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Abstract 

In this study, activated peroxydisulfate (PDS) by micrometer copper oxide (CuO) particles 

effectively degraded phenol and several antibiotics in water. Cupryl ion (Cu(III)) was proposed 

for the first time to be the predominant reactive species accounting for contaminants 

degradation in the CuO/PDS oxidation system. Singlet oxygen was also heavily produced from 

the superoxide radical anion (•O2
−) decomposition was found to be but slightly involved in the 

degradation since it was rapidly quenched by water. Transformation pathways of phenol and 

several antibiotics were elucidated. The proposed mechanism mainly involved the generation 

of •O2
− resulting from an outer-sphere surface PDS complexation which prompted the reduction 

of Cu(II) to Cu(I). Cu(I) was oxidized in Cu(III) by PDS or H2O2 and was reduced to Cu(II) by 

a one-electron oxidation of contaminants so that the catalytic effect involved alternate oxidation 

and reduction of copper. As the degradation process did not rely on sulfate or hydroxyl radical, 

chloride and bicarbonate ions showed no effect on phenol degradation, while sulfate ions and 

humic acid slightly hindered phenol degradation probably due to their sorption on CuO. 

Interestingly, the copper leaching from CuO was significantly limited to < 500 µg/L in 

wastewater. These findings indicated the potential applicability of CuO/PDS system for 

electron-rich compounds degradation including antibiotics due to good catalyst stability against 

time. 

Keywords: copper oxide; peroxydisulfate; cupryl ion; non-radical mechanism; transformation 

pathways; antibiotics.  



3 

 

1. Introduction 

The success of many advanced oxidation processes (AOPs) based on persulfate (PS) including 

peroxydisulfate (PDS) and peroxymonosulfate (PMS) for water treatment relies on the strong 

oxidizing power of the generated free radical species (hydroxyl (•OH) E0 1.9−2.7 V and sulfate 

(SO4
•−) E0 2.5−3.1 V) towards a broad spectrum of recalcitrant organic contaminants and 

towards pathogens [1,2]. However, radical-based PS activation requires the input of energy 

mainly in the form of light, ultrasound and heat which elevates the operational costs of 

treatments [3,4]. Consequently, among the different strategies to activate PS, transition metals 

(Fe2+, Cu2+, Mn2+), their oxides (Fe3O4, CuO, MnO2), and bimetallic composites (CuFe2O4, 

CuO−Fe3O4, Mn1.8Fe1.2O4, etc.) and supported metal oxides (CuOMgO-Fe3O4, CuO-Al2O3) 

have been recognized as the most cost-efficient approaches [4–6]. Iron oxides received 

particular attention to heterogeneously activate PS, because they are not consumed during the 

activation, can work at neutral pH, and no additional energy is required [7,8]. However, the low 

efficiency of present heterogeneous activation processes in terms of long contact time (usually 

in days) and high PS dose requested (over 100 times higher than the pollutant concentration) is 

still a major limitation for its industrial application [9]. Consequently, copper, mainly in the 

forms of pure copper oxides (e.g., CuO or Cu2O) [10,11], bimetallic oxides (e.g., CuFe2O4, 

CuFeO2) [12,13] and different materials supported copper oxides (e.g., CuO supported on 

alumina, or CuO coated on ceramic hollow fiber membrane) [6,14] has obtained increasing 

attention because of their higher efficiency than iron oxides to activate PS with still relatively 

low toxicity of Cu2+ ion in case of leaching. Indeed, an upper Cu2+ concentration limit of 2.0 

mg/L is admitted in drinking water and Cu2+ is not regarded as a potential carcinogen [15].   

Processes relying on radical-based mechanisms undergo efficiency losses in organic-rich 

wastewater such as domestic wastewater due to the competing organic/inorganic constituents 

of water [4] and due to the difficulty in the regeneration of active sites on the surface of the 

catalyst due to the energetically unfavorable Cu redox cycle. In particular, 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 

transformation products (TPs) [4,16]. More recently, mild non-radical PS activation 

mechanisms have been also suggested to limit the formation of these hazardous TPs. In contrast 

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

accounting for the only removal of electron-rich organic contaminants (e.g., phenols and 

anilines) [11,17,18]. In addition, the non-radical pathway requires a small amount of oxidant 

and is less influenced by the competing organic/inorganic constituent of the water. Three major 

mechanisms have been proposed for the non-radical pathway including the involvement of 1) 

oxidant surface metastable complexes on CuO particles, 2) superoxide radical anion (•O2
−) and 

singlet oxygen (1O2) and 3) the high valent cupryl ion oxidant symbolized by Cu3+ in solution 

and Cu(III) in its solid form. Surface activated complexes result from the interaction between 

CuO and PS through an outer-sphere surface complexation [11,17]. PS is thought to function 

as a two-electrons transfer oxidant that directly accepts electrons from an organic contaminant 

through an electron shuttle material leading to sulfate anions (SO4
2-) release. Certain recent 
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studies have reported the occurrence 1O2 as another type of non-radical process as previously 

reported in the CuOs/PS system [18,19]. •O2
− might function as a precursor for the generation 

of 1O2 through •O2
−oxidation or disproportionation reactions. The 1O2 based systems are well-

known for their resistance to background substances in the water matrix but have been regarded 

to be poorly efficient because 1O2 is rapidly quenched by water [20]. Cu(III) has been also 

suggested to be the working oxidant in the copper involved activated PS processes [21–23]. 

The generation of Cu in a highly electron deficient state offers the highest redox potential for 

PS activation (Cupric ion symbolized by Cu2+ in solution and Cu(II) in its solid form, 

E0Cu(III)/Cu(II) = 2.3 V,) but Cu(III), as an unstable species and an one-electron oxidant, might 

also directly oxidize electron-rich organic contaminants [24] or decompose into •OH, depending 

on the water pH value [25].  

Consequently, using CuO, there is still a great deal of uncertainty concerning the identification 

of reactive species since all the different above mentioned pathways have been reported in the 

literature from the radical pathway, the surface bound complex, the 1O2 pathway and the high-

valent metal-induced Cu(III) oxidation pathway during PS activation. The mechanisms behind 

the identification of reactive species and transformation of organics still need further 

exploration. This is the main contribution of this work by taking PDS as the working oxidant 

because PDS is a more promising oxidant than PMS for potential applications due to a better 

chemical stability during transport and storage, a lower cost and a longer half-life [26]. Specific 

objectives of this work include: (i) kinetic studies, (ii) identification of reactive species by using 

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

spectrometry (LC-HRMS) and elucidation of transformation pathways, (iv) investigating the 

effect of operating parameters, and (v) investigating the practical applicability on the removal 

of several antibiotics. Phenol was selected as one probe organic contaminant because of its 

well-known reactions with common radical and non-radical species and the applicability of the 

CuO/PDS system was investigated by using several antibiotics (i.e. cephalexin (CFX), 

ciprofloxacin (CIP), clarithromycin (CLA) and sulfamethoxazole (SMX)) of environmental 

relevance. 

 

2. Material and methods 

2.1 Chemicals 

Micrometer copper oxide particles (CuOµm, 44 µm, 97%) were purchased from Alfa Aesar 

(Kandel, Germany). Nanometer copper oxide (CuOnm, < 50 nm), iron (II, III) oxide (Fe3O4), 

cuprospinel (CuFe2O4), ammonium molybdate ((NH4)6Mo7O24·4H2O), anisole (> 99%), 

benzoic acid (> 99%), benzotriazole (> 98%), catechol (> 99%), CFX (> 99%), CIP (> 98%), 

CLA (> 99.5), furfuryl alcohol (FFA, > 99%), humic acids sodium salt (technical grade), 

hydrochloric acid (HCl, 37%), hydroxyquinone (HQ, > 99%), nitrobenzene (NB, > 98%), 

Oxone (KHSO5·0.5KHSO4·0.5K2SO4), p-benzoquinone (BQ, > 98%), phenol (> 99%), 

salicylic acid (> 99%), sodium azide (NaN3, > 99.5%), SMX (> 99%), sulfuric acid (H2SO4, 

98%), sodium bicarbonate (NaHCO3), sodium hydroxide (NaOH), starch solution, 4-
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hydroxybenzoic acid (> 99%) and 4-phenoxyphenol (> 99%) were purchased from Sigma-

Aldrich (Saint Quentin Fallavier, France). CuO supported on alumina (CuO@Al2O3), 

potassium iodide (KI), and potassium periodate (KIO4) were purchased from Honeywell 

(Germany). Copper sulfate pentahydrate (CuSO4·5H2O), potassium persulfate (K2S2O8) 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 solutions were prepared with ultrapure water 

obtained from a Milli-Q Plus system (Millipore, Bedford, MA). Stock solutions of phenol (1000 

ppm) and PDS (100 mM) were prepared in ultrapure water. 

2.2 Characterization of CuO  

CuOµm, CuOnm, Fe3O4, CuFe2O4, CuO@Al2O3 were used as received without any further 

purification. Only CuOµm underwent further characterization as it was selected for deeper 

investigation. The surface morphology and chemical composition of CuOµm were analyzed 

using a scanning electron microscope (SEM). To identify its crystal structure, X-ray diffraction 

(XRD) analyses were performed at room temperature using a PANalytical XPert Pro 

diffractometer (CuKα radiation, λ= 0.15418 nm). XRD measurements of θ-θ symmetrical scans 

were made over an angular range of 10 to 80°. BET surface area and average pore size were 

analyzed by the N2 adsorption method. 

2.3 Experimental procedures 

Batch experiments were conducted in 100 mL glass serum bottles under continuous shaking by 

roller mixer (STUART® SRT9D, UK) at 60 rpm and using 200 mM Tris buffer adjusted at pH 

7 with HCl or NaOH. The use of phosphate and borate buffers were discarded to set the pH at 

7 or slightly basic pH because phosphate is a strong coordinate for transition metals and 

particularly Cu2+ while PS activation by borate has been reported [27]. Typically, compound, 

metal oxides, and PDS were sequentially added into the bottles to reach initial concentrations 

of 20 mg/L (0.213 mM), 10 g/L and 1 mM, respectively. Sample aliquots (5 mL) were taken at 

predetermined times and filtered through 0.45 μm membrane filters, and then stored in 6 mL 

glass tubes at 4 °C before analysis. Control experiments without the addition of metal oxide or 

oxidant were also performed under the same experimental conditions. High concentration of 

scavengers (usually more than 100 times of phenol concentration), like MeOH, anisole, NB, 

BQ, FFA, NaN3, neocuproine and hydroxylamine were added in the CuO/PDS system, 

respectively to probe the generated reactive oxidant species. Results are presented as an average 

of two experiments. 

2.4 Analytical methods 

Phenol, BQ, and HQ were quantified by LC with a diode-array detector at λ = 280, 244 and 254 

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

particle size) for kinetic studies. 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 for phenol and 90/10 for BQ and HQ. The flow rate was set at 0.5 

mL/min. TPs were detected by LC-HRMS composed of a Dionex Ultimate 3000 liquid 
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chromatograph equipped with an electrospray source 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). Phenol TPs detected in negative ionization mode and the LC gradient of 

Milli-Q water (solvent A) and acetonitrile (solvent B) was as follow: 0-1.5 min, 98% A; 11.25 

min, 55% A; 12.75 min, 30% A; 13.0-20 min, 98% A. The flow rate was 0.3 mL/min. The 

energy collisional dissociation was set to 20 eV and a drying gas temperature of 275 °C was 

used. Quantification of phenoxyphenol dimers were carried out by external calibration using 4-

phenoxyphenol as available analytical standard. Antibiotic TPs detected in positive ionization 

mode and the 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. 

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

following the protocol developed by Liang et al., [28]. 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. 

Analysis of hydrogen peroxide. H2O2 was determined by using UV-Vis spectrophotometry 

following the protocol developed by Graf and Penniston [29]. Briefly, the method consisted in 

analyzing adsorption spectra of mixed solutions of 2 mL 50 mM HCl, 0.2 mL 1 M KI, 0.2 mL 

1 mM ammonium molybdate in 0.5 M H2SO4, 0.2 mL 50 g/L starch solution and 0.2 mL sample 

in a quartz cuvette at λ = 570 nm. 

Analysis of Cu(III). The Cu(III) periodate complex was analyzed by UV-Vis 

spectrophotometry following the protocol of Wang et al., [23]. Briefly, KIO4 (4 g/L) was added 

in the basic solution (pH = 13) consisted of CuO (10 g/L) and PDS (1 mM) and NaOH. Samples 

(3 mL) were filtered through 0.45 μm membrane filters after 5 min reaction and the 300-600 

nm UV/Vis absorption spectra of the filtered solution were recorded. 

 

3. Results and discussion 

3.1 Characterization of CuO 

Representative SEM image and XRD diffraction pattern of the investigated micrometer CuO 

are shown in Fig. 1. The SEM image shows that CuO particles were irregularly shaped crystals 

with mean diameters of about 44 µm. The XRD pattern of CuO matched well with the standard 

XRD pattern of copper oxide (ICDD 01-089-5897) and indicated that CuO was a monoclinic 

system with 100% crystallinity. The specific surface area was found to be 0 m2g-1 and there was 

no porosity. 

3.2 PDS activation by CuO – batch experiments 

First, the degradation of PDS and phenol (see Fig. S1 in Supporting Material) with three 

different catalysts (i.e., CuO, Fe3O4 and CuFe2O4) has been compared to demonstrate the higher 
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reactivity originated from CuO for the degradation of phenol and the oxidant consumption. 

Then, the same comparison was conducted among different types of CuO (i.e., CuOnm, 

CuOµm, CuO supported on alumina) (see Fig. S2). CuOµm was selected in this work because 

of its high reactivity for phenol degradation, and because micro-sized particles allow for easy 

catalyst separation and recovery, which is of great importance in practical applications.  

At neutral pH (7.0 ± 0.3), PDS alone could not degrade phenol and CuO alone could not adsorb 

phenol. Interestingly, the phenol degradation reached 100% in 15 min in presence of CuO and 

PDS (Fig. 2a). Phenol degradation fitted a first-order kinetic model with an apparent 

degradation kinetic rate constant (kobs) of 0.32 min-1. The corresponding PDS decomposition is 

shown in Fig. 2b. The presence of catalysts without an organic component decomposed PDS to 

a significant extent. The lack of decrease or increase in the decomposition of PDS after phenol 

addition ruled out the mediator role of the catalysts through the direct transfer of electrons 

between phenol and PDS. As previously reported [11,17], the interaction between CuO and 

PDS likely occurred through an outer-sphere surface complexation. Due to the positively 

charged CuO and the negatively charged PDS at neutral pH, strong electrostatic interactions 

and adsorption of PDS on the CuO surface were anticipated. However, this adsorption process 

could not be quantified due to the simultaneous PDS reactivity on the CuO particle surface. 

Besides, since Cu2+ ions neither catalyzed PDS activation nor degraded phenol (Fig. 2a and b), 

the effects of Cu2+ leaching could be ruled out and the predominant role of heterogeneous PDS 

activation could be stated. Cu2+ was previously reported to donate one electron to PDS, thus 

inducing PDS decomposition into sulfate anion and sulfate radical. However, this process is 

very slow, making effective degradation of water pollutants nearly impossible except for 

specific compounds, which can directly complex with Cu2+ [21,30]. The stoichiometric 

efficiency (η), defined as the number of moles of phenol oxidized for every mole of PDS 

activated (η = ∆[phenol] / ∆[S2O8
2−] ×100%) was also calculated. 45-50% was found to be the 

maximum value that could be obtained. This meant that two moles of PDS was needed to 

degrade one mole of phenol on average. 

3.3 Identification of reactive species  

A central question was the identification of the active oxidant species in the chemical 

transformation of the probe compound at neutral pH. It has been suggested that •OH, SO4
•−, •O2

-, 
1O2 and probably Cu(III) are formed in CuO catalyzed PDS processes [17,19,31,32]. MeOH 

was first used to investigate a possible formation of radical species. MeOH reacts with •OH and 

SO4
•− with nearly the same rate (k2 (MeOH, SO4

•−) = 1 x107 M-1s-1, [33]), k2 (MeOH, •OH) = 5 

x108 M-1s-1, [25]) and can theoretically be used to trap these radicals. The inhibitory effect of 

MeOH was limited as kobs only change from 0.32 min-1 to 0.18 min-1 after applying an excess 

amount of MeOH (see Table 1 and Fig. S3a). This result confirmed earlier findings that the 

CuO/PDS system did not predominantly rely on radical mechanisms. The lack of ability for 

MeOH to scavenge surface bound radicals might also account for the observed small inhibition 

in phenol degradation [13]. To scavenge the surface bound radicals, inhibitors that can interact 

onto the CuO surface and can lead to the subsequent occupation of activated sites are needed 

[34]. For this purpose, the addition of anisole which can complex with Cu(II) [35] and react 
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with •OH and SO4
•− (k2 (anisole, SO4

•−) = 7.8 ×109 M-1s-1, [36]; k2 (anisole, •OH) = 4.9 ×109 M-

1s-1, [37]) was tested. Similarly, anisole had a very limited inhibitory effect (kobs = 0.24 min-1, 

Table 1 and Fig. S3a), confirming the limited implication of radicals in solution and/or adsorbed 

on CuO surface in the phenol degradation process.  

To discriminate against the different radicals (i.e., •OH and SO4
•−), NB as a specific •OH 

quencher (k2 (NB, •OH) = 3.2 ×109 M-1s-1, [38]; k2 (NB, SO4
•−) < 106 M-1s-1, [39]) was applied. 

As shown in Table 1 and Fig. S3a, the no NB effect on the phenol degradation kinetic (kobs = 

0.32 min-1) excluded the involvement of •OH in the system. This result validated the selection 

of Tris buffer to set the pH at 7 because it is known that Tris quickly reacts with •OH to generate 

formaldehyde with a second-order rate constant of 1.1 x109 M-1s-1 [40]. The observed difference 

between kobs in presence of anisole or NB could only be ascribed to some generated SO4
•− 

radicals. BQ as a known scavenger for •O2
- (k2 (BQ, •O2

-) = 8 ×109 M−1s −1, [41]) was also 

applied. The degradation of phenol was totally inhibited, which demonstrated the predominant 

role of •O2
- in CuO/PDS system. Besides, •O2

- reacts relatively rapidly with Cu2+ and H2O (k2 

(Cu2+, •O2
-) 8 ×109 M−1s −1; k2 (H2O, •O2

-) = 1.0 ×105 M−1s−1; [42]) compared with phenol (k2 

(phenol, •O2
-) = 5.8 ×102 M−1s−1, [43]). Consequently, the major role of •O2

- was not to degrade 

phenol but might function as precursors to reduce Cu2+ to Cu+ and to generate 1O2 along with 

H2O2 generation through bimolecular dismutation. 

To confirm this point, the formation of Cu+, 1O2, and H2O2 was examined individually. To 

verify Cu+ formation, neocuproine as a specific Cu+ chelating agent and trace hydroxylamine 

as a reductant to promote Cu2+ conversion to Cu+ were selected to apply in the CuO/PDS system 

[23,44]. Neocuproine was prepared in presence of methanol (4.9 M) due to its poor water 

solubility. Neocuproine hindered the degradation of phenol with kobs = 0.05 min-1 and trace 

hydroxylamine slightly promoted the degradation of phenol with kobs = 0.40 min-1 (Table 1 and 

Fig. S3b). Both results indicated that Cu+ most likely played an important role in the copper 

redox cycle in the presence of PDS to generate reactive species.  
1O2 exhibits highly selective oxidant properties and reacts exclusively towards unsaturated 

organics via electrophilic or electron abstraction [3]. FFA (k2 (FFA, 1O2) = 1.2 ×109 M−1s−1) 

and NaN3 (k2 (NaN3, 1O2) = 1 ×109 M−1s−1) were therefore selected rather than the saturated 

compounds (e.g., MeOH) [5,18] to quench 1O2 since PDS could not be directly decomposed by 

FFA and azide (Fig. S4a). The degradation kinetics of phenol was significantly reduced in 

presence of excess FFA (kobs = 0.04 min-1) and NaN3 (kobs = 0.02 min-1) (Table 1). Besides, 

NaN3 was further used as the chemical probe for 1O2 generation, which manifested a higher 

second order rate of 1 x109 M−1s−1 than the targeted phenolic compound (2.0-3.0 ×106 M−1s−1), 

but excess NaN3 could only delay the removal of phenol (Fig. S4b), which suggested the 

involvement of 1O2 in PDS/CuO system but excluded 1O2 as a predominant reactive oxygen 

species for phenol degradation. The rapid physical quenching with water with a rate constant 

of k1 = 2.5 ×105 s−1 further explained this point [45]. To detect the occurrence of H2O2 due to 

further transformation of O2
•−, molybdate salt was used because this latter rapidly reacts with 

H2O2 to produce a peroxymolybdate complex, which can be easily detected by UV/Vis 

spectrophotometry at λ = 570 nm. As shown in Fig. S5, the adsorption for the peroxymolybdate 
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complex was detected in CuO alone, which indirectly proved that a minor amount of •O2
- was 

produced by oxygen reduction, while the majority of •O2
- was generated in the CuO/PDS system 

which was highlighted by a higher absorbance. These results thus confirmed the intermediate 

role of •O2
- during the generation of 1O2. However, in the CuO/PDS system, •O2

- reaction with 

Cu2+ (k2 = 8 x109 M-1s-1) was likely a more important sink of •O2
- than •O2

- bimolecular 

dismutation leading to Cu+ generation. This result also discarded 1O2 as the leading reactive 

oxygen species for phenol degradation.   

 

  

Reactive 

species 
Scavenger 

Concentration 

(mM) 

Kobs 

(min-1) 
R2 

 none  0.32 0.99 
•OH and SO4

•− 
•OH and SO4

•− 
•OH 
•O2

- 

methanol 4900 0.18 0.99 

anisole 18.5 0.24 0.98 

nitrobenzene 19.4 0.32 0.96 

p-benzoquinone 18.5 0 - 
1O2 

1O2 

furfuryl alcohol 100 0.04 0.94 

azide 100 0.02 0.98 

Cu(I) 

Cu(I) 

neocuproine 0.19 0.05 0.94 

hydroxylamine 0.06 0.40 0.96 

Table 1. Apparent first-order degradation kinetic rate constants (Kobs) of phenol in presence of 

different scavengers. 

Consequently, Cu(III) was assumed to be the working oxidant in the CuO/PDS process. To 

verify this hypothesis, periodate was added to the reactive medium as it was reported to be able 

to stabilize the labile Cu(III) species by forming a Cu(III)−periodate complex. This complex 

has a characteristic light absorbance at 415 nm [23]. Interestingly, significant absorbance at this 

wavelength was observed when periodate was added into CuO/PDS, while no absorbance was 

found for CuO and PDS alone (Fig. 3a). This result supported our hypothesis of the presence 

of Cu(III) in the CuO/PDS process but without knowing if Cu(III) was surface-bound or in 

solution.  

To collect additional evidence for the involvement of Cu(III) in phenol transformation, different 

compounds were tested because Cu(III) is highly selective towards electron-rich compounds 

(e.g., benzotriazole) but not reactive to electron-deficient compounds (e.g., benzoic acid) [24]. 

As shown in Fig. 3b, benzotriazole were readily transformed with kobs = 0.57 min-1 and benzoic 

acid was not degraded at all while salicylic acid and 4-hydroxybenzoic acid showed an 

intermediate behavior with kobs = 0.09 min-1 and kobs = 0.21 min-1, respectively. 

3.4 Phenol transformation pathways and mechanisms 

Phenol transformation pathways were investigated by identifying phenol TPs 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 (Table S2). This list was 
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established from a literature search of TPs of phenol formed during AOPs experiments. In a 

first step, TPs with intensities lower than 1 x104 cps, signal to noise ratios lower than 10, 

isotopic ratios higher than 10%, and mass accuracy errors higher than 5 ppm were eliminated. 

Following this approach, only TPs resulting from phenol polymerization were detected. The 

structure of the first one with a retention time (RT) = 11.6 min and a pseudo-molecular [M-H]- 

ion at m/z = 185.0597 was assigned to 4-phenoxyphenol (dimer) after deconvolution of the TIC 

of samples (Fig. 4) and injection of an analytical standard. This compound did not accumulate 

with time. The structure of the following TPs with a RT = 13.8 min and 14.5 min and a [M-H]- 

ion at m/z = 277.0859 (and a related fragment ion at m/z 185.0597) and 369.1127, respectively 

were assigned to a trimer and a tetramer of phenol, respectively (Fig. 4).  

Catechol, HQ and BQ were reported as common TPs of phenol in radical and non-radical based 

PDS activation systems [46]. Available catechol analytical standard was injected in LC-HRMS 

but was never detected during degradation experiments. Since BQ and HQ could not be 

analyzed in MS due to a very poor response in electrospray mode of ionization, standard 

addition of BQ and HQ were performed in LC/UV analysis, with limits of detection below 0.1 

mg/L. Fig. S6 and Fig. S7 show the lack of formation BQ and HQ during the degradation 

experiments. Consequently, the polymerization reaction was found to be the only main phenol 

transformation pathway probably through an one-electron oxidation process of phenol under 

Cu(III) reactivity. The peak area variations of detected TPs are shown in Fig. S8. The dimer 

only accounted for 3 % of the initial phenol concentration and the amount of trimer and tetramer 

could not be quantified as no standard was commercially available. A mass balance was also 

not reached because compounds corresponding to a high degree of polymerization of phenol 

probably precipitated in the reactive medium. 

On the basis of the elucidated phenol transformation pathway and on the knowledge of the 

different involved reactive species (see section 3.2), a mechanism was suggested as depicted in 

Fig. 5. Similar to what was suggested for the MnO2/PDS system [47], a metastable copper 

complex was most likely formed at the surface of the hydrous CuO micro-particles. This was a 

reasonable assumption since at neutral pH, the CuO surface is positively charged (pHpzc of 8-

9 have been reported for CuO, [48]) and PDS is an anion calling for strong electrostatic 

interactions. As a result, the S-O bond of PDS weakened and broke (Eq. (1)) and the adsorption 

of PDS on the surface of CuO facilitated the generation of metastable [≡Cu(III)−O−O−SO3] 

intermediate. The latter resulting complex underwent hydrolysis along with the generation of 
•O2

− (see Eq. (2)). Afterward, the recombination of two •O2
− could evolve into 1O2 with the 

concomitant release of H2O2 (Eq. (3)). However, most probably •O2
−reacted with Cu(II) to 

generate Cu(I) (Eq. (4)) which could be spontaneously oxidized by PDS or H2O2 to give Cu(III) 

or Cu(II) (Eq. (5) - (7)). In turn, Cu(III) could selectively oxidize the electron-rich phenol to 

the corresponding phenoxyl radical leading to phenol polymerization, while it was reduced in 

Cu(II) (Eq. (8)) so that the catalytic effect involved alternate oxidation and reduction of copper. 

Phenol could be also oxidized by 1O2 (k2 = 106 M-1s-1, Eq. (9)) but this reaction was probably 

not significant due to 1O2 physical quenching with water. In neutral solutions, •OH is not an 

intermediate in the decomposition reaction of Cu(III), except when Cu(III) is not efficiently 
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consumed by organic compounds [25]. In our experiments, the Cu(III) ions seemed to oxidize 

phenol without a need for a complexation step of Cu(II) with the organic contaminant to 

enhance PDS activation as was observed in case of the antibiotic cephalexin [21]. 

[≡ Cu(II) − OH]I + S2O8
2− → [≡ Cu(III) − O − O − SO3]I + e− + SO4

2− + H+       Eq. (1) 

[≡ Cu(III) − O − O − SO3]I + e− + 2H2O → [≡ Cu(II) − OH ]I+•O2
− + SO4

2− + 3H+    

Eq. (2)      

2•O2
− +2H2O → O2 

1 + H2O2 + 2OH−                                       Eq. (3) 

Cu(II) +•O2
− → Cu(I) + O2                                                Eq. (4) 

Cu(I) + H2O2 → Cu(III) + 2OH−                                         Eq. (5) 

Cu(I) + S2O8
2− → Cu(III) + 2SO4

2−                                         Eq. (6) 

Cu(I) + S2O8
2− → Cu(II) + SO4

2− + SO4
•−                                     Eq. (7) 

Cu(III) + Ph − OH → Cu(II) + Ph − O•  +  H+                             Eq. (8) 

O2 
1 + Ph − OH → O2 + Ph − O•  +  H+                                    Eq. (9) 

•OH and SO4
•− radicals [19, 31, 32], CuO surface metastable complexes [11,17, 19] and 1O2 [19] 

have been reported as the responsible reactive species for the degradation of organic 

compounds in the CuO/PDS system, differently, Cu(III) was proposed as the primary oxidant 

species in this study. 

3.5 Influence of operating parameters 

Solution pH. The solution pH can affect the surface charge property of CuO, the PDS activation 

and the dissociation and the degradation efficiency of phenol. The pH effect was firstly 

investigated at three different pH values (i.e., 4, 7 and 9). Neutral and alkaline conditions were 

obtained using Tris buffer, while acidic conditions were reached in distilled water through PDS 

decomposition. pH values were kept constant (pH0 ± 0.2) during the degradation experiments. 

The kobs at different pH are reported in Fig. 6a, showing that degradation was faster at acidic 

and basic pH than at neutral pH.  

Recent empirical evidence suggested that base-activated PDS must be conducted at pH > 10 to 

be effective [49] and this process did not therefore account for faster phenol degradation at pH 

9. More plausibly, with a pKa of 10, a very small percentage of phenol appeared as phenolate 

ion which was much easily oxidized than the neutral phenol (kobs = 0.53 min-1 vs kobs = 0.32 

min-1). At acidic pH, Cu(III) readily decomposed into •OH which might explain a higher 

apparent kinetic rate constant (kobs = 0.44 min-1). To confirm this point, NB was applied in the 

CuO/PDS/phenol system. As shown in Fig. S9, NB had a stronger inhibitory effect on the 

phenol degradation under acidic condition than under neutral condition. This result also 

indirectly confirmed the generation of Cu(III) in CuO/PDS system since Cu(III) decomposed 

in •OH at acidic pH. 
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Water constituents. The influence of natural anions and dissolved organic matter (DOM) on 

phenol degradation was investigated separately. Cl− and HCO3
− are common background 

electrolytes in real water and they usually negatively influence the efficiency of radical-based 

AOPs as they are radical quenchers. In the CuO/PDS system, Cl− (0.2 g/L) and HCO3
− (0.5 g/L) 

anions had no significant influence on the phenol degradation (Table 2). These results 

confirmed earlier findings that Cu(III) was not very reactive towards Cl− avoiding the formation 

of the chloride radicals (e.g., Cl2
•-) which are common to radical-based processes. The lack of 

Cl- reactivity was confirmed by the lack of detection of 2-chlorophenol, 4-chlorophenol, and 

2,4-dichlorophenol in LC-HRMS after injecting their analytical standards (Fig. S10). In 

homogeneous Cu2+/PMS system, the negative role of HCO3
- was ascribed to their coordination 

with Cu2+ [50]. This was not observed in CuO/PDS system most likely because most of the 

reactive Cu2+ ions were surface bound. Humic acids were also used as a surrogate for DOM at 

a concentration level of 2 mg/L, a value representative of DOM level in groundwater. In these 

conditions, the phenol degradation was only slightly inhibited (kobs = 0.27 min-1 instead of kobs 

= 0.32 min-1 in distilled water, Table 2) even though a competition of humic acids and phenol 

for the oxidant was expected. This small decrease in degradation was most likely due to 

adsorption of humic acid on the surface of the catalyst which could minimize the complexation 

of PDS on the catalyst surface.  

 

Water 

constituent 

Kobs 

(min-1) 
R2 

Pure water 0.32 0.99 

Cl- 0.32 0.97 

HCO3
- 0.28  0.99 

HA 0.27  0.96 

SO4
2- 0.07  0.99 

Wastewater  0.11 0.96 

Table 2. Water matrix effect on phenol degradation. [phenol] = 20 mg/L; [CuO] = 10 g/L; [PDS] 

= 1 mM; [Cl-] = 200 mg/L; [HCO3
-] = 500 mg/L; [SO4

2-] = 500 mg/L; [Humic acids (HA)] = 2 

mg/L; pH = 7 with Tris buffer. 

 

More surprisingly, the CuO/PDS system was strongly blocked when sulfate anion 

concentrations were increased. This result meant that sulfate anions probably interacted with 

positively charged CuO blocking reactive sites for PDS activation. To confirm this specific 

point, different SO4
2- concentrations were generated in the CuO/PDS system by varying the 

PDS concentrations used. Assuming that each mole of PDS led to two moles of SO4
2-, 192, 96 

and 38.4 mg/L of SO4
2- were generated when adding 1, 0.5 and 0.2 mM of PDS, respectively. 

The results for phenol and PDS degradation are shown in Fig. 7a and Fig. 7b, respectively. 

Half-lives of PDS decreased from 15 min to 8 min in presence of 1 mM or 0.2 mM PDS, 

supporting the SO4
2- sorption on catalyst surfaces as an inhibitory process for PDS 

decomposition. However, phenol degradation was much higher at 1 mM PDS (kobs = 0.32 min-
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1) than at 0.2 mM (kobs = 0.02 min-1), supporting that PDS decomposition was likely not the 

limiting step in phenol degradation kinetics. 

Real wastewater. The investigated oxidation process was also applied for the treatment of a 

domestic wastewater treatment plant effluent spiked with 20 mg/L of phenol. The major 

physico-chemical properties of the wastewater are reported in Table S2. The phenol 

degradation was still effective with only a three-fold decrease in phenol half-lives when 

switching from distilled water to wastewater (kobs = 0.11 min-1, Table 2). The slower 

degradation was likely due to the competition of DOM (TOC =12.65 mg/L) for oxidant. 

Cu leaching from CuO. 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 and phenol was investigated in 

different waters including distilled water (DW) at acidic (pH = 3.5) and neutral pH and in 

secondary treated domestic wastewater (WW, pH = 7.8). The results are shown in Fig. 6b. 

Surprisingly, the Cu leaching dramatically decreased when moving from distilled water at 

neutral pH (63.5 mg/L after 24 h reaction time) to wastewater (0.27 ± mg/L at the end of the 24 

h reaction time). An unexpected result was a lower Cu leaching (47.3 mg/L after 24 h reaction 

time) at acidic pH in distilled water without a clear explanation for this experimental result. 

Moreover, the Cu release was not linearly correlated with the oxidant concentration since a Cu 

concentration value of 0.21 mg/L was reached at a PDS concentration of 0.1 mM which was 

close to the concentration obtained at 1 mM PDS (Table S3). The low Cu leaching in 

wastewater treatment might be ascribed to HCO3
- and its complexing ability to Cu2+. Indeed, in 

presence of 1-10 mM of HCO3
-, Cu2+ may predominantly exist as surface insoluble CuCO3 [50]. 

The Cu leaching was far less than that of 1 mg/L which is required by environmental quality 

standards for surface water and by drinking water regulations, making the CuO/PDS oxidation 

system promising in application. In addition, the CuO/PDS was still efficient in phenol removal 

with only a three-fold decrease in phenol half-lives when switching from distilled water to 

wastewater. 

Stability and reusability. For a sustainable operation with high performance, the CuO particles 

need to maintain high catalytic activity and stable structure for prolonged operation time. 

Therefore, sequential experiments were carried out to investigate the reusability of CuO. After 

four cycles of CuO use, no significant deterioration in the catalytic activity was observed and 

the phenol degradation rates remained higher than 82% (Fig. 8a). Interestingly, compared with 

distilled water, the PDS decomposition was significantly limited in wastewater (Fig. 8b) and 

steadily decreased across the successive experiments (Fig. 8b), likely due to increased sorption 

of SO4
2- anions and/or DOM on CuO active sited. A lower PDS activation led to catalyst 

preservation and calls for avoiding the PDS usage in excess. 

3.6 Applicability of CuO/PDS system. 

To evaluate the practical applicability of CuO/PDS system, we investigated the removal of 

several antibiotics namely SMX, CLA, CIP and CFX, belonging to several different families 

of environmental relevance (i.e., sulfonamide, macrolide, fluoroquinolone and cephalosporin, 

respectively) in distilled water. SMX, CLA, CIP and CFX were all degraded and degradation 
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kinetics fitted to a first order kinetic model with kobs = 0.24 ± 0.02, 0.12 ± 0.01, 0.31 ± 0.03, 

3.10 ± 0.22 min-1, respectively. Their transformation pathways were elucidated by identifying 

their TPs following a suspect screening workflow in LC-HRMS (see Fig. 9). The databases 

were made up of a list of possible antibiotic TPs with their molecular formula and exact mass 

(Table S4 – S7). All detected TPs of target antibiotics with a mass error < 5 ppm are shown in 

Fig. S11 – S14 and were previously identified under different oxidative processes. 

Consequently, detailed interpretation of MS data is not presented. As shown in Fig. 9a, the CIP 

degradation could be due to the stepwise decomposition of the piperazine ring by Cu(III) 

through electron transfer at the secondary amine leading to ring opening and the generation of 

N-desethylene-CIP (CIP 2) by losses of a formaldehyde group from CIP 1. CIP 2 was further 

oxidized to CIP 3 through N-dealkylation reaction. This piperazine ring cleavage pathway has 

been previously reported under SO4
•− oxidation. However, in contrast to SO4

•−, which is another 

well-known one-electron oxidant [51], the hydroxylation pathway with hydroxyl radical firstly 

attacking on the quinolone ring and the substitution of the fluorine atom by a hydroxyl group 

were not observed. As shown in Fig. 9b, two oxidation pathways were operating simultaneously 

for SMX degradation: (1) oxidation of the amine group through a one electron oxidation process 

to form a N-central radical, yielding to the generation of a dimer (SMX 1, m/z 503) and (2) 

cleavage of the sulfonamide bond leading to SMX 2 (m/z 174) and SMX 3 (m/z 99). In contrast 

to SMX degradation under SO4
•− oxidation, hydroxylation of the benzene and isoxazole rings 

was not observed, neither was observed the formation of the nitro-SMX derivative which 

involved •OH [52]. Three main TPs of CFX were detected: CFX 1 (m/z 364), CFX 2 (m/z 336) 

and CFX 3 (m/z 151). Under thermal activated persulfate, the formation of six isomers at m/z 

364 was reported resulting from either oxygen transfer or hydroxylation processes [53]. Only 

one TP at m/z 364 was detected in CuO/PDS system. The formation of the sulfoxide derivative 

was the most reasonable pathway because this transformation was observed in presence of PDS 

alone. It was also shown that the complex of Cu2+ with CFX could efficiently activate PDS to 

induce rapid degradation of CFX [21] with CFX 2 generation, as the predominant TP. This 

transformation reaction most likely took place in CuO/PDS due to Cu2+ leaching and was 

ascribed to cupryl ion reactivity. CFX 2 resulted from a decarboxylation reaction of CFX 1. 

CFX 3 was likely to be evolved from a dealkylation reaction following single electron transfer 

at the N of the amide group. As shown in Fig. 9d, CLA underwent two transformation reactions 

including N-demethylation leading to CLA 1 (m/z 734) and O-dealkylation leading to cladinose 

and desosamine sugar losses, while the lactone ring was preserved. These N- and O-

dealkylation reactions were most likely initiated by a one-electron oxidation of the heteroatom. 

Hydroxylation reactions, which were reported for the degradation of erythromycin under UV-

C/PDS irradiation were not observed [54]. Collectively, the results of this work confirmed that 

Cu(III) is a strong one-electron oxidant due to its high reduction potential in solid (Cu(III)/Cu(II) 

= 2.3 V) and presented high reactivity against N and O containing electron rich moieties leading 

to the degradation of different classes of antibiotics. Higher Cu(III) selectivity than SO4
•− was 

also observed, since hydroxylation reactions were avoided. SO4
•−oxidation and •OH oxidation 

(resulting from SO4
•−decomposition) lead to the formation of 6-hydroxy-6-defluoro-CIP, 14-
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hydroxy-CLA and 4-nitro-SMX. All these TPs preserve biological activity. Consequently, 

Cu(III) oxidant appeared to restrict the number of generated TPs of toxicological concern. 

4. Conclusions 

In this study, the CuO catalyzed PDS activation system was deeply investigated and presented 

high efficiency for phenol degradation in different waters including wastewater at neutral pH. 

Identification of reactive species and phenol TPs identification demonstrated that Cu(III) most 

likely acted as the predominant reactive species for phenol degradation. 1O2, even though highly 

formed in the CuO/PDS system, was a minor contributor during the phenol degradation process 

due to physical quenching with water. Therefore, the CuO catalyzed PDS system showed great 

advantages for water treatment application as the high resistance to the background Cl- anions 

without the formation of chlorinated by-products, with limited Cu2+ leaching (below 0.5 mg/L) 

and limited oxidant consumption in wastewater due to poor reactivity of Cu(III) with DOM. 

Cu(III) being an one-electron transfer oxidant, the system presented a preference to react with 

electron-rich compounds such as phenols leading to polymerization reactions. The efficient 

degradation of selected antibiotics by CuO/PDS system also demonstrated the practical 

applicability of this system for emerging contaminants removal. However, besides Cu(III), 1O2 

and Cu(I) were generated in the CuO/PDS. All these species are known to be good biocides 

which opens a possibility to use the CuO/PDS system for water disinfection. 
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Figure captions 

Fig. 1. (a) SEM image and (b) XRD pattern of the investigated micro-sized copper oxide. 

Fig. 2. (a) Phenol degradation and (b) PDS decomposition in PDS alone, CuO alone, Cu2+ 

solution, Cu2+/PDS and CuO/PDS systems. [CuO] = [CuSO4.5H2O] = 10 g/L; [PDS] = 1 mM; 

[phenol] = 20 mg/L; pH = 7 with Tris buffer. 

Fig. 3. (a) UV-Vis absorbance spectra of CuO/PDS after the addition of periodate for Cu(III) 

detection at pH 13, (b) degradation of selected compounds in CuO/PDS systems. [CuO] = 10 

g/L; [PDS] = 1 mM; [KIO4] = 4 g/L; [benzoic acid] = [benzotriazole] = [salicylic acid] = [4-

hydroxybenzoic acid] = 20 mg/L. 

Fig. 4. Extracted Ion Chromatograms (EIC) of detected phenol transformation products.  

Fig. 5. Scheme of phenol transformation mechanisms in CuO/PDS system. 

Fig. 6. (a) Degradation kinetic rate constants of phenol at different solution pH and (b) the 

effect of water matrix on copper ion leaching. The WW was filtered (0.45 µm) before adding 

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

Fig. 7. Effect of PDS concentration on degradation kinetics of (a) phenol and (b) PDS in 

CuO/PDS system at pH = 7 using TRIS buffer. [CuO] = 10 g/L; [PDS] = 0.2, 0.5 and 1 mM; [phenol] 

= 20 mg/L. 

Fig. 8. (a) Phenol degradation and (b) PDS decomposition kinetics across four sequential 

experiments. [CuO] = 10 g/L; [PDS] = 1 mM; [phenol] = 20 mg/L. Every treatment cycle lasted 

60 min. 

Fig. 9. Proposed transformation pathways of (a) ciprofloxacin (CIP), (b) sulfamethoxazole 

(SMX), (c) cephalexin (CFX) and (d) clarithromycin (CLA) in the CuO/PDS system. 
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