  

 

 

Figure 6-17 (a) Recycling test of the sample 2Co/ACX1 for SMX degradation (cleaned by DI water only), and (b) 

the XRD patterns of the 2Co/ACX1 before and after 5th run. Reaction Conditions: [PMS]0 = 0.1 g/L, [SMX]0 = 

20 mg/L, T = 20 ˚C, [catalyst]0 = 0.02 g/L, r = 150 rpm. 

 

6.4 Conclusion 

Overall, this chapter investigated the 2Co/ACXx|AOPs reaction system for the degradation of different 

organic pollutants under mild reaction conditions, with key findings summarised as below:  

(1) Innovative microchannel-structured alumina beads with enhanced specific surface area have 

been successfully prepared by the phase-inversion and sol-gel methods. Two types of 

washcoatings (γ-Al2O3 in Chapter 5 and carbon xerogels) were introduced into the beads` 

microchannels.  

(2) The influences of the BET surface area, washcoating properties, organic pollutant types, SMX 

concentrations, and reaction temperatures on the catalytic performance were systematically 

investigated. Experimental results demonstrated that the alumina beads with increased SBET by 

incorporating CX washcoatings (2Co/ACX1) exhibited the highest catalytic activity than the 

base one (2Co/ACX0, labelled as “2Co/MSCB2” in Chapter 4) and γ-Al2O3 washcoatings 

(2Co/AS4 in Chapter 5). Under identical reaction conditions, the reaction rate of 2Co/ACX1 is 

10.83 times higher than that of 2Co/ACX0 and 6.39 times higher than that of 2Co/AS4. This 

could be attributed to a synergistic effect resulting from a better dispersion of cobalt catalytic 
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phase, remarkable adsorption capacity of carbon xerogels, the coexistence of two PMS 

activation species, nanoconfined pore effect, and reduced mass transfer resistance, within the 

AOPs system. Therefore, the multifunctional carbon xerogel-modified alumina beads 

successfully addressed the third and fourth research objectives in Section 1.2. 

(3) The synergistic process intensification at the microscale process unit in this research 

demonstrated exceptional catalytic activity, reusability, and stability. It also effectively 

balanced mass transfer resistance and pressure drop, potentially fully harnessing the profits of 

integrating nanoporous carbon materials with microchannel-structured ceramic beads for large-

scale diffusion-limited chemical reactions.   
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7. Chapter 7 Preparation of innovative microchannel-structured SiO2 

beads and their application in the AOPs 

Chapter 7 presents a new material perspective compared to previous chapters. Instead of using alpha 

alumina for bead preparation followed by modifications with mesoporous coatings, this chapter uses 

mesoporous SiO2 as the starting material for bead preparation. This approach aims to eliminate the 

extra modification step and simplify the bead fabrication process. Although not detailed in this thesis, 

we have identified new and impactful research on SiO2 beads in photocatalysis, further extending the 

scope and impact of this research. 

 

7.1 Introduction 

As noted in Section 4.1, innovative microchannel-structured Al2O3 beads possessed the enhanced 

intraparticle diffusion for the catalytic degradation of SMX in a PMS-activated system. Further 

enhancing the specific surface area of these structured alumina beads by introducing gamma-alumina 

(Chapter 5) and carbon xerogel (Chapter 6) sols has been evidenced to further improve their catalytic 

performance, owing to the enhanced available active sites and other functional characteristics (e.g., 

synergistic effects). This chapter investigates the fabrication and characterisation of microchannel-

structured SiO2 beads of various diameters (2-3 mm) through a combined phase-inversion and sintering-

assisted approach at sintering temperatures ranging from 1000˚C to 1200˚C. Likewise, finger-like 

microstructures were also generated within these silica beads, but the width was way below alumina 

beads, approximately 10-20 μm. 

Different from α-Al2O3 powder used for the preparation of alumina beads in Chapter 4, Chapter 5, 

and Chapter 6, amorphous SiO2 powder has a high specific surface area (175-225 m2/g), low density 

(2.2 g/cm3), and non-crystalline forms, which contributed to the formation of beads with intrinsic high 

BET surface area. Interestingly, the sintering temperature plays a crucial role in the porosity, 

crystallinity, mechanical strength, and even the transparency of the silica beads, depending on additives 

and processing conditions. The transformation of amorphous SiO2 to combined cristobalite and quartz 

structures (crystalline forms) occurred at a sintering temperature of 1200˚C in this chapter. It was also 

found that the diameter of the silica beads varied at different sintering temperatures, and this process 

gave rise to the densification and the reduction the specific surface area, and thereafter the decline in 

the catalytic performance. In addition, the influence of the reaction temperature (20˚C, 30˚C, 40˚C, 

50˚C) and pH of the initial aqueous SMX solutions (3, 5, 7, 8, 9, 10) were systematically investigated 

in this chapter. The stability and reusability of 2Co/SiO2-1000C, and a plausible catalytic mechanism 

of 2Co/SiO2-1000CǀPMS system were also explored. It is worth noting that transparent microchannel-
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structured silica beads have also been prepared in this chapter, which would be advantages to large-

scale photocatalysis, and a comprehensive investigation were provided in the appendix for reference. 

 

7.2 Experimental 

7.2.1 Chemicals and materials 

Silicon oxide (amorphous fumed, S.A. 175-225 m2/g), cobalt nitrate hexahydrate (Co (NO3)26H2O, 99% 

pure), methanol (HPLC grade, ≥ 99.8%), and nitric acid (HNO3, analytical reagent grade, 70%) were 

purchased from Fisher Scientific. YSZ grinding media and NMP (99+%, ACS reagent) were purchased 

from Inframat Advanced Materials (USA) and ACROS Organics and Uniqema (UK), respectively. 

PMMA, Oxone® (PMS, KHSO5·0.5KHSO4·0.5K2SO4), SMX, p-benzoquinone (p-BQ, ≥ 98%), tert-

butanol (tBA, ≥ 99.5%), sodium azide (NaN3, ≥ 99.5%), and acetic acid (ReagentPlus®, ≥ 99%) were 

all obtained from Sigma-Aldrich. All chemicals were used as received without any further purification. 

Milli-Q water (18.3 MΩ cm at 25˚C) was used during the whole experimental process.  

 

7.2.2 Preparation of microchannel-structured SiO2 beads (SiO2-xC) 

Microchannel-structured silica beads of 2-3 mm in diameter were synthesised for the first time by a 

combined phase-inversion and sintering-assisted method. Detailed procedures are outlined as below: 

Initially, 15 g of amorphous SiO2 powder and 107.73 g of NMP solvent was milled with agate grinding 

media (20 mm balls) for 48 h to achieve a homogeneous suspension. Then, 13.64 g of PMMA was 

added and the suspension was continued for milling for another 48 h. The final transparent suspension 

was transferred to a gas-tight vacuum degassing chamber (DP 27, Applied Vacuum Engineering) and 

degassed under vacuum for 3 h, eliminating any trapped air within the suspension. Afterwards, the 

degassed suspension was transferred into a 100 mL stainless steel syringe and extruded at 0.2 mL/min 

into a water bath. The actual flow rate of the extrusion was controlled by a Chemyx Fusion 6000-X 

syringe pump, ensuring the uniformity of the prepared precursor silica beads. Throughout the entire 

extrusion process, the air gap between the water surface and the flat-tipped tube (1/4 inch) that 

connected to the syringe pump was set as 4.0 cm. Finally, after the completion of the phase inversion 

process by leaving the precursor silica beads in the water bath for 24 h, all beads were dried and then 

sintered in stagnant air (furnace BRF 16/5, Elite) at different temperatures (1000˚C, 1020˚C, 1050˚C, 

1100˚C, 1200˚C) for 3 h with a heating rate of 5˚C/min. According to the sintering temperature, the 

sintered microchannel-structured SiO2 beads were named as SiO2-xC, and x hereafter refers to the 

specific sintering temperatures (x = 1000, 1020, 1050, 1100, and 1200). For comparison, other annealing 

temperatures including 1040˚C, 1060˚C, 1080˚C, 1120˚C, 1180˚C, 1250˚C, 1300˚C, and 1350˚C were 
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also included in this work to investigate the decrease in BET surface area, changes in shrinkage 

percentage, and the phase transformation of SiO2 from amorphous to cristobalite as temperature 

increased, as shown in Figure A24 and Figure A25. The selection of five sintering temperatures (i.e., 

1000˚C, 1020˚C, 1050˚C, 1100˚C, and 1200˚C) in the main text was primary based on BET surface 

area, while other sintering temperatures (i.e., 1040˚C, 1060˚C, 1080˚C, 1120˚C, 1180˚C, 1250˚C, 

1300˚C, 1350˚C) were explored to gain a deeper understanding their relationship with various material 

properties, including the shrinkage percentage, porosity, phase transitions, and bead transparency.  

 

7.2.3 Preparation of cobalt-based catalysts (2Co/SiO2-xC) 

Cobalt oxide was incorporated into the silica beads by the conventional incipient wetness impregnation 

method. Firstly, 0.74 g of cobalt nitrate hexahydrate was dissolved in a certain amount of DI water, and 

then slowly added to 10 g of microchannel-structured SiO2 beads, resulting in a Co3O4 to SiO2 beads 

weight ratio of 2 wt.%. The amount of DI water added was just enough to immerse the SiO2 beads, and 

it varied because of the differing porosity and hygroscopicity of beads sintered at different temperatures, 

with 24.3 g, 15.4 g, 8.1 g, 7.6 g, and 6.0 g for SiO2-1000C, SiO2-1020C, SiO2-1050C, SiO2-1100C, and 

SiO2-1200C, respectively. Capillary motion could draw the cobalt precursor solution into the pores of 

silica beads [361]. Then, the catalyst precursor was dried and sintered at 450˚C for 3 h at a heating rate 

of 5˚C /min. These catalysts were denoted as 2Co/SiO2-xC, where “x” refers to the sintering 

temperatures, as previously illustrated.  

 

7.2.4 Characterisation and catalytic performance test 

The physicochemical properties of SiO2-xC and 2Co/SiO2-xC samples were characterised by XRD, 

BET, MIP, SEM, XPS and ICP, with additional detailed information available in Section 3.2. 

Furthermore, the catalytic performance of 2Co/SiO2-xC was evaluated for the degradation of SMX 

solutions in a PMS activated system. The experiments were carried out in a batch reactor in a water 

bath at 20 ˚C and connected with a mechanical overhead stirrer. Initially, 0.02 g of catalyst was placed 

in 100 mL of pollutant solutions with vigorously stirring at 150 rpm for 30 min to achieve the 

adsorption-desorption equilibrium. Afterwards, the catalytic reactions were triggered by adding PMS 

(0.1 g/L) and continued for another 120 min. Other detailed information, e.g., mobile phase and stirring 

speed, can be found in Section 3.3. 
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7.3 Results and discussion 

7.3.1 Phase compositions 

Figure 7-1  (a) presents the XRD patterns of SiO2 beads sintered at temperatures ranging from 1000˚C 

to 1200˚C. At sintering temperatures of 1000˚C, 1020˚C, 1050˚C, and 1100˚C, the SiO2 beads remained 

in an amorphous state, exhibiting a broad and weak diffraction peak cantered at 22.01˚ [362, 363]. 

Increasing the sintering temperature further to 1200 ˚C resulted in the formation of combined 

cristobalite and quartz structures. In this sample, main characteristic peaks at 21.98˚, 28.44˚, 31.46˚, 

36.08˚, 42.66˚, 44.84˚, 47.06˚, 48.61˚, 54.16˚, 57.08˚, 60.30˚, 62.02˚, and 65.10˚ correspond to (101), 

(111), (102), (200), (211), (202), (113), (212), (203), (301), (311), (302), (312) planes of cristobalite 

SiO2 (JCPDS PDF no. 39-1425) [364]. Partial weak peaks related to quartz SiO2 (JCPDS PDF no. 46-

1045) were also detected, notably 20.86˚ and 26.64˚ [363].  

After cobalt oxide was incorporated, the samples sintered at temperatures of 1000˚C, 1050˚C, and 

1050˚C exhibited no notable changes, except for the appearance of characteristic Co3O4 peaks (JCPDS 

PDF no. 42-1467) [285], confirming the successful loading of Co3O4. However, 2Co/SiO2-1100C 

showed a similar pattern to 2Co/SiO2-1200C, commencing the crystallisation process in the same way 

as SiO2-1200C did prior to cobalt loading. This phenomenon is consistent with previous results, in 

which the crystal transformation pathways of silica were altered in the presence of metallic oxide [363]. 

It has also been reported that the presences of metals prominently lowered the phase transformation 

temperature of silica [364, 365]. It is worth nothing that there were some 2Co/SiO2-1100C beads 

remained amorphous and untransformed, similar to SiO2-1100C before cobalt loading, as shown in the 

XRD patterns in Figure A26. Note that no distinct Co3O4 peaks could be observed in these two samples, 

probably due to their dense structures (Figure 7-2, Figure 7-5 (e)) and low specific surface area (Table 

A3), which inhibited the incorporation of excess cobalt precursor. 
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Figure 7-1 XRD patterns of (a) SiO2 beads sintered at temperatures ranging from 1000 ˚C to 1200 ˚C, and (b) 

sintered SiO2 beads after the incorporation of cobalt oxide. 

 

Table 7-1 summarises the textural properties, diameters, and shrinkage percentage of SiO2 beads before 

and after sintering at temperatures ranging from 1000˚C to 1200˚C. As can be seen from Table 7-1 and 

Table A3, SiO2-1000C possessed the highest BET surface area (112.10 m2/g) and the largest diameter 

(3.06 nm), which is beneficial for cobalt impregnation and adsorption of pollutant during AOPs 

reactions. The increase in sintering temperature caused a reduction both in the SBET and diameter 

accordingly, representing greater densification at higher temperatures [255]. As the calcination 

temperature rose to 1100˚C, SiO2-1100C showed an extremely limited SBET (8.06 m2/g), indicating that 

virtually all porous silica structures had vanished, and dense structures were formed instead. An 

overview of the photographic images and shrinkage percentage of silica beads before and after sintering 

(1000-1350˚C) can refer to Figure A25. 

Table 7-1 Textural properties of SiO2 beads sintered at temperatures ranging from 1000˚C to 1200˚C. 

Sample SBET 

(m2/g) 

VT (cc/g) Dp (nm) Diameter 

(mm) 

Shrinkage 

percentage (%) 

SiO2 (before sintering) 81.14 0.62 30.52 3.52 / 

SiO2-1000C 112.10 0.84 29.97 3.06 13.07 

SiO2-1020C 94.18 0.66 27.99 2.77 21.31 

SiO2-1050C 26.66 0.16 23.37 2.21 37.22 

SiO2-1100C 8.06 0.02 12.20 2.00  43.18 

SiO2-1200C 0.26 0.01 / 1.90  46.02 

SBET: Specific surface area; VT: Total pore volume; DP: Average pore diameter. 
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To further assess the impact of such densification, the pore structure of SiO2 beads after sintering at 

1000˚C, 1050˚C, 1100˚C and 1200˚C was analysed using MIP. As shown in Figure 7-2 (a), the peak 

between 10 nm and 100 nm, which represents the pore size of the microchannels entrances (Figure 7-3 

(a2)), was significantly affected by the sintering temperatures [255]. In addition, the peak intensity was 

obviously declined as the sintering temperature increased from 1000˚C to 1200˚C, which aligns with 

the BET results (Table 7-1), detailed MIP results (Table 7-2) and the SEM images (Figure 7-2 (b)), 

confirming densification at high sintering temperatures (1100 ˚C and 1200 ˚C). It can also be inferred 

that SiO2-1000C, SiO2-1020C and SiO2-1050C beads remained porous, although the porosity decreased 

progressively from 75.88% to 57.70%. In contrast, SiO2-1100C (15.32%) and SiO2-1200C (3.70%) 

became dense, which might have an adverse impact on the catalyst deposition.  

 

 

Figure 7-2 (a) MIP results of microchannel-structured silica beads sintered at different temperatures: SiO2-

1000C, SiO2-1050C, SiO2-1100C, and SiO2-1200C, and (b) their SEM images of the surface views. 
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Table 7-2 MIP results of microchannel-structured silica beads. 

Sample Total pore area 

(m2/g) 

Median pore diameter 

(nm) 
Porosity (%) 

Characteristic 

length* (nm) 

SiO2-1000C 150.80 51.80 75.88 58.70 

SiO2-1050C 66.29 47.40 57.70 30482.10 

SiO2-1100C 11.12 31.30 15.32 10064.40 

SiO2-1200C 0.63 28.70 3.70 13062.50 

*Refers to the pore throat size of the sample when the mercury-intruded pores start to percolate through the sample. 

To better visualise the shrinkage of these silica beads and their microstructures, Figure 7-3 presents 

photographic images, along with cross-sectional morphologies. As expected, SiO2-1100C (Figure 7-3 

(d)) and SiO2-1200C (Figure 7-3 (e)) had the lowest pellet size (~ 2.0 nm in diameter), and their inner 

surface (Figure 7-3 (d3, e3)) turned out to be sense and smooth. This agrees with the MIP results in 

Figure 7-2 and Table 7-2. On the contrary, SiO2-1000C (Figure 7-3 (a-a6)) exhibited a sparse and coarse 

texture, which accounted for its relatively larger specific surface area. Moreover, one of the most critical 

characteristics is its distinctive finger-like microstructures, with exposed facets measuring 

approximately 10-20 μm in width. Note that the microchannels possessed relatively uniform dimensions, 

as these structures formed in all directions within the silica beads during the phase-inversion process 

[164]. However, because silica beads were halved simply by a knife to expose their cross sections prior 

to the SEM analysis, resulting in varying cross-sectional views each time. As shown, all samples 

revealed finger-like microstructures with comparable widths, which facilitated the transportation of 

reactants and products in catalytic reactions. 

 

Figure 7-3 Photographic images of (a) SiO2-1000C, (b) SiO2-1020C, (c) SiO2-1050C, (d) SiO2-1100C, and (e) 

SiO2-1200C; SEM images of the cross-sectional views for (a2-a6) SiO2-1000C, (b2, b3) SiO2-1020C, (c2, c3) SiO2-

1050C, (d2, d3) SiO2-1100C, and (e2, e3) SiO2-1200C. 
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The chemical compositions and Co oxidation states of the SiO2-1000C sample after cobalt incorporation 

(2Co/SiO2-1000C) were analysed by XPS spectra. As illustrated in Figure 7-4 (a), the elements Si, O, 

C, and Co coexisted, though an extremely low peak intensity of Co was observed due to the amorphous 

structure (Figure 7-1  (b)) and low density (2.2 g/cm3) of 2Co/SiO2-1000C. The C 1s spectrum was 

adventitious carbon originated from the carbon grid during the sampling process. Figure 7-4 (b) 

displayed the Co 2p spectrum, which was divided into four main weak peaks. Two peaks at 779.8 eV 

and 794.8 eV corresponded to Co 2p3/2 and Co 2p1/2 of Co3+, whereas 781.6 eV and 797.1 eV were 

associated with Co 2p3/2 and Co 2p1/2 of Co2+, respectively [164, 366, 367]. As a matter of fact, a spin 

energy interval of 15 eV represents the mixed-valence Co3O4, which verified the successfully 

incorporation of Co3O4 [294]. This is consistent with the XRD results (Figure 7-1  (b)) and ICP results 

where the Co content in 2Co/SiO2-1000C after chemical digestion was measured to be 1.63%. In terms 

of Si 2p spectra (Figure 7-4 (c)), only one peak cantered at 103.5 eV was detected, which was ascribed 

to the Si-O bond [368]. In Figure 7-4 (d), the O 1s spectrum could be deconvoluted into two peaks, with 

532.8 eV corresponding to Si-O of SiO2 and 533.4 eV associating with OH groups adsorbed on the 

surface of SiO2 [369, 370]. 

 

Figure 7-4 (a) XPS survey spectra and high-resolution XPS spectra of (b) Co, (c) Si, and (d) O for the sample 

2Co/SiO2-1000C. 
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7.3.2 Catalytic degradation of SMX 

The catalytic performance of microchannel-structured silica beads was evaluated in a PMS-activated 

AOPs reaction system for the degradation of SMX aqueous solutions. As shown in Figure 7-5 (a), the 

self-degradation of SMX was negligible (< 0.1%) and its decontamination by adding PMS only was 

limited (28.2%). When 2Co/SiO2-xC beads were applied, the SMX removal efficiency significantly 

enhanced, with 90.7%, 78.4%, 63.5%, 73.9%, and 75.9% for 2Co/SiO2-1000C, 2Co/SiO2-1020C, 

2Co/SiO2-1050C, 2Co/SiO2-1100C, and 2Co/SiO2-1200C, respectively. As expected, the catalytic 

performance decreased as the SBET declined for beads sintered at temperatures ranging from 1000˚C to 

1050˚C. However, it is important to highlight that 2Co/SiO2-1100C and 2Co/SiO2-1200C did not follow 

this trend, since their densification and low SBET made it challenging to deposit cobalt-based catalysts 

inside the silica beads. As can be seen from Figure 7-5 (e), only small amounts of cobalt oxides could 

be loaded onto the 2Co/SiO2-1100C and 2Co/SiO2-1200C beads due to their smooth and dense 

structures, with this issue being even worse for 2Co/SiO2-1200C. Additionally, the water turbulence 

caused by the magnetic stirrer during the catalytic reaction easily led to the catalysts peeling off the 

smooth surface of silica beads due to weak adhesion.  

Likewise, when the SMX concentration increased to 40 mg/L (Figure 7-5 (b)), the SMX degradation 

displayed a similar pattern, with 2Co/SiO2-1000C (76.3%) > 2Co/SiO2-1020C (54.1%) > 2Co/SiO2-

1050C (45.3%). The high catalytic efficiency of 2Co/SiO2-1100C (82.1%) and 2Co/SiO2-1200C (82.2%) 

samples was attributed to the involve of relatively more catalyst powder in the reaction system, which 

was detached during the sample weighing process. As a result, it is inappropriate to compare their SMX 

removal efficiency with other silica beads. Regardless of these two bizarre samples, the corresponding 

rate constants at 20 mg/L (Figure 7-5 (c)) and 40 mg/L (Figure 7-5 (d)) also showed a downward trend 

due to the decrease of SBET (Table 7-1) and porosity (Table 7-2), which is in line with the degradation 

efficiency. Hence, in this chapter, the specific surface area and porosity of the silica beads played key 

roles in the catalytic degradation of SMX pollutants. 
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Figure 7-5 (a) Degradation of 20 mg/L SMX using silica beads sintered at different temperatures, (c) the 

corresponding rate constants; (b) Degradation of 40 mg/L SMX using silica beads sintered at different 

temperatures, (d) the corresponding rate constants, and (e) photographic images of silica beads sintered at 

different temperatures. Reaction Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.2 g/L, r = 150 rpm, T = 20 ˚C. 

 

Furthermore, the influence of initial pH was also carried out by adjusting with either 0.1 M NaOH or 

0.1 M HCl, as shown in Figure 7-6 (a). Apparently, 2Co/SiO2-1000C could degrade organic pollutants 

in a wide pH range, even in the strong acid (pH = 3) and alkaline (pH = 10) conditions. A slight drop 

of SMX removal efficiency in acidic solutions (80.4%) was attributed to the consumption of HSO5
- by 

H+, preventing the redox cycles of Co2+/Co3+ [341]. In comparison, 86.6% of SMX was removed at pH 

10, which is lower than the removal rates at pH 5 (90.7%), pH 7 (96.5%), pH 8 (95.9%), and pH 9 

(90.5%). This is because the main reactive species, SO4·- (E˚ =2.5-3.1 V, t1/2 = 30 μs), could be 

transformed to ·OH species with lower redox potential (E˚ =1.8-2.7 V) and a shorter half-life time (t1/2 

= 20 ns) in strong base solutions [212, 213]. 
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Figure 7-6 (b) depicts the influence of reaction temperature in the range of 20˚C to 50˚C. As expected, 

the SMX removal efficiency significantly boosted as the reaction temperature went up, with 90.7 % of 

SMX eliminated at 20˚C and nearly 100% degraded at 30˚C, 40˚C, and 50˚C, respectively, within 120 

min. According to the Arrhenius equation (Equation 4-2), the rate constant of the reaction is 

proportional to the reaction temperature [164]. This implies that as the temperature rises, the probability 

of overcoming the activation energy barrier also increases. The activation energy was calculated via 

linear fitting of lnk versus 1/T and were determined to be 18.11 kJ/mol for 20 mg/L SMX removal. It 

was reported that when the EA values for catalytic reactions were higher than 10-13 kJ/mol, the reactions 

might be diffusion-controlled [298]. Therefore, the degradation process at the solid-liquid interface in 

2Co/SiO2-1000C might be dominated by the chemical reaction rate. Exposing more and larger pores on 

the surface of the silica beads might be advantageous to the diffusional resistance, which will be 

explored in our future work. 

 

 

Figure 7-6 (a) Influence of initial pH for the degradation of 20 mg/L SMX, (b) Influence of reaction temperature 

for the degradation of 20 mg/L SMX (catalyst: 2Co/SiO2-1000C). Reaction Conditions: [PMS]0 = 0.1 g/L, 

[catalyst]0 = 0.02 g/L, r = 150 rpm, T = 20 ˚C. 

 

7.3.3 Possible catalytic reaction pathways and mechanism 

To distinguish the main reactive species and their contributions to the 2Co/SiO2-1000C|PMS system, 

MeOH was used as a quencher of both SO4·- and ·OH for SMX decontamination, while certain amounts 

of NaN3, p-BQ, and tBA were used as scavengers to capture 1O2, ·O2
-, ·OH, respectively [300, 301]. As 

shown in Figure 7-7, when NaN3 was added, the reaction efficiency was significantly suppressed from 

88.6% to 10.2%, suggesting that 1O2 might be the dominant radical. Given that the two main 1O2 

quenchers, both NaN3 and furfuryl, might consume SO4
-· during the quenching experiment [284], 

additional characterisation techniques such as the electron spin resonance analysis are required to 
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determine the involvement of 1O2. However, the role of 1O2 in relation to Co3O4 catalyst has been 

extensively investigated [371-373] and is beyond the scope of this research. In contrast, the introduction 

of p-BQ, tBA, and MeOH caused a suppression of 35.6%, 3.2%, and 54.4% for SMX removal, 

indicating the pivotal role of both ·O2
- and SO4·-, as well as the negligible contribution of ·OH, 

respectively. Besides, Figure 7-7 (b-d)) illuminated that the SMX removal efficiency for p-BQ, MeOH, 

and tBA levelled off at 5 mM, 400 mM, and 100 mM, respectively, supporting the appropriateness of 

the scavenger dose in Figure 7-7 (a).  

 

 

Figure 7-7 (a) Influence of quenching agents on SMX degradation, (b) influence of the p-BQ dosage, (c) influence 

of MeOH addition, and (d) influence of tBA addition (catalyst: 2Co/SiO2-1000C). Reaction Conditions: [PMS]0 

= 0.1 g/L, [catalyst]0 = 0.02 g/L, r = 150 rpm, T = 20 ˚C. 

 

Based on the quenching experimental results, a possible activation mechanism of SMX 

decontamination in 2Co/SiO2-1000CǀPMS system was revealed. As shown in Figure 7-8, when the 

oxidizing agent PMS (HSO5
-) was introduced, it was activated by the cobalt active phase (Co2+), both 

on the surface of the silica beads and microchannels. The activation process broke down the PMS 

molecules into reactive species SO4·-, accompanying with the generation of Co3+ (Equation 4-3). At the 

same time, Co3+ accepted electrons from HSO5
- to yield Co2+, SO5·-, and 1O2 (Equations 4-4, 4-9, 5-1, 

5-2), which facilitated the redox cycle of Co2+/Co3+ and thus a robust and long-term catalytic 

mineralisation of organic contaminants. Besides, ·OH and ·O2
- radicals were also generated by the side 

reactions (Equations 4-5, 4-7, 4-8). In short, the degradation of SMX molecules into smaller 



J. Zheng, PhD Thesis, Aston University 2024 

     131 

 

intermediates or complete mineralisation (Equation 4-10) was driven by the generated radicals (SO4·- 

and ·O2
-) and non-radical species (1O2) in 2Co/SiO2-1000CǀPMS system. 

 

 

Figure 7-8 A proposed catalytic mechanism for SMX removal by 2Co/SiO2-1000CǀPMS system 

 

7.3.4 Reusability and stability 

The cycling reusability and stability of 2Co/SiO2-1000C was assessed to explore its potential for 

practical wastewater treatment applications. After each cycle, silica beads were separated by simply 

pouring out the SMX aqueous solution and rinsing them with deionised water. For comparison, catalyst 

regeneration was performed by post-sintering at 450 ˚C for 1h prior to the 5th, 9th, and 13th runs. As 

shown in Figure 7-9, when the silica beads were washed only with deionised water, the SMX 

degradation efficiency declined from 91.02% to 86.02%, 74.76%, 66.00%, within 120 min in the 2nd, 

3rd, and 4th run, respectively. This might be related to the adsorption of reactants and by-products on the 

surface of the cobalt-based catalysts, which lowered the amounts of exposed active sites, preventing 

pollutant decontamination efficiency, as evidenced by the SEM images (Figure 7-10 (c2)).  
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Figure 7-9 Reusability and stability of the sample 2Co/SiO2-1000C on SMX removal for 16 consecutive cycles 

with being cleaned by DI water only (1st, 2nd, 3rd, 4th, 6th, 7th, 8th, 10th, 11th, 12th, 14th, 15th, 16th) or being regenerated 

by post-sintering at 450 ˚C for 1h (5th, 9th, 13th). Reaction Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.2 g/L, r 

= 150 rpm, T = 20 ˚C. 

 

Notably, the SMX elimination efficiency was instantly recovered after the post-sintering treatment (5th 

cycle), achieving a comparable efficiency of 91.57% within 90 minutes, compared to the fresh sample`s 

91.02% in 120 min. This tendency was echoed in the second (9th cycle, 89.44% removal in 30 min) and 

third regenerations (13th cycle, 88.91% removal in 30 min), representing the efficiency of the 

regeneration method as well as the extraordinary stability and reusability of the silica beads. Likewise, 

it is rare for the used catalyst to exhibit significantly higher catalytic performance than the fresh one, as 

the intrinsic properties of catalyst powders typically display a downward trend in the mineralisation of 

organic pollutants due to the unceasing depletion of exposed active sites. As illustrated in Chapter 4 

and Chapter 5, the distinctive catalyst substrates (ceramic beads of 3 mm in diameter) in this research 

promoted the persistent exposure of accessible cobalt sites and eased the intraparticle diffusion 

resistance. As shown in Figure 7-10 (d2-d3), the sample used for 16 times after regeneration in this 

chapter also displayed extra larger open channels on the surface (~ 1-2 μm), and thus facilitating the 

transportation of reactants and products. It is reasonable to infer that the catalytic performance could be 

further enhanced by removing the thin skin layer on the surface of the silica beads, a hypothesis that 

will be explored in future work. Finally, the XRD patterns of used silica beads in Figure 7-10 (a) and 

Figure A27 displayed no obvious changes, indicating the exceptional stability of the beads.  
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Figure 7-10 (a) XRD patterns of the 2Co/SiO2-1000C before and after used for once, 16 times, and 16 times after 

post-sintering; SEM images of the (b) cross-sectional view and (b2-b3) surface views of 2Co/SiO2-1000C; (c) 

cross-sectional view and (c2-c3) surface views of 2Co/SiO2-1000C used for 16 times (2Co/SiO2-1000C (16th)); (d) 

cross-sectional view and (d2-d3) surface views of 2Co/SiO2-1000C used for 16 times after post-sintering 

(2Co/SiO2-1000C (16p)). 

 

7.4 Conclusion 

In summary, this chapter introduced the preparation of novel microchannel-structured silica beads of 2-

3 mm in diameter, depending on the sintering temperature, for the first time by the phase-inversion and 

sintering-assisted method. The catalytic performance of these beads was examined by the degradation 

of SMX in a PMS-activated reaction system, with key findings summarised as below:  

(1) Before sintering, the diameter of the beads was 3.5 mm, but it reduced to 3.1 mm, 2.8 mm, 2.2 

mm, 2.0 mm, and 1.9 mm after being sintered at 1000˚C, 1020˚C, 1050˚C, 1100˚C, and 1200˚C, 

respectively.  

(2) The sintering process also caused a densification and decrease in the specific surface area that 

significantly affecting the catalytic performance, particularly for beads 2Co/SiO2-1100C and 

2Co/SiO2-1200C. As expected, 2Co/SiO2-1000C with the highest specific surface area resulted 

in the best catalytic activity for the degradation of SMX in the PMS activated AOPs system, 

which could be ascribed to the sufficient accessible active sites on the substrates, allowing for 

uniform dispersion of the cobalt-based catalysts.  

(3) The influence of reaction temperature and the pH of the initial aqueous SMX solutions 

demonstrated that this catalytic reaction system (2Co/SiO2-1000CǀPMS) was stable and active 

across a broad pH range (3.0-10.0), with the reaction being kinetically controlled.  
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(4) More importantly, 2Co/SiO2-1000C after being used and regenerated exhibited a significantly 

higher catalytic performance (13th run, 88.91% in 30 min) than the fresh one (91.02% removal 

in 120 min), which is similar to the findings observed in Chapter 4 and Chapter 5.  

The unique finger-like microstructures, wide pH applicability, and exceptional reusability of these silica 

beads would be favourable to large-scale diffusion-limited chemical reactions. 
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8. Chapter 8 Summary and outlook 

Chapter 8 functions as the concluding chapter of this PhD thesis, delivering a thorough summary of the 

key research findings. Besides, this chapter presents an in-depth exploration of future avenues for the 

development and application of innovative microchannel-structured ceramic beads, highlighting 

potential strategies for their synthesis and application. 

 

8.1 Summary 

The long-standing challenge of balancing mass transfer resistance with pressure drop in catalytic 

reactions continues to limit advancements in catalysis and reaction engineering technology. Process 

intensification holds tremendous promise for cleaner, safer, and more energy efficient process in 

achieving both satisfying diffusional resistance and pressure drop. However, each process-intensifying 

technology has its own set of benefits and drawbacks. Innovations for catalyst substrates, particularly 

spherical beads of millimetres in diameter with unique microstructures, are of highly demanded. This 

thesis investigated the fabrication and characterisation of innovative microchannel-structured alumina 

beads and silica beads, featuring finger-like microstructures of tens of microns in width, for the first 

time. The large bead sizes (2-3 mm in diameter) and distinctive microchannels within the beads are 

capable of achieving both low pressure drop and reduced mass transfer resistance. These transferable 

advantages can advance the development of a broad spectrum of heterogeneous catalysis for efficient 

and durable catalytic reactions, benefiting both academia and industry.  

In order to validate the structural advantages of this catalyst substrate design, a PMS-activated AOPs 

reaction system was applied to degrade organic pollutants under different reaction conditions, e.g. SMX 

concentrations, reaction temperatures. Chapter 4 examined the catalytic performance of three different 

configurations of alumina beads, with 2Co/MSCB2 (beads with finger-like microstructures and no outer 

skin layer) exhibiting the best degradation efficiency towards SMX degradation as compared to 

2Co/MSCB0 (beads with a common isotropic pore structure) and 2Co/MSCB1 (beads with radial 

finger-like microstructures and a denser outer skin-layer), particularly when operating at higher SMX 

concentrations and higher reaction temperatures. The improved SMX removal efficiency could be 

attributed to the reduced diffusional resistance and abundant available active sites on the micro-channels 

within the beads, which experimentally evidenced the structural advantages of this catalyst substrate 

design. 

Considering the inherent small specific surface area of the alpha-phase alumina beads, Chapter 5 

introduced gamma-phase alumina, a commonly used washcoatings with relatively large surface area 

(202.00 m2/g), onto the inner surface of the microchannels within the alumina beads using a combined 

sol-gel and dip-coating method. In this chapter, cobalt-based catalysts were incorporated by two 

impregnation methods, i.e., two-step sequential impregnation method (2Co/ASx) and one-step co-
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impregnation method (2Co/ASx (co-imp.)). As expected, the degradation efficiency for 2Co/ASx and 

2Co/ASx (co-imp.) greatly improved with the rise in specific surface area (6.31-21.05 m2/g) under all 

reaction conditions (10 mg/L SMX, 20 mg/L SMX, 40 mg/L SMX, 20˚C, 40˚C), owing to the increased 

accessible active sites. However, the specific surface area and sizes of exposed open channels on the 

bead surface for 2Co/ASx and 2Co/ASx (co-imp.) varied, which led to discrepancy in the distribution 

of catalytic active sites and mass transfer resistance. As noted, 2Co/ASx (co-imp.) tended to be more 

easily blocked by γ-Al2O3 granules at high γ-Al2O3 sol loadings, which boosted the mass transfer 

resistance. A balanced surface area and open channel size were beneficial to achieve the best catalytic 

performance. 

In Chapter 5, the specific surface area of the sample could reach as high as 21.05 m2/g, and a blockage 

of the exposed open channels on the bead surface at high γ-Al2O3 loadings hindered the growth of more 

gamma-Al2O3 sols, thereby limiting any additional increase in surface area. Therefore, Chapter 6 

introduced an alternative mesoporous material, carbon xerogel, which offered a higher specific surface 

area (49.33 m2/g) and additional functionalities compared to γ-Al2O3, beneficial to fulfil their potential 

for diverse applications in the future. It was found that alumina beads with increased SSA by 

incorporating CX washcoatings (2Co/ACX1) exhibited the highest catalytic activity than the base one 

(2Co/ACX0) and γ-Al2O3 washcoatings (2Co/AS4). Under identical reaction conditions, the reaction 

rate of 2Co/ACX1 was 10.83 times higher than that of 2Co/ACX0 (labelled as 2Co/MSCB2 in Chapter 

4 and 2Co/AS0 in Chapter 5) and 6.39 times higher than that of 2Co/AS4. This was attributed to a 

synergistic effect resulting from a better dispersion of cobalt catalytic phase (higher SSA), remarkable 

adsorption capacity of carbon xerogels, the coexistence of two PMS activation species (activated by 

Co3O4 and carbon xerogels), nanoconfined pore effect, and reduced mass transfer resistance, within the 

AOPs system.  

Apart from alumina-based beads detailed in Chapter 4 to Chapter 6, Chapter 7 highlighted the 

fabrication and characterisation of silica-based beads of 2-3 mm in diameter. These innovative 

microchannel-structured silica beads with finger-like microstructures (10-20 μm in width) were 

prepared using a combined phase-inversion and sintering-assisted method for the first time. Sintering 

temperature played a key role in the properties of silica beads, such as the specific surface area, the bead 

sizes, degree of crystallinity, and porosity. This had an enormous impact on the diffusional resistance, 

and thereby significantly affecting the catalytic performance. In this chapter, 2Co/SiO2-1000C with the 

highest specific surface area resulted in the best catalytic activity for the degradation of SMX in the 

PMS activated AOPs system, which could be ascribed to the sufficient accessible active sites on the 

substrates, allowing for uniform dispersion of the cobalt-based catalysts.  

Most importantly, 2Co/MSCB2 (Chapter 4), 2Co/AS4 (Chapter 5), and 2Co/SiO2-1000C (Chapter 

7) after being used and regenerated all exhibited a significantly higher catalytic performance than the 

fresh ones. Specifically, 2Co/MSCB2 could degrade 70.83% of SMX in 20 min for the16th run and 

70.47% of SMX in 120 min for the fresh sample; 2Co/AS4 could remove 96.32% of SMX in 20 min 
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for the 9th run and 95.75% of SMX in 120 min for the fresh sample; 2Co/SiO2-1000C could remove 

88.91% of SMX in 20 min for the 13th run and 91.02% of SMX in 120 min for the fresh sample. This 

could be ascribed to the more and larger exposed open channels on the surface layer of micro-structured 

ceramic beads, which further reduced the intraparticle diffusion resistance in the AOPs reactions.  

Finally, the radical quenching experiment and the catalytic mechanism of all reaction systems – 

2Co/MSCB2ǀPMS (Chapter 4), 2Co/AS4ǀPMS (Chapter 5), 2Co/ACX1ǀPMS (Chapter 6), and 

2Co/SiO2-1000CǀPMS (Chapter 7) towards SMX degradation were explored. We believe that the 

structural advantages of this catalyst substrate design – distinctive finger-like microstructures within 

the millimetre-size ceramic beads to balance mass transfer resistance with pressure drop – exceptional 

stability and reusability of the beads, can advance the development of a broad spectrum of 

heterogeneous catalysis in large-scale diffusion-limited chemical reactions, including process 

intensification at the microscale level.  

 

8.2 Outlook 

8.2.1 Moving from batch process to continuous flow process 

In this PhD research, the feasibility of finger-like microstructures for significantly enhancing mass 

transfer in millimetre-sized spherical ceramic beads has been experimentally validated. This work 

focused on the catalytic reactions in a batch process, which was simpler than continuous flow process. 

For practical applications, it is recommended to conduct reactions in a continuous operation mode, 

benefiting from its higher efficiency, enhanced scalability flexibility, and improved productivity [374]. 

The major drawback of moving from batch to continuous manufacturing process for large ceramic beads 

is the need to operate at low flow rates to minimise diffusional resistance. However, microchannel-

structured ceramic beads, any of MSCB2, ASx, ACXx, or SiO2-xC in this thesis, hold great potential 

for continuous manufacturing process at high flow rates/GHSV. As shown in Figure 8-1, a continuous 

flow process has been set up, where commercial ceramic beads undergo random stacking, while 

microchannel-structured ceramic beads are easily packed randomly with higher packing density owing 

to their uniform spherical shape. Wastewater can be pumped through pipes and gauged using a flow 

meter before being directed to the catalyst beds, where it reacts with the activate sites. Subsequently, 

the treated water can be collected in a clean container for further analysis. However, this reaction has 

not been carried out as planned due to time constraints and will be continued in future projects. 
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Figure 8-1 Photographic image of the setup for a continuous flow using commercial ceramic beads and 

microchannel-structured ceramic beads as the catalyst bed. 

 

8.2.2 Transparent microchannel-structured silica beads for photocatalysis 

In addition, as noted in Chapter 7, higher sintering temperatures resulted in a dense structure of the 

silica beads. Figure A25 displayed the graphic images of silica beads sintered at temperatures from 

1100˚C to 1350˚C for either 3 hours or 6 hours. It can be seen that transparent silica beads can be formed 

at a limited range of sintering temperatures (1100˚C -1250˚C), with 1100˚C for 6 hours exhibiting a 

completely transparent morphology for all beads. Figure A25 (i) confirmed that these beads (SiO2-

1100C-6h) are amorphous and non-crystalline, which can serve as catalyst supports for large-scale 

photocatalysis. Figure 8-2 also shows the graphic images of these transparent microchannel-structured 

silica beads. Finger-like microstructures were distinctly visible in the cross section, and this is even 

more obvious in water, as shown in Figure 8-2 (a1, a3). 
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Figure 8-2 Photographic images of (a) transparent and non-transparent silica beads, (a1) cross-sectional view 

and (a2) surface view of transparent silica beads, (a3) transparent silica beads in two drops of water, (a4-a5) 

transparent silica beads on the printed paper. 

 

8.2.3 Fabrication of other microchannel-structured beads 

In this thesis, two inorganic materials, i.e., alpha-phase alumina (high density) and silica (low density) 

have been applied to prepare innovative microchannel-structured beads. The mass transfer has been 

validated to be improved owing to the distinctive finger-like microstructures. Heat transfer, however, 

is another crucial factor that determines the reaction rate and productivity, particularly for temperature-

sensitive reactions, such as Fischer-Tropsch synthesis (FTS) [375]. For instance, Akbarzadeh et al. 

reported that as temperature increased from 200˚C to 280˚C over 95Co5Mn/CNT, CO conversion 

increased from 59.5% to 88.2%, while the C5+ selectivity decreased from 83.2% to 61.7% [376]. 

Moreover, it is known that FTS is a highly exothermic reaction, but the FT product distribution is 

extremely sensitive to the reaction temperature [377]. Therefore, it is foremost for strategies to maintain 

a heterogeneous gradient in the catalyst bed to remove the extra heat from the reactor, such as by 

introducing a heat-conducting additive into/on the catalyst [378], utilising high thermal conductive 

materials as catalyst support [379], and using micro-structured and monolith-reactors [380]. Otherwise, 

an inefficient temperature control would shift the product distribution to lighter hydrocarbons, such as 

undesired methane, because of the formation of localised “hot spots” inside the catalytic bed by 

exposing parts of the catalysts to too high temperatures [381]. Herein, it is worth noting that high 

thermal conductive materials, such as copper, are ideal inorganic materials for the preparation of 

microchannel-structured beads for achieving improved mass and heat transfer. 
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Appendix 1 Supplementary Information for Chapter 4 

A1-1 Preparation of spherical microchannel-structured ceramic beads (MSCBs). 

The concept of spherical micro-structured ceramic bead formation via the phase-inversion process for 

the AOPs processes was first developed in our work. This process is heavily reliant on two key factors: 

the chemical parameters (the composition of the ceramic suspension) and the physical/mechanical 

parameters of the shaping process (the dimensions of the flat-tipped tube connected to the syringe, the 

extrusion flow rates, the air gap between the tube and the water surface, and the height of the water 

bath). Both define the shaping process and affect the final properties of the micro-structured ceramic 

beads (MSCBs).  

 

A1-1.1 Effect of the suspension compositions 

The composition of the suspension plays a key role in shaping the ceramic beads as it determines the 

solidification of the droplets. Therefore, apart from the alumina powder dispersed in the solvent NMP, 

PMMA was applied as a binder and a matrix for the ceramic powder to solidify the droplets. Simplify 

for description, beads with various weight percentage (m wt.%) of α-Al2O3 powder in the suspension 

were named m wt.% Al2O3. Meanwhile, beads of the best Al2O3 content (52 wt.% Al2O3) with the 

adjustment of PMMA addition and change of solvent from NMP to DMSO were named 52 wt.% Al2O3 

+ n g of PMMA and 52 wt.% Al2O3 + 15 g of PMMA-DMSO, respectively. We can see from Figure 

A1 (c), (f) and (g) that the introduction of additional PMMA resulted in the formation of short tails, 

attributed to the increased viscosity of the ceramic suspension. Likewise, larger Al2O3 concentrations 

(Figure A1 (d) and Figure A1 (e)) enhanced suspension viscosity as well, ultimately triggering the 

occurrence of tails. However, when the weight percentage of Al2O3 is insufficient, such as 47 wt.% in 

Figure A1 (a) and 50 wt.% in Figure A1 (b), the spherical beads could not be generated due to the small 

Van der Waals forces participating in the particle clustering and forming agglomerates [176, 382]. The 

optimum Al2O3 concentration for the development of spherical ceramic beads is 52 wt.%, as shown in 

Figure A1 (c). Furthermore, it was observed that substituting the solvent NMP with DMSO (as depicted 

in Figure A1 (h)) gave rise to the formation of ceramic beads with an ellipsoidal shape and short tails, 

although other ingredients remained the same.  
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Figure A1 Photographic images of ceramic beads of various alumina contents, PMMA addition, and solvents: (a) 

47 wt.% Al2O3, (b) 50 wt.% Al2O3, (c) 52 wt.% Al2O3, (d) 54 wt.% Al2O3, (e) 56 wt.% Al2O3, (f) 52 wt.% Al2O3 + 

17g PMMA, (g) 52 wt.% Al2O3 + 19g PMMA, and (h) 52 wt.% Al2O3 + 15g PMMA-DMSO. 

 

A1-1.2 Effect of the flat-tipped tube 

In addition, the dimensions of the flat-tipped tube that connects to the syringe are dependent on the final 

sizes of the ceramic beads. In this work, two main diameters of the ceramic beads have been synthesised 

by adjusting the suspension compositions and the inner diameter of the flat-tipped tube/needle, and the 

photographic images and sizes of these ceramic beads are shown in Figure A2 and Figure A3. When 

the syringe pump was connected to a 1/8`` tube with an extrusion flow rate of 0.1 mL/min, the diameters 

of the ceramic beads came out to be approximately 3 mm. In contrast, using a smaller flat-tipped needle 

with an inner diameter of 0.7 mm resulted in formation of smaller ceramic beads (⁓2 mm), as expected. 

Furthermore, as the extrusion flow rate increased, tails emerged owing to inertia during the extrusion 

process. Further increasing the extrusion flow rates to 1 mL/min or beyond, the ceramic suspension 

tended to constantly detach from the tube, resulting in the formation of elongated ceramic tubes instead 

of spherical beads. 
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Figure A2 Photographic images of ceramic beads (⁓3 mm in diameter) of various alumina contents and PMMA 

addition: (a) 47 wt.% Al2O3, (b) 50 wt.% Al2O3, (c) 52 wt.% Al2O3, (d) 54 wt.% Al2O3, (e) 56 wt.% Al2O3, (f) 52 

wt.% Al2O3 + 17g PMMA, (g) 52 wt.% Al2O3 + 19g PMMA, and (h) 52 wt.% Al2O3 after sintering (i.e., MSCB1). 

 

A1-1.3 Effect of the air gap  

During the extrusion process, the droplet adhered to the tube/needle and when gravitational forces 

exceeded the adhesion force, the droplet was dragged down and released from the tip. After leaving the 

tube/needle, the droplets can be either floated, squashed, or show peculiar shapes depending on the air 

gap between the alumina suspension and the water surface. Figure A4 displays the morphological state 

of ceramic pellets when different air gaps were applied during the extrusion process. Smaller air gaps 

in Figure A4 (a)-(c) (0 – 1.7 cm) led to floating samples or ceramic particles with short tails, whilst 

greater air gaps in Figure A4 (e) (> 4 cm) resulted in flat or ellipsoidal beads. The optimum air gap for 

the formation of spherical ceramic beads from 52 wt.% Al2O3 ceramic suspension is 2.0 cm. 
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Figure A3 Photographic images of ceramic beads (⁓2 mm in diameter) of various alumina contents and PMMA 

addition: (a) 47 wt.% Al2O3-2mm, (b) 50 wt.% Al2O3-2mm, (c) 52 wt.% Al2O3-2mm, (d) 54 wt.% Al2O3-2mm, (e) 

56 wt.% Al2O3-2mm, (f) 52 wt.% Al2O3 + 17g PMMA-2mm, (g) 56 wt.% Al2O3 + 17g PMMA-2mm, and (h) 56 

wt.% Al2O3 + 19g PMMA-2mm. 

 

A1-1.4 Effect of the depth of the water bath  

It is well-known that the phase-inversion process occurs in seconds at the interface of the nonsolvent-

solvent when the first drop of ceramic slurry hits the surface of the nonsolvent [179, 383]. The exchange 

of solvent (NMP) and nonsolvent (water) introduces phase separation through the suggested non-

isotropic nucleus growth, resulting in the formation of finger-like macro-voids inside as well as the 

micro-meter sized sponge-like structure on the surface of the ceramic beads [384]. While the 

solidification and phase-inversion are in progress, the spherical ceramic beads should remain in the 

water rather than settle at the bottom or reach the walls of the water bath. This is because the partial 

deformation easily induced by the physical extrusion process can have adverse impacts on micro-

channel generation. For instance, the region where physical extrusion occurs may develop partial 

sponge-like structures, as shown in Figure A4 (f) in red dot frames. The micro-structured ceramic beads 

in this work were prepared when the depth of the water bath was higher than 50 cm. 
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Figure A4 Photographic images of ceramic suspension of 52 wt.% Al2O3 + 15 g PMMA-NMP with an air gap of 

(a) 1 cm, (b) 1.5 cm, (c) 1.7 cm, (d) 2 cm, and (e) 5 cm; Photographic images of ceramic bead 52 wt.% Al2O3 with 

different depths of water bath: (f) < 50 cm; (g) > 50 cm; SEM image of the cross-sectional view of (h) 5Co/MSCB2 

and (i) a higher magnification (50 μm). 
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A1-2 Property of 2Co/MSCBx samples 

 

Figure A5 EDS mapping results of Al, O and Co elements for the surface of (a) 2Co/MSCB0; (b) the surface and 

(c) cross-section of 2Co/MSCB1. 
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A1-3 MIP results for MSCBs with various alumina concentrations and sizes 

Figure A6 provided detailed MIP information for all as-prepared samples, which followed a similar 

trend to the MSCB1 and MSCB2, with samples without the skin layer exhibiting large pores. 

Additionally, porosity and pore diameters tend to shift to a smaller value when more alumina was added 

to the ceramic suspension. This can be attributed to the fact that the more Al2O3 contents in the ceramic 

suspension, the more sponge-like structures can be formed than finger-like structures during the phase-

inversion process. In addition, samples with smaller diameters (2 mm) possessed slightly smaller pore 

diameters on the surface than those of 3 mm samples. 

 

 

Figure A6 Pore size distribution of sintered micro-structured ceramic beads of different Al2O3 concentrations (a) 

with dense sponge-like structures (MSCB1) and exposed open channels (MSCB2) on the surface layer and (b) 

with various slurry compositions or diameters by mercury intrusion porosimetry technique; (c) MIP results of 

micro-structured ceramic beads. 
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A1-4 Catalytic performance analysis 

 

 

Figure A7 Effect of PMS dosage on the degradation of 20 mg/L SMX at 20 ˚C. 
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Figure A8 Effect of reaction parameters on the degradation of SMX, their reaction kinetics and the corresponding 

rate constants (insert): (a, b) [SMX]0 = 50 mg/L, T = 20 °C; (c, d) [SMX]0 = 50 mg/L, T = 50 °C. Reaction 

Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.2 g/L, r = 150 rpm. 

 

 

Table A1 Textural properties of α-Al2O3-based ceramic beads. 

Sample 
Surface area (m2/g) Total pore volume 

(×10-2 cc/g) 

Average pore 

diameter (nm) 

MSCB0 4.02 1.39 13.78 

2Co/MSCB0 2.77 1.16 16.76 

MSCB1 4.07 1.37 13.46 

2Co/MSCB1 6.85 2.02 11.80 

MSCB2 3.65 1.35 14.82 

2Co/MSCB2 3.12 1.50 19.23 
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Appendix 2 Supplementary Information for Chapter 5 

A2-1 Effect of sintering temperatures on the Co3O4 formation 

 

Figure A9 XRD patterns of Co3O4/γ-Al2O3 sintered at different temperatures. 
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A2-2 SEM images of ASx samples synthesised by two different methods 

Test A2-2 SEM images of ASx samples after incorporating 2 wt.% Co3O4 by two different 

methods 

Figure A10 presented the surface views of 2Co/AS1, 2Co/AS2, 2Co/AS3, 2Co/AS1 (co-imp.), 

2Co/AS2 (co-imp.), and 2Co/AS3 (co-imp.) samples. It is observed that the samples prepared using 

two-step sequential impregnation method generally exhibited relative smaller sizes of exposed open 

channels on the bead surfaces, with measurements of 7.48 μm, 5.83 μm, and 4.79 μm for 2Co/AS1, 

2Co/AS2, and 2Co/AS3, respectively, compared to 8.89 μm, 9.84 μm, and 9.06 μm for 2Co/AS1 (co-

imp.), 2Co/AS2 (co-imp.), and 2Co/AS3 (co-imp.). In our recent work, it has been proved that more 

and larger open channels on the surface could boost the transportation of reactants and products, thereby 

higher catalytic performance [164]. However, further increasing the γ-Al2O3 sol washcoatings (sol 4) 

resulted in similar pore sizes for samples prepared by these two methods, with 2Co/AS4 and 2Co/AS4 

(co-imp.) showing pore sizes of 8.16 μm, and 8.01 μm, respectively, as discussed in the main text. 

Additionally, Figure A10 (a-c) showed that no obvious γ-Al2O3 submicron flakes were visible in the 

samples prepared by method 1. In contrast, Figure A10 (d-f) demonstrated that all samples prepared by 

the co-impregnation method exhibited gradually increased amount of γ-Al2O3 submicron flakes.  

 

 

Figure A10 SEM images of surface views of (a-a3) 2Co/AS1, (b-b3) 2Co/AS2, (c-c5) 2Co/AS3, (d-d3) 2Co/AS1 (co-

imp.), (e-e3) 2Co/AS2 (co-imp.), and (f-f5) 2Co/AS1-3 (co-imp.); sizes of exposed open channels on the surface of 

these alumina beads. 
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Figure A11 (a) shows a high-resolution surface view of 2Co/AS4, revealing densely packed granules. 

In contrast, the surface view of 2Co/AS4 (co-imp.) in Figure A11 (c, d) revealed a coating of large γ-

Al2O3 submicron flakes, with a small amount of Co3O4 detected in certain area on its surface. The main 

reason responsible for this might be attributed to the fact that during the one-step co-impregnation 

process, the mixture of viscous γ-Al2O3 sol 4 and cobalt precursor had difficulty in fully infiltrating into 

the microchannels within the beads due to the low BET surface area of bare AS0 (3.65 m2/g). As a 

result, part of the uniform sol and cobalt precursor mixture remained on the bead surface. However, 

when the AS4 sample was prepared by the sequential impregnation method, the thin layer of washcoated 

γ-Al2O3 sol on the surface of both the finger-like microstructures and the beads initially improved the 

surface area, allowing for more accessible active sites available for the subsequent deposition of the 

cobalt precursor. It was reported that although co-impregnation method could generally allow a more 

uniform dispersion of cobalt [385, 386], sometimes the catalyst support itself plays a more crucial role 

than the impregnation method and/or the addition order in sequential impregnation process [387]. For 

example, Rana et al. observed that the dispersion of active phases Mo and Co on various catalyst 

supports was influenced by the interaction between the precursors of the active phase and the catalyst 

supports, in addition to the impregnation method used (i.e., Co → (Mo + E), Mo → (Co + E), Co + Mo 

+ E) [386]. Osakoo et al. found that 0.2Pd-10Co-CIP sample, prepared by co-impregnation method, 

exhibited a larger particle size, whilst 0.2Pd-10Co-SIP sample, prepared by sequential impregnation 

method, had better dispersion of cobalt [388]. 
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Figure A11 SEM images of (a) surface views of 2Co/AS4, (b) Co3O4 powder, and (c-d) surface views of 2Co/AS4 

(co-imp.) in certain region with small amount of Co3O4. 
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A2-3 Catalytic performance 

 

Figure A12 Reaction kinetics and the corresponding rate constants for the degradation of different SMX 

concentrations at 20 ˚C: (a, b) [SMX]0 = 10 mg/L; (c, d) [SMX]0 = 20 mg/L; (e, f) [SMX]0 = 40 mg/L. Reaction 

Conditions: [PMS]0 = 0.1 g/L, T = 20 ˚C, [catalyst]0 = 0.2 g/L, r = 150 rpm. 
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Appendix 3 Supplementary Information for Chapter 6 

A3-1 Dip-coating process 

Table A2 Amount of CX in the dip-coated samples and their surface area increment. 

Sample CX: top up 

water (vol. 

ratio) 

Mass before 

CX coating (g) 

Mass after 

CX coating 

(g) 

Coated CX 

mass (g) 

CX mass 

fraction (%) 

SBET increment 

fraction (%) 

ACX1 4:0 10.0091 10.5810 0.5719 5.71 1350.4 

ACX2 4:1 10.0077 10.4274 0.4197 4.19 1178.8 

ACX3 4:2 10.0080 10.3321 0.3242 3.24 1097.3 

ACX4 4:3 10.0082 10.2875 0.2793 2.79 683.2 

 

 

Figure A13 N2 adsorption-desorption isotherms of carbon xerogel samples before and after pyrolysis. 
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Text A3-1 Thermal decomposition of Co (NO3)2·6H2O in N2 atmosphere 

Figure A14 (a) presents the thermal decomposition of cobalt precursor (Co (NO3)2·6H2O) in nitrogen 

atmosphere with a heating rate of 5˚C/min. As illustrated, the thermal decomposition process underwent 

five stages before completely transformed into cobalt oxide. The weight loss below 240˚C (stage I – 

stage III) can be attributed to the water loss, with distinct tetra- and dihydrates forming stepwise during 

these three stages [389]. Afterwards, cobalt nitrate started to decompose into Co2O3 (cobalt (III) oxide) 

at 260˚C and into Co3O4 (cobalt (II, III) oxide) at 310˚C [390]. It is noteworthy that the actual mass 

observed after TGA test (7.10 mg) was consistent with the theoretical result (7.01 mg), suggesting the 

formation of Co3O4 under nitrogen atmosphere. This is further supported by the XRD pattern of the 

sample after TGA analysis (Fig. S3 (b)), where all diffraction peaks agreed well with the standard cubic 

spinel phase of Co3O4 (PDF#42-1467) [391]. 

 

 

Figure A14 TGA profiles of Co (NO3)2·6H2O in nitrogen atmosphere with a heating rate of 5 ˚C/min. 
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Text A3-2 Evaluation of the catalytic activity 

As shown in Figure A15 (a), when the SMX concentration was 10 mg/L, 2Co/ACX1 (99.8%) and 

2Co/ACX3 (99.2%) could nearly completely degrade SMX in 60 min. PMS alone could degrade 22.8% 

of SMX, which is comparable to the literature [185, 296], while catalyst before CX loadings 

(2Co/ACX0) exhibited higher removal efficiency of 35.7% than that of PMS alone. Likewise, the 

corresponding reaction kinetics (Figure A15 (b)) and rate constants at 60 min (Figure A15 (c)) followed 

a similar trend, with 2Co/ACX1 (0.081 min -1) > 2Co/ACX3 (0.079 min -1) > 2Co/ACX0 (0.007 min -

1) > PMS only (0.004 min -1). The rate constant for 2Co/ACX1 is 18.7 times higher than PMS alone and 

11.0 times higher than 2Co/ACX0, implying that carbon xerogel washcoatings played a key role in the 

catalytic reactions.  

 

 

Figure A15 (a) Degradation of 10 mg/L SMX at 20 ˚C, (b) their reaction kinetics, and (c) the corresponding rate 

constants at 60 min. Reaction Conditions: [PMS]0 = 0.1 g/L, [catalyst]0 = 0.02 g/L, r = 150 rpm. 

 

Figure 6-9 (a) illustrates the degradation of 20 mg/L SMX using 0.02 g/L of catalysts. When the catalyst 

dosage was increased to 0.2 g/L (Figure A16), 2Co/ACX1 was capable of nearly fully degrading the 

SMX in just 30 min, far surpassed the other samples. Additionally, the removal efficiency displayed a 

similar pattern to Figure 6-9 (a), with 17.2%, 36.5%, 60.3%, and 97.2% for PMS alone, 2Co/ACX0, 

2Co/AS4, 2Co/ACX1, and 2Co/ACX3 at 30 min, respectively. However, it is worth noting that at this 

level of catalyst dosage, 8.5% of SMX was eliminated by 2Co/ACX1, which consisted 5.71 % of carbon 

xerogels, during the adsorption-desorption equilibrium process. This could be attributed to the 

adsorption capacity of carbonaceous materials, which were extensively used as adsorbents in the 

practical applications [322, 324, 392]. For reference, Figure A18 shows the adsorption capacity of 

carbon xerogel powder for SMX removal in comparison with commercial γ-Al2O3 beads and powder, 

as well as γ-Al2O3 powder prepared in this work. It is evident that pure carbon xerogel powder was able 

to completely remove SMX within 2 h without stirring or any additional procedures, whereas all γ-

Al2O3 samples exhibited limited adsorption capacity even after 10 h (< 10%). This finding further 
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supports the above-mentioned statement, that is, the adsorption capacity of the carbon xerogel also 

contributed to the reaction. 

 

  

Figure A16 Degradation of 20 mg/L SMX using three types of catalysts at 20 ˚C, (b) their reaction kinetics, and 

(c) the corresponding rate constants during the whole reaction process. Reaction Conditions: [PMS]0 = 0.1 g/L, 

[catalyst]0 = 0.2 g/L, r = 150 rpm. 

 

 

Figure A17 Degradation of 20 mg/L MO with (a) different PMS concentrations and (b) 2Co/ACX1 at 20 ˚C. 

Reaction Conditions: [PMS]0 = 6 mg/L, [catalyst]0 = 0.1 g/L, r = 150 rpm. 
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Figure A18 UV-Vis spectra of (a) 2Co/ACX1 without PMS, (b) 2Co/ACX1 powder without, (c) 2Co/ACX1 with 

0.1 g/L PMS, and (d) CX powder without PMS for the degradation of SMX. Reaction conditions: [SMX] = 20 

mg/L, [catalyst]0 = 0.2 g/L, T = 20 ˚C, r = 150 rpm. 
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Figure A19 (a) Adsorption capacity analysis using four samples: commercial γ-Al2O3 beads and powder, γ-Al2O3 

powder prepared by a sol-gel method, as well as the carbon xerogel powder. Adsorption conditions: [SMX]0 = 

20 mg/L, [catalyst]0 = 0.02 g/L. 

 

 

Figure A20 (a) Effect of different concentrations of MeOH and tBA on SMX degradation; (b) Effect of quenching 

agents on SMX degradation and their reaction rate constants (k). Reaction Conditions: [SMX]0 = 20 mg/L, 

[PMS]0 = 0.1 g/L, [catalyst]0 = 0.02 g/L, r = 150 rpm (catalyst: 2Co/ACX1). 
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Figure A21 (a) Comparison of reactive radical contributions to SMX degradation under three reaction systems: 

2Co/ACX0ǀPMS, 2Co/AS4ǀPMS, and 2Co/ACX1ǀPMS; (b) Main chemical reactions involved in the AOPs process. 
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Text A3-3 Metal ions test during the reusability tests 

Figure A22 (a) illustrated that Co leaching remained low and exhibited a decreasing trend during the 

cyclic experiment, aligning with findings reported in previously studies [240, 393]. The cobalt leaching 

values for 2Co/ACX0 were consistently low, decreasing from 0.042 ppm in the 1st run to 0.006 ppm in 

the 5th run. 2Co/γ-Al2O3 exhibited relatively higher values, ranging from 0.082 ppm in the 1st run to 

0.042 ppm in the 5th run. In contrast, 2Co/ACX1 started with a higher leaching value of 1.500 ppm in 

the 1st run, which significantly decreased to 1.002, 0.432, 0.429, and 0.298 ppm in subsequent runs, 

demonstrating an overall downward trend. Additionally, studies have shown that cobalt leaching is 

more pronounced under acidic conditions, and this can be mitigated by either minimising pH 

fluctuations during reactions [394] or increasing the initial pH [395]. Regarding the Al leaching (Figure 

A22 (b)), all samples exhibited low values, complying with the UK Environment Agency`s standard 

limit of 1 ppm. 

 

 

Figure A22 (a) Cobalt ions leaching and (b) aluminium ions leaching results for 2Co/ACX0, 2Co/γ-Al2O3, and 

2Co/ACX1 samples during the reusability tests. Reaction Conditions: [SMX] = 20 mg/L, [PMS]0 = 0.1 g/L, 

[catalyst]0 = 0.02 g/L, T = 20 ˚C, initial pH = 5, r = 150 rpm. 
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Figure A23 (a) XPS survey spectra, and high-resolution XPS spectra of (b) Co 2p, (c) C 1s, (d) Al 2p, and (e) O 

1s of 2Co/ACX1 before and after 5th run. 
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Appendix 4 Supplementary Information for Chapter 7 

 

Table A3 Textural properties of silica beads sintered at temperatures ranging from 1000 ˚C to 1200 ˚C.  

Sample SBET 

(m2/g) 

VT (cc/g) Dp (nm) Diameter 

(mm) 

Shrinkage 

percentage (%) 

SiO2 (before sintering) 81.14 0.62 30.52 3.52 / 

SiO2-1000C 112.10 0.84 29.97 3.06 13.07 

SiO2-1020C 94.18 0.66 27.99 2.77 21.31 

SiO2-1040C 42.99 0.45 41.71 2.54 27.84 

SiO2-1050C 26.66 0.16 23.37 2.21 37.22 

SiO2-1060C 21.00 0.07 14.02 2.45 30.40 

SiO2-1080C 10.70 0.05 12.86 2.19 37.78 

SiO2-1100C 8.06 0.02 12.20 2.00  43.18 

SiO2-1120C 0.63 0.01 / 1.89 46.31 

SiO2-1180C 0.62 0.01 / 1.89 46.31 

SiO2-1200C 0.26 0.01 / 1.90  46.02 

SBET: Specific surface area; VT: Total pore volume; DP: Average pore diameter.  

 

 

Figure A24 (a) photographic images and (b) shrinkage percentage of microchannel-structured silica beads 

before and after sintering. 
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Figure A25 photographic images of microchannel-structured SiO2 beads (a) before and after sintering at (b) 

1100 ˚C for 3 h, (c) 1100 ˚C for 6 h, (d) 1200 ˚C for 3 h, (e) 1200 ˚C for 6 h, (f) 1250 ˚C for 3 h, (g) 1300 ˚C for 

3 h, and (h) 1350 ˚C for 3 h; XRD patterns of microchannel-structured SiO2 beads after sintering at (i) 1100 ˚C, 

(j) 1200 ˚C, and (k) 1100-1350 ˚C. 
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Figure A26 Photographic images of SiO2-1100C and 2Co/SiO2-1100C, as well as the XRD patterns of different 

2Co/SiO2-1100C. 

 

 

Figure A27 XRD patterns of used microchannel-structured silica beads. 


