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Abstract: In recent years, the need for effective indoor air disinfection procedures and devices has
become increasingly important. Numerous studies have highlighted the varying degrees of efficiency
with which essential oils control biological aerosols. This project focuses on the antimicrobial activity
of tea tree oil, a natural product from Australia, delivered using the “Unitor™ Duct Air Treatment”
and “Unitor™ A /C Unit Air Treatment” solutions from Wilhelmsen Ships Service. The study explored
multiple scenarios, focusing on the inactivation of bacterial and fungal aerosols in various indoor
environments. The findings demonstrated that all tested products efficiently eliminated bacterial and
fungal strains, with significant reductions observed even within the first 24 h of treatment. Continued
operation over the subsequent six days brought airborne microbial concentrations down to just a few
strains per cubic metre. These promising results highlight the potential for the further development
of bioaerosol inactivation technologies that employ essential oil vapour discharge over extended
periods. The tested products, leveraging the antimicrobial properties of essential oils, present a strong
solution for air quality control, particularly in environments prone to high bioaerosol concentrations.

Keywords: bioaerosol inactivation; air quality control; tea tree oil

1. Introduction

Melaleuca alternifolia, commonly known as tea tree, is a plant belonging to the Myr-
taceae family. This plant species is native to Australia and grows primarily in the northern
coastal regions of the east coast, especially New South Wales and Queensland. These re-
gions provide ideal swamps and wetlands that support the growth of Melaleuca alternifolia.
Additionally, it is distributed in Southeast Asia and southern China, though most industrial
plantations are located in eastern Australia. Tea tree oil (TTO) is extracted from the leaves
and terminal branches of Melaleuca alternifolia through the process of steam distillation.
This essential oil has gained significant attention due to its potent antimicrobial properties.

The potential use of TTO as a disinfectant has been clearly shown in the literature
for treating bacteria [1-4], fungi [5-7] and viruses [8-10]. The antimicrobial activity of
TTO is attributed mainly to the components terpinen-4-ol (35-45%) and 1,8-cineole (1-6%);
however, other components such as a-terpineol, terpinolene and a- and c-terpinene are also
often present and potentially contribute to microbial disinfection [11-13].

The efficiency of TTO in air quality control procedures was evaluated for a variety
of Gram-positive and Gram-negative airborne bacterial strains as well as against several
fungal and viral species and showed relatively high levels of effectiveness [14,15]. Tea
tree oil was assessed in both aerosol and vapour forms, demonstrating significant poten-
tial in inactivating pathogenic airborne microbes within short exposure times [16]. The
studies consistently highlighted TTO'’s effectiveness in neutralising microbial aerosols in
ambient air and on various surfaces, solidifying its role as a promising tool for air quality
management and disinfection.

It must be noticed that most of the research outcomes discussed above are related to
investigations undertaken under controlled laboratory conditions, with only a few studies
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carried out in natural environments (see, for example, [17]). Obviously, it is crucial to
investigate the inactivation capabilities of TTO in more practical, real-world settings. This
would involve testing its effectiveness in natural operational environments, such as indoor
spaces of varying sizes, as well as under different HVAC conditions. Such studies would
provide a clearer understanding of how TTO performs in actual air quality management
applications, beyond the controlled settings of a laboratory.

2. Materials and Methods
2.1. TTO Containing-Products Used in This Study

Two products produced from Australian TTO and available from Wilhelmsen Ships
Service were used in this investigation. The first one, “UNITOR™ DUCT AIR TREAT-
MENT” (DAT), is a gel block (Part Number #743466) containing TTO that is slowly released
into the ambient air supplied by the ventilation/air conditioning systems to indoor en-
vironments (https://www.wilhelmsen.com/product-catalogue/products/refrigeration-
equipment/system-equipment--spares/duct-air-treatment-2kg/; accessed on 12 Novem-
ber 2024). The second product, also available from Wilhelmsen Ships Service (Part Num-
ber #743460), has a trade name of “UNITOR™ A /C UNIT AIR TREATMENT” (AAT)
(https:/ /www.wilhelmsen.com/product-catalogue /products/refrigeration-equipment/system-
equipment--spares/ac-unit-air-treatment/; accessed on 12 November 2024), and has specially
been designed for placement in the flow discharged from air conditioning or ventilation
devices. The procedures for using the products were sourced from the manufacturer’s
product manual.

2.2. Facilities Used

The first stage of this project was undertaken in an 18.24 m? room (3.8 m x 4.8 m)
with a ceiling height of 2.25 m. The room, referred to as the Small Room (SR), was
equipped with a wall-mounted air conditioning unit and could be naturally ventilated
through a 2.2 m x 0.9 m sliding door. The second part of the project was performed
in a large laboratory space (referred to as the Large Room (LR)) measuring 55.29 m?
(9.7 m x 5.7 m) with a ceiling height of 2.6 m. This room was ventilated /air conditioned
via numerous air discharges and intakes with some possibility of adding fresh filtered air
from outdoors. During experimental monitoring, all air flows were shut down, air intake
and discharge points sealed were with the plastic films, and doors and windows were
sealed with duct tape.

2.3. Bioaerosol Monitoring Procedure

A Single-Stage Viable Bioaerosol Impactor (Cat. No. 225-9611, SKC, Eighty Four,
PA, USA) was used to collect air samples on a daily basis. Airflow through the impactor
was maintained at the recommended rate of 28.3 L/min, powered by a BioLite+ vacuum
pump (SKC Ltd., Eighty-Four, PA, USA). The sampling equipment was located outside
the facility to avoid opening the door and prevent fresh air from entering the room during
the experiment. The samples were collected from the facility via a sampling tube inserted
through a hole in the wall (Figure 1). After each run, the tube was sealed, as illustrated in
Figure 1. The same arrangement was used for the larger facility.

Before each experimental run, a fresh 90 mm diameter agar plate was placed into the
impactor, and the device was operated for 5 min. This sampling duration was selected
during preliminary experiments as a time ensuring optimal loading of the collection plates
to provide countable concentration of microorganisms. Upon completion of each 5 min
run, the plate was removed and transported to the laboratory for incubation.

Two types of agars commonly used in bioaerosol-related investigations [15] were
utilised in this research to prepare bioaerosol collecting plates. Petri dishes containing
Malt Extract Agar (MEA) medium (Oxoid Ltd., Basingstoke, UK, Cat. #CM0059B) with
chloramphenicol added to inhibit bacterial growth were used for investigations of the
fungal aerosol concentration in all experimental runs. For bacterial particles, Nutrient Agar
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(Oxoid, Cat. #CM0003B) prepared on the same-sized plates with the addition cycloheximide
to inhibit fungal growth was used throughout this study. On completion of the sampling
procedures, all bacterial plates were incubated for 2 days at a temperature of 37 °C and
fungal plates were incubated at 28 °C for up to 5 days and inspected daily to eliminate
microbial overgrow. After the incubation, colonies were counted, and the concentrations
of bacterial and fungal aerosols were presented as Colony Forming Unit (CFU) per m3.

Finally, the inactivation efficiency of the supplied product was calculated as

E(%) = (1 - C") x 100% 1)
Co
where C, is the concentration of bioaerosol on day n and Cj is the concentration of
bioaerosol on day 0 (initial concentration of the bioaerosol just before commencement
of the 7-day run). To eliminate any possible air intake to replace the volume drawn from
the room during the sampling procedure, a special “breathing tube” was inserted through
the wall and equipped with the HEPA filter.

Figure 1. Monitoring setup.

3. Results and Discussion
3.1. Natural Inactivation and Deposition of Biological Aerosols

The first series of experiments was undertaken without the TTO product in order
to determine the changes in bioaerosol concentration over time due to natural reasons
such as inactivation and deposition. To run the experiments, all air exchange spots of the
SR were sealed, a 70 mm diameter fan was operated in the middle of the room at 50 cm
elevation from the floor to model air flow patterns similar to the ones to be used in all of
the following experiments with TTO, and the original concentration of bacterial and fungal
aerosols was measured in three replicates. The initial concentration of bacterial aerosols was
660.8 + 34.9 CFU/m3, while fungal strains were recorded at 1215 + 89.8 CFU/ m3. Then,
the results were obtained on a daily basis according to the previously discussed procedure.

Figure 2 shows the concentration of bacterial and fungal aerosols over the entire 8-day
experimental procedure. As is seen, the concentration was gradually decreasing, reaching
the lowest values on the last day of the experiments for both bacterial and fungal aerosols.
The efficiency of the process estimated by Equation (1) reached values of around 59% for
bacterial particles and 63% for fungal ones. It should be noted once again that this decrease
could be attributed to both microbial inactivation and settling, as the impactor results do
not differentiate between the two.
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Figure 2. Bioaerosol concentration over 8 days of the experiment with no essential oils used. Error
bars represent STDEV for at least three repeats.

3.2. Case Study 1

Similarly to the previous series of the experiments on natural bioaerosol inactiva-
tion, the first case study was conducted in the Small Room (SR) over a period of 8 days.
Prior to the commencement of the main experimental programme, all air exchange points
were unsealed, and the facility was ventilated after the experiments on natural bioaerosol
inactivation discussed in the previous section over 24 h to bring the concentration back
to the original levels. Upon completion, the initial concentrations of both bacterial and
fungal aerosols were measured in three replicates to ensure accuracy and consistency in
the baseline data, and the results were 664 + 191 CFU/m? and 2155 + 753.1 CFU/m? for
bacterial and fungal aerosols, respectively.

Then, the facility was air-sealed as discussed above, and the DAT block was removed
from the packing and located in the centre of the room on the aluminium tray. A 70 mm
diameter fan, used in the previous series, was positioned 15 cm above the block and oriented
to ensure efficient and consistent airflow around the DAT, promoting uniform distribution
of the TTO in the air throughout the area (Figure 3). The results for bacterial and fungal
aerosols were collected in triplicate on a daily basis, according to the procedure discussed
above. It must be noticed that, taking into account significant concentration decreases, the
sampling time of 5 min was used over the first three days of monitoring. Then, it was
increased to 10 min over days 4 and 5, and finally increased to 20 min over the last three days
of experiment. Such an increase in the sampling time was based on a few trial experimental
runs and ensured reliable numbers of colonies on the experimental agar plates. The results
on the concentration were corrected to account for different sampling time periods.

The results of the 8-day experimental run are show in Figure 4 by triangular markers.
The error bars represent the STDEV of three repeats. For convenience, the results of the
natural bioaerosol inactivation, previously illustrated in Figure 2, are also presented in
Figure 4 as circles. To make the graphs more illustrative, the results were normalised
by equating concentrations on day 0 with the following corresponding adjustments over
7 consecutive days. The results presented in Figure 4 are quite convincing and clearly
demonstrate that TTO-based products are highly effective in inactivating bioaerosols in
ambient air. Given that, aside from the small fan blowing over the DAT block, no additional
airflow was present in the SR during the first case study; the efficiency data from this study
are particularly significant for environments with limited air exchange (such as containers,
storage spaces and wardrobes). In these settings, the concentration of airborne microbial
particles is significantly reduced after just 1-2 days of TTO treatment. It must be noticed
that from day 2 onwards, the concentration was decreasing very slowly, indicating that
some background bioaerosol remained in the air due to potential generation inside the
isolated space following aerosolization by a small fan used in the experiments.
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Figure 3. Placement of the DAT in the SR.
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Figure 4. Bioaerosol concentration over 8 days of the experiment in the SR with the TTO supplied by
the DAT (the results obtained with NO TTO used are shown for comparison). Error bars represent
STDEYV for at least three repeats. (A) Bacterial aerosols, (B) Fungal aerosols.

3.3. Case Study 2

In the second case study, the experiments were conducted in the LR space, which
measured 55.29 m?. Similar to the first case study, all air exchange flows were eliminated
to focus solely on the efficiency of the TTO-containing product in bioaerosol inactivation.
Unlike the SR, the facility used in this case is part of a multilevel building with a shared
ventilation and air conditioning system. Consequently, the room has multiple air intakes
and discharges, a ducted fume cabinet and several windows and doors. To ensure controlled
conditions, all air exchange points were sealed with plastic film, the fume cabinet was
decommissioned and sealed to prevent any natural air draughts and the entry doors were
made airtight.

It ought to be noticed that, considering the LR facility is situated in a fully venti-
lated building with a low air exchange rate, the natural bioaerosol concentration in the
room was initially quite low. To achieve a sufficient bioaerosol concentration for reliable
conclusions on microbial inactivation, all windows of the facility were opened for 24 h
prior to the experiment. Following this, all air exchange points were sealed as previously
described, the windows and doors were closed and sealed and a 0-day concentration of
both bacterial and fungal aerosols was measured in three repeats as 364 4 84.9 CFU/m?
and 268.6 + 69.8 CFU/m?, respectively. As observed, despite the intensive ventilation
through open windows, the initial bioaerosol concentration in the LR was significantly
lower compared to the SR. This difference can be attributed to the location of the larger
facility within a multi-storey building situated in a highly urbanised area. Nevertheless,
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the bioaerosol concentration was sufficiently high to draw reliable conclusions on its time-
related inactivation. Also, based on the relatively low concentration of airborne microbes
in the LR, to acquire the representative sample, the bioaerosol collection by the impactor
on days 0 and 1 was undertaken over 5 min, on day 3 over 10 min and on days 4-7 over
20 min. The bioaerosol concentration results were adjusted accordingly.

Upon completion of the initial bioaerosol sampling procedure, the Wilhelmsen Ships
Service product (2 kg, Part Number 743466) was unpacked, removed from its silver foil
packaging and cut into four identical pieces along with the wrapping fabric. The room was
then conceptually divided into four equal sections (see the layout shown in Figure 5), and
each 0.5 kg portion of the material was placed on a tray 80 cm above the floor at the centre
of one of these sections within the laboratory, enabling more uniform distribution of the
TTO vapour across the space. To ensure the effective release of the disinfecting vapour, a
70 mm diameter fan was positioned above the tray and oriented as also shown in Figure 5.
The microbial sampling procedure was identical to that used in the first stage of the project.
Despite the fact that the sample volume was negligibly small compared to the total volume
of air in the room, a make-up pipe equipped with a HEPA filter was also utilised during
this stage, similar to the setup described earlier for the first case study of the investigation.

Figure 5. Left: Partitioning of the LR for placement of the DAT. Right: Placement of the DAT in
the LR.

The results of the 8-day investigation are shown in Figure 6. Again, for convenience,
the natural inactivation data are also shown with circular markers. As is seen, the inac-
tivation efficiency obtained in the Large Room was slightly higher over first couple of
days of the experimental run; however, from the day 3 onwards the efficiency for the
bacterial inactivation was quite similar to the results obtained in the Small Room at the
first stage of the project. In contrast, the fungal inactivation in the Large Room was slightly
lower, reaching the maximum value of 92.1% obtained on day 7 of the experiment. One
could argue that the efficiency of inactivation in the Large Room must not be that high;
however, considering that the product was cut into four pieces, the surface area of each
piece was just slightly smaller than the area of the entire product, as two additional sur-
faces were exposed to the air flow. This statement is supported by Figure 7, where the
geometry of the block is considered. In brief, the block has a shape of the sphere segment
with a radius of 10 cm and a height of 7.5 cm (see insets in Figure 7). Then, we consider
that when the block is used as a single body, the surface area is simply calculated as
2xmx RxH=2x314 x 10 x 7.5 =471 cm?.

After cutting the block into four identical pieces, the surface area of each quarter is cal-
culated as 471/4 plus the surface area of the shape’s BDCE. Simple geometric consideration
shows that BD and DC are equal to 9.54 cm and, consequently, the angle BAC is 145°. Then,
the area of the BDCE is calculated as (145/360) x 3.14 x 102 = 126.47 cm?, and the total
surface area exposed to the air flow is 471/4 + 126.47 = 244.2 cm?. Finally, a ratio of the
surface area of the DAT by 1 m? of the treated room can be calculated, and the results are
25.8 cm?/m? and 17.67 cm? /m? for the SR and LR, respectively. As is seen, the difference is
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not dramatic, which explains the relatively similar efficiency of the bioaerosol inactivation
in both facilities.
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Figure 6. Bioaerosol concentration over 8 days of the experiment in the LR with the TTO supplied by
the DAT (the results obtained with NO TTO used are shown for comparison). Error bars represent
STDEYV for at least three repeats. (A) Bacterial aerosols, (B) Fungal aerosols.
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Figure 7. Model of calculation of the surface area of the DAT used in the LR experiments.

Upon completion of the experiments, all four pieces were weighed, and it was found
that ~1371grams of the product was evaporated into the experimental space over the week
of operation with a remaining weight of 629 g, meaning about 68% was consumed. The
air temperature, RH and dew point were monitored by two “VelociCalc” instruments
(Model 9545, TSI, USA). The reason for using such sophisticated instruments was based
on the fact that they are equipped with telescopic sensors enabling us to locate the sensors
inside the facility with limited assess and trace the results on the screen externally. The
temperature varied between 20 °C and 22 °C and the relative humidity varied between
71% and 74%—parameters favourable for mould growth to continue. Such low daily
fluctuations were attributed to the complete isolation of the room, which prevented any air
exchange throughout the entire experimental run.

3.4. Case Study 3

Case study 3 was also undertaken in the SR. All experimental conditions were identical
to case study 1 of the project; however, the previously used TTO-based product was
replaced with Unitor™ A/C Unit Air Treatment (AAT), which is specifically designed
for placement in air conditioning/ventilation air flow. In addition, a wall built-in air
conditioning unit (LG, Model: #W05TCA) was operated throughout the entire procedure,
at a temperature of 21 °C, similarly to the experimental conditions of the previous stages.
The air discharge channel had dimensions of 170 x 70 mm and the AAT was suspended
inside the air flow, 30 cm from the discharge plane, as is shown in Figure 8.
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L

A\

Figure 8. Placement of the AAT in the SR facility.

As with all previous experimental runs, the facility was ventilated for 24 h to remove
any residual TTO vapour and to allow the natural bioaerosol composition to re-establish.
The initial (zero-day) microbial concentration was then measured, following the same
procedure as in the two prior case studies, yielding 837.5 + 152.07 CFU/m?3 for bacterial
bioaerosols and 1159 + 187.5 CFU/m?3 for fungal bioaerosols. Once background monitoring
was completed, the air conditioning unit was activated, and the room door was sealed. As
in the earlier phases of the investigation, the procedure was conducted over the next 7 days,
with daily measurements of bacterial and fungal aerosol concentrations, each based on at
least three repetitions. Colony counting and estimation of the bioaerosol concentration
were performed following microbial incubation, using the same methods applied in case
studies 1 and 2.

The results of the experiments are presented in Figure 9. Similarly to Figures 4 and 6,
the results of the natural decrease in the bioaerosol concentration are also shown in Figure 9
for convenience and better readability. As observed, the bioaerosol inactivation trend
is quite similar to the previous case studies; however, the bacterial aerosol inactivation
efficiency was significantly higher as compared to the DAT product used in the same
facility during the first case study. This difference is becoming even more substantial for
the inactivation of airborne fungal strains, reaching a reduction of 81% during the first 24 h
of the experimental run. Then, both bacterial and fungal aerosol concentrations dropped to
relatively low values of around 100 CFU/m?3, with the following very gradual decline over
the remaining 6 days of the procedure. The concentration of bacterial aerosols dropped
almost to zero values on day 4 and for fungal strains on day 6 of the process run.
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Figure 9. Bioaerosol concentration over 8 days of the experiment in the SR with the TTO supplied by
the AAT (the results obtained with NO TTO used are shown for comparison). Error bars represent
the STDEV for at least three repeats. (A) Bacterial aerosols, (B) Fungal aerosols.
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Finally, the efficiency achieved solely by the TTO across all three case studies is
presented in Figure 10. This was calculated using a modified version of Equation (1):

E(%) = (1 — gngg) x 100% )
n

where C,yo is the bioaerosol concentration on day 7 with TTO used in experiment, and
Cnno is the bioaerosol concentration on day n without TTO.
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Figure 10. Sole efficiency of the TTO used in all case studies.

This approach allows for the assessment of the sole efficiency of the TTO on the
microbial inactivation and for comparison of this parameter for different cases used in
this study. As is seen, the largest sole efficiency of the TTO on bacterial aerosol removal
was achieved for the experiments undertaken in the LR, whilst fungal aerosols were
best inactivated in the small facility using AAT product. However, it should be noted
that the results are very promising, with all products tested in this study achieving over
90% efficiency in inactivating airborne fungi and bacteria naturally present in indoor air.
Obviously, some small differences in the performance could be explained by the different
geometry of air flows, local unavoidable presence of microorganisms in the facilities and
potential for their aerosolisation, the geometry of rooms, etc. However, the main trend
demonstrated in all studies used in this project is similar and appears highly promising for
effectively controlling bacteria and mould.

4. Conclusions

This study assessed the effectiveness of the selected products in inactivating naturally
occurring biological aerosols in ambient air. Both bacterial and fungal aerosols were
examined, and their concentrations were monitored over an eight-day period. The results
demonstrated that all tested TTO-containing products exhibited significant efficiency in
reducing both bacterial and fungal bioaerosols. This reduction went beyond the natural
inactivation or settling effects caused by gravity and microbial decay in ambient air. These
findings suggest that TTO-based treatments could be effective in environments requiring
microbial control, as they offer enhanced inactivation of airborne microorganisms compared
to natural processes alone. Further research could explore optimising product usage for
different indoor settings, ensuring cost-effective and scalable applications.
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