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Abstract 

Global water crisis has compelled the search for unconventional water 

resources to meet growing demands. Wastewater, being abundant and easily 

accessible, is increasingly recognized as resource with great added value. 

However, the presence of pharmaceuticals in certain wastewater, such as that 

from urban stations, poses a significant challenge to its efficient and safe reuse. 

These pollutants, primarily originating from the extensive use of pharmaceuticals 

at global scale, are characterized by high persistence, polarity, and non-

biodegradability, making them difficult to remove using traditional treatment 

methods. Their continuous discharge exacerbates the degradation of ecosystems 

and entails severe risks to human health. Addressing these challenges necessitates 

the development of more efficient and environmentally friendly quaternary 

wastewater treatment technologies, with a particular focus on the complete 

degradation of pharmaceutical residues. 

In recent years, the electrochemical advanced oxidation processes (EAOPs) 

have garnered considerable attention for wastewater treatment due to their unique 

characteristics. Among them, the electro-Fenton (EF) process has demonstrated 

remarkable performance in degrading organic pollutants even in complex 

mixtures. However, traditional EF systems face practical limitations, such as high 

operation costs associated with pH adjustment and catalyst deactivation. This 

Thesis addresses these challenges by investigating two key innovations: (1) The 

development of highly active and selective electrocatalysts for the two-electron 

oxygen reduction reaction (2e– ORR), which is needed for in-situ H2O2 

electrogeneration to enhance the process viability; and (2) the synthesis of 

advanced heterogeneous catalysts with core-shell structure and synergistic 

mechanisms to significantly improve the H2O2 activation efficiency while 

minimizing leaching and secondary pollution. Furthermore, the integration of 

heterogeneous EF (HEF) process with ceramic membrane (CM) filtration enabled 

the development of a bifunctional electrified membrane for pollutant degradation 

in a flow-through reactor. All materials were studied in model solutions, with 

some trials involving target pharmaceuticals spiked into actual urban wastewater. 

For in-situ H2O2 electrogeneration, two novel ORR electrocatalysts were 
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explored. Sn-doped carbon materials synthesized via a direct thermal method 

exhibited an outstanding 2e– ORR selectivity of 98.0% and an electron transfer 

number of 2.04. The gas-diffusion electrodes (GDEs) fabricated with these 

materials achieved a cumulative H2O2 concentration of 20.4 mM at low input 

current under optimal conditions. The appropriate micro-mesopore structure 

enables the rapid generation and release of H2O2, preventing its further oxidation. 

Under natural pH conditions, the HEF process achieved nearly 100% degradation 

of antihystamine drug diphenhydramine (DPH) within 120 min. Nitrogen-doped 

carbons, prepared via pyrolysis of carbon black mixed with melamine, exhibited 

a pyrrolic nitrogen content of 3.5% and a 2e– ORR selectivity of 95.3%. The 

resulting GDEs demonstrated superior H2O2 production rates as compared to 

commercial GDEs, reaching 18 mg h–1 cm–2, and exhibited exceptional 

performance at pH 5.9. Additionally, carbon-based GDEs modified with trace 

amounts of polymethylhydrosiloxane (PMHS) outperformed conventional PTFE-

based GDEs in H2O2 generation (1874.8 mg L–1 vs. 1087.4 mg L–1). Density 

functional theory (DFT) calculations carried out by collaborators revealed that 

−CH3 groups confer superhydrophobic properties to the catalytic layer, while Si-

H and Si-O-C sites modulate the coordination environment of active carbon 

centers. These electrocatalysts achieved efficient degradation of multiple 

micropollutants, underscoring their potential for wastewater treatment. 

For H2O2 activation, Cu/NC and FeCu/NC catalysts derived from metal-

organic frameworks (MOFs) were developed. In HEF treatment using the former 

material, complete degradation of DPH was achieved at pH 6–8, outperforming 

homogeneous EF with Fe2+ catalyst under acidic conditions in terms of 

mineralization, since the formation of Fe(III)-carboxylate complexes could be 

avoided. FeCu/NC catalysts, synthesized using MIL(Fe)-88B as a precursor, 

exhibited remarkable performance with only 0.05 g L–1 catalyst, achieving 100% 

removal of antihypertensive drug lisinopril (LSN) within 6 min at pH 3 and 75 

min at natural pH. The Fe-Cu synergy accelerated the Fe(II) regeneration, while 

the core-shell structure minimized metal leaching. The catalyst maintained 86.5% 

degradation efficiency after five cycles, demonstrating remarkable stability and 

reusability. These Cu-MOF derived catalysts provide efficient and stable 

solutions for wastewater treatment applications. 

Finally, the integration of HEF processes with CM filtration was investigated. 
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CMs, known for their chemical and mechanical stability, were employed as ideal 

catalyst supports and filters. The membrane electrode fabricated in this study 

enabled both in-situ H2O2 generation and its immediate activation, allowing the 

synergistic occurrence of filtration and reaction phenomena. In a flow-through 

reactor operated in recirculation mode, this setup effectively removed amoxicillin 

from model solutions, reduced membrane fouling risks, and enhanced the HEF 

process applicability. 

In conclusion, this Thesis offers a set of novel and innovative 

electrochemical strategies that successfully addressed the challenge of 

pharmaceutical pollutant removal from wastewater at the laboratory scale. This 

work has resulted in five scientific publications, along with multiple oral and 

poster presentations at international conferences. Furthermore, collaborative 

research conducted in Italy and China for a total of four months has conferred 

solid training and international experience to the PhD candidate. 
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Structure of the Thesis 

The present Thesis is structured as follows:  

CHAPTER 1 introduces the current concerns posed by global hydric stress, which 

arises from freshwater resources scarcity combined with increasing wastewater 

generation. More specifically, the challenges posed by the presence of pharmaceutical 

contaminants in aquatic environments and the potential of advanced electrochemical 

technologies to address them are conveniently described. The role of the 

pharmaceutical industry in water contamination, the ecological impacts of 

pharmaceutical residues, and the limitations of conventional wastewater treatment 

methods are discussed. The chapter also reviews current legislation on pharmaceuticals 

in wastewater and gives the fundamentals of EAOPs, particularly the EF process and 

the ORR for H2O2 production. The section concludes by summarizing the recent 

research on MOFs, particularly on Cu-based MOFs as HEF catalysts, and highlights 

the opportunity for process intensification upon integration of MOF-derived catalysts 

into membrane filtration technology. 

CHAPTER 2 outlines the foundational framework of this Thesis by presenting 

the overarching objectives and detailing the specific goals established to achieve them. 

An overview of the structure and organization of the manuscript is also provided. 

CHAPTER 3 provides a comprehensive overview of the materials, methods, and 

equipment utilized to perform the experimental and computational work, which were 

essential for obtaining the results discussed throughout this dissertation. 

CHAPTER 4 presents the core research outcomes of this Thesis (as illustrated in 

Figure 1 for an easier identification of the work performed), and the related results can 

be reviewed more in detail in the five scientific articles related to the Thesis. Sn-doped, 

N-doped, and polymethylhydrosiloxane (PMHS)-modified carbon electrocatalysts 

were synthesized, achieving high ORR activity and selectivity, as well as efficient H2O2 

production in bulk electrolytic trials. Cu-based MOFs were also investigated as 

heterogeneous catalysts, demonstrating superior performance in the HEF process at 

natural (i.e., near-neutral) pH, avoiding common limitations of conventional 

homogeneous EF systems. Moreover, the ORR performance of Cu-based MOF 

derivatives was briefly explored. Additionally, a FeCu/NC bimetallic catalyst exhibited 

much stronger leaching resistance and high catalytic efficiency in degrading 
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pharmaceuticals through HEF process, with high stability over multiple cycles. These 

findings advance sustainable wastewater treatment technologies through the design and 

optimization of novel electrocatalysts and electrochemical processes. To conclude, a 

step forward towards the scale-up of robust and reliable technology has been made by 

investigating the performance of a continuous-flow electrochemical reactor equipped 

with an electrified CM modified with a SAC. 

Finally, CHAPTER 5 summarizes the conclusions achieved in the Thesis and 

offers some prospects for future work. 
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CHAPTER 1. Introduction 

1.1 Pharmaceuticals in the aquatic environment 

1.1.1 Water and wastewater 

Water nourishes the Earth and is the support of life. It is the most abundant 

component of living organisms, essential for their survival, acting as a solvent 

that dissolves electrolytes and other vital components within the body. It becomes 

the environment of complex metabolic reactions in the living bodies, facilitating 

the transport of essential nutrients, metabolic waste products, and endocrine 

substances such as hormones [1]. Furthermore, its high thermal conductivity and 

specific heat capacity endow a heat transfer capability that enables heat flow 

through human skin, which helps regulating the body temperature and 

maintaining homeostasis [2]. Beyond its indispensable biological functions, 

water is also essential for plant growth and agricultural productivity, as it is 

widely used to irrigate farmland. 

Additionally, water plays a pivotal role in various industrial processes, where 

it is utilized to cool machinery, manufacture a broad spectrum of chemicals, and 

clean a wide range of products. This is a clear evidence of the multifaceted 

importance of water, encompassing biological, agricultural, and industrial realms. 

Clean water is crucial for the sustainable development, socio-economic growth, 

energy and food production, ecosystem balance, factors that determine the 

survival of humankind [3]. Water is actually the nexus between society and the 

environment. Competing commercial demands on water resources increase with 

population, making it imperative to balance these needs to ensure that individual 

communities are adequately supported. Therefore, it is essential that water 

resources are valued, managed smartly, and safeguarded, thus ensuring their 

sustainable use for preserving the ecosystems and human life. 

Approximately, 71% of the Earth's surface is covered by water, yet 80% of 

the ocean floor remains unmapped and unexplored, highlighting the vast 

unknowns in our global water resources. The total volume of Earth's water 

resources is around 1,386 million km3
 [4]; nonetheless, despite this abundance of 

water, the portion available for human use is extremely limited. Up to 97% of the 
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Earth's total water is saline, primarily found in the oceans, making it unsuitable 

for direct drinking or agricultural irrigation. The remaining 3% is freshwater, 

essential for life but not evenly distributed or readily accessible. This freshwater 

is mostly trapped in glaciers and polar ice caps (69%), often in remote and cold 

regions that are difficult to reach and exploit. Another 30% of freshwater exists 

as groundwater, a crucial resource that requires complex extraction methods and 

is vulnerable to over-exploitation (i.e., over-pumping), leading to environmental 

issues such as ground subsidence. The fraction of freshwater directly usable by 

humans, which is only 1% of the total water on Earth, is found in lakes, rivers, 

and as shallow groundwater, as shown in Fig. 2 [5]. 

 
Figure 2. Global water distribution and usage: A 2023 detailed overview [6]. This figure is adapted from 
an infographic by Chesca Kirkland, with data sourced from Our World in Data, the United Nations, and 
the U.S. Geological Survey (USGS), as featured by the World Economic Forum. 

The accessible freshwater is not only scarce, but it is under tremendous stress 

due to population growth, industrialization, and increasing agricultural and farm 

activities. In 2015, the United Nations General Assembly adopted the Sustainable 

Development Goals (SDGs), which comprise 17 objectives that aimed to promote 

a more sustainable development by addressing environmental, social, and 

economic aspects. These goals were announced through the UN 2030 Agenda, 

which outlines specific actions to ensure their accomplishment by 2030. Notably, 

the sixth goal, "Clean Water and Sanitation", aims to provide universal access to 

safe drinking water and sustainable management of freshwater resources and 
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sanitation facilities [7]. Currently, around 2 billion people worldwide lack access 

to safe drinking water [8]. At the same time, on average, 70% of the world 

freshwater is used for agriculture (Fig. 2). More specifically (Fig. 3) [9], in lower-

income countries, 90% of water resources are dedicated to agriculture, leaving 

only 3% for industry and 7% for domestic use. In contrast, in high-income 

countries, water use is more balanced, with 44% allocated to agriculture, 39% to 

industry, and 17% to domestic purposes. Upper-middle-income and lower-

middle-income countries allocate 66% and 88% of their freshwater to agriculture, 

respectively, highlighting the global disparity in water use and the critical role of 

agriculture in water consumption. This intense reliance on agriculture, 

particularly in lower-income regions, exacerbates water scarcity, especially in 

areas where the average water availability is lower than 1,000 cubic meters per 

person per year, affecting about one-fifth of the global population. These 

challenges underscore the urgency of improving water management practices and 

advancing wastewater treatment technologies, aiming to eventually mitigate the 

growing global water scarcity crisis. 

 
Figure 3. Water withdrawal by sector (percentage of total freshwater withdrawal) by income group (data 
from year 2020). Source: Kashiwase and Fujs (2023), based on data from the Food and Agriculture 
Organization of the United Nations (FAO AQUASTAT) [9]. 
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The scarcity of freshwater resources has several negative effects, which have 

become increasingly noticeable in different regions around the world. For 

example, drought issues in 2022 led to reduced soil moisture across Europe, with 

rivers such as the Danube and Rhine facing significant challenges [10]. The water 

level of the Po River reached a historic minimum, whereas the lack of cooling 

water causing disruptions in the nuclear power production in France. Water 

inflows to reservoirs in these areas also decreased. In the United States, the 

drought caused losses as high as $22 billion due to damages and, moreover, it 

resulted in 136 deaths. In Africa, 36 million people were affected, with 21 million 

facing food insecurity. In China, the Yangtze River basin experienced the most 

severe drought in decades, with a negative impact over nearly 5 million people. 

Projections of future freshwater distribution are equally worrying; scientific 

studies have predicted that by the year 2046/2047, the Klang River Basin in 

Malaysia will face water shortages in most months, and 4 billion people globally 

will experience severe water shortages for at least one month during the year 

[11,12]. In addition, about 33% of irrigated farmland and 20% of cropland 

globally are already affected by soil salinization due to overuse of groundwater 

and an increase in synthetic wastes, and this percentage is expected to rise 

significantly by 2050 [13]. A high-resolution analysis conducted by the Pacific 

Northwest National Laboratory in the USA (Fig. 4) predicts that agricultural, 

industrial, and domestic water demand will increase dramatically within the 

period from 2010 to 2100 under various socio-economic and climate change 

scenarios. 

The impacts of freshwater scarcity are not limited to the environment, but 

they also pose a serious threat to global food safety, human health, and economic 

stability. By 2050 [14–16], water scarcity is projected to affect 31% of global 

GDP, estimated at around $70 trillion, a significant increase from 24% in 2010. 

The number of people affected by extreme water stress is expected to increase by 

1 billion, the most affected regions including the Middle East, North Africa, and 

South Asia, which could lead to widespread economic and political instability. 

Global water demand is projected to increase by 20-25% from present to the year 

2050, with sub-Saharan Africa projected to experience a 163% increase in 

demand, primarily driven by agricultural activities and household needs. 

However, 60% of global irrigation intended for agriculture already faces 
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freshwater scarcity, which puts the sustainability of food production at significant 

risk. Therefore, the key for addressing these challenges lies in implementing 

really sustainable water management practices, particularly the use of advanced 

wastewater treatment technologies that allow conserving, recycling and reusing 

water in a safe manner for agriculture, industry, and domestic use, thereby 

alleviating pressure on freshwater supply. 

 
Figure 4. Total annual water withdrawals by sector for different SSP-RCP combinations, projected from 
year 2010 to 2100. Shared Socio-economic Pathways (SSPs) account for possible socio-economic 
development scenarios, ranging from low-carbon, highly sustainable development (e.g., SSP1) to high-
carbon, fossil fuel-dependent growth paths (e.g., SSP5). Representative Concentration Pathways (RCPs) 
refer to different greenhouse gas emission concentrations and radiative forcing scenarios. These pathways 
indicate the level of radiative forcing (i.e., the change in Earth's energy balance caused by factors like 
greenhouse gases, determining whether the planet warms up or cools down, in W m-2) in the Earth's 
atmosphere under different greenhouse gas emission scenarios, with higher values of RCP representing 
higher potential climate change impacts (e.g., RCP 8.5 corresponds to a “high emission” scenario) [17]. 

The volume of wastewater (i.e., sewage water) generated annually is vast, 

reaching approximately 380 billion m3 [18]. However, wastewater treatment and 

management practices vary considerably across regions (Fig. 5), resulting in 

diverse environmental and public health challenges. In developed regions such as 
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North America, Europe, and Australia, where per capita sewage production is 

high, sewage collection rates are also relatively high, typically treating more than 

75% of collected sewage. In contrast, many low- and middle-income countries, 

such as those in sub-Saharan Africa and South Asia, have lower per capita sewage 

production and often have sewage collection rates of less than 25%. In these 

regions, large volumes of sewage are discharged directly into the environment 

without adequate treatment, which poses serious environmental concerns and 

public health risks. While some progress has been made in reusing treated sewage, 

particularly in Europe and Australia, global reuse rates remain low at global scale, 

and many countries do not fully leverage reclaimed water to alleviate water 

scarcity. These disparities underscore the critical need for global investment and 

improvement in wastewater management practices. Effective wastewater 

treatment and reuse is a smart, relatively recent strategy to significantly reduce 

the environmental pollution. At present, it plays a key role in addressing the 

global water crisis by providing a sustainable freshwater source for agriculture, 

industry, and even drinking water. 

 
Figure 5. Wastewater in numbers: (a) Production (m3 yr 1 per capita), (b) collection (in %), (c) treatment 
(in %), and (d) reuse (in %) at the country scale. Sources: Global Water Intelligence (GWI, 2015), the 
FAO AQUASTAT (2020), Eurostat (Eurostat, 2020), and the United Nations Statistics Division (UNSD, 
2020). For consistency, the year 2015 was selected for all wastewater data [19].  

Wastewater is liquid waste containing various pollutants from industrial 

production, domestic sewage, and agricultural drainage. These wastes themselves 

do not necessarily cause immediate harm to the environment or biological 

systems. However, when their concentration exceeds the permissible range and 

negatively affect the ecosystems, water pollution problems are triggered [20]. In 
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other words, all pollutants are potential sources of pollution, but not all of them 

bring about pollution problems. Worth noting, since industrialization, water 

pollution caused by human activities have become increasingly serious, 

significantly exacerbating global freshwater scarcity [21]. 

Globally, the main sources of wastewater can be categorized into four main 

groups: municipal domestic wastewater, industrial wastewater, agricultural runoff, 

and stormwater runoff [22]. Municipal domestic wastewater comes mainly from 

daily household activities such as washing, cooking, and sanitary drainage, rich 

in organic matter, pathogens, and nutrients. This type of wastewater constitutes a 

major portion of total wastewater in many areas. Industrial wastewater, 

conversely, comes from large-scale activities such as manufacturing and mining, 

and usually contains heavy metals, toxic chemicals, and organic solvents. 

Agricultural runoff, especially during the rainy season, carries nitrogen, 

phosphorus, and other fertilizers and pesticide residues into water bodies, 

potentially causing eutrophication. Finally, storm water runoff is a major source 

of pollution in urban areas, especially during heavy rainfall events, since runoff 

carries large amounts of pollutants into rivers and lakes [23]. Wastewater contains 

many inorganic and organic chemicals, toxic metals, aromatic compounds, and 

dyes, which may contaminate natural resources and interfere with the normal 

functioning of the ecosystems. In addition, radioactive and acid-base substances 

are also important components of wastewater; the former mainly come from the 

operation of nuclear reactors and nuclear power plants, and long-term exposure 

to these radionuclides may pose serious health risks to living organisms [24,25]; 

the latter, such as sulfur oxides and nitrogen oxides, may affect the acid-base 

balance of the water body and damage the ecosystem through acid rain [23]. 

Aquatic flora and fauna have suffered severe impacts, leading to substantial 

economic losses. The continued discharge of untreated or improperly treated 

wastewater into natural water bodies further degrades the aquatic ecosystems, 

destroys habitats for aquatic organisms, and promotes overgrowths of fungi, 

bacteria, and algae —especially algal blooms— that block sunlight and nutrient 

flow, thereby disrupting the ecological balance [26,27]. A more insidious threat is 

oxygen depletion in these water bodies, creating anoxic environments or 'dead 

zones' where fish and other aquatic organisms cannot survive [28]. Pollutants like 

those from oil spills, acids, pesticides, and plastics cause serious physical damage 
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to aquatic life. Microplastics are particularly harmful, as they can cause 

mechanical damage to the intestinal lining and may even penetrate the epithelial 

barrier, entering the lungs, colon, placenta, and bloodstream, thereby posing a 

health threat to both marine animals and humans [29]. Furthermore, water 

pollution triggers a chain reaction through the food chain, where animals that rely 

on fish may become ill or die after consuming contaminated prey. 

Similarly, human health may be severely affected by sewage pollution. The 

large number of pathogenic microorganisms contained in sewage is a major 

source of waterborne diseases, and these pathogens are transmitted through 

contaminated water bodies, leading to a wide range of illnesses such as hepatitis, 

diarrhea, meningitis, poliomyelitis and encephalitis [30,31]. Contaminated water 

bodies not only directly affect the safety of drinking water but also jeopardize 

public health by contaminating agricultural irrigation water and fishery resources 

further into the food chain. For example, contaminated water employed for 

irrigation may leave harmful microorganism residues on the surface of the crop 

areas. In contrast, contaminated fishery products may affect higher-order 

consumers, including humans, through the food chain. In addition, oil spills, as 

one of the major sources of water pollution, not only damage critical ecosystems 

such as mangroves and coral reefs but also ultimately threaten human health by 

contaminating seafood, which may lead to dizziness, nausea, central nervous 

system damage, and even cancer [32]. Although the frequency of oil spills from 

tankers has decreased over the past half-century, millions of tons of crude oil still 

enter the environment through natural seepage each year, posing a long-term 

threat to ecosystems and human health [33–35]. In addition, the widespread use 

of pesticides poses an even greater threat to water bodies and human health. 

Pesticides enter water bodies through runoff, contaminate groundwater and 

surface water bodies, and not only directly poison aquatic organisms but also lead 

to long-term exposure of higher-order organisms, including humans, to health 

risks through bioaccumulation and amplification effects in the food chain. 

Chronic exposure to pesticides is strongly associated with health problems such 

as tumor formation and central nervous system disorders [36,37]. Taken together, 

pathogenic microorganisms in sewage, oil spills, and pesticide contamination 

together constitute a major threat to global water pollution, which not only has 

far-reaching impacts on ecosystems but also poses a serious threat to human 
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health and food security through various pathways. These problems are more 

serious as contaminants become more concentrated due to water evaporation 

under higher ambient temperature, and there is an urgent need to strengthen 

regulation and take effective preventive and control measures to ensure the safety 

of water bodies and public health. 

In addition, the production of synthetic chemicals has increased significantly 

since the mid-20th century, a phenomenon known as “the second chemical 

revolution”, marking an unprecedented level of development and application of 

new synthetic chemicals [38]. This growth is reflected in the records of the 

Chemical Abstracts Service Registry, where the number of registered chemicals 

increased from 20 million in 2002 to 204 million in 2023, implying that nearly 

15,000 new chemicals are registered daily [39]. At the same time, research on 

genetically engineered microorganisms is increasing significantly. Although these 

synthetic chemicals and modified microorganisms have made important 

contributions to human society in drug development, research on advanced 

materials, and agricultural productivity enhancement, concerns have been raised 

about the public health and environmental risks they may pose. In particular, 

newly discovered synthetic or naturally occurring chemical substances and 

biological agents, which are referred to as emerging contaminants (ECs, the 

“emergence” of the awareness of emerging contaminants should probably be 

attributed to Rachel Carson for her 1962 book “Silent Spring”), may pose 

potential dangers to humans and ecosystems [40,41]. These pollutants include 

pharmaceuticals and personal care products (PPCPs), perfluoroalkyl substances 

and poly-fluoroalkyl substances, emerging pathogens, cyanobacterial toxins, 

other naturally occurring toxins, pesticides, industrial chemicals, micro/nano 

plastics, nanomaterials, and antibiotic resistance genes, among others [41]. Yet, 

their impacts on the environment are still poorly understood. These pollutants can 

enter the environment through industrial emissions, agricultural runoff, and 

improper waste disposal, thereby contaminating air, water, soil, and food, and 

may cause secondary contamination in areas far from the source. 

Among these ECs, PPCPs are the largest group, covering a large plethora of 

compounds with different chemical and physical properties. PPCPs are widely 

used for various daily purposes, including human and animal health care. 

Currently, more than 50,000 types of PPCPs have been produced globally, with 
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an annual use of approximately 30 million tons, which is likely to increase yearly 

[42]. The main families of compounds included among PPCPs include antibiotics, 

hormones, nonsteroidal anti-inflammatory drugs, anticancer drugs, antiepileptic 

drugs, antidepressants, and β-blockers, which are widely detected in the 

environment and their metabolites [43]. This widespread dissemination of 

pharmaceuticals has become a health concern and is now recognized as a major 

threat to global public health and to the balance of ecosystems [44]. 

1.1.2 The pharmaceutical industry 

In 1897, the first synthetic drug —aspirin— was introduced [45]. Since then, 

drug therapy has made significant advancements in addressing a wide range of 

health issues, including diseases, mental health, and other conditions. Today, 

more than 200,000 drugs are available on the market that can prevent, treat, and 

alleviate diseases that were once potentially fatal to earlier generations. Drugs are 

generally classified based on their mechanism of action (i.e., how they bind to 

and interact with biological targets), mode of action, chemical structure, and 

therapeutic use. When categorized by their therapeutic or preventive uses (the 

pathologies they are intended to treat), common drug categories include 

antibiotics, sedatives, anti-inflammatory drugs, antivirals, analgesics, 

antidepressants, cardiovascular drugs, anticoagulants, and beta-blockers, among 

others (Fig. 6) [46–48]. 

 
Figure 6. Classification of pharmaceutical products commonly detected in the environment, along with 
their main intended purpose [48]. 

The widespread use of pharmaceuticals has significantly improved the 

quality of human life, particularly in the context of population growth, an aging 

society, and the increasing prevalence of chronic diseases. This has driven a 
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continuous rise in global annual drug production and consumption. According to 

data (Fig. 7) [49], the global annual drug usage increased from 2.96 trillion 

defined daily doses (DDD) in 2018 to 3.38 trillion DDD in 2023, with an average 

compound annual growth rate (CAGR) of 2.7%. It is projected that this figure 

will further rise to 3.78 trillion DDD by 2028. The rapid development of emerging 

markets, such as China and India, is the primary driver of this growth, with annual 

growth rates of 3.7% and 3.5%, respectively, in drug usage. Meanwhile, the Latin 

American market continues to hold a significant share of global drug 

consumption, with 461 billion DDD in 2023, which is expected to reach 506 

billion DDD by 2028. Although the growth rate in Latin America is relatively 

slower, it still holds a substantial portion of the global pharmaceutical market, 

especially in the research, development, and application of innovative drugs. 

 
Figure 7. Historical and projected usage of medicines by region, within the period 2018-2028, given as 
so-called DDD in billions [49]. 

The global expansion of the pharmaceutical industry is reflected in the 

growing demand for medications, advancements in production technologies, and 

the increasing diversity of drug types. With the rapid development of 

biotechnology, new therapies, such as gene therapy and immunotherapy, have 

emerged, significantly advancing the treatment of cancer, rare diseases, and 

chronic conditions. These advances are boosting disease cure rates and impetus 

to developing emerging drugs. As pharmaceutical production activities gradually 

shift from developed countries to emerging markets, global drug manufacturing 

capacity has further increased. For example, countries like China and India have 

become key hubs for the global pharmaceutical industry, taking on large-scale 

drug production and becoming frontrunners in the research and development of 
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innovative medicines. 

As global demand for pharmaceuticals continues to rise, both production and 

consumption within the industry are experiencing sustained growth. This trend is 

in good agreement with the pursuit of society to achieve a higher quality of life 

while presenting new challenges for environmental management. Water usage is 

critical in pharmaceutical production, especially during drug synthesis, material 

processing, and cooling, where a stable and high-quality water supply is essential. 

Studies have shown that producing one ton of antibiotics generates between 500 

and 6,500 m3 of wastewater, containing substantially higher organic pollution 

levels than domestic sewage [50]. Therefore, how to ensure the effective 

treatment of wastewater while meeting global drug demand has become one of 

the core challenges faced by the pharmaceutical industry. 

Pharmaceutical wastewater primarily originates from process wastewater 

generated during drug synthesis and formulation processes [51]. Process 

wastewater refers to water that comes into contact with raw materials, products, 

intermediates, by-products, or waste during production or processing, and it often 

contains various pollutants. The main source of these pollutants is the mixture of 

active pharmaceutical ingredients (APIs), which are produced through organic, 

inorganic, or biochemical reactions. Due to the multi-product nature of 

pharmaceutical manufacturing, inefficiencies or overdesign in the reactors and 

separators often lead to increased wastewater generation. Based on different 

production processes, the pharmaceutical industry can be divided into four main 

sub-sectors [52]: fermentation plants, synthetic organic chemical plants, 

natural/biological product extraction plants (such as antibiotics, vitamins, 

enzymes), and drug mixing and formulation plants (such as tablets, capsules, and 

solutions). 

Due to the complexity and diversity of substances and reactions involved in 

pharmaceutical production, the composition and volume of wastewater vary 

based on geographic location, raw material selection, and seasonal changes, 

making treatment particularly challenging. As a result, establishing uniform 

wastewater treatment standards is highly difficult. Currently, pharmaceutical 

wastewater treatment technologies can be classified into several categories: 

recycling/recovery of APIs from wash water and solvents, physicochemical 

treatments (such as precipitation or flotation), biological treatments (such as 
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membrane bioreactors or aerobic/anaerobic biological processes), advanced 

oxidation processes (such as UV combined with ozone or hydrogen peroxide), 

inactivation of infectious and bioactive substances (i.e., disinfection methods), 

and novel hybrid treatment technologies specifically tailored for the 

pharmaceutical industry [53]. 

Recycling is one of the key strategies for treating pharmaceutical wastewater. 

The pharmaceutical industry uses large quantities of solvents, acids, bases, and 

other chemical reagents, and many valuable by-products can be reused through 

wastewater recovery processes. For example, solvents can be recycled and reused 

in boiler feedwater or cooling tower operations, reducing water consumption. 

Nanofiltration technology has proven to be an effective method for recovering 

amoxicillin from pharmaceutical wastewater. Studies have shown that 

amoxicillin rejection rates ranged from 56.5% to 99.1%, with the highest removal 

efficiency achieved at pH 9.0, a temperature of 298 K, an operating pressure of 2 

MPa, and an initial feed concentration of 20 ppm by nanofiltration membranes, 

demonstrating significant potential for application [54]. 

Electrochemical methods have shown great potential for recovering heavy 

metals, such as chromium and nickel, from pharmaceutical wastewater. Studies 

have shown that over 100 mg g–1 of hexavalent chromium was recovered using 

electrochemical methods, and more than 2300 mg g–1 of heavy metals could also 

be deposited. Electrochemical techniques efficiently recover these metal 

resources and reduce environmental pollution [55]. 

Biological treatment techniques have excelled in dealing with high 

concentrations of organic matter, especially in treating fermentation and chemical 

synthesis wastewater. Aerobic biological treatments degrade organic matter 

through microbial metabolism, with the activated sludge method being one of the 

most common. This method achieves a biological oxygen demand (BOD) 

removal rate of over 90% in wastewater. However, for toxic wastewater, 

anaerobic treatment is more effective, converting organic matter into methane and 

carbon dioxide in an anaerobic environment [56]. 

Advanced oxidation processes are suitable for treating recalcitrant organic 

pollutants, such as antibiotic and hormone residues. Techniques like ozonation 

and Fenton process generate hydroxyl radicals, which efficiently degrade organic 

compounds, transforming them into harmless small molecules [57]. 
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Hybrid treatment technologies are becoming the primary approach for 

handling complex pharmaceutical wastewater [58]. The combination of 

physicochemical treatments, biological treatments, and advanced oxidation 

processes can significantly improve the wastewater treatment efficiency. For 

example, using an up-flow anaerobic sludge blanket (UASB) reactor combined 

with a membrane bioreactor (MBR) removes organic matter from wastewater and 

facilitates water recovery and reuse. This hybrid treatment technology has 

demonstrated high stability and cost-effectiveness in practical applications, 

representing one of the future directions for pharmaceutical wastewater treatment. 

1.1.3 Pharmaceutical residues as water contaminants 

The presence of pharmaceuticals in wastewater and natural water was first 

reported in 1977/1978 [59,60]. Since then, significant progress has been made in 

understanding the sources, migration pathways, and ecotoxicology of 

pharmaceuticals in the environment. Today, the presence of pharmaceuticals in 

groundwater, surface water, wastewater, soil, and biota across the globe is well 

documented [61–63]. Domestic sewage is typically the primary source of these 

pollutants, making pharmaceuticals potential markers for contamination of 

surface and groundwater [64]. However, other sources of pharmaceutical 

pollution, such as wastewater from aquaculture and livestock industries, should 

not be overlooked [65]. For example, environmental antibiotics are linked to 

bacterial resistance, an issue of particular concern. According to institutions like 

the European Commission and the Helsinki Commission [66], pharmaceuticals 

have emerged as water stressors. The bibliometric analysis of the presence of 

pharmaceuticals in the environment reveals the rise in related information 

appearing in scientific articles, books, conference proceedings, TV programs, 

social media, and websites [67]. This demonstrates that the issue is of global 

concern, extending beyond the scientific community. Fig. 8 illustrates the 

pathways through which pharmaceutical residues from various sources reach 

water bodies. The various routes include human and animal excretion, hospital 

wastewater, pharmaceutical manufacturing discharges, sludge treatment, and 

landfill leakage. 
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Figure 8. Main routes for the entry of pharmaceutical pollutants into water bodies [68]. 

These pharmaceuticals, including antibiotics, antivirals, analgesics, and 

hormones, among others, pose significant challenges to aquatic and terrestrial 

ecosystems [69,70]. Notably, anti-inflammatory drugs, antibiotics, and analgesics 

are among the most widely used medications worldwide. Complicating matters 

further, certain pharmaceutical by-products have toxicity levels equal to or 

exceeding those of their parent compounds, raising concerns that conventional 

treatment plants may not effectively remove them [69,71,72]. Fig. 9 highlights 

significant geographical differences in concentrations of antibiotics, endocrine 

disruptors, and pharmaceutical pollutants across wastewater treatment plants 

(WWTPs) globally. Box plots in Fig. 9a and 9d present the concentration 

distributions of six antibiotics (lincomycin, erythromycin, ciprofloxacin, 

norfloxacin, tetracycline, and sulfamethoxazole) in both, the influent and the 

effluent of these plants. For instance, sulfamethoxazole concentrations in Kenya 

reach 54.8 μg L–1, far exceeding levels in other regions, likely due to the heavy 

use of antimalarials in response to the high malaria incidence [73]. Similarly, 

ciprofloxacin concentrations in Southern Africa are as high as 501.6 μg L–1, 

reflecting significant antibiotic use [74]. The median concentrations of 

norfloxacin and tetracycline in the influents are notably higher in Africa and Asia, 

particularly in Asia, where norfloxacin levels in both, the influent and the effluent 

surpass those in Europe, Oceania, and North America. In South Korea, 

lincomycin concentrations show a wide range, differing by 2 to 4 orders of 
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magnitude compared to other countries. These distribution patterns are largely 

shaped by regional pharmaceutical usage practices [75]. 

Box plots of Fig. 9b and 9e show the concentration changes of six endocrine 

disruptors (NP, 4-t-OP, BPA, E3, EE2, and E2) in the influent and the effluent. 

NP and 4-t-OP concentrations in Asia and North America are notably higher than 

in other regions, with NP levels in North America reaching nearly 105 ng L–1, 

indicating the intensive industrial activity and chemical use in these areas. 

Although effluent concentrations are lower, NP and 4-t-OP residues remain 

relatively high in North America and Europe, suggesting that these compounds 

resist complete removal due to their chemical stability or limitations in current 

treatment technologies. 

Plots of Fig. 9c and 9f display the concentration distributions of 

pharmaceutical pollutants (caffeine, carbamazepine, atenolol, triclosan, 

acetaminophen, and ibuprofen) in the influents and the effluents. Caffeine 

concentrations in Africa, Asia, and North America are exceptionally high, 

particularly in North America, where levels approach 1×106 ng L–1, far exceeding 

those in other regions. This could be due to higher consumption of caffeine-

containing beverages. Concentrations of other drugs, such as carbamazepine and 

ibuprofen, also vary across regions, with higher levels in Asia and North America, 

reflecting the widespread use of these pharmaceuticals. While concentrations 

decrease in the effluent, caffeine and ibuprofen residues remain elevated in Africa 

and Asia, indicating that existing wastewater treatment processes are insufficient 

to remove these drugs completely. 

In summary, higher concentrations of antibiotics and pharmaceutical 

pollutants in Africa and Asia may indicate inadequate wastewater treatment 

infrastructure and weaker regulatory controls in these regions. Although Europe 

and North America perform better in treating some pollutants, endocrine 

disruptors and pharmaceutical residues remain persistent challenges. Current 

wastewater treatment technologies are inadequate for removing complex 

chemical compounds, especially those with resistant chemical structures, 

highlighting the need for further advancements in treatment technologies. 
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Figure 9. Box plots showing the concentration variations of (a, d) selected antibiotics, (b, e) endocrine-
disrupting chemicals, and (c, f) non-steroidal anti-inflammatory drugs in the (a, b, c) influents and (d, e, f) 
the effluents of WWTPs across different geographical regions. Acronyms: Nonylphenol (NP), 4-tert-
octylphenol (4-tOP), bisphenol A (BPA), estriol (E3), 17α-ethinyl estradiol (EE2), estradiol (E2), estrone 
(E1) [76]. 

Pharmaceuticals often exhibit biological activity even at low concentrations, 

meaning that trace amounts in the environment can significantly impact non-

target organisms [77]. Fig. 10 summarizes the broad effects of pharmaceutical 

pollution on various organisms in aquatic ecosystems, encompassing multiple 

levels from biological mechanisms to population dynamics and ecological 

functions [78]. 

 
Figure 10. Toxic effects of pharmaceuticals on the nontarget organisms in the environment [78]. 
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Carbamazepine, for instance, induces oxidative stress responses in aquatic 

organisms like rainbow trout. Diclofenac, known for its high persistence in 

aquatic environments, causes damage to the kidneys, gills, and other organs in 

fish. Ethinylestradiol has a pronounced feminizing effect on zebrafish, leading to 

reduced reproductive capabilities in males. This sex reversal not only affects 

individual organisms but may also have long-term detrimental effects on the 

survival and reproduction of entire populations, threatening their stability. 

Propranolol exhibits toxicity in Mexican shrimp, manifesting in reproductive 

issues, demonstrating that pharmaceuticals can adversely affect the reproductive 

systems of invertebrates as well. Invertebrates play crucial roles in aquatic 

ecosystems, and their population decline may trigger cascading effects 

throughout the food chain. 

Antibiotic accumulation has profound impacts on aquatic microbial 

communities. Sulfonamides, for example, can alter the structure of these 

communities and increase bacterial resistance while inhibiting key microbial 

activities involved in nitrogen and phosphorus cycling. This can negatively affect 

aquatic plant growth and the self-purification capacity of water bodies. Long-term 

exposure to pharmaceutical pollution can also lead to changes in gene expression 

in aquatic organisms, resulting in abnormal protein and enzyme activities, which 

in turn disrupt normal growth and development, ultimately lowering the overall 

health of entire populations. Furthermore, drugs like ivermectin can affect species 

composition in aquatic ecosystems, reducing the number of sensitive species and 

destabilizing ecological balance and biodiversity. 

In summary, the cumulative effects of pharmaceutical residues in aquatic 

ecosystems may lead to the loss of ecological functions. When key species are at 

risk, entire food chains and nutrient cycles can be disrupted, jeopardizing 

ecosystem stability. 

Given the widespread negative impacts of pharmaceuticals on aquatic 

ecosystems, it is critical to explore the effectiveness of wastewater treatment 

technologies in removing these pollutants. Existing WWTPs are primarily 

designed to target conventional pollutants, such as organic matter, nitrogen, and 

phosphorus. However, when facing with structurally complex and persistent 

pharmaceuticals, traditional treatment methods often prove inadequate. Although 

some pharmaceuticals are partially removed during wastewater treatment, many 
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residues still pass through the system and are discharged into natural water bodies. 

To mitigate the environmental and biological risks posed by pharmaceutical 

residues, a variety of advanced wastewater treatment technologies have been 

proposed and implemented in recent years. Table 1 summarizes the removal rates 

of different pharmaceutical pollutants under various treatment methods [46]. By 

evaluating the effectiveness of these technologies, improvements can be made to 

address better the unique challenges posed by pharmaceutical pollutants, 

ultimately reducing their environmental footprint and protecting aquatic 

ecosystems. 

Table 1. Various technologies for the treatment of pharmaceutical contaminants [46]. 
No. Class/Group of 

pharmaceutical 
Pharmaceutical 
contaminant 

Treatment technology Removal 
/ in % 

1 Psychoanaleptic 
metabolite  

Hydroxybupropion Ultrafiltration membrane 
biorreactor (UMBR) 

82 

Antirheumatic Ibuprofen 98 
Metformin 95 

Opiate analgesic Valsartan 92 
2 Macrolide Azithromycin Anaerobic treatment in 

WWTP 
88 

Tetracyclin 
Antibiotic 

Tetracyclin  73 
Oxytetracycline  80 
Chlortetracycline 90 

3 Analgesic and 
antipyretic 

Acetaminophen Hydrogen peroxide-
induced UFBR reactor 

99 

Tetracycline  Chlortetracycline   100 
Metacycline   46 

Sulfonamide  Sulfamerazine   92 
Macrolide  Clarithromycin   59 

4 Analgesic and 
antipyretic  

Acetaminophen  Cyclic biological reactor  98 

5 Analgesic and 
antipyretic  

Acetaminophen and 
some other drugs  

MBR at real scale 100 
MBR at laboratory scale 95 

6 Analgesic and 
antipyretic   

Acetaminophen and 
some other drugs   

Conventional activated 
sludge process 

67 

7 Analgesic and 
antipyretic  

Acetaminophen and 
some other drugs   

Submerged membrane 
bioreactor 

92.2 

8 Nonsteroidal 
anti-
inflammatory 
drug (NSAID)  

Diclofenac  Advanced biological 
treatment (WWTP) 

61.3 

Anticonvulsant  Carbamazepine  
 

15.6 
NSAID  Diclofenac  Wastewater stabilization 

pond  
93.6 

Anticonvulsant  Carbamazepine  
 

24.4 
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No. Class/Group of 
pharmaceutical 

Pharmaceutical 
contaminant 

Treatment technology Removal 
/ in % 

9 Macrolide  Erythromycin  Gamma irradiation 70 
Gamma irradiation with 
peroxymonosulfate (10 
mM) 

80 

Gamma irradiation with 
peroxymonosulfate (50 
mM) 

100 

10 Analgesic / 
antiinflammatory  

Acetaminophen  Stirred tank bioreactor 
with Trametes versicolor 

90.5 
Ibuprofen  17.5 

Antibiotic  Cephalexin  54.8 
Fibrate  Gemfibrozil  93 
Methylxanthine  Caffeine  87.9 

11 Antibiotic  Chloramphenicol  Solar photo-Fenton  63 
Adsorption process using 
avocado seed activated 
carbon  

97 

Triazole Fluconazole Solar photo-Fenton  40 
Adsorption process using 
avocado seed activated 
carbon  

97 

Anti-
Testosterone / 
Anti-Androgen  

Flutamide  Solar photo-Fenton  54 
Adsorption process using 
avocado seed activated 
carbon  

99 

Fibrate Gemfibrozil  Solar Photo-Fenton  79 
Adsorption process using 
avocado seed activated 
carbon  

100 

12 Anticonvulsant  Carbamazepine Adsorption process using 
25 mg L-1 biochar 

84 

Idem, using 125 mg L-1 
biochar 

99 

Idem, using 250 mg L-1 
biochar  

99 

13 Opiate analgesic  Codeine (+) Clay mineral along with 
nonionic organoclay & 
Cationic organoclay 

62.7 
Antibiotic Trimethoprim (0) 2.6 
NSAID  Ibuprofen (-) 88.6 

14 NSAID  Ibuprofen Biological nutrient 
removal with an 
anaerobic configuration 

81 
Naproxen 71 

15 Beta Blocker Atenolol Two sequencing batch 
reactors with powdered 
composite adsorbent 

52 
Fluoroquinolone Ciprofloxacin 54 
Benzodiazepine Diazepam 59 

16 NSAID  Naproxen Conventional activated 
sludge treatment after 
aerobic and anaerobic 

90 
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No. Class/Group of 
pharmaceutical 

Pharmaceutical 
contaminant 

Treatment technology Removal 
/ in % 

digestion. Finally, a 
tertiary treatment based 
on UV oxidation 

17 Diuretic (water 
pills) 

Furosemide Photolysis 100 
Photocatalysis 97 

Sulfonamide Sulfadiazine Photolysis 68 
Photocatalysis 87 

18 Fluoroquinolone Enrofloxacin Synergic catalytic 
ozonation and 
electroflocculation 
process 

99 
Amoxicillin 89 

19 Analgesic Acetaminophen Primary treatment based 
on the partial removal of 
suspended solids and 
organic matter through 
coagulation, flocculation, 
and sedimentation 

23 

20 Tetracycline 
antibiotic 

Oxytetracycline 
hydrochloride 

Electrocoagulation 88 

21 NSAID  Diclofenac Electrocoagulation 34 
Anticonvulsant Carbamazepine 35 
Penicillin Amoxicillin 36 

22 Analgesic Ibuprofen High rate algal ponds 90–99 
UASB 92 

Acetaminophen High rate algal ponds 90–99 
UASB 92 

23 Antiepileptic Lamotrigine High rate algal ponds 47-48 
Hypolipidemic 
drug 

Fenofifibric acid 69-84 

Analgesic and 
anti-
inflammatory 
drug 

Paracetamol 76-100 

Tranquilizer Pentoxifylline 30-55 
24 Antibacterial and 

Antifungal 
Triclosan Activated sludge 99.8 

As can be seen in Table 1, the efficiency of different wastewater treatment 

technologies in removing pharmaceutical residues varies significantly depending 

on the type of drug and treatment method. Some advanced treatment technologies, 

such as advanced oxidation processes (AOPs, as for example photo-Fenton 

process, photocatalysis and ozonation) and bioreactors (such as UMBR), have 

demonstrated removal rates exceeding 90% for certain pharmaceuticals, 

including acetaminophen, ibuprofen, and chloramphenicol.  
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In contrast, conventional wastewater treatment methods, such as activated 

sludge processes and anaerobic digestion, show lower removal efficiencies for 

certain antibiotics and NSAID like carbamazepine and diclofenac, with removal 

rates ranging from only 15% to 50%. Additionally, specific pharmaceuticals, such 

as chlortetracycline, exhibit nearly 100% removal efficiency through reactive 

oxygen species and electrocoagulation methods. However, other drugs, such as 

amiloride (not shown in Table 1), show very low removal efficiency with similar 

technologies, highlighting the complex relationship between the drug chemical 

structure and the effectiveness of the treatment method. 

Overall, while certain advanced technologies display high removal 

efficiency, most conventional treatment processes struggle to completely 

eliminate pharmaceuticals with complex structures, particularly antibiotics and 

NSAIDs. This emphasizes the need for further development and optimization of 

treatment methods to address pharmaceutical pollution in wastewater more 

effectively. 

1.1.4 Legislation on pharmaceuticals in wastewater 

To address the increasingly severe environmental problems caused by the 

presence of pharmaceuticals in wastewater, countries worldwide have 

implemented regulations aimed at managing and reducing pharmaceutical 

pollution. 

In 2024, the World Health Organization (WHO) released the Guidelines for 

Wastewater and Solid Waste Management from Antibiotic Manufacturing [79], 

which provides a comprehensive framework for governments, pharmaceutical 

companies, and wastewater management agencies to control antibiotic pollution. 

This is the first guidance from WHO specifically addressing wastewater and solid 

waste pollution generated during antibiotic manufacturing, aiming to reduce the 

environmental and public health impacts of antibiotic pollution. The guidelines 

propose a range of risk management and monitoring measures, including 

establishing emission standards and recommending effective wastewater 

treatment technologies such as ozonation, UV disinfection, and thermal treatment. 

A particular emphasis is placed on antibiotic resistance, highlighting that 

antibiotic pollution affects local ecosystems and facilitates the spread of resistant 

pathogens through water systems, posing a global public health threat. 
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In North America, the United States established archives detailing methods 

to manage endocrine-disrupting chemicals and limit their intrusion into human 

and wildlife systems. Additionally, the U.S. Food and Drug Administration has 

published guidelines for evaluating human pharmaceuticals. The Clean Water Act 

(CWA) has long provided strict guidelines for wastewater discharge, with Code 

of Federal Regulations (CFR, title 40, part 439) setting pollutant emission 

standards specifically for the pharmaceutical industry. These regulations aim to 

control the release of harmful substances from the pharmaceutical sector into 

water bodies to protect water quality and public health [80]. 

The European Union leads the world in managing pharmaceutical 

wastewater. The Water Framework Directive (WFD 2000/60/EC) [81] and the 

Environmental Quality Standards Directive (2013/39/EU) [82] impose strict 

limits on pharmaceutical pollutants, including diclofenac, 17-α-ethinylestradiol 

(EE2), and estradiol (E2), which are listed as priority substances. EU member 

states are required to ensure that the concentrations of these substances do not 

exceed environmental safety thresholds. The EU has also introduced the Strategic 

Approach to Pharmaceuticals in the Environment (PiE) [83], which aims to 

reduce pharmaceutical residues in water systems by improving wastewater 

treatment technologies and promoting sustainable pharmaceutical consumption. 

As part of the European Green Deal, the Extended Producer Responsibility (EPR) 

mechanism holds pharmaceutical companies accountable for the environmental 

impacts of their products, a move expected to drive stricter legislation, 

particularly as the EU plans to set higher environmental standards by 2030 [84,85]. 

On October 22, 2024, Spain enacted Royal Decree No. 1085/2024, 

approving the Water Reuse Regulation to standardize wastewater reuse, improve 

water quality, and ensure safety [86]. On November 27, the EU adopted Directive 

No. 2024/3019 (revised), tightening urban wastewater treatment standards, 

expanding scope, imposing stricter pollutant limits, promoting reuse, advancing 

energy neutrality, and establishing producer responsibility [87]. These laws mark 

significant progress by Spain and the EU in water resource management and 

wastewater treatment, fostering sustainability and environmental protection. 

In South America, progress is being made in managing pharmaceutical 

pollution in wastewater. Brazil, for example, has enacted the National Solid Waste 

Policy (2010) [88], which mandates the classification and treatment of medical 
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waste, including pharmaceuticals. With the pharmaceutical industry rapidly 

growing in Brazil, the issue of pharmaceutical wastewater has become more 

pressing. In response, some WWTPs in Brazil have introduced advanced 

technologies to reduce pharmaceutical residues in the environment. 

In Oceania, Australia has issued national guidelines on pharmaceutical 

pollution in wastewater, though they are not yet mandatory. The Water Services 

Association of Australia (WSAA) has called for further research into the long-

term environmental effects of pharmaceuticals and for stronger regulations to 

limit pharmaceutical discharge into the environment. The Australian Guidelines 

for Water Recycling (2006) [89] outline best practices for reusing wastewater, 

particularly concerning pharmaceutical pollutants. Recent studies have detected 

antibiotics, NSAIDs, and hormones in Australia’s surface water and treated 

wastewater. To mitigate pharmaceutical pollution, Australia is raising public 

awareness about the proper disposal of medications and preventing their improper 

release into sewage systems. 

In Asia, China, one of the largest pharmaceutical producers and consumers 

in the world, faces significant challenges in managing pharmaceutical pollution 

in water systems. Although China has implemented the Water Pollution 

Prevention and Control Action Plan (2015) and introduced measures through the 

Ministry of Ecology and Environment (MEE) to improve water quality, 

pharmaceutical wastewater regulation remains in its early stages. In recent years, 

China has conducted extensive research to monitor pharmaceutical residues, 

particularly antibiotics, in surface and groundwater. Efforts are underway to 

upgrade wastewater treatment facilities and develop new technologies to reduce 

the concentration of pharmaceuticals entering the environment. The 13th Five-

Year Plan for Ecological and Environmental Protection (2016-2020) emphasizes 

the need for innovation in wastewater treatment technologies, particularly for 

emerging pollutants like PPCPs. Japan has established a comprehensive 

pharmaceutical monitoring program; the Ministry of the Environment (MOE) 

regulates pharmaceutical residues in wastewater through the Water Pollution 

Control Act [90], and pharmaceuticals such as carbamazepine, oseltamivir, and 

diclofenac have been detected in rivers and WWTPs. Although existing treatment 

technologies are somewhat effective in reducing the concentrations of certain 

drugs, others persist. Japan is investing in advanced water treatment technologies, 
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such as ozonation and MBR systems, to enhance the removal of pharmaceuticals. 

These technologies are expected to be more widely adopted as Japan strengthens 

environmental protections to meet international standards. 

In Africa, legislation on pharmaceutical wastewater management is 

relatively underdeveloped, with a primary focus on improving wastewater 

treatment capacity and infrastructure. South Africa is a leader in managing 

pharmaceutical wastewater in Africa, researching the pollution caused by 

antibiotics and hormone-based pharmaceuticals. However, most African 

countries lack specific regulations for managing pharmaceutical wastewater. The 

Sanitation and Wastewater Atlas of Africa [91] identifies the main challenges in 

pharmaceutical wastewater management as a lack of technology and resources, 

making it difficult for many African nations to address emerging pollutants in 

wastewater effectively. 

Managing pharmaceuticals in wastewater has become a critical issue for 

governments worldwide. While the U.S., EU, China, and Japan have established 

frameworks for monitoring and controlling pharmaceutical pollutants, 

developing regions such as Africa and South America are still in the early stages 

of addressing this issue. Global investment in advanced wastewater treatment 

technologies and stronger regulatory measures are necessary to protect human 

health and aquatic ecosystems. Future legislation should prioritize integrating 

pharmaceutical waste management into existing water quality frameworks and 

encourage international cooperation to tackle this global challenge. 

1.1.5 Target organic pollutants of interest in this Thesis: an overview on their 

occurrence and treatment 

The water matrices in this Thesis have been prepared in two different ways: 

(i) commercial pharmaceuticals dissolved in model solutions, or (ii) target 

pharmaceuticals spiked into urban wastewater. 

Diphenhydramine (DPH)  

DPH is an antihistamine commonly used to treat allergic reactions by 

blocking the binding of histamine to H1 receptors, thereby alleviating symptoms 

such as runny nose, itching, and rashes [92]. In addition to its antihistamine 

effects, DPH can inhibit the secretion of gonadotropin-releasing hormone, 
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estradiol, and luteinizing hormone in the brain [93]. Moreover, as a serotonin 

reuptake inhibitor, DPH has been shown to affect feeding behavior by increasing 

serotonin levels in the brain, a phenomenon observed in mammals and fish [94]. 

The widespread use of DPH has led to its frequent detection in 

environmental samples, particularly in rivers, sediments, and aquatic organisms. 

For example, the highest concentration of DPH measured in samples from two 

wastewater treatment plants in Mexico during the dry and rainy seasons was 99.1 

ng L–1 [95], while in two plants in Oregon, USA, it was 554.0 ng L–1 [96]. Studies 

have demonstrated that DPH is acutely toxic to aquatic organisms. For instance, 

the 48-h LC50 for fathead minnows (Pimephales promelas) is 2.09 mg L–1; the 

7-day lowest observed effect concentration (LOEC) for growth inhibition is 49.1 

μg L–1, whereas the 8-day LOEC for feeding behavior inhibition is as low as 5.6 

μg L–1 [97]. 

Various treatment technologies have been explored to remove DPH from 

water. Denitrification biofilters have shown up to 80% DPH removal [98], while 

constructed wetlands can achieve over 88% removal efficiency [99]. 

Photodegradation under alkaline conditions (pH 10) can remove 70% of DPH 

within 180 min [100], whereas the photo-Fenton process under acidic conditions 

has achieved a 100% removal rate [101, 102]. Despite these high removal 

efficiencies, many of these methods require specific pH conditions, and the 

complete mineralization of DPH remains a challenge, suggesting the need for 

further optimization of these treatment processes. 

Lisinopril (LSN)  

LSN is an angiotensin-converting enzyme inhibitor commonly used to treat 

hypertension, heart failure, and diabetic nephropathy. It works by inhibiting the 

conversion of angiotensin I to angiotensin II, lowering blood pressure and 

reducing cardiac load [103]. Additionally, LSN provides renal protection by 

reducing the activity of the renin-angiotensin-aldosterone system, making it 

particularly beneficial for diabetic patients [104]. Compared to other ACE 

inhibitors, LSN has a longer half-life, providing 24-h blood pressure control [105]. 

Since LSN is not metabolized in the body and is excreted unchanged through 

urine, it has been detected at concentrations of 15 ng L–1 in WWTP influents [106]. 

Studies have also reported LSN bioaccumulation in fish, with concentrations 
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ranging from 1.0 to 10.2 ng g–1 in samples collected from Croatian rivers [107]. 

In South Africa, LSN has been detected in rivers and estuaries, eventually flowing 

into the Indian Ocean [108]. Although present at low concentrations, prolonged 

exposure to LSN could negatively impact aquatic organisms, particularly by 

disrupting endocrine systems or inhibiting angiotensin-regulating mechanisms. 

There is limited research on effective degradation methods for LSN. 

Photodegradation and advanced oxidation processes have shown some potential. 

One study using In2S3 nanoflowers as a photocatalyst achieved 80% degradation 

of LSN under light exposure for 6 h [109]. However, more research is needed to 

explore LSN degradation mechanisms and develop effective removal 

technologies. 

Amoxicillin (AMX) 

AMX is a widely used antibiotic that was first synthesized in the early 1970s 

by scientists at the Beecham Research Laboratories, who named it “Amoxil”, and 

was first marketed under the trade name “amoxicillin” in 1998 after the merger 

of Beecham and GlaxoSmithKline. As a member of the β-lactam group of 

antibiotics, amoxicillin is commonly used to treat various bacterial infections, 

such as skin infections, pneumonia, and urinary tract infections [110,111]. 

Within 2 h of AMX ingestion in humans, more than 80% of the drug is 

excreted through the urine. This rapid excretion, combined with its widespread 

use, makes AMX one of the most common antibiotics in wastewater [112]. AMX 

residues in the environment can have direct biological effects on microorganisms, 

which in turn contribute to the development of drug-resistant bacteria. These 

resistant bacteria can survive in the environment and may also be transmitted to 

humans through the food chain or direct contact [113]. Given this, AMX, 

ciprofloxacin, and representative macrolide antibiotics (e.g., azithromycin, 

erythromycin, and clarithromycin) are included in the European Union Emerging 

Contaminants Watch List (Decision EU, 2015/495) [114]. 

AMX concentrations in water bodies vary significantly depending on the 

source. In wastewater treatment plant influents, levels range from 200 to 6.5×103 

ng L–1, while effluents contain 0 to 1.6×103 ng L–1. Hospital wastewater shows 

concentrations between 43 and 2.5×103 ng L–1, and pharmaceutical industry 

wastewater exhibits extremely high levels, reaching up to 120×106 ng L–1. 
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Livestock wastewater contains 580 to 12.9×103 ng L–1 of AMX. In natural water 

bodies, surface waters like rivers and estuaries contain 0 to 300 ng L–1. These 

findings highlight the diverse contamination sources and the potential 

environmental risks associated to the presence of AMX in water [115]. 

Several wastewater treatment technologies have been explored for removing 

AMX. Adsorption techniques, particularly those using activated carbon (AC) 

adsorbents such as powdered activated carbon (PAC) and granular activated 

carbon (GAC), have shown removal efficiencies of 70% and 80%, respectively 

[116,117]. Advanced oxidation processes are also highly effective; for example, 

the Fenton process under acidic conditions can achieve 100% removal [118], 

while persulfate-mediated oxidation results in 88% removal [119]. Indirect 

ozonation has demonstrated a removal efficiency of 93.4% [120], whereas 

photodegradation alone achieves 58.7%, but complete degradation can be 

attained by adding hydrogen peroxide [121]. Nanofiltration membranes have also 

been shown to remove over 70% of AMX [122,123]. However, due to the high 

chemical stability of the β-lactam ring of AMX [124], constructed wetlands 

exhibit lower removal efficiencies. 

Most of these removal technologies have been tested at laboratory or pilot 

scales. Further research is required to overcome technical challenges and enhance 

the feasibility of these technologies for industrial-scale wastewater treatment. 

2,4-Dicholophenol (2,4-DCP) 

Although 2,4-DCP is not used as a pharmaceutical, it is a typical 

chlorophenol compound widely employed in industries such as herbicides, 

pharmaceuticals, preservatives, papermaking, and textile dyeing [125]. 2,4-DCP 

is known for its genotoxic and carcinogenic properties, which can lead to protein 

denaturation, fainting, anemia, liver and kidney damage, pancreatic injury, 

respiratory distress, and central nervous system paralysis [126]. Prolonged 

exposure may result in neuropsychological issues, chronic fatigue, respiratory 

problems, and skin infections [127]. 

Due to its high water solubility and stable conjugated structure, 2,4-DCP is 

poorly biodegradable and strongly resistant to natural and microbial 

photodegradation [128]. It has been detected in both surface and groundwater at 

concentrations ranging from ng L-1 to μg L-1, mainly from industrial, agricultural, 
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and domestic wastewater discharges [129]. In 2012, the U.S. EPA listed 2,4-DCP 

as a priority pollutant, setting a maximum allowable concentration of 0.1 mg L-1 

in drinking water [130], and many other countries have also designated it as a 

priority control pollutant [131]. 

Traditional removal methods include adsorption, chemical oxidation, and 

photocatalysis, but their actual effectiveness is limited. For example, fly ash-

supported zero-valent iron-nickel composites achieve about 70% removal 

efficiency for 2,4-DCP under laboratory conditions, but practical applications are 

restricted by cost and efficiency constraints [132]. Silver halide (Ag/AgBr) 

photocatalysts achieved degradation rates of 83.4% and 89.4% for 2,4-DCP under 

UV and visible light, respectively, yet the requirement for specific light sources 

limits their use in actual wastewater treatment [133]. Sequential electrocatalytic 

oxidation-reduction using Pd-MWCNTs/Ni foam electrodes achieves over 80% 

removal in lab conditions but involves complex operations and high costs [134]. 

Thus, developing efficient and economical methods suitable for large-scale water 

treatment remains a focus of ongoing research. The widespread use of 2,4-DCP 

has led to its presence across various environmental media, especially in aquatic 

environments [135], posing significant risks to ecosystems and human health, 

underscoring the urgent need for effective removal solutions. 

The main information about the target organic contaminants studied in this 

Thesis is collected in Table 2. 

Table 2. Organic contaminants studied in this Thesis. 

Pollutant CAS Formula 
MW  

(g mol–1) 
Structure 

DPH 147-24-0 C17H21NO 255.4 
 

LSN 76547-98-3 C21H31N3O5 405.5 

  

AMX 26787-78-0 C16H19N3O5S 365.4 

  

2,4-DCP 120-83-2 C6H4Cl2O 163.0 
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1.2 Electrochemical advanced oxidation processes (EAOPs) 

WWTPs typically evaluate the organic matter removal in the mg L–1 range, 

but APIs can have significant environmental impacts even at low concentrations, 

frequently in the range from μg L–1 to pg L–1 [136]. To effectively treat residual 

APIs in wastewater, the AOPs have garnered widespread attention due to their 

environmental compatibility, operational simplicity, and high efficiency in 

degrading organic pollutants [137]. These technologies achieve efficient 

degradation while being ecologically compatible, and are also regarded as key 

tools for the sustainable treatment of complex contaminants. 

1.2.1 Overview of AOPs 

AOPs have emerged as cutting-edge methods in modern wastewater 

treatment, significantly surpassing traditional approaches such as adsorption, 

coagulation, ion exchange, and bioremediation in efficiency and application 

scope [138]. AOPs demonstrate remarkable capabilities in breaking down toxic 

and hazardous pollutants into harmless or less harmful by-products, overcoming 

common limitations of conventional methods, which often struggle with 

insufficient removal rates, high operation costs, and the potential accumulation of 

secondary pollutants such as heavy metals, nitro compounds, and halogenated 

derivatives [139]. 

The key AOP technologies include heterogeneous photocatalysis, ozone-

based techniques, ultrasonic methods, Fenton-based processes, persulfate-based 

techniques, and electrochemical AOPs (i.e., EAOPs) that combine chemical 

oxidation with electrochemical processes. All these technologies rely on the in-

situ generation of highly reactive species, particularly hydroxyl radicals (•OH), 

which exhibit an extremely high oxidation potential (E0
•OH/H2O = 2.8 V vs. SHE) 

and very high reaction rates (108 – 1011 M–1 s–1), allowing them to react non-

selectively with a wide variety of organic pollutants, leading to their cleavage and, 

eventually, their mineralization [140,141]. In addition to •OH, other reactive 

oxygen species such as sulfate radical anion (SO4
•–), superoxide anion (O2

•–), 

singlet oxygen (1O2), and hydroperoxyl radical (HO2
•) also play a role to reach 

the efficient degradation of organic contaminants [142]. These characteristics 

enable AOPs to offer more efficient and sustainable pollutant removal solutions, 
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addressing challenges that traditional wastewater treatment methods are often 

unable to solve. 

Heterogeneous photocatalysis 

The photodegradation of pharmaceuticals can be categorized into three types: 

direct, indirect, and photodegradation in conjunction with heterogeneous 

photocatalytic materials [143]. In direct photolysis, pharmaceutical-containing 

wastewater is exposed to high-energy radiation, such as ultraviolet (UV), which 

interacts with the target pollutants. This radiation excites the pollutant molecules 

to a higher energy state, initiating a series of reactions that result in the formation 

of degradation products (DPs), as illustrated by reactions (1) and (2) [144]. 

Pharmaceutical + hν → Pharmaceutical*         (1) 

Pharmaceutical* + hν → DPs            (2) 

Key parameters that influence the potential for direct photodegradation of 

pharmaceuticals include the molar absorptivity (ελ), quantum yield (Φ), radiation 

intensity, and the functional groups of the target pollutants [145,146]. The extent 

of light absorption and quantum yield determine the degradation rate, with 

pharmaceuticals that absorb more incident radiation degrading more quickly. In 

contrast, compounds with lower absorptivity degrade at a slower rate [147]. 

Consequently, direct photolysis results in the cleavage of molecular bonds in the 

pharmaceutical compounds, leading to the formation of different degradation 

products. 

In indirect photolysis, the incident light is absorbed by a sensitizer, which 

then reacts directly with the target pollutant or generates reactive radicals that 

facilitate pollutant degradation [144]. Common sensitizers include nitrate ions 

(NO3
–) and dissolved organic matter [148]. These sensitizers become 

photoexcited under irradiation, producing reactive intermediates such as reactive 

oxygen species (ROS), as for example •OH, 1O2, peroxyl radicals (ROO•), and 

O2
–. The reaction rate between these intermediates and the target pollutant 

depends on their concentrations and second-order rate constants. Many 

pharmaceuticals undergo indirect photodegradation, demonstrating that both 

direct and indirect photolysis can work synergistically, leading to the effective 

breakdown of pharmaceuticals into degradation products [63]. 
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Heterogeneous photocatalytic materials such as titanium dioxide (TiO2), 

zinc oxide (ZnO), and cerium oxide (CeO2) have shown exceptional capabilities 

for degrading organic pollutants under UV, solar, and visible light [149,150]. 

When exposed to light, these photocatalysts are activated, producing conduction 

band electrons (eCB
–) and valence band holes (hVB

+), as described in reaction (3). 

Photocatalyst + hν → eCB
– + hVB

+           (3) 

The hVB
+ species react with water to produce •OH, which significantly 

enhances the degradation efficiency. The reactions are described in reactions (4) 

and (5) as follows [151]: 

hVB
+ + H2O → H+ + •OH             (4) 

hVB
+ + OH– → •OH              (5) 

In the presence of peroxides such as H2O2, peroxodisulfate (PDS, S2O8
2–), 

and peroxymonosulfate (PMS, HSO5
–), the conduction band electrons attack the 

O-O bond of the peroxide molecules, breaking them down into •OH and SO4
•–, as 

shown in reactions (6-9) [152]: 

eCB
– + H2O2 → •OH + OH–            (6) 

eCB
– + HSO5

– → SO4
•– + OH–           (7) 

eCB
– + HSO5

– → SO4
2– + OH–           (8) 

eCB
– + S2O8

2– → SO4
2– + SO4

•–           (9) 

The use of peroxides in photocatalytic systems prevents the recombination 

of eCB
– and hVB

+, thus allowing hVB
+ to freely react and facilitate the production 

of •OH and SO4
•– through reactions (4) to (7). One limitation of metal oxide 

photocatalysts is their typically high bandgap energy, which restricts their activity 

to the UV region [153]. Doping with metal and non-metal elements reduces the 

bandgap, enhancing photocatalytic activity under visible light [153,154]. For 

instance, Khan et al. synthesized N-doped TiO2 (N-TiO2) with a bandgap energy 

of 2.89 eV, lower than the undoped TiO2 (3.23 eV), demonstrating the 

effectiveness of doping in reducing the bandgap [155]. Moreover, the 

photocatalytic performance of both doped and undoped catalysts was further 

enhanced when coupled with peroxides [153]. Bibi et al. [156] prepared zero-
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valent iron (Fe0)-doped TiO2, which outperformed undoped TiO2, and found that 

coupling with PMS further improved the photocatalytic activity of both doped 

and undoped catalysts. 

Fig. 11 illustrates the activation of modified and unmodified TiO2 

photocatalysts under light irradiation, as well as the production of reactive 

radicals in the presence and absence of persulfate. 

 
Figure 11. Mechanism of enhanced photocatalytic performance of titanium dioxide-based catalysts in 
the presence of persulfate [157]. 

Ozonation (O3) 

O3 is a powerful oxidizing agent with a high redox potential, capable of 

degrading a wide range of organic pollutants [158]. However, when used alone, 

the concentration of •OH generated is relatively low, which limits the degradation 

rate of persistent pollutants. To enhance the generation of •OH and improve the 

mineralization efficiency of organic matter, O3 is often combined with UV (i.e., 

UV/O3) or a catalyst. O3 can effectively absorb UV-C radiation, with a molar 

absorptivity as high as 3300 M–1 cm–1 [159]. The UV/O3 process is considered a 

highly efficient AOP due to its ability to degrade organic pollutants without 

producing secondary pollution [160]. Under UV-C radiation, O3 generates •OH 

through reactions (10) and (11), as follows: 

O3 + hν → O2 + 1O              (10) 

1O + H2O → 2 •OH              (11) 

Ozone (O3) can undergo indirect reactions to generate •OH, as shown in 

reactions (12) and (13): 
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O3 + H2O → O2 + H2O2             (12) 

H2O2 + hν → 2 •OH              (13) 

The high generation rate of •OH leads to the rapid degradation of target 

organic pollutants, particularly when UV-C is combined with O3, significantly 

enhancing the effect. This combination not only degrades the pollutants through 

direct photolysis but also excites the pollutants, making them more susceptible to 

attack by •OH [161]. Fig. 12 shows the degradation efficiency of 

sulfamethoxazole (SMX) under different O3-based AOPs. Studies have 

demonstrated that all O3-based processes effectively degrade SMX, with the 

combined method of UV-C and H2O2 showing the best performance, likely due 

to the higher •OH production rate under these conditions [162].  

Ho et al. [163] studied the mineralization of sulfonamide drugs using the 

UV/O3 combined with persulfate (UV/O3/PS) process and found that the 

degradation rate constant was significantly higher compared to the UV/O3 process 

alone. At pH 5 and 7, the UV/O3/PS rate constants were 0.0802 min–1 and 0.0873 

min–1, respectively, whereas the degradation rate constants for UV/O3 were 

0.0101 min–1 and 0.0116 min–1. 

 
Figure 12. Degradation of sulfamethoxazole by different O3-based AOPs [162]. 

In catalytic ozonation, the catalyst facilitates the decomposition of O3 and 

promotes the generation of •OH, as illustrated in reactions (14) and (15) [164]: 

Fe2+ + O3 → FeO2+ + 2O•            (14) 

FeO2+ + H2O → Fe3+ + •OH +–OH          (15) 
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Ultrasound (US)-based technology 

The application of US gives rise to another promising AOP, with the 

advantage of avoiding the need of chemical reagents. In this system, the organic 

pollutants can be degraded through two primary mechanisms: direct pyrolysis 

(suitable for volatile compounds, as shown in reaction (16)) and •OH attack (as 

shown in reactions (17) and (18)). During ultrasonic treatment, cavitation bubbles 

form in the liquid due to cycles of compression and rarefaction. When these 

bubbles collapse violently, they generate localized shock waves, causing 

temperatures to briefly reach around 5000 °C and pressures as high as 500 

atmospheres. This cavitation phenomenon leads to the pyrolytic breakdown of 

molecules (including water molecules) inside the bubbles, triggering chemical 

reactions with the generated radicals. 

Pharmaceutical + ))) → degradation products        (16) 

H2O + ))) → •OH + •H             (17) 

Pharmaceutical + •OH → degradation products       (18) 

where ))) represents the applied US energy. 

By combining ROS promoters (such as peroxides and O3) and photocatalysts, 

ultrasonic radiation can significantly increase the generation of free radicals, 

effectively enhancing the degradation of target pollutants. Fig. 13 illustrates the 

sonolytic degradation of antibiotics in polluted water in the presence of peroxides, 

O3, and photocatalysts, showing the enhanced generation of reactive radicals 

[165]. 

The rate of free radical generation is primarily influenced by the frequency 

and power of ultrasonic radiation. Studies have found that during sonolytic 

degradation of levodopa and paracetamol at different frequencies (574, 860, and 

1134 kHz), the degradation efficiency decreases as the frequency increases [166]. 

This is because higher frequencies suppress cavitation effects, reducing the rate 

of free radical generation, which in turn affects the degradation efficiency of 

pollutants. Conversely, increasing the ultrasonic radiation power enhances 

degradation efficiency. Experiments conducted at different ultrasonic power (9, 

17, 22, and 32 W) showed a linear positive correlation between increased power 

and the degradation efficiency of target pollutants [167]. 



CHAPTER 1 

36 

 
Figure 13. Sonolytic treatment of contaminated water in the presence of peroxides, ozone, and 
photocatalysts [165]. US: ultrasounds; PMS: peroxomonosulfate; PS: peroxodisulfate or persulfate. 

Fenton process 

The Fenton process [140] is an AOP that relies on the so-called Fenton’s 

reaction (19). This is the reaction between ferrous iron (Fe2+) and H2O2 to 

generate the strong oxidizing agent •OH, which effectively degrades 

pharmaceutical pollutants in wastewater. Under acidic conditions (with optimum 

pH of 2.8), Fe2+ acts as a catalyst, reacting with H2O2 to produce Fe3+ and •OH. 

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O         (19) 

As mentioned above, •OH is a highly reactive oxidant that can break 

chemical bonds, such as C-H, N-H, or O-H, or add to unsaturated C=C bonds. 

This leads to the oxidation of complex organic pollutants into simpler molecules, 

and in some cases, th the complete mineralization of the organic molecules into 

CO2, H2O and inorganic anions. However, •OH may also react with H2O2, 

according to reaction (20), forming weaker HO2
•. 

•OH + H2O2 → HO2
• + H2O            (20) 

Although HO2
• is a much less powerful oxidant, it can still contribute to the 

further degradation of pollutants. Additionally, Fe3+ is not the final product in the 

system; it can be reduced back to Fe2+ by reacting with •OH, as shown in reaction 

(21), thus sustaining the Fenton’s reaction: 

Fe3+ + •OH → Fe2+ + OH–            (21) 

Fe3+ can also react with H2O2 to regenerate Fe2+ (i.e., Fenton-like reaction 

(22)), simultaneously catalyzing a greater production of •OH. 
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Fe3+ + H2O2 → Fe2+ + HO2
• + H+           (22) 

This cyclical interconversion between Fe2+ and Fe3+ ideally enables the 

continuous reuse of the catalyst, significantly reducing its consumption. As a 

result, the Fenton process demonstrates a high oxidative capacity for treating 

refractory organic pollutants, especially under acidic conditions. The generated 
•OH reacts with organic pollutants to degrade them into various by-products 

(reaction (18)). 

Fig. 14 illustrates the optimal oxidation performance of the Fenton process 

under acidic conditions, showing an efficient degradation of organic pollutants 

during wastewater treatment. 

 
Figure 14. Reaction mechanism involved in the classical homogeneous Fenton process [168]. 

In the Fenton process, side reactions are also a concern. For example, two 
•OH may combine to form H2O2 (reaction (23)), which reduces the effective 

concentration of •OH and subsequently lowers the oxidation efficiency. 

•OH + •OH → H2O2              (23) 

The classical homogeneous Fenton process faces certain challenges. First, it 

requires highly acidic conditions to prevent the iron precipitation and maximize 

the •OH production. This fact may adversely impact aquatic ecosystems and 

increase treatment costs, particularly the cost of adjusting the pH of the aqueous 

solution before and after treatment [169]. Another issue is the formation of iron 

sludge, which requires a post-treatment management. 

Process optimization, such as adjusting the ratio of Fe2+ to H2O2 or 

employing modifications like the photo-Fenton and electro-Fenton (EF) 

processes, can improve the efficiency and reduce costs. The photo-Fenton process 

uses ultraviolet light or sunlight to promote the Fe3+ photoreduction thereby 

increasing the rate of •OH generation. In the EF process, on the other hand, H2O2 

is generated in situ via cathodic reduction of O2, and it may also allow the 
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cathodic Fe3+ reduction, thus minimizing the use of chemical reagents and 

improving catalyst efficiency. These technological advancements enhance the 

performance of Fenton process and highlight its broad application potential in 

wastewater treatment. 

Persulfate-mediated oxidation 

Persulfate is a strong oxidizing agent widely used in AOPs, particularly for 

degrading pharmaceutical pollutants. Its core mechanism involves activating 

persulfate through various methods to generate sulfate radical anions (SO4
•–), 

which have a high redox potential ranging from 2.5 to 3.1 V, making them 

effective in breaking chemical bonds in pharmaceutical molecules [170,171]. 

There are multiple ways to activate S2O8
2  to produce SO4

• , including UV 

irradiation, thermal activation, and transition metal ion activation. UV activation 

is a facile method, where UV light breaks the O-O bond in persulfate, generating 

SO4
•  (reaction (24)). Under neutral and alkaline conditions, SO4

•  reacts with 

water to produce •OH, further enhancing the oxidation capacity (reaction (25)) 

[172]. For example, 94.5% removal of metronidazole was achieved in deionized 

water within 60 min using UV-activated persulfate [173]. 

S2O8
2  + hν →2SO4

•              (24) 

SO4
•  + H2O → •OH + SO4

2–            (25) 

In addition to UV activation, thermal activation is frequently used in 

persulfate-mediated degradation. During thermal activation, the O-O bond in 

persulfate breaks at elevated temperatures, producing SO4
•–. Typically, 

temperatures above 50 °C are required, and as the temperature increases, the 

generation rate of SO4
•– is accelerated, speeding up the degradation of organic 

pollutants (reaction (26)) [174]. For instance, 70% of tetracycline removal was 

achieved at 40 °C after 240 min, whereas 100% degradation was achieved within 

30 min at 70 °C [175]. 

S2O8
2– + heat → 2 SO4

•– (30 oC < T < 90 oC)        (26) 

Transition metal catalysis is another common method to activate persulfate. 

This typically occurs in acidic conditions with metal cations like Fe2+ or Cu2+ 

(reactions (27) and (28)) [176]. In deionized water, sulfamonomethoxine was 
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fully degraded in 15 min using iron oxide magnetic nanoparticles as a catalyst 

[177].  

Fe2+ + S2O8
2– → Fe3+ + SO4

•– + SO4
2–          (27) 

Cu2+ + S2O8
2– → Cu3+ + SO4

•– + SO4
2−         (28) 

In recent years, carbon-based materials such as activated carbon and 

graphene have also been widely used to activate persulfate. Due to their large 

surface area and excellent catalytic properties, carbon-based materials promote 

the generation of SO4
•– and enhance free radical production through surface 

functional group reactions (reaction (29)) [178]. Under conditions of pH 7.2, 0.5 

mM persulfate, and 0.1 g L–1 activated carbon dosage, sulfamethoxazole 

degradation reached 91.2% [179]. 

S2O8
2– + AC → SO4

•– + HO− + AC+          (29) 

Ultrasound can also activate persulfate through cavitation effects. When 

cavitation bubbles collapse, they generate pressures of up to 1000 atm and 

temperatures as high as 4700 °C, activating persulfate and producing sulfate 

radicals, according to reaction (30) [179,180]. Under 500 W ultrasonic power and 

a frequency of 35 kHz, tetracycline degradation reached 96.5% within 120 min 

[181]. 

S2O8
2– + US → 2SO4

•–             (30) 

In addition to PDS, PMS is also widely used in AOPs. While PMS has a 

lower redox potential (1.82 V) than persulfate, its advantage lies in its ability to 

generate two strong oxidants: SO4
•– and •OH [170]. PMS can be activated through 

various methods, including UV, heat, transition metals, or carbon-based materials, 

to produce these radicals. By activating PMS, SO4
•– can be generated under acidic 

conditions, while •OH can be produced in alkaline conditions, allowing PMS to 

exhibit high efficiency across different pH values. For example, during UV 

activation of PMS, SO4
•– is efficiently generated in acidic and neutral conditions, 

while •OH is produced in alkaline conditions (reaction (31)) [171]. 

HSO5
– + activation condition → SO4

•– + •OH        (31) 

Both PS and PMS activation methods exhibit a strong oxidation capacity for 
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degrading pharmaceuticals, including antibiotics (as shown in Fig. 15). However, 

the efficiency of PS and PMS is strongly influenced by pH. PS and PMS may 

react with dissolved inorganic anions (e.g., Cl–, Br–) in complex water 

environments, generating harmful halogenated organic compounds. Also, SO4
•– 

may react with residual PS or PMS, reducing efficiency. This self-consumption 

effect limits the optimal dosing range for oxidants, requiring a precise dosage 

control to avoid resource waste [176]. 

 
Figure 15. AOPs based on activated PMS and PDS for antibiotic degradation [141]. 

1.2.2 Electro-oxidation (EO) process 

EO process is a straightforward AOP that can be categorized into two types, 

depending on the oxidation mechanism (Fig. 16): direct oxidation, where 

pollutants are oxidized directly at the anode surface via electron transfer (reaction 

(32)); and indirect oxidation, where the anode promotes the generation of 

oxidants that mediate the oxidation of contaminants. In the latter type, water 

molecules may lose electrons at the anode to generate •OH (reaction (33)). Or 

chloride ions (Cl–) can be oxidized at the anode to produce chlorine (Cl2) (reaction 

(34)); then, Cl2 diffuses away and undergoes disproportionation in the bulk 

solution, giving rise to hypochlorous acid (HClO) or hypochlorite ion (ClO–), 

depending on the pH value (reactions (35) and (36)) [182]. Active chlorine 

species (i.e., Cl2, HClO, and ClO–) are particularly common and effective 

oxidizing mediators due to their high concentration and significant reactivity, 

surpassing other oxidants [183]. 

M + Pharmaceutical → M(•Pharmaceutical) + ne– → Products    (32) 

M + H2O → M(•OH) + H+ + e–           (33) 
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2Cl– → Cl2 + 2e–              (34) 

Cl2 + H2O ↔ HClO + H+ + Cl– (acidic medium)       (35) 

Cl2 + 2OH– ↔ClO– + Cl– + H2O (alkaline medium)      (36) 

 
Figure 16. Schematic depiction of the direct and indirect mediated oxidation mechanisms in the EO 
process [183]. 

The anode material plays a critical role in the EO process, directly 

influencing the involved mechanism and the degradation efficiency. Two types of 

anodes can be distinguished in EO: active and non-active. 

Active anodes (such as platinum (Pt) and dimensionally stable anodes 

(DSA), often coated with IrO2 or RuO2) are characterized by a low oxygen 

evolution overpotential. The surface of these anodes interacts strongly with •OH, 

converting M(•OH) into higher-valent oxides or superoxides (MO, chemically 

adsorbed •OH) (reaction (37)). Their potential typically exceeds the 

thermodynamic oxygen evolution potential (1.23 V|SHE), resulting in chemically 

adsorbed •OH that serves as mediator for selective electron transfer (and hence, 

oxidation) of organic pollutants (reaction (38)). However, the oxidation capacity 

of active anodes is limited, and complete removal of organic compounds (R) may 

not be achieved due to side oxygen evolution reaction (OER, reaction ((39)), 

which reduces the efficiency. 

M(•OH) → MO + H+ + e–            (37) 

MO + R → M + RO              (38) 

MO → M + ½ O2              (39) 

Non-active anodes (such as PbO2, SnO2, boron-doped diamond (BDD), and 
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non-stoichiometric TiO2) exhibit larger oxygen evolution overpotentials 

[184,185]. These anodes do not participate directly in oxidation reactions; instead, 

they generate large quantities of physically adsorbed •OH, which subsequently 

reacts with organic molecules (reaction (40)). During this transformation of 

pollutants, •OH may also undergo side reactions, being partially converted into 

oxygen (reaction (41)). 

M(•OH) + R → M + mCO2 + nH2O + H+ + e–        (40) 

M(•OH) → M + ½ O2 + H+ + e–           (41) 

Generally, the larger the oxygen evolution overpotential of the non-active 

anode, the weaker the interaction between surface-generated hydroxyl radicals 

and the anode surface, which favors a more efficient organic pollutant oxidation. 

Table 3 lists common oxygen evolution potentials and the corresponding 

oxidation ability of the anodes. Active electrodes such as Ti|RuO2, Ti|IrO2, and Pt 

typically show oxygen evolution potentials lower than 1.8 V|SHE. In contrast, 

non-active electrodes such as Ti|PbO2, Ti|SnO2, Ti|Ti4O7, and BDD have 

potentials ranging from 1.7 to 2.6 V|SHE. 

Table 3. Classification of anode materials based on their oxidation power and potential for O2 evolution 
in acidic medium [186]. 

Anode 
material 

Electrocatalytic 
activity (OER) 

Oxygen evolution 
potential 

(V vs. SHE) 

•OH 
adsorption 

type 

Oxidation 
ability 

RuO2 High 1.4 - 1.7 Chemical 
adsorption Low 

IrO2  1.5 - 1.8  

 
Pt 1.6 - 1.9 

Graphite 1.7 
Ti4O7 1.7 - 1.8 
PbO2 1.8 - 2.0 
SnO2  1.9 - 2.2   
BDD Low 2.2 - 2.6 Physical 

adsorption 
High 

Ti|PbO2 is widely used among non-active anodes due to its low cost, large 

oxygen evolution potential, and high stability. However, the leaching of lead ions 

may cause secondary water pollution. Ti|SnO2 is a semiconductor material with 

limited conductivity, often requiring antimony (Sb) doping to improve this 

parameter. In comparison, BDD electrodes possess unique sp3 bonding structures, 

offering high electrochemical stability, corrosion resistance, and mechanical 

strength. They are less prone to contamination or passivation but are costly to 
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produce and challenging to scale up for large applications. 

The performance of anodes in degrading pharmaceuticals via EO varies 

significantly, with BDD anodes showing the best results. For example, at a current 

density of 8 mA cm–2, BDD anodes yielded 100% tetracycline degradation [175], 

whereas at 5 mA cm 2, a 90% ampicillin destruction was achieved under 

analogous conditions [187]. In contrast, the degradation efficiency attained using 

metal oxides depends heavily on the applied current density. For instance, using 

PbO2 as the anode, 90% levofloxacin was removed at 30 mA cm 2 [188], whereas 

using Sb-doped SnO2 anodes, 98% norfloxacin degradation was reached at a 

current density of 50 mA cm 2 [189]. It is thus clear that achieving 100% 

degradation or complete mineralization solely via EO is challenging. 

In summary, high cost and limited oxidation efficiency are key drawbacks 

for the large-scale application of EO technology for water treatment [190]. 

Current and future research should focus on optimizing the anode materials and 

operation conditions to improve both the economic viability and effectiveness of 

this technology in practical applications. 

1.2.3 Homogeneous electro-Fenton (EF process) 

The EF process has emerged as a prominent technique within the EAOPs, 

valued for its simplicity, low toxicity and environmental compatibility combined 

with fast reaction kinetics. It is especially suitable for removing pharmaceutical 

pollutants from wastewater. The core mechanism relies on the in-situ generation 

of strong oxidants, particularly •OH, with their aforementioned extremely high 

reactivity. The current development of EF process is based on the extensive 

research over the past 30 years, with significant contributions from the research 

groups of Prof. Brillas and Oturan, which have propelled the evolution of this 

process to overcome the limitations of the classical Fenton process [140]. 

In the EF process, H2O2 is continuously generated at the cathode via the two-

electron oxygen reduction reaction (2e  ORR, as described with more detail in 

section 1.3). This eliminates the need for long-distance transportation of H2O2, 

avoiding logistical challenges related to the supply chain and relevant safety risks. 

The electrogenerated H2O2 reacts with Fe2+ (either present or added to the 

solution) to produce •OH according to Fenton’s reaction (19), rapidly degrading 

complex organic pollutants, such as pharmaceuticals, ultimately mineralizing 
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them into CO2, H2O and inorganic anions. Additionally, the EF process allows the 

regeneration of Fe2+ upon cathodic reduction, thereby reducing the consumption 

of H2O2 and Fe2+ and enhancing the overall process efficiency [191]. Based on 

the nature of the Fenton catalyst, the EF process can be considered either 

homogeneous or heterogeneous. 

In the homogeneous EF process, the Fenton catalyst primarily consists of 

soluble Fe(II), which reacts with the electrogenerated H2O2 to produce •OH 

(reaction (19)) [192]. The effectiveness of the process depends on the 

regeneration of Fe(II) (reactions (22) and (42)). However, rapid accumulation of 

Fe3+ ions due to a slow Fe(II) regeneration can hinder the process efficiency, 

leading to insufficient H2O2 decomposition and excessive iron hydroxide 

precipitation, which lowers the removal efficiency of pharmaceuticals and other 

organic pollutants [193]. 

Fe3+ + e  → Fe2+              (42) 

To maximize the catalyst efficiency and prevent the precipitation of inactive 

iron hydroxides (Fig. 17), strong acidic conditions (pH 2.8–3.5) must be 

maintained. From pH of approximately 1, the free Fe(III) concentration decreases, 

leading to the formation of FeOH2+ and Fe(OH)2
+ aqueous complexes. At pH 2.0–

3.0, FeOH2+ dominates, ensuring the maximum system reactivity. However, as 

the pH rises above 3.0, reactivity declines due to a decrease in FeOH2+ and 

dissolved iron concentrations. When pH exceeds 4.0, dissolved iron precipitates 

as Fe(OH)3 [194]. This poses a challenge for treating wastewater with near-

neutral pH, as pH adjustment to around 3 before and after treatment increases 

process complexity and cost, limiting the large-scale application of the technology. 

 
Figure 17. Speciation diagram of ferric-hydroxyl species as a function of pH for a solution containing 
1.0×10 5 M of Fe(III) at 25 °C [194]. 
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Researchers have introduced various iron complexes as catalysts to address 

the issue of Fe(III) precipitation. These catalysts consist in stable chelates of 

organic molecules with iron ions, preventing iron precipitation and accelerating 

the Fe(III)-to-Fe(II) reduction cycle. 

Ethylenediaminetetraacetic acid (EDTA) was one of the earliest iron 

complexing agents applied in the EF process, forming stable complexes with Fe2+ 

and Fe3+ to prevent iron precipitation (reaction (43)) [195]. EDTA effectively 

chelates iron ions across a wide pH range and has demonstrated good catalytic 

performance in various wastewater systems. However, a major issue with EDTA 

is its poor biodegradability, which can cause secondary pollution in water bodies 

and the environment. Thus, despite the excellent performance of EDTA in 

stabilizing iron ions, its environmental impact limits its use in sustainable 

wastewater treatment [196]. 

Fe(II)-EDTA + H2O2 → Fe(III)-EDTA + •OH + OH       (43) 

To overcome the environmental concerns associated with EDTA, researchers 

have developed biodegradable alternatives, with ethylenediamine-N,N'-

disuccinic acid (EDDS) being one of the most notable [197]. EDDS forms stable 

complexes with Fe2+ and Fe3+, which remain soluble over a wide pH range, 

facilitating reactions at near-neutral pH (reactions (44) and (45)) [196]. When 

combined with the EF process, EDDS significantly enhances the pollutant 

removal rates. Unlike EDTA, EDDS is easily biodegradable, making it more 

environmentally friendly and reducing the potential environmental risks. 

Fe(II)-EDDS + H2O2 → Fe(III)-EDDS + •OH + OH       (44) 

Fe(III)-EDDS + H2O2 → Fe(II)-EDDS + O2
•  + 2H+      (45) 

Additionally, tartrate and oxalate can also form complexes with iron, but 

their ability to extend the pH window is limited. Fe(III)-tartrate complexes do not 

exist at pH above 5 [194], and the proportions of the various forms of oxalate-

iron complexes ([FeHC2O4]2+, [Fe(C2O4)]+, [Fe(C2O4)2] , and [Fe(C2O4)3]3 ) in 

solution depend largely on the molar ratio of iron to oxalate and the pH [198]. 

Despite the feasibility of homogeneous EF to treat pharmaceutical 

wastewater and the introduction of iron complex catalysts improving its 
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practicality, the process still depends on  acidic conditions for optimal efficiency. 

Additionally, the complex recovery of catalysts and the eventual generation of 

iron sludge limit its advantages when aiming at continuous-flow operation mode 

[199]. Therefore, more advanced EAOP technologies are needed to overcome 

these drawbacks and achieve a more efficient and sustainable wastewater 

treatment. 

1.2.4 Heterogeneous electro-Fenton (HEF process) 

Compared to traditional homogeneous EF, the HEF process effectively 

addresses the iron ion loss caused by precipitation. To this aim, solid-state 

catalysts are employed, which also reduces the risk of secondary pollution. The 

core mechanism of HEF still relies on the in-situ generation of highly reactive 
•OH. If high stability and reusability of the heterogeneous catalysts is ensured, 

HEF maintains high treatment efficiency even under near-neutral pH conditions, 

making it a promising alternative technology [200,201]. 

In the HEF process, the iron species on the surface of the solid serve as the 

main catalysts for the decomposition of H2O2, promoting the formation of •OH 

(see Fig. 18). 

 
Figure 18. Scheme of the mechanism for organic matter degradation by HEF process [202]. 

Under acidic conditions, H2O2 reacts with Fe(II) on the catalyst surface (i.e., 

Fe2+, where  accounts for the catalyst surface), generating •OH and oxidizing 

Fe(II) to Fe(III) (reaction (46)). Additionally, in the HEF process, conventional 

Fenton’s reaction (19) may also occur due to partial release or leaching of Fe2+ 
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from the solid catalyst. The generated •OH subsequently attacks the organic 

pollutants and, in some cases, a large mineralization can be achieved. However, 

an excess of H2O2 can scavenge some of the produced •OH (reaction (20)), which 

reduces the process efficiency [203]. 

Fe(II) + H2O2 → Fe(III) + •OH + OH          (46) 

Under neutral or alkaline conditions, a different surface catalytic mechanism 

can be proposed for HEF process. First, the electrogenerated H2O2 preferentially 

interacts with the Fe(II)-OH/Fe(III)-OH active sites of the iron-based catalyst 

(reactions (47) and (48)), forming surface complexes Fe(II)-OH(H2O2)s and 

Fe(III)-OH(H2O2)s. Subsequently, the H2O2 adsorbed on the Fe(II) catalyst 

decomposes to produce •OH, converting the Fe(II)-OH to Fe(III)-OH (reaction 

(49)). Next, the surface Fe(III)-OH(H2O2)s complex undergoes ligand-to-metal 

electron transfer, being transformed into Fe(III)-OH(HO2
•)s (reaction (50)), which 

further regenerates Fe(II)-OH (reaction (51)). Increasing the pH to alkaline 

conditions accelerates this reaction, as the consumption of H⁺ shifts the 

equilibrium, promoting the formation of more Fe(II)-OH species, thereby 

enhancing the generation of •OH radicals [204]. 

Fe(II)-OH + H2O2 → Fe(II)-OH(H2O2)s         (47) 

Fe(III)-OH + H2O2 → Fe(III)-OH(H2O2)s         (48) 

Fe(II)-OH(H2O2)s → Fe(III)-OH + •OH + OH         (49) 

Fe(III)-OH(H2O2)s → Fe(II)-OH(HO2
•)s + H+        (50) 

Fe(III)-OH(HO2
•)s → Fe(II)-OH + HO2

•         (51) 

The reduction of Fe(III) to Fe(II) is crucial to increase the efficiency of the 

HEF process, as its rate directly affects the production of •OH. In this system, 

surface Fe(III) can be reduced back to Fe(II) through the action of H2O2 and HO2
• 

(reactions (52) and (53)). However, the regeneration rate of Fe(II) is relatively 

slow, with rate constants ranging from 0.001 to 0.01 M 1 s 1, which is 

significantly lower than the rate of Fe(III) formation (40-80 M 1 s 1) [205,206]. 

To enhance the regeneration rate of Fe(II), catalyst structures can be modified to 

promote interfacial electron transfer. Specific strategies include the use of metal-
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metal oxide compounds, different types of metal oxides, and highly conductive 

non-metal materials such as graphene as supports [207]. Additionally, functional 

electrodes can act as reducing agents, directly accelerating the Fe(II) regeneration 

through electrochemical reduction (reactions (54) and (55)). Carbon-based 

electrodes doped with heteroatoms further enhance the electrocatalytic activity, 

enabling a more efficient Fe(II) regeneration [206]. 

Fe(III) + H2O2 → Fe(II) + HO2
• + H+          (52) 

HO2
• + Fe(III) → Fe(II) + H+ + O2          (53) 

Fe(III)-OH + e  → Fe(II)-OH           (54) 

Fe(III) + e  → Fe(II)             (55) 

Various catalysts have been developed and explored for HEF and similar 

processes, which can be classified according to different criteria. Based on their 

origin, catalysts can be categorized as natural or synthetic; according to their 

application site, they can be divided into suspended and functional cathode 

catalysts; chemically, they are classified into iron-based, non-iron-based, 

bimetallic, and iron-free catalysts; in terms of physical form, they are classified 

into nano, cluster, and single-atom catalysts (SACs); and based on the assembly 

method, there are composite materials and metal-organic frameworks (MOFs) as 

catalysts. Each type of catalyst has distinct characteristics, and the activity of HEF 

process is influenced by factors such as the catalyst specific surface area, surface 

charge distribution, and surface functional groups [208]. 

Natural minerals such as hematite (α-Fe2O3), pyrite (FeS2), goethite (α-

FeOOH), and magnetite (Fe3O4) have demonstrated good catalytic performance 

as iron sources in the HEF process. For example, using pyrite, complete 

degradation of textile dyes (175 mg L 1) was achieved within 30 min, attaining 

90% mineralization within 300 min, with energy consumption 20% lower than 

that of the traditional EF process [209]. Similarly, chalcopyrite (CuFeS2) showed 

an efficient pollutant removal thanks to the synergistic action of Fe(II) and Cu(I), 

achieving complete mineralization of tetracycline (0.2 mM) at pH 7.0 [210]. 

Hematite modified through non-thermal plasma treatment exhibited a significant 

increase in surface area, enhancing its degradation efficiency of paraquat (20 mg 
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L 1) by 52.2% and reducing the energy consumption [211]. 

Zero-valent iron (Fe0, ZVI), due to its low cost and high reducing power, is 

an effective alternative catalyst source in the HEF process. Fe0 can enhance 

Fenton’s reaction efficiency by generating Fe2+ at neutral pH, avoiding the Fe3+ 

precipitation as iron hydroxides. Pre-magnetized Fe0, compared to untreated Fe0, 

achieved complete removal of p-nitrophenol (10 mg L 1) at pH 7.0 within 90 min, 

and it allowed the removal of 60% of total organic carbon (TOC) in 480 min, 

while the use of untreated Fe0 only yielded 54% degradation and 48% of TOC 

removal [212]. Additionally, sulfur-modified Fe0 (S/Fe0) exhibited superior 

performance in carbamazepine treatment, achieving complete removal in the pH 

range of 3.0 to 10.0, while untreated Fe0 was only effective at pH 3.0 and 4.0 

[213]. 

Metal nanoparticles, with their small particle size, provide a larger active 

surface area, significantly improving the efficiency of the EF process. Magnetic 

nanoparticles have garnered attention due to their easy separation via external 

magnetic fields and their ability to generate minimal iron sludge at near-neutral 

pH. Introducing ions such as Co(II), Fe(II), and Cu(I) enhances the cyclic electron 

transfer, improving the efficiency of •OH generation from H2O2. For instance, the 

use of bimetallic Fe/Cu nanoparticles enhanced the nafcillin removal by 30% and 

60% as compared to that attained employing single metals (Fe and Cu 

nanoparticles, respectively), at neutral pH [214]. Additionally, metal 

nanoparticles encapsulated in carbon shells, such as FeS2@BrGO, completely 

degraded bisphenol A (50 mg L 1) within 20 min at neutral pH [215]. Nitrogen-

doped carbon-based materials improved the interfacial electron transfer and 

promoted the H2O2 generation, as found with Fe2Co/NPC catalysts that 

successfully degraded and mineralized tetracycline at pH 7.0 [216]. 

In recent years, MOFs have been applied as suspended catalysts for the HEF 

treatment of recalcitrant organic pollutants. Series like MIL(Fe)-53, MIL(Fe)-88, 

and their metal core and porous carbon (PC) shell derivatives, with their core-

shell or hollow structures, have shown an excellent pollutant removal efficiency. 

For example, the use of 0.05 g L 1 Fe/Fe3C@PC led to the removal of 90% of 

sulfamethazine within 20 min at pH 4, with iron leaching below 2 mg L 1 [217]. 

Doping with non-metal elements such as nitrogen and sulfur further enhances 
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catalytic activity. S-doped MIL-53(Fe)/S exhibited a reaction rate 8 times higher 

than undoped materials within the pH range from 3 to 9, efficiently activating 

H2O2 at neutral pH [218]. Additionally, nano-ZVI@C–N powder degraded 84% 

of gemfibrozil within 1 h at neutral pH, demonstrating its strong potential in HEF 

process [219]. The application of MOF catalysts will be discussed with greater 

detail in Section 1.4. 

SACs have attracted considerable attention in HEF process due to their 

atomically dispersed metal sites and their high atomic efficiency. MOFs, with 

their tunable pore structures and coordination environments, are ideal precursors 

for SACs. Researchers have prepared single-iron atom catalysts embedded in 

nitrogen-doped carbon (Fe/NC) through carbonization of Fe-doped zeolitic 

imidazolate frameworks (Fe-ZIFs). The optimum Fe/NC catalyst exhibited 

excellent carbamazepine degradation performance across the pH range from 3 to 

11, maintaining a high efficiency even after 10 cycles [220], suggesting that 

MOF-derived SACs have broad applications in HEF process. 

Besides iron, other transition metals such as copper, cobalt, manganese, 

cerium, and chromium can also activate H2O2 to generate •OH [221]. These 

metals, with their multiple oxidation states, regenerate active species through 

simple redox cycles and remain stable across a wide pH range. For example, Cu(I) 

reacts with H2O2 much faster than Fe(II), and copper-based catalysts show higher 

pH adaptability and catalytic activity under neutral conditions [222]. However, 

since Cu(I) is easily oxidized by oxygen, more H2O2 is required to compensate 

for its consumption, increasing process costs and limiting large-scale applications 

[223]. Additionally, multi-metal composite catalysts are widely used to enhance 

the degradation efficiency [224]. The combination of different metals introduces 

multiple active sites and abundant defects, enhancing reactivity and conductivity. 

The electron transfer between different metal redox pairs (e.g., Fe(III)/Fe(II), 

Co(III)/Co(II), Cu(II)/Cu(I), Mn(III)/Mn(II), and Ce(IV)/Ce(III)) facilitates the 

regeneration of active sites [225]. In the N-doped PC rod-supported Fe2Co HEF 

process, the removal degrees of tetracycline in river water and municipal 

wastewater were 80.1% and 71.9%, respectively [226]. In industrial and 

secondary wastewater containing 20 mg L 1 sulfamethazine, the FeMo@PC-

2/HEF process degraded 93.2% and 98.0% of sulfamethazine within 60 min, 
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indicating great application potential for this system [227]. 

On the other hand, functional cathode catalysts, which have a dual function 

that involves the generation and activation of H2O2, are still in the early stages of 

research in HEF process. Drawing inspiration from the activity of iron carbides 

and nitrides in ORR and heterogeneous Fenton reactions, researchers have 

developed solid heterogeneous catalysts like Fe3C and FeNx nanoparticles 

wrapped in porous graphite layers (Fe/NC@C) for the synergistic generation and 

decomposition of H2O2 [228]. In this Fe/NC@C-catalyzed HEF system, the 

degradation efficiency of 2-chlorophenol exceeded 90% within 30 min, and the 

TOC removal rate reached 65.3% within 120 min. Experimental results and 

density functional theory (DFT) calculations showed that Fe3C and FeNx active 

sites play key roles in H2O2 generation and decomposition, respectively. Under 

acidic conditions, the degradation mechanism primarily relies on the role of •OH, 

whereas under neutral conditions, both •OH and Fe(IV) contribute to pollutant 

degradation. 

1.3 Oxygen reduction reaction (ORR) 

The ORR is one of the most extensively studied reactions in the field of 

electrocatalysis, gaining significant attention due to its importance both in energy 

conversion (e.g., electrolyzers employing oxygen depolarized cathodes) and 

environmental protection. In aqueous solutions, the ORR mechanism can vary 

depending on the pH and the number of electrons transferred. One of the main 

challenges in current ORR research is the development of highly efficient (i.e., 

selective) and stable catalysts capable of lowering the reaction overpotential 

while increasing the reaction rate (i.e., reaching a high activity). As a result, recent 

studies have focused on designing catalytic materials with high activity, low cost, 

and excellent durability, such as carbon- and nitrogen-doped carbon-based 

materials, and non-precious metal oxides. 

1.3.1 Fundamentals of the ORR 

The ORR is a complex, multi-step process involving the coupling or 

decoupling of electron and proton transfers rather than a simple one-step reaction. 

Typically, two major pathways can be clearly distinguished: in acidic media, O2 

undergoes a 2-proton/2-electron reduction reaction (2e  ORR, reaction (56)) to 
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produce H2O2. This reaction is often considered an undesirable competing 

reaction to the four-electron ORR (4e  ORR, reaction (57)) that produces water, 

which is preferred in fuel cells [229]. However, in alkaline media, the reaction 

mechanism differs due to the involvement of OH  (reactions (58)-(60)). 

Understanding the specific ORR mechanisms is crucial for developing more 

efficient electrochemical technologies. 

In acidic electrolytes: 

O2 + 2H+ + 2e  → H2O2, E0 = 0.68 V vs. RHE        (56) 

O2 + 4H+ + 4e  → 2 H2O, E0 = 1.23 V vs. RHE       (57) 

In alkaline electrolytes: 

O2 + H2O + 2e  → HO2  + OH , E0 = 0.08 V vs. RHE      (58) 

HO2  + H2O + 2e  → 3OH⁻, E0 = 0.880 V vs. RHE       (59) 

O2 + 2H2O + 4e  → 4OH⁻, E0 = 0.401 V vs. RHE       (60) 

For many years, the actual mechanism of ORR has been the subject of debate 

due to the interaction of electrochemical and purely chemical steps in such a 

complex reaction. Wroblowa et al. [230] proposed a scheme in 1976 that 

summarized the possible steps involved, as illustrated in Fig. 19. Even if not 

completely accurate, this scheme summarizes the possible paths. First, the 

occurrence of oxygen adsorption, which depends on the adsorption sites; then, 

one possible route is the direct four-electron reaction from O2 to H2O (k1), another 

one is the redox equilibrium between O2 and intermediate H2O2 (k±2), and thirdly, 

the electrochemical reduction of H2O2 to H2O (k3). Eventually, desorption (k5) 

and adsorption of H2O2 (k6) from/onto the electrode is also considered. The 

chemical H2O2 decomposition to H2O and O2 (k4) could also occur in parallel with 

the electrochemical reduction of H2O2 to H2O. 
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Figure 19. Scheme of possible chemical and electrochemical reactions that can occur during the ORR. 
Modified from elsewhere [228]. 

With the growing demand of H2O2 production in recent years, research 

interest in 2e  ORR catalysts has increased significantly. To optimize the catalytic 

performance, it is crucial to accurately identify the active catalytic sites and gain 

a deep understanding of the reaction steps and mechanisms involved. In the 2e  

ORR, catalytic active sites are involved by adsorbing O2 molecules and 

converting them into the OOH* intermediate, where the asterisk (*) denotes 

unoccupied active sites on the catalyst surface. 

There are three primary modes of O2 molecule adsorption on catalyst 

surfaces [231]: Pauling model (end-on adsorption), Griffiths model (side-on 

adsorption), and Bridge model (bridging adsorption on two active sites), as 

illustrated in Fig. 20. 

 
Figure 20. Schematic diagram of three O2 adsorption models [231]. 

Different adsorption modes lead to different electron transfer pathways, so 

the adsorption strength of the catalyst with OOH* needs to be properly balanced. 

Fig. 21 illustrates the volcano relationship between the catalytic performance and 

the binding energy of the OOH* intermediate. Catalysts on the left side of the 

curve exhibit overly strong adsorption of OOH*, hindering its further reduction 

to H2O2; on the right side, catalysts with weak OOH* adsorption fail to effectively 

stabilize the intermediate, thus reducing the reaction efficiency. The peak of the 
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curve represents the optimal balance of adsorption strength, where the catalyst 

achieves the highest limiting potential for H2O2 production. Therefore, selecting 

a catalyst with the appropriate adsorption capability is crucial (reactions (61) and 

(62)). In the context of 2e  ORR, the Pauling model is considered more suitable 

because it effectively avoids excessive O-O bond cleavage [232,233]. 

 
Figure 21. Volcano plot of several single-atom centers as a function of OOH* adsorption free energy 
[234]. 

O2 + 2(H+ + e ) → OOH* + (H+ + e ) → H2O2, E0 = 0.7 V vs. RHE  (61) 

O2 + 4(H+ + e ) → OOH* + 3(H+ + e ) → O* + 2(H+ + e ) → OH* + (H+ + e ) → H2O,              

E0 = 1.23 V vs. RHE  (62) 

Side reactions also frequently occur during the 2e  ORR process. For 

instance, under certain electrochemical potentials, H2O2 may be oxidized back to 

O2 (reaction (63)). Moreover, in alkaline media, H2O2 can spontaneously 

decompose into O2 and water (reaction (64)) and may also generate hydroxyl 

radicals and hydroxide ions through electron reactions (reaction (65)). 

H2O2 → O2 + 2H+ + 2e , E0 = 1.78 V vs. RHE        (63) 

2H2O2 → 2H2O + O2             (64) 

H2O2 + e  → OH  + •OH             (65) 

To enhance the efficiency of H2O2 electrosynthesis, researchers have 

developed various strategies such as facet engineering, defect engineering, 

chemical doping, and surface functionalization (Fig. 22a). These strategies 
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significantly improve the reaction kinetics by tuning the electronic structure of 

the catalyst. 

 
Figure 22. Schematic illustration of strategies for the design of electrocatalysts for 2e  ORR: (a) Facet 
engineering, defect engineering, chemical doping, and surface functionalization. (b) Site isolation via 
decreasing ensembles, atomization, alloying with a secondary metal, and coating with inert materials. (c) 
Tuning of the surface wetting state, promoting mass transport, altering adsorbed ions, and modifying the 
local electrolyte environment [235]. 

In addition, the mode of O2 adsorption plays a crucial role in enhancing the 

efficiency. Studies have shown that optimizing the end-on adsorption 

configuration of O2 by eliminating metal aggregation sites, atomizing the metal, 

alloying with a second metal, and coating the surface with inert materials (Fig. 

22b) can not only improve reaction selectivity but also reduce the decomposition 

and further electrochemical reduction of H2O2. 

Another effective strategy is to optimize the design of the solid-liquid-gas 

three-phase interface between oxygen, the solid catalyst, and the electrolyte 

solution. Proper design of the catalyst and electrode must ensure rapid transport 

of both reactants and products to enhance the overall reaction efficiency. 

Adjusting the porosity of the electrode surface, particularly pore connectivity, 

length, size distribution, and surface wettability, can greatly improve the overall 

performance. At the same time, the electrolyte provides a proton source and plays 

a critical role in ion transport. The local electrolyte environment (e.g., pH and ion 

composition) can greatly affect the catalyst performance through various 
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mechanisms (Fig. 22c). Therefore, optimizing the composition and conditions of 

the electrolyte provides new opportunities to improve the overall efficiency of 

H2O2 production. 

The combined application of these strategies offers a strong theoretical 

foundation and practical guidance for efficient H2O2 electrosynthesis and holds 

promise for advancing this technology for large-scale applications [235]. 

1.3.2 Metal-based electrocatalysts for ORR 

Noble metal catalysts 

Gold (Au), palladium (Pd), and platinum (Pt) have long been recognized for 

their catalytic properties in ORR. Historically, these metals have primarily been 

used for promoting the 4e  ORR pathway leading to water production. However, 

recent research has shown that specific surface modifications, alloying, and 

atomic dispersion of these metals can enhance their selectivity for the 2e  ORR 

pathway to produce H2O2. 

Au has garnered significant attention due to its high selectivity for 

promoting the 2e  ORR. Studies have shown that the crystal orientation of Au 

significantly affects the reaction pathway. Au(100) favors the 4e  reduction to 

water, whereas Au(111) is more inclined to reduce O2 to H2O2 [236,237]. 

Additionally, Au binds weakly to OOH*, making it an ideal catalyst for selective 

H2O2 production. Au nanoparticles smaller than 6 nm exhibit higher selectivity 

for the 2e  ORR [238], as the smaller particle size increases the number of edge 

and corner sites, which are favorable for H2O2 formation. However, the relatively 

low activity of Au has led researchers to explore alloying it with other metals, 

such as Pd. 

Au-Pd alloys have been pioneering systems for the electrochemical 

synthesis of H2O2. In 2011, Jirkovský et al. [239] developed a Pd-doped Au-on-

C catalyst, where isolated Pd atoms served as catalytic centers. This Pd-doped Au 

catalyst improved the 2e  ORR selectivity while maintaining reasonable activity. 

DFT calculations showed that isolated Pd atoms in the Au matrix stabilize the 

OOH* intermediate without promoting O-O bond cleavage, thus enhancing the 

H2O2 selectivity. This concept was further extended in subsequent studies, with 

similar effects observed in Au-based alloys doped with mercury (Hg) and silver 
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(Ag) [240,241]. 

Another important noble metal system involves atomically precise Au 

nanoclusters. In 2014, Lu et al. [242] demonstrated that Au25(SR)18 nanoclusters 

exhibit 89% selectivity for H2O2 production in alkaline media (0.1 M KOH), 

attributed to the efficient electron transfer to oxygen. This atomically precise 

structure provides a unique electronic environment stabilizing the key 

intermediates in the 2e  ORR, making it a model system for studying how 

nanostructures influence the H2O2 production. 

Pt, traditionally used for 4e  ORR, can be engineered for enhancing the 2e  

ORR by manipulating its surface geometry and atomic dispersion. For example, 

amorphous Pt nanoparticles synthesized via in-situ electrochemical deposition 

have shown selectivity for the 2e  pathway [243]. Introducing Pt-Pt pair 

reductions and defects alters the oxygen adsorption configuration, favoring the 

end-on adsorption necessary for H2O2 production [244]. In particular, Pt-Hg 

alloys have been extensively studied, owing to their high selectivity towards H2O2. 

Siahrostami et al. [241,244], using DFT, screened over 30 alloy catalysts and 

identified PtHg4 as one of the most promising systems, with experimental 

validation showing 96% selectivity for H2O2. The geometric structure of the Pt-

Hg alloy disrupts Pt-Pt bonding, preventing O-O bond dissociation, eventually 

achieving high H2O2 yields. 

Non-noble metal catalysts 

Although noble metals offer high selectivity for the 2e  ORR, their high cost 

and limited availability have prompted the exploration of non-precious metal 

catalysts. Transition metals, particularly Fe, Co, and Ni, have been shown 

promising as cost-effective alternatives for H2O2 production. These metals are 

often incorporated into nitrogen-doped carbon (M-N-C) materials, where metal 

atoms are active sites for ORR. 

Iron-based catalysts, especially in the form of Fe-N-C moieties, have been 

extensively studied due to their good activity and selectivity in both, the 4e  and 

2e⁻ ORR pathways. The coordination environment of iron plays a key role in 

modulating the selectivity. Fe-N-C catalysts, particularly as Fe-N4, can promote 

the 2e  ORR by optimizing the adsorption energy of the OOH* intermediate [245]. 
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Hu et al. [228] developed an Fe3C catalyst that facilitates H2O2 generation under 

both acidic and neutral conditions, mainly due to its electronic structure and active 

sites, which determine its high selectivity for the 2e  pathway. 

Cobalt-based catalysts have also gained attention for their tunable ORR 

selectivity. Co-N-C materials, where cobalt atoms are coordinated with nitrogen 

atoms in a carbon matrix, have been shown to selectively produce H2O2 under 

various conditions [246]. Several M-N-C catalysts (M = Fe, Co, Ni) synthesized 

based on metallophthalocyanines have demonstrated that Co-N-C exhibits 

superior selectivity for the 2e  ORR due to its optimal adsorption energy for the 

OOH* intermediate [245]. Nitrogen atoms in the Co-N-C structure can stabilize 

the cobalt active sites, improving both the activity and selectivity. Introducing 

oxygen-containing groups can further alter the electronic properties of the Co 

center, allowing better adsorption and stabilization of the OOH* intermediate 

while preventing the O-O bond cleavage, achieving up to 90% selectivity for 

H2O2 in alkaline media [247]. Assembling permanent porous supramolecular 

cages based on cobalt tetraphenylporphyrin (Co-TPP) yielded Co-PB-1(6) and 

Co-rPB-1(6), which achieved 90%-100% selectivity at neutral pH due to site 

isolation within discrete molecular units in each supramolecular assembly [248]. 

Nickel-based catalysts, though less studied, also show potential for H2O2 

production. Ni-N-C catalysts, especially those with Ni-N4 or Ni-N2O2 

coordination environments, have been found to selectively reduce O2 to H2O2 in 

alkaline media. The coordination between nickel and oxygen weakens the binding 

of OOH*, leading to higher selectivity for H2O2. Ni-N2O2 catalysts have 

demonstrated high current density and H2O2 production in a three-phase flow cell 

[249]. 

Other interesting non-noble metals remain quite unexplored in the field, thus 

being the subject of research of one of the parts of this Thesis. 

Nanoparticle-based catalysts 

The composition, morphology, and existence of oxygen vacancies in 

synthesized nanoparticles influence their selectivity and activity regarding the 2e  

ORR. 

The choice of composition plays a significant role in the catalytic 

performance, with special emphasis put in bimetallic nanoparticles. For example, 
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bimetallic Pd-Au and Pt-Ni nanoparticles exhibit high H2O2 yields due to the 

synergistic interaction between the two metals. The synergy between Pd and Au 

optimizes the electronic structure of the catalyst, making oxygen adsorption more 

favorable for H2O2 formation [241,250]. Similarly, Pt-Ni nanoparticles show 

enhanced H2O2 activity and selectivity by optimizing the adsorption energy of the 

OOH* intermediate [251,252]. The interaction between different metal atoms 

during alloying can regulate the electronic distribution, changing the oxygen 

adsorption configuration and inhibiting the O-O bond cleavage, further improving 

the catalytic performance. 

The surface morphology is also crucial for nanoparticles. For instance, 

ultrathin nanosheet structures expose more active sites, increasing the H2O2 

production. Ji et al. [253] synthesized ultrathin CoSe2 nanosheets, demonstrating 

a 92% selectivity for the 2e  ORR. The 2D structure increased the number of 

under-coordinated active sites and improved the oxygen adsorption capability. 

Designing nanoparticles with specific surface morphologies that expose a larger 

number of active sites enhances the reaction selectivity. 

Oxygen vacancies are introduced into metal oxide nanoparticles as an 

effective strategy to tune the 2e  ORR performance. Oxygen vacancies alter the 

electronic structure and stabilize the OOH* intermediate, improving the H2O2 

production efficiency. For example, oxygen vacancies in TiO2-x and Co3O4-x 

nanoparticles change the oxygen adsorption behavior and inhibit the O-O bond 

cleavage [254,255]. These studies demonstrate the critical role of defect 

engineering in adjusting the 2e  ORR catalytic performance of nanoparticles. 

Single-atom catalysts (SACs) 

SACs represent cutting-edge innovation in the field of electrocatalysis, 

where each isolated metal atom is dispersed on a support material, acting as an 

independent active site. This design maximizes the utilization of metal atoms and 

allows a precise control of the catalytic performance, particularly demonstrating 

high selectivity for 2e  ORR. 

Zeolitic imidazolate frameworks (ZIFs) are common precursors for SAC 

preparation [256]. After high-temperature pyrolysis, metal atoms within the ZIF 

structure, along with carbon and nitrogen from the ligands, form abundant active 

sites and defects. For instance, the pyrolysis of ZIF-67 produces a nitrogen-doped 
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carbon catalyst containing both Co nanoparticles and single-atom Co sites. This 

catalyst exhibits significant improvements in the selective production of H2O2 

(73.3%) and faradaic efficiency (87%) [257]. Similarly, a Zn-N3O SAC, 

synthesized using a “pre-adsorption-anchoring and pyrolysis” method, reached a 

high loading of 11.3 wt.% and demonstrated nearly 100% H2O2 selectivity for the 

2e  ORR [258]. Additionally, manganese-doped SACs have shown high H2O2 

selectivity by regulating their active sites, further confirming the potential of ZIF-

derived SACs for the 2e  ORR [259]. 

Noble metal-based SACs have also attracted much attention, owing to their 

high selectivity for H2O2 production. In Pt-SACs, isolated Pt atoms dispersed on 

nitrogen-doped carbon supports can effectively interact with oxygen 

intermediates in a manner favorable to the 2e  ORR, significantly increasing the 

H2O2 selectivity [260]. Similarly, Au atoms dispersed on nitrogen-doped carbon 

show over 90% H2O2 selectivity in alkaline media [261]. The support material 

plays a crucial role in stabilizing the metal atoms in SACs and tuning their 

catalytic performance. Carbon-based materials, such as graphene and carbon 

nanotubes, are commonly used as supports due to their high conductivity and 

surface area [261,262]. Introducing heteroatoms like nitrogen or sulfur can further 

enhance the stability and activity of SACs [263]. 

Research has also shown that hollow CuSx-supported Pt-SACs, leveraging 

the strong Pt-S interaction and hollow structure, enhance the catalytic activity and 

improve the mass transport of H2O2 [264]. To prevent metal atom agglomeration 

in SACs, strong metal-support interactions are often employed to anchor the 

atoms securely to the support, ensuring the metal atoms remain isolated and fully 

participate in the catalytic reaction [265]. Recent advancements in synthesis 

techniques, such as atomic layer deposition and wet chemical methods, have 

further improved the stability and catalytic activity of SACs by precisely 

controlling the placement of metal atoms on the support surface, resulting in an 

enhanced catalytic performance [266]. 

1.3.3 Metal-free electrocatalysts for ORR 

In addition to metal-based catalysts, non-metallic ones are among the most 

promising classes of materials. Carbon-based materials doped with heteroatoms 

such as nitrogen (N), oxygen (O), fluorine (F), boron (B), sulfur (S), and 
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phosphorus (P) have demonstrated a remarkable catalytic performance due to 

their tunable electronic properties, abundant precursor sources (including 

renewable waste), and low cost. 

N-doped carbon materials have shown outstanding performance for the 

2e  ORR. The introduction of N atoms, with an electronegativity (χ) of 3.04, 

disrupts the π-coupling system of C (χ = 2.55), leading to charge redistribution 

and causing the alteration of the adsorption properties of the carbonaceous 

materials regarding the OOH*, thereby improving the H2O2 production efficiency. 

N-doped graphitized porous carbon achieved an H2O2 production rate of 2.09 mg 

h 1 cm 2 under near-neutral conditions [267]. In alkaline media, metal-free N-

doped ordered mesoporous carbon, prepared via a solvent-free method, also 

exhibited high selectivity and stability (~12 h) [268]. N-doped carbon catalysts 

synthesized by microwave-assisted methods demonstrated an efficiency of up to 

90% [269], further highlighting the correlation between nitrogen content and 

H2O2 selectivity. Different nitrogen functionalities, including pyridinic, pyrrolic, 

and graphitic groups, play distinct roles in catalysis, with pyrrolic nitrogen 

leading to H2O2 selectivity above 80% and stability in alkaline media for about 8 

h [270]. An optimized Nx-doped graphene achieved a selectivity of 78.0% at 

neutral pH, indicating that graphitic nitrogen promotes the H2O2 formation, 

whereas pyridinic nitrogen is thought to further catalyzes the conversion of H2O2 

into •OH [271]. 

Oxygen functional groups have also been observed to effectively enhance 

the catalytic activity of carbon-based materials regarding the 2e  ORR. 

Mesoporous carbon hollow spheres showed over 90% H2O2 selectivity in neutral 

electrolytes, attributed to their mesoporous structure and oxygen-containing 

functional groups [272]. Carbon xerogel-80, prepared by hydrothermal 

carbonization, exhibited the highest catalytic activity and 94% H2O2 selectivity 

due to its high content of C=O groups [273]. 

Fluorine-doped carbon materials leverage the high electronegativity of F 

(χ = 3.98) to regulate electron transfer and optimize the adsorption and desorption 

of the OOH* on carbon materials. F-doped porous carbon achieved an H2O2 

selectivity between 83.0% and 97.5% under acidic conditions, with CF2 and CF3 

groups promoting the O2 activation while maintaining the O-O bond strength 
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[274]. F-doped carbon nanotubes further validated the role of CF2 and CF3, as the 

weaker binding energies of the OOH* with these fluorinated groups enhanced the 

H2O2 selectivity [275]. 

Boron-doped carbon materials offer the advantage of nearly zero 

overpotential, with a faradaic efficiency of up to 85% and excellent stability after 

continuous electrolysis for 30 h [276]. By adjusting the boron source and 

annealing temperature, the H2O2 selectivity of B-doped carbon materials can 

reach 98%, with a high boron doping level (5.3 at%) and a rich porous structure 

[277]. 

Sulfur-doped carbon materials improve electron conductivity by 

introducing sulfur nanocrystals, resulting in H2O2 selectivity exceeding 70%. The 

high lattice energy and bond strength of sulfur nanocrystals also enhance the 

stability of these materials [278]. 

Phosphorus-doped carbon materials, on the other hand, incorporate 

phosphorus atoms (χ = 2.19), creating lattice defects in the carbon matrix, further 

improving the H2O2 generation efficiency [279]. 

In conclusion, metal-free electrocatalysts have significantly enhanced the 

2e  ORR performance of carbon-based materials through the incorporation of 

various non-metal elements. The difference in electronegativity between the 

doping elements and carbon plays a crucial role in O2 adsorption and OOH* 

intermediate desorption, which ultimately determines the catalytic activity and 

selectivity. 

1.3.4 Development of cathodes for H2O2 electrogeneration 

In addition to developing efficient electrocatalysts for the 2e  ORR, the 

cathode is a critical component in the electrochemical system for H2O2 

electrogeneration. It directly interacts with the electrolyte and provides the 

necessary reaction sites for the 2e  ORR. An ideal cathode should have a large 

surface area, suitable pore structure, good conductivity, and mechanical 

robustness to achieve a high electrochemical activity. Commonly used cathodes 

include immersed cathodes, gas diffusion electrodes (GDEs), and air-breathing 

electrodes. 
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Immersed cathodes 

Immersed cathodes are fully soaked in the electrolyte, where O2 is dissolved 

through aeration and then diffuses into the electrode pores to react at the active 

sites [280]. The preparation methods and materials used for submerged cathodes 

significantly impact their performance. Common immersed cathode materials 

include graphite, graphite felt (GF), carbon felt (CF), reticulated vitreous carbon 

(RVC), and activated carbon fibers (ACFs) [281]. 

Graphite-based cathodes: Graphite, with its hexagonal crystal structure 

and layered arrangement, exhibits excellent chemical stability and conductivity, 

making it widely used in early research on H2O2 electrosynthesis. However, the 

H2O2 production rate is limited due to its small surface area. Researchers have 

improved graphite electrodes through physical and chemical modifications. For 

example, acid treatments (employing HNO3 or H2SO4) introduce oxygen-

containing functional groups on the graphite surface, thus enhancing its 

hydrophilicity and increasing the number of active sites, which improves the ORR 

activity [282,283]. Additionally, loading conductive polymers (such as 

polypyrrole or polyaniline) and carbon nanomaterials (such as carbon nanotubes 

or graphene) onto the graphite surface can significantly increase the electrode 

conductivity and active area. For instance, when carbon nanotubes (CNTs) are 

loaded onto a graphite electrode, the H2O2 production rate significantly increases, 

attributed to the high surface area and good conductivity of CNTs [284]. 

Graphite felt and carbon felt cathodes: GF and CF, with their three-

dimensional porous structures, large surface area, and good conductivity, are 

commonly used submerged cathode materials. Methods for preparing GF/CF 

cathodes include heat treatment, electrochemical oxidation, and chemical 

modification. Chemical treatments (such as acid or alkali treatments) and 

electrochemical oxidation introduce more oxygen functional groups (OFGs) and 

defects on the GF/CF surface, increasing the hydrophilicity and ORR activity 

[285,286]. Le et al. [287] prepared a porous CF electrode with a high surface area 

and large pore volume through heat treatment and oxidation, significantly 

improving the H2O2 production and current efficiency. Additionally, loading high-

activity materials onto GF/CF electrodes enhances their performance. For 

example, loading nitrogen-doped porous carbon, carbon black (CB), or carbon 

nanotubes increases the number of active sites, improving the ORR selectivity 
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and activity [288,289]. By loading electrochemically exfoliated graphene (EEGr) 

onto carbon cloth electrodes, the H2O2 production rate and current efficiency was 

improved due to EEGr providing a larger surface area and abundant active sites 

[290]. 

Reticulated vitreous carbon cathodes: RVC is a porous carbon material 

with a glass-like crystal structure, high surface area, and excellent mass transport 

properties [291,292]. The preparation of RVC electrodes typically involves the 

polymerization and carbonization of resins and the performance can be adjusted 

by controlling pore size and density. RVC electrodes have demonstrated excellent 

performance for H2O2 electrosynthesis, especially under high current densities 

and low oxygen concentrations [293]. Anodic oxidation-modified RVC 

electrodes show an increased number of surface oxygen functional groups, 

enhancing the hydrophilicity and the number of active sites, which eventually 

boosts the H2O2 production [294]. 

Activated carbon fiber cathodes: ACFs possess extremely high surface 

areas and good porosity, but their application in H2O2 electrosynthesis is limited 

by the low selectivity and current efficiency. Surface modification and the 

development of composite materials are key strategies for improving ACF 

cathode performance. By compositing nitrogen-doped porous carbon and carbon 

nanotubes onto ACF, the H2O2 production rate and current efficiency can be 

significantly enhanced [295]. 

Gas-diffusion electrodes (GDEs) 

The fabrication of GDEs typically involves mixing carbon materials with 

binders, spraying or rolling them onto substrate materials, and forming a stable 

electrode structure through heat treatment [296,297]. Due to the importance and 

widespread use of GDEs in H2O2 electrosynthesis, this topic will be discussed in 

detail in the following Section 1.3.5. 

Air-breathing electrodes 

Researchers have developed air-breathing electrodes to avoid the need for 

external air supply and the associated complexity and cost of GDE-based systems. 

These electrodes do not require external aeration or pressurized oxygen, but 

instead use oxygen from the ambient air, which diffuses through the hydrophobic 
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layer of the electrode into the catalyst layer to perform the ORR. The fabrication 

of air-breathing electrodes (so-called natural air-diffusion electrodes, NADEs) 

typically involves rolling carbon materials (such as carbon black or graphite) 

mixed with polytetrafluoroethylene (PTFE) onto a stainless steel mesh current 

collector, forming both a catalyst layer and a gas diffusion layer [298,299]. 

The key to designing air-breathing electrodes lies in balancing hydrophilicity 

and hydrophobicity and optimizing the pore structure to maintain an effective 

three-phase interface. Air-breathing cathodes with high activity and stability can 

be obtained by adjusting the ratio of carbon materials, PTFE content, and rolling 

process parameters. These electrodes exhibit excellent H2O2 production rates and 

current efficiency without external aeration [300,301]. 

Moreover, other researchers have developed similar air-breathing electrodes, 

such as floating cathodes and superhydrophobic electrodes, further expanding the 

potential of these electrodes for H2O2 electrosynthesis [301–304]. The simple 

fabrication process and cost advantages of air-breathing electrodes make them 

highly promising for practical applications. 

1.3.5 Gas-diffusion electrodes 

GDEs consist of three main components: a substrate, a gas-diffusion layer 

(GDL), and a catalytic layer (CL) (as shown in Fig. 23). These electrodes are 

fabricated by integrating a catalyst into the gas-diffusion layer [305]. The primary 

function of the electrode substrate is to conduct the electrons and provide 

structural support, requiring it to maintain good mechanical strength and 

electrical conductivity under various temperature and pH conditions. Common 

substrates include carbonaceous materials (carbon cloth, carbon paper) [306] and 

high-surface-area metal foams [307]. 

The GDL facilitates the gas transport and diffusion during the 

electrochemical reactions, necessitating an optimized porous structure to ensure 

a rapid gas delivery to the catalyst. In addition, the GDL acts as a barrier between 

the catalyst layer and the substrate, protecting the substrate from corrosion or 

damage. Good hydrophobicity is essential to prevent electrolyte penetration into 

the GDL (i.e., flooding), which could lead to performance degradation. 

The CL is where gaseous reactants, electrolytes, and catalysts interact, 

forming the electrochemical reaction three-phase interface/boundary (TPB). 
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Maintaining a high and stable gas concentration at this interface can significantly 

enhance the current efficiency, thereby increasing the H2O2 production [308]. 

Therefore, constructing an effective "solid-liquid-gas" TPB is crucial for ensuring 

the efficient reaction of materials in this region. This efficiency depends on the 

structure of the catalytic electrode, the choice of catalytic materials, and the 

optimization of gas mass transport. 

 
Figure 23. Architecture of GDEs. 

The performance of the GDL depends on several key characteristics, needing: 

(i) High conductivity to facilitate efficient electron transfer; (ii) high porosity to 

promote effective gas diffusion; (iii) a smooth surface to allow easy deposition of 

the catalyst layer; and (iv) a well-balanced hydrophobicity to prevent flooding. 

Flooding typically occurs due to the excessive hydrophilicity of the GDL, 

where the electrolyte leaks into the GDE, blocking the pores and reducing the 

number of active catalytic sites. This disruption of the TPB ultimately degrades 

the electrode performance and drastically decreases the H2O2 production, as 

shown in Fig. 24. 

 
Figure 24. (a) Non-flooded GDE, and (b) flooded GDE [309]. 
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The catalyst layer, composed of electrocatalytic materials, is typically 

positioned on the wet side of the GDL (i.e., in contact with the electrolyte). This 

layer forms a microchannel network that provides an effective TPB, ensuring 

adequate gas delivery and efficient contact between the electrolyte and the 

catalyst [310]. To optimize the performance of the catalyst layer, the catalyst must 

be in intimate contact with the electrolyte while maintaining the equilibrium with 

the gaseous reactant. Thus, the wettability or hydrophilicity of the catalyst plays 

a crucial role in stabilizing the gas concentration and enhancing the interface 

between the electrolyte and the catalyst [311]. 

The catalyst layer is usually prepared using a catalyst ink, which consists of 

catalyst powder, a solvent (such as water, ethanol, or isopropanol), and a binder 

(such as PTFE or Nafion) [312]. CB or CNTs are often used as supports for the 

catalyst or mixed directly into the ink to improve the conductivity of the catalyst 

layer [313]. When the catalyst ink is deposited onto the GDL, as the solvent 

evaporates, the catalyst layer forms a unique microstructure. Key parameters 

affecting the overall performance of the GDE include the composition ratio of the 

catalyst ink (catalyst-to-binder ratio), choice of solvent, solvent evaporation rate, 

and conditions, and the method of catalyst ink deposition. These factors influence 

mass transport within the catalyst layer, the concentration of H2O2 produced, the 

formation of the TPB, and the structure, robustness, and conductivity of the 

catalyst layer [314]. 

Common catalyst deposition methods based on an ink include spraying, 

drop-casting, and hand-painting [315–317], as shown in Fig. 25. Spraying is 

advantageous because the rapid evaporation of the solvent and the quick fixation 

of the sprayed droplets onto the drying layer allow for the formation of a well-

defined catalyst layer with appropriate thickness [318]. Drop-casting can also 

create uniform layers, as the moderate solvent evaporation rate prevents excessive 

penetration of the catalyst ink into the GDL. In contrast, with hand-painting, the 

slower evaporation rate increases the risk of ink penetrating the GDL, leading to 

an excessively thin catalyst layer. While increasing the CL thickness, reactivity 

and mass transport resistance can be enhanced. Also, hand-painting can lead to 

catalyst aggregation, resulting in fewer electrochemical active sites as compared 

to spraying and drop-casting methods. An uneven catalyst layer might expose the 

carbon-based GDL to the aqueous electrolyte, which can cause GDE flooding. 
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Therefore, the catalyst layer must have an appropriate thickness and uniform 

distribution to minimize contact between the electrolyte and the carbon-based 

GDL, thus maintaining a dry inner surface of the GDL. 

 
Figure 25. Scheme of the fabrication procedure of the CL in a GDE, following various ink-based 
methods: (a1) Drop-casting: the catalyst ink is cast by a pipette on the GDL; (a2) hand-painting: the 
catalyst ink is painted on the GDL using a brush; and (a3) air-brushing: the catalyst ink is sprayed on the 
GDL employing a manual or automatic spray gun. (b1–b3) Cross-sectional SEM images of Cu-based 
CLs prepared with respective ink-based methods. (c1–c3) Energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping of Cu for CLs prepared by respective ink-based methods (0.6 mg cm−2 catalyst 
loading for all methods) [308]. 

Research indicates that loading catalyst ink at higher temperatures 

accelerates solvent evaporation, resulting in a thicker CL. For example, spraying 

at 75 °C can produce a CL nearly three times thicker than at 25 °C [318]. With a 

constant catalyst loading, increasing the CL thickness enhances its porosity, 

leading to higher diffusion rates and improved gas mass transport. Additionally, 

increasing the catalyst loading in the CL raises the current density by providing 

more active catalytic sites. However, higher catalyst loading does not necessarily 

result in greater faradaic efficiency regarding the target product. Therefore, the 

catalyst loading must be optimized based on the specific reaction and desired 

product [319]. 

The ionic binder content in the CL significantly impacts the GDE 

performance by affecting its microstructure, gas diffusion, and catalytic pathways 

[320]. In some cases, the binder may even serve as a co-catalyst in the reaction 

[321]. The binder forms a continuous network within the CL, connecting catalyst 
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particles and facilitating the proton and ion transport, which is crucial for proton 

conductivity and ion transport. A suitable binder content improves the mechanical 

stability and conductivity (although this depends on the type of binder) of the CL. 

Conversely, insufficient binder content can restrict ion transport, cause catalyst 

particle aggregation, and increase the ohmic resistance. Excessive binder content, 

however, may obstruct the contact between the CL and the electrolyte, reducing 

the pore volume and gas permeability while increasing the mass transport 

polarization, resulting in a poorer GDE performance [320]. 

The size and morphology of the electrocatalysts also play a critical role in 

the electrochemical reaction performance. Nanoscale catalysts typically provide 

more active sites, enhancing the reaction efficiency, especially at high current 

densities [322]. Additionally, unique nanostructures (e.g., nanosheets, 

nanoflowers, or nanodendrites) with high surface roughness and sharp edges help 

regulate catalytic pathways and improve reaction selectivity [323,324]. 

Nanostructured catalysts with specific crystal facets can facilitate the formation 

of desired products, thus increasing the selectivity and yield of H2O2. 

Therefore, optimizing the electrocatalyst loading, nanostructure, and size, 

along with the preparation method and composition of the catalyst ink, is crucial 

for achieving optimal electrochemical performance tailored to specific reactions 

and target products. 

1.4 Metal-organic frameworks (MOFs) in HEF process 

MOFs are composed of metal clusters connected by organic ligands (Fig. 

26). These materials, which include one-dimensional (1D) rod structures, two-

dimensional (2D) sheets, and even three-dimensional (3D) networks, exhibit 

unique physical and chemical properties and have attracted widespread attention 

over the past two decades [325–327]. Compared to traditional porous materials, 

MOFs possess fascinating characteristics such as ultra-high surface area, high 

porosity, tunable chemical composition, and exceptional customizability, making 

them promising for various applications [328]. However, in practice, the use of 

MOFs in aqueous media is limited by their poor stability, particularly their 

sensitivity to moisture and weak conductivity [329]. 

Fortunately, through effective post-treatment, especially controlled pyrolysis, 

MOFs can serve as sacrificial templates or versatile precursors, transforming into 
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more stable and conductive derivatives such as carbon materials, metal oxides, 

and metal/carbon composites. These derivatives inherit many properties of the 

original MOFs [330]. Among these derivatives, MOF-derived metal/carbon 

composites, due to their hierarchical structures and metal content, combine the 

properties of both metals and carbon, exhibiting synergistic effects [331]. More 

importantly, these materials effectively address issues like metal ion leaching in 

metal oxides and the difficulty of recovering carbon materials, offering 

unprecedented opportunities in advanced materials for environmental 

remediation, electrochemical energy storage, and conversion [219,332–334]. 

 
Figure 26. Schematic image of MOF fabrication [335]. 

The solvothermal/hydrothermal method is the most popular synthesis 

technique (Fig. 27). This method involves dissolving ligands containing metal 

ions or clusters in a solvent, placing them in a PTFE-lined autoclave, and heating 

them to a specific temperature [336]. Coordination reactions require high 

temperature and pressure, and this technique offers several advantages, including 

precise crystal production, ease of use, and minimal energy consumption. Most 

well-known MOFs are produced using this method, including the MOFs 

developed by the University of Oslo (UiO-66), the zeolitic imidazolate 

framework (ZIF) series, isoreticular metal-organic frameworks (IRMOF) series, 

the Materials of the Lavoisier Institute (MIL) series, and MOFs developed by the 

Hong Kong University of Science and Technology (HKUST-1) [337,338]. Other 

synthesis methods, such as electrochemical techniques and 

microwave/ultrasound-assisted methods, are alternative approaches for 

synthesizing MOFs used in solid-phase extraction [339,340]. 
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Figure 27. (a) Synthesis conditions commonly used for MOFs preparation; (b) indicative summary of 
the percentage of MOFs synthesized using the various preparation routes [341]. 

By pyrolyzing or acidifying pristine MOFs, derived metal/carbon 

composites can be obtained, offering several unique advantages. These benefits 

are primarily reflected in the following aspects: (i) The synthesis process is 

straightforward and does not require additional templates. Since MOFs can serve 

as excellent carriers for combining with other species, pre-designing the MOF 

precursor can establish the structure-performance relationship; (ii) the large 

surface area and high porosity of the original MOFs is retained, exposing a large 

number of accessible reactive sites; (iii) the organic ligands in MOFs can be 

transformed into a carbon matrix during high-temperature pyrolysis without 

introducing an external carbon source. This carbon matrix forms a conductive 

network facilitating electron transfer [342]. At the same time, the metal nodes can 

form corresponding metal nanoparticles (NPs) or single atoms (SAs), which are 
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uniformly distributed within the carbon matrix [343]. The synergistic effect 

between these two components often results in enhanced performance; and finally, 

(iv) some organic ligands containing heteroatoms (such as N, P, S, etc.) can be 

directly incorporated into the carbon matrix after pyrolysis [344]. As mentioned 

above, heteroatom doping not only generates more defects that provide additional 

active sites and modulates electrons to enhance electrochemical activity, but it 

also aids in the preparation of functional NPs such as metal nitrides, phosphates, 

and sulfides. Therefore, due to these unique advantages, MOF-derived 

metal/carbon composites have garnered widespread attention as highly attractive 

advanced materials. 

1.4.1 MOFs for cathodic H2O2 electrogeneration 

The interaction between the central metal and ligands in MOFs significantly 

influences the activity of the ORR, particularly the binding energy of the key 

intermediate OOH*. The mechanism and application of pristine MOFs in the 2e  

ORR have attracted substantial attention. For instance, researchers have explored 

the ORR performance of various Prussian Blue analogs (PBAs) with different 

metal centers, such as Co, Ni, Zn, and Cu, finding that Zn-PBA exhibited the best 

2e  ORR performance. Zn-PBA achieved an average electron transfer number of 

2.3–2.5 and 88% H2O2 selectivity at 0 V vs. RHE. DFT calculations indicated that 

the formation of *O on Zn sites was energetically unfavorable, which inhibited 

the 4e  pathway while promoting the 2e  pathway. Additionally, enhancing the 

unsaturated coordinated metal sites (UCMSs) in MOFs has further improved 2e  

ORR performance [345]. 

Using a novel liquid-liquid interfacial reaction method, 2D Ni-MOF 

nanosheets were synthesized, allowing precise control over UCMSs by adjusting 

the ratio of metal precursors to organic linkers. The optimized Ni MOF NS-6 

exhibited near-zero overpotential, 98% H2O2 selectivity, and an 80 mmol g cat 1 

h 1 production rate. X-ray absorption fine structure (XAFS) spectroscopy showed 

that Ni MOF NS-6 had the highest Ni2+/Ni3+ atomic ratio, which facilitated OOH* 

formation. Moreover, conductive metal-organic frameworks (cMOFs) have 

emerged as promising 2e  ORR electrocatalysts. Among several cMOFs with 

different metal centers and redox-active organic linkers, Cu-
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hexahydroxytriphenylene demonstrated excellent 2e  ORR performance, with 95% 

H2O2 selectivity and a production rate of 792.7 mmol g cat 1 h 1 [346]. In-situ 

XAFS measurements revealed that dynamic hydroxyl coupling at Cu sites 

induced self-polarization of π-conjugated Cu–O–C metal-ligand sites, promoting 

the formation of OOH*. Furthermore, confining halide anions within the 

nanopores of cMOFs further enhanced the H2O2 selectivity [347]. 

Given the instability of H2O2 in alkaline conditions, producing H2O2 in 

neutral or acidic solutions is more desirable. For example, using a 2D MOF, 

Ni3(hexaaminobenzene)2, 90% selectivity and 662 mg L-1 H2O2 yield was 

achieved in 0.1 M PBS [348]. In-situ X-ray absorption spectroscopy (XAS) 

suggested a 2e  ORR mechanism involving the ligand and Ni sites. The 2D 

layered conductive Mg3(2,3,6,7,10,11-hexaiminotriphenylene)2 also 

demonstrated over 90% selectivity and impressive H2O2 yield of 3400 mg L-1 

[349]. 

MOF composites, formed by combining MOFs with other functional 

materials, further enhance the 2e  ORR performance. For instance, 5,10,15,20-

tetrakis(4-carboxyphenyl) porphyrin cobalt(III) chloride (CoTCPP) combined 

with graphene oxide (GO) was used for H2O2 production. Graphene, as an 

effective support, facilitated the electron transfer and oxygen species adsorption 

at CoTCPP active sites, achieving 93.4% faradaic efficiency and excellent 2e  

performance in 0.5 M H2SO4 [350]. Recently, MZIF8/GF composites (i.e., MGF) 

were synthesized using a microwave-assisted method for 2e  ORR. The ultra-

small MZIF8 particles were uniformly dispersed on GF, forming N–Zn–O active 

sites that promoted oxygen and water adsorption. A high selectivity of 95% and 

90% was achieved in 0.1 M KOH and 0.5 M Na2SO4, respectively, with 191% 

increase in H2O2 production as compared to conventional methods [351]. MOF 

composites offer enhanced conductivity and stability, with synergistic effects 

between components, providing new avenues for improving the 2e  ORR 

performance. Given the diversity of MOFs and functional materials, MOF 

composites hold great potential in the field. 

MOF derivatives, obtained through thermal or chemical treatment, involve 

the conversion of MOFs into carbon, metal compounds, or composites, exhibiting 

excellent 2e  ORR performance. Unlike pristine MOFs, MOF derivatives 
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generally have higher chemical stability and conductivity. For instance, 

hierarchically porous carbon with high defect density and sp3-C content was 

prepared as the platform with OOH* active sites, achieving 95% selectivity and 

a high H2O2 yield of 395.7 mmol gcat
1 h 1 [352]. The introduction of heteroatoms, 

such as fluorine, further optimized the active sites and enhanced the 

electrochemical activity [353]. Metal-doped carbon materials have also gained 

attention, such as Zn-based carbon materials produced by pyrolyzing MOFs with 

different ligands, where ZnO3C active sites favored the 2e  ORR pathway, 

yielding approximately 350 mmol gcat
1 h 1 of H2O2 [354]. Moreover, MOF-

derived SACs have shown excellent 2e  ORR performance. Pyrolyzing Pd-doped 

ZIF-8 produced SACs with Pd–N4 active sites, achieving about 95% selectivity 

and approximately 30 mmol gcat
1 h 1 H2O2 [355]. 

MOF-derived transition metal chalcogenides also show promise as 2e  ORR 

electrocatalysts. For example, titanium-doped Zn–Co sulfide hollow 

superstructures (Ti–ZnCoS HSS) exhibited 98% selectivity and an H2O2 

production rate of 675 mmol gcat
1 h 1 in 0.1 M KOH. The multi-metal doping 

optimized the d-band center, enhancing the OOH* adsorption [356]. However, 

complete decomposition of MOFs can lead to structural degradation and reduced 

surface area. To address this, controlled pyrolysis strategies have been proposed, 

allowing partial retention of the MOF crystalline structure while generating 

functional oxides. For example, MOF nanosheets-300 demonstrated excellent 

H2O2 selectivity and yield [357]. 

Table 4 summarizes and compares the results reported in the literature for 

in-situ H2O2 electrogeneration with MOF-based cathodes. 

1.4.2 MOF-based suspended HEF catalysts 

Pristine MOFs have received attention as potential heterogeneous catalysts 

in the EF process due to their unique structural characteristics. As mentioned 

previously, MOFs exhibit highly ordered porous structures, large specific surface 

areas, and abundant active sites, thus becoming very promising in catalysis. 

However, the direct application of pristine MOFs in EF systems faces challenges, 

such as poor conductivity and limited stability in aqueous solutions [358]. To 

enhance the performance of these materials, researchers have combined MOFs 
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with functional materials, improving their catalytic efficiency. For example, when 

Fe-Co-85 PBA (a Prussian blue analog based on [K3Co(CN)6]) is mixed with 

oxidized carbon nanotubes (OCNTs), the conductivity and stability of the catalyst 

are effectively improved. Fe-Co-85 PBA exposes six well-defined (100) facets 

during the composite formation, which contain abundant Fe(II) sites. These sites 

efficiently adsorb H2O2 and promote the generation and separation of •OH, 

enhancing the degradation efficiency of organic pollutants [359]. Additionally, 

with their higher surface area and larger number of active sites, two-dimensional 

MOFs have demonstrated excellent performance in EF process. The synthesis of 

2D Fe-MOFs based on 2,2'-bipyridine-5,5'-dicarboxylate (bpydc) revealed an 

outstanding degradation of fenofibrate in the photoelectro-Fenton (PEF) process. 

The 2D structure significantly improved the catalyst conductivity and stability, 

further enhancing its catalytic activity [360]. 

After pyrolysis or acidification, MOFs can be converted into porous carbon 

materials or composites, which exhibit notable advantages in the EF process, such 

as high catalytic activity, stability across a wide pH range, and easy recyclability. 

High-temperature carbonization of MOFs under inert (e.g., Ar, N2) or reducing 

(e.g., Ar/H2) atmospheres produces porous structures, while subsequent acid 

washing removes residual metal components, increasing the surface area and 

catalytic efficiency [361]. For instance, magnetic N-doped nano zero-valent 

iron@C (nano-ZVI@NC) derived from MIL-type Fe-MOFs has been applied in 

the EF process, demonstrating a high catalytic efficiency. Through carbonization, 

Fe(III) is gradually reduced to Fe3O4 and Fe0, with NH2-BDC serving as a 

reductant to facilitate the Fe0 formation. This catalyst exhibits excellent stability 

in the EF process, with its core-shell structure effectively preventing iron 

oxidation and iron ion deposition on the catalyst surface, achieving over 95% 

gemfibrozil removal within 60 min [219]. Additionally, Fe-based NPs 

(Fe@MesoC) embedded in mesoporous carbon, synthesized using MIL-100(Fe) 

as the precursor, led to 100% degradation of sulfamethoxazole within 120 min, 

significantly outperforming H2O2 (4.5%) and Fe@MesoC alone (47.1%). This 

excellent performance is attributed to the synergistic interaction between the Fe-

based material and the carbon matrix. Sulfamethoxazole is adsorbed onto the 

catalyst via π-π interactions, rapidly diffusing through mesoporous channels to 

the Fe-based NP surface, inducing a Fe3+/Fe2+-like Fenton system. Notably, the 
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electron transfer from Fe0 to Fe3+ accelerates the Fe3+/Fe2+ redox cycle, ensuring 

continuous •OH generation. Furthermore, the mesoporous carbon matrix acts as a 

barrier, enhancing the catalyst stability and reusability [362]. Researchers also 

developed Cu@C nanoparticles embedded in a 3D reduced graphene oxide (rGO) 

network (derived from HKUST-1), effectively preventing Cu nanoparticle 

aggregation and improving the catalytic performance in the HEF process [363]. 

Using Fe-MOFs and sulfur, FeS2/C nanocomposites with core-shell structures 

were synthesized via sulfuration and carbonization, demonstrating higher 

degradation efficiency and reduced iron leaching for fluoxetine under mild pH 

conditions, thereby enhancing the stability and catalytic performance [333]. Other 

studies have shown that CMIL-88-NH2, a porous core-shell catalyst prepared by 

pyrolyzing MIL-88(Fe)-NH2, also exhibited outstanding catalytic performance in 

EF process [364]. Fdez-Sanromán et al. demonstrated the effectiveness of the 

commercial Fe-MOF Basolite® F-300 as a heterogeneous catalyst for 

degradation of antipyrine by EF process. Additionally, two immobilization 

techniques for Fe-MOF were developed to prepare electrocatalytic cathodes, 

achieving antipyrine removal rates of up to 82.5% under acidic conditions [365]. 

Introducing bimetallic porous carbon materials, such as Fe/Cu, Fe/Co, Fe/Mn, 

and Fe/Ce, further improved the pollutant removal efficiency. The electron 

transfer between multivalent metals accelerates the regeneration of active sites 

needed for Fenton’s reaction (19), while the embedding of bimetallic 

nanoparticles prevents aggregation and increases the number of active sites [366–

368]. Tang et al. [369] developed a novel 3D flower-like FeCu@C Fenton-like 

catalyst and investigated its application in degrading sulfamethazine. The 

FeCu@C led to 100% removal rate of sulfamethazine within 90 min, as compared 

to only 51.6% using Fe/C in 180 min, which demonstrates that the presence of 

Cu enhances the catalytic activity. Specifically, the second metal, Cu, provided 

additional active sites for SMT degradation and induced a synergistic effect that 

promoted more •OH generation. 

MOF-based SACs also exhibit great potential in EF process due to their high 

atomic utilization and unique electronic structures. MOFs can serve as templates 

to prepare SACs with uniformly distributed metal atoms and unsaturated 

coordination environments [370]. These SACs combine the advantages of 

homogeneous and heterogeneous catalysts, enhancing the catalytic activity. For 
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example, by pyrolyzing Cu/MIL-88B(Fe) followed by acid washing, a single-

atom iron catalyst embedded in 3D porous carbon (AD-Fe/3DPC) was 

synthesized, which showed excellent degradation of sulfamethoxazole [371]. The 

introduction of Cu helped to create unsaturated Fe sites in the MOF and prevented 

metal aggregation during pyrolysis. Transmission electron microscopy and high-

angle annular dark-field scanning transmission electron microscopy revealed that 

single atoms of Fe were uniformly distributed within the 3D porous carbon 

material. 

Further studies showed that using ZIF-8 as a precursor combined with the 

surfactant cetyltrimethylammonium bromide (CTAB) resulted in abundant and 

stable FeN4 sites. In the HEF process, these sites led to complete degradation of 

2,4-dichlorophenol. The single-atom Fe active sites accelerated the electron 

transfer by modulating the electronic structure while neighboring pyrrolic N 

atoms enhanced the adsorption of organic pollutants [343]. Therefore, MOF-

based SACs hold tremendous potential for EF applications. Future research 

should further explore synthesis methods, metal atom selection, and catalyst 

structure optimization to improve the catalytic performance. 

Table 4 summarizes and compares the performance of MOF-based 

suspended HEF catalysts reported in the literature. 
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1.4.3 Cu-based materials as electrocatalysts and HEF catalysts 

As explained in Section 1.2.1, the Fenton’s reaction was initially developed 

for the catalytic reaction between Fe(II) and H2O2 and, in fact, traditional HEF 

technology primarily uses iron-based catalysts. However, these catalysts present 

several challenges in practical applications, such as the slow reduction rate of 

Fe(III), the potential for secondary pollution by iron species, and a weakened 

catalytic performance under neutral and alkaline conditions. In recent years, with 

the advancement of research, other transition metals different from iron have 

emerged as important alternatives for catalyzing the H2O2 activation, especially 

at pH higher than 4, where they comparatively exhibit an advantageous 

performance. For example, transition metals such as Cu, Co, Mn, and Ni, which 

possess redox activity, have also demonstrated Fenton-like properties in their 

reactions with H2O2, producing •OH. This reaction mechanism (see reaction (66)) 

is similar to that of the Fenton’s reaction (reaction (19)) and is thus classified as 

an HEF-like process [372]. 

M(n-1)+ + H2O2 + H+ → Mn+ + H2O + •OH          (66) 

Table 5 outlines the basic applications of these multivalent metals in Fenton 

and Fenton-like processes [373]. Copper, in particular, is considered one of the 

key catalysts in both homogeneous and heterogeneous Fenton systems, besides 

iron, due to its abundance as a natural resource [363]. Copper-based functional 

materials have gained attention for their low cost, strong reducing ability, and 

suitability across a broader pH range [374]. Theoretically [375], copper-based 

composites are considered more efficient Fenton-like catalysts because Cu(I) 

activates H2O2 much faster than Fe(II) (kCu(I), H2O2 = 4.7×103 M 1 s 1, kFe(II), H2O2 = 

76 M 1 s 1). Moreover, copper-based materials are more suitable than iron-based 

ones in neutral or alkaline HEF systems. Catalysts containing iron or loaded with 

iron components exhibit minimal activity at neutral pH, while copper 

demonstrates optimal Fenton activity in the pH range of 5.5–9.5. This is due to 

the significantly lower solubility of Fe(OH)3 (Ksp = 4.0×10-38) as compared to 

Cu(OH)2 (Ksp = 6.0×10-20). Cu2+ exists in media at neutral pH as a soluble copper 

aqua-complex ([Cu(H2O)6]2+) [363]. Additionally, the rate constant for the 

reduction of Fe(III) to Fe(II) by H2O2 is relatively low (kFe3+/H2O2 = 9.1×10-7 M 1 
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s 1), which significantly limits the Fe(III)/Fe(II) redox cycle. In contrast, Cu(II) 

is more readily reduced to Cu(I) by H2O2 (kCu2+/H2O2 = 4.6×102 M 1 s 1) [373]. 

Furthermore, compared to Fe(III), Cu(II) complexes with organic degradation 

intermediates (organic acids) are more easily decomposed by •OH, which 

facilitates the Cu(II)/Cu(I) redox cycle [376]. These properties make copper 

highly promising for application in HEF-like process. 

Table 5. Comparison of several typical metals used in Fenton/Fenton-like process [373]. 

Metal Catalyst pH range Application 
cases* 

Standard redox potential 
(V vs. SHE) 

Cu Cu, Cu+, 
Cu2+ 2-10 11.6% E0(Cu2+/Cu+) = 0.159 

E0(Cu+/Cu0) = 0.520 

Fe Fe0, Fe2+, 
Fe3+ 3-7 54.3% E0 (Fe3+/Fe2+) = 0.770 

E0(Fe2+/Fe0) = -0.447 

Co Co0, Co2+, 
Co3+ 4-7 12.9% E0(Co3+/Co2+) = 1.920 

E0(Co2+/Co0) = -0.277 

Mn Mn2+, 
Mn4+ Natural pH 4.4% E0(Mn3+/Mn2+) = 1.500 

E0(MnO2/Mn2+) = 1.230 
* Statistics of the proportion of typical metals used for H2O2 activation in Fenton’s reaction in published 
literature from 2000 to 2023. 

Moreover, copper-based MOF derivatives also exhibited outstanding 

performance in the EF process. A nitrogen-doped carbon-encapsulated Cu/NC 

catalyst derived from a Cu-MOF showed excellent bisphenol A removal 

efficiency in the HEF process at an initial pH of 4. After ten degradation cycles, 

the catalyst maintained its high reusability, demonstrating good stability and 

practical application potential. The nitrogen-doped carbon layer improved the 

material conductivity by providing enhanced electron transfer pathways and 

introducing additional active sites, contributing to the improved pollutant 

degradation efficiency [363]. 

Introducing a second metal into Cu-MOFs can significantly enhance the 

efficiency of the HEF process. For instance, a simple sulfidation of the Cu-MIL-

88B(Fe) precursor produced a Cu0.5Fe2.5S4 nanocatalyst. This catalyst retained the 

features of the MOF precursor, such as its well-defined morphology and uniform 

distribution of metal active centers, effectively addressing the rate-limiting step 

of Fe(II) regeneration in HEF systems, thus improving H2O2 activation. During 

the reaction, the reduction rate of Fe(III) was even higher than the consumption 

rate of Fe(II), due to S2  in the sulfide and Cu species acting as electron donors 

and shuttles, respectively. Copper significantly accelerated the internal electron 
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transfer between sulfur and iron, increasing the corrosion potential of iron, which 

reduced the dissolution of adjacent iron sites. This ensured the sustained reduction 

capacity of the catalyst, thereby enhancing the overall catalytic efficiency [377]. 

In summary, these findings indicate that copper-based MOFs and their 

derivatives hold great potential for application in HEF-like processes. By 

adjusting metal centers, introducing bimetallic systems, and modifying structures, 

the performance of catalysts can be significantly improved, providing new 

pathways for the efficient degradation of organic pollutants. 

Furthermore, the application of copper-based MOF derivatives in the 2e  

ORR offers new opportunities for the EF process. A carbon-layer-encapsulated 

copper oxide composite catalyst was prepared using a carbon-additive pyrolysis 

strategy with Cu-MOF as the base. The carbon capsule blocked the channels for 

Cu sites to enter the electrolyte while converting metal-centered active sites into 

carbon sites, thereby suppressing the 4e  ORR side reaction caused by exposed 

metal sites. Meanwhile, the internal copper oxide with trace oxygen vacancies 

selectively induced terminal adsorption of *O2 and rapid formation of the key 

intermediate OOH* at the carbon sites. As a result, the composite catalyst 

exhibited high H2O2 selectivity (98%) and maintained long-term durability for 60 

h in an alkaline environment [378]. 

Additionally, an interface synthesis strategy was employed to fabricate a 

series of bimetallic Ni-M (M = Co, Fe, Cu) MOFs. The strong synergistic effects 

between the metal ions effectively regulated the electronic structure, enhancing 

the catalytic activity of Ni active sites. Among them, the Ni-Cu system yielded a 

H2O2 selectivity of 67%, higher than the 54% achieved by Ni-Fe [379]. 

In conclusion, copper-based MOFs and their derivatives show great promise 

in EF process. By adjusting metal centers, introducing bimetallic systems, 

modifying structures, and exploring two-electron ORR, the performance of 

catalysts can be significantly enhanced, offering new strategies for efficient 

pollutant degradation. 

1.5 Electrified membranes 

Separation processes are ubiquitous in municipal and industrial wastewater 

treatment plants, owing to their versatility to remove different types of 



CHAPTER 1 

82 

contaminants, with different sizes, and present within a wide range of 

concentrations. In particular, membrane technology is very flexible, offering 

robust solutions that can be adapted to polluted solutions with different 

complexity. Therefore, it plays a central role in conventional (and, sometimes, in 

modern) water treatment facilities, accounting for over 50% of the global water 

purification processes. Water purification requires the removal of various 

dissolved contaminants, including organic, inorganic, and biological substances, 

as well as suspended solids and microorganisms, to produce clean water that 

meets the quality standards established for each purpose [380]. 

Membrane filtration 

Based on pore size, pressure-driven membrane technologies are classified 

into four distinct processes (Fig. 28): microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), and osmosis (i.e., reverse osmosis (RO), and forward osmosis 

(FO)). These processes aim to enhance the wastewater treatment efficiency, 

contributing to more environmentally sustainable production. Both polymeric and 

ceramic membranes are utilized across various filtration technologies, offering a 

range of pore sizes, from dense to porous membranes. Due to their diverse pore 

structures, these membranes cater to different filtration needs, enabling both fine 

and coarse filtration processes. The pore size range influences the membrane 

ability to separate substances based on molecular size, making membranes an 

effective tool for applications requiring precise filtration control [381]. 

Pressure-driven membrane processes rely on the pressure difference 

between the feed and permeate compartments as the primary force driving the 

solvent, typically water, through the membrane [382]. These pressure-driven 

processes can be categorized based on various factors, including the size, form, 

and charge of the retained substances, as well as the pressure applied to the 

membrane [383]. 
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Figure 28. Schematic diagram of MF, UF, NF, and RO membrane filtration processes [384]. 

MF is unable to remove contaminants smaller than 1 μm; therefore, it is 

ineffective against emerging organic pollutants. UF, NF, FO, and RO, with 

smaller pore sizes than MF, have been used to remove emerging pollutants from 

water. As the pore size decreases, the removal efficiency of these pollutants 

significantly increases [385]. However, membrane fouling due to pore blockage 

and restriction is a major obstacle in filtration processes, often leading to higher 

operational and maintenance costs. For instance, when treating wastewater with 

high organic loads, organic contamination can cause a short-term flux decline of 

nearly 50% [386]. Additionally, biofouling, caused by the growth and 

proliferation of microorganisms, particularly affects the long-term use of 

membranes. Additionally, hybrid systems like PAC-UF show promise in 

overcoming limitations of conventional UF and RO systems by achieving higher 

removal efficiencies for organic micropollutants. However, challenges such as 

increased operational costs and membrane fouling remain key considerations 

[387]. 

Reactive membranes 

The development of reactive membranes represents a significant 

advancement in addressing membrane fouling, with composite ceramic 

membranes being a major innovation. These membranes not only enhance the 

physical filtration of wastewater but also introduce chemical treatments [384]. 

For example, titanium oxide-based composite membranes combined with 

alumina or silica can simultaneously filter and degrade organic compounds, and 

they have been designed with anti-fouling and antibacterial properties [388]. 
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Ceramic membranes embedded with iron oxide nanoparticles can catalyze 

ozonation to degrade organic matter, reducing disinfection by-products. Silver 

nanoparticle-infused ceramic membranes exhibit excellent resistance to 

biofouling, making them suitable for drinking water purification. Ceramic-

zirconium MOF membranes excel in removing fluoride and multivalent ions from 

drinking water, while ceramic-zinc MOF membranes enhance NF efficiency for 

dyes, heavy metal ions, and organic solvents by strengthening the bond between 

the membrane layer and the ceramic substrate. Ceramic-chitosan UF membranes 

effectively remove heavy metals such as mercury and arsenic from water, and 

ceramic-cellulose acetate membranes exhibit oil retention rates as high as 99% in 

the treatment of oil-water emulsions. Additionally, innovative NF membranes, 

such as those integrating NH2-MIL-101(Al) MOF and ZnO nanoparticles, exhibit 

enhanced hydrophilicity and antifouling properties, with high selectivity for 

magnesium (90.1%) and calcium (86.5%) ions, offering a promising approach for 

applications in zero liquid discharge and minimal liquid discharge systems [389]. 

Ceramic membrane electrode 

Recently, the emergence of electrified membranes has provided new 

solutions for membrane fouling prevention and efficient separation[390]. These 

membranes integrate electrochemical processes into membrane systems, 

allowing the membrane to function as an electrode, further degrading pollutants 

via direct or indirect electrochemical reactions occurring during separation. In 

particular, the electrified membranes seem to be highly effective in HEF process, 

where charged membranes generate •OH to remove organic pollutants efficiently. 

Carbon-based materials, such as graphite and carbon nanotubes, are commonly 

used to manufacture these electrified membranes due to their low cost and tunable 

structure. At cathodic potentials ranging from 0.5 to 2 V, electrified membranes 

can produce 10-40 μM of H2O2 in a stable manner, being sufficient to initiate the 

Fenton’s reaction [391]. Additionally, an oxygen-enriched feed stream can 

promote the H2O2 production, which can be controlled by adjusting the 

transmembrane pressure and flow rate [392].  

Fig. 29 illustrates the key developmental milestones and applications of 

conductive ceramic membranes (CMs) in water treatment. The earliest research, 

conducted by Hibino et al. in 1995, investigated BaCe0.8G0.2O3 ceramic 
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membranes for methane catalytic oxidation, though not in wastewater treatment. 

After 2001, conductive CMs were gradually applied to water treatment, including 

seawater desalination and organic pollutant removal. A notable advancement was 

the development of ceramic-based electrosorption membranes for seawater 

desalination. Although these membranes demonstrated excellent wastewater 

purification capabilities, they exacerbated membrane fouling. In 2003, SnO2-Sb-

carbon black CMs were introduced as anodes, significantly enhancing the 

degradation of organic pollutants (with phenol degradation rates of 40-60%) and 

mitigating membrane fouling issues. By 2008, carbon fiber/alumina composite 

membranes showed improved performance in industrial wastewater treatment. In 

2014, research on Ti4O7 reactive membranes revealed the interfacial reaction 

mechanisms under anodic polarization, particularly the role of direct electron 

transfer. In 2019, studies further explored the role of reactive oxygen species 

(ROS) and reactive chlorine species (RCS) in reducing membrane fouling. 

Additionally, electrocatalytic CMs were combined with other treatment 

technologies, such as photocatalysis, EF, and electro-activated PMS to prevent 

membrane fouling. By 2020, the latest Janus conductive CMs, featuring dual 

electrochemical reaction zones, greatly enhanced pollutant degradation efficiency 

and energy efficiency [393]. In 2022, the LEMMA research group in situ grew a 

nucleated MOF on the surface of a CM to obtain an NH2-MIL-88B(Fe)-

functionalized catalytic ceramic membrane (NH2-MIL-88B(Fe)@CM). They 

systematically investigated its ability to remove naproxen from aqueous matrices 

through the so-called EF catalytic ceramic membrane (EFCCM) process, paving 

the way for the coupling of CMs with EAOPs [394]. 
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Figure 29. Development of conductive ceramic membranes and related applications [393]. 

Despite the numerous advancements, the integration of CMs-based 

membrane filtration with EAOPs for efficiently treating emerging pollutants 

remains in its infancy. Exploration of key factors, such as catalyst stability, 

conductivity, electrocatalytic performance, and homogeneity, is still limited, with 

few studies reported even at the laboratory scale. As a result, the efficiency and 

adaptability of this novel hybrid technology for treating different pollutants 

require further investigation, particularly in balancing the conductivity, durability, 

and cost-effectiveness of membrane materials. In complex wastewater 

environments, the kinetics of electrochemical reactions on membrane surfaces 

and the pathways of pollutant degradation need additional experimental and 

theoretical support. Furthermore, issues such as the long-term stability of 

membrane fouling, material costs, removal efficiency of persistent pollutants in 

complex water matrices, and operational energy consumption still demand further 

exploration. In this regard, the final chapter of this Thesis explores a proof of 

concept for an advanced membrane filtration system that aims at integrating new 

HEF catalysts into CM-based filtration. 
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CHAPTER 2. Objectives 

The work conducted in this Thesis aims to achieve four general objectives 

(GO), by studying and optimizing new ORR electrocatalysts for the efficient 

electrogeneration of H2O2, and by developing Cu-MOF-based heterogeneous 

catalysts for fast H2O2 activation to yield •OH. All these catalysts are applied in 

the HEF treatment of organic pollutants, mainly pharmaceuticals, in model and 

actual wastewater matrices at circumneutral pH. Finally, in order to fulfill GO4, 

the work is moved from the stirred-tank electrochemical cell to a continuous-flow 

reactor to assess the performance of electrified CMs as cathodes for simultaneous 

ORR and H2O2 activation by HEF process. To achieve these main goals, some 

specific goals (SG) have been defined as well. Please note that a graphical scheme 

of the present Thesis can been observed in Fig. 1. 

GO1: Develop, characterize, and optimize electrocatalysts to enhance the 

2e  ORR performance of metal-based and metal-free electrocatalysts, 

as well as the in-situ electrogeneration of H2O2 using GDEs across a 

wide pH range, further applying them in the HEF treatment of 

pharmaceuticals operating in batch mode. 

SG1: Carry out the synthesis of a series of electrocatalysts and 

perform their physicochemical characterization using 

surface and bulk analytical techniques. Additionally, 

determine their catalytic activity, electron transfer 

number, and H2O2 selectivity through a rotating ring-

disk electrode (RRDE) technique. 

SG2: Explore the factors influencing the activity and 

selectivity (2e  or 4e  ORR), such as the metal doping, 

the hydrophobic/hydrophilic properties, the textural 

properties, and the presence of surface functionalities. 

SG3: Prepare 3-cm2 GDEs via hot-press method, and examine 

the effect of catalyst loading and catalyst/binder ratio on 

the H2O2 accumulation and production rate. 

SG4: Evaluate the performance of the GDEs in the HEF 
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treatment of DPH and 2,4-DCP solutions at natural pH. 

GO2: Synthesize and characterize Cu-MOF derivatives, and employ them 

in the HEF treatment of pharmaceuticals operating in batch mode, 

aiming to overcome the drawbacks found in homogeneous EF 

process. In addition, assess the ORR performance of these catalysts. 

SG5: Examine the effect of the conditions of hydrothermal 

synthesis and pyrolysis on the catalyst yield and 

physicochemical characteristics. 

SG6: Optimize the operation parameters (applied current 

density, catalyst dosage, anode type) to achieve the 

maximum degradation rate and mineralization 

efficiency for the HEF treatment of DPH solutions at 

their natural pH. 

SG7: Evaluate the treatment efficiency in an actual urban 

wastewater matrix under optimal conditions. 

SG8: Identify the degradation by-products and propose a 

degradation pathway for each organic pollutant. 

SG9: Assess the potential of Cu-based MOF derivatives for 

the 2e  ORR. 

GO3: Prepare FeCu-MOF bimetallic catalysts by introducing iron in the 

previous material (GO2), expecting a superior catalytic performance 

as compared to monometallic counterparts, investigate their 

synergistic effects, and address the limitations of monometallic 

catalysts in HEF process. 

SG10: Synthesize FeCu-MOF bimetallic catalysts to enhance 

the Fe(II) regeneration and accelerate the degradation 

rate of LSN, and carry out their physicochemical 

characterization. 

SG11: Minimize the metal leaching and improve the stability 

of the catalysts. 

SG12: Elucidate the advantages of bimetallic catalysts using 

electrochemical methods to characterize their behavior. 
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GO4: Leverage the advantages of bimetallic Fenton catalysts to synthesize 

bimetallic SACs, with a bifunctional role as electrocatalysts and 

heterogeneous catalysts, supporting them on CMs for their 

application as cathodes in the HEF process in a continuous-flow 

reactor, thereby validating their performance in the in-situ 

degradation of wastewater containing pharmaceuticals, serving as a 

proof of concept for future scale-up of the EF technology. 

SG13: Synthesize bimetallic SACs and assess their 

physicochemical and electrochemical properties. 

SG14: Design and fabricate a continuous-flow electrochemical 

reactor. 

SG15: Fabricate SAC-modified CMs and investigate how the 

relevant parameters affect the degradation efficiency for 

the HEF treatment of AMX solutions. 

SG16: Achieve an efficient degradation of pharmaceuticals 

spiked into actual wastewater without requiring external 

aeration, combining the filtration/degradation 

properties of the catalyzed CM with its role as 

micropore diffuser to promote size reduction of oxygen 

bubbles. 
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CHAPTER 3. Materials, Methods, and Theory 

3.1 Chemicals 

The properties, environmental concerns, and degradation results reported in 

the literature for the model micropollutants investigated in this Thesis have been 

discussed in detail in subsection 1.1.5 (see also Table 2). All of them were of 

analytical grade provided by Sigma-Aldrich. The rest of chemicals and reagents 

were as follows: 

Electrolytes. Anhydrous Na2SO4 was supplied by Merck. 

pH adjustment. Concentrated H2SO4 solution and NaOH pellets were 

supplied by Merck. 

H2O2 quantification. Ti(IV) oxysulfate was provided by Panreac. 

Active chlorine analysis. N,N-Diethyl-p-phenylenediamine sulfate salt 

(DPD) was acquired from Fluka Analytical, EDTA dehydrate (99%–101% assay, 

ACS reagent grade) from Sigma-Aldrich, as well as pure potassium dihydrogen 

phosphate (KH2PO4, USP, Ph. Eur.) and disodium hydrogen phosphate anhydrous 

(Na2HPO4, reag. USP, Ph. Eur., analytical grade) were from PanReac AppliChem. 

Dissolved iron analysis. 1,10-Phenanthroline monohydrate, (≥99%) was 

purchased from Alfa Aesar, whereas glacial acetic acid (reag. USP, Ph. Eur., 

analytical grade) and ammonium acetate (reag. USP, Ph. Eur., analytical grade) 

were from PanReac AppliChem, and anhydrous L-ascorbic acid (ACS reagent, 

≥99%) was from Merck. 

Mobile phase preparation. Formic acid (Optima LC/MS) was purchased 

from Fisher Chemical and acetonitrile (reag. Ph. Eur. for UHPLC Supergradient, 

ACS) was from PanReac AppliChem. 

Homogeneous catalysts (commercial source). FeSO4•7H2O was from J.T. 

Baker. 

Commercial carbon black. Vulcan XC72 (reagent grade) was acquired 

from Fuel Cell Store. 

Metal source reagents for catalyst synthesis. Ferric nitrate nonahydrate 

(Fe(NO3)3•9H2O, 100%) was from PROBUS S.A., whereas copper(II) nitrate 

trihydrate (Cu(NO3)2•3H2O, 99%–104%), zinc nitrate hexahydrate 
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(Zn(NO3)2•6H2O, reagent grade, 98%) and SnCl2•2H2O (98%) were purchased 

from Sigma-Aldrich. 

Organic reagents for catalyst synthesis. 2-Aminoterephthalic acid (NH2-

BDC), trimesic acid (C6H3(COOH)3, 95%), melamine (99%), and 2-

methylimidazole (99%) were purchased from Sigma-Aldrich. For 1,10-

phenanthroline, see above. N,N-dimethylformamide (DMF, 99.9%) was from 

Sigma-Aldrich, and methanol (CH3OH, ≥99.9%) from Scharlau. 

Ink preparation. Inks were prepared using PTFE (Aldrich, 60 wt.% 

dispersion in water) or Nafion (Sigma-Aldrich, 5 wt.% in a mixture of lower 

aliphatic alcohols and water, 45% water content) as binder, and 2-propanol dry 

(PanReac AppliChem, max. 0.01% water) as vehicle. 

Cleaning of glassy carbon electrode. Diamond paste (¼ μm) and self-

adhesive polishing cloths (satin woven natural silk) were purchased from Struers. 

CM. The circular CM was purchased from Morui Xincailiao Shop (Online, 

China) with a diameter of 46 mm, a thickness of 3 mm, and a pore size of 220 nm. 

Other reagents. CTAB, ≥99.0% (for ion pair chromatography) from Merck, 

and polymethylhydrosiloxane (PDMS-H or PMHS) were acquired from Macklin 

Technology Co., Ltd. 

All synthetic aqueous solutions were prepared with Milli-Q water obtained 

from a Merck Life Science Synergy UV device (resistivity > 18.2 MΩ cm). 

3.2 Water matrices 

The electrolytic trials were carried out using two types of aqueous matrices: 

urban wastewater and synthetic water. Pharmaceuticals (10 mg C L 1 in most 

cases) were spiked into water matrices as model organic compounds. 

Actual wastewater 

Actual wastewater effluents were periodically collected from the secondary 

decanter of an urban wastewater treatment plant located near Barcelona. 

Immediately after collection, the water was filtered and then preserved in a 

refrigerator at 4 °C to maintain its characteristics. Each target pollutant of interest 

was spiked into this wastewater at a given concentration to evaluate the 

performance of the degradation process. The specific parameters of the raw 

wastewater are summarized in Table 6 and Table 7. 
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Table 6. Characterization of the urban wastewater (collected in June 2024). 
Parameter Unit Value 
Total carbon (TC) a mg C L 1 75.4  
Non-purgeable organic carbon (NPOC) a mg C L 1 11.2  
Total nitrogen (TN) a mg N L 1 17.1 
Specific conductivity b mS 1.7  
pH  7.7 
Concentration of cations c mg L 1 207.8 (Na+) 

30.7 (K+) 
95.1 (Ca2+) 
26.6 (Mg2+) 
0.2 (Fe (total)) 
16.3 (NH4+) 

Concentration of anions mg L 1 128.7 (SO42 ) 
401.8 (Cl ) 
7.2 (NO3 ) 

5.9 (NO2 ) 
a Measured using a Shimadzu TOC-VCNS analyzer; b measured with a Crison Basic 30 
conductometer; c measured by ICP-OES using a Perkin Elmer Optima 8300 analyzer, except 
NH4+, which was measured by UV/Vis spectrophotometry following the indophenol blue 
method; d measured by ion chromatography using a Shimadzu 10Avp liquid chromatograph. 
 
Table 7. Characterization of the urban wastewater (collected in June 2021). 

Parameter Unit Value 
Total carbon (TC) mg C L 1 48.3 
Total organic carbon (TOC) as non-purgeable 
organic carbon (NPOC) 

mg C L 1 9.494 (20.6) a 

Total nitrogen (TN) mg N L 1 30.09 
Conductance, G mS 1.25 
pH   8.04 
Concentration of cations mg L 1 245.3 (Na+) 

41.8 (K+) 
114.3 (Ca2+) 
31.6 (Mg2+) 
0.2 (Fe) 

Concentration of anions mg L 1 146.3 (SO42 ) 
361.1 (Cl ) 
< 1 (NO3 ) 

a After DPH addition, the TOC0 value of the wastewater is 20.6 mg C L 1. 

Synthetic solutions 

The electrolyte solutions were prepared in Milli-Q water with the addition 

of Na2SO4 to provide enough conductivity. 

3.3 Cathode materials and heterogeneous catalysts 

The catalysts used in HEF process include three kinds of cathode 

electrocatalysts (Sn-doped carbon, N-doped carbon and PMHS-modified carbon) 

and two kinds of heterogeneous catalysts (Cu/NC, and FeCu/NC). Note that 

Cu/NC was also evaluated as electrocatalyst for 2e  ORR in paper 4. 
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3.3.1 Synthesis of catalysts and preparation of GDEs 

Synthesis of Sn-doped carbon and manufacture of GDEs 

The synthetic route followed to obtain the Sn-doped electrocatalysts is 

illustrated in Fig. 30. Briefly, 2.0 g of SnCl2·2H2O and 2.24 g of 1,10-

phenanthroline monohydrate was weighed and dissolved in ethanol. The latter 

solution was added dropwise over the former, while keeping it under stirring. A 

yellow precipitate was quickly formed, being recovered by filtration and placed 

in an oven at 80 ºC overnight; it is denoted as Sn(phen)Cl2. Then, 1.0 g of 

Sn(phen)Cl2 was mixed well with 1.39 g of XC72, followed by pyrolysis at 900 

ºC under N2 atmosphere for 2 h. The resulting black powder, SnC1(raw), is named 

as SnC1. This powder was dispersed in 1 M H2SO4, followed by stirring in an oil 

bath at 100 ºC for 3 h. The powder was recovered by filtration and dried at 80 ºC, 

giving rise to SnC2(pickled), so-called SnC2. The resulting powder was 

pyrolyzed at 900 ºC under N2 atmosphere for 2 h to finally obtain 

SnC3(repyrolyzed), named as SnC3. 

 
Figure 30. Scheme of the synthesis procedure to obtain three different Sn-doped carbons: SnC1, resulting 
from a first pyrolysis step; SnC2, obtained upon pickling of SnC1; and SnC3, produced through a second 
pyrolysis step applied to SnC2 [395]. 

As shown in Fig. 31, GDEs made with Sn-doped carbon materials were 

prepared from each type of synthesized powder using the hot-press method. A 

suitable quantity of binder (PTFE or Nafion) was mixed with 1 mL of Milli-Q 

water and sonicated. Subsequently, a specific amount of catalyst was added and 

sonicated for 30 min. To this mixture, 4 mL of 2-propanol was added, keeping the 

mixture under sonication for 10 min to produce the final ink. On the other hand, 

a squared carbon cloth (BIASWP, carbon cloth designation A, standard wet 

proofing) with an approximate area of 9 cm² was prepared as the gas-diffusion 
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layer. It was ultrasonicated using ethanol for 30 min and thoroughly dried at 80 

ºC. The previous ink was drop-cast onto one side of the carbon cloth using a 

micropipette, with approximately 0.4 mL of ink transferred each time. After 

preparing each layer, the carbon cloth was placed on a heated platform at 80 ºC 

to ensure complete drying. Once all the ink was cast, the catalyzed carbon cloth 

was dried, wrapped in multiple layers of aluminum foil, and placed in a press set 

to a pressure of 6 ton at 210 ºC for 2 h. The final GDE was obtained after cooling 

down to ambient temperature, and then cut into circles (area of 3 cm2) for 

electrolytic trials. 

 
Figure 31. Scheme of the procedure for GDE fabrication using the Sn-doped electrocatalysts, with the 
final hot-press step (US means ultrasound) [395]. 

Synthesis of N-doped carbon and manufacture of GDEs 

N-doped carbons derived from melamine were synthesized using a direct 

pyrolysis method (as shown in Fig. 32). Briefly, a certain amount of melamine 

and 0.5 g of Vulcan XC72 carbon were weighed and then mixed uniformly by 

grinding on an agate mortar. Each resulting mixture was treated thermally at 

600 °C for 2 h under N2 atmosphere, finally obtaining the electrocatalyst to be 

studied. The masses of melamine employed were 0.5 (50 wt.%), 1.25 (71.4 wt.%), 

and 2.5 g (83.3 wt.%), giving rise to samples labeled as M1, M2.5, and M5, 

respectively. Pure g-C3N4 was derived upon pyrolysis of melamine alone (100 

wt.%). 

 
Figure 32. Scheme of the synthesis procedure to obtain four electrocatalysts with different 
melamine/XC72 mass ratios: 1:1 (M1), 2.5:1 (M2.5), 5:1 (M5), and 100% melamine (g-C3N4) [396]. 
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Several GDEs based on melamine-derived N-doped carbons were 

manufactured via hot-press method, employing different loadings of the optimal 

electrocatalyst (as shown in Fig. 33). PTFE, which served as the binder, was 

mixed with 1 mL of Milli-Q water and sonicated. Subsequently, a specific amount 

of electrocatalyst was added and dispersed ultrasonically for 30 min. Next, 4 mL 

of 2-propanol was added to this dispersion, keeping it under sonication for 10 min 

to produce the final ink. On the other hand, a squared waterproof carbon cloth 

coupon from Fuel Cell Store (area of 9 cm2) was prepared as the gas-diffusion 

layer. The piece was ultrasonicated using ethanol for 30 min, and thoroughly dried 

at 80 °C. The abovementioned ink was loaded dropwise onto the side of the 

carbon cloth using a micropipette, approximately transferring 0.4 mL of ink each 

time. The carbon cloth was placed on a heated platform at 80 ºC to ensure 

complete drying after preparing each layer, until finishing the total ink volume. 

Subsequently, the catalyzed carbon cloth was dried, then wrapped in multiple 

layers of aluminum foil, and finally placed for 2 h inside a press set to a pressure 

of 6 ton and 210 ºC. The final GDEs were obtained after cooling down to ambient 

temperature, followed by cutting them into circles (area of 3 cm2) to carry out the 

electrolytic trials. 

 
Figure 33. Scheme of the procedure for GDE fabrication using the melamine-derived N-doped carbons, 
with the final hot-press step (US means ultrasound) [396]. 

Manufacture of GDEs based on PMHS-modified carbon  

These gas-diffusion electrodes consisted of a mixture of CB and PTFE, with 

or without PMHS addition, acting as both CL and GDL that served to coat a 

carbon cloth substrate (Fig. 34). To prepare the GDE, commercial cloth with a 
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geometric area of 9 cm2 was ultrasonically cleaned in deionized water and ethanol, 

each for 30 min, and then dried at 80 °C for 12 h. Then, 200 mg carbon black, 

0.685 mL PTFE (60 wt.% emulsion) and a certain amount of PMHS were 

uniformly dispersed in 10 mL ethanol using an ultrasonic bath for 30 min, 

followed by heating at 80 °C until the mixture turned into a paste. The ointment 

was coated onto the pretreated carbon cloth substrate, followed by pressing at 5 

MPa. The resulting electrode was dried and calcined at 350 °C for 120 min to 

obtain the PTFE/PMHS-GDE. For comparison, the same manufacturing 

procedure was carried out in the absence of PMHS, giving rise to the conventional 

PTFE-GDE. 

 
Figure 34. Scheme of the procedure for GDE fabrication of PTFE/PMHS-GDEs [397]. 

Cu/NC catalyst 

The synthesis sequence for obtaining the Cu/C catalysts is schematized in 

Fig. 35. Briefly, to prepare the Cu-MOF, 0.09 M (1.81 g) Cu(NO3)2•3H2O and 

0.04 M (0.88 g) C6H3(COOH)3 solutions were separately prepared in 50 mL 

methanol, then sonicated for 10 min to ensure homogeneity, and further stirred 

using a magnet at very slow rate for uniform mixing. The aging was then carried 

out under three different conditions: in a beaker at room temperature for 2 h, in 

an autoclave at 120 °C for 2 h, and in an autoclave at 120 °C for 12 h. After 

cooling down to room temperature, the product was separated by centrifugation 

and washed with ethanol three times. Finally, the Cu-MOFs were dried in a 

vacuum oven (Vaciotem-T from Selecta) at 50 °C for 5 h. These samples were 

labeled as Cu-MOF-x, where x accounts for the above synthesis conditions. For 

example, Cu-MOF-A2 refers to the synthesis in an autoclave for 2 h. 

Each MOF was pyrolyzed at 600 °C for 2 h under Ar or Ar/H2 atmosphere 

at heating rate of 10 °C min-1. It is worth noting that the powder obtained by 

pyrolysis in Ar atmosphere was dark brown/red, whereas that prepared in Ar/H2 

was almost black. The powder sample was washed several times with ethanol and 

milli-Q water, then dried and stored in the vacuum oven at 50 °C. They are 



CHAPTER 3 
 

102 

denoted as Cu/C-a&b where a and b represent the MOF synthesis conditions and 

the pyrolysis atmosphere, respectively. For example, Cu/C-A2&Ar/H2 represents 

synthesis in an autoclave for 2 h and pyrolysis in Ar/H2 atmosphere. 

 
Figure 35. Scheme of the Cu/C catalysts synthesis [398]. 

FeCu/NC catalyst 

The synthesis was based on a previous procedure followed by LEMMA 

group, and it is schematized in Fig. 36. To synthesize the FeCu-MOF, 5 mmol 

(2.020 g) Fe(NO3)3•9H2O and 5 mmol (1.208 g) Cu(NO3)2•3H2O was dissolved 

in 35 mL DMF, respectively. Also, 10 mmol (1.791 g) NH2-BDC was dissolved 

in 25 mL DMF. Both solutions were sonicated for 10 min to ensure homogeneity, 

whereupon they were mixed evenly and transferred to an autoclave, kept at 110 °C 

for half a day. The resulting dark red powder, corresponding to FeCu-MOF, was 

collected by centrifugation and repeatedly washed with ethanol. Then, the FeCu-

MOF was vacuum-dried at 50 ºC overnight. The powder was then pyrolyzed at 

800 ºC for three hours under N2 atmosphere (heating rate of 5 ºC min 1). The 

carbonization product was treated by reflux using a 0.2 M HCl solution for 2 h at 

50 ºC. This was followed by rinsing with deionized water and overnight drying, 

yielding FeCu/NC catalyst. Fe/NC and Cu/NC were obtained similarly, using 

only one nitrate salt in the first step. 

 
Figure 36. Scheme of the FeCu/NC catalyst synthesis. In the case of Fe/NC and Cu/NC catalysts, only 
one of the two initial nitrates was employed [399]. 
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FeCu-SAC catalyst and manufacture electrified membranes 

The synthesis procedure to obtain FeCu-SAC is illustrated in Fig. 37. Briefly, 

1.00 g of CTAB, 4.76 g of Zn(NO3)3•6H2O, 0.40 g of Fe(NO3)3•9H2O, and 0.23 

g of Cu(NO3)2•3H2O was dissolved in 100 mL of methanol to form a clear 

solution. Subsequently, 100 mL of methanol containing 7.26 g of 2-

methylimidazole was slowly added to the above mixture. The mixed solution was 

stirred at room temperature for 24 h. The resulting precipitate was then collected 

by centrifugation at 10,000 rpm for 10 min, washed several times with ethanol, 

and dried under vacuum at 50 °C for 12 h. The dried powder was then transferred 

to a tube furnace and heated at 900 °C for 3 h under N2 atmosphere. The final 

catalyst is denoted as FeCu-SAC. 

 
Figure 37. Scheme of the FeCu-SAC catalyst synthesis. 

To prepare the electrified CM, the process begins with a cleaning step, 

placing the CM in ethanol for 10 min of ultrasonic cleaning, followed by 20 min 

of ultrasonic cleaning in Milli-Q water. Once cleaned, the CM is dried on a 

heating platform at 80 °C for 30 min. Meanwhile, the FeCu-SAC ink is prepared 

by weighing a specific amount of the catalyst into a 50 mL centrifuge tube, adding 

Milli-Q water, 2-propanol, and Nafion, and then sonicating the mixture for 30 

min to ensure proper dispersion. Once the ink is ready, the heating platform is set 

to 80 °C, and the CM is placed on a piece of 5×5 cm aluminum foil on the platform. 

Using a 1-mL pipette, 800 μL of ink is drop cast onto the CM at a time, ensuring 

even coverage over the surface, and the ink is dried on the hot plate. This step is 

repeated until all the ink has been used up, with only one side of the CM coated 

with the catalyst. Finally, the catalyst-loaded CM is fully dried at 80 °C, 

completing the preparation of the electrified membrane. The raw and catalyst-

loaded CMs are shown in Fig. 38. 
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Figure 38. A raw CM and catalyst-loaded CM. 

3.3.2 Characterization 

The main catalyst characterization techniques involved in this Thesis are 

listed in Table 8. Most of these analyses have been carried out at the Centres 

Científics i Tecnològics de la UB (CCiT-UB). The measurements were done by 

specialized technicians in charge of each apparatus, whereas data processing was 

totally done by the PhD candidate (except in the case of synchrotron 

measurements). The interpretation of all results was elaborated by the candidate, 

the supervisor and different co-authors listed in the publications. 

Table 8. Characterization techniques used in this Thesis. 

Technique Sn-doped 
catalyst 

N-doped 
catalyst 

PMHS-
modified 
catalyst 

Cu/NC 
catalyst 

FeCu/NC 
catalyst 

Elemental analysis (EA)  √    

X-ray powder diffraction (XRD) √ √  √ √ 

X-ray photoelectron spectroscopy 
(XPS) √ √ √ √ √ 

Raman spectroscopy √ √    

N2 physisorption √ √   √ 

Dynamic light scattering (DLS)    √  

Fourier transform infrared 
spectroscopy (FT-IR) √ √    

Scanning electron microscopy 
(SEM)   √   

Transmission electron 
microscopy (TEM) √ √  √ √ 

X-ray absorption spectroscopy 
(XAS) √     

Inductively coupled plasma with 
optical emission spectroscopy 
(ICP-OES) 

   √  

Elemental Analysis 

EA was performed using a Flash 2000 analyzer (Thermo Scientific) to 

determine the bulk content of hydrogen, carbon, nitrogen, and sulfur in some 
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samples. The instrument was calibrated with 2,5-bis(5-tert-butyl-benzoxazol-

2yl)thiophene as the standard. The sample, weighed into a tin cell with V2O5 as 

the combustion catalyst, was fully combusted. The analyzer, equipped with a 

CuO/Cu column heated to promote the reaction, converts H, C, N, and S into H2O, 

CO2, NOx, and SOx. Helium, used as the carrier gas, transports these products 

through the copper section, where they are exit as H2O, CO2, N2, and SO2. The 

gases then pass through a molecular exclusion chromatographic column linked to 

a thermal conductivity detector (TCD). The peak responses are compared to the 

standard, and the quantities of H, C, N, and S are determined based on the peak 

area ratios. 

XRD analysis 

X-ray diffraction (XRD) is a widely used technique to study the crystallinity 

of structures. When radiation hits a crystal, it causes electrons to vibrate, 

producing scattered radiation. Constructive interference occurs in specific 

directions, depending on the atomic arrangement of the crystal. The kinematic 

theory, applied to powders, focuses on elastically scattered radiation, where 

waves are in phase if their optical path difference is a multiple of the wavelength. 

By adjusting the angle and rotating the sample, the diffraction pattern provides 

information on the symmetry and physical properties of the crystal, such as its 

crystallite size. 

XRD analysis for Sn-doped and N-doped electrocatalysts was performed 

using a Bruker AXS D8 ADVANCE Plus diffractometer, utilizing a Cu source 

(λKα1 = 1.5406 Å) on a Si zero-background sample holder. For heterogeneous 

catalysts Cu/NC and FeCu/NC, XRD analysis was carried out using a 

PANalytical X'Pert PRO MPD Alpha-1 powder diffractometer in Bragg-Brentano 

θ/2θ geometry with the same Cu source. All data obtained were analyzed using 

HighScore Plus software (v. 3.0.5), and the reference codes of the identified 

structures were also derived from it. 

XPS analysis 

X-ray photoelectron spectroscopy (XPS) is a powerful surface 

characterization technique based on the photoelectric effect, allowing analysis of 

the outermost atomic layers of a material. Upon irradiation of a material with X-
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rays, the photons interact with the atoms, causing the ejection of core electrons. 

The kinetic energy of these emitted electrons is then measured, and from this, the 

binding energy of the electrons can be determined, which is specific to the 

elements present and their chemical states. XPS operates in ultra-high vacuum 

(UHV) conditions and typically probes depths of just a few nanometers. The X-

ray source, usually aluminum (Al Kα) or magnesium (Mg Kα), emits photons that 

bombard the sample, and the emitted electrons are then analyzed using an electron 

spectrometer. The resulting XPS spectrum consists of sharp peaks corresponding 

to photoelectrons that have not lost energy (elastic scattering), along with a 

background related to inelastic scattering. The position and intensity of the peaks 

inform about the elemental composition, chemical bonding, and oxidation states 

of the surface atoms. This technique is particularly useful for interpreting the 

evolution of surfaces, functional groups, and elemental distributions. 

In this study, XPS analysis of Sn-doped and N-doped electrocatalysts was 

carried out using a SPECS system equipped with a high-intensity twin anode X-

ray source (XR50) and a Phoibos 150 MCD-9 XP detector (2400 V). The Large 

Area analyzer lens operated at 1.5 kV in Fixed Analyzer Transmission mode with 

an excitation energy of 1486.61 eV. For the heterogeneous catalysts, Cu/NC and 

FeCu/NC, a PHI 5500 Multitechnique System from Physical Electronics was 

used, featuring an Al Kα monochromatized X-ray source at 486.6 eV and 350 W, 

positioned perpendicular to the analyzer axis. The system was calibrated using 

the Ag 3d5/2 line (full width at half maximum, FWHM 0.8 eV), and the analyzed 

area was a 0.8 mm diameter circle. General spectra were recorded with a pass 

energy of 187.85 eV and a step size of 0.8 eV, while high-resolution spectra used 

23.5 eV pass energy and 0.1 eV step size. All measurements were performed 

under ultra-high vacuum (5×10 9 to 2×10 8 Torr), and data were analyzed with 

Avantage software, using the C 1s peak at 284.8 eV as the internal reference. 

Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopy technique that exploits the 

inelastic scattering of photons, known as Raman scattering. When 

monochromatic light, typically from a laser, interacts with a material, most 

scattered light retains the same frequency (Rayleigh scattering), but a small 

fraction undergoes inelastic scattering, resulting in two components: Stokes 



MATERIALS, METHODS, AND THEORY 
 

107 

(lower frequency) and anti-Stokes (higher frequency) shifts. These shifts provide 

insights into the vibrational modes of the material. In Raman spectroscopy, the 

resulting spectrum is typically plotted as a function of Raman shift, which allows 

comparison across different laser excitations. For carbonaceous materials, Raman 

spectra provide information about graphitization and crystallinity, with key peaks 

including the G band (~1580-1600 cm 1) from the in-plane stretching of sp² 

carbons, and the D band (~1350 cm 1) associated with defects in the structure. 

The ratio of the D and G band intensities (ID/IG), along with the FWHM of the G 

band, allows the evaluation of the degree of graphitization. Additionally, the 2D 

band (~2700 cm 1) and other higher-order peaks offer further insights into the 

structure and defects.  

This technique is widely used to assess the structural characteristics of 

carbon-based materials and the degree of disorder in their graphitic domains. In 

this Thesis, Raman characterization of samples (Table 8) was carried out 

employing a LabRAM HR Horiba Jobin Yvon 330-1993 cm 1, equipped with a 

532 nm laser for photoexcitation. Curve fitting of Raman spectra was made using 

pseudo-Voigt function. 

N2 physisorption analysis 

N2 physisorption technique is based on the measurement of the surface area 

and pore size distribution of a material through adsorption and desorption of 

nitrogen gas at 77 K. This evaluation is essential for analyzing porous materials, 

which require high surface areas for effective catalytic activity and diffusion of 

reactants. Adsorption occurs when gas molecules adhere to the surface, while 

desorption is the reverse process. Two adsorption types exist: physisorption, 

involving weak intermolecular forces, and chemisorption, where chemical bonds 

form. 

In N2 physisorption, the analysis focuses on understanding the external and 

internal surfaces of materials, particularly for porous adsorbents. The external 

surface refers to the area outside the pores, while the internal surface includes the 

inner surface of the pore walls. Pores are categorized into three types based on 

size: micropores (less than 2 nm), mesopores (2-50 nm), and macropores (greater 

than 50 nm). The process involves measuring the quantity of gas adsorbed at 

different relative pressures and plotting isotherms, which can provide insights into 
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the pore structure and adsorption properties. 

The Brunauer-Emmett-Teller (BET) method is commonly used to calculate 

the specific surface area of materials by applying a linear form of the BET 

equation. This method assumes multilayer adsorption and allows determining 

parameters such as the monolayer capacity. For materials with micropores, more 

advanced methods like DFT are often coupled with BET to improve the accuracy. 

Hysteresis in the adsorption-desorption isotherms indicates the presence of 

pores with complex structures or metastable adsorption states. This behavior is 

particularly significant in mesoporous materials and provides valuable insights 

into pore connectivity and adsorption dynamics. 

Adsorption/desorption isotherms: 

As expected, the adsorption and desorption curves often do not overlap, 

which demonstrates distinct patterns based on the properties of the material and 

are classified by IUPAC into various types (as shown in Fig. 39).  

 
Figure 39. Physisorption isotherm as classified by IUPAC [400]. 

Type I isotherms are characteristic of microporous solids with limited 

external surface areas, such as activated carbons, zeolites, and certain porous 

oxides. These isotherms exhibit a concave shape relative to the p/p0 axis and 

approach a saturation limit. Subtypes include Type I(a), associated with materials 

dominated by narrow micropores (<1 nm), and Type I(b), related to materials with 

a broader pore size distribution, including wider micropores and small mesopores 

(<2.5 nm). 

Type II isotherms are related to physisorption of gases on non-porous or 

macroporous adsorbents; they exhibit a distinct shoulder at Point B, accounting 

for the transition from monolayer to multilayer adsorption. 

Type III isotherms lack a distinct Point B, which can be related to weak 
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adsorbent-adsorbate interactions, where molecules cluster around favorable 

surface sites of non-porous or macroporous materials. 

Type IV isotherms describe mesoporous adsorbents, combining monolayer-

multilayer adsorption and capillary condensation. Subtype IV(a) features 

hysteresis due to larger mesopores (>4 nm), whereas Type IV(b) shows 

reversibility in smaller mesopores. 

Type V isotherms are similar to Type III at low p/p0 but involve pore filling 

at higher pressures, as has been observed in hydrophobic micro- and mesoporous 

materials with water adsorption. 

Type VI isotherms account for stepwise adsorption on uniform non-porous 

surfaces, with each step reflecting the capacity of a single adsorbed layer, such as 

highly graphitized CB. 

Hysteresis Loops: 

Hysteresis in adsorption/desorption isotherms is often due to pore structure 

or metastable adsorption effects. The main types are (see Fig. 40): 

 
Figure 40. Possible hysteresis cycle in the physisorption isotherm as classified by IUPAC [400]. 

H1 loops: Typical of materials with uniform mesopores (e.g., MCM-41, 

SBA-15, mesoporous carbons). 

H2 loops: Associated to complex pore structures, with H2(a) seen in silica 

gels and some porous glasses, and H2(b) in mesocellular silica foams, both linked 
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to pore blocking or percolation. 

H3 loops: Typically found in non-rigid aggregates of lamellar particles (e.g., 

clays) or incomplete macropore filling. 

H4 loops: A hybrid of Type I and II, often seen in zeolite aggregates or 

mesoporous carbons. 

H5 loops: Rare, they are linked to structures with open and partially blocked 

mesopores (e.g., capped hexagonal silica). 

In this study, N2 adsorption and desorption isotherms were measured using 

a Micromeritics TriStar 3000 analyzer. The specific surface areas of the samples 

(Table 8) were calculated using the BET method. Prior to the measurements, the 

samples were degassed under vacuum for 4 h at 40 oC. The total pore volume was 

determined based on the amount of N2 adsorbed at a relative pressure (p/p0) of 

0.97. 

DLS analysis 

Dynamic light scattering (DLS) is a technique used to measure the size 

distribution of particles in suspension by analyzing their Brownian motion. When 

a laser is directed at the sample, the particles scatter light, and the fluctuations in 

scattered light intensity, caused by particle motion, are measured over time. The 

diffusion coefficient obtained from these fluctuations is used to calculate the 

hydrodynamic diameter of the particles via the Stokes-Einstein equation. DLS is 

commonly used to analyze nanoparticles, proteins, and other macromolecules in 

solution, with typical particle sizes ranging from nanometers to micrometers. 

The DLS analysis of some samples (Table 8) was done using an LS 13 320 

laser diffraction particle size analyzer from Beckman Coulter. The dispersion 

medium was acetone and the samples were sonicated at 30 kHz and 200 W for 5 

min before analysis. 

FT-IR spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) is a technique used to 

obtain the infrared spectrum of absorption or emission of a solid, liquid, or gas. 

It works by passing infrared radiation through a sample, where different 

molecular bonds absorb specific frequencies of the infrared light, causing them 

to vibrate. These vibrations can be related to different functional groups in the 
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molecule, providing a molecular fingerprint. FT-IR uses an interferometer to 

collect all wavelengths of light simultaneously, and a mathematical process called 

Fourier transform converts the raw data into a spectrum. This technique is widely 

used to identify chemical bonds and functional groups, making it essential for 

material analysis, chemical identification, and studying molecular structures. 

The FT-IR analysis was performed using a Thermo Scientific Nicolet 6700 

equipped with a Smart Orbit Diamond. OMNIC software was run in the 

wavenumber range from 4000 to 500 cm 1. 

SEM 

Scanning electron microscopy (SEM) utilizes a focused high-energy 

electron beam to analyze the morphology of the sample, as well as its chemical 

composition via X-rays needed to carry out the simultaneous EDS analysis. SEM 

operates by directing an electron beam onto the sample, causing the emission of 

secondary electrons, which are captured by a detector and used to create an image. 

These secondary electrons provide detailed information about the sample surface 

morphology and topography, while backscattered electrons are useful for 

highlighting compositional contrasts in multiphase materials. The electron beam 

typically has an energy in the range of 100 eV to 30 keV, being generated by a 

heated tungsten filament. 

The analysis was conducted on a ZEISS Gemini 300 SEM microscope 

coupled to a Smartedx detector operated in backscattering electron mode at an 

acceleration voltage of 15 kV. 

TEM-EDS 

Transmission electron microscopy - energy dispersive spectroscopy (TEM-

EDS) is used to obtain high-resolution, high-magnification images, providing 

detailed information about the micro/nanostructure of samples. It works by 

irradiating the sample with an electron beam in a high vacuum environment. The 

electron beam is generated through the thermionic emission of a heated tungsten 

filament and is then manipulated using electromagnetic lenses to focus on the 

sample. The resulting image, displayed on a fluorescent screen, is formed based 

on electron scattering by the sample, producing areas of varying contrast. 

Typically, metal nanoparticles appear as dark spots on a lighter background of 
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carbon particles. In addition to imaging, TEM can be coupled with EDS to 

analyze the elemental composition of the sample, providing information about the 

distribution and quantity of elements present.  

In the context of this Thesis, TEM-EDS was employed to evaluate the 

sample morphology and composition (Table 8). For this purpose, a JEM-2100 

(LaB6) microscope from JEOL was operated at 200 kV in STEM mode with a 

dark-field detector, being coupled to an Oxford INCA EDS detector. The TEM 

images were analyzed by means of the Digital Micrograph software, while 

elemental mapping was feasible thanks to the INCA Microanalysis Suite software 

(v. 4.09). 

XAS analysis 

X-ray absorption spectroscopy (XAS) is a powerful technique for studying 

the local atomic and electronic structure of materials. It uses synchrotron-

generated X-rays to probe core-level transitions, with XANES providing 

information on the geometry and oxidation state, and EXAFS offering insights 

into coordination numbers, bond lengths, and disorder through single scattering 

events. By analyzing the absorption spectra, researchers can determine the 

structure around specific atoms in a material. XAS is commonly used in 

fluorescence mode to achieve high sensitivity, and advanced software like 

GNXAS is used to interpret the complex data by modeling coordination 

environments. 

In this Thesis, Sn K-edge XAS spectra were measured at the SAMBA 

beamline of the SOLEIL synchrotron (Saint-Aubin, France) at room temperature 

in the fluorescence mode using a Ge 33-pixel detector. The beamline was 

equipped with a sagittal focusing Si 220 monochromator and two Pd-coated 

mirrors that were used to remove X-ray harmonics. 

ICP-OES analysis 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an 

analytical technique used to detect and quantify the elemental composition of a 

sample, including the metal content. The method operates by generating a high-

temperature plasma, typically around 10,000 K, using an inductively coupled 

radio frequency (RF) field. A sample, usually in liquid form, is introduced into 
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the plasma where the high energy environment causes the atoms and ions to 

become excited. As these excited species return to their ground state, they emit 

light at characteristic wavelengths for each element. The emitted light is passed 

through a spectrometer, where the intensity of the light at specific wavelengths is 

measured and correlated to the concentration of elements in the sample. ICP-OES 

is highly sensitive and capable of detecting multiple elements simultaneously. 

The ICP-OES analysis was carried out using an Optima 3200 L spectrometer 

from PerkinElmer. 

3.4 Experimental setup for electrolytic assays 

Most of the experiments were conducted in an undivided, open, jacketed 

cylindrical glass cell, with a capacity of 200 mL (as shown in Fig. 41a) and 

connected to a water bath (Fig. 41b) to maintain water circulation at a constant 

temperature of 25 °C. A magnetic stirrer was used to fix the stirring rate. The 

aqueous medium to be electrolyzed usually consisted of 150 mL of 0.050 M 

Na2SO4 solution, whose pH was regulated as needed. In some experiments, actual 

wastewater was employed instead. A double-sided dimensionally stable anode 

(DSA-Cl2 consisting of a Ti|RuO2 plate, or DSA-O2 made of Ti|IrO2) provided by 

NMT Electrodes, or a single-side boron doped diamond (BDD) anode supplied 

by NeoCoat, in all cases with dimensions of 50 mm×20 mm×1 mm, was exposed 

to the solution by delimiting the active area to 3 cm2 (only 1 side exposed) by 

using PTFE tape (Fig. 41c). The cathode was a 3 cm2 carbon PTFE gas-diffusion 

electrode, either a commercial one supplied by E-TEK or a purpose-made one 

based on the electrocatalytic materials developed in the Thesis. The circular GDE 

was placed inside a purpose-made polypropylene holder that served as the air 

chamber (Fig. 41d). A circular Ni-Cr mesh was put in contact with the GDE, and 

then a silicone gasket was added to ensure that the ensemble was watertight. The 

electric contact was made through a Ni-Cr wire, and compressed air was supplied 

through a glass tube using a KNF LAB air pump (Fig. 41e) that fed compressed 

air at 0.4 L min 1. The air flow rate was measured using an air flowmeter from 

Iberfluid Instruments, S.A. The interelectrode gap was about 1 cm. The anode and 

cathode were directly connected to an Amel 2053 power supply, and a Demestres 

DM610 BR digital voltmeter served to monitor the cell voltage (as shown in Fig. 

41f). 
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Figure 41. Materials and equipment used to carry out the bulk electrolytic trials. 

As explained in Section 1.3.5, GDEs exhibit an advanced TPB structure that 

allows overcoming the limitations associated with oxygen solubility and transport, 

making it possible to continuously reduce O2 to H2O2 via 2e  ORR at high 

production efficiency. 

Before first use, the GDE and the anode employed for the trials are polarized 

in 150 mL of 0.050 M Na2SO4 solution, at constant current of 300 mA for 180 

min for surface cleaning and activation. After each experiment, the reactor, 

cathode, and anode are thoroughly cleaned using a 4 M HCl solution to remove 

any catalyst or organic residues, followed by rinsing with Milli-Q water to ensure 

no interference in subsequent experiments. 

In this Thesis, dead-end filtration (in recirculation mode) is employed to 

evaluate the performance of membrane filtration, as shown in Fig. 42. The reactor 

consists of two circular acrylic plates, each with a thickness of 1.8 cm and a 

diameter of 10 cm. On one side of each plate, a hemispherical cavity has been 

machined to accommodate the anode, and the CM/cathode ensemble (i.e., 

catalyzed CM). When the two plates are assembled with the concave sides facing 

each other, the reactor has an effective internal volume of approximately 30 mL. 

At the top and bottom ends of the reactor, 5 mm diameter holes are provided to 

serve as the inlet and outlet for the solution. The peristaltic pump is equipped with 

Tygon® A-60-G tubing from Saint-Gobain. 
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Figure 42. Scheme of the dead-end filtration mode employed in the membrane filtration system, and 
detailed structure of the continuous-flow electrochemical reactor. (a) schematic diagram, and (b) physical 
diagram. 

The reactor is equipped with a 46 mm diameter DSA-O2 disk as the anode. 

The cathode consists of a catalyst layer coated on one side of a 46 mm CM, which 

is in full contact with a 46 mm nickel mesh to ensure electrical conductivity. To 

control the flow rate of the circulating solution, the system is equipped with an 

ISM1079 peristaltic pump manufactured by ISMATEC. The current control and 

voltage measurements are carried out using an Amel 2053 power supply and a 

Demestres DM610 BR digital voltmeter, as shown in Fig. 41f. 

The aqueous solution used in the experiments consists of 200 mL of 10 mg 

C L 1 pharmaceutical pollutant in 0.050 M Na2SO4 medium, which is stored in a 

250 mL reservoir. The peristaltic pump draws the solution from the reservoir at a 

preset flow rate, circulates it through the reactor, and then returns it to the 

reservoir. At regular time intervals, 0.5 mL samples are collected from both the 

reactor outlet and the reservoir. The samples are immediately mixed with an equal 

volume of mobile phase solution to quench (i.e., stop the degradation process). 
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Before starting each degradation experiment, the peristaltic pump is turned 

on to ensure that the solution fully fills the system. Once the hydraulic system and 

reactor are completely charged with the solution, the power supply is activated to 

initiate the filtration or filtration/degradation experiment. During the trial, a 

magnetic stirrer is used to ensure thorough mixing of the solution stored in the 

reservoir. 

3.5 Analytical methods and equipment 

3.5.1 Quantification of organic pollutants 

DPH and LSN investigated in this Thesis were determined by reversed-

phase high-performance liquid chromatography (HPLC) using a Waters 600 

chromatograph coupled to a Waters 996 photodiode array detector (PDA). A 

Kinetex 5 μm Biphenyl 100 Å (250 mm×4.6 mm) LC column, kept at 35 °C, was 

employed for accurate separation. 2,4-DCP were measured by reversed-phase 

HPLC (SCION6000, China), employing a chromatograph equipped with a 

Chromcore C18 (5 μm, 4.6 mm × 250  mm) column at 35 °C and coupled to a 

SC6000 detector. AMX concentration was determined on a Waters HPLC (1525 

Binary HPLC pump, 2707 Autosampler, Millipore Temperature Control Module 

(TCM), 2998 Photodiode Array Detector), the separation was made with a 

Biphenyl column (10 μm, 150 mm×4.6 mm) at 35 °C, whose outlet was connected 

to a PDA detector. Optimized experimental conditions were used to analyze each 

pollutant. 

Before any analysis, all the samples were microfiltered (0.45 μm, Whatman 

syringe filters). The samples were diluted by adding half of the volume of the 

specific mobile phase, in order to ensure the process quenching. 

The performance of the electrochemical and filtration/degradation systems 

was mainly assessed from the concentration decays of the pharmaceutical 

contaminants, which were determined by calculating the so-called pollutant 

removal efficiency (i.e., percentage removal of target molecules), according to 

equation (67). 

Target pollutant removal (in %) = (1- C
C0

)×100       (67) 

where C is the pollutant concentration measured at each treatment time, and C0 is 
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the initial concentration, both in mg L–1. 

The mobile phases were always prepared by mixing an aqueous layer (A: 

0.1% formic acid in Milli-Q water) and an organic layer (B: CH3CN). Table 9 

summarizes the information related to the HPLC analysis, which was always 

performed with an injection volume of 20 μL, and flow rate of 1.0 mL min–1. 

Table 9. HPC analysis conditions. 
Pollutant Mobile phase (A:B) Detection λ (nm) Retention time (min) 

DPH 60:40 276 3.7 

LSN 85:15 227 4.0 

AMX 90:10 230 3.5 

2,4-DCP a 20:80 284 5.2 
a A: 10 mM KH2PO4 solution in Milli-Q water, at pH 4.0; B: CH3OH. Injection volume of 10 
μL. 

3.5.2 Total organic carbon (TOC) 

The TOC of the solution was measured using a Shimadzu TOC VCSN 

analyzer. Samples of 5 mL were collected during the treatments, filtered, and 

mixed with 3 drops of concentrated sulfuric acid before immediately measuring 

the non-purgeable organic carbon (NPOC) to assess the mineralization. 

Reproducible values with an accuracy of ±1% were consistently obtained. Total 

carbon (TC), representing the sum of inorganic and organic carbon, was 

determined by direct combustion of the sample in a catalytic furnace at 680 °C. 

The NPOC values correspond to the dissolved organic carbon (DOC) in the 

solution. The mineralization efficiency of each pollutant is defined as follows: 

TOC removal (in %) = (1- TOC
TOC0

)×100         (68) 

where TOC is the concentration measured at each treatment time, and TOC0 is 

the initial value, both in mg L–1. 

3.5.3 Spectrophotometric quantification of H2O2, active chlorine, and iron 

ions 

H2O2 

The concentration of H2O2 was determined by adding a Ti(IV) oxysulfate 

solution to the samples, which reacts under acidic conditions to form a yellow 

complex. This complex exhibits maximum light absorption at 408 nm, as 
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described in reaction (69). 

Ti4+ + H2O2 + 2SO4
2  → (TiO2(SO4)2)2  + 2H+        (69) 

The formation of this complex, proportional to the concentration of H2O2, 

was measured at 408 nm using a Shimadzu 1800 UV/Vis spectrophotometer. To 

prepare the Ti(IV) solution, 3.2 g of TiO(SO4) was dissolved in 1 L of Milli-Q 

water, with 180 mL of concentrated sulfuric acid added to assist the dissolution, 

yielding a 20 mM Ti(IV) solution. 

For the analysis, a small volume of the sample was combined with required 

volumes of Ti(IV) solution and Milli-Q water, and the obtained mixture served to 

measure the absorbance. 

Active chlorine 

The concentration of active chlorine was determined using the N,N-diethyl-

p-phenylenediamine (DPD) colorimetric method (4500-Cl. G). When DPD reacts 

with small amounts of active chlorine at near-neutral pH, the resulting pink color 

is directly proportional to the concentration of active chlorine. At higher 

concentrations of active chlorine, however, a colorless imine forms, reducing the 

intensity of the color. To minimize interference from other oxidants like 

manganese or copper, EDTA was added to the solution. 

The measurement procedure involved adding small volumes of phosphate 

buffer solution and DPD solution to 10 mL of the sample, sequentially. The 

samples need to be diluted as required. The absorbance of the resulting solution 

was measured at 515 nm using the same spectrophotometer mentioned above. 

Iron ions 

The concentration of soluble iron was determined using the 1,10-

phenanthroline method. To measure Fe2+, 1 mL of sample was mixed with 1 mL 

of 0.2% (v/v) 1,10-phenanthroline and a small volume of acetate/acetic acid 

buffer (pH ~4), thereafter being diluted with Milli-Q water. The same procedure 

was followed to measure total dissolved iron ions, but ascorbic acid was added 

beforehand to reduce Fe3+ to Fe2+ before dilution. In both cases, the Fe2+ 

concentration was determined by measuring the absorbance of its complex with 

1,10-phenanthroline at λ = 510 nm using the abovementioned spectrophotometer. 
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3.5.4 Chromatography combined with mass spectrometry 

GC-MS 

The pharmaceutical contaminants and their by-products were identified 

using gas chromatography-mass spectrometry (GC-MS). To detect as many 

reaction intermediates as possible, 150 mL of synthetic solutions containing the 

organic molecules under study was electrolyzed under different conditions. The 

final solutions were extracted with CH2Cl2 (3×15 mL). The resulting organic 

extracts were dried over anhydrous Na2SO4, filtered, dried under a gentle N2 

stream, and concentrated for analysis (stored at 4 °C away from light.). 

GC-MS analysis was performed using an Agilent Technologies system, 

consisting of a 6890 N gas chromatograph equipped with a 7683B series injector 

and a 5975 mass spectrometer in electron impact mode at 70 eV. Either a nonpolar 

Agilent J&W DB-5 or a polar HP INNOWax column (0.25 μm film thickness, 30 

m×0.25 mm) was used. The temperature program started at 36 °C for 1 min, 

followed by an increase of 5 °C per minute up to 300 °C, with a hold time of 10 

min. The inlet, source, and transfer line operated at 250 °C, 230 °C, and 280 °C, 

respectively. The NIST05 MS library made it possible the compound 

identification. 

LC-MS/MS 

If effective identification of by-products was not feasible by GC-MS, liquid 

chromatography-mass spectrometry (LC-MS) was subsequently employed for 

analysis. In those cases, the analytes were dentified and quantified through 

multiple rounds of mass spectrometry analysis (LC-MS/MS). Samples were 

collected under different experimental conditions the day before testing, filtered, 

and stored in a light-protected environment at 4 °C. 

The analysis was performed using a Thermo Fisher Scientific system, 

consisting of an Ultimate 3000 HPLC equipped with an Acquity BEH C18 

column (1.7 μm, 100 mm×2.1 mm) maintained at 40 °C, coupled with an LTQ-

Orbitrap Velos and an Accela PDA. Gradient elution was used to obtain signals 

for the initial pollutants and by-products, which were identified by searching 

references in the bibliography. 
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3.5.5 Other analyses 

The electrical conductance and pH were measured with a Metrohm 644 

conductometer and a Crison GLP 22 pH-meter, respectively. 

3.6 Electrochemical characterization 

The electrochemical characterization of the catalysts and electrocatalysts 

was conducted in a conventional three-electrode glass cell containing a 0.1 M 

Na2SO4 solution at natural pH, maintained at room temperature. Depending on 

the testing requirements, three different models of electrochemical workstations 

were used: Autolab PGSTAT100 and 101N potentiostats, both equipped with a 

motor controller for the electrode rotator from Metrohm, and the Solartron SI-

1287 potentiostat combined with an SI 1255 frequency response analyzer from 

Artisan Technology Group. 

3.6.1 Phenomena affecting the electrochemical reactivity in heterogeneous 

electrocatalysis 

In heterogeneous electrocatalysis, reactions occur due to the electronic 

properties of the catalyst active sites, which are located on the surface of the 

catalyst. The electron transfer process can be described using the following 

general reduction reaction (70): 

Oads + ne   Rads              (70) 

In this reaction, Oads represents the oxidized species adsorbed on the surface, 

which undergoes electron transfer to become the reduced species Rads. In 

reversible electrochemical reactions, the cathodic component represents the 

reduction of Oads to Rads, while the anodic component describes the reverse 

oxidation process. However, beyond electron transfer, additional surface and 

chemical processes must be considered (as shown in Fig. 43): 

1. Pre- or post-electron transfer chemical reactions, including both 

homogeneous and heterogeneous reactions, which may influence the overall 

reaction kinetics. 

2. Adsorption and desorption processes, where species attach or detach from 

the electrode surface. 

3. Mass transport processes: These include diffusion, migration, and 
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convection of species between the electrode surface and the bulk solution. 

 
Figure 43. Steps involved for the occurrence of a general electrode reaction [401]. 

When an electrode is polarized, moving it away from equilibrium, either a 

reduction or oxidation process is favored depending on the direction of the 

applied potential. The difference between the applied and equilibrium potential is 

termed overpotential (η), and this drives the overall reaction. In electrochemical 

processes, assuming the no resistance control affects the measurements, the 

required η value depends on two main factors: electron transfer rate and mass 

transport rate. 

To determine the η value, electrochemical characterization is typically 

carried out using a three-electrode cell. As depicted in Fig. 44, this system consists 

of: 

Working electrode (WE), where the reaction of interest takes place. 

Counter electrode (CE), which serves to close the current circuit. 

Reference electrode (RE), which provides a stable potential reference for 

accurate control (i.e., scan or measure) of the WE potential. 

 
Figure 44. Electrical scheme in a 3-electrode configuration: WE, CE, and RE. The amperometric circuit 
is used to measure the current (I), while the potentiometric is used to measure the WE potential (E) [402]. 

Some advanced techniques, such as linear voltammetry on a rotating ring-
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disk electrode (RRDE), may require an additional working electrode (WE2) and 

a bi-potentiostat, in order to control both the ring and disk potentials 

simultaneously. 

The reaction rate in electrochemical systems is not solely governed by 

electron transfer, but also by the transport of species to and from the electrode 

surface. Mass transport can be achieved by three distinct mechanisms: 

Convection is the transport of mass due to density gradients and/or 

mechanical vibrations (i.e., natural convection) or due to forced stirring when 

using rotating electrodes, flow electrodes or flow cells (i.e., forced convection). 

Generally, convection is controlled by thermosetting the cell and/or by rotating 

the electrode. 

Migration of charged species, which occurs due to the movement of ions 

under an electric field. To minimize this effect, a supporting electrolyte is added, 

ensuring that ion transport is primarily governed by diffusion. The supporting 

electrolyte should be a strong electrolyte that fully dissociates, be 

electrochemically and chemically inert, and have an approximately unitary 

transport number, meaning the electric current is carried uniformly by the ions. 

The transport number reflects the fraction of current carried by an individual ion 

relative to the total current. Additionally, the supporting electrolyte maintains the 

ionic conductivity, ensuring the efficient charge transfer without interfering with 

the electrochemical reactions. 

Finally, diffusion is the phenomenon due to movement of dissolved species 

induced by a concentration gradient. In electrochemical systems, gradients are 

generated as a result of reactions on the electrode surface. In the absence of 

convection and migration phenomena, it is possible to work only under diffusion 

control. From a mathematical point of view, the flow of matter in the presence of 

the three contributions can be expressed through the overall Nernst-Planck 

equation (71); the first term is sufficient to describe the case of rotating electrodes 

(assuming that a supporting electrolyte is employed), whereas time dependency 

of flux is needed in the case of stationary electrodes. 

J= -D dc
dx

- zF
RT

Dc dΦ
dx

+cv             (71) 

 diffusion,  migration,  convection. 
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where, J is the flux of the species, D is the diffusion coefficient, dc/dx is the 

concentration gradient, dΦ/dx is the potential gradient (related to migration), and 

cv represents the convection term. 

3.6.2 Cyclic voltammetry 

Cyclic voltammetry (CV) is an electrochemical technique in which the 

potential of the WE is swept linearly between an initial value (Ei) and a final value 

(Ef), and then reversed back to the initial value. As shown in Fig. 45, the scan 

starts at Ei, proceeds to a turning point at Eλ, and then reverses the direction until 

it reaches Ei again (in cases where Ef = Ei, which are the most typical). This 

process is expressed by the following equations (72) and (73). 

E(t) = Ei - vt for 0 < t < λ            (72) 

E(t) = Ei - 2vλ + vt for t > λ            (73) 

 
Figure 45. Variation of the potential over time, in red. Voltammetric profile, in green [403,404].  

Considering a reversible redox pair (O↔R), during the scanning of the 

potential, the system responds immediately by changing the concentrations. By 

applying the described potential program to a WE immersed in a solution 

containing only O, the voltametric response shown in Fig. 45 (green curve) is 

obtained. The curve can be understood as follows: initially, no redox reaction 

occurs, and only a capacitive current is observed. As the potential progresses, the 

reduction of O starts, leading to the appearance of a faradaic current. As the 

potential continues to change, the reaction accelerates until it reaches the 

diffusion-controlled region, at which point the current adheres to the Cottrell 

equation, becoming independent of the applied potential. The transition from the 

initial phase to the diffusion-controlled regime is marked by a peak, characterized 
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by the peak potential (Ep) and peak current density (jp). 

As the potential reaches its limit and begins to reverse, the subsequent profile 

depends on the reaction reversibility. In the case of a reversible reaction, the 

system adjusts quickly when the potential sweeps back, allowing the reverse 

reaction (oxidation of R back to O) to take place. This produces a second peak 

corresponding to oxidation, which is typically symmetric to the reduction peak 

seen during the forward scan. The positions of these peaks (anodic, Ep,a and 

cathodic, Ep,c) remain largely unaffected by the scan rate, while their magnitude 

(anodic, ip,a and cathodic, ip,c) increases in a predictable manner with the square 

root of the scan rate (i.e., Randles-Sevcik equation). This behavior indicates a 

diffusion-controlled process, where the reaction rate depends on how quickly the 

reactants can diffuse to the electrode surface from the bulk solution. 

On the other hand, if the reaction is irreversible, as occurs with the ORR, the 

reverse reaction does not take place, or at least not easily, when the potential is 

reversed. As a result, only one peak (i.e., cathodic) is observed during the scan. 

In these cases, Ep,c shifts with the scan rate, and the ip,c no longer follows the 

same pattern as it would in a reversible system. Instead, the reaction is governed 

by slower processes, such as chemical transformations or bond-breaking, and is 

no longer diffusion-controlled. 

On the other hand, the electrochemical active surface area (ECSA) is a 

critical parameter for assessing the performance of electrocatalysts, as it 

represents the actual surface area available for electrochemical reactions. A higher 

ECSA indicates a greater number of active sites on the electrode surface, which 

typically leads to enhanced catalytic activity. This is particularly important in 

reactions such as the 2e  ORR for H2O2 generation, where increasing the 

accessible surface area can significantly improve performance. Furthermore, 

ECSA also provides insight into the active sites responsible for H2O2 activation, 

which are distinct from those involved in its generation. To calculate the ECSA, 

one must first measure the double-layer capacitance (Cdl), which is directly 

proportional to the active surface area. 

The measurement of Cdl is typically performed using the CV technique in 

the non-faradaic region, where no significant redox reactions occur. In this region, 

the current is dominated by the charging and discharging of the electrical double 
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layer at the electrode-electrolyte interface. By conducting CV scans at various 

scan rates (e.g., 10, 20, 50, 100, 200 mV s–1), the capacitive current density (jcap) 

is measured, which is proportional to the scan rate v. The relationship between 

the capacitive current and the scan rate can be described by the equation (74). By 

plotting the capacitive current against the scan rate, the slope corresponds to the 

Cdl. 

Icap = Cdl  v               (74) 

Once the Cdl value is determined, the ECSA can be calculated using equation 

(75), where Cs is the specific capacitance of a smooth electrode surface, typically 

obtained from literature values for the relevant material in a given electrolyte. 

This calculation provides a more accurate value of the true active surface area, 

which is often much larger than the geometric area, particularly for porous or 

nanostructured catalysts.  

ECSA = Cdl /Cs               (75) 

3.6.3 Linear sweep voltammetry 

Linear sweep voltammetry (LSV) is a crucial technique for investigating 

electrochemical processes, particularly the kinetics and mechanisms of redox 

reactions. In LSV, the potential of the WE is varied linearly over time, and the 

resulting current is recorded. This current response provides essential information 

on how the redox reactions at the electrode surface proceed, how fast they occur, 

and the limitations of the system. By analyzing the shape of the current-potential 

curve, one can distinguish between kinetic and mass transport limitations. 

Initially, as the potential is scanned, electron transfer begins to occur, and 

the current increases. The rate at which the electroactive species are reduced or 

oxidized is controlled both by the electron transfer kinetics and the mass transport 

of species to the electrode surface. However, as the potential increases further, the 

system typically transitions to a diffusion-limited regime, where the rate of 

reaction is no longer controlled by the potential but by the rate at which reactants 

are transported from the bulk solution to the electrode surface. 

A rotating electrode setup is commonly employed to control and enhance the 

mass transport, as shown in Fig. 46a. By rotating the electrode at a specific 

angular velocity, a well-defined Nernst diffusion layer is formed near the 
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electrode surface. This thin stationary layer is where the concentration of the 

reacting species (O, for a reduction reaction) changes significantly, as depicted in 

Fig. 46b. The rest of the solution is kept well mixed, ensuring a constant 

concentration of reactants in the bulk solution. The thickness of the diffusion layer, 

denoted by δ, is inversely proportional to the rotation speed of the electrode, 

which directly impacts the rate of mass transport to the surface. 

 
Figure 46. (a) Electrode under rotation; the solution flux is highlighted. (b) Profile of concentration of O 
species as a function of the distance from the electrode surface; the linear section is the Nernst layer (δ) 
[405]. 

At higher potentials, the system reaches a point where the current becomes 

diffusion-limited, resulting in a characteristic limiting current. In this regime, the 

current no longer increases with the applied potential, as shown by the plateau in 

the current response. This behavior is a signature of systems where mass transport 

governs the overall reaction rate, as the supply of reactants to the electrode surface 

becomes the limiting factor. 

For more complex reactions, such as the ORR, intermediate species may 

form, and the mechanism becomes more challenging to analyze. This is where 

more sophisticated techniques like the RRDE become valuable. In this setup, as 

illustrated in Fig. 47, the disk electrode allows investigating the target reduction 

or oxidation reaction, while the ring electrode detects partially reduced or 

oxidized species, respectively, such as H2O2 in ORR. The simultaneous 

measurement of current at both the disk and the ring allows researchers to 

quantify the production of intermediate species and assess the overall reaction 

efficiency. 



MATERIALS, METHODS, AND THEORY 
 

127 

 
Figure 47. RRDE electrode used for ORR evaluation [406]. 

The RRDE setup enables the determination of the number of electrons 

transferred during the reaction, which is a crucial parameter in evaluating 

catalytic performance. Using equations (76) and (77), the electron transfer 

number (n) and H2O2 selectivity (as %H2O2) can be calculated from the current 

responses of the disk (Id) and ring (Ir): 

n = 4Id
Id+ Ir/N

               (76) 

%H2O2= Ir/N
Id+ Ir/N

×200             (77) 

where N is the collection factor, close to 25% for our RRDE. Operationally, an 

RRDE measurement is analogous to those done with an RDE, with the foresight 

of having to use a bipotentiostat for the independent control of the two potentials 

(disk and ring). Two different current-potential curves are thus obtained: one 

related to the disk, in which the current read is a function of a potential made to 

vary over time, and the other to the ring whose applied potential is fixed and is 

expressed as a function of the disk potential. 

The Tafel slope is also an important parameter in electrocatalysis. In LSV 

analysis, the Tafel slope is obtained by plotting η against the logarithm of the 

current density (log j) in the kinetic region of the current-potential curve, where 

the reaction is controlled by electron transfer rather than mass transport. The 

resulting linear section of the plot, referred to as the Tafel region, can be expressed 

by the equation (78). 

η = a + b logj               (78) 

where a is the intercept (related to the exchange current density, j0), and b is the 

Tafel slope. 
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The Tafel slope represents the change in overpotential required to increase 

the current density by one order of magnitude. It is a critical indicator of how 

efficiently the catalyst facilitates electron transfer. For example, a lower Tafel 

slope denotes the need of a smaller overpotential to drive the reaction at a higher 

rate, accounting for a more efficient electron transfer. The Tafel slope is thus a 

key indicator of catalytic efficiency. Conversely, a higher Tafel slope implies that 

a greater overpotential is required, pointing to slower reaction kinetics or a less 

active catalyst surface. The Tafel slope is not only used to evaluate catalyst 

performance but also to compare different catalysts under identical conditions. 

3.6.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful technique used 

to investigate the interactions between electron transfer, mass transport, and 

surface phenomena in electrochemical systems. Unlike the aforementioned 

electrochemical techniques, it operates by applying a small alternating current 

(AC) signal across a range of frequencies, which allows the separation and 

analysis of various electrochemical processes occurring at different time scales. 

In a typical EIS experiment, an AC potential is applied to the electrode-

electrolyte interface, and the impedance of the system is measured over a broad 

frequency range. The resulting data can be analyzed in terms of resistive and 

capacitive elements that correspond to specific processes, such as charge transfer, 

adsorption, diffusion, and mass transport: 

(i) Charge transfer resistance (Rct): This parameter reflects the efficiency of 

electron transfer between the electrode and the heterogeneous catalyst. A lower 

Rct denotes a more efficient electron transfer, which is critical for reactions such 

as the ORR or the subsequent activation of H2O2 in the EF process. 

(ii) Cdl: This is a measurement of the charge storage capacity at the electrode-

electrolyte interface, often linked to the active surface area of the catalyst and its 

interaction with the electrolyte. 

(iii) Mass transport and diffusion effects: At lower frequencies, EIS can 

reveal limitations in the transport of reactive species (such as O2 or H2O2) to and 

from the catalyst surface. Understanding these limitations is crucial in 

determining whether mass transport is governing the reaction kinetics in the EF 

system. 
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However, the impedance data collected in EIS are typically presented as a 

function of frequency, and the contributions from different electrochemical 

processes can overlap, complicating the interpretation of individual processes. To 

address this, the distribution of relaxation times (DRT) technique can be 

employed. DRT transforms frequency-domain impedance data into the time 

domain, isolating the overall response into discrete relaxation times, each 

representing a distinct process such as charge transfer, diffusion, or adsorption. 

(i) Charge transfer process: One of the characteristic relaxation times may 

correspond to the ORR at the heterogeneous catalyst surface, a key step in the 

generation of H2O2. DRT allows this process to be distinguished from other 

overlapping phenomena. 

(ii) Mass transport and diffusion: In EF process, diffusion limitations can 

significantly affect the performance. DRT allows identifying the specific time 

scale associated with the diffusion of O2 or H2O2 to the catalyst surface, providing 

a clearer picture of how mass transport influences the overall process. 

(iii) Catalyst fouling and stability: Over time, catalysts may experience 

fouling or deactivation. By tracking changes in relaxation times, DRT can help 

detect when processes like mass transport or charge transfer become hindered due 

to surface fouling or catalyst degradation. 

The combination of EIS and DRT provides a more refined and detailed 

analysis of heterogeneous EF systems. While EIS gives a broad overview of how 

the system behaves across a range of frequencies, DRT enhances this by breaking 

the data into specific time scales. This makes it easier to pinpoint bottlenecks—

whether related to slow electron transfer, diffusion limitations, or catalyst 

degradation—thereby helping to optimize the system performance for practical 

applications. 

3.6.5 Chronoamperometry 

This technique involves applying a WE potential far from its equilibrium, 

which results in very fast electron transfer, and studying the evolution of current 

over time. The resulting current profile can be described using the Cottrell 

equation. In this Thesis, it is used for the long-term analysis of the 2e  ORR to 

electrogenerate H2O2, focusing on the stability and performance of the 

electrocatalyst over extended periods. 
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3.7 Computational calculations 

DFT is a theoretical framework in quantum mechanics that serves to simplify 

the complex problem of multi-electron processes by focusing on electron density 

rather than the many-body wavefunction. Grounded in the Hohenberg-Kohn 

theorems and the Kohn-Sham formalism, DFT approximates electron exchange 

and correlation effects using functionals, making it computationally efficient 

while maintaining reasonable accuracy. Owing to its great versatility and 

scalability, DFT has become an essential tool for evaluating the structural, 

electronic, and energetic properties of chemical systems and materials. 

In the particular case of the study of the 2e⁻ ORR, DFT is expected to unravel 

the catalytic mechanism at the atomic scale. This methodology facilitates the 

assessment of adsorption energies for oxygen and intermediates (i.e., OOH* and 

OH*), enabling the identification of the most favorable reaction pathways to 

produce H2O2. Furthermore, DFT allows gaining insights into the role of catalyst 

composition, electronic structure, and active site configuration, which are crucial 

factors to tune the selectivity and activity. Such theoretical understanding is 

critical for rational design of catalysts with enhanced performance for 2e⁻ ORR 

in energy and environmental applications. 

In paper 3 (Chapter 4.1.3), structural modeling and DFT calculations were 

carried out using the Vienna ab initio simulation package (VASP), considering the 

generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof 

(PBE) functional. The description of ionic cores was done by means of the 

projector augmented wave (PAW) pseudo-potentials. A plane-wave basis set, with 

a kinetic-energy cut-off of 400 eV, was employed to expand the wave function of 

valence electrons. Van der Waals interactions were described by means of the 

DFT-D3 empirical correction method. The geometry was optimized until the 

force convergence was smaller than 0.05 eV Å−1. Monkhorst-Pack k-points of 

1×1×1 were applied for all calculations. 

It should be noted that the computational DFT studies included in this Thesis 

were carried out by EAOPs group at Chongqing University (China). I was not 

directly involved in the design, execution, or interpretation of this part of the 

research, although I am able to discern the practical interest of the obtained results. 
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3.8 Analysis of performance 

The removal efficiency of target pollutants and the corresponding 

mineralization efficiency are shown in equations (67) and (68), respectively. 

Current efficiency (CE) values during H2O2 electrogeneration were 

calculated from the applied charge, according to equation (79). 

CE in % = 2F[H2O2]V
1000M(H2O2)Q

  100           (79) 

where 2 is the stoichiometric number of electrons transferred for ORR to form 

H2O2, F is the Faraday’s constant (96,487 C mol 1), [H2O2] is the concentration 

attained for the accumulated H2O2 (mg L 1), V is the volume of the electrolyzed 

solution (L), 1000 is a conversion factor, M(H2O2) is the molecular weight of 

H2O2 (34 g mol 1), and Q is the charge that has been consumed during the 

electrolysis in C. 

The calculations for Cdl and ECSA are shown in equations (74) and (75), 

respectively. 

The calculations for the electron transfer number n and the H2O2 selectivity 

are shown in equations (76) and (77), respectively. 

The calculation of the Tafel slope is shown in equation (78). 

The theoretical total mineralization reactions for the three target 

pharmaceuticals studied in this Thesis can be written as follows: 

C17H12NO HCl + 36H2O → 17CO2 + Cl  + NO3  + 96H+ + 94e    (80) 

C21H31N3O5 + 29H2O → 21CO2 +3NO3  + 59H+ + 57e      (81) 

C16H19N3O5S + 23H2O → 16CO2 +3NO3  +SO4
2  + 45H+ + 44e    (82) 
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CHAPTER 4. Results and Discussion 

This chapter summarizes the most relevant results obtained from the 

research carried out in this Thesis, in good accordance with the following 

scientific articles that have been either published in indexed Q1 journals, 

submitted or under preparation: 

1. L. Zhao, M. Mazzucato, S. Lanzalaco, M. Parnigotto, A. Khan, A. Zitolo, P. 

L. Cabot, C. Durante*, I. Sirés*. Boosting the O2-to-H2O2 Selectivity using 

Sn-doped Carbon Electrocatalysts: Towards Highly Efficient Cathodes for 

Actual Water Decontamination. 

 ChemSusChem 18 (2025) e202401758. 

 https://doi.org/10.1002/cssc.202401758 

2. L. Zhao, M. Mazzucato, S. Lanzalaco, M. Parnigotto, P. L. Cabot, C. 

Durante*, I. Sirés*. Complete antihistamine degradation in wastewater matrix 

using a metal-free N-doped carbon with superior electrocatalytic 

performance for in-situ H2O2 production. 

 Separation and Purification Technology 361 (2025) 131590. 

 https://doi.org/10.1016/j.seppur.2025.131590 

3. P. Xia, L. Zhao, X. Chen, Z. Ye*, Z. Zheng, Q. He, I. Sirés*. 

Polymethylhydrosiloxane-modified gas-diffusion cathode for more efficient 

and durable H2O2 electrosynthesis in the context of water treatment. 

 Applied Catalysis B: Environmental 343 (2024) 123467. 

 https://doi.org/10.1016/j.apcatb.2023.123467 

4. L. Zhao, J. A. Padilla, E. Xuriguera, P. L. Cabot, E. Brillas*, I. Sirés*. 

Enhanced mineralization of pharmaceutical residues at circumneutral pH by 

heterogeneous electro-Fenton-like process with Cu/C catalyst. 

 Chemosphere 364 (2024) 143249. 

 https://doi.org/10.1016/j.chemosphere.2024.143249 

5. L. Zhao, M. F. Murrieta, J. A. Padilla, S. Lanzalaco*, P. L. Cabot, I. Sirés*. 

Bimetallic FeCu-MOF derivatives as heterogeneous catalysts with enhanced 

stability for electro-Fenton degradation of lisinopril. 



CHAPTER 4 
 

136 

 Science of the Total Environment 953 (2024) 176110. 

 https://doi.org/10.1016/j.scitotenv.2024.176110 

6. L. Zhao, Z. Ye*, S. Lanzalaco, I. Sirés*. Ceramic membrane-confined 

FeCu/NC catalyst for robust flow-through wastewater treatment by electro-

Fenton process. 

 In preparation. 

The main goals, findings, and conclusions from each article are summarized 

below, accompanied with an electronic copy of the manuscripts and 

supplementary files. 
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4.1 Development of high-performance electrocatalysts and GDEs 

for enhanced ORR 

Section 4.1 presents three articles related to GO1 and SG1-4: (i) synthesis 

and characterization of Sn-containing and metal-free electrocatalysts plus PMHS-

modified CB; (ii) studies to unveil their activity/selectivity; (iii) GDE preparation 

for efficient H2O2 electrogeneration; and (iv) HEF treatment at natural pH. 

4.1.1 Boosting the O2-to-H2O2 selectivity using Sn-doped carbon 

electrocatalysts: Towards highly efficient cathodes for actual water 

decontamination 

The market of H2O2 has experienced an awesome increase in recent years. 

H2O2 is widely valued as a green oxidizing agent, transversally across various 

industries but notably in environmental treatments, where it allows degrading 

organic pollutants through EAOPs like the EF process by generating •OH in the 

bulk solution. Although currently the market is still dominated by the energy-

intensive anthraquinone process, which accounts for 95% of world H2O2 

production, the attention has shifted toward decentralized, more sustainable and 

responsible methods, with the 2e  ORR emerging as a highly promising 

alternative due to its efficiency and flexibility, which allows envisaging the design 

of compact systems. A key innovation in the field involves anchoring active 

catalytic materials onto porous carbon substrates, further integrating them within 

an air chamber to give rise to GDEs. In these systems, air or pure oxygen flows 

through the porous GDL to reach a TPB, where the electrocatalyst converts the 

gaseous O2 to H2O2, while the immediate activation of the latter provides a steady 

supply of reactive oxygen species for an efficient EF treatment of pollutants. 

Various electrocatalysts —including metal-doped carbons, noble metal alloys, 

and SACs— have been developed to enhance ORR activity and selectivity. 

Among these, Sn has very recently emerged as an abundant, low cost and safe 

element that can form highly stable Sn−C bonds: it exhibits strong adsorption 

affinity for O2, and shows promise as a potentially stable ORR catalyst for 

accelerating the O2 electroreduction, even under alkaline conditions. Notably, it 

has never been tested for the 2e⁻ ORR. 

In this study, three SnC electrocatalysts, namely SnC1 (after the first 
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pyrolysis), SnC2 (after further acid washing), and SnC3 (after subsequent 

pyrolysis, i.e., repyrolysis), were synthesized and characterized to expand the pH 

range for in-situ H2O2 production using GDEs, assessing their activity and 

selectivity for O2-to-H2O2 conversion at circumneutral pH. The most effective 

catalyst was then used to create a GDE, which was tested for H2O2 production. 

DPH was chosen as a target pollutant to evaluate the EF process performance for 

the first time. 

The ORR performance of the as-synthesized catalyst and commercial carbon 

black (Vulcan XC72) was first investigated by LSV analysis employing the 

RRDE technique. Vulcan carbon displayed the lowest ORR activity, as deduced 

by a low onset potential (Eonset = 331.9 mV vs. RHE). The incorporation of Sn as 

dopant significantly improved this onset potential, enhancing the ORR activity at 

near-neutral pH. SnC1 and SnC2 presented similar onset potentials (0.536 and 

0.525 mV, respectively) and nearly optimum electron transfer numbers (n 2), 

achieving O2-to-H2O2 selectivities near 100%. SnC1 and SnC2 also surpassed the 

SnC3 in activity and selectivity. Overall, this work revealed that the SnC 

electrocatalysts effectively electrogenerate H2O2, outperforming the commercial 

XC72 carbon. 

A comprehensive physicochemical characterization of the three synthesized 

Sn catalysts and XC72 was performed to give a rational explanation of the 

different electrocatalytic properties. XPS analysis shows that the Sn content in 

SnC3 is significantly higher than in SnC1 and SnC2, attributed to enhanced 

exposure of Sn sites due to the second thermal treatment. Compared to Vulcan 

XC72, the Sn-doped materials have increased N content, with SnC2 having the 

highest N content (close to 2 at.%), indicating the role of phenanthroline as an N 

source. SnC1 and SnC3 contain higher amounts of graphitic and pyridinic N, 

which supports H2O2 generation, while SnC2 has a higher pyrrolic N content 

(over 1.5 at.%), favoring the ORR. Sn 3d spectra show the presence of Sn4+ across 

all samples, with a small amount of Sn0 detected in SnC3. Raman characterization 

assessed the graphitization degree of the four carbon materials. XC72 typically 

consists of nanocrystalline graphite with surface and edge defects, along with 

some amorphous carbon from polycyclic aromatic compounds. The 

deconvolution of Raman spectra helps evaluate the impact of the metal on 
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graphitization. The analysis revealed that Sn doping caused no significant 

structural change, with only a slight increase in graphitization, and the amorphous 

carbon content remained around 8%. Additionally, no SnO2 signal was detected 

in SnC2, despite the longer acquisition times. XRD analysis showed a transition 

from metallic Sn in SnC1 to SnO2 in SnC2, and back to metallic Sn in SnC3. 

SnC2 had smaller crystalline domains (~4 nm) compared to SnC1 and SnC3 (~25 

nm), likely due to acid washing, which oxidized Sn and reduced particle size. The 

final reduction to metallic Sn in SnC3 was facilitated by carbon, removing oxygen 

as CO2/CO. A peak near 26° indicated the carbon support, more distinct in SnC2 

due to lower crystallinity in SnC1 and SnC3. FT-IR analysis showed an 

adsorption band at 2362 cm 1 in SnC1, SnC2, and SnC3, attributed to C≡N 

stretching vibrations. This group can enhance H+ adsorption, potentially 

accelerating H2O2 electrogeneration, as H+ is essential for its formation. BET 

analysis determined the specific surface area of the catalysts, while QSDFT 

provided detailed pore size distribution, better suited for disordered carbons. 

Isotherms indicated that SnC1 and SnC2 had lower adsorption than XC72, while 

SnC3 showed a slight increase, with SnC2 displaying the highest mesopore-to-

micropore volume ratio. This ratio is beneficial as mesopores facilitate H2O2 

release, preventing its further reduction, and micropores provide active sites for 

ORR. Structural changes in SnC1 (Sn nanoparticles), SnC2 (SnO2), and SnC3 

(reduced Sn) affected pore size, with SnC3 showing some pore growth due to 

CO2 formation during reduction. HRTEM and EDS showed that the SnC catalysts 

consist of agglomerated carbon particles. Sn particles were mostly undetectable 

in SnC1 and SnC3 but were visible in SnC2, where SnO2 nanoparticles (~9 nm) 

formed a C-wrapped core structure. HRTEM images of SnC2 revealed crystal 

planes of SnO2, with numerous grain boundaries that enhance interfacial contact 

with the electrolyte, lower the diffusion barrier, and improve electron transfer for 

ORR. Elemental mapping confirmed aligned Sn and O with SnO2 particles, while 

C and N were uniformly distributed, verifying N-doping. In-situ XAS spectra of 

SnC3 in 0.5 M H2SO4 showed no changes in the Sn K-edge XANES spectra 

between 200 and 900 mV vs. RHE, corresponding to regions with and without 

oxygen reduction. This stability across potentials suggests acceptable stability for 

the Sn-based electrocatalysts, consistent with previous findings for materials with 
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Sn-Nx sites. 

Initial electrolytic trials assessed H2O2 generation performance of SnC 

catalysts in a 3-electrode cell with O2-saturated 0.1 M Na2SO4 at natural pH 5.9, 

using an RDE at a potential value of -0.25 V vs. RHE. The cumulative H2O2 

concentration after 10 h showed SnC2 as the best catalyst (0.19 mM), followed 

by XC72 (0.15 mM), SnC1 (0.13 mM), and SnC3 (0.12 mM). The superior ORR 

activity and structural properties of SnC2 enhanced its performance, while the 

relatively high mesopore-to-micropore ratio of Vulcan carbon allowed it to retain 

H2O2 effectively, highlighting the importance of both electrochemical and 

physical attributes over prolonged electrolysis. 

Based on all these results, SnC2 was chosen as the optimal electrocatalyst 

for scale-up tests, thereby being integrated into a GDE for bulk electrolysis in a 

two-electrode cell. Different GDEs (3 cm2) were tested for H2O2 generation under 

various conditions. Using PTFE as the binder at 0.5 mg cm 2 catalyst loading, 

with a current density of 33.3 mA cm 2 at natural pH (5.9), yielded the highest 

H2O2 concentration (20.4 mM) after 300 min. The hydrophobicity conferred by 

PTFE contributed to maintain the contact between O2 and the electrocatalyst, 

while higher catalyst loading or lower current density reduced the H2O2 output 

due to increased electroreduction and pore blockage. Overall, current efficiency 

was highest under optimized conditions, though it declined over time due to H2O2 

oxidation in the undivided cell. 

H2O2 activation was tested under conventional EF conditions (pH 3 with 

Fe2+ as Fenton catalyst) and EF-like conditions (pH 5.9 with Cu/C as 

heterogeneous catalyst; note that this material is explored in detail in Section 4.2.1) 

using a SnC2-based GDE with PTFE binder. After 300 min at 10 mA cm 2, H2O2 

concentrations reached ~2 mM, indicating effective decomposition in the 

presence of Fenton catalysts. The EF-like process with Cu/C required more time 

to activate H2O2 due to its heterogeneous, stabilizing after 60 min. For degrading 

DPH (14.3 mg L 1), the EO process at 10 mA cm 2 achieved limited removal (<20% 

at 120 min), whereas in the EF-like treatment at pH 5.9, 75% degradation was 

achieved, with complete removal at higher currents (33.3 mA cm 2). Under EF 

conditions (pH 3), the SnC2-GDE enabled rapid DPH degradation in just 15 min. 
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4.1.2 Complete antihistamine degradation in wastewater matrix using a 

metal-free N-doped carbon with superior electrocatalytic performance for 

in-situ H2O2 production 

The previous study demonstrated the excellent H2O2 electrogeneration 

performance of metal (Sn)-based electrocatalysts under near-neutral pH 

conditions; however, metal leaching remains an unavoidable issue after 

prolonged use. The goal of this second study is to propose an alternative approach, 

using metal-free, porous carbons, particularly N-doped carbons with heteroatoms 

like S or O incorporated into the carbon framework, which has been shown 

promising for the efficient H2O2 production with high selectivity, especially under 

alkaline conditions. Here, melamine —a nitrogen-rich precursor— was thermally 

treated to synthesize N-doped carbons, enhancing their electrocatalytic 

performance. GDEs were fabricated from melamine-derived carbon to assess the 

H2O2 generation efficiency and pollutant degradation under EF conditions at 

different pH values. Additionally, as a unique and remarkable contribution from 

this work, a radar chart was created to correlate the physicochemical properties 

of the carbons with the electrocatalytic performance (H2O2 selectivity and 

activity), providing insights into optimizing these materials for EF applications. 

Electrochemical tests were performed on four synthesized catalysts with 

different melamine/Vulcan carbon ratios; the mass of melamine employed was 50 

wt.% (sample denoted as M1), 71.4 wt.% (M2.5), and 83.3 wt.% (M5), whereas 

pure g-C3N4 was derived upon pyrolysis of melamine alone. Additionally, the 

commercial Vulcan carbon was denoted as XC72. The CV analysis of the five 

electrocatalysts in O2-saturated electrolyte (pH 5.9) allowed distinguishing 

between two different groups of materials. XC72, M1, and M2.5 showed more 

positive ORR peak potentials and higher peak currents, accounting for an 

enhanced ORR kinetics, with M2.5 displaying the highest ORR catalytic activity. 

In contrast, an excess of melamine in M5 and g-C3N4 led to negative reduction 

potential and lower currents, reducing the ORR efficiency. Further LSV analysis 

with RRDE showed that XC72, M1, and M2.5 had similar Eonset values, but M1 

and M2.5 demonstrated superior H2O2 selectivity and electron transfer numbers 

close to 2. Among them, M2.5 achieved a remarkable H2O2 yield of 95.3%. Tafel 

plot analysis supported these findings, with M2.5 maintaining an excellent ORR 
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kinetics, evidenced by a low Tafel slope (8.9 mV dec 1) similar to XC72 while 

achieving superior 2e  ORR selectivity due to effective N-doping. This doping 

enhanced the electron transfer and stabilized the active sites, boosting the 

catalytic efficiency. 

The physicochemical properties of the five catalysts were analyzed to 

understand their electrocatalytic performance in H2O2 production. Elemental 

analysis showed a steady increase in nitrogen content at higher melamine ratios, 

reaching up to 54.8 wt.%. M1 and M2.5 showed lower N incorporation (34% and 

48%), while M5 and g-C3N4 exceeded 50%, accompanied by a marked decrease 

in carbon content. Sulfur content decreased with increased melamine, likely due 

to carbon oxidation and SOx formation. The N/C ratio increased from M1 to g-

C3N4, with M2.5 having the most effective N doping for catalytic activity, while 

in M5 and g-C3N4, nitrogen mainly served as a structural element, reducing 

electrocatalytic efficiency. Elemental analysis confirmed that N-doping is 

essential for enhancing ORR performance, with XPS spectra revealing C, O, and 

N peaks. The N 1s spectra identified five nitrogen types: pyridinic, C=N, pyrrolic, 

graphitic, and oxidized N. Pyridinic N, associated with H2O2 decomposition, was 

lower in M2.5, while pyrrolic N, beneficial for H2O2 retention, was higher. This 

favorable N composition in M2.5 enhanced its 2e  ORR selectivity. Excessive 

pyrrolic N in M5, however, impacted catalyst stability, while g-C3N4 showed C=N 

predominance, which correlated with lower ORR activity. Thus, the well balanced 

N functionalities of M2.5 promoted the efficient and selective H2O2 

electrogeneration. FT-IR analysis revealed rich surface functional groups in g-

C3N4, with characteristic peaks indicating high N and O content, such as N-H and 

O-H stretching (3100-3500 cm 1), C≡N (2362 cm 1), and C=N (1600-1650 cm-1) 

bonds. M1, M2.5, and M5 shared structural features with g-C3N4, showing 

increasing peak intensities at higher melamine content, consistent with elemental 

analysis. XC72, as a pure carbon black, displayed few surface groups. Peaks near 

808 cm 1 in g-C3N4 and M5 indicated heptazine ring formation, confirming 

graphitic carbon nitride. As found for Sn-doped carbons in Section 4.1.1, the C≡N 

peak, present in all samples except XC72, aids H+ adsorption, which accelerates 

the H2O2 production. XRD patterns of the samples showed that XC72 exhibited 

characteristic graphite peaks at 24.7° and 43.4° (002 and 101 planes). For g-C3N4, 



RESULTS AND DISCUSSION 
 

169 

additional peaks at 13.1° and 27.4° corresponded to aromatic stacking in the 100 

and 002 planes, indicative of C3N4 structure. As the melamine content increased 

from XC72 to g-C3N4, the 24.7° peak shifted to a higher angle, the 13.1° peak 

intensity rose, and the 43.4° peak decreased, reflecting the transformation from 

graphitic carbon to carbonitride. This combination of amorphous carbon black 

and layered g-C3N4 likely creates a conductive, active composite, enhancing the 

ORR rate and selectivity. In the Raman spectra for XC72, M1, and M2.5 (M5 and 

g-C3N4 were excluded due to fluorescence issues), minor variations in the D1/G 

intensity ratio suggested a slight increase in graphitization. Amorphous carbon 

content (D3) averaged 8-9%, with minimal variation. The R2 parameter remained 

above 0.5, indicating low structural organization. Overall, Raman results showed 

similar graphitization degrees among XC72, M1, and M2.5, although Raman was 

limited in detecting carbon nitride components. Isotherm profiles showed that 

increasing the melamine content reduced the overall porosity, with carbon nitride 

displaying minimal micropore adsorption and XC72 showing some due to its 

micro- and mesoporous structure. g-C3N4, largely non-porous, lacked a hysteresis 

loop, unlike XC72. Micropores at ~1 nm were consistent across samples, with the 

rise in melamine causing pore occlusion rather than dimensional changes. This 

trend supports the formation of a Vulcan/carbon nitride composite in highly N-

doped samples (above 71.4 wt.% melamine) rather than pure N-doped carbon. A 

high specific surface area enhances reagent contact with active sites, promoting 

the ORR, while pore distribution determines the reaction pathway (2e  or 4e ). 

Literature suggests that micropores support the H2O2 production, and mesopores 

facilitate its release. Upon increase in the melamine content, the mesopore 

volume ratio rises despite the overall mesopore content decline, enhancing the 

role of mesoporosity in carbon nitride-rich samples. Sample M2.5, with a BET 

surface area of 81 m2 g 1 and a 92.6% mesopore volume ratio, showed an optimal 

balance for H2O2 generation without prolonged residence that could lead to 

decomposition. HRTEM images illustrated the morphology: g-C3N4 shows 

smooth, layered nanosheets, largely amorphous. Upon addition of XC72, M2.5 

developed ordered 002 lattice fringes, suggesting XC72 induces crystallinity in 

the g-C3N4 matrix, enhancing layer alignment. The EDX mapping results of M2.5 

confirmed a uniform C, N, and O distribution with minor S, consistent with 
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elemental analysis. 

Based on all these results, M2.5 emerged as the most effective 2e  ORR 

electrocatalyst, achieving an efficient H2O2 electrosynthesis through a synergistic 

balance of key factors. As main finding of this work, a radar chart analysis 

correlated its physicochemical and electrocatalytic properties, positioning M2.5 

as the top performer in nearly all parameters. M2.5 was thus selected for further 

electrolytic trials with GDEs. 

To support sustainable advanced wastewater treatment via continuous H2O2 

production, GDEs with different M2.5 catalyst loadings were evaluated. At 0.1 

mg cm 2, the GDE achieved an impressive H2O2 concentration of 34.8 mM over 

5 h at pH 5.9 and 33.3 mA cm 2, outperforming commercial and other purpose-

made GDEs. Higher loadings (0.5–2.5 mg cm 2) resulted in decreased H2O2 

production due to gas-diffusion channel blockage, although 2.5 mg cm 2 

unexpectedly recovered optimal H2O2 output by increasing the number of active 

sites. Excessive loading, however, caused production decline due to thicker layers 

hindering diffusion. 

The study further validated the GDE suitability for pollutant degradation. 

With Fe2+ (EF) or Cu/C (HEF, see section 4.2.1 below) catalysts, in-situ H2O2 

activation confirmed the •OH formation. EF at pH 3 enabled a rapid 100% 

degradation of DPH within 30 min, whereas HEF at pH 5.9 also achieved 

complete degradation at 120 min, demonstrating the effective pollutant removal 

at near-neutral pH. These results underscore the great adaptability and efficiency 

of the melamine-based GDEs across varying conditions in advanced water 

treatment. 
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4.1.3 Polymethylhydrosiloxane-modified gas-diffusion cathode for more 

efficient and durable H2O2 electrosynthesis in the context of water treatment 

In the two previous studies, we have explored several metal and metal-free 

electrocatalysts for electrochemical H2O2 synthesis under near-neutral conditions. 

Building on this, the present study focuses on the modification of PTFE-GDEs 

with trace amounts of PMHS to enhance both the O2 permeability and H2O2 

selectivity. Following a rational design, it was presumed that the -CH3 groups in 

PHMS could provide stable superhydrophobicity, while the -Si-H bonds and Si-

O-C groups were intended to introduce new active sites, eventually optimizing 

the H2O2 production efficiency and improving the catalyst layer durability. 

Therefore, this work not only addresses the improvement of the electrocatalytic 

properties, but also the enhancement of the integration of such electrocatalysts 

into the GDEs. 

Trace PMHS addition enabled the Si-O-C bonding on the carbon black 

surface, forming a superhydrophobic interface with Si-H and Si-O-C sites. The -

CH3 groups in PMHS increased the electrode water contact angle from 104.5° to 

148.3°, thereby enhancing the O2 permeation required for a better 2e  ORR. SEM 

and EDX mapping showed a uniform PTFE/PMHS catalytic layer (~547.1 μm) 

with well-dispersed C, F, O, and Si elements. XPS analysis confirmed the 

incorporation of PMHS onto the GDE surface. In PMHS-free GDEs, peaks for C 

1s, O 1s, and F 1s appeared, with O 1s linked to oxygen groups like C-OH and 

C=O from carbon black. Upon PMHS addition, Si 2p and Si 2s peaks at 103.4 eV 

and 154.4 eV, respectively, appeared, and the O 1s intensity increased, indicating 

Si oxidation. High-resolution spectra showed C-Si bonds (from −Si−CH3 of 

PMHS) and Si-H, Si-C, and Si-O bonds, confirming the formation of Si-O-C 

moieties and PMHS stable integration into the catalytic layer.  

The electrochemical characterization revealed a slight reduction in the 

ECSA for CB-PTFE/PMHS (8.3 vs 7.5 cm2) due to decreased catalyst-electrolyte 

contact from the enhanced hydrophobicity. EIS analysis showed significantly 

reduced mass transport and charge transfer resistances for CB-PTFE/PMHS (23.6 

and 3.8 kΩ, respectively, as compared to 47.5 and 7.6 kΩ for CB-PTFE). This 

improvement is attributed to the -Si-H and Si-O-C groups of PMHS that enhanced 

the O2 transport and electron transfer. LSV results indicated an optimal ORR 
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performance for the catalyst with a PMHS/PTFE ratio of 0.038, achieving the 

most positive onset potential (0.56 V vs RHE) and highest cathodic current 

density (-0.42 mA cm 2). RRDE measurements showed an electron transfer 

number near 2 (approximately 2.4) and H2O2 selectivity of 80% for CB-

PTFE/PMHS, clearly superior to CB-PTFE (45%). In a continuous 3-h test, the 

current density for CB-PTFE/PMHS remained above 80%, outperforming CB-

PTFE (45.8%). 

To optimize the H2O2 production in an undivided cell with a Ti|IrO2 anode, 

GDEs with various PTFE/CB ratios were tested, with the optimal ratio of 3 

yielding 1087.4 mg L 1 of H2O2 after 360 min. This setup balanced the stability 

and O2 transport, overcoming the active site blockage. The PTFE/PMHS-GDE 

with a 0.038 PMHS/PTFE ratio achieved even higher H2O2 production (1874.8 

mg L 1), underscoring the role of PMHS in enhancing the performance. 

Alternative modifiers such as PDMS-NH2 and PDMS-Cl showed lower H2O2 

yields, highlighting the key importance of Si-H bonds for H2O2 generation. 

An optimal H2O2 production occurred within a pH range of 3-9, declining at 

pH 11 due to rapid H2O2 decomposition. Higher current densities also increased 

H2O2 output without the faradaic efficiency drop seen in other GDEs, making the 

PTFE/PMHS-GDE promising for industrial applications. Long-term testing over 

10 cycles showed a sustained H2O2 production with only a 22.7% decrease, 

compared to a 36.5% reduction in PTFE-GDE, confirming the PTFE/PMHS-

GDE stability and high hydrophobicity retention. 

After confirming the high H2O2 production and durability of the 

PTFE/PMHS-GDE, its effectiveness for EF treatment of eight common organic 

micropollutants was assessed. Initially, the influence of Fe2+ dosage and current 

density on 2,4-DCP degradation was examined. Higher Fe2+ levels (0.2-0.3 mM) 

accelerated the degradation, achieving complete removal in 50 min, with the rate 

constant rising from 0.028 to 0.095 min 1. Similarly, increased current density 

boosted the degradation rate, peaking at 37.5 mA cm 2 with a rate constant of 

0.117 min 1, though an excessive H2O2 concentration at 50 mA cm 2 slightly 

inhibited the •OH efficiency. 

Further tests with seven additional micropollutants showed around 90% 

removal within 20 min for most, except for 2,4-DCP and diclofenac sodium, 
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likely due to structural resistance to •OH. The PTFE/PMHS-GDE outperformed 

the conventional PTFE-GDE in all cases, underscoring its potential as a cathode 

for efficient EF-based wastewater treatment. 

To better elucidate the role of PMHS in enhancing the 2e  ORR, DFT 

calculations were conducted by our colleagues in Dr. Ye’s group in China, aiming 

to assess the Gibbs free energies of each ORR step and charge distributions on 

graphene and PMHS@Graphene structures. In the 2e  ORR pathway producing 

H2O2, the OOH* generation and retention are crucial, since the O-O bond 

cleavage in this intermediate species favors the competing 4e  route. The Gibbs 

free energy required to form OOH* (ΔGOOH*) on PMHS@Graphene was 

significantly lower than on sole graphene (0.02 vs. 0.23 eV), indicating that 

PMHS promotes the OOH* formation. Conversely, the ΔG for *OOH conversion 

to *O (ΔG*O) was more positive on PMHS@Graphene, inhibiting the 4e  ORR 

pathway. Further, the OOH* adsorption-free energy analyses showed that the Si-

H site closely aligned with the ideal 2e  ORR energy, suggesting a weak OOH* 

adsorption that supports the selective H2O2 production. Additionally, charge 

density analysis revealed the electron accumulation around Si sites in PMHS, 

modulating the local electric field and enhancing the electron transfer. These 

results confirm that Si-H and Si-O-C sites in PMHS not only act as active sites 

but also optimize the electron transfer for an efficient 2e  ORR. 
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4.2 Cu-based MOFs as efficient and stable catalysts in HEF 

process 

Section 4.2 covers two articles relative (GO2, GO3 and SG5-12), including: 

(i) synthesis of two Cu-MOF-based heterogeneous catalysts (monometallic Cu 

and bimetallic FeCu), examination of Cu-based catalysts yield, and complete 

physicochemical and electrochemical characterization; (ii) evaluation of 

pharmaceutical degradation and mineralization in synthetic and real wastewater 

using HEF at natural pH; (iii) investigation of catalyst performance under various 

experimental conditions; (iv) assessment of reusability and metal leaching; and 

(v) elucidation of degradation pathways and mechanisms based on 

pharmaceutical intermediates. 

4.2.1 Enhanced mineralization of pharmaceutical residues at circumneutral 

pH by heterogeneous electro-Fenton-like process with Cu/C catalyst 

As summarized in Chapter 1.1.5, organic micropollutants like 

pharmaceuticals bring about increasing environmental risks due to their 

persistence and toxicity, with DPH frequently found in water bodies, which is 

mostly due to incomplete metabolization in humans. To address the limitations of 

conventional EF treatments, which rely on Fe2+ and operate optimally at low pH, 

researchers are turning to heterogeneous catalysts that can operate at near-neutral 

pH. Although iron is certainly the gold standard, Cu-based catalysts have been 

shown promising in EF-like processes due to the favorable Cu(II)/Cu(I) redox 

cycle, which generates reactive OH for pollutant degradation, even in a mixed 

homogeneous/heterogeneous regime. While traditional Cu-supported catalysts 

often suffer from excessive Cu leaching, MOFs pyrolyzed into Cu/C catalysts 

were expected to exhibit a durable core-shell structure that allows reducing 

leaching, thus extending the catalyst lifespan. This study presents a 

comprehensive synthesis and analysis of pyrolytic Cu-MOF derivatives to be 

employed as Cu/C catalysts, evaluating their efficacy in degrading DPH in 

synthetic solutions, and further exploring their performance in actual wastewater. 

Some characterization techniques were initially applied to investigate the 

physicochemical properties of the Cu/C catalysts. Cu-MOF synthesis yields were 

below 10% at room temperature but exceeded 20% under hydrothermal 
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conditions (120 °C) due to faster crystallization. XRD results confirmed Cu-MOF 

formation, with peaks at 6.7º, 9.5º, 11.6º, and 13.4°. For Cu/C catalysts, pyrolysis 

in Ar/H2 yielded pure Cu nanocrystals (43.3°, 50.4°, 74.1°; JCPDS 04-0836), 

while pyrolysis in Ar alone resulted in partial Cu2O formation (36.4°; JCPDS 05-

0667), confirmed by the red-brown coloring of the latter materials. Cu/C-A2-

Ar/H2 (Autoclave – 2 h, pyrolyzed under Ar/H2), with the highest yield among 

Ar/H2 samples, was selected for further study. The TEM analysis of this catalyst 

revealed the presence of round nanoparticles (20-40 nm) with a core-shell 

structure, where Cu cores were wrapped in a porous carbon shell (1.5-10 nm 

thick). This protective layer was expected to limit Cu erosion and dissolution 

while maintaining the catalytic efficiency. HRTEM confirmed lattice spacings of 

0.208 and 0.181 nm for the (111) and (200) planes of Cu, aligning with XRD data. 

EDX mapping showed Cu concentrated in the nanoparticle core, surrounded by 

C on the surface, with minimal O. Elemental analysis by EDS indicated a 

distribution of elements as: 61.5% Cu, 21.5% C, and 17.0% O, verifying the 

catalyst composition. XPS analysis confirmed that the surface of the catalyst 

consisted of Cu, C, and O. High-resolution spectra revealed the existence of Cu 

peaks at 932.4, 944.1, 952.2, and 962.5 eV, indicating a mix of Cu(I) and Cu(II) 

states, with Cu2O being dominant as shown by the Cu LMM band at 916.8 eV. 

Combined with XRD and HRTEM findings, this suggests that the catalyst strictly 

comprises zero-valent copper cores within a carbon shell, with slight surface 

oxidation. To maintain the active Cu states, storage in a vacuum oven at 50 °C is 

recommended. DLS analysis of Cu/C-A2-Ar/H2 showed an average particle size 

of 695 nm, larger than the 20-40 nm observed via TEM. This discrepancy, with 

high standard deviation and covariance, suggests minor clustering in solution, 

which DLS detects as hydrodynamic diameter. TEM, capturing particles in a dried 

state, does not fully represent the dispersion seen in liquid. 

The efficiency of the catalyst in degrading DPH through HEF-like process 

in 0.050 M Na2SO4 medium was evaluated by selecting different anodes, catalyst 

doses, pH values, and current densities. Initial tests showed only 5% DPH decay 

at pH 6 via adsorption. Without the catalyst, EO-H2O2 using a DSA-Cl2/GDE cell 

achieved 35% removal in 180 min, whereas using raw Cu-MOF yielded 32% 

degradation, evidencing the necessity of MOF pyrolysis for improved stability 

and effectiveness. Among the tested anodes, BDD ensured the fastest DPH 
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degradation, achieving complete removal in 150 min; nonetheless, DSA-Cl2 was 

selected for subsequent trials due to its cost-effectiveness and the presence of 

chloride in wastewater, aiding active chlorine formation for faster degradation. 

Increasing the catalyst dosage from 0.05 to 0.5 g L 1 enhanced the DPH removal, 

with optimal performance at 0.1 g L 1. A higher initial pH reduced the degradation 

rates, with complete removal at pH 3 in 20 min, extending to 180 min at pH 6 and 

8. A higher pH lowered the OH activity but reduced the copper leaching, shifting 

the process to a slower heterogeneous pathway. Increasing current density from 

8.3 to 50 mA cm 2 at pH 6 enhanced the DPH removal by boosting the H2O2 and 

OH production, eventually achieving the complete degradation within 90 min at 

higher current values. 

The performance of Cu/C-A2-Ar/H2 catalyst was evaluated in actual urban 

wastewater containing 14.3 mg L 1 DPH and an initial TOC of 20.6 mg C L 1 at 

pH 8. Using a DSA-Cl2 anode and commercial GDE cathode with a current 

density of 16.7 mA cm 2, DPH degradation was faster in wastewater than in a 

0.050 M Na2SO4 model solution at pH 6, attaining the total removal in 150 min, 

as compared to 180 min needed in the synthetic medium. This acceleration is 

attributed to active chlorine (HClO) formed from chloride present in the 

wastewater, which acted alongside M( OH) and OH to enhance the degradation. 

However, TOC reduction showed a slower, opposite trend, with 60% removal in 

the synthetic solution versus 30% in wastewater after 360 min, likely due to 

recalcitrant chlorinated by-products from HClO oxidation in the wastewater 

matrix. 

The mineralization efficiency reached using the Cu/C-A2-Ar/H2 catalyst in 

the HEF-like treatment of DPH solutions at pH 6 was evaluated against a 

traditional homogeneous EF process with Fe2+ at pH 3. At 16.7 mA cm 2, the 

HEF-like process achieved 58% TOC reduction, surpassing the 42% removal 

observed in EF. Increasing the current to 50 mA cm 2 in the HEF-like system 

further boosted the mineralization to 68%, which was notably higher than the 52% 

attained by EF at 100 mA cm 2. These are very relevant results from this work, 

since they indicate that the ≡Cu2+/≡Cu+ pair in the Cu/C catalyst effectively 

activates H2O2, generating abundant OH radicals that enhance the mineralization 

beyond that achieved by the homogeneous EF method. The comparable TOC 
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reduction at pH 3 and 6 in HEF-like treatment implies that recalcitrant by-

products are primarily degraded through surface-generated OH radicals. 

In terms of by-products, a lower accumulation of oxalic acid was observed 

in the HEF-like treatment, suggesting ag more efficient degradation of short-chain 

products. In contrast, the EF process led to Fe(III)-oxalate complexes, which are 

more resistant to further oxidation, thereby limiting mineralization. The use of a 

BDD anode in the HEF-like process further improved TOC reduction by 

generating highly reactive BDD( OH) radicals, aligned with the lower oxalic acid 

levels detected. Additionally, homogeneous EF-like treatments with Cu+ or Cu2+ 

catalysts displayed markedly lower degradation and mineralization efficiency, 

achieving only 10% TOC removal, becoming a clear proof of the superiority of 

Cu/C-catalyzed HEF for effective pollutant mineralization. 

In HEF-like treatments, the Cu/C-A2-Ar/H2 catalyst showed higher initial 

Cu2+ leaching at pH 3 than at pH 6, enhancing the OH generation and DPH 

degradation under acidic conditions. After the first hour, the leaching was 

stabilized, with minimal additional release, indicating stability of copper within 

the carbon shell. Reusability tests showed a degradation efficiency declining from 

96% to 34% over five cycles, though cleaning partially restored it to 56%. XPS 

analysis confirmed predominant Cu(II) formation, which provided an explanation 

for the diminished H2O2 activation and oxidation power. 

GC/MS analysis allowed identifying six aromatic and three aliphatic by-

products, including oxalic acid, and the possible degradation pathway of this drug 

resulting from DPH oxidation in HEF-like treatments at pH 6 was consequently 

elucidated. 

Furthermore, the feasibility of using Cu/C-A2-Ar/H2 as an electrocatalyst 

for H2O2 generation in HEF systems was explored by evaluating its ORR 

performance in 0.1 M Na2SO4 at pH 4 and 6. As an electrocatalyst, this material 

showed promising ORR activity, especially at circumneutral pH, achieving 

limiting currents of -0.24 mA at pH 4 and -0.76 mA at pH 6. In the latter medium, 

the electron transfer number approached 2, with an H2O2 selectivity of 80%, 

whereas at pH 4, the electron transfer number was closer to 3, with 60% 

selectivity. 
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4.2.2 Bimetallic FeCu-MOF derivatives as heterogeneous catalysts with 

enhanced stability for electro-Fenton degradation of lisinopril 

The previous work opened the door to the use of alternative heterogeneous 

catalysts for HEF process, where Cu/C allows enhancing the mineralization 

efficiency but showing a slow degradation of the target pollutant. Recent studies 

suggest that bimetallic Fe-Cu catalysts could optimize the Fe(II) regeneration, 

thus leveraging the lower redox potential of copper to thermodynamically support 

the continuous Fe(III) reduction. FeCu-MOFs and their pyrolyzed derivatives 

have shown strong promise in Fenton processes. Despite this, the FeCu-based 

HEF catalysts are still under exploration, with challenges in maintaining 

effectiveness at neutral pH and ensuring durability across cycles. This study 

discusses the synthesis of FeCu/NC catalysts, with a carbon capsule for an 

enhanced stability and electron transfer. Comparative studies with Fe/NC and 

Cu/NC revealed that Cu(0) significantly enhances the Fe(III) reduction, whereas 

LC-MS/MS analysis provided insights into the LSN degradation by-products. 

These findings highlight the potential of FeCu/NC as a stable HEF catalyst for 

effective, near-neutral pH pollutant removal in wastewater treatment. 

A series of characterizations was carried out on the synthesized FeCu/NC, 

Cu/NC, and Fe/NC catalysts. The XRD analysis confirmed the crystallographic 

structure of the three catalysts. The FeCu/NC catalyst exhibited diffraction peaks 

at 44.7°, 65.0°, and 82.3°, corresponding to the (110), (200), and (211) planes of 

Fe(0), and at 43.3°, 50.4°, and 74.1°, related to the (111), (200), and (220) planes 

of Cu(0). HRTEM further verified these planes, based on lattice spacing 

measurements. In contrast, Cu/NC and Fe/NC showed surface oxidation, with the 

former containing oxides and hydroxides, including CuO, Cu2O, and Cu2(OH)3Cl, 

likely formed during HCl washing; Fe/NC was primarily covered in Fe3O4, 

suggesting a reduced stability in metallic form due to acid pickling. The TEM 

images showed that the catalysts, prepared through MOF carbonization, 

displayed a core-shell structure with a carbon layer wrapping the metal core, 

designed to reduce metal leaching and surface fouling. The size of the FeCu/NC 

particles was under 50 nm, whereas Fe/NC and Cu/NC had broader particle size 

distributions in the range of 10-100 nm. BET analysis revealed that Fe/NC had 

the highest surface area (257.8 m2 g 1), showing mesoporous properties, whereas 
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FeCu/NC (98.6 m2 g 1) and Cu/NC (12.4 m2 g 1) exhibited nonporous or 

macroporous characteristics. Elemental mapping indicated that Fe and Cu were 

embedded within the carbon matrix, with trace N confirming successful doping 

and slight surface oxidation due to storage. XPS analysis of FeCu/NC, Fe/NC, 

and Cu/NC catalysts confirmed the presence of C, O, and N, aligning well with 

TEM observations. Both Fe and Cu were present as expected. For FeCu/NC and 

Fe/NC, Fe 2p spectra showed peaks linked to Fe(0), FeO, Fe2O3, and satellite 

peaks, with FeCu/NC having a notably higher metallic Fe content (9.6%) as 

compared to Fe/NC (1.1%). This suggests surface oxidation upon air exposure 

but minimal impact on the core. Cu(I) was predominantly present on the 

FeCu/NC surface, while Cu(II) was more evident in Cu/NC, suggesting CuO as 

the main species in this catalyst. High-resolution N 1s spectra allowed identifying 

pyridinic and pyrrolic N on all catalysts, with oxidized N present only on Fe/NC 

and Cu/NC. The presence of multiple oxidation states for Fe and Cu in FeCu/NC, 

along with pyrrolic N, is favorable for H2O2 production on the nanoparticle 

surface. Cdl values were derived from CV curves and compared to N2 adsorption-

desorption data. Fe/NC showed the highest pore volume and smallest pore size, 

resulting in a high Cdl. Worth noting, FeCu/NC exhibited a similar Cdl despite its 

less favorable textural attributes, implying that it is the larger pore volume the 

factor that more directly correlates with a larger number of electroactive sites. 

Thus, FeCu/NC was demonstrated to possess a balanced structure and 

electrochemical properties, being ideal for H2O2 activation. 

The catalytic efficiency of the three materials was evaluated for HEF 

treatment of LSN solutions at pH 5.9, with a catalyst concentration of 0.05 g L 1. 

Minimal LSN removal was observed through pure adsorption, with FeCu/NC 

achieving the highest (about 10%). Electro-oxidation (i.e., trials without catalyst) 

led to a removal of 59.5% of LSN in 180 min, primarily due to the action of 

DSA( OH). In HEF treatments, FeCu/NC showed superior catalytic activity, 

achieving complete LSN degradation within 120 min, outperforming Cu/NC and 

Fe/NC. Higher current densities (up to 50 mA cm 2) improved the degradation 

rates, but an of excess H2O2 accumulation at higher applied current favored the 

OH scavenging. Optimal performance was observed at 0.05 g L 1 catalyst, with 

minimal gain beyond this dosage, making it a cost-effective choice. The influence 
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of initial pH showed the best results at pH 3, where over 70% LSN was removed 

during pre-electrolytic adsorption, as the neutral form of LSN was more 

adsorbable and rapidly degraded. Even at pH 5.9, about 80% degradation was 

achieved in 120 min, demonstrating the effectiveness of FeCu/NC across a broad 

pH range, from acidic to mildly alkaline conditions. 

To assess the mineralization efficiency of FeCu/NC-catalyzed HEF, 

extended tests were conducted using a DSA/GDE cell at an optimal catalyst 

dosage of 0.05 g L 1. At pH 3, TOC removal reached 37.1% after 120 min and 

45.1% after 360 min, indicating a moderate mineralization due to stable Fe(III)-

carboxylate complexes formed in the absence of UVA irradiation. The 

accumulation of short-chain carboxylic acids, with oxalic acid as the main 

refractory product, peaked at 60 min, evidencing the existence of limited 

degradation pathways under these conditions. The reusability of FeCu/NC was 

promising, with sequential trials showing 100% LSN removal in the second cycle 

and 86.5% in the fifth, suggesting a relatively strong catalytic durability. The 

gradual decline in performance was attributed to active site passivation and pore 

clogging by refractory by-products. 

The FeCu/NC-catalyzed HEF process was tested for LSN removal in urban 

wastewater (UWW) at pH 7.7. Since UWW contains Cl  and the Ti|RuO2 anode 

supports electrochlorination, active chlorine production was assessed under the 

electrolysis conditions (j = 33.3 mA cm 2), with maximum chlorine accumulation 

(4.5 mg L 1) reached at 45 min, which later declined due to its interaction with 

H2O2 (produced at the cathode). When LSN was added to the UWW with 4.5 mg 

L 1 active chlorine, 77.3% removal was achieved in 120 min. In HEF trials with 

0.05 g L 1 FeCu/NC, complete LSN degradation occurred within 60 min, likely 

due to the role of active chlorine as a secondary oxidant. Catalyst stability tests 

showed minor iron leaching, with a maximum of 0.19 mg L 1, markedly lower 

than that of comparable catalysts published by other authors, indicating that Cu 

doping not only enhances the HEF performance but also improves the catalyst 

durability by increasing the corrosion resistance of iron. 

To further investigate the catalytic role of copper in FeCu/NC, LSV tests of 

fresh and used (i.e., after one HEF cycle) FeCu/NC and Fe/NC materials were 

conducted. Fresh catalysts showed no reduction signal; in contrast, a distinct 
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reduction near 0.77 V appeared in the used samples, indicating the Fe(III) to Fe(II) 

conversion. Fe/NC displayed a stronger reduction signal, suggesting higher Fe(III) 

retention, whereas FeCu/NC showed weaker reduced Fe(III) signal, likely due to 

catalytic role of copper in in-situ Fe(III) reduction. EIS and DRT analysis further 

revealed that Cu/NC has high ion diffusion, which can serves to explain the 

greater metal leaching and instability, whereas FeCu/NC had enhanced charge 

transfer resistance and stability, advantageous for HEF applications. 

HPLC-MS analysis informed about the LSN degradation by-products, with 

primary molecules formed under strong oxidative conditions. A proposed 

mechanism involves iron and copper species in various oxidation states 

catalyzing Fenton’s and Fenton-like reactions that allow enhancing the •OH 

production. Fe(II) from Fe(0) drives heterogeneous Fenton’s reaction with 

electrogenerated H2O2 as the main •OH source, while Cu(0) and Cu(I) favor the 

Fe(III) reduction, sustaining the Fe(II) availability. Copper also participates in 

slower Fenton-like reactions and minor superoxide production, but it primarily 

supports the Fe(III)/Fe(II) cycling, thereby accelerating the H2O2 activation. LSN 

is sequentially degraded through •OH to short-chain carboxylic acids and 

ultimately mineralized to CO2, H2O, and inorganic ions. 
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4.3 Ceramic membrane-confined FeCu/NC catalyst for robust 

flow-through wastewater treatment by electro-Fenton process 

Section 4.3 presents one work related to GO4 and SG13-15, including: (i) 

optimization of catalyst-modified CMs for AMX degradation; and (ii) application 

of CMs as micropore diffusers for oxygen species generation, enabling 

simultaneous filtration and catalytic degradation without external aeration. 

The work described in this section has not been fully completed; at the 

moment, preliminary research has been conducted. 

Introduction 
Membrane filtration is widely established as an effective physical separation 

method for water and wastewater treatment, particularly with ultrafiltration (UF) 

and nanofiltration (NF) being extensively applied for the removal of suspended 

solids and macromolecular pollutants [407]. However, conventional membrane 

filtration faces notable challenges in wastewater treatment, such as membrane 

fouling, which not only reduces the water flux but also significantly entails high 

maintenance and replacement costs [408,409]. Moreover, traditional membranes 

show a limited efficiency in removing low-molecular-weight organic compounds, 

since dissolved organic contaminants and micropollutants can easily penetrate 

membrane pores, affecting the quality of the treated effluent. These limitations 

restrict the broader application of membrane technology in wastewater treatment 

[410,411]. As a result, coupling membrane filtration with other robust treatment 

methods to address fouling issues and minimize the presence of pollutant residues 

in the permeate is becoming a hot research topic. 

As described and justified throughout this Thesis, EF process offers an 

effective solution, converting O2 to H2O2 through the 2e  ORR pathway, and 

further generating •OH upon catalytic activation, thus efficiently degrading 

recalcitrant organic pollutants in wastewater [412]. Conventional homogeneous 

Fenton systems typically operate under acidic conditions (pH ~3) to maintain the 

activity of iron ions, limiting their flexibility in practical applications [398]. 

However, the introduction of heterogeneous catalysts effectively activates H2O2, 

and it also significantly broadens the applicable pH range, increasing the viability 

of the EF process for wastewater treatment [398]. For instance, metal-based 
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heterogeneous catalysts such as those investigated in Section 4.2 demonstrate 

excellent H2O2 activation under neutral conditions, offering a highly efficient and 

durable solution for actual wastewater treatment systems [8]. Nonetheless, 

although heterogeneous catalysts perform well in the HEF process, they are often 

dispersed in water as suspended particles, which can lead to particle aggregation 

and a consequent reduction in •OH production efficiency. Additionally, while 

these catalysts can be reused, recovery processes can be complex and lead to high 

loss rates and costs, with the risk of small particles remaining in the water and 

causing secondary pollution [394]. 

Lately, ceramic membranes (CMs) have been proven more suitable for 

demanding wastewater treatment environments, as compared to polymer 

membranes, owing to their superior mechanical strength, chemical stability, and 

thermal resilience [413]. CMs offer a longer operational lifespan, demonstrate 

sufficiently high flux and strong anti-fouling performance during extended use. 

Furthermore, combining CMs with other functional components imparts 

multifunctional properties, enabling a more efficient pollutant removal [414]. 

The limitations of traditional membrane filtration and HEF processes are 

simultaneously addressed by leveraging the advantages of CM materials to 

develop an electrified membrane (i.e., electrocatalytic membrane cathode). 

According to reports, electrified membrane systems can be categorized into dead-

end filtration flow and cross-flow filtration, depending in the direction of the 

water flow in relation to the membrane [415]. The HEF process coupled with CM 

exhibited a significantly greater removal rate for florfenicol at 10.2 ± 0.1 mg m 2 

h 1 compared to both single filtration (2.5 ± 0.1 mg m 2 h 1) and batch HEF 

processes (4.3 ± 0.05 mg m 2 h 1) [416]. In addition, dead-end mode led to more 

than 2- and 3-fold increases in AMX removal efficiency (97.9 %) compared with 

the cross-flow (48.5 %) and batch modes (38.0 %), and the power consumption 

in dead-end mode was reduced by 59.2 % and 69.3 % relative to the cross-flow 

and batch modes, respectively [417].  

Herein, an FeCu/NC-MOF-derived catalyst, presumably in the form of a 

SAC, was coated on the surface of a commercial CM to create an electrocatalytic 

membrane. Acting as a cathode, this membrane generates H2O2 in-situ through 

the 2e  ORR pathway and, under the synergistic effect of Fe and Cu, it further 
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activates H2O2 to produce •OH. The experimental setup utilizes a dead-end 

recirculation mode in an electrochemical flow reactor, where the solution 

undergoes initial filtration through the catalyzed CM and subsequently interacts 

with the •OH electrogenerated on the membrane surface, achieving an advanced 

purification. Investigations into the effects of initial pH, flow rate, and applied 

current on the pollutant degradation efficiency, along with long-term testing, 

confirm the anti-fouling performance and stability of the membrane, which 

becomes a nice proof of concept to provide a more efficient and scalable solution 

for wastewater treatment. 

Materials and methods 
The ceramic membrane disks with a diameter of 46 mm, a thickness of 3 

mm, and a pore size of 220 nm were purchased from Morui Xincailiao Shop. The 

target pollutant AMX (95.0 – 102.0% anhydrous basis) was acquired from Sigma-

Aldrich. The synthesis of SAC was carried out using CTAB ( ≥99.0% (for ion 

pair chromatography)) from Merck, ferric nitrate nonahydrate (Fe(NO3)3•9H2O, 

100%) from PROBUS, S.A., 2-methylimidazole (99%), copper(II) nitrate 

trihydrate (Cu(NO3)2•3H2O, 99–104%) and zinc nitrate hexahydrate 

(Zn(NO3)2•6H2O, reagent grade, 98%) purchased from Sigma-Aldrich, and 

methanol (CH3OH, ≥ 99.9%) from Scharlau. The ink was prepared using Nafion 

(Sigma-Aldrich, 5 wt.% in a mixture of lower aliphatic alcohols and water, 45% 

water content) and 2-propanol dry (PanReac AppliChem, max. 0.01% water). The 

mobile phase for HPLC analysis is composed of formic acid (Optima LC/MS) 

purchased from Fisher Chemical and acetonitrile (reag. Ph. Eur. for UHPLC 

Supergradient, ACS) from PanReac Applichem. Anhydrous Na2SO4 employed as 

supporting electrolyte was supplied by Merck. 

All aqueous solutions were prepared with Milli-Q water from a Merck Life 

Science Synergy UV device (resistivity > 18.2 MΩ cm). 

The procedure for preparing the FeCu/NC-SAC and catalyst-loaded CM 

cathodes are detailed in Section 3.3.1.  

Electrocatalytic filtration experiments 
The degradation performance of the FeCu/NC-SAC/CM for pharmaceutical 

removal during electrocatalytic filtration was evaluated in an electrochemical 
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flow cell operating in dead-end mode. For details, see Section 3.4. The 

quantification method of AMX is described in Section 3.5.1.  

Note that during the treatment, samples were collected simultaneously from 

the reactor outlet and the reservoir for analysis. As the degradation rates at both 

locations were very similar at each given time, only the results from the reservoir 

samples are presented. 

Results and Discussion 
The performance of the XC72R/CM, and FeCu/NC-SAC/CM regarding the 

pharmaceutical elimination during the electrocatalytic filtration was investigated 

with AMX as the target pollutant, respectively.  

Fig. 48 shows the impact of different current density, and catalyst loading on 

the removal efficiency of AMX using XC72R/CM. The results as shown Fig. 48a 

at a current density of 10 mA cm 2. In the first stage, without applied current 

(highlighted in yellow), all configurations exhibited minimal physical removal 

(i.e., filtration and/or adsorption) of AMX, suggesting a limited filtration capacity 

of the pristine CM. At 10 mA cm 2, EO alone (without CM, using Ni mesh as a 

cathode) yielded approximately 80% degradation efficiency after 120 min. The 

introduction of the unmodified commercial CM in the latter system resulted in a 

slightly lower performance (about 70% degradation efficiency at 120 min), likely 

due to the CM interfering in the EO process, which was not counterbalanced by 

an effective filtration by the membrane; however, note that the AMX removal 

during the first 60 min was enhanced, which could be attributed to electrosorption 

phenomena. Loading uncatalyzed XC72R carbon onto the CM surface, to act as 

a cathode, significantly enhanced the removal performance, which means that 

XC72R facilitates the in-situ electrogeneration of H2O2, as well as the 

electrosorption process. With a loading of 1 mg cm 2, complete disappearance of 

AMX was achieved within 40 min. However, increasing the loading to 2 mg cm 2 

led to a removal rate of approximately 80% in the same time period, possibly due 

to excessive catalyst causing blockage of the CM pores. In the dead-end filtration 

mode, the solution is thus forced to flow through only a portion of the pores, 

rendering parts of the cathode inactive to adsorption and H2O2 production. When 

the catalyst loading was increased to 4 mg cm 2, 100% degradation was still 
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achieved within 40 min, as the catalyst still caused pore blockage but could 

provide a larger number of active sites that is beneficial for H2O2 production, as 

well as for adsorption. Therefore, a catalyst loading of 1 mg cm 2 was considered 

the most suitable value for subsequent tests. 

Fig. 48b presents the experimental results at a current density of 2 mA cm 2. 

The overall degradation efficiency decreased, as expected; however, the 

electrocatalytic filtration using the CM loaded with catalyst still outperformed the 

EO process. Interestingly, when the CM had a higher catalyst loading (2 mg cm 2), 

greater removal efficiency was achieved as compared to CM loading of 1 mg 

cm 2. This may be because, at lower current densities, the electron supply rate is 

reduced, limiting the reaction rates. In such cases, increasing the catalyst loading 

provides more active sites, promoting the ORR and counteracting the insufficient 

electron supply, thereby enhancing the overall removal efficiency. Taking into 

account that the energy consumption decrease was at the expense of a greater 

catalyst usage, this slight improvement was not deemed significant, thereby 

maintaining 1 mg cm 2 as the optimal loading. 

 
Figure 48. Time course of AMX (C16H19N3O5S) concentration during the treatment of 200 

mL of solutions containing 10 mg C L 1 drug in 0.050 M Na2SO4 at room temperature. The 

electrochemical reactor was equipped with the CM (except in the pure EO trial without CM), 

either unmodified or coated with XC72R carbon as electrocatalyst at different loadings, and 

was operated in dead-end filtration mode with recirculation. Conditions: EO with DSA-O2 as 

the anode, flow rate of 13.5 mL min 1, natural pH 5.9. (a) 10 mA cm 2; (b) 2 mA cm 2. 

Samples were collected from the reservoir. 

Fig. 49 illustrates the visual appearance of XC72R catalyst layers with 

varying loadings on the CM. At a loading of 2 mg cm ², the catalyst layer appears 
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uniform and free of cracks. As the loading increases to 4 mg cm ², minor 

clustering and peeling of the catalyst are observed. At 8 mg cm ², significant 

cracking of the surface becomes evident, and the catalyst layer is prone to 

detachment. Based on these observations, catalyst loadings of 1 mg cm ² and 2 

mg cm ² were considered more suitable. 

 
Figure 49. CMs with different loadings of XC72R catalyst. 

Fig. 50a illustrates the performance of different electrocatalytic CMs 

regarding the removal of AMX. The results indicate that the FeCu/NC-SAC/CM 

outperforms the XC72R/CM, demonstrating that FeCu/NC-SAC functions 

efficiently as a bifunctional catalyst. Its carbon-based structure facilitates the 

selective in-situ generation of H2O2 via the 2e  ORR, while the presence of Fe 

and Cu single sites rapidly activates H2O2 into •OH, enhancing the AMX 

degradation. Although reducing the loading to 0.5 mg cm 2 yielded a similar final 

degradation, it might result in uneven coating, thereby increasing the process 

complexity. Notably, the CM with a mixed loading of FeCu/NC-SAC and XC72R 

exhibited the poorest performance, possibly due to interference between the 

active sites of the two catalysts or the introduction of different electron transfer 

pathways, causing uneven electron distribution among active sites and eventually 

reducing the overall reaction efficiency. 

To verify the synergistic effect between Fe and Cu, single-metal catalysts 

and a metal-free material were synthesized using the same synthesis procedure, 

as shown in Fig. 50b. 
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Figure 50. Analogous to Fig. 48, but using the FeCu/NC-SAC electrocatalyst. Conditions: 

HEF treatment (except CN/CM in plot (b), which is EO process) using DSA-O2 as the anode, 

flow rate of 13.5 mL min 1, natural pH 5.9, j of 2 mA cm 2. Samples were collected from the 

reservoir. In (a), the mixed loading (red curve) was done with 1 mg cm-2 of each 

electrocatalyst. In (b), the loading was 1 mg cm-2 of each electrocatalyst. 

FeCu/NC-SAC/CM exhibited the fastest initial AMX degradation. Although 

the degradation efficiencies of all catalysts were similar at 120 min, FeCu/NC-

SAC/CM maintained a consistently higher degradation rate throughout the 

reaction process, indicating a stronger catalytic activity in the initial stages and a 

more rapid degradation of AMX. This performance advantage is in agreement 

with the synergistic interaction between iron and copper explained in previous 

section, providing more active sites and promoting the activation of H2O2. 

Conclusions 
In this preliminary study, a bifunctional FeCu/NC-SAC catalyst-modified 

electrocatalytic CM was successfully developed. The inherent carbon content of 

the catalyst facilitates the in-situ electrogeneration of H2O2 via the 2e  ORR 

pathway. The active metals, Fe and Cu, efficiently activate H2O2 to produce OH, 

thereby effectively degrading AMX. This study, however, has not addressed the 

effect of other relevant factors such as flow rate, initial pH of treated solution 

(with potential impact on the adsorption of organic molecules on the catalyst and 

membrane surfaces), as well as a broader range of current densities. A detailed 

physicochemical characterization is also needed to assess the properties of 

FeCu/NC-SAC and FeCu/NC-SAC/CM regarding their morphology, structure, 

and composition. We are especially interested in demonstrating the presence of 

single atoms and, with the acquisition of a new TEM by the UB, which is able to 
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perform high-angle annular dark-field scanning transmission (HAADF-STEM) 

analysis, it is expected to achieved their identification. Further research is 

necessary to explore these aspects to fully understand the performance of the 

electrified membranes under varied operation conditions. 
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CHAPTER 5. Conclusions and Perspectives 

5.1 Conclusions 

This Thesis is primarily dedicated to the development and optimization of 

new ORR electrocatalysts for H2O2 electrogeneration, as well as the design of 

Cu-MOF-based heterogeneous catalysts for H2O2 activation and the proposal a 

potential system for future scale-up of the technology. The catalysts were applied 

in the HEF process under near-neutral conditions to achieve the efficient 

degradation of organic micro-contaminants, with special attention on 

pharmaceuticals. From the results described in the five sections of Chapter 4, a 

series of conclusions can defined, in good agreement with the general objectives 

(GO) and specific goals (SG) listed in Chapter 2. 

Regarding Chapter 4.1 (GO1 and SG1-4): 

 The electrocatalysts were synthesized by different methods, and their 

crystal structures, surface chemical compositions, pore structures, and 

morphological features were analyzed by EA, XRD, XPS, Raman, N2 

physisorption, FT-IR, SEM, TEM, and XAS, to gain an in-depth 

understanding of the microstructures and physicochemical properties 

for electrocatalysts. 

 The electron transfer number and H2O2 selectivity of the 

electrocatalysts —Sn-doped carbons, N-doped carbons, and PMHS-

modified carbons— were determined under near-neutral pH conditions 

using the RRDE technique. These measurements provided insight into 

the efficiency of catalysts in promoting the ORR and their ability to 

selectively generate H2O2 in a controlled electrochemical environment. 

 The incorporation of Sn into carbon supports significantly enhanced the 

ORR activity as compared to that of Sn-free carbons. The strong affinity 

of Sn for oxygen molecules facilitates their activation on the electrode 

surface, thereby enhancing the ORR efficiency. This characteristic 

allowed the Sn/C electrocatalysts to exhibit excellent electrolysis 

performance. 

 Nitrogen doping enhanced the efficiency and selectivity of carbon-
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based catalysts for the 2e  ORR, producing higher H2O2 yields. Pyrrolic 

nitrogen, in particular, plays a critical role in promoting the O2 

adsorption and stabilizing the OOH* intermediate, essential for 2e  

ORR. The presence of a balanced nitrogen functionality, especially 

pyrrolic and graphitic nitrogen, improved the electron distribution, 

ensuring a controlled ORR process that favored the H2O2 production. 

Such optimal nitrogen distribution conferred a high selectivity to the N-

doped carbons. 

 The pore distribution played a critical role in enhancing the performance 

of 2e  ORR electrocatalysts by optimizing mass transport of reactants 

and products. Carbon materials with a well-balanced combination of 

micropores and mesopores offered a suitable surface area, providing a 

higher density of active sites that facilitate oxygen diffusion and 

adsorption. Mesopores allowed the rapid evacuation of H2O2, 

preventing its accumulation and subsequent reduction to water, 

eventually favoring the 2e  ORR selectivity. Micropores supplied 

highly dispersed active sites, while mesopores create efficient mass 

transport channels, contributing to excellent H2O2 production. 

 Hydrophobicity significantly had clear impact on the 2e  ORR 

performance by enhancing oxygen availability at the catalyst surface. A 

hydrophobic surface facilitates the diffusion of oxygen by repelling 

water, ensuring that active sites are readily accessible. This contributes 

to maintaining the 2e  pathway by minimizing water interference (i.e., 

flooding). 

 The binder nature and loading had a great effect on the performance and 

mechanical stability of GDEs. The use of a hydrophobic binder 

enhanced the oxygen diffusion by maintaining an oxygen-rich 

environment at the reaction interface, thereby improving the efficiency 

of H2O2 generation. Additionally, an appropriate binder distribution 

prevented catalyst particle aggregation, ensuring optimal exposure of 

active sites. 

 Optimizing the catalyst loading on GDEs was essential for maximizing 

the H2O2 electrogeneration efficiency. At a suitable catalyst loading, an 
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optimal number of active sites was obtained, thus boosting the H2O2 

production rates. However, excessive loading could restrict the oxygen 

mass transport, negatively affecting the generation efficiency. Therefore, 

balancing the quantity of active sites with oxygen transport efficiency 

is crucial for achieving the optimal H2O2 yield. 

 Higher current densities generally promoted an increased H2O2 

production rate due to enhanced electron transfer and oxygen reduction 

activity at the electrode surface. However, excessive current was 

detrimental due to side reactions, including further reduction of H2O2 to 

water, which lowers the overall CE. Optimal current density values 

must therefore balance the H2O2 production and the energy losses, 

ensuring sustainable operation. 

 Although lower pH values traditionally favor a higher H2O2 stability 

and radical formation in the EF process, the GDEs fabricated in this 

Thesis exhibited substantial H2O2 production at near-neutral pH, 

demonstrating their adaptability to environmentally relevant conditions. 

This versatility allows these GDEs to function without electrolyte 

acidification, making them suitable for applications within a broader pH 

range. 

 The new GDEs have shown effective pollutant degradation in EF 

systems. Under optimal conditions, these electrodes achieved 

substantial contaminant removal, highlighting their potential in 

environmental applications. At circumneutral pH (~5.9), the 

degradation process for specific pollutants was completed within 

approximately 120 min, demonstrating the system viability without the 

need for highly acidic conditions. 

Regarding Chapter 4.2 (GO2 and SG5-9): 

 Hydrothermal synthesis conditions and pyrolysis atmosphere 

significantly impact the properties of Cu-MOFs and Cu/NC catalysts. 

The synthesis yield at room temperature was below 10%, while 

hydrothermal treatment at 120 ºC for 2 h improved it to over 20%. 

Extending the hydrothermal duration to 12 h further increased the yield, 

although 2 h was chosen as a good compromise. During pyrolysis, an 
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Ar atmosphere led to partial oxidation, causing the formation of Cu2O, 

whereas an Ar/H2 atmosphere preserved metallic Cu, maximizing the 

yield and maintaining the desired catalytic properties. 

 Under near-neutral pH conditions, a current density of 50 mA cm 2, a 

catalyst dosage of 0.1 g L 1, and the use of a DSA-Cl2 anode allowed 

maximizing the degradation and mineralization efficiency for the 

treatment of DPH solutions. High current densities accelerated the H2O2 

production, enhancing degradation rates, whereas the selected catalyst 

dosage balanced the active radical availability without promoting their 

quenching. Although the BDD anode demonstrated the highest •OH 

production, the DSA-Cl2 anode was chosen due to its cost-effectiveness. 

 Under those optimal conditions, the HEF process achieved high 

degradation and mineralization efficiency in actual wastewater at near-

neutral pH. This setup effectively removed organics in a complex matrix, 

demonstrating the applicability of the Cu/C catalyst. 

 DPH was investigated as a target pollutant in the EF processes for the 

first time, with key intermediates identified, including hydroxylated and 

ring-opened compounds. The proposed degradation pathway was 

initiated with hydroxylation, followed by ring cleavage and oxidation 

to simpler acids, ultimately leading to mineralization as CO2 and H2O, 

illustrating effective breakdown of complex pharmaceutical compounds 

under near-neutral conditions. 

 Cu-based MOF-derived catalysts exhibited a high ORR activity, with 

H2O2 selectivity reaching up to 85% under near-neutral conditions, 

which can be considered as a promising result for sustainable H2O2 

electrogeneration. 

Regarding Chapter 4.2 (GO3 and SG10-12): 

 Bimetallic FeCu-MOF catalysts and their FeCu/NC derivatives were 

synthesized to enhance the Fe(II) regeneration and accelerate 

pharmaceutical degradation in wastewater under near-natural pH in the 

HEF process. The synergy between Fe and Cu sites facilitated the 

effective Fe(II)/Fe(III) cycling, enabling continuous •OH generation. 

These catalysts demonstrated stability and high activity, achieving 
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efficient degradation rates, highlighting their potential for sustainable 

wastewater treatment in practice. 

 The structure of the MOFs effectively retained Fe and Cu within the 

catalyst matrix, reducing the metal leaching to the solution. This 

stability under operation conditions ensured a sustained catalytic 

activity and extended the catalyst lifespan, making it suitable for long-

term treatment applications. 

 The electrochemical analysis highlighted the advantages of bimetallic 

FeCu/NC catalysts, demonstrating enhanced redox properties compared 

to monometallic counterparts. CV and EIS allowed demonstrating the 

improved electron transfer kinetics and facilitated Fe(II)/Fe(III) cycling, 

which are essential for continuous •OH production in the HEF process. 

The synergy between Fe and Cu sites resulted in lower charge transfer 

resistance and higher catalytic efficiency, underscoring the 

effectiveness of bimetallic catalysts in wastewater treatment 

applications. 

Regarding Chapter 4.3 (GO4 and SG13-15): 

 Optimal parameters for the catalyst-modified CMs were identified for 

efficient AMX degradation, with a current density of 10 mA cm 2 and 

catalyst loading of 1 mg cm 2 yielding complete removal within 40 min. 

FeCu-SAC catalyst exhibited enhanced performance due to the 

synergistic effects of Fe and Cu, which promoted efficient H2O2 

generation and activation. Excessive catalyst loading reduced the 

efficiency due to potential pore blockage. 

 The CM can physically fragment O2, acting as micropore diffuser that 

facilitates the generation of reactive oxygen species. This phenomenon 

eliminates the need for external aeration, highlighting the dual 

functionality of CMs in supporting both filtration and catalytic 

(electro)degradation. 

5.2 Perspectives 

This Thesis project explored aspects of different relevant cornerstones for 

the development and scale-up of EF technology: several types of electrocatalysts, 



CHAPTER 5 
 

276 

a GDE modification method, two heterogeneous catalysts, and a novel 

electrocatalytic filtration system that integrates CMs. The great performance of 

EF, HEF, and HEF-like processes to treat organic micro-contaminants in model 

solutions and actual wastewater across a wide pH range has been proven. These 

findings provide a robust foundation for developing effective water treatment 

technologies with practical applications. However, several challenges remain 

unresolved, warranting further investigation to enhance the competitiveness of 

EF process for realistic applications 

To scale-up the EF processes effectively, three main challenges should be 

prioritized: (a) Improve the catalyst yield, minimizing material loss and 

eventually reducing the production costs; (b) enhance the activity of 

heterogeneous catalysts to boost the H2O2 activation rate, thereby shortening the 

degradation time with special impact on the initial activation stage; and (c) 

facilitate practical deployment by advancing reactor design and process 

integration to meet the demands of industrial wastewater treatment. 

In this study, both Cu/NC and FeCu/NC were derived from MOF materials, 

while Sn-doped and N-doped carbon catalysts also required high-temperature 

pyrolysis to obtain desirable carbon-based catalysts. However, the pyrolysis 

process typically results in significant material loss, limiting the overall yield. For 

example, yields for Sn-doped carbon, N-doped carbon, Cu/NC, and FeCu/NC 

were approximately 19.5%, 43.8%, 7.7%, and 15.0%, respectively. These yield 

limitations not only increase the preparation cost but also affect the economic 

feasibility of applying these catalysts on a large scale. Future research should 

focus on improving the yield of MOF-derived and doped carbon materials 

through multiple approaches, such as optimizing MOF precursors, developing 

low-temperature pyrolysis methods, using dopants to enhance thermal stability, 

or investigating alternative synthesis procedures (e.g., mechanochemical 

synthesis). Improving the yield would contribute to lower production costs, 

paving the way for industrial-scale water treatment applications. 

While Cu/NC and FeCu/NC heterogeneous catalysts show stability, their 

H2O2 activation rate remains lower than that of homogeneous catalysts. 

Heterogeneous catalysts require some time to reach optimal activation in solution, 

causing initial reaction delays, whereas homogeneous catalysts can achieve 

activation more rapidly. Future work could improve the H2O2 activation rate by 
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refining the surface structure of FeCu bimetallic catalysts, optimizing the 

distribution of catalytic sites, or increasing the exposure of active sites. Obviously, 

control at the atomic scale, as exemplified by research on SACs, as well as on 

clusters and other atomic distributions would enhance the atomic efficiency, 

although the long-term stability of such catalysts is not ensured and is nowadays 

a matter of great complexity. Progress in these areas would significantly enhance 

the efficiency of the EF process for treating actual wastewater. 

Finally, to move EF technology to next level (i.e., practical use), it is 

essential to translate laboratory-scale results into scalable processes suited for 

industrial applications. Developing modular reactor designs would allow flexible 

integration into wastewater treatment facilities. Additionally, enhancing mass 

transport efficiency within reactors is critical, especially in high-flow or complex 

wastewater environments, where effective mass transport is essential to maximize 

catalyst performance. Introducing CMs or gas diffusion electrodes could further 

optimize gas-liquid interfacial reactions in the EF system, accelerating the path 

to real-world application. The hybridization of these technologies, as proposed in 

the last section of this Thesis, seems a right way in this regard, and is an ongoing 

research topic in LEMMA research group. Finally, conducting long-term testing 

in pilot-scale facilities will provide the necessary data and technical support for 

widespread EF process implementation. Life cycle assessment (LCA) and techno-

economic evaluation would be incorporated at that stage of development, since it 

is mostly meaningless at the scale at which this Thesis has been focused. 
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Resum 

La crisi mundial de l'aigua ha impulsat la recerca de recursos hídrics no 

convencionals per tal de satisfer una demanda que va en augment. Les aigües 

residuals, degut a la seva abundància i facilitat d’accés, son considerades cada 

cop més com un recurs amb gran valor afegit. Malgrat això, la presència de 

productes farmacèutics a certes aigües residuals planteja un desafiament 

significatiu per a la seva reutilització eficient i segura L'eliminació d'aquests 

contaminants, derivats principalment de l'ús intensiu de fàrmacs a escala global, 

és complexa. La seva descàrrega agreuja la degradació dels ecosistemes i suposa 

greus riscos per a la salut humana. Afrontar aquests desafiaments exigeix el 

desenvolupament de tecnologies quaternàries de tractament d’aigües residuals 

més eficients i respectuoses amb el medi ambient, amb un enfocament particular 

en la degradació completa de residus farmacèutics. 

En els darrers anys, els processos electroquímics d'oxidació avançada han 

rebut una atenció considerable per al tractament d'aigües residuals. Entre aquests, 

el procés electro-Fenton (EF) ha demostrat un rendiment notable en la degradació 

de contaminants orgànics. Tot i això, els sistemes EF tradicionals enfronten 

limitacions pràctiques, com els alts costos operatius associats a l'ajust del pH i la 

desactivació del catalitzador. Aquesta Tesi aborda aquests desafiaments 

mitjançant dues innovacions clau: (1) El desenvolupament d'electrocatalitzadors 

altament actius i selectius per a la reacció de reducció bielectrònica d'oxigen (2e– 

ORR), necessària per a l'electrogeneració in situ de H2O2; i (2) la síntesi de 

catalitzadors heterogenis avançats amb estructura nucli-escorça i mecanismes 

sinèrgics que incrementen significativament l'eficiència d'activació de l'H2O2, 

minimitzant la lixiviació. A més, la integració del procés EF heterogeni (HEF) 

amb la filtració mitjançant membranes ceràmiques (CM) ha permès el 

desenvolupament duna membrana electrificada bifuncional per a la degradació de 

contaminants en un reactor de flux continu. 

Per a l'electrogeneració in situ de H2O2, es van explorar dos nous 

electrocatalitzadors amb una eficiència millorada per a l'ORR. Diversos materials 

de carboni dopats amb Sn, sintetitzats mitjançant un mètode tèrmic directe, van 

mostrar una selectivitat excel·lent, del 98,0% i un nombre d'electrons transferits 
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de 2,04. Els elèctrodes de difusió de gas (GDEs) fabricats amb aquests materials 

van aconseguir una concentració acumulada d'H2O2 de 20,4 mM aplicant un baix 

corrent en condicions òptimes. La seva estructura micromesoporosa adequada va 

permetre la ràpida generació i alliberament d’H2O2, evitant la seva oxidació 

posterior. A pH natural, el procés HEF va aconseguir gairebé un 100% de 

degradació del fàrmac antihistamínic difenhidramina (DPH) en 120 minuts. 

D'altra banda, una sèrie de carbonis dopats amb nitrogen, preparats mitjançant la 

piròlisi de negre de carboni barrejat amb melamina, van presentar un contingut 

de nitrogen pirròlic del 3,5% i una selectivitat del 95,3%. Els GDE resultants van 

mostrar taxes de producció d'H2O2 superiors en comparació amb els GDE 

comercials, assolint 18 mg h-1 cm-2, i van demostrar un rendiment excepcional a 

pH 5,9. A més, els GDEs basats en carbó modificats amb petites quantitats de 

polimetilhidrosiloxà (PMHS) van superar els GDEs convencionals basats en 

PTFE en la generació d’H2O2 (1874,8 mg L-1 enlloc de 1087,4 mg L-1). Els càlculs 

de teoria del funcional de densitat (DFT) realitzats per col·laboradors van revelar 

que els grups −CH3 confereixen propietats superhidrofòbiques a la capa catalítica. 

Per tal d’activar l’H2O2, es van desenvolupar catalitzadors Cu/NC i 

FeCu/NC derivats de xarxes metal·lorgàniques (MOFs). Al tractament HEF amb 

el primer material, es va aconseguir la degradació completa de DPH a pH 6–8, 

superant l'EF homogeni amb catalitzador Fe2+ en condicions àcides en termes de 

mineralització. Els catalitzadors FeCu/NC, sintetitzats usant MIL(Fe)-88B com a 

precursor, van mostrar un rendiment notable amb només 0,05 g L-1 de catalitzador, 

aconseguint un 100% d'eliminació del fàrmac antihipertensiu lisinopril (LSN) en 

6 minuts a pH 3 i en 75 minuts a pH natural. La sinergia Fe-Cu va accelerar la 

regeneració de Fe(II), mentre que l'estructura nucli-escorça va minimitzar la 

lixiviació de metalls. El catalitzador va mantenir una eficiència de degradació del 

86,5% després de cinc cicles, demostrant una notable estabilitat i capacitat de 

reutilització. 

Finalment, es va investigar la integració dels processos HEF amb la filtració 

mitjançant CM. La membrana electrocatalítica fabricada en aquest estudi va 

permetre tant la generació in situ d’H2O2 com la seva activació immediata en un 

reactor de flux continu operat en mode de recirculació. 

En conclusió, aquesta Tesi proposa un conjunt d'estratègies 

electroquímiques innovadores que aborden amb èxit el desafiament de 
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l'eliminació de contaminants farmacèutics d'aigües residuals a escala de laboratori. 

Aquest treball ha donat com a resultat cinc publicacions científiques. 

 

Paraules clau: Catàlisi heterogènia; Filtració per membrana; Procés electro-

Fenton; Reacció de reducció d’oxigen; Tractament avançat d’aigües residuals. 
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