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Abstract In this study a simple green route was used for
producing worn-look denim garments with antibacterial prop-
erty. Silver nanoparticles were successfully synthesized on
denim fabrics by reducing silver nitrate using cellulosic chains
of cotton, starch and/or glucose in alkali media. Glucose had
the ability to reduce indigo dye and resulted in better control
of particle size and stability. Transmission electron microsco-
py (TEM), dynamic light scattering (DLS) and UV—vis spec-
troscopy were employed to characterize the synthesized Ag
nanoparticles. The treated denim fabrics were also character-
ized by scanning electron microscopy (SEM), Raman spec-
troscopy and colorimetric measurements. The results indicat-
ed the successful synthesis of nano silver particles with aver-
age particle size of 3040 nm on the indigo dyed cellulosic
fabric along with denim color reduction. Although the fabrics
showed antibacterial activity against E. coli and S. aureus, a
decrease in the antibacterial feature was observed in presence
of glucose as a suitable nutrient for the growth of bacteria.

Keywords Denim garment - Nano Silver - Starch - Glucose -
Worn-look - Antibacterial property

Introduction

Antibacterial textile products have attracted great interest
due to the ever-growing demand for healthy living [1, 2].
Many antimicrobial agents have been used including
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quaternary ammonium compounds, N-halamines, chitosan
and nanoparticles of noble metals and metal oxides [3, 4].
Among different metals such as copper, zinc and cobalt, silver
is known as one of the most promising antibacterial materials
[5-7]. It can adhere to the bacterial membrane and kill micro-
organisms or inhibit their growth by cell wall damage, alter-
ation of cell wall permeability and inhibition of enzyme ac-
tions [8]. Silver nanoparticles with different size, stability and
morphology can be prepared using many synthesis methods
including chemical and photochemical reductions such as
polysaccharide, tollens reagent and irradiation methods [5,
9]. Various natural polymers such as starch and chitosan have
been reported as reducing agents for the synthesis of silver
nanoparticles [10]. Recent studies have shown that starch can
play the dual role of reducing and stabilizing agent in nano
silver preparation [10]. Panacek et al. used Four different
saccharides namely glucose, galactose, maltose and lactose
to reduce [Ag(NHs),]" complex, preparing Ag nanoparticles
[11]. Raveendran et al. have fabricated Ag nanoparticles using
starch as capping/reducing agent [12].

Various efforts have been made to impart antibacterial
properties into cotton, owning to its proneness to the growth
of bacteria [1, 13]. Cellulose fibers modified with silver
nanoparticles were prepared using N-methyl morphine-N-
oxide [14]. Cotton fabrics with excellent antimicrobial prop-
erties against common bacteria were treated by Ag/TiO,
nanocomposite along with citric acid as a crosslinking agent
[15]. In situ formation of Ag nanoparticles in a grafted
polymer network of cotton fabric has been reported as an
effective method for the preparation of antibacterial fabrics
[16]. In situ synthesis of silver nanoparticles on cotton fabric
using cellulosic chains of cotton as reducing and stabilizing
agent has been recently investigated [5, 17-19]. Glucose
along with poly vinyl pyrrolidone (PVP) and sodium hy-
droxide was used to synthesize well-dispersed nano silver
particles [20, 21]. Silver nanoparticles were also prepared by
sodium salt of carboxymethyl cellulose (CMC) as both re-
ducing and stabilizing agent [22].
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Owning to the vast popularity of denim fabrics, re-
searchers have been looking for new ways to process the
fabric with more comfort and style, giving it a proper aged
and worn look.

Stone washing, enzymatic process and laser treatment are
among the current methods used to remove color from denim
while adding contrast to the fabric [23-25].

In this study, the idea of imparting antibacterial property
into cotton denim fabric together with discoloration effect
was concerned, aiming to develop aged-looked denim with
antibacterial activity. In this regard, silver nano particles
were synthesized on denim fabric by a reduction method
using glucose and cellulosic chains of cotton as reducing
and stabilizing agents. Starch as a sizing agent in denim
fabric also played a reducing/stabilizing role for the synthe-
sis of silver nanoparticles. Therefore, the interplay of the
glucose, starch and cellulosic chains of cotton with respect
to the alkaline pH of the reaction medium was considered.
Moreover, glucose as a green reducing agent for vat dyes
undergoes a degradation sequence in alkaline solution,
resulting in the indigo reduction process [26].

Experimental
Materials

A starch sized indigo dyed denim 100 % cellulosic fabric
weighing 322 g/m? with warp density of 26/cm and weft
density of 20/cm was used. In order to evaluate the back-
staining occurred during discoloration process, a piece of
100 % bleached woven cotton fabric weighing 166 g/m?
with weft and warp density of 26/cm was sewed on the
denim fabric and labeled as white pocket. Silver nitrate,
glucose and sodium hydroxide were all provided by Merck
Co., Germany.

Methods

The sized denim samples were treated in an aqueous medium
using distilled water with fabric-to-liquor ratio (L:R 1:40),
according to the methods presented in Fig. 1. The concen-
tration of silver nitrate, sodium hydroxide and glucose was
0.2 mg/L, 0.25 g/L and 0.5 mg/L, respectively. According to
Fig. 1, two different methods were used, differing from the
place at which denim fabric is introduced into the bath. In
method (1), denim fabric was introduced into the bath at
60 °C, then the temperature was gradually raised up to
boiling point within 60 min, and the treatment was continued
for another 60 min. In method (2), the bath containing the
chemicals was heated from 60 °C to boil within 60 min with
no fabric, after which the denim sample was added and the
process was continued for 60 min at boil. Both methods were
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Fig. 1 Various methods of samples preparation

carried out in absence (a) and presence of glucose (b), re-
garding its effects on the treatment.

Samples are labeled as S(1-a), S(1-b), S(2-a) and S(2-
b), where (1) and (2) correspond to the applied method
and (a) and (b) refer to absence and presence of glucose,
respectively.

Characterization techniques

In order to study the formation of silver nanoparticles, UV—
Vis absorption spectra of the treated denim fabrics solutions
were obtained using a spectrophotometer, Camspec M-350.
The samples for transmission electron microscopy (TEM)
were prepared by drying a dispersion of the nano silver
particles effluents on carbon-coated copper grids. The parti-
cles were imaged using TEM, model EM 208 Philips.
Dynamic Light Scattering (DLS), Malvern, was used to
analyze size distribution of the silver nanoparticles.

The morphology of the nanosilver particles distributed on
denim cotton fabrics was examined by scanning electron
microscope (SEM) model X130, Philips Co., equipped with
energy dispersive X-ray (Thermo Noran, EDX).

Raman spectra of the denim fabrics were obtained using an
Almega Thermo Nicolet Dispersive Spectrometer instrument.
Color coordinates of the denim fabrics (lightness (L*) and
yellowness-blueness (b*)) were obtained using a Data color
spectrophotometer. The CIELAB AE color difference values
between the untreated and treated denim samples under
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illuminant D65 for 1964 standard observer were calculated
based on Eq. 1.

0.5

AE = [(AL") + (ad") + (ab)’] (1)

Quantitative antibacterial assessment was conducted
according to AATCC 100-2004 standard test method, using
Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria. The number of bacteria colonies
was counted according to colony forming unit (CFU) and

decrease in microbial agents (C) was determined using Eq. 2.

(M1—M,)
1

C= *100 (2)

Where M; is the number of colonies in control bacterial
suspension and M, is the number of the colonies in the sus-
pension after being co-located adjacent to the treated samples.

Tensile strength and elongation of the treated denim fabric
were measured by tensile tester (SDL ATLAS) according to
ASTM D5034-09. Five experiments in warp direction were
carried out for each sample, and the mean value was reported.

The antibacterial kinetic of the treated denim was deter-
mined by considering the viable bacteria (S. aureus and E.

coli bacteria) on inoculated fabric at different exposure time

(5, 10, 20, 30, 45, 60, 90,120 and 150 min). The percent of

bacterial reduction was calculated according to Eq. 3:

(No—=N)
0

R= *100 (3)

Where N and N, are the number of bacteria recovered
from the samples at any defined time and zero contact time,
respectively.

Results and discussion
Characterization of silver nanoparticles
UV—vis spectroscopy

According to Fig. 2a, the solutions of the treated denim S(1-a)
exhibited a surface plasmon resonance absorption band with
average maximum wavelength at around 406 nm indicating
the synthesis of silver nano particles. Starch and cellulosic
chains of cotton fabric played a reducing role, changing the
silver ions into silver particles. Starch can also act as stabilizing

Fig. 2 Adsorption spectra of
the effluent of treated samples
w ;
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Fig. 3 Possible reactions for nano silver synthesis

agent and protect particles from growth and agglomeration,
resulting in smaller silver particles formation. As shown in
Fig. 2a, in presence of glucose (S(1-b)), the intensity of the
peak at 400 nm was increased dramatically, indicating forma-
tion of larger number of nanoparticles by glucose. Silver ions
with positive charge can be diffused and absorbed into the
cotton denim fiber due to the electrostatic interaction (Fig. 3a)
[27]. Therefore, the Ag" ions were reduced by cellulose/starch/
glucose and silver particles were generated (Fig. 3b). The
possible reactions for nano silver synthesis are shown in Fig. 3.

Considering the preparation procedure used in method 2,
it can be seen that although a broad absorption band was
detected in sample S(2-a) (Fig. 2b), the UV—Vis absorption
spectrum of sample S(2-b) depicted no distinctive peak
around 400 nm. After introducing the cotton denim fabric

.....\\\_AgU(S) (nano particles) + Oxidized Cellulnsefﬁlumse//'/

. -

\0- \
: \ /”Iij

H o
Reduced Vat dye
(Leuco indigo)

(S(2-a)) into the bath, the Ag,O particles prepared by hy-
droxyl ions (Fig. 3c) were reduced to silver nanoparticles.
Therefore, cellulosic chains of cotton together with starch
acted as reducing agents. The results indicated that before
addition of denim sample S(2-b), glucose was not able to
reduce Ag,O particles and only acted as stabilizing agent,
forming a layer around the Ag,O particles which could not
be entirely reduced by cellulose/starch in the following step.

The formation of Ag nanoparticles can be also identified
by the color change of the solution and denim treated fabrics.
The solution was observed to change from colorless to
yellow during the synthesis of silver nano particles. The
color of the denim treated fabrics also changed into yellow
confirming the adsorption of nano silver particles on the
garment (Table 1).

Table 1 Color coordinates and

antibacterial activity of untreated Properties Color coordinates Antibacterial activity
and treated denim fabrics
Face Back White pocket Reduction (%)

Sample L b AE L b b WI S. aureus E. coli
Untreated 21.7 -8.5 0.0 42.0 -4.9 6.0 30 0.0 0.0
S(1-a) 239 —6.4 3.2 44.1 -0.9 12.5 -16 76.6 76.2
S(2-a) 23.2 —6.7 2.3 44.8 -1.5 11.3 -11 1.0 1.0
S(1-b) 24.8 —6.3 4.1 434 -23 8.2 33 347 33.0
S(2-b) 24.2 —6.7 2.0 43.8 -2.6 9.0 18 1.0 1.0
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Fig. 4 TEM images along with respective particle size distribution of silver nano particles synthesized in solutions containing (a) S(1-a), (b) S(1-b),
(¢) S(2-a) and (d) S(2-b) denim fabrics
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Another obvious peak can be seen in the UV—vis spectra
of the treated fabrics solutions around 660-670 nm (Fig. 2).
This peak can be explained by the removal of indigo dye
from denim fabric during the treatment which is more prom-
inent in presence of glucose regarding its reducing ability in
alkali media (Fig. 3d). Therefore, the discolored denim fabric
with desirable worn-look appearance can be prepared under
the applied conditions.

TEM images and DLS analysis

The TEM images along with respective particle size distribution
of silver nano particles synthesized in solutions containing S(1-
a), S(1-b), S(2-a) and S(2-b) denim fabrics are shown in
Fig. 4a—d, respectively. In both methods the nano silver particles
synthesized in presence of glucose dispersed individually and
the diameter of the particles was in smaller range. While most of
the nano particles were around 10-150 nm, very smaller parti-
cles were produced in presence of glucose. Moreover, no silver
particles larger than 20 nm can be detected in presence of
glucose using method 2. Therefore, stabilizing effect of glucose
can be clearly demonstrated by forming a layer of membrane to
hinder the inter-contact between the silver particles, protecting
them from growth and agglomeration [20, 21, 28].

Characterization of the treated denim fabrics

SEM images

Figure 5 shows the SEM images of untreated, S(1-a) and
S(1-b) denim fabrics. While the surface of untreated fabric is

T

AccV SpotMagn  Dat WD F—=s=———i 2ym
17.0kv 30 1500w, SE 99 Si. e

smooth with no particles (Fig. 5a), the synthesized silver
nanoparticles were uniformly distributed on the surface of
the treated denim samples (Fig. 5b—e). SEM images of S(1-a)
treated fabric (Fig. 5b,c) compared to S(1-b) (Fig. 5d,e),
demonstrated the ability of glucose in protecting the nano
particles from agglomeration, producing smaller stabilized
silver particles.

The existence of Ag element on the surface of the treated
denim fabrics was further confirmed by EDX analysis
(Figs. 5e and 6¢,d). In addition to Ag, Au was the major
element observed in EDX spectra, resulting from a gold layer
covered the samples. Comparing the percentage of Ag, more
silver nanoparticles were deposited on the surface of the
fabric treated under method 1. The SEM pictures of the white
pocket before and after the treatment are also shown in
Fig. 6a, b. In comparison to the smooth surface of the fibers
before the treatment (Fig. 6a), silver nano particles with
average particle size of 55 nm were distributed on the surface
of the treated fibers (Fig. 6b).

Raman spectra

As can be seen in Fig. 7a, untreated denim fabric has char-
acteristic spectral bands corresponding to cellulose cotton.
The bands assigned to CH, CH, stretching around
3,000 cm_l, H-C-C, H-C-O, and H-O-C bending between
~1,300 and 1,400 cm™ ', H-C-H and H-O-C bending around
1,500 cm ™!, C-C and C-O stretching near 1,200 cm™", skele-
tal C-O-C, C-C-C, O-C-C and O-C-O bending between ~350
and 510 cm ' are the prominent bands in untreated denim
fabric [29].

Element Wit% At%

Agl 152 274
Aul 9848 9726
Total 100 100

AuLa

Fig.5 SEM images of the different samples, a untreated sample (7500X), b S(1-a) (2500X), ¢ S(1-a) (30000X) d S(1-b) (2500 X), e S(1-b) (15000 X),
e: EDX spectrum of treated fabric
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Fig. 6 SEM images of the
white pocket (a) before and (b)
after the treatment. EDX spectra
of samples (¢) S(2-a) and (d)
S(2-b)

It is expected that cellulose chains of cotton denim can be
oxidized through reduction of silver ions into silver nano
particles (Fig. 2 (reaction (2)). According to Fig. 6b, Raman

Fig. 7 Raman spectra of
untreated and S(1-a) samples
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spectrum of the treated denim fabric has changed, due to the
oxidation process. The main peaks belong to C—H groups of
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Fig. 8 Bacterial inactivation 120
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peak around 1,360-1,550 cm™ ' corresponds to COO~ com-
pounds (carboxylic acids group) and the peak of C=0 group
resulting from oxidation appears at 1,550-1,650 cm ' con-
firmed this expectation [17, 19, 30-32].

Color coordinates

Due to nano silver synthesis on denim fabrics and indigo dye
removal through applied methods, colorimetric coordinates of
the treated samples were changed and the obtained results are
summarized in Table 1. In order to evaluate the back-staining
occurred during discoloration process, the color coordinates
were also measured on back of samples and white pocket.
Lightness values of all the denim treated fabrics were increased
due to the discoloration of indigo dye during the treatment. The
result is consistent with UV—vis spectra indicating the presence
of indigo dye in solutions (Fig. 2). Highest L* values belonged
to samples S(1-b) and S(2-b) in which glucose acted as a
reducing agent for indigo dye. Moreover, samples treated in
method 1 were lighter than the identical specimens treated
under method 2, due to the longer treatment time. AE values
were also calculated and the maximum color difference was
obtained in sample S(1-b) in presence of glucose.

Comparing b* values of samples’ back indicated higher
back-staining (bluer) in samples treated along with glucose
as a result of discoloration effect it had on indigo dye.
Yellowness of all the treated denims is higher than the
untreated fabric due to the synthesis of nano silver particles
on treated samples. Therefore, in addition to the increasing
effect of glucose on lightness, it resulted in higher back-
staining.

Considering the white pocket of samples, an increase in
yellowness value of all the treated samples was obtained due
to synthesis and adsorption of nano silver. In this regard,
samples treated with silver nitrate together with glucose were
bluer as a result of discoloration effect of glucose. Due to the
yellowing effect of silver synthesis on treated samples,
whiteness index (WI) values of the pockets of samples S(1-
a) and S(2-a) were negative. Discoloration ability of glucose
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led to higher whiteness in samples treated along with
glucose.

Antimicrobial properties

Antibacterial activity of the untreated and denim treated
samples against S.aureus and E.coli is shown in Table 1.
Due to the presence of starch, as a source of nutrition for the
growth of bacteria, in denim fabrics, antibacterial efficiency
of the treated samples was not excellent. In comparison to
sample S(2-a) with no antibacterial activity, sample S(1-a)
had the highest bacterial reduction due to prolonged treat-
ment time. Glucose as a suitable nutrient for the growth of
bacteria led to decrease in antibacterial ability from 76 % to
34 %.

Therefore, in spite of the successful synthesis of nano
silver particles on denim fabrics, residues of both glucose
and starch on the garment surfaces had negative effect on the
antimicrobial properties.

Antibacterial kinetic of treated denim

The antibacterial kinetic of samples S(1-a) and S(1-b) against
S.aureus and E.coli was calculated based on Eq. 3 and the
obtained results are shown in Fig. 8. The bacteria killing
kinetic can be shown according to Chick-Watson, Eq. 4 and
Eq. 5 (Kwok-Keung and LeChevallier 2004):

Table 2 Tensile strength and elongation of untreated and treated denim
fabrics

Sample Elongation (%) Tensile strength (N)
Untreated 25.0+.05 1167+20

S(1-a) 26.5£0.5 1114+10

S(2-a) 26.0£0.5 1129+5

S(1-b) 28.0£0.5 1099+5

S(2-b) 26.5+£0.5 113910
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‘Z—];] = KC (4)
N
In (N_0> = —KCt (5)

Where C is the concentration of synthesized nanosilver
and K is the specific coefficient of lethality. The killing rate
at specific concentrations can be shown as Eq. 5. Identical
samples showed similar kinetic trends against Gram-positive
and Gram-negative bacteria. Due to the role of glucose as
nutrient for the bacteria, killing rate of the nano silver parti-
cles in sample S(1-a) is higher than S(1-b).

Tensile strength

Mean value of tensile strength and elongation for treated
denim fabrics are shown in Table 2. The results indicated that
nano silver synthesis under the applied methods (alkaline
condition) led to a decrease in tensile strength and an increase
in elongation of the treated denim fabrics. Furthermore, an
increase in treatment time in samples S(1-a) and S(1-b) caused
more reduction in tensile strength.

Conclusion

In this research old-look denim garment with a desirable
yellow appearance, antibacterial property and acceptable ten-
sile strength was successfully produced. Silver nano particles
were prepared on denim cotton fabric by reducing silver
nitrate with cellulose, starch and/or glucose. Furthermore,
discoloration of indigo dyed denim garment was simulta-
neously carried out due to the reducing effect of glucose in
alkali media. Although glucose was effective in preventing the
silver nanoparticles from further growth and agglomeration, it
had a negative influence on antibacterial activity.
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