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Abstract

In this work, the specimen of the fabrics (polyester/viscose blend) was prepared. At first, the samples were placed under
microwave radiation at different times, and then the optimum condition of treated fabrics (8 min) was selected for treatment.
The physical properties and surface morphology of Cu nanoparticle and multi-wall carbon nanotubes (MWCNTSs) with differ-
ent percentages were measured using dispersing agent, washing performance, stability, and physical properties of the fabric.
The image of surface morphology’s specimens was also photographed by scanning electron microscopy (SEM). Afterwards,
we measured the specimens’ electrical conductivity properties, according to AATCC 2005-76 standards, and subsequently,
KIS, %R, and Lab value of specimens was analyzed using reflection spectrophotometer. In fact, the results indicated that
optimum electrical resistivity, which was also the aim of the study, is 9% one weight of fabric (0.w.f.) nanoparticles on the
fabric and that electrical resistivity for the values of 9% o.w.f. for CNT is slightly greater than Cu.
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Introduction

Based on a number of studies, the electrical conductive tex-
tiles are demanded both for sensing utilizations and wearable
electronics and smart textile applications [1-3], transfer-
ring data, monitoring, biomedical and medicine reduction,
RF shielding, tissue engineering, super capacitor, battery,
fuel cell, transistor, solar cell, organic light emitting diodes
(OLEDy) and electro-chromic utilizations. In fact, incorpo-
rating the electrically conductive substances into the joint
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textiles would enable fabricating the comfortable, flexible,
and wearable conductive textiles with multi-functional fea-
tures [1]. Actually, nano-technology is one of the novel areas
with the expectation of having extensive applications in each
science and technology like material sciences, mechanics,
processing technology of the materials, optics, electron-
ics, medication, aero-space, plastics, energy, and textiles.
Although, this technology is still in its childhood, research
proved that it could be a beneficial instrument for improve-
ment of the textiles functions so that it has been attended
widely. However, new utilization of the nanotechnology in
the textiles would afford diverse features with the potentials
for better and novel uses in the products [4, 5]. A number
of arts are existing for producing conductive fabrics which
include coating metals, conducting polymers over the fabric
surfaces, metallic salts films [6], and carbon derivatives [7]
or polymeric film synthesis [§—10].

According to the studies, the phrase “smart textiles”
represents extensive field of studies and products, which
expand practicality and utility of the usual fabrics. In fact,
textile materials such as the filaments and fibers, which yarn
together with the knitted, woven or non-woven structures
and can have interaction with the surrounding/users have
been called the smart textiles. However, it has been found
that converging the electronics and textiles, that is e-textiles,
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may be suitable to design the smart materials with the
abilities of the performance various functions that are now
observed in the non-flexible and rigid electronic products
[6]. Electrical resistance of a material indicates how strongly
the material opposes the flow of electric current through it.
Based on the electrical resistance of the materials, conduc-
tive textiles can be classified into the following groups. (1)
Insulators: these textile materials have electrical resistance
greater than 10'! ohms. They do not allow the electrical
current to flow through them. (2) Dissipaters: these textile
materials have electrical resistance in the range of 10*-10"!
ohms. These textile materials do not allow accumulation of
electrical charge on their surface. The dissipation increases
as the moisture level in the textile increases. (3) Conductors:
these are textiles materials with a resistance less than 10*
ohms. Such textile materials allow smooth passage of elec-
tric current [11]. However, much attention has been paid to
the continuous fibers and or yarns consisting of carbon nano-
tubes (CNTs) because of the respective inherent capabilities
for forming diverse macroscopic objects via a simple knit-
ting and or weaving of the yarns or fibers [12]. As Bunshi
Fugetsu et al. [13] discovered, the CNT-based dyestuffs can
be procured via dispersion of the aggregates of the multiwall
CNTs in water by blending the zwitterionic surfactants with
the anionic surfactants. Then, we used a dye-printing proce-
dure and immediately utilized CNTs to the polyester multi-
filament yarns for forming an electrically conductive layer
on all filaments of the multi-filament yarn. Actually, the
yarns, which have electrical resistivity in the range between
103 and 10° O/cm, have been achieved. Notably, the ones
with 10° O/cm resistivity might be applied for forming the
soft, flat, and portable electrical heaters via vertical weaving
the yarns into the fabrics. In addition, the yarns with 10°> O/
cm resistivity might be utilized for antistatic clothing, and
the 10° O/cm yarns for brushes for photo-copying machines.
Also, Azam Ali et al. [14] investigated the effects of the
silver nitrate concentrations on the electrical conductivity.
Moreover, 2 g/200 mL provided reasonable levels of the
electrical conductivity values. Additionally, numerous num-
bers of dips (i.e., 50—150) in silver nitrate solution have been
used to control the amounts of the silver particles deposi-
tion. Based on the findings, the greater numbers of the dips
generated dense network of the silver particles. Therefore,
they led to the increased electrical conductivity. We then
dealt with the analysis of the conductive fabrics useful-
ness for electro-magnetic shielding capability by coaxially
transmitting line technique over a frequency range between
30 MHz and 1.5 GHz. In another study, done by Ebrahim
Beygi Chime and et al. [15], using carbon nanotubes and
titanium dioxide, it was discovered that the electrical con-
ductivity of polyethylene terephthalate (PET), due to the
presence of carbon black (CBg) on the surface of the PET
fabric, increases slightly. In this paper, it was also indicated
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that the distribution of nanoparticles of titanium dioxide and
nano-carbon black with the use of sodium hypophosphite
acid and citric acid works and improves the conductivity of
the PET fabric. In this research, unlike other studies done
on various fabrics, fibers and resources, measurement of
electrical conductivity in a polyester/viscose fabric with
nanoparticles was not done and microwave treatment were
not performed. This matter will be referred to in this article.

Experimental
Materials and methods

In this study, polyester/viscose fabric, which is utilized to
manufacture military costumes, with a ratio of 65% polyester
and 35% viscose, a count of 32/2 (Ne) warp and 32/1(Ne)
weft and with a repeat of 2/1z was used. Multi-wall carbon
nanotubes and Cu nanoparticles were purchased from Sigma
Aldrich. Acetic acid from Merck, a German Company and
the dispersant material Ekalin F from Sandoz (Holzkirchen:
Germany) were used in this study.

Alkaline treatment

The fabrics were washed in a batch consisting of 10% o.w.f.
Na,S,0, at 70 °C and10% o.w.f. NaOH for 30 min.

Microwave test

The samples were placed in a household microwave oven
(LG Electronics CG-2872BC 230 V, 50 Hz MAX.2400 W
manufactured by LG Electronics Inc.) for 4, 8 and 12 min
(back and front of the fabric) at 900 watts under microwave
radiation, to absorb more nanoparticles and create pores on
the surface images of scanning electron microscope (SEM)
showed that by increasing the duration to 8 min, the surface
turns porous and creates a sponge-like condition, which by
increasing the duration to 12 min, causes the destruction of
the fibers (Fig. 1).

BET test

The Brunauer—Emmett—Teller method (BET) has a wide uti-
lization in the materials science to compute the solids sur-
face areas through the physical absorption of gas molecules.
Nitrogen adsorption (Micromeritics Gemini III 2375, USA)
has been used to evaluate the BET surface area. This test was
also carried out for radiation to prove the previous stage.
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Fig. 1 Image of SEM samples of the fabric under microwave treatment in: a raw (2500x), b 4 min (2500x), ¢ 8 min (2500x), d 12 min (2500x)

Measuring the bending lengths and tensile strength

Based on the ASTM D1388-96, Drapometer MOO3B (SDL)
has been used to determine the fabrics bending length in the
weft and warp directions. It should be noted that the fabrics
tensile strength has been evaluated after conditioning the
specimen at 20 °C for 24 h, with 65% relative humidity via
an Instron TE-500 from Farayab through a 20-cm scale and
across-head speed of 25 cm/min (ASTM D2256).

Determining the moisture regain

Equation 1 has been used to calculate the moisture regain
based on the ASTM procedure 2654-76:

Moisture regain = {[(W, — W,)|/W,} X 100. (1)

Here, W, refers to the sample weight (g) following the
saturation at the standard humidity. Moreover, W, represents
the sample weight (g) dried to the constant weight.

Colorimetry analysis

According to the research design, a Gretagmacbeth COLO-
REYE 7000A spectro-photometer integrated with a com-
puter has been used to determine the CIELAB color coordi-
nates (L*, a*, & b*) of the samples. Then, we computed the
CIELAB color coordinates (L*, a*, & b*) from the reflec-
tance outputs for illuminant Dgs and 10° observer.

SEM study

Notably, a SEM (LEO1455VP), made in England, was used
in order to investigate the surface morphology of the fiber.

Treatment with nanoparticles

In this stage, we procured the mixes consisting of differ-
ent contents of nanoparticles (3, 5, 7 and 9% one weight of
fabric (0.w.f.)), 10% o.w.f. dispersing agent, and 2% o.w.f.
acetic acid. Afterwards, we added the fabrics into the mixes
and inserted them in the bath of the dyeing machine. It is
notable that the temperature, pressure, and duration, respec-
tively, have been adjusted at 100 °C, 7 bar, and 90 min. Of
course, the liquor ratio (L:R) is 50:1 and Ekalin F from
Sandoz Company (Holzkirchen: Germany) was used as the
dispersing agent.

Washing procedure

The fabrics have been washed in a bath consisting of 3%
o.w.f. NaOH and 5% o.w.f. non-ionic detergent at 60 °C
for 30 min. Then the washing process was continued for 5
cycles.

Conductivity test

(a) The room-temperature conductivity of the samples has
been gauged based on the standard four-probe proce-
dure through a MCP-HT450 conductivity meter (Dia-
instruments Co., Ltd.).

(b) A digital multimeter has been used to determine the
electrical conductivity of the composite of the dried
fabrics has been specified at the room temperature
(25 °C). Then, an electrical circuit manufactured by
a Hewlett Packard 6634B System DC Power Supply
and a digital Hewlett Packard 34401 A Multimeter have
been used to record the electrical measurements.

(c) Electro-chemical experiments have been performed on
the CHI430a electro-chemical work station (USA) with
a traditional 3-electrode system.

* @ Springer
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FTIR spectroscopy

We used FTIR spectroscopy (Thermo Nicolet NEXUS 870
FTIR from Nicolet Instrument Corp., USA) to examine the
samples FTIR spectra.

Design of experimental

We applied the central composite design (CCD) for the
experimental program with two variables [29]. In fact,
the variables involved the amount of irradiation time and
percentage of nanoparticles. Results showed the variables
range: irradiation time (4.8—12 min) and percentage of
nanoparticles (3.1-8.9%), by means of the trial version of
the Design Expert 8.0.1.0 software from the Stat-Ease, Inc.
(USA).

Tables 7 and 8 (runs 1-8) report designing the polyester/
viscose fabric samples with the irradiation time and per-
centage of NPs in detail. Moreover, the variables influences
on the outputs Y, (electrical resistivity) and Y, (surface
resistance) have been tuned by the third-order poly-nominal
function below (Eq. 2). It should be noted that although the
specimens were selected to three series of time under the
radiation but the softness of analyze the range of the changes
was selected randomly, in the range of 4—12 min of radia-
tion, and showed in eight different runs. On the other hand,
laboratory experiments were carried out on the samples with
four repeats.

Y=o+ Y bX+ Y bXXi+ Y X2
ij=123

@

Here, b, represents an independent term based on the
mean value of the experimental plan. b; refers to the regres-
sion coefficients, which explain the variables impacts in their
linear form. b;; stands for the regression coefficients of the
interaction terms between the variables. c; represents the
coefficients of the variables quadratic form.

Results and discussion

Before the samples were treated with nanoparticles, they
first were operated on under microwave irradiation [16] for
different durations. The optimal mode for treating the sur-
face of the fabric with nanoparticles was selected, which
was found to be 8-min irradiation duration [based on the
results of SEM images (Fig. 1)]. It should be noted that the
highest percentage of degradation was in the viscose fiber,
and the polyester fibers had a better resistance to microwave
waves, which indicates that the results of the microscopic
projection and the amount of nanoparticles remaining on
the fiber surface after the operation of the washing, followed

* @ Springer

Table 1 BET test values for raw and microwave-operated samples

Time of radiation 0 4 8 12
(min)

BET 4.11 4.28 4.86 2.89
Vi 0.506 0.521 0.582 0.355
C 21.526 35.365 29.748 42.752

V., is the monolayer adsorbed gas quantity and c is the BET constant

Table 2 Measurement strength and moisture regain test of microwave
specimens

Time of radiation (min) Raw 4 8 12
Force at break (kg f) 22.13 20.32 16.11 11.54
Elongation at break (kg f) 7.78 7.97 8.75 7.83

Bending length—warp (cm) 5.84 5.18 4.88 5.36
Bending length—weft (cm) 5.24 5.02 4.57 5.17
Moisture regain (%) 7.21 7.85 8.23 7.05

by absorption nanoparticles, are due to the further degra-
dation viscose fibers in comparison with polyester fibers.
As shown in Table 1, it is clear that BET values increased
with increasing the radiation time. This increase from 8 min
of radiation to 12 min caused decline in the surface area,
indicating destruction of the fibers and them getting stuck
together. On the other hand, according to the values given
in Table 2, it is clear that the strength of the fabrics dimin-
ished by irradiation. The magnitude of the increase in length
and the degree of rupture after irradiation increased until 8
min of irradiation and after that decreased. The reduction
of strength can be due to the formation of pores on the fib-
ers surfaces. Creation of pores also increased absorption of
moisture in the sample. This increase in recycled moisture
caused a plasticization phenomenon to occur, and increased
the length of the rupture.

Images of the SEM fabric containing nanoparticles
(Figs. 2, 3) show that for both nanotubes of CNTs and Cu,
increasing the amount of nanoparticles to 7 and 9% by
weight resulted in the appearance of some NPs on the fiber
surface, the presence of which is a lot more at the 9%. In the
less than 7% amounts used, the nanoparticles were predomi-
nantly contained within the fiber. Particles on the surface
usually decrease in their final washings (Figs. 2, 3). The
results of strength measurement for CNTg, also showed that
the nanoparticles used at the 7% scale were at best, whereas
for Cu, with the increase of nanoparticles, the strength fell
gradually (Table 3) which is in line with the work done
by other scholars [30]. Also, the proposed mechanism for
MWCNT and Cu nanoarticles on P/V Fiber indicated to
Schemes 1 and 2.
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Fig.2 Image of SEM samples of the fabric under 8-min microwave treatment in: a CNT 3% o.w.f. (2000x), b CNT 5% o.w.f. (5000x), ¢ CNT

7% o.w.f. (5000x), d CNT 9% o.w.f (500x)

Fig.3 Image of SEM samples of the fabric under 8-min microwave treatment in: a Cu 3% o.w.f (5000x), b Cu 5% o.w.f (2000x), ¢ Cu 7% o.w.f

(5000x%), d Cu 9% o.w.f (5000x)

Table 3 Measurement strength

. : : Nanoparticles value (%) 3 5 7 9
test of microwave specimens in
8 min with different amounts of Typical of nanoparticle CNT Cu CNT Cu CNT Cu CNT Cu
nanoparticles
Force at break (kg f) 22.63 1841 2315 1511 2428 1125 12.02 737
Elongation at break (%) 7.12 7.97 6.98 8.28 6.56 8.78 7.67  9.16

Bending length—warp (cm)
Bending length—weft (cm)

6.11 5.32 6.58 5.11 6.01 4.89 512 428
5.98 5.18 6.25 5.06 5.48 4.62 489 413

Table 4 indicates the rate of washing stability for fabrics
treated with nanoparticles. The results showed an increase in
Cu uptake, compared to CNTj in the fabric, and higher fiber
penetration of Cu nanoparticles than that of other nanoparti-
cles this method has not been observed by others.

Moreover, the conductivity test was carried out in three
ways: At first, the electrical resistance of the fabric was
measured using a digital multimeter, the results of which

are given in Table 5. In another way, the conductivity testing
of nanoparticles treated with a digital multimeter and a DC
voltage source under the AATCC 1995-76 Method at 25 °C
was carried out. In this approach, two copper electrodes
with a size of (20 x 20 mm?) were separated at a distance of
20 mm, and then, a 1 kg weight was inserted over the fabric
sample (30 x 60 mmz). Afterwards, the surface resistance
(R,) was estimated by Eq. 3:

y @ Springer
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Scheme 1 The proposed
mechanism of MWCNT on P/V
Fiber
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Here, R represents the resistance gauged by the multi-
meter. D and W, respectively, refer to the distance between
2 electrodes and sample width.

As shown in Table 5, the best electrical resistance is
observed in the amounts of 9% consumable nanoparticles.
Furthermore, at 3%, electrical resistance for CNTS dropped,
suddenly, however, a similarity was observed at 9% and 5%
nanoparticles. Moreover, the resulted quantities indicated an
upward trend in conductivity. However, in Cu nanoparticles,
there was an increase in conductivity up to 7%, in compari-
son with CNTg. On the other hand, the results showed the
superiority of surface strength carbon nanotubes compared
to Cu nanoparticles. The values of the electrical conductiv-
ity obtained are compared with those of other researchers in
Table 13 [23-27].

In the third step, the conductivity of fabric treated with
nanoparticles was measured using a CHI430A electro-chem-
ical work station (USA), which has a three electrode system
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involving an auxiliary electrode (platinum wire), a refer-
ence electrode (Ag/AgCl), and working electrode (modified
GCE). We conducted each experiment at room temperature.
Then, we applied the cyclic voltammetry (CV) to describe
the electrode resistance functions. Afterwards, 5 mM [Fe
(CN) 6]3‘/4‘ has been employed as the probe, and 0.1 M KC1
has been applied as the supporting electrolyte. The results of
the test of the conductivity (flow-to-voltage) of the micro-
wave treated samples, for a duration of 8 min, for different
voltammetric nanoparticles are shown in Figs. 4 and 5. Fig-
ures 4 and 5 show a comparison diagram of the ratio of the
voltage intensity to the current of the samples treated with
different nanoparticles, compared to the untreated sample
with the nanoparticles after microwave operation (8 min.).
As shown in the plots, the difference is increased by increas-
ing the percentage of nanoparticles. On the other hand, this
difference in the samples treated by CNT has a special regu-
larly compared to Cu-treated samples, which seems to indi-
cate the conductivity quality.
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Table 4 'I'\/Ieasurement O.f Nanoparticles value (%) 5 7 9
the stability of the washing
of the fabrics treated with Typical of nanoparticle CNT Cu CNT Cu CNT Cu CNT Cu
nanoparticles
(%) Increase of initial weight 2.88 2.93 4.29 4.79 6.12 6.58 7.2 7.39
Increase of weight after wash- ~ 2.79 2.90 4.1 3.72 5.95 5.44 5.6 5.98
ing (%)/(cycle 1-relative to
raw fabric)
Increase of weight after wash- ~ 2.61 2.89 3.95 3.99 5.88 6.32 3.7 4.25
ing (%)/(cycle 5-relative to
raw fabric)
Table 5 Ele?tr.ical resistivity Nanoparticles value (%) 3 5 7 9
and conductivity of a sample
of fabrics under 8 min of Typical of nanoparticle =~ CNT Cu CNT Cu CNT Cu CNT Cu
microwave irradiation treated
with MWCNT and Cu R(Q) 131251 26677 10368 10352 5369 2672 1610 1753
nanoparticles o (S/cm) 0.0023  0.0133 0.0247 0.0261 0.0651 0.1338 0.2335 0.3402

Also, as shown in Table 6, the K/S-values of the samples
augmented by increasing the percentage of nanoparticles
and decreased the R% values. However, it can be observed
that there are similarities between the numerical values of
K/S and R% and samples treated with 9% nanoparticles for
MWCNT and 7% nanoparticles for Cu, respectively; this is
the equivalent of the coefficient equal to the propagation of

samples. On the other hand, with respect to the values in the
table, the values of L*, C and h° decreased with increasing
the nanoparticle contents, and the values of b* decreased
with increasing the amount of nanoparticles for Cu and for
MWCNT, it firstly rose and then fell, steadily.

The FTIR spectra of samples are shown in Fig. 6. For
the raw sample, the appeared bands at 3431, 2964, 2340,
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Fig.4 Flow rate diagram of the voltages of the samples exposed to microwave radiation for 8 min for: a untreated, b 3% Cu, ¢ 5% Cu, d 7% Cu,

€ 9% Cu

1715-1736, 1408, 1233,1000-1100 and 690-900 cm™!
were attributed to OH (H-bonded), aldehyde, carboxylic
acids, C=0, C=C (aromatic), C-H bending, C-O (esters
or ethers) and aromatics (out of plane bend), respectively
(Fig. 6a); whereas, in the sample treated with MWCNTs
the bands observed at 3446, 2913, 1640, 1000-1100 and
690-900 cm™! related to OH (H-bonded), aldehyde, C=C
(aromatic), C-O (esters or ethers) and aromatics (out of
plane bend), respectively (Fig. 6b). Moreover, in Fig. 6c,
the sample treated with Cu nanoparticles indicated approx-
imately the same results. As shown in Figs. 7 and 8§, the

% @ Springer

decrease in the peak intensity of carboxylic acid groups
(2362 cm™!) is caused by the existence of the Cu NPs and
MWCNTs onto the fabrics. On the other hand, the peak
appearing in 1417 cm™! related to MWCNTSs [28] and the
peaks appearing 592 cm~! and 500 cm™! attributed to Cu
nanoparticles [29].

Statistical analyses

Based on the analyses, optimizing the use of the NPs would
suggest the fundamental contribution to the outperformance
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Table 6 K/S, %R, CIELab and
CIEch values of samples of
microwave-irradiated fabrics
for 8 min under treatment of
MWCNT and Cu nanoparticles

Nanoparticles value (%) Raw 3 5 7 9
KIS (A =400 nm) MWCNT 0.068 4.9 5.94 9.916 10.9
Cu 6.9 7.93 11.05 12.14
%R (Apax =700 nm) MWCNT 84.34 14.87 9.88 6.87 5.84
Cu 16.71 11.73 6.88 5.82
L* MWCNT 92.49 44.82 36.82 30.33 29.21
Cu 38.51 30.53 27.34 25.26
ax* MWCNT -0.32 3.12 2.87 2.02 2.01
Cu 2.59 2.59 242 2.31
b* MWCNT 4.12 7.52 6.88 5.35 5.42
Cu 3.25 3.08 2.95 291
C MWCNT 4.13 6.69 5.25 4.86 4.67
Cu 6.99 4.19 3.82 3.49
h° MWCNT 94.45 74.17 69.91 61.36 57.62
Cu 64.29 52.69 50.65 47.57
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Fig.6 ATR-FTIR analyses of polyester/viscose blend fabric: a raw
sample, b sample of microwave-irradiated fabrics for 8§ min under
treatment of MWCNT, ¢ sample of microwave-irradiated fabrics for 8
min under treatment of Cu nanoparticles

of the textile fabrics. Here, it should be noted that contrary
to the traditional optimization, the statistical optimization
procedures and interactions between variables for produc-
tion of the procedure response may be considered. In fact,
RSM is one of the robust statistical techniques of analyzing
several variables as a result of fewer essential experimental
trials in comparison with the “one-factor-at-a-time” tech-
nique. Moreover, RSM is one of the effective mathematical
approaches of optimization of the complicated procedures
that are able to produce an empirical pattern for evaluat-
ing the correlation between some controlled experimental
parameters and the observed outputs. Actually, RSM is
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widely employed in different biochemical, nano-chemi-
cal, and chemical procedures for analyzing the effects of
the independent variables and optimizing the procedure
responses via the suitable values of the parameters [18-22].
The present research was carried out on the basis of the CCD
and RSM. Eight experimental CCD designed runs have been
accomplished, as demonstrated by Tables 7 and 8. As seen,
the impacts of the independent variables like the irradiation
time and nanoparticles percentage on the response surface
have been evaluated. This justified the electrical resistivity
and conductivity properties of treated fabric samples.

Final equation in terms of actual factors related to elec-
trical resistivity and conductivity of the sample of fabrics
treated with Cu nanoparticles and MWCNTy are presented
in Egs. (4), (5), (6) and (7), respectively:

R(Q) = 4+96540.82306 — 6820.09154 X irradiation time
—12668.11108 X Cu nanoparticle + 945.36356
X irradiation time X Cu nanoparticle,
)
o(S/cm) = —0.681510 + 0.054816 X irradiation time
+ 0.152864 x Cu nanoparticle — 0.011227

X irradiation time X Cu nanoparticle,
&)
R(Q) = +6.92 x 10° —49574.332 x irradiation time — 1.303
x 10° x CNT nanoparticle + 2927.025
X irradiation time X CNT nanoparticle + 1649.91
X irradiation time” + 6906.983 x CNT nanoparticle?,
(6)
o(S/cm) = +0.067 — 0.0287 x irradiation time — 0.000051
X CNT nanoparticle — 0.0061 X irradiation time
x CNT nanoparticle + 0.00355 X irradiation time?

+ 0.0076 X CNT nanoparticle.
(N

The resulting statistical models have been used to draw
the response surface (Eqs. 4-7), and then, the relationship
between all independent variables as well as electrical
resistivity and conductivity of fabric specimens have been
achieved. Figures 7 and 8, respectively, depict the response
surface of the fabric samples.

In the next stage, Design-Expert software, with irradiation
time of 8 min for both Cu nanoparticles and CNT has been
used to obtain the optimal conditions of the properties of elec-
trical resistivity and conductivity of fabric specimens. Then,
analysis of variance (ANOVA) has been applied for analyzing
the data so that the interactions between independent variables
and responses have been established. Afterwards, ANOVA
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Table 7 CCD for electrical resistivity and conductivity of sample of
fabrics treated with Cu nanoparticles at different irradiation times

Run Factor Responses
Irradiation Go-nanopar- R (Q) o (S/cm)
time (min) ticle (%)
Control 1 0 6 74652 0.0015
Control 2 8 0 Unlimited Unlimited
1 8 6 6550 0.07943
2 8 6 6512 0.07995
3 8 6 6490 0.07894
4 4.8 4.2 32399 0.0345
5 4.8 7.8 3595 0.3851
6 12 6 9768 0.1199
7 9.2 8.9 1507 0.2925
8 9.2 3.1 23970 0.01195

Table 8 CCD for electrical resistivity and conductivity of sample of
fabrics treated with MWCNTy at different irradiation times

has been used to analyze the outputs in order to evaluate the
electrical resistivity and conductivity of the fabric samples
(Tables 9, 10, 11, 12).

As shown, the introduced model of the fabric samples
with Cu nanoparticles and MWCNTy for electrical resis-
tivity has been statistically significant at F value of 8.56
and 2.070E+06, and prob values greater than F, 0.0325
and <0.0001, respectively (Tables 9, 11). In addition, the
selected model of the treated fabric specimens with Cu nan-
oparticles and MWCNTS for conductivity has been signifi-
cant at F value of 9.54 and 9623.67 and prob values greater
than F, 0.0270 and < 0.0001, respectively (Tables 10, 12).

Comparison of electrical conductivity results
with previous results

Also, Table 13 shows the comparative results of the electri-
cal conductivity obtained with the results obtained in previ-
ous papers.

Run Factor Responses
Irradiation CNT-nano- R (Q) 6 (S/cm) .
time (min) particle (%) Conclusion
Control 1~ 0 6 163257 0.003 The effects of nanoparticles (MWCNT and Cu) treatment on
Control 2 8 0 Unlimited  Unlimited  the conductivity of the polyester/viscose fabric were investi-
1 8 6 7868 0.0449 gated and their benefit demonstrated. Studies using SEM, con-
2 8 6 7810 0.0457 ductivity test, electrical resistance, strength and voltametric
3 8 6 7895 0.0436 charts of the fabric have shown that under optimal microwave
4 48 42 123915 0.0236 pre-radiation conditions, sample treated with MWCNT and
5 48 78 5671 02426 Cu nanoparticles exhibited improved conductivity. Statistical
6 12 6 11802 0.0674 results using the central composite design (CCD) methodol-
7 92 8.9 1384 0.2008 ogy further established that the fabric samples treated with
8 9.2 3.1 117936 0.0021 MWCNT nanoparticles had better uniformity and higher con-
ductivity compared with that treated with Cu nanoparticles.

Table 9 .AN OV_A pgtputs Source Sum of squares df  Mean square F value p value Probability > F
of electrical resistivity for
the fabric samples with Cu Model 7.198E+08 3 2.399E+08 8.56 0.0325  Significant
panoparticles at different A-irradiation time  5.271E+07 I 5271E+07 188 02421

B-Cu nanoparticle ~ 5.865E+08 1 5.865E+08 20.93 0.0102

AB 8.047E+07 1 8.047E+07 2.87 0.1654

Residual 1.121E+08 4 2.802E+07

Lack of fit 1.121E+08 2 5.604E+07 60865.70 < 0.0001 Significant

Pure error 1842.67 2 921.33

Cor total 8.319E+08 7

(]
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Table 10 ANOVA outputs . Source Sum of squares  df  Meansquare  F value p value Probability > F
of conductivity for the fabric
samples with Cu nanoparticles Model 0.1071 300357 9.54  0.0270  Significant
at different irradiation times Acirradiation time  0.0063 1 0.0063 168 02643
B-Cu nanoparticle ~ 0.0894 1 0.0894 23.89 0.0081
AB 0.0113 1 0.0113 3.03 0.1566
Residual 0.0150 4 0.0037
Lack of fit 0.0150 2 0.0075 29347.65 < 0.0001  Significant
Pure error 5.102E-07 2 2.551E-07
Cor total 0.1221 7
Table.11 ANOVA outputs of Source Sum of squares  df Meansquare F value p value Probability > F
electrical resistivity for the
fabric samples with MWCNTs Model 1.952E+10 5 3.904E+09 2.070E+06 < 0.0001  Significant
at different irradiation times Avirradiation time 1.260E+09 1 1.260E+09 6.682E+05 < 0.0001
B-Cu nanoparticle 1.301E+10 1 1.301E+10 6.896E4+06 < 0.0001
AB 7.714E+08 1 7.714E+08 4.089E+05 < 0.0001
Residual 7A467E+08 1 7.467E+08 3.958E+05 < 0.0001
Lack of fit 4.140E+09 1 4.140E+09 2.195E4+06 < 0.0001
Pure error 3772.67 2 1886.33
Cor total 1.952E+10 7
Table 12 AN OVA outputs . Source Sum of squares  df  Meansquare  F value p value Probability > F
of conductivity for the fabric
samples with MWCNTs at Model 0.0541 5 0.0108 9623.67 0.0001  Significant
different irradiation times Avirradiation time  0.0029 100029 2586.67  0.0004
B-Cu nanoparticle ~ 0.0404 1 0.0404 35936.37 < 0.0001
AB 0.0033 1 0.0033 2976.53 0.0003
Residual 0.0035 1 0.0035 3072.84 0.0003
Lack of fit 0.0050 1 0.0050 4457.50 0.0002
Pure error 2.247E-06 2 1.123E-06
Cor total 0.0541 7
Table 13 Comparison of results with those reported in previously published
Type of goods Optimum sample Optimum sample Wool-MWCNT  Aminolyzed Nylon—nano- Polyester— Cotton—-GO
PV-MWCNT PV-Cu (5.5¢g/L) polyester-% 0.2 silver MWCNT 1% [27]
Irradiation time:  Irradiation time:  [23] GO [25] (30 g/L)
9.2 9.2 [24] [26]
(% 8.9 0.w.f) (% 8.9 0.w.f)
R(Q/Sq) 1384 1507 1.07x 107 0.11x10° 45 10% to 10° 55
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