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Abstract

In this study, copper oxide (CuO) catalyzed peroxydisulfate (PDS) system was investigated for
the inactivation of a broad range of pathogenic microorganisms from urban wastewater.
Complete inactivation of Escherichia coli, Enterococcus, F-specific RNA bacteriophages from
secondary treated wastewater was achieved after a short time (15-30 min) treatment with CuO
(10 g/L) / PDS (1 mM) system, but spores of sulfite-reducing bacteria took 120 min. No
bacterial regrowth occurred during storage after treatment. Significant reduction of the
pathogens was explained by the generation of the highly selective Cu(Ill) oxidant, as the
predominant reactive species, which could quickly oxidize guanine through a one-electron
oxidation pathway. Additionally, the potential of the CuO (10 g/L) / PDS (1 mM) system to
inactivate antibiotic-resistant bacteria and antibiotic resistance genes (ARB&Gs) was explored.
Sulfamethoxazole-resistant E. coli was used as the model ARB and a 3.2 log of reduction was
observed after 10 min of treatment. A considerable reduction (0.7-2.3 log) of selected ARGs
including blaTEM, qnrS, emrB, sull, and genes related to the dissemination of antibiotic
resistance, including the Class 1 integron-integrase (intl1), and the insertion sequence (IS613)
was achieved after 60 min treatment. All these findings indicated the promising applicability of

the CuO/PDS system as a disinfection technology for wastewater reuse in agriculture.

Keywords: Urban wastewater; disinfection; CuQ; antibiotic resistance genes; cupryl ion.
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1. Introduction

Wastewater (WW) reuse in agriculture is a growing practice worldwide to alleviate the demand
pressure on freshwater sources, moderate water pollution, and to reduce the use of additional
fertilizers resulting in savings for the environment, wastewater treatment, and farmers
(Akhoundi and Nazif, 2018; Hong et al., 2013). WW after secondary or tertiary treatments is
usually considered, but people in some poor and developing countries have to reuse untreated
raw wastewater because of the lack of provisions by the authorities (Aslani et al., 2014).
Whatever the resource, this latter contains various microbial contaminants, mainly including
pathogenic bacteria, viruses, and protozoa. These biological contaminants have posed potential
risks in spreading foodborne diseases and threaten public health when reclaimed WW has been
used for irrigation (Hong et al., 2018; Hwangbo et al., 2019). In addition, WW also is seen as
the reservoir and environmental supplier of antibiotics resistance, where antibiotic-resistance
genes (ARGs), acquired by different bacteria species via genes transfer or extracellular uptake
(Karkman et al., 2018; Pazda et al., 2019) intensively spread. Although antibiotic-resistant
bacteria and antibiotic resistance genes (ARB&Gs) are not currently included in any
international regulation, they have been recognized as one of the major challenges for human
health by the World Health Organization (WHO, 2015). To meet the minimum quality
requirements for the safe reuse of WW in agricultural irrigation, inactivating a broad range of
pathogenic microorganisms and limiting the spread of antibiotics resistance (ARB&Gs) by
effective disinfection technologies are highly recommended.

The most commonly used disinfection technologies are chlorination, UV-C treatment, and
peracetic acid. Chlorine is still the most widely used disinfectant due to its low cost and high
efficiency for the inactivation of microbes. However, it is not efficient for cryptosporidium
removal together with the well-known problem of unhealthy disinfection by-products

generation (Hashemi et al., 2013; Vasilyak, 2021). UV irradiation requires extensive secondary
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treatment and sand filtration to reach a recommended water transmittance value over 50% and
is not adapted to open treatment systems (e.g., lagooning or constructed wetlands) where green
colored microscopic algae can grow (Hashemi et al., 2013). Besides, potential bacterial
regrowth problems during treated WW storage for UV doses below 40-60 mJ/cm? have been
reported (Hashemi et al., 2013; Vasilyak, 2021). Peracetic acid has shown poor effectiveness in
removing enteric viruses, and potential microbial regrowth (Gehr et al., 2003; Kitis, 2004).

Homogeneous advanced oxidation processes (AOPs) employing hydrogen peroxide (H20>) and
persulfate (PDS) and relying on hydroxyl and/or sulfate radical (-OH and SO4~) production
have obtained increasing attention and have shown high disinfection capacity but can only be
an interesting option when organic micropollutants have to be simultaneously removed due to
the high operational and maintenance costs of those processes (Chen et al., 2021). To overcome
the disadvantages of the traditional homogeneous Fenton reaction and AOPs such as the narrow
pH range of implementation and the production of a large amount of iron-containing sludge
(Chen et al., 2021), heterogeneous Fenton-like oxidation processes (HFOPs) make use of
recyclable solid catalysts, such as iron oxides (de la Obra Jiménez et al., 2020; Xia et al., 2017),
copper oxide (Cho et al., 2020; Zhang et al., 2014), metal-organic frameworks (MOFs, Lu et
al., 2021), layered double hydroxides (LDHs, de Melo Costa-Serge et al., 2021), developed
rapidly in recent years. It should be noted that disinfection processes are widely applied as the
last barrier in the WW reclamation train after carbon and nutrients removals. However, in
irrigation application, what is needed is a disinfection method that can work in presence of high
contents of dissolved organic matter and nutrients because both are valuable agronomic
parameters to be preserved (Jaramillo and Restrepo, 2017). Organic matter is a well-known
hydroxyl and sulfate radical scavenger, limiting the efficiency of those processes (Chen et al.,
2021). However, HFOPs still mostly rely on radical generation. This work contemplated the

possibility to implement a HFOP relying on more selective reactive species than sulfate and
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hydroxyl radicals, which might work in organic-rich WW.

For this purpose, this work benefited from recent results of our research group, which have
shown that the copper oxide (CuO) / peroxydisulfate (PDS) system is a good generator of the
highly selective cuprous (Cu(I)) and cupryl (Cu(Ill)) as well as singlet oxygen (102) species
and could efficiently eliminate phenol and a mixture of antibiotics from WW (Li et al., 2021).
As Cu(I), Cu(IIl), and 'O are well identified as excellent biocidal species in the literature
(Garcia-Fresnadillo, 2018; Kim et al., 2015), good disinfection performance of the CuO/PDS
system was anticipated, but to our knowledge, the study of CuO/PDS on urban wastewater
disinfection has not been reported yet. Consequently, the main objective of this work was to
demonstrate the performances of this system in inactivating a broad range of pathogenic
microorganisms. Specific objectives included 1) a comparison of the disinfection capacity in
raw and secondary-treated WW, ii) the identification of the predominant reactive species and

ii1) the evaluation of the abundance reduction of selected ARB&Gs.

2. Material and Methods

2.1 Chemicals

Micrometer copper oxide particles (CuO, 44 pm particle size on average) were purchased from
Alfa Aesar (Kandel, Germany). Guanine, thymine, adenosine, L-tyrosine, ranitidine, ranitidine
N-oxide, ranitidine sulfoxide, sodium hydroxide (NaOH), sodium thiosulfate (NaS>03),
sulfamethoxazole (SMX), and EDTA were purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France). Potassium persulfate (K2S20s), sodium hypochlorite (NaOCI), formic acid,
ammonium acetate, Chromocult coliforms agar, Slanetz Bartley agar, and
tris(hydroxymethyl)aminomethane (Tris) were purchased from Merck KGaA (Germany).
Acetonitrile (HPLC grade) and methanol (HPLC grade) were purchased from Carlo Erba

reagents (France). All solutions were prepared with ultrapure water obtained from a Milli-Q
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Plus system (Millipore, Bedford, MA). Stock solutions of adenosine (100 mg/L), thymine (100
mg/L), ranitidine (100 mg/L), L-tyrosine (100 mg/L) and PDS (100 mM) were prepared in
ultrapure water. Guanine stock solution (500 mg/L) was prepared in 10% NaOH solution due

to its poor water solubility at neutral pH.

2.2 Pathogens inactivation

Wastewater disinfection. Influents and effluents were collected at the inlet and the outlet of a
conventional activated sludge wastewater treatment plant (WWTP, 20,000 equivalent
inhabitants). The major physico-chemical properties of collected influent and effluent samples
are shown in Table 1. The main differences when switching from influent to effluent were the
decrease of total suspended solids (TSS, 14 folds decrease) and chemical oxygen demand (COD,
20 folds decrease) values, and the simultaneous decrease of NH4" and increase of NOs ions
caused by nitrification. Before being subjected to treatment, the wastewater samples were firstly
filtered through a 200 um sieve to remove the biggest suspended solid particles. This effluent
was named pre-filtered effluent along the manuscript. The filtration had no significant influence
on the number of microorganisms present in WW. In other words, the microbial load did not
change before and after filtration.

To the tests devoted on the efficiency of the CuO/PDS system, chlorine considered as the
reference for disinfection operation and thermal activation of persulfate as the SO4~ radical
based process were also carried out. Before the use of CuO, this latter was rinsed around10
times with tap water in a 1-liter bottle to remove the suspended particles until almost all CuO
could settle down within 1 min. The washed CuO was dried in an oven (50 °C) for further use.
CuO (10 g/L), PDS (1 mM), CuO (10 g/L)/PDS (1mM), and free chlorine (2.6 mg/L) were
added to the pre-filtered effluent, separately. One liter WW bottles with or without PDS (1mM)

addition were immersed in a water bath (15 L) at 70 °C to ensure the full activation of PDS into
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sulfate radicals. CuO particles were easily removed by spontaneous decantation, and analyses
were performed on the supernatant. Samples (500 mL) were collected in sterilized plastic
bottles at defined time intervals of treatment. Excess EDTA (5 mM) and/or sodium thiosulfate
(5 mM) were added immediately for released Cu®** complexation and excess PDS removal,
respectively. Samples were stored at 4 °C and pathogens analysis was conducted less than 24 h
after sample collection. Potential bacterial regrowth was evaluated by analyzing treated effluent
samples collected at various time intervals after 24 and 48 h of storage in the ambient
environment. For influent, the procedures are the same as the effluent disinfection experiment
using CuO (10 g/L) and PDS at different concentration levels (i.e., 1, 2.5, and 10 mM).
Enumeration of pathogens. The NF EN ISO 9308-3 and NF EN ISO 7899-1 standard protocols
were used to enumerate Escherichia coli (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. 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. 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. All results are presented as an average of two experiments.

Analysis of Cu. Cu 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 A = 324.754 nm.

Analysis of PDS. The analytical method for PDS is reported in Li et al., (2021).

Analysis of trihalomethanes (THMs). Chloroform (CFL), dichloromonobromomethane (DCB),
monochlorodibromomethane (MCB), and bromoform (BRF) were determined following the

EPA 551A method.
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2.3 Identification of reactive species

Experimental procedures. Batch experiments were conducted in 100 mL glass serum bottles
under continuous shaking at 60 rpm using a roller mixer (STUART® SRT9D, UK) and 200
mM Tris buffer adjusted to pH 7 with HCI. Typically, target compounds (guanine, thymine,
adenosine, ranitidine, L-tyrosine), CuO, and PDS were sequentially added into the bottles to
reach initial concentrations of 20 mg/L, 10 g/L, and 1 mM, respectively. Sample aliquots (5 mL)
were taken at predetermined times and filtered through 0.45 pm cellulose membrane filters, and
then stored in 6 mL glass tubes at 4 °C before analysis. Control experiments in presence of CuO
or PDS alone were also performed under the same experimental conditions. 100 mM of
methanol was added to the CuO/PDS system as a hydroxyl and sulfate radical scavenger.
Analytical methods. Degradation kinetics of selected compounds were followed by liquid
chromatography (LC) with a diode-array detector (DAD) and using an Agilent ZORBAX
Eclipse XDB C18 column (150 x 3 mm i.d., 3.5 um particle size). The separation and detection
conditions are shown in Table S2. Transformation products (TPs) of guanine, L-tyrosine, and
ranitidine were identified by LC-high resolution-mass spectrometry (LC-HRMS) composed of
a Dionex Ultimate 3000 liquid chromatograph equipped with an electrospray source operated
in the positive ionization mode and an Exactive Orbitrap mass spectrometer (ThermoFisher
Scientific, Les Ulis, France) operated in full scan mode (mass range m/z 50-900) and using the
reverse phase PFPP (pentafluorophenylpropyl) analytical column (100 mm x 2.1 mm; 3 pm
particle size). LC gradient consisting of Milli-Q water with 1% ACN and 0.1% formic acid
(solvent A) and ACN with 1% Milli-Q water and 0.1% formic acid (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 set at 0.3 mL/min. The energy collisional dissociation was set to 20 eV and a drying gas

temperature of 300 °C was used. TPs of guanine, L-tyrosine, and ranitidine were identified
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following a suspect screening workflow in LC-HRMS. The databases were made up of a list of
possible TPs with their molecular formula and exact mass (Table S3—S5) collected from the

literature.

2.4 Antibiotic-resistant bacteria and antibiotic resistance genes (ARB&Gs)

Antibiotic-resistant bacteria. SMX-resistant E. coli and Enterococcus were quantified before
and after treatment to examine the ARBs inactivation performances. Considering the observed
minimum inhibitory concentration (MIC) (Iakovides et al., 2019; CLSI, 2020), 516 mg/L of
SMX was added to the Chromocult coliform agar (E. coli) and Slanetz Bartley agar
(Enterococcus), respectively. After membrane filtration and cultivation, the colony-forming
unit (CFU) of SMX-resistant and total E. coli and Enterococcus on the agar was counted. The
prevalence of SMX-resistant E. coli and SMX-resistant Enterococcus were calculated as the
ratio between the CFU/100 mL observed on the antibiotic supplemented culture medium and

the CFU/100 mL observed on the same medium without antibiotic (prevalence (%) =

CFU 100 mL ~Ymedium with SMX
CFU 100 mL ~Ymedium without SMX

X 100 ). All results are presented as an average of two

experiments.

Antibiotic resistance genes. 100 mL of pre-filtered effluents collected before and after treatment
were filtered on 0.22 pum polyethersulfone filters (Millipore, France). DNA extraction was
performed with the filters by following the specific protocols of the Qiagen DNeasy®
PowerWater® Kit (Qiagen GmbH, Hilden, Germany). DNA purity and concentrations were
estimated by spectrophotometry (Infinite NanoQuant M200, Tecan, Austria). The extracted
DNA was stored at -20 °C before analysis. Four ARGs and two genes linked to the
dissemination of antibiotic resistance were quantified by droplet digital PCR (ddPCR) using
EvaGreen chemistry: qnrS (reduced susceptibility to fluoroquinolone); sull (resistance to

sulfonamides); blaTEM (resistance to P-lactams), ermB (resistance to macrolide), intll
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encoding the integrase of Class I integron-integrase used as a proxy for the potential capacity
of the bacterial community to disseminate resistance (Iakovides et al., 2019), and IS613 selected
as one representative of insertion sequences in DNA transposons (Babakhani and Oloomi,
2018). The 16S rRNA gene, as an indicator of total bacteria, was quantified by quantitative PCR
(qPCR) using EvaGreen chemistry. The amplification and quantification processes were
conducted as the following protocol: 2 min at 95 °C for pre-incubation of the DNA template,
followed by 40 cycles at 95 °C for 15 s for denaturation and 60 s for annealing (at specific
annealing temperature) and amplification. Primers’ information and annealing temperature are
listed in Table S3. Specificity of amplification was validated both by melting curve analyses
and by checking the size of the amplicons on 2100 Bioanalyzer (Agilent, Waldbronn, Germany).

All results are presented as an average of three replicates.

3. Results and discussion

3.1 Inactivation performances of pathogens

3.1.1 Effluent

E. coli is commonly used as an organism indicator to indicate the fecal contamination level
(Odonkor and Ampofo, 2013). However, the thin cell wall of Gram-negative E. coli makes it
poorly resistant to many types of disinfectants. Thus, the Gram-positive Enterococcus with a
relatively thick and dense layer composed cell wall was adopted as a more resistant and reliable
indicator of fecal pollution (Nufiez-Salas et al., 2021). Considering that bacterial indicators are
unable to indicate the occurring level of viral pathogens (Dias et al., 2018), F-specific RNA
bacteriophages was used as the appropriate pathogenic viral indicator. Spores of sulfite-
reducing bacteria were selected as an indicator of protozoa. All these indicators are also
included in the EU Regulation 2020/741 of the European Parliament and of the Council of 25

May 2020 on minimum requirements for water reuse” (EU, 2020) to evaluate performances of
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disinfection technologies.

The initial abundances in secondary-treated effluent samples before treatment were 4.6 + 0.1
logio MPN/100 mL of E. coli, 3.5 £ 0.2 logio MPN/100 mL of Enterococcus, 2.7 = 0.2 logio
PFU/100 mL of F-specific RNA bacteriophages, and 3.2 + 0.1 logio CFU/100 mL of spores of
sulfite-reducing bacteria and are comparable to the values found in the literature (Haramoto et
al., 2015; Mandilara et al., 2006). The inactivation performances on four pathogenic indicators
by PDS alone, CuO alone, CuO/PDS, thermally activated PDS system (SO4~), and chlorination
(Clp) are shown from Fig. 1 (a) to Fig. 1 (d). No effective inactivation performance of any
indicator was observed by using PDS alone. As shown in Fig. 1 (a)-(b), significant reduction of
E. coli (> 3.0 log) and Enterococcus (> 1.7 log) was observed for the other three systems after
a short treatment time (15 - 30 min) and no cultivable cells were detected after that. This result
is comparable to UV-C irradiation, which can usually inactivate 2-4 log of E. coli
(Collivignarelli et al., 2018). All the disinfection systems except PDS alone efficiently removed
F-specific RNA bacteriophages (Fig.1 (c)). However, this result was not strong enough to fully
demonstrate the effective inactivation activity of these systems for viral pathogens because the
initial concentration of F-specific RNA bacteriophages (2.7 £ 0.2 logio PFU/100 mL) was too
low and close to the detection limit (2 logio PFU/100 mL). Significant reduction (> 1.5 log) of
spores of sulfite-reducing bacteria was only obtained with Clo and CuO/PDS systems after 15
min and 120 min treatment time, respectively (Fig.1 (d)). As a whole, CuO/PDS system took a
longer time than chlorination for the removal of targeted indicators. However, the CuO/PDS
system did not imply the generation of unhealthy trihalomethanes (THMs) as shown in Table 2.
The lack of THMs production held also true for the sulfate radical-based treatment.
Interestingly, CuO alone demonstrated good disinfection performances for all pathogenic
indicators. The released cupric ion (Cu(Il)) was suggested to be responsible for the

antimicrobial activity of CuO (Dizaj et al., 2014; Suleiman et al., 2015), which is mainly due
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to the cytotoxicity of cellularly generated cuprous ion (Cu(I)) (Kim et al., 2015). In this study,
the Cu(Il) released from CuO was up to 315 = 15 pg/L, so that the antimicrobial level was
reached. It is reported that Cu (II) can effectively inactivate bacteria, yeast cells and algae, but
has minor effects on virus inactivation (Kim et al., 2015). However, in combination with PDS,
the biocidal activity was significantly improved due to an acceleration in the generation of high-
valent copper species such as the virucide Cu(IIl) ions as detailed in section 3.2. For a better
understanding of the role of dissolved Cu in disinfection processes, Cu was measured in the
water phase together with the consumption of PDS at different times (Fig.2 (a) and (b)). A
positive correlation between Cu leaching and PDS consumption was observed. At the beginning
of the reaction, the fast consumption of PDS was associated with a strong Cu release up to 848
+ 42 ng/L. After 60 min treatment, PDS consumption dramatically slowed down and Cu release
decreased down to 392 + 20 pg/L. The mechanisms of PDS activation by CuO might account
for this specific behavior. At neutral pH, the CuO surface is positively charged as pHpzc was
8-9 have been reported (Ghulam et al., 2013) and PDS is an anion calling for strong electrostatic
interactions. The first step involves an electrostatic interaction of PDS on the CuO surface
followed by PDS decomposition into superoxide radical anion (L1 et al., 2021). As the reaction
proceeds, active sites on CuO might become occupied by waterborne molecules or even by
Cu?" limiting PDS activation and Cu®* leaching. As PDS was found not to be the limiting factor
in disinfection, further studies using lower PDS doses are needed to reduce Cu(Il) leaching.

For bacterial regrowth study, treated samples collected at various time intervals: 5, 10, and 30
min were stored under ambient conditions, and the occurrence and viability of E. coli and
Enterococcus in treated WW after 24 h and 48 h of storage was evaluated. Complete
inactivation of E. coli and Enterococcus was achieved after 30 min of treatment, no regrowth
of bacteria in the treated WW was observed during the storage time while incomplete

inactivation was observed after 5 and 10 min of treatment. CuO/PDS system achieved a
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reduction of 1.0 log and 2.3 log of E. coli and 0.3 log and 1.5 log of Enterococcus, respectively
(Fig. 3). Still no regrowth of E. coli and Enterococcus in treated WW samples was observed
after 24 h and 48 h of storage at ambient conditions, which might indicate that the possibility

for damaged DNA repair was restricted in the CuO/PDS system.

3.1.2 Influent

The inefficiency of raw WW disinfection has often been attributed to chemical/radical
disinfectant inhibition in presence of the high concentrations of inorganic and organic matters.
Sanchez-Ruiz et al., (1995) used peracetic acid to inactivate total coliforms in raw WW but
great variability in inactivation efficiency under different pH conditions and bacterial regrowth
were observed. In contrast, Aslani et al., (2014) demonstrated effective raw WW disinfection
by using Cu(II)/H20,. In this work, the CuO/PDS system was applied to disinfect raw influent
of an urban WWTP. As expected, the initial pathogens abundances were much higher than those
in effluent: 7.3 + 0.3 logio MPN/100 mL for E. coli, 6.9 = 0.3 logio MPN/100 mL for
Enterococcus, and 5.5 + 0.6 logio PFU/100 mL for F-specific RNA bacteriophages. In contrast,
spores of sulfite-reducing bacteria were similar, with a value of 3.3 + 0.7 logio CFU/100 mL.
The abundances of these indicators are consistent with those found in the literature (Haramoto
et al., 2015; Jofre et al., 2021). Different PDS concentrations were applied to the system to
evaluate the influence of this parameter on the disinfection efficiency and results are shown in
Fig.4 (a)-(d). The CuO/PDS system was not able to eliminate spores of sulfite-reducing bacteria
at any PDS concentration (Fig. 4 (d)). The removal efficiency of E. coli, Enterococcus, and F-
specific RNA bacteriophages highly increased when increasing PDS concentration from 1 mM
to 2.5 mM, but no further significant enhancement was noticed with 10 mM PDS (Fig. 4 (a)-
(¢)). Significant reductions of 3.5 log of E. coli and 4.1 log of Enterococcus were only reached

after 120 min treatment while the CuO/PDS system exhibited much better efficiency in
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removing viruses, a 3.5 log reduction of F-specific RNA bacteriophages being obtained after
30 min treatment when using 2.5 mM PDS. This result might be related to the generation of
highly selective reactive species in the CuO/PDS system (see section 3.2) which have not been

inhibited by the very high carbon content (COD of 657 + 55 mg/L vs 32.4 = 5 mg/L in effluent).

3.2. Identification of reactive species

From our previous work, it was known that singlet oxygen, Cu(I) and Cu(IIl) are generated in
the CuO/PDS system (Li et al., 2021). The involvement of singlet oxygen is often questionable
because this latter species is quickly quenched by water. Consequently, the main aim was to
confirm that copper species were the main reactive species involved in disinfection processes.
For this purpose, the reactivity of selected nucleobases (i.e., guanine, adenosine and thymine)
and that of the tyrosine amino acid, a phenolic compound which was anticipated to react with
Cu(III) have been investigated. Degradation of ranitidine was also studied to investigate the
reactivity of the disulfide bridge, which is an important component of the secondary and tertiary
structure of proteins. This work included kinetic studies as well as the identification of
transformation products (TPs) by LC-HRMS. At neutral pH, no target compound was absorbed
on CuO (Fig. S2). As shown in Fig. 5 (a), only guanine, L-tyrosine, and ranitidine can be
degraded in the CuO/PDS system. Degradation kinetics of guanine and L-tyrosine fitted well
to the first-order kinetic model. However, guanine reacted much faster than L-tyrosine with
apparent kinetics rate constants kobs = 0.12 £ 0.01, and 0.003 £ 0.0002 min™!, respectively. In
contrast, the degradation kinetics of ranitidine was not a first-order kinetic since the degradation
stopped after 15 min. This was due to the direct reaction of ranitidine with PDS (Fig. S2)
resulting in a quick PDS exhaustion. Methanol (100 mM) was added as a radicals scavenger
(e.g., OH and SO47). As shown in Fig 5. (b), methanol showed no inhibitory effect on the

guanine and ranitidine degradation and minor inhibitory effect on L-tyrosine degradation (kobs
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=0.002 £ 0.0002 min™'), indicating that radicals were not the predominant reactive species. This
confirms the results of our previous study where singlet oxygen and Cu(Ill) were identified as
the predominant oxidative species in the CuO/PDS system (Li et al., 2021), superoxide radical
was produced from PDS decomposition, but mainly used to reduce Cu(Il) to Cu(I) which
contributes to the microbiocidal action of Cu(II).

To be able to discriminate between 'O, and Cu(III) contributions, TPs of guanine, L-tyrosine,
and ranitidine 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 (Table S4, S5, and S6). This list was established from a literature search of
TPs. TPs with intensities lower than 1 x10* cps, signal to noise ratios lower than 10, isotopic
ratio higher than 10%, and mass accuracy errors higher than 5 ppm were discarded. The
transformation pathways of guanine (GUA), L-tyrosine (TYR), and ranitidine (RAN) were also
tentatively elucidated (Fig. 6). For guanine, two main TPs were detected (Fig. S3): GUA 1 (m/z
=153.0407) and GUA 2 (m/z = 133.0243). The first step of the reaction involved a deamination
reaction more likely through a one-electron oxidation process and through nitrosation of its
primary amine leading to the formation of xanthine (GUA 1) followed by pyrimidine and
imidazole rings opening (GUA 2). Guanine susceptibly reacts with 'O, compared with other
nucleobases (Di Mascio et al., 2019). However, 8-oxoguanine, a typical TP upon 'O, reactivity
was not detected supporting the predominant implication of Cu(Ill). Guanine was the only
targeted nucleobase which was degraded because guanine has the lowest redox potential (E° =
0.81 V) among nucleobases facilitating one-electron oxidation reactions (Wang et al., 2020a;
Xie et al., 2007). Similar to phenol (Li et al., 2021), L-tyrosine could be selectively oxidized by
Cu(IIl) to generate a phenoxy radical followed by tyrosine dimerization (TYR 1 (m/z =
361.1394) and tyrosine trimerization (TYR 2 (m/z = 540.1976)) through a one-electron

oxidation process (Fig. S4 and Fig. 6 (b)). Compounds corresponding to a higher degree of
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polymerization could not be detected more likely due to their precipitation in the reactive
medium. As shown in Fig. S5 and Fig. 6 (c), three main TPs of ranitidine were detected: RAN
1 (m/z =331.1434), RAN 2 (m/z = 301.1279), and RAN 3 (m/z = 300.1326). RAN 1 resulted
from the addition of one oxygen atom and was assigned the structure of ranitidine sulfoxide
and not that of ranitidine N-oxide after injection of ranitidine N-oxide and ranitidine sulfoxide
standards (Fig S6). The formation of ranitidine sulfoxide could be ascribed to the reactivity of
PDS (Fig. 6). However, the contribution of Cu(III) could not be fully discarded as its formation
was previously reported in presence of diperiodatocuprate (III), a stable complex of Cu(III)
known as a versatile one-electron oxidant for various organic compounds (Veeresh et al., 2008).
Consequently, the oxidation of other sulfur-containing compounds, such as the methionine
amino acid can be anticipated in the CuO/PDS system. Simultaneously to the S oxidation
reaction ranitidine could undergo an N-dealkylation reaction (RAN 2) and further
transformation at the nitro moiety leading to RAN 3 (tentative structure).

In summary, Cu(Ill) was found to be the predominant reactive species generated in the
CuO/PDS system with extremely fast and selective reactivity with guanine which can lead to
DNA damages. This result supports the higher efficiency of the CuO/PDS system in eliminating
non-enveloped viruses (e.g., bacteriophages) in raw WW with respect to bacteria and the lack
of bacterial regrowth. However, the CuO/PDS system can also selectively oxidize disulfide
bridge and phenolic amino acids with a strong impact on proteins and enzyme integrity also

facilitating pathogens inactivation.

3.3 Antibiotic-resistant bacteria and antibiotic resistance genes (ARB&Gs) removal
SMX (516 mg/L), as one of the first antibiotics for which bacterial resistance was observed
(Pazda et al., 2019), was spiked to the culture medium to study the SMX-resistant bacteria. The

initial concentration of SMX-resistant E. coli was 4.7 logio CFU/100 mL (Fig. 7 (a)) and the
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prevalence was 15.8% (Fig. 7 (b)). SMX-resistant Enterococcus was not detected, which
suggests that no Enterococcus was cultivable under this SMX concentration level. A significant
reduction of SMX-resistant E. coli (3.2 log) was observed after 10 min of treatment (Fig. 7 (a)).
In addition, further abatement of SMX- resistant E. coli was also observed during storage time
in untreated and treated WW samples (Fig. 7 (a)), however, the prevalence of SMX-resistant E.
coli in untreated WW samples was even increased up to 38.5% after 24 h storage (Fig. 7 (b)),
which indicated that the reduction of SMX-resistant E. coli was slower than that of total E. coli.
Consequently, the CuO/PDS system presented an excellent inactivation effect on SMX-resistant
E. coli and could also effectively prevent from the enrichment of SMX-resistant bacteria.

The abundances reduction of ARGs was also evaluated. Antibiotic resistance spreads through
getting resistance genes, which exist in their core genome or on mobile genetic elements, such
as transposons, integrons, and plasmids (Babakhani and Oloomi, 2018). Therefore, the
resistance genes (blaTEM, qrnS, emrB, and sull) for the most commonly used groups of
antibiotics (beta-lactams, quinolones, macrolides, and sulfonamides, respectively) were
selected. Class 1 integron-integrase gene (intll), and the IS613 insertion sequence were also
investigated. In addition to these, 16S rRNA gene was selected as a biomarker for bacteria,
aiming at assessing the reduction in the load of total bacteria.

The mean values of initial abundances of examined genes were 3.1, 3.8, 4.3, 4.8, 4.9, 4.6, and
7.0 logio (N copies/mL) of blaTEM, qrnS, emrB, sull, intl1, IS613, and 16S rRNA, respectively
(Fig. 8 (a)), and these values are similar to those reported in urban WWTP effluents by Wang
et al., (2020b) for instance. An average reduction of 1.0 log blaTEM (90% abatement), 0.7 log
qrnS (81% abatement), 0.9 log emrB (87% abatement), 1.0 log sul1(90% abatement), 2.3 log
intl1 (99% abatement), 0.8 log IS613 (83% abatement), and 0.6 log 16SrRNA (90% abatement)
was achieved after 60 min treatment (Fig. 8 (a)), which is as effective as chlorination and UV

irradiation, which caused 1.04-2.45 log and 0.59-0.96 log reduction of blaTEM and 2.98-3.14



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

log and 2.48-2.74 log reduction of intl1 (Phattarapattamawong et al., 2021; Sharma et al., 2016).
It is also noted that the reduction of pathogens and resistant E. coli by the system was much
effective than the reduction of 16S rRNA gene. This was probably due to the Cu(IIl) reactivity
that led to the induction of a ‘Viable But Not Cultivable state’ (VBNC) of bacteria and non-
cultivable bacteria were detectable using the 16S rRNA measurement approach. In addition,
chlorination, UV irradiation, and ozone treatments have been investigated to remove ARGs, but
usually it is necessary to increase the disinfectant or UV doses and contact time to achieve a
significant reduction in ARGs (Chen et al., 2020; Iakovides et al., 2019; Phattarapattamawong
et al., 2021; Sharma et al., 2016; Yuan et al., 2015). The presence of the targeted genes within
the total microbial community was estimated by using the relative abundances of ARGs, which
were normalized to the 16S rRNA gene copy number. Results are expressed in the logarithmic
scale and shown in Fig. 8 (b), where values of -2, -3, and -4 indicate the presence of one
resistance gene for every 100, 1000, and 10000 copies of 16S rRNA gene, respectively. The
initial relative abundances of targeted genes varied from -3.85 £ 0.1 log of blaTEM to -2.08 +
0.1 log of'intl1 and the rank of abundances was determined as intll > sull > [S613 > ermB >
qnrS > blaTEM in WW, while the rank of abundances in treated WW was determined as IS613
(-2.5+0.21og) >sull >ermB > qnrS > intl1 > blaTEM (-4.3 + 0.3 log). The relative abundances
reduction was observed for all targeted genes, especially for intl1, which indicated that the
spread of ARGs was effectively limited by using the CuO/PDS system. Optimizing operational
conditions such as longer contact time and/or the use of higher doses of CuO should improve

the removal rates of targeted ARGs but this was outside the scope of this work.

4. Conclusions

Studies on the disinfection of raw and secondary treated WW demonstrated that CuO/PDS

system was an effective disinfection technology in comparison to CuO alone, and sulfate
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radical-based system. Chlorination was probably more effective but the CuO/PDS had the
advantage to avoid the production of halogenated DBPs in organic-rich WW. This work also
revealed that Cu(Ill) instead of singlet oxygen might be the major reactive species responsible
for pathogens inactivation. Due to the high selectivity of Cu(IIl), disinfection was still effective
in raw WW as this latter oxidative species was not inhibited by the high content in organic
matter. This was particularly true against viruses because of the very fast and selective reactivity
of Cu(Ill) against guanine, possibly causing high DNA damages and avoiding bacterial
regrowth after treatment. In addition, the effective reduction of selected ARB&Gs by CuO/PDS
system was demonstrated by using SMX-resistant E. coli as a probe for ARBs, and blaTEM,
qrnS, emrB, sull, intl, and IS613 as selected ARGs. Collectively, all these findings led us to
conclude that the CuO/PDS system might be a promising disinfection technology for WW
treatment and reuse in irrigation mainly because it is effective in removing a large range of
pathogens while preserving the carbon and nutrients content of WW and because it might be
easily implemented at field-scale through filtration units. Nevertheless, this study was carried
out in beakers, which is not a good option to achieve the recycling of CuO microparticles. To
overcome this shortcoming, a fixed-bed column packed with CuO has been set up by our
research group for investigating wastewater disinfection, as well as wastewater
decontamination. Also, economic analysis and risk assessment are needed to be made based on
the fixed-bed column in terms of PDS consumption and CuO stability. These efforts will
contribute to improving the feasibility of the CuO/PDS system in future water remediation

applications.
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Figure captions

Fig. 1. Inactivation profiles of pathogens: (a) E. Coli, (b) Enterococcus, (c) F-specific RNA
bacteriophages and (d) spore of sulfite-reducing bacteria by different disinfection systems: CuO,
PDS, CuO/PDS, thermally activated persulfate (SO4) and chlorination (Cl2). [CuO]= 10 g/L,
[PDS]=1 mM, secondary treated wastewater. Note: the unshown rectangles from 15 min to 120
min represent that the concentrations of pathogens were lower than the limit of detection (LOD).
Fig. 2. Concentration of (a) leached Cu(ll) and (b) PDS during CuO/PDS treatment of
secondary treated wastewater. [CuO] = 10 g/L, [PDS] = 1 mM.

Fig. 3. Regrowth profiles of E. Coli and Enterococcus in secondary treated wastewater after (a)
5 min and (b) 10 min CuO/PDS treatment. [CuO] = 10 ¢/L, [PDS] = 1 mM.

Fig. 4. Inactivation profiles of pathogens in raw wastewater using CuO/PDS system and
different PDS concentrations: (a) E. Coli, (b) Enterococcus, (c) F-specific RNA bacteriophages
and (d) spores of sulfite-reducing bacteria. [CuO] = 10 g¢/L, [PDS] = 1, 2.5, 10 mM Note: NM
= not measured.

Fig 5. Degradation kinetics of (a) targeted compounds, and (b) the effect of methanol in distilled
water using the CuO/PDS system. [CuO] = 10 g/L, [PDS] = 1 mM, [adenosine] = [thymine] =
[guanine] = [ranitidine] = [L-tyrosine] = 20 mg/L, [methanol] = 100 mM at pH =7 (Tris buffer).
Fig. 6. Proposed transformation pathways of (a) guanine (GUA), (b) L-tyrosine (TYR), and (c)
ranitidine (RAN) in CuO/PDS system.

Fig. 7. Inactivation profiles of SMX-resistant E. Coli after 10 min treatment by CuO/PDS
systems in secondary treated wastewater. [CuO] = 10 g/L, [PDS] = 1 mM. Note: the unshown
rectangles after treatment mean that the concentrations were lower than the limits of detection

of methods.
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Fig. 8. Reduction profiles of selected ARGs after 60 min treatment by CuO/PDS system in
secondary treated wastewater, expressed as (a) mean value and (b) relative abundances of ARGs

normalized to 16S r RNA. [CuO] = 10 g/L, [PDS] = 1 mM.

Table captions

Table 1. Major physico-chemical properties of the investigated urban wastewater.
Table 2. Concentration (ug/L) of chloroform (CFL), dichloromonobromomethane (DCB),

monochlorodibromomethane (MCB), bromoform (BRF) and total trihalomethanes (THMs)

formed in different disinfection systems after 120 min of treatment.
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Table 1

Parameter Influent Effluent
EC (mS/cm) 21+05 16+04
pH 75+0.1 7.7+0.1
TSS (mg/L) 115+32  82+2.6
COD (mg/L) 657 +55  32.4+5
HCO3 (mg/L) n.d 514.3
ClI"(mg/L) n.d 195.3
NOs (mg/L) <LOD 129%15
NH4" (mg/L) 26+5 0.5
PO4-P (mg/L) 6.8+12  0.6+0.2
SO4% (mg/L) n.d 58.9
Cu (ug/L) n.d 3.75

n.d: not determined
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Table 2

E. coli
(log1o(MPN/100 mL))

3.0

F-specific RNA bacteriaphages
(log,,(PFU/100 mL)

DBPs (ug/L) Clz CuO SO CuO/PDS
CFL 30 <0.5 <0.5 <0.5
DCB 10 <0.5 <0.5 <0.5
MCB 2.7 <0.5 <0.5 <0.5
BRF <0.5 <0.5 <0.5 <0.5
THMs 42.7 <0.5 <0.5 <0.5
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