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Abstract: Adsorption using clays is a preferred technique for removing heavy metals from aqueous 

solutions. Understanding adsorption at the molecular level is important for a good optimization of the 

removal process. In the present work, the experimental and theoretical studies of Cu(II) ions adsorption 

on Natural Illitic Clay (NIC) were realized. An experimental investigation was carried out to highlight 

the effect of some experimental parameters on the adsorption efficiency. Then, modeling of the 

adsorption data and Monte Carlo simulation (MCS) were performed to explain the adsorption process 

at the molecular level. The experimental results showed that equilibrium was reached after 120 min and 

that the basic pH of the solution was favorable for good adsorption. Interpretation of the equilibrium 

isotherms showed that increasing the temperature from 25 to 45 °C increased the adsorbed amount from 

3.6582 to 3.8041 mg.g-1, and promoted the aggregation of copper ions, which caused a hindrance effect 

by preventing their access to the adsorption sites on the surface of the NIC. Modeling of the adsorption 

kinetics indicated that external and intra-particle diffusion steps occurred simultaneously and 

contributed to the rate-controlling of the adsorption process. Adsorption energy values determined by 

computational simulation showed a considerable affinity of [Cu(H2O)4]2+ towards the deprotonated 

(010) surface of the illite mineral compared to protonated (010) surface.  

Keywords: adsorption; Cu(II) ions; natural illitic clay; statistical physics approach; adsorption kinetics; 

Monte Carlo simulation. 

© 2023 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 
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1. Introduction 

The presence of heavy metals in industrial effluents is an environmental issue for living 

beings and human health [1]. Copper (II), classified as a priority pollutant [2], is one of the 

most common heavy metals in effluents from industrial activities. According to EPA, drinking 

water's maximum acceptable concentration of copper (II) is 1.3 mg.L-1 [3]. High copper (II) 
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doses can cause serious toxicological problems for human health [4]. It is, therefore important 

to treat industrial effluents before they are discharged into waterways. Various treatment 

techniques have been developed and applied to reduce high concentrations of heavy metals. 

However, the adsorption technique remains the best and most preferred technique for 

wastewater treatment [5]. In addition, equilibrium isotherms and kinetic data obtained from 

adsorption experiments can be mathematically modeled to understand the adsorption process 

better. Equilibrium isotherms modeling involves using models that can be classified into two 

categories. i.e., classical isotherm models and statistical physic models. Classical isotherm 

models are established for some adsorption systems, and their assumptions are not appropriate 

for all other systems [6]. As the classical models are not related to the parameters that can 

influence the removal of the adsorbate, a better interpretation of the equilibrium isotherm 

cannot be obtained [7,8]. To overcome these limitations, the statistical physics approach is 

introduced in order to establish models that can reflect the state of the adsorption systems [9]. 

On the other hand, the adsorbate/adsorbent interface can be studied by exploiting kinetic data 

through the application of kinetic models. These models can be classified into two categories. 

i.e., Adsorption Diffusion Models (ADMs) and Adsorption Reaction Models (ARMs) [10]. 

ADMs represent the external diffusion and intra-particle diffusion steps, while the ARMs 

characterize the surface reaction stage.  

Various materials are used as adsorbents in wastewater treatment [11–15]. The use of 

natural clay materials in wastewater treatments has received particular attention due to their 

many advantages [16–18]. Among the clay materials, illite clay is used as a natural adsorbent 

for wastewater treatment [19]. It is a 2:1 phyllosilicate with a very limited tendency to swell 

because the interlayers are linked together by non-solvated potassium ions (K+) [3]. Generally, 

2:1 clay minerals present the permanent charge (responsible for the cation exchange capacity 

(C.E.C)) located in the interlayer space and on the external basal surface of the clay mineral, 

and the variable charge is located on the surface of the edge [20]. Since the K+ cations in the 

interlayer space of the illite clay are not exchangeable, the permanent charge's contribution to 

the cationic ions' adsorption process remains limited. 

On the other hand, the surface of the edges can play a determining role in the adsorption 

of heavy metal ions. Indeed, this surface is characterized by the presence of AlO-, SiO-, and 

AlOH- groups resulting from the broken (010) surface of the clay mineral. These groups, which 

represent the seat of the variable charge, can be protonated/deprotonated depending on the pH 

of the adsorption medium [21,22]. As a result, they can repel/attract heavy metal cations and 

contribute to the de-pollution of wastewater during the adsorption process.  

Recently, molecular simulation has become a powerful and indispensable tool in 

studying various chemical phenomena at the molecular level [23–25], particularly in the study 

of the different interactions between pollutants and clays [26,27]. For example, Lammers et al. 

[28] studied the adsorption of cesium (Cs) on the edge, basal plane, and interlayer surfaces of 

illite nanoparticles by molecular simulation and found that the edge and interlayers surface has 

a higher affinity for Cs than the basal planes. Qiu et al. [29] investigated the effect of 

protonation and deprotonation of kaolinite surfaces on the adsorption of rare earth elements. 

They showed that the adsorption energy of deprotonation is much higher than that of 

protonation for both (010) and (001) surfaces studied. 

Numerous studies have been carried out to valorize illite clay as a natural adsorbent in 

the treatment of wastewater loaded with heavy metal ions [30–32]. However, to the best of our 

knowledge, there are not enough articles that model the adsorption isotherms of heavy metal 
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ions on illite clay according to the statistical physics approach to obtain a thorough 

understanding of the adsorption of heavy metals on solid surfaces. So, the present study aims 

to: i) Use the Natural Illitic Clay (NIC) as the natural and eco-friendly adsorbent in the removal 

of Cu(II) cation as a model ion from the aqueous solution and to highlight the effect of some 

experimental parameters on the adsorption efficiency. ii) Examine the equilibrium isotherms 

obtained and estimate the kinetic parameters using various mathematical models better to 

understand the adsorption process at the molecular level. iii) Carry out a molecular simulation 

of the adsorption of hydrated copper ion on the (010) surface of illite clay according to Monte 

Carlo Simulation (MCS) to illustrate the impact of protonation and deprotonation of this 

surface on the adsorption efficiency.  

2. Materials and Methods 

2.1. Natural illitic clay. 

The raw Natural Illitic Clay (NIC) used in this study was extracted from a quarry 

located in the region of Khemisset (northwest of Morocco). After washing with distilled water, 

it was dried in an oven at 110°C for 2 hours to remove residual water, then crushed, sieved, 

and stored in a dry bottle for future experiments [33]. The mineralogical composition of the 

NIC, determined using the XPERT-PRO diffractometer, indicated that it is composed of illite 

and quartz minerals, with a trace of kaolinite [19]. The wavelength dispersion spectrometer -

Type Axios- was used to determine the composition of the oxide in the NIC. This composition 

revealed the presence of silica (61.7%) and alumina (24.6%) as major oxides, as well as traces 

of potassium (3.28%), iron (2.62%), magnesium (1.55%), calcium (0.558%), sodium (0.513%) 

and titanium(0.575%) oxides [19]. The Metson method was used to determine the cation 

exchange capacity (C.E.C) [34]. The value obtained (22.54 meq.100g-1), which is within the 

range indicated in the bibliography [35], can be explained by the fact that the illite mineral is a 

non-ionic clay which is characterized by the absence of cation exchange proprieties in the 

interlayer space, although it can present isomorphic substitutions in its structure [36], it can 

exchange cations located on the surface of the edges with other cations in the medium [37]. 

The specific surface was measured according to the method of Santamarina et al. [38] and 

showed a value equal to 18.2 m2.g-1. The elemental composition of NIC was determined by 

atomic absorption spectroscopy and showed the significant presence of Si, Al, and O elements. 

The pH corresponding to the point zero charges of the surface of the NIC particles (pHPZC) was 

determined according to the literature [19]. All the physicochemical proprieties obtained are 

listed in Table 1. 

Table 1. Physicochemical properties and elemental composition of NIC. 

Specific surface (m2.g-1) 18.2   

C.E.C (meq.100g-1) 22.54  

Point of zero charge (pHPZC)  8.2* 

Elemental composition (%) Si 34.4 

Al 25.8 

O 24.4 

K 9.9 

Fe 3.1 

Mg 2.5 

*Reported by Amrhar et al. [19] 
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2.2. Adsorption experiments. 

A stock solution was prepared by dissolving CuSO4,5H2O in distilled water. The 

required initial concentrations were obtained by dilution of the stock solution. The adsorption 

experiments were carried out using the batch technique to determine the influence of certain 

physicochemical parameters on the adsorption of copper ions by NIC. 0.4 g of NIC was added 

to 20 mL of the Cu(II) ion solution with the required initial concentration. After stirring under 

the conditions to be studied, and filtration, the residual concentration was measured using the 

Varian SpectrAA 220 Atomic Absorption Spectrometer. The adsorbed amount of Cu(II) ions 

was calculated using the following expression [7]: 

(C - C )e0 V
e m

Q =
                                                                 (1) 

With C0 (mg.L-1) and Ce (mg.L-1) are the initial and equilibrium concentration of Cu(II) 

ions in the solution, respectively, V (L) is the volume of the solution, and m (g) is the mass use 

of NIC.  

The adsorption experiments were carried out to determine the equilibrium time with an 

initial copper concentration of 50 mg.L-1 and a pH of 6. The contact time was varied from 0 to 

300 min. The adsorbed amount of Cu(II) ions at an instant t was calculated using the following 

relation: 

(C - C )t0 V
t m

Q =
                                                                 (2) 

With Ct (mg.L-1) is the equilibrium concentration of Cu(II) ions in solution at an instant 

t. 

2.3. Equilibrium isotherm modeling. 

The equilibrium isotherm represents the variation of the adsorbed quantity of metal ions 

as a function of the equilibrium concentration. Its representation makes it possible to determine 

the maximum adsorption capacity of the adsorbent when the adsorption process reaches 

equilibrium. Giles et al. [39] proposed a classification of equilibrium isotherms according to 

their shape and initial slope. Limousin et al. [40] reviewed this classification, distinguishing 

four types of isotherms: The S isotherm (Sigmoid), the L isotherm (Langmuir), the H isotherm 

(high affinity), and the C isotherm (constant partition). On the other hand, modeling the 

equilibrium isotherm is essential for studying the interactions between the pollutant to be 

removed and the adsorbent used during the adsorption. Several classical isotherm models have 

been proposed and developed in the literature to model the equilibrium isotherms 

mathematically and to study the possible interactions between the adsorbate and the adsorbent. 

Recently, the statistical physics approach has been introduced, and mathematical models have 

been developed to improve the understanding of the adsorption process at the molecular level 

[9]. In the present study, four classical isotherm models and five statistical physics models were 

used to model the obtained equilibrium isotherms which are presented in Table 2. The valid 

mathematical model for interpreting the obtained equilibrium isotherms was selected based on 

the values of the coefficient of determination R² and the Chi-square according to the nonlinear 

regression method. 

( )
2

– Qe exp e caln
i

χ²
i=1

e cal

Q

Q
=
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2.4. Adsorption kinetics modeling. 

Adsorption kinetics discusses the variation of the adsorbed amount of a species over 

time. It provides more information about the adsorption mechanism and explains how the 

adsorbate moves from the liquid phase to the solid phase [41]. Generally, the adsorption 

process consists of four steps: 1) The transport of the adsorbate from the solution to the external 

film surrounding the solid particle (to be neglected if the adsorption system is in agitation).2) 

The passage of the adsorbate through the external film to the surface of the solid particle (this 

step is called "external diffusion"). 3) The diffusion of the adsorbate into the pores of the solid 

particle (so-called "intra-particle diffusion"). 4) The adsorption on sites located on the inner 

surface of the solid particle (known as "adsorption reaction") [7]. Habitually, the second and 

third steps are limiting steps in the adsorption kinetics [42,43], but in some cases, combining 

these two steps controls the adsorption process [44]. In this work, the experimental data 

obtained from the adsorption kinetics were analyzed using the models presented in Table 3. 

Table 2. Equilibrium isotherm models used in the present study. 

C1/2 (mg.L−1) and Ce (mg.L−1) are the concentration at half-saturation, and the equilibrium concentration, 

respectively; Nm (mg.g−1) is the density of receptor sites on clay; Ca and Cb are the concentrations at half-

saturation of the first and the second receptor site respectively; C1 and C2 represent the concentrations at half-

saturation associated with the first and the second layers, respectively; Nl represents the average number of 

layers. * For more details, the reader is invited to consult the reference [51]. 
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 Model Expression Ref. 

Finite multilayer 

model 

      
(11)

 

[49,50] 

Table 3. Kinetic models used in the present study. 
 Kinetic model Expression Ref. 
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Furusawa and Smith model                             (12) 
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[53] 

Weber and Morris model                                                     (16)
 [54] 
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Pseudo-first order model 
                               (20)

 [55] 

Pseudo-second order model 

                                              (21)

 
[56,57] 

S(cm-1) is the specific surface of the interface solid/liquid; KL (L.mg-1) is the constant 

of Langmuir; Kf (cm.min-1) is the coefficient of the external mass transfer; ms=m/v (g.cm-3) is 

the mass of the adsorbent by the unit of volume; r0 (cm) is the ray of an adsorbent particle; Δr0 

(cm) is the thickness of liquid film (Δr0=r’-r0); Kint (mg.g-1.min- 1/2)is the rate constant of intra-

particle diffusion model; C' (mg.g-1) is the constant depends on the thickness of the boundary 

layer; De is the constant of diffusion in the liquid film; k is the constant of effectiveness of the 

adsorbate distribution; F is the report of the adsorbed quantity qt at the moment t and that 

adsorbed qe at equilibrium; B (min-1) is the rate constant; k1 (min-1) is the rate constant of 

pseudo-first-order adsorption; k2 (g.mg-1.min-1) is the rate constant of pseudo-second-order 

adsorption. 
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2.5. Monte Carlo simulation method. 

To study the impact of protonation and deprotonation of the edges surface of the illite 

mineral on copper ion adsorption, Monte Carlo simulation (MCS) was performed in an aqueous 

medium. First, the unit cell of the illite mineral (a = 5.20210 Å, b = 8.97970Å, c = 10.2260Å, 

α = 90.00°, β = 101.57°, γ = 90.00°) was constructed according to crystallographic data 

available in the literature [58] using the Crystal builder module implemented in the Materials 

Studio2017 software [59]. To simulate the edge of the illite mineral, the unit cell created was 

cleaved at the (010) plane. Under periodic boundary conditions, the unit cell was duplicated 4 

times in the x-direction to obtain the super-cell. To model the protonated (010) surface of illite 

(noted "illite (010)proto"), the –Si-O-, -Al-O-, and -Al-OH groups on the (010) surface were 

saturated with H atoms. The deprotonated (010) surface of illite (noted "illite (010)deproto") 

was obtained by removing all hydrogen atoms on the (010) surface. On the other hand, it is 

known that the Cu2+ ion has several coordination configurations in water to form [Cu(H2O)n]
2+ 

complexes (n=1-6) [60]. According to Burda et al. [61], the Cu(II) ion prefers to coordinate 

with four water molecules in the first hydration shell. So, in this study, the hydration of the 

Cu(II) ion was performed by constructing the [Cu(H2O)4]
2+ complex. Then the optimization of 

its structure was executed using the Dmol3 module according to the Generalized Gradient 

Approximation (GGA) with the Perdew-Burke-Enzerhof (PBE) functional [62] (Figure S1, 

Supplementary Information). 

The Adsorption Locator module in Materials Studio software was used to determine 

the best adsorption configurations and to calculate the adsorption energy of [Cu(H2O)4]
2+ on 

illite(010)proto and illite (010)deproto. For this, the [Cu(H2O)4]
2+/illite(010)deproto and 

[Cu(H2O)4]
2+/illite(010)proto structures were geometrically optimized according to the Smart 

algorithm [63] using the Compass II force field [64,65]. The Ewald summation method was 

used to treat electrostatic interactions with an accuracy of 1 × 10–3 kcal.mol-1, while Van der 

Waals interactions were examined using the atom-based summation with 12.5 Å as the cut-off 

distance (with a spline width of 1 Å) [66]. 3 cycles of simulated annealing were applied with 

15000 steps for each cycle, and the annealing temperature was set between 105 and 102 K [67]. 

From the obtained adsorption configurations, the affinity of [Cu(H2O)4]
2+ toward the edge 

surface of the illite mineral ( i.e., the illite (010) surface) was evaluated after the calculation of 

the adsorption energy Eads using the following relation [27]:  

2+
2 4

ads total surface+solution [Cu(H O) ]
E =E - (E +E )

                                           (22) 

Where Etotal represent the total energy of the [Cu(H2O)4]
2+/illite(010) system. 

Esurface+solution characterise the energy of the illite (010) surface and the solution without 

[Cu(H2O)4]
2+. E[Cu(H2O)4]

2+ is the energy of [Cu(H2O)4]
2+. A high absolute value of Eads is an 

indication of a high affinity between [Cu(H2O)4]
2+ and the illite (010) surface [68]. To calculate 

the adsorption energy Eads, the total energy Etotal of the optimized structure (i.e., 

[Cu(H2O)4]
2+/illite(010) ) was first calculated. Then, the adsorbent phase was deleted from the 

optimized structure in order to calculate the energy of [Cu(H2O)4]
2+ (E[Cu(H2O)4]

2+). Similarly, 

[Cu(H2O)4]
2+ was deleted from the optimized structure, and the surface energy of the illite 

mineral with solution Esurface+solution was calculated [27,66]. 
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3. Results and Discussion 

3.1. Effect of contact time. 

Figure 1 illustrates the effect of contact time on the adsorption of Cu(II) ions onto the 

NIC. The adsorption of Cu(II) ions occurred in two phases, with equilibrium reached after 120 

min. In the first phase, the adsorption rate of Cu(II) ions was higher due to the availability of 

adsorption sites on the NIC surface, which favors the attraction of copper ions and thus 

accelerates their adsorption. This first phase was followed by a slow phase indicating a decrease 

in the number of adsorption sites [19]. Thus, no significant increase in metal ion removal was 

detected during this second phase. 

0 50 100 150 200 250 300

0,0

0,5

1,0

1,5

2,0

2,5

Q
t 
(m

g
/g

)

Time (min)  

Figure 1. Effect of contact time on the adsorption of Cu(II) ions onto NIC (C0=50 mg.L-1, NIC mass=0.4g, 

T=25°C). 

3.2. Effect of solution pH. 

pH is one of the important parameters that can influence the adsorption behavior of 

heavy metals on suspended clay particles [69–71]. To study the effect of solution pH, 

experiments were carried out at room temperature with a Cu(II) ions concentration of 70 mg.L-

1.  

4 5 6 7 8 9 10

2,4

2,6

2,8

3,0

3,2

3,4

Q
e(

m
g

.g
-1

)

pH

 
Figure 2  Effect of solution pH on the adsorption of Cu(II) ions onto NIC (C0=70 mg.L-1, NIC mass =0.4g, 

T=25°C). 
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According to Figure 2, the amount of copper ions adsorbed depends on the pH value. 

Indeed, the Qe increased from 2.49 to 3.4 mg.g-1 when the pH increased from 4.6 to 10. In the 

acidic medium, the H+ present in the solution competes with the copper ions to access the 

adsorption surface, making the charge of the edges of the clay positive (protonation of the 

surface of the edge), which hinders the adsorption of Cu(II) ions. With increasing pH, the 

concentration of H+ in the solution decreases, so the competition between H+ and Cu(II) ions 

also decreases. As a result, deprotonation of the surface of the edge occurs, making the charge 

of this surface progressively negative. The adsorption of copper ions improves through the 

formation of inner-sphere complexes [72]. 

3.3. Effect of initial Cu(II) concentration. 

The effect of initial concentration on the adsorption of Cu(II) ions onto NIC particles 

was studied using initial concentrations up to 150 mg.L-1. From Figure 3, the amount of Cu(II) 

ions removed at equilibrium increases with the initial concentration, indicating that the removal 

of Cu(II) ions depends on their initial concentration. Increasing the initial concentration allows 

the development of driving forces that can minimize the resistance to the transfer of Cu(II) ions 

from the liquid to the solid phase and thus contribute to improving the adsorption efficiency 

[73]. At high initial concentrations, the adsorbed amount of Cu(II) ions reached a plateau, 

indicating a decrease in removal efficiency due to the saturation of the NIC particle surface. 

Similar results were reported for the adsorption of copper ions onto natural clays [74]. 

50 100 150

2,0

2,5

3,0

3,5

4,0

Q
e(

m
g
.g

-1
)

C0(mg.L-1)

 

Figure 3. Effect of initial concentration on the adsorption of Cu(II) ions onto NIC (pH= 6, NIC mass =0.4g, 

T=25°C). 

3.4. Equilibrium isotherms modeling and theoretical interpretation. 

The variation of the adsorbed amount of Cu(II) ions as a function of the residual 

concentration at three temperatures (i.e., 25, 35, and 45°C) is shown in Figure 4. According to 

Gil's classification [39], these equilibrium isotherms display an L curve pattern, indicating a 

high affinity between the NIC particles and Cu(II) ions. At low concentrations, these isotherms 

have a convexity turned upwards due to the saturation of the surface of the NIC particles and a 

decrease in the number of adsorption sites as the adsorption process advances. 
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3.4.1. Modeling using classical isotherm models. 

Generally, the equilibrium isotherm is examined by its parameters, whose values 

characterize the adsorbent's surface properties and the adsorbate's affinity towards the latter 

[75]. The isotherm parameters obtained by the nonlinear regression method after applying the 

classical isotherm models are presented in Table 4. The best R² values correspond to Langmuir 

and D-R models and are comparable. So, to determine the adequate model among these two 

models, the Chi-square χ² was used. As shown in Table 4, the D-R model is adequate to 

represent the equilibrium data with the lowest χ² values, indicating that the adsorption of Cu(II) 

ions takes place on both heterogeneous and homogeneous adsorption sites [49]. All values of 

adsorption energy calculated from the D-R model are lower than 8 kJ.mol-1, indicating the 

physical nature of Cu(II) ions adsorption on the surface of NIC [76].  
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Figure 4. Equilibrium isotherms of Cu(II) ions adsorption onto NIC at different temperatures (NIC mass 

=0.4g) 

 
Figure 5. Variation of (a) n parameter values, (b) Nm parameter values, (c) Nl parameters values, (d) adsorbed 

quantity at saturation Qsat as a function of temperature. 
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Table 4. Isotherm parameters after application of classical models. 

 25°C 35°C 45°C 

Freundlich    

KF(L.g-1) 1.866 1.922 1.907 

1/n 0.198 0.193 0.202 

R2 0.777 0.775 0.798 

χ2 0.407 0.411 0.394 

Langmuir    

Qmax(mg.g-1) 3.858 3.904 4.006 

KL(L.mg-1) 0.948 0.969 0.885 

R2 0.958 0.953 0.943 

χ2 0.077 0.086 0.111 

D-R    

Qmax(mg.g-1) 3.848 3.888 3.968 

BD 0.415 0.404 0.422 

E(Kj.mol-1) 1.098 1.112 1.088 

R2 0.958 0.953 0.942 

χ2 0.071 0.079 0.104 

Temkin    

B 4.394 4.431 4.294 

KT(L.g-1) 27.326 30.994 28.379 

R2 0.891 0.887 0.899 

χ2 0.199 0.206 0.197 

3.4.2. Modeling using statistical physics models 

To improve the interpretation of the equilibrium isotherms and to describe the 

adsorption of Cu(II) ions at the molecular level, five statistical physics models mentioned 

above were applied according to the Levenberg-Marquardt iterating algorithm. The adequate 

model was selected on the basis of the values of the coefficient of determination R² and the 

chi-square χ². According to Table 5, the highest R² and the lowest χ² correspond to the finite 

multilayer model, indicating that this model is adequate to fit equilibrium isotherms of the 

studied adsorption system. The estimated values of the steric parameters (i.e., n, Nm, Nl, and 

Qs) and energetic parameters (-ᶓ1 and -ᶓ2) corresponding to the finite multilayer model are 

summarized in Table 6.  

Table 5. Values of the coefficient of determination R² and the chi-square χ². 
 25° 35° 45° 

R² χ² R² χ² R² χ² 

Monolayer model with one energy of adsorption 0.958 0.084 0.953 0.094 0.959 0.092 

Monolayer model with two energies of adsorption 0.993 0.021 0.998 0.006 0.985 0.047 

Double-layer model with one energy of adsorption 0.959 0.082 0.954 0.093 0.961 0.088 

Double-layer model with two energies of adsorption 0.959 0.091 0.984 0.036 0.961 0.098 

Finite multilayer model 0.993 0.019 0.998 0.005 0.985 0.041 

Table 6. Estimated values of fitted parameters corresponding to the finite multilayer model. 
Temperature   n Nm(mg.g-1) Nl -ε1(kJ.mol-1) -ε2(kJ.mol-1) Qsat(mg.g-1) 

25° 3.57186  0.38755 2.64269 -36.109 -29.908 3.6582 

35° 3.77024 0.37739 2.612 -37.466 -30.895 3.7165 

45° 4.00431 0.37199 2.55383 -38.712 -31.73 3.8041 

The n parameter gives an idea about the geometrical orientation of the Cu(II) ions 

adsorbed on the surface of NIC particles and their possible aggregation [77]. Indeed, if n<1, 

the Cu(II) ions are anchored horizontally, which means that the adsorption process is multi-

anchorage. If n=1, the Cu(II) ions are arranged laterally, which indicates that the adsorption is 

a mono-adsorbate process, but if n>1, many Cu(II) ions anchor in a single adsorption site with 

the possibility of their aggregation, which reflects that the adsorption is a multi-adsorbate 
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process [78,79]. From Table 6, all n values are greater than 1 (3.57186<n<4.00431), reflecting 

a possible aggregation of copper ions in each adsorption site, and thus, the adsorption of Cu(II) 

ions on the surface of NIC particles is a multi-adsorbate process. Figure 5-a) shows the 

variation of n values with temperature. Increasing the temperature raises the values of n, which 

reflects a promotion of the aggregation reaction of copper ions at high temperatures and 

indicates the endothermic nature of this reaction [80]. This behavior can be explained by the 

fact that at high temperatures, the mobility of Cu(II) ions in solution becomes easy [9], which 

favors their displacement towards the adsorption sites and therefore promotes their aggregation 

[81].  

The Nm parameter refers to the number of identical adsorption sites occupied by the 

adsorbate when the adsorption process reaches saturation [51,81]. As shown in Table 6 and 

Figure 5-b), increasing the temperature leads to a decrease in the value of Nm. This variation is 

opposite to that of the parameter n. Indeed, the increase in the degree of aggregation of Cu(II) 

ions with temperature caused a hindrance effect that prevents the access of ions to other 

adsorption sites. Consequently, the density of the adsorption site decreases [82]. 

Another important steric parameter is the Nl parameter. It represents the average 

number of adsorbate layers formed at equilibrium. From Table 6, the Nl value varies between 

2.6427 and 2.5538, indicating that the adsorption of Cu(II) ions on the NIC particles occurred 

by forming more than two layers. The evolution of Nl as a function of temperature (Figure 5-

c) has an opposite tendency to that of the n parameter. Indeed, the evolution of the parameter 

n with temperature indicates that the horizontal ionic interactions between copper ions on the 

surface of NIC particles (caused by the aggregation reaction) are favorable compared to the 

vertical ionic interactions, which makes the increase in the number of layers unfavorable with 

the increase in temperature [83].  

The amount of Cu(II) ions adsorbed at saturation Qsat is calculated by multiplying the 

other steric parameters (i.e., Qsat=n×Nm×Nl). According to Figure 5-d), the temperature has a 

positive effect on the amount adsorbed at saturation. The increase in temperature improved the 

Qsat, which reflects an endothermic character of the adsorption of Cu(II) ions on NIC particles. 

Since Qsat is correlated with other steric parameters, its increase can be explained 

mathematically by the increase in the number of Cu(II) ions adsorbed by an adsorption site 

(increase in the value of the parameter n). Thus, the parameter n can be considered the 

parameter controlling the adsorption process of Cu(II) ions on the surface of NIC particles.  

On the other hand, the comparison of the adsorption capacity obtained for the NIC with 

other studies reported in the literature is presented in Table 7. The NIC shows a similar 

adsorption capacity compared to other clay materials, making it possible to consider NIC as a 

potential material for treating wastewater containing Cu(II) ions. 

Table 7. Comparison of the adsorption capacity of Cu(II) ions by some clay materials. 
Clay material (origin)  Qmax (mg.g−1) Ref. 

Palygorskite (Clay Minerals Repository, Florida) 2.35 (at 25°C) [84] 

Natural Illitic Clay (Morocco)  3.6582 (at 25°C) Present work 

Kaolinite (Iran china Clay Industries Co.) 4.42 (at 20°C) [85] 

Montmorillonite (Aldrich Chemicals Co) 7.62 (at 25°C) [86] 

Sepiolite (Yazd (Iran)) 8.68 (at 25°C) [84] 

Clinoptilolite (North Greece) 13.6 (at 25°C) [87] 

Goethite (India)  37.25 (at 30°C) [88] 
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In order to examine the possible interactions that may occur during the adsorption of 

copper ions by the NIC, two adsorption energies were calculated according to the finite 

multilayer model [9]: 

S
1

1

C
-ε =RTln

C

 
 
 

                                                          (23)
 

S
2

2

C
-ε =RTln

C

 
 
 

                                                          (24)
 

where (-ᶓ1) and (-ᶓ2) represents the interaction energies between Cu(II) ions and the surface of 

NIC particles and between Cu(II)-Cu(II) ions (vertical ionic interactions), respectively. C1 and 

C2 are related to the concentrations at half-saturation, and CS is the solubility of copper in water. 

From Table 6, the absolute value of –ε1 is greater than that of –ε2 (|-ε1|>|-ε2|), indicating that the 

interactions between copper ions and adsorption sites on the NIC surface are more important 

than the vertical ionic interactions between copper ions. All the absolute values of the 

adsorption energies do not exceed 40 kJ.mol-1, which indicates the physical nature of the 

adsorption of Cu(II) ions on the surface of NIC particles [77]. The absolute value of (–ε1) and 

(–ε2) increases with temperature, which confirms the endothermic character of the adsorption 

process.  

3.5. Kinetics data analysis 

The ADMs and ARMs models mentioned in Table 3 were used to model the kinetic 

data of Cu(II) ion adsorption on NIC particles and calculate the corresponding values. The 

obtained curves are presented in Figure 6.  

The Furusawa and Smith and Boyd models were used to illustrating the importance of 

the external diffusion step in the adsorption of Cu(II) ions. As shown in Figure 6-a), the 

application of the Furusawa and Smith model to the kinetic data is not appropriate (R² = 

0.7546). Application of the Boyd model to the experimental data shows a line that does not 

pass through the origin (Figure 6-b) [53], which means that external diffusion through the liquid 

film surrounding the NIC particles was not only the limiting step in the adsorption of Cu(II) 

ions.   

The Weber and Morris model and Boy's model for intra-particle diffusion were applied 

to show the intra-particle diffusion step's contribution to the copper ions' adsorption process. 

The curve corresponding to the Weber and Morris model (Figure 6-c) is not straight over the 

time interval tested and can be divided into two linear regions reflecting two adsorption steps. 

The first line shows the fast adsorption step, which corresponds to a mass transfer of Cu(II) 

ions from the liquid phase to the external surface of the NIC particles (film diffusion step). The 

second line indicates the slow adsorption step with the diffusion of Cu(II) ions through the 

pores of the NIC particles (intra-particle diffusion step). The two lines do not pass through the 

origin, indicating that film diffusion and intra-particle diffusion occurred simultaneously 

[53,54]. It is important to note that the value of the rate constant corresponding to the intra-

particle step K2 (calculated from the slope of the second line) is lower than that of the external 

diffusion step K1 (calculated from the slope of the first line) (K2 = 0.0127 mg.g-1.min-½ < 

K1=0.2624 mg.g-1.min-½). This can be explained by considering the thickness of the liquid film 

surrounding the NIC particles. Indeed, the value of the intercept C' (which represents the 

thickness of the liquid film) of the second line (C'2= 2.2271 mg.g-1) is higher than that of the 

first line (C'1= 0.2232 mg.g-1). This leads to an increase in the mass transfer resistance from the 
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liquid film to the internal pores of the NIC particles, and consequently, the rate constant 

decreases. On the other hand, the application of the Boyd model for intra-particle diffusion 

(Figure 6-d) shows that it does not pass through the origin, confirming that intra-particle 

diffusion was not the dominant step in controlling the rate of Cu(II) ions adsorbed onto the 

surface of the NIC particles. The application of these two intra-particle diffusion models 

confirmed that both external and intra-particle diffusion steps occurred simultaneously and 

contributed to the rate-controlling of the adsorption of copper ions onto the surface of NIC 

particles.  

Figure 6-e-f) shows the plots of the pseudo-first-order model and the pseudo-second-

order model corresponding to the adsorption of copper ions on NIC particles. The value of the 

coefficient of determination R² for the pseudo-second-order model is close to 1 (R² > 0.99) 

compared to that of the pseudo-first-order model. The value of the adsorbed amount of cooper 

ions calculated from the pseudo-second-order model (Qe,cal = 2.5157 mg.g-1) is closer to that 

obtained experimentally (Qe,exp = 2.4201 mg.g-1 ) (Table 8). These results indicate that the 

kinetic data of the adsorption of Cu(II) ions are perfectly fitted using the pseudo-second-order 

model.   

Table 8. Parameters of surface reaction models for Cu(II) ions adsorption onto NIC. 

 Pseudo-first order kinetic model Pseudo-second order kinetic model 

Qe,exp (mg.g-1) K1 (min-1) Qe,cal (mg.g-1) R2 K2 (g.mg-1.min-1) Qe,cal (mg.g-1) R2 

2,4201 0.0242 1.1845 0.8275 0.0418 2.5157 0.9975 
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Figure 6. Application of (a) Furusawa and Smith model, (b) Boyd model, (c) Weber and Morris model, (d) 

Boyd model, (e) pseudo-first-order model, and (f) pseudo-second-order model on the kinetic data of Cu(II) ions 

adsorption onto NIC. 

3.6. Monte Carlo simulation results 

Monte Carlo simulation (MCS) was carried out to evaluate the influence of protonation 

and deprotonation of the illite (010) surface on the affinity of the latter towards [Cu(H2O)4]
2+. 

Firstly, the adsorption energy distribution of [Cu(H2O)4]
2+ on illite (010)deproto and illite 

(010)proto was calculated, and the results obtained are presented in Figure S2 (Supplementary 

Information). The adsorption energy values of [Cu(H2O)4]
2+ vary between -194.35 and -156.85 

Kcal.mol-1 in the case of illite (010)proto, and between -326.1 and -167.3 Kcal.mol-1 in the case 

of illite (010)deproto, which indicates the high ability of [Cu(H2O)4]
2+ to be adsorbed on both 

illite (010)proto and illite (010)deproto surfaces [89].  

Fluctuations in the interaction energies of [Cu(H2O)4]
2+ with illite (010)proto and illite 

(010)deproto are determined by optimizing the simulated systems (Figure S3, Supplementary 

Information) and the best adsorption configurations obtained are presented in Figure 7. It is 

clear that hydrated Cu2+ forms an inner-sphere complex with illite (010)deproto since the 

copper ion shows a tendency to interact with the deprotonated oxygen on the adsorption surface 

(dCu2+-O=1.67Å). When Cu2+ approaches the protonated (010) surface, the hydrogens on the 

surface interact with the oxygen in the water ligands to facilitate the adsorption of copper ion 

and form an outer-sphere complex (dH177-O182=1.681Å; dH172-O184=2.219Å). On the other 

hand, the affinity of [Cu(H2O)4]
2+ towards the studied adsorption surfaces was evaluated by 

calculating the adsorption energy Eads. The Eads values show a considerable affinity between 

illite (010)deproto and [Cu(H2O)4]
2+ compared to that between illite (010)proto and 

[Cu(H2O)4]
2+ (|Eads|(illite (010)deproto) = 1.188×103 Kcal.mol−1> (|Eads|(illite (010)proto) = 

1.067×103 Kcal.mol−1). These results indicate that the hydrated copper ion shows a good 

preference for interacting with the deprotonated (010) surface of illite compared to the 

protonated (010) surface, which is consistent with the results obtained from the pH effect 

experiments (section 3.2).   

  
Figure 7. Best configurations of [Cu(H2O)4]

2+ adsorption onto a) illite (010)proto b) illite (010)deproto, 

according to Monte Carlo simulation. 

4. Conclusions 

In this work, the removal of Cu(II) ions from aqueous solution by adsorption on the 

natural illitic clay were investigated, and the adsorption process was interpreted at the 

molecular level by modeling the adsorption data and performing Monte Carlo simulation. The 

following conclusions could be drawn from this study: 
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The amount of adsorbed copper ions increases with the increasing pH of the solution 

as well as with increasing initial concentration.  

Analysis of equilibrium isotherms indicates that the adsorption of Cu(II) ions occurred 

on homogeneous and heterogeneous adsorption sites with possible aggregation of the ions in 

each adsorption site. Consequently, a hindrance effect occurred and made the increase in the 

number of adsorbate layers unfavorable at high temperatures.  

Analysis of the kinetic data shows that the external and intra-particle diffusion steps are 

the rate-limiting steps for the adsorption of copper ions onto NIC particles.  

The best adsorption configuration and adsorption energy determined by Monte Carlo 

simulation show a high affinity between the hydrated copper ion and the deprotonated (010) 

surface of illite compared to the protonated (010) surface. 
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Figure S1. Geometry optimization of Cu[(H2O)4]

2+ using Dmol3 module according to GGA/PBE functional. 

Atoms of Cu, O, and H are reddish, red, and white, respectively. 
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Figure S2. Adsorption energy distribution of [Cu(H2O)4]

2+ onto illite (010)proto and illite (010)deproto surfaces. 
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Figure S3. Fluctuations of interaction energies corresponding to [Cu(H2O)4]

2+/illite (010)proto and 

[Cu(H2O)4]
2+/illite (010)deproto systems. 

https://doi.org/10.33263/BRIAC136.535
https://biointerfaceresearch.com/

