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Abstract: For years, gas chlorination has been the adopted disinfection technology in the treatment
of Maltese potable water. Despite its strong bacterial inactivation potential, traditional chlorination
generates high free chlorine residual and disinfection by-products that compromise the sensory
attributes of drinking water and deter the population from consuming it. We have identified plau-
sible alternative-to-gas-chlorination technologies for its treatment, with the aim of (a) reducing the
disinfectant and/or chlorination dose used for microbial inactivation, and (b) attenuating the neg-
ative impact of putative disinfection by-products on the water’s organolepsis, while safeguarding
its safe-for-consumption characteristics. We have subjected ultraviolet C (UVC) irradiation, hydro-
dynamic cavitation (HC), ClO2 generation, and electrochlorination (NaClO) to bacteriological and
physicochemical bench-scale studies to assess their bacterial inactivation efficacy and by-product
generation propensity, respectively. All the tested technologies except HC achieved a minimum of
3 Log10 microbial inactivation, with NaClO and ClO2 appearing more effective over neutral and
alkaline pH conditions, respectively. In addition, we have identified synergistic effects of cavita-
tion on UVC for Enterococcus faecalis inactivation, stemming from enhancement in oxidative stress.
Moderate reductions in the total dissolved solid content and Ca2+ hardness of the tested water also
emerged following prolonged cavitation. For feasibility studies, the performance of the technologies
was further evaluated on the following areas: (a) implementation, (b) practicality, (c) adaptability,
(d) integration, (e) environment and sustainability, and (f) cost and effect. Electrochemical generation
of NaClO emerged as the most promising technology for further on-site work, followed by ClO2

and UVC.

Keywords: ultraviolet light; hydrodynamic cavitation; chlorine dioxide; electrochlorination; disinfection
by-products; Maltese tap water

1. Introduction

Maltese potable water is a blend of sea water desalinated by reverse osmosis (RO),
and groundwater obtained from the perched and mean sea level aquifers of the islands [1].
Historically, initial blends comprised ground to RO water at a 6:4 ratio. However, (a) quality
deterioration of groundwater resources and (b) excessive water demand posed by the
continuously increasing population density of the islands have necessitated blending
practices with 60% RO water [2]. Prior to blending, RO water is subjected to lime treatment
for raising its pH and reducing the magnesium hardness [3].

For over 100 years, traditional chlorination (Cl2 gas, Text S1) has been the adopted dis-
infection method of RO-softened and borehole water bodies before reaching the reticulation
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networks, to ensure the delivery of safe water for consumption. Despite its decontami-
nation effectiveness, gas chlorination generates high free available chlorine and several
disinfection by-products (DBPs; e.g., trihalomethanes (THMs), Section 2.7), which not only
raise health concerns [4] but also compromise the organoleptic properties of the water and
challenge the consumer’s sensory experience [5].

Out of the necessity to minimize the impact of residual chlorine and DBPs on the
organoleptic properties of Maltese drinking water and generate a product that adheres
to the standards of the EU directive, whilst satisfying consumer sensory perceptions, we
sought for chlorine-gas-alternative disinfection technologies. Of the available alternative
disinfection processes (physical, chemical, or membrane-based) we selected:

1. Ultraviolet-light C (UVC) irradiation; the antimicrobial properties of UVC (254 nm)
have been demonstrated for a wide range of pathogens [6]. UVC can be easily imple-
mented both at the level of water transfer from the galleries/boreholes to the reservoir,
as well as before release to the distribution and reticulation networks, and despite its
lack of residual disinfection, it can be combined with chemical processes to achieve
greater microbial Log10 reductions in a cost-effective and eco-friendly manner [7].
Additionally, UVC-based treatments contribute negligibly to DBP formation and were
shown to attenuate the toxicity of chlorine-derived DBPs [8], thus leaving the water’s
organoleptic characteristics unaffected.

2. Hydrodynamic cavitation (HC); HC has been emerging as an effective technology
of water treatment [9]. HC not only can achieve bacterial reductions in the range
of 0.6–5 Log10 without generating DBPs but is also a cost-effective and sustainable
method for water softening [10]. It can work synergistically with UVC in the attenua-
tion of dissolved oxygen carbon under advanced oxidation processes [11] and can be
combined with electrochlorination for the attenuation of chloroform [12].

3. Chlorine dioxide generation; ClO2 (generated in situ) provides an attractive alternative
to chlorination as it: (a) is effective at low concentrations (<1 mg/L); (b) is active over a
broad pH range (4–10); (c) has a long residual activity; and d) generates fewer harmful
DBPs, thus impacting less on the water’s organolepsis [13]. It can be combined with
other disinfection technologies, like UVC, to achieve higher microbial reductions [14],
and to attenuate DBP formation [15].

4. Electrochlorination (NaClO); electrochemically generated sodium hypochlorite will
dissociate to hypochlorous acid with subsequent degradation to chlorate and chloride.
Though not fundamentally different to gas chlorination, electrochlorination is an
attractive technology because: (a) desired end concentrations of active oxidants are
generated on site without the need of chlorine gas, thereby reducing transportation
and storage necessities and minimising leakage risks [16], (b) it generates less haloace-
tonitriles than chlorine gas [16], (c) it can remain longer in the distribution system for
effective biofilm formation control [16] and (d) it can be combined with physical and
chemical disinfection to attenuate DBP formation (Table S7) [15,17–30].

Here we present the outcomes of undertaken bench-scale studies to assess the decon-
tamination efficiency of the selected technologies in the treatment of Maltese potable water
using Escherichia coli and Enterococcus faecalis as quality indicators. We are also presenting
a small-scale feasibility study with the aim of selecting the best three technologies for
implementation in future plant-pilot work.

2. Materials and Methods
2.1. Equipment and Bench-Scale Study Configurations
2.1.1. UVC Set-Up

For bench-scale studies, the UV-405 LCD system (Sita: Arnheim, The Netherlands)
was employed. The system comprised a 30 W UVC lamp (254 nm), providing a maximum
dose of 300 J/m2 for flow rates up to 20 L/min, with an LCD plus unit equipped with a
detector for monitoring intensity fluctuations over 4–20 mA contact. Similar systems have
been reported to achieve a minimum of 3 Log10 microbial inactivation for laminar flows of



Water 2023, 15, 1450 3 of 28

10–100 L/min [7]. To determine the disinfection efficiency of the system over different flow
rates, in addition to gravity (flow rates of 0.1–1 L/min), two different pumps were used to
extend the range of testable flows to 15 L/min (Figure 1a). Flow rates were monitored by a
digital flow meter (DigiFlow 6710M-44, New York, NY, USA) (Figure 1a).
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Figure 1. Bacterial disinfection configurations employed in bench-scale studies. (a) UVC set-up; input
water is delivered to the UVC chamber (green dashed lines) through gravity or pumps (pumping
denoted with solid black arrows). Input flow rates can be determined by a flow meter. UVC-treated
water exits the chamber (output) before being collected in its original containers for subsequent
UV-exposures (dotted blue lines). Samples for analysis were collected following the treatment of each
litre of water. HC can replace or be integrated upstream or downstream from the UVC device for
evaluation of performance in hybrid schemes. (b) ClO2 set-up; carbon-filtered RO/borehole water is
fed into the Lotus Mini ClO2 generator (10–20 L/h at an inlet pressure controlled by a pressure gauge)
and is used to drive the in situ generation of ClO2 from HCl and NaClO2. Generated ClO2 is collected
and is used to disinfect spiked water for the initiation of inactivation studies. (c) Electrochlorination
set-up; in situ generation of NaClO is electrolytically driven from water-dissolved brine. Generated
NaClO is collected in the designated tank and a dosing pump is used to treat the desired water source.

2.1.2. HC and UVC/HC Set-Up

The T-Sonic OM (length, 14.5 cm; diameter, 3.6 cm; optimum flow 3.9 L/min) and
PW (length, 29 cm; diameter 3.9 cm; optimum flow 9 L/min) cavitators (Treelium: Stabio,
Switzerland), suitable for descaling and water sanitation, respectively, were used to assess
the disinfection effectiveness of cavitation, individually and in combination with UVC. For
assessing the individual disinfection efficiency of HC, the device simply replaced the UVC
system in the specified set-up (Figure 1a). To explore the bacterial inactivation efficiency of
HC in hybrid schemes with UVC, the cavitators were inserted before (HC-UVC) or after the
UVC (UVC-HC) system (Figure 1a; technology combination junctions). Standard pressure
gauges were used to monitor inlet and outlet pressure.
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2.1.3. ClO2 Generation

The Lotus mini 20 chlorine dioxide generator (Emec: Rieti, Italy) was purchased for
the stable and safe production of ClO2 from HCl (9% (w/v)) and NaClO2 (7.5% (w/v)).
Briefly, RO or borehole water was pumped into the generator at 10–20 L/min. Input
water was subjected to carbon filtration to ensure removal of chlorine and organic residual.
The precursor chemicals were pumped with specific proportions into the generator, with
strokes externally controlled. On reaction, ClO2 was generated at a maximum of 2 g/L,
proportionally to the pressure and the flow rate of the circulating water. ClO2 exited
the generator through a back-pressure valve at the top of the chamber and was used to
subsequently dose E. coli- and E. faecalis-spiked water samples at the desired concentration
and contact time (Ct) (Figure 1b).

2.1.4. Eletrochlorination

For the electrochemical generation of sodium hypochlorite (in situ chlorination), the
Minichlorgen 30 (Lutz-Jesco, Wedemark, Germany) was utilised. RO or borehole water
was fed into the system at 5 L/h. Input water was subjected to carbon filtration to ensure
removal of chlorine and organic residual. Water was softened before diluting the brine and
dissolving the salt. Diluted brine entered the electrolyser at the same flow rate, allowing
for chloride oxidation to chlorine (anode) and salt reduction to NaOH and H2 (cathode).
Released chlorine interacted with NaOH to generate NaClO with H2 gas release. The
produced NaClO (6 g/L) was collected in the designated tank (Figure 1c) and a dosing
pump was used to treat E. coli- and E. faecalis-spiked water samples at the desired doses
and Ct.

2.2. Bacterial Strains and Culture Conditions

For spiking autoclaved and/or filtered deionised (pH 7.2 ± 0.2, 20.5 ± 2.5 ◦C) and/or
RO water (pH 7.5 ± 0.2, 20.5 ± 2.5 ◦C), two non-pathogenic strains were used; Escherichia
coli O157:H7 NCTC 12900 (National Collection of Type Cultures of the Health Protection
Agency (London, UK)), and Enterococcus faecalis NCTC 775 (ATCC 19433; TCS Biosciences:
Buckingham, UK), with E. faecalis generally appearing more resistant to both traditional
chlorination and to alternative disinfection technologies than E. coli [31]. Bacterial glycerol
(30% v/v) stocks in tryptic soy broth without dextrose (TSB; Scharlab: Barcelona, Spain)
were stored at −80 ◦C. For preparing fresh bacterial suspensions, the detailed procedure
described in Text S2 was followed. The initial bacterial load of the spiked water was on
average 20 × 108 cfu/mL.

2.3. Bacterial Inactivation Treatments

Bacterial inactivation treatments were conducted in triplicate, unless otherwise spec-
ified, with at least one replicate performed on a separate day. Samples were collected
immediately after each treatment and subjected to bacteriological and/or chemical analyses.

2.3.1. UVC

For bench-scale evaluations, E. coli- and/or E. faecalis-spiked deionised or RO water
was subjected to UVC-disinfection at 0.17–9.50 L/min and minimum exposure times (tRMin;
0.27–15.2 min for laminar flow and 0.17–9.2 min for turbulent flow), amounting to a
range of radiation doses/fluences (0.4–22 kJ/m2, Supplementary Materials Table S1). The
tRMin exposure times were calculated according to Text S3 [32]. With the proposed set-up
(Figure 1a), extension of the exposure time by 3- to 5-fold required recycling of the treated
water 3–5 times, simulating scenarios where running water enters a series of 3–5 UVC
units. For preliminary plant-pilot studies on borehole water (Ta’ Saliba borehole, Chadwick
Lake origin; pH 8.5 ± 0.1, 18.5 ± 1.3 ◦C), the UVC device was installed on site, and its
disinfection efficiency was assessed for a single exposure over the 6.5–17 L/min flow rate
range (tRMin 9–24 s).
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2.3.2. HC and UVC/HC

To explore the disinfection efficiency of HC when combined with UVC, the cavitator
was inserted before (HC-UVC) or after the UVC device (UVC-HC) (Figure 1a). The 9.5 and
15 L/min flow rates were chosen for the delivery of E. coli- and E. faecalis-spiked water
to the devices (inlet pressure; 1.7 ± 0.6 bar), respectively, since at these flow rates, UVC
had individually exhibited the lowest Log10 microbial inactivation. Bacterial inactivation
at the specified flow rates was assessed for single, triple, and quintuple passages. The
microbial inactivation efficiency of HC alone was also studied at the same flow rates and
exposure times for comparison purposes. For preliminary pilot studies, the T-Sonic PW
hydrocavitator was installed at the Saliba borehole. Over single exposures, groundwater
entered the cavitator at 6.5–17 L/min, with an inlet pressure of 2.0 ± 0.1 bar and an outlet
pressure of 1.0 ± 0.1 bar (∆p = 1 bar).

Prior to the treatment of borehole water by either UVC or HC, the pipe system was
washed at full flow for at least 5 min, to ensure discharge of possible bacterial growth.
After setting the desired flow, the system was allowed to equilibrate for a minimum of
5 min before treatment application and sample collection. For borehole water, bacterial
inactivation was assessed on the total bacterial count (TBC) at 37 ◦C.

2.3.3. ClO2 and NaClO

Following the electrochemical generation of 2 g/L ClO2 and 6 g/L NaClO (continuous
modes), 250–500 mL filtered RO water, spiked with 1% (v/v) E. coli- or E. faecalis-Ringer’s
suspension, was individually dosed with 0.3, 0.75, 0.9, 1.9, 3.8, 7.5 and 15 mg/L ClO2 or 0.15,
0.3, 0.75, 1.1 and 2.1 mg/L NaClO. The bactericidal was allowed to act for 0 s, 30 s, 2 min, 5
min, 10 min, 30 min, 45 min, 1.5 h and 2.5 h, before addition of 0.1 M sodium thiosulphate
pentahydrate (Sigma-Aldrich) for quenching the bactericidal residual and terminating the
reaction [33]. Samples were then subjected to bacteriological and/or chemical analyses.
Since the natural bacterial load of borehole water lacked E. faecalis, water samples from
the Saliba borehole were spiked with E. faecalis and were individually dosed with the
two lowest disinfectant concentrations, i.e., 0.3 and 0.75 mg/L ClO2 or 0.15 and 0.3 mg/L
NaClO. Treatments were allowed to proceed for the same Cts as for the RO water, before
reaction quenching and sampling for further analyses.

2.4. Colony Counting and Bacterial Inactivation

For colony counting, spread-plating was opted for the bacteriological analysis of
50–1000 µL sample volumes, pour-plating for 1.5–5 mL volumes, and filtration for sample
volumes > 5 mL. Untreated spiked samples and treated spiked samples, particularly
over low fluences/doses and short Cts, were serially diluted in Ringer’s solution before
plating to ease colony enumeration. Samples were plated on TSA, before colony identity
confirmation/verification by use of selective media (Text S2) [34]. Bacterial Log10 or Ln
reduction was determined using Equations (1) and (2), respectively, to facilitate direct
comparisons to previously published works (Text S4).

Log10reduction = Log10
N
N0

(1)

Ln reduction = Ln
N
N0

(2)

where N0 and N were the bacterial-colony-forming units per mL of suspension (cfu/mL),
before (influent) and after treatment (effluent), respectively. The limit of inactivation for
E. coli and E. faecalis in drinking water was set at 0 colonies per 100 mL (EU directive).

2.5. Bactericidal Decomposition and Breakpoint Chlorination

For determining the half-lives of ClO2 and NaClO in RO and/or borehole water,
ClO2 and residual chlorine concentrations were determined using the chlorophenol red
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(Hanna instruments, Catania, Italy) and N,N-diethyl-p-phenylenediamine (DPD; Palintest,
Gateshead, UK) methods, respectively, according to the manufacturer instructions, in free-
from biological demand samples, over 24 h. Absorbance of the samples was recorded
using the H197738 photometer (Hanna instruments, Padua, Italy). For determination of
breakpoint chlorination points, DPD-1 and DPD-3 (Lovibond, Salisbury, UK) reagents were
used for the colourimetric detection of free and total chlorine residual, respectively.

2.6. Bacterial Inactivation Kinetics

Log10 bacterial inactivation versus fluence or time were plotted in Excel or Graphpad
prism (Dotmatics, Boston, MA, USA). GinaFit [35] was employed for testing different inacti-
vation models (Text S4). UVC-based inactivation of deionised water was best described by
the Weibull + tail model, whereas the Log10 linear function was used to fit the data derived
from the UVC-inactivation of the TBC (37 ◦C ± 2 ◦C) in borehole water (Text S4.1) [36–38].
Chemical disinfection treatments were best described with a modified version of Hom’s
model (Text S4.2) [39–42].

2.7. Determination of Indicator Parameters and Chemical Analyses

Conductivity, pH, dissolved oxygen (DO), total dissolved solids (TDS), oxidation-
reduction potential (ORP), and turbidity were routinely measured using a multi-meter
(HI9829, Hanna instruments, Italy). Determinations of biological oxygen demand (5210-B),
total alkalinity (2320-B), total hardness (2340-C), Ca2+ hardness (2340-C), Mg2+ hardness
(2340-C), total suspended solids (2540-B/2540-D), and chlorides (4500-Cl-B) were carried
out by the Water Service Corporation, Triq Hal Qormi
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al Luqa, Malta (ISO/IEC 17025:
2017) according to the standard methods for the examination of water and wastewater [43].
Determinations of total non-ferrous metals, nitrates, nitrites, chlorides, total organic carbon
(TOC), chloramines, halo-acetic acids (HAAs)/halogenated acetonitriles, THMs (mainly
chloroform, bromoform, dibromochloromethane, dichlorobromomethane), polycyclic aro-
matic hydrocarbons (PAHs), halogenated/non-halogenated organic volatiles, chlorate and
chlorite were conducted by ALS (ALS (Brno, Czech Republic) and were covered by ISO
17025:2017 accreditation. For the ALS analyses of non-chemically disinfected samples,
borehole water was subjected to (a) radiative treatment at 17, 14, 10 and 6.5 Lt/min (corre-
sponding to 9, 11, 15.5 and 24 s minimum exposure times, respectively) or (b) HC, at the
same flow rates (inlet pressure 2 bars). For both technologies, samples were collected after
a single exposure/passage. For chemical disinfection, borehole water was subjected to 0.3
or 0.75 mg/L ClO2 or NaClO for two hours.

2.8. Statistical Analyses

Mean values of triplicate measurements with their standard deviations (STDEV)
and/or errors (SEM) were determined using Excel. To assess the statistical strength of
comparisons, t-tests were performed in GraphPad Prism at 95% confidence intervals
(p < 0.05). To assess the goodness of the fitted-to-the data models, the parameters described
(Text S5) were used.

2.9. Feasibility Assessments

For the identification of the most suitable technologies for implementation in larger
scale on-site studies, a feasibility assessment tool was generated (Table 1) [44], evaluating
them on (a) network integration, (b) adaptability, (c) practicality, (d) cost-effectiveness, and
(e) environmental sustainability [45]. The performance of each technology was evaluated
by addressing a set of questions, with marks allocated to the technology based on the
provided answer (Table 1).
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Table 1. Feasibility assessment tool with its marking scheme.

Feasibility Areas Questions Answers Assessment Scheme

1. Implementation 1. Can the technology be implemented given the current water characteristics?

Yes 1 point
No 0 points

Yes, with provisions 1
1–5 provisions (0.75 points)
6–10 provisions (0.5 points)
11–15 provisions (0.25 points)

2. Practicality

1. Is operation easy?

Yes 1 point
No 0 points

Yes, with provisions 1–5 provisions (0.5 points)
>5 provisions (0.25 points)

2. Is installation easy?

Yes 1 point
No 0 points

Yes, with provisions 1–5 provisions (0.5 points)
>5 provisions (0.25 points)

3. Is operation occupationally safe?

Yes 1 point
No 0 points

Yes, with provisions 1–5 provisions (0.5 points)
>5 provisions (0.25 points)

4. Is dosing low on maintenance? Yes 1 point (≥1 advantage)
No 0 points

3. Adaptability
1. Does the technology offer flexibility? Yes 1 point (≥1 advantage)

No 0 points

2. Is the technology easily adaptable in a cost-effective manner? Yes 1 point (≥1 advantage)
No 0 points

4. Integration

1. Is the technology suitable for treatment of RO/blended water?
Yes 1 point
Partly 0.5 points (1 disadvantage)
No 0 points (>1 disadvantage)

2. Is the technology suitable for treatment of borehole water?
Yes 1 point
Partly 0.5 points (1 disadvantage)
No 0 points (> 1 disadvantage)

3. Can the technology be combined with other technologies in hybrid schemes?

Yes 1 point
No 0 points

Yes, with provisions
1–5 provisions (0.75 points)
6–10 provisions (0.5 points)
11–15 provisions (0.25 points)

4. Does the technology require specific chemical analyses techniques for
monitoring?

Yes 0 points (≥1 techniques)
No 1 point
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Table 1. Cont.

Feasibility Areas Questions Answers Assessment Scheme

5. Environment and Sustainability

1. How does the technology rank in terms of CO2 emissions? 2 1–3 ranks 3 (1st), 2 (2nd), 1 (3rd) points
4th rank 0 points

2. Is the technology more energy-efficient than gas chlorination? Yes 1 point
No 0 points

3. Would installation of the technology at the reservoir level pose additional
environmental effects?

Yes 0 points
No 1 point

4. Would installation of the technology at the borehole level pose additional
environmental effects?

Yes 0 points
No 1 point

5. Could the technology be powered by alternative energy means? Yes 1 point
No 0 points

6. Cost and Effect

1. Is application of the technology for RO/blended water fit for purpose (safe
and clean water for consumption)?

Fully 1 point
No 0 points
Partly 0.5 points

2. Is application of the technology for borehole water fit for purpose (safe and
clean water for consumption)?

Fully 1 point
No 0 points (>2 disadvantages)
Partly 0.5 points (2 disadvantage)

3. In terms of microbial inactivation, how does the technology perform? Total points from disinfection assessment

4. In terms of by-products, is the technology likely to improve the water’s taste?
Yes 1 point (1 DBP)
Possibly 0.5 points (Few DBPs)
No 0 points (≥2 DBPs)

5. How costly is application of the technology at RO level? Total points from cost analysis

6. How costly is application of the technology at borehole level? Total points from cost analysis

Notes: 1 A table with the corresponding provisions (Supplementary Materials Table S7) is available in the supplementary section. 2 kWhs of electricity of instrumental operation for the
exclusive purpose of dosing were converted to kgCO2e (kg CO2 equivalents) using the 0.391 kgCO2e per kWh factor reported for Malta, by Carbon Footprint Ltd. (Basingstoke, UK), in
their 2022 report.
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Financial (Supplementary Materials Tables S2–S4 based on the assumptions of Section 2.9.1),
chemical analyses (Section 3.5) and bacterial inactivation (Supplementary Materials
Tables S5 and S6) outcomes were used to address the 6th feasibility area questions (Table 1)
and generate Supplementary Materials Tables S7 and S8.

2.9.1. Financial Analyses Assumptions

Financial analyses focused on determining capital (CAPEX) and operational/maintenance
(OPEX) expenditures, when implementing each technology in groundwater, desalinated
water, and blended water treatments. Costs for equipment purchase, shipping, installation,
commissioning, and staff training were considered for CAPEX analyses, whereas the annual
costs for equipment service, part replacement, preventive maintenance, and consumables
defined the OPEX analyses (Supplementary Materials Tables S2–S4).

Costs for the implementation of the individual alternative-to-gas-chlorination technol-
ogy in the treatment of groundwater, RO water, and blended water required the definition
of equipment sizing. For sizing decisions, water flow rates supplied in the Maltese islands
by the WSC during the 2021 peak season were considered; namely, 14 m3/h for ground-
water abstraction from boreholes and pumping stations, 2689.6 m3/h for RO water, and
3013.46 m3/h for blended water supplied from the reservoirs. Generally, each instrument
unit within budget could satisfy a maximum flow rate of 100 m3/h. Consequently, for cal-
culating purchasing and operational costs for the corresponding technology, we considered
the product of cost per unit and the number of units required to match the 2021 peak season
flow rates. Installation, commissioning, and on-site staff training costs were provided as a
block-sum by one supplier. Thus, this block-sum was assumed for each of the analysed
scenarios. As costs for purchasing the individual equipment parts for each technology
were not always evident, the cost of parts was considered as the block-sum provided by
the respective supplier. Energy costs were determined for the maximum equipment power
consumption at a rate of 0.1275 €/kWh excluding VAT. The cost of quality control was taken
as the cost for the continuous operational water quality monitoring currently practiced. For
the different disinfection scenarios, additional monitoring costs associated with the specific
disinfection by-products for each technology were considered. Finally, since the costs for
equipment servicing per annum had not been detailed by all the potential suppliers, the
cost of parts was considered as the block-sum provided by the respective supplier.

The labour hours required for the operation and maintenance of the equipment for
each of the disinfection technologies presented in the analysis are estimated on the basis of
the following assumptions: (a) for UVC 1 h per week and 4 h per month will be dedicated to
visual checks, and lamp/sleeve maintenance, respectively (total 8 h per month), and (b) for
chlorine dioxide and electrochlorination, 1 h per week and 4 h per month will be dedicated
to visual checks, and for replenishing consumables, respectively (total 8 h per month). We
have assumed that for each technology, two WSC personnel in the posts of Technician
1 (paid at 11.83 €/h) and Technician 2 (paid at 12.65 €/h) will attend to the equipment.
Where more than one unit is considered per alternative-to-gas-chlorination disinfection
technology, the labour cost is adjusted to the number of operable units (Supplementary
Materials Tables S2–S4).

3. Results
3.1. UVC-Mediated Bacterial Inactivation

The Log10 inactivation profiles for both microorganisms exhibited a biphasic character
comprising a fast inactivation phase (up to 1.0 ± 0.5 kJ/m2) and a slower one featuring
prolonged tailing for low-to-medium irradiances and prolonged exposure (Figure 2a).
The fast phase of the curves showed upward concavity (Figure 2b) suggestive of sturdier
bacterial populations becoming harder to inactivate over time (for further clarifications Text
S4 is provided). The upward concavity of the E. coli dose-response curve was 1.5-fold lower
than that of E. faecalis (p = 0.0211, n = 12), implying exhibition of greater E. coli resilience
over the first phase (Table 2). However, the E. faecalis 4D (fluence for 4 decimal reductions)
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and Log10(Nres) values were 1.75-fold and 2-fold higher than those for E. coli, respectively
(Table 2), indicating that UVC was less effective at inactivating E. faecalis (Figure 2b, Table 2).
With R2 adj. close to 1, RMSE < 0.7, and RMSE almost matching the STDEV values, the
chosen model fitted the data adequately (Table 2).
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Figure 2. E. coli and E. faecalis inactivation in UVC-treated deionised water. (a) Log10 reduction with
applied fluence. Shaded area highlights the fast phase of the inactivation. (b) Log10(N) changes
with applied fluence. The Weibull + tail function was fitted to the E. coli and E. faecalis data, since
the fluence remained constant during contact. Inset shows the Log10(N) inactivation for the TBC
(37 ◦C) (up to 0.25 kJ/m2). Linear regression was fitted to the TBC (37 ◦C) data (single measurements).
Fluences ≤ 18 kJ/m2 correspond to flow rates in the range of 1.71–15 L/min and a minimum time of
0.17 min. Doses > 18 kJ/m2 correspond to flow rates in the range of 0.083–1.7 L/min and a minimum
time of 1.52 min. Bars depict the standard error (SEM) of triplicate measurements. E. coli; open
circles-black line, E. faecalis; grey closed circles-solid line, and TBC (37 ◦C); open triangles-solid line.

Table 2. Derived Weibull + tail model parameters for the UVC inactivation of E. coli- and E. faecalis-
spiked deionised water and of TBC (37 ◦C) in borehole water.

Sample p δ

(J/m2)
4D

(kJ/m2)
Log10(Nres)

(cfu/mL) R2 adj. MSE RMSE STDEV of
Residuals

E. coli 0.22 ± 0.03 0.19 ± 0.24 0.36 ± 0.08 0.56 ± 0.14 0.9803 0.1202 0.3467 0.3464

E. faecalis 0.34 ± 0.04
(0.0211) 1

10.4 ± 6.19
(n.s.) 1

0.63 ± 0.06
(0.0188) 1

1.08 ± 0.12
(0.0113) 1 0.9879 0.0581 0.2410 0.2390

TBC (37 ◦C) - 82.0 ± 0.02
(0.0001) 2 n.d. 3 - 0.9955 0.0365 0.1910 0.1915

Notes: Parameters are defined in Supplementary Text S4. 1 p-values for comparisons to the parameters of
E. coli; n.s. stands for non-significant. 2 p-value for comparisons to both E. coli and E. faecalis parameters. 3 n.d.;
not-determined by GinaFit: Leuven, Belgium.

The fluence required to achieve the first decimal reduction of TBC (37 ◦C) was at least
8-fold higher (Table 2) than the fluences required to achieve the same reductions of E. coli-
and E. faecalis-spiked deionised water. This was probably due to the distinct composition
of the water’s natural bacteriological content, with different species requiring different
fluences for complete inactivation [6]. Lowering the flow rates and prolonging the exposure
times progressively achieved a maximum 2.75 Log10 reduction of TBC (37 ◦C) (Figure 3b).
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Figure 3. Comparative evaluation of the inactivation efficiencies of non-chemical disinfection tech-
nologies in the treatment of potable water. (a) Comparison of the Log10 (N0/N) values in TBC
(37 ◦C) of borehole water to the inactivation efficiencies of UVC and HC (cavitator PW) in the treat-
ment of E. coli- and E. faecalis-spiked RO/deionised water. Comparisons are provided for a single
exposure/passage at 10–11.5 L/min flow rate. (b) TBC (37 ◦C) inactivation profiles of UVC- and
HC-treated borehole water, at different flow rates. Bars denote the SEM of triplicate measurements.
Borehole water disinfection data stem from single measurements.

3.2. HC-Mediated Bacterial Inactivation in Borehole Water

Based on the performance of the T-Sonic OM and PW cavitators (Text S6), OM was
employed in subsequent UVC/HC hybrid treatments to investigate whether HC effects
could enhance the achieved UVC-mediated inactivation at higher flow rates and/or short
exposure times (low fluences). Due to the capacity of PW to tolerate higher flow rates,
it was implemented into the pipework network of Ta’Saliba borehole to assess its decon-
tamination efficiency. Individually, the PW achieved <1 Log10 inactivation of TBC (37 ◦C)
(Figure 3a), a performance matching the disinfection of E. coli-spiked RO/deionised water
(Supplementary Materials Figure S3). Interestingly, HC-PW effects on borehole water were
maximised at a 10 L/min flow rate (Figure 3b), suggesting an optimal reduction of the
local pressure relative to the vapour fluid pressure and instigation of effective cavitation
inception [46].

3.3. UVC/HC Hybrid Treatment-Mediated Inactivation

For E. coli-spiked deionised water, hybrid UVC/HC effects were 1.3-fold stronger than
UVC alone, when HC succeeded UVC and only for a single passage (Figure 4a top-left).
However, equally significant HC/UVC effects were evident over prolonged UVC-exposure
times when HC preceded the UVC treatment (Figure 4a top-left). Differences between
hybrid treatments were insignificant. T-test-based comparisons (Text S7) between the
E. coli Log10 (N0/N) achieved by the UVC/HC hybrid treatments and the summation of
the Log10 (N0/N) values stemming from the use of the individual technologies revealed
no statistically significant differences (p > 0.16, n = 3), suggesting that the Log10 (N0/N)
changes of the hybrid-treatment more likely arose from additive effects of the individual
technologies (Figure 4b top-right).

Similarly, E. faecalis inactivation in deionised water by the UVC-HC hybrid treatments
was at least 1.4-fold higher than the individual UVC treatment, regardless of exposure
length and cavitator type (p = 0.0009, n = 3) (Figure 4a bottom-left). T-test-based com-
parisons between the E. faecalis Log10 (N0/N) achieved by the UVC/HC hybrid treat-
ments and the summation of the Log10 (N0/N) values stemming from the use of the
individual technologies revealed no statistically significant differences (p > 0.16, n = 3) for
first passage treatments (Figure 4b bottom-left). However, on subsequent passages (5th;
Figure 4b bottom-left), summation of the Log10 (N0/N) values achieved by the individual
technologies failed to match the values stemming from the hybrid treatments, implying the
emergence of synergism between the two technologies.
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Figure 4. Bacterial Log10 (N0/N) changes by UVC and HC/UVC over exposure time. (a) Top:
UVC and UVC/HC treatments of E. coli-spiked deionised water at 9.5 L/min. The applied UVC
doses for minimal exposure times of 0.27 (tRMin), 0.81 (3 × tRMin), and 1.35 (5 × tRMin) min, were
0.35, 1.05 and 1.75 kJ/m2, respectively. Bottom: UVC and UVC/HC treatments of E. faecalis-spiked
deionised water at 15 L/min. The applied UVC doses for 0.17 (tRMin), 0.51 (3 × tRMin), and 0.85
(5 × tRMin) min, were 0.25, 0.78 and 1.34 kJ/m2, respectively. Bars represent the STDEV of triplicate
measurements. Differences between HC/UVC combinations were insignificant. (b) Top: comparison
of E. coli inactivation achieved by hybrid UVC/HC treatments and the summation of the effects of
the constituent technologies at 9.5 L/min. Bottom: comparison of E. faecalis inactivation achieved
by hybrid UVC/HC treatments and the summation of the effects of the constituent technologies at
15 L/min. Exposure times are as in (a). Hyphenation indicates the order in the hybrid treatment,
i.e., HC before UVC (HC-UVC). For the 9.5 L/min flow, HC exposures were 0.016, 0.0048 and 0.08 min,
for single, triple, and quintuple passages, respectively. For the 15 L/min flow HC exposures were
0.023, 0.069 and 0.115 min, for single, triple, and quintuple passages, respectively. Bars represent
the SEM of triplicate measurements. Significance at 95% confidence intervals (n = 3) is denoted as:
p ≤ 0.05 (*), p = 0.001 to 0.01 (**), and p = 0.001 to 0.0001 (***).

Prolonged exposure of E. faecalis-spiked deionised water to UVC/HC hybrid-treatments
using the OM cavitator was associated with an increase in ORP (from third exposure
onward), and oxygen saturation and % DO by the fifth exposure (Figure 5).

For cavitator PW-treated tap water, there was a nearly 9% decrease in the concentration
of TDS, which coincided with a similar percentage reduction in conductivity by the fifth
passage (Figure 6), consistent with the elimination of organic/inorganic matter. In addition,
there was at least an 8% reduction in pH and a maximum of 39% increase in ORP (Figure 6),
indicative of mild acidification of water and the generation of reactive oxygen species.
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Figure 5. Mean ORP, DO, and O2 saturation measurements for E. faecalis-spiked deionised water
(pH 7.2 ± 0.2, 20.5 ± 2.5 ◦C) for UVC and HC/UVC hybrid treatments (using the PO cavitator) at
15.0 L/min over different contact times. The applied UVC doses for minimal exposure times of
0.17 (tRMin), 0.51 (3 × tRMin), and 0.85 (5 × tRMin) min, were 0.25, 0.78 and 1.34 kJ/m2, respectively.
HC exposures were 0.023, 0.069 and 0.115 min, for single, triple, and quintuple passages, respectively.
Bars represent the standard deviation of triplicate measurements. Significance at 95% confidence
intervals (n = 3) is denoted as: p ≤ 0.05 (*), p = 0.001 to 0.01 (**), and p = 0.001 to 0.0001 (***), for the
differences between HC/UVC combinations or for the differences between HC/UVC combinations
and UVC alone. Absence of stars denotes no significance.
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Figure 6. Mean pH, ORP, TDS, and conductivity measurements of tap water following treatments
with T-Sonic OM (9.5 L/min) and T-Sonic PW cavitators (15 L/min) over different passages. For
the 9.5 L/min flow, HC exposures were 0.016, 0.0048 and 0.08 min, for single, triple, and quintuple
passages, respectively. For the 15 L/min flow HC exposures were 0.023, 0.069 and 0.115 min, for
single, triple, and quintuple passages, respectively. Bars represent the standard deviation of triplicate
measurements. Asterisks denote level of significance for 95% confidence for comparisons to the input:
p = 0.02–0.05 (*), p = 0.001–0.01 (**), and p ≤ 0.001 (***) for n = 3. Numbers above asterisks denote the
percentage change relative to the input.
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3.4. Chemical Disinfection
3.4.1. Decomposition Half-Lives and Chemical Demand

Before assessing the decontamination potential of the chemical disinfection technolo-
gies, decomposition half-lives of ClO2 and NaClO in RO (pH 7.5) and borehole (pH 8.4) wa-
ters at different concentrations were determined (Supplementary Materials Figures S4 and S5).
In harmony with published works [47–52], alkalinity encouraged ClO2 decomposition
(Text S8, Figure S4b), yielding half-lives 19-fold and 36-fold shorter than at pH 7.5 for 0.75
and 0.3 mg/L ClO2, respectively (p < 0.0001, n = 21) (Supplementary Materials Table S9).
In contrast, NaClO generated in RO (Supplementary Materials Figure S5a) and/or borehole
water (Figure S5b) exhibited half-lives in the 2.7–4.2 hr range (Table S9). NaClO decomposi-
tion exhibited no pH dependency (p > 0.07, n = 15) (Supplementary Materials Figure S5b).

Whereas RO and borehole waters posed minimal chemical demand for ClO2
(Text S9 [53–56], Supplementary Materials Figure S6), they required Cl2 and NaClO dosing
in the range of 0.6–0.9 mg/L for breakpoint chlorination (Supplementary Materials Figure S7),
with borehole water generally demanding higher doses (Supplementary Materials Figure S7a).
Thus, in terms of stability and chemical demand, ClO2- and NaClO-based treatments ap-
peared more suited for the disinfection of borehole and RO waters, respectively.

3.4.2. Decontamination Efficiency

Chemical decontamination kinetics exhibited biphasic characteristics, with a rapid
phase completed within two minutes, and tailing (m < 1) (Figures 7–9). For E. faecalis-spiked
RO water decontamination, the higher the dose, the shorter the exposure time required for
4 Log10 reduction (Figure 7, Table 3). For the ClO2 doses tested on E. faecalis-spiked RO
water, 4 Log10 exposure times were 1.5-fold different (p < 0.0001; Table 3). Similarly, for
E. coli-spiked RO water, ClO2 doses exhibited 1.6-fold different exposure times (p < 0.0001;
Figure 8, Table 3), with the 0.75 mg/L dose achieving better effects. Both ClO2 doses were
at least 1.4-fold more effective in the treatment of E. coli-spiked than E. faecalis-spiked RO
water (p = 0.0003–0.0015) (Table 3).
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Figure 7. Inactivation profiles of E. faecalis following ClO2 and NaClO treatments of potable water.
Top: Ln (N/N0) E. faecalis inactivation with time for two ClO2 doses in RO (open symbols, black line)
and borehole (closed symbols, grey line) waters. Bottom: Ln (N/N0) E. faecalis inactivation with time
for two NaClO doses in RO and borehole waters. The modified Hom’s model was fitted to the data.
Bars denote the SEM of triplicate measurements.
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Figure 8. Inactivation profiles of E. coli following ClO2 and NaClO treatments of RO water. Left: Ln
(N/N0) E. coli inactivation with time for 0.3 (closed symbols, dashed line) and 0.75 mg/L (open
symbols, black line) ClO2. Right: Ln (N/N0) E. coli inactivation with time for 0.3 (closed symbols) and
0.75 mg/L (open symbols) NaClO. The modified Hom’s model was fitted to the data. Bars denote the
SEM of triplicate measurements.
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Figure 9. Comparative evaluation of the inactivation profiles of E. coli and E. faecalis following
chemical disinfection treatments of potable water. Left: Ln (N/N0) E. coli inactivation with time for
1.1 mg/L total residual chlorine (open triangles), 0.75 mg/L NaClO (open squares) and 0.75 mg/L
ClO2 (open circles). Right: Ln (N/N0) E. faecalis inactivation with time for total residual chlorine
(closed triangles), NaClO (closed squares) and ClO2 (closed circles). The modified Hom’s model was
fitted to the data. Bars denote the SEM of triplicate measurements.

In the case of E. faecalis-spiked borehole water, the ClO2 doses required similar expo-
sure times for 4 Log10 inactivation (p = 0.4307) (Figure 7, Table 3). For 0.75 mg/L ClO2, the
concentration exponent was > 1, whilst time exponents were similar for both doses (Table 3),
indicating a higher dependency of the inactivation rate on disinfectant concentration rather
than time. Overall, ClO2-mediated E. faecalis inactivation in borehole water was at least
1.6-fold more effective than in RO (with exposure times 1.6–2.6-fold different; p < 0.0011;
Table 3, Figure 7).

In terms of inactivation kinetics in RO water, both NaClO doses achieved comparable
effects in controlling E. faecalis (p = 0.1405) (Figure 7 right, Table 3), but for E. coli the higher
dose achieved a faster inactivation (p < 0.0001) (Figure 8 left, Table 3). Additionally, for
E. faecalis-spiked borehole water treatments, both doses achieved the same inactivation at
similar exposure times (p = 0.2316) (Figure 7, Table 3). Regardless of dose, NaClO appeared
more effective at inactivating E. faecalis in RO than borehole water (p < 0.0001), with the
0.3 mg/L dose achieving a 4 Log10 reduction nearly 4-fold faster (p < 0.0001) in RO (Figure 7,
Table 3). Overall, NaClO was more effective at inactivating E. faecalis than E. coli (shorter
exposure times; p < 0.0001) in RO, regardless of dose (Table 3).

Treatment of E. coli-spiked RO water with 0.75 mg/L ClO2 was weaker than gas
chlorination (1.1 mg/L total residual chlorine) of E. coli-spiked blended water (nearly
10-fold longer ClO2 exposure; p < 0.0001) (Figure 9 left).
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Table 3. Kinetic and statistic parameters determined from the modified Hom’s model fitting to the chemical disinfection data.

Water
Source Treatment Dose

(mg/L) Organism kdecay
(Min−1)

kdisinfectant
(mg−nLn

Min−m)

Exposure Time for 4
Log10 Reduction

(Min)
m n R 2 Sy.X 1 STDEV 1 Degrees of

Freedom

Blended Cl2
1.1 E. coli 0.0001 6.76 ± 0.06 2 5.99 ± 0.39 2 0.146 0.512 0.9858 0.4945 0.4853 27
1.1 E. faecalis 0.0001 5.86 ± 0.06 15.84 ± 1.17 0.146 0.512 0.9837 0.4825 0.4735 27

RO

ClO2

0.3 E. coli 0.001 3.44 ± 0.06 92.77 ± 3.74 0.420 0.761 0.9830 0.4947 0.4855 27
0.3 E. faecalis 0.001 2.47 ± 0.05 128.6 ± 8.47 0.300 0.117 0.9699 0.5462 0.5360 27

0.75 E. coli 0.0016 3.53 ± 0.06 58.21 ± 3.51 0.270 0.958 0.9786 0.5387 0.5286 27
0.75 E. faecalis 0.0016 4.85 ± 0.09 87.56 ± 8.00 0.180 0.559 0.9674 0.5521 0.5418 27

NaClO

0.3 E. coli 0.0026 6.31 ± 0.10 48.23 ± 3.91 0.197 0.319 0.9734 0.5959 0.5848 27
0.3 E. faecalis 0.0026 7.98 ± 0.09 12.48 ± 0.79 0.187 0.319 0.9828 0.5700 0.5593 27

0.75 E. coli 0.0019 6.12 ± 0.08 28.85 ± 1.95 0.207 0.993 0.9794 0.5809 0.5700 27
0.75 E. faecalis 0.0019 8.19 ± 0.10 10.90 ± 0.70 0.187 1.13 0.9822 0.5969 0.5857 27

Borehole
ClO2

0.3 E. faecalis 0.04 16.8 ± 0.23 49.66 ± 6.07 0.115 0.856 0.966 0.5393 0.5292 27
0.75 E. faecalis 0.0403 5.89 ± 0.09 55.67 ± 4.52 0.200 1.17 0.9704 0.5885 0.5775 27

NaClO
0.3 E. faecalis 0.0019 6.09 ± 0.08 47.94 ± 4.65 0.145 0.115 0.9729 0.5333 0.5233 27

0.75 E. faecalis 0.0016 7.30 ± 0.08 40.34 ± 4.22 0.110 0.600 0.9767 0.4529 0.4444 27

Notes: Parameters are defined in Supplementary Text S4. 1 Sy.X values were only slightly higher than the STDEV of the residuals, suggesting no significant model overfitting (Text S5).
2 Values are provided with their standard errors.
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Also, gas chlorination was nearly 5-fold faster in achieving a 4-Log10 E. coli inactivation
than the NaClO treatment (p < 0.0001; Table 3). Thus, in terms of their E. coli inactivation
efficiency, technologies were ranked as: Cl2 > NaClO > ClO2.

In contrast, for the E. faecalis inactivation in RO water, the NaClO treatment was
1.5-fold more effective than gas chlorination (shorter exposure time (p = 0.0007)) in reaching
a 4 Log10, whereas the 0.75 mg/L ClO2 treatment appeared 5.5-fold less effective than
chlorination (coefficient n > 1 and 5.5-fold longer exposure time (p = 0.0387)) (Figure 9 right,
Table 3). Therefore, technologies were ranked as NaClO > Cl2 > ClO2 in terms of their
E. faecalis inactivation efficiency.

3.5. Chemical Analyses

Both non-chemical disinfection technologies did not drastically alter the chemical
content of the borehole water, with most recorded values below the parametric maxima
set by the EU, suggesting that both methods were unlikely to render the potable water
unsafe for consumption (Table 4). Interestingly, for both technologies there was a moderate
reduction in the concentration of nitrates at high flow rates (Table 4). For HC, a reduction in
the chloride content was apparent over the 6.5–10 L/min flow rates, whereas an apparent
reduction in Ca2+ hardness was evident over the 10–14 L/min flow rate range (Table 4).
However, since single samples were subjected to the ALS analysis (Section 2.7) we cannot
statistically validate these observations.

Chemical analyses of borehole water dosed with 0.3 and 0.75 mg/L of either ClO2
or NaClO for a maximum of 2 hrs revealed parametric values below the guidance values
of the EU directive for the quality of potable water (Table 5). Two trends emerged from
the analysis; (1) the higher the ClO2 dose, the greater the risk in exceeding the chlorate
and chlorite guidance value, and (2) the higher the NaClO dose, the greater the risk in
generating most of the toxic disinfection by-products also associated with gas chlorination
(i.e., HAAs, THMs, chloramines and chloroacetonitriles) (Table 5; Text S10 [17,22,51,57–59]).
Chloramines were present above the quantification limit in the water sample treated with
0.75 mg/L NaClO (Table 5).

3.6. Cost Analyses

Electrochlorination (in situ NaClO) of RO and blended waters (± post tunnel com-
missioning (PTC)) would require the highest capital investment followed, by UVC. Al-
though ClO2 generation had the lowest CAPEX costs, it also had the highest OPEX costs,
whereas UVC with its minimal operational and maintenance requirements was the most
cost-efficient per m3 (Figure 10).

Water 2023, 15, x FOR PEER REVIEW 21 of 29 
 

 

 

Figure 10. Predicted CAPEX and OPEX costs for implementation of alternative-to-gas-chlorination 

technologies in the treatment of Maltese potable tap water. Post tunnelling commissioning (PTC) 

charges were added to each technology for its application at the reservoir level (projected mean flow 

rate, 3401.79 m3/h). 

However, UVC-based disinfection offers no decontamination residual to safeguard 

the treated water from bacterial regrowth and potential biofilm formation within the dis-

tribution network. Consequently, employing the technology in the treatment of blended 

water (reservoir level) would be pointless for maintaining the water’s safety, unless com-

bined with an additional technology. 

3.7. Feasibility Studies 

With inputs from cost analyses (Supplementary Materials Tables S2–S4, Figure 10), 

bacterial decontamination efficiency (Figures 7–9, Table 3, Supplementary Materials Ta-

bles S5 and S6), DBP formation propensity (Tables 4 and 5), and potential of CO2 emissions 

on electricity consumption (Supplementary Materials Table S8), we applied the feasibility 

assessment tool (Table 1) to yield Table 6. Electrochlorination ranked as the best alterna-

tive to current standard practices, followed by ClO2 and UVC (Table 6). 

Figure 10. Predicted CAPEX and OPEX costs for implementation of alternative-to-gas-chlorination
technologies in the treatment of Maltese potable tap water. Post tunnelling commissioning (PTC)
charges were added to each technology for its application at the reservoir level (projected mean flow
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Table 4. Representative parametric values from the chemical analysis of borehole water samples disinfected with UVC or HC.

Treatments

Eu Directive
Value

Untreated
Source

UVC1
(17 L/min)

UVC2
(14 L/min)

UVC3
(10 L/min)

UVC4
(6.5 L/min)

HC1 1

(17 L/min)
HC2 1

(14 L/min)
HC3 1

(10 L/min)
HC4 1

(6.5 L/min)

Conductivity
(mS/m) - 414 ± 41 414 ± 41 419 ± 42 412 ± 41 418 ± 42 418 ± 42 415 ± 42 412 ± 41 410 ± 41

TOC 2 no abnormal
change 0.81 ± 0.16 0.98 ± 0.20 1.08 ± 0.22 0.62 ± 0.12 0.72 ± 0.14 0.62 ± 0.12 1.01 ± 0.20 0.90 ± 0.18 1.72 ± 0.34

CaCO3 hardness 2 - 630 678 661 655 660 628 603 587 627
Ca2+ hardness 4 - 3.27 3.46 3.29 3.33 3.46 3.23 3.15 3.10 3.25

Nitrates 2 50 49.2 ± 7.4 46.9 ± 7.0 47.3 ± 7.1 47.3 ± 7.1 47.5 ± 7.1 44.8 ± 6.7 44.7 ± 6.7 47.2 ± 7.1 46.7 ± 7.0
Nitrites 2 0.5 <0.30 n.m. 3 n.m. 3 n.m. 3 n.m. 3 n.m. 3 n.m. 3 n.m. 3 n.m. 3

Calcium 2 - 131 ± 13 139 ± 14 132 ± 13 134 ± 13 139 ± 14 129 ± 13 126 ± 13 124 ± 12 130 ± 13
Magnesium 2 - 73.6 ± 7.4 80.7 ± 8.1 80.8 ± 8.1 78.3 ± 7.8 76.2 ± 7.6 74.2 ± 7.4 69.9 ± 7.0 67.2 ± 6.7 73.5 ± 7.4

Chloride 2 250 1220 ± 183 n.m. 3 n.m. 3 n.m. 3 n.m. 3 1260 ± 189 1270 ± 191 1150 ± 173 1140 ± 171

Notes: 1 For HC, inlet pressure was maintained at 2 bars. 2 Values are presented in mg/L (ppm); values are provided with their uncertainties in measurements (ALS Czech). 3 n.m.
stands for not measured. 4 in mmol/L.
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Table 5. Representative parametric values from the chemical analysis of borehole water samples
disinfected with ClO2 or NaClO (in situ Cl2).

Chemical EU Directive
Value

Untreated
Source

Treatments

ClO2
(0.3 ppm)

ClO2
(0.75 ppm)

In Situ NaClO
(0.3 ppm)

In Situ NaClO
(0.75 ppm)

Sum of chlorate and
chlorite (mg/L)

≤0.25 natively;
≤0.7 when ClO2

applied
<0.13 0.26 0.62 <0.13 <0.13

Sum of 4 THMs (µg/L) 100 0.76 0.79 1.28 8.98 17.8
Dichloroacetonitrile - <0.10 <0.10 <0.10 <0.10 0.20
Dibromoacetonitrile - <0.10 <0.10 <0.10 0.50 0.40

Sum of 9 HAAs (µg/L) - <20 <20 <20 <20 42.2
Sum of chloroacetic acids - <20 <20 <20 <20 29.1
Sum of 5 HAAs (µg/L) 60 <20 <20 <20 <20 34.7

Chloramines - <0.02 <0.02 <0.02 <0.02 0.07
Chlorate (µg/L) 250 <80 259 ± 52 615 ± 123 <80 94 ± 19
Nitrite (mg/L) 0.50 <0.30 <0.30 <0.30 <0.30 <0.30
Nitrate (mg/L) 50 45.2 ± 6.8 45.8 ± 6.9 45.6 ± 6.8 45.6 ± 6.8 45.7 ± 6.9

Antimony (µg/L) 10 <1.0 <1.0 <1.0 <1.0 <1.0
Arsenic (µg/L) 10 n.m. 1 n.m. 1 n.m. 1 n.m. 1 n.m. 1

Boron (mg/L) 1.5 0.22 ± 0.02 0.19 ± 0.02 0.19 ± 0.02 0.20 ± 0.02 0.21 ± 0.02
Cadmium (µg/L) 5.0 <0.20 <0.20 <0.20 <0.20 <0.20
Calcium (mg/L) - 124 ± 12 125 ± 13 127 ± 13 129 ± 13 126 ± 13

Chromium (µg/L) 25 <1.0 <1.0 <1.0 <1.0 <1.0
Copper (mg/L) 2.0 <0.005 <0.005 <0.005 <0.005 <0.005

Iron (µg/L) - 35.9 ± 3.6 46.1 ± 4.6 46.3 ± 4.6 45.8 ± 4.6 47 ± 4.7
Lead (µg/L) 5.0 5.9 ± 0.6 5.6 ± 0.6 5.8 ± 0.6 6.0 ± 0.6 6.0 ± 0.6

Manganese (µg/L) 50 2.78 ± 0.3 2.98 ± 0.3 3.45 ± 0.4 3.05 ± 0.3 3.06 ± 0.3
Magnesium (mg/L) - 66.9 ± 6.7 67.6 ± 6.8 67.6 ± 6.8 68.8 ± 6.9 69.2 ± 6.9

Mercury (µg/L) 1.0 n.m. 1 n.m. 1 n.m. 1 n.m. 1 n.m. 1

Nickel (µg/L) 20 8.6 ± 0.9 10.7 ± 1.1 11.0 ± 1.1 9.9 ± 1.0 10.2 ± 1.0
Selenium (µg/L) 20 n.m. 1 n.m. 1 n.m. 1 n.m. 1 n.m. 1

Sodium (mg/Lt) 200 503 ± 50 523 ± 52 510 ± 51 520 ± 52 511 ± 51

Notes: 1 n.m. stands for not measured. Values are provided with their uncertainties in measurements (ALS:
Brno, Czech).

However, UVC-based disinfection offers no decontamination residual to safeguard the
treated water from bacterial regrowth and potential biofilm formation within the distribu-
tion network. Consequently, employing the technology in the treatment of blended water
(reservoir level) would be pointless for maintaining the water’s safety, unless combined
with an additional technology.

3.7. Feasibility Studies

With inputs from cost analyses (Supplementary Materials Tables S2–S4, Figure 10), bacterial
decontamination efficiency (Figures 7–9, Table 3, Supplementary Materials Tables S5 and S6),
DBP formation propensity (Tables 4 and 5), and potential of CO2 emissions on electricity
consumption (Supplementary Materials Table S8), we applied the feasibility assessment
tool (Table 1) to yield Table 6. Electrochlorination ranked as the best alternative to current
standard practices, followed by ClO2 and UVC (Table 6).
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Table 6. Feasibility assessment of the alternative-to-gas-chlorination disinfection technologies under study.

Question
Implementation Practicality Adaptability Integration Environment and Sustainability Cost and Effect

1.1 2.1 2.2 2.3 2.4 3.1 3.2 4.1 4.2 4.3 4.4 5.1 4 5.2 5 5.3 6 5.4 7 5.5 8 6.1 9 6.2 6.3 10 6.4 6.5 12 6.6 13 Total

UVC 0.5
(10) 1 1 0.5

(3)
0.5
(1) 1 1 0 0.5

(1) 0 0.75
(3) 1 2 0 0 0 1 0.5 0

(2) 17 1 2 1 31.25

ClO2
0.5
(10)

0.5
(1)

0.5
(4)

0.5
(3) 1 1 0 1 0.5 2 0.75

(3) 0 3 1 0 1 0 1 1 0.5
(1) 20 1 0 2 33.75

NaClO 0.25
(11)

0.5
(1)

0.5
(5)

0.5
(3) 1 1 0 1 0 0.75

(3) 1 0 0.5 1 0 1 0.5 0
(2) 26 0.5 11 1 0 37.00

Notes: 1 Numbers in parentheses denote provisions for implementation (Supplementary Materials Table S7). 2 ClO2 score is higher since integration at borehole level poses
fewer spatial and environmental challenges. 3 No marks were allocated, since specific analyses need to be implemented for monitoring ClO2 levels. 4 In terms of CO2 emissions
(Supplementary Materials Table S8), UVC had the second lowest footprint (2 points), followed by ClO2 (1 point) and NaClO (0 points). 5 NaClO outperformed standard chlorination
only in the treatment of E. faecalis-spiked RO water and was allocated 0.5 points. 6 Industrial scale UVC installations have spatial requirements which would challenge integration of the
technology at the reservoir level. 7 Installations at the borehole level will pose further challenges and impact negatively on the environment and wildlife. 8 All technologies could be
potentially supported with solar power. 9 For RO/blended water treatments, NaClO needs to be applied before lime addition, whereas UVC imposes spatial restrictions. 10 Total marks
from assessment of inactivation efficiencies. UVC (Table S5) and ClO2/NaClO (Supplementary Materials Table S6). 11 NaClO is associated with the generation of more DBPs. 12 At the
borehole level ClO2 had the highest OPEX (0 points), followed by NaClO (1 point) and UVC (2 points) (Supplementary Materials Table S2). 13 At the RO/blended water levels NaClO
had the highest CAPEX (0 points), followed by UVC (1 point) and ClO2 (2 points) (Supplementary Materials Tables S3 and S4).
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4. Discussion
4.1. Non-Chemical Disinfection

In agreement with previous works reporting ≥7 Log10, UVC-mediated E. coli inactiva-
tion [60], the UVC system of this study eliminated the ~109 cfu/mL E. coli NCTC 12900 load
of the spiked water almost completely. Neither lag phases nor shoulders were present in the
E. coli UVC-inactivation profiles, due to the absence of organic matter in the deionised water
and of glucose and/or dextrose in the inoculum growing medium [61]. However, those
profiles exhibited upward concavity for 0.05–0.2 kJ/m2 fluences, reportedly responsible for
the induction of aggregation effects and the emergence of tailing phenomena [62]. Indeed,
a prolonged tail was evident in the profile for fluences ≥8 kJ/m2 (Figure 2). Fitting the
Weibull + tail function to the E. coli data revealed a Log10(Nres) population, indicative of
larger E. coli flocs shielding the remaining cells from experiencing the full UVC-inactivation
effect (Table 2). A 4 Log10 reduction was attainable at 0.36 ± 0.08 kJ/m2.

For E. faecalis NCTC 775-spiked deionised water a maximum 6.9 Log10 UVC-inactivation
was achieved. The E. faecalis UVC-inactivation profile exhibited an upward concavity with
tailing (Figure 2), in harmony with the study of Moreno-Andrés et al. [63]. Our observations
were also consistent with studies reporting 3 Log10 reductions over 0.2–0.3 kJ/m2 UVC
fluences for E. faecalis strains ATCC 27285 [63] and DSM 20478 (NCTC 775) [64], albeit
in those studies no 4D values were apparent. Overall, E. faecalis appeared 2-fold more
resistant than E. coli to UVC (Figure 2, Table 2).

The Treelium HC devices used in this work incorporated acoustic resonance in the
flow, exploiting synergistic effects between hydraulic pressure and sound, with such effects
previously reported to achieve 2 and 5 Log10 inactivations for Pseudomonas aeruginosa and
E. coli, respectively [65]. Regardless of cavitator type, HC appeared at least 4-fold weaker
at controlling the bacterial load of the spiked-deionised water than UVC, offering 0.7
and 1.7 Log10 reductions for E. coli and E. faecalis, respectively (Figure 3a, Supplementary
Materials Figure S3). These reductions were in line with the manufacturer’s specifications
confirming the usefulness of the devices for maintaining the quality of potable water
domestically. Average Log10 reductions of ≥3 have been reported for both species (for a
review see [66]), albeit for different devices and experimental set-ups [9].

In UVC/HC hybrid configurations, the T-Sonic OM worked additively and synergisti-
cally with UVC when disinfecting E. coli- and E. faecalis-spiked deionised water, respectively
(Figure 4b). Although data on the combined effects of the bactericidal action of UVC and
HC are limited, hybrid UVC-ultrasound (US) treatments have unravelled synergistic effects
of the individual technologies on E. coli inactivation [14]. However, direct comparisons
between UVC/HC and UVC/US are meaningless because (a) both the cavitational nature
and its combined effects with UVC will exert bacterial damage with distinct operational
mechanisms, and (b) even similar mechanisms will have individual effects on different
strains of the same species [66]. It is likely that E. coli aggregation may have compromised
the efficiency of both technologies, preventing the emergence of synergistic effects.

The bactericidal effectiveness of the UVC/HC treatments was independent of HC
position in the sequence (Figure 4a). However, whilst a single UVC exposure was enough
to sensitise E. coli cells before HC, at least a triple HC exposure was required to sensitize
the cells prior to UVC (Figure 4a). In addition, the increased ORP, O2 saturation, and % DO
values for the 5th exposure to hybrid treatments of E. faecalis-spiked deionised water relative
to UVC suggested the presence of additional oxidants in the water (Figure 5). It is unlikely
that the delivery of turbulent water to the devices was responsible for these changes, as
O2 saturation and % DO values remained constant for the first and third exposures when
UVC and cavitators where individually employed. Thus, changes in the indicator values
reflected the generation of reactive oxygen radicals. The increase in deionised water’s ORP
was 1.4-fold higher when HC succeeded UVC (Figure 5), suggesting that photolytic effects
assisted the HC radical generation. Interestingly, cavitator OM-mediated ORP changes
were apparent only in the hybrid UVC/HC treatments of spiked deionised water but were
not observed in the treatment of tap water, where cavitator PW-mediated ORP increases
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were detected (Figure 6). It is likely that the more alkaline pH of the tap water, as well as
its distinct chemical content, challenged the operational capacity of the OM cavitator. In
future studies, we will investigate the nature of these radicals.

In borehole water a 0.75 Log10 inactivation was achieved by HC at 10 L/min (Figure 3b).
In addition, the highest HC-mediated reductions were achieved 5 min following the
system’s washout (Supplementary Materials Figure S8). In agreement with previous
works [66], the longer the washing process, the lower the influent’s load and the lower
the inactivation efficiency. Consequently, the nature of the bacterial load and its low
concentration in borehole water have made the clear definition of the PW’s inactivation
efficiency difficult.

Chemical analyses of borehole water treated with either of the two technologies on site
was only associated with a moderate decrease in its nitrate content (Table 4). It is possible
that traces of chlorine [67] at the applied UVC-radiation intensity may have encouraged
the partial elimination of NO3. Similarly, cavitation-induced radicals have been shown to
facilitate nitrate/nitrite reductions in HC reactors under alkaline pH [68]. However, as the
samples’ nitrite content was at the quantification limits, and since single samples per flow
rate were subjected to analyses, we were unable to reach statistically strong conclusions.
Previously, a 14% reduction in the Ca2+ hardness of tap water by the 5th passage when
using the PW cavitator at 15 L/min was observed (Figure S9). A decrease in the CaCO3
and Ca2+ hardness of borehole water was also apparent over the 10–14 L/min flow rates
(Table 4). It is possible that at the 10 L/min flow oxygen radicals and/or turbulence
generated a lower Ca2+/HCO3

− ratio which promoted aragonite (a 1.5-fold more soluble
polyform of calcite) formation [69].

4.2. Chemical Disinfection

Chemical analyses corroborated the linear relationship in the production of DBPs with
dose and exposure time for both ClO2 [70] and NaClO [71], with chlorite/chlorate and
THMs/HAAs predominating ClO2 and chlorination, respectively (Text S10, Table 5). For-
mation of chloramines at 0.75 mg/L NaClO, implied ammonia/ammonium contributions
to the water’s chemical demand (Table 5). Overall, the risk in elevated DBP generation in
the treatment of borehole water appeared higher for in situ chlorination than ClO2, imply-
ing that potentially, 0.3–0.5 mg/L ClO2 would be more suitable in the primary or secondary
disinfection of borehole water than NaClO (Table 5). However, since electrochlorination
emerged as a more effective microbial inactivation technology in comparison to ClO2,
(Figure 9) and since breakpoints for NaClO were in the 0.6–0.9 mg/L range (Figure S7) a
dose of 0.75 ppm NaClO would be more effective in the treatment of RO/blended waters.
Opting for the lowest effective NaClO dose, having satisfied the chemical demand, partic-
ularly in relation to the currently applied chlorine gas dosing, may prevent the selection
of oxidant-tolerant microbiota and/or resistant biofilm-formers, which apart from raising
risks to public health can compromise the lifespan of the pipe distribution networks [72,73].

For chemical disinfection, doses decayed with time necessitating the use of a ki-
netic model accounting for the residual concentration change (Supplementary Materials
Figures S4 and S5). Fitting of the modified Hom’s model to the E. coli and E. faecalis inac-
tivation data revealed rate constants ranging from 4.47–16.8 Ln mg–n min–m (Table 3), in
harmony with previously published values [74]. Similarly, determined minimum exposure
times for achieving a 4 Log10 inactivation were >4.0 min [75], with longer Cts implying
potential resistance emergence [76], as further exemplified by the tailing phase of the ki-
netic profiles (Figures 7–9). Inactivation of E. faecalis-spiked RO water with 0.75 mg/L
ClO2 required a longer 4 Log10 exposure time than the inactivation of E. coli-spiked RO
water (Table 3). Overall, the low upward concavity (as determined by the m and n scale
parameters of Table 3) of the E. faecalis ClO2-inactivation curves (Figure 7) relative to those
of E. coli (Figure 8) suggested that E. faecalis was more likely to resist ClO2 treatments over
extended exposure to sub-optimal doses.
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Interestingly, ClO2 was at least 1.5-fold more effective in the treatment of E. faecalis
in borehole (pH 8.4) than in RO (pH 7.5) water, with more significant effects apparent for
the 0.3 mg/L dose (Table 3, Figure 7). The enhanced performance of ClO2 at more alkaline
conditions was also reflected in the complete elimination of the TBC (37 ◦C) of borehole
water by 15–30 min exposure (Figure S10b). The data were consistent with the increased
bactericidal effects of ClO2 reported for E. coli in alkaline media, relative to acidic and/or
neutral conditions [77].

Electrochlorination of E. faecalis-spiked RO water revealed inactivation independency
on low dose with similar 4 Log10 inactivation times, and upward concavity (Figure 7). In
contrast, NaClO-based inactivation of E. coli in RO water was dose-dependent (Figure 8,
Table 3). Regardless of dose, NaClO was more effective at inactivating E. faecalis than E. coli
(Table 3). This is interesting considering that chlorine has been shown to be more effective
in Gram-negative bacterial inactivation [78]. However, in the presence of organic matter,
chlorine-based E. coli inactivation was shown to be more compromised than that of Gram-
positive bacteria [78]. It is likely that increased organic matter, and cellular particle and
assimilable nutrient availability, following the destruction of the cellular membrane, may
have contributed to shielding phenomena [79], preventing E. coli cells from experiencing
the full effect of the applied treatment.

NaClO decontamination of E. faecalis-spiked borehole water was also low-dose in-
dependent with similar exposures required to achieve the 4 Log10 inactivation (Figure 7).
E. faecalis NaClO decontamination was more effective in RO water than borehole water,
requiring shorter exposures for 4 Log10 inactivation (Figure 7, Table 3). This is consistent
with the bactericidal activity of NaClO driven by HOCl, the generation of which increases
with decreasing pH [18]. Both NaClO doses eliminated the TBC (37 ◦C) load of borehole
water by 15 min, with longer exposures leading to increased bacterial counts (Figure S10a).
By 2.5 h available residual for disinfection decreased by 40–50%, making the treatment less
effective and giving rise to higher bacterial counts.

ClO2 treatments of E. coli-spiked RO water were 10-fold and 5-fold weaker (reduced
inactivation rate constants and longer exposures) than gas chlorination and electrochlorina-
tion, respectively (Table 3, Figure 9), in agreement with works demonstrating resistance
of E. coli O157:H7 to ClO2, probably stemming from the indirect oxidative stress effects of
ClO2 relative to the more direct stress of HClO/NaClO treatments [33]. Similarly, ClO2
treatments of E. faecalis-spiked RO water were 5.5-fold and 9-fold weaker than chlorination
and electrochlorination, respectively (Table 3, Figure 9). Overall, NaClO emerged as a more
potent bactericidal against E. faecalis than both gas chlorination and ClO2.

4.3. Feasibility Study Outcomes

Unsurprisingly, when assessing feasibility, the advantages of one technology were the
disadvantages of the other. For example, 0.3 mg/L ClO2 could control the natural bacterial
load of the borehole water more effectively than NaClO, yet operationally it had the highest
cost (Figure 10). In contrast, NaClO was better suited for the treatment of RO water, with
high CAPEX (almost identical to UVC), but could potentially generate the same wealth
of DBPs as gas chlorination if appropriate provisions are not in place (Supplementary
Materials Table S7). Additionaly, NaClO generation was associated with the highest CO2
emissions for electrical consumption per hour (Supplementary Materials Table S8).

UVC, on the other hand, lacked long-lasting residual activity, and although more
operational-cost efficient and CO2-emission friendlier than electrochlorination and ClO2
generation, it had a high CAPEX cost. However, since the deterioration of groundwater
resources necessitates use of higher RO% in the blends, and the disinfection performance
of NaClO was at least as good as gas chlorination, electrochlorination emerged as the top
candidate technology for future water disinfection practices. Hybrid treatments involving
NaClO and physical or chemical disinfection methods can offer additional DBP control
(Table S7) should water chemical demand changes shift the NaClO chemistry towards
elevated DBP formation.
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5. Conclusions

With the aim of improving the quality of Maltese potable water, we have sought
alternative-to-gas-chlorination technologies for its treatment and assessed their disinfection
efficacy and DBP generation propensity, as well as their implementation feasibility in
plant-pilot studies. We concluded that:

• Of the non-chemical disinfection methods tested, UVC exerted a 4-fold stronger
bactericidal activity than HC and was 2-fold more effective in the control of the E. coli
load in deionised water than the control of the more resistant E. faecalis.

• Whilst HC failed to achieve a minimum of 2 Log10 inactivation for the tested strains
under the set-ups employed in this work, it exerted additive E. coli- and synergistic
E. faecalis-inactivation effects to UVC at 9.5 and 15 L/min flow rates and prolonged
exposure, respectively.

• The synergistic E. faecalis-inactivation effect to UVC is attributed to HC-mediated oxy-
gen radical generation contributing to oxidative stress that assisted disinfection lethality.

• TDS (9% change), and Ca2+ hardness (14% change) reduction, concomitantly followed
the radical generation over prolonged contact times, indicating that HC is valuable
for hybrid schemes with UVC, for both disinfection enhancement, inorganic/organic
UVC-sleeve fouling, and water hardness control.

• Both physical disinfection technologies generated no toxic DBPs likely to compromise
the organoleptic attributes of water. However, absence of stable long-lasting disinfec-
tion residual for delaying bacterial recovery, and extended exposure to the treatments,
are disadvantageous over chemical inactivation.

• The significant CAPEX costs for implementation of UVC in the treatment of Maltese
water, in addition to the infrastructural changes required for its accommodation, make
adoption of UVC unlikely.

• ClO2 emerged as a better bactericidal than NaClO in the control of the tested bacteria
in borehole water (alkaline pH), whereas NaClO disinfection was ideal in the treatment
of RO water (closer-to-neutrality pH).

• ClO2-based borehole water disinfection was associated with chlorate production,
whereas NaClO-based disinfection shared the same DBP repertoire with standard
chlorination. However, the generated DBPs did not exceed the parametric values of
the EU directive.

• The overall better disinfection propensity of NaClO (particularly in the control of
E. faecalis-RO load) ranked the technology as the best alternative-to-chlorine-gas disin-
fection, despite its significant CAPEX costs, followed by ClO2.

With the possibility of HC-NaClO hybrid schemes further reducing DBP formation,
electrochemical NaClO generation offers the advantages of gas chlorination, albeit with
less free active residual, and without compromising the drinking water’s organolepsis.
Based on the obtained data, we can now proceed with more vigorous plant-pilot studies,
characterise the sensory properties of the newly disinfected water to those of its gas
chlorinated counterpart, and assess its consumer acceptability.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w15081450/s1, Text S1: Chlorine treatment of Maltese tap water; Text S2:
Preparation of bacterial suspensions; Text S3: UVC fluence and minimum exposure time calculations;
Text S4: GinaFit kinetic models used in the current study; Text S5: Assessing the goodness of model
fitting; Text S6: HC-mediated bacterial inactivation; Text S7: Total standard deviation calculations
from individual group variances; Text S8: ClO2 decomposition half-lives; Text S9: Chemical demand;
Text S10: Chemical analyses of borehole water samples following the chemical inactivations; Table S1:
Administered UVC irradiation doses for the tested flow rates and minimum exposure times (tRMin)
for laminar flows; Table S2: A comparison of CAPEX and OPEX costs for the implementation of
UVC, ClO2, and electrochlorination (NaClO) in groundwater (borehole) treatments; Table S3: A
comparison of CAPEX and OPEX costs for the implementation of UVC, ClO2, and electrochlorination
(NaClO) in desalinated water (RO) treatments; Table S4: A comparison of CAPEX and OPEX costs
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for the implementation of UVC, ClO2, and electrochlorination (NaClO) in reservoir water (blended
water) treatments; Table S5: Scoring system for assessing the microbial inactivation efficiency of UVC;
Table S6: Scoring system for assessing the microbial inactivation efficiencies of alternative-to-gas-
chlorination technologies; Table S7: Provisions for implementation of alternative-to-gas-chlorination
disinfection technologies in the current settings; Table S8: Assessment of disinfection technologies
in terms of greenhouse gas emissions (CO2 equivalents); Table S9: Determined ClO2 and NaClO
half-lives in RO and borehole waters at 19.4 ◦C; Figure S1: Cartoon of the chlorination set-up used in
the disinfection of Maltese potable water; Figure S2: Cartoon of the UVC-405 sita lamp system with its
cross-section; Figure S3: Microbial inactivation (Log10 (N0/N) by hydrocavitation using the Treelium®

T-Sonic OM and T-Sonic PW; Figure S4: First-order ClO2 decay fits on potable water dosed with
different concentrations of ClO2; Figure S5: First-order NaClO decay fits on potable water dosed with
different NaClO concentrations; Figure S6: Dose and residual ClO2 relationships in potable water;
Figure S7: Breakpoint curves of NaClO- and chlorine-treated waters; Figure S8: Dependence of HC
inactivation efficiency on total bacterial count (TBC) input; Figure S9: Ca2+ hardness measurements
on E. faecalis-infected tap water following treatments with T-Sonic OM and T-Sonic PW cavitators over
different passages; Figure S10: Time course of pH, TDS, concentration of residual and cfu/100 mL
TBS (37 ◦C) in disinfected borehole water effluents.
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11. Čehovin, M.; Medic, A.; Scheideler, J.; Mielcke, J.; Ried, A.; Kompare, B.; Žgajnar Gotvajn, A. Hydrodynamic cavitation in
combination with the ozone, hydrogen peroxide and the UV-based advanced oxidation processes for the removal of natural
organic matter from drinking water. Ultrason. Sonochemistry 2017, 37, 394–404. [CrossRef]

12. Wang, Y.; Jia, A.; Wu, Y.; Wu, C.; Chen, L. Disinfection of bore well water with chlorine dioxide/sodium hypochlorite and
hydrodynamic cavitation. Environ. Technol. 2015, 36, 479–486. [CrossRef]

13. Tzanavaras, P.D.; Themelis, D.G.; Kika, F.S. Review of analytical methods for the determination of chlorine dioxide. Cent. Eur. J.
Chem. 2007, 5, 1–12. [CrossRef]

14. Lazarotto, J.S.; Júnior, E.; Medeiros, R.C.; Volpatto, F.; Silvestri, S. Sanitary sewage disinfection with ultraviolet radiation and
ultrasound. Int. J. Environ. Sci. Technol. 2022, 19, 11531–11538. [CrossRef]

15. Tian, F.X.; Ye, W.K.; Xu, B.; Hu, X.J.; Ma, S.X.; Lai, F.; Gao, Y.Q.; Xing, H.B.; Xia, W.H.; Wang, B. Comparison of UV-induced
AOPs (UV/Cl2, UV/NH2Cl, UV/ClO2 and UV/H2O2) in the degradation of iopamidol: Kinetics, energy requirements and
DBPs-related toxicity in sequential disinfection processes. Chem. Eng. J. 2020, 398, 125570. [CrossRef]

16. Choi, Y.; Byun, S.; Jang, H.; Kim, S.; Choi, Y.J. Comparison of disinfectants for drinking water: Chlorine gas vs. on-site generated
chlorine. Environ. Eng. Res. 2021, 27, 200543. [CrossRef]

17. Lee, Y.-J.; Kim, H.-T.; Lee, U.-G. Formation of chlorite and chlorate from chlorine dioxide with Han river water. Korean J. Chem.
Eng. 2004, 21, 647–653. [CrossRef]

18. Fukuzaki, S.; Urano, H.; Yamada, S. Effect of pH on the Efficacy of Sodium Hypochlorite Solution as Cleaning and Bactericidal
Agents. J. Surf. Finish. Soc. Jpn. 2007, 58, 465–469. [CrossRef]

19. Cooper, W.J.; Jones, A.C.; Whitehead, R.F.; Zika, R.G. Sunlight-induced photochemical decay of oxidants in natural waters:
Implications in ballast water treatment. Environ. Sci. Technol. 2007, 41, 3728–3733. [CrossRef] [PubMed]

20. Yang, L.; Chen, X.; She, Q.; Cao, G.; Liu, Y.; Chang, V.W.; Tang, C.Y. Regulation, formation, exposure, and treatment of disinfection
by-products (DBPs) in swimming pool waters: A critical review. Environ. Int. 2018, 121, 1039–1057. [CrossRef]

21. Rougé, V.; Allard, S.; Croué, J.-P.; von Gunten, U. In Situ Formation of Free Chlorine During ClO2 Treatment: Implications on the
Formation of Disinfection Byproducts. Environ. Sci. Technol. 2018, 52, 13421–13429. [CrossRef] [PubMed]

22. Lavonen, E.E.; Gonsior, M.; Tranvik, L.J.; Schmitt-Kopplin, P.; Köhler, S.J. Selective chlorination of natural organic matter:
Identification of previously unknown disinfection byproducts. Environ. Sci. Technol. 2013, 47, 2264–2271. [CrossRef] [PubMed]

23. Vertova, A.; Miani, A.; Lesma, G.; Rondinini, S.; Minguzzi, A.; Falciola, L.; Ortenzi, M.A. Chlorine Dioxide Degradation Issues
on Metal and Plastic Water Pipes Tested in Parallel in a Semi-Closed System. Int. J. Environ. Res. Public Health 2019, 16, 4582.
[CrossRef]

24. Khan, I.A.; Lee, K.H.; Lee, Y.S.; Kim, J.O. Degradation analysis of polymeric pipe materials used for water supply systems under
various disinfectant conditions. Chemosphere 2022, 291, 132669. [CrossRef]

25. Gougoutsa, C.; Christophoridis, C.; Zacharis, C.K.; Fytianos, K. Assessment, modeling and optimization of parameters affecting
the formation of disinfection by-products in water. Environ. Sci. Pollut. Res. Int. 2016, 23, 16620–16630. [CrossRef] [PubMed]

26. Källén, B.A.; Robert, E. Drinking water chlorination and delivery outcome-a registry-based study in Sweden. Reprod. Toxicol.
2000, 14, 303–309. [CrossRef]

27. Van Kerrebroeck, R.; Horsten, T.; Stevens, C.V. Bromide Oxidation: A Safe Strategy for Electrophilic Brominations. Eur. J. Org.
Chem. 2022, 2022, e202200310. [CrossRef]

28. Lu, H.; Wang, X.; Li, X.; Zhang, X. Study on the Disinfection Efficiency of the Combined Process of Ultraviolet and Sodium
Hypochlorite on the Secondary Effluent of the Sewage Treatment Plant. Processes 2022, 10, 1622. [CrossRef]

29. Ye, B.; Cang, Y.; Li, J.; Zhang, X. Advantages of a ClO2/NaClO combination process for controlling the disinfection by-products
(DBPs) for high algae-laden water. Environ. Geochem. Health 2019, 41, 1545–1557. [CrossRef] [PubMed]

30. Rand, J.L.; Gagnon, G.A. Loss of chlorine, chloramine or chlorine dioxide concentration following exposure to UV light. Aqua
2008, 57, 127–132. [CrossRef]

31. Rice, E.W.; Covert, T.C.; Wild, D.K.; Berman, D.; Johnson, S.A.; Johnson, C.H. Comparative resistance of Escherichia coli and
enterococci to chlorination. J. Environ. Sci. Health Part A Environ. Sci. Eng. Toxicol. 1993, 28, 89–97. [CrossRef]

32. Artichowicz, W.; Luczkiewicz, A.; Sawicki, J.M. Analysis of the Radiation Dose in UV-Disinfection Flow Reactors. Water 2020,
12, 231. [CrossRef]

33. Bridges, D.F.; Lacombe, A.; Wu, V. Fundamental Differences in Inactivation Mechanisms of Escherichia coli O157:H7 Between
Chlorine Dioxide and Sodium Hypochlorite. Front. Microbiol. 2022, 13, 923964. [CrossRef] [PubMed]

34. Tarrand, J.J.; Gröschel, D.H. Rapid, modified oxidase test for oxidase-variable bacterial isolates. J. Clin. Microbiol. 1982, 16,
772–774. [CrossRef] [PubMed]

35. Geeraerd, A.H.; Valdramidis, V.P.; Van Impe, J.F. GInaFiT, a freeware tool to assess non-log-linear microbial survivor curves. Int. J.
Food Microbiol. 2005, 102, 95–105. [CrossRef] [PubMed]

36. Albert, I.; Mafart, P. A modified Weibull model for bacterial inactivation. Int. J. Food Microbiol. 2005, 100, 197–211. [CrossRef]
37. Baysal, A.H.; Molva, C.; Unluturk, S. UV-C light inactivation and modeling kinetics of Alicyclobacillus acidoterrestris spores in

white grape and apple juices. Int. J. Food Microbiol. 2013, 166, 494–498. [CrossRef]

http://doi.org/10.1016/j.matpr.2021.02.404
http://doi.org/10.1016/j.ultsonch.2017.01.036
http://doi.org/10.1080/09593330.2014.952345
http://doi.org/10.2478/s11532-006-0054-9
http://doi.org/10.1007/s13762-021-03764-7
http://doi.org/10.1016/j.cej.2020.125570
http://doi.org/10.4491/eer.2020.543
http://doi.org/10.1007/BF02705500
http://doi.org/10.4139/sfj.58.465
http://doi.org/10.1021/es062975a
http://www.ncbi.nlm.nih.gov/pubmed/17547204
http://doi.org/10.1016/j.envint.2018.10.024
http://doi.org/10.1021/acs.est.8b04415
http://www.ncbi.nlm.nih.gov/pubmed/30372050
http://doi.org/10.1021/es304669p
http://www.ncbi.nlm.nih.gov/pubmed/23373647
http://doi.org/10.3390/ijerph16224582
http://doi.org/10.1016/j.chemosphere.2021.132669
http://doi.org/10.1007/s11356-016-6792-0
http://www.ncbi.nlm.nih.gov/pubmed/27178297
http://doi.org/10.1016/S0890-6238(00)00086-1
http://doi.org/10.1002/ejoc.202200310
http://doi.org/10.3390/pr10081622
http://doi.org/10.1007/s10653-018-0231-8
http://www.ncbi.nlm.nih.gov/pubmed/30604306
http://doi.org/10.2166/aqua.2008.027
http://doi.org/10.1080/10934529309375864
http://doi.org/10.3390/w12010231
http://doi.org/10.3389/fmicb.2022.923964
http://www.ncbi.nlm.nih.gov/pubmed/35783445
http://doi.org/10.1128/jcm.16.4.772-774.1982
http://www.ncbi.nlm.nih.gov/pubmed/7153330
http://doi.org/10.1016/j.ijfoodmicro.2004.11.038
http://www.ncbi.nlm.nih.gov/pubmed/15893399
http://doi.org/10.1016/j.ijfoodmicro.2004.10.016
http://doi.org/10.1016/j.ijfoodmicro.2013.08.015


Water 2023, 15, 1450 27 of 28

38. Bigelow, W.D.; Esty, J.R. The Thermal Death Point in Relation to Time of Typical Thermophilic Organisms. J. Infect. Dis. 1920, 27,
602–617. Available online: https://www.jstor.org/stable/i30082394 (accessed on 17 March 2023). [CrossRef]

39. Zhong, Q.; Carratalà, A.; Ossola, R.; Bachmann, V.; Kohn, T. Cross-Resistance of UV- or Chlorine Dioxide-Resistant Echovirus 11
to Other Disinfectants. Front. Microbiol. 2017, 8, 1928. [CrossRef]

40. Peleg, M. Modeling the dynamic kinetics of microbial disinfection with dissipating chemical agents-a theoretical investigation.
Appl. Microbiol. Biotechnol. 2021, 105, 539–549. [CrossRef]

41. Jessen, A.; Randall, A.; Reinhart, D.; Daly, L. Effectiveness and kinetics of ferrate as a disinfectant for ballast water. Water Environ.
Res. 2008, 80, 561–569. [CrossRef]

42. Benarde, M.A.; Snow, W.B.; Olivieri, V.P.; Davidson, B. Kinetics and mechanism of bacterial disinfection by chlorine dioxide. Appl.
Microbiol. 1967, 15, 257–265. [CrossRef]

43. Baird, R.; Eaton, A.; Rice, E.; Bridgewater, L. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American
Public Health Association: Washington, DC, USA, 2017.

44. Carbon Footprint 2022. Country Specific Electricity Grid Greenhouse Gas Emission Factors. Available online: https://www.
carbonfootprint.com/docs/2022_03_emissions_factors_sources_for_2021_electricity_v11.pdf (accessed on 16 December 2022).

45. Bowen, D.J.; Kreuter, M.; Spring, B.; Cofta-Woerpel, L.; Linnan, L.; Weiner, D.; Bakken, S.; Kaplan, C.P.; Squiers, L.;
Fabrizio, C.; et al. How we design feasibility studies. Am. J. Prev. Med. 2009, 36, 452–457. [CrossRef] [PubMed]

46. Simpson, A.; Ranade, V.V. Modelling of hydrodynamic cavitation with orifice: Influence of different orifice designs. Chem. Eng.
Res. Des. 2018, 136, 698–711. [CrossRef]

47. Medir, M.; Giralt, F. Stability of chlorine dioxide in aqueous solution. Water Res. 1982, 16, 1379–1382. [CrossRef]
48. Aieta, E.M.; Berg, J.D. A Review of Chlorine Dioxide in Drinking Water Treatment. Am. Water Work. Assoc. 1986, 78, 62–72.

[CrossRef]
49. Noszticzius, Z.; Wittmann, M.; Kály-Kullai, K.; Beregvári, Z.; Kiss, I.; Rosivall, L.; Szegedi, J. Chlorine dioxide is a size-selective

antimicrobial agent. PLoS ONE 2013, 8, e79157. [CrossRef]
50. Marcon, J.; Mortha, G.; Marlin, N.; Molton, F.; Duboc, C.; Burnet, A. New insights into the decomposition mechanism of chlorine

dioxide at alkaline pH. Holzforschung 2017, 71, 599–610. [CrossRef]
51. Odeh, I.N.; Francisco, J.S.; Margerum, D.W. New pathways for chlorine dioxide decomposition in basic solution. Inorg. Chem.

2002, 41, 6500–6506. [CrossRef]
52. Andrés, C.M.C.; Lastra, J.M.P.; Andrés Juan, C.; Plou, F.J.; Pérez-Lebeña, E. Chlorine Dioxide: Friend or Foe for Cell Biomolecules?

A Chemical Approach. Int. J. Mol. Sci. 2022, 23, 15660. [CrossRef]
53. Deborde, M.; von Gunten, U. Reactions of chlorine with inorganic and organic compounds during water treatment-Kinetics and

mechanisms: A critical review. Water Res. 2008, 42, 13–51. [CrossRef] [PubMed]
54. Gan, W.; Ge, Y.; Zhong, Y.; Yang, X. The reactions of chlorine dioxide with inorganic and organic compounds in water treatment:

Kinetics and mechanisms. Environ. Sci. Water Res. Technol. 2020, 6, 2287–2312. [CrossRef]
55. Ghernaout, D. Disinfection and DBPs removal in drinking water treatment: A perspective for a green technology. Int. J. Adv. Appl.

Sci. 2018, 5, 108–117. [CrossRef]
56. Murray, A.; Lantagne, D. Accuracy, precision, usability, and cost of free chlorine residual testing methods. J. Water Health 2015, 13,

79–90. [CrossRef]
57. Le Roux, J.; Gallard, H.; Croué, J.P. Chloramination of nitrogenous contaminants (pharmaceuticals and pesticides): NDMA and

halogenated DBPs formation. Water Res. 2011, 45, 3164–3174. [CrossRef] [PubMed]
58. Adam, L.C.; Gordon, G. Hypochlorite Ion Decomposition: Effects of Temperature, Ionic Strength, and Chloride Ion. Inorg. Chem.

1999, 38, 1299–1304. [CrossRef] [PubMed]
59. Wang, A.Q.; Lin, Y.L.; Xu, B.; Hu, C.Y.; Gao, Z.C.; Liu, Z.; Cao, T.C.; Gao, N.Y. Factors affecting the water odor caused by

chloramines during drinking water disinfection. Sci. Total Environ. 2018, 639, 687–694. [CrossRef] [PubMed]
60. Adhikari, A.; Parraga Estrada, K.J.; Chhetri, V.S.; Janes, M.; Fontenot, K.; Beaulieu, J.C. Evaluation of ultraviolet (UV-C) light

treatment for microbial inactivation in agricultural waters with different levels of turbidity. Food Sci. Nutr. 2020, 8, 1237–1243.
[CrossRef]

61. Bucheli-Witschel, M.; Bassin, C.; Egli, T. UV-C inactivation in Escherichia coli is affected by growth conditions preceding
irradiation, in particular by the specific growth rate. J. Appl. Microbiol. 2010, 109, 1733–1744. [CrossRef] [PubMed]

62. Kollu, K.; Örmeci, B. UV-induced self-aggregation of E. coli after low and medium pressure ultraviolet irradiation. Photochem.
Photobiology. B Biol. 2015, 148, 310–321. [CrossRef]

63. Moreno-Andrés, J.; Romero-Martínez, L.; Acevedo-Merino, A.; Nebot, E. Determining disinfection efficiency on E. faecalis in
saltwater by photolysis of H2O2: Implications for ballast water treatment. Chem. Eng. J. 2016, 283, 1339–1348. [CrossRef]

64. Chen, P.Y.; Chu, X.N.; Liu, L.; Hu, J.Y. Effects of salinity and temperature on inactivation and repair potential of Enterococcus
faecalis following medium- and low-pressure ultraviolet irradiation. J. Appl. Microbiol. 2016, 120, 816–825. [CrossRef]

65. Loraine, G.; Chahine, G.; Hsiao, C.T.; Choi, J.K.; Aley, P. Disinfection of gram-negative and gram-positive bacteria using DynaJets ®

hydrodynamic cavitating jets. Ultrason. Sonochemistry 2012, 19, 710–717. [CrossRef] [PubMed]
66. Zupanc, M.; Kosjek, T.; Petkovšek, M.; Dular, M.; Kompare, B.; Širok, B.; Blažeka, Ž.; Heath, E. Removal of pharmaceuticals from

wastewater by biological processes, hydrodynamic cavitation and UV treatment. Ultrason. Sonochemistry 2013, 20, 1104–1112.
[CrossRef]

https://www.jstor.org/stable/i30082394
http://doi.org/10.1093/infdis/27.6.602
http://doi.org/10.3389/fmicb.2017.01928
http://doi.org/10.1007/s00253-020-11042-8
http://doi.org/10.2175/193864708X267423
http://doi.org/10.1128/am.15.2.257-265.1967
https://www.carbonfootprint.com/docs/2022_03_emissions_factors_sources_for_2021_electricity_v11.pdf
https://www.carbonfootprint.com/docs/2022_03_emissions_factors_sources_for_2021_electricity_v11.pdf
http://doi.org/10.1016/j.amepre.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19362699
http://doi.org/10.1016/j.cherd.2018.06.014
http://doi.org/10.1016/0043-1354(82)90221-4
http://doi.org/10.1002/j.1551-8833.1986.tb05766.x
http://doi.org/10.1371/journal.pone.0079157
http://doi.org/10.1515/hf-2016-0147
http://doi.org/10.1021/ic0204676
http://doi.org/10.3390/ijms232415660
http://doi.org/10.1016/j.watres.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/17915284
http://doi.org/10.1039/D0EW00231C
http://doi.org/10.21833/ijaas.2018.02.018
http://doi.org/10.2166/wh.2014.195
http://doi.org/10.1016/j.watres.2011.03.035
http://www.ncbi.nlm.nih.gov/pubmed/21496861
http://doi.org/10.1021/ic980020q
http://www.ncbi.nlm.nih.gov/pubmed/11670917
http://doi.org/10.1016/j.scitotenv.2018.05.188
http://www.ncbi.nlm.nih.gov/pubmed/29803040
http://doi.org/10.1002/fsn3.1412
http://doi.org/10.1111/j.1365-2672.2010.04802.x
http://www.ncbi.nlm.nih.gov/pubmed/20629801
http://doi.org/10.1016/j.jphotobiol.2015.04.013
http://doi.org/10.1016/j.cej.2015.08.079
http://doi.org/10.1111/jam.13026
http://doi.org/10.1016/j.ultsonch.2011.10.011
http://www.ncbi.nlm.nih.gov/pubmed/22079473
http://doi.org/10.1016/j.ultsonch.2012.12.003


Water 2023, 15, 1450 28 of 28

67. Huang, N.; Wang, T.; Wang, W.L.; Wu, Q.Y.; Li, A.; Hu, H.Y. UV/chlorine as an advanced oxidation process for the degradation
of benzalkonium chloride: Synergistic effect, transformation products and toxicity evaluation. Water Res. 2017, 114, 246–253.
[CrossRef] [PubMed]

68. Abdala, E.F.; Aquino, M.D.; Ribeiro, J.P.; Vidal, C.B.; do Nascimento, R.F.; de Sousa, F.W. Use of the cavitation hydrodynamics
applied to water treatment. Eng. Sanit. Ambient. 2014, 19, 105–112. [CrossRef]

69. Wang, J.; Watanabe, N.; Inomoto, K.; Kamitakahara, M.; Nakamura, K.; Komai, T.; Tsuchiya, N. Enhancement of aragonite
mineralization with a chelating agent for CO2 storage and utilization at low to moderate temperatures. Sci. Rep. 2021, 11, 13956.
[CrossRef] [PubMed]

70. Yang, X.; Guo, W.; Lee, W. Formation of disinfection byproducts upon chlorine dioxide preoxidation followed by chlorination or
chloramination of natural organic matter. Chemosphere 2013, 91, 1477–1485. [CrossRef] [PubMed]

71. Doederer, K.; Gernjak, W.; Weinberg, H.S.; Farré, M.J. Factors affecting the formation of disinfection by-products during
chlorination and chloramination of secondary effluent for the production of high-quality recycled water. Water Res. 2014, 48,
218–228. [CrossRef]

72. Zhu, Z.; Shan, L.; Hu, F.; Li, Z.; Zhong, D.; Yuan, Y.; Zhang, J. Biofilm formation potential and chlorine resistance of typical
bacteria isolated from drinking water distribution systems. RSC Adv. 2020, 10, 31295–31304. [CrossRef]

73. Fish, K.E.; Reeves-McLaren, N.; Husband, S.; Boxall, J. Uncharted waters: The unintended impacts of residual chlorine on water
quality and biofilms. NPJ Biofilms Microbiomes 2022, 8, 55. [CrossRef] [PubMed]

74. Mwatondo, M.H.; Silverman, A.I. Escherichia coli and Enterococcus spp. Indigenous to Wastewater Have Slower Free Chlorine
Disinfection Rates than Their Laboratory-Cultured Counterparts. Environ. Sci. Technol. Lett. 2021, 8, 1091–1097. [CrossRef]

75. Venczel, L.V.; Likirdopulos, C.A.; Robinson, C.E.; Sobsey, M.D. Inactivation of enteric microbes in water by electro-chemical
oxidant from brine (NaCl) and free chlorine. Water Sci. Technol. 2004, 50, 141–146. [CrossRef] [PubMed]

76. Gupta, V.; Shekhawat, S.S.; Kulshreshtha, N.M.; Gupta, A.B. A systematic review on chlorine tolerance among bacteria and
standardization of their assessment protocol in wastewater. Water Sci. Technol. 2022, 86, 261–291. [CrossRef] [PubMed]

77. Ofori, I.; Maddila, S.; Lin, J.; Jonnalagadda, S.B. Chlorine dioxide oxidation of Escherichia coli in water—A study of the disinfection
kinetics and mechanism. J. Environ. Sci. Health Part A Toxic/Hazard. Subst. Environ. Eng. 2017, 52, 598–606. [CrossRef]

78. Virto, R.; Mañas, P.; Alvarez, I.; Condon, S.; Raso, J. Membrane damage and microbial inactivation by chlorine in the absence and
presence of a chlorine-demanding substrate. Appl. Environ. Microbiol. 2005, 71, 5022–5028. [CrossRef]

79. Nocker, A.; Lindfeld, E.; Wingender, J.; Schulte, S.; Dumm, M.; Bendinger, B. Thermal and chemical disinfection of water and
biofilms: Only a temporary effect in regard to the autochthonous bacteria. J. Water Health 2021, 19, 808–822. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.watres.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28254642
http://doi.org/10.1590/S1413-41522014000200001
http://doi.org/10.1038/s41598-021-93550-9
http://www.ncbi.nlm.nih.gov/pubmed/34230588
http://doi.org/10.1016/j.chemosphere.2012.12.014
http://www.ncbi.nlm.nih.gov/pubmed/23312737
http://doi.org/10.1016/j.watres.2013.09.034
http://doi.org/10.1039/D0RA04985A
http://doi.org/10.1038/s41522-022-00318-8
http://www.ncbi.nlm.nih.gov/pubmed/35821221
http://doi.org/10.1021/acs.estlett.1c00732
http://doi.org/10.2166/wst.2004.0042
http://www.ncbi.nlm.nih.gov/pubmed/15318500
http://doi.org/10.2166/wst.2022.206
http://www.ncbi.nlm.nih.gov/pubmed/35906907
http://doi.org/10.1080/10934529.2017.1293993
http://doi.org/10.1128/AEM.71.9.5022-5028.2005
http://doi.org/10.2166/wh.2021.075

	Introduction 
	Materials and Methods 
	Equipment and Bench-Scale Study Configurations 
	UVC Set-Up 
	HC and UVC/HC Set-Up 
	ClO2 Generation 
	Eletrochlorination 

	Bacterial Strains and Culture Conditions 
	Bacterial Inactivation Treatments 
	UVC 
	HC and UVC/HC 
	ClO2 and NaClO 

	Colony Counting and Bacterial Inactivation 
	Bactericidal Decomposition and Breakpoint Chlorination 
	Bacterial Inactivation Kinetics 
	Determination of Indicator Parameters and Chemical Analyses 
	Statistical Analyses 
	Feasibility Assessments 
	Financial Analyses Assumptions 


	Results 
	UVC-Mediated Bacterial Inactivation 
	HC-Mediated Bacterial Inactivation in Borehole Water 
	UVC/HC Hybrid Treatment-Mediated Inactivation 
	Chemical Disinfection 
	Decomposition Half-Lives and Chemical Demand 
	Decontamination Efficiency 

	Chemical Analyses 
	Cost Analyses 
	Feasibility Studies 

	Discussion 
	Non-Chemical Disinfection 
	Chemical Disinfection 
	Feasibility Study Outcomes 

	Conclusions 
	References

