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Abstract: Algerian kaolinite, sourced from Djebel Debbagh nuance 3 (DD3), was used as a low-cost
adsorbent to remove methylene blue (MB) dye from water. Its adsorption capacity was enhanced
through sulfuric acid treatment (treated-DD3). In response to the urgent demand for clean water,
various technologies have been developed to address dye removal from wastewater. This study,
specifically delving into the treatment of textile wastewater, examined the efficacy of treated-DD3
through adsorption processes. The acid treatment increased the surface area and pore volume of DD3.
X-ray diffraction showed crystalline phases in both, with treated-DD3 having higher crystallinity.
Fourier-transform infrared spectroscopy found no significant differences post-acid treatment. Scan-
ning electron microscopy revealed DD3 had large, stacked particles with low surface area, while
treated-DD3 had increased porosity and a smoother surface. Various parameters affecting MB ad-
sorption were studied. The Langmuir and Freundlich models were used for isotherm parameters.
Treated-DD3 exhibited a higher MB adsorption capacity (64.58 mg/g according to the Langmuir
model) than DD3 (44.48 mg/g). Thermodynamic analysis indicated spontaneous and endothermic
MB adsorption onto both DD3-BM and treated-DD3-BM systems under different pH conditions.
Treated-DD3 effectively reduced chemical oxygen demand (from 304.056 mg/L to 34.44 mg/L) and
biological oxygen demand (from 80 mg/L to 20 mg/L) in real textile wastewater. The adsorbent exhib-
ited rapid removal and decolorization, surpassing 93% within the first 7 min of the experiment. The
Gaussian process regression and particle swarm optimization (GPR–PSO) predicted MB adsorption
capacity effectively (R = 0.9989, R2 = 0.9978, adj-R2 = 0.9978, RMSE = 1.1390, and MAE = 0.3926).

Keywords: Algerian kaolinite; acid treatment; methylene blue; adsorption; Gaussian process regression;
particle swarm optimization
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1. Introduction

Protecting water is vital for life on Earth and environmental sustainability [1]. In-
dustrial and metallurgical effluent pollutants (metal cations, organic dyes, chemicals, and
overused antibiotics) are a major source of water pollution each year [2–4]. Furthermore,
when these effluents are often overloaded with dyes, they are very hazardous to the envi-
ronment and human health [5–9]. Therefore, it is necessary to develop effective treatment
methods for minimizing this pollution.

Dye pollutants are a major contributor to environmental risks and pollution due to
their high production (7 × 105 tons/year) and usage in various industries (i.e., textiles, pa-
per, and leather) [10]. The release of colored effluents from industries into the environment
without treatment causes some elevated toxicity levels and environmental damage [11–14].

Methylene blue (MB) is one of the most well-known cationic dyes; it is generally
used for dyeing cotton, silk, and wood [12,15–17]. The risks associated with its presence
in wastewater mainly come from its multiple health hazards (i.e., respiratory distress,
gastrointestinal diseases, blindness, and digestive and mental issues). Additionally, its
toxicity results in a range of symptoms such as vomiting, nausea, diarrhea, cyanosis, shock,
gastritis, jaundice, methemoglobinemia, elevated heart rate, tissue necrosis, and skin and
eye irritation [18].

Hence, the removal of dyes from wastewater before release into mainstream water
is important owing to their poor biodegradability. Various procedures and treatment
methods have been employed throughout the last years for removing dyes from wastew-
ater sources. Among current methods such as chemical oxidation [19], filtration [20],
coagulation–flocculation [21], ozonation [22], membrane processes [23], biological treat-
ment [24], precipitation, ion exchange [25], and photocatalytic degradation [26], adsorption
is one of the most commonly used techniques for treating textile dye pollutants in wa-
ter [27–30]. This is because of its low cost, ease of use, high efficiency, availability, and
simple design, as well as its ability to handle a wide range of pollutants and adsorbents. It
is considered environmentally friendly and poses minimal ecological risks. These factors
make adsorption a more attractive option compared to the other approaches [3,7,9,11,27,28].
In the literature, many absorbents were used for the removal of pollutants from the envi-
ronment, such as graphene/montmorillonite [29], chitosan/clay [6], bentonite [16], alginate
beads [14], smectite [30], zeolite [31], and activated carbon [27]. Among them, clays are
widely used as adsorbents due to their inexpensive cost, specific surface area, excellent
stability, and variety of properties. They are formed by the collision of rocks, soils, and
sediments and exhibit a layered structure composed of tetrahedral and octahedral sheets.
Notably, the adsorption capacity of clays is generally determined by their chemical compo-
sition and pore structure [2,32,33].

Kaolinite clay (phyllosilicate minerals) is a mineral commonly found in highly weath-
ered soils and sediments, and it is a potential adsorbent for removing organic compounds
and potentially toxic metal ions from water. Although kaolinite exhibits a low cation-
exchange capacity, its adsorption capacity makes it useful for removing inorganic and
organic contaminants. Kaolinite (with its chemical formula of Al2Si2O5(OH)4) is a 1:1 alu-
minosilicate composed of stacked tetrahedral silica sheets and octahedral alumina sheets
held together by hydrogen bonding. Its crystal structure includes a silica face with SiO2
tetrahedra, an alumina face with Al–OH groups, and edges with both Si–OH and Al–OH
sites [3,34–36]. The structural dislocation (caused by the unconformity between the tetrahe-
dral sheet and the octahedral sheet) of kaolinite promotes the automatic winding of the
single sheet or thin sheet into nano-rollers because the lateral size of octahedral Al–O layer
is slightly smaller than that of the tetrahedral Si–O layer. The formed nano-rollers have a
tetrahedral Si–O sheet on the outside and an octahedral Al–O sheet on its inside. The octa-
hedral sheet and crystal edges have a pH-dependent variable charge due to the protonation
and deprotonation of the hydroxyl (–OH) group on its surface [37]. Although kaolinite has
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been employed in research studies for wastewater remediation and the removal of cationic
dyes from aqueous solutions, according to some studies [11,38], until now, acid activation
has been one of the most beneficial, simplest, cheapest, and successful chemical treatments
for modifying kaolinite to obtain the necessary attributes using inorganic acids at a certain
temperature to raise the acidity, surface area, and porosity of the clays [32,39].

The adsorption process for reducing contamination in discharges is effective, but
optimizing its parameters is challenging due to its nonlinear and complex nature. The
traditional method of optimizing conditions by changing one variable at a time is slow and
requires many experiments. To address these limitations, researchers are using artificial
intelligence (AI) to model and optimize the adsorption process, including modeling with
artificial neural networks, particle swarm optimization, response surface models, and
nanocomposite structures. Some studies have used AI to optimize adsorption of contami-
nants such as methylene blue, Cr(VI), Cd(II), Pb(II), As(III), and water treatment [40–42].
The purpose and the novelty of this study lies in its choice of adsorbent material kaolin
from Djebel Debbagh (DD3); this is significant because kaolin is a naturally occurring clay
mineral. Its potential as an effective adsorbent for the removal of methylene blue from
both water and wastewater may not have been extensively explored in the context of this
specific dye or location. The characterization of the adsorbent was performed using various
techniques and the influence of various factors on adsorption was analyzed. We compared
two isotherm models to determine the best correlation for adsorbed MB on DD3 and acid-
activated DD3 (treated-DD3). The thermodynamic parameters for the treated-DD3 and MB
system were also determined. A Gaussian process regression (GPR) with particle swarm
optimization (PSO) model was used to predict the MB adsorption capacity. The use of
GPR and PSO together suggests an innovative approach to understanding and predicting
adsorption behavior; and its consideration of a specific geographical location, Djebel Deb-
bagh, may have unique geographical and environmental characteristics that influence the
adsorption process, adding a valuable geospatial dimension to the research. These elements
contribute to the advancement of knowledge in the field of adsorption for dye removal and
may have practical implications for water and wastewater in specific regions. This study is
unique in that it is the first to optimize the removal of MB by DD3 and treated-DD3 and
the first to use the GPR–PSO model for MB adsorption capacity prediction.

2. Materials and Methods

The Djebel Debbagh zone (situated near Guelma in eastern Algeria), is one of the
richest locations in several kinds of kaolinitic clays. Thus, the natural gray color of DD3
(a kaolinitic commercial clay sample) was selected to represent plentiful raw materials
with no special degree of purity [8]. The DD3 form of kaolinite (Figure S1b) is a less
prevalent species compared to other clay minerals and warrants recognition for its unique
characteristics. In this investigation, cationic dye (methylene blue dye, Figure S1a) was
selected as the adsorbate and was used in its dry form. This dye, commonly referred to as
Basic Dye 9 (C.I. 52015), is characterized by its high purity [43] with common properties as
follows: chemical formula (C16H18N3ClS), molar weight (319.85 g/mol), λmax = 665 nm,
molar volume (0.242 L/mol), width (1.43 nm), depth (0.61 nm), thickness (0.4 nm), and
molecular diameter (0.8 nm) [3,35,44,45].

2.1. Preparation of Adsorbents
2.1.1. Purification of Natural Kaolinite

Before its use for experiments, kaolinite DD3 was treated as follows: a suspension con-
taining 10 g/L kaolinite DD3 was mechanically agitated for 24 h [37,46]. The supernatant
suspension was then filtered using a Whatman N◦1 filter paper. The material was dried at
110 ◦C for 24 h and then sieved (a 100-µm sieve).
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2.1.2. Acid Activation of Kaolinite

Around 5 g of DD3 was activated by refluxing with 10 mL of sulfuric acid solution
containing different concentrations (0.2, 0.6, and 1.0 mol/L) at 90 ◦C for 3 h. This temper-
ature was maintained using a water bath. The suspension was air-cooled, filtered, and
washed many times with double-distilled water until the pH was neutral and the BaCl2
test was negative. The activated kaolin was dried in an oven at 110 ◦C for 24 h, crushed,
and sieved through a 100-µm sieve prior to use [46]. The primary result of MB adsorption
indicated that the sample DD3 treated with 1.0 mol/L sulfuric acid exhibited the highest
adsorption capacity (Figure S2). Therefore, it was named as “treated-DD3” and used for
further studies.

2.2. Characterization of Adsorbents

The drift method was employed to determine the point of zero charge (pHPZC) of
the DD3 and treated-DD3 samples. Around 0.15 mg of adsorbent was added to a 50 mL
aqueous sodium chloride solution (0.01 mol/L). The pH of the dispersion was adjusted to
initial values ranging from 2 to 11 with small amounts of 0.1 mol/L HCl and 0.1 mol/L
NaOH solutions as described by other studies [4,47,48]. The dispersions were left to stir for
48 h before the final pH was measured and plotted against the initial pH. The pHPZC was
calculated as the point where the final pH equaled the initial pH. The physical and chemical
properties of the DD3 and treated-DD3 samples are presented in Table 1. Cationic exchange
capacity (CEC) refers to the amount of negative charge on the surface of the adsorbent
and the number of organic species required to exchange metal cations in the interlamellar
spaces [2,49]. The CEC of kaolinites was tested to estimate the cation exchange mechanism
between the adsorbent (kaolinite DD3 and treated-DD3) and the MB dye. The CEC value
was determined by the cobalt-hexammine chloride method. Approximately 1.0 g of DD3
or treated-DD3 with 15 mL of 0.05 mol/L CoCl2•6H2O was added to a flask. After a
required reaction time (4 h), the suspension was filtered, and the filtrate’s absorbance was
measured at λmax = 510 nm using a spectrophotometer (Agilent Cary; 60 UV-Vis; Santa
Clara, CA, USA). Differences regarding Co2+ quantity were used to estimate the CEC values
of materials [2]. The nitrogen adsorption isotherm was measured using a bath temperature
of 77.3 K with Nova Station BET apparatus using a nitrogen press. The analysis process
was automated and conducted using static volumetric techniques (0.123 cm3). Prior to
each measurement, the samples were degassed at 200 ◦C. The BET analysis was used
to determine the specific surface area, and the total pore volume (Vtot ) was calculated
through nitrogen adsorption at a relative pressure of 0.98. The average pore size (Dp) of the
adsorbents was estimated using cylindrical pore assumption, as described by the following
equation [47].

Dp =
4 × Vtot × 1000

SBET
(1)

The chemical components (oxide composition) of DD3 and treated-DD3 were de-
termined by X-ray fluorescence (XRF). Scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were utilized to explore the morphology and elemental
analysis in the surface of DD3 and treated-DD3. The FTIR spectra of DD3 and treated-
DD3 dispersed in KBr discs were obtained in the region of 500–4000 cm−1 using the FTIR
spectrometer (Jasco FT/IR-4200) at room temperature. XRD was used to determine the
mineralogical compositions of representative air-dried kaolinite DD3 and treated-DD3
samples. The XRD patterns of these adsorbents were acquired using a PANALYTICAL
EMPYREAN® Diffractometer equipped with a ceramic X-ray emitting tube with a copper
anticathode and an X-ray generator (40 mA and 45 kV).
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Table 1. Oxide composition (%) for DD3 and treated-DD3 kaolinites determined by the XRF technique.

Component DD3 Treated-DD3

SiO2 41.13 37.73
Al2O3 35.92 35.49
Fe2O3 0.92 0.98
MgO 0.03 0.08
CaO 0.20 0.39

Na2O 0.32 0.37
K2O 0.27 0.26
NiO 0.04 0.05
BaO 0.05 0.07
P2O5 0.05 0.05
SO3 0.74 0.71

MnO 0.71 0.92

LOI * 19.56 22.58
Note: * Loss on ignition.

2.3. Methylene Blue Adsorption Experiments
2.3.1. Batch Adsorption Experiment of Methylene Blue

Methylene blue dye was used in adsorption assays, with 0.1 g of treated-DD3 activated
with three different concentrations of sulfuric acid (0.2, 0.6, and 1 mol/L) and 100 mL
of dye MB at a concentration of 250 mg/L at unadjusted pH, 200 rpm, and for 24 h.
The samples were taken the following day after removing MB by adsorption. This time
was more than enough for the treated-DD3 materials to reach equilibrium. A UV-vis
spectrophotometer was used to analyze the MB dye concentration in solutions (Figure S2).
The MB dye stock solution (1 g/L) was generated by dissolving 1.0 g of the dye in 1 L of
distilled water. The experiments were performed under constant agitation of 200 rpm at
25 ± 3 ◦C. By diluting the stock solution, the desired concentrations were made for each
experiment. The pH of the solutions measured by a pH-meter (Inolab PH7310, Weilheim in
Oberbayern, Germany) were adjusted by adding either 0.1 mol/L HCl or 0.1 mol/L NaOH.
The equilibrium concentration of the dye was established by determining its absorbance at
665 nm using a Cary 60 UV-ViS spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA). Samples were taken from the reaction suspensions at various intervals, separated
using a centrifuge (LW Scientific, EZ Swing 3K, Germany). The amount of dye absorbed
per gram of adsorbent at equilibrium (qe, mg/g) and any time t (qt, mg/g) were calculated
using Equations (2) and (3).

qe =
Co − Ce

m
V (2)

qt =
Co − Ct

m
V (3)

where Co is initial dye concentration (mg/L) at t = 0; Ct is concentration of the dye solution
(mg/L) at any time t of the process of adsorption; V is the volume of the dye solution (L);
and m is the mass of the adsorbent (kaolinite DD3 or treated-DD3) used (g).

2.3.2. Effect of Various Parameters on MB Adsorption on DD3 and Treated-DD3

The adsorption capacity of DD3 or treated-DD3 for the studied pollutant in simulated
textile wastewater as well as the effects of contact time and initial dye concentration,
adsorbent dosage, pH, ionic strength and temperature were determined. Contact time
of the adsorption process is one of the most crucial from an economic standpoint for
the systems of treatment, as it determines the amount of adsorbed dye at different time
intervals. 0.1 g of DD3 or treated-DD3 was kept in contact with 100 mL dye solution of
MB at various concentrations (Co = 50, 75, 100, 150, and 200 mg/L) at unadjusted pH. To
confirm that the equilibrium was reached, a time contact equal to 180 min was set for all
experiments with constant stirring at 200 rpm at an ambient temperature of 25 ± 3 ◦C using
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a 15-position magnetic stirring plate (2 mag, magnetic motion, Munich, Germany). The
samples were withdrawn after a given time (2–180 min) in order to determine the residual
concentration and the equilibrium point. After each time, the mixture was centrifuged for
10 min. Finally, the residual concentration of the dye was determined using UV-Visible
spectrophotometry at λmax = 665 nm; each experiment was triplicated under identical
conditions. The experiments were conducted at 25 ± 3 ◦C and 200 rpm with varying pH
values (ranging from 2 to 11) to determine the effect of pH on the adsorption of MB color
removal. Conical flasks containing 100 mL of MB dye solution with an initial concentration
of 75 mg/L were prepared. Using a small volume of 0.1 M NaOH and 0.1 M HCl solutions,
the pH of the solution was adjusted. Before each measurement, the pH-meter was calibrated
using NBS buffers in order to get accurate results. Each flask contained 0.1 g of sorbents
and was stirred for 60 min at room temperature. Each value obtained was the average of
three experiments conducted in the same conditions. For the evaluation of the adsorbent’s
dosage on adsorption, a series of conical flasks containing varied quantities of DD3 or
treated-DD3 adsorbents (ranging from 0.01 to 1.0 g) and 100 mL of MB dye solution (or
m/V = 1.0–10 g/L) with an initial concentration of 75 mg/L was used. The solutions
were stirred for 60 min at 200 rpm. By measuring the residual concentration using the
spectrophotometer, the optimal value of the adsorbents was determined. The impact of
temperature on the adsorption capacity of dyes was investigated over a range of 25 ◦C
to 55 ◦C. The study utilized 0.1 g of either adsorbent DD3 or treated DD3 in 100 ml of a
constant initial dye concentration of 75 mg/L. The experiments were conducted in closed
250 ml conical flasks for a duration of 60 minutes at an unadjusted pH. Throughout the
adsorption period, the temperature was maintained at a constant level using a temperature-
controlled bath. To achieve equilibrium, the conical flasks were shaken at 200 rpm using
an orbital shaker. The experiment started with the addition of the adsorbent. The mixture
was centrifuged to determine the concentrations of the residual dye. The same tests were
performed at pH 11. The effect of ionic strength (using NaCl; 0.1–1 mol/L) on the removal
rate of MB using DD3 or treated-DD3 was investigated at 25 ± 3 ◦C, unadjusted pH, and
constant initial dye concentration MB of 75 mg/L (agitation speed of 200 rpm during
60 min); the samples were then withdrawn and spectrophotometrically analyzed.

2.3.3. Application of Treated-DD3 for Treating Real Effluent

The textile effluent real sample is collected from the ALCOVEL company in Akbou,
Bejaia, Algeria, which utilizes different dyes and other chemicals including detergents, salts
and surfactants. This water to be treated mainly from dyes effluent has an indigo blue color
and will be referred to as “MB wastewater”. The main objective of this section is to verify
the effectiveness of treated-DD3 on the adsorption of waste textile dyes. To this end, the
same conditions were maintained as for the adsorption of MB from a synthetic solution.
Around 0.1 g of treated-DD3 was placed in 100 mL of textile solution, at unadjusted
pH = 6.7 and ambient temperature 25 ◦C. The mixture was stirred, and samples were
taken every 2 min. UV-vis spectrophotometer scan readings were used to analyze the
MB-wastewater solutions.

2.3.4. Gaussian Process Regression Coupled with Particle Swarm Optimization (GPR–PSO)

The Gaussian process (GP) is a statistical process characterized by a collection of
random variables, where any finite subset of these random variables has a joint Gaussian
distribution. This probabilistic representation of a target function can be used for regression
and classification tasks [17]. The GP is described as a group of random variables (stochastic
process) where it is assumed that any finite number of these variables are jointly Gaussian
distributed [50]. The GP can completely capture the distribution of an unknown function
f(x) through its mean function m(x) = E [f(x)] and a kernel function k (x, x′) which estimates
the covariance E [(f(x) − m(x)) (f(x′) − m(x′))]. The kernel (covariance) function represents a
geometric distance measure, meaning that inputs that are closer to each other are assumed
to have higher correlation in terms of their function values [17]. In GPR, the kernel
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(covariance) function outlines the structure of the target function. Hence, the type of
kernel function k (x, x′) selected to construct the GPR model, as well as its parameters,
greatly influences the overall representation of the GPR model and can affect the prediction
accuracy. Numerous types of kernel functions are available for uses [51]. In this study,
the results of optimizing MB adsorption parameters using DD3 and treated-DD3 were
combined into a single database to create a large and valid model for the two adsorbents
used by GPR_PSO. The inputs selected were X1 (contact time: 0–180 min), X2 (initial
MB concentration: 50–200 mg/L), X3 (adsorbent mass: 0.01–1 g), X4 (pH 2–11), and X5
(temperature: 25–55 ◦C); and the output was the MB adsorption capacity (Y). To distinguish
the results between DD3 and treated-DD3, an additional parameter X6 was added to the
inputs. The results of DD3 and treated-DD3 were represented by the values “1” and “2”,
respectively. To derive the optimal GPR–PSO model, a strategy was implemented that
focuses on the design and optimization of the kernel and parameters of both GPR and PSO.
The model was constructed through the following steps [51]:

(1) Data were prepared and examined;
(2) The database was divided into three parts: 222 points for training, 47 points for evalu-

ating model performance (test), and 47 points for verifying model results (validation);
(3) Ten kernels’ functions, including Exponential, Square Exponential, Matern32, Matern52,

Rational Quadratic, Ard Exponential, Ard Square Exponential, Ardmatern32, Ard-
matern52 and Ard Rational Quadratic, were optimized with four basis functions—
Constant, Linear, Zero and Pure Quadratic;

(4) The PSO algorithm’s iteration count and search agents were optimized to determine
the best parameters (Kernel Scale [sigmaM, sigmaF] and sigma) for each kernel
function.

2.3.5. Statistical Evaluation Criteria

The performance of each model was evaluated using several metrics: correlation
coefficient (R), determination coefficient (R2), adjusted coefficient (R2

adj), root mean square
error (RMSE), and mean absolute error (MAE). These values were determined by applying
the relevant mathematical equations [52–54]:

R =

N
∑

i=1

(
yexp − yexp

)(
ypred − ypred

)
√

N
∑

i=1

(
yexp − yexp

)2 N
∑

i=1

(
ypred − ypred

)2
(4)

R2
adj = 1 −

(
1 − R2)(N − 1)

N − K − 1
(5)

RMSE =

√√√√( 1
N

)( N

∑
i=1

[(
yexp − ypred

)]2
)

(6)

MAE =

(
1
N

) N

∑
i=1

∣∣∣yexp − ypred

∣∣∣ (7)

where N is the number of data samples; K is the number of variables (inputs); yexp and
ypred are the experimental and the predicted values, respectively; and yexp and ypred are,
respectively, the average values of the experimental and the predicted values.

3. Results and Discussion
3.1. Characterization of DD3 and Treated-DD3 Kaolinites
3.1.1. Chemical Composition of the Kaolinites

The chemical compositions (by mass%) of the finely ground DD3 and treated-DD3
powders were determined by X-ray Fluorescence. Table 1 reveals that DD3 and treated-DD3
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are enriched in alumina Al2O3 (35.92% and 35.49%) and silica SiO2 (41.13% and 37.73%,
respectively). Some minor components (Fe2O3, MgO, CaO, Na2O, K2O, NiO, BaO, P2O5,
and SO3) present in two materials can reinforce the refractive index of DD3 and treated-
DD3. The MnO content reached up to 0.71% for DD3 and 0.91% for treated-DD3 because
kaolinite DD3 was impure and hence grey in color. The percentage of loss in ignition of
DD3 (19.56%) and treated-DD3 (22.58%) resulted from the presence of water in the different
minerals (kaolinite, gibbsite, and todorokite) [55–57]. The high level of clay material purity
created rheological and physico-chemical features and directly impacted on the quality of
the ceramic industry raw materials [2].

3.1.2. Crystal Structure of the Kaolinites

X-ray diffraction analysis (XRD) is used to assess the amorphous and crystalline na-
tures of materials by identifying the changes in their phases and crystalline properties [58].
Figure 1 displays the XRD patterns of DD3 and treated-DD3. The raw kaolin material
(DD3; Figure 1a) indicated the existence of kaolinite (the predominant mineral) (JCPDS
file 96-900-9231), and there were also other crystalline phases, including a small amount of
halloysite (JCPDS file 96-500-0091) at 2θ = 17.8◦ attributed to the (002) plan. The diffrac-
tion peak at 2θ = 29.9◦ was assigned to (011) of the silica oxide (SiO2) phase (JCPDS file
01-081-0069). The XRD peaks of the treated-DD3 (Figure 1b) showed a significant increase
in intensity, indicating a rise in the clay minerals’ crystallinity [56,57,59]. This may be due to
the removal of the amorphous layer by the acid, which allowed the X-ray beam to directly
access both the octahedral and tetrahedral sites.
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Figure 1. XRD data of (a) DD3 and (b) treated-DD3 kaolinites.

3.1.3. Surface Morphology and Element Component of the Kaolinites

The SEM analysis (Figure 2) showed that DD3 is composed of large particles arranged
in stacks, resulting in bulk forms with a low specific surface area and impurities. DD3
kaolinite with its poor crystallinity (Figure 1a) might result from the presence of impurities.
Some authors reported that the existence of impurities and quartz minerals lead to de-
creased whiteness of kaolinites [48,60]. In contrast, treated-DD3 displayed a more regular
edge and a smoother surface because of the crystallization process [8,48]. Furthermore,
when the DD3 material was treated with acid H2SO4, the clay surface was significantly
modified by this treatment with an increase in its porosity, which was confirmed by SBET,
which facilitates MB adsorption on this kaolinite. The appearance of the crystal plate
or flake was probably attributed to the change in the particles’ surface charge after the
acid activation process. The pHPZC of treated-DD3 (3.85) was lower than that of DD3
(6.70; Table 2), suggesting that treated-DD3 exhibited a higher negatively charged surface
than DD3.
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Figure 2. SEM images and EDS data of the DD3 and treated-DD3 kaolinites.

Table 2. Basic properties of DD3 and treated-DD3 adsorbents.

Unit DD3 Treated-DD3

SBET m2/g 67.60 155.1
VTot cm3/g 0.252 0.386
Dp nm 14.94 9.95

CEC meq/100 g 14.36 9.83
pHPZC — 6.70 3.85

The EDS spectrum of the kaolinite is composed principally of Si, O, and Al elements,
which results from the aluminosilicate structure. In addition to these chemical elements,
other chemical compounds (Na, S, K, Ca, Ti and Fe) were observed in low amounts.

3.1.4. Textural Property of the Kaolinites

Figure 3 displays the nitrogen adsorption/desorption isotherms of DD3 and treated-
DD3. The isotherm curves were categorized as Type IV of the IUPAC classification sys-
tem [61]. The presence of the Type H3 hysteresis loop in these curves confirmed that both
kaolinites are mesoporous materials. The average pore width (Table 2) of DD3 (14.94 nm)
and treated-DD3 (9.953 nm) was in a mesopore range (2–50 nm). Mesoporous materials
can often well adsorb solutes with a large molecular size through a pore-filling mechanism.

Table 2 displays the textural parameters of two materials obtained from the nitrogen
adsorption curve (Figure 3). As expected, after the acid treatment, the SBET and Vtot of DD3
remarkably increased from 67.60 to 155.1 m2/g and 0.252 to 0.386 cm3/g, respectively. This
is presumably because the majority of the nonporous components (i.e., quartz; Figure 1) in
DD3 were removed after the strong acid activation [2]. Treated-DD3 with higher SBET and
Vtot than DD3 was expected to possess more active sites for adsorbing MB dye in water.
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Figure 3. Nitrogen adsorption/desorption isotherms at 77 K of DD3 and treated-DD3 kaolinites.

3.1.5. Functional Group on the Surface of Kaolinites

DD3 and treated-DD3 were analyzed by infrared spectrometry to identify the different
chemical bonds of vibrations of structural hydroxyls. The FTIR spectra obtained for the
three samples, DD3, treated-DD3, and treated-DD3-MB, in the region of 500–4000 cm–1 are
shown in Figure 4a–c, where treated-DD3-MB is the MB-adsorbed treated-DD3 adsorbent.
The three adsorbents indicated the presence of analogous bands of vibration. Indeed, the
band observed between 3600 and 3865 cm−1 might be ascribed to the stretching frequencies
of the OH functional groups of coordination water and of the hydration OH stretching (the
interlayer hydroxyl belongs to the stretching mode of Al–OH mode) [2,3,32].
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Figure 4. FTIR spectrum of (a) DD3, (b) treated-DD3, and (c) treated-DD3 after adsorbing MB dye.

The absorption bands at 2906 and 2987 cm−1 and especially that at 1400 cm−1 prove
the presence of calcite in the halloysite of Djebel Debbagh. Quartz is also detected at
2500 cm−1 [62]. Similarly, the bands of H−O−H deformation (bending) observed in the
range of 1402 cm−1 and 1950 cm−1 were the result of the combination of elongation and
deformation of the water molecule adsorbed on the surface. The broad band centered at
1402 cm−1 in the Algerian halloysite can be attributed to bending vibrations of adsorbed
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water [62]. In addition to these bands, the band observed at the 1244 cm−1 shoulder was
assigned to the stretching mode of apical Si–O, while the bands at 1022 and 906 cm−1 were
caused by the stretching vibrations of Si–O–Si and bending modes of Al–O–Al, respectively.
The rest of the bands between 526 and 906 cm−1 were attributed to the vibration of the
bonds in the metal oxides, in particular the aluminum oxides and/or that of silica in our
samples considering the aluminosilicate character of the clays; these bands were confirmed
by the appearance of the band of absorption for the metal-oxygen M-O, attached to Al3+,
Fe3+, and Mg2+ groups, and the silica quartz impurities.

The acid treatment process did not result in a noticeable difference between the raw
and activated DD3. However, a shift in the band at 526 cm−1, which was originally from
the Si–O–Al bonding in untreated kaolinite, was observed to appear at 500 cm−1 after the
treatment. This shift indicates a slight disruption of the kaolinite layers and interlayer space
caused by cation leaching during the acid activation process [2]. The findings suggest a
minor disturbance of the kaolinite octahedral sheets occurring during the acid activation
process [32].

3.2. Adsorption of MB Dye by DD3 and Treated-DD3
3.2.1. Effect of Adsorbent Dose, Solution pH, and Ionic Strength on Adsorption Processes

The effect of the adsorbent’s dose (or solid/liquid ratio) on the MB dye adsorption
process is provided in Figure 5a. In general, an increase in the amount of materials used
led to decreasing qe values. This is because qe values were calculated based on the mass
balance relationship (Equation (2)). Treated-DD3 exhibited higher qe values than DD3
when the dose used was lower than 0.4 g (or m/V = 4 g/L). To avoid the agglomeration of
adsorbent particles, the solid/liquid ratio of 1 g/L was used for further studies. Solution
pH plays a crucial role in adsorption processes because it affects the ionization state of the
adsorbent surface and dye molecule. Figure 5b demonstrates the effect of solution pH on
adsorbing MB dye onto DD3 and treated-DD3. The results showed that their adsorption
capacity increased when the solution pH increased from 2.0 to 11. Under acidic solutions,
the surface of DD3 or treated-DD3 was positively charged. Electrostatic repulsion between
the adsorbent and the adsorbate existed in the adsorption system, which results in a
low adsorbed quantity. In contrast, the presence of abundant OH– anions under a basic
environment made the surface of DD3 or treated-DD3 become negatively charged. As a
result, the amount of dye adsorbed through electrostatic attractions increased. A similar
phenomenon has been reported by other researchers [15,35,39,63–65]. Because natural
solutions’ pH (6.6–6.9) without adjustment has environmental and financial benefits, the
pH of the dye solution was maintained at ~7.0. In addition, the optimal pH solution
(pH = 11) was selected for investigating the effects of temperature on the adsorption
processes. The influence of inorganic salt (NaCl) on the adsorption capacity of MB on
raw and acid-treated kaolinite is depicted in Figure 5c. When the concentration of NaCl
increased, the capacity of MB dye adsorption by DD3 and treated-DD3 increased. This
phenomenon contrasts with previous findings. The rise in ionic strength may lead to
the aggregation of clay particles, forming new adsorption sites where the dye molecules
can be absorbed. In a clay suspension, particles are suspended in pure water and do not
aggregate, but the presence of an electrolyte (i.e., NaCl) can cause the particles to get close
enough to one another to aggregate. The addition of NaCl led to an increasing mean
radius of aggregates [66]. Luckham and Rossi [67] showed that adding a low amount of
Na resulted in the formation of edge-to-edge aggregates, while a solution with a higher
concentration led to the creation of extremely dense irregular aggregates with a face-to-face
layered structure.
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Figure 5. (a–c) Effect of adsorbent doses (solid/liquid ratios), solution pH, and ionic strength on
the adsorption of MB onto DD3 and treated-DD3; and (d) dye adsorption isotherm by DD3 and
treated-DD3.

3.2.2. Adsorption Kinetics

Figure 6 depicts the evolution of the MB adsorption capacity by DD3 and treated-DD3
over time. Several other studies [27,68,69] indicated similar effects of contact times and
concentrations on adsorption processes. The figure showed that the qt values increased
with increasing contact times. The adsorption process could be divided into three steps
for two adsorbents. In the first step (0–15 min), the rapid removal of MB dye was due
to the large number of unoccupied surface sites, suggesting external surface diffusion.
During the second step (15–60 min), the adsorption rate slowed down and gradually
increased. In the final step (60–180 min), a plateau was reached after approximately 60 min
(an equilibrium time for this study). This finding may be explained by the presence of
underutilized adsorption sites on kaolinite surfaces. During the initial phase of adsorption,
a large number of these empty sites were available for the adsorption of MB dye. As the
contact duration increased, the surface sites became saturated, causing the remaining MB
dye to move into the voids within the kaolinite samples. Eventually, all the unoccupied
surface sites were filled, leading to a decrease in adsorption efficiency. This decline is likely
due to both a decrease in the number of available surface sites and repulsive interactions
between the MB molecules already adsorbed and those in the solution [4].

Two adsorption kinetic models: the pseudo-first-order (PFO; Equation (8)) and pseudo-
second-order (PSO; Equation (9)) were used to infer adsorption kinetics of the MB dye onto
DD3 and treated-DD3 [70,71].

qt = qe(1 − e−k1t) (8)

qt =
q2

e k2 t
qek2 t + 1

(9)

where qt (mg/g) and qe (mg/g) are the amount of MB adsorbed per g of adsorbent (mg/g)
at time t (min) and equilibrium, respectively; k1 and k2 are the rate constants of the PFO
(1/min) and PSO [(g/mg × min)] models, respectively.
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Figure 6. Effect of contact time and initial concentration of MB on the adsorption capacity of (a) DD3
and (b) treated-DD3 (m/V = 1 g/L, 25 ± 3 ◦C, and unadjusted pH).

The nonlinear plots of qt (mg/g) versus t (min) were drawn for the adsorbents DD3
and treated-DD3, and the parameters of these models (k1, k2, and qe) were obtained from
the PFO and PSO equations (Table 3). The results showed that the PSO model described
the kinetics adsorption perfectly compared to the PFO one. The PSO model presents a very
high R2 value (>0.999), and the values qe from the model were also in good agreement with
those from experiments (Table 3).

Table 3. Parameters of the pseudo-first-order and pseudo-second-order kinetic models for adsorbing
the MB dye by DD3 and treated-DD3.

Co
(mg/L)

qe (exp)
(mg/g) qe

(mg/g)

PFO Model

R2

PSO Model

k1
(1/min)

qe
(mg/g)

k2
g/(mg × min) R2

1. DD3
50 33.70 32.84 0.504 0.980 33.94 0.027 0.999

75 38.23 37.64 0.871 0.993 38.31 0.058 0.999

100 40.11 39.46 0.852 0.991 40.19 0.052 0.999

150 41.79 41.40 0.921 0.994 42.03 0.060 0.999

2. Treated-DD3
50 39.71 38.78 0.379 0.977 40.30 0.016 0.999

75 52.07 51.03 0.627 0.987 52.36 0.024 0.999

100 57.37 56.28 0.628 0.985 57.75 0.022 0.999

150 60.80 60.14 1.091 0.995 60.85 0.057 0.999
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3.2.3. Adsorption Isotherms

Figure 5d demonstrates that the initial concentration of the MB dye (Co) had a
significant influence on the MB adsorption kinetics by DD3 and treated-DD3. An in-
crease in Co values (50–200 mg/L) led to increasing the MB adsorption ability onto DD3
(33.7–42.7 mg/g) and treated-DD3 (39.7–61.3 mg/g), respectively. At low Co (<75 mg/L),
the adsorption sites in the materials were not saturated. In addition, this is attributable to
the rise in the concentration gradient’s driving force. These findings demonstrate that the
Co value has a crucial influence in the adsorption process [72,73].

The Langmuir (Equation (10)) and Freundlich (Equation (11)) models [71] were ad-
justed to the adsorption isotherms of the MB dye by DD3 and treated-DD3. The related
nonlinear formulae of the isotherm models are summarized below:

qe =
QmaxKLCe

1 + KLCe
(10)

qe = KF.C(1/n)
e (11)

where Qmax (mg/g) is the maximum adsorption capacity of the adsorbent; Ce (mg/L) is the
equilibrium concentration; KL (L/mg) is the Langmuir constant; KF [(mg/g)/(mg/L)1/n] is
the Freundlich constant; and n is the empirical coefficient related to the adsorption intensity.

The adsorption isotherm is represented by the curve giving the equilibrium adsorption
capacity qe (mg/g) versus the equilibrium concentration Ce (mg/L) (Figure 5d). At initial
higher dye concentrations, the resistance to mass transfer between the solid surface and
the dye solution can be more rapidly exceeded. With increasing dye concentration, the
vacant active centers on the adsorbent surface are rapidly filled. Thus, when the initial
concentration increased, the amount adsorbed increased [31,74]. Table 4 shows that the
Langmuir model (R2 = 0.999 and 0.999) well described the MB dye adsorption equilibrium
data by the DD3 and treated-DD3 compared to the Freundlich model (0.937 and 0.866,
respectively). The maximum adsorption capacity of treated-DD3 (64.58 mg/g) obtained
from the Langmuir model was higher than that of DD3 (44.48 mg/g), suggesting the
important role of acid treatment in enhancing the adsorption capacity of the kaolinite
compared to other absorbents studied by the authors (Table S1).

Table 4. Parameters of the Langmuir and Freundlich isotherm models for adsorbing the MB dye onto
DD3 and treated-DD3.

Unit DD3 Treated-DD3

1. Langmuir model
Qmax mg/g 44.48 64.58

KL L/mg 0.148 0.163
R2 — 0.999 0.999

2. Freundlich model
KF (mg/g)/(mg/L)1/n 24.16 31.48
1/n — 0.116 0.141
R2 — 0.937 0.866

3.2.4. Adsorption Thermodynamics

The adsorption capacities of two materials at pH 7 and pH 11 were evaluated at differ-
ent temperatures (298–328 K) to interpret the nature of the adsorption process (Figure 7).
The results showed that their adsorption capacity increased slightly with increasing tem-
peratures. This is because increasing temperatures caused a decrease in the dye solution
viscosity. This stimulates the transfer and diffusion of MB molecules through the sur-
face and pores of the adsorbents, which results in increasing the available adsorption
sites [35,63,65,75,76]. The influence of temperature on the adsorption behavior of the
MB dye onto the adsorbents is explained by determining the thermodynamic parame-
ters [74,77], namely the change in standard Gibbs free energy (∆G◦), enthalpy (∆H◦), and
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entropy (∆S◦). The parameter ∆G◦ was directly computed based on (Equation (11)), and
the others were determined using the following mathematical equation (Equation (12))
from the slope and intercept of the plot of KC versus 1/T.

∆G◦ = −RT ln KC = ∆H◦ − T∆S◦ (12)

ln KC = −∆H◦

R
× 1

T
+

∆S◦

R
(13)

KC =
1000 KL Madsorbate [Adsorbate]

◦

γMB
(14)

where R is the universal gas constant (8.314 J/mol×K); T represents the temperature (K);
KC (dimensionless; Equation (14)) is the standard equilibrium for the adsorption process
derived from the Langmuir constant KC (L/mol); C◦ is the standard concentration of the
solute (1 mol/L by defined); Madsorbate (319.85 g/mol) is the atomic mass of MB; and γMB is
the activity coefficient of the MB dye in solution (under dilution condition, γMB is assumed
as unity). The nature of the thermodynamic process in adsorption processes (exothermic
or endothermic) can give evidence for the solid–liquid interactions and mechanism of an
adsorption process [74,77]. The resulting plots (not represented) of the Van ‘t Hoff equation
(Equation (13)) were used to estimate ∆H◦ (kJ/mol) and ∆S◦ [J/(mol × K)]. Table 5 shows
that the ∆H◦ values were positive (for DD3 and treated-DD3), indicating an endothermic
adsorption process. In general, the adsorption phenomenon of the MB dye by DD3 or
treated-DD3 was dominantly governed by weak forces (physical adsorption) because of low
magnitudes of ∆H◦. For chemical adsorption, ∆H◦ needs to higher than 80 kJ/mol [74,77].
The weak physical adsorption is consistent with the FTIR data. There were insignificant
differences and changes of the FTIR spectrum of treated-DD3 before and after adsorption
(Figure 3). Both ∆H◦ and ∆S◦ of the adsorption process by DD3 decreased with increasing
pH of the solutions, whereas the opposite was true for treated-DD3. The result suggests
that the primary adsorption mechanisms of DD3 were different to treated-DD3. Negative
∆G◦ values observed for all systems demonstrate the effectiveness of DD3 and treated-
DD3 in removing the MB dye from an aqueous phase, which is comparable to other clay
materials such as raw kaolin KT3B as reported by previous studies [35]. In comparison
to treated-DD3, the ∆H◦ value for MB adsorption at pH 11 on treated-DD3 was larger,
indicating a higher degree of kinetic difficulty in comparison to the unadjusted medium.
This disparity was attributed to the exchange of MB+ with more mobile ions present on
the treated-DD3 exchanger, which results in an increase in entropy during the adsorption
process [73]. The positive ∆S◦ values for both adsorbents demonstrate an increase in the
randomness of the system at the solid/solution interface due to the desorption of water
molecules from the adsorbent surface [78]. The result is in agreement with the findings of
other studies [31].

Table 5. Thermodynamic parameters for adsorption of MB dye onto DD3 and teated-DD3.

T (K) KC
∆G◦

(kJ/mol)
∆H◦

(kJ/mol) ∆S◦ [J/(mol × K)]

1. DD3

Unadjusted pH
298 47,626 −26.69 8.40 117.98
308 56,933 −28.04
318 61,501 −29.15
328 65,397 −30.24

pH = 11
298 55,971 −27.09 3.69 103.34
308 59,492 −28.15
318 62,371 −29.19
328 64,069 −30.18
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Table 5. Cont.

T (K) KC
∆G◦

(kJ/mol)
∆H◦

(kJ/mol) ∆S◦ [J/(mol × K)]

2. Treated-DD3

Unadjusted pH
298 52,238 −26.91 14.05 137.50
308 66,401 −28.43
318 70,162 −29.50
328 91,154 −31.14

pH = 11
298 73,185 −27.75 27.09 182.87
308 84,492 −29.05
318 94,267 −30.28
328 217,671 −33.51
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Figure 7. Effect of temperature on the adsorption capacity of the MB dye onto (a,b) DD3 and
(c,d) treated-DD3 at different solutions’ pH and initial dye concentrations.

3.2.5. Dye Removal Efficiency by Treated-DD3 under Real BM-Wastewater

The results obtained in Figure 8 show that the effluent has a maximum wavelength at
540 nm, and the adsorption kinetics of the effluent dyes on treated-DD3 is very rapid, with
a maximum sorption capacity (93.47%) reached within the first 7 min of contact. Then, the
COD and BOD5 values for the effluent before treatment are 304.056 mg/L and 80 mg/L,
and after treatment they decreased to 34.44 mg/L and 20 mg/L, respectively. Thus, it is
evident that the treated-DD3 have a high affinity for COD and positively charged dye
molecules [79].
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Figure 8. (a) COD values of the BM-wastewater effluents before and after adsorption on treated-

DD3. (b) Effect of contact time of BM-wastewater decolorization on treated-DD3 (pH of the effluent, 
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Figure 8. (a) COD values of the BM-wastewater effluents before and after adsorption on treated-DD3;
and (b) Effect of contact time of BM-wastewater decolorization on treated-DD3 (pH of the effluent,
m/V = 1 g/L, and 25 ± 3 ◦C).

3.3. Gaussian Process Regression

From the beginning, a multicollinearity test was conducted on the input variables to
assess the existence of any correlation between them. This test consists of a plot of Kendall’s
rank correlation coefficients among all pairs of variables, serving as a hypothesis test to
determine which correlations significantly deviate from zero [51]. The multicollinearity
test demonstrates that the variables have no linear relationship with one another, thereby
indicating their independence. Next, ten kernel functions were optimized using the PSO
algorithm with the base function and the best performing one was chosen based on RMSE
and MAE. Table 6 displays the best model and its parameters (kernel scale and sigma) along
with its characteristics (R, R2, adj-R2, RMSE, and MAE) for the four steps (training, testing,
validation, and all four phases) and the kernel settings. Additionally, the table highlights
the best kernel function with the resulting base functions, particle swarm count, and the
number of iterations that produced the optimal model.
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Table 6. Performances of the GPR–PSO model.

PSO Max_Iteration = 100
SearchAgents_no = 30

Kernel
Function

Basis
Function Kernel Scale Sigma R/R2/adj-R2 RMSE/MAE

Sigma M Sigma F Train Test VAL ALL Train Test VAL ALL

Ard
Exponential Constant

0.0296
17.6066
10.1373
75.1580
233.048
11.5636

21.3603 0.3506
1.0000
1.0000
1.0000

0.9925
0.9851
0.9828

0.9988
0.9976
0.9972

0.9989
0.9978
0.9978

0.0745
0.0258

2.5985
1.7202

1.3942
0.7975

1.1390
0.3926

The results (Table 6) indicated that the correlation, determination, and adjusted coeffi-
cients are very high (close to 1) for all four phases. Additionally, the statistical coefficients
for the model are low (near zero), which supports its accuracy. These findings are further
illustrated in Figure 9. To verify the effectiveness of the obtained model, the experimental
values were compared with the predicted values using the number of points in the database
to visualize their relative positioning. Furthermore, a residual analysis was carried out
by plotting the discrepancy between the experimental and predicted values against the
number of data points in the database. Finally, the instance and frequency methods have
been applied to provide a comprehensive overview of the obtained model [17].
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Figure 9. Relationship between experimental values and predicted values (based on the GPR–PSO
model): training data, test data, validation data, and all data.

The results demonstrate an exceptional match between actual and estimated values
for all three phases. There are minimal errors within the range from −10 to 4 for all
three phases. A noticeable occurrence of error 0 for all three phases (training, testing, and
validation) is seen peaking at instance 250 with other errors being low and insignificant. A
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high frequency of error 0 (nearly 250) is further displayed. These results and observations
suggest the effectiveness and performance of the GPR–PSO model.

3.4. Interface for Optimization and Prediction

An interface was developed utilizing the MATLAB guide for prediction to offer an
effortless method for estimating the adsorbed amount of basic red and the rate of its
removal. This interface tool was then transformed into a Windows executable application.
This user-friendly application enables direct prediction of the output by choosing the input
values through the GPR–PSO model (data are available if requested).

4. Conclusions

Raw DD3 and sulfuric acid-activated DD3 were tested for their ability to adsorb
MB from aqueous solution. The results showed that the MB adsorption was influenced
by several factors including pH, dose of adsorbent, ionic strength, contact time, initial
concentration of dye, and temperature. The most crucial factor was found to be pH, and
the highest MB adsorption was observed at pH 11. The study also found that a contact
time between 30 to 60 min was sufficient to reach the equilibrium for MB adsorption.

The pseudo-first-order and pseudo-second-order kinetic models were utilized to exam-
ine the MB adsorption data, and the adsorption kinetics followed the pseudo-second-order
model expression (with an R2 value of 0.999) which is better fitted to describe the adsorp-
tion kinetics. The Langmuir adsorption isotherm characterized by R2 values exceeding
0.99, provided a superior description of MB adsorption, with maximum adsorption capac-
ities (Qmax) for both systems (DD3 + MB and treated-DD3 + MB) being 44.48 mg/g and
64.58 mg/g at 25 ◦C and natural pH medium, respectively.

The thermodynamic analysis revealed that the adsorption process for both DD3 and
treated-DD3 adsorbents is not only feasible but also spontaneous and endothermic in the
temperature range of 298–328 K. This was evident from the negative Gibbs energy (∆G◦ < 0)
observed for MB adsorption. The standard enthalpy change ∆H◦ of adsorption for MB at
unadjusted pH was measured at +8.4 kJ/mol and +14.05 kJ/mol for DD3 and treated-DD3,
respectively, while at pH = 11, the values were +3.69 kJ/mol and +27.09 kJ/mol for DD3
and treated-DD3, respectively. Additionally, the positive change in entropy indicated an
increase in randomness at the solid–solution interface.

The GPR–PSO model demonstrated exceptional accuracy with highly favorable statis-
tical coefficients (near 1) and very minimal statistical errors (close to 0). The effectiveness
of the model has been verified through various techniques, such as test interpolation and
residual analysis, highlighting the benefits of combining GPR with PSO.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w16020243/s1, Figure S1: Structure of (a) methylene blue and (b) kaoli-
nite DD3; Figure S2: Adsorption tests for the removal of MB on acid activated prepared materials,
(C0 (MB) = 250 mg/L, m/V = 1 g/L, contact time 24 h, T = 25 ± 3 ◦C, and unadjusted pH); Figure S3:
Point of zero charge (pHpzc) of DD3 and Treated-DD3; Figure S4: Plots showing the variation in the
amount of MB adsorbed on DD3 and Treated-DD3 in the time range 0–60 min for the PSO model
(m/V = 1 g/L, T = 25 ± 3 ◦C, and unadjusted pH), as a nonlinear expression; Figure S5: Multicollinear-
ity test; Figure S6: Residuals relating to the model established by the different techniques according to
the estimated values: (a) Relationship between experimental data and the predicted data of samples,
(b) Residue of errors, and (c) Instances distribution of errors, and (d) Frequency distribution of errors;
Figure S7: MATLAB Interface: prediction of the adsorption quantity with the GPR–PSO model;
Table S1: Maximum adsorption capacity (Qmax (mg/g) of MB by various adsorbents in other reports.
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