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Water scarcity and contamination due to organic pollutants (dyes, antibiotics, pesticides, etc.) have
constituted a major problem for humanity in recent decades. In this context, the present work explores
the adsorption capacity of modified clay as an adsorbent for the removal of crystal violet (CV) dye from
aqueous solutions. The modification combines the basic activation and thermal treatment processes at
various temperatures (350 °C to 750 °C). The adsorption performance of the chosen adsorbent was
systematically evaluated through batch adsorption experiments using the RSM-Doehlert methodology.
The effect of different factors, namely, the adsorbent dose (AD), contact time (CT), and initial CV
concentration (IC), at natural pH (pH = 5.29) and room temperature (T = 23 + 2 °C) on the adsorption
capacity of CV was evaluated. The significance of the model was assessed using analysis of variance
(ANOVA). Results indicate that the optimum conditions for maximum removal are as follows: AD =
0.5 g L™, CT = 95 min, and IC = 118.8 mg L™ Kinetics and isotherms suggest that the experimental
data are better described by the nonlinear pseudo-second-order (PSO) model and nonlinear Langmuir
isotherm. The adsorption capacity obtained based on the Langmuir isotherm was 1199.93 mg g~
Moreover, the adsorption process is spontaneous and exothermic, as determined through the
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thermodynamic study. The proposed adsorption mechanism involves hydrogen bonding, n—-=n inter-
actions, and cationic substitutions in the interfoliar space of the AC-750 °C adsorbent. This approach
DOI: 10.1039/d5ma00253b offers a promising pathway for incorporating sorbents derived from natural resources, such as clays, into
advanced water treatment engineering practices, achieving high adsorption capacity for various organic

rsc.li/materials-advances pollutants, including cefazolin and tetracycline.

development in certain fish species." The international stan-
dard for dyeing effluent discharge stipulates that, for CV

1. Introduction

Water is an essential resource for human survival. It comes
from various sources, including lakes, ponds, rivers, and
groundwater. However, the quality of this precious resource is
deteriorated by pollution.' The leading causes of this problem
are related to industrial, commercial, and agricultural activ-
ities. Industrial activities generate a significant amount of
organic and inorganic pollutants.””> Among the diverse organic
pollutants generated by industrial activities, dyes are recog-
nized as toxic substances that pose significant risks to ecosys-
tems and human health.* Crystal violet (CV) is a cationic
dye well known for its harmful effects on human health as a
potent mitotic toxin and carcinogen and is linked to tumor
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dyeing, the maximum color concentration must not exceed
1 mg L', and the effluent must not contain any harmful
chemicals.®

From an environmental perspective, the remediation of
water contaminated with organic pollutants has become a
major environmental challenge, as organic pollutants contam-
inate groundwater and surface water through leaching and
runoff.”® Several methods have been employed to remove
harmful pollutants from water to tackle this challenge. These
methods encompass chemical, physical, and biological treat-
ments, including ion exchange, coagulation, membrane filtra-
tion, precipitation, advanced oxidation, and reverse osmosis
processes.”* The application of these techniques can be
limited by many drawbacks, such as effectiveness, cost, and
energy consumption." Lately, the adsorption process has
received significant attention owing to its operational simpli-
city, inexpensiveness, and higher efficiency compared with
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conventional water treatment techniques.* The application of
this technique is based on selecting a suitable adsorbent.'
This choice depends on different criteria, including availability,
abundance, low cost, and environmental friendliness.*® For
this reason, an alternative adsorbent has been widely used in
the current research due to its high adsorption capacity.'" Clays
are characterized by their structure, high specific surface area,
and cation exchange capacity (CEC).>"* These properties confer
excellent adsorption efficiency on clays towards various pollu-
tants.”> Some pollutants have a low adsorption capacity on
natural clays, requiring additional treatment, such as acid and
basic activation or other modification techniques to increase
their adsorption capacity.”>™® Among these processes, basic
activation and thermal treatment have shown better adsorption
capacity for pollutants.’” The basic activation process consists
of ion exchange in the interlayer of clays, such as the exchange
of Ca®" ions by Na* ions when treating the clays with sodium
carbonate (Na,COj;) solution, which can contribute to an
increase in CEC and adsorption efficiency of the clay.'®
In comparison, the thermal treatment is a simple and inexpen-
sive process.'® In this treatment, the clay is heated to a specific
temperature, which can affect its structural and textural proper-
ties due to dehydroxylation and dehydration processes."” ™"
The combination of basic activation and thermal treatment
improves the morphological and cation exchange capacity of
clays, thereby increasing the adsorption capacity.'” In this
context, several studies have examined the influence of a
combination of Na,CO; activation and thermal treatment on
the adsorption capacity of bentonite clay towards heavy metals.
El Ouardi et al.® found that the adsorption capacity increased
from 5.6 to 10.7 mg g ' and 6 to 7.1 mg g * for nickel and
silver, respectively, after Na,CO; activation and calcination at
450 °C. Similar trends have been demonstrated for cadmium
removal through the adsorption process. The results show that
cadmium adsorption capacity increased from 43.10 to 61.81 mg g~ *
after Na,CO; activation and thermal treatment at 350 °C.%°
To our knowledge, no scientific reports are available on optimiz-
ing the CV dye adsorption process on natural muscovite-type
clays subjected to Na,CO; activation and heat treatment using
response surface methodology (RSM).
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This study focuses on obtaining a high adsorption capacity
of CV dye through the valorization of natural clay (NC) as an
adsorbent. For this purpose, the NC was first activated with
Na,CO;3, followed by thermal treatment at various temperatures
(350 to 750 °C). The physicochemical, mineralogical, micro-
structural, and thermal properties of natural and modified clay
were evaluated. A Doehlert matrix was employed within
the RSM framework using Nemrodw software. This analysis
enabled the determination of optimum conditions for maximal
CV dye adsorption efficiency. Furthermore, adsorption kinetics,
isotherms, thermodynamic parameters, and adsorption mecha-
nism were also studied.

2. Materials and methods

2.1. Adsorbent and adsorbate preparation

The NC used in this study was extracted from the Agadir
region of Morocco and employed as an adsorbent support. It
was subjected to mechanical preparation, chemical, and ther-
mal treatments as per earlier reports. The NC was initially
ground in a porcelain mortar and sieved to obtain a fine
powder with a diameter of less than 50 um. For basic activa-
tion, 30 g of sieved clay and 1.5 g of sodium carbonate were
stirred continuously for 1 h at 75 °C in 300 ml of distilled
water.”” After stirring, the obtained solution was filtered and
repeatedly washed with distilled water, and then the activated
clay (AC) was transferred to an oven at 70 °C until completely
dehydrated. The resultant material was ground and subjected
to thermal treatment in a muffle furnace at various tempera-
tures (350 to 750 °C) for 4 h with a heating rate of 5 °C min ™,
the resulting treated clays were designated as follows (AC-350 °C,
AC-450 °C, AC-550 °C, AC-650 °C, and AC-750 °C), which are
all grouped under the term modified clays (MC), as mentioned in
Fig. 1. Finally, the samples were preserved and stored in glass
bottles. Fig. 1 summarizes the preparation process of modi-
fied clays.

The adsorbate used in this study is the CV dye. The main
characteristics of this dye are summarized in Table S1 (ESIt)."
The stock solution is prepared by dissolving 1 g of the CV dye
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powder in 1 L of distilled water and then diluting to the
specified concentrations.

2.2. Characterization methods

Crystalline phases present in natural and modified clays were
characterized using X-ray diffraction (XRD) analysis on a Bruker
D8 Advance Twin powder diffractometer using Cu-Kao radiation
(A(KaCu) = 1.5418 A) operating in the range of 10° and 70°. The
microstructural analysis of the clay was performed using a JEOL
JSM IT-100 scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectrometry to determine the elemen-
tal chemical composition. In addition, Fourier transform
infrared spectroscopy (FTIR) was also be used to provide
information about the main f groups of natural and modified
clays. Spectra were obtained over 400 cm™* to 4000 cm ™ * using
a SHIMADZU IRAffinity-1S at a resolution of 16 cm ™. The point
of zero charge (pH,,) was determined as described by Imgharn
et al.®*. Moreover, N, sorption experiments at 77 K were
conducted using a TriStar II Plus Surface Characterization
Analyzer (Micromeritics), covering relative pressures up to 1
bar. The cryogenic temperature for N, sorption was controlled
through a liquid nitrogen bath at 77 K. Specific surface area was
determined using the Brunauer-Emmett-Teller (BET) model to
determine the N, adsorption isotherms collected at 77 K.
Thermal properties were investigated by thermogravimetric
analysis (TGA) in the temperature range of 25 and 900 °C using
an SDTQ600 TA instrument with a controlled heating rate of
10 °C min ' under a flow of air.

2.3. Adsorption experiments and regeneration process

The efficiency of AC-750 °C for the adsorption of CV was tested
in a batch system by changing various parameters, including the
adsorbent dose (AD, 0.4-2 g L"), contact time (CT, 10-180 min),
and initial CV concentration (IC, 20-150 mg L™ ') based on the
experiments generated from Doehlert matrix using Nemrodw
software. The effect of pH was also examined in a range from
2 to 12. The entire adsorption process was performed by adding a
specific amount of AC-750 °C to 25 ml of CV dye. This mixture was
then placed on a magnetic stirrer regulated at 200 rpm. At the end
of the adsorption experiments, a required volume of the solution
was drawn off and filtered with a 0.45 um syringe filter.
The residual concentration of the CV dye was determined using
a UV-visible spectrophotometer (6705 UV-visible JENWAY) at A =
590 nm. The CV dye adsorption capacity (g.) and its percentage
removal were determined from the equations below:>*

Co—C
ge :%V (mgg™) (1)

Co— Ce

R=
Co

x 100(%) @)

The initial and equilibrium concentrations of the CV
solution are defined by (C,, mg L") and (C., mg L"), respec-
tively, V (L) represents the volume of the CV dye solution, and
m (g) denotes the amount of AC-750 °C employed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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After the adsorption experiments, the regeneration process
is necessary for the subsequent use of the adsorbent. The CV-
loaded AC-750 °C (AC-750 °C@CV) was introduced into a beaker
containing ethanol solvent at room temperature for 4 h. After
the soaking time, the recovered AC-750 °C adsorbent was
cleaned with distilled water and subjected to heat treatment
at 750 °C. It was then reapplied for CV dye adsorption-
desorption and repeated thrice under the same conditions.

2.4. Modeling and design of experiments

According to previous studies,>**® Doehlert matrix was selected
as the experimental design. Using a second-degree polynomial
model, the adsorption capacity of CV onto AC-750 °C (response)
was assessed with respect to three parameters. The objective
was to obtain the best performance in the parameters
considered.

The effect of different parameters (AD, CT, and IC) on the
sorption capacity of the CV dye onto AC-750 °C was evaluated by
adopting the following model (eqn (3)):

k k k=1 _k
Y:b0+zbiXi+ZbiiXi2+Z Z by Xi X; (3)
=1 =1

i=1 j=it1

Xjic[1-3)) presents the coded variables corresponding to the
factors considered, AD, CT, and IC, respectively. The coded
variables are obtained from the following mathematical equa-
tions.

_ (AD - ADy)

M= @
_(CT-CTy)

X, = TTACT (5)
(IC - 1Cy)

=R (©)

Y; represents the response, and b, is a constant value. by, b,,
and b; reflect the effects of the adsorbent dose, contact time,
and CV initial concentration, respectively. b; and b;; are attrib-
uted to the curve shape parameter and weight of the interactive
impact between the factors i and j, respectively.

AD,, CT,, and IC, represent the adsorbent dose, contact
time, and initial CV concentration at the null point, respectively
(ADy =1.2 g L', CT, = 95 min, and IC, = 85 mg L™ ). AAD, ACT,
and AIC are the variation steps of the factors (AAD = 0.5 g L™,
ACT = 95 min, and AIC = 85 mol L ™). Nemrodw software was
used to determine the values of each of the above-mentioned
factors.”” To assess the experimental error, the experience at
the center was repeated three times. An analysis of variance
(ANOVA) was applied to confirm the accuracy of the chosen
model. The results are given in Table 2.%8

2.5. Kinetics study

This study aims to assess the influence of time on the adsorp-
tion performance of the CV dye by the AC-750 °C adsorbent.
The pseudo-first-order (PSF), pseudo-second-order (PSO), intra-
particle diffusion (IPD), and Elovich models were applied to the
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experimental data. The main equations of each model are given
in Table S2 (ESI}).*

2.6. Isotherm’s modeling

Isotherm experiments were conducted under optimized condi-
tions, employing 25 mL solutions with initial CV concentra-
tions varying from 10 to 900 mg L™ '. All experiments were
agitated at 200 rpm and maintained at ambient temperature for
95 min to establish equilibrium. The resulting adsorption data
for CV on AC-750 °C were analyzed using the classical isotherm
models of Langmuir, Freundlich, and Temkin. The isotherm
equations in their linear and nonlinear forms are summarized
in Table S3 (ESIt).>’

3. Results and discussion
3.1 Characterization of NC and MC

The XRD analysis of NC and MC is shown in Fig. 2(a). The
results show that the natural clay consists of muscovite (M) and
hematite (H), along with impurities of calcite (C) and quartz (Q).
Upon the modification process, the intensity of the muscovite
peaks at 20 = 18.10° and 35.14° decreased, confirming a molecular
spacing change resulting from the exchange of K' ions by Na' ions
after basic activation and the release of almost all the water
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molecules following the heat treatment in the 350-550 °C
range."®'** In addition, after the heat treatment at 650 °C and
750 °C, the two similar peaks of muscovite increased in intensity,
indicating an expansion of the unitcell parameters of
muscovite.>" It must also be noted that the peak located at 20 =
35.14° was shifted to lower angles upon thermal treatment at
650 °C due to the dehydroxylation of muscovite.”> As already
known, the dehydroxylation of muscovite is accelerated and
completed between 640 °C and 820 °C.** However, as the dehy-
droxylation process progresses, the loss of hydroxyl groups occurs
non-uniformly, and the remaining hydroxyl groups exhibit an
increased affinity for aluminum cations in an unusual quintuple
coordination, opposing and delaying the overall process of a
hydroxyl group departure.*® Furthermore, it can be seen that the
decomposition of the calcite phase begins at a temperature of
650 °C. Indeed, calcite decomposition starts at 600 °C and is
entirely completed at 850 °C.>*> Moreover, the quartz phase was
observed in the MC, confirming their resistance to the modifica-
tion process.

Fig. 2(b) shows the FTIR spectra of natural and modified
clays. The spectrum reveals the presence of a variety of bands.
The bands at 3630 cm ™" and 3427 cm ™' are associated with
the stretching vibrations of structural OH groups and water
stretching vibrations, respectively.*®?” The peak observed at
1010 em ™" is assigned to the Si-O stretching vibrations.*® The
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Fig. 2 Mineralogical composition (a) and infrared spectra (b) of natural and modified clays, and nitrogen isotherm adsorption—desorption curves of NC

(c) and AC-750 °C (d) at 77 K.
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peak located at 870 cm ™" corresponds to the stretching of Al-
Al-OH groups.*® Other bands that appeared at 784 cm™ ' and
695 cm ™" are attributed to the deformation vibrations of Si-O-
Si.*” The band appearing at 470 cm ™' is associated with the
deformation vibrations of Si-O-AlL*® The bands located at 1423
em ™' and 710 cm ™! represent the valence vibrations of C=0 in
calcite.”’ Post-modification, the intensity of the two bonds
related to water molecules (OH) and C—O located at
1423 cm ™' is significantly reduced. The increased intensity of
the OH stretching band at 3630 cm ™' suggests a structural
modification and indicates that the dehydroxylation process is
non-homogeneous.*>** After basic activation, the intensity of
the band associated with the Si-O group decreased as a result
of the change in the sodium content between NC and AC.*°
In addition, the band located at 710 cm ™' disappeared after
thermal treatment at 650 °C, confirming the decomposition of
calcite.

Fig. 2(c) and (d) shows the N, adsorption-desorption iso-
therms for both the NC and AC-750 °C samples. According
to the IUPAC adsorption isotherm classification, the NC and
AC-750 °C samples followed the type IV isotherm, revealing
mesopores in these materials with pore sizes of the order of
2-50 nm.”’*** For the hysteresis type, NC and AC-750 °C
samples exhibit a type Hj; hysteresis loop, which indicates a
structure with plate-like particle aggregates giving rise to
lamellar pores.*® Furthermore, after the modification process,
the results reveal a change in surface area and total pore volume.
The latter shows a decline from 0.0031 to 2.6000 cm® g~ * for
NC and AC-750 °C, respectively. Similar results were obtained for
the BET surface area, which was significantly reduced from
30.4100 to 2.6000 m* g '. These results indicate that heat
treatment promotes grain growth, leading to a reduction in
surface area.>

The morphology of NC and MC was analyzed using SEM.
The NC images (Fig. 3(a)) show that the particle shapes are

Fig. 3 SEM images of NC (a), AC (b), and AC-750 °C (c); TGA (d) of NC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irregular, with grain sizes ranging from 10 to 200 pm. After
basic activation, the surface of the AC (Fig. 3(b)) becomes
smoother. The SEM images of AC-750 °C (Fig. 3(c)) exhibit
similar morphologies to the NC but appear more dispersed
with an increase in grain size particles due to the thermal
treatment, demonstrating that the modification process did not
alter the clay’s fundamental crystalline structure.”** This mor-
phology suggest that the modified clay could provide abundant
adsorption active sites, which can be advantageous for the
adsorption.

The qualitative EDS analysis revealed that all samples con-
tained mainly the elements silica (Si), aluminum (Al), oxygen
(0), calcium (Ca), potassium (K), and magnesium (Mg), as
shown in Table S4 (ESIf). In addition, a low sodium (Na)
content was observed in AC and AC-750 °C, resulting in ion
exchange upon Na,CO; activation.

The thermal behavior of the NC sample was analyzed using
TGA, as depicted in Fig. 3(d). The TGA curve highlights three
main weight losses. The first loss (—1.8%), between 20 and
350 °C, reflects the elimination of both physically adsorbed
water and adsorbed surface water.>”*® The second loss, of the
order of —2%, occurs from 350 °C up to 620 °C, which is caused
by the degradation of organic matter and the decomposition of
calcium carbonate.*”*® Above 620 °C, the weight loss reaches
its maximum (—8%), which is attributed to the dehydroxyla-
tion process resulting from the release of structural OH
groups from the clay structure.’® As shown by both XRD and
FTIR analyses, thermal treatment at 750 °C induces partial
dehydroxylation, leading to expandable muscovite. The latter
allows CV dye molecules to intercalate in the interlayer space,
thus increasing the adsorption capacity. Neisser-Deiters, Axel,
et al.*® have reported that heat treatment can increase lattice
parameters, which in turn leads to an increase in unit cell

volume, resulting in improved water absorption capacity.
Jia Feifei et a

1.°° have also demonstrated that the expanded

T T T T
200 400 600 800
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muscovite has important potential applications in the adsorp-
tion and filling industries.

3.2. Adsorption experiments

3.2.1. Effect of the modification process. The modification
process of NC involves the basic activation and the combi-
nation of basic activation and thermal treatment. The results
show that the adsorption capacity is regularly linked to the type
of modification process. Adsorption experiments were under-
taken to test the behavior of raw and modified clays in the
removal of the CV dye under the same conditions: an AD of
1gL ™", IC of 100 mg L™, CT of 180 min at pH = 5.29, and room
temperature for all samples.

Fig. 4 illustrates the evolution of the adsorption capacity of
the CV dye according to the clay type. The results highlighted a
significant change in the adsorption capacity of the CV dye. The
adsorption capacity was reduced from 49.35 mg g * for NC to
38.61 mg g~ ' for AC after Na,COj; activation, confirming that K*
was successfully substituted by Na*, leading to a reduction in
the layer spacing.’®' Na,COj; activation was used to enhance
the physicochemical properties of NC. However, the adsorption
capacity is reduced in this case. Similar results were found in a
previous study conducted by Eniola et al®® for cadmium
adsorption on activated bentonite clay, which demonstrated
that the adsorption capacity of bentonite clay was reduced from
43.10 to 30.92 mg g ' after Na,CO; activation. These results
suggest that not all modification processes necessarily lead to
an improvement in adsorption performance. Under heat treat-
ment, the adsorption capacity of NC continues to decrease,
reaching a minimum value of 32.27 mg g~ * at 550 °C due to the
removal of superficial and interlaminar water, leading to a
reduction in basal space and surface area without showing
any changes in the crystalline structure. However, after the heat
treatment at 650 °C and 750 °C, the adsorption capacity of the
CV dye improved to reach the highest value (100 mg g ) for AC-
750 °C. According to a previous study, the decontamination of
polluted water is more successfully achieved by combining two
modification methods.>® These results were consistent with
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Fig. 4 Adsorption test for CV dye onto NC and MC.
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X-ray diffraction, FTIR, and TG analyses. As a result, AC-750 °C
was chosen for a more in-depth study of CV dye adsorption to
identify the specific factors contributing to its enhanced adsorption
capacity.

3.2.2. Effect of pH. The pH factor is considered a key factor
in elucidating the adsorption mechanism between CV
dye molecules and AC-750 °C. It is well known for its effect
on the ionization state of the adsorbate and the surface
charge of the adsorbent.’*** To achieve the maximum adsorp-
tion capacity, the optimum pH was identified by adding
25 mg of the AC-750 °C adsorbent to 25 ml of an initial
concentration of 50 mg L™' CV dye. Irrespective of the pH
being basic or acidic, the results revealed a greater affinity
between the CV dye molecules and AC-750 °C (Fig. 5). The
ideal pH (5.29), corresponding to the maximum adsorption
capacity (50 mg g '), was used for the rest of the adsorption
studies.

3.2.3. Optimization of variable RSM methodology. To eval-
uate and optimize the CV dye adsorption capacity as a function
of three independent variables - adsorbent dose (AD, X;),
contact time (CT, X,), and initial CV concentration (IC, X3) - a
Doehlert matrix combined with RSM was employed. The experi-
mental adsorption capacities of the CV dye by AC-750 °C are
given in Table 1.

An analysis of variance was conducted to evaluate the
model’s validity. As summarized in Table 2, a p-value below
0.05 confirms the statistical significance of the chosen model.
Moreover, the high values of the coefficients of determination,
R?, and adjusted R?, illustrate strong agreement between the
experimental and theoretical results based on a second-order
polynomial equation. Nemrodw software was employed to
generate the quadratic polynomial equation corresponding to
the adsorption capacity of the CV dye by AC-750 °C (response).

The identification of optimal conditions was derived from a
quadratic equation formulated using the Doehlert matrix and
selected input variables. Analysis of the experimental data
established an empirical relationship between the response

50 4

40 /

Q (mg/g)
~

Fig. 5 Variation in the adsorption capacity of CV dye as a function of pH.
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Table 1 Doehlert experimental design and the corresponding determined responses

Runs X, X, X, AD (gL CT (min) IC (mg L") Adsorption capacity (mg g ') Y
1 1.000 0.000 0.000 2.000 95.000 85.000 42.500
2 —1.000 0.000 0.000 0.400 95.000 85.000 208.880
3 0.500 0.866 0.000 1.600 168.610 85.000 53.120
4 —0.500 —0.866 0.000 0.800 21.380 85.000 84.900
5 0.500 —0.866 0.000 1.600 21.380 85.000 48.270
6 —0.500 0.866 0.000 0.800 168.610 85.000 106.250
7 0.500 0.288 0.816 1.600 119.530 138.070 86.310
8 —0.500 —0.288 —0.816 0.800 70.460 31.920 39.300
9 0.500 —0.288 —0.816 1.600 70.460 31.920 19.920
10 0.000 0.577 —0.816 1.200 144.070 31.920 26.580
11 —0.500 0.288 0.816 0.800 119.530 138.070 172.620
12 0.000 —0.577 0.816 1.200 45.920 138.070 114.990
13 0.000 0.000 0.000 1.200 95.000 85.000 70.830
14 0.000 0.000 0.000 1.200 95.000 85.000 70.830
15 0.000 0.000 0.000 1.200 95.000 85.000 70.830

Table 2 ANOVA results for the adsorption capacity of CV dye onto AC-
750 °C

Factors Coefficient Signif. %
Model — 0.29°
bo 70.83 0.05¢
by —66.02 0.03¢
b, 7.32 39.00
bs 58.81 0.06°
b1 54.85 1.19¢
bys —-15.20 33.30
b33 —1.22 93.10
by, —9.52 61.90
by s —37.61 12.00
by s —12.39 56.40
R 0.969 —

R® Adj 0.915 —

“ Statistically significant at the >99.9% level (probability (p) < 0.001).
b statistically significant at the >99% level (p-value < 0.01). © Statistically
significant at the 95% level (p-value < 0.05).

(Y) and the independent factors (X;, X,, and X3), as expressed by
the following equation (eqn (9)):

Y = 70.83 — 66.02X; + 7.32X, + 58.81X; + 54.85X;> — 15.20X,>
— 1.22X3% — 9.52X,X, — 37.61X,X; — 12.39X,X;

©)

The p-value was employed for each parameter to assess its
significance. The model terms are not significant if the p-value
is above 0.05, but not otherwise (p-value below 0.05). Terms
significant according to the p-values for (X3, X3, and X;>) were
considered significant and retained in the model. After remov-
ing the non-significant terms, the final predictive model is
presented in eqn (10).

Y =70.83 — 66.02X, + 58.81X; + 54.85X,> (10)
The data obtained were also examined to check the normal-
ity of the residuals, as illustrated in Fig. S1a (ESIt). According to
the plot, the data points are moderately close to a straight line.
Furthermore, the graph in Fig. Sib (ESIf) shows the residuals
as a function of the predicted values, revealing a uniform
distribution, with equal dispersion of the residuals below and

© 2025 The Author(s). Published by the Royal Society of Chemistry

above the baseline, signifying that the model maintains a
balance in its predictive accuracy. This symmetry also suggests
that the mean residual value is close to zero, reinforcing the
reliability of the model in predicting the response. As a result,
the mathematical model effectively describes the response in
relation to experimental conditions.

3.2.4. Response surface plots. The influence of different
parameters (AD, CT, and IC) and their interaction on the dye
removal performance of AC-750 °C was analyzed using eqn (10),
3D response surfaces, as well as 2D contour plots (Fig. 6).
The results show that the AD and IC markedly influence the
adsorption efficiency. The significant beneficial effect of IC can
be explained by the distribution of CV dye molecules through
the pores of the AC-750 °C sample, which increases slightly with
the dye content, indicating the high affinity between the
AC-750 °C surface and the CV dye.’>® In contrast, the AD
negatively affects the CV dye adsorption capacity. It decreases
with increasing AD. This may be explained by the aggregation
phenomenon of AC-750 °C particles, which results in a
reduction in the adsorbent surface area.” The low adsorption
efficiency of the CV dye is obtained at the AD between 1.20 and
2.00 ¢ L™". On the other hand, the adsorption capacity of the CV
dye was not considerably influenced by CT.

According to the response surfaces and the algebraic regres-
sion equations, the optimum operating conditions required to
reach the maximum adsorption capacity are shown in Table 3.
Adsorption kinetics, isotherms, and thermodynamic studies
were performed employing the optimum conditions.

3.2.5. Kinetics study. Kinetic models provide essential
information on the rate of reaction between the adsorbate
and the adsorbent, as well as the factors affecting the rate.’”
The kinetic study of CV adsorption on AC-750 °C was performed
using well-known kinetic models, such as PFO, PSO, IPD, and
the Elovich model, to identify the most suitable model. The
kinetic graphs and parameters of the different models are
summarized in Fig. 7 and Table 4. These results indicate that
the PSO model effectively describes the adsorption kinetics of
CV on AC-750 °C. The value calculated for the maximum
adsorption efficiency of the CV dye using AC-750 °C from the
linear and non-linear form of PSO is closest to that determined

Mater. Adv., 2025, 6, 4857-4873 | 4863
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Fig. 6 (a)—(c) 2D-3D surface plots of the variation in the amount of CV dye adsorbed on AC-750 °C as a function of various parameters (AD and CT),

(AD and IC), and (CT and IC).

Table 3 Optimum values for the optimal adsorption capacity of CV dye onto AC-750 °C

Parameters Optimum values Theoretical adsorption capacity (mg g~ ) Experimental adsorption capacity (mg g~ ")
AD (gL7Y) 0.50 234.11 236.27

CT (min) 95.00

IC (mg L) 118.80

experimentally. The IPD model was employed to investigate the
underlying adsorption mechanism of CV on AC-750 °C.”®
Fig. 7(d) illustrates that the IPD model can be subdivided into
three stages. The first linear part indicates the transfer of the
adsorbate by boundary layer convection. The second linear part
corresponds to diffusion across the boundary layer. Finally,
adsorption occurs at the internal adsorption sites, as well as
diffusion through the pores and on the outer active sites on the
surface of the adsorbent.”® Moreover, the plots are not linear
and do not cross at the origin, confirming not only that the rate
of CV dye removal by AC-750 °C is the only rate-determining
step, but also that other processes can affect the rate of CV dye
removal by AC-750 °C.>° To determine whether the adsorption
process on the heterogeneous surface is chemisorption, the
Elovich model was employed.>® According to the data (Table 4),
the adsorption system is a chemical process, specifically an ion
exchange process.””

Additionally, the equilibrium adsorption capacity value cal-
culated from the non-linear kinetic study showed that the PSF
model could also be used to adjust the experimental data.
In contrast, the coefficient of determination R, (Table 4)

4864 | Mater. Adv,, 2025, 6, 4857-4873

calculated using eqn (11) for the PSF model has a value below
that of the PSO and Elovich models, indicating that the
calculated data correlate well with the PSO and Elovich models.
Moreover, the non-linear PSO model exhibits a coefficient of
determination R,” close to unity, confirming the chemical
reaction involved in dye adsorption.®°

Z (Qe,exp - Qe.cal)
Z (Qe.exp - Qe,mean)

RI=1- (11)

3.2.6. Adsorption isotherms. Isotherm models
designed to describe the equilibrium adsorption capacities at

were

varying initial concentrations of CV. As depicted in Fig. 8 and
Table 5, the Langmuir isotherm model, in both nonlinear and
linear forms, proved much more accurate with the experi-
mental data compared to the Freundlich and Temkin models.
This result suggests the formation of a monolayer of CV dye on
the AC-750 °C surface, where all active adsorption sites possess
equivalent adsorption energy, and no interactions occur
between the adsorbed molecules.®! In addition, the maximum

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Linear regression of PSF (a), PSO (b), Elovich (c), and IPD (d) models and (e) nonlinear regression models for CV dye adsorption on AC-750 °C.

Table 4 Kinetic model parameters for CV dye adsorption on AC-750 °C

Kinetic model  Parameters Non-linear Linear
PFO Qi (mgg™ 234.51 14.08
K, (min™") 0.364 0.040
R? 0.512 0.996
Ry 0.51 0.31
PSO Q> (mgg™) 236.51 237.52
K, (mg g " min™") 0.010 0.007
R? 0.908 1.000
Ry? 0.90 0.63
Elovich o (mg g~ " min™") 0.282 0.335
B (g mg™) 3.363 3.025
R? 0.937 0.972
Ry> 0.73 0.11
IPD 1st stage Cy (mgg™) 223.47
Kp; (mg g~! min—?) 1.617
R? 0.999
2nd stage C, (mgg™) 227.50
Kpy (mg g~' min?) 0.900
R? 1.000
3rd stage C; (mgg™) 235.98
Kps (mg g~! min—?) 0.040
2 1.000

adsorption capacity (Qmax) of the CV dye calculated by the
Langmuir model closely matched the experimental value. More-
over, the validity of the Langmuir model can also be confirmed
through the equilibrium parameter (R.) (eqn (12)).°>

Ry

1

- 1+ K.Cy

(12)

Here, C, (mg L") and K (L mg ') are the initial CV dye
concentration and the Langmuir constant, respectively. Indeed,

© 2025 The Author(s). Published by the Royal Society of Chemistry

if 0 < Ry < 1, the adsorption process can be considered
favorable and irreversible if R; = 0, and linear for R, = 1 or
unfavorable if R, > 1.%% The Ry value calculated in this study is
in the 0-1 range, confirming that CV dye adsorption is more
favorable on AC-750 °C.

To evaluate how well the isotherm equations fit the experi-
mental data, the coefficient of determination (R,,”) was calcu-
lated and displayed in Table 5. The results show that the non-
linear Langmuir isotherm model fits the experimental equili-
brium adsorption data well, based on the highest coefficient of

determination values, indicating a monolayer process.

Table 6 compares the performance of the adsorbent synthe-
sized in this work with that of other adsorbents, such
as activated carbon and composites, for the adsorption of
CV dye. According to the data, AC-750 °C has a higher
adsorption capacity than other adsorbents. Moreover, it is
notable that in most previous studies, the maximum adsorp-
tion capacity was achieved under alkaline pH conditions. In a
few studies, high adsorption capacity was achieved at a pH
below 7, but the capacity was much lower compared to that of

AC-750 °C.

3.2.7. Thermodynamic study. This study focuses on evalu-
ating the values of different variables, including Gibbs free
energy (AG), enthalpy (AH), and entropy (AS), to examine the
effect of temperature on the efficiency of CV dye removal by AC-
750 °C. The value of each parameter was calculated using the

following equations.

68,69
ge
Ky =X
d Ce

AG = —RTInK,

Mater. Adv., 2025, 6, 4857-4873

(13)

(14)
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Fig. 8 Linear regression of the Langmuir (a), Freundlich (b), and Temkin models (c), and (d) non-linear isotherms for CV dye adsorption on AC-750 °C.

Table 5 The main parameters of the different isotherm models

Isotherms Parameters Non-linear Linear
Langmuir Om (mgg™) 1199.93 1201.58
Ky (L mg ") 0.47 0.228
)3 0.096 0.179
R? 0.900 0.991
Ry 0.90 0.56
Freundlich n 4.30 2.55
Ky (mg!=" 1" g7h) 405.98 248.58
R* 0.718 0.531
R 0.69 0.12
Temkin B (J mol ™) 186.26 174.20
Kp (L mg ™) 7.62 8.58
R* 0.839 0.828
R.2 0.80 0.80
AG = AH — TAS (15)
AS AH
InKy=——-—— 16
TR TRT (16)

Ki, qo (mg g ), C. (mg L"), T, and R are the distribution
coefficient, equilibrium adsorption capacity, equilibrium concen-
tration, temperature, and the ideal gas constant, respectively.
Fig. 9 illustrates the effect of temperature on the In K4 value.
A straight line is given by plotting In K4 against 1/T. This allows
us to determine the parameters (AH and AS) as a function of

4866 | Mater. Adv, 2025, 6, 4857-4873

the slope and the intercept, respectively. The values of AG can
be calculated using eqn (15). The values of the various thermo-
dynamic parameters at different temperatures are given in
Table 7.

The adsorption of the CV dye on AC-750 °C, over the
temperature range, shows negative values of AG, confirming
the spontaneity of the adsorption process.”® In addition, the
negative value of AG decreases with increasing temperature,
indicating that the adsorption process becomes highly favorable at
lower temperatures.”' The negative value of AH confirms the
exothermic behavior of CV dye removal by AC-750 °C.”>”® In the
meantime, the negative value of AS implied a decrease in random-
ness at the adsorbent/adsorbate interface.”

3.2.8. Reusability study of AC-750 °C. The process of regen-
erating spent adsorbent is crucial for the practical removal of
pollutants in industrial applications to ensure the use of the
adsorbent in repetitive cycles and thus minimize costs. To this
end, various desorption agents, including 0.1 M KOH, 0.1 M
HCI, thermal treatment at 350, 550, and 650 °C, ethanol, and
ethanol/thermal treatment at 750 °C, were investigated for
regenerating AC-750 “C@CYV (Table 8). The results demonstrate
an improvement in desorption efficiency with increasing tem-
peratures, but it remains lower. In addition, the ethanol solvent
alone shows a lower efficiency in removing the CV dye during
the desorption process compared to the combined ethanol
solvent and thermal treatment at 750 °C, which gave the best

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of the maximum adsorption capacity of CV obtained with AC-750 °C in this study and other adsorbents
Adsorbents Optimum conditions Adsorption capacity (mg g ') Adsorption isotherms Reference
AC-750 °C eAD=05gL"" 1199.93 Langmuir This work
e pH = 5.29
eIC=750mg L’
Heat-Treated Brazilian Palygorskite eAD=2¢gL"’ 186.5 Langmuir 64
epH=7
eIC=200mg L’
Muscovite clay eAD=15gL"’ 69.54 Langmuir 37
epH=6
eIC=70mg L'
Activated carbon eAD=1gL"’ 496.55 Langmuir 65
e pH =8.5
eIC=750mg L’
Polypyrrole-decorated bentonite eAD=2¢gL" 98.04 Langmuir 66
magnetic nanocomposite epH =38
e¢IC=100 mg L "
Composite (Ch-IL@SPEEK) eAD=1gL"’ 77.66 Langmuir 67

e pH = 5.21-5.35
eIC=50mgL"

T T T
0,00325 0,00330 0,00335
1/T (K1)

Fig. 9 Van't Hoff plot for CV dye adsorption onto AC-750 °C.

T T
0,00315 0,00320

Table 7 Principal thermodynamic parameters for CV dye adsorption on
AC-750 °C

T(K) In(Ky) AG(K mol™) AH(KJmol™") AS(JK ' mol™)
298 5.82 —14.35 —-21.87 —25.23

308 5.45 —14.09

318 5.26 —13.84

results in the desorption test (Table 8). The ethanol solvent
lacks the energy required to break the bonds formed during
the adsorption process, known as chemisorption. Dissolved
organic carbon could be removed by thermal treatment. Sub-
sequently, combining ethanol solvent and thermal treatment at
750 °C can effectively break the bonds between the CV dye
and AC-750 °C, regenerating the AC-750 °C adsorbent for

© 2025 The Author(s). Published by the Royal Society of Chemistry

subsequent adsorption cycles. Similarly, a study of MB
desorption by Mohammad et al.”* demonstrated that using
various solvents such as ethanol, hydrochloric acid, nitric acid,
or acetone, and heating alone did not provide sufficient energy
to break the bonds between the adsorbate and the adsorbent.
Furthermore, the same study highlighted the effect of tempera-
ture on dye desorption efficiency, revealing an enhancement in
desorption efficiency with temperature owing to the improve-
ment in adsorbate solubility and the distribution coefficient as
a function of temperature.”* Consequently, a chemical and
thermal treatment at higher temperatures was necessary to
regenerate the adsorbent effectively. Fig. 10(a) illustrates the
regeneration capacity of AC-750 °C over three adsorption-
desorption cycles. A continuous decrease in removal efficiency
was observed after each reuse; however, three cycles of AC-750 °C
were the most effective and still retained 50% efficiency. This
decrease can be attributed to the cumulative effects of several
treatment processes. However, these results revealed the reliability
and durability of AC-750 °C for use in multiple applications to
remove the CV dye from aqueous solutions.

The AC-750 °C regenerated adsorbent was characterized
using XRD and SEM analyses. As illustrated in Fig. 10(b), the
peaks assigned to muscovite, positioned at 20 = 40.25 and
42.41°, were not significantly altered. In contrast, the diffrac-
tion peaks at 20 = 8.78°, 18.02°, 19.82°, 27.50°, 27.96°, and
34.14°, attributed to muscovite, were drastically reduced after
the regeneration process. These results confirm the change in
adsorption capacity of the AC-750 °C material. The spectra of
AC-750 °C and the AC-750 °C were almost identical, despite the
reported variation in the intensity of some peaks, indicating the
structural stability of AC-750 °C. For SEM images (Fig. 10(c)),
the results reveal an increase in grain size after subsequent heat
treatments, making the surface of AC-750 °C denser, and thus
limiting the active site for the adsorption process. In addition,

Mater. Adv.,, 2025, 6, 4857-4873 | 4867
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Ethanol/thermal treatment (750 °C) Ethanol 0.1 M (HCI) 0.1 M (KOH) 350 °C 550 °C 650 °C
First reuse 86.50% 11.14% 1.34% 3.58% 1.14% 5.20% 7.32%
Second reuse 60.27% — — —
Third reuse 57.82% — — —
a) 99.41 b) Q —— AC-750°C after Regeneration Process

100

% Removal

Adsorption First reuse Second reuse Third reuse

5.0kVWD1
CRS_FSA_UIZ

% Remo;lal
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Fig. 10 Recyclability experiment (a) of AC-750 °C for CV dye removal, XRD pattern (b) for AC-750 °C before and after the regeneration process, SEM
images (c) of AC-750 °C after the regeneration process, and percentage removal (d) of various organic pollutants using AC-750 °C.

SEM characterization revealed that AC-750 °C retained a stable
structure after several cycles, underlining its potential for
effective reuse in adsorption applications.

3.2.9. Selectivity of AC-750 °C towards organic pollutants.
Fig. 10(c) shows the capacity of AC-750 °C towards four organic
pollutants: dyes (CV and Congo red) and antibiotics (cefazoline
and tetracycline). The experiments were carried out under the
same AD (1 g L™ ") and IC (50 mg L™ ") at the natural pH of each
pollutant. The results revealed that the maximum percentage
removal was achieved for the CV dye. Furthermore, the
AC-750 °C adsorbent exhibits a high and moderate percentage
removal of cefazolin and tetracycline, respectively. On the other
hand, the percentage of Congo red removal remained lower.
Therefore, AC-750 °C could be selected as a better adsorbent for
removing antibiotics and cationic dyes.

3.2.10. Adsorption mechanism analysis. The mechanism
of CV dye removal by AC-750 °C was analyzed using FTIR, SEM-
EDS, and the pHy,.. Fig. 11(a) shows the FTIR spectrum of
AC-750 °C before and after the CV dye removal. The results
show that the main bands of the AC-750 °C material exhibit
several changes after adsorption of CV dye molecules,

4868 | Mater. Adv, 2025, 6, 4857-4873

indicating that various mechanisms may govern CV adsorption.
The electrostatic interactions between the permanent negative
charge of Si-O-Si groups of AC-750 °C and the positive charge
of the nitrogen atoms in the CV dye constitute the key mecha-
nism of the adsorption process.”® This can be clearly illustrated
by the decrease in intensity of the Si-O-Si band. The decrease
in intensity of -OH and the shifting of the Al-AI-OH band
confirm the involvement of hydrogen bonding between OH
groups and nitrogen atoms of CV dye molecules.”” In addition,
a significant change in the Si-O bond intensity may lead to a
hydrogen bond between the oxygen atoms of Si-O groups and
the hydrogen atoms of -CH; groups belonging to the CV dye
structure.”® These findings are confirmed by the formation of
new peaks at 1373 and 1173 cm ™" attributed to C-H bonds of
the aromatic ring.”>’®”” Furthermore, a possible mechanism
involves the n-n interaction between the non-bonding doublet
of oxygen atoms of Si-O groups and the C—C bonds of the CV
dye molecules.”>”® A peak at 1325 cm ™' is linked to C-N bonds
in the dye structure.”® Other peaks also appeared at 1238 and
1287 cm ™', confirming the adsorption process. Finally, a cation
exchange mechanism might occur due to the substitution of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FTIR spectra of (a) AC-750 °C and AC-750 °C@CV, pHp,c of (b) AC-750 °C, SEM images (c) and EDS analysis (d) of AC-750 “C@CV, and graphical

illustration (e) of CV dye removal using AC-750 °C.

potassium or sodium cations by the organic cations of the CV
dye.19’37

Determining the zero-charge point (pHy,) is crucial for
understanding the mechanism of adsorption. This determina-
tion was carried out by plotting the change in pH (pHfina —
PHinitial) @s a function of the initial pH of the solution, as shown

© 2025 The Author(s). Published by the Royal Society of Chemistry

in Fig. 11(b). The results indicate that the pH,. value for AC-
750 °C is approximately 10.8. These results reveal that the
surface of AC-750 °C is positively charged at pH < pH,. and
negatively charged at pH > pH,,., respectively, confirming that
there is no electrostatic interaction between the CV dyes and AC
750 °C after the adsorption of CV dyes at pH = 5.29.
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Fig. 11(c) shows the SEM images of AC-750 °C after the
adsorption process. The morphology of AC-750 °C became
more heterogeneous than that of AC-750 °C, confirming the
successful CV dye adsorption on AC-750 °C. EDS analysis
(Fig. 11(d)) indicated an increase in carbon (C) content and
the appearance of chlorine (Cl) after CV dye adsorption, sug-
gesting the presence of CV dye on the AC-750 °C surface. Based
on the mentioned analysis, a possible adsorption mechanism is
illustrated in Fig. 11(e).

4. Conclusion

The outcome of this study demonstrates the effectiveness of
combining basic activation and thermal treatment on the
adsorption capacity of CV dye. The AC-750 °C was chosen as
the most promising adsorbent for the removal of CV dye. It
demonstrated a higher adsorption capacity of 1199.93 mg ¢,
and a high value of dye removal of 99.41% under the following
conditions: an AD of 0.5 g L', a CT of 95 min, and IC of
750 mg L' at a natural pH of 5.29. The PSO nonlinear model
was well suited to the kinetic study. Furthermore, equilibrium
data revealed that the non-linear Langmuir model was the
appropriate model to characterize the removal process of CV
molecules on AC-750 °C. Finally, the thermodynamic study
showed that the adsorption of CV dye onto AC-750 °C was
spontaneous and exothermic. Based on the findings, the nat-
ural clay activated with Na,CO; and calcined at 750 °C can be
considered an environmentally friendly and effective adsorbent
for removing the CV dye. At the same time, the modification
process that combines basic activation with thermal treatment
is an economical method for enhancing the properties of clays,
especially their adsorption properties.
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