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A B S T R A C T

This work deals with the synthesis of hybrids formed by the natural dye chlorophyll and halloysite for their
subsequent application in the textile field. Once the pigments have been synthesized, with 98 % adsorption, they
are used for two textile colouring functions, namely printing and dyeing. In both cases, satisfactory and inter-
esting results were obtained. The hybrids were characterized by FTIR, XRD, TGA, SEM-EDX, BET and all the
appropriate colour measurements were carried out to obtain the coordinates in CIELAB space and also to know
their total solar reflectance (TSR) 45.98 %. In addition, statistical techniques were used with the use of ANOVA to
evaluate the results obtained. The dyeing was carried out by exhaustion and its use was compared with the use of
nibbled and non-nibbled fabrics. The textiles were tested for fastness and the results are presented in instru-
mentally obtained grey scale values, achieving in some cases values of 4–5. Thus, the chlorophyll adsorption
capacity of halloysite and its stabilisation for subsequent application in printing and dyeing processes on textile
substrates has been demonstrated. This process could be scalable at an industrial level.

1. Introduction

The concept of a circular and sustainable economy is becoming a
hugely significant criteria in the realms of product and process design.
Presently, many industries and researchers are actively engaged in
crafting eco-friendly products and advancing sustainable practices, with
natural dyes being a prominent example of this trend [1]. In South
America, the production of these dyes is experiencing remarkable
growth as dyes are successfully extracted from agricultural waste [2–5].
Natural dye derived from these dyes have several advantages. In addi-
tion to being non-toxic, they possess antioxidant properties, are suitable
for medical applications and have the ability to biodegrade without
causing environmental problems [4–8]. Among the most abundant and
biologically significant natural pigments is chlorophyll, which is present
in both eubacteria and plants [9].
Today, the textile industry is looking for sustainable and environ-

mentally friendly alternatives, and natural dyes are becoming more and
more prominent. These pigments extracted from plants, fruits and
minerals offer an eco-friendly option compared to conventional chemi-
cal dyes [10,11]. Their use not only reduces the environmental foot-
print, but also benefits the health of workers and consumers by

minimising exposure to toxic substances. In addition, natural dyes pro-
vide unique and varied shades, inspired by the diversity of nature. This
focus on sustainability in the choice of dyes reflects a growing
commitment by the textile industry to more responsible and conscien-
tious practices [12–14].
Chlorophyll dyes (CDs) have found applications in various fields due

to the inherent properties of chlorophyll. These dyes have been used in
biomedical applications [15], as well as in more complex applications,
such as in the colouring of solar cells [16,17] and in the creation of
supramolecular structures [18]. However, it is important to note that
CDs show some instability when subjected to oxygen-rich atmosphere,
elevated temperatures or high ambient light, which affects their anti-
oxidant capacity [16,17].
Halloysite (HA), a versatile clay mineral, has emerged as an inno-

vative solution in the textile industry for dye trapping. Its porous
structure allows efficient absorption of pigments, effectively trapping
them during dyeing processes [19]. This approach offers significant
environmental benefits by reducing the release of toxic dyes into in-
dustrial wastewater. Halloysite not only acts as an effective fixing agent
but is also a sustainable alternative that contributes to eco-efficiency in
textile production. By adopting this technology, the industry is moving
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towards more responsible practices, demonstrating that innovation and
sustainability can go hand in hand in the quest for cleaner textile solu-
tions [20,21].
Mordants play a crucial role in the process of dyeing textiles with

natural dyes, improving the adhesion and durability of the colour. These
substances, which may be metallic salts such as alum or organic com-
pounds such as tannin, act as fixing agents by forming bonds between
the dyes and the textile fibres. By applying a mordant before dyeing, the
surface of the fibre is prepared to receive the colour in a more uniform
and permanent way [22,23]. Besides, the metal ions present in mordants
can interact with the functional groups of dyes and fibres, creating
chemical bonds that ensure a stronger colour fastness [24–26].
In addition to improving colour adhesion, mordants can also alter the

shade and intensity of natural dyes, allowing for a greater variety of
shades in dyed textiles. However, it is important to use mordants with
caution, as excessive use can affect the softness and texture of fabrics, as
well as pose environmental risks if residues are not properly managed.
It should be noted that this work compares the effect of performing

different types of textile dyeing using the combination of the natural dye
chlorophyll, mordants and nano clays. The combined effect of these
three elements constitutes a totally novel and unprecedented technique.
Thus, with the study of these variables we hope to obtain conclusive data
on which are the best options to use and apply the hybrids of dye and
clay, in order to scale them up to an industrial level in future works.
In addition, there are several benefits of dyeing or printing cotton

fabrics with chlorophyll. Copper has inherent antimicrobial properties,
which means that fabrics dyed with this dye can inhibit the growth of
bacteria and other microorganisms [27–30]. This is especially beneficial
for applications in garments, bedding, towels and other textiles that are
in direct contact with the skin. Copper-based dyes tend to be more stable
and resistant to fading by light and washing compared to other natural
dyes [31–33]. This ensures longer colour durability in cotton fabrics.
Copper has antioxidant properties, which can help protect fabrics

against oxidative deterioration, prolonging the life of the dyed material
[34–37]. Cu-based chlorophyll dye can give fabrics increased UV resis-
tance, protecting the cotton fibre and users from sun damage. Natural
dyes, including those derived from chlorophyll, are generally more
sustainable and environmentally friendly than synthetic dyes. Using
Cu-based chlorophyll can reduce the environmental impact associated
with the dyeing process.
Compared to some synthetic dyes, chlorophyll-based dyes are less

toxic and safer for both textile workers and end consumers. Chlorophyll
dyes can provide natural and pleasant green tones that are difficult to
achieve with synthetic dyes. This is especially valued in sustainable
fashion and products aiming for a natural and ecological look. Fabrics
treated with copper-based dyes can offer additional health benefits due
to copper’s antimicrobial properties, making them suitable for medical
and sportswear.
The process of dyeing cotton with natural and synthetic dyes has

significant differences in terms of cost [38], environmental impact and
sustainability. When comparing these two types of dyes, it is essential to
consider several key aspects that affect both manufacturers and the
environment [39].
Natural dyes are obtained from sources such as plants, insects and

minerals. Common examples include indigo, turmeric and cochineal.
These dyes are inherently more expensive due to the manual collection
and intensive processes required for extraction and preparation. In
addition, natural dyes require the use of mordants, such as alum and
tannins, to fix the colour in the fabric, which adds an additional cost [40,
41]. The colour saturation obtained with natural dyes is usually lower,
and often the process needs to be repeated for optimal results.
On the other hand, synthetic dyes are chemically synthesized prod-

ucts, mainly derived from petroleum and other compounds. Their mass

production and the automation of processes make them much more
accessible and economical. The efficiency of these dyes is remarkably
high; they provide intense and long-lasting colour saturation without the
need for additional mordants, which further reduces production costs
[42].
In terms of environmental impact, natural dyes have advantages and

disadvantages. They are biodegradable and non-toxic, whichmeans they
do not pollute water and are safe for the environment. However, their
production can require large areas of agricultural land and intensive use
of water, which poses challenges in terms of sustainability on a large
scale. Despite these drawbacks, natural dyes can be integrated into
sustainable and renewable agricultural practices if properly managed.
Synthetic dyes, although economical and efficient, have a more

negative environmental impact. The chemicals used in their manufac-
ture are often toxic and can pollute water and generate hazardous waste
[43]. In addition, the production of these dyes relies on non-renewable
resources such as oil, which exacerbates their long-term sustainability
profile.
In an overall analysis, natural dyes have a higher initial cost due to

the collection and preparation required but are less polluting and safer
for the environment. However, they can contribute to deforestation and
intensive water use [44]. Synthetic dyes, although cheaper and more
efficient in their application, are more polluting and rely on
non-renewable resources, generating non-biodegradable waste that
negatively impacts the environment.

2. Methodology

2.1. Materials

Today, researchers are actively exploring the application of nano-
technologies in adsorption processes, deeming it a highly efficient
method for the removal of various highly detrimental pollutants from
water. Clay minerals, in particular, have garnered significant attention
due to their natural origin, synthesizability, and distinctive character-
istics [45]. Halloysite, a 1:1-type clay mineral abundantly found in
natural environments, has been hailed as an environmentally friendly
material. Was purchased from the supplier Sigma-Aldrich (CAS number:
1332-58-7; CE number: 310-194-1). The nanotubes of halloysite
(depicted in Fig. 1) have diameters ranging from approximately 40 to 70
nm and lengths spanning from 200 to 2000 nm [46]. The authors have
determined their specific surface area (SSA) to be 48 m2 g− 1 and cation
exchange capacity (CEC) to be 9.45 cmol kg− 1 [47]. These nanotubes
often exhibit interstratified phases, with a CEC ranging from 31 to 73
cmol kg− 1 clay [48]. The external layer, predominantly composed of
SiO2, carries a negative charge, while the inner region, consisting of
Al2O3, bears a positive charge [49]. The increased use of halloysite
nanotubes (HNT) can be attributed to their cylindrical nature and spe-
cific properties, including a large surface area relative to their size,
productivity, and stability at high temperatures [46,50–52].
To comprehend these distinctive properties, it’s essential to recog-

nize that HA belongs to the aluminosilicate family, characterized by
alternating layers of octahedral aluminum oxide and tetrahedral silica.
The incongruity between these two layer types results in the formation
of a characteristic hollow tubular structure, giving rise to specific fea-
tures derived from its nanoarchitecture [53]. It’s noteworthy that the
properties of HA are primarily influenced by the particular geological
formation where they are found, as detailed in the available literature
[53–58]. Due to their biocompatibility, halloysite have been extensively
used to adsorb various dyes [59,60], including methylene blue (MB)
[61–69], azo-dyes [70–76], triaryl and diaryl methane dyes [77–85],
and xanthine dyes [59,86–88]. In a notable study, the combination of
HA with zinc oxide nanoparticles and photocatalytic degradation
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succeeded in purifying up to 93 % of the Orange G dye both in waters
obtained from real industrial discharges and from those carried out by
laboratory simulation [89].
However, a common challenge with natural halloysite lies in its high

concentration of impurities, to the removal of which is necessary to
enhance adsorption capacity. Some researchers propose enhancing
adsorption performance through a 12-h acid treatment and laminar
surface injection [90]. Fig. 2 shows a simulation of what the HA struc-
ture looks like.
Copper chlorophyll with colour index 75810 and chemical formula

(C34H31CuN4Na3O6), was purchased from the supplier Sensient® (Mil-
waukee, WI, USA) (CAS number: 11006-34-1; CE number: 234-242-5)
(Fig. 3). This is a fascinating compound that offers a unique window
into the world of biology and biochemistry and is an anionic dye in
aqueous solution. Unlike ordinary chlorophyll, which contains magne-
sium in its core structure, copper chlorophyll has a copper atom in its
nucleus. This variant of chlorophyll is found in microbial organisms
called bacteriochlorophyll. These bacteria, which inhabit extreme en-
vironments such as saline lake sediments or anoxic environments,
depend on sunlight for photosynthesis, but due to the scarcity of light in
these habitats, they have evolved to use specific wavelengths of light
that can penetrate these depths.
The presence of copper instead of magnesium in the chlorophyll

molecule significantly alters its optical and electronic properties. This
allows these bacteria to exploit near-infrared light, a region of the
electromagnetic spectrum that contains lower energy than the visible
light used by higher plants. By capturing this infrared light, the bacteria
can photosynthesise even in limited light conditions, giving them an
adaptive advantage in their unique and challenging habitats.
In addition to its importance in environmental biology, copper

chlorophyll has also attracted interest in fields such as photovoltaic
technology and bioenergy. Researchers are exploring ways to harness
the unique properties of this molecule to develop new solar energy
capture and conversion technologies, which could lead to significant
advances in the efficiency of solar devices and the sustainable

production of biofuels.

2.2. Methods

2.2.1. Adsorption methods
The process of adsorbing chlorophyll dye onto tubular nano-

adsorbent was conducted using water as the solvent and by means of the
stirring technique. In this research, nanotubular halloysite (HA) was
dispersed at 1800 rpm for 20 h. The halloysite clay underwent heat
treatment for 20 h at 210 ◦C and was then dispersed in deionised water
at a concentration of 25 g L− 1. To adjust the pH to − 4, 37% hydrochloric
acid was used. The amount of dissolved dye was maintained at 2⋅10− 3 M.
Dye exchange was initiated by stirring at 2000 rpm for 4 h, followed

by 500 rpm for 20 h. Separation of the solvent was achieved through
centrifugation to obtain the paste-nano-pigment (PNP). Afterwards, the
PNP underwent washing by dispersing its paste at 300 rpm for 40 min
until the supernatant became clear. All separated supernatants from the
initial step to the final washing were collected. The hybrid formed by the
clay and the dye was gathered and dried for 2 h at 60 ◦C before being
stored (Fig. 4).

Fig. 1. Scanning electron microscope (SEM) images of the halloysite nano clay. TEM (right) and SEM (left).

Fig. 2. Representation of the tubular structure of halloysite HA.

Fig. 3. Chemical structure of copper chlorophyll.
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Before collecting the supernatants, measurements were carried out
to avoid possible oxidation of the dye and alteration of the results. To
complete the absolute adsorption of the dye which had not been trapped
by the nano clay, both water and wash solution were kept shielded from
light and temperature by storing them in airtight containers wrapped in
aluminium foil. Afterwards, the separated supernatants were adjusted to
a predetermined volume for subsequent spectrophotometer analyses.

2.2.2. Dyeing
The phenomenon of desorption refers to the process in which dye

molecules move from the adsorbed phase, when they are trapped within
a given solid, to a liquid phase [91,92]. Various research papers [93–95]
outline different hypothesis regarding the isotherms governing this
desorption, categorizing them as continuous desorption/adsorption
systems that are not ideal and can be reversed. One model describes a
scenario where the interaction among adjacent active sites is inconsis-
tent due to the non-uniformity of the adsorbate, leading to
non-homogeneous adsorption process. Each of these hypotheses con-
tributes to our understanding of the real reason why the adsorption/-
desorption mechanism occurs.
Authors Momina, Shahadat Mohammad, and Suzylawati Isamil [96]

present a desorption model for methylene blue (MB) involving sub-
jecting the hybrid to elevated temperatures to weaken the bonds, fol-
lowed by the use of a range of solvents such as HCl, ethanol, nitric acid,
or acetone. They argue that any single phase alone is not adequate to
achieve satisfactory desorption results.
This study introduces a simultaneous desorption-dyeing process,

which builds on the concept that temperature weakens the bond be-
tween clay and dye [96], subsequently leveraging the inherent affinity

between dye and fibre using a conventional dyeing process. This
approach facilitates the complete migration of dye from the halloysite to
the textile fibre (refer to Fig. 5). Moreover, in the model proposed in this
work, heat is applied through convection rather than radiation, unlike
the model by Momina, Shahadat Mohammad, and Suzylawati Isamil, as
convective heat proves more efficient in reaching broader areas of the
clay and possesses higher energy levels.
The clay-dye hybrid is then used as a dyeing material for dyeing by

exhaustion, using a bath ratio of 1/40. For the dyeing of a 100 % cotton
(CO) a fabric with a grammage of 135 g m− 2, 25 yarns⋅cm− 1, 22
weft⋅cm− 1 of plain weave. The yarn count in both warp and weft is 35
tex. The cotton fabric was mordanted to study the effect of these mor-
dants in improving fastness and increasing the impact of the dye on the
fibre by increasing its absorption. This mordanting is summarised in
Table 1. The hybrid CPHA is used, 20 % o. w.f. of hybrid, 15 g L− 1 of
Na2SO4 and three drops of a wetting agent are added to the dyeing bath.
The dyeing process is then carried outfor 45 min at 95 ◦C (Fig. 6),
obtaining the dyeing of the cotton whose reference will be TCPHA-1.
This dyeing process will be repeated but pre-dyeing the cotton fabric
described with the mordants (Fig. 6), and variables described in Table 1.
One of the great advantages of this process is that direct dyeing with

the dye and with the dye adsorbed on the clay has the same yield. The
same results of equalisation, dyeing kinetics, solids, etc. are achieved.

2.2.3. Printing
Furthermore, alongside dyeing, printing procedures were also car-

ried out. For this purpose, a pre-prepared printing paste sourced from
MagnaPrinti® was used. Specifically, MagnaPrint® AquaFlex V2
Neutral was selected. To imbue the paste with colour, the hybrid
pigment was incorporated at a ratio of 30 g kg− 1. For this colouring a
fabric with a grammage of 135 g m− 2, 25 yarns⋅cm− 1, 22 weft⋅cm− 1 of
plane weave openwork fabric was used. The yarn count in both warp and
weft is 35 tex. Subsequent to printing, the material was allowed to dry
for 15 min at 60 ◦C and then subjected to thermofixation at 165 ◦C for
90 s using a oven. The results were assessed using a Minolta CM-3600d
reflection spectrophotometer in accordance with ISO 105-A05:1996

Fig. 4. HA + chlorophyll hybrid.

Fig. 5. Dye desorption and dyeing of the textile fibre.

Table 1
Mordants used and conditions.

Mordant Con. (o.w.f.) Bathroom Ratio Temperature Time

Alum 2 % 1:10 95 30′
Titanium oxalate 0.8 %
Aluminium lactate 0.8 %
Ferric sulphate 0.24 %
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standards for subsequent degradation evaluation, yielding CIE tristim-
ulus values for the D65 illuminant and the 10◦ CIE standard observer.
The print sample was referenced as SCPHA. Table 2 shows a summary of
the samples obtained after the different staining processes described.

2.2.4. GOTS and NODS criteria
The Natural Organic Dye Standard (NODS) is a set of guidelines and

requirements designed to ensure the quality, safety, and environmental
sustainability of natural dyes used in textiles. This standard covers the
entire lifecycle of the dyeing process, from the cultivation of dye plants
to the final application on fabrics. Dyes must be derived from organic
materials, such as plants, insects, or minerals, which are cultivated or
harvested in ways that promote biodiversity and soil health, avoiding
the use of synthetic pesticides and fertilisers. The extraction of dyes must
be carried out using environmentally friendly methods, utilizing water
and other non-toxic solvents to ensure no harmful chemicals are intro-
duced into the environment [97,98].
The use of chemical additives in the dyeing process is strictly

controlled; only those that meet organic standards and pose no risk to
human health or the environment are permitted. The entire dyeing
process must minimise water and energy consumption, and effluents
must be treated to remove any residual chemicals, ensuring that dis-
charged water is clean and safe. Furthermore, the dyes must be non-
toxic and safe for consumers, which includes ensuring that dyed tex-
tiles do not contain harmful residues that could affect the skin or overall
health of users [99–101].
Every stage of the dye production process must be documented and

traceable to ensure compliance with NODS, with regular audits and
verifications conducted by independent certification bodies.
In contrast, the Global Organic Textile Standard (GOTS) is the

leading worldwide standard for organic textiles and covers the entire
supply chain, ensuring that textiles are produced in an environmentally
and socially responsible manner. Products must contain a minimum of

70 % certified organic fibres, and for products labelled as “organic,” the
requirement is 95 %. All processing units must comply with stringent
environmental criteria, prohibiting the use of toxic heavy metals,
formaldehyde, and genetically modified organisms. Processing must be
conducted in a way that reduces environmental impact, including
proper waste management and water treatment [102].
GOTS also restricts the use of hazardous chemicals at all stages of

production, allowing only approved dyes and auxiliaries that meet
specific environmental and toxicological criteria. Additionally, it in-
cludes robust social criteria based on key norms of the International
Labour Organization, covering workers’ rights, including safe and hy-
gienic working conditions, fair wages, and the prohibition of child la-
bour. The use of sustainable and recyclable packaging materials is
encouraged, and products must be clearly labelled to ensure trans-
parency regarding the organic status and certification of the product.
GOTS requires comprehensive testing and quality assurance mea-

sures, including residue testing of the final product to ensure it meets
specified organic and environmental standards. GOTS certification is
conducted by independent, accredited bodies, and regular inspections
and audits ensure ongoing compliance with the standard. Traceability
and documentation are key components of the certification process.

2.3. Characterization

The quantification of dye adsorption by the nano-clay system was
pivotal in determining the efficiency of the synthesis process. Employing
a UV–Vis transmission spectrophotometer (JASCO V650, Easton, MD,
USA), the absorbance (%) of the dye in distinct supernatants was
measured, allowing for the calculation of the amount of dye adsorbed by
the nano clays as a percentage of the initial concentration during the
exchange phase.
XRD analysis was conducted using Bruker D8-Advance equipment

(Bruker, Billerica, MA, USA) equipped with a Göebel mirror (power:
3000 W, voltage: 20–60 kV, current: 5–80 mA). Measurements were
performed under oxidant atmosphere conditions at an angular speed of
1◦/min, STEP 0.05◦, and an angular scan ranging from 2.7◦ to 70◦. XRD
patterns were obtained to observe alterations in the basal space of the
layers from different nano clays resulting from interactions with the
natural dye and modifiers.
For Total Solar Reflectance (TSR) analysis, a double UV–Vis/NIR

Jasco V-670 spectrometer operating within the wavelength range from
190 to 2700 nm was utilized [103]. The instrument features a
double-grating monochromator, one for the UV–Vis region (1200
grids/mm) and another for the NIR region (300 grids/mm). Automated
detector and grating changes occur at a user-defined wavelength be-
tween 750 and 900 nm. Light sources include a deuterium lamp
(190–350 nm) and a halogen lamp (330–2700 nm). Optical properties
were calculated using reflectance factors p(λ) for hybrid pigments within
the 370–740 nm range with the D65 illuminant and the CIE-1964
standard observer [18].
To assess the thermal characteristics of the hybrid, a thermogravi-

metric analysis of chlorophyll in nano clay was carried out using a TGA/
SDTA 851 (Mettler-Toledo Inc., Columbus, OH, USA). Experimental
conditions involved a temperature ramp of 5 ◦C/min within the
20–900 ◦C range under an oxidant medium of N2:O2 (4:1) [104–106].
The surfaces of the samples underwent topographical analysis using

a scanning electron microscope (SEM), specifically the PHENOM model
(FEI Company, Eindhoven, The Netherlands), operated at an electron
acceleration of 5 kV. Prior to analysis, a coating of gold-palladium alloy
(5–7 nm thickness) was applied to the samples using an EMITECH
sputter coater model SC7620 (Quorum Technologies Ltd., East Sussex,
UK).

Fig. 6. Dyeing and premordant curve.

Table 2
Samples obtained after staining processes.

Coloration method Mordant Reference

Dyeing without mordant – TCPHA-1
Dyeing with mordant Alum TCPHA-2
Dyeing with mordant Titanium oxalate TCPHA-3
Dyeing with mordant Aluminium lactate TCPHA-4
Dyeing with mordant Ferric sulphate TCPHA-5
Printing – SCPHA

D. López-Rodríguez et al.
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For characterization purposes, Fourier transform infrared spectro-
photometry (FTIR) was performed utilizing a horizontal attenuated total
reflection (FTIR-ATR) configuration with a ZnSe prism on a Jasco FTIR
4700 IRT 5200 spectrometer equipped with a DTGS detector. The
spectrum was generated through 64 scans at a resolution of 4 cm− 1.
Energy dispersive X-ray (EDX) analyses were conducted using a JEOL

JSM-6300 scanning electron microscope. To ensure conductivity of non-
conductive surfaces, all samples underwent pre-coating with graphite.
The choice of non-metallic coatings was deliberate to mitigate potential
interferences in the results. The acquired EDX spectra facilitated the
determination of elemental composition of the materials deposited onto
the hybrid surfaces.
The BET analysis was performed to determine the surface area, pore

volume, and pore size using nitrogen adsorption and desorption data at
− 196 ◦C, using a Micromeritics ASAP-2020 instrument. Prior to anal-
ysis, the samples underwent degassing under a vacuum atmosphere
within the temperature range of 150 ◦C–200 ◦C to prevent any
carbonization of sample constituents [107,108].

3. Results and discussion

Halloysite, a naturally occurring nanotubular clay, is emerging as an
effective adsorbent for the natural dye chlorophyll due to its unique
structure and surface properties. Its nanotubes have a high surface area
to volume ratio, which increases their adsorption capacity. In addition,
the inherent negative surface charge of halloysite facilitates interaction
with the cationic dyes present in chlorophyll, thus improving their
adsorption efficiency. The tubular morphology of halloysite also pro-
vides accessible active sites for the capture of dye molecules, ensuring
effective and selective adsorption of chlorophyll. In addition, its abun-
dance, low cost and biocompatible nature make it a promising option for
the purification of natural dyes. Halloysite not only offers a sustainable
alternative to conventional adsorbents, but also opens new possibilities
in applications related to the removal and recovery of natural dyes, thus
contributing to the improvement of environmental quality and sus-
tainability in a number of industries.

3.1. Final concentration in solution

After the adsorption and centrifugation process to separate the
hybrid from the supernatants water, the supernatants water was ana-
lysed to evaluate the percentage of dye adsorption by the HA. The results
were 98 % adsorption with a standard deviation of 1.87, thus proving
the adsorption capacity of the halloysite for the dye studied. The
calculation of the amount of dye in the supernatant water was carried
out using the Lambert-Beer equation previously performed for the
chlorophyll dye (Fig. 7).

3.2. Hybrid colour measurements and TSR(%)

Table 3 and Fig. 8 show the measurements made to determine the
colour of the hybrid obtained and of the clay prior to the synthesis
process, as illustrated in the colour chart. The primary colour calcula-
tions for each hybrid pigment were determined using the reflectance
values (λ) of these dye-HA hybrids, following the principles established
by the International Commission on Illumination CIE 15:2004 [109].
These guidelines enable a fair comparison of both absolute and relative
colour values by applying CIELAB colorimetric parameters, according to

the CIE 1931 XYZ standard and the D65 standard illumination. The di-
agram of CIE a*b* and CIE-Cab*L* depicted in Fig. 8 confirm the suc-
cessful sequestration of the dye extracted from the solution within the
nano-adsorbent. This is evidenced by the manifestation of colours that
are characteristic of the resulting pigments. The hybrid obtained shows a
somewhat yellowish green hue with high saturation values considering
that a rather dark sample is obtained, with a lightness level L* which
does not reach a value of 70.
Total solar reflectance is a fundamental parameter in the study of

how solar radiation interacts with land surfaces. This term refers to the
ability of a material to reflect incident solar radiation at all wavelengths,
which is crucial for understanding thermal and energetic effects in both
man-made and natural environments.
When solar radiation reaches a surface, some is absorbed, some is

transmitted through the material and the rest is reflected. Total solar
reflectance is expressed as a percentage representing the fraction of the
total solar radiation that is reflected by the material. Materials with high
total solar reflectance tend to reflect more sunlight and therefore absorb
less heat, which helps to reduce heat gain in structures and pavements.
This concept is particularly important in the design of sustainable

urban environments and in the energy efficiency of buildings. Surfaces
with high total solar reflectance, such as reflective roofs and pavements,
can help mitigate the urban heat island effect by reducing heat ab-
sorption and improve the energy efficiency of buildings by reducing the
need for cooling.
When assessing the performance and resistance of coatings such as

textile printing pastes to external surfaces, the total solar reflectance
factor (TSR) becomes crucially important. TSR measures the ability of a
material to reflect incident solar radiation as a percentage of the total
radiation incident on its surface. High TSR values indicate effective
reflection of solar radiation, which reduces heat absorption and surface
temperatures. Calculated by solar reflectance measurements at various
wavelengths, TSR considers the entire solar spectrum, adjusted by solar
weighting factors that adapt the spectral distribution. TSR is especially
significant in applications such as roof coverings and solar shading
fabrics, where minimising heat absorption is essential for energy
efficiency.
A higher TSR contributes to lower surface temperatures and

decreased cooling loads. These calculations adhere to ASTM G173-03
[110] guidelines, providing a standardized approach to evaluating ma-
terials in diverse applications. Table 3 shows the TSR results obtained for
the synthesized hybrid and the pure form HA before dye adsorption.
Initially, the nano clay has a much higher L* luminosity than the
resulting hybrid, as can be seen in Table 3. As a result, elements with a
lower TSR have surfaces with higher temperatures than those of hal-
loysite alone.
Fig. 9 shows the reflectivity spectra of the 8 hybrids and laponite.

The analysis of this spectrum can be performed in 4 zones, the ultravi-
olet (200–400 nm), the visible (400–700 nm), the near infrared
(700–1200 nm) and the infrared (1200–2400 nm). The HA alone has a
much higher reflectivity in the UV, visible and near-infrared regions, i.e.
between 200 and 1200 nm. However, fromwavelengths above 1200 nm,
the intensity of the halloysite reflectance begins to attenuate, reaching
values very similar to the hybrid CPHA.
From the wavelengths in the near infrared, the reflectances recorded

are those produced by the specific chemical groups in the samples
studied. In our case and as seen in the FTIR analysis, the clay bands
largely cover those of the dye, which is why in Fig. 8 in the NIR zone
both bands are very similar.Fig. 7. Lamber-Beer equation for the dye Copper chlorophyll.

Table 3
L*, a*, b*, C*ab, h and TSR values of hybrid and halloysite.

Sample L* a* b* Cab* hab(deg) TSR(%)

HA 88.201 0.070 1.544 1.545 87.397 70.569
CPHA 66.587 − 8.804 7.368 11.480 140.075 45.979

D. López-Rodríguez et al.
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3.3. Thermogravimetry (TGA-DTGA)

Thermal analyses were conducted by evaluating the mass loss across
specific temperature ranges and examining the derivative curves to
compare the peaks of maximum degradation. Thermograms were

carried out for both the original nano clay and the hybrid pigment CPHA
(Fig. 10). However, in the hybrid pigment, it was difficult to identify
peaks corresponding to the thermal degradation of the chlorophyll dye
due to the noise present and the greater effect of the nano clay. A
reduced desorption of H2O could only be observed in the hybrid
pigment, which was attributed to water substitution during the synthesis
process. According to the literature [111,112], the two weight losses
observed in halloysite could be associated with H2O loss and dehy-
droxylation of the halloysite matrix. The first peak, related to H2O loss
and detected before reaching 100 ◦C, showed a significant decrease in
the CPHA hybrid sample. Differential thermogravimetric analysis
(DTGA) revealed mild endothermic and marked exothermic behaviour
at 100 ◦C and 300 ◦C, respectively, which agrees with the data obtained
by thermogravimetric analysis (TGA). This behaviour indicated physical
desorption of adsorbed water at 100 ◦C and oxidative desorption of the
organic compound (chlorophyll) between 300 ◦C and 400 ◦C [113].
Therefore, it can be concluded that the hybrid sample exhibits a good
thermal stability up to 300 ◦C.

Fig. 8. Graphic CIELAB plots for hybrid pigments synthesized, including the clay (HA) using the D65 illuminant and the CIE-1931 XYZ standard observer. Left: CIE-a
*b * colour diagram; right: CIE-Cab *L * colour chart.

Fig. 9. Reflectance of hybrid CPHA and HA.

Fig. 10. TGA and DTGA of hybrid CPHA and HA.

Fig. 11. XRD for Halloysite and hybrid CPHA.

D. López-Rodríguez et al.
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3.4. X-ray diffraction (XRD)

The XRD analysis (Fig. 11 and Table 4) of the hybrid formed by
halloysite revealed characteristic peaks at 2θ = 8◦, 13◦, 22.8◦, 28◦, 31◦,
58◦, and 67◦ [114,115]. With these samples, the initial halloysite peak
was noted at 11.5◦, which subsequently shifted to 12.3◦. This shift
indicated a reduction in the d001 peak spacing from the original 0.756
nm in the pure nano-adsorbent to 0.730 nm in the hybrid sample, sug-
gesting compression of the clay layers due to organic loading under
synthesis conditions. Notably, there were no significant discrepancies
observed in the factors identified throughout the analysis.

3.5. Fourier transform infrared spectroscopy FTIR-ATR analysis

Fig. 12 shows the spectra of the FTIR-ATR analysis of the raw hal-
loysite samples and the hybrid formed by the nano clay and the adsorbed

chlorophyll dye. As can be seen in the figure, both spectra are practically
superimposed, as it is the clay that has all the prominence and covers the
spectra formed by the vibrations that may be produced by the chloro-
phyll. The vibration bands are displayed as follows: the bands located at
3696 and 3618 cm− 1 are attributed to two Al2OH-stretching bands (with
each OH group linked to two Al atoms) [116–118]. In the spectrum, a
peak at 1644 cm− 1 is detected, indicating highly pronounced bending
vibrations of the adsorbed water [119]. The peak at 1112 cm− 1 is
attributed to apical Si–O bonds [116,120]. The peaks at 1018 and 685
cm− 1 are attributed to perpendicular stretching vibrations of Si–O–Si
bonds [119]. The band detected at 909 cm− 1 arises from the O–H
deformation of inner hydroxyl groups [116,120].
Studying Fig. 13, a peak at 1725 cm− 1 is attributed to asymmetric

stretching vibration of the carbonyl band [121]. At 664, 721 and 1407
cm− 1 several peaks are seen corresponding to carbon dioxide CO2,
acetylene C2H2 and propylene C3H6 respectively [121]. The area be-
tween 300 and 3700 cm− 1 is given by water vapour. Many of the bands
described lose intensity in the sample after dyeing, as can be seen in the
graph in Fig. 13.

3.6. Scanning electron microscopy energy + dispersive X-ray spectroscopy
(SEM-EDX)

Energy dispersive X-ray spectroscopy (EDX) was used to conduct an
analysis of the hybrid surface, with the aim of confirming the constituent
elements present in the CPHA hybrid (Table 5, and Fig. 14), Co fabric
raw(Table 6 and Fig. 15), and fabric dyed raw (Table 7 and Fig. 16). The
spectra resulting from this analysis are depicted in Fig. 14. In addition,
Table 5 shows the mass and percentages of atoms of each element
detected. In these spectra, characteristic peaks are observed at 0.37,
0.41, 0.49, 1.44, and 1.83 keV corresponding to the elements Fe, C, O,
Al, Si respectively. In addition, other peaks corresponding to iron can be
seen at 6.21 and 7.08 keV.

Table 4
Calculated interlaminar spacing d(001)nm for halloysite and synthesized
pigment CPHA.

Sample 2θ θ (◦) θ (rad) d(001) Å d(001) nm

HA 11.70 5.85 0.10 7.56 0.756
CPHA 12.10 6.05 0.11 7.31 0.73

Fig. 12. FTIR-ATR Halloysite and hybrid CPHA.

Fig. 13. FTIR Co fabric raw and Dyed fabric raw.

Table 5
EDX values for sample CPHA.

Element Mass% Atom%

C 21.82 ± 0.06 29.97 ± 0.09
O 54.20 ± 0.12 55.87 ± 0.12
Al 12.13 ± 0.04 7.42 ± 0.02
Si 11.11 ± 0.04 6.52 ± 0.02
Fe 0.74 ± 0.02 0.22 ± 0.01

Fig. 14. EDX for sample CPHA.

Table 6
EDX values for Co fabric raw.

Element Mass% Atom%

C 38.73 ± 0.20 45.85 ± 0.24
O 60.61 ± 0.41 53.86 ± 0.37
Al 0.10 ± 0.02 0.05 ± 0.01
Na 0.12 ± 0.03 0.07 ± 0.02
K 0.44 ± 0.03 0.16 ± 0.01

D. López-Rodríguez et al.
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As in the FTIR analysis described above, no peaks of elements
characteristic of chlorophyll are observed. Again, the HA bands cover
the possible peaks that could be present in chlorophyll elements such as
copper. Given that both analyses give this information, it can be
assumed that the dye has been deposited inside the halloysite nanotubes,
not allowing readings of its elements to be obtained by surface analysis
such as EDX and FTIR-ATR. It is worth pointing out that the inner layer
of the halloysite is positive and the outer layer negative, the dye in
aqueous solution is negative, so the dye must be housed inside the
nanotube because of its charge. Nevertheless, the presence of the dye is
evident given the colour obtained by the hybrid, which could not be
obtained if it were not for the adsorption of the dye.

3.7. Brunauer–Emmelt–Teller (BET) surface area and porosity
measurements

A thorough BET analysis was conducted to examine the surface
properties of the clay, along with the dimensions and depth of its
respective pores, as outlined in Table 8. A comparative assessment was
undertaken between the halloysite sample prior to adsorption and after
dye adsorption. The findings collated in Table 8 reveal noteworthy al-
terations in both pore size and depth after adsorption. This is because
when the halloysite comes into contact with the dye, the chlorophyll
molecules adhere to its surface by adsorption forces. As the chlorophyll
molecules accumulate on the surface of the halloysite, they occupy part
of the internal pore space of the mineral.
This process of chlorophyll adsorption leads to a decrease in the

volume and surface area of the halloysite pores. As the pores fill with dye
molecules, less space is available within the clay structure for additional
adsorption of other substances. Therefore, the ability of halloysite to
adsorb other molecules is reduced, and its effective pore volume and
surface area decrease after chlorophyll dye adsorption.

3.8. Measurement of printing and dyeing colour

The primary aim of this study was to attain textile material colouring
through the printing technique using hybrids derived from halloysite as
the pigment agent, and by means of exhaustion dyeing using these HA
hybrids as the dyeing material. Following the accomplishment of this
objective, the coloration of the textile substrate was quantified and
assessed. The L*a*b* h and C*ab values have been tabulated in Table 9
and depicted in a chromaticity diagram in Fig. 17, demonstrating the
successful attainment of the set objective.
Clear differences can be seen between the samples with mordant and

those without in the dyes. The samples with mordant are less yellowish
than the one without mordant but their hue is less pure and less satu-
rated, as can be seen in the chroma level C obtained. The sample without
mordant is somewhat darker than those with any type of mordant. Also
significant is the effect of iron sulphate, which negatively affects the hue
of the original dye, changing it completely to a reddish-brown tone. So,
despite being the most chromatic and darkest sample, the use of this
mordant would be inadvisable if green tones are to be obtained with this
kind of hybrid.
Among the rest of the mordants there is little difference in terms of

hue, or the saturation and clarity obtained, however, Titanium oxala-
teand and Aluminium lactate are more interesting with darker and more

Fig. 15. EDX for Co fabric raw.

Table 7
EDX values for fabric dyed raw.

Element Mass% Atom%

C 34.00 ± 0.18 40.91 ± 0.21
O 64.72 ± 0.39 58.46 ± 0.35
Si 1.11 ± 0.03 0.57 ± 0.02
Ca 0.17 ± 0.02 0.06 ± 0.01

Fig. 16. EDX for fabric dyed raw.

Table 8
BET surface areas, pore volumes and average pore sizes for Halloysite (HA), and
hybrid CPHA.

Sample Surface area (m2/g) Pore volume (cm3/g) Average pore size (nm)

HA 180.3 0.21 10.07
CPHA 47.6 0.11 8.7

D. López-Rodríguez et al.
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Table 9
L*, a*, b*, C*ab values of each printing and dyeing.

Sample Dye Shade L * a * b * C *ab h K/S (average) ΔE

Raw 82.72 0.88 − 4.56 4.65 281.01 – –
TCPHA-1 74.45 − 9.18 12.49 15.50 126.32 1.2582 74.53

TCPHA-2 75.44 − 6.25 11.34 12.95 118.86 0.3349 75.84

TCPHA-3 78.40 − 5.41 10.47 11.79 117.33 0.3545 81.65

TCPHA-4 76.06 − 6.58 11.00 12.82 120.89 0.4692 61.39

TCPHA-5 65.16 3.89 24.94 25.24 81.13 0.3640 114.68

SCPHA 77.82 − 7.31 8.49 11.20 130.73 1.2531 82.85

Fig. 17. Representation of the chromatic coordinates for each of the colour samples of the cotton fabrics.

Fig. 18. K/S spectra (360–740 nm) for each sample.

Fig. 19. Comparison of colour fastness values by grey-scale index.

D. López-Rodríguez et al.
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saturated colours. As expected in the printing a much more intense
colour is obtained more saturated and darker than when dyeing in terms
of covering power.
Furthermore, an analysis was carried out of the intensity or strength

of the colour obtained in each colouring sample, both dyeing and
printing. This colour strength has been calculated by means of the K/S.
These average [122,123] values are shown in Table 9 and the spectra in
Fig. 18. The samples with the most intense colour are those of TCPHA-1,
TCPHA-5 and SCPHA, although the TCPHA-5 sample has a significant
colour alteration due to the effect of the mordant (see Fig. 19).

3.9. Colour fastness

Once the objective of colouring various textile materials with nano

clays imbued with dyes has been attained, it becomes imperative to
verify the longevity of these colours on the substrates over time, despite
exposure to various external factors causing wear and tear. With this in
mind, a series of colour fastness tests were conducted on the hybrid
colours. Table 10 presents the results obtained from each of these
distinct colour fastness tests. These results are depicted based on the
standard greyscale (GSc) and determined instrumentally via Equation 1
following the UNE-EN ISO 105-A05 guidelines. Visual assessment based
on a blue scale was carried out for the artificial light and weathering
colour degradation tests.

a)ΔEF = [(ΔL*)2 + (ΔCf)2 + (ΔHf)2 ]1/2

b)GS = 5 - [ΔEF / 1.7]

c)GS = 5 - [log10 (ΔEF / 0.85) / log10 2]

Equation 1. a) Colour change for the determination of the greyscale
index for degradation b) GS if ΔEf ≤
Analysing the results of the fastnesses and comparing them with

those obtained in other works published by the scientific community
[124–127], on the one hand, the results obtained by printing are quite
good, since the lowest value is 3–4 for wet ironing, which is a quite
acceptable result, and this reaches 4–5 in different tests such as washing
and rubbing. Therefore, printing with hybrid nanopigment can be
considered successful.
On the other hand, analysing the results of the dyeing, that the re-

sults show that the dyeing of the cotton fabric without any type of
TCPHA-1 mordant is the one with the lowest fastness values. With all the
mordants used, improvements in fastnesses have been achieved, espe-
cially the results obtained with Aluminium lactate, which shows the best
results. In addition, the dyeing using this same mordant has also had
very good results as can be seen in the analysis in section 3.10 Mea-
surement of printing and dyeing colour.
In this case, the ANOVA technique was used to determine if the type

of technique used for the application of colour, dyeing with different
mordants or printing, obtained statistically significant differences in
terms of fastness. This technique was also used to determine if, inde-
pendently of the application, the hybrids obtained statistically signifi-
cant differences according to the test to which they were submitted. In
both cases statistically significant differences were obtained (P-Value
lower than a = 0.05). Firstly, regardless of the application conditions,
the fastnesses are higher with artificial light, while they decrease when
humidity is involved (Fig. 20).
Secondly, according to the type of application, significant differences

were also observed regardless of the type of test to which the samples
were subjected. In this case, the worst results are obtained without the
mordant, which was to be expected since this compound is used to
improve fastness, demonstrating its effectiveness here. There are sig-
nificant differences between the mordents, with the best results shown

Table 10
Colour Fastness for each sample.

Sample nº Reference Colour Fastness

Artificial Light Wash Rub Iron

Dry Wet Dry Humid Wet

1 TCPHA-1 3 3–4 3 3 3–4 3 3–4
2 TCPHA-2 5 4 4 4–5 4 3 4
3 TCPHA-3 5–6 4 4–5 4 4 4 3–4
4 TCPHA-4 6 4–5 5 5 4–5 4 4
5 TCPHA-5 5 4 4 4 4–5 5 4
6 SCPHA 4 4–5 4–5 4–5 4 4 3–4

Fig. 20. LSD Fisher means plot (95 %) for the comparison of the grayscale
value with different tests for colour fastness.

Fig. 21. LSD Fisher means plot (95 %) for the comparison of the grayscale
value with different textile applications.

D. López-Rodríguez et al.
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by the Aluminium Lactate, followed by the Ferric Sulphate, which is
discarded because of the tone. Then the Alum and Titanium Oxalate gets
the same results as the stamped sample (Fig. 21).

4. Conclusions

The utilization of halloysite, a naturally occurring nanotubular clay,
as an adsorbent for the natural dye chlorophyll has been demonstrated
to be highly effective. This effectiveness stems from the unique struc-
tural and surface properties of halloysite, which enable efficient
adsorption of chlorophyll molecules. This study uses the NODS-
compliant dye copper chlorophyll as the chlorophyll is obtained from
NODS-listed plants such as Chlorophora tinctoria, Chlorophora affinis or
chlorophora braziliensis. It could therefore be scaled up to an industrial
level without the dye being a limitation.
The high surface area to volume ratio of halloysite nanotubes en-

hances their adsorption capacity, while the inherent negative surface
charge facilitates interaction with cationic dyes present in chlorophyll,
thereby improving adsorption efficiency. Additionally, the tubular
morphology of halloysite provides accessible active sites for the capture
of dye molecules, ensuring effective and selective adsorption of chlo-
rophyll. Moreover, the abundance, low cost, and biocompatible nature
of halloysite make it a promising option for the purification of natural
dyes, offering a sustainable alternative to conventional adsorbents. Be-
sides, chlorophyll is very sensitive and must be stored at low tempera-
tures, but by encapsulating it in clay it is protected and cold storage is
not necessary. In addition, encapsulation/trapping can be used as a
means of dye recovery in textile wastewater.
Experimental results confirm the efficacy of halloysite in adsorbing

chlorophyll, with a remarkable adsorption capacity of 98 %. Charac-
terization techniques such as X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy energy
dispersive X-ray spectroscopy (SEM-EDX), thermogravimetry (TGA),
and Brunauer–Emmelt–Teller (BET) surface area and porosity mea-
surements provide insights into the structural changes and interactions
occurring during the adsorption process. These analyses reveal the
successful sequestration of chlorophyll within halloysite nanotubes,
evidenced by shifts in characteristic peaks and the absence of
chlorophyll-specific elements in surface analyses.
Furthermore, colorimetric assessments and total solar reflectance

(TSR) measurements demonstrate the practical implications of
halloysite-based adsorption in textile applications and urban design. The
synthesized hybrid pigments exhibit distinct coloration, confirming the
retention and manifestation of chlorophyll within the halloysite matrix.
Moreover, the reduction in total solar reflectance after dye adsorption
highlights the potential of halloysite in modifying surface properties for
energy-efficient coatings and urban heat island mitigation.
Overall, this comprehensive study underscores the promising role of

halloysite as an effective adsorbent for natural dyes, with implications
for environmental improvements, sustainable manufacturing, and urban
sustainability. The successful adsorption of chlorophyll onto halloysite
nanotubes not only expands our understanding of clay-based adsorbents
but also opens avenues for innovative applications in diverse fields,

contributing to the advancement of environmental quality and sustain-
ability initiatives.
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D. López-Rodríguez et al.

http://refhub.elsevier.com/S0143-7208(24)00417-0/sref66
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref66
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref66
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref67
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref67
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref67
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref68
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref68
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref68
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref68
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref69
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref69
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref69
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref69
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref70
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref70
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref70
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref71
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref71
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref72
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref72
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref73
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref73
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref73
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref74
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref74
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref74
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref74
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref75
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref75
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref75
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref76
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref76
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref76
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref76
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref77
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref77
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref78
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref78
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref78
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref79
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref79
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref79
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref79
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref80
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref80
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref80
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref81
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref81
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref81
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref82
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref82
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref82
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref83
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref83
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref83
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref84
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref84
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref84
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref85
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref85
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref85
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref85
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref86
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref86
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref86
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref87
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref87
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref87
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref87
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref88
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref88
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref88
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref89
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref89
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref89
https://doi.org/10.1016/j.jece.2021.105214
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref91
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref91
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref91
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref92
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref92
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref92
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref93
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref93
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref93
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref94
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref94
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref94
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref94
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref95
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref95
https://doi.org/10.1016/j.jwpe.2020.101155
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref97
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref97
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref97
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref98
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref98
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref99
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref99
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref100
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref100
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref100
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref102
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref102
https://doi.org/10.1016/j.conbuildmat.2020.118189
https://doi.org/10.1016/j.conbuildmat.2020.118189
https://doi.org/10.1016/j.envpol.2020.115946
https://doi.org/10.1016/j.jksues.2020.09.003
https://doi.org/10.1016/j.jksues.2020.09.003
https://doi.org/10.1016/j.matlet.2020.129030
https://doi.org/10.1016/j.matlet.2020.129030
https://doi.org/10.1006/jssc.1997.7739
https://doi.org/10.1016/j.apcata.2007.07.038
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref109
https://doi.org/10.1520/G0173-03R20.2
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref111
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref111
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref111
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref111
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref112
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref112
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref112
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref113
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref113
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref113
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref114
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref114
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref114
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref115
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref115
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref116
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref116
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref116
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref117
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref117
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref118
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref118
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref119
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref119
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref119
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref120
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref120
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref120
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref121
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref121
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref121
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref122
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref122
http://refhub.elsevier.com/S0143-7208(24)00417-0/sref122


Dyes and Pigments 231 (2024) 112352

15

[123] Safapour Siyamak, Toprak-Cavdur Tuba, Jameel Rather Luqman,
Assiri Mohammed A, Shahid Mohammad. Enhancing the sustainability and
hygiene in the dyeing of wool yarns with Prangos ferulacea Aerial Parts extract in
conjunction with metal–biomordant combinations. Fibers Polym 2024:1–15.

[124] Seif Manal A, Muna MHIJI. Evaluating the effect of seams on colour fastness
properties of textile fabrics. Int J Text Fash Technol (IJTFT) 2016;6:1–14.

[125] Saeed Ayesha, Hassan Komal, Sadaf Sadaf Shama. A review on colour fastness of
natural dyed textiles. Pakistan J. Sci. Ind. Res. Ser. A Phys. Sci. 2023;66(2):
201–12.

[126] Kitaguchi Saori, Kuramoto Kanya, Moridera Hitomi, Sato Tetsuya. Evaluation of
instrumental methods for assessing colour fastness. J Fiber Bioeng Inf 2012;5(4):
399–409.

[127] Rodiah MH, Noor Hafizah S, Noor Asiah H, Nurhafizah I, Norakma MN,
Norazlina I. Extraction of natural dye from the mesocarp and exocarp of Cocos
nucifera, textile dyeing, and colour fastness properties. Mater Today Proc 2022;
48:790–5.
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