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1. Introduction

Nowadays, antimicrobial textile is one of the fastest growing 
areas of functional textiles. And it has become extremely 
important these days, when faced with this diffi cult global 
COVID-19 problem. Taking into account that textile products 
such as face masks must be frequently washed, antimicrobial 
fi nishing has to be durable, wash-resistant, and nontoxic. Most 
synthetic fi bers, due to their hydrophobicity, are more resistant 
to microorganism growth than natural fi bers. Natural fi bers 
and various fi ber combinations are prone to microorganism 
growth and bacteria colonization due to the textile surface 
characteristics. With increasing demand from consumers, 
the aim is to protect the fi bers as well as the human body 
from microbial and bacterial growth [1]. The application of 
antimicrobial treatment to textiles can prevent bacterial growth. 
A suitable temperature, moisture, and receptive surface 
provide the perfect condition for the growth of microorganisms 
on textile that is in contact with the human skin. The growth 
of microorganisms on textiles infl icts a range of unwanted 
impacts not only on the textile itself, but also on the wearer: 
these include unpleasant odors, discoloration in the fabric, 
reduction of fabric mechanical strength, and so on [2].

Antimicrobial treatment is one of the most important fi nishes 
of the functional textile. There are several aspects to the 
antimicrobial treatment of textile. The fi rst aspect is to protect 
the textile material from damage caused by microorganisms; 
the other aspect is protection of the user from growth of 

pathogenic microorganisms. Almost all antimicrobial agents 
used for fi nishing of commercial textiles, for example, silver, 
zinc oxide, triclosan, copper compounds, and so on, are 
biocides. Due to their importance, the number of different 
antimicrobial agents for textile application has dramatically 
increased. These antimicrobial agents differ in their chemical 
structure, effectiveness, method of application, and infl uence 
on humans, the environment, as well as on cost [2–4]. First, 
the antimicrobial treatment should be effective against a broad 
spectrum of bacterial and fungal species, but at the same time 
not cause toxicity, allergy, or irritation to the user. Second, the 
fi nishing should be durable to washing, dry cleaning, and hot 
pressing, and this is the greatest challenge as textile products 
are subjected to repeated washing during their lifetime. Also, 
the fi nishing should not have a negative effect on the quality 
or appearance of the textile. And fi nally, the fi nishing should be 
compatible with other textile chemical processes such as dyeing 
or printing, be cost-effective, and not harm the environment [2].

The antimicrobial agents can be applied to the textile substrate 
by exhaust, pad-dry-cure, coating, spray, and foam techniques. 
Antimicrobial agents are usually applied at the fi nishing stages 
of textile production, while in some cases biocide can be 
incorporated into synthetic fi bers during extrusion [5–9]. A large 
number of studies were conducted to investigate the resistance 
of a varied spectrum of antimicrobial materials on textile. 
Many researchers have analyzed the antimicrobial activity 
after antimicrobial treatment of fabrics made of cotton, wool, 
polyamide, polyester yarns, and their various combinations 
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[10–13]. It was found that antimicrobial-treated knits with the 
same fiber composition and very similar total linear density of 
yarns but with different number of folded yarns in the structure 
have different antimicrobial activities, because a higher number 
of folded yarns in the knitted loop has a larger surface area 
and, therefore, a larger antimicrobial acting area [14]. The 
antimicrobial activity of the plaited knits, in which yarns of 
different raw material are distributed on opposite surfaces, 
depends on the construction of yarns, too [14–16].

The application of antimicrobial finish has to prevent bacterial 
growth on the textile, however, it may change the fabrics or 
products physical and/or aesthetic properties, like the texture or 
surface characteristics such as density or porosity, especially 
if wet treatment processes are used. It is well known that the 
surface porosity and loop density in knitted fabrics have a direct 
influence on the air permeability of the fabric. Air permeability is 
considered to be one of the most important features of clothing 
comfort which ensures physiological comfort [15–18].

The aim of the present work was to determine the influence 
of antimicrobial textile finishing using “Si Bactericidal” on 
durability (wash-resistance) of the antimicrobial activity and on 
changes of structural parameters and air permeability of the 
treated knitted fabrics.

2. Materials and methods

Seven variants of knitted fabrics were produced for 
antimicrobial treatment and investigated in this research. All 
the experimental samples were knitted in a rib 1x1 pattern 
on the same flat 10E gauge double-needle-bed weft knitting 
machine CMS530 (Stoll, Germany). The samples were knitted 
using yarns of different raw materials: pure woollen, cotton 
and acrylic yarns, and blended wool/acrylic yarns (with three 
different percentages of the wool and acrylic fibers in the 
yarn) and cotton/acrylic blended yarns. Structure parameters 

of the knits were analyzed according to the Standard LST EN 
14971:2006. The main structural parameters of these knitted 
fabrics are presented in Table 1.

All the experiments were carried out in the standard atmosphere 
according to Standard ISO 139, that is, 20 ± 2°C temperature 
and 65 ± 4% humidity.

All knitted samples were treated by “Si Bactericidal Textile 
Finish,” a technology proposed by the Portuguese company, 
Smart Inovation, Lda. This technology has advantages such 
as easy application and nontoxicity. It does not use heavy 
metals, silver, or other toxic substances and is eco-friendly. 
The active antimicrobial agent is Benzalkonium chloride (BKC). 
BKC was covered on the textile materials using the method 
of wet impregnation. The main conditions of the antimicrobial 
treatment were as follows: aqueous solution of 30°C was 
prepared by inserting the components in the bath in the 
following order and ratio:  41 ml/l of “Si Bactericidal” and 7 ml/l 
of auxiliary Smart Fix, pH of the bath at 6–6.5, the absorption 
rate at 70%, and duration of the treatment at 15 min. After that, 
drying for 15 min at 120°C was applied.

After the antimicrobial treatment, the samples were washed 50 
times, and after each washing and drying cycle their structural 
parameters, antimicrobial activity, and permeability to air were 
measured.

The washing procedure was performed according to the 
standard ISO 6330:2012. The samples were washed for 
15 ± 0.5 min in 40 ± 2 °C temperature washing solution with 
3 g/l washing powder concentration. After the main washing, 
the samples were rinsed thrice in 20 ± 2 °C temperature. The 
duration of each rinse was 1 ± 0.1 min. The rinsed samples 
were spin-dried (frequency of revolution 1,000 min−1) for 
1 ± 0.1 min and dried for 24 h on a smooth surface in the 
standard atmosphere conditions.

Table 1. Main structural parameters of knitted fabrics.

Sample 
code

Raw composition and yarn 
linear density

Wale 
density 
(cm−1)

Course 
density 
(cm−1)

Wale 
spacing 

(mm)

Course 
spacing 

(mm)

Loop 
length 
(mm)

Area 
density (g/

m2)

A 100% woollen yarns, 38 tex 
x2

36.0 10.5 2.77 0.97 7.39 417.7

B 70% woollen/30% acrylic 
yarns, 40 tex x2

34.0 10.0 2.92 0.98 7.67 431.0

C 50% woollen/50% acrylic 
yarns, 40 tex x2

34.0 10.0 2.92 0.99 7.68 427.4

D 30% woollen/70% acrylic 
yarns, 31 tex x2

37.0 11.0 2.68 0.89 6.96 360.5

E 100% acrylic yarns, 31 tex x2 35.0 11.5 3.21 0.97 7.95 316.8

F 50% cotton/50% acrylic, 33 
tex x2

34.0 12.0 2.92 0.83 7.18 392.2

G 100% cotton yarns, 29 tex x2 31.0 10.5 2.84 0.85 6.99 333.9
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3. Experimental results and discussion

3.1. Antimicrobial activity

Growth of Gram-negative E. coli and Gram-positive S. aureus 
bacteria on specimens knitted from different raw materials 
(100% woollen yarns, blended woollen/acrylic yarns in different 
percentage, 100% acrylic, 100% cotton yarns and blended 
cotton/acrylic yarns) was tested after antimicrobial treatment 
and after different number of washing cycles (1, 5, 10, 20, 30, 
50). The results were compared with the growth of mentioned 
bacteria on the same specimens before antimicrobial treatment. 
The results of the measured antimicrobial activity and size of 
the inhibition zone are presented in Table 3 and some variants 
of experiments are illustrated in Figures 1–4.

All antimicrobial treated knitted fabrics showed very good 
antimicrobial activity. Analysis of the test results, presented 
in Table 2 and illustrated in Figures 1–4, indicate that the 
antimicrobial activity of the treated knits was higher against 
Gram-positive (S. aureus) bacteria than Gram-negative (E. coli) 
bacteria. There are some differences in antimicrobial activity 
depending on the raw composition of knitted specimens; 
however, after the antimicrobial treatment, all the fabrics 
demonstrated good effect with a 4- mm inhibition zone for S. 
aureus and a 2–2.5 mm inhibition zone for E. coli bacteria. It 
means that strong bonds between antibacterial agent BKC 
and every investigated raw material were formed. But the 
main issue in antimicrobial finishing is to obtain antimicrobial 
activity resistant to washing. Thus, this antimicrobial finishing 
can be recommended for knitted fabrics with different raw 
compositions. As it can be seen from the presented results, 
good antimicrobial activity (with some inhibition zone) against 
Gram-negative E. coli bacteria remains for at least 10 washing 
cycles. After 20 washing cycles, it still remains, though limited. 
The results against Gram-positive S. aureus bacteria are 
even better. Good antimicrobial effect remains for at least 20 

The antimicrobial efficiency of samples was tested with the 
Gram-negative E. coli (KMY1T) and the Gram-positive S. 
aureus (ATCC25923) bacteria. The qualitative evaluation of 
antimicrobial efficiency of the treated knitted samples was 
carried out in accordance with EN ISO 20645:2004 (Agar 
diffusion plate test). The plates were incubated for 18 h at 37°C 
and afterwards the width of the inhibition zone was calculated 
as follows:

2
D dH −

= ;  (1)

where H is the inhibition zone in mm, D is the total diameter 
of sample and inhibition zone in mm, and d is the diameter of 
sample in millimeters.

Three tests of antimicrobial activity were performed for each 
sample variant. The evaluation criteria of the antimicrobial 
effect are presented in Table 2.

The air permeability test of the knitted fabrics was conducted 
according to Standard EN ISO 9237:1997, using a head area 
of 5 cm2 and pressure difference of 100 Pa. 10 tests were 
performed for each sample variant. The air permeability was 
calculated according to the following equation:

167;
D

R
A

= ⋅
  (2)

where R is the air permeability in dm3/(m2s); D is the average of 
air flow rate, dm3/min; and A is the operative area of the sample 
equal to 5 cm2.

Table 2. Evaluation criteria of antimicrobial effect.

Inhibition zone 
(mm) Growtha Description Assessment

Mean value

>1
1–0
0

None
None
None

Inhibition zone exceeding 1 mm, no growthb

Inhibition zone up to 1 mm, no growthb

No inhibition zone, no growthc

Good effect

0 Slight No inhibition zone, only some restricted colonies, growth nearly totally 
suppressedd

Limit of efficacy

0
0

Moderate
Heavy

No inhibition zone compared with the control growth reduced to halfe

No inhibition zone compared with the control no growth reduction or 
only slightly reduced growth

Insufficient 
effect

aThe growth of bacteria in the nutrient medium under the specimen.
bThe extent of inhibition shall only partly be taken into account. A large inhibition zone may indicate certain reserves of active substances or a 
weak fixation of a product on the substrate.
cThe absence of growth, even without an inhibition zone, may be regarded as a good effect, as the formation of such a zone may have been 
prevented by a low diffusibility of the active substance.
d“As good as no growth” indicates the limits of efficacy.
eReduced density of bacterial growth means either the number of colonies or the colony diameter.
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Table 3. Antimicrobial activity of tested knitted fabrics.

Specimen
Inhibition zone, mm, and antimicrobial efficacy

Staphylococcus aureus Escherichia coli
Before antimicrobial treatment A—100% woollen yarns

B—70% woollen/30% acrylic yarns
C—50% woollen/50% acrylic yarns
D—30% woollen/70% acrylic yarns

E—100% acrylic
F-50% cotton/50% acrylic yarns

G—100% cotton yarns

0 (no efficacy) 0 (no efficacy)

After antimicrobial treatment A—100% woollen yarns 4 (good effect) 2.5 (good effect)

B—70% woollen/30% acrylic yarns 4 (good effect) 2.5 (good effect)

C—50% woollen/50% acrylic yarns 4 (good effect) 2 (good effect)

D—30% woollen/70% acrylic yarns 4 (good effect) 2 (good effect)

E—100% acrylic 4 (good effect) 2 (good effect)

F—50% cotton/50% acrylic yarns 4 (good effect) 2 (good effect)

G—100% cotton yarns 4 (good effect) 2.5 (good effect)

After first washing cycle A—100% woollen yarns 3 (good effect) 1.5 (good effect)

B—70% woollen/30% acrylic yarns 3 (good effect) 1.5 (good effect)

C—50% woollen/50% acrylic yarns 3 (good effect) 1.5 (good effect)

D—30% woollen/70% acrylic yarns 3 (good effect) 1.5 (good effect)

E—100% acrylic 2.5 (good effect) 1.5 (good effect)

F—50% cotton/50% acrylic yarns 2.5 (good effect) 1 (good effect)

G—100% cotton yarns 2.5 (good effect) 1 (good effect)

After 5 washing cycles A—100% woollen yarns 2.5 (good effect) 1.5 (good effect)

B—70% woollen/30% acrylic yarns 2.5 (good effect) 1 (good effect)

C—50% woollen/50% acrylic yarns 2.5 (good effect) 1 (good effect)

D—30% woollen/70% acrylic yarns 2 (good effect) 1 (good effect)

E—100% acrylic 2 (good effect) 1 (good effect)

F—50% cotton/50% acrylic yarns 2 (good effect) 1 (good effect)

G—100% cotton yarns 2 (good effect) 1 (good effect)

After 10 washing cycles A—100% woollen yarns 1.5 (good effect) 1 (good effect)

B—70% woollen/30% acrylic yarns 1.5 (good effect) 1 (good effect)

C—50% woollen/50% acrylic yarns 1.5 (good effect) 1 (good effect)

D—30% woollen/70% acrylic yarns 1.5 (good effect) 1 (good effect)

E—100% acrylic 1.5 (good effect) 0 (limited efficacy)

F—50% cotton/50% acrylic yarns 1.5 (good effect) 0 (limited efficacy)

G—100% cotton yarns 1.5 (good effect) 1 (good effect)

After 20 washing cycles A—100% woollen yarns 1 (good effect) 0 (limited efficacy)

B—70% woollen/30% acrylic yarns 1 (good effect) 0 (limited efficacy)

C—50% woollen/50% acrylic yarns 1 (good effect) 0 (limited efficacy)

D—30% woollen/70% acrylic yarns 1 (good effect) 0 (limited efficacy)

E—100% acrylic 1 (good effect) 0 (insufficient effect)

F—50% cotton/50% acrylic yarns 1 (good effect) 0 (limited efficacy)

G—100% cotton yarns 1 (good effect) 0 (limited efficacy)
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Specimen
Inhibition zone, mm, and antimicrobial effi  cacy

Staphylococcus aureus Escherichia coli
After 30 washing cycles A—100% woollen yarns

0 (limited effi cacy) 0 (insuffi cient effi cacy)

B—70% woollen/30% acrylic yarns

C—50% woollen/50% acrylic yarns

D—30% woollen/70% acrylic yarns

E—100%acrylic

F—50% cotton/50% acrylic yarns

G—100%cotton yarns

After 50 washing cycles A—100% woollen yarns

0 (insuffi cient effi cacy) 0 (insuffi cient effi cacy)

B—70% woollen/30% acrylic yarns

C—50% woollen/50% acrylic yarns

D—30% woollen/70% acrylic yarns

E—100%acrylic

F—50% cotton/50% acrylic yarns

G—100%cotton yarns

Table 3 continued. Antimicrobial activity of tested knitted fabrics.

Figure 2. Growth of Gram-negative E. coli and Gram-positive S. aureus bacteria on the surface of knits after antimicrobial treatment from (a) 
100% woollen, (b) blended 50% woollen/50% acrylic, and (c) 100% acrylic yarns.

Figure 1. Growth of Gram-negative E. coli bacteria on the surface of untreated knits from (a) 100% woollen, (b) blended 50% woollen/50% acrylic, 
and (c) 100% acrylic yarns).
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good and promising, especially taking into account the fact 
that this antimicrobial fi nishing is very easy applicable and 
compatible with other wet fi nishing operations and gives very 
good antimicrobial durability. Also, it can be applied to fabrics 
knitted from yarns of different raw materials (natural, synthetic, 
or blended), which can be used for different purposes, including 

washing cycles. After 30 washing cycles, the treated fabrics 
have some limited antimicrobial activity, that is, an inhibition 
zone does not form around the specimen but there is no growth 
of bacteria on and under the sample. And even after 50 washing 
cycles, slightly reduced growth of bacteria on and under the 
specimens can be checked. These results are exceptionally 

 Figure 3. Growth of Gram-negative E. coli and Gram-positive S. aureus bacteria on the surface of knits after 5 washing cycles from (a) 100% 
woollen, (b) blended 50% woollen/50% acrylic, and (c) 100% acrylic yarns.

Figure 4. Growth of Gram-negative E. coli and Gram-positive S. aureus bacteria on the surface of knits after 20 washing cycles from (a) 100% 
woollen, (b) blended 50% woollen/50% acrylic, and (c) 100% acrylic yarns.
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from pure synthetic (100% acrylic) yarn; also good dimensional 
stability was shown by knits made from pure woollen yarns 
and their blend with acrylic yarns (in different percentages). 
Knits made from blended (in various percentages) woollen/
acrylic yarns slightly shrunk in the transversal direction and 
got elongated in the longitudinal direction. These dimensional 
changes are quite small but higher than that of knits made 
of pure woollen or acrylic yarns. The highest dimensional 
changes (especially in transversal direction) were established 
for pure cotton and cotton-based knits. Such tendency was 
also proved by other researchers [19, 20]. However, it was 
noticed that the highest dimensional changes in cotton-based 
knitted fabrics are not after the antimicrobial treatment but after 
the fi rst washing cycle. This is very important, as it shows that 
the antimicrobial treatment is not harmful for knitted fabrics in 
terms of dimensional changes. The dimensional changes after 
the repeated washing cycles varied in the ranges of error.

3.3 Infl uence of antimicrobial treatment and washing on air 
permeability

It is well known that air permeability directly correlates 
with textile porosity, while the porosity of knitted fabrics is 
interrelated to the loop density. Thus, in order to investigate the 
infl uence of wet antimicrobial treatment on the air permeability 
of the knits, air permeability tests were performed according to 
the methodology mentioned above.

As it was expected, the results of the air permeability test of 
untreated knitted fabrics are related to the loop length, loop 
density, yarn linear density, and row material (hairiness of the 
yarn surface) of knitted fabrics. It was found that the highest 
permeability to air has the pure acrylic knitted fabric (see in 
Figure 7). This result was infl uenced by the lower yarn linear 

washable face masks. Long-term, washing-resistant and 
nontoxic antimicrobial activity is especially important for textile 
face masks.

3.2. Infl uence of antimicrobial treatment and washing on 
structural parameters

Fabric shrinkage is a serious problem for weft knitted fabrics 
and this problem is investigated by numerous researchers. 
It is well known that dimensions of most weft knitted fabrics, 
especially those knitted from natural fi ber yarns, are sensitive 
to wet treatments. Wet processing creates the ideal conditions 
for structural and dimensional changes in knitted fabrics. 
Therefore, it is important to know how much antimicrobial 
treatment (wet impregnation) will change the structural 
properties of investigated knitted structures, such as course and 
wale densities that have a direct infl uence on the dimensions 
and porosity of fabrics.

Course and wale densities of the tested fabrics were counted 
in the length and crosswise directions of the knitted samples 
before and after antimicrobial treatment, as well as after 
repeated washing and drying cycles in order to investigate the 
infl uence of wet treatment on the possible structural changes, 
such as change in the loop geometry and loops density in 
the wale and course directions. A higher than ±3% change in 
dimensions after washing and drying is undesirable; however, 
this is usually characteristic for weft knits especially made of 
cellulose-based yarns.

The obtained results are presented in Figures 5 and 6. As it 
can be seen from the presented results, the most resistant to 
dimensional changes (especially in longitudinal direction) after 
wet antimicrobial treatment and washing is the fabric knitted 

Figure 5. Course density of tested knitted fabrics after diff erent washing cycles.
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As it can be seen from the results presented in Figure 7, the 
antimicrobial treatment of woollen, wool-blended, and acrylic 
knitted fabrics using Si Bactericidal does not have a signifi cant 
infl uence on the air permeability; the changes are in the 
ranges of error. After antimicrobial treatment, air permeability 
decreased more signifi cantly only for cotton and cotton/acrylic 
blended fabrics (it was obtained 116.7 dm3/(m2s) and 66.7 dm3/
(m2s) decrease, respectively).

density (31 tex x2) and higher loop length (7.95 mm) on one 
hand, and the lower hairiness of the yarn surface on the other 
hand. A comparison of woollen and wool-blended knitted fabrics 
shows that they have very similar air permeability. The lowest 
air permeability was observed for cotton and cotton-blended 
fabrics, especially after the wet treatment.

Figure 6. Wale density of tested knitted fabrics after different washing cycles.

Figure 7. Air permeability of tested knitted fabrics before wet treatment, after antimicrobial treatment, and after repeated washing and drying.
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The antimicrobial treatment does not significantly change 
dimensions nor permeability to air of the treated knitted fabrics, 
while the obtained changes were in the ranges of error, with 
the only exception for air permeability of cotton and cotton-
blended fabrics. This is a very positive conclusion because the 
treatment used to obtain additional functionality cannot worsen 
the other properties of the fabric.
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