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The Impact of Gaseous Ozone Penetration on the Disinfection Efficiency of Textile 
Materials
Emmanuel I. Epellea,b, Andrew Macfarlaneb, Michael Cusackb, Anthony Burnsb, Ngozi Amaezec, William Mackayc, 
and Mohammed Yaseena

aSchool of Computing, Engineering & Physical Sciences, University of the West of Scotland, Paisley, PA1 2BE, UK; bACS Clothing, ML1 4GP, UK; 
cSchool of Health & Life Sciences, University of the West of Scotland, Paisley, PA1 2BE, UK

ABSTRACT
The utilization of gaseous ozone (a powerful oxidant) in air, for disinfection and sterilization 
purposes, has been extensively studied for diverse applications; however, the optimal deploy-
ment of this technology for textile disinfection is deserving of further research attention and is 
this the focus of this work. In this study, the penetration efficiency of ozone gas into hard-to- 
reach regions of different garment types is critically examined. The impacts of garment 
packing density, hanging orientation and ozonation duration are also considered, and the 
resultant disinfection efficiencies are comparatively analyzed. An ozonation chamber fitted 
with remote ozone detection is utilized for the ozonation of fabric swatches inoculated with 
Escherichia coli bacteria. The number of colony-forming units per cm2 and the bacterial lawn 
area fraction are evaluated pre- and post-ozonation to quantify the level of disinfection. This 
study shows that the attainment of sufficient ozone concentrations in hard-to-reach regions of 
different garment types coupled with the inter-garment spacing utilized are vital for effective 
decontamination. This study also demonstrates the effectiveness of ozonation as a necessary 
technology for decontamination, particularly in this era, where the sterilization of textiles and 
other materials is paramount for public health and safety.
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Introduction

Ozone (O3) is a potent antimicrobial agent with numer-
ous applications in several industries such as healthcare 
(Rogers 2012; Karim et al. 2020), food (Kim, Yousef, 
Dave 1999; Guzel-Seydim, Greene, Seydim 2004; 
Rosenblum, Ge, Bohrerova, Yousef, Lee 2012), waste-
water treatment (Malik, Ghosh, Vaidya, Mudliar 2020; 
Rekhate and Srivastava, 2020) and aquaculture 
(Summerfelt, Sharrer, Tsukuda, Gearheart 2009; 
Sharrer and Summerfelt, 2007; Gonçalves and Gagnon, 
2011). Its rapid reactivity, penetrability and spontaneous 
decomposition into oxygen make it an important disin-
fectant as far as microbiological safety is concerned. 
Besides its disinfection capabilities, ozone’s multifunc-
tionality as a decolorizer and a deodorizer has made it 
particularly useful for water purification and the eradi-
cation of unpleasant odors in garment treatment. 
Furthermore, hybrid techniques, utilizing ultraviolet 
irradiation (Summerfelt 2003; Szeto, 2020), chlorination 
(Dosti, Guzel-Seydim, Greene 2005) and other oxidative 
chemicals have shown increased disinfection tendencies 
when combined with ozone.

Of the numerous published works, which have 
repeatedly demonstrated the disinfection efficacy of 
ozone (Kowalski, Bahnfleth, Striebig, Whittam 2003; 
Guzel-Seydim, Greene, Seydim 2004; Lage Filho 2010; 
Martinelli, Giovannangeli, Rotunno, Trombetta, 
Montomoli 2017; Wang, Quan, Chen, Yu, Liu 
2019), an insignificant fraction of these has focused 
on airborne garment disinfection in the textile pro-
cessing industry. The main application of ozone 
within this industry at present is as a bleaching 
agent to remove color from fabric. Primarily, this 
process involves the introduction of ozone in high 
concentrations to garments, which enhances the dye’s 
permeance to intensities that are no longer visible on 
the surface of the material (Sevimli and Sarikaya, 
2002; Körlü 2018). According to these studies, pro-
longed exposure to ozone enhances its penetration 
into the fabric substrates, and this further enhances 
the bleaching process. Ozone is also used in wash 
cycles in some laundry companies in the UK. Rice 
et al. (2010) presented a comprehensive review of 
successful deployments of ozone laundry systems in 
several establishments. Their review mentions cost 

CONTACT Mohammed Yaseen mohammed.yaseen@uws.ac.uk School of Computing, Engineering & Physical Sciences, University of the West of 
Scotland, Paisley, PA1 2BE, United Kingdom

OZONE: SCIENCE & ENGINEERING                      
https://doi.org/10.1080/01919512.2022.2066503

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/), 
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/01919512.2022.2066503&domain=pdf&date_stamp=2022-05-03


savings (via reduced energy consumption via cold 
washes) as high as 81% per year. From an environ-
mental perspective, the use of ozone in laundry sys-
tems significantly decreases the need for chemicals 
that end up in laundry wastewaters (Rice et al., 
2009; Neral 2018). Furthermore, the presence of 
ozone in laundry systems increases dissolved oxygen 
levels; thus, facilitating the biodegradability of dis-
charged pollutants into carbon dioxide and water.

Despite these advancements, little is understood 
concerning the penetrability of ozone gas in garments 
with different morphological structures and the 
resulting impact on the disinfection efficiency attain-
able. The interdependence between ozonation dura-
tion, ozone concentration, temperature, fabric 
morphology, and fabric packing density remains 
unclear. The pockets and other hard-to-reach regions 
of a garment constrain the attainable levels of micro-
bial destruction. This has not been adequately stu-
died/quantified in previous contributions. This paper 
addresses these knowledge gaps by analyzing gaseous 
ozone’s penetration and disinfection potencies under 
different processing conditions. This knowledge is of 
particular importance in these unprecedented times 
of the COVID-19 pandemic, with ozone showing 
potent disinfection power against the SARS-COV-2 
virus (Dennis, Cashion, Emanuel, Hubbard 2020; 
Rubio-Romero, Del Carmen Pardo-ferreira, 
Torrecilla-García, Calero-Castro 2020; Valdenassi 

et al. 2020; Manjunath, Sakar, Katapadi, Balakrishna 
2021). We expect the presented findings to better 
inform commercial users of ozone technology and 
manufacturers of airborne ozone equipment about 
the factors influencing the efficiency of their 
processes.

Methodology

The ozone cabinet employed in this study (Figure 1) 
utilizes a computerized double-stage operating cycle, 
which can be safely operated by an external Human 
Machine Interface (HMI) touch screen. The air-tight 
chamber was situated in an enclosed room equipped 
with adequate ventilation systems to further mitigate 
ozone exposure. Both ozone generation and destruction 
occur within a single-timed cycle, allowing the attain-
ment of low ozone concentrations upon completion of 
the cycle. Table 1 summarizes the key parameters of the 
unit. To operate the ozone cabinet, the garments of 
interest were placed on the hanging rail (Figure 1(b)), 
after which the chamber was shut. The desired ozone 
exposure duration was applied via the HMI (located on 
the chamber’s door) to commence the treatment cycle. 
Upon completion (as determined by the sensor read-
ings), the chamber was opened and concentration/pene-
tration profiles analyzed. Assessments of the disinfection 
efficiency also followed after the treatments.

Figure 1. Ozone chamber utilized for penetration and disinfection analysis, showing the internal components, the different garment 
types and the respective orientations employed.

2 E. I. EPELLE ET AL.



Penetration

To analyze ozone penetration, a calibrated sensor 
(Shanghai JSR Industries, China) small enough to be 
accommodated in a pocket and capable of real-time 
remote data transfer was employed. The sensor (0–100 
ppm measuring range) shown in Figure 1(d), utilizes 
Bluetooth signals for data transfer to the receiver con-
nected to a computer external to the cabinet. Thus, 
ozone concentrations during multiple cycles can be 

analyzed at several locations of interest and for different 
garment types. 4 garment types (jackets, male trousers, 
female trousers and a shirt) were used in this study. The 
sensor was placed in the inner jacket pocket, outer shirt 
pocket, front trouser pockets, and in the open for com-
parative assessments of ozone concentration. There is 
considerable proximity between these chosen test loca-
tions and regions of a garment susceptible to the transfer 
and storage of body fluids (the armpit and groin area).

Thus, the penetration level of ozone into these hard- 
to-reach areas inevitably indicates the attainable disin-
fection level in these regions which are relatively prone 
to contamination.

Fabric morphology

Figure 2 and Table 2 show the morphological struc-
tures and properties of the respective garments 
explored in this study. All 4 garments possess differ-
ent fiber arrangements; in particular, the female trou-
ser shows a tightly packed structure. We demonstrate 
in the latter sections of this paper, the relationship 
between the fiber packing density and the extent of 
ozone penetration. As shown in Table 2 and Figure 1 
two hanging orientations are also explored in relation 
to their levels of ozone penetration.

Preparation of test organism and fabric swatches

A representative colony of the test organism was trans-
ferred into 10 mL of Luria broth (Sigma Aldrich, St Louis, 
USA) and incubated at 37 °C at 150 rpm for 24 h. From 
the overnight culture, 1 mL of bacterial suspension was 
transferred into a sterile 1.5 mL Eppendorf tube and 
centrifuged at 10,000 rpm for 5 min in a microcentrifuge. 
The harvested cells were washed twice with phosphate 
buffer saline (PBS), and the absorbance (at 570 nm) of 
each bacterial suspension was adjusted to an optical den-
sity of 0.2 (±0.02), corresponding to 109 E.coli bacteria/ 
mL. Fabric swatches (6.5 cm by 6.5 cm) were prepared 
from the shirt material and sterilized in 70% ethanol 
solution. Using an Eppendorf pipette, the swatches were 
inoculated at their centers, on a non-absorbent sterile 
surface with 80 μL aliquots of the prepared bacteria 

Table 1. Parameters of the ozone cabinet.
Parameter Value

Volume 1.26 m3

Input voltage 230 V, 50 Hz
Air flow rate 450 m3.hr−1 (generation); 850 m3.hr−1 (destruction)
Ozone cycle time 4, 8, 16, 32 mins
Ozone output 10 g.hr−1 (via dielectric barrier discharge)
Operating 

conditions
Temperature (−5 °C to 40 °C); Relative humidity (95% 

max.)
Decomposition 

mechanism
Catalytic decomposition via internal recirculation 

through a porous activated carbon bed.

Figure 2. Micrographic images of the garments’ weave structure 
(images were obtained using an optical microscope). Compared 
to the other textile materials, the shirt (c) can be seen to have 
increased porosity between the fibers, thus favoring ozone 
penetration.

Table 2. Garment properties, with material composition as obtained from manufacturers.
Garment Mass (kg) Material type and composition Folding

Jacket 0.55 53% Polyester; 43% Wool;  
4% Linen (inner jacket lining)

Not folded

Male trouser 0.40 50% Polyester; 50% Wool Folded and not folded  
(see Figure 1)

Female trouser 0.20 97% Polyester; 3% Elastane Not folded
Shirt 0.20 65% Polyester; 35% cotton Not folded

OZONE: SCIENCE & ENGINEERING 3



suspension (yielding 8 × 107 cells). The volume of sus-
pension applied was sufficient to allow full coverage of 
the swatches’ surface area.

Disinfection

Before disinfecting the fabric swatches, the garments 
to be used in this study were autoclaved to ensure 
sterility. Using sterile forceps and paperclips, the 
inoculated fabric swatches were transferred and 
attached to the desired garment for ozonation. Dip 
slides (Dip-Slides, UK), with a thick nutrient agar 
layer, were applied for surface testing in this study. 
The slides were placed onto the desired surface (pre- 
and post-ozonation) with gentle pressure applied for 
10 sec. These were subsequently incubated at 37 °C 
for 24 hours. Inoculated swatches (without ozone 
treatment) were also tested using the dip slides; 
this served as the control experiment. The slides 
contain a red spot dye – 2,3,5-triphenyl tetrazolium 
chloride (TTC), which allows the enumeration of 
microbial colonies in solid structure media. 
Although this dye is colorless in an oxidized form, 
it turns red due to enzymatic reduction by micro-
organisms–generating formazan in the process 
(Beloti et al. 1999). After incubation, the number 
of red spots is counted using an image processing 
software (MATLAB® 2020b), to enumerate the per-
centage bacteria removal.

Analysis of initial bacterial concentration

Before carrying out disinfection experiments with 
ozone, it was desired to establish a baseline of the con-
tamination level on fabric swatches, while also examin-
ing the performance of the dip slides used; these slides 
were tested on the fabric and in water. Figure 3 shows 
that for volumes above 10 µL of bacteria suspension, 
lawns of bacteria cells are formed on the slide, thus 
implying that counting the number of red colonies is 
insufficient for a robust evaluation of disinfection level. 
These lawns can be seen as a cloudy/faint appearance on 
the agar, whereas the agar slide infected with 10 µL of 
bacteria suspension, has a much clearer appearance. 
Thus, approximate analyses of the lawn area fraction 
had to be performed. This is particularly important 
since the fabric swatches utilized in this study were 
inoculated with 80 µL of bacteria suspension. This 
volume was sufficient to cover the swatch (6.5 cm by 
6.5 cm), which was, in turn, able to accommodate the 
full area of the dip slide (5 cm by 2 cm). We examine the 
disinfection level attained by evaluating the reduction in 
the lawn area fraction and the number of colony- 
forming units (CFU) – the bacterial concentration. 
These are carried out with advanced image processing 
algorithms in MATLAB® R2020b. The bacterial concen-
tration per cm2 of the dip slide agar area (10 cm2) is 
calculated according to Eq. 1; where the corrected pick- 
up rate (CPUR) = 2 (approximately, 50% of bacteria is 
picked up from a surface). 

Figure 3. Obtained bacterial concentrations at different volumes of utilized bacterial suspension (a) 10 µL (b) 25 µL (c) 40 µL (d) 65 µL 
(e) 80 µL. These volumes of bacteria suspension are applied directly to different fabric swatches after which the dip slides are used to 
pick up viable cells. Upon incubation, a lawn of bacterial colonies (represented by the area fraction) is observed; this area fraction 
increases with the applied volume of the bacterial suspension.
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CFUs=cm2 ¼
Number of colonies� CPUR

Agar area
½1�

Assessment of bacteria-fiber interaction using 
Scanning Electron Microscopy (SEM)

To prepare samples for SEM, 100 µL of the bacteria 
suspension (Section 2.3) was added to a 10 mm by 
10 mm fabric swatch and incubated in a 6-well plate at 
37°C for 24 hours. The sample was then washed with PBS 
(0.01 M) and subsequently fixed with a solution of 2% 
paraformaldehyde, 2.5% glutaraldehyde and 0.1 M phos-
phate buffer (pH 7.4) for at least 30 min at room tem-
perature. The fixed samples were dehydrated in gradually 
increasing concentrations of ethanol solutions (50, 70, 80, 
90, 95 and 99% v/v). The specimens were subsequently 
treated with tert-Butanol, and then freeze-dried (Christ 
Alpha 1–2 LD plus). This was followed by gold sputter 
coating (Emscope SC500), after which the samples were 
mounted on aluminum stubs using a double-sided carbon 
tape and thereafter, imaged (Hitachi S-4100).

Results and discussion

Optimizing the chamber’s performance

To better understand the performance of the unit, and 
the required duration for reproducibility of multiple 
treatment cycles, consecutive cycles were run after dif-
ferent waiting timeframes. Figure 4 shows the profiles 
for both closed and open conditions; the sensor was 
placed on the cabinet shelf, and no garment was placed 
in the chamber. Under the closed condition, the first 
cycle was run to ensure sterility of the chamber; this also 
ensured that the required warmup time was met for 
optimal performance of the ozone generating cells. 
Once this cycle was completed, the doors of the chamber 

were left shut, and another cycle was run immediately. 
The profile for this cycle served as the baseline to com-
pare subsequent runs. After this cycle, there was 
a waiting time of 1 minute before another cycle was 
run; Figure 4(a) shows the profiles for waiting durations 
of 3, 5, 7 and 9 mins; the chamber remained closed 
during these successive runs. It can be observed that 
the curves begin to merge after the Baseline curve, with 
a final peak of 17 ppm.

A similar procedure was repeated with the open sce-
nario; however, the door of the chamber was opened for 
1, 3, 5, 7, and 9 mins respectively before running the 
ozonation cycle. This allowed a fresh air supply into the 
chamber for each run. Compared to the closed scenario, 
a final peak of 15 ppm was attained. This is attributable 
to the fresh air supply at each interval, which flushed out 
the chamber of residual ozone and oxygen radicals. It is 
also worth mentioning that the chamber was opened 
and closed instantaneously after it was sanitized, to 
generate the Baseline curve of Figure 4(b). It is observed 
that this curve is very similar to those of 1, 3, 5 7 and 
9 min; whereas there is a considerable difference 
between the Sanitize and Baseline curves for the closed 
scenario. Since the chamber needs to be opened to put in 
new garments (for subsequent tests presented), a waiting 
time of 3 mins was maintained, between successive runs 
to establish the same ozonation conditions for all tests 
performed in the study.

The double-peaked profile of the ozone generation 
curves is a result of the default ozone control system 
implemented in the chamber by the manufacturers. 
After the ozone generators are started, they momentarily 
turn off after a minute of operation, and automatically 
restart again, until the 3rd minute, after which the main 
ozone decomposition cycle begins. This pre- 
programmed sequence provides little flexibility com-
pared to the apparatus utilized in (Epelle et al. 2022b), 
where the desired ozone concentration can be 

Figure 4. Reproducibility test for closed and open conditions of the ozone chamber, where the Baseline curve represents time, 
t = 0 min.
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maintained for the required duration. For a chamber 
volume of 1.26 m3, and an ozone-generating capacity 
of 10 g/hr, the theoretically-computed concentration in 
~80 s, is expected to be ~89 ppm. However, Figure 4(b) 
and 5(a) (the typical cycle profiles utilized herein) reveal 
a concentration of only 10 ppm. This can be attributed 
to the convention of reporting the generating capacity, 
on the basis of a pure oxygen feed to the equipment, 
among many manufacturers of ozone-generating equip-
ment. Since air (~21% oxygen) was used as the feed gas 
in our experiments, the expected concentration would 
be significantly lower than in a pure oxygen-feed sce-
nario. The inherent mechanical/electrical inefficiencies 
of the equipment may have further contributed to the 
observed 10 ppm concentration attained in approxi-
mately 80s of ozone generation; hence the need for real- 
time monitoring of the concentration in the ozone 
chamber.

Figure 5b shows the profile of temperature for 
a typical cycle (Figure 5(a)). We aimed to observe the 
impact of ozonation on the ambient conditions in the 
chamber relative to the initial scenario without ozone. It 
can be observed that the temperature generally increases 
compared to the initial condition; a consequence of the 
heating effect of the ozone generating cells (via dielectric 
barrier discharge) and the partial pressure of the gener-
ated gas (Figure 5(b)). The slight ambient temperature 
increase signifies minimal impact on ozone stability in 
the chamber, compared to scenarios where larger tem-
perature changes can negatively affect ozone stability as 
demonstrated by (Epelle et al. 2022a). For the typical 
ozonation cycle shown in Figure 5(a), the average rela-
tive humidity in the chamber was 38%.

Since the actual amount of ozone produced and sus-
tained in the chamber is significantly affected by factors, 
such as temperature, humidity, air circulation level, feed 
gas utilized (air), and contamination level, it was also 

important to ascertain ozone’s natural decomposition 
(ND) kinetics in comparison to its decomposition 
using the activated carbon catalyst. It is worth mention-
ing that, in the ozone destruction phase, the suction 
pressure is created, pulling the gas toward the porous 
catalyst bed in the lower section of the chamber 
(Figure 1). As shown in Figure 6, the application of 
a catalyst results in a decomposition rate roughly 24 
times that without a catalyst. While this is desirable 
with regards to lowering the concentration levels rapidly 
in a single cycle, prolonged contact time, at high con-
centrations, which is necessary for adequate disinfection 
may be undermined. Figure 6 also demonstrates that the 
decomposition of ozone in air follows first-order 
kinetics. This is in agreement with the works of Li 
(1998) and Batakliev et al. (2014). In the rest of the 
results presented in this work, the ozonation cycles 
were operated with catalytic decomposition.

Ozone penetration and disinfection – single 
garments

Figure 7 comparatively illustrates the difference between 
the concentration of ozone gas in the open (sensor on 
cabinet shelf) and when placed in the pockets of the 
different garments considered. As expected, the gas con-
centration in the pockets is lower than that in the open. 
With the jacket and shirt (Figure 7(a-d)), the double 
peak signature in the open area is retained. However, 
there is a far more significant drop in the final peak, with 
the jackets than the shirt. This is because the sensor was 
placed in the inner jacket pocket, thus causing a huge 
penetration barrier for the gas. The placement of the 
sensor in the shirt’s only pocket (which is exterior) and 
its highly porous weave structure (Figure 2(b)) are the 
likely reasons for this increased penetration observed in 
Figure 7(d).

Figure 5. Profiles of process conditions for a typical 8-min cycle. The figure shows the influence of ozone generation on the ambient 
temperature, in an 8 min ozonation cycle in comparison to a scenario, where no ozone is generated.
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The female and male trousers display a characteristic 
third peak in the concentration profiles (Figure 7(b-c)). 
This is attributable to the folded form (Figure 1), employed 
when hanging the trousers in the chamber). This increases 
the number of layers/barriers which must be overcome by 
the gas before it is picked up by the sensor. The response 

time of the sensor is < 20s; hence, the lag in concentration 
(relative to the in-open scenario) is mainly a consequence 
of the delayed entry of the dense ozone gas (1.8 times the 
density of air). Despite its lower weight (Table 2), the 
tightened weave structure of the female trousers as 
shown in Figure 2(c) has also resulted in the lowest peak 

Figure 7. Penetration of ozone into pockets – single-garment tests. Trousers were folded as shown in Figure 1 and the sensor was 
placed in the inner jacket pocket.

Figure 6. Kinetics of ozone decomposition (for the 4-, 8-, 16-, and 32-min cycles, with the catalyst) and natural decomposition (ND, 
without the catalyst). For all exposure durations involving the catalyst, the half-life is 1.8 min (± 0.1 min), whereas the ozone half-life 
without the catalyst is approximately 24 times greater. The average chamber temperature was 20 °C.
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concentration relative to other garments, when the sensor 
is placed in its pockets (Figure 7(c)). It can also be observed 
that the second run, (with the sensor in the pockets) 
repeatedly shows a higher concentration than the first 
run. This may be attributed to the air circulation in the 
chamber. Before the first run (Run 1), the garments were in 
a pressed and compact form; whereas the strong air cur-
rents loosened the garments significantly so that better 
penetration was attained in Run 2.

Similar to the analysis performed in the penetration 
study, the extent of disinfection attainable when an 
inoculated swatch is placed on/in the garment pocket 
is also evaluated (Figure 8). The impact of the resultant 
penetration efficiency on the disinfection efficacy is ana-
lyzed using the jacket and male trousers only, particu-
larly because of their pronounced fabric thickness 
relative to the shirt and female trousers. Compared to 
Figure 3(e) (the control), there is a significant removal of 
the bacterial lawns after ozonating for 8 mins. Relative to 
the in-pocket scenario (Figure 8(a)), the bacterial con-
centration is also massively reduced (by 89%; i.e., from 
100 to 11.5 CFUs/cm2 Figure 8(b)) when the swatch is 
placed outside the fabric pocket for more ozone expo-
sure (Figure 8(a)). This level of disinfection is noticeable 
with both runs (R1 and R2).

Figure 9 shows a similar observation for the trousers 
(folded) as with the jackets. In this case, 84% bacterial 
removal was attained (percentage difference between In 

and Out), and no bacterial lawn formation was observed. 
However, the bacterial concentration observed with the 
trousers was approximately half of those observed with 
the jackets (Figures 10(b) and 11(b)). This may be attrib-
uted to the thickness & weight (Table 2) of the jacket 
material and the difficulty of disinfection in such envir-
onments compared to the thinner and lighter trousers.

Ozone penetration and disinfection – multiple 
garments

As ozone chambers in the industry are hardly operated 
with a single garment in them, it becomes necessary to 
evaluate the penetration efficiency in a multiple-garment 
scenario. Figure 10 illustrates the ozone concentration 
profiles under this condition. We investigated the pene-
tration level when 3 and 5 garments (jackets and male 
trousers only) are ozonated, under evenly spaced and 
densely packed conditions. In all cases, the sensor was 
placed in the inner pocket of the middle garment.

As shown in Figure 10, the spacious configuration 
always yields better ozone penetration as illustrated by 
the higher ozone concentrations. Similarly, ozone pene-
tration is better with fewer garments in the cabinet. 
Compared to Figure 7 (with single garments), there is 
also a more significant lag time before ozone is first 
picked up by the sensor (Figure 10). The lag time 
increases when the packing is changed from spacious 

Figure 8. Disinfecting a fabric swatch attached to 1 jacket. The swatch was placed on the outer pocket (Out) and in the inner pocket 
(In), as with the penetration study. Qualitative (a) and quantitative (b) comparisons are shown for the in and out scenarios, respectively.
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to dense. For example, Figure 7(a) shows that 27 sec is 
required before, ozone is picked up by the sensor when 
the trousers are spaced, whereas it takes 47 sec under 

a densely packed condition, for the same set of 3 trou-
sers. The 3rd peak, which was only noticed with the 
trousers in the single-garment tests (Figure 7) appeared 

Figure 9. Disinfecting a fabric swatch attached to 1 trouser. The swatch was placed on the outer pocket (Out) and in the inner pocket 
(In), as with the penetration study. Qualitative (a) and quantitative (b) comparisons are shown for the in and out scenarios, respectively.

Figure 10. Penetration of ozone into pockets – multiple-garment tests. Trousers were folded as shown in Figure 1 and the sensor was 
placed in the inner pockets of the middle garments.
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with the Jackets, under a dense-packing (Figure 7(c-d)). 
Again, this is indicative of the increased resistance to 
ozone entry.

As with the single garment scenario, the disinfection 
efficiency with multiple garments is analyzed using 5 
jackets and 5 trousers. Although no evident lawns 
(with uncountable colonies) remain, the bacterial con-
centration observed when the swatch was placed in the 
inner pocket (Figure 11(a)) is significantly higher than 
that obtained with a single jacket (Figure 8(a)). 
Ozonating with the fabric swatch placed outside, only 
yields 66% bacteria removal (i.e., from 132 to 45.5 CFUs/ 
cm2), compared to the in-pocket scenario. This demon-
strates the crucial role garment spacing plays in upscaled 
industrial settings where there is an increased tendency 
to get as many garments processed in a single batch. 
Figure 12 illustrates a 71% difference in bacteria removal 
between the In and Out scenarios. Again (as with Figures 
8(b) and 9(b)), the bacteria area concentration (CFUs/ 
cm2) in Figure 12(b) (with 5 trousers) is approximately 
half of those obtained with 5 jackets (Figure 11(b)). 
Thus, garment thickness cannot be overlooked, when 
adequate disinfection is desired. These findings indicate 

that a possible strategy to adopt in large-scale garment 
ozonation is to segregate garments according to their 
thicknesses and apply separate ozonation settings or to 
apply ozone dosages capable of effectively decontami-
nating the thickest garment for all other garments.

Impact of garment orientation

It is demonstrated in Figure 13 that it is best to maintain 
a straightened garment profile, where possible in the 
interest of ozone penetration and disinfection. Rather 
than the sharp concentration peaks observed when the 
sensor is left in the open (Figure 13), the in-pocket 
concentrations (Runs 1–4), show a more rounded pro-
file. It is, however, shown in Figure 13(a) that the abrupt 
third peak gradually disappears with repeated runs of 
the ozonation cycle, when the trouser is folded. This 
further demonstrates the loosening effect, that the 
repeated air circulation (of the respective cycles) has 
on the fabric, thus yielding increased ozone penetration. 
The profiles of the straightened trouser scenario (Figure 
13 (b)), show higher and more repeatable ozone con-
centrations in the pockets; thus illustrating the impor-
tance of garment hanging orientation on the attainable 
penetration efficiency.

Figure 11. Disinfecting a fabric swatch attached to the middle 
jacket, in a scenario of 5 densely-packed jackets. The swatch was 
placed on the outer pocket (Out) and in the inner pocket (In), as 
with the penetration study. Qualitative (a) and quantitative (b) 
comparisons are shown for the in and out scenarios, respectively.

Figure 12. Disinfecting a fabric swatch attached to the middle 
trouser, in a scenario of 5 densely-packed trousers. The swatch 
was placed on the outer pocket (Out) and in the inner pocket (In), 
as with the penetration study. Qualitative (a) and quantitative (b) 
comparisons are shown for the in and out scenarios, respectively.
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Analysis of bacterial lawn area fraction

In this scenario, 10 fabric swatches are placed on the 
outer and inside the inner pockets of 5 jackets in the 
chamber (each jacket with 2 swatches, 1 in and 1 
out). This experiment aimed to evaluate the destruc-
tion of these lawns in Figure 3(e), in a densely 
packed condition with an increased contamination 
level in the chamber.

The jackets were densely packed and arranged in 
such a way that the swatch on the outer pocket of 
jacket 1 was covered by jacket 2, and the swatch on 
the outer pocket of jacket 2 was covered by jacket 3; 
with the same arrangements for jackets 3 and 4, 

respectively. Thus, only the outer swatch attached 
to the fifth jacket was exposed directly to ozone. It 
is evident from Figure 14, that these conditions 
proved very tough for an 8-min ozonation cycle 
(as seen in the residual area fractions of the 
lawns). However, compared to the 38% lawn area 
fraction before ozonation (Figure 3(e)), there have 
been considerable reductions to as low as 5% for 
jacket 5. This is inevitably due to its intense expo-
sure to ozone, given its position in the pattern. 
Jackets 2, 3 and 4 which occupy the central region 
of this arrangement, possess the highest cumulative 
(in and out) lawn area fractions of 30%, 25% and 
29%, respectively.

Figure 14. Analysis of bacterial lawn area for 5 densely packed jackets with 10 swatches (each jacket with 2 swatches, 1 in and 1 out). 
The figure shows the relative penetration of ozone influencing bacterial viability.

Figure 13. Ozone concentration profiles for a folded (a) and straightened (b) male trouser.
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Effect of ozonation duration

To analyze the impact of ozonation duration, fabric 
swatches were placed in the inner pocket of a single jacket 
in the ozonation chamber. Both the lawn area fractions 
and the number of colonies are examined as indicators of 
the disinfection level. As shown in Figure 15, an ozona-
tion duration of 4 mins leaves a significant portion of the 
slide covered with the bacterial lawn and is insufficient to 
guarantee satisfactory disinfection levels. With the appli-
cation of an 8-min ozonation cycle, the lawn disappears, 
and the colonies become more pronounced. Relative to 
the bacterial concentration (CFUs/cm2) observed with the 
8-min cycle, the 16- and 32-min cycles yield 97% and 
99.95% bacteria removal, respectively. This is somewhat 
similar to the all or none effect reported by Broadwater 
et al. (1973), where a certain ozone concentration thresh-
old is required before significant bacterial destruction is 
observed. In this study, an ozonation duration of 16 mins is 
the threshold duration for significant microbial destruc-
tion when fabric swatches are placed in the inner pockets 
of jackets.

It is worth mentioning that the similarity in the ozone 
concentration profiles (particularly the main decompo-
sition phase, as already captured in Figure 6, facilitated 

the comparison across the treatment conditions 
(Figure 15). However, as demonstrated in the works of 
Tizaoui et al. (2022) and Farooq and Tizaoui (2022), the 
comparability of ozone treatment conditions can be 
enhanced by reporting the ozone dosage – a product of 
concentration and time (CT value). To evaluate the 
differences between the ozone dosage/CT values utilized 
herein and in other studies, we have computed the 
average CT value for each treatment condition shown 
in Figure 15. The CT values of the 4, 8, 16 and 32 min 
treatment cycles are 14, 29, 57 and 83 g.min/m3. The 
ozone dosage of 83 g.min/m3 required for effective 
decontamination (Figure 15(d)) is also similar to that 
applied in Epelle et al. (2022b) where complete E. coli 
inactivation was observed (80 g.min/m3 corresponding 
to an exposure concentration of 20 ppm for 4 mins).

Analysis of fiber-bacteria interaction and 
inactivation via scanning electron microscopy (SEM)

In Figure 16, it can be observed that the bacteria 
cells tend to align with the general fiber orientation 
of the tested swatch (Figure 16(d,e)). Figure 16(a) 
shows the unaltered rod-shaped morphology of the 
cells before ozonation (on polished Si – wafer). 

Figure 15. Impact of ozonation duration on the disinfection efficiency. Further bacterial removal is achieved with increased exposure. 
4, 8, 16 and 32 min treatment cycles correspond to ozone dosages of 14, 29, 57 and 83 g.min/m3, respectively.
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However, in 16b, the commencement of the cell-wall 
disintegration can be observed; thus affecting the 
cell’s viability and causing its eventual inactivation. 
It is also worth pointing out that the fibers of the 
swatch appear intact (without damage) in Figure 16 
(c). However higher magnification image (Figure 16 
(d,e)) shows some cracking in certain fiber regions. 
This is an indication that the adopted ozone con-
centrations and the corresponding exposure dura-
tions are key factors affecting the mechanical 
integrity of the textile material. A separate study 
on this effect will be worth pursuing.

Conclusions

The study has provided further insights into airborne 
ozone disinfection of garments under different operat-
ing conditions. The following conclusions can be 
derived from the results of the experiments described 
herein:

● The efficacy of gaseous ozone for the disinfection of 
textile materials contaminated with E.coli bacteria 
has been demonstrated.

● In this study, ozone dosages of 57 and 83 g.min/m3 

were determined to be effective for textile treat-
ment. This demonstrates the importance of deter-
mining the ozonation dosage threshold after which 
significant bacterial destruction is observed. This is 
particularly necessary if the gas must penetrate the 
hard-to-reach regions of thick garments.

● The results showed that the tightened weave struc-
ture, particularly of the female garment utilized, 
resulted in reduced ozone penetration (43% lower 
than the loosely-oriented fibers in the shirt). This 
demonstrates the importance of systematic gar-
ment grouping, with different cycle specifications 
for efficient large-scale disinfection by ozonation.

● Our results show that the mean ozone concen-
tration reaching the armpit regions of the 
jacket may be reduced by 42% compared to 
the ozone concentration in the surrounding 

Figure 16. SEM micrographs of E.coli on the utilized fabric swatch before (a) and after ozonation (b); images (a) and (b) were obtained 
on polished Si-wafer, whereas (d, e) were imaged on the fabric swatch. TF represents textile fibers; BC, the bacterial cell; and R, the 
rupture/deformation of the cell membrane due to ozonation. The fabric swatch used here was obtained from the shirt samples utilised 
in this study.
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chamber. Similarly, compared to a spacious 
arrangement of garments, densely packed gar-
ments may reduce ozone penetration by 44%. 
This reduction in turn affects the disinfection 
efficiency and should be considered when plan-
ning large-scale disinfection of textiles.

● A fully spread out pair of trousers showed 
a penetration level 14% higher than a folded pair 
of trousers. This implies that garment-hanging 
orientation cannot be overlooked if the desired 
ozone penetration and consequent disinfection 
are to be achieved. Large-scale disinfection opera-
tions should be planned with these considerations 
in mind.

● Ozone gas recirculation over our activated 
carbon catalyst yields a 24-times faster decomposi-
tion rate than natural ozone decomposition. This 
recirculation in an air-tight chamber can be utilized 
for small-scale ozone disinfection chambers, without 
the need for an external ducting system to channel 
excess ozone out of the environment. This rapid 
ozone decomposition is also beneficial from both 
worker safety and commercial standpoints.

A similar analysis of ozone penetration and disinfection 
in water for different fabric types is worthy of future 
investigation, particularly as more establishments are 
recognizing the potency of airborne ozone disinfection 
in the era of COVID-19.

Highlights

● Ozone penetration strongly depends on fabric 
thickness and morphology.

● Rapid decomposition and long ozone dwell times 
are competing factors.

● A rapid change in disinfection efficiency occurs 
between 8 and 16 mins of ozonation.

● Garment packing density severely impacts ozone 
penetration.

Nomenclature

CFU Colony Forming Units
CPUR Corrected Pick-up Rate
HMI Human Machine Interface
TTC 2,3,5-triphenyl tetrazolium chloride
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