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There is growing concern about the health of our planet, which has led to a search for meth-

ods  to purify and recover the pollutant materials that are released into the environment.

Among all industries, the dyeing sector of the textile industry is considered one of the most

polluting. However, advancements in technology, such as the use of nanoadsorbents, have

made it possible to effectively treat and clean these wastewaters by harnessing the adsorp-

tion capabilities of these minerals. As a result, highly functional pigmentary hybrids with

improved characteristics can be obtained. In this study, the research focuses on explor-

ing  the potential of hydrotalcite in combination with reactive, disperse, and direct dyes.

Colour measurements are conducted using reflection spectrophotometers to evaluate the

colour performance of the hybrid materials, yielding successful results. X-ray diffraction

(XRD)  analysis is used to verify the structural integrity of the hydrotalcite and confirm the

adsorption of the dyes. Additionally, thermogravimetric tests (TGA) are carried out to assess

the  thermal stability of the different samples, while the colorants’ protection provided by

the  hydrotalcite is evaluated through total soluble recovery (TSR) measurements. An FTIR

analysis is used to detect the presence of characteristic functional groups of the dyes in the

resulting hybrids. Surface area and porosity measurements utilising the BET method, along

with  Scanning Electron Microscopy Energy + Dispersive X-ray spectroscopy (SEM–EDX) and

X-ray photoelectron spectroscopy (XPS) tests, are also conducted. In summary, this study

investigates the potential of hydrotalcite as an effective adsorbent for various dyes used in

the  textile industry. The research involves comprehensive analyses, including colour eval-

uation, structural characterisation, thermal stability assessment, and surface morphology

examination. These findings contribute to the development of sustainable and environmen-

tally friendly approaches in the treatment of textile wastewater.
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis and characterisation of hybrids composed of calcined hydrotalcite and
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1016/j.bsecv.2023.09.003
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Síntesis  y  caracterización  de  híbridos  compuestos  de  hidrotalcita
calcinada  y  colorantes  textiles  residuales

Palabras clave:

Hidrotalcita

Adsorción de colorantes

Pigmento arcilloso

Recuperación directa de

colorantes

Eliminación de colorantes

Recuperación de colorantes

reactivos

Pigmentos híbridos

TGA

FTIR

DRX

r  e  s  u  m  e  n

La preocupación por la salud de nuestro planeta es cada vez mayor, lo que ha llevado a

buscar métodos para depurar y recuperar los materiales contaminantes que se vierten al

medio ambiente. Entre todas las industrias, el sector de la tintura de la industria textil se

considera uno de los más contaminantes. Sin embargo, los avances tecnológicos, como el

uso de nanoadsorbentes, han permitido tratar y limpiar eficazmente estas aguas residuales

aprovechando la capacidad de adsorción de estos minerales. Como resultado, se pueden

obtener híbridos pigmentarios altamente funcionales con características mejoradas. En

este  estudio, la investigación se centra en explorar el potencial de la hidrotalcita en com-

binación con colorantes reactivos, dispersos y directos. Se llevan a cabo mediciones del

color utilizando espectrofotómetros de reflexión para evaluar el rendimiento cromático de

los  materiales híbridos, obteniéndose resultados satisfactorios. El análisis de difracción de

rayos X (DRX) se utiliza para verificar la integridad estructural de la hidrotalcita y confir-

mar  la adsorción de los colorantes. Además, se llevan a cabo ensayos termogravimétricos

(TGA) para evaluar la estabilidad térmica de las diferentes muestras, mientras que la pro-

tección de los colorantes proporcionada por la hidrotalcita se evalúa mediante mediciones

de  reflectancia solar total (TSR). Se utiliza un análisis FTIR para detectar la presencia de

grupos funcionales característicos de los colorantes en los híbridos resultantes. También se

realizan mediciones del área superficial y la porosidad utilizando el método BET, junto con

ensayos de espectroscopia de rayos X de energía + dispersión por microscopía electrónica

de  barrido (SEM-EDX) y espectroscopia de fotoelectrones de rayos X (XPS). En resumen, este

estudio investiga el potencial de la hidrotalcita como adsorbente eficaz para diversos col-

orantes utilizados en la industria textil. La investigación incluye análisis exhaustivos, como

la  evaluación del color, la caracterización estructural, la evaluación de la estabilidad tér-

mica y el examen de la morfología superficial. Estos resultados contribuyen al desarrollo

de  enfoques sostenibles y respetuosos con el medio ambiente en el tratamiento de aguas

residuales textiles.
©  2023 Los Autores. Publicado por Elsevier España, S.L.U. en nombre de SECV. Este es un

artı́culo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/
Introduction

In recent years, concerns about environmental pollution
caused by the textile industry [1–3] have increased signifi-
cantly. The release of residual dyes in textile wastewater has
been identified as a major source of water pollution, due to
their toxicity and resistance to biological degradation. Con-
sequently, the search for efficient and sustainable methods
to treat textile effluents and minimise their impact on the
environment has become a priority.

In this context, hybrid materials composed of calcined
hydrotalcite [4–6] have emerged as a promising alternative for
the removal of residual dyes in textile wastewater. Hydrotal-
cite is a composite of double sheets of metal hydroxides with
anion exchange capacity, while calcination refers to the pro-
cess of heating at high temperature to obtain highly dispersed
metal oxides. These materials combine the adsorption prop-
erties of hydrotalcite with the catalytic capabilities of metal
oxides, giving them high efficiency in dye degradation.
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

The aim of this study is to synthesise and characterise cal-
cined hydrotalcite composite hybrids and to evaluate their
ability to adsorb and degrade textile residual dyes present
by-nc-nd/4.0/).

in wastewater. To achieve this objective, different synthesis
methods will be used and the influence of the synthesis con-
ditions on the properties and characteristics of the hybrids
obtained will be investigated. Furthermore, the adsorption
properties and degradation mechanisms of the dyes in the
presence of the composite hybrids will be analysed. Given
the objective of our work, in order to assess the suitability of
hydrotalcite for use as an adsorbent for textile dyes, we  will
need the simulated wastewater containing the dye to be free
of the dye, which will be assessed by absorbance readings in
the transmission spectrophotometer.

The contribution of this study lies in the synthesis and
characterisation of calcined hydrotalcite composite hybrids
with potential applicability in the removal of residual dyes
from textile wastewater. It is expected that the results
obtained will provide a better understanding of the dye
adsorption and degradation processes, as well as the optimi-
sation of the synthesis conditions to improve the efficiency of
the hybrid materials in environmental applications.

In summary, this article presents a detailed investigation
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

on the synthesis and characterisation of calcined hydrotal-
cite composite hybrids and their ability to adsorb and degrade
textile waste dyes. The results obtained will contribute to the

https://doi.org/10.1016/j.bsecv.2023.09.003
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evelopment of sustainable methods for the treatment of tex-
ile wastewater, offering a promising approach to address the
nvironmental problems associated with dye pollution.

Hydrotalcite-type nanoadsorbents, also known as layered
ouble hydroxides (LDH), are of great interest to the sci-
ntific community thanks to their use as nanoadsorbents,
harmaceuticals or catalysers, among others [7]. The crys-
alline structure of this clay is based on the positive charge
f its layers which are compensated by the intercalated layers
ith negative charges of certain anions such as carbonate and
ater molecules [8–10]. Researchers are showing increasing

nterest in such elements thanks to their wide range of appli-
ations as catalysts, and also in medicine, adsorption, etc. [7].
ifferent methods exist by means of which the adsorption of
nions by LDH composites takes place. The most common
ne is that produced by direct adsorption in dispersion. A
olid’s crystallinity limits such adsorption for the following
easons: the medium’s polarity, temperature, anion size, and
H [11–13]. The second, albeit slightly more  time-consuming,
ethod, but one offering clear advantages, is calcining. For-
er  studies have demonstrated that hydrotalcite has shape
emory  after being exposed to a high thermal source. This

ubstantially changes its initial laminar arrangement, which
ecovers during later hydration processes. After being exposed
o temperatures of 450–550 ◦C, it is reconstructed as previously
escribed thanks to the anions present in dissolution and their

ncorporation into the new nanoclay structure [14–16].
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

ig. 1 – SEM micrographs of different HC samples: (a) HC original
f different HC samples: (d) HC original, (e) HC calcinated, (f) HC r
 r á m i c a y v i d r i o x x x (2 0 2 3) xxx–xxx 3

The aim of this work is to synthesise coloured compounds
obtained from the adsorption of dyes discharged in textile
wastewater by LDH. There are different ways to use hydro-
talcite: by coprecipitation [17], direct application [11–13] or
calcination [14–16].

Materials  and  methods

Hydrotalcite (LDH) Mg6Al2(CO3)(OH)16·4(H2O) [11–13] has been
selected as an adsorbent substance for the dyes. The hydro-
talcite used in this work was purchased from the commercial
distributor Merck. In this study, the calcination of hydrotal-
cite was carried out according to the method proposed by
Dos Santos R.M.M. [18], which resulted in the destruction of
its structure and facilitated the penetration of the dye into
the nanoadsorbent. A 100 g sample of hydrotalcite is taken
and placed in a muffle for 3 h at 500 ◦C. It is left to cool in a
desiccator so that it does not absorb moisture and is kept in
the desiccator until it is used. The laboratory conditions for
adsorption and reconstruction were 20 ◦C and 65% humidity.
The water used was previously deionised, maintaining a con-
ductivity between 0.2 and 0.8 �S/cm and complying with the
requirements of the ISO 3696: 1999 standard. Once immersed
in an aqueous solution, the LDH reattained its original struc-
ture through its shape memory,  thus incorporating the dye
into the new structure. Fig. 1 shows images of the nanoadsor-
bent, where the differences between the hydrotalcite before
and after the calcination process are clearly visible. From a
morphological point of view, the figures show that the struc-
ture of the clay has recovered after the reconstruction. This
reconstruction process takes place thanks to the clay’s ability
to recover its initial shape by rehydration [19].
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

Three types of dyes of different natures have been used for
this research: a direct anionic dye, Direct Blue 199 CI 74180
(DB199) [20] (source: Clariant); a reactive anionic dye, Dri-
marene Yellow K-2R (RYD) [21] (source: Clariant); and finally,

, (b) HC calcinated, (c) HC reconstructed. TEM micrographs
econstructed.

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 2 – (a) Direct Blue 199 [20], (b) Reactive Drim

Table 1 – Lambert–Beer line equations and R2.

Dye Equation R2

Direct Blue 199 (DB199) y = 21.784 x − 0.015 0.9982

Reactive Yellow (RYD) y = 14.943 x − 0.0021 0.9993
Disperse Red 1 (DR1) y = 25.411 x − 0.0244 0.9989

Disperse Red 1 CI 11110 (DR1) [22] (source: Clariant) was used
as a non-ionic disperse dye. Fig. 2 shows the chemical struc-
tures of each of these dyes.

In order to determine the concentration of dye remaining
in a dye bath after LDH adsorption, it will be necessary to gen-
erate Lambert–Beer curves [23] to calculate this concentration
in aqueous solution. To achieve this, multiple readings will
be made in a transmission spectrophotometer using different
dye solutions with known concentrations. The data obtained
will be used to establish the equations shown in Table 1.

The main objective of this study is to achieve maximum
adsorption of the dyes by the HC clay, leaving the water free
of contaminants. In the experimental phase of adsorption,
solutions of each dye are prepared with a concentration of
1 g L−1, using a total volume of 3 l. Immediately afterwards,
3 g L−1 of hydrotalcite is added to each solution. The mix-
ture is then stirred using a magnetic stirrer, which operates at
1600 rpm for the first two hours and then reduces its speed to
600 rpm. This configuration allows for a first adsorption stage
[24], in which the penetration of the dye is favoured due to a
higher centrifugal force. Subsequently, it is ensured that the
dye is not released from the clay, which is why the speed is
reduced in an “ageing” stage of the hybrid formed. After the
above-mentioned time has elapsed, the solution is filtered to
separate and collect the LDH from the aqueous solution. Filter
paper is used and allowed to stand for 48 h to allow the water
to dissipate by gravity and separate from the clay. The water
is then sampled, and a new reading is taken using the trans-
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

mission spectrophotometer. Using the equations in Table 1,
the concentration of dye that remains in the water and has
not been adsorbed is calculated [25,26]. The clay on the filter
paper is collected and freeze-dried to remove any water that
arene Yellow [21], (c) Disperse Red 1 [22].

may have been adsorbed [27,28] to remove any residual water
present in the HC.

To measure the colour of the clay-dye hybrids and the total
solar reflectance (TSR) [29], a Jasco V-670 dual UV–VIS/NIR
spectrophotometer was used, which operates in the range of
2700–190 nm with a resolution of 0.5 nm.  This instrument has
a double grating monochromator. The first grating is used
for the UV–VIS range with a resolution of 1200 grids-mm−1

and detectors based on a photomultiplier tube. The second
grating is used for the infrared (IR) region with a resolution
of 300 lines/mm and a PbS detector. Both the first and the
second detector have an automation system that manages
the changes and adjusts them according to the wavelength
required at any given moment. A halogen lamp (330–2700 nm)
and a deuterium lamp (190–350 nm)  were used as light sources.
Reflectance factors for the hybrid pigments were applied with
the CIE-1964 observer and D65 illumination to obtain optical
property values and make comparisons [30]. For these colour
measurements, the samples are placed directly into a sample
capsule and a diffuse reflectance measurement is performed.

A scanning electron microscope (SEM) model PHENOM
(FEI Company, Eindhoven, The Netherlands) with an electron
acceleration of 5 kV was used to carry out the topographical
analysis of the surface of the samples. Prior to this, the sam-
ples were sputter coated with a gold-palladium alloy using an
EMITECH sputter coater mod. SC7620 (Quorum Technologies
Ltd., East Sussex, UK). The coating, with a thickness of only
5–7 nm,  does not affect the results obtained.

To evaluate the thermal properties of the hybrids, ther-
mogravimetric analysis (TGA) was performed to compare the
variation in the degradation peaks of the dyes and clay-
dye composites [31–33]. The analysis was carried out using
a TGA/SDTA 851 thermogravimetric analyser (Mettler-Toledo
Inc., Columbus, OH, USA). The experimental conditions estab-
lished included a temperature increase of 5 ◦C per minute over

◦

d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

a study range of 20–900 C, using an N2:O2 (4:1) atmosphere as
the oxidation medium.

For the characterisation of the hybrids, an infrared spec-
trophotometer was used to obtain the Fourier transform

https://doi.org/10.1016/j.bsecv.2023.09.003
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Table 2 – Difference in concentration after LDH adsorption.

Sample ref. Dye Initial conc. g L−1 Final conc. g L−1 Ads (%)

1 Direct Blue 199 1 6.55E−04 99.934
2 Reactive Yellow Drimaren 1 5.13E−04 99.949
3 Disperse Red 1 1 6.21E−03 99.938

Table 3 – L*, a*, b*, C*ab values of each dye and each hybrid.

Sample L* a* b* C*ab h

DB199 44.94 2.03 −1.88 2.77 317.16
RYD 50.96 5.79 11.08 12.50 62.39
DR1 50.77 15.14 5.86 16.24 21.17
4 56.09 −1.77 −15.03 15.14 263.30
5 86.21 −8.75 42.61 43.50 101.61
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chromatic diagram. To obtain the master colour calculations
6 50.77 15.14 

H 97.01 0 

HC 94.25 0 

FTIR). Given the material to be studied, a horizontal attenu-
ted total reflection (FTIR–ATR) using a ZnSe prism was used.
he equipment used was a Jasco FTIR 4700 IRT 5200 spectrom-
ter equipped with a DTGS detector. Uniform pressure was
pplied using a pressure fitting on all samples. The spectrum
as obtained by 64 scans with a resolution of 4 cm−1.

Subsequently, an X-ray diffraction (XRD) test was carried
ut to study the changes in the shape and lamellar structure
f the LDH before and after calcination and rehydration [34,35].

 Bruker D8-Advance XRD (Bruker, Billerica, MA,  USA) with a
öebel mirror (power: 3000 W,  voltage: 20–60 kV and current:
–80 mA)  was used. Readings were taken in an oxidising atmo-
phere with an angular velocity of 1◦/min, a step of 0.05◦ and
n angular range of 2.7–70◦. This test is of particular impor-
ance to analyse the basal space in the hydrotalcite structure
esulting from the adsorption of the dyes.

Finally, X-ray photoelectron spectroscopy (XPS) and energy
ispersive X-ray spectroscopy coupled to scanning electron
icroscopy (SEM–EDX) techniques were used to determine

nd analyse the surface composition and oxidation state.
hese techniques were applied to both pure hydrotalcite and
ye-loaded hybrids in order to study the changes that occurred
fter dye adsorption.

For the surface analysis, X-ray photoelectron spectroscopy
XPS) was used with the Thermo Scientific NEXSA spectrome-
er, using monochromatised radiation at 1486.6 eV generated
y a double crystal monochromator. A focused X-ray spot with

 diameter of 400 �m was produced at a current of 6 mA  and a
oltage of 12 kV. The alpha hemispherical analyser was used in
onstant energy mode, with analysis step energies of 200 eV
o cover the whole energy band, and 50 eV in a narrow scan
o obtain element-specific results. The XPS technique was
sed to obtain information on the chemical bonding state
nd surface elemental composition of the samples. Charge
ompensation was achieved using a flood gun system that
enerated low-energy electrons and low-energy argon ions
rom a single source.

Energy dispersive X-ray (EDX) analyses were carried out
sing a JEOL JSM-6300 scanning electron microscope. All
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

amples were pre-coated with a graphite layer to impart
onductivity to the non-conductive surfaces. Non-metallic
oatings were used to avoid possible interference in the
5.86 16.24 21.17
3.65 3.65 90
1.88 1.88 90

results. The EDX spectra obtained allowed the elemental com-
position of the materials deposited on the surface of the
hybrids to be determined.

Results  and  discussion

Hydrotalcite is a synthetic LDH mineral with unique adsorp-
tion properties, which enable it to effectively remove dyes in
various industrial and environmental applications. Hydrotal-
cite’s ability to adsorb dyes is based on its layered structure
and surface charge. When a dye is in aqueous solution,
its molecules have an electrical charge that can interact
with the surface charge of the hydrotalcite. The hydrotal-
cite layers have a positive charge, which attracts negatively
charged dyes. This electrostatic attraction process allows
the hydrotalcite to adsorb the dyes and retain them in its
structure.

In addition to electrostatic interaction, hydrotalcite can
also adsorb dyes through hydrogen bonds and Van der Waals
forces. These additional intermolecular bonds and forces con-
tribute to a stronger and more  selective adsorption of the dyes.

Final  concentration  in  solution

After the adsorption process, excellent results were obtained
with adsorption percentages above 99% (Table 2), which shows
the high capacity of LDH to adsorb dyes used in the textile
industry, supporting previous findings [18,36–39]. Both ionic
and non-ionic dyes showed almost complete adsorption, with
no significant differences in dye loadings. However, differ-
ences may be observed in future tests and trials, partly due
to the inherent properties of the LDH used.

Hybrid  colour  measurements

Table 3 and Fig. 3 show the measurements taken to calcu-
late the colour of the three hybrids obtained, represented in a
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

for each of the hybrid pigments, the reflectance values (�) of
these dye-LDH hybrids were used, following the guidelines
of the International Commission on Illumination CIE 15:2004

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 3 – Graphic CIELAB plots for hybrid pigments synthesised using the D65 illuminant and the CIE-1931 XYZ standard
ur c
observer. Left: CIE-a*b* colour diagram; right: CIE-Cab*L*  colo

[40]. These guidelines allow an objective comparison of abso-
lute and relative colour values using the CIELAB colourimetric
parameters, coded by the CIE 1931 XYZ standard and the D65
standard illumination.

The CIE a*b* and CIE-Cab*L*  diagrams in Fig. 3 confirm that
the dye removed from the solutions has been trapped in the
nanoadsorbent, exhibiting the colours corresponding to the
pigments obtained. The yellow hybrid is positioned on the axis
and angle characteristic of yellows, with a slight inclination
towards greens. The hybrid represented by sample 4 shows
a pure blue shade, while the hybrid of sample 6 shows a red
shade with a slightly yellowish hue.

Sample 5 is characterised by a higher saturation and lumi-
nosity compared to the other two samples, due to the intrinsic
properties of yellow that give it a characteristic level of lumi-
nosity. This slightly limits the range of colours that could be
achieved by increasing or decreasing the amount of dye in the
nanoadsorbent. On the other hand, samples 4 and 6 (blue and
red respectively) exhibit a much lower luminosity, with an L*
level of 50. These dark, chromatic hybrid pigments offer the
possibility of obtaining wider colour ranges by reducing the
concentration of the original dyes in the nanoadsorbent.

It is important to mention that the mixture of the three
types of hybrid pigments obtained, with colours of such high
purity in terms of hue and saturation levels, will considerably
widen the range of available colours.

Total  solar  reflectance  (TSR)

When applying certain coatings to a textile substrate, such as
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

in the application of a printing paste, it is essential to consider
its behaviour and resistance to various external factors. One
of the crucial aspects is the ability of the coating to absorb and
reflect light radiation. Therefore, a comprehensive study has
hart.

been carried out to evaluate this radiation using the total solar
reflectance factor (TSR).

Total solar reflectance (TSR) is a parameter used to mea-
sure the ability of a material or coating to reflect incident solar
radiation. It represents the percentage of solar radiation that
is reflected by the surface compared to the total solar radi-
ation incident on it. In simpler terms, total solar reflectance
indicates the amount of sunlight that is reflected by a material
rather than absorbed. A high TSR value means that the mate-
rial has a greater ability to reflect solar radiation, resulting in
less heat absorption and a lower surface temperature.

Total solar reflectance is calculated using sunlight
reflectance measurements of the material in question. These
measurements are made considering a wide range of wave-
lengths to cover the full spectrum of solar radiation. A solar
weighting factor is then applied to each wavelength to account
for the spectral distribution of solar radiation.

Total solar reflectance is an important parameter in the
evaluation of materials used in applications where reduced
heat absorption is desired, such as roof coatings, building
envelopes or solar shading fabrics. A high TSR can contribute
to energy efficiency by helping to maintain lower temperatures
on surfaces exposed to the sun and reduce the cooling load.
These calculations follow the guidelines established in ASTM
G173-03 [41].

A comparative analysis of the total solar reflectance (TSR)
assessment for each hybrid and dye studied is presented in
Table 4. Upon adsorption of the dye, the white LDH takes on a
different hue, resulting in a material with a higher L* luminos-
ity that will reflect a greater amount of light. When comparing
each dye with its corresponding hybrid, an increase in TSR
value is observed.
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

If we examine the comparisons between the hybrids, con-
sidering the L* luminosity values shown in Fig. 4, we  highlight
sample 5 as the one with an exceptionally high value, both

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 4 – Total solar reflectance 

Table 4 – TSR values.

Colouring matter Sample ref. TSR %

Direct Blue 199 1 16.05
Reactive Yellow Drimaren K-2R 2 27.38
Disperse Red 1 3 26.93
Hydrotalcite + Direct Blue 199 4  36.14
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the lamellar layers. Subsequently, a third mass decrease is
recorded in the range 275–605 ◦C, which is attributed to the
Hydrotalcite + Reactive Yellow Drimaren K-2R 5 64.77
Hydrotalcite + Disperse Red 1 6 45.40

n TSR and luminosity. As for the second dye and hybrid, the
ed sample has a higher L* value compared to the blue sam-
le. In all cases, significant differences are observed between
he TSR% values of the original dye and the hybrids obtained.
hese results are presented visually in Fig. 4, where the pairs
f samples are compared according to the corresponding dye.

This information allows us to evaluate and compare the
apacity of the different hybrids in terms of their total solar
eflectance, which is relevant for applications where the aim is
o maximise the reflection of solar radiation and reduce heat
bsorption.

Fig. 5 shows the reflectance results obtained for each of the
ybrids as a function of wavelength. In the ultraviolet (UV)
egion, hybrids 4 and 6 exhibit very similar behaviour, but
ybrid 5 shows significant differences. As we move into the
isible spectrum (400–700 nm)  and the near infrared (NIR) up
o 1200 nm,  these differences become more  pronounced due
o certain chemical properties of each dye and the perception
f colour itself (brightness, hue and chroma). However, in the
ange 1200–1400 nm,  the values are quite similar, becoming
lmost identical in the range of 1400–2400 nm.  Therefore, the
ain discrepancies observed in the TSR values are due to the
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

haracteristics of the dyes adsorbed on the nanoadsorbent and
heir reflectance in both UV–visible and near-infrared up to
200 nm.
(TSR (%)) for each sample.

Thermogravimetry  (TGA)

Fig. 6 shows the results obtained from the thermogravimet-
ric analysis (TGA). This graphic representation shows, in the
upper part, the percentage mass loss of each sample as the
temperature increases. In the lower part of the figure, the
curves d(DB199), d(RYD), d(DR1), d(4), d(5), d(6) and d(H), which
are the derivatives (DTGA) of the curves shown in the upper
part, can be observed. These derivatives allow a clearer visu-
alisation of the specific degradation peaks that occur.

It is noticeable that the direct and reactive (anionic) dyes
exhibit a slower decomposition compared to the disperse
dyes. From 500 ◦C onwards, the anionic dyes in this work no
longer experience further degradation, but the non-ionic dye
does show a considerable decrease, suffering a degradation
of up to 82%. This figure is considerably higher than that
of the other two dyes, which reach a maximum degradation
of around 49%. These results show that high temperatures
affect the disperse dye much more,  which can have significant
repercussions on colour fastness, as this is affected by situa-
tions with high energy inputs, such as ironing or exposure to
sunlight.

Fig. 6 presents a comparative study of the reaction of the
three dyes individually, the three hybrids and the nanoadsor-
bent (LHD) alone. For the nanoadsorbent alone (Hydrotalcite),
a drop in mass is observed, which is attributed to the evap-
oration of interlamellar water and physisorbed water in
the temperature range between 105 and 168 ◦C. In addition,
another range between 172 and 279 ◦C can be seen in the
graph, which is due to the loss of hydroxyl groups ( OH) in
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

loss of CO3
2− ions and the combustion of molecular fragments

[42–44]. It is worth noting that significant peaks are observed

https://doi.org/10.1016/j.bsecv.2023.09.003
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) for

◦

Fig. 5 – TSR (%

for hydrotalcite at 208 ◦C, associated with the loss of inter-
lamellar water, as well as peaks at 297 ◦C and 411 ◦C related to
the fall of OH groups [45].

The direct dye B199 shows a noticeable presence of two
thermal peaks: one at 414 ◦C and a much more  intense one at
460 ◦C. However, sample number 4 exhibits a decrease in the
intensity of the peaks, making them less prominent and with
some displacement as a result of the barrier effect conferred by
the nanoadsorbent. Similarly, that the figures show that in this
sample, the LDH peak at 208 ◦C is considerably reduced, adopt-
ing a shoulder shape in the range of 160–212 ◦C. As for the reac-
tive dye RYD, two peaks can be distinguished at 432 and 533 ◦C,
which disappear completely in sample number 5. The shoul-
der in the 160–212 ◦C zone continues to show the presence of
the LDH peak at 208 ◦C and also a slightly shifted variation at
297 ◦C, produced by the evaporation of water from the LHD. On
the other hand, the dispersed dye DR1 shows peaks at 283, 427
and 545 ◦C, the latter being the most prominent and relevant,
as it shows a strong degradation at high temperatures, caus-
ing a considerable mass loss compared to the other two dyes.
After adsorption by LHD, these three peaks have completely
disappeared in sample number 6, and in their place the char-
acteristic shoulder in the range of 160–212 ◦C, typical of the
nanoadsorbent appears, as observed in the other samples.

Several research works have revealed that dye-LDH hybrids
have experienced a significant increase in their thermal stabil-
ity due to the effect of hydrotalcite [46,47]. This phenomenon
is attributed to two fundamental mechanisms. Firstly, the
lamellar structure of the nanoadsorbent provides a protective
barrier that limits the volatilisation of the dye components.
In addition, when these compounds are subjected to high
temperatures, a transfer of energy from the dye to the LDH
occurs. Consequently, the nanoadsorbent absorbs this energy,
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

minimising the energetic impact on the dye [48,49]. These dis-
coveries have contributed significantly to the advancement of
knowledge in this field.
 each hybrid.

X-ray  diffraction  (XRD)

Fig. 7 shows the results of the X-ray diffraction analysis,
revealing a distinctive peak in the 11–12◦ range. This peak
corresponds to the curve of uncalcined hydrotalcite. However,
when subjected to a calcination process, the disappearance of
this peak is observed. This is due to dehydroxylation in the
inner layers of the nanoadsorbent [9], which causes the col-
lapse and exfoliation of the lamellar layers. This opening of
the lamellar layers that make up the mineral structure plays
a crucial role in the penetration of the dye. During the rehy-
dration of the hydrotalcite and its subsequent shape recovery,
the LDH incorporates the dye in place of some of its compo-
nents, such as CO3

2−, thanks to its structural memory  capacity
[14–16,50].

When further analysing Fig. 7, it is essential to consider
the distinction between the amorphous form of the dyes and
the crystalline form of the nanoadsorbent [51–53]. As the
structures become more  crystalline, the intensity of the X-
ray diffraction (XRD) peak increases. Consequently, when the
LDH contains a higher amount of dye, the composite tends
to become more  amorphous and the intensity of the band
decreases significantly. It is important to note that the crys-
talline structure is altered during the calcination process,
resulting in the complete disappearance of the XRD peak.
However, during rehydration, a significant recovery of the crys-
talline structure is observed. The curves of samples 4–6 have a
low intensity due to the high dye load present in them, which
results in a practically flat curve.

Analysing the XRD results further in a larger spectrum, we
see a comparison of hydrotalcite before (H) and after calci-
nation (HC) in Fig. 2. Analysing the H line we can see the
diffraction peaks appearing at 11◦, 23◦, 34◦, 34◦, 39◦, 46◦, 60◦
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

and 61 which are, respectively, attributed to the crystalline
planes 003, 006, 012, 015, 018, 110 and 113 [54]. After the calci-
nation process there is a large variation of the peaks described

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 6 – TGA and DTGA of for each dye, each hybrid and
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Fig. 7 – XRD for hydrotalcite, hydrotalcite calcinated,
samples 4–6.

Fig. 8 – FTIR comparison of uncalcined hydrotalcite (H) and
ydrotalcite.

bove and diffraction peaks are seen showing an amorphous
g(Al)Ox mixed oxide structure in the HC line [55].

ourier  transform  infrared  spectroscopy  FTIR–ATR
nalysis

his instrumental technique will provide crucial information
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

or the present study. The first objective is to investigate the
mpact of calcination on hydrotalcite. Fig. 8 shows two distinct
ands: one at 1361 cm−1, which is assigned to CO3

2− [56,57]
nd a second band in the range 3200–3600 cm−1, with a centre
calcined hydrotalcite (HC).

around 3408 cm−1, which is attributed to the stretching of the
OH bond of interlaminar water [18,53,57]. In addition, two

significant peaks are observed at 2850 and 2918 cm−1, which
are the result of stretching vibrations of the CH2 group [58].
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

These bands disappear completely or weaken considerably
after the calcination process, including the CO3

2− band, indi-
cating the possibility of incorporation of new anionic groups

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 9 – FTIR of DB199, RYD, DR1 and samples 4–6.

during subsequent rehydration. Other bands can be identified
at 767 cm−1 related to the translation of the Al OH group, at
640 cm−1 associated with the NO3− and CO3

2− vibrations, and
at 549 cm−1 related to the Mg  O bond vibrations [45,53].

The graphic representation presented in Fig. 9 illustrates
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

the analysis of the spectra offered by each of the three dyes
investigated in this study, as well as for their respective
hybrids after subjecting them to adsorption with hydro-
talcite. Upon close analysis, the hybrids exhibit distinctive
e r á m i c a y v i d r i o x x x (2 0 2 3) xxx–xxx

clay-related features, such as a band identified at 1361 cm−1

corresponding to the CO3
2−group, and another band located

between 3200 and 3600 cm−1, with a central peak at 3408 cm−1,
which is attributed to OH bonds. It is particularly fascinat-
ing how these bands, previously lost during calcination, are
recovered again after hydration and adsorption of the dyes,
evidencing the structural memory  present in this type of
materials. Regarding the CO3

2− related band in sample 6, its
presence is due to the fact that the dye used is of a non-ionic
nature, resulting in a lower substitution of that group during
the reconstruction process of the calcined clay.

When analyzing the area corresponding to DB199 and its
hybrid sample 4, distinctive patterns can be observed in the
spectrum. A prominent peak is recorded at 1100 cm−1, which
is attributed to the presence of compounds such as acetates,
formates, propionates and benzoates [59]. Previous research
works by different authors [51,52,56,58] have pointed out that
the peaks found in the range of 1400–1640 cm−1 are related to
the presence of benzene rings, while at 1030 and 1500 cm−1

characteristic vibrations of the sulfonate group [43] and the
azo bond [60], respectively, are detected.

On the other hand, by examining the results of the RYD
dye and its hybrid sample 5, certain functional groups can be
identified in the spectrum. The sulfate groups are manifested
through a peak at 1100 cm−1 [61,62] while the characteristic
azo bond is observed at 1495 cm−1 [60].

In relation to the FTIR spectrum of Disperse Red 1, notice-
able peaks are detected in different regions. For example,
peaks are observed at 1600 cm−1 corresponding to the aro-
matic groups C C . In addition, peaks at 1507 and 1341 cm−1

are recorded, which are attributed to asymmetric and sym-
metric stretching of the NO2 functional group, respectively
[63,64]. Other relevant peaks include those at 1386, 1142, 858
and 822 cm−1, which originate from stretching of the N N
bond, stretching of the aliphatic C N groups of the amine,
out-of-plane bending of the C H bond close to the NO2 func-
tional group, and out-of-plane bending of the aromatic C H
group, respectively [64].

X-ray  photoelectron  spectroscopy  (XPS)

Fig. 10 and Table 5 present the binding energy values for vari-
ous atoms that play a crucial role in the presence of both the
LDH and the different dyes. The presence of C1s, O1s, Al2p3
and Mg1s at various peaks, such as 285, 530, 174 and 1308 eV
respectively, confirms the presence of Hydrotalcite in all sam-
ples. In addition, the presence of N1s in the peak at 398 eV
demonstrates the presence of nitrogen in each of the samples
4–6.

The figures also show that sample 4 exhibits peaks in the
932–945 eV range corresponding to Cu2p3, since the direct blue
dye 199 contains copper in its structure. As for sample 5, which
contains the yellow dye drimarene, the presence of sulphur is
observed by a peak at 168.01 eV, which is attributed to S2p3.

Scanning  Electron  Microscopy  Energy  +  Dispersive  X-ray
d characterisation of hybrids composed of calcined hydrotalcite and
016/j.bsecv.2023.09.003

spectroscopy  (SEM–EDX)

Energy dispersive analysis (EDX) was used to check for the
presence of the constituent elements of the hybrids, the LDH

https://doi.org/10.1016/j.bsecv.2023.09.003
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Fig. 10 – XPS hydrotalcite, samples 4–6.

Fig. 11 – EDX hydrotalcite, samples 4–6.

https://doi.org/10.1016/j.bsecv.2023.09.003
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Table 5 – Binding energy H, samples.

C1s

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

284.56  1.1  121,809.04  85.68  284.64  1.41  32,377.81  51.39  297.38  1.43  24,452.58  48.57  284.61  1.46  67,532  68.39
285.22 1.02  7726  5.44  285.59  1.12  9590.51  15.22  297.38  1.18  4027.5  8.01  285.8  1.44  17,364.67  17.58
285.99  1.33  2552.77  1.80  286.47  1.6  7341.42  11.68  297.38  1.67  5891.23  11.74  287.14  2  4679.13  4.75
288.55  1.55  10,054.6  7.08  288.91  1.72  13,631.2  21.70  297.38  1.83  15,906.08  31.69  289.26  1.55  9139.44  9.28

O1s

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

530.29  1.56  39,229.75  11.89  530.86  1.56  86,427.73  15.12  530.7  1.49  89,079.44  13.38  530.9  1.56  61,928.33  13.38
531.49  1.68  278,048.9  84.29  532.09  1.68  464,049.21  81.28  531.75  1.7  556,751.48  83.72  531.98  1.71  383,308.49  82.93
532.81 1.59 12,566.04 3.82 533.4  1.59  20,556.34  3.60  532.47  1.99  19,292.66  2.91  533.37  1.59  17,051.09  3.69

Al2p3

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E FWHM  eV Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

73.82  1.47  9347.56  100  74.48  1.37  12,635.1  100  71.21  1.57  12,555.1  100  74.41  1.41  10,071.94  100

Mg1s

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

1308.68  1.57  61,905.82  100  1307.59  1.56  62,773.06  100  1312.44  1.54  121,327.91  100  1303.82  1.51  141,429.9795.2
1305.03  1.44  7617.21  5.1

N1s

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

–  –  –  –  398.65  1.5  9991.75  90.09  398.2  1.32  2056.41  30.95  399.34  1.94  10,913.85  86.34
400.12  1.36  1098.18  9.91  399.6  1.43  3676.29  56.35  401.18  1.66  1730.72  13.66

401.51  1.56  848.35  12.70

S2p3

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

–  – –  –  168.01  1.63  6512.31  100

Cl2p3

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

–  –  –  –  –  –  –  –  197.51  1.3  1573.73  65.79  –  –  –  –
199.99  1.42  826.37  34.21

Cu2p3

Hydrotalcite  Sample  4  Sample  5  Sample  6

B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %  B.E  FWHM  eV  Area  %

–  –  –  –  932.8  1.95  2419.97  17.95  –  –  –  –  –  –  – –
934.98  1.54  5670.67  43.59
937.25  3.31  1554.34  12.82
942.19  3.36  1620.98  12.82
945.17  2.54  1661.52  12.82

https://doi.org/10.1016/j.bsecv.2023.09.003
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Table 6 – BET surface areas, pore volumes and average pore sizes for hydrotalcite (H), hydrotalcite calcinated (HC),
samples 4–6.

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

H 114.3 0.21 10.07
HC 239.6 0.37 18.7
4 102.2 0.15 11.8
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nd the different dyes. The spectra resulting from this anal-
sis are presented in Fig. 11. From the known composition
f the hydrotalcite, certain characteristic peaks are discov-
red at approximately 0.35, 0.5, 1.35, 1.5 and 1.85 keV, which
orrespond to the elements C, O, Mg,  Al and Si, respectively.
hen analyzing the hybrid samples loaded with the dyes, the

ame peaks present in the hydrotalcite are identified, as well
s new peaks confirming the presence of the respective dyes.
n sample 4, a peak at 2.3 keV attributed to sulfur (S) and at
pproximately 8 keV attributable to copper (Cu) are detected.
oreover, in sample 5, the appearance of chlorine (Cl) can be

valuated due to the peak at 2.6 keV.

ET  surface  area  and  porosity  measurements

 comprehensive BET analysis was performed to investigate
he surface characteristics of the clay, as well as the size
nd depth of the corresponding pores, which are detailed in
able 6. A comparative study was carried out between the
ntreated hydrotalcite samples after calcination and after

nitial dye adsorption. The data compiled in Table 6 show sig-
ificant changes in pore size and pore depth after calcination,
hich facilitates the entry and adsorption of the dye between

he LDH layers. These findings are in agreement with previous
tudies that have also shown that these modifications are the
esult of catalyst outgassing due to the decomposition of gases
resent in the hydrotalcite into its hydrated phases [65–67].
y studying the nanoarsorbent after the adsorption process
nd subsequent rehydration to reconstruct its structure, very
imilar results to the initial ones are obtained, suggesting an
ffective recovery of the surface characteristics of the clay.

onclusions

he adsorption capacity of hydrotalcite (H) for both anionic
nd non-ionic dyes has been successfully confirmed. The
dsorption method involving calcination and subsequent
econstruction, utilising the shape memory  properties of
ydrotalcite, has been extensively studied and validated
hrough XRD and FTIR tests. These analytical techniques,
long with XPS and EDX, provide conclusive evidence of the
resence of dyes within the hybrid structure. The XRD anal-
sis reveals an increase in the amorphous region, confirming
he incorporation of dyes, while the FTIR study demonstrates
ignificant peaks corresponding to specific functional groups
Please cite this article in press as: D. López-Rodríguez, et al., Synthesis an
residual textile dyes, Bol. Soc. Esp. Cerám. Vidr. (2023), https://doi.org/10.1

resent in the dyes, such as amino and SO3 sulphonate
roups.

Undoubtedly, the clay-dye hybrids offer great potential for
he textile industry. With their favourable physical–chemical
0.14 12.8
0.17 11.6

characteristics, these hybrids can be easily stored, trans-
ported, and handled. This opens up opportunities for
collaboration between textile chemical manufacturers and
dyeing companies, enabling the recovery of residual dyes from
dye baths and subsequent synthesis of dye-loaded nanoadsor-
bents for commercial purposes. Furthermore, embracing such
practices allows these manufacturers to enhance their com-
mercial image  and that of their customers by promoting the
recycling and reuse of materials, thereby contributing to the
principles of a circular economy.
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