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ARTICLE INFO ABSTRACT

Keywords: In this work, the potential for employing orange peels (OP) and potato peels (PP) as biosorbents to remove the
Biosorption o methylene blue dye (MB) from aqueous solutions is studied. Several physicochemical methods, such as FTIR,
Improved grey wolf optimizer SEM-EDX, X-ray diffraction, and pH point of zero charge measurement, were used to analyze the adsorbents.
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FTIR analysis revealed changes in peak intensities after dye adsorption. SEM analysis confirmed the presence of
starch in the PP adsorbent, while no apparent pore structure was observed in the OP adsorbent. EDX analysis
showed that carbon and oxygen were the main components on the surfaces of OP and PP. X-ray diffraction
patterns indicated that both adsorbents were amorphous materials. The impact of different factors, including
adsorbent dosage, contact time, temperature, initial dye concentration, pH and particle size, on the biosorption
process was studied. Kinetic studies revealed that equilibrium was reached within a few minutes of contact, and
the MB removal followed the pseudo-second-order model.Furthermore, a novel predictive model combining
Support Vector Machine (SVM) with Boosting and the Improved Grey Wolf Optimizer (IGWO) algorithm was
developed. The SVM-IGWO-Boosting model exhibited excellent performance in predicting methylene blue
adsorption, demonstrating perfect correlation and low prediction error. The IGWO optimization approach
effectively optimized the input parameters for the adsorbents, resulting in excellent agreement between exper-
imental and predicted values. Moreover, OP showed higher efficiency in removing methylene blue compared to
PP, with a maximum capacity of 111.75 mg/g for OP and 96.67 mg/g for PP using IGWO. The use of orange peels
and potato peels as agricultural waste for methylene blue removal offers an efficient and sustainable solution.
The SVM-IGWO-Boosting predictive model, in conjunction with the IGWO optimization approach, provides a
promising tool for predicting and optimizing the adsorption efficiency of MB adsorbents. These findings present
valuable prospects for real-world applications requiring accurate and reliable predictions.
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1. Introduction

Synthetic dyes are widely used in process industries such as textiles,
leather, cosmetics, food processing, pharmaceuticals, and paints, and
about 10-15 % of the 0.8 million tonnes produced annually are released
into the environment [1,2]. The dye industry is expected to develop by
roughly 2-3 % every year owing to rising worldwide dye production and
consumption [3]. The growing dye production results in toxic and
carcinogenic byproducts, posing a serious threat to the ecosystem,
aquatic life, and human health. [4-6]. Among these dyes, methylene
blue is widely used for coloring materials, such us paper, wigs, and
fabrics, as well as for biological staining. It also treats UTIs and
methemoglobinemia. However, its accumulation in wastewater can be
harmful human health, causing nausea, vomiting, diarrhea, and eye
burns [7,8].

The treatment of dye effluents has been effectively achieved through
various methods such as photocatalytic degradation, membrane filtra-
tion, irradiation, and conventional adsorption [3,9,10], biological
treatment, ultrasonic-assisted adsorption, and coagulation and floccu-
lation, photo Fenton degradation [11-15]. Among these methods,
adsorption is widely used due to its simplicity, availability of adsorbents,
selectivity, and scalability. The most popular adsorbent is activated
carbon because of its effectiveness and large surface area. Many re-
searchers have looked into biosorption as a low-cost, secure, and
potentially effective alternative to conventional adsorbents [16]. Dyes
removal using untreated biosorbents, biosorbents thermally processed,
and/or sorbents activated using some chemical products [17,18] has
been established in several studies. Agricultural waste products have the
potential to be easily accessible, cost-effective, and effective adsorbents
[19]. They also have a variety of other advantages that make them
valuable tools for environmental conservation, including a good selec-
tivity for a range of concentrations, a substantial adsorption capacity,
abundance, renewability and rapid kinetics. Agricultural wastes perform
better than other adsorbents as they are frequently used with little to no
preparation and generally do not require heat treatment, lowering then
the manufacturing costs and saving energy [20-22].

Recent studies have investigated the use of fruit peels such as mango
peels [23], pomelo peels, banana peels and mangosteen peels [24],
Prunus spinosa L. fruit pulp [25], pomegranate (Punicagranatum) peels
[26], grapefruit peels [27], lemon peels [28], jackfruit peels [29], durian
peels [30], and dragon fruit foliage [31] for the adsorption-based
removal of MB pollutant from aqueous solutions.

The potential of using orange and potato peels as adsorbents for dye
removal has been widely explored [32-35]. Due to their high global
consumption, these fruits generate large amounts of unutilized and
unprocessed peels, leading to significant waste. According to the FAO
report [36], potato production reached 383 million tonnes in 2023, an
increase of 17 % since 2010, while orange production was estimated at
70 million tonnes. This growth is particularly evident in developing
regions, such as Africa, where potato production has reached 26 million
metric tons [37]. To address the issue of agricultural waste, researchers
have investigated various methods of reusing these by-products. In
addition to their application as adsorbents, orange and potato peels have
been studied for their potential in sustainable processes. Acikalin [38]
investigated their use as raw materials in the pyrolysis process, to pro-
duce sustainable fuels and chemicals. Kamboj and Ms [39] examined the
production of biobutanol from potato peel waste using Clostridium
acetobutylicum in a diluted orange peel extract. Hanafi et al. [40]
investigated the adsorption of methylene blue using activated carbon
derived from a mixture of orange peel and watermelon rind, activated
with ZnCl, under microwave treatment.

The objective of this work is to establish a low-cost biosorption
method that can effectively and sustainably remove MB dye from
aqueous solution applying potato and orange peels as adsorbents. In
order to accomplish this, many of adsorption-related factors, such as pH,
particle size, temperature, adsorbent dosages, MB initial concentration,
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and contact time have been investigated. Additionally, to evaluate the
functional groups involved in MB uptake by OP and PP, Fourier-
transform infrared spectroscopy analyses was also carried out. For a
complete understanding of the adsorption behavior, the modeling of
kinetics, adsorption isotherms, thermodynamic parameters, and reac-
tion mechanisms has been thoroughly detailed.

To predict the adsorption behavior of MB on orange and potato peels,
a modeling approach based on Support Vector Machine (SVM), Boost-
ing, and Improved Grey Wolf Optimization (IGWO) was developed. This
approach accounts for complex nonlinear relationships between input
variables and adsorption performance, allowing the identification of
optimal conditions to maximize biosorption efficiency. The SVM model
is a supervised learning algorithm used for classification and regression,
capable of handling complex datasets and discovering nonlinear re-
lationships between input and output variables. Boosting is a machine
learning technique that combines multiple weak models to form a strong
model, enhancing prediction accuracy and stability. IGWO optimization
is a grey wolf social behavior-inspired optimization method that models
the hunting mechanism of grey wolves to find the best model parame-
ters. This approach efficiently explores the parameter space and iden-
tifies optimal conditions to maximize adsorption performance. By
comparing the performance of orange and potato peels in terms of MB
dye removal rate, their effectiveness as adsorbents was evaluated.

The work presented in this study brings several innovations and
significant advancements in the field of water pollution remediation.
Firstly, an innovative approach was adopted to remove MB dye by using
potato and orange peels as affordable adsorbents. These materials were
chosen due to their easy availability, low cost, and agricultural waste
status, making them an economically viable and environmentally
friendly solution. Additionally, this study introduces significant in-
novations in the modeling and optimization of adsorption processes for
water pollution remediation. A novel hybrid approach combining SVM,
Boosting, and IGWO was developed to analyze experimental adsorption
data. This advanced modeling framework effectively captures complex
nonlinear relationships between input variables and adsorption perfor-
mance, offering superior predictive accuracy compared to conventional
methods. The integration of SVM, Boosting, and IGWO represents a
pioneering effort, making this study the first to apply such a combina-
tion for the biosorption of MB dye using orange and potato peels as
adsorbents. This innovative technique not only enhances the reliability
of adsorption isotherm predictions but also provides a robust tool for
optimizing operational parameters. The methodological advancements
presented here pave the way for broader applications in adsorption
systems, contributing to the development of more efficient and data-
driven solutions for water pollution remediation.

2. Materials and methods

All chemicals used in this study were laboratory grade. The methy-
lene blue used in this work (C16H18N3SCl, Mw = 319.85 g mol D isa
basic (cationic), aromatic, heterocyclic synthetic dye belonging to the
thiazine dye family [41-44]. It was purchased from Biochem Chemo-
pharma (Cosne-Cours-sur-Loire, France). A stock solution of 1000 mg/L
MB was prepared using deionised water. Working solutions were ob-
tained by dilution to the desired concentrations.

2.1. Preparation and characterization of PP and OP adsorbents

In this study, OP and PP were sourced from a grocery vegetable
market in Bouira, Algeria. The samples were repeatedly cleaned with tap
water, rinsed with distilled water, dried in a hot air oven at 40 "C for 48
h, then crushed and sieved to a particle size of <100 pm. The OP and PP
samples were finally stored in airtight containers for later use, without
undergoing any further chemical or physical treatment prior to the
sorption experiments. The humidity rate, the ash content, the iodine
index, pH point zero charge (pHpzc), the chemical groups (Boehm
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titration), and the apparent density were determined (see supplemen-
tary material).

The determination of the methylene blue index and the surface area
available to methylene blue was carried out using the method outlined
in our previous study [45].

2.2. FTIR analysis

OP and PP adsorbent surfaces were examined using an FTIR spec-
trometer with a PerkinElmer FTIR 1000 spectrometer (Version 10.4.1)
at room temperature, to identify the functional groups. It was not
necessary to pre-treat the adsorbent powders before performing the
analysis. The spectra were captured between 4000 cm ™! and 400 cm ™,

with a resolution of 1 em ™.

2.3. Scanning electron microscopy (SEM) and EDX analysis

SEM is a powerful analytical tool for observing microscopic and
nanoscopic structures that are invisible to the naked eye or optical mi-
croscopy. It uses electrons to examine samples, and generates images by
collecting different signals generated by the interaction of electrons with
the sample, offering a detailed view of the topography, morphology,
composition and crystallographic information [46].

To analyze the morphology of the OP and PP adsorbents, a Ther-
moscientific Quattro S scanning electron microscope (ThermoFisher
Scientific, USA) was employed. The main elements present on the sur-
faces of the adsorbents were detected using energy-dispersive X-ray
spectroscopy (EDX). The analysis was performed with an EDAX Octane
Elect detector. The quantification of data was performed using Gene-
sis™ software, with an acquisition time of approximately 2 min per
spectrum.

2.4. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) characterizes crystalline materials, revealing
their structure, phases and atomic arrangement. Diffraction peaks are
the result of the constructive interference of X-rays reflected at specific
angles from the crystal lattice planes of the sample [47,48]. The struc-
tural features of the materials were examined using XRD analysis, with a
Malvern Panalytical X’pert Pro analyzer (Almelo, Netherlands) oper-
ating at room temperature, the XRD patterns were captured, and a 0.02
step was used to explore the structure analysis of OP and PP between 20
angles of 10-80°.

2.5. Batch equilibrium and kinetic studies

All adsorption experiments performed in this work were carried out
in a closed stirred reactor. The experimental setup consisted of an
Erlenmeyer flask placed on a multi-position magnetic stirrer (2 Ma g
Magnetic Motion and Selecta Multimatic-5N). Stirring was achieved
using a magnetic bar to ensure good contact between the adsorbent and
adsorbate. A series of adsorption studies were conducted, using various
amounts of orange and potato peel (ranging from 0.2 to 5 g) and various
concentrations of MB solutions (20, 50, 100, and 150 mg/L). The
agitation speed was fixed to 200 rpm.

In order to study the effect of the parameters, the experiments were
carried out by mixing 0.02 g of each adsorbent with 20 ml of MB solution
and stirred for 180 min at a temperature of 25 + 5 C. The temperature
verification was performed using an Isolab glass thermometer. Once the
adsorption period was complete, the solution was centrifuged at 3000
rpm for 15 min using an LW Scientific EZ Swing centrifuge. The final
concentration of the residual dye was determined at the maximum MB
wavelength (668 nm), using an Optizen spectrophotometer (3220 UV,
Mecasys, Korea). The pH was adjusted using 0.1 M HCI and NaOH so-
lutions, with a Mettler Toledo FiveEasy F20 pH meter. At each initial
concentration, the amount of dye adsorbed at any time (qt) and at
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equilibrium (qe) was determined using the following equations,
respectively.

=8By (1)

(Co—Co)

Q=" %V @)

The removal efficiency (R%) of methylene blue was determined
using equation (3)

(Co—Cy)

R (%)= C
0

x 100 3)
Where Cy and Ce (mg/L) are the concentrations of dye in liquid phase at
initial time and at equilibrium, respectively. Ct (mg/L) are the concen-
trations of dye liquid phase at any time t, V (L) is the volume of the
solution and m (g) is the used adsorbent mass [49,50].

2.6. Coupling Support Vector Machine with coupled with Boosting and
Improved Grey Wolf Optimizer algorithm

The Support Vector Machine (SVM) is a powerful and widely used
prediction algorithm [12]. It seeks to find an optimal hyperplane that
separates data in a high-dimensional space [51]. The goal of SVM is to
maximize the margin between samples of different classes while mini-
mizing classification error [52]. This method relies on the use of support
vectors, which are data points closest to the decision boundary [12].
However, Boosting is a machine learning technique that combines
multiple weak learning models to form a stronger model [53]. They use
an iterative approach to adjust successive models by focusing on samples
that were poorly predicted by the previous models. This focus on errors
can help reduce overfitting by paying more attention to challenging
regions of the data space [52]. By combining SVM and Boosting, we can
leverage the strengths of both approaches (SVM_Boosting). SVM can be
used as a weak model in the Boosting process. At each iteration of
Boosting, an SVM is trained on a subset of the data, focusing on
difficult-to-classify samples. This combination enhances the capabilities
of SVM by putting more emphasis on complex decision regions.
Coupling SVM with Boosting offers several advantages. Firstly, it can
tackle more complex classification problems by leveraging the separa-
tion capabilities of SVM and progressively improving results through
Boosting. Additionally, this approach can help prevent overfitting by
focusing on difficult samples rather than all samples.

In this study, an enhanced model using an SVM-Boosting model was
developed to surpass conventional methods for forecasting the amount
of MB adsorbed on OP and PP adsorbents.

Each adsorption time instant’s findings for the adsorbed amount of
MB were compiled into a database with the dimensions [236:7], which
contained six input parameters and one output parameter. Contact time,
adsorbent mass, MB concentration, pH, temperature, and adsorbent type
were the independent parameters; they were denoted by values "1” and
"2" for OP and PP, respectively. The output variable was the flow rate,
representing the amount of MB adsorbed for each instant on the two
adsorbents.

The SVM-Boosting model was designed and optimized to produce the
best possible results. Using MATLAB’s "mapminmax" function, the
database was first normalized within the range [—1, +1]. Then, a
training set (containing 70 % of the data) and a validation set (con-
taining 30 % of the samples) were created from the database. The
Gaussian kernel function was chosen for the SVM model due to several
advantages. Firstly, it is capable of solving non-linear problems by
transforming the input space into a higher-dimensional space, allowing
the SVM model to be more flexible and capture complex relationships
between variables. Moreover, the Gaussian kernel function is considered
universal, meaning it can approximate any decision function with suf-
ficient training data. It is also robust to outliers, reducing their impact on
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the decision function. The sigma parameter of the kernel function can be
adjusted to find a good compromise between model flexibility and the
risk of overfitting. By combining these features, the Gaussian kernel
function is widely used for modeling complex relationships, solving non-
linear problems, and effectively handling outliers in SVM models.

The specific parameters of the Gaussian kernel function, such as Box-
Constraint and sigma, were optimized using the Improved Grey Wolf
Optimizer (IGWO) algorithm coupled with SVM (SVM-IGWO). The
IGWO algorithm is an optimization method inspired by grey wolves
social interaction and improves upon the Grey Wolf Optimizer (GWO)
algorithm in terms of efficiency and convergence [54]. It utilizes a
population of grey wolves in the search space and updates their positions
based on formulas inspired by their social behavior [54]. The best
wolves are also updated separately. The IGWO algorithm employs
termination criteria to determine the end of optimization and has
demonstrated its effectiveness in various domains, including engineer-
ing and machine learning. Then, the Boosting process was performed 30
times to train an initial weak model, giving more weight to misclassified
samples to focus on errors. Then, another weak model was trained
focusing on previous errors. This procedure was repeated multiple times
to obtain a strong model.

Finally, a number of statistical metrics including the correlation
coefficient (R), coefficient of determination (RZ), and root mean square
error (RMSE) were used to assess the performance of the model and
choose the best one [55-62]. Specific equations are used to compute
these requirements.

3 v —
R— I;Z; (}’ exp — Yo exp2> E]ypred ypred> 2 .
e % ®)
RMSE= \j (%) (IXI_V; [ (Yexp — et | 2) ©

Where N is the number of data samples; K is the number of variables
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(L]
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(inputs); Yexp and ypr.q are the obtained experimental values and the
predicted ones respectively; Yexp and Yprq are respectively the average
values of the experimental and the predicted values [63].

3. Results and discussion
3.1. Adsorbents characterization

The porosity development and the morphology of the OP and PP
adsorbents were investigated by the SEM analysis. The obtained images
are shown in Fig. 1.

The SEM image of the OP adsorbent (Fig. 1, A1) shows that there is
no evidence of pore structure on the adsorbent surface, which displays a
compact, smooth, irregular appearance with asymmetrically distributed
granular particles [64]. The SEM image of PP ((Fig. 1, B1) showed the
presence of spherical particles of different sizes uniformly distributed. A
similar pattern was described by Hadadi et al. [35] confirming the
presence of starch in the PP adsorbent. Based on the EDX analysis (Fig. 1,
A2 and B2), C and O comprise the bulk of the OP and PP surfaces.

It was evident from the XRD analysis (Fig. 2) that both patterns
showed no well-defined peaks, indicating the absence of a discrete
mineral phase. The two peaks observed near 20 = 17° and 22° are
attributed to the distinctive crystal structures of starch and cellulose,
respectively [65]. The broad peaks at 20 around 15.77°, 19.51°, 21.29°
and 24.50° reveal the amorphous nature of orange peel (OP) [66].
Consequently, the OP and PP are totally amorphous, as one would
expect for organic materials.

Fig. 3 depicts the spectra from the analysis of the OP and PP func-
tional groups before and after MB adsorption.

As evidenced by the infrared spectra (Fig. 3), the surfaces of the OP
and the PP adsorbents contain a variety of functional groups, indicating
their complex structure. The peaks at around 3400-3440 cm™! corre-
spond to O-H stretching vibration of hydroxyl groups. The peaks at
2929 em ™! corresponds to the stretched vibration of a methyl group
(-CH) of alkane chain [65]. The peaks at 1640 cm™! for PP and 1629
cm™! for OP are assigned to stretching vibrations of C=0 bonds of
carboxyl groups [45]. Phenolic O-H bending is represented by the band
at roughly 1382 cm™! [67]. C-O bonds of phenols, esters, ethers, and
alcohols were appeared at around 1030 cm ™! for both adsorbents [68]
and at 1159 cm ™! for the PP. The PP showed also peaks between 500 and

1 Eloment  Welght®  Atomic%
c 50.22 5T.76
o (] 4300 41.44
Mg D54 631
Al 036 o018
Ca 088 0.30

m

K KCa fa
3%

e a0 288 a0 45

Fig. 1. SEM micrographs and EDX analysis of samples OP (A1, A2) and PP (B1, B2).



N. Bouchelkia et al.

22000 -
20000 -
18000 -
16000 -
14000 -
12000 -
10000 -

—— OP adsorbent
—— PP adsorbent

Chemometrics and Intelligent Laboratory Systems 261 (2025) 105377

Table 1
Characteristics of OP and PP.

Biomass Orange peel (OP) Potato peel (PP)
Humidity (%) 10.80 9.58
Ash content (%) 2.70 4.70
Apparent density (%) 0.76 0.62
MB index (mg/g) 111.05 71.66
specific surface (m2/g) 271.85 175.42
iodine index (mg/g) 190.35 285.52

Intensity (a.u)

8000

6000
4000 4
2000

0 T T T T T T T T T

2 Theta (°)

Fig. 2. X-ray diffraction graphs of the OP and PP adsorbents.

850 cm ! related to the C-H bending [69]. The obtained results are in
agreement with the findings of the EDX analysis which showed that the
surface is predominantly composed of oxygen and carbon.

After MB adsorption, the position of some peaks was shifted to new
position; the peaks at 2929 cm ! were shifted to 2922 cm™! for both
adsorbents, and the band at 1159 cm ™! has shifted to 1165 cm ™! for the
PP. the spectra show also that some bands’ intensities were changed; the
intensities of peaks at 3400-3440 cm ™}, 1640, 1629 and 1382 cm ™! has
decreased. As a result, it can be concluded that the respective functional
groups were responsible for the adsorption of MB dyes on both adsor-
bents. Same conclusion has been reported by Jawad et al., [70].

Table 1 shows some characteristics of OP and PP adsorbents.

According to Bouchelkia et al. [45], the amount of non-volatile and
non-combustible components in a material is measured by its ash con-
tent. Ash content is low in effective adsorbents [71,72]. The least
amount of ash was observed in OP (2.70 %).

The methylene blue index refers to the amount of methylene blue, in
milligrams, adsorbed per gram of carbon [73]. It is a crucial parameter
in characterizing an adsorbent’s effectiveness. It also estimates the po-
tential of OP and PP for the adsorption of large molecules such as MB. As
can be observed in Table 2, the OP is characterized by higher MB index
compared to PP, and therefore the highest specific MB surface area.

The iodine value quantifies the iodine uptake capacity of 1 g of
adsorbent under specific conditions. A high iodine value demonstrates
the effectiveness of the used adsorbent in removing small-size contam-
inants (microporous), and confirms its reliability in this regard [74]. The

-OH phenalic; around 1383-1380 cm”"  <G-H bonding in aromatic rings: 850-500 om™ |

-6 3480.3200cm ™ CH; 3000-2840cm ™ .C=0; 1750-18400m T -C=C: 1660-1450cm ™! m

130 -OH {;?enoiic] T

120 4 -OH -
-C-H

110 A __‘“x,_____/"v C=C {aromq'tlc) {(aromatic

-C=0 (carboxylic)

Transmittance (%)
[-:]
s

~—— MB-PP |
—PP

4000 3500 3000 2500 2000

30 4

1500 1000 500
Wavenumber (cm'1}

Fig. 3. FTIR spectrogram of samples of the OP and PP adsorbents.

obtained value of iodine number for OP (190.35 mg/g) was lower than
that for PP (285.52 mg/g). This suggests a higher abundance of micro-
porous sites in PP compared to OP which may be more mesoporous due
to the greater MB adsorption [75].

The pHpzc equates to the pH point at which the adsorbent surface
has no net charge [76]. The curves permitting to determine the value of
the pHpzc are depicted in Fig. 4.

A curve was drawn to reflect the equation pHfina) = f (pHinitia))- The
pHpzc is equal to the solution pH for which the graph crosses the first
bisector.

The pHy = f(pHj) curve crosses the bisector at pH = 3.38 for OP and
pH = 6.27 for PP. According to these values, the adsorbent surface is
negatively charged at pH levels above (3.38 and 6.27) and positively
charged at levels below (3.38 and 6.27) for OP and PP, respectively. As
the pH increases above pHpzc, the negative ion density on the surface of
OP and PP increases, allowing then the adsorption of MB cations by the
electrostatic attraction phenomenon [77].

Boehm titration method is based on the idea that different base
strengths can neutralize various acidities of oxygen groups on carbon
surfaces [49]. Table 2 summarizes the total acidic and basic groups of
both OP and PP. As can be observed from the results, the contents of
acidic functions are much higher than those of basic functions in both
materials. It has been demonstrated that the availability of more acidic
sites, associated with a higher presence of oxygen groups, enhances the
adsorption of cationic dyes [78]. This finding aligns with the MB index
results, which indicate favorable MB adsorption due to the abundance of
acidic functional groups.

3.2. Effect of contact time and the initial adsorbate concentration

The efficiency of the adsorption phenomenon is controlled by the
contact time, which also serves to estimate the time needed to reach
equilibrium. The effect of contact time on MB dye adsorption was
evaluated using OP and PP adsorbents over varying durations (5-330
min) with an adsorbent dose of 1 g/L, and a temperature of (25 + 0.5)
°C, adjusted to the optimal pH of 7 & 0.5. The curves corresponding to
the adsorption kinetics of the two materials are represented in the
following Figures.

The plotted curves show the evolution of the amount of dye adsorbed
by potato and orange peels as a function of time, at different concen-
trations (20, 50, 80, 100, 150 mg/L). Both Figures show that the
adsorption kinetics is fast during the initial few minutes of the adsor-
bent/adsorbate contact, which can be attributed to the accessibility of
the adsorption sites [79]. Due to the repulsive interactions between the
MB molecules adsorbed on the surface of the two adsorbents and the
solution phase, the remaining unoccupied surface sites become more
difficult to fill [3]. A plateau was eventually noticed, which matched the
equilibrium between the two phases (solid and liquid) [80].

Table 2
BOEHM titration of OP and PP.

Carboxylic Lactonic Phenolic Total basicity Total acidity
-COOH -COO- OH

oP 0,63 0,65 0,63 0,86 1,91

PP 0,59 0,63 0,56 1,62 1,78
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Fig. 4. PHpzc of orange peels (OP) and potato peels (PP). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Additionally, it is clear from the results that MB adheres to orange peels
more quickly than to potato peels. This may be due to the higher surface
area of OP (271.85 mz/g) compared to PP (175.42 mz/g), providing
more available sites for MB adsorption.

The initial dye concentration was examined by varying the MB
concentration from 20 to 150 mg/L. Figs. 5 and 6 show that increasing
the MB initial concentration leads to the enhancement of the adsorbed
quantity. The amount of MB adsorbed on OP and PP increased propor-
tionally with the initial dye concentration. This can be explained by an
increase in the gradient of solute concentration between the adsorbent
surface and the solution [81]. This suggests that adsorption capacity is
significantly influenced by the MB initial concentration.

3.3. Effect of adsorbent mass

Adsorption capacity is strongly affected by the amount of sorbent
available in the liquid phase. The MB removal was evaluated in an
adsorbent dosage range of 0.1-6 g/L.

The efficiency of MB removal as a function of adsorbent dosage is
shown in Fig. 6. The quantity of adsorbed MB increases with the
adsorbent dosage. For a dosage of 0.1 g/L of material, the removal ef-
ficiency reached 38.88 % for the OP and 22.99 % for the PP. The in-
crease in adsorbent dosage enhances the MB removal rate by providing
more active sites [82]. 1.5g of OP was enough to reach a maximum
elimination of MB. In contrast, 3g of PP was required. Above these
dosages, the adsorption rate remained nearly constant.

3.4. Effect of initial pH

Since adsorption is based on the driving force between the adsorbate
and the adsorbent, the solution pH is considered as a crucial parameter
in the adsorption phenomena. The reaction was carried out at pH levels
ranging from 2 to 12. The obtained results are shown in Fig. 7.

Fig. 7 illustrates that the MB removal rate rises as a function of pH.
This can be explained by the fact that, at low pH levels and below pHpzc,
the adsorbent’s surface is surrounded by H30" ions, which hinder the
interaction between MB ions (a cationic pollutant) and the adsorbent’s
active sites. [83]. When pH exceeds pHpzc, more MB cations were
adsorbed via attractive electrostatic attraction [84]. The maximum
values of removal rate were observed at pH 9 and 12 with a yield of 96 %
and 58 % for OP and PP, respectively. In the case of orange peels, a slight
decrease in the elimination yield has been observed at pH > 9, which can
be explained by the phenomenon of ion exchange, or MB precipitation,
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Fig. 5. Effect of contact time on the amount of MB adsorbed on OP (a) and PP
(b) (pH =7 £ 0.5, T = 25 °C =+ 5, adsorbent dosage = 1 g/L, Co (MB) = 100
mg/1).

leading to a lower removal at higher pH [84].
3.5. Effect of particle size

Adsorption experiments were conducted from 100 to 600 pm to
investigate the effect of particle size on methylene blue adsorption onto
OP and PP. The obtained results are illustrated in Fig. 8.

Fig. 8 shows the removal efficiency of MB as a function of the ad-
sorbents’ particle size. The smaller particle size of an adsorbent provides
a larger and more accessible surface, which leads to more significant
yield of adsorption at equilibrium [85]. The best results were observed
for particle sizes under 100 pm, as shown in the two histograms. How-
ever, for particle sizes exceeding 1000 pm, the removal efficiency
significantly decreased to 69 % for OP and 31 % for PP.
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3.6. Effect of temperature

Adsorption experiments of MB onto OP and PL were carried out at
20, 30, 40, and 50 °C to observe the impact of temperature as shown in
Fig. 9.

Fig. 9 illustrates the MB removal rate evolution as a function of
temperature variation. The Figure shows that the best yield removal of
adsorption occurs at a temperature of 20 °C with a yield of 81 % for OP
and 53 % for PP. Increasing the temperature reduces the adsorbent’s
efficiency. This happens as the adsorption forces between the active sites
and the adsorbed species weaken, possibly due to the deterioration of
the adsorbent’s active sites. The decrease in MB removal with rising
temperature suggests that the adsorption process is likely exothermic
[86].

3.7. Modeling of the adsorption kinetics

Modeling aims to align experimental data with theoretical models,
providing insights into the adsorption mechanism and identifying key
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Fig. 9. Effect of temperature on the adsorption of MB on OP and PP (pH =7 +
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parameters influenced by physical or chemical processes [84]. The
non-linear pseudo-first order (PFO) model, the pseudo-second order
(PSO) model, and the intra-particle diffusion model were assessed in
order to study the kinetic of solid-liquid interactions. The corresponding
equations are listed in Table 3 [45,87].

Fig. 10 shows the fitting of the PFO and PSO kinetic models to the
experimental data, and Table 4 provides the resulting kinetic parame-
ters. The results show that for both adsorbents, the pseudo second-order
model is better than the pseudo first-order model, since the PSO showed
a high correlation coefficient (R2 > 0.99). The amounts of adsorbed
material determined experimentally were highly correlated with the
Qecal determined with the PSO model. This is confirmed by the graphical
plots, which show a better alignment of the PSO curves with the theo-
retical results (Fig. 10). Although the R? values from the PSO model are
higher than those from the PFO model, the R? values for the PFO model
are still noteworthy, especially for the PP adsorbent. The amounts
adsorbed calculated using the PFO model are closely match the
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experimental values. This suggests that the PFO models can be effec-
tively applied to describe the adsorption kinetics of methylene blue on
OP and PP. These results indicate that the adsorption process of meth-
ylene blue on orange and potato peels may be influenced by both
physisorption and chemisorption mechanisms. Similar conclusions were
drawn by Jasri et al. [18] in their work on methylene blue adsorption on
activated carbon derived from agricultural waste, including oil palm
fronds (OPF) and palm kernel shells (PKS), using microwave-assisted
K5COg activation.

Table 5 presents the computed kinetic parameters of the intra-
particle model, while Fig. 11 depicts its fit to the experimental data,
showing two distinct stages represented by two linear segments. Ac-
cording to Zamouche et al. [86], the first stage represented external
diffusion, and the second one, intra-particle diffusion. When the fitted
linear relationship plot crosses the origin, intra-particle diffusion is
regarded as the rate-determining step. [88]. However, intra-particle
diffusion is not the only rate-limiting process in this study, as the
fitted lines do not go through the origin.

3.8. Adsorption isotherms

The phenomena of adsorption are typically explained in terms of
their isothermal behavior. The equilibrium between the liquid and solid
phases significantly affects the performance of the adsorbent. This
equilibrium determines the maximum adsorption capacity that can be
achieved under the operating conditions. In addition, the adsorption
isotherms help to identify the type of adsorption that is likely to occur.
They are obtained by plotting qe against Ce, where qe and Ce are the
amount of dye adsorbed per gram of adsorbent and the equilibrium dye
concentration, respectively. The adsorption of MB has been investigated
using Langmuir and Freundlich. Table 6 presents the computed pa-
rameters, and Fig. 12 shows the model’s fits to the experimental data.

The modeling results of the adsorption isotherms showed that the
best results for both of OP and PP were obtained with the Langmuir
model with values of R > 0.99 (0.991 for OP, and 0.995 For PP). The
Langmuir isotherm, with maximum adsorption capacities of 111.05 mg/
g for OP and 71.66 mg/g for PP, provides a more accurate description of
MB adsorption on these materials. This suggests that adsorption occurs
as a monolayer on a homogeneous surface, with no interactions between
the adsorbed molecules [89]. The results confirm that OP exhibits a
higher MB adsorption efficiency than PP.

Based on the values of the Langmuir parameter K, (0<Kj, < 1), MB is
typically absorbed by the OP and PP [90]. In order to confirm whether
the modelling using Langmuir equation of MB adsorption on OP and PP

Table 3
Adsorption kinetics and isotherms models.
Model Equation Parameters
Adsorption Pseudo-first- q: =qe(1 —  Ki: the pseudo-first-order
kinetics order model eKit) kinetic rate constant (min ")
1. q = Ky: the pseudo-second-order
Pseudo-second- q.2Kot kinetic rate constant
order model 1 + gekot (g'mg ! min™1)
2. q = K, intra-particle diffusion
Intra-particle 1/2 rate constant (mg- “Imin~Y
diffus?on model G+ ¢ 2 s
C a constant related to the
boundary layer thickness
(mg-g ).
Adsorption Langmuir model ¢, = K.: Langmuir adsorption
isotherms qmK..Ce constant (L/mg)
1+K.C, Qmax: Maximum MB
adsorption capacity (mg/g)
Freundlich qe = Kg: Freundlich constant
model Kp.Cel/n related to adsorption

capacity [(mg/g)/(mg/L)"]
n: adsorption intensity
constant
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is favorable, a dimensionless constant named separation factor (Rp),
given by equation (7), was calculated. The isotherm is favorable when 0
< Ry < 1, unfavorable when Ry, > 1, linear when Ry, = 1, or irreversible
when Ry, = 0 [82,91].

1

Ri=—
"T1¥K.Co

(7

Where Cj (mg/L) is the initial concentration of dye. The obtained results
showed a Ry, values of 0.05 for the OP adsorbent and 0.12 for the PP
adsorbent, indicating that the adsorption process is favorable.

3.9. Study of the thermodynamic parameters

The study of the temperature effect showed that increasing the
temperature from 20 to 50 °C leads to a decrease in the amounts of MB
dye adsorbed on both adsorbents. The study of thermodynamic pa-
rameters provides insight into the nature and feasibility of adsorption
processes. These parameters help to determine whether the process is
endothermic or exothermic, to assess changes in randomness, and to
evaluate its spontaneity [92]. The thermodynamic parameters of
adsorption include the change in Gibbs free energy (AG®, kJ/mol), the
change in enthalpy (AH?, kJ/mol), and the change in entropy (AS°,
kJ/mol. K). The relation between these parameters is given by equation
(8) [93].

AG°= —RT.LnK, = AH° — TAS° €)

Where T is the absolute adsorption temperature (K), and R is the gas
constant (8.314 J/mol-K). Ke is the thermodynamic equilibrium con-
stant (dimensionless). The Van’t Hoff equation was reformulated into its
nonlinear form, as represented by the following equation

InK,=———+ 9

As the Langmuir isotherm model exhibited the best fit for the
experimental equilibrium data, the calculation of the thermodynamic
equilibrium constant K;, is based on the Langmuir adsorption constant
(Kp) [87,93]. Given that Ky, is expressed in L/mg, it must first be made
dimensionless before being applied in the Van’t Hoff equation. The
calculation then follows the equations detailed below

Ky, (ﬁ) x [Adsorbate]f’(%)
K, = 10)

e

YmB

K= 1000. Ky, .Madsorbate -|[Adsorbate]”

e

1D

Tms

Where y,; is the coefficient of activity (dimensionless) which is
considered unitary, particularly in the context of very diluted adsorbate
solutions. Madsorbate iS the molar molecular weight of MB (319.85 g/
mol). [Adsorbate]® is the standard concentration of the adsorbate (1
mol/L) [93-95].

Plotting ln(K; ) as a function of 1/T allows the determination of the
values of AH? and AS? from the slope and the intercept of the Van’t Hoff
equation (equation (9)). AG® is calculated at different temperatures
using equation (8) [96]. When the adsorption efficiency increases with
temperature (AH° > 0), the process is endothermic; otherwise, it is
exothermic [97]. The change in Gibbs free energy is a crucial factor in
determining the degree of spontaneity of the adsorption process; the
process will proceed favorably and spontaneously at a given tempera-
ture if AG® has a negative value [98]. Furthermore, the magnitude and
sign of AS° help to indicate whether the organization of the adsorbate at
the solid/solution interface during the adsorption process becomes less
random (AS° < 0) or more random (AS° > 0) [98,99]. The obtained
results are summarized in Table 7.
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Table 4

PFO and PSO adsorption parameters of MB dye adsorption onto OP and PP adsorbents.

Pseudo-first order kinetic

Pseudo-second order kinetic

Co Qeexp (mg.g ") Qecal K; R? Qecal K, R?
(mgL ™" (mgg ™" (min") (mgg ™" (gmg ' min ")
Orange peels (OP) 20 18.75 18.03 0.631 0.980 18.43 0.085 0.994
50 45.21 42.24 0.474 0.985 43.10 0.031 0.996
80 66.74 65.02 0.487 0.984 66.22 0.021 0.993
100 78.49 75.95 0.799 0.975 77.894 0.019 0.993
150 98.54 96.74 0.573 0.952 99.61 0.011 0.991
Potato peels (PP) 20 14.86 15.686 1.364 0.997 15.791 0.430 0.996
50 31.94 30.115 0.372 0.994 30.812 0.030 0.997
80 46.00 41.129 0.489 0.982 42.013 0.028 0.995
100 50.20 49.085 0.509 0.973 50.260 0.022 0.990
150 57.03 56.390 0.420 0.986 57.740 0.017 0.998
Table 5
Kinetic parameters for the adsorption of MB on OP and PP at various intra-particle diffusion concentrations.
Intra-particle diffusion model
First stage Second stage
Co Kp1 Cy (mg.g™") R’ Kp2 GCo (mg.g™H) R’
(mg/L) (mg.g™! min~"?) (mg.g™" min~"?)
Orange peels (OP) 20 2.294 10.730 0.990 0.020 18.029 0.963
50 0.903 36.594 0.947 0.106 41.859 0.941
80 1.208 57.043 0.942 0.464 60.303 0.894
100 0.835 74.596 0.932 0.224 77.090 0.935
150 7.460 65.157 0.988 0.586 94.958 0.921
Potato peels (PP) 20 0.680 13.752 0.976 0.074 15.332 0.952
50 4.244 15.526 0.999 0.072 29.691 0.959
80 1.614 35.428 0.988 0.069 42.671 0.983
100 1.390 40.219 0.985 0.115 49.102 0.949
150 3.384 40.268 0.977 0.145 56.174 0.984
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Table 6
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Fig. 11. Adsorption kinetics of MB on OP: intra-particle diffusion (pH = 6.87, T = 25 °C + 5).

Isotherm parameters for MB adsorption onto OP and PP adsorbents.

Isotherm Model ~ Parameters values
OP PP
Langmuir Qmax = 111.05 mg/g Qmax = 71.66 mg/g
K, = 0.128 L/mg Ky = 0.048 L/mg
R? = 0.991 R? = 0.995
Freundlich Kr = 28.193 [(mg/g)/(mg/ Kg = 11.816 [(mg/g)/(mg/
L™ LM
1/n =0.301 1/n = 0.350
R® = 0.954 R? =0.943

The obtained results show that the values of Gibbs free energy of
adsorption (AG®°) are negative for the adsorption of MB dye on both
adsorbents. This indicates the spontaneity of the adsorption process. The
results also show that the negative values of AG° decrease with
increasing temperature, suggesting that the adsorption process is more
favorable at lower temperatures [100]. Furthermore, the negative
values for AH® indicate that the adsorption process is exothermic [101].
The AH° values are less than 40 kJ/mol for both adsorbents, suggesting
that the adsorption is mainly physical in nature [102]. The positive
values of AS° suggest the increased randomness at the solid-liquid
interface during the adsorption of MB onto OP and PP adsorbents [91].

3.10. Adsorption mechanism

Agricultural residues are mainly constituted of cellulose, hemicel-
lulose and lignin, rich in various functional groups. These components
promote dye fixation through various interaction mechanisms [103].

In order to explain the reaction mechanisms potentially involved in
the adsorption of methylene blue (MB) on the two adsorbents (OP and
PP), it is essential to analyze the adsorbent characterization results as
well as the thermodynamic parameters. FTIR analysis revealed the
presence of various functional groups on the surface of both adsorbents,
an observation confirmed by Boehm titration. In addition, a change in
the intensities of certain characteristic peaks (-O-H groups, C=C, C-H
and -C-O bonds) was observed after MB adsorption, attesting to the
involvement of carboxyl and phenolic groups in the dye binding process
on the adsorbent surfaces [104]. Furthermore, the study of thermody-
namic parameters demonstrated that MB adsorption on OP and PP is a
physisorption. This phenomenon relies mainly on electrostatic in-
teractions, the formation of hydrogen bonds and n-x interactions [105].
Adsorption tests were carried out at a solution pH above pHpzc,
resulting in a negative charge on adsorption sites on the adsorbent
surface. This negative charge promotes electrostatic interaction with
methylene blue molecules, facilitating their attachment to the adsorbent
surface [106]. The study of pH effect showed that the dye solution’s pH
had a major impact on the uptake of MB. The adsorption of MB rises in
tandem with the pH. The electrostatic interactions between the dye
particles and the biosorbent may account for the increase in MB uptake
in alkaline circumstances [104]. Hydrogen bonding can also take place
between the nitrogen atoms of MB molecules (acting as hydrogen ac-
ceptors) and the oxygen-containing functional groups (-OH or -COOH)
present on the surface of both adsorbents (acting as hydrogen donors)
[107]. This interaction is supported by the FTIR spectra of MB adsorp-
tion on OP and PP (MB-PP and MB-OP), which show a reduction in the
intensity of the —OH stretching vibration around 3400 cm ™, indicating
the formation of hydrogen bonds. The n-n interaction involves electron
donor atoms on the biosorbent surface, and aromatic rings of MB, which
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Fig. 12. Adsorption isotherm of MB on OP (A) and PP (B).
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Fig. 13. MB adsorption mechanism on OP and PP adsorbents; (A) n-n interaction, (B) electrostatic interactions, (C) hydrogen bonding.

Table 7
Thermodynamic parameters of the MB adsorption on the OP and PP adsorbents.
Adsorbent T ](E X AG® (kJ/ AH° (kJ/ AS° R?
(K) 103 mol) mol) (kJ/
mol.K)
oP 293 30.603 —25.037 —24,714 0,001 0.981
303 19.527 —25.048
313 14.713 —25.059
323 11.857 —25.070
PP 293 15.474 —23.553 —21,444 0,007 0.996
303 12.170 —23.624
313 9.097 —23.696
323 6.864 —23.768

act as electron acceptors [105,108]. The following figure resume the
three possible mechanisms of the MB adsorption on the surface of orange
and potato peels.

3.11. Coupling support vector machine with coupled with boosting and
improved Grey Wolf Optimizer algorithm

In this study, an SVM-Boosting model was used to predict the amount
of MB adsorbent on OP and PP adsorbents. MB adsorption data was
collected and used to train the model. The database was normalized and
divided into training and validation sets. The Gaussian kernel function
was chosen for the SVM model due to its ability to solve non-linear
problems and handle outliers. The parameters of the Gaussian kernel
function were optimized using the IGWO algorithm (SVM-Boosting-
IGWO). The Boosting process was performed to train a strong model by
focusing on errors [53,54]. By combining these methods, the
SVM-Boosting-IGWO model offers a promising approach to predict the
amount of MB adsorbent on OP and PP adsorbents. From the beginning,
MB adsorption data was used to train and validate the model exclusively
using SVM_IGWO. The results are presented in Table 8 (see Fig. 13).

The results from Table 8 indicate that the initial model achieved
excellent performance during the training phase, with R = 0.99997 and
R? = 0.99994 (Fig. 14a). This suggests a strong correlation and an
excellent ability of the model to explain the variation in the training
data. Additionally, the negligible RMSE indicates that the model’s pre-
dictions are very close to the actual values during the training phase.
However, during the validation phase, the model’s performance de-
teriorates. The R drops to 0.9366 (Fig. 14b), indicating an unreliable
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correlation between the predictions and the actual values in the vali-
dation set. Similarly, the R? decreases to 0.8772 (Table 8), meaning that
the model explains approximately 87.72 % of the variation in the vali-
dation data. Finally, the RMSE of 9.3396 (Table 8) indicates some
dispersion of predictions compared to the actual values in the validation
set. These results suggest that the initial model may tend to overfit the
training data, meaning it adapts too precisely to the specific data of the
training set, resulting in a decrease in performance when faced with new
data (validation set). It’s possible that the model learned specific char-
acteristics from the training data that do not generalize well to the
validation data. It would be wise to explore regularization techniques or
other methods to improve the model’s performance during the valida-
tion phase, ensuring better generalization and prediction of unknown
data.

For this purpose, the Boosting process was performed 30 times to
train a strong model by focusing on errors. The results of the Boosting
model are presented in Table T1 (see supplementary material), indi-
cating the R, R%, and RMSE values from the validation phase.

The results demonstrate a significant improvement in the evaluation
metrics (R, R2, and RMSE) at each stage of the Boosting process. This
indicates that the initial model (SVM_IGWO) was strengthened and
refined through iterations, leading to an overall better performance. The
correlation coefficient R increased substantially at each Boosting stage,
ranging from 0.9366 for the initial model to 1 for the 30th iteration
(Fig. 15). This suggests that the model’s predictions are increasingly
closely linked to the actual values as Boosting progresses. Similarly, the
determination coefficient R? increased significantly with each iteration,
eventually reaching a value close to 1 (0.99999). This means that the
improved model explains a large portion of the variance in the MB
adsorption data, indicating its better fit to the data (Fig. 15). As for the
RMSE, it decreased significantly with each iteration, going from 9.3396
for the initial model to 0.00038 for the 30th iteration (Fig. 15). A lower
RMSE indicates better accuracy of the model’s predictions compared to
the actual values, suggesting that the improved model is capable of

Table 8
Performances of the first model (SVM_IGWO).
R/R? RMSE
Train VAL ALL Train VAL ALL
SVM_IGWO 0.99997 0.93664 0.98157 0.002 9.3396 5.4361
0.99994 0.8772 0.9911
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Fig. 14. Relationship between the experimental and the SVM_IGWO model
predicted values: (a) training, (b) validation and (c) all data.
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making more precise predictions. The Boosting process significantly
enhanced the performance of the initial model (SVM-IGWO).

The results indicate a stronger correlation, better explanatory power,
and more accurate predictions for the MB adsorption quantity. This
demonstrates the effectiveness of Boosting in strengthening the model
and achieving better results. However, we observed that after the 12th
iteration of Boosting, the error became negligible. By plotting the sur-
face of the RMSE and R according to the number of Boosting, as well as
the evolution of the RMSE according to the number of Boosting, a sig-
nificant decreasing trend was observed. As the number of Boosting it-
erations increased, the RMSE decreased until the 12th iteration
(Fig. 16a). After this iteration, the error became negligible (Fig. 16b).
This finding led us to select the model from the 12th Boosting as our final
model.

Indeed, at this stage, the RMSE has reached a very low value, indi-
cating excellent prediction accuracy for our model. Additionally, both R
and R? have also reached their maximum value of 1, highlighting the
robustness and suitability of the model to the MB adsorption data. The
use of the Boosting process clearly improved the performance of the
initial model based on SVM-IGWO, progressively reducing the RMSE
error. After selecting the model, the database was once again predicted
through the three phases, and the obtained results are represented in the
following Table.

The results from Table 9 confirm that the selection of the model from
the 12th Boosting is justified by this significant decrease in error,
demonstrating the model’s ability to capture complex relationships be-
tween the input variables and the MB adsorption response. Overall, our
study highlights the effectiveness of the Boosting process in improving
the performance of the initial model. The model from the 12th Boosting
exhibits high precision in predicting MB adsorption, making it suitable
for use in future applications. The results from the model derived from
the 12th Boosting have also been visually presented in Figure F1 (see
supplementary material).

3.11.1. Analysis of model residuals

A residual analysis was carried out to assess the performance of the
model from the 12th Boosting by comparing the experimental values
with model predictions [63]. The relationship between the experimental
results and the model predictions was initially shown by a plot
(Fig. 17a). This allows us to assess the degree of agreement between the
two data sets. A good match between the projected and experimental
values would be indicated by the points being near the reference line.
After analysis, a significant connection was found between the experi-
mental results and the model’s 12th Boosting predictions (Fig. 17a). The
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Fig. 15. Analysis of the performance of the SVM-IGWO-Boosting model by
Surface of the R and R? according to RMSE.
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Table 9
Performances of the 12th Boosting of model SVM_IGWO_Boosting.
R/R? RMSE
Train VAL ALL Train VAL ALL
SVM_IGWO _Boosting 0.99998 1 0.99999 0.0023 0.0021 0.0022
0.99996 1 0.99999

points are all overlapping, suggesting that the model is capable of
accurately reproducing the experimental values. In addition to this vi-
sual analysis, a histogram of the frequency of residuals was also plotted
(Fig. 17b). This helps to gain a better understanding of the error dis-
tribution between the experimental values and the model predictions
[12]. In a well-fitted model, a distribution of residuals centered around
zero is expected (Fig. 17a), indicating a good balance between

13

predictions and experimental observations. The frequency histogram
confirmed the previous observation, showing a distribution of residuals
centered around zero (Fig. 17a) [52]. This confirms that the model from
the 12th Boosting is capable of capturing the variations in the experi-
mental data accurately, with an overall low error.

The residual analysis conducted on the model from the 12th Boosting
demonstrates its satisfactory performance in predicting the
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experimental values. The results and frequency histogram confirm the
adequacy of the model to the observed data. These findings enhance our
confidence in the use of the model from the 12th Boosting for future
applications.

3.11.2. Model performance test

An independent test was conducted to evaluate the model’s perfor-
mance using a dataset not utilized for training and validation. Several
metrics were calculated to assess the model’s accuracy once it was

0 0.5 1 1.5

Errors

(b)

Fig. 17. Residuals relating to the model established by SVM_IGWO _Boosting: (a) Relationship between experimental data and the predicted data of samples, and (b)

14

applied to this new dataset.

The obtained results are very promising, with both R and R? equal to
1 (Figure F2, supplementary material), indicating a perfect correlation
between predicted model values and the actual test dataset values. This
means that the model is able to accurately capture the variations and
trends present in these unseen data. Furthermore, the obtained RMSE is
only 0.002, confirming the very low prediction error of the model. Such
a low RMSE indicates that the model’s predictions are extremely close to
the actual values of the test dataset. These results strongly suggest that
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the model is capable of generalizing to new data and maintaining its
accuracy even on unseen observations. This strengthens confidence in
the model’s performance and paves the way for its utilization in real-
world applications where reliability and precision are crucial.

3.11.3. Optimization and validation of the optimum conditions

To obtain and to validate the optimal inputs for each adsorbent, the
Improved Grey Wolf Optimization (IGWO) algorithm was utilized [54].
The objective was to determine the values of input parameters that
maximize the adsorption efficiency of each adsorbent. Initially, input
parameter ranges were defined for each adsorbent, such as the initial
concentration of the adsorbate, pH, temperature, contact time, and
adsorbent mass. Subsequently, the IGWO algorithm was employed to
optimize these parameters.

The IGWO algorithm is an optimization technique inspired by the
social behavior of grey wolves [54]. It mimics the social hierarchy of
wolves to find the best possible solutions. The algorithm was imple-
mented by iteratively updating the positions of wolves throughout the
search space In each iteration, the alpha, beta, and delta wolves, rep-
resenting the best solutions found so far, were identified [54]. The po-
sitions of wolves were updated using search and movement operations
to effectively explore the search space. The IGWO algorithm gradually
converges towards optimal solutions by adjusting the positions of
wolves [54]. Once the optimal parameters were obtained, experimental
validation was performed. The optimum parameters for each adsorbent
were used in adsorption trials. Then, the experimental data were
compared to the values predicted by the IGWO algorithm. These results
are shown in Table 10.

The results in Table 10 demonstrated excellent agreement between
the experimental data and the predicted values, with errors not
exceeding 0.16 mg/g. This confirms that the optimal inputs obtained
using the IGWO algorithm effectively optimize the adsorption efficiency
of each adsorbent.

For the OP adsorbent, the optimal values of input variables are as
follows: X1 = 179.4573 min, X2 = 3.4077, X3 = 149.9999, X4 = 9.3401,
and X5 = 20 °C. These optimal conditions yielded a predicted value of
MB adsorption capacity of 111.7524 mg/g, while the experimental value
was 111.5983 mg/g. The error between the predicted and experimental
values was only 0.1541 mg/g. This indicates that the IGWO model is
capable of accurately capturing the adsorption behavior of MB by or-
ange peels, enabling reliable prediction of adsorption capacity from the
provided optimal conditions. In the case of the OP adsorbent, it is sig-
nificant to notice that the maximum adsorption capacity values derived
from the Langmuir model and the IGWO optimization using the SVM-
IGWO-Boosting model are the same. This can be interpreted as a
confirmation of the validity of the Langmuir model in describing the
adsorption behavior of the OP adsorbent. The Langmuir model is a
widely used empirical model for describing solute adsorption on het-
erogeneous surfaces. It assumes multilayer adsorption with variable
adsorption energy, which can explain the obtained maximum adsorp-
tion capacity.

The IGWO optimization using the SVM-IGWO-Boosting model

Table 10
Comparison between actual and predicted responses at optimum conditions.

OP
IGWO: X1 = 179.4573 min, X2 = 3.4077, X3 = 149.9999, X4 = 9.3401, and X5 =
20°C

MB uptake (mg/g). Predicted values 111.7524
MB uptake (mg/g). Experimental values  111.5983
Error (mg/g) 0.1541
PP

IGWO: X1 = 179.8890 min, X2 = 4.6971, X3 = 149.9999, X4 = 8.3319, and X5 =
20°C

MB uptake (mg/g). Predicted values 96.6753
MB uptake (mg/g). Experimental values 96.7385
Error (mg/g) 0.0632
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determines the optimal values of input variables to maximize the pre-
dicted adsorption capacity. In the case of the OP adsorbent, it appears
that the obtained optimal values correspond to the maximum adsorption
capacity predicted by the Langmuir model. This implies that the Lang-
muir model is a good descriptor of the adsorption behavior of the OP
adsorbent, and the optimal values obtained through IGWO optimization
are consistent with this model. However, it is necessary to note that the
Langmuir model is a simplification of reality, and other more complex
models may provide a better description of the adsorption system.

For the PP adsorbent, the optimal values of input variables are as
follows: X1 = 179.8890 min, X2 = 4.6971, X3 = 149.9999, X4 = 8.3319,
and X5 = 20 °C. The predicted value of MB adsorption capacity under
these optimal conditions is 96.6753 mg/g, while the experimental value
is 96.7385 mg/g. The error between the predicted and experimental
values is only 0.0632 mg/g. These results confirm the effectiveness of
the IGWO model in accurately predicting the adsorption capacity of MB
by potato peels. When using the Langmuir model to estimate the
maximum adsorption capacity of the PP adsorbent, a value of 71.66 mg/
g was obtained. However, by using the IGWO algorithm to optimize the
input variable values based on the SVM-IGWO-Boosting model, a new
optimal value (96.6753 mg/g) was found. This difference between the
previous experimental value and the predicted optimal value can be
explained by the combined effect of input variable optimization and the
improved performance of the SVM-IGWO-Boosting model.

The IGWO algorithm searches for the optimal values of input vari-
ables that better fit the model to the experimental data, resulting in a
better estimation of the MB adsorption capacity for the PP adsorbent. On
the other hand, the Langmuir model, although well-fitted to the data as
indicated by an R? value close to 1, remains a mathematical model that
does not consider all the experimental parameters involved in the
adsorption process. This may demonstrate a limitation of these purely
theoretical models compared to the experimental results, especially
when the calculated result is lower compared to the empirically ob-
tained result. Therefore, it is noteworthy that the Langmuir model is an
empirical model that suggests that adsorption occurs as a monolayer on
a homogeneous surface, with no interactions between the adsorbed
molecules. However, this simplified model may not capture all the
complex aspects of the adsorption process on the PP adsorbent. Hence,
the results obtained by this model may deviate from the actual experi-
mental values. This highlights the advantage of using artificial intelli-
gence techniques such as the IGWO algorithm combined with the SVM-
IGWO-Boosting model. These more advanced methods can consider a
larger number of variables and relationships between variables,
enabling more accurate predictions and optimization of experimental
conditions.

The obtained results demonstrate that the IGWO algorithm com-
bined with the SVM-IGWO-Boosting model exhibits high performance in
predicting the MB adsorption capacities for the OP and PP adsorbents.
The predicted values are in close agreement with the experimental
values, indicating the reliability and precision of the developed model.

Using the IGWO algorithm to obtain and validate the optimal inputs
for each adsorbent has demonstrated the effectiveness of the developed
model. The IGWO algorithm efficiently explores the search space and
finds optimal combinations of parameters that maximize adsorption
efficiency. By mimicking the social behavior of grey wolves, the algo-
rithm converges towards high-quality solutions. Experimental valida-
tion has confirmed the performance of the developed model. The
experimental data showed excellent agreement with the values pre-
dicted by the IGWO algorithm, indicating that the identified optimal
inputs achieve high levels of adsorption efficiency.

Through the use of the IGWO algorithm, we can optimize the per-
formance of each adsorbent by precisely adjusting the input parameters.
This paves the way for more efficient utilization of adsorbents in
adsorption applications, such as wastewater treatment or air purifica-
tion. The approach based on the use of sustainable agricultural materials
like orange peels and potato peels offers significant advantages in terms
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of resource sustainability and availability. It represents a promising
alternative to conventional methods of wastewater treatment. These
encouraging results open up avenues for further research and applica-
tions of the IGWO algorithm in other areas of adsorption and wastewater
treatment. The use of this algorithm could enable the optimization of
treatment processes for different classes of pollutants and adsorbents,
thereby contributing to more efficient and sustainable solutions for
water depollution.

3.12. Interface for optimization and prediction

In addition to our research, we have developed a user-friendly
application in the form of a MATLAB interface to optimize the effi-
ciency of our approach using the IGWO algorithm and the SVM-IGWO-
Boosting model. With this application (Fig. 18), users can specify the
ideal parameters for MB adsorption by orange peel and potato peel-
based adsorbents, including contact time, pH, temperature, and adsor-
bent quantity. Furthermore, this application provides also the ability to
predict the adsorbent amount required to achieve a desired depollution
level. This innovative approach optimizes resource utilization and fa-
cilitates the implementation of this wastewater treatment technique on a
large scale. The application serves as a valuable tool for researchers and
professionals in the field of water depollution, offering a practical and
efficient solution to assess and optimize the performance of pollutant
adsorption in aqueous solutions.

3.13. Comparison of the performances of OP and PP bio-adsorbents with
other adsorbents

The maximum methylene blue adsorption amounts achieved on the
investigated unmodified bio-adsorbents after the optimization and
prediction of the adsorption amount with the SVM_IGWO_Boosting
model were found to be 111.75 and 96.67 mg/g for orange and potato
peels, respectively.

The results obtained in this study are comparable to those reported in
the literature (Table 11). Both this study and previous research have
demonstrated the effectiveness of unmodified bio-adsorbents derived
from potato and orange peels. In particular, orange peels have consis-
tently demonstrated excellent performance in the removal of methylene
blue, confirming their effectiveness as a low-cost and cost-effective
alternative for the treatment of methylene blue-contaminated water.
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4. Conclusion

The aim of this study was to assess the potential of using orange peels
(OP) and potato peels (PP), as agricultural waste, for effective removal
the methylene blue from aqueous solutions. The adsorption isotherms
followed the Langmuir model, with maximum adsorption capacities of
111.05mg/g and 71.66 mg/g. The pseudo-second order model, showing
a significant correlation (R% > 0.99), best explained the MB adsorption
kinetics on PP and OP. The thermodynamic study demonstrated the
spontaneous and the exothermic nature of the adsorption process, which
is mainly physical in nature, governed by electrostatic attraction,
hydrogen bonding, and n-n interactions. Additionally, by combining
Support Vector Machine (SVM), Boosting, and the Improved Grey Wolf
Optimizer (IGWO) algorithm, a novel predictive model was created.
With perfect correlation and low prediction error, the SVM-IGWO-
Boosting model performed remarkably well in predicting MB adsorp-
tion. The input parameters for the adsorbents were successfully opti-
mized by the IGWO optimization approach, resulting excellent
agreement between experimental and projected values. Furthermore,
this modeling showed that OP had a maximum adsorption capacity of
111.75 mg/g compared to 96.67 mg/g for PP using IGWO, making them
more effective at removing MB than PP.

The use of OP and PP as agricultural waste offers an effective and
sustainable alternative for the MB removal. The SVM-IGWO-Boosting
predictive model, along with the IGWO optimization approach, shows
great potential for improving the efficiency of MB adsorption. These
results open up interesting possibilities for practical applications
requiring accurate and reliable predictions.
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Table 11
Comparison of the MB adsorption capacity on unmodified bio-adsorbents.
Adsorbent Experimental conditions Maximum MB Reference
adsorption
capacity (mg/g)
Orange peels “bd: 0.8 g/L, pH: 6.5, T: 10.96 [32]
ambient, Cyp: 15 mg/L, t:
1 h speed: 200 rpm
Potato peel residue “bd: 8 g/L, pH:6.5, T: 25.00 [35]
from starch 25 °C, Cyp: 30 mg/L, t:
extraction 140 min speed: 200 rpm
process
Longkong Fruit “bd: 1 g/L, pH:7, T: 30 °C, 45.85 [109]
Peels Cuvp: 50 mg/L, t: 205min,
speed: 180 rpm
Ziziphus lotus fruit “bd: 1 g/L, pH:7, T: 25 °C, 59.07 [110]
peels Cyp: 100 mg/L, t: 120min
Avocado kernels “bd: 1 g/L, pH:7, T: 25 °C, 66.04 [110]
seeds Cpyg: 100 mg/L, t: 120min
Potato peels “bd: 4.70 g/L, pH:8.33, T: 96.67 This
20 °C, Cyp: 150 mg/L, t: study
180 min, speed: 200 rpm
Potato peels “bd: 2 g/L, pH:7, T: 30 °C, 97.08 [33]
Cpyp: 100 mg/L, t: 10 min.
Potato peels “bd: 2 g/L, pH:6.2, T: 105.26 [111]
25 °C, Cyp: 100 mg/L, t:
300 min, speed: 200 rpm
Potato peels “bd: 1 g/L, pH:6, T: 25 °C,  107.2 [103]
Cwmp: 300 mg/L, t: 24h,
speed: 12 rpm
Orange peels “bd: 3.41 g/L, pH:9.34, T: 111.75 This
20 °C, Cyp: 150 mg/L, t: study
179.45 min, speed: 200
rpm
Banana peels “bd: 1 g/L, pH of the 111.11 [112]
solution, T: 22 °C, Cyp:
200 mg/L, t: 40 min.
fava bean peels “bd: 5 g/L, pH:5.8, 140.00 [71
T:27 °C, Cyg: 50 mg/L, t:
24h
Cucumber peels “bd: 1 g/L, pH:6, T: 25 °C, 179.9 [103]
Cwmp: 300 mg/L, t: 24h,
speed: 12 rpm
watermelon “bd: 0.6 g/L, pH:5.6, T: 188.68 [113]
30 °C, Cyp: 100 mg/L, t:
180min, speed: 120 rpm
dragon fruit “bd: 0.6 g/L, pH:5.6, T: 192.31 [114]
(Hylocereus 30 °C, Cyp: 100 mg/L, t:
polyrhizus) peels 180min, speed: 120 rpm
Almond peels “bd: 1 g/L, pH of the 208.82 [115]
solution (4.2-5), T: 25 °C,
Cwmp: 300 mg/L, speed:
400 rpm
Banana peels “bd: 1 g/L, pH:6, T: 25 °C,  211.9 [103]
Cwmp: 300 mg/L, t: 24h,
speed: 12 rpm
Orange peels “bd: 1 g/L, pH of the 218.82 [115]
solution (4.2-5), T: 25 °C,
Cwmp: 300 mg/L, speed:
400 rpm
Orange peels “bd: 1 g/L, pH:7, T:27 °C, 250.6 [34]

Cymg: 250 mg/L, t: 24h,
speed: 200 rpm

# bd: biosorbent dosage.
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