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ARTICLE INFO ABSTRACT

Editor: Damia Barcelé Immobilised TiO, nanotube (TiO,-NT) electrodes were grown via electrochemical anodisation in an aqueous solution
containing fluoride ions at 10, 20 and 30 V. The photocatalytic (PC) and photoelectrocatalytic (PEC) activity of TiOo-

Keywords: NTs electrodes in the oxidation of methanol and the inactivation of bacteria and fungi was studied in different chloride

TiO, nanotubes

salts electrolytes. Low concentrations of electrochemically generated oxidising species, such as free chlorine, were
measured in experiments at pH 8.5 and + 1 V of applied potential. Increasing the anodising potential results in longer
nanotubes with higher photoactivity. The TiO,-NT electrode anodised at 30 V (TiO>-NT30V) generates free chlorine
with an average concentration of 0.03 mg-L ™! upon illumination with UV-A at + 1 V of potential bias. This concentra-
tion was enough to achieve 99.99 % of inactivation of a 10° CFUmL ™! Gram-negative bacteria (Escherichia coli) in
<3 min and Gram-positive bacteria (Enterococcus faecalis) after 7 min, whereas fungi (Candida albicans) required
15 min. The low production of chlorine was found to have a big impact on the bacteria and fungi inactivation even
in not favourable chlorine generation conditions. An in situ investigation of the most influential parameters in the in-
activation of some microorganisms with PEC and NT30V electrode has been done. It was found that free chlorine pro-
duction increases with the length of TiO,-NT, with Cl~ concentration up to 15 mmol-L.~ ! and with the application of
potential bias. TiO,-NT30V photoanode has been demonstrated to produce active chlorine at levels compatible with
the water disinfection process, suggesting that the present method could be considered a promising alternative for
in situ chlorine-based disinfection.

Photoelectrocatalysis
Microorganisms' inactivation
Chloride electrolytes

Active chlorine

1. Introduction

Electrochemical production of active chlorine is a well-known process

for water decontamination and disinfection (Sirés et al., 2014; Brillas and
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possibility to eliminate the old production chlorine methods and eliminate
the storage and handling of hazardous chlorine gas or corrosive acid solu-
tions (Kraft et al., 1999; Chung et al., 2018). Recent research has shown
that catalysts based on dimensionally stable anodes (DSA®), such as
RuO,/Ti, IrO,/Ti, Sn0,/Ti and Ta,0s/Ti and TiO,/Ti-based electrodes
can be used in the electrochemical production of chlorine with very
favourable yields to avoid the oxygen evolution reaction (OER) that com-
petes with the formation of chlorine and reduce cost-effective anodic mate-
rials (Oliveira et al., 2007; Jeong et al., 2009; Le Luu et al., 2015; Kim et al.,
2018; Scialdone et al., 2021). Since TiO- is also a photocatalytic material, it
has been used in the photoelectrochemical production of chlorine in recent
years (Zanoni et al., 2004; Selcuk and Anderson, 2005; Cheng et al., 2007;
Fraga et al., 2009; Li et al., 2013; Xiao et al., 2016; Zhao et al., 2019;
Mesones et al., 2020; Garcia-Espinoza et al., 2021). The study of TiO,
photoanode employs a wide variety of configurations, such as RuOs-
TiO,/Ti (Zhao et al., 2019), Ti/TiO, thin-film (Zanoni et al., 2004; Cheng
et al., 2007; Fraga et al., 2009), nanoporous TiO, (Selcuk and Anderson,
2005), TiO,/ITO photoanodes (Li et al., 2013), TiO, nanotubes arrays
(Xiao et al., 2016) or even GA-TiO, composites used as bipolar electrodes
(Mesones et al., 2020) that have been used to generate active chlorine by
the photoelectrocatalytic way under UVA light illumination under
favourable conditions. However, special attention must be paid since, dur-
ing the photoelectrocatalytic process in aqueous conditions, active chlorine
can be generated in a very low or even undetectable concentration which,
in some cases, may cause overestimation of photoanode activity. The gener-
ation of chlorine in the photoelectrocatalytic processes is conditioned by
several factors that depend on: i) the type of electrodes employed, and ii)
the reaction conditions. Accordingly, these two factors condition the mech-
anism for the formation of active chlorine species.

The parameters that affect the photoelectrocatalytic production of chlo-
rine with TiOs-based electrodes have been already reported, including the
type of TiO, electrode material, pH solution, electrolyte C1~ concentration,
applied potential bias or current density, competition with other ions and
time (Zanoni et al., 2004; Selcuk and Anderson, 2005; Cheng et al., 2007;
Fraga et al., 2009). Among them, the parameters that most affect chlorine
production are the pH of the solution and the concentration of chloride
ions. Several authors have reported that chlorine production is favoured
by acid pH, being the best conditions around pH 2—4 (Zanoni et al., 2004;
Selcuk and Anderson, 2005; Cheng et al., 2007; Fraga et al., 2009). Main-
taining pH constant during the experiments, photoelectrocatalytic chlorine
production with TiO, photoelectrodes is much higher under acidic condi-
tions (pH < 6), while at pH values higher than 6, the active chlorine gener-
ation decreases sharply, and the process is completely suppressed at
pH> 11.

The photoelectrocatalytic production of active chlorine as a function of
the concentration of chloride ions (0.5 mmol-L ™" to 250 mmol-L ™! of C17)
has also been investigated at pH 4.0 and an applied potential of +1 V
(Zanoni et al., 2004; Cheng et al., 2007). At acid pH, higher active chlorine
production is obtained by an increase in chloride ion concentration. Never-
theless, further increasing the chloride concentration above 100 mmol-L ~*
does not promote any improvement, thereby showing a limiting rate in the
oxidation of chloride ions. These results indicate that the area of the elec-
trode at a higher concentration limits the active chlorine production rate.
In the same way, the same experiments performed applying a current den-
sity of 30 mA-cm ™2 have shown similar results (Zhao et al., 2019).

The study of different potential bias (between —0.4 V and +1 V) ap-
plied for the photoelectrocatalytic generation of active chlorine with TiO,
electrodes in a chloride concentration of 25 mmol-L ™" at pH 4 were also re-
ported (Zanoni et al., 2004; Selcuk and Anderson, 2005). The results of this
investigation indicate that chlorine generation is zero when the applied po-
tential is —0.4 V, while at potentials between —0.2 V and +0.4 V, there is
a linear increase in active chlorine production rate, which appears to be
constant at higher applied potentials and indicates that maximum chloride
conversion has been obtained since the maximum charge separation has
also been attained (Zanoni et al., 2004). In the case of the application of a
current density instead of a potential bias, the results differ (Zanoni et al.,
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2004). Under fixed initial chloride concentration of 100 mmol-L ™%, pH 4
and UVA irradiation, there is a significant increase in chlorine production
from 5 to 30 mA-cm ™2, while for higher current density at 50 mA-cm ™2,
there is a slight decrease in the chlorine production. These results indicate
that applied current density improves the photoelectrochemical process
due to the minimisation of charge carriers (e~ /h™) recombination up to
30 mA-cm 2, while at higher current density, the process could be limited
by mass transport conditions and/or chlorate production as a parallel reac-
tion occurring at the photoanode (Zhao et al., 2019).

Taking into account the knowledge extracted from the scientific litera-
ture, the best conditions for the PEC production of free chlorine in TiO»-
based photoanodes are electrolytes with Cl~ concentration of 0.05 molL~*
at pH around 2.0-4.0 and with an application of potential bias higher
than +0.4 V (Zanoni et al., 2004; Selcuk and Anderson, 2005; Cheng
et al., 2007; Fraga et al., 2009) or with a current density of 30 mA-cm 2
(Zhao et al., 2019).

However, there are still few studies that have monitored the in situ gen-
eration of active chlorine species during the PEC degradation of pollutants
with TiO,-based electrodes (Selcuk and Anderson, 2005; Cheng et al.,
2007; Fraga et al., 2009; Zhao et al., 2019; Xiao et al., 2016; Xiao et al.,
2019), and only the work of Li et al., (Li et al., 2013) has reported the
possibility to use in situ photoelectrogenerated active chlorine to improve
microorganisms inactivation in real conditions for water disinfection.
These authors have reported the bactericidal performances of photocata-
lytic and photoelectrocatalytic systems in the absence and presence of
low concentrations of CI~ and Br~ (Li et al., 2011)(Li et al., 2013). PEC
(with a +0.3 V applied potential bias) and an initial concentration of
9.0 x 10° CFUmL ™! E. coli confirmed that PEC-CI inactivation efficiency
in the presence of 1.0 mmol'L. ™! C1~ requires only 23.3 s to achieve total
inactivation, 13 times faster than that of the PEC method in the absence
of Cl™.

The application of an external anodic potential in chloride electrolytes
is prone to form chlorine that modifies the expected results in the
photoelectrocatalytic process even with basic pHs. This fact must be consid-
ered when measuring the photoelectrocatalytic activity of TiO,-based elec-
trodes. To carry out a good evaluation of the PEC process, trapping agents
must be used to block the production of chlorinated by-products or perform
the pertinent chlorine measurements in order to correctly evaluate the con-
tribution of each process. This work reports the photoelectrocatalytic inac-
tivation of several microorganisms with the in situ generation of low
concentrations of free chlorine by using titanium dioxide nanotubes
(TiO,-NT) and studying the different parameters that have the most influ-
ence on the generation of chlorine. The study has demonstrated that low
chlorine concentrations can be formed in unfavourable conditions, which
is enough to inactivate bacterial and fungus concentrations of
10° CFUmML ™' in <15 min.

2. Materials and methods
2.1. Preparation of TiO,-NTs photoelectrodes

Commercial titanium sheets (99.6 % purity) of 5 cm in diameter and
0.5 mm thickness were supplied Goodfellow Inc. Before anodisation, the
sheets were degreased through sonication in ethanol for 15 min and rinsed
with deionised water several times. Then the foils were immersed again for
two minutes in an HF/HNO3/H,0 (1:4:5 v/v) solution and rinsed again in
abundant deionised water. After the cleaning procedure, two titanium
wires were spot-welded to each of the sheets to provide electrical contact
for the anodisation process and the photoelectrocatalytic reactions.

The anodisation process was conducted in a two-electrode electrochem-
ical cell connected to a DC power supply (ISO-TECH, model IPS 303DD). A
nickel mesh (Goodfellow Inc., 55 % open area) was used as the cathode at a
distance of 1 cm from the titanium photoanode. Subsequently, the electro-
lytic solution was added to the electrochemical cell, and then the selected
anodisation potential was applied without magnetic stirring. Three elec-
trodes were anodised with an electrolyte composed of ethylene glycol,
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water 5 wt% and NH,F (0.15 mol'L ™ 1). The electrodes were anodised keep-
ing the applied potential constant at 10, 20 and 30 V for 120 min without
agitation and were named TiO»-NT10V, TiO,-NT20V and TiO»-NT30V.
After the anodisation process, the titanium foils were cleaned with abun-
dant water and dried at 100 °C for 24 h. Afterwards, the electrodes were
annealed at 450 °C for two hours with a heating rate of 2 °C/min to induce
anatase crystallisation.

2.2. Physico-chemical characterisation of the TiO»-NTs electrodes

To determine the calcination treatment of the electrodes, the tempera-
ture chamber of the Philips XPERT MPD diffractometer with an XCell de-
tector using a Cu Ko monochromatic radiation was employed. The
diffractograms were recorder at 10 °C/min up to 100 °C and 2 °C/min up
to 600 °C at a scanning speed of 0.01°/s with an accumulation time of 2 s
per point.

Raman spectra were obtained with a HORIBA Jovin-Yvon spectrometer
model HR800UV equipped with an Olympus BX41 optic microscope. TiO,-
NTs electrodes were excited with a red laser of 632.8 nm and spectra were
registered between 100 and 800 cm ™.

Morphology, length, diameter and wall thickness of the nanotubes were
evaluated using high-resolution Scanning Electron Microscopy (SEM). The
images were taken on a Nova Nano SEM230 (FEG-SEM) microscope work-
ing with acceleration voltages between 2 and 10 kV and equipped with
ETD, TLD, BSD, Helix, and CD detectors. Samples were previously prepared
by scratching the intact surface of the electrode and rotating the sample
holder 45° to obtain the length of the TiO,-NTs. The Digital Micrograph
365 Demo program from Gatan Software Company helped to analyse SEM
images. The average of pore diameter, wall thickness and length was calcu-
lated from 5 different FEG-SEM top-view and cross-section images and the
standard deviation of the measurements was calculated from a minimum of
ten measures of each parameter.

2.3. Photoelectrochemical characterisation
Electrochemical characterisation and PC and PEC activity were con-

ducted in a three-electrode electrochemical cell shown in the supplemen-
tary information (Fig. 1S). For the determination of photocurrent
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densities by cyclic voltammetry (CV) and amperometric measurements,
the anodised TiO,-NTs electrodes were used as photoanode, a nickel
mesh as the counter electrode and a Ag/AgCl (saturated in 3.0 M KCl) elec-
trode acted as the reference electrode. Experiments were carried out using a
total working volume of 0.4 L under stirring. The photoanode was placed
perpendicular to four UVA lamps (Philips TL 6 W), with a maximum
emission of 365 nm and an incident photon flow of 0.70 W-m ™2, Mea-
surements were recorded at a scan sweep of 0.5 mV-s~ ' between 0
and + 1.4 V during 4 cycles with a potentiostat Eco-Chemie pAUTOLAB
Type III. Amperometric measurements were recorded during the
photoelectrocatalytic reactions at the potential bias (depending on the
experiment between O and +1 V). The electrolyte consisted of a
0.1 mol'L. " ! NaCl + 1 mol'.”' CH3OH aqueous solution, although in
some experiments, the concentration of NaCl varied depending on the ex-
periments. The recorded photocurrent values were transformed into photo-
current densities by considering the irradiated or photoactive surface of the
electrodes (19.64 cm?).

2.4. PC and PEC activity experiments

The PC and PEC runs were carried out always according to the following
procedure. After the addition of a specific amount of NaCl in distilled water
to prepare 0.4 L of electrolyte, 1.0 mol'L.~ ! of CH;OH or 10° CFU'mL ™' of
the microorganism (E. coli, E. faecalis or C. albicans) is added to the electro-
lyte. Then, in the PC experiments, the electrodes were placed in the cell
without connection to the power supply, while for the PEC experiments,
an external potential bias was applied between the working and the counter
electrode. PEC reaction starts after switching on the light source and the ex-
ternal power supply. In the case of photochemical or photoelectrochemical
experiments, a non-anodised titanium foil was used instead of the TiO»-NTs
electrodes. All the experiments were done with a magnetic stirrer at
300 rpm. Total illumination time was 90 min, adjusting the sampling
time to the speed of the process.

Experiments of methanol oxidation in excess (1 mol'L.™ 1) were followed
through the colorimetric determination of the formaldehyde at 412 nm fol-
lowing Nash's method (Nash, 1953). The kinetics of this reaction follows a
well-known zero-order equation that can be adjusted to get the rate con-
stant k (Marugan et al., 2010; Pablos et al., 2014).
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Fig. 1. PC and PEC formaldehyde production as a function of time in an electrolyte of 0.1 mol'L™ ! NaCl + 1 mol'L.~! CH;0H with the TiO,-NT10V, TiO»-NT20V and TiO-
NT30V electrodes. Dashed lines correspond to the linear fitting of the experimental data.
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The detection of active chlorine species was carried out by means of the
orthotolidine-arsenite colourimetric method. This method allows for differ-
entiating and evaluating the free residual chlorine, and the combined chlo-
rine in the presence of interfering substances (nitrites, ferric or manganic
compounds). Under well-determined time conditions and in an established
order, the addition of orthotolidine and reducing agents produces a yellow
colouration that is measurable by UV-visible liquid spectroscopy at the
wavelength of 440 nm (APHA (American Public Health Association),
2012).

The analysis of the different samples collected for the formaldehyde and
chlorine measurements was performed immediately in a UV-visible Spec-
trophotometer Biochrom LibraS22 spectrometer using a quartz sample
holder of 1 cm optical path.

Measurements of pH and conductivity were made at the beginning and
the end of all the reactions. The pH measurement has been carried out with
a CRISON equipment model Compact Titrator GLP 22 while the conductiv-
ity measurements have been made with a CRISON conductimetre, model
EC-Meter-Basic 30 +.

For microbial inactivation experiments, three strains provided by the
Spanish Type Culture Collection were used: Escherichia coli K12 (CECT
4624, corresponding to ATCC 23631) Enterococcus faecalis (CECT 5143,
corresponding to ATCC 11700) and Candida albicans (CECT 1394, corre-
sponding to ATCC 10231).

E. coli is frequently used as a model organism in microbiology studies
and it is a common faecal contamination indicator to evaluate the microbi-
ological quality of water. Fresh liquid cultures with a stationary concentra-
tion of around 10° CFU'mL ™' were prepared by inoculation in a Luria—
Bertani nutrient medium (Miller's LB Broth, Scharlab) and incubation at
37 °C for 24 h under constant stirring on a rotary shaker, being diluted to
the initial concentration of bacteria required for the experiments. The anal-
ysis of the samples along the reaction was carried out following the concen-
tration of viable bacteria through a standard serial dilution procedure and
agar plating, using eight independent measurements of each sample to ob-
tain statistically significant data. To representate the figures, it was used the
average of the viable bacteria concentration versus the reaction time and
the standard deviation is represented by the error bars of each point. Saline
water (NaCl 0.1 mol'L ™ %) was used to do the dilutions and during all the ex-
periments to avoid osmotic bacteria stress.

E. faecalis was cultured in 50 mL of Tryptic Soy Broth (TSB) incubated at
37 °C for 18 h. This culture (1 mL) was used to inoculate 10 L of water. Con-
centrations of E. faecalis in the diluted samples were enumerated by spread-
ing 0.1 mL of Tryptic Soy Agar (TSA) on Agar plates, which were incubated
at 37 °C for 24 h in an aerobic atmosphere.

The yeast C. albicans was incubated in TSB between 3 and 5 days at
25-30 °C for its growth and plated on Petri dishes with TSA for 48 h at
30 °C after the reaction.

3. Results and discussion
3.1. Characterisation and selection of the most active photoanode

The three prepared electrodes TiO5-NT10V, TiO5-NT20V and TiO-
NT30V were tested in the oxidation of methanol in excess at +1 Vin a
0.1 mol'.~* NaCl electrolyte. Fig. 1. shows the formaldehyde concentration
as a function of time in the PC and PEC reactions with the three TiO,-NTs
photoanodes (TiO,-NT10V, TiO,-NT20V and TiO,-NT30V). PC and PEC
oxidation of methanol experiments produces formaldehyde. The formalde-
hyde concentration displays a linear tendency that is adjusted to a zero-
order kinetic equation to obtain the rate constant k from the slope following
a well-established procedure (Pablos et al., 2014). In general, rate constants
k obtained in PEC experiments (16.6 = 0.210~7,12.9 = 1.111077,10.4
0.510~7 mol'L.” *min ') are superior (almost double) than those of PC
(10.8 = 0.41077,6.0 + 0.31077, 4.8 + 0.410~7 mol-L.” "min ") for
the TiO,-NT30V, TiO,-NT20V and TiO,-NT10V photoanodes, respectively.
This fact confirms that the application of an external potential bias sepa-
rates the anodic and cathodic reactions reducing the recombination of the
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electron-hole charges and increasing the rate constant (Pablos et al.,
2014; Adéan et al., 2016). Nevertheless, the TiO,-NT30V sample achieves
higher kinetic constants in both PC and PEC reactions than the TiO,-
NT20V and TiO,-NT10V photoanodes. These results are consistent with
the data obtained from the X-ray diffraction and Raman spectroscopy and
scanning electron microscopy characterisation of these electrodes.

For the determination of the appropriate calcination temperature to get
the anatase crystalline phase of TiO,, the electrode TiO»-NT20V was cal-
cined using a temperature ramp from 30 to 600 °C. Fig. 2 shows the X-ray
diffractograms as a function of temperature. As it is observed, from 30 °C
to 300 °C only the diffraction peaks corresponding to metallic titanium ap-
pear at positions 26 = 35.1°, 38.5°, 40.5° and 53.5°, according to the pat-
tern (a-Ti 01-089-2762). It is from 350 °C onwards that the appearance
of the most intense peaks of the anatase crystalline phase of TiO, assigned
to the positions 20 = 25.5°, 37.1°, 48.3° and 55.3°, begins to be observed
(Anatase pattern 01-083-2243). When the calcination temperature reaches
550 °C, the formation of the rutile crystalline phase of TiO, is also observed
by the appearance of the most intense peak at 20 = 27.4° (Rutile pattern
01-077-0444). Taking this into account, the electrodes used in this work
were calcined at 450 °C.

Fig. 3.a shows Raman analysis which indicates the existence of the ana-
tase crystalline phase of TiO, as can be corroborated by the six active modes
located approximately at frequencies of 144 cm ™' (Eg), 197 cm ™! (Ey),
339 em ™! (Byg), 513 em ™! (Ay), 519 em ™' (Byy) and 639 ecm ™! (Eg)
(Balaji et al., 2006; Kalantar-zadeh et al., 2009;). On the other hand, higher
anodisation potential results in an increase in the intensity of the Raman
bands related to an increase in the thickness of the layer and/or length of
the TiO, also confirmed by the FEG-SEM images measurements. In the
same line, Fig. 3.b confirms the relationship between the length of nano-
tubes and the activity of the electrodes in the degradation of methanol.
Methanol degradation rates in both curves grow linearly at a rate of
2.510~7 mol'L” min ! for every um of nanotube length. Fig. 4 shows
the cross section and surface images from the three anodised electrodes.
In addition, the external and internal diameters, the thicknesses of the
wall and the lengths of the nanotubes for each electrode are collected in
Table 1. Morphological analysis confirms the observations performed by
Raman spectroscopy. Interestingly, the NTs length grows linearly from
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0.81 + 0.16,1.56 = 0.38 and 3.19 + 0.45 pm as the applied potential in-
creases as observed in a previous work (Adén et al., 2016). As well, the ex-
ternal diameter increases from 40 nm to 90 nm and the internal from 25 nm
to 65 m, when anodisation potential grows from 10 to 30 V, while the wall
thickness of the nanotubes remains practically constant between 20 and
30 V with a value of around 10 nm.

Tio,-NT10V

Although all the morphological parameters of the nanotubes increase as

anodisation potential increases during synthesis, the length of the NTs is the
most influential parameter in the kinetics of methanol oxidation (Adan
etal.,, 2016). This fact is also confirmed in Fig. 5.a and b. where an increase
in the length of the NTs increases the values of photocurrent intensity since
the greater amount of photocatalyst gives rise to an increase in the capture

Ti0,-NT20V

TiO,-NT30V

Fig. 4. FEG-SEM micrographs from the cross-section and surface of the TiO,-NT10V, TiO,-NT20V and TiO,-NT30V electrodes.
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Table 1
Morphological parameters of the TiO,-NTs calculated from the FEG-SEM images of
the electrodes TiO,-NT10V, TiO»,-NT20V and TiO,-NT30V.

Name Inner diameter ~ Outer diameter ~ Wall thickness ~ Length

(nm) (nm) (nm) (um)
TiO,-NT10V 269 + 1.6 40.4 + 3.4 55+ 1.2 0.81 + 0.16
TiO,-NT20V 48.8 + 6.4 69.1 + 6.9 10.1 = 1.5 1.56 = 0.38
TiO,-NT30V 71.3 + 4.9 92.8 + 4.8 10.8 = 2.2 3.19 = 0.45

of photons responsible for the generation of reactive species. The maximum
photocurrent intensity is reached for an applied potential bias value higher
than +0.4 V. The electrons will migrate to the cathode and carry out reduc-
tion reactions, while the holes will remain in the anode and oxidise the
organic matter, thus achieving lower recombination of the charges and
greater efficiency that is related to the observed intensity increase of photo-
current (Pablos et al., 2014; Adéan et al., 2016). Therefore, it would be
expected that a higher photocurrent density could offer a greater photocat-
alytic activity (Gong et al., 2010). On the other hand, the recorded photo-
current intensity was even greater in an electrolyte with 1 mol.L ™!
methanol since methanol acts as a gauge of holes in the surface of the elec-
trode, avoiding the recombination of the electron-hole pair and favouring
the transfer of charge.
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Fig. 5. Photocurrent densities, I, recorded at a sweep rate of 0.5 mV s~ ! for the
TiOo-NT10V, TiO,-NT20V and TiO,-NT30V electrodes in an electrolyte of
a) 0.1 mol'L.~! NaCl and b) 0.1 mol'L.~ ! NaCl +1 mol'L "' of CH3OH. Incident
photon flow of 0.70 Wm ™2,
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3.2. PC and PEC activity with E. coli

Fig. 6 shows the results for E. coli inactivation together with the photol-
ysis reaction (Ti electrode without NTs) and the photoelectrolysis reaction
(Ti electrode without NTs and with the application of an external potential
bias of +1 V). The photolysis and/or photoelectrolysis experiments are
practically nil. In the same line, PC reaction gives rise to no more than
one order of magnitude of reduction of viable bacteria. However, E. coli in-
activation increases as a potential bias of +1 V are applied to the elec-
trodes. In addition, all the electrodes show total inactivation of the E. coli
after 7, 15 and 150 min of irradiation with the TiO>-NT30V, TiO5-NT20V
and TiO,-NT10V electrodes respectively, reaching the detection limit of
bacteria (dashed line). For quantitative analysis, each E. coli inactivation
profile have been fitted to a first-order kinetic model to compare the kinetic
constants of the different reaction conditions studied.

PC experiments display similar activity with kinetic constants very low
with similar values to the photolysis and photoelectrolysis experiments. In
the case of PEC experiments, kinetic constants are all much higher, being
0.124, 1.103 and 2.465 ‘min~! for the TiO,-NT10V, TiO,-NT20V and
TiO»-NT30V, respectively.

However, the results achieved from PC and PEC during the inactivation
of E. coli are not compensated. In methanol oxidation, the application of a
positive potential bias reduces the recombination of the electron-hole
pairs photogenerated and increases the reaction rates from the PC, almost
doubling its k value while in the case of E. coli inactivation, the differences
between PC and PEC k values are even much bigger. Fig. 7 shows the rela-
tion between the kinetic constant in the inactivation of E. coli and the length
of nanotubes for PC and PEC experiments. Contrary to what it is observed in
Fig. 3.b, where the kinetic constants of methanol degradation grow in par-
allel between the PC and PEC experiments, the value of kinetic constants for
the inactivation of bacteria significantly differ as the length of the nano-
tubes increases, reaching in case of the TiO,-NT30V photoanode, values
about 630 times higher than in the photocatalytic process. Therefore, it is
clear that in the inactivation of bacteria, microbiological factors not present
in the oxidation of methanol, are being decisive. In these experiments, the
detection of active chlorine can justify the higher inactivation rates
observed during PEC reactions. Fig. 8 shows the total, free and combined
chlorine concentrations measured during the tests. Fig. 8.a shows the chlo-
rine values detected after reaching total inactivation of E. coli during PEC
experiments at times of 7, 15 and 150 min for the TiO,-NT30V, TiO,-
NT20V and TiO5-NT10V respectively. Total chlorine concentration reaches

106-‘ A —= —&=—=5 — =
¥ —<O— Photolysis
10° 5 —=—PC NT10V
‘ —=— PC NT20V
‘ —4A— PC NT30V
5 4044 ‘ —+— Photoelectrolysis
8 ‘ = PEC NT10V
o e PEC NT20V
> “ —A— PEC NT30V
S 10°
102 4 % "
10° Bacteria quantification limit
R §---- -
T T T T T T T T T

Irradiation time (min)

Fig. 6. PC and PEC inactivation of E. coli with the TiO,-NT10V, TiO,-NT20V and
TiO,-NT30V electrodes in a 0.1 molL™' NaCl electrolyte, initial E. coli
concentration of 10° CFU'mL ™" and potential bias of +1.0 V. Incident photon
flow of 0.70 W m ™2, Error bars were calculated from eight independent bacterial
counts.
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0.12 mg~L’1, similar in both TiO,-NT20V and TiO,-NT30V electrodes.
These results have a significant effect on the inactivation of E. coli since a
greater concentration of chlorine species was detected in the electrodes
that reached better results in bacterial inactivation. In the case of the
TiO5-NT10V electrode, practically no chlorine species were detected at
the end of the experiment in line with the PEC results. It is interesting to
note that under these experimental conditions, chlorine production was un-
detectable during the photolysis, photoelectrolysis and PC reactions as well
as in dark conditions, demonstrating that for the in-situ generation of active
chlorine under our experimental conditions is necessary the combination of
TiO,, an external potential bias and UVA illumination.

For better understanding, chlorine was measured under the same reac-
tion conditions without adding bacteria. Fig. 8.b shows chlorine species
concentrations detected after 30 min in the PEC experiments without
E. coli addition. In this case, the concentration of chlorine species in the
electrolyte increases in TiO,-NT10V, TiO,-NT20V and TiO,-NT30V elec-
trodes progressively with irradiation time and reaches a maximum of
0.3 mgL.~ ! with the TiO,-NT30V electrode as the chlorine is not consumed
in the reaction during the contact with the bacterium. It should be noted
that the greater production of chlorine is directly related to the greater
amount of TiOs i.e., with the higher length and diameter of the nanotubes,
as shown in Table 1. When comparing the results from Fig. 8.a and b, the
amount of total, free and combined chlorine follow a different route. In
Fig. 8.a the concentration of free chlorine decreases to be transformed
into combined chlorine when E. coli structures start degrading while in
Fig. 8.b, all the chlorine is in the form of free chlorine and is longer accumu-
lated. These values follow the results of Hoff et al. (Hoff and Akin, 1986)
who studied the effect of free chlorine on different types of microorganisms
under different conditions. This work demonstrated that free chlorine con-
centrations >0.05 mg..~ ! at 20-29 °C and pH 7 were enough to reach a
99 % of inactivation of E. coli in approx. 2 min of contact, while with a
higher pH of 8.5 higher concentrations of free chlorine of around
0.3 mgL~ ' were necessary to inactivate E. coli in less than two minutes.

On the other hand, although the specific measurements of chlorine car-
ried out on the NT10V electrode, showed that practically no chlorine spe-
cies were detected in any case (Fig. 8.a and b), when chlorine species
concentrations evolution is monitored, (Fig. 9) it is observed a maximum
of approx. 0.45 mg-L.~! of combined chlorine at 15 min that disappears
with the irradiation time. Some authors pointed out that active chlorine
production is faster in the first 15 min of the process and then reaches a
maximum value after a longer period, suggesting that maximum saturation
has been attained in addition to the expected limitation imposed by the
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Fig. 8. Concentration of chlorine species a) at the end of the PEC reactions with
E. coli (at times of 7, 15 and 150 min for the TiO,-NT30V, TiO5-NT20V and TiO»-
NT10V electrodes, respectively) and b) at 30 min irradiation without the addition
of E. coli. Error bars correspond to the relative experimental error of each
measurement (2 %).

geometric area of the electrode (Zanoni et al., 2004; Cheng et al., 2007;
Fraga et al., 2009). After these 10-20 min, combined chlorine decreases
and does not exceed 0.1 mg L™ . In parallel, it is observed that the maxi-
mum concentration of chlorine detected concurs with a sharp drop in the
E. coli curve and from that point, chlorine is consumed appreciating a de-
crease in the smoother curve. As well, control over pH can be a critical fac-
tor in determining the degree of disinfection achieved by a certain level of
free chlorine. Taking into account the pH of these experiments (pH ~ 8.5)
it can be stated that a low or moderate generation of chlorine is expected
and also, the predominant species of the chemical equilibrium will be the
hypochlorite ion (OCl ™), which is about 80-100 times smaller than the
disinfecting ability of hypochlorous acid, predominant specie at acid pH
(Garcfa-Espinoza et al., 2021).

It is interesting to note that active chloride species were also measured
in methanol oxidation reactions, although the presence was undetected,
neither in the PC nor in PEC reactions. This can be explained as the metha-
nol, which is in excess in these reactions, can act as a hole trapping agent or
scavenger. As it was discussed, h™ starts the direct and indirect oxidation
route therefore, it is the most critical factor. Thus, h™ scavenging might
be a potential way to block chlorine generation (Chi et al., 2020).

3.3. Application of an external potential bias

According to the screening results of the electrodes, TiO>-NT30V was
selected to evaluate the photoelectrocatalytic experiments in the
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degradation of methanol and bacteria at different potential values. Fig. 10.a
shows the influence of increasing the applied potential bias from —0.2 to
+1 V on the oxidation rate of methanol whereas Fig. 10.b shows the pho-
tocurrent intensity registered at 60 min versus potential bias. The dashed
line represents the value of the kinetic constant that was obtained in the
PC reaction during methanol oxidation.

Potentials between +0.4 and +1 V present very similar kinetic con-
stants since, at values somewhat higher than + 0.4 V, the maximum
photocurrent intensity was obtained, in agreement with other authors
(Zanoni et al., 2004; Adan et al., 2016). The kinetic constants reached
in the degradation of methanol are always higher than the kinetic con-
stant of the PC reaction (dashed line) except in the experiment where
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the application of an external potential bias of —0.2 V where the kinetic
constant is slightly lower. This is because positive potential bias sepa-
rates anodic and cathodic reactions reducing the recombination of
electron-hole pairs, which is avoided in the experiment —0.2 V
(Zanoni et al., 2004). The kinetic constant reached at 0 V is even higher
than that obtained in the PC reaction, since the system works in a closed
circuit and allows the transfer of electrons to the cathode, thus decreas-
ing the activation energy of the reduction reaction (controlling process)
and increasing the overall speed of photooxidation (Pablos et al., 2014;
Adan et al., 2016).

Fig. 11.a shows PEC kinetic constant for the inactivation of E. coli vs
external potential bias applied to the TiO,-NT30V electrode. In general,
between 2 and 6 min, inactivation of E. coli reached 99.99 % applying a
positive potential bias between 0 to +1 V in all the experiments.
Photoelectrolysis and the experiment with — 0.2 V potential bias dis-
play very low kinetic constants. However, as the external potential
bias increases, kinetic constants from E. coli inactivation also increases
until reaching a plateau above +0.4 V. On the other hand, at 0 V is
reached a kinetic constant of 0.967 min~' which demonstrates that
the TiO2-NT30V has some photoelectrochemical activity in a closed cir-
cuit (six orders of magnitude of E. coli inactivation are reached at 15 min
of irradiation), as it happened with the degradation of methanol in
Fig. 10.a. allowing the transfer of electrons from the anode to the cath-
ode (Adan et al., 2016).

Fig. 11.b represents the concentration of chlorine species accumulated
at 30 min without E. coli. As the external potential bias increases the chlo-
rine concentration also increases until it reaches a maximum of around
0.32 mg'L ™! in agreement with other reports (Zanoni et al., 2004; Fraga
et al., 2009). However, although some small differences are observed be-
tween the chlorine concentrations from + 0.4 Vto + 1V, E. coli inactivation
is practically reached at the same time in line with the maximum photocur-
rent intensity achieved in these electrodes (see Fig. 5). On the other hand, it
is appreciated that with the photoelectrolysis and the application of a neg-
ative potential (—0.2 V) no chlorine is produced, confirming that the com-
bination of small concentrations of chlorine such as 0.1 and 0.2 mg-L ™! and
the PEC process is capable of inactivating up to 10® CFU'ml ™! of bacteria in
<15 min.
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Fig. 11. a) Kinetic constants for E. coli inactivation at different potentials bias
measured with the NT30V electrode. Conditions: 0.1 mol'L. ' NaCl electrolyte,
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from the kinetic constant. b) Chlorine species quantification in PEC at 30 min
without E. coli. Error bars correspond to the relative experimental error of each
measurement (2 %).

3.4. Effect of chloride ions concentration

The parameters and the kinetic constants calculated from the oxidation
of methanol with a NaCl electrolyte containing different concentrations of
the salt (from 0 to 0.15 mol'L.™1) as a function of time are collected in
Table 2. Notably, the kinetic constant remains practically unaltered, as
well as photocurrent density at +1 V. In contrast with other studies
(Zanoni et al., 2004), an increase in photocurrent was not observed as the

Table 2

Kinetic constants, conductivity at 20 °C, photocurrent intensity and initial and final
pH recorded during the PEC TiO,-NT30V experiments with 1 mol'L ! methanol
with different C1~ concentrations.

Cl™ concentration k (molL.~*min~") Photocurrent density Conductivity pH

(mmol-L ™) x107 at +1.0 V (mA) (mScem 1)

0.0 10.42 + 0.44 - 0.017 58 + 0.5
0.12 10.86 + 0.36 0.0024 0.15 8.8 + 0.2
4 12.43 = 0.41 0.0022 0.34 85 + 0.3
15 11.87 + 0.39 0.0022 1.42 8.8 + 0.2
60 12.63 + 0.65 0.0020 5.42 8.7 + 0.2
105 11.78 = 0.30 0.0022 8.85 85 + 0.2
150 11.87 + 0.21 0.0022 13.18 8.4 + 0.3

Conductivity correlation vs Cl- concentration: Y = 0.0865X + 0.0696; R* 0.999.
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amount of C1™ increases, probably because at pH 8.5, these differences
are not as significant as at pH 4. As expected, as Cl ~ concentration increases
also increase the electrolyte conductivity at a rate of 0.0865 mS -cm ~ . Dis-
tilled water displays a pH value of around 6, while with different Cl~ con-
centrations, the pH is around 8.5-8.8. Other authors (Zhang et al., 2005)
have studied the effect of CI~ concentration on the degradation of reactive
Brilliant Orange K-R (RBOKR). They observed that as the conductivity of
the solution increase (from 0.5 to 47.2 mS-cm ™ 1), the photoelectrocatalytic
process can be more efficient even than direct electrooxidation and photo-
catalytic oxidation processes, demonstrating that the efficiency of the
photoelectrocatalytic process was not only greater than that of the photo-
catalytic or electrochemical process but also greater than the sum of the
two processes. These authors recognise that the reason for this enhance-
ment can be due to the reached equilibrium achieved in the adsorption of
Cl™ ions at high Cl™ ions concentration or due to the generation of active
chlorine.

On the other hand, Fig. 12.a shows the values of the kinetic constants
calculated from bacterial inactivation curves with increasing amounts of
chloride ions in the electrolyte. It is noted that the inactivation of E. coli in-
creases rapidly from 0 to 0.12 mmol-L.~ ! concentration of C1~ although the
increase in the kinetic constant with Cl~ concentrations above 4 mmol-L ™ *
is not that pronounced. Kinetic constants from Fig. 12.a demonstrate that
E. coli inactivation activity slightly increases as Cl ™ concentration increases,
tending to reach a plateau. Anyway, although the kinetic constant slightly
increases, the changes in Cl~ concentration from 15 to 150 mmol-L. ™!
have no noticeable effect on the inactivation efficiency as with the addition
of 15 mmol L.~ ! or higher amounts of C1~, 99.99 % of inactivation is
reached at times lower than 4 min in all the tests.

This fact is confirmed with Fig. 12.b, where the concentration of active
chlorine at 30 min of irradiation time without any bacterium versus
kinetic constants is represented. With low concentrations of Cl™
(<0.12 mmol'L™ 1), there is almost no detection of free chlorine, while
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Fig. 12. a) Kinetic constants from the PEC inactivation of E. coli at different NaCl
concentrations measured in the NT30V electrode. Conditions: initial E. coli
concentration of 10° CFU'mL ™! and external potential bias of +1.0 V. Error bars
are the standard error from the kinetic constant. b) Chlorine concentration
measured at 30 min of irradiation time without the addition of E. coli. Chlorine
error bars is the relative error from two repeated experiments.
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with concentrations above 4 mmol-L ™! or higher, there is a slight increase
in chlorine concentration of around 0.2 mg-L~*. Chlorine concentrations
are similar, but the constants continue increasing with the increase in
Cl™, which points out that other factors influence bacteria inactivation,
such as the electrolyte conductivity, surface interaction with charge cations
or the bacterial membrane behaviour with the osmolarity changes. Similar
results have been published by other authors (Zanoni et al., 2004; Selcuk
and Anderson, 2005; Cheng et al., 2007) in an acid pH medium. Cheng
et al. (Cheng et al., 2007) studied three C1™ concentrations on the removal
of NO; atpH4.7 and + 1.0 V. They observed that the rate of degradation of
NO, increases rapidly with increasing concentration of C1~ from 100 to
500 mmol'L " ’. For instance, in the absence of NaCl, only 70 % of NO, ,
was oxidised within 20 min, while adding 10 mmol-L.~* NaCl, complete
degradation of NO5 , was achieved within 15 min and at a higher NaCl con-
centration of 500 mmol-L.~?, only 4 min is needed for completing degrada-
tion. In the same line, Xiao et al. (Xiao et al., 2019) followed the amount of
free chlorine in the photoelectrocatalytic breakdown of Cu-cyanide com-
plexes at pH 8.0 and applied a potential of +1.5 V with a WO3; nano-
plate film photoanode. They also observed that the concentration of free
chlorine increases as the concentration of Cl~ increases from 0 to
30 mmol-L ! reaching free chlorine concentrations higher than those re-
ported in this work.

3.5. Type of electrolyte

Fig. 13.arepresents E. coli inactivation constants at + 1 V using an initial
concentration of 10° CFUmL ™! E. coli + 0.1 mol'L.~* NaCl or 0.1 mol-L ™!
CaCl, or 0.1 mol-L.~ ! NaSO, as electrolyte.

Total inactivation of E. coli was reached at times <10 and 20 min with
NaCl and CaCl, electrolytes, while only one order of magnitude was
achieved in the NaSO, electrolyte after 30 min. Although a higher concen-
tration of Cl~ is expected in the CaCl, electrolyte (210 mmolL ™! of CI™ vs
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105 mmol'L " ! of C1~ with the NaCl electrolyte), the greatest E. coli inacti-
vation is observed using NaCl solution. Free chlorine has been detected in
electrolytes with NaCl (0.35 mgL™ 1 and CaCl, (0.14 mgL™ 1 at 15 min re-
actions which explains the results obtained with these electrolytes. These
experiments have corroborated that the formation of free chlorine can
occur in any type of chloride electrolyte. Other authors have performed
similar studies with common electrolytes, such as NaCl, NaySOy,,
Na,HPO, and NaNO3, at different concentrations to determine their effects
on microcystin-LR (MCLR) degradation with a RuO,-TiO,/Ti photoanode
(Zhao et al., 2019). They observed that when NaCl was used as an electro-
lyte, the degradation effect of MCLR was better than with the non-chloride
electrolytes. MCLR was completely degraded even with 2 mmol-L ™! NaCl
after 30 min and was undetectable even after 5 min when NaCl increased
to 20 mmol-L ™!, These results confirm that C1~ can be adsorbed on the sur-
face of the anode and be oxidised to highly active oxidative groups (-Cl, Cl,
and HCIO) by electron-hole pairs (Zhao et al., 2019).

Two possible explanations for the decrease in the inactivation constant
of bacteria and chlorine generation for CaCl, electrolyte has been raised.
On the one hand, the conductivity values can change from one electrolyte
to another, expecting that a better conductivity can improve the photo elec-
trocatalytic activity. However, it was expected that CaCl, would be the bet-
ter electrolyte, which is confirmed by the conductivity achieved in CaCl,
(15.05 mS - ecm ™ 1), Na,SO4 (13.10 mS - em™!) and NaCl (8.85 mS -
ecm ™ 1) at 20 °C, since the conductivity of an electrolyte depends on the
number of charges that are mobile within a solution, and CaCl, and
Na,SO, contain more charges than NaCl. Therefore, the conductivity does
not seem to have a great influence on the formation of chlorine. On the
other hand, other factor to be considered could be related to the interaction
of the negative surface of TiO, (pH > pzc) with the positive cation Ca®*.
Some studies have demonstrated that TiO, shows affinity toward Ca com-
pounds that can transform surface characteristics and modify the nanopar-
ticles profile (Saygin and Baysal, 2022).
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Fig. 13. a) PEC inactivation constants of E. coli with different electrolytes measured in the NT30V electrode. Conditions: 0.1 mol'L. ™! electrolyte, initial E. coli concentration of
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3.6. Resistance of microorganisms

The TiO,-NT30V electrode was evaluated in the inactivation of E. coli, E.
faecalis and C. albicans at +1 V using an initial concentration of
10° CFU'mL ™! of microorganisms + 0.1 mol-L ™! NaCL.

Fig. 13.b shows the PEC kinetic constants with different microorgan-
isms such as E. coli, E. faecalis and C. albicans, a fungus in the form of
yeast responsible for pathogenic diseases such as vaginal candidiasis (vagi-
nitis), oral cavity (Muguet), intestine or skin (O Young, 2016). The inactiva-
tion of E. coli occurs at shorter times than the inactivation of E. faecalis and
that of the C. albicans fungus. These results are explained by considering the
different morphological and structural characteristics of these microorgan-
isms. It is well established that bacterial inactivation begins with the attack
of the hydroxyl radicals formed by the photocatalyst on the membrane or
cell wall (Pulgarin et al., 2012). Several attacks are needed to generate irre-
versible damage to the bacteria. Therefore, the more resistant this wall or
outer layer is, the longer time will be required, and the higher number of
attacks and radicals will be necessary for its complete inactivation. Bacteria
E. coli and E. faecalis share the same genus but their cell wall is structurally
different. E. coli is a Gram-negative bacterium while E. faecalis is Gram-
positive. The cell wall of Gram-positive bacteria is composed of several
layers of peptidoglycan (> 25 layers) that make up a thick and rigid struc-
ture, representing up to 90 % of the cell wall, which explains its higher re-
sistance to inactivation. In contrast, the cell wall of Gram-negative bacteria,
such as E. coli, is composed of a layer or few layers of peptidoglycan and an
outer membrane. The fact that it contains a small amount of peptidoglycan
in the cell wall increases its susceptibility to mechanical rupture, hence it is
the bacteria with the least resistance to inactivation (van Grieken et al.,
2010). On the other hand, the fungus has, in general, greater resistance
than bacteria to biocides (Day et al., 2009; Vijayakumar and Sandle,
2019). Not all fungal species have cell walls, but if they do, they are com-
posed of mannans, glucans and chitin (O Young, 2016). In C. albicans the
outermost layers consist mostly of 1,6-mannan and 1,2-mannan while a
third layer is of 1,6-glucan. As its structure gets deeper, 1,6-glucan changes
to 1,3-glucan, which combines with chitin, ending with the innermost
layers composed largely of chitin-protein (O Young, 2016). Chitin is a
very resistant molecule that explains the greater resistance of fungi against
disinfection processes.

On the other hand, it should be noted that apart from the attack of free
radicals formed by the electrode during the reaction, the formation of
chlorine also contributes to the inactivation of these microorganisms
(Garcia-Espinoza et al., 2021). Although the exact mechanism of the
disinfecting action of chlorine is unknown, some studies propose that chlo-
rine does not only exerts an oxidising action in the cell membrane and cell
wall to destroy semi permeability but also reacts with internal RNA and de-
stroys and/or inhibits the enzymatic systems on which microorganisms de-
pend for the use of food, which causes them to die of starvation (Junli et al.,
1997; Junli et al., 1997; Li et al., 2011; Li et al., 2013). In the case of PEC
combined with active chlorine, there is a concomitant effect between the at-
tack of chlorine species and the direct attack of the photohole to rapidly
damage/decompose the cell body of the bacteria that is in contact with
the photoanode surface (Li et al., 2011).

Chlorine values found for the disinfection of E. coli, E. faecalis and
C. albicans in water chlorination are slightly higher than those obtained in
the PEC process. Different studies have demonstrated that small amounts
of active chlorine can inactivate E. coli and E. faecalis. For E. coli,
0.05 mgL. ™! of active chlorine at pH 7 was enough to reach 99 % of
inactivation in 2 min of contact time while at pH 8.5 a concentration of
chlorine of 0.3 mgL™ 1 was necessary (Hoff and Akin, 1986). The
photoelectrocatalytic chlorine generation of our work only needs 2-3 min
to inactivate 99.99 % of E. coli at pH 8.5. In the case of E. faecalis higher con-
centration of chlorine was necessary. According to Ersoy et al. (Ersoy et al.,
2019),1.2mgL" 1 of NaOCl and ClO- caused almost 70 % of inactivation in
<1 min suggesting that cells may have problems with respiration and anab-
olism when treated with chlorine-based disinfectants. Our results show
99.99 % inactivation in 7 min. Finally, in the case of C. albicans it was
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necessary for an exposition to 0.2 mgL.~ ! of chlorine for 3 h in tap water
to reach the complete elimination of viable cells, while with higher concen-
trations of oxidant of 0.4 mg:L ™!, between 30 and 60 min of treatment were
enough to obtain the same result (Sisti et al., 2012). In this work, PEC with
NT30V achieved 99.99 % of inactivation of C. albicans in 15 min. Similar
results were observed by Li et al. (Li et al., 2011), who worked with differ-
ent pHs (from 5.6 to 9.3) on the percentage inactivation for PEC systems.
These authors found that for the PEC-CI treated samples under different
pHs, the inactivation percentage moderately increased from 38.8 % to
52.5 % when pH increased from 5.6 to 7.4, but dramatically increased to
99.0 % when pH was further increased to 9.3, suggesting a significant con-
tribution by AOSs at high pH. In summary, this work has demonstrated that
in situ generation of chlorine with the PEC process can increase efficiency
compared to traditional chlorination where chlorine is added and dissolved
in the medium.

4. Conclusions

During the photoelectrocatalytic process used in water treatment condi-
tions, active chlorine can be generated in a very low or even undetectable
concentration, which in some cases, may cause overestimation of
photoanode activity. Our findings indicate that chlorine can be easily gen-
erated in situ by direct oxidation of chloride ions on the PEC process with
an electrode based on TiO,/Ti nanotubes even in not favoured conditions.

The examination of different conditions including the applied current
potential bias, concentrations of Cl ™, type electrolyte and type of microor-
ganisms were evaluated with methanol and E. coli. This research has led to
the following conclusions:

PEC kinetic constants were always higher than the kinetic constant of the
PC reactions. The increase in the length of the nanotubes has increased
the PC and PEC activity in the degradation of methanol and bacterial in-
activation, being most active the electrode with longer nanotubes
(3.19 + 0.45 pm).

Similar kinetic constants were reached in the PEC experiments with meth-
anol oxidation and E. coli inactivation by applying a potential bias of
+0.4 Vto +1V, as the maximum intensity of photocurrent is reached
in this range.

Electrolytes with chloride salts are susceptible to the
photoelectrocatalytic production of chlorine species, although results
can vary depending on the type of salt employed. NaCl has resulted to
be more effective than CaCl,, probably due to the negative interaction be-
tween Ca®* cations with the negatively charged surface of TiO».

The formation of chlorine is higher as the length of the nanotubes in-
creases and increases with higher Cl~ ion concentration. E. coli can be
photoelectrocatalytically inactivated more effectively with higher solu-
tions containing Cl~ ion from a value of 15 mmol-L ™! in contrast with
the result observed for methanol oxidation.

TiO5-NT were a success in the inactivation of E. coli. E. faecalis and
C. albicans by PEC, the results show a strong influence of the structure
of the wall and microbial membrane on the efficiency of the inactivation
process. Under equivalent conditions of electrolyte irradiation dose, the
inactivation of E. coli is higher than E. faecalis and C. albicans.

Small amounts of free chlorine can be generated under unfavourable con-
ditions with the combination of TiO,, the application of an external an-
odic bias and UVA illumination

This work has demonstrated that the TiO, nanotube electrodes through
the photoelectrocatalytic process are adequate to achieve a total bacterial
inactivation of microorganisms in a short period and obtain a good degra-
dation of organic compounds, such as methanol.
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