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ABSTRACT

Effluent treatment and water body decontamination are pressing global challenges due to high water
consumption and industrial effluent generation. This study focused on developing efficient, cost-effective
adsorbents for the removal of methylene blue, a widely used dye known for its toxicity. Chitosan (CS)
and smectite clay composites were prepared and characterized using FTIR, XRD, and pHpzc analyses.
FTIR confirmed the preservation of the functional groups of both materials in the prepared composite,
whereas the diffractograms indicated a superficial interaction, as evidenced by the absence of shifts in
the diffractogram peaks. The point of zero charge pH on the surface of the CS/Clay-180 and CS/Clay-580
composites was evaluated as 8.5 and 8.4, respectively. Adsorption experiments covered a pH range of
3-11, exposure times of up to 600 min and dye concentrations from 5 - 350 mg L. Kinetic data followed
first and second-order models, while the Freundlich model best described the experimental isotherms.
Our composites exhibited excellent adsorption capacities, with maximum values of 45.4 mg g for CS/
Clay-180and 42.7 mg g for CS/Clay-580, at pH 10 and a contact time of 300 min. Therefore, the prepared
CS/clay spheres proved to be effective and environmentally friendly adsorbents for the removal of
methylene blue, contributing to the development of sustainable solutions for water purification.

Keywords: Dye; Adsorption; Composite

RESUMO

O tratamento de efluentes e a descontaminac¢ao de corpos de dgua sao desafios globais urgentes devido
ao alto consumo de agua e a geracao de efluentes industriais. Este estudo desenvolveu adsorventes
eficientes e econdmicos para a remocao do azul de metileno, corante amplamente utilizado e de elevada
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toxicidade. Compdsitos de quitosana e argila esmectita foram preparados e caracterizados utilizando
analises de FTIR, XRD e pHpcz. O FTIR confirmou a preservacdo dos grupos funcionais de ambos os
materiais no compdsito preparado, enquanto os difratogramas indicaram uma interacdo superficial,
evidenciada pela auséncia de deslocamentos nos picos do difratograma. O pH do ponto de carga zero
na superficie dos compdositos CS/Clay-180 e CS/Clay-580 foi avaliado como 8,5 e 8,4, respectivamente.
Os experimentos de adsorcdo abrangeram uma faixa de pH de 3 a 11, tempos de exposi¢ao de até 600
minutos e concentracao do corante de 5a 350 mg L. Os dados cinéticos seguiram modelos de primeira
e segunda ordem, enquanto o modelo de Freundlich descreveu melhor as isotermas experimentais.
Nossos compdsitos apresentaram excelentes capacidades de adsorcdo, com valores maximos de 45,4
mg g’ para CS/Clay-180e 42,7 mg g’ para CS/Clay-580, em pH 10 e tempo de contato de 300 min. Logo, as
esferas de CS/Clay preparadas se apresentaram como adsorventes eficazes e ecologicamente corretos
para a remocao de azul de metileno, contribuindo para o desenvolvimento de solu¢des sustentaveis
para purificacao de agua.

Palavras-chave: Corante; Adsorc¢do; Compdsito

1 INTRODUCTION

Dyes, similar to other industrial effluents, are potential pollutants to bodies of
water (Ewis et al., 2022; Goyal et al., 2023; Kwon & Kim, 2020; Methneni et al., 2021;
Saba et al., 2021; Sirajudheen et al., 2021). They exhibit high toxicity, low degradability,
and are carcinogenic (Singh et al., 2021). Additionally, they reduce sunlight penetration,
thereby hindering photosynthesis and increasing Chemical Oxygen Demand (COD)
(Rashid et al., 2020). These compounds are extensively used in various industries,
including textiles, food, pharmaceuticals, paper and cosmetics (Basaleh et al., 2019;
El-habacha et al., 2023).

Brazil ranks 5" in the world in textile production, with the Brazilian industry
responsible for more than 1 million direct and 8 million indirect jobs (Vasconcelos et
al., 2022). Despite the economic benefits, there are environmental concerns associated
with the textile sector, as it is one of the largest consumers of water. Specifically, the
dyeing and finishing stages are highlighted because they require up to 150 L of water
to process 1 kg of cotton (Rashid et al., 2020). Another challenge is the minimal level of
reuse, with a significant amount of waste being disposed of in the aquatic environment

annually, often without appropriate treatment (Mittal et al., 2023).
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While there are various methodologies for treating textile effluents, adsorption
technology stands out for its practicality, efficiency, reuse of the adsorbent matrix, low
investment capital, feasibility in removing toxic and degradation-resistant substances,
and sludge-free cleanup operations (Badawi et al., 2021; Khan et al., 2020; Tran et al.,
2023). In this context, new materials play a crucial role in the adsorption process of
wastewater treatment, offering more efficient and specific solutions (de Oliveira et al.,
2023; Duan et al., 2024; Theodoro da Rosa Salles et al., 2023). For example, Singhapong
et al. (Singhapong et al., 2024) prepared a novel and reusable graphene oxide-coated
reticulated open-cell mullite foams for methylene blue dye adsorption. The material
developed and applied by the group exhibited excellent performance in removing
this dye (the experimental results revealed that the materials can completely remove
the dye from the aqueous solution within 30 min), making it a promising material for
wastewater management. Another study highlighted the use of Fe,O, nanoparticle/
hyper-cross-linked polymer composites for dye removal (Gao et al., 2024). This work
foundthatthe prepared composite exhibited a high density ofaromaticand alkyl groups,
which conferred a high affinity for dyes through hydrophobic and rt-rtinteractions. The
results presented in this study reveal that this composite is a promising adsorbent for
the removal of five dyes: Congo red, methyl orange, crystal violet, sunset yellow, and
methylene blue.

The choice of the adsorbent matrix and the establishment of optimal operating
conditions are critical in any adsorption process. Activated carbon is usually preferred
due to its commercial availability, high surface area and adsorption capacity (Shen et
al., 2018; Singh et al., 2021; Tran et al., 2023). However, it is not always the most cost-
effective adsorbent and lacks selectivity. Alternatively, there are bioavailable materials
with high saturation capacity, selectivity, and low cost that can be successfully used to

remove various classes of contaminants (Biswas et al., 2021).
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Figure 1 - Chitin deacetylation: Chitosan is obtained from chitin by immersing it in an
alkaline solution at a temperature of 100°C, with constant stirring for approximately 4

hours, to achieve a lower degree of acetylation

CH,4

Chitin

1. Concentrated base solution
(OH"), 100 °C, ~ 4h.

Chitosan

Source: Authors (2023)

One such example is a derivative of chitin, which is an abundant polysaccharide
found in the exoskeleton of crustaceans (shrimps, crabs), insects and in the cell wall
of yeasts. Through a simple process of deacetylation (Figure 1), chitin is transformed,
to varying degrees, into chitosan (CS), a cationic polysaccharide (Marmier et al., 2020;
Pakizeh et al., 2021). The degree of deacetylation and molar mass of the prepared CS
depend on the concentration of the bases, temperature and reaction time.

Chitosan (CS) possesses favorable properties, being biodegradable, non-toxic,
hydrophilic, chemically modifiable and selective in adsorption (Jawad & Abdulhameed,
2020; Nunes et al., 2021; Silva et al., 2021). However, its protonation and solubility
at low pH levels (pH < 5.5, pK, = 6.5) limit its direct use as an adsorbent (Zouaoui

et al., 2020). Additionally, CS may exhibit low mechanical strength and a tendency to
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form agglomerates (Jawad & Abdulhameed, 2020). Thus, there is a need to enhance its
chemical properties, mechanical strength and adsorption capacity.

Various materials, including clays, can modify CS, expanding its insolubility range
and adsorption capabilities. Clays are aluminosilicates with small particle size and
high plasticity, offering versatile applications, including adsorption and strengthening
of materials (Lertsutthiwong et al., 2012; Rekik et al., 2017; Rocha et al., 2014). Clays
have good functionality and diverse applications, such as adsorbents, catalysts and
for strengthening or improving the physical, mechanical, and structural properties of
new materials (Jawad & Abdulhameed, 2020; Kausar et al., 2019; Marrakchi et al., 2020;
Rekik et al., 2017). On the other hand, clay mining has a significant environmental
consequence, prompting the exploration of methods to disperse clays in other matrices
to reduce their environmental impact.

Among the various types of clay minerals, smectites are prominent. These clays
possessa crystalline structure composed of octahedral silicate layersinterleaved between
tetrahedral layers, forming sheets separated by cation-containing intermediate layers
(deJong et al., 2014). Owing to their structural arrangement, smectites exhibit interesting
properties such as swelling capacity and selective ion exchange (Christidis, 2008). This
class of clay has been widely employed for contaminant adsorption owing to its inherent
properties (Zhao et al., 2023). In addition, these clays have been utilized as precursor
materials for the development of composites and hybrid materials (Mudzielwana &
Gitari, 2021; Ouaddari et al., 2024).

CS-montmorillonite prepared through techniques like phase inversion and ion
exchange, have been used in various fields, such as controlled release in agriculture
for textile dye removal, selective electrode construction biodegradable packaging and
bactericidal applications (Darder et al., 2003; Laaraibi et al., 2018; Lertsutthiwong et
al., 2012; Messa et al., 2016). Other clays, such as kaolin, bentonite, attapulgite and
sepiolite, have also been used to prepare hybrids with CS (Jawad & Abdulhameed,

2020; Kausar et al., 2019; Zhou et al., 2015).
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This study extends the investigation into CS/Clay interactions, employing smectite
clay standards (Clay-180 and Clay-580) and forming spherical hybrids. We evaluate the
adsorption capacities of these materials against methylene blue (MB), a common cationic

dye, while considering the influence of pH and time on the adsorption equilibria.

2 MATERIALS AND METHODS

2.1 Reagents and Solutions

All reagents used were of analytical grade. Methylene blue, potassium chloride
(KCl), potassium bromide (KBr), and acetic acid (CH,COOH) were all sourced from
Isofar (Duque de Caxias, Brazil). Hydrochloric acid (HCl), and sodium hydroxide (NaOH)
obtained from Quimex (Uberaba, Brazil), while Tonsil Supreme 180 FF (Clay-180) and
Tonsil Terrana 580 FF (Clay-580) smectite clays were acquired from Clariant (Muttenz,
Switzerland). Furthermore, CS with a degree of deacetylation ranging from 75% to 85%
was purchased from Sigma-Aldrich (St.Louis, USA).

All the solutions were meticulously prepared using distilled water.
2.2 Preparation and Characterization of the Composites

To prepare the composites, 7 g of the Clay-180 smectite was added to 100 mL
of a 2% m/V solution of CS and the mixture was stirred continuously for 24 h. Prior
to this, the CS solution had been prepared in an acidic medium (5% V/V acetic acid)
under constant stirring for 24 h. The resulting suspension, while still being stirred,
was gradually added to an 8% m/V NaOH solution to induce precipitation and to form
spheres, denoted as CS/Clay-180. These microspheres were subsequently filtered,
washed until reaching a pH of 7 and dried in an oven at 50 °C for 24 h, following
the procedure described in the literature (Messa et al.,, 2016; Vithalkar & Jugade,
2020). The same method was employed to obtain the CS/Clay-580 hybrid. Schematic

representation of the preparation of the composites is presented in Figure 2.
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Figure 2 - A schematic illustration of the preparation process for CS/Clay composites:
(a) Solubilization of CS in CH,COOH, (b) addition of clay to the previously prepared CS
solution, (c) Precipitation of the CS/Clay dispersion into spheres in a NaOH solution, (d)
filtration and washing of the formed spheres until the pH was close to 7, (e) drying of
the materials in an oven for 24 h at 50 °C, and (f) illustration of the prepared composites

in spherical form
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Vibrational absorption spectra in the infrared region (4000 to 400 cm™) were
acquired using an IR-PRESTIGE-20 spectrometer (Shimadzu, Kyoto, Japan). KBr chips
(100 mg) were used and data was Fourier transformed with a resolution of 4 cm-.

XRD diffractograms were obtained using a D8-ADVANCE diffractometer (Bruker,
Billerica, USA), operating at 40 kV and 30 mA. Copper served as the radiation source
(Cu Ka, A =0.15405 nm), with a scanning range spanning from 3° to 75° and a scanning

rate of 5° min'.

Ci. e Nat., Santa Maria, v. 47, e86389, 2025



8 | Chitosan/smectite spheres for methylene blue removal: preparation...

The pH at the point zero charge (pHpzc) was estimated using a graphical
method based on pH equilibria in various solutions, while maintaining a constant
ionic strength (Ribeiro et al., 2017). In summary, ten vials, each holding 100 mg of a
designated adsorbent matrix, were exposed to 25 mL of pH solutions ranging from
3 to 12 (prepared using HCl and NaOH) in KC| (0.1 mol L*). pH measurements were
conducted using a Q400AS pH meter (Quimis, Diadema, Brazil) with temperature
correction. The systems were stirred at a constant temperature of 25 °C at 100 rpm,
for 24 hours to ensure protonation equilibrium. After centrifugation, the pH values
(pHf) of the supernatant were determined and the pHpzc was obtained from the plot
of ApH (pHf - pHi) against pHi.

Methylene blue (MB) concentrations were determined using UV-Vis
spectrophotometry. An IL-592S-Bl spectrophotometer (Kasuaki, Tokyo, Japan) was
used and concentrations were determined according to the respective analytical
curves for each pH value, with a concentration range spanning from 10 to 100 mg L.

Tukey's test was performed using the program PAST 4.0 (@yvind Hammer et
al., 2001) to evaluate the combinations of pH and CS/CLAY composites. Tukey's test
is a statistical method that allows for pairwise comparisons of group means (Wade
C. Driscoll, 1996), providing an honestly significant difference. For this purpose,
9 pH values (3-9) were combined with 2 composites (CS/CLAY-180 and CS/CLAY-
580) and a control group (initial concentration), for a total of 19 groups. The PAST
software was chosen for its robust statistical tools, which ensured the accuracy

and reliability of our comparisons.
2.3 Adsorption Assays

Adsorption assays were conducted using a LUCA-222 shaker incubator
(Lucadema, Sao José do Rio Preto, Brazil) with heating control. Each trial consisted

of 50 mg of the adsorbent and 25 mL of the dye solution in the presence of an ionic
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medium (0.1 mol L™"KCl). The experiments were carried out at a controlled temperature
of 25 °C, and with continuous stirring at 100 rpm. Detailed information regarding
the parameters being investigated, their respective ranges and other experimental
conditions can be found in Table 1.

The amount of adsorbed dye (g, mg g') and the removal percentage (% R) were

calculated using Equations 1 and 2, respectively (Kausar et al., 2019).

q=(C—C)v/m (1)

%R = (C; — C;)x 100/C;
(2)

Where C and C, represent the initial and final dye concentrations (mg L") respectively; V is the volume
of dye solution (L) and m is the mass of the adsorbent (g)

Table 1 - Parameters, work ranges and experimental conditions for MB removal

Investigated parameters Work ranges Experimental conditions
Initial pH 311 Dye: 190 ™8 L
Time (min) 0-600 Dye;,:ioffgg .
Concentration (mg L") 5-350 Timzﬁ?;)(;(r)nin

Source: Authors (2023)

The kinetics experiments were conducted after determining the optimal ad-
sorption pH. The results were fitted to first and second order kinetic models ac-
cording to Equations 3 and 4 (Marrakchi et al., 2020):

q: = Qeq(l - e_klt) (3)
kzngt

= 4

T T TH Geghat (4)

Where q, (mg g") represents the adsorption capacity at time t (min); q., (mg g") is the equilibrium
adsorption capacity; k, (min”) and k, (mg g" min™) are the rate constants for the 1stand 2" order kinetics,
models, respectively.

Ci. e Nat., Santa Maria, v. 47, e86389, 2025



10 | Chitosan/smectite spheres for methylene blue removal: preparation...

The concentration study enabled the development of isotherms based on three
well-established models: Langmuir (Eqg. 5) (Langmuir, 1918), Freundlich (Eqg. 6) (Kausar
et al., 2019), and Sips (Eq. 7) (Sips, 1948).

Kinetic and isothermal modeling were conducted using nonlinear equations

implemented in Microsoft Excel version 365 (Microsoft Corporation, Redmond WA, USA).

qeq — KLCeq (5)
Amax 1+ KL Ceq

1
Geq = KfCIL (6)

— QmaszCf?c}g (7)

Gea =T K.C

1
R, = ——— (8)

1+ K,C,

In these equations, q__ represents the maximum adsorbed amount (mg g'); C, (mg L") denotes the
initial concentration; C_, (mg L") signifies the concentration at equilibrium; K, K, K, and R, are constants
specific to the Langmuir, Freundlich, Sips models, with R_being the dimensionless separation factor;
n is the adsorption parameter in the Freundlich model, and n_ is the parameter associated with the
adsorption site characteristics

3 RESULTS AND DISCUSSION

3.1 Vibrational Spectroscopy (FTIR)

The infrared vibrational spectra, shown in Figure 3, reveal distinct features.
Notably, a broad band spanning from 3790 to 3000 cm™ corresponds to NH and OH
vibrations (Borja-Urzola et al., 2020). Vibrations at 3416 cm™" are attributed to adsorbed

water (Madejova, 2003), while therange from 2926 to 2841 cm™ encompasses stretching
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of the -CH group, deformation of methyl and methylene groups, and -NH stretching
vibrations (Topcu et al., 2018).

An asymmetric stretching at 1643 cm™ characterizes the C=0 group of secondary
amides, typical of the amide groups still present in CS (Madejova, 2003). AAdditionally,
the vibrational stretch at 1420 cm-1 may be associated with the C-O bond within the
carboxyl group (Cheikh et al., 2019). Angular deformation (6CH2) is evident at 1379
cm-1 (Cheikh et al., 2019), while asymmetrical vibrations at 1153 cm-1 indicate the
presence of the C-O-C group in saccharides (Staroszczyk et al., 2014). Finally, amide I

(VC-N, 6NH) is observed at 1259 cm-1 (Santos et al., 2018).

Figure 3 - FTIR vibrational spectra of CS, Clay-180, Clay-580 and of the composites CS/
Clay-180 and CS/Clay-580
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Source: Authors (2023)

Infrared spectroscopy revealed several significant bands in our clay samples.
Bands at 3630 and 3435 cm-1 correspond to hydration water, while the 1633 cm-1

band is indicative of water molecules coordinated with exchangeable cations within
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the clay matrix (Cheikh et al., 2019). Additionally, the 930 cm-1 band is associated with
angular deformation in Al-Al-OH grouping, and the 795 cm-1 band pertains to Al-Mg-
OH vibrations (Cacciotti et al., 2019; Cheikh et al., 2019). The spectral region spanning
from 900 cm™' to 1100 cm signifies Si-O-Al bonds, forming the structural backbone of
the clay (Iftikhar et al., 2020). Lastly, vibrations at 618, 515 and =450 cm™ are attributed
to coupled strains, encompassing Al-O, Si-O, Al-O-Si and Si-O-Si bands (Topcu et al.,
2018). These preserved bands in the hybrids confirm the successful preparation route
and the presence of characteristic clay functional groups, underscoring the other

findings.
3.2 X-Ray Diffractometry (XRD)

Figure 4a and b depictthe X-Ray diffractograms of the materials: CS, Clay-180, and
Clay-580, as well as the composites: CS/Clay-180 and CS/Clay-580. Notably, CS exhibits
two distinct reflection peaks at 26 = 10° and 26 = 20°, confirming the coexistence of
hydrates and anhydrous crystals within its structure (Santos et al., 2018).

The Clay-180 diffraction pattern (Figure 4a) reveals distinct peaks at 206 = 20.8°,
21.7°, 26.6° and 62.0° indicative of the presence of quartz (Jeon & Nam, 2019; Leite et
al., 2000; Nizam EI-Din & lbraheim, 2021). Additionally, peaks at 26 = 5.6° and 19.8°,
characteristic of smectite (Leite et al., 2000; Rezende et al., 2012), are evident, alongside
a peak at 26 = 27.9°, attributed to calcium and potassium feldspar (Leite et al., 2000).
Notably, these distinctive peaks are also observed in the diffraction pattern of the
corresponding composite.

In contrast, the Clay-580 diffraction pattern (Figure 4b) displays peaks at 20
= 8.8° and 29.6°, corresponding to montmorillonite (Jeon & Nam, 2019), at 26 =
12.3°, characteristic of kaolinite (Rezende et al., 2012), at 26 = 20.8°, indicating the
presence of cristobalite (Rezende et al., 2012), and finally, at 26 = 26.6°, a peak
attributed to quartz present in the material Jeon & Nam, 2019; Leite et al., 2000;
Nizam EI-Din & Ibraheim, 2021).

Ci. e Nat., Santa Maria, v. 47, e86389, 2025
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As previously observed, both Clay-180 and the corresponding composite exhibit
their initial diffraction peaks at a similar angle of 5.68°. This pattern was also replicated
in the case of Clay-580 and CS/Clay-580, with their diffraction peaks occurring at 26
equal to 8.78°. TThis consistency allowed for the determination of the interplanar

distance (d001) of these materials using the Bragg equation (Oliveira et al., 2011).

Figure 4 - Ray diffractograms: (a) CS, Clay-180, CS/Clay-180 composite and (b) CS, Clay-

580, CS/Clay-580. (c) CS/Clays interaction model
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The d001 value found for Clay-180 was identical to that of the composite CS/

Clay-180, measuring 1.55 nm. Likewise, both Clay-580 and the CS/Clay-580 composite
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exhibited a d001 value of 1.01 nm. These findings indicate that, following the preparation
of the composites, there were no new peaks formed, nor was there any noticeable shift
in the dOO1 peak associated with the basal distance of the lamellae. This suggests that
the interaction of CS with the clays was primarily confined to the surface, without causing
any alteration to their lamellar structure. A simplified illustration of this process can be
found in Figure 4c. The peaks that may have appeared to vanish after synthesis are likely
a likely a result of the overlap between the clay peaks and the CS peaks in the formed

hybrid, as previously discussed in the diffractograms presented in Figure 4a and b.
3.3 pH at zero charge point (pHpzc)

Determining the net charge on the adsorbent surface before the adsorption
process is a crucial step that allows predicting in advance the pH conditions favoring
interactions between the adsorbate and adsorbent. The concept of pHpzc refers to
the pH at which the adsorbent attains a net electric charge density of zero. Below
this pHpzc value, surface groups become protonated, leading to the migration of H*
cations from the solution to the surface of the solid, thereby increasing the pH of the
solution (pHi < pHf). Conversely, at pH values higher than pHpzc, the solvent removes
H*ions from the surface, rendering it negatively charged and elevating the acidity (pHi
> pHf) of the medium. The pHpzc for the materials studied are shown in Figure 5.

This approach facilitates the identification of optimal pH conditions for effective
adsorption and provides a valuable framework for understanding the surface charge
properties of the adsorbent materials.

The pHpzc values were determined to be from 1.3 to 3.1 for the Clay-180, 7.9 for
Clay-580, 8.5 for CS/Clay-180, and 8.4 for CS/Clay-580 (Figure 5). It is noteworthy that
the change in pHpzc for both clays became apparent after the formation of the hybrid
materials, particularly for Clay-180, which exhibited an extended protonation range.
These pHpzc values are consistent with those reported in the literature for similar

composites. For instance, a composite with sodium bentonite exhibited a pHpzc of 7.8
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(Anirudhan & Ramachandran, 2015)2015 and a composite involving a montmorillonite

clay yielded a pHpzc of 7.3 (Bée et al., 2017).

Figure 5 - pH at zero charge point (pHpzc) for the starting materials (clays) and for the
composites CS/Clay-180 and CS/Clay-580
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These findings, in addition to confirming the modification of the material, suggest
that these hybrid materials exhibit pHpzc values in a range similar to other known
composites, underlining the relevance of these results in the context of adsorption

processes and surface charge properties of the materials.
3.4 Adsorption assays: effect of initial pH

The investigation of the impact of pH on the removal of MB through adsorption
by the composites was conducted within the pH range from 3 to 11, as depicted in
Figure 6. Notably, the CS/Clay-180 composite demonstrated superior adsorptive
performance, achieving its maximum removal capacity (39.27 mg g™"). This finding is in

line with results from a similar study involving CS composites with d-glucosamine and
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n-acetyl-d-glucosamine/clay, which achieved maximum adsorption at pH 10 for the
rose dye FRN (13.27 mg g') (Kausar et al., 2019).

Conversely, the CS/Clay-580 composite displayed relatively consistentadsorption
behavior across varying pH levels, with its maximum value at pH 11 (34.41 mg g’).
Given that MB is a cationic dye, it was anticipated that stronger interactions with the
solids would occur at pH values exceeding their respective pHpzc values. So, these
results underscore the influence of pH on the adsorption capacity of the composites
and highlight the potential utility of the CS/Clay-180 hybrid, particularly at a pH of 10,

for effective removal of MB from solution.

Figure 6 - Amount of MB removed by the composites as a function of pH. Conditions:
50.0 mg of adsorbent; 25 mL of dye solution (100 mg L?, in KCl 0.1 mol L"); 25 °C;

stirring 100 rpm and contact time 24 h

40 47 CS/Clay-180
I Cs/Clay-580

30

q(mgg™)

10 1

Source: Authors (2023)

Despite the heterogeneity and the presence of various functional groups
identified through FTIR analysis (Figure 3), it is challenging to establish the exact

mechanism of adsorption. However, we can infer possibilities based on the available

Ci. e Nat., Santa Maria, v. 47, e86389, 2025



Pereira, M. V., Goes, M. C. de C,, Fernandes, R. A., Melo, S. M., Lima, J. B. de, & Bezerra, C.
W.B.| 17

data. At a pH above 8.5, the adsorbent surfaces are deprotonated, as indicated by
the pHpzc values. MB, being a cationic dye, undergoes deprotonation above its pK_.
Figure 7 provides a simplified adsorption scheme illustrating potential interaction
between MB and the surfaces of the CS/Clay-180 and CS/Clay-580 at pH 10. In Figure
7, "a" represents hydrogen bonds, “b” denotes ion-dipole interactions, “c” signifies
m-electron resonance, “d” implies dipole-dipole interactions, and “e” indicates

electrostatic attraction.

Figure 7 - Possible interactions between composites and MB: a) hydrogen bonds; b)

ion-dipole; c) electron resonance 1; d) dipole-dipole; e) electrostatic attraction

RoR?

% Q CsSIClay Sphere

Source: Authors (2023)

3.5 Statistical Analysis

The radar chart (Figure 8) provides a visual representation of the treatment
conditions, where each axis corresponds to independent variables such as pH and CS/
CLAY combinations. The chart's central region highlights the concentration of methylene

blue, with the extreme right point showing the initial concentration of 100 mg L™". Other
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points represent the dye concentrations after treatment under different pH values
and CS/CLAY combinations. This visualization allows us to observe that, across similar
pH conditions, the CS/CLAY-180 composite generally exhibited superior adsorption
efficiency. The removal rates, which ranged from 60.2% to 78.6%, underscore the
treatment’s effectiveness, with notable similarities at certain pH levels (3, 4, 5, and 11).
Following this preliminary visual analysis, and aiming to determine the significance
of variations in dye removal efficiency across different experimental conditions, one-
way ANOVA (Analysis of Variance) with replication was performed. To Table 2 reveals
a p-value < 0.05 and Fcal > Fcritical, indicating that dye removal significantly differed
for at least one of the treatments. The combination of CS/CLAY and pH accounts for a
substantial portion of the treatment effect and, additionally, the intraclass correlation
coefficient (ICC) and effect size (w?) are close to one, supporting the treatment’s statistical

relevance (Table 2).

Figure 8 - Methylene blue concentrations at the beginning and after each experiment

in the pH study
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Table 2 - ANOVA results for significant comparisons in the adsorption experiments
(95% confidence interval)

Source of
L. SSa DF® MS ¢ F.u F_iica P, 41CC w2
variation ratio critica value
Between 1.21x
13898.7 18 772.15 1.96-1.84 1.04x10% 0.99975 0.9997
groups 104
Within
244824 38 0.0644
groups
1.00
Total 13901.1 56 X
10

@ Sum square,  degrees of freedom, ¢ mean square, ¢intraclass correlation coefficient, ¢ effect size.
Source: Authors (2024)

Post-hoc analysis with Tukey's HSD test was applied to perform pairwise
comparisons between treatment combinations. The objective was to identify which
specific pairs exhibited statistically significant differences in adsorption rates.
The analysis revealed that a large majority of the treatment combinations showed
statistically significant differences, with p-values less than 0.05. This indicates that
variations in pH levels and CS/CLAY combinations significantly influenced adsorption
efficiency. Out of the total comparisons (n=171), 163 combinations demonstrated
significant differences in their mean adsorption rates.

However, there were a few combinations (n=8) where no significant statistical
differences were observed, as detailed in Table 3. These combinations had p-values
greater than 0.05, indicating similar adsorption efficiencies and suggesting similar
adsorption behavior under certain conditions, which may point to optimal ranges or
saturation points for these variables or consistent behavior across certain pH levels
and CS/CLAY types. High p-values (p=1) indicate that there is a high chance that the

observed difference between the means is not significant.
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Table 3 - Tukey's test results for adsorption efficiency: non-statistically significant com-
parisons (p-value > 0.05)

Comparison CS/CLAY types Mean difference p-value

CS/CLAY-180; pH 3 (37.2) and CS/CLAY-580; pH 4 (37.7) 0.5 0.219
CS/CLAY-180; pH 3 (37.2) and CS/CLAY-180 pH 5 (37.6) 0.4 0.945
CS/CLAY-580; pH 3 (38.8) and CS/CLAY-580; pH 7 (38.5) 0.3 0.994
CS/CLAY-580; pH 4 (37.7) and CS/CLAY-180; pH 5 (37.6) 0.1 0.997
CS/CLAY-580; pH 4 (37.7) and CS/CLAY-580; pH 7 (38.5) 0.8 0.239
CS/CLAY-580; pH 5 (43.9) and CS/CLAY-580; pH 8 (43.3) 0.6 0.247
CS/CLAY-580; pH 8 (43.3) and CS/CLAY-580; pH 9 (43.1) 0.2 1

CS/CLAY-180; pH 11 (31.3) and CS/CLAY-580; pH 11 (31.2) 0.1 1

Mean concentrations (mg L") after treatment are shown in parenthese

3.6 Adsorption Kinetics

The choice of pH 10 (Figure 6) as the optimum pH for adsorption aimed to
maximize dye removal. Kinetic studies play a crucial role in understanding contact
time, removal rates, and the efficiency of the adsorption process. The experimental
results and plots for the non-linearized pseudo-first and pseudo-second-order models
are presented in Figure 9. It is evident that equilibrium was reached at approximately
300 minutes.

The linearized kinetic modeling results (as shown in Table 4) indicated that the
pseudo-first order model provides the best description of the experimental data for the
CS/Clay-180 composite. This observation is coherent with the notion that the removal

rate primarily depends on the number of active sites available on the adsorbent.
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Figure 9 - Contact time and adsorption kinetics of MB (100 mg L") by CS/Clay-180 and
CS/Clay-580 composites at pH 10
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Source: Authors (2023)

Table 4 - Results of the fits for the first and second order linearized models on MB

removal for CS/Clay-180 and CS/Clay-580

*Re,,,. 1=torder 2" order
Composite
K **Re, R? k, Re, R?
mg g”’ €o- - mg'gmin' mgg’ -
g8 min- mg g’ g 8 g8
CS/Clay-180 221 1.23x102 22.2 0.996 6.22x10* 25.6 0.982
CS/Clay-580 18.7 1.45x10? 19.3 0.934 8.76x10* 22.0 0.980

* Experimental removal rate, **theoretical removal rate. Source: Authors (2023)

In contrast, for the CS/Clay-580 composite, the linearized kinetic modeling
indicated that the pseudo-second order model provided the best fit to the experimental
data, with the R? value exceeding 0.98, confirming a very strong correlation. The

experimental values align well with the calculated values (as shown in Table 4), and
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the low values of k, and k, further support the idea that it takes a significant time to

saturate the adsorbent surface (300 min).
3.7 Adsorption Isotherm

Following the determination of the optimum pH (pH 10) and equilibrium time
(300 min), adsorption isotherms were obtained to further understand the adsorption
behavior. presents the experimental data along with non-linear plots for the Langmuir,
Freundlich, and Sips models (Figure 10).

The presence of a plateau, indicating saturation of the adsorbent, made it
challenging to definitively select the best adsorption model. However, all models
exhibited R? values exceeding 95%. Although the Langmuir model displayed a relatively
good fit with approximately 96%, there were substantial deviations between the
experimental and theoretical adsorbed amounts (g), amounting to 43.6% for CS/Clay-

180 and 56.4% for CS/Clay-580.

Figure 10 - Adsorption isotherms of MB by CS/Clay-180 and CS/Clay-580 composites

atpH 10
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Source: Authors (2023)
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Similar observations apply to the Sips model, which combines parameters
from both the Freundlich and Langmuir models and yields larger deviations. The
absence of the plateau (monolayer) and slight curvature observed in the isotherms
suggests favorable adsorption behavior, where the removal of the analyte per unit
mass of adsorbent remains high even at low analyte concentrations at equilibrium.
It is essential to note that the Langmuir model assumes energetically identical sites
(Alafnan et al., 2021; Hu et al., 2023), a concept that may not apply to this study given
the heterogeneity of the matrix, as shown in Figure 3 and Figure 7. Additionally, when
the separation factor (R) is 1, the isotherm tends to be linear. In summary, while the
adsorption isotherms presented challenges in fitting the Langmuir and Sips models
precisely, the deviations observed may be attributed to the heterogeneous nature of
the matrix and the unique characteristics of the adsorbents and adsorbate interactions

in this study.

Table 5 - Results of isotherm mode adjustments

CS/Clay-180 CS/Clay-580
Model y y

*qexp. qteo. KL' F' S R /n RZ qexp. qteo. KL' F' S RL/ n RZ

L

Langmuir 454 652 7.93x10° 0.962/- 0.961 42.7 66.8 5.15x102 0.975/- 0.957
Freundlich  45.4 - 2.25 -/1.84 0956 42.7 - 1.27 -/1.62 0.971

Sips 454 829 1.12x102 -/0.834 0.959 42.7 5709 2.21x10* -/0.621 0.968

*Units of the displayed parameters: q (mg g"), K_(L mg"), KF (mg™"" L"" g), K. (L mg"). Source: Authors
(2023)

The Freundlich model is particularly suitable for describing adsorption on
heterogeneous solids with multiple active sites, each having distinct energy levels
(Chen et al., 2022). This model accounts for multilayer adsorption and does not impose
a strict limit on the maximum adsorption capacity (q,,) concerning the equilibrium

concentration (C_ ). However, it is important to recognize that, in practice, there are
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limits to how much g, can increase with increasing C_, and excessively high values
of q,, and C,, can lead to distortions in the model. Low values of the Freundlich
parameter “n” (as shown in Table 5) suggest the presence of sites with lower energy and,
consequently, weaker adsorbent/adsorbate interactions. Furthermore, it suggests that
the Freundlich model is the most suitable for describing the isotherm in this context
for CS/Clay-180 (R? = 0.956) CS/Clay-580 (R? = 0.971). The results presented in Table 5,
along with the arguments provided, indicate that the hybrid CS/Clay-180 exhibited a

higher adsorption rate of MB.

4 CONCLUSIONS

This study successfully prepared composites using straightforward and mild
conditions, resulting in materials well-characterized by FTIR, XRD, and pHpzc analyses.
These materials were evaluated for their adsorption properties, specifically targeting
cationic methylene blue dye, while considering the effects of pH, contact time, and
dye concentration. The characterization revealed interactions between the clays
and chitosan, which remained intact regardless of pH conditions and being in an
aqueous medium. The adsorption process displayed pH dependency, with optimal
adsorption observed at pH 10 (Clay-180) and 11 (Clay-580). Kinetic studies indicated an
equilibrium time of approximately 300 minutes and the first-order kinetic mechanism
provided the best correlation with the experimental results. In the realm of adsorption
equilibrium studies, the Langmuir, Freundlich, and Sips models yielded comparable
correlations. The Freundlich model, fitted the data best, suggests multilayer adsorption
on heterogeneous surfaces, for the CS/Clay-180 and CS/Clay-580 hybrids. In view of
the good performance of the composites in removing MB dye, future studies related
to the desorption and reuse processes of the composites are necessary to provide a

more comprehensive view of the long-term efficiency of the adsorbents studied in
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this work. These findings contribute to our understanding of the adsorption behavior
of these composites, highlighting their potential utility in various environmental and

wastewater treatment applications.
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