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A B S T R A C T   

Traditional aqueous-based antibacterial treatments used for wool fabrics are not sustainable as they produce 
toxic effluent and therefore it is necessary to develop a zero-effluent treatment. In this work, wool fabrics were 
treated with two plant-derived non-toxic antibacterial agents, thymol and totarol, under subcritical carbon di
oxide (subc-CO2), and their antibacterial properties were measured. The wash-durability of the fabric treated 
with thymol under subc-CO2 was compared with wool fabrics treated with thymol in aqueous and ethanol media. 
The change in the physicochemical properties of the wool fabric treated with thymol under subc-CO2 at various 
concentrations was assessed by FTIR, contact angle measurement, and EDX spectroscopy. Thymol showed 
excellent antibacterial properties, but the wool fabric samples treated with totarol showed no antibacterial ac
tivity. The wool fabrics treated with thymol in the aqueous and ethanol media lost antibacterial activity after 5 
times IWS 7A washes, but the fabric treated with thymol under subc-CO2 showed excellent antibacterial activity 
even after 20 times IWS 7A washes (equivalent to 80 domestic washes) indicating its high durability to wash. The 
thymol treatment slightly improved the hydrophobicity of the treated fabric’s surface as the contact angle at 240 
s improved to 119◦ for the fabric treated with 5% thymol from 106◦ for the untreated control fabric.   

1. Introduction 

Textiles are known as the second skin as clothes are used to protect 
our bodies from the damaging effects of the surrounding environment. 
Our skin harbors verities of microbial communities and body sweat can 
transmit these microbes from human skin to clothes (Grice et al., 2009). 
As clothes are not sterile, they allow for harboring and growing bacteria 
on them (Callewaert et al., 2014). The types of pathogens and their 
counts on human skin can vary from one area of skin to others as human 
skin is heterogeneous (Byrd et al., 2018). It is assumed that natural fibers 
(especially protein fibers like wool fiber) are more easily affected by the 
microbiota than synthetic fibers due to the various nutrients present in 
natural fiber-made clothing and their ability to adsorb sweat compo
nents (Szostak-Kotowa, 2004). Wool fibers have exceptional character
istics, such as inherent warmth, wrinkle resistance, and fire retardancy 
(Hassan and Carr, 2019), and they are used for the manufacturing of 
next-to-skin apparel including undergarments. Untreated wool fibers 

show some level of bacterial resistance because of the presence of a 
polyethylene-like hydrophobic layer on their epicuticles (Caven et al., 
2019), which does not allow the persistent deposition of bacteria on the 
fiber surface. However, wool keratin protein is a source of nitrogen for 
the growth of bacteria, and wool fibers have high moisture regain. 
Therefore, bacteria can grow on them compromising the health of 
wearers of wool garments and affecting the longevity and usability of 
wool fibers (Abu-Rous and Liftinger, 2019). 

To hinder harboring bacteria on wool fabrics, they are frequently 
treated with several types of leaching and non-leaching antibacterial 
agents. Of the leaching type of antibacterial agents, quaternary ammo
nium compounds (Ran and Gao, 2011; Hassan and Sunderland, 2015), 
quaternized chitosan (Tian et al., 2015), metallic nanoparticles (Hassan, 
2017; Hassan, 2019; Johnston and Nilsson, 2012), natural essential oils 
(Lee et al., 2009), and natural polyphenols and flavonoids from green 
tea (Tang et al., 2010), turmeric (Shahmoradi Ghaheh et al., 2014), 
polyphenols of feijoa skin and mango seed kernel (Hassan, 2021), and 
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gallo-tannin of Chinese sumac gall (Hassan and Saifullah, 2021), have 
been studied to inhibit bacterial growth on wool textiles and also to 
protect human health. However, the treatment with many of these 
natural polyphenols may affect the inherent color of the treated fabrics. 
Quaternary ammonium compounds are quite popular in the textile in
dustry as they are highly effective as an antibacterial agent and do not 
affect the color of the treated fabric (Hassan, 2014; Hassan, 2015). The 
antibacterial agents without fiber-reactive groups are difficult to bind to 
wool fiber and therefore they may leach to water during laundering 
causing a gradual loss of antibacterial activity. Many of the synthetic 
antibacterial agents used in the textile industry are quite toxic and 
produce toxic effluent. For example, quaternary ammonium compounds 
have an LC50 value of less than 1 mg/L (Di Nica et al., 2017; Lavorgna 
et al., 2016), which confirms their high toxicity. Published literature 
shows that quaternary ammonium compounds can cause reproductive 
and developmental problems in animals, and also can disrupt key 
cellular processes (Melin et al., 2014; Maher, 2008). 

Of the non-leaching type antibacterial agents, fiber-reactive quater
nary ammonium compounds and polymers are prominent (Hassan, 
2014; Hassan, 2015), but they are relatively expensive. The nano
particles of silver, gold, and copper are also found highly effective 
against various types of bacteria (Gonçalves et al., 2022; Hassan, 2019; 
Johnston and Nilsson, 2012), but their application also changes the 
color of the fabric. Moreover, there is a risk of the liberation of not only 
the metallic ions from nanoparticles but the whole nanoparticles may 
release from the treated fabrics during washing potentially contami
nating watercourses (Mitrano et al., 2016; Lorenz et al., 2012). Wool 
fabric coated with nano TiO2 and ZnO exhibits strong antibacterial and 
self-cleaning properties (Behzadnia et al., 2015; Montazer and Sei
follahzadeh, 2011), but under visible light and solar irradiation, nano 
TiO2 and ZnO can cause severe photocatalytic degradations of fibers 
with a considerable loss of fabric strength (Tang et al., 2021). Not only 
metallic nanoparticles, but most of these antibacterial agents also have 
some level of toxicity and can end up in the washing effluent. In this 
respect, natural antibacterial agents are preferable to synthetic anti
bacterial agents as they are generally recognized as safe. Natural mono 
and diterpene phenols, such as totarol and 2-isopropyl-5-methylphenol, 
are attractive alternatives to toxic synthetic antimicrobial agents as they 
are green and plant-derived. 

Totarol, a golden yellow-colored naturally produced diterpene, is 
known to have good antibacterial activity (Shi et al., 2018), but has 
never been studied for the antibacterial treatment of textiles. It is usually 
extracted from the heartwood of Podocarpus totara, a coniferous tree 
found in New Zealand but also can be extracted from other plants (e.g., 
Podocarpus affinis, Podocarpus rumphii, Biota orienetalis, etc.). On the 
other hand, 2-isopropyl-5-methylphenol, a natural monoterpene phenol 
can be extracted from Thymus vulgaris (thyme), ajwain, and various 
other plants, and its antibacterial activity is already known (Wang et al., 
2022; Marchese et al., 2016). The aqueous antibacterial treatment of 
textiles with thymol produced textiles with poor durability of the 
treatment to washing, but also produces effluent containing thymol. To 
enhance the wash durability, thymol was encapsulated with β-cyclo
dextrin and bonded to cotton fibers by an acrylic binder, which 
improved the durability only to 10 washes (Türkoğlu et al., 2022). The 
polymeric grafting with β-cyclodextrin and plasma treatment of cotton 
fabrics further enhanced the durability to washing of the thymol-treated 
fabrics (Shahidi et al., 2014; Rukmani and Sundrarajan, 2012). How
ever, such kind treatments are costly, difficult for industrial applica
tions, and also produce effluent containing the applied antibacterial 
agents. The release of antibacterial agents into the environment may 
negatively affect the population of aquatic microorganisms and fishes 
and may play a role in the evolution of antibacterial resistance (Larson 
and Flach, 2022; Kümmerer, 2003). Moreover, all of these antibacterial 
agents have some level of toxicity and their aqueous treatment produces 
effluent containing antibacterial agents. 

Supercritical carbon dioxide (sc-CO2)-based zero-effluent treatments 

are considered sustainable and eco-friendly as CO2 is a non-toxic and 
non-flammable gas. The sc-CO2 is extensively studied as a medium for 
the dyeing of textiles with disperse and reactive classes of dyes (Penthala 
et al., 2022; Gong et al., 2021). The production of an antibacterial cotton 
gauge, corona-treated polypropylene non-woven fabric, and cellulose 
acetate film with thymol in the supercritical CO2 (sc-CO2) at 20–35 MPa 
are reported (Milovanovic et al., 2016; Milovanovic et al., 2013), but the 
durability of the treatment to washing was not assessed as the treated 
materials are for single use. Although the supercritical point of CO2 is 8 
MPa pressure and 40 ◦C, sc-CO2 treatments are mostly carried out at 
20–30 MPa pressure making the treatment machinery unsafe and highly 
costly to manufacture. If the treatment is carried out under sub-critical 
conditions at 5–6 MPa, the treatment machinery becomes less risky 
and the manufacturing cost of such kind of machinery becomes low 
(Laboureur et al., 2015). A recent published article reported a 
sub-critical CO2 (subc-CO2)-based insect-resist treatment of wool fabric 
with permethrin that considerably improved the durability of the 
treatment to washing compared to the aqueous emulsion-based treat
ment (Hassan and Brorens, 2023). In this work, for the first time, we are 
reporting the development of antibacterial wool fabric by treating it 
with thymol under subcritical CO2 (subc-CO2). The wash-durability of 
the antibacterial finish of the wool fabric treated with thymol under 
subc-CO2 was compared to the wool fabrics treated with thymol and 
totarol in aqueous and ethanol media. In subc-CO2-based treatment, 
considerably lower pressure is used compared to the sc-CO2 medium, 
which improves the safety of the process. 

2. Experimental methods 

2.1. Materials 

A plain-woven wool fabric of 136 g/m2 (29 ends/cm and 25 picks/ 
cm) made from untreated merino wool fibers (not shrink-resist treated) 
with an average diameter of 19 µm was used throughout this work. The 
wool fabric was treated with 2 g/L Sandoclean PC (a detergent) and 0.2 
g/L Sandozin MRN (a wetting agent) at 60 ◦C for 20 min to remove any 
dirt and spinning oil present in the fabric before conducting the treat
ment with thymol and totarol in subc-CO2. Of the antibacterial agents 
studied in this work, thymol was purchased from Sigma-Aldrich Limited 
(USA) and Totarol, extracted from the Podocarpus totara plant was 
supplied by Essentially New Zealand Limited (Auckland, New Zealand). 
Their chemical structure is shown in Fig. 1. Arkema Chemicals 
(Switzerland) supplied the Sandozin MRN and Sandoclean PC. The 
surfactant, Termul 5370 (HLB = 14.5) was supplied by Huntsman 
Chemicals (USA). 

2.2. Treatment of wool fabric with thymol and totarol in subc-CO2 

A 50 ml pressure vessel (Polaron Critical Point Dryer, Quorum 
Technologies Limited, UK) made of brass and chrome with a glass 
window was used to treat the wool fabric with thymol and totarol. The 
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Fig. 1. Chemical structure of totarol and thymol.  
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schematic diagram of the subc-CO2 treatment system used for the wool 
fabric is shown in Fig. 2. The wool fabric was wrapped on a perforated 
steel cylinder, and it was placed inside the vessel. The required quantity 
of thymol/totarol was taken in a small stainless-steel boat, and it was 
placed inside the perforated steel cylinder inside the pressure vessel. The 
vessel was filled with liquid CO2 at the desired pressure and the desired 
temperature (◦C) was maintained by circulating warm water through the 
outer shell of the vessel as shown in Fig. 2. The liquid CO2 was recir
culated through the vessel by a high-pressure pump to have some level 
of liquor movement through the wool fabric to achieve uniform treat
ment. The concentration of thymol and the vessel pressure and tem
perature were varied to acheive the optimum thymol absorption by wool 
fabric. The pressure and temperature were adjusted to 6 MPa and 50 ◦C 
respectively, and impregnation was continued for up to 3 h, which we 
found the optimum conditions for the treatment of wool fabric with 
thymol and totarol under subc-CO2. After the completion of treatment, 
the pressure of the vessel was released, the treated fabric was recovered, 
and the vessel was cleaned for the next treatment. 

2.3. Treatment of wool fabric with thymol in aqueous and ethanol media 

The durability of the wool fabric treated with thymol under subc-CO2 
to washing was compared with wool fabrics treated with thymol in 
aqueous and ethanol media. For this purpose, a nano-emulsion of 
thymol was prepared according to published literature, but the thymol 
was initially dissolved in ethanol (Li et al., 2017). In brief, 5 g thymol 
was dissolved in 10 ml ethanol, 1 g of Termul 5370 was added to it, and 
then slowly they were mixed with stirring. Then 90 ml water was added 
to it under high-speed stirring that produced a milky thymol 
nano-emulsion. The treatment of wool fabric with this thymol emulsion 
was carried out in an Ahiba laboratory dyeing machine (Model: Tur
bomat 1000, Datacolor International, Switzerland). The bath was pre
pared with water and the required amount of thymol emulsion and was 
run for 60 min at 30 ◦C. After completion of the treatment, the liquor 
was drained, the fabric was squeezed to remove extra liquor, and dried 
at room temperature. Wool fabric was also treated with thymol (5% owf) 
in ethanol in a 3-neck beaker fitted with a condenser at the top at 60 ◦C 
for 120 min with magnetic stirring. The sample was then removed and 
dried under a fume hood. 

2.4. Assessment of antibacterial activity 

The assessment of antibacterial activity of the thymol-treated wool 
fabric against Gram-positive Staphylococcus aureus and Gram-negative 
Klebsiella pneumoniae and Pseudomonas aeruginosa bacteria was carried 
according to the AATCC Test Method 147–1998: Antibacterial Activity 

Assessment of Textile Materials: Parallel Streak Method. 1 ml of 24 h broth 
culture of bacteria was added to 9 ml of sterile distilled water and one 
loopful of that inoculum was transferred to the surface of the sterile agar 
plate and 5 streaks of 60 mm long were made approximately covering 
the central area of a standard Petri dish. Each streak was 10 mm apart 
from the other streaks. A wool fabric sample of 25 mm × 50 mm 
dimension was placed transversely across the inoculum streaks on each 
agar plate so that the samples are in contact with the inoculum streaks. 
They were then placed inside an incubator at 37 ± 2 ◦C for 24 h. After 
which, the agar plates were removed from the incubator and the zone of 
inhibition beyond its edge and the interruption of bacterial growth along 
the streaks of inoculum under the specimens were examined. No growth 
of bacteria under the test sample indicates antibacterial activity and the 
zone of inhibition indicates the leaching of the antibacterial agent from 
the test samples to the inoculum. 

2.5. Surface characterizations 

The surface of the thymol-treated fabric was characterized by Fourier 
transform infrared spectroscopy, contact angle measurement, energy- 
dispersive X-ray, and scanning electron microscopy. The presence of 
thymol was identified by the Fourier transform infrared (FTIR) spec
troscopy by recording IR spectra on a Nicolet Summit Pro FTIR spec
trometer (Thermo Fisher Scientific, USA) equipped with an attenuated 
total reflectance (ATR) attachment at a resolution of 4 cm-1 in the range 
from 450 to 4000 cm-1 by using a diamond crystal and 128 scans were 
signal-averaged. The contact angle of untreated and thymol-treated 
wool fabrics was measured by a KSV Contact Angle Measurement 
Apparatus (Model: CAM 100, KSV Instruments, Finland). At least 10 
measurements were taken on the face and back of each treated fabric 
and the average has been reported. The surface of thymol-treated fabrics 
was examined by a scanning electron microscope (Model: TM 3030 Plus, 
Hitachi Corporation, Tokyo, Japan). The elemental analysis of C, N, O, 
and S was carried out by an energy dispersive X-ray (EDX) using the 
same Hitachi SEM equipped with Quantax75 energy dispersive X-ray 
attachment. 

2.6. Assessment of durability of the antibacterial treatment to washing 

The durability of the antibacterial activity of the wool fabric treated 
with thymol was measured according to the International Wool Secre
tariate (IWS) developed 7A washing protocol by washing in a wascator 
at 40 ◦C using a commercial wool washing detergent (Softly®, marketed 
by Pental Products Limited, Australia). Each cycle of such washing is 
equivalent to four domestic washes. The fabric samples were washed for 
5, 10, 15, and 20 cycles wet-on-wet basis without in-between drying. 

Fig. 2. The set-up used for the subc-CO2 treatment of wool fabric with totarol and thymol.  
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3. Results and discussion 

3.1. Solubility of the antibacterial agents in sub-CO2 

Totarol is a yellowish-brown colored compound, and several com
panies in New Zealand commercially extract totarol using sc-CO2. The 
glass window on one side of the high-pressure vessel allowed us to 
clearly observe the solubility of the active compounds in subc-CO2. The 
solubility of totarol is already reported in a previously published work 
(Hassan and Brorens, 2023). The treated fabric produced a uniformly 
golden color shade. In the case of thymol, a clear water-like solution was 
produced, and no thymol particles were visible suggesting its good 
solubility in subc-CO2. The wool fabric treated with thymol retained its 
natural color as thymol is colorless and the treated fabric had a 
thyme-like smell. Published articles show that diterpenes extracted from 
various sources, such as ground coffee beans, are soluble in sc-CO2 
(Zhang et al., 2022; Barbosa et al., 2014). Therefore, it can be antici
pated that totarol is soluble in the subc-CO2 medium, although the 
pressure applied in subc-CO2 is considerably lower compared to the 
sc-CO2 system. On the other hand, the wool fabric treated with thymol 
retained its natural color as thymol is colorless and the treated fabric had 
a thyme-like smell. The antibacterial activity of the fabrics achieved 

with totarol, and thymol treatment was assessed by the standard 
method. 

3.2. Antibacterial performance 

Table 1 shows the antibacterial performance of the untreated wool 
fabric as well as wool fabric treated with 1% and 3% on the weight of 
wool fiber (owf) totarol in subc-CO2 for 3 h at 6 MPa and 40 ◦C against 
Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aerugi
nosa bacteria. As expected, the untreated fabric showed no antibacterial 
performance against the studied bacteria, and high growth of bacteria 
was observed around the edge of samples as well as underneath the 
fabric. Although the antibacterial activity of totarol is previously re
ported (Shi et al., 2018), the totarol-treated fabric in this work did not 
show any antibacterial activity. In other studies, totarol powders were 
dispersed in the medium so that the small particles of totarol could come 
in contact with bacteria. The reason for the no antibacterial activity 
observed by the totarol-treated fabric in this work could be due to the 
total absorption of totarol by the fabric and also due to no leaching of 
totarol from the treated fabric during the antibacterial test because of its 
no solubility in water. Therefore, no totarol particles were released to 
come in contact to interact and kill the bacteria. The other reason could 

Table 1 
Antibacterial performance of wool fabric treated with various dosages of totarol against three types of Gram-positive and Gram-negative bacteria.  
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be that totarol might be effective only against a certain type of bacteria 
or may not have high antibacterial potency to kill the bacteria. As totarol 
did not exhibit any antibacterial activity, it was excluded from further 
works. 

Table 2 shows the antibacterial performance of thymol-treated wool 
fabric against Staphylococcus aureus, Klebsiella pneumoniae, and Pseudo
monas aeruginosa bacteria. The control untreated fabric failed to hinder 
the growth of bacteria underneath the test sample or around the sample 

Table 2 
Antibacterial performance of wool fabric treated with various dosages of thymol against various bacteria.  
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and the bacterial growth was quite spontaneous for all bacterial types. 
The control fabric did not show any antibacterial activity and no zone of 
inhibition was also observed. The wool fabric treated with thymol at 2% 
owf did not show any zone of inhibition against Pseudomonas aeruginosa, 
but the growth of bacteria underneath the fabric was weak. However, in 
the case of Staphylococcus aureus and Klebsiella pneumoniae, a very small 
(0.1 cm) zone of inhibition and no growth of bacteria under the test 
specimens were observed suggesting good antibacterial activity. The 
increase in the dosage of thymol to 3% owf also did not provide any zone 
of inhibition against Pseudomonas aeruginosa but the growth of bacteria 
directly under the test specimen was stopped and the size of zone 

inhibition was increased in the case of the other two types of bacteria. 
Further increase in the dosage of thymol further increased the size of 
zone inhibition but in the case of Pseudomonas aeruginosa, still, no zone 
of inhibition was observed but also did not show any growth of bacteria 
under the specimens. Overall, the thymol-treated fabrics showed 
excellent antibacterial activity against all three types of bacteria and the 
dosage of 3% owf was enough to achieve adequate antibacterial activity 
against all three types of bacteria. 

Table 3 
Antibacterial performance of wool fabric treated with 5% owf thymol in subc-CO2 after 5, 10, 15, and 20 times 7A washing.  
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3.3. Durability of the antibacterial treatment to washing 

Table S1 (Supplementary Materials) shows the durability of the 
antibacterial activity of the wool fabrics treated with 5% owf thymol 
aqueous emulsion to 5 washes. The aqueous-treated wool fabric before 
washing showed excellent antibacterial activity against Staphylococcus 
aureus, and Pseudomonas aeruginosa bacteria as no growth of bacteria 
was observed under the test specimens or around the fabric samples. In 
the case of Staphylococcus aureus, a 0.1–1.0 cm sized zone of inhibition 
was observed but no zone of inhibition was observed against Pseudo
monas aeruginosa. However, after 5 times IWS 7A washing, the aqueous- 
treated wool fabric sample totally lost its antibacterial activity. Strong 
growth of bacteria was observed directly underneath the thymol-treated 
test specimens and obviously also did not show any zone of inhibition 
against any type of bacteria. The loss of antibacterial activity suggests 
little absorption of thymol into wool fiber as almost all of the thymol 
deposited on the fiber surface was washed off during washing resulting 
in a loss of antibacterial activity. The wool fabric treated with thymol in 
ethanol also exhibited similar antibacterial activity before and after 
washing like the aqueous-treated wool fabric. 

Table 3 shows the antibacterial activity of wool fabrics treated with 
5% owf thymol in sub-CO2 after washing for various washing cycles. 
After 5 washing, the treated fabric barely lost any antibacterial activity 
as the washed fabric showed 0.4 and 0.1–0.4 cm zone of inhibition 
against Staphylococcus aureus, Klebsiella pneumoniae respectively, and no 
growth of bacteria was observed under the test specimens for all three 
types of bacteria. The antibacterial activity only marginally decreased 
with an increase in the number of washes. Even after 20 cycles of 
washing (equivalent to 80 times domestic washing) the washed fabric 
still showed excellent antibacterial activity against all three types of 

bacteria. The size of the zone of inhibition was still 0.1–0.2 cm in the 
case of Staphylococcus aureus, and Klebsiella pneumoniae and no growth 
of bacteria was observed directly under the sample even after 20 washes, 
which is enough to provide a lifetime guarantee of antibacterial activity 
as wool garments are less frequently washed compared to the garments 
made with cellulosic, regenerated cellulosic, and synthetic fibers. 

3.4. Mechanism of enhanced wash-durability and antibacterial activity 

The wool fabric treated with thymol in subc-CO2 showed consider
ably higher durability of antibacterial activity to washing than the fabric 
treated in the aqueous medium. The thymol nano-emulsion has a larger 
particle size compared to the thymol dissolved in subc-CO2, and there
fore in the case of the aqueous treatment instead of absorption, thymol 
deposited onto the fiber surface as illustrated in Fig. 3. The cuticles of 
untreated wool fiber surface are coated with a polyethylene-like 18- 
methyleicosanoic acid layer and hydrophobic thymol is mostly depos
ited onto the wool fiber surface and bonded by weak hydrophobic- 
hydrophobic interaction. Therefore, after 5 washes, the aqueous- 
treated wool fabric lost almost all of the applied thymol and did not 
exhibit any antibacterial activity. On the other hand, in the case of wool 
fabric treated with thymol in subc-CO2, under high pressure, thymol was 
absorbed into wool fiber and bonded to amino and carboxyl groups of 
wool keratin protein by hydrogen bonding inside wool fibers. Therefore, 
the fabric treated in subc-CO2 exhibited high durability of antibacterial 
activity to washing even after 20 times 7A washes. Only a small quantity 
of applied thymol was lost during washing that hardly impaired the 
antibactrial activity of the treated fabrics. 

The antibacterial agent, thymol, has a phenolic hydroxyl group on 
the phenolic ring that allows their very low level of solubility in water 

Fig. 3. Mechanism of binding of thymol onto wool in aqueous treatment and into wool fiber in sub-CO2.  
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Fig. 4. EDX spectra of 0 (a) and 2 (b), 3 (c), 4 (d), and 5% owf thymol-treated wool fabrics.  
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and helps thymol to enter the membrane of bacteria and kill them 
(Lambert et al., 2001). The wool fabric treated with higher concentra
tions of thymol showed a zone of inhibition suggesting that thymol 
leached from the treated samples to the bacterial medium and sup
pressed their growth. 

3.5. Distribution of C, N, O, and S elements on the wool fabric surface 

Fig. 4 shows the elemental analysis of C, O, N, and S on the surface of 
wool fabrics with various concentrations of thymol. The elemental 
compositions of wool fabrics treated with various concentrations of 

Table 4 
Dynamic contact angle of the surface of wool fabrics treated with various con
centrations of thymol under subc-CO2 treatment.  

Thymol concentration (% owf) Average contact angle (◦) at 

0 s 60 s 120 s 180 s 240 s  

0  120.0  114.7  110.6  106.9  105.8  
2  120.4  116.9  112.6  108.1  108.3  
3  120.8  119.1  118.1  117.4  113.8  
4  121.5  118.6  116.9  116.0  116.4  
5  122.9  121.7  121.2  118.4  118.7  

Fig. 5. SEM micrographs of wool fabric treated with 2%, 3%, 4%, and 5% owf thymol by the subc-CO2 method.  
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thymol changed with an increase in thymol dosage compared with the 
untreated control wool fabric. Control wool fabric has C, O, N, and S 
elements but thymol mainly has C and H elements, which is consistent 
with previously published results (Hassan and Leighs, 2017; Hassan and 
McLaughlin, 2013). Therefore, by the adsorption of thymol, the C con
tent of the fabric should increase, and the S content of the fabric should 
decrease with an increase in the thymol concentration. From Fig. 2, it is 
evident that the C content of the fabric increased, and the S content 
decreased with an increase in the dosage of thymol suggesting an in
crease in thymol adsorption by the treated fabric with an increase in its 
applied dosage. The C and S contents of control wool fabric were 48.09% 
and 2.9% respectively but for the wool fabrics treated with 4% and 5% 
owf thymol, the C content increased to 49.76% and 50.93% respectively 
but the S content decreased from 2.9% for the control to 2.50% and 
2.35% respectively. The change in the C and S contents of the fabric 
indicates the presence of thymol in the treated fabrics. 

Fig. S1 (Supplementary Materials) shows the distribution of C, O, N, 
and S elements on the surface of wool fabric treated with various con
centrations of thymol. Various elements are uniformly distributed on the 
surface of wool fabrics treated with various concentrations of thymol. 
The uniform distribution of all elements suggests uniform treatment of 
the fabric with thymol, which is important to achieve a uniform anti
bacterial activity in the treated fabric. The consistency of the antibac
terial activity of samples cut from various treated fabrics shown in 
antibacterial tests also suggests uniform treatment of the fabric samples 
by the subc-CO2 method. 

3.6. Dynamic contact angle 

The dynamic contact angle of untreated and thymol-treated wool 
fabrics from 0 s (i.e., just after placing the water droplet on the sample 
surface) to 240 s is presented in Table 4. The optical images of the water 
droplet placed on various treated fabrics at 0–240 s are presented in 
Fig. S2 (Supplementary Materials). The contact angle at 0 s was almost 
similar for the untreated and the fabrics samples treated with 1–5% owf 
thymol, but the contact angle at 4 min after placing the droplet quite 
increased with an increase in the thymol dosage. The contact angle at 0 s 
for the untreated fabric was 120.2◦ which is consistent with our previ
ously published results (Hassan and Leighs, 2017). However, the contact 
angle of the surface of wool fabric treated with 5% owf thymol, the 
contact angle increased to 122.9◦. The contact angle at 240 s for the 
untreated control fabric was 105.2◦, but for the fabric treated with 
thymol, the contact angle at 240 s increased with an increase in the 
thymol concentration. The contact angle at 240 s for the fabric treated 
with 5% thymol increased to 118.7◦, suggesting a slight increase in the 
hydrophobicity of the wool fabric with an increased thymol dosage. 

3.7. Surface morphologies 

SEM images of the surface of unwashed wool fabrics treated with 
various thymol dosages in subc-CO2 are presented in Fig. 5. All the 
treated fabrics show similar surface morphologies, i.e., they exhibit the 
typical scaly structure of wool fibers as the fabric used in this work was 
made from non-shrink-resist-treated wool fibers. The surface of thymol- 
treated fabric shows the presence of debris of wool scales that were 
formed because of abrasion during their processing, but no other surface 
deposition is visible indicating good adsorption of thymol into wool fi
bers was achieved and also confirms the good solubility of thymol in the 
subc-CO2 medium. If thymol was not soluble in subc-CO2, it could be 
adsorbed onto the surface of wool fibers and visible on the fiber surface. 
Therefore, the fabric treated with thymol in a subc-CO2 medium 
exhibited high durability to washing compared to the fabric treated with 
thymol in an aqueous medium in the case of treatment under subc-CO2, 
the applied thymol was absorbed by the wool fiber and reached the 
interior of the fiber. Therefore, during washing, they did not come out of 
the fiber compared to the thymol mainly adsorbed on the fiber surface 

when the treatment was carried out in the aqueous medium and there
fore it was easily washed out during the washing test. The marginal 
improvement in hydrophobicity was provided by the thymol molecules 
adsorbed that were near the surface of the fiber. 

3.8. ATR-FTIR 

The change in surface functionality of wool fabric treated with 
various concentrations of thymol was determined by FTIR and the 
spectra are shown in Fig. S3 (Supplementary Materials). The ATR-FTIR 
spectrum of wool fabric shows common IR bands associated with amide 
groups of wool fabric, such as IR bands at 1235, 1450, and 1650 cm-1 

due to amide (III), amide (II) and amide (I) of wool keratin respectively. 
The IR bands at 2866 and 2925 cm-1 are associated with the symmetric 
and asymmetric –CH2 groups and the broad IR band at 3260 cm-1 is 
related to hydroxyl groups of wool keratin protein (Hassan and 
McLaughlin, 2013). In this case, wool fabric treated with thymol shows 
the same IR band as thymol has only hydroxyl functional groups like 
wool keratin, but the intensity of the amide (I), amide (II), and hydroxyl 
bands increased and moved towards lower wavenumber compared to 
the untreated wool because of the interaction of hydroxyl groups of 
thymol with amino and carboxyl groups of wool keratin proteins 
through the formation of hydrogen bonding. 

4. Conclusions 

This work demonstrated that the durability of the thymol treatment 
can be considerably improved by carrying out the treatment in the subc- 
CO2 medium. The ethanol and aqueous-based treatments showed very 
poor durability to washing and the treated fabrics completely lost 
antibacterial activity after 5 washing but the subc-CO2 treatment 
considerably enhanced the durability of the treatment to washing. The 
fabric treated with totarol did not show any antibacterial activity against 
the three types of bacteria studied in this work, but the thymol treatment 
provided excellent antibacterial activities against all three studied bac
teria. The thymol treatment in the subc-CO2 medium had a marginal 
effect on the hydrophobicity and surface morphologies of wool fabric as 
the hydrophobicity of wool fabric only marginally improved by the 
treatment, even at 5% thymol dosage. The developed zero-effluent 
treatment using a green antibacterial agent can be used in the textile 
industry to make durable antibacterial fabrics for various applications 
including hospital gowns and other medical textiles. 

Declaration of Generative AI and AI-assisted technologies in the 
writing process 

The author declares that no AI and AI-assisted technologies have 
been used in the writing process. 

Declaration of Competing Interest 

The author declares that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The author acknowledges the financial support received from the 
Ministry of Business Innovation and Employment (MBIE) of the New 
Zealand Government through Grant # C10X0824. The author wishes to 
acknowledge the help provided by Barbara Mueller of Hill Laboratories 
Limited (Christchurch) for the assessment of the antibacterial activity of 
untreated and treated wool fabrics I also would like to thank Peter 
Borens (AgResearch Limited) for helping set up the subc-CO2 treatment 
system to carry out this work. 

M.M. Hassan                                                                                                                                                                                                                                     



Process Safety and Environmental Protection 177 (2023) 355–365

365

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.psep.2023.06.075. 

References 

Abu-Rous, M., Liftinger, E., 2019. The role of fiber moisture management and surface 
properties in bacterial growth and odor development on textiles. Proc. AUTEX2019 – 
19th World Textile Conference on Textiles at the Crossroads. Ghent, Belgium.  

Barbosa, H.M.A., De Melo, M.M.R., Coimbra, M.A., Passos, C.P., Silva, C.M., 2014. 
Optimization of the supercritical fluid coextraction of oil and diterpenes from spent 
coffee grounds using experimental design and response surface methodology. 
J. Supercrit. Fluid 85, 165–172. 

Behzadnia, A., Montazer, M., Rad, M.M., 2015. In situ photo sonosynthesis and 
characterize nonmetal/metal dual doped honeycomb-like ZnO nanocomposites on 
wool fabric. Ultrason. Sonochem. 27, 200–209. 

Byrd, A.L., Belkaid, Y., Segre, J.A., 2018. The human skin microbiome. Nat. Rev. 
Microbiol. 16, 143–155. 

Callewaert, C., De Maeseneire, E., Kerckhof, F.-M., Verliefde, A., Van de Wiele, T., 
Boon, N., 2014. Microbial odor profile of polyester and cotton clothes after a fitness 
session. Appl. Environ. Microbiol. 80, 6611–6619. 

Caven, B., Redl, B., Bechtold, T., 2019. An investigation into the possible antibacterial 
properties of wool fibers. Text. Res. J. 89, 510–516. 

Di Nica, V., Gallet, J., Villa, S., Mezzanotte, V., 2017. Toxicity of Quaternary Ammonium 
Compounds (QACs) as single compounds and mixtures to aquatic non-target 
microorganisms: experimental data and predictive models. Ecotoxicol. Environ. Saf. 
142, 567–577. 

Gonçalves, R.A., Ku, J.W.K., Zhang, H., Salim, T., Oo, G., Zinn, A.A., Boothroyd, C., 
Tang, R.M.Y., Gan, C.L., Gan, Y.-H., Lam, Y.M., 2022. Copper-nanoparticle-coated 
fabrics for rapid and sustained antibacterial activity applications. ACS Appl. Nano 
Mater. 5, 12876–12886. 

Gong, D., Jing, X., Zhao, Y., Zheng, H., Zheng, L., 2021. One-step supercritical CO2 color 
matching of polyester with dye mixtures. J. CO2 Util. 44, 101396. 

Grice, E.A., Kong, H.H., Conlan, S., Deming, C.B., Davis, J., Young, A.C., Bouffard, G.G., 
Blakesley, R.W., Murray, P.R., Green, E.D., Turner, M.L., Segre, J.A., Progra, N.C.S., 
2009. Topographical and temporal diversity of the human skin microbiome. Science 
324, 1190–1192. 

Hassan, M.M., 2014. Enhanced antistatic and mechanical properties of corona plasma- 
treated wool fabrics treated with 2,3-epoxypropyltrimethylammonium chloride. Ind. 
Eng. Chem. Res. 53, 10954–10964. 

Hassan, M.M., 2015. Binding of a quaternary ammonium polymer-grafted-chitosan onto 
a chemically modified wool fabric surface: assessment of mechanical, antibacterial 
and antifungal properties. RSC Adv. 5, 35497–35505. 

Hassan, M.M., 2017. Antibacterial and antifungal thioglycolic acid-capped silver 
nanoparticles and their application on wool fabric as a durable antimicrobial 
treatment. ChemistrySelect 2, 504–512. 

Hassan, M.M., 2019. Enhanced color, hydrophobicity, UV radiation absorption, and 
antistatic properties of wool fabric multi-functionalized with silver nanoparticles. 
Colloid Surf. A 581, 123819. 

Hassan, M.M., 2021. Enhanced insect resistance, UV protection, and antibacterial and 
antistatic properties exhibited by wool fabric treated with polyphenols extracted 
from mango seed kernel and feijoa peel. RSC Adv. 11, 1482–1492. 

Hassan, M.M., Brorens, P., 2023. Strong insect-resist property and wash-durability 
exhibited by wool fabric sustainably treated with a natural diterpenoid and a 
synthetic pyrethroid under subcritical CO2. Colloid Surf. A. 671, 131595. 

Hassan, M.M., Carr, C.M., 2019. A review of the sustainable methods in imparting shrink 
resistance to wool fabrics. J. Adv. Res 18, 39–60. 

Hassan, M.M., Leighs, S.J., 2017. Effect of surface treatments on physicomechanical, 
stain-resist, and UV protection properties of wool fabrics. Appl. Surf. Sci. 419, 
348–356. 

Hassan, M.M., McLaughlin, J.R., 2013. Formation of poly(methyl methacrylate) thin 
films onto wool fiber surfaces by vapor deposition polymerization. ACS Appl. Mater. 
Interf. 5, 1548–1555. 

Hassan, M.M., Saifullah, K., 2021. Sustainable dyeing and functionalization of jute fabric 
with a Chinese sumac gall-derived gallotannin using eco-friendly mordanting agents. 
Cellulose 28, 5055–5070. 

Hassan, M.M., Sunderland, M., 2015. Antimicrobial and insect-resist wool fabrics by 
coating with microencapsulated antimicrobial and insect-resist agents. Prog. Org. 
Coat. 85, 221–229. 

Johnston, J.H., Nilsson, T., 2012. Nanogold and nanosilver composites with lignin- 
containing cellulose fibers. J. Mater. Sci. 47, 1103–1112. 

Kümmerer, K., 2003. Significance of antibiotics in the environment. J. Antimicrob. 
Chemother. 52, 5–7. 

Laboureur, L., Ollero, M., Touboul, D., 2015. Lipidomics by supercritical fluid 
chromatography. Int. J. Mol. Sci. 16, 13868–13884. 

Lambert, R.J.W., Skandamis, P.N., Coote, P.J., Nychas, G.-J.E., 2001. A study of the 
minimum inhibitory concentration and mode of action of oregano essential oil, 
thymol and carvacrol. J. Appl. Microbiol 91, 453–462. 

Larson, D.G.J., Flach, C.-F., 2022. Antibiotic resistance in the environment. Nat. Rev. 
Microbiol 20, 257–269. 

Lavorgna, M., Russo, C., D’Abrosca, B., Parrella, A., Isidori, M., 2016. Toxicity and 
genotoxicity of the quaternary ammonium compound benzalkonium chloride (BAC) 
using Daphnia magna and Ceriodaphnia dubia as model systems. Environ. Pollut. 210, 
34–39. 

Lee, Y.-H., Hwang, E.-K., Kim, H.-D., 2009. Colorimetric assay and antibacterial activity 
of cotton, silk, and wool fabrics dyed with peony, pomegranate, clove, Coptis chinenis 
and gallnut extracts. Materials 2, 10–21. 

Li, J.-M., Chang, J.W., Saenger, M., Deering, A., 2017. Thymol nanoemulsions formed via 
spontaneous emulsification: physical and antimicrobial properties. Food Chem. 232, 
191–197. 

Lorenz, C., Windler, L., von Goetz, N., Lehmann, R.P., Schuppler, M., Hungerbühler, K., 
Heuberger, M., Nowack, B., 2012. Characterization of silver release from 
commercially available functional (nano)textiles. Chemosphere 89, 817–824. 

Maher, B., 2008. Lab disinfectant harms mouse fertility. Nature 453, 964. 
Marchese, A., Orhan, I.E., Daglia, M., Barbieri, R., Di Lorenzo, A., Nabavi, S.F., Gortzi, O., 

Izadi, M., Nabavi, S.M., 2016. Antibacterial and antifungal activities of thymol: a 
brief review of the literature. Food Chem. 210, 402–414. 

Melin, V.E., Potineni, H., Hunt, P., Griswold, J., Siems, B., Werre, S.R., Hrubec, T.C., 
2014. Exposure to common quaternary ammonium disinfectants decreases fertility 
in mice. Reprod. Toxicol. 50, 163–170. 

Milovanovic, S., Stamenic, M., Markovic, D., Radetic, M., Zizovic, I., 2013. Solubility of 
thymol in supercritical carbon dioxide and its impregnation on cotton gauze. 
J. Supercrit. Fluid 84, 173–181. 

Milovanovic, S., Markovic, D., Aksentijevic, K., Stojanovic, D.B., Ivanovic, J., Zizovic, I., 
2016. Application of cellulose acetate for controlled release of thymol. Carbohyd. 
Polym. 147, 344–353. 

Mitrano, D.M., Limpiteeprakan, P., Babel, S., Nowack, B., 2016. Durability of nano- 
enhanced textiles through the life cycle: releases from landfilling after washing. 
Environ. Sci.: Nano 3, 375–387. 

Montazer, M., Seifollahzadeh, S., 2011. Enhanced self-cleaning, antibacterial and UV 
protection properties of nano TiO2 treated textile through enzymatic pretreatment. 
Photochem. Photobiol. 87, 877–883. 

Penthala, R., Park, S.H., Oh, H., Lee, I.Y., Ko, E.H., Son, Y.-A., 2022. An ecofriendly 
dyeing of nylon and cotton fabrics in supercritical CO2 with novel 
tricyanopyrrolidone reactive disperse dye. J. CO2 Util. 60, 102004. 

Ran, J.-H., Gao, Y., 2011. Antimicrobial treatment for wool using quaternary ammonium 
salt as the biocide. Wool. Text. J. 39, 1–6. 

Rukmani, A., Sundrarajan, M., 2012. Inclusion of antibacterial agent thymol on 
β-cyclodextrin-grafted organic cotton. J. Ind. Text. 42, 132–144. 

Shahidi, S., Aslan, N., Ghoranneviss, M., Korachi, M., 2014. Effect of thymol on the 
antibacterial efficiency of plasma-treated cotton fabric. Cellulose 21, 1933–1943. 

Shahmoradi Ghaheh, F., Mortazavi, S.M., Alihosseini, F., Fassihi, A., Shams Nateri, A., 
Abedi, D., 2014. Assessment of antibacterial activity of wool fabrics dyed with 
natural dyes. J. Clean. Prod. 72, 139–145. 

Shi, C., Che, M., Zhang, X., Liu, Z., Meng, R., Bu, X., Ye, H., Guo, N., 2018. Antibacterial 
activity and mode of action of totarol against Staphylococcus aureus in carrot juice. 
J. Food Sci. Technol. 55, 924–934. 

Szostak-Kotowa, J., 2004. Biodeterioration of textiles. Int. Biodeterior. Biodegrad. 53, 
165–170. 

Tang, Q., Zhang, H., Han, Y., Wang, D., Wu, H., 2021. Photostability of TiO2-coated wool 
fibers exposed to ultraviolet B, ultraviolet A, and visible light irradiation. Autex Res. 
J. 21, 1–12. 

Tang, R.-C., Tang, H., Yang, C., 2010. Adsorption isotherms and mordant dyeing 
properties of tea polyphenols on wool, silk, and nylon. Ind. Eng. Chem. Res. 49, 
8894–8901. 

Tian, W., Hu, Y., Wang, W., Yu, D., 2015. Synthesis of a Gemini quaternary ammonium 
salt and its reaction with wool fabric using click chemistry. RSC Adv. 5, 
91932–91936. 

Türkoğlu, G.C., Sarıışık, A.M., Erkan, G., Erden, E., Pazarlıoğlu, N., 2022. Development 
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