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Abstract 

Advanced oxidation processes (AOPs) have been proven to be effective to 

simultaneously degrade contaminants of emerging concerns (CECs, e.g., 

pharmaceuticals, pesticides, and personal care products) and inactivate pathogens (i.e., 

bacteria, viruses, protozoan) and resistant microorganisms (e.g., antibiotic-resistant 

bacteria and antibiotic resistance genes (ARB&Gs)) in wastewater, which make them 

one of the best available technologies for tertiary urban wastewater treatment. Among 

the AOPs, heterogeneous Fenton-like oxidation processes (HFOPs) are particularly 

promising for application because of their relatively low-cost to suitable with biological 

decentralized wastewater treatment plants (e.g., constructed wetland) in rural areas, and 

because they might be easily implemented at field-scale through filtration units. To 

preserve the nutrients and carbon in urban wastewater, a HFOP relying on highly 

selective non-radical reactive species is strongly recommended. In this thesis, a HFOP 

based on the copper oxide (CuO) catalyzed peroxydisulfate (PDS) system was 

investigated because both radical and non-radical species have been reported to form. 

In this context, the mechanism of the micro-size CuO (10 g/L) / PDS (1 mM) system 

in batch mode was first explored. Phenol was selected as the targeted compound and 

was effectively degraded. Cupryl (Cu(III)) species was suggested to be the predominant 

reactive species and led to a polymerization reaction of phenol. This system was 

suggested to be a non-radical involved system and was not significantly affected by 

dissolved organic matter and ions (e.g., sulfate, and bicarbonate ions) in wastewater. 

Effective oxidation of several waterborne antibiotics by Cu(III) demonstrated its 

selectivity and practical applicability.  

The inactivation performance evaluation of this system for pathogens and resistant 

microorganisms in urban wastewater was carried out in batch mode. Complete 

inactivation of Escherichia coli, Enterococcus, F-specific RNA bacteriophages from 
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secondary treated urban wastewater was achieved after a short time (15-30 min) 

treatment, but spores of sulfite-reducing bacteria took 120 min. A significant reduction 

of sulfamethoxazole-resistant E. coli, selected genes including ARGs (i.e., blaTEM, 

qnrS, emrB, and sul1), and genes related to the dissemination of antibiotic resistance 

(i.e., intI1 and IS613) was achieved after treatment. 

From the perspective of applying this system at pilot-scale, CuO particles can be 

implemented in a packed fixed column to provide the necessary contact time between 

a liquid to be treated and CuO particles. Millimeter-sized CuO pellets were employed 

instead of micro-sized CuO particles. The experiments carried out corresponded to the 

first tests provided on peroxydisulfate activation by using millimetric CuO pellets as a 

heterogeneous catalyst in a packed fixed-bed column (FBC-CuO). FBC-CuO showed 

high stability once it was put into operation and a high sensitivity to operating 

conditions. FBC-CuO/PDS system demonstrated a high removal efficiency for target 

antibiotics and pathogens in secondary treated urban wastewater, except for spores of 

sulfite-reducing bacteria. 

 

Key words: urban wastewater, copper oxide, peroxydisulfate, antibiotics, disinfection, 

fixed-bed column. 
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Résumé 

Les procédés d'oxydation avancée (AOPs) sont efficaces pour dégrader simultanément 

les contaminants émergents préoccupants (CECs, par exemple, les produits 

pharmaceutiques, les pesticides et les produits de soins personnels), pour inactiver les 

pathogènes (par exemple, les bactéries, les virus, les protozoaires) et les micro-

organismes résistants (par exemple , les bactéries résistantes aux antibiotiques et les 

gènes de résistance aux antibiotiques (ARB&G)) dans les eaux usées, ce qui en fait 

l'une des meilleures technologies disponibles pour le traitement tertiaire des eaux usées 

urbaines. Parmi les AOPs, les procédés d'oxydation hétérogènes de type Fenton (HFOP) 

sont particulièrement prometteurs en raison de leur coût relativement faible adapté au 

fonctionnement des stations d'épuration biologique décentralisées (par exemple, une 

zone humide artificielle) dans les territoires ruraux, et parce qu'ils pourraient être 

facilement mis en œuvre comme unités de filtration. Pour préserver les nutriments et le 

carbone dans les eaux usées urbaines traitées, un HFOP reposant sur des espèces 

réactives non radicalaires hautement sélectives est fortement recommandé. Dans cette 

thèse, un HFOP basé sur l’activation de péroxydisulfate (PDS) par l'oxyde de cuivre 

(CuO) a été étudié, car il a été démontré que des espèces radicalaires et non radicalaires 

se formaient. 

Dans ce contexte, le mécanisme de fonctionnement du système CuO (10 g/L de taille 

micrométrique) / PDS (1 mM) en mode batch a d'abord été exploré. Le phénol a été 

sélectionné comme composé sonde et a été efficacement dégradé. L’ion cupryl (Cu(III)) 

a été proposé comme étant l’espèce réactive prédominante dans le système conduisant 

à une réaction de polymérisation du phénol. Ce système est un système fonctionnement 

majoritairement sans espèces radicalaires et n'est pas significativement affecté par la 

matière organique dissoute et les ions (par exemple, les ions sulfate et bicarbonate) dans 

les eaux usées. L'oxydation de plusieurs antibiotiques par Cu(III) a démontré sa 

sélectivité et son applicabilité. 
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L'évaluation des performances d'inactivation d’agents pathogènes et de 

microorganismes résistants dans les eaux usées urbaines a été réalisée en mode batch. 

L'inactivation complète des E. coli, Enterococcus, bactériophages ARN F spécifiques 

des eaux usées urbaines après un traitement biologique secondaire a été obtenue après 

un temps de traitement court (15-30 min), une durée plus longue de 120 min s’est avérée 

nécessaire pour l’élimination des spores de micro-organismes anaérobies sulfito-

réducteurs. Une réduction significative des E. coli résistants au sulfaméthoxazole, des 

ARGs ciblés (blaTEM, qnrS, emrB et sul1) et de gènes liés à la dissémination de la 

résistance aux antibiotiques (intI1 et IS613) a été également obtenu après le traitement. 

Afin d’évaluer l’applicabilité, les particules de CuO ont été mises en place dans une 

colonne à lit fixe pour assurer un temps de contact suffisant entre le liquide à traiter et 

les particules de CuO. Des granulés de CuO de taille millimétrique ont été utilisés à la 

place de particules de CuO de taille micrométrique. Les expériences réalisées 

correspondent aux premiers tests effectués sur l'activation du péroxydisulfate en 

utilisant des granulés de CuO millimétriques comme catalyseur hétérogène dans une 

colonne à lit fixe garnie (FBC-CuO). Le FBC-CuO a montré une grande stabilité et 

avec des performances extrêmement sensibles aux conditions de fonctionnement. Le 

système FBC-CuO/PDS a démontré une efficacité d'élimination élevée pour les 

antibiotiques et les agents pathogènes ciblés dans les eaux usées urbaines ayant été 

traitées au préalable par boues activées, à l'exception des spores de micro-organismes 

anaérobies sulfito-réducteurs. 

 

Mots clés: eaux usées urbaines, oxyde de cuivre, péroxydisulfate, antibiotiques, 

désinfection, colonne à lit fixe. 
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General Introduction 

Reclaimed urban wastewater reuse in agricultural irrigation is a global practice to meet 

the increasing water demand and to use the nutrients and organic matters as fertilizers. 

Regulations and guidelines for the safe reuse of wastewater in irrigation are enacted to 

protect the environment and human health, which underlined the microbial risk caused 

by pathogenic microorganisms (i.e., bacteria, viruses, protozoan). Moreover, 

contaminants of emerging concerns (CECs, e.g., pharmaceuticals, pesticides, and 

personal care products) and resistant microorganisms (e.g., antibiotic-resistant bacteria 

(ARB) and antibiotic resistance genes (ARGs)) have also raised safety concerns, 

especially in some high-income level countries. However, conventional urban 

wastewater treatment plants (UWTPs) are poorly effective to degrade CECs, inactivate 

pathogens and limit the spread of antibiotic resistance. Additional treatment 

technologies for simultaneous degradation of micropollutants and inactivation of 

pathogens and resistant microorganisms from urban wastewater are highly 

recommended. Advanced oxidation processes (AOPs) are among the promising 

alternatives capable of meeting these requirements. Among the AOPs, heterogeneous 

Fenton-like oxidation processes (HFOPs) relying on non-radical based mechanisms 

have attracted increasing attention for tertiary urban wastewater treatment and reuse in 

irrigation because of the ability to preserve maximum nutrients and carbon, and because 

of their powerful, low-cost, and easy-to-manage characteristics.  

In this context, a HFOP based on the copper oxide (CuO) catalyzed peroxydisulfate 

(PDS) system was investigated because diverse radical and non-radical mechanisms 

have been proposed for this system. Therefore, the deep mechanism investigation was 

first carried out. Then, the performances of this system in the degradation of 

micropollutants, inactivation of pathogens, and reduction of antibiotic resistance in 

urban wastewater were evaluated in batch mode, respectively. Finally, from the point 
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of view of the pilot-scale application of this system, CuO particles can be implemented 

in a packed fixed bed to provide the necessary contact time between a liquid to be 

treated and CuO particles. Millimeter-sized CuO pellets were employed instead of 

micro-sized CuO particles to avoid the catalyst release, to comply with the requirement 

of limiting the pressure drop inside the column, and to prevent potential clogging 

problems. Thus, the performances of decontamination and disinfection of secondary 

treated urban wastewater were evaluated by persulfate oxidation activated by 

millimetric CuO pellets in a packed fixed-bed column. 

Given what has been said, this work has been structured in the following form: 

Chapter 1 first briefly introduces the water scarcity and related regulations and available 

technologies for wastewater reuse in irrigation, then mainly describes the literature 

knowledge of AOPs that have been widely used including ozonation and ultraviolet 

irradiation based AOPs, and have received the most attention including photo-Fenton 

and heterogeneous Fenton-like oxidation processes. 

Chapter 2 is written as a scientific article “Peroxydisulfate activation process on copper 

oxide: Cu(III) as the predominant selective intermediate oxidant for phenol and 

waterborne antibiotics removal”. It describes the degradation kinetics and 

transformation mechanisms of phenol and targeted antibiotics in the CuO/PDS system. 

The article also reported the stability and reusability of this system in batch mode 

Chapter 3 is written as a scientific article “Copper oxide / peroxydisulfate system for 

urban wastewater disinfection: Performances, reactive species, and antibiotic resistance 

genes removal”. It describes the raw and secondary treated urban wastewater 

disinfection performance and bacterial regrowth during storage, the role of reactive 

species in pathogens inactivation, and removal efficiency of resistant microorganisms 

in secondary treated urban wastewater.   



13 

 

Chapter 4 is written as a scientific article “Peroxydisulfate activation by CuO pellet in 

a fixed-bed column for antibiotics degradation and urban wastewater disinfection”. It 

describes the working mode of a packed fixed-bed column filled with CuO pellet under 

various operating conditions, such as varying flow rates, initial persulfate and phenol 

concentrations. Then, it also reported the removal efficiency of antibiotics and 

pathogens by this system. Finally, the stability of the packed CuO fixed-bed column 

was discussed.  

Chapter 5 describes the conclusions and perspectives of this thesis. 
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1. Water scarcity  

Water scarcity is recognized worldwide as one of the most pressing environmental 

issues of this century, and the water stress by country is shown in Figure 1 [1].  About 

70% of global freshwater is supplied for agricultural irrigation (Figure 2) [2]. 

Wastewater reuse for agricultural irrigation is a growing practice to alleviate the 

demand pressure on freshwater sources, moderate water pollution, and reduce the use 

of additional fertilizers resulting in savings for the environment, wastewater 

treatment, and farmers [3,4].  

 

Figure 1. Water stress by country [1]. 

 

Figure 2. Sectoral water withdraws comparison in the different regions [2]. 

2. Wastewater reuse in irrigation  

2.1. Guidelines and regulations 
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Wastewater reuse can pose risks to public health if treatment, storage and piping are not 

adequate [3,5]. The main risk, in particular in some poor and developing countries, is 

related to the consumption of foods contaminated with pathogenic microorganisms 

from the reuse of untreated or inadequately treated wastewater for agricultural irrigation 

[5,6]. To protect public health, regulations and guidelines about the reuse of treated 

wastewater for irrigation are enacted, such as World Health Organization (WHO) 

Guidelines for Safe Use of Wastewater, Excreta and Greywater [7], Environmental 

Protection Agency (EPA) and the United States Agency for International Development 

(USAID) Guidelines for Wastewater Reuse [8], and the European Union (EU) 

Regulation 2020/741[9]. Most guidelines put heavy emphasis on microbial standards, 

the performance target for the treatment chain is expressed in terms of log10 pathogens 

reduction from raw wastewater to reclaimed wastewater. Specifically, the health-based 

target in WHO’s 2006 guideline [7], for unrestricted and localized irrigation (i.e., lettuce 

and onion), can be achieved by 6-7 log unit reduction of rotavirus. While, to comply 

with EU Regulation 2020/741[9], the performance target of the treatment chain is for 

the most stringent reclaimed water quality class (Class A: all food crops consumed raw 

where the edible part is in direct contact with reclaimed water and root crops consumed 

raw), by monitoring the indicator microorganisms associated with each group of 

pathogens (i.e., bacteria, viruses, and protozoa) as shown in Table 1, which is also the 

regulatory basis of this work. 

Table 1. Performance target for reclaimed water use in agricultural irrigation in EU 

2020/741 [9]. 

Indicator microorganisms (*) 
Performance targets for the treatment 

chain (log10 reduction) 

 E. coli ≥ 5.0  

Total coliphages/F-specific 
coliphages/somatic coliphages/coliphages 

(**) 
≥ 6.0 

Clostridium perfringens spores/spore-
forming sulfate-reducing bacteria (***) 

≥ 4.0 (in case of Clostridium 
perfringens spores) 
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≥ 5.0 (in case of spore-forming 
sulfate-reducing bacteria) 

(*) The reference pathogens Campylobacter, Rotavirus and Cryptosporidium may 
also be used for validation monitoring purposes instead of the proposed indicator 
microorganisms. The following log10 reduction performance targets shall then apply: 
Campylobacter (≥ 5,0), Rotavirus (≥ 6,0) and Cryptosporidium (≥ 5,0). 
(**) Total coliphages is selected as the most appropriate viral indicator. However, if 
analysis of total coliphages is not feasible, at least one of them (F-specific or somatic 
coliphages) shall be analyzed. 
(***) Clostridium perfringens spores is selected as the most appropriate protozoa 
indicator. However, spore-forming sulfate-reducing bacteria are an alternative if the 
concentration of Clostridium perfringens spores does not make it possible to validate 
the requested log10 removal. 

 

Since effective disinfection processes are typically included in the treatment train in 

some developed countries, the concerns tend to shift from microbial risk to 

contaminants of emerging concerns (CECs), such as pesticides, pharmaceuticals, 

hormones, personal care products, and resistant microorganisms, such as antibiotic-

resistant bacteria and antibiotic resistance genes (ARB&Gs) [5,10]. CECs could exert 

toxic effects on human and aquatic life even at low concentrations. Particularly, some 

CECs, such as antibiotics, can cause selection pressure. Some antibiotics-sensitive 

microorganisms are eliminated, but some resistant cells can overcome the adverse 

effects of antibiotics and obtain antibiotic resistance [11]. Antibiotic resistance leads to 

higher medical costs, prolonged hospital stays, and increased mortality when humans 

are infected [12]. Therefore, ARB&Gs have been recognized by WHO as one of the 

major challenges for human health in 2015 even though they are not currently included 

in any international regulation [12]. 

2.2.Urban wastewater treatment technologies 

Conventional urban wastewater treatment plants (UWTPs) that consist of primary and 

secondary treatment processes can effectively address typical parameters set in 

wastewater reuse regulation and guidelines, such as biochemical oxygen demand 
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(BOD5 ≤ 10 mg/L), total suspended solids (TSS ≤ 10 mg/L), turbidity (≤ 5 NTU) [5,13]. 

However, UWTPs are poorly effective to comprehensively inactivate a broad range of 

pathogenic microorganisms, remove chemical emerging contaminants, and limit the 

spread of antibiotics resistance (ARB&Gs) [5,10,14]. To achieve the safe reuse of 

wastewater in agricultural irrigation, additional effective wastewater treatment 

technologies are highly recommended. 

Traditional disinfection methods such as chlorination, ultraviolet (UV) irradiation 

treatment, and peracetic acid (PAA) have been widely applied as tertiary treatment for 

water disinfection, however, their limitations are still remaining. For example, 

chlorination is not efficient for cryptosporidium removal together with the well-known 

problem of unhealthy disinfection by-products (DBPs) generation, such as 

trihalomethanes and haloacetic acids, due to chlorine reacts readily with a wide range 

of organics [15,16]. PAA has shown poor effectiveness in removing enteric viruses, and 

potential microbial regrowth [17,18]. More importantly, neither the disinfectants 

(chlorination, PAA) nor UV-C is effective for the removal of emerging contaminants 

[5,19]. On contrary, adsorption on activated carbons as one additional treatment 

coupling with UWTPs presented excellent removal performance of CECs due to its 

high surface area [5,20–22]. But it is clearly established in the literature that it is poorly 

effective for the removal of pathogens as well as ARB&Gs [23,24]. In terms of 

simultaneous degradation of micropollutants, inactivation of pathogens, and reduction 

of resistant microorganisms (i.e., ARB&Gs) from wastewater, membrane filtration 

[5,25,26] and advanced oxidation processes (AOPs) [27–31] are possible options. 

CECs can be efficiently removed by nanofiltration and reverse osmosis, however, poor 

removal performance by ultrafiltration and microfiltration, in addition, membrane 

fouling and possible permeate flux decreasing is a major issue, which may need 

expensive cleaning and regeneration schemes [5,25,26]. Thereupon, AOPs are 

considered as promising technologies for urban wastewater treatment to meet the 

minimum quality requirements for wastewater safely reuse in agricultural irrigation. 
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3. Advanced oxidation processes 

AOPs were first proposed in the 1980s for potable water treatment and later were 

widely applied for the treatment of different wastewaters [32,33]. AOPs mainly rely on 

the highly reactive oxygen species (ROS) generated from photocatalysis, 

electrochemistry, or peroxides, which can initiate the oxidation reaction in water to 

degrade micropollutants and damage microorganisms [34]. For chemical oxidation 

based-AOPs, ozone (O3), hydrogen peroxide (H2O2), and persulfate (PS) are the most 

commonly used oxidant precursors [27,33]. Various oxidants activation methods, such 

as heat, ultraviolet, alkaline, transition metals, and carbonaceous materials, have been 

applied to generate ROS more efficiently [33,35,36]. A possible classification of AOPs 

includes two groups: homogeneous AOPs and heterogeneous AOPs.  

3.1. Homogeneous AOPs 

Here, the homogeneous AOPs employ O3, H2O2, and persulfate, including 

peroxydisulfate (PDS, S2O8
2-) and peroxymonosulfate (PMS, HSO5

-)) are mainly 

discussed.  

3.1.1. Ozone-based AOPs 

Ozone is a strong oxidant with a high redox potential (E0 = 2.1 V) and can oxidize 

inorganic and organic substances, inactivate pathogens and ARB&Gs from water 

[22,29,37–39]. Ozonation of contaminants are processed via two ways: direct reaction 

by O3 molecule, which preferentially reacts with the ionized and dissociated form of 

organic compounds, and indirect oxidation by hydroxy radical (•OH), which was 

generated from O3 (Eq. (1)) to initiate the indiscriminate oxidation [33,38].  

3O!" + H#O $ 2 O"
� H + 4O#  (1) 

Ozone act as a disinfectant and as an oxidant has been applied at full-scale as tertiary 

treatment of urban wastewater to remove micropollutants and microorganisms in many 
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industrialized countries before discharge into the environment [38]. Switzerland is 

among the first to implement ozonation in full-scale and plans to upgrade about 100 out 

of 700 wastewater treatment plants [40]. Generally, an ozonation system is 

implemented after the activated sludge treatment where dissolved organic carbon (DOC) 

is lowest to minimize the ozone consumption, and followed by at least a biological 

filtration step (e.g., sand, biological activated carbon filtration) to remove 

biodegradable organic carbons (BDOC) generated as a consequence of the reaction of 

ozone and dissolved organic matters (DOM) and to prevent the regrowth of pathogenic 

bacteria after ozonation [38].  

Micropollutant abatement is one important objective of ozone in wastewater treatment. 

Rizzo et al. recently reviewed the abatement kinetics of CECs at commonly applied 

specific ozone doses (0.4–0.6 g O3/g DOC) and classified them into three categories, 

as shown in Table 2 [41]. CECs of group A, including azithromycin, bisphenol-A, 

carbamazepine, ciprofloxacin, clarithromycin, diclofenac, erythromycin, metoprolol, 

sulfamethoxazole, and the hormones 17‑alpha‑ethinylestradiol and 17‑beta‑estradiol, 

that predominantly react with ozone because their electron-rich moieties highly react 

with ozone [41]. The selectivity of the ozone reactivity is still decisive for the abatement 

of CECs of group B, including benzotriazole, bezafibrate, mecoprop and 

methylenbenzotriazole [41]. CECs of group C (i.e., acesulfame, iopromide and 

primidone) react too slowly with ozone to be eliminated and are considered as ozone-

resistant, their reactivity was suggested to be influenced by their reaction of •OH 

[38,41,42]. 

Table 2. Categorization of CEC according to their abatement during ozonation of 

biologically treated wastewater (0.4–0.6 g O3/g DOC) and their reactivity with ozone 

[41]. 
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To increase the utilization efficiency of ozone and to enhance the efficiency of organic 

pollutants mineralization, catalytic ozonation processes have been applied, peroxone 

process (O3/H2O2, Eq. (2)- (3)) and photolysis of ozone with UV light (UV/ O3, Eq. (4)- 

(5)) are the best-known ozone-based AOPs [38,43]. 

H#O# $ HO#
% + H&    (2) 

HO#
% + O!" $ O"

� H + O#
% + O#  (3) 

O!" + H#O + '( $ H#O# + O#   (4) 

H#O# + '( $ 2 O"
� H   (5) 

However, ozonation may result in the oxidation by-products deriving from the 

wastewater matrix, such as N‑nitrosodimethylamine (NDMA) and bromate, and the 

formation of transformation products (TPs) resulting from the oxidation of CECs, and 

these TPs maybe not susceptible to ozone and can be even more toxic than the initial 

compounds [29,41]. The subsequent biological filter treatment step can be used to 

reduce the effluent toxicity.  

Overall, the ozonation combined with a biological filter can be a good option for large 

UWTPs to simultaneously effectively degrade a wide range of CECs as well as limit 

the toxicity of its TPs and remove the abundance of pathogens as well as the ARB&Gs. 

For example, for a large UWTP (10,000 to 500,000 person equivalents) and DOC 

contents (6 to 20 g DOC m−3), considering the capital investment and annual operation 

cost including post-filtration step, the total costs of ozonation were estimated to range 

between 0.05 and 0.15 € m−3, depending on plant size and secondary effluent quality 

[38]. However, ozonation is generally only used at medium to large-sized plants after 

at least secondary treatment and is not economical for wastewater with high levels of 

organic carbon [27,44]. However, it should be noted that for wastewater reuse in 
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irrigation, in order to save transportation costs, the decentralized and small-sized 

UWTPs near farmland in the suburbs or rural areas are the priority, thus ozonation is 

not considered in this study.  

H2O2, PMS, and PDS-based homogeneous AOPs have been studied for water and 

wastewater treatment over past decades and exhibited effective degradation of a broad 

range of micropollutants, inactivation of pathogens, and reduction of ARB&Gs from 

urban wastewater [5,19,27,45–51]. Reactive species, such as free •OH, sulfate (SO4
•−), 

and superoxide ion radicals (•O2
−) are usually believed as the primary ROSs and can be 

produced by different activation methods, such as UV, transition metal ions, 

complexing agents. 

3.1.2. UV/ H2O2 and UV/PS 

Conventional UV lamps use of mercury have widely applied for urban wastewater 

disinfection, which can effectively inhibit cell replication by damaging their DNA [17]. 

The application of light emitting diodes (LED) make UV-C LED very promising for 

water disinfection since they are much cheaper, smaller, lighter, and less fragile than 

traditional mercury vapor lamps [5,52]. Single UV can effectively degrade some 

organic contaminants but at high dose (> 10, 000 mJ/cm2), such as high abatement 

efficiency (>85%) of sulfonamides, quinolones, NDMA, herbicides and pesticides from 

water [5,53,54], however, it exhibited low removal capacity for most CECs [54,55].  

In combination with peroxides (e.g., H2O2, PS), UV-based AOPs leading to the 

formation of and •OH and SO4
•− through the fission of O-O bond by energy input of UV 

as presented in Eq. (5) - (7), or through photolysis of water (Eq. (8)) at a UV less than 

242 nm [33,55], can significantly enhance the micropollutants degradation and 

pathogens inactivation efficiency in water [56–58]. 

HSO)
% + '( $ "SO*

�% + O"
� H   (6) 
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S#O,
#% + '( $ "2SO*

�%   (7) 

H#O + '( $ " O"
� H + H�   (8) 

However, for wastewater application, since turbidity and TSS can drastically decrease 

UV efficiency, UV irradiation requires extensive secondary treatment and conventional 

depth filtration (e.g., sand filtration) to reach a recommended water transmittance value 

over 50% and probably it is not adapted to open treatment systems (e.g., lagoons or 

constructed wetlands) where green colored microscopic algae can grow [5,15]. More 

importantly, the efficiency of those technologies is decreased in wastewater since the 

radicals are easily scavenged by DOM, and the toxic and sensory-unpleasant TPs are 

commonly generated during UV-AOPs of organic micropollutants and DOM [59,60]. 

These are all potential barriers to their practical applications.  

3.1.3. Photo Fenton and Fenton-like AOPs 

Compared with energy input activation methods (e.g., UV), transition metal ions, such 

as ferrous ions (Fe2+), exhibited the advantages of low energy consumption and strong 

activity. The classical Fenton reaction describes the activation H2O2 of by dissolving 

Fe2+ in solution to generate •OH (Eq. (9)) [61]. Fe2+ is also efficient for PMS and PDS 

activation (Eq. (10)-(12)) [62]. 

Fe#& + H#O# $ Fe!& + OH% +" O"
� H"-""""""k = 40 . 80"M%/s%/   (9) 

Fe#& + HSO)
% $ Fe!& + SO*"

�% + OH%-""""""k = 3 × 10*"M%/s%/   (10) 

Fe#& + HSO)
% $ Fe!& + O"

� H + SO*
#%   (11) 

Fe#& + S#O,
#% $ Fe!& + SO*"

�% + SO*
#%-""""""k = 30"M%/s%/   (12) 

The formed ferric ion (Fe3+) is a major limitation of homogeneous Fe-based AOPs 

because it starts to precipitate in the form of ferric hydroxides when pH is higher than 

3 [62]. Even though the regeneration of Fe2+ occurred in the system, noted as Eq. (13), 

but its reaction rate is much slower than the oxidation of Fe2+, and the steady 

accumulation of Fe3+ can cause heavy iron sludge production. 



24 

 

Fe!& + H#O# $ Fe#& + HO#"
� + H&"-"""""""""k# = 05001 . 0501"M%/s%/   (13) 

Therefore, homogeneous Fe-based AOPs are limited for practical application because 

of the strict low pH operation condition and heavy iron sludge production [51,61]. To 

overcome the disadvantages of the conventional Fenton process, apart from using the 

appropriate ratio of iron ions to oxidants, adding Fe solution sequentially, photo-Fenton 

processes were widely studied, which can enhance the reduction of Fe3+ to Fe2+ and 

improve the generation of generate •OH, as presented in Eq. (5), (9), and (14) [33,62–

65].  

Fe!& + H#O + '( $ Fe#& + O"
� H + H&"   (14) 

With the addition of irradiation, less H2O2 and Fe2+ consumption leading less iron 

sludge production compared with the conventional Fenton process [63]. Besides, photo-

Fenton can use sunlight instead of UV light to save energy costs and to make the process 

sustainable [30,63]. Nevertheless, the strict acidic working pH problem of photo-

Fenton processes still exists. Under these circumstances, to take advantage of the good 

performance of the photo-Fenton process, one possible way to improve this process to 

work at wider pH is to introduce chelating agents (L), such as oxalate,  

ethylenediamine-N, N’-disuccinic acid (EDDS), to the solar photo-Fenton system to 

solubilize Fe3+ to form Fe(III) complex, as noted in Eq. (15), which can absorb UV–vis 

light and undergo photochemical reductions leading to Fe2+ ions to realize the Fe redox 

cycle, as presented in Eq. (16) [64]. 

Fe!& + L $ [Fe!&L]"   (15) 

[Fe!&L] $ Fe#& + L�"   (16) 

 

For example, Maniakova et al., recently reported efficient simultaneous removal CECs 

and pathogens from urban wastewater by solar driven photo-Fenton with the addition 

of EDDS [30]. However, the cost of the chelator, the biodegradability and ecotoxicity 
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of the complex formed, and the strong weather variation effects of solar photo-Fenton 

processes should be considered. In addition, one limitation is the low volume able to be 

treated by this photo-Fenton even when using raceway open reactors [30,65]. 

Another method to overcome the processing and economic constraints associated with 

homogeneous Fenton and Fenton-like oxidation processes, such as recycling difficulty, 

acidic working pH, and iron sludge production, is to make use of recyclable solid 

catalysts instead of iron metal ions [63], which defined as heterogeneous Fenton and 

Fenton-like oxidation processes (HFOPs).  

3.2. Heterogeneous Fenton-like oxidation processes 

HFOPs using transition metal oxides, such as iron oxides, copper oxides (CuO), and 

manganese (MnO2), as catalysts have drawn increasing attention recently to degrade 

organic contaminants and inactivate pathogens effectively due to their low cost, 

relatively low toxicity levels, high catalytic activity and easy methods for recovery and 

scale-up [27,66–69]. However, there has been a long-term debate on the peroxide’s 

activation pathways and the produced intermediate oxidants (e.g., radicals, singlet 

oxygen, catalysts - peroxide complexes, high valent metal ions) in HFOPs [66,70,71]. 

3.2.1. Radical-based systems 

•OH (E0 (•OH) = 1.9−2.7 V) and SO4
•− (E0 (SO4

•−) = 2.5−3.1 V) with high redox 

potential are long recognized as the responsible reactive species in HFOPs to degrade 

organic pollutants and inactivate pathogens [27,66,67,72]. Using iron oxides as 

examples, the possible surface bound radicals-based activation pathways (Figure 3) in 

HFOPs are similar to homogeneous peroxide activation (Eq. (9)-(11)) [73–75]. 
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Figure 3. The activation pathways initiated by the (a) magnetite activated H2O2 [73] 

and (b) hematite activated PMS processes [74]. 

•OH is known as non-selective species that can degrade a wide range of organic 

contaminants, while SO4
•− has a higher redox potential of key radical species (E0 (SO4

•−) 

= 2.5−3.1 V > E0 (•OH) = 1.9−2.7 V), a longer half time (3-4 ×10-5 s > 2 ×10-8 s), a 

wider working pH range (pH = 2.0-8.0), and higher selectivity to the electron-rich 

compounds via a single electron transfer pathway [36,76]. However, both radicals can 

be quenched by organic matter, moreover, the oxidation by SO4
•− favors the direct 

electron abstraction and can transform some anions (e.g., Cl- and NO2
-) into their 

corresponding radicals potentially leading to troublesome chlorinated and nitrated TPs 

[48,77]. It should be noted that the HFOPs with the purpose to remove micropollutants, 

pathogens, and antibiotic resistance are widely applied as the last barrier in the 

wastewater reclamation train after carbon and nutrients removals. However, in 

irrigation application, what is needed is a technology that can work in presence of high 

contents of dissolved organic matter and nutrients because both are valuable agronomic 

parameters to be preserved [4]. Thus, HFOPs relying on radical-based mechanisms 

undergo efficiency losses in organic-rich wastewater such as urban wastewater due to 

the competing organic/inorganic constituents of water [48] and due to the difficulty in 
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the regeneration of active sites on the surface of the catalyst due to the energetically 

unfavorable metal ion redox cycle [69].  

In contrast to radical-based processes, the non-radical oxidative pathway is much more 

selective than radicals, accounting for the only removal of electron-rich organic 

contaminants (e.g., phenols and anilines) [78,79]. In addition, the mild non-radical 

based processes consume less amount of oxidant and are less influenced by the 

competing organic/inorganic constituent in urban wastewater, thereby limiting the 

formation of hazardous TPs.  

3.2.2. Non-radical-based systems 

The non-radical pathway including (1) oxidant surface metastable complexes over the 

catalyst, (2) singlet oxygen (1O2), and (3) the high valent metal-oxo oxidant species 

have been proposed for HFOPs [36,69,70,80]. 

(1) Surface activated complexes 

Surface activated complexes result from the interaction between catalyst and oxidant 

through an outer-sphere surface complexation [78,79]. Surface activated complexes 

have not been reported on single iron oxides yet but on FeMn composite oxide and 

layered CuFe oxide [81,82]. As shown in Figure 4a, the activated PDS acted as a two-

electrons transfer oxidant that directly accepts electrons from organic pollutants 

through an electron shuttle material leading to sulfate anions (SO4
2-) release [78,79]. To 

the best of our knowledge, the investigation of surface activated complexes has only 

been reported in the field of organic contaminants degradation. 
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Figure 4. (a) Surface activated complexes and (b) singlet oxygen-based processes 

[78,83].  

(2) Single oxygen  

Certain recent studies have reported the occurrence of 1O2 as another type of non-radical 

process as previously reported in the HFOPs [83–86]. •O2
− might function as a precursor 

for the generation of 1O2 through •O2
−oxidation or disproportionation reactions, as 

shown in Eq. (17) and Figure 4b.  

2�O#
%"+2H#O $ O#"

/ + H#O# + 2OH
%    (17) 

The 1O2-based systems are very known for their resistance to background substances in 

the water matrix and for inactivating a wide range of bacteria and viruses as a potential 

disinfectant due to its oxidation capacity of proteins and DNA [87–89]. However, 1O2 

based systems have been regarded to be poorly efficient because 1O2 is rapidly 

quenched by water [90,91].  

(3) High valent metal ions  

High valent metal ions, such as ferryl ions (Fe(IV)) and cupryl ions (Cu(III)) have been 

also recently suggested and proved to be the working oxidant in homogeneous (Figure 

5a and b) and heterogeneous (Figure 5c and d) Fenton and Fenton-like processes [92–

96]. 
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Figure 5. The formation of ferryl ion in (a) Fe(II)/PDS, (c) Fe(III) doped g-C3N4/PMS, 

and cupryl ion in (b) Cu(II)/PMS, (d) CuO-Fe3O4/PDS systems [94,96–98]. 

As shown in Figure 5a, the generated ferry oxo (FeIVO2+) is a powerful oxidant that can 

react with inorganic ions and organic compounds (e.g., aromatic substrates and aliphatic 

alcohols) through electron or atom (hydride, hydrogen, or oxygen) transfer, it can also 

oxidize sulfoxide to sulfone, which is the specific reaction associated to Fe(IV) and 

Cu(III) [96]. The generation of Cu(III) in a highly electron deficient state offers the 

highest redox potential for PMS activation (E0Cu(III)/Cu(II) = 2.3 V) that can oxidize 

electron-rich organic contaminants [94,99] or decompose into •OH, depending on the 

water pH value [100]. Fe(IV) and Cu(III) have also been identified as the working 

species in HFOPs during PS activation by using Fe(III) doped g-C3N4 and CuO-Fe3O4 

[97,98]. However, it has not been reported yet on single iron oxide or copper oxide. In 

addition to the electron-rich compounds degradation capacity, Cu(III) also exhibited 

excellent antimicrobial activity, especially against viruses [101,102]. 

Therefore, this study aimed to contemplate the possibility to implement a HFOP relying 

on more selective reactive species than sulfate and hydroxyl radicals, which might work 

in organic-rich wastewater for urban wastewater treatment in terms of micro-pollutant 
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degradation, pathogen inactivation, and reduction of antibiotic resistance. CuO was 

selected as the heterogeneous catalyst because it has a similar redox behavior to iron 

oxide, but has been less studied and has more diverse activation pathways [69]. In 

addition, CuO in form of nanoparticles exhibits effective antimicrobial activity [103–

106]. PDS was selected as the working oxidant taking into consideration its lower costs 

of storage and transportation due to the availability and stability of peroxydisulfate salts 

(0.74 $/kg of PDS vs. 1.5 $/kg of H2O2 vs. 2.2 $/kg of PMS) [48].  

4. Fixed-bed column 

The evaluation of the performances of HFOPs presented in the literature and cited 

throughout this introduction is carried out in its vast majority by working on very small 

quantities of solid materials of nano or micrometric characteristic dimension, 

suspended in the solution to be treated and placed in closed reactors operating in batch 

mode [75,78,79,84,107]. These conditions are ideal and perfectly adapted to 

mechanistic and kinetic studies at the laboratory scale. In such systems that can be 

considered as perfectly stirred, the concentrations are uniform, the adopted particle 

sizes are by definition favorable to obtain high reaction rates due to a large 

effluent/catalyst contact surface. Nevertheless, a complete evaluation of the feasibility 

of a process whose aim is to be applied in a water treatment plant requires to be 

evaluated according to the continuous flow operating mode. In the case of solid/liquid 

two-phases systems, a common design for this type of operation in process engineering 

is the packed fixed bed. It is the standard in filtration processes [108], it is commonly 

used in adsorption separation processes [109] and reaction catalysts [110], but it has 

been scarcely studied in advanced oxidation [111–116]. To our knowledge, in this 

configuration, only one study has been done on the copper oxides in the case of a 

column of small size filled with nanoparticles deposited on alumina beds [117]. 

5. Aims  
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Therefore, the main aim of this thesis is to investigate the heterogeneous Fenton-like 

system based on copper oxide and peroxydisulfate for urban wastewater treatment in 

terms of simultaneous decontamination and disinfection as well as limit the spreading 

of antibiotic resistance to meet the minimum safety irrigation quality requirements.  

The specific aims of this study were to: 

1) Explore the mechanisms of the CuO/PDS system, and evaluate the selectivity and 

applicability of this system to CECs in batch mode. Phenol was first selected as the 

probe pollutant. Kinetic studies, identification of reactive species by using 

scavengers, identification of TPs by liquid chromatography-high resolution-mass 

spectrometry (LC-HRMS) and the elucidation of transformation pathways were 

carried out to unveil the mechanisms. Then, the effects of operating parameters such 

as reusability in wastewater were investigated. Finally, antibiotics (i.e., cephalexin 

(CFX), ciprofloxacin (CIP), clarithromycin (CLA), and sulfamethoxazole (SMX)) 

as representatives of CECs were applied to this system (Chapter 2). 

2) Evaluate the performances of the CuO/PDS system in terms of inactivating a broad 

range of pathogenic microorganisms, antibiotic-resistant bacteria, and antibiotic-

resistance genes in urban wastewater in batch mode. To achieve this purpose, the 

disinfection performance of this system was firstly evaluated and compared with 

chlorination as a reference of conventional disinfectant and thermally activated PDS 

as a reference of sulfate radical-based disinfection process by using Escherichia 

coli (E. coli), Enterococcus, F-specific RNA coliphages, and spores of sulfite-

reducing bacteria as pathogenic indicators. In addition to secondary treated urban 

wastewater (STWW), raw wastewater was also collected and disinfected to 

contemplate the possibility of applying this system in the areas that lack well-

equipped UWTPs. Then, the predominant reactive species were identified to better 

understand the system. Last but equally importantly, the abundance reduction of 

selected ARB&Gs was evaluated (Chapter 3). 
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3) Demonstrate the feasibility of continuous treatment of emerging contaminants and 

pathogens contained in urban wastewater treatment. In order to do this, we firstly 

performed a comprehensive experimental study using the simplest solution to be 

treated that consisted of phenol in distilled water to determine the effect of 

operational parameters, such as the inflow PDS concentration, flow rate, and to 

better understand the working mode of this new process. The decontamination and 

disinfection performances of STWW were investigated by using a mixture of 

antibiotics (i.e., CFX, CLA, SMX, amoxicillin (AMX), and ofloxacin (OFL)) and 

the same pathogenic indicator as to the batch mode. Cu(II) leaching analysis and 

the characterization of CuO pellet before and after treatment by scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) were conducted at the end for 

catalyst stability evaluation (Chapter 4). 

To end, the global objective will be to achieve enough data and certainty to be able to 

estimate according to quantitative and qualitative facts the possibility to develop, at 

mid-term, a robust and low-cost HFOP based on CuO and PDS is adapted for advanced 

wastewater treatment system. Such a process has, ideally, to be able to perform 

simultaneously micropollutants degradation, pathogens inactivation, as well as 

antibiotic resistance reduction, while preserving the maximum amount of carbon and 

nutrients. 
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Table S1. List of previously identified transformation products of phenol under sulfate and 

hydroxyl radical-based advanced oxidation [1], under superoxide radical [2] and singlet oxygen 

reactivity [3]. 

Compound Formula  
Monoisotopic 

mass 
[M - H]- 

Phenol C6H6O 94.0419 93.0341 

Phenoxyphenol C12H10O2 186.0681 185.0603 

Benzaldehyde  C7H6O  106.0419 105.0341 

p-Benzoquinone  C6H4O2  108.0211 107.0133 

Hydroquinone  C6H6O2  110.0368 109.0290 

Catechol  C6H6O2 110.0368 109.0290 

Resorcinol  C6H6O2 110.0368 109.0290 

3-Hydroxybenzaldehyde  C7H6O2  122.0368 121.0290 

p-Hydroxybenzoic acid  C7H6O3  138.0317 137,0239 

3,4-Dimethyl-benzoic acid  C9H10O2  150.0681 149.0603 

Resorcinol monoacetate  C8H8O3  152.0473 151.0395 

2-Isopropylphenol  C9H12O2 152.0837 151.0759 

Phenol, 5-methyl-2-(1-

methylethyl)-acetate  
C12H16O2 192.1150 191.1072 

2-Chlorophenol C6H6ClO 128.0029 126.9951 

2,4-Dichlorophenol C6H4Cl2O 161.9639 160.9561 

2,2-Dimethyl-3-hexanone  C8H16O 128.1201 127.1123 

2-Ethyl-4-methyl-benzoic acid C8H18O  130.1358 129.1280 

 

Table S2. Major physico-chemical properties of the investigated secondary treated domestic 

wastewater after filtration on 0.45 µm cellulose filter. 

Parameter pH HCO3
- Cl- NO3

- SO4
2- TOC Cu 

Value 7.8 514.3 195.3 12.9 58.9 12.65 3.75 
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mg/L mg/L mg/L mg/L mg/L µg/L 

 

Table S3. Cu leaching from CuO in wastewater (WW) during phenol degradation in CuO/PDS 

system. [CuO] = 10 g/L; [PDS] = 1 mM; [phenol] = 20 mg/L. 

Time (h) 
[Cu] (mg/L) 

1 mM PDS 0.1 mM PDS 

0 0 0 

0.5 0.35 0.11 

1 0.41 0.10 

2 0.35 0.10 

24 0.27 0.21 

 

Table S4. List of previously identified transformation products of cephalexin (CFX) under 

different oxidative systems [4–9]. 

Compound Formula 
Monoisotopic 

mass 
[M + H]+ 

CFX C16H17N3O4S 347.0940 348.1018 

TP336 C15H17N3O4S 335.0940 336.1018 

TP364 C16H17N3O5S 363.0889 364.0967 

TP207 C11H14N2O2 206.1055 207.1133 

TP386 C15H19N3O7S 385.0944 386.1022 

TP370 C15H19N3O6S 369.0995 370.1073 

TP327 C14H18N2O5S 326.0936 327.1014 

TP194 C6H11NO4S 193.0409 194.0487 

TP176 C6H8NO3S 175.0303 176.0381 

TP159 C6H8NO2S 158.0276 159.0354 

TP140 C7H7O3 139.0395 140.0473 

TP151 C8H10N2O 150.0793 151.0871 

TP137 C8H8N2O 136.0524 137.0602 

TP105 C3H4O3 104.0110 105.0188 

TP103 C5H10O2 102.0681 103.0759 

TP101 C5H8O2 100.0524 101.0602 

TP104 C3H5NOS 103.0092 104.0170 

TP86 C3H3NO2 85.0164 86.0242 

TP75 C2H6N2O 74.0480 75.0558 
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TP61 C2H4O2 60.0211 61.0289 

TP200 C8H9NO3S 199.0303 200.0381 

TP136 C8H9NO 135.0684 136.0762 

TP101 C5H8O2 100.0524 101.0602 

TP74 C3H7NO 73.0528 74.0606 

TP71 C4H6O 70.0419 71.0497 

TP186 C8H11NO2S 185.0510 186.0588 

TP188 C8H13NO2S 187.0667 188.0745 

TP144 C7H13NS 143.0769 144.0847 

TP146 C7H15NS 145.0925 146.1003 

TP86 C5H11N 85.0891 86.0969 

TP63 C2H6S 62.0190 63.0268 

TP121 C8H8O 120.0575 121.0653 

TP107 C8H10 106.0783 107.0861 

TP109 C8H12 108.0939 109.1017 

TP318 C15H15N3O3S 317.0834 318.0912 

TP265 C14H20N2OS 264.1296 265.1374 

TP334 C15H15N3O4S 333.0783 334.0861 

TP362 C16H15N3O5S 361.0732 362.0810 

TP378 C16H15N3O6S 377.0682 378.0760 

TP394 C16H15N3O7S 393.0631 394.0709 

TP412 C16H17N3O8S 411.0736 412.0814 

TP396 C16H17N3O7S 395.0787 396.0865 

TP346 C16H15N3O4S 345.0783 346.0861 

 

Table S5. List of previously identified transformation products of ciprofloxacin (CIP) under 

different oxidative systems [10-14]. 

Compound Formula 
Monoisotopic 

mass 
[M + H]+ 

CIP C₁₇H₁₈FN₃O₃ 331.1332 332.1410 

TP306 C15H16FN3O3 305.1176 306.1254 

TP263 C13H11FN2O3 262.0753 263.0832 

TP348 C17H18FN3O4 347.1281 348.1359 

TP315 C17H17FN3O2 314.1305 315.1383 

TP374 C17H15N3O7 373.0910 374.0988 

TP389 C17H14N3O8 388.0781 389.0859 
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TP321 C15H15FN3O4 320.1047 321.1125 

TP250 C12H12FN3O2 249.0914 250.0992 

TP345 C17H18N3O5 344.1246 345.1324 

TP360 C17H17N3O6 359.1117 360.1195 

TP332 C16H17N3O5 331.1168 332.1246 

TP348 C16H17N3O6 347.1117 348.1195 

TP378 C17H19N3O7 377.1223 378.1301 

TP344 C17H17N3O5 343.1168 344.1246 

TP316 C16H17N3O4 315.1219 316.1297 

TP288 C15H17N3O3 287.1270 288.1348 

TP245 C13H12N2O3 244.0848 245.0926 

TP330 C17H16FN3O3 329.1176 330.1254 

TP365 C17H19FN3O5 364.1309 365.1387 

TP346 C17H16FN3O4 345.1125 346.1203 

TP362 C17H16FN3O5 361.1074 362.1152 

TP334 C16H16FN3O4 333.1125 334.1203 

TP330 C17H19N3O4 329.1376 330.1454 

TP346 C17H19N3O5 345.1325 346.1403 

TP291 C14H11FN2O4 290.0703 291.0781 

 

Table S6. List of previously identified transformation products of clarithromycin (CLA) under 

different oxidative systems [15-18]. 

Compound Formula 
Monoisotopic 

mass 
[M + H]+ 

CLA C38H69NO13 747.4769 748.4847 

TP764 C38H69NO14 763.4718 764.4796 

TP762a C38H67NO14 761.4562 762.4640 

TP762b C39H71NO13 761.4925 762.5003 



64 

 

TP734 C37H67NO13 733.4612 734.4690 

TP590 C30H55NO10 589.3826 590.3904 

TP606 C30H55NO11 605.3775 606.3853 

TP576 C29H53NO10 575.3669 576.3747 

TP604 C31H57NO10 603.3982 604.4060 

TP780 C38H69NO15 779.4662 780.4740 

TP796 C38H69NO16 795.4611 796.4689 

TP812 C38H69NO17 811.4560 812.4638 

TP746 C38H67NO13 745.4607 746.4685 

TP622 C30H55NO12 621.3719 622.3797 

TP704 C36H65NO12 703.4501 704.4579 

TP705 C36H64O13 704.4341 705.4419 

TP732 C38H69NO12 731.4814 732.4892 

TP716 C37H65NO12 715.4501 716.4579 

TP764 C38H69NO14 763.4713 764.4791 

TP762 C38H67NO14 761.4556 762.4634 

TP591 C30H54O11 590.3661 591.3739 

TP433 C22H40O8 432.2718 433.2796 

TP431 C22H38O8 430.2561 431.2639 

TP403 C21H38O7 402.2612 403.2690 

TP387 C21H38O6 386.2663 387.2741 

TP359 C19H34O6 358.2350 359.2428 

TP329 C18H32O5 328.2244 329.2322 

TP327 C18H30O5 326.2088 327.2166 

TP325 C18H28O5 324.1931 325.2009 

 

 

Table S7. List of previously identified transformation products of sulfamethoxazole (SMX) 
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under different oxidative systems [19-23]. 

Compound Formula 
Monoisotopic 

mass 
[M + H]+ 

SMX C10H11N3O3S 253.0516 254.0594 

TP256 C9H9N3O4S 255.0308 256.0386 

TP270 C10H11N3O4S 269.0465 270.0543 

TP284 C10H9N3O5S 283.0257 284.0335 

TP503 C20H18N6O6S2 502.0724 503.0802 

TP519 C20H18N6O7S2 518.0673 519.0751 

TP99 C4H6N2O 98.0475 99.0553 

TP174 C6H7NO3S 173.0141 174.0219 

TP215 C8H10N2O3S 214.0407 215.0485 

TP296 C12H13N3O4S 295.0621 296.0699 

TP312 C12H13N3O5S 311.0570 312.0648 

TP268 C10H9N3O4S 267.0308 268.0386 

TP255 C10H10N2O4S 254.0356 255.0434 

TP239 C10H10N2O3S 238.0407 239.0485 

TP221 C10H8N2O2S 220.0301 221.0379 

TP179 C8H6N2OS 178.0195 179.0273 

TP176 C4H4N2O4S 175.9886 176.9964 

TP149 C2HN2O4S 148.9652 149.9730 
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Fig. S1. (a) Decomposition of PDS, (b) the degradation of phenol in presence of PDS, 

CuO, Fe3O4 and CuFe2O4 alone and (c) combined system in distilled water. [CuO µm] 

= [Fe3O4 µm] = [CuFe2O4 nm] = 10 g/L; [PDS] = 1 mM; [phenol] = 20 mg/L. 

 

Fig. S2. (a) Decomposition of PDS, (b) the adsorption of phenol on different types of 

copper oxides: CuO nm, CuO µm and CuO supported on alumina and (c) the 

degradation of phenol in different CuOs/PDS systems in distilled water. [CuOs] = 10 

g/L; [PDS] = 1 mM; [phenol] = 20 mg/L. 
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Fig. S3. (a) Degradation kinetics of phenol in CuO/PDS system in presence of different 

scavengers including methanol, anisole, nitrobenzene and p-benzoquinone and (b) in presence 

of neocuproine and hydroxylamine at neutral pH using a Tris buffer. [CuO] = 10 g/L; [PDS] = 

1 mM; [phenol] = 20 mg/L; [methanol] = 4.9 M; [anisole] = 18.5 mM; [nitrobenzene] = 19.4 

mM; [p-benzoquinone] = 18.5 mM; [hydroxylamine] = 0.19 mM; [neocuproine] = 0.06 mM. 

 

 

Fig. S4. Degradation kinetics of (a) PDS in presence of sodium azide (NaN3) and furfuryl 

alcohol (FFA) and (b) phenol in CuO/PDS system in presence of different scavengers including 

furfuryl alcohol and sodium azide (NaN3) at neutral pH using a Tris buffer. [CuO] = 10 g/L; 

[PDS] = 1 mM; [phenol] = 20 mg/L; [NaN3] = 100 mM; [furfuryl alcohol] = 20 and 100 mM. 
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Fig. S5. UV-vis absorbance spectra of CuO/PDS after the addition of molybdate salt for 

H2O2 detection at pH 7. [CuO] = 10 g/L; [PDS] = 1 mM; [phenol] = 20 mg/L. 

 

Fig. S6. HPLC-UV chromatograms at λ = 244 nm corresponding to the analysis of (a) analytical 

standard of p-benzoquinone (1 mg/L), (b) sample of phenol degradation in CuO/PDS system 

after 5 min treatment and (c) after standard addition of 1 mg/L p-benzoquinone. [CuO] = 10 

g/L; [PDS] = 1mM; [phenol] = 20 ppm. 
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Fig. S7. HPLC-UV chromatograms at λ= 254 nm corresponding to the analysis of (a) analytical 

standard of hydroquinone (1 mg/L) and (b) sample of phenol degradation in CuO/PDS system 

after 5 min treatment. [CuO] = 10 g/L; [PDS] = 1mM; [phenol] = 20 ppm. 

 

Fig. S8. The variation of peak areas of the detected TPs of phenol during the phenol degradation 

in CuO/PDS system. 
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Fig. S9. Degradation kinetics of phenol in CuO/PDS system in presence of nitrobenzene at 

neutral pH using a Tris buffer. [CuO] = 10 g/L; [PDS] = 1 mM; [phenol] = 20 mg/L; 

[nitrobezene] = 19.4 mM. 

 

Fig. S10. Extracted Ion Chromatograms (EIC) of (a) 4-chlorophenol analytical standard 

(500 µg/L), (b) of m/z = 126.9951 corresponding to 2-chlorophenol and 4-chlorophenol) 

and (c) of m/z = 160.9561 corresponding to 2,4-dichlorophenol). 
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Fig. S11. Extracted Ion Chromatograms (EIC) of detected cephalexin (CFX) 

transformation products.  

 

Fig. S12. Extracted Ion Chromatograms (EIC) of detected ciprofloxacin (CIP) 

transformation products.  
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Fig. S13. Extracted Ion Chromatograms (EIC) of detected clarithromycin (CLA) 

transformation products.  

 

Fig. S14. Extracted Ion Chromatograms (EIC) of detected sulfamethoxazole (SMX) 

transformation products.  
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Table S1. HPLC-UV analytical methods for several nucleobases, tyrosine, and ranitidine.  

 

 

  

Compound Eluent A 
Eluent 

B 
A/ B 

Flow rate 

(mL/min) 

RT 

(min) 
λ (nm) 

Guanine 

MilliQ 

H2O+0.1% 

formic acid  

ACN 97/3 0.4 8 260 

Thymine 

25 mM 

ammonium 

acetate 

ACN 
0min, 97/3 

10 min, 60/40 
0.2 10 260 

Adenine 

25 mM 

ammonium 

acetate 

ACN 90/10 0.2 8 260 

L-tyrosine MilliQ H2O ACN 100/0 0.4 8 280 

Ranitidine 

MilliQ 

H2O+0.1% 

formic acid 

ACN 80/20 0.1 15 320 
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Table S2. Information about qPCR primers and conditions used in quantification of target genes. 

  

Gene Primers Sequence (5’–3’) 
Temperature 

of annealing 

Concentration 

of primers 
Reference 

16S 

rRNA 

Forward ACGGTCCAGACTCCTACGGG 

61°C 

200 nM Delbès et 

al., 2000 

 Reverse TTACCGCGGCTGCTGGCAC 200 nM 

qnrS 

Forward ATGCAAGTTTCCAACAATGC 

62 °C 

300 nM 
 

Subirats et 

al., 2017 

 Reverse CTATCCAGCGATTTTCAAACA 300 nM 

sul1 

Forward CGCACCGGAAACATCGCTGCAC 

60°C 

250 nM 
 

Cerqueiraa 

et al., 

2018 

 
Reverse TGAAGTTCCGCCGCAAGGCTCG 250 nM 

blaTEM 

Forward TTCCTGTTTTTGCTCACCCAG 

60°C 

300 nM 
 

Cerqueiraa 

et al., 

2018 

 
Reverse CTCAAGGATCTTACCGCTGTTG 300 nM 

intI1 

Forward GATCGGTCGAATGCGTGT 

60°C 

300 nM 
 

Cerqueiraa 

et al., 

2018 

 
Reverse GCCTTGATGTTACCCGAGAG 300 nM 

ermb 

Forward AGCCATGCGTCTGACATCTA 

60°C 

200 nM 
Shi et al., 

2013 
Reverse CTGTGGTATGGCGGGTAAGT 200 nM 

IS613 

Forward GTGGCGGTTATTGACGACTT 

60°C 

200 nM Buelow et 

al., 2019 

 Reverse TTCAGCGTGTCCTTCTGATG 200 nM 
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Table S3. List of previously identified transformation products (TPs) of guanine generated with 

different reactive oxygen species (Joffe et al., 2003; Lu et al., 2018, 2016; Misiaszek et al., 

2005; Ravanat and Cadet, 1995; Rokhlenko et al., 2012). 

 

Compound Formula  Structure m/z [M+H] + 

Guanine C5H5N5O 

 

152.0566 

Xanthine C5H4N4O2 

 

153.0407 

 C5H5N5O3 

 

184.0465 

8-Oxoguanine C5H5N5O2 

 

168.0516 

 C4H8N5O2 

 

159.0750 

 C4H7N5O2 

 

158.0672 

 C5H7N5O2 

 

170.0672 
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 C4H7N5O 

 

142.0723 

 C4H5N5O2 

 

156.0516 

 C4H6N4O 

 

127.0614 

 C8H8N8O2 

 

249.0842 

 C10H12N10O 

 

289.1268 

 C3H6N4O2 

 

131.0563 

Guanine-N-oxide C5H7N5O2 

 

169.0594 

 C5H7N5O3 

 

186.0621 

 C5H5N5O4 

 

200.0414 

 C5H7N5O4 

 

202.0570 
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 C4H5N5O3 

 

172.0465 

 C3H3N3O3 

 

130.0247 

 C3H2N2O3 

 

115.0138 

 C3H4N2O4 

 

133.0243 

 C3H4N4O 

 

113.0457 

 C3H6N4O2 

 

131.0563 
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Table S4. List of previously identified TPs of L-tyrosine generated with different reactive 

oxygen species (Berto et al., 2016; Shetti et al., 2009; Zhoua et al., 2020). 

Compound Formula Structure m/z [M+H] + 

L-tyrosine C9H11NO3 

 

182.0811 

 C8H11NO2 

 

154.0862 

 C8H11NO 

 

138.0913 

 C16H18N2O2 

 

273.1597 

 C16H20N2O2 

 

271.1441 

 C9H10O3 

 

167.0702 

 C8H8O3 

 

153.0546 

 C8H8O2 
 

137.0597 

 C18H20N2O5 

 

345.1444 

 C9H13NO5 

 

216.0866 

 C9H11NO4 

 

198.0760 
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 C18H20N2O6 

 

361.1394 

 C18H20N2O7 

 

377.1343 

 C27H29N3O10 

 

556.1925 

 C36H38N4O13 

 

735.2508 

 C27H29N3O9 

 

540.1976 

 C27H29N3O8 

 

524.2027 

 C36H38N4O12 

 

719.2558 
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 C36H38N4O11 

 

703.2609 O
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Table S5. List of previously identified TPs of ranitidine generated with different reactive 

oxygen species (Ashiru et al., 2007; Christophoridis et al., 2016; Naim and Ghauch, 2016; 

Veeresh et al., 2008). 

 

Compound Formula 
m/z 

[M+H]+ 

Ranitidine C13H22N4O3S 315.1491 

Ranitidine S oxide or 

N oxide 
C13H22N4O4S 331.1440 

Ranitidine sulfone C13H22N4O5S 347.1389 

Desmethyl ranitidine C12H20N4O3S 301.1334 
 C12H20N2O5S 305.1171 
 C13H21N3O4S 316.1331 
 C13H21N3O5S 332.1280 
 C13H21N3O3S 300.1382 
 C13H23N3O5S 334.1436 
 C13H21N3O2S 284.1433 
 C10H18N2OS 215.1218 
 C11H15N3O3S 270.0912 
 C11H15N2OS 224.0983 
 C6H4OS 125.0061 
 C5H4O 81.0340 
 C12H21N3O3S 288.1382 
 C10H14N2O3S 243.0803 
 C8H11NO 138.0919 
 C7H11N 110.0970 
 C6H5O 94.0418 
 C12H21N3O2S 272.1433 
 C10H14N2O2S 227.0854 
 C12H21N3OS 256.1483 

 C11H14N2O3S 255.0803 

 C8H11NOS 170.0639 
 C7H9NO 124.0762 
 C11H14N2O2S 239.0854 
 C6H6O 95.0497 
 C8H13NO 140.1075 

 C4H9N3O2 132.0773 

  C6H8O4S 177.0221 
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Fig. S1. Degradation kinetics of (a) guanine, (b) L-tyrosine, and (c) ranitidine in presence of 

CuO alone or PDS alone. [CuO] = 10 g/L, [PDS] = 1 mM, [guanine] = [L-tyrosine] = [ranitidine] 

= 20 mg/L, pH = 7. 

 

 

Fig. S2. Extracted Ion Chromatograms (EIC) of detected guanine TPs. 
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Fig. S3. Extracted Ion Chromatograms (EIC) of detected L-tyrosine TPs. 

 

 Fig. S4. Extracted Ion Chromatograms (EIC) of detected ranitidine TPs. 
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Fig. S5. Extracted Ion Chromatograms (EIC) of detected TPs at m/z = 331.1440. 
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Abstract 

A fixed-bed column packed with copper oxide pellet (FBC-CuO) combined with 

peroxydisulfate (PDS) as a primary oxidant was assessed as an option for 

simultaneously wastewater decontamination (antibiotics) and disinfection (bacteria, 

viruses, and protozoa). Preliminary to these experiments, phenol was used as the target 

molecule to investigate the working mode of FBC-CuO under various operating 

conditions, such as varying flow rates, initial persulfate and phenol concentrations. The 

removal of a mix of five representative antibiotics (i.e., amoxicillin (AMX), cefalexin 

(CFX), ofloxacin (OFL), sulfamethoxazole (SMX), and clarithromycin (CLA)) in 

distilled water and secondary treated urban wastewater (STWW) was evaluated. AMX, 

CFX, and OFL were effectively removed by simply flowing through the FBC-CuO at 

1.5 mL/min, and the addition of PDS (500 µM) systematically enhanced the 

degradation of all targeted antibiotics, which is also the necessary condition for the 

removal of SMX and CLA. Urban wastewater disinfection was evaluated by monitoring 

targeted pathogens presented originally in the STWW. A significant reduction of E. 

coli, Enterococcus, F-specific RNA bacteriophages was observed after the treatment by 

FBC-CuO with 500 µM PDS and 1.5 mL/min. Phase analyses and morphology of CuO 

pellet before and after treatment were performed by X-ray diffraction measurement and 

scanning electron microscopy, indicated that the structure of the catalyst was preserved 

without any phase segregation. Cu(II) released from FBC-CuO in wastewater was low 

(0.4 mg/L). All the findings of this study underline the potential of the FBC-CuO 

combined with PDS at the field scale for the degradation of micropollutants and 

inactivation of pathogens in wastewater after a necessary consolidation of these first 

but very promising results. 

 

Keywords: Fixed bed column; copper oxide pellet; operating parameters; antibiotics; 

disinfection; secondary treated wastewater 
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1. Introduction 

Conventional urban wastewater treatment plants are poorly effective to 

comprehensively remove most organic micropollutants, pathogens, as well as antibiotic 

resistance.1,2 The occurrence and the large discharging amounts of these contaminants 

in municipal wastewater is a concern due to its potential ecotoxicological and hazardous 

effects on receiving nature waters or reclaimed wastewater reuse.3 Therefore, effective 

additional treatment steps for micropollutants degradation, pathogens inactivation, as 

well as antibiotic resistance reduction are required. 

Advanced oxidant processes (AOPs) employing hydrogen peroxide (H2O2) and 

persulfate (PS) have been seen as a promising technology for water decontamination 

and disinfection simultaneously, which rely on reactive species produced by activating 

oxidants, such as hydroxyl and sulfate radicals (⸱OH and SO4
∙-), singlet oxygen (1O2), 

and high valent metal ions.1,4–6 Oxidants activation can be achieved by an input of 

energy (UV, heat), electrolysis, transition metal ions, metal oxides, carbon materials, 

etc..6,7 However, the high cost of the required extra energy, the recycling difficulty of 

metal ions limit their application. To overcome these disadvantages, heterogeneous 

Fenton-like processes make use of recyclable solid catalysts, such as iron oxides,8,9 

copper oxide,10,11 have recently obtained increasing attention and have shown high 

decontamination and disinfection capacity. 

The recent study of our research group conducted in a batch operating mode,10 has 

shown that the system composed of micro-sized copper oxide (CuO) in suspension in 

the effluent in contact with peroxydisulfate (PDS) is a good generator of the highly 

selective cuprous (Cu(I)) and cupryl (Cu(III)) as well as 1O2 species, which lead to 

effective removal of micropollutants. These species are also well identified as excellent 

biocidal species in disinfection processes.4,12,13 These previous studies make the system 

CuO/PDS a promising option for a simultaneously removal of micropollutants as well 

as pathogens (bacteria, viruses) in secondary treated urban wastewater (STWW). 
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However, direct application of CuO microparticles, as well as nanoparticles, may not 

be appropriated from an environmental perspective due to the possible release of CuO 

particles into the environment, which may lead to catalyst losses and adverse effects on 

aquatic life. Therefore, the mixed reactor composed of a suspension of CuO particles is 

probably not the optimal option in the perspective of dissemination of such a process at 

the outlet of a wastewater treatment plant.  

Fixed bed column is very well known and commonly used in chemical engineering to 

provide efficient components separation by sorption, catalytic treatment at well as 

chemical reaction.14,15 Laboratory-scale fixed-bed reactors have been widely used when 

developing a new process to treat harmful and toxic substances and can provide a basis 

for further upscale.16 Thus, the use of CuO in the form of millimetric pellets packed in 

a fixed-bed column (FBC-CuO) is an option to be studied within this objective. In 

addition, the millimeter size makes it possible to respect the requirement of limiting the 

pressure drop inside the column17 and preventing potential clogging problems and make 

it possible to take advantage of the well-defined working mode of the fixed bed reactive 

system. 14,15 

To our knowledge, laboratory-scale fixed bed column based on the use of CuO has only 

been reported by one study, which used CuO in form of nanoparticles and supported on 

alumina granules for virus removal evaluation.18 Therefore, the main objective of this 

work is to evaluate the wastewater decontamination and disinfection performance of 

the peroxydisulfate oxidation by a fixed-bed column filled with millimetric particles of 

CuO (FCB-CuO). Specific objectives included: i) a comprehensive experimental study 

in the case of the simplest solution to be treated that consisted of phenol in distilled 

water with Tris buffer (DW) to determine the effect of operational parameters, such as 

the inflow PDS concentration, flow rate, and to better understand the working mode of 

this new process, ii) the evaluation of the micropollutants removal performance by 

using a mixture of antibiotics (i.e. amoxicillin (AMX), cefalexin (CFX), ofloxacin 

(OFL), sulfamethoxazole (SMX), and clarithromycin (CLA)) in DW and STWW, iii) 
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the evaluation of STWW disinfection performance by using Escherichia coli (E. coli), 

Enterococcus, F-specific RNA coliphages, and spores of sulfite-reducing bacteria as 

pathogenic indicators, and iv) catalyst stability evaluation by analyzing the Cu(II) 

leaching and comparing the morphology and crystallinity of CuO pellet before and after 

treatment. 

 

2. Experimental section 

2.1 Chemicals 

CuO pellet (> 99.9%) was purchased from Merck (Germany). Phenol, amoxicillin 

(AMX), cephalexin (CFX, > 99%), clarithromycin (CLA, > 99.9%), ofloxacin (OFL, > 

99.9%), sulfamethoxazole (SMX, > 99.9%), potassium peroxydisulfate (K2S2O8, > 

99.9%), sodium thiosulfate (NaS2O3), and EDTA were purchased from Sigma-Aldrich 

(Saint Quentin Fallavier, France). Potassium iodide (KI), potassium periodate (KIO4), 

and tris(hydroxymethyl)aminomethane (Tris) were purchased from Merck KGaA 

(Germany). Acetonitrile (HPLC grade), methanol (MeOH, HPLC grade), and sodium 

chloride (NaCl) were purchased from Carlo Erba reagents (France). All the reagents 

used were of analytical grade and were used as received. Milli-Q water from a Direct-

Q® system (Millipore) was used for the stock solution preparation and the HPLC 

analyses. 

2.2 Characterization of CuO pellet 

The CuO pellet (0.71-2 mm) morphology was analyzed using JEOL 6490 scanning 

electron microscope (SEM). X-ray diffractometry (XRD) was performed using a 

Bruker D8 Advance in Bragg-Brentano geometry with a Cu source. Diffraction signal 

has been acquired through theta/2theta scans from 10 to 80° with 0.02° step, with an 

acquisition time of 1s/step.  

2.3 Fixed-bed column set up 
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A cylinder stainless steel column reactor (18 mm internal diameter (I.D.) × 200 mm 

height) was filled with 140 g CuO pellet, and two metal grids with a mesh smaller than 

the size of the CuO pellet were positioned at the inlet and the outlet of the column. 

FBC-CuO consists of a volume occupied by the solid CuO pellet (22 mL) and an empty 

bed volume (EBV, 29 mL). As shown in Figure 1, the FBC-CuO was vertically oriented 

and silicone tubes were connected at both ends. The inlet at the bottom of the column 

was driven by a peristaltic pump (lab 2015, Shenchen, China) to control flow rates, and 

the outlet was at the top of the column. Three micro-valves were evenly located on the 

column evenly 5 cm for local sampling and accessed the internal concentration profiles 

of the different components. All experiments were operated in upflow mode at a 

controlled flow rate. 

 
Figure 1. The schematic of the column. (a) inlet solution, (b) peristaltic pump, (c) 
column filled with CuO pellets, (d) column valve, and (e) outlet solution. 

2.4 Experimental procedures 

2.4.1 Phenol degradation with FCB-CuO process 

To have a thorough understanding of the working mode, phenol was selected as the 

probe compound. Tris buffer (20 mM) was used as the water matrix to maintain the 

neutral pH of the solution for all the experiments with phenol. As no adsorption or 

degradation of phenol by CuO alone were observed,10 it was decided to start the 

experiment with a column filled with the phenol solution. Pure phenol solution (5 mg/L) 
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flowed into the column with a 3 mL/min flow rate until the outlet concentration equal 

the inlet concentration. Then, a uniform concentration of phenol inside the column 

represented the initial conditions of the degradation experiments. They were 

systematically triggered by the addition of PDS at a constant concentration to the inlet 

phenol solution and a flow into the column according to the selected flow rate. From 

this starting point, the inflow phenol and PDS concentration and flow rate kept 

unchanged. Aliquots of treated water samples were collected at the predetermined time 

from the outlet and three valves. Samples were stored at 4 °C before analysis. The 

working mode of the phenol removal was expected to happen in a first phase in dynamic 

regime and followed by a second phase in permanent regime. 

2.4.2 Antibiotics degradation with FCB-CuO process  

The most commonly used and frequently detected in the environment family of 

antibiotics in the world are the β-lactam antibiotics, including penicillins and 

cephalosporins. Amoxicillin (AMX) and cefalexin (CFX) are belongings to the 

aminopenicillin and cephalosporins family, which have been detected in raw sewage, 

effluents of sewage treatment plants, and even surface waters.19,20 In addition to β-

lactam antibiotics, sulfonamide, macrolide, as well as fluoroquinolone antibiotics are 

the most prominent classes of antimicrobial agents, with widespread usage in both 

human and veterinary medicines, which occurs ubiquitously in aquatic systems that are 

influenced by anthropogenic activities.21–24 To evaluate the degradation performance of 

antibiotic micropollutants on the FBC-CuO column, 250 µg/L of AMX, CFX, OFX, 

SMX, and CLA, which have been commonly detected in urban wastewater, were spiked 

to DW and STWW from an activated sludge wastewater treatment plant, respectively. 

The physio-chemical properties of STWW are listed in Table S1. STWW was firstly 

filtered through a 200 µm sieve to remove the big suspended solids and prevent the 

clogging problem. 

Differently with phenol, the interaction between Cu(II) with some specific antibiotics 

was previously reported.25,26 Thus, the starting point of the antibiotic degradation 
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experiments was corresponding to the FCB-CuO filled with pure water. For the first 

stage, the antibiotics mixture first flowed through the column without PDS, then a 

constant inlet concentration of PDS was added in the second step. Aliquots of treated 

water samples were collected at the predetermined time from the column outlet, and 

stored at 4 °C before analysis.  

2.4.3 Pathogens inactivation with FCB-CuO process 

STWW was collected from the same activated sludge wastewater treatment plant and 

was also filtered through a 200 µm sieve before the disinfection experiment. To evaluate 

the disinfection performances of FBC-CuO/PDS and to comply with the EU Regulation 

2020/741 of the European Parliament and of the Council of 25 May 2020 on minimum 

requirements for water reuse,27 E. coli, Enterococcus, F-specific RNA bacteriophages, 

and spores of sulfite-reducing bacteria were selected as the indicator of Gram-negative, 

Gram-positive bacteria, virus, and protozoa, respectively. The pathogenic indicators 

originally presented in wastewater were targeted to monitor.  

CuO alone, may interact and provide non-negligible disinfection effects, 28,29 especially 

when implemented in the form of nanoparticles. For this reason, disinfection 

experiments were operated as in the case of the experiments dedicated to antibiotic 

degradation. A first step corresponding to the flowing of the effluent through the FCB-

CuO system without PDS. A second step corresponding to the flowing of the effluent, 

at the same flow rate with a constant concentration of PDS at the inlet of the column. 

The column was design to operate with flow rates of few mL/min to provide consistent 

residence times. Measurement of the four targeted pathogens needed to collect one liter 

of each sample. As a consequence, it was not possible to investigate the pathogens 

inactivation process in dynamic regime due to the long sampling period, and the 

sampling was carried out in the both cases (with and without PDS) when the permanent 

regime was reached after at least 2 hours of operating.  

To ensure the stable viability of pathogens, the effluents in the sterile water tanks at the 
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inlet and outlet of the column were surrounded by ice pads. Samples were stored at 4 °C 

and pathogens analysis was conducted less than 24 h after sample collection. 

2.5 Analytical methods  

2.5.1 Quantification of phenol and PDS 

Phenol concentrations were quantified by LC with a diode-array detector at λ = 280 nm 

using an Agilent ZORBAX Eclipse XDB C8 column (150 × 3 mm i.d., 3.5 μm particle 

size). The separation was performed using an isocratic mode of elution with a mobile 

phase composed of 0.1% formic acid in Milli-Q water and acetonitrile at a volume ratio 

of 50/50. The flow rate was set at 0.5 mL/min.  

PDS was determined by using a UV-Vis spectrophotometer (Shimadzu, Japan). Briefly, 

the method consisted in analyzing adsorption spectra of mixed solutions of 1 mL sample, 

1 mL 60 mM NaHCO3, and 1 mL 600 mM KI in a quartz cuvette at λ = 352 nm. 

2.5.2 Quantification and transformation products analysis of antibiotics 

Quantification of targeted antibiotics were analyzed by LC-HRMS composed of a 

Dionex Ultimate 3000 liquid chromatograph equipped with an electrospray source 

operated in the positive ionization mode and a Exactive Orbitrap mass spectrometer 

(Thermo Fisher Scientific, Les Ulis, France) operated in full scan MS (mass range m/z 

50-900) and using an Agilent ZORBAX Eclipse XDB C18 plus column (150 × 2.1 mm 

i.d., 3.5 μm particle size). LC gradient of Milli-Q water with 1% acetonitrile and 0.1% 

formic acid (solvent A) and acetonitrile with 1% Milli-Q water and 0.1% formic acid 

(solvent B) was as follow: 0-5 min, 95% A; 15-20 min, 5% A; 21-30 min, 95% A. The 

flow rate was 0.15 mL/min. The energy collisional dissociation was set to 20 eV and a 

drying gas temperature of 300 °C was used.  

To gain insights into the targeted antibiotic degradation mechanisms of FBC-CuO alone, 

and FBC-CuO in presence of PDS, transformation products (TPs) of AMX, CFX, OFL, 

SMX, CLA were identified following a suspect screening workflow in LC-HRMS. The 
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databases were made up of a list of possible TPs with their molecular formula and exact 

mass collected from the literature. The list of possible TPs of CFX, SMX, CLA were 

reported in the supplementary information in our previous study.10 Possible TPs of 

AMX and OFL were listed in Table S2-S3.  

2.5.3 Enumeration of pathogens 

The NF EN ISO 9308-3 and NF EN ISO 7899-1 standard protocols were used to 

enumerate E. Coli and Enterococcus respectively. These methods are based on the 

culture of the bacteria in a liquid medium and the determination of the most probable 

number (MPN) according to the level of dilution. F-specific RNA bacteriophages were 

measured according to the ISO 10705-1 method. This method allows for a count on the 

agar medium of plaque-forming unit (PFU), corresponding to the number of viruses. 

The NF EN 26461-2 standard protocol was used to enumerate the colony-forming unit 

(CFU) of spores of sulfite-reducing bacteria after filtration and cultivation on a specific 

agar solid medium.  

2.5.4 Cu(II) analysis 

Cu(II) leached from CuO pellet was analyzed by inductively coupled plasma - optical 

emission spectrometry (ICP-OES) using an iCap Duo 7400 spectrometer (Thermo 

Fischer Scientific, Les Ulis, France) using the axial mode of detection at wavelength λ 

= 324.754 nm. 

 

3 Results and discussion 

3.1 Working mode of the CuO pellet fixed-bed column 

As detailed in the section 2.4.1, before each degradation experiment, the column was 

charged with a phenol solution at a given concentration. Here are presented the 

breakthrough curve of the phenol at the outlet of the column (Figure 2a) in the case of 

a volume flow rate equal to 3 mL/min and an inlet concentration of phenol (Cph_i) equal 
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to 5 mg/L. After the breakthrough, the outlet phenol concentration (Cph_o) was very 

close to the inlet, indicating that there is no scalable interaction between this component 

and the CuO pellet surface without the assistance of a primary oxidant. The Reynolds 

number (Re) under flowing conditions was much smaller than 1, indicating a highly 

laminar flow regime in the column. The axial diffusion coefficient is estimated to be in 

the range of 3×10-7 and 2×10-6 m2s-1 with the popular and simplified Chun and Wen 

empirical equation30 when Re < 1. As expected, and in agreement with the low value of 

the Peclet number (around 0.2), the shape of the breakthrough curve was characteristic 

of a plug-flow with an important axial dispersion resulting in an "S-curve". Finally, the 

theoretical phenol quantity calculated based on the filling amount of the liquid phase, 

taking into account the EBC and the minor dead volumes at the inlet and the outlet of 

the column, was equal to the actual phenol quantity calculated from the breakthrough 

curve (around 0.14 mg), which further confirmed that there was no detectable 

adsorption of phenol at the surface of the CuO pellet. 

Measurements of outlet concentrations of the two reactive species, phenol and PDS, 

combined with the internal profiles of these components when the permanent regime 

was reached (Figure 2) make it possible to have a clear understanding of the operating 

mode of the process during phenol removal. For the record, the initial time (t = 0) in 

Figure 2b corresponds to a column with a uniform inlet and outlet phenol concentration 

(Cph_i = Cph_o = 5 mg/L) and without any trace of PDS but operating, from this moment 

with a volume flow of 3 mL/min, and inlet PDS (CPDS_i) and phenol concentration equal 

to 500 µM and 5 mg/L respectively. As expected, the column operated in two different 

regimes. The first dynamic regime corresponded to the establishment of the PDS 

concentration profile in the fixed packed bed, which was the result of it flowing from 

the inlet to the outlet. During this phase, the concentrations of both species inside the 

column were the result of the coupling between the convective mass transport, mass 

diffusion of both species, kinetic of phenol removal, and kinetic of PDS consumption. 

The breakthrough time of the PDS (Figure 2b) is consistent with the one obtained in 



113 

 

the case of phenol during the preliminary charge, which gave the limit between the 

dynamic and the permanent regime. It took at least 40 to 50 min for a completed 

establishment of the permanent regime, and then the concentrations of both species 

remained constant at the outlet. Their absolute values depended on the operating 

parameters of the column i.e., the volume flow rate and the inlet concentrations of 

phenol and PDS. In this case, phenol was almost complete removed but PDS was not 

fully consumed. After 60 min, the local concentrations of phenol and PDS were very 

stable at any position inside the column during the entire measurement period of several 

hours (Figure 2c and 2d), which well confirmed the steady-state operation of the 

process. The profiles also clearly indicated that, for these particular operating 

conditions, the inlet concentration of the PDS was not fully optimized. PDS remained 

at the outlet of the column while only half of the column was necessary to provide 

complete removal of the inlet phenol flux. 

 

Figure 2. (a) Breakthrough curve of phenol in FBC-CuO; (b) phenol and PDS 
concentration profiles at the outlet of FBC-CuO; internal (c) phenol and (d) PDS 
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concentration profiles of FBC-CuO. Cph_i = 5 mg/L, CPDS_i = 500 µM, flow rate = 3 
mL/min. 

 

The performance of the FBC-CuO with 5 mg/L influent phenol and 3 mL/min flow rate 

was tested at varying influent PDS concentrations. Whatever were the working 

conditions, the two regimes were checked with a period necessary for the establishment 

of the quasi-static regime almost independent of the PDS inlet concentration (Figure 3a 

and 3b). Obviously, PDS dosage is an important factor of the column performances on 

phenol degradation. Consistently with our previous batch study10, higher influent PDS 

concentration promoted the oxidative mechanisms and led to higher phenol removal 

efficiency and treatment capacity (Table 1). For example, a twofold increase in the 

treatment capacity was observed when PDS concentration varying from 125 µM to 500 

µM. Besides, most of the phenol abatement occurred in the first 5 cm of the column 

(Figure 3b). Specifically, with 125 µM at the inlet, there was no more PDS in the 

solution at a position between 5 and 10 mm (Figure 3d). From this position, the 

concentration of the phenol was kept constant (Figure 3b). This indicates that a too 

much lower inlet PDS concentration could be all consumed in the front part of the 

column, leading to an unused bed length and preventing any degradation of the 

pollutant. On the contrary, a too high inlet PDS concentration is inefficient and 

counterproductive. No improvement of the treatment capacity was detected when PDS 

inlet concentration was increased from 500 µM to 1000 µM (Table 1) while a useless 

release of PDS at the outlet happened (Figure 3c). As in the previous case but for a 

different reason, a too high dosage of PDS (1000 µM) also led to an unused bed length. 

In the first part of the column, the high removal kinetic of phenol linked to the high 

level of PDS concentration led to complete removal of the phenol between 5 and 10 

mm (Figure 3b). Therefore, for these particular conditions, a mass flow of 3 mL/min 

and an inlet concentration of phenol of 5 mg/L, an inlet concentration of PDS between 

250 and 500 µM would have probably been the optimal value to achieve no PDS release 

at the outlet with a total removal thanks to optimal use of the length of the column. 
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Figure 3. The effect of different inlet PDS concentration on phenol and PDS 
concentration profiles at outlet of FBC-CuO: (a) and (c); and at different column 
positions when permanent regimes were reached: (b) and (d). Cph_i = 5 mg/L, CPDS_i = 
125,250, 500, and 1000 µM, flow rate = 3 mL/min. 
 
Table 1. Removal efficiency and treatment capacity of phenol by FBC-CuO/PDS 
system with varying influent PDS concentration. 

Flow 
rate 

(mL/min
) 

Cph_i 

(mg/L) 
CPDS_i 
(µM) 

Removal 
efficiency 

(%) 

Treatment capacity 
of phenol (µg/min) 

3 5 

0 0 0 

125 46 7.41 

250 81 12.36 

500 95 14.14 

1000 97 14.55 

 

Even if only specific operating conditions were provided for a particular column design, 

this qualitative report clearly demonstrated that the control of the FCB-CuO process 

can easily be achieved by controlling and regulating the inlet oxidant concentration as 
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a function of the operating conditions. This is further confirmed by the results 

conducted within the objective of studying the effects of the inlet concentration phenol, 

the volume flow, and presented as supplementary material (Figure S1-S2). 

3.2 Degradation of antibiotics 

As detailed in the section devoted to the experimental procedure, in a first step, a 

mixture of AMX (penicillin), CFX (cephalosporin), OFL (quinolone), SMX 

(sulfonamide), and CLA (macrolide) in DW flowed through FBC-CuO at a flow rate of 

1.5 mL/min. Different trends were noticed (Figure 4a). In this case, corresponding to a 

more complex mixture with probably competitive phenomena between the surface of 

CuO and the some of the pharmaceutical compounds, the breakthrough times of each 

species were not uniform. However, only a few tens of minutes separated the 

breakthrough times of SMX and CLA, the two species with a fully breakthrough at the 

outlet of the column which happened around 1 h. This order of magnitude was in 

agreement with a breakthrough derived from the resident time (35 min in the working 

conditions) combined with significant diffusional transport phenomena. CFX and OFX 

corresponded to an intermediate behavior. Breakthrough happened but saturation of the 

column was never reached. The outlet concentrations of both species kept lower than 

the inlet concentrations, even after a very long operating period (18 h) and a permanent 

regime definitively established as clearly indicated by the concentration profiles of the 

species. Finally, whatever was the operating period, AMX was always undetectable at 

the outlet of FCB-CuO. AMX, CFX, and OFL were effectively removed by FBC-CuO 

alone (Table 2).  

Hydrolysis of β-lactam antibiotic family can be a significant degradation pathway in 

the environment, but it usually takes 5.3-27 days at pH 7 and 25°C.31 It could not be the 

main degradation pathway in this study. Adsorption mechanism was excluded because 

of the very low specific surface area of CuO.10 Another possible mechanism may be the 

complexation of Cu(II) with β-lactam antibiotics (AMX and CFX) and 
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fluoroquinolones (OFL). AMX and CFX contain the carboxylic, amide, and amino 

groups, which resemble dipeptides in acid-base and ligand properties, and exist as 

anions at neutral pH, then subsequently interact with Cu(II).25,26,32 Transformation 

products of AMX, CFX, and OFL in FBC-CuO were identified following a suspect 

screening workflow in LC-HRMS. For this purpose, a database was made up of a list 

of possible TPs with their molecular formula, exact mass, and structure (see Table S1 

and S2, and SI of previously work by our group10). This list was established from a 

literature search of TPs. TPs with intensities lower than 1 x104 cps, signal to noise ratios 

lower than 10, isotopic ratio higher than 10%, and mass accuracy errors higher than 5 

ppm were discarded. The identified TPs of CFX, AMX, and OFL were shown from 

Figure S3, S4, and S5, representatively. The transformation pathways of AMX, CFX, 

and OFL in FBC-CuO were tentatively elucidated (Figure S6). A deep discussion of the 

mechanism of TPs formation was outside the main objective of this work. However, 

the formation of TPs most likely through a one electron transfer from the antibiotic to 

the metal in the complex, demonstrated the degradation of AMX, CFX and OFL by 

FBC-CuO alone.  

After 18 h of operation, the column was in permanent regime, 500 µM PDS was added 

to the inlet water tank to initiate FBC-CuO/PDS system at a 1.5 mL/min flow rate for 

the second stage operation. As shown in Figure 4b, the addition of PDS systematically 

and significantly enhanced the degradation of the antibiotics. The residual outlet 

concentration of CFX and OFL were rapidly removed. The presence of PDS was also 

the necessary condition for a partial but significant, removal of SMX and CLA. CFX 

and OFL were completely degraded after 30 min. 51 ± 2% of SMX and 34 ± 1% of 

CLA were removed in the tested operating conditions when the quasi-permanent regime 

was reached. 
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Figure 4. Degradation of target antibiotics in DW and STWW by FBC-CuO: (a), (c); 
and by FBC-CuO/PDS: (b), (d). CAMX_i = CCFX_i = COFL_i = CSMX_i = CCLA_i = 250 µg/L, 
CPDS_i = 500 µM, flow rate = 1.5 mL/min.  

 

In addition to DW, the removal efficiency of target antibiotics mixture in the actual 

wastewater operating under the same conditions was also evaluated, as shown in Figure 

4c and 4d. The degradation tendency of target antibiotics in DW and STWW was the 

same, however, the removal efficiency of targeted antibiotics decreased under the 

influence of various competitive components in the STWW (Figure 4 and Table 2). For 

the first stage of FBC-CuO, the dissolved organic matter and anions (e.g. sulfate anions) 

in STWW could interact with Cu(II) or adsorbed on the CuO, resulting in less available 

activated sites on the CuO surface, and limited Cu(II) complexation with targeted 

antibiotics (Figure 4a and 4c). For the second stage of FBC-CuO/PDS, less PDS could 

interact with CuO, resulting in less PDS consumption (Figure S7), less reactive species 

production, and lower degradation efficiency for all targeted antibiotics (Figure 4b and 
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4d). The removal efficiency of antibiotics DW and STWW is shown in Table 2. 

 

Table 2. Removal efficiency (RE) of selected antibiotics by FBC-CuO and FBC-
CuO/PDS in DW and STWW.  

RE 

DW STWW 

FBC-CuO 
FBC-

CuO/PDS 
FBC-CuO 

FBC-
CuO/PDS 

AMX 
(%) 

100 100 59 ± 3 100 

CFX (%) 70 ± 2 100 25 ± 1 52 ± 2 
OFX (%) 34 ± 1 100 31 ± 1 90 ± 2 
SMX (%) 0 51 ± 2 0 20 ± 1 
CLA (%) 0 34 ± 1 0 20 ± 1 

 
3.3 Pathogens inactivation 

In a first step, the STWW was flowed through the FCB-CuO at a flow rate equal to 3 

mL/min. After 2 h of operation, the working mode of FBC-CuO was expected to reach 

the permanent regime. From this moment, the sampling at the outlet of the column 

started to collect the necessary 1 L effluent for pathogens analysis. Comparison between 

the inlet and the outlet pathogens concentrations is provided in Figure 5a. The 

abundances in secondary-treated effluent samples before treatment were 5.3 ± 0.1 log10 

MPN/100 mL of E. coli, 4.6 ± 0.1 log10 MPN/100 mL of Enterococcus, 4.0 ± 0.1 log10 

PFU/100 mL of F-specific RNA bacteriophages, and 3.5 ± 0.2 log10 CFU/100 mL of 

spores of sulfite-reducing bacteria and are comparable to the values found in the 

literature33,34. When the effluent simply flowed through FBC-CuO without PDS, the 

reduction of bacteria and parasite was very limited for E. coli (0.2 log), Enterococcus 

(0.2 log), and spores of sulfite-reducing bacteria (0.3 log), but for virus, a considerable 

reduction of F-specific RNA bacteriophages (2.7 log) was observed. This was most 

likely a consequence of the presence at low concentration of Cu(II) due to leaching 

from the surface of CuO pellets. As detailed in the next section, this species, which 

presents well known biocidal characteristics, was identified by suitable methods in the 
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effluent at the column outlet.   

In a similar way to the test carried out on antibiotics, the second step was initiated by 

the addition of 500 µM of PDS to the inlet water tank and sampling started when the 

permanent regime was reached. Prior to this experiment, it was checked that PDS alone 

at ambient temperature had no measurable effects on the abundances of pathogens. 

When the effluent flowed through FBC-CuO with PDS, the reduction of 3 out of the 4 

pathogens indicators significantly increased. E. coli (3.6 log) and F-specific RNA 

bacteriophages (3.8 log) were respectively removed up to or just above the limit of 

detection. Enterococcus was also significantly inactivated (1.3 log). However, the 

reduction of spores of sulfite-reducing bacteria (0.2 log, 38% abatement), the indicator 

representative of the parasite, was still limited. Such pathogens are well identified in 

the literature as extremely difficult to inactivate and resistant to disinfection processes, 

such as chlorination35 and UV36, but can alternatively be removed by low cost slow 

sand filtration system.37 

Pathogens were ranked as E. coli and F-specific RNA bacteriophages > Enterococcus > 

spores of sulfite-reducing bacteria according to the treatment effectiveness criteria, and 

was fully confirmed by the tests carried out at different flow rates (Figure 5b). Spores 

were not inactivated by the FCB_CuO/PDS, whatever the operating conditions. At the 

opposite, the evolution of conversion rates for the other three treatment-sensitive 

pathogens attested of the influence of operating conditions, and more specifically the 

residence time. As expected, in such a process based on the coupling between kinetic 

of inactivation and mass transport, an increase of the residence time almost 

systematically resulted in an increase of the conversion rates. Finally, the triplicate 

performed with a flow rate equal for 1.5 mL/min brought to light the well-known 

uncertainty linked to the quantification of any pathogens populations, especially in the 

case of non-stabilized and non-controlled effluents such as STWW. This does not affect 

the major contribution of the experiments that have to be considered as mainly 

qualitative.  
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Figure 5. Inactivation profiles of pathogens in secondary treated wastewater by CuO 
pellet column (a) with and without PDS at one flow rate. Flow rate = 3 mL/min, (b) 
with PDS at different flow rates. Flow rates = 1.5, 3, and 9 mL/min. CPDS_i = 500 µM. 
Note: * represents MPN for E. coli and Enterococcus, PFU for F-specific RNA 
bacteriophages, and CFU for spores of sulfite-reducing bacteria. BT: before treatment; 
AT: after treatment.  
 
3.4 Stability of FBC-CuO  

One of the essential characteristics for a catalyst to be a candidate for application in 

large-scale wastewater treatment is its stability and ability to maintain catalytic activity 

during long period of operation. Consequently, possible structural changes of the CuO 

pellet were evaluated by analyzing the catalyst recovered after all the measurement 

campaigns presented using SEM and X-ray diffractograms.  

The SEM images of the surface of the millimetric CuO pellets were analyzed before 

and after the campaigns to know if there was any change in their morphology. The 

Figure 6a and 6b highlighted that the surface was made off aggregates. No significant 

difference was observed for the average diameter particle-size of CuO pellet aggregates 

before and after treatment, 623 ± 74 nm and 700 ± 30 nm being obtained, respectively. 

The XRD diffractogram before and after treatment (Figure 6c) shows well-defined and 

intense diffraction peaks located at the positions 2ϴ = 32.66, 35.63, 38.78, 46.37, 48.92, 

53.61, 58.37, 61.70, 65.95, 66.39, 68.17 and 72.51. According to the literature, these 
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peaks correspond to the monoclinic structure of CuO.36-38 Lattice parameters were 

calculated and are a = 4.70 Å, b = 3.42 Å, c = 5.10 Å. The intensities, positions of the 

peaks and the lattice parameters are in good agreement with the reported values JCPDS 

file No. 96-901-6058.  

The stability of the catalyst was assessed against the leached concentration of Cu 

measured in solution by ICP-AES after a filtration step on 0.45 µm cellulose filters. 

The Cu leaching from CuO in presence of PDS was investigated in DW and STWW 

(pH = 7.8). The results are shown in Figure 6d. Surprisingly, the Cu leaching decreased 

when moving from DW (6.8 and 8.0 mg/L after 1 and 4 h reaction) to STWW (0.3 and 

0.4 mg/L after 1 and 4 h reaction). The low Cu leaching in STWW might be ascribed 

to a lesser degree of PDS activation (Figure S7) due to sorption of dissolved organic 

matter to CuO. The Cu leaching value was far less than that of 2 mg/L which is required 

by environmental quality standards for surface water and by drinking water 

regulations.39 Therefore, the results showed that the material presented phase purity and 

stability before and after treatment. The good stability and catalytic efficiency of CuO 

pellet at near neutral pH, make this system promising for application. 
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Figure 6. SEM images of CuO pellet (a) before and (b) after treatment; (c) X-ray 
diffractograms of CuO pellet before and after treatment; (d) copper leaching from FBC-
CuO in presence of PDS in DW and STWW. 
 

4 Conclusions 

PDS activation by using CuO pellet as heterogeneous catalyst in a fixed-bed column 

was for the first time designed and applied for wastewater decontamination and 

disinfection. The first set of experiments performed with a simple solution of phenol in 

distilled water have demonstrated that this process, as any process based on the flowing 

of a reactive mixture through a fixed packed bed was sensitive to operating conditions, 

especially for flow rate and influent PDS concentration. FBC-CuO alone presented 

significant removal performance on ß-lactam and fluoroquinolones antibiotics through 

Cu(II) complexation and degradation. But FBC-CuO alone demonstrated limited 

disinfection performance. The combination of PDS with FBC-CuO was the necessary 

condition for the degradation of SMX and CLA, not only improving the antibiotics 

degradation, but also greatly enhancing the pathogens inactivation performances, 
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excepted for spores of sulfite-reducing bacteria, the indicator selected as representative 

of the parasites. It is suggested that after FBC-CuO/PDS, post-treatment by low-cost 

slow sand filtration or ionized clay filtration, may overcome the main limitations of this 

process. The characterization comparison of CuO pellet before and after treatment and 

the measurement of Cu(II) leaching demonstrated the excellent stability and reusability 

FBC-CuO. Overall, it was shown that FBC-CuO/PDS constitutes an efficient and 

promising treatment option for the removal of micropollutants and microorganisms 

from urban wastewater effluents. In addition, this study provided the basis for further 

numerical modelling of FBC-CuO/PDS, which will be discussed in a coming article. 
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Table S1. Major physico-chemical properties of the investigated secondary treated 
urban wastewater. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Parameter Effluent 

EC (mS/cm) 1.6 ± 0.4 
pH 7.7 ± 0.1 

TSS (mg/L) 8.2 ± 2.6 
COD (mg/L) 32.4 ± 5 
HCO3

- (mg/L) 514.3 
Cl- (mg/L) 195.3 

NO3
- (mg/L) 12.9 ± 1.5 

NH4
+ (mg/L) 0.5  

PO4-P (mg/L) 0.6 ± 0.2 
SO4

2- (mg/L) 58.9 
Cu (µg/L) 3.75 
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Table S2. List of previously identified transformation products (TPs) of amoxicillin 
(AMX) via hydrolysis, photocatalysis, and different advanced oxidation processes1–3. 

Compound Formula m/z [M+H] + 

AMX C16H19N3O5S 366.1123 
AMX desaminated C16H17N2O5S 350.0936 

Amoxicillin penilloic acid C15H22N3O4S 341.1409 
Diketopiperazine 

amoxicillin 
C16H20N3O5S 367.1202 

Amoxicillin penicilloic acid C16H22N3O6S 385.1307 
Amoxicilloic acid methyl 

ester 
C17H23N3O6S 398.1386 

4-Hydroxyphenylglycyl 
amoxicillin 

C24H27N4O7S 516.1678 

AMX-S-oxide C16H20N3O6S 383.1151 
Thiazolidinecarboxylic acid C6H10NO2S 161.0510 

4-Hydroxyphenylglycine C8H9NO3 168.0660 
6-Aminopenicillanic acid C8H12N2O3S 217.0647 

N-pivaloyl-4-
hydroxyphenylglycine 

C13H17NO4 252.1236 

PP-2-OH-3-(4-OH) 
phenylpyrazine 

C10H8N2O2 189.0664 

Penicillamine disulfide C10H21N2O4S2 298.1021 
L-5,5-dimethylthiazolidin-4 

carbonic acid 
C6H12NO2S 163.0667 

 C16H18N3O5S 365.1045 
 C8H15N2O4S 236.0831 

Dehydrocarboxylated AMX 
penilloic acid 

C14H19N3NaO2S 317.1174 

 C20H21N4O4 382.1641 
Amoxicillin 

penicilloaldehyde 
C10H12N2O3 209.0926 

Amoxicillin penaldic acid C11H12N2O5S 285.0545 
 C11H12N2O5 253.0824 
 C15H20N3O5S 355.1202 
 C16H22N3O7S 401.1256 
 C16H19N2O7S 384.0991 
 C14H20N3O3S 311.1303 
 C8H11N2O4S 232.0518 
 C16H18N3O9S 429.0842 
 C6H10NO3S 177.0459 
 C14H20N3O2S 295.1354 
 C16H18N3O8S 413.0893 
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 C8H8NO2 151.0633 
 C9H10N2NaO3 218.0667 
 C10H11N2O3 208.0848 
 C7H9N2O 138.0793 
 C16H20N3O5S 367.1202 
 C11H21N2O5S2 326.0970 
 C12H11N2O4 248.0797 
 C10H9N2O3 206.0691 
 C11H11N2O2 204.0899 
 C13H17N2O3 250.1317 
 C7H12NO4S 207.0565 
 C13H17N2O3 250.1317 
 C9H16NO2S2 235.0700 
 C10H10NO3 193.0739 
 C13H13N2O3 246.1004 
 C10H10N2NaO4 246.0616 
 C32H39N6O10S2 732.2247 
 C32H41N6O11S2 750.2353 
 C20H21N4O5 398.1590 
 C19H17N4O5 382.1277 
 C20H23N4O6 416.1696 
 C17H20N3O5S 379.1202 

 C9H11NNaO3 205.0715 
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Table S3. List of previously identified transformation products (TPs) of ofloxacin under 
advanced oxidation processes 4–7.  

Compound Formula [M+H] + 

Ofloxacin  C18H20FN3O4 362.1510 
TP334 C17H20FN3O3 334.1561 
TP318 C17H20FN3O2 318.1612 
TP316 C17H18FN3O3 316.1456 
TP275 C15H15FN2O2 275.1190 
TP261 C14H13FN2O2 261.1034 
TP233 C12H9FN2O2 233.0721 
TP221 C11H9FN2O2 221.0721 
TP219 C11H7FN2O2 219.0564 
TP348 C17H18FN3O4 348.1354 
TP378 C18H20FN3O5 378.1460 
TP394 C18H20FN3O6 394.1409 
TP376 C18H18FN3O5 376.1303 
TP336 C16H18FN3O4 336.1354 
TP279 C13H11FN2O4 279.0775 
TP338 C16H20FN3O4 338.1511 
TP354 C16H20FN3O5 354.1460 
TP326 C15H20FN3O4 326.1511 
TP312 C14H18FN3O4 312.1354 
TP360 C18H18FN3O4 360.1354 
TP358 C18H16FN3O4 358.1197 
TP304 C16H18FN3O2 304.1455 
TP391 C18H17FN3O6 391.1174 
TP278 C13H10FN2O4 278.0697 
TP260 C13H11N2O4 260.0791 
TP169 C7H6NO4 169.0369 
TP153 C7H6NO3 153.0420 
TP329 C17H18N3O4 329.1370 
TP327 C17H16N3O4 327.1213 
TP277 C13H12N2O5 277.0818 
TP251 C12H11FN2O3 251.0826 
TP207 C11H11FN2O 207.0928 
TP205 C11H9FN2O 205.0772 
TP395 C18H22FN3O6 396.1565 
TP414 C18H23FN3O7 413.1593 
TP344 C18H21N3O4 344.1605 
TP372 C18H18N3O6 373.1268 
TP311 C15H21FN3O3 311.1640 
TP301 C15H14N3O4 301.1057 
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TP229 C12H8N2O3 229.0608 
TP175 C10H9NO2 176.0706 
TP149 C8H7NO2 150.054955 
TP579 C28H23F2N5O7 580.1638 
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Figure S1. The effect of different inlet phenol concentration on outlet phenol 
concentration profile at different time (a) and at different column positions (b) and the 
outlet PDS concentration profile at different time (c) and at different column positions 
(d). CPDS_i = 500 µM, Cph_i = 0, 2.5, 5, 10 mg/L, flow rate = 3 mL/min. 
 

Figure S1: Performance of the FBC-CuO with 500 µM influent PDS at 3 mL/min was 

tested at varying influent phenol concentration. As shown in Figure S1 (a) and (b), for 

inlet phenol concentration varying from 2.5 to 10 mg/L, the column presented excellent 

phenol degradation efficiency. Even in the case of the higher inlet phenol concentration 

no release at the outlet. This indicated that the limit of the treatment capacity under this 

condition (500 µM influent PDS at 3 mL/min) is not reached. PDS consumption was 

only slightly affected by varying influent phenol concentration (Figure S1 (c) and (d)).  
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Figure S2. The effect of different flow rate on outlet phenol concentration profile at 
different time (a) and at different column positions (b) and the outlet PDS concentration 
profile at different time (c) and at different column positions (d). CPDS_i = 500 µM, Cph_i 

= 5 mg/L, flow rate = 1.5, 3, 6, 9 mL/min. 
 

Figure S2: Performance of the FBC with 5 mg/L influent phenol and 500 µM PDS was 

tested at varying flow rates. As shown in Figure S2 (a), phenol removal efficiency is 

independent of flow rate in the studied range. But consistently with the natural coupling 

between mass transport and reaction kinetic, the rate of removal of phenol as well as 

the rate of consumption of PDS tended to decrease at a given length of the bed. The 

unused bed length decreased at higher flow rate (Fig. S2 (b)). 9 mL/min was probably 

the limit before a breakthrough of the phenol at the outlet of the column in permanent 

regime. 
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Figure S3. Extracted Ion Chromatograms (EIC) of detected cefalexin (CFX) TPs in 
FBC-CuO. 

  

Figure S4. Extracted Ion Chromatograms (EIC) of detected amoxicillin (AMX) TPs in 
FBC-CuO. 
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Figure S5. Extracted Ion Chromatograms (EIC) of detected ofloxacin TPs in FBC-CuO. 

 

 
Figure S6. Proposed transformation pathways of (a) CFX, (b) OFL, and (c) AMX in 
CuO column. 
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Figure S7. PDS consumption in distilled water (DW) and secondary treated wastewater 
(WW) for ATBs degradation. CPDS_i= 500 µM, Cantibiotics_i= 250 µg/L, 1.5 mL/min. 
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To safely reuse wastewater in agricultural irrigation, an advanced treatment process is 

still required after the conventional UWTPs, which can remove a broad range of organic 

contaminants and pathogenic microorganisms, limit the formation of DBPs and the 

spread of antibiotic resistance while preserving the maximum amount of carbon and 

nutrients in wastewater. For this purpose, the copper oxide catalyzed peroxydisulfate 

system was investigated. 

A micrometer CuO activated PDS system was initially studied in batch mode to explore 

the mechanisms since inconsistent and controversial oxidative reaction pathways of the 

CuO catalyzed PDS process have been reported in the literature from hydroxyl and 

sulfate radical pathway, surface activated persulfate mediated electron transfer, singlet 

oxygenation to Cu(III)-induced oxidation pathways. Phenol was selected as the probe 

compound because of its well-known reactions with common radical and non-radical 

species. The generated reactive species were investigated by using a series of radical 

scavengers and different spectroscopic techniques including high-resolution mass 

spectrometry for phenol transformation products identification, which demonstrated 

that phenol degradation was not a radical-based process. Based on all the evidence and 

the clues from the data exploitations and for the first time Cu(III) was suggested to be 

the predominant reactive species and a polymerization reaction accounted for the 

phenol transformation pathway in the CuO / PDS oxidation system. The mechanism 

mainly involved the generation of •O2
− resulting from an outer-sphere surface PDS 

complexation which prompted the reduction of Cu(II) in Cu(I). Cu(I) was oxidized to 

Cu(III) by PDS, then Cu(III) was reduced to Cu(II) by one-electron oxidation of phenol 

so that the catalytic effect involved alternate oxidation and reduction of the copper. 1O2 

was also heavily produced from •O2
− decomposition but was found to be slightly 

involved in the degradation since it was rapidly quenched by water. These non-radical 

oxidants presented great advantages for wastewater treatment because of the poor 

reactivity with DOM and high resistance to background organic matters and anions. 

This system showed a preference to react with electron-rich compounds and could work 
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in presence of high contents of dissolved organic matter and nutrients and preserve the 

valuable content for agronomy. 

The ability of the system to treat a large number of emerging pollutants has been 

evaluated by a first measurement campaign carried out on working with pharmaceutical 

compounds. CFX, CIP, CLA, and SMX were selected as the representatives of β-lactam, 

fluoroquinolone macrolide, and sulfonamide antibiotics, respectively, because of their 

intensive use and potential environmental concern. The CuO (10 g/L)/PDS (1 mM) 

system demonstrated effective degradation on waterborne antibiotics and specific TPs 

resulted from Cu(III) oxidant were identified, such as CFX sulfoxide and SMX dimer, 

further confirmed the predominant role of Cu(III) in this CuO/PDS system. Moreover, 

Cu(III) oxidant appeared to restrict the number of generated TPs of toxicological 

concern in case of SMX. 

The reactive species (i.e., Cu(III), 1O2, and Cu(I)) generated in the CuO/PDS system 

are known to be efficient biocides and effective inactivation performance of pathogenic 

microorganisms was anticipated. E. coli, Enterococcus, F-specific RNA, and spores of 

sulfite-reducing bacteria were selected as the indicator to comply with the EU 

regulation 2020/741 for secondary treated urban wastewater reuse in irrigation. 

Complete inactivation of E. coli, Enterococcus, F-specific RNA bacteriophages from 

secondary treated wastewater was achieved after a short time (15-30 min) treatment by 

CuO/PDS system under the same conditions as for antibiotics degradation, but spores 

of sulfite-reducing bacteria took 120 min. A significant reduction of E. coli (3.5 log), 

Enterococcus (4.1 log), and F-specific RNA bacteriophages (3.5 log) from raw 

wastewater were also observed by CuO/PDS system with a longer reaction time (120 

min) and a higher dose of PDS (2.5 mM), which opens the possibility to use this system 

for disinfection in some poor countries without well-established WWTPs. Importantly, 

trihalomethanes were not detected and no bacterial regrowth occurred during storage 

after treatment. 
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In addition to the microbial risk caused by pathogens, concerns about antibiotic-

resistant bacteria and antibiotic resistance genes in wastewater are growing due to the 

potential ecological environmental and human health risks. The inactivation 

performance of the CuO/PDS system was further explored with ARB&Gs. SMX-

resistant E. coli and SMX-resistant Enterococcus were used as the model ARBs. SMX-

resistant Enterococcus was not detected in the collected wastewater. A significant 

reduction of SMX-resistant E. coli (3.2 log) was achieved after only 10 min of treatment. 

Four ARGs including qnrS (reduced susceptibility to fluoroquinolone); sul1 (resistance 

to sulfonamides); blaTEM (resistance to β-lactams), ermB (resistance to macrolides) 

were selected as ARGs because of their high occurrence in urban wastewater. Two 

genes linked to the dissemination of antibiotic resistance including intI1, which 

encoding the integrase of Class I integron-integrase, and IS613 as the insertion 

sequences in DNA transposons were selected as the proxy for the potential capacity of 

the bacterial community to disseminate resistance. 16S rRNA gene as the indicator of 

total bacteria was also selected. A considerable reduction (0.7-2.3 log) of selected genes 

was achieved after 60 min treatment by CuO/PDS.  

All these findings in the batch mode indicated the promising applicability of the 

CuO/PDS system as an advanced technology for wastewater reuse in irrigation. If 

suspension of perfectly mixed nano and micro-sized CuO particles carried in closed 

reactors is well adapted to laboratory studied to test reactivity or carry out kinetic study, 

this is no more the case for practical on-site application. Such a perspective needs to 

implement the solid particles in a way consistent with an open continuous flow reactor. 

Within this objective, the packed fixed bed operating in plug flow is one of the most 

widespread design to provide the necessary contact between a liquid to be treated and 

a reactive solid. Such a design, which avoid any catalyst release in the environment and 

the related adverse effect on aquatic life, necessitate millimeter size particles to respect 

the requirement of limiting the pressure drop inside the column and to prevent potential 

clogging problems. Thus, persulfate oxidation by using CuO in the form of millimetric 
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pellets as a heterogeneous catalyst in a packed fixed-bed column, FBC-CuO, was for 

the first time designed and applied for wastewater decontamination and disinfection.  

The working mode of FBC-CuO was first studied by using a simple solution of phenol 

in distilled water. These tests have shown a high stability of the column once it was put 

into operation, demonstrating that the process is working, for constant inlet, according 

to a very well-established permanent regime. FBC-CuO is sensitive to operating 

conditions, especially for influent PDS concentration, an excellent parameter to control 

the removal rate of phenol. FBC-CuO alone could effectively remove AMX, CFX and 

OFL antibiotics through Cu(II) complexation promoted structure decomposition 

transformation pathways. However, as expected, FBC-CuO alone failed to disinfect the 

STWW, which is consistent with the results obtained in batch mode using CuO 

microparticles. The combination of PDS with FBC-CuO is the necessary condition for 

the degradation of sulfonamides (e.g., SMX) and macrolide (e.g., CLA), not only 

improved the removal efficiency of antibiotics, but also greatly enhanced the 

disinfection performance, excepted for spores of sulfite-reducing bacteria. Phase 

analyses and morphology of CuO pellet before and after treatment were performed by 

SEM and XRD and Cu2+ leaching study demonstrated the excellent stability and 

reusability of FBC-CuO. Overall, it was shown that FBC-CuO/PDS constitutes an 

efficient and promising treatment option for the removal of micropollutants and 

microorganisms from wastewater effluents.  

To consolidate and confirm these promising results, we mention few perspectives and 

the following items should be completed or addressed.  

1. Additional work should be dedicated to the investigation of mechanisms in 

heterogeneous Fenton-like oxidation processes because these systems demonstrated 

great potential for urban wastewater treatment, but there is a great deal of 

uncertainty concerning the controversial and inconsistent mechanisms. Only one 
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system has been studied in a comprehensive way, which is far from reaching the 

position of predicting the working reactive species in another HFOP system without 

conducting experiments. 

2. On micropollutants degradation capacity of this system, additional batch 

experiment using no-doped urban wastewater with a much larger panel of 

micropollutants are need to evaluate the completeness of this system in real working 

condition. Studies were focused on selected antibiotics, the removal efficiency 

regarding other CECs remains unknown.  

3. On the FCB-CuO tests, need to develop a model able to simulate the operation of 

the column in the simplest case, with phenol in DW, this work started during this 

PhDs. After validation, such a model could be the starting point for future work 

devoted to the establishment of a simulating tools in the case much more complicate 

of a complex mixture of pollutants in complex matrix, such as urban wastewater. 

4. On FCB-CuO tests, needs to operate directly on site on a small scale FCB-CuO to 

be able to characterize the management of the system for non-constant operating 

conditions such as level of concentration of emergent pollutants as well as 

pathogens. In any cases, there is a need of additional data acquisition to consolidate, 

especially for disinfection results. 

5. Cu2+ leaching from FBC-CuO in operating condition corresponding to appropriate 

rate of removal of pollutant as well as pathogens leads to a level of concentration at 

the outlet in the range of 0.4 mg/L, two times higher than the requirement for 

irrigation (0.2 mg/L). This experimental statement, is a drastic constraint to the 

dissemination of this process to be overcome. One possible solution is to 

incorporate CuO nanoparticles or microparticles on supports, such as metal oxides, 

layered double hydroxides, carbonaceous materials (e.g., biochar) or ceramic. 

However, these studies have only been carried out in laboratory-scale, and to apply 

for wastewater treatment, the preparation of novel materials should be simple and 

cost-effective. Another option to be explored to solve this major problem is the 
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implementation of a low-cost post-treatment filter after the CuO unit, such as 

ionized clay filtration, slow sand filtration, and metal oxide coated sand filter. Such 

filters can also make up for another shortcoming of this system, which can 

effectively remove parasites that were resistant to the CuO/PDS system.  

Therefore, the CuO/PDS system might be a promising technology because it met the 

requirement for safely reuse wastewater in irrigation, specifically, it effectively 

removed organic pollutants, pathogens, ARB&Gs simultaneously as well as preserving 

the carbon and nutrients content of wastewater. Equally importantly, it might be easily 

implemented at field-scale through filtration units. 
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