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SUMMARY 

Pharmaceuticals are extensively utilized globally and their persistent nature and 

potential adverse impacts on the environment and human health are well−documented. The 

ubiquitous usage of pharmaceuticals significantly contributes to water pollution which has 

become a major global issue. Advanced oxidation processes have emerged as a promising 

solution to address this problem. In our study, we focused on monitoring the degradation of a 

commonly used active pharmaceutical compound, pantoprazole, using UV/H2O2 and 

UV/S2O8
2– advanced oxidation processes. We studied the influence of various water matrix 

factors, including pH, oxidant concentration, phosphate ion, sulfate ion, chloride ion, nitrite ion, 

nitrate ion, and humic acid, on the degradation rates of pantoprazole. To ensure efficient data 

collection while minimizing the experimental runs, we used the Taguchi design of experiment. 

The experimental results were analyzed using statistical software MiniTab. The analysis 

emphasized the notable influences of water matrix constituents on the degradation rates, which 

in most cases, were in agreement with previous scientific findings.  
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1. INTRODUCTION 

Water is essential for all forms of life and plays a crucial role in maintaining the health 

and functioning of ecosystems, human societies, and the global economy. Although it is 

considered to be a renewable resource, in recent decades it has become a major global concern 

due to the pollution mainly caused by human activities such as industry, agricultural practices, 

littering, and improper waste disposal. According to the UN World Water Development Report 

2023, 2 billion people lack access to drinking water services that are safely managed. [1] The 

consequences are devastating, with an estimated 829,000 deaths per year attributed to unsafe 

drinking water, sanitation, and hygiene, with children under the age of five being the most 

vulnerable group, as the waterborne disease is the leading cause of mortality within this group. 

[2, 3] 

Among many, active pharmaceutical ingredients (API) have emerged as a substantial 

category of water pollutants due to their widespread use and persistence in the aquatic 

environment. Contamination occurs throughout the lifecycle of pharmaceuticals, from 

manufacturing to consumption, and disposal. In the European Union, about 3,000 

pharmaceutical substances are in frequent use, and the number is increasing every day. [4] 

Pharmaceutical residues have been detected globally in the surface water and groundwater, 

drinking water, sediments, wastewater and sewage sludge, and even animal tissue and edible 

plants. [5, 6] 

Remediation of pharmaceutical pollution presents a major challenge due to 

pharmaceutical’s low biodegradability and high hydrophilicity which often make their 

elimination from water systems using conventional wastewater treatment methods very 

difficult. [7] This is a major motivation behind the extensive ongoing research on the best 

approach for addressing this challenge. Currently, one of the most convenient solutions to this 

problem is advanced oxidation processes (AOPs). AOPs include different water treatment 

methods that are based on the oxidation of pollutants by highly reactive radical species, most 

commonly hydroxyl radicals. AOPs show high efficiency in the removal of persistent organic 

pollutants, including pharmaceuticals, without the formation of toxic by−products. [8] 

The aim of this study is to analyze the kinetics of UV-C-based oxidation of the widely 

used pharmaceutical pantoprazole in different water matrices utilizing the two most commonly 
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used oxidants (hydrogen peroxide and persulfate). The synthetic water matrix is prepared to 

contain humic acid (HA) and five inorganic ions (nitrate, nitrite, chloride, phosphate, and 

sulfate). Degradation was monitored under both alkaline (pH = 10) and acidic (pH = 4) 

conditions. The experiment was conducted following the Taguchi experimental design, 

allowing us to analyze the effect of each of the eight factors (pH, oxidant, humic acid, nitrate, 

nitrite, chloride phosphate, and sulfate) on the degradation of pantoprazole. The results were 

processed and presented using the statistical software MiniTab. 
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2. REVIEW OF THE LITERATURE 

2.1. Pharmaceutical industry 

The modern pharmaceutical industry can trace its roots in the late 19th century with the 

merging of apothecary companies and dye and chemical companies that started out as research 

labs before discovering medical applications for their products. [9] Soon the objective became 

to identify and prepare synthetic drugs and to analyze their effects on pathological conditions. 

Significant growth in the industry was recorded with the introduction of research & 

development (R&D) into the industry, which was facilitated by different events such as the 

World Wars, collaborations between academics and pharmaceutical companies, and the 

increased funds by governments of developed countries into the industry. This era is referred 

to as the golden era of the pharmaceutical industry. [10] Since then, there is a constantly 

increasing trend in the use of pharmaceuticals all over the globe and it stands out as one of the 

greatest benefits of modern society.  

Moving to the most recent time, the annual global use of pharmaceuticals in 2020 is 

estimated to be 4.500 trillion doses while the total global pharmaceutical revenue is valued at 

about 1.27 trillion U.S. dollars in 2020. [11] Despite fluctuations in the market caused by the 

pandemic of COVID−19, it is estimated that the pre−pandemic annual growth rate of 

approximately 6.5% will eventually continue so the revenue for 2026 will reach 1.8 trillion U.S. 

dollars. [12, 13] In terms of employment, in Europe alone, 835,590 people had been employed 

in the pharmaceutical industry between 1990 and 2021, out of which around 125,000 people 

were employed into R&D activities in major companies in the industry, as shown in Figures 1 

and 2. 

 

Figure 1. Employment in the pharmaceutical industry between 1990 and 2021. [14] 
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Data from Figure 1 includes Iceland (2017−2021), Croatia, Lithuania and Turkey (2010−2021), 

Bulgaria, Estonia and Hungary (2009−2021), Czech Republic (2008−2021), Cyprus 

(2007−2021), Latvia, Romania and Slovakia (2005−2021), and Malta, Poland and Slovenia 

(2004−2021). 

 

Figure 2. Employment in pharmaceutical R&D between 1990 and 2021. [14] 

Data from Figure 2 includes Iceland (2017−2021), Greece and Lithuania (2013−2021), Bulgaria 

and Turkey (2012−2021), Poland (2010−2021), Czech Republic, Estonia, and Hungary 

(2009−2021), Romania (2005−2021) and Slovenia (2004−2021), in addition to major European 

countries like Germany and Switzerland. Other countries like Croatia, Cyprus, Latvia, Malta, 

Russia, Serbia, and Slovakia are not part of this number due to unavailable data. 

The extent of the development of the pharmaceutical industry and the corresponding 

increase in the global distribution of pharmaceuticals have had a significant impact on the lives 

of individuals through successful treatments for a variety of pathological conditions, increased 

life expectancy, decreased infant mortality, improved prevention of diseases and improved 

quality of health. [15] With these individual benefits being intertwined, major impacts appear 

on the global or national scale. For example, some of the benefits this industry has on national 

economies include: 

• reduction in public health expenditure, 

• reduction of the burden on pension systems and medical care systems, 

• improvement in health−related quality of life, 

• total economic production value boost, 

• maintenance of existing employment and new job opportunities creation, and 
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• increase in long−term economic growth and international competitiveness (via 

innovations, which is the outcome of a “well−aimed production of technological 

knowledge”). 

 

2.1.1. Pharmaceutical pollution 

While pharmaceuticals play an important role in maintaining human and animal health, 

it is equally important to address the negative environmental impact of pharmaceutical residues 

entering freshwater systems. Pharmaceutical residues are unwanted yet present worldwide in 

freshwater sources like groundwater, surface water, and seawater. It has been reported that 

pharmaceuticals in the environment have been detected in 75 different countries and 771 

substances have been found, sometimes at levels over the pollution thresholds. [16] 

 

2.1.1.1. Sources 

Pharmaceuticals and their metabolites find their way into the environment through 

production, consumption, and disposal. [17, 18] The major sources can be categorized into: 

households, health care facilities, pharmaceutical production, and application in veterinary 

medicine. 

 

Households 

The largest source of domestic or household emissions mainly originates from the 

excreted pharmaceuticals after consumption. About 30−90% of the pharmaceutical oral doses 

are generally excreted in their original form or as a metabolite. There is also a possibility that 

pharmaceuticals in the form of creams and ointments washed off skin may directly find their 

way into wastewater. [19] In addition, expired or used medicines contribute to a significant 

waste stream which if improperly disposed can contribute to household or domestic emissions. 

It is estimated that 3−50% of pharmaceuticals become waste. [20] 

 

Health care facilities 

Another major source from which pharmaceutical substances entry the municipal 

sewage networks are medical facilities like hospitals, healthcare services and long−term care 
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facilities. Although hospital effluents contain high concentrations of active pharmaceutical 

ingredients their contribution in total APIs load in municipal wastewater is only around 20%. 

[21] However, hospitals effluents as well often contain specialized pharmaceuticals (cytostatic 

drugs, some antibiotics and X−ray contrast agents) that are not used in households, but may 

pose greater threat to the environment and require special treatment to be successfully 

eliminated from the wastewaters. [18, 21, 22] 

 

Pharmaceutical production 

Indirect (e.g., leakage) and direct discharge (e.g., industrial wastes) of pharmaceutical 

production residues can pollute natural water sources. This source is generally considered a 

low−point source. The emissions from the manufacturing facilities in Europe and North 

America are generally considered low while in Asian countries may be higher as the research 

report that concentrations for single compounds in manufacturing effluents are reported to be 

in several milligrams per liter. [16, 17, 23] 

 

Application in veterinary medicine 

About 30−90% of the pharmaceutical consumed by animals is excreted through urine 

and feces as the original compound or a metabolite. However, in case of animals, there is an 

additional concern due to the use of feces as manure which also contributes to pollution of 

waterbodies through underground water. [18, 24] The European Federation of Animal health 

(FEDESA) approximates that 4,700 tons of veterinary pharmaceuticals were consumed in 1999 

within the borders of European Union. [25] Despite the magnitude of this pollution source, 

there is still lack of scientific research with regarding to its contribution and effect on 

environmental pollution. 

 

2.1.1.2. Pathways 

The key entry pathways of pharmaceuticals into freshwater and terrestrial ecosystems 

are wastewater treatment plants (WWTPs) and landfilled municipal solid waste (MSW). 

WWTPs are major pathway through which pharmaceutical compounds or their 

metabolites enter freshwater. This is because conventional WWTPs are unable to eliminate all 

pharmaceuticals. This supposedly treated wastewater is mostly discharged into the environment 
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or even directly used for purposes such as agriculture, thereby introducing APIs into 

waterbodies through groundwater, surface runoff, and other means. [26] 

Landfilled MSW is another pathway by which pharmaceutical waste is introduced into 

the environment, especially water bodies. If the MSW is composed of a mixture of several 

wastes, there is a very high chance of it containing pharmaceutical active ingredients that can 

be carried into freshwater bodies in one way or another, especially when there is an incident of 

leaching and the leachate is not taken up and handled properly. Several studies have reported 

the presence of pharmaceutical residues and their metabolites in landfill leachate in different 

parts of the world such as, the United States, Shanghai, and Taiwan. [27−31] The sources and 

pathways of pharmaceutical wastes into the environment are summarized by Figure 3. 

 

Figure 3. Main sources and pathways of entering of human pharmaceutical residues into the 

environment. [32] 

 

2.1.1.3. Effects of pharmaceuticals on the environment 

In recent years, much attention and research has been devoted to pharmaceutical waste 

in the environment and its effects. Caban [12] reported that there are no environmental toxicity 

data for 88% of pharmaceuticals. Even though most pharmaceuticals have not yet been studied 
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for their long−term toxicity, it has been proven that the occurrence of certain pharmaceuticals 

in the environment can result in undesired adverse effects on ecosystems, increase mortality in 

aquatic species, and changes to physiology, behavior or reproduction. [32] Of most concern for 

ecosytems are analgesics, hormones, antidepressants, anticancer and, antibiotics. For instance, 

ethinyloestradiol plays a role in the feminization of male fish in effluent−dominated rivers [33]; 

anticonvulsants like Carbamazepine are responsible for reproduction toxicity in invertebrates 

and development delay in fishes; analgesics like Ibuprofen cause organ damage in fish and 

hormonal disruption in frogs; while antibiotics have been discovered to cause reduced growth 

in organisms like environmental algae, bacteria, and aquatic plants. [34−37] 

 

2.1.1.4. Policies and regulations 

To reduce the environmental effect of pharmaceutical residues, several stakeholders at 

the national and continental levels are implementing policies and measures to address this 

critical problem of active pharmaceutical ingredients in the environment. These regulations are 

primarily concerned with the management and disposal of waste related with pharmaceuticals 

and personal care products, particularly environmentally persistent pharmaceutical pollutants. 

In general, there is no universal approach or policy to regulate pharmaceutical waste 

pollution: different countries address this challenge with different regulations and policies. 

Some of the policy actions being implemented are discussed in further text. 

 

Incineration of medical waste 

This method is generally accepted as the most suitable method of disposing medical 

waste. It is based on incineration of pharmaceuticals at temperatures above 1200 °C with 

obligatory flue gas cleaning. This completely addresses the possibility of the pollution of 

freshwaters by pharmaceutical residues. Incineration is mostly applied in developed countries 

like the U.S., Canada, Germany, and Switzerland who account for most of the incineration of 

medical wastes. [38] 

 

Promotion of green pharmaceuticals and circular economy 

Green pharmaceuticals refer to new products that are more efficiently biodegraded at 

the same time maintaining their effective pharmaceutical qualities. There are advocations to 
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embrace green pharmaceuticals, and there is a growth in the production of these types of 

pharmaceuticals. A circular economy is an economic scheme aimed at promoting sustainable 

development, where the environment does not have to be subjected to further pollution and 

damages. In circular economy, a waste product of a given process is used as a raw material or 

feed to another production process. In other words, it is a zero−waste program. This economic 

scheme also applies to pharmaceutical products, where pharmaceutical wastes can be used as 

raw materials for another production process. [38] 

 

Drug take−back programs 

Drug take−back programs refer to a scheme whereby consumers are encouraged to 

return unused pharmaceutical products which is already in practice in Canada. The objective of 

the scheme is to reduce the chances of pharmaceutical constituents entering the environment. 

By collecting unused products, proper disposal measures can be implemented, reducing the 

potential environmental contamination. However, the exact contribution of this program is 

uncertain. [38] 

 

Conduction of Environmental Risk Assessment on pharmaceutical products 

One of the measures being implemented in the European Union aimed at addressing 

pharmaceutical pollution challenge from a supply perspective is the requirement of 

Environmental Risk Assessment from manufacturers of these products. Environmental Risk 

Assessment will determine the level of hazard that would be associated with this product, and 

as well make provisions on how to prevent the pollution of the environment by the 

pharmaceutical product. [38] 

 

Wastewater treatment 

Wastewater treatment covers the activities aimed at addressing the potential pollution 

of freshwaters through wastewater treatment. Conventional WWTPs were typically based on 

physicochemical processes (filtration, flocculation, coagulation, sedimentation, membrane 

filtration, chlorination, adsorption via activated carbon) and biological processes. While 

conventional WWTPs are efficient in removal of some pharmaceutical ingredients, it is 

documented that certain pharmaceuticals ingredients are partially or completely resistant to 
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these treatments. [26] This led to the necessity for development of more efficient techniques, 

namely advanced oxidation processes. 

 

2.2. Advanced oxidation processes 

Advanced oxidation processes (AOPs) are a group of water treatment methods 

characterized by the in situ generation of radical species with strong oxidative power in order 

to degrade or remove persistent organic and inorganic pollutants in water.  

 

Table 1. Major mechanisms and types of advanced oxidation processes. [41] 

AOP types Oxidants Other occurring mechanisms 

O3 OH• Direct O3 oxidation 

O3/H2O2 OH• Direct O3 oxidation  

H2O2 oxidation 

O3/UV OH• UV photolysis 

UV/TiO2 OH• UV photolysis 

UV/H2O2 OH• UV photolysis  

H2O2 oxidation 

Fenton reaction OH• Iron coagulation  

Iron sludge−induced adsorption 

Photo−Fenton 

reaction 

OH• Iron coagulation  

Iron sludge−induced adsorption 

UV photolysis 

Ultrasonic 

irradiation 

OH• Acoustic cavitation generates transient high 

temperatures (>5000 K) and pressures (>1000 atm), 

and produce H• and HO2•, besides OH• 

Heat/persulfate SO4
–• Persulfate oxidation 

UV/persulfate SO4
–• Persulfate oxidation  

UV photolysis 

Fe(II)/persulfate SO4
–• Persulfate oxidation 

Iron sludge−induced adsorption 

OH–/persulfate SO4
–•/OH• Persulfate oxidation 
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According to research data, these methods have been successfully used in the 

degradation of a wide range of persistent pollutants, often achieving complete mineralization. 

[39, 40] Unlike the traditional oxidants, such as chlorine and ozone that serve a dual purpose of 

decontamination and disinfection, AOPs are mainly used for the removal of organic pollutants 

and enhancement of wastewater biodegradability prior to biological water treatment. This is 

due to the fact that the radical species generated by AOPs have an extremely short half-life (on 

the order of microseconds) that is insufficient for disinfection purposes. [41] Nevertheless, 

AOPs are efficient and environmental-friendly methods to improve overall water quality, 

providing a comprehensive solution for removal of persistent pollutants including 

pharmaceuticals. AOPs are classified into various types depending on the type of radicals and 

mechanism of their generation, as summarized in Table 1. In addition, the most commonly used 

AOPs are discussed below, with UV-C-based oxidation explained in more detail since this 

method was used in the experimental part of the thesis. 

 

2.2.1. Fenton−like processes 

The Fenton process was discovered in 1894 and is the first AOP used to efficiently 

degrade pollutants. In the Fenton process, under acidic conditions (pH 3.0), Ferrous ions (Fe2+) 

combine with hydrogen peroxide (H2O2) to generate hydroxyl radicals (HO•). During the 

photo−Fenton process, H2O2 oxidizes Fe2+ ions to produce Fe3+ and there is a generation of one 

equivalent (HO•). The generated Fe3+ serves as an electron acceptor during the photo−exposed 

reaction and leads to the production of one more radical whereas Fe2+ is reproduced in aqueous 

solutions [42−44] Fenton process preferably operates within a pH range of 2−4. Photo−assisted 

Fenton reaction, or simply photo−Fenton, is usually used instead of the conventional Fenton 

process to overcome the shortcomings of the Fenton process (dark−Fenton reaction). The 

photo−Fenton process in comparison to the dark Fenton reaction produces quicker 

mineralization and a higher reaction rate. [45] 

 

2.2.2. Photo−catalysis 

Photocatalysis is one of the most promising AOPs techniques for handling 

pharmaceutical wastewater because of its non−toxic nature, absence of mass transfer limitation, 

cost−effectiveness, chemically stable nature, and the possibility of carrying out the process at 

ambient temperature. [46−48] Photocatalysis can be categorized in different ways, such as by 
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the phase of the catalyst and substrate (homogeneous and heterogeneous catalysis) or by the 

pathway of oxidation (photogenerated catalysis and catalyzed photolysis). 

In homogenous catalysis, the catalyst and the substrate both appear in the same phase 

while in heterogeneous, the process moves at the periphery of two phases, i.e., aqueous, or 

gaseous phase, and solid photo−catalyst phase. [49, 50] Various photo−catalysts which can be 

used for the treatment of persistent pollutants are iron(III) oxide (Fe2O3), zinc oxide (ZnO), 

tungsten trioxide (WO3), titanium dioxide (TiO2), zirconia (ZrO2), and vanadium oxide (V2O5), 

among which titanium dioxide is the most common one. [51, 52] 

Photo−induced catalysis involves a precursor molecule that, upon exposure to 

irradiation, absorbs photons and generates catalyst molecules that do not require further 

irradiation. The generated catalyst initiates a catalytic cycle, promoting the otherwise 

kinetically unfavorable conversion of a substrate into its photoproduct, while the catalyst 

molecule is fully regenerated. [52] 

In contrast, catalyzed photolysis requires constant irradiation, as the catalytic specie has 

no catalytic activity in the absence of photons. In this process, the catalyst is an electronically 

excited semiconductor with electron−hole pair that oxidizes adsorbed water and oxygen 

molecules. These oxidation reactions result in the formation of radical species, primarily 

superoxide radical anions and hydroxyl radicals, which in turn oxidize pollutant molecules. 

Alternatively, pollutant molecules may be oxidized directly by the transfer of electrons at the 

h+ side of the catalyst, which depends on the electron−donating properties of the substrate 

molecules. [52] 

Various researchers have studied the degradation of pharmaceutical drugs using 

photocatalysis and observed the complete degradation. For instance, Safari et al. [53] studied 

the degradation of tetracycline antibiotic using TiO2 photocatalysis with addition of H2O2 to 

enhance the reaction.  

 

2.2.3. Ozone−based AOPs 

Ozone is a potent oxidative agent that has been traditionally used for in situ water 

purification and disinfection. Although it can directly oxidize organic pollutants via 

electrophilic attack by molecular ozone (ozonation), this process may not effectively break 

down some persistent pollutants due to ozone’s selectivity and low reaction rates. Therefore, 
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ozone based AOPs have been developed, combining ozone with other techniques to increase its 

decomposition and the production of hydroxyl radicals. Hydroxyl radicals are highly reactive 

and unselective making them significantly more effective at oxidizing pollutants than ozone. 

These AOPs include O3/UV, O3/H2O2, catalytic ozonation, photocatalytic ozonation, sonolytic 

ozonation, and O3/Fenton processes. Studies have shown significant improvement in treatment 

efficiency and operational costs of these processes compared to traditional ozonization. [54] 

 

2.2.4. Ultrasonication 

Ultrasonication is an alternative AOP method often regarded as a green technology 

because it is chemical−free, easy to operate, and does not produce secondary pollutants. By 

applying ultrasound waves at specific frequencies, it induces physical and chemical degradation 

processes in liquid media. The ultrasound waves generate cycles of compression and expansion, 

leading to the formation and implosive breakdown of cavitation microbubbles. This process 

(combined with adiabatic heating of the bubble vapor phase) results in the creation of high 

temperature (approximately 4,200 K) and high pressure (975 bar) hotspots that cause water 

molecules to undergo thermal degradation, generating reactive H• and OH• radicals, as well as 

HO2• in the presence of dissolved oxygen. These radical species then propagate a chain of 

radical reactions resulting in the oxidation of organic pollutants. Additionally, organic 

molecules that are in close proximity to the bubbles may as well undergo thermal decomposition 

leading to their degradation or even mineralization. [55] Ultrasound carries out acoustic 

cavitation at frequencies mainly above 20 kHz and up to 10,000 kHz, while large−scale 

applications predominantly proceed in the 20−40 kHz range. [56, 57] For example, the 

degradation of the pharmaceutical drug amoxicillin was studied by Matuoq et al. [58] It was 

observed that low−frequency sonication can efficiently degrade the compounds, making it an 

excellent pretreatment option prior to biological and other oxidation processes. 

 

2.2.5. UV-C-based advanced oxidation 

Organic pollutants in the natural environment mostly degrade as a result of hydrolysis 

and photolysis. Most of the pharmaceuticals intended for oral use are resistant to hydrolysis, so 

photolysis takes the main role in their abiotic transformation in the environment. However, the 

rate at which photolysis takes place in nature is much lower than the one that is taking place in 

AOPs with optimal degradation process conditions. [59] 



14 
 

Two main degradation pathways for UV-included AOPs are direct photolysis and 

radical indicated oxidation (indirect photolysis). Direct photolysis relies on the capability of 

pollutant molecules to absorb UV irradiation which directly leads to chemical transformation 

or degradation of the parent molecule. There are two main mechanisms of direct photolysis: 1) 

single-bond homolysis and 2) formation of superoxide radical and radical cations. [52] 

Single-bond homolysis (Eqs. (1)–(3)) occurs when the target molecule is exposed to 

radiation with energy equal to or higher than the chemical bond dissociation energy. This 

process breaks the single R–X bond into two radical species. Formed radicals undergo further 

oxidation/reduction reactions. For example, the carbon−centered radicals (R•) react with 

molecular oxygen and form peroxyl radicals (R–O–O•) that finally degrade to the 

corresponding oxidation products. Single−bond homolysis is the main chemical pathway of 

direct photolysis. [52, 56] 

R − X +  ℎ𝜈 → X • (1) 

R • + • O − O • → R − O − O • (2) 

R − O − O • → oxidation products (3) 

Another mechanism of direct photolysis is shown by Eqs. (4)–(6). It includes electronic 

excitation of the parent molecule and electron transfer to the oxygen molecule. The formed 

radical cations are further transformed into the final products through recombination or 

hydrolysis. [52, 56] Overall, direct photolysis efficiency is limited by low UV absorption by 

the target molecule. 

R − X +  ℎ𝜈 → R − X • (4) 

R − X •  + 3O2 →  O2
− •   +  R − X+ • (5) 

R − X •  + 3O2 → R − X + 1O2 (6) 

On the contrary, indirect photolysis does not require the pollutant molecule to absorb 

UV-C radiation. Instead, the UV-C light is absorbed by other water constituents who generate 

highly reactive radical species that unselectively oxidize pollutant molecules resulting in 

complete mineralization. This makes indirect photolysis applicable for the degradation of wide 

range of pollutants. For example, direct photolysis of H2O2 generates two hydroxyl radicals 

(Eq. (7)) which further oxidize pollutant molecules (Eq. (8)). [8] 

H2O2 → 2HO• (7) 
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HO• + R−H → R• + H2O (8) 

Oxidants that are most frequently used in indirect photolysis are hydroxyl radicals (in 

the form of H2O2) and sulfate radicals (in the form of Na2S2O8) as they are of the most powerful 

oxidation agents.  

 

Table 2. Redox potentials of commonly used oxidants. [60] 

Oxidant Redox potential (V) 

Fluorine [F2] 3.0 

Hydroxyl radical [HO•] 2.8 

Sulfate radical [SO4
–•] 2.5−3.1 

Ozone [O3] 2.1 

Persulfate [S2O8
2–] 2.1 

Peroxymonosulfate [HSO5
–] 1.8 

Hydrogen peroxide [H2O2] 1.8 

Permanganate [MnO4
–] 1.7 

Chlorine dioxide [ClO2] 1.5 

Chlorine [Cl2] 1.4 

 

Indirect photolysis includes radical species generation by direct photolysis and 

subsequent radical−induced oxidation of pollutants. These processes are dependent on three 

main factors: quantum yield, molar absorption, and radical reaction rate constant. [61] The 

molar absorption coefficient and the quantum yield define the probability of direct bond 

cleavage due to exposure to radiation while the radical rate constant describes the efficiency of 

indirect photolysis. [8] 

The molar absorption coefficient is determined by the optical properties of the chemical 

compound and is described as the intensity of light the compound absorbs. It is proportional to 

the fraction of light absorbed by the compound.  

Quantum yield, on the other hand, depends on the applied wavelength, pH, temperature, 

chemical compound concentration, solvent, and dissolved oxygen. It is a quantitative measure 

of the overall efficiency of a photochemical process. Quantum yield is unitless and usually 

ranges from zero to one. It is defined by the following ratio [8]: 

Φ(λ) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑓 𝜆 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
         (9)  

When the given ratio is greater than one, it indicates photo−induced chain reactions, 

which may involve radical species or photo−generated catalysis. [52] Large molar absorption 
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coefficients and high quantum yields make photolysis a highly efficient method for the removal 

of micropollutants from contaminated water. [8]  

In the next two paragraphs, the fundamentals of UV/H2O2 and UV/S2O8
2– processes are 

discussed as they were used in the experimental part of the thesis. 

 

2.2.5.1. UV-C/H2O2 process 

The UV-C/H2O2 is the most extensively researched and commercially utilized UV AOP 

technique. It is a relatively simple method for producing hydroxyl radical which, with redox 

potential of 1.9–2.8 V, is the most reactive oxidizing agent used for water treatment purposes. 

[41] 

The basis of this process is the direct photolysis of hydrogen peroxide to produce 

hydroxyl radicals that unselectively oxidize organic compounds (when in sufficient amounts) 

until the complete mineralization. The decomposition of hydrogen peroxide is initiated by its 

UV light absorption resulting in the production of two hydroxyl radicals per one photon 

absorbed (Eq. (10)). The formed hydroxyl radicals then engage in propagation and termination 

reactions and in reactions with organic compounds (Eqs. (15)–(17)). [41] 

 

Reactions of hydroxyl radicals with organic and inorganic compounds include hydrogen 

atom abstraction, radical addition to electron−rich sites (unsaturated bonds and aromatic rings), 

and electron transfer reactions. [52] The rate constants of hydroxyl radical reactions with 

organic compounds of environmental interest are relatively high and range from 106 to 1010 M–

1s–1. [8, 52] These reactions generate carbon−centered radicals (R• or  

•R–OH) which, in the presence of oxygen, may transform into organic peroxyl radicals (ROO•). 

Initiation:  

H2O2 + ℎ𝜈 → 2 HO• (10) 

 

Propagation: 

 

HO• + H2O2 →  HO2• + H2O  (11) 

HO2• + H2O2 → HO• + H2O + O2  (12) 

 

Termination: 

 

HO2• + O2•
– → H2O2 + O2 (13) 

HO2• + HO2• → H2O2 + O2 + OH– (14) 
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All the formed radicals then trigger other chain reactions resulting in chemical degradation and 

even mineralization of organic compounds. [52] 

 

Hydrogen atom abstraction:  

HO• + R–H → R• + H2O (15) 

Electrophilic addition:  

HO• + R2C=CR2 → •CR2–C(OH)R2 (16) 

Electron transfer:  

HO• + Mn+ → M(n+1)+ + HO–
(aq) (17) 

 

The high efficiency of hydrogen peroxide direct photolysis (Eq. (10)) relies on a high 

quantum yield of hydroxyl radical formation whereas, in pure water, with relatively high light 

intensity and low H2O2 concentrations, primary quantum yield equals 0.5 and overall quantum 

yield approaches unity. The limitation of this process is the fact that hydrogen peroxide is a 

weak UV radiation absorber with an extremely low molar absorption coefficient of  

19.6 L mol–1 cm–1 at 254 nm. [52, 56] To compensate for the low molar absorption of H2O2 at 

254 nm, high concentrations of hydrogen peroxide are required. However, at these high 

concentrations, hydrogen peroxide acts as a scavenger for the hydroxyl radicals (Eqs.  

(18)–20)) and ultimately reduces the overall effectiveness of hydroxyl radical formation.  

[8, 52, 56] 

OH• + H2O2 → HO2• + H2O (18) 

HO2• + H2O2 → OH• + H2O + O2 (19) 

HO2• + HO2• → H2O2 + O2 (20) 

For this reason, it is important to experimentally optimize hydrogen peroxide 

concentration specifically for each application. Adequate H2O2 dosage depends on several 

factors such as the water matrix, light source type and intensity, reactor design, pollutant 

reactivity towards hydroxyl radical, pollutant treatment level, and direct photolysis contribution 

to the overall treatment. [8] 
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2.2.5.2. UV/S2O8
2– process 

UV/persulfate (UV/S2O8
2–) advanced oxidation has grown in popularity over the last 

decade, as it is evident by the number of published publications quadrupling from 2012 to 2018. 

[60] This can be attributed to the advantages of persulfate over the traditional oxidants, some 

of which are: solid state and stability at room temperature (allows easy storage and 

transportation), longer half−life compared to HO• (30−40 μs compared to 20 μs, respectively) 

enabling sulfate radicals to achieve more stable mass transfer and greater contact with target 

molecules, and the ability of persulfate to be activated by longer wavelengths such as UV-A 

radiation. [60, 62, 63] The persulfate anion is found in the forms of salts with sodium, 

potassium, or ammonia cations, of which the compound with sodium is the most preferred 

because it shows the best solubility in water and produces the least toxic residual products. [64] 

For the oxidation process, it is crucial to activate the persulfate anion, in the case of 

AOP, by applying energy in the form of UV radiation. This results in the formation of sulfate 

radicals according to the Eq. (21). [65] 

S2O8
2– + ℎν → 2 SO4

–• (21) 

When sulfate radical is formed, it participates in propagation reactions (Eqs. (22) and 

(23)) that may produce other radical species, most notably HO•. [41, 64] 

SO4
–• + H2O → HO• + SO4

2– + H+ (22) 

SO4
–• + OH– → HO• + SO4

2– (23) 

While reaction described by Eq. (22) is insignificant due to its slow kinetics, the one 

described by Eq. (23) takes a crucial role in alkaline conditions, making the hydroxyl radical 

the main radical available to oxidize organic matter. [64] Therefore, the term ”activated 

persulfate” in the literature includes the persulfate anion, but is also associated with the reaction 

intermediates such as sulfate radical and hydroxyl radical. 

With organic compounds, sulfate radical can react in three main ways: by hydrogen 

abstraction (Eq. (24)), by single−electron oxidation (Eq. (25)), or by addition to an unsaturated 

bond (Eq. (26)). 

 

RH + SO4
–• → R• + HSO4

– (24) 

 

+ SO4
–• → + SO4

2– 

(25) 
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H2C=CHR + SO4
–•  →  –OSO2OCH2–C•HR 

(26) 

 

However, unlike hydroxyl radicals, sulfate radicals react significantly slower by 

hydrogen abstraction and addition, and more readily through electron transfer. [8] This is due 

to sulfate radical's selective electrophilic nature, making it more reactive towards certain 

compounds, such as aromatic molecules with electron−donating functional groups such as 

ammine (–NH2), hydroxyl (–OH), and alkoxy group (–OR), and less reactive towards the 

compounds with electron−withdrawing groups such as nitro (–NO2) or carbonyl group (C=O). 

However, in spite of numerous publications on the kinetics of sulfate radical reactions with 

organic compounds, the exact oxidation reaction mechanisms and pathways are mostly 

uncertain due to the complexity of radical chain reactions. [64] 

The efficiency of the UV/S2O8
2– process relies on a high quantum yield (ϕ = 0.7, for Eq. 

(21)) which is 40% higher compared to H2O2/HO• quantum yield at 254 nm irradiation, thus 

generating more radicals than the UV/H2O2 process. [65] On the other hand, sulfate radicals 

and hydrogen radicals have similar standard reduction potentials (2.5–3.1 V and 1.9–2.8 V, 

respectively) as well as the low molar absorption coefficient (14.0 L mol–1 cm–1 and 19 L mol–

1 cm–1 at 254 nm, respectively). [63] The reaction rates of persulfate and sulfate radicals with 

common contaminants in soil and groundwater have been reported to be in the range 106–109 

M–1s–1. [64] The main limitation of this process is that sulfate radicals easily and quickly react 

with chlorides, carbonates, and bicarbonates (Cl–: k = 2.48 ꞏ 108 M–1s–1, HCO3
–: k = (1.6–9.1) ꞏ 

106 M–1s–1, CO3
2–: k = 6.1 ꞏ 106–4.1 ꞏ 108 M–1s–1), which brings out the competitive kinetics of 

the components of the solution, resulting in a reduction in overall oxidation efficiency. [64] 

Additionally, the self−scavenging effect of sulfate radical might also occur when an excessive 

amount of persulfate is present (Eq. (27)). [63] 

SO4
–• + SO4

–• → S2O8
2–                                                                                                        (27) 

 

2.2.5.3. Kinetics of UV-based oxidation 

Photochemical reaction kinetics are primarily determined by the process light 

absorption conditions and the reaction quantum yield of the target pollutant. Therefore, any 

water matrix properties that influence two main reaction efficiency parameters (quantum yield 

and molar absorption coefficient), may impact the kinetics and pathway of the following radical 

reactions. These properties include water components, pH, ionic strength, dissolved oxygen 

concentration, and temperature. In UV-based oxidation processes (Table 3.) numerous 



20 
 

competitive radical reactions occur that affect the concentrations of reactants and overall 

kinetics. Despite their complexity, these reactions are typically described in the literature as 

second-order reactions, or pseudo-first-order. Pseudo-first-order rate constant can be 

considered because of the low concentration of pollutant and assumption that concentrations of 

highly reactive radicals are constant. [8, 56]  

 

Table 3. Principal reactions in the UV/H2O2 and UV/S2O8
2– processes. [66] 

Reaction k (M–1 s–1 or s–1) Equation 

H₂O₂ + hv → 2 HO•  (28) 

S₂O₈²⁻ + hv → 2 SO₄–•  (29) 

HO• + H₂O₂ → HO₂• 2.7 · 10⁷ (30) 

HO• + HO• → H₂O₂ 5.5 · 10⁹ (31) 

HO• + OH– → H₂O + O–• 1.3 · 10¹⁰ (32) 

SO₄–• + S₂O₈²– → SO₄²– + S₂O₈–• 6.6 · 10⁵ (33) 

SO₄–• + SO₄–•→ S₂O₈²– 3.1 · 10⁸ (34) 

SO₄–• + OH– → HO• + SO₄²– 6.5 · 10⁷ (35) 

SO₄–• + H₂O → HO• + SO₄²– < 60 (36) 

HO• + HCO₃– → CO₃–• + H₂O 8.5 ꞏ 10⁶ (37) 

HO• + CO₃²– → CO₃²–• + OH– 3.9 · 10⁸ (38) 

SO₄–• + HCO₃– → CO₃²–• + HSO₄– 9.1 · 10⁶ (39) 

SO₄–• + CO₃²– → SO₄²– + CO₃–• 6.1 · 10⁶ (40) 

HO• + Cl– → HClO–• 4.3 · 10⁹ (41) 

SO₄–• + Cl– → Cl• + SO₄²– 3.1 · 10⁸ (42) 

Cl• + H₂O → H + HO• + Cl– 2.5 · 10⁵ (43) 

HClO–• → Cl– + HO• 6.0 · 10⁹ (44) 

HClO–• + Cl– → Cl₂–• + OH– 1.0 · 10⁵ (45) 

Cl₂ + OH– → HClO–• + Cl– 4.5 · 10⁶ (46) 

HClO–• + H⁺ → H2ClO• 3.0 · 10¹⁰ (47) 

H2ClO• → Cl• + H₂O 5.0 · 10⁴ (48) 

H2ClO• + Cl– → Cl₂–• + OH– 4.0 · 10⁶ (49) 

Cl• + Cl– → Cl₂–• 8.5 · 10⁹ (50) 

SO₄–• + NO₃– → NO₃• + SO₄²– 5.0 · 10⁴ (51) 

HO• + SO₄²–/HSO₄– → SO₄–• + OH–/H₂O 3.5 · 10¹⁰ (52) 

 

Additionally, the kinetic model of UV-included AOPs proposed by Stefan [8] utilizes a 

pseudo−steady state approximation. This approach is built upon the previously mentioned 

premise that due to the high reactivity of radical species, they are consumed immediately after 

their formation, meaning the formation rate of each radical is equal to the consumption of that 
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radical. [8] Thus, the concentrations of radicals are considered negligible in time, i.e., they reach 

pseudo−steady−state concentrations. For instance, the general expression of pseudo−steady 

state concentration for hydroxyl radical in the UV/H2O2 process can be described with equation 

(52) where the numerator describes the rate of formation of OH• due to direct photolysis, while 

the denominator represents hydroxyl reactions with all the water constituents, including the 

scavengers (Si) and the pollutant. 

[OH]ss|𝜆 =
Φ⋅OH𝑓abs,𝜆

H2O2𝑞𝑝,𝜆(1 − e−𝐴𝜆)

𝑘OH,H2O2
[H2O2] + ∑  𝑖 𝑘OH,𝑆𝑖

[𝑆𝑖]
 

 

 

 (53) 

In this equation qp,λ represents photon flow entering the water, fabs,λ is a fraction of light 

absorbed by H2O2, and Aλ is absorbance of the solution. All the factors are defined for specific 

wavelength λ. The scavenging term ΣikOH,Si[Si] (often called OH• water background demand) 

is usually calculated from water quality parameters or determined experimentally. Finally, the 

rate of contaminant removal by both, direct photolysis and radical oxidation reactions at λ, 

under pseudo−steady−state approximation is described by equations: 

[OH]ss|𝜆 =
Φ⋅OH𝑓abs,𝜆

H2O2𝑞𝑝,𝜆(1 − e−A𝜆)

𝑘OH,H2O2
[H2O2] + ∑  𝑖 𝑘OH,𝑆𝑖

[𝑆𝑖]
 

(54) 

−
d𝐶

d𝑡
|
𝜆

= Φ𝜆
𝐶𝑓abs,𝜆

𝐶 𝑞𝑝,𝜆(1 − e−𝐴𝜆) + 𝑘OH,C

Φ⋅OH𝑓abs,𝜆
H2O2𝑞𝑝,𝜆(1 − e−𝐴𝜆)

𝑘OH,H2O2
[H2O2] + ∑  𝑖 𝑘OH,𝑆𝑖

[𝑆𝑖]
[𝐶] 

(55) 

This model, with corrections in certain cases, has been successfully used in different 

studies to predict the kinetic model in different UV/AOP processes. [8] 

 

2.2.5.4.  Impact of water matrix 

Water quality plays a crucial role in selecting an appropriate AOP and predicting its 

performance. To accurately assess AOP performance, it is essential to understand direct 

photolysis, radical generation, and the mechanisms of radical reactions involving target 

compounds, as well as key water matrix factors such as inorganic salts and organic compounds. 

The effectiveness of AOP processes is strongly influenced by constituents present in 

the water matrix. These constituents can have different effects, either neutral, inhibiting, or 

promoting, depending on the specific process and the mechanism through which they interact 

with UV light and radical species. Organic species can act as inhibitors of the process by UV 

light absorption or radical scavenging effects. On the other hand, they can act as promoters by 

generating reactive oxygen species that enhance indirect photolysis. Inorganic species can as 

well have inhibiting or promoting effects. For instance, they can inhibit the degradation process 
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through radical scavenging effects or the formation of less active radicals. Conversely, they can 

act as promoters, such as nitrate ions that form reactive oxygen species or iron ions that act as 

an additional catalyst source. [67] 

The available data on this subject is limited, and the specific roles and mechanisms of 

individual water components are still not fully understood. Further research is necessary to 

comprehensively investigate the diverse range of reactions that occur in complex wastewater 

and to promote the wider implementation of advanced oxidation technologies in urban 

wastewater treatment plants. [67] While the impact of chloride and carbonate anions is the most 

commonly studied, recent research suggests that a wider range of constituents should be 

investigated to better understand oxidation mechanisms in complex aquatic environments. [68] 

With the aim to address this gap, the experimental part of the thesis examines the impact 

of nitrite, nitrate, phosphate, sulfate, chloride anions, and humic acid, as well as the influence 

of different pH values. The fifth chapter will discuss the impact of each water constituent on 

UV/AOP.  

 

2.3. Design of Experiment 

Design of Experiment (DoE) is a useful tool that relies on statistical methodology to 

predict product characteristics under varying conditions and optimize the performance and costs 

of the process.  

 

Figure 4. A general scheme of a basic design of experiment. [70] 

DoE is widely used in diverse fields, including engineering, product development, the 

pharmaceutical industry, agriculture, social science, and others. It outperforms the traditional 

approach of changing “one variable at a time” with minimal experimental runs. [69] 

Moreover, DoE identifies which variables (factors) have an effect on the response of the 

system and for which variables the system has the optimal response. The factors are controllable 
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parameters that vary at different levels and can be represented as continuous functions or 

discrete numerical values. Noise is the effect of random or uncontrollable input that causes the 

signal (response) to be less obvious. In order to avoid instability of the response, it is necessary 

to have a conscious approach toward the noises by estimating, minimizing, and keeping them 

constant. [70] 

Depending on the type of variables, different experimental designs are applied, some of 

which are full factorial, fractional factorial, central composite, Box−Behnken, and Taguchi. 

Each approach requires a different number of experimental runs which depends on the number 

of factors being considered. Figure 5 shows the number of experimental runs N that each DOE 

technique requires depending on the number of input factors. [71] 

 

Figure 5. Number of experimental runs required by selected DoE techniques. [71] 

Once the experiment is completed, the results are analyzed by statistical software such 

as Design Expert and MiniTab. The software delivers the analysis that can finally be used to 

draw contextual conclusions on the input factors−response relationship. [71] 

2.3.1. Taguchi method 

During the 1980s, Japanese engineer and statistician Genichi Taguchi developed a 

method for manufacturing high−quality products regardless of process parameter variations. It 

is based on a specific statistical approach resulting in a better understanding of the process, 

process robustness, and significant reduction of required time and costs to conduct a process. 
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Therefore, it has been widely applied in various fields including manufacturing, engineering, 

environmental studies, healthcare, service industries, and social sciences. In terms of chemical 

and environmental engineering, it is commonly used to increase the efficiency of wastewater 

treatment. 

 

Table 4. Taguchi designs synoptic table. [71]  

Number of 

variables 

Number of levels 

2 3 4 5 

2,3 L4 L9 LP16 L25 

4 L8 L9 LP16 L25 

5 L8 L18 LP16 LP32 

6 L8 L18 LP32 L25 

7 L8 L18 LP32 L50 

8 L12 L18 LP32 L59 

9,10 L12 L27 LP32 L50 

11 L12 L27 N./A. L50 

12 L16 L27 N./A. L50 

13 L16 L27 N./A. N./A. 

14,5 L16 L36 N./A. N./A. 

16−23 L32 L36 N./A. N./A. 

24−31 L32 N./A. N./A. N./A. 

 

The objective of the method is to determine how each controllable factor impacts the 

response while minimizing the sensitivity of the response to noise. Taguchi relies on running 

only a portion of the total number of possible experiments using the orthogonal array (OA) 

approach. OA is a mathematical concept that represents a matrix of numbers where each column 

represents a specific factor and each row represents the levels of chosen factors of interest. 

Orthogonal arrays are designed in a way that ensures two types of balance among their columns. 

Firstly, the columns are balanced internally, meaning that each column has the same number of 

each factor level. Secondly, the columns are balanced externally so that any two columns 

combined form an equal number of possible combinations. Hence, in orthogonal array 

experiments, the number of experimental runs is reduced while keeping the pairwise balancing 
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property. [72] Table 4. summarizes recommended matrix arrays (number of possible designs) 

depending on the number of parameters and the number of levels. The abbreviation N./A. (not 

applicable) denotes that Taguchi design cannot be utilized in specific combinations of the 

number of variables and number of levels. 

Once all the experimental runs are conducted, results are most commonly analyzed by 

a statistical approach known as analysis of variance (ANOVA). ANOVA is used to comprehend 

the contribution of each factor, as well as whether a higher or lower level produces the preferred 

result. Through this kind of analysis, the optimal process conditions are identified. [72] 

 

2.4. Proton Pump Inhibitors 

Proton−pump inhibitors (PPIs) are a class of drugs that cause significant and elongated 

suppression of stomach acid production. They reduce the secretion of gastric acid by inhibiting 

an enzyme in the parietal cells of the stomach that exchanges acid for potassium ions. In other 

words, they inhibit the activities of proton pumps. The first produced PPI was omeprazole in 

1988, but over the last decades, many others like lansoprazole, pantoprazole, dexlansoprazole, 

esomeprazole, rabeprazole, and others were produced and widely prescribed. [73] 

Today, PPIs have become one of the most widely prescribed medications worldwide. 

Their prescription is consistently on the rise, especially for long−term treatment since they are 

both effective and have a favorable safety record. Even though PPIs are well accepted, recently 

there has been a growing concern in connection to the use of these drugs, mainly due to the 

inappropriate prescription of these drugs, as Lenoir et al. [74] report that around 70% of the 

prescriptions for PPIs included in their study did not have a justified indication. 

This often results in improper disposal of the drug remnants, which if not properly 

handled by environmental waste management authority, results in environmental pollution. 

This is in addition to the consumer’s excretion of both active and inactive pharmaceutical 

ingredients through urine and feces. Kosma et al. [75] report that PPIs and their metabolites are 

only partially eliminated in WWTP resulting in their presence in surface waters, groundwater, 

and sediments. 
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2.4.1. Pantoprazole 

Pantoprazole is an irreversible proton pump inhibitor, recognized as one of the top 

twenty selling drugs worldwide, under various trade names. Pantoprazole was approved for 

medicinal use in 1994. The structure shows that pantoprazole is in the form of a substituted 

benzimidazole sodium salt. It is a lipophilic weak base with low solubility at neutral pH, which 

increases with pH. [76] 

Pantoprazole is primarily used to treat gastrointestinal disorders such as acid reflux, 

erosive esophagitis, Helicobacter pylori infection, and Zollinger−Ellison syndrome and is 

popular due to its longer activity compared to other PPIs. Furthermore, pantoprazole is as well 

often prescribed in combination therapy with antibiotics, profens, and others; to prevent issues 

associated with the digestive system. The implication of these factors explains a significantly 

high rate of pantoprazole consumption worldwide. [77] 

 

Figure 6. Chemical structure of pantoprazole sodium. 

While pantoprazole is generally effective and well tolerated, it also poses certain 

challenges. Researchers have associated its long−term use with serious side effects such as: 

hypomagnesia, osteoporosis, bone fracture, and poor absorption of vitamin B12, iron salts, 

ketoconazole, and certain minerals. [78] 

The consequences of pantoprazole residues in the environment have not been 

thoroughly investigated, despite its widespread production and consumption, which results in 

the release into the environment through different waste streams. 

Pantoprazole air contamination may occur at production sites, although it is unlikely 

due to its low vapor pressure causing it to exist primarily in particulate form. This characteristic 

makes it easily removable through wet and dry deposition, resulting in the rare instances of air 

contamination. In soil, pantoprazole is immobile (log Koc= 4.11), while due to pKa1 and pKa2 
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values it mainly appears in protonated form making enhancing its likelihood to adsorb strongly 

to organic carbon and clay. [76] 

On the other hand, water contamination is more probable due to its widespread human 

use. In aquatic environments, pantoprazole is not expected to volatilize but rather to adsorb onto 

suspended solids and sediment, driven by its Koc value. Pantoprazole is reported to be 

non−biodegradable, and hydrolysis is not considered a significant environmental degradation 

pathway since PPS is missing functional groups that hydrolyze under environmental conditions. 

However, pantoprazole is susceptible to direct photolysis, with its maximum absorption 

occurring at 289 nm. [76] 

 

Table 5. Characteristics of pantoprazole 

Pantoprazole sodium 

Abbreviation PPS, PAN 

CAS number 138786−67−1 

Chemical Formula C16H14F2N3NaO4S 

Molecular weight (g/mol) 405.35 

Solubility in water (mg/L), at 25 °C 48 

pKa1 3.9 

pKa2 8.19 

log Kow 2.22 

log Koc 4.11 

Henry’s Law Constant (atm m3 mol–1), at 25 °C 5.84 ꞏ 10–20 

Half−life (h) 0.9−1.9 

kHO● M–1 s–1 1.0 ꞏ 1014 

Detection of pantoprazole residues in different water bodies worldwide further 

emphasizes the need for comprehensive research in this area. Research has shown that residues 

of this pharmaceutical mostly contaminate natural waters. [79−81] This is because around 70 

to 95 % of the consumed pantoprazole used ends up being excreted into the urine and feces as 

metabolites that are inert or pharmaceutically active. [75] Della Rocca et al. [82] report that 

pantoprazole residues are found in domestic wastewaters in concentrations up to 18 μg L–1. 

Different methods have been applied towards addressing the challenges associated with 

the presence of pantoprazole residues in wastewater with different degrees of success. Some of 



28 
 

the methods include adsorption, peroxidation and photo−peroxidation, the Fenton process, and 

others. [82, 83] A lot of research is still ongoing with the aim of finding an efficient, 

eco−friendly, and economical method or integration of methods that are best suited for 

pantoprazole active residue. 
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3. Experimental 

3.1. Materials 

- Pharmaceutical:  

o Pantoprazole sodium, Xellia, Croatia 

- Oxidants: 

o Hydrogen peroxide, 30%, Gram−mol, Croatia 

o Sodium persulfate, Sigma−Aldrich, USA 

- pH adjustment:  

o Sulfuric acid (H2SO4), 0.05 M, Kemika, Croatia  

o Sodium hydroxide (NaOH), 0.02 M, Kemika, Croatia  

- Water matrix:  

o Sodium nitrite (NaNO2), Kemika, Croatia  

o Sodium nitrate (NaNO3), Kemika, Croatia  

o Sodium chloride (NaCl), Gram−mol, Croatia  

o Sodium phosphate (Na3PO4 ꞏ 12H2O), Kemika, Croatia  

o Sodium sulfate (Na2SO4), Merck, Germany  

o Humic acid sodium salt (technical grade, H16752), Sigma−Aldrich, USA 

- Other:  

o Ethanol 96%, Gram−mol, Croatia  

- HPLC mobile phases:  

o  Methanol (CH3OH), HPLC grade, JT Baker, USA  

o Ammonium acetate (C2H7NO2), 98%, Sigma−Aldrich, USA  

o Ultra−pure water, Millipore Direct−Q UV 3 system, Merck, Germany 

 

3.2. Instruments 

- HPLC (Series 20, Shimadzu, Japan) equipped with pump LC−20AD XR × 2 units, 

autosampler SIL−20AC XR, detector SPD−20AV, column oven CTO−20AC and 

LCMS−2020, Shimadzu, Japan 

- Column: 3.5×150 mm, 4.6 µm Waters SunFire C18 

- UV lamp Pen−Ray P/N 90−0012−01, 254 nm, UVP, Cambridge, UK 

- Pen−Ray power supply PS−11, O.21 Amps, 230 V, UVP, Cambridge, UK 

- pH meter, pH 50+ DHS XS instruments 
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- Milli−Q water maker TKA−GenPure 

- Analytical balance Sartorius 

- Magnetic stirrer MSH−300 BioSan 

 

3.3. Development of HPLC method 

The concentration of pantoprazole was determined with HPLC (Series 20) (Figure 7) 

and column Waters SunFire C18 4.6 µm, 3.5×150 mm. The developed method is a gradient 

method using 10 mM ammonium acetate solution as mobile phase A, and methanol (HPLC 

grade) as mobile phase B, as described in Table 6. The flow rate was 1mL/min with the injection 

volume of 10 µL. The detector used in analysis were UV (at 280 nm wavelength) coupled with 

MS. 

Table 6. Gradient elution conditions. 

Time / min Mobile phase A / % Mobile phase B / % 

0 70 30 

2.50 50 50 

10.00 50 50 

17.00 30 70 

18.00 70 30 

20.00 70 30 

 

 

Figure 7. Shimadzu HPLC (Series 20). 
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3.4. Design of Experiment 

To conduct the experiment, Taguchi design was followed, utilizing 8 factors with 2 

levels each. Minitab version 20.2 was used to form the orthogonal array DoE matrix with total 

of 12 experiments for each process (Table 7.). The factors and their respective levels are 

specified in Table 8. 

 

Table 7. Experimental layout using an L12 orthogonal array. 

Exp. no. pH Oxidant HA NO2
– NO3

– Cl– PO4
3– SO4

2– 

1 1 2 1 2 2 1 2 2 

2 2 1 1 2 2 2 1 2 

3 1 2 2 1 2 2 1 2 

4 2 2 1 2 1 2 1 1 

5 2 2 1 1 2 1 2 1 

6 1 1 1 1 1 2 2 2 

7 2 2 2 1 1 1 1 2 

8 2 1 2 1 2 2 2 1 

9 1 1 1 1 1 1 1 1 

10 1 2 2 2 1 2 2 1 

11 2 1 2 2 1 1 2 2 

12 1 1 2 2 2 1 1 1 

 

Table 8. Factors and their levels. 

Factor Level 1 (low) Level 2 (high) Unit 

pH 4 10 − 

Oxidant 0.05 10 mM 

HA 2 10 mg/L 

NO2
– 0.1 10 mg/L 

NO3
– 1 70 mg/L 

Cl– 10 250 mg/L 

PO4
3– 0.08 0.5 mg/L 

SO4
2– 20 600 mg/L 
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3.5. Preparation of aqueous solution of pantoprazole 

Aqueous 0.1 mM solution of pantoprazole was prepared by dissolving 0.0432 g of 

pantoprazole Sodium crystalline powder in 1 L of Milli−Q water. The 1 L flask was covered 

with aluminum foil to block the light from reaching the solution. After one day of stirring with 

a magnetic stirrer, the aqueous solution was stored in the refrigerator at 4 °C. 

 

3.6. Preparation of matrix solution 

Five different inorganic salt solutions were utilized to form inorganic ions that were 

considered as factors in the Taguchi design. Table 9. contains concentrations and quantities of 

each factor. Solutions were prepared by dissolving respective quantities of salts in ultra-pure 

Milli-Q water and stored in plastic bottles at room temperature. 

The quantity of factors used for making synthetic water matrix that are presented as 

minimum and maximum levels in the Taguchi design are shown in the Table 10. 

 

Table 9. Factors’ characteristics and used concentrations. 

Factor Molar mass (g/mol) Concentration (ppm) Quantity (for 1 L) 

NO2
– (NaNO2) 69 1000 1 g 

 
NO3

– (NaNO3) 84.99 10000 10 g 
 

Cl– (NaCl) 58.44 10000 10 g 
 

PO4
3– (Na3PO4 · 12H2O) 380.12 1000 1 g 

 
SO4

2– (Na2SO4) 142.04 100000 100 g 
 

HA − 400 − 
 

 

Table 10. Quantities of factors for levels 1 and 2.  

Factor Level 1 Level 2 

NO2
– 8 µL 800 µL 

NO3
– 8 µL 560 µL 

Cl– 80 µL 2000 µL 

PO4
3– 6.4 µL 40 µL 

SO4
2– 16 µL 480 µL 

HA 400 µL 2000 µL 
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3.7. Oxidants 

In this study, two oxidants were used: hydrogen peroxide and sodium persulfate at 

concentrations of 0.05 mM and 10 mM respectively. The corresponding amounts of each 

oxidant at maximum and minimum level are presented in Table 11. 

Table 11. Quantities of oxidants for levels 1 and 2. 

Oxidant Molar mass (g/mol) Level 1 Level 2 

H2O2 34.01 4.1 μL 82 μL 

Na2S2O8 238.01 0.0095 g 0.1904 g 

 

3.8. UV-C based process 

Figure 8 displays the experimental setup in which all experiments were conducted. The 

degradation process took place in a glass water−jacketed batch photoreactor with total volume 

VT=0.1 L, while volume of synthetic water matrix solution added to the photoreactor is VS=0.08 

L. The photoreactor was equipped with a UV-C lamp that emits monochromatic light at 254 

nm, providing an incident photon flux (P0) is of 1.04 · 10–6 E s–1. The UV lamp had power 

supply of 48.3 W and operated at a frequency of 50−60 Hz. The experimental procedure began 

after preheating the UV-C lamp and placing it into a quartz cuvette that transmits UV-C light. 

The lamp was positioned in the center of the reactor with an irradiation path length (L) of 1 cm. 

To ensure effective mixing of the reaction solution, a magnetic stirrer was used at speed of 550 

rpms. The temperature was maintained at t = 25.0 ± 0.2 °C. 

 

Figure 8. UV-C reactor: 1. inlet of the syringe for sampling, 2. sample solution, 3. quartz 

cuvette, 4. UV lamp, 5. magnetic stirrer. 
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In accordance with the Taguchi design, each UV-C degradation process involved 12 

experimental runs. Each experiment lasted for 60 seconds, during which samples were collected 

at 10 second intervals. A total of 7 samples were taken from each experiment. Consequently, 

for the two UV-C based processes we obtained a combined total of 168 samples in HPLC vials. 

To stop the degradation process by quenching the radicals, we added 100 µL of methanol to 

each sample. 

 

3.9. Calculations 

The concentration of pantoprazole in the solution before and after the degradation 

process is represented by c0 and ct, respectively. To analyze the degradation kinetic data of both 

studied pharmaceuticals, we employed the pseudo-first-order kinetic model (Eq. (56)). 

ln (c0/ct) = –kt (56) 
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4. Results 

In this chapter, the experimental results are presented in the form of graphs and tables, 

providing a comprehensive overview of the obtained data on pantoprazole degradation under 

UV/H2O2 and UV/S2O8
2– processes. These results will be further discussed and analyzed in the 

Discussion chapter, offering a deeper understanding of their implications and significance in 

the context of the research objectives. 

Table 12. presents the Taguchi design matrix for the UV-C/H2O2 and UV-C/ S2O8
2– 

processes, encompassing eight factors expressed in coded units (1: minimum level and 2: 

maximum level), and experimentally determined first-order degradation rates (k) for 

pantoprazole. 

 

Table 12. Taguchi design matrix and experimentally determined first-order degradation rates 

(k) for pantoprazole in UV/H2O2 and UV/S2O8
2– processes. 

Experiment 

no. 

Factors 

First-order 

degradation rates,  

(k · 103, s–1) 

NO2
– NO3

– Cl– PO4
3– SO4

2– HA pH oxidant UV/H2O2 UV/S2O8
2– 

1 2 2 1 2 2 1 1 2 16 25.6 

2 2 2 2 1 2 1 2 1 4.6 9.3 

3 1 2 2 1 2 2 1 2 13.1 21.7 

4 2 1 2 1 1 1 2 2 12.6 74.7 

5 1 2 1 2 1 1 2 2 19.8 111.5 

6 1 1 2 2 2 1 1 1 31 10.2 

7 1 1 1 1 2 2 2 2 16.1 36.5 

8 1 2 2 2 1 2 2 1 6.4 4.9 

9 1 1 1 1 1 1 1 1 32.4 44.5 

10 2 1 2 2 1 2 1 2 20.7 19.3 

11 2 1 1 2 2 2 2 1 6.1 8.2 

12 2 2 1 1 1 2 1 1 3.8 14.8 

 



36 
 

4.1. Influence of tested factors on degradation kinetics 

Tables 13. and 14. present the average first-order degradation rate for each level of each 

factor. These response tables indicate which factor has the greatest influence on the degradation 

rate. The ranking and comparison of relative impact of the factors is based on Delta statistics. 

Delta is calculated by subtracting the lowest average from the highest average degradation rate 

value for each factor. Rank 1 and 6 are given to the factor with highest and lowest Delta value, 

respectively. By examining the average values in the response tables, we can identify which 

level of each factor yields the most favorable outcome. 

 

 

Figure 9. Main effects plot for first-order degradation rate of pantoprazole with UV/H2O2 

process. 

 

Table 13. Response table for means of first-order degradation rates of PPS by UV/H2O2 process. 

Level Nitrite Nitrate Chloride Phosphate Sulfate Humic acid pH Oxidant 

1 19.80 19.82 15.70 13.77 15.95 19.40 19.50 14.05 

2 10.63 10.62 14.73 16.67 14.48 11.03 10.93 16.38 

Delta 9.17 9.20 0.97 2.90 1.47 8.37 8.57 2.33 

Rank 2 1 8 5 7 4 3 6 
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Figure 10. Main effects plot for first-order degradation rate of pantoprazole 

with UV/S2O8
2– process. 

 

Table 14. Response table for means of first-order degradation rates of PPS by UV/S2O8
2– 

process. 

Level Nitrite Nitrate Chloride Phosphate Sulfate Humic acid pH Oxidant 

1 38.22 32.23 40.18 33.58 44.95 45.97 22.68 15.32 

2 25.32 31.30 23.35 29.95 18.58 17.57 40.85 48.22 

Delta 12.90 0.93 16.83 3.63 26.37 28.40 18.17 32.90 

Rank 6 8 5 7 3 2 4 1 
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5. Discussion 

This chapter provides a detailed analysis of the experimental results obtained from 

monitoring the degradation of pantoprazole under UV/H2O2 and UV/S2O8
2– processes. This 

chapter aims to discuss the degradation kinetics of the processes as well as the influence of each 

water matrix parameter on the degradation rate. 

 

5.1. Degradation kinetics 

As the literature suggests that UV/H2O2 and UV/S2O8
2– degradation processes conform 

to a pseudo-first-order kinetic model, we applied this model to our experimental results and 

observed a strong correlation between the degradation rate constants and the proposed pseudo-

first-order kinetics under all tested conditions (R2 ≥ 0.99). [8] 

The degradation rates in the conducted UV/H2O2 processes exhibit a notable variation 

depending on the different water matrices, ranging from 3.8 · 10–3 s–1 to 32.4 · 10–3 s–1. In the 

UV/S2O8
2– processes, the degradation rates span even wider range, extending from  

4.9 · 10–3 s–1 to 111.5 · 10–3 s–1. The significant variations observed in the degradation rates 

highlight the pronounced influence of water parameters and their levels on the degradation rates 

of this particular pharmaceutical compound. How each water parameter influences the 

degradation kinetics will be discussed in more detail in the following chapters.  

To facilitate a comparative kinetic analysis of the two degradation processes, we utilized 

the average kinetic degradation rates presented in Table 15. It is evident that the UV/S2O8
2– 

process overall exhibited a significantly higher degradation rate (15.23 · 10–3 s–1) in comparison 

to the UV/H2O2 process (31.77 · 10–3 s–1). 

Table 15. Comparison of UV/H2O2 and UV/S2O8
2– degradation rates. 

Process Average first-order degradation rates (k  · 103, s–1) R2 

UV-C/H2O2 15.23 0.99 

UV-C/S2O8
2– 31.77 0.99 

 

The observed trend of higher degradation rates in the UV/S2O8
2– process compared to 

UV/H2O2 is consistent with other research studies that have reported similar results for the 

degradation of various pharmaceutical compounds. For example, in a study conducted by Lui 
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et al. [84], the degradation of pharmaceutical atenolol was compared using UV/S2O8
2– and 

UV/H2O2 under different conditions. The average first-order reaction rate constant was found 

to be 116.97 · 10–3 s–1 for UV/S2O8
2– and 0.87 ·10–3 s–1 for UV/H2O2. Similarly, Zhang et al. 

[85] reported average first-order reaction rates of 14.3 · 10–3 s–1 and 4.7 · 10–3 s–1 for the 

degradation of amoxicillin for UV/S2O8
2– and UV/H2O2, respectively. Additionally, Arman et 

al. [86] investigated the degradation of dexamethasone using these two processes and also 

observed higher efficiency in the UV/S2O8
2– process, although they did not specify the first-

order reaction rates. However, to the best of our knowledge, no research has been conducted on 

the monitoring of the degradation of pantoprazole or any other proton pump inhibitor using 

specifically UV/S2O8
2– or UV/H2O2 processes. 

All three mentioned studies explain that UV/S2O8
2– process is more efficient due to three 

main reasons. First, the photolysis of persulfate yields a significantly higher amount of radicals 

than hydrogen peroxide photolysis does. This is due to the 40% higher quantum yield of 

persulfate than of hydrogen peroxide at 254 nm irradiation. Second, hydroxyl radicals tend to 

act as self-scavengers at significant rates, unlike sulfate radicals. Third, although the reactivity 

of sulfate radicals is generally lower than that of hydroxyl radicals, they exhibit a strong affinity 

to electron-rich contaminants, which results in higher selectivity towards numerous organic 

pollutants. 

In our case, taking into account the structural formula of pantoprazole, it is plausible to 

assume that the presence of an aromatic ring and electron donating groups potentially 

contributed to the higher efficiency observed in the UV/S2O8
2– process compared to UV/H2O2. 

This assumption is supported by Stefan [8] and Tsitonaki et al. [64] who emphasize the fact that 

sulfate radical’s selectivity towards aromatic compounds with electron−donating groups, will 

significantly increase the rate of the reaction. 

 

5.2. Influence of water matrix 

Generally, the composition of water significantly influences UV/H2O2 and UV/S2O8
2– 

processes through neutral, inhibitory, and enhancing effects. Inhibition arises from the strong 

UV absorption of water constituents or their ability to scavenge HO• and SO4•
− radicals, while 

certain constituents enhance contaminant removal by generating highly reactive radicals. It is 

crucial to investigate the impact of both inorganic ions and organic compounds, since they are 

ubiquitous in water bodies and can dramatically change process performance.  
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In this study, we conducted experiments to investigate the effects of oxidant dosage, 

solution pH, humic acid, and five different inorganic salts (NO2
– NO3

–, Cl–, PO4
3–, and SO4

2–). 

The effects were analyzed using main effects plots and response tables (Chapter 4. Results), 

which provide insight into the contribution of each factor in the UV/H2O2 and UV/S2O8
2– 

degradation processes.  

The summarized effects of the synthetic water matrix factors can be found in Table 16. 

The table shows that humic acid and all the inorganic anions have a negative impact on both 

processes, except in the case of phosphate which had a positive impact on the UV/H2O2 process. 

It is important to note that although water factors mainly exhibited inhibitory effects on the 

degradation of pantoprazole, some of the effects can be neglected due to their low contribution 

in certain cases 

 

Table 16. Summary of the synergistic (+) and inhibitory (−) effects of water matrix factors on 

the degradation of pantoprazole under UV/H2O2 and UV/S2O8
2– processes. 

Process NO2
– NO3

– Cl– PO4
3– SO4

2– HA pH Oxidant 

UV/H2O2 
– – – + – – – + 

UV/S2O8
2– – – – – – – + + 

 

5.2.1. Effect of oxidant dosage 

In this study, we examined the impact of two oxidants, hydrogen peroxide, and sodium 

persulfate, at two different levels of concentration. The concentrations used were 0.5 mM for 

level 1 and 10 mM for level 2. In both, UV/H2O2 and UV/S2O8
2– degradation processes, higher 

concentrations of the oxidants resulted in greater degradation rates of pantoprazole. However, 

sulfate radicals present in the UV/S2O8
2– process exhibited a strong enhancing effect on 

degradation rates, while hydroxyl radicals present in the UV/H2O2 process had a weaker impact 

on the degradation rates. This observation indicates that sodium persulfate demonstrates a 

higher redox potential compared to hydrogen peroxide in the degradation of pantoprazole under 

our experimental conditions, which has been discussed in more detail in chapter 5.1. 

Degradation kinetics. 
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5.2.2. Effect of nitrite 

In line with expectations, our experimental findings revealed the inhibitory effect of 

nitrites on both degradation processes. These results align with the existing literature, which 

suggests that nitrites effectively function as scavengers for both sulfate and hydroxyl radicals. 

[8, 87] 

The inhibitory effect was more pronounced in the UV/H2O2 process where nitrites had 

the greatest contribution of all tested factors. This can be attributed to the notably higher second-

order rate constant for the reaction of nitrites with hydroxyl radicals  

(1.0 · 1010 M–1 s–1) compared to the second-order rate constant of nitrites with sulfate radicals 

(8.8 · 108 M–1 s–1). Moreover, nitrites exhibit stronger radical inhibition compared to other 

inorganic anions due to their higher reaction rates with these radicals. [88] 

In these reactions between nitrite and the two radicals, NO2• radical is formed which 

has significantly weaker oxidative power (E = 0.93–1.03 V) compared to hydroxyl  

(E = 2.8 V) and sulfate (E = 2.5 V) radicals, causing the overall loss in efficiency of the 

degradation process. [8, 88] 

NO2
– + HO• → OH– + NO2• k = 1.0 · 1010 M–1 s–1 (57) 

NO2
– + SO4

–• → SO4
2– + NO2• k = 8.8 · 108 M–1 s–1 (58) 

Previous studies have documented the inhibitory effects of nitrite ions on the 

degradation of pharmaceutical chloramphenicol in sulfate radical−based AOPs. [87] 

Interestingly, sodium nitrite has often been employed as a quenching agent in laboratory 

experiments to effectively terminate the reactions between sulfate radicals and organic 

pollutants. [87] 

 

5.2.3. Effect of nitrate 

Experimental results revealed the significant inhibitory impact of nitrate ions on the 

degradation of pantoprazole by the UV/H2O2 process and almost no impact by the UV/S2O8
2– 

process. The different effects of nitrates in these two processes can be attributed to the 

photolysis of nitrates at a wavelength of 254 nm, resulting in the generation of hydroxyl radicals 

(Eqs. (59) and (60)). [89−91] 
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NO3
– + ℎν → NO2• + O–•  Φ = 0.09, Ԑ254 nm = 3.16 M–1 cm–1 (59) 

O–• + H2O → HO• + OH–  (60) 

However, in the case of the UV/H2O2 process, this may have led to the excess amount 

of hydroxyl radical causing the self−scavenging effect (Eq. (61)) and, consequently, the 

degradation efficiency was reduced. 

Stefan [8] suggests an alternative perspective on nitrate photolysis. In waters with high 

transmittance (98% at 254 nm) and a nitrate concentration ≥ 10−15 mg/L (in our experiment, a 

concentration of 70 mg/L was used), a significant amount of nitrite ions is formed through 

nitrate photolysis. [8] As mentioned in previous chapter, the nitrate formation even at low levels 

(μg/L) may result in a significant radical scavenging effect. This process can be described by 

the Eqs. (62) and (63). [91] 

However, if these reactions were to occur, we would expect a negative impact on both the 

UV/S2O8
2– and UV/H2O2 processes, which is not the case. Furthermore, nitrate does not 

function as a radical scavenger, nor as a strong UV radiation absorber, as indicated by their low 

second-order rate constants with these radicals (kHO• = 5 · 104 M−1 s−1, kSO4• = 2.1 M−1 s−1) and 

molar absorption coefficient at 254 nm (Ԑ254 nm = 3.16 M–1 cm–1). [65, 88] Therefore, the first 

offered explanation remains the most probable one.  

 

5.2.4. Effect of chloride 

Upon examining the influence of chloride on the degradation of pantoprazole, we 

observed that the presence of chloride exhibited a slight negative impact on UV/H2O2 

degradation. However, the influence was more pronounced in the case of UV/S2O8
2– 

degradation, where chlorides had a moderately negative effect. 

Stefan [8] explains that the UV/S2O8
2– process is more susceptible to the presence of 

chloride in the water matrix due to the pH-independent reaction of sulfate radicals with chloride 

HO• + HO• → H2O2 (61) 

NO3
− + ℎν → NO2

− + O• Φ = 0.06 (62) 

NO2
− + HO• → OH− + NO2• k = 1.0 · 1010 M−1 s−1 (63) 
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ions, while the reaction between hydroxyl radicals and chloride is relevant only in acidic 

conditions. Research of Zhang et al. [92] supported this, reporting a significant reduction in the 

degradation rate of organic pollutants in UV/S2O8
2– in the presence of chloride, whereas the 

impact of chloride on UV/H2O2 was found to be negligible.  

Chloride radical scavenges sulfate radicals yielding chlorine atom radical (Eq. (64)), 

which in our case, results in reduced overall oxidative power of the process. Furthermore, 

chlorine radical reacts with the chloride to form dichlorine radical (Eq. (65)), while the 

equilibrium constant of K = 1.4 · 105 M−1 s−1 establishes between all species (Eq. (64) and (65)), 

implying that the dichlorine radical atom is the predominant chlorine radical in the water matrix 

containing chloride ions.  

Cl− + SO4
−• → Cl• + SO4

2− k = 3.6 · 108 M−1 s−1 (64) 

Cl• + Cl− → Cl2
−• k = 7.8 · 109 M−1 s−1 (65) 

While most researchers agree on the negligible effect of chloride in UV/H2O2 process, 

some report conflicting results regarding the influence of chloride on UV/S2O8
2– process. For 

example, in contrast to Zhang et al. [92], Kwon et al. [66] reported a positive impact of chloride 

on the degradation rates of ibuprofen in the UV/S2O8
2– process. They explain that Cl• and Cl2

−• 

produced in reactions described by Eq. (64) and Eq. (65), may have positive or negative effects 

on the degradation of the target compound, depending on the selective reactivity of these 

radicals towards the compound. 

 

5.2.5. Effect of phosphate 

In our experiment, the presence of phosphates exhibited a moderately positive impact 

on the UV/H2O2 process, while showing a negligible negative impact on the UV/S2O8
2– process. 

To understand the possible mechanisms behind the effect of phosphate, it is important 

to note that the presence of phosphate ions in an aqueous solution strongly depends on the pH 

of the solution. Under our experimental conditions, which ranged from pH 4 to 10, hydrogen 

phosphate (HPO4
2–) is the predominant form of phosphates. [93] 

Hydrogen phosphate ions are reported to scavenge both sulfate and hydroxyl radicals 

producing hydrogen phosphate radicals by the following reactions [94, 95]: 

SO4•
− + HPO4

2− → HPO4•
− + SO4

2− k = 1.2 · 106 M−1 s−1 (66) 
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OH• + HPO4
2− → HPO4•

− + OH− k = 8 · 105 M−1 s−1 (67) 

 

In the UV/S2O8
2– process, this resulted in a slightly negative effect, while in UV/H2O2 

a moderately positive effect on the degradation of pantoprazole. This can be explained by the 

difference in reactivity and selectivity of these radicals towards organic pollutants. 

Martire et al. [93] compared the reactivity and selectivity of HPO4•
−, SO4•

−, and HO• 

radicals towards different organic pollutants. Their findings indicate that in comparison to 

hydroxyl radicals, phosphate radicals are less reactive, however, they show significantly higher 

selectivity towards all pollutants included in the study. Moreover, they report that the overall 

reactivity trend follows the order of HO• > SO4•
− > HPO4•

−, and selectivity SO4•
− > HPO4•

− > 

HO•. 

Therefore, in the UV/H2O2 process, the positive effect of phosphate can be explained 

by the higher selectivity of hydrogen phosphate radicals towards organic pollutants. In fact, the 

high selectivity of sulfate radical is the main reason for higher degradation rates in UV/S2O8
2– 

compared to the UV/H2O2 process, which highlights the importance of selectivity in these 

processes. Hence, in UV/S2O8
2– process when SO4•

− radicals are quenched, slightly less 

reactive hydrogen phosphate radicals are formed. Therefore, a minor inhibitory or negligible 

effect is expected, which aligns with the observations in our experiment.  

Several studies have reported similar trends, for example, Ma et al. [94] report a 

negligible influence of HPO4
2– on phenol degradation in UV/S2O8

2– process, while Wang et al. 

[96] noticed enhancing influence on the degradation of sulfamethoxazole in the hydroxyl 

radical−based AOP process.  

 

5.2.6. Effect of sulfate 

Although it has been reported in the literature that sulfate ions do not scavenge sulfate 

radicals, we observed that the presence of sulfate ions significantly decreased the efficiency of 

the UV/S2O8
2– process. This result aligns with the observations made by Wang et al. [95] who 

also noted a significant decrease in process efficiency due to the presence of sulfate ions. They 

proposed that this inhibitory effect arises from the negative impact of sulfate ions on the 

reduction potential of sulfate radicals based on the Nernst equation (Eq. (68)).  

𝐸 (SO4
•− SO4

2−)⁄ = 𝐸0(SO4
•− SO4

2−)⁄ + (
𝑅𝑇

𝑧𝐹
) ln (

SO4
•−

SO4
2−) 

(68) 
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E(SO4•
−/SO4

2−) is the half-reaction reduction potential, E0(SO4•
−/SO4

2−) is the standard 

half−reaction reduction potential, R is the universal gas constant of 8.314 J K−1 mol−1, T is the 

absolute temperature of 293.15 K, z = 1 is the number of electrons transferred in the 

half−reaction, and F is the Faraday constant of 9.63845 · 104 C mol−1. From the equation, we 

can see that as sulfate ion concentration increases, the reduction potential of sulfate radical will 

decrease, which can explain the inhibitory impact we observed. 

In the UV/H2O2 process, the presence of sulfate ions had a negligible impact on the 

degradation of pantoprazole. Wang et al. suggest that sulfate ions can react with hydroxyl 

radicals which results in forming sulfate radicals (Eq. 69). However, they did not provide a rate 

constant for this reaction. [95] 

SO4
2− + HO• → HO− + SO4

−• (69) 

In fact, Duca et al. [97] suggest that this reaction does not occur, which aligns with our 

results. Furthermore, Kwon et al. [66] found similar results where sulfate ions had no significant 

effect on the removal of ibuprofen in the UV/H2O2 process. Further investigation is necessary 

to understand the precise mechanisms through which sulfate ions impact the UV/H2O2 process. 

 

5.2.7. Effect of humic acid 

The presence of humic acid in both the UV/S2O8
2– and UV/H2O2 processes had a 

significant inhibitory effect.  

Previous studies have reported both inhibitory and synergistic effects of humic acid on 

these processes, but in our case, the synergistic effect was not observed. This finding is 

consistent with the observations made by Kwon et al. [66], who also noted only the inhibitory 

effect and attributed it to two main reasons. First, humic acid exhibits high UV absorption at 

254nm, which limits the fraction of light absorbed by hydrogen peroxide and perfulfate. As a 

result, the production of radical species is decreased. Additionally, the UV absorbance by humic 

acid can as well decrease the direct photolysis of the target pollutant. 

Second, humic acid can scavenge radical species generated in the processes, reducing 

their availability for pollutant degradation. These scavenging effects contribute to the decreased 

reaction rates observed in both the UV/S2O8
2– and UV/H2O2 processes. Westerhoff et al. [98] 

determined the rate constants between hydroxyl radical and humic acid to be in the range of 

(2.2−6.7) ꞏ 104 L mg−1 s−1, while Lutze et al [99] report lower reaction rate constants between 
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sulfate radicals and humic acid ((1.2−6.8) ꞏ 103 L mg−1 s−1). In both cases, mass in mg relates 

mass of carbon. 

In addition, Yuan et al. [100] investigated the influence of humic acid on the degradation 

rates of six different pharmaceuticals. They observed that with the addition of increasing 

amounts of humic acid, degradation rates decreased in all cases.  

 

5.2.8. Effect of solution pH 

In our experiment, we examined the effects of pH at two levels, 4 and 10, and observed 

different effects of increasing pH on the UV/H2O2 and UV/S2O8
2– processes.  

In the UV/H2O2 process, the degradation rate was negatively influenced at increased 

pH. This aligns with Zhang et al. [101] observations in the degradation of pharmaceutical 

azathioprine under UV/H2O2 process.  

They attributed the negative impact of higher pH in UV/H2O2 process to the significant 

reduction in the oxidative power of hydroxyl radicals in the presence of higher concentrations 

of hydroxyl ions as pH increases, as predicted by the Nernst equation. The redox potential  

E(HO•/H2O) reduces from 2.56 to 2.21 V as pH increases from 4 to 10. [101] 

E(HO•/H2O) = E0(HO•/H2O) – 0.059·pH (70) 

In addition, alkaline conditions contribute to the formation of less reactive O•– radical  

(E(O−•, H2O/2HO•) = 1.78 V) by the following reaction:  

HO• + OH− → H2O + O−• k = 1.3 ꞏ 109 M−1 s−1 (71) 

Moreover, the O−• radical can act as a strong HO• scavenger which also contributes to 

the negative impact on the UV/H2O2 process. In contrast, UV/S2O8
2– showed higher degradation 

rates in basic conditions.  

In an aqueous solution, the sulfate radicals can participate in pH−dependent reactions to 

produce hydroxyl radicals following the reactions. This is particularly pronounced in alkaline 

conditions where the following reaction occurs:  

SO4
− + OH− → SO4

2− + OH• k = 6.5 ꞏ 107 M−1 s−1 (72) 

Hence, the distribution of radical species changes in favor of hydroxyl radicals. 

However, considering the relative distribution of sulfate and hydroxyl radicals in water as a 
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function of pH determined we assume that at pH = 10 sulfate radicals are still the predominant 

radical specie with relative distribution of radicals being 80:20 in favor of sulfate radicals. [100] 

According to Stefan [8] the water pH influences the efficiency of pollutant removal with 

UV/S2O8
2– process through the combination of the following parameters:  

- rate of production of radical species  

- relative distribution of radical species in water 

- whether the target pollutant is protonated or deprotonated (affects their reactivity 

towards radicals) 

- radical scavenging capacity of the matrix at certain pH.  

To gain a deeper understanding of the mechanism behind the UV/S2O8
2– degradation of 

pantoprazole, further research regarding the mentioned parameter is necessary.  

  



48 
 

6. Conclusion 

The degradation of pantoprazole, a pharmaceutical compound, was successfully 

achieved in both the UV/H2O2 and UV/S2O8
2– processes. The degradation kinetics in both 

processes followed a pseudo-first-order pattern. Notably, the UV/S2O8
2– process displayed 

higher degradation rates (with an average degradation rate of 31.77 ꞏ 10−3 s−1) compared to the 

UV/H2O2 process (15.23 ꞏ 10−3 s−1), demonstrating its higher efficiency under the tested 

conditions. These findings align with previous literature on the degradation of pharmaceuticals 

using UV/S2O8
2– and UV/H2O2 processes. 

The utilization of the Taguchi design of the experiment allowed for the assessment of 

eight different factors at two levels while minimizing the number of experimental runs to only 

12. This approach provided significant data regarding the impact of each factor on the 

degradation rates. Inorganic salt ions (including nitrite, nitrate, chloride, phosphate, and sulfate) 

were found to generally inhibit both processes, except for phosphate in the UV/H2O2 process. 

The inhibitory effect is mainly attributed to the scavenging capacity of these ions. Interestingly, 

the reaction of phosphate ions with hydroxyl radicals resulted in the production of a more 

selective hydrogen phosphate radical, which enhanced the degradation rate. Humic acid was 

observed to have an inhibitory impact on the degradation rates in both processes. This inhibition 

can be attributed to its high UV absorption and radical scavenging effect.  

The significant variation in degradation rate constants highlights the pronounced 

influence of the water matrix in AOPs. Although the exact mechanisms are not fully understood, 

it is evident that AOPs exhibit high efficiency in removing persistent water pollutants. 

In conclusion, the study demonstrates the successful degradation of pantoprazole in the 

UV/H2O2 and UV/S2O8
2– processes, with UV/S2O8

2– exhibiting higher degradation rates. 

Factors such as inorganic salt ions and humic acid were found to affect the degradation rates, 

emphasizing the importance of considering the water matrix in AOPs. The findings contribute 

to our understanding of the efficacy of AOPs in the removal of persistent water pollutants. 
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