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Abstract: Chitosan was hydro-thermally extracted from grey shrimp carapaces and charac-
terized using various techniques (degree of deacetylation (DD), viscosity, thermogravimet-
ric analysis (TGA), scanning electron microscopy (SEM), and surface area analysis (BET)).
It was then used for Cu(Il) removal in a batch system, achieving a maximum capacity of
89 mg/g under standard conditions. Both pseudo-first-order and pseudo-second-order
nonlinear kinetic models described the adsorption of Cu(Il) ions on chitosan well, with
a better fit of the pseudo-first-order model at low concentrations, while the equilibrium
data suggested that the Langmuir model was suitable for describing the adsorption system,
with a maximum adsorption capacity of 123 mg/g. A response surface methodology and
central composite design were used to optimise and evaluate the effects of six independent
parameters: initial Cu(Il) concentration, pH, chitosan concentration (S/L), temperature
(T), contact time (t), and NaCl concentration on the adsorption efficiency of Cu(Il) by
the synthesised chitosan. The proposed model was confirmed to accurately describe the
phenomenon within the experimental range, achieving an R? value of 1. ANOVA indicated
that the initial concentrations of Cu(Il) and chitosan concentration (S/L) were the most
significant factors, while the other variables had no significant effect on the process. The
adsorption capacity of Cu(Il) onto the prepared chitosan was also optimised and modelled
using artificial neural networks (ANNs). The maximum amount, gmax = 468 mg-g~!,
shows that chitosan is a highly effective adsorbent, chelating and complexing for
copper ions.
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1. Introduction

The contamination of ecosystems by potentially toxic elements (PTEs) has emerged
as a global issue with significant impacts on public health, as these elements accumulate
in the environment and spread through water, air, and biological processes. Potentially
toxic elements (PTEs), including heavy metals and certain non-metals, like arsenic (As)
and selenium (Se), can be harmful to plants, animals, and humans due to their persistence
and toxicity. While some PTEs, such as selenium, are essential micronutrients at low
concentrations, they become toxic when present in excessive amounts [1]. Heavy metals are
most commonly described as high-density metals (>5 g cm~2) [2]. Heavy metals such as Cd,
Hg, Pb, Mn, Cu, Ni, Zn, Co, Fe, and others, although they are the most toxic compounds,
present on a large scale in polluted water [3]. They usually come from the processing of
metallic minerals, metallurgical operations, glass production, mining operations, metal
coating, and battery production [4]. The excessive use of pesticides containing heavy metals
in agriculture has become a significant source of metallic contamination of food crops [5].

Potentially toxic elements (PTEs) are harmful elements in the environment that are
persistent and can accumulate in plant tissues through biological accumulation [6]. They are
neither biodegradable nor photodegradable and are resistant to bacterial degradation [4].
The contamination of aquatic ecosystems with potentially toxic elements (PTEs) is an urgent
and recurring problem for the conservation of biodiversity and human health [7] and is a
serious concern worldwide [8]. As, Hg, Cd, Ni, Cu, Pb, Cr, and Zn are persistent, toxic, and
carcinogenic metals that accumulate in living organisms [9]. At low concentrations, copper
(IT) ions are toxic and the maximum allowable release of copper ions onto water’s surface
is 1 mg/L [10], while the maximum allowable for drinking water is 0.2 mg/L, as reported
by the standards of the US Environmental Protection Agency (EPA) and the World Health
Organisation (WHO) [11].

Copper has been used in agricultural pesticides, particularly in viticulture, to combat
downy mildew. Viticulture is a major agricultural method in different countries. However,
the prolonged use of organic and inorganic pesticides on grapevines has led to a significant
accumulation of this hazardous waste in the soils and the surrounding environment [12]

The uncontrolled concentrations of potentially toxic elements (PTEs) introduced into
the water sources need an effective method for their removal. Various techniques have been
implemented for heavy metals’ removal, including electrochemical oxidation treatment, bi-
ological techniques, ion exchange, chemical precipitation, nanofiltration membrane, ozone
treatment, coagulation/flocculation, photocatalysis desalination, the reverse-osmosis chem-
ical decomposition flotation technique, complexation by chelation [13], and adsorption [14].

The complexation by chelation and adsorption is more effective and more widely used
for remediating the water polluted by heavy metals. Chelation agents are often used as
modifiers to adsorb heavy metals in water; their ligands are the most popular precipitating
agents used for the elimination of metals from polluted water [15]. Adsorption is an
effective method for polluted water treatment due to its low cost and environmentally
friendly behaviour [16-19]. Biomass, zeolite, polymers, its composites, and activated carbon
are used in this manner [20].

Among natural polymers, chitin is the second most plentiful and it exists in fungi
and crustacean exoskeletons and is abundant in seafood waste [21]. Chitosan is a linear
polysaccharide mainly created by the alkaline deacetylation of chitin. Its accessibility,
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biocompatibility, biodegradability, non-toxicity, and potential for physical and chemical
modifications make chitosan an interesting material for different applications, including
the extraction of heavy metals and dyes from aqueous solutions [22].

Chitosan (CS) is a natural adsorbent with low-cost trapping metal ions and organic
pollutants [23] and is a good adsorbent for heavy metal removal, including active hydroxyl
and amino groups that react with metal ions, forming metal-CS complexes [24]. Chitosan
stands out as one of the most extensively studied biopolymers for wastewater treatment,
particularly in the removal of heavy metals, such as Cu(ll). The literature studies indicate
that chitosan, whether used alone or as part of nanocomposites, is highly effective at
eliminating cupric ions from wastewater.

Design of experiment (DOE) effectively maximizes the information obtained from a
study and minimises the number of experiments to be conducted. It includes experiments in
which considered variations are introduced to the variables of system or process inputs, and
then we measure how the variables respond [25]. DOE relates to the process of planning,
designing, and evaluating the experiment so that valid and objective conclusions can be
obtained effectively and efficiently [26].

Modelling and optimization are distinct processes. However, modern model-based
approaches can potentially improve sampling efficiency by adapting to the response surface
and integrating optimization into the modelling process [27].

Artificial neural networks (ANNSs) involve computations and mathematics, simulating
human-brain processes. ANNs do not depend on programming to gather their knowledge
but rely on experience to detect the data patterns and relationships [28]. Many scientific
applications utilize ANNSs due to their good ability to draw nonlinear relationships and
have demonstrated excellent modelling capabilities for water treatment processing [29]

This work was therefore devoted to optimising and modelling the adsorption of copper
ions in wastewater on a low-cost and ecofriendly material prepared from a biomass, namely
chitosan prepared in our laboratory from shrimp shells by the hydro-thermal method [30].

Chitosan was synthesised from grey shrimp (Palaemon serratus) carapaces from the
Bab El Oued coast (Algeria) in two steps: demineralisation of the shrimp exoskeletons
in an aqueous solution with a low pH, followed by deproteinisation and deacetylation.
The resulting material was previously characterised by XRD, FTIR and pH zero charge
point, degree of deacetylation (DD), viscosity (1), thermogravimetric analysis (TGA), SEM,
and BET. The copper (II) ions” removal from contaminated water on the prepared chitosan
was studied (adsorption equilibrium, kinetic study, and effect of parameters). Artificial
neural networks (ANNs) were combined with the design of experiments (DOEs) and
response surface methodology (RSM) to optimise and model the copper removal process in
wastewater on synthesised chitosan under different conditions (adsorbate concentration,
adsorbent concentration, solution pH, time, reaction temperature, and ionic strength).

The aim and novelty of this study is to develop a mathematical equation that relates
the amount of copper ions adsorbed on chitosan synthesized from the shells of shrimp to
six experimental factors, pH, reaction temperature (T), chitosan concentration (S/L), copper
concentration, contact time (t), and ionic strength (NaCl), after optimization by ANNs and
RSM, with the aim of the elimination of copper ions in a high range of experimental factors.

2. Materials and Methods
2.1. Materials and Chemicals

The synthetic Cu(Il) solutions used were prepared in the laboratory from copper
(II) sulphate pentahydrate (CuSO,-5H,0, Sigma-Aldrich, St. Louis, MO, USA) with a
molar mass of 249.69 mol/g and a purity of 99%. Deionized water was used throughout
this study.



Water 2025, 17, 851

4 0f 26

2.2. Preparation of Chitosan

The biological substance sourced from shrimp shells was used (specifically grey
shrimp, Palaemon serratus), collected from the coast of Bab El Oued, Algiers. Chitosan
was extracted from these shrimp exoskeletons using an optimized hydro-thermochemical
method [30,31] involving two consecutive stages. Firstly, demineralization was performed
by pretreating the shrimp carapaces through washing, drying, crumbling, and stirring
continuously in a HCI (2 M) solution with a ratio of 1/10 (m/v) at 50 °C for 2.5 h. After
the filtration of the reaction mixture, the filtrate was washed several times with distilled
water till pH = 7 and dried in an oven at 60 °C. Finally, the dried sample was sieved
through a 200 pm sieve to obtain a homogeneous product. Secondly, deproteination and
deacetylation were obtained by immersing in a sodium hydroxide solution (12.5 M) with
a ratio of 1/10 m/v at 110 °C for 2 h under continuous stirring. Then, the solution was
filtered and neutralized, and then the precipitate was dried in an oven at 60 °C till obtaining
a constant weight.

2.3. Characterization of the Prepared Chitosan

The prepared chitosan was characterized by its degree of deacetylation (DD) and
viscosity (). A mass of 150 mg of chitosan was solubilized in 10 mL of HCI (0.1 M), and
the solution was completed to 200 mL with demineralized water and stirred to measure
the conductivity of the solution. After the titration of the solution with NaOH (0.1 M), the
conductivity of the solution was measured [32].

The deacetylation degree was calculated using Equation (1) [33].

203 (V2 - V1) M

DD% =
Al (V2— V1)

1100 (1)

where:

M: the molarity of NaOH.

V2 and V1: are the equivalent volumes in NaOH.

m: the mass of the sample in mg.

203: the molar mass of the acetylated monomer.

42: the difference between the molar mass of the acetylated monomer and the deacety-
lated monomer.

The viscosity of the chitosan solution was determined experimentally by the conven-
tional method [34] using a capillary viscometer type (HAAKE Falling Ball Viscometer). The
method was established on the determination of flow time (t) of the same volume of the
chitosan solution and solvent in a vertical capillary tube.

Equation (2) was used for measuring the dynamic viscosity (in mPa-s) [35].

n=Kx(pl —p2)«t )

where:

K: ball constant (mPa-cm3/g).

p1: ball density (g/cm?).

p2: liquid density (g/cm3).

t: ball drop time in seconds.

To determine the viscosity of the chitosan, a solution of chitosan solubilized in 1%
acetic acid was prepared and the viscosity measured using a viscometer.

Thermogravimetric analysis (TGA) is a thermal analysis technique used to measure
changes in the mass of a sample as a function of temperature or time under a controlled
atmosphere. In this study, TGA was performed using a Labsys Evo (Setaram instrument,
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Caluire-et-Cuire, France) instrument equipped with a gas option. The experiment was
conducted under a nitrogen (N) atmosphere with a gas flow rate of 40 mL/min. The
temperature program was set to ramp from 28.5 °C to 1000 °C, allowing for the observation
of mass changes associated with thermal decomposition, oxidation, or other processes.

Scanning electron microscopy (SEM) analysis was carried out using a Thermo Scientific
Quattro ESEM microscope (ThermoFisher Scientific, Waltham, MA, USA) to study the
surface morphology of the prepared chitosan samples. The technique involves scanning
the surface of the sample with a focused electron beam, where interactions between the
electrons and the material produce signals, such as secondary electrons and backscattered
electrons. These signals are captured and converted into detailed, high-resolution images
that reveal the topological and structural features of the chitosan surface. In addition, the
Brunauer-Emmett-Teller (BET) method was used to determine the specific surface area of
chitosan. This technique is based on the physical adsorption of gas molecules, typically
nitrogen (N3), onto the sample surface at cryogenic temperatures (77 K). Measurements
were made using a Micromeritics ASAP 2020 Plus analyser, which quantifies the amount
of gas adsorbed to calculate the surface area, providing essential information about the
porosity and adsorption properties of the material. Together, the SEM and BET analyses
provide a comprehensive understanding of the morphological and surface properties
of chitosan.

2.4. Preparation of Cu(Il) Solutions and Quantification

Stock solutions of Cu(Il) were prepared and then diluted according to the requirements
of the procedure. The amount of copper ions in the solution was determined after each
experiment using complexometric titration.

Successive improvements were made for the determination of heavy metals based
on analytical methods, leading to very precise results; one of these methods was
(ethylenediamine—tetra-acetic acid) EDTA complexometry. Copper (II) was titrated against
EDTA to form the corresponding complex [36].

For the determination of Cu(lI), a UV-visible scan of the “copper—-EDTA” complexes
at pH 10 enabled us to determine maximum wavelengths and maximum absorbances.
For the first mixture, distilled water, the EDTA complexing solution, and pH 10 buffer
solutions were introduced into the reference cell. The second mixture was identical to the
first, only the distilled water was replaced by the metal solution. After determining the
maximum wavelength to establish the calibration curve, the absorbance of Cu(Il) cations at
different concentrations was measured. We used a UV-visible Spectrophotometer (Agilent
Technology Cary 60UV-VIS) to assay Cu(II) metal cations after their complexation with
EDTA disodium salt (molar mass of 372.24 g/mol and 99% pure).

2.5. Adsorption Experiments
2.5.1. Batch Equilibrium and Kinetics Studies

A series of batch experiments was conducted to assess the time needed for Cu(Il) to
achieve adsorption equilibrium on the prepared chitosan. Each experiment involved a 100
mL cupric solution (10 to 120 mg/L), maintaining an initial pH of 6.5 &= 0.5. Chitosan was
consistently added at 1000 ppm. These experiments were conducted at 25 &= 5 °C. Samples
were collected at regular intervals, then separated via centrifugation, and analysed using
UV-VIS spectroscopy post-EDTA complexation. The adsorption capacity at time (t) and at
equilibrium was determined successively using Equations (3) and (4).

m

)

9t
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where:
Cy: represents the initial copper concentration in the liquid phase (mg/L), while C;
and C. indicate copper concentrations at time t and at equilibrium (mg/L), respectively, m
represents the amount of chitosan (g), and V is the volume of the solution (L).

The removal percentage R (%) was calculated by Equation (5):

(Co—Cy)
0

R(%) = 100 ®)

2.5.2. Testing for Optimizing and Modelling Adsorption Processes

Chitosan was stirred in 100 mL of copper solution using a rotary shaker set at 200 rpm
(Lab Digital Orbital Shaker, USA), during the adsorption experiments. Various parame-
ters, including pH, temperature, ionic strength, chitosan mass, retention time, and Cu(II)
concentration, were carefully controlled and tested.

2.6. Design of Experiments, Optimization, Response Surface Methodology (RSM), and Artificial
Neural Network (ANN) Modelling

Statistical thinking and methods are pivotal in the planning, execution, analysis, and
interpretation of the data derived from engineering experiments [26].

Statistical thinking guides us in managing variability and effectively using the data to
make informed process decisions. In the experimental design (DOE), multiple variables
influence the phenomenon, so the goal is to obtain valid conclusions by deliberately manip-
ulating the input variables (factors) and observing variations in the output performance
(responses). Thus, a well-planned experiment aims to identify key variables and determine
their optimal levels to achieve a satisfactory functional performance.

The implementation of an experimental plan is essential to understand and model
complex phenomena. One approach is to search simultaneous variations in all controlled
variables to gather maximum information with minimum testing. Response surface method-
ology (RSM) involves designing experiments to obtain reliable response measurements,
developing a mathematical model to fit the data, and evaluating the optimal values of
independent variables to maximize or minimize the response.

The elimination of potentially toxic elements (PTEs) from water is a significant area of
the research, with artificial neural networks (ANNs) being widely utilized for their capacity
to model complex, nonlinear relationships. ANNs have proven effective in modelling the
adsorption process, which involves multiple variables and nonlinear interactions. Various
studies highlight the accuracy of ANNSs in predicting the adsorption of heavy metals and
other pollutants, supporting their role in efficient removal techniques [29].

The present work revolves around the elimination of copper ions in water by adsorp-
tion on chitosan prepared from shrimp shells, which is influenced by six factors, namely
the pH, the percentage of the mass of chitosan per volume of the copper solution, the
contact time, the reaction temperature, the ionic strength (NaCl concentration), and the
concentration of the copper solution. To design a study on the effect of each factor and the
interactions between them, and to optimize the responses, namely the adsorption capacity
of cupric ions on chitosan and the elimination rate, experiments were planned using a cen-
tred composite plane. The effects of parameters on adsorption, optimization of responses,
as well as modelling were observed by the response surface strategy using by JMP software
(JMP® Pro statistical software version 13.2, SAS Institute, Cary, NC, USA). Artificial neural
networks (ANNSs) were combined to design an experiment and response surface method-
ology owing to their capacity to establish and describe nonlinear relationships. Details
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regarding the planning of experiments by designing the composite, the response surface,
as well as the general second-degree equation can be found in our previous work [30].

3. Results and Discussion

3.1. Results of the Characterization of Chitosan
3.1.1. Characterization of Chitosan with Degree of Deacetylation (DD) Using
Conductometric Titration and Viscosity

Figure 1 displays the change in the conductivity of solubilized chitosan as a function
of the volume of NaOH added; chitosan dissolved in hydrochloric acid (HCI) had a
conductivity of 814 uS/cm. After adding sodium hydroxide (NaOH), the curve representing
the basic conductivity titration of the chitosan sample was obtained, where V; and V;,
represent two inflection points. This curve (Figure 1) was split into three parts. The first
part of the curve can be correlated to the neutralization of the HCI in the solution, which
leads to a decrease in conductivity with the addition of NaOH, since H3O™ is replaced
by Na®, which has less mobility. The second region (Figure 1) can be related to the
neutralization of the protonated amino groups in the chitosan, which leads to an increase in
conductivity because the mobility of Na* ions is higher than protonated chitosan. Finally,
the third region corresponds to the addition of Na™ and OH™ ions to the solution, leading
to an increase in conductivity, 6, due to the increase in the addition of ionic species, such
as NaOH.

TTrTT T T T T T T T T T T T

e — .
10123456 7 8 9 10111213 14 1516 17
V (ml)

Figure 1. Typical conductometric titration curve of chitosan.

According to the assay method, the synthesized chitosan exhibited a degree of deacety-
lation (DD) of 76.47% as determined by conductometric titration. This result was further
confirmed by infrared (IR) spectroscopy, which estimated the DD to be 83.2% using an
equation based on transmittance values (Figure S1). The close results between the two
methods (76.47% and 83.2%) confirm that the chitosan is highly deacetylated. A DD greater
than 70% is generally considered to indicate a high degree of deacetylation, which further
supports the quality of the synthesized chitosan.

The viscosity of the prepared chitosan was calculated using Equation (1), providing a
value of n = 561.86 mPa-s. Due to the high concentration of chitosan (10% w/v), the solution
exhibits non-Newtonian behaviour, in particular, shear thinning characteristics. This
behaviour is due to the increased entanglement of the polymer chains and intermolecular
interactions, leading to a decrease in viscosity with an increasing shear rate. The observed
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non-Newtonian behaviour is consistent with the results reported in the literature for
chitosan solutions at similar concentrations.

3.1.2. Thermogravimetric Analysis (TGA)

TGA was used to evaluate the thermal stability of the prepared chitosan. The ther-
mogram in Figure 2 shows that the chitosan underwent three main steps of mass loss. As
a result of desolvation, the first mass loss started between 28.5 °C and 149.7 °C. At this
stage, the chitosan underwent thermal degradation, accompanied by water loss due to the
dehydration of polymeric bonds, breakdown of intermolecular interactions, and complete
volatilisation. This weight loss, representing approximately 8.1% of the moisture content of
the sample, was attributed to the evaporation of residual water, which is in agreement with
the conclusions of [37].

mass (%)
100

90 +

80

70 4

60 -

50 +

40 -

30 r T x 1 1 v T I L) T L T I o T x
] 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 2. Thermogram (TGA) for synthetized chitosan.

The second step was between 287.8 °C and 300 °C, due mainly to the pyrolytic degra-
dation of the polysaccharide chain, in particular, the amine bonds, which require low
activation energy. The peak at 300 °C indicates the major decomposition of the chitosan
macromolecular structure. This degradation phase results in the release of gases (CO,, NHj3,
H,0) due to the breaking of chemical bonds. Under certain conditions, volatile or interme-
diate products may temporarily condense on the sample’s surface before decomposing at
higher temperatures, leading to an apparent increase in mass.

The third step (Figure 2), occurring between 300 °C and 400 °C, corresponds to a
progressive degradation process resulting in a mass loss of approximately 60.64%. This
finding is in agreement with the results reported in [38]. The observed mass loss is at-
tributed to the decomposition of the polymeric structure of chitosan, involving the break-
down of glycosidic bonds and the degradation of functional groups, such as amine and
hydroxyl groups.

Above 400 °C, the thermal stability of the chitosan is characterised by two key pa-
rameters: the onset temperature of degradation and the extent of mass loss. These factors
together provide an indication of the overall thermal stability of the material. This TGA
curve confirms that chitosan exhibits good thermal stability within a certain tempera-
ture range.

The second step was between 287.8 °C and 291.6 °C, due mainly to the pyrolytic
degradation of the polysaccharide chain, in particular, the amine bonds, which require low



Water 2025, 17, 851

9 of 26

activation energy. A sudden weight loss of around 12.7% was observed, mainly linked to
the emission of COs.

Finally, the third step, between 291.7 °C and 992.2 °C, corresponds to progressive
degradation, reaching about 60.64% mass loss, in agreement with the results of [38].

3.1.3. BET Specific Surface Area Analysis

The N, adsorption—desorption isotherm for the prepared chitosan is depicted in
Figure 3. According to the classifications of IUPAC, it presents a type II isotherm and
non-porous or macroporous substances [39]. The prepared chitosan had a specific surface
area of 3.24 m2/ g and a total volume in the pores of 2.38 x 103 cm?/ g, confirming its
non-porous nature. The isotherm formed was a reversible type II isotherm, generally
associated with monolayer formation followed by multilayer adsorption

g T T T T T

g —=Adsorption »
—e— Desorption

7 -

6 - -

= w
1 i L
1 1

w
i 1 i
1

Quantity adsorbed (cm®/g)STP

0.0 0.2 0.4 06 0.8 1.0
Relative Pressure (P/P°)

Figure 3. Nitrogen adsorption/desorption isotherms of the produced chitosan.

3.1.4. SEM Analysis

Figure 4A shows the SEM image of chitosan. The prepared chitosan was characterized
by a rough surface with porous and irregularly distributed agglomerates. Figure 4B clearly
shows the irregular morphology and irregular arrangement of the structure formed. The

same structure was observed by Mende et al. [40] when analysing the composition of
commercial chitosan.

Figure 4. SEM micrographs of chitosan: (A) x3500; (B) x6500.
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3.2. Adsorption Studies
3.2.1. Equilibrium Studies and Adsorption Kinetics Modelling

Two kinetic models were used to analyse the kinetic results for copper adsorption on
the prepared chitosan. The adsorption data are identified by using the models, Lagergren’s
pseudo-first order (Equation (6a)), and pseudo-second order (Equation (6b)) [41].

9t = e (1 - e_klt) (6a)
2
9 kz t
T gkttt (6b)

where:

qt is the adsorption capacity of copper on chitosan at time t.

k1 (min~') is the pseudo-fist-order rate constant.

k; (g/mg-min) is the pseudo-second-order rate constant.

ge: equilibrium value of g.

The nonlinear model was utilized to apply a pseudo-first-order and pseudo-second-
order treatment, and the distribution of errors in predicting model parameters was assessed
using the chi-squared function (x?). The model’s fit to the data was calculated using the
coefficient of determination (R?); Equations (7) and (8) represent the error functions [42].

X =Y M ”
Ge,cal
R2 —1_ Z(qe,exp - %,cul)z ®)

)y (qe,exp — Gmean ) 2
where g,eyp denotes the experimental equilibrium value of q, g, ¢, represents the fitted
value of q, and qe indicates the mean value of the experimental q. A higher value of R?
approaching unity implies a better fitting accuracy. When g, .,; from a model closely aligns
with the experimental value g exp, x2 tends towards zero [43].

Figure 5 shows the evolution of the amount of copper ions eliminated by the prepared
chitosan until achieving equilibrium, for various copper concentrations. The parameters
obtained for the pseudo-first-order and pseudo-second-order models are detailed in Table 1.

120

® 10mg/L ® 30 mg/L 50 mg/L v 70 mg/L
100 A 90 mg/L < 130 mg/L 150 mg/L

80 -

60 -

at (mg/g)

40 -

20

[

T
20 0 20 40 60 80 100 120 140 160 180 200 220 240 260
t (min)

Figure 5. Amount of Cu(II) adsorbed onto chitosan as a function of time for different concentrations
of Cu(ll) atpH=6.5+0.1, T=25+2°C,and aratio of S/L =1 g/L.
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Table 1. The parameters for the first-order and second-order kinetic models used in the removal

process of copper at 25 °C are outlined, employing a nonlinearized model.

Pseudo-First Order

Pseudo-Second Order

Co

(mg/L) (e()l(ep) qe (calc) K; (min—1) R? X2 e (calc) K, (min—1) R2 X2
10 8.25 8.42 +0.12 0016 +68x 1074 099 0.032 1093+ 0.25 0.0013 + 1.11 x 10~4 0.99 0.03
30 24.00 23.69 +0.23 0.089 £ 0.004 099 0.381 25.23+0.38 0.0058 + 5.732 x 104 0.98 0.65
50 39.00 37.68 £ 0.37 0.046 4 0.002 099 0.854 4229 +0.83 0.00136 £+ 1.32 x 1074 0.99 1.93
70 54.70 5452 +044 0.026+71x10"% 099 0842 6539+132 427 x10%+36x107° 0.99 243
90 62.50 60.86 + 0.29 0.273 +0.011 099 0.889 62.63 +047 0.011 £ 0.0012 0.99 1.53
130 87.40 85.85 + 0.30 0.213 £ 0.005 099 0.893 88.98 + 1.02 0.0053 + 6.9 x 1074 0.99 6.72
150 88.10 87.01 £0.31 0.201 £ 0.005 099 0967 90.34 £0.98 0.0048 + 5.7 x 1074 0.99 6.11

After comparing the R?, x2, and ge (exp) vs. ge (calc) values of the two models, we
find that there is no significant difference between R?, and we have proximity between qe
(exp) vs. ge (calc) values of the two models, which means that both models provide a good
fit to the experimental data.

However, the pseudo-first-order model is the most representative for Cu(ll) adsorption
on chitosan, as it presents the lowest x? values, indicating a better fit to the experimental
data, especially at low concentrations.

The adsorption of Cu(Il) ions follows the pseudo-first-order model at low concentra-
tions, indicating rapid physical adsorption limited by surface diffusion. At high concen-
trations, the pseudo-second order fits the data better, suggesting strong chemical inter-
actions, such as complexation with the amine groups of chitosan, requiring gradual and
balanced adsorption.

3.2.2. Adsorption Isotherms

Adsorption isotherms elucidate the interplay between adsorbates and adsorbents,
crucial for optimizing the utilization of adsorbents. The Langmuir and Freundlich isotherms
were assessed for their effectiveness in describing and characterizing the experimental data.

Langmuir Isotherm

The Langmuir isotherm estimates the adsorption of a monolayer onto a surface with
a limited number of identical sites. It depends on the assumption that one site is blocked
so no further adsorption can happen on it. It assumes monolayer adsorption, meaning
that molecules adsorb onto the surface in a single layer and there is no interaction between
them. The equation for the Langmuir isotherm is typically represented as [44].

== T KC ®)

In this equation, qmax denotes the maximum adsorption capacity of copper per unit
mass of adsorbent, achievable when a complete monolayer forms at high Ce, and Kt
is a constant reflecting the affinity of the binding sites. The Langmuir isotherm’s key
characteristics can be elucidated through a dimensionless constant termed the separation
factor, Ry, defined by the equation:

1

Rp=-—
L 1+ K1 Co

(10)

where Cy represents the highest initial concentration of the adsorbate in milligrams per
litre (mg/L), while K, (L/mg) stands for the Langmuir constant. The Ry, values serve as
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indicators of the isotherm’s shape: Ry, greater than 1 suggests unfavourable conditions,
Ry, =1 demonstrates linearity, Ry, = 0 signifies irreversibility, and Ry, values between 0 and
1 denote favourability.

Freundlich Isotherm

The Freundlich isotherm is indeed valuable for describing adsorption on hetero-
geneous surfaces where multiple layers of adsorbate molecules can accumulate. The
Freundlich isotherm is expressed through the empirical equation [45]:

Qe = K (Ce)® (11)

K¢ and n represent the Freundlich constants, K¢ (mg/g (L/ mg)l/ ™) signifies the sor-
bent’s adsorption capacity, while n serves as a constant expressing the favourability of the
adsorption process. An n value exceeding 1 indicates favourable adsorption conditions.

The Langmuir and Freundlich constants were determined by the nonlinearized model
depicted in Figure 6, with the results reported in Table 2.

100
80 -
. 60 -
2
o
é 40 4 ®  Experimental
o Langmuir
o Freundlich
20 -
0+
L] L] L] L] L] L] L]
0 10 20 30 40 50 60 70
Ce (mg/L)

Figure 6. Nonlinearized isotherm models for the adsorption of the copper on chitosan at pH = 6.5 0.1,
T=254+2°C,and aratioof S/L=1g/L.

Table 2. Langmuir and Freundlich isotherm parameters for the elimination of copper by chitosan at
25 °C.

Langmuir Freundlich
K
qmax (Mg/g) Ky (L/mg) R? X (rflg[;g;%/“g]) 1/n R? X2
123.05 +£2.27  0.043 = 0.001 0.999 0.958 11.34 £2.12 0.51 £0.05 0.971 30.61

The constants of the isotherms and their corresponding regression coefficients are
presented in Table 2. It is observed that the R? and x? values were superior for the Langmuir
isotherm compared to the Freundlich isotherm, signifying that the Langmuir equation
provided a more accurate representation of the adsorption attributed to the even dispersion
of active sites across the chitosan’s surface. The value Ry, = 0.133 fell within the range of 0
to 1, displaying the favourable adsorption of copper onto chitosan.
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The coefficient of determination (R? = 0.999—Table 2) indicates that the Langmuir
isotherm provided a good expedient to the results and the monolayer adsorption capacity
predicted by this model was qmax= 123.05 mg/g. Qmax of the developed adsorbent aligns
with that of other economical adsorbents studied in the existing literature for removing
cupric ions, as shown in Table 3. This suggests that shrimp shell-derived chitosan stands
competitively alongside several other materials documented in the prior research.

Table 3. Comparison of the maximum Langmuir adsorption capacities of chitosan for Cu(Il) with
other adsorbents.

Maximum Adsorption

Materials pH Capacity (mg/g) References
Commercial resins Dowex G-26 and Puromet™ MTS9570 3.5 41.67 and 37.'70 mg/g [46]
respectively
synthetic hematite (x-Fe,O3) iron oxide-coated sand (HIOCS) 6 393 mg/g [47]
Ligand of 4-tert-Octyl-4-((phenyl)diazenyl) phenol-silica 4 184.73 mg/g [48]
Chitosan montmorillonite composite 6 86.95mg/g [18]
Kaolinite clay 6 3412 mg/g [49]
Natural smectite (NS) and activated carbon (AC) 35 266mg/g anc.l 36.6mg/g [50]
respectively
NaOH-treated rice husk 6 3.75mg/g [51]
. . . 25 135 mg/g
Chitosan using crab shells from nylon shrimps 45 238 mg /g [52]
Chitosan from partially deacetylated prawn shell 6 169 mg/g [53]
Shrimp carapace-derived chitosan 6.5 123 mg/g This study

Table 3 indicates that most of the adsorption capacities of cupric ions by different
adsorbents are lower than those observed in this study, except the ligand of 4-tert-octyl-4-
((phenyl)diazenyl) phenol-silica, which displays a higher adsorption capacity, confirming
that chelation compounds possess a strong ability to remove cupric ions.

3.2.3. Mechanism of Metal Ion Removal by Chitosan

The high capacity of chitosan to remove copper ions can be explained by the interac-
tion of two simultaneous phenomena: the adsorption of copper ions onto the chitosan’s
surface and the complexation of chitosan with metals via chelation and metal-ligand inter-
actions. Figure 7 shows two types of coordination complexes [54] that can be formed: these
structures, labelled type I and type II, illustrate different modes of copper coordination
with chitosan, highlighting, in particular, the interaction between copper ions (Cu?*) and
amino groups (-NHy) in chitosan. The type I complex shows a copper ion coordinated to
two hydroxide ions (OH™) and a water molecule (H,O), forming a structure in which the
chitosan binds the copper ion to the amino group of the polymer. In the type II complex,
two amino groups coordinate with the Cu?* and two hydroxide ions, forming a more stable
configuration with the chitosan. Due to the unique properties of chitosan and its ability to
chelate metal ions, such as copper, these complexes are of particular interest for various
applications, such as catalysts, antimicrobial agents, or environmental remediation [55,56].
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Figure 7. Proposed mechanism of Complex formation of chitosan Adapted from Rasi et al., 2002 [54].

3.3. Optimization and Modelling via the Response Surface Methodology (RSM) Using the
Experimental Design (DOE)

3.3.1. Analysis of the Results Obtained Through Planning by the Experimental
Design (DOE)

This study investigates the effects of the operating parameters’ pH, chitosan mass, cop-
per solution concentration, contact time, reaction temperature, and ionic strength (NaCl) on
the adsorption of copper ions from the solution by chitosan synthesized from shrimp shells.
A central design of the composite was used as part of the design of experiments (DOE)
methodology for this study. Six input factors were considered, each factor having three
levels, with the output variable (response) being the adsorption capacity and percentage
elimination of Cu?* on the prepared chitosan. Table 4 lists the factors studied with their
actual and coded levels. The combination of these parameters, according to the central
composite design, led to the experimental execution of 46 manipulations, with the results
summarised in Table 5.

Table 4. Factors with their actual and coded levels.

No. Variable Name Variable Level
-1 0 +1
01 X1 pH 4 7 10
02 X T (°C) 25 35 45
03 X3 Metal concentration (mg/L) 20 70 120
04 Xy t (min) 30 140 250
05 X5 Adsorbent concentration S/L (g/L) 0.3 14 2.5

06 Xe NaCl (mol/L) 0.1 0.3 0.5
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Table 5. The actual central composite design (CC) matrix of experiments for copper removal.

Metal Adsorbent Observed Predicted Residual Observed
Run pH T Concen- t (min) Concen- NaCl Adsorption Adsorption  Adsorption Removal
(@) tration tration (mol/L) Capacity Capacity Capacity %)
(mg/L) (g/L) (mg/g) (mg/g) (mg/g)
1 7 35 70 140 2.5 0.3 27.74 30.046 —2.306 99.07
2 4 25 120 250 0.3 0.5 359.08 365.584 —6.504 89.77
3 10 45 20 30 0.3 0.5 64.08 67.686 —3.606 69.12
4 7 35 70 140 14 0.5 49.89 47.494 2.395 99.79
5 7 35 20 140 14 0.3 14.17 6.548 7.621 99.2
6 7 35 70 140 0.3 0.3 231.19 225.592 5.597 99.08
7 10 45 20 30 2.5 0.1 6.85 0.551 6.298 85.62
8 10 45 20 250 25 0.5 7.71 4512 3.197 96.37
9 7 25 70 140 14 0.3 49.37 47.603 1.766 98.75
10 4 35 70 140 14 0.3 49.72 43.935 5.784 99.44
11 10 25 120 250 0.3 0.1 396.22 393.957 2.262 99.05
12 4 25 120 250 25 0.1 47.99 44.589 3.400 99.98
13 10 45 120 250 2.5 0.1 47.87 51.894 —4.024 99.73
14 4 45 120 30 25 0.1 47.69 43.100 4.589 99.36
15 10 45 20 250 0.3 0.1 66.61 71.827 —5.217 99.91
16 4 45 20 250 2.5 0.1 7.25 14.079 —6.829 90.62
17 10 25 120 30 25 0.1 47.77 51.995 —4.225 99.53
18 10 25 20 250 25 0.1 7.78 0.935 6.844 97.33
19 10 25 20 30 2.5 0.5 7.99 8.983 —0.993 99.91
20 4 45 120 250 25 0.5 47.99 44.726 3.263 99.98
21 7 35 70 250 14 0.3 49.75 48.662 1.0871 99.5
22 10 35 70 140 14 0.3 49.33 51.823 —2.493 98.67
23 4 25 20 250 0.3 0.1 65.69 63.082 2.607 98.54
24 4 25 20 250 25 0.5 7.95 11.307 —3.357 99.41
25 7 35 70 140 14 0.3 49.5 57.947 —8.447 99
26 4 45 20 30 0.3 0.1 60 59.143 0.856 90
27 4 25 120 30 25 0.5 47.93 42917 5.012 99.85
28 10 25 20 30 0.3 0.1 66.61 70.079 —3.469 99.91
29 10 25 120 250 25 0.5 47.8 48.861 —1.061 99.59
30 10 45 120 30 2.5 0.5 47.84 50.652 —2.812 99.68
31 7 35 70 30 14 0.3 49.44 47.236 2.203 98.89
32 10 45 120 30 0.3 0.1 396.08 392.928 3.151 99.02
33 7 45 70 140 14 0.3 49.48 47.955 1.524 98.97
34 4 45 120 30 0.3 0.5 356.77 363.820 —7.050 89.19
35 7 35 70 140 14 0.3 49.94 57.947 —8.007 99.88
36 7 35 120 140 14 0.3 180 184.330 —4.330 99.79
37 10 45 120 250 0.3 0.5 398.05 393.729 4.320 99.51
38 4 25 120 30 0.3 0.1 366.25 369.653 —3.403 91.56
39 10 25 120 30 0.3 0.5 398.66 392.035 6.6242 99.66
40 4 25 20 30 2.5 0.1 7.69 12.216 —4.5260 96.12
41 4 45 120 250 0.3 0.1 378.47 377.681 0.788 94.61
42 4 45 20 30 25 0.5 7.72 10.188 —2.468 96.58
43 7 35 70 140 1.4 0.1 49.87 48.974 0.895 99.75
44 4 45 20 250 0.3 0.5 66.19 62.170 4.019 99.29
45 10 25 20 250 0.3 0.5 63.55 68.345 —4.795 95.33
46 4 25 20 30 0.3 0.5 62.33 58.511 3.818 93.5

Based on the experimental results presented in the Table 5 and prior to conducting a
statistical analysis, it was noticed that the removal efficiency of cupric ions via adsorption
and chelation with chitosan ranged from 85.62% to 99.98%, irrespective of the levels of
factors affecting the adsorption and chelation. Additionally, the maximum number of
cupric ions removed by chitosan varied between 356.77 mg/g and 396.22 mg/g for a
copper solution concentration of 120 mg/L and a minimum chitosan concentration of
0.3 g/L, regardless of the values of other influencing factors.
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3.3.2. Analysis of Variance (ANOVA)

Two key aspects can be investigated when analysing the experimental model. The first
is the significance index (the p-value). According to Goupy and Creighton [57], a p-value
of less than 0.05 indicates a significant factor, a p-value of less than 0.01 indicates a very
significant factor, and a p-value of less than 0.001 indicates a highly significant factor. The
second aspect is the random variability of the response. When a response at the same
point is detected many times, the results may vary slightly. This variation, known as the
experimental error, is denoted by e (where e < 10 indicates an insignificant error) [57]. As
shown in Figure 8, the obtained model was highly significant (p < 0.0001) and the predicted
adsorption capacity was in close agreement with the corresponding experimental results.
Its points were closely clustered around the model line, demonstrating the vigorous model
with an R? value of 1, indicating an excellent fit to the real model. In addition, the root
mean square error (RMSE) was 7.0543, less than 10%, further validating the accuracy of the
model [30].

450
400
350
300
250
200
150
100

50

0

O 50 100 150 200 250 300 350 400 450
Adsorption capacity (mg/g) Predicted
RMSE=7.0543 RSq=1.00PValue<0.0001

Adsorption capacity (mg/g) Actual

Figure 8. Experimental versus predicted values of the adsorption capacity.

The understanding of the factors and their interactions was evaluated using the
ANOVA feature in JMP software 13.2. The data, depicted in Table 6, exhibit that the
adsorbent concentration (X5) has a highly significant effect, with p < 0.0001 and F = 6531.354.
This was followed by the metal concentration (X3), which also had a highly significant
effect with p < 0.0001 and F = 5398.622. The pH (X1) had a lower effect, with p = 0.0043 and
F =10.626. The other factors are not signified on the adsorption of copper onto the chitosan.
Table 6 also highlights the highly significant interaction between X3 and X5 (X3X5), as well
as a moderate interaction between X1 and X5 (X1X5). The regression analysis demonstrated
that the quadratic terms X52 and X3 were very highly significant, while the terms X;2, Xp?,
X42, and X¢2 were also significant.
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Table 6. ANOVA for the data appropriate to the response of the surface model.
Factor DF  Sum of Squares  F-Value p-Value
Adsorbent concentration (X5) 1 325,022.68 6531.354 <0.0001
Metal concentration (X3) 1 268,654.02 5398.622 <0.0001
Metal concentration X Adsorbent concentration (X3X5) 1 152,984.70 3074.238 <0.0001
Adsorbent concentration x Adsorbent concentration (X5X5) 1 11,609.75 233.2988 <0.0001
Metal concentration x Metal concentration (X3X3) 1 3342.72 67.1721 <0.0001
pH x Adsorbent concentration (X1X5) 1 575.28 11.5604 0.0032
pH (X1) 1 528.83 10.6268 0.0043
pHXx Metal concentration (X1X3) 1 463.30 9.3100 0.0069
T x T (X2X2) 1 245.83 4.9400 0.0393
pH x pH (X1X1) 1 241.02 4.8433 0.0410
t X t (X4X4) 1 237.68 4.7762 0.0423
NaCl x NaCl (X6X6) 1 224.32 45077 0.0479
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3.3.3. Optimization of the Values of the Variables

To determine the optimal values of the variables that maximize the adsorption capacity
of copper ions by chitosan, a diagram of optimization was formed through the maximum
desirability function (D = 1) in JMP® Pro statistical software version 13.2.1. In the diagram,
the responsibility of the six factors was shown for each one in separate columns. The
factor response is represented by the red dashed horizontal lines while the factor values are
characterized by the vertical lines.

In Figure 9, it can be seen that the simulation was adjusted to maximize the adsorption
capacity (mg/g), identifying the statistical sweet spot for qmax = 424.83 mg/g and d = 0.927.
These optimal conditions corresponded to a metal concentration of 120 mg/L, an adsorbent
concentration of 0.3 g/L, a pH of 8.74, a temperature of 35.4 °C, a contact time of 146.6 min,
and [NaCl] = 0.28 mol/L.
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Figure 9. RMS prediction profiler used for maximizing the adsorption capacity.

As shown in the ANOVA table, the pH and temperature do not have an effect on the
adsorption of copper ions onto the chitosan. Given that, it is always preferable to work in
natural conditions for economic and industrial reasons, and hence the qmax at a neutral

pH and ambient temperature using the maximum desirability function was determined
(Figure 10).
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Figure 10. RMS prediction profiler used for maximizing the adsorption capacity at a neutral pH and
ambient temperature.

At pH =7, room temperature (25 °C), and in 120 mg/L of a copper solution using
0.3 g/L of chitosan, with a NaCl concentration of 0.276 mol/L in a batch mode over
142.2 min, it is possible to achieve qmax = 410.22 mg/g for copper ions onto the prepared
chitosan (Figure 10).

3.4. Artificial Neural Networks (ANNs)
3.4.1. Artificial Neural Networking Strategy

ANN:Ss are a prominent model commonly used in machine learning, inspired by the
intricate information processing observed in the human brain. This innovative approach
mimics the interconnected neural clusters found in biological systems and has proven to be
a powerful modelling technique for dealing with complex nonlinear processes. In this study,
an ANN was used to predict the relationship between the specified input variables (X1, X2,
X3, X4, X5, and X6) and adsorption capacity. The architecture of the ANN model included
an input layer consisting of X1, X2, X3, X4, X5, and X6, an output layer representing
the adsorption capacity, and two intermediate hidden layers integrating both linear and
Gaussian functions. This ANN model was developed based on the empirical data from
the CCD, as shown in Figure 11. The adsorption capacity dataset (Table 5) was randomly
partitioned using the random K-fold method to create subsets for training and validation
purposes. This approach ensures a robust training regime for the ANN, facilitating its
proficiency in predicting the adsorption capacity under different input conditions. In
addition, the squared penalty method was used to overfit the data using Equation (12).

Penalty method = Ap(B;) (12)

p(B;) =Y B} (13)

where A is the penalty parameter, and p(B;) = Y B? is the penalty function (squared penalty).
The prediction accuracy of the ANN model for TPC and TFC was calculated by
using R? and RMSE, log likelihood, mean absolute deviation (MAD), and sum of squared
error (SSE).
The adsorption capacity predicted by the ANN and the prediction accuracy of the
ANN model are clearly illustrated in Table 7 and Figure 12.
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Figure 11. ANN strategy: (a) methodology used for the prediction of the adsorption capacity.
(b) ANN diagram with two layers (Gaussian and linear) used to predict the adsorption capacity.

Table 7. Prediction accuracy of the ANN model.

Measures Training Validation
R? 0.999 0.998
RASE 0.76 5.37
MAD 0.53 3.85
Log likelihood 42.44 27.89
SSE 21.48 259.58
Sum of frequency 37 9

Notes: MAD: mean absolute deviation, RASE: root average squared error, and SSE: sum of square error.
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Figure 12. Actual predicted values of the adsorption capacity: (a) for training dataset and (b) for
validation dataset.
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3.4.2. Optimization of Variable Values and Maximization of Adsorption Capacity
Using ANNs

In order to obtain the optimum values of the variables for the maximum removal of
copper ions on the prepared chitosan, optimization using the neural analysis provided
by JMP software was carried out. This optimization was carried out using two layers,
Gaussian and linear, as shown in Figure 13.
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Figure 13. ANNSs prediction profiler used for maximizing the adsorption capacity.

The optimal conditions were found to be [metal] = 107 mg/L, an adsorbent concen-
tration of 0.3 g/L, pH = 9.4, at 45 °C, a contact time of 250 min, and a NaCl concentration
of 0.4 mol/L. Under these conditions, the adsorption capacity of copper ions onto the
prepared chitosan reached 468 mg/g.

3.4.3. Mathematical Modelling by ANNs

The parameter evaluates of ANNs proposed by JMP was used to determine the
relationships between the six factors and experimental response for the adsorption capacity
(mg/g). Based on these parameters, the adsorption of copper ions onto chitosan derived
from shrimp shells can be predicted using Equation (14).

Adsorption  capacity (mg/g)
= 54.70 — 44.60 Hy () +423.57 Hy(y) + 24425 Hy 3 (14)
—~273.91 Hy(y) — 217.68 Hy(s) — 74.23 Hy o)

where Hyy,, is the first hidden layer (linear), and n is the number of nodes.

3.4.4. RSM Evolution by ANNs and Effects of Parameters

Figure 14a shows the response surface of the adsorption capacity as a function of metal
(copper) concentration (X3) and adsorbent (chitosan) concentration (X5). The graph exhibits
a negative interaction between these two factors, with the adsorption capacity reaching
450 mg/g at the maximum metal concentration and the minimum adsorbent concentration.
When the factors X1 and X5 interacted, a maximum adsorbed amount of 250 mg/g was
observed at the minimum value of X5, regardless of the value of X1. This confirms that X1
has no representative effect on the adsorption of copper by chitosan (Figure 14b). A similar
observation was made for the response surface as a function of X3 and X4. Since X4 had
no significant effect on the adsorption and X3 was a highly significant factor, a significant
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adsorption value of 300 mg/g was achieved for a concentration of 100 mg/L of copper

ions (X3), irrespective of the value of X4 (Figure 14c). The response surface as a function
of factors X1 and X6 (Figure 14d) showed a low maximum adsorbed amount of 56 mg/g

at [NaCl] = 0.1 mol/L and a basic pH of around 8 during their interaction, indicating no
significant effect of these two variables.
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Figure 14. Three-dimensional response surface plots for the adsorption of copper ions by chitosan.

(a) Effect of metal concentration/adsorbent concentration. (b) Effect of adsorbent concentration/pH.
(c) Effect of metal concentration/time. (d) Effect of pH/NaCl concentration.
3.5. Thermodynamic Studies

The energy changes and the spontaneous nature of the adsorption were obtained by a
thermodynamic study. In this work, the thermodynamics of the adsorption process was

studied at five different temperatures ranging from 298.18 K to 338.15 K. Thermodynamic

parameters, such as the Gibbs free energy change (AGY), enthalpy (AHY), and entropy (ASY),
were determined based on the Van’t Hoff Equation (15) [58,59].
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AGY = —RT In(K?) (15)

Here, R = 8.314]/mol is the universal gas constant, T is the absolute temperature
in Kelvin (K), and K{ " is the dimensionless thermodynamic Langmuir constant for the
adsorption process. K1 ” is derived from the Langmuir constant Ky, (L/mg) after converting
all the concentrations to their molar form and assuming a standard state concentration of
Cp = 1mol/L (Equation (16)) [59].

KO — KL<HI;g>.1000(11;8>-MCH(H§)1)-C0(mL°1) (16)

where Mc,, = 63.546 g/mol, representing the molar mass of copper, and the factor of 1000

is used to convert grams to milligrams. AH? and entropy AS” parameters were predicted
using Equations (17) and (18):

AG? = AH? — TAS? (17)

InK? = (AS°/R) — (AH?/RT) (18)

The plot of InK ? against 1/T resulted in a straight line, from which (AH®) (k] /mol)

and (AS?) (J/mol-K) were assessed using the intercept and slope of the Van ‘t Hoff plot,

respectively. The results of the thermodynamic study are summarized in Table 8. The

negative (AG’) values show that the adsorption is favourable and spontaneous, while the
negative (AH) values signify that the adsorption is exothermic.

Table 8. Thermodynamic parameters for copper ions” adsorption by chitosan.

: Ky ) , AGY AHO AS?
TR (mg) Ky Ln K™ gimol)  (J/mol)  (/mol-K)
20815 000044  27.98 333 825
30815 000034  22.01 3.09 —7.92
31815 000026  16.69 281 744 2178 —45.14
32815 000021 1325 2.58 —7.05
33815 000015  09.86 228 —6.43

4. Conclusions

The prepared chitosan was employed to remove Cu?* ions from an aqueous solution
using the batch adsorption method. Under optimized conditions (pH = 6.5, tempera-
ture = 25 °C, and chitosan concentration = 1 g/L), the adsorption capacity of Cu(ll) reached
approximately 89 mg/g. Kinetic studies revealed that both nonlinear pseudo-first-order
and pseudo-second-order models effectively described the adsorption process, with the
pseudo-first-order model providing a better fit at lower Cu(Il) concentrations.

Equilibrium adsorption data were analysed using the Langmuir and Freundlich
isotherm models. The Langmuir model demonstrated a superior fit, indicating mono-
layer adsorption with a maximum capacity of 123 mg/g under the same conditions.

To further investigate the adsorption process, the effects of key parameters, such as
initial Cu%* concentration, pH, chitosan concentration (S/L), temperature, contact time,
and NaCl concentration, were systematically evaluated using the central composite de-
sign (CCD) and response surface methodology (RSM). Analysis of variance (ANOVA)
identified the initial Cu?* concentration and chitosan dosage (S/L) as the most signifi-
cant factors influencing the adsorption efficiency, while the other parameters showed a
negligible impact.
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Artificial neural network (ANN) modelling was also applied to predict the adsorption
behaviour, revealing a remarkable adsorption capacity of 467.983 mg/g under optimized
conditions. Additionally, thermodynamic studies confirmed that the adsorption process
was spontaneous and exothermic, further supporting the feasibility of chitosan as an
effective adsorbent for Cu?* removal.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w17060851/s1. Figure S1. FTIR spectra of prepared chitosan.
Reference [60] is cited in the Supplementary Materials.
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