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Abstract 

The presence of pharmaceuticals and their metabolites in waterbodies has been 

recognized as an emerging environmental issue globally partly due to their easy entry, 

continuous release, bioaccumulation, considerable toxicity, and possible carcinogenic 

effects on organisms. However, since conventional wastewater treatment plants 

(WWTPs) are never designed for the removal of pharmaceuticals, it has in turn become 

a point source of pollution. Therefore, advanced oxidation processes (AOPs) with the 

generation of oxidative reactive oxygen species, have experienced remarkably 

development in the elimination of emerging contaminants including pharmaceuticals 

due to factors such as simplicity, higher efficiency, cost-effectiveness, and 

mineralization potential. 

 

In this study, novel composite catalysts tailored by CoMn2O4 (CMO) and porous natural 

clay minerals, e.g. halloysite (Hal) and kaolinite (Kln), were developed to activate 

peroxymonosulfate (PMS) for efficient degradation of pharmaceuticals in aqueous 

environment.  

 

The results showed that among the series of halloysite (Hal)-based composite catalysts 

with different CMO loading percentage, 40-CMO/Hal with a moderate CMO content 

displayed homogeneous dispersion, restricted grain size, and superior catalytic ability 

with better stability and durability than bare CMO.  
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Therefore, 40-CMO/Hal (Abbrev. CMO/Hal) with the optimal overall performances 

was chosen to further investigate the effects caused by different clay mineral substrates 

through comparisons with CMO anchored on kaolinite (Kln), a natural lamellar clay 

mineral, at the same percentage, 40%. Hal and Kln helped to control the crystallinity of 

CMO simultaneously with inducing more oxygen vacancies (OVs), which significantly 

enhanced the working efficiency. The presence of Hal and/or Kln contributed to the 

composite catalysts with better stability and durability than CMO. In addition, 

CMO/Hal contained more OVs, while CMO/Kln showed higher structural stability with 

lower metal leaching.  

 

This work shed light on the understanding of unearth surface reaction mechanism 

during PMS activation, which also provides a new reference in enhancing the catalytic 

performance of transition metal oxides by immobilizing them on natural clay mineral 

substrates. What’s more, since Kln and Hal are both abundant in China and many other 

countries, the application of them in wastewater treatment and chemical industries also 

offers another chance in enhancing regional fundamental researches related to natural 

resources applications. 

 

Since inorganic anions and natural organic matter (NOM) are unavoidable in nature 

water bodies and wastewaters, their effects towards AOP using activated PMS should 

be considered, which, however, still remains unknown. Therefore, the degradation 

efficiency of tetracycline (TC) using PMS activated by LaCoO3 with the presence of 



   

III 
 

some common inorganic anions and NOM (e.g., humic acid (HA)) were investigated. 

The results showed that the presence of inorganic anions (i.e., H2PO4
−, Cl− and SO4

2−) 

and low-concentration of HA promoted the degradation. Among them, H2PO4 - and 

lower concentration of HA showed the most obvious outcome, while the SO4
2− can 

regulate the radical formation, minimize the peak radical level, and therefore promote 

the overall performance of the process. Generally, the LaCoO3/PMS system was proved 

as a rapid, economical and stable approach for TC degradation, which provided a novel 

strategy for pharmaceutical removal during water purification. 

 

Keywords: Spinel Oxide, natural clay minerals, Peroxymonosulfate activation, 

Pharmaceutical degradation, Oxygen vacancies, Perovskite. 
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Scheme 2 The schematic illustration of radical generation mechanism through PMS 

activated by CMO/Hal and CMO/Kln. 
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Chapter 1 Introduction 

1.1 Background 

It has been widely recognized that liquid water is of core essential and basic necessity 

for various fields concerning: 1) life, or more precisely, carbon-based life within 

biosphere; 2) natural processes including hydrological cycle; 3) the on-coming 

generations. There are also aspects like economic, society, and communities of a 

country. Although more than 97% of the earth is covered with water in the form of 

oceans, only fresh water is suitable for the living of human beings and most of the 

carbon-based lives. It seems that fresh water still counts for 3% on the earth, but it 

should be noted that more than 85% of the fresh water is hardly available since they 

exist in the form of glaciers.  

 

However, with the rapid development and booming of human population, deforestation, 

urbanization, industrialization, etc. since the 20th century, the shrinkage and 

conservation of water have gradually become a major concern globally. Although water 

can be purified continuously through evaporation and precipitation, water pollution has 

emerged as global concern in aspects of water supply as well as water quality.  

 

Water pollution can be classified as point source and nonpoint source based on the 

origin of pollutants. As for water pollutants, they can be roughly categorized into 

oxygen-demanding materials, sediments and suspended solids (SS), nutrients, heat, 

synthetic chemicals including pesticides, herbicides, fertilizers, pharmaceutical 

substances, pathogenic microorganisms, oil pollution, and acids and bases (Abu 

Shmeis, 2018).  
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Since the 2000s, the potential adverse effects caused by the production, use, and 

disposal of the synthetic chemicals which offered developments in industry, agriculture, 

medical treatment, and even common household conveniences have become an 

increasing concern. Previous researches have revealed that these compounds which 

entered into waterbodies through wide transportation pathways such as industrial 

discharges, animal and agricultural wastes, and even wastewater treatment processes 

including plants and domestic septic systems, showed further harms in environmental 

waters including dispersion and persistence. From 1999 to 2000, the U. S. Geological 

Survey carried out a study by measuring the concentrations of 95 organic wastewater 

contaminants (OWCs) including but not limited to pharmaceuticals and hormones in 

water samples from a network of 139 streams across 30 states to provide the first 

nationwide reconnaissance of the occurrence, transport, and fate of these pollutants in 

water resources. The results was shocking, since more than 80% of the 139 streams 

were detected with at least one kind of OWCs. Besides, 82 out of the 95 OWCs were 

found at least once during this study, and only eight antibiotics and five other 

prescription drugs were not detected in the samples (Kolpin et al., 2002). A few years 

later, in 2010, a pan-European reconnaissance of the occurrence of polar organic 

persistent pollutants in European ground water reported that none of the studied 164 

individual samples from 23 European countries was free of the 59 listed organic 

chemical compounds. Furthermore, the maximum number of compounds detected at 

any site was 29, and the median number of detections per site was 12 (Loos et al., 2010).  

 

One of the key organic chemical pollutants that the two studies above have 

spontaneously focused on is pharmaceutical substances, which was originally 
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developed to treat human and animal diseases. However, these inventions, along with 

some personal care products which aimed at improving living qualities, have already 

been recognized with another name, emerging pollutants, due to their frequent and 

unintentional presence in aquatic environments.   

 

1.2 Pharmaceutical industry: then and now 

Pharmaceutical industry is a special and critical component within the chemical 

industry, while pharmaceuticals is a large conception with diverse groups. Generally, 

pharmaceuticals refer to both human and veterinary medical compounds, and 

nutraceuticals including bioactive food supplements, which are often small drug 

molecules produced through organic synthesis (Khetan and Collins, 2007).  

 

The manufacture of synthetic dyestuffs in the 20th century brought an important 

derivative, the modern pharmaceutical industry. It can be dated back to 1935, when a 

German chemist and pathologist, Gerhard Domagk, discovered that prontosil, a 

synthesized red azo dye with low toxicity, could effectively combat streptococcal 

diseases in both animal and human. Thus, prontosil, the prototype of a range of sulfa 

drugs, had become the first synthetic drug for the treatment of general bacterial 

infections, which then opened a new era for the pharmaceutical industry (Greenwood, 

2010; Lee, 2007). A few years later, the observation of penicillin, followed by the 

isolation and identification of its active constituent, marked the beginning of antibiotic 

era which still continues today (Bentley, 2009).  

 

The explosion of modern pharmaceutical industry came lately in the 1940s. The war 
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crash programmes in the mentioned sulfa and penicillin provided the pharmaceutical 

manufacturers (particularly in the US and in the UK) with rich financial, technical and 

organizational capabilities and innovation opportunities, which was initially in 

antibiotics and then spread into other therapeutic areas. Although many researchers 

carried with the negative view towards the future development of pharmaceutical 

industry due to reasons like lower productivity and fewer innovative researches, the 

revenue of the global pharmaceutical market still boosted from 390 billion in 2001 to 

about 1.25 trillion US dollars in 2019 so far (González Peña et al., 2021). Except for 

the tight patent protection in the US and UK which made the pharmaceutical industry 

become a very profitable business, the emerging demand for drugs driven by factors 

including population growth, the trend of aging population globally, rising living 

standards, and the vastness of unmet medical needs (Taylor, 2016).     

 

1.3 The shrouded haze: environmental factors 

1.3.1 Presence of pharmaceuticals  

The occurrence and fate of pharmaceuticals and their derivative in the aqueous 

environment have received growing attention from the public from the 20th century, 

including their possible adverse effects towards the ecosystem and human health. 

However, it was not until the 2000s that the pharmaceutical residues in water were 

identified as a contributor towards the poor water quality and relevant environment 

standards needed to be set specifically for it. For example, in the US, the Contaminant 

Candidate List released in 2008 by EPA identified 287 pharmaceuticals along with 

personal care products which might occur in drinking water provided by public utilities 

(Eckstein, 2015). Similar documents were also released by the EU from 2000 with 
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several times of update, which identified pharmaceuticals such as carbamazepine, 

bisphenol A, and ibuprofen as future emerging priority candidates under the EU Water 

Framework Directive (WFD) (Ebele et al., 2017).         

 

Pharmaceuticals can enter into the aquatic environment not just from the manufacturing 

plants, but also livestock feeding industry, runoff from animal-feeding operations, drugs 

taken by people internally but not metabolized, and traditional wastewater treatment 

plants (WWTPs) receiving effluents from those mentioned. Since traditional WWTPs 

which are not originally designed for these contaminants can hardly remove most of 

the pharmaceuticals from water, the residue concentrations of these substances in the 

receiving waterbodies still ranges from ng L-1 to μg L-1, according to the actual situation 

(Ebele et al., 2017). A severe example was found in India in 2007, as an extremely high 

concentration of ciprofloxacin, up to 31ppm, was detected in an effluent from a WWTP 

impacted by pharmaceutical manufacturer (Larsson et al., 2007). However, 

ciprofloxacin was not the only drug found at this site, five more pharmaceuticals, 

including a veterinary drug, enrofloxacin, were detected at concentrations higher than 

0.77 ppm (Larsson et al., 2007). A German study carried out in 2017 reported that 

among the 43 locations in the Baltic Sea and Skagerrak, more than 40% of the 93 

sample pharmaceuticals belonging to different classes were detected in at least one 

sample, while the highest levels were measured close to the discharge points of the local 

WWTPs (Björlenius et al., 2018). Another study performed in Korea which investigated 

the effluent from livestock wastewater treatment plants (LWTPs) revealed that high 

concentrations of antibiotics including chlortetracycline, oxytetracycline and 

acetylsalicyclic acid were all detectable in the 11 studied sample LWTPs (Chung et al., 

2016). As only part of the pharmaceuticals took by human beings or animals can be 
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digested during the metabolite process, and the residues of these substances intake 

might still be extracted into the environment via urine and feces in their parent form 

(Jones et al., 2015).  

 

Except for the consumed ones mentioned above which is discharged from the WWTPs, 

the unused pharmaceuticals disposed without special treatments at domestic waste 

landfills might also distribute in the groundwater through the leachates (Jones et al., 

2015; Yu, X. et al., 2020). Furthermore, the metabolites of the livestock can reach soil 

directly, and these extracted organics may still reach the groundwater, no matter 

whether they are bound to soil constituents. Furthermore, some of them may even be 

transported to surface water by runoff in the case of heavy rain events (Kümmerer, 

2010).  

 

Thus, it is clear that both surface water and groundwater are threatened by the invasion 

of pharmaceutical pollutants, which would finally interfere the quality of our drinking 

water. A report provided by the World Health Organization (WHO) in 2012 warned that 

up to date, several kinds of pharmaceuticals were detected in tap water within various 

European countries including Germany, the Netherlands and Italy, at concentrations 

ranging from ng L-1 to mg L-1, and about 15 to 25 pharmaceuticals had been detected 

in the treated drinking water globally even though at very low levels (World Health 

Organization (2012).    

 

1.3.2 Risk and toxic effects of pharmaceuticals in waterbodies 

It has been widely stated that the pharmaceuticals frequently detected in environment 
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are highly persistent, which is biased in some ways. Generally, the concept of 

persistence is quantified based on the half-life of the target material, which indicates 

the time interval required for the half decay of its initial value. However, the half-life 

of the pharmaceuticals in water environment is not only related to their 

physicochemical properties, but also the nature of where they are found. This lead to 

the varied and even contradictory results concerning the persistence of the 

pharmaceuticals (Bu et al., 2016). For example, the half-life of carbamazepine reported 

based on laboratory and in-field research varied from 3.5 to over 230 days and from 63 

to 1200 days, respectively (Björlenius et al., 2018; Tixier et al., 2003; Yamamoto et al., 

2009). Thus, the persistence here for the pharmaceuticals can be better described by 

their continuous discharge into aquatic environment and lower removal efficiency by 

traditional WWTPs, which lead to the gradual accumulation of them in live forms with 

biologically activation (Bu et al., 2016).  

 

Toxic effects from various pharmaceuticals towards microorganisms and some higher 

animals have been frequently reported, i.e., carbamazepine restricted the growth of 

zebrafish embryos by retarding their hatching, sometimes even with pericardial edema 

and delayed heartbeat; the complex effluent containing 17B-oestradiol (E2) 17A-

ethinyloestradiol (EE2) from the sewage treatment works (STWs) can cause the 

feminization of male fish in the downstream; and diclofenac, a prevalent anti-

inflammatory drug, can cause chronic and deadly effects on fishes by damaging their 

renal and gastrointestinal tissue (Örn et al., 2003; van den Brandhof and Montforts, 

2010; Varsha et al., 2022). In addition, the unwanted antibiotic resistance and other 

negative impacts possibly caused by residue antibiotics, i.e., gene expression alterations, 

abnormal protein and enzyme activities, have been found in bacteria and microbial 
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communities, or reflected by the growth malformations in rats, fish, and frogs (Larsson, 

2014).  

  

Except for toxicity, a certain part of pharmaceuticals are considered as potentially 

bioaccumulative as they are relatively hydrophobic, especially when the resident biota 

are chronically exposed to them. Solla et al. reported in 2016 that 5 among the overall 

43 pharmaceuticals investigated in effluent from one WWTP in the Grand River water 

were detected in the tissue of unionid mussel Lasmigona costata (de Solla et al., 2016). 

Grabicová et al. reported in 2020 that during a 6 months study in a wastewater 

stabilization pond, 14 pharmaceuticals and their metabolites were detected in at least 

one fish tissue collected, including muscle, kidney, brain, and liver (Grabicová et al., 

2020). Furthermore, since the pharmaceuticals occurred in water environment are 

usually like cocktails, the toxic effects of these mixture are still unclear. 

 

Since WWTPs are never designed and thus cannot remove pharmaceuticals completely, 

they have become one of the major resources of the pharmaceuticals in aqueous 

environment. Unfortunately, this situation go even worse for those pharmaceuticals 

with aromatic rings attached and/or functional groups including chloro-, nitro-, and 

fluoro- (Patel et al., 2019). The lower removal efficiency and the continuous discharge 

both contribute to the environmental persistence of pharmaceuticals today (Eggen and 

Vogelsang, 2015). All these facts urge the development of efficient, low-cost and 

ecofriendly strategies to remove pharmaceuticals from aqueous environment. Thus, 

tremendous efforts have been put into the development of advanced water treatment 

processes for the remediation of persistent pharmaceuticals from angles including 

physical, chemical and biological during the past three decades. 
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Herein, in response to the growing contamination worldwide caused by residue 

pharmaceuticals from various sources in waterbodies, a systematic study including: i) 

designation, synthesis, and characterization of efficient and environmental-friendly 

catalysts for advanced oxidation processes (AOP); 2) evaluation of the obtained 

catalysts’ working performances in the decomposition of several typical 

pharmaceuticals; and 3) determination of the reaction mechanism, has been carried out.    

 

1.4 Aims and objectives 

The aim of this study is to provide a novel, effective, and environmental friendly 

advanced oxidation process (AOP) for efficient and effective degradation of residue 

pharmaceuticals in waterbodies with the designation and fabrication of some transition 

metal oxide based catalysts. The objectives are listed separately based on the working 

stages as below. 

1) The design and synthesis of the transitional metal based catalyst  

A spinel oxide catalyst tailored by two active transition metals, CoMn2O4 (CMO), is 

synthesized for efficient peroxymonosulfate (PMS) activation in the removal of 

pharmaceuticals in water. Besides, another perovskite-structured catalyst, LaCoO3 

(LCO), is also fabricated for the same aim. The physicochemical properties of obtained 

CMO and LCO including phase identification, crystal structure, relationships between 

microstructure of transition metals (e.g., species, valence and occupancy), surface 

properties etc., are characterized separately.  

 

2) The catalytic activity of CMO  
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The PMS activation ability of CMO is tested and confirmed by the efficient removal of 

several typical pharmaceuticals with different chemical structures from water.   

 

3) The design and synthesis of CoMn2O4 loaded on porous clay minerals  

The CMO obtained with satisfied PMS activation ability confirmed before is loaded on 

two kinds of porous clay minerals with the same chemical composition but different 

morphology, kaolinite (Kln) and halloysite (Hal), at various weight percentages (x, 

w/w, %).  

 

4) The working activity of CoMn2O4 loaded on Hal and Kln 

After the characterization tests, systematic studies about the effects of CMO loading 

percentages on Hal towards the physicochemical properties of the x-CMO/Hal 

composite catalysts are performed. The reaction parameters such as working pH, PMS 

dosages, and the influence of co-existing anions during the degradation reaction are 

analyzed and optimized. The PMS activation mechanisms, the possible decomposition 

pathways of the target compounds, and the stability of the typical x-CMO/Hal and bare 

CMO are verified separately.  

 

After that, based on the preliminary results obtained from the above stage, the x-

CMO/Hal with the best working performances is chosen for further comparison studies 

with the corresponding CMO/Kln with the same CMO loading percentage, e.g., x. The 

advantages of composite catalysts using Kln and/or Hal as substrates is summarized in 

comparison with bare CMO. Besides, the differences between Kln and Hal substrate 

are also compared to further determine the most suitable working conditions for them 

individually.     
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5) The effects of water matrix, e.g., co-existing inorganic anions and natural organic 

matter (NOM), towards PMS activated by LCO 

In wastewater and natural waterbodies, residue pharmaceuticals usually coexist with 

inorganic anions and NOM, which poses various effects on the removal processes. It is 

not rare reported that the same anion could pose reversal impacts, promoter or inhibitor, 

on similar AOPs except for the catalysts they adopted. Due to the widespread 

distribution of inorganic anions and NOM, as well as their intriguing performance in 

the AOP reaction, their effects should be considered in the test of the activity of catalysts 

in activating PMS. Herein, the degradation of TC using PMS activated by LCO are 

investigated thoroughly and emphasized on the effects of NOM and several common 

inorganic anions. 

  

1.5 Structure of the thesis  

Based on the aims and objective of this work, the whole thesis is divided into 8 chapters 

in a clear and logical way as below. 

 

Chapter 1 (e.g., the current one): Some background information, the aims and 

objectives, and the research strategy of this thesis. 

 

Chapter 2: Literature review of the following parts: 1) fundamental information of AOP, 

including its brief history and several typical techniques; 2) the development of 

transition metal catalysts and their application in heterogeneous PMS activation; and 3) 

the current research frontier about the composite transition metal catalysts with 
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different substrates and their practical applications. 

 

Chapter 3: Information about the materials and methods adopted in this thesis. The 

materials include the introduction of chemical reagents and clay minerals used in this 

work. The methods can be divided into four parts: the fabrication, characterization, 

experimental procedures for the degradations, and the testing methods (including the 

concentration of target pharmaceuticals, its transformation products during the 

degradation, the mineralization performance, the working ROS, and metal leakage of 

the catalysts, etc.). 

 

Chapter 4: The characterization results of the catalysts. These results are presented in 

XRD spectra, XPS spectra, FESEM and HETEM images, EPR spectra, and BET 

adsorption-desorption results, etc. 

 

Chapter 5: The degradation of pharmaceuticals using PMS activated by bare CMO vs. 

x-CMO/Hal. In this chapter, the PMS activation ability of CMO and CMO loaded on 

Hal at different weight percentages (20%, 40%, and 60%) are compared systematically. 

For the composite 20, 40 and 60-CMO/Hal, the one with the best working performance 

is chosen for further investigation concerning mineralization, recyclability and stability. 

Besides, the reaction mechanisms, the reactive oxygen species (ROS), and the 

degradation intermediates, are analyzed and/or identified systematically.   

 

Chapter 6: The effects caused by substrates, Kln and Hal, towards the composite CMO 

catalysts. This chapter mainly focuses on the comparison between CMO/Hal and 

CMO/Kln concerning their morphology, crystal structure, defects, working and 
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structural stability, and PMS activation ability. One of the main purposes is to provide 

a reference for the choice of the minerals during the synthesis of the catalysts. 

 

Chapter 7: The degradation of pharmaceuticals using PMS activated by perovskite-

structured LCO. In this chapter, the PMS activation ability of LCO, and the effects 

caused by water matrix including some common inorganic anions and natural organic 

matter (NOM) on the degradation reaction are analyzed systematically. In addition, the 

working mechanisms, reactive working species, and the degradation intermediates, are 

identified separately.   

 

Chapter 8: The last chapter is the conclusion and meaning of this study, which also 

provides some recommendations and potential ideas for the future work. 
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Chapter 2 Literature review 

2.1 Remediation technologies towards pharmaceutical 

pollution in water environment  

Since traditional WWTPs are never designed and thus cannot remove pharmaceuticals 

completely, they have in turn become one of the major resources of the pharmaceuticals 

in aqueous environment (Kay et al., 2017). Generally, WWTPs employ three parts of 

sewage treatments including primary sedimentation, secondary treatment, and final 

sedimentation (Wu et al., 2022). This set of process is feasible to remove classical 

contaminants like suspended solids, nutrients and some organic pollutants. These 

organic methods can be transformed into primary and secondary sludge through 

hydrolysis, biotransformation and sorption, etc. (Carneiro et al., 2020; Le-Minh et al., 

2010). However, the working efficiency of this conventional process is largely 

depended on various factors, i.e., the physicochemical properties of the compounds 

(e.g., the affinity of the compounds to retain in the treated effluent, or to be adsorbed to 

sludge), the local climate conditions, the operation parameters of the treatment process 

(working temperature, redox conditions, solids and/or hydraulic retention time), and the 

age of the activated sludge used in the plant (Gracia-Lor et al., 2012). Unfortunately, 

most of the pharmaceuticals are of environmental persistence due to their continuous 

discharge and lower removal efficiency through conventional treatments. Furthermore, 

a large number of them are significantly recalcitrant, and sometimes even resistant to 

the common treatments provided by traditional WWTPs such as anaerobic/anoxic/oxic 

systems, oxidation ditches and filters, which allows the continuous release of residue 

pharmaceuticals and their metabolites into the aquatic environment (Frascaroli et al., 
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2021). Thus, tremendous efforts have been put into the development of advanced water 

treatment processes for the remediation of these persistent pharmaceuticals using 

methods including physical, chemical, biological, and hybrid ones in the past three 

decades (Wang and Chu, 2016). 

 

2.1.1 Removal of pharmaceuticals through physical processes 

Physical treatment refers to the removal of pharmaceuticals from water without using 

chemical or biologicals agents, which maintains the contaminants’ biochemical 

properties (Ahmed et al., 2021). Common physical treatment strategies include 

screening, sedimentation, skimming, adsorption, and membrane-based technology, etc., 

while screening, sedimentation, and skimming have widely been used as pre-treatment 

mechanisms in common WWTPs (Sun et al., 2019). Among them, screening enables 

the removal of some large and floating solids which might cause blockage in the 

following treatment processes, while sedimentation helps to settle the sludge and isolate 

the remained heavy suspends after screening to make sure that these precipitations 

would not clog the later systems. As another common pre-treatment process, skimming 

refers to the removal of oil, grease, and fat or oil-like substances that are lighter than 

water, which is also an alternative of flotation (Sathya et al., 2022; Sun et al., 2019).  

 

In addition to preliminary treatments like screening, sedimentation, and skimming 

mentioned above, some other physical processes including adsorption and membrane-

based technology are often categorized as advanced treatment process, which can also 

be used as the primary or pretreatment processes for the secondary treatment to 

accelerate the removal efficiency of contaminants (Gadipelly et al., 2014).   
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Adsorption refers to the removal of soluble contaminants, including organic, inorganic 

and even metal ions, through their attachment to solid substrates which usually come 

with a higher specific surface area (SSA) and well-developed pore structure. Generally, 

carbon-based materials such as carbon nanotubes, graphene, graphene oxide, and 

activated carbon, are considered as promising adsorbent for organic compounds not 

limited to pharmaceuticals in water treatment (Cheng et al., 2021; Shan et al., 2018). It 

is also feasible to incorporate adsorption into other water treatment modules to ensure 

the effective removal of the emerging contaminants. However, the large scale 

application of carbon-based adsorbents is faced by critical issues including high cost of 

production, rapid saturation, and the regeneration and/or disposal of the saturated ones 

(Cheng et al., 2021). Thus, in order to ensure environmental sustainability of adsorption, 

the development of other adsorbents such as clays, polymeric adsorbents, zeolites, 

chitosan, and some low-cost materials like biochars produced from torrefied loblolly 

pine chips after thermal treatment, have received increasing attention (Kyzas et al., 

2015; Morin-Crini et al., 2022).   

 

Membrane technology refers to the filtration of contaminants under hydrostatic 

pressure through membranes. It can be classified into several types based on the size of 

the pores on the membrane, e.g., microfiltration (MF, 0.001-0.1 µm), ultrafiltration (UF, 

less than 0.001 µm), and nanofiltration (NF, 1–10 nm) (Ahmed et al., 2021). A special 

case within the membrane technology is reverse osmosis (RO), as the selective 

semipermeable membrane under gradient pressure allows the removal of particles less 

than 1 nm, which has been proved with a high rejection of pharmaceuticals including 

carbamazepine, clofibric acid, caffeine, naproxen, and propylphenazone (>95%), 
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however, dissatisfied working performances are also found concerning ketoprofen 

(64.3%) and diclofenac (55.2-60%) (Ahmed et al., 2021; Patel et al., 2019). However, 

since the retention of contaminants is largely depended on the pore size of the 

membranes, it is clear that factors including the physicochemical properties of the 

membrane, the composition of source water, and even operating conditions would pose 

important impact on the working capability of membrane technology, which leads to its 

limited practical applications due to the possible clogging of membrane pores (Dolar 

and Košutić, 2013). Besides, just like carbon-based adsorbents mentioned above, the 

crux of membrane regeneration and retentate/concentrate disposal remains the same. 

Therefore, in order to lower the fouling propensity of the membranes, spontaneously 

with reducing costs and increasing their lifetime, the development of some appropriate 

pretreatment methods is inevitable (Anis et al., 2019; Yoon et al., 2007). 

 

2.1.2 Removal of pharmaceuticals through biological 

treatments 

Biological treatment has been considered as one of the most important means in the 

removal of organic pollutants including pharmaceuticals due to its special advantages 

such as mild operating conditions, easy working process, and cost-effectiveness (Simon 

et al., 2021). The degradation mechanism of organic contaminants mainly relies on the 

normal cellular process of the microorganisms such as the metabolic functions during 

their growth, which leads to the decomposition, transformation and decay of organic 

contaminants into biomass (Sathya et al., 2022; Simon et al., 2021). Besides, it has been 

reported that some specific microorganisms are even able to utilize certain 

pharmaceuticals without the need of additional substrates which provide necessary 
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carbon and energy for their normal metabolic functions (Scaria et al., 2020). Generally, 

biological treatment can be divided into aerobic and anaerobic treatment systems, and 

each of them can be further subdivided based on different operating modes. Aerobic 

treatment is commonly applied in the forms of activated sludge process (ASP), 

membrane batch reactors (MBRs), and sequence batch reactors (SBRs), etc., while 

anaerobic treatment mainly includes anaerobic digestion, anaerobic film reactors 

(AFRs), anaerobic filters (AFs), and anaerobic sludge reactors (ASRs) (Gadipelly et al., 

2014; Simon et al., 2021). The working efficiency of biological treatment in the removal 

of pharmaceuticals depends heavily on seasonal variations, and other factors like target 

compounds, wastewater types, and operating conditions such as retention time also 

affect its degradation performance. For example, the removal efficiency of polar 

pharmaceuticals and beta blockers vary significantly in different biological processes, 

and lower water temperature in winter limits the elimination of pharmaceuticals 

possibly due to the retarded biodegradation and enhanced consumption of medicaments 

against illness and flu, therefore leading to the higher concentration of pharmaceuticals 

detected in the effluents (Ahmed et al., 2017; Kot-Wasik et al., 2016; Manna et al., 

2021). Besides, secondary contamination with sludge is usually produced during the 

biological treatment processes (Xu, Y. et al., 2017). 

. 

2.1.3 Removal of pharmaceuticals through chemical 

treatments 

Chemical treatment, as the name suggests, refers to the elimination of contaminants in 

water by adding specific chemicals. Common chemical treatment techniques include 

chemical oxidation, ion exchange, disinfection (e.g., chlorination, ultraviolet (UV) light, 
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and ozone), and precipitation, etc. (Ahmed et al., 2021). Among them, chemical 

oxidation has received emerging attention these days, as various organic pollutants 

including emerging contaminants (e.g., pharmaceuticals, pesticides, and dyes) can be 

reduced significantly and sometimes even converted into harmless and controllable by-

products like water and carbon dioxide during the process (Kao et al., 2020). Typically, 

the aqueous-phase oxidation methods based on the generation of free radicals and 

highly reactive species which can attack and destruct the organic contaminants at a high 

reaction rate constant can be broadly defined as advanced oxidation processes (AOPs) 

(Klavarioti et al., 2009). AOPs are usually described as environmentally compatible, 

highly efficient, easy to implement, and capable of oxidizing a wide range of 

contaminants.  

 

AOPs have experienced a rapid development during the past 30 years with great 

potential in surface water and wastewater treatment owing to their broad applicability 

and weak persistence, accompanied by high efficiency in the elimination of hazardous 

organic pollutants (Li, H. et al., 2020). Numerous studies have demonstrated that 

pharmaceuticals, along with a wide range of emerging contaminants, can be efficiently 

degraded by AOPs using chemical oxidants including but not limited to H2O2, KMnO4, 

O3, and persulfate salts (Hassani et al., 2018). The activation of these oxidants through 

initiators including ultraviolet (UV), catalysts, the Fenton's reagent, ozonation, 

ultrasound, electrolysis, and some less conventional processes such as microwaves, 

ferrate reagent, ionizing radiation, and pulsed plasma, leads to the in-situ generation of 

free radical species. These often refer to atoms or molecules containing at least one 

unpaired electron, such as hydroxyl radical (OH˙), sulfate radicle (SO4˙ˉ), superoxide 

anion radical (O2˙ˉ), hydroperoxyl radical (HO2˙ˉ), or even alkoxyl radical (RO˙), 



  Chapter 2 

20 
 

which are of high reactivity, strong oxidation ability, and non-selective nature 

(Kanakaraju et al., 2018; Rivera-Utrilla et al., 2013).   

 

 

Table 2-1 One electron redox potential of ROS, relative to standard hydrogen electrode (SHE) 

ROS Standard redox potential, E0/V Ref. 

OH˙ 1.8-2.7 (Cai et al., 2019; 

Giannakis et al., 2021) 

SO4˙ˉ 2.5-3.1 (Giannakis et al., 

2021) 

O2˙ˉ 0.94 (Krumova and Cosa, 

2016; Rao and Hayon, 

1973) 

HO2˙ˉ 1.06 (Krumova and Cosa, 

2016) 

RO˙ 1.60 (Krumova and Cosa, 

2016) 

 

Due to the high efficiency and great versatility, a lot of effort has been devoted to the 

application of AOPs, and with successful elimination of emerging contaminants, e.g., 

pesticides, pharmaceutical and personal care products (PPCPs), dyes, plasticizers, and 

microcystin from water. Relevant studies show that specific AOPs towards 

pharmaceutical degradations commonly include photochemical processes, non-

photochemical processes and hybrid /combined processes, while the representative 

ones are namely ozonation, photolysis, Fenton oxidation, electrochemical oxidation, 

ultrasonic oxidation, and radiolysis, etc.  
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2.1.3.1 Ozonation 

Ozone (O3) is a strong oxidant which has been widely studied in the efficient removal 

of pharmaceuticals from water. The main working mechanism of ozonation in 

pharmaceutical degradation relies on the OH˙ with strong and non-selective oxidizing 

activity which can be generated from the reaction between ozone and hydroxide anions 

in water (Andreozzi et al., 1999). Since the concentration of OH˙ is directly related to 

the working efficiency of ozonation, H2O2 are usually added into the working solution 

to increase the content of OH˙ and promote the decomposition of O3. In addition to 

H2O2, it is also reported that the performance of ozonation can be enhanced 

significantly under the combination of light irradiation and transition metals, metal 

oxides, carbon materials, clay materials, etc., which serve as catalysts (Rivera-Utrilla 

et al., 2013). Wang et al. reported that carbon materials contribute to the generation of 

surface radicals by adsorbing O3 on its surface and promoting its decomposition, thus 

yield OH˙ generation (Wang and Wang, 2019). An et al. reported that the combination 

of O3 and MgO/g-C3N4 under photocatalysis using visible light showed complete 

degradation of phenol in just 2 min, which was significantly faster than that of single 

catalytic ozonation or single photocatalysis (An et al., 2020). Gómez-Pacheco et al. 

reported that the presence of activated carbon during ozonation not only enhanced the 

generation of OH˙, but also lower the medium toxicity and residue dissolved organic 

carbon during the degradation of tetracycline, which was attributed to the adsorption 

ability of activated carbon and its capacity in transforming dissolved O3 into OH˙ 

(Gómez-Pacheco et al., 2011).    

 

2.1.3.2 Photolysis 
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Photolysis enables the removal of various pharmaceuticals from waterbodies based on 

the fact that individual compounds will undergo decomposition on varying degrees 

depending on their chemical structure with the presence of artificial or natural light. 

Although most of the pharmaceuticals are designed with thermal stability, many of them 

are of light sensitive, indicating that they will go photodecomposition (Tonnesen, 2004). 

For example, pharmaceuticals with aromatic rings and conjugated π systems can be at 

least partly degraded with direct solar photolysis, since such chemical structure 

facilitates a strong adsorption within the wavelength of UVC (λ=200-280 nm), a tailing 

absorption within the UVB (λ=280-315 nm), and sometimes even within the UVA 

(λ=315-400 nm), which partially overlaps with sunlight (λ > 290 nm) (Challis et al., 

2014; Dasgupta and Klein, 2014). Besides, pharmaceuticals can also react feasibly with 

some photosensitive substances originated from indirect photolysis, i.e., carbonate, 

nitrate, natural organic matter (NOM), and iron present in the waterbodies, etc. 

(Baalbaki et al., 2017; Challis et al., 2014). Both direct and indirect photolysis have 

been confirmed effective in the breakdown of many emerging contaminants including 

pharmaceuticals. In direct photolysis, the contaminant is decomposed due to the 

adsorption of photons coming from light radiation, while indirect photolysis involves 

the participation of reactive species, i.e., hydroxyl radicals (OH˙), singlet oxygen (1O2), 

and triplet excited dissolved organic matter (3DOM), which can be generated by 

photosensitizers at an excited state after absorbing radiation (Fatta-Kassinos et al., 

2011). Up to now, considerable researches have been focused on the elimination of 

pharmaceuticals from water through photolysis and most of them revealed that the 

efficiency of photolysis depends on various factors including but not limited to the 

chemical properties of the pharmaceutical, the operating conditions such as the UV 

lamp type and the concentration of H2O2 employed, and even the possible competition 
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raised by some other substances from water matrix, etc. (Wols et al., 2014).   

 

2.1.3.3 Fenton oxidation 

The Fenton and related chemical reactions encompasses the generation of highly 

reactive oxygen species with strong oxidizing capacity from the activation of peroxides 

(usually H2O2) with iron ions. The history of Fenton chemistry can be traced back to 

1894, while Henry J. Fenton first reported that the spontaneous presence of H2O2 and 

Fe (II) salts enabled the oxidation of tartaric acid (Wardman and Candeias, 1996). After 

that, in 1934, Haber and Weiss firstly proposed that the active oxidant generated from 

the Fenton reaction was hydroxyl radical (OH˙), one of the most powerful oxidants 

known, and its production is recognized as a critical step by later researchers (Liochev 

and Fridovich, 2013). From then on, the Fenton oxidation has developed with enhanced 

working efficiency with the assistance of photochemical reactions using illumination 

sources such as UV and visible light, electrochemical reactions, iron complexes which 

serve as Fenton catalysts, and designed heterogeneous catalysts using iron ions 

immobilized on solid supports (Pignatello et al., 2006). Generally, the Fenton oxidation 

is viewed as a convenient and economical way for the degradation and treatment of 

chemical wastes in both waterbodies and soil, since H2O2 is a cheap, safe, and 

environmental friendly oxidant with almost no long-lasting environmental effect. 

Although there still exists some drawbacks of Fenton oxidation including a relatively 

tight control of working pH (commonly mild acidic conditions), the unavoidable waste 

of H2O2 in the conversion of O2 instead of OH˙, and the unstable working solution with 

mixed reagents, the capability of Fenton oxidation in the treatment of hospital and 

pharmaceutical manufacturing effluents with serious pollution has been confirmed, as 

the substances formed after Fenton oxidation can be less toxic or with increased 
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biodegradability, making the biological post-treatment after mineralization more 

readily (Ahmed et al., 2021; Chaturvedi and Katoch, 2019; Germán et al., 2019; Hosny 

et al., 2019; Klavarioti et al., 2009; Kumar et al., 2019).   

 

2.1.3.4 Electrochemical oxidation, ultrasonic oxidation, and radiolysis 

Electrochemical oxidation can also be referred as anodic oxidation (AO) when the 

wastewater to be treated is chlorine-free. AOPs based on electrochemical reactions 

mainly involves two mechanisms in the oxidation of pollutants, the direct oxidation 

happens at the anode through electron transfer between the compound and anode, and 

the indirect oxidation occurs in bulk solution where the radicals and active species with 

higher reduction potential can be formed through electrochemical activation of oxidants 

such as hydrogen peroxide, hydroxyl radicals, ozone, chlorine, and hypochlorite 

(Rivera-Utrilla et al., 2013). The anode activity has a strong influence on the efficiency 

and selectivity of electrochemical oxidation. In addition to conventional anodes such as 

Pt, IrO2, PbO2 and RuO2, the boron-doped diamond (BDD) anodes have been confirmed 

effectively in the degradation of pharmaceuticals and hospital wastewater due to its 

high stability, high oxygen-over potential which can boost the generation of OH˙, and 

inert surfaces (Kanakaraju et al., 2018; Loos et al., 2018; Siedlecka et al., 2018; Sopaj 

et al., 2015).  

 

Ultrasonic oxidation is also known as sonolysis, among which the generation of OH˙ 

radicals relies on the pyrolysis of water molecules under high-frequency ultrasound 

waves. The acoustic cavitation caused by the ultrasonic waves helps to enhance the 

mass transfer in aqueous solution through turbulence and exert positive and negative 

pressures on a liquid through cycles of compression and expansion (Alfonso-
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Muniozguren et al., 2021; Salimi et al., 2017). The efficiency of ultrasonic oxidation is 

highly depended on the frequency, ultrasonic power, and the reactor applied which are 

closely related to the production of symmetrical or asymmetric cavitation bubbles. 

Besides, the addition of external oxidants and/or coupling with other AOPs such as 

ozonation, photolysis, and electrochemical treatment enhance the convenience and 

feasibility of ultrasonic oxidation in the degradation of various emerging contaminants 

(Reggiane de Carvalho Costa et al., 2021). Although a number of studies have 

demonstrated the effectiveness and efficiency of ultrasonic oxidation in the degradation 

of pharmaceuticals including painkillers, psychiatric products, antihypertensives, and 

antibiotics, the mineralization and toxicity removal are sometimes hard to achieve, not 

to mention its higher energy consumption, longer reaction time and lower economic 

viability (Rayaroth et al., 2016; Xiao et al., 2014).  

 

Radiolysis, also known as ionizing radiation or chemical radiation, was first studied in 

water sector in the 1950s. Although positive results were obtained at that time, its wide 

sectorial application was restricted by the clumsy and difficult-to-operate technology 

(Capodaglio, 2017). The theoretical basis of ionizing radiation in the degradation of 

water contaminants mainly lies in the products of water radiolysis, e.g., radical cation 

(OH˙, H˙, and H3O
+) and electrons (e-), instead of direct radiolysis of the dissolved 

compounds. The primary radicals generated from water radiolysis include both oxidant 

(e.g., OH˙) and reductant (e.g., hydrated electron, eaq
-, E= -2.9V vs. NHE), indicating 

that radiolysis in water treatment enables both oxidative and reductive processes 

depending on contaminant (Wojnárovits, 2011). Although ionization radiation involves 

irradiators such as beam of photons (X, γ), high energy electrons (electron accelerator 

beam, β-), heavy, charged particles and neutrons, concerning economic, safety, and 
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technological issues, the first two types, also known as electromagnetic radiation and 

electronic bean (EB) radiation, are more appropriate for water treatment industry. 

Besides, it has been reported that the application of radiation including X-ray, γ and EB, 

contribute to the removal of bacterial pathogens, coliforms and salmonellae from waters 

and wastewaters of various origins. Also, although radiolysis basically does not require 

additional reagents, the working efficiency of it can still be enhanced by employing 

additional chemical reagents such as O3, persulfate anions, and H2O2 to increase the 

yield of active radicals. Radiolysis is considered as a clean technology, since it does not 

pose risk when inducing radioactivity in irradiated media for waste treatment, while no 

organic sludge or air emission is produced (Alkhuraiji, 2019; Trojanowicz et al., 2018). 

 

2.1.3.5 Sulfate-based AOPs 

From the 2000s, the sulfate-based advanced oxidation processes (SR-AOPs) have 

emerged and drawn increasing interests by both academic and industrial communities 

due to their non-selective behavior and eco-friendly nature in water and wastewater 

purification. Due to the special advantages such as longer half-life, higher standard 

redox potential, and wider working pH, SR-AOPs have been applied and investigated 

in various research aspects with notable efficacy and performances concerning 

environmental remediation including disinfection, tertiary treatment for organic and 

emerging contaminants, and sludge and soil remediation (Scaria and Nidheesh, 2022). 

Since SR-AOP is adopted in this work, its introduction, features and applications will 

be discussed in detail later in 2.2.  
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2.1.4 Hybrid reaction system 

Hybrid reaction system here refers to the combination of at least two conventional 

and/or advanced treatment technologies to maximize the degradation of contaminants 

from water. Although AOPs (not limited to the mentioned ones above) are widely 

known with special advantages such as high versatility and environmental compatibility 

in the degradation of emerging contaminants including pharmaceuticals and personal 

care products, pesticides, dyes, and surfactants, it still remains challenging for the full-

scale application of AOPs due to the higher energy requirements and costs (Mukimin 

et al., 2020). Furthermore, reports about the generation of more toxic or harmful 

intermediates than the original contaminants after AOPs are not uncommon (García-

Espinoza et al., 2018; Han, C.-H. et al., 2020; Tang et al., 2021; Wu, J.-l. et al., 2019). 

These suggest the necessity of approaches which combine the advantages of AOPs with 

other treatment techniques spontaneously with elimination of their drawbacks. Thus, 

the integration of AOPs with biological treatments, membrane technologies, 

hydrodynamic cavitation, adsorption, and electro-coagulation, etc., have been 

conducted. For example, the combination of hydrodynamic cavitation with ozonation 

enhanced the degradation, mineralization, and biodegradability of naproxen; the 

combination of TiO2/Fe2+/sonolysis showed synergistic effects in the elimination and 

mineralization of ibuprofen, and a more efficient consumption of H2O2; and the hybrid 

system of UVC/ H2O2 and UF ceramic membrane presented the best results regarding 

the permeate flux and oxytetracycline degradation (Espíndola et al., 2019; Jaafarzadeh 

et al., 2016; Méndez-Arriaga et al., 2009; Taoufik et al., 2021; Thanekar et al., 2019). 
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2.2 Sulfate-based AOPs (SR-AOPs) 

2.2.1 Characteristics of the SR-AOPs 

Among the various AOPs studied and mentioned above, the sulfate-based advanced 

oxidation processes (SR-AOPs) consist a special group. Sulfate radicals (SO4˙ˉ) with 

higher oxidation potential can be promoted mainly from peroxymonosulfate (PMS) and 

peroxydisulfate (PDS), which can be generated alone or spontaneously with OH˙ and 

other radicals like 1O2 and O2˙ˉ.  

 

Table 2-2 Comparison between OH˙ and SO4˙ˉ 

 Oxidation potential vs. SHE /V  Working pH range Shelf-life period/μs 

OH˙ 1.8-2.7 2-4 <1 

SO4˙ˉ 2.5-3.1 2-8 30-40 

 

As indicated in Table 2-2, SO4˙ˉ
 shows stronger oxidation ability, a wider working pH 

ranges, and a significantly longer half-life than OH˙. Furthermore, since SO4˙ˉ
 mainly 

interacts with contaminants containing unsaturated bonds or aromatic π electrons 

through electron transfer due to its lack of the hydrogen abstraction or electrophilic 

addition, it shows higher working efficiency than OH˙. This has been witnessed in 

tackling some tricky emerging contaminants and thus has gradually become an 

alternative for H2O2 and experienced a rapid progress in recent years (Ghanbari and 

Moradi, 2017). Comparing to the traditional hydroxyl radical (OH˙)-based AOPs 

induced using H2O2, SR-AOPs generally show higher selectivity in the degradation of 

electron-rich organic contaminants, and lower requirements for external reaction such 

as water matrixes (Ding et al., 2021).  
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Although both PDS and PMS are precursors of SO4˙ˉ, there are some differences 

between them. Briefly, the O-O bond distance within the unsymmetrical PMS molecule 

is shorter than that of symmetric PDS molecule (1.453 Å vs 1.497 Å), while PDS 

possesses a higher standard redox potential (2.01-2.12 V) than PMS (1.75-1.82 V) 

(Wang and Wang, 2018; Wang et al., 2021). The generation of SO4˙ˉ is induced by the 

breaking of the O-O bond within either PMS or PDS, while OH˙ can be formed via the 

reactions between SO4˙ˉ and H2O, as implied in Eqs. (2-1) - (2-3). 

e- + HSO5ˉ → SO4˙ˉ + OHˉ          (2-1) 

e- + S2O8
2ˉ → SO4˙ˉ + SO4

2ˉ          (2-2) 

SO4˙ˉ + H2O → SO4
2ˉ + OH˙+ H+          (2-3) 

 

Due to the symmetric structure, PDS is commonly considered harder to be activated 

than PMS, thus, PMS is adopted in this work (Peng, Y. et al., 2021). 

     

2.2.2. Homogeneous PMS activation with transition metal 

ions 

The generation of active species such as OH˙ and SO4˙ˉ radicals mainly relies on the 

activation and cleavage of the O-O bond within PMS via energy-transfer or reductive 

electron-transfer. Although PMS can be activated effectively via ways like UV, heat, 

alkaline, ultrasound, and microwave, heterogeneous catalytic activation still occupies 

an important position due to the possible longer life span (recyclability and reusability) 

and easier solid-liquid separation of the catalysts, lower energy requirements, and the 

feasibility to work under diverse operational conditions (Giannakis et al., 2021; 
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Kohantorabi et al., 2021; Xia et al., 2020). 

 

The adoption of transitional metals as the activators for strong oxidants can be traced 

back to the classical Fenton process using H2O2 as stated in Eq. (2-4) due to the 

existence of Fe2+ /Fe3+ redox cycle, which is proved sufficient and effective in the 

degradation of various pharmaceutical pollutants.  

 

Fe2+ + H2O2 → Fe3+ + OH˙ + OHˉ          (2-4) 

 

In SR-AOPs using PMS as oxidant, transition metals (Me) with lower valance can 

facilitate the fracture of the O-O bonds within HSO5
-, followed by the production of 

SO4˙ˉ and OH˙ as indicated in Eqs. (2-5)-(2-6) (Ding et al., 2021).  

     

Men+ + HSO5ˉ → Me(n+1)+ + SO4˙ˉ + OHˉ                  (2-5) 

Me(n+1)+ + HSO5ˉ → Men+ + SO4
2ˉ + OH˙                  (2-6) 

 

Then, from 2003 to 2004, Anipsitakis and Dionysiou reported a highly efficient method 

based on the Fenton reaction by using Co2+ to generate SO4˙ˉ from PMS in degrading 

2,4-DCP, a precursor to the herbicide 2,4-dichlorophenoxyacetic acid. Furthermore, 

these two researchers also found that among the nine transitional metals tested, their 

PMS activation ability increased in the sequence of Ni2+ < Fe3+ < Mn2+ < V3+ < Ce3+ < 

Fe2+ < Ru3+ < Co2+ (Anipsitakis and Dionysiou, 2003, 2004).   

 

From then on, investigations into homogeneous PMS activation using transition metal 

ions have gained increasing attention, and the effects from working parameters such as 
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pH, NOM, inorganic anions have also been considered.  

 

2.2.3 Heterogeneous PMS activation with transition metals 

However, although homogeneous PMS activation using metal ions has advantages such 

as the little interfered mass transfer process with higher working efficiency, unavoidable 

limitations still exist in this route. Despite the less economical effect and hard recovery 

of metal ions after the reactions, the residual metal ions in the effluents could induce 

secondary pollution with potential environmental impacts, which might even pose 

health hazards towards human being (Wang and Wang, 2018). For example, Co2+, one 

of the most effective PMS activator, tends to accumulate in the liver and kidneys of fish, 

followed by flesh and skin. These accumulation might result in the changes concerning 

vital physiological functions such as respiration, osmotic and ionic regulations, 

nitrogenous waste excretion and absorption, storage and secretion of various enzymes, 

which ultimately affect the survival and growth of the studied fish (Kubrak et al., 2011). 

Besides, higher amount of Co2+ can accumulate in the terrestrial and aerial animals 

through the successive links of the food chain. Furthermore, the excessive exposure of 

Co2+ for human beings is potentially to cause heart and thyroid damage, allergic contact 

dermatitis, asthma, and even hard-metal lung disease, a rare interstitial lung disease 

(Banza et al., 2009). Furthermore, the species of transition metals are highly influenced 

by the pH and composition of the water, since metal ions may precipitate or become 

hydrated under basic or acidic conditions, which would interfere their working activity 

(Wang and Wang, 2018).   

 

Thus, tremendous efforts have been put into the investigation of heterogeneous 
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transition metal based catalysts which can overcome the mentioned drawbacks with 

easier solid-liquid separation and less environmental hazards. The transitional metal-

based catalysts with various structures and/or substrates have been developed for 

heterogeneous PMS activation in the removal of emerging contaminants from water for 

more than two decades. Similar to the homogeneous process mentioned before, the 

flexible decomposition of PMS using transition metal-based catalysts still lies mainly 

on the redox cycle reactions between HSO5ˉ and Men+/Me(n+1)+. Furthermore, 

depending on the characterizations of the catalysts, other ROSs such as superoxide 

(O2˙ˉ), singlet oxygen (1O2) and even electron (eˉ) can also be generated during PMS 

activation.  

 

Comparing to traditional transition metal-based catalysts with single metal component, 

bimetallic oxides and their derivatives with more metal composites present additional 

physiochemical characteristics (e.g. magnetically separable and photoactive) and 

synergetic electron transfer during PMS activation, which can not only help to optimize 

their selectivity, stability, life-span, and working efficiency, but also alleviate the 

possible biological effects and second pollution caused by the metal leakage (Durán-

Álvarez et al., 2016). Table 2-3 below summarizes some representative bimetallic 

catalysts reported for PMS activation, along with the main ROSs they generated during 

the oxidation of organic compound in water.  
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Table 2-3 Performances of some bimetallic catalysts in PMS activation and the dominant ROSs generated 

Catalyst Contaminant and its dosage PMS 

dosage 

Catalyst dosage 

/ppm 

Dominant 

ROS 

Reaction 

time/min 

Removal /% Ref. 

CoAlMn Bisphenol A 10 ppm 150ppm 20 SO4˙ˉ 100 >99 (Li et al., 

2015) 

CuFeO2 Sulfadiazine 8 μm 33μm 100 SO4˙ˉ 12 >80 (Feng et 

al., 2016) 

CuFe2O4 Atrazine 2μm 1 mM 100 SO4˙ˉ, OH˙ 15 >98 (Guan et 

al., 2013) 

BiFeO3 Diclofenac 0.025 mM 0.5 mM 300 SO4˙ˉ, OH˙ 60 47 (Han, F. 

et al., 

2020) 

Co2Mn1O4 Triclosan 10 ppm 50 ppm 20 1O2, SO4˙ˉ 30 96.4 (Chen, Z. 

et al., 

2020) 

MnxCo3-xO4 Carbazepine 21.16 μm 0.5 mM 50 SO4˙ˉ, OH˙ 30 100 (Deng et 
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al., 2017) 

LaCoO3 PBSA 5 ppm 5 mM 50 SO4˙ˉ 30 100 (Pang et 

al., 2016) 

LaFeO3/ Al2O3 Acid Orange 7 20 ppm 0.5 mM 100 SO4˙ˉ, OH˙ 120 < 90 (Wu, S. et 

al., 2019) 

CeVO4 Phenol 100 ppm 2000 ppm 1000 1O2 75 100 (Othman 

et al., 

2020) 

Copper 

substituted zinc 

ferrite (ZCFO) 

Ciprofloxacin 10 ppm 2.5 mM 100 1O2, SO4˙ˉ, 

OH˙ and O2˙ˉ 

15 96 (Yu, R. et 

al., 2020) 
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Table 2-3 revealed that bimetallic and even multimetallic catalysts have been 

extensively studied and applied as PMS activator in the degradation of emerging 

contaminants such as pharmaceuticals, pesticides and dyes with satisfied performances. 

 

Perovskite is a specific class of metallic materials referring to the mineral calcium 

titanate (CaTiO3) in the narrow sense, while can be broadly referred to the compounds 

with typical structural formula of A2BO4 and ABO3 (Fig. 2-1). Among the perovskite 

structure, the A site is mainly rare earth, alkali metal or alkaline earth metal ion, the 

radius of which are usually large; and the B site is usually transition metal ion with 

relatively small radius (Dai et al., 2018; Wang, Yuxian et al., 2020). Metal oxides with 

perovskite structures exhibit high stability under aggressive conditions. In addition, 

oxygen mobility within perovskites, like controllable oxygen vacancy, might help 

produce more ROS. The oxidation state of the B-site cation might affect the electron-

transfer capability during redox reactions, and even increase its ability to accommodate 

various metal ions without destroying the matrices’ structure (Chen, L. et al., 2020; Guo 

et al., 2020; Su et al., 2016; Wang et al., 2019). Besides, the variability of the transition 

metal valence state leads to the diversity of perovskite properties. These characteristics 

make perovskites promising catalysts for chemical oxidation, including PMS activation 

for the degradation of organics. For example, lanthanum-based perovskites (LaMO3), a 

common type of perovskite, have been reported to activate H2O2 and PMS to degrade 

common water contaminants including phenol, Rhodamine B, 2-phenyl-5-

sulfobenzimidazole and several herbicides, with high reactivity and stability 

(Hammouda et al., 2017; Lin et al., 2017; Pang et al., 2016; Solís et al., 2017; Taran et 

al., 2016). Besides, cobalt has been identified as one of the most reactive sites for PMS 

activation, where cobalt in the B site of perovskite plays a critical role for PMS 
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activation (Duan et al., 2018). 

 

 

Fig. 2-1 An ideal cubic perovskite structure of ABO3. (a) Unit cell (the smaller В site is chosen 

as the origin of the unit cell, and (b) the coordination of В-site ion. 

 

The spinel oxides, with a typical formula of AB2O4, is reported with significantly 

improved stability, activity, higher electrical conductivity and polyfunctionality in 

AOPs (Yan et al., 2020; Zhou, X. et al., 2020). In this cubic close-packed structure, 

there are 8 A-sites in which the metal cations are tetrahedrally coordinated with oxygen, 

and 16 B-sites which possessed octahedral coordination(Mathew and Juang, 2007). 

According to previous researches, common spinel oxides includes spinel ferrites 

(AFe2O4) with different A site metals (Cu, Co, Zn and Cd) and spinel manganese 

(AMn2O4), which all presented excellent PMS activation ability in the removal of 

organic contaminants (Dojcinovic et al., 2021; Li, C.-X. et al., 2018; Li, J. et al., 2019; 

Yang et al., 2018). Recently, the CoxMn3−xO4(x=1, 2) catalyst has received much 

attention due to its heterogeneous activation of PMS and pollutants degradation (Lim 

et al., 2019; Yao et al., 2015). As for Mn, in addition to its advantages like earth 

abundant and environmental benign, a special redox loop with a mid-valence state, 

Mn2+/Mn3+/Mn4+, could be formed during the preparation process, which might provide 
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more electron transfer pathways (Chen, Z. et al., 2020; Shi et al., 2014). Besides, the 

partial substitution of Co by Mn in Co3O4 can also reduce the amount of toxic from Co 

element (Yao et al., 2015). Therefore, the spinel structured catalysts with Co and Mn 

has become a hot spot in the AOPs field, and CoMn2O4 is one of those (Zhao et al., 

2020). 

 

 

Fig. 2-2 (a) Schematic illustration of the AB2O4 spinel structure composed of AO4 tetrahedra 

and BO6 octahedra, and (b) Crystal structure of the CoMn2O4 phase. 

 

2.2.4 Heterogeneous activation of PMS with metal-nonmetal 

catalysts 

A number of previous studies implied that the addition of non-metal substrates for the 

bi-metallic oxide catalysts can further facilitate the catalytic activity via a synergistic 

mechanism. Generally, the working efficiency of heterogeneous metal-based catalysts 

follows the descending sequence of metal-nonmetals materials > multi-metals > bi-

metals > single metals (Oyekunle et al., 2022). Thus, tremendous efforts have been 

made in investigating proper non-metal substrates to further enhance the working 

performance of these catalysts, e.g., silica materials, carbon materials, MXene, layered 
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double hydroxides (LDHs), resin, and polymeric (Cai et al., 2015; Karim et al., 2022; 

Li, J. et al., 2017; Wang et al., 2017; Wu, Y. et al., 2019). Ding et al. reported in 2019 

that the remarkable synergistic effect within the active sites of the three transition metals 

(Fe, Co, and Ti) on the surface of Fe2CoTi3O10-MXene catalyst contributed to the 

superior performance of PMS towards the removal of 2, 4-dichlorophenoxyacetic acid 

(Ding et al., 2019). Wi et al. reported that the loading of ZIF at resin preserved the 

characteristics porous structures and metal coordination of ZIF-67 spontaneously with 

the convenient features of resins, which contributed to its superior heterogeneous 

catalytic activity in PMS activation towards the decolorization and decomposition of 

RhB (Wu et al., 2018). Gong et al. reported that the loading of MnOx on polymeric 

substrate could efficiently activate PMS for the removal of phenolic contaminants 

mainly through non-radical pathways dominated by the interfacial reactive manganese 

intermediates (Gong et al., 2022). Zhu et al. reported that Co-Fe catalysts loaded on 

SiO2 showed strong PMS activation ability in the degradation of CIP with excellent 

stability and reusability caused by the strong Co/Fe-O and Co/Fe-Si interaction (Zhu, 

S. et al., 2020). Tian et al. also reported in 2020 that the loading of FeOOH on Al2O3 

performed excellent PMS decomposition ability due to surface weak acid-base pair, 

which also presented a strong tendency in generating abundant 1O2 caused by its dual-

reaction-site (Tian et al., 2020).  

 

Although these materials shared the advantages like extremely large specific area and 

high stability, most of them suffered from several flaws including costly, time-

consuming, and complicated preparation (Sun, Z. et al., 2021). Therefore, it is 

imperative to find some alternative substrate materials for the modification of nanosized 

catalysts with higher efficiency, lower cost, and more ecofriendly. 
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2.2.5 Metal-nonmetals catalysts with clay and clay minerals 

In recent years, natural clay minerals have gradually received increasing attention in 

environmental remediation such as air and water purifications owing to their abundant 

distribution, satisfied thermo and chemical stability, large surface area, and 

biocompatible with low cytotoxicity (Dong et al., 2019; Li, C. et al., 2018). Clay 

minerals are the main mineral components of clay rock and soil with hydrous alumino-

silicate minerals, which are described by two-dimensional sheets, tetrahedral (SiO4) and 

octahedral (Al2O3). Regularly, they can be categorized according to the way that 

tetrahedral and octahedral sheets are packaged into layers, as a 1:1 layer structure 

consists of the repetition of one tetrahedral and one octahedral sheet, whereas in the 2:1 

layer structure, one octahedral sheet is sandwiched between two tetrahedral sheets 

(Brigatti et al., 2013). 

 

2.2.5.1 The 1:1 subgroup 

The kaolin subgroup consists of dioctahedral 1:1 layer structures with the general 

composition of Al2Si2O5·(OH)4, and the most representative one is the kaolinite. 

Kaolinite (Kln) has plentiful adsorption sites, in which the layer is essentially neutral 

and the two contiguous layers are linked through -Al-O-H...O-Si- hydrogen bonding, 

possessing abundant aluminum hydroxyl groups and to help effectively prevent self-

agglomeration of the carried nanoparticles (Zhang, X. et al., 2020).  

 

Another important member of this group is halloysite nanotube (Hal), which shares the 

same chemical composition with kaolinite but with a tubular structure. Generally, Hal 
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varies in length from submicrons to several microns, and ranges in external diameter 

from approximately 30 to 190 nm while internal diameter from approximately 10 to 

100 nm (Yuan et al., 2015).  

 

It is reported that functionalized Hal constituted a superior support for metal 

nanoparticles, as its peculiar tubular shape favors the dispersion and surface availability 

of the supported nanoparticles and thus promote their catalytic applications with tunable 

properties (Massaro et al., 2017). These Hal-based catalysts have been widely adopted 

in catalytic fields including water and air remediation, chemical synthetic routes like 

polymerization and cross coupling reactions, and industries like oil refining and 

petrochemistry (Glotov et al., 2021b; Massaro et al., 2017). Comparing to other lamellar 

clay minerals like kaolinite, montmorillonite and bentonite, Hal do not stack in 

multilayers and might be easier to be exfoliated through stirring (Glotov et al., 2021b). 

Besides, Hal has Si–O groups at the outer surface with negative charges and Al–OH 

groups at the inner side with positive charges, which allowed the selective designing of 

catalysts with tuned wettability for processes in aqueous media or under two-phase 

conditions (i.e., oil–water) (Glotov et al., 2019). For example, the modification of the 

outer surface of Hal using alkali helped to increase its stability and reactivity in aqueous 

solutions due to the increased density of surface hydroxyl groups (Tharmavaram et al., 

2018). However, opposite measures were taken on Hal-based catalysts aimed at 

aromatics hydrogenation in petroleum chemistry, as the outer surface of Hal was 

modified by alkyltriethoxysilanes to obtain super hydrophobicity and enable the 

loading of Ru nanoparticles within the lumen, which protected the active sites from 

deactivation caused by admixed water and metal leaching spontaneously with enhanced 

working efficiency (Glotov et al., 2021a).      
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Besides, Hal resembles carbon nanotube (CNT), a commercial nanomaterial with the 

tubular porous structure with abundant surface hydroxyl groups (Ghanbari et al., 2015). 

But comparing to CNT that is toxic and hard to synthesis (high production environment 

requirements and low yields), the natural occurring Hal is much cheaper and easily 

meets the mass-scale applications in industry (Glotov et al., 2021b; Gusain et al., 2020; 

Ma, W. et al., 2018). Thus, it seems feasible for Hal to act as an alternative for CNT. 

But so far, few studies have reported the application of Hal as matrices for 

heterogeneous catalysts towards AOP processes (Huang, Z. et al., 2020; Kadir et al., 

2020). In addition to the mentioned two minerals belonging to the kaolin subgroup, 

another group of trioctahedral 1:1 clay minerals called the serpentine group is seldom 

adopted in the researches concerning AOPs. The serpentine group is chemically simple 

but structurally complex, which can be classified into planar structure, modulated layer 

structure, tetrahedral sheet strips, and tetrahedral sheet islands. The representative ones 

are Mg-rich 1:1 trioctahedral layer minerals such as lizardite, antigorite, and chrysotile 

with an ideal composition of Mg3Si2O5·(OH)4.   

 

2.2.5.2 The 2:1 subgroup 

The 2:1 clay minerals consist of an octahedral sheet sandwiched between two opposing 

tetrahedral sheets. The layer within pyrophyllite (dioctahedral) and talc (trioctahedral) 

is electrically neutral, while it is usually negatively charged in other 2:1 phyllosilicates 

such as smectite, mica, vermiculite, and chlorite (Sethurajaperumal et al., 2021). 

Among them, smectite such as montmorillonite, chlorite, bentonite, and illite are more 

frequently used in the synthesis of metal-nonmetal catalysts for AOPs, including Fenton 

and Fenton-like processes, ozonation, and photocatalysis for efficient removal of 
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pharmaceuticals, pesticides and dyes (Fatimah et al., 2022). For example, Co3O4/illite 

and CuFe2O4/sepiolite composites with reduced grain size and crystallinity displayed 

much stronger activity in the activation of PMS and O3 towards atrazine and quinolone 

degradation, respectively, in the comparison with bare Co3O4 and CuFe2O4 (Dong et al., 

2020a; Liu, D. et al., 2019).    

 

 

Fig. 2-3 Structure of the three major clay mineral groups: (a) kaolin, (b) smectite, and (c) mica. 

Figures show the stacking of Si tetrahedra and Al octahedra and characteristic basic spacing.  

 

So far, transitional metal based catalysts loading on natural clay minerals have been 

reported applicable in various AOPs including Fenton and Fenton-like processes, 

ozonation, and photolysis for efficient removal of emerging contaminants like 

pharmaceuticals, pesticides and dyes. However, little of them have focused on the 

application of Hal in the fabrication of heterogeneous catalysts for the reduction of 

pharmaceuticals in aqueous environment, even if Hal seems to be a suitable carrier in 

every aspect. Therefore, it is necessary to investigate the possible effects of Hal towards 

the structure and morphology of the loaded catalysts, and the catalytic activity of them 

in pharmaceutical degradation through PMS activation.        

 

Furthermore, the working efficiency and performances of these composite catalysts 

with natural clay minerals has seldom been linked to the morphology and structural 
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differences between the substrates, for example, Hal and Kln. Additionally, since the 

OVs are also originated from hydroxyl groups, it’s possible that Kln and Hal can boost 

OVs into catalytic composite during the synthesis, but this information is also still 

limited (Wu et al., 2017; Zhan et al., 2020). 
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Table 2-4 Metal-nonmetals catalysts with clay and clay minerals for AOPs 

Loaded catalyst Clay mineral Substrate and 

its structure 

Contaminant and its 

dosage 

Oxidant and 

its dosage 

Reaction time and 

removal 

ROS Ref. 

Cobalt oxide Halloysite, 1:1 Sulfamethoxazole PMS 30 min, ~100% SO4˙-, OH˙, 

1O2 

(He et al., 

2022) 

Cu-Co Halloysite, 1:1 Reactive yellow 145 

(RY-145),    

Basic red 46 (BR-46) 

H2O2 7h, 93% for RY-145; 54% 

for BR-46 

OH˙ and 

HO2˙ 

(Torres-Luna 

et al., 2019) 

TiO2 Kaolinite, 1:1 Ciprofloxacin Under UV or 

visible light 

40 min, >90% for UV; 

360 min, ~60% for visible 

light 

OH˙, O2˙- 

and e- 

(Li, C. et al., 

2018) 

CuCo2O4 Kaolin, 1:1 Phenacetin PMS 15 min, ~100% SO4˙-, OH˙, 

1O2 

(Liu et al., 

2020) 

CuFe2O4 Kaolinite, 1:1 Bisphenol A PMS 60 min, ~100% SO4˙-, OH˙ (Dong et al., 

2019) 

MoS2/FeOOH Halloysite, 1:1 Aniline aerofloat H2O2 with 60 min, >99% OH˙, (Liu et al., 
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photo-Fenton OOH˙, O2˙- 2023) 

FeCo2O4 Rectorite, 1:1 Atrazine PMS 20 min, ~90% SO4˙-, OH˙ (Sun, Z. et al., 

2021) 

Fe3O4 Rectorite, 1:1 P-chlorophenol H2O2 60 min, 100% OH˙ (Bao et al., 

2019) 

Fe2O3@CeO2/ZrO2 Palygorskite, 2:1 Congo Red dye H2O2 105 min, 95% OH˙ (Ouyang et 

al., 2019) 

CoFe2O4 Palygorskite, 2:1 Bisphenol S PMS 30 min, ~100% SO4˙-, OH˙, 

1O2 

(Li, Y. et al., 

2021) 

nano zero-valent iron Bentonite, (main component: 

Montmorillonite), 2:1 

Bisphenol A H2O2 24 h, ~100% OH˙ (Bao et al., 

2020) 

Co1.3Mn1.7O4 Bentonite, (main component: 

Montmorillonite), 2:1 

Bisphenol A PMS 21 min, ~100% SO4˙-, OH˙, 

1O2,  O2˙- 

(Liu et al., 

2022) 

Co3O4 Illite, 2:1 Atrazine PMS 30 min, >90% SO4˙-, OH˙, 

1O2 

(Dong et al., 

2020a) 

Fe-bearing smectite Smectite, 2:1 Diethyl phthalate PMS 300 s, >80% SO4˙-, OH˙ (Chen, N. et 
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clays al., 2020) 

CoFe2O4 Montmorillonite, 2:1 Tetracycline PMS 30 min, ~100% SO4˙-, OH˙ (Li et al., 

2022) 



  Chapter 3 

48 
 

Chapter 3 Materials and methods 

3.1 Materials 

3.1.1 Chemical reagents 

Synthetic raw materials for bare CoMn2O4 catalyst include cobalt (II) nitrate 

(Co(NO3)2·6H2O, CAS No. 10026-22-9), manganese (II) nitrate (Mn(NO3)2·6H2O, 

CAS No. 17141-63-8), and sodium hydroxide (NaOH, CAS No. 1310-73-2). All of 

them were purchased from Macklin Biochemical Co., Ltd. 

 

Synthetic raw materials for LaCoO3 catalyst include cobalt (II) nitrate (Co(NO3)2·6H2O, 

CAS No. 10026-22-9), lanthanum(III) nitrate (La(NO3)3·6H2O, CAS No. 10277-43-7), 

and citric acid (CA, CAS No. 77-92-9). All of them were purchased from Macklin 

Biochemical Co., Ltd. 

 

Quenchers for the traditional trapping experiments include tert-butyl alcohol (TBA, 

provided by Sigma-Aldrich, CAS No. 75-65-0), 1,4-benzoquinone (1,4-BZQ, provided 

by Sinopharm Chemical Reagent Co., Ltd, CAS No. 106-51-4), sodium azide (NaN3, 

provided by Sigma-Aldrich, CAS No. 26628-22-8) and methanol (MeOH, provided by 

Sigma-Aldrich, CAS No. 67-56-1).  

 

The mobile phases for High-Performance Liquid Chromatograph (HPLC) analysis 

include Milli Q water (resistivity 18.2 MΩ·cm at 25 °C), acetonitrile (ACN, provided 

by DUKSAN Reagents, CAS No. 75-05-8), MeOH, and oxalic acid (provided by 

Sigma-Aldrich, CAS No. 144-62-7). In addition, all the solvents adopted here were of 
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HPLC grade without further purification before using.  

 

The spin trapping agents for EPR analysis include 5, 5-dimethyl-1-pyrrolidine N-oxide 

(DMPO, CAS No. 3317-61-1) and 2, 2, 6, 6-tetramethylpiperidine (TEMP, CAS No. 

768-66-1), both were provided by Sigma-Aldrich.  

 

Target compounds adopted in the degradation experiments later include carbamazepine 

(CBZ, CAS No. 298-46-4), ofloxacin (OFX, CAS No. 82419-36-1), sulfamethoxazole 

(SMZ, CAS No. 723-46-6) and tetracycline (TC, CAS No. 60-54-8), which were all 

purchased from Sigma-Aldrich. The peroxymonosulfate (PMS, 

KHSO5·0.5KHSO4·0.5K2SO4, CAS No. 37222-66-5) used for the degradation was 

purchased from Acros Organics. The working pH of the experiments were adjusted 

using NaOH and sulfuric acid (H2SO4, CAS No. 7664-93-9, provided by RCI Labscan 

Limited). 

 

Other chemical reagents adopted in this work include sodium benzoate (BA, 99.5%, 

CAS No. 532-32-1) and p-hydroxybenzoic acid (p-HBA, 99%, CAS No. 99-96-7), 

which were purchased from Macklin Biochemical Co., Ltd. The iron (II) sulfate 

(FeSO4·7H2O, >99%, CAS No. 7782-63-0) was purchased from Acros Organics. The 

potassium thiocyanate (KSCN, CAS No. 333-20-0) was purchased from Sigma-Aldrich.     

 

All the chemicals above, except the mobile phases for HPLC analysis, are of analytical 

purity (AR) or ACS grade without further purification before using. Water from 

Millipore Waters Milli-Q water purification system (resistivity 18.2 MΩ·cm at 25 °C) 

was used throughout the whole experiments. 
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3.1.2 Natural clay minerals 

Kaolinite (Kln) used in this work was collected from Maoming City, Guangdong 

Province, and halloysite (Hal) were from Linfen city, Shanxi Province, China. Their 

chemical composition were determined by XRF as below (Table 3-1). 

 

Table 3-1 Chemical composition of halloysite (Hal) and kaolinite (Kln) tested by XRF 

 Halloysite (Hal)  Kaolinite (Kln) 

No. Component Unit mass %  Component Unit mass % 

1  Al2O3 40.4  MgO 0.285 

2  SiO2 56.3  Al2O3 42.5 

3  P2O5 0.0807  SiO2 52.7 

4 SO3 0.0537  P2O5 0.69 

5 Cl 0.0288  K2O 2.09 

6 K2O 2.0  CaO 0.13 

7 CaO 0.0913  TiO2 0.467 

8 TiO2 0.175  MnO 0.0121 

9 MnO 0.0253  Fe2O3 0.565 

10 Fe2O3 0.796  CuO 0.0321 

11 ZnO 0.0084  SrO 0.0158 

12 Rb2O 0.0259  PbO 0.511 

13 Nb2O5 0.0047    
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3.2 Methods 

3.2.1 Preparation of the catalysts 

The catalysts, including bare CoMn2O4 (CMO), x-CMO/Hal, and x-CMO/Kln, were 

synthesized through co-precipitation, as briefly stated in Fig. 3-1. The x in x-CMO/Hal 

and x-CMO/Kln stands for the loading percentage of CMO on Hal and Kln (w/w, 

x=20%, 40%, and 60%). 

 

 
Fig. 3-1 Schematic representation of the synthesis process of bare CMO, x-CMO/Hal, and x-

CMO/Kln catalysts. 

 

Typically, 2g halloysite or kaolinite was dispersed in Milliq water and kept stirring for 

6h. Then, based on the predetermined weight ratio, certain amount of cobalt (II) nitrate 

(Co(NO3)2·6H2O) and manganese (II) nitrate (Mn(NO3)2·6H2O) were resolved in the 

natural mineral suspension spontaneously for another 2h to make them evenly 

distributed, followed by the slow addition of 4M NaOH. Then the whole fabrication 

system was heated with oil bath at 90 °C for 2 h under continuous stirring. During this 
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process, the particles would generate gradually. Two hours later, after the whole system 

was cooled to room temperature, the precipitate was separated by centrifugation and 

dried at 70 °C for 6 h until it was completely dry. After that, the dried powder was 

moved into muffle furnace and calcinated at 250 °C for 2h. Then the obtained powder 

was grounded and named as x-CMO/Hal or x-CMO/Kln (x=20%, 40%, and 60%) 

according to the weight ratio of CMO. The bare CMO was prepared through the same 

process without the addition of halloysite or kaolinite. Besides, the raw halloysite and 

kaolinite without further treatments were also calcinated at 250°C for 2 h, preparing for 

further analyzation. 

 

The LaCoO3 (LCO) perovskite was prepared using the sol-gel method (Lu et al., 2018; 

Zhang et al., 2019). Lanthanum(III) nitrate (La(NO3)3·6H2O) and cobalt trinitrate 

(Co(NO3)3·6H2O) were taken as precursors, while citric acid (CA) acted as the 

complexing agent, in the molar ratio of La3+ : Co3+ : CA at 1:1:2. These reagents were 

dissolved in an ethanol-water solution (VH2O : VEthanol = 2:1), followed by a 30 min 

stirring and another 10 min sonication at room temperature (25 °C) to obtain a uniform 

mixed solution (sol). The solution (sol) was then placed in a vacuum drying oven and 

dried in vacuum at 90 °C to obtain a xerogel. After grinding, the xerogel obtained was 

calcined at 600 °C at a heating rate of 5 °C min-1 for 5 h. The final product was labelled 

as LCO. 

 

3.2.2 Characterization methods of the catalysts 

The crystal structures of the catalysts were determined by D8 ADVANCE X-ray 

diffractometer (XRD, Bruker, Germany) using Cu Kα as the radiation source (λ = 
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0.15418 nm). The XRD spectra was generated at voltage 40 kV and current 40 mA, 

with continuous scanning from 2θ =3 to 80° at a step size of 0.01° at a rate of 3° min-1. 

 

The surface composition and chemical valences of the catalysts were analyzed by X-

ray photoelectron spectroscopy (XPS, ESCALAB 250, Thermo Fisher Scientific, USA), 

using Al Kα (hv=1486.8 eV) as the excitation light source, and C 1s = 284.4 eV as the 

calibration to obtain the binding energy of each element species in the high resolution 

spectra.  

 

The surface morphology of the catalysts was examined by field emission scanning 

electron microscope (FESEM, Zeiss, USA). The samples were also analyzed by a High-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, 

FEI Talos F200S, Thermo Fisher Scientific, USA) equipped with an energy-dispersive 

X-ray spectroscopy (EDS) at an acceleration voltage of 200 kV.  

 

The defect centers within the catalysts were characterized using electron paramagnetic 

resonance (EPR, JES-FA-300, JOEL, Japan).  

 

The Brunauer-Emmett-Teller (BET) analysis (including N2 adsorption-desorption 

isotherms) was performed by Accelerated Surface Area and Porosity System 

(Micromeritics) using liquid nitrogen at -196°C to obtain the specific surface areas 

(SSA) and pore size distributions of the catalysts. The samples were vacuum degassed 

for 12h at 120°C before testing. The total pore volume was estimated using nitrogen 

adsorption at a relative pressure of 0.99.  
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The zeta potential of the catalysts was measured by a Zetasizer (Malvern, UK) using 

aqueous suspension.  

 

3.2.3 Analytical methods 

The residue concentrations of CBZ, OFX, SMZ and TC were measured by a Waters 

2696 high-performance liquid chromatography (HPLC) system equipped with C18 

column and 2487 UV detector. Other working parameters were provided below in Table 

3-2. 

 

Table 3-2 Working parameters of HPLC for OFX, CBZ, SMZ and TC   

Organic 

compound 

Mobile phase 

A 

Mobile phase 

B 

Mobile phase 

C 

Wavelength/nm 

OFX 75% water with 

0.1% formic acid 

25% acetonitrile 0 294 

CBZ 40% water 60% acetonitrile 0 286 

SMZ 40% water 60% acetonitrile 0 265 

TC 72%  oxalic acid 

(0.1M) 

20% acetonitrile 8% methanol 357 

 

The degradation intermediates of CBZ, OFX, SMZ and TC were determined by Thermo 

Scientific Orbitrap MS coupled with LC. The detected mass rage was 50-2,000 (m/z). 

The mass accuracy was less than 3 ppm RMS using external calibration. The resolution 

was 500,000 FWHM at m/z of 200. Herein, 0.1% formic acid was used as mobile phase 

A, and pure ACN as phase B. The other working parameters were provided as below in 

Table 3-3. 
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Table 3-3 Working parameters of LC-MS for OFX, CBZ, SMZ and TC 

Compound Time/min 

Mobile 

phase 
ESI 

mode 

Flow 

rate/ 

(ml/min) 

Injection 

volume/μL 

Column 

temperature/°C 

A/% B/% 

CBZ 

0-12 95 5 

+ 0.25 10 30 

12-13 5 95 

13-15 5 95 

15-20 95 5 

OFX 

0-2 95 5 

+ 0.4 10 30 

2-4 60 40 

4-6 20 80 

6-10 95 5 

TC 

0-10 90 10 

+ 0.45 10 30 

10-14 10 90 

14-15 10 90 

15-16 90 10 

SMZ 

0-2 90 10 

+ 0.4 10 30 

2-15 30 70 

15-18 30 70 

18-20 90 10 

 

The EPR spectroscopy (EPR, JES-FA-300, JOEL, Japan) were used to determine the 

ROS generated during the catalytic degradation processes using 5, 5-dimethyl-1-

pyrroline-N-oxide (DMPO) and 2, 2, 6, 6-tetramethyl-4-piperidone (TEMP) as spin 

reagents. 
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The concentration of leached metal ions from the catalysts during the degradation was 

analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES, 

SpectroBlue, Germany) after a total digestion using 68% (w/w) HNO3. 

 

The total organic carbon (TOC) reduction was tested by a Shimadzu TOC-5000A 

analyzer equipped with an ASI-5000A autosampler (Shimadzu, Japan) to determine the 

mineralization efficiency. 

 

The changes in PMS concentration during the catalytic degradation processes was 

determined using a colorimetric method (Wang et al., 2014). Briefly, 1 ml of the 

working suspension was withdrawn by a syringe and filtered using a 0.22 μm PSE 

membrane plate before being placed into a cuvette (4 ml). Then, 1 mL of the 10 mM 

acidified iron (II) sulfate solution (FeSO4·7H2O, >99%, acidified using 1 M H2SO4) 

was added. The cuvette above was then stood by for 5 min, and its absorbance was read 

using a UV spectrophotometer at λ=450 nm immediately after the injection of 0.2 mL 

of the 0.3M KSCN solution (Wang et al., 2014). The calibration curve was made using 

PMS standard solutions ranging between 0 and 200 μM as showed in Fig. 3-2 with a 

high linear correlation coefficient (R2=0.995).  
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Fig. 3-2 Calibration curve for PMS concentration using KSCN method  

 

The concentration of OH˙ generated during the catalytic pharmaceutical degradation 

was measured using benzoic acid (BA), since BA would be hydroxylated into p-

hydroxybenzoic acid (p-HBA) by OH˙ produced, and the cumulative OH˙ could be 

approximately estimated by p-HBA from hydrolysis with a conversion factor of 5.87 

(Xie et al., 2021). At this time, 10 mM BA was added into the reaction system without 

the addition of target pharmaceutical. For the measurement of p-HBA, 0.5 mL of BA 

working suspension was withdrawn and filtered immediately before being quenched by 

0.5 mL MeOH, which terminated the generation of OH˙. The generated p-HBA was 

analyzed by HPLC using 35% acetonitrile and 65% ultrapure water with 0.1% 

CF3COOH as mobile phases at a wavelength of 255 nm. The calibration curve was 

made using p-HBA standard solutions ranging between 0 and 30 μM as showed in Fig. 

3-3 with a high linear correlation coefficient (R2=0.996).  
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Fig. 3-3 Calibration curve for OH˙ measurement using p-HBA concentration 
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3.3 Experimental procedures 

In order to keep the freshness and effectiveness of the reagents, the stocking solution 

of the pharmaceuticals were prepared on-site right before the experiments with MilliQ 

Water at room temperature, 25 °C. Special arrangement was made for TC, as its fresh 

stock solution was prepared 12 h before the experiment by dissolving 0.02 g of TC into 

1 L of Milli-Q Water and stirring overnight at 25 °C in darkness, due to its solubility 

and possible light sensitivity. All the degradation experiments were carried out in 250 

ml beakers with continuous magnetic stirring, and the volume of reaction solution was 

100 ml. The initial concentrations of the target pharmaceutical, PMS, and catalyst 

dosage varied case by case, which was stated in detail in the later chapters. 

 

In a typical degradation experiment, after the target pharmaceutical with determined 

initial concentration was set and prepared, the catalyst was added into the solution and 

the whole system was kept under magnetic stirring for another 15 min to obtain the 

adsorption-desorption equilibrium. Then the pre-determined amount of PMS was added 

into the suspension to initiate the reaction. In order to figure out the optimal working 

conditions, the dosages of target pharmaceutical and PMS, and the initial working pH 

of the solution were changed under certain circumstances. The initial pH was adjusted 

by H2SO4 (1M and/or 0.1M) and NaOH (1M and/or 0.1M) before the addition of PMS.  

 

At given time intervals, 1 ml of the suspension was withdrawn by a syringe and filtered 

using a 0.22 μm PSE membrane plate, then quickly mixed with excessive Na2S2O3 or 

MeOH to eliminate the reactive oxygen species (ROSs) and thus terminate the reaction. 

Then the samples were sent for further analyzation like residue concentration evaluation 

and TOC test. All the degradation experiments were conducted for 3 times, and the 
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average final value was adopted at last. 
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Chapter 4 Characterization of the catalysts 

4.1 Introduction 

Based on the previous chapters, three series of CMO based catalysts were synthesized 

in this work, namely bare CMO, CMO based on halloysite (x-CMO/Hal), and CMO 

based on kaolinite (x-CMO/Kln). The x in x-CMO/Hal and x-CMO/Kln referred to the 

loading percentage of CMO on Hal or Kln, x=20%, 40%, and 60%.  

 

In order to evaluate the effects of CMO content towards the reaction, the x-CMO/Hal 

series were utilized for detailed characterizations and the results of XRD, FESEM, 

HRTEM, EDS mapping, XPS, and BET were provided in this chapter. 

 

On the other hand, in order to further investigate the impacts from Hal and Kln 

substrates towards the working activity of the composite catalysts, the one with the best 

working performance in the x-CMO/Hal series, 40-CMO/Hal, was chosen, while the 

corresponding 40-CMO/Kln and bare CMO were being compared. The working data 

of the chosen x-CMO/Hal was provided in detail in later chapters. For convenience 

expression, 40-CMO/Hal and 40-CMO/Kln were abbreviated as CMO/Hal and 

CMO/Kln.   

 

In addition, characterizations of the LCO catalyst including its crystal structure, 

morphology, surface composition, and chemical valence, etc., were also determined and 

analysed independently here in this chapter, part 4.3.  
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4.2 Results and discussion: CMO catalysts 

4.2.1 XRD results of the catalysts 

The XRD pattern of bare CMO (Fig. 4-1) indicates the successful synthesis of pure 

spinel CoMn2O4 with the diffractions 2θ at 18.2o (101), 29.4o (112), 33.4o (103), 36.1o 

(211) and 39.6o (004) (JCPDS No. 77-0471). The rest XRD patterns with diffraction 2θ 

at 12.4° (001), 19.9° (020) and 24.8° (002) well match to halloysite (JCPDS No. 29-

1487), while those 2θ at 12.3° (001), 20.3° (1,-1,0), 24.9° (002), 37.7° (003), 39.0° (-

113) and 61.2° (3,-1,1) are readily indexed to kaolinite (JCPDS No. 14-0164). After the 

loading of CMO on Hal, the XRD patterns of these composite all displayed a two-phase 

diffraction spectra constituting both CMO and clay minerals with little impurities, 

indicating the successful immobilization of CMO on either Hal or Kln. Besides, with 

the increasing of CMO loading (e.g., x), the intensities of x-CMO/Hal strengthened 

gradually, spontaneously with a growing full width at half maximum (FWHM). 

However, comparing to bare CMO, the XRD signals of CMO loaded on either Hal or 

Kln were much weaker but with a wider FWHM, indicating a better dispersion and 

lower crystallinity of CMO on the clay matrices. The average crystalline size of CMO 

within the x-CMO/Hal was calculated based on the Debye Scherrer equation after 

deconvolution by the Rietveld peak-shape function, through which the contribution of 

clay mineral substrate and CMO domain was determined based on peak broadening 

(Ghanbari et al., 2021). The average crystalline size of bare CMO, 20, 40, and 60-

CMO/Hal were determined as ~44.5 nm, ~8.9 nm, ~12.1 nm, and ~ 22.7 nm. 
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Fig. 4-1 XRD patterns of (a) bare CoMn2O4 and x-CMO/Hal (x= 20, 40 and 60) catalysts, and 

(b) bare CMO, Hal, Kln, CMO/Hal and CMO/Kln. 

 

Furthermore, for the chosen CMO/Hal, its insignificant diffractions of CMO comparing 

to either bare CMO or CMO/Kln designated for comparison all suggested the forming 

of amorphous phase or nanocrystals on it (Fig. 4-1b). The XRD patterns of both 

CMO/Hal and CMO/Kln showed slight shift to higher angle, indicating the lattice 

changes of Hal or Kln during the integration of CMO (Li, X. et al., 2018). Comparing 

to bare Hal, the diffraction intensity of Hal within CMO/Hal showed significant 

reduction in the (110) plane near 2θ = 20°, while the disappearance of two diffraction 

peaks in the range of 2θ = 21°-25°. This is probably ascribed to the decrease in 

crystallinity of Hal during the preparation (Zheng et al., 2020). As calculated by 

Scherrer formula on most intense diffraction of CMO (2θ= 36.1°), the average grain 

size of pure CMO, and CMO on Kln and Hal are 44.5, 22.5 and 12.1 nm, respectively. 

Thus, the loading on both Hal and Kln both significantly decreased the crystallinity and 

average particle size of CMO, while this effect was far more obvious on Hal than Kln 

(Tung et al., 2009). 
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4.2.2 Morphology of the catalysts 

4.2.2.1 FESEM 

For the morphology of bare CMO (Fig. 4-2a), the ~ 60 nm particles showed regular 

cube shape with obvious agglomeration. This can be explained by the fact that CMO 

particles tended to form bulk crystals during the homogeneous precipitation process, 

which also account for the sharp reflections with high intensity of its XRD patterns. 

Pristine Hal presented a one-dimensional tubular shape with smooth surface, while Kln 

showed a lamellar morphology (Fig. 4-2b and c). After the attachment of CMO on Kln 

and Hal surface, dispersion of CMO particles is promoted significantly with obvious 

decrease in grain size and aggregation, while the morphology of clay matrices keeps 

stable (Figs. 4-2f and g). This is consistent with the XRD results.  

 

The Hal in 20-CMO/Hal and 40-CMO/Hal retains the tubular morphology but the 

surface of Hal is clearly rough because of uniform distribution of CMO particles (Fig. 

4-2d and f). However, the grain size of CMO loaded on Hal is much smaller than bare 

CMO. Thus, Hal carrier successfully hindered the long-range ordering in unidirectional 

crystallization of CMO nanoparticles. However, with the increasing content of CMO 

on Hal, obvious assemblage of CMO was observed, especially on 60-CMO/Hal. This 

thick wrap on Hal suggests that high loading content greatly suppresses the uniform 

distribution of CMO nanoparticles (Fig. 4-2e). On the contrary, the particles tend to 

attach on the lamellar surface of Kln rather than crystal edges, with more severe 

agglomeration than those on Hal (Fig. 4-2g). These revealed the successful 

immobilization of CMO on the surface of Hal and Kln.  
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Fig. 4-2 FESEM images of bare CMO (a), Hal (b), Kln (c), 20-CMO/Hal (d), 60-CMO/Hal (e), 

(40-) CMO/Hal (f), and (40-) CMO/Kln (g). 

 

4.2.2.2. HRTEM, SAED, and EDS 

HRTEM and SAED were conducted to further investigate the morphology, crystallinity 

and distribution of CMO particles on Kln and Hal. The image of bare Hal exhibits one-

dimensional tubular morphology with smooth surface, open ends and hollow cavity 

(Fig. 4-3b), while bare Kln appears as stacking sheets with smooth and well-defined 

edges (inset in Fig. 4-4d). After the loading of CMO, the surface of Hal nanotubes looks 

rough with several agglomerated particles, and the open ends of the nanotubes are even 

occasionally blocked (Fig. 4-3). Additionally, a few CMO particles are found in the 

lumen of Hal in 20-CMO/Hal (Fig. 4-3c). But with the increment of loading content, 

CMO particles gradually agglomerate on the external surface of Hal. Especially for 60-

CMO/Hal, some large agglomerates even mix with Hal (Fig. 4-3f). Although the 
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excessive loading of CMO leads to serious agglomeration, their grain size is still 

smaller than bare CMO, which is in accord with the SEM observation (Fig. 4-2).  

 

 
Fig. 4-3 HRTEM images of bare CMO (a), Hal (b), 20-CMO/Hal (d), 40-CMO/Hal (c, e), and 

60-CMO/Hal (f). 

 

On the contrary, the particles tend to attach on the lamellar surface of Kln rather than 

crystal edges, with more severe agglomeration than those on Hal (Fig. 4-4d). These 

again revealed the successful immobilization of CMO on the surface of Hal and Kln. 

The lattice fringes of CMO on both Hal and Kln show various orientations with 

abundant boundaries (Figs. 4-4b and e), and the inter-planar space well corresponds 

with the planes of spinel structure. The dihedral angles between the exposed facets 

agree with the theoretical values, i.e., 19.8° for (312) and (213) planes, 53.4° for (202) 

and (220) planes, and 89.9° for (200) and (004) planes. Interestingly, distorted fringes 

and several point defects are presented at the lattice boundaries, which is probably 

attributed to the presence of oxygen vacancies (Sadighi et al., 2017). Compared to 

CMO/Kln, the point defects are more frequently found in CMO/Hal, probably due to 
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the smaller crystal size. Moreover, the higher crystallinity of CMO/Kln is also reflected 

by lattice fringes, as the patterns are far more defined and clearly visible with distinct 

boundaries (Tian et al., 2021). This is also verified by the selected area electron 

diffraction patterns (SAED, Figs. 4-4c and f), as CMO/Kln and CMO/Hal both display 

continuous rings characteristics of polycrystalline phase (Archana et al., 2009). 

However, CMO/Kln with the enhanced crystallinity shows clear diffraction pattern with 

bright and random dots (Ramakrishna et al., 2010), while CMO/Hal presents thick rings 

with weak reflection halo and almost no diffraction spots. The EDS mappings further 

confirmed the homogeneous dispersion of Co and Mn on the surface of Hal and Kln 

(Fig. 4-5). 

 

 
Fig. 4-4 HRTEM images of CMO/Hal (a–b) with raw Hal inserted in (a), CMO/Kln (d-e) with 

raw Kln inserted in (d), and SAED patterns of CMO/Hal (c) and CMO/Kln (f). 
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Fig. 4-5 EDS mapping of CMO/Hal (a-d) and CMO/Kln (e-h). 

 

4.2.3 Surface chemical properties of the catalysts 

The surface properties including element composition and chemical states were 

analyzed by XPS (Fig. 4-6). The peaks indexed to Co, Mn and O are clearly 

distinguished (Fig. 4-6a), while Si and Al are additionally found in those with clay 

matrices. The surface molar ratio of Co/Mn in bare CMO, CMO/Hal and CMO/Kln 

were 0.53, 0.52 and 0.48, respectively, close to the feed ratio (0.5). This also confirms 

the successful synthesis of CMO on Hal and Kln (Liu, L. et al., 2019).  

 

The Co 2p spectra are similar among the catalysts, but slight shifts were observed in 

those with clays (Fig. 4-6b). The spectra could be divided into two major peaks with 

binding energies at around 779.5 and 781.6 eV, corresponding to Co2+ and Co3+, 

respectively. The satellite peaks derived from Co 2p 1/2 at 796.9 and 794.8 eV are 

assigned to tetrahedral Co3+ and Co2+, respectively (Wang, Yiping et al., 2020). Thus, 

Co presents a mixed valence of +2 and +3, where Co2+ takes the dominance. The 

relative ratio of Co2+/Co3+ in CMO/Hal (0.63:0.37) and CMO/Kln (0.59:0.41) are 
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higher than that in CMO (0.57:0.43). 

 

The Mn 2p spectra could be fitted into three peaks at ca. 640.1, 641.1, and 643.5 eV, 

indicating the coexistence of octahedral Mn2+, Mn3+ and Mn4+ (Fig. 4-6c) (Yang et al., 

2018; Zhao et al., 2020). The surface molecular ratio of (Mn2++Mn3+)/Mn4+ decreases 

in the order of CMO/Hal > CMO/Kln > bare CMO.  

 

The fitting results reveal that more Co and Mn with low oxidation state, i.e., Co2+ and 

Mn2+, are produced when CMO particles is loaded on clay mineral substrates. These 

finding may result from three aspects: 1) the existence of Hal and/or Kln physically 

prevent the oxidation of Co and Mn by O2 in calcination through steric hindrance, 2) 

the charge redistribution between Co and Mn with surrounding SiO4 or AlO4 in mineral 

substrates, and 3) the nitrate precursors in low crystallinity tends to the formation of 

low-valent cations (Kaddouri and Mazzocchia, 2004; Kapteijn et al., 1994). 

 

In the O 1s spectra (Fig. 4-6d), the fitted peaks at ca. 532.6, 531.1 and 529.9 eV are 

assigned to physically adsorbed oxygen (Oads), surface hydroxyls (OOH) and lattice 

oxygen (OL), respectively (Peng et al., 2018). Comparing to bare CMO with abundant 

OL, the percentage of Oads apparently increase in CMO/Kln and CMO/Hal, indicating 

their abundant hydroxyl groups. For CMO loaded on either Kln or Hal, however, the 

peak of Oads (532.5 eV) was broadened and shifted to lower binding energy. On one 

hand, the coexistence of Co, Mn, Si and Al is ascribed to the loading of CMO particles 

on clay mineral substrates (Zhang et al., 2014). On the other hand, the broadening and 

shift of O 1s spectra for CMO/Hal and CMO/Kln are due to the strong interaction 

between CMO and clay mineral substrates (Sun, Q. et al., 2021; Zhang et al., 2021). 
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In terms of the Al 2p and Si 2p spectra, the FWHM slightly reduces after CMO loading 

on Hal and Kln (Fig. 4-6e and h), probably ascribed to the interaction between CMO 

and Hal/Kln (Kendelewicz et al., 2013; Reddy et al., 2001). Compared to Hal, an 

obvious shift towards lower binding energy is found in Si 2p spectrum of CMO/Hal, 

while that of Al 2p shows almost no changes. Thus, the higher electron density near Si-

O bond rather than Al-O one, implies that CMO tended to attach on the outer surface 

of Hal exposed by Si-O group instead of entering into its lumen with the exposure of 

Al-O group. By contrast, moderate shifts are found in both Si and Al 2p spectra in 

CMO/Kln relative to those of Kln. But the shift towards the higher binding energy side, 

as well as an small shoulder peak appear in the Al 2p spectra of CMO/Kln, imply the 

additional chemical interactions between CMO and Al-O groups other than Si-O ones 

(Fig. 4-6h) (Zhang et al., 2021). 

 

 
Fig. 4-6 XPS spectra of survey (a), Co 2p (b), Mn 2p (c), and O 1s (d) for bare CMO, CMO/Hal 

and CMO/Kln; Si 2p (e) and Al 2p (f) for CMO/Hal and raw Hal; and Si 2p (g) and Al 2p (h) 

for CMO/Kln and raw Kln. 
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4.2.4 Texture and pore structure of the catalysts 

The N2 adsorption-desorption isotherms and pore size distribution of all the samples 

are characteristic of IV type with typical H3 hysteresis loop (Fig. 4-7). This indicates 

the dominance of mesoporous structure in these catalysts, which is beneficial for the 

uniform dispersion of CMO particles.  

 

As for the x-CMO/Hal series, 40-CMO/Hal possesses the largest specific surface area 

(SSA) and the maximum pore volume, revealing the uniform distribution of CMO 

particles on Hal. This helps to enlarge the contact area of the catalyst and provides more 

reaction sites. But significant decrease of SSA appears at 60-CMO/Hal, probably 

related to the severe accumulation of the CMO nanoparticles on Hal, as illustrated by 

FESEM and HRTEM (Figs. 4-2 and 4-3). Yuan et.al reported that Hal revealed two 

primary populations in the pore size distribution, corresponding to the peaks at 3.4 and 

11.2 nm, which are the spaces between particles in bundles or lumen with partially 

closed openings, and the lumen of Hal, respectively (Yuan et al., 2012). For x-CMO/Hal, 

with the increase of CMO content, the pore volume centered at 3.4 nm decreases, 

suggesting the gradual fulfillment of CMO in the spaces among Hal. But the volume of 

pores at 11.2 nm increases with the rising of x. This might be ascribed to the partial 

blockage by CMO particles entering the cavity, as HRTEM observation (Fig. 4-3). 
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Fig. 4-7 N2 adsorption and desorption isotherms, and BJH pore size distribution plots of (a) 

bare CMO, Hal, and x-CMO/Hal series, and (b) bare CMO, CMO/Hal, CMO/Kln and raw clay 

minerals.  

 

The shape of CMO/Hal and CMO/Kln in Fig. 4-7 (b) showed little differences from 

bare Hal and Kln; thus the impact of CMO loading on porosity is almost neglectable 

(Iatalese et al., 2019). But the SSA of CMO/Kln and CMO/Hal were higher than bare 

CMO and their corresponding matrices (Table 4-1), with a slightly reduced pore volume. 

This would possibly be advantageous for the adsorption and enrichment of 

contaminants in the degradation. 

 

Table 4-1 Specific surface area and pore volume of the catalysts and raw materials 

 CMO 20-

CMO/Hal 

(40-) 

CMO/Hal 

60-

CMO/Hal 

(40-) 

CMO/Kln 

Hal Kln 

a SSA/m2 g-1 26 60 66 53 28 58 27 

b Pore 

volume (cm3 

g-1) 

0.18 0.35 0.38 0.24 0.11 0.32 0.15 

 

a Specific surface area obtained by BET method at P/P0 0.05–0.25. 
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b Total pore volume calculated from P/P0 at 0.99. 

 

4.2.5. Defects and oxygen vacancies 

EPR was performed to analyze the formation of OVs in the structures of bare CMO, 

CMO/Kln and CMO/Hal (Fig. 4-8). The obtained spectra exhibited single characteristic 

signal, indicating the existence of individual defect. The calculated g-factors were close 

to 2.008, well corresponding to the electrons trapped in OVs (Kang et al., 2021). Based 

on the intensities and integral areas of EPR signals, CMO/Hal has higher content of 

OVs, followed by CMO/Kln and CMO. This is consistent with their variation of 

(Mn2++Mn3+)/Mn4+, in light of the fact that higher percentage of Mn cations with lower 

valence facilitates the formation of more OV (Kim and Shim, 2010). Thus, the presence 

of clay substrates create more OVs.  

 

The abundant hydroxyl groups on the surface of Hal and Kln played important roles in 

the induction and modification of OVs within the composite catalysts, as they showed 

Lewis acidity/basicity with high activity (Zhu, Chengzhang et al., 2020). During the 

co-precipitation and calcination fabrication processes, hydrated CMO clusters could be 

strongly bonded to the hydroxyl surface of the minerals through surface hydrogen 

bonding, charge transfer and proton diffusion between neighboring hydroxyls. Then, 

partial dehydration between CMO and mineral substrates occurred during the 

calcination, leading to the generation of OVs (Li, X. et al., 2020). 
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Fig. 4-8 EPR spectra of bare CMO, CMO/Hal and CMO/Kln. 

 

Similar phenomena were also reported by other studies. For example, the content of 

OVs in Co3O4/Kln composite was significantly higher than bare Co3O4, from DFT 

calculation, the formation energy of OVs was much higher within bare Co3O4 than those 

on Kln (Zhao, Q. et al., 2019). Moreover, OVs showed lower formation energy at O 

sites surrounded by Si atoms than those with Al atoms (Chokawa et al., 2020). This 

accounts for the higher content of OVs of CMO/Hal than CMO/Kln, since Hal only had 

Si-O bond exposed, while Kln exposed Si-O and Al-O half each, turning the formation 

of OVs more difficult. Furthermore, the significantly higher crystallinity of CMO/Kln 

than CMO/Hal also resulted in its insufficient OVs content, as increasing crystallinity 

would retard the formation of OVs (Guan et al., 2019). Therefore, the introducing of 

Hal and Kln matrices was applicable in providing a new alternative to enhance the 

generation of OVs on CMO catalysts, and Hal with more Si-O exposure showed 

superior improvement than Kln. 

 

4.2.6. Point of zero charge (pHpzc) of the catalysts 

The pzc of the catalysts were determined through the measurement of zeta-potential 
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within the pH range of 3-10 using a zetasizer (Malvern) based on the Smoluchowski 

equation. The pH of the solution which contained a reasonable amount of catalysts was 

adjusted by NaOH and H2SO4. The pHpzc value of CMO/Hal and CMO/Kln were 

determined as around 6.2 and 5.5, separately according to Fig. 4-9.   

 

 

 
Fig. 4-9 Zeta potential of CMO/Kln and CMO/Hal 

 

4.3 Results and discussion: LCO catalyst 

4.3.1 Characterisation of LCO catalyst 

Fig. 4-10a shows the XRD pattern of the prepared LCO catalyst. All the characteristic 

peaks correspond to the cubic LCO perovskite. For example, the characteristic 

diffraction peaks at 2θ = 23.2 °, 32.9 °, 33.3 °, and 47.5° correspond to the hexagonal 

LCO (JCPDS25-1060). It is clear that except for the lanthanum cobaltate perovskite 

phase, common oxide impurities, such as Co3O4 and La2O3, are not formed. The sharp 

diffraction peak and large peak intensity can be interpreted as good crystallinity of LCO. 

The mean crystallite size, calculated by the Scherrer equation, is 21 nm. 
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Fig.4-10 (a) XRD patterns of the fresh and reacted LaCoO3; (b–c) HRTEM images of LaCoO3 

particles; (d–g) the EDS mapping of LaCoO3 (d), La (e), Co (f) and O (g). 

 

The morphology of the synthesised LCO was characterised by HRTEM (Fig. 4-10, b-

c). The particle size (27 nm) observed in the TEM image was larger than the crystal 

size (21 nm), which indicates possible agglomeration. The HRTEM image shows the 

single-crystal nature of the LaCoO3 perovskite. The interplanar spacing is 

approximately 2.73 Å, corresponding to the hexagonal LaCoO3 (110) crystal plane. 

From the EDS analysis (Fig. 4-10, d-g), it is clear that the principal components consist 

only of La, Co, and O, which are dispersed evenly. In addition, the molar ratio of La to 

Co was 1. All the above analyses indicate that the valence of cobalt ions in LCO is +3. 

 

The chemical states of LCO as well as the surface element composition were verified 

by XPS (Fig. 4-11). In case of Co, the binding energies of LCO are 779.8 and 795.0 eV, 

corresponding to the 2p 3/2 and 2p 1/2 orbits of Co3+, respectively (Zhu, C. et al., 2020). 

The difference in the orbital binding energy between 2p 3/2 and 2p 1/2 of Co3+ is 15.2 
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eV. In addition, the satellite peak that appears at 790 eV confirms that the cobalt ion in 

the LCO exists in the form of +3 valence (Zhu, C. et al., 2020). In addition, since the 

oxygen species on the catalyst surface has an important effect on the catalytic oxidation 

performance, it is necessary to analyse the O 1s spectrum. The binding energies at 528.6, 

531.1 and 533.1 eV correspond to lattice oxygen, surface adsorbed oxygen (Oads, O
−, 

or O2−), and molecular water adsorbed on the catalyst surface, respectively (Lu et al., 

2018; Merino et al., 2006). Both O− and O2− species are strongly electrophilic species, 

which can attack the target compound, especially at locations with high electron density 

in the molecule. They can destroy the carbon skeleton, and subsequently, the compound 

or its fragments can be further oxidized via heterogeneous oxidation at the catalyst 

surface, to generate carbon dioxide and water. 

 

 
Fig. 4-11 XPS spectra of LCO (a) a full range scan of the samples; (b) Co 2p core level; (c) O 

1s core level 

 

4.4 Summary 

In this chapter, the characterizations of the obtained CMO based catalysts, i.e., 

morphology, crystal structure, surface chemical properties and structural defects, were 

revealed in detail separately. The morphology results provided mainly by SEM and 

HRTEM images implied that the loading of CMO nanoparticles posed negligible effects 
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on the structure and shape of either Hal or Kln. The presence of Hal and Kln substrates 

was beneficial in: 1) regulating the grain size and crystallinity of CMO particles, and 2) 

promoting the specific surface area by the evenly distribution of CMO particles. This 

was probably caused by the suppressed long-range ordering in unidirectional 

crystallization of CMO nanoparticles. The smaller particle size with reduced 

crystallinity also helped to provide more reactive sites by forming into several indistinct 

lattice boundaries. Furthermore, the presence of Hal and Kln also helped to induce more 

oxygen vacancies (OVs) within the composite catalysts, which might promote their 

catalytic activity by providing more active sites or accelerating electron transfer.  
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Chapter 5 Removal of carbamazepine using 

PMS activated by x-CMO/Hal 

5.1 Introduction 

Carbamazepine (CBZ) is an antiepileptic drug which is widely used for the treatment 

of psychomotor and grand mal seizures induced by epilepsy and bipolar disorders due 

to its efficacy and acceptable safety profile (Harkin and Hopkinson, 2010; Zhou et al., 

2010). Due to its high use all over the world and an extremely half-life (82 ± 11 days) 

in the environment, CBZ has been frequently detected in various water matrixes 

including surface water, wastewater, and seawater in countries located in Asia, America, 

and Europe (Brandão et al., 2013; Wang and Zhou, 2016). What makes the situation 

worse is that CBZ of high persistence and can hardly be removed by traditional 

wastewater treatment plants, and a higher CBZ concentration was even detected in the 

effluent of a sewage treatment plant (STP) than that in its influent (Zhou et al., 2010). 

Furthermore, CBZ in aqueous environment can be accumulated through food chain by 

ingestion, which can in turn lead to some unexpected ecological and evolutionary 

modifications towards organism behavior, or even interfere the aquatic community 

compositions (Brodin et al., 2013; Shenker et al., 2011). It was reported that the 

exposure of zebrafish embryos to environmentally relevant concentrations (1-5 lg L-1) 

of CBZ could accelerate its embryonic development, cause impaired expression of 

important neuron developmental genes, and further disturb the behaviors of the larvae 

(Qiang et al., 2016).  

 

The removal and decomposition of CBZ from aqueous environment has received great 
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concern and a large number of different attempts have been performed to alleviate its 

impact. In this chapter, the x-CMO/Hal catalysts with different CMO content obtained 

before was adopted as PMS activator for the removal of CBZ from water, and the one 

with the best degradation performance was chosen for detailed studies later. The effects 

of working parameters including the concentration of CBZ and PMS, and the initial 

working pH towards the degradation of CBZ were investigated thoroughly. The 

possible intermediates generated during the decomposition of CBZ were provided 

based on the LC-MS results and the mineralization of CBZ was determined using TOC 

tests. The potential PMS activation mechanism was proposed based on the results of 

traditional trapping experiments and EPR results. Finally, the reusability and stability 

of the chosen catalyst was investigated through recycle experiments, ICP tests and XRD 

results. 

 

5.2 Results and discussion 

5.2.1 Catalytic performance of the x-CMO/Hal series     

Before the degradation, the adsorption ability of bare CMO, Hal, and x-CMO/Hal 

catalysts was tested towards CBZ for 30 min at pH 5.8 (Fig. 5-1). Among them, 20-

CMO/Hal and 40-CMO/Hal exhibited the highest adsorption ability at 6.2% and 6.7%, 

respectively; followed by Hal, 60-CMO/Hal and CMO. Such different adsorption 

performances should be ascribe to the difference in specific surface area. This also 

indicates that the contribution of adsorption on the removal of CBZ is quite low. 
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Fig. 5-1 Adsorption kinetics of CBZ by bare CMO, HNT and x-CMO/HNT series 

General working conditions: [CBZ]= 21.16 μM, [PMS]= 0.1 mM, [catalyst]= 200mg L-1, 

pH=5.8. 

 

After the addition of PMS into Hal suspension, the removal of CBZ did not change 

obviously (Fig. 5-2a). But the mixture of PMS with x-CMO/Hal resulted in a fast 

degradation of more than 80% of CBZ within 20 min. This reveals that CMO acted as 

the main active ingredient of x-CMO/Hal possessing effective PMS activation ability. 

All the degradation well followed the pseudo first-order kinetics (Fig. 5-2b, R2>0.97).  

 

-ln(C/C0) = kobst                                                (5-1) 

 

where C0 and C are the concentration of CBZ at the initial time and instant t, μM, 

and kobs is the kinetic rate of constant, min-1. 

 

The reaction rate constant (kobs, min-1) could be determined from Eq. (5-1). It’s not 

surprise that the fastest decay was observed with bare CMO (kobs=0.174 min-1) without 

using supporting carrier. Among the synthetic catalysts, 40-CMO/Hal (kobs=0.168 min-

1) exhibits the next highest catalytic performance than the others, and is almost 
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comparable to the bare CMO. 60-CMO/Hal with the high CMO loading exhibited a 

relatively poor catalytic activity (kobs=0.097 min-1). Based on the FESEM and HRTEM 

(Figs. 4-2 and 4-3), this is probably ascribed to serious clustered morphology by the 

over loading of CMO, which decreases the active sites.  

 

 
Fig. 5-2 CBZ degradation performances with: (a-b) CMO, Hal, x-CMO/Hal series and their 

corresponding pseudo first order kinetic curves, (c) combination of CMO and Hal, and (d) CMO 

equivalent conditions. ([20-CMO/Hal] = 400 mg L-1, [40-CMO/Hal] = 200 mg L-1, [60-

CMO/Hal] = 133 mg L-1, [CMO] = 80 mg L-1). 

General working conditions: [CBZ] = 21.16 μM, [PMS] = 0.1 mM, [catalyst] = 200 mg L-1, pH 

= 5.8. 

 

Since x-CMO/Hal was a composite, it will be interesting to distinguish the contribution 

of Hal and CMO on CBZ removal. Comparing with the x-CMO/Hal (Fig. 5-2a), 

significant decrease in the removal efficiency was observed with the physically mixed 

(i.e. no chemical bonding) of same dosage of CMO and Hal, though the removal was 
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gradually enhanced with the increase of CMO dosage (Fig. 5-2c). This infers that strong 

catalytic activity of x-CMO/Hal is originated from the interaction between CMO and 

Hal. 

 

When the activity of catalysts was compared in Fig. 5-2a, the dosage of bare CMO and 

x-CMO/Hal was the same. Thus, the superior performance of bare CMO is largely 

attributed to its high purity, i.e., the 100% of active ingredient without any carrier. Thus, 

another series of experiments was carried out with the addition of equivalent CMO. At 

this time, the dosage of bare CMO and x-CMO/Hal was determined separately by the 

equivalent weight of CMO ingredient (Fig. 5-2d). Under these circumstances, the 

obvious gap in the degradation performances can be seen among different catalysts. 

The removal of CBZ using bare CMO decreased significantly comparing to those of 

the rest catalysts, with only about 30% of CBZ removed by bare CMO. However, the 

performance of 40-CMO/Hal and 20-CMO/Hal was comparable, with the capability to 

completely remove CBZ. This is probably related to their larger volume (and/or surface) 

of 20-CMO/Hal and 40-CMO/Hal, which significantly improved the contacts among 

the catalyst, PMS, and CBZ.  

 

The retarded reaction efficiency of 60-CMO/Hal was observed again, which could be 

attributed to the aggregates with larger grain size, and seriously clustered CMO 

particles piled on Hal. Therefore, the active sites on the catalysts would be blocked. The 

above results further illustrated that the activity of CMO for PMS activation could be 

enhanced significantly through their anchoring on Hal carriers. The Hal is able to 

control the grain size, suppress the unidirectional crystallization, and promote the 

evenly dispersion of CMO with an enlarged specific surface area and pore volume, 
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which helps to enhance the exposure of more reactive sites. 

 

The intermediates and transformation products during the degradation of CBZ was 

monitored by LC-MS analysis as indicated by Fig. 5-3. Based on the m/z of the results, 

three different degradation pathways of CBZ were proposed with about ten 

intermediates detected. The main processes included were oxidation, hydrolysis and the 

cleavage of rings. At first, the oxidation of CBZ led to the formation of the two 

intermediates, among which P1 might result from the attack of O2˙
ˉ and P2 was more 

likely to be associated with OH˙. The further hydrolysis and ring cleavage on the 

heterocyclic ring of CBZ led to the formation of P4 and P5 separately. Then P7 could 

be formatted from both P4 and P5 by ring contraction reaction, turning the heptagonal 

ring into the hexagonal one, then further generated other fragments with losses of 

groups like amino and carbonyl, resulting in the gradual decrease of molecular mass. 

The formation of P3 was due to the direct cleavage of the heterocyclic ring of P1, 

leading to the further formation of P6 through intermolecular reaction by the 

recombination of amino and carbonyl. The above intermediates would still undergo the 

processes mainly ring cleavage with the attack of ROSs, generating some short chain 

organics like propionic and fumaric acid. Based on the TOC test illustrated in Fig. 5-4, 

the mineralization of CBZ could achieve to about 60% under the PMS/catalyst system 

activated by either CMO or 40-CMO/Hal, which meant, most of the organics within the 

degradation process was able to turn into inorganics like CO2 and H2O. Therefore, it 

was feasible to infer that the majority of the short chain organics generated at the later 

stage of CBZ degradation could be mineralized completely.  
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Fig. 5-3 Intermediates and potential degradation pathway of CBZ in PMS oxidation process 

activated by 40-CMO/Hal 
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Fig. 5-4 Removal of total organic carbon (TOC) using PMS activated by 40-CMO/Hal and bare 

CMO  

 

5.2.2 Effects of working parameters towards CBZ 

degradation 

5.2.2.1 Effect of PMS dosage  

It was obvious that the removal efficiency of organic compounds within the catalytic 

degradation was largely depended on the concentrations of PMS and the compound 

itself. The catalytic performances of 40-CMO/Hal improved gradually with the 

increasing of PMS concentration within the range of 0.05 to 1.0 mM, as indicated by 

Fig. 5-5a, as the removal of CBZ rose from about 60% to almost 100%. However, when 

the dosage of PMS was raised to more than 1.5 mM, the removal of CBZ was slightly 

retarded than using 1.0 mM PMS, and the situation went even worse when PMS dosage 

rose again to 2.5 mM, as only 90% of CBZ could be degraded. This phenomenon could 

be explained by the scavenging effect from HSO5ˉ
 to the generated SO4˙ˉ, as overdosed 

HSO5ˉ would compete with CBZ for SO4˙ˉ. Since more than 70% of CBZ initiated at 

63.48 μM could still be removed by 0.1 mM PMS activated by 40-CMO/Hal, the PMS 

dosage was finally determined as 0.1mM, under which CBZ could be removed 
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sufficiently with the maximized utilization of PMS. The retarded catalytic performance 

with the increasing of CBZ, as illustrated by Fig. 5-5b, could be explained easily by the 

restricted amount of ROSs generated from PMS and the limited active sites on the 

catalysts.  

 

 

Fig. 5-5 Effects of (a) PMS concentration, and (b) CBZ concentration on the degradation of 

CBZ using PMS activated by 40-CMO/Hal. 

General working conditions: [CBZ]= 21.16 μM, [PMS]= 0.1 mM, [catalyst]= 200 mg L-1, 

pH=5.8. 

 

5.2.2.2 Effect of pH on the catalytic degradation   

The working pH played an important role in the heterogeneous catalytic performance 

of the catalyst/PMS system since it might interfere PMS decomposition and the 

transformation of organic compounds (Ren et al., 2021). The pH of the working solution 

was adjusted by H2SO4 and NaOH. Fig. 5-6 revealed that the highest degradation 

efficiency of CBZ using 40-CMO/Hal appeared at pH=5.8, a weakly acidic 

environment. Inhibitions were found when the working pH was strongly acidic or basic, 

while the removal of CBZ was still effective at a near neutral pH (pH=7.5).  
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Fig. 5-6 Effect of initial working pH on CBZ degradation using PMS activated by 40-CMO/Hal 

 

The degradation performance of AOPs was closely related to the generation of ROSs 

like OH˙ and SO4˙ˉ, which was seriously affected by working pH. The pKa1 and pKa2 

of PMS were <0 and 9.4, separately, indicating that HSO5ˉ was the dominant existing 

form within the pH range of 0 and 9.4, and SO5
2ˉ with less catalytic activity at pH over 

9.4 (Dong et al., 2019; Zhu, M.-P. et al., 2020). Under strong acidic pH circumstance 

like pH=3.5, SO4˙ˉ might be scavenged by H+, leading to the retardation of CBZ 

degradation. When the working pH was over 10, the main existing form of PMS was 

expected to transform from HSO5ˉ to SO5
2ˉ (Eq. (5-2)) (Dong et al., 2019). At the same 

time, massive OH˙ would be generated from SO4˙ˉ and played the dominant role instead 

of SO4˙ˉ
 in the removal of CBZ, as indicated by Eqs. (5-3)-(5-4). However, the 

oxidation capacity of OH˙ was much weaker than SO4˙ˉ, which also interfered the 

degradation efficiency (Li, J. et al., 2018). 

 

HSO5ˉ + OHˉ → SO5
2ˉ + H2O     (5-2) 

SO4˙ˉ+ H2O → SO4
2ˉ + OH˙ + H+     (5-3) 

SO4˙ˉ + OHˉ → SO4
2ˉ + OH˙     (5-4) 
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Except for the two pKa s of PMS, the point of zero charge (pHpzc) of the catalysts and 

the existing form of CBZ also had an impact on the degradation efficiency. The pHpzc 

of 40-CMO/Hal was at around 6.5, as indicated in Fig. 4-9. The pKa of CBZ (13.1) and 

PMS (pKa1 <0, pKa2=9.4) implied that CBZ and PMS both carried negative charge 

within the pH range 3-10. When the working pH was 5.8, the positive surface charge 

of the catalyst accelerated its contact efficiency with HSO5
ˉ, therefore promoting the 

decomposition of PMS and generating ROS sufficiently. When working pH rose to 7.5, 

a little over than the pHpzc of the catalyst, although both the catalyst and HSO5
ˉ carried 

negative charge, the mutual repulsion between them was much lower comparing to 

other higher working pHs. Thus, 80% of CBZ could still be degraded under this 

situation.  

 

In general, the optimum pH for the degradation of CBZ under the combination of PMS 

and 40-CMO/Hal catalysts was from weak acidic to neutral, which was close to the 

pHpzc of the catalyst and could help to keep the stability of HSO5ˉ. 

 

5.2.3 Change of pH and residue PMS concentration during 

CBZ degradation  

Furthermore, the change of solution pH during the removal of CBZ was also measured 

(Fig. 5-7a). Except for pH=10.4, the initial pH of the rest ones dropped slightly at 

different extent in the first 5 min, which might be caused by the hydrolysis of PMS and 

the generation of low molecular organic acids as the intermediates/end products (Yin et 

al., 2021). This was further confirmed by monitoring the residue PMS through the 
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whole reaction, as its concentration dropped dramatically in the first 10 minutes and 

then followed by a tailing to the end (Fig. 5-7b). The generation process of OH˙ by 40-

CMO/Hal, bare CMO and bare CMO with equivalent weight of 40-CMO/Hal was 

provided in Fig. 5-7c. It was clear that the OH˙ generated in the reaction by the two 

catalysts at same dosage (200 mg L-1) showed unobvious differences at the end of the 

degradation but with a gradually slowed-down trend. However, when the dosage of bare 

CMO was equivalent with that in 40-CMO/Hal (40% for 200 mg L-1, which was 80 mg 

L-1), OH˙ generation efficiency was significantly lowered, which partly accounted for 

its insufficient working performance. The above results revealed that 40-CMO/Hal 

maintained comparative OH˙ generation ability with bare CMO but it only needed 40% 

of metal during synthesis than its rival.   

 

 

Fig. 5-7 Change of solution pH during CBZ degradation (a), residue PMS with different 

catalysts analyzed by spectrophotometric method (b), and OH˙ accumulation during CBZ 

degradation using different catalysts. 

 

5.3 Reactive oxygen species and activation mechanism 

of PMS 

The contributions of reactive oxygen species (ROS) were determined by traditional 
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trapping experiments with MeOH, TBA, NaN3 and BZQ as scavengers. The reaction 

rate constants of them towards the specific ROS were provided in Table 5-1.  

 

Table 5-1 Summary of the scavengers and their target ROSs 

Scavenger Target ROSs Reaction rate / kobs References 

Tert-butyl alcohol 

(TBA) 

OH˙ k OH˙ = (3.8–7.6) × 108 M−1 ⋅ s −1 

k SO4˙−= (4.0–9.1) ×105 M−1 ⋅ s −1 

(Dong et 

al., 2021) 

Methanol 

(MeOH) 

OH˙, SO4˙− k OH˙ = (1.2–2.8) × 109 M−1 ⋅ s −1 

k SO4˙−= (1.6–7.7)×107 M−1 ⋅ s −1 

(Dong et 

al., 2021) 

Sodium azide 

(NaN3) 

1O2 k= 2.2×109 M−1 ⋅ s−1 (Basu-

Modak and 

Tyrrell, 

1993) 

1,4-Benzoquinone 

(BZQ) 

O2˙− k = 2.9 × 109 M−1 ⋅ s −1 (Duan et 

al., 2020) 

 

The addition of MeOH and BZQ inhibited the degradation process almost completely, 

but those from TBA and NaN3 was somehow alleviated (Fig. 5-8a). This confirmed the 

formation and participation of SO4˙ˉ and OH˙, and the negligible contribution of 1O2 

and O2˙ˉ in the removal of CBZ using PMS activated by 40-CMO/Hal.  

 

EPR tests were also performed using DMPO and TEMP as the probe compound to 

confirm the presence SO4˙ˉ, OH˙, O2˙ˉ and 1O2 through the formation of spin adducts 

including DMPO-SO4, DMPO-OH, DMPO-OOH and TEMPO. The signal of DMPO- 

SO4 or DMPO-OH, four consecutive peaks with relative intensities of 1:2:2:1, could 

only be captured with the spontaneous existence of 40-CMO/Hal and PMS (Fig. 5-8b) 
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(Zhang, F. et al., 2020). The situation of O2˙ˉ was similar to SO4˙ˉ and OH˙, as the 

DMPO-OOH signals appeared a few minutes later after the addition of the PMS (Fig. 

5-8d). This confirmed the successful activation of PMS by 40-CMO/Hal and revealed 

the important role of PMS in generating the above three ROSs.  

 

However, contrary to the mentioned three radicles above, the EPR signal of 1O2 in Fig. 

5-8d, a series of three consecutive 1:1:1 peaks, appeared right at the time when PMS 

was added without any delay (t=0 min). This was possibly due to the already existence 

of 1O2’s precursor in solution before adding PMS (Lin et al., 2019; Liu et al., 2018). 

The four EPR signals were still strong after 20 min, indicating that 40-CMO/Hal played 

a vital role in the continuous and stable production of the ROSs.  

 

 

Fig. 5-8 Effect of different scavengers on the degradation of CBZ by 40-CMO/Hal (a). EPR 
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spectra of: SO4˙ˉ and OH˙ (b), 1O2 (c), and O2˙ˉ (d) in the activation of PMS with 40-CMO/Hal.  

General working conditions: [CBZ] = 21.16 μM, [PMS] = 0.1 mM, [catalyst] = 200 mg L-1, pH 

= 5.8. 

 

In order to examine the activation mechanism of PMS, XPS analysis was performed 

again on the recycled 40-CMO/Hal to explore the chemical changes on its surface. The 

shift in valence ratios of Co, Mn and O comparing to the fresh ones were briefly 

illustrated in Fig. 5-9. 

 

 

Fig. 5-9 Comparison of Co, Mn, and O between fresh and recycled 40-CMO/Hal examined by 

XPS spectra 

 

The slight increment of Co3+ on the recycled catalysts implied the reduction of HSO5ˉ 

from PMS into SO4
˙ˉ by receiving an electron from Co2+ (Yao et al., 2015). Similar 

alteration was also found in the Mn 2p spectra, especially the obvious reduction of Mn3+, 

which proved the redox of Mn species during the catalytic degradation. Since the 

standard reduction potential of Co2+/Co3+ (1.81V) was higher than Mn3+/Mn2+ (1.51V) 
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and Mn3+/Mn4+ (0.15V), it was thermodynamically favorable for the reduction of Co3+ 

into Co2+ by Mn2+ and Mn3+ (Yao et al., 2015). The continuous redox and regeneration 

of Mn and Co maintained the steady generation of ROSs and kept charge balance on 

the surface of the catalyst until PMS was consumed completely (Ren et al., 2015).  

 

The significant reduction of OL in O 1s spectra also indicated its high catalytic activity 

and participation in the degradation processes. This might help to explain the early 

occurrence of 1O2, since several researches implied the contribution of OL during the 

formation of 1O2 (Li, Chenxu et al., 2019; Liu et al., 2018).  

 

To achieve the equilibrium of the reaction, 40-CMO/Hal were added into CBZ solution 

15 minutes before the addition of PMS, during which the releasing and transferring of 

OL into active oxygen species (O*) on its surface could happen (Eq. (5-5)). When PMS 

was added into the solution, the O* would convert into 1O2 with little delay (Eq. (5-6)) 

(Wang, J. et al., 2020). This explains the earlier appearance of its EPR signal than other 

ROSs as discussed earlier. 

Olattice → O*     (5-5)      

O* + HSO5ˉ → 1O2 + HSO4ˉ     (5-6) 

 

Except for PMS and OL, 1O2 could also come from: 1) dissolved oxygen (DO) in 

solution, 2) the reaction between OH˙/H2O and O2˙ˉ (Hu et al., 2018; Zhu, C. et al., 

2020). The hypothesis of DO could be verified directly by purging O2 from solution 

with N2 gas (Fig. 5-10). The performance of CMO was retarded slightly, but serious 

inhibition was found in 40-CMO/Hal, as less than 40% of CBZ could be removed in 20 

min. The reversed phenomenon of CMO and 40-CMO/Hal seemed closely related to 
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the content of CMO. Afterwards, the seriously retarded catalytic performance with the 

addition of NaN3, and the characteristic 1:1:1 EPR signal of TEMPO detected under N2 

purging, further revealed the participation and generation of 1O2 under anaerobic 

environment (Fig. 5-11). Thus, it is reasonable to infer that the generation of 1O2 via 

DO pathway is minor.  
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Fig. 5-10 Degradation of CBZ and effect of NaN3 under N2-bubbling in PMS oxidation process 

activated by bare CMO and 40-CMO/Hal. 

General working conditions: [CBZ]= 21.16 μM, [PMS]= 0.1 mM, [catalyst]= 200mg L-1, 

pH=5.8. 

 

 

Fig. 5-11 EPR spectra of 1O2 under N2 plugging (a), and normal working conditions in the 



  Chapter 5 

95 
 

activation of PMS using 40-CMO/Hal (b). 

 

Except for OL, the generation of 1O2 might come from the recombination of O2˙ˉ with 

OH˙ as expressed by Eq.(5-7) (Chen, L. et al., 2020).  

O2˙ˉ + OH˙ → OHˉ + 1O2     (5-7)   

 

5.4 Recyclability and stability 

The stability of CMO and 40-CMO/Hal catalysts were evaluated in continuous batch 

usages (Fig. 5-12). A satisfied recyclability of 40-CMO/Hal and CMO was found with 

100% to 90% of CBZ removal in three succeeding cycles at 45 min each. The small 

drops of CBZ removal after each cycle is likely due to the accumulation of yet 

mineralized intermediates on the active sites (Zhang, S. et al., 2020).  
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Fig. 5-12 Sustainability and recyclability of the catalysts after three rounds of CBZ degradation. 

Working conditions: [CBZ] = 21.16 μM, [PMS] = 0.1 mM, [catalyst] = 200 mg L-1, pH = 5.8. 

 

Another important criterion to judge the stability of metal-related catalysts was the 

leaching extent of metal ions. The leakage of Co and Mn was quantified by ICP-OES 
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(Table 5-2). Both CMO and 40-CMO/Hal experienced a certain extent of metal leaching, 

but the latter with Hal carrier showed much lower leaching. It should be noted that same 

dosage of CMO and 40-CMO/Hal were used in the recycle tests, the latter contains only 

40% of CMO to that of the former. However, the metal loss of 40-CMO/Hal is still 

lower than 40% of bare CMO’s leakage (Table 5-2). The results indicated the Hal carrier 

is capable of reducing metal leaching, minimizing the second contamination from metal 

leaching, and maintaining the degradation efficiency. Furthermore, the XRD results of 

the recycled 40-CMO/Hal in Fig. 5-13 showed only slight changes concerning the 

intensity of CMO part, which might be caused by the unavoidable metal loss during the 

continuous workings. These revealed that the crystalline structure of 40-CMO/Hal 

remained generally stable with little deterioration after several times of reusing (Kerber 

et al., 1998). 

 

Table 5-2 ICP-OES results: the leaching concentration of Co2+ and Mn2+ from CMO and 40- 

CMO/Hal during the sustainability tests  

Round CMO 40-CMO/Hal 40% × CMO 

 Co/ppm Mn/ppm Co/ppm Mn/ppm Co/ppm Mn/ppm 

1 0.237 0.197 0.083 0.072 0.095 0.079 

2 0.291 0.260 0.091 0.084 0.116 0.104 

3 0.315 0.273 0.102 0.093 0.126 0.109 

General working conditions: [CBZ]= 21.16 μM, [PMS]= 0.1 mM, [catalyst]= 200mg L-1, 

pH=5.8. 
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Fig. 5-13 XRD patterns of the fresh and recycled 40-CMO/Hal 

 

The concentration of leached Co and Mn from 40-CMO/Hal after three recycles was 

still within the limits specified in the Chinese Environmental Quality Standards for 

Surface Water; i.e. less than 1.0 mg L-1 and 0.1 mg L-1, separately (China, 2002). This 

made it advantageous and favorable in practical uses. 

 

Due the dissolution of Co and Mn from CMO and x-CMO/Hal, it is interesting to further 

investigate whether these leached ions would activate PMS in homogeneous mode and 

help to promote the degradation. These experiments were carried out with Co2+ and 

Mn2+ as homogeneous catalysts separately, and the concentrations of them were 

adopted at the same leakage level from the 3rd round of reuse (i.e. 0.1 mg L-1 for both). 

Although the valence of Mn within the catalysts was mainly Mn3+, as indicated by XPS 

spectra previously, Mn3+ was unstable in aqueous environment with pH lower than 9 

due to disproportionation reaction (Galán-Mascarós, 2015), and the dissolved Mn from 

manganese oxides or hydroxides is dominant by Mn2+ in solution (Klewicki and 

Morgan, 1998). Therefore, Mn2+ was used for simulation purpose. Fig. 5-14 revealed 

that Co2+/PMS could remove about 40% of CBZ in 30 min, while Mn2+/PMS posed 
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little impact on the degradation. This implies that although the leached Co2+ from the 

catalysts was capable of contributing to the catalytic degradation at certain extent (to 

about 12 %, calculated from the kobs ratio using Co2+ and 40-CMO/Hal in Fig. 5-12b), 

the catalytic ability of homogeneous mode was far less effective than the heterogeneous 

one. Therefore, heterogeneous 40-CMO/Hal still dominated PMS decomposition. 

 

 

Fig. 5-14 Catalytic degradation of CBZ with homogeneous Co2+ and Mn2+ (at similar 

concentrations with the dissolved ions in sustainability tests) 

General working conditions: [CBZ]= 21.16 μM, [PMS]= 0.1 mM, pH=5.8. 

 

5.5 Degradation performances towards some other 

pharmaceuticals 

In order to examine the extensive and universal usage of 40-CMO/Hal, the degradation 

performance of other types of antibiotics were investigated under the same working 

condition as CBZ. The target antibiotics under different categories, namely tetracycline 

(TC), sulfamethoxazole (SMZ) and ofloxacin (OFX), were selected; because they are 

widely used in human and livestock with frequent detection in Asian waters (Ebele et 

al., 2017; Zhang et al., 2015). The working parameters of the degradation, including 

molar concentrations of the antibiotics and PMS, and the dosages of 40-CMO/Hal, were 
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the same as CBZ described before. The experiments were carried out at normal pH 

(without special adjustment) at 30 min reaction time. The process was found effective 

in the removal of the mentioned antibiotics, as shown in Fig. 5-15, and the lowest 

degradation rate was OFX at 65% removal, and the others were all over 90%. This 

indicates that the ROS generated from PMS activated by 40-CMO/Hal was promising 

to attack and remove these organics; however, for different target compounds, the 

process needs to be adjusted by optimizing the reaction parameters. 

 

 
Fig. 5-15 Degradation performance of 40-CMO/Hal towards other pharmaceuticals 

General working conditions: [pharmaceuticals]=21.16μM, [PMS]= 0.1 mM, [catalyst]= 200mg 

L-1, pH=5.8. 

 

5.6 Conclusion 

In this chapter, a series of x-CMO/Hal were fabricated with different CMO content by 

co-precipitation method to degrade CBZ in water under different working conditions. 

The characterization results derived from XRD, FESEM, HRTEM and BET 

demonstrated that the presence of Hal carrier was beneficial in: 1) regulating the grain 

size and crystallinity of CMO particles, and 2) promoting the specific surface area by 
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the evenly distribution of CMO particles. The smaller particle size with reduced 

crystallinity also helped to provide more reactive sites by forming into several indistinct 

lattice boundaries. Comparing to bare CMO, 40-CMO/Hal was still active in removing 

more than 90% of CBZ after three reuses with low leakage of metal ions. The main 

working ROSs determined by traditional trapping experiments and EPR tests were 

SO4˙ˉ, OH˙, O2˙ˉ and 1O2. The activation mechanism of PMS by 40-CMO/Hal was 

revealed by XPS analysis and the generation of 1O2 was closely related to the lattice 

oxygen on the catalyst instead of DO. Except for CBZ, 40-CMO/Hal was capable 

remove the other three frequent detected antibiotics efficiently, justifying the practical 

value of the proposed process. The modified 40-CMO/Hal catalyst not only overcame 

the disadvantages of bare CMO (i.e. higher metal leaching and production costs), but 

also promoted the PMS activation efficiency for the degradation of pharmaceuticals. 

Therefore, Hal, an abundant natural mineral with a special nanotube structure, was 

feasible to act as an effective substrate for metal based catalysts in the activation of 

PMS. This work provides a novel reference to the application of natural minerals in the 

fabrication of heterogeneous PMS activator with enhanced catalytic ability and lower 

environmental impact in the field of wastewater treatment and chemical industries.    
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Scheme 1. The schematic illustration of radical generation mechanism through PMS activated 

by 40-CMO/Hal
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Chapter 6 Effect of clay mineral substrates 

towards the catalysts’ PMS activation ability 

6.1 Introduction 

As stated in the chapters before, two kinds of natural clay minerals with the same 

chemical composition but totally different morphology, Hal and Kln, were adopted as 

substrates for CMO catalysts at different loading percentage.  

 

In recent years, the generation of OVs in metal oxides has gained increasing popularity 

for boosting the performances of semiconductors, electrocatalysis, photocatalysis, 

energy storage devices and gas sensing (Hu et al., 2020; Li, H. et al., 2017). It is well-

known that OVs with abundant localized electrons occupying the O 2p orbital can make 

the oxygen-deficient surface much more activated as an electron-rich center, resulting 

in the acceleration of activation and dissociation of small molecules such as H2O and 

O2 through enhanced electron transfer and conductivity. OVs are commonly induced 

into crystals during synthesis through vacuum annealing, microwave plasma etching, 

and solution reduction using supplementary chemicals like NaBH4, etc., while it is also 

feasible to increase OVs into composite catalysts by providing a proper substrate 

(Büchele et al., 2020; Guo et al., 2019; Xiong et al., 2020; Yuan et al., 2009). 

 

Although transition metal oxides loading on clay minerals (e.g., bentonite, 

montmorillonite, kaolinite and illite) have been used in AOPs, including Fenton and 

Fenton-like processes, ozonation, and photocatalysis for efficient removal of 

pharmaceuticals, pesticides and dyes (Fatimah et al., 2022), the catalytic performance 
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of the obtained catalyst composition has seldom been linked to the structural differences 

between Hal and Kln. Besides, in addition to facilitating the assemblage of transition 

metal oxides by improving their dispersion and regulating crystallization, the clay 

mineral substrates might also boost oxygen vacancies (OVs) into catalytic composite 

during the synthesis, since the OVs are also originated from hydroxyl groups (Wu et al., 

2017; Zhan et al., 2020). 

 

Based on chapter 5, 40-CMO/Hal showed the best performance in the degradation of 

CBZ through PMS activation among the x-CMO/Hal series, thus, in this chapter, CMO 

loaded on Kln at the same loading percentage (40%) were picked out for further 

investigations. Since both the composite catalysts had the same CMO content, they 

were briefly referred to as CMO/Hal and CMO/Kln. As stated before in chapter 3, the 

catalysts were all prepared by co-precipitation with alkali precursor solution, which 

enabled the spontaneous induction of OVs into manganese-based oxide materials 

through the fast nucleation/growth under alkaline condition (Jiang et al., 2019). The 

catalytic activity of obtained composites were evaluated through PMS activation to 

degrade ofloxacin (OFX). The generation of OVs were determined by electron 

paramagnetic resonance (EPR), and correlated to the morphology and properties of Kln 

and Hal. 

 

Ofloxacin (OFX) that is a typical antibiotic pharmaceuticals, has been frequently 

detected in all the environmental media including water, soil and sediment (Zhang et 

al., 2015). Larsson et al. reported that in Patancheru, India, the concentration of OFX 

in a common effluent treatment plant serving the pharmaceutical factories nearby was 

high up to 150-160 μg L-1 (Larsson et al., 2007). OFX was the most common antibiotics 
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detected in the sediment of Pearl Rivers, China, with the highest concentration of 1560 

μg kg-1 (Yang et al., 2010). The presence of OFX could pose severe impacts on aquatic 

organism, e.g., reducing the complexity of prokaryotic community, and chronic and 

geno-toxicity towards alga (Deng et al., 2022; Miller et al., 2018). The overuse of 

antibiotics including OFX lead to the accumulation of multi-resistant bacteria and 

induce the generation of antibiotic resistance genes (Pruden et al., 2006). These genes, 

along with antibiotics, can accumulate and transfer to human body via food chain (Patel 

et al., 2019). The increased antibiotic resistance also brings higher risk in the curation 

of bacteria-caused diseases (Abat et al., 2017; Martínez et al., 2014). 

 

6.2 Results and discussion 

6.2.1 Catalytic performances of CMO, CMO/Kln and 

CMO/Hal 

The adsorption of OFX by raw Kln and Hal, bare CMO, and composites of CMO/Hal 

and CMO/Kln is provided in Fig. 6-1. Based on the BET results provided in Chapter 2, 

Fig. 4-7b and Table 4-1, the OFX adsorption ability of these materials increased with 

the increase of SSA and pore volume (Table 6-1), with the removal of less than 5% of 

OFX. By contrast, CMO/Hal and CMO/Kln showed satisfied catalytic performance in 

OFX degradation by PMS, achieving removal efficiency of 75% and 90% in 40 min, 

respectively; this is obviously higher than that by sole PMS (5%) and CMO (50%) and 

the simple mixture of CMO with Kln or Hal with identical content in the composite 

(50%) (Fig. 6-2).  
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Fig. 6-1 Adsorption of OFX by CMO, Kln, Hal, CMO/Hal and CMO/Kln 

General working conditions: [OFX]= 20 μM, [catalyst]= 400mg L-1, pH=6.5 

 

 

Fig. 6-2 Degradation of OFX in different reaction systems ([CMO + Kln or Hal]: 160 mg L−1 

CMO + 240 mg L−1 Kln or Hal) (a), and corresponding pseudo-first-order kinetic models (b).  

General working conditions: [OFX] = 20 μmol L−1, [PMS] = 0.1 mmol L−1, [catalyst] = 400 mg 

L−1, pH = 6.5. 

 

The degradation kinetic is well fitted with the pseudo first-order model (Fig. 6-2b). The 

obtained rate constants (kobs) of CMO/Hal, CMO/Kln and bare CMO are 0.058, 0.036, 

and 0.019 min-1, respectively. Compared to bare CMO, CMO/Hal and CMO/Kln with 

better CMO dispersion and smaller grain size (Fig. 6-2a) provided more reaction sites 

to activate PMS, and therefore displayed better OFX degradation.  
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The intermediates and transformation products during OFX degradation was proposed 

based on the results of LC-MS. Although there were certain similarities in the 

degradation pathway of CMO/Hal and CMO/Kln due to the same oxidant adopted, the 

intermediates of them still showed some different. The structures of the intermediates 

were determined based on the m/z. In Fig. 6-3 using CMO/Hal, 9 intermediates with 3 

proposed pathways were detected, while only 7 intermediates divided in 2 ways were 

found in CMO/Kln. Generally, the main transformation mechanisms in two degradation 

system included decarboxylation, hydroxylation, piperazinyl dealkylation, oxidation of 

hydroxyl group and ring cleavage.  
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Fig. 6-3 Proposed transformation pathways of OFX using PMS activated by CMO/Hal (a) and 

CMO/Kln (b). 

 

In CMO/Hal, the formation of m/z=324.35 was due to the opening of N-piperazine ring, 

and m/z=317.36 was formed through decarboxylation, which was in agreement with 

the reported study and frequently occurred in the oxidation of OFX (Changotra et al., 

2018; Vasquez et al., 2013). The m/z=339.45 was usually formed via attack of OH˙ on 

the heterocyclic ring, followed by the cleavage of C-C bond and loss of the hydroxyl 

group from another heterocyclic ring near the quinolone moiety. After that, the gradual 

removal of ammonium group, methyl group and hydroxyl grmatrixoup dominated in 

path I until the breakdown of benzene ring with F. In line II, after the cleavage of N-

piperazine ring, the oxidation of the piperazine side chain occurred continuously until 
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it was reduced to amino group. In correspondence with the oxidation of the N-

piperazine ring, m/z=266.31 might be formed from the previous one after losing a 

carbonyl moiety. In line III, m/z=339.45 acted as a promoter of m/z=281.41. The 

m/z=281.41 was formed via the loss of the hydroxyl group and carboxyl group. After 

that, the gradual removal of the methyl group attached to the N of heterocyclic ring 

dominated the oxidation, followed by the loss of N-piperazine ring.  

 

OFX experienced similar decomposition processes using CMO/Kln with CMO/Hal 

stated above. However, the intermediates detected in CMO/Kln were relatively large 

with higher molar weight comparing to CMO/Hal system, revealing that the oxidation 

of OFX was less complete in CMO/Kln. This was consistent with the TOC results in 

Fig. 6-4, as CMO/Kln displayed lower mineralization degree than CMO/Hal (about 35% 

vs 25%). The intermediates stated in Fig.6-3 would still undergo processes like ring 

cleavage with the attack of ROSs, generating some short chain organics like propionic 

and fumaric acid, with most of them turned into inorganics like CO2 and H2O. 

 

 

Fig. 6-4 TOC reduction during OFX degradation using PMS activated by CMO/Hal and 

CMO/Kln. 
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6.2.2 Effects of working parameters 

The effects from OFX and PMS dosages were indicated in Fig. 6-5. Higher the 

concentration of OFX, lower the degradation efficiency, which could be explained 

easily by the fact that the limited PMS concentration restricted the further generation 

of ROSs for OFX oxidation. Similar explanation could also be used on the effect of 

PMS concentrations’ variation on OFX degradation, since higher the PMS 

concentration, larger amount of ROSs could be generated.  

 

Fig. 6-5 Effects of OFX concentration (a), working pH (b), and PMS concentration (c) on the 

degradation performances of CMO/Hal and CMO/Kln 

General working conditions: [OFX] = 20 μM, [PMS] = 0.1 mM, [catalyst] =400mgL-1, pH=6.5. 
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In order to investigate the impact of working pH, the pHpzc of CMO/Hal and CMO/Kln 

were tested. The pHpzc of Kln and Hal were reported at around 2.8-2.9, but after 

anchoring CMO, the pHpzc changed significantly (Almasri et al., 2019). The result in 

Chapter 4, Fig. 4-9 indicated that the pHpzc of CMO/Hal and CMO/Kln were similar, 

at around 6.2 and 5.5, separately. Fig. 6-5b revealed that the optimal working pH to 

remove OFX through PMS activation by both CMO/Hal and CMO/Kln was at around 

6.5, while the least OFX residue concentration was detected. However, when working 

pH varies, the performance of the two catalysts changed somehow. Fig. 6-5b indicated 

that degradation efficiency of both CMO/Hal and CMO/Kln was retarded obviously 

under both acidic and alkaline environments like pH=3 and pH=9, and the whole 

reaction was almost inhibited at pH=10.5. Except this, another reason might be related 

to the special characterization of OFX itself. It was well known that OFX was 

amphoteric with two acid dissociation constants (pKa1= 5.89-6.05, pKa2 =7.9-8.2) 

directed to two ionizable functional groups, N4 in the piperazinyl group and 3-carboxyl 

group (Goyne et al., 2005; Van Wieren et al., 2012). Therefore, OFX presented with 

cationic, zwitterionic, and anionic forms in solution depending on pH. Based on the 

acid dissociation constants of OFX, it presented zwitterionic while CMO/Hal and 

CMO/Kln were negatively charged at pH=6.5, therefore, it could be adsorbed by the 

catalysts through cation exchange and other surface complexation such as hydrogen 

bonding (Li, Y. et al., 2017). When pH exceeded the range between the two pKa, the 

electrostatic repulsion between the catalysts and OFX interfered the adsorption and 

degradation efficiency. Based on the detailed studies about the effects of key parameters 

towards the catalytic degradation of OFX, the optimal working parameters were 

adopted as the general working condition in this work.  
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6.2.3 Working mechanism 

6.2.3.1 Working ROS within OFX degradation  

As shown in the EPR results using DMPO and TEMP as spin-trapping reagents (Fig. 

6-6), the spin adducts, i.e., DMPO-OH, DMPO-OOH and DMPO-SO4 were detected 

after the addition of PMS, indicating the generation of oxygen species of SO4˙ˉ, OH˙ 

and O2˙ˉ. The intensity of DMPO-SO4 is much lower than that of DMPO-OH, because 

the former can quick transform into DMPO-OH (Cai, T. et al., 2020). The signals of 

O2˙ˉ showed little intensity variation over time. Interestingly, the formation pattern of 

1O2 is obviously different from the other oxygen species, as the characteristic triplet 

peaks of TEMPO-1O2 appear simultaneously upon the addition of PMS, and keep 

increasing. Therefore, the precursor of 1O2 might already exist in the solution before 

PMS addition, which was possibly on the catalyst surface. The intensities of 

aforementioned ROSs produced from PMS activated by CMO/Hal were obviously 

higher than that of CMO/Kln, indicating the superior ROS generation ability of the 

former reaction system. The signals of the four ROSs kept strong during the whole 

reaction, which guaranteed the sustainable oxidation of OFX. 
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Fig. 6-6 EPR spectra of CMO/Hal and CMO/Kln: (a) OH˙ and SO4˙ˉ, (b) 1O2, and (c) O2˙ˉ. 

Effects of scavengers on OFX degradation (d). Effects of N2 purging on OFX degradation (e).  

General working conditions: [OFX] = 20 μM, [PMS] = 0.1 mM, [catalyst]=400mg L−1, 

[scavengers] = 10 mM, [spin-trapping reagents] = 0.1 M, pH = 6.5. 

 

Traditional trapping experiments were performed separately using radical scavengers 

including MeOH, TBA, NaN3 and BZQ to further confirm the contributions of ROS 

(OH˙ and SO4˙ˉ, OH˙, 1O2 and O2˙ˉ) (Fig. 6-6d). The reaction rates of ROSs with the 

corresponding scavengers were illustrated in Table 6-1. The most obvious inhibitions 

on CMO/Hal and CMO/Kln were caused by NaN3 and MeOH, respectively, while the 

retardations from TBA and BZQ were much alleviated. Thus, SO4˙ˉ and 1O2 dominate 

the reaction (than OH˙ and O2˙ˉ) in OFX degradation with both catalysts, and the 

contribution of 1O2 was higher in CMO/Hal than CMO/Kln. 
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Table 6-1 A brief summary about the target ROS and their scavengers 

Scavenger Target 

ROS 

Reaction rate Kobs Ref. 

tert-butyl alcohol 

(TBA) 

OH˙ k OH• = (3.8–7.6) × 108 M−1 ⋅ s −1 

k SO4•−= (4.0–9.1) ×105 M−1 ⋅ s −1 

(Dong et al., 2021) 

Methanol (MeOH) OH•, 

SO4
•- 

k OH• = (1.2–2.8) × 109 M−1 ⋅ s −1 

k SO4•−= (1.6–7.7)×107 M−1 ⋅ s −1 

(Dong et al., 2021) 

Sodium azide (NaN3) 1O2 k= 2.2×109 M−1 ⋅ s−1 (Basu-Modak and 

Tyrrell, 1993) 

1,4-Benzoquinone 

(BZQ) 

O2
•- k = 2.9 × 109 M−1 ⋅ s −1 (Duan et al., 2020) 

 

6.2.3.2 PMS decomposition mechanism 

The recycled CMO/Hal and CMO/Kln were characterized by XPS again to investigate 

the possible electronic transitions occurred on the metal oxides’ surface, and the 

variations from fresh catalysts were indicated in Fig. 6-7. 

 

 

Fig. 6-7 Comparison of Co, Mn, and O between fresh and recycled CMO/Hal and CMO/Kln 

catalysts. 
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The characteristic peaks of Co, Mn, Si, and Al in the survey spectra were still monitored 

clearly in the recycled CMO/Hal and CMO/Kln, revealing the almost unchanged 

surface chemical compositions of the two catalysts. However, the spectra of Co and Mn 

showed that each of them experienced certain changes in the valences, which confirmed 

the existence of electron transfer during the reaction. The decrease of Co2+ was 

observed on both CMO/Hal and CMO/Kln, accompanied with the increase of Co3+. 

This implies that surface Co2+ was oxidized into Co3+ by electron transfer to PMS, with 

the generation of SO4˙ˉ. Afterwards, HSO5ˉ and SO4
2ˉ reduced Co3+ to Co2+ with the 

formation of SO5˙ˉ or OH˙ (Eqs. (6-1)-(6-3)) (Xu et al., 2016). 

 

Co2+ + HSO5ˉ → Co3+ + SO4˙ˉ + OHˉ                   (6-1) 

Co3+ + HSO5ˉ → Co2+ + SO5˙ˉ + H+                     (6-2) 

Co3+ + HSO5ˉ → Co2+ + SO4
2ˉ + OH˙                    (6-3) 

 

Similar variation was also found in Mn on CMO/Hal and CMO/Kln, as the proportion 

of Mn2+ increased while that of Mn3+ decreased after reactions. This reveals that the 

electron transfer also happened between Mn2+ and Mn3+ (Eqs. (6-4)-(6-5)) (Li, C.-X. et 

al., 2018). The redox reaction between Mn4+ and Mn3+ was also feasible (Eqs. (6-6)-(6-

9)).  

 

Mn3+ + HSO5ˉ → Mn2+ + SO5˙ˉ + H+                   (6-4) 

Mn2+ + HSO5ˉ → Mn3+ + SO4˙ˉ + OHˉ                  (6-5) 

Mn3+ + HSO5ˉ → Mn2+ + SO4
2ˉ + OH˙                  (6-6) 

Mn3+ + HSO5ˉ → Mn4+ + SO4˙ˉ + OHˉ                  (6-7) 
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Mn4+ + HSO5ˉ → Mn3+ + SO5˙ˉ + H+                   (6-8) 

Mn4+ + HSO5ˉ → Mn3+ + SO4
2ˉ + OH˙                  (6-9) 

 

Since the standard reduction potential of Co3+/Co2+ (1.81V) was higher than Mn3+/Mn2+ 

(1.51 V) and Mn4+ /Mn3+ (0.15 V), the reduction of Co3+ back to Co2+ by Mn3+/Mn2+ 

and Mn4+/Mn3+ was thermodynamically feasible (Li, C.-X. et al., 2018). The variation 

in O 1s spectra clearly showed the consumption of Olat, implying the participation of O 

species during this degradation.  

 

6.2.3.3 Effect of dissolved oxygen 

As stated before, the early appearance of 1O2 signal at t=0 min might be ascribed to the 

already existed precursors (e.g. dissolved oxygen (DO) in bulk solution and the lattice 

oxygen on catalyst surface), which quickly reacted with PMS and generated 1O2. In 

addition, 1O2 could also be formed through PMS activated by OVs and the reaction 

between ˙OH/H2O and O2
·ˉ (Qin et al., 2021; Zhu, C. et al., 2020).  

 

By N2 purging, the anaerobic OFX degradation using CMO/Hal and CMO/Kln showed 

a significant reduction by 40% and 65%, respectively (Fig. 6-6e). This confirmed the 

critical role of DO in the process; while the addition of strong reducing agent NaN3 salt 

further retard but not really terminate the process suggesting the existence of other 

sources for forming 1O2. The OVs on the surface of catalysts contained abundant single 

electrons, which could promote the interfacial electron transfer. Due to the strong Lewis 

acidity of the oxygen-deficient OVs, PMS (HSO5ˉ) tended to be adsorbed on OVs with 

low oxygen coordination, which could be decomposed and released into solution with 

the formation of active oxygen species (O*) (Eq. (6-10)) (Zhu, Chengzhang et al., 2020). 
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Moreover, lattice oxygen near OVs could also be released and turned into O*. Then, 

1O2 could be produced from the coupling of O* and HSO5ˉ (Eq. (6-11)) (Qin et al., 

2021). Furthermore, previous studies also reported that DO was able to accept an 

electron from OVs to yield O2˙
- (Eq. (6-13)), which could be converted into 1O2 via Eq. 

(6-12) (Yu, R. et al., 2020; Zeng et al., 2022). The participation of DO was consistent 

with the retardation of OFX degradation under N2 purging (Fig. 6-6e). 

Ov → O*                           (6-10) 

O* + HSO5ˉ → 1O2 + HSO4ˉ            (6-11)  

O2˙ˉ + OH˙ → 1O2 + OHˉ               (6-12)  

O2 + eˉ → O2˙ˉ                        (6-13) 

 

The production of 1O2 by CMO/Hal rose rapidly as the degradation progressed, with 

more than twice of CMO/Kln’s relative intensity at the end of the reaction. A larger 

amount of 1O2 might demonstrate to higher OFX decomposition efficiency, since 1O2 

contributes specifically to the hydroxylation of phenolate and phenolic groups in 

addition to SO4˙
- and OH˙, which would benefit the followed mineralization (Barrios 

et al., 2021; Kong et al., 2016). This observation correlates well to the better 

performances of CMO/Hal than CMO/Kln. 

 

6.2.3.4 Recyclability and reusability of the catalysts 

CMO/Hal and CMO/Kln maintained satisfied catalytic performance after three reuses 

with little deterioration (Fig. 6-8a). The metal leakage of CMO/Hal and CMO/Kln 

measured by ICP-OES indicated that was obviously alleviated comparing to bare CMO, 

and CMO/Kln showed the lowest metal leaching (Fig. 6-8b). The leaching of Co and 

Mn were less than 0.1 and 0.2 mg L-1, respectively for both CMO/Hal and CMO/Kln, 
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which met the limits of Chinese environmental quality standards for surface water (0.1 

and 1 mg L-1 for Co and Mn, respectively) (China, 2002). It should be noted that same 

dosage of CMO, CMO/Hal and CMO/Kln were used in the recycle tests, and the latter 

two contained only 40% of CMO to the bare one. However, the metal loss of CMO/Kln 

is still 40% lower than that of bare CMO (about 0.11 for Co and 0.13 mg L-1 for Mn). 

Thus, mineral matrices could greatly reduce metal leaching and promote the stability 

of the catalysts, which also suppressed secondary pollution and became more 

environmental friendly. This is likely due to the limited dissolution of CMO particles 

attached near the pores of the mineral matrices, and the improved bonding between the 

metal ions and functional groups on Hal or Kln (Tan et al., 2020).  

 

 

Fig. 6-8 OFX degradation with CMO/Hal and CMO/Kln after three recycle rounds (a), and 

ICP-OES results of CMO/Hal and CMO/Kln in recycle experiments (b). 

Working conditions: [OFX] = 20 μM, [PMS] = 0.1 mM, [catalyst] = 400 mg L−1, pH = 6.5. 

 

According to the XRD analysis (Fig. 6-9), the pattern of CMO/Kln was almost 

unchanged, with only slight decrease in relative intensity. This indicates the little 

change occur on the crystallinity with after 3 recycles. Although the peaks indexed to 

CMO in fresh CMO/Hal with lower crystallinity was already insignificant, the patterns 

of recycled ones seemed even worse, as the three strongest peaks of CMO located 
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between 30 and 40° (2θ) could hardly be distinguished. The almost unchanged XRD 

pattern of CMO/Kln was also consistent with its low metal leaching. This implies that 

Kln substrate was advantageous in maintaining structural stability. 

 

 

Fig. 6-9 XRD patterns of recycled CMO/Hal and CMO/Kln comparing to fresh CMO 

 

Since metal leakage was still unavoidable in CMO/Kln and CMO/Hal, homogeneous 

catalytic degradation of OFX was investigated separately using Co (NO3)2 and Mn 

(NO3)2. Using Mn2+ instead of Mn3+ is because the latter is unstable and easily reduced 

to Mn2+ (Klewicki and Morgan, 1998). The dosages of Co (NO3)2 and Mn (NO3)2 were 

both 0.1 mg L-1, corresponding to the highest leaching concentration measured by ICP-

OES in Fig. 6-8b. In Fig. 6-10, only about 40% of OFX was removed by Co2+ in 40 

min while little change was observed with Mn2+, confirming the feasible but deficient 

PMS activation of Co2+. The kobs of Co2+ was 0.013, which only accounted for about 

22% and 36% of CMO/Hal and CMO/Kln, separately. Thus, heterogeneous catalysis 

still played the dominant roles in the process. 
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Fig. 6-10 Homogeneous degradation of OFX using Co2+ and Mn2+ (a), and kobs of Co2+ 

calculated from pseudo-first order model (b). 

 

6.2.3.5 Effects of inorganic anions and NOM on the degradation 

The effects of water matrix, including inorganic anions like Clˉ, HCO3ˉ and NO3ˉ, and 

natural organic matter (NOM), were tested separately on the degradation of OFX using 

PMS activated by CMO/Hal and CMO/Kln. Herein, humic acid (HA, Suwannee River 

Humic Acid, International Humic Substances Society, MN) was used as the model 

NOM.  

 

As shown in Fig. 6-11, the addition of 0.5 mmol L-1 of Clˉ and HCO3ˉ inhibited the 

degradation of OFX in PMS systems activated by both CMO/Hal and CMO/Kln. When 

the anion concentration increased to 1 mmol L-1, the retardation caused by HCO3ˉ grew 

extremely stronger than that of Clˉ. The dual effect from Clˉ was not unusual in sulfate-

based advanced oxidation process (SR-AOPs), as Clˉ could react with OH˙ and SO4˙ˉ 

to generate reactive chloride species like Cl˙, Cl2˙ˉ, Cl2 and HClO, or switch the main 

oxidant from SO4˙ˉ into OH˙ (Lee et al., 2020; Peng, G. et al., 2021). However, although 

some of these chloride reactive species showed higher standard reduction potentials, 

they tended to be more selective (Zhang and Parker, 2018). The decreased degradation 
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efficiency here might be caused by this, as OFX was less reactive and thus 

unsusceptible to be oxidized by these new reactive species (Huang et al., 2021). 

 

 

Fig. 6-11 Effect of water matrix on the degradation of OFX using PMS activated by CMO/Hal 

(a) and CMO/Kln (b). 

Working conditions: [OFX]= 20 μM, [PMS]= 0.1 mM, [anions]= 0.5 or 0.1 mM, [humic acid]= 

5 or 10mg L-1, [catalyst]= 400mg L-1, pH=6.5. 

 

The insufficient degradation with HCO3ˉ added was largely due to its scavenging effect 

towards SO4˙ˉ, which was commonly found among oxyanions (Lian et al., 2017). 

Similar phenomenon would also happen on OH˙, as HCO3ˉ could quench it and 

generate CO3˙ˉ which was weaker and more selective. Furthermore, HCO3ˉ could attack 

PMS directly and convert into HCO4ˉ, a moderate oxidant, using the oxygen atom 

transferred from PMS (Lee et al., 2020). The consumption of PMS and SO4˙ˉ by HCO3ˉ 

also interfered the generation of 1O2, which further slowed down the degradation of 

OFX. 

 

The NO3ˉ added in the reaction system could hardly interfere the degradation process, 

since it did not react with SO4˙ˉ (Ma, J. et al., 2018). 
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The phenomenon of HA was similar to that of Clˉ, as only slight inhibition was 

observed at lower concentration and the suppression strengthened dramatically when 

more HA was added. This might be attributed to the radical scavenging effect caused 

by the electron-rich moieties within HA. On the other hand, the adsorption of HA on 

the catalysts led to the reduction of reactive sites (Li, H. et al., 2021). The removal of 

OFX using CMO/Kln and PMS suffered more suppression under higher HA 

concentration (Fig. 6-11), which might be due to the larger size of the catalysts with 

less active sites, and the adsorption of HA worsened the situation. 

 

6.3. Conclusion 

In this study, two types of OV-abundant catalysts with different mineral matrices, 

CMO/Hal and CMO/Kln, were fabricated to activate PMS. The efficient degradation of 

four frequent detected pharmaceuticals revealed the superior catalytic ability and better 

stability of both CMO/Hal and CMO/Kln than bare CMO with reduced metal usage. 

 

Compared to Kln, Hal not only generated more OVs, but also displayed stronger 

suppression in CMO’s grain size and crystallinity, which promoted the catalytic 

efficiency significantly. However, CMO/Kln with higher crystallinity and ordered 

structure maintained structural stability with less metal leakage than CMO/Hal.  

 

Although CMO/Hal and CMO/Kln showed superior PMS activity in degrading 

pharmaceuticals than bare CMO, they still had some limitations, e.g., the unbalanced 

improvement of both catalytic activity and structural stability, and the unavoidable 

metal leaching, which will be investigated in the future by modifying the structure or 



  Chapter 6 

122 
 

inducing more active sites. Besides, combining the current catalyst/PMS reaction 

system with other technologies including membrane and ultrasonic would be worthy of 

an attempt, which might alleviate the passivation of the catalysts, and simplify the 

recycle processes. 

 

Scheme 2. The schematic illustration of radical generation mechanism through PMS activated 

by CMO/Hal and CMO/Kln. 
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Chapter 7 Removal of pharmaceuticals 

using PMS activated by LaCoO3  

7.1 Introduction 

In wastewater and natural waters, antibiotics usually coexist with inorganic anions and 

natural organic matter (NOM), which poses various effects on the removal processes. 

For instance, Cl− is identified as a strong scavenger for SO4˙ˉ in the degradation of 

methylene blue and levofloxacin (Dung et al., 2020). But it is also reported as a 

promoter, due to the higher reaction rate of Cl˙ generated from Cl− than SO4˙ˉ (Luo et 

al., 2020). As to SO4
2−, the suppressing effect is considered stronger than Cl− and NO3

− 

in the degradation of sulfamethoxazole by PMS, whereas no significant effect was 

reported in the PMS activation by Fe and S co-doped graphite (Wang, S. et al., 2020a). 

As a typical natural organic matter (NOM) in water, humic acid (HA) has been found 

to display synergistic or inhibitory effects. As reported in the decomposition of 

sulfamethoxazole (SMZ) via PMS activation, the degradation is promoted by HA with 

low concentration, while an inhabitation effect appears with the further increase of HA 

concentration (Wang, S. et al., 2020b). On the contrary, HA greatly declines the 

degradation of sulfachloropyridazine by PMS, where the degradation efficiency 

decreases dramatically from 98.9% to 75.8% with the addition of 0-10 mg L-1 of HA 

(Wang et al., 2017). Considering the widespread distribution of inorganic anions and 

NOM, as well as their intriguing performance in the reaction, their effects should be 

considered in the test of the activity of catalysts in activating PMS. 

 

Herein, the degradation of tetracycline (TC) in the activation of PMS by LaCoO3 was 

investigated in the following aspects: i) catalytic performance and stability; ii) free 
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radical species and degradation pathways; and iii) effects of HA and several common 

inorganic anions (i.e., Cl−, SO4
2−, NO3

− and H2PO4
−). The obtained results should be 

benefit for the environmental application of LaCoO3/PMS system in the removal of 

antibiotics. 

 

7.2 Results and discussion 

7.2.1 Influence of experimental parameters 

7.2.1.1 Initial TC concentration 

First, the catalytic degradation of TC with different initial concentrations in the 

LCO/PMS system was studied without pH adjustment (Fig. 7-1). It should be noted that 

due to the acidic chemical properties of PMS, the original pH of the working solution, 

prior to any adjustment, was 3.3. The LCO/PMS system efficiently removed the 

selected concentration of TC in approximately 30 min, with a rapid initial decay 

observed in the first 5 min. Generally, a faster degradation rate constant (0.07–0.22 min-

1) was achieved at lower TC initial concentrations. This is attributed to the limited total 

amount of the oxidant, i.e., PMS. As the catalyst worked mainly on the activation of 

PMS, the total amount of free radicals generated was limited by the dosage of PMS. 

Thus, the degradation efficiency of TC was affected by its initial concentration under 

identical experimental conditions. If the initial concentration exceeded the potential 

free radicals generated from PMS by the catalyst, the number of free radicals and other 

possible active functional groups would be insufficient to meet the degradation 

requirement, leading to incomplete degradation of TC. Based on the results, the initial 

concentration of 20 mg/L of TC was selected for the remaining tests, for a more accurate 

comparison at a reasonable degradation rate. 
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Fig. 7-1 Effect of TC concentration on degradation efficiency.  

General working conditions: [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, pH=3.3 (unadjusted). 

 

7.2.2.2 PMS dosage 

Control experiments were first carried out to verify the contribution of individual 

pathways involved in the LCO/PMS system. The absence of either PMS or catalyst 

might diminish the degradation performance than that of the combined LCO/PMS 

system (Fig. 7-2). For the process using solely LCO, less than 10% of TC was removed, 

likely by adsorption onto the catalyst. In contrast, approximately 50% TC removal was 

observed in 30 min from the process using solely PMS. However, it should be noted 

that the measurement of TC removal under solely PMS addition may not necessarily 

reflect the decomposition of TC molecules into smaller ones, which would finally lead 

to thorough degradation. Instead, one or more substitutions on the TC molecule might 

have resulted from the interaction between TC and PMS (Zhou, Y. et al., 2020).  
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Fig. 7-2 Effect of PMS concentration on degradation efficiency.  

General working conditions: [TC] = 20 mg L-1, [LaCoO3] = 200 mg L-1, pH= 3.3 (unadjusted). 

 

Under these circumstances, most of the PMS remained inactivated. Thus, the extent of 

free radical oxidation via SO4
- or OH- was minor. With the simultaneous addition of 

PMS and catalyst, the degradation performance improved significantly. Apparently, 

free radical generation increased with increasing PMS dosage, likely due to the elevated 

mass transfer and/or supply of PMS from the bulk of the solution to the catalyst surface. 

The higher concentration of PMS near the diffusive-double layer of the catalyst 

accelerated the activation of PMS, leading to a higher concentration of free radicals. It 

should be noted that from the results of the control groups, especially the one without 

the addition of PMS, a minor removal of TC was observed, which was attributed to the 

adsorption of TC onto the catalyst. This minor adsorption effect on LCO indicated that 

TC was capable of accumulating at (or near) the surface of the catalyst. This provided 

a good fundamental condition for the reactions that commenced with the addition of 

PMS; since the distance between the radicals generated and the TC molecules was short, 

the concentrations of both near the catalyst were slightly increased. Again, for a clearer 

observation of the decay pattern, a moderate PMS concentration of 50 mg/L was chosen 

as the exclusive dosage in subsequent experiments. If excessive concentration of PMS 
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was adopted, the TC degradation process would be shortened obviously, which might 

pose a negative influence on the observation of the decay pattern.  

 

7.2.2.3 Initial pH 

The pH of the catalyst-activated PMS system for organic degradation played an 

important role in the reaction, probably because it affected the generation of strong 

oxidising species such as singlet oxygen atoms, and sulphate, hydroxyl, and superoxide 

radicals. The pH of the solution was measured at given time intervals throughout the 

reaction (Fig. 7-3a). Although TC could be removed in a wide pH range, its removal 

was clearly most effective at basic pH (Fig. 7-3b). In the pH range from 3.3 to 11, the 

removal rate of TC generally increased with increase in initial pH, and the TC 

remaining at the end of the reaction time decreased from approximately 35% to 10% 

and 1% of its initial concentration under acidic, neutral, and basic conditions, 

respectively; indicating the high activity of the LCO catalyst under neutral to basic 

conditions. This was advantageous in practical use because the natural pH of water 

usually lies between 7 and 8. Higher pH would accelerate the conversion from SO4
•− to 

OH•−, promoting TC removal (Li, N. et al., 2019). It should be noted that there were 

two pKas for PMS (pKa1<0, pKa2 = 9.4). Under neutral conditions, PMS is more prone 

to ionisation, which might enhance active free radical generation. Under these 

circumstances, the dominant species of PMS in aqueous conditions was HSO5
•−, which 

might react with OH-/H2O to a certain extent to form OH• (Zhang et al., 2019). This 

offers an additional pathway for TC degradation. 

OH− + HSO5
   .− → HSO5

− + OH.−     (7-1) 

OH. + H+ + e− → H2O              (7-2) 

SO4
.− + H+ + e− →  HSO4

.−
         (7-3) 
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(a) 

 

(b) 

Fig. 7-3 (a) Effect of initial solution pH on degradation efficiency and (b) the variation of pH 

during the reaction.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1. 

 

The slower degradation under acidic pH may be attributed to the chemical properties 

of PMS. PMS is more stable under acidic conditions than it is under neutral or alkaline 

conditions, which might lead to a relatively slower activation. Thus, fewer active 

radicals may have been generated for TC degradation (Wu, S. et al., 2019; Xu et al., 

2020). Additionally, the increased concentration of H+ may cause it to capture SO4˙ˉ in 

the solution under acidic conditions, leading to the waste of activated SO4˙ˉ and 

hindering mass transfer. It should be noted that at lower pH (e.g., pH < 5), it would be 

easier for H+ to attach onto the surface of HSO5
− to generate H-bonds with the O–O 

bond, which might inhibit the interaction between PMS species and the positively 

charged surface (Cheng et al., 2020). Therefore, the decomposition of PMS into radicals 

like SO4˙ˉ and OH˙ would be retarded, which finally suppressed the TC degradation 

efficiency. 
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7.2.2 Effect of co-existing inorganic anions on degradation 

efficiency 

Several kinds of inorganic anions including Cl−, H2PO4
−, NO3

− and SO4
2−, which were 

widely detected in real wastewaters or natural waters, were chosen to test their influence 

on the degradation efficiency of TC at neutral pH. Generally, most of the selected 

inorganic anions posed positive effects on the degradation of TC at different extent (Fig. 

7-4).  

 

 
Fig. 7-4 Effect of inorganic anions on the degradation of TC in LaCoO3/PMS system.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

initial concentration of Cl-, NO3
-, H2PO4

- and SO4
2-: 10 mmoL L-1, and pH = 7.0. 

 

Among all the tested anions, H2PO4ˉ showed the best outcome. The remaining 

concentration of TC went down to zero in 30 min after the addition of H2PO4ˉ, far more 

effective than the control system without inorganic anions. This observation contradicts 

to the results of some AOPs, where H2PO4ˉ showed inhibitory effect on PMS activation 

(Li, M. et al., 2020). However, as a nucleophile, H2PO4ˉ was easy to attack PMS, due 

to its asymmetric structure. This induced a quick decay of PMS (Dong et al., 2020b) 

and rapid generation of active species such as SO4˙ˉ and OH˙, leading to the effective 
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degradation of TC. This was reported feasible in an analogous study carried out by Li 

et al. in 2019 (Li, Chunquan et al., 2019). Because H2PO4
− itself seldom consumes or 

reacts with free radicals, the addition of H2PO4
− therefore likely increases the steady-

state concentrations of SO4˙ˉ and OH˙ in the solution and then accelerates TC removal. 

This can be shown in Fig. 7-5, where the increase of [H2PO4
−] resulted in the less 

residual of [TC]. Similar effect was also observed on reaction systems, e.g., 

CoFe2O4/Oxone and FeMn bimetallic catalysts with nitrogen-doped graphene /PMS 

(Chen et al., 2018; Duan et al., 2020). 

 

 
Fig. 7-5 Effect of common anions on the degradation of TC in LaCoO3/PMS system.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

pH = 7.0 

 

The addition of Cl− in the LaCoO3/PMS also strongly accelerated the TC degradation, 
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which diverged from the frequently reported character of Cl- as a free radical scavenger. 

The positive effect of Cl- could be explained by Eqs. (7-4)-(7-6) (Zhang, S. et al., 2020). 

Cl- could be oxidized by both PMS and SO4
•− to active chlorine species. For example, 

HOCl was the dominant chlorine species in acidic solution, while ClO3
− with less strong 

oxidizing ability was the main species at higher pH (Eq. (7-7)). Moreover, Cl2
•− and Cl• 

might also be generated through nonradical pathways (Scialdone et al., 2009). 

Therefore, active chlorine contributed to the degradation of TC in the LaCoO3/PMS 

system. Because there is no trace of chlorinated intermediates in the LC/MS analysis, 

the role of active chlorine species should be simply oxidants, rather than sources of 

substitution reactions.  

 

2Cl− + H+ + HSO5
− → SO4

2− + Cl2 + H2O            (7-4) 

Cl− + SO4
 .− → SO4

2− + Cl.                          (7-5) 

Cl− + Cl. → Cl2
 ·−                                 (7-6)  

OCl− + 2HClO → ClO3− + 2HCl                    (7-7) 

 

Different from previous studies, the addition of SO4
2- surprisingly promoted the 

reaction, as the residue TC was further reduced to less than 5% (Fig. 7-4) comparing to 

that of anion-free reaction. Theoretically, SO4
2− is at a fully oxidized state and generally 

considered as an inert ion in the solution, owing to its much slower reactivity toward 

OH˙ and SO4˙ˉ, SO4
2− was not a scavenger and did not react with the free radicals in 

the process (Barzegar et al., 2018; Yuan et al., 2020). The possible reason for the SO4
2- 

in promoting the reaction is likely through a proper kinetics control of generating 

radicals in the solution by minimizing the sharp peak of [radical], which is known to 

induce unwanted/futile side reactions and minimize the waste of the precious radicals, 
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so that the overall removal TC is increased in the long run. As show by Eqs. (7-8)-(7-

9), SO4˙ˉ can react with H2O and OHˉ to form OH˙, while the presence of high [SO4
2−] 

(i.e. the end product of SO4˙ˉ after its usage) at the beginning of the reaction can 

effectively slow down (but not consume) the formation of both SO4˙ˉ and OH˙. This 

mechanism maintains a healthy concentration of [radicals] in the solution and minimize 

the chance of boosting a peak [radical] in the solution. The risk of futile consumption 

of free radicals in the solution is therefore reduced and the overall performance in 

removal of TC in the LaCoO3/PMS process promoted.  

 

All pHs: SO4
   ∙− + H2O → SO4

2− + OH. + H+       (7-8) 

Alkaline pHs: SO4
   ∙− + OH− → SO4

2− + OH.        (7-9) 

 

For NO3
-, the influence on degradation was insignificant, as the residue TC was about 

7% after 30 min’s degradation, close to the control group at 10%. Comparing to the 

other anions, the interference caused by NO3
− on the PMS-based AOPs was commonly 

lower. Most of the relative researches indicated that obvious retardation usually become 

appreciable when [NO3
−] is higher than 50 mM (Li, W. et al., 2020; Wu et al., 2020). In 

this work, the studied of the effect of [NO3
−] on the degradation of TC by LCO/PMS 

was less than 10 mM, as nitrate concentration within pharmaceutical wastewater 

commonly ranged between 50-800 ppm (Hoseinzadeh et al., 2018; Rodríguez et al., 

2005). The major reason for the weak influence from NO3
− on TC degradation was the 

relatively slow reaction rate between SO4
•− and NO3

− (k =2.1×102 M −1 S −1, pH=7) as 

indicated in Eq. (7-10) (Cao et al., 2019; Ma, J. et al., 2018; Yang et al., 2020). 

Comparing to those of other anions, such as H2PO4
− (k=7×106 M −1 S −1) and Cl− 

(k=2.5×108 M −1 S −1), the rate of NO3
− was 104 to 106 order lower; thus, it showed 
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neglectable scavenging effect and posed almost no interference on the degradation of 

TC (Cao et al., 2019; Nie et al., 2014).  

NO3
− + SO4

 .− → SO4
2− + NO3

 .−     (7-10) 

 

Besides, another research indicated that the existence of NO3
− was beneficial to the 

generation of active oxygen (Huang et al., 2009). The traditional trapping experiments 

and EPR tests both confirmed the positive roles of 1O2 and O2˙ˉ in the removal of TC, 

which helped to demonstrate to the promotion of TC oxidation. Similar conclusions 

were widely reported by other researches using sulfate radical-AOPs (Li, M. et al., 2020; 

Yang et al., 2020).  

 

The tests with additional lower concentration of inorganic anions, i.e., 5 mmol L-1 were 

carried out. The promotion effect was also observed and generally slower than those at 

10 mmol L-1. 

 

7.2.3 Effect of co-existing organic matters on degradation 

efficiency 

Previous research suggests that co-existing organic matter might suppressed the SO4
•−-

based processes (Ma, J. et al., 2018). To evaluate this hypothesis in the degradation of 

TC under the LaCoO3/PMS system, humic acid (HA) was chosen for investigation. HA 

is normally detected in the range 5-20 mg/L, which might greatly affect the water 

quality (Cai, C. et al., 2020; Wang, Yuxian et al., 2020). Thus, the amount of HA in the 

reaction system was set to 5 and 20 mg L-1. When the dosage was 5 mg L-1 or lower, 

HA was slightly favourable to the degradation (Fig. 7-6). This might be caused by the 
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formation of semiquinone radicals, which could be generated from the oxygen-

containing functional groups in HA, and subsequently, effectively stimulate PMS to 

form OH• and SO4
•− (Cai, C. et al., 2020). The semiquinone radicals from HA have been 

reported capable to activate PMS via a self-redox cycle, promoting the formation of 

OH˙ and SO4˙ˉ and accordingly TC degradation (Fang et al., 2013). Furthermore, the 

coordination between HA and some metal ions within LaCoO3 might also have 

generated some oxidative intermediate products, leading to the formation of OH˙ and 

O2˙ˉ. These radicals may help to promote the degradation, given that O2˙ˉ was later 

proved to be one of the working free radicles under the LaCoO3/PMS system (Xu, K. 

et al., 2017). 

 

However, some inhibition effect was observed at higher concentrations. This was 

mainly due to the quenching effect of HA on sulphate radicals. With the increasing 

concentration of HA to even higher than 10 mg L-1, the degradation of TC by LCO/PMS 

system was gradually retarded. Similar inhibition caused by higher dosage of HA was 

also observed in some other sulfate based AOPs. This was attributed largely to the 

competition of SO4˙ˉ radicals between HA and TC (Wang, S. et al., 2020b). Another 

possibility was the deeper blockage of active sites on the surface of LCO caused by the 

functional groups including phenolic, hydroxyl and carboxyl of excessive HA (Ali et 

al., 2021). This situation would lower the chances for PMS or TC adhering on the 

surface of LCO. Therefore, the lower HA concentration (i.e., 5 mg L-1) could improve 

the process, but higher HA concentration (> 10 mg L-1) would induce a retardation. 
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Fig. 7-6 Effect of humic acid on the degradation of TC in LaCoO3/PMS system.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

pH = 7.0 

 

7.2.4 Free radical species and degradation pathways 

The generated or existing free radicals in LaCoO3/PMS suspension was determined 

through the trapping experiments by the addition of several scavengers. EtOH was an 

effective quenching agent for both SO4˙ˉ and OH˙ (kOH• = (1.2-2.8) ×109 M−1 s−1 , kSO4•− 

= (1.6-7.7) ×107 M−1s−1 ), while TBA was an effective quenching agent mainly for OH˙ 

(kOH• = (3.8-7.6) ×108 M−1s−1), with much lower reaction rate with SO4˙ˉ (kSO4•− = (4-

9.1) ×105 M−1s−1) (Chen et al., 2019). Given that superoxide (˙O2
‒, 2.2 V) and singlet 

oxygen (1O2, 0.15 V) were also be involved in the PMS activation process, trapping 

tests for these two radicals were also conducted by using 1,4-benzoquinone (BZQ) and 

NaN3 for ˙O2
‒ (2.9×109 M−1s−1) (Duan et al., 2020) and 1O2 (2.2×109 M−1s−1) (Basu-

Modak and Tyrrell, 1993), respectively. They displayed obvious negative effects on TC 

degradation, whereas the concentration variation posed insignificant influence on the 

degradation (Figs. 7-7 and 7-8). The inhibitions by BZQ and NaN3 was even more 

obvious than those of TBA and EtOH. This is ascribed to their scavenging capability to 
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OH˙, with the rate constant of BZQ and NaN3 towards OH˙ of 1.2×109 and 1.1×1010 

M−1s−1, respectively at neutral pH (Adams and Michael, 1967; Basu-Modak and Tyrrell, 

1993). Judging from the small increment for additional retardation resulted from 

BZQ/NaN3 than those of TBA/EtOH, both 1O2 and ˙O2
‒ did participate in the 

degradation of TC. The half-life of •O2
‒ was less than 1 ns, much shorter than SO4˙

− 

(30-40 μs), 1O2 (3.5 μs) and OH˙ (20 ns) (Guerra-Rodríguez et al., 2018; Taverne et al., 

2013). In light of the differences in the half-life times and oxidation ability of radicals, 

SO4˙
− and OH˙ would have the priority to react with TC than ˙O2

‒ and 1O2 (Rao and 

Hayon, 1973; Tian et al., 2020). 

 

 
 

Fig. 7-7 Effect of scavengers on the degradation of TC in LaCoO3/PMS system.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

pH = 7.0, [EtOH] = [TBA]= 1 mol L-1, [NaN3] = [BZQ]= 0.8 mol L-1, and pH = 7.0 

 

To further confirm the existence of the four ROSs mentioned above, electron 

paramagnetic resonance (EPR) was employed using DMPO and TEMP as typical spin 

trapping reagents. DMPO and TEMP as the probe compound were used to identify the 

generation of SO4˙ˉ, ˙OH, ˙O2
- and 1O2 through the formation of spin adducts including 

DMPO-SO4, DMPO-OH, DMPO-OOH and TEMPO, respectively. A strong signal of 
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four consecutive peaks with relative intensities of 1:2:2:1 was detected after the 

addition of PMS, matching well with the DMPO-OH spectra (Fig. 7-8) (Wang, X. et 

al., 2020). The signal for DMPO-SO4 was detected spontaneously, with the relative 

intensities of 1:2:1:2 (Wang, S. et al., 2020a). This phenomenon confirmed the 

successful activation of PMS by LCO to produce SO4
•- and •OH, which was well 

consistent with the traditional trapping tests. Besides, the appearance of 1:1:1:1 DMPO-

OOH and 1:1:1 TEMPO signals provided solid evidences for the presence of ˙O2
- and 

1O2 (Zhou et al., 2021). 

 

 

Fig. 7-8 EPR spectra of PMS activation in LaCoO3/PMS system during the degradation of TC: 

(a-b) DMPO and (c) TEMP spin trapping.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

[DMPO] = 10 mmol L-1, [TEMP] = 10 mmol L-1
. 

 

The intermediate products generated in TC degradation over LaCoO3/PMS system were 

identified by UPLC-MS (Fig. 7-9). Based on the generation of degradation products 

with lower molecular weight (m/z ≤ 220), three degradation pathways could be 

proposed (Fig. 7-9). Initially, the ring structure of TC was attacked by ROSs (i.e., SO4˙ˉ, 

OH˙, 1O2 and O2˙ˉ) and further transformed into smaller molecules with progressive 

ring-opening. Then hydroxylation occurred, due to the generation of intermediates with 
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m/z of 460 and 461. Afterwards, the intermediates with m/z of 414 were obtained by 

demethylation under the attack of ROSs. Compared to the relevant studies on the 

degradation of TC by activated PMS, several degradation intermediates, i.e., P3 

(m/z=415), P7 (m/z=274) and P8 (m/z=258), were frequently detected, whereas those 

with much lower m/z (i.e., P9, P10, P11 and P12, m/z=190) varied with the catalysts 

(Huang, X. et al., 2020; Li, J. et al., 2020; Ye et al., 2020). This can be justified by the 

intermediates with much lower m/z, resulted from the loss of some functional groups 

from the higher ones. But in light of the TOC removal (> 70% in 6 h, Fig. 7-10), TC 

and its associated intermediates could be mineralized into CO2 and H2O. 
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Fig. 7-9 Degradation pathways of TC in LaCoO3/PMS system.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

pH = 7.0 
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Fig. 7-10 TOC removal rate on the degradation of TC.  

General working conditions: [TC] = 20 mg L-1, [PMS] = 50 mg L-1, [LaCoO3] = 200 mg L-1, 

pH = 7.0 

 

Based on the above analysis, the preliminary degradation mechanism could be proposed. 

In control experiments, the sole LaCoO3 could remove TC to a certain extent (10%), 

which is attributed to the adsorption on catalyst. Solely PMS addition could degrade 

partial TC (ca. 50%), as PMS contained HSO5ˉ anion with strong oxidation ability, 

which could self-decompose into SO4˙ˉ radical (Eq. (7-11)) (Zhang et al., 2019). 

However, the reaction between TC and inactivated PMS just transformed TC into other 

4-ring molecules, rather than smaller molecules with less ring-structure (Cai, T. et al., 

2020). With the co-existence of PMS and LaCoO3, most TC was degraded and then 

mineralized. Based on the quenching tests, except for the dominant SO4˙ˉ and OH˙ 

oxidation, 1O2 and ˙O2
‒ also took part in the removal of TC. SO4˙ˉ and OH˙ were 

originated from PMS decomposition by self-decomposition or by LaCoO3 catalysis 

(Eqs. (7-11) - (7-14)). Based on some previous researches, the generation of 1O2 mainly 

followed the self-decomposition of PMS at the rate constant of 0.2 M-1 S-1 (Eq. (7-15)) 

(Gao et al., 2019; Liu et al., 2018). The generated 1O2 could adhere to TC directly, to 

induce oxidative reactions, due to its high redox potential (Gao et al., 2019; Liu et al., 
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2018). Additionally, 1O2 could be also generated through the recombination of ̇ O2
‒ (Eq. 

(7-16)) (Jiang et al., 2020). But this reaction would consume a great amount of H+. 

Since the TC degradation was mainly carried out under neutral pH, the above reaction 

could be constrained. Thus, ˙O2
‒ should exist in the reaction system and act as an 

effective radical. The formation of ̇ O2
‒ was far more complicated (Zhao, Y. et al., 2019). 

Based on Eqs. (7-17) - (7-22), ˙O2
‒ was generated through a series of processes 

including decomposition and composition of HSO5
− and OH˙. 

 

𝐶𝑜3+ + 𝐻𝑆𝑂5
−  →  𝐶𝑜2+ +  𝑆𝑂5

.− +   𝐻+                 (7-11) 

𝐶𝑜2+ + 𝐻𝑆𝑂5
−  →  𝐶𝑜3+ +  𝑆𝑂4

.− +   𝑂𝐻−                (7-12) 

𝐶𝑜2+ + 𝐻𝑆𝑂5
−  →  𝐶𝑜3+ +  𝑆𝑂4

2− +   𝑂𝐻.                (7-13) 

𝐻𝑆𝑂5
−  → 𝑂𝐻.− + 𝑆𝑂4

.−                                 (7-14) 

𝑆𝑂5
2− + HSO5

−  → 1O2 + HSO4
− + 𝑆𝑂4

2−                    (7-15) 

2O2
∙− + 2H+  →  H2O2 + 1O2                            (7-16) 

OH− + HSO5
   .− → HSO5

− + OH.−                         (7-17) 

OH. + H+ + e− → H2O                                  (7-18) 

SO4
.− + H+ + e− →  HSO4

.−
                             (7-19) 

HSO5
− + H2O →  H2O2 + HSO4

−                          (7-20) 

OH∙ + H2O2  → HO2
∙− + H2O                             (7-21) 

HO2
∙−  →  H+ +  O2

∙−                                    (7-22) 

 

7.3 Conclusions 

In this study, the LaCoO3/PMS system exhibited excellent TC degradation along with 
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a satisfied mineralization ability and stable reusability. Under the optimal degradation 

condition at neutral pH, 90% of TC were removed in 30 min. Based on the traditional 

trapping experiments and EPR spectra, free radicals including SO4
•−, OH•, 1O2 and •O2

‒ 

were involved. The main degradation pathways of TC mainly include demethylation, 

hydroxylation and ring-opening reactions. The degradation performance was 

accelerated in the presence of common inorganic anions, e.g., Cl-, H2PO4
- and SO4

2-, as 

well as humid acid at low concentration. This indicates the strong environmental 

adaptability of the LaCoO3/PMS system. Generally, the LaCoO3/PMS system was 

proved to be a rapid, economical and stable approach for the degradation of TC, which 

provided a novel strategy for PMS activation aiming at antibiotic removal in water and 

wastewater treatment.
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Chapter 8 Conclusion and recommendation 

8.1 Conclusions 

In this study, two series of composite catalysts with CoMn2O4 loaded on different 

natural clay minerals, kaolinite (Kln) and halloysite (Hal), were successfully fabricated 

through co-precipitation method. After the characterization tests including crystalline 

structure, micromorphology and surface chemistry, their PMS activation ability were 

investigated thoroughly and separately towards the degradation of some typical 

pharmaceuticals which were frequently detected in water environment.   

 

In order to find out the effect from the content of CMO within the composite catalysts 

towards their PMS activation, 20, 40, and 60-CMO/Hal were investigated and 

compared with bare CMO spontaneously. After that, the one with the best working 

performance (40-CMO/Hal) was picked out for further studies under the optimal 

working conditions, which was determined according to the investigations about the 

effects of working parameters including working pH, dosage of PMS, and initial 

concentrations of the target pharmaceuticals (CBZ here). The stability and durability of 

40-CMO/Hal and bare CMO were explored through a three-time reuse, while the metal 

leakage during them were determined by ICP-OES. The potential PMS activation 

mechanism was proposed according to traditional trapping experiments and results 

obtained from electron paramagnetic resonance (EPR). The possible degradation 

pathways and final products of CBZ were determined based on the intermediates 

detected by LC-MS and the TOC results. Finally, the possible universal application of 

40-CMO/Hal in removing some other common antibiotics was verified by targeting TC, 
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OFX and SMZ. The positive results promise the development of an effective treatment 

technology for the removal of common pharmaceuticals. 

 

After that, in order to further investigate the impacts from clay mineral substrates with 

different morphologies towards the composite catalysts in terms of crystal structure, 

surface chemical properties, and defects, etc., CMO/Hal and CMO/Kln with the same 

CMO loading percentage (40%), were chosen again for further comparisons and 

investigations. The results indicated that both Hal and Kln helped to control the 

crystallinity of CMO spontaneously with induce oxygen vacancies (OVs), which 

significantly enhanced the working efficiency. The reaction rate constants of Hal/CMO 

and Kln/CMO towards OFX degradation were nearly triple and twice that of bare CMO, 

respectively, with a 60% decrease in metal usage. CMO/Hal and CMO/Kln exhibited 

better stability and durability than CMO, while CMO/Kln showed higher structural 

stability with lower metal leaching after 3 rounds of reaction than the others. The 

universal applicability of CMO/Hal and CMO/Kln were also verified by using three 

other pharmaceuticals as probes.  

 

As for the LCO catalysts, its PMS activation ability was investigated through the 

degradation efficiency and decomposition mechanism of tetracycline (TC). Moreover, 

the effects of common inorganic anions and natural organic matter (e.g., humic acid 

(HA)) on TC degradation performance were also compared thoroughly. Without the 

presence of coexisting substance, more than 90% of TC was removed completely within 

30 min under optimal working conditions with neutral pH, while a 72% mineralization 

rate was achieved in 6h. The presence of inorganic anions (i.e., H2PO4ˉ, Clˉ and SO4
2ˉ) 

and low-concentration of HA promoted the degradation. Among them, H2PO4ˉ and 
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lower concentration of HA showed the most obvious outcome, while SO4
2ˉ promoted 

the overall performance of the process by regulating the radical formation and 

minimizing the peak radical level. LCO exhibited stable reusability with minor decrease 

in TC removal, likely due to the adsorption of intermediate products from previous 

stages.  

 

8.1.1 Characteristics of the CMO-based catalysts 

The characterizations of bare CMO and the x-CMO/Hal series (x=20, 40 and 60%) in 

previous chapters indicated that the CMO nanoparticles were evenly distributed on the 

outer surface of Hal tubes with little agglomeration and smaller grain size compared to 

bare CMO. Besides, the presence of Hal carrier was beneficial in: 1) regulating the 

grain size and crystallinity of CMO particles, and 2) promoting the specific surface area 

by the evenly distribution of CMO particles. The smaller particle size with reduced 

crystallinity also helped to provide more reactive sites by forming into several indistinct 

lattice boundaries.  

 

Furthermore, by comparing CMO/Hal and CMO/Kln with the same CMO loading 

percentage (40%), it could be found that in addition to the crystallinity control of CMO, 

both Hal and Kln enabled the induction of oxygen vacancies (OVs) into the composite 

catalyst, which would help to enhance their working efficiency by providing additional 

active sites for the reaction and accelerating electron transfer. Hal enabled the 

generation of more OVs than Kln, spontaneously with stronger suppression in CMO’s 

grain size and crystallinity. However, the characterizations on the recycled catalysts 

after three times of reuse implied that CMO/Kln with higher crystallinity and ordered 
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structure maintained structural stability with less metal leakage than CMO/Hal.  

 

8.1.2 Effects of CMO content and mineral substrates in 

pharmaceutical degradation 

The effects of CMO content towards their PMS activation ability was tested through 

the degradation of CBZ. The reaction using bare CMO and the x-CMO/Hal series all 

followed the pseudo first-order kinetics, and the highest kobs was found in 40-CMO/Hal. 

Comparing to bare CMO, the presence of Hal carriers helped to enhance the catalytic 

activity of the x-CMO/Hal ones by controlling the grain size, suppressing the 

unidirectional crystallization, and promoting the evenly dispersion of CMO. However, 

the overdosed CMO on Hal also brought negative effects towards the degradation, as 

the aggregates and seriously clustered CMO particles piled on Hal would block the 

active sites on the catalysts. 

 

The effects of different mineral substrates, Hal and Kln, towards their PMS activation 

ability was investigated using OFX as target compound. Based on the previous works, 

40-CMO/Hal (Abbrev. CMO/Hal) with the best working performance was chosen for 

further studies, and the corresponding 40-CMO/Kln (CMO/Kln), along with bare CMO, 

were used for comparison. The results showed that the presence of either Hal or Kln 

alleviated the crystallinity and grain size of CMO, spontaneously with inducing 

abundant oxygen vacancies into the composite catalyst. Among them, CMO/Hal 

showed the highest reaction rate constants and the least residue OFX, followed by 

CMO/Kln and bare CMO. Since the working efficiency of CMO/Hal, CMO/Kln and 

bare CMO was proportional to their OV content, it was reasonable to infer that the 
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existence of OVs contributed to promoting PMS decomposition.  

 

8.1.3 Effects of working parameters on the degradation 

The determination of optimal working conditions in both Chapter 5 and Chapter 6 

were based on the results of controlled variable experiments with comprehensive 

analysis.  

 

For CBZ degradation, the dosage of catalyst and PMS were 200 mg L-1 and 0.1 mM, 

separately, and the working pH was controlled at 5.8, a near neutral one. Excessive 

dosage of PMS would retard the degradation due to the scavenging effect from HSO5
ˉ 

to the generated SO4˙
ˉ. The optimum working pH was close to the pHpzc of the catalyst 

and could help to keep the stability of HSO5
ˉ. 

 

The situation for OFX degradation using bare CMO, CMO/Hal and CMO/Kln was 

similar to CBZ degradation above, and the optimal working pH was set as 6.5 for both 

CMO/Hal and CMO/Kln according to the pHpzc of the catalysts and the acid 

dissociation constants for both PMS and OFX. 

 

8.1.4 Reaction mechanisms of the degradation process 

The existence and contributions of the reactive oxygen species (ROS) involved in the 

degradation were determined separately by EPR using DMPO and TEMP as spin-

trapping reagents, and traditional trapping experiments with MeOH, TBA, NaN3 and 

BZQ as scavengers. The results showed that SO4˙ˉ, OH˙, O2˙ˉ and 1O2 were all 
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generated during PMS activation using the fabricated catalysts, and contributed to the 

removal of target pharmaceuticals. Besides, the OVs on the surface of catalysts 

promoted the interfacial electron transfer and boosted the generation of 1O2, which 

might demonstrate to higher OFX decomposition efficiency, since 1O2 contributes 

specifically to the hydroxylation of phenolate and phenolic groups in addition to SO4˙ˉ 

and OH˙, which would benefit the followed mineralization. 

 

Based on the LC-MS and TOC results, it was clear that about 60% of CBZ could be 

mineralized using PMS activated by 40-CMO/Hal, and the main decomposition of CBZ 

included oxidation, hydrolysis and the cleavage of rings. As for OFX, its main 

decomposition route included decarboxylation, hydroxylation, piperazinyl dealkylation, 

oxidation of hydroxyl group and ring cleavage. Since the mineralization rate of OFX 

using CMO/Hal and CMO/Kln were 35% and 25%, separately, it could be concluded 

that CMO/Hal showed better performance in the decomposition of OFX. 

 

8.1.5 Reusability and stability of the catalysts 

The continuous batch reuse experiments showed that although both bare CMO and 40-

CMO/Hal were still effective after three times working, the metal leakage of Co and 

Mn from 40-CMO/Hal was still 40% lower than those from bare CMO, even though 

the CMO content within it was 40% of the bare ones. The results indicated that Hal 

carrier contributed to the reduction of metal leaching, which minimized the second 

contamination and maintained the degradation efficiency.  

 

The situation in Chapter 6 was similar, as both CMO/Hal and CMO/Kln maintained 
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satisfied catalytic performance after three reuses with little deterioration. The metal 

leakage of CMO/Hal and CMO/Kln was obviously alleviated comparing to bare CMO, 

and CMO/Kln showed the lowest metal leaching. Besides, based on the XRD analysis, 

the almost unchanged pattern of CMO/Kln with only slight decrease in its relative 

intensity implied its hardly affected crystallinity, while the deterioration for CMO/Hal 

was far more obvious. This implies that Kln substrate was advantageous in maintaining 

structural stability. 

 

8.1.6 Universal application of the catalysts  

The possible universal application of 40-CMO/Hal (i.e., CMO/Hal) and 40-CMO/Kln 

(i.e., CMO/Kln) were tested in removing some other common pharmaceuticals in 

addition to the target contaminants which were studied in detail. The results confirmed 

the effectiveness of these processes, as the degradation rates obtained were at least 65% 

in 30 min, or at least 80% in 40 min.  

 

8.2 Limitations of this study and recommendations 

for future work 

The experimental results and corresponding analysis of this work revealed the 

effectiveness and efficiency of the investigated SR-AOPs using PMS activated by CMO 

loaded on natural clay minerals with the same chemical composition but different 

morphologies, halloysite (Hal) and kaolinite (Kln). The modified catalysts, either 

CMO/Hal or CMO/Kln, both overcame the disadvantages of bare CMO (i.e. higher 

metal leaching and production costs), spontaneously with promoting their PMS 
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activation efficiency for the degradation of pharmaceuticals. The presence of Hal and 

Kln contributed to the regulation of CMO particles’ grain size and crystallinity, the 

promotion of specific surface area by the evenly distribution of CMO particles, and the 

induction of more active OVs. Furthermore, Hal was advantageous in the generation of 

more OVs with a stronger suppression in CMO’s grain size and crystallinity, while 

CMO/Kln with higher crystallinity and ordered structure maintained better structural 

stability with less metal leakage. These works shed lights on the application of natural 

minerals in the modification of transition metal catalysts aimed at heterogeneous PMS 

activation with enhanced catalytic ability and lower environmental impact in the 

remediation of pharmaceuticals in wastewater. 

 

However, there still existed some limitations in this work. Firstly, the research 

experiments in this work were generally performed in laboratory using batch reactors, 

and focused more on the elimination of single target compound each time in aqueous 

solution. In order to lay a solid foundation for its future practical applications, it is 

necessary to conduct continuous pilot tests with the consideration of more relevant 

elements, e.g., the coexistence of multi chemicals or pharmaceutical contaminants, and 

the effects of some naturally occurring microorganisms and algae in water. Besides, 

pilot-scale experiments using real wastewater with abundant pharmaceuticals, e.g., 

effluents from pharmaceutical industries and hospitals are strongly recommended. 

 

Secondly, although CMO/Hal and CMO/Kln catalysts fabricated in this work both 

showed superior PMS activity in degrading pharmaceuticals than bare CMO 

spontaneously with different strengths, they still had some limitations, e.g., the 

unbalanced improvement of both catalytic activity and structural stability, and the 
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unavoidable metal leaching. Thus, these catalysts could be further modified or inducing 

more active sites in the future. Besides, hybrid processes which combined the current 

catalyst/PMS reaction system with other technologies including membrane and 

ultrasonic would be worthy of an attempt, which might alleviate the passivation of the 

catalysts, and simplify the recycle processes. For example, nano-sized catalysts with 

extremely small grain size are generally considered with hard, time-consuming, and 

high mass loss during their separation from treated water. Therefore, by entrapping 

nanocatalysts directly into the pores of porous catalytic membranes can promote the 

collaborative separation simultaneously with enhanced catalytic efficiency. Among 

various membrane materials, polyvinylidene difluoride (PVDF), an electroactive 

semicrystalline thermoplastic material, has received increasing attention with high 

practicality in water purification due to its high mechanical strength and chemical 

stability, flexibility, cost-effective, and environmentally friendly (Yao et al., 2022). 

Previous researches implied that enhanced degradation efficiency can be achieved by 

inducing nanoparticles into the pores of the porous PVDF membrane through phase 

inversion (Yao et al., 2022). Therefore, it might be feasible to immobilize the CMO/Hal 

and/or CMO/Kln catalysts into PVDF membrane through traditional phase conversion 

method for pharmaceutical degradation via PMS activation. Besides, the working 

efficiency of heterogenous CMO-based catalysts can also be enhanced through external 

energy due to synergistic effects, such as photo irradiation, microwave, ultrasound, and 

electric field (Wei et al., 2022).        

 

Thirdly, although a certain percentage of the contaminants could be mineralized into 

CO2 and H2O after the SR-AOP treatment, and the intermediates generated during the 

degradation was identified, the toxicology experiments were not performed.  
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