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The microbial composition of indoor bioaerosol is very important for the health and well-being of occupants of these
spaces. The efficiency of the ventilation system is crucial in providing proper quality of that. The study aimed to assess
the impact of the ozonation carried out under a changeable ventilation air flow rate on airborne microflora. Studies
were conducted in a chemical laboratory with four-level force mechanical ventilation. An ozone generator with an
efficiency of 1000 g O,/min was used. The impact method was used for the samplin% of airborne bacteria and fungi.
The number of psychrophilic, mesophilic bacteria and fungi was estimated as CFU/m®. For the growth of bacteria and
fungi TSA and Sabouraud medium was used respectively. Temperature, relative humidity (RH), volumetric air flow rate
(VFR), and ozone concentration were measured. The average minimum ozone concentration reached after 20 minutes
of work of one ozone generator was 0.23 ppm (VFR 0.036 m3/s) and the average maximum concentration was
0.585 ppm (VFR 0.004 m3/s) which resulted in the reduction of number of mesophiles 31.7%, 70.2% and
psychrophiles 32.7%, 75.3% respectively. After simultaneous work of two ozone generators the average ozone
concentration was 0.96 ppm (VFR 0.122 m3/s) resulted in disinfection efficiency 43.5% and 9.7% respectively. It was
difficult to find any tendency of elimination of fungi. The increase of RH of air cause increase the ozonation efficiency
towards the airborne fungi, which was not observed in the case of bacteria. The results of disinfection efficiency carried
out in the real conditions showed that the number of the airborne bacteria detected after ozonation depended on the
biocidal effect of ozone concentration as well as the value of the VFR and time of exposition.

Keywords: bioaerosol, ozonation, disinfection, air quality, indoor air, mechanical ventilation, airborne bacteria,
airborne fungi

Mikrobiologiczny sktad bioaerozolu pomieszczen istotnie wptywa na zdrowie i dobre samopoczucie ich uzytkowni-
kéw. Kluczowe znaczenie w utrzymaniu wysokiej jakosci powietrza odgrywa sprawnosé wentylaciji. Celem pracy
byta ocena wptywu ozonowania prowadzonego przy zmiennym natezeniu strumienia wentylacji na skfad mikroflory
powietrza. Badania przeprowadzono w laboratorium chemicznym z czterostopniowq wymuszong wentylacjq
mechaniczng. Zastosowano generator ozonu o wydajnosci 1000 g O,/min. Préby bioaerozolu bakteryjnego

i grzybowego pobierano metodq zderzeniowq. Do hodowli bakterii mezofilnych i psychrofilnych wykorzystano pod-
toze TSA, grzybéw agar Sabouraud. Stezenie mikroorganizméw w powietrzu podano jako CFU/m?® powietrza.

W trakcie badar mierzono temperature, wilgotno$é wzgledng (RH), objetosciowe natezenie przeptywu powietrza
(VFR) i stezenie ozonu. Srednie minimalne stezenie ozonu osiggnigte po 20 minutach pracy jednego generatora
ozonu wyniosto 0,23 ppm (VFR 0,036 m3/s), a $rednie maksymalne 0,585 ppm (VFR 0,004 m®/s), co spowodo-
wato spadek liczebnosci odpowiednio mezofili o 31,7%, 70,2% i psychrofili 0 32,7%, 75,3%. Jednoczesne uzycie
dwdéch generatoréw ozonu pozwolifo na uzyskanie $redniego stezenie ozonu na poziomie 0,96 ppm (VFR 0,122
m3/s), co przetozyto sie na skutecznosé¢ dezynfekcji odpowiednio 43,5% i 9,7%. Trudno byto stwierdzi¢ jakiekol-
wiek tendencje w eliminacji grzybéw. Stwierdzono jednak, ze wraz ze wzrostem wilgotno$ci wzglednej powietrza
zwiekszata sie skutecznoéé ozonowania wzgledem grzybdw, czego nie stwierdzono jednoznacznie w przypadku
bakterii. Wyniki skutecznoici dezynfekcji przeprowadzone w warunkach rzeczywistych wykazaly, ze stezenie bakte-
ril w powietrzu po ozonowaniu zalezato od biobdjczego dziafania stezenia ozonu, wartosci VFR i czasu ekspozycii.
Stowa kluczowe: bioaerozol, ozonowanie, dezynfekcija, jakosé powietrza, powietrze wewnetrzne, wentylacja
mechaniczna, mikroorganizmy przenoszone drogq powietrzng, bakterie, grzyby.
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Introduction

Ozone (O,), athree-atom allotrope of
oxygen, has low molecular stability and is
one of the strongest oxidizing agents. It
occurs in nature, and its concentration in
the atmosphere is about 0.04 ppm [1]. Its
rate of decomposition increases with in-
creasing temperature. At high concentra-
tions, it decomposes explosively [2]. In the
gas phase, ozone has a half-life of about
20 minutes [3]. It is a powerful oxidizing
agent that causes changes in the molecular
structures of complex cell membrane com-
pounds, which are responsible for the in-
tegrity of bacteria, profists, fungal cells and
viral particles [4]. Oxidation of amino ac-
ids, phospholipids, glycolipids, glycopro-
teins and polyunsaturated fatty acids leads
to disruption of cell membrane function
and stability, leakage of cell components,
and ultimately cell death. Ozone radicals,
generated during ozone breakdown, also
induce cell lysis by penetrating the cell
membrane and altering cellular metabo-
lism. Intracellular damage processes also
occur through protein oxidation, DNA
damage and disruption of enzymatic ac-
tivity [5], [6], [7]. All this leads to the de-
struction of microorganisms exposed to
ozone. This gas is evenly distributed
throughout the room and can effectively
penetrate hard-to-reach areas, including
small crevices. Ozone is considered an in-
expensive and somewhat environmentally
friendly disinfectant, as its use reduces the
use of other potentially harmful chemical
disinfectants. As a highly unstable sub-
stance that readily converts to molecular
oxygen, it leaves few harmful residues [8].
In addition, unlike anfibiotics, ozone’s bio-
cidal mechanism prevents the develop-
ment of microbial resistance [2]. Ozone is
widely used in air and surface disinfection,
e.g. in surgical wards, in the food and
pharmaceutical industry, and in water
treatment [9], [10]. It is used on a massive
scale in the disinfection of heating, ventila-
tion and air conditioning systems [11]. The
most problematic factor in ozone disinfec-
tion in such installations is to control its
concentration and keep it within the de-
sired range (0.055 ppm) [8], [12]. It has
been proven that treatfing fruits, vegetables
and other foods with ozone extends their
shelf life [13]. The ozone concentration for
effective biocidal action is 13 mg,/m3 of air
[5]. Antimicrobial resistance is on the rise,
making common nosocomial infections
(e.g. pneumonia, tuberculosis, methicillin-
resistant Staphylococcus aureus (MRSA))
difficult to treat with traditional methods
due to multidrug resistance (MDR) and

antimicrobial resistance. Ozone has been
proposed as an effective disinfection tool
to control drug-resistant pathogens and
reduce the use and consumption of antibi-
ofics [14]. Pileti¢ et al. (2022) [15] pre-
sented the results of ozonation of a recov-
ery room in a hospital. Air samples taken
after one hour of exposure at an ozone
concentration of 15.71 mg/m® showed
that the most dominant Gram-positive bac-
teria of the genera Micrococcus, Staphy-
lococcus and Bacillus were reduced by
33%, 58% and 61%, respectively. The ge-
nus Micrococcus turned out to be the most
resistant. Petry et al [16] showed that 68-
90% reduction in viral activity was possible
after 1-3 hours of exposure to ozone at
concentrations of 0.02 to 0.05 ppm. Fon-
tes et al. [17] studied the effects of different
doses of ozone on the growth of the bac-
teria strain Escherichia coli — ATCC:35218,
and the oxacillin-sensitive pathogen
Staphylococcus aureus — ATCC:25923.
They showed that doses greater than or
equal to 20 pg O,/mlfor 5 min exposition
prevented the growth of these bacterial
strains. At 15 pg O,/ml for 5 minutes,
bacteria were detected, but their concen-
trations [CFU/m3] were low. Tu et al
(2020) [18] reported that complete re-
moval of bacteria and fungi in a hospital
operating room was achieved using ozone
at 5 ppm and an exposure time of 40-60
minutes [3]. The biocidal effect on microor-
ganisms varies depending on their indi-
vidual characteristics. Viruses have been
documented to have similar levels of resis-
tance fo ozone as bacteria, and ozone has
also been shown to be less effective
against fungal spores and bacterial endo-
spores (e.g., Bacillus and Clostridium) than
against vegetative cells [?]. Gram-positive
bacteria are less resistant to ozone than
Gram-negative bacteria [4]. Some factors
affect the effectiveness of ozone as an air
disinfectant. These include relative humidity
(RH) of the air, temperature (T) and air pol-
lution [7], [19]. Hudson [20] obtained
maximum antiviral efficacy at a concentra-
tion of 25 ppm ozone for 15 minutes, and
humidity followed by a short period of
>90% RH. Bioaerosols in dwellings and
public buildings such as schools, offices,
hospitals, etc. are generated mainly by
humans. The microbiological quality of in-
door air is very important for the well-be-
ing and health of these space users. For
a particular type of space, such as labora-
tories, it can also affect the results of ongo-
ing research. Microbiological air contami-
nants can contaminate the reagents, bio-
cultures, etc. Proper air quality reduces the
risk of spreading airborne infectious dis-
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eases, allergies (allergens produced by
mold, bacteria) and poisoning (bacterial
endotoxins, mycotoxins) [21], [22], [23],
[24], [25], [26].

High concentrations of ozone in the air
have harmful effects on humans. It should
be taken info account that inhaling high
concentrations of ozone is dangerous to
the respiratory tract and causes damage,
shortness of breath, sore throat, eye pain,
chest pain and irritation. Therefore, it is im-
portant to control the concentration of
ozone during the ozonation process [25].
According to the Regulation of the Euro-
pean Parliament and of the Council (EC)
No. 1272,/2008 [27], the maximum per-
missible concentration of ozone in the air is
0.15 mg/m? (0.076 ppm). For occupa-
tional risks, this concentration must not be
exceeded for 8 hours a day and 40 hours
a week. The lethal concentration for hu-
mans is 100 mg 03/m3 of air [5].

The aim of the study was to determine
the effectiveness of ozone air disinfection
under real conditions. Study was conduct-
ed in a chemical laboratory, a specific
type of indoor space that is rarely studied.
Most of the studies are typical case studies.
Our research was conducted under real
conditions determined by the variable effi-
ciency of the ventilation system, and vari-
ous temperature and RH values. This ap-
proach to the problem allows to monitor
the impact of changeable temperature
[°C], RH [%], controlled air flow rate
[m3/s] and ozone concentration on the
efficiency of ozone treatment and to deter-
mine the optimal values of these factors in
real conditions. This would make it possible
to predict the efficiency of the process and
defermine the required concentration or
time of ozone production under given
conditions.

Material and methods

Sampling and measurement series
location

The study was carried out in a chemi-
cal laboratory. Samples were collected for
6 weeks in the autumn-winter season (No-
vember and December). The research fo-
cused on the assessment of the effect of the
ozonation process carried out at different
values of VFR on the composition of the
bioaerosol. The laboratory room was 6 m
long x 4 m wide x 3 m high (volume 72
m3). In the laboratory, instead of opening
windows, there were ceiling skylights. The
laboratory is equipped with a 4-stage
mechanical exhaust and supply ventilation
system. The air exchange and flow rate
can be adjusted. Laboratory equipment is
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typical for a basic chemical analysis labo-
ratory (laboratory tables, cabinets, sink,
basic apparatus, laboratory glassware,
reagents, etc.). The laboratory was used in
the normal way and in accordance with its
intended purpose, except for the moment
when disinfection and measurements were
carried out (no one was in the room during
this time). The sources of bioaerosol in the
laboratory were the users of the laborato-
ry, the air infroduced through the ventila-
tion system supply and the probable emis-
sion from the sink.

The study was carried out under differ-
ent ozone concentration conditions, deter-
mined by variable VFR values. During the
research, 6 measurement series were per-
formed. Details of the series are given in
Table 1. The dimensions and ventilation
system of the measuring room as well as
the arrangement of the equipment used are
shown in Fig. 1.
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Figure 1.

Dimensions and ventilation system of the mea-
suring room and the arrangement of the equip-
ment used

Rysunek. 1. Wymiary i system wentylacyjny
pomieszczenia pomiarowego oraz rozmiesz-
czenie wykorzystanej aparatury

Ozone generation and
measurement

A Lehmann Alloy 60,000 mg,/h ozone
generator was used. In series 1-4 and 6,
the amount of ozone produced was 1000
g/min. The exception was series 5, during
which two ozone generators operated si-
multaneously (2000 g/min) to increase the
concentration of ozone in the air. The ozone
generator was located in the center of
a room marked by diagonal lines, at
a height of 110 cm above the floor. During
the 5th series, both generators used were at
the same point, close to each other. The
ozone concentrafion was measured using
an Aeroqual Series 500 ozone meter
equipped with an interchangeable GSS
and GSE sensor (additionally equipped
with a Tand RH (HH TRH) sensor). The sen-
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sors differ in measurement accuracy: GSS
type — range was 0-0.5, minimum detec-
tion limit of 0.001 ppm, factory calibration
accuracy < £ 0.008 ppm 0-0.1 ppm < %
10% 0.1-0.5 ppm; , type GSE - range
0-10 ppm, minimum limit of detection 0.01
ppm, factory calibration accuracy <+ 0.01
+7.5%. Taking into account the set value of
the ventilation flux and the predicted ozone
concentrafion (based on previous fests —
results not presented), an appropriate mea-
suring head (sensor type) was selected for
ozone measurement. The ozone meter was
110 cm above the floor, against the wall at
a distance of 3 meters from the ozone gen-
erator. Measurements were carried out
continuously from the fime point before
ozonation to 30 minutes after the end of
emission.

Microbiological analysis

Microbiological analyses of the bio-
aerosol included estimation of changes in
concentrations of mesophilic and psychro-
philic bacteria and fungi. Various microbial
growth media were used for this purpose.
Trypficasein Soy LAB-AGAR (TSA, Bio-
maxima) was used for bacterial growth
and Sabouraud Dextrose LAB-AGAR (SB,
Biomaxima) was used for fungi. Samples
were collected at three time points, in three
replications: before ozonation, immedi-
ately after 20 minutes of ozonation, and
30 minutes after the end of emission. The
measurements were carried out with the
impact method using the Airldeal 3P Biom-
erieux sampler (the accuracy of the mea-
suring instrument is 100 = 6.5 liters per
minute). The air sampler was placed 110
cm above the floor (using a tripod) against
a wall at a distance of 3 meters from the
ozone generator near the location of the
ozone sampler. In each series, 100 dm? of
air was taken per plate.

After sampling, the plates were
incubated:
- psychrophilic bacteria at 21°C for 48-

72 h,
- mesophilic bacteria at 36.5°C for 24-

48 h,
— fungiat 26°C for 72-96 h.

Colonies were counted using a bacte-
rial colony counter.

The concentration of microorganisms
[CFU/m3] was calculated according to
formula 1:

A =MPN x 1000,V (1)

Where:

A — concentration of airborne micro-
organisms per cubic meter of air
[CFU/m3]
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MPN - value calculated on the basis of
CFU counting, using FELLER's
law (statistical correction),

\Y — volume of collected air (100 dm?)

Other measurements

Relative humidity (RH) and air T were
measured continuously during the ozona-
fion process and 30 minutes after ozona-
tion. The measurements were performed
by using an Aeroqual Series 500 device
(equipped with a T | RH (HH TRH) sensor,
which was 110 cm above the floor against
the wall at a distance of 3 meters from the
ozone generator. The average values of
these parameters were calculated.

Air flow was measured with an HCA-1
hot wire anemometer in the range of 0.1-2
m/s ; 0.1-20 m/s < = 5%.The measure-
ment was carried out on the supply grille,
the velocity of air outflow was averaged
from four measurement points. The volu-
metric air flow rate (VFR) is calculated us-
ing formula 2:

V= Av (2)
Where:
\Y — volumetric air flow rate [m3/s]
A — ventilation hole area [m?]
v — air flow velocity [m/s]
Statistics

Uncertainty in the measurement of
volumetric air flow rate.

. 2 . 2

A= [ oaal] o Noav
OA ov
v_d,
oA dA
a—\/=i~Av=A
Ov dv

Av=v

measurement error [m3/s] V
volumetric air flow [m3/s]
air flow velocity [m/s]
gap area [m?]

v — anemometer error 0.1 [m/s]
AA - area measurement error 0.01

[m?]

>>»< <>
|

AV =/(v-AA + (A Av)?

Ozone concentration.

The data are presented as mean stan-
dard deviation = (SD) for a 20-minute
ozone exposure period.

Results and discussion

Studies of the effectiveness of ozone
disinfection were carried out in a chemical



laboratory room that was used in a typical
way. During the ozonation and sampling
process, there were no people there. It was
investigated how variable values of ozone
concentration, VFR, temperature and RH
affect the effectiveness of disinfection. Dur-
ing the 20-minute ozonation process, the
mean minimal ozone concentration
achieved during the fests was 0.23
(x0.028) ppm in the 6th series, and the
average maximal ozone concentration
was 0.96 (£0.041) ppm in the 5th series
(Table 1). The effect of ozone on living or-
ganisms is proportional to its concentration
and duration of exposure, which means
that even at low ozone concentrations,
microorganisms can be effectively elimi-
nated by increasing the ozone exposition
time, which occurs in hospitals [28].

Ozone concentration, volumetric air
flow rate and exposure time

In series 1-4 and 6, the ozone genera-
tor operated at the same capacity (1000 g
O,Z/min) for 20 minutes. The exception
was series 5, which used two ozone gen-
erators, each with a capacity of 1000 g
O,/min. Depending on the VFR setting,
the average ozone concentrations over 20
min of ozone treatment varied in a given
series. As the VFR of the air increased, the
ozone concentration decreased markedly
despite the constant rate of ozone produc-
tion. This, in turn, led to a decrease in the
effectiveness of disinfection (Table 1; Figs.
2-7). The detected values ranged from
0.23 O, ppm, when the VFR value was
0.136 m3/s to 0.572 O, ppm, when the
VFR was 0.004 m3/s. The highest ozone
concentration was found in series 5 (0.96
ppm), although the VFR value was 0.122
m3/s, which was the result of the operation
of two ozone generators (Table 1, Figs.
2-7). Despite the constant time of ozone
generation (20 minutes) its concentration,
as well as the duration of exposure of mi-
croorganisms, differed in a given series. In
series 1 and 2 with the lowest VFR value
(0.004 m3/s), the maximal ozone con-
centration were reached (0.572 and
0.585 ppm, respectively), and were main-
tained for another 5 minutes after the
ozonation process was completed, and
then decreased drastically (Fig. 2-3). Thus,
the duration of exposure to high concen-
trations of ozone was the longest in these
series (Table 1, Figs. 2-3). The resulting
decrease in the number of mesophils and
psychrophiles was the greatest in these se-
ries and 30 minutes after the end of ozon-
atfion it was 71.0%, 28.0% and 53.0%,
50.0% respectively (immediately after
ozonation it was 69.8%, 10.0%, and

70.2%, 75.3%, respectively) (Table 1, Figs.
2-3). The decrease in disinfection efficacy
observed in the 2nd series 30 minutes after
the end of ozonation in relation to the
background (mesophiles from 70.2 to
53.0% and psychrophiles from 75.3 to
50.0%) could have been caused by the
supply of bacteria through the ventilation
air stream or from the sink. Pilefi¢ et al.
(2022) [15]proved that a sink can be
a source of bioaerosol. Misawa et al.
(2023) [28] proved the effect of the dura-
tion of ozonation on the efficiency of bac-
terial elimination. The study was conducted
in a hermetically sealed chamber with
a gaseous ozone generafor, A gaseous
ozone monitor and a thermohygrometric
probe. Two strains of M. avium and M. in-
tracellulare were exposed to 1 ppm ozone
concentrations for 60, 120 and 180 min-
utes, resulting in reductions: 66.0%, 97.0%,
98.2% for M. avium, and 85.8%, 96.3%,
and 99.3% for M. intracellulare, respec-
tively. In our real conditions studies in series
1 and 2, the ozone concentration was
about twice lower, the exposure time was
3 to 9 times lower than in Misawa’s
(2023) [28] studies (Table 1, Figs. 2-3).
Despite of these we obtained results com-
parable fo or slightly lower than the Misa-
wa (2023) [28] results achieved after 60
minutes of exposure for an ozone concen-
tration of 1 ppm. It should be noted, how-
ever, that we determined changes in the
total number of bacteria (including meso-
philes and psychrophiles) and fungi, not
individual species. Ozone concentrations
(0.96 ppm) were similar to those used by
Misawa (2023) [28] in series 5 (Table 1,
Fig. 6), but the elimination of bacteria after
20 minutes of ozonation was much lower
(psychrophiles 9.7% and mesophiles
43.5%, while 30 minutes after ozone for-
mation obtained values were 41.0% and
43.0%, respectively). Despite the almost
doubling of the average ozone concentra-
tion in series 5 compared to series 1 and 2
(0.96 ppm, 0.572 ppm and 0.585 ppm,
respectively), the reduction in the number
of both bacterial groups was smaller,
which is likely due to the significantly high-
er VFR of the air in series 5 (0.122 m3/s)
and the resulting inflow of airborne micro-
organisms with fresh outside air. Pileti¢ et
al. (2022) [15]investigated changes in the
total number of bacteria in hospital air after
the ozonation process (ozone concentra-
tion of 15.71 mg/m3 for 1 hour). The tests
were carried out in the recovery room
(cubic capacity of 32.4 m3), where all
ventilation openings were sealed before
ozonation and the central ventilation sys-
tem was turned off. With a smaller room
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volume, higher ozone and time of expo-
sure, and lack of ventilation, the bacterial
removal results were similar to those ob-
tained by us in the 1st and 2nd series with
the lowest VFR value (0.004 m3/s). After
the ozonation process, the disinfection ef-
ficiency achieved by Pileti¢ (2022) [15]
was 33% for the point next to the sink, 58%
on the desk and 61% on the windowsill
what pointed out the sink as a potential
source of bioaerosol. Epelle et al. (2022)
[29] investigated the effectiveness of ozo-
nation in a closed disinfection chamber
using bacteria strains E. coli and S. aureus
and fungi C. albicans and A. fumigatus.
Microorganisms were exposed to ozone
at a concentration of 2 ppm for 4, 8, 12
and 16 minutes. The reductions of concen-
tration of E. coli were 87%, 94%, 97%,
93%, S. aureus 99.5%, 99.7%, 99.5%,
99.9%, C. albicans 28%, 22%, 22%,
53%, and A. fumigatus 10%, 2%, 7%,
35%, respectively. Increasing ozone con-
centrations generally resulted in better mi-
crobial reduction. An ozone concentration
of 10 ppm provided a better reduction of
[29] E. coli (100% after 16 minutes) com-
pared to values obtained at a concentra-
tion of 2 ppm (93% after 16 minutes). The
same trend was observed in yeast, where
an ozone concentration of 10 ppm for 16
minutes resulted in a 90% reduction in C.
albicans number, while at 2 ppm only
53%. Complete removal of both groups of
microorganisms was achieved when the
ozone concentration was 20 ppm and the
exposure time was 4 minutes. The expo-
sure fime in the Epelle at al. (2022) [29]
study was shorter, but the ozone concen-
tration was higher and the disinfection re-
sults obtained were much better than those
obtained by us. This confirms that a higher
ozone concentration is recommended for
a shorter ozone time. In our studies in series
1-5, after 20 minutes of ozonation, we
obtained a low efficiency of fungal elimi-
nation (0.0-33.5%) (Table 1, Figs. 2-6). In
most cases, this efficiency increased 30
minutes after the end of the process (from
13% to 100.0%). In a study by Epelle et al.
(2022) [29], despite the higher concentra-
tion of ozone (2 ppm), the elimination of
fungi was also not sufficient. The highest
disinfection efficiency was obtained after
16 minutes of exposure and decrease was
53% in the case of C. albicans yeast strain
and only 35% for the A. fumigatus. These
results show that removing fungi from the
air requires longer exposure to ozone than
bacteria.

Compared to series 1-2 and series 3
(Table 1; Fig. 4), the approximately tenfold
higher VFR value (0.036 m3/s) resulted in
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a decrease in the average ozone concen-
tration to 0.293 ppm, which resulted in
a lower disinfection effect in the case of
mesophilic and psychrophilic bacteria. The
same trends were observed in series 4 and
6 (Table 1; Fig.5 and 7). However, it was
noted that a VFR value of 0.036 m3/s in
series 3 sfill allowed to maintain a higher
ozone concentration after finishing the
ozone generation for addifional 2 minutes)
and the exposure time of microorganisms
was extended, resulfing in greater disinfec-
tion than in series 4 and 6. Higher VFR
values resulted in an immediate decrease
in ozone concentrations after ozone gen-
ration was completed.

Surprising results of disinfection effi-
ciency were obtained in the case of fungi.
For the tested real conditions in which the
research was conducted, it is difficult to
find any trend regarding the dependence
of fungal elimination on ozone concentra-
tion and VFR values. One would expect
that in the series with the highest ozone
concentrations, this efficiency would also
be the highest. This has not been confirmed
for either the 1 or 2 series. In the case of 5
series (simultaneous use of 2 ozone gen-
erotors), the average ozone concentration
was the highest (0.96 ppm), but due to the
high VFR value (0.122 m3/s), this concen-
tration increased linearly to reach the max-
imum concentration point (1.4 ppm) after
20 minutes of ozonation, and after the
generators were stopped, it dropped dras-
tically (after 5 min to 0.4 ppm). In this se-
ries, immediately after ozonation, the re-
duction in the number of fungi was 33.5%,
and after 30 minutes from the end of the
ozonation process, it was already a reduc-
tion of 100%. For comparison, in the case
of the 6th series, where the average ozone
concentration was more than 4 times lower
(0.23 ppm) than in the 5th series, immedi-
ately after ozonation the reduction in the
number of fungi was 88.0%, and after 30
minutes from the end of ozonation it was

Figure 3.

Changes in the concen-
trations of ozone and
airborne microorgan-
isms occur before,
immediately and 30
minutes after the ozone
treatment is completed.
The VFR of air is 0.004
m3/s (series 2)
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0,109 m®/s (Seria 4)
Figure 2. o oL .
Changes in the concen- only 59.0%. Therefore, it is difficult to iden-
trations of ozone and tify any tendencies and mechanisms here.
airborne microorgan-
= | isms occur before, Relative humidity and temperature
= | immediately and 30 . . .
= | minutes after the ozone The survival of microorganisms after
"' = | treatment is completed.  0zonation depends, among others on envi-
Th: VFR of iris 0.004  ronmental conditions, including temperature
s S| /s [series 1) and RH [2]. The presented studies were
Rysunek 2. Zmiany ste- . ; o
u"” & | zenia ozonu iliczebno.  carried out in real conditions, related to the
., | sci mikroorganizméw variability of these factors, which made it
w powietrzu przed, difficult to unambiguously estimate their
o |bezposrednio poi30 impact on the effectiveness of disinfection.
w45 S0 minut po zakorczeniu . X .
ozonowania. Strumien It is reported that the increase in tempera-
. objetosci powiefrza ture increases the rate of ozone decompo-
rowny 0,004 m°/s sition and decrease the effectiveness of
INSTAL 4 /2024



100 5 4
150 &
A
1
: 1 !ll 8
150
)4
L0t
_——'—'_-"_'_._'_'_" 0
b .
0 0
i 10 1 0 1 L7
| Mesophiles A Poychrophiles & Fungi =——C7one
Figure 6.

Changes in concentrations of ozone and airborne microorganisms before,
immediately and 30 minutes after the end of ozone treatment. The VFR of air
is 0.122 m3/s (series 5). During this series, two ozone generators were used
simultaneously to produce ozone with a capacity of about 2000 g/min

Rysunek 6. Zmiany stezenia ozonu i liczebnosci mikroorganizméw
w powietrzu przed, bezposrednio po i 30 minut po zakorczeniu ozono-
wania. Strumien objetosci powietrza réwny 0,122 m®/s (Seria 5). Pod-
czas tej serii, dwa generatory ozonu uzywane byly jednoczesnie do
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Figure 7.

Changes in the concentrations of ozone and airborne microorganisms
occur before, immediately and 30 minutes after the ozone treatment is
completed. The VFR of air is 0.136 m3/s (series 6)

Rysunek 7. Zmiany stezenia ozonu i liczebnosci mikroorganizméw
w powietrzu przed, bezposrednio po i 30 minut po zakoriczeniu ozono-
wania. Strumier objetosci powietrza réwny 0,136 m3/s (Seria 6)

produkcji ozonu w ilosci okoto 2000 g/min

Table 1. Percentage reduction of airborne microorganisms after the ozonation process under real conditions (A — immediately after the ozonation pro-
cess; B — 30 min after the ozonation process is completed)
Tabela 1. Procentowa redukcja mikroorganizméw unoszqcych sie w powietrzu po procesie ozonowania w warunkach rzeczywistych (A — bezposred-
nio po procesie ozonowania; B — 30 min po zakoriczeniu procesu ozonowania)

Reduction level [%]:
Seri Volumetric ventilation | Average ozone concentration RH Inlet/Output Bacteria | Psychrophilic | Mold
eMeS 1 air flow rate s[m3/s] | over 20 min of ozonation [ppm] | Input/Output [%] | Temperature [°C] mesophilic bacteria fungi
A 69.8% 10.0% 2.5%
1. 0,004 (+0,003) 0,572 (+0,031) 43.2/59.0 21.1/15.5
B 71.0% 28.0% 13.0%
A 70.2% 75.3% 0%
2. 0,004 (+0,003) 0,585 (+0,007) 44.0/59.4 20.5/15.0
B 53.0% 50.0% 0%
A 31.7% 32.7% 27.8%
3. 0,036 (£0,018) 0,293 (+0,062) 55.5/69.3 20.4/13.3
B 26.0% -0% 41.0%
A 26.1% 5.5% 27.7%
4, 0,109 (+0,027) 0,241 (+0,052) 56.9/68.8 18.9/7.0
B 0% 0% 18.0%
A 43.5% 9.7% 33.5%
5. 0,122 (+0,031) 0,96 (+0,041) 58.3/72.1 17.2/-3.0
B 43.0% 41.0% 100.0%
A 27.9% 8.7% 88.0%
6. 0,136 (+0,034) 0,23 (+0,028) 60.2/78.0 18.0/2.2
B 4.0% 26.0% 59.0%

disinfection [2]. In the case of a high RH
value, the ozonation process leads to the
formation of free radicals, which increase
the effectiveness of disinfection. In the study
of Neves et al., 2023 [30], the interior of
a city bus was exposed to ozone. With the
same ozone concentration and exposure
time, there was a more than 99.9% reduc-
tion in the number of microorganisms when
the relative humidity was >90%, and a re-
duction in microorganisms of <90% for
a lower relative humidity. Studies by Ma-
zur-Panasiuk et al. (2021) [31] have shown
that ozonation at low relative humidity
(21.8%) can be considered ineffective
even after 120 minutes and an ozone con-
centration of 7.3 ppm. In dry conditions,
exposure of microorganisms to ozone
does not lead to the desired disinfection

effect. Ozone is most efficient in the pres-
ence of water or in high humidity condi-
tions. Mazur-Panasiuk et al. (2021) [31]
found that the results of ozonation at a rel-
ative humidity level of 50-70% were highly
effective (reduction of microorganisms by
99.99%) due to the more intensive pro-
duction of highly reactive hydroxyl radi-
cals. In dry air, the disinfection procedure
required a much longer exposure fime.
Such an effect was not observed in our
studies if only the effect of relative humidity
on disinfection efficiency was considered.
An RH value below 50% was recorded in
series 1 and 2, where the highest efficiency
of elimination of both groups of bacteria
was obtained, while in series 3-6 the rela-
tive humidity values were above 50%
(55.5% to 60.2%), but the reduction of the

INSTRL 4,/2024

number of bacteria was less effective. On
the other hand, the dependence of disin-
fection effectiveness on RH was observed
in the case of fungi. In series 1-2 with RH
values below 50% (43.2% and 44.0%,
respectively), the fungal reduction ranged
from 0.0% to 13.0%, while in series 3-6
with RH values above 50% (from 55.5% to
60.2%), the fungal reduction ranged from
18.0% to 100%. No effect of temperature
was observed.

Low temperatures lead to an increase
in the bactericidal properties of ozone in
high humidity conditions, as its molecular
stability increases, while high temperatures
lead to an increase in ozone reactivity. It
was observed that in the range of tempera-
tures and relative humidity values for which
the study was conducted, the VFR value of

www.informacjainstal.com.pl



the air had a greater impact on the con-
centration of ozone in the air than the
above-mentioned factors [4], [7] .

Conclusions

The effectiveness of disinfection in the
case of mesophilic and psychrophilic bac-
teria was dependent on ozone concentra-
tion and exposure fime. The higher ozone
concentration and the longer exposure
time found in some series increased the
effectiveness of the disinfection. At a con-
stant rate of ozone production, the ozone
concentration decreased markedly as the
volumetric flow rate (VFR) of the air in-
creased. This, in turn, led to a decrease in
the effectiveness of disinfection. Taking into
account the influence of relative humidity
and temperature, a relatively high temper-
ature (22°C) combined with an RH value
of about 50% allowed to obtain the high-
est disinfection efficiency against meso-
philic and psychrophilic bacteria. In the
case of fungi, humidity above 50% con-
tributed to an increase in the efficiency of
ozonation. Real-ime measurements of
ozone concentrations during the ozone
generation process indicate that ozone
concentration are generally relatively con-
stant. The obtained results indicate that
conducting air disinfection in real condi-
tions in order to achieve proper effective-
ness requires appropriate configuration of
parameters such as VFR, ozone concentra-
tion, exposure time. The influence of RH
and temperature should also be taken into
account. In further research, we plan to use
hybrid systems to remove the indoor air-
borne bacteria and fungi that will combine
different sterilization methods.
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