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Abstract: Disinfection of surfaces with various functional purposes is a relevant measure for the
inactivation of microorganisms and viruses. This procedure is used almost universally, from water
treatment facilities to medical institutions and public spaces. Some of the most common disinfectants
the World Health Organization recommends are chlorine-containing compounds. Sodium and
calcium hypochlorites are only used for disinfection of the internal surfaces of water treatment
facilities. However, it is known that ozone is a more powerful oxidizing agent. This study compares
the effectiveness of inactivating yeast-like fungi Candida albicans, Gram-positive Bacillus subtilis, and
Gram-negative bacteria Escherichia coli with aqueous ozone and sodium hypochlorite solutions. This
study used ozone solutions in water with a concentration of 0.5-1.5 mg/L and sodium hypochlorite
solutions with an active chlorine concentration of 50-150 mg/L. Steel and polymeric plates were
used as substrates. Comparison of the CT (concentration by time) criterion at the ratio of LD50 in
NaClO to ozonated water shows that the smallest difference, around 100 times, was observed in the
inactivation of Candida albicans. The maximum difference is up to 230 times in the inactivation of
Bacillus subtilis.
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1. Introduction

The main types of water sources are underground (groundwater, aquifers) and surface
(rivers, lakes, reservoirs). Water is purified to provide the population with high-quality
drinking water from these sources. The following significant problems in water treatment
can be identified: (i) ensuring a sufficient depth of water purification to meet the require-
ments of standards [1-4]; (i) processing waste generated during the water treatment process
(iron-containing sediments from washing water purification [5] from underground surfaces
with good sorption capacity for phosphorous removal [6-9], which helps to prevent eutroph-
ication [10], as well as coagulation sediments for synthetic gypsum production [11] or raw
materials for brick-making [12], along with lime mud [13] from surface water bodies); and
(iif) disinfecting water treatment facilities. Today, the disinfection of water supply facilities
is carried out using chlorine-containing disinfectants with a concentration of 25-250 mg of
active chlorine per liter [14-16]. The most widely used disinfectants in practice are calcium
and sodium hypochlorites [17,18]. However, the use of chlorine-containing substances for
disinfection of water supply facilities has some disadvantages, such as its significant impact
on the environment at various stages of the life cycle [19-21] and long exposure/treatment
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time (up to 24 h), requiring clean water for rinsing and neutralizing rinsing water before
discharge [22]. An urgent question arises about finding a safe and effective alternative
to hypochlorites. Environmentally friendly disinfectants may represent an innovative
approach to preventing the spread of infections and reducing the likelihood of resistance
development. It has been previously demonstrated that for developing new approaches to
surface disinfection [23-25], the use of aqueous ozone solutions is a promising direction
compared to widely used chlorine-containing agents [26-28]. To substantiate this direction,
it is essential to confirm the advantages of ozone compared to chlorine-containing agents
in terms of several technical, economic, and environmental aspects. Among the technical
aspects, important considerations include comparing the corrosive impact on metallic
surfaces [29-31] and the efficiency of microorganism inactivation on surfaces [32-35]. We
have previously studied the corrosive impact of low concentrations of active chlorine
(50-150 mg/L) used in water supply systems [36]. Ozone has advantages compared to
chlorine-containing solutions, first in terms of technology operation (for example, on-site
synthesis [37], ease of production, and residual ozone decomposition within an hour [36]),
and second, from an environmental standpoint, avoiding the need to flush structures after
disinfection and process spent solutions [36].

Various studies have demonstrated that ozone is an excellent alternative to widely
used chlorine-containing substances [37-40]. This is confirmed by numerous practical
aspects, among which the key considerations include the efficiency of microorganism
inactivation, ease of use, environmental friendliness throughout the life cycle, corrosive
impact on materials, and cost-effectiveness.

Ozone has a high oxidation-reduction potential of +2.07 V vs. SHE (standard hydrogen
electrode) (for comparison, Cl, has +1.36 Vs and O; has +1.23 Vgyg), which is the main
reason for its activity against various water pollutants, including a broad spectrum of
viruses (SARS-CoV-1 [41], MCoV [42], HSV-1 and BoHV1 [43], HAV [44], Poliovirus Type
1 [45]), bacteria (Escherichia coli [46], Pseudomonas aeruginosa, Staphylococcus aureus, Entero-
coccus hirae [47], Streptococcus, Staphylococcus, Aerococcus, etc. [48]), and fungi (Microsporum
canis, Microsporum gypseum, Trichophyton rubrum, Trichophyton interdigitale [49], Candida al-
bicans, Aspergillus brasiliensis [50]). It is a potent oxidizing and disinfecting agent used in
drinking water treatment [51,52].

Prior studies [53,54] demonstrated that a residual ozone level of 0.4 mg/L and expo-
sure for 4-6 min provide sufficient assurance for the inactivation of polioviruses. Further-
more, in this work, the concept of “C-T” was introduced—a criterion that is part of the
so-called Watson’s Law [55-57]:

logio (No/N) = k-C-t/2.303,

where Ny and N are the microorganism concentrations at the initial (0) and current (¢)
time points; C is the ozone concentration in the disinfecting solution, mg/L; ¢ is the
treatment time in minutes; and k is the rate constant of pseudo-first-order inactivation of
microorganisms by ozone, in L/(mg-min).

Currently, the C-T criterion is widely recognized. Of course, ozone treatment has
drawbacks, such as the lack of a preserving effect and, consequently, the risk of subsequent
contamination of the water volume. However, ozone represents an excellent prospect for
rapid and effective surface disinfection.

An analysis of the literature reveals that most studies are focused on investigating
the inactivation of different microorganisms in the volume of liquid [58]. However, there
are a limited number of experimental studies addressing the effectiveness of microbial
inactivation on surfaces, especially comparative analyses of inactivation on surfaces of
different materials. Therefore, the aim of this research is to perform a comparative analysis
of the disinfection effectiveness of aqueous ozone and sodium hypochlorite concerning
yeast-like fungi Candida albicans, Gram-negative bacteria Escherichia coli, and Gram-positive
bacteria Bacillus subtilis immobilized on polymer and metal plates. Within the defined goal,
the following objectives are addressed: (i) development of a methodology for determining
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the effectiveness of surface disinfection; and (i7) comparative analysis of the disinfection
effectiveness against various microorganisms using activated ozone and sodium hypochlo-
rite solution.

2. Materials and Methods
2.1. Materials, Solutions, Nutrient Media

The study used cultures of conditionally pathogenic and non-pathogenic bacteria
and yeast-like fungi from the collection of microorganisms, including yeast-like fungi
Candida albicans, Gram-positive Bacillus subtilis, and Gram-negative Escherichia coli from
the Department of Biotechnology at BSTU. Deionized water with ozone concentrations
of 0.5, 1.0, and 1.5 mg/L was used as a disinfectant. A portable ozone generator, Pinus-
longaeva F1 (Beijing, China), was used to generate aqueous ozone. Sodium hypochlorite
solutions were prepared at concentrations of 50, 100, and 150 mg/L of active chlorine
from a concentrated sodium hypochlorite solution (5% by weight). Plastic (polypropy-
lene) and metal (steel St 3) plates with an area of 5 cm? were used as the material for
immobilizing microorganisms.

To make the physiological solution, 8.5 g of sodium chloride was dissolved in 1 L of
distilled water. The solution was poured into 300 mL bottles and sealed with cotton-wool
stoppers. Sterilization was carried out by autoclaving at 0.15 MPa for 30 min (temperature
was about 103 °C).

To make the nutrient broth, 20 g of a dry mixture was dissolved in 1 L of distilled
water. The pH was adjusted to approximately 7.4 by NaOH. The solution was poured into
300 mL bottles, sealed with cotton-wool stoppers, and sterilized by autoclaving at 0.2 MPa
for 15 min.

The nutrient agar was created by dissolving 20 g of a dry mixture in 1 L of distilled
water. The pH was approximately 7.4, and then 2-3% agar was added. The solution was
poured into 300 mL bottles, sealed with cotton-wool stoppers, and sterilized by autoclaving
at 0.1 MPa for 30 min.

To create the Saburo broth, 50 g of a dry mixture was dissolved in 1 L of distilled water.
The pH was approximately 5.6. The solution was poured into 300 mL bottles, sealed with
cotton-wool stoppers, and sterilized by autoclaving at 0.2 MPa for 15 min.

The Saburo agar was made by dissolving 50 g of a dry mixture in 1 L of distilled water.
The pH was ensured to be approximately 5.6, then 2-3% agar was added. The solution was
poured into 300 mL bottles, sealed with cotton-wool stoppers, and sterilized by autoclaving
at 0.1 MPa for 30 min.

2.2. Method for Determining Ozone Concentration in Water

The iodometric method was used to determine the residual ozone concentration in
water according to GOST 18301-72 [59]. In a conical flask with a ground stopper, 10 mL of a
2.0% solution of potassium iodate, 20 mL of 0.5 M sulfuric acid solution, and 200-250 mL
of the water sample were introduced. Titration was carried out with a 0.0025 M sodium
thiosulfate solution until a straw-yellow color appeared. Then, 2 mL of starch solution was
added, and titration continued until the blue color disappeared.

In the presence of nitrites, iron, or other compounds capable of releasing iodine from
potassium iodate, the following modifications were made to the ozone content determina-
tion method: From the water sample, 800 mL was taken from the gas wash bottle with a
capacity of 1 L. Ozone was subsequently displaced with air or nitrogen, passing it through a
porous plate at a rate of 0.1-0.2 L/min for at least 5 min. The displaced ozone was absorbed
in the second wash bottle containing 400 mL of potassium iodate solution and connected
to the first one through glass or short plastic tubes. After the displacement of ozone was
complete, the contents of the second wash bottle were transferred to a flask, 20 mL of 0.5 M
sulfuric acid solution (pH about 2.0) was added, and titration with sodium thiosulfate
solution was carried out as described above.
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Simultaneously with ozone determination, a blank test was conducted on distilled
water to detect possible contamination of reagents. For this, 200 mL of distilled water was
mixed with 10 mL of potassium iodate solution, 20 mL of sulfuric acid solution, and 2 mL of
starch solution. When the blue color appeared, titration with a 0.0025 M sodium thiosulfate
solution was performed until the solution became colorless.

The ozone content (X), mg/L, is calculated using the formula:

(a — b)K - H - 24 - 1000

X = ,
v

(1)

where 4 is the volume of sodium thiosulfate solution consumed for titration of the sample
in mL; b is the volume of sodium thiosulfate solution consumed for titration of the blank
sample in mL; K is the correction factor to the normality of the sodium thiosulfate solution;
H is the normality of the sodium thiosulfate solution; 24 is the ozone content in mg
corresponding to 1 mL of 0.5 M sodium thiosulfate solution; and V is the volume of the
sample taken for determination in mL.

2.3. Methodology for Studying the Effectiveness of Inactivation

To obtain a 24 h culture, 2 mL of nutrient broth was added to two sterile test
tubes (control and experiment) using a sterile pipette. A bacterial loop was used to
inoculate an isolated colony of the microorganism into the experimental test tube. The
inoculated cultures were incubated for 20-24 h in a thermostat at 37 °C for E. coli, 33 °C
for B. subtilis, and 35 °C for C. albicans (nutrient broth for bacteria and Sabouraud broth
for yeast-like fungi).

To obtain a culture of microorganisms in the active growth phase, 150 mL of the
required nutrient medium and the 24-h culture of microorganisms were added to a chemical
beaker. The culture was incubated for 1 h at 37 °C for E. coli, 33 °C for B. subtilis, and 35 °C
for C. albicans with aeration at 150 rpm.

To prepare plates for immobilization and immobilization of microorganisms, plastic
(polypropylene) and metal (steel St 3) plates (15 x 15 x 1 mm) were treated with a 96%
solution of ethyl alcohol. The plates were introduced into a nutrient medium and incubated
for 24 h at optimal temperatures with aeration at 150 rpm.

After immobilization, plates were rinsed by immersing them in ozone water or a
sodium hypochlorite solution with a specified concentration for 30, 60, and 90 s. The plates
were removed and rinsed with a cotton swab soaked in physiological saline. The swab was
transferred to a test tube with 5 mL of physiological saline and thoroughly resuspended.

To enable culture seeding, 0.1 mL of physiological saline was added to a Petri dish
with a solid nutrient medium (nutrient agar for bacteria, Sabouraud agar for yeast-like
fungi). The cultures were incubated in a thermostat for 24 h at the optimal temperature for
each microorganism.

Subsequently, the effectiveness of water ozone action was determined. After 24 h,
the colonies of microorganisms on the Petri dish were counted. The number of colony-
forming units per 1 cm? of treated plates was determined and compared with the number
of colony-forming units per 1 cm? of control plates.

N-5-01
M=—"%5— (2)
where M is the number of colony-forming bacteria per 1 cm? in CFU/cm?; N is the number
of colonies in 0.1 mL, i.e., the number of colonies on the Petri dish; 5 is the volume of

physiological saline taken for the study in mL; and S is the area of the plate in cm?.

2.4. Mathematical Processing of the Results

Mathematical processing of the results was carried out using the MATLAB 8.6 software.
A polynomial function was employed for fitting an adequate model. The coefficient of
determination served as a criterion for the adequacy of the regression equation fit. A
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student’s t-test of unpaired data with unequal variance was used, with p < 0.05 as a
statistically significant difference.

3. Results

The results of a comparative analysis of the effectiveness of inactivating yeast-like fungi
Candida albicans, Gram-positive Bacillus subtilis, and Gram-negative bacteria Escherichia coli
by aqueous ozone and sodium hypochlorite solutions, immobilized on metal and polymer
plates, are presented in the Supplementary Materials in Figures S1-59. These data were
used for mathematical treatment by defining regression equations and visualization of
dependence between the variables (time of exposure and concentration) on the effectiveness
of microorganisms inactivation (Figures 1-3). Also, this data were used for further compar-
ative analysis of the effectiveness of the inactivation of selected groups of microorganisms
by the C.T criterion, which is widely used for comparative analysis of the microorganism’s
inactivation efficiency (as further explored in the Section 4).
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Figure 1. Effectiveness of Candida albicans inactivation (Ef) by aqueous ozone solution (a,b) and
sodium hypochlorite (¢,d), immobilized on metal plates (a,c) and polymer plates (b,d).
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Figure 2. Effectiveness of Bacillus subtilis inactivation by aqueous ozone solution (a,b) and sodium

hypochlorite (¢,d), immobilized on metal plates (a,c) and polymer plates (b,d).

The results evaluating the effectiveness of aqueous ozone against yeast-like fungi Can-
dida albicans, immobilized on metal and polymer plates, are presented in the Supplementary
Materials in Figures S1-S3. The differences between the experimental and control groups
were statistically significant in all experiments (p < 0.05). The processed data in MATLAB
are shown in Figure 1. Regression Equations (3)-(6) correspond to Figure 1a—d and are

provided below.

Ef(aqOs, polym) = 1.334 — 3.793-C + 5.761- + 2.112-C? + 0.1306-C-t — 0.1038-t> — 0.02688-C>-t —
0.0009339-C-#? + 0.0005769-#3,

Ef(NaClO, polym) = — 3.916 + 0.08282-C + 5.838:t — 0.000375-C? + 0.0005618-C-t — 0.1046-t2 +

3.033-107°-C2-t — 1.489-10~°-C-2 + 0.0005841-£3,

®)

4)

©)

(6)

where C is the concentration of ozonated water or active chlorine in mg/L, and ¢ is the

treatment time in seconds.

The determination coefficients of the obtained models are 0.9999, 0.9998, 0.9600, and
0.9996, respectively, indicating a high functional relationship between the measured and
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modeled results. The observed slight decrease in efficiency with increasing time, as seen in
the graphs (Figure 1), is because the values of microorganism inactivation efficiency quickly
rise from 0 to almost 100%, and the polynomial model cannot precisely fit the measured
points, leading to its slight bending.

Results assessing the effectiveness of aqueous ozone against Gram-positive bacteria
Bacillus subtilis immobilized on metal and polymer plates are presented in the Supplementary
Materials in Figures S4-56. The processed data in MATLAB are shown in Figure 2. Regres-
sion Equations (7)—(10) correspond to Figure 2a—d and are provided below.

Ef(aqO3, metal) = 0.00322 — 0.02615-C + 6.1- + 0.01971-C2 + 0.002947-C-t — 0.1109-£2 — 0.0003311-C2-t —

2.496-1075-C-#2 + 0.0006158-#3, @)

Ef(aqO3, polym) = —0.01188 + 0.1032-C + 6.039-t — 0.07844-C? — 0.00146-C-t — 0.1102-? + 0.007278-C2-t —

Ef(NaClO, metal) = 10.64 — 0.3556-C — 1.156-t + 0.002142-C? + 0.02196-C-t + 0.04386-t> — 1.934-107°-C2-t —

Ef(NaClO, polym) = — 11.26 + 0.2772-C — 2.055-t — 0.00141-C? + 0.04388-C-t + 0.02568-#> — 0.000113-C?-t —

Ef(aqO3, metal) = — 0.01536 + 0.05664-C + 6.089-t — 0.03549-C? + 0.0321-C-t — 0.1111-t> — 0.01087-C2-t —

8.281-1075-C-#2 + 0.0006141-#3, ®)

0.0002174-C-£2 — 0.00021-£3, ©)

0.0001751-C-£ — 0.000102-#3, (10)
where C is the concentration of ozonated water or active chlorine in mg/L, and ¢ is the
treatment time in seconds.

The determination coefficients of the obtained models are 1.0000, 1.0000, 0.9651, and
0.9940, respectively, indicating a high functional relationship between the measured and
modeled results. The observed slight decrease in efficiency with increasing time, as seen in
the graphs (Figure 2), is why the values of microorganism inactivation efficiency quickly
rise from 0 to almost 100%. The polynomial model may not precisely fit the measured
points, leading to its slight bending.

The results evaluating the effectiveness of aqueous ozone against Gram-negative
bacteria Escherichia coli, immobilized on metal and polymer plates, are presented in the
Supplementary Materials in Figures S7-59. The processed data in MATLAB are shown in
Figure 3. Regression Equations (11)—(14) correspond to Figure 3a—d and are provided below.

4.735-1075-C-#2 + 0.0006177-13, (11)

Ef(aqO3, polym) = 2.294 — 6.527-C + 5.507- + 3.634-C? + 0.2255-C-t — 0.09852-> — 0.04645-C2-t — 12)
0.001612-C-2 + 0.0005476-13,

Ef(NaClO, metal) = — 10.45 + 0.2225-C + 5.449-t — 0.001013-C? + 0.001159-C-t — 0.09505-t> + 8.404-107°-C?-t — (13)
3.638-:107°-C-#2 + 0.0005346-13,

Ef(NaClO, polym) = — 7.5 + 0.09877-C — 0.7683-t — 0.0002043-C? + 0.04261-C-t — 0.01206-t> — (14)

4.739-107°-C2-t — 0.0003285-C-#2 + 0.000248-13,

where C is the concentration of ozonated water or active chlorine in mg/L, and ¢ is the
treatment time in seconds.

The determination coefficients of the obtained models are 1.0000, 0.9995, 0.9970, and
0.9792, respectively, indicating a high functional relationship between the measured and
modeled results. The observed slight decrease in efficiency with increasing time, as seen in
the graphs (Figure 3), is why the values of microorganism inactivation efficiency quickly
rise from 0 to almost 100%. The polynomial model may not precisely fit the measured
points, leading to its slight bending.
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Figure 3. Effectiveness of Escherichia coli inactivation by aqueous ozone solution (a,b) and sodium
hypochlorite (c¢,d), immobilized on metal plates (a,c) and polymer plates (b,d).

4. Discussion
4.1. Comparison of the Effectiveness of Microorganism Inactivation

The obtained results show that the number of colony-forming units on the experimen-
tal plates decreases compared to the control samples, both for bacteria and yeast-like fungi,
regardless of the plate material. The inactivation efficiency was assessed by comparing
the LD50 value, at which a 50% inactivation of the investigated microorganisms was ob-
served [60-62]. This indicator was chosen because the effectiveness of sodium hypochlorite
is not always above 90% within the selected maximum exposure time. The C-T criterion
values at a 50% inactivation efficiency, obtained at different treatment times and various
doses of disinfectants, are presented in Table 1.

According to the obtained data in this experiment, the aqueous ozone solution is
equally effective for the inactivation of yeast-like fungi Candida albicans, as well as Gram-
positive Bacillus subtilis and Gram-negative bacteria Escherichia coli, regardless of the sub-
strate (metal or polymer). Also, when using sodium hypochlorite, there was no significant
difference in using different substrates for the inactivation of yeast-like fungi Candida albi-
cans, as well as Gram-positive bacteria Bacillus subtilis. Yeast-like fungi proved to be the
most easily inactivated, while Gram-positive bacteria Bacillus subtilis showed the high-
est resistance. Based on the presented results (Figure 4), we can conclude that sodium
hypochlorite and aqueous ozone did not affect either the metal or polymer substrates
during a short period of aqueous ozone or sodium hypochlorite exposure, like polymer
degradation or any reasonable active corrosion of the metal surface. At the same time, the
type of substrate had the most significant impact on the inactivation of Escherichia coli. Here,
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the C-T criterion on a metal plate is 2.04 times lower than during inactivation on a polymer
plate. This means that Escherichia coli has a good connection with the polymer substrate
and possibly forms the kind of biofilm during the incubation in a thermostat for 24 h at the
optimal temperature.

Table 1. The average value of the C-T criterion for a 50% inactivation efficiency obtained at different
treatment times and various doses of disinfectants.

Surface aqOs3 NaClO
Candida albicans
Metal 024 £0.12 28.39 £ 4.67
Polymer 0.23 +0.11 22.28 + 10.59
Bacillus subtilis
Metal 0.22 +£0.11 51.47 £ 15.43
Polymer 0.23 +0.11 51.44 £20.91
Escherichia coli
Metal 0.22 +£0.11 2292 £9.73
Polymer 0.23 £0.11 46.83 + 18.80
300 - B candida albicans
C 1 Bacillus subtilis ]
250 I Escherichia coli ]
o’ L ' ]
o L ]
@ 200 [ ]
S C ]
% L ]
2 WOF ]
g ]
® 100 F .
'_ 4
O . ]
50 .
oL ]

Metal Polymer

Figure 4. Comparison of the C-T criterion for ozonated water and sodium hypochlorite solution.

Comparing the C-T criterion at the NaClO to ozonated water ratio at LD50 shows
(Figure 4) that the smallest difference of about 100 times is observed during the inactivation
of Candida albicans, and the maximum difference is up to 230 times during the inactivation
of Bacillus subtilis.

If we compare the inactivation of various types of microorganisms on the surfaces
in this experiment with available literature data, a similar order of difference in the C-T
criterion for sodium hypochlorite and ozonated water can be noted. However, most studies
present results on the inactivation of microorganisms in bulk volume, while there is very lit-
tle research on the inactivation of microorganisms on surfaces. From published works, it is
known that ozone inactivates pathogenic microorganisms 15-20 times faster, and bacterial
spores form 300-600 times faster than chlorine [14]. For disinfecting 99% of viruses and Giar-
dia microorganisms, the CT value for ozone is 0.4 mg/(L-min) and 0.48 mg/(L-min), respec-
tively, while for chlorine (chlorine dioxide), the CT value is 37 mg/(L-min) (10 mg/(L-min))
and 1 mg/(L-min) (2.1 mg/(L-min)), respectively [14]. The ozone dose required for water
disinfection varies depending on its organic substance content, water temperature, and
pH [23]. The ozone added to water can range from 0.7 to 5 mg/L, depending on the
initial water quality. The ozone dose and the optimal ozonation scheme are determined
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based on preliminary technological studies. For the reliable destruction of microorganisms
and deactivation of viruses in water, a certain minimum residual ozone concentration of
0.4 mg/L should be present [23,25], with a minimum exposure time of 4 min [43]. Thereby,
we can confirm that aqueous ozone is considered a promising eco-friendly reagent instead
of hypochlorites and other chlorine-containing disinfectants [62,63].

4.2. The Mechanism of Aqueous Ozone Action

Ozone has a high oxidation-reduction potential, which is the main reason for its
activity against various water pollutants, including microorganisms. The oxidizing ac-
tion of ozone can manifest in the following forms: direct oxidation, radical oxidation
(indirect oxidation), ozonolysis, and catalysis [14]. The mechanism of ozone action on
microorganisms is as follows: Ozone reacts with the lipids and lipoproteins constituting
the microorganisms’ cell walls. These elements have multiple chemical bonds between
atoms, and oxidation results in the formation of new angular configurations incompatible
with cell viability. Additionally, ozone penetrates the cell membrane of microorganisms
and reacts with cytoplasmic substances, causing the transformation of circulating DNA
into freely circulating DNA. Thus, the following stages of the action of aqueous ozone can
be distinguished [63-65]:

- Upon contact with the cell wall of microorganisms, the ozone molecule causes its rup-
ture, as phospholipids and lipoproteins undergo oxidation, leading to the formation
of peroxides.

—  The resulting ruptures in the cell wall induce stress in the cell, gradually causing it to
lose shape, while 0zone molecules continue to break down the cell wall further.

—  If ozone exposure continues, within a few seconds, the cell wall of microorganisms
loses the ability to maintain its shape, and the cell dies.

—  Ozone suppresses the activity of microorganisms by partially breaking down their
membrane, halting the reproduction process and disrupting their ability to connect
with the organism’s cells. It has been demonstrated that Gram-positive bacteria
are more sensitive to ozone than Gram-negative bacteria, which is likely related to
differences in the structure of their membranes, and bacteria are more sensitive than
molds and yeast.

5. Conclusions
As a result of the conducted research, the following conclusions can be drawn:

—  Ozonated water is 100230 times more effective as a disinfectant than sodium hypochlo-
rite solutions, depending on the type of microorganism.

—  The efficiency of inactivation depends on the microorganism species, not on the
substrate materials, for yeast-like fungi Candida albicans or Gram-positive Bacillus
subtilis, but these materials do influence the inactivation of Gram-negative bacteria
Escherichia coli, which is more than two fold lower on the polymer surface compared
with the metal surface.

- Inactivation efficiency with sodium hypochlorite solutions strongly depends on the
substrate material and microorganism species.

This article and others published have made great strides in the investigation of
the basic technical aspects of using ozone instead of the commonly used hypochlorites.
Further research should be aimed at field experiments and the creation of mobile units for
the quick and effective disinfection of surfaces with aqueous ozone instead of chlorine-
containing disinfectants.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/w16050793/s1: Figure S1: Petri dishes after inactivation of
Candida albicans with an aqueous solution of ozone and sodium hypochlorite, immobilized on metal
plates; Figure S2: Petri dishes after inactivation of Candida albicans with an aqueous solution of ozone
and sodium hypochlorite, immobilized on polymer plates; Figure S3: Results of inactivation efficiency
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of Candida albicans vs concentration of ozone and sodium hypochlorite in aqueous solution: (a) in
aqO3 on metal surface; (b) in aqO3 on polymer surface; (a) in NaClO on metal surface; (b) in NaClO
on polymer surface; Figure S4: Petri dishes after inactivation of Bacillus subtilis with an aqueous
solution of ozone and sodium hypochlorite, immobilized on metal plates; Figure S5: Petri dishes
after inactivation of Bacillus subtilis with an aqueous solution of ozone and sodium hypochlorite,
immobilized on polymer plates; Figure S6: Results of inactivation efficiency of Bacillus subtilis vs
concentration of ozone and sodium hypochlorite in aqueous solution: (a) in aqO3 on metal surface;
(b) in aqO3 on polymer surface; (a) in NaClO on metal surface; (b) in NaClO on polymer surface;
Figure S7: Petri dishes after inactivation of Escherichia coli with an aqueous solution of ozone and
sodium hypochlorite, immobilized on metal plates; Figure S8: Petri dishes after inactivation of
Escherichia coli with an aqueous solution of ozone and sodium hypochlorite, immobilized on polymer
plates; Figure S9: Results of inactivation efficiency of Escherichia coli vs concentration of ozone and
sodium hypochlorite in aqueous solution: (a) in aqO3; on metal surface; (b) in aqO3; on polymer
surface; (a) in NaClO on metal surface; (b) in NaClO on polymer surface.
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