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Abstract—Cotton fabric was treated by corona plasma discharge at different powers and numbers of passages.
The carboxyl group content was determined by Methylene Blue staining and titration. Then, the untreated and
treated cotton fabrics were treated with silver nitrate, and laundering test was carried out. The inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis for silver and antibacterial tests were done. The surface
bonding and morphology were studied by FTIR/ATR spectroscopy and scanning electron microscopy (SEM),
respectively. The plasma corona discharge treatment of cotton fabric increases the content of carboxyl groups.
An increase in the power of plasma treatment increases the content of carboxyl groups and adsorption of silver
ions. As a result, the antibacterial effect is enhanced and becomes more stable after repeated laundering.
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INTRODUCTION

Textile fibers are highly susceptible to attack by
microorganisms. The growth of microorganisms on
textiles occurs in the presence of moisture and nutrients
and is enhanced at higher temperatures. The microbes
affect not only the wearer, but also the textile itself [1, 2].
Synthetic fibers are resistant to attack of microorganisms
because of their hydrophobicity, whereas cellulosic
fibers under appropriate conditions act as a nutrient
source for microorganisms and thus can degrade [1-3].
Cotton fibers are able to absorb moisture to become a
suitable medium for bacterial growth [1, 2, 4, 5]. The
microorganisms on cotton fibers cause generation of
odor, stains, discoloration, damage, and deterioration.
Therefore, it is necessary to prevent the growth of
microbes on the fibers [1, 2]. Antimicrobial agents
are used for inhibiting or killing microbes to reduce
odor, damage, and undesirable effects. The common
antibacterial agents used in textiles are silver, triclosan,
polyhexamethylene biguanide (PHMB), and quaternary
ammonium compounds. Silver metal is the most widely

I The text was submitted by the author in English.

used antibacterial agent in textiles [1, 2, 6]. Heavy metals
like silver kill bacteria by combining with intracellular
proteins and activating them [1, 2, 7-9]. Silver-based
products are more effective against bacteria than against
fungi, mold, and mildew [2, 8].

Surface modification of textiles with silver particles
is not permanent, and the antibacterial effect in this case
decreases after repeated laundering. There are several
methods for stabilizing materials on cotton fabric. These
methods involve the use of a large amount of chemicals
and water. The functionalization, drying, and curing
processes are expensive and time-consuming [10—13].
Plasma discharge is a suitable method for modifying a
polymer surface in a dry system without any pollution
[14]. Surface modification of textiles [15, 16], polymers
[17] including Nylon [18], polyethylene terephthalate
[19, 20], and cotton fibers [21-26] by plasma discharge
has been reported. Oxygen plasma treatment of cotton
generates carboxyl and carbonyl groups, and the increase
in the carboxyl group content makes the fiber function-
alized and more wettable [27-30]. Coating of plasma-
treated and untreated cotton and cotton/polyester fabrics
with silver nitrate and silver nanoparticles was studied
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previously [4, 31-36]. In this study, cotton fabric was
treated by plasma corona discharge at different powers
and numbers of passages. Methylene Blue staining and
titration were used for determining carboxyl groups on
untreated and treated cotton fabrics. Then, silver nitrate
was deposited onto untreated and plasma-treated cotton
fabrics. Laundering test was done to evaluate the dura-
bility of Ag ions on cotton fabric. Antibacterial test and
ICP-OES analysis were carried out to determine the an-
tibacterial effect and Ag ion content, respectively, before
and after laundering. The scanning electron microscopy
and FTIR/ATR were used for assessment of the surface
morphology and functional groups.

EXPERIMENTAL

Material. The fabric used in this study was a desized,
scoured, and bleached plain weave cotton weighing
109 g m2 (Testfabrics style 400), produced by Testfab-
rics, West Pittston (the United States). Laventin LNB
nonionic detergent (BASF, Germany) was used. Silver
nitrate, nitric acid, sodium chloride, sodium hydroxide,
and hydrogen chloride were purchased from Merck
(Germany). The AATCC standard detergent without
optical brightener and Methylene Blue dye from Merck
(Germany) were used.

Methods. The plain weave cotton fabric was washed
with the nonionic detergent and dried to prepare for
plasma discharge treatment. Cotton fabric was treated by
plasma corona discharge at different powers and number
of passages (500 and 1000 W; 40 and 60 passages).
The atmospheric air plasma corona instrument was
made by Azad Electrical Industries (Iran). It has two
electrodes: metal electrode roll with silicone coating and
aluminum electrode parallel with electrode roll [37]. The
experiments were carried out at atmospheric pressure
in air. The power and velocity were set at 500 or 1000
W and 2 m min-!, respectively. The distance between
the electrodes was 3 mm. The untreated and plasma-
treated cotton fabrics were stained with Methylene Blue
dye (C.I. basic blue 9) for determining carboxylic acid
groups on cotton. The staining was carried out with a
1 % (w/v) Methylene Blue solution for 5 min at room
temperature, after which the fabric was dried [27]. The
color parameters of the stained fabrics were determined
with a Color Eye 7000 A spectrophotometer (Dgs/10°).

The color yield (K/S) of the dyed fabrics was calculated
using the Kubelka—Munk equation
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K/S=(1 - R)2/2R, (1)

where R is the reflectance. The color difference (AE) of
the untreated and corona plasma discharge treated cotton
fabrics was calculated by Eq. (2) [38]:

AE = JAL? + Ad® + Ab? 2)

The carboxyl group content (mg-equiv L-1) [27, 39]
was determined by titration. For this purpose, the cotton
fabrics samples were ground to a powder, dried in an
oven, acidified with an HCI + NaCl solution, and titrated
with an NaOH + NaCl solution (25 + 0.5°C) using a
precision burette.

The untreated and plasma corona discharge treated
cotton fabrics were coated with a 2% silver nitrate solu-
tion at ambient temperature for 30 min, after which the
samples were passed through pad rollers, dried at 100°C,
and cured at 150°C for 1 min. Then, the samples were
washed with distilled water to remove the nonabsorbed
fragments from the cotton surface. The coated fabric
samples were divided in two portions. One portion was
kept as control, and the other portion was used for the
laundering test. The cotton fabrics were washed accord-
ing to the AATCC 124-1996 standard test method at
46°C with five cycles of washing using AATCC standard
detergent.

The antibacterial test was carried out according to the
AATCC 100 standard test method. Two kinds of bacteria
(Escherichia coli and Staphylococcus aureus) were used
for the test, and the samples were incubated for 24 h.
After 24 h of bacterial growth, the photos were taken from
agar plates, the colonies were counted, and the bacteria
reduction was calculated using Eq. (3):

Reduction (%) = [(C — A)/C] % 100, 3)

where C denotes the counted colonies on cotton fabric
and A, the counted colonies on AgNOs-coated plasma-
treated and untreated cotton.

The IR spectra were taken with a Bruker-Equinox
55 FTIR/ATR system. All the data were recorded using
a ZnSe internal reflective element. The spectra were
collected at a resolution of 4 cm~! with 32 scans. The fiber
surface morphology was examined with a Philips XL30
scanning electron microscope (SEM) at an acceleration
voltage of 20 kV and magnification of x7500.
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Table 1. Results of methylene blue staining
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1000 W
Parameter Untreated
40 passages 60 passages 40 passages 60 passages

L 41.39 37.54 36.93 38.91 38.60

a 1.17 -2.13 —2.45 -2.01 -2.35
-35.13 -35.34 —35.46 -35.47 -35.65

K/S 0.49 0.71 0.78 0.59 0.66

AE - 5.07 5.75 4.04 4.52

Inductively coupled plasma optical emission
spectroscopy analysis (ICP-OES) of AgNO;-coated
cotton fabrics was carried out using a Varian Vista-Pro
instrument (the United States). Each sample (0.03 g)
of cotton fabric was placed in a furnace (Nabertherm,
Germany) at 600°C for 1 h, after which nitric acid (5
mL) and distilled water were added to a total volume of
25 mL. The silver ion concentration was calculated from
the calibration curve obtained using standard solutions.

RESULTS AND DISCUSSION

Carboxyl group content. Methylene Blue staining.
Methylene Blue dye (C.I. basic blue 9) is a cationic
dyestuff. It is absorbed on the anionic -COO- groups of
cotton. These groups appear on cotton fiber upon oxidation
of cellulose [27-29]. Higher amount of carboxyl groups
leads to higher Methylene Blue dye absorption and thus
to higher K/S value. The color parameters after Methylene
Blue staining show that plasma treatment of cotton fabric
produced carboxyl groups on the fiber surface (Table 1),
as the K/S value increased upon plasma treatment
compared to the untreated cotton. The untreated cotton
showed the color yield (K/S) of 0.49; i.e., the untreated
cotton adsorbs Methylene Blue dye, probably because of
the presence of carboxyl groups in untreated cotton. The
color yield reached 0.78 after corona plasma treatment
at 1000 W with 60 passages. The K/S value increased as
the plasma energy was increased. The L value indicates
the lightness of dyed fabrics. Lower L values correspond
to darker fabric. The L value for the untreated cotton was
41.39, and it decreased to 36.93 at the highest parameters
of corona plasma treatment (1000 W, 60 passages). These
results are in agreement with those of the previous studies
involving the use of corona discharge in air to alter the
chemical and physical properties of cotton fiber. This

leads to an increase in wetting and to a decrease in pH of
water in contact with the cotton [29, 37]. This acidic pH
is due to the presence of carboxylic acid groups in cotton.
The atmospheric plasma corona discharge produces high
concentration of chemically active species such as excited
oxygen, oxygen radicals, free electrons, and oxygen ions.
These species attack the fiber surface and generate free
radicals (Scheme 1) [28, 40—-42]. The bond cleavage
between C1 and glycosidic oxygen (1), dehydrogenation
at C6 (3), or bond cleavage between C1 and ring oxygen
(5) result in the formation of carbonyl (aldehyde) group,
which has higher polarity than the hydroxyl group; these
are possible mechanisms of corona plasma discharge
action on cotton fabric [28, 42]. The increase in reactive
sites on cellulose by generating free radicals leads to
further reactions yielding carboxyl groups on cotton.

Titration method. The carboxyl group content was
measured by titration; the results are shown in Fig. 1.
The untreated cotton has the 1.25 mg-equiv L-! content
of carboxyl groups, and the corona plasma discharge
treatment at the highest energy level increased it to
2.73 mg-equiv L-1. An increase in the power and
number of passages led to higher carboxyl group content
(Fig. 1). These results agree with the results obtained by
Methylene Blue staining.

Silver ion content (ICP-OES analysis). Table 2
shows the results of determining the silver ion content
by ICP-OES analysis. The cellulosic fibers like cotton
can absorb silver ions because of the presence of polar
groups. The hydroxyl groups of cellulose can absorb
silver ions, so that 0.82% silver ions was absorbed
onto untreated cotton, and after repeated laundering the
silver ion content decreased to 0.51%. This result agrees
with the data obtained for the untreated cotton fabric by
the methods of Methylene Blue staining and titration.
The corona plasma discharge treatment increased the
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carboxyl group content; therefore, the silver ion content Scheme 2.

on the cotton fabric increased also, reaching 1.38% at the
highest levels of power and number of passages (1000
W, 60 passages). The increase in the silver ion amounts
on plasma corona discharge treated cotton is due to the
presence of the anionic groups on cotton fabric. These
anionic groups include carboxylic acid groups produced
by oxidation of the fibers [27-29]. The possible reaction
that occurs in the system is shown in Scheme 2:

3.0
2.5
2.0
1.5
1.0

0.5

Carboxyl content, mequiv L-!

0.0
Untreated
cotton

500W,
40P

Cell--COO- +Ag+t — Cell -COOAg

Antibacterial effect. Silver metal has antibacterial
effect, and the antibacterial properties of silver-loaded
cotton fabrics were studied using AATCC 100 standard
test method. The antibacterial action of silver ions is due
to their penetration inside the bacteria cell and death of
the cell. Also, heavy metals react with proteins by linking

500 W,
60 P

1000 W,
40P

1000 W,
60 P

Fig. 1. Carboxyl content of untreated and corona plasma discharge treated cotton fabrics.
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Table 2. Bacteria reduction percentage and ICP-OES data for silver-loaded untreated and plasma corona treated fabrics (B:

before laundering, A: after laundering)

1000 W 500 W
Bacteria, parameter Sample Untreated
40 passages 60 passages 40 passages 60 passages

Escherichia coli B 100 100 100 100 21.6
A 99.95 100 99.2 99.9 0
Staphylococcus B 96.25 99.9 86.5 96.15 50
aureus A 74.35 90.45 53.95 95.1 25

Ag concentration, B 1.29 1.38 1.23 1.29 0.82

wt % A 1.24 1.33 1.17 1.24 0.51

with the thiol group, leading to the protein inactivation
[8, 9]. The results we obtained are presented in Figs. 2
and 3 and in Table 2. Figures 2 and 3 show the content
of E. coli and S. aureus colonies on untreated and corona
plasma discharge treated cotton fabrics. The figures also
show the content of the colonies before and after repeated
laundering. The E. coli colonies were approximately
zero for corona plasma treated cotton fabric (Figs. 2a,
2b), whereas on untreated cotton (Figs. 2e, 3e) and
silver-loaded untreated cotton (Figs. 2c, 2d, 3c, 3d)
their content was the highest. The bacteria reduction
percentage is given in Table 2. The reduction of E. coli
bacteria was 100% at all powers and passages of plasma
corona discharge treatment. After repeated laundering,
the reduction percentage remained on the 99-100%
level. For untreated cotton fabric, silver nitrate could
reduce E. coli bacteria by only 21.6%, and the reduction
percentage reached zero after repeated laundering. The

(a) (b) (©)

reduction of S. aureus bacteria reached 99.9% after
plasma corona discharge treatment at 1000 W and
60 passages. Enhanced antibacterial properties of corona-
treated fabrics can be attributed to higher hydrophilicity,
which made them more accessible to silver ions [43]. The
results of antibacterial tests show that silver remained on
cotton fabric after repeated laundering, and high bacteria
reduction of silver-loaded fabric after repeated laundering
may be due to physical bonding to the cotton fabric [4].

FTIR/ATR analysis. The FTIR/ATR spectra are
shown in Fig. 4. The spectra of the untreated and corona
plasma treated cotton fabrics were similar, although
we expected to see the existence of carboxyl groups
according to the results of Methylene Blue staining and
the titration methods. The IR spectra of Ag—cotton and
Ag—corona treated cotton systems showed no evidence of
binding of Ag ions with cotton fabric; however, Ag ions
are difficult to detect by IR spectroscopy [44].

(d) ©)

Fig. 2. The grown colonies of E. coli on cotton fabrics. Sample: (a, b) Ag-loaded plasma corona discharge treated, (c, d) Ag-loaded
untreated, and (e) cotton without Ag. (a, ¢) Before and (b, d) after laundering.

@ (b) (©)

(d) (e)

Fig. 3. The grown colonies of S. aureus on cotton fabrics. Sample: (a, b) Ag-loaded plasma corona discharge treated, (c, d) Ag-loaded
untreated, and (e) cotton without Ag. (a, ¢) Before and (b, d) after laundering.
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Fig. 4. FTIR/ATR analysis of untreated, corona treated, Ag-loaded untreated, and Ag-loaded corona treated cotton.

(@) ®)

R e D W fem—
NE A e T EE

-
e [}
S Y,

©) | @

Fig. 5. SEM micrographs of AgNO; coating on (a) untreated cotton before laundering, (b) untreated cotton after laundering, (c) plasma-
treated cotton before laundering, and (d) plasma-treated cotton after laundering.

SEM morphology. The SEM micrographs of silver
coating on untreated and plasma corona discharge treated
cotton are shown in Fig. 5. Figures 5a and 5c show Ag
loading on untreated and corona treated cotton; some
particles appearing upon coating can be seen. After
repeated laundering, these particles are removed from the
surface (Figs. 5b, 5d). Although SEM micrographs did
not show significant amount of silver particles on corona
treated fabric after repeated laundering, we can attribute
the preservation of the antibacterial effect to penetration
of silver particles into the cracks and etching caused by
corona discharge treatment of cotton fabric.

CONCLUSIONS

The cotton fiber contains carboxyl groups —COOH,
and the oxygen plasma treatment of cotton increases
their amount, as shown by the Methylene Blue staining
and titration methods. The increased content of -COOH
groups leads to more efficient binding of Ag in the form
of Ag salt of -COOH. The increase in the power of plasma

treatment increases the silver adsorption. The absorption
of Ag significantly reduces the growth of two kinds of
bacteria on cotton.
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