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The current pandemic of SARS-CoV-2 coronavirus infection has highlighted the

importance of control measures to combat infections caused by airborne

pathogens. Non-specific actions include various means of microorganism

inactivation by chemical or physical methods targeting structural

components of a given pathogen. Exposure of viruses and bacteria to

elevated temperatures is one of the effective methods for discharging their

harmful potential. Using a model of the Human Adenovirus 5 exposed to

elevated temperatures with subsequent titration of the virus in vitro in A549

cells, we showed a dramatic decrease of the virus titer after heat treatment for 5

s at temperatures over 100°C. To verify the potential of the heat inactivation in a

closed environment, the prototype of a high-capacity pathogen-cleaning

device was constructed and tested. Application of the device for 2 h at an

airflow rate of 900 m3/h in a room of 226 m3 reduced the total number of

microorganisms in the air by more than 50% at all collection sites in the room.
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The COVID-19 pandemic has been devastating the planet for more than 2 years in

several consecutive waves, causing enormous damage to public health and social life with

an enormous impact on the world economy. Thanks to the rapid development of effective

vaccines, it was possible to successfully combat the pandemic (Hossaini Alhashemi et al.,

2023). However, the causative agent of COVID-19, the Severe Acute Respiratory

Syndrome Coronavirus 2 (SARS-CoV-2), continues to mutate into new variants that
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have increased potential to break the vaccination barrier (Hillary

and Ceasar, 2023). The most effective way to combat SARS-CoV-

2 is to combine vaccination while adhering to non-intervention

measures, especially in public places with an increased

concentration of people. In addition to standard approaches

to personal protection such as wearing masks and gloves,

keeping personal hygiene and keeping distance, frequent

ventilation and fresh air exchange play an important role

(Juneau et al., 2022). SARS-CoV-2 belongs to a group of

viruses that spread effectively in the environment through tiny

droplets (less than 5 µm) in the form of an aerosol, which enables

the virus to spread effectively in the population (Chen et al., 2021;

Wang et al., 2021). Therefore, to minimize the risk of infection in

public places, it is very important to ensure sufficient air

exchange and cleaning from viruses and other

microorganisms in public areas such as in hospitals, theaters,

cinemas or fitness centers. The idea of the inactivation of

microorganisms in the air is not new and there were several

devices constructed that usually operate either on the principle of

mechanical separation using suitable filters, UV radiation or

chemically using various disinfectants. Each of these methods has

its advantages and disadvantages, but their use in large public

places is relatively limited. In addition to the above-mentioned

approaches, viruses, including adenoviruses and coronaviruses,

as well as microorganisms are sensitive to the elevated

temperature, at which they are inactivated and lose their

infectivity, therefore treatment of viruses by heat appears to

be a good alternative (Maheshwari et al., 2004; Chan et al.,

2011; Kampf et al., 2020). In laboratory conditions, high

temperature as a means of virus inactivation is a well-

established and reliable approach. In general, there is a lot of

scientific work that has studied the thermal inactivation of

viruses at temperatures up to 100°C including SARS-CoV-2,

for which complete inactivation at 70°C for 3 min has been

recommended (Charm et al., 1992; Abraham et al., 2020;

Batéjat et al., 2021). As the temperature decreases, the time

for the virus inactivation increases. However, there are only

scarce data on the thermal resistance of viruses at

temperatures above 100°C (Yu et al., 2020).

In our work, we primarily focused on the issue of virus

survival at high temperatures as a function of time and

temperature. For the initial study, we used the model of

human adenovirus type 5 (HAdV-5). The ultimate aim of

the work was to define the conditions of virus inactivation

after its flow-through exposure in a high-capacity air

disinfection system operating on the principle of high

temperature (above 100°C). For that purpose, a model

situation has been designed to enable high-temperature

setting. Small cups of a defined shape and volume were

prepared from aluminum foil. Before the experiment, cups

were exposed to UV radiation for 15 min for their

sterilization. In the first experiments, suitable time intervals

and volumes of medium were selected with the aim to

minimize loss by evaporation. Subsequently, 50 µL of DMEM

culture medium containing HAdV-5 at a concentration of 1 ×

107 PFU/mL were added to the aluminum cup. The sample was

exposed to the temperature ranging from 60°C up to 180°C for

5 s, utilizing an induction plate. Then the samples were

immediately removed from the plate, cooled by adding 1 mL

of DMEM culture medium and incubated for 5 min at room

temperature. Subsequently, all samples were evaluated by the

standard plaque titration method in A549 cells. Plaque-

counting was accomplished 7 days post-infection in cell

monolayers stained with 4% formaldehyde and crystal violet.

As expected, viral titers decreased with increasing temperature

(Figure 1). We were not able to detect any viable viral particles

in the medium heated to the temperature of 140°C. This

suggests that direct exposure of virus to a temperature above

140°C for 5 s is sufficient for its complete inactivation in

laboratory conditions.

From the practical point of view, the aim of this primary

study was to determine the minimum temperature, at which the

virus is completely inactivated, to enable set-up of technical

requirements and parameters to design and construct a high-

capacity air-cleaning device. In the next step of the study, the

functional model of the high-capacity pathogen-inactivating

device has been designed and further tested in semi-operation

conditions. In the designed prototype (subject to IP protection)

the contaminated air is flowing through multiple heat exchangers

into the inactivation chamber, where it remains for the required

inactivation time. Subsequently, the already decontaminated air

comes out through the opposite side of the exchanger, while it is

cooled down to the original room temperature. In this way, the

sterilized air retains its original moisture and composition. The

advantage of the designed solution is the high flow capacity of the

device with minimal energy requirements, because the

contaminated air is mostly warmed up by heat that is taken

from the air during the reverse flow from the inactivation

chamber. The used device made it possible to achieve an

airflow of 100 L/s, i.e., it was able to process a volume of

360 m3 per hour. Thermal air treatment is harmless to

humans and animals, does not produce harmful substances,

does not create any waste, nor does it require any

consumables. Therefore, the device can work in a continuous

mode without limiting the normal operation in the room. From

our initial experiments, we postulate that a temperature in the

range of 120°C–140°C should be suitable for use in the model air

cleaner. The prototype TRL 3-4 device was initially tested for

physical parameters such as performance, energy consumption

and temperature distribution. The experimental setup for the

prototype testing in semi-operation conditions included its

placement in a technical room with a volume of 226 m3,

collection of air samples at eight different sampling points

and subsequent evaluation of microbial load in individual air

samples at different time points after the device operation. This

approach with a focus on natural microbial load was chosen
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because in these conditions, it was not possible to directly

introduce infectious viruses. The air collection points were in

the close vicinity of the device outlet (No. 3), in close distance

within 2 m from the device (Nos 1, 2, 4) and more than 3 m from

the air cleaner (Nos 5, 6, 7, 8) (Figure 2). There were four time

points of the air samples collection (before the start of the

experiment and after 1, 2 or 3 h of the device operation); air

sampling was performed using MAS-100 NT Microbial Air

Sampler (Merck), and the samples were plated on trypton-

soya agar plates that support the growth of a wide variety of

microorganisms, including most of bacteria and yeasts. Thus, the

results obtained after incubation of plates at 37°C for 7 days

represented the number of all growing microorganisms per m3

without their further specification. The data outlined in Table 1

clearly demonstrate that the reduction of circulating live

microorganisms can go to more than 50% of the original load

at all sample collection points after 2 h of high-capacity air-

cleaner device operation. However, the time interval of 5 s

exposure to metal plates in heat exchanger can be easily

extended, thereby increasing the efficiency of thermal

inactivation of air actively flowing through the device.

Although we used a different approach for the device setup,

our results are in close agreement with Yu et al. (2020) study

FIGURE 1
Temperature-dependent survival of HAdV-5 viral particles in the
DMEM culture medium. The virus at an initial dose of 1 × 107 PFU/mL
was exposed to heat for 5 s, then cooled and subsequently subjected
to titration on A459 human lung carcinoma cells. The
experiment was performed in triplicates.

FIGURE 2
Collection sites and % of remaining colonies at different time points after operation of the high-capacity air cleaner.
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where the authors found that 99.8% of the aerosolized SARS-

CoV-2 were killed by a single pass through a Ni-foam-based filter

heated up to 200°C. In a different work, the screening of

sterilization temperatures showed that it should be higher

than 100°C–120°C to achieve a high degree of virus

inactivation. In this work, a temperature of 150°C was

adopted in most of the simulations (Busto et al., 2022), which

is consistent with our findings.

The current pandemic has once again drawn attention to the

issue of efficient, effective and cheap air conditioning and heat-

inactivating device in order to clean the internal public

environment of dangerous pathogens. Our data presented

here provide a good basis for such an approach in the fight

not only against the COVID-19 pandemic but also against other

airborne infections, particularly at sites of their high potential

accumulation, such as in hospitals or other densely occupied

public spaces.
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