<@ sustainability

Article

Comparative Assessment of the Dyeing Process for Pristine and
Modified Cotton Fabrics towards the Reduction of the
Environmental Fingerprint

Zoi G. Lada 1-2*0), Georgios N. Mathioudakis 1@, Silvia Pavlidou 3, Georgios Goulas 4

Charalampos Anastasopoulos 2, Georgios Bokias >, Konstantinos S. Andrikopoulos
and George A. Voyiatzis 1*

check for
updates

Citation: Lada, Z.G.; Mathioudakis,
G.N; Pavlidou, S.; Goulas, G.;
Anastasopoulos, C.; Bokias, G.;
Andrikopoulos, K.S.; Voyiatzis, G.A.
Comparative Assessment of the
Dyeing Process for Pristine and
Modified Cotton Fabrics towards the
Reduction of the Environmental
Fingerprint. Sustainability 2023, 15,
3144. https://doi.org/10.3390/
sul15043144

Academic Editor: Izabela Luiza
Ciesielska-Wrdbel

Received: 28 December 2022
Revised: 27 January 2023
Accepted: 7 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,5

Foundation for Research and Technology-Hellas, Institute of Chemical Engineering Sciences,
(FORTH/ICE-HT), Stadiou Str. Platani, GR-265 04 Patras, Greece

Department of Chemistry, University of Patras, GR-265 00 Patras, Greece

MIRTEC S.A., 72th km Athens-Lamia National Road, P.O. Box 150, GR-322 00 Schimatari, Greece

COLORA S.A., P.O. Box 60590, GR-570 01 Thermi, Greece

Department of Physics, University of Patras, GR-265 00 Patras, Greece

*  Correspondence: zoilada@iceht.forth.gr (Z.G.L.); gvog@iceht.forth.gr (G.A.V.); Tel.: +30-2610965241 (Z.G.L.);
+30-2610965253 (G.A.V.)

(SN N N

Abstract: Though an important and chronic source of dyes released to the environment, the de-
termination of the release of dyes that occurs during household or industrial washing is usually
disregarded. The main scope of this study is to reveal the extent of dye release through washing, and
to understand if the modification of cotton fabrics with cationic polymers could reduce it. Modified
cotton fabrics, dyed with Acid Blue 281 (AB) or by a mixture of the reactive dyes Novacron Yellow
S-3R (NY), Novacron Ruby S-3B (NR) and Novacron Dark Blue S-GL (NDB), underwent a certified
washing process. The dyed fabrics were analyzed colorimetrically, while the washing waters were
analyzed spectroscopically, via UV /Vis absorption and surface enhanced Raman scattering (SERS).
In the modified fabrics dyed with the acid dye, an increased dye uptake was noticed that exhibited
a color intensity of K/S~16, compared to K/5~0.45 of the unmodified fabrics. The corresponding
normalized dye release (dye concentration/color intensity factor) in the wash water was ~1.6 for the
modified fabrics, compared to ~6.5 in the case of the unmodified fabrics, indicating the significance
of cotton modification on both the dye uptake and dye release during washing. In the fabrics dyed
with a mixture of selected reactive dyes, the color uptake of modified (K/S~10) was also increased
compared with unmodified fabrics (K/5~4.5). An important observation, is that in the case of the
dyeing of the reactive dyes mixture, a selectivity on the part of the dye uptake was noticed, since the
contribution of NY (yellow) is higher compared to that of the blue (positive value of color indicator
coordinate (b)); however, this also resulted in an increased NY dye release during washing. The
findings of this study could contribute to the dye release problem control due to fabric washing, and
to the understanding of any potential selectivity on the part of dye—cotton interactions.

Keywords: cotton textiles; dye release; environmental fingerprint; colorimetric measurements;
UV /Vis spectroscopy; surface enhanced Raman scattering

1. Introduction

Textiles are considered an important class of materials necessary for covering our
every-day needs and rank second among human needs after food [1,2]. The textile industry
consists of several process steps including the conversion of fibers into yarns and yarns
to fabrics. Finishing of the fabrics is achieved through a variety of manufacturing and
dyeing operations of either yarns or fabrics [3,4]. Dyeing is the application of dyes to textile
materials such as fibers, yarns and fabrics with the goal of achieving the desired color
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fastness. In the textile industry, during wet processing, several dyes, chemicals and reagents
are required to comply with the needs of fabric production. Annually, approximately
7 x 10° tons of synthetic dyes are produced worldwide for textile industries [5]. The most
common class of synthetic dyes used by textile industries is the azo type, which includes
reactive, acid and disperse dyes. Currently, cotton is the most preferable fabric in textiles
for apparel and home furnishings [6,7]. The use of reactive dyes for cellulosic textiles is
constantly increasing and different reactive dyes have been developed, particularly for color
differentiation and wash fastness. The increased interest in these dyes stems from the ability
of reactive dyes to form a covalent bond with cellulose when the dyeing process occurs in
the presence of salt in order to reduce dye—cotton repellency or by chemically modifying
cotton fabrics to promote the interaction [8-11]. However, color fading and dye release of
fabrics during domestic washing are still common consumer concerns [7,12]. Furthermore,
analogous problems may arise when acid dyes are used instead, where the interaction
between the acid dye and the cotton is very weak [13]. An effective approach to increase
cotton—dye interactions and avoid any electrostatic repulsions between cellulose and dyes
is the chemical modification of cotton fabrics with cationic groups [14-22]. Among the
various modification approaches, the use of polymers with cationic or amino groups shows
advantages such as enhanced reactivity with cotton fibers and dyeing agent penetrability,
and homogenous dyeing, which are very promising features in real application [23-25].
The medium or weak binding of dyes to the fabric leads to their discharge as effluent into
the aquatic environment, with significant negative consequences on the environment and
human health; the associated wastewater treatment also has a socioeconomic impact [26-28].
In particular, the accumulation of dyes in aquatic systems could be responsible for the
following: (a) the deterioration of the quality of water and soil, reducing soil fertility
and inducing photosynthetic activity of aquatic plants with the development of anoxic
conditions for aquatic fauna and flora; and (b) for diseases in living organisms, such as
dermatitis or even disorders of the central nervous, mutagenicity and carcinogenicity [29].
In addition, textile dyes reduce the esthetic quality of water by increasing biochemical and
chemical oxygen demand, affecting photosynthesis and plant growth. Additionally, dyes
enter the food chain, where they can cause significant recalcitrance and bioaccumulation,
promoting their toxicity [30,31]. In one way or another, we are therefore led to an increased
presence of dyes in textile wastewater, with a tendency of these dyes to bioaccumulate and
become a threat to both the environment and human health [32]. Nevertheless, there has
been limited effort to assess the dye release that occurs during the household or industrial
washing of fabrics [33-36].

In the context of the sustainability of textiles, the main goal is twofold: firstly, to
extend the life of textiles by improving their dye uptake properties through the utilization
of novel cationic polymer structures for cotton modification, and, secondly, to minimize
water pollution during fabrics time in a washing bath. The advantages deriving from the
modification of cotton with polymers that are associated with the interactions between the
modifiers—cottons, as well as dyes, have been demonstrated [37]. The current study mainly
focuses on evaluating the extent of dye release that takes place during washing, and tries to
verify whether the modification of cotton fabrics could minimize/prohibit this dye release.
In this regard, modifications of cotton fabrics with two differently structured cationic
copolymers bearing active sites for electrostatic and covalent interactions with dyes and
cotton (Scheme 1b), have been performed. The modified fabrics were then appropriately
dyed with two different classes of dyes (Figure 1a), either a representative acid dye or a
mixture of three different colored reactive dyes. The dyeing was performed on a laboratory
as well as an industrial scale. Unmodified fabrics were also dyed using the same dyeing
protocols in order to draw comparisons. Colorimetric analysis was applied to the dyed
fabrics to evaluate the dyeing process for each of them. The washing bath of these fabrics
was thoroughly analyzed/investigated with respect to identification and quantification
of the released dyes. This was achieved via spectroscopic techniques that included the
conventional UV /Vis absorption as well as the surface enhanced Raman scattering (SERS)
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(a)

technique. The latter has previously been introduced as an advanced analytical tool for the
quantification of molecules at very low detection limits with structural specificity, and has
been reported to be able to detect even single or very few molecules [38]. An additional
task of the study, related to the case of dyeing with a ternary combination, is to identify any
potential selectivity of dyes binding onto the modified fabrics. The quantification of each
dye released in the wash effluent and the evaluation of the efficiency of the dyeing process
are expected to have positive socio-economic and health impacts, as well as supporting
role on the reliable estimation of the extent of the associated environmental footprint.
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Scheme 1. The chemical structures of (a) Acid Blue 281 (AB) and the reactive dyes Novacron Yellow
5-3R (NY), Novacron Ruby 5-3B (NR) and Novacron Dark Blue S-GL (NDB), and of (b) the two
polymeric modifiers indicated as Polymer 1 and Polymer 2.

2. Materials and Methods
2.1. Materials and Reagents

The acid dye, Acid Blue 281 (AB) and the reactive dyes Novacron Yellow S-3R (NY),
Novacron Ruby S-3B (NR) and Novacron Dark Blue S-GL (NDB) were all provided by
“Colora S.A.”; their chemical structures are illustrated in Scheme 1. The substrate was
cotton knit and was also provided by “COLORA S.A.” (areal density: 12,862 g/m?, yarn
density 30/1 Ne). All materials and reagents used in the present study were used with-
out further purification. Calibration curves of model aqueous solutions of all dyes with
soap water (simulating the washing conditions, surfactant concentration equal to 4 g/L)
at different concentrations (i.e., 5 to 50 pg/mL) were constructed for both UV /Vis and
SERS quantitative measurements of the dyes in wash water. The polymers used for the
modification of the cotton fabrics are also shown in Scheme 1, indicated as Polymer 1 and
Polymer 2 in the following section. The synthetic procedures for the polymer modifiers are
described in S1.
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2.2. Cotton Fabrics Treated with Polymers, Dyeing Procedure and Washing Procedure of
Colored Fabrics

The fabric modification and dyeing procedures are described in S2 and S3, respectively.
The dyeing process was performed in the absence of salt, which was feasible due to the
polymeric modification of the pristine cotton fabric. The cotton fabrics modified either
by Polymer 1 or Polymer 2 were dyed either by the acid dye AB, or a mixture of equal
amounts of the reactive dyes (NY, NR, NDB).

Washing was carried out in an Ahiba Polymat microwasher (Figure S5), at 40 °C for
30 min, according to ISO 105-C06 Fastness to Washing. Color fastness to washing was
evaluated according to the standards defined in the “Textiles—Tests for color fastness Part
C06: Color fastness to domestic and commercial laundering” standard.

2.3. Colorimetric Analysis of the Colored Fabrics

The evaluation of the dyeing process was performed through a spectral colorimetry
reflectance analysis of the colored fabrics (colorimeter Data Color). The color coordinates
were measured by using CIELAB, the most complete and widespread method defined by
the International Commission on Illumination which describes all the colors visible to the
human eye and acts as a device-independent model [39,40]. The CIELAB scale generally
gives better approximation to visual evaluation of color difference for very dark colors
and expands the yellow region of color in comparison with Hunter L, a, b scale. The three
coordinates of CIELAB (Figure S1) comprise of the color lightness (L* = 0 yields black and
L* = 100 indicates diffuse white), a* (positive values indicate red color, while negative
values indicate green color) and b* (positive values indicate yellow, while negative values
indicate blue color).

The color difference between two samples is expressed by the index AE*, which
corresponds to the “distance” of the colors on the CIELAB chart (Figure S1), and is mathe-
matically given by the following relationship:

AE* = \/(Aoc*)z + (Ab*)? 4 (AL*)? 1)

Another important parameter determined colorimetrically is the “color intensity”,
which is expressed through the K/S ratio of the Kubelka—-Munk equation:

_ 2
K_(1-r? .

S 2R

where R corresponds to the reflectance index, K to the absorbance index and S to the
scattering index.

In practice, the AE* value is used when two shades are to be compared. Color intensity,
i.e., the K/S ratio, is the parameter used to evaluate dyeing processes, dyeability, etc., as
it is proportional to the concentration of the color in the sample. In theory, the value of
K/S should be given for each wavelength in the range of the spectrum under consideration.
However, only one value of K/S for each sample tends to be provided, the one at the
wavelength where maximum absorption is observed. Therefore, in the present study, as
a measure to evaluate the dyeability, the intensity of the color is used, i.e., the K/S ratio.
Evaluation of color gradation is performed by dyeing the differently modified samples in
the same bath as the unmodified samples and determining their color intensity after dyeing.
Finally, the homogeneity of the fabric’s color is evaluated through the determination of the
maximum color difference (AE*) between different points of the fabric. In the case of the
industrially prepared colored fabrics, the standard deviation of the color intensity (K/S) in
different parts of the fabric has also been determined as a synergistic factor for the color’s
homogeneity evaluation. Obviously, the higher these parameters are, the less homogeneity
they indicate.
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2.4. Analysis of Washing Bath through UV/Vis Spectroscopy

Washing baths of blue (dyed with the acid dye AB) and brown (dyed with the reac-
tive dyes NY, NR, NDB) colored cotton fabrics were analyzed by UV /Vis spectroscopy.
Quantification of dye release for AB, NY, NR and NDB was performed via the absorbance
maximum at 594 nm, 420 nm, 546 nm and 618 nm, respectively.

The UV /Vis absorption spectra of all dyes solutions were recorded by a Hitachi U-3000
UV /Vis spectrometer. The reference beam was delivered through an optical cell filled with
soap reference solution in triple-distilled water with surfactant concentration equal to 4 g/L.
The spectra were recorded from 800 to 200 nm with a slit of 0.5 nm.

2.5. Analysis of Washing Bath through Surface Enhanced Raman Scattering (SERS)

For the analysis of the washing baths, the SERS technique was also implemented for
the brown fabrics dyed by the mixture of the anionic reactive dyes. An Ag NPs/PLL type
nanocolloidal suspension was used to generate the SERS spectra. This was prepared by the
chemical reduction of silver nitrate with sodium citrate according to the Lee and Meisel
method [41]. In order to bring anionic dyes in close proximity to Ag NPs for the SERS signal
optimization, a solution of 0.1 w/v poly-L-lysine (PLL) in a 1:1 ratio was subsequently added
in order to coat the colloidal particles surface [42] with pendent positively charged groups.
Analytical grade silver nitrate > 99.99% (CAS Number: 7761-88-8, sodium citrate tribasic
dihydrate 99.0% (CAS Number: 6132-04-3) and poly-L-lysine (CAS Number: 25988-63)-0
were purchased from Sigma-Aldrich. The analysis of the wash water of blue fabrics (dyed
by AB) did not provide any information, probably due to the chemical structure of AB and
its subsequently low interaction with the colloidal suspension.

The SERS spectra were excited with a He—Ne laser (OptronicsTechnologies S.A. model
HLA-20P, 20 mW) operating at 632.8 nm with a laser power on the sample of 17 mW. The
scattered light was delivered to the spectrograph utilizing a right-angle light scattering
collection geometry. The T-64000 spectrometer of Jobin Yvon (ISA-Horiba group) was
used in the single spectrograph configuration for the dispersion and detection of the
Raman photons via a 600 grooves/mm grating and a Spectraview-2DTM liquid N2-cooled
CCD detector, respectively. The spectrometer was calibrated using the standard Raman
peaks positions of the cyclohexane at 801.3 and 1444.4 cm~!. The spectral resolution was
approximately 4 cm ™.

3. Results
3.1. Cotton Fabrics Colored with Acid Dyes
3.1.1. Colorimetric Analysis

The colored cotton fabrics modified by either Polymer 1 or Polymer 2 were in-
vestigated through colorimetric analysis. During this study, our goal was to focus on
“un-compatible” or “industrial-simulated” conditions. To that end, we focused firstly
on the investigation of the challenging dyeing of acid dyes on cotton modified fabrics.
Secondly, we focused on the investigation of a tricolored system consisting of reactive
dyes which are able to interact with cotton, simulating industrial realistic conditions
in order to obtain direct feedback towards the sustainability of the process. In the first
attempt, an acid dye was used for the dyeing of the modified fabrics (AB). Under the
applied dyeing conditions, a high dye exhaustion (~85-88%) was found in the cases of
modified cotton fabrics. In Figure 52 the modified colored fabrics along with the colored
unmodified fabric are presented. It is apparent by observation with the naked eye that
both polymers actively contribute to the dye uptake of the fabrics, since a very pale blue
color was noticed for the unmodified fabric, compared with the intense blue color of the
modified fabrics. In order to quantify this trend, we determined the color coordinates
(L, a* b*) based on the CIELAB method, where the factors of color intensity (K/S) and
color difference (AE*) were also calculated as indicators of the coloring effectiveness and
homogeneity, respectively. In Table 1 the color coordinates (L, a*, b*) and the factors K/S
and AE* (the average values of 10 measurements) are presented for the modified cotton
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fabrics, while the values for the unmodified fabric are also presented for comparison.
The color coordinates of the pristine cotton fabric were L = 91.00, a = 0.21, b = 2.02 and
with brightness of 68.5 Berger.

In terms of color intensity, the unmodified samples showed an extremely low K/S
value, as expected, given that unmodified cotton is not easily susceptible to dyeing with
acid dyes. Comparing the two different polymers used as cotton modifiers, a slightly higher
color intensity was displayed for the sample modified with Polymer 2, indicating a better
interaction between the acid dye and this modified fabric. In addition, the color difference
AE* between the unmodified and the modified sample was 51.59 and 50.72, for Polymer 1
and Polymer 2, respectively, indicating a slightly better uniformity for Polymer 2. It is
important to note that subsequently, in the contingent release study, the color intensity K/S
was used as normalization factor, since the color intensity on the fabric rationally affects
the dye release concentration.

Table 1. Color coordinates (L, a*, b*), the color intensity (K/S) and the color difference (AE*) factors
for the unmodified and modified lab prepared fabrics colored by an acid blue dye.

Color Indexes AE* for Each
Sample o o
L a* b* K/S Modified/Unmodified Couple
Modified with Polymer 1 31.01 2.62 —34.56 14.78 5159
Unmodified 75.64 —4.74 —9.75 0.39 ’
Modified with Polymer 2 30.05 3.11 —36.49 17.17 50.72
Unmodified 73.71 —4.85 —11.94 0.48 ’

3.1.2. Evaluation of the Dye Release on Washing Bath of Fabrics Dyed with Acid Dye

For evaluation of the dye release occurring during washing, specific washing protocols
were followed and the washing bath was selected for further spectroscopic analysis. In
Figure 1a the UV /Vis spectra of the wash water for the unmodified and the two modified
fabrics are shown. AB release was noticed for both modified fabrics, exhibiting higher
concentration in wash water for the fabric modified with Polymer 2 and for the unmodified
fabric. In particular, based on the calibration curve of AB, the concentration of the AB in
the wash water was 24.16 and 28.5 ug/mL for the fabric modified with Polymer 1 and 2,
respectively, and 2.41-2.53 pg/mL for the unmodified fabric. However, we should bear in
mind that the color intensity of the color fabric, i.e., the dye uptake on the fabric, naturally
affects the dye release concentration. Therefore, the concentration of the dye in the washing
bath is to be normalized with the color intensity factor. In this context, the absorbance
on the washing bath of both samples has been divided by the K/S factor determined in
Section 3.1 (Figure 1b, Table 2). Hence, the normalized dye release in the wash water was
calculated to be 1.63 and 1.66 for the fabric modified with Polymer 1 and 2, respectively,
and 5.03-6.49 for the unmodified fabric. It is therefore evident that the dye release/fastness
is similar for both polymeric modifiers and significantly lower/higher compared with the
unmodified fabric. Therefore, the modification of the fabric improved the dye uptake of
the acid dye.
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Figure 1. The UV/Vis spectra of the washing bath when (a) fabric was modified with Polymer 1 and
Polymer 2 (the UV /Vis spectrum of acid blue 281 with C =40 ug/mL is also provided for comparison),
and (b) the normalized UV /Vis spectra after normalization with color intensity K/S factor.

Table 2. The concentration of the Acid Blue (AB) dye released into the wash water and after normal-
ization with the K/S factor in the lab-prepared fabrics.

Sample Concentration K/S Normalization of

P (ug/mL) Release with K/S
Modified with Polymer 1 24.16 14.78 1.63
Unmodified 2.53 0.39 6.49
Modified with Polymer 2 28.5 17.17 1.66
Unmodified 2.41 0.48 5.03

3.2. Tricolored Cotton Fabrics with Reactive Dyes
3.2.1. Colorimetric Analysis

An analogous study was performed for fabrics in which the mixture of three different
reactive dyes, namely Novacron Yellow S-3R (NY), Novacron Ruby S-3B (NR) and No-
vacron Dark Blue S-GL (NDB), used during the dyeing process. More specifically, equal
amounts of the three dyes were mixed in the same dyeing bath resulting brown colored
fabrics (modified or not) as shown in Figure S3. It is also obvious in this case, even to the
naked eye, that both polymers actively contribute to the dye uptake on the fabrics; the
unmodified fabric was also colored, however in a pale brown fade.

It is worth noting that reactive dyes are generally used for the dyeing of cotton and
therefore color uptake is anticipated. However, the modification of the fabrics with Polymer
1 and Polymer 2 seem to promote the dye uptake. The color coordinates (L, a* b*) based on
CIELAB method, and the factors of color intensity (K/S) and color difference (AE*) were
also calculated as indicators of the coloring effectiveness and uniformity, respectively. In
Table 3 the color coordinates (L, a*, b*) and the factors K/S and AE* (the average values of
10 measurements) are presented.
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Table 3. Color coordinates (L, a*, b*) and the color intensity (K/S) and color difference (AE*) factors
for the unmodified and modified lab-prepared fabrics colored by the three reactive dyes Novacron
Yellow S-3R (NY) Novacron Ruby S-3B (NR), and Novacron Dark Blue S-GL (NDB).

Color Indexes AE* for Each

Sample L a* b* K/S Modified/Unmodified Couple
Modified with Polymer 1 29.24 7.73 2.96 9.03 12.30
Unmodified 41.19 7.61 0.07 3.93 ’
Modified with Polymer 2 27.58 7.93 3.39 10.35 1119
Unmodified 38.39 6.53 0.88 4.68 ’

In terms of the color intensity achieved in each case, the fabric modified by Polymer
1 showed more than twice the K/S color intensity value. Analogous behavior was also
noticed for the fabric modified by Polymer 2 compared with the unmodified fabric. Indeed,
from the AE* values the color difference between a modified and an unmodified sample
dyed simultaneously in the same bath is much higher than that between the two modified
samples (when they are also dyed in the same bath). Comparing the two modified fabrics,
we notice that a higher color intensity was noticed for the Polymer 1 modified fabric.

3.2.2. Evaluation of the Dye Release on Wash Water of Fabrics Dyed with Reactive Dyes

The evaluation of the potential dye release was also determined. The main scope
of this task was to simulate real industrial conditions, where usually different dyes are
used for the dyeing of the fabrics or/and different dyes co-exist in the wastewater. In
this context, the wash water was evaluated with two different spectroscopic methods. In
Figure 2a the UV/Vis spectra of the wash water for the modified fabrics are presented,
showing the characteristic absorbance bands of all dyes. Based on the calibration curves,
the concentration of the dye release for the fabric modified with Polymer 1 was 7.20 ug/mL,
4.20 pg/mL and 3.27 ug/mL for Novacron Ruby, Novacron Dark Blue and Novacron
Yellow, respectively, while for the fabric modified by Polymer 2 the corresponding values
were 9.86 pg/mlL, 4.20 ng/mL and 10.5 pg/mL, respectively (Table 4).

T I T T T T I T T T T
| Wash water (a) \ f‘ul Wash water {b)
I
|| —— Medification with Polymer 2 [ o
| —— Modiication with Polymer 1 Y || — Madification with Polymer 2

—— Medification with Polymer 1

Absorbance
Absorbance

400 ?DD
Wavelen nm]

Figure 2. The UV /Vis spectra of the washing bath when (a) fabrics were modified with Polymer 1 and
Polymer 2 and (b) the normalized UV /Vis spectra after normalization with red color contribution.

T .
300 40.: ?Dn
Waveleng th nm]
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Table 4. The concentration of the three reactive dyes (Novacron Yellow, Novacron Ruby and Novacron
Dark Blue) release into the wash water.

Concentration (ug/mL)

Sample
NY NR NDB
Modified with Polymer 1 3.27 7.20 4.2
Modified with Polymer 2 10.5 9.86 4.2

It is apparent that a greater release was noticed when the fabric was modified with
Polymer 2, in spite of the fact that K/S and therefore color uptake was lower for this case.
Normalizing the spectra based on the absorption peak attributed to the red color (NR),
we observe that the release of the yellow dye (NY) is more intense while the yellow dye
seems to be more effectively attached in the case of the modification with Polymer 1. In
the case of the blue dye (NDB) no strong differentiation is seen. This indicates that there
is a possibility of differentiating retention of various colors during their contemporary
presence. If we also consider the colorimetric measurements of the dyed fabrics before
washing (Table 3) and take into account that the more positive the +b index (Figure S1) the
stronger the contribution of the yellow color, we can conclude that the yellow dye binds
more strongly than the red color, while the value of +b is greater in the case of modification
with Polymer 2. In a more practical aspect, this probably means that a greater amount of
yellow color is released because a greater amount of yellow dye has also adhered to the
fabric with Polymer 2. The increased NY dye uptake for both modified polymers may be
attributed to the chemical structure of the dye, which possesses higher number of available
interacting groups (SO3, NH;) with low steric hindrance and a linear “skeleton” promoting
the dye-modified polymer binding.

3.2.3. Evaluation at Industrial Scale

Wanting to further expand the study to realistic conditions, we performed the latter
study to industrially prepared fabrics. In Table 5 the color coordinates (L, a*, b*) and
the color intensity (K/S) and the color homogeneity factors for the industrially prepared
unmodified and modified fabrics are presented.

Table 5. Color coordinates (L, a*, b*), and the color intensity (K/S) and the color homogeneity factors
(AE* and % st dev K/S) for the industrially prepared unmodified and modified fabrics colored by the
three reactive dyes Novacron Yellow S-3R (NY) Novacron Ruby S-3B (NR), and Novacron Dark Blue
S-GL (NDB).

Color Indexes AE* for Each
Sample i o
L a* b* K/S Modified/Unmodified Couple
Modified with Polymer 1 33.85 5.35 7.95 791 1.34
Unmodified 57.71 0.42 17.25 2.30 1.63
Modified with Polymer 2 35.91 6.20 10.15 7.46 1.32

Colorimetry measurements demonstrate significantly more efficient dyeing on the
modified substrates than the unmodified substrate. No significant difference is observed
between the two modified fabrics in terms of K/S color intensity. Here it is important
to note that the color homogeneity indexes, especially for modified substrates, confirm
that dyeing in industrial conditions leads to uniformly dyed fabrics. Indeed, both the
values of the maximum AE* selected from different points of each sample, remain < 1.5
for the modified fabrics, significantly lower than the values recorded in the cases of the
lab-prepared samples.

In Figure 3a the UV /Vis spectra of the wash water for the industrially prepared fabrics
are presented along with the lab-scale fabrics for comparison. Based on the calibration
curves, the concentration of the dye release for the fabric modified with Polymer 1 was
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8.37 ug/mL, 5.28 ng/mL and 3.86 ng/mL for NR, NDB and NY, respectively, while for
the fabric modified by Polymer 2 the corresponding values were 2.9 ug/mlL, 2.3 pg/mL
and 1.2 pg/mL (Table 6). We notice that the concentration of all dyes released in the wash
water was high for the lab-scale fabric modified with Polymer 2, while it was much lower
for the industrial scale one. On the other hand, in the case of modification with Polymer 1,
the released concentration is for all dyes of moderate intensity, with similar values for
lab and industrial scale samples. An analogous trend for the contribution of the yellow
color, observed for the lab scale samples, is noticed for the industrially prepared samples as
well (Figure 3b). It is encouraging that at the industrial scale, the modifiers promote the
dye uptake on the fabric. Based on the concentration of the dye release during washing,
Polymer 1 exhibited moderate release.

Table 6. The concentration of the dyes released into the wash water.

Concentration (ug/mL)

Sample
NY NR NDB
Modified with Polymer 1 3.86 8.37 5.28
Modified with Polymer 2 1.2 29 2.3
| 7 Washwater ' G 1T 7 T'wash water ' {b)
{ (| ' — Medification with Polymer 1 (industrial) il { 1] —— Medification with Polymer 1 {industrial)
|\ | — Medification with Polymer 2 (industrial) M/ ||, —— Modification with Polymer 2 (industrial)
"'.l‘l | Mccl(ﬁr.aﬂon with Pelymer 1 (lab) LV | Meodification with Polymer 1 (lab)
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Figure 3. (a) The UV/Vis spectra of the wash water when industrially prepared fabric was modified
with Polymer 1 and Polymer 2, and (b) the normalized UV /Vis spectra after normalization with red
color contribution.

3.2.4. Evaluation of Washing Bath at Both Lab and Industrial Scale Samples

Surface enhanced Raman scattering (SERS) was implemented for the analysis of the
washing baths. The main reason that SERS was also examined was to reveal any structural
differences due to the co-existence of the dyes, but also because SERS has been established
as a useful analytical method for the detection of species at very low detection limits
(detection of dyes at pg/mL concentration level has been reported) [43,44]. Therefore, SERS
could be useful in our study since reactive dyes are anticipated to interact intensely with
cotton and subsequently a lower concentration of dye release during washing is anticipated
to be recorded. The observations/interpretations of the UV /Vis analysis were also noticed
through SERS. In particular, in the SERS spectra of the wash water (Figure 4) we can
observe the contribution of all three dyes (based on the SERS spectra of separate solutions
of each dye). In the spectral region 1000~1300 cm ™!, a characteristic peak of NR is located



Sustainability 2023, 15, 3144

11 0f 14

at 1280 cm !, of NDB at 1248 cm ! and two weak peaks of NY at ~1050 cm~!. Higher dye
release, for the industrially prepared fabric modified with Polymer 2, compared with the
lab scale sample was also noticed through SERS, while moderate and similar releases were
noticed for the fabrics modified with Polymer 1 (either in lab or industrial environment).
Based on the calibration curves for the lab-prepared samples, the concentration of the dye
release for the modified fabrics for NR and NDB were comparable with those deriving
from UV /Vis. In addition, after the normalization of the spectra based on the contribution
of NR, we observed with SERS that there was a more intense release for the yellow dye
(NY), regardless of the preparation method or the modifier, though it was more intense for
the lab-prepared sample modified with Polymer 2.

It is also important to note that the SERS spectra of wash water are more or less a
combination of the SERS spectra of the individual dye solutions, probably indicating that
the chemical composition of the dyes does not intervene on the dyeing process.

60

[—— Modification'with Polymer 1 (industrial) | {b]
—— Modification with Polymer 2 {industrial)
Modification with Pelymer 1 (lab)
Modification with Polymer 2 (lab)

rWash water

Mormalization
factors/ |

a0t

;—I ificati wi{hPoiyrrI\er]'l
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. ; .
Wash water (a)

S0k J

Intensity [arb. units]
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e 411,‘=
= =
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Raman Shift [cm™]

Figure 4. (a) The SERS spectra of the washing bath of fabrics prepared either in lab or industrial
environments when the fabric was modified with Polymer 1 and Polymer 2 and (b) the normalized
SERS spectra after normalization with red color contribution.

4. Conclusions

Colorimetric measurements revealed a significant increase in dye uptake for acid and
especially reactive dyes, due to fabric modification. Analysis of the wash bath indicates
a correspondingly low release for the reactive dyes, which appear to be closely bound
to the modified cotton. However, in the case of the acid dye, a high concentration was
recorded in the wash water (up to 28.5 ug/mL), due to its apparently moderate interaction
with the modified cotton. In the case of the mixture of three reactive dyes (brown colored
fabrics), along with the increased dye uptake being recorded for the modified fabrics (K/S
up to 10.35 of the modified fabric compared to 4.68 of the unmodified fabric), a less intense
dye release occurred (up to 10.5,9.86 and 4.2 ug/mL for NY, NR and NDB, respectively)
compared to the acid dye. A selectivity on the part of the Novacron yellow dye was revealed
by its pronounced uptake increase during the dyeing process; a concurrent increase of
its release was manifested during the wash bath, brought to light by UV /Vis and SERS
analysis. The findings of this study highlight the importance of the cotton’s modification in
promoting its interaction with dyes, while in parallel revealing the necessity to recognize
the dye release problem that occurs during washing; this promotes the need for further
research on the achievement of strong interactions between cotton fabrics and dyes for the
reduction of the environmental fingerprint of the process.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15043144/s1, Figure S1: CIELAB colorimetry system; Figure S2:
The three fabrics (unmodified, modified with Polymer 1 and modified with Polymer 2) colored by
Acid Blue 281; Figure S3: The three fabrics (unmodified, modified with Polymer 1 and modified with
Polymer 2) colored by the mixture of the three reactive dyes Novacron Yellow S-3R (NY) Novacron
Ruby S-3B (NR) and Novacron Dark Blue S-GL (NDB); Figure S4: The three industrially prepared
fabrics (unmodified, modified with Polymer 1 and modified with Polymer 2) colored by the mixture
of the three reactive dyes Novacron Yellow S5-3R (NY) Novacron Ruby S-3B (NR) and Novacron
Dark Blue S-GL (NDB); Figure S5: Ahiba Polymat washing machine; Figure S6: Calibration curves
of soap solutions at various concentrations of the different dyes through UV /Vis spectroscopy;
Figure S7: Calibration curves of soap solutions at various concentrations of the different dyes through
SERS spectroscopy.
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