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ABSTRACT 

The existence of persistent and emerging contaminants (e.g., polycyclic aromatic 

hydrocarbons, bisphenols) in the aquatic environment is a global issue. These 

contaminants received growing attention from environmental researchers, practitioners, 

and policy makers worldwide mainly because of our limited knowledge about their 

behaviors and adverse impacts on human beings and the environment as well as the 

lack of efficient treatment methods. Advanced oxidation processes (AOPs) have been 

regarded as one of the powerful technologies for the removal of recalcitrant organics 

due to their ability to generate reactive species and indiscriminately convert organics 

into non/less-toxic small molecules, and eventually into CO2 and water, if ultimately 

mineralization can be achieved. There are some commonly used AOPs and 

enhancement methods, such as photocatalysis, UV/O3, and persulfate (PS) activation. 

Although these methods are approved and capable of reducing many organic pollutants 

to acceptable levels, some challenges have been widely recognized and limited their 

applications in treating persistent and emerging contaminants, such as relatively low 

efficiency, high energy consumption, and/or toxic intermediates or residues from 

incomplete mineralization, as well as the insufficient understanding of reaction 

mechanisms and transformation pathways. To address the challenges and gaps, the main 

goal of this dissertation research is, therefore, to develop novel, enhanced AOPs 

methods for removal of persistent and emerging contaminants and advance knowledge 
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about the associated degradation mechanisms and pathways. The major research 

achievements are from the following aspects: 1) A comprehensive review on AOP 

technologies and enhancement methods with – particular focus on PS activation and 

the rapidly emerging area of environmental microfluidics for the first time – This 

review offers a valuable insight for the recent advances of AOP enhancement methods 

and the future trend of AOPs development in environmental field. 2) Development of 

an enhanced technique of UV/O3/PS for marine oily wastewater treatment, exploration 

of its treatment mechanism, and assessment of the associated toxicity. The addition of 

PS could significantly shorten the treatment time which consequently reduces the 

energy consumption in the O3-based AOP. The research provided the scientific evidence 

and optimal treatment conditions for future scale-up demonstrations and applications. 

3) Exploration of the enhanced degradation mechanisms of bisphenol A (BPA) in 

wastewater by UV/metal oxide activated PS process – The proposed synergetic PS 

activation process was proved to be a promising method for removal of BPA, a 

representative emerging contaminant, from wastewater. 4) Development of a new AOP-

microreactor system integrated with UV LED-based PS activation by TiO2/g-C3N4 

nanosheet for removal of bisphenol S or BPS (a main substitute for BPA) and 

performance evaluation by comparing the developed microreactor with a conventional 

batch reactor – The AOP-microreactor system performed in higher efficiency with 

lower energy consumption than those of batch reactor. The approved AOP-microreactor 

method as a promising solution for removing emerging contaminants. This dissertation 
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not only helped build a scientific basis for the enhanced AOP methodologies, but also 

provided powerful techniques for advancement and potential applications in water and 

wastewater industry. 
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1.1  Background 

The presence of persistent and emerging organic contaminants has been growing 

concern worldwide and poses deleterious effects on human and environmental health, 

even at trace levels (Najam & Alam, 2023). For example, the persistent toxic organic 

compounds polycyclic aromatic hydrocarbons (PAHs) in marine oily wastewater could 

result in disastrous impacts on marine ecosystems due to oil production and 

transportation, oil spill responses, and other human activities near the coasts (Liu et al., 

2021a; Song et al., 2021a). One of the emerging contaminants, bisphenols (BPs) such 

as bisphenol A (BPA), and its alternatives have become a globally recognized problem 

for environmental and public health in the last decade (Guo et al., 2023b). Exposure to 

persistent and emerging contaminants above a specific limit can lead to severe 

consequences for humans and aquatic life, and hence, pollutants need to be removed 

properly (Deyris et al., 2023). Therefore, developing effective technologies to treat 

these pollutants to acceptable levels is on the agenda. 

As conventional wastewater treatment processes are insufficient in reducing trace 

concentrations of toxic and/or recalcitrant organic substances to below acceptable 

levels, there is an urgent need to develop more effective wastewater 

treatment technologies (Honarmandrad et al., 2023). Advanced oxidation processes 

(AOPs) based on the production of hydroxyl radical (•OH), which acts as a powerful 

oxidant, have been regarded as highly promising for the effective degradation of various 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/waste-water-treatment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/science-and-technology
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organic pollutants unselectively (Dong et al., 2021). Although various AOP-based 

technologies can reduce aqueous pollutant concentrations to within acceptable levels, 

their limited process efficiencies and high energy consumption rates remain the 

foremost concerns for extensive applications (Miklos et al., 2018). To overcome this 

drawback, emerging technologies, such as persulfate-based AOPs and environmental 

microfluidics, have been proposed for the highly effective degradation of recalcitrant 

organic pollutants (Lee et al., 2020; Liu et al., 2023). 

Persulfate-based AOPs have drawn considerable attention in recent years due to 

their high efficiency in generating sulfate radical (SO4
•−), which has more positive 

redox potential (2.6–3.1 V) than •OH (1.9–2.7 V), to degrade recalcitrant organic 

pollutants (Wang & Wang, 2018). Persulfate (PS) is one of the main precursors for 

generating SO4
•−. PS can be activated by transition metal catalysts, nonmetal catalysts, 

ultraviolet (UV) and visible light, ultrasound, alkaline, heat, and strong oxidants to 

produce SO4
•− and other radicals for the removal of organic pollutants (Petala et al., 

2020). Due to its low cost and high efficiency, most attention has been paid to the 

applications of transition metals or their oxides (e.g., iron, copper, and cobalt) for PS 

catalytic activation (Pan et al., 2019; Wang et al., 2020a). Manganese dioxide (MnO2) 

is widely used as a catalyst or activator in various heterogeneous reaction systems due 

to its high natural abundance, low toxicity, and low environmental impact (Huang et al., 

2019a; Huang et al., 2022). Ozonation or UV processes have been used to eliminate 

recalcitrant contaminants due to their ability to efficiently degrade recalcitrant organics 
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reliably via direct reaction with ozone molecules or the generation of •OH with strong 

oxidizing capabilities (Liu et al., 2021a). All the above metal oxides and oxidants have 

been applied as activators for PS activation for organics removal (Wang & Wang, 2022). 

However, single activators are considered to have limited process efficiency, and 

synergetic persulfate activation was recently demonstrated with enhanced recalcitrant 

contaminants removal (Chen et al., 2024). MnO2 is a promising candidate for 

photocatalyst application due to its narrow bandgap (1–2 eV) and ability to absorb light 

under solar energy (Huang et al., 2019a). Previous reports indicated that the 

simultaneous use of MnO2 and UV light for PS activation has been considered for more 

generation of free radicals (Eslami et al., 2018). The efficiency of ozone in degrading 

organics is improved when combined with UV (254 nm) radiation. As one of the 

powerful AOPs, the UV/O3 process has been proven to have a strong ability to treat oily 

wastewater, such as n-alkanes and PAHs (Ji et al., 2024). It is reported that both O3 and 

UV can activate persulfate to form SO4
•− and •OH simultaneously (Zou et al., 2021). 

Microfluidic devices are state-of-the-art systems that manipulate chemical 

reactions and fluid behavior through the use of microchannels with lateral dimensions 

ranging from micron to millimeter scales. Microfluidics has attracted considerable 

attention over the last few decades in diverse fields, such as chemical synthesis, 

biological processes, control systems, and environmental applications (Cao et al., 2021e; 

Kim et al., 2021). For example, microreactors have been widely employed to synthesize 

organic compounds, nanoparticles, polymers, and pharmaceuticals (Gioria et al., 2020a; 
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Siguemoto et al., 2020). Recently, there has been a growing interest in utilizing 

microreactors for photocatalytic degradation because of their numerous advantages 

over conventional reactors (Liu et al., 2023). The interior structure of microreactors 

exhibits comparatively higher surface area-to-volume ratios, which reduces reactant 

diffusion distances, increases process efficiencies, and minimizes energy consumption 

(Bojang & Wu, 2020a). Microchannel reactors, with their small transverse dimensions, 

possess extremely high surface-to-volume ratios and consequently exhibit enhanced 

mass transfer rates. Some studies have reported that AOPs in microreactors overcome 

the shortcomings of conventional reactors. For example, a microreactor is considered 

one of the efficient solutions to enhance mass transfer and photocatalytic efficiency 

(Kim et al., 2022; Yu & Wang, 2020). However, detailed studies of the advantages and 

mechanism analysis of AOPs in microreactors for emerging contaminants removal are 

still limited (Shukla et al., 2021b).  

1.2  Statement of Problems 

The emergence of more complicated persistent and emerging contaminants has 

brought many negative impacts on human life. For example, petroleum aromatic 

hydrocarbon (PAH) in marine oily wastewater, as one of the common persistent 

contaminants, can endanger marine ecosystems and affect human health. For emerging 

contaminants, we can take bisphenols as examples. Bisphenols (like bisphenol A and 

bisphenol S) can be found everywhere, such as in plastics, receipt paper, and containers. 
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Growing evidence has shown the long-term adverse effects of bisphenols on aquatic 

life and human health. Although various AOP-based technologies can be used to reduce 

these persistent and emerging contaminants from water or wastewater streams to within 

acceptable levels, their limited process efficiencies remain the foremost concerns for 

extensive applications. Therefore, exploring AOP enhancement methods is needed to 

remove trace levels of these contaminants. 

Persulfate activation has emerged to be a promising AOP technique to abate a wide 

range of organic pollutants in water (Yan et al., 2023). Synergetic PS activation has 

been proven more effective than single activation (Zhang et al., 2021b). It is reported 

that both O3 and UV can activate PS to form SO4
•− and •OH simultaneously. Qin et al. 

(2020) have indicated that the pseudo-first-order rate constants of atrazine degradation 

in the UV/O3/PS process increase by 3.3 times compared to that in the UV/O3 process. 

While these findings suggest that SO4
•− could decrease energy consumption and 

enhance degradation efficiency, such a hypothesis has not been validated for treating 

marine oily wastewater. Oily wastewater can cause ecological disturbances, including 

alteration of the aquatic community structure and food chains, through physical and 

chemical means. However, the detailed toxicity evaluation of ozonation-based AOPs 

treated oily wastewater is rare. It is worth noting that the treatment of oily wastewater 

by ozonation can produce some flocs that can be suspended in water, stick to reactor 

walls, or float on the water surface. To our best knowledge, few studies have been 

reported on their properties (e.g., components and surface characteristics) and fate.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollutant-concentration


 

7 

 

MnO2 is a promising candidate for photocatalyst application due to its narrow 

bandgap (1–2 eV) and ability to absorb light under solar energy. However, to our best 

knowledge, synergistic use of MnO2 and UV has never been applied for PS activation. 

Recently, Eslami et al. (2018) confirmed that the synergistic use of MnO2 and UV is a 

promising hybrid activator for peroxymonosulfate (PMS) activation. Accordingly, there 

are many distinctive differences during the activation of PS and PMS, especially in 

reactivity toward radicals and responses to different pH levels. Furthermore, the 

synergistic mechanism for PS catalytic activation, especially the interactions between 

MnO2 and UV, remains unknown and deserves further investigation. 

The advantages of microreactors, including their continuous-flow processing 

capabilities, large specific surface areas, rapid heat, and mass transfer, and reduced 

safety hazards, have fostered the development of AOPs for water and wastewater 

(W/WWT) treatment at the microscale (Russo, 2021). To date, some studies have 

mainly focused on enhancing photocatalytic, electrochemical, Fenton, ozonation, and 

plasma-phase AOPs by exploiting microfluidic technologies. Results indicate that the 

unique hydrodynamic features and greater range and tunability of process conditions 

offered by microfluidic devices enable AOPs that are safer, more effective for the 

degradation of aqueous organic pollutants, and have superior energy efficiency when 

compared with conventional reactors (Lin et al., 2021c). Some researchers reviewed 

the application of photochemical and photocatalytic microreactors for wastewater 

treatment (Heggo & Ookawara, 2017). However, these reviews lack an in-depth 
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discussion of the effects of reactor dimension on AOPs. The opportunities and 

challenges of various AOP types (e.g., photocatalytic, electrochemical, Fenton, 

ozonation, and plasma-phase processes) for W/WWT treatment have not yet been 

comprehensively reviewed. In recent years, there has been a growing interest in 

utilizing microreactors for photocatalytic degradation because of their numerous 

advantages over conventional reactors. Microreactors’ interior structures exhibit 

comparatively higher surface area-to-volume ratios, which reduce reactant diffusion 

distances, impart high process efficiencies, and minimal energy consumption. 

Microchannel reactors, with their small transverse dimensions, possess extremely high 

surface-to-volume ratios and consequently exhibit enhanced mass transfer rates. Some 

studies have reported that AOPs in microreactors overcome the shortcomings of 

conventional reactors, but detailed studies are still limited (Dong et al., 2022). 

1.3  Objectives and Tasks 

The objectives of this dissertation are the exploration and enhancement of AOPs 

for bisphenols and PAHs removal. The main enhancement methods involve synergetic 

persulfate activation and microreactor design. Some synergetic PS activation strategies 

and key impact factors will be summarized as reference for practical application. The 

advantages of microreactors over the use of conventional reactors to enhance the 

performance of AOPs will be illustrated to provide theoretical support for future 

research and development of AOPs in microreactors. In addition, the oxidation 
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mechanism, degradation pathway, and acute toxicity studies of persistent and emerging 

contaminants will provide a strong basis for future policy formulation. The main tasks 

of this dissertation are listed below. 

Chapter 2 gives an in-depth literature review of recent advances in two 

enhancement methods of AOPs: Synergetic persulfate activation and AOP-

microreactor design. Various synergetic persulfate activation strategies and their 

advantages are discussed. Key impact factors are discussed to provide data support on 

the application of PS-based AOPs. Special attention is paid to the rapidly emerging area 

of environmental microfluidics in Part II, in which recent advances in the development 

and application of microreactors in AOPs for water and wastewater treatment are 

described and discussed in detail. Chapter 3 develops a bench-scale O3 reactor and 

examines the degradation and toxicity of on-site treatment of marine oily wastewater 

by three AOP (O3, UV/O3, UV/O3/PS) technologies. Furthermore, the flocs 

characterization reveals the fate of insoluble components during oxidation. Chapter 4 

investigates an enhanced MnO2/UV/PS process for efficient BPA removal and explores 

the degradation mechanism, degradation pathway, and toxicity reduction of BPA in this 

synergetic persulfate activation process. Chapter 5 designs a UV light based 

photocatalytic-microreactor system for BPS degradation. The main impact factors in a 

photocatalytic-based AOP-microreactor are explored by full factorial design. The 

degradation performance, energy consumption, and toxicity evaluation in both 
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microreactor and batch reactor are examined/compared thoroughly. Finally, Chapter 6 

presents general conclusions and recommendations for future work. 

The structure of the thesis is displayed below (Fig. 1.1). Chapter 1 introduces the 

general research background, gap, objectives, and structure of the PhD dissertation. 

Chapter 2 provides a literature review on the two emerging AOP enhancement methods, 

including 1) Persulfate-based enhancement method and 2) Microfluidics-based method. 

Chapter 3 develops a lab-scale reactor and applies the synergetic persulfate-based 

process (UV/O3/PS) for marine oily wastewater treatment. Chapter 4 investigates an 

enhanced catalyst-based persulfate activation method (MnO2/UV/PS) for BPA removal. 

Chapter 5 designs an AOP-microreactor system, examines its degradation efficiency for 

BPS, and compares it with conventional reactors. Chapter 6 concludes the thesis with 

summarized contributions and recommendations for future research.
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Figure 1.1 The structure of the thesis
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1.4  Co-Authorship Statement  

I am the primary author of this dissertation under the supervision of Dr. Bing Chen 

and the co-supervision of Dr. Stanislav R. Stoyanov and Dr. Baiyu (Helen) Zhang. This 

dissertation comprises one literature review and three research papers in Chapters 2 to 

5. Chapter 2 is based and expanded on the paper “Advanced Oxidation Processes in 

Microreactors for Water and Wastewater Treatment: Development, Challenges, and 

Opportunities,” published in Water Research. In this Chapter, I wrote the first draft of 

the literature review under the supervision of Dr. Bing Chen and Dr. Bo Liu and 

subsequently revised it based on the valuable comments from co-authors. Chapter 3 is 

based on the paper “Comparison of O3, UV/O3, and UV/O3/PS Processes for Marine 

Oily Wastewater Treatment: Degradation Performance, Toxicity Evaluation, and Flocs 

Analysis” published in Water Research. In this Chapter, I developed the experimental 

plan and designed the reactor under the supervision of Dr. Bing Chen. I conducted all 

the experiments and prepared the manuscript with the assistance of co-authors. To 

achieve the best outcomes, I have collaborated with Dr. Benjamin de Jourdan from 

Huntsman Marine Science Centre to complete the toxicity analysis. Chapter 4 is based 

on “UV stimulated manganese dioxide for the persulfate catalytic degradation of 

bisphenol A” published in Catalysts. In this Chapter, I was the primary author under the 

direct supervision of Dr. Bing Chen. I performed the experiments and wrote the first 

draft of the manuscript. I also revised and polished the manuscript based on all the co-
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authors’ edits and suggestions. In Chapter 5, I was the primary author, contributing to 

the conceptualization, methodology, experiment design, and manuscript preparation. 

Details of the contributions of each author in each paper are listed at the beginning of 

the below Chapters.  
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2.1. Introduction 

Increasing water consumption to meet agricultural, industrial, and municipal needs 

threatens global water security (Alemu & Dioha, 2020). Water and wastewater 

treatment has, therefore, been emphasized as critical measures needed to alleviate 

increasing water scarcity (Huang & Fan, 2020). Conventional primary and secondary 

wastewater treatment processes often fail to reduce trace concentrations of toxic and/or 

recalcitrant organic substances to below acceptable levels. Therefore, there is an urgent 

need for the development of more effective wastewater treatment technologies 

(Stasinakis et al., 2013). Under these circumstances, AOPs have attracted considerable 

attention owing to their use of reactive oxygen species (ROS) that unselectively convert 

various aqueous contaminants into relatively nontoxic substances (Dong et al., 2021; 

Liu et al., 2021a). Although various AOP-based technologies can be used to reduce 

aqueous pollutant concentrations to within acceptable levels, their limited process 

efficiencies and high energy consumption rates remain foremost concerns for extensive 

applications (Miklos et al., 2018). 

Exploring new enhancement methods for advanced oxidation technology is one of 

the key strategies to solve the above problems. Persulfate-based AOP has attracted 

increasing attention due to its economic, effective, practical, safety and stability 

characteristics. PS is not easy to react directly with organic pollutants and usually needs 

to be activated to produce active species such as SO4
•−  and •OH to degrade them (Wang 
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& Wang, 2022). The summary and comparison of various activation methods will 

provide method reference and support for determining the optimum technologies for 

organic pollutants degradation in practical applications. Microfluidics has emerged as 

a promising solution for AOP enhancements in water treatment because it enables faster 

more efficient mass transfer, improves treatment efficiency, and decreases the energy 

consumption (Santana et al., 2020b). While the AOP in microreactor technology 

remains in an early stage of development, the summary and exploration of more AOP-

microreactor methods offer valuable insight for future research and development of 

AOPs in microreactors for environmental practice. 

In this work, recent advances in AOP enhancement methods primarily focus on 

synergetic persulfate activation and environmental microfluidics will be summarized. 

Some persulfate activation methods and their combination strategies will be discussed 

to optimize the performance of sulfate radical-based AOPs. As microfluidics is the 

state-of-art technology in the environmental field and is growing rapidly, and there are 

few studies in this topic, more attention in this work will be placed on the microfluidics, 

especially for the application of AOPs in microreactors.  

2.2. Persulfate Activation 

The conventional AOPs presented good performance for the removal of persistent 

and emerging contaminants, mainly depending on the generation of hydroxyl radicals. 

Over the past decades, sulfate radical-based AOPs have been receiving increasing 
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attention due to their high efficiency for generating SO4
•−. Persulfate originally was 

introduced for soil and groundwater remediation in the late 1990s to overcome the 

limitations of H2O2 (Lee et al., 2020). In general, sulfate radicals are produced by 

cleaving the peroxide bond in the persulfate molecule via energy and electron transfer 

reactions (Fig. 2.1). Sulfate radicals possess equal or even more positive redox potential 

(2.5–3.1 V) than hydroxyl radicals (1.9–2.7 V) (Wang & Wang, 2018). Therefore, 

sulfate radical-based AOPs are expected to exhibit better capacity for degrading 

persistent and emerging contaminants. 

2.2.1 Activation methods 

Persulfate is not easy to react directly with organic pollutants and must be activated 

to produce active species. Most academic research focuses on developing various 

persulfate activation strategies (Zawadzki, 2022). In general, PS can be activated by 

physical and chemical methods to produce SO4
•−, •OH, singlet oxygen (1O2), and other 

reactive species to remove organic pollutants.  

2.2.1.1 Physical activation methods 

The common physical activation methods include thermal activation, cavitation 

activation (e.g., ultrasonic, hydrodynamic), electromagnetic radiation activation (e.g., 

UV light, visible light, microwave, Gamma-ray), and discharge plasma activation.  

Persulfate can be induced by thermal activation at temperatures above 40°C, which 

will speed up the reaction and greatly reduce the need for oxidants (Li et al., 2022). 



 

18 

 

Thermal heating, microwave heating, and photo heating can all be applied as the typical 

thermal driving force to activate PS for organics removal. Thermal activation is less 

influenced by the color of the wastewater and has been applied in small-scale 

wastewater treatment, such as hospital effluents (Ghauch & Tuqan, 2012).  

Ultrasonic (US) refers to the use of the cavitation effect to make the liquid locally 

generate high temperature and pressure and generate stirring through vibration. Under 

the joint interaction, PS is activated to produce radicals to degrade organic pollutants 

(Gujar et al., 2023; Zhang et al., 2015). Hydrodynamic cavitation can produce 

instantaneous local high pressure and temperature in water. One example of 

hydrodynamic cavitation activation is the microbubble-activated PS that can effectively 

degrade organic matter (Miruka et al., 2021).  

Electromagnetic radiation activation methods such as UV light are one of the 

popular activation systems. Studies showed that the wavelength of UV light at 254 nm 

has the highest effect on the activation of PS (Yang et al., 2018). The UV/PS process 

has been considered economical and safe. It has a better treatment effect and stronger 

oxidation capacity than UV/H2O2 for the treatment of slightly polluted water (Matzek 

& Carter, 2016). Visible light, also known as sunlight or simulated sunlight, can activate 

PS at room temperature but is less efficient. It can be used in combination with other 

methods, such as catalysts, to better activate PS in the degradation of organics (Saha & 

Bagdi, 2022). Microwave is another well-known PS activation method due to the 

advantages of reducing the activation energy of the reaction, shortening the reaction 
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time, and enhancing the selectivity. Gao et al. (2020) carried out the reaction at the 

power of 500 W to achieve 99.4% tetracycline hydrochloride degradation for only 5 

min. However, energy consumption and its harmful effects on humans limit the large-

scale application of microwave-based PS activation. Gamma radiation has a high 

energy and penetrating ability and can generate many active substances such as •OH, 

hydrated electrons, and hydrogen atoms, which directly contribute to the degradation 

of organic pollutants. On the other hand, gamma radiation can play a role in activating 

PS. Zhang et al. (2021c) investigated the triclosan degradation by using gamma 

radiation. It turns out that the addition of PS could significantly save reaction time. 

However, high cost, the requirement of instruments, and their harmful to human body 

limit their large-scale application. 

Discharge plasma can produce various active species (e.g., H2O2, O3, •OH, HOO•) 

to directly degrade organic matter. When plasma is applied as the PS activator, more 

reactive substances are generated (Shilin et al., 2023). Several works proved the high 

efficiency of plasma-activated PS process for various recalcitrant contaminants removal 

(Fang & Huang, 2018; Liang et al., 2021; Wang et al., 2021). However, in comparison 

with other activation methods, discharge plasma would increase the PS consumption 

due to the complex plasma reaction and activation process (Wang et al., 2022). 
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2.2.1.2 Chemical activation methods 

Chemical activation methods involve alkaline activation, electrochemistry 

activation, and catalyst activation (e.g., carbon-based catalyst, transition metal and 

metal oxide). 

The pH plays a key role in the PS activation. PS can be decomposed into sulfate 

radicals under alkaline conditions, and sulfate radicals can further transform into 

hydroxyl radicals. Previous studies have attempted the use of alkaline activation 

methods for the treatment of organics polluted groundwater and soil (Santos et al., 

2018). Although alkaline activation methods were considered as an effective way for 

organic contaminants degradation, the strict pH limits their wide application. 

Electrochemistry activation has the advantages of longer life of radicals, wide 

adaptability to external conditions, and a high removal rate of pollutants. The 

mechanism of the electrochemistry activation method is the loss of electrons from the 

metal anode and the conversion of persulfate ions. Ding et al. (2020) investigated the 

performance of electrolysis activated PS in different electrode materials. They found 

that the boron-doped diamond (BDD) anode is better than the dimensional stable anode 

(DSA) anode under the same conditions for bisphenol A degradation. 

One of the research hotspots for PS activation is the application of various carbon-

based materials, including activated carbon, biochar, and so on. It has been reported 

that the oxygen-containing groups in carbon-based materials played a key role in PS 



 

21 

 

activation. The mechanism of PS activation by carbon-based materials is based on the 

electron transfer, generation of free radicals, and singlet oxygen (Devi et al., 2016). 

Active carbon is one of the popular carbon materials because it has the advantages of 

developed microporous structures and excellent absorption performance. It provides 

lots of surface active sites for PS activation and reduces the activation energy and 

shortens the reaction time. Lee et al. (2013) investigated the degradation of PFOA under 

the active carbon activated PS system, and they found that the PFOA removal rate was 

12 times higher than that in PS only system. As an environmentally friendly material, 

biochar has gained increasing attention from researchers in the field of pollutants 

removal as the catalyst. Guo et al. (2020) applied the biochar activated PS system to 

remove benzo(a)pyrene (BaP) in sewage water and achieved nearly 90% of remove rate. 

Various other carbon-based materials, such as graphene, carbon nanotube, and 

heteroatom doping, have also been used as activators in a wide pH range and showed 

excellent performance for different kinds of organic pollutants removal (Hou et al., 

2023; Liu et al., 2022b; Wu et al., 2022). 

Transition metal and metal oxide have been widely used to activate PS to degrade 

various organic contaminants based on previous reports (Zheng et al., 2022). Transition 

metal activation of PS is based on the chemical reaction between transition metal and 

PS to generate oxidative free radicals. Iron, manganese, and their oxides are the most 

studied metals due to their excellent properties, such as being environmentally friendly, 

relatively non-toxic, and cost-effective compared to other transition metals (Karim et 
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al., 2021; Zhu et al., 2018). Various transition metal ions (e.g., Fe2+, Mn2+, Ag+, Cu2+, 

Co2+, and Zn2+) have been proven to be effective in activating PS in the aquatic 

environment, while the difficulty in removing those ions from water bodies limits their 

wide application (Li et al., 2021). Fe-based heterogeneous materials (e.g., zero-valent 

iron, Fe2O3, Fe3O4, and FeOOH) are considered the most used transition metal catalysts 

for PS activation its abundant reserves, non-toxicity, and environmental friendliness (Li 

et al., 2021). The most frequently studied Fe3O4 has drawn substantial attention due to 

its cubic inverse spinel crystal structure that plays an active role in PS activation (Pervez 

et al., 2020). Manganese dioxide (MnO2) is one of the most ubiquitous minerals and is 

regarded as a feasible material due to its low cost, natural abundance, high stability, and 

unique Mn2+/Mn3+/Mn4+ redox cycles (Yuan et al., 2020). Zhu et al. (2018) found that 

MnO2 could act as the PS activator to generate non-radical singlet oxygen from 

decomposition of manganese intermediate. 

2.2.1.2 Synergetic activation methods 

Single activation methods have been verified to have some unavoidable 

shortcomings. For example, thermal will lead to high energy consumption, and 

transition metal activation will generate metal ions, which cause secondary pollution. 

The advantages of different activation methods can be complementary; therefore, the 

combination of different activation methods becomes common. Numerous studies have 

verified that synergetic persulfate activation has become popular due to their thorough 
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degradation of organic contaminants and energy saving (Yan et al., 2023). For physical 

activations, thermal activation itself is limited due to the temperature range, which can 

be combined with other activation methods such as ultrasonic or UV light. During this 

synergetic activation process, both energy saving and high efficiency could be achieved 

with less persulfate dosage and low ultrasonic frequency (Gujar et al., 2023). Compared 

with the above-mentioned physical synergetic activation methods, most attention has 

been paid to the combination of chemical activation methods. Among them, the 

synergetic use of transition metals or their oxides (e.g., iron, manganese, copper, and 

cobalt) and UV have been recognized as one of the cheapest and most powerful hybrid 

activators for persulfate activation (Pan et al., 2017; Pan et al., 2019; Wang et al., 2020a). 

For the synergetic use of electrochemistry and metal catalysts, persulfate activation can 

be promoted by adding a variety of transition metal elements to the electrode or adding 

transition metal oxides and ions. Meanwhile, the formation of toxic intermediates and 

by-products can be inhibited during this combination process (Lei et al., 2020; Qi et al., 

2021). Strong oxidizing active substances is another useful catalyst for persulfate 

activation. O3 itself has a certain ability to directly oxidize organic pollutants and is one 

of the powerful active substances for persulfate activation. Qiao et al. (2019) carried 

out a reaction under O3/PS oxidation process, and over 90% of nitrobenzene was 

removed within 30 min. Zou et al. (2021) achieved 99.8% of Meta-cresol removal in 

30 min under the conditions of less O3 dosage and the assistance of UV irradiation. This 
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indicated that the combination of UV/O3 is conducive to the improvement of the 

persulfate activation for the production of reactive species. 

2.2.2 Key factors influencing PS activation 

2.2.2.1 Effect of pH value 

The pH value plays an important role in almost all reactions among the widely 

investigated activation methods. In general, PS activation has a wide pH range of 

applications, although the oxidation potential changes with acidity and alkalinity (Gujar 

et al., 2023). The main oxidation active substance is SO4
•− under acidic conditions, 

becomes •OH in alkaline conditions, and will be converted into O2
•− under strongly 

alkaline conditions. Usually, the pH should be adjusted to >7 in an alkaline activation 

system, while the pH will remain neutral or acidic in a cavitation activation system such 

as UV or plasma (Guo et al., 2023a). For the metal oxide activation method, pH has 

also been found to have a dramatic effect on the surface charge of metal oxide, which 

significantly enhances its activation performance (Mani et al., 2021). In some specific 

activation methods, especially in the presence of catalysts or metal ions, the pH needs 

to be adjusted to avoid catalyst deactivation or metal ion precipitation (Wang & Wang, 

2022).  

2.2.2.2 Effect of water matrix 

The water matrix may affect the generation of reactive oxygen species during PS 

activation. In some cases, the common anions such as Cl−, HCO3
−, CO3

2−, and SO4
2− 



 

25 

 

can inhibit the activation of PS and the degradation of different pollutants due to their 

ability to quench SO4
•− and •OH from the aquatic environment. For example, it was 

reported that Cl− has certain levels of promoting degradation in some pesticides (Khan 

et al., 2021; Lebik-Elhadi et al., 2020). The degradation effect of Cl− on the same 

substance is also related to the concentration of Cl− itself. When the Cl− concentration 

is low (<10 mmol/L), the degradation of 2,4-D can be slightly promoted, but when the 

Cl− concentration is high (50 mmol/L), the degradation of 2,4-D is affected to a certain 

extent by inhibition. 

2.2.3 Summary 

In general, different activation methods have their own advantages and limitations. 

Synergetic persulfate activation is believed to trend toward the direction of high 

efficiency, aiming to fully activate persulfate and minimize energy consumption and 

environmental effects. The pH value and the ions contained in the wastewater play a 

key role in the PS activation and degradation of organic pollutants. It’s necessary to 

find the appropriate combination of different activation methods to overcome 

shortcomings and increase the process efficiency in real practical applications.  
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Figure 2.1 Generation of sulfate radicals by persulfate activation. The dashed black 

line represents the fission position of O-O single band for the formation of sulfate 

radicals. 
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2.3. Environmental Microfluidics 

Microreactors, or microfluidic devices, are state-of-art systems that manipulate 

both chemical reactions and the behavior of fluids by using microchannels with lateral 

dimension measuring from micrometer through millimeter scales (1 µm to 1 mm). 

Microreactors offer many advantages over conventional reactors; their small size and 

high interfacial surface areas give rise to short diffusion and conduction paths for 

laminar flow and enhanced mass transfer. Microreactors can also be made of 

transparent materials to enable visual observations of reaction processes in real time, 

and the use of external light sources for photocatalytic AOPs (Cambié et al., 2016). Fig. 

2.2 illustrates differences between a conventional stirred-tank photocatalytic reactor 

and a microreactor for W/WWT. Over the last few decades, considerable attention has 

been given to applications of microreactor technologies in diverse fields, such as 

chemical synthesis, biological processes, control systems, and environmental 

applications (Cao et al., 2021d; Kim et al., 2020; Wong et al., 2020; Yao et al., 2015; 

Yew et al., 2019). For instance, microreactors have been widely employed to synthesize 

organic compounds, nanoparticles, polymers, and pharmaceuticals (Gioria et al., 2020b; 

Siguemoto et al., 2020; Su et al., 2020). The extreme temperature and pressure 

conditions, toxicity of chemicals, and reaction kinetics of the organic synthetic 

processes are the main aspects researchers have been concerned about (Suryawanshi et 

al., 2018). In such situations, owing to their inherent operational safety, ease-of-use, 
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and high process efficiencies, microreactors have been proven to achieve high product 

yields and selectivities with minimal energy consumption (Ashikari et al., 2020; 

Suryawanshi et al., 2018). Many studies have also demonstrated the utility of 

microfluidic devices for environmental applications, including sample component 

separation and extraction, contaminant detection/quantification, and water purification 

(Santana et al., 2020a; Wang et al., 2020c). The advantages of microreactors, including 

their continuous-flow processing capabilities, large specific surface areas, rapid heat 

and mass transfer, and reduced safety hazards, have fostered the development of AOPs 

for W/WWT at the microscale (Cambié et al., 2016; Russo, 2021). 
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Figure 2.2 (a) Conventional photocatalytic reactor and (b) microreactor used for 

W/WWT 
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Efforts to adapt and employ microfluidic processes to intensify and precisely 

control chemical reactions for various industrial applications have increased 

appreciably over the last few decades (Cambié et al., 2016; Nge et al., 2013). We 

present strong evidence to suggest that a new area of “environmental microfluidics” has 

emerged and is growing rapidly, especially in its applications to water-related research. 

Based on the results of a Web of Science database search (see Fig. 2.3), over the past 

decade, there has been an increasing number of publications related to microfluidics 

and their applications to water treatment. The slight decrease of publications in 2020 

may be due to COVID-19. These results show that although microfluidics research is 

growing steadily (approximately 3400-5750 articles per year from 2011-2020), only a 

small portion of microfluidic studies is related to water treatment (30-90 articles per 

year). To date, such studies have mainly focused on enhancing photocatalytic, 

electrochemical, Fenton, ozonation, and plasma-phase AOPs by exploiting microfluidic 

technologies. Results indicate that the unique hydrodynamic features, and greater range 

and tunability of process conditions offered by microfluidic devices, enable AOPs that 

are safer, more effective for the degradation of aqueous organic pollutants, and have 

superior energy efficiency when compared with conventional reactors (Lin et al., 2021b; 

Russo, 2021). Tanimu et al. (2017) reviewed the manufacturing of catalytic 

microreactors and their applications in photochemical and pharmaceutical synthesis. 

Heggo and Ookawara (2017) provided a general overview of different types of 

photocatalytic microreactors. Das and Srivastava (2016) and Shukla et al. (2021a) 
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highlighted the fabrication and application of photochemical and photocatalytic 

microreactors for wastewater treatment. However, these reviews lack in-depth 

discussion of the effects of reactor dimension on AOPs. The opportunities and 

challenges of various AOP types (e.g., photocatalytic, electrochemical, Fenton, 

ozonation, and plasma-phase processes) for W/WWT have not yet been 

comprehensively reviewed.  

This work provides an in-depth discussion of recent advances in AOP-

microreactor systems for W/WWT by reviewing the unique hydrodynamic 

characteristics of microfluidic devices, their component materials, and fabrication 

techniques. The merits of using variously designed microreactors to carry out 

photocatalytic, electrochemical, Fenton, ozonation, and plasma-phase AOPs for 

W/WWT are discussed in detail. Further, impact factors, kinetic modeling, scale-up 

strategies, and cost-reduction of AOP-microreactor systems are also considered. 
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Figure 2.3 Peer-reviewed publications on microfluidic processes over the last decade. 

Source: Web of Science. 
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2.3.1 Hydrodynamic characteristics of microreactors 

Understanding of microfluidic hydrodynamic characteristics is needed to 

successfully apply microreactor technology to AOPs. Compared with larger, bulk 

reactors, an essential advantage of microreactors is their ability to significantly 

accelerate mass transfer processes. Within microreactors, the presence of 

microchannels having high surface area-to-volume ratios that impart short diffusion 

lengths improves both mass and heat transfer (Sattari-Najafabadi et al., 2018). Previous 

reports have demonstrated that, compared with conventional reactors, microreactors 

can increase overall mass transfer coefficients by more than one order of magnitude, 

making them powerful tools for enhancing reaction rates (Dessimoz et al., 2008; 

Sattari-Najafabadi et al., 2018). In fluid mechanics, several dimensionless parameters 

are commonly used to quantify mass transfer rates that affect intrinsic reaction kinetics 

(Song et al., 2018a). Mass transfer phenomena occurring in microreactors can be 

described by the characteristic mixing time and the volumetric mass transfer coefficient 

in single and multi-phase systems (Su et al., 2014).  

2.3.1.1 Dimensionless parameters relevant to microfluidic processes 

The most important type of mass transfer occurring in a microreactor is diffusion, 

the predominance of which distinguishes such a system from a conventional reactor. 

Within the latter, inertial force dominates the flow behavior, and the predominant mass 

transfer type is advection. As the reactor scale decreases to the microscale, effects of 
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reactor capillaries, surfaces and interfaces, as well as those attributable to fluid 

properties, e.g., viscosity and surface tension, become increasingly important (Song et 

al., 2018b). In the field of microfluidics, some important dimensionless parameters, 

such as Reynolds number, Weber number, Capillary number, Bond number, second 

Damköhler number, Péclet number, Schmidt number, Sherwood number, and Hatta 

number, have been used to describe flow regimes, study mass transfer mechanics, and 

develop theoretical models of microfluidic processes (Geng et al., 2020; Russo, 2021). 

The formulation and significance of each parameter in the capillary or microchannel 

environment of a microreactor are presented in Table 2.1.
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Table 2.1 Key dimensionless parameters used in microfluidic mechanics ((Banerjee et al., 2019; Fischer et al., 2010; Geng et al., 2020; Kakaç et 

al., 2010; Russo, 2021; Su et al., 2014)). 

Dimensionless 

parameter 

Formulation Conceptual expression Relationship to mass 

transfer 

Significance to fluid 

mechanics 

Reynolds number 𝑅𝑒 = 𝜇𝜌𝐿/η 𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
 

Mixing time (tm) decreases 

when Re increases. 

 

Distinguishes laminar flow from 

turbulent flow 

Weber  

number 

𝑊𝑒 =
𝜌𝜇2𝐿

𝛾
 

𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛
 

− Describes fluid flow in 

multiphase systems 

Capillary number 𝐶𝑎 =
𝜇𝜂

𝛾
 

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛
 

− Describes the dynamic contact 

angle of a flowing droplet at an 

interface 

Bond  

number 

𝐵𝑜 =
𝜌𝑔𝐿

𝛾
 

𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛
 

− Determines behaviors of bubbles 

and droplets 
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Dimensionless 

parameter 

Formulation Conceptual expression Relationship to mass 

transfer 

Significance to fluid 

mechanics 

Second 

Damköhler 

number 

𝐷𝑎II =
𝑘𝑟𝐶𝐿

𝐷
 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒
 

<< 1, reaction-limited; 

>> 1, diffusion-limited  

 

Represents a key factor in 

determining chemical reaction 

efficiency 

Péclet  

number 

𝑃𝑒 =
𝜇𝐿

𝐷
 

𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒
 

< 1, diffusion dominates; 

> 1, advection dominates 

Relates to the mass/heat 

transfer in a continuum 

Schmidt number 𝑆𝑐 =
𝜇

𝜌D
 

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦

𝑀𝑎𝑠𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦
 

For high Sc, concentration 

gradients continue much 

longer than velocity 

gradients 

Describes the relative 

thickness of the mass transfer 

boundary layer 

Sherwood number 
𝑆ℎ =

𝑘𝐿𝐿

D
 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
 

Depend on Re and Sc 

numbers 

Estimates the interfacial mass 

transfer 
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Dimensionless 

parameter 

Formulation Conceptual expression Relationship to mass 

transfer 

Significance to fluid 

mechanics 

Hatta  

number 

𝐻𝑎 =
√𝑘𝑟𝐷

𝑘𝐿
 

𝑀𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑡𝑖𝑚𝑒

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 

< 0.3, no mass transfer 

limitation; 

0.3 < Ha < 3, weakly mass 

transfer limitation;  

> 3, strong mass transfer 

limitation 

Characterizes the relationship 

between reaction and mass 

transfer 

Note: µ is flow velocity; ρ is fluid density; L is characteristic length of microchannel; η is fluid dynamic viscosity; 𝛾 is interfacial tension; g is gravitational acceleration; kr is 

surface reaction constant; C is initial reactant concentration; D is diffusive mass transfer rate; kL is mass transfer coefficient.
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The Reynolds number can be used to distinguish the flow regime of a fluid in a 

microreactor from that in a conventional, continuous-flow reactor (Kakaç et al., 2010). 

The Reynolds number describes the relationship between inertial force and viscous 

force. As the reactor’s characteristic length (internal volume divided by internal surface 

area) decreases to within the microfluidic range, the viscous force begins to exceed the 

inertial force. Fluid flow in a cylindrical tube is considered turbulent if the Reynolds 

number is above 4,000 and is considered laminar if the Reynolds number is below about 

2,300. In microchannels, fluid flow has a very small Reynolds number (~1 < Re < ~100), 

well within the laminar flow regime (Banerjee et al., 2019; Zhang et al., 2016). 

Theoretically, the mixing time should decrease by around 2 orders of magnitude when 

the Reynolds number increases from 1 to 100 (Falk & Commenge, 2010). Yusuf and 

Palmisano (2021) used a three-dimensional (3D) computational fluid dynamic model 

to predict the performance of a microfluidic process for photodegradation of 4-

nitrophenol, wherein the Reynolds number was estimated to be 21, concluding that the 

flow within the photocatalytic parallel-channel microreactor employed for this process 

was laminar. The Weber number, showing the relationship between inertial force and 

interfacial tension, is usually used to characterize fluid flow in a multiphase system. 

The Capillary number, which is defined as the ratio of the Weber number to the 

Reynolds number, is a characteristic parameter of droplets (Geng et al., 2020). The 

large surface area-to-volume ratio of a microreactor creates smaller droplets that give 
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rise to higher capillary numbers and enhanced mass transfer. The Bond number 

describes the relative importance of interfacial tension and body force, which 

characterizes the behaviors of bubbles and droplets. Other dimensionless numbers 

described in Table 2.1 (second Damköhler, Péclet, Schmidt, Sherwood, Hatta, etc.) are 

related to diffusivity, mass transfer, and reaction rates (Kockmann, 2007; Su et al., 

2014). 

 The ratio of chemical reaction rate to the diffusive mass transfer rate is reflected 

by the second Damköhler number (DaII), which is one of the critical indicators 

determining mass transfer effects within a microreactor (Su et al., 2014). The process 

kinetics are diffusion-limited for DaII >> 1 and become reaction-limited for DaII << 1 

(Kockmann, 2007). Gorges et al. (2004) evaluated DaII to estimate mass transfer 

limitations within a photocatalytic microreactor containing TiO2-coated micropores. 

Their estimates were in the range of DaII = 0.33–3.83, indicating that there was no mass 

transfer limitation within the microreactor-based process. The Péclet number (Pe) is the 

ratio of advection to diffusion. Usually, when Pe < 1, diffusion dominates, whereas if 

Pe >1, advection dominates (Elvira et al., 2013). Since the flow in a microfluidic system 

is not turbulent, the fluid mixing by advection is less important than that by diffusion. 

de Sá et al. (2018) evaluated the Reynolds, Damköhler, and Péclet numbers to better 

understand the photocatalytic degradation of pollutants in meso- and micro-scale 

reactors. The values of Damköhler and Péclet numbers in the microreactor were 

1.6 × 10-3 ≤ DaII ≤ 2.1 × 10-2 and 0.9 ≤ Pe ≤ 46.2. Their results showed that the kinetics 
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of diffusion processes were more important than those of the chemical reactions and 

highlighted that the performance of the photodegradation process carried out in a 

microreactor was superior to that in a meso-reactor. To evaluate the extent of mass 

transfer limitation in gas/liquid and liquid/liquid biphasic reaction systems, an 

important parameter, Hatta number (Ha), can be considered (Fischer et al., 2010). 

Usually, the process is reaction-controlled, and the mass transfer limitation is negligible 

when Ha < 0.3. Weakly-limited mass transfer occurs when 0.3 < Ha < 3. There are 

strong mass transfer limitations if Ha > 3. 

2.3.1.2 Mixing efficiency 

High mixing efficiency, consistent residence time, and nearly isothermal control 

are among the main advantages of microreactors over conventional reactor systems 

(Bojang & Wu, 2020b). The mixing time in a conventional reactor depends on many 

factors, such as viscosity, reactor internal volume, energy dissipation rate, diffusivity, 

etc. As the flow in microchannels is strictly laminar, the mixing in one dimension is 

driven by molecular diffusion. The characteristic mixing time (tm) in microreactors can 

be calculated by the Einstein–Smoluchovski equation: 

𝑡𝑚 =
𝐿2

𝐷
 

where L is the diffusion path length or hydraulic diameter, and D is the molecular 

diffusivity (Kockmann, 2007). To account for differences in the structures, mixing, and 

flow regimes characteristic of microreactors, some researchers have also proposed 
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relationships to describe the mixing time based on the Reynolds and Péclet numbers 

(Fath et al., 2019; Kockmann et al., 2006). The relationships between characteristic 

length and time scales for mixing in both conventional and microscale devices, which 

account for differing fluid diffusion coefficients, are displayed in Fig. 2.4. According 

to this representation, processes having shorter diffusion lengths require shorter mixing 

times. In a conventional reactor, the characteristic mixing time is longer than 1 ms for 

gases and is on the order of 1 s for liquids, whereas in a microstructured device, the 

mixing time decreases to less than 100 µs for gases and to approximately 1 ms for 

liquids. Since microreactors impart shorter diffusion distances, complete mixing occurs 

much faster in these systems to accelerate chemical reactions. 
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Figure 2.4 Relationships between characteristic length and mixing time for fluids of 

varying diffusion coefficients in micro-scale and conventional reactors (adapted from 

Ref. (Kockmann, 2007)). 

  



 

43 

 

2.3.1.3 Volumetric mass transfer coefficient and reaction rate constant 

In multiphase processes, mainly gas/liquid, liquid/solid, and gas/liquid/solid in 

many types of AOPs, chemical reactions can occur either at the interfaces between 

different phases or in the bulk phase, with their rates depending both on mass transfer 

of reactive compounds and on reaction kinetics. The interfacial mass transfer rates (R) 

depend on the difference between bulk (C) and equilibrium concentrations (Ceq), and 

the volumetric mass transfer coefficient (kLa), which is the product of the mass transfer 

coefficient in water phase (kL) and the effective interfacial area (a).  

𝑅 = 𝑘𝐿𝑎(𝐶𝑒𝑞 − 𝐶) 

Compared to a conventional reactor, the effective interfacial area of a microreactor 

is much higher owing to their greater surface area-to-volume ratio, which restricts 

droplet/bubble sizes. The microreactor’s relatively short interphase mixing time also 

ensures effective diffusion of reactants from interface to bulk phase (Sattari-Najafabadi 

et al., 2018).  

The values of kLa and a for both conventional reactors or contactors and 

microfluidic reactors were collected from the literature and are compared in Fig. 2.5. 

The results clearly show that the mass transfer increases as reactor scale decreases. It is 

worth noting that both the kLa and a values for micro-scale reactors (e.g., micro-

capillary reactor, micro packed-bed reactor, microchannel reactor) are at least 1–2 

orders of magnitude higher than those associated with conventional reactors or 
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contactors (e.g., packed column and spray column). Such high mass transfer rates can 

be rationalized by considering the large interfacial areas, arising from a microreactor’s 

fine internal structure and characteristically small dimensions. The specific interfacial 

area of a microreactor can reach up to 20,000 m2/m3, which is uncharacteristically high 

for conventional reactors (Yao et al., 2015). 

In studies of heterogeneous catalytic reactions that occur during the 

photodegradation of contaminants in the aqueous phase, the Langmuir-Hinshelwood 

kinetic equation is applied to describe the reaction rate (r) (Charles et al., 2011; Corbel 

et al., 2012; Krivec et al., 2013; Matsushita et al., 2008): 

𝑟 =
𝑘𝐾𝑎,𝑑𝐶𝐴,𝑠𝑢𝑟𝑓

1 + 𝐾𝑎,𝑑𝐶𝐴,𝑠𝑢𝑟𝑓
= 𝑘𝑔𝑎(𝐶𝐴,𝑏𝑢𝑙𝑘 − 𝐶𝐴,𝑠𝑢𝑟𝑓) 

where k is the intrinsic rate constant, Ka,d is the adsorption-desorption equilibrium 

constant, CA,surf and CA,bulk represent the concentration of compound A at the 

water/catalyst surface and in the bulk aqueous phase, respectively. The global mass 

transfer coefficient, kg, can be expressed by a semi-empirical correlation between the 

non-dimensional Sh, Sc, and Re numbers (Russo, 2021). In microchannels, the high 

mass transfer rate and large specific interfacial area give rise to a high concentration of 

reactants at the liquid/solid interface, resulting in a higher reaction rate (Su et al., 2014). 
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Figure 2.5 Comparison of mass transfer parameters for conventional reactors and 

microreactors (a, (Kayahan et al., 2021; Yue et al., 2007); b, (Cao et al., 2021a; Losey 

et al., 2001); c, (Shao et al., 2010); d, (Nieves-Remacha et al., 2013); e, (Cao et al., 

2021a); f, (Charpentier, 1981); g, (Dłuska et al., 2004); h, (Kayahan et al., 2021); i, 

(Charpentier, 1981); j, (Kies et al., 2004)) 
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2.3.2. Applications of microreactor systems to AOPs 

Applications of micro-structured reactors have been expanded in recent years due 

to their inherent safety, sustainability, compactness, effectiveness, minimal waste 

output, low operating and capital costs, and reduced energy demand (Kakaç et al., 2010; 

Nge et al., 2013). An increasing number of studies have used AOP- microreactors to 

degrade pollutants in W/WWT (Cambié et al., 2016). In this section, applications of 

microreactors for photocatalytic, electrochemical, Fenton, ozonation, and plasma-phase 

AOPs are discussed. 

2.3.2.1 Photocatalytic oxidation 

As a green and sustainable process, the photocatalytic AOP has received 

significant attention for its widespread applicability to industrial, hospital, municipal, 

and landfill leachate W/WWT (Ahmed & Haider, 2018; Yang et al., 2020; Zhu & Zhou, 

2019). The main factors affecting photocatalytic process efficiency are mass transfer, 

photon transfer, and concentrations of dissolved oxygen (Chong et al., 2010). Mass 

transfer sometimes limits the reaction rates and is related to the system’s surface area-

to-volume ratio. Photon transfer is affected by interference of the light beam from its 

source to the photocatalytic semiconductor. Uniform irradiation of a photocatalytic 

surface benefits the utilization of photons by the photocatalytic process (Wang et al., 

2014d). The availability of dissolved oxygen is also necessary for photocatalytic AOPs 

(Yu & Wang, 2020). In terms of their physical states, catalysts used in conventional 
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photocatalytic reactors may exist either within a slurry or may be immobilized upon 

interior reactor surfaces (Wang et al., 2014d). The slurry reactors employ solid catalyst 

particles suspended in a liquid medium, whereas in solid-state photocatalytic reactors, 

the catalytically-active material is coated onto the interior reactor wall. While the slurry 

system offers high catalytic surface area, it suffers drawbacks of limited light 

transparency and consumption of photocatalysts. On the other hand, the lower 

interfacial surface area of the immobilized-catalyst system limits the effective external 

mass transfer (Shukla et al., 2021a).  

Emerging microfluidic reactor systems offer many advantages over conventional 

reactors for photochemical transformations. Due to the smaller sizes of their interior 

channels, microreactors offer volumetric mass transfer coefficients that are at least two 

orders of magnitude higher than those of traditional photocatalytic reactors (Wang et 

al., 2014d). As a result, significantly enhanced reaction rates can be achieved with 

microreactors. In a microfluidic device, the most effective means of enhancing 

photodegradation of aqueous-phase contaminants is to deposit the catalysts within the 

microchannels in the form of a thin coating, monolith, or packed bed (Munirathinam et 

al., 2015). Microreactor design has been a hot topic in photocatalytic process research 

for several decades. Presented in Fig. 2.6 are the main photo(electro)catalytic 

microreactor types, each of which operates via externally supplied radiation and for 

which the most recent applications to W/WWT are subsequently described.  
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Figure 2.6 Main microreactor types used for photo(electro)catalytic degradation of 

aqueous-phase contaminants 
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2.3.2.1.1 Single-capillary microreactors 

In a capillary microreactor, a chemical reaction occurs as the feed solution flows 

through a capillary tube. Several researchers have reported on the use of single-capillary 

microreactors for photochemical conversion of organics (Hurtado et al., 2016; Li et al., 

2003; Ramos et al., 2014b; Russo et al., 2020; Russo et al., 2016) (Fig. 2.6a). Single-

capillary UV/H2O2 microreactors have recently been adopted to efficiently remove 

emerging contaminants, including benzoylecgonine, isoxazole, and isothiazolinones, 

the photodegradation products of which were then analyzed (Russo et al., 2020; Russo 

et al., 2016). This UV/H2O2 microcapillary reactor-based technique represents an 

environmentally friendly, economical, highly efficient, and time-saving homogeneous 

AOP for W/WWT. For the photocatalytic process, the catalytically-active materials are 

coated on the inner wall of the capillary, and the catalytic reaction occurs when external 

radiation passes through the wall to interact with the catalytic material layer. Li et al. 

(2003) designed a single-capillary microreactor with TiO2/SiO2 adsorbed to the inner 

wall. The addition of hexagonal SiO2 arrays onto the walls increased the effective 

surface area, which in turn increased the amount of coated TiO2. In this case, 

microcapillary provided a higher surface area-to-volume ratio to enhance the 

degradation of methylene blue, which is 150 times faster than a bulk reactor.  

2.3.2.1.2 Multi-capillary microreactors 

Multi-capillary microreactors use several capillaries in parallel to improve contact 
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surface area, light utilization efficiency, and process throughput capacity (He et al., 

2010; Zhang et al., 2013) (Fig. 2.6b). He et al. (2010) described a photocatalytic device, 

consisting of a circular array of parallel capillaries containing ZnO/TiO2 nanorod arrays. 

A tubular UV lamp, situated at the center of the circular array and parallel to capillary 

axes provided sufficient and uniform illumination. This rapid, continuous-flow process 

offers commercialization potential and exemplifies use of a multi-capillary 

microreactor for the degradation of aqueous organic pollutants. 

2.3.2.1.3 Single-channel microreactors 

Single-channel microreactors may contain straight-, serpentine-, or spiral-shaped 

channels within glass, ceramic, polymers, or other material substrates. These systems 

have been used to demonstrate the feasibility of photocatalytic microreactor-based 

AOPs for the removal of aqueous organic substances (Eskandarloo et al., 2015; Krivec 

et al., 2013; Matsushita et al., 2008; Yu & Wang, 2020) (Fig. 2.6c). Serpentine-shaped 

microchannels were developed to increase the residence time of pollutants as a means 

of enhancing process efficiency (Eskandarloo et al., 2015). Krivec et al. (2013) 

developed a microreactor consisting of a single, serpentine-shaped microchannel 

containing immobilized TiO2 nanoparticles on the bottom and sidewalls of the channel, 

which was sealed with UV-transparent Plexiglas. Poorly designed single-channel 

microreactors may suffer from large empty spaces that reduce process efficiency. 
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2.3.2.1.4 Multi-channel microreactors 

Several groups have carried out photocatalytic reactions using multi-channel 

microreactors, wherein parallel channels provide greater and more uniform photo-

exposure (Gorges et al., 2004; Renault et al., 2012; Takei et al., 2005) (Fig. 2.6d). Such 

microreactor systems have been widely used in chemical synthesis, owing to their 

ability to more accurately control and maintain reaction process conditions while 

enabling high product yields (He et al., 2020; Takei et al., 2005). Gorges et al. (2004) 

used a 19-parallel-channel microreactor, having channel cross-sections of 200×300 µm, 

for the degradation of 4-chlorophenol within a W/WWT process. Their results showed 

that the illuminated specific surface area of this micro-structured reactor is 4–400 times 

higher than that of a conventional photocatalytic reactor. 

2.3.2.1.5 Planar microreactors 

A planar microreactor contains a wide and shallow channel within the substrate 

through which the reaction mixture flows. It has been suggested that, compared to 

capillary or channel-based microreactors, planar microreactors could further increase 

surface contact with the reaction mixture and enhance its exposure to radiation (Lei et 

al., 2010; Wang et al., 2014d) (Fig. 2.6e). Many studies have demonstrated the utility 

of planar microreactors (Li et al., 2018; Wang et al., 2014c). Li et al. (2018) used a TiO2 

nanorod array-based, dual-film optofluidic planar microreactor, demonstrating its 

efficient light-harvesting capability and high durability during a photocatalytic 
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application. Wang et al. (2014b) used a planar microreactor containing a BiVO4-coated 

layer for visible light photocatalysis and confirmed that this device could make use of 

both heat and light energy to degrade organic compounds.  

Despite the evident utility of planar microreactors, uneven liquid flow throughout 

the wide channel presents a major drawback. Bifurcation of the upstream reactor zone 

has therefore been used to provide a more uniform flow through more separate channels 

instead of one (Heggo & Ookawara, 2017). Liao et al. (2016) designed and compared 

the performance of planar microreactors with and without-bifurcated channels for 

photocatalytic applications. Their results showed that bifurcation of the planar channel 

increases methylene blue degradation efficiency by 68%. The increased reaction 

efficiency was attributed to greater flow velocity fluctuation in the bifurcated 

microreactor. 

2.3.2.1.6 Multiphase microreactors 

Photocatalytic W/WWT processes need sufficient oxygen input to effect 

degradation of organic contaminants (Heggo & Ookawara, 2017; Lindstrom et al., 

2007). Many researchers have used microreactors containing channels fitted with 

air/oxygen intake ports for this purpose (Li et al., 2013; Zhu et al., 2016) (Fig. 2.6f). 

Aran et al. (2011) have developed a porous photocatalytic membrane microreactor, 

which provides a continuous supply of gaseous reactants and a shorter light path length 

for multiphase reactions. In this device, TiO2 is immobilized onto the surface of porous 
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aluminum oxide on the interior walls of channels. Ports permit the introduction of 

oxygen gas into the reactor chambers to improve the efficiency of this multiphase 

process. Yu and Wang (2020) developed a tunable, spiral-channel photocatalytic 

microreactor, which provides a high surface area for interactions of gaseous and liquid 

reactants with the solid surface, thereby enhancing reaction kinetics and process 

efficiency for photodegradation of methylene blue. These authors calculated reaction 

rate constants (k) both with and without the application of oxygen bubbles and found 

that oxygen bubbling increases the photocatalytic degradation rate by a factor of 2.4. 

They also provided insight into the design of industrial-scale photocatalytic reactors for 

W/WWT that are inspired by the designs of multiphase microreactors. 

2.3.2.1.7 Planar photoelectrocatalytic (PEC) microreactors 

Photoelectrocatalysis is a process whereby an electrified semiconductor is further 

excited by radiation to accelerate a chemical reaction (Wang et al., 2020f; Wu & Hu, 

2020). PEC microreactors offer promising applicability to AOPs for W/WWT because 

electrification of the photocatalyst suppresses recombination of photo-generated 

electron-hole pairs, which enhances photocatalytic process efficiency (Wang et al., 

2012). Wang et al. (2012) designed and used a planar PEC microreactor to decompose 

methylene blue. This microreactor consisted of a substrate coated with a porous, 

photocatalytic BiVO4 film, which was then sandwiched between indium tin oxide (ITO) 

glass plates. An external bias potential was then applied across the two ITO plates as 
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the methylene blue solution was passed through the reactor (Fig. 2.6g). These 

researchers carried out a series of experiments and found that this PEC microreactor 

offers many advantages, such as high photon utilization rate, easy control over the 

oxidation pathway, and sufficient oxygen supply. Their follow-up study further 

demonstrated that this PEC microreactor could simultaneously degrade organic 

contaminants in seawater while reducing or even eliminating chlorine generation 

(Wang et al., 2017).  

2.3.2.1.8 Coil-type PEC microreactors 

Suhadolnik et al. (2017) designed a coil-type PEC microreactor to degrade 

caffeine under various process conditions (Fig. 2.6h). They compared process 

performance under photocatalytic, electrocatalytic, and PEC conditions, noted that the 

best performance was achieved using the latter, and upscaled the reactor to the 

macroscale for application to degradation of organic compounds. Owing to its superior 

mass and photon transfer, and control over oxidative pathways compared to either 

photocatalytic or electrocatalytic processes, the PEC process may represent the most 

efficient type of AOP for applications to W/WWT. 

2.3.2.1.9 Other research highlights of photocatalytic oxidation 

Hot topics in the design of photocatalytic microreactors include the selection of 

catalytically-active materials, sources and distribution of light, and combination 

processes (Table 2.2).  
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The currently popular photocatalysts used in photocatalytic microreactors include 

TiO2, ZnO, CuO, etc. The rapid recombination of photo-generated electron-hole pairs 

can impact the efficacy of semiconductors as photocatalysts. Preferred catalysts for 

photocatalysis should exhibit slow recombination rates, high surface area, and permit 

effective mass transfer. The traditional catalysts usually have high recombination rates 

leading to relatively low efficiency, which has been regarded as a key factor limiting 

the application of photocatalytic technology. Zhang et al. (2013) constructed a Pt/ZnO 

nanorod array-modified catalyst to achieve rapid and highly efficient photocatalytic 

activity in a capillary microreactor. When this microreactor was repeatedly used for 

110 h, the degradation efficiency of phenol was still higher than 85%, showing excellent 

durability. The development of new catalysts (doped metal oxides, perovskite, g-C3N4, 

and metal-organic frameworks, etc.) with low recombination rates offers great potential 

for microfluidic technology applications (Wang et al., 2020e). However, to our best 

knowledge, there are currently no reports of such emerging photocatalysts used with 

AOP-microreactors for environmental applications, suggesting that this may represent 

a new research and development opportunity. 

To optimize light distribution within this photocatalytic system, internal light 

sources with a waveguide or optical fibers have been employed (Sohrabi et al., 2020; 

Zhu et al., 2016). Özbakır et al. (2021) developed a compact hydrophobic composite 

material, which functions both as a photocatalyst and light-guide. Based on experiments 

and a quantitative theoretical model, these authors demonstrated that a photocatalytic 
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microreactor employing this composite is well suited for the degradation of dissolved 

organic and inorganic compounds in water under a wide range of operating conditions. 

The combination of photocatalysis with other AOP types (e.g., thermolysis, 

plasma-phase, and sulfate radical-based processes) has been attempted to enhance the 

process efficiency (Hafeez et al., 2021b; Lumbaque et al., 2021; Wang et al., 2014b). 

The combination of photocatalysis and a sulfate radical-based AOP has been reported 

to minimize carrier recombination since persulfate has a high electron affinity and 

easily captures photo-generated electrons (Ike et al., 2018). The recent interest in sulfate 

radical-based AOPs has inspired their integration with photocatalysis in microreactors. 

Lumbaque et al. (2021) applied a tube-in-tube membrane microreactor to boost the 

efficiency of a persulfate-based AOP by combining it with a photocatalytic (UV/TiO2) 

process. The microreactor’s design facilitates transportation of persulfate to the 

photocatalyst’s surface and improves the distribution of reactants across the 

microreactor’s length. 
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Table 2.2 Characteristics of photocatalytic microreactors reported over the last decade. 

Casing 

material 

Catalyst 

material 

Thickness of 

catalyst layer 

(μm) 

Channel size 

(mm) 

Light source 

(λ, nm) 

Flow rate 

(μL/min) 

Residen

ce time 

(s) 

Pollutant(s) 

converted 

Concentrati

on (mM) 

Conversion 

efficiency 

(%)  

Ref. 

PDMS TiO2 20−30 1 × 0.1 UV (352−368)  5−20 80−20 p-Chlorophenol 0.1–6.0 95 (Yoon et al., 

2011) 

Polymer TiO2 5 ± 1 1−2 × 0.5  UV LED 42−167 320−40 Salicylic acid 0.072 20-80 (Charles et 

al., 2011) 

⍺-Al2O3 TiO2 − 1 × 0.5  UV-365 10−50 198−18 Methylene blue 0.07 35-90 (Aran et al., 

2011) 

Glass TiO2  0.2−2 50 × 18 × 0.1  UV-365 75 72 Methylene blue 0.03 55 (Wang et al., 

2011) 

Silica TiO2  3 0.66 × 0.53 UV LED − − Several dyes 0.05 − (Tsuchiya et 

al., 2012) 

ITO glass BiVO4 1.5 10 × 10 × 0.1 Blue LED 75−200 3−8 Methylene blue 0.03 27-53 (Wang et al., 

2012) 

Quartz TiO2 2−5 150 × 0.32 UV (253.7) 1000 4,800 Azo dye 0.03–0.15 91.7 (Zhang et 

al., 2012) 

PDMS and 

glass 

TiO2 0.3 20 × 10 × 0.25 UV (310−400)  66.6 45 Methylene blue 0.02 90.5 (Li et al., 

2013) 
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Casing 

material 

Catalyst 

material 

Thickness of 

catalyst layer 

(μm) 

Channel size 

(mm) 

Light source 

(λ, nm) 

Flow rate 

(μL/min) 

Residen

ce time 

(s) 

Pollutant(s) 

converted 

Concentrati

on (mM) 

Conversion 

efficiency 

(%)  

Ref. 

PDMS and 

glass 

electrospu

n 

nanofibrou

s TiO2 

30 0.5 × 0.1 UV light 25−100 53−12.43 Methylene blue 0.03 56-99 (Meng et al., 

2013) 

Silica glass Pt/ZnO 

nanorods 

1−2 0.53 UV LED − 180 Phenol 0.053 93 (Zhang et 

al., 2013) 

Titanium 

foil 

TiO2 10 390 × 0.5 × 0.5 UV LED 20−100 292.5−58.5 Caffeine 0.013–0.129 40-85 (Krivec et 

al., 2013) 

ITO glass BiVO4 1.5 10 × 10 × 0.1 Blue LED 75 8 Methylene blue 0.03 − (Wang et al., 

2013a) 

Polymer TiO2 1.5−4 0.25−1 UV LED − 1,680 Phenol 1.0 75 (Ramos et 

al., 2014b) 

Serpentine TiO2 10 390 × 0.5 UV 300 14 Dichloroacetic 

acid 

1–1.5 75 (Krivec et 

al., 2014) 

FTO glass 

and PDMS 

TiO2 − 20 × 10 × 0.2 Simulated 

sunlight 

100 12 Methylene blue 0.01–0.04 23.7-83.9 (Li et al., 

2014) 

Pyrex glass − − 500 × 0.1 × 0.04 UV LED − − Methylene blue 10 − (Ramos et 

al., 2014a, 

2014c) 
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Casing 

material 

Catalyst 

material 

Thickness of 

catalyst layer 

(μm) 

Channel size 

(mm) 

Light source 

(λ, nm) 

Flow rate 

(μL/min) 

Residen

ce time 

(s) 

Pollutant(s) 

converted 

Concentrati

on (mM) 

Conversion 

efficiency 

(%)  

Ref. 

PMMA TiO2 − 800 × 0.4 × 0.05 UV LED 10−150 96−6.4 4-Nitrophenol 0.036–0.216 19-100 (Eskandarlo

o & Badiei, 

2015) 

Stainless 

steel 

Ag/−TiO2 − 540 × 0.4 × 0.05 UV LED 10.22  63 Terephthalic 

acid 

0.078 98.8 (Eskandarlo

o et al., 

2015) 

Glass ZnO/Zn 

(OH)F  

nanofibers 

40 530 UV 25  40 Methylene blue 0.016 >90 (Zhao et al., 

2016a) 

PDMS TiO2 

nanotubes 

15 7 × 2.5 × 0.125 UV 5 60,000 Methylene blue 0.469 88 (Zhu et al., 

2016) 

Glass and 

foil 

titania 

nanotubes 

8 30 × 15 × 0.6 Sunlight 25 12,000 Methylene blue 18 46 (Jayamohan 

et al., 2016) 

Stainless 

steel 

Cu−CuO 

nanocomp

osite 

0.01 0.04 UV 20,000 3,000 Methylene blue 0.031 98.5 (Xu et al., 

2017) 

Silicon ZnO 

nanowires 

1.5 7 × 7 × 0.15 UV LED 250 <5 VOCs 2,000 Up to 95 (Azzouz et 

al., 2018) 
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Casing 

material 

Catalyst 

material 

Thickness of 

catalyst layer 

(μm) 

Channel size 

(mm) 

Light source 

(λ, nm) 

Flow rate 

(μL/min) 

Residen

ce time 

(s) 

Pollutant(s) 

converted 

Concentrati

on (mM) 

Conversion 

efficiency 

(%)  

Ref. 

PDMS TiO2 6.4 − UV LED − − Several dyes 0.015−0.03 90-100 (de Sá et al., 

2018) 

FTO glass TiO2 

nanorods 

1−10 20 × 20 × 0.2 UV (365)  30−120 80−20 Methylene blue 0.02 48-90 (Li et al., 

2018) 

Glass TiO2 films 0.65−2.7 58 × 20 × 0.18 UV (365) 15-330 840-40 Clofibric acid 0.093 50-100 (Satuf et al., 

2019) 

Glass Ce-doped 

TiO2 

− 58 × 20 × 0.18 Simulated 

sunlight 

15 840 17-α-

Ethinylestradiol 

0.03 86 (Martin et 

al., 2019) 

PDMS TiO2  1 0.06 Sunlight − − Methylene blue − − (Yu & Wang, 

2020) 

Carbon 

foam 

TiO2  − < 0.1 Sunlight − 7,200 Rhodamine B 0.025 90 (Lu et al., 

2020) 

PDMS ZnO − 40 × 25 × 5 UV (365) 20000 15 Tetracycline 0.045 73.2 (Chen et al., 

2020a) 

SiO2−TiO2 

aerogels 

TiO2 1100 41 × 1.1 Femtosecond-

UV pulses (366)  

3.6−28.3 649.4−82.6

1 

Phenol 0.33  36-93 (Özbakır et 

al., 2021) 

Note: FTO is fluorine-doped tin oxide; LED is light-emitting diode; VOCs are volatile organic compounds. 
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2.3.2.2 Electrochemical oxidation 

During an electrochemical AOP, ·OH is generated by the application of current, 

which initiates the unselective, oxidative degradation of aqueous organic contaminants. 

The high efficiency, mild operating conditions, ease of automation, and versatility of 

electrochemical AOPs are among their most useful aspects for W/WWT applications 

(Rao & Venkatarangaiah, 2014; Sirés et al., 2014; Wu et al., 2014). Moreover, the 

operating cost of highly efficient electrochemical processes can be reduced if powered 

directly by renewable, i.e., wind or solar, energy sources (Martínez-Huitle et al., 2015; 

Mook et al., 2014). Despite their many advantages, electrochemical AOPs do have 

some intrinsic drawbacks. Electrochemical process tends to have lower surface area-to-

volume ratios, which manifest as AOP mass transfer limitations, low space-time yield, 

reduced reaction efficiency, and increased energy consumption (Radjenovic & Sedlak, 

2015). Due to the high reactivity of ∙OH, it can only exist within a narrow zone adjacent 

to the electrode surface (<1.0 µm). Oxidation reactions occur mainly within a diffusion 

region of 100 µm around the electrode surface (Chaplin, 2014). Therefore, the 

dimensions of a microreactor chamber greatly affect the process efficiency of 

electrochemical AOP. An electrochemical AOP’s energy consumption is directly related 

to the ohmic drop, which is influenced by the size of the inter-electrode (IE) gap. The 

low electrical conductivity of the reaction mixture or feed may exacerbate the ohmic 

drop, thereby increasing energy consumption. In this case, the addition of electrolytes 
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to improve conductivity is both costly and often leads to secondary pollution. Therefore, 

reactors used for electrochemical AOPs should have optimized IE gaps to enhance 

pollutant conversion efficiency and reduce process energy consumption. In this context, 

microreactors have been explored due to their miniature and small IE gaps (Santana et 

al., 2020a; Wang et al., 2020b). 

A typical electrochemical reactor adopts one of two configurations: flow-by and 

flow-through (Fig. 2.7). Reported electrochemical microfluidics experiments and their 

operating parameters are summarized in Table 2.3. Scialdone et al. (2010) were the first 

to develop an electrochemical flow-by microreactor and found that the abatement of 

oxalic acid and the electric current efficiency strongly depended on the IE gap (Fig. 

2.7a). Although shortening the IE gap significantly enhanced pollutant conversion 

efficiency, it also constricted the flow, thereby reducing process throughput such that 

longer processing time was required. These authors later studied the effects of various 

experimental parameters on the oxidation of formic acid at microreactor anodes, both 

with respect to pollutant degradation and current efficiency (Scialdone et al., 2011). 

They then developed and experimentally validated a simple theoretical model of this 

electrochemical microreactor and used it to effectively balance high pollutant 

degradation and current efficiencies with minimal processing time. Scialdone et al. 

(2012) tested the feasibility of utilizing a microreactor containing a silver cathode and 

a boron-doped diamond anode for the electrochemical oxidation of 1,1,2,2-
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tetrachloroethane. Experiments were performed without added electrolyte, under 

various conditions of flow rate (0.1–0.4 mL/min), current density (3–15 mA/cm2), and 

IE gap (50–75 µm) to achieve impressive pollutant abatements approaching 100% in 

various cases. These authors provided two explanations for the improved performance 

of this electrochemical AOP: (1) The charge passing from the anode to the cathode 

accumulates on surfaces to more efficiently convert pollutants; (2) Pollutant conversion 

occurs at the surfaces of both electrodes, making the microreactor’s active surface area-

to-volume ratio significantly higher, which also helps to accelerate mass transfer. 

Obviously, traditional reactors used for high-throughput AOPs require wider channels 

and in turn, larger IE gaps that do not allow for an overlap of anode and cathode 

diffusion layers. In follow-up studies, these authors explored organics abatement by 

electrochemical AOP variants, including direct anodic oxidation, electro-Fenton, 

electro-chlorination, and coupled processes at both macro- and micro-scales (Scialdone 

et al., 2014a; Scialdone et al., 2014b). Numerous process features, such as electrode 

material composition, flow rate, current density, and IE gap were varied to optimize the 

removal of pollutants by these electrochemical AOPs (Scialdone et al., 2014a; 

Scialdone et al., 2014b). Khongthon et al. (2016) conducted a series of experiments to 

investigate diuron degradation kinetics via an electrochemical microreactor. Their 

results suggested that the rate constant for the process was 1–2 orders of magnitude 

higher than that observed using a conventional reactor. High removal of total organic 

carbon (TOC; up to 90%) was achieved in microfluidic cells without supporting 
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electrolyte. Meanwhile, the energy consumption per unit of TOC converted was also 

comparatively low. High TOC removal efficiency using microreactors has been also 

reported by others (Ma et al., 2018). 

Electrochemical flow-through reactors are theoretically superior to flow-by 

reactors in terms of mass transfer (Ma et al., 2016). Pérez et al. (2017) designed a flow-

through microreactor that exhibits low ohmic resistance and high mass transfer (Fig. 

2.7b). The results showed that this flow-through microreactor more efficiently degrades 

organics compared to a flow-by reactor. The flow-through microreactor requires only 

2.3 Ah/dm3 for the total mineralization of 100 mg/dm3 of clopyralid, whereas a 

commercially-available flow-by microreactor requires 11.4 Ah/dm3 to achieve the same 

result. The specific energy consumed by the flow-through microreactor is ca. 6 times 

less than that of the flow-by microreactor (12.5 vs. 75 kWh/m3), due to the faster 

degradation kinetics achieved with the former. These authors therefore concluded that 

the flow-through microreactor represents a more promising approach to 

electrochemical AOPs.  

Although the development of microreactors-based electrochemical AOPs for 

W/WWT is still in its infancy, the promising results reported from lab studies offer 

much promise and insight for the development of extensive, low-cost electrochemical 

W/WWT processes. The observation that these AOPs can be effectively conducted in 

the absence of added electrolyte is also promising for the elimination of a potential 

secondary pollution source and minimization of operating costs. 
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Figure 2.7 Electrochemical microreactors in flow-by and flow-through configurations 

(adapted from Refs.(Khongthon et al., 2016; Pérez et al., 2018)). 
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Table 2.3 Characteristics of microreactors used for electrochemical AOPs. 

Configu

ration 

Anode 

material 

Cathode 

material 

IE gap 

(μm) 

Current 

density 

(A/m2) 

Flow rate 

(mL/min) 

Energy 

consumption 

(kWh/g) 

Pollutant(s) 

converted 

Conversion 

efficiency (%) 

Ref. 

 

 

 

 

 

Flow-by 

BDD Nickel 50  20  0.1–0.5 − Oxalic acid 80–96 (Scialdone et al., 

2010) 

BDD Silver 50–75 30–150 0.1–0.4 − 1,1,2,2-

Tetrachloroetha

ne 

99.4 (Scialdone et al., 

2012) 

Ti/IrO2Ta2

O5 

Graphite 50–240 20–40 0.05–0.4 − Acid orange 7 >90 (Scialdone et al., 

2013) 

BDD Graphite 50 50–200 0.3–0.5 − Chloroacetic 

acid 

86–100 (Scialdone et al., 

2014a) 

BDD Graphite 50 100–200 0.1–0.3 − Acid orange 7 90–98  (Sabatino et al., 

2016) 

BDD Carbon felt 500 40 1 0.18 Acetaminophen 84 (Mousset et al., 2019) 
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Configu

ration 

Anode 

material 

Cathode 

material 

IE gap 

(μm) 

Current 

density 

(A/m2) 

Flow rate 

(mL/min) 

Energy 

consumption 

(kWh/g) 

Pollutant(s) 

converted 

Conversion 

efficiency (%) 

Ref. 

 BDD Nickel 50 160 0.1–0.5 0.15 TOC of real 

wastewater 

60–90 (Ma et al., 2018) 

 Graphite Stainless 

steel 

250–

750 

1.57–6.37 0.032–0.127 0.16–0.35 Diuron, TOC 90 (diuron), 60 

(TOC)  

(Bumroongsakulsawa

t et al., 2020; 

Khongthon et al., 

2016) 

 

 

Flow-

through 

3D-mesh 

Diachem® 

diamond 

Stainless 

steel 

400  100 1667 12.5 Clopyralid ≤ 100 (Pérez et al., 2017) 

BDD mesh Stainless 

steel 

400 10–100 1667 12.5–115.0 Clopyralid ≤ 100 (Pérez et al., 2018) 

BDD CB/PTFE-Al 400 200 1167 0.02 Clopyralid ≤ 100 (Pérez et al., 2019) 

Note: BDD is boron doped diamond; CB/PTFE is carbon black/polytetrafluoroethylene; TOC is total organic carbon. 
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2.3.2.3 Fenton oxidation 

Fenton AOPs―among the most effective and rapid types―use Fe2+ and H2O2 as reagents 

to generate strongly oxidizing ·OH (Babuponnusami & Muthukumar, 2014; Zhang et al., 2019). 

Process variants include photo-, electro-, photo-electro-Fenton, and Fenton catalytic AOPs. 

Among the most significant advantages of Fenton AOPs is their relative simplicity. These 

systems do not require complicated reactor designs. They do, however, rely on the input of 

relatively inexpensive chemical reagents. Reported Fenton AOPs carried out in batch reactors 

require, relatively long mixing times to effectively convert pollutants (Saien et al., 2012). The 

use of microreactors for such processes is, however, anticipated to greatly reduce required 

mixing times and the consumption of reagents. 

Rahimi et al. (2014) introduced a Y-shaped microreactor for the decolorization of azo dye-

contaminated solutions via a continuous-flow Fenton AOP. These authors reported an azo dye 

conversion efficiency of 86 % over a residence time of only 4.2 s, showcasing the advantageous 

use of a microreactor for the continuous-flow decolorization AOP.  

The photo-Fenton process variant applies UV/visible radiation along with H2O2 and Fe2+ 

to accelerate ·OH generation, thereby further increasing the pollutant degradation rate (Parsons, 

2004). Shinozawa et al. (2019) compared photo-Fenton AOPs for degradation of carbofuran 

under visible light both in a conventional batch reactor and in a microreactor. The batch scale 

process was conducted in a 250 mL beaker, while the microscale process was performed in a 

PTFE tube with an inner diameter of 500 µm. Results showed that the process carried out in 

the microreactor was 7.5 times faster than that in the batch reactor. The microreactor’s 
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shortened light path reduced visible light attenuation by the precipitation of ferric ions. To 

further overcome ferric ion light absorption, Díaz-Angulo et al. (2021) adopted a tube-in-tube 

membrane microreactor to continuously titrate the contaminated feed with a ferrous solution 

(Fig. 2.8). When low concentrations of ferrous solution are continuously introduced into the 

feed, a uniform reagent concentration is ensured to permit effective photo-exposure. More 

importantly, acidic aqueous ferric ions near the membrane shell side may be effectively 

regenerated into ferrous ions by UV irradiation, to minimize precipitation of light absorbing 

ferric species while regenerating ·OH using less ferrous solution. Compared to batch reactors, 

this microreactor design offers controlled delivery of Fenton reagents to improve AOP 

efficiency in terms of pollutant degradation.  
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Figure 2.8 A novel microreactor developed and used by Díaz-Angulo et al. (2021) for a 

photo-Fenton AOP 
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The electro-Fenton process is another promising AOP type for W/WWT, whereby ·OH is 

generated both by the combination of Fenton reagents and by anodic oxidation to degrade 

organic pollutants (Brillas et al., 2009; Nidheesh & Gandhimathi, 2012). Scialdone et al. (2013) 

constructed a microreactor used to demonstrate for the first time that organic pollutants can be 

degraded by both electro-generated H2O2 and Fenton-generated ·OH. These authors found that 

the concentration of H2O2 generated at the microreactors’ cathode was one order of magnitude 

higher than that in a batch reactor. Moreover, the chemical oxygen demand of water released 

from the microreactor was much lower than that released from the batch reactor. These authors 

further tested the feasibility of applying high flow rates to a cascade of microreactors used to 

reduce high concentrations of organic pollutants (Sabatino et al., 2016). Their results confirmed 

that a tandem AOP, involving electro-Fenton followed by electrochemical oxidation, could 

achieve a high abatement of both organics and total organic carbon, while simultaneously 

reducing energy consumption. A single microreactor that coupled electro-Fenton and anodic 

oxidation processes was applied to the direct treatment of soil washing wastes (Vilar et al., 

2020). The high efficiency and short treatment time enabled by use of this tandem AOP 

microreactor offer potential applicability to W/WWT. 

During heterogeneous photo-Fenton AOPs, catalysts can destroy the formed inactive Fe3+ 

complexes by assisting the UV irradiation, allowing the regeneration of active Fe2+ within the 

Fenton catalytic cycle (Kasiri et al., 2008). Catalysts, such as metal-organic frameworks, 

perovskites, and zero-valent iron, are likely to be highly effective within microreactors given 

their ability to reduce the generation of sludge, which may clog microreactors. Hao et al. (2020) 
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developed a miniaturized, five-loop, spiral-shaped microreactor containing rod-like, multi-

stacked, zero-valent iron catalytic nano-assemblies, to degrade organic dyes via a Fenton AOP. 

Compared with conventional batch reactors, use of this microreactor significantly shortened 

the degradation process duration (from hours to seconds). 

2.3.2.4 Ozonation 

Ozonation is another very effective AOP type for W/WWT whereby organic pollutants 

are degraded either by their direct reaction with ozone or indirectly by their reaction with 

ozone-generated radicals (Loeb et al., 2012). Ozone gas is produced by exposing oxygen to an 

electrical discharge. Limited mass transfer of gaseous ozone to the aqueous phase is a challenge 

for its application to AOPs, which can lead to low ozone utilization rates and high operating 

costs (John et al., 2020; Mehrjouei et al., 2015). Compared to conventional gas-liquid 

contactors, microchannels within microreactors offer short transport paths that facilitate 

gas/liquid contact to dramatically enhance mass transfer (Lee et al., 2011; Wang et al., 2020d). 

Various designs of microreactors, which have been proposed for ozonation AOPs, are shown 

in Fig. 2.9 (Cao et al., 2020a; He et al., 2016; Shirke et al., 2014; Sun et al., 2014). 

The Y-shaped microreactor has separate inlets for ozone gas and contaminated water in 

order to ensure efficient gas-liquid mixing (Fig. 2.9a). This microreactor was effectively used 

to disinfect E. coli (Shirke et al., 2014). Gao et al. (2012) were the first to use a microporous 

tube-in-tube microchannel reactor to enhance the ozonation of an azo dye (Fig. 2.9b). In this 

reactor, two coaxial tubes provide an annular microchannel. Ozone gas is passed through the 

inner tube while the wastewater stream is passed in the same direction through the outer tube. 
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Micropores in the inner tube allow ozone gas to diffuse into the wastewater stream. Compared 

to the use of a conventional reactor, experimental results showed that the use of this 

microreactor significantly enhances mass transfers of gaseous ozone into the wastewater stream. 

It was also observed that the ozone utilization within the microreactor was significantly 

increased when the width of the annular microchannel (i.e., the distance between the exterior 

surface of the inner tube to the interior surface of the outer tubes) was decreased from 1500 to 

250 µm.  
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Figure 2.9 Different types of microreactors used for ozonation AOPs (adapted from 

Refs.(Cao et al., 2020a; Gao et al., 2012; He et al., 2016; Shirke et al., 2014)). 
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Recently, micro-packed bed reactors (μPBRs) have been proposed for use in ozonation 

AOPs owing to their high surface areas, which encourage gas-liquid contact to accelerate mass 

transfer and multiphase mixing (Sang et al., 2020; Tu et al., 2019; Zhang et al., 2018). The first 

continuous ozonation AOPs based on the use of μPBRs were developed by Cao et al. (2020a) 

to degrade the refractory organic pollutants in wastewater with high efficiency (Fig. 2.9c). The 

fully wetted, packed particles of zirconia ceramic beads or γ-Al2O3 pellets provide a high 

interfacial area that minimizes the thickness of the liquid film and maximizes gas-liquid mixing, 

thereby enhancing the interfacial mass transfer and the dissolution of ozone. Moreover, these 

authors compared the water treatment performance of μPBRs with those of several 

conventional reactors. To achieve a high pollutant removal efficiency, the residence time of 

reaction mixtures within μPBRs should be in the range of 20–71 s, whereas that within 

conventional reactors should be 0.5–2 hours. The chemical oxidation demand (COD) removal 

efficiency reached up to 86% within 71 s using this microreactor. The apparent rate constant 

for degradation of refractory organic pollutants via ozonation AOPs conducted using µPBRs 

is 1–2 orders of magnitude higher than those carried out in conventional reactors. These results 

revealed that μPBRs improve ozone utilization efficiency and offer much insight toward the 

development of industrial-scale ozonation AOPs for the degradation of refractory contaminants 

during W/WWT. 

The use of ozonation catalysts within a microreactor can further enhance the efficiency of 

an ozonation AOP (Wang & Chen, 2020). Specific approaches to this end include adding 

catalyst pellets to µPBRs (Cao et al., 2020a), coating nanoparticles on the inner wall of a 
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microreactor (Da Silva et al., 2016), and the incorporation of photocatalytic membrane within 

a microreactor used for ozonation AOPs (He et al., 2016). He et al. (2016) designed and 

employed a novel optofluidic membrane-based microreactor to degrade methylene blue via a 

photocatalytic ozonation AOP (Fig. 2.9d). The photocatalytic membrane was prepared by 

coating TiO2 onto carbon paper, which was then treated with hydrophobic PTFE. The carbon 

paper of 0.28 mm thickness was placed within a planar reaction chamber having dimensions 

of 1 cm × 1 cm × 120 μm. AOPs carried out under varying conditions were then compared to 

reveal that photocatalysis and ozonation processes synergistically enhance process efficiency, 

demonstrating the usefulness of this new membrane-based microreactor for W/WWT. 

The fabrication of microreactors designed for ozonation AOPs has enabled in-depth 

studies of the ozonation reaction mechanisms and kinetics occurring in microchannels. 

Ongoing development of innovative microreactor designs and fundamental studies of their 

applicability to ozonation AOPs will together support microreactor commercialization 

initiatives. 

2.3.2.5 Plasma-phase oxidation 

With its emerging applicability to AOPs, plasma technology has attracted considerable 

attention due to its environmental compatibility and high efficiency toward degradation of 

organic pollutants (Jiang et al., 2014). The use of plasma within an AOP is considered as a 

process feature or enhancement, rather than as the defining operating characteristic. Within the 

plasma phase, various fleeting ROS, including radicals (H·, O·, OH·, O2
–·, HOO·) and other 

reactive molecules (H2O2, O3, etc.) are generated and applied, often along with UV radiation, 
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to affect the oxidization or mineralization of organic pollutants (Jiang et al., 2014). However, 

major drawbacks arising from sub-optimal conditions and long required residence times have 

limited the applicability of conventional plasma reactors to AOPs (Foster, 2017). Considering 

that plasma-based AOPs tend to be most effective when performed using continuous-flow 

reactors with high internal surface area-to-volume ratios, the use of microreactors for this 

purpose offers a promising solution (Lin et al., 2021b; Malik, 2010; Patinglag et al., 2021). 

Recently, Patinglag et al. (2019) have fabricated a dielectric barrier discharge (DBD) 

microfluidic plasma reactor and evaluated its performance at atmospheric pressure for the 

degradation of methylene blue in water (Fig. 2.10). They optimized the reactor’s parameters 

and verified that lower liquid flow rates, thinner dielectric barriers, and shallower channel could 

enhance the degradation of organic pollutants. Moreover, Hafeez et al. (2021a) constructed a 

multiplexed plasma microreactor to enhance both ozone formation and AOP efficiency for 

W/WWT. This new system containing six corona-DBD hybrid packed-bed plasma 

microreactors, overcomes the drawbacks of less ozone production due to low input power and 

large bubble formation in conventional domestic ozonator-based corona reactors. This 

multiplex microreactor’s enhanced ozone generation and high density of microbubbles allow 

it to treat 1 L of wastewater in less than 10 min, making this system an effective replacement 

for conventional ozone generators. 
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Figure 2.10 Schematic of a dielectric barrier discharge microfluidic plasma reactor (adapted 

from Ref. (Patinglag et al., 2019)) 
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2.3.3. Challenges with the use of AOP-microreactors for environmental applications 

When used to carry out AOPs for W/WWT, microreactors provide numerous advantages 

over conventional reactors. Their larger internal specific surface areas enable processes with 

faster heat and mass transfer, more precise flow control, and lower energy consumption for 

more efficient degradation of pollutants. Despite their advantages, there are still some 

challenges that should be addressed before its real-world applications. These entail (1) factors 

affecting AOPs efficiency in microreactors, (2) scale-up strategies, and (3) cost-saving methods. 

2.3.3.1 Factors affecting AOPs efficiency in microreactors 

In a microreactor, AOPs performance can be affected by several parameters, such as 

microreactor internal dimensions (i.e., channel size/length), feed flow rate, pH, water matrix, 

etc.  

It has been demonstrated that increasing channel length extended the residence time 

leading to more contact opportunities between targeted pollutants and catalysts, and 

consequently, enhanced degradation performance. Eskandarloo and Badiei (2015) reported that 

dye degradation efficiency improved from 19 to 70% by lengthening the channel of their 

photocatalytic microreactor from 10 to 70 cm. Smaller channel diameter also has the positive 

effect on AOPs efficiency. Scialdone et al. (2010) found that a smaller IE gap increased 

abatement of oxalic acid using their flow-by electrochemical microreactor. 

The flow rate, another critical factor affecting AOP process efficiency, is generally in the 

range of microliters to milliliters per minute, but can reach up to liters per minute in flow-
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through electrochemical microreactors (Das & Srivastava, 2016; Pérez et al., 2017). Lower 

flow rates tend to increase pollutants degradation efficiency due to the extended residence times. 

For example, in a microreactor used for Fenton AOP, decreasing the flow rate from 250 to 10 

µL min-1, which correspondingly extended residence time from 1.5 to 37.6 s, improved 

methylene blue removal efficiency from around 20 to 100% (Hao et al., 2020). 

It is well known that the water pH plays an important role in the degradation of aqueous 

pollutants by various oxidation processes. A study by Khongthon et al. (2016) showed that 

degradation of diuron in an electrochemical microreactor was more effective under acidic 

conditions due to the generation of hydroxyl radicals via water discharge reaction (Khongthon 

et al., 2016). Using an ozonation microreactor AOP, Gao et al. (2012) showed that dye 

decolorization efficiency increased when a dye solution’s initial pH was increased from 2 to 9, 

while further increasing the initial pH from 9 to 12 decreased dye decolorization efficiency. 

The latter observation was explained by considering that ozone decomposition, which 

generates ROS necessary for dye degradation, peaks at slightly alkaline pH values, whereas at 

pH > 9 the rate of ROS self-quenching exceeded that of the reaction between ROS and dye. 

The water matrix (containing dissolved inorganic ions and organic matter, for example) 

may affect the generation of ROS during a photocatalytic AOP. Matrix components may reduce 

light- transmittance and/or scavenge hydroxyl radicals (Miklos et al., 2018). Castellanos et al. 

(2020) concluded that the water matrix was responsible for a 2-fold decrease in the organic’s 

removal efficiency. In this case both organic and inorganic matrix components acted as UV 

filters and hydroxyl radical scavengers. Sun et al. (2014) investigated the effects of inorganic 
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salts on the kLa of O3 and decolorization of acid dye with an ozonation AOP using a 

microporous tube-in-tube microreactor. Interestingly, their results showed that both kLa of O3 

and decolorization efficiency of acid dye were improved with increasing salts (e.g., NaNO3, 

NaCl, Na2SO4, Na2CO3, and NaHCO3) concentrations.  

2.3.3.2 Scale-up strategies 

The limited throughput capacity of microreactors is the biggest challenge to their 

applicability for industrial-scale W/WWT. Therefore, the upscaling of microreactor technology, 

for instance, to include the use of capillaries and microchannels within conventional 

continuous-flow reactors, presents both a significant opportunity and challenge to improve the 

performance of AOPs for W/WWT. 

Important reactor scale-up strategies that have been studied and applied to pharmaceutical 

and fine chemical production include parallel numbering up and dimensional scaling-up 

(Zhang et al., 2017) (Fig. 2.11). In the infancy stage of microreactor development, numbering 

up was considered an easy way to overcome throughput limitations and meet pilot or industrial-

scale needs (Saber et al., 2010) (Fig. 2.11a). Microreactor numbering up involves placing 

multiple microchannels or microreactors in parallel to increase the total reactor internal volume. 

The main advantage of this strategy is that it aims to retain the hydrodynamic characteristics 

and excellent performance of microreactors. As expected, however, the use of multiple 

microchannels or microreactors greatly increases not only the complexity of system monitoring 

and control, but also the energy consumption and equipment costs (Saber et al., 2010; Zhang 

et al., 2017). On the other hand, scaling up a microreactor’s internal volume, which can increase 
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its characteristic dimensions from micrometer to millimeter scales or beyond, has become the 

preferred way to resolve the inherently low throughput to meet industrial needs (Wang et al., 

2020d) (Fig. 2.11b). However, as channel dimensions increase, the fluid flow pattern gradually 

transforms from a surface-force driven into gravity driven. Thus, it may be unreasonable to 

simply increase the channel size to enhance throughput capacity, as doing so may significantly 

reduce the microreactor’s inherently high process efficiency (Javornik et al.). Some have 

proposed selective-dimension enlarging as a compromising scale-up strategy, which increases 

reactor throughput while retaining its high internal surface area-to-volume ratio for excellent 

mass and heat transfers and high process efficiency.  

Little has been reported on the effects of microreactor scale-up on process parameters in 

W/WWT field. Yang et al. (2016) investigated the effect of upscaling a liquid–solid mini-

fluidized bed reactor on a photocatalytic AOP by increasing the tube inner diameter from 1 to 

3 mm. With the increased inner diameter, many parameters such as radiation flux density, 

specific surface area, and mass transfer distance had changed significantly. These authors 

determined that the photocatalytic reactor with a mini-fluidized bed combines the advantages 

of micro- with macro-scale photocatalytic reactors to overcome the drawbacks of limited 

microreactor throughput and substantial light attenuation within macro-scale reactors. 

Suhadolnik et al. (2019) designed a scaled-up PEC reactor for the large-capacity treatment of 

dye-contaminated wastewater. The inner volume of this PEC reactor was 714 times larger than 

that of a microreactor, and the residence time required for complete degradation of the dye was 

approximately 18 h. de Sá et al. (2018) developed and employed a new scale-up method that 
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enables both external and internal numbering up of meso- and micro-scale reactors to 

investigate photodegradation of methylene blue, rhodamine B, and phenol. In this study, 

multiple upscaled micro-units were connected in parallel to enlarge the reactor’s volume, while 

retaining the benefits of a microstructured reactor. This demonstration may offer a favorable 

means of improving microreactor design to meet industrial-scale W/WWT throughput needs.  

Which scale-up methods can retain the processing advantages of microreactors while 

meeting the high-throughput requirements for commercial applications? More research is 

needed to answer this important question. True upscaling of microreactor technology for AOPs 

requires that microfluidic features are incorporated within larger reactors, to intensify process 

conditions, and accelerate chemical reactions, and enable high process efficiency and 

performance. Finally, it is necessary to balance reactor fabrication costs, energy consumption, 

and operational AOP performance for W/WWT. 
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Figure 2.11 Numbering up and (selective) dimensional scaling up concepts of microreactors 
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2.3.3.3 Costs analysis 

The costs associated with applying emerging microfluidic technology to environmental 

challenges, including W/WWT, have not yet been considered within published reports and 

evidently require further investigation. Possible options to reduce the fabrication and operating 

costs of microreactors used for AOPs are considered below. 

Fabrication costs can be reduced in two ways: 1) selecting less expensive microreactor 

component materials, e.g., inexpensive polymers for capillary microreactors, nanoscale TiO2 

or ZnO as photocatalysts for photo-induced microreactors, and finding alternative cheap 

electrodes for electrochemical microreactors; and 2) application of cost-efficient fabrication 

methods (e.g., soft lithography and 3D printing for chip-like microreactors) (Das & Srivastava, 

2016; Mousset et al., 2019). 

AOP energy consumption represents a major operating cost, which can be minimized by: 

1) improving light utilization in UV-based AOPs, e.g., by adjusting the position of the light 

source to shorten the light path (Miklos et al., 2018), choosing low-cost, uniformly-radiating, 

visible-light emitting diodes as light sources (Shinozawa et al., 2019), or increasing 

illumination coverage through an internal optical fiber (Özbakır et al., 2021); 2) enhancing 

energy utility efficiency, e.g., by using an electrochemical flow-through microreactor instead 

of a commercial flow-by system (Pérez et al., 2017), choosing PBR for ozonation AOPs to 

achieve excellent multiphase mixing (Cao et al., 2021b), adopting a tube-in-tube ceramic 

membrane microreactor to minimize consumption of titration reagent during Fenton AOPs 

(Vilar et al., 2020).  
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2.3.4. Summary 

This review presents an overview of the hydrodynamic characteristics, designs, emerging 

applications, scale-up opportunities and challenges associated with applying AOP-

microreactors for W/WWT. This work also reveals the fast growth of an emerging area of 

environmental microfluidics. Fundamental microscale hydrodynamic characteristics pertaining 

to mass transfer, mixing efficiency, and reaction kinetics are presented. Factors and 

considerations influencing microreactor designs, and the appropriate selection of their 

construction materials and fabrication techniques are discussed. An overview and in-depth 

discussion of emerging applications of microreactor systems to AOPs for the removal of 

aquatic pollutants are also provided. Several important microreactor designs are presented to 

showcase the merits of microfluidic technology for various AOP applications. Lastly, key 

strategies and recommendations for microreactor scale-up are discussed, with particular 

emphasis on the retention of microfluidic features that accelerate chemical processes within 

high-throughput reactors offering improved utility for environmental industry.
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Table 2.4 Summary of AOP characteristics using conventional reactors and microreactors. 

AOP type Challenges in conventional reactors Advantages of microreactors 

Photocatalytic 

oxidation 

Uneven light distribution and hindered transmission; low 

mixing and mass transfer; deficiency of dissolved oxygen; 

catalysts loss and difficult for recovery (Chong et al., 2010; 

Shukla et al., 2021a) 

Enhanced mass transfer; large surface area; short 

diffusion length; uniform irradiation and residence 

time; easy to control (Das & Srivastava, 2016; Wang 

et al., 2014d) 

Electrochemical 

oxidation 

Low surface area-to-volume ratios; low space-time yield; high 

IE gap; low electrical conductivity; high energy consumption 

(Radjenovic & Sedlak, 2015) 

Charge passing between electrodes accumulates on 

surfaces to more efficiently convert pollutants; high 

surface area-to-volume ratio within narrow IE gap 

accelerates mass transfer; minimal electrolyte 

demand (Scialdone et al., 2012) 

Fenton 

oxidation 

Long mixing time; uneven light distribution in photo-Fenton; 

water pH restrictions (Zhang et al., 2019) 

Continuous dosing to minimize Fe3+ precipitation; 

short light path; amenable to a wide range of water 

pH (Díaz-Angulo et al., 2021; Shinozawa et al., 

2019) 
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AOP type Challenges in conventional reactors Advantages of microreactors 

Ozonation Poor ozone utilization efficiency; high operating cost; low 

specific surface area; low partial pressure of ozone; poor 

multiphase mixing performance (John et al., 2020) 

High ozone utilization efficiency; high volumetric 

mass transfer coefficients and gas/liquid interfacial 

areas (Cao et al., 2021b; Gao et al., 2012)  

Plasma-phase 

oxidation 

Difficult to implement at the macroscale; high operating cost; 

long residence time (Foster, 2017)  

Large plasma/liquid interfacial area for enhancing 

mass transfer and reducing transfer distance of 

reactive species in plasma to liquid; better process 

control; low fabrication and operation cost (Patinglag 

et al., 2019) 
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With their high internal specific surface areas, which impart high process efficiencies, and 

minimal energy consumption, microreactors overcome many of the shortcomings of 

conventional reactors used for photocatalytic, electrochemical, Fenton, ozonation, and plasma-

phase AOPs (Table 2.4). Furthermore, strategies toward the scale-up of microreactors for 

industrial-scale AOP applications to W/WWT are discussed. Although much progress has 

already been made to this end, continued research efforts are needed to address knowledge and 

technological gaps pertaining to the enhancement of chemical reaction kinetics and process 

outputs using microreactors for AOPs that degrade waterborne pollutants. 

Currently, microfluidic studies mainly focus on the optimization of reactor designs and 

process parameters. We recommend that future research focuses on the following aspects: 

(1) Improving theoretical understanding of microfluidic processes: Theoretical models of 

processes occurring at the microscopic scale are incomplete and require further development 

to better inform microreactor process design and scale-up. Although the hydrodynamic 

characteristics of microreactors have been well studied, the kinetic models of chemical 

reactions that occur during AOPs carried out in microreactors require further development. 

(2) Integrated analysis of recalcitrant organic pollutants degradation occurring during 

AOPs carried out using microreactor systems: Most of the model contaminants used to study 

AOP performance are artificial dyes, such as methylene blue, azo compounds, etc. However, 

the chemical structures of such dyes, which are quite reactive and predisposed to photo-

degradation and are poorly representative of the wide variety of organic contaminants that may 

persist in wastewater. Future research endeavors ought to expand upon the range of model 
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contaminant analytes (including antibiotics, perfluoroalkyl compounds, microplastics, etc.) 

used to gauge AOP process performance, by examining the degradation of more representative 

and/or recalcitrant molecular species. Thus, degradation reaction mechanisms and kinetic 

models for an expanded array of analytes are needed to inform the practical applicability of 

microreactor-based AOPs in the industry. 

(3) Retaining microfluidic AOP performance enhancements during microreactor scale-up 

for practical water applications: Much of the microfluidic research currently underway remains 

limited to microscale applications. However, there remain ample opportunities to effectively 

employ microfluidic technology at much larger scales that enable higher-throughput AOPs for 

practical needs in the water treatment sector. Research efforts should focus on scaling-up and 

feasibility demonstrations of microreactor-inspired AOPs for industrial applications to 

W/WWT at various scales (e.g., households, small communities, towns, and cities). 

(4) Development of microreactor applications for emerging and innovative AOP types: 

Microfluidic technology may eventually be exploited for other novel AOP types, including 

those that employ supercritical water, ultrasonication, microwave, and electron beam 

irradiation to affect the oxidative degradation of pollutants. However, such systems have not 

yet been reported to the authors’ knowledge. 

 Although microfluidic technology remains in an early stage of development, it is 

important to note that limited evidence and efforts made so far from this emerging area offer 

profound implications for improving contemporary practices in environmental industry. 
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CHAPTER 3  

DEGRADATION PERFORMANCE, TOXICITY 

EVALUATION, AND FLOCS ANALYSIS OF O3, UV/O3, 

AND UV/O3/PS PROCESSES FOR MARINE OILY 

WASTEWATER TREATMENT 
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3.1. Introduction 

Marine oily wastewater refers to the oil-contaminated water from offshore petroleum and 

marine shipping operations (e.g., bilge water, ballast water, and offshore produced water), 

accidental oil spill response (e.g., decanted water), and other wastewater streams containing oil 

from the harbor and coastal activities (Isaacson, 1979; Jing et al., 2015). The discharge and 

exposure of marine oily wastewater could result in disastrous impacts on marine ecosystems 

(Jing et al., 2015; Jing et al., 2018a; Li et al., 2016; Song et al., 2021b). A variety of physical, 

chemical, and biological treatment methods have been developed and geared toward the 

recovery/removal of oil impurities from water (Cao et al., 2022; Chen et al., 2020b; Liu et al., 

2020b; Zhu et al., 2022). Among all the existing treatment methods, ozonation and its 

integration with other oxidation techniques have been among the most effective AOPs to 

eliminate the recalcitrant contaminants unselectively in various water matrices (Dong et al., 

2022; Jing et al., 2018b; Wen et al., 2022). Ozonation or UV processes have been used to 

eliminate recalcitrant contaminants due to their ability to efficiently degrade recalcitrant 

organics in a reliable manner, via direct reaction with ozone molecules or the generation of 

•OH that with strong oxidizing capabilities (Coha et al., 2021; Liu et al., 2021a). The efficiency 

of ozone in degrading organics is improved when combined with UV (254 nm) radiation 

(Gassie & Englehardt, 2019). As one of the powerful AOPs, the UV/O3 process has been proven 

to have strong ability to treat oily wastewater, such as n-alkanes and PAHs (Lin et al., 2014).  

Sulfate radical, as a strong one electron oxidant with a redox potential of 2.5-3.1 V, has 

an extremely high reactivity toward a variety of organic substances, which is comparable with 
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that of •OH. It is reported that both O3 and UV can activate PS to form SO4
-• and •OH 

simultaneously (Dong et al., 2021; Zou et al., 2021). Qin et al. (2020) have indicated that the 

pseudo-first-order rate constants of atrazine degradation in the UV/O3/PS process increase by 

3.3 times compared to that in the UV/O3 process. While these findings suggest that SO4
-• could 

decrease energy consumption and enhance the degradation efficiency, such a hypothesis has 

not been validated for treating marine oily wastewater. 

Oily wastewater can cause ecological disturbances, including alteration of the aquatic 

community structure and food chains, through physical and chemical means. Toxic components 

of oily wastewater, specifically benzene, toluene, ethylbenzene, and xylenes (BTEX) and 

alkylated/non-alkylated PAHs have been observed to exhibit potential toxicity to both marine 

organisms and human health (Baird et al., 2007; Kponee et al., 2015). On the other hand, 

oxidation byproducts or excessive oxidants may also increase the toxicity level during the 

treatment process, which calls for the needs for better understanding of the mechanisms and 

control of the treatment process to ensure the quality/toxicity of effluent in compliance with 

standards (Liu et al., 2021a; Wang et al., 2013b). Therefore, toxicity assessment of marine oily 

wastewater treated by ozone-based processes with respect to aquatic organisms becomes 

important. Microtox® test for monitoring the acute toxicity of oily wastewater and the treatment 

efficacy has been widely adopted in research and practice as a rapid, sensitive, and cost-

effective method and recommended by many regulators (Lee et al., 2003). This bioassay is 

based on the measurement of changes in light emission by a nonpathogenic bioluminescent 

marine bacterium (Vibrio fischeri) upon exposure to the test samples. Brine shrimp (Artemia 
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franciscana), one of the best-studied species of crustaceans, plays a key role in the marine food 

chain and is a suitable organism for bioassay and toxicity studies (Khoshnood et al., 2017). 

These two species were selected to evaluate and compare the toxicity of the raw and treated 

water in this study.  

It is worth noting that the treatment of oily wastewater by ozonation can produce some 

flocs that can be suspended in water, stick to reactor walls, or float on the water surface (Khalifa 

et al., 2021; Sun et al., 2020). In detail, flocs generation may suppress the O3 bubble interactions 

with oil and reduce the transmission of the UV light during the UV-induced oxidation process, 

limiting the production of free radicals for wastewater treatment. Flocs can also cause clogging 

and make system cleaning difficult. To our best knowledge, although the generation of flocs 

during O3-based processes is a common and important phenomenon, few studies have been 

reported on their properties (e.g., components and surface characteristics) and fate (de Araujo 

et al., 2020). To fill this gap and provide practical strategies for the on-site O3-based treatment 

of oily wastewater, it is necessary to explore the physical and chemical properties of flocs and 

their fate during different approaches.  

In this study, a lab-scale O3 reactor was developed to explore the degradation of marine 

oily wastewater from synthetic seawater. Two oils and three types of ozonation processes were 

compared, and some key parameters such as initial oil concentration, O3 dosage, PS dosage, 

salinity, pH level, and temperature were studied to determine the optimal conditions. The 

degradation kinetics of n-alkanes, PAHs and TOC were investigated to reveal the degradation 

performance of three processes. Bioassays with luminous bacterium and brine shrimp were 
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performed to evaluate the reduction in toxicity of the treated water. Microscopic and 

spectroscopic techniques were employed to investigate the characteristics of flocs generated in 

three O3-based processes.  

3.2. Methods and Materials 

3.2.1 Chemicals and materials 

Sodium persulfate (PS), dichloromethane (DCM), PAH Mix 3, C8-C40 alkanes 

calibration standard, Internal Standards (IS), and sea salts were purchased from Sigma-Aldrich 

(Ontario, Canada). Two commonly used light and heavy crude oils, produced in Canada, were 

compared thoroughly. The physicochemical properties of both light and heavy crude oils 

including gravity, density, viscosity, sulphur content, and SARA (saturates, aromatics, resin, 

and asphaltene) fractions were obtained from Environment Canada and displayed in Table 3.1. 

It can be seen that the SARA fractions of light crude oil and heavy crude oil are significantly 

different. Heavy crude oil is low in saturates and aromatics but very high in resins and 

asphaltenes.
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Table 3.1 Physicochemical properties of light and heavy crude oils at 15 ℃ 

Oil type API Density 

(kg/m3)  

Viscosity 

(mPa s)  

Sulphur 

(mass%) 

SARA (% wt.) 

  Saturates Aromatics Resins Asphaltenes 

Light crude oil 33.3 853 12 0.5 69 25 4 2 

Heavy crude oil 20.7 929.0 205 3.61 20 10 52 18 
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3.2.2 Experimental design 

Different AOP experiments were carried out in a lab-scale reactor with a continuous 

supply of ozone at atmospheric temperature, as shown in the schematic diagram in Fig. 3.1. 

The ozone reactor comprises a glass column, in which 1 L of synthetic seawater with dissolved 

crude oil was introduced. A UV-254 nm (UVP 90-0012-01 Model) source (Krackeler Scientific) 

was inserted from the upper part as light source. An ozone diffuser (micropore size: 500 µm) 

was set at the bottom of the reactor. Ozone was produced in the lab using an ozone generator 

(OzoneLabTM OL80A Model). A flow meter (REG 5404-R, flows: 0-4 L/min) was used to 

provide a constant oxygen flow of 0.25 L/min into the ozone generator. 

To better adjust the experimental conditions and operational parameters and explore the 

reaction mechanisms, we chose to use synthetic water in this study. Synthetic seawater was 

prepared by dissolving 35 g sea salt in 1 L distilled water with a magnetic stirrer. Marine oily 

wastewater was prepared by adding 1 mL crude oil in 1 L synthetic seawater (oil-to-water ratio 

1:1000) followed by homogenization (Fisherbrand™ 850 Homogenizer) for 5 min in 15,000 

rpm at room temperature (22−25 °C). All experiments were also conducted with real seawater 

in comparison, and all the results were similar. Each experiment was conducted at least three 

times since the dilution of crude oils in the seawater was not completely homogenous 

throughout the study. 
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Figure 3.1 Schematic diagram of continuous flow UV/O3-based system 
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3.2.3 Extraction and analysis methods 

3.2.3.1 Extraction procedure 

The water samples were first pre-treated by a vortex-shaker-assisted liquid-liquid 

microextraction (VSALLME) method modified from that reported by Zheng et al. (2015). For 

PAHs detection, ten milliliters of the treated solution were collected in a 15 mL glass screw-

top tube, and 1 mL of DCM was added. The tube was well sealed and vortexed for 1 min, then, 

stood for 10 min to allow the separation of the organic and aqueous phases. A hundred 

microliters of the organic phase were transferred to a 150 μL micro-vial. Ten microliters of IS 

(10 μg/mL) were added before instrumental analysis. For the detection of n-alkanes, the 

procedure was same as above, except that the organic phase DCM was replaced with hexane. 

3.2.3.2 Determination of total crude oil concentration 

The UV–Vis spectrophotometer (Thermo Fisher, GENESYS 10S) was applied to estimate 

the total oil concentration. All the components were dissolved in DCM in the same proportions, 

and then the absorbance measurements were recorded at wavelengths of 340, 370, and 400 nm 

(Cao et al., 2021c; Yang et al., 2021). The total organic carbon (TOC) concentrations were 

measured by the burning oxidation-non-dispersive infrared absorption method using a 

Shimadzu TOC-L analyzer (Shimadzu, Tokyo, Japan). A few drops of phosphoric acid were 

added before measuring TOC to maintain the sample pH < 1. Additional fluorometric analysis 

(Horiba Aqualog) was performed during the toxicity studies to estimate the concentration of 

crude oils in water. 
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3.2.3.3 Determination of n-alkanes and PAHs using GC-MS 

Both the normal alkanes (n-alkanes) and PAHs analysis were performed using an Agilent 

7890A/5975C gas chromatography - mass spectrometry (GC - MS) equipped with an Agilent 

7693 autosampler. Two microliters of analytes were injected into GC and separated by a 30 m 

× 0.25 mm id × 0.25 μm DB-5MS UI fused silica capillary column. For n-alkanes analysis, the 

oven was programed to hold the initial temperature at 40 °C for 8 min, then ramp from 7 °C/min 

to 295 °C for 10 min. The injection mode was split at 300 °C with a split ratio of 10:1. For 

PAHs analysis, the oven program was set as the initial temperature at 65 °C for 1 min, then 

ramped 65–300 °C at 4 °C/min and held at 300 °C for 1 min. The injection mode was splitless 

at 300 °C. The PAH analyses were performed in the selected ion monitoring (SIM) mode with 

an electron energy of 70 eV. The ion-source was set at 300 °C. The methods detection limit was 

0.3–1 ng/L. The variance of the analytical method was 5%, based on duplicate measurements.  

3.2.4 Toxicity evaluation of treated water 

3.2.4.1 Vibrio fischeri acute toxicity evaluation 

Acute toxicity tests of the solution before and after 1 h O3, UV/O3, and UV/O3/PS 

processes treatment were carried out using a Microtox® (Model 500) analyzer, whose primary 

indicator was the luminous bacterium (Vibrio fischeri). The acute toxicity test relied on 

bacterial luminescence via cellular respiration. Inhibition of cellular activity (caused by 

exposure to toxicants, acidic or alkaline conditions, etc.) decreased the respiratory rate, leading 

to a corresponding decrease in luminosity. The EC50 referred to the percentage of water samples 
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that cause a 50% decrease of luminous intensity. The pH range of 6.0–8.5 was recommended 

as standard since Vibrio fischeri is pH-sensitive (Fang et al., 2019). Fifteen minutes of nitrogen 

was conducted to remove the residual ozone before the tests. 

3.2.4.2 Artemia acute toxicity evaluation 

The Artemia toxicity tests were conducted at Huntsman Marine Science Centre (St. 

Andrews, NB, Canada). A. franciscana cysts were sourced from Aquamerik Inc. (Levis, QC, 

Canada). Decapsulated cysts were hatched 24 h prior to exposure in an aerated flask at 25 ± 3 

ºC. Hatched A. franciscana nauplii at the II and III instar stages were used for all exposures 

and 20 individuals were imaged to confirm the developmental stage. Exposures were 

performed at room temperature (25 ± 2°C) with a 16:8 h light: dark photoperiod with LED 

light. 

The acute toxicity of Artemia was evaluated based on the mortality rate at 48 h exposure 

to the marine oily wastewater before and after 1 h O3-based AOPs. All solutions were tested in 

triplicate, with 10 organisms per vial (4 mL glass GC vial). After 48 h exposure to the samples, 

organisms that were no longer able to swim within 15 seconds after gentle agitation with 

flowing water from a pipette were considered dead. Water quality parameters including 

dissolved oxygen (%DO), pH, salinity (PSU), and temperature (°C) were measured in the test 

solutions at the beginning and end (48 h) of the exposure. A test was considered valid if the 

control survival was greater than 80%, dissolved oxygen remained over 60% saturation, and 

the test solution temperature remained within 1.5 ºC for the duration of the trial. Tests were 

performed and data collected consistent with Good Laboratory Practice standards. To better 
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understand what the organisms were exposed to, fluorometric readings (Horiba Aqualog® 

excitation-emission range: 220–600 nm) were collected to detect the relative differences in key 

components in crude oils before and after the O3-based AOPs. All contour maps were generated 

using Origin 2021 software.  

3.2.5 Characterization and analysis of floating flocs 

The flocs formed in three O3-based AOPs (i.e., O3, UV/O3 and UV/O3/PS) after 1 h were 

collected on a glass slide and dried in a vacuum oven (Fisherbrand Isotemp Model 281A, Fisher 

Scientific, set at 50 °C, 10 h) for further analysis. Oil flocs were observed under a Leica 

DM2500 M optical microscope (Leica Microsystems, Buffalo Grove, IL, USA). The surface 

morphology of crude oil flocs before and after treatment was measured by the scanning electron 

microscope (SEM, Quanta 400 MLA) equipped with energy-dispersive X-ray spectroscopy 

(EDS). The surface functional groups of floating flocs were characterized using Fourier-

transform infrared spectroscopy with attenuated total reflectance (ATR-FTIR). The spectra 

were taken in the range of 4000−650 cm−1. 

3.2.6 Statistical analysis 

All experiments were conducted in triplicate for quality control. Error bar and error area 

represented each standard deviation from the means of independent experiment. The significant 

differences were determined by one-way analysis of variance (ANOVA) with F-tests using 

Minitab 18 software. The P < 0.05 (*) was considered as statistically significant and P < 0.001 

(**) as statistically highly significant. 
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3.3. Results and Discussion 

3.3.1 Degradation performance of three ozone-based processes  

3.3.1.1 PS addition enhanced the overall degradation of crude oils 

Changes in total oil concentration over time were examined to compare the treatment 

performance of O3, UV/O3, and UV/O3/PS processes for both light and heavy crude oils (Fig. 

3.2). Under the same oil-to-water ratio (1:1000), the initial concentration of light crude oil 

measured by the spectrophotometer was about 380~430 ppm, and that of heavy crude oil was 

about 190~230 ppm.   
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Figure 3.2 Degradation performance of light (a) and heavy (b) crude oils under O3, UV/O3, 

and UV/O3/PS processes (O3 dosage 10 mg/L, PS dosage 1 mM if used) 
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It was found that, in the first 5 min, three oxidation processes showed no significant 

difference on the light crude oil degradation (Fig. 3.3). After 10 min of reaction, the UV/O3/PS 

process showed significant degradation performance in comparison with O3 process. After that, 

these three processes started to show significant differences on light crude oil degradation. 

After 30 min treatment, the concentrations of light crude oil in O3, UV/O3, and UV/O3/PS 

processes were 156.63, 90.03, and 28.76 ppm, respectively. Correspondingly, the removal 

efficiencies of O3, UV/O3, and UV/O3/PS processes were 61.22%, 76.57%, and 92.49%, 

respectively (Fig. 3.2a). The results indicated that the addition of PS showed little effect on the 

first 5 min, but the degradation efficiency gradually increased afterward. This could be due to 

the activation of PS, and generation of more SO4
-• after 5 min (Fig. 3.2a) (Lee et al., 2020). 

The crude oil degradation could be fitted with the pseudo-first-order kinetic model. The rate 

constant of the UV/O3/PS process was 0.092 min-1, which was significantly higher than both 

O3 (0.032 min-1) and UV/O3 (0.050 min-1) processes, showing that the addition of persulfate 

could substantially improve the oxidation performance within 30 min. 

The degradation performance of these three processes for heavy crude oil was displayed 

in Fig. 3.2b. It would be worth noting that, unlike light crude oil, the degradation of heavy 

crude oil in three oxidation processes showed a significant difference in the first 5 min (Fig. 

3.3). Since then, the degradation performance improved significantly from O3 to UV/O3 and 

UV/O3/PS processes. It could be due to more hydroxyl radicals being generated when O3 was 

irradiated by UV light, and more sulfate radicals being produced, when persulfate was activated 

under the dual action of UV light and hydroxyl radicals (Soubh & Mokhtarani, 2016; Wang et 
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al., 2019). The concentrations of heavy crude oil in O3, UV/O3, and UV/O3/PS decreased to 

93.07, 53.04, and 22.41 ppm after 30 min treatment, respectively. The average removal 

efficiencies of heavy crude oil were slightly lower than those of light crude oil degradation, 

which were 55.91%, 74.64%, and 89.26% in O3, UV/O3, and UV/O3/PS processes, respectively. 

The rate constants of the O3, UV/O3, and UV/O3/PS process were 0.027, 0.044, 0.073 min-1, 

respectively (Table 3.2). All the above results indicated that the addition of only a small amount 

of persulfate can significantly improve the UV/O3 treatment performance of crude oil 

containing wastewater
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Table 3.2 Kinetic parameters on crude oil degradation following first order rate law under three processes. 

Oil type Process Parameter First-order kinetic equation Rate constant k (min-1) Correlation coefficient (R2) 

 

 

 

Light 

crude oil 

 

O3 

1 

2 

3 

y = -0.0317x - 0.0065 

y = -0.0308x - 0.0257 

y = -0.0337x - 0.0532 

0.0317 

0.0308 

0.0337 

0.9964 

0.9957 

0.972 

 

UV/O3 

1 

2 

3 

y = -0.0453x + 0.0157 

y = -0.0563x - 0.0376 

y = -0.0475x - 0.0161 

0.0453 

0.0563 

0.0475 

0.9926 

0.9946 

0.996 

 

UV/O3/PS 

1 

2 

3 

y = -0.0698x + 0.0531 

y = -0.1023x + 0.0855 

y = -0.1035x + 0.1565 

0.0698 

0.1023 

0.1035 

0.9871 

0.9744 

0.9868 
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Oil type Process Parameter First-order kinetic equation Rate constant k (min-1) Correlation coefficient (R2) 

 

 

 

Heavy 

crude oil 

 

O3 

1 

2 

3 

y=-0.0259x-0.1357 

y=-0.0306x-0.1458 

y=-0.0254x-0.0959 

0.0259 

0.0306 

0.0254 

0.8696 

0.8801 

0.9272 

 

UV/O3 

1 

2 

3 

y=-0.0364x-0.2932 

y=-0.0467x-0.2593 

y=-0.048x-0.209 

0.0364 

0.0467 

0.048 

0.8104 

0.8851 

0.9272 

 

UV/O3/PS 

1 

2 

3 

y=-0.0624x-0.3403 

y=-0.0784x-0.4129 

y=-0.0788x-0.2398 

0.0624 

0.0784 

0.0788 

0.8991 

0.8665 

0.962 
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Figure 3.3 Significant analysis of crude oils degradation in different oxidation processes over 

time 
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3.3.1.2 Factors affecting degradation of crude oils 

Parameters including initial crude oil concentration, O3, PS, salinity, pH level, and 

temperature were further investigated to test UV/O3/PS process on the degradation of crude 

oils. Six different light crude oil concentrations from 200 ppm to 500 ppm were prepared to 

test the effect of initial crude oil concentrations on UV/O3/PS process. The results showed that 

regardless of the initial oil concentrations, the remaining crude oil concentrations were 

relatively close (20~70 ppm), and around 85~91% of the crude oil could be removed after 30 

min treatment (Fig. 3.4a). Increased initial concentration (from 202.02 ppm to 513.20 ppm) 

resulted in a slight decrease in process efficiency (from 90.95% to 86.40%) and rate constants 

(from 0.080 to 0.067 min-1). More than 80.00% of the heavy crude oil was removed within 30 

min at initial concentration of less than 200 ppm (Fig. 3.5a). However, a lower removal rate 

(less than 60.00%) occurred at increased heavy crude oil concentration (> 200 ppm). This could 

be due to the low UV penetration in wastewater with high heavy crude concentrations, resulting 

in decreased free radical production. The degradation performance of the crude oils under 

UV/O3/PS process followed the first order kinetic equation. The corresponding parameters 

were collected in Table 3.3. This indicated that the initial concentrations had little effect on 

the degradation performance of this process. 
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Table 3.3 Kinetic parameters of different conditions on crude oil degradation following first order rate law under three processes. 

Oil type Process Parameter First-order kinetic equation Rate constant k 

(min-1) 

Correlation coefficient 

(R2) 

  

 

Initial 

concentration  

1 

2 

3 

4 

5 

6 

y = -0.0716x + 0.0615 

y = -0.0776x - 0.0099 

y = -0.0804x + 0.0713 

y = -0.0698x + 0.0531 

y = -0.0665x + 0.0337 

y = -0.0679x + 0.036 

0.0716 

0.0776 

0.0804 

0.0698 

0.0665 

0.0679 

0.992 

0.9987 

0.9926 

0.9871 

0.987 

0.9909 

Light crude oil  

O3 dose 

0 

2 ppm 

5 ppm 

10 ppm 

y = -0.0164x + 0.0021 

y = -0.0352x + 0.0217 

y = -0.0514x - 0.0009 

y = -0.0693x + 0.0416 

0.0164 

0.0352 

0.0514 

0.0693 

0.9973 

0.994 

0.9937 

0.9887 

 PS dose 0 

0.5 mM 

y = -0.0453x + 0.0157 

y = -0.0514x - 0.0009 

0.0453 

0.0514 

0.9926 

0.9937 
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1 mM 

2 mM 

y = -0.0705x + 0.0016 

y = -0.0902x - 0.0325 

0.0705 

0.0902 

0.9751 

0.9765 

  

Salinity 

0 

15‰ 

35‰ 

50‰ 

y = -0.0427x + 0.0732 

y = -0.0552x + 0.0563 

y = -0.0698x + 0.0531 

y = -0.088x - 0.0419 

0.0427 

0.0552 

0.0698 

0.088 

0.9804 

0.9875 

0.9871 

0.972 

  

 

Initial 

concentration 

1 

2 

3 

4 

5 

6 

y = -0.0617x - 0.0378 

y = -0.0715x - 0.0377 

y = -0.0652x - 0.2139 

y = -0.0462x - 0.1949 

y = -0.0287x - 0.0343 

y = -0.0278x - 0.0095 

0.0617 

0.0715 

0.0652 

0.0462 

0.0287 

0.0278 

0.9602 

0.9595 

0.9519 

0.9327 

0.9947 

0.995 

Heavy crude 

oil 

 

O3 dose 

0 

2 ppm 

5 ppm 

10 ppm 

y = -0.0071x + 0.0174 

y = -0.0361x - 0.0386 

y = -0.053x - 0.0195 

y = -0.0878x + 0.0145 

0.0071 

0.0361 

0.053 

0.0878 

0.9559 

0.9716 

0.9975 

0.9871 



 

113 

 

  

PS dose 

0 

0.5 mM 

1 mM 

2 mM 

y = -0.0109x - 0.0144 

y = -0.0169x - 0.0039 

y = -0.0363x + 0.0427 

y = -0.0514x + 0.1269 

0.0109 

0.0169 

0.0363 

0.0514 

0.9883 

0.9918 

0.9926 

0.9688 

  

Salinity 

0 

15‰ 

35‰ 

50‰ 

y = -0.025x - 0.0256 

y = -0.0374x - 0.0767 

y = -0.0878x + 0.0145 

y = -0.1167x + 0.0376 

0.025 

0.0374 

0.0878 

0.1167 

0.9265 

0.961 

0.9871 

0.9955 
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Figure 3.4 Effects of different parameters on light crude oil degradation in UV/O3/PS 

process: (a) initial oil concentration, (b) O3 dosage, (c) PS dosage, (d) salinity, (e) pH level, 

and (f) temperature (O3 dose 10 mg/L, PS dose 1 mM if not mentioned). In (a), the colors of 

line graph represent different initial concentrations and correspond to the colors in the bar 

graph (inset), in an ascending order. 
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Figure 3.5 Effects of different parameters on heavy crude oil degradation in UV/O3/PS 

process: (a) initial oil concentration, (b) O3 dosage, (c) PS dosage, (d) salinity, (e) pH level, 

and (f) temperature (O3 dose 10 mg/L, PS dose 1 mM if not mentioned).  
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The ozone dose had a significant impact on crude oil removal. Only 38.34% of light crude 

oil could be removed in 30 min in UV/PS process (Fig. 3.4b). An addition of 2 mg/L of ozone 

could enhance the removal efficiency up to 65.44% comparing with no ozone input. And when 

the blown ozone reached 10 mg/L, more than 90% of crude oil could be eliminated in 30 min, 

showing the great effect of ozonation. The calculated rate constant increased from 0.016 to 

0.069 min-1, corroborating that the ozone dosage played a key role in this combined oxidation 

process. Only 19.13% of heavy crude could be removed in 30 min without propagating O3 (Fig. 

3.5b). When ozone was injected, the results were similar to light crude oil. 

It was reported that an appropriate dosage of persulfate was conducive to the degradation 

of organic pollutants (Sharma & Ruparelia, 2017). The dosage exceeding the optimal limit 

would not only cause an excessive use of chemicals but also may act as a scavenger and reduce 

the treatment effectiveness (Sharma & Ruparelia, 2017). To find the optimum persulfate 

dosage, different PS dosages were selected to test their effects on the light crude oil degradation 

(Fig. 3.4c). It was found that the removal efficiency could be improved from 72.81% to 77.47%, 

when 0.5 mM persulfate was added. The removal efficiency was further increased to 90.17% 

and 93.47%, when increasing the concentration of persulfate to 1 mM and 2 mM, respectively. 

The trend was similar to that seen in heavy crude oil (Fig. 3.5c). Given that increasing the 

persulfate dosages above 1 mM did not significantly improve the process efficiency, the 

concentration of 1mM was then selected for the remainder of the study.  

As indicated in Figs. 3.4d and 3.5d, the crude oil removal efficiency was improved 

significantly with the increase of salinity. The corresponding reaction rate constants in light 
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crude oil were 0.043, 0.055, 0.070, and 0.088 min-1 under the salinity of 0, 15‰, 35‰, and 

50‰, respectively (Fig. 3.4d). The rate constant reached 0.117 min-1 when the solution salinity 

was set as 50‰, showing an impressive removal efficiency of heavy crude oil (Fig. 3.5d). 

These indicated that salinity played a key role on crude oil degradation in the UV/O3/PS process. 

Our result has been in line with previous results, which demonstrated that salinity played a 

critical role in the degradation of oily pollutants (Cao et al., 2020b; Zhang et al., 2020). It may 

be due to the low amount of chloride that would react with •OH to produce Cl•, which had a 

high redox potential of 2.4 V, to further degrade organics as active species (Xu et al., 2018). 

Further, the existence of salts (Na2SO4 or NaCl) accelerated the mass transfer of ozone at the 

gas-liquid interface and as a result the removal efficiency of organic pollutants enhanced 

significantly (Liu et al., 2021b). 

An investigation on the effect of pH on the degradation of crude oils by UV/O3/PS process 

was conducted at the pH values of 5, 6.5, and 8. As seen in the inset chart of Fig. 3.4e, the 

initial light crude oil concentrations increased with the elevated pH, reaching 329.25 ppm, 

360.76 ppm, and 425.27 ppm, at pH 5, 6.5, and 8, respectively. This trend was also observed 

in heavy crude oil. Under the same oil-to-water ratio, the concentration of light and heavy crude 

oils under alkaline pH was higher than in neutral and acidic conditions (Figs. 3.4e and 3.5e, 

inset chart). This could be due to the alkaline reaction of the organic acids in the crude oils, 

producing an in-situ surfactant, which reduced the interfacial tension and thus increased the 

concentration of crude oil in water (Sheng, 2015). As seen in Fig. 3.4e, the efficiency of light 

crude oil removal increased from 66.85% to 79.89% as the pH was decreased from 6.5 to 5; 
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while the removal efficiency was significantly reduced to 19.59% when the pH reached up to 

8. Similar results were displayed in Fig. 3.5e for heavy crude oil degradation. Thus, the 

UV/O3/PS process would be more suitable for light and heavy crude oils degradation in acidic 

rather than alkaline conditions. It was reported that molecular ozone, sulfate radicals, and 

hydroxyl radicals were the dominant reactive species at pH < 7 in UV/O3/PS process (Izadifard 

et al., 2017). Indirect ozonation, usually by hydroxyl radicals, played a major role in alkaline 

conditions because of the decomposition of molecular ozone (Ji et al., 2018). Besides, more 

sulfate radicals reacted with OH- forming hydroxyl radicals, which were the primary reactive 

species under basic conditions (Izadifard et al., 2017). Ji et al. (2018) reported that direct 

ozonation was the predominant process for the oxidation of some oil compounds, such as n-

alkanes and PAHs. Therefore, the reduced sulfate radicals and the decomposition of molecular 

ozone could result in inhibited degradation of crude oil in alkaline conditions. 

Figs. 3.4f and 3.5f presented the degradation of light and heavy crude oils at various 

temperatures (4 ℃, 15 ℃, and 22 ℃) under the UV/O3/PS process. The initial crude oil 

concentrations in water at 4 ℃, 15 ℃, and 22 ℃ were 337.88 ppm, 375.23 ppm, and 399.70 

ppm, respectively, showing an increasing trend. It was seen that low temperature decreased the 

concentration of initial crude oil in water and inhibited the degradation of total crude oil in this 

combined process (Fig. 3.4f). With the temperature rising from 4 to 22 ℃, the total light crude 

oil removal increased from 67.82% to 86.12%. The reason could be that the rising temperature 

accelerated the solubility of ozone in water and speeded up the production of hydroxyl radicals. 

The lowest removal rate for heavy crude oil occurred at 15 ℃ instead of 4 ℃, which could be 
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attribute to the significantly different initial heavy crude oil concentrations (Fig. 3.5f). 

3.3.1.3 Removal of n-alkanes and PAHs during three ozone-based processes 

Chronic and acute exposure to hydrocarbons from crude oil such as n-alkanes and PAHs 

could cause detrimental health disorders to both aquatic and human beings (Rajasekhar et al., 

2021). It is necessary to monitor the concentration change of n-alkanes and PAHs during three 

ozone-based processes.  
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Figure 3.6 Pictures of initial light (a) and heavy (b) crude oils in reactor 
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Figure 3.7 n-alkanes degradation performance in both light crude oil under (a) O3, (b) 

UV/O3, and (c) UV/O3/PS processes and heavy crude oil under (d) O3, (e) UV/O3, and (f) 

UV/O3/PS processes within 60 min 
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As displayed in the reactors of Figs. 3.6a and b, the color of homogenized light and heavy 

crude oils are yellow and dark brown, respectively. The abundance of the n-alkane peaks in 

light crude oil was observed to be much higher than that in heavy crude oil, as shown in the 

GC-MS chromatogram (Fig. 3.7). This result was consistent with the crude oil properties given 

in Table 3.1, i.e., the concentration of saturates in light crude oil was significantly higher than 

in heavy crude oil. In comparison with heavy crude oil, the initial total n-alkanes concentration 

in light crude oil (6.24 mg/L) is 15 times higher than in heavy crude oil (0.41 mg/L) (Fig. 3.7). 

In both light and heavy crude oils, short-chain (i.e., C10-C19) n-alkanes are the most abundant, 

accounting for more than half of the total n-alkanes. The content of long-chain (i.e., C30-C35) 

n-alkanes was the lowest, accounting for only about 7.31% of total n-alkanes in both light and 

heavy crude oils. 

For light crude oil, after 30 min treatment, the O3 process could remove 69.41% of the n-

alkanes, the UV/O3 process reached up to 73.23%, and 90% removal could be achieved with 

the UV/O3/PS process (Fig. 3.7a-c). It would be noteworthy that, after 1 h treatment, small 

amounts of n-alkanes still can be detected in both O3 and UV/O3 processes, but none can be 

found in UV/O3/PS process, which indicated that the UV/O3/PS process had an impressive 

efficiency for n-alkanes removal (Fig. 3.7a-c). After 1 h O3 process treatment, the removal 

efficiencies of short-chain, middle-chain (i.e., C20-C29), and long-chain n-alkanes were 

93.65%, 96.30%, and 99.29%, respectively. In the UV/O3 process, 96.59%, 97.66%, and 100% 

of efficiencies could be reached for short-chain, middle-chain, and long-chain n-alkanes 

degradation, respectively. Therefore, we concluded that the longer the carbon chain of the n-
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alkanes, the easier these were to remove. It was possible that the long-chain n-alkanes were 

cleaved into short-chain before being completely removed under the O3-based processes.  

For heavy crude oil, 96.45% of the total n-alkanes removal efficiency could be observed 

in O3 process, and these were completely removed in both UV/O3 and UV/O3/PS AOPs. This 

confirmed that both UV light and persulfate had positive effect on the degradation of n-alkanes. 

It would be worth noting that 97.88% of n-alkanes could be removed in only 30 min in the 

UV/O3/PS process, showing excellent degradation performance. Different n-alkane fractions 

showed different results. It only took 5 to 15 min to remove all long-chain n-alkanes in these 

three O3-based AOPs. However, it took longer to degrade short-chain n-alkanes than both 

middle- and long-chain n-alkanes. This was consistent with the degradation performance in 

light crude oil. 
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Figure 3.8 PAHs degradation performance in both light crude oil under (a) O3, (b) UV/O3, 

and (c) UV/O3/PS processes and heavy crude oil under (d) O3, (e) UV/O3, and (f) UV/O3/PS 

processes within 60 min 
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The 16 priority PAHs were classified by the U.S. Environmental Protection Agency based 

on the wide range of toxicological effects on humans (Ambade et al., 2022). Therefore, the 

main PAHs in both light and heavy crude oils were detected and their degradation performance 

under three O3-based processes were monitored and displayed in Fig. 3.8. The main detected 

PAHs in light crude oil were naphthalene, fluorene, phenanthrene, and chrysene, and the total 

PAHs concentration was 1.05 mg/L. In contrast, as many as10 PAHs were detected in heavy 

crude oil, including naphthalene, fluorene, phenanthrene, fluoranthene, pyrene, chrysene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, and dibenz(a,h)anthracene. 

Their total concentration of about 0.21 mg/L was 5 times lower than the total PAHs 

concentration in light crude oil. The concentration of phenanthrene was the highest in both light 

and heavy crude oils.   

Although the concentration of total PAHs in light crude oil was higher than in heavy crude 

oil, these were easy to remove unselectively under the three AOPs (Fig. 3.8a). The results 

showed that 86.72%. 95.09%, and 97.46% of total PAHs in light crude oil could be removed 

in only 30 min under O3, UV/O3, and UV/O3/PS processes, respectively. Both UV/O3 and 

UV/O3/PS processes could improve the removal efficiency. After 60 min, 97.28% and 98.67% 

of PAHs in O3 and UV/O3 processes could be removed, respectively, and no PAHs could be 

detected in UV/O3/PS process. For heavy crude oil, the degradation efficiencies of the total 

PAHs in O3, UV/O3, and UV/O3/PS AOPs after 30 min were 78.36%, 81.21%, and 92.91%, 

respectively (Fig. 3.8b). After 1 h of heavy crude oil treatment, the removal efficiencies in the 

O3, UV/O3, and UV/O3/PS processes were 94.79%, 94.97%, and 100%, respectively. 
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Overall, the addition of persulfate could achieve more than 90% of degradation efficiency 

for both n-alkanes and PAHs within 30 min, and the degradation rate was significantly higher 

than that of O3 and UV/O3 processes. 

3.3.1.4 TOC removal 

The TOC concentrations of crude oils before and after treatment were further evaluated 

to explore the mineralization of the treated water in the above three O3-based AOPs. The 

average TOC concentrations of initial light and heavy crude oils were 135.08 mg/L and 207.93 

mg/L, respectively. It was found that the TOC removal efficiencies of the O3, UV/O3, 

UV/O3/PS processes after 1 h of treatment were 85.33%, 89.89%, and 90.33%, respectively 

(Fig. 3.9), indicating that these three AOPs had very positive effects on crude oil mineralization. 

Similar results were obtained for heavy crude oil degradation. After 1 h of treatment, the TOC 

removal efficiencies of heavy crude oil in O3, UV/O3, and UV/O3/PS processes were 89.56%, 

91.58%, and 92.40%, respectively. The TOC analysis showed that these three processes had no 

significant difference in the mineralization of crude oil after one hour of treatment. This result 

was consistent with both n-alkanes and PAHs degradation, which showed no significant 

difference in degradation after 1 h treatment under these three processes. 
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Figure 3.9 TOC removal efficiency after 1 h treatment of three processes in both light and 

heavy crude oils   
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Overall, in the first 30 min of the reaction, the three AOPs showed significant differences 

in crude oil degradation. The UV/O3/PS process showed superior degradation performance 

regardless of total crude oil content, n-alkanes, or PAHs. When the reaction was run for 60 min, 

the effects of the three processes on the two crude oils were not significantly different. For 

AOPs technique, the high process efficiency and short processing time can reduce electrical 

cost and energy consumption. Therefore, the addition of persulfate to UV/O3 process may be a 

promising hybrid AOP system for marine oily wastewater treatment. 

3.3.1.5 Mechanisms and cost analysis of UV/O3/PS process 

The degradation performance of light crude oil obtained via the 5 oxidation processes (PS, 

UV, O3, UV/O3, and UV/O3/PS) within 30 min was further investigated. The pseudo-first-order 

kinetic behaviors of the above processes were displayed in Fig. 3.10a. The rate constants of 

different processes showed that the combined process could enhance the removal performance 

in comparison with a single process (Fig. 3.10b). The degree of synergy between PS, UV, and 

O3 was calculated from the rate constants according to Eq. 1. The rate constant of UV/O3/PS 

process was 0.0698 min-1, a value much higher than the sum of the rate constants achieved by 

the independent PS (0.0005 min-1), UV (0.0072 min-1), and O3 (0.0317 min-1) processes. The 

calculated degree of synergy value (%S) for the UV/O3/PS process was 43.6%, reflecting the 

great synergistic effect of the combined process. The main reaction equations in UV/O3/PS 

process were provided below (Eqs. 2-8). 
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Figure 3.10 Performance of different processes (PS, UV, O3, UV/O3, and UV/O3/PS) for 

crude oil degradation 

  



 

130 

 

%𝑆 =
𝑘𝑈𝑉/𝑂3/𝑃𝑆 − (𝑘𝑃𝑆 + 𝑘𝑈𝑉 + 𝑘𝑂3)

𝑘𝑈𝑉/𝑂3/𝑃𝑆
× 100 

(1) 

𝑆2𝑂8
2−

ℎ𝑣
→ 2𝑆𝑂4

•− 
(2) 

𝑂3 + 𝐻2𝑂
ℎ𝑣
→ 𝐻2𝑂2 + 𝑂2 

(3) 

2𝑂3 + 𝐻2𝑂2 → 2 • 𝑂𝐻 + 3𝑂2 (4) 

𝐻2𝑂2
ℎ𝑣
→ + 2 • 𝑂𝐻 (5) 

𝑆2𝑂8
2− + 𝐻2𝑂2 → 𝑆𝑂4

•− + • 𝐻𝑂2 +𝐻𝑆𝑂4
− (6) 

𝑆2𝑂8
2− +• 𝑂𝐻 → 𝐻𝑆𝑂4

•− + 𝑆𝑂4
•− + 1 2⁄ 𝑂2 (7) 

𝑆𝑂4
•− + 𝑂𝐻− → • 𝑂𝐻 + 𝑆𝑂4

2− (8) 

It was reported that the activation of persulfate resulted in high reactive sulfate radicals, 

leading to enhanced interactions with organics via hydrogen abstraction, addition on double 

bond, and electron transfer (Dong et al., 2021; Neta et al., 1977). In UV/O3 involved system, 

ozonation could proceed via two routes: direct molecular ozone reactions and indirect ozone 

decomposition to generate hydroxyl radicals (Izadifard et al., 2017). Direct ozonation was the 

predominant process for the oxidation of some oil compounds (e.g., n-alkanes and PAHs) (Ji 

et al., 2018). Based on the literature and the results obtained from the effects of pH values on 

crude oil degradation (Fig. 3.4e), molecular ozone, sulfate radicals, and hydroxyl radicals were 

the dominant reactive species at pH < 7 in UV/O3/PS process (Izadifard et al., 2017). The 

sulfate radicals react with OH-1 forming hydroxyl radicals which were the primary reactive 

species under basic conditions (Eq. 8). 

We estimated the operating costs of the O3, UV/O3, and UV/O3/PS processes based on the 

experiments carried out in the bench-scale reactor (1 L). The costs included the energy 
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consumption of UV irradiation and ozone generation and usage of oxidants (oxygen and 

sodium persulfate). The calculations revealed the costs of around US $ 34, 25, and 16 to achieve 

90% removal of total oil concentration per cubic meter of water by using O3, UV/O3, and 

UV/O3/ PS processes, respectively. This indicated that the UV/O3/PS was the most economical 

option. 

3.3.2 Acute toxicity assessment of both initial and treated water 

Since the marine oily wastewater treated by AOP technology would eventually be 

discharged back into the ocean, it was necessary to pay attention to its acute toxicity to bacteria 

and aquatic species in the sea. In this section, we chose the luminescent bacteria (Vibrio fischeri) 

and brine shrimp (Artemia franciscana) as targets to evaluate the toxicity of marine oily 

wastewater before and after treatment. All the treated water samples were bubbled using 

nitrogen for 15 min to remove residual O3 from the water. 
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Figure 3.11 Acute toxicity to Vibrio fisheri of oil compounds before and after 1 h three O3-

based processes treatments of both light and heavy crude oils 
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3.3.2.1 Acute toxicity of marine oily wastewater to Vibrio fischeri 

The acute toxicity of solution with light and heavy crude oils before and after three 

treatments was monitored by Microtox®, and the results were shown in Fig. 3.11. The control 

solutions, i.e., seawater and seawater with PS addition, have been shown to be non-toxic to 

Vibrio fischeri. For light crude oil, the EC50 increased slightly from the initial value of 34.91% 

to 38.94% after O3 process treatment. The EC50 value increased around 2-fold in both UV/O3 

and UV/O3/PS process, indicating that the enhanced oxidation processes could reduce the 

toxicity of treated water. Similar trend was found for the heavy crude oil. The initial EC50 value 

of heavy crude oil was 13.44%, which was much lower than that of light crude oil, indicating 

the higher toxicity of heavy crude oil. That could be due to the presence of more diverse PAHs 

in heavy crude oil and its higher sulfur content, as shown in Fig. 3.8 and Table 3.1. After O3 

treatment, the EC50 value of heavy crude oil increased to 18.71%, showing a slight toxicity 

reduction. The UV/O3 process could increase the EC50 value to 47.16%. The EC50 value of 

UV/O3/PS process treated sample increased as much as 4-fold from 13.44% to 54.31%. This 

indicated that the combined UV, O3 and PS process could effectively remove toxicity products 

from water. To verify and compare the differences in the toxicity of wastewater to bacteria and 

aquatic species, we further studied its effect on brine shrimp. 
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Figure 3.12 Contour maps of 3-D EEM fluorescence spectra of light and heavy crude oils 

and the mortality of Artemia before and after O3-based wastewater treatments. (a) Emission 

of untreated light crude oil and after O3, UV/O3, and UV/O3/PS processes; (b) Mortality of 

Artemia exposed to light crude oil; (c) Emission of untreated heavy crude oil and after O3, 

UV/O3, and UV/O3/PS processes; (d) Mortality of Artemia to heavy crude oil. 
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3.3.2.2 Acute toxicity of marine oily wastewater to Artemia franciscana 

Three-dimensional fluorescence emission excitation spectra (EEMs) of both light and 

heavy crude oils before and after 1 h of treatment showed distinct fluorescence characteristics 

(Figs. 3.12a and c). The fluorescence intensity of light crude oil was around 3 times stronger 

than that of heavy crude oil. This observation was similar to that from UV–Vis 

spectrophotometry (Fig. 3.2). Light crude oil had its maximum fluorescence intensity centered 

on Ex/Em 224/340 nm (Fig. 3.12a). Another fluorescence component of the crude oil had an 

emission maximum located at 320 nm over the excitation wavelength range of 260–280 nm, 

which coincided with the fluorescence peak identified for other crude oils by previous reports 

(Bugden et al., 2008; Zhou et al., 2013). The oblique lines may be due to scattering effects 

(Ludmerczki et al., 2019; Yin et al., 2020). This weak fluorescence component at an emission 

wavelength of 320 nm showed no signal after three O3-based processes treatment, 

demonstrating that the emission was strongly quenched, and the oil was degraded. A significant 

decrease of the maximum fluorescence intensity peak at Ex/Em 224/340 nm occurred after 1 h 

O3 treatment, indicating that most of the oil was degraded. Further weakened and even 

disappeared fluorescence emission was observed in UV/O3 and UV/O3/PS processes, 

respectively, showing enhanced degradation performance. For heavy crude oil, the main 

fluorescence intensities were also observed on Ex/Em 224/340 nm and Ex 260−280/Em 

310−330 nm (Fig. 3.12c). Interestingly, only extremely weak fluorescence intensity could be 

observed in UV/O3 treated sample. Almost no peak signal could be found in O3 and UV/O3/PS 

processes. 
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The mortality rate of Artemia to both initial crude oil emulsions and the treated water was 

evaluated to further explore the feasibility of three O3-based processes (Figs. 3.12b and d). The 

control samples, i.e., seawater and seawater with PS addition, showed no obvious intensity 

signal on EEMs and zero mortality to Artemia. The 48 h mortality rate of untreated light crude 

oil to Artemia was between 0 and 10%, showing that it was less toxic (Fig. 3.12c). The 

mortality rate of 0 was observed in three O3-based AOPs. This indicated that the light crude oil 

treated with the three O3-based processes was not toxic to Artemia. The mortality of Artemia 

exposed to untreated heavy crude oil was considerably higher (80−100%) than that in initial 

light crude oil (0−10%) (Fig. 3.12d). This result is aligned with the results of the Microtox 

analysis, which also had high toxicity in untreated heavy crude oil. The Artemia mortalities 

were 0, 0-20%, and 0-10% after 1 h of O3, UV/O3, and UV/O3/PS treatments, respectively (Fig. 

7d). The increased toxicity of heavy crude oil in UV/O3 process may be related to a greater 

variety of PAHs compared to light crude oil. Some previous studies reported that some PAHs 

were more likely oxidized to form oxygenated PAHs (oxy-PAHs), which were sometimes more 

toxic than their parent compounds (Lundstedt et al., 2007). PS addition reduced the mortality 

from 0-20% to 0-10% in comparison with the UV/O3 process. That could be due to further 

oxidation results in ring cleavage and the release of ketones, aldehydes, and carboxylic acids, 

which were more biodegradable than aromatics as reported by our previous work (Liu et al., 

2022a; Liu et al., 2021a).  Further studies on the relationship between toxicity and byproducts 

were needed and would help better elucidate this point. 
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3.3.3 Fate of oil flocs after O3-based AOPs 

Oil flocs were produced and found floating on the water surface during gas-related 

treatment processes, such as gas floatation and ozonation (Khalifa et al., 2021; Saththasivam 

et al., 2016). Actually, the generated oil flocs could affect the penetration of light and increase 

the burden of the cleaning work of the device. However, few studies investigated the floating 

flocs that form during O3-based treatment. It was necessary to conduct a detailed study of flocs 

characteristics and fate after the reaction in order to subsequently optimize the O3-based marine 

oily wastewater treatment technology. This section further provides an in-depth understanding 

of the marine oily wastewater treatment process by analyzing the dried flocs from the 

morphology (optical microscope and SEM) and surface functional group (FTIR) perspectives. 
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Figure 3.13 Optical microscope analysis of flocs under (a) O3, (b) UV/O3, and (c) UV/O3/PS 

processes in light crude oil 
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3.3.3.1 Optical microscope analysis of flocs 

The morphology of oil flocs in light crude oil were observed under an optical microscope, 

as displayed in Fig. 3.13. The dried flocs were centered on sea salt under different processes. 

With the enhancement of the treatment processes from O3, UV/O3 to UV/O3/PS, the volume of 

flocs decreased visually (Figs. 3.13a1, b1, and c1). The morphology of sea salt particles and 

adhered surface flocs was quite different in these three processes. It was observed that the flocs 

produced by the O3 process had a very rough surface (Fig. 3.13a2). The clear shape of salt 

crystal indicated a lack of amphiphilic groups between salt and flocs. There were some darker 

droplets around the salt surface that could need to be further degraded. During the UV/O3 

process, the morphology of flocs in the plate was a little sticky (Fig. 3.13b). Under the optical 

microscope, the flocs were tidy and loosely adhered to the salt surface, which indicated that 

the flocs were further degraded with the presence of UV light (Fig. 3.13b2). During the 

UV/O3/PS process, the volume of the flocs was significantly reduced than that of the other two 

processes (Fig. 3.13c1). Moreover, the flocs produced by this process were very viscous and 

there were bonds between the salt particles (Fig. 3.13c2). This indicated that the flocs were 

gradually decomposed in order to enhance the treatment processes. The optical microscopy 

analysis for heavy crude oil was also observed and displayed in Fig. 14. In comparison with 

light crude oil, the flocs in heavy crude oil were darker and sticker. And the irregular shape of 

sea salt particles was found in each process. To understand their surface characteristics, SEM 

was applied to further examine the flocs in two crude oils and three processes. 

  



 

140 

 

 

Figure 3.14 The optical microscope analysis of the dried flocs in heavy crude oil 
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3.3.3.2 SEM analysis of flocs 

The morphology and EDS analysis of both untreated crude oils and flocs generated in 

three O3-based oxidation processes were studied and displayed in Fig. 3.15. All samples were 

coated with gold before SEM analysis. Fig. 3.15a presented the morphology and elemental 

analysis of untreated light crude oil. The surface of untreated light crude oil was smooth, and 

its main component (96.82%) was carbon. After 1h O3 process treatment, flocs with wrinkles 

were generated, and some crystalline salts could be seen on the surface (Fig. 3.15b). The carbon 

content was reduced from 96.82 to 71.82% after the reaction, indicating that the degradation 

of organics occurred in oil flocs surface. When UV light was added in O3 process (Fig. 3.15c), 

more sea salts were found on the flocs surface. The carbon contents were decreased to 58.19% 

and some oxygen was introduced. In the UV/O3/PS process, the floc surfaces became rough, 

and more salts embedded into the flocs, showing further oxidation (Fig. 9d). The reduced 

carbon and increased NaCl contents confirmed these results. Similar behavior was found in 

heavy crude oils. The surface of initial heavy crude oil was somewhat rough compared to light 

crude oil (Fig. 3.15e). Compared with light crude oil, the heavy crude oil had high sulfur 

content (7.28% versus 2.33% in light crude oil), consistent with the information given in Table 

1. After O3 and UV/O3 treatment, the flocs clustered together with some salt particles appearing 

on the surface (Fig. 3.15f and g). It would be worth noting that, after UV/O3/PS treatment, the 

flocs became coarser and their surface sea salt content was high, showing further oxidation 

(Fig. 3.15h). The EDS results showed that the contents of O, Na, and Cl increased with the 

enhancement of the treatment process. The above results concluded that with the strengthening 
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of the oxidation process, the carbon content in the flocs gradually decreased, and the oxygen 

content gradually increased. The addition of persulfate accelerated the degradation of the flocs. 

3.3.3.3 FTIR analysis of flocs formed in O3-based processes 

FTIR analysis was performed to observe the changes in the functional groups of initial 

crude oils and flocs after three O3-based processes (Fig. 3.16). In light crude oil, the large 

wavenumber bands found at about 2953, 2921 and 2852 cm-1 were associated with C-H 

stretching vibration, specifically C-H in-phase stretch in CH2, and C-H out-of-phase stretch in 

CH2 (Akmaz et al., 2011) (Fig. 3.16a). The broad peak between 3100-3600 cm-1 represented 

the hydroxyl groups (O-H) that could be related to hydrogen bonds (Dong et al., 2018). There 

were no notable O-H functional groups in the FTIR of the initial light crude oil. However, the 

peak area at 3100-3600 cm-1 increased significantly with the enhancement of the oxidation 

processes. The peak at around 1706 cm-1 contributed to the C=O vibration stretching in the 

ketones and/or carboxylic acids. It had been reported that ozone could oxidize alkanes, cleaving 

carbon-carbon double bands to give ketones or carboxylic acids (Soriano Jr et al., 2003). With 

the duration of ozone and further enhancement of oxidation processes by the addition of UV 

light and persulfate, the C=O stretching peak area became larger, suggesting an increased 

concentration of new carbonyl compounds. The production of more oxygen-containing 

functional groups indicated that the flocs were gradually oxidized, and this phenomenon was 

more pronounced with the addition of persulfate.  

In heavy crudes, the same oxygen-containing groups (i.e., O-H and C=O) and enhanced 



 

143 

 

peak intensities were observed with the enhancement of the treatment processes (from O3 and 

UV/O3 to UV/O3/PS processes) (Fig. 3.16b). Besides, unlike light crudes, heavy crude oil 

featured some low-wavenumber functional groups. For example, the asymmetric stretching of 

C-O-C in ethers give rise to bands in the region between 1300 and 1200 cm-1, and the C–H out-

of-plane bending (wagging) vibration of aromatic rings was the main contributor in the region 

between 900 and 700 cm-1 (Asemani & Rabbani, 2020). It had been reported by previous 

researchers that these two bands belonged to the asphaltenes and resins (Akmaz et al., 2011; 

Asemani & Rabbani, 2020). These two bands were absent in light crude oil, probably because 

of its low asphaltene and resin content. After the three oxidation processes, the peak area of 

these two bands gradually decreased, showing that the asphaltene and resin contents in flocs 

were decreased. 
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Figure 3.15 SEM images and EDS of oil flocs before and after treatment for light crude oil: 

(a) initial, (b) O3 process, (c) UV/O3 process, (d) UV/O3/PS process and heavy crude oil: (e) 

initial, (f) O3 process, (g) UV/O3 process, (h) UV/O3/PS process 
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Figure 3.16 FTIR characteristic of flocs which generated in (a) light and (b) heavy crude oils 

before and after three O3-based processes treatment. 
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3.4. Summary 

Marine industries (transportation, petroleum and energy, fishing and aquaculture, ports, 

etc.) generate a tremendous quantity of wastewater (e.g., offshore produced water, bilge water, 

ballast water, and decanted water) which contains complex organic contaminants especially 

including toxic and recalcitrant hydrocarbons, leading to significant challenges on marine 

wastewater treatment (usually requires high efficiency, mobile and small footprint) and 

sustainable development. Ozonation-based AOP is one of the highly effective solutions to 

achieve a rapid and feasible on-site treatment method for marine oily wastewater to meet the 

more stringent standards.  

Our study thoroughly compared the degradation performance, toxicity assessment, and 

floc formation of three ozone-based processes (i.e., O3 only, UV/O3, and UV/O3/PS) for light 

and heavy crude oils. The results showed that, in comparison with O3 and UV/O3 processes, 

the addition of PS could significantly shorten the treatment time of marine oily wastewater to 

30 min, which would potentially reduce the energy consumption. This provided the scientific 

evidence for the value of addition of PS in O3-based AOP, gained the in-depth understanding 

of the mechanisms, and recommended the optimal operational conditions for scale-up to an 

operational system of marine oily wastewater treatment. Two types of marine species (bacteria 

and crustacean species) were chosen to systematically evaluate the toxicity of marine oily 

wastewater. The acute toxicity to Vibrio fischeri was significantly reduced in UV/O3 and 

UV/O3/PS processes than in O3 process. The mortality of Artemia from marine oily wastewater 

was significantly reduced in all three processes, confirming the significance of the treatment 
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processes on reducing the negative ecological impacts of oily wastewater. The flocs are a tough 

nut but receive limited investigations. It was found that the flocs generated by different O3-

based processes have different fates. Morphology and surface functional groups analysis 

confirmed that the flocs issue could be alleviated by the enhanced oxidation process and 

extended reaction time, especially in the UV/O3/PS process. Therefore, the results in this paper 

demonstrated a more energy-effective and low environmental impact approach to treating 

marine oily wastewater by O3-based processes.  

Overall, this study added new scientific knowledge to improve the understanding of 

oxidation mechanisms of heavy and light crude oil in seawater and support the practical 

operations and policy making as well as sustainable development of marine industry. The 

UV/O3/PS process was further approved to be a promising option for marine oily wastewater 

treatment in a more cost-efficient way with potential of applications in the other relevant areas. 

Meanwhile, future efforts are still needed to address some limitations in the current study. For 

example, more in-depth mechanistic analysis (e.g., generation of free radicals and fate and 

impact of byproducts) can help gain comprehensive understanding and optimize the system 

design and operation; toxicity to different species, the chronic toxicity assessment of many 

marine organisms (e.g., microbes, crustaceans, vertebrates) scaling up and field demonstration 

are desired for further performance evaluation and improvement under operational conditions 

for large-scale implementation. 
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CHAPTER 4  

UV STIMULATED MANGANESE DIOXIDE FOR THE 

PERSULFATE CATALYTIC DEGRADATION OF 

BISPHENOL A 
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4.1. Introduction 

Bisphenol A (BPA) is a high-production-volume industrial chemical used as a precursor 

in synthetic polycarbonate plastics and epoxy resins, as well as many consumer products, 

including food containers, paper products, toys, medical equipment, and electronics (Ouada et 

al., 2018). Growing evidence has shown the long-term negative effects of BPA on aquatic life 

and human health (Xiao et al., 2020). Several studies have reported on the potential adverse 

effects of BPA exposure to humans during critical stages of neonatal or early development 

(Fisher et al., 2020). Meanwhile, BPA was ubiquitously detected in river water and soil at 

microgram levels (Ana & Espino, 2020). Moreover, the highest BPA concentrations were found 

in landfill leachate in Japan (up to 17.2 mg/L) and Germany (4.2–25 mg/L) (Xiao et al., 2020; 

Yamamoto et al., 2001). Growing concerns have been raised on the associated environmental 

risks caused by BPA as sole and co-contaminant, leading to the urgent demands for effective 

remediating techniques towards contaminated waters (McBean, 2019).  

AOPs based on the production of •OH, which acts as a powerful oxidant, have been 

regarded as highly promising for the degradation of BPA (Ghernaout & Elboughdiri, 2020). 

Persulfate-based AOPs,  have drawn considerable attention in recent years due to their high 

efficiency for generating SO4
•−, which has more positive redox potential (2.6–3.1 V) than •OH 

(1.9–2.7 V), to degrade recalcitrant organic pollutants (Lin et al., 2019). PS is one of the main 

precursors for the generation of SO4
•− (Li et al., 2020). PS could be activated by transition metal 

catalysts (such as iron oxides and manganese oxides), nonmetal catalysts, UV and visible light, 

ultrasound, alkaline, heat, and strong oxidants to produce SO4
•− and other radicals for removal 
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of organic pollutants (Petala et al., 2020; Wang & Wang, 2018).  

Synergetic PS activation was recently demonstrated with enhanced contaminants removal. 

Most attention has been paid to the applications of transition metals or their oxides (e.g., iron, 

copper, cobalt) and UV as hybrid activators for PS activation (Pan et al., 2017; Pan et al., 2019; 

Wang et al., 2020a). In fact, MnO2 is widely used as a catalyst or activator in various 

heterogeneous reaction systems due to high natural abundance, low toxicity, and low 

environmental impacts (Dong et al., 2018; Huang et al., 2019a; Mazloomi et al., 2016). 

However, to our best knowledge, synergetic use of MnO2 and UV has never been applied for 

PS activation. Recently, Eslami et al. (2018) confirmed that the synergetic use of MnO2 and 

UV is a promising hybrid activator for PMS activation. Accordingly, there are many distinctive 

differences during activation of PS and PMS, especially in reactivity toward radicals and 

responses to different pH levels (Lee et al., 2020). Furthermore, the synergistic mechanism for 

PS activation, especially the interactions between MnO2 and UV, remains unknown and 

deserves further investigations. 

Therefore, in this study, we first developed an enhanced MnO2/UV-activated PS process 

for efficient BPA removal and mineralization. The optimum activation performance of UV 

irradiation and MnO2 in various conditions was examined in detail. The mechanism of 

enhanced BPA degradation in the hybrid activation process was then explored using quenching 

studies for ROS. More importantly, the effect of UV irradiation on the MnO2 surface in this 

process was substantially investigated. Moreover, the complex BPA degradation mechanism 

was presented in terms of the predominant reaction pathways, supported by intermediates 
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identified using GC-MS. Finally, the acute toxicity due to the BPA removal through the 

MnO2/UV/PS process was evaluated. 

4.2. Materials and Methods 

4.2.1 Chemicals and reagents 

BPA (2, 2-bis (4-hydroxyphenyl) propane, purity > 99%), MnO2 (particle size = 10 µm), 

sodium persulfate (PS, purity > 99%), methanol (MeOH), tert-butyl alcohol (TBA), furfuryl 

alcohol (FFA), sodium acetate, acetic acid, sodium monohydrogen phosphate, disodium 

hydrogen phosphate, sodium carbonate, bicarbonate, toluene, and phosphoric acid were 

purchased from Sigma-Aldrich (Canada). N, O-bis(trimethylsilyl)trifluoroacetamide with 

trimethylchlorosilane (BSTFA+TMCS) for gas chromatography derivatization, LiChropur™, 

contains 1% TMCS, 99% (excluding TMCS) was purchased from Sigma-Aldrich (Canada), as 

well.  

4.2.2 Degradation experiments  

All degradation experiments were conducted in 200 mL glass bottles placed on a room 

temperature shaker (280 r/min). A 30 mg/L sample of the BPA solution prepared with deionized 

water was placed in each glass bottle. PS (1 mM) and MnO2 (0.25 g/L) were added into each 

glass bottle. A UV-254 nm (UVP 90-0012-01 Model) source (Krackeler Scientific) was used 

to treat the solutions. In evaluation of solution pH impacts, different buffers were adopted with 

sodium acetate and acetic acid for pH 3.6 and 5.0, sodium dihydrogen phosphate and disodium 

hydrogen phosphate for pH 6.5 and 8.0, and sodium carbonate and bicarbonate for pH 10.0. 
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4.2.3 Analysis of water samples 

The water samples were collected by syringe and first filtered through 0.22 µm membrane 

filters, and the BPA concentrations were analyzed using a high-performance liquid 

chromatography (HPLC) instrument with a C18 column (Agilent 1260 Infinity II). An 

acetonitrile/water (50:50, v/v) mixture was used as the mixed mobile phase at a flow rate of 1 

mL/min. The detection wavelength was 276 nm. Under these conditions, the BPA peak in the 

chromatogram corresponds to an elution time of 6.24 min. The TOC concentrations were 

measured by the burning oxidation-non-dispersive infrared absorption method using a 

Shimadzu TOC-L analyzer (Shimadzu, Japan). Phosphoric acid was added into the samples 

before measuring TOC to maintain the solution pH < 1. The pH was measured using a pH meter 

(EL20, Mettler Toledo®). The PS concentrations were detected following a modified 

spectrophotometric methods (Lee et al., 2015). In detail, 0.5 M potassium iodide with 

bicarbonate buffer (NaHCO3, 0.05 M) was prepared, and then 0.3 mL filtered sample was 

mixed with the above iodide solution (4.7 mL). Shaking well, and after 20 min reaction, the 

water sample was detected by spectrophotometer (UV-Vis) at λ = 352 nm. The leached Mn 

concentrations in different processes were measured using an inductively coupled plasma 

optical emission spectrometer (ICP-OES, PerkinElmer, America). 

4.2.4 Characterization and recovery of MnO2 

The surface functional groups of MnO2 before and after degradation reaction in MnO2, 

UV/MnO2, MnO2/PS, and MnO2/UV/PS processes were characterized using ATR-FTIR. An 
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X-ray powder diffractometer (XRD, Rigaku XtaLAB Synergy-S) was applied to determine the 

crystallographic structure of MnO2 particles before and after treatment in MnO2/UV/PS process. 

The surface morphology of MnO2 particles before and after treatment in MnO2/UV/PS process 

was measured by the s SEM ( Quanta 400 MLA) equipped with EDS. MnO2 particles were 

recovered and dried in a vacuum oven (Fisherbrand Isotemp Model 281A, set at 60 ℃, 12 h). 

4.2.5 Intermediates analysis  

To analyze the BPA degradation intermediates in the MnO2/UV/PS process, the reaction 

solutions (at 0, 5, 15, 30, 60, 90, and 120 min) were analyzed using Agilent 7890 GC coupled 

with an Agilent 5975 MS. The details of BPA extraction, derivatization, and GC-MS analysis 

methods were based on previous studies (Lin et al., 2009; Sharma et al., 2015). We prepared 

six identical mixtures, each containing: 200 mL of water containing 30 mg/L BPA, 1 mM of 

PS, and 0.25 g/L MnO2. Samples (30 mL) of each were taken from different flasks after 0, 5, 

15, 30, 60, 90, and 120 min of UV treatment. Each sample was transferred into a separatory 

funnel, and 15 mL methylene chloride was immediately added to extract the BPA and its 

degradation intermediates. After agitation, the mixture was allowed to settle for 30 min, and 

the underlying organic phase was separated from the aqueous phase. A second 15 mL aliquot 

of methylene chloride was then used to recover any organic matter remaining in the separatory 

funnel. The extract was dehydrated with anhydrous sodium sulfate, filtered, and concentrated 

to near dryness on a vacuum rotary evaporator. The residue was redissolved in 1 mL of toluene 

and transferred to a 1.5 mL brown vial, from which a 100 µL aliquot was analyzed directly, 

and the remaining sample was derivatized before analysis. For derivatization, toluene was first 
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removed from the remaining sample by evaporation to dryness under a gentle nitrogen stream, 

then 150 µL of BSTFA+TMCS were added to silylate the polar degradation products in the 

residue. The silylation reaction was conducted by heating the mixture in a water bath for 2 h at 

60 ℃. Toluene (350 µL) was added to the vial to dissolve the silylated products. Both the 

silylated and non-silylated aliquots were analyzed using gas chromatography. 

Chromatographic separation of analytes was carried out using a DB-5MS UI fused silica 

capillary column (30 m × 0.25 mm × 0.25 µm). The inlet and detector temperatures of the gas 

chromatograph were set to 260 and 320 °C, respectively. The oven temperature was initially 

set to 80 °C and held for 3 min, then increased to 300 °C at 3 °C/min and held for 30 min. 

Helium was used as the carrier gas at the flow rate of 1.0 mL/min. The sample (2 µL) was 

injected in the pulsed splitless mode. The temperatures of the transfer line, ion source, and mass 

spectrometry detector were 280, 230, and 150 °C, respectively. Qualitative analysis was 

performed in the electron impact mode at 70 eV using the full scan mode in the m/z range of 

40–1000 (Lin et al., 2009; Sharma et al., 2015). 

4.2.6 Toxicity evaluation 

Acute toxicity tests of the MnO2/UV/PS-treated samples were carried out using a 

Microtox® Model 500 (M500) analyzer, whose primary indicator is the luminous bacterium 

Vibrio fischeri. The acute toxicity test relies on bacterial luminescence via cellular respiration. 

Inhibition of cellular activity (caused by exposure to toxins, acidic or alkaline conditions, etc.) 

decreases the respiratory rate, leading to a corresponding decrease in luminosity. The pH range 

of 6.0–8.5 is recommended as standard since V. fishery is pH-sensitive (Johnson, 2005). The 
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toxicity testing of BPA and its intermediates were conducted both with and without phosphate 

buffer (pH = 6.5). In addition to BPA, the presence of MnO2 particles, PS, etc. would affect the 

light-emitting bacteria, so each sample was diluted before testing. To ensure consistency, the 

first sample was quickly obtained in the presence of MnO2 and PS. Therefore, the measured 

effective concentration that given half-maximal response (EC50) of the original BPA might 

differ from the value given in the literature (Chiang et al., 2004). The samples were diluted 4-

fold before testing to concentrations that help provide a consistent instrumental response. 

4.3. Results and Discussion 

4.3.1 Degradation and mineralization of BPA 

To evaluate and compare BPA degradation and mineralization performance of the 

MnO2/UV/PS process with those of its component processes, seven different processes 

(namely PS, MnO2, UV, UV/MnO2, MnO2/PS, UV/PS, or MnO2/UV/PS) were tested (Fig. 4.1).  
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Figure 4.1 BPA (a) and TOC (b) removal over time using the PS, MnO2, UV, UV/MnO2, 

MnO2/PS, UV/PS, and MnO2/UV/PS processes. Conditions at t = 0 min: [BPA] = 30 mg/L, 

[PS] = 1 mM, [MnO2] = 0.25 g/L, pH = 6.5, T = 22–25 ℃ 
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The PS process alone had no effect on BPA removal, while only 3.6% of BPA could be 

removed by the MnO2 process after 2 h (Fig. 4.1a). Lin et al. (2009) reported the relatively 

high efficacy of BPA removal from a 4.4 µM solution using a high concentration of 800 µM 

MnO2 over 10 min. The low BPA removal efficiency effected by our MnO2 process might be 

due to its relatively low concentration of MnO2 compared to BPA. The individual applications 

of MnO2 and PS were ineffective, presumably due to slow (or no) free radical generation. Both 

UV and UV/MnO2 processes degraded 75.0% and 85.0% of BPA in 2 h, respectively. In the 

MnO2/PS process, the removal efficiency of 87.8% was observed after 2 h, while the UV-

activated PS process could effectively remove all BPA in 45 min. The synergetic PS activation 

by MnO2/UV could entirely remove BPA within 30 min. Apparently, both the UV/PS and 

MnO2/UV/PS processes had better performances than the MnO2/PS process, and the concurrent 

presence of UV and MnO2 further enhanced the PS activation, and consequently, the BPA 

degradation. 

A TOC analyzer was employed to explore the mineralization of BPA in the above-noted 

seven processes. Fig. 4.1b showed that the TOC removal efficiencies of these seven processes 

were quite different. The TOC removal efficiencies of the PS, MnO2, and UV processes after 2 

h of treatment were 0, 4.8, and 5.8%, respectively, indicating the sole processes could barely 

mineralize BPA from aqueous phase. The TOC removal efficiency in the UV/MnO2 process 

was enhanced to 16.4%, which implied the combination of UV irradiation and MnO2 had a 

positive effect on BPA mineralization. The MnO2/PS process further increased the removal 

efficiency to 77.0%. Huang and Zhang (2019) suggested that MnO2 activated PS could promote 
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the generation of radicals (such as SO4
•− and •OH) to remove organic pollutants. The results of 

UV/PS process showed that BPA could be removed entirely in 45 min, but the TOC value 

remained high, even after 2 h of treatment (40.0% of the mineralization rate). By comparing 

with the MnO2/PS process, the UV-activated PS process exhibited improved performance for 

BPA removal but was less effective for BPA mineralization. Remarkably, the MnO2/UV/PS 

process could achieve more than 90.0% of TOC removal efficiency in 2 h, demonstrated that 

PS activation by the combination of UV and MnO2 could effectively improve the TOC removal 

from water. PS residuals in the MnO2/PS, UV/PS, and MnO2/UV/PS processes (Fig. 4.2) 

suggested the UV irradiation was the main factor on the acceleration of PS decomposition. The 

synergetic effect of UV and MnO2 could also be observed. The high PS consumption but the 

low TOC removal rate in the UV/PS process may be because the process can convert BPA and 

cannot fully mineralize it. 
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Figure 4.2 PS residual in MnO2/PS, UV/PS, and MnO2/UV/PS processes 
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Figure 4.3 Effects of (a) MnO2 dosages, (b) PS concentration, and (c) pH level on BPA 

removal, and PS residual in different pH levels (d). Conditions at t = 0 min: [BPA] = 30 

mg/L, pH in (a) and (b) = 6.5, [PS] in (a) and (c) = 1 mM, [MnO2] in (b) and (c) = 0.25 g/L. 
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4.3.2 Effects of parameters on BPA degradation 

We further evaluated the effects of the MnO2 dosages, PS concentrations, and pH levels 

on BPA degradation using the MnO2/UV/PS process within 30 min. Fig. 4.3a showed that the 

extent of BPA degradation gradually promoted with the increased MnO2 dosages (0.05–0.30 

g/L) due to more surface sites for PS activation. Complete BPA degradation was observed with 

a MnO2 dosage of 0.25 g/L, while further increasing dosages had a slight improvement. The 

effects of PS concentrations were then evaluated under the conditions of 0.25 g/L MnO2 and 

UV irradiation (Fig. 4.3b). Compared with the effect of MnO2, increasing PS concentration 

enhanced BPA degradation to a greater extent, leading to a complete BPA removal at 1 mM PS. 

The further increase of PS dosages only promoted the removal rate slightly, indicating that the 

concentration of 1 mM was sufficient for BPA degradation. Therefore, 0.25 g/L MnO2 and 1 

mM PS were optimized for the efficient degradation of BPA in our study.  

As can be seen, BPA could be effectively degraded with efficiency over 80% in a wide 

range of pH levels (3.6 to 10.0) (Fig. 4.3c). The degradation rate was relatively low under 

acidic conditions (pH 3.6 and 5.0). That might because Mn dissolution occurred in acidic 

conditions, which was relatively inactive for PS activation (Zhu et al., 2018). It was confirmed 

by the PS residual results (Fig. 4.3d), where the PS was less decomposed under acidic 

conditions. The lowest reaction rate occurred at pH 5.0. According to the reports by Criquet 

and Leitner (2009), this phenomenon was caused by the increased consumption of SO4
•− by 

acetic acid in buffer at pH 5.0 compared to other pHs. At pH 6.5, the improved BPA degradation 

was achieved comparing with acidic conditions. At pHs 8.0 and 10.0, a slight improvement of 
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BPA degradation could be the additional PS activation by alkaline conditions (Lominchar et al., 

2018). Lee et al. (2020) suggested that the main oxidants may change from SO4
•− to •OH under 

alkaline conditions, leading to the abatement of organics that persisted in PS activation. From 

Fig. 4.3d, the PS decomposition rate was gradually increased along with the increased pH value. 

Differently, the contaminant degradation was significant in acidic (pH 4.0) condition while 

decreased at neutral (pH 7.0) and alkaline (pH 10.0) conditions in PMS activation process 

(Eslami et al., 2018). The high efficiency of the MnO2/UV/PS oxidation process in a wide range 

of pH levels (pH from 3.6 to 10.0) suggested its robust capacity in treating wastewater with 

broad pH ranges.  

4.3.3 Kinetic evaluation and reaction mechanism analysis 

4.3.3.1 Synergetic effect of MnO2 and UV as a hybrid activator 

Batch tests of three processes (MnO2/PS, UV/PS, and MnO2/UV/PS) were implemented 

within 30 min to explore the synergetic effect of MnO2 and UV as the hybrid activator of PS. 

The pseudo-first-order kinetic behaviors of the three processes were shown in Fig. 4.4. The 

rate constants of both the MnO2/PS process (𝑘𝑀𝑛𝑂2/𝑃𝑆 = 0.0334 min-1) and the UV/PS process 

(𝑘𝑈𝑉 𝑃𝑆⁄   = 0.1177 min-1) were found to be lower than that of the MnO2/UV/PS process 

(𝑘𝑀𝑛𝑂2 𝑈⁄ 𝑉 𝑃𝑆⁄  = 0.2196 min-1). The degree of synergy between MnO2 and UV as the hybrid 

activator was calculated from the rate constants according to Eq. 1 (Frontistis et al., 2012). The 

calculated degree of synergy value (%S) of 31.2% for the hybrid MnO2/UV/PS process 

reflected the synergetic PS activation by MnO2 and UV, which accelerated BPA removal 
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beyond the sum of the rates achieved by the independent MnO2/PS and UV/PS processes. To 

explore the mechanism of the MnO2/UV/PS process, quenching experiments were conducted 

as discussed in the following section.  

%𝑆 = 
𝑘𝑀𝑛𝑂2 𝑈⁄ 𝑉 𝑃𝑆⁄ − (𝑘𝑀𝑛𝑂2/𝑃𝑆 + 𝑘𝑈𝑉 𝑃𝑆⁄ )

𝑘𝑀𝑛𝑂2 𝑈⁄ 𝑉 𝑃𝑆⁄
× 100 

(1) 

 

4.3.3.2 Contribution of ROS (•OH, SO4
•−

, and 1O2) 

To elucidate the ROS involved in the MnO2/PS, UV/PS, and MnO2/UV/PS processes for 

BPA degradation, quenching experiments using MeOH, TBA, and FFA were carried out. The 

UV/MnO2 process was also tested as a control. The MeOH could rapidly react with both SO4
•− 

(k = 2.5 × 107 M-1s-1) and •OH (k = 9.7 × 108 M-1s-1), and TBA could rapidly quench •OH with 

a rate constant in the range of 3.8–7.6 × 108 M-1s-1 (Huang et al., 2019a). As the rate constant 

for TBA quenching of •OH was 1,000 times higher than that with SO4
•−, it was frequently 

employed as a •OH scavenger (Eslami et al., 2018). The FFA was confirmed to effectively 

quench 1O2 with a rate constant of 1.2 × 108 M-1s-1 (Li et al., 2019; Zhou et al., 2015). Therefore, 

in this study, MeOH (1 M), TBA (1 M), and FFA (5 mM) were used to distinguish between 

SO4
•−, •OH, and 1O2, respectively. All the scavenger concentrations were excessive according 

to previous studies (Zhu et al., 2018). The dynamic performance of the above four BPA 

degradation processes was evaluated at the same conditions.   
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Figure 4.4 BPA degradation using MnO2/PS, UV/PS, and MnO2/UV/PS processes over 30 

min. k = rate constant of pseudo-first-order kinetics. Conditions at t = 0 min: [BPA] = 30 

mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, pH = 6.5 
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The control test showed that only limited 1O2 and •OH could be generated in the UV/MnO2 

process to degrade BPA (Fig. 4.5). In the MnO2/PS process (Fig. 4.6a), FFA slightly inhibited 

BPA degradation by decreasing BPA removal efficiency from 65.0 to 62.0%, while a 55.0% of 

removal rate was observed with TBA. However, MeOH showed the strongest inhibition effect 

by decreasing the BPA removal efficiency to 40.0%, indicating that SO4
•− had a significant 

contribution in the MnO2/PS process. Several chemical reactions generating ROS likely 

occurred. Initially, the SO4
•− species could be generated according to Eqs. 2 and 3 (Zhao et al., 

2016b). Subsequently, more radicals were produced by the chain reactions initiated by SO4
•−, 

producing •OH and 1O2 species (Eqs. 4–8) (Lu et al., 2017; Zhu et al., 2018). The quenching 

experiments proved that the ROS would attack and degrade BPA (Eq. 9).  

𝑀𝑛(IV) + 𝑆2𝑂8
2− → 𝑀𝑛(III) + 𝑆2𝑂8

•−  (2) 

𝑀𝑛(III) + 𝑆2𝑂8
2−  →  𝑀𝑛(IV) + 𝑆𝑂4

• − + 𝑆𝑂4
2−  (3) 

𝑆𝑂4
• − + 𝐻2𝑂 → • 𝑂𝐻 + 𝐻

+ + 𝑆𝑂4
2−  (4) 

2 𝑆𝑂4
• −  → 𝑆2𝑂8

2− (5) 

𝑆𝑂4
•− + 𝑆2𝑂8

2−  →  𝑆𝑂4
2− + 𝑆2𝑂8

•−  (6) 

• 𝑂𝐻 + 𝑆2𝑂8
2−  →   𝑂𝐻− + 𝑆2𝑂8

•− (7) 

2 • 𝑂𝐻 →  
1

2
 𝑂2⬚
1 + 𝐻2𝑂 

(8) 

𝑆𝑂4
• − 𝑜𝑟 • 𝑂𝐻 𝑜𝑟 𝑂2⬚

1 + 𝐵𝑃𝐴 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (9) 
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Figure 4.5 Effects of radical inhibitors on BPA concentrations over 30 min for UV/MnO2. 

Initial conditions: [BPA] = 30 mg/L, Ph = 6.5, [PS] = 1 mM, [MnO2] = 0.25 g/L. When 

inhibitor is used, initial [MeOH] = 1 M or [TBA] = 1 M or [FFA] = 5 mM. 
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Figure 4.6 Effects of radical inhibitors on BPA concentrations over 30 min for (a) MnO2/PS, 

(b) UV/PS, and (c) MnO2/UV/PS processes, and (d) effects these inhibitors on process rate 

constants. Initial conditions: [BPA] = 30 mg/L, pH = 6.5, [PS] = 1 mM, [MnO2] = 0.25 g/L. 

When inhibitor is used, initial [MeOH] = 1 M or [TBA] = 1 M or [FFA] = 5 mM. 
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As shown in Fig. 4.6b, the removal efficiency of BPA in the UV/PS process decreased 

from 97.0% to 66.0%, 61.0%, and 28.0% after MeOH, TBA, and FFA were added, respectively. 

These results indicated that SO4
•−, •OH, and 1O2 were generated, and the 1O2 species played a 

crucial role, followed by SO4
•− and •OH. Unlike in the MnO2/PS process, upon irradiation with 

UV light, the peroxyl acid O–O bond reportedly undergoes a cleavage reaction and generates 

two equivalents of SO4
•− (Eq. 10) (Liu et al., 2016). Consequently, radical conversion reactions 

and degradation of BPA also occurred in this process (Eqs. 4–8). Wang et al. (2016) confirmed 

that 1O2 was generated under UV irradiation, but that this reaction had little effect on organic 

species mineralization. Our study confirmed that the UV/PS process achieved a high BPA 

removal rate, albeit a lower TOC removal rate (Fig. 4.1b), in agreement with Wang et al. (2016). 

 𝑆2𝑂8
2− + ℎ𝑣 →  2 𝑆𝑂4

· − (10) 

The BPA removal efficiency of the MnO2/UV/PS process decreased from 100.0% to 

76.0%, 86.0%, and 74.0% in the presence of MeOH, TBA, and FFA, respectively (Fig. 4.6c). 

These findings indicated that plenty of SO4
•-, •OH, and 1O2 species were generated to enhance 

BPA decomposition (Fig. 4.6d). Among these ROS, 1O2 and SO4
•− played more critical roles 

than •OH. All the above reactions (Eqs 2–10) could occur in the synergetic process. Given that 

1O2 had little effect on the mineralization rate of organics, more robust degradation and 

mineralization occurred when SO4
•− attacked the BPA. The detailed parameters before and after 

quenching experiments were displayed in Table 4.1. To better understand the interaction 

between UV irradiation and MnO2, more characterization analysis of MnO2 was discussed 

below. 
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Table 4.1 Parameters of BPA degradation following the pseudo-first-order kinetics with and 

without quenching (reaction time: 30 min; D: degradation efficiency) 

Processes Scavengers k (min-1) R2 D (%) 

 

 

UV/MnO2 

No quenching 0.0132 0.9724 34.0 

MeOH (1 M) 0.0061 0.9026 17.7 

TBA (1 M) 0.0051 0.9685 15.2 

FFA (5 mM) 0.0044 0.9732 13.1 

 

 

MnO2/PS 

No quenching 0.0333 0.946 64.9 

MeOH (1 M) 0.0164 0.9631 39.6 

TBA (1 M) 0.0268 0.9934 55.0 

FFA (5 mM) 0.0313 0.9321 62.2 

 

 

UV/PS 

No quenching 0.1178 0.9622 97.5 

MeOH (1 M) 0.0337 0.9723 65.7 

TBA (1 M) 0.0297 0.963 61.2 

FFA (5 mM) 0.0109 0.9701 28.4 

 

 

MnO2/UV/PS 

No quenching 0.2196 0.9471 99.3 

MeOH (1 M) 0.0469 0.9841 75.9 

TBA (1 M) 0.0631 0.9716 86.2 

FFA (5 mM) 0.0445 0.9547 74.1 
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4.3.4 Infrared Spectra of MnO2 and Mn leaching in different processes 

The ATR-FTIR spectra of the MnO2 particles (Fig. 4.7a) contained several distinct peaks 

that had different changes effected after 2 h of treatment in MnO2, UV/MnO2, MnO2/PS, and 

MnO2/UV/PS processes. The bands at around 720 and 650 cm-1 were assigned to the Mn–O 

stretching and bending vibrations within a MnO6 octahedral coordination environment (Ananth 

et al., 1998; Xie et al., 2016). The interactions between manganese and the constituent species 

were revealed in the range of 2500 to 1000 cm-1 (Ananth et al., 1998). The band at around 1120 

cm-1 could be assigned to vibrations of Mn–OH bonds (Liu et al., 2009). A blue-shift of about 

52 cm-1 was observed in both UV/MnO2 and MnO2/UV/PS processes, indicating UV irradiation 

could affect the bond between Mn and OH. Two bands at around 1653 and 1546 cm-1 

represented the vibrations related to the interactions between Mn centers with OH and related 

surface groups (Khan et al., 2017). A blue shift of about 48 cm-1 at the peak position 1546 cm-

1 was observed in MnO2/PS and MnO2/UV/PS processes, which depicted the effects of MnO2 

surface by PS activation. A new peak appeared at around 3380 cm-1 was only occurred in the 

MnO2/UV/PS process, attributing to the single bond –OH stretching vibration on the MnO2 

surface. For heterogeneous catalytic reactions, the degradation of organics mostly occurred on 

the surface of the catalyst. The –OH groups on the surface of metal oxides would enhance 

peroxide activation since they could make a bridge between peroxides and metal oxide surfaces 

(Dong et al., 2019; Ren et al., 2015). It has been confirmed the electron binding energies of 

both Mn and O on MnO2 surface could be increased after UV irradiation (Blackburn et al., 

1979; Yang et al., 2017). The results implied that UV irradiation could stimulate the surface 
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activity of MnO2 to generate –OH groups in the presence of PS, then facilitate more ROS 

generation, and thereby increase BPA degradation. 

The ICP-OES was further applied to identify Mn leaching after 2 h of treatment in MnO2, 

UV/MnO2, MnO2/PS, and MnO2/UV/PS processes (Fig. 4.7b). Limited Mn leached in MnO2 

process indicated that only a small amount of MnO2 was involved in BPA oxidation, consisting 

with the BPA degradation experiments (Fig. 4.1). In contrast, in UV/MnO2 process, the Mn 

leaching was significantly increased to 8.71 mg/L. Therefore, UV irradiation could stimulate 

the surface of MnO2 to produce more Mn ions. The Mn leaching (3.21 mg/L) was relatively 

moderate in the MnO2/PS process. Intriguingly, compared with the MnO2/PS process, only 

0.30 mg/L of Mn leaching was increased in the MnO2/UV/PS process. In the UV/MnO2 process, 

high Mn leaching had little effect on BPA mineralization (Fig. 4.1b). Fortunately, in the 

UV/MnO2/PS process, Mn leaching was greatly reduced, and BPA mineralization was 

significantly increased. When PS presented, UV irradiation might promote the formation of –

OH groups on the surface of MnO2 to protect the structure of MnO2 and decrease Mn leaching. 
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Figure 4.7 ATR-FTIR spectra of MnO2 particles (a) and the concentration of Mn leaching (b) 

after 2 h treatment via MnO2 only, UV/MnO2, MnO2/PS, and MnO2/UV/PS processes 
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In our study, a relatively high concentration of Mn leaching was observed mainly due to 

the long reaction time of 2 h for organic mineralization (e.g., over 90.0% TOC removed). 

Relatively low concentrations of Mn leaching were reported given the short reaction time (less 

than 1 h), in which thorough mineralization of organics  were not considered (Dong et al., 2019; 

Eslami et al., 2018; Huang et al., 2017). Our future research will further investigate how to 

decrease Mn leaching meanwhile maintaining high organic mineralization. 

4.3.5 Reusability of MnO2 

To test the reusability of MnO2, MnO2 particles were recovered and reused five times with 

the same initial conditions in the MnO2/PS and MnO2/UV/PS processes. As shown in Fig. 4.8, 

the removal rate of BPA in the MnO2/UV/PS process kept 100.0% in the first three recycles 

and only decreased by 12.0% after five recycles. However, the removal rate of BPA 

continuously decreased from an initial 65.0% to 34.0% in the MnO2/PS process. The MnO2 

particles in the MnO2/UV/PS process showed excellent stability for BPA degradation. It might 

be because the surface hydroxyl groups were generated under UV irradiation that ATR-FTIR 

results confirmed (Fig. 4.7a). The recovered MnO2 particles had obvious agglomeration from 

the fourth cycle, leading to decreased surface contact with PS and reduced BPA removal. In 

addition, both XRD (Fig. 4.9) and SEM (Fig. 4.10) results manifested no significant change of 

the crystal structure and morphology of MnO2 was observed after reactions in the MnO2/UV/PS 

process.  
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Figure 4.8 MnO2 recycles in MnO2/PS and MnO2/UV/PS processes 
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Figure 4.9 XRD of MnO2 before (a) and after (b) 2 h treatment in MnO2/UV/PS process 
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Figure 4.10 SEM image and EDS analysis of MnO2 before (a, b) and after (c, d) 2 h 

treatment in MnO2/UV/PS process 
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4.3.6 Proposed degradation products and pathways 

To determine the BPA degradation pathways and intermediates under the MnO2/UV/PS 

process, the reaction solutions (after 5, 15, 30, 60, 90, and 120 min) were subjected to a GC-

MS analysis after extraction and derivatization. As shown in Table 4.2, 13 products were 

identified as their silylated derivatives, some of which had been proposed in previous studies. 

The fragment ions for both BPA and intermediates were analyzed in detail. Some degradation 

products might remain unidentified in this study, as not all components could be effectively 

extracted into methylene chloride.  
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Table 4.2 Degradation products of BPA under the MnO2/UV/PS process identified using GC-

MS 

Retention time 

(min) 

Molecular 

weight 

Proposed structure No. References 

 

8.92 
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HO CH3

   

 

P1 

 

__ 

 

 

9.65 
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CHHO

OH
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__ 
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HO
H2
C OH
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HO C

CH2

CH3  

 

P4 

 

(de Freitas et 

al., 2017a; Guo 

et al., 2010; 

Lin et al., 

2020; Liu et 

al., 2020a) 
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HO C

O

CH3

  

 

P5 

 

(Inoue et al., 

2008; Liu et 

al., 2020a) 
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256 

 

C

HO
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__ 

 

 

46.23 

 

 

228 
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CH3

OH
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47.12 
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HO
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P7 

 

__ 

   

49.58 

      

244 HO C

CH3

OH

CH3

OH

 

      

P8 

 

(Lin et al., 

2020; Liu et 

al., 2020a) 
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CH3

CH3
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65.03 
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O C

CH3
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P11 (Sharma et al., 

2015) 

 

 

76.93 
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CH3

CH3

OH
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(de Freitas et 

al., 2017a; Qi 

et al., 2017) 
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CH3C CH3
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O

C
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P13 

                  

 

 

(Divya et al., 

2018; Yao et 

al., 2020) 
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Figure 4.11 Proposed main BPA degradation pathways with steps leading to the 

intermediates identified using GC-MS under the MnO2/UV/PS process 
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Based on the intermediates identified by GC-MS, BPA degradation via the MnO2/UV/PS 

process was proposed to occur in five steps (Fig. 4.11). Both charge and spin densities, 

calculated using density functional theory, indicated that the 1, 2, 4, 6, and 7 positions of BPA 

(shown in red in Fig. 4.11 (top)) were most susceptible to free radical attacks (Lin et al., 2009; 

Yao et al., 2020). In the first step, attacks at positions 2 and 6 were considered, and the BPA 

oxidative condensation through C–C and ether bridges between two phenyl rings led to the 

formation of dimers, such as P12 and P13. Previous studies confirmed that such condensation 

reactions commonly occurred upon the oxidation of phenolic compounds (de Freitas et al., 

2017b; Zhang & Huang, 2005). It is worth noting that these dimers were very unstable and 

gradually decomposed, as the reaction proceeded (Fig. 4.12). In the second step, it was 

presumed that the free radicals attacked both BPA and the dimers formed in the first step at 

positions 1, 4, and 7. The rupture of phenolic C–O and O–H bonds, and the C–C bond (between 

phenyl and isopropyl groups) led to the formation of three active species containing phenol 

moieties of BPA, labeled BPA-1, BPA-2, and BPA-3. In the third step, a variety of 

rearrangement reactions was proposed to occur among these active species. For instance, the 

coupling reaction between BPA-1 and BPA-2 would generate P11. The BPA-2 was further 

oxidized, subsequently recombining with another molecule of BPA directly at the position of 2 

to create the ether P10. The generation of P8 was formed by hydroxylation that occurred when 

water molecules attacked the aromatic ring through electrophilic action (Lin et al., 2020). 

Meanwhile, multiple BPA intermediates were considered to undergo coupling and 

deprotonation reactions to generate P9. In the fourth step, the carbocation of BPA-3 could 
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trigger a suite of oxidation, substitution, or elimination reactions to yield P1, P2, P3, P4, and 

P5. In detail, the BPA-3 was subject to deprotonation to give P4 or substitution by hydroxyl, 

yielding P2. The elimination reaction of P2 produced P3. The BPA-3 could be subject to 

ketonization, generating P5, or elimination reaction, producing P1. Subsequently, the fifth step 

would take place with the cleavage of the phenyl rings by free radical attack. Long-chain 

carboxylic acids would be produced during this step by the combination of fragments (P6 and 

P7) (de Freitas et al., 2017b; Molkenthin et al., 2013). Finally, these long-chain compounds 

would continue to be converted into small molecules, such as oxalic and malonic acids 

(Kusvuran & Yildirim, 2013) and ultimately into carbon dioxide and water. 

4.3.7 Acute toxicity evaluation 

The toxicity of the BPA solution in the MnO2/UV/PS process was monitored within 2 h 

with and without a buffer (pH 6.5). As shown in Fig. 4.13, the EC50 value increased from 17.5% 

to 75.0% within 30 min, and then gradually decreased to 27.7% after 2 h without buffer. In the 

unbuffered process, the pH decreased from 6.5 for the initial BPA solution to 5.5 after 30 min, 

and to 2.9 after 120 min. Considering that luminescent bacterial metabolism is inhibited by 

overly acidic environments, as the pH value of the reaction mixture decreased, the increase in 

toxicity was observed by declining bioluminescence. 
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Figure 4.12 Intermediates residue in MnO2/UV/PS process 
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Figure 4.13 EC50 of MnO2/UV/PS process mixtures determined after 4-fold dilution with the 

Microtox® Basic test. Initial conditions: [BPA] = 30 mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, 

with(out) phosphate buffer, pH = 6.5 
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In order to discern the effect of pH on the toxicity determination, phosphate buffer was 

used to maintain the pH of the reaction mixture at 6.5. We observed that the EC50 value 

decreased slightly by 3.3% after the first 30 min of the process, followed by a substantial four-

fold increase by 82.5% after 2 h. In the above discussion and Fig. 4.1, we confirmed that the 

concentration of BPA and TOC of the reaction mixture decreased rapidly, especially in the first 

30 min. Therefore, the increased toxicity observed in the first 30 min could be caused by some 

BPA degradation intermediates. Fig. 4.12 showed that the intermediates were observed after 

the first 30 min of the process, and that most of these gradually degraded at process times of 

between 30 and 120 min. These results were consistent with the toxicity test. 

4.4. Summary 

This study proposed an integrated MnO2/UV-activated PS process for BPA removal and 

demonstrated that the synergetic use of MnO2 and UV is a more powerful hybrid activator of 

PS in this AOP. The mineralization of the MnO2/UV/PS process was significantly improved in 

comparison with MnO2 or UV as a single activator. This process also showed a stable removal 

efficiency with a large variation of pH levels (3.6 to 10.0). The presence of SO4
•− and 1O2 were 

the key to the more rapid decomposition of BPA. Infrared spectra showed that UV irradiation 

could stimulate the generation of –OH groups on the MnO2 surface, facilitating the PS 

activation in this process. The degradation pathways consisting of 5 steps and 13 intermediates 

were further studied by GC-MS. The acute toxicity of reaction mixtures during the process was 

evaluated, which confirmed the overall reduction by the proposed method. This study provides 

a new scientific knowledge to improve the understanding of the oxidation mechanism and 
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degradation pathways of emerging contaminant under the synergetic PS activation by 

UV/Metal oxide. The results indicated that the combination of MnO2 with UV improved PS 

activation as a more promising means of treating BPA and with the potential of applications in 

other emerging organic contaminants. Future effects are suggested to focus on controlling the 

Mn leaching, assessing the chronic toxicity of effluent as well as applying other water matrixes 

(like real wastewater) to evaluate the feasibility of this process. 
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CHAPTER 5  

UV LED-BASED PS ACTIVATION BY TIO2/G-C3N4 

NANOSHEETS IN A MICROREACTOR FOR BPS 

DEGRADATION 
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5.1 Introduction 

Due to the health concerns and restrictions by regulations worldwide, BPA has been 

removed from all food containers and thermal paper in the United States of America, Canada, 

France, and several other industrialized countries (Peillex et al., 2021). Bisphenol S (BPS), 

which is composed of two phenol groups on each side of a sulfonyl group, has been regarded 

safe and widely used as one of the main substitutes for BPA in various “BPA-free” consumer 

products, including food containers, baby bottles, beverages, and food can linings (Gao et al., 

2015; Thoene et al., 2020). BPS is also found in thermal papers, including receipts, envelopes, 

and airline boarding passes, which protects the paper against overheating (Liu et al., 2021c). 

Recently, BPS has received significant attention because it is frequently detected in many 

environmental media, including foods, drinks, human urine, breastmilk, et al. (Liu et al., 2024; 

Thoene et al., 2020). Besides, it was reported that BPS has adverse effects on the endocrine 

system, and it has a longer half-time but lower biodegradability compared to BPA (Huang et 

al., 2019b). Therefore, it is critical to develop effective techniques to remove BPS from water 

and wastewater. 

AOPs have been confirmed to be an effective solution for unselectively degrading 

recalcitrant organic pollutants in water and wastewater treatment. Persulfate-based AOPs have 

made many advances and attracted extensive attention due to the generation of SO4
•−, which 

has a higher selectivity, high redox potential, and longer half-life time (30–40 μs) in water 

compared with the conventional •OH (10−3 μs) (Zhang et al., 2022). There are many methods 

to activate persulfate to produce SO4
•− such as heat, UV light, zero-valent iron (ZVI), transition 



 

189 

 

metal oxides, soil minerals, ultrasound, carbon-based materials (Wang & Wang, 2022). Carbon-

based materials are usually preferred, as they are non-toxic, cost-effective, and have good 

chemical stability. Graphene carbon nitride (g-C3N4) was considered an excellent option 

because of the strong covalent bonds between carbon and nitride atoms to make it stable under 

light irradiation in solutions with all pH ranges. However, the easy charge-carrier 

recombination limits its application in activating PS. This can be achieved by coupling two 

semiconductors with the different band gaps and suitable band edge positions. It has been 

confirmed that using g-C3N4 combined with TiO2 to form a heterojunction is an efficient 

method (Troppová et al., 2018). 

Even though AOPs are useful in organic decomposition, degradation at the trace 

concentration level requires high costs and energy consumption due to the application of 

expensive reagents and electric energy. Microreactors’ interior structures exhibit high surface 

area-to-volume ratios, which reduce reactant diffusion distances, impart high process 

efficiencies, and reduce energy consumption. Recent studies have reported that AOPs in 

microreactors overcome the shortcomings of conventional reactors (Dong et al., 2022). 

However, the main influencing factors of AOP in microreactors and the comparison of 

conventional and micro reactors in terms of degradation, energy consumption, and effluent 

toxicity are still unknown. The research on the degradation of BPS in the AOP-microreactor 

system will fill this gap and provide technical support for the removal of emerging 

contaminants in the future. 

Hence, in this study, we developed a UV LED based AOP-microreactor system for BPS 
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degradation. The TiO2/g-C3N4 nanosheets were synthesized and applied to activate persulfate 

under UV LED. Factorial design methods were applied to find the critical impact factors in a 

microreactor. In addition, to help examine the advantages of microreactors, the same AOP 

system was set up in a conventional batch reactor for parallel testing. The degradation 

performance and acute toxicity of effluent from both the microreactor and conventional reactor 

were analyzed and compared. This work offers valuable insight into the future development of 

AOPs in microreactors for emerging contaminants treatment.  

5.2 Materials and Methods 

5.2.1 Chemicals and materials 

The chemicals, including BPS, melamine, and sodium persulfate were purchased from 

Sigma-Aldrich (Canada). Aeroxide® P25 TiO2 nanoparticles (anatase: rutile is 9:1, average 

particle size is around 21 nm) were purchased from Fisher Scientific (Canada).  

5.2.2 Synthesis and characteristics of TiO2/g-C3N4 nanosheets 

The synthesis of bulk g-C3N4 followed a modified procedure previously reported (Lin et 

al., 2021a). Typically, 10 g of melamine was put into an alumina crucible with a cover, heated 

at a rate of 2.5 °C min−1 to 550 °C in air atmosphere in a muffle furnace, and kept at 550 ℃ for 

4 h. The obtained yellow bulk was ground into fine powder after cooling to ambient 

temperature. To synthesize the TiO2/g-C3N4 nanosheets, the appropriate amounts of g-C3N4 and 

commercial TiO2 nanoparticles were added into methanol and sonicated separately for 30 min 

(Miranda et al., 2013). Then these two solutions were mixed and stirred at room temperature 
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for 24 h. Afterward, the composite photocatalysts were obtained by evaporating the methanol 

under a rotary evaporator at 80 ℃. Carbon nitride content ranged from 1 to 5 wt% with respect 

to TiO2. 

The morphology of the nanosheets was imaged by SEM equipped with EDS (Quanta 400 

MLA). The XRD spectra were obtained by an X-ray diffractometer (Rigaku XtaLAB Synergy-

S). The functional groups were characterized by ATR-FTIR. The spectra were taken in the 

range of 4000−400 cm−1. 

5.2.3 System development and operations 

The AOP-microreactor system consists of a commercial serpentine microreactor (1.7 ml 

in volume and 1 mm in diameter), which was purchased from Little Things Factory, a syringe 

pump, a 35 V DC power supply, and a UV-LED light (365 nm, 18.57 mw/cm2) with the cooling 

fan. Fig. 5.1 shows the schematic diagram of the AOP-microreactor system. The prepared BPS 

solution with dispersed TiO2/g-C3N4 nanosheets was evenly injected into the microreactor 

through the syringe pump. The tinfoil was used to cover the parts of the light source and the 

microreactor to ensure the efficient use of the light. Batch reactor experiments were performed 

by dosing nanosheets into a 250 mL beaker of contaminant solution with shaker stirring to 

reach adsorption equilibrium. All experiments were conducted in duplicate to ensure 

reproducibility. 

5.2.4 Analysis of water samples 

The concentration of BPS was determined by the UV spectrophotometer and the HPLC 
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system equipped with Symmetry C18 column (Agilent 1260 Infinity II) (4.6 × 150 mm, 5 μm 

particle size) at UV wavelengths of 259 nm (Yang et al., 2019). The mobile phase consisted of 

0.1% acetic acid and methanol at a ratio of 50:50 (v/v). The flow rate of the mobile phase was 

1 mL/min. The TOC concentrations were measured by the burning oxidation-non-dispersive 

infrared absorption method using a Shimadzu TOC-L analyzer (Shimadzu, Tokyo, Japan). 

Before measuring TOC, few drops of phosphoric acid were added to maintain the sample pH 

< 1. 
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Figure 5.1 Schematic diagram of the microfluidic reactor  
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5.2.5 Acute toxicity evaluation 

Acute toxicity tests of the influent and effluent were carried out using a Microtox® (Model 

500) analyzer, whose primary indicator was the luminous bacterium (Vibrio fischeri). The acute 

toxicity test relied on bacterial luminescence via cellular respiration. Inhibition of cellular 

activity (caused by exposure to toxicants, acidic or alkaline conditions, etc.) decreased the 

respiratory rate, leading to a corresponding decrease in luminosity. EC50 refers to the 

percentage of water samples that cause a 50% decrease in luminous intensity. The pH range of 

6.0–8.5 was recommended as standard since Vibrio fischeri is pH-sensitive (Dong et al., 2021).  

5.2.6 Statistical analysis 

The fractional-factorial design analysis was conducted using Design Expert® v12 and 

Minitab® 18 software. All experiments were performed in triplicate for quality control. The 

error bar and error area represented each standard deviation from the means of the independent 

experiments. The significant differences were determined by ANOVA with F-tests using 

Minitab® 18 software. The P < 0.05 (*) was considered statistically significant, and P < 0.001 

(**) was statistically highly significant. 
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5.3 Results and Discussion 

5.3.1 Nano photocatalysts characterization  

To identify the crystallographic structure and phase characterization of g-C3N4, TiO2, and 

TiO2/g-C3N4 nanosheets, the samples were examined by XRD. As shown in Fig. 5.2a, the XRD 

pattern of g-C3N4 showed two typical diffraction peaks at 8.3° and 20.1°, corresponding to g-

C3N4, which were attributed to the in-plane structure of tri-s-triazine units and the interlayer 

stacking of conjugated aromatic groups, respectively (Ren et al., 2018). The XRD pattern of 

TiO2 showed evident peaks at 18.4°, 27.2°, 34.2°, 38.3°, 44.1°, and 52.4°, which corresponded 

to the crystal facet of anatase TiO2, respectively (Fig. 5.2b). The g-C3N4 and anatase TiO2 peaks 

could be observed in the g-C3N4/TiO2 sample, thus indicating that the g-C3N4/TiO2 composite 

was successfully synthesized (Fig. 5.2c). Furthermore, it is noteworthy that the diffraction peak 

of the g-C3N4 plane overlapped the characteristic peak of the TiO2 plane rutile phase. Compared 

with the diffraction peaks of pristine g-C3N4 and TiO2, the diffraction peak corresponding to 

the g-C3N4 crystal plane in the composite was relatively broader, and the intensity was weaker. 

This finding can be attributed to the reduced g-C3N4 content in the composite. The internal 

figures in Fig. 5.2a-c showed the corresponding 2D-XRD, fully proving the authenticity of the 

above crystal structures. 

The compositional information and chemical bonds of TiO2, g-C3N4, and g-C3N4/TiO2 

composite were analyzed by FT-IR spectroscopy. As shown in Fig. 5.2d, the broad peak at 

3000–3300 cm−1 for pristine g-C3N4 corresponded to the stretching mode of the terminal NH2 

of the NH groups at the defect sites of the aromatic rings, whereas several peaks in the 1200–
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1650 cm−1 range were assigned to the typical stretching mode of C-N heterocycles. Fig. 5.2e 

shows the FTIR spectrum of TiO2 nanoparticles, Ti-O bending mode and deformative vibration 

of Ti-OH stretching could be observed at 483 cm-1 and 1623 cm–1, respectively. Asymmetrical 

and symmetrical stretching vibrations of hydroxyl group (-OH) may be observed at 3400 cm–

1. The 1623 cm–1 band may be attributed to water adsorbed on the TiO2 surface. These results 

agree well with earlier reports (Chougala et al., 2017). Fig. 5.2f shows that, as expected, all the 

prominent absorption peaks of g-C3N4 and TiO2 appeared in the spectra of the TiO2/g-C3N4 

nanosheets but in low intensity (Sun et al., 2015). The fingerprint area shows the different 

characteristic peaks of the nanosheets (Fig. 5.3). The pristine carbon nitride g-C3N4 exhibits 

the typical band at around 800 cm−1 corresponding to the breathing mode of the heptazine 

arrangement (Wang et al., 2014a). For TiO2 and TiO2/g-C3N4, the peak near 430 cm−1 is the 

characteristic peak of TiO2, which is related to the stretching vibration of Ti–O–Ti (Zhang et 

al., 2021a). 

The morphology and microstructure as well as elemental analysis of as-synthesized 

samples were further investigated by SEM with EDS (Figs. 5.2g-i). Fig. 5.2g shows the 

crumpled layer structure of g-C3N4 nanoparticles, possibly containing several stacking layers, 

indicating the planar graphitic-like structure. The TiO2 nanoparticles showed the tendency of 

agglomeration under SEM because the TiO2 is unstable in its nanoparticle form, and they tend 

to join each other until they are relatively stable (Fig. 5.2h) (Diantoro et al., 2018). It can be 

seen that some of the surfaces of the TiO2 were wrapped by g-C3N4, reflecting the strong 

aggregation interaction between TiO2 and g-C3N4 (Fig. 5.2i). All the morphology and structural 
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characterization results denoted that the TiO2/g-C3N4 nanosheets were synthesized by the 

impregnation method. 
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Figure 5.2 Characterization of g-C3N4, TiO2, and TiO2/g-C3N4 nanosheets 
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Figure 5.3 FTIR fingerprint regions of g-C3N4, TiO2, and TiO2/g-C3N4 nanosheets 
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5.3.2 Degradation performance in microreactor 

To demonstrate the advantages of the synthesized TiO2/g-C3N4 nanosheets as the 

photocatalyst by activating PS with UV irradiation, the degradation of BPS in a microreactor 

under 1 ml/min of flow rate was studied using different catalysts. The results show that the 

degradation efficiency in no catalyst, TiO2, and TiO2/g-C3N4 were 5.88%, 11.64%, and 17.62%, 

respectively. This indicated that the synthesized TiO2/g-C3N4 nanosheets have a significantly 

improved effect on BPS degradation. 

The key influencing factors, including PS dose, catalyst (TiO2/g-C3N4) dose, flow rate, 

light distance, pH, and inorganic ions, were further investigated to explore their effect and 

optimize the process on the degradation of BPS in a microreactor (Fig. 5.4). The PS dosage 

should be appropriate since overdose can increase secondary pollution and cost. As shown in 

Fig. 5.4a, only 28.32% of BPS removal efficiency could be achieved after 17 min of reaction 

retention without any PS addition. It was found that the removal efficiency could be improved 

when PS was added, which was supported by the increased efficiency up to 62.91% with a PS 

concentration of 1 mM. Slightly improved removal efficiency (65.61%) was observed when 

further increasing the PS dose to 2 mM. The corresponding reaction rate constants were 0.02, 

0.0384, 0.0598, and 0.0641 min-1 when the PS dose was 0, 0.5, 1, and 2 mM, respectively. 

Considering that increasing the dose above 1 mM did not significantly improve the process 

efficiency, the PS concentration of 1 mM was then selected for the remaining study. 
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Figure 5.4 Effects of parameters ((a) PS dose, (b) catalyst dose, (c) flow rate, (d) light 

distance, (e) pH level, and (f) inorganic salts) on BPS degradation in the microreactor (PS 

dose 1mM, catalyst 100 mg/L, light distance 3 cm if not mentioned) 

 

  



 

202 

 

Determining a suitable catalyst (dispersed) dosage is essential because an overdose could 

reduce degradation efficiency (Danyliuk et al., 2021). Without using the catalyst, around 50.00% 

of BPS were removed within 34 min of reaction in a microreactor (Fig. 5.4b). The addition of 

50 mg/L of catalyst significantly enhanced the removal efficiency by up to 65.05% compared 

to that without catalyst. When the catalyst dose was increased to 100 mg/L, 75.20% of BPS 

could be removed. However, when the dose was further increased to 200 mg/L, the removal 

efficiency decreased to 71.38%. The calculated rate constant increased from 0.0414 to 0.0789 

min-1 when the catalyst doses were 0 and 100 mg/L, respectively, but decreased to 0.0701 min-

1 if the catalyst dose was 200 mg/L. This performance is due to the shielding effect of an 

overdosed photocatalyst, which reduced light penetration and the generation of reactive species 

for BPS degradation. Consequently, the best catalyst dose among the selected values was 

determined as 100 mg/L in this microreactor. 

The effect of different flow rates (0.01, 0.05, 0.1, 0.5, 1, and 2 mL/min) on degradation 

performance in the microreactor were examined (Fig. 5.4c). As the flow rates were increased 

from 0.01 to 2 mL/min, the degradation rates of BPS decreased from 62.91% to 2.33% due to 

a shorter retention time. Any attempt to lower the flow rate, hence increasing residence time, 

resulted in a higher removal efficiency. However, the lower flow rate may result in a longer 

residence time and catalyst precipitation. Finding the optimal flow rate is one of the key points 

in the AOP-microreactor system. 

The distance between the light source and the microreactor substantially affected the 

microfluidic system performance due to the light attenuation (Fig. 5.4d). The results showed 
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that the BPS removal efficiencies were 24.80%, 56.49%, and 75.48% when the light distances 

were set as 5, 3, and 1 cm, respectively. Correspondingly, the reaction rate constants were 

calculated as 0.0162, 0.0335, and 0.0787 min-1, respectively.  

Solution pH significantly impacted the reaction kinetics.  An investigation on the effect of 

pH on the degradation of BPS in microreactor was conducted at the pH values of 3, 5, 7, 9, and 

12 (Fig. 5.4e). The BPS degradation efficiency gradually increased along with the decreased 

pH values. Significantly, the degradation efficiency was relatively high, reaching 81.03%, 

72.87%, and 68.84%, under acidic and neutral conditions with pH of 3, 5, and 7, respectively. 

Only 25.48% and 13.12% of BPS could be removed when the pH values were 9 and 12, 

respectively, which indicated that the BPS degradation was strongly restricted in alkaline 

conditions. The calculated rate constants increased from 0.0077 to 0.0947 min-1, corroborating 

the important role of pH in this system. Previous studies indicated that both •OH and SO4
•- 

were the main contributors at acid and neutral pH while SO4
•- could react with HO- to form 

•OH at higher pH. Meanwhile, an alkaline environment not only increases PS consumption but 

also may capture free radicals and thus inhibit the degradation process (Guan et al., 2011; 

Wacławek et al., 2022). 

The water matrix (e.g., various inorganic salts) may affect the process efficiency because 

matrix components could reduce light transmittance and/or scavenge radicals (Miklos et al., 

2018). Fig. 5.4f presented the degradation of BPS at varied concentrations of inorganic salts in 

the microreactor system. The degradation efficiencies of BPS in the presence of NaCl, NaHCO3, 

Na2CO3, and K2SO4 were 36.71%, 23.34%, 73.70%, and 20.09%, and the corresponding rate 
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constants were 0.0575, 0.0821, 0.0162, and 0.0917 min-1, respectively. The suppression of BPS 

degradation by these inorganic salts decreased in the order Na2CO3 > NaCl > NaHCO3 > K2SO4. 

The observation that Na2CO3 inhibited the degradation of BPS more than the other salts may 

be attributed to the trapping of free radicals by carbonate ions. 
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Table 5.1 A 25 full factorial design table 

StdOrder RunOrder 

Distance 

(cm) 

Flow 

rate 

(µL/min) 

Photocatalysts 

(mg/L) 

PS 

dosage 

(mM) 

NaCl 

(mM) 

Removal 

efficiency 

(%) 

32 1 5 500 100 1 0.5 10.33 

31 2 1 500 100 1 0.5 30.98 

19 3 1 500 20 0.2 0.5 23.15 

12 4 5 500 20 1 0 8.44 

14 5 5 100 100 1 0 59.40 

22 6 5 100 100 0.2 0.5 49.47 

26 7 5 100 20 1 0.5 51.77 

7 8 1 500 100 0.2 0 44.01 

27 9 1 500 20 1 0.5 34.29 

1 10 1 100 20 0.2 0 63.98 

28 11 5 500 20 1 0.5 19.44 

24 12 5 500 100 0.2 0.5 27.67 

21 13 1 100 100 0.2 0.5 64.19 

10 14 5 100 20 1 0 69.38 

6 15 5 100 100 0.2 0 64.93 

18 16 5 100 20 0.2 0.5 62.16 

8 17 5 500 100 0.2 0 35.97 

23 18 1 500 100 0.2 0.5 46.91 

30 19 5 100 100 1 0.5 77.55 

13 20 1 100 100 1 0 83.29 

2 21 5 100 20 0.2 0 60.95 

17 22 1 100 20 0.2 0.5 63.71 

4 23 5 500 20 0.2 0 31.65 

15 24 1 500 100 1 0 52.98 

20 25 5 500 20 0.2 0.5 27.13 

5 26 1 100 100 0.2 0 68.10 

29 27 1 100 100 1 0.5 83.63 

11 28 1 500 20 1 0 52.17 

16 29 5 500 100 1 0 41.91 

3 30 1 500 20 0.2 0 42.93 

9 31 1 100 20 1 0 82.95 

25 32 1 100 20 1 0.5 82.61 
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Table 5.2 Significant factor effects and contributions 

 Term F value p-value Standardized 

effect 

Contribution 

(%) 

A Distance 19.69 0.000 -14.07 10.89 

B Flow rate 123.64 0.000 -35.26 68.40 

C Catalyst dose 1.18 0.294 3.44 0.65 

D PS dose 2.16 0.161 4.67 1.20 

E NaCl 4.83 0.043 -6.97 2.67 

AB Distance & Flow rate 0.35 0.561 -1.88 0.20 

AC Distance & Catalyst dose 0.03 0.874 0.51 0.014 

AD Distance & PS dose 4.44 0.051 -6.68 2.46 

AE Distance & NaCl 0.05 0.823 0.72 0.03 

BC Flow rate & Catalyst dose 0.53 0.476 2.31 0.29 

BD Flow rate & PS dose 5.58 0.031 -7.49 3.08 

BE Flow rate & NaCl 2.13 0.164 -4.63 1.18 

CD Catalyst dose & PS dose 0.07 0.792 0.85 0.04 

CE Catalyst dose & NaCl 0.03 0.862 -0.56 0.01 

DE PS dose & NaCl 0.04 0.845 -0.63 0.02 
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5.3.3 Factorial-based performance analysis of microreactor 

The factorial experiment was designed to identify the key factors influencing the process 

efficiency in the developed AOP-microreactor system. Based on the one-factor-a-time 

experiment for performance analysis in the above section, the five factors, including PS dose, 

catalyst dose, flow rate, light distance, and inorganic salts, were further investigated by the 2-

level full factorial experiment design. The experimental arrangement of this 25 full factorial 

design was generated using the Design Expert® 12 software (Table 5.1).  

The residual analysis was performed to determine the normal distribution probability (Fig. 

5.5).  The normal probability plot showed that the experimental points were reasonably aligned, 

suggesting normal distribution. The histogram of residuals showed an almost symmetrical 

distribution, meaning the errors were normally distributed with a mean of zero. The plot about 

residual versus fitted value showed the residuals were scattered randomly at about zero, which 

indicates that the errors had a constant variance. The plot of residuals versus run of experiments 

showed that the residuals appear to be randomly scattered about zero and almost all points were 

found to fall in the range of +10 to -10. The residual plots were verified to show that the full 

factorial design was sufficient for this study. This design aimed to ensure that the main effect 

of each individual factor is clear. 
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Figure 5.5 Residual graphs (a) normal probability plot for residuals, (b) histograms of 

residuals, (c) residuals vs. fitted values, and (d) residual vs. the run of the experiments 
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In the main effects plot depicted in Fig. 5.6a, each factor was represented by a line 

connecting the average value of all observations at the low (left) and high (right) levels, with 

the vertical height of each line indicating the main effect (Jiang et al., 2017). This graph can 

visualize the influence of each factor on the response variable, in this case, the BPS removal 

efficiency. As detailed in Table 5.2 and illustrated in Fig. 5.6a, the factor of flow rate exhibited 

the largest negative impact on BPS removal efficiency. Specifically, the reduction in flow rate 

contributed 68.40% to the improvement of BPS degradation efficiency. This significant effect 

is attributed to the enhanced mass transfer under slow flow conditions. The enhanced mass 

transfer facilitates better contact between the reactants and the catalytic surfaces, leading to 

more efficient degradation reactions. This was evidenced by the result of Fig. 5.4c, where the 

degradation rate increased dramatically from 2.33 to 62.91% when the flow rate decreased 

from 2 to 0.01 ml/min. The increased retention time at lower flow rates is expected to improve 

the interaction between BPS molecules and the active species, thereby enhancing the overall 

degradation process. 

In addition to the flow rate, the distance between the light source and the microreactor 

played an important secondary role, contributing 10.89% to the degradation rate. According to 

the Beer-Lambert law, the intensity of UV radiation diminishes exponentially as the optical 

path length increases. This phenomenon was confirmed by the data in Fig. 5.4d, which 

demonstrated a decrease in the degradation rate from 75.48% to 24.80% as the optical path 

lengthened from 1 cm to 5 cm. The significant effect of light distance underscores the 

importance of optimizing the light source position to ensure adequate UV exposure for 
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effective photodegradation. 

The presence of NaCl salt showed a minor effect, contributing 2.67% to the inhibition of 

BPS degradation. That may be because salts can influence degradation processes by affecting 

the ionic strength of the solution, which in turn can impact the behavior of charged species and 

radicals involved in the degradation reactions (Luo et al., 2022). The relatively minimal effect 

of NaCl in the microreactor is probably because of the low concentration of NaCl (0.5 mM) 

present in this system. Both catalyst and persulfate dosage had limited effects in this 

microreactor system, contributing 0.65% and 1.20%, respectively. This suggests that within the 

tested range, the microreactor system was not significantly sensitive to variations in these 

factors.  

In half-normal probability plots further corroborated the significance of these factors. 

Factors of greater importance deviated more from the ‘near-zero’ line, providing additional 

evidence that flow rate and light distance were more significant compared to the other factors 

(Fig. 5.6b). All the 2-factor interaction plots are displayed in Fig. 5.6c. In factorial experiments, 

interactions between factors can give insights into how the effects of one factor might depend 

on the level of another. An interaction is considered significant if the p-value in the regression 

model is less than 0.05. From Table 5.2, we can conclude that the only significant 2-factor 

interaction was flow rate and PS dosage. It was interesting to note that a combination of a slow 

flow rate and a low level of PS dosage could enhance the BPS degradation rate. This synergistic 

effect might be due to the more efficient utilization of sulfate radicals at slower flow rates, 

where the longer residence time allows for more complete degradation. Overall, factorial 
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analysis revealed that flow rate and light distance were the dominant factors influencing BPS 

degradation in the developed AOP-microreactor system. The findings highlighted the 

importance of optimizing these parameters to achieve maximum degradation efficiency in 

practical applications. 
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Figure 5.6 (a) Main effect plot of impact factors in a microreactor, (b) Half-normal plot of 

effects to BPS degradation, and (c) 2-factor interaction plots for removal efficiency 
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5.3.4 Performance comparison between a microreactor vs. a batch reactor 

5.3.4.1 Comparison of degradation performance and mineralization  

The BPS degradation and the mineralization in the developed microreactor under 

optimum conditions were thoroughly investigated. To verify the merits of the microreactor, 

water samples were also collected and tested from a batch reactor under the same residence 

time and reaction conditions. After 34 min of residence time, the BPS degradation rates in the 

batch reactor and microreactor were found to be 31.07% and 84.86%, respectively (Fig. 5.7a). 

This significant difference indicated the enhanced efficiency of the microreactor. Specifically, 

the reaction rate constant in the microreactor (0.0536 min-1) was five times higher than that of 

the batch reactor (0.0116 min-1), indicating a substantial improvement in treatment efficiency. 

Moreover, the BPS mineralization rates were also markedly different. In the batch reactor, the 

mineralization rate was 10.67%, whereas in the microreactor, it reached 41.09% (Fig. 5.7b). 

It’s worth noting that the reaction rate constant in the microreactor (0.0156 min-1) remained 5 

times higher than that of the batch reactor (0.0032 min-1). Overall, these results demonstrated 

that both the degradation and mineralization of BPS in the microreactor were five times more 

efficient than in the batch reactor. The enhanced performance can be attributed to the improved 

mass transfer and optimized reaction conditions inherent in the microreactor design, which 

facilitated more effective interaction between BPS and reactive species. This significant 

enhancement indicated the potential of microfluidic technology in advancing the efficiency of 

AOPs for emerging contaminant degradation and mineralization. 
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Figure 5.7 Comparison of BPS and TOC removal in micro- and batch reactors 
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5.3.4.2 Comparison of reaction rates 

To obtain the reaction rate (r) in both the microreactor and batch reactor from the first-

order reaction model, we used the following equation (Ogbomo et al., 2024): 

𝑟 = 𝑘 ∗ [𝐴] 

Where r is the instantaneous reaction rate, k is the rate constant, and [A] is the instant 

concentration of the BPS. Clearly, the instantaneous reaction rate r in both the batch reactor 

and microreactor was observed to decrease with time (Fig. 5.8). Initially, the reaction rate in 

the microreactor was approximately an order of magnitude higher than that in the batch reactor. 

Specifically, the reaction rate in the batch reactor exhibited a slight reduction from 0.250 to 

0.172 s-1 with time. Conversely, the reaction rate in the microreactor decreased more rapidly 

from 1.154 to 0.175 s-1 as the retention time increased to 34 min, ultimately reaching the same 

value as in the batch reactor. This significantly high initial reaction rate in the microreactor 

could be attributed to the enhanced mass transfer and more efficient mixing conditions created 

by the microfluidic environment. The decline in the reaction rate over time in the microreactor 

indicated that the microfluidic device is highly effective at accelerating the reaction within a 

short retention time, making it particularly advantageous for processes requiring rapid 

degradation of contaminants. In general, the comparison of reaction rates highlighted the 

significant advantage of the microreactor in achieving higher reaction rates initially, which 

leads to more efficient and faster degradation of BPS compared to conventional reactors. 
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Figure 5.8 Comparison of reaction rate under batch and micro-reactors 
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5.3.4.3 Comparison of energy consumption 

Economics is a critical factor in selecting optimum treatment technologies, and energy 

consumption plays a major role in the overall operating cost, particularly for electricity-

intensive processes. Bolton et al. (2001) developed the figures of merit for the comparison of 

AOPs. Electrical energy per order is applied to calculate the energy consumption required to 

remove a unit mass of contaminants using various electrical-driven AOPs. For batch and 

continuous reactors, the electrical energy per order is defined in the equations below: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 =
𝑃×𝑡×1000

𝑉×lg (
𝐶𝑖
𝐶𝑓
)
 (for a batch reactor) (5-1) 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 =
𝑃

𝐹×lg (
𝐶𝑖
𝐶𝑓
)
 (for a continuous reactor) (5-2) 

Where P is the total energy input of the processes (kW), V is the volume (L) of the water treated 

in time t (hour), Ci and Cf are the initial and final concentrations of organic contaminants (M 

or mol/L), and F is the flow rate (m3/h) for the water treated in a continuous flow system.  

Fig. 5.9a illustrates the calculated BPS removal efficiency and energy consumption over 

time in the developed microreactor. The microreactor demonstrated an energy consumption of 

approximately 14 kWh/L while achieving over 80% removal efficiency. In stark contrast, the 

energy consumption rose up to 850 kWh/L with only 30% removal efficiency in the 

conventional reactor (Fig. 5.9b). This significant difference indicated that the microreactor 

offers a substantially higher removal efficiency of emerging contaminants such as BPS at a 

markedly lower energy consumption rate compared to the batch reactor. The enhanced mass 

transfer, improved light utilization rate, and efficient mixing within the microfluidic 
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environment contribute to this superior performance, making the microreactor a more 

economically viable option for large-scale applications in wastewater treatment.  
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Figure 5.9 Comparison of the energy consumption in the (a) microreactor and (b) 

conventional reactors 
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5.3.4.4 Acute toxicity evaluations of effluent from microreactor and conventional reactor 

The acute toxicity of the BPS solution before and after microfluidic AOP treatment was 

assessed by Microtox® bioassay under various flow rates (ranging from 2 to 0.01 ml/min), 

corresponding to different retention times (from 0.85 to 170 min). To provide a comparative 

analysis of toxicity trends in both the microreactor and conventional reactor under identical 

residence times, toxicity assessments were also performed on samples from the batch reactor 

using the same reaction conditions as the microreactor. The flow rates were converted into 

residence times in the microreactor (reactor volume 1.7 mL), allowing for the toxicity values 

to be plotted for both micro- and batch reactors on a single graph (Fig. 5.10).  

The initial BPS solution exhibited moderate toxicity with an EC50 value of 20.3%. In the 

conventional reactor, the EC50 value decreased significantly from 20.3% to 0.26% within the 

first 34 min of reaction time, indicating an increase in acute toxicity. This initial increase was 

followed by a gradual decrease in toxicity, with the EC50 value rising to 4.2% after 170 min 

of reaction time. This trend suggested that the degradation intermediates formed during the 

early stages of the reaction in the conventional reactor were more toxic than the parent 

compound BPS, but with extended reaction time, further degradation of these intermediates led 

to a reduction in overall toxicity. In contrast, the microreactor generally demonstrated a lower 

acute toxicity compared to the conventional reactor. When the residence time was 1.7 min, the 

toxicity in the microreactor reached its peak, with an EC50 of 0.17%, after which the EC50 

increased to 6.821% at 170 min. This may be because the microreactor exhibited the ability to 

enhance mass transfer and provide more uniform irradiation, leading to more efficient 
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degradation of toxic intermediates, resulting in lower overall toxicity of the treated effluent 

over time. To confirm this hypothesis, future research aims to focus on the identification of 

intermediates over time in two reactors. 

In summary, the microreactor not only improves the degradation and mineralization rates 

of BPS but also significantly reduces the energy consumption associated with the 

photocatalytic process, thereby presenting a more cost-effective and energy-efficient solution 

for the removal of emerging contaminants from wastewater. Additionally, the microreactor 

effectively controls and reduces the acute toxicity of the effluent more efficiently than the 

conventional reactor. This suggests that the microfluidic AOP system could offer significant 

advantages in terms of efficiency, safety, and operational costs for wastewater treatment 

applications. 
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Figure 5.10 Acute toxicity of effluent from conventional and micro-reactors 
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5.4 Summary 

With their high internal specific surface areas, which impart high process efficiencies and 

minimal energy consumption, microreactors overcome many of the shortcomings of 

conventional reactors. This study innovatively developed a UV LED/composite nanosheet-

based persulfate activation in a microfluidic system for BPS degradation. The TiO2/g-C3N4 

nanosheets were synthesized and showed excellent photocatalytic performance in the 

microreactor over the conventional reactor. The factorial design analysis confirmed that the 

flow rate and light distance were the main factors affecting the performance of a microreactor. 

Comparative experiments between conventional reactors and microreactors have confirmed 

that microreactors can significantly improve emerging contaminants' removal efficiency, 

reduce energy consumption, and decrease the acute toxicity of effluent. This work offers 

valuable insight for the future development of AOPs in microreactors for emerging 

contaminants treatment. 
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CHAPTER 6  

CONCLUSION AND RECOMMENDATIONS 
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6.1 Conclusion 

The ubiquitous occurrence of persistent and emerging contaminants such as PAHs and BPA 

and their substitutes (e.g., bisphenol S) in the environment and their adverse effects on both 

aquatic organisms and humans have attracted global concern. These contaminants are usually 

chemical stability and difficulty to be completed mineralized by traditional wastewater 

treatment. AOPs are considered an effective solution for the non-selective removal of persistent 

and emerging organic pollutants through the generation of reactive oxygen species. However, 

the limited process efficiency and high energy consumption are major concerns for the wide 

application of traditional AOPs. 

To fill the gaps, the development of powerful treatment technologies to remove persistent 

and emerging contaminants is an urgent task that humanity is facing. This research, therefore, 

started by 1) reviewing the recent advances in AOP enhancement methods primarily focusing 

on synergetic persulfate activation and environmental microfluidics, followed by 2) developing 

a synergetic persulfate activation system by UV/O3 process in a 1 L ozone reactor for the 

treatment of marine oily wastewater which includes various PAHs; and then 3) investigating 

UV/MnO2 activated PS system for the BPA degradation; finally 4) designing a novel AOP-

microreactor system to explore the degradation mechanism of BPS and the advantages of AOPs 

in microreactor over batch reactor. 

Persulfate activation was recently demonstrated with enhanced contaminants removal in 

comparison with traditional hydroxyl radical-based AOPs. Various activation methods 

including physical methods (e.g., thermal, cavitation, electromagnetic radiation, and discharge 
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plasma) and chemical methods (e.g., alkaline, electrochemistry, and catalyst) were summarized 

in this work. Synergetic persulfate activation (a combination of some single activation methods) 

is believed to trend toward the direction of high efficiency, aiming to fully activate persulfate 

and minimize energy consumption and environmental effects. The key impact factors in those 

activation methods are discussed to help provide the technique support for practical application. 

The fast growth of the emerging area of environmental microfluidics has attracted public 

attention in the last decade. The hydrodynamic characteristics, designs, emerging applications, 

and challenges associated with applying AOP-microreactors were reviewed thoroughly. 

Several novel AOP-microreactor designs were exhibited to showcase the merits of microfluidic 

technology for AOP applications. Two scale-up strategies are recommended to maintain the 

microfluidic characteristics and achieve industry application by accelerating chemical 

processes with high-throughput reactors. 

Synergetic persulfate activation by UV/O3 process was investigated for the treatment of 

marine oily wastewater (including various PAHs). The degradation performance, toxicity 

assessment, and floc formation of three ozone-based processes (i.e., O3 only, UV/O3, and 

UV/O3/PS) for light and heavy crude oils were investigated in this work. The results showed 

that, in comparison with O3 and UV/O3 processes, the addition of PS could achieve more than 

90% of degradation efficiency for PAHs within 30 min. This provided evidence for the addition 

of PS in O3-based AOP to explore the optimal treatment conditions for scale-up to an 

operational system. Acute toxicity was significantly reduced in all three processes, confirming 

the significance of the treatment processes in reducing the negative ecological impacts of oily 
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wastewater. Another essential contribution of this study was to investigate the fate of flocs 

formed during O3-based treatments, which was rarely reported in the literature. The 

morphology and functional groups of flocs that formed during O3-based processes were 

characterized, showing that the floating flocs could be further degraded significantly in the 

UV/O3/PS process. Overall, the results developed and verified a more energy-effective and low 

environmental impact approach to treating PAHs containing wastewater by synergetic PS-

based AOP. 

The work in Chapter 4 focused on synergetic persulfate activation using transition metal 

oxide (i.e., MnO2) and UV as hybrid activators. A MnO2/UV/PS process was proposed for the 

efficient removal and mineralization of BPA from wastewater streams. The results showed that 

the synergistic use of MnO2 and UV is a more powerful hybrid activator for PS activation, and 

it works in a large variation of pH levels (3.6 to 10.0). The presence of SO4
•− and 1O2 was the 

key to the more rapid decomposition of BPA. Infrared spectra showed that UV irradiation could 

stimulate the generation of –OH groups on the MnO2 surface, facilitating PS activation in this 

process. The degradation pathways consisting of 5 steps and 13 intermediates were further 

investigated using GC-MS. The acute toxicity of reaction mixtures during the process 

confirmed the overall reduction by the proposed method. These findings indicated that the 

synergetic use of MnO2 and UV improved PS catalytic activation, and this provides a more 

promising means of treating emerging organic contaminants such as BPA.  

The main purpose of the study in Chapter 5 was to demonstrate the value of the 

introduction of environmental microfluidics into AOP as an effective way to improve 
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efficiency and reduce energy consumption and also gain an in-depth understanding of the 

mechanism and performance. A UV light/composite nanosheet-based persulfate activation was 

first developed and incorporated into a microfluidic AOP system, and then BPS degradation 

was examined, followed by comparative testing in a conventional batch reactor. The TiO2/g-

C3N4 nanosheets were synthesized and showed excellent photocatalytic performance in the 

microreactor over the batch reactor. The factorial design analysis confirmed that the flow rate 

and light distance were the leading factors affecting the performance of the microreactor. The 

reaction rates were calculated, and the results showed that the initial reaction rate in the 

microreactor was around one order of magnitude higher than that in the batch reactor. The 

comparative experiments between the two systems demonstrated that the microreactors could 

significantly improve the removal efficiency for BPS and reduce the acute toxicity in the 

effluent. This work offers valuable insights for the future development of AOPs in 

microreactors for removal of emerging contaminants from wastewater streams. 

6.2 Research Contributions 

The main contributions of this dissertation can be summarized below: 

1. A comprehensive review of the recent advances of AOPs focusing on synergetic 

persulfate and environmental microfluidics was completed. Various PS activation 

methods and their synergetic strategies were discussed. The advantages of synergetic 

persulfate activation, such as high efficiency and minimize energy consumption and 

environmental effects, made it the trend of PS-AOPs. The rapidly emerging area of 

environmental microfluidics was explored for the first time. The hydrodynamic 
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characteristics, fabrications, various AOP-microreactor designs, limitations, scale-up 

strategies, and cost-reduction of AOP-microreactor systems were discussed in detail. 

This work offers valuable insight for future research and development of AOPs in 

microreactors for environmental purposes. 

2. A variety of PS-based AOP coupling enhancement systems were developed for the 

degradation of persistent organic pollutants such as PAHs and several emerging 

contaminants (i.e., BPA, BPS). The degradation mechanisms of these pollutants were 

disclosed and discussed in detail. Among them, the analysis of the different components 

degradation in marine oily wastewater (e.g., TPHs, PAHs) was the first time to 

demonstrate the effective degradation of this complex pollutant, which provided solid 

scientific evidence and technical solutions for removing oil from marine water. 

Particularly, it presented important practical values for improving the current practice 

in handling oily wastewater (i.e., decanting process) during marine oil spill responses. 

The degradation mechanism of synergetic PS-based AOP systems on pollutants, the 

degradation pathways under different conditions, and the change of acute toxicity 

before and after treatment were explored in-depth. Those developed AOP methods and 

findings could not only fill the knowledge gaps but also provide powerful tools for 

treatment of wastewater containing persistent and emerging contaminants.  

3. The miniaturized system (a novel UV light-induced microreactor) has been developed 

to explore the mechanisms and feasibility of integration of AOP and microfluidics and 

evaluate the efficiency in pollutant removal and energy consumption. Significantly, the 
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new method could improve oxidation performance with less energy consumption, 

indicating a highly innovative and promising solution for removing traces of persistent 

organics and emerging contaminants (e.g., Bisphenols) from water in this study. To the 

candidate’s best knowledge, this was the first attempt in the field. Furthermore, the 

integration of AOPs and microfluidics presented a bright future and the right direction 

for AOPs advancement, particularly in dealing with persistent and emerging 

contaminants. The comparison with the batch reactor further demonstrated the 

advantages of the developed microreactors. The study achieved the goal of advancing 

oxidation with fast mass transfer in the microreactors and recommended the optimum 

operational conditions to provide scientific evidence for industrial applications. 

 

6.3 Recommendations for Future Research 

1. It is inspired by the synergistic persulfate activation methods to find more effective, 

robust, and energy-efficient methods, especially through the development of new 

carbon-based materials and their combined use with natural sunlight for AOPs. The 

dominant role of free radicals (e.g., •OH, SO4
•−, and •O2

−) during persulfate activation 

for degradation of emerging contaminants still needs to be further explored. 

2. Future research on emerging contaminants removal by AOPs needs to be more thorough 

and in-depth in terms of reaction mechanisms and degradation pathways and associated 

toxicological effects, as well as feasibility studies on large-scale applications. 
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3. The scientific understanding of AOPs in micro-scale reactors is much desired. Although 

the hydrodynamic characteristics of microreactors have been well documented, the 

kinetic models of advanced oxidation processes in microreactors demand further 

development, verification, and applications. 

4. An important goal of AOP-microreactor system development is to realize both high 

throughput and cost-efficiency for practical needs in the water and wastewater 

treatment sector. Maintaining microfluidic characteristics (advantages) while 

expanding throughput is a key challenge and worth pondering. Scale-up and feasibility 

studies are much desired for microreactor-inspired AOPs to support industrial 

applications.  
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