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Abstract

Hydrophilization of wool fabrics was performed by silver nanoparticles with different surface charge using three different
methods: exhausting, pad—dry—cure and in situ synthesis. Dynamic wetting measurements and surface topography ana-
lysis were used to evaluate surface changes on wool fabrics. The wool samples in situ loaded revealed the highest fabric
roughness and porosity, while the use of the pad—dry—cure method leads to the lowest fabric porosity, and its roughness
values approximately were the same as those for samples loaded with the exhaustion method. The results revealed that
loading silver nanoparticles with high surface charges onto wool fabrics via the exhaustion method can significantly
improve the hydrophilicity of wool fibre surface. The possible reasons for this improvement are discussed.
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Wool fibre is a protein fibre composed of keratin and its
outer surface is covered by a fatty acid layer. The pres-
ence of this layer creates a hydrophobic surface, pre-
venting water drop absorption and sweat venting,
which affects the wearing comfort of wool textiles.' It
is well known that the chemical composition and sur-
face topography? affect the fabric wettability. Surface
roughness has different effects on the hydrophobic and
hydrophilic surfaces. On hydrophilic surfaces, the wet-
ting time decreases with increasing roughness, while on
hydrophobic surfaces, it increases with increasing
roughness.” Several techniques were applied to create
hydrophilic wool fibre surface, which can be classified
into two major types: decomposing the fatty surface
layer*® and coating the fatty surface layer of wool
fibres with hydrophilic materials.” '

Applying nanoparticles onto fabric surfaces is a ver-
satile method providing multifunctional textile mater-
ials. It was reported that applying nanoparticles can
improve the substrate wettability.®'""!? Silver nanopar-
ticles commonly applied as antibacterial agents'>'* are
often used as a modifying substance to improve the
fabric wettability,'? simultaneously providing a wool

fabric with two additional properties, hydrophobicity
and antibacterial effect. Owing to the high surface
energy of silver nanoparticles, the wettability of a
loaded substrate can be increased. However, the pres-
ence of a stabilizing agent has an influence on this
effect. In general, loading silver nanoparticles onto
the fabric structure can be conducted by pad—
dry—cure,'? exhaustion methods,'® and in situ synthesis
as well as loading simultaneously onto fabrics.'®!”
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In the present study, a wool fabric was loaded with
colloidal silver nanoparticles at different concentrations
of lecithin as a stabilizing agent. Lecithin is a phospho-
lipid,'® which stabilizes silver nanoparticles in a disper-
sion. The stability of silver nanoparticles in an aqueous
dispersion depends on the lecithin concentration.'?
Lecithin molecules can easily be absorbed by wool
fibre'” and, therefore, change the permeability of the
wool fibre structure.”® Different physico-chemical
methods were used to quantify topographic modifica-
tion effects on nano- and macro-scales as well as the
wettability of the wool fabric. It was shown that the
loading methods applied and the nanoparticles concen-
tration used have different effects on the fatty layer
surface.

Materials and methods
Reagent and wool fabric

All chemical agents used in this study were of analytical
grade. Millipore water was used throughout the studies.
Silver nitrate (AgNO3 extra pure, >99.8%) and sodium
borohydride (NaBH4, 99.9%) were purchased from
Merck (Germany). Lecithin was provided by Lipoid
(Lipoid® S 75, Germany). The standard wool fabric
was purchased from wfk Testgewebe (Germany). The
structure information of the wool fabric used is sum-
marized in Table 1. The 2D and 3D images of the wool
fabric structure and its type of weave are shown
in Figure 1.

Table I. Characteristics of the wool fabric used

Silver nanoparticles loading methods

Silver nanoparticles were synthesized as described in
details elsewhere.'**' The colloidal solution of silver
nanoparticles was prepared at various lecithin concen-
trations (Table 2). Their surface charges were deter-
mined with a Zetasizer Nano ZS (Malvern, UK) at
25°C. The synthesized silver nanoparticles were
loaded onto wool fabric by three different methods:
exhaustion, pad—dry—cure and in situ synthesis. By
using exhaustion method, the scoured wool fabric sam-
ples were immersed in an aqueous solution containing
silver nanoparticles (liquor ratio of 40:1) at 40°C with
different lecithin-to-silver ratio as listed in Table 2. The
temperature was gradually increased up to 90°C in
25 min. In pad—dry—cure method, the scoured wool fab-
rics were immersed into the colloidal solution of silver
nanoparticles (400 ppm) with different lecithin concen-
trations for 15 min at room temperature. After that, the
soaked wool fabrics were squeezed using a laboratory
padder machine to adjust solution take up to 80% wet
pickup. The padded samples were dried at 80°C for
20 min, followed by curing at 130°C for Smin. By the
in situ synthesis method, the silver nanoparticles were
synthesized in the wool fibre structure. Wool acts as a
template for silver nanoparticles. The scoured wool
fabric samples were immersed in a silver nitrate solu-
tion (400ppm, liquor ratio of 40:1) with various
lecithin-to-silver ratios at room temperature for 1h.

Table 2. Preparation of colloidal silver nanoparticles with their
surface charge

Fibre
Area  Warp Weft Yarn mean
weight density density Type of fineness diameter*®
(g/m?) (Count/cm) (Count/cm) weave  (dtex)  (um)
125 21 18 plain 171 300/300 19+3

*The mean wool fibre diameter was calculated using 2D microscopic
images of 20 samples.

Sample [Lecithin]/ Ag NaBH,4 Surface
code [Ag] (ppm)  (pPm) charge (mV)
Ko 0 400 800 —26.3

Koz 0.2 400 800 —48.8

K, I 400 800 —49.1

Ka 2 400 800 —63.1

(b)

Figure |. Two- and three-dimensional images of an untreated wool fabric: (a) untreated wool fabric (scan area of 4mm x 4 mm);
(b) type of weave; (c) 3D image of untreated wool fabric (scan area of 4 mm x 4 mm).
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After that, the treated sample was immersed in the
reducing agent bath (800 ppm, liquor ratio of 40:1) at
room temperature for 20 min. Finally, the wool fabric
loaded with silver nanoparticles was rinsed and dried in
an oven at 80°C for 20 min. The samples loaded were
coded according to the method applied as follows:
exhaustion method EhK,, in situ synthesis method
ISK, and pad—dry—cure method PDCK,; the subscript
shows the lecithin-to-silver ratio.

Topography analysis

The surface topography of samples was examined at the
nano- and macro-scales. A non-contact stereophoto-
grammeter Tracelt (Innowep, Germany) was used as
an optical imaging instrument to analyze the macro-
topography of wool fabric samples. FRT Mark III
software (Version 3.8.10) was used to calculate the
roughness parameters from images of 4mm x 4 mm
size. Surface roughness parameters such as S,, S,, and
S; as well as a hybrid parameters (S,;) and functional
parameters (Sy) were obtained from the topographical
measurements according to ISO/DIS 25178-2.

The parameter S, is the arithmetic mean surface
roughness®> being the arithmetic average of all dis-
tances between Z-value and mean height inside a
range of captured area. The parameter S, is usually
used for describing the surface roughness. The param-
cter S, is the root mean square surface roughness
between the Z-value and the mean surface height. The
parameter S, is the maximum height, between the high-
est and lowest points in the evaluation area. The par-
ameter S,; is a hybrid parameter which was introduced
by Wenzel.*> The Wenzel roughness factor is defined as
the ratio between measured (real) area and projected
area. The parameter Sy is a volumetric characteristic
to present the free volume available at the textile sur-
faces through evaluating porosity or filling quantities as
a function of depth.?? According to Stout et al..>* S} is
the valley fluid retention index, a topographical param-
eter that characterizes the porosity of rough surfaces
such as textiles. This is the ratio of the void volume
of the unit sampling area at the valley zone over the
S, deviation.

A high-resolution scandisk confocal microscope
usurf explorer (NanoFocus, Germany) was used to
analyze the nano-topography of the wool fibres surface.
The 60 x objective lens was used for measuring field
size of 260 pum x 260 um with a 100 nm vertical reso-
lution. Nano Explorer premium software (Version
4.1) was used to calculate the roughness parameters
from images by profiling in lengths of approximately
100 pm. Arithmetic mean roughness parameters (R,) of
wool fibres were calculated from 10 different positions
of each sample.

Dynamic contact angle measurement

A contact angle value is an indicator for the wetting
behaviour of a liquid droplet on a solid surface. A
FibroDAT 1122 device (Fibro system, Sweden) was
used for measuring contact angles of water as a func-
tion of time on different treated wool fabrics. A drop of
17 ul volume was applied on the surface of wool fabric
sample (1 cm x 1cm) by a minimal pulse stroke which
leads to lowest oscillation, measuring details of which
were described elsewhere.”> A water droplet on the
wool fabric surface was recorded and captured for
8seconds by 4000 frames with a high-speed video
camera. The dynamic contact angle measurements
were repeated five times for each sample in a laboratory
with controlled temperature and relative humidity of
23 £1°C and 50 £ 4%, respectively.

Results and discussion

Influence of the silver nanoparticles loading method
on the macro-topography of wool fabrics

Macro-topographical characteristics of wool fabrics
treated with colloidal silver nanoparticles by three vari-
ous methods are presented in Table 3. Loading silver
nanoparticles onto the wool fabric increased the surface
roughness of all treated wool fabrics. The samples
loaded with the in situ method revealed the highest sur-
face roughness parameters S,, S,, S,, S, (as averages)
and Sypo. All treatments show a significant roughness
increase after treatment.

The wool fabric sample treated with silver colloidal
solution without stabilizing agent (EhK,) using the
exhaustion method shows the largest S, value (max-
imum height between the highest and lowest points of
the surface) compared with that treated with lecithin
solutions. This colloidal solution has the lowest stabil-
ity,'*!® easily agglomerated on the wool fabric and
cannot diffuse into the wool fibre structure. Then it
can be assumed that the silver nanoparticles were
only deposited on the yarns surface and did not diffuse
into the wool fibre surface. However, EhK, shows the
lowest developed surface ratio S,; by the exhaustion
method, confirming silver nanoparticles agglomeration
on the wool fibre surfaces. The samples loaded with the
pad—dry—cure and in situ methods without lecithin pre-
sent the lowest value of S; and S,, because the uptake of
unstable silver nanoparticles was low due to the short
immersion time and lead to the lowest roughness par-
ameters. In addition, the presence of lecithin by using in
situ method can enhance the uptake of silver ions,?® so
the sample without lecithin presents the lowest value of
S, and Srl-
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Table 3. Surface roughness and porosity characteristics of wool fabrics loaded with silver nanoparticles

Sample Sa (um) Sq (um) S, (um) S Svo (m*/um?)
Untreated 17.7 21.3 122.6 1.1 0.135
EhKy 23.2 28.4 163.5 1.072 0.591
EhK, 20.4 24.8 152.3 1.125 0.414
EhK, 233 28.2 156.8 1.154 0.506
EhK, 235 28.3 154.0 1.126 0.371
ISKo 329 40.3 246.6 1.142 1.075
I1SKo.» 35.2 429 272.7 1.152 0.793
ISK, 32.7 40.0 264.3 1.142 0.923
ISK5 342 41.7 268.0 1.148 0.943
PDCKg 22.0 26.6 147.2 1.106 0.279
PDCKg.» 23.1 27.9 153.0 1.132 0.272
PDCK, 233 28.1 152.9 1.128 0411
PDCK, 24.1 29.0 168.8 1.189 0.366

An increase of lecithin concentration in the formu-
lation of silver nanoparticles aqueous dispersion
resulted in rougher surface (S, S, S; and S,;) of
PDCK samples. For EhK and ISK no precise trend
for surface roughness was found. The porosity of the
Sy of the wool sample, which was loaded by exhaus-
tion and in situ methods, tends to be reduced by
increasing lecithin concentration. As Sy characterizes
the fabric void spaces, i.e. inter-yarn spaces, with the
result that the lecithin molecules and silver nanoparti-
cles were also deposited onto the porous structure of
wool fabrics. In addition, the samples prepared with in
situ synthesis and pad—dry—cure methods, have the
highest and the lowest porosity, respectively
(Figure 2). As by in situ synthesis the wool fibre is
swollen by absorbing silver ions and, finally, converted
into the silver nanoparticles. In woven structures, fibre
swelling results in an increase in weave angle and thick-
ness of yarn cross-section due to the wet relaxation.?’
Therefore, swelling of fibres leads to larger S, and, as a
consequence, larger Sy values (larger and deeper inter-
yarn spaces). However, the fabric was basically
squeezed using the pad—dry—cure method and has the
lowest porosity value and lower thickness (Figure 3).
The height histogram presented in Figure 3 helps to
compare the thickness between the fabrics treated by
the three different methods.

Macro-topography of the wool fabric is altered
dependent on the loading methods applied. A sche-
matic presentation of changes in the wool fabric
cross-section after loading silver nanoparticles is sche-
matically shown in Figure 4. According to the value of
S, for each sample loaded, it can be confirmed that the
sample loaded in the pad-dry—cure method is com-
pressed, while the sample prepared in situ synthesis
causes vertical swelling.

Influence of the silver nanoparticles loading method
on the nano-topography of wool fibres

Wool fibre is a natural fibre which intrinsically has a
rough surface. A 3D reconstructed image of wool fibre
presented in Figure 5 shows that it has an average
roughness value of 138 nm. This is in agreement with
other data reported,® which were collected using 3D
scanning electron microscopy. However, this value
depends on the wool fibre type as well as applied char-
acterization methods.?’

Profiled arithmetical mean roughness (R,) of all
samples is presented in Figure 6. Loading silver nano-
particles at various lecithin concentrations by exhaus-
tion and pad—dry—cure methods lead to increasing the
average nano-roughness of wool fibres. The highest
concentration of lecithin in the colloidal solution can
cause a higher affinity to wool fibre due to higher sur-
face charges.’® Loading at the highest lecithin concen-
tration by exhaustion and pad-dry—cure methods
causes the higher fibre roughness, which confirms the
higher uptake of silver nanoparticles by the methods
mentioned at the nanometer scale. However, in case
of the in situ method, the wool fibre roughness
decreased with lecithin presence. The differences
observed between roughness parameters at the nano-
and macro-topographical scales are discussed in
Section 4.

Wetting dynamics results

The wettability results are presented in Figure 7. The
contact angle value is reported at 0.2 s after applying
a water droplet on the fabric surface in order to
reduce the effect of drop oscillation on the contact
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Figure 2. Images of wool fabric loaded with silver nanoparticles without lecithin using different methods: (a) untreated; (b) EhKo;
(c) ISKg; and (d) PDCKG,.
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Figure 3. Heights histogram of wool samples treated with silver nanoparticles using different loading methods.
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Figure 4. Schematic representation of a cross-section of the wool fabric loaded.
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Figure 5. Optical image of the untreated wool fibre and treated with different methods.

angle measured. The spreading rates of water droplets
on wool fabrics were calculated from the slope of the
linear part of the drop base curve versus time. Contact
angles for EhK; and EhK, were measured as 24° and
12°, respectively. The higher porosity of EhK; com-
pared with that of EhK, leads to a higher spreading
rate. No spreading was observed on untreated samples,
KO and KO'Q.

Loading silver nanoparticles by exhaustion method
with a higher lecithin concentration (samples EhK, and
EhK,) results in a hydrophilic surface in terms of the
water contact angle and spreading rate.

The use of the pad—dry—cure method leads to a slight
surface hydrophilization. The in situ method used
shows a different trend. In this case, silver nanoparticles
were synthesized inside wool fibres and had little effect
on the fatty layer of the wool fibre surface. Loading
silver nanoparticles onto wool fibres, measured as an
increase of S, and S, cannot change the native hydro-
phobicity of wool surface. However, an increase of S,,

i.e. yarn amplitude, leads to a decrease of the amount of
wool contact points with a water droplet resulting in a
much hydrophobic fabric.> The relationship between
the water contact angles measured and fibre roughness
is shown in Figure 8. Creating roughness on the hydro-
phobic substrate of micrometre dimensions can
enhance hydrophobicity.*® An increase in fibre rough-
ness by the in situ method leads to an increase of the
water contact angle, because the fatty layer was not
altered and only its roughness was increased; at
the same time, an increase of yarns amplitude S,
(Table 3) seems to control the hydrophobic character
of the fabric. On the other hand, in the use of the pad—
dry—cure method, an increase of fibre roughness slightly
reduces their hydrophobicity. However, when using the
in situ method, the yarn amplitude seems to control the
hydrophobic character.

The fabric loaded by the exhaustion method shows a
completely different trend. The treatment increases sur-
face smoothness and opens the spaces between yarns
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Figure 6. Roughness characteristics of the wool fibres loaded with silver nanoparticles using different methods. The R, values
presented are average values of 10 measurements.
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Figure 7. Effects of various modification methods and lecithin concentrations on (a) contact angle and (b) spreading rate.
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Figure 8. Correlation between water contact angle and wool fibre roughness R, (a) and arithmetic mean surface roughness S, and
wool fibre roughness R, (b) for different application method: (*) exhaustion method; (M) pad—dry—cure method; and (L) in situ

synthesis method.

(Figure 2) maintaining the yarn amplitudes almost
unchanged. This effect leads to water spreading and
penetrating into the fabric structure (Figure 7).

Conclusions

Loading stabilized silver nanoparticles on wool surface
using exhaustion method creates a surface which is
more hydrophilic than the untreated one due to open-
ing inter-yarn spaces despite to an increase of the fibres
roughness. By concentrations equal or smaller than 1
[Lecithin]/[Ag], lecithin prevents agglomeration and
penetration of nanoparticles into nanopores of the
fibres. At larger lecithin concentrations, nanoparticles
agglomerate and the fibre nano-roughness increases.
The wool samples loaded by the in situ method
revealed the highest value for roughness and porosity
and the smoothest fibre surfaces. Topographical
changes on both length scales, nano and macro, com-
pensate for each other, however, with a predominance
of fabric roughness in controlling wetting. For this
reason, a slight increase of hydrophobicity is observed.
The use of different methods to load silver nanopar-
ticles revealed different effects on the contact angle. The
sample loaded with silver nanoparticles using the pad—
dry—cure method shows a smaller water contact angle
on the wool fabric by covering the fatty surface layer
with silver nanoparticles; the presence of Iecithin
enhances this effect. There is a stronger electrostatic
interaction between stabilized silver nanoparticles
with lecithin and wool fabric, due to their higher zeta
potential. For the loaded sample, a reverse trend was
observed by using in situ synthesis method. The water
contact angle slightly increased due to silver nanopar-
ticles loaded. Loading silver nanoparticles into the wool

fibre structure cannot alter the fatty surface layer of
wool fibres and only increases their roughness. This
higher roughness leads to a more hydrophobic surface.
Loading stabilized silver nanoparticles using the
exhaustion method can alter the surface of wool fibres
and create a more hydrophilic surface due to three com-
bined effects: (i) smoothening of fibres by filling the
gaps with silver nanoparticles; (ii) opening inter-yarn
spaces; and (iii) decreasing or maintaining the yarn
amplitudes. Lecithin prevent nanoparticles agglomer-
ation and their penetration into the fibres nano-pores.
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