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ABSTRACT

The intensive use of synthetic dyes in industrial processes and the resulting improper disposal of effluents are directly related to the
degradation of water quality and increased toxicity in aquatic ecosystems. These compounds alter physical-chemical parameters, such
as pH, turbidity, and dissolved oxygen, and affect the dynamics of biological communities, compromising the ecological balance of
water bodies. The present study employed the adsorption technique, using Mg**/Fe** Double Lamellar Hydroxide (DLH) as an
adsorbent material for the removal of the anionic dyes methyl orange and orange G. The adsorbent was characterized by Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy coupled with energy dispersive spectroscopy (SEM/EDS),
thermogravimetric analysis (TGA), and X-ray diffraction (XRD). The crystallographic organization of the adsorbent is consistent
with the diffraction patterns for an HDL. Adsorption occurred on a rough, irregular surface of stacked plate flakes, which increased
the contact area between the dyes and the HDL. Infrared absorption was observed at 1232—1153 ¢cm™!, characteristic bands of C-N
bond stretching and the presence of R-SOsspecies of the dyes in the solid. Thermogravimetric analyses indicate a greater loss of mass
above 380 °C, characteristic of the binding of carbonate ions from the adsorbent with chemical species or groups from the methyl
orange dye. Analysis of the pHpczassociated with the MF41 structure suggests that if the pH of the solution is lower than the
pHrecz(solution pH < 7.45), the surface of the adsorbent will be positively charged, increasing and favoring the adsorption of
negatively charged dyes. Adsorption studies showed rapid kinetics, more consistent with the pseudo-second-order model, L-type
isotherm, with equilibrium around 150 minutes. The data suggest a combined effect between physisorption and chemisorption of
dyes on the adsorbent. HDL demonstrated efficiency in the adsorption of anionic dyes from model aqueous solutions, highlighting
its potential as an adsorbent material in effluent treatment technologies.

Keywords: adsorption; anionic clay; chemisorption; environmental remediation.

RESUMO

O uso intensivo de corantes sintéticos em processos industriais e o consequente descarte inadequado de efluentes estao diretamente
relacionados a degradacio da qualidade da dgua e ao aumento da toxicidade em ecossistemas aquaticos. Esses compostos alteram
parametros fisico-quimicos, como pH, turbidez e oxigénio dissolvido, e afetam a dinamica das comunidades bioldgicas,
comprometendo o equilibrio ecolégico dos corpos hidricos. O presente estudo empregou a técnica de adsorgio, utilizando Hidréxido
Duplo Lamelar (HDL) de Mg*"/Fe* como material adsorvente para a temogio dos corantes aniénicos alatanjado de metila e orange
G. O adsorvente foi caracterizado por espectroscopia vibracional no infravermelho médio com transformada de Fourier (FTIR),
microscopia eletronica de varredura acoplada com espectroscopia de energia dispersiva (MEV/EDS), andlise termogravimétrica
(TGA) e difragdo de raios X (DRX). A organizacio cristalografica do adsorvente esta em conformidade com os padrées de difracao
para um HDL. A adsor¢do ocorreu sob uma superficie rugosa, irregular, de flocos em placa empilhada, o que proporcionou o aumento
da area de contato entre os corantes e 0 HDL. Obsetvou-se que a absor¢ao no infravermelho ocorreu em 1232 — 1153 cm!, bandas
caracteristicas do estiramento da ligacio C-N e da presenca de espécies do tipo R-SOs3  dos corantes no sélido. As andlises
termogravimétricas indicam uma perda maior de massa acima de 380 °C de temperatura, caracteristica da ligacdo de fons carbonato
do adsorvente com espécies quimicas ou grupos do corante alaranjado de metila. A analise do pHpcz associado a estrutura do MF41
sugere que se o pH da solucdo for menor do que o pHrcz (pH solugdo < 7,45), a superficie do adsorvente ficard carregada
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positivamente, aumentando e favorecendo a adsor¢do de corantes com carga negativa. Os estudos de adsor¢do mostraram uma
cinética rapida, mais ajustada ao modelo de pseudo-segunda ordem, isoterma do tipo L, com equilibrio em torno de 150 minutos. Os
dados sugerem um efeito combinado entre fisiossor¢dao e quimissor¢do dos corantes no adsorvente. O HDL demonstrou eficiéncia
na adsorc¢do dos corantes anidnicos a partir de solucGes aquosas modelo, evidenciando seu potencial como material adsorvente em
tecnologias de tratamento para efluentes.

Palavras-chave: adsorcio; argila anidnica; quimissor¢ao; remediagdo ambiental.
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Title: Graphical Representation of the Adsorption of Anionic Dyes in MgFe HDL. Source: Author

Introduction

Anapolis and Jaragua are the main industrial and logistics hubs in the Anapolis Microregion, which also
includes important agro-industrial municipalities such as Inhumas and Itaberai De Oliveira Junior et al. (2013).
Industrial growth in urban conglomerates, coupled with a lack of public policies aimed at environmental
protection, has had a negative impact on the quality of water resources Mohapi et al. (2020). One of the main
factors associated with water degradation is the intensive use of synthetic dyes in various industrial segments,
such as food, textiles, leather, paper, and pharmaceuticals Bentahar et al. (2018); Imgharn et al. (2022); Vo et al.
(2025). The textile industry, in particular, is identified as one of the largest sources of contamination of water
bodies, due to the high consumption of dyes and the improper disposal of effluents into the environment
Jadham et al. (2023). Among these compounds, the azo dyes Orange G and Methyl Orange stand out, widely
used in industrial processes and recognized for their high chemical stability and environmental persistence
Danette et al. (2003); Vo et al. (2025).

The adsorption technique stands out among effluent treatment methods for its efficiency, operational
simplicity, and low cost, and is widely used in the removal of organic and inorganic contaminants Murga et al.
(2021). The choice of the appropriate adsorbent must consider factors such as waste composition, material cost,
processing time, and interactions between the components of the solution. Several studies report the use of
adsorbent materials, such as activated carbon Cunico et al. (2009), clays Chichinas et al. (2018); Sato et al. (2021),
silicas Li et al. (2018); Maucec et al. (2017), double layer hydroxides (DLLHs) Elmoubarki et al. (2017); Rios-
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Leon etal. (2017); Mishra et al. (2018); Bukhtiyarova (2019), and chitosan and its derivatives Abbasi et al. (2016).
These materials, applied alone or in hybrid matrices Tavares et al. (2014), allow for the adjustment of
experimental conditions, increased efficiency, and the achievement of optimized systems to mitigate
environmental contamination Laipan et al. (2019).

HDLs (Figure 1) stand out for their great compositional and structural versatility, as they can be formed
by different combinations of divalent and trivalent cations, including Mg?*, Zn*", Cu**, Fe**, and AI**. The
layers of HDLs are positively charged and separated by anions, such as COs*7, NOs~, SO+*", PO4*", in addition
to water molecules, which ensures stability and flexibility to the structure Goh et al. (2008); Mahapatra et al.
(2015). This lamellar organization allows the spacing between the layers and the surface area to be adjusted,
directly influencing the adsorption and ion exchange properties Bukhtiyarova, (2019); Sato et al. (2021). It is
worth mentioning that synthesis and post-synthesis treatments contribute to controlling the size, morphology,
and uniformity of the particles, resulting in homogeneous structures with better performance Xu et al. (2006);
Mohapi et al. (2020); and also that calcination transforms the structure into mixed oxides Ameena Shirin et al.
(2021), with advantages Goh et al. (2008); and also disadvantages, as occurs in HDLs containing MgFe/CoCr
Kang et al. (2020). Goh et al. (2008) mention that the production cost of HDLs, used as a porous vessel
technique in the removal of pollutants, reaches US$ 0.12/day/20L to obtain drinking water. Due to these
characteristics, HDLs have been widely studied as functional materials in contaminant removal processes.

In this context, the present study aimed to characterize the synthesized HDL Mg**/Fe*" (MF41) and
evaluate its efficiency as an adsorbent in the removal of the anionic dyes methyl orange and Orange G, widely
used in industrial processes. The choice of HDL Mg**/Fe?*" is based on its environmentally friendly composition,
formed by abundant metals with low toxicity and high chemical stability, which gives it a potential sustainable

application in contaminated water treatment and remediation processes.
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Figure 1- Representation of the HDL structure in organized lamellae. Source: Author
Materials and Methods

Materials

The orange dyes methyl orange (MO) (Figure 2a) and orange G (OG) (Figure 2b) dyes were purchased
from Sigma-Aldrich (St. Louis, USA), hydrochloric acid (HCI), sodium hydroxide (NaOH), and all other
compounds were obtained as analytical reagents from Sigma-Aldrich (St. Louis, USA).[
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Figure 2- Azo dyes used: a) Methyl orange (MO); b) Orange G (OG). Source: Author
Methods
HDL. synthesis

HDL was synthesized using the coprecipitation method. 100 mL. of a solution of the metal salts M;**(MgCl)
and My’"  (FeCl;) salts in a flat-bottomed flask, molar ratio 4:1 (120 mmol of MgCl, / 30 mmol of FeCl; ),
and an alkaline solution of NaOH (2.0 mol.." ) / Na, CO; (0.2 mol.I'") was added by dripping at a rate of
1.0 mL/min, with constant and vigorous stirring at 700 to 800 rpm, until the pH of the solution reached 8.8
and stabilized. For hydrothermal treatment, a water condenser was attached to the assembly and the system
was heated to 358K, kept thermally insulated by an external blanket, and subjected to constant stirring at 700
rpm for 24 hours. The system was then left to cool and decant for 2 hours. The precipitate was washed and
filtered under reduced vacuum pressure until the washing water reached a pH of 6.25. The solid obtained was
dried in an oven at 348K for 24 hours. After drying, the solid was manually ground in a porcelain mortar and
pestle and separated into 40 to 150 mesh metal sieves. In a clean, dry environment, the solid was packaged in

closed, labeled polyethylene bottles, separated by particle size, for the respective laboratory tests.

Structural Characterization

Characterization by Fourier transform infrared spectroscopy of the adsorbent before and after adsorption
was performed using a PerkinElmer Frontier FTIR/NIR spectrophotometer (Waltham, USA) in the range of
400 to 4000 cm'using KBr (sample:KBr ratio of 1:100); and ultraviolet-visible (UV-Vis) spectroscopy was
performed using a Metash UV-5800 Spectrophotometer, wavelength range 190 to 1100 nm, from Shanghai
Metash Instruments Co. Ltd. (Shanghai, China). The morphology was analyzed by scanning electron
microscopy (SEM/EDX) using Hitachi equipment (High-Tech Europe GmbH, Germany), model TM3030
Plus, with an electron acceleration voltage of 5kV to 15kV and an elemental composition analyzer (EDS);
depositing portions of the samples on a carbon tape attached to an aluminum sphere. The analysis of the
crystallinity patterns, symmetries, and structural behavior of the samples was performed using X-ray diffraction
(XRD) on a Bruker D6 Phaser diffractometer, with a copper tube (A = 1.54A), in the angle range (26) from 5°
to 80° (low initial angle), using continuous scanning at a speed of 0.05°min™" , and the voltage used was 40 kV
with cutrents of 30 mA / 15 mA.  The thermogravimetric analyses of the samples were obtained using a
P1TGA (Perkim Elmer) instrument employing a dynamic atmosphere of N, at a flow rate of 20 mL. min™ |
with a heating ramp at a rate of 10 °C min™', starting at 25 °C up to a temperature of 700 ° C.
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Particle Size Suitability.

For the particle size suitability test, 20 mg samples of MF41 solid were separated into different sizes (40,
60, 80, 100, and 150 mesh) and dispersed in 50 mL of dye solution (10 mg L.™*). The adsorption kinetics were
performed in duplicate, and the most suitable particle size was 100 mesh in all adsorption kinetics, pHPCZ,

and particle dispersion.

Network Parameters and Caleulation Method

To confirm the phases, the diffraction peaks (20) were analyzed to determine the particle size of the
synthesized material using the Schetrer formula (d= 0.9% / fwhm cos 0), where: d is the crystallite size (nm), A
is the wavelength of the monochromatic X-ray beam (nm), (A is 0.154056 nm for CuKa radiation), fwhm is the
"full width at half maximum" for the diffraction peak under consideration (rad), and © is the Bragg angle
(degrees) Banerjee et al. (2019).

Adsorption Studies
PH Study pc 2

To determine the zero charge point (pHpcz ), 20 mL of 0.1 mol L.'NaCl solution  at different pH values
(2-12) in triplicate were added to 20 mg of the adsorbent and corrected to the desired pH using NaOH and/or
HCl solution (0.1 mol 1" ). The samples were stirred at 100 rpm for 24 h at 298 K. Afterwards, the solutions
were filtered and the final pH was measured. To determine the pHpcz, a graph of the final pH as a function of

the initial pH was constructed. The pHpczis the point at which the difference between the final pH and the
initial pH is zero, behaving like a buffer solution Liu et al. (2006b); Komulski, M. (2009) (2018).

Equilibrium and Chemical Kinetics

The dye concentrations before and after equilibrium were determined using a Metash UV-5800
Spectrophotometer at a wavelength of 465 nm for MO and 478 nm for OG. The adsorption studies were
performed in triplicate. The percentage dye removal and adsorption capacity (qc) were calculated according to

Equations 1 and 2, respectively:

remocio (%) Cy = So=Ceay 100 1)
(Co—Ceq ) xV
Qe ="t @)

Where: Coand Ceqare the concentrations (mg ") of the dye in the aqueous phase at the initial concentration
(Co) and after equilibrium (C.), respectively; q. : the equilibrium adsorption capacity (mg ¢ '), m: the mass of
the adsorbent (g), and V: the volume of the solution (L) Murga et al. (2021).

For the chemical adsorption kinetics studies, 100 mg of adsorbent, with a particle size of 100 mesh, was
added to 50 mL of dye solution at a concentration of 10 mg " . The suspensions were kept under stirring (100
rpm) for 24 h at 298 K. HCl and NaOH solutions (0.1 mol ) were used to adjust the initial pH to the optimum
pH of 8.05. The kinetics were studied using the pseudo-first-order (Equation 3), pseudo-second-order
(Equations 4 and 5), and intraparticle diffusion (Equation 6) models. The relationship between the amount of

adsorbates retained in the adsorbent per unit mass and the concentration of the adsorbate in solution at
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equilibrium, at a given temperature, allowed us to ascertain the affinity, behavior, characteristics, and conformity
of the adsorption sites according to Giles et al. (1974); Elmoubarki et al. (2017); Murga et al. (2021).

1

k
log(qe —q¥) =log ge — o= Xt (3

1 1 1

a = V + ; X t 4)
Vo = kz X (Qe)z (5>
qt = kg X ()% (©)

Where: parameters q. : concentration of dye adsorbed by the adsorbent, q. amount of dye adsorbed at
time t, ki and ko : first-order and second-order rate constants, respectively, t: time in the adsorption process, V.
pseudo-second-order reaction rate, and kq.  diffusion rate constant in accordance with Bentahar et al. (2017);
Zhang and Liu et al. (2017); Konick et al. (2018).

Study of the Efffect of Particle Dispersion
Samples of 10 mg of MF41 adsorbent, before and after adsorption with the dyes, were dried at 90°C in an

oven and then dispersed in 10 mL of deionized water. The test tubes containing the samples were identified
and separated. The samples were homogenized in a vortex for 3 to 5 minutes and left to stand for 24 hours.
Under these conditions, visual observations of the samples were made over time (5, 10, 15, 20, 30, 40, 60, 80,
100, 1380, and 1440 min) to identify the dispersed phase (particles) and the dispersing phase. The images from
the visual examinations (Appendix A) provided data to identify the degree of particle dispersion, as follows: A
—MF41,B; - MF41 with OG (10 mgL."), B, - MF41 with OG (20 mgL.'), C - . MF41 with MO (10 mgL.™).
Data Normalization and Treatment

Data normalization was performed to ensure logical consistency and eliminate redundancies. Fach
parameter analyzed (transmittance, absorbance, count, intensity, etc.) was scaled in the range from 0 to 1,

preserving the proportions and distribution of the original data.
Results and Discussion

Characterization

1

to 1590
corresponding to water deformation - 8(Hz O); and a characteristic band at 1380 cm ' related to v;

The spectrum of HDL MF41 (Figure 3) indicates the presence of an absorption band at 1640 ™
(asymmetric stretching) of the CO;*~ ion in the intermediate layer, intralamellar region of HDL
Bukhtiyarova (2019); Kang et al. (2020); Jadham et al. (2023). A typical elongated band of MF41 material
appears at 1200 cm™ Elmoubarki et al. (2017). However, the bands in the low-frequency region (below 1000
cm’, except for carbonate) are related to the metal-oxygen and metal-oxygen-metal vibrational modes in the
layer, similar t , the brucite-type mineral Rios-Leon et al. (2017); Kang et al. (2020). Characteristic stretching
and out-of-plane deformation bands related to ions (CO5>) are present at 690 “™ 'to 670 ™ '(Table 1).
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Figure 3 - MF41 FT-IR spectrum. Source: Author

As described in Table 1, the MF41 spectrum with MO (Figure 4a) showed an absorption band at 1232

cm

“characteristic of the C-N bond, typical of the presence of aliphatic and aromatic amines; and a narrow band

at 1153 “ 'characteristic of the asymmetric stretching of the adsorption of R-SOjs species in the solid Leont’
Eva et al. (2022); Kong et al. (2023); Liangquan et al. (2024). The MF41 spectrum with OG (Figure 4b) showed

a band at 1168 “ ', an asymmetric stretching characteristic of the adsorption of R-SO5  species in HDL.
Table 1. Stretching frequency values before and after adsorption.
Assigment MF41 (cm™) MF41 + MO (cm™) MF41 + OG (cm™)
VOH 3449 3449 3449
0H20 1642 1641 1634
V3C0sZ 1380 1368 1368
6 C-N 1232
R-SO3 1153 1168
V4CO032 700 693 699
VM-O-M 570 568 576
Source: Author
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b) FT-IR spectrum MF41 with OG. Source: Author
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The textural and morphological properties of the MF41 sample at different magnifications, shown in
scanning electron microscopy (Figure 5), presented a rough and irregularly shaped surface with spaces between
the particles, forming a hierarchical structure of grains in the form of stacked plates or overlapping plates
Nguyen-Thanh et al. (2005); Tichit et al. (2024) which increases the contact area as mentioned by Kong and
researchers (2023).

202306/26 20:38HLMD7,7 x800 100 7m

'\50pm

TM3I030P=2240 2023/05/26 20:23HL MD7.7 x1.8k 50 7m

TM3030PWZ2245

2023/06/26 20:113HL MD7.7 x4,0k 20 ?m

Figure 5 - Scanning electron micrographs of the adsorbent: (a) 800x, (b) 1800x, and (c) 4000x. Source: Author

One of the main advantages of heat treatment in synthesis is the formation of an organized crystalline
structure due to hydrothermal treatment and aging time. This procedure improves the shape of the particles
(crystallites), contributes to the purity and increases the surface area of the material, minimizing the formation
of unwanted interferents. Soliman & Aly (2019); Ameena Shirin et al (2021). It was observed that the
hydrothermal treatment used for the material was effective, given the structural organization achieved and the
purity of MF41. The micrograph analyses with EDS of MF 41 (Appendix B), the element map (Appendix B),
and the composition map (Figure 6) reveal the presence of Mg®*/ Fe’"ions in the MF41 adsorbent sample
before adsorption.
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Figure 6 - Composition map of MF41. Source: Author

Figures 7 and 9 show the EDS micrographs and element maps of MF41 with OG (Figure 8) and MO
(Figure 10) dyes. The analyses indicate the existence of chemical species not present in the initial composition
of the material. The chemical species inherent to the sulfur (S) element is not part of the compounds used in

the original synthesis. It is suggested that the significant amount of sodium (Na) found in the micrographs
(Figures 7 and 9) also originates from the dye adsorption process.

2pPIng
= S00x M\ 15

Figure 7 - Micrograph with EDS of MF41 with OG - 600X. Source: Author
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MAGTZ00X HV: I5RV- W8-S

Figure 9 - EDS micrograph of MF41 with MO - 400X. Source: Author

Figure 10. Element map of MF41 with MO. Source: Author

Note: the carbon present in the samples (Figures 7 and 9) is related to the carbon tape used to fix the samples in the analysis

method.
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The crystallinity and absence of interferents denoting phase transitions (Figure 11), indexed by the peaks
(20) at: (003), (0006), (012), (015), (110), and (113), are in accordance with the typical diffraction patterns of
HDL solids presented by Duan & Evans (20006); Das et al. (2006) and reports described by researchers such as
Goh et al. (2008); Trujillo et al. (2016); Bukhtiyarova (2019); Kong et al. (2023).

MF41

(006) (012)
[| ©15) (110) (113)

Normalized Intensity

\ |
| |

Ll 0 i S B B B Al B i B S B L R

100 20 30 40 5 60 70 80
2 Theta (°) q

Figure 11 - X-ray diffractogram of MF41. Soutce: Author

The crystallization of the respective solid occurred in the ordered form of cations as described by
Manohara et al. (2011) because the peaks indexed at (20) do not denote phase transitions, nor any additional
unidentified reflections between peaks (003) and (006) belonging to the interlayered phase, due to stacking
faults and/or phase coexistence Bukhtiyarova et al. (2019); Leont’eva et al. (2022). Furthermore, no
Mg(OH),chemical species was observed in the XRD of MF41 (Figure 11), which could result in a pootly
crystalline structure and/or affected by the buffer effect during co-precipitation Bukhtiyarova et al. (2019); with
nucleation occurring at short time intervals Manohara et al. (2011) similar to the mineral brucite Khan et al.
(2009); Leon et al (2017).

The ordered form and non-coexistence of HDL phases indicate that the intercalated anions do not contain
atoms with high scattering power, and the intensities of the basal reflections (00I) are mainly governed by the
intensity of the X-rays scattered by the metal cations in the host layers. Therefore, the intensities (00I) decrease
as ] increases, and the reflections (001) are well defined. Thus, there is a one-dimensional distribution of electron
density along the c axis in HDL Duan & Evans (2006); Bukhtiyarova et al. (2019).

In particular, the evolution of the angular position of the 001 reflection highlights the possible intercalation
of organic species, while the presence of additional patterns may indicate possible crystallization on an external
surface or a reorganization of the structural phase Sato et al. (2021). Zhang et al. (2019) mention that the high
concentration of a surfactant salt promotes an effect on X-ray diffraction between the (003) and (006) peaks,
and can be easily observed through the appearance of a characteristic peak, in an enlarged peak, close to 20°
(20), representative of the intercalation of the organic compound in HDL, as an intercalating anion Duan &
Evans (2006). However, low concentrations of a dye can be identified in XRD, accompanying any changes in
the reflections of (00]) if the charge of the organic species is sufficient to destabilize the lamellae, which causes
variations in the peaks (20) at low angles Sato et al. (2021)

In this circumstance, the existence of the characteristic broad peak at 17.95° (20), observed in the MF41
diffractogram with MO (Figure 12), between the diffraction planes dpozand dwe Duan & Evans (2006);
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1

Zhang et al. (2019); added to the broad absorption band of the functional groups (C-N) at 1240 ™ | and the
narrow and apparent absorption band at 1153 " (Fig. 4a) related to functional groups of the type [R-SO5 ]
in the infrared spectrum, indicate the intercalation of the dye in the HDL structure.

In Table 2, the adsorption of OG in HDL indicates an increase in the basal spacing associated with the
lattice parameter dqs with the broadening of the peak indexed at 10° (20) (Figure 12). There was an
electrostatic destabilization of the structures in the stacking of lamellae in HDL as mentioned by Zhang et al.
(2019), and this was governed by the decrease in electrostatic interaction between positive and negative lamellae
Duan & Evans (2006); Leon et al. (2017); Sato et al. (2021). Therefore, the slightly pronounced peaks at (20):
(a) 20.54° and (b) 26.50° recorded in the diffractogram (XRD) (Figure 12) of MF41 with OG, added to the

1

weak signal in the infrared spectrum at 1168 ' (Figure 4b), indicate the adsorption of the dye in HDL..

Table 2. Network parameters of the samples.

Sample d (003) A d (00s) A d (110) A C=3d (003 A
MF41 7,9249 3,9392 1,56572 23,77

MF41 ¢/ MO 7,8126 3,8929 1,5484 23,43

MF41 ¢/ OG 8,5093 3,9274 1,5535 25,94

Source: Author

The scenario suggests that adsorption is associated with the electrostatic effect of hydrophilic sulfonate
groups (SO;™) in OG Das et al. (2000); Sato et al. (2021). These negatively charged groups promoted internal
instability and expansion of the interlayer space in HDL Sato et al. (2021), observed by the broadening of the
peak indexed at (26) by 10° and by the increase in the absolute value of the network parameter d(003) Zhang
et al. (2019); Sato et al. (2021).

(003)

(0086) (012) — MF41 com MO
17.95° (015) (110) (113)
Normalized
/0
|
|

/| (003)

Relative Intensity

— MF41 com OG
(006) (012)

| (015) (110) (113)
| a | b | Normalized
T T T T T T T
10 20 30 40 50 60 70 80
2 Theta (°)

Figure 12 - X-ray diffractograms of MF41 with dyes. Source: Author

The variation in mass in relation to temperature, thermogravimetric events, and system properties allowed

us to determine the temperature range in which the samples acquired a fixed chemical composition. Thus,
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understanding the phenomena of dehydration, metal oxidation, and decomposition made it possible to
understand the thermogravimetric behavior of the solid before and after adsorption.

Mass loss due to intetlamellar water removal and lamellar dehydroxylation occurred from 25 °C to 180 °C
for the MF41 adsorbent (Figure 13a) Luengo et al. (2017); Rios-Leon et al. (2017); Bukhtiyarova (2019).
However, the same losses for MF41 with MO (Figure 13b) occurred from 120 °C to 280 °C, indicating that
the dye molecules occupied the interlamellar water spaces in the solid. Therefore, a lower amount of water
and/or OH- ions in the second stage of decomposition is justified, reflecting a higher percentage of mass loss
at higher temperatures (Table 3) Elmoubarki et al. (2017); Rosset et al. (2022).

—— DTG - Derivative of Mass (%)

—— Mass percentage (%)

— Mass peccentage {%)
hi 2 =
— DTG - Deivative of Mass (%)

s1 uFa1 gMO ~"

£ e @ = © = » e Ed = @ = [ w

Temperature “C Temperature °C

Figure 13 - a) Thermogravimetric analysis of MF41; b) Thermogravimetric analysis of MF41 with MO.
(a) (b)

Source: Author

In this context, the mass loss that occurred between 280 °C and 380 °C in MF41 with MO (Figure 13b) is
related to the decomposition of the HDL structure with the formation of metal oxides and the onset of
decomposition of carbonate anions in the structure. In addition, the marked mass loss from 380 °C to 550 °C
(Figure 13b) indicates that there was a greater amount of carbonate ions bound to chemical species of the dye
in the interlayer region. This promoted an increase in the final decomposition temperature of 1-COs™(carbonate)
ions and reflected a high percentage of mass loss at this stage of heating (Table 3) Rios-Leon et al. (2017);
Rosset et al. (2022) when compared to MF 41 and MF41 with OG.
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Table 3. Percentage of mass loss due to temperature before and after adsorption.

5th Stage
1st Stage 2nd Stage 3rd and 4th Stages
(above 380 °C)
Sample (25° to 120 °C) (120° to 200 °C) (220° to 380 °C)
[decomposition nCO32
[H20 / OH] [H20 residual /OH] [R-MO?%/ R-CO3?] 1
MF41 8,52 % 8,98% 16,67 % 5,53%
MF41 + MO 7,50% 4,50% 18,00% 17,37%
MF41 + OG 6,25% 8,75% 17,50% 6,70%

Source: Author

The MF41 sample with OG (Figure 14) and the MF 41 sample (Table 3) show very similar percentages of

mass loss. This indicates a low amount of dye adsorbed in the solid.
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Figure 14 - Thermogravimetric analysis of MF41 with OG. Source: Author

Adsorption Studies
PHprcz

Based on the relationship between the initial pH and the final pH of the solution, the pHpcz of MF 41
was calculated using the arithmetic mean of the points, in triplicate, whose final pH is constant, functioning as
a buffer solution (Figure 15). The value found for the pHpczparameter of the adsorbent was 7.45 £ 0.03, similar
to values reported in the literature as described in Table 4. Analysis of the pHpczassociated with the MF41
structure suggests that if the pH of the solution is lower than the pHpcz(pH soion< 7.45), the surface of the

adsorbent will be positively charged, increasing and favoring the adsorption of negatively charged dyes through
electrostatic forces Elmoubarki et al. (2017); Hao et al. (2018); Murga et al. (2021).
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Figure 15 - Graph of the zero charge point of the adsorbent.. Source: Author

Table 4 shows values of different HDLs found in the literature compared to the pHpzcof the adsorbent
sample.

Table 4. Comparison of the pHpzc obtained in this study with values reported in the literature.

Material pHezc Reference
Uncalcined chloride Li—Al LDHs 7.2 Liu et al. (2006)
Uncalcined chloride Zn-Al-Fe LDHs 9.3-10.0 Jiao and Hou (2007)
v-FeOOH 7.4 Jiao and Hou (2007)
Magnetic HDL-Mg/Al 8.1 Eftting et al. (2017)
HDL- CaAl - RE 12.15 Henrique et al. (2023)
Uncalcined Mg—Fe LDHs 8.7/8.9 Goh et al. (2008)
CG1/CG2 (AAH) 6.50/7.62 Scholtz etal. (1985)
MF41 7.45 This work

Source: Author

It should be noted that three modes can govern the adsorption mechanisms in HDLs, such as: electrostatic
attractions, anionic exchange, and surface complexation mentioned by Luengo et al. (2017). Considering that
the pH of the solution directly affects the surface charge of the material and the degree of ionization of the
adsorbates Brido et al. (2017); Alves et al. (2025), it is necessary to consider two factors that can influence the
adsorption process and its mechanisms, such as: the protonation state of the dyes and the behavior of the
charges on the surface of the adsorbent.

Since the dissociation constant (pKa) of MO in aqueous solutions has values close to 3.46 (Alves et al.,
2025), and the sulfonate groups of MO (SO3Na) are dissociated and are in anionic form, predominating at pH
values higher than pK,(Pei et al., 2007). Considering that the removal percentage (Figure 17a) and adsorption
capacity (q. ) of MO in the solid described in Table 6 were higher at pH 8.0 than at pH 6.0 (Appendix B), it is

suggested that intermolecular interactions were governed by electrostatic forces between the sulfonate groups
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(*°*) of the dye and the available adsorption sites in the solid Pei et al. (2007). Mallakpour and Motirasoul (2021)
mention that AG® values between —20 k] and 0 k] mol”'indicate physical adsorption, and between —80 kJ and
—400 kJ mol™ 'indicate chemical adsorption. The AG® values of — 17.10 k] ™" for MF41 with MO at pH
8.0 and — 16.69 k] ™" at pH 6.0 (Appendix C) indicate that the nature of the adsorption is physical and that
electrostatic interactions, hydrogen bonds, and/or dipole-dipole forces governed the adsorption of MO
molecules on the solid Pei et al. (2007); Mallakpour and Motirasoul (2021).

OG, in aqueous solution, has a pK,value of 11.5  0.02 for the hydroxyl hydrogen in the aromatic ring Cai
et al. (2016); Haddou et al. (2011), and a pK.of 1.0 for the two SO3; H groups (Cai et al. (2016). As the solution
has a pH of 8.0, the OG dye is in its anionic form Madhavan et al. (2010), and the sulfonate groups (SO3)
govern the electrostatic interactions between the dye and the surface of the lamellar solid Cai et al. (2016).
Adsorption in HDL suggests functionalization of the solid through lamellar intercalation of the dye.

Goh et al. (2008) mention that there is a combined chemical and electrostatic effect that promotes
adsorption on uncalcined HDLs when pH > pHpcz. Sato et al. (2021) mention that there is an electrostatic
effect associated with the charges present in the polar region of the adsorbate. This effect promotes dye

intercalation in the HDL structure in the same way as occurs with anionic surfactants Sato et al. (2021).

Adsorption Equilibrium and Kinetics

The adsorption kinetics were investigated to establish the ideal contact time between the adsorbent (MF41)
and the adsorbates (dyes) when equilibrium is reached by the system (Almeida et al., 2009). In the experiment,
the temperature was maintained at 298K, and the system parameters (particle size, temperature, system pH,
and solution volume) were kept constant. The equilibrium and concentration coefficients (q. ) of adsorption
were calculated according to the contact time Sheng et al. (2018) at the respective temperature.

It was observed that equilibrium occurred around 210 minutes for MF41 with MO and 150 minutes with
OG. The maximum removal percentage was 70% and 87.5%, respectively, for MF41 with MO (Figure 16a)
and MF41 with OG (Figure 16b). At a pH of 6.0, the equilibrium time for MF41 with MO occurred in 200
minutes, and the maximum removal percentage reached 64.9% in 150 minutes (Appendix B).

A sharp increase in removal was observed in the first 60 to 80 minutes. After that, the systems showed a
lower rate of change until reaching maximum removal and kinetic equilibrium at around 150 minutes (Figures
16a and 16b). The initial rate of filling of the active sites in the adsorbent was high, followed by a slower reaction
over time until the systems reached equilibrium, suggesting an L-type isotherm Gilles et al. (1974); Elmoubarki
et al. (2017). This occurred due to the decreasing number of active adsorption sites available, due to the

progressive coverage of the adsorbent surface Banerjee et al. (2019).
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Of the kinetic models constructed, the model that best described the adsorption of MO and OG dyes
(Table 5) was the pseudo-second order model, with coefficients close to 1 (one). Some studies involving the
application of models to explain the adsorption kinetics in HDL and its derivatives, reported in the literature,
provide correlations with the pseudo-second-order model De Sa et al. (2021); Henrique et al. (2022); Kausar et
al. (2018).

Table 5. Adjustments for kinetic models of dye adsorption on the adsorbent.

Type of Interparticle
Dye 1st order 2nd order
adjustment Diffusion

R squared -0.0323 0.9916 0.8458
MO Pearson’s -0.1795 0.9960 0.9252
0G R squared 0.2731 0.9970 0.3131

Pearson's -0.0794 0.9990 0.6053

Source: Author

Table 6 shows the physicochemical parameters obtained in the kinetic study of the dyes, such as: the rate
constants (K; and K» ) in the pseudo first-order and second-order models, the experimental results, and the

adsorption capacity.

Table 6. Physicochemical parameters of adsorption kinetics.

System Vo K1 K2 Qe max
ME41 + MO 239x102  292x104  185x10% 37109
MF41 +0G 1.42x102  277x106  7.93x104 42328

Source: Author

Effect of Particle Dispersion

The study sought to identify the presence of dyes in the solid, as well as to understand the stability of the
system (adsorbent-adsorbate) and the behavior of the electrostatic forces present when it is subjected t e
solvation. The solid acts as a matrix that retains the dyes through intermolecular forces and, when solvated,
becomes passive to the electrostatic forces promoted by the solvation phenomenon. Similatly, studies on
solvation in zeolites and nanomaterials indicate that the behavior of solvation is complex, and the factors that
control solvation depend on the reaction kinetics, the type of solvent, the type of solid, and its surface Zhou &
Xu (2018); Chen and Getman (2024); Mapile et al. (2024).

The visual analyses presented in Appendix A indicated that sample C (MF41 in the presence of MO)
presented a greater state of dispersion and a lower tendency to aggregate, evidencing a more stable suspension
compared to the other conditions evaluated. The MF41-MO suspension showed initial stability due to
electrostatic interactions between HDL Mg/Fe and the sulfonic groups of the dye, associated with the solvation
of the particles and the hydrophobic character of the aromatic portion of the dye, which contributes to
hindering the approximation and aggregation between the dispersed particles Mapile et al. (2024). Together,
these factors inhibit immediate aggregation and maintain the system dispersed in the initial stages. However, as
the sedimentation process began to dominate over the stabilizing forces, slow and progressive particle

deposition was observed.
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In turn, samples B1 and B2 (MF41 in the presence of OG at 10 mg L™ and 20 mg L™, respectively)
showed low colloidal stability, evidenced by rapid aggregation and sedimentation of the material, without
causing significant interference in light diffraction by the medium. This behavior suggests that, under these
conditions, the system did not maintain sufficient repulsive force or solvation to sustain the particulate
dispersion Mapile et al. (2024), which resulted in the almost immediate deposition of the particles. However, a
detailed interpretation of the mechanism, including the extent of adsorption or the nature of the interactions
in the adsorbent-adsorbate complex, requires complementary instrumental analyses in addition to the visual

test employed.

Conclusion

Under the conditions studied, the positive adsorption results demonstrated that the material has an affinity
for anionic dyes. Hydrothermal treatment improved the size and shape of the particles, minimizing the
formation of unwanted interferents. The rough and irregular surface, with interparticle voids, provided a larger
contact area between the HDL and the dyes. X-ray diffraction and thermogravimetric analyses indicate that the
orange methyl dye is adsorbed on the solid. The adsorption kinetics of MF41 with MO showed a better removal
percentage at pH 8.0 than at pH 6.0, indicating that intermolecular interactions occurred between the sulfonate
group (SO3) in the dye and the available adsorption sites in the solid. The adsorption of OG on HDL suggests
an adsorption model similar to that which occurs in a surfactant salt. The increase in the basal spacing in d o
for MF41 with OG, the characteristic peak near 20° (20) in the XRD of MF41 with MO, associated with a
higher percentage of removal at a pH higher than pHpcz  and the AG® values found for the systems, indicate
that adsorption in HDL was governed by a combined chemical and electrostatic effect, with the latter being
predominant. The results obtained reinforce the potential use of Mg/Fe HDLs in sustainable applications in
the remediation and/or final polishing of contaminated water, due to their environmentally friendly

composition, formed by abundant metals, low toxicity, and high chemical stability.
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