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ARTICLE INFO ABSTRACT

Keywords: Since unmodified polyester fibres have no reactive groups like those in cellulose and protein fibres, they do not
Halloysite show an affinity for water-soluble acid, basic and direct dyestuffs. Only disperse dyestuff, a non-ionic dyestuff
Methyl red class with low molar mass molecules, proved to be useful for dyeing this man-made fibre following a solid-solid
Polyester fabrics

interaction; disperse dyestuffs do not form primary chemical bonds with polymer chains rather the dye colour is
retained by H-bonds and Van der Waals forces. Herein, a new strategy for dyeing polyester fabrics with a direct
dyestuff in a two-step strategy was designed and realized, using an organic-inorganic composite coating based on
methyl red-loaded sol-gel modified halloysite nanotubes. In the first step two distinct reaction methods were
compared to functionalize halloysite nanotubes with (3-Glycidyloxypropyl)trimethoxysilane, as a covalent
crosslinker between the halloysite nanotubes and fibres, (i) in water and (ii) in ethanol, using BF30(CyHs) and
chloridric acid (HCI) as catalysts, respectively.

In the second step, methyl red loaded GPTMS modified halloysite sols were applied onto polyester fabrics by
impregnation. The amount of methyl red dyestuff was evaluated to be superior for the complex realized in
ethanol than in water, thus promoting homogeneous nanocomposite coatings on treated polyester samples.
Methyl red loaded sol-gel modified halloysite complex, as well as treated and untreated samples, were investi-
gated to characterize their properties and morphology. NMR investigation confirmed the structure of the new
complex, validating the successful dyestuff coordination reaction at GPTMS.

The influence of treatments on the morphology of fibres surfaces was demonstrated by Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), and Atomic Force Microscopy (AFM) analyses,
highlighting the influence of GPTMS-based composites on the microstructure of functionalized polyester fibres.
To further confirm if the suggested approach offers a stable dyestuff loading on PE, diffuse reflectance spec-
troscopic studies, X-ray Photoelectron Spectroscopy (XPS) and colour fastness to rubbing and washing tests were
carried out on the coated polyester.

All findings make sol-gel based modification of halloysite a reliable and promising method for eco-friendly
dyeing processes of polyester fabrics.

Sol-gel
(3-glycidyloxypropyDtrimethoxysilane
Dyeing coating

Abbreviations: HNT, halloysite nanotubes; GPTMS, (3-glycidyloxypropyl)trimethoxysilane; MR, methyl red; PE, polyethylene terephthalate or polyester
(synonym).
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1. Introduction

In recent years, there has been a growing research interest in hybrid
organic inorganic materials, based on inorganic fillers and sol-gel
techniques, for treating and affording functional textiles. These prod-
ucts are viewed as beneficial substitutes for the harmful chemicals
traditionally used in textile coating and finishing processes [1]. The
design and development of new products and methods for treating
textile fabric surfaces generate significant interest from various scien-
tific fields, with intriguing applications extending from basic study to
practical application [2].

In this scenario, because of their typical mesoporous structure and
excellent chemical and thermal stability, in recent years naturally
occurring one-dimensional tubular nanomaterials have received a lot of
attention, and they were also successfully employed as filler for mac-
romolecules (polymers and resins) in order to obtain nanomaterials for
drug delivery [3,4], catalysis [5-7], nanocomposites [8,9], azo-dye [6,
10] and wastewater treatment [11,12] applications. These materials
include natural layered aluminosilicates [13] like halloysite nanotubes
(HNTs), natural one-dimensional nanomaterials that can be found in
some soil in wet tropical and subtropical regions, weathered rocks, and
soil generated from volcanic ashes [14]. HNTs exist in two different
forms, namely dehydrated (Al;SioOs(OH)4: basal distance of 7 A) and
hydrated halloysite (AlySi;Os(OH)4 - nH20: basal distance of 10 A)
consisting of nanotubes/nanoscrolls, even if other forms such as the
platy and pseudo-spherical shapes have also been reported [15]. Hal-
loysite is characterized by a 1:1 ratio of silicon-oxygen tetrahedral layers
to aluminium-oxygen octahedral layers that undergo different forces in
the formation process (i.e. halloysite sheets curl in the direction of the
Al-O octahedral layer), thus resulting in the characteristic halloysite
tubular shape [6].

Halloysite usually has an internal diameter of roughly 1-30 nm and
an external diameter of 30-70 nm, making this one-dimensional mate-
rial suitable for capturing and subsequent controlled release of guest
molecules [16-18]. The formation of the curled crystals stems from the
mismatch between the octahedral gibbsite-like sheet and the silica-like
sheet, resulting in the exposure of Si-O groups on the external surface,
Al-OH groups on the internal surface, and AI-OH and Si-OH groups
along the material’s edges (see Fig. 1) [19,20], which provide suitable
reaction sites for modification and functionalization of HNTs [21-23].
The immobilization of molecules in halloysite nanotubes can be
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performed both inside and outside of the tubes. It can permit materials
to be treated with non-specific chemicals, prevent molecule aggregation,
reduce the cost of processes, and enhance the chemical and thermal, as
well as mechanical properties of treated samples. The empty tube,
featuring a pre-defined diameter, allows the entrance of molecules with
specific sizes, thus giving shape selectivity to the immobilization.
Regioselectivity can also be achieved when only part of the molecule
penetrates the tube and comes in contact with the active site [14].

Compared with other nanotubes such as CNTs, halloysite nanotubes,
which have a crystal structure close to CNTs, offer exciting qualities such
as cheap cost, environmental friendliness, and tons availability, as well
as a high aspect ratio (length/diameter) (ranging from 8 to 50) that
promotes filler-polymer interaction [24]. When HNTs are introduced
into a polymeric matrix, the physiochemical characteristics of the
polymer improve, resulting in improved thermal and mechanical per-
formance [25]; therefore, several nanocomposites have been obtained
using HNT as filler for different kinds of polymeric matrices [26,27].

Due to the higher length-diameter ratio, lower hydroxyl density and
higher distribution of charge on the outer surface, as well as weaker
hydroxyl hydrogen bonding, HNTs are more likely to be homogeneously
dispersed in polymer matrices, than other conventional nanotubes [28].
For example, they have commonly been functionalized with organo-
silane compounds of the type R-SiXs, where R is a non-hyrolyzable and
reactive functional group such as an amine group, thiol or epoxy group,
while X is a hydrolysable group, including methoxy, ethoxy and trime-
thylsiloxy, etc. Due to their special structure, the silane precursors have
a reactive group able to chemically bond with an inorganic material
(silica, iron oxide, etc.), meanwhile they have a functional group
capable of chemically reacting with an organic molecule (organic small
molecules or polymers) [29]. In this way, the organosilane agent and the
hydroxyl groups in the surface structure of HNTs can be covalently
bonded, thus allowing a fine tuning of the surface of the clays and, in the
case of HNTs hosting immobilized molecules, enhancing their reactivity
and preventing their leaching [30,31].

These nanofiller-containing composite coatings can be used to
functionalize textile fibres, in order to meet the demands of production
with high added value but low environmental impact [32]. Lvov et al.,
for example, developed a clay nanotube coating on cotton fibres for
enhanced flame-retardancy and antibacterial properties. In particular,
they loaded halloysite nanotubes with colour-enhancing dyes, antimi-
crobial chloramphenicol or silver, providing architectural
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Fig. 1. HNT interlayed structure (a) with detailed composition (b).
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organic/inorganic coatings with complex functionality on raw cotton
[33]. Halloysite was also bound onto commercial cotton fibres by the
employment of biopolymer alginate with Ca2* crosslinking, for robust
and high-performance hemostatic dressing [34].

Among all synthetic fibres, polyethylene terephthalate (PE) is a man-
made fibre composed of linear polymers comprising, for at least 85 % by
mass, ester compounds derived from benzene-1,4-dicarboxylic acid
(terephthalic acid) and diol, arranged in linear macromolecular chains.
PE is typically manufactured using terephthalic acid or dimethyl tere-
phthalate in conjunction with ethylene glycol. It is the clear market
leader, making up over half of the global textile fibres due to its
exceptional mechanical and physical properties, high strength, stiffness,
resistance to wear and wrinkles, adaptability, and reasonably cheap cost
[35]. Nevertheless, because of their high crystallinity, density, hydro-
phobicity, and absence of chemically reactive groups, polyester fabrics
have several drawbacks, including low moisture retention and chal-
lenges in dyeing processes, demanding substantial energy for water
dyeing and use of carriers to facilitate the adsorption of disperse dye-
stuffs [36]. In many studies, polyester underwent modification through
either chemical hydrolysis or irradiation to introduce functional groups
onto its surface, enhancing the polymer’s hydrophilicity before dyeing,
including microwave irradiation or plasma treatments [37,38]. Since
polyester fibres typically have a very compact structure and high crys-
tallinity, which can resist dyestuff uptake, the choice of dyes for them is
limited to the dispersed dye range. The dyed polyester should be cleared
of surface-deposited dyestuff and auxiliaries through treatment with
detergent or by reductive or oxidative treatments to secure optimum
dyeing fastness [39]. Low fastnesses to perspiration or water in polyester
are always associated with loose dyestuff particles on the fibre surface
[401.

To overcome these drawbacks and to avoid such pretreatments of
polyester fabrics, a new strategy for dyeing PE with 2-(4-dimethylami-
nophenylazo)benzoic acid (methyl red, MR), selected as a representative
molecule of azo dyestuffs, was developed in this study. Azo dyestuffs are
widely utilized in industry because of their versatile applications in
several sectors, such as textile dyeing [41], dye-sensitized solar cells
(DSSC), metallochromic indicators, optical sensors [42] and photosen-
sitizers [43].

The possibility of dyeing polyester samples with azo dyestuffs entails
the following advantages compared with dispersed ones: (i) shades are
more brilliant; (ii) dyestuffs are cheaper; and (iii) sublimation fastness of
the dyestuffs is high.

With this aim, trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]silane
(GPTMS) precursor bearing methoxysilyl groups and an epoxy ring
was selected as a coupling agent, exploiting its possibility to immobilize
MR-loaded halloysite nanotubes (through the reactive epoxy function)
onto the polyester surface (through hydrolysed Si-OH groups) [44,45].
Indeed, GPTMS is mostly employed since it undergoes a ring-opening
reaction with the epoxy groups reacting with the carboxyl groups pre-
sent in the MR structure, to form an ester group. Moreover, after un-
dergoing hydrolysis, siloxane groups participated in co-condensation
reactions and with hydroxyl and/or carboxyl groups located at the end
of the polyethylene terephthalate polymer chains. These groups present
on the surface of the polyester enabled the establishment of covalent
bonds between fibres and hybrid segments possessing a siloxane back-
bone connected to dyestuffs-loaded halloysite nanotubes, offering
tuneable thickness, porosity, optical transparency, and biocompatibility
[46].

Therefore, methyl red-loaded GPTMS functionalized halloysite
nanotubes were fabricated by blending HNTs to GPTMS-based (either
modified with MR adduct) polymer matrices, and thus characterized by
different chemical-physical techniques. NMR spectroscopy was
employed to characterize and quantify the extent of the proposed re-
action in terms of surface morphology and chemical structure. The
chemical composition of xerogels coated onto polyester fabrics was
characterized through ATR FT-IR spectroscopy. Changes in the
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morphology of treated polyester fabrics were characterized with scan-
ning electron microscopy (SEM), equipped with an energy dispersive X-
ray spectroscopy (EDX), and atomic force (AFM) microscopy. In addi-
tion, diffuse reflectance spectroscopy measurements were performed on
the developed polyester fabrics to verify whether the proposed pad-cure
based method provides a stable dyestuff loading on PE. Then, the surface
chemical composition was investigated by X-ray Photoelectron Spec-
troscopy (XPS). Finally, the dyed silica-containing fabrics colour
strength and fastness to rubbing and washing properties were evaluated.
The effectiveness of this innovative and successful dyeing process of PE
samples was thoroughly discussed based on the overall experimental
findings.

From a sustainability perspective, relative to exhaust dyeing, the
proposed padding-based method offers many advantages [47]:

- lower liquor-to-fibre ratio in the dyebath;

- lower amounts of leftover dyebath solution;
- faster dye application;

- easier control of dye levelness on the fabric;
- no electrolyte required for exhaustion.

2. Experimental details
2.1. Materials and methods

The employed chemical reagents (3-glycidoxypropyltrimethox-
ysilane, GPTMS; methyl red, MR; boron trifluoride; halloysite nano-
tubes, HNTs; hydrochloric acid) and the solvents (absolute ethyl alcohol
and CHROMASOLV® water for HPLC) were purchased from Sigma
Aldrich Co at the highest purity available and used as received. Meth-
anol-d4 (99.9 atom% D) used for the NMR spectra was purchased from
Sigma Aldrich Co and used as received, without further purification.

100 % pure polyester fabrics (PE, with mass per unit area 140 g/m?)
were used, previously washed to eliminate any impurities of natural or
synthetic origin, in a water solution containing 2 % non-ionic detergent
(BERDET WF, detergent, kindly supplied by Europizzi, Urgnano (BG),
Italy), at pH 7 and under a temperature of 40 °C for about 20 min.
Washed samples were then rinsed differently times with deionized
water, dried and stored at atmospheric pressure under a temperature of
20 + 2 °C and humidity of 65 + 4 %, before carrying out any
experiments.

2.2. Synthesis of HNT GPTMS sol

Method in ethanol solution (HNT GPTMS@Et)

HNT (0.205 g, 0.70 mmol) was slowly dispersed in a round bottom
flask containing 200 mL of ethanol, and the resulting mixture was stirred
and heated at 70 °C (under reflux conditions) for 1 h. GPTMS (7 g, 29.6
mmol) and HC1 0.1 M (catalytic amount: 2 mL) were added dropwise in
this order, and the obtained mixture was left to react under stirring at 70
°C for 24 h. After this time, the pH of the mixture was adjusted above 5
using NaOH (0.1 M). The insoluble residue of HNT was removed through
filtration with Millipore® filter, obtaining a transparent hybrid sol
(HNT_GPTMS@Et sol).

Method in water solution (HNT GPTMS@W)

Similar to the previous procedure, HNT (0.2 g, 0.34 mmol) was
dispersed in a round bottom flask containing 200 mL of deionized water
and the resulting mixture was stirred and heated at 70 °C for 1 h. GPTMS
(7 g, 29.6 mmol) was slowly added to the resulting mixture, and thus, 10
mL of a BF30(C2Hs); solution (0.35 g, 2.47 mmol, 50 mL) was added.
After 24 h from the first addition of the catalyst, the resulting mixture
(whose pH was corrected above 5 with NaOH 0.1 M) was filtered from
the insoluble HNT residue with a Millipore® filter, obtaining a trans-
parent sol (HNT_GPTMS@W).



G. Rando et al.
2.3. Functionalization of HNT GPTMS sol with MR dyestuff

In the next steps, the functionalization of both hybrid sols with a
dyestuff, was realized using Methyl Red. In a flask containing 100 mL of
HNT_GPTMS@Et sol (or HNT_GPTMS@W sol), MR (0.095 g, 0.35 mmol)
was added under vigorous stirring. The obtained mixture was heated for
15 min, obtaining in the end the HNT GPTMSMR@Et and
HNT_GPTMS_MR@W sols. Following the production of the sols, the next
step was to impregnate the fabrics.

The purity of the starting materials and the characterization of the
reaction products as obtained in ethanol were determined using 'H NMR
assignment.

3-glycidoxypropyltrimethoxysilane (GPTMS), 'H NMR (500 MHz,
methanol-dy, 298 K) &: 3.73 (dd, 3Jgem = 11.6 Hz, “Jyn = 2.8 Hz 1H,
Hua), 3.55 (s, br, 9H, 3 x OCHs), 3.46 (td, 3Juy = 6.6, 4.4 Hz, 2H, Hs),
3.30 (dd, 2Jgem = 11.4 Hz, *Jun = 6.3 Hz, 1H, Hap), 3.11 (ddt, 3Jup = 6.2,
4.2 Hz, *Jyg =2.7 Hz, 1H, Hs), 2.76 (dd, 3Jgy = 5.1, 4.2 Hz, 1H, H,),
2.57 (dd, *Juy = 5.1, “Jun =2.7 Hz, 1H, Hgp), 1.65 (m, 2H, Hy), 0.66 (m,
2H, H).

4-Dimethylaminoazobenzene-21-carboxylic acid (MR). lH NMR
(500 MHz, methanol-d,4, 298 K) 6: 8.02 (d, 3JHH =7.9Hz, 1H, Hs), 7.89
(d, *Jun = 7.9 Hz, 1H, Hg'), 7.82 (d, ®Jun = 9.2 Hz, 2H, Hy), 7.72 (dd,
3Juy = 7.9 Hz, 1H, Hs), 7.59 (dd, *Jun = 7.9 Hz, 1H, Hy"), 6.96 (d, *Jun
= 9.2 Hz, 2H, H35), 3.22 (s, 6H, N—CH3).

4-Dimethylaminoazobenzene-21-carboxylic acid, GPTMS ester
(GPTMS_MR). 'H NMR (500 MHz, methanol-d4, 298 K) &: 8.17 (d, *Jun
=7.9Hz, 1H, Hs'), 8.11 (d, 3Jun = 7.9 Hz, 1H, He'), 7.88 (d, 3Jup = 9.2
Hz, 2H, Ha6), 7.76 (dd, *Juu = 7.9 Hz, 1H, Hs'), 7.43 (dd, *Juy = 7.9 Hz,
1H, Hy'), 7.36 (d, *Jun = 9.2 Hz, 2H, Hz 5), 3.91 (m, br,1H, Hs»), 3.65 (m,
br, 2H, Hg"), 3.58 (m, br, buried under other signals, Hs~), 3.46 (m, br,
buried under other signals, 2H, Hs»), 3.33 (s, 6H, N-CH3), 1.71 (m, br,
2H, Hy»), 0.69 (m, br, 2H, H;~).

4-Dimethylaminoazobenzene-21-carboxylic acid, GPTMS ester
(HNT_GPTMS_MR). 'H NMR. (500 MHz, methanol-dg4, 298 K) &: 7.83 (d,
3Jum = 9 Hz, 2H, Hag), 7.63 (d, br, 3Juy = 8 Hz, 1H, Hg), 7.51 (m, br,
1H, H3), 7.36 (m, br,1H, Hs 4), 6.86 (d, *Juu = 9 Hz, 2H, H3 5), 3.80 (m,
br, 2H, Hs»), 3.60 (m, br, buried under other signals, 2H, Hg~), 3.47 (m,
br, buried under other signals, 2H, Hz» 4), 3.02 (s, 6H, N—CH3), 1.67 (m,
br, 2H, Hy-), 0.68 (m, br, 2H, H;~).

2.4. Sol-gel treatment of the polyester fabrics

In this study, both MR-loaded functionalized HNTs-containing so-
lutions, i.e. HNT_GPTMS MR@Et and HNT_GPTMS_MR@W sols, pre-
pared according to previously described procedures, and the
corresponding MR solutions, were used for dyeing PE fabrics (20 cm x
30 cm) by simple pad dry-cure method using a two-roll laboratory
padder (Werner Mathis, Zurich, Switzerland) by setting up a nip pres-
sure of 3 bar. After impregnation, the wet-treated polyester fabrics were
dried (80 °C, 5 min) and cured (210 °C, 3 min) in a convection oven. The
obtained textiles were coded as PE-MR and PE-GPTMS_MR, both @Et
and @W, respectively.

Finally, treated samples were washed repeatedly (detergent 1 % by
weight, 1 and 5 wash cycles) to test the resistance of the fabric coating to
washing and to eliminate excess dyestuff, if present, dried and stored
under standard conditions in an environmental chamber. As a point of
comparison, the corresponding fabrics are prepared by application of
the sol in the absence of dyestuff.

To evaluate the washing resistance of each coating, samples were
washed with 1 and 5 washing cycles with a Labomat Mathis equipment
(Werner Mathis AG) according to the international standard EN ISO
6330:2000.

The total dry amount of coating (A, wt%) on polyester fabrics was
measured through Eq. (1) using a Mettler balance (10"4 2):
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Wy, —W;
== _1x
w;

A= 100 (€8]

where W; and W, are the PE fabric weights before and after the
impregnation step, respectively. In the same way, the weight loss per-
centage (WLW, wt%) of dyed polyester fabrics was measured after 1 and
5 washing cycles, using the same Eq. (1), where W; and W5 are the
weight of treated samples before and after washing cycles, respectively.
Both A% and WLW% for each polyester treatment are summarized in
Table 1.

2.5. Characterization and functional properties of treated fabrics

Nuclear Magnetic Resonance Spectroscopy (NMR). All NMR measure-
ments were performed in methanol-d4 at 298.2 (+ 0.1) K. The 'H NMR
spectra were obtained with a Varian 500 spectrometer, equipped with a
5 mm OneNMR (TM) operating at 500.1. All chemical shifts are reported
in parts per million (ppm), at low fields compared to tetramethylsilane
(Me4Si) as internal standard (6 = 0.0 ppm), or referred to the remaining
protiated methanol-d4 solvent signal (5 = 3.30 ppm). The coupling
constants, J, are given in Hertz. The purity of all the starting materials
and the reaction products obtained in ethanol were determined by 'H
NMR spectroscopy, and in any case clean spectra were obtained with the
correct integration. NMR resonances were assigned with the help of two-
dimensional homonuclear (gCOSY) experiments.

Attenuated total reflection FT-IR Spectroscopy (ATR FT-IR). Fourier
transform infrared analysis (ATR FT-IR) was performed on the dry
powders obtained in ethanol using a V-6600 Jasco Spectrometer,
including the intuitive Spectra Manager™ Suite with integrated search
software solution, KnowItAll® Informatics and database JASCO Edition
(JASCO Europe s.r.1., Cremella, LC, Italy), endowed with an attenuated
total reflection (ATR) accessory. Spectra were recorded at room tem-
perature in the 4000-500 em™ range.

Scanning Electron Microscopy (SEM) Analysis. The two-dimensional
morphology and structure of the surface fibres of the original and
treated polyester fabrics with ethanolic sols, together with the EDX
mapping, were obtained using a Scanning Electron Microscopy (SEM)
(FEI Quanta FEG 450, Thermo Fisher Scientific, Hillsboro, Oregon,
USA). A low vacuum voltage of 5 kV was used in any case. Energy
Dispersive X-ray Spectrometry (EDS) and EDS mapping were performed
at 20 kV, still in low vacuum. All the samples were placed on aluminum
supports by means of a carbon graphite adhesive prior to testing.

Atomic Force Microscopy. AFM imaging was performed in PeakForce
mode with ScanAsyst-Air probes (Bruker, USA) on a Multimode 8 mi-
croscope (Bruker, USA) equipped with a Nanoscope V controller and a
type JV piezoelectric actuator. Textile samples treated with ethanolic
sols were fixed to sample pucks via double-sided adhesive tape and
scanned in air at room temperature. Background subtraction and image
analysis were performed on Gwyddion 2.61 open-source software [48].

UV-Vis Spectroscopy. The UV-absorption spectra were recorded using
a UV/vis spectrophotometer equipped with a halogen lamp (5 W) and a
reflection probe (mod. QR600-7-SR-125F). This latter consists of a fibre
optic Y-cable with a 6-around-1 fibre bundle design, the 6-fibre leg
connected to the light source, and the single-fibre leg to the spectrom-
eter. Reflectance spectra were recorded with the probe perpendicular to
the sample’s surface and relative to a PTFE standard with 1 s integration
times, an average of 10 acquisitions, and a boxcar smoothing of 2.

The suspensions of nanomaterials, functionalized with GPTMS, were
purified by centrifugation with the Hermle Labortechnik High-speed
centrifuge, in 50 mL tubes, with a speed of 30,000 rpm. Diffuse reflec-
tance measurements were recorded with an Ocean Optics mod. S2000.

Powder X-Ray Diffraction (XRD). The intercalation and the basal
spacing study of the clay was carried out by using a D8 Advance Bruker
instrument (Bruker, Billerica, MA, USA) equipped with a mono-
chromatic CuKa radiation source (40 kV, 40 mA). Bragg-Brentano theta-
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Table 1
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Add-on, weight loss after 1 and 5 washing cycle percentage of coated samples with HNT_GPTMS and HNT_GPTMS_MR sols both in ethanol and water solutions.

Sample A (%) WLW (%) after 1 washing cycle WLW (%) after 5 washing cycles
PE-HNT_GPTMS@Et 1.73 % 0.04 % 0.09 %
PE-HNT_GPTMS_MR@Et 2.07 % 0.28 % 0.27 %
PE-HNT_GPTMS@W 1.55% 0.07 % 0.07 %
PE-HNT_GPTMS_MR@W 1.69 % 0.65 % 0.17 %

2theta configuration and a scanning speed of 0.1°/s were used to
examine the samples obtained in ethanol in a wide range, from 10° to
80°

XPS Spectroscopy. The surface chemical composition of both un-
treated and treated fabrics with ethanolic sols was investigated by X-ray
Photoelectron Spectroscopy (XPS), using an ESCALAB MKII (VG Scien-
tific, East Grinstead, UK) spectrometer, equipped with a non-
monochromatized Al Ka source and a five channeltrons detection sys-
tem. The samples were fixed to the holder by a metallic clip. The spectra
were collected at 40 eV pass energy and the binding energy scale was
calibrated positioning the C 1 s peak from adventitious carbon at BE =
285.0 eV. All data were collected and processed by Thermo Avantage v.5
software.

Fastness to washing. To test laundering durability, the dyed samples
underwent up to five washing cycles according to a modified ISO
105C10:2006 standard method. The test was performed at 40 °C for 30
min, using 400 mL capacity sealed stainless-steel pots in a laboratory-
scale Mathis Labomat machine (Werner Mathis, Zurich, Switzerland),
with 5 mg/1 standard non-phosphate detergent without optical bright-
eners. After washing, the samples were rinsed with distilled water (pH=
5.5) and then dried at room temperature on a flat surface. Colour
evaluation of the dyed samples was performed by a double beam UV-Vis
scanning spectrophotometer (Thermo Nicolet Evolution UV-Vis 500),
equipped with diffuse reflectance accessory (RSA-PE150 Labsphere),
under illuminant D65 and using a 10° standard observer. Reflectance
spectra were collected in the spectral region between 380 nm and 770
nm with 10 nm intervals.

The colour difference magnitude was quantified using the measured
values of CIE L*a*b coordinates, where L*, a*, and b* define lightness-
darkness, red/green, and yellow/blue values, respectively. Similarly,
AL*, Aa*, and Ab* indicate the difference of each value compared to the
dyed fabric, setting the unwashed sample as a standard and the washed
dyed fabrics as the samples, according to Eq. (2):

AF = /(ALY + (aa + (ab)? )

where AL* is the lightness difference, Aa* and Ab* are the differences in
a* and b* values. Chroma (C*) is the strength or dominance of the hue
and it can be described as a saturation of a colour.

The colour data was the average of three different places on the
sample, and the colour yield (K S value was calculated by using the
following Kubelka-Munk (Eq. (3)):

K (1-R?
S~ 2R )
where R is the reflectance of the dyed cotton fibre sample at the Apax
absorption and K and S are the absorption and scattering coefficients,
respectively.

According to Pei et al. [49], the level dyeing property (Sy(A)), cor-
responding to the standard deviation of K S values at 12 different
randomly selected points [50], was determined by employing the Eq.
(4):

o [0,
RV 0

n—1

Sy(d) =

The colour change significance was evaluated concerning the human
eye perception threshold, according to the confirmed range of colour
change perceptibility [51]. Then, AE* values ranging from 0.0 to 1.0
were considered as not perceptible (below the threshold of 0.7, colours
can be considered almost identical), between 1.1 and 3.0 as visually
perceptible, while results higher than 3.1 were considered as clearly
visible. For each experiment, an average value was determined based on
three measured data, with a standard deviation always below 5 %.

Fastness to rubbing. Dry and wet colour fastness to rubbing were
examined using an Atlas CM-5 Tester, according to AATCC 8-2005 test
(Colourfastness to Crocking), technically equivalent to ISO 105-
X16:2016. The dyed sample was placed on the base of the rubbing
tester (also named “crock meter”) so that it rested flat on the abrasive
cloth with its long dimension in the direction of rubbing. A square of
white testing fabric (5 cm x 5 cm) was forced to slide on the tested
sample back and forth 20 times by turning the crank 10 complete turns.
The control cotton cloth is then compared to a rating scale of pairs of
standard grey (ISO 105-A02) from 1 (worst performing, indicating the
highest level of colour transfer) to 5 (best performing, the lowest level of
colour transfer) under appropriate lighting conditions for the evaluation
of the staining. For the wet rubbing test, the control test square was
thoroughly wetted in ultrapure water. The rest of the procedure was the
same as the dry test. Also in wet conditions, the staining on the white
crocking cloth was assessed using the grey scale.

3. Results and discussions
3.1. HNTs functionalization

Halloysite nanotubes were functionalized by reaction with a proper
silane precursor by means of sol-gel technique, a very simple synthetic
method which allows the formation of a 3D-porous silane-based
network. The silane precursor, typically a Si(OR), alkoxide or a func-
tional derivative of general formula SiRx(OR);,x, may crosslink by hy-
drolysis and condensation reactions, [52,53] or either incorporate
functional organic molecules or nanofillers into this solid matrix, giving
rise to functionalized hybrid sol-gel and xerogel of high thermal and
mechanical stability [54].

GPTMS is certainly one of the most widely used and versatile organic
silanes for manufacturing hybrid materials. In particular, the synthesis
of hybrid materials based on the epoxy molecule GPTMS is a multi-step
process, which includes the formation of a silane-based 3D matrix and
the functionalization of the epoxide, by epoxy ring opening that can be
then used in the functionality of organic molecules [55,56]. Several
variables are strictly interdependent with the final result obtained and
with the yield of the process, including the solvent, the quantity of
water, the used catalyst, the temperature and the pH value. In the
presence of a nucleophile agent, such as a chromophore or an appro-
priately structured nanomaterial, an addition to the GPTMS silane
epoxide precursor through an epoxy ring-opening reaction can be
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observed, promoting the formation of an inorganic-organic silane
network [57].

To create sol-gel matrices incorporating nanofillers of organic or
inorganic origin, such as halloysite, to enhance the physicochemical
properties and mechanical characteristics of the sol-gel coated fabric
fibres, we opted to modify an existing sol-gel synthetic approach based
on GPTMS, which had previously been used for successful dyestuff ap-
plications on cotton [58]. The common feature of halloysite nanotubes,
aluminosilicate-based nanofillers, is that they present external and in-
ternal ~OH groups, together with interlayered water molecules. There-
fore, the use of the GPTMS is particularly suitable. In fact, it can bind, by
condensation, to nanofillers using its methoxysilane end and the -OH
group, leading to the loss of CH3OH. Additionally, GPTMS possesses an
available epoxy group that, in the presence of a suitable catalyst, can
undergo nucleophilic attack by chromophores, or other molecules in a
solution featuring opportune charged or nucleophilic groups (-COO",
-S03, -NH)), giving rise through the epoxy-ring reaction to the forma-
tion of a new adduct featuring the hydrolyzed OH- functionality and the
bound substituent nucleophilic molecule [59].

In this work, two different reaction approaches were used for the
synthesis of the GPTMS-based hybrid containing HNT as nanofiller
(Fig. 2): (i) in water with BF30(CyHs) as catalyst; (ii) in ethanol using
traces of acid (HCI) as catalyst. Various procedures were carried out to
optimize the best synthetic experimental conditions (i.e. varying sol-
vents, volumes, and catalyst/ nanomaterial/GPTMS concentrations)
leading to the best performing homogeneous sols.

To avoid the formation of undesidered insoluble material, a dilution
of the catalyst was carried out. In this regard, in the aqueous or ethanolic
solutions, the pre-established catalyst additions (BFs or HCl) were

H OH OH OH
Halloysite

(HNT)
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carried out little by little, to slow down the reaction between GPTMS and
HNTs. In the case of ethanolic solutions it was chosen to use a reflux
temperature (T = 70 °C) to activate the siloxanes of the GPTMS. In any
case, the pH of the solution was brought back to a neutral value, at the
end of the reaction, to stop the reaction itself. The solution was finally
filtered with a Millipore® filter, to eliminate the insoluble component.

Once both protocols were set up, the same reaction was carried out in
the presence of the Methyl Red (MR) dyestuffs, with the intent of
adsorbing the dyestuff on the surface or in the cavities of the used
nanostructures, to apply the chromophore, linked via hydrolyzed and
open-ring GPTMS or either directly coordinated to the nanofiller, more
effectively on the fabric.

While the surface charges remain unaffected with varying pH, the
charges at the edges are attributed to the protonation/deprotonation of
silanol and aluminol groups, which are pH-dependent [60]. In the pre-
sent study, methyl red immobilization was accomplished in both water
(pH between 5 and 6) and organic solvents (ethanol), which hindered
the determination of solution pH. In the case of the MR, the aluminol
groups, situated on the inner side of the nanotube or at the tube ends,
were identified as their preferred immobilization sites on the support.
Indeed, in the pH range of 5 to 6, these sites undergo protonation and
exhibit a positive charge: AI(OH,)". Bearing in mind that the isoelectric
point of halloysite is around pH 3.0, the silanol groups at the edge must
be deprotonated entirely at pH higher than 3, SiO™ being the predomi-
nant species in the product [14].

Fig. 3 shows the reaction schemes for the functionalization of the
siloxane-based external or aluminate-based surface of the halloysite
nanotubes.

HaCOy,

H,CO \OCH3 0

GPTMS

H,O (cat=BF,)
EtOH (cat=HCI)/T=70°C

HoCOmsi,
HiCO OCH;

HNT_GPTMS

Fig. 2. Reaction scheme for the formation of halloysite derivative functionalized with the GPTMS sols.
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Fig. 3. Schematic representation of the selective functionalization of halloysite by grafting the chromophores on the internal and external surface.

3.2. Functionalized HNTs characterization

3.2.1. NMR characterization of MR-based nanosols

In this work, the attention was focused on the behavior and reactivity
of the GPTMS silane precursor in combination with MR dyestuff as a
nucleophile. Thus, the obtained adduct was encapsulated into the hal-
loysite nanotubes, used as functional nanofillers to finally stably colour
polyester fabrics; these stepwise functionalization reactions were per-
formed in different reaction environments (water or ethanol), to inves-
tigate the influence of suitable catalysts (BF30(CoHs) or HCI,
respectively) on the property of the final treated textile samples.

As already shown in other previous work [44], the MR dyestuff reacts
as a nucleophile through its carboxylic group towards the GPTMS epoxy
ring, giving rise first to an open ring reaction with the formation of the
ester adduct GPTMS_MR. Then silane hydrolysis and condensation

reactions occur catalyzed by slightly acidic conditions with the forma-
tion of the siliceous polymeric network in the presence of HNT
(HNT_GPTMS_MR).

In this regard, 'H NMR spectroscopy may be considered a useful tool
to monitor the involved reactions and their proceeding in methanol-d4
solution phase, as well as to characterize the obtained reaction products
prior to their application on polyester, i.e. the GPTMS_MR derivative
(see Fig. 4) and the nanosol containing the hydrolyzed GPTMS_MR,
linked to the HNT filler (HNT_GPTMS_MR), as obtained in situ by re-
action of the corresponding starting species in an equimolar ratio
(Fig. 5).

The opening of the epoxy ring can be confirmed by observing
changes in the signals of the aliphatic protons, particularly the methine
Hs and diastereotopic methylene Hg protons of the epoxy ring itself (see
stacked plot at the top of Fig. 5), which undergo the greatest change in

OCH;
Hicox [ ook,

o OH

HaC N
N y
HaC 0

H3CO/,"' /\/\
4'5\ o
HaCO™  ocH, o

GPTMS

v

N
ch\ u
/N N
HsC

GPTMS_MR

Fig. 4. Reaction scheme related to the formation of the GPTMS_MR ester derivative from GPTMS and MR starting species.
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Fig. 5. 'H NMR spectra relative (from top to down) to the aliphatic (upper side) and aromatic region (lower side) of GPTMS and MR signals in starting species and in
the two adducts GPTMS_MR and HNT GPTMS_MR (500 MHz, T = 298 K, methanol-d,).

the two intermediate and final adducts, GPTMS_MR and
HNT_GPTMS_MR, respectively. After forming an ester bond with the
methyl red dyestuff, both proton chemical shift values (§/ppm) increase
at low fields [44].

In fact, the two diastereotopic methylene protons Hg, and Hgp g0
from 2.76 to 2.57 in GPTMS, to 3.65 and 3.60, while the methylene
proton Hs goes from 3.11, to 3.91 and 3.80 in GPTMS_MR and
HNT_GPTMS_MR, respectively. Moreover, the simultaneous coalescence
of the Hg, , protons in the diol GPTMS derivatives indicates a loosening
of the oxirane ring conformational constriction. The hydrolysis reaction
brings to the formation of free methanol at 3.55 ppm, and the corre-
sponding Si-OH groups, in fast exchange with water (broad peak of

water at around 4.5 ppm), which were both saturated by multiple peak
suppression in the GPTMS proton spectrum.

In the aromatic zone, all protons move at lower fields, except Hy,
indicating the establishment of an ester bond with the diol GPTMS de-
rivative. To characterize the adduct HNT_GPTMS_MR, a sample was
recorded in the presence of HNT that gives rise to a certain precipitation;
all aromatic protons, except Hy ¢, show a different trend moving at lower
ppm, i.e. higher field, indicating that they are better shielded.

The different pattern observed for the aromatic protons belonging to
GPTMS_MR and HNT_GPTMS_MR may be ascribed to a different orien-
tation of the double bonds of the carboxylic and the diazo groups with
the protons of the two benzene rings. In particular, the latter
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HNT_GPTMS_MR is most probably immobilized in a plane conformation
with the protons benzene ring (i.e. Hy_¢) on the same plane of the
closest double carboxylic C=0 and diazo N—=N double bonds, being
affected by their diamagnetic anisotropic shielding resonance cones,
within a preformed polyethyleneoxide (PEO) matrix (whose presence is
confirmed by different proton aliphatic patterns [61]).

This experimental finding confirms that in the MR pristine dyestuff,
the carboxylic group itself lies in an almost locked six-ring conformation
because of the strong hydrogen bond with the nearest nitrogen from the
azo bond, as also confirmed by the conformational structure obtained by
semi-empirical calculations in an earlier study [44]. Because of this
nearly blocked structure, the surrounding resonance cone of both double
vicinal bonds has a deshielding effect on the Hs and Hg aromatic protons
of the benzene bearing both N—N and C—O functional groups, which
consistently causes them to shift downfield toward higher chemical
shifts. However, because of the carboxylic group involvement in the
ester bond between GPTMS and MR, this hydrogen bond is no longer
possible in the GPTMS_MR derivative and even more so in the
HNT_GPTMS_MR one. The optimized structure previously described for
GPTMS_MR [44] indicates that the two dihedral angles for N-N- C;-—Cg-
and O-C-Cy—Cs- are somewhat tilted instead of remaining flat. Based on
this rationale, the anisotropic resonance cones of the carbonyl and diazo
double bonds bring to an observed shielding of their two Hs: and Hg-
ortho benzenic protons, which are now shifted at lower frequencies in
the spectra of both GPTMS_MR and HNT_GPTMS_MR.

3.2.2. FT-IR analysis with total reflectance attenuation of HNT-based
nanosols

To study the chemical structure of the obtained solutions, FT-IR
measurements with total reflectance attenuation (ATR) were per-
formed. Halloysite derivatives spectra (Fig. 6) display the characteristic
peaks of this nanotubular clay; in particular, the band at 533 cm ™ in-
dicates the deformation vibration of Al-O-Si, while the absorption peak
at 3438 cm™~! is attributed to the O-H stretching of water [62].

The adsorption peak at 911 cm™! can be assigned to the Al-O-OH
vibration, while the peaks at 3695 and 3627 cm™! are caused by the
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stretching vibrations of the inner-surface AI-OH groups [63,64]. A very
strong O-Si-O absorption peak was observed at around 1008 em !, and
the peaks at 674, 747 and 1115 cm ™! are assigned to the stretching mode
of Si-O [65-68].

The interlayer water can be identified by the bending vibration re-
flected as the peak at 1608 cm ™. Compared with the FT-IR spectra of
HNT raw, the HNT GPTMS_MR sample clearly shows the functionali-
zation by the selected tri(alkoxy)silane precursor, as evidenced by the
presence of C-Hy asymmetric and symmetric stretching vibrations of
alkyl chains present in GPTMS precursor at 2938 and 2869 cm™..

3.2.3. Morphological characterization by scanning electron microscopy of
HNT-based nanofillers

To study the morphology of HNT-based nanofillers, SEM analysis
was conducted in HV at 5 kV. The EDS (EDAX, Ametek, Tokyo, Japan)
investigation was also conducted for the elemental chemical analysis.

Fig. 7 shows the SEM images of the untreated halloysite nanotubes
(Fig. 7a) and those treated with GPTMS (Fig. 7b) and GPTMS and Methyl
red (Fig. 7c), respectively. EDS spectra are reported in the Figs. 7a—c
inserts.

The morphology of HNT was observed to be typical of tubular
structures (inset in Fig. 7a).The nanotubes appear stubby, mostly short
and thick.

After treatment with GPTMS and with GPTMS and MR, the nano-
tubes do not appear damaged and retain their nanotubular structure,
although the material appears more compact and dense, at the micro-
scopic level. From the EDS analyses, it is possible to observe a higher
carbon and silicon peak for the HNT GPTMS and HNT_GPTMS_MR
samples compared to the pristine filler, due to the addition of GPTMS
and Methyl red.

3.2.4. X-ray powder diffraction (XRD) of HNT-based nanofillers

X-ray diffraction (XRD) is a powerful technique used for the char-
acterization of crystalline materials, including minerals like halloysite.
Halloysite is a clay mineral that belongs to the kaolin group, and its
crystal structure can be analyzed using XRD.
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Fig. 6. ATR FT-IR spectra of pristine halloysite clay and their hybrid derivatives after the functionalization with the MR dyestuff and GPTMS precursors.
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Fig. 7. SEM images of HNT (a), HNT_GPTMS (b) and HNT_GPTMS_MR (c). ESD spectra are represented in the image inserts.

To analyze halloysite nanotubes using XRD, a finely powdered
sample is required. The sample should be homogenized to ensure a
representative analysis. The powder is then placed on a sample holder,
and the surface is levelled for an even distribution.

A typical XRD pattern for halloysite might exhibit the following
features:

- The presence of low-angle peaks indicates the presence of a layered
structure in halloysite nanotubes. These peaks correspond to the
basal reflections and are typically observed at lower 26 angles.

- One of the characteristic features of halloysite is a peak around 11.8°
(20), corresponding to the (001) plane of the halloysite crystal
lattice.

- Depending on the crystalline form and impurities, you may observe
other peaks at higher angles. These peaks are associated with
different crystallographic planes and provide information about the
crystal structure.

All the characteristic peaks of halloysite are visible in the XRD
spectra (Fig. 8). All the samples show similar XRD profiles, indicating
that the crystalline structure of HNTs remained almost unchanged after
functionalization [69,70], as confirmed by previously described SEM
analysis.

For the pure HNT, the XRD pattern displays an intense peak at 11.7 °
with a basal spacing of 0.76 nm for the (001) plane of halloysite, iden-
tifying the HNT samples as halloysite-(7 A). The 20 positions of 19.8°
and 24.8° confirm the dehydrated state, which is characteristic of
tubular halloysite with (020) and (002) basal reflection [57].

The characteristic 001 peak of halloysite shifted to a higher 26 value,
compared to pristine HNT, for both HNT_GPTMS (26 = 11.9°, d-spacing
of 0.74 nm) and HNT_GPTMS_MR (26 = 11.9°, d-spacing of 0.74 nm).

The peak at 19.9° with a basal spacing of 0.45 nm for the (020) plane
of halloysite doesn’t reveal any particular variation, showing a soft shift
to 20.0° with a basal spacing of 0.44 nm for both HNT_GPTMS and
HNT_GPTMS_MR samples.

This slight increase in d-spacing is attributed to the functionalization
of halloysite by silane molecules [71]. Changes in the (002) plane (20 =
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Fig. 8. XRD patterns of pristine HNT (black), HNT_GPTMS (blue) and
HNT_GPTMS_MR (red).

24.7°) after silylation are also observed with a basal spacing of 0.36 nm,
meanwhile for HNT GPTMS_MR 002 plane corresponds to 24.9 ° with a
basal spacing of 0.36 nm. The XRD data provides evidence that the
original structure of the HNT was maintained even after surface grafting
with the epoxy group of the used organosilane GPTMS.

3.3. Functionalized fabric analysis

When PE fabrics were treated with HNT_GPTMS_MR, we noticed a
different dispersion of the colour (and presumably of the sol) between
the coating coming from the aqueous and the ethanolic solution (Fig. 9).
As a result, the most homogeneous solution was obtained by applying an
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Fig. 9. Dyed polyester samples after deposition of sols containing halloysite nanotubes and GPTMS in aqueous (a) and ethanolic (b) solutions.

ethanolic sol on polyester.

The most interesting aspect is that the use of ethanolic sol containing
HNT_GPTMS_MR has allowed, compared to the obtained water sol (see
Fig. 9) and to other examples reported so far in the literature, the dyeing
of polyester fabrics without using drastic conditions or a pretreatment of
textile samples. The evaporation of the solvent and the sol-gel processes,
occurring during this time, are clearly evidenced by the colour shift of
the fabrics and the colour is resistant to subsequent washing as shown in
Fig. 10.

The coloured PE fabrics were characterized by means of different
chemical-physical and morphological techniques to ascertain the
coating stability.

3.3.1. Morphology analysis by scanning electron microscopy with EDS
mapping

The treated and subsequently washed samples were compared to the
untreated one, to assess the morphology of the samples after textile
finishing and laundry cycles and possible variation in comparison with
neat fibres. In Fig. 11, the SEM images of the analyzed samples are
reported.

Adding halloysite and GPTMS (Fig. 11b), either in the presence of
MR (Fig. 11c), or in the pristine polyester fibres (Fig. 11a), no differences
in morphology are noticed. As confirmation of the carried treatment, Si
peak is detected in the EDS spectrum of the PE-HNT_GPTMS sample
(Fig. 11f). Al element in EDS peaks confirms the presence of halloysite
on treated fibres, since aluminum is present only in the structure of clay
nanotubes. Even after the tissue washing (Fig. 11d and e, respectively
after one and five washes), no damage to fibres is evidenced and the
morphology does not change in comparison with Fig. 11c.

Notably, the high homogeneity inferred by the carried treatment, as
supported by the EDS mapping (Fig. 12), shows a uniform distribution of
Al and Si elements and no phase separation.

3.3.2. AFM morphometry

The nanoscale morphology and qualitative mechanical response of
pristine and functionalized PE samples were determined via AFM peak
force imaging (Fig. 13). Root mean square surface roughness (Sq) was

PE-MR@Et

PE-GPTMS_MR@Et

used as a statistical descriptor of the overall surface morphology, while
the root mean square values of the Peakforce inphase signal were used as
a semi-quantitative descriptor of local mechanical response, assumed to
broadly correspond to surface material inhomogeneity given the nature
of these samples.

AFM imaging of pristine PE evidenced marginal local in-
homogeneities (resulting in values of Sq ~ 6 nm and RMS inphase ~ 3
mV), which we ascribe to minor wear induced by handling.

All PE-HNT_GPTMS@Et samples have an average Sq comparable to
that of pristine PE, but a smaller mechanical inhomogeneity (RMS
inphase = 1.0 mV); these values remain largely unaffected even after 5
cycles of washing. This suggests that most material deposited via this
functionalization procedure has tightly adhered to the underlying PE
fibres.

Before washing, PE-HNT_GPTMS_MR@Et displays a highly homo-
geneous surface, with both S; and RMS inphase being one order of
magnitude smaller than those of pristine PE. Successive washes induce
progressive wear on the surface, first recovering (1 W) and then sur-
passing (5 W) the degree of local inhomogeneity displayed by pristine
PE. This suggests that the amount of material deposited on PE, in this
case, was so high as to mask the underlying inhomogeneities but that a
consistent proportion of the accreted material was not directly bound to
the textile material.

3.3.3. UV-Vis spectral analysis and washing fastness investigation

The diffuse reflectance spectrum of pristine PE samples is reported in
Fig. 14 as a black solid curve. In line with the chemical composition of
the textile, its spectrum does not present any characteristic feature in the
visible region.

This latter observation also holds for PE samples that have been
functionalized by treatment with an ethanolic sol of GPTMS-grafted
halloysite, their reflectance spectrum (Fig. 14, red line) being entirely
superimposable to that of untreated samples. As expected, subjecting the
functionalized textiles to one or five washing cycles at 70 °C does not
modify the reflective properties of the samples (Fig. 14, bright green and
blue lines, respectively) compared to the starting PE. A different picture
is obtained when PE samples are treated with an ethanolic sol of GPTMS-

PE-HNT_GPTMS_MR@Et

c)

Fig. 10. Coloured polyester after deposition of MR@Et (a), GPTMS_MR@Et (b) and HNT_GPTMS_MR@Et (c) ethanolic solutions.
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Fig. 11. SEM images of analyzed samples; a) pristine PE, b) PE-HNT GPTMS@Et, c¢) PE-HNT GPTMS_MR@Et, d) PE-HNT GPTMS_MR@Et W1, e) PE-
HNT_GPTMS_MR@Et_ W5, f) EDS of PE-HNT GPTMS@Et with the corresponding peaks of C, O, Al and Si.

grafted halloysite containing methyl red (Fig. 14, cyan line). Their
reflectance spectrum presents a minimum centered at around 470 nm,
due to light absorption by the dyestuff, whose absorption spectrum in
water (Fig. 14, dashed black line; pH 8) features a maximum in the same
spectral region. Just a minimal discolouration, namely a 5 % reduction
of the light absorption, is observed upon washing the samples at 70 °C
after one washing cycle (Fig. 14, magenta line). In fact, performing
additional washing cycles at the same temperature does not further
affect the colour of the dyed textiles (Fig. 14, dark green line), indicating
that the proposed method is very effective in yielding stable dyestuff
loading on PE.

3.3.4. XPS analysis

The surface chemical composition of the textile before and after
functionalization with HNT GPTMS@Et was investigated by XPS
(Fig. 15).

The survey scan shown in Fig. 15a evidenced that the PE fabric was
characterized by the presence of C, O and a small amount of Na, which
was considered a contamination of the surface. The C 1 s spectrum

12

(Fig. 15b) is typical of PE, composed of three contributions positioned at
BE = 285.0 eV, 286.5 eV and 288.9 eV, and assigned to aliphatic carbon,
C-0 bond and ~COOH(R) group, respectively [72]. While the samples
containing HNT GPTMS@Et and HNT GPTMS_MR@Et were character-
ized by the presence of Si from silane (BE = 102.3 eV). It is worth noting
that no traces of Al on the surface were detected, indicating that HNT is
completely covered with GPTMS.

Moreover, the absorption of MR occurred in the inner layers of the
sample, as testified by the absence of the N1s signal due to MR, since XPS
is a very surface-sensitive technique (< 10 nm). However, it can be
observed that the shape of the C 1 s signal changes when organic com-
pounds were added, increasing the peak intensity in the aliphatic
contribution.

3.3.5. Colour fastness to rubbing and washing

Colour fastness to washing and rubbing are crucial factors in evalu-
ating the durability of dyed materials, measuring their resistance to
washing and friction against a rough surface. In Table 2, the colour
coordinates of dyed polyester samples, both unwashed (used as
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Fig. 12. EDS mapping with the corresponding Al and Si distribution on PE-HNT_GPTMS@Et sample.
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Fig. 13. Nanoscale morphological characterization of pristine and functionalized PE textiles. Top row: representative optical microscopy images; scalebars are 500
pm. Middle row: representative AFM morphology (top) and PeakForce inphase (bottom); scale bars are 1 um. Bottom row: root mean square roughness Sq (dark grey)
and inphase (light grey) as observed via AFM. Error bars are standard deviations from sets of five non-overlapping 1 x 1 um? areas of each sample.

references) and washed, as well as K S values and rubbing evaluations
according to the greyscale, are reported.

The average colour differences of GPTMS_MR and HNT_GPTMS_MR
unwashed polyester fabrics measured at five different positions on the
sample indicated very good leveling properties. Moving from unwashed
to washed fabrics, there is a noticeable decrease in lightness (L*) values,
while the saturation (C*) values remain relatively high, indicating the
retention of the dyestuff. In particular, polyester fabrics dyed with
GPTMS_MR show a significantly visible colourimetric variation after one
wash (AE* = 4.53) due to the leaching of unfixed dye. In contrast,
fabrics dyed by GPTMS-grafted halloysite (HNT_GPTMS_MR) show an
AE* of 0.95, indicating good colour fastness.

In Table 2, the K S equivalent absorption units of unwashed and
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washed treated fabrics, calculated according to Eq. (3), are presented.
The K S value represents the intensity of the developed colour; a higher
value denotes a deeper developed colour. From the results displayed in
Table 2, samples dyed with silane-functionalized MR exhibited a slightly
lower colour yield compared to the MR-containing halloysite dyed
sample. The colour intensities exhibited by both samples were not sta-
tistically different, suggesting similar colourability. Dye levelness was
assessed using Eq. (4), where a lower Sy(A) value indicates a higher level
dyeing property. The experiment demonstrated that the values obtained
by the halloysite-assisted dyeing process were lower than those obtained
by dyeing polyester samples with silane-functionalized MR, regardless
of washing cycles (Fig. 16 and Table 2).

Results showed that GPTMS_MR-dyed polyester, with an initial K S’
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Fig. 14. Diffuse reflectance of PE samples functionalized with (i) an ethanolic sol of GPTMS-grafted halloysite (red, bright green and blue lines) or (ii) an ethanolic
sol of GPTMS-grafted halloysite containing methyl red (cyan, magenta and dark green lines). The spectra have been recorded before (red and cyan lines) and after one
(light green and magenta lines) or five (blue and dark green lines) washing cycles at 70 °C. The reflectance spectrum of pristine PE (solid black line) and the ab-
sorption spectrum of a water solution of methyl red at pH 8 (dashed black line, right y-axis) have been included as a reference.

of 3.23 and a maximum variation of Sy(A) value of +0.07, was reduced
to 2.41 with a Sy()) value of +0.08 after one washing cycle, indicating a
25.4 % loss in fastness. After five laundering cycles, the fastness rate
increased to 31.6 %, resulting in a Sy(\) value of +0.09. Conversely, the
MR-containing halloysite dyed samples exhibited a better fastness per-
centage, as the initial colour strength decreased from 4.05 to 3.55 after
one wash (a 12.3 % loss in fastness). Moreover, the dye leaching was
slightly reduced when fabrics were treated with the HNT-encapsulated
GPTMS_MR, resulting in an 11.1% loss in colour fastness after five
washes. The Sy()) value of the unwashed halloysite-containing sample
was +0.05, maintained at +0.06 after one and five washing cycles.
Therefore, with the assistance of the halloysite, there was little
enhancement in the colour depth of the dyed fabric and a slight
improvement in dyeing uniformity.

However, results from the dyed samples indicated that there is no
significant difference in colour strength due to the encapsulation of MR
in halloysite molecules, which is also visible to the naked eye (Fig. 17).
This finding suggests that the presence of halloysite does not limit the
diffusion of dyes into the polyester fibres compared to the dyeing pro-
cedure using GPTMS_MR. Moreover, data reported in Table 2 highlight
the improved durability of the GPTMS-functionalized MR coatings on
polyester fabrics when in the presence of the selected nanofiller thanks
to its higher ability to anchor the dye.

As shown in Fig. 17, all dyed polyester fabrics exhibit good dry
crocking fastness. Notably, the results under wet conditions are partic-
ularly significant. Generally, when the white crocking cotton samples
are wetted their fibres swell leading to increased friction and a large
contact area, which can result in more mechanical action during the wet
crocking operation. Consequently, in wet crocking conditions dye par-
ticles are often more easily removed by the wet white crocking cloth.
However, during the crocking tests under wet conditions, no ablation
phenomena were observed. The wetted white crocking cotton samples
did not show any traces of colouration, and a consistent crocking rating
was assigned for all samples.

4. Conclusions

In this paper, a "bottom-up" process was used to develop MR-loaded
halloysite nanotubes functionalized by GPTMS as an innovative dyeing
strategy of polyester fabrics. As a matter of fact, PE samples were dyed
with the so-obtained halloysite-containing silica hybrid film by means of

14

impregnation-thermofixation padding-based method, which is currently
used in many textile finishing processes to treat synthetic fibres.

In particular, the study of the reaction between the alkoxysilane, the
nano-sized HNT filler and the fabric has proven to be of key importance
in the immobilization of the methyl red, loaded in halloysite nanotubes
and chemically encapsulated in a hybrid silane matrix, which results in a
dense microstructure which reduces the dyestuff leaching. NMR exper-
iments revealed the structure of the organic-inorganic hybrid molecule
resulting from the sol-gel reaction in ethanol, confirming the success of
the dyestuff coordination reaction to the 3D matrix.

Moreover, the MR-silica based coatings developed by padding-cure
method provide good contact with the fibres and adhesion of the
hybrid film to the surface of the textile fabrics. The SEM analysis showed
the effects of the treatment on the morphology of the fabric fibres,
highlighting how the treatment with GPTMS-based sol modified the
microstructure of the fibres and how the dispersion of the sol was ho-
mogeneous. The dyeing method developed in this study offers many
advantages over traditional aqueous dyeing: high-quality dyed goods
without the need for auxiliaries and large amounts of water, as well as
the potential reduction of both surface oligomers and micro- or nano-
fibre release during maintenance cycles, being also satisfactory in
terms of fastness properties of the dyed modified PE fabrics. Finally,
fastness to washing and rubbing, in the latter case both under dry and
wet conditions, exhibited excellent values, achieving a rating of 5 for all
investigated samples according to the geometric grey scale. Overall, the
experimental findings suggest that the halloysite-based dyeing tech-
nique is a promising alternative to conventional processes for the uni-
form colouration of polyester fabrics. Therefore this study could open
the way to a new approach to dyeing polyester fabrics with acid dyes
through halloysite-assisted anchoring hosts, at reduced temperatures
and shorter durations, as opposed to conventional dyeing methods of
polyester fibres.
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Table 2

Washing and rubbing fastness properties of dyed polyester fabrics. AE* was calculated according to eq. (2), comparing the washed sample (after 1 or 5 laundering
cycles) to the original unwashed dyed fabric (reference).

Textile samples Wash fastness Ks?! Sy(\) Rubbing fastness
L* a* b* AE* C* dry wet
PE-GPTMS_MR@Et 70.38 50.07 48.88 - 69.98 3.23 0.07 5 5
PE-GPTMS_MR@Et W1 69.67 47.80 45.02 4.53 65.66 2.41 0.08 5 5
PE- GPTMS_MR@Et W5 68.45 48.50 46.42 3.50 67.13 2.21 0.09 5 5
PE-HNT_GPTMS_MR@Et 70.36 50.05 48.15 - 70.69 4.05 0.05 5 5
PE-HNT_GPTMS_MR@Et W1 70.01 49.23 47.81 0.95 69.50 3.55 0.06 5 5
PE-HNT_GPTMS_MR@Et W5 69.75 48.59 47.01 1.95 63.19 3.60 0.06 5 5

COMPONENTE 2, INVESTIMENTO 1.3 -D.D. 1551.11-10-2022, be considered responsible for them.
PE00000004). This manuscript reflects only the authors’ views and
opinions, neither the European Union nor the European Commission can
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