N\

S ;

& fextiles
"“.'

Article

Preparation and Characterisation of a Halloysite
Nanoclay—-Anthocyanin Hybrid Under Variable Conditions

Teresa Rutschi-De-Cea 1, Daniel Lopez-Rodriguez 2*, Barbara Mic6-Vicent ? and Jorge Jordan-Nufiez 3

Received: 22 December 2025
Revised: 31 January 2026

Accepted: 11 February 2026
Published: 15 February 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Departamento de Ingenieria Textil y Papelera, Universitat Politécnica de Valéncia, Plaza Ferrandiz y
Carbonell s/n, 03801 Alcoi, Spain; trutdec@epsa.upv.es

2 Departamento de Matematica Aplicada, Universitat Politecnica de Valencia, Plaza Ferrandiz y Carbonell
s/n, 03801 Alcoi, Spain

3 Departamento de Ingenieria Grafica, Universitat Politecnica de Valencia, Plaza Ferrandiz y Carbonell s/n,

03801 Alcoi, Spain; barmivi@eio.upv.es (B.M.-V.); jorjornu@upv.es (J.].-N.)

Correspondence: dalorod@upv.es

Abstract

The development of sustainable pigments from natural sources is gaining interest due to
environmental concerns and the need for bio-based alternatives to synthetic dyes. This
study investigates the synthesis of hybrid pigments by adsorbing anthocyanins—ex-
tracted from pomegranate agro-waste—onto halloysite (HA) nanotubes. A full factorial
design was applied to evaluate the influence of pH and surfactant type (cetylpyridinium
bromide and sodium dodecyl sulfate) on pigment colour and the thermal and structural
stability of the hybrids. Adsorption was carried out in 400 mL dispersion baths containing
10 g of HA and 5% w/w anthocyanins. Surfactants (2% w/w) were added before the pig-
ment, followed by 200 pL of silane. Dispersions were stirred at high speed for 1 h and then
at 500 rpm for 23 h to ensure adsorption without premature desorption. Characterisation
(TGA, XRD, FTIR, UV-Vis/NIR, SEM, EDX, BET) confirmed the preservation of HA struc-
ture and minimal changes in thermal behaviour. Pigment colour varied with synthesis
conditions, especially pH: a higher pH increased brightness and yielded yellowish tones,
while a lower pH resulted in reddish-blue hues with greater variability. The results con-
firm halloysite’s potential as a stable carrier for natural dyes and demonstrate that pH
effectively tunes hybrid pigment colour.

Keywords: halloysite; anthocyanins; adsorption; FTIR; DRX; SEM

1. Introduction

In response to increasing environmental concerns and the depletion of fossil-based
raw materials, the development of sustainable, functional materials based on natural re-
sources is an urgent priority. This need is particularly evident in the textile industry,
where conventional synthetic dyes and finishing agents are associated with a high envi-
ronmental impact, toxic effluents and limited biodegradability [1,2]. Consequently, there
is growing interest in bio-based colourants and functional additives that enable the pro-
duction of environmentally beneficial textiles while providing additional functionalities,
such as antioxidant activity, UV protection or pH-responsive behaviour [3,4]. Among the
bio-based compounds gaining attention, anthocyanins—naturally occurring pigments
found in various fruits and vegetables—stand out due to their colouring properties, anti-
oxidant activity, biocompatibility and biodegradability [5-7]. One of their most notable
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properties is their ability to change colour significantly depending on the acidity or alka-
linity (pH) of the surrounding medium [8,9]. For this reason, anthocyanins are considered
to be natural pH indicators. This colour change is caused by a chemical transformation in
the molecular structure of anthocyanins [8,9]. When the pH changes, the anthocyanin mol-
ecule gains or loses protons (H*), altering its electronic structure and consequently the
way it absorbs and reflects light. At pH values below 3, the molecule is highly protonated
and the flavylium cation is the dominant form, exhibiting reddish colours. At pH 67, the
molecule loses protons, resulting in the most stable structure being the quinoidal anhy-
drobase, which is associated with violet colours. Further deprotonation occurs at pH 7-8,
resulting in blue colours and the most stable form being the anionic quinone. Finally, at
pH values above 11, the molecule loses more protons, resulting in the least stable region
where dianionic forms are produced [8,9].

These characteristics make anthocyanins promising candidates for use in sustainable
textile colouration, smart textiles, and functional fabric finishes. However, their practical
application in materials science and the textile industry is significantly limited by their
susceptibility to environmental challenges, such as shifts in pH, light exposure, and
changes in temperature [10,11], which can lead to colour fading, degradation, and poor
durability during textile processing and use [12,13]. Therefore, improving the stability and
fixation of anthocyanins is essential for their successful implementation in textiles, partic-
ularly in applications requiring resistance to laundering, light exposure, or variable envi-
ronmental conditions.

To address these limitations and broaden their applicability, inorganic carriers, in-
cluding clay minerals, have been extensively studied as stabilising and protective hosts
for natural dyes. In this context, halloysite nanotubes (HNTs)—aluminosilicates found in
nature that exhibit a unique tube-like morphology —have emerged as promising hosts for
the encapsulation of active molecules, including pigments [14-17]. Structurally, halloysite
is composed of rolled kaolinite-like layers with a distinct inner and outer surface chemis-
try. The internal lumen is rich in AI-OH groups, whereas the outer surface is dominated
by Si-O functionalities, enabling selective interaction with various guest species [17-19].
In previous studies, our research group successfully demonstrated that halloysite nano-
tubes can function as a stable matrix for copper chlorophyll, achieving an adsorption effi-
ciency of 98%. This validates their potential for industrial use in textile dyeing and print-
ing processes [17]. While that study confirmed the feasibility of HA—dye hybrids as sus-
tainable pigments, it focused on a commercially available chromophore with a relatively
stable porphyrin structure. The present work constitutes a necessary continuation of that
research, redirecting the focus towards anthocyanins extracted from pomegranate waste.
Unlike chlorophyll, anthocyanins are highly sensitive molecules whose structural integ-
rity and chromatic response depend heavily on the chemical environment. This character-
istic necessitates a thorough investigation of synthesis variables, such as pH and the use
of surfactants, which were not addressed in our previous studies. Moreover, current re-
search demonstrates the potential of halloysite as a protective nanocarrier for stabilising
dyes, drugs, enzymes, and other labile molecules. In textile systems, halloysite-based hy-
brids have shown promise in improving dye stability, enhancing colour fastness and im-
parting multifunctional properties, such as UV shielding, antimicrobial activity and sens-
ing capabilities, when incorporated into fibres, coatings or surface treatments
[14,15,17,18]. Studies have also shown that the surface modification of halloysite using
surfactants or silane coupling agents can improve its compatibility with organic mole-
cules, promote its dispersion in polar and nonpolar matrices, and enhance its functional
performance in composite and coating systems relevant to textile finishing processes [20—
22]. Nevertheless, few studies have systematically explored the effects of combined chem-
ical modification (surfactants and silane agents), environmental conditions (notably pH),

https://doi.org/10.3390/textiles6010024



Textiles 2026, 6, 24

3 of 24

and interaction with natural pigments such as anthocyanins on the structural, thermal,
and optical features of the resulting hybrid materials. Furthermore, while some studies
suggest that the dual-surface chemistry of halloysite enables the strong binding of bioac-
tive compounds, others highlight issues such as aggregation, limited loading efficiency
and desorption over time under unfavourable conditions [22,23], which may compromise
the long-term performance of textile substrates. These diverging hypotheses highlight the
need for a more comprehensive understanding of the interfacial phenomena governing
pigment-nanoclay interactions and their implications for durability and functionality in
textile systems.

This study examines the synthesis of hybrid materials based on anthocyanins ex-
tracted from pomegranate waste and halloysite nanotubes. The focus is on enhancing pig-
ment retention and stability through surface modification techniques. A full factorial ex-
perimental design was employed to assess the impact of pH, surfactant type (cetylpyri-
dinium bromide and sodium dodecyl sulfate) and silane treatment on the performance of
the hybrid materials. The resulting materials were analysed using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy with en-
ergy-dispersive X-ray analysis (SEM/EDX), thermogravimetric analysis (TGA), Brunauer—
Emmett-Teller (BET) surface area measurements, and UV-Vis/NIR reflectance spectros-
copy. The results demonstrate that, when properly modified, halloysite is a highly effec-
tive support for natural anthocyanins. Surface treatment and synthesis conditions signifi-
cantly influence the structural features and optical behaviour of the hybrids. These find-
ings provide new insights into the design of sustainable hybrid pigments with potential
applications in coatings, packaging and environmental sensing technologies, as well as
eco-friendly textile colouration, functional finishes and smart textile systems.

2. Materials and Methods
2.1. Materials
2.1.1. Anthocyanin Extraction and Sources

In this study, anthocyanins (ANTs) were extracted from pomegranate waste pro-
vided by the Federation of Agricultural Cooperatives of Murcia (FECOAM). The pome-
granate remnants were thoroughly cleaned and the peels were separated manually to ob-
tain the outer rinds. Additionally, a natural, anthocyanin-rich pomegranate pigment was
obtained from juice supplied by Celabor SCRL (Herve, Belgium). Following an initial clar-
ification step, the anthocyanins were extracted by vacuum filtration through a Biichner
funnel equipped with a 0.45 um membrane to remove suspended solids and particulate
matter. The clarified juice was then loaded onto a preparative Amberlite XAD-7HP col-
umn containing 2 kg of resin. Once the entire sample volume had been applied, the col-
umn was washed with 20 L of acidified water (pH 3, adjusted with HCl) to remove non-
target components, including sugars, amino acids, polysaccharides, proteins and inor-
ganic salts. Washing continued until the eluent became visually colourless. The retained
anthocyanins were then eluted with 2.5 L of 96% ethanol. Finally, the purified pigment
extract was concentrated by removing the ethanol under reduced pressure and the resid-
ual moisture was eliminated by freeze-drying.

2.1.2. Halloysite Nanoclay

Nanoclay in the form of halloysite (HA) was also used, obtained from Southern Clay
Products (Gonzales, TX, USA). Halloysite is a 1:1 aluminosilicate clay that is widely pre-
sent in natural environments [19]. It is characterised by a nanotubular structure that typi-
cally measures 40-70 nm in diameter and 200-2000 nm in length [17,24]. It exhibits a spe-
cific surface area of approximately 48 m?-g-! and a cation exchange capacity (CEC) ranging
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from 9.45 to 73 cmol-kg. Frequently, they display interstratified phases with a CEC be-
tween 31 and 73 cmol-kg. The outer surface, which is primarily composed of SiO, has a
negative charge, while the internal lumen, which is composed of Al:Os, has a positive
charge [24,25]. The alternation of octahedral aluminium oxide and tetrahedral silica layers
generates its characteristic hollow tubular morphology [17,25]. Although its properties
vary depending on its geological origin [19,25], halloysite is valued for its biocompatibil-
ity, large surface-to-volume ratio, substantial productivity and robust thermal stability
[17,18,26]. These features enable the effective adsorption of dyes, including methylene
blue [27-29], azo dyes [30,31], triaryl- and diarylmethane dyes [32,33], and xanthine dyes
[34,35]. However, performance is often reduced by natural impurities [19], and treatments
such as acid modification and surface functionalisation have been proposed to enhance
adsorption capacity [30].

2.1.3. Surface Modification Agents

To alter the surface characteristics of the nanoclays, two surfactants were employed,
cetylpyridinium bromide (CPB, CaiH:BrN-6H20, with a molecular weight of 384.44
g/mol) and sodium dodecyl sulfate (SDS, NaCi2H2:50s, with a molecular weight of 288.38
g/mol), as well as a silane-type coupling agent: (3-aminopropyl)triethoxysilane (SIL, with
a molecular weight of 179.29 g/mol). Glacial acetic acid (CHsCOOH, 96%, 60.05 g/mol)
was used to monitor potential pH variations during the synthesis process. All reagents
were sourced from Sigma-Aldrich (St. Louis, Missouri, United States).

2.2. Methods
2.2.1. Experimental Design

A full factorial design with 32 replications was used to assess the interaction between
anthocyanins and nanoclay under varying conditions of pH, surfactant and silane treat-
ment. Table 1 summarises the experimental conditions for each combination.

Table 1. The experimental conditions for anthocyanins with halloysite are based on pH, surfactant
(CPB or SDS) and silane (SIL).

Reference pH Surfactant
AHA.1 4 SDS
AHA2 4 0
AHA3 2 SDS
AHAA4 2 CPB
AHA5 4 CPB
AHA.6 9 0
AHA7 2 0
AHAS 9 SDS
AHA9 9 CPB

2.2.2. Sample Preparation

A total of 400 mL of each dispersion bath containing anthocyanins and halloysite was
prepared. The surfactant was added before the pigment, and the silane was added after-
wards. The surfactant loading was kept at 2% w/w of clay and 200 uL of silane was added
in all cases. The anthocyanin concentration was set at 5% w/w of nanoclay. The amount of
nanoclay used was 10 g of halloysite per 400 mL of dispersion. The stirring conditions
were adjusted based on the timing of the additive addition: initially, all dispersions were
stirred at a maximum speed of 1400 rpm for one hour, then reduced to 500 rpm for the
subsequent 23 h to prevent the adsorbed pigment from desorbing prematurely.
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2.2.3. Filtration and Drying Process

Following anthocyanin adsorption, the different hybrid nanoclay-pigment (AHA)
composites were separated from the aqueous phase via gravity filtration; the result is
shown in Figure 1. Filtration was carried out for 48 h using filter paper with a grammage
of 130 g/m?, a pore size of 25-30 um and a thickness of 430 um. The filtrate will be analysed
using UV-Vis absorption spectrophotometry in future work. Meanwhile, the solid hybrid
material was oven-dried at 70 °C using a hot air system to remove residual moisture. The
resulting hybrid powders were evaluated visually in terms of colour retention and degree

of agglomeration after drying.

Figure 1. Images of the adsorption tests of anthocyanins in halloysite nanoclay.

2.2.4. X-Ray Diffraction (XRD)

A Bruker D8-Advance diffractometer (Bruker, Billerica, MA, USA) with a Goebel
mirror was used. The operating conditions were 3000 W power, 20-60 kV voltage and 5-
80 mA current. Scans ranged from 0° to 90° (20) at a rate of 1° per minute with a step size
of 0.05°. XRD was used to detect the structure and hydration of the nanoclay, as well as
any changes due to interaction with the dye. Higher reflectance values correlate with
greater crystallinity in the analysed compound. Additionally, XRD allows differentiation
between the hydrated and dehydrated forms of halloysite. In this study, the crystal struc-
ture of halloysite (HA) and nanoclay with anthocyanin (AHA) dyes were analysed using
X-ray diffraction (XRD).

2.2.5. Thermogravimetric Analysis (TGA)

The analysis was conducted using a TGA/SDTA 851 analyser (Mettler-Toledo, Co-
lumbus, OH, USA). A temperature ramp of 5 °C/min was applied from 30 °C to 900 °C in
an oxidative environment of N2:02 (4:1) to study the thermal behaviour of the hybrid, the
nanoclay and the dye in isolation. Thermogravimetric analysis (TGA) is a method used to
evaluate the thermal stability of a chemical compound by measuring mass loss as a func-
tion of temperature. The derivative thermogravimetric (DTGA) curve improves the reso-
lution of mass change events, enabling the more accurate identification of key thermal
transitions.
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2.2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The study was conducted in ATR mode using a ZnSe prism, a FTIR 4700 IRT 5200
spectrometer (Jasco, Mary’s Court Easton, MD, USA) and a DTGS detector (MKS New-
port, Deere Avenue Irvine, CA, USA) . Spectra were recorded from 64 scans at a resolution
of 4 cm™. Fourier-transform infrared spectroscopy (FTIR) is based on identifying specific
bond vibrations, which allows chemical substances to be characterised through their func-
tional groups.

2.2.7. Total Solar Reflectance (TSR)

A V-670 UV-Vis/NIR spectrometer (Jasco, Mary’s Court Easton, MD, USA) with a
wavelength range of 190-2700 nm was used. The device featured a dual-grating mono-
chromator with automatic transitions (1200 lines/mm for the UV-Vis range and 300
lines/mm for the NIR range). Deuterium and halogen lamps provided the necessary illu-
mination. Reflectance factors p(A) were calculated over the range of 370-740 nm using a
D65 illuminant and a CIE 1964 standard observer.

2.2.8. Scanning Electron Microscopy (SEM)

The sample surface morphology was examined using a PHENOM SEM (FEI Com-
pany, Eindhoven, The Netherlands) at 5 kV. A 5-7 nm Au-Pd coating was then applied
using an EMITECH SC7620 sputter coater (Quorum Technologies, UK).

2.2.9. Energy-Dispersive X-Ray Spectroscopy (EDX)

A JSM-6300 scanning electron microscope (SEM) (JEOL, Tokyo, JAPAN) was used.
The samples were given a graphite pre-coating to minimise charging and prevent metallic
interference. Elemental analysis was used to characterise the hybrid surface chemical pro-
file. Energy-dispersive X-ray spectroscopy (EDX) was used to study the surface of the
nanoclay and nanoclay—dye hybrids in order to confirm the elemental composition of the
samples.

2.2.10. Brunauer-Emmett-Teller (BET)

BET analysis was conducted to evaluate surface area, pore volume and pore size,
using nitrogen adsorption—desorption measurements at —~196 °C with a ASAP 2020 ana-
lyser (Micromeritics, Norcross, GA, USA). Prior to analysis, the samples were degassed
under vacuum at temperatures between 150 and 200 °C to prevent the material from car-
bonising.

2.2.11. Statistics Methods

A one-way ANOVA was performed on the colour variables (L¥, a* b*) at a signifi-
cance level of a=0.05. The mean values were represented graphically with 95% confidence
intervals. Multiple comparisons between levels were performed using Fisher’s least
squares difference (LSD) test at a 95% confidence level. The measurement was conducted
using Statgraphics Centurion XIX*.

3. Results
3.1. Thermogravimetric Analysis (TGA)

In TGA, the ‘T’ refers to the sample temperature recorded at a precise moment during
thermogravimetric analysis, while ‘d%’ corresponds to the first derivative of the mass loss,
expressed as a percentage change per degree Celsius (DTG signal).

Regarding the y-axis scale, the right y-axis represents the derivative thermogravimet-
ric signal (dTG), expressed as the rate of mass change in percentage units. These values
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are not constrained between 0 and 1, as they correspond to differential mass loss rates
rather than normalised fractions. Consequently, negative values are observed because the
mass of the sample decreases with increasing temperature. This behaviour is inherent to
DTG analysis and reflects the derivative d(mass)/dT, which is negative when mass loss
occurs.

The left y-axis shows the cumulative mass loss as a normalised percentage. This axis
is constrained between 0 and 1, where 0 corresponds to 0% mass loss and 1 corresponds
to 100% mass loss.

The TGA curve of pure anthocyanins (Figure 2), A significant mass loss is observed
as the temperature increases, leading to complete degradation at around 500 °C. The ther-
mal decomposition proceeds through several distinct stages, which are consistent with
the features identified in the DTGA curve. The initial weight loss, which occurs between
30 and 100 °C, is attributed to the evaporation of water molecules that are adsorbed onto
the surface of the anthocyanins [36,37]. Within this temperature range, the DTGA curve
shows a small peak, which indicates an increased rate of mass loss in a localised area.
Subsequent mass loss events occur within the temperature ranges of 200-230 °C and 350-
430 °C. These are attributed to the degradation of organic matter, including the break-
down of phenolic acids and aldehydes resulting from deglycosylation and ring-cleavage
reactions that are inherent to anthocyanin molecules [36,37]. Consequently, two distinct
DTGA peaks are observed in these regions. The peak in the 350430 °C range is the most
intense, indicating the highest degradation rate and representing the main stage of antho-
cyanin decomposition.

The TGA curves of halloysite (HA) and its anthocyanin-based hybrids (AHA) are
shown in Figures 3 and 4. Overall, the hybrid materials exhibit thermal degradation pat-
terns that closely resemble those of pristine halloysite, with TGA curves that nearly over-
lap. However, complete mass loss is not observed, with the decomposition process stabi-
lising at around 500 °C. Closer analysis reveals an initial weight loss of 3-6% between 30
and 60 °C, which is associated with the desorption of surface-bound water molecules from
the halloysite structure [37,38]. Within this temperature range, the DTGA curves show a
small initial peak, indicating an increase in mass rate. A slight mass loss was detected in
specific samples (AHA.4, AHA.5 and AHA.9) between 210 and 290 °C. Similarly, the
DTGA curves of these samples show a weak peak in this range, indicating a localised
increase in the degradation rate. These particular hybrids were prepared using a CPB sur-
factant as a surface modifier. The minor mass loss is believed to correspond to the release
of hydrogen bromide (HBr), which is a component of the CPB surfactant [39]. Similar mass
loss profiles have been reported for other materials containing this surfactant [39,40]. Fi-
nally, a significant degradation step occurs between 400 and 473 °C, which corresponds
to the dehydroxylation of the aluminium hydroxyl groups present in the clay structure
[37,38]. This event is accompanied by the most intense DTGA peak across all samples,
indicating the highest rate of mass loss. This process represents the main thermal degra-
dation of the hybrids. Beyond this point, the mass stabilises, indicating the end of signifi-
cant thermal decomposition, which is consistent with previous observations. Notably, the
TGA and DTGA results suggest that halloysite nanotubes offer thermoprotection in hy-
brid systems by delaying dye degradation and maintaining structural integrity at elevated
temperatures [17,40,41]. Our previous research revealed that a very similar TGA and
DTGA were observed [17].
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Figure 3. TGA and DTGA of nanoclay (HA) and 1-5 hybrids (AHA).
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Figure 4. TGA and DTGA of nanoclay (HA) and 6-9 hybrids (AHA).

3.2. X-Ray Diffraction (XRD)

As shown in Figures 5 and 6, the peak observed at 12.09° (20) reflects the basal spac-
ing of the 7 A HA form and is indicative of its dehydrated state. The presence of a peak at
24.85° further confirms the dehydrated state [26,42,43].

A prominent peak at 62.78° confirms the tubular morphology characteristic of hal-
loysite nanotubes [26,42,43]. Overall, the diffraction peaks observed in all samples match
the reference data for dehydrated halloysite (7 A form), as per the JCPDS card no. 29-1487.
Table 2 summarises the main diffraction data.

Table 2. Dehydrated halloysite diffraction peaks as per JCPDS card no. 29-1487.

Angle 20 (°) Crystal Plane d-Spacing (A)
12.1 (001) 7.3
20.1 (020)/(110) 44
24.8 (002) 3.6
35.0 (110) 2.6
37.9 (003) 2.4
54.5 (210) 1.7
62.6 (300) 1.5

In addition to the signals of halloysite, several diffraction peaks corresponding to
monoclinic kaolinite (denoted as K) and cubic silicon oxide (denoted as Q) were also iden-
tified [26]. As with the thermogravimetric analysis (TGA) results, the AHA hybrids closely
mimic the diffraction profile of pristine halloysite, effectively reproducing its XRD pattern.
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A very similar XRD pattern was previously observed in our research [17]. An important
structural insight that can be obtained from XRD patterns, particularly from the basal in-
terplanar spacing (d001), concerns the adsorption mode of the pigment within the clay
system [19,44]. The intercalation of guest molecules into the layered structure of halloysite
is expected to produce a shift in the (001) reflection towards lower 20 values, or the ap-
pearance of an additional basal reflection due to interlayer expansion [19,44].

In the present case, however, the XRD patterns of the anthocyanin-halloysite hybrids
show no significant change in the position of the basal reflection at approximately 12.1°
20 compared to pristine halloysite. This indicates that the interplanar spacing remains
unchanged after pigment loading, ruling out the intercalation of anthocyanins into the
halloysite layers. Consequently, the results suggest that anthocyanins are primarily ad-
sorbed onto the external and/or internal surfaces of the halloysite nanotubes without dis-
rupting the clay crystal structure.
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Figure 5. XRD of nanoclay (HA) and 1-5 hybrids (AHA).
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Figure 6. XRD of nanoclay (HA) and 6-9 hybrids (AHA).

3.3. Fourier-Transform Infrared Spectroscopy (FTIR)

In this section, we present two FTIR spectra (Figures 7 and 8) comparing the vibra-
tional profiles of pristine halloysite (HA) and halloysite—dye hybrid materials (AHA) un-
der different conditions.

Several characteristic absorption bands are observed in the spectra. A band at 520
cm corresponds to the AI-O-5i bond, while a peak at 1125 cm™ corresponds to the Si-O
stretching mode. Additionally, a peak at 905 cm™! is due to the Al-O bond, while a peak
near 1000 cm™ is assigned to the Si-O stretching mode. Furthermore, two distinct peaks
are observed at 3693 cm™ and 3620 cm™ representing hydroxyl groups on the inner surface
(~OH) and those belonging to the inner structure, respectively. These signals are charac-
teristic of halloysite and consistent with those reported in previous structural studies of
this nanoclay [45-47].

The absence of bands at 3526 cm™ and 1637 cm™ in Figures 7 and 8 confirms the de-
hydrated state of the halloysite, as these frequencies are typically associated with inter-
layer and adsorbed water [45-47].

The FTIR analysis shows that all spectra corresponding to the different hybrid sam-
ples are essentially identical and perfectly match the spectral profile of pristine halloysite.
This indicates that the dye incorporation process does not significantly alter the vibra-
tional structure of the nanoclay, as seen in previous characterisations. Regarding our pre-
vious research, a very similar FTIR spectrum was observed [17].
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Figure 8. FTIR of halloysite (HA) and 6-9 hybrids (AHA).
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3.4. Total Solar Reflectance (TSR)

Figure 9 and Table 3 illustrate the chromatic behaviour and the colour coordinates of
samples AHA.1-AHA.9 in the CIELAB colour space. The left panel plots a* (green-red
axis) versus b* (blue—yellow axis), while the right panel represents the lightness (L*) as a
function of chroma (C*ab) On the a*-b* plot, all points fall in the first and fourth quadrants.
In the left diagram we can see that the samples are located in the first and fourth quad-
rants. AHA.1, AHA .2, AHA .4, AHA.5 and AHA.7 are in the fourth quadrant (a*>0, b*>0),
indicating reddish tones with bluish tendencies, positive a values* (tending toward red)
and small or negative b values* (tending toward blue). Notably, by contrast, AHA.6,
AHA.8, and AHA.9 deviate from this trend, exhibiting positive b* values, indicating a
shift toward yellowish hues. These three are clearly distinguishable by their positions in
the first quadrant. AHA.3 stands out for its high positive a* value (11.00), suggesting a
strong red component, and the largest C*ab, i.e., it is the most saturated (strongly red).
AHA.1, AHA2 and AHA.7 are the next most saturated samples, have a lower a*
(greener/less red) and consequently show a lower L* (darker), and have the lowest
chroma, with a* and b* near zero (near-neutral/grey) and low L*. Among the yellowish
set, AHA.8 exhibits the highest lightness (L* = 63.78) with relatively high chroma, giving
a bright, saturated yellow; AHA.6 and AHA.9 are similar but slightly darker and less sat-
urated.

In the right diagram, AHA.8 exhibits the highest lightness (L = 63.78) and elevated
chroma values, indicating a bright and saturated yellow colour. AHA.6 and AHA.9 can
be introduced in the same group as AHA.8, but they are slightly darker and saturated.
Conversely, AHA.1, AHA.2 and AHA.7 can form another group, with lower lightness but
similar chroma, indicating darker tones. AHA.3 has a strong chroma but moderate light,
resulting in an intense colour and AHA .4 and AHA.5 have the lowest chroma and mod-
erate light, resulting in dull colours.

Figure 9 shows that the trends in pH variation and surfactant type are consistent with
the pH and surfactant conditions in Table 1. This suggests that they may affect the optical
behaviour of the AHA. Samples synthesised at a higher pH (e.g., AHA.6, AHA.8 and
AHA.9) generally exhibited higher L* values, reflecting increased lightness, particularly
for AHA.8 and AHA.9. This trend may be attributed to the improved dispersion of clay
particles under alkaline conditions, as observed in similar halloysite-based systems
[48,49]. Conversely, samples synthesised at acidic pH (AHA.1, AHA.2, AHA.3, AHA 4,
AHA.5 and AHA.?7) displayed similar brightness, but lower than samples synthesised at
basic pH. Furthermore, as previously mentioned, they are all located in the fourth quad-
rant and tend towards blue. Among the acidic samples, differences in colour saturation
can be seen due to the different surfactant surface modifiers. The CPB-containing samples
(AHA.4 and AHA 5) showed the lowest saturation values, possibly due to surfactant—clay
interactions altering the surface colour. Conversely, samples containing SDS (AHA.1) and
samples without surfactant (AHA.7 and AHA.2) exhibited saturation levels similar to
those of the basic pH samples but with darker tones, as indicated by lower L* values and
moderate chroma values. In particular, AHA.3 showed the highest a* value (11.00), sug-
gesting a strong red hue, which may result from acidic conditions promoting surface mod-
ification or surfactant retention on the halloysite structure [50].

Regarding solar reflectance (TSR), values range from 8.88% (AHA.9) to 36.59%
(AHA 4). Generally, samples with higher L* values and lower chroma values (e.g., AHA .4
and AHA.8) exhibit higher solar reflectance, which is consistent with the typical behav-
iour of lighter, less saturated colours. Despite its high chroma and intense red hue, AHA.3
shows a relatively high TSR value of 28.61%, which may be influenced by surface texture
or particle scattering. Conversely, AHA.5 and AHA.9, which have darker or more satu-
rated yellow tones, exhibit the lowest TSR values, both below 9%, indicating greater heat
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absorption. Interestingly, TSR correlated strongly with lightness (L*); AHA.4 and AHA.8,
which were both prepared with CPB and SDS respectively, exhibited high TSR values
(>30%), which coincided with higher L*. In contrast, despite having similar brightness,
AHA.5 and AHA.9 had low TSR values (<9%), indicating that chromatic components
(a*/b*) and surfactant-induced surface properties also influence reflectance behaviour
[18]. Overall, combining pH control with different surfactants offers a powerful strategy
for tuning the visual and functional performance of halloysite-based materials, balancing
aesthetic properties with solar energy reflectance efficiency.

Table 3. Chromatic coordinates and solar reflectance of AHA samples.

AHA.1 AHA.2 AHA3 AHA4 AHAS5 AHA.6 AHA.7 AHA.8 AHA.9
L* 57.71 56.46 58.70 57.67 57.48 61.45 56.76 63.78 62.24
a* 5.50 4.67 11.00 2.05 1.49 0.41 5.70 0.34 0.39
b* —0.66 -0.62 -1.80 -0.83 -1.49 3.78 -1.24 4.67 4.16
C*ab 5.54 4.71 11.15 2.21 211 3.80 5.84 4.68 4.18
TSR (%) 12.60 20.53 28.61 36.59 8.90 14.97 22.04 31.06 8.88
® AHA1 ©AHA2 OAHA3 OAHA4 BAHAS OAHA6 EAHA7 EAHAS AAHA9

b*

blue -

70

65

60 |

Lightness L*
Lo]
[ J
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chroma C,,*

Figure 9. CIELAB colour analysis of AHA samples.

3.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDX)

The SEM pictures of halloysite nanoclay (Figure 10) reveal the characteristic tubular
morphology of this 1:1 aluminosilicate. Natural halloysite forms these tubular structures
due to the size mismatch between the octahedral AlI-OH and tetrahedral Si-O sheets,
which combine to form hollow cylinders. These nanotubes typically range in length from
200 nm to over 1 um and in external diameter from 20 to 100 nm, depending on the source
and degree of processing [17,19,24,25].

Figure 10 shows the halloysite before and after adsorption. Image a shows a reference
sample of pure halloysite nanoclay, while image b corresponds to AHA1. Both images
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exhibit similar morphologies with clearly defined nanotubular structures. These tubes are
aggregated and, in some areas, appear fragmented or partially collapsed —common arte-
facts due to SEM preparation under high vacuum or mechanical stress. Some flat or plate-
like structures are also visible, possibly representing unrolled tubes or associated kaolinite
impurities [19]. Notably, no significant morphological differences can be observed be-
tween the halloysite nanoclay and the experimental sample, indicating that the halloysite
structure has been preserved. This pattern is consistent across other samples analysed un-
der the same conditions, confirming the stability of the halloysite morphology.

| & B

b

Mag= 52.30KX 100 nm W= 29mm  EHT = 1.00 kV Signal A = Inlens

GeminiSEM 500-8203017153 Noise Reduction = Drift Comp. IESBEhgEs = 500 V

Mag= T448KX 100 2m WD= 3Tmm EHT= 350 kv Signal A =Inlens
GeminiSEM 500-5203017153 Noise Reduction = Drift Comp. FaSEaGRNGgs = 800 V
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Figure 10. (a) SEM micrographs of halloysite nanoclay; (b) SEM micrographs of AHAL.

The energy-dispersive X-ray spectroscopy (EDX) spectra obtained for the hybrids are
shown in Figures 11-14 and in Table 4, which show the mass and atomic percentages of
each detected element. Only the first four samples were analysed, as the study focused on
surface variability with different surfactants.

The presence of Al, O and Si is characteristic of halloysite nanoclay [19,24,25,51], as
confirmed by previous FTIR analysis. However, other elements, such as C, S and Fe, were
also detected. The presence of carbon can be attributed to the anthocyanins, which are
primarily composed of carbon and oxygen [6,11,36]. Sulphur likely originates from SDS
residues, since samples 1 and 3 were prepared using SDS as a surfactant. Nevertheless,
only sample 3 exhibits sulphur impurities, which may be due to subsequent treatments;
in one case, the nanoclay may have been washed and filtered more thoroughly. Sample 4
was prepared using cetylpyridinium bromide (CPB) as the surfactant and no impurities
were detected. Additionally, iron was detected exclusively in sample 1, which may be due
to natural impurities or substitution within the halloysite structure [19,51]. Regarding our
previous research, a very similar EDX spectra was observed [17].

Table 4. EDX measurements of AHA1-4.

Elem. Mass% Atom%
AHA1  AHA2  AHA3  AHA4  AHA1  AHA2  AHA3  AHA4
C 193+0.07 14.86+0.06 13.32+0.07 1851+0.06 26.87+0.10 21.34+0.09 19.41+0.10 25.92+0.08
O 4820+0.13 56.10+0.13 55.64+0.13 55.16+0.11 48.38+0.13 60.46+0.14 60.86+0.14 57.98+0.11
Al 853+0.04 14.84+0.05 1570+0.05 13.48+0.04 508+0.02 9.49+0.03 10.18+0.03 8.40+0.02
Si 727+0.04 1419+005 1515+0.06 12.85+0.04 416+0.02 871+0.03 9.44+0.03 7.70+0.02
Fe 5.49 +0.05 1.58 = 0.01
S 0.18 +0.01 0.10 + 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
15000 Sika TAHAZ: 1
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Figure 11. EDX spectra for the AHA1 hybrid.
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Figure 14. EDX spectra for the AHA4 hybrid.
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3.6. Brunauer—Emmett-Teller (BET) Surface Area and Porosity Measurements

Table 5 shows a comparison of the halloysite samples before and after dye adsorp-
tion. The halloysite data were taken from a previous scientific study [17]. Following ad-
sorption, a large reduction in pore size and depth was observed. As anthocyanin mole-
cules accumulate, they progressively occupy the mineral’s internal pores. This pore filling
leads to a decrease in the available space within the clay structure, ultimately limiting its
capacity to absorb additional substances. Consequently, after anthocyanin adsorption,
halloysite exhibits a lower effective surface area and reduced pore volume. These changes
are consistently observed across all hybrid samples, indicating that a similar amount of
anthocyanins is adsorbed under different experimental conditions. Regarding our previ-
ous research, a very similar BET was observed [17].

Table 5. BET-derived surface areas, pore volumes, and mean pore diameters for HA and the AHA.

Sample  Surface Area (m?/g) Pore Volume (cm?/g) Mean Pore Size (nm)
HA 180.3 0.21 10.07
AHA.1 47.6 0.11 8.7
AHA2 44.8 0.09 9.2
AHA.3 45.8 0.12 8.8
AHAA4 46.1 0.11 9.1
AHA.5 45.7 0.13 9.2
AHA.6 47.1 0.14 8.4
AHA.7 46.9 0.1 8.8
AHA.8 459 0.09 79
AHA9 46.8 0.11 8.2

3.7. ANOVA of Colour Results

A one-way analysis of variance (ANOVA) was performed, yielding the following re-
sults:

1. pHhad a significant effect on lightness (L), as shown in Figure 15 and Table 6:
F(1,7)=59.53, p =0.0001, w?=0.88 [95% CI: 0.65-0.94].
The means + error were clearly differentiated, indicating that pH adjustment substan-
tially modifies the brightness of the pigment—clay hybrids.

2. The effect of pH on the yellow-blue chromatic component (b*) was even more pro-
nounced (Figure 16 and Table 7):
F(1,7) =253.50, p < 0.0001, w? = 0.97 [95% CI: 0.91-0.99].
The means showed a clear chromatic shift, with higher values under alkaline pH con-
ditions.

3. Mean plots with 95% LSD intervals confirmed these differences, with the groups ap-
pearing separated in both L* and b* parameters and no overlap in the LSD bands.
This supports the robustness of the observed contrasts.

Overall, the results indicate that pH is a critical factor determining both the lightness
and chromatic tone of the HA-ANT hybrids. The very large effect sizes suggest practical
relevance in addition to statistical significance.
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Figure 15. Graphical representation of the relationship between pH and the mean L* values across
the different hybrids.

Table 6. ANOVA results showing the relationship between L* and pH2.

Source Sum of Squares df Mean Square F-Ratio p-Value
Between Groups 50.5348 1 50.5348 59.53 0.0001
Within Groups 5.94273 7 0.848962
Total (Corrected) 56.4775 8
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Figure 16. Graphical representation of the relationship between pH and the mean b* values across
the different hybrids.

Table 7. ANOVA results showing the relationship between b* and pH2.

Source Sum of Squares df Mean Square F-Ratio p-Value
Between Groups 56.3922 1 56.3922 253.50 0.0000
Within Groups 1.5572 7 0.222457
Total (Corrected) 57.9494 8

4. Discussion

The results obtained confirm the potential of halloysite nanotubes as robust carriers
for natural anthocyanins, offering thermal protection and structural integrity to hybrid
materials. TGA showed that pure anthocyanins degrade completely at 500 °C, but the
presence of halloysite delays this process, which is consistent with previous reports on the
thermoprotective nature of clay nanotubes [17,19]. This enhanced thermal resistance sug-
gests that anthocyanin-halloysite hybrids could better withstand textile finishing condi-
tions than free pigments. This arises from the confinement of dye molecules within the
halloysite lumen, as well as from interactions between the ACN-OH groups and the Al-
OH/Si—OH sites of the clay. These interactions inhibit ACN degradation [16,52]. Notably,
the thermal behaviour of the anthocyanin-loaded hybrids closely resembles that of pris-
tine halloysite, with overlapping degradation curves and similar decomposition temper-
atures. This indicates that the incorporation of the pigment does not influence the thermal
profile of the nanoclay, further highlighting the excellent thermal stability of the hybrid
materials and the inert nature of the pigment—carrier interaction under heat stress. This
behaviour is particularly relevant for textile applications, where colourants and functional
additives are often subjected to thermal stress during processing steps such as drying,
curing, calendaring or heat setting.

XRD analysis demonstrated that the crystalline structure of halloysite was preserved
even with the inclusion of anthocyanins and surface treatments. The absence of diffraction
peaks associated with hydrated forms of halloysite indicates that all samples were in the
dehydrated 7 A form, which is preferred for pigment adsorption due to its greater surface
accessibility [19]. The integrity of the tubular morphology further supports the material’s
suitability as a nanocarrier.

FTIR revealed no notable spectral variations between the treated and untreated hal-
loysite, indicating that the surfactants and anthocyanins did not disrupt the clay’s chemi-
cal structure.

In terms of colour performance, the pH of the synthesis medium was found to signif-
icantly influence the optical appearance of the hybrid pigments. Higher pH values led to
increased luminosity (L*) and colour saturation, likely due to the improved dispersion of
clay particles under alkaline conditions [50]. While most samples exhibited similar overall
hues, those synthesised at lower pH values displayed greater variability in colour param-
eters, potentially due to stronger interactions between the anthocyanins and surfactants
in acidic environments. Specifically, samples synthesised at a low pH tended to exhibit
reddish-blue tones, while those synthesised at a higher pH displayed more yellowish
hues. This tunability could be useful for textile designers looking to achieve particular
aesthetic effects using natural pigments.

Total solar reflectance (TSR) analysis revealed a general correlation between higher
luminosity and increased solar reflectance, with one sample being an exception. This sam-
ple’s lower TSR may be attributed to surface texture effects. These findings suggest that
adjusting the pH is a key strategy for tuning the visual and functional properties of the
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pigments. These results are particularly relevant for technical and outdoor textiles, where
enhanced solar reflectance can contribute to thermal comfort and reduced heat absorp-
tion. Therefore, controlling the pH offers a simple and effective way to design hybrid pig-
ments with tailored colour characteristics and improved solar management capabilities
for textile applications.

Additionally, scanning electron microscopy (SEM) confirmed that the tubular mor-
phology of halloysite was maintained after dye adsorption and surface treatments. En-
ergy-dispersive X-ray spectroscopy (EDX) analysis revealed the presence of minor iron
and sulphur residues on the surface of certain samples. These residues may originate from
the natural composition of the halloysite or from interactions with the surfactants used,
and they could potentially influence the final colour of the hybrids by introducing subtle
shifts in tone or reflectance. In textile applications, such minor compositional variations
may affect shade depth or undertone, underlining the importance of selecting the right
raw materials and controlling the processing.

When these results are compared with our previous research on chlorophyll, it be-
comes evident that, although halloysite preserves its structural integrity in both systems,
the inherent sensitivity of anthocyanins provides a level of chromatic versatility that chlo-
rophyll does not exhibit. Furthermore, the reduction observed in the BET surface area—
from 180 to approximately 46 m?/g—is consistent across both studies, confirming that oc-
cupation of the lumen and pores is the primary stabilisation mechanism for different types
of natural dye. Finally, a comprehensive analysis using all characterisation techniques
confirmed that adsorption conditions, namely pH and surfactant type, did not compro-
mise the structural or thermal stability of the halloysite nanotubes. Nevertheless, these
conditions significantly influenced the optical behaviour of the pigment, demonstrating
that while the nanoclay functions as a stable and inert host matrix, the dye remains sensi-
tive to the chemical environment during hybrid formation.
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