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ABSTRACT: This study is carried out to examine the
effects of simultaneous dyeing and antimicrobial finishing
of wool yarns. Wool yarns were dyed with acid dye along
with colloidal silver nanoparticles through the exhaustion
method in a one-bath. Different concentrations of nanosil-
ver were examined to evaluate its influences on the color
and the antibacterial properties of the yarns. The antibacte-
rial property of the sample has been tested by a Gram-neg-
ative bacterium Escherichia coli and a Gram-positive
bacterium Staphylococcus aureus. Also, the tenacity of wool
yarns, color, and rubbing fastness of the dyed yarns has
been measured. The color fastness against washing and

antibacterial property of the dyed yarns after 10 laundering
cycles was also considered. The fiber morphology was stud-
ied by SEM pattern, EDX, and X-ray diffractometer. The
results showed that the wool yarns dyed with acid dye
along with 25 ppm of silver nanoparticles exhibited a very
good antimicrobial effect even after 10 laundering cycles on
S. aureus while the rubbing fastness remained unchanged,
and the color fastness and tenacity were even improved.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 1405-1411, 2011
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INTRODUCTION

Textile, as known, is a good media and suitable nu-
trient source for generating and propagating of
microorganisms. Microorganisms are found every-
where and under optimal conditions of nutrients
(protein and hydrocarbon), moisture, pH or temper-
ature, and they can grow enormously. Growth of
microorganism on textile causes unpleasant effects,
such as deterioration, color change, bad smell, and
loss of mechanical properties. Furthermore, textiles
are suitable media for growing pathogenic microor-
ganism. This makes the antimicrobial process a
highly important stage of textile processing.'™

The antimicrobial finishing needs to be compatible
with other finishing processes, agents, and dyeing in
particular. In this research, the compatibility of this
process with dyeing has been precisely verified.>”

Wool is an excellent media for generating and
propagating of microorganisms and insects due to
the moisture absorption properties and the richness
of protein as a nutrient source. This fact underscores
antimicrobial property of wool. The wool keratin is
very sensitive to heat, pH, oxidation agents, and
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other conditions. Then, it should avoid any addi-
tional processing in regular practices to maintain the
structure of wool. This makes the idea of using mul-
tifunctional finishing and combining different steps
of wool processing valuable and critical ™

Antimicrobial finishing is considered to be applied
either separately or with other operations.” However,
the compatibility of chemicals and application condi-
tions is more important. There are also some natural
dyes such as Acacia catechu, Kerria lacca, Quercus
infectoria, Rubia cordifolia, and Rumex maritimus,
Curcuma henna, Cochineal that have inherent antimi-
crobial activity and are applied on wool and silk.
Antimicrobial effects of these dyes depend on their
concentration. Quercus infectoria can be regarded as
the most effective and shows maximum zone of inhi-
bition, thereby indicating best antimicrobial activity
against all the microbes tested. As a matter of fact, the
usages of natural dyes are limited due to certain com-
mercial restrictions like lack of standards, not easy to
process, and limited spectra of color.*'**?

Chitosan and henna are recently used to treat
wool fabric in two separate steps. It has been proved
that the chitosan-treated wool fabrics shows
increased dye uptake, sweat, and light fastness. The
treated fabrics are found to be antimicrobial, and the
chitosan treatment enhances the antimicrobial char-
acteristics of the dyes. Color change has been
occurred by increasing chitosan.'!
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Figure 1 Color differences after various concentration of nanosilver. (a) Nanosilver and dye before laundering; (b) nano-
silver without dye. *Nanosilver and dye were applied on sample 6 separately in different bath.

Furthermore, a new antimicrobial method for
wool fabrics based on immobilization of lysozymes
has been introduced. The wool fabric has been ini-
tially activated with glutaraldehyde and then has
been used to covalently immobilize lysozymes. Wool
fabric immobilizing lysozymes presents a higher ra-
tio of bacteriostatics against Staphylococcus aureus.
Moreover, lysozymes are nontoxic with ecofriendly
characteristic."* Cotton fabrics have also been used
by chitosan and N-(2-hydroxy) propyl-3-trimethyl
ammonium chitosan chloride as a crosslinking agent
including citric acid, butane tetra carboxylic acid,
and citric acid. The antibacterial effect becomes
apparent after several laundering improvement in
wrinkle recovery. Therefore, it could be called anti-
microbial functionalization method."

Many metal cations such as copper, zinc, gold, sil-
ver, and their nanoparticles in the size range of 1-
100 nm have antimicrobial activities. Nowadays,
nanoparticles are very important role for the modifi-
cation of textile products.'®>!

Although heavy metals such as copper and chro-
mium have been used with acid mordant dyes on
wool for several years, their antimicrobial activities
are being observed recently. Different heavy metal
cations have several oxidation states, and they are
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Figure 2 Absorbance spectra of dye bath waste water for
dyed samples 1-5 that have been treated with different
amount of nanosilver, control sample, and a sample of
solved dye.
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able to form a coordinate covalent bond. They can
form a combination with different ligand and cause
color fastness. Although silver has an excellent anti-
microbial characteristic, but it is not used as a mor-
dant in dyeing because of the low chemical activity
and low oxidation state. The most likely oxidation
state of silver is +1. The cost might have been also
considered as a negative point as well.>'¢

Silver kills more than 650 types of germs with
high laundering durability. It is nontoxic and eco-
friendly especially in nanosize and its application
has been widely recommended.***

Nanosize silver is applied on different types of
fiber, yarn, and fabric through different stages of
several methods. For instance, antimicrobial silver
nanoparticles have been immobilized on nylon and
silk fibers by following the layer-by-layer deposition
method. PET fabric has also been treated by nanosil-
ver with crosslinkable poly siloxane via different
methods, simultaneous, or after treatment with vari-
ous concentrations of nanosized silver. A remarkable
biostatic efficacy against S. aureus and K. pneumonia
has been appeared. Wool has been treated by a sul-
fur nanosilver colloidal solution-containing Ag/S
complex. This had a perfect antimicrobial efficacy
against S. aureus and K. pneumonia.*>*>>

TABLE I
Color Fastness Evaluated by Gray Scale After 10
Laundering Cycles and Rubbing Fastness in Dry and
Wet Conditions

Rubbing

Color fastness to Rubbing

Samples washing fastness wet fastness dry
1 4 5 5
2 4 5 5
3 4-5 5 5
4 4-5 5 5
5 4-5 5 5
12 2 5 5
22 2 5 5
3° 2-3 5 5
42 2-3 5 5
5% 2-3 5 5
Control 2 5 5

? Nanosilver and dye were applied separately.
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Figure 3 Formation of linear complex by silver ion.

Taking all the above-mentioned facts into account,
in this study, dyeing and antimicrobial finishing of
wool yarns with acid dye and nanosilver colloidal
solution has been considered through a facial
method, that is, simple exhaustion method in one
bath. The color and tenacity of dyed yarns and size
and shape of the nanoparticles have been considered
and evaluated.

MATERIALS AND METHODS

The wool yarns with 10 Nm count including 25-35-
um fibers diameter (Kashan Kork industrials Co.,
Iran), nanosilver colloidal solution 8000 ppm with 5
nm particles and sphere shape (Narmin Chimi Co.,
Iran), acetic acid from Merck (Germany), ammonium
citrate from Merck (Germany), Acid Blue 92 (Alvan
Sabet Co., Iran), E. coli ATCC11303, S. aureus ATCC
6538, and distilled water were used in this research.

Dyeing with acid dye and nanosilver

The wool yarns (1 g) were initially washed with de-
tergent at 60°C for 20 min and then dyed with acid
dye (2% o.w.f), acetic acid (2% o.w.f), and different
concentration of nanosilver (0.0015%, 0.0025%,
0.01%, 0.04%, and 0.08% o.w.f). The liquor to goods
ratio (L.R.) was 100 : 1 for all specimens.

Dyeing process

The wool yarns were added to the dyeing bath at
40°C and left for 5 min. Then, the acetic acid and
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Figure 4 Reduction of bacteria against various concen-
trates of nanosilver.

nanosilver was added and the wool yarns treated
for 10 min. The acid dye was added to the dye bath,
and the temperature increase to boil within 15 min
and kept boiling for reached to the boiling for 45-60
min. The samples were finally washed and dried at
room temperature. The pH of dye bath was depend-
ant on the concentration of nanosilver as it was 6—
6.5 for the bath with 0, 0.0015%, 0.0025%, and 0.01%
of nanosilver and 5-5.5 for the bath with 0.04% and
0.08% nanosilver.

Color differences

The color of samples has been compared to the dyed
sample without nanosilver. The color difference has
been measured according to the following formula:

AE = (AL? + Aa® + AP?)'/2.

AL=Ls—L;,Aa =a; —a.,Ab
= b; — b.(s = sample, ¢ = control)

Rubbing fastness

The rubbing fastness has been measured by a man-
ual crock meter according to ISIRI 204 (ISO 150-X12
textiles 2001) after conditioning the samples at 20°C
and 65% relative humidity for 24 h.
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Figure 5 Reduction of S. aureus against nano silver 1 and 10 washing cycles.
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Figure 6 Plots of tenacity-elongation of samples.

Antimicrobial test

Nanosilver antibacterial activity has been evaluated
by a quantitative method AATCC100, 2004. The
organisms taken for this study were S. aureus and
Escherichia coli. The reduction in colony number
between the treated and untreated fabrics after incu-
bation has been determined. The percentage of the
reduction has been calculated according to the fol-
lowing equation.

Reduction(%) = (B

—A
B )><100

Antimicrobial activity, expressed as the percentage
of reduction, ‘B and A’ representing the numbers of
bacteria recovered from the untreated and the
treated wool yarns, after inoculation and incubation,
respectively.

Tenacity

Elongation and yarn tenacity have been tested in ac-
cordance with the Iranian standard 29 by Uster Ten-
sorapid 3. Wool yarn has been conditioned at 20°C
and 65% RH for 24 h. Each specimen has been
examined 10 times.

Washing fastness

The samples have been washed according to ISIRI
10076 (ISO 150-C10 color fastness to washing with
soap or soap and soda). Each washing cycle was tak-
ing 20 min, and, for each sample, 10 washing cycles
have been applied. Each specimen has been exam-
ined five times.

SEM, EDX, and XRD

“LEO 440i scanning electron microscope with IMIX
EDX chemical analysis” and “X'Pert PRO X-ray dif-
fractometer (XRD)” has been used.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Tenacity-elongation of control and raw yarn.

RESULTS AND DISCUSSION

To evaluate the color changes occurred as results of
existence of nanosilver in the dye bath, the color of
the acid dyed samples along with the nanosilver
was compared to the dyed sample without the nano-
silver, and also the nanosilver-treated samples were
compared to the raw wool yarn. Because the concen-
tration of the dye was constant, then the color differ-
ences can be related to the concentration of the
nanosilver. This is illustrated in Figure 1. It is indi-
cated that increasing of the concentration of nanosil-
ver up to 400 ppm led to increase the color differ-
ence. However, there is no noticeable color change
between the 400 and 800 ppm. The color of nanosil-
ver-treated samples without dye was differed from
light yellow to light brown by increasing the concen-
tration of nanosilver. The color difference of samples
1 and 2 (15 and 25 ppm) is very low, and it can be
considered negligible.

Figure 1(b) illustrates the color difference for the
only nanosilver-treated samples with different con-
centrations of nanosilver. By increasing the nanosil-
ver concentration, the rate of color difference was
reduced. It can be concluded from the Figure 1(a,b)
that with increasing in the nanosilver, the dyed sam-
ples show about two times more color changes com-
paring with undyed samples. Specifically, the color
changes for the sample 5 is six times bigger than the
sample 1 for the dyed samples while this is three
times for the same undyed samples [Fig. 1(b)].

TABLE II
Average and Standard Deviation of Tenacity at Break

Samples Average of tenacity at the break (+SD)
1 6.16 (+0.20)

2 6.3 (£0.49)

3 6.65 (*£0.34)

4 7.39 (+0.34)

5 7.25 (+0.90)

Control 6.92 (£0.20)

Raw 6.78 (+0.29)
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Figure 8 Surface images of wool fiber having 400 ppm silver particles; (a) 1,000 and (b) 15,000 magnifications.

It is remarkable that almost the whole dye has
been adsorbed to the wool yarn in the presence of
nanosilver, whereas a considerable amount of the
dye remained in the dye bath for the sample without
nanosilver Figure 2.

For the purpose of study the remaining dye in the
dye bath after dyeing, the UV spectroscopy’ has
been used. Figure 2 shows the UV absorption spec-
trum of the dye bath of the dyed samples 1-5, which
have been treated with the different concentration of
nanosilver, the control sample, and also a dye solu-
tion. As it shows, the absorption value is nonsense
for samples 1-5, which mean there is no residual
dye in bath for the samples treated with nanosilver,
while the control sample has got the same spectra as
the solved dye only with lower intensity. It is also
considerable that even with a very small amount of
nanosilver (15 ppm in sample 1), all dyes have been
absorbed, having in mind that the amount of dye
has been constant for all samples.

High dye uptake in nanosilver finishing samples
can be justified by the fact that nanosilver has the
ability to release silver ions, which have strong affin-
ity to such anions like carboxyl, hydroxyl, and, spe-
cially, thiol groups of protein. These anions could
bind with silver ions while cationic site of fiber like
amino groups could be accessible by dye anionic.””~
* This phenomenon could be a good reason for
complete dye absorption.

The improvement of washing fastness has been
proved to be another effect of the presence of nano-
silver in dye bath as shown in Table I. Although
control sample seems to have poor color fastness af-
ter 10 washing cycle evaluated by gray scale, sam-
ples 1, 2, 3, 4, and 5 with 15, 25, 100, 400, and 800
ppm nanosilver have shown excellent color fastness
after 10 washing cycle. Nanosilver and dye have
been applied on samples 1%, 2%, 3% 4* and 5* sepa-
rately in different baths. The color fastness of these

!Using a “Cary 300 UV-vis spectrophotometer’ produced by
Varian Company.

samples has been almost the same as the control
sample after 10 cycles of washing. Rubbing fastness
has remained constant. All samples are showing
excellent rubbing fastness in dry and wet, exactly
the same as control sample (Table I).

To describe the concluded facts more theoretically,
it can be considered that silver (I) ions form a linear
complex with one ligand in either side with a 180°
angle (Fig. 3). Therefore, it sounds reasonable to
form silver complex either between two molecules
of dye or a molecule of fiber and a molecule of
dye.”® This can justify high color fastness after 10
washing cycle and constant rubbing fastness (dry
and wet), for the sample with nanosilver, whereas
acid dye Blue 92 has poor color fastness according
to the color index Part 1.

Antimicrobial results

Figure 4 shows that antimicrobial effects of nanosil-
ver against E. coli and S. aureus on wool are almost
the same.

The bacteriocidal effect has been maintained
against S. aureus after several laundering cycles. This
could be related to attraction of nanosilver to protein
of the wool. Nanosilver could be penetrated to fiber
and made bound to anionic sites (Fig. 5).

Tenacity results

Plots of tenacity-elongation illustrate that by increas-
ing of nanosilver concentration, tenacity and elonga-
tion of specimens have been increased (Fig. 6). The
reason is not known yet. The raw yarn is shown
with black color. Comparing the raw sample with
the others, one might conclude that the curve for the
raw yarn is influenced by applying nanosilver. This
is not true. As illustrated in Figure 7(a), similar
change in curve has happened between the control
sample with no nanosilver, and the raw yarn that
shows that it relates to the dying process. Consider-
ing the tenacity, as shown in both Figures 6 and 7, it

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Surface images of wool untreated by nano silver; (a) 500 and (b) 1000 magnifications.

can be derived that applying nanosilver has caused
an increase in tenacity for the bigger amount of
nanosilver (samples 4 and 5).

Each sample has been examined for six times. The
average has been taken for all samples according to
which the Figures 6 and 7 have been illustrated. Ta-
ble II shows that the standard deviation is low
enough to validate the results.

SEM and EDX

The acid-dyed wool yarn along with nanosilver has
been observed by the SEM. The wool yarn surface
treated with 400 ppm colloidal nanosilver can be seen
in Figure 8. The silver particles can be detected as
white spots on the surface of the silver-treated fibers.
There is no white spots on the picture of the raw yarn
as seen in Figure 9. The EDX analysis has also been
used to support this claim. It can be observed that the
silver metal existed in Figure 10, while there is no
sign of silver spectrum in the raw yarn in Figure 11.
As it can be found from Figure 8(b), the nanosilver
particles have been spread all over the fiber surface.
This can be a reason of the yarn tenacity improvement
after dyeing along with nanosilver. The existing of the
nanosilver particles on the fiber surface is of the size
of 7.5-13 pm as observed in the SEM pictures while

Counts

Energy (keV)

R ) 1

Figure 10 EDX analysis of 400 ppm nanosilver has been
applied on wool.

Journal of Applied Polymer Science DOI 10.1002/app

the initial size of the nanoparticles was 5 nm. This can
be due to the agglomeration of the nanosilver on the
wool surfaces. The agglomeration of particles could
be happened during dyeing process, which may
cause reducing the chemical and antimicrobial activ-
ity of the silver nanoparticles.”*"*

XRD results

The X-ray diffractometer (XRD) pattern shows a
weak peak of Ag for the sample treated with 400
ppm nanosilver. This is good enough to prove the
crystalline formation of nanosilver on the wool sur-
face in Figure 12. It has also been shown through
XRD analysis that these crystals are cubic-shaped,
whereas the initial crystalline structure of nanosilver
was sphere. It means that the crystalline structure
has been altered during dyeing process.

The antibacterial activity of silver nanoparticles
depends on the size and shape of the nanoparticles.
The bactericidal activity of the triangular nanosilver
is more than the other shapes.31'32 Therefore, the
antibacterial activity of nanosilver with cubic crystals
is expected to be less than that of the triangular
nanosilvers.

CONCLUSIONS

A simultaneous antimicrobial and dyeing process of
wool yarns can be adapted scientifically and
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Figure 11 EDX analysis of untreated wool.
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Figure 12 XRD pattern of nanosilver on wool.

practically by using a colloidal nanosilver solution
and acid dye through an exhaustion method. The ex-
istence of nanosilver during dyeing of wool yarns
with acid dyes leads to produce a wool yarn with
antibacterial properties and also increases the dye
absorption and improves both the color fastness
against washing and the tenacity of the wool yarns.
Meanwhile, increasing the concentration of the nano-
silver alters the sample color. However, a small
amount of the silver nanoparticles induces an excel-
lent antimicrobial property to the wool yarn against
E. coli and S. aureus, which are maintained after sev-
eral launderings, particularly against S. aureus.
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