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ABSTRACT

Flexible electronic printing devices have drawn significant attention due
to the economic approach. Cotton fabric’s porosity and high surface
roughness avoid electrically conductive printed patterns on the fabrics.
In this study, the cotton fabric was pretreated with carboxylated styrene-
butadiene latex (XSBL) with the pad-dry-cure process for in situ solution
deposition of silver free particles inkjet ink. The pretreating process did
not have an adverse effect on thermal behavior and colorimetric properties
and improved the fabric’s crease recovery angle and hydrophobicity. The
pretreated and untreated fabrics were printed through the HP Deskjet
inkjet printer with one, five, and ten printing layers of formulated water-
based silver free-particles ink for comparison. XRD analysis illustrated
the crystal structure of silver nanoparticles on the printed pretreated
cotton fabric. FE-SEM and EDS analysis indicated that the presence of
silver nanoparticles increased by increasing the number of printing runs.
Repetition printing sequences increased average particle size, growing
grain size (52 nm to 90 nm). It was determined that the presence of XSBL
on the fabric surface provides a suitable structure, with resistance (25
ohms) and antibacterial activity against gram-positive and gram-negative
bacteria for use in multi-purpose inkjet printing cotton fabric. The printed
pretreated fabrics exhibited appropriate washing fastness properties due to
the cross-linked structure between free carboxylic groups of XSBL resin
and hydroxyl groups of cellulose. It is the first time using an economical
polymer layer on cotton fabrics to provide robust, flexible electronic inkjet
printed fabric with great potential for commercial mass production.
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INTRODUCTION

Printed electronic textiles have drawn attention
in recent years. To meet today’s market’s needs,
providing customer’s ideal design, cost-effective
and environmentally-friendly inkjet printers were
introduced to the industry [1-3]. In the past, mostly

* Corresponding Author Email: asoleimani@icrc.ac.ir

the lithography method and dip-coating methods
were considered. In the lithography method,
there are some steps, such as etching and plating,
which are time-consuming and costly. The dip-
coating method suffers from a time-consuming
production process, small mass loadings, inability
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to create patterns, relatively loosely bonding,
and uneven distribution. The traditional printing
methods such as gravure [4, 5], flexography [6, 7],
and screen printing [8, 9] are also used to deposit
the conductive inks; due to their limitations, the
efforts are put into using inkjet printing method
[10, 11]. In addition, the inkjet printing method is
capable of easy application and flexibility in pattern
changing and the ability of printing on a large
scale, which makes it an appropriate alternative
for traditional printing methods [12, 13]. The
conductive patterns printed by inkjet printers have
gained more attention than other processes due to
their simplicity and cost-effectiveness. As a digital
printing method, inkjet printing has many other
advantages such as low cost, low contamination,
low materials waste, and high precision compared
to traditional printing methods [2, 14]. Conductive
inks as the newest ink generation are applicable in
many different applications such as organic light-
emitting diodes (OLEDs) [11, 12], radio-frequency
identifications (RFIDs) [15, 16], solar cells [10],
flexible electronics [17, 18], antennas [19], sensors
and electric circuits [13, 20]. Different methods
are used to apply conductive ink on the substrate.
In previous studies, conductive fabrics based on
the cotton were prepared using various methods
such as coating [21], knife over rolls [22], spraying
[23]¥@%0-, and dip-coating [24] by applying
conductive nano metals on the fabric. These
methods were based on the surface coverage and
not a specific desired pattern. From conductive
inks to fabricating printed circuits, silver
nanoparticles have unique applications. Several
methods for producing silver nanoparticles are
divided into physical, chemical and photochemical
approaches (25) and, recently, bio methods [25-
27]. The chemical reduction approach is more
predominant due to the ease of process and
decrement of costs [28]. A conductive layer based
on silver nanoparticles with a redox reaction on
the various substrates was examined in previous
studies [14, 29]. In recent years, using silver
complex-based inks due to their advantages has
been hugely considered [30, 31]. The free-particle
silver complex inkjet ink is a single-stage process
without nozzle clogging [32, 33]. The physical-
chemical properties of prepared inkjet inks are
very challenging. Silver complex-based inks with
excellent conductivity have advantages such as a
single-step process without nozzle clogging due to
their free particles [30].
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Cotton is one of the most consumed fibers
in the world. The elasticity of the dry and wet
cotton fibers is generally low, so many finishing
processes are done on the cotton to improve
crease-resistance [34]. The hydroxyl groups on
cotton’s chemical structure provide an excellent
affinity for the fabric. Despite cotton’s softness
and high moisture absorption, some pretreatment
must be carried out due to cotton’s high creasing
and penetrating [35]. In high heat treatment
temperature, yellowing and cotton degradation
temperature should also be considered.

Carboxylated styrene-butadiene latex (XSBL)
is a copolymer of styrene and butadiene with
enhanced properties compared to the non-
carboxylated one and is also available in water-
based emulsion form [36]. This milky emulsion
consists of repeated styrene/butadiene units
and carboxylic functional groups attached to the
main chain. Mostly styrene units are responsible
for polymer toughness, while butadiene units
mainly control the impact ability of the final
polymer. In non-carboxylated styrene-butadiene
resins, the formed film had many advantages
like abrasion resistance, low cost, transparency.
However, its chemical resistance and mechanical
properties must be improved [37, 38]. Introducing
the carboxylic group to the polymer’s main chain
provides a suitable cross-linked structure with the
appropriate chemical resistance [39]. XSBL resin
has numerous applications in different industry
such as the textile and paper industry. Using XSBL
in finishing textiles and carpets improves the
mechanical properties and increases its pigment
ability [36].

In the current work, due to the chemical and
physical advantages of XSBL, it was selected for the
pretreatment process of the cotton fabric for the
first time to resist ink penetration into the fabric
and improve conductivity. The cotton fabrics were
treated with XSBL solution and printed with water-
soluble silver free particles ink. The pretreatment
process also improved the wash fastness of the
printed silver nanoparticles. The obtained results
confirm that the flexible electronic printed fabric
can be used as a multifunctional electronic
textile with great potential for commercial mass
production.

MATERIALS AND METHODS
Carboxylated styrene-butadiene latex (XSBL)
resin (Tg=-15) was purchased from resin polymer
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(Iran). Silver acetate and formic acid were
purchased from Merck Company (Germany).
Woven fabric used was 100% singed, desized,
scoured, and bleached cotton plain weave
fabric (98 g/m?) supplied by the Broojerd Textile
Company (Iran). All the reagents were analytical
grade.

Pretreatment of the cotton fabrics XSBL solutions
The pretreatment of the cotton fabrics was
performed by padding process using a padding
machine (Ernst Benz, Germany) with a pressure of
5 kg/cm?® and at a constant padding speed of 3.5
m/min with the 80% wet pick-up. The pretreated
cotton fabric was dried in an Azar 1250 furnace
(AzarFurance Company, Iran) at 120°C for 3
minutes. The reflectance spectra of the pretreated
and untreated cotton fabrics were obtained
in the wavelength range of 400 nm to 700 nm
using a GretagMacbeth Spectrophotometer
Color-Eye7000A (Xrite Company, New York,
USA). Thermal behaviors of the pretreated and
untreated cotton fabrics were analyzed using
Thermo Gravimetry/Differential Thermal Analyzer
(Perkin Elmer, Pyris Diamond SlI, USA) in an air
atmosphere at a heating rate of 10 "C /min. The
contact angles were measured by a device (OCA20,
Data Physics, Germany) equipped with GAOSUO
software-operated camera to capture the drop
images. The tensile strength (tensile stress) and
elongation (tensile strain) values of untreated and
pretreated cotton fabrics were investigated by
Instron (5566, USA) instrument, according to the
ASTM D5035 standard. The crease recovery angle
values were assessed using a crease recovery
tester (DAIEI KAGAKU SEIKI MR-1) according to the
ISO 2313 standard. Fourier transformed infrared
spectroscopy in attenuated total reflection mode
(ATR-FTIR) spectrums on Nicolet (Nexus 670,
USA) in the range 400-4000 cm™ were examined
to characterize untreated and pretreated cotton
fabrics. Yellowness (Whiteness) is associated
with scorching, soiling, and product degradation

by exposure to light or chemicals. Thus, the
yellowness index, ASTM E313 defines, can indicate
color degradation after treatment by comparing
the treated and untreated specimens. pH value of
treated and untreated fabrics determined by ISO
3071 standard.

Ink preparation

First, silver acetate (1g, 0.00599 mol) was
added to ammonium hydroxide (2.5g,0.0071 mol)
while vortex mixing at ambient temperature for
15 seconds. Afterward, formic acid was added to
the solution dropwise for 60 seconds. The solution
color turned dark grey, showing silver ions’
reduction to silver particles. After 12 hours, a clear
solution was obtained by the precipitation of large
particles. The clear solution was filtered using
a syringe filter (200 nm). The obtained solution
containing 22%wt silver was used as a silver
complex and the ink base in the following steps.

Printing process

Treated cotton fabrics glued to papers to
be suited for printing propose. Afterward, the
black cartridge of the HP printer was removed.
The cartridge has been washed and then filled
with prepared ink. After cartridge placement,
the printing process starts, set to use only black
cartridge on maximum dpi mode. After printing,
the cotton fabrics were subsequently dried at 120
°C for 5 minutes using Azar 1250 furnace (lran)
to produce and fix silver nanoparticles. Then the
printed cotton fabrics were washed with distilled
water to remove any contamination or unreacted
reagents from the fabrics. A four-point probe
instrument (Soraco, Iran) was used to measure
the surface resistance of printed cotton fabrics.
Furthermore, the ampere/voltage diagrams and
conductivity of printed films were assessed using
a Keithley (2602, USA) instrument at ambient
temperature.

Field emission scanning electron microscope
(FE-SEM) instrument (MIRA3, TESCAN, Czech

Table 1. Colorimetric properties of XSBL-pretreated and untreated cotton fabric

Whiteness Yellowness Index

* * * * *
Sample t a b ¢ h Index (CIE) (ASTM E313) AE2000
Untreated cotton 90.15 145  -3.08 3.4 295.26 91.18 515
Pretreated cotton fabric o ) 446 597 3.09 298.25 89.19 44 033

with XSBL
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Republic) determined the surface morphologies
of untreated, pretreated, and printed pretreated
cotton fabrics. Energy-dispersive X-ray
spectroscopy (EDS) using the MIRA3 instrument
was also performed for quantitative analysis and
the printed cotton fabric’s elemental analysis. The
crystal structure of printed silver (Ag) nanoparticles
was investigated with an X-ray diffractometer
(XRD) (GNR, MPD-3000, Italy) instrument at a CuK
radiation to evaluate the mineral composition.
The wash fastness of printed cotton samples was
determined according to AATCC 61-2001 standard
test method. The pretreated and printed cotton
samples’ antibacterial property was carried out
using the disc diffusion method ISO 20743.

RESULTS AND DISCUSSION
Effect of pretreating cotton fabric on colorimetric
characteristic

Colorimetric values of pretreated and untreated
cotton fabrics have been investigated through the
L*a*b* system. Color difference, whiteness index,
and yellowness index have been calculated and
summarized in (Table 1).

The color differences are reported based on
two different formulas, but according to ASTM
D2244 standard, AE2000 is considered for AE*<5.

Regarding the white nature of XSBL resin, mainly

120

100

80

60

TG (%)

40

0 100 200

—Untreated Cotton

because of calcium carbonate as an opacifier in the
latex, the pretreated cotton fabric did not affect
colorimetric values, and color difference was not
detectable by human eyes (AE<2.4).

Effect of pretreating cotton fabric on thermal
behavior

TGA analysis was carried out on untreated and
pretreated cotton fabrics. Fig. 1 displays the TGA
curves of the samples.

Generally, the decomposition of cotton fibers
takes place at three distinct steps. The first step
occurs below 100, attributed to the loss of existing
moisture trapped inside the fabric, and includes
a slight weight loss. The second step, which
occurs at ca. 350°C, is ascribed to the structural
decomposition of cellulose accompanied by
weight loss of 70%. The third step that gradually
happens above 500 is the overall decomposition
of the remnant of glucose decomposition [40].

The thermal behavior of samples treated with
XSBL depends on the polymerization method,
glass transition temperature, and the constituent
monomers of XSBL resin [41]. As a thin layer
was applied on the cotton fabric surface and
the polymer’s glass transition temperature was
around -15°C, the relevant changes attributed to
XSBL's presence were not detected. The residual

300 400 500 600

Temperature ("C)

—Pre treated cotton fabric with XSBL

Fig. 1. Thermal behavior of XSBL-pretreated and untreated cotton fabric
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of thin resin film had a minor effect on glucose
decomposition at above 370°C. Consequently,
pretreating cotton fabric with XSBL resin slightly
improves the thermal behavior of the fabric.

Effect of pretreating cotton fabric on the surface
energy

One of the methods available for measuring
the free surface energy is the angle formed by
water on the surface. The following equations can
calculate the free surface energy [42-44]:

The work of adhesion (W,) and energy of the
film surface can be calculated from equation 1
(Young’s equation) and equation 2 (Newman
equation).

Wy =y, (1 + cos 9) (1)

Wa = 2(y¥sv)? exp[-Byw —¥sv)*1  (2)

Where, and are water surface tension, the free
energy of the film surface, and the angle formed
by water on the film surface, and is the equation
constant equal to 0.000124770 (mj/m?)2. The
units of surface free energy are j/m? or N/m. The
surface tension of water is 72 mj/m?.

The contact angle of samples with water
is shown in Fig. 2, and obtained results are
summarized in (Table 2).

According to the obtained results, due to
the hydrophobic nature of the polymeric layers
formed on the surface, adding a polymeric layer on
the cotton fabric increases surface hydrophobicity.
The hydrophilic nature declines by applying a layer
on the cotton fabric. In addition, the formation
of a uniform layer on the surface of cotton fabric
leads to decreasing the surface roughness and
increasing uniformity. Therefore, the surface
energy of cotton fabrics decreased by treating the
cotton fabrics with XSBL.

Effect of pretreating cotton fabric on wrinkle
recovery angle

Creasability is one of the disadvantages of
cotton fabrics. The moisture adsorbed in cotton
fibers can simplify the movement of internal
polymeric chains, which eliminates the hydrogen
bonds available in the cotton structure. Finally, the
hydrogen bonds are formed at new sites, which
causes the creases [45]. The wrinkle recovery
angle value of pretreated and untreated cotton
fabric are shown in Fig. 3. After applying XSBL
solution and considering the soft hand touching

Fig. 2. The contact angle of a) untreated and b) XSBL-pretreated cotton fabric with water

Table 2. The surface energy of XSBL-pretreated and untreated cotton fabric

Sample Contact angle (°) Work of adhesion (mj/m?) Surface energy (mj/m?)
Untreated cotton 78 89.96 36.15
Pretreated cotton fabric with 116 46.19 16.13

XSBL
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Fig. 3. Crease recovery angle of XSBL-pretreated and untreated cotton fabric

and the carboxylated nature of the XSBL resin,
the formation of a new layer on the surface
moderately increases crease recovery angle due
to limiting the hydrogen bond formation because
of the thinly applied polymer layer.

Effect of pretreating cotton fabric on tensile
strength and stress value

Fig. 4 represents the stress-strain data of the
specimens at the tearing point. It can be concluded
that applying an external layer restricted the

movement of cellulose chains. Due to the
tightening of cellulosic chains, the possibility of
chains movement is decreased, so the strain value
was less than cotton fabric. The fabric strength was
also deteriorated because of applying a polymeric
layer.

ATR-FTIR analysis of untreated and pretreated
cotton fabric

Fig. 5 represents the ATR-FTIR results of the
specimens. In FTIR spectra of untreated cotton

45
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0

Untreated Cotton

Pre-treated cotton fabric with XSBL

Fig. 4. Tensile strain and tensile stress value of XSBL-pretreated and untreated cotton fabric
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fabric, the broad peak at 3263 cm™ is observed,
representing the hydroxyl group (-OH) in the
cellulose structure of the cotton. The distinct
peak at 1730 cm™ is assigned to the stretching
of carbonyl (C=0) in untreated cotton due to
the factory’s sizing and surface modification by
formaldehyde and acrylic resin. The peaks at 2872
cm™and 2915 cm™ are ascribed to the symmetrical
and asymmetrical stretching of C-H, and the weak
peak at 1312 cm™ is due to the vibrations of
hydroxyl groups (-OH). The sharp peak at 1157
cm™ confirms the C-O-C stretching of the cotton
structure [46].

The peak that emerged at 1425 cm™ is due to
C-H bending, O-C-H, and H-C-H deformation. The
peak at 1053 cm™ and 1025 cm™ indicate the C-O,
-C-C- and C-C-O groups [47, 48].

In the case of the XSBR specimen, the
characteristic peaks of XSBR emerged, which is a
sign of surface coverage by XSBL. The signatory
peaks appeared at 3330 cm™ (OH stretching), 967
cm™ (1,4 trans butadiene unit), 907 cm™ (1,2 vinyl),
753 cm™ (1,4 cis) and 695 cm™ (styrene unit) [49].

Surface pH of untreated and pretreated fabrics
The pH of the treated sample according to ISO
3071 is presented in (Table 3).

In the case of the untreated sample, as
previously mentioned in the ATR-FTIR section, the
cotton fabric is prepared using different materials
in the sizing and factory finishing process. Acrylate
resins and formaldehyde are among these
materials responsible for the acidic pH value of
untreated cotton fabric. For pretreated cotton
fabric with XSBL, the pH decreased due to the
carboxylic acid group of the XSBL resin.

FE-SEM analysis of untreated and pretreated
fabrics

As seen from the FE-SEM micrographs (Fig. 6),
coating an external layer on the cotton covered
the surface and affected the porosities. XSBL-
pretreated cotton fabric sample had a more
uniform surface compared to the untreated cotton
fabric sample. The coated layer is thoroughly
detectable.
Printing process on untreated and pretreated
cotton fabric

Printed patterns on untreated and pretreated
cotton fabrics are shown in Fig. 7. Pretreated and
untreated fabrics had been printed with one, five,
and ten printing layers for comparison.

FE-SEM analysis of printed layers of pretreated
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X unit
~

(9]

(]

=

<

ey

oy
-

E R TS e ESnl \/\ \/\’\N\ -

»

= O-H C-H symmetric and C=0 \ \ Gicosc:beak: o
1 asymmetric stretching
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1
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Fig. 5. ATR-FTIR analysis of XSBL-pretreated and untreated cotton fabric

Table 3. pH level value of XSBL-pretreated and untreated cotton fabric

Sample pH
Pretreated cotton fabric with XSBL 4.64
Untreated Cotton 5.08
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Fig. 6. FE-SEM images of XSBL-pretreated and untreated cotton fabric

cotton fabric with XSBL

Concerning the FE-SEM micrographs in Fig. 8,
one layer inkjet printed on the pretreated fabrics
diffused into the substrate and did not provide

1 Layer

S Layers

10 Layers

a)

the necessary uniformity. The number of silver
nanoparticles on the pretreated cotton fabric
surface increased significantly by increasing
the printing sequences to five and ten layers.

1 Layer i 4

5 Layers

10 Layers

b)

Fig. 7. Image of printed layers on XSBL-pretreated and untreated cotton fabric
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Increasing printing sequences caused an increment
of nanoparticles concentration on the surface,
leading to more surface energy and van der waals
attraction, more aggregation of particles, and
increased average particle size, resulting in grain
size growing (52 nm to 90 nm).

EDS analysis of printed layers
EDS analysis has been conducted to quantify

{7

miRA3 TEsCAN  SEM HV: 150KV WD: 9.6 men
SEM MAG: 500 x Det: SE

SEM HV: 15.0 KV WO: 9.62 mm
SEMMAG: 75 Det: SE

View field: 2.77 mm  Date(midiy): 10/31/19 RMRC FESEM

miRA3 TESCAN]  SEM HV: 15.0kV
SEM MAG: 500 x
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SEM MAG: 75 x Det: SE

WD: 10.04 mm WD: 10.06 mm
Des

RMRC FESEM

View fieid: 2.77 mm _Date(midy): 10/31/19

SEM HV: 15.0 KV SEM HV: 150 KV WD: 9.90 mm

WD: 9.94 mm

One Layer

100 pm SEM MAG: 100.0 kx Det: SE 500 nen
View fleid: 415 ym _Date{midly): 10/3119

| |

100 pm SEM MAG: 100.0 kx Det: SE 500 nm

View field: 415 ym _ Date(midly): 103119

the investigation of printed layers. These results
illustrated in Fig. 9 and (Table 4), confirming
previous results, indicate that the number of
silver nanoparticles on the surface increased by
increasing printing runs, which is beneficial to
further conductivity measurement.

Conductivity measuring of printed layers
Two different methods were used to measure
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Fig. 8. FE-SEM images of inkjet printed ink on XSBL-pretreated fabric
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the printed layers’” conductivity/resistivity
properties: ampere/voltage diagrams and four-
point probe methods. Regarding ampere/voltage
diagrames, firstly, a controlled voltage was applied
to the specimen, and the electrical current was
monitored for the corresponding voltage at every
single second, and the results were depicted as
a diagram. If the diagram is plotted as ampere/
voltage, the slope of the tangent is the criterion
of the overall conductivity, which is measured
through equation 3 and equation 4. Fig. 10
shows the results of the I-V analysis. The surface
resistance of the samples was also measured
using four probes instrument, and the result is
illustrated in (Table 5).

_Ay AL (4)
Ax AV
From the obtained results, it can be concluded
that conductivity improved by increasing the
printing sequences. For one layer printed
sample, conductivity was not detectable. The
available silver nanoparticles on the surface were
insufficient to form a conductive layer and did not
provide the necessary uniformity for electrical
conductivity. In addition, a portion of the printed
ink was dedicated to diffusion phenomena to the
substrate. By increasing the printing sequences,
the uniformity improved, diffusion decreased, and
conductivity reached an acceptable degree.

vV 1 1 I One layer of printed specimens had low
R=—>5—=—==>5S§=— (3) electrical conductivity, and their resistance was
I RV 3
located out of the detection range.
130T Ka 12002 C Ka
12004 a) 11004 b)
‘:: 0004 Aol
] " s
7003
g | 9 0o
4003 =5 P Ka
3002 AgLp 3003
Agla
2002 200
"‘L T 5 1 o
15007 Lo
il ¢)
mrn_-. W
500_: P
9 D Ko
n: keV
. 13 10
Fig. 9. EDS analysis of XSBL-pretreated and untreated cotton fabric
Table 4. Elemental analysis of XSBL-pretreated and untreated cotton fabric
Pretreated cotton fabric with XSBL
Number of printed layers 1 5 10
Element
C 54.16 48.42 39.36
(0] 37.00 23.22 11.12
Ag 8.84 28.35 49.52
J Nanostruct 12(2): 287-302, Spring 2022

296

(@) |



A. Goudarzi et al. / E-textile Cotton Fabric with XSBL and Nanoparticle

a) b)

0.00015 0.025
0.02 y = 0.0048x - 0.0018 YA
 10-0001 » 0.015
£ £

< 0.00005 g SOk
0.005
0 0

0 0.1 0.2 0.3 0.4 0.5 o 1 2 3 4 5

Volts Volts
0.035
0:03 y =0.0064x - 0.0024

Fig. 10. ampere/voltage diagram of printed samples
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Fig. 11. XRD analysis of inkjet ink printed XSBL-pretreated cotton fabric
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Table 5. Resistance/sheet resistance of printed samples

Number of printed layers Resistance (Ohm) Sheet Resistance (Ohm/sq.)

1 Out of range Out of range

Untreated cotton 5 Out of range Out of range

10 Out of range Out of range

Pretreated cotton fabric with ! Out of range Out of range
XSBL 5 79 335
10 25 116

Table 6. Resistance/sheet resistance of inkjet ink printed XSBL-pretreated cotton fabric before and after the washing process

Pretreated cotton with XSBL After washing Before washing

Number of printed layers 5 10 5 10
Resistance (Ohm) 95.4 89.46 79 25
Sheet Resistance (Ohm/sq) 404.49 379.3 335 116
XRD analysis of printed layers 4r
XRD diffractograms of the printed pretreated Apec = 2rV2 = — (6)
cotton fabric at different printing runs (one, five, V2
and ten) are depicted in Fig. 11. Various Bragg
diffractions were detected at 38.2°, 44.3°, 64.5°, A = a (7)
and 77.4°. The d- spacing was calculated using the Vh?Z + 1% + k?

angles extracted from diffraction patterns and the
Bragg equation. Considering the atomic radius of
silver (1.44 angstrom) and the parameter of the
fcc network, the indices of the initial diffraction
planes for the fcc structure (h,k,l) was obtained
using equation 5 to 7. Where d, r, , and are the
space between planes, the atomic radius of silver,
the wavelength of CuKa radiation (A=0.15406 nm)
and diffraction angle, respectively. The specified
peaks related to the crystallographic planes were
ascribed to the faces and miller indices of (111),
(200), (220), and (311) respectively (reference
card (ICDD 00-004-0783) [50, 51].

nA = 2d.sinf (5)

Two broad peaks at 17° and 23° were related
to the cellulose structure of the fabric and Miller’s
indices of (1-10), (110), and (200) [52]. Peaks at
29.5°, 47.8°, and 48.6° (Reference card ICDD 00-
047-1743) belonged to calcium carbonate, used as
filler and opacifier in XSBL resin [53, 54].

Wash fastness of printed layers

Wash fastness properties of conductive printed
layers have been investigated by AATCC 61-2001
standard, with the help of a nonionic emulsifier at
60 "C temperature.

Asshownin (Table 6), after the washing process,
resistivity increased due to detachments of silver
nanoparticles on the surface, which were prone
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Fig. 12. Cross-link network between cellulose and XSBL to improve wash fastness
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Table 7. Inhibition zone of one and five-layer printed samples

Pretreated cotton fabric with

Untreated cotton fabric

XSB
Number of printed layers 1 5 1 5
Inhabitation (mm) (48 hr.) [Staphylococcus
11 12 12 12
aureus (Gram-positive, ATCC 6538)]
Inhabitation (mm) (48 hr.) [Escherichia coli 12 12 1 1

(Gram-negative, ATCC 25922)]

Fig. 13. Image of disc diffusing for one and five layers printed samples

to wash. As a free carboxylic group of XSBL resin
can react with the hydroxyl group of cellulose
and create a cross-linked network (Fig. 12), silver
nanoparticles trapped in the network and wash
fastness also improved.

Antimicrobial properties of printed layers

The investigation of the antibacterial property
of printed samples, antimicrobial analysis was
carried out using the disc diffusion method. The
antimicrobial activity is due to the presence and
concentration of silver nanoparticles, and to
check this property of printed samples, one and
five layers of printed fabrics have been selected
with lower silver nanoparticles concentration.
The untreated and XSBL-pretreated cotton fabric’s
inhibition zone was determined considering the
conditions tabulated in (Table 7).

According to the results obtained from FE-SEM

J Nanostruct 12(2): 287-302, Spring 2022
(@ |

and EDS analysis proving the existence of silver
nanoparticles on the fabric surface, the one layer
and five layers printed XSBL-pretreated cotton
fabrics showed an inhibition zone against gram-
positive and gram-negative bacteria. There was
also an antimicrobial activity for one/five layers
of untreated cotton fabric and one layer of XSBL-
pretreated cotton fabric, which indicated that
silver nanoparticles were also formed on these
samples. However, they were not homogenous
enough to create a conductive pattern but enough
to have antimicrobial activity. Silver nanoparticles
antimicrobial activity have been considered
widely. In terms of antimicrobial mechanism,
silver nanoparticles mainly kill microorganisms
by ion release and cell membrane damage, DNA
interaction and reactive oxygen species (ROS)
[55]. Gram-negative and gram-positive bacteria’s
differential sensitivity toward silver nanoparticles
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is probably due to their cell wall structure
distinction. The cell walls of gram-negative bacteria
are comprised of a thin layer of peptidoglycan;
however, gram-positive bacteria comprising
linear polysaccharide chains cross-linked by short
peptides, creating a more rigid structure that is
challenging for silver nanoparticles to penetrate
[56]. Regarding E. coli bacteria, silver nanoparticles
prevent bacteria spread by destroying the
permeability of the bacterial membranes [57].
Staphylococcus aureus bacteria exposure to silver
nanoparticles causes cell content release in the
environment [58].

CONCLUSION

The cotton fabric’s porosity and high surface
roughness avoid electrically conductive printed
patterns on the cotton fabrics. For this purpose,
cotton fabric was pretreated with carboxylated
styrene-butadiene latex (XSBL). The pretreating
process did not have an adverse effect on thermal
behavior and colorimetric properties and provided
a fabric with soft hand touching and a good
wrinkle recovery angle. A water-based silver free-
particles ink was prepared with a facile method to
print on pretreated cotton fabric via a single-stage
inkjet printer to create multi-purpose fabric. After
the printing process, silver nanoparticles were
formed on the fabric’s surface, which improved
the electrical conductivity (25 ohm), antibacterial
activity, and washing fastness properties due
to the cross-linked structure between XSBL and
cotton. FE-SEM and EDS analysis indicated that
the presence of silver nanoparticles increased
by increasing the number of printing runs. XRD
analysis illustrated the crystal structure of silver
nanoparticles. The obtained results confirm that
the flexible electronic printed fabric can be used
as a multifunctional electronic textile with great
potential for commercial mass production.
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