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ARTICLE INFO ABSTRACT

Editor: Jorg Rinklebe The potential of pentapotassium bis(peroxymonosulphate) bis(sulphate) (OXONE) to control biofilms in drinking
water distribution systems (DWDS) was evaluated and compared to chlorine disinfection. Mature biofilms of

K‘eyv}zords: drinking water (DW)-isolated Stenotrophomonas maltophilia were formed using a simulated DWDS with a rotating

Biofilm cylinder reactor (RCR). After 30 min of exposure, OXONE at 10 x minimum bactericidal concentration (MBC)

Chemical stability

Disinfecti caused a significant 4 log reduction of biofilm culturability in comparison to the unexposed biofilms and a
isinfection

Drinking water decrease in the number of non-damaged cells below the detection limit (4.8 log cells/cm?). The effects of free
Pentapotassium bis(peroxymonosulphate) bis chlorine were restricted to approximately 1 log reduction in both biofilm culturability and non-damaged cells.
(sulphate) (OXONE) OXONE in synthetic tap water (STW) at 25 °C was more stable over 40 days than free chlorine in the same
Stenotrophomonas maltophilia conditions. OXONE solution exhibited a disinfectant decrease of about 10% of the initial concentration during
the first 9 days, and after this time the values remained stable. Whereas possible reaction of chlorine with
inorganic and organic substances in STW contributed to free chlorine depletion of approximately 48% of the
initial concentration. Electron paramagnetic resonance (EPR) spectroscopy studies confirmed the presence of
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singlet oxygen and other free radicals during S. maltophilia disinfection with OXONE. Overall, OXONE constitutes
a relevant alternative to conventional DW disinfection for effective biofilm control in DWDS.

1. Introduction

In 2010, the United Nations General Assembly recognized access to
safe drinking water (DW) as a basic Human right [1]. Given its impor-
tance as a health and development issue, efforts have been done to in-
crease the number of people with access to safely managed DW services.
According to the World Health Organization (WHO) and the United
Nations Children’s Fund (UNICEF) Joint Monitoring Programme for
Water Supply, Sanitation and Hygiene (JMP), in 2020 the proportion of
the global population using safely managed services accounted for 74%,
estimating an increase to 81% coverage by 2030 at current rates of
progress [2]. However, compliance with international guidelines for DW
quality does not guarantee the prevention of biofilm development in
DWDS. Biofilms are composed of cells embedded in extracellular poly-
meric substances (EPS) that protect microorganisms from disinfection
and facilitate the recovery of injured cells [3,4]. The presence of biofilms
in DWDS constitutes a public health risk given the higher tolerance to
disinfection in comparison to the planktonic cell state [5-7], particularly
if pathogens are inhabiting the biofilm community. Despite the appli-
cation of conventional DW disinfection, different studies have been
demonstrating the presence of opportunistic pathogens (i.e. Legionella
spp., Mycobacterium spp., Pseudomonas aeruginosa, Acanthamoeba spp.,
and Aeromonas spp.) within the microbial communities of DW biofilms
[8-10]. The elimination of biofilms in water networks is almost impos-
sible to achieve and, to date, no approach has shown complete success in
eradicating them [3,4]. Therefore, biofilm prevention and control in
DWDS constitute a challenge to DW suppliers. The main strategy that
has been broadly applied relies on a balance between nutrient removal
from water and the presence of a residual disinfectant. Chlorine is the
most commonly used disinfectant for water treatment and to control
microbial accumulation in pipes and tanks [4,11]. However, it is inca-
pable of the complete prevention of biofilm growth [12] and, if a
chlorine decay is observed to sub-inhibitory concentrations, it can cause
selective pressure to enrich antibiotic-resistant bacteria in biofilms [13,
14]. The maintenance of chlorine residual is negatively impacted by the
water age, the presence of organic substances, pipe corrosion events,
and an increase in water temperature [15-17]. Additionally, the for-
mation of harmful disinfection by-products (DBP), such as tri-
halomethanes and haloacetic acids, has also highlighted the importance
of finding new alternatives to conventional chlorination [18,19].

Currently, potassium peroxymonosulphate (also known as pentapo-
tassium bis(peroxymonosulphate) bis(sulphate) or OXONE) is being
evaluated by the European Chemicals Agency (ECHA) for disinfection of
DW, and its initial application for approval is under opinion develop-
ment by the Biocidal Products Committee [20]. OXONE is a
chlorine-free oxidizing agent that has been broadly studied in the field of
advanced oxidation processes for the decomposition of organic pollut-
ants in wastewater or groundwater [21,22]. For instance,
activated-peroxymonosulphate demonstrated to be effective for the
degradation of ofloxacin [23], sulfamethazine [24], sulfamethoxazole
[25], acid orange 7 [26,27], methyl orange [25,26], bisphenol A [25],
and methylene blue [25,28]. The activation process of perox-
ymonosulphate includes the used of different catalysts, such as perov-
skites [23], atom-dispersed Co in a boron-carbon-nitrogen matrix [24],
functionalized Co304-BizO3-Ti membranes [25], copper ferrite nano-
particles [26], graphitic carbon nitride/e-manganese dioxide micro-
spheres [27], and nitrogen-doped porous carbon [28]. Advances in
different strategies for the degradation of organic pollutants have been
extensively explored due to the harmful effects of these compounds on
the water environment and public health [24,26]. Moreover, in-
teractions of emerging contaminants with microorganisms in both bulk

water and biofilms have been reported [29-31]. Additionally, persul-
phates are relatively less expensive compared to other oxidizing agents
used in advanced oxidation processes [32-34]. On the other hand, a
comparable fewer number of studies have reported the disinfection of
suspended microorganisms by OXONE, including the inactivation of
Escherichia coli, P. aeruginosa, spores of Bacillus atrophaeus and Bacillus
thuringiensis, as well as fungal spores of Cladosporium cladosporioides,
Penicillium polonicum, Aspergillus niger, and Trichoderma harzianum
[35-38]. The destabilization of the cell membrane was proposed as its
principal mode of antimicrobial action [38,39]. Recently, OXONE was
indicated as a promising alternative to free chlorine for the control of
biofilms developed by DW-isolated bacteria [39]. The exposure of 48
h-old biofilms of Acinetobacter calcoaceticus and Stenotrophomonas mal-
tophilia to OXONE for 30 min caused up to 5 log reduction of biofilm
culturable cells, with superior efficacy than free chlorine [39]. Never-
theless, the previous study limited the evaluation of the effects on bio-
film control by the use of microtiter plates. These platforms allow
high-throughput screening of the effects of different disinfectants
against biofilms. However, microtiter plates provide operating condi-
tions for biofilm formation far from mimicking those encountered in
DWDS [40].

The present work aimed to validate the potential of OXONE to con-
trol DW biofilms in comparison to chlorine disinfection under realism-
based conditions. The effects of disinfectants were evaluated against 7
day-old S. maltophilia biofilms formed under conditions mimicking
DWDS. DW-isolated S. maltophilia was used as a model bacterium for
biofilm formation because it is recognized as an emerging and oppor-
tunistic multidrug-resistant pathogen [41-45]. For instance, an outbreak
of S. maltophilia in an intensive care unit was reported to be associated
with the presence of biofilms in devices for DW supply [46]. In this
study, a rotating cylinder reactor (RCR) was used for the simulation of a
DWDS and has been already validated for the formation of DW biofilms
[16,47]. The chemical stability of OXONE and chlorine solutions in STW
at 25 °C was evaluated over 40 days. Moreover, the reactive species
produced during the OXONE disinfection in STW were identified by
electron paramagnetic resonance analysis.

2. Materials and methods
2.1. Chemicals

Pentapotassium bis(peroxymonosulphate) bis(sulphate) (OXONE),
which was selected from the product type 5 Article 95 List of the Biocidal
Products Regulation published by ECHA [48], and 2,2-azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were pur-
chased from Sigma-Aldrich (St. Louis MO, USA). Calcium hypochlorite
(Merck, Darmstadt, Germany) was used as reference disinfection by free
chlorine release [11]. Free chlorine concentration was determined
through the DPD (N,N-diethyl-p-phenylenediamine) colorimetric
method using the HI96701 free chlorine portable photometer (Hanna
Instruments) [39,49]. Stock solutions of OXONE and free chlorine were
freshly prepared in ultrapure water or sterile STW, which was composed
of 100 mg/L NaHCO3 (Merck, Darmstadt, Germany), 13.4 mg/L MgSOy, -
7 HyO (Labkem, Barcelona, Spain), 0.7 mg/L K,HPO4 (VWR BDH
CHEMICALS, Leuven, Belgium), 0.3 mg/L KH,PO4 (VWR BDH CHEM-
ICALS, Leuven, Belgium), 0.01 mg/L (NH4)2SO4 (Panreac, Barcelona,
Spain), 0.01 mg/L NaCl (Merck, Darmstadt, Germany), 0.001 mg/L
FeSO4 - 7 HoO (VWR BDH PROLABO, Leuven, Belgium), 1 mg/L NaNO3
(VWR BDH CHEMICALS, Leuven, Belgium), 27 mg/L CaSO4 (Labkem,
Barcelona, Spain), and 1 mg/L humic acids (Sigma-Aldrich, Sintra,
Portugal) [501], and stored at 4 °C. DMPO (5,
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5-dimethyl-1-pyrroline-N-oxide) was purchased from TCI Chemicals
(Portland, OR, USA). 4-oxo-TEMP (2,2,6,6-tetramethyl-4-piperidone
hydrochloride) was purchased from Sigma-Aldrich (Darmstadt,
Germany).

2.2. Biofilm formation

Mature biofilms were formed according to Gomes et al. [16] with
some modifications, using an RCR under mimicking conditions in
DWDS. A detailed description of the structure and functioning of the
RCR can be found elsewhere [16,51]. S. maltophilia isolated from DW
[52] was used in this study. Two 1 L Erlenmeyer flasks containing 250
mL of R2A broth were inoculated with S. maltophilia colonies and
incubated overnight at 25 + 2 °C and 120 rpm. Cells were harvested by
centrifugation at 3220 x g for 10 min, washed, and resuspended in 500
mL of R2A broth. The reactor was then inoculated with the bacterial
suspension and diluted with STW to a final volume of 5 L and a final
cellular density of approximately 2.5 x 107 CFU/mL. Polyvinyl chloride
(PVQ) cylinders were used for biofilm formation with a sampling area of
39.27 cm? (d =2.5cm; 1 =5 cm) per cylinder. This material was chosen
as a representative pipe material from DW networks [47,53,52]. The
cylinders rotated under constant speed equivalent to a liquid flow of 0.1
m/s and shear stress on the cylinder surface of 0.1 Pa, similar to typical
conditions found in plumbing systems [54,16,55,56]. The RCR operated
under batch conditions for 7 h to promote initial bacterial adhesion.
Afterwards, silicone tubing and a peristaltic pump operating at 0.5 L/h
were used to continuously feed the reactor with 10 x diluted R2A broth
from a polypropylene 50 L feed carboy, ensuring a hydraulic retention
time (HRT) of 10 h [16,47]. To obtain mature and steady-state biofilms,
the RCR operated for 7 days [16,51,57]. STW and 10 x diluted R2A
broth were selected as culture media for biofilm formation instead of
real tap water, to optimize the required run time for the experiments and
prevent reproducibility issues inherent to the natural changes of the
characteristic of DW supplied by municipal water networks [16,47].

2.3. Biofilm characterization

At the end of the operation time, each cylinder was removed from the
RCR and carefully washed in STW to remove non-adhered bacteria.
Then, biofilms formed in the RCR were characterized in terms of wet
mass, culturable cells, total and intact membrane bacteria, and content
of extracellular proteins and polysaccharides. The wet mass was ob-
tained by the difference between the mass of the cylinder with biofilm
and the mass of the cylinder without biofilm. The biofilms were removed
from the cylinder surfaces by scrapping four times for 1 min using 5 mL
pipette tips and rinsing each time with 2.5 mL of extraction buffer (0.76
g/L NagPOy - 12 Hy0 (Merck, Darmstadt, Germany), 0.4 g/L NagHPOy
2 H0 (Chem-lab, Belgium), 0.53 g/L NaCl and 0.08 g/L KCl at pH 7),
resuspending the biofilms in a total of 10 mL of extraction buffer. The
suspensions were further vigorously vortexed for 2 min to homogenize.
Culturable bacteria were determined after 48 h of incubation at 25 + 2
°C on R2A agar. The results are presented as log CFU/cm?. Total cells
and those with no damaged membrane were determined by epifluor-
escence microscopy using the Live/Dead BacLight™ bacterial viability
kit (Invitrogen, Waltham MA, USA), where SYTOO9 labels all bacteria
while propidium iodide labels only membrane damaged bacteria. Bac-
teria with intact membranes (green stained cells) and the total number
of cells (sum of green and red stained cells) were assessed by cell
counting of a minimum of 15 fields of view. The results are presented as
log cells/cm? and the detection limit of the method is 4.8 log cells/cm?
[16]. For the analysis of extracellular proteins and polysaccharides
content, a procedure for extraction and quantification of EPS was per-
formed according to Frglund et al. [58] and Gomes et al. [16]. The
extraction occurred under 400 rpm at 4 °C for 4 h with Dowex® Mara-
thon© resin, followed by centrifugation at 3220 x g for 5 min for sep-
aration of EPS from the bacterial cells. Peterson’s modification of the
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micro Lowry method [59,60] was used for the quantification of proteins,
using bovine serum albumin as standard. The polysaccharides were
quantified according to the phenol-sulfuric method [61], using glucose
as the standard.

2.4. Biofilm exposure to disinfectants

Solutions of OXONE and free chlorine in STW were prepared at 10 x
minimum bactericidal concentration (MBC) of each disinfectant against
S. maltophilia. The MBC values of 340 mg/L for OXONE (i.e., 553 uM)
and 0.8 mg/L for free chlorine (ie, 22.6 pM) were determined in a
previous study [39] and considered to be the lowest concentrations
under which complete growth absence in planktonic cultures was
detected. Cylinders with biofilms were carefully washed in STW to
remove non-adhered bacteria. Then, biofilms were exposed to 200 mL of
OXONE or free chlorine solutions for 30 min in a 250 mL glass beaker. At
the end of the exposure time, the cylinders were carefully immersed in
STW to wash the disinfectants, followed by a similar procedure as
described above, which included scrapping and resuspending the bio-
films in 10 mL of neutralizer solution, which its detailed composition
can be found elsewhere [39,62]. The samples were analysed in terms of
culturability, the presence of cells with non-damaged membranes and
total cells, as described previously. Unexposed biofilms (control sam-
ples) were performed by replacing the disinfectant solution for STW.

2.5. Chemical stability of OXONE and free chlorine solutions

The stability of OXONE and free chlorine solutions were evaluated as
the depletion of each disinfectant at 25 + 2 °C for 40 days. The solutions
were prepared in STW and ultrapure water at 10 x MBC of each disin-
fectant against S. maltophilia and stored in light-protected flasks. The
concentration of OXONE was determined by spectrophotometric mea-
surement using ABTS as an indicator and according to the method
described by Zou et al. [63]. A stock solution of ABTS was prepared at
50 mM in ultrapure water and stored at 4 °C. Phosphate buffer solution
at 50 mM and pH 7 was prepared by mixing 38.5 mL of KH,PO4 (VWR
BDH CHEMICALS, Leuven, Belgium) stock solution (0.5 M) with 61.5
mL of KoHPO,4 - 3 HyO (Fisher Scientific, Leicestershire, UK) stock so-
lution (0.5 M) and diluting the combined stock solutions to 1 L with
ultrapure water. The OXONE standards solutions were freshly prepared
in ultrapure water in the range of 50-1000 mg/L. For measuring OXONE
concentration, the procedure was as follows: 2.25 mL of phosphate
buffer solution and 0.125 mL of ABTS solution were firstly added into
appropriately labelled test tubes; then 0.125 mL of OXONE standard
solutions or water samples containing OXONE were orderly added into
the test tubes; the mixed solutions were left to react for 10 min at room
temperature (23 + 2 °C) in the dark; and finally, the absorption value of
the mixed solutions at 415 nm was recorded using a spectrophotometer
(V-1200 Spectrophotometer VWR, Leuven, Belgium). The mixed solu-
tion without OXONE (i.e., replacing it with 0.125 mL of ultrapure water)
was used as the blank solution. When necessary, the water samples
containing OXONE were appropriately diluted in ultrapure water before
the reaction. The over time depletion of free chlorine was evaluated
according to the DPD colorimetric method. When possible, a linear
regression was performed to the experimental data to quantify the
disinfectant depletion. The slope of the linear model corresponded to the
disinfectant loss rate (‘fi—f) (mg/L/day) and the Y-intercept represented
the estimated initial value of disinfectants (mg/L). Additionally, the
half-life t;» (days) for the free chlorine to be reduced by 50% was
calculated from the linear models. The goodness of fit was evaluated
based on the coefficient of determination (R?).

2.6. Electron paramagnetic resonance studies

To identify the reactive oxygen species (ROS) formed during the
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disinfection of S. maltophilia by OXONE at MBC in STW, EPR studies
were performed in the conditions of the process. EPR spectra were
recorded using a Bruker ELEXSYS E500 spectrometer, available at
Laboratory for Electron Paramagnetic Resonance Spectrometry (CEMUP
— Centro de Materiais da Universidade do Porto), operating at 9 GHz (X-
band) using the following general experimental conditions, as specified
below for each type of radical detection. Xepr software (Bruker) was
used for spectra acquisition and Easyspin-5.2.35 for computer simula-
tions and calculation of the Spin Hamiltonian parameters. The relative
amount of radical formed was estimated by integration of the EPR signal
(area under the curve, AUC) using Origin 2015 software [64]. All ex-
periments were carried out under room light (only artificial light at
constant intensity was present) and samples were protected from the
light with aluminium foil.

For the investigations regarding the production of singlet oxygen
radical (*05), a stock solution of 4-0xo-TEMP spin trap was freshly
prepared before analysis at 14 mg/mL in distilled water. Then, 70 pL of
4-0x0-TEMP solution was added to 1 mL of bacterial test mixture. The
bacterial test mixture containing a final cellular density of approxi-
mately 107 CFU/mL had been prepared in OXONE solution instants
before the addition of the spin trap by mixing 100 pL of bacterial solu-
tion in PBS, 100 pL of STW at 10 X its final concentration, and 800 pL of
OXONE solution in ultrapure water at 1.25 x the required test concen-
tration [39,62]. An aliquot was quickly collected and placed in a
capillary tube, which was then placed in the quartz EPR tube for spectra
acquisition. Spectra were recorded at defined time points (0, 10, 20, and
30 min of disinfection) and the following general experimental condi-
tions: room temperature (20 + 2 °C), the modulation frequency of
100 kHz, microwave power 6 mW, modulation amplitude 4 Gauss (G),
60 dB of receiver gain, the acquisition time of 50 s and 5 scans.

To study the production of superoxide (0%), hydroxyl (HO®), and
sulphate (SO7) radicals, a stock solution of DMPO spin trap was freshly
prepared before analysis at 18 mg/mL in distilled water. Then, 70 uL of
DMPO solution was added into 1 mL of bacterial test mixture as
described above. An aliquot was quickly collected and placed in a
capillary tube, which was then placed in the quartz EPR tube for spectra
acquisition. Spectra were recorded at defined time points (0, 10, 20, and
30 min of disinfection) and the following general experimental condi-
tions: room temperature (20 + 2 °C), the modulation frequency of
100 kHz, microwave power 4 mW, modulation amplitude 4 G, 60 dB of
receiver gain, the acquisition time of 220 s and 5 scans.

2.7. Statistical analysis

A minimum of three independent assays were performed in duplicate
for each condition tested. Results are presented as mean and standard
deviation (SD). The ordinary one-way ANOVA test followed by Tukey’s
multiple comparisons test was performed for the statistical analysis. A
confidence level > 95% (P < 0.05) was considered in the statistical
analysis, using GraphPad Prism 9 for Windows.

3. Results and discussion
3.1. Effects of OXONE on mature biofilms

The RCR was used for biofilm formation under conditions mimicking
DWDS. S. maltophilia biofilms were formed for 7 days on PVC cylinders
under constant rotation speed similar to the typical water velocity in
plumbing systems (0.1 m/s) [54,16,55,56]. Before exposure to disin-
fectants, biofilms were characterized in terms of wet mass, culturability,
total and non-damaged bacteria, and content of extracellular proteins
and polysaccharides (Table 1). The numbers of culturable and total cells
were in the same magnitude, respectively, 7.6 + 0.5 log CFU/cm? and
7.4 + 0.4 log cells/cm?. Usually, the level of biofilm cell density is one
order of magnitude higher than the number of biofilm culturable cells,
however, the results were between the range of CFU and cell densities of
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Table 1
Characterization of biofilms formed in the rotating cylinder reactor.

S. maltophilia biofilms on PVC

cylinders
Wet mass, mg/cm? 41+1.2
Culturable cells, log CFU/cm? 7.6 £ 0.5
Total cells, log cells/cm? 7.4+ 0.4
Biofilm viability, log non-damaged cells/ 7.2+£0.5

cm?

Extracellular proteins, Ug/g biofiim 519 + 146
Extracellular polysaccharides, ug/g biofiim 460 + 91

biofilms reported within DWDS [65-67]. The number of non-damaged
cells represented 97% of the total biofilm cell density. Regarding the
content of EPS, the level of extracellular proteins (519 + 146 ug/g bio-
fiim) was approximately equal to the level of extracellular poly-
saccharides (460 + 91 ug/g biofilm)- Conversely, Gomes et al. [16,50]
reported contents of extracellular polysaccharides of S. maltophilia bio-
films formed in the RCR higher than the levels of extracellular proteins.
The different EPS composition of the biofilms could be related to the use
of distinct surface materials [16,53,68] or different broth media com-
positions for biofilm formation [47].

The characteristics of DW biofilms are very dependent on the con-
ditions found in real DWDS, namely the type of pipe materials, the age of
the pipelines, the layout of the network, hydrodynamic conditions, and
the composition of the water, among others [3,4]. The challenging task
of studying biofilms in real DWDS encourages the use of biofilm re-
actors, which strive to ensure that the operating conditions (i.e., phys-
ical, chemical and biological parameters) are as similar as possible to
those found in real scenarios [40]. Previous studies demonstrated the
suitability of the RCR to study biofilms under conditions simulating
DWDS [16,47]. Nevertheless, the comparison of the characteristics of
biofilms in model systems with those formed in real DWDS is an arduous
assignment given the limited number of studies with the evaluation of
the exact same biofilm properties and methods of quantification. Most of
these studies with biofilm samples of real DWDS focused only on the
determination of the total and culturable cell densities or microbial
community evaluation under different operational conditions [66,69].
In this study, the biofilms developed using the RCR presented total and
culturable cells numbers comparable to those reported using other
biofilm reactors fed with tap water for two to four months (heterotro-
phic plate counts approximately 107 to 108 CFU/cm? and a total number
of biofilm cells approximately 2 x 107 cells/cm?) [66,69]. Additionally,
Shen et al. [70] reported a ratio of protein to polysaccharide close to 1
for biofilms formed in CDC reactors with PVC coupons and fed by
groundwater for three months.

Then, biofilms were exposed to OXONE and free chlorine at
10 x MBC in STW for 30 min and the effects were evaluated in terms of
biofilm culturability, biofilm cell density and number of non-damaged
cells (Fig. 1). The exposure of the 7 day-old biofilms to disinfectants
promoted a statistically significant (P < 0.05) reduction of biofilm cul-
turability in comparison to the unexposed/control biofilms of approxi-
mately 1 log reduction with free chlorine and 4 log reduction with
OXONE. Remarkably, the action of OXONE in decreasing biofilm cul-
turable cells was more efficient than the exposure of biofilms to free
chlorine (P < 0.05). Considering the biofilm cellular density, no signif-
icant differences (P > 0.05) were observed in the total number of cells in
biofilms after exposure to the disinfectants. Unexposed biofilms (control
group) or those exposed to the disinfectants presented total levels of cells
approximately of 7 log cells/cm?. However, the exposure of the 7 day-
old S. maltophilia biofilms to free chlorine and OXONE promoted a sig-
nificant decrease (P < 0.05) in the number of non-damaged cells.
Notably, biofilms exposed to OXONE presented levels of non-damaged
cells below the detection limit of 4.8 log cells/cm?, whereas the expo-
sure to free chlorine only allowed a decrease of non-damaged cells to
6.4 £+ 0.5 log cells/cm? (P < 0.05) (Fig. 1).
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Fig. 1. The effects of free chlorine and OXONE at 10 x MBC in STW against 7 day-old S. maltophilia biofilms formed in the RCR. (a) biofilm culturable cells. (b)
biofilm cellular density: number of non-damaged cells (solid-white bars) and total cells (patterned bars). ¢ below the detection limit of 4.8 log cells/cm? (dashed
line). # indicates statistically significant differences to control/unexposed biofilms. { indicates statistically significant differences to biofilms exposed to free chlorine.

The results demonstrated that the treatment with OXONE was effi-
cient to control mature S. maltophilia biofilms formed under conditions
mimicking DWDS. The biofilms exposed to OXONE were substantially
inactivated, resulting in more than a 4 log reduction in biofilm cultur-
ability and the number of non-damaged cells. However, it was unable to
remove the biofilms from the PVC surface since the number of total cells
in the biofilms was not decreased by OXONE in comparison to the
control (Fig. 1b), which is also in accordance with Oliveira et al. [39].
Moreover, the action of OXONE was significantly better than the expo-
sure to free chlorine, which only allowed a reduction in biofilm cul-
turability and the number of non-damaged cells in the order of 1 log.
The inability of chlorine to control biofilms was already reported by
other authors [71,16,72]. Gomes et al. [16] demonstrated that free
chlorine at 10 mg/L for 10 min did not reduce the number of
non-damaged membrane and culturable cells of 7 day-old S. maltophilia
biofilms grown on stainless steel, copper, and 57% copper alloy. High
levels of chlorination (between 50 and 200 mg/L for 2 h) decreased the
number of culturable cells in 18 and 30 day-old L. pneumophila biofilms
on galvanized steel and PVC, however, biofilms were not eradicated and
continued to grow on subsequent days [71]. Moreover, detached cells
from 90 day-old E. coli biofilms formed on plastic-based materials (PVC,
polypropylene, and polyethylene) were eradicated by chlorine, but
E. coli cells from biofilms formed on iron pipes could resist the chlorine
treatment [72]. Furthermore, it should be pointed out that the exposure
of biofilms to OXONE in STW, which has chloride ions (CI) in its
composition, could overestimate the effects of OXONE because the
production of hypochlorous acid (HOCI) was reported to be generated
from saltwater oxidation of peroxymonosulphate [37,73]. Nevertheless,
the present results are in agreement with the effects of OXONE at the
same concentration in ultrapure water against established 48 h-old
S. maltophilia biofilms, where an approximately 4 log reduction was also
observed (unpublished results).

3.2. Evaluation of the chemical stability of OXONE and free chlorine
solutions

Among different factors, the control of microbial proliferation in
DWDS is mainly dependent on the maintenance of residual disinfectant
concentration through the water distribution network [3,4]. Maintain-
ing an effective free chlorine residual concentration is known to be a
challenge given the existence of chemical reactions occurring both in the
bulk phase and at the pipe walls that contribute to chlorine decay in
DWDS [74-77]. Therefore, the chemical stability of OXONE solutions in
ultrapure water and STW was evaluated as disinfectant depletion over
time and compared to the free chlorine decay in the same conditions.

The initial disinfectant concentrations were prepared at the correspon-
dent 10 x MBC of each disinfectant against S. maltophilia and the tem-
perature was controlled at 25 °C for 40 days.

The analysis of Fig. 2a demonstrated that after an initial drop of
OXONE concentrations during the first 9 days of the experiment, the
OXONE solutions were mainly stable over time, both in ultrapure water
and in STW. The median values of OXONE concentrations in ultrapure
water and in STW were approximately 2700 mg/L and 2500 mg/L,
respectively. The interquartile range of OXONE concentrations in ul-
trapure water was 2600-2800 mg/L. In STW, the interquartile range
was 2400-2600 mg/L. A linear regression was performed on the
experimental data to quantify the OXONE depletion during the first 9
days (Fig. 2b). The results of the OXONE loss rate and statistical mea-
sures of the linear models are presented in Table 2. The OXONE loss rate
(£) in STW and ultrapure water was —70.4 +13.4 and —66.1

+ 9.0 mg/L/day, respectively. No statistical difference (P > 0.05) was

observed between the linear regression of OXONE depletion in STW and
in ultrapure water. Therefore, the overall results indicate that the
presence of inorganic and organic substances in STW had a small or
inexistent impact on OXONE depletion over the 40 days of the experi-
ment, resulting in OXONE concentrations approximately equal to the
values obtained in the solution without interfering agents. However, in
both conditions, the OXONE solutions presented a disinfectant depletion
of approximately 10% of the initial OXONE concentrations within the
first 9 days, after this time the values of OXONE concentration became
stagnated. Considering that the initial OXONE depletion of 10% was
observed both in STW and ultrapure water (i.e., no interfering sub-
stances), the results suggest that this decrease in OXONE concentration
may be attributed to the peroxide bond activation by thermolysis [22].
Indeed, the incubation of disinfectant solutions was performed at 25 °C,
the threshold temperature value which water utilities in some countries
are asked to comply with, and the maximum water temperature limit at
the tap recommended by the WHO guidelines [11,78].

To evaluate the chemical stability of free chlorine, its concentration
over time in ultrapure water and STW was measured and is presented in
Fig. 3. The linear regression of the experimental data allowed the
assessment of the kinetic parameters that quantify chlorine decay
(Table 3). The absolute value of the chlorine loss rate (&) in STW, 0.078

=+ 0.005 mg/L/day, was significantly (P < 0.05) higher than the loss

rate (‘é—f) in ultrapure water, 0.022 + 0.002 mg/L/day. Moreover, the
half-life (t;/2) calculated for chlorine depletion in STW was approxi-
mately 45 days, whereas in ultrapure water the t; » was approximately

198 days (P < 0.05). Over the 40 days of the experiment, the free
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Fig. 2. Time course of chemical stability of OXONE in ultrapure water (open magenta circles) and STW (closed black circles) solutions at 25 °C in light-protected
conditions. (a) over the 40 days of the experiment. The blue and orange lines represent the median of OXONE concentrations in STW and in ultrapure water,
respectively. Shade zones define the interquartile range of OXONE concentrations in STW and ultrapure water. (b) zoom in on OXONE concentration in the first 9
days of the experiment. Solid lines represent the linear regression of the experimental data. Dashed lines define the 95% confidence band of the model.

Table 2

Kinetic parameters and statistical measures of the linear regression of the
experimental data from the chemical stability evaluation for OXONE over the
first 9 days of the experiment.

Parameters Ultrapure water STW
d -66. . -70. X
Slope:d—f,mg/L/day 66.1 + 9.0 70.4 +13.4
Y-intercept, mg/L 3046 + 51 2980 + 76
R? 0.8444 0.7347
—
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Fig. 3. Concentration of free chlorine (mg/L) over 40 days in ultrapure water
(open magenta circles) and STW (closed black circles) solutions at 25 °C in
light-protected conditions. Solid lines represent the linear regression of the
experimental data. Dashed lines define the 95% confidence band of the model.

Table 3

Kinetic parameters and statistical measures of the linear regression of the
experimental data of free chlorine depletion in ultrapure water and STW, over
the 40 days of the experiment.

Parameters Ultrapure water STW

Slope — %} mg/L/day -0.022 + 0.002 -0.078 + 0.005
Y-intercept, mg/L 8.72 + 0.04 7.00 £+ 0.09

R? 0.7331 0.8834

t1/2, days 198 45

chlorine depletion in STW was approximately 48% of the initial value,
revealing a possible reaction of chlorine with the inorganic and organic
substances of STW [74]. Indeed, the reactions of chlorine with inorganic

substances in natural waters are relatively quick and, generally, involve
compounds such as ammonia, halides, iron, and sulphide [74,79].
Whereas low chlorine reaction rates with organic compounds are
commonly observed during chlorination [74,79]. In the present work,
chlorine in ultrapure water was mainly stable, with approximately 11%
of free chlorine depletion over the 40 days of the experiment. In fact,
without interference substances, sodium hypochlorite at 25 °C demon-
strated to be more stable than neutral electrolysed oxidizing water,
chlorine dioxide, and sodium dichloroisocyanurate solutions [49].

Although the promising activity and stability of OXONE, the eco-
nomic perspective from its use is potentially limiting. In general, per-
sulphates are recognized as relatively less expensive than other oxidants
used in advanced oxidation processes [33,34]. However, chlorine seems
to have lower costs. The OXONE salt (2KHSOs - KHSO4 - K2SO4) was
evaluated by 2.2 USD/kg [34]. On the other hand, the price of chlorine
in the USA market by July 2023 was evaluated by 0.91 USD/kg [80],
and DW treatment plants with a daily flow rate of 100 m® can present an
average cost of CAN$1.00 to produce DW by chlorination [81]. How-
ever, the economic advantage of chlorine can dissipate with the increase
in the volume of treated water, due to economies of scale, as observed
when compared to other DW disinfection methods [82]. Furthermore, if
in real DWDS the use of OXONE could lead to a lower likelihood of
occurrence of microbiological problems, as demonstrated in the present
work, the choice of the disinfectant cannot be based exclusively on cost
comparisons.

3.3. Identification of reactive species produced during disinfection with
OXONE

Research on advanced oxidation processes for oxidative degradation
of organic pollutants indicates that persulphates have a strong oxidizing
action via two-electron reduction, and decomposition into sulphate and
hydroxyl radicals by cleaving the peroxide bond [22,83,34]. However,
the mechanism behind the disinfectant activity of OXONE has not been
fully elucidated and is limited to a few studies [35,37,39]. Therefore, in
the present work, the activity of OXONE against S. maltophilia was
monitored by EPR spectroscopy, to get insight into its mechanism of
disinfection. The experiments were performed considering STW to
simulate microbial disinfection for application in the treatment of DW.

Studies using spin trap 4-oxo-TEMP were performed aiming to detect
singlet oxygen radicals (10,) eventually formed during the disinfection
of S. maltophilia with OXONE. This spin trap forms an adduct with 10,,
which can be detected by EPR [84]. The spectra obtained are depicted in
Fig. 4a and Fig. 4b and exhibit the typical (1:1:1) triplet signal and g
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Fig. 4. Representative EPR spectra of singlet oxygen radical production at time
zero (a) and after 30 min (b) of S. maltophilia exposure to OXONE in STW. A. u.
means arbitrary units. The blue line represents the blank sample (bacterial cells
in STW without exposure to OXONE); the black line represents the control
sample (OXONE in STW without bacterial cells); the red line represents the test
sample (bacterial cells exposed to OXONE in STW).
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value (g = 2.0067) of the adduct 4-oxo-TEMP-singlet oxygen radical
[84-87]. The relative amount of trapped 10, over 30 min is presented in
Fig. 5a.

The formation of 'O, radicals was immediately confirmed at time
zero with high-intensity EPR signals registered for OXONE solutions in
STW, with and without the presence of bacterial cells (Fig. 4a). Over the
30 min of analysis, the intensity of the signals significantly increased, in
both conditions (Fig. 4b and Fig. 5a). However, no statistically signifi-
cant differences (P > 0.05) were observed in the relative amount of 102
trapped in the presence or absence of S. maltophilia cells. The results
suggested that OXONE is activated by the presence of inorganic and
organic substances in STW, allowing the generation of 10, radicals.
During the disinfection process of S. maltophilia by OXONE in STW, the
presence of 102 radicals was also detected, but there was no evidence of
an increase in !0, generation from the inactivation of S. maltophilia.

A study on base-catalysed hydrolysis of OXONE to sulphate anion
and hydrogen peroxide proved that 'O, and superoxide (0%) radicals
were the primary reactive oxygen species in the system, resulting in the
degradation of a variety of organic pollutants [86]. The possible acti-
vation mechanism was supported by the radical quenching method
(tert-butyl alcohol, methanol, sodium azide, and p —benzoquinone) and
electron spin resonance trapping studies [86]. The present work also
confirmed the presence of 10, radicals during microbial exposure to
OXONE that may be involved in the mechanism of S. maltophilia inac-
tivation. Indeed, 10, radicals are known to oxidize many biological
molecules, such as proteins, nucleic acids, and lipids, resulting in cell
damage [88-91].

Superoxide (0%), hydroxyl (HO®), and sulphate (SO%) radicals have
been reported to participate in the antimicrobial mechanism of action of
activated persulphates, mainly peroxydisulphate [37,92-94]. Therefore,
the DMPO spin trap was used to detect the formation of these radicals in
the disinfection process by OXONE in STW. The spectra obtained are
depicted in Fig. 6 and the relative amount of radicals trapped over
30 min is presented in Fig. 5b. A weak EPR signal was detected, and its
intensity strengthened over time. After 20 and 30 min of S. maltophilia
exposure to OXONE in STW, the relative quantity of trapped radicals
was statistically significantly higher (P < 0.05) than in the OXONE so-
lution in STW without bacterial cells. However, despite our efforts, it
was not possible to assign the detected EPR signal to specific radical
species formed in the process. The obtained signal did not correspond to
the typical shapes of DMPO-OH, DMPO-SO4, and DMPO-OOH adducts
[86,95,94], so it must correspond to another non-identified free radical.
Qi et al. [86] and Wei et al. [95] reported a signal presenting four
characteristic lines which were attributed to a DMPO-OH adduct
(1:2:2:1) with hyperfine coupling constants of ay between 14.9 and
15.0 G and ay between 14.7 and 14.9 G. Also, spectra showing six
characteristic lines were assigned as a DMPO-OOH adduct with ay
~ 14 G and ayg ~ 8 G and a DMPO-SO4 adduct (1:1:1:1:1:1) with ay
~14G, agy ~10G, am ~15G, and a2 ~0.8G [86,95,94].

Fig. 5. Time course of reactive species gener-
ation during the disinfection of S. maltophilia by
OXONE in STW. (a) 4-oxo-TEMP spin trapped
singlet oxygen radicals. (b) DMPO spin trap
. detected other radicals. Closed black circles
represent test samples (bacterial cells exposed
to OXONE in STW). Open magenta circles
represent control samples (OXONE in STW
without bacterial cells). The values represent
the area under the curve (AUC) of the EPR
spectra for each condition subtracted by AUC of
the blank samples (bacterial cells in STW
without exposure to OXONE). * indicates sta-

(b)
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Fig. 6. Representative EPR spectra of radicals trapped by DMPO after 30 min of
S. maltophilia exposure to OXONE in STW. The blue line represents the blank
sample (bacterial cells in STW without exposure to OXONE); the black line
represents the control sample (OXONE in STW without bacterial cells); the red
line represents the test sample (bacterial cells exposed to OXONE in STW).

Nevertheless, the shape of the EPR spectrum of the free radical detected
in the present work does not match any of the commonly reported ones
for the radicals adducts formed with the DMPO spin trap.

Regarding the study of the presence and contribution of the specific
reactive species on microbial inactivation by persulphates, to the best of
the authors’ knowledge, there is only one published study that has
examined the disinfection mechanism through EPR analysis. Xia et al.
[94] reported that the dominant reactive species responsible for the
E. coli K-12 inactivation with peroxydisulphate activated by magnetic
pyrrhotite were sulphate and hydroxyl radicals. In that work, the eval-
uation of the mechanism of inactivation was based on the integration of
EPR analysis and a positive scavenging test using methanol for SO3,
tert-butyl alcohol for HO®, Fe(I)-EDTA for H,05, and TEMPOL for O%
[94]. Other studies evaluated the major contributing radicals in micro-
bial inactivation only by indirect methods, such as through the quanti-
fication of the degradation of chemical probes, pathogen survival with
the presence of radical scavengers, and theoretical models [37,92,96,
93]. The specific reactive species responsible for the antimicrobial ac-
tivity appear to be dependent on the method of persulphate activation,
for instance, Cu(Il) or Fe(II) catalysis, ultraviolet (UV) photolysis, or
alkali activation [37,92,96,93]. Particularly, in the Cu(Il)-activated
peroxymonosulphate system, SOF was the dominant reactive oxidant
present in the inactivation of P. aeruginosa [37]. Additionally,
P. aeruginosa demonstrated to promote the production of reactive oxi-
dants, given the increase in the degradation of a chemical probe
(phenol) with an increasing population of bacterial cells [37]. However,
one should be cautious when interpreting findings of the mechanism of
action based on indirect methods, as highlighted in a recent work that
proved the invalidity of quenching methods for the persulphate-based
processes [97]. The misinterpretation of the role of the reactive spe-
cies in these systems can be caused by an increase of perox-
ymonosulphate decomposition, interfering reactive species generation,
and scavenging of non-target reactive species in the presence of
high-concentration quenchers [97].

4. Conclusions
The purpose of the current study was to validate the capability of

OXONE to control DW biofilms formed under realism-based conditions
and highlight it as a promising alternative to hypochlorite-based

Journal of Hazardous Materials 460 (2023) 132348

disinfection. The results of this study revealed that OXONE was able to
promote significant inactivation of 7 day-old biofilms formed under
conditions mimicking DWDS, with a reduction of biofilm culturability
and the number of non-damaged cells up to approximately 4 log. The
relevance of OXONE was supported by the significant effects on biofilm
control and its chemical stability in comparison to the results for chlo-
rine. Moreover, during S. maltophilia exposure to OXONE, the formation
of reactive species was detected by EPR, demonstrating the presence of
singlet oxygen and other free radicals. More information on the toxi-
cological profile of OXONE for long-term exposure via the oral route
would help to establish a safe guideline value for routine DW treatment
with OXONE. Even though, a possible application of OXONE may be
proposed in a first instance for temporary emergency disinfection of DW
biofilms.

Environmental implication

Drinking water distribution systems are prone to biofilm formation
in the inner walls of pipelines. Biofilms, which can harbour pathogenic
microorganisms, are responsible for water quality deterioration and a
possible source of hazard human health effects. Besides, the action of
conventional hypochlorite-based disinfection is limited by the emer-
gence of microbial tolerance to chlorine and disinfectant decay events.
This study explores the use of peroxymonosulphate as an efficient
strategy to control drinking water biofilms taking into consideration its
chemical stability and mechanism of antimicrobial action in
environmental-related conditions. The findings demonstrate the poten-
tial of peroxymonosulphateas an alternative to chlorine disinfection for
biofilm control in drinkingwater distribution systems
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