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Introduction 
Over the years, emerging contaminants (ECs) are frequently detected in water matrices. 
Sources of such pollutants are the pharmaceutical industry, the cosmetic industry,  
the use of pesticides, etc. Effluent generated from these sources or surface runoff  
from agricultural areas allows the pollutants to enter different compartments of the 
environment. Therefore, conventional physical-biological water treatment techniques 
have been investigated to remove ECs from aqueous matrices. However, the 
effectiveness of most traditional three-step wastewater treatment plants (WWTPs) is 
insufficient to completely remove such pollutants and may lead to the formation of even 
more toxic by-products. As a result, residual ECs enter the drinking water resources as 
well as the food chain and can be a long-term risk to the ecosystem. 

The application of advanced oxidation processes (AOPs) has demonstrated great 
potential for the treatment of water and wastewater in order to eliminate toxic,  
non-biodegradable, and recalcitrant organic compounds. Traditionally, the AOPs 
involved the generation of hydroxyl radicals (HO•) through different methods, including 
a combination of oxidizing agents (such as H2O2 and O3), irradiation (such as ultraviolet 
(UV) light or ultrasound (US)), transition metal (such as Fe2+, Co2+, and Mn2+), and 
heterogeneous activators. The non-selectivity of hydroxyl radical towards its target 
compound allows elimination of the contaminant along with its intermediate products. 
However, the HO• based AOPs demonstrate lower efficiency in complex environmental 
matrices containing dissolved organic matters and carbonate/bicarbonate anions, which 
act as HO• scavengers. 

Recently, sulfate radicals (SO4•-) based AOPs have proven to be a promising alternative 
to HO• based AOPs for pollutant degradation in water treatment. Sulfate radicals are 
increasingly emerging as an oxidizing agent, which have a high redox potential as well as 
high selectivity and stability in aqueous solution. 

The emphasis of this thesis was to evaluate the effectiveness of UV-induced persulfate 
(PS) oxidation processes in the degradation of various micropollutants that have been 
detected at very low concentrations (ng L-1-μg L-1) in different water matrices. The study 
aimed to enlarge the existing knowledge on the application of UV-activated PS system 
alone and in combination with other homogeneous and heterogeneous PS activators in 
different aqueous matrices treatment. Important parameters, such as the direct UV 
photolysis, pH value, activator dosage, oxidant concentration, and influence of water 
matrices, which determine emerging contaminants decomposition efficiency, were 
evaluated and optimized. 

Among the emerging contaminants considered in this thesis were two β-lactam 
antibiotics, namely amoxicillin (AMX) and ceftriaxone (CTA), an endocrine disrupting 
compound, nonylphenol (NP), and angiotensin receptor blocker, losartan (LOR).  
The oxidation of AMX using UVC and UVC/Fe2+-activated PS was studied in four different 
matrices, such as ultrapure water (UW), drinking water, groundwater (GW), and recycled 
wastewater. The removal of CTA from UW and GW was investigated using UV-activated 
PS and its combination with ferrous ions or heterogeneous iron oxides. The efficacy of 
UVC-induced PS and PS/H2O2 systems in NP decomposition in UW and GW was studied 
and compared. Finally, LOR oxidation in UW and GW was performed using UVC(/Fe2+)-
activated PS processes. 
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The knowledge gained in this thesis contributes to the further development of the 
activated persulfate oxidation processes and their full-scale applications in water 
matrices treatment.  
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Abbreviations  
AMX Amoxicillin 
AOPs Advanced oxidation processes 
AOTs Advanced oxidation technologies  
ARB Angiotensin receptor blocker 
CTA Ceftriaxone 
DW Distilled water 
EC Emerging contaminant 
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EU European union 
FDA Food and drug administration 
GW Groundwater 
HO• Hydroxyl radical  
HPLC High-performance liquid chromatography 
HPLC-MS High-performance liquid chromatography combined with a mass 

spectrometry 
LOR Losartan 
NOM Natural organic matter 
NP Nonylphenol  
NPEs Nonylphenol-ethoxylates 
PS Persulfate 
SO4•- Sulfate radicals  
STWW Secondary treated wastewater 
t-BuOH  Tert-butanol 
TOC  Total organic carbon 
TP Transformation products 
US Ultrasound 
UV  Ultraviolet 
UVA Ultraviolet A (longwave UV, λ=315-400 nm) 
UVC Ultraviolet C (shortwave UV, λ=200-280 nm) 
UW Ultrapure water 
WHO World Health Organization  
WWTPs Wastewater treatment plants 
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1 Literature review 

1.1 Emerging contaminants 
The ECs have a detrimental impact on the aquatic ecosystem and human health. The past 
decades have seen an increasing number of organic contaminants such as 
pharmaceuticals and personal care products, steroids, pesticides, endocrine disruptor 
chemicals, artificial sweeteners, etc. The main routes of ECs entering into the environment 
are anthropogenic. As a result, the detection of ECs in water sources and associated 
potential toxic effect to ecosystems as well as human health has been issue of concern 
for the researchers (Martín-Pozo et al., 2019). 

As shown in Figure 1, the untreated and concentrated wastewater generated from the 
pharmaceutical industries, chemical industries, and hospitals is eventually discharged 
into the sewer and ends up at a wastewater treatment plant. Moreover, pharmaceuticals 
after use are usually only partially metabolized in the body, and thus the original 
substances and their metabolites enter the sewer and then to the WWTPs. Since WWTPs 
are rarely equipped to detect or remove these pollutants from influent and effluent, 
treated wastewater from WWTPs is one of the main ECs sources in the environment. 
Micropollutants entering this way into receiving water bodies frequently can be detected 
in the drinking water supply system. 

 

 
Figure 1. Sources and pathways of emerging contaminants in the environment 

Another important ECs exposure pathway is the agricultural waste and manure, which 
contain excreted veterinary medicinal products and usually then used as compost.  
This reuse of manure allows residual drugs, including antibiotics, to enter the soil  
and finally the food chain. As a result, the traces of the organic pollutants or the 
transformation products are released into the environment. The continuous exposure to 
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low concentrations of the antibiotics (ng L-1 and µg L-1) can lead to elevated antibiotic 
resistance in healthy individuals or in worst scenario cause “multidrug resistance”. The 
antibiotic resistant microbes could be detected in both influent and effluent of municipal 
WWTPs. 

Therefore, the focus of this thesis was to investigate the elimination of the following 
emerging contaminants from water matrices: 

Amoxicillin 

Amoxicillin (AMX), a semi-synthetic penicillin contributing to ˃50% consumption 
worldwide, is a widely consumed β-lactam antibiotic and has proved effective against an 
extensive range of gram-positive and gram-negative bacteria in both humans and 
animals (Bush et al., 2010). AMX is used to treat ear, nose and throat infections, infection 
of genitourinary and lower respiratory tract, infection of the skin and skin structure, 
sexually transmitted disease, and in the triple therapy of Helicobacter pylori infection 
(Graham et al., 2010; Rahmati et al., 2017). Numerous literature studies have detected 
the presence of AMX in different water matrices. For instance, AMX was detected in 
hospital effluent (80-900 ng L-1) (Kasprzyk-Hordern et al., 2008; Kümmerer, 2001) 
WWTPs effluent (50 ng L-1) (Fatta-Kassinos et al., 2011) raw sewage (280 ng L-1) (Kasprzyk-
Hordern et al., 2008), surface water (200 ng L-1) (Fatta-Kassinos et al., 2011), and 
activated sludge (622 ng L-1) (Castiglioni et al., 2005). The presence of AMX in the 
environment has adverse consequence on the ecosystem. Accordingly, AMX proved to 
have the noxious effect on the photosynthesis of Synechocystis sp (Pan et al., 2008) and 
on the larvae of fish (Yasser et al., 2015). Literatures have reported the antibiotic 
resistant microbial species and accordingly, Enterobacteriaceae, Enterococcus spp. and 
Pseudomonas spp. were up to 100% AMX resistant. Notably, among Flavobacterium 
isolates, resistance to AMX was 36% (Matsuo et al., 2011). Escherichia coli spp. were 18% 
and Klebsiella spp. were 13% resistant to AMX (Vazouras et al., 2020). 

Ceftriaxone 

Ceftriaxone (CTA), a broad-spectrum third-generation cephalosporin, was approved for 
clinical use by the FDA in 1984 and belongs to β-lactams. According to the antibiotic 
classification CTA is widely used to treat bacterial infections such as meningitis, 
respiratory tract, urinary tract, soft tissue, and joint infections due to its therapeutic 
efficacy against gram-positive and gram-negative bacteria (Kanwal et al., 2019). CTA is 
detected in hospital effluents (600 ng L-1) (Diwan et al., 2010), wastewater influent  
(15.15 ng L-1), and WWTP effluent (2.03 ng L-1) (Yu et al., 2016). The adverse effects of 
CTA on the ecosystem have been investigated. For instance, the presence of CTA in 
ecosystem has proven to be hindering the photosynthesis of Triticum aestivum (Opriş et 
al., 2013). The gram-negative antimicrobial susceptibility test results indicated 
Escherichia coli spp. were 24% and Klebsiella spp. were 19% resistant to CTA (Yu et al., 
2020). 

Nonylphenol 

Nonylphenol-ethoxylates (NPEs) are non-ionic surfactants contributing to 60% of total 
surfactant market (Loyo-Rosales et al., 2010). The widespread use of NPEs as emulsifiers, 
detergents, dispersants, lubricant etc., leads to their entry into the sewers and, as a 
result, to WWTPs. At the WWTPs the partial oxidation of NPEs can generate more toxic 
short-chain, synthetic compounds such as nonylphenol (NP), nonylphenol ethoxylate, 



 

14 

 

nonylphenol diethoxylate, and nonylphenoxyacetic acid (Kümmerer, 2009). Thus, NPs 
due to its ability to mimic the natural hormones of estrogen are recognized carcinogens 
(Guenther et al., 2002). For example, NPs are responsible for the multiplication of breast 
cancer cells as well as the hormonal disruption in animals (Karci et al., 2013). In year 
2001, the European Union (EU) Water Framework Directive listed NP as a priority 
pollutant. As a result, the production and use of NP was restricted (Ince et al., 2009). 

Several reports have indicated the presence of NP in surface and treated wastewater. 
For instance, NP at low concentrations was detected in tap water (1.98 ng L-1) (Li et al., 
2010), drinking water (2.7 ng L-1) (Shao et al., 2005), wastewater influent (96.4 ng L-1) 
(Klečka et al., 2010). Moreover, the NP has been detected in food chain and aquatic 
species (Jobling et al., 1993; Niu et al., 2015). Thus, the consumption of food and water 
contaminated with NP can lead to hormone-dependent cancers, as well as hormonal 
imbalances in humans and animals. Moreover, the toxic effect of NP on the plant growth 
in Vigna radiate, Triticum aestivum, Brassica napus and Oryza sativa was reported (Kim 
et al., 2019; Roberts et al., 2006). 

Losartan 

Losartan (LOR) is a widely used angiotensin receptor blocker (ARB) to treat high blood 
pressure, cardiovascular and neuroendocrine functions. According to the World Health 
Organization (WHO), LOR is listed as an essential pharmaceutical (Boslaugh, 2016). Due 
to the escalating consumption and partial metabolism of LOR in the body upon 
consumption, a significant amount of LOR is excreted as the parent compound. LOR is 
reported to be resistant to hydrolysis and biodegradation thus escape from WWTPs into 
the ecosystem (De Andrade et al., 2020). As a result, LOR were detected in seawater 
(0.60-8.70 ng L-1) (Cortez et al., 2018), WWTP influent (19.7-2760 ng L-1) (Ashfaq et al., 
2017; Botero-Coy et al., 2018; Casado et al., 2014; Yuwen Wang et al., 2018), rivers  
(149 ng L-1) (Barrera-Díaz et al., 2018), hospital effluent (Abu Jafar Khan et al., 1996) and 
wetlands (22.9 µg L-1) (Bennett et al., 2018). The bioaccumulation of LOR in the 
environment and entry into the food chain can be hazardous to human and aquatic life. 
The toxicity of LOR was reported against Drosophila melanogaster, Lemna minor (Godoy 
et al., 2015; Silva-Oliveira et al., 2016). 

1.2 Traditional water and wastewater treatment for removal of 
emerging contaminants 
Due to ecological superiority, low economic cost, the biological methods are applied to 
eliminate organic load from wastewaters, though the degradation efficiency depends on 
the structural properties of the organic pollutant. In general, organic pollutants with high 
solubility in water, low acute toxicity are easily removed or demonstrate enhanced BOD 
reduction than micropollutants removal. In turn, it is known that pollutants with high 
bioaccumulation, biomagnification, and biotoxicity are resistant to complete biological 
oxidation (Kanaujiya et al., 2019). The efficacies of biological processes to degrade ECs in 
various water matrices are presented in Table 1. 

Additionally, physico-chemical techniques namely coagulation, flocculation, filtration, 
membrane separation, ion exchange, adsorption, etc., have been extensively studied for 
the removal of ECs from water and wastewater (Table 2).
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In general, the conventional physico-chemical treatment technologies are inefficient 
and slow in treating emerging pollutants containing wastewater. Moreover, the high-
energy footprint of physico-chemical techniques makes application uneconomical and 
unsustainable on a large scale. 

To fill the gaps, innovative chemical treatment specifically advanced oxidation 
techniques (AOTs) have gained a lot of attention for elimination of ECs from various 
water matrices. AOTs is a feasible choice as it is rapid, easy to optimize, simultaneously 
disinfects the wastewater, and cost-effective compared to other used processes of 
chemical, physical and biological treatment. Traditionally, AOTs involves the generation 
of hydroxyl radicals (E0=2.73 V) (HO•) and has been used in water and wastewater 
treatment for effective removal of non-biodegradable ECs (Asghar et al., 2015). Over the 
last decade, technologies based on sulfate radicals (SO4•-) have received much attention. 
The sulfate radicals have a high oxidation-reduction potential (E0=2.5-3.1 V) and are 
comparatively stable in aqueous matrices as well as selective for oxidizing of the 
contaminants (Matzek et al., 2016). 

1.3 Principles of persulfate oxidation processes 

1.3.1 Persulfate activation mechanisms 
In year 1878, a French chemist Marcelin Berthelot introduced peroxydisulfuric acid 
(H2S2O8) (Kolthoff et al., 1951). Both peroxymonosulfate (PMS, HSO5-) and 
peroxydisulfate (PS, S2O82-) have been successfully applied to generate SO4•- (Eq. 1 and 
2). The most common form of PMS used is KHSO5, commercially known as Oxone® which 
is a triple potassium salt (2KHSO5·KHSO4·K2SO4). 

The energy consumption to generate SO4•- by PS activation (140 kJ mol-1) is lower than 
that by PMS (140-213.3 kJ mol-1) (Miklos et al., 2018). Consequently, compared with PMS, 
PS is chosen as an oxidant for the elimination of organic pollutants. The three forms of 
PS, sodium persulfate (Na2S2O8), potassium persulfate (K2S2O8), and ammonium 
persulfate ((NH4)2S2O8) have been applied as oxidants for degradation of target pollutant 
(Yang et al., 2019). However, the sodium salt of PS (Na2S2O8) is the most commonly used 
in the environmental pollution abatement and has a high solubility in water of 730 g L-1. 
The bond length between peroxide (-O-O-) bond in persulfate molecule is 1.497 Å, and 
as presented in Figure 2 can be dissociated by thermal activation, UV radiations, alkaline 
activation, transition metals and strong oxidants such as hydrogen peroxide and ozone, 
etc. (Eq. 2 and 3) (Flanagan et al., 1984; Liang et al., 2003). 

HSO5- + activator → SO4•- + (HO• or HO-)     (1) 
S2O82- + activator → SO4•- + (SO4•- or SO42-)    (2) 
S2O82- + radiation → 2SO4•-      (3) 

Consecutively, the oxidation-reduction reaction of PS with electron donor from the 
transition metal can generate SO4•- radicals following the Eq. 4 below (Anipsitakis et al., 
2004). 

S2O82- + e- → SO4•- + SO42-      (4) 
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Figure 2. Overview of activated persulfate process. 

1.3.2 Radiation activation 
Ultraviolet, ultrasound, and gamma radiation have demonstrated the potential to 
eliminate the organic pollutants in aqueous solutions. As compared to the non-activated 
system, direct UV photolysis can be effective in degrading the majority of the 
contaminants in shorter reaction time due to high-energy input. However, photolysis has 
a limitation: it only works with photosensitive antibiotics (Shi et al., 2020). 

As shown in Eq. 5, the combination of UV radiation with a strong oxidant such as PS 
produces radicals thus enhance target pollutant removal efficacy. The quantum yield is 
wavelength dependent and has been shown to decrease with increasing wavelength, 
typically in the range of 248-351 nm. Accordingly, the most commonly used radiation 
wavelength for the PS activation is 254 nm (Herrmann, 2007). 

S2O82- + hν → 2SO4•-       (5) 

Moreover, under the influence of UV radiation, dissociation of water molecule can 
produce the electron, which activates the PS by electron conduction and generate SO4•- 
as shown below (Wang et al., 2018): 

H2O + hv → HO• + H•       (6) 
S2O82- + H• → SO4•- + SO42- + H+      (7) 

The application of ultrasound enhances the mass transfer of chemical reactions due 
to the violent turbulence in aqueous solution. Cavitation, high temperatures and 
pressures caused by ultrasound have the potential for activating PS by homolysis of the 
peroxide bond, thus generating the SO4•- radicals as shown below: 

S2O82- + ))) → 2SO4•-       (8) 

The application of the US/PS process can generate both SO4•- and HO• radicals as 
shown in Eq. 9-11 

SO4•- + HO- → SO42- + HO•      (9) 
S2O82- + 2H2O → HO2- + 2SO42- + 3H+     (10) 
HO2- + S2O82- → SO4•- + SO42- + H+ + O2•-     (11) 

However, the US/PS is highly influenced by the ultrasonic amplitude. Studies suggest 
that the amplitude of ultrasound beyond the threshold amplitude can lead to the collapse 
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of cavitation bubbles leading to the recombination of SO4•- and a decrease in the 
efficiency of degradation (Wang et al., 2011). 

Due to its high penetration efficiency, gamma radiation is a new technology for the 
elimination of toxic organic pollutants in water and wastewater. Reactive species, such 
as hydroxyl radicals, hydrated electron, and hydrogen atoms, are formed as a result of 
gamma radiations, which further activate PS by fission of the O-O bond. However, the 
simultaneous presence of the reactive species and PS can cause scavenging reactions 
(Wang, et al., 2017). 

1.3.3 Thermal activation  
As presented in Eq. 12, the energy input by the high temperature (> 50°C) can cause the 
fission of the O-O bond to form the SO4•-. 

S2O82- + heat → 2SO4•-       (12) 

Accordingly, the activation energy to break the peroxide bond (O-O) at neutral, basic, 
and acidic conditions was 119-129 kJ mol-1, 134-139 kJ mol-1, and 100-116 kJ mol-1 
respectively. The increase in temperature elevates the generation of the SO4•-. 
Therefore, SO4•- rapidly increases the reaction rate thereby reducing the remediation 
time and increasing the mineralization of organic contaminations (Devi et al., 2016). 

The elevated temperature might allow higher organic pollutant solubility in 
wastewater. However, the thermally activated reaction is highly pH-sensitive. At acidic 
conditions (pH< 3), the thermal decomposition of PS occurs without forming the SO4•- 
radicals. On the other hand, the alkaline conditions positively affect the reactivity of PS 
with the formation of HO• as shown in Eq. 9. However, as to avoid the formation of 
potential scavengers such as chloride and bicarbonate ions, the thermal energy input 
needs to be optimized. 

1.3.4 Alkaline activation 
The change in pH can affect the predominance of radicals in the activated PS processes. 
Thus, at acid conditions (pH< 7) H+ reacts with PS to generate SO42- and SO4•-. At neutral 
pH, both HO• and SO4•- contributed to the degradation of organic pollutants (Eq. 13-15). 
The activation of persulfate by a base (NaOH) can favour positively the process efficiency 
(Furman et al., 2010). 

S2O82- + H+ → SO42- + SO4•- + H+      (13) 
SO4•- + H2O → SO42- + HO• + H+      (14) 
SO4•- + HO- → SO42- + HO•      (15) 

However, this might also enhance the mutual reaction between co-existed SO4•- and 
HO• as presented in Eq. 16 and 17 (Yang et al., 2019). 

SO4•- + SO4•- → S2O82-       (16) 
SO4•- + HO• → HSO5-       (17) 

1.3.5 Activation by transition metal ions 
The utilization of transition metals such as Fe2+, Cu2+, Ce2+, Mn2+, Co2+, Ni2+, and Ag+, etc. 
to activate PS has broad prospects for the degradation of organic contaminants and can 
be expressed via Eq. 18-20 (Yang et al., 2019). 
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S2O82- + Mn+ → M(n+1)+ + SO4•- + SO42-     (18) 
SO4•- + Mn+ → M(n+1)+ + SO42-      (19) 
S2O82- + 2Mn+ → 2M(n+1)+ + 2SO42-     (20) 

Fe2+ is the most commonly used transition metal and is a promising choice to activate 
PS owing to its low cost, low toxicity, and high abundance in the natural environment 
(Anipsitakis et al., 2004). Fe2+ requires low activation energy of 12 kcal mol-1 for the O-O 
bond dissociation. This consecutively increases the reaction rate and, thus, reduces 
overall operating costs (Xiao et al., 2020). 

As shown in Eq. 21, Fe2+ initiates the PS activation via electron transfer, to form SO4•- 
thus facilitates the removal of the target pollutant and mineralization. 

S2O82- + Fe2+ → Fe3+ + SO4•- + SO42-     (21) 

However, it is important to optimize the oxidant/activator molar ratio to inhibit the 
radical scavenging by generated SO4•-. The results of numerous studies have shown that 
the most cost-efficient PS/Fe2+ molar ratio is 1/1 (Rastogi et al., 2009). As presented in 
Eq. 22, an excess concentration of activator dosage in the homogenous process has 
limitations associated with the conversion of a ferrous ion (Fe2+) to a ferric ion (Fe3+) (Xiao 
et al., 2020). 

SO4•- + Fe2+ → Fe3+ + SO42-      (22) 

The organic radical (R•) (Eq. 23) formed in PS/Fe2+ system can regenerate Fe3+ to Fe2+, 
although this is a rate-limiting step and at alkaline pH, the accumulation of iron can lead 
to lower reaction rate as a result of formation of hydroxide complex Fe(OH)3 (Rodriguez 
et al., 2017). 

R• + Fe3+→ Fe2+ + intermediates      (23) 

The availability of the dissolved iron ions in the PS/Fe2+ systems can be enhanced by 
the application of chelating or reducing agents such as citric acid (CA), oxalic acid (OA), 
ethylene diamine tetraacetic acid, (S, S)-ethylenediamine-N, N-disuccinic acid trisodium 
salt, hydroxylamine, gallic acid, tartrate (An et al., 2013). The proposed mechanism of  
Fe-chelate reaction (Eq. 24) shows the chelating agents (L) binds to iron resulting in 
imitation of Fenton-like reactions. 

Fe3+ + L→ Fe3+L       (24) 

The chelates improve the solubility of non-polar and lipophilic pollutants. Moreover, 
at neutral pH chelates improve the dissolution of iron in aqueous matrices (Moreira  
et al., 2017). As shown in Eq. 25, the addition of ultraviolet radiation to the system 
promotes the release of reduced iron from the Fe3+L complex into the solution, which 
allows effective SO4•- generation from persulfate (Li et al., 2010). 

Fe3+L + hν→ Fe2+ + L       (25) 

Inorganic reducing agent thiosulfate (S2O32-) serves as a chelating agent and the 
mechanism of persulfate-thiosulfate interaction is presented as Eq. 26-28: 

XS2O32- + YFe2+ → Complex anion     (26) 
Complex anion + S2O82- → Fe3+ + SO4•- + SO42- + residue   (27) 
S2O32- + Fe3+ → Fe2+ + 0.5S4O62-      (28) 
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However, the addition of a chelating and/or reducing agent to the activated PS system 
must be carefully optimized, in order not to impede the oxidation process due to the 
unavailability of the soluble activator or become a source of secondary pollution (Xiao  
et al., 2020). 

1.3.6 Transition metal-bearing species-activated persulfate 

1.3.6.1 Zero-valent iron 
Owing to the easy accessibility, high reducibility (Fe0, E0=-0.44 V), recoverability, and 
environmental friendliness, zero-valent iron (ZVI, Fe0) is widely studied and applied as an 
activator of O-O bond containing oxidants in water matrices treatment (Al-Shamsi et al., 
2013). In an acidic environment, ZVI in the presence of persulfate dissociates to form Fe2+ 
and acts as a source of slow-release of ferrous ions (Eq. 29-31) (Zhang et al., 2019; Zhen 
et al., 2018). 

Fe0 + 0.5O2 + H2O → Fe2+ + 2HO-     (29) 
Fe0 + 2H2O → Fe2+ + 2HO- + H2      (30) 
2Fe0 + 2H+ → Fe2+ + H2       (31) 

Additionally, the electron transfer on the surface of ZVI (Eq. 32) allows the activation 
of PS to generate SO4•-. 

Fe0 + 2S2O82-→ ≡Fe2+ + 2SO4•- + 2SO42-     (32) 

In addition, ZVI has the advantage to reduce the Fe3+ formed in the Eq. (21) thus 
preventing the hydrolysis and precipitation of Fe3+ in the system. However, the formation 
of Fe2+ from ZVI surface dissolution is the rate-limiting step and is influenced by the 
particle size of ZVI. Therefore, it is important to optimize the particle size of ZVI (Zhong 
et al., 2015). However, the ZVI with optimized particle size is expensive to formulate and 
brings an additional cost to the treatment process (Zhang et al., 2019). 

To elucidate this issue, nano zero-valent iron (nZVI) can be employed, as the particle 
size is small allowing high surface reactivity. Therefore, nZVI can rapidly activate PS and 
more likely to utilize Fe0 completely. Moreover, the electron transfer on the surface of 
nZVI allows the elimination of target compounds and the electrostatic interaction on the 
core-shell enhances the adsorption of micropollutants (Yirsaw et al., 2016). 

However, during the application of nZVI for contaminant reduction, the adsorption of 
natural organic substances may cause a change in the surface electrochemistry of nZVI 
thus affecting the reactivity and dissociation behavior of nZVI in the environment 
(Stefaniuk et al., 2016). Additionally, the persistent nature of the nanomaterials in the 
environment as well as associated health issues are raising the public concern and are 
serious barriers to their full-scale use. 

1.3.6.2 Iron oxides and oxyhydroxides  
Oxides and hydroxide minerals are abundantly found in the earth's crust. Iron oxides are 
composed mainly of Fe2+, Fe3+ cations, and are widely used as oxidant activators for 
water/wastewater treatment and remediation of polluted groundwater and soil. As 
presented in Figure 3, the persulfate in PS/iron-bearing mineral systems can be activated 
to generate sulfate radicals and consequently hydroxyl radicals (Eq. 14) either on the 
surface of iron-bearing activator or in the bulk solution by Fe2+ leached from the surface 
of a heterogeneous activator (Aredes et al., 2012). The most commonly studied forms of 
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oxides and oxyhydroxides include magnetite (Fe3O4), goethite (α-FeO(OH)), maghemite 
(γ-Fe2O3), hematite (α-Fe2O3) and etc. (Aredes et al., 2012; Xiao et al., 2020). 

 

 
Figure 3. Description of mineral-interface mechanism of heterogeneous persulfate activation 

Magnetite (Fe3O4) is the most abundant iron oxide and has a higher dissolution rate 
compared to other iron oxides. The octahedral sites, mostly found on the surface of 
magnetite crystal accommodate Fe2+ and Fe3+ and are responsible for the catalytic 
activity of the oxide. Contrary to the ZVI, the PS activation by Fe3O4 occurs on the surface 
of solid, and thus providing continuous availability of Fe2+ and avoiding rapid utilization 
Fe2+ (Xiao et al., 2020). 

In the case of the goethite activation, the reaction mechanism is similar to the  
Fenton-like system, i.e. electron reduction on the surface leads to the formation of 
persulfate radical (S2O8•-) (Eq. 33) or in the bulk solution by Fe2+ leached from the surface 
of a heterogeneous activator (Eq. 34). 

≡Fe3+ + S2O82- → ≡Fe2+ + S2O8•-      (33) 
≡Fe2+ + S2O82- → ≡Fe3+ + SO42- + SO4•-     (34) 

The advantages of using iron oxides as activators are environmental friendliness, 
relatively low cost, applicability in a wide pH range, and the possibility of their repeated 
use for the decomposition of pollutants. 

1.4 Application of activated persulfate oxidation for water and 
wastewater treatment 
Persulfate-based advanced oxidation processes have been reported to eliminate dyes, 
pharmaceuticals, etc. in various water matrices (Wang et al., 2018). Activated persulfate 
systems are promising and cost-effective technologies for the elimination of organic 
contaminants from water and wastewater. The examples of the application of PS/Fe2+ 
based oxidation systems to oxidize ECs in water are summarized in Table 3, and the 
results showed practically complete elimination of ECs in various water matrices. 
However, the composition of real water matrices undoubtedly reduced the efficacy of 
ECs degradation in studied activated PS systems. Irrespective of the applied UV-induced 
PS-based process, the ECs mineralization was less effective than the target compound 
degradation.
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The effectiveness of AOTs is strongly affected by the composition of the water matrix. 
For example, natural organic matter (NOM), which is composed of humic and fulvic acids 
and is an integral part of the composition of real water, also reacts with free radicals and 
thus competes with ECs in the oxidation process. Similarly, the inorganic anions such as 
bicarbonate (HCO3-), carbonate (CO32-), phosphate (PO43-), nitrite (NO2-), nitrate (NO3-) 
and chloride (Cl-) present in water can have neutral, positive or inhibitory effect on the 
elimination of target compound resulting in the formation of radicals with lower 
oxidation potential. 

1.4.1 Natural organic matter  
Natural organic matter composed of humic substances is a well-known absorber of UV 
radiation (Matzek et al., 2016). In addition, the chemical structure of NOM, containing 
available hydrogen as well as valence electrons, binds with free radicals and, thus, 
reduces the efficiency of decomposition (Xiao et al., 2020). However, depending on the 
concentration and composition of humic substances, as well as the treatment conditions 
used, NOM may have an inhibitory (Eq. 35 and 36) or a stimulating effect on the removal 
of contaminants by activated PS systems. 

NOM + SO4•- → products      (35) 
NOM + HO• → products      (36) 

However, the photosensitizer behavior of NOM may display the synergistic effect in 
the elimination of organic contaminants. Moreover, the composition and origin have a 
significant impact on the amount, character, and properties of NOM in the waters (Yang 
et al., 2019). 

1.4.2 Anions  
Carbonates and bicarbonates are commonly present in natural water and wastewater 
matrices and are well-known scavengers of the SO4•- and HO• radicals (Devi et al., 2016). 
The influence of the carbonates on the applied AOP system rises with increasing pH 
(Asghar et al., 2015). Accordingly, CO32- and HCO3- compete with the target compound 
for the sulfate and hydroxyl radicals to form carbonate radicals (CO3•-), which are much 
less reactive species of radicals (Eq. 37-40) (Romero et al., 2010). 

SO4•- + HCO3- → SO42- + H+ + CO3•-     (37) 
SO4•- + CO32- → SO42- + CO3•-      (38) 
HO• + HCO3- → H2O + CO3•-      (39) 
HO• + CO32- → HO- + CO3•-      (40) 

Similarly, phosphate ion and nitrate ions are well known SO4•- and HO• radical 
scavenger, and as a result, a less reactive phosphate radical (H2PO4•) and nitrate radical 
(NO3•) are formed, respectively (Eq. 41-44) (Yang et al., 2019). 

H2PO4- + SO4•- → SO42- + H2PO4•      (41) 
H2PO4- + HO• → HO- + H2PO4•      (42) 
NO3- + SO4•- → SO42- + NO3•      (43) 
NO3- + HO• → HO- + NO3•      (44) 

In heterogeneously activated PS systems, carbonates, bicarbonates, and phosphate 
ions tend to absorb onto the metal surface thus blocking the active sites. Moreover, both 
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bicarbonate and phosphate ions have a strong buffering capacity and, thereby, inhibiting 
the decrease in the pH of the solution during oxidation, suppressing the dissolution of 
iron and lowering the oxidation potential of radical species (Xiao et al., 2020). 

Chlorine ions commonly exist in the water and wastewater system. Several reports 
have identified highly toxic and refractory chlorinated by-products in the wastewater as 
a result of the AOPs application (Bennedsen et al., 2012; Lutze et al., 2015). 
Decomposition of such by-products leads to the formation of more toxic halogenated 
products such as chlorophenol, chlorobenzene, and chlorobenzoate (Bennedsen et al., 
2012). In general, the reaction between of Cl- and SO4•- or HO• radicals leads to the 
generation of weaker chlorine containing radicals, such as Cl•, Cl2•-, and HOCl•- (Eq. 45-57) 
(Xiao et al., 2020). 

Initiation: 
Cl- + SO4•- ↔ SO42- + Cl•      (45) 
Cl- + HO• ↔ HOCl•- → Cl• + HO-      (46) 

Propagation: 
Cl• + H2O → HOCl•- + H+      (47) 
Cl• + Cl- ↔ Cl2•-       (48) 
Cl• + HO- → HOCl•-       (49) 
Cl2•- + HO- → HOCl•- + Cl-      (50) 
OCl- + HO• → ClO• + HO-      (51) 
2ClO• + H2O → ClO- + ClO2- + 2H+     (52) 
ClO2- + HO• → ClO2• + HO-      (53) 

Termination: 
Cl2•- + Cl2•- → Cl2 + 2Cl-       (54) 
Cl2•- + HO• → HOCl + Cl-      (55) 
ClO2• + HO• → ClO3- + H+      (56) 
HO• + HO• → H2O2       (57) 

Overall, the presence of anions at certain concentrations in the system might facilitate 
the elimination of the target compound. However, the identification of the optimum 
concentration of anions in the system is a challenge. 

1.5 Aim of the study  
Over the past decade, numerous studies have extensively reviewed the application of 
SO4•--based processes for the oxidation of emerging contaminants in water and 
wastewater. This work dedicates to identify and fill the knowledge gaps related to the 

applications of activated persulfate oxidation technologies for the degradation of 
emerging contaminants in water matrices. 

The current doctoral thesis provides a critical evaluation on the main aspects involving 
the degradation and mineralization of ECs such as β-lactam antibiotics, endocrine 
disrupting compounds, and angiotensin receptor blockers in water by application of  
UV-induced persulfate-based oxidation processes. The efficiency of PS activation by UV 
radiation was studied both individually and in combination with other activation 
methods, such as ferrous ions, iron oxides, hydrogen peroxide, for the decomposition of 
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selected contaminants. During the study, special attention was paid to evaluating the 
environmental impact of the applied processes. 

The objectives of this study were as follows: 
• to investigate and compare the efficiency of β-lactam antibiotic AMX 

decomposition by UVC- and UVC/Fe2+-activated PS systems; 
• to study the effectiveness of UVA/PS and UVC/PS systems separately and in 

combination with homogenous activator (Fe2+) and heterogeneous activators 
(α-FeO(OH) and Fe3O4) for the oxidation of β-lactam antibiotic CTA; 

• to study the UVC-induced PS, PS/Fe2+, PS/H2O2 and PS/H2O2/Fe2+ systems for 
the degradation of endocrine disrupting compound NP; 

• to investigate and compare the efficiency of UVC- and UVC/Fe2+-activated PS 
systems for the degradation and mineralization of angiotensin receptor 
blocker LOR; 

• to evaluate the effect of operating parameters, such as pH value, dosage of 
activator, oxidant concentration and the composition of real water matrices, 
on the efficiency of UV-induced persulfate systems; 

• to identify AMX and LOR transformation products in the studied PS-based 
systems; in the case of LOR, also evaluate acute toxicity to luminous bacteria 
(Vibrio fischeri). 
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2 Materials and Methods 

2.1 Chemicals and materials 
All the chemicals were of analytical grade used without further purification. All stock 
solutions were prepared in ultrapure water (Millipore Simplicity®UV System, Merck) or 
in double-distilled water with purity equal to ultrapure water (UW). Sodium hydroxide, 
sulfuric acid, or phosphate buffered aqueous solutions were used to adjust pH. 

Water samples collected from various sources were used as natural and processed 
aqueous matrices for the target compound degradation. Drinking water (DW) was 
obtained from a drinking water treatment plant (Tallinn, Estonia) (Paper I). Groundwater 
(GW) was used without preceding purification and was collected from a 19-m deep 
borehole (Harjumaa, Estonia) (Paper I-IV). Secondary treated wastewater (STWW) was 
collected from the outlet of the secondary treatment of a municipal wastewater 
treatment plant (Tallinn, Estonia) (Paper I). All water samples were stored at 4°C.  
The main parameters of real water matrices are presented in Table 4. 

Table 4. Chemical composition and main parameters of water samples 

Parameter Unit 
AMX CTA LOR NP 

GW DW STWW GW GW GW 

pH - 8.1 7.4 7.4 7.9 7.71 7.94 

Alkalinity mgCaCO3 L-1 308 130 186 366 350 342 

Conductivity μS cm-1 730 390 1275 763 820 763 

TOC mg L-1 0.15 6.4 7.85 16.9 2.2 16.4 

Fe2+ µg L-1 60 30 250 10 12 5 

Total Fe µg L-1 170 50 570 68 175 38 

F- mg L-1 - 3.5 2.4 -* -* 0.3 

Cl- mg L-1 90.4 102.1 794.1 128.2 83.5 73.6 

NO2- mg L-1 -* -* -* -* 0.82 0.63 

NO3- mg L-1 -* -* 38.7 2.25 2.1 1.13 

SO42- mg L-1 42.1 15.7 68.2 36 34 34.9 
*Below detection limit. 
 
A stock NP solution of 4.54 mM was prepared in methanol and stored in the dark at 

4°C. The synthetic solutions of AMX (Paper I), CTA (Paper II), LOR (Paper III) and NP  
(Paper IV) were prepared in ultrapure water or in a real aqueous matrix to obtain the 
target compound concentration of 40 µM, 50 µM, 40 µM, and 50 µM, respectively.  
The structure and main properties of the studied micropollutants are given in Table 5. 
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2.2 Experimental procedure  
The experiments (Table 6) were conducted in a batch mode in non-buffered solution 
(Paper I, III, and IV) or in 0.1 M potassium phosphate buffered solution (Paper II) at 
ambient room temperature (22 ± 1 °C). The trails were conducted in a cylindrical glass 
reactor with a permanent agitation speed (300-400 rpm) for 2 h (Paper I, II, and III) or  
3 h (Paper IV). The pH of the sample was not adjusted, if not stated otherwise.  
The activator was added first in UV/PS/activator systems and after its complete 
dissolution (FeSO4∙7H2O) (Papers I-IV) or establishment of adsorption/desorption 
equilibrium between the target compound and the iron oxide (α-FeO(OH), Fe3O4) 
particles (Paper II). The oxidation was initiated by adding the oxidant followed by the 
exposure to the UV lamp. 

Table 6. Studied activated persulfate systems and water matrices with respect to the selected 
emerging contaminants 

Emerging 
contaminant 

Water 
matrix Processes Paper 

AMX 

UW 
GW 
DW 

STWW 

UVC/PS, 
UVC/PS/Fe2+ I 

CTA UW 
GW 

UVA/PS, UVC/PS, 
UVA/PS/Fe2+, UVC/PS/Fe2+, 

UVA/PS/α-FeO(OH), UVC/PS/α-FeO(OH), 
UVA/PS/Fe3O4, UVC/PS/Fe3O4 

II 

LOR UW 
GW 

UVC/PS, 
UVC/PS/Fe2+, III 

NP UW 
GW 

UVC/PS, 
UVC/PS/Fe2+, 
UVC/PS/H2O2, 

UVC/PS/H2O2/Fe2+ 

IV 

 
A low-pressure mercury germicidal lamp (11 W, Philips TUV PL-S) (Papers I-IV) or a 

low-pressure mercury lamp (11 W OSRAM Dulux S BLUE) (Paper II) located in a quartz 
tube inside the reactor were used as an UVC and UVA source, respectively. The average 
irradiance entering the solution in the reactor measured by a spectrometer (Ocean 
Optics USB2000+) equipped with SpectraSuite software was 7.1 mW cm-2 (Paper I),  
2.68 mW cm-2 (Paper II), and 2.7 mW cm-2 (Papers III, IV). In the case of UVA lamp,  
the average irradiance entering the solution in the reactor was 3.89 mW cm-2. The lamps 
were turned on at least 5 min prior to the trial to provide a constant output. A water 
cooling jacket was used to keep the constant temperature in the reactor. 

Samples were withdrawn at pre-determined time intervals (Papers I-IV). The 
groundwater or secondary treated wastewater samples were filtered through a 0.45-µm 
pore size filter (CA, Millipore™) (Papers I-IV). The oxidation quenching was done by the 
addition of EtOH (sample/EtOH volume ratio of 10/1) for HPLC analysis and by the 
addition of Na2SO3 ([PS]0/[SO32-] molar ratio of 1/10) for TOC analysis. Two radical probes 
t-BuOH and EtOH were used to identify the main radicals involved in the degradation of 
the studied target compounds using UV-induced PS-based systems (Papers I-IV).  
An excessive amount of scavenger was spiked into the reaction solutions before the 
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addition of activator and oxidant at a target pollutant/scavenger molar ratio of 1/500.  
All experiments were duplicated. The results of the analysis are presented as the mean 
with a standard deviation of at least two parallel replicates less than 5%. 

2.3 Analytical methods 
The concentration of AMX, CTA, NP, and LOR were quantified using a high-performance 
liquid chromatography combined with diode array detector (HPLC-PDA, SPD-M20A, 
Shimadzu) equipped with a Phenomenex Gemini (150 × 2.0 mm, 1.7 mm) NX-C18 (110 Å, 
5 µm) column. All samples were analyzed at the flow rate of 200 μL min-1 and at  
λ=230 nm (Papers I, II) or 210 nm (Papers III, IV). The AMX (Paper I) sample analysis were 
performed using an isocratic method with a mobile phase mixture of 10% acetonitrile 
(with 0.3% formic acid) and 90% formic acid (0.3%) aqueous solution. The CTA (Paper II) 
sample analysis were performed using an isocratic method with a mobile phase mixture 
of 15% acetonitrile (with 0.3% formic acid) and 85% formic acid (0.3%) aqueous solution. 
The LOR (Paper III) sample analysis were performed using an isocratic method with a 
mobile phase mixture of 40% acetonitrile (with 0.3% formic acid) and 60% formic acid 
(0.3%) aqueous solution. The NP (Paper IV) sample analysis were performed using an 
isocratic method with a mobile phase mixture of 85% acetonitrile (with 0.3% formic acid) 
and 15% formic acid (0.3%) aqueous solution. The by-products formed during AMX and 
LOR oxidation were identified by the HPLC combined with mass spectrometer (HPLC-MS, 
LC-MS 2020, Shimadzu) (Papers I, III). Mass spectra were acquired in full-scan mode 
(scanning in the range 50-500 m/z). The instrument was operated in positive ESI mode, 
and the results obtained with MS detector were handled using Shimadzu Lab Solutions 
software. 

The pH was measured using a digital pH/Ion meter (Mettler Toledo S220). The electrical 
conductivity was measured using a digital EC meter (HQ 430d flexi, HACH Company). 
The total organic carbon (TOC) was measured by a TOC analyzer multi N/C® 3100 
(Analytik Jena). The concentration of anions was measured using ion chromatography 
with chemical suppression of the eluent conductivity (761 Compact IC, Metrohm Ltd.). 
The alkalinity of groundwater was measured by titration with hydrochloric acid (0.1 M) 
in the presence of methyl orange. The residual hydrogen peroxide concentration in the 
treated samples was measured spectrophotometrically at λ=410 nm with titanium 
sulfate by a H2O2-Ti4+ complex formation (Eisenberg, 1943) by a GENESYS 10S 
spectrophotometer (Thermo Scientific). The measurement of residual PS concentration 
in the treated samples was done spectrophotometrically (Genesys 10S, Thermo Scientific) 
at λ=352 nm by an excess KI reaction with PS towards the formation of I2 (Liang et al., 
2008). The residual concentration of PS was determined by using the standard multipoint 
calibration. 

The acute toxicity of LOR solution (Paper III) was investigated using the Microtox® 
method (Model 500 Analyzer SDI) (ISO (International Organization for Standardization), 
2007). 
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3 Results and discussion  
The obtained results indicated that irrespective of the applied UV-assisted process,  
the target ECs degradation followed a pseudo-first order reaction kinetics (r2 ≥ 0.95) 
under studied experiment conditions and may be described with regard to the EC 
concentration through Eq. 58. 

𝑑𝑑𝐶𝐶𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 × 𝐶𝐶𝐸𝐸𝐸𝐸        (58) 

Where kobs is the observed pseudo-first-order rate constant and CEC is the EC 
concentration. The kobs constants were calculated from the slopes of the straight lines by 
plotting ln (Ct/C0) as a function of time t through linear regression. 

3.1 UV-activated persulfate oxidation 
The application of UV photolysis and UV/PS processes was investigated in various water 
matrices to eliminate AMX (Paper I), CTA (Paper II), LOR (Paper III), and NP (Paper IV). 
The oxidant utilization and TOC removal results are presented in Table 7. 

As presented in Figure 4, the application of UVC photolysis to eliminate AMX (Paper I) 
in various water matrices indicated the highest kobs value in UW (0.108 min-1) and lowest 
kobs in STWW (0.056 min-1). Irrespective of the studied water matrix, the mineralization 
of AMX was in the range of 9-12%. 

 

 
Figure 4. AMX degradation observed reaction rate constants and TOC removal by UVC photolysis 
and UVC/PS process at different PS concentrations at unadjusted pH in UW ([AMX]0=40 μM, t=2 h) 

In UW, the blank PS oxidation trial at an AMX/PS molar ratio of 1/10 resulted in only 
40% degradation and negligible mineralization of AMX after 2 h of treatment. Thus,  
the subsequent addition of UVC radiation into PS system was justified. The application 
of UVC/PS process at various molar ratios of AMX/PS (1/1, 1/2.5, 1/5, 1/10, and 1/20) 
improved the target compound degradation (≥99%) in UW. An increase in the applied PS 
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concentration led to faster degradation of AMX, and thus kobs values of 0.091 min-1 and 
0.216 min-1 were obtained at [PS]0=40 μM and [PS]0=400 μM, respectively.  

A comparison of the kobs values obtained for different water matrices, at an AMX/PS 
molar ratio of 1/10, showed the inhibitory effect of the composition of real water 
samples on the degradation and mineralization of AMX (Figure 4). Overall, the oxidant 
consumption (Paper I, Table 3) was 76%-98% for all studied UV-assisted PS systems in 
UW. The obtained results suggested that a PS concentration of 400 µM was the most 
effective for AMX decomposition by the UVC/PS system. 

Table 7. Oxidant utilization and mineralization in UV photolysis and UV/PS systems for elimination 
of emerging contaminants in UW 

Studied 
emerging 

contaminant 
and treatment 

conditions 

Process EC/PS, 
molar ratio PS utilized,% TOC removal, % 

AMX 
[AMX]0=40 µM, 

t=2 h 

UVC photolysis  - 12.9 

UVC/PS 

1/1 76 9.3 
1/2.5 78 12.6 
1/5 90 26.9 

1/10 92 63 
1/20 98 75.4 

CTA 
[CTA]0=50 µM, 

t=2 h 

UVA photolysis - - 0.14 

UVA/PS 

1/1 8 1.1 
1/5 10 1.25 

1/10 11 1.1 
1/20 13 2.54 
1/40 14 4 

UVC photolysis - - 16.9 

UVC/PS 

1/1 57 19.5 
1/5 82 25.3 

1/10 79 38.3 
1/20 94 48.5 
1/40 82 73.7 

LOR 
[LOR]0=40 µM, 

t=2 h 

UVC photolysis  - 7.8 

UVC/PS 

1/1 28 11.3 
1/5 49 19 

1/10 66 45 
1/20 93 88.6 

NP 
[NP]0=50 µM, 

t=3 h 

UVC photolysis  - - 

UVC/PS 

1/1 61 - 
1/2 73 - 
1/4 76 - 

1/10 90 - 
 

Further, the performance of UV-assisted PS system to degrade CTA (Paper II) was 
investigated in artificial buffered solution (pH0=7.4, UW) and in GW. To investigate the 
influence of pH, UV/PS oxidation trials were also conducted at adjusted pH0=3 in both 
studied water matrices. 
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The application of direct UVC photolysis indicated a higher CTA degradation efficiency 
(≥99% in first 15 min) in both water matrices compared to UVA photolysis (8.5% in UW 
and 35% in GW after 2 h of treatment). Further, the use of UVA/PS (Figure 5a) and 
UVC/PS (Figure 5b) systems at different PS concentrations ([PS]0=50-2000 µM) was 
studied in UW. The effect of groundwater composition on CTA degradation was 
evaluated at a CTA/PS molar ratio of 1/10. 

For all studied CTA/PS molar ratios, the use of UVA/PS system led to incomplete  
(19-72%) target compound degradation after 2 h of oxidation in UW. It is noteworthy 
that the kobs × 102 value was slightly higher in GW (0.475 min-1) compared to UW  
(0.438 min-1) at the same treatment conditions. Overall, CTA mineralization in the  
UVA-activated PS system was ≤4% at buffered pH0=7.4 and ≤7% at adjusted pH0=3  
(Paper II, Figure 2a, Figure 8a). 

 

 

 
Figure 5. CTA degradation observed reaction rate constants and TOC removal by UV photolysis 
and UV/PS process (a for UVA, b for UVC) at different PS concentrations ([CTA]0=50 μM, t=2 h) 
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In the case of UVC/PS systems, an increase in the concentration of PS from 50 µM to 
250 µM led to an improvement in kobs value. A further increase in PS concertation ([PS]0 
≥500 μM) showed a stable decrease in kobs values most likely due to the PS scavenging 
reactions or/and the recombination of both SO4•- and HO• radicals (Paper II, Eq. 10-18). 
The use of persulfate photolysis slightly improved the efficiency of CTA degradation 
(kobs=0.44 min-1) compared to direct UVC photolysis (kobs=0.38 min-1) in GW. However, 
the kobs value in GW was lower compared to the kobs value in UW (0.53 min-1) at  
[PS]0=500 μM. Similar to the results of decomposition of the target compound, TOC 
removal was considerably higher in UVC/PS systems (20%-74%) compared with UVA/PS 
processes (1.1%-4%). 

In general, the results of oxidant consumption in UVA/PS systems (8%-14%) were 
substantially lower than in UVC-induced PS oxidation processes (57%-94%). In the latter 
systems, oxidant consumption increased simultaneously with an increase in [PS]0 used 
up to 1000 µM (94%) (Table 7). A further increase in [PS]0=2000 µM led to a decline in 
oxidant activation efficacy with around 20% of PS remained in solution. The latter 
observation can be explained by the limited activation capacity of the used source of UV 
irradiation in the case of elevated PS concentrations. 

As presented in Figure 6, the UVC photolysis and UVC/PS system ([PS]0=40-800 µM) 
were performed to eliminate LOR (Paper III) in UW and GW. The direct UVC photolysis 
proved more efficient in GW (kobs value of 0.106 min-1) along with 25% of TOC removal 
compared to results in UW (0.081 min-1) with 8% mineralization. In UW, the application 
of UVC-assisted PS oxidation indicated ≥95% LOR degradation in 60 minutes. This 
observation can be explained by the fact that the photolysis of persulfate at high doses 
of the latter led to an increase in the formation of radicals, which, in turn, led to an 
improvement in the removal of LOR. The groundwater composition had an inhibitory 
effect on the removal of LOR by the UVC/PS system. Thus, the kobs value and the removal 
of TOC were lower compared to the results obtained in UW at [PS]0=400 μM. 

 

 
Figure 6. LOR degradation observed reaction rate constants and TOC removal by the UVC 
photolysis and UVC/PS processes in different water matrices ([LOR]0=40 μM, t=2 h) 
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Consistent with the results of LOR degradation, the oxidant consumption was higher 
in UW compared with the results in GW (Table 7). In addition, more effective utilization 
of the oxidant was observed when using higher initial dosages of PS in UW. Accordingly, 
93% PS was consumed after 2 h of UVC/PS oxidation at the highest studied LOR/PS  
molar ratio of 1/20. The acidic nature of the oxidant used and the formation of acidic 
intermediates led to a decrease in pH in the non-buffered UW matrix (Paper III, Table 2). 

As presented in Paper IV, Figure 2, the direct UVC photolysis resulted in considerably 
higher ≥90% NP decomposition compared to the non-activated persulfate oxidation 
(<15% ) in both matrices after 3 h of treatment. In addition, the use of UVC-induced PS 
systems for the decomposition of NP in UW and GW was evaluated at various oxidant 
concentrations ([PS]0=50-1000 µM) corresponding to NP/PS molar ratios from 1/1 to 
1/20. 

The use of direct UVC photolysis led to a faster NP decomposition in UW  
(kobs=0.017 min-1) compared to GW (kobs=0.012 min-1) (Paper IV). As presented in  
Paper IV, Figure 2, increasing the PS dosage from 50 µM to 200 µM improved kobs values 
in both water matrices. However, the obtained kobs were generally lower in GW 
compared to UW results under the same treatment conditions, indicating the inhibitory 
effect of a real water matrix. Finally, the detected drop in kobs at the highest applied PS 
concentration ([PS]0=500 μM) indicated the scavenging effect of the increased oxidant 
dose and emphasized the need for careful optimization of the dosage of persulfate to 
obtain the most practicable outcomes. Contrary, to the NP degradation results, the 
oxidant utilization improved along with an increase in oxidant dosage, with the highest 
PS utilization of 82% and 90% in GW and UW, respectively, at [PS]0=500 µM.  
The buffering capacity of the natural water sample resulted in negligible change in pH 
value in GW, while in UW a decrease in pH was observed. In conclusion, the PS dosage 
of 200 µM (NP/PS molar ratio of 1/4) proved the most efficient for NP degradation at all 
the studied UV/PS systems in both water matrices. 

3.2 UV/Fe2+-activated persulfate oxidation 
The efficacy of target contaminants degradation using various iron-activated UV/PS 
systems was studied. The results of PS consumption and mineralization of emerging 
contaminants in the studied systems are presented in Table 8. 

Oxidation of AMX by the PS/Fe2+ system at an AMX/PS/Fe2+ molar ratio of 1/10/1 led 
to incomplete degradation of the target compound (72.5%), negligible mineralization, 
and only 17.5% of oxidant utilization after 2 h of treatment (Paper I). As shown in  
Figure 7, the application of UVC/Fe2+-activated PS system for the decomposition of AMX 
was investigated in various water matrices. Accordingly, the addition of iron activator 
([Fe2+]0=40 μM) to the UVC/PS system showed an improvement in the kobs value  
(0.531 min-1) compared to the UV/PS system (0.216 min-1) only in UW. In the case of TOC 
removal results, the efficiency was as follows: UW (75.4%) > GW (56.2%) > DW (24.1%) > 
STWW (14.3%). 

In UW, the fastest decomposition of AMX (kobs=1.38 min-1) and the most complete 
mineralization (85%) were obtained with the highest studied dose of activator 80 μM at 
a fixed AMX/PS molar ratio of 1/10. Irrespective of the applied Fe2+ dose, the results of 
PS utilization showed ≥94% of oxidant consumption in the studied UVC/PS/Fe2+ systems. 
A decrease in pH was observed in all the UVC/Fe2+-activated PS systems to a final value 
of about 3, indicating the acidity of added chemicals and the formation of acidic  
by-products (Paper I, Table 3). 
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Table 8. Oxidant utilization and mineralization in iron-activated UV/PS systems for elimination of 
emerging contaminants in UW 

Studied emerging 
contaminant and 

treatment conditions 
Process 

EC/PS, 
molar ratio 

PS 
utilized, 

% 

TOC 
removal, 

% 

AMX 
[AMX]0=40 µM, 

t=2 h 
UVC/PS/Fe2+ 

1/10/0.25 96 63 
1/10/0.5 94 62.1 
1/10/1 96 75.4 
1/10/2 97 85.4 

CTA 
[CTA]0=50 µM, 
[PS]0=500 µM, 

[α-FeO(OH)]0=0.1-2.5 g L-1, 
[Fe3O4]0=0.01-0.5 g L-1, 

t=2 h 

UVA/PS/α-FeO(OH) 

0.1 18 0.8 
0.2 14 1.23 
0.5 15 0.5 
1 14 0.6 
2 10 0.25 

2.5 12 2.1 

UVC/PS/α-FeO(OH) 

0.1 34 75.1 
0.2 35 71.8 
0.5 36 68.3 
1 38 73.6 
2 37 68.7 

2.5 36 70.6 

UVA/PS/Fe3O4 

0.01 16 - 
0.05 11 0.14 
0.1 13 - 
0.2 12 0.22 
0.5 8 - 

UVC/PS/Fe3O4 

0.01 67 - 
0.05 65 15.8 
0.1 53 - 
0.2 45 23.9 
0.5 45 - 

LOR 
[LOR]0=40 µM, 

t=2 h 
UVC/PS/Fe2+ 

1/1/1 56 22.1 
1/5/0.5 98 17.3 
1/5/1 91 36.5 
1/5/2 98 45.4 

1/10/1 96 73.9 
1/10/2 94 84.7 

NP 
[NP]0=50 µM, 

t=3 h 
UVC/PS/Fe2+ 

1/1/0.25 35 - 
1/1/1 69 - 
1/2/1 9 - 
1/4/1 93 - 

1/10/0.25 95 - 
1/10/0.5 97 - 
1/10/1 97 - 
1/10/2 97 - 

1/10/10 98 - 
1/20/1 97 - 

 
 
 



 

37 

The application of UVA/PS/α-FeO(OH) system at a fixed CTA/PS molar ratio of 1/10 
and different goethite dosages ranging from 0.1 g L-1 to 2.5 g L-1 was examined (Paper II, 
Figure 5a) to eliminate CTA in UW. Regardless of the goethite concentration used, the 
efficiency of the UVA/PS/α-FeO(OH) system in CTA degradation was lower compared to 
the UVA/PS system at the same [PS]0=500 μM. Most likely, due to the amplified impact 
of radicals scavenging reactions in the combined UVA/α-FeO(OH)-activated PS systems. 
AMX mineralization was low (0.2%-2.5%) in all the studied UVA/PS/α-FeO(OH) systems 
after 2 h of treatment. 

 

 
Figure 7. AMX degradation observed reaction rate constants and TOC removal by UVC/PS and 
UVC/PS/Fe2+ process at different Fe2+ concentrations at unadjusted pH ([AMX]0=40 μM, t=2 h) 

On the other hand, the UVC/α-FeO(OH)-activated PS oxidation trials conducted at the 
same treatment conditions led to some acceleration of CTA degradation and a substantial 
improvement in TOC removal compared to the UVC/PS systems in UW (Paper II, Figure 5b). 
Accordingly, the kobs values were in the range 0.57 min-1-0.61 min-1, with the exception 
of kobs=0.50 min-1, obtained at [α-FeO(OH)]0=2.5 g L-1. Irrespective of the applied goethite 
dosages, the extent of CTA mineralization after 2 h of UVC/PS/α-FeO(OH) treatment was 
in the range 68%-75%. 

The efficacy of the UVA/PS/Fe3O4 system in CTA degradation and mineralization was 
studied at the same fixed CTA/PS molar ratio of 1/10 and at different Fe3O4 dosages in 
the range of 0.01-0.5 g L-1 (Paper II, Figure 6a). Similar to the results obtained for the UVA 
/PS/α-FeO(OH) system, the addition of Fe3O4 to the UVA/PS system reduced the 
efficiency of CTA degradation. In addition, an increase in the used dosage of Fe3O4 led to 
a further decrease in the kobs × 102 value. In all studied UVA/Fe3O4-activated PS systems, 
negligible mineralization of CTA was observed (0.14%-0.22%). 

The application of UVC/PS/Fe3O4 (Paper II, Figure 6b) process indicated complete CTA 
degradation (≥97%) within a 2-h treatment. However, the addition of magnetite to the 
UVC/PS system has led to a decrease in the decomposition efficiency of CTA. Similarly, 
the removal of TOC in all the studied UVC/PS/Fe3O4 systems was lower (up to 24%) 
compare to the UVC/PS (39%) process. 



 

38 

The performance of dual activated heterogeneous PS-based systems in the target 
compound oxidation was also studied in GW (Paper II, Figure 7a, Figure 7b). Irrespective 
of the UV radiation used, the efficiency of CTA degradation by the UV/PS/α-FeO(OH) 
system was higher than in the UV/PS/Fe3O4 system, but lower than in the UV/PS system. 

Overall, the results of UV-induced heterogeneous PS-based systems suggested that 
the application of UVC/α-FeO(OH)-activation is the most effective technology for the 
SO4•--based CTA oxidation among the studied processes. It is noteworthy that the 
utilization of PS was ≤68% (Table 8) in all the heterogeneous systems studied. The oxidation 
trials conducted at adjusted pH0=3 (Paper II, Figure 8a, Figure 8b) showed improved TOC 
removal in both water matrices. Irrespective of the UV radiation used, the UV/PS/Fe2+ 
and UV/PS/α-FeO(OH) systems proved to be more efficient in TOC removal compared to 
the UV/PS and UV/PS/Fe3O4 systems. 

The application of PS/Fe2+ system at a LOR/PS/Fe2+ molar ratio of 1/10/1 resulted in 
only 28% of LOR decomposition, negligible mineralization, and around 90% of PS 
consumption after 2 h of treatment (Paper III). The efficacy of the UVC/Fe2+ system for 
the decomposition of LOR at a LOR/Fe2+ molar ratio of 1/1 was also investigated. The results 
indicated the kobs value of 0.12 min-1 and 21% of TOC removal after 2 h of treatment 
(Figure 8). 

 

 
Figure 8. LOR degradation observed reaction rate constants and TOC removal by the UVC/Fe2+ 
and UVC/PS/Fe2+ processes in different water matrices ([LOR]0=40 µM, t=2 h) 

In the case of combined UVC/PS/Fe2+ system, the use of a higher oxidant 
concentration at a fixed activator concentration ([Fe2+]0=40 µM) led to a faster LOR 
decomposition (Figure 8). For example, kobs values of 0.113 min-1 and 0.526 min-1 were 
obtained for [PS]0=40 µM and [PS]0=400 µM, respectively, in UW. It should be noted that 
the UVC/PS/Fe2+ oxidation at a LOR/PS/Fe2+ molar ratio of 1/10/1 led to a 3.5-fold 
decrease in the kobs value (0.152 min-1) in GW. In addition, the effect of Fe2+ concentration 
on the efficacy of degradation and mineralization of LOR in the UVC/Fe2+-activated PS 
system ([PS]0=200 µM) was also investigated. The results showed the need for careful 
optimization of Fe2+ in order to increase the cost-effectiveness of the process. Overall, 
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the highest kobs value (1.03 min-1) and the most complete mineralization (85%) were 
obtained at a LOR/PS/Fe2+ molar ratio of 1/20/1. 

As presented in Paper IV, Figure 3, the application of UVC/Fe2+-activated PS system 
with a variable concentration of PS ranging from 50-1000 µM at a fixed concentration of 
activator ([Fe2+]0=50 µM) was investigated to eliminate NP in various water matrices.  
In general, the use of combined UVC/Fe2+-activated PS systems retarded the 
decomposition of NP compared with the results of UVC/PS treatment in UW. A slight 
improvement in NP degradation efficiency was observed at a NP/PS/Fe2+ molar ratio of 
1/4/1 (kobs=0.016 min-1). Notably, the application of the same treatment conditions in 
GW led to lower NP decomposition efficiency (kobs=0.014 min-1). A further increase in the 
oxidant concentration in UW led to a slower degradation of NP in the UVC/PS/Fe2+ 
system. 

To investigate the effect of Fe2+ activator dosage on NP degradation in the UVC/PS/Fe2+ 
system, oxidation experiments were conducted at a fixed concentration of oxidant 
([PS]0=500 µM) along with varying concentration of Fe2+ (5-500 µM) (Paper IV, Figure 4). 
Irrespective of the activator dosage used, lower kobs values (0.003 min-1-0.01 min-1) were 
obtained in the UVC/PS/Fe2+ system compared to the UVC/PS system (kobs=0.02 min-1). 
Though, almost complete (~95%) PS utilization was observed after 3 h of UVC/PS/Fe2+ 
oxidation. 

3.3 H2O2- and H2O2/Fe2+-activated persulfate oxidation 
The UVC-activated dual oxidant (PS/H2O2) system was investigated to eliminate NP (Paper 
IV) in UW and at optimized concentrations in GW. The efficacy of the UVC/PS/H2O2 
system was considered at a fixed [PS]0=50 µM and varying [H2O2]0=5-50 µM. The results 
demonstrated ≥90% NP degradation in all studied systems after 3 h of treatment. 

The use of direct oxidation of H2O2 was ineffective in the decomposition of NP (15%) 
with more than 90% residual H2O2 in both matrices after 3 h of oxidation. In turn,  
the photolysis of H2O2 at [H2O2]0=50 µM showed higher efficiency with 96% NP 
degradation and a higher kobs value of 0.024 min-1 compared to the UV/PS system  
(kobs value of 0.019 min-1) at the same oxidant concentration. As presented in Paper IV, 
Figure 5, a slight improvement in the obtained kobs value (0.022 min-1) was observed at 
[H2O2]0=12.5 µM in UW. It is noteworthy that the oxidation of NP at the same treatment 
conditions in GW led to a 3.5 times lower value of kobs (0.006 min-1). 

The application of PS/H2O2/Fe2+ oxidation at a NP/PS/H2O2/Fe2+ molar ratio of 
1/1/0.25/0.25 in UW and GW showed substantially lower efficiency (26% and 33% NP 
degradation, respectively) compared to the UVC/Fe2+-activated PS/H2O2 system (96% 
and 93%, respectively). In turn, the results of combined UVC/PS/H2O2/Fe2+ system at a 
NP/PS/H2O2/Fe2+ molar ratio of 1/1/0.25/0.25 showed a negligible improvement in the 
efficiency of NP degradation in UW and 3.5 times faster decomposition of the target 
compound in GW compared to the UVC/PS/H2O2 system. 

The H2O2 utilization results showed a low consumption (18%-28%) at all studied 
NP/PS/H2O2 molar ratios in UW and GW. Irrespective of the water matrix studied, the 
highest H2O2 utilization was observed in the UVC/PS/H2O2/Fe2+ system with 52% and 32% 
of H2O2 consumed in UW and GW, respectively. This observation indicated the 
predominance of different radicals scavenging reactions over NP oxidation reactions. 



 

40 

3.4 Radical scavenging studies  
The prevalence of SO4•- or HO• was determined by observing the degradation of target 
compounds in UW after the addition of the molecular probe EtOH or t-BuOH into  
various systems. EtOH a well-studied scavenger for SO4•- (1.6-7.7) × 107 M-1 s-1 and HO•  
(1.2-2.8) × 109 M-1 s-1, while t-BuOH is an effective scavenger for HO• (3.8-7.6) × 108 M-1 s-1 
than for SO4•- (4-9.1) × 105 M-1 s-1. 

As presented in Table 9, the addition of EtOH resulted in additional residual AMX 
(Paper I) in the UVC/PS (23.4%) and UVC/PS/Fe2+ (37.3%) system compared to t-BuOH in 
the UVC/PS (2%) and UVC/PS/Fe2+ (6.8%) suggesting the predominance of SO4•- oxidative 
species in the studied systems. 

The addition of t-BuOH inhibited the degradation of CTA (Paper II) by the UV/PS, 
UV/PS/α-FeO(OH), and UV/PS/Fe3O4 systems to some extent. As a result, residual CTA 
concentration increased by about 3% and 6% in the UVA/PS and UVC/PS systems 
respectively suggesting the participation of HO• in all cases. 

Table 9. Degradation of emerging contaminants by the studied UV-activated PS systems in UW 

Emerging 
contaminants 

Treatment 
conditions Process 

[EC]t/[EC]0,% 
Without 

scavenger 
t-

BuOH EtOH 

AMX 

[AMX]0=40 μM 
[Fe2+]0=40 μM, 
[PS]0=400 μM, 

[t-BuOH]0=20 mM, 
[EtOH]0=20 mM, 

t=5 min 

UVC/PS 30 32 54 

UVC/PS/Fe2+ 6 13 43 

CTA 

[CTA]0=50 µM, 
[PS]0=500 µM, 

[α-FeO(OH)]0=1 g L-1, 
[Fe3O4]0=0.2 g L-1, 
[EtOH]0=25 mM, 

[t-BuOH]0=25 mM, 
tUVA=60 min, 
tUVC=5 min 

UVA/PS 76 79 86 

UVA/PS/α-FeO(OH) 79 88 90 

UVA/PS/Fe3O4 93 99 100 

UVC/PS 5 11 13 

UVC/PS/α-FeO(OH) 10 12 13 

UVC/PS/Fe3O4 14 15 19 

LOR 

[LOR]0=40 µM, 
[Fe2+]0=40 µM, 
[PS]0=200 µM,  

[t-BuOH]0=20 mM, 
[EtOH]0=20 mM, 

t=7 min 

UVC 46 71 - 

UVC/PS 22 54 72 

UVC/PS/Fe2+ 8 33 60 

NP 

[NP]0=50 µM, 
[PS]0=50 µM, 

[H2O2]0=12.5 µM, 
[Fe2+]0=50 µM 
(UV/PS/Fe2+), 

[Fe2+]0=12.5 µM 
(UV/PS/H2O2/Fe2+), 
[t-BuOH]0=25 mM, 
[EtOH]0=25 mM, 

t=15 min 

UVC/PS 63 80 82 

UVC/PS/Fe2+ 68 72 73 

UVC/PS/H2O2 67 80 81 

UVC/PS/H2O2/Fe2+ 58 72 73 
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On the other hand, the addition of EtOH to the UV/PS systems resulted in 10.5% (UVA) 
and 8% (UVC) additional residual CTA concentration. The obtained results suggested  
that both hydroxyl and sulfate radicals contributed to the degradation of CTA in the  
UV-induced persulfate systems, while SO4•- proved the predominant radical in all studied 
systems. 

The addition of excess t-BuOH in UVC-induced PS-based systems decreased the 
efficiency of LOR (Paper III) degradation by 32% and 25% in the UVC/PS and UVC/PS/Fe2+ 
system, respectively, indicating the active participation of HO• in the oxidation process. 
Whereas, the addition of excess EtOH substantially inhibited the decomposition of LOR 
in the UVC/PS (50%) and UVC/PS/Fe2+ (52%) system, which, in turn, indicated the 
important role of SO4•- in the degradation of the target compound. The outcomes of 
scavenging studies suggested that both free radicals contributed to the degradation of 
LOR in the UVC/PS/Fe2+ system, while HO• proved dominant oxidative species in the 
UVC/PS system. 

The addition of excess t-BuOH decreased the efficacy of NP (Paper IV) degradation in 
the UVC/PS (17%), UVC/PS/Fe2+ (3%), UVC/PS/H2O2 (13%) and UVC/PS/H2O2/Fe2+ (14%) 
systems suggesting that HO• was involved in the oxidation of the target compound by all 
processes. Irrespective of the studied system, the addition of excess EtOH led to only  
1-2% supplementary inhibition of the decomposition of NP compared to the use of  
t-BuOH. The results of the scavenging studies for the degradation of NP suggested that 
both HO• and SO4•- contributed to the degradation of NP in the studied systems, while 
HO• turned out to be the predominant radical species. 

3.5 Transformation products and acute toxicity 
During the degradation of AMX by the UVC/PS and UVC/PS/Fe2+ system, the formation 
of transformation products was observed in the water matrices (UW, GW, DW, and 
STWW) using LC-MS as presented in Paper I, Figure 5. Accordingly, hydroxylation of the 
target compound resulted in a hydroxylated AMX with m/z 382 (route A) and the 
hydrolysis on the β-lactam ring led to the formation of AMX-diketopiperazine-2′,5′ with 
m/z 366 (route B). The opening of the β-lactam ring followed by demethylation, 
decarboxylation, opening of the thiazole ring and loss of S atom (route C) can lead to the 
formation of a penicilloic acid derivate with m/z 122. In addition, the decarboxylation, 
demethylation and opening of the thiazole ring may result in the formation of an AMX 
derivative with m/z 208 (route D). 

The transformation products were identified during the oxidation of LOR (Paper III, 
Table 5) by the UVC/PS, UVC/H2O2, UVC/PS/Fe2+, and UVC/H2O2/Fe2+ systems using  
LC-MS analysis and proposed degradation pathway is presented in Figure 9. 

In accordance with the radicals scavenging studies results, the formation of TP1 (route 
A) and TP2 (route D) was result of the attack of HO• on the alcohol moiety and carbon 
double bond of LOR, respectively (Serna-Galvis et al., 2019). In addition, TP3 (route C) is 
formed as a result of hydroxylation of the alkyl chain, followed by its oxidation to 
generate TP4 (Gao et al., 2016). TP5 (route B) was formed by the removal of chlorine. 
The hydroxylation of carbon atoms 2 and 5 in the imidazole ring led to the formation of 
TP6. Similarly, TP7 and TP8 are isomers formed from the opening of the imidazole ring 
(Carpinteiro et al., 2019). 

Supplementary, to the formation of toxic intermediates, the acute toxicity of LOR 
(Paper III) aqueous solutions treated by the UVC/PS/Fe2+ system at a LOR/PS/Fe2+ molar 
ratio of 1/5/1 was studied using Vibrio fischeri bioluminescence inhibition assay.  



 

42 

The obtained results were compared with the UVC/H2O2/Fe2+ system at the same 
treatment conditions. Accordingly, the EC20 of the initial LOR solution was low (55.6% of 
the sample). However, the application of UVC/Fe2+-activated H2O2 process led to the 
detoxification of the LOR solution (EC20 at >100% of the solution). On the other hand, the 
sample treated with the UV/PS/Fe2+ system showed an increase in the inhibition of Vibrio 
fischeri bioluminescence (EC20 at 16.5% of the solution). This observation can be 
explained by the toxic effect of residual PS concentration in the system (Moreno-Andrés 
et al., 2019). Therefore, unused PS must be removed from treated water/wastewater 
prior to discharge into receiving water bodies. 

 

 
Figure 9. Proposed degradation pathway of LOR by studied UV-induced PS-based systems in UW 
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Conclusions 
The application of UV-induced PS oxidation processes was studied for the effective 
elimination of ECs in water matrices. The novelty of the present study comprised the 
application of activated persulfate oxidation to degrade two β-lactam antibiotics under 
previously not studied treatment conditions, namely AMX in four different real water 
matrices by the UVC/PS and UVC/PS/Fe2+ systems and CTA by the UV-, UV/α-FeO(OH)- 
and UV/Fe3O4-activated PS systems in UW and GW. To widen the range of study,  
UVC- and UVC/Fe2+-induced PS systems were investigated to degrade antihypertensive 
drug LOR in UW and GW for the first time. The application of UVC- and UVC/Fe2+-induced 
PS/H2O2 systems to degrade endocrine disruptor NP in UW and GW was firstly investigated. 

Overall, the use of the UV/PS system improved the degradation efficiency of the 
studied ECs compared with direct UV photolysis oxidation. The addition of Fe2+ or  
α-FeO(OH) into the UV/PS system demonstrated a further increase in the efficiency of 
the studied micropollutants decomposition under optimized treatment conditions. 
Irrespective of the studied UV-induced PS-based system, the mineralization of the target 
compounds was lower than their degradation. The composition of the real aqueous 
matrix markedly inhibited the decomposition rate of the target compounds in the  
UV-activated PS-based systems. The results of radical purification studies showed that 
the predominance of SO4•- or HO• radicals strongly depends on the structure of the target 
compound as well as on the PS activation technique used. The oxidation pathways of 
AMX and LOR were proposed based on the transformation products identified. In the 
case of LOR, the ecotoxicity of the formed transformation products was assessed by a 
Vibrio fischeri bioluminescence inhibition assay. 

The findings of this study enlarge the existing knowledge on the effectiveness of  
UV-induced PS-based systems and, thus, increase the potential for practical application 
of these methods for the advanced purification of contaminated water. 
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ABSTRACT 
Development of photo-induced persulfate-based processes 
for efficient application in water treatment 
The industrialization and urbanization result in release of a considerable amount  
of highly toxic contaminants into the ecosystem. This unregulated discharge of  
emerging contaminants (ECs) such as pharmaceuticals and personal care products, 
endocrine-disrupting chemicals, and other recalcitrant organic compounds, into the 
environment via municipal and industrial wastewater as well as runoffs from agricultural 
sites have a negative impact on the human health and the aquatic faunas. The traditional 
wastewater treatment facilities are facing complications such as a high organic load  
(g L-1) or a low detection level of organic micropollutants (ng L-1-µg L-1) in the influent. 

The removal of ECs from water and wastewater is of significant importance. Physical, 
biological, and chemical techniques can be practicable application to eliminate the 
organic contaminants in water. However, the application of physical methods, which are 
mainly separation techniques, generates smaller, but more concentrated waste streams 
that require further processing. Biological treatment, in turn, is a time-consuming 
process requiring sophisticated equipment. Moreover, biological processes are 
frequently not able to effectively eliminate persistent and toxic contaminants from 
wastewater. Finally, chemical oxidation technologies have demonstrated to be effective 
in removing noxious and non-biodegradable organic pollutants from various water 
matrices. 

These methods, namely advanced oxidation technologies (AOTs), are highly effective 
for the decomposition of micropollutants, with the formation of more polar and less toxic 
products, or, if necessary, for the complete mineralization of ECs to CO2 and H2O.  
The effectiveness of AOTs in the decomposition of various organic micropollutants is 
based on the generation of highly reactive free radicals such as hydroxyl and sulfate 
radicals. Lately, sulfate radicals-based technology has received increasing attention. 
Owing to the high oxidation potential and performance of sulfate radicals at a wide pH 
range, the application of sulfate radicals-based AOTs is a promising solution for the 
removal of ECs in various aqueous matrices. 

This thesis aimed at studying the applicability of UV-induced persulfate (PS) based 
systems for the treatment of water contaminated by widely consumed β-lactam 
antibiotics, amoxicillin (AMX) and ceftriaxone (CTA), which belongs to the World Health 
Organization’s list of essential medicines, endocrine disruptor nonylphenol (NP) and 
angiotensin receptor blocker losartan (LOR). Accordingly, the degradation and 
mineralization of AMX and LOR by UVC- and UVC/Fe2+-activated PS systems was studied. 
In the case of CTA oxidation, the efficacy of UVA- and UVC-induced persulfate systems in 
combination with heterogeneous activators, α-FeO(OH) and Fe3O4, was assessed and 
compared. Finally, the efficiency of UVC-activated PS and dual oxidant (PS/H2O2) system 
along with the optimized application of an iron activator was evaluated for the 
degradation of NP. 

The effects of operating parameters including pH value, reaction time, and 
concentration of oxidant and activator on the efficacy of the studied systems were 
evaluated. The optimized results of the studied systems obtained in ultrapure water 
were subsequently used in real water samples, mainly in groundwater, but also in 
drinking water and secondary treated wastewater, to assess the efficacy of target 
compounds decomposition in a more complex natural or processed water matrix. 
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The application of the UV/PS system improved the degradation efficiency of all the 
studied ECs compared with direct UV photolysis and non-activated persulfate oxidation. 
Accordingly, the UVC-assisted PS oxidation resulted in >90% of the target compounds 
decomposition in UW. The addition of Fe2+ or α-FeO(OH) into the UV/PS system 
demonstrated a further increase in the efficiency of the studied ECs decomposition  
using an optimized amount of activator and oxidant. Regardless of the applied studied 
system, the mineralization of the target compound was lower than its degradation.  
The composition of the real aqueous matrix markedly inhibited the degradation rate of 
the target compounds in all UV-activated PS-based systems. Based on the results of 
radicals scavenging studies, the assessment of mineralization, the identification of 
transformation products, and the measurement of ecotoxicity for the selected target 
compounds, possible transformation pathways and oxidation mechanisms for the 
studied ECs were proposed. 

The findings of this study enlarge the existing knowledge on the effectiveness of  
UV-induced PS-based systems and, thus, increase the potential for practical application 
of these methods for the advanced purification of contaminated water. 
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LÜHIKOKKUVÕTE 

Foto-indutseeritud persulfaadi-põhiste protsesside 
väljatöötamine efektiivseks rakendamiseks vee puhastamisel 
Tööstuse kasvu ning linnastumise tulemusel eraldub ökosüsteemi märkimisväärne  
kogus väga toksilisi saasteaineid. Esilekerkivate saasteainete nagu ravimid, 
hügieenitooted, endokriinseid häireid põhjustavad kemikaalid ning teised püsivad 
orgaanilised ühendid, reguleerimata väljavool keskkonda nii olme- ning tööstusreovee 
kui ka põllumajandusest tuleneva äravooluga, mõjutab negatiivselt inimese tervist ning 
veefaunat. Traditsioonilised veepuhastusjaamad seisavad silmitsi probleemidega nagu 
kõrge orgaaniliste ainete koormus (g L-1) ning orgaaniliste mikrosaasteainete madal 
avastamispiir (ng L-1-µg L-1) sissevoolus. 

Raskesti lagundatavate ainete eemaldamine veest ning reoveest on märkimisväärse 
tähtsusega. Orgaaniliste saasteainete eemaldamiseks veest saab rakendada füüsikalisi, 
bioloogilisi ning keemilisi meetodeid. Samas põhinevad füüsikalised meetodid peamiselt 
eraldamisel, mille tulemusel tekib väiksem, kuid palju kontsentreeritum jäätmevoog, mis 
vajab edasist puhastamist. Bioloogiline töötlus on aga aeganõudev protsess ning nõuab 
keerulisi seadmeid. Lisaks ei suuda bioloogilised protsessid tihtipeale efektiivselt 
eraldada reoveest püsivaid ning toksilisi saasteaineid. Keemilised oksüdeerimismeetodid 
on näidanud võimet efektiivselt eemaldada kahjulikke ning bioloogiliselt mitte 
lagunevaid orgaanilisi saasteaineid erinevate saastusastmetega vetest. 

Antud meetodid, täpsemalt süvaoksüdatsioonitehnoloogiad, on mikrosaasteainete 
lagundamisel väga efektiivsed, moodustades polaarsemaid ning vähem toksilisi  
produkte või vajadusel mineraliseerides raskesti lagundatavaid aineid täielikult 
süsihappegaasiks ja veeks. Süvaoksüdatsioonitehnoloogiate efektiivsus erinevate 
orgaaniliste mikrosaasteainete lagundamisel põhineb reaktiivsete vabade radikaalide, 
nagu hüdroksüül- ning sulfaatradikaalide, tekkel. Viimasel ajal on hakatud rohkem 
tähelepanu pöörama sulfaatradikaalidel põhinevatele tehnoloogiatele. Tänu kõrgele 
oksüdatsioonipotentsiaalile ning sulfaatradikaalide võimele töötada laias pH vahemikus, 
on sulfaatradikaalidel põhinevate süvaoksüdatsioonitehnoloogiate rakendamine 
paljulubav lahendus mitmesuguste püsivate saasteainete eemaldamiseks erinevatest 
vesikeskkondadest.  

Käesoleva doktoritöö eesmärk oli uurida UV-indutseeritud persulfaadil (PS) põhinevate 
süsteemide rakendatavust veele, mis sisaldab laialt kasutatavaid 𝛽𝛽-laktaamseid 
antibiootikume nagu amoksitsilliin (AMX) ja tseftriaksoon (CTA), mis kuuluvad Maailma 
Terviseorganisatsiooni (WHO) hädavajalike ravimite nimekirja, endokriinsüsteemi 
kahjustajat nonüülfenooli (NP) ning angiotensiini retseptorite blokaatorit losartaani 
(LOR). Sellest lähtudes uuriti AMX ning LOR lagunemist ning mineraliseerumist UVC- ja 
UVC/Fe2+-aktiveeritud PS süsteemides. CTA puhul uuriti ja võrreldi UVA- ning  
UVC-indutseeritud PS süsteemide tõhusust, kombineerides neid heterogeensete 
aktivaatoritega α-FeO(OH) ja Fe3O4. NP lagundamise näitel uuriti optimeeritud raud-
aktivaatori koguse kasutamist UVC-aktiveeritud PS ning kahe oksüdeerijaga (PS/H2O2) 
süsteemides. 

Hinnati pH väärtuse, reaktsiooniaja, oksüdeerija ning aktivaatori kontsentratsioonide 
mõju uuritavatele süsteemidele. Optimeeritud parameetreid rakendati hiljem reaalsetele 
veeproovidele, peamiselt põhjaveele, kuid ka joogiveele ning sekundaarselt puhastatud 
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reoveele, et hinnata sihtühendite lagundamise efektiivsust keerulisemates või töödeldud 
vesikeskkondades. 

UV/PS süsteemi rakendamine tõstis võrreldes UV fotolüüsi ning aktiveerimata PS-põhise 
oksüdatsiooniga lagundamise efektiivust kõigi uuritud ainete puhul. UVC-aktiveeritud  
PS-põhine oksüdatsioon ülipuhtas vees andis kõigi sihtühendite puhul >90% lagunemise. 
Lisaks näitas optimeeritud koguses oksüdeerija ja aktivaatori, Fe2+ või α-FeO(OH), 
kasutamine UV/PS süsteemis edasist efektiivsuse suurenemist uuritud ainete 
lagundamisel. Sõltumata rakendatud süsteemist, oli mineraliseerumise määr madalam 
kui saasteaine lagunemine. Reaalse veeproovi koostis inhibeeris sihtaine lagunemise 
kiirust märkimisväärselt kõigis UV-aktiveeritud PS põhinevates süsteemides. Radikaalide 
püüdjate lisamisel uuritavatesse süsteemidesse hinnati valitud sihtainete 
mineraliseerumist, identifitseeriti nende laguprodukte ja määrati toksilisust ning pakuti 
saadud andmete põhjal välja sihtainete võimalikud lagunemise mehhanismid.  

Antud töö tulemused laiendavad olemasolevaid teadmisi UV-indutseeritud 
persulfaadil põhinevate süsteemide efektiivsuse kohta ning seega tõstavad oluliselt 
nende meetodite praktilise rakendamise võimalikkust saastunud vee täiustatud 
puhastamiseks. 
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Name: Balpreet Kaur 
Date of birth: 13.11.1988 
Place of birth: Faridkot, India 
Citizenship: India 

Contact data 
E-mail: bakaur@taltech.ee 

Education 
2015–2017 Tallinn University of Technology, MSc in Engineering 
2011–2013 Lovely Professional University, MSc in Biotechnology 
2008–2011 Lovely Professional University, BSc in Biotechnology 
1993–2007 High school, Dasmesh Public School 

Language competence 
Punjabi mother tongue 
Hindi  native speaker 
English fluent 
French  beginner 

Professional employment 
2017–2019 Tallinn University of Technology, Department of Materials and 

Environmental Technology, Early Stage Researcher 

Defended thesis 
Master’s Degree: Degradation of amoxicillin in aqueous solution by photo-activated 
persulfate, Tallinn University of Technology School of Engineering, Department of 
Materials and Environmental Technology, 2017, Supervisors: Niina Dulova, Eneliis 
Kattel 

Main areas of scientific work 
1. Biosciences and Environment; 1.8. Research relating to the State of the 
Environment and to Environmental Protection; CERCS CLASSIFICATION: T270 
Environmental technology, pollution control 
1. Biosciences and Environment; 1.9. Research into Substances Hazardous to the 
Environment; CERCS CLASSIFICATION: P305 Environmental chemistry 
4. Natural Sciences and Engineering; 4.11. Chemistry and Chemical Technology; 
CERCS CLASSIFICATION: T350 Chemical technology and engineering 

Involvement in research projects 
PRG776 Innovative energy-efficient abatement of aqueous and airborne hazardous 
pollutants combining pulsed corona discharge plasma with catalysis/photocatalysis  

IUT1-7 Chemical engineering approach to removal of priority pollutants and emerging 
micropollutants from water/wastewater and soil: implementation and optimization 
of advanced oxidation technologies 
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Awards 
2019 FMDTK scholarship for the participation in the 3rd European Summer School of 

Environmental Applications on Advanced Oxidation Processes, 3-7 June 2019, 
Alcoy, Spain 

2019 Dora Plus programme (activity 1) scholarship for the participation in the 6th 
European Conference on Environmental Applications of Advanced Oxidation 
Processes (EAAOP-6), 26-30 June 2019, Portoroz-Portorose, Slovenia 

2019 Association of Chemistry and the Environment (ACE) scholarship for the 
participation in the 20th European Meeting on Environmental Chemistry 
(EMEC 20), 2-5 December 2019, Lodz, Poland 

2018 Dora Plus programme (activity 1) scholarship for the participation in the 4th 
International Conference on Photocatalytic and Advanced Oxidation 
Technologies for the Treatment of Water, Air, Soil and Surfaces (PAOT-4),  
10-13 July 2018, Porto, Portugal 

Supervised dissertations 
Kaie Eha, Master’s Degree, 2020, (sup) Niina Dulova; Balpreet Kaur, Photochemical 
oxidation of losartan in aqueous solution, Tallinn University of Technology, 
Department of Materials and Environmental Technology 

Svetlana Puustusmaa, Master’s Degree, 2019, (sup) Niina Dulova; Balpreet Kaur 
Photochemical oxidation of endocrine disrupting compound in artificial and natural 
water matrix, Tallinn University of Technology, Department of Materials and 
Environmental Technology 
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2008–2011 Lovely Professional ülikool, biotehnoloogia bakalaureusekraad 
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Keelteoskus 
Pandžabi keel       emakeel 
Hindi keel       emakeel 
Inglise keel        kõrgtase 
Prantsuse keel     algtase 

Teenistuskäik 
2017–2019 Tallinna Tehnikaülikool, Materjali- ja keskkonnatehnoloogia instituut, 

doktorant-nooremteadur 

Kaitstud lõputööd 
Tehnikateaduste magistrikraad: Amoksitsilliini lagundamine vesilahuses foto-
aktiveeritud persulfaadiga, Tallinna Tehnikaülikool, Materjali- ja keskkonnatehnoloogia 
instituut, 2017, juhendajad: Niina Dulova, Eneliis Kattel 

Uurimistöö põhisuunad 
1. Bio- ja keskkonnateadused; 1.8. Keskkonnaseisundit ja keskkonnakaitset hõlmavad 
uuringud; CERCS KLASSIFIKAATOR: T270 Keskkonnatehnoloogia, reostuskontroll 
1. Bio- ja keskkonnateadused; 1.9. Keskkonnaohtlikke aineid käsitlevad uuringud; 
CERCS KLASSIFIKAATOR: P305 Keskkonnakeemia 
4. Loodusteadused ja tehnika; 4.11. Keemia ja keemiatehnika; CERCS 
KLASSIFIKAATOR: T350 Keemiatehnoloogia ja -masinaehitus 

Osalemine uurimisprojektides 
PRG776 Ohtlike vee ja õhu saasteainete lagundamine innovatiivse energiatõhusa 
kombineeritud impulss-koroona elektrilahenduse ja katalüüsi/fotokatalüüsiga.  

IUT1-7 Keemiatehnikapõhine lähenemisviis prioriteetsete saasteainete ja uute 
esilekerkivate mikrosaasteainete kõrvaldamisele veest/reoveest ja pinnasest: 
täiustatud oksüdatsioonitehnoloogiate kasutamine ja optimeerimine 

Tunnustused 
2019 FMDTK välislähetuste stipendium osalemiseks suvekoolis 3rd European 

Summer School of Environmental Applications on Advanced Oxidation 
Processes, 3.-7. juuni 2019, Alcoy, Hispaania
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2019 Dora Pluss (tegevus 1) stipendium osalemiseks konverentsil 6th European 
Conference on Environmental Applications of Advanced Oxidation Processes 
(EAAOP-6), 26.-30. juuni 2019, Portoroz-Portorose, Sloveenia 

2019 Association of Chemistry and the Environment (ACE) stipendium osalemiseks 
konverentsil 20th European Meeting on Environmental Chemistry (EMEC 20), 
2.-5. detsember 2019, Lodz, Poola 

2018 Dora Pluss (tegevus 1) stipendium osalemiseks konverentsil 4th International 
Conference on Photocatalytic and Advanced Oxidation Technologies for the 
Treatment of Water, Air, Soil and Surfaces (PAOT-4), 10.-13. juuli 2018, Porto, 
Portugal 

Juhendatud magistritööd 
Kaie Eha, magistrikraad, 2020, (juh) Niina Dulova; Balpreet Kaur, Losartaani 
fotokeemiline oksüdatsioon vesilahuses, Tallinna Tehnikaülikool, Materjali- ja 
keskkonnatehnoloogia instituut 

Svetlana Puustusmaa, magistrikraad, 2019, (juh) Niina Dulova; Balpreet Kaur, 
Endokriinsüsteemi häiriva ühendi fotokeemiline oksüdatsioon kunstlikus ja looduslikus 
vesikeskkonnas, Tallinna Tehnikaülikool, Materjali- ja keskkonnatehnoloogia instituut 




