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This study is a novel approach toward the development of a chemical-free and sustainable
textile dyeing process with minimum environmental risks. Cotton fabrics were cationized
with (3-chloro-2-hydroxypropyl) trimethylammonium chloride in four concentrations and
subsequently dyed with the black tea extract. Eco-friendly colorant extraction from raw
black tea leaves was carried out in aqueous media avoiding the use of hazardous organic
solvents. The major coloring components in the black tea extract are polyphenols like
theaflavins and thearubigin. Cationized cotton fabrics were dyed in four different shade
depths without employing auxiliary chemicals in the dyeing process. For comparison, un-
cationized cotton was dyed with the same extract in the same shades. It was observed that
un-cationized cotton samples exhibited very low color strength (K/S) values and excellent
colorfastness rating. However, the cationized samples showed remarkable enhancement
in their color strength with an increase in the concentration of the cationizing agent.
Furthermore, colorfastness to washing, rubbing, and perspiration was excellent, but
lightfastness was poor. Deep shades (K/S = 8.996) were obtained for cotton sample
cationized (20 g/l) and dyed (6%) shades. Thus, the extraction of natural colorants without
toxic solvents, economically viable surface modification of cotton, and chemical-free
dyeing render the dyeing process cleaner, sustainable, and practicable at an industrial
scale. The textile units could easily adopt this approach to regulate a pollution-free dyeing
process without modifying their existing infrastructure.
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1 INTRODUCTION

The textile dyeing and finishing industry contributes more to water contamination and
environmental pollution around the world (Hossain et al., 2018; Khan et al., 2018; Khan et al.,
2020). The textile wastewater loaded with hazardous synthetic dyes, organic acids, inorganic salts,
etc. becomes a pollution challenge threatening the living organisms and sustainability of the
ecosystem (Dasgupta et al., 2015; Khan et al., 2019). In the recent past, the increasing demand
for eco-safety has forced textile industries to implement cleaner production technologies, rather than
the adoption of effluent treatment strategies. Generally, the effluent treatment approaches are
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expensive and inefficient to reduce pollutants completely
(Ciardelli et al., 2001; Khatri et al., 2015). Thus, it is better to
adopt cleaner production approaches to minimize the waste
generation in textile dyeing and processing units. To this end,
several advancements including the production of synthetic dyes
with better fixing properties and improvements in dyeing
processes have helped to reduce the use of auxiliary chemicals.
But much progress is warranted to make the dyeing process green
and sustainable with ideally zero emissions (von Sperling and
Augusto de Lemos Chernicharo, 2002; Imtiazuddin et al., 2012).
There has been an increasing demand to minimize the negative
ecological impacts of synthetic dyes in textile dyeing and replace
them with bio-based colorants (Vankar et al., 2007; Vankar and
Shanker, 2008; Haji, 2017). Over the years, natural dyes have
emerged as biocompatible, environment-friendly, and non-toxic
substitutes, and their facile applications could validate the
concept of pollution-free dyeing of textile materials (Ibrahim
et al., 2010; Baaka et al., 2018).

The natural dyes are also known as mordant dyes as they do
not adhere to cotton without the use of mordants (Ibrahim et al.,
2010; Pisitsak et al., 2016). The mordants are generally inorganic
salts of heavy metals (aluminum, iron, tin, copper, chrome, etc.)
or other acidic or basic chemical agents which facilitate the fixing
of natural dyes on fabric (cotton) through chemical reactions
(Prabhu and Bhute, 2012). However, during the last few decades,
the growing consciousness about eco-friendly textiles has
compelled the textile industry to use natural dyes without
employing toxic mordants in the dyeing process. To this end,
a number of developments have been made during the past few
years (Baaka et al., 2019; Manyim et al., 2021; Zhang et al., 2022a;
Zhang et al., 2022b). The introduction of biodegradable organic
salts and green chemical auxiliaries in textile processing has
helped to reduce the generation of effluent wastes (Senthil
Kumar and Gunasundari, 2018). Cationization is a novel
approach to achieve better exhaustion rates, shade depth, and
colorfastness on cotton (Wolela, 2019). Recently, ovalbumin was
employed to modify the cotton surface to achieve better
colorfastness and shade depth with a cochineal natural dye
(Giacomini et al., 2020). In another study, chitosan was used
to enhance the dyeability of cotton fibers before the application of
reactive dyes (Rehman et al., 2020). In a recent study, chitosan
was used for surface functionalization of cotton and wool that
improved fastness properties and dyeability for reactive, acid and
walnut dyes (Haji, 2020). The cotton surface was functionalized
with N+(CH3)3 groups using poly[styrene-butyl acrylate-
(P-vinylbenzyl trimethyl ammonium chloride)] nanospheres
for dyeing with reactive dyes. The pad–steam dyeing of
cationic cotton improved washing and rubbing fastness,
significantly reducing steaming time and salt consumption
(Fang et al., 2018). According to another report, a bifunctional
cationic polymer was used for surface modification of cotton for
low-temperature and salt-free dyeing with reactive dyes. The
surface functionalization caused a significant improvement in
leveling properties, colorfastness, and dyeability of modified
cotton (Niu et al., 2020). A recent study describes the
cationization of cotton with plasma-induced graft
polymerization of diallyldimethylammonium chloride before

salt-free dyeing with reactive dyes. The surface modification of
cotton improved dye fixation, wash fastness, and colorfastness
compared to conventional dyeing techniques (Meng et al., 2021).

The aqueous extracts of black tea are known for antioxidant
and antimicrobial properties; thus, the dyed cotton samples
exhibited antibacterial, antifungal, and antioxidant activities,
eliminating the use of any additional finishing agent. Black tea
mainly contains polyphenols (20–35%) in the form of catechins
including epicatechin, epigallocatechin, epicatechin gallate, and
epigallocatechin gallate (Balentine et al., 1997; Liang et al., 2003;
Bydoon, 2017). These polyphenolic compounds undergo enzymatic
oxidation to produce theaflavins, which further get converted into
thearubigin in black tea. In fact, thearubigin constitutes the largest
mass of extractablematter of black tea. The polyphenols carry several
negatively charged components and could not be applied directly on
cotton. Therefore, natural dyes generally show low adsorption
efficiency. However, the dyeability of the fabric is increased by
treatment with mordants in the dyeing process. Here, we report
the successful dyeing of cationized cotton with aqueous extracts of
tea without the involvement of any additive chemical during the
whole progression of the extraction and dyeing process. This
pollution-free dyeing with simultaneous bio-functionalization of
cotton represents a premier example of cleaner production with
ideally zero emissions into the environment.

2 EXPERIMENTAL

2.1 Materials
Black tea was purchased from Khan Tea Dealers, Jhang Bazaar
(Faisalabad, Pakistan). Methanol was used for the extraction
of colorants from raw black tea. The cotton fabric with 120 g/
m2 was used and provided by the Textile Processing
Department for the project. The fabric was cationized using (3-
chloro-2-hydroxypropyl) trimethylammonium chloride (65%
w/w) and NaOH (50% (w/v) in the presence of the commercial
wetting agent. The cationizing agent was purchased from Tokyo
Chemical Industries (TCI), Japan. A non-ionic detergent was used
for washing dyed samples. Sodium perborate (1 g/l) and ECE
phosphate (4 g/l) were applied in washing fastness
measurements. All laboratory-grade chemicals were purchased
from Sigma Aldrich (Faisalabad, Pakistan). Double-distilled
water was used throughout the research.

2.2 Methods
2.2.1 Extraction
Raw black tea (25 g) was poured into a 500-ml beaker, and 100 ml
water was added to it. The beaker containing the mixture was
covered with aluminum foil and placed on a stirring plate for
continuous stirring at room temperature for 24 h. Then, the
beaker containing the mixture was removed from the stirring
plate and filtered using a Whatman filter paper. The filtrate was
transferred to another beaker and allowed to stand open at room
temperature for 3 days. The remaining water was evaporated
using a hot plate at 40 C. After complete evaporation of water, the
dried black tea extract (5.5 g) was obtained, which was used for
the dyeing purpose.
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The FTIR spectrum of the tea extract was found to be in
agreement with that of previous studies (Figure 1). The presence
of polyphenolic compounds was identified due to the
characteristic peaks of C-O-C, C=C, C=O, C-H, and –OH
(Hamdan and Haider, 2018; Brza et al., 2020).

2.2.2 Cationization
(3-chloro-2-hydroxypropyl) trimethylammonium chloride in four
different concentrations (5, 10, 15, and 20 g/l) was added to separate
beakers containing 100ml distilled water. Then wetting agent (10 g/
l) andNaOH (20 g/l) were added to each beaker to achieve a uniform
solution. Finally, the total solution was made up to 200ml by adding
distilled water and again stirred for some time. The solutionwas then
ready for padding. Cotton was padded using this pad liquor with a
pick-up of 100% using a padder (TSUJI, Japan). After padding, the
fabric was batched for 18 h by covering it with a polythene film to
make it airtight (Iqbal et al., 2020). After batching overnight, the
fabric was properly washed to make sure that there was no chemical
left inside the fabric and subsequently dried (Acharya et al., 2014).

2.2.3 Dyeing
Four dyeing solutions (1%, 2%, 4%, and 6%) were made using black
tea extract and distilled water. Cationized cotton samples (5 g) were
dyed using these dyeing solutions at 100 C for 60 min using High
Temperature-machine with a liquor ratio of 50:1. Then, the dyed
cotton samples were washed with a non-ionic detergent for 15 min
at 70 C and subsequently dried at room temperature. The dyed
cotton samples were investigated for color strength and colorfastness
measurements. For comparison purposes, bleached un-cationized
cotton samples were dyed under the same dyeing conditions.

2.2.4 Color Strength Measurements
The color strength of dyed cotton samples was measured from the
reflectance (%) values recorded by using a Datacolor 650™

spectrophotometer. The wavelength of maximum absorption
(λmax) used for the calculation of color strength (K/S) of
treated samples was 618 nm. Kubelka–Munk’s theory was used
to get the color strength values from recorded reflectance (%) of
the samples (Khan et al., 2018).

K/S � (1 − R)2
2R

, (1)

where R is the reflectance, K is the absorption coefficient, and S is
the scattering.

2.2.5 Colorfastness Methods
The ISO 105-A05 standard method was followed for the
assessment of colorfastness to washing of dyed samples,
and the rating was determined using the gray scale. The
samples specimen (04 cm × 10 cm) was conditioned for 4 h
and sewed with a multifiber strip at one corner. The solution
of ECE phosphate (4 g/l) and sodium perborate (1 g/l) was
prepared, and the specimen with a multifiber fabric was
placed into the solution. The experiment was performed
on the Rotawash machine at a temperature of 40 C, time
30 min, and steel ball 25 pieces. After completion, the
samples were rinsed and dried at room temperature. The
multifiber strip and dyed samples were evaluated with the
gray scale (rating range 1–5).

The colorfastness to light was tested by AATCC TM16 in a
Q-SUN XE-2 Xenon test chamber for 72 h and evaluated
against blue wool standards (BS -1006- B01-1978, rating
range 1–8). The colorfastness to rubbing of the samples
(wet and dry) was measured by using the ISO 105-X12:
2001(E) standard test protocol using the gray scale (rating
range 1–5). Furthermore, the colorfastness to perspiration
was measured by using the ISO 105 E04:2013 standard test
method.

FIGURE 1 | FTIR spectra of black tea extract.
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3 RESULTS AND DISCUSSION

3.1 Color Strength (K/S) Measurements
Liang et al. (2003) reported the chemical composition of the black
tea extract in detail. Thus, in our study, the extract was applied
directly after filtration for cotton dyeing. Color strength (K/S)
values of the dyed samples were measured. It was observed that
cotton cationized in the concentration (5 g/l) revealed better color
strength (K/S) values when dyed with black tea extract in various
shade depths (Figure 2). The modification of cotton was used
useful in getting dark shades on cotton. The trend line with
regression (R2) value 0.9866 exhibits best fitting to the polynomial
equation (y = 0.1802x2 + 0.0381x + 2.1132) for cationized dyed
cotton samples with an increase in shade depth (%). In contrast,
bleached cotton dyed samples showed no significant
enhancement in K/S values with an increase in shade depth (%).

Figure 3 reveals the K/S values obtained for dyed cotton
samples cationized (10 g/l cationizing agent). The trend line
with regression (R2) value 0.9972 shows best fitting to the
polynomial equation (y = −0.1265x2 + 1.8107x + 1.4245) for
cationized dyed cotton samples with an increase in shade depth

(%). Thus, it is also confirmed that increasing the concentration
of cationizing agent and shade depth (%) simultaneously could
yield higher K/S values.

FIGURE 2 | Color strength (K/S) values of cationized (5 g/l) and un-
cationized samples dyed with black tea extract.

FIGURE 3 | Color strength (K/S) values of cationized (10 g/l) and un-
cationized samples dyed with black tea extract.

FIGURE 4 | Color strength (K/S) values of cationized (15 g/l) and un-
cationized samples dyed with black tea extract.

FIGURE 5 | Color strength (K/S) values of cationized (20 g/l) and un-
cationized samples dyed with black tea extract.

FIGURE 6 | Comparing the color strength (K/S) values obtained by
increment in the concentration of cationizing agent and shade depth (%)
simultaneously.

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 8482454

Rehman et al. Pollution-Free Dyeing of Cotton Fabric

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


The K/S values obtained for dyed samples cationized with 15
and 20 g/l cationizing agent are shown in Figures 4, 5,
respectively. The trend line with regression (R2) value 0.9934
(Figure 1) exhibits best fitting to polynomial equation (y =
−0.312x2 + 2.8952x + 0.615) for cationized dyed cotton (75 g/
l) samples with an increase in shade depth (%). Also, in case of
cationizing concentration (100 g/l), the trend line with regression
(R2) value 0.9969 confirmed best fitting with the respective
polynomial equation (y = 0.1278x2 + 1.2215x + 2.0138). Thus,
at these cationizing concentrations (Figures 4, 5), it is confirmed
that increasing the concentration of cationizing agent and shade
depth (%) simultaneously could yield higher K/S values.

The potential simultaneous effect of increment in the
concentration of cationizing agent and shade depth (%) can
be witnessed from Figure 6. Based upon these color strength
(K/S) investigations, it can be confidently claimed that
cationization of cotton with (3-chloro-2-hydroxypropyl)
trimethylammonium chloride can be applied as an
alternative to heavy metal mordants used in various
industries. Also, the increase in cationization agent
concentration helped achieve higher color strength values
on cotton dyed with black tea extract (Figure 6).

3.2 Colorfastness Measurements
3.2.1 Colorfastness Results of Un-Cationized Cotton
Fabric
In the first step of colorfastness measurements, the un-cationized
cotton dyed samples were investigated, and the results are listed in
Table 1. The colorfastness to washing, rubbing, and perspiration was

excellent, while lightfastness was good. The better colorfastness rating
observed may be due to very low color strength (K/S) values of un-
cationized samples (Supplementary Figure S1).

3.3 Colorfastness Results of Cationized
Cotton Fabric
3.3.1 Washing Fastness
The standard test protocols were followed to measure
colorfastness to washing of cationized cotton dyed samples.
The colorfastness to washing was evaluated by investigating
the staining on the multifiber strip and shade change of dyed
samples. Supplementary Figure S2 shows the dyed samples
along with the multifiber strip obtained after the washing
fastness test. From the washing fastness results presented in
Table 2, it is obvious that colorfastness to staining falls in the
excellent category according to gray scale ratings. However,
the shade change results are fair to good. The increase in the
concentration of cationization agent rendered no remarkable
improvement in colorfastness to both staining and shade
change. It can be assumed on the basis of the excellent
colorfastness to staining and fair to good shade change
results that dyeing of cationized cotton with black tea
extract is a step toward the development of sustainable
textiles.

3.4 Lightfastness
The lightfastness of the samples recorded according to the blue
wool scale is given in Table 3, and it is observed that black tea

TABLE 1 | Colorfastness results of un-cationized cotton dyed samples recorded according to standard test protocols.

Shade depth (%) Washing fastness Dasgupta
et al. (2015), Hossain et al.

(2018), Khan et al. (2018), Khan
et al. (2019), Khan et al. (2020)

Rubbing
fastness

Dasgupta et al.
(2015), Hossain
et al. (2018),
Khan et al.
(2018), Khan
et al. (2019),
Khan et al.

(2020)

Lightfastness
Hossain et al. (2018),
Khan et al. (2018),
Khan et al. (2020),

Dasgupta et al. (2015),
Khan et al. (2019),
Khatri et al. (2015),

Ciardelli et al. (2001),
von Sperling and Augusto

de Lemos Chernicharo (2002)

Perspiration fastness
Dasgupta et al. (2015), Hossain
et al. (2018), Khan et al. (2018),
Khan et al. (2019), Khan et al.

(2020)

Staining Shade change Dry Wet Staining Shade change

1 4–5 4 5 4–5 4–5 4–5 4
2 4–5 4 5 4–5 4–5 4–5 4
4 4–5 4 5 4–5 4–5 4–5 4
6 4–5 4 5 4–5 4–5 4–5 4

TABLE 2 | Colorfastness to washing results of cationized cotton dyed samples recorded by following the ISO 105-A05 standard protocol.

Shade depth (%) Cationizing agent concentration (g/l)

5 10 15 20

Staining Shade change Staining Shade change Staining Shade change Staining Shade change

1 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
2 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
4 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
6 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
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extract delivered good fastness on cationized cotton samples. It
can be attributed to the relatively stable chromophore of the black
tea extract because lightfastness mainly depends on the
chromophore of coloring species. The difference between the
cationized cotton samples (20 g/l) dyed before and after the
lightfastness test is illustrated in Supplementary Figure S3.

3.5 Perspiration Fastness Test
The colorfastness to perspiration was tested according to the ISO
105 E04:2013 standard test protocol, and the results are given in
Table 4. The colorfastness to shade change and staining was
categorized as excellent (Dasgupta et al., 2015; Khan et al., 2019)
and medium (Khan et al., 2018; Khan et al., 2020). No significant
changes were observed with increment in shade depth and
cationization concentration simultaneously. The cationized dyed
cotton samples (20 g/l) obtained after the perspiration fastness
test along with the test fabric (Supplementary Figure S4) also
confirmed that the black tea extract rendered good fastness to
perspiration.

3.6 Rubbing Fastness Test
The colorfastness to wet and dry rubbing of cationized (20 g/l) is
given in Supplementary Figure S5. It was observed that
colorfastness to dry and wet rubbing was outstanding and very
good, respectively. Table 5 represents the results of all cationized
cotton samples dyed with different shade depths. A significant
resistance to wet and dry rubbing was displayed by cationized
dyed cotton samples.

The FTIR analysis revealed the enrichment of carboxylic
acid, hydroxyl, and phenolic groups in tea extract. The
presence of polyphenols provides negatively charged sites,
which are critical for the formation of complex with heavy

metals. However, the presence of surface hydroxyl groups on
cotton fabric hinders the direct application of such
polyphenolic dyes. Therefore, generally, the adsorption
efficiency of natural dyes including polyphenols of tea
extract is low, and dyeability is improved by employing
salts of heavy metal as mordants. Accordingly, Deo et al.
exploited the negatively charged sites of polyphenols of tea
extract and applied it on jute and cotton. They employed
alum, copper sulfate, and ferrous sulfate in pre-, meta-, and
post-mordanting in the dyeing process. The mordant
applications enhanced the lightfastness and wash fastness
properties, providing deeper shades with less dulling and
darkening than the control (Deo and Desai, 1999). Syamili
et al. (2012)used tea extracts to develop complexes with
copper for application as antibacterial finishes on cotton.
This was an attempt to develop an eco-friendly textile
finish using natural polyphenols; however, the involvement
of heavy metals rendered the process unsustainable. Eman A.
Bydoon also employed tea extracts for the dyeing of cotton
fabric using alum, copper sulfate, and ferrous sulfate as
mordants (Bydoon, 2016). The samples dyed using ferrous
sulfate showed better K/S values, and different chemicals and
mordants were suggested to achieve a variety of colors and
shades. Although the tea extract is non-toxic and eco-friendly,
the applications of metallic salts have made the dyeing course
unsustainable.

In recent years, some alternative strategies have been exploited
to minimize the usage of toxic chemicals in natural dyeing. Several
natural mordants have been tested as eco-friendly options to
replace the conventional type of metal-based mordants. Bonet-
Aracil et al. (2016) used chitosan as bio-mordant to pretreat cotton

TABLE 3 | Colorfastness to light results of cationized cotton dyed samples
recorded according to the AATCC TM16 in Q-SUN XE-2 Xenon test chamber
for 72 h.

Shade depth (%) Cationizing agent concentration (g/l)

5 10 15 20

1 4–5 4–5 4–5 5–6
2 4–5 4–5 4–5 5–6
4 4–5 4–5 4–5 5–6
6 4–5 4–5 4–5 5–6

TABLE 4 | Colorfastness to perspiration results recorded according to the ISO 105 E04:2013 standard protocol for cationized cotton dyed samples.

Shade depth (%) Cationizing agent concentration (g/l)

5 10 15 20

Staining Shade change Staining Shade change Staining Shade change Staining Shade change

1 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
2 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
4 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3
6 4–5 2–3 4–5 2–3 4–5 2–3 4–5 2–3

TABLE 5 | Colorfastness to rubbing (dry and wet) results recorded according to
the ISO 105-X12:2001(E) standard protocol for cationized cotton dyed
samples.

Shade depth (%) Cationizing agent concentration (g/l)

5 10 15 20

Dry Wet Dry Wet Dry Wet Dry Wet

1 5 5 5 4–5 5 4–5 5 4–5
2 5 5 5 4–5 5 4–5 5 4–5
4 5 4–5 5 4–5 5 4–5 5 4–5
6 5 4–5 5 4–5 5 4–5 5 4–5
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which was subsequently dyed with different tea extracts. The
dyed samples were used for color strength, total antioxidant
capacity (TAC), and UV protection studies. Samples dyed
with green tea extracts showed highest TAC, while highest UV
protection was exhibited by both samples dyed with black and
green tea extracts (Bonet-Aracil et al., 2016). Over the last
decade, researchers have tried to exclude mordants from
natural dyeing, and there has been a great surge in the
development of alternative strategies. Therefore, attempts
have been made to replace metal-based mordants with eco-
friendly natural mordants (İşmal and Yıldırım, 2019). The
natural dyes were successfully applied on textile materials
using chitosan as bio-mordant in dyeing (Mehrparvar et al.,
2016). However, the film-forming properties of this
biopolymer create problems with the feel of the dyed fabric
and challenge its large-scale applications. Some other
phytophenols have also been exploited as non-toxic bio-
mordants. However, technical and cost-effective issues have
posed several challenges to their industrial scale applications
in natural dyeing (Samanta, 2020). Therefore, the usage of
natural dyes in textile dyeing has raised several ecological
issues due to the lack of pollution-free dyeing methods.

Black tea carries theaflavins and thearubigin as the main
polyphenolic constituents (Anesini et al., 2008; Tanaka and
Matsuo, 2020). In mordant-mediated dyeing, the carboxyl
and hydroxyl functionalities on dye molecules develop
complexes with electropositive metals, while in this study,
the hydroxyl and carboxyl groups of polyphenols develop
bonding with the cationized surface of cotton. The
functionalization of the cotton surface with cationizing
agents enhanced dye fixation and colorfastness properties
without the involvement of toxic metals (Figure 7).

The cationized cotton fabrics were dyed in four different
shade depths. The cationized samples exhibited significant
enhancement in their color strength values with an increase

in the concentration of cationization agent. The colorfastness
to washing, rubbing, and perspiration was excellent, but the
lightfastness was good. Deep shades (K/S = 8.996) were
obtained for cotton sample cationized (20 g/l) and dyed
(6%) shades. However, the un-cationized cotton fabrics
showed no significant affinity to black tea extracts and
revealed very low color strength (K/S) values. Thus, the
economically viable surface modification of cotton with
cationizing agents enhanced the fixation of natural dyes,
rendering the dyeing process eco-friendly and sustainable.

4 CONCLUSION

This research reported a novel approach toward cationization of
cotton with (3-chloro-2-hydroxypropyl) trimethylammonium
chloride and their subsequent dyeing with an aqueous
extract of black tea in a chemical-free dyeing process. The
cationized samples displayed substantial enhancement in
their color strength with the increase in the concentration
of the cationizing agent. The colorfastness to washing,
rubbing, and perspiration was excellent, but the
lightfastness was good. The cationized cotton fabrics dyed
in four different shade depths and deep shades (K/S = 8.996)
were obtained for cotton sample cationized (20 g/l) and dyed
(6%) shades. As expected, the un-cationized cotton fabrics
showed no significant affinity to black tea extracts and
revealed very low color strength (K/S) values. Thus, the
eco-friendly extraction of natural colorants and
economically viable surface modification of cotton renders
the auxiliary-free dyeing process sustainable and practicable
at an industrial scale. This risk-free dyeing approach could
easily be adopted by the textile dyeing units without the
modification of existing infrastructure and could help
regulate the pollution-free textile production.

FIGURE 7 | Probable interaction of cationized cotton with black tea constituents.
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