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Abstract

In this study, carbon black was synthesized by the utilization of synthetic textile waste (waste polyester fabric (PET) and
polyester cotton (50:50) blend (PC)) in a horizontal tube furnace in a temperature range of 700~1000 °C keeping the heat-
ing rate at a uniform 5 °C/min in nitrogen environment. The market for environmentally friendly conductive inks for textile
printing is unfilled, but our study fills that void. Using synthetic textile scraps as a replacement for fossil fuels in the carbon
black manufacturing process is an innovative and environmentally friendly way to lessen the number of textiles that end up
in landfills. This process of producing conductive inks has several potential uses. Some examples include electrical textiles,
smart textiles, and wearable technologies. The morphology and structure of the obtained carbon black were studied via
scanning electron microscopy and Raman spectroscopy and compared with the commercial carbon black (CCB). PC-based
carbon black exhibited superior structural properties, while PET-based carbon black exhibited comparable properties to the
CCB. The lab grown carbon black is approximately 50% cheaper than the commercial carbon black. Conductive inks were
manufactured using the obtained carbon black and commercial carbon black. Screen printing was carried out using different
conductive inks on 100% cotton fabric substrate. Conductivity measurements revealed that lab grown carbon black based
on PC exhibited 6.1% more conductivity than the commercial carbon black, while the one based on 100% polyester waste
fabric depicted comparable conductivity to the commercial carbon black-based ink and remained stable until 10 washes.
The lab grown carbon black printed fabrics also exhibited comparable tensile strength, tear strength, flexural rigidity, air
permeability, and crocking fastness (dry and wet) tests to the commercial carbon black. The printed patches were stable and
did not affect the wearability performances of the fabric after the printing of conductive inks. Based on the obtained results,
it can be safely concluded that waste synthetic textile materials can serve as an alternative precursor for the synthesis of
commercial carbon black and subsequent applications in smart textiles.
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1 Introduction

The demand for textile products is increasing day by day due
to population growth and improved living standards [1]. Tex-
tile consumption is expected to increase three times by 2050
globally compared to 2015 [2]. The textile sector is the fifth
largest pollution-contributing sector worldwide and accounts
for 3% of all greenhouse gas emissions [3, 4]. According to
an international survey, more than 110 million tons of apparel
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and textile fibers are produced annually around the world,
which in turn leads to the generation of a huge amount of
textile waste [5]. Most of the textile waste is disposed of
by incineration and in landfills as municipal solid waste [6]
which creates environmental and economic crises [7]. Envi-
ronmental crises are represented in the form of pollution and
the emission of hazardous gases, while the economic con-
sequences are shown in the form of the amount of land con-
sumed in landfills [8]. For this reason, scientists are rushing
to overcome these consequences by reusing and or recycling
textile waste, reducing carbon emissions by burning them, and
at the same time also trying to preserve the environment [9].
The textile industry is contributing to a huge environmental
crisis due to the usage of a huge percentage of synthetic fibers
derived from fossil fuels [10]. Around 63% of textile fibers
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used today come from petrochemical sources, and polyester is
the most commonly used fiber. Fossil fuels already account for
over 80% of energy use, contributing to climate change, global
warming, and the rapid depletion of natural energy supplies.
The overuse of oil, gas, and coal increases the demand for
these resources, which could lead to pollution that threatens
water and oxygen supplies [11, 12]. The global market size
of polyester was more than 90 billion dollars in 2020 and
is expected to grow at a cumulative annual growth rate of
7.8% from 2021 to 2027 due to the rising demand for poly-
ester fiber in the textile industry and other application areas
as well [13-15]. Cotton is a cellulose-based polymer that is
predominantly used to make clothing (about 70%), house-
hold textiles (about 35%), and industrial goods (the remaining
5%). Cotton agriculture has a significant effect on water usage,
contributing to drought with its 2.6% share of global water
use. In addition, the use of fuels or energy-intensive material
inputs, such as fertilizers, herbicides, seeds, diesel fuel, and
electricity for irrigation, machinery, and labor, makes cotton
cultivation a major contributor to greenhouse gases, account-
ing for between 0.3 and 1% of total global warming potential
[16-25]. According to the research, around 10% of world car-
bon emissions are generated by the textile sector [26]. The
remaining 37% of natural fibers are used in industries, but
they consume a huge amount of water associated with water
depletion and toxic pollution caused by intensive use of pesti-
cides [27]. The textile and clothing industries are responsible
for more than 21 billion tons of garbage per year [28]. There-
fore, recycling textiles is inevitable, and all the top brands are
now demanding this from the textile industry to recycle their
products. Existing textile recycling methods include incin-
eration, landfills, monomer recovery, and reclamation of the
fibers from used apparel. All these techniques are not without
their limitations, and a permanent solution for textile waste
recycling is far from realized [27]. One solution could be to
convert the textile synthetic waste into value-added carbon
black. The carbon black based upon textile waste costs about
half the price of commercial carbon black as the raw material
comes from the waste and around 50% of cost of carbon black
comes from its raw material [29, 30]. Carbon black has been
employed in numerous applications reported in the literature
[31-34]. At present, carbon black is synthesized by petroleum
sources [35]. Concerns about global warming due to the use
of fossil fuels and the large reliance on carbon material gen-
eration through petroleum supplies and its rising prices have
prompted scientists to seek eco-friendly carbon alternatives,
and similar work has been reported in the scientific literature
[36—42]. Recently, researchers have focused on using eco-
friendly materials derived from recycling [43]. Research is
going on at present where carbon materials have been synthe-
sized from lignin-based materials, lignocellulosic materials,
and oil is obtained after the pyrolysis of biomass. Renew-
able source-based precursors have gained a lot of interest due
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to their abundance in nature and good structural properties
[44, 45]. From the literature, it has been observed that car-
bon material obtained from natural sources such as corncob,
when mixed with iron-based materials, exhibits a good photo-
Fenton degradation effect, and breaks down organic pollutants
in water [46]. Carbon black based on textile waste has been
reported in literature for structural and energy applications
[5, 47] but carbon black particularly based on the waste fabric
from polyester 100% and polyester cotton blend (50:50) waste
has not been reported in the literature yet.

The conductive inks market is increasing day by day, and
according to statistics, by 2024, it will reach a mammoth
USD 4.37 billion. In the wearable and smart electronics
fields, the demand for cheap and readily available materials
is increasing, and it is expected that this sector will provide
the catalyst for the demand for conductive inks [48, 49].
Flexible conductive inks printed circuits on textile fabrics
are expected to replace expensive copper wires and silver-
based circuits, are easy to embed in the fabric, and are com-
fortable next to the skin. Similar studies have been reported
in the literature [50-52]. Conductive inks, due to their small
size, have better durability and efficiency than wires and
circuits. In metals, silver is at the top of the list in electronic
circuit applications owing to its high conductivity and oxida-
tion stability [53, 54]. Unfortunately, silver is expensive, and
the industry is shifting towards cheaper alternatives such as
copper, aluminum, graphene, and carbon black-based inks
[55, 56]. Conductive inks based on graphene can exhibit
properties comparable to those of silver and copper-based
conductive inks in RIFD antennas [57-59].

Furthermore, only a handful of companies worldwide
produce these highly in-demand conductive inks [60, 61].
The advantages of using carbon black are its abundant sup-
ply, ease of processing, low cost, and reinforcing effect [62].
Carbon black has a high specific surface area compared to
graphite and can disperse easily into solvents. Carbon nano-
tubes and graphene are expensive materials and dispersing
them in solutions is an arduous job [63]. Carbon black on the
other hand can be easily dispersed and used to accomplish
electromagnetic wave absorption, which is a significant issue
with graphene due to its higher conductivity, which causes
impedance mismatch [64]. Moreover, the lab synthesized
carbon black, which could be used for other applications
such as conductive ink-printed circuits, electromagnetic
shielding devices, and high-strength flexible conductive
paper fabrication owing to low cost and more availability
with good electrical properties comparatively [65—69]. The
synthesis of carbon black based on predominately synthetic
textile waste and subsequent applications to conductive inks
is yet to be reported in the literature [70].

In this study, we successfully report the synthesis of good
quality carbon black from waste polyester and polyester-
cotton blend (50:50) fabrics as a replacement of fossil fuels.
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Carbon black was synthesized from waste fabrics based on
polyester-cotton blend (50:50) and 100% polyester in a hori-
zontal tube furnace in an inert environment in a temperature
range of 700~1000 °C. Morphology and structure of the
obtained carbon black were studied and compared with the
commercial carbon black. Conductive inks were formulated
by the obtained carbon black and screen printed on 100%
cotton fabric. Cyclic voltammetry was carried out to study
the conductivity of the printed fabric and compared it with
those of commercial carbon black. Textile wearability-based
tests such as tensile strength, tear strength, flexural rigidity,
air permeability, and crocking fastness (dry and wet) on all
the printed fabrics were carried out on all the samples to
study the wearability and comfort performance.

2 Materials and methods

e A 100% polyester fabric (PET) and polyester cotton blend
(50:50) (PC) waste fabrics were supplied by Interloop
Textile Pvt. Ltd.

e A total of 100 g of waste fabric was placed into the hori-
zontal tube furnace KJ-T1600 and then pyrolyzed in a
temperature range of 700-1000 °C at a heating rate of
5 °C/min in an inert environment (nitrogen gas) with
a holding time of 30 min. Carbon black obtained after
pyrolysis was pulverized on an industrial pulverizer Sil-
ver Crest SC-350 to a mean value of 10-micron size.

e Commercial carbon black N660 (CCB) was obtained
from National Petrocarbon Pvt. Ltd. for comparison pur-
poses.

e Helizarin® LTC New lig. a formaldehyde-free binder,
Lutexal® CSFN Liq thickener were obtained from
Archroma Itd.

e Printing auxiliaries such as urea, acetic acid, and sodium
bicarbonate were bought from Archroma Itd.

e To prepare conductive inks, first stock paste was prepared
by taking a calculated amount of the thickener, binder,
and distilled water as reported in Table 1. The PH of the
stock paste was maintained at 5.5 with the help of acetic
acid and sodium bicarbonate.

e After that, conductive ink was synthesized by mixing the
calculated amount of carbon black and the stock paste.

e A screen of mesh count 305 mesh/inch was used to apply
the print paste on 100% pretreated cotton fabric. Thick-
ener of 3 g/l was used for pretreatment of the fabric to
achieve a plain fabric surface.

e After that, drying at 100 °C for 3 min and curing at 180
°C for 5 min were carried out.

e Soaping was carried out manually by using lab-scale sur-
factant at 40 °C for 5 min followed by cold rinsing with
distilled water.

Table 1 Recipe of conductive Recipe of stock paste in 100 g

inks and conductive inks paste in
10g
Chemical Quantity
Thickener 3g
Helizarin binder 18 ¢g
Distilled water 79 ml
10% Filler percentage
Filler (carbon black) 1g
Stock paste 9¢g

20% filler percentage
Filler (carbon black) 2g
Stock paste 8¢g
30% filler percentage
Filler (carbon black) 3 g
Stock paste 7g
40% filler percentage
Filler (carbon black) 4 ¢
Stock paste 6g
50% filler percentage
Filler (carbon black) 5¢g
Stock paste 5¢g

2.1 Characterizations
2.1.1 Morphology of carbon black

The morphology of the obtained carbon black from the
various textile wastes and the commercial carbon black was
studied via a scanning electron microscope (AIS 1800C,
Korea). All the samples were quoted with a 5 nm layer of
gold particles prior to the measurements.

2.1.2 Raman analysis

The carbon structure evolution of the carbon black from the
textile wastes were studied via Raman spectroscopy using a
green laser of 532 nm wavelength. The instrument used was
a Raman microscope (DXR3, US).

2.1.3 Fabric and film thickness

Fabric thickness was measured according to ASTM D1777-
96 standard using a HY0141D/E, (China) fabric thickness
tester. Film thickness was measured by taking the difference
between printed and non-printed samples stated in Eq. 1.

y=T,-T, (1
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Where T is the film thickness, T, is printed fabric thick-
ness, and T, is non-printed fabric thickness.

2.1.4 Electrical conductivity

The electrical characterization of the printed samples was
carried out by a 4-probe device connected to a Gamry instru-
ments, USA interface 1010. Samples were cut in the dimen-
sions of 47 mm X 34 mm. Cyclic voltammetry was carried
out to obtain IV curves in the range of —0.5~0.5V. Resist-
ance of the printed fabric was measured according to the
ohm’s law.

V=IR @

Where V is the voltage, I is the current, and R is the
resistance of the printed patch.

The thickness of the films was calculated by subtract-
ing fabric thickness as exhibited in Fig. 1. The area of the
printed patch was calculated by multiplying length and
width. The resistivity of the printed fabric was calculated
by the formula [71] stated in Eq. 3.

p=RsxXTIf (€)]

where p is the resistivity, Rs is the resistance, and Tf is
the thickness of the film. Conductivity was calculated by the
inverse of resistivity as stated in Eq. 4.

S=-
o “

where S is the conductivity and the value of conductivity
obtained in ohm™'m™" (Siemens.)

2.1.5 Dry rubbing fastness

The dry rubbing fastness was measured using AATCC 08
standard test method. At first, all samples were conditioned

according to the ASTM D1776 method. Then samples were
cut into the dimensions of 50 mm X 130 mm. Crock square
(bleached white cloth) was mounted on the peg and the
printed sample was mounted on the crock meter base. Then,
the peg was lowered to touch the printed fabric surface and
rubbed 10 times against each other. Afterwards, the crock
square was conditioned at the standard temperature of 21+ 1
°C and relative humidity of 65+2% and its rating was evalu-
ated by the grey scale.

2.1.6 Wet rubbing fastness

The wet rubbing fastness test was carried out according
to the AATCC 08 standard. First, a crock square (white-
bleached cloth) was soaked in distilled water to achieve a wet
pickup of 65 + 5%. Then, crock square was mounted on the
peg and the printed sample was mounted on the crock meter
base. After that, the peg was lowered to touch the printed
fabric surface and rubbed 10 times against the printed fabric
surface. Afterwards, the crock square was dried and condi-
tioned. Rating was done by using the grey scale.

2.1.7 Air permeability

The air permeability test was carried out by following
ASTM D737-96 standard using a HY0461L (China) air per-
meability tester. Circles of fabric were placed on the sample
holder. The test was carried out from five different places of
the specimen by passing high-pressure air through a nozzle.
The offset area die was selected according to the fabric. A
die of size 4.5 inches/114 mm was used. Air permeability
values were calculated in mm/sec.

2.1.8 Tear strength

Fabric tear strength test was carried out by using an SDL
ATLAS MOOSHE tear tester according to the ASTMD-1424

Fig. 1 Top view of the screen-
printed film on the substrate

Printed side

Film thickness Fabric thickness (t)

Unprinted side

Total thickness (T)
Film thickness = Total thickness (T) - Fabric thickness (t)
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standard. The fabric strips along warp and weft were cut into
76.2 mm X 101.6 mm from 5 different places of the fabric.
Every specimen was pre-notched with a 12.7 mm X 12.7 mm
notch at the center from the top of the fabric and measured
with the load of 1600 CN.

2.1.9 Tensile strength

Fabric tensile test was conducted according to the ASTMD-
5035 standard on the M500-50 AT, (U.K) tensile strength
tester. The fabric strip along the warp and weft was cut into
25.4 mm X 150 mm from 5 separate places of the fabric and
measured at the extension rate of 300 + 10 mm/min.

2.1.10 Bending rigidity

The bending stiffness of the fabric was measured accord-
ing to ASTM D1388-18 standard. Samples were cut in 25
mm X 200 mm dimensions, and their bending lengths were
calculated on a cantilever stiffness measurement equipment.
Bending rigidity (flexural rigidity) of the fabrics was calcu-
lated through the formula.

G=Ww 3)

where G is bending rigidity, w is the GSM of the fabric,
and c is half of the fabric bending length.

2.1.11 Fabric washing

The washing test was carried out according to the BS EN
ISO 105-C06 standard test method on a M228BC (U.S) Rota
wash SDL Atlas machine. A1M multiple washing test num-
ber was selected. Samples were cut according to the same
size of multi-fiber strip 40 mm*100 mm and one edge was
sewn. The solution recipe was made according to the calcu-
lated amount of ECE phosphate 4 g/LL and sodium perborate
1 g/L. Specimens were added to the Rota wash beaker with
10 steel balls and washed for 40 min at 40 °C.

3 Results and discussion
3.1 Morphology of carbon black

The morphology of the various carbon black is depicted
in Fig. 2. It is evident that that the PC-based carbon black
exhibits a fiber like structure due to the presence of cot-
ton fibers in its constituents, while PET, that arises from
the synthetic fiber background, forms a brittle rhombus like
geometry after pyrolysis. On the other hand, the commercial
carbon black exhibits a round morphology with agglomer-
ates of the carbon black particles owing to small size. The
fiber like structure of PC-based carbon black may help in
superior conductivity properties owing to the higher particle
to particle connectivity that is of paramount importance in
such studies [72].

3.2 Structural properties

The Raman spectra of the various carbon black are depicted
in Fig. 3. The obtained carbon black from textile waste
exhibits typical spectra of semi-crystalline to amorphous
materials as the temperature of pyrolysis is shifted towards
the lower side [73]. The Raman spectra of the carbon black
exhibited characteristic D and G peaks related to carbon
materials [74]. D peak is related to the defective graphite
like structures while the G-peak arises owing to the sp’ car-
bon bonds in-plane stretching [75]. The D and G peaks were
fitted with a Gaussion-Lorentzian shape function (GauLor)
to estimate the area under the peaks [76]. I/1; ratio, that
represents the degree of structural order in a material [77],
was estimated from the area under the D and G peaks as
reported in Table 2.

It is evident from the results that as the temperature of
the pyrolysis increases, the Iy/I; ratio decreases indicating
towards a greater degree of order owing to the release of
volatile substances from the PC and PET precursors and
ordering of structure due to higher molecular mobility at
higher temperatures [78]. As the temperature of pyrolysis
rises, the broad D-peak sharpens up indicating towards a

Fig.2 Morphology of carbon
black a PC, b PET, and ¢ CCB

10000 X
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Fig.3 Raman spectra com-
parison of a PC-based CB and b
PET-based CB with CCB
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Table 2 D-peak, G-peak, and ID/IG ratio comparison of PC- and PET-based CB with CCB

S.no Sample ID. D-Peak position G-Peak position I/l Sample ID. D-Peak position G-Peak position Iy/Ig
1 PC 700 1370 1590 0.92 PET 700 1366 1595 0.94
2 PC 800 1373 1594 0.94 PET 800 1372 1598 0.96
3 PC 900 1378 1595 0.89 PET 900 1375 1601 0.93
4 PC 1000 1382 1603 0.85 PET 1000 1377 1604 0.91
5 CCB 1384 1600 0.89 CCB 1385 1605 0.89

reduction in the structural defects owing to the higher kinetic
energy of the molecules provided by the high temperature
and better rearrangement of the molecular chains after the
exclusion of volatile materials. The lower I,/I ratio of PC
carbon black indicates a more ordered structure when com-
pared to the PET-based carbon black and CCB. The higher
structural order of the PC carbon black indicates towards a
more graphite like structure that can enhance the electrical
and thermal conductivity of the subject carbon black [79].

3.3 Electrical conductivity

Electrical characterization of conductive printed fabric,
depicted in Fig. 4, was carried out using a 4-probe electrode
connected to a Gamry instrument interface 1010.

3.3.1 Before washing

It is evident from the results that the fabric printed with
carbon black obtained from PC waste exhibited the maxi-
mum value of conductivity followed by the commercial car-
bon black-based fabric and PET waste-based carbon black
printed fabrics. Before washing the printed fabric samples,
the value of conductivity of carbon black obtained from PC
waste at 700 °C and 10% filler percentage was 1.77*1072
S/m and at 50% filler percentage, it was around 2.33%10"2
S/m. Commercial carbon black exhibited slightly higher
value of conductivity of 2.47%¥10”2 S/m at same pyroly-
sis temperature and filler percentage. In case of same filler
percentage at higher pyrolysis temperature of 1000 °C, the
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value of conductivity of carbon black from PC waste was
2.63*1072 S/m which was 6.19% more than commercial
sample and 12.89% more than carbon black obtained from
polyester waste probably due to the higher particle to par-
ticle connectivity owing to its fiber like morphology. The
increase in conductivity of cotton fabric printed with lab-
grown carbon black is most likely due to carbon black’s
ability to conduct electricity. As the percentage of carbon
black in the print paste or on the fabric’s surface increases,
more conductive paths are formed, allowing electricity to
flow through the fabric. The printed carbon black particles
create a network of conductive pathways on the substrate
and thus increase the conductivity of the fabric. When the

Fig.4 Conductive ink printed fabric
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concentration of carbon black particles increases, so does
the number of conductive pathways, resulting in greater
overall conductivity [80]. The reason of higher conductiv-
ity at higher pyrolysis temperature is due to the production
of a more ordered and crystalline structure of carbon black
particles, carbon black that is synthesized at higher tem-
peratures typically displays higher conductivity [81, 82]. At
higher temperatures, the carbon black particles experience
a conversion of the precursor materials into carbon that is
both completer and more efficient than at lower tempera-
tures. This leads to the synthesis of carbon black that is more
highly graphitized [79, 83]. Graphitized carbon black has
a structure that is more organized and crystalline, which
results in improved conductivity and a more efficient trans-
fer of electrons [84]. Additionally, synthesis carried out at
higher temperatures can also result in smaller particle sizes.
This can increase the surface area-to-volume ratio of the car-
bon black particles, which in turn offers more opportunities
for electrons to move between particles and makes the trans-
fer of electrons between conductive pathways easier [85].
Similar studies have been reported by several authors in the
literature where the electrical conductivity of carbon materi-
als is governed by the carbonization temperatures [86, 87].

[M Conductivity of commercial carbon black based fal)rics‘

1.0 4

Conductivity (S/m*1012)

0.5 4

0.0

T T T T T
10 20 30 40 50

Commercial carbon black weight %

The highest conductivity was exhibited by the PC 1000
printed patch in 50% filler weight which is 6.1% higher than
the commercial carbon black and 12.89% higher than the
PET-based carbon black at the same filler weight as depicted
in Figs. 5 and 6.

3.3.2 After washing

After washing the fabric according to the BS EN ISO 105-
CO06 standard, the conductivity was measured for all the
specimen on four different occasions, i.e., before washing
and after 5, 10, and 20 washes to check the performance of
printed patch. In the case of 5 domestic washes, the conduc-
tivity remained unchanged. After 10 washes, the conductiv-
ity was reduced by a cumulative value of 12% as depicted
in Figs. 7 and 8.

After washing the printed fabrics, in case of carbon black
obtained from PC waste, the range of conductivity was
1.58*1072 to 2.08*%1072 S/m at temperature range of 700
to 1000 °C and the value of conductivity obtained in case
of 10% filler at 700 °C was lower as compared to the value
of conductivity obtained at 50% at same temperature and

3.0
V//A Conductivity of commercial carbon black based
fabric after washing
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Fig.5 Conductivity comparison of printed fabric based on commer-
cial carbon black before washing

Fig. 7 Conductivity comparison of printed fabric based on commer-
cial carbon black after washing
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parison of printed fabric based
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b Conductivity comparison of
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Fig.8 Conductivity comparison
of a printed fabric based on
carbon black from 100% poly-
ester waste after washing and b
printed fabric based on carbon
black from PC waste after
washing

the trend was same for all temperature ranges from 700 to
1000 °C. The value of conductivity of printed carbon black
obtained from PC waste at 700 °C pyrolysis temperature
exhibited 1.58%1072 S/m at 10% filler percentage. On the
other hand, the value of conductivity of carbon black printed
fabric obtained at pyrolysis temperature of 1000 °C exhib-
ited a conductivity of 2.35%1072 S/m. The value of conduc-
tivity obtained in case of commercial carbon black was 6.1%
lower than PC and 7.68% higher than carbon black obtained
from PET at the same pyrolysis temperature of 700 °C. And
after 20 domestic washes, the conductivity dropped by 30%
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in comparison to the before washing values for all samples.

This loss in conductivity is associated to the loss of carbon

filler owing to the complex mechanism of washing cycles

such as bending, torsion, friction, chemical influence, water
stresses, and thermal stresses [88]. Mechanical action is by
far the most damaging factor and during washing, two types
of mechanical action generate the first type of mechanical
action between steel balls and printed fabric and the second
type of mechanical action between fabric and walls of the
beaker during the rotation [89] that loosen up the filler parti-
cles from the inks and causing a disruption in the connection
between the particles and hence conductivity reduces.

3.4 Crocking fastness

According to the findings, it is clear that the fabric that was

3.5 Tear strength

This phenomenon is more likely to occur at higher filler per-
centages [90]. It has been reported that binder concentration
holds a significant impact on the printed fabric properties
such as dry and wet rubbing fastness [91]. Binder forms a
film and entraps the filler particles under that film. When the
percentage of the filler increases, the amount of the binder
decreases and thinner film will be formed making it difficult
to hold the filler particles inside the film during the applica-
tion of the rubbing/ frictional force and thus a reduction in
the rating would be observed [92]. The crocking ratings of
the various samples are depicted in Tables 3, 4, and 5.

The tear strength of the fabric plays an important role in
fabric performance. The results of the tear strength of the
various printed fabrics are depicted in Figs. 9 and 10. It is
evident that the tear strength of the printed fabric decreased
with the increase of the filler percentage. The value of tear
strength is less in the case of commercial carbon black
printed fabric, although the trend of tear strength is the
same in both cases. The tearing area of the sample is called
the del zone which arises due to the slippage and stretch-

ing of the yarns parallel to the tearing force (longitudinal
yarns) along with transverse yarns due to jamming and
stretching. A higher decrease in the tear strength of the

printed with conductive inks containing commercial carbon
black displayed inferior fastness properties in comparison to

the fabric that was printed with conductive inks containing
carbon black manufactured in the laboratory. As the percent-
age of fillers in the sample increases from 10 to 50%, the rat-
ing of the sample’s fastness declines from good to poor. This
pattern is seen in each and every one of the samples. This fall
in fastness rating may be related to the filler particles becom-
ing dislodged from the binder as a result of the application
of rubbing force, particularly at higher filler percentages.

@ Springer

commercial carbon black printed fabric can be associated

Table 3 Crocking fastness comparison of printed fabric based on
commercial carbon black

Crocking fastness of conducting inks made from commercial carbon

black

Percentage 10% 20% 30% 40% 50%
Dry rubbing fastness 3/4 3 3 2/3 2/3
Wet rubbing fastness 2/3 2/3 2/3 12 %3
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Table 4 Crocking fastness
comparison of conducting inks

Crocking fastness of conducting inks based on carbon black from pc (50:50) waste

based on carbon black from PC
(50:50) waste

Table 5 Crocking fastness
comparison of conducting inks

based on carbon black from
100% polyester waste

Fastness PC 700 Fastness PC 800

10% 20% 30% 40% 50% 10% 20% 30% 40% 50%
Dry rubbing ~ 4/5 4 4 3/4 3/4 Dry rubbing ~ 4/5 4/5 4/5 4 4
Wet rubbing 4 3/4 3/4 3 3 Wet rubbing 4 3/4 3 3 3
Fastness PC 900 Fastness PC 1000

10% 20% 30% 40% 50% 10% 20% 30% 40% 50%
Dry rubbing 5 4/5 4 4 3/4 Dry rubbing ~ 4/5 4 4 3/4 3/4
Wet rubbing 4 3/4 3 3 2/3 Wet rubbing 4 3 3 3 3/4
Crocking fastness of conductive inks made from polyester waste
Fastness PET 700 Fastness PET 800

10% 20% 30% 40% 50% 10% 20% 30% 40% 50%
Dry rubbing 5 4/5 4/5 3/4 3/4 Dry rubbing 5 4/5 4/5 4 4
Wet rubbing 4 4 3/4 3 3 Wet rubbing 4 3/4 3/4 3 3/4
Fastness PET 900 Fastness PET 1000

10% 20% 30% 40% 50% 10% 20% 30% 40% 50%
Dry rubbing 5 4/5 4 4 3/4 Dry rubbing 5 4/5 4/5 4 3/4
Wet rubbing 4 3/4 3 3/4 3/4 Wet rubbing  4/5 4 3/4 3/4 3

to the restriction of yarn mobility during the application of
force as reported in literature by several authors [93]. As
the filler percentage increased, the carbon black particles
filled the empty spaces between the yarns and create hin-
drance for yarn mobility upon application of the stress and
thus tear strength reduced [94].

3.6 Air permeability

Results of air permeability are depicted in Figs. 11
and 12. It is evident that the commercial-grade carbon
black printed fabric exhibits a lower permeability than
the value compared to its counterparts. Also, when the

10 q
Tear strength of commercial carbon black based

printed fabric.

12 %

o 2

Tear strength (N)

y T T U T
10 20 30 40 50

Commercial carbon black weight %

Fig.9 Tear strength comparison of printed fabric based on commer-
cial carbon black

percentage of filler (carbon black) increases from 10 to
50%, the rate of airflow decreases but the lab grown car-
bon black printed fabrics exhibit a better airflow rate
compared to the commercial carbon black printed fab-
ric. It has been reported in the literature that the airflow
resistivity is inversely proportional to fabric porosity
[95]. Woven fabric voids, generated by the interlacement
of warp and weft yarn, and fabric thickness affect the
rate of airflow of the fabric. So due to high percentage of
filler in print paste causes an increase in GSM of fabric
[96] as well as block the voids so the air permeability
rate might be reduced due to the filling volume of voids
of woven fabric [97]. The lower air permeability of the
commercial carbon black printed fabric can be associated
to its higher surface area that blocked the fabric voids
and pores and resulted in a lower air flow.

3.7 Tensile strength and elongation

The tensile strength of the printed fabric is depicted in
Figs. 13 and 14. The tensile strength of all the printed
fabrics increases when the filler percentage increases from
10 to 50%. On the other hand, the percentage of elon-
gation decreases due to the increase in filler percentage
shown in Figs. 15 and 16. The tensile strength of the fabric
depends on its binding points. When the percentage of
filler increases in the printing paste, upon application to
the fabric, the carbon black particles fill the empty spaces
between the yarns and thus increase the binding/joining

@ Springer
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Tear strength (N)

1 %% PET 700 74 PET 800 FER PET 900 N PET 1000

§
N
%
§
§

Lab grown carbon black from PET waste (%)

b

points. The higher the binding points, the higher the ten-
sile strength of the fabric, and the lower the elongation
[98]. It has been reported in the literature that when a fab-
ric undergoes an external loading, it dissipates energy by
a combination of various complex mechanisms in which
strain energy arises due to the stretching of the yarn; on
the other hand, frictional dissipation occurs due to the
inter yarn interaction [99]. Inter-yarn friction helps the
transmission of stress within the fabric because of contact
between yarns [100] and restrains the movement of yarn

Fig. 10 Tear strength compari- 10
son of a printed fabric based on BR& PC 00 PC 800 FHE PC 900 PC 1000
carbon black from PC waste and
b printed fabric based on carbon 8
black from 100% polyester
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Fig. 11 Air permeability comparison of printed fabric based on com-
mercial carbon black

due to constraints imposed by neighboring yarns [101].
Similar trends can be seen for fabrics printed by the com-
mercial carbon black and the lab grown carbon black.

Fig. 12 Air permeability
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250 7] Tensile strength comparison of commercial carbon black

based printed fabric.
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Fig. 13 Tensile strenght comparison of printed fabric based on com-
mercial carbon black

3.8 Flexural rigidity

From the results, it is evident that the values of flexural
rigidity are about the same or closer between commer-
cially available carbon black and lab-synthesized carbon
black, as depicted in Figs. 17 and 18. The trend is also
similar between the lab grown carbon blacks. As the per-
centage of the filler increased in the printing paste, the
bending length and consequently the bending rigidity
of the fabrics increased. This increase could be associ-
ated with the increasing value of fabric weight (grams
per square meters). GSM has a direct relationship with
flexural rigidity because when the percentage of filler is
higher in the printing paste, more carbon black will be
present on the surface of the fabric to increase the weight
of the fabric [102]. The bending length of the fabric also
depends on the relative mobility of the fibers in the yarns
or yarns in the fabric, so in the case of printed fabrics, the

Fig. 15 Elongation percentage comparison of printed fabric based on
commercial carbon black. The drop in the elongation of the commer-
cial carbon black printed fabric is probably due to its inherent stift-
ness. Further investigation in this regard is needed to ascertain this
phenomenon, beyond the scope of this work

mobility is constrained owing to the carbon black parti-
cles hindering the yarns movement consequently lead-
ing to an increase in bending length and flexural rigidity
[103].

A comparison can be drawn on the properties and perfor-
mance of the commercial carbon black and the lab grown
carbon black as reported in Table 6. The lab grown CB is
relatively cheaper than the commercial counterpart as the
starting material is an industrial waste and available for free
in millions of tons every year. The structure of the lab grown
carbon black can be modified by altering the carbonization
temperature while the commercial carbon black properties are
not tunable via carbonization. The lab grown CB possesses
better electrical properties owing to a better internal structure
governed by the carbonization temperature.

Fig. 14 Tensile strength
comparison of a printed fabric
based on carbon black from PC
waste and b printed fabric based 2004
on carbon black from 100%
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Fig. 16 Elongation comparison
of a printed fabric based on
carbon black from PC waste and
b printed fabric based on carbon
black from 100% polyester
waste
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30007 L] Flexural rigidity comparison of commercial carbon black
based printed fabric.
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Fig. 17 Flexural rigidity comparison of printed fabric based on com-

mercial carbon black

Fig. 18 Flexural rigidity
comparsion of a printed fabric
based on carbon black from PC
waste and b printed fabric based
on carbon black from 100%
polyester waste
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4 Conclusion

Based on the above results, we can safely recommend the
carbon black synthesized from textile waste as an alternative
to the commercial grade carbon black.

From the above results, it can be safely concluded that car-
bon black can be successfully synthesized from textile waste
with good conductive properties at a temperature range of
= 700~1000 °C. Carbon black based on textile waste (polyes-
ter-cotton (50:50) blend) exhibited good structural properties

in comparison to the commercial carbon black as evident

from the Raman spectra. Conductive inks were successfully
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Table 6 Comparison of properties of commercial and lab grown carbon black

Sr# Item Cost per kg Conductivity of Structure Process of synthesis Washing stability =~ Mechanical
the printed patch at of the textile after ~ properties of the
50% loading of CB printing printed substrate
1 Commercial carbon >1$ 2.47*107 S/m Semi crystalline Thermal cracking  Up to 5 washes Good
black
2 Lab grown catbon < 0.7 $ 2.63*1072 S/m Semi crystalline Pyrolysis and car- ~ More than 5 washes Excellent
black to amorphous bonization

formulated from the textile waste-based carbon black and
electrical properties were compared with the commercial
carbon black. Carbon black based on the polyester-cotton
blend (50:50) exhibited better conductivity owing to a bet-
ter graphitic structure compared to the commercial carbon
black. The printed patches exhibited good washing stability
and conductivity remained almost unchanged after 5 washes.
Textile-based analysis such as tensile, tear, air permeability,
flexural rigidity, and crock fastness (dry and wet) properties
basically depict the serviceability of any fabric. The different
analysis depicted that carbon black printed fabrics can be
used in apparel with good service life on an industrial scale.
The negative connotation attached to lab grown conductive
carbon black is that its yield is temperature dependent and
at lower temperature, it gives higher yield with low value of
conductivity. Further research will be focused on the pro-
duction of the lab grown carbon black using a wide range of
textile wastes and their subsequent application to wearable
electronics with an in-depth analysis of the electrical proper-
ties of the fabricated materials.
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