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RESUMO 

 

A poluição da água por compostos orgânicos tornou-se uma preocupação 

crescente em todo o mundo, trazendo riscos tanto para a saúde humana quanto para o 

meio ambiente. Os rápidos avanços nas indústrias farmacêuticas e na agricultura 

certamente melhoraram nossa qualidade de vida, no entanto, a liberação descontrolada 

dos produtos farmacêuticos e pesticidas nos corpos d'água tornou-se um problema grave. 

Mesmo em quantidades mínimas esses poluentes têm um impacto prejudicial na saúde 

humana e representam uma ameaça ao equilíbrio dos ecossistemas aquáticos. Portanto, 

há uma necessidade urgente em se desenvolver tecnologias capazes de remover de forma 

eficiente esses poluentes das águas residuais. Com o objetivo de contribuir para a solução 

deste problema, este trabalho de tese concentrou-se em explorar o potencial de duas novas 

abordagens baseadas na tecnologia de ativação fotocatalítica do peroximonosulfato 

(PMS) para aplicação na remediação de águas contaminadas por poluentes orgânicos. 

Na tentativa de desenvolver processos menos onerosos para aplicações industriais, 

o fotocatalisador Co3O4 foi utilizado sob irradiação de luz solar para ativação do PMS 

para degradação do pesticida imidacloprida (IMD) em um reator de fluxo contínuo. Sob 

condições otimizadas, uma fotodegradação de 99% do IMD foi alcançada após duas horas 

de operação. O excelente desempenho do processo Co3O4/PMS/irradiação solar foi 

atribuído à ativação sinérgica do PMS pelas espécies Co2+ e Co3+ presentes no Co3O4 e 

pelo componente ultravioleta (UV) da luz solar, seja na fase homogênea ou após a 

adsorção do PMS pelo Co3O4. Foi constatado que o mecanismo de degradação do IMD 

no sistema Co3O4/PMS/irradiação solar envolve a formação de diferentes espécies 

reativas oxidativas (1O2, O2
●−, e SO4

●−), as quais foram responsáveis pela oxidação do 

pesticida.   

Em uma segunda abordagem, a heteroestrutura g-C3N4/NiFe2O4 foi utilizada para 

ativar o PMS sob luz visível (LV) para aplicação na degradação de uma água residual 

simulada contendo o antibiótico cloridrato de tetraciclina (TCH) como molécula modelo 

de poluente orgânico. Os testes fotocatalíticos revelaram que o sistema 

NiFe2O4/g- C3N4/PMS/LV foi bem sucedido na remoção do TCH em uma ampla faixa de 

pH e na presença de diferentes ânions comumente encontrados em águas residuais. O 

desempenho superior do compósito na degradação do TCH comparado aos óxidos puros 

foi atribuído ao sinergismo entre a heterojunção e a ativação do PMS, que possibilitou a 

geração de múltiplas espécies oxidantes (1O2, O2
●−, e HO●), responsáveis pela degradação 



vii 

 

efetiva do TCH. Além da rápida cinética de degradação, também vale destacar as 

propriedades magnéticas da heteroestrutura que facilitaram a separação do fotocatalisador 

para fins de reuso.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

ABSTRACT 
 

 

Water pollution from organic compounds has become a growing concern 

worldwide due to the risks imposed on human health and the environment. The rapid 

advancements in the pharmaceutical and agricultural industries have certainly improved 

our quality of life; however, the uncontrolled release of pharmaceuticals and pesticides 

into water bodies has become a serious problem. Even in small quantities, these pollutants 

have a detrimental impact on human health and pose a threat to the balance of aquatic 

ecosystems. Therefore, there is an urgent need to develop technologies that can efficiently 

remove these pollutants from wastewater. To address this problem, this thesis work 

focused on exploring the potential of two novel approaches based on the photocatalytic 

activation of peroxymonosulfate (PMS) for application in the remediation of water 

contaminated with organic compounds.  

In an attempt to develop cost-effective processes for industrial applications, the 

Co3O4 photocatalyst was applied to capture solar light to activate PMS for the degradation 

of the pesticide imidacloprid (IMD) in a continuous flow reactor. Under optimized 

conditions, 99% IMD photodegradation was achieved after two hours of operation. The 

outstanding performance of the Co3O4/PMS/solar irradiation process was attributed to the 

synergistic activation of PMS by Co2+ and Co3+ species in the Co3O4 catalyst and the 

ultraviolet (UV) component of solar irradiation, in either the homogeneous phase or after 

PMS adsorption onto Co3O4. It was found that the degradation mechanism of IMD in the 

Co3O4/PMS/solar irradiation system involved the formation of different oxidative 

reactive species (1O2, O2
●−, and SO4

●−), which were responsible for the oxidation of the 

pesticide. 

In a second approach, the g-C3N4/NiFe2O4 heterostructure was used to activate 

PMS under visible light (VL), for application in the degradation of a simulated 

wastewater containing tetracycline hydrochloride (TCH) as a model molecule of an 

organic pollutant. The photocatalytic tests revealed that the NiFe2O4/g-C3N4/PMS/VL 

system was successful in removing TCH over a wide pH range and in the presence of 

different anions commonly found in wastewaters. The superior degradation performance 

observed for the composite, compared to the pure oxides, was attributed to the synergism 

between heterojunction photocatalysis and PMS activation, generating the highly 

oxidizing 1O2, O2
●−, and HO● species, responsible for effective degradation of TCH. 
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Besides the fast kinetics, it also should be highlighted that the magnetic properties of the 

heterostructure facilitated separation of the photocatalyst for the purpose of reuse. 
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CHAPTER 1 

INTRODUCTION 
 

 

1.1. Problem Statement  

One of the biggest challenges in the modern world is the availability of clean, safe, 

and affordable water. With continuous economic development and increasing global 

population, surface water, groundwater, and even drinking water have been seriously 

affected by pollution [1,2]. Natural organic compounds (NOCs) and anthropogenic 

organic compounds (AOCs) are substances typically found in water bodies and harm the 

water quality. For instance, the natural presence of geosmin and isoborneol produced by 

cyanobacteria in water intended for human consumption can lead to an unpleasant taste 

and odor even at concentrations of a few ng L-1 [3,4]. However, compared to NOCs, most 

organic pollutants in water come from anthropogenic domestic, industrial, and 

agricultural activities [2,5]. 

It is widely recognized that agriculture has a detrimental impact on natural aquatic 

resources due to the use of pesticides and chemical fertilizers [1]. Furthermore, diverse 

phenolic, halogenated, and aromatic contaminants in water come from effluents produced 

by various industrial processes [2]. Discharging domestic sewage effluents into water 

bodies is another significant source of organic contaminants, including the so-called 

emerging pollutants released from personal care products and pharmaceuticals [6]. Most 

AOCs are toxic and can lead to severe diseases such as cancer, deformity, and gene 

mutations [7]. To make matters worse, many of these compounds are non-biodegradable 

and persist in water for long periods due to their stable structure, bringing risks to aquatic 

life and human health [8].  

In 2020, over 2 billion people worldwide lacked access to safe drinking water, and 

more than twice that number lacked access to proper sanitation [9]. According to a Global 

Burden of Disease study, 1.2 million people died in 2017 due to unsafe water. To put this 

into context, this was three times the number of global deaths by homicides and the same 

number of global deaths in road accidents that year [10]. It should be mentioned that even 

populations with access to sanitation services are susceptible to the adverse effects of 

these pollutants, as conventional drinking water and urban wastewater treatment plants 

cannot effectively remove recalcitrant organic compounds from water [11]. The 
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inadequate management of domestic, industrial, and agricultural wastewater means that 

the water consumed by hundreds of millions of people is dangerously contaminated or 

chemically polluted. Therefore, there is an urgent need to develop an effective method 

for removing AOCs from wastewater. 

Over the past few years, advanced oxidation processes (AOP) based on 

peroxymonosulfate (HSO5
–, PMS), which can generate sulfate radicals (SO4

●−) that are 

capable of degrading ACOs into small molecules and carbon dioxide, have been among 

the most investigated methods for wastewater treatment [12]. Compared to traditional 

hydroxyl radical-based AOP (HO●, redox potential of 1.8-2.7 V and half-life of 20 ns), 

SO4
●− can present similar or even higher redox potential (2.5-3.1 V), together with a 

longer half-life (30-40 µs) [13], in a wider working pH range (3-9) [14]. In addition, PMS 

is inexpensive, easy to transport and store, and has an asymmetric structure that can 

facilitate its activation compared to hydrogen peroxide (H2O2) [15]. However, PMS-AOP 

still face the disadvantages of high-energy consumption and poor activation performance 

[16].  

Recently, photocatalyst-activated PMS technology has attracted the attention 

of numerous researchers due to its advantages of environmental friendliness, low 

energy consumption, and high degradation efficiency [12]. Regarding the 

heterogeneous system photocatalyst/PMS/light, on the one hand, photocatalysts can 

produce electrons and holes under the presence of light, which can effectively activate 

PMS to generate more oxidizing species. On the other hand, PMS can capture 

electrons; thus, the recombination of photogenerated carriers (e−/h+) can decrease, 

which can improve the catalytic performance of the photocatalysts [12]. In this sense, 

exploring photocatalysts that can activate PMS under visible light to produce active 

species capable of degrading organic pollutants is considered an essential step in the 

field of wastewater treatment. Moreover, it is also desirable that the photocatalyst can 

be recoverable, reusable, and environmentally sustainable [17]. 

Considering this, the aim of this thesis work was to develop PMS-assisted 

photocatalytic systems that could fulfill the aforementioned requirements and efficiently 

degrade organic pollutants. Therefore, the strategies used in this study were firstly to 

synthesize cobalt oxide (Co3O4), followed by the fabrication of Co3O4 coatings, which 

were employed to degrade pesticides in a continuous flow-cell reactor under simulated 

solar irradiation. Cobalt-based materials such as Co3O4 have drawn attention because 

cobalt ion (Co2+) is considered the best activator of PMS [18]. Although Co3O4 had been 
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applied for the photocatalytic activation of PMS before [19], herein its performance was 

studied in a continuous flow reactor for the first time.  

Secondly, the g-C3N4/NiFe2O4 photocatalyst was synthesized and evaluated 

regarding its ability to activate PMS for the degradation of antibiotics under visible light 

in a batch system. Although carbon nitride (g-C3N4) has outstanding properties (high 

stability, competitive cost, easy fabrication, and narrow band gap), its high electron-hole 

pair recombination rate, low ability to utilize visible light, and difficulty in separating it 

from aqueous media have limited its application in PMS-AOP [20,21]. The hypothesis 

adopted here was that the coupling between the two semiconductors would enhance the 

performance of g-C3N4 in activating PMS due to the formation of a heterojunction. Nickel 

ferrite was chosen for this purpose not only because it has a suitable band position that 

matches well with that of g-C3N4 to promote an effective separation of the photogenerated 

charges but also because it possesses a narrow band gap energy and excellent magnetic 

properties, which could extend the response of the photocatalyst to visible light and 

facilitate its recovery for reuse [22]. Additionally, no studies have explored the potential 

of the photocatalytic activation of PMS by g-C3N4/NiFe2O4 and its application for the 

degradation of organic compounds. 

 

1.2. Literature Review 

1.2.1. Peroxymonosulfate-based advanced oxidation processes (PMS-AOP) 

Advanced oxidation processes comprise a series of technologies that involve the 

generation of highly oxidizing species capable of degrading refractory organic 

compounds into less toxic substances or even mineralizing them into carbon dioxide and 

water  [23]. Figure 1.1 shows a simplified diagram depicting the different types of AOP.  

For many years, most AOP were based on the generation of hydroxyl radicals as 

active species for the degradation of organic compounds [24]. However, as shown in 

Figure 1.2, peroxymonosulfate-based AOP emerged in the last few years and currently is 

considered a research hotspot due to their unique properties and advantages. 
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Figure 1.1. Different types of AOP that have been used for the degradation of organic 

pollutants. Adapted from [25].  
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Figure 1.2. Number of publications (a) and citations (b) per year since 1996 based on the 

search for “peroxymonosulfate” in the Web of Science (Access in June 2023). 

 

In PMS-AOP, peroxymonosulfate can be activated to generate sulfate radicals  

which, compared to HO●, have a higher redox potential (HO●: 1.8-2.7 V; SO4
●− : 2.5-3.1 

V), longer half-life (HO●: 20 ns; SO4
●−: 30-40 µs) [26], higher selectivity, and reduced 

sensitivity to pH variations [14]. Basically, peroxymonosulfate is a derivative of 

hydrogen peroxide with an asymmetric structure in which an SO3 group replaces an H 

atom in H2O2 [13]. The peroxide bond (O-O) distances in H2O2 and PMS are 1.453 Å and 

1.460 Å, respectively. Therefore, since the O-O bond length of PMS is longer than the O-

O bond length of H2O2, it requires less energy to break it, thus facilitating the PMS 
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activation compared to H2O2 [27]. The precursor of PMS is a triple salt of potassium 

(KHSO5⋅0.5KHSO4⋅0.5K2SO4), commercially known as Oxone. In addition to being very 

stable, inexpensive, non-toxic, and highly soluble in water (> 250 g L-1 at 20 ⁰C), it is 

easier to transport and store than the aqueous H2O2 [13]. Some of the specific 

characteristics of PMS are listed in Table 1.1. 

 

Table 1.1. Characteristics of PMS [13].  

Peroxymonosulfate ion Properties 

 

Structure 

     

Formula HSO5
– 

Molecular weight 113.07 g L-1 (614.74 g L-1 Oxone) 

Solubility in water > 250 g L-1 at 20 ⁰C (based on Oxone) 

Redox potential 1.82 V 

Other names Caroat, monopersulfate, Oxone, Curex 

 

Although PMS is a strong oxidant, its direct reaction with most pollutants is slow, 

so its activation is required. The two most common routes for activating PMS to generate 

SO4
●− species involve breaking the peroxo (O-O) bond in its structure using either 

external energy or transferred electrons. Energy-based activation can be achieved using 

ultraviolet irradiation, heat, or ultrasound, according to Equations 1.1-1.3, whereas, the 

electron-transfer-based activation occurs through transition metal (M = Mn2+, Fe2+, Co2+, 

Ni2+) catalytic-based reactions (Equations 1.4 and 1.5) or photocatalytic reactions 

(Equation 1.6) [15]. These processes are illustrated in Figure 1.3. 

 

HSO5
− + UV ⟶ SO4

●− + HO●    (1.1) 

HSO5
– + heat ⟶ SO4

●− + HO●     (1.2) 

HSO5
– + ultrasound ⟶ SO4

●− + HO●       (1.3) 
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Mn+ + HSO5
− ⟶ M(n+1) + + SO4

●− + OH−      (1.4) 

M(n+1) + + HSO5
− ⟶ Mn+ + SO5

●− + H+        (1.5) 

HSO5
− + e− from the conduction band of a photocatalyst ⟶ SO4

●− + HO●     (1.6) 

 

 

Figure 1.3. Different methods for activating PMS. Adapted from [27]. 

 

Although the processes illustrated in Figure 1.3 can activate PMS, they have some 

limitations, including: 

• PMS activation via external energy:  Ultrasound and heat-driven PMS activation 

require expensive reactors, which hinders their large-scale applicability [28]. Using 

ultraviolet light can result in significant energy consumption; therefore, PMS activation 

under milder conditions using visible light or sunlight is desirable [29]. 

• PMS activation via transition-metal-based homogenous and heterogeneous 

catalysis: Despite being considered more cost-effective and easy operation methods than 

the energy-based approaches, both homogeneous and heterogeneous catalysis face 

limitations. Regarding homogeneous systems, first, the recovery of dissolved metal ions 

is difficult and requires further separation steps. Second, the treatment of high organic 

concentration wastewater requires a large amount of metal ions, posing a secondary 

pollution risk. Third, the catalytic performance is highly affected by pH because transition 

metals can precipitate under alkaline conditions and form hydrated species under acidic 
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conditions. Fourth, organic compounds can be bonded to metal ions, which also affects 

PMS activation [26]. Compared to homogeneous systems, heterogeneous systems bring 

some advantages since the catalyst is solid, allowing its recovery and reuse, supporting a 

wider pH range, and minimizing the release of metal contaminants into the environment 

[30]. However, heterogeneous systems suffer from limited efficiency in activating 

peroxymonosulfate due to the slow M(n+1)+/Mn+ regeneration cycle (Equations 1.4 and 

1.5), which is considered the rate-limiting step in this process [31].  

Fortunately, the photocatalytic activation of PMS can overcome the shortcomings 

mentioned above and shows promising application prospects owing to its high efficiency 

and potential for solar energy utilization. 

 

1.2.2. Heterogeneous photocatalytic activation of PMS  

In a typical photocatalytic process, the reaction is triggered when a semiconductor 

is illuminated with ultraviolet or visible light radiation and absorbs photons with energies 

equal to or higher than the energy of its band gap. Next, electrons (e–) in the valence band 

(VB) of the semiconductor are excited to its conduction band (CB) with the simultaneous 

generation of holes (h+) in the valence band. Then, the photogenerated carriers migrate to 

the catalyst surface, where the holes can oxidize the adsorbed water to produce hydroxyl 

radicals, while the electrons can reduce dissolved oxygen molecules to generate 

superoxide radicals (Equations 1.7 and 1.8) [32].  

 

H2O
 + h+ ⟶ HO● + H+    (1.7) 

O2 + e– ⟶ O2
●− (1.8) 

As an oxidant, PMS can be used as an electron acceptor in the photocatalytic 

process. So, when the photogenerated electrons are trapped by PMS, both hydroxyl and 

sulfate radicals can be generated (Equation 1.6). Therefore, the addition of PMS to the 

reaction media can enhance the separation of electron-hole pairs and improve the 

efficiency of the photocatalytic process by producing more reactive radicals to 

decompose organic compounds [15]. Figure 1.4 shows the mechanism of PMS activation 

via photogenerated electrons. 
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Figure 1.4. PMS activation by photogenerated electrons. Adapted from [15]. 

 

During the past few decades, titanium dioxide (TiO2) was the first photocatalyst 

to stand out in the field of photocatalysis owing to its good performance, low cost, 

stability, and low toxicity. However, its utilization has been hampered by its large 

bandgap (3.2 eV), which requires ultraviolet light for activation. Because only 

approximately 5% of the solar spectrum consists of UV light, while visible light 

contributes 45% of it, a visible-light-driven photocatalyst is desirable for effective 

applications [21]. With unique optical, structural, and physicochemical properties, cobalt 

oxide and carbon nitride have been considered potential candidates for environmental and 

energy applications [18,20]. Considering this, many studies have focused on evaluating 

their performance in activating PMS to degrade organic pollutants under visible light.  

 

1.2.2.1. Cobalt oxide (Co3O4)  

In 2004, a pioneering study conducted by Anipsitakis et al. [33] revealed that the 

cobalt ion (Co2+) is the most efficient transition metal for the activation of PMS. However, 

homogeneous catalytic reactions of the Co2+/PMS system in aqueous solutions discharge 

cobalt ions into water, constituting a potential threat to human beings, in addition to  

increasing the operational cost due to cobalt loss [18]. To overcome the disadvantages of 

Co2+/PMS homogeneous systems, heterogeneous cobalt catalysts, such as CoO, CoO2, 

Co2O3, and Co3O4 have been investigated for PMS activation [18,26]. Among them, 
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Co3O4 has exhibited excellent performance due to the presence of Co2+ and Co3+ species 

in its structure, so its application to activate PMS for the degradation of organic pollutants 

in batch systems has been widely considered [26].  

The PMS activation by Co3O4 nanoparticles was assessed by Anipsitakis et al. 

[33] for 2,4-dichlorophenol degradation, showing that the Co3O4 could efficiently activate 

PMS with low levels of cobalt leaching. Hu et al. [34] found that Co3O4 activated PMS 

system could efficiently degrade bisphenol A in water, while Chen et al. [35] successfully 

applied Co3O4/PMS system for removing Acid Orange 7. Studies regarding Co3O4 

nanoparticles immobilized on different supports, such as Raschig rings and 

polytetrafluoroethylene, were also conducted, presenting fast degradation rates of organic 

contaminants [36]. It was found that the immobilization of Co3O4 not only facilitates its 

separation and recovery after the reaction but also increases its stability, thereby reducing 

cobalt leaching [26]. Moreover, Co3O4 is not only an effective heterogeneous catalyst for 

PMS activation but is also a visible-light-driven photocatalyst. Taking this last property 

into account, Wang et al. [19] evaluated the Co3O4 performance for phenol degradation 

in the presence of PMS and solar irradiation, finding a synergistic effect between 

photocatalysis and PMS activation, which led to the generation of multiple active species. 

Overall, the highly efficient PMS activation and low level of cobalt leaching make Co3O4 

a promising photocatalyst with reduced environmental risk. 

 

1.2.2.2. Carbon nitride (g-C3N4) 

The application of g-C3N4 as a visible-light-driven photocatalyst was first reported 

by Wang et al. [37] in 2009. Since then, g-C3N4 has been widely investigated in 

photocatalysis due to its competitive cost, easy fabrication, high stability, and narrow 

band gap (~2.7 eV). Because of all these outstanding properties, g-C3N4 could be 

considered an ideal material for activating PMS to remove organic pollutants under 

visible light. However, it has been reported that its performance in this process remains 

far from satisfactory due to the fast recombination of photogenerated e-/h+ pairs and weak 

visible light absorption [20]. Several approaches have been proposed to overcome these 

limitations, such as metal doping, morphology modification, noble metal deposition, and 

constructing heterojunctions. Among them, it was verified that the photocatalytic activity 

of g-C3N4 can be improved by coupling it with another semiconductor in order to form a 

heterojunction that decreases the recombination rate of the photogenerated charges, thus 
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improving the photoactivity. Assembling a heterojunction mainly requires the 

combination of band structures and the nearby contact between two or more 

semiconductors, so the photogenerated e-/h+ pairs can be quickly transferred across the 

interface for subsequent photoreactions.   

Yue et al. [38] synthesized a g-C3N4/CoWO4 type II heterojunction with 

remarkable photoactivity for the degradation of tetracycline hydrochloride in the presence 

of PMS and visible light. The authors found a better separation of the photogenerated 

charges in the composite material than in the pure phases, attributed to the charge transfer 

between the two semiconductors. The electrons in the CoWO4 CB (-1.17 V) migrated to 

the g-C3N4 CB (-1.05 V), while the holes in the g-C3N4 VB (+1.88 V) moved to the 

CoWO4 VB (+1.23 V), thus providing a higher electron lifetime, which was beneficial 

for activating PMS. Moreover, the Co from CoWO4 also reacted with PMS and 

accelerated its decomposition to generate more radicals. Other examples of 

heterostructures that exhibited better performance than the isolated materials for PMS 

photoactivation for the removal of organic pollutants include g-C3N4/CuO [39], g-C3N4/ 

ZIF-NC [40], MoO3/Bi2O3/g-C3N4 [41], g-C3N4/FeWO4 [42], g-C3N4/NiCo2O4 [43].  

Despite the progress achieved and reported in these studies, the recovery of most 

of these materials remains an important challenge because powder catalysts are often 

difficult to separate from the aqueous phase, which can cause material loss and secondary 

pollution, thus limiting their practical application [12]. One of the most promising 

methods to overcome this drawback is the use of magnetic photocatalysts. Recently, metal 

ferrites, with the general formula MFe2O4 ( M = Co, Cu, Mn, Zn), have received wide 

attention due to their abundant sources, strong stability, narrow band gap, and outstanding 

ferromagnetism, which allow them to be easily recovered from the aqueous medium by 

the application of an external magnetic field [44]. Taking this into account, it has been 

considered a promising strategy to combine g-C3N4 with metal ferrites to assemble a 

magnetic heterojunction for the remediation of environmental organic pollution. Inspired 

by these ideas, Li et al. [45] designed a ternary magnetic g-C3N4/BiVO4/CuFe2O4 

heterojunction with superior performance for levofloxacin degradation in a PMS-assisted 

photocatalytic process. Due to its magnetic properties, the composite was easily 

recovered from the aqueous solution using a magnet and used in four additional cycles. 

Sarkar et al. [46] synthesized a magnetic g-C3N4/CoFe2O4 composite and applied it to 

degrade a textile effluent containing reactive dyes (RD) through the combination of 

peroxymonosulfate and photocatalysis. The photocatalytic studies demonstrated a 99% 
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removal and a degradation efficiency above 86% was maintained after three reuse cycles. 

Similar to these works, various other magnetic g-C3N4-based heterojunctions, such as 

g-C3N4/NiFe2O4 [22], g-C3N4/ZnFe2O4 [47], g-C3N4/CuFe2O4 [48], g-C3N4/MnFe2O4 

[49] were used to activate H2O2 for the degradation of organic pollutants under visible 

light.  

 

1.3. Objectives and Thesis Outline 

Considering the state of the art on photocatalyst-activated PMS technology and the 

aforementioned scenario, the aim of this work was to develop PMS-assisted visible-light-

driven-photocatalytic systems for the degradation of organic compounds. To achieve this 

objective, two new approaches were studied with the following specific objectives: 

 

• Evaluate the performance of Co3O4 to activate PMS for the degradation of the 

pesticide imidacloprid (IMD) in a continuous flow-cell reactor under simulated solar 

irradiation; 

• Evaluate the performance of g-C3N4/NiFe2O4 to activate PMS for the degradation 

of a simulated wastewater containing the antibiotic tetracycline hydrochloride (TCH) in 

a batch system under visible light.  

 

The results are presented in two chapters. In Chapter 2, Co3O4 was synthesized, 

characterized, and immobilized in the form of films used to photoactivate PMS for IMD 

degradation in a flow-through reactor. A detailed study on how the concentration of 

PMS, flow rate, and type of radiation (visible and solar) affect the photocatalytic 

performance of the system was conducted. Additionally, quenching experiments were 

performed to investigate which oxidizing species are responsible for IMD degradation 

in Co3O4/PMS/solar irradiation process, along with analyses to detect reaction 

byproducts. Based on these results, the reaction mechanism and the degradation 

pathway of imidacloprid were elucidated. 

 In Chapter 3, g-C3N4, NiFe2O4, and g-C3N4/NiFe2O4 photocatalysts were 

synthesized, characterized, and evaluated regarding their ability to activate PMS for 

TCH degradation under visible light. In order to evaluate the performance of the g-

C3N4/NiFe2O4 composite for use in more practical applications, photocatalytic tests 

were conducted at different initial pH values and in the presence of various typical 
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anions (Cl−, SO4
2−, NO3

−, and HCO3
−) commonly found in wastewaters. In addition, the 

stability of the composite was investigated through cyclic degradation tests. Finally, 

using quenching assays, the active species responsible for TCH degradation were 

identified, and the degradation mechanism of TCH in the g-C3N4/NiFe2O4/PMS/visible 

light system was unveiled.  

In Chapter 4, an overall conclusion about the main results obtained in this thesis 

is presented, along with suggestions for future works. 
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CHAPTER 2 

PEROXYMONOSULFATE ACTIVATION BY Co3O4 COATINGS FOR 

IMIDACLOPRID DEGRADATION IN A CONTINUOUS FLOW-CELL 

REACTOR UNDER SIMULATED SOLAR IRRADIATION 

 

 

 

2.1. Introduction 

Imidacloprid, 1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine, 

is a neonicotinoid pesticide commonly used for the control of insect pests such as aphids, 

fleas, termites, whiteflies, turf and soil insects, and some beetles [50]. The main uses of 

IMD include agricultural, veterinary, and domestic applications [51]. Due to its broad-

spectrum characteristics, high insecticidal activity, and long-term effectiveness, 

imidacloprid became the largest selling insecticide and the second largest selling pesticide 

worldwide in 2008 [52]. However, the massive use of IMD in agricultural and urban 

areas, its low volatility and biodegradability, and high solubility and stability in water 

[51] create a potential risk of water contamination when it is transported to surface waters 

in runoff or is leached into groundwater after application [53]. Numerous monitoring 

studies conducted over the last few years have confirmed this concern, since IMD has 

been detected in surface waters at concentrations up to 320 µg L-1 [51,54–56]. At 

concentrations below 1.0 µg L-1, IMD has chronic effects on aquatic insects, while acute 

toxicity is reached at below 20 μg L-1 in nontarget organisms including Hyalella azteca, 

ostracods, and Chironomus riparius [57]. Moreover, IMD may cause severe sublethal 

effects in vertebrate animals (some mammals, birds, and fishes), such as reduced growth 

and reproductive rates, impaired nervous system and immune function, weakened 

mobility, disturbed metabolic balance, and DNA damage [53]. Despite its detectable 

concentrations in water bodies have been ranged from ng L-1 to μg L-1, several previous 

works focused their studies on high concentrations (3-40 mg L-1) IMD removal, which 

was due to either analytical method limitations to accurately quantify very low 

concentration levels or the fact that IMD is currently not regulated by legislation in many 

countries [20,58–60].  

Because of its persistent character, IMD cannot be efficiently removed using 

conventional techniques in municipal wastewater treatment plants. In this regard, 

advanced oxidation processes (AOP) based on sulfate radicals (SO4
●−) have recently 
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gained attention from the scientific community and have been investigated for the 

degradation of several organic compounds [61–63], including IMD [20]. The sulfate 

radical is a powerful oxidant that can be generated by scission of the peroxo bond of 

peroxymonosulfate (PMS, HSO5
–) upon activation. Compared to traditional hydroxyl 

radical-based AOPs (redox potential of 1.8-2.7 V vs. NHE and half-life of 20 ns), SO4
●− 

can present similar or even higher redox potential (2.5-3.1 V vs. NHE), together with a 

longer half-life (30-40 µs), in a wider working pH range (2-8) [13]. PMS can be activated 

by heat, ultrasound, ultraviolet irradiation, transition metals (homogeneous and 

heterogeneous), electrons of a semiconductor conduction band, or carbon catalysts [13]. 

Transition metals are usually preferred, due to their abundance and efficient activation of 

PMS to produce SO4
●−, resulting from their ability to transfer charge between different 

valence states [34]. Among them, the cobalt ion (Co2+) is regarded the most effective [64]. 

However, its toxic nature causes secondary water pollution, which limits its practical 

application in homogeneous catalysis for water and wastewater treatment [65]. Therefore, 

it is necessary to use heterogeneous systems. To this end, cobalt-based catalysts such as 

Co3O4 have been investigated, in order to avoid Co2+ contamination while promoting 

PMS activation, as reported by Dionysiou et al. [33] for 2,4-dichlorophenol degradation 

using Co3O4 at neutral pH. The stability of Co3O4 was also reported by Chen et al. [35] 

and Hu et al. [34]. 

Co3O4 is not only an effective catalyst for PMS activation, but is also a visible 

light-driven photocatalyst. Therefore, when the Co3O4/PMS system is illuminated with 

solar irradiation, the cobalt species in Co3O4 and the electrons in its conduction band can 

simultaneously activate PMS for the generation of sulfate radicals and other reactive 

oxygen species (ROS) [19]. Although the catalytic and photocatalytic activation of PMS 

by Co3O4 has already been investigated, only batch degradation has been considered until 

now. To the best of our knowledge, there are no reports concerning the performance of 

Co3O4/PMS for the degradation of organic pollutants in a continuous system, employing 

an immobilized catalyst illuminated by solar irradiation. We believe that this is a 

promising strategy that can overcome the challenges associated with the use of suspended 

powder catalysts requiring laborious separation operations after the treatment. 

In the present work, the photochemical activation of PMS by Co3O4 and solar light 

was investigated, for the first time, for the degradation of IMD in a continuous flow 

system. In order to achieve high degradation rates, the effects of PMS concentration, flow 

rate, and type of irradiation were investigated to determine the optimized operational 
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condition. The mechanism of IMD degradation in the Co3O4/PMS/solar irradiation 

system was investigated using quenching experiments. Measurements by HPLC-high 

resolution mass spectrometry were used to identify the reaction intermediates and propose 

a degradation pathway. 

 

2.2. Experimental  

2.2.1. Reagents 

Ammonium bicarbonate (NH4HCO3, ≥ 99.5%), peroxymonosulfate (PMS, 

KHSO5⋅0.5KHSO4⋅0.5K2SO4, ≥ 95.0%) and sodium azide (NaN3, 99.0%) were 

purchased from Sigma-Aldrich. Cobalt (II) nitrate hexahydrate (Co(NO3)2⋅6H2O), 

methanol (MeOH, CH3OH, HPLC grade), acetonitrile (CH3CN, HPLC grade), tert-butyl 

alcohol (TBA, C4H10O, 99.0%), and p-benzoquinone (p-BQ, C6H4O2, > 99.5%) were 

supplied by Merck, Honeywell, Scharlau, Panreac, and Fluka Analytical, respectively. 

Technical grade imidacloprid (IMD, 97.9%) was obtained from Bayer Hispania S.A. 

(Barcelona, Spain). All chemicals were used as received. 

 

2.2.2. Synthesis and characterization of Co3O4 nanoparticles 

Co3O4 nanoparticles (NPs) were obtained by precipitation followed by 

calcination, similar to the synthesis described elsewhere [16]. Briefly, 1.81 g of 

Co(NO3)2⋅6H2O was dissolved in a solution containing 70 mL of ethanol and 170 mL of 

ultrapure water, to which 1.49 g of NH4HCO3 was added, under stirring at room 

temperature. After 4 h, the purple precipitate formed was collected by centrifugation, 

washed with distilled water and ethanol, and dried overnight at 50 °C. The solid was 

calcined in air at 400 °C for 2 h, forming a black cobalt oxide powder. 

The crystal structure of the Co3O4 was characterized by X-ray diffraction (XRD, 

PANalytical X’Pert Pro), using Cu Kα radiation, and the crystallite size was estimated 

according to the Scherrer equation. Dynamic particle size and zeta potential (ζ-potential) 

measurements were performed by dynamic light scattering (DLS) at 25 °C, using a 

Malvern Zetasizer Nano ZS instrument. The textural structure of the catalyst was 

investigated by acquisition of N2 adsorption-desorption isotherms at -196 °C, using a 

Micromeritics ASAP 2420 instrument, with the sample previously degassed overnight at 

140 °C to a residual pressure of <10-4 Pa. The specific surface area (SBET) was determined 
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using the Brunauer-Emmett-Teller (BET) equation. The micropore volume and the 

external or non-microporous surface were analyzed by the t-method. The optical 

properties of the oxide were investigated by UV-Vis diffuse reflectance spectroscopy 

(DRS), using an Agilent Cary 5000 instrument. 

 

2.2.3. Fabrication and characterization of Co3O4 coatings 

The Co3O4 coating was produced by a simple vacuum filtration method. The 

Co3O4 powder (50 mg) was dispersed in 100 mL of ultrapure water and homogenized for 

30 min using an ultrasonic processor (Bioblock Scientific). The suspension (10 mL) was 

vacuum filtered onto a glass microfiber filter (Whatman, 1 μm pore size, 47 mm 

diameter). The Co3O4 coating (0.4 mg cm-2) was dried overnight at 100 °C. The 

morphologies of the as-fabricated catalytic surfaces were observed by scanning electron 

microscopy (SEM, JEOL JSM-IT500 InTouchScope™), at an acceleration voltage of 15 

kV, after coating the samples with gold. 

 

2.2.4. Continuous degradation of imidacloprid in a flow-cell system 

The continuous flow reaction was carried out at room temperature, using the 

experimental arrangement shown in Figure 2.1, which basically consisted of a reservoir 

containing the pesticide and PMS (1), a peristaltic pump (2), a bubble trap (3), a flow cell 

(7.7 cm3, Sigma-Aldrich) (4), a Xe arc lamp (5) (positioned 15 cm above the flow cell), 

and a reservoir for the treated solution (6). The cell was irradiated using a solar simulator 

equipped with a Xe lamp, herein referred to as “solar irradiation” (SI) (Heraeus TQ 150 

Xe arc lamp, 18.2 W m-2). The same source was combined with a cut-off filter to remove 

the wavelengths lower than 400 nm, in order to restrict the operation only to the visible 

radiation region, herein denoted “visible irradiation” (VI) (Heraeus TQ Xe arc lamp with 

R3114 UV filter, < 3% transmission for light < 400 nm, 16.8 W m-2). The emission spectra 

and light source irradiance were measured with a StellarNet BLUE-Wave spectrometer 

and are displayed in Figures 2.2 and 2.3, respectively.  
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Figure 2.1. Schematic representation of the experimental arrangement used for IMD 

degradation: (1) reservoir containing the pesticide and PMS, (2) peristaltic pump, (3) 

bubble trap, (4) catalytic film + flow cell (7.7 cm3, Sigma-Aldrich), (5) Xe arc lamp (15 

cm above the flow cell), and (6) reservoir for the treated solution. 

 

 

 
 

Figure 2.2. Emission spectra of the Heraeus TQ 150 Xe arc lamp.  
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Figure 2.3. Emission spectra of the Heraeus TQ Xe arc lamp with R3114 UV filter.  

 

Prior to the degradation assays, the Co3O4 coatings were washed with ultrapure 

water to remove any excess catalyst. After assembling the catalytic film (5.1 cm2) and 

flow cell, the solution containing IMD (2.5 mg L-1) and PMS (concentrations of 0.1, 0.2, 

or 0.4 g L-1) was pumped through the reactor at a constant flow rate (u = 0.10, 0.15, or 

0.20 mL min-1). Three different degradation approaches were studied: (i) catalytic 

activation of PMS (catalyst + PMS), (ii) heterogeneous photocatalysis (catalyst + 

irradiation), and (iii) photocatalytic activation of PMS (catalyst + PMS + irradiation). For 

the purpose of comparison, control assays were performed in the absence of the catalyst, 

applying the same experimental conditions. The experiments were performed for a 

maximum of 190 min, established considering the time necessary to reach steady-state, 

with samples being withdrawn from the reactor at predetermined time intervals. Prior to 

analysis of the IMD concentration, the samples were filtered using 0.2 μm pore size PVDF 

membranes and were immediately quenched with excess of methanol. In order to evaluate 

possible adsorption effects, a solution containing only IMD was fed continuously into the 

reactor during 1 h, under dark conditions, before starting the oxidation reaction. 

Quenching experiments were also carried out to elucidate the main active species 

involved in the IMD degradation. Accordingly, 1 mM of CH3OH, C4H10O, C6H4O2, or 

NaN3 was added to the IMD and PMS solution to scavenge sulfate, hydroxyl, superoxide, 

and singlet oxygen species, respectively [66].  
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2.2.5. Analytical procedures 

The IMD concentration was measured by high-performance liquid 

chromatography (HPLC), using an Agilent LC 1260 system fitted with a diode array 

detector and a C18 ODS HYPERSIL column (5 µm, 150 × 4.6 mm; Thermo Scientific). 

The analyses were performed at room temperature, employing a mobile phase consisting 

of 80% ultrapure water and 20% acetonitrile, at a flow rate of 1.0 mL min-1. The detection 

wavelength was 270 nm. The intermediate compounds formed from the IMD degradation 

were identified by HPLC-high resolution mass spectrometry (HRMS), using a Bruker 

maXis II Q-TOF instrument (electrospray ionization mode). A reversed-phase C18 

Zorbax-Extend column (5 µm, 150 mm × 4.6 mm) was used for chromatographic 

separation, with a mobile phase composed of ultrapure water (79.9%), formic acid (0.1%), 

and acetonitrile (20%), at a flow rate of 0.8 mL min-1. The concentration of total organic 

carbon (TOC) was determined using a Shimadzu TOC-VCSH system equipped with an 

ASI-V autosampler. The cobalt concentration was measured in aliquots of the treated 

solution by inductively coupled plasma optical emission spectroscopy (ICP-OES) 

(Varian-Agilent 720 with SPS3 injector), in order to determine whether cobalt had been 

leached from the catalyst during the experiments. 

 

2.3. Results and discussion  

2.3.1. Co3O4 characterizations 

Figure 2.4 shows the X-ray diffractogram of the as-synthesized Co3O4. The 

material exhibited eight characteristic diffraction peaks, at 2 of 18.94⁰, 31.17⁰, 36.72⁰, 

38.42⁰, 44.66⁰, 55.46⁰, 59.15⁰, and 65.00⁰, corresponding to the (111), (220), (311), (222), 

(400), (422), (511), and (440) planes, respectively, of the cubic phase of Co3O4, according 

to the ICDS file (01-080-1542, space group Fd3m). Additional phases or impurities were 

not detected, consistent with the formation of a pure material. The crystallite size of the 

Co3O4 was 17 nm, according to the Scherrer equation, while the average particle size was 

179.5 ± 6.2 nm, determined from DLS measurements. Compared to the value obtained 

from XRD data, the particle size estimated by DLS was significantly higher, due to 

agglomeration/aggregation of primary particles in the suspension [67]. The Co3O4 

nanoparticles were positively charged, exhibiting a ζ-potential of 35.0 ± 0.5 mV at the 

natural suspension pH (6.86 ± 0.06). 
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Figure 2.4. XRD pattern of the as-prepared Co3O4 nanoparticles. 

 

According to the Brunauer-Deming-Deming-Teller (BDDT) classification, the 

type II N2 adsorption-desorption isotherm for Co3O4 (Figure 2.5(a)) is commonly ascribed 

to non-porous, low porosity, or macroporous materials [68]. The BET specific surface 

area determined from the isotherm was 41.8 m2 g-1. The H3 hysteresis is usually related 

to mesoporosity, with the observed isotherm loop being characteristic of materials with 

aggregates of plate-like particles, giving rise to slit-shaped pores [69]. The textural 

properties of the catalyst are summarized in Table 2.1, while the cumulative pore volume 

and pore size distributions are shown in Figure 2.5(b-c). It was found that the textural 

properties were governed by mesoporosity (59.3%) and macroporosity (40.7%) resulting 

from particle agglomerates, aggregates, or inter-particle spaces [68]. The Co3O4 presented 

a trimodal pore distribution in the range of mesopores (Figures 2.5(b-c)), with pore sizes 

of around 2.4, 23.6, and 43.6 nm.  

 

Table 2.1. Summary of the textural properties of the Co3O4. 

Catalyst 
SBET 

(m2 g-1) 
Aexternal 

(m2 g-1) 
Amicro 

(m2 g-1) 
Vmicropores 

(cm3 g-1) 
Vmesopores 

(cm3 g-1) 
Vmacropores 

(cm3 g-1) 
Vtotal 

(cm3 g-1) 

Co3O4 41.8 40.4 1.4 - 0.19 0.13 0.32 
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Figure 2.5. N2 adsorption-desorption isotherm (a), cumulative pore volume (b) and pore 

size distributions (c) of the as-synthesized Co3O4 nanoparticles. 

  

 

SEM images (top views) of the bare and Co3O4-coated glass microfiber filters are 

shown in Figure 2.6(a) and Figure 2.6(b-c), respectively. The Co3O4 NPs were 

successfully deposited as particle aggregates, at the submicron scale, and were evenly 

distributed over the glass microfiber surface. The presence of larger particles scattered on 

the surface was also observed. 

 

   
 

Figure 2.6. Top-view SEM images of the glass microfiber filter substrate (a) and the 

Co3O4-coated substrate fabricated by vacuum filtration (b-c). 
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The optical properties of the Co3O4 were evaluated from the UV-Vis absorption 

spectra (Figure 2.7(a)). Two absorption bands were observed in the ranges 300-550 nm 

and 600-800 nm, suggesting that the material could be activated by visible irradiation. 

The highest energy absorption band (Eg1) was attributed to charge transfer from O2- to 

Co2+ (excitation from the optical band gap energy/valence to the conduction band) at the 

tetrahedral sites of the cubic lattice of Co3O4. The less energetic absorption band (Eg2) 

was ascribed to charge transfer from O2- to Co3+ (Co3+ level below the conduction 

band/sub-band located inside the energy gap) in the Co3O4 octahedral sites [70]. The 

direct band gap energies of Co3O4 were estimated using the Tauc method, by the 

interception of the tangent lines shown in Figure 2.7(b) with the abscissa of the plot of 

(αhν)2 against energy (hν) [70]. The band gap energies Eg1 and Eg2 were estimated as 2.12 

eV and 1.56 eV, respectively, in good agreement with values reported in the literature 

[71].  
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Figure 2.7. UV-Vis absorption spectrum (a) and Tauc plot (b) for the as-prepared Co3O4 

nanoparticles.         

                                                                                                                                               

2.3.2. Continuous degradation of IMD by Co3O4 in the presence of PMS and solar 

irradiation 

The photochemical performance of the Co3O4 in the continuous-flow system, 

determined from the IMD degradation experiments, was expressed in terms of the 

normalized IMD concentration (C/C0) according to reaction time, as shown in Figure 2.8 

for different reaction conditions. In this figure, the negative values on the abscissa 

correspond to the time (1 h) during which the catalyst was in contact with the IMD 
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solution in the absence of PMS and irradiation, in order to identify possible adsorption 

effects. In this case, the pesticide uptake was less than 5%, demonstrating the low 

adsorption capacity of Co3O4, which could be attributed to electrostatic repulsion, since 

both the Co3O4 surface (positive ζ)  and the IMD molecules (pKa = 11.12 [58]) were 

positively charged at the working pH. After allowing 60 min for adsorption, the IMD 

degradation process was started by providing PMS or/and light. As shown in Figure 2.8, 

the oxidation of IMD using PMS alone, photolysis, or photocatalysis was negligible from 

a practical point of view. In the case of the photocatalysis using Co3O4, despite the optical 

properties shown in Figure 2.7(a), in the absence of PMS the photocatalytic activity was 

probably hindered by the fast recombination rate of the photogenerated electrons and 

holes [72] and the improper band edge positions. According to the Butler and Ginley 

relationship, the valence band (VB) and conduction band (CB) edge potentials of 

semiconductors at the point of zero charge can be calculated by Equations 2.1 and 2.2 

[73,74]: 

 

ECB = E⁰ - X - 0.5Eg (2.1) 

EVB = ECB + Eg (2.2) 

where,  ECB and EVB are CB and VB edge potentials; E⁰  is the energy of free electrons on 

the hydrogen scale (∼4.5 eV); X is the absolute electronegativity of the semiconductor 

(∼5.903 for Co3O4); and Eg is the band gap energy of the semiconductor. Based on these 

equations, the CB and VB edge potentials values of Co3O4 were then determined to be 

0.34 eV and 2.46 eV, respectively, which are in line with those reported by Long et al. 

[74] . As can be seen, the CB potential of Co3O4 (0.34 eV vs. NHE) is more positive than 

that of O2/O2
●− (-0.33 eV vs. NHE), indicating that the photogenerated electrons in the 

Co3O4 conduction band cannot reduce dissolve oxygen into O2
●−. Analogously, the VB 

potential of Co3O4 (2.46 eV vs. NHE) is more negative than that of H2O/HO● (2.72 eV 

vs. NHE), suggesting that photogenerated holes in the Co3O4 valence band cannot oxidize 

H2O into HO● [75]. Conversely, there were significant effects of the synergies provided 

by solar irradiation + PMS and Co3O4 + PMS in the dark, with around 50% and 70% 

removal, respectively, reached after the transient time. In the first case, PMS could be 

activated by the UV component of the solar radiation, with the production of active 

species [76]. In the second case, PMS could be activated by Co2+ and Co3+ species in the 
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Co3O4 catalyst structure [16,77]. Interestingly, when the catalyst, PMS, and solar 

irradiation were combined, the IMD degradation increased further to 99%, evidencing the 

roles of different mechanisms contributing to the degradation process. Under this 

condition, 46% reduction of TOC was achieved at steady-state, indicating the formation 

of intermediate products. It should be noted that for all the experimental conditions, the 

average concentration of cobalt ions released into the solution was not higher than 33.3 

µg L-1, which is far below the value allowed by the US EPA for drinking water (100 µg 

L-1).  

 

Figure 2.8. IMD degradation curves under different reaction conditions:  PMS only; 

 photolysis;  photocatalysis (in the absence of PMS);  PMS and SI;  

Co3O4 and PMS in the dark;  Co3O4 and PMS under SI. Experimental conditions: 

2.5 mgIMD L-1; 0.4 mgcatalyst cm-2; 0.2 gPMS L-1; u = 0.1 mL min-1. 

 

Influence of operational parameters 

Aiming to optimize the PMS-driven and photochemical effects, and to understand 

the performance of IMD degradation by Co3O4, the effects of PMS concentration, flow 

rate, and type of irradiation were investigated. Figure 2.9 shows the IMD degradation 

using different PMS concentrations, in the dark and under solar irradiation. In the absence 

of light, there was a gradual increase of the IMD removal efficiency as the PMS 

concentration was increased from 0.1 to 0.4 g L-1, due to the greater quantity of radicals 

produced. However, under solar irradiation, the removal efficiency remained almost 

constant (60%) when the PMS concentration was increased from 0.2 to 0.4 g L-1. This 
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suggested that an excess of PMS could scavenge sulfate radicals (Equation 2.3) [78] or 

generate reactive species in such concentrations that they scavenged each other, before 

oxidizing the target pollutant (Equations 2.4-2.6) [19], consequently inhibiting further 

IMD degradation. In summary, the synergy achieved by integrating Co3O4, PMS, and 

solar irradiation (Figure 2.9(b), solar irradiation) allowed the same removal efficiency 

observed in the absence of light (Figure 2.9(c), dark), but requiring half of the PMS 

content, thereby resulting in a more cost-effective and environmentally friendly process. 

Regarding the effect of flow rate (Figures 2.10(a-c)), higher conversion of IMD was 

achieved at a low flow rate (0.1 mL min-1), due to the longer contact and residence time 

(t = 77 min) of the fluid in the photoreactor. 

 

Figure 2.9. Effect of PMS concentration on IMD degradation under dark and solar 

irradiation. Experimental conditions: 2.5 mgIMD L- 1; 0.4 mgcatalyst cm-2; u = 0.2 mL min-1. 

 

HSO5
– + SO4

●− ⟶ SO4
2− + SO5

●− + H+        (2.3) 

SO4
●− + HO● ⟶ SO4

2− + OH−                 (2.4) 
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SO4
●− + SO4

●− ⟶ 2SO4
2− (2.5) 

SO4
●− + O2

●−⟶ SO4
2− + O2

  (2.6) 

 

Figure 2.10. Effect of flow rate on IMD degradation under dark and solar irradiation. 

Experimental conditions: 2.5 mgIMD L
- 1; 0.2 gPMS L-1; 0.4 mgcatalyst cm-2.  

 

The previous results enabled the establishment of the experimental conditions for 

further optimization of the process. In addition, in order to understand the effect of the 

type of irradiation on IMD degradation, an assay employing visible irradiation was 

carried out and the results were compared with those obtained under dark and solar 

irradiation conditions (Figure 2.11). Similar performances were observed for the 

processes in the dark and under visible irradiation, while significant improvement was 

achieved by exposure to solar irradiation. These results can be understood considering 

the band gap values of 2.12 eV (Eg1) and 1.56 eV (Eg2), corresponding to 585 nm and 

794 nm, respectively, both present in the visible and solar radiation spectra (Figures 2.2 

and 2.3). Considering that these wavelengths could photoactivate Co3O4, improvements 

in IMD degradation would be expected, due to the PMS photocatalytic activation 
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mechanism. Therefore, absence of further IMD degradation using the Co3O4/PMS/VI 

system indicated that the photocatalytic activation of PMS, involving conduction band 

electron transfer, did not play a significant role, under the experimental conditions used 

in this work. In contrast, the positive effects of the Co3O4 + PMS and PMS + SI 

combinations were clearly evident (Figure 2.8). This suggested that the improved 

degradation efficiency of the Co3O4/PMS/SI system was mainly due to the activation of 

PMS by (i) Co2+ and Co3+ species in the Co3O4 catalyst structure, along with the UV 

component of solar radiation, either (ii) in the homogeneous phase or (iii) following the 

electrostatic adsorption of PMS onto Co3O4. In the third case, the adsorption of negatively 

charged PMS anions on positively charged Co3O4 nanoparticles could weaken the bonds 

of PMS, facilitating and enhancing then its activation by UV irradiation. Liu et al. [79] 

and Mian and Liun [80] also reported the electrostatic adsorption of PMS by other 

catalysts. 
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Figure 2.11. Effect of different irradiation types on IMD degradation. Experimental 

conditions: 2.5 mgIMD L-1; 0.4 mgcatalyst cm-2; 0.2 gPMS L-1; u = 0.1 mL min-1.  

 

2.3.3. Mechanism of IMD degradation by Co3O4/PMS/solar irradiation  

In order to identify the main active species and propose the reaction mechanism 

for IMD degradation in the Co3O4/PMS/SI system, quenching experiments were 

performed using methanol, tert-butyl alcohol, p-benzoquinone, and sodium azide as 

scavengers. MeOH is a trapping agent for the species HO● (k = 9.7 x 108 M-1 s-1) and 

SO4
●− (k = 2.5 x 107 M-1 s-1) [77,81,82], while TBA is selective for HO● (k = 3.8-7.6 x 
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108 M-1 s-1) rather than SO4
●− (k = 4.0-9.5 x 105 M-1 s-1) [34,77]. p-BQ is usually used to 

capture O2
●− [66,77] and NaN3 has a quenching effect on 1O2 [66,79]. As shown in Figure 

2.12, the addition of TBA had a negligible effect on IMD degradation, in comparison to 

the blank control, suggesting the minor role of hydroxyl species. Conversely, methanol 

addition led to significant inhibition, while dosing with p-BQ and NaN3 resulted in 

complete inhibition. Considering the lower oxidation potential of O2
●−, compared to 1O2 

[77,82], the latter was probably the main species responsible for IMD degradation. In 

summary, it was demonstrated that SO4
●−, O2

●−, and 1O2 were the reactive species 

associated with IMD removal in the Co3O4/PMS/SI system. It is worth mentioning that 

the development of processes dominated by singlet oxygen, which is not usual in other 

AOPs, has been gaining attention for water treatment purposes, since recent studies have 

reported that 1O2, rather than HO● and SO4
●−, is the main reactive species for degradation 

of organic pollutants [34,77,79], as well as for disinfection to eliminate microorganisms 

[82,83]. 
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Figure 2.12. IMD degradation using the Co3O4/PMS/SI approach in the presence of 

different radical scavenger species. Experimental conditions: 2.5 mgIMD L-1; 0.4 mgcatalyst 

cm-2; 0.2 gPMS L-1; u = 0.1 mL min-1. Scavenger concentration: 1 mM; solar irradiation: 

18.2 W m-2. 

 

Based on the results described above, a possible mechanism for IMD 

photodegradation was proposed. According to Equations 2.7 and 2.8, SO4
●− and HO● 

radicals could be generated by means of the photoactivation of PMS by the UV 

component of solar radiation, either through direct photolysis of PMS in the aqueous 
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phase [19] or following its electrostatic adsorption onto Co3O4 surface, respectively. Due 

to the positive surface charge of the catalyst, Co3O4 might chemically adsorb HSO5
– and 

weaken its bonds, facilitating then its photoactivation. Simultaneously, Co2+ and Co3+ 

could react chemically with PMS in a cyclic Co3+/Co2 redox process, producing O2
●− 

(Equations 2.9 and 2.10) [77,84]. Next, O2
●−

 could give rise to 1O2 upon oxidation 

(Equation 2.11) or recombination (Equation 2.12) [34,66]. Additionally, the produced 

HO● could further accelerate the PMS decomposition and generate SO5
●− radicals 

(Equation 2.13) [85,86]. Then, the SO5
●− radicals could react with each other to produce 

SO4
●− via Equation 2.14 [85,86], and part of the SO4

●− could be converted into 1O2, 

according to Equation 2.15 [66]. Finally, SO4
●−, O2

●−, and 1O2 could oxidize the IMD, 

converting it to intermediate compounds or eventually mineralizing it to carbon dioxide, 

water, and inorganic ions such as NO2
- and Cl- (Equation 2.16). 

 

HSO5
– + hv ⟶ SO4

●− + HO●                                                                                                   (2.7) 

Catalyst | HSO5
–

(ads) + hv ⟶ SO4
●− + HO●                                                                         (2.8) 

Co2+ + 2HSO5
– ⟶ Co3+ + O2

●− + 2HSO4
−                                                                      (2.9) 

Co3+ + HSO5
– + H2O ⟶ Co2+ + O2

●− + 3H+ + SO4
2−                                                   (2.10) 

O2
●−

 + HSO5
– ⟶ SO4

●− + 1O2 + OH−                                                                             (2.11) 

2O2
●−

 + 2H2O ⟶ 1O2 + H2O2 + 2OH−                                                                            (2.12) 

HSO5
– + HO● ⟶ SO5

●− + H2O                                                                                        (2.13) 

SO5
●− + SO5

●− ⟶ SO4
●− + SO4

●− + O2                                                                              (2.14) 

4SO4
●− + 2H2O ⟶ 4HSO4

– + 1O2                                                                                                       (2.15) 

1O2 + O2
●− + SO4

●− + IMD ⟶ intermediates + CO2 + H2O + inorganic ions      (2.16) 

2.3.4. Pathway of IMD degradation by Co3O4/PMS/solar irradiation 

In addition to the IMD reaction mechanism, a degradation pathway was proposed 

from identification of the intermediate compounds found in the HRMS-HPLC analysis. 

Table 2.2 shows the main identified products, suggesting three possible degradation 

routes (R1, R2, and R3), displayed in Figure 2.13.  
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Table 2.2. IMD degradation intermediates in the Co3O4/PMS/SI process, detected by 

HRMS-HPLC. 

Compound Formula 
Experimental 

mass (m/z) 

Calculated mass 

(m/z) 
Error (ppm) 

IMD C9H10ClN5O2 255.0518 255.0517 0.1 

I1 C9H10ClN5O3 271.0467 271.0467 0.0 

I2 C9H8ClN5O3 269.0310 269.0312 -0.6 

I3 C9H10ClN5O4 287.0416 287.0419 -0.8 

I4 C9H11ClN4O2 242.0565 242.0566 -0.1 

I5 C7H9ClN4 184.0511 184.0507 1.7 

I6 C6H4ClNO2 156.9925 156.9923 1.8 

I7 C24H44N4O4 452.3357 452.3358 -0.1 

I8 C36H66N6O6 678.5033 678.5039 0.9 

 

In route R1, the amidine nitrogen site of IMD can be attacked by the 1O2, yielding 

a nitrogen-centered radical cation, which upon the elimination of one hydrogen atom from 

the CH2 units of the 5-member ring leads the formation of an α-aminoalkyl radical. Next, 

the α-aminoalkyl radical may quickly react with dissolved oxygen (DO) to produce the 

hydroxylated and carbonylated intermediates, I1 and I2 [87]. Further hydroxylation of I1 

yields the product I3 [20]. Subsequently, I3 can be converted to I4 by loss of the nitro 

group (-NO2). In the next steps, I4 can be further converted to I5 and then to 6-

chloronicotinic acid (I6), or be directly converted to I6 [88]. Concurrently, in route R2, a 

similar reaction path as that observed for R1 takes place. However, the H-abstraction 

occurs in methylene bridge and the α-aminoalkyl radical reacts directly with DO and 

water to form I6 [87]. Subsequent degradation of I6 may eventually lead the cleavage of 

its aromatic ring yielding the formation of several short-linear molecules, including 

oxamic and oxalic acid, as a preceding step to complete mineralization to CO2, H2O and 

inorganic salts [89,90]. It is also worth noting that two high molecular weight products 

were detected (I7 and I8), which were probably oligomers of undetected dechlorinated 

fragments generated during the degradation process (route 3). Among the formed 

byproducts, the intermediates I1, I3 [91] and I4 [92] are considered to be less toxic for  

Daphnia and Green Algae than IMD by the ECOSAR analysis. In contrast, the predicted 

toxicity of 6-chloronicotinic for Daphnia and fish was found to be higher than that of the 

parent compound [93]. Therefore, future works need to conduct toxicity assessments in 
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order to ensure a better comprehension of the impact of intermediates in the 

Co3O4/PMS/SI process. 

 

Figure 2.13. IMD degradation pathway in the Co3O4/PMS/SI process.  
 

 

2.4. Conclusions  

Cubic-phase Co3O4 nanoparticles were successfully synthesized by a simple 

precipitation/calcination method. These nanoparticles were then immobilized on glass 

microfiber substrates, by vacuum filtration deposition from stable suspensions of 

positively charged aggregates. The photochemical performance of the as-prepared Co3O4 

coatings for IMD degradation by PMS was investigated using a continuous flow-cell 
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reactor, with detailed evaluation of the effects of PMS concentration, flow rate, and type 

of irradiation. Adsorption, photolysis, photocatalysis, and the presence of only PMS were 

found to lead to negligible IMD removal. The combination of PMS with solar irradiation 

or with Co3O4 led to IMD removals of ~50% and ~70%, respectively. The highest 

performance (99% removal) was achieved using the Co3O4/PMS/solar irradiation 

combination, which could be attributed to the synergistic activation of PMS by the UV 

component of the solar radiation and the Co3O4 catalyst. The optimal operational 

conditions were found to be a PMS concentration of 0.2 g L-1, a flow rate of 0.1 mL min- 1 

(residence time = 77 min), and full-spectrum (solar) irradiation. Under the experimental 

conditions used in this work, the photogenerated electrons in the Co3O4 did not play a 

significant role, but the electrostatic interaction of PMS and Co3O4 considerably increased 

the efficiency of solar irradiation for the activation of PMS. Sulfate and superoxide 

radicals, as well as singlet oxygen, were the main active species associated with IMD 

removal. Eight intermediate degradation products were identified. Finally, it could be 

concluded that the Co3O4/PMS/solar irradiation technique is capable of providing 

efficient degradation of IMD in continuous systems, enabling reduction of the PMS 

concentration and making the process more sustainable. 
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CHAPTER 3 

PEROXYMONOSULFATE ACTIVATION BY MAGNETIC g-C3N4/NiFe2O4 

FOR TETRACYCLINE HYDROCHLORIDE DEGRADATION UNDER 

VISIBLE LIGHT 

 
 

3.1. Introduction 

Tetracyclines (TCs) are one of the major groups of antibiotics consumed globally, 

with their high antibacterial activity resulting in widespread applications in the treatment 

of diseases and for promoting livestock growth. However, they are not fully metabolized 

by human/animal organisms and cannot be efficiently removed in municipal wastewater 

treatment plants using conventional techniques, so they are now commonly found in 

surface water, groundwater, and wastewater. The presence of TCs in water bodies is a 

potential risk to humans, since it may induce antibiotic resistance in bacteria, leading to 

the generation of superbacteria [5]. Therefore, it is imperative to develop effective 

methods for the removal of TCs from wastewaters.  

Over the last few years, advanced oxidation processes based on 

peroxymonosulfate (PMS-AOP) have been intensively investigated for the degradation 

of several antibiotics, including TCs [94–96]. In these AOPs, PMS can be activated to 

generate sulfate (SO4
●−), hydroxyl (HO●), and superoxide (O2

●−) radicals, as well as 

singlet oxygen (1O2), which are highly reactive species that are strongly oxidizing towards 

many organic compounds [20,97,98]. In addition, PMS is inexpensive, easy to transport 

and store, readily activated over a wide pH range (3-10), and has an asymmetric structure 

that can facilitate its activation compared to hydrogen peroxide [99]. The activation of 

PMS is usually achieved using energy (heat, UV light, or ultrasound) or transition metals 

(in homogenous and heterogeneous processes) [13] . Nevertheless, these traditional PMS-

AOP suffer from disadvantages such as high energy consumption and limited 

peroxymonosulfate activation efficiency [16]. Fortunately, the use of photocatalytic 

technology to activate PMS can overcome these shortcomings. 

Recently, the use of graphitic carbon nitride (g-C3N4, CN) as a photocatalyst has 

attracted particular attention, due to its outstanding properties including high stability, 

competitive cost, easy fabrication, and narrow band gap (~2.7 eV), with many studies 

having focused on evaluation of its performance in activating PMS to degrade organic 
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pollutants under visible light. However, the efficiency of PMS activation by pristine g-

C3N4 remains far from satisfactory, due to the fast recombination of photogenerated 

electron-hole pairs and low ability to utilize visible light [20]. To overcome these 

limitations, several approaches have been proposed, including the coupling of g-C3N4 

with other semiconductors (such as ZnO [100], Nb2O5 [101], Co3O4 [102], MoO3 [103], 

and Fe2O3 [104] to form heterojunctions. 

Nickel ferrite (NiFe2O4, NFO), in particular, not only has a suitable band position 

that matches well with that of g-C3N4 to form a heterojunction and promote an effective 

separation of photogenerated charges, but also possesses a narrow band gap of 1.59–

2.19 eV and excellent magnetic properties, which can extend the response of the 

photocatalyst to visible light and facilitate its recovery for the purpose of reuse [22,105]. 

In addition, as a transition metal oxide, NiFe2O4 can activate PMS for the degradation of 

recalcitrant compounds [106]. There have been some reports concerning the use of g-

C3N4/NiFe2O4 for water treatment. For example, Li et al. [107] synthesized a g-

C3N4/NiFe2O4 heterojunction photocatalyst that showed better performance than g-C3N4 

alone for degradation of methylene orange dye. Sun et al. [108] prepared a g-

C3N4/NiFe2O4 composite with enhanced activity in the photocatalytic disinfection of 

Aspergillus flavus. Ji et al. [109], Palanivel et al. [22], and Liu et al. [107] prepared 

NiFe2O4/g-C3N4 heterostructures and investigated their performance in the degradation 

of dyes and antibiotics under visible light, in the presence of H2O2. However, although 

previous studies have achieved some advances, there are still no reports concerning the 

photocatalytic activation of PMS by g-C3N4/NiFe2O4 for the degradation of organic 

pollutants. 

Therefore, in this work, a g-C3N4/NiFe2O4 heterojunction (CN/NFO) was 

prepared and its catalytic activity was tested for activation of PMS used in the degradation 

of tetracycline hydrochloride (TCH) under visible light (VL) irradiation. The overall 

performance of the CN/NFO/PMS/VL system was evaluated under different pH 

conditions and in the presence of typical anions (Cl−, SO4
2−, NO3

−, and HCO3
−) found in 

wastewater. Additionally, the catalyst reusability was investigated in consecutive 

photocatalytic tests. Finally, quenching experiments were performed to determine the 

active species generated when CN/NFO/PMS was irradiated with visible light. A possible 

reaction mechanism for TCH degradation was proposed. 

 



35 

 

3.2. Experimental 

3.2.1. Reagents 

Melamine (C3H6N6), peroxymonosulfate (PMS, KHSO5⋅0.5KHSO4⋅0.5K2SO4), 

methanol (MeOH, CH3OH), p-benzoquinone (p-BQ, C6H4O2), furfuryl alcohol (FFA, 

C5H6O2), and tetracycline hydrochloride (TCH, C22H24N2O8⋅HCl) were purchased from 

Sigma-Aldrich. Ferric nitrate nonahydrate (Fe(NO3)3⋅9H2O), citric acid (C6H8O7), 

sodium chloride (NaCl), sodium sulfate (Na2SO4), and sodium nitrate (NaNO3) were 

purchased from Synth. Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), ethanol (EtOH, 

C2H6O), and tert-butyl alcohol (TBA, C4H10O) were supplied by Neon. Sodium 

bicarbonate (NaHCO3) was obtained from Qhemis. All chemicals were used as received. 

 

3.2.2. Synthesis and characterization of the g-C3N4, NiFe2O4, and g-C3N4/ NiFe2O4 

photocatalysts 

Preparation of g-C3N4 was performed by a direct thermal polymerization method 

[22]. Typically, 5 g of melamine were placed in a closed crucible and calcined in a muffle 

furnace at 550 °C for 5 h, with heating at a rate of 10 °C min−1. The resulting yellowish 

product was ground into powder, washed with water, and dried in an oven at 80 °C for 2 

h.  

NiFe2O4 was synthesized by a citric acid sol-gel method [22]. In this procedure, 2 

mmol of Fe(NO3)3⋅9H2O and 1 mmol of Ni(NO3)2·6H2O were dissolved in 5 mL of 

ethanol, with stirring for 1 h. Addition was then made of 3 mmol of citric acid, with 

further stirring for 1 h until the solution became viscous. The resulting gel solution was 

dried in an oven at 120 °C for 2 h. The fluffy brick-red product was ground into powder 

and calcined at 550 °C for 5 h, using a heating rate of 10 °C min−1, resulting in the 

formation of a dark grey powder.  

For preparation of the g-C3N4/NiFe2O4 composite, the same procedure was 

followed. However, after gel formation, 5 g of melamine were added and the mixture was 

stirred for another 30 min. The product obtained was dried at 120 °C for 2 h, ground into 

powder, placed in a covered crucible, and heated at 10 °C min-1 to 550 °C, maintained for 

5 h [22]. Finally, the resulting brownish powder was washed several times with water and 

dried in an oven at 80 °C for 2 h. 
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The materials were characterized by X-ray diffraction (XRD), using a Rigaku 

Miniflex 600 diffractometer with Cu Kα radiation (40 kV, 15 mA, λ = 1.5418 Å). 

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images 

were obtained using an FEI Tecnai G2-F20 microscope. Absorption spectra of the as-

prepared samples were acquired using a Shimadzu UV-2600 spectrophotometer, with 

estimation of the band gap values according to the Tauc plot method [70]. 

Photoluminescence (PL) analysis was performed using a 355 nm laser (Cobolt Zouk), 

with the dispersed signal detected using a diffractive spectrometer (f = 19.3 cm) and a 

silicon CCD detector (Andor/Idus). X-ray photoelectron spectroscopy (XPS) analyses 

employed a Scienta Omicron ESCA+ spectrometer coupled to an EA125 hemispherical 

analyzer, with Al Kα excitation (hν = 1486.6 eV). The C 1s, N 1s, Ni 2p, Fe 2p, and O 1s 

spectra were corrected considering the C 1s peak for adventitious carbon at 284.8 eV. 

Data analysis employed CasaXPS software. Magnetic measurements were performed 

using a vibrating sample magnetometer (Model 4500, EG&G Princeton Applied 

Research), applying an electromagnetic field varying from -10 to 10 kOe. 

 

3.2.3. Photocatalytic experiments  

Assessment of the photocatalytic performance of the as-prepared samples was 

based on the degradation of TCH under visible light irradiation. An aqueous suspension 

(40 mL) containing 10 mg L-1 TCH and 10 mg of the catalyst was stirred continuously in 

an orbital shaker, at room temperature. In order to evaluate possible adsorption effects, 

the suspension was maintained under dark conditions for 30 min, before starting the 

oxidation by irradiation from a visible light source comprising four fluorescent lamps 

(Philips TDL, 15 W) and simultaneously adding 0.2 mM of PMS. The experiments were 

performed for 40 min. Every 10 min, an aliquot of the solution was withdrawn, filtered 

using a 0.22 μm pore size PVDF membrane, and immediately analyzed using a UV-Vis 

spectrophotometer (Ultrospec 200 pro) in absorbance mode at 357 nm. 

The pH of the TCH solution was adjusted using H2SO4 or NaOH (0.1 M), in order 

to investigate the influence of pH on the degradation rate. The influence of the presence 

of different anions (at 10 mM) on the degradation was assessed by adding NaNO3, 

Na2SO4, NaCl, NaHCO3, and Na2SO4. Quenching assays were performed with the 

addition of CH3OH (1.0 M), C4H10O (1.0 M), C5H6O2 (5.0 mM), and C6H4O2 (5.0 mM).  
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3.3. Results and discussion  

3.3.1. g-C3N4/NiFe2O4 characterizations 

The XRD patterns of the as-prepared g-C3N4, NiFe2O4, and g-C3N4/NiFe2O4 are 

shown in Figure 3.1. The pristine g-C3N4 exhibited two typical diffraction peaks, at 13.04⁰ 

and 27.38⁰, assigned to the (100) and (002) planes, respectively, of the hexagonal g-C3N4 

phase (JCPDS, 87-1526) [110]. The XRD pattern of the pure NiFe2O4 showed a series of 

diffraction peaks at 18.46⁰, 30.37⁰, 35.75⁰, 37.37⁰, 43.45⁰, 53.88⁰, 57.45⁰, 63.10⁰, and 

74.65⁰, corresponding to the (111), (220), (311), (222), (400), (422), (511), (440), and 

(533) planes, respectively, of cubic NiFe2O4 (JCPDS, 89-4927) [22]. All the main 

characteristic peaks of g-C3N4 and NiFe2O4 were detected in the XRD pattern of the 

CN/NFO sample, indicating that NiFe2O4 was successfully combined with g-C3N4.  
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Figure 3.1. XRD patterns of g-C3N4, NiFe2O4, and g-C3N4/ NiFe2O4. 

 

This was also confirmed by the TEM images shown in Figures 3.2(a-c), where 

agglomerates of NiFe2O4 particles were observed to be deposited on the surfaces of the 

g-C3N4 sheets [22,112]. Figures 3.2(d-e) show HRTEM images of the g-C3N4/NiFe2O4 

composite, revealing the typical amorphous lamellar structure of g-C3N4 and the clear 

crystal lattice fringes of NiFe2O4. The lattice fringes, with d-spacing of 0.25 nm, 

corresponded to the (311) plane of NiFe2O4 [108,113], with the good interfacial contact 
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with g-C3N4 indicating the successful formation of a heterojunction between the two 

semiconductors.     

 

 

Figure 3.2. TEM (a-c) and HRTEM images (d-f) of g-C3N4/NiFe2O4. 

 

The XPS measurements (Figure 3.3) confirmed the elemental composition of g-

C3N4/NiFe2O4 and revealed the valence states of the iron and nickel species in the 

composite. The survey spectrum of the CN/NFO sample (Figure 3.3(a)) confirmed the 

presence of C, N, O, Fe, and Ni. The high-resolution C 1s, N 1s, O 1s, Fe 2p, and Ni 2p 

spectra are shown in Figures 3.3(b-f), respectively. The deconvolution of the C 1s 

spectrum revealed two peaks centered at 284.8 and 287.9 eV (Figure 3.3(b)). The first 

peak was ascribed to the sp2 C-C bonds of the carbon standard employed to calibrate the 

binding energies, while the second peak was attributed to the sp2-hybridized carbon in N-

C=N groups of triazine rings in g-C3N4 [114]. The deconvolution of the N 1s spectrum 

(Figure 3.3(c)) indicated four peaks located at 398.2, 399.2, 400.5, and 404.3 eV. The 

first three peaks corresponded to the sp2 hybridized nitrogen in C-N=C groups of triazine 

units, tertiary nitrogen (N ̶ (C)3) groups, and free amino groups (C-N-) in g-C3N4, 

respectively [115]. The weak peak at 404.3 eV could be attributed to charging effects. 

The deconvolution of the O 1s spectrum (Figure 3.3(d)) identified three peaks at 530.2, 

531.8, and 533.4 eV, ascribed to the lattice oxygen in NiFe2O4, surface hydroxyl, and 



39 

 

adsorbed water, respectively [115,116]. Deconvolution of the Fe 2p spectrum (Figure 

3.3(e)) revealed four peaks at 710.9, 713.8, 718.6, and 724.67 eV, corresponding to Fe 

2p3/2, Fe 2p3/2, a satellite peak, and Fe 2p1/2 , respectively, indicating that iron was present 

as Fe3+ in the NiFe2O4 particles [22,108]. In the Ni 2p spectrum (Figure 3.3(f)), the four 

deconvoluted peaks were attributed to the Ni 2p3/2 (855.8 eV) and Ni 2p1/2 (873.5 eV) 

levels, accompanied by their respective shake-up satellite peaks (861.4 and 879.8 eV), 

revealing that the nickel in NiFe2O4 was in the form of Ni2+ [106,108]. 

 

 

Figure 3.3. XPS survey spectrum (a), and C 1s (b), N 1s (c), O 1s (d), Fe 2p (e), and Ni 

2p (f) high resolution spectra of g-C3N4/NiFe2O4. 
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The ability of the photocatalysts to absorb light and promote charge carrier 

separation was investigated by UV-visible diffuse reflectance spectroscopy (DRS) and 

photoluminescence (PL), respectively. Figure 3.4(a) shows the UV-Vis absorption 

spectra for g-C3N4, NiFe2O4, and the g-C3N4/NiFe2O4 composite. Compared to the pure 

g-C3N4, the spectrum for the CN/NFO composite showed a red shift of the absorption 

edge towards the visible light region, which is highly desirable for photocatalytic 

purposes. The direct band gap energies (Eg) of the materials (Figure 3.4(b)) were 

estimated using the Tauc method [70], with values of approximately 2.72 and 1.68 eV 

obtained for g-C3N4 and NiFe2O4, respectively, in good agreement with previous results 

[22,108] .  
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Figure 3.4. UV-Vis absorption spectra (a) and Tauc plots (b) of the photocatalysts. 

 

Figure 3.5 displays the PL spectra of the g-C3N4 and g-C3N4/NiFe2O4 

photocatalysts. For g-C3N4, a strong and broad emission peak was observed at ~472 nm, 

while the intensity of this peak was significantly reduced after combination with NiFe2O4, 

indicating a lower recombination rate of the photogenerated charge carriers in the 

composite [22,115,117]. These results were suggestive of intimate interfacial contact 

between g-C3N4 and NiFe2O4, consistent with the HRTEM images, which facilitated 

separation of the photogenerated electron-hole pairs and suppressed their recombination. 
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              Figure 3.5. PL spectra of the photocatalysts.  

 

The magnetic properties of g-C3N4/NiFe2O4 were analyzed using a vibrating 

sample magnetometer (VSM). Figures 3.6(a-b) show the magnetization curves for 

NiFe2O4 and g-C3N4/NiFe2O4, with saturation magnetizations of 34.13 and 2.00 emu g-1, 

respectively. Although the magnetic property of CN/NFO was much lower than that of 

pure ferrite, due to the presence of non-magnetic g-C3N4 in the composite [22], it was 

sufficient to allow separation of the particles from the solution by the application of an 

external magnetic field, consequently increasing the recyclability of the material and its 

potential for use in industrial applications. 
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Figure 3.6. Magnetization hysteresis loops of NiFe2O4 (a) and g-C3N4/NiFe2O4 (b). 
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3.3.2. Photocatalytic activity evaluation 

The photocatalytic performances of the fabricated materials for activating PMS 

were evaluated using the degradation of tetracycline hydrochloride under visible light 

irradiation. Figure 3.7 shows the TCH degradation kinetics for different reaction 

conditions, expressed in terms of the normalized TCH concentration (C/C0). For the 

CN/NFO/VL photocatalytic and PMS/VL photooxidation systems the degradation 

efficiencies were only 24% and 45%, respectively, while photolysis was negligible during 

the 40 min reaction. Evaluation was also made of PMS activated by g-C3N4 or NiFe2O4 

alone, under visible light irradiation, resulting in approximately 69% and 65% removals 

using the CN/PMS/VL and NFO/PMS/VL systems, respectively. Finally, the 

combination of g-C3N4/NiFe2O4, PMS, and visible light irradiation resulted in a 

substantial acceleration of TCH degradation, achieving 86% removal, indicating a 

synergism between the CN/NFO heterojunction photocatalyst and PMS activation. This 

synergistic effect became more evident at 10 min, when the degradation efficiency 

exhibited by the composite was approximately 23% higher than obtained for the sum of 

the individual systems (CN/PMS/VL + NFO/PMS/VL). The better performance of the 

CN/NFO heterojunction could be attributed to its greater light absorption capacity and 

fast separation of the photogenerated charges during the photocatalytic process. 
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Figure 3.7. Normalized TCH degradation over time, under different reaction conditions: 

 photolysis;  PMS only;  photocatalysis (in the absence of PMS);  PMS 

and VL;  NiFe2O4 and PMS under VL;  g-C3N4 and PMS under VL;  g-C3N4/ 

NiFe2O4 and PMS under VL. 
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Figure 3.8 shows the results for assessment of CN/NFO stability by using the same 

photocatalyst in three degradation cycles. The photodegradation efficiency remained 

above 80%, indicating the good stability of the synthesized photocatalyst. In addition, 

evaluation was made of the photocatalytic performance of the CN/NFO composite at 

different initial pH values (3, 6, 7, 8, and 9) and in the presence of various anions typically 

found in real wastewater (NO3
−, SO4

2−, Cl−, and HCO3
−), as shown in Figures 3.9 and 

3.10, respectively. The natural pH of the TCH solution was 4.6. Alteration of the initial 

pH from 3 to 9 had no significant effect on TCH degradation efficiency indicating that 

the CN/NFO/PMS/VL system could operate effectively over a wide pH range, making it 

highly advantageous, when compared to the traditional Fenton process performed in a 

narrow pH range. 
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      Figure 3.8. Reuse tests using CN/NFO. 
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Figure 3.9. Effect of initial pH on TCH degradation performance. Note: Control refers to 

the TCH solution without pH adjustment.  
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Regarding the effect of the co-existence of other anions on TCH removal, it is 

known that the presence of nitrate, sulfate, chloride, and bicarbonate in wastewater can 

affect the removal of pollutants in AOP, since the adsorption of the anions can block the 

active sites of the catalyst and/or they may react rapidly with the free radicals, capturing 

them and consequently decreasing the photocatalytic degradation efficiency [16,106]. As 

shown in Figure 3.10, the effects of NO3
−, SO4

2−, and Cl− on TCH removal were not 

significant, while HCO3
− had a moderate impact on the performance of the 

CN/NFO/PMS/VL system. This could be explained by the fact that HCO3
− can capture 

some oxidizing species, such as SO4
●− and HO● radicals [34,66]. Nevertheless, in the 

presence of these anions, the CN/NFO/PMS/VL system still presented satisfactory 

performance during 40 min of reaction.  
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Figure 3.10. Effects of NO3
−, SO4

2−, Cl−, and HCO3
− on TCH degradation performance. 

Note: Control refers to the TCH solution without addition of anions. 

 

Table 3.1 summarizes the degradation performance obtained in this work, 

comparing it with similar studies reported in the literature. It should be highlighted that 

CN/NFO presented similar performance to other photocatalysts, but with a substantially 

lower PMS dosage. 
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Table 3.1. TC degradation efficiencies achieved using different photocatalytic/PMS 

systems under visible light irradiation.  

Catalyst 
[TC] 

(mg L-1) 

Catalyst 

(g L-1) 

[PMS] 

(mM) 

Time 

(min) 

Removal 

(%) 
Ref. 

BC/CN-15 10 0.20 0.65 60 88.3 [118] 

CuBi2O4/BiOBr 10 0.20 2.0 35 90.30 [119] 

MCN/NCDs 10 0.50 0.5 60 98.4 [120] 

CuBi2O4/MnO2 5 0.30 1.3 40 97.6 [78] 

FCN-12 30 0.60 1.3 120 83.4 [121] 

NiFe2O4/g-C3N4 10 0.25 0.2 10 80.0 This work 

 

3.3.3. Mechanism of TCH degradation by the CN/NFO/PMS/VL system 

Quenching experiments were performed to identify the main active species and 

propose a reaction mechanism for TCH degradation using the CN/NFO/PMS/VL system. 

Based on a previous literature search for the active species generated by photocatalysis 

and PMS activation, it was speculated that SO4
●−, HO●, O2

●−, and 1O2 might be involved 

in the degradation of TCH by the CN/NFO/PMS/VL system [22,43,106]. Therefore, in 

order to verify this hypothesis, p-BQ and FFA were used to trap O2
●− and 1O2, 

respectively, while TBA and MeOH were used to identify the roles of SO4
●− and HO● on 

TCH degradation. MeOH can react efficiently with both HO● (k = 9.7 x 108 M-1 s-1) and 

SO4
●− (k = 2.5 x 107 M-1 s-1), while TBA is a selective scavenger for HO● (k = 3.8-7.6 x 

108 M-1 s-1) rather than SO4
●− (k = 4.0-9.5 x 105 M-1 s-1) [122,123]. As shown in Figure 

3.11, the TCH degradation efficiency decreased from 86% to 62, 60, 25, and 14% after 

the addition of MeOH, TBA, p-BQ, and FFA, respectively. These results indicated that 

O2
●− and 1O2 were the dominant active species in the NFO/CN/PMS/VL system, while 

HO● played a secondary role. Curiously, the results showed that SO4
●− had a negligible 

effect on TCH removal. The fact that only HO● was detected, while no SO4
●− effect was 

observed, suggested that SO4
●− was unstable during the CN/NFO/PMS/VL process and 

was rapidly replaced by HO● via oxidation of H2O (Equation 3.14). Similar observations 

have been reported in previous studies [124,125]. 
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Figure 3.11. Effects of different quenchers on TCH degradation using the 

CN/NFO/PMS/VL system. Note: Control refers to the TCH solution without quenchers. 

 

Based on the above results, a possible mechanism was proposed for TCH 

degradation using the CN/NFO/PMS/VL system (Equations 3.1-3.16, Figure 3.12). In 

previous studies, the valence band (VB) and conduction band (CB) edges of pure g-C3N4 

and NiFe2O4 were determined to be 1.55/-1.13 V and 1.92/0.24 V, respectively, and a 

type-II heterojunction could be formed. Hence, upon visible light irradiation, both g-C3N4 

and NiFe2O4 could absorb photons and generate electrons and holes (Equation 3.1). 

Subsequently, the electrons from the g-C3N4 conduction band were transferred to the CB 

of NiFe2O4, while the holes from the VB of NiFe2O4 were transferred to the VB of g-

C3N4, consequently reducing the recombination rate of the photogenerated carriers 

[22,111]. On the one hand, the valence and conduction band positions of g-C3N4 (1.55 V) 

and NiFe2O4 (0.24 V) do not have sufficient energy to drive the typical photocatalytic 

reactions (H2O/HO●, 2.72 V; O2/O2
●−, -0.33 V). On the other hand, the CB potential of 

g-C3N4 is more negative than that of O2/O2
●− (Equation 3.2) [97]. Therefore, a portion of 

the electrons of the g-C3N4 conduction band were captured by the adsorbed oxygen to 

generate O2
●− (Equation 3.2) [22,111], while the electrons accumulated in the NiFe2O4 

conduction band were captured by PMS to produce SO4
●− and HO● (Equations 3.3-3.4) 

[115]. Besides, the position of the CB of NiFe2O4 is lower than the standard potential of 

Fe3+/Fe2+ (0.77 V); thus, Fe3+ species in NiFe2O4 could be reduced to Fe2+ (Equation 3.5) 

[107]. Meanwhile, the Ni2+ and Fe2+ ions on the catalyst surface could react with PMS 

for the generation of SO4
●− (Equations 3.6-3.7), being oxidized to Ni3+ and Fe3+, which in 

turn could also activate PMS, but generating the less oxidizing species SO5
●− (Equations 
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3.8-3.9). In parallel, the photogenerated electrons assisted in regenerating Ni2+ and Fe2+ 

(Equations 3.5 and 3.10), accelerating the reaction between Ni/Fe and PMS, while further 

inhibiting the recombination of e–/h+ pairs [43,106,115]. Furthermore, SO4
●− and HO● 

radicals could also be obtained by the interaction of light with PMS (Equation 3.11) 

[115,119]. Next, the O2
●−, SO4

●−, and SO5
●− radicals generated during the process were 

be converted to 1O2 and HO●, according to Equations 3.12-3.15 [43,66,121]. Finally, O2
●−, 

1O2, and HO● oxidized the TCH (Equation 3.16), providing a remarkable degradation 

performance. 

 

g-C3N4/NiFe2O4 + hv ⟶ g-C3N4 (e
–/h+) + NiFe2O4 (e

–/h+) (3.1) 

e– + O2 ⟶ O2
●− (3.2) 

HSO5
– + e– ⟶ SO4

●− + HO– (3.3) 

HSO5
– + e– ⟶ HO● + SO4

2– (3.4) 

Fe3+ + e– ⟶ Fe2+ (3.5) 

Ni2+ + HSO5
– ⟶ Ni3+ + SO4

●− + OH− (3.6) 

Fe2+ + HSO5
– ⟶ Fe3+ + SO4

●− + OH− (3.7) 

Ni3+ + HSO5
– ⟶ Ni2+ + H+ + SO5

●−   (3.8) 

Fe3+ + HSO5
– ⟶ Fe2+ + H+ + SO5

●− (3.9) 

Ni3+ + e– ⟶ Ni2+   (3.10) 

HSO5
– + hv ⟶ SO4

●−  + HO● (3.11) 

O2
●− + 2H2O ⟶ 1O2 + H2O2 + 2OH− (3.12) 

O2
●− + HSO5

– ⟶ SO4
●− + 1O2 + OH−  (3.13) 

SO4
●− + H2O ⟶ SO4

2− + HO● + H+ (3.14) 

2SO5
●−  + H2O ⟶ 2HSO4

– + 1.51O2                                                                                                                                                                                  (3.15) 

O2
●− + 1O2 + HO● + TCH ⟶ degraded products (3.16) 
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Figure. 3.12. Proposed mechanism for TCH degradation by CN/NFO composite in 

presence of PMS and visible light.  

 

 

3.4. Conclusions  

In this study, the NiFe2O4/g-C3N4 composite was synthesized by a facile sol-gel 

method and was applied to activate PMS for the degradation of TCH under visible light 

irradiation. In comparison with the g-C3N4 and NiFe2O4 systems alone, the 

CN/NFO/PMS/VL system presented the highest photocatalytic degradation performance, 

achieving 86% degradation of TCH within 40 min. Furthermore, the photocatalytic 

performance of the CN/NFO/PMS/VL system remained robust under various conditions 

(recycling, different initial pH values, and presence of co-existing anions). The excellent 

degradation efficiency of the CN/NFO/PMS/VL system towards TCH could be attributed 

to heterojunction formation between CN and NFO, which facilitated the separation and 

transfer of the photogenerated charge carriers, consequently accelerating the reaction 

between photogenerated electrons, Ni/Fe species and PMS. Trapping experiments 

revealed that O2
●−, 1O2, and HO● were the main active species involved in the TCH 

degradation process. In conclusion, this work provides a new path for the degradation of 

organic pollutants in water. 
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CHAPTER 4 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS 
 

 

Cobalt oxide and carbon nitride/nickel ferrite composite demonstrated to be 

efficient catalysts for the degradation of organic pollutants in the presence of 

peroxymonosulfate and solar/visible light. Regarding the first one, it was verified that 

under the experimental conditions used in this work, the photogenerated electrons in 

Co3O4 did not play a significant role in activating PMS. Although PMS can be usually 

activated by photogenerated electrons in the conduction band of photocatalysts, pristine 

Co3O4 has a narrow band gap, so that the electrons and holes formed upon its excitation 

under light irradiation are likely prone to recombination, making it difficult for Co3O4 to 

provide electrons for PMS activation. Hence, the main factor identified as responsible for 

enhancing the performance of the Co3O4/PMS/SI system was the electrostatic interaction 

between PMS (negatively charged) and Co3O4 (positively charged), which could weaken 

the bonds of PMS and facilitate its activation by the UV component of solar light. 

Regarding the second material, the heterojunction formed between g-C3N4 and 

NiFe2O4 was effective in increasing the electron lifetime because of the band edges 

positions of the different semiconductors, creating a gradient in the energy levels and 

allowing the spatial separation of the photogenerated charges, that is, electrons were 

transferred to the CB of NiFe2O4, while holes were transferred to VB of g-C3N4. The 

synergistic effect between the photogenerated electrons, Ni/Fe species on the catalyst 

structure, and PMS was pointed as the main reason for the remarkable performance of g-

C3N4/NiFe2O4 in TCH photooxidation. Overall, both approaches developed in this thesis 

work show great promise for environmental remediation applications in which the 

degradation of organic pollutants is desired. 

 

Suggestions for Future Works 

New insights into the performance and reaction mechanism of Co3O4 and g-

C3N4/NiFe2O4 in PMS-assisted photocatalytic processes have been achieved in this thesis 

work. However, other studies must be conducted to further improve and optimize the 

photocatalyst-activated PMS technology, especially for large-scale applications. In this 

regard, the following suggestions are proposed for future works: 
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• The importance of constructing a heterojunction to enable the utilization 

of photogenerated electrons in PMS activation was evidenced in this study. Therefore, it 

is suggested to couple Co3O4 with another semiconductor in order to further enhance its 

performance towards the degradation of organic compounds. 

• The photocatalytic assays conducted on the g-C3N4/NiFe2O4/PMS/VL 

system in the presence of co-existing anions revealed that certain ions, such as 

bicarbonate, can reduce the degradation efficiency since they can trap the oxidizing 

species responsible for the degradation of organic compounds, especially sulfate and 

hydroxyl radicals. Therefore, it is essential to assess how the presence of these anions in 

the reaction medium affects the performance of the Co3O4/PMS/SI system.  

• In a literature review, it was identified that among the degradation products 

detected in the Co3O4/PMS/SI system, one of them may be more toxic to certain aquatic 

organisms than the initial compound. Therefore, it is suggested for future works to 

conduct toxicity assessments in order to ensure a better comprehension of the impact of 

reaction intermediates. Similarly, it is also important to identify the degradation products 

of the g-C3N4/NiFe2O4/PMS/VL process and evaluate their toxicity.  
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