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Abstract  
 

This study presents the synthesis and characterization of a novel magnetic kaolinite 

nanocomposite, CoFe2O4@Kaol, for the efficient removal of methylene blue (MB) dye from 

aqueous solutions. Physicochemical properties of the nanocomposite were characterized using 

XRD, FTIR, SEM, and EDX. The adsorption performance of the CoFe2O4@Kaol 

nanocomposite was systematically investigated by varying adsorbent dosage, contact time, 

pH, temperature, and initial dye concentration. Remarkably, the nanocomposite exhibited a 

high adsorption capacity of 175.28 mg g
−1

 at pH 10 and a contact time of 60 minutes. The 

Langmuir model accurately described the adsorption isotherms. The adsorption kinetics 

followed the pseudo-second-order kinetic model (R
2
 = 0.999). Thermodynamic analysis 

revealed the spontaneous and exothermic nature of the MB removal process. Notably, Monte 

Carlo simulations integrated with a simulated annealing algorithm demonstrated the superior 

affinity of the CoFe2O4@Kaol nanocomposite for MB adsorption compared to unmodified 

kaolinite adsorbent. The study elucidated the synergistic effects of hydrophilic interactions 

and hydrogen bonding at the interface between MB and CoFe2O4@Kaol. Overall, this 

research highlights the potential of CoFe2O4@Kaol as a highly effective adsorbent for the 

removal of MB from aqueous media, emphasizing its significant findings. 

Keywords: Adsorption, kaolinite, cobalt ferret, nanocomposite, Methylene blue dye, Monte 

Carlo simulations. 
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1. Introduction  

Water is an essential element for life, it plays a crucial role for the human civilization, and the 

economic development, being used in various sectors including industry and agriculture [1,2]. 

However, this vital resource is known for its great fragility. Therefore, it is necessary to 

improve the effective means for its protection against pollution caused by anthropic activities, 

particularly industrial activity [3,4]. Many manufacturing industries, such as textile, paper, 

cosmetics, food, plastics, rubber, and printing, utilize dyes in their products [5,6] These dyes 

are considered major organic pollutants found in industrial wastewater [7]. It should be noted 

that most of these dyes are non-biodegradable and resistant to biological treatment due to their 

complex molecular structures, which make them highly stable [8,9]. Approximately 90% of 

synthetic dyes are classified as toxic and hazardous substances, leading to degradation, 

disruption of aquatic ecosystem, aesthetic pollution, and preventing photosynthesis [10–12]. 

The cationic dye (Methylene blue) is a thiazine pollutant that has been used in many industrial 

sector for cooling of cotton, paper, wool, and fabric [13]. It is non-biodegradable, with high 

chemically stable due to the presence of aromatic rings in its structures [14]. Methylene Blue 

(MB) is a basic dye with a deep blue color, finds wide application in biological and medical 

fields, including microscopy staining. Additionally, it is utilized as an oxidizing agent in 

certain chemical reactions and as an indicator for redox reactions. However, MB can pose 

risks to human health and aquatic organisms if released into the environment [15]. In terms of 

its spectral properties, MB exhibits maximum absorption at approximately 664 nm, which 

makes it easily visible to the naked eye. Its fluorescence can be utilized for detection in 

biological samples, and its absorption spectrum can be employed to determine its 

concentration in a solution [16]. When removing MB from aqueous solutions, the properties 

of the adsorbent material are crucial. Therefore, caution should be exercised in the use of MB, 

and it should be removed from solutions using adsorbent materials to minimize its potential 

effects on human health and the environment. Over the last few decades, various physical, 

chemical, and biological techniques have been applied for wastewater treatment with varying 

efficiencies and treatment costs. These methods include removal by adsorption [17], 

membrane processes [18], coagulation-flocculation [19], biodegradation, chemical oxidation 

and ion exchange [20–22]. While all these methods can be effective and have shown success, 

their application can be expensive.  
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Twenty years ago, the adsorption technique was primarily used for the removal of hazardous 

pollutants from aqueous media [23,24]. his was due to its efficiency, affordability, reusability, 

selectivity, low operating cost, and eco-friendly nature [25]. Various adsorbents have been 

employed for wastewater treatment, including activated carbon [26], polymer conductors [9], 

layered double hydroxides, metal organic framework [27], activated alumina [28], chitosan 

[29] and metal oxide [30,31]. However, despite their beneficial properties, these adsorbents 

have certain drawbacks that limit their usage, such as high costs and difficulties in 

regeneration. 

Recently, the kaolinite clay mineral has attracted considerable attention from many 

researchers due to its interesting characteristics, including non-toxicity, abundance, durability, 

high adsorption capacity, local availability, low cost, and regenerability. Numerous studies 

have utilized kaolinite clay as an adsorbent for the removal of heavy metal pollutants such as 

Pb2+, Ni2+, Cu2+, as well as dyes from wastewater [32]. However, in order to enhance the 

adsorption capacity of this clay mineral and address the regeneration issue, several researchers 

have attempted to modify kaolinite with other chemical compounds such as the cationic 

surfactant CTAB and polymers like polyaniline [33] and Polydopamine [34]. 

The objective of this work is to improve the adsorptive and separation properties of kaolinite 

in adsorbent-adsorbate systems. To achieve this goal, we have designed a new composite 

based on kaolinite clay mineral and cobalt ferrite nanoparticles (CoFe2O4). Among the spinel 

ferrites family MFe2O4 (M: Ni, Fe, Mn, Cu, Zn, and Co), cobalt ferrite nanoparticles are the 

only ones with an inverse spinel structure. They are well-known for their exceptional 

chemical stability, strong magneto-crystalline anisotropy, high coercivity, moderate saturation 

magnetization, remarkable electrical insulation, mechanical hardness, large magnetostrictive 

coefficient, and high electrical resistance [35,36]. Therefore, the synthesis of a new adsorbent 

composite, CoFe2O4@Kaol, based on cobalt ferrite nanoparticles and kaolinite clay mineral, has 

been utilized as an effective adsorbent for the removal of hazardous methylene blue dye (MB) 

from aqueous media, which makes this work unique. The enhanced magnetic properties of 

cobalt ferrite nanoparticles allow for easy recovery of the CoFe2O4@Kaol adsorbent by 

applying an external magnetic field. Prior to its use, the CoFe2O4@Kaol adsorbent has been 

characterized using different techniques such as X-ray diffraction (XRD), scanning electron 

microscopy (SEM), energy-dispersive analysis of X-rays (EDAX), and Fourier transform 

infrared (FT-IR) spectroscopy. Additionally, equilibrium and kinetic isotherms, as well as 

thermodynamic parameters, are compared to Monte Carlo simulations and a simulated 
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annealing algorithm in this work to gain insight into the adsorption mechanism of MB dye on 

the CoFe2O4@Kaol nanocomposite. This research enables the development of low-cost, eco-

friendly, and effective adsorbents for the removal of hazardous pollutants from aqueous media, 

which is crucial for public health and the environment. 

 

2. Experimental  

2.1 Materials 

The kaolinite clay and the commercial textile dye used in this study were purchased from 

Sigma–Aldrich and they were used as received. The characteristics of the MB molecule have 

been shown in Table 1. MB stock solution was prepared by dissolving 1000 mg of the dye in 

1000 ml of bi-distilled water 

Table 1. Properties and molecular structure of methylene blue (MB). 

Name  Methylene blue  

Abbreviation  

Empirical Formula   

Molar mass 

Solubility 

Melting temperature  

Color 

Molecular structure   

MB 

C16H18ClN3S 

319,85 g.mol
−1

 

40 g.L
−1

 at 20 °C 

190 °C 

Dark blue 

 

 

2.2 Design of the CoFe2O4@Kaol adsorbent  

The magnetic kaolinite clay nanocomposite used as an adsorbent was prepared using the co-

precipitation method. In a typical process, 2 g of natural kaolinite clay was dispersed in 50 ml 

of distilled water in a flask and stirred magnetically at room temperature for 4 hours at 700 

rpm. Then, 8.5 mmol of FeCl3.6H2O (2.304 g) was added to the kaolinite dispersion, forming a 

dark yellow solution where the Fe3+ ions would be fixed on the negatively charged kaolinite 

surface. After stirring for 1 hour, 4.25 mmol of Co(NO3)2·6H2O (1.240 g) was added to the 

mixture with a molar ratio of (n(Fe
3+

)/n(Co
2+

)=2:1). The resulting mixture was further stirred 

for 2 hours and then precipitated at pH 12 using NaOH (2M), which was confirmed by the 
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appearance of a black color. It was then boiled at 100 °C for 2 hours, filtered, and rinsed 

several times with distilled water and ethanol. The purified precipitate was thermally 

processed at 80 °C in an oven (ULE 400, Memmert Gmbh, Germany) for 10 hours, and the 

resulting dried nanocomposite was subsequently calcined at 300 °C for 3 hours, yielding a 

sample labeled as CoFe2O4@Kaol. The experimental design is shown in Figure 1." 

 

Fig. 1. Schematic illustration for fabrication process of CoFe2O4@Kaol. 

 

2.3 Characterization methods 

Details of this section are presented in the Supplementary Information (S1) 

 

2.4 Adsorption investigation  

To study the kinetic and the equilibrium adsorption isotherms, the adsorption behavior of 

CoFe2O4@Kaol nanocomposite towards the MB dye was experimentally performed in a batch 

reactor. A methylene blue solution of with a concentration of 1000 mg/L (equivalent to 3.126 

mmol) was prepared, and the desired MB concentrations were obtained by successive dilution 

of the MB stock solution. Various parameters affecting the adsorption process were 

investigated, including the adsorbent dose (ranging from 0.2 to 1.2 g/L), the aqueous phase 

pH (ranging from 2 to 10), the contact time (varying from 0 to 120 min), the initial dye 

concentration, C0 (varying from 10 to 500 mg/L), and the temperature (varying in the range 

298- 328 K) were investigated. The solution pH was adjusted using 0.1 M HCl or NaOH 

aqueous solutions. After reaching equilibrium, the adsorbent was recovered by using a 

Millipore membrane filter (0.45 μm). The absorbance of the filtrate containing the non-

adsorbed MB dye was measured at a maximum wavelength of 664 nm using a UV-vis 

spectrophotometer (UV-1800, SHIMADZU) to determine the equilibrium MB dye 

concentration (Ce). The uptake capacity Qads (mg/g) and removal efficiency (% Removal) 

were calculated based on equations (1) and (2), respectively. 
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  (Eq. 1) 

              (Eq. 2)  

 

Herein, Qe is the amount of dye adsorbed expressed in (mg g
−1

), C0 and Ce, are the initial and 

the equilibrium MB concentrations (mg L
−1

), respectively, V (L) is the volume of solution and 

m (g) is the adsorbent mass. 

 

2.5 Regeneration of adsorbent 

In this study, the regeneration process of CoFe2O4@Kaol was conducted sequentially for the 

adsorption of MB dye from an aqueous medium at pH 10 and a dye concentration of 20 mg/L. 

After each adsorption cycle, the adsorbed MB dye was desorbed from the CoFe2O4@Kaol 

composite using a solvent mixture consisting of water and ethanol (50% ethanol). 

Subsequently, the adsorbent was washed with the distilled water-ethanol solvent and dried at 

80 °C for 12 hours to prepare it for subsequent use. 

2.6 Monte Carlo/SAA simulations 

To investigate the interfacial interactions of MB dye with raw kaolinite (noted as Kaol) and its 

developed composite form with CoFe2O4 (noted as CoFe2O4@Kaol), the Monte Carlo 

simulations (MCS), allied with the simulated annealing algorithm (SAA), are carried out 

under solvation condition (i.e., in the presence of 200 H2O molecules). Three simulation 

cycles were adopted with 15×10
3
 steps per each heating cycle employing Universal as a force 

field. A simulation box of 26.80 Å × 25.74 Å × 79.65 Å dimensions, with 60 Å as a vacuum 

region, was used to conduct MCS/SAA simulations under periodic boundary conditions. After 

their geometry optimization, three CoFe2O4 clusters are adsorbed on the raw kaolinite (001) 

surface and the most stable adsorption geometry was kept and then used to model the 

CoFe2O4@Kaol composite substrate (Figure 2). During the simulation, the atom and Ewald-

based summation methods are applied to evaluate Van der Walls and electrostatic interactions, 

respectively. The adsorption energies (Eads) of MB dye on the raw Kaolinite (RK) and the 

CoFe2O4@Kaol surfaces, were estimated according to the equation (3),  

   (3) 
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where, Etotal, EMB and Esol +surf are the energies of the full system, the MB molecule and the 

whole system without MB, respectively. The MCS/SAA simulations are performed by using 

Materials Studio 6.0 software. 

 

 

Fig. 2. The adopted simulation boxes during MCS/SAA for (a) RK(001) and (b) 

CoFe2O4@Kaol(001). 

 

3 Results and discussion 

3.1 Characterization of samples  

3.1.1 X-Ray diffraction analysis   

The X-ray diffraction analysis (XRD) has been widely used for the analysis of materials and 

investigated the characteristics such as the crystal structure and the crystallite size.  Figure 3 

 shows the XRD patterns of raw kaolinite, CoFe2O4@Kaol nanocomposite, and CoFe2O4 

nanoparticles. The diffractograms show that the peaks at 12.20°, 19.80°, 20.35°, 21°, 24.9° 

and 37.65° correspond to the (0 0 1), (0 2 0), (1–10), (11–1), (1–1–1) and (0 0 2) Miller 

Indices, which have confirming the existence of kaolinite. These peaks are in accordance with 

JCPDS No. 96-900-9235, and no impurity phases are observed. Additionally, the diffraction 

peaks of cubic spinel CoFe2O4 nanoparticles are observed at 18.38°, 30.25°, 35.55°, 37.15°, 

43.14°, 53.50°, 57.07°, 62.64°, and 74.14° according to the reflections of (111), (220), (311), 

https://www.sciencedirect.com/science/article/pii/S0169131720304853?casa_token=FLa5Br2laOYAAAAA:UHNq1Ez4Y4r9trJF7Vv0sSu4zXApm4Sd0drCAtXdj3Rb7kc4yaDPIj9uyLl-xX989EPIx-O4sw#f0005
https://www.sciencedirect.com/topics/engineering/x-ray-diffraction-pattern
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(222), (400), (422), (511), (440), and (335) respectively in accordance with JCPDS card No. 

22-108 [37]. Furthermore, the spectrum of the CoFe2O4@Kaol nanocomposite reveals the 

existence of all the peaks of the centered cubic phase of the CoFe2O4 nanoparticles and the 

existence of all peaks of raw, thus the successful creation of Kaol@CoFe2O4 nanocomposite. 
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Fig. 3.  X-ray diffraction of kaolinite, CoFe2O4@Kaol and CoFe2O4 

 

3.1.2 Fourier-transform infrared spectroscopy (FT-IR) analysis 

The FTIR analysis spectrum of raw kaolinite, CoFe2O4@Kaol, CoFe2O4@Kaol−MB and 

CoFe2O4 nanoparticles are represented in Figure 4. The spectrum of the raw kaolinite show 

the presence of the tow peaks located at 460 cm
−1

 and 530 cm
−1

, attributed respectively to the 

Si−O vibration band stretching and to bending vibration of Si−O−Al [38]. In the other hand, 

the band at 920 cm
−1

 could be due to the OH deformation vibration of inner hydroxyl group 

[39]. The spectrum show also tow bands characteristic at 1020 cm
−1

 and 1115 cm
−1

, which are 

attributed to Si−O−Si and Al−O, respectively. The appearance of characteristic bands at 3620 

cm
-1

 and 3688 cm
-1

 is assigned to the stretching vibration of the hydroxyl bond of Si-OH and 

Al-OH, respectively.  

For the spectrum of the CoFe2O4 nanoparticles, the important characteristic band to the 

vibration of the Fe (Co)-O is available at 605 cm
−1 

[37]. Nevertheless, the small band located 
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at 1382.8 cm−1
 is assigned to the vibrational mode of NO3

−
 residue from the synthesis process. 

Moreover, the spectrum shows a broad band located at 1627.9 cm
-1

 which corresponds to the 

deformation vibration of H2O in the intermediate layer.  

For the spectrum of the CoFe2O4@Kaol nanocomposite, all the characteristic bands of raw 

kaolinite and CoFe2O4 nanoparticles are observed and confirmed to us the success of the 

synthesis of CoFe2O4@Kaol nanocomposites. Finally, the spectrum of the CoFe2O4@Kaol 

after MB adsorption demonstrated the appearance of a new characteristic band located at 

1346.3 cm−1
 corresponding to the tertiary amine group of the MB molecule. Therefore, the 

FTIR analysis confirmed that the MB dye was adsorbed on the CoFe2O4@Kaol 

nanocomposite surface. 
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Fig.4. FTIR spectra of the kaolinite, CoFe2O4@Kaol, CoFe2O4@Kaol-MB and CoFe2O4. 

3.1.3. Morphology analysis results  

Scanning electron microscopy (SEM) is a widely used method for visualizing the 

microstructure and morphology of prepared materials. Figure 5 presents the morphological 

characteristics and the composition of the raw kaolinite, and other prepared samples.  The 

SEM image of raw kaolinite presented in Figure 5 (a) and (b) revel a morphology resembling 

pseudo-hexagonal flakes with overlapping sheets. For the CoFe2O4@Kaol, the Figure 5 (c) 

demonstrated that that all the surface of kaolinite was successfully covered by the CoFe2O4 

nanoparticles. In the other hand, it is important to note that the SEM image of the bare 
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CoFe2O4 shows in Figure 5 (e) the formation of nanoparticles. For the energy dispersive X-

ray spectroscopy (EDX) analysis, the spectrums of CoFe2O4@Kaol and CoFe2O4@Kaol after 

MB adsorption are presented in the Figure 5 (f) and (g), it is obvious that the CoFe2O4@Kaol 

nanocomposite shows that the Fe/Co atomic percentage ratio is equal tow, which confirm the 

results obtained in the experimental protocol. More importantly, the EDX analysis of 

CoFe2O4@Kaol after MB adsorption were showed in Figure 5 (g). In fact, the presence of all 

atoms corresponding to CoFe2O4@Kaol as well as those of MB (Carbone) can be observed, 

this result indicates that the MB molecules are successfully adsorbed onto CoFe2O4@Kaol 

surface. 
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Fig. 5. SEM images of materials, (a, b) raw kaolinite, (c)  CoFe2O4@Kaol, (d)  

CoFe2O4@Kaol-MB, (e) CoFe2O4 and EDX analysis of the (f)  CoFe2O4@Kaol, (g)  

CoFe2O4@Kaol, and (h)  CoFe2O4@Kaol mapping. 

3.2 Adsorption characteristics  

3.2.1 Adsorption of the methylene blue onto raw kaolinite and CoFe2O4@Kaol. 

As the focus of this present work is to improve the adsorption performance of kaolinite 

towards MB dye removal, we firstly studied the effect of the modification of its surface by 

CoFe2O4 on its sorption capacity. The adsorption of MB onto raw Kaolinite and the 

CoFe2O4@Kaol composite was studied in separated tests at 25°C, the contact time (120 min), 

pH=6, using 1 g L
−1

 as adsorbent dose with an initial MB concentration of 20 mg L
−1 

at pH = 

6 for 120 min. As evinced in Figure 6, the kaolinite modified by CoFe2O4 has a good 

adsorption capacity of MB dye, compared to raw kaolinite. This difference can be explained 

by the appearance of new active sites for the adsorption of MB on the modified kaolinite 

surface. Indeed, the SEM images coupled to the EDX proved that the surface of the modified 

kaolinite solid is chemically heterogeneous. This surface heterogeneity is related to the 

presence of CoFe2O4 spinel nanoparticles on the kaolinite, which induces an increased 

number of favorable sites for MB adsorption, and increasing of the electrostatic interactions 

between the negatively charged surface of CoFe2O4@Kaol and the cationic dye MB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Adsorption of MB dye onto CoFe2O4@Kaol and raw Kaolinite  

(Adsorbent dose=1 g L
−1

, MB dye Ci=20 mg L
−1

, pH= 8 6, T= 25 °C). 
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3.2.2 Effect of the solution pH 

Changing the pH value of an aqueous solution of MB dye significantly affects its molecular 

form. Additionally, the surface charge properties of CoFe2O4@Kaol nanocomposite vary 

considerably with pH change. Indeed, the surface charge of the CoFe2O4@kaol adsorbent 

depends strongly on the protonation or deprotonation of the active sites of the adsorbent 

surface [40]. In the present work, the effect of pH of solution on the adsorption performance 

of MB dye onto CoFe2O4@Kaol was investigated in the pH range from 2 to 10 at 25 °C while 

keeping constant the adsorbent dose at 1 g L
−1

 and initial concentration of MB dye C0 =20 mg 

L
−1

. Fig. 7 shows the variation of the adsorption capacity of CoFe2O4@Kaol as a function of 

pH medium. As shown from Fig. 7, the removal efficacy and the adsorption capacity increase 

from 8.97% to 98.16% when the initial pH increases from 2 to 10, respectively. At acid pH 

values, the composite CoFe2O4@Kaol has a low adsorption capacity of the MB dye, this 

behavior can be explained by the electrostatic repulsion between the cationic dye MB and the 

protonated sites of the surface [9]. On the other hand, at basic pH values, the surface of 

CoFe2O4@Kaol composite is negatively charged, which favors the adsorption of cationic dye 

MB by the electrostatic attractions between the cationic dye and the negative sites on the 

surface. 
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Fig. 7. Effect of initial pH on the adsorption of MB dye onto CoFe2O4@Kaol (adsorbent dose 

= 1 g L
−1

, Ci = 20 mg L
−1

, T = 25 °C). 
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3.2.3 Effect of adsorbent dose  

The influence of adsorbent dose affects significantly the adsorption process [41]. For that, the 

mass effect has been assessed over a mass adsorbent range of (0.2 – 1.2 g L
−1

) with initial MB 

dye concentration (20 mg L
−1

)
,
 contact time of 60 min, temperature of 25 °C, and at pH 10. 

From Fig. 8, it is notable that dye removal percentage increases from 45.36% to 98.16% when 

the adsorbent dose of the composite CoFe2O4@Kaol increases from 0.2 to 1 g L
−1

. This 

phenomenon can be explained by the large number of active sites available at the surface 

adsorbent when the dose of the adsorbent increases, which subsequently increases the 

possibility of contact between the molecules dye and the active sites of the surface. 

Thereafter, the elimination percentage becomes constant, which indicate an equilibrium state 

in the adsorbent surface. 
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Fig. 8. Effect of adsorbent dose on the adsorption of MB onto CoFe2O4@Kaol (pH=10, Ci=20 

mg L
−1

, T=25 °C). 

3.2.4 Effect of Contact time (Kinetic study) 

The effect of contact time on the adsorption of MB dye on CoFe2O4@Kaol is an important 

parameter to save time and reduce the cost of treatment of wastewater on a large-scale [41]. 

Experimentally, the effect of contact time on the adsorption process by CoFe2O4@Kaol is 

investigated at 25 °C, initial dye concentrations 20 mg L
−1

, pH 10 and adsorbent dose 1 g L
−1

. 

The results obtained are shown in Fig. 9(a).  As can be seen in this figure, the adsorbed 
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amount of MB dye on CoFe2O4@Kaol composite increases rapidly in the first minutes, and it 

reaches equilibrium after 60 min of contact time. 

The adsorption behavior of MB dye on composite occurs in two levels:  

(i) The first level: rapid adsorption occurs within the first 15 minutes related to the 

availability of vacant active sites [42]. 

(ii) The second level: slow adsorption due to saturation of adsorbent active sites [9].  

According to these results, the contact time necessary to reach equilibrium is optimized at 60 

min. 

3.2.5 Adsorption kinetic 

Adsorption kinetics is a key tool to determine the adsorption mechanism on the adsorbent 

surface. For this study, the experimental adsorption data were adjusted using three kinetic 

models such as: the pseudo first order (PFO), the pseudo second order (PSO) and the intra-

particle diffusion (IPD) models [43]. The details and mathematical equations of these kinetic 

models are presented as Supplementary Information S2 (Eq.S1, Eq.S2 and Eq.S3). 

The Figure 9 (a) display the rate of adsorption of the dye on the CoFe2O4@Kaol surface. As 

shown from this figure, the adsorption rate was very fast in the first minutes of the adsorption 

reaction and then be slowed down. The first step explained by the availability of more actives 

site on the composite surface, the second step is attributed to the occupation of all actives sites 

by MB molecules. The linear plots of all kinetic models are shown in Fig. 9 (b-c) and all 

calculated kinetic parameters of each model are shown in Table 2. According to the highest 

value of the correlation coefficient (R
2
), it can be estimated that the PSO model (R

2
=0.99) is 

the best suited model to interpret the results of the adsorption of MB on CoFe2O4@Kaol 

compared by the Model PFO (R
2
=0.96). In addition, the adsorbed quantity calculated 

(Q2,cal=19,84 mg g
-1

) using the PSO model is very close to the experimental one (Qe,exp=19.67 

mg g
-1

) which confirms the adaptation of this model to the experimental results. 

The obtained results indicate that the adsorption kinetics is followed by the PSO model, which 

indicates that the chemical reaction is important in the rate-controlling step of the interactions 

between the CoFe2O4@Kaol adsorbent and the MB molecules [6]. Moreover, the linearization 

of the experimental results (plot Qt versus t
1/2

) according to the intra-particle diffusion model 

for the adsorption of the MB dye on the CoFe2O4@Kaol is presented in Fig. 9 (d). The 

hypothesis of this model proposes that adsorption process is controlled by intra-particle 

diffusion only if the trace Qt versus t
1/2

 is linear and passes through the origin. From Fig. 9 

(d), it can be seen that the trace does not pass through the origin and consists of three linear 

sections, indicating that intra-particle processes are not the main controlling step, during MB 
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dye adsorption on the CoFe2O4@Kaol surface. The first step corresponds to the diffusion of 

MB molecules from the liquid phase towards the external surface of the adsorbent. The 

second step describes the gradual adsorption into internal surface. The third step is attributed 

to adsorption reaction (ultimate adsorption equilibrium) [44]. 
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Fig. 9. (a) Effect of contact time on the adsorption of MB onto CoFe2O4@Kaol, and Kinetic 

data linearized through (b) Pseudo-first-order model, (c) Pseudo-second-order model and (d) 

Intra-particle diffusion model. 

 

Table 2. Parameters of PFO, PSO and IPD models for MB dye adsorption onto 

CoFe2O4@Kaol nanocomposite from aqueous solution. 

 Model     Pseudo-first-order model Pseudo-second-order model 

Parameter  

Qe,exp 

(mg.g
−1) 

K1 

(min
−1

) 

Q1,cal  

(mg.g
−1

) 

R
2 

 

K2 

(g.mg
−1

.min
−1

) 

Q2,cal 

(mg.g
−1

) 

R
2 

 

Value  19.67 0.0476 4.112 0.96 0.0266 19.841 0.99 

Model Intraparticle diffusion model 
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3.2.2 Effect of initial MB concentration and adsorption isotherms 

The initial MB concentration impact on uptake capacities of CoFe2O4@Kaol was investigated 

over a concentration ranging from 10 to 500 mg L
−1

. The equilibrium MB uptake capacity 

profile of CoFe2O4@Kaol as a function of initial concentration is illustrated in Fig. 10 (a). 

From this figure, it is clearly apparent that MB adsorption capacity is strongly dependent on 

initial concentration. Accordingly, the uptake capacities of CoFe2O4@Kaol increased 

gradually with increasing the initial MB concentration. The maximum adsorption capacity 

was found to be 175.28 mg g
−1

. The increase in the initial concentration of the dye causes an 

increase in the driving force of the concentration gradient which consequently increases the 

diffusion of the dye molecules from the solution towards the CoFe2O4@Kaol surface. At high 

initial concentrations of MB, the amount adsorbed remained almost unchangeable indicating 

that the CoFe2O4@Kaol surface was saturated. The Fig. 10(b) presents the adsorption 

isotherm of the dye on the composite in order to determine the nature of the interactions 

between the adsorbent and the adsorbate. To get an idea of the mechanism of adsorption of 

MB dye onto CoFe2O4@Kaol, two models of adsorption isotherms were used to analyze the 

obtained experimental data: Langmuir model and Freundlich model [15]. 
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Step  First linear portion Second  linear portion  Third  linear portion  

Parameter 

Kp,1 

(mg.g
−1

.min
−1/2

) 

C1 

(mg.g
−1

) 

R
2 

 

Kp,2 

(mg.g
−1

.min
−1/2

) 

C2 

(mg.g
−1

) 

R
2 

 

Kp,3 

(mg.g
−1

.min
−1/2

) 

C3 

(mg.g
−1

) 

R
2 

 

Value 0.3176 16.245 0.96 0.3981 16.3 0.99 0.0298 19.2 0.99 
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Fig. 10.  (a) Effect of initial concentration on the adsorption capacity of MB onto 

CoFe2O4@Kaol (pH = 10, dosage =1 g L
−1

, T = 25 °C); (b) Adsorption isotherm of MB onto 

CoFe2O4@Kaol. 

 

The details and mathematical equations of each isotherm model are shown in Supplementary 

Information S2 (Eq.S4, Eq.S5 and Eq.S6). 

The linear plot of isotherms models of MB dye on CoFe2O4@Kaol was investigated (Fig. 11 

(a) and (b)). All values of the calculated parameter and the correlation coefficients, R
2
 are 

reported in table 3. From this table, the values obtained for the MB adsorption onto 

CoFe2O4@Kaol was better described by the Langmuir model based on its higher coefficient 

of determination (R
2
 = 0.999); this result indicated that the adsorption of MB dye onto 

CoFe2O4@Kaol transpired via monolayer adsorption and the active sites on the surface of 

CoFe2O4@Kaol adsorbent has the same affinity for the adsorbate molecules. 
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Fig. 11. Isotherm model for adsorption of MB onto CoFe2O4@Kaol (a) Langmuir and (b) 

Freundlich. 

Table 3. Langmuir and Freundlich isotherm constants for MB adsorption onto 

CoFe2O4@Kaol. 

Isotherm model Parameter  Values 

 

Langmuir  

Qexp / mg g
-1

 

Qm / mg g
-1

 

KL / mg g
-1

 L mg
-1

 

R
2
 

RL 

175.287  

181.818  

0.111  

0.999 

0.017 – 0.473 



20 
 

Freundlich 

 

Kf / mg g
−1

 

nf 

R
2
 

26.052  

2.470 

0.846 

 

3.2.3 Effect of temperature and Thermodynamic study   

The influence of temperature on MB dye removal behavior by CoFe2O4@Kaol 

nanocomposite was examined from 25°C to 65°C, with other parameters remaining constant 

(contact time = 60 min, pH = 10, dosage 1 g L
−1

 and MB concentration = 20 mg L
−1

). As 

depicted in Fig. 12 (a) the Qe of MB dye onto CoFe2O4@Kaol decreased from 19.63 to 16.22 

mg g
−1

 with a rising temperature (spanning 25–65 °C). This decrease can be due to the 

decrease in intermolecular forces that occur between the active sites of the adsorbent and the 

MB molecules. The equation of ΔG°, ΔH° and ΔS° at different temperatures are presented in 

the Supplementary Information S2 (Eq.S7, Eq.S8, Eq.S9 and Eq.S10). 

The plot Ln(Kd) = f(1/T) in Fig. 12 (b), allows to determine the values of ΔH° 

(slope*R) and ΔS° (the intercept*R). The calculated of all thermodynamics parameters are 

listed in Table 4. From this table, we notice that all standard free energy change values (ΔG°) 

are negative, indicating that the MB adsorption process on the composite is a 

thermodynamically spontaneous process over the studied temperature range (T=298–338 K) 

[6]. Moreover, the value of ΔG° increases from –9.4417 to –3.6153 kJ.mol
-1

 when the 

temperature of the solution increases from 298 to 338 °K, this means that the process of MB 

dye on CoFe2O4@Kaol is much better spontaneous at low temperatures. Also, the value less 

than zero of ΔH° (–52.848 kJ.mol
−1

) suggests that the adsorption process is an exothermic 

process and the less than zero value of ΔS° (–145.661 J K
−1

.mol
−1

), means that the evolution 

of desorption at the solid/solution interface decreases during the adsorption process [18]. 
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Fig. 12. (a) Influence of temperature on the adsorption of MB onto CoFe2O4@Kaol; (b) Van’t 

Hoff plot to determine thermodynamic parameters of MB adsorption by CoFe2O4@Kaol. 

 

Table 4: Thermodynamic parameters for adsorption of MB dye onto CoFe2O4@Kaol. 

ΔG° (kJ/mol) 
ΔH° 

(kJ/mol) 
ΔS°  

(J/°K mol) 298 K° 308 K° 318 K° 328 K° 338 K° 

– 9.441 – 7.985 – 6.528 – 5.071 – 3.613 – 52.848 – 145.661 

 

3.3 Comparison of different adsorption efficiencies 

The comparison of the maximum adsorbed amount Qmax of the CoFe2O4@Kaol 

nanocomposite adsorbent for removal of MB dye with different adsorbents reported in 

literature was summarized in table 5. It is remarkable that the CoFe2O4@Kaol has a great 

adsorption capacity to remove MB dye from aqueous solution. 

Table 5: Comparison of the adsorption capacity of MB by CoFe2O4@Kaol with other 

available adsorbents 
 

Adsorbent Qmax (mg g
−1

) pH Reference  

Fe3O4/kaolinite 42.3 7 [45] 

chitosan/AMPS/kaolinite  52.9 7 [46] 

PVP modified rGO/CoFe2O4  333.3 8 [47] 

Kaolin 52.76 6.0 [48] 

CoFe2O4@Kaolinite  175.28 10 This work 
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3.4 Regeneration of adsorbent 

Adsorbent regeneration is very important parameter to reduce the cost of large-scale 

wastewater treatment. In this work, the CoFe2O4@Kaol nanocomposite has demonstrated 

excellent reusability and durability for the removal of MB from wastewater. Figure 13 shows 

the removal efficiency of MB dye. The slow decrease in %RE from 98.1% to 80% after five 

cycles indicates that the nanocomposite can be reused multiple times with only a minor 

decrease in efficiency, making it a cost-effective option for large-scale wastewater treatment. 

In comparison to other reported materials that may have shown lower reusability and 

durability performances, it is important to consider the specific conditions under which the 

materials were tested. For example, some materials may have been tested under different 

initial dye concentrations, pH levels, or desorption methods, which could affect their 

performance. However, in general, materials that exhibit low adsorption capacity or that are 

unstable or prone to degradation may have poorer reusability and durability. For instance, in a 

study by Zhang et al. (2021), a porous magnetic organic polymer was reported to have a %RE 

of only 60% after three cycles of adsorption-desorption for MB dye, indicating relatively poor 

reusability and durability. Overall, the excellent reusability and durability of the 

CoFe2O4@Kaol nanocomposite in the given work make it a promising candidate for practical 

applications in large-scale wastewater treatment, particularly in comparison to materials that 

may exhibit lower performance in these areas. 
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Fig. 13. Recyclability test of CoFe2O4@Kaol for MB dye removal. 
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3.5 Monte Carlo/SAA simulation results 

To get detailed insight on the adsorption process of MB dye on considered substrates 

(i.e., RK and CoFe2O4@Kaol), Monte Carlo simulations are conducted in the aqueous phase. 

In this subsection, the energetic and structural features associated with this interfacial process 

will be debated. 

The value of adsorption energy (Eads), as well as its absolute value (i.e., binding 

energy), are largely used to estimate the interaction of an adsorbate with a given adsorbent in 

various researches topics [49,50]. It is recognized that the elevated value of binding energy 

involves great adsorbate@adsorbent inter-atomic interactions, which implies a better 

elimination of the target pollutant from the polluted water [51,52]. In our case, the higher 

binding energy of MB dye is noted for CoFe2O4@K(001) surface compared with Kaol(001) 

one, which is equaled 56.0 and 53.8 Kcal mol
–1

, respectively. This outlines the adsorption of 

target pollutant is more spontaneous and stronger on the CoFe2O4@Kaol(001) surface, which 

points out the better tendency of MB to adsorb on the magnetic kaolinite nanocomposite. The 

presence of pre-adsorbed CoFe2O4 particles on Kaol(001) surface can reinforce interfacial 

MB/substrate interactions of through a synergetic effect. Furthermore, binding energies of 

water molecules on both substrates are found to be around 1.4 Kcal mol
–1

, which are lower 

than those of MB molecule (> 50.0 Kcal mol
–1

). Consequently, the absence of the potential 

competitive effect during the adsorption process of the target dye on adsorbents [53]. 

Fig. 14 presents the stable MB adsorption geometry onto clean Kaol(001) and 

CoFe2O4@Kaol (001) surfaces in the aqueous phase. One can see that the obtained 

configurations are related to the nature of the adsorbent. On the Kaol(001) surface, MB 

molecule shows a partial flat adsorption on surface, in which two methyl groups bonded to N 

atoms are directed into surface while the remain skeleton of MB molecule is directed toward 

the solution. This means the engagement of few adsorption centers of the molecule during its 

adsorption on the Kaol(001) surface. Whereas, MB molecule exhibits a parallel adsorption 

geometry upon the CoFe2O4@Kaol(001) surface, implying the participation of more 

adsorption sites within the molecule skeleton in the adsorption process. These observations 

suggest a stronger adsorption of target pollutant on the nanocomposite. Similar to the 

energetic investigation of the adsorption process, we can point out the key effect of the 

conducted modification on the kaolinite, which demonstrates a higher affinity of MB toward 

the CoFe2O4@Kaol adsorbent in comparison with Kaol one. Hence, these in-silico outcomes 

explain the good uptake of MB dye on the developed nanomaterial, as was experimentally 

observed. 
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MB@Kaol(001) MB@ CoFe2O4@Kaol(001)  

 
 

Eads = -53.8 Kcal mol
–1

 Eads = -56.0 Kcal mol
–1

 

Fig. 14. Equilibrium adsorption geometry of MB dye on the Kaol(001) and 

CoFe2O4@Kaol(001)  surfaces in the aqueous phase, as well as their corresponding 

adsorption energy (H2O of solution are shown in line format). 

3.6 Adsorption mechanism 

The adsorption mechanism between the MB molecule and the CoFe2O4@Kaol surface 

can be proposed as follows in Fig. 15. We can be said that the interactions responsible on the 

fixation of MB molecules on the surface of the adsorbent are of hydrophilic and hydrogen 

bonds type.  The hydrophilic adsorption can be ascribed by a strong electrostatic attraction 

between the positively charged of MB dye (C-S
+
=C) and the negatively charged groups (Si-

O- and Al-O-) present at the kaolinite surface sites. In addition, the hydrogen band between 

the nitrogen of the tertiary amine groups of the MB molecular (-N(CH3)2),  and hydrogen of 

the hydroxyl  (Si-OH et Al-OH) of the surface [54]. 
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Fig. 15 . Proposed mechanism for adsorption of MB dye onto CoFe2O4@Kaol 

nanocomposite 

4. Conclusion  

In conclusion, the present work reports the successful synthesis and characterization of a 

CoFe2O4@Kaol nanocomposite as an efficient adsorbent for the removal of MB dye from 

aqueous solutions. The results showed that the nanocomposite exhibited a high MB dye 

removal percentage of 98.1% at an optimal adsorption time of 60 minutes and an adsorbent 

dose of 1 g/L. The equilibrium adsorption isotherms were well-fitted with the theoretical 

Langmuir model, with a maximum adsorption capacity of 175.28 mg g
−1

. The adsorption 

kinetics were well-described by the theoretical pseudo-second order model, and the 

thermodynamic parameters indicated that the adsorption process was spontaneous, 

exothermic, and accompanied by a decrease in the adsorbed layer randomness. 

The study demonstrates the potential of the CoFe2O4@Kaol nanocomposite as an effective 

and durable adsorbent for the removal of organic pollutants such as MB dye from wastewater. 

The innovation of this work lies in the successful synthesis of the CoFe2O4@Kaol 

nanocomposite and its application as an adsorbent for MB dye removal. The study also 

proposes the possibility of increasing the efficiency of removal of organic pollutants over 

CoFe2O4@Kaol by synthesizing a new organomagnetic kaolinite. 

In terms of future work, further studies could focus on the optimization of the CoFe2O4@Kaol 

nanocomposite for the removal of other organic pollutants such as pesticides and heavy 
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metals. Additionally, the study of the potential application of the CoFe2O4@Kaol 

nanocomposite in large-scale wastewater treatment facilities is also of interest. The proposed 

synthesis of a new organo-magnetic kaolinite could be investigated to enhance the removal 

efficiency of organic pollutants. Overall, this study provides a foundation for the development 

of efficient and sustainable wastewater treatment technologies. 
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