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a b s t r a c t

For reducing the cost of production and saving the environment, the utilization of chemicals, energy, and
processing time should be minimized as much as possible. In this study, antimicrobial finishing of wool
fibers was achieved by synthesizing Ag/Cu2O/ZnO nanoparticles (NPs) in-situ on the surface of wool
fibers, and subsequently dyeing with two natural dyes extracted from Pomegranate peels and Walnut
Green husks. The extracted natural dyes had also noticeable antimicrobial activities. This decreased the
consumption of Ag/Cu2O/ZnO nanoparticles (NPs) for antimicrobial finishing of wool yarns. The wool
samples were dyed at the initial dye concentration of 30% over weight of fiber (o.w.f.), at 100 �C, pH 5.0
for 60min. The treated samples were characterized by Scanning Electron Microscope (SEM), X-ray
diffraction (XRD) analysis, reflectance spectrophotometer, and electromechanical tensile tester. The
presence of nanoparticles was confirmed on the surface of the samples by SEM micrographs and XRD
profiles. The mechanical properties of the treated samples improved slightly (less than 2%). The anti-
microbial activities of the samples treated only with Pomegranate peels and Walnut Green husks were
65% and 35%, respectively. The antimicrobial activity of the treated wool yarns with inorganic salts after
the dyeing process was excellent (almost 100%). Moreover, the wash and light fastness properties of the
treated samples were all very good to excellent. The dyed sample treated with Ag salt maintained its high
antimicrobial activity (>91%) even after 10 repeated washing cycles. The light-fastness of the dyed
samples was improved from moderate (5) to very good (7e8) after treatment with the inorganic salts.
The proposed eco-friendly dyeing process can also improve the antimicrobial properties of wool yarns.

© 2019 Published by Elsevier Ltd.
1. Introduction

Textile goods with antimicrobial properties are desirable in
many applications (e.g., medical, filters, apparel) for minimizing the
transmission of microbes, infection, and diseases. These properties
can also improve the performance and lifetime of textiles (Islam
et al., 2013). Due to the importance of personal sanitation and the
health risks related to the growth of microorganisms, the topic of
antimicrobial textiles has gained so much attention recently
i-Kiakhani).
(Windler et al., 2013).
Several antimicrobial agents such as triclosan, quaternary

ammonium compounds, and inorganic nanoparticles have been
already used in textile finishing (Gao and Cranston, 2008; Simoncic
and Tomsic, 2010). These products should have an acceptable price,
performance, low toxicity, and low skin irritation (Sobczak et al.,
2013). The new trend is to find biodegradable, non-toxic, and
environmentally friendly antimicrobial natural products with
acceptable efficiency (Simoncic and Tomsic, 2010; Joshi et al., 2007;
Venugopala et al., 2013). The recent advancement in the field is to
study natural colorants with antimicrobial properties which can be
used for simultaneous dyeing and finishing of textiles in one step to
savewater, energy, chemicals, time, and cost (Shahid-ul-Islam et al.,
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2013; Gao and Cranston, 2008; Venugopala et al., 2013). There are
extracted typically from plants, containing natural colorants with
antimicrobial activity that can be used in an eco-friendly textile
dyeing process. The examples are: turmeric (Ghoreishian et al.,
2013; Mirjalili et al., 2013), henna (Ibrahim et al., 2010; Yusuf
et al., 2012), Rheum emodi L. (Khan et al., 2012), gallnut (Shahid
et al., 2012), Punica granatum peel (Harini et al., 2018), Saraca
asoca (Baliarsingh et al., 2012), Albizia lebbeck (Oliveira et al., 2008),
berberine (Haji, 2010; Chander et al., 2017), Rhizoma coptidis (Ke
et al. (2006)), and Berberis vulgaris (Singh et al., 2010; Safapour
et al., 2018). The medicinal and dyeing properties of some natural
products have long been recognized. Using natural products with
antimicrobial activities is an alternative textile finishing method
that is cost-effective and can be scaled up. The other benefits of
using natural products are waste minimization by reducing the
consumption of water, energy, and synthetic chemicals. In the case
of using natural colorants with antimicrobial activities, textiles can
be dyed and finished simultaneously (Haji, 2010; Safapour et al.,
2018).

Pomegranate peels are inedible remaining parts of the fruit that
can be obtained after juice processing (Negi et al., 2003) that
contain ellagitannins, polyphenols, gallic acid, and ellagic acid
(Faria and Calhau, 2010). They also contain some flavonoids with
antioxidant and antimicrobial properties (Kanatt et al. (2010)).
Thus, pomegranate can be considered as medicine with anti-
carcinogenic and antioxidant properties (Lansky and Newman,
2006). Most of these chemicals and natural colorants can be
extracted from pomegranate peels and rind by hot water. Ultra-
sound and enzymatic assisted extraction methods can also be
employed for this purpose (Tiwari et al., 2010). Pomegranate peel
powder has been used for dyeing yarns/fabrics made of cotton
(Adeel et al., 2009; Kulkarni Kulkarni and Aradhya, 2005), wool
(Tiwari et al., 2010; Goodarzian and Ekrami, 2010), or even silk
(Ajmal et al., 2014).

Juglans regia L., commonly known as walnut, is another plant
commonly found in temperate regions. It is cultivated commer-
cially in Asia, western South America, the United States, and Central
and Southern Europe (Siva, 2007). The leaves and fruits of this plant
contain natural colorants (e.g., 5- hydroxy-1, 4-naphthoquinone or
C.I. Natural Brown 7) that can be used for coloration of various
textile goods (Shaukat et al., 2009; Tsamouris et al., 2002; Chopra
et al., 1996; Mirjalili et al., 2011; Mirjalili and Karimi, 2013a,b).
The dyeing properties of walnut have been investigated in a
number of papers on different textile fibers such as wool Ali et al.,
(2016); Tutak and Benli (2011). Apart from textile dyeing, the
extracted species from this plant exhibit antimicrobial activity to a
greater extent due to high phenolic contents and can also be used
as medicines (Vankar et al., 2007).

The usage of nanomaterials in the textile industry and mainly
finishing is also emerging to produce special functional textiles.
Nanomaterials with antimicrobial properties can be classified into
two large groups of organics (e.g., quaternary ammonium salts,
polymers, etc.) (Huang et al., 2016; Morais et al., 2016), and in-
organics (e.g., silver and gold nanoparticles) (Nath and Banerjee,
2013; Zhang et al., 2010; Hajipour et al., 2012; Seil, and Webster,
2012; Luksiene, 2017; Ballottin et al., 2017). Moreover, multifunc-
tional textiles with excellent durability and water resistance can be
produced by in-situ treatment of fabrics via sol-gel, layer-by-layer
deposition, and plasma polymerization, and etc. (Simoncic and
Tomsic, 2010; Glazer and Nikaido, 2007). Considering the high
cost of using nanomaterials and technical challenges of the afore-
mentioned methods, significant efforts have been devoted in
developing new efficient and eco-friendly antimicrobial textiles in
industrial scale with minimum carbon footprint (Chander et al.,
2017; Guizhen et al., 2008). The antimicrobial efficiency and
stability of textile treated samples depend on the size and con-
centration of nanoparticles, the treatment conditions (e.g., tem-
perature, pH, time), and the treatment method (Matyjas-Zgondek
et al., 2008; Zille et al., 2014; Khamseh et al., 2017). The general
trend is, however, to reduce the consumption of NPs in textile
finishing in order to reduce the cost of treatment and the release
during production or use (Kucuk et al., 2016).

In the present study, the natural dyes extracted from Pome-
granate peels and Walnut Green with antimicrobial activities, were
used to decrease the consumption of Ag/Cu2O/ZnO nanoparticles
(NPs) for antimicrobial finishing of wool yarns. This feasibility study
will shed more light on the topic and reveals the mechanical,
antimicrobial, and dyeing fastness properties of the treated wool
samples with these natural colorants and inorganic NPs.

2. Materials and methods

2.1. Materials and characterization

Wool yarns (200 Tex/4 fold) were purchased fromAzar Barf Yarn
and scoured by a nonionic detergent (Lotensol, Hansa). Pome-
granate peels and Walnut Green husks were obtained from local
dyeing workshop of Ardakan (Iran). These natural products dried at
40 �C, grounded and sieved to fine powders with particle size be-
tween 0.2 and 0.4mm AgNO3 (99.8), ZnO (99.9), and Cu2O (97%)
were purchased fromMerck Co. (Germany). All other chemicals and
solvents used were of analytical grade, and used without any
purification.

To study the surface crystallinity of the treated samples, a
Siemens D5000 X-ray diffractometer (Cu Ka, 1.5418 A� , operation
voltage 40 kV) was used. The average size of the crystalline struc-
ture of the prepared nanoparticles on the wool surface was also
assessed using the Debye-Scherrer equation (Eq. (1)):

Crystal size ¼ 0:9l
b cos q

(1)

Where l, b, and q are the X-ray wavelength, the full width at half
maximum and the diffraction angle, respectively (Waseda et al.,
2011).

The surface morphology of the yarn samples was investigated
using LEO 1455VP scanning electron microscope (SEM).

The mechanical properties of the samples were studied by using
a tensile testing machine (Instron 5566, USA) at a gauge length of
10 cm and a strain rate of 4 cm/min at 25 �C. The measurements
were repeated for three times to obtain the average and standard
deviation.

2.2. Washing the wool samples

Thewool yarns were all washedwith the nonionic detergent (5%
o.w.f.) at a liquor ratio 1:40 at 60 �C for 30min to remove fat and
wax from wool fibers. The samples were rinsed several times by
distilled water and dried.

2.3. Wool treatment with Ag/Cu2O/ZnO NPs

AgNO3, Cu2O, and ZnO aqueous solutions at various concentra-
tions (0.1, 0.15, and 0.20% o.w.f.) were prepared in 30mL water
containing citric acid (4% o.w.f.) and sodium hypophosphite (4%
o.w.f.) at pH 4. Wool samples (1 g each) were immersed in each
solution and the containers were closed. The samples were treated
at an apparent shaking rate of 120 rpm, at 50 �C for 2 h. Finally, the
treated samples were removed, rinsed with distilled water, and
dried at room temperature.



Scheme 1. Chemical structure of wool.
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2.4. Dyeing method

The natural colorants were extracted from Pomegranate peels
and Walnut Green husks using water as a solvent at 90 �C for
90min at a liquor ratio of 1:40. The raw and pretreated wool
samples were dyed with the extracted solutions at different con-
centrations (5e100% o.w.f.) and pH values (3, 5, and 7). The dyeing
was performed at various temperatures for 60min using a labora-
tory dyeing machine (Smart dyer rapid sd-16, India). Dyeing was
performed by raising the dye bath temperature from 30 �C to
T¼ 40e100 �C at 2 �C/min, holding at the set temperature for
60min and cooling to ambient temperature. Finally, the samples
were rinsed with warm water and then dried at ambient
temperature.

2.5. Color strength and coordinates

Gretag Macbeth spectrophotometer Color-Eye 7000 A (D65
illumination,10� observer) in the range of 360e750 nmwas used to
measure the reflectance characteristics of the dyed samples. The
color strength (K/S) of each dyed sample was calculated using the
Kubelka-Munk equation (Eq. (2)):

K
S
¼ ð1� RÞ2

2R
(2)

Where K is the absorbance coefficient, S is the scattering coefficient,
and R is the reflectance value at lmax (the wavelength of maximum
absorption) of the dyed samples.

The color coordinates of each sample comprising lightness (L*),
redness-greenness (a*) and yellowness-blueness (b*) were also
obtained. The colorimetric data of three different places on the
dyed samples were measured and the relative standard deviation
showed that the reproducibility of experimental data was accept-
able (�4%). The total color difference (DE*) between the dyed
samples (with or without pretreatment) was calculated based on
(Eq. (3)):

DE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*t � L*u

�2 þ �
a*t � a*u

�2 þ �
b*t � b*u

�2r
(3)

Where L* indicates lightness, a* is the red/green coordinate, and b*
is the yellow/blue coordinate of each sample. The t and u subscripts
represent the treated and untreated samples, respectively.

2.6. Dyeing fastness properties

ISO 105 C06 C2S:1994 (E) standard test method was used to
measure the washing fastness properties of the samples. This test
was completed at 60 �C for 30min, and the Gray Scale was used to
analyze the color change of the dyed samples and to stain on
adjacent fabrics. ISO 105 B02:1988 (E) standard test method was
used for evaluating the light fastness of the samples using the
standard Blue Scale (Sadeghi-Kiakhani et al., 2018; Sadeghi-
Kiakhani and Tayebi, 2017).

2.7. Antimicrobial test

AATCC 100e2004 standard test method was used for measuring
the antimicrobial activity of the samples using Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) bacteria (Rezaie et al.,
2018). The efficiency of the antimicrobial treatment was deter-
mined by comparing the reduction in the number of bacterial col-
onies of the treated sample with that of the untreated control after
incubation at 37± 2 �C and 18 h. The microbial inhibition was
determined by the reduction in the number of colony forming units
(CFU) with respect to that of the untreated control sample using the
following equation (Eq. (4)):

R%¼
�
B� A
A

�
� 100 (4)

Where R is the reduction percent of bacterial count, A is the number
of surviving cells in the culture medium after treatment with the
wool sample after a certain period of contact with the bacteria
(CFU/mL), and B is the number of bacteria in the culture medium of
the control sample at time zero, respectively.

3. Results and discussion

3.1. Characterization of treated wool yarn with NPs

Scheme 1 shows the chemical structure of wool fibers. Polar and
ionizable functional groups (e.g.,-NH2, eCOOH, eOH) of wool fibers
are suitable sites for the attraction of metal ions by coordination or
electrostatic interactions (Pakdel et al., 2013). Ionic interactions and
hydrogen bondings are also responsible for dye absorption onwool
fibers (Tang et al., 2014).

Also, in-situ formation of NPs on wool fibers is shown sche-
matically in Fig. 1. Citric acid has three carboxylic groups in its
chemical structure and is known to be an effective crosslinking and
a complexing agent. Metal ions (Mþ) adsorb on the surface of wool
fibers via electrostatic interactions, hydrogen bonding, and coor-
dination. Citric acid improves the complex formation and levelness
of adsorption of metal ions on the surface of wool fibers. A reducing
agent such as sodium hypophosphite is responsible for the in-situ
formation of nanoparticles on the surface of wool fibers (Xu et al.,
2018; Wu et al., 2018). The adsorbed clusters of metal ions turn
into nanoparticles on the surface of wool fibers. Cysteine bonds of
wool fibers (-S-S-) can also degrade into thiol groups (-SH) under
wet and warm conditions. It has been suggested that the reduction
of silver ions into silver nanoparticles can occur with these groups
on wool fibers without using any reducing agent (Hosseinkhani
et al., 2017; Yu et al., 2015).

The formation of nanoparticles in the solution can also occur as
a side reaction. These nanoparticles can also adsorb on the surface
of wool fibers via weak physical adsorption or strong chemical
bonds. The loosely bonded clusters or nanoparticles on the surface



Fig. 1. Schemes are showing in situ formation of metal nanoparticles on wool fibers. Citric acid as a complexing agent and sodium hypophosphite as a reducing agent are
responsible for in-situ formation of metal nanoparticle (NPs) on the surface of wool fibers.
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of wool fibers will be removed in the subsequent washing cycles
which reduces the efficiency of the treatment (Hosseinkhani et al.,
2017; Yu et al., 2015).

XRD pattern of raw and treated wool yarns with NPs is shown in
Fig. 2. Two broad peaks can be detected at ca. 2q¼ 9� and 23� in the
pattern of the raw sample which are related to the a-helix and b-
sheet of the keratin, the main protein component of the wool
(Fig. 2a) (Yu et al., 2015). Four evident peaks are observable at
2q¼ 38.31, 44.61, 64.81 and 77.71, which are corresponding to the
crystal faces of (111), (200), (220) and (311) of Ag, and confirm the
formation of crystalline silver nanoparticles wool fibers (Fig. 2b) . In
Fig. 2c, the peaks with 2q values of 29.54, 36.49, 42.38, 61.50, 73.70
and 77.62 correspond to the crystal planes of (110), (111), (200),
(220), (311) and (222) of crystalline Cu2O onwool yarn, respectively
(Behera and Giri, 2014). Additional sharp XRD peaks at 2q¼ 32.0,
34.6 and 36.4 appear which can confirm the presence of crystalline
ZnO nanoparticles with the crystal faces (100), (001) and (101),
respectively (Fig. 2d) (Becheri et al., 2008).

The average size of nanoparticles on the surface of wool fibers
Fig. 2. XRD spectra of (a) original wool fabric, (b) wool treated by Ag, (c) wool treated
by Zn, (d) wool treated by Cu, (e) wool treated by Ag/Zn, (f) wool treated by Ag/Cu, (g)
wool treated by Cu/Zn.
was calculated using the Debye-Scherrer equation (Eq. (1)). The
average crystallite sizes of the nanoparticles were calculated to be
9.6, 11.4, and 12.2 nm for Ag, Cu, and Zn, respectively.

SEM micrographs of untreated and treated wool fibers are
presented in (Fig. 3). The scales on the surface of treatedwool fibers
were not clearly visible compared with those on the surface of
untreated wool fibers. This was attributed to the presence of a layer
of salts or nanoparticles on the surface of wool fibers (Rezaie et al.,
2018; Tang et al., 2014; Hosseinkhani et al., 2017). Some small ag-
gregates were also observed on the surface of the treated wool fi-
bers as can be seen in Fig. 3b-g.

The tensile strength of the treated wool yarns slightly improved
(~1.7%) as it can be seen in Table 1. The metal nanoparticles cover
the surface of wool fibers and link to each other and fiber surface by
citric acid molecules as a cross-linker and complexing agent (Fig. 1).
The wool fibers can be cross-linked together by this treatment
which improves their tensile strength due to a load sharing phe-
nomenon during the load application on the yarns (Rezaie et al.,
2018; Pakdel et al., 2013; Tang et al., 2014). As a result, the
applied stress will distribute more uniformly among wool chains
and the stress concentration is avoided. Similar behavior has been
previously reported for in-situ synthesis and grafting of Ag and Cu
NPs on the wool fibers (Chattopadhyay and Patel, 2009; Rezaie
et al., 2017; Tang et al., 2014).
3.2. Dyeing properties

3.2.1. Effect of initial natural dye concentration
Two natural dyes, extracted from pomegranate peels and wal-

nut husks, were used for dyeing the raw and treated wool yarns.
Fig. 4a shows the effect of initial dye concentration on the color
strength (K/S) of the dyed wool samples. The color strength of the
dyed samples increased rapidly by increasing the initial dye con-
centration and leveled off at concentration above 30% o.w.f. (i.e.,
saturation point). At lower initial dye concentrations, the dye
adsorption sites of wool yarns are more readily available to the dye
molecules and the adsorption rate is relatively higher. The satura-
tion point is defined as the concentration at which the dye
adsorption equals the dye desorption from the substrate. The high
saturation concentrations can be considered as a shortcoming for
natural dyes. Compared to commercially available synthetic dyes,



Fig. 3. SEM images of wool fibers (a) untreated/raw, (b) treated with Ag salt, (c) treated with Zn salt, (d) treated with Cu salt, (e) treated with Ag þ Zn salts, (f) treated with Ag þ Cu
salts, (g) treated with Cu þ Zn salts.

Table 1
The physical properties of the raw and treated wool yarns.

Sample code Max. Load at Break (N) Elongation at Break (%)

Wool 166.29 41.70
Wool-Ag 169.15 42.63
Wool-Cu 169.20 42.28
Wool-Zn 169.24 42.14

Wool-Ag/Cu 169.12 42.56
Wool-Ag/Zn 169.06 42.17
Wool-Cu/Zn 169.08 42.31
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more substantial quantities of natural dyes are required for textile
dyeing (Mehrparvar et al., 2016a,b; Sadeghi-Kiakhani, 2015;
Sadeghi-Kiakhani and Safapour , 2018b). The plot of K/S as a func-
tion of the initial dye concentration leveled at above [dye]¼ 30%
o.w.f. which was considered as the optimum concentration of both
natural dyes for wool dyeing. The effects of other parameters (e.g.,
temperature, dyeing time, and pH) were studied at this initial
concentration.

3.2.2. Effect of dyeing temperature
There are two counter mechanisms that affect the dyeing pro-

cess by increasing temperature: (a) the dye solubility increases
which reduces its affinity towards the fiber (i.e., less dye adsorption
and more migration), and (b) the fiber swallows and more pores
and adsorption channels become available (i.e., more dye sites
become available for dye adsorption) (Mehrparvar et al., 2016a,b;
Mirnezhad et al., 2017). However, the color strength of the dyed
samples improved by increasing the dyeing temperature under
optimum conditions (Fig. 4b). This shows that the second mecha-
nism (b) is detrimental for the dye adsorption and we chose
(T¼ 100 �C) as the optimum dyeing temperature to optimize the
rest of the dyeing parameters.

3.2.3. Effect of dyeing time
The color strength of the dyed samples as a function of timewas

investigated (Fig. 4c). The color strength increased almost linearly
for 60min and leveled off afterward. The prolongation of the
dyeing process increased the opportunity of the dye molecules to
find dye sites on the surface of wool fibers. The dye adsorption
process on wool fibers reached an equilibrium in 60min. Although
it is beneficial to prolong the time of dyeing process to improve the
uniformity and dye levelness on the substrate, this may increase
the wool structure deterioration and to inversely affect its me-
chanical properties (Mehrparvar et al., 2016a,b; Mirnezhad et al.,
2017). Thus, we chose the optimum dyeing time to be 60min to
avoid the aforementioned problems.
3.2.4. Effect of dyeing pH
The dye bath pH has a significant effect on the chemical stability

of wool yarns and dyes. It can also affect the protonation of the dye
sites to improve the affinity of dye molecules towards the fibers
(Mehrparvar et al., 2016a,b; Mirnezhad et al., 2017). The highest
amount of dye K/S values for both of the dyes was obtained in the
presence of acetic acid at pH 5 (Fig. 4d). Considering the available
functional groups of wool fibers (-NH2, eOH, eCOOH), the dye
adsorptions should be controlled mainly by hydrogen bonding and
electrostatic interactions between the dye molecules and wool
polymer chains. In fact, in weak acidic condition (pH ~5), the
number of positive and negative dye sites are equal because it is
close to the isoelectric point of wool fibers (pH 4.5). The color
strength of the samples dyed at pH 2 or pH 7 was relatively lower
than those dyed at pH 5. This showed that increasing the surface
charges via protonation ofeNH2 groups at pH 2 or deprotonation of
eCOOH or eOH at pH 7 did not influence the dye adsorption
noticeably.

The extracted dye molecules also have some functional groups
that can be protonated/deprotonated at various pH as can be seen
in Fig. 5. The dominant species in pomegranate peel are anthocy-
anin, polyphenols, flavonoids and hydroxyl acids which are sus-
ceptible to chemical hydrolysis at elevated pH. It was reported that
the absorption maximum of anthocyanins in the most stable form
(oxonium or flavylium cation) is at pH 1.0, and the bright orange-
red color is produced by the pigment. By increasing the pH to 4.5,



Fig. 4. Effect of (a) initial dye concentration, (b) temperature, (c) time, (d) pH on the color strength of wool yarns. The optimum dyeing conditions were found to be [dye]¼ 30%
o.w.f., 100 �C, pH 5, and for 60min.

Fig. 5. The effect of pH on the chemical structures of the extracted dyes from green walnut husks and pomegranate peels (Wrolstad, 2004).
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anthocyanin turns into colorless chalcone/hemiketal forms, and a
cyanidin-3-glucoside molecule generates an oxonium ion with
orange-red color at pH 3.0 (Wrolstad, 2004). The color of antho-
cyanins changes to blue-green at pH above 7 (in their quinonoidal
form) as can be seen in Fig. 5.

The electrostatic repulsion between the dyemolecules andwool
fibers lowers the dye affinity and adsorption on wool fibers. The
optimum pH for obtaining maximum dye adsorption resulting in
more considerable K/S value was at around the isoelectric point of
wool fibers (pH~5) (Mehrparvar et al., 2016a,b; Mirnezhad et al.,
2017). Moreover, the strongly acidic conditions might favor the
absorption of other associated components like gallic acid onto the
sample. Hence, dyeing of wool yarn with pomegranate peel powder
at pH 5.0 gave good color strength.



Table 2
Images of the treated and untreated samples before and after dyeing with the natural dyes (The pretreatment inorganic salt concentration¼ 0.15% o.w.f.).
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3.3. The color strength and coordinates

Table 2 shows images of the treated and untreated wool yarns
before and after dyeing with the natural dyes. Table 3 also shows
the color coordinates (L*, a*, b*), and the color strength (K/S) of
these samples. After dyeing with pomegranate peels and walnut
husks, a* decreases and b* increases for all of the samples which
shows that the samples are greener and yellower, respectively. The
significant color difference (DE*>2) shows that the pretreatment
affects the final color of the samples. The pretreatment with these
inorganic salts (especially with copper salts) due to dyeeinorganic
salt complexation/coordination (Manhita et al., 2011). As a result,
darker shades (larger K/S values) has been obtained by these pre-
treatments. We believe that the in-situ formation of NPs on the
surface of wool fibers improves their affinity for adsorption of the
natural dyes.
3.4. Antibacterial properties

The antimicrobial activity of the dyed samples before and after
pretreatment with inorganic salts at various initial concentrations
has been summarized in Table 4. The rawwool sample did not show
any noticeable antimicrobial effect before any pretreatment and
dyeing. The antimicrobial activity of the samples dyed with
pomegranate peels and walnut husks increased to a minimum of
64% and 55% against S. aureus bacteria, respectively. The corre-
sponding results were relatively better against the gram-negative
(E. coli) bacterium due to diverse cell wall structures of two bac-
teria. The antibacterial activity of Pomegranate peels and Walnut
Green husks were attributed to the presence of high tannin content,
especially punicalagin and phenolic compounds (Oliveira et al.,
2008; ). The results indicated that the antimicrobial activity of
wool yarns treated with Ag NPs was the highest among all of the



Table 3
Color coordinates for the treated and untreated samples before and after dyeing with the natural dyes (The pretreatment inorganic salt concentration¼ 0.15% o.w.f.).

Dye Pre-treated with Before dyeing process After dyeing process

L* a* b* K/S DE* L* a* b* K/S DE*

Pomegranate peel e 62.82 5.91 17.78 7.78 0.00 62.82 5.91 17.78 7.78 0.00
Ag 54.48 4.52 19.74 8.07 8.67 46.59 9.14 31.59 14.40 21.55

AgeZn 55.59 5.27 21.60 8.31 8.20 44.80 8.90 30.16 14.64 22.06
AgeCu 47.98 1.97 22.68 13.47 16.11 57.24 7.42 24.45 8.33 8.82
Zn 57.71 4.57 19.74 7.57 5.63 63.75 5.79 25.47 7.46 7.74

ZneCu 52.27 1.69 24.28 10.87 13.09 49.70 1.36 24.60 13.38 15.47
Cu 52.66 1.21 23.08 10.21 12.38 49.38 2.27 25.75 14.07 16.04

Green Walnut husks e 37.65 8.32 17.78 11.21 0.00 37.65 8.32 17.78 11.21 0.00
Ag 39.95 8.33 18.91 10.36 2.56 34.27 9.41 20.92 16.37 4.74

AgeZn 41.76 7.00 18.95 18.10 4.49 35.76 8.83 19.55 13.55 2.63
AgeCu 43.38 6.40 19.93 9.68 6.41 36.05 6.82 16.25 12.35 2.67
Zn 41.84 8.20 18.11 8.49 4.20 36.22 8.72 16.09 11.58 2.24

ZneCu 42.02 6.98 18.68 9.55 4.65 35.55 7.03 16.23 12.79 2.91
Cu 35.20 11.00 25.54 9.96 8.56 35.91 7.03 16.23 12.49 2.66
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used inorganic salts. The dyeing of wool treated samples with the
aforementioned natural dyes enhanced the antimicrobial proper-
ties of the samples generally. Smaller nanoparticles usually have a
larger surface area to volume ratio and they show better antimi-
crobial efficiency (Vhanbatte et al., 2017).

By increasing the initial concentrations of inorganic salts during
the pretreatment of the wool yarns, the antimicrobial properties of
the samples increased. The satisfactory antimicrobial properties of
the wool yarns were achieved by the pretreatment of the samples
with 0.15% o.w.f. of silver containing inorganic salts and further
dyeing with pomegranate peels or walnut husks. The presence of
these natural dyes on the surface of the wool fibers reduced the
amount of needed NPs for the pretreatment.

The pretreated and dyed wool samples were repeatedly washed
according to ISO 6330-1984 standard test method to study the
stability of the antimicrobial treatment (Table 5). The washing
durability of the antimicrobial treatment depends on the bonding
strength between NPs and wool fibers. The pretreated wool sam-
ples with Ag and Cu salts that had also been dyed with pome-
granate peels and walnut husks showed outstanding antimicrobial
durability after 10 repeated washing cycles (i.e., less than 10%
decrease in antimicrobial activity). Table 5 also showed that the
Table 4
Antibacterial properties of thewool samples treatedwith various inorganic salts and
dyed with the natural dyes against E. coli (gram-negative) and S.aureus (gram-
positive) bacteria.

Sample %(o.w.f.) Antibacterial activity (%)

Un-dyed
samples

Pomegranate
peels

Green Walnut
husk

E. coli S.aureus E. coli S.aureus E. coli S.aureus

Wool-Ag e e e 70.65 64.72 63.33 55.19
0.1 16.21 12.60 74.07 67.24 68.14 62.81
0.15 86.38 79.43 99.80 99.64 98.27 97.25
0.20 100 100 100 100 100 100

Wool-Ag/Zn 0.1 14.08 10.70 72.48 65.86 64.21 60.46
0.15 75.72 70.38 96.27 91.42 92.57 88.75
0.20 100 100 100 100 100 100

Wool-Ag/Cu 0.1 15.19 13.82 73.82 70.89 65.33 69.49
0.15 68.43 65.45 99.92 99.56 99.80 98.22
0.20 100 100 100 100 100 100

Wool-Zn 0.1 10.44 7.17 74.28 63.48 65.74 56.24
0.15 42.36 37.92 80.06 68.23 71.18 60.54
0.20 60.82 58.43 88.47 75.12 75.60 67.58

Wool-Zn/Cu 0.1 12.73 50.27 78.18 71.48 67.42 58.60
0.15 62.49 58.33 96.77 89.37 94.88 86.37
0.20 73.52 68.73 98.12 91.24 96.46 89.52
antimicrobial activity of pretreated samples without further dyeing
dropped to 12e20% after repeated washing cycles. It can be
concluded that dyeing with these natural colorants improved the
fixation and stability of bonded nanoparticles against repeated
washing cycles. The protectionmechanism can be via complexation
between the inorganic salts and the natural colorants.

Table 5 also showed that by increasing the washing cycles, the
antimicrobial activity of the pretreated samples decreased a
maximum of 13% when Ag salt was used and a maximum of 25%
when Zn salt was used. By repeated washing cycles, the adsorbed
inorganic salts were detached from the wool surface which
adversely affected the antimicrobial activity. Some of the pre-
treated and dyed wool yarns showed very good and decent anti-
microbial properties even after 10 repeatedwashing cycles (e.g., the
samples treated with Ag, Ag/Cu, and Cu salts). Such promising
antimicrobial activities cannot be achieved without using citric acid
as a crosslinking agent.

3.5. Color fastness properties

The light and washing fastness properties of the wool yarns
pretreated before and after dyeing process with Pomegranate peels
and Walnut Green husks are given in Table 6. The dyed samples
with these natural dyes had very promising wash fastness prop-
erties even without any pretreatment (Scale 4e5 out of 5). These
dyes have several tannin compounds in their chemical structures
and they can adsorb on and into wool fibers. The absence of very
strong solubilizing functional groups in their chemical structures
can be one reason why they resist against adsorption sand how
such high wash fastness properties (Adeel et al., 2009; Kulkarni and
Aradhya, 2005; Oliveira et al., 2008;). The best fastness properties
were again obtained for the wool yarns pretreated with silver-
containing salts. The untreated dyed wool samples had very good
wash fastness with moderate light-fastness. The pretreatment with
any of the inorganic salts clearly improved the light-fastness of the
dyed samples from 5 (moderate) to 7e8 (very good). This can be
attributed to the complex formation and coordination of the nat-
ural dyes with the NPs on the fiber surface (Manhita et al., 2011;
Haji and Nasiriboroumand, 2018).

4. Conclusion

We studied an environmentally friendly approach for in-situ
formation of NPs on the surface of wool fibers to enhance the co-
lor strength and antimicrobial properties. The results of this work
can be summarized as follows:



Table 6
Color fastness of dyed samples in the presence of various NPs (concentration of NPs: 0.15% o.w.f.).

Dye Sample Treatment before dyeing Treatment after dyeing

Light fastness Wash fastness Light fastness Wash fastness

CC* SW* SC* CC* SW* SC*

Pomegranate peel No salt 5 4e5 5 5 5 4e5 5 5
Ag 7e8 5 5 5 7e8 5 5 5

Ag/Zn 7 5 5 5 7e8 5 5 5
Ag/Cu 7 4 5 5 7e8 5 5 5
Zn 7e8 5 5 5 7e8 4 5 5

Zn/Cu 7e8 4 5 5 7e8 4 5 5
Cu 8 3e4 5 5 7e8 4 5 5

Green Walnut peel No salt 5e6 4e5 4e5 5 5e6 4e5 4e5 5
Ag 7e8 4e5 5 5 7e8 4e5 4e5 5

Ag/Zn 7e8 5 5 5 7e8 4e5 4e5 5
Ag/Cu 7e8 4e5 5 5 7e8 4 4 5
Zn 7e8 3e4 5 5 7e8 3 3 5

Zn/Cu 7e8 4e5 5 5 7e8 4e5 4e5 5
Cu 7e8 3e4 5 5 7e8 4 4 5

CC: Color change, SW: Staining on wool, SC: Staining on cotton.

Table 5
Antimicrobial activity to washing durability.

Sample Washing Cycles Antibacterial activity (%)

Un-dyed samples Dyed with Pomegranate
peel

Dyed with Green Walnut
husk

E. coli S.aureus E. coli S.aureus E. coli S.aureus

Wool-Ag 1 86.38 79.43 99.80 99.64 98.27 97.25
5 82.14 75.22 96.25 96.70 95.62 94.30
10 75.16 70.85 92.86 92.55 92.48 91.17

Wool-Ag/Zn 1 75.72 70.38 96.27 91.42 92.57 88.75
5 70.28 65.38 93.50 88.19 88.45 85.64
10 66.42 61.42 89.87 84.66 82.63 81.42

Wool-Ag/Cu 1 68.43 65.45 99.92 99.56 99.80 98.22
5 64.02 61.23 96.53 95.69 96.33 94.70
10 59.76 56.49 93.31 93.20 92.48 91.66

Wool-Zn 1 42.36 37.92 80.06 68.23 71.18 60.54
5 36.54 34.20 77.25 65.08 68.33 56.38
10 32.41 28.68 73.04 62.39 64.75 52.50

Wool-Zn/Cu 1 62.49 58.33 96.77 89.37 94.88 86.37
5 57.30 54.41 92.48 86.28 91.22 83.01
10 51.98 48.07 89.36 82.96 88.76 79.46

Wool-Cu 1 65.50 61.17 96.62 94.46 94.65 92.54
5 61.78 56.30 92.96 91.07 91.72 88.20
10 56.46 52.79 89.00 88.85 87.86 84.36
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- In-situ formation of inorganic NPs containing Ag, Cu, or Zn and
their combinations improved the antimicrobial properties of the
wool yarns. The treatment had a very good and acceptable
fastness properties. The antimicrobial activity of the sample
covered with Ag NPs and dyed with pomegranate and walnut
dyes was still very good (above 91%) after 10 repeated washing
cycles.

- The optimum conditions for dyeing wool yarns using pome-
granate peels and walnut green peels were found to be at an
initial dye concentration of 30% o.w.f., at pH 5, at 100 �C for
60min. The washing fastness of the dyed samples (without
prior pretreatment) was very good (4e5). The light-fastness of
the dyed samples improved from moderate (5) to very good
(7e8) after treatment with inorganic salts.

- The color strength, fastness properties, and antimicrobial ac-
tivities of the treated and dyed samples improved. This was
attributed to the complex formation and coordination of organic
dyes with the NPs on the surface of wool fibers. The most
effective treatment was achieved with silver salts.

- Based on the results, it can be suggested that Pomegranate peels
and Walnut Green peels can be used as natural colorants to
increase the antimicrobial activity of wool yarns with or without
using antimicrobial inorganic salts. Considering the human
health hazards related to the application of toxic antibacterial
compounds, dyeing with these natural dyes can be seen as a
green approach. Wool dyeing with these natural dyes can
reduce the amount of needed NPs for the treatment. This will be
a greener and cheaper approach for dyeing and improving the
antimicrobial properties of wool yarns.
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