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Abstract: The main objective of this present work is to develop a new 

generation of sorbent supports in the form of gelled and hydrophobic 

magnetic beads based on aluminum-pillared montmorillonite, sodium 

alginate and magnetic nanoparticles.  

The first step was to prepare the aluminum-pillared montmorillonite 

as well as the ferrofluid (FF) as a magnetic material. The ferrofluid 

composed of maghemite nanoparticles (γ-Fe2O3) coated with citrate 

ions, was characterized by the XRD, SEM, FTIR and VSM methods.  

The prepared wet biocomposites beads were used in the sorption in a 

batch system of methyl green (MG). The effects of pH and initial 

pollutant concentration on the MG removal were investigated. For all 

the classes of beads prepared, the kinetic study showed that it is the 

pseudo-first-order model which best describes the behavior of MG 

towards the sorbent beads.  The modeling of sorption isotherms  

showed that the Sips model gives more satisfactory results than those 

of Freundlich and Langmuir. 
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I. Introduction  

 

The use of membranes in water treatment is often 

confronted with the drawbacks of clogging, storage 

of sludge resulting from physicochemical and 

biological treatments and therefore entails a high 

cost of the nanofiltration process [1,2].  

In this context, the use of solid magnetic materials in 

water treatment could provide solutions of these 

drawbacks of current methods. 

The concept of magnetic separation in depollution 

consists of adding magnetic particles to the mixture 

which could adsorb various pollutants (organic or 

inorganic) and then extracting them by applying a 

magnetic field gradient. 

Researchers are seeking to develop high-

performance magnetic adsorbents, which is clear 

from the number of articles and patents published 

between 1986 and 1990. In fact, more than 1000 

patents and 1900 articles have been published in this 

field [3]. 

In 2004 Oliveira et al. [4] added iron oxide to a 

zeolite for the extraction of metal cations. In 2014, 

Obeid G. studied the adsorption of methylene blue 

on magnetic nanoparticles functionalized by citrate 

ions. The amount of adsorbed methylene blue of the 

order of 97% was obtained over a wide pH range 

from 4.2 to 10.3 [1]. 

D. Talbot et al. (2018) mixed a solution of sodium 

alginate and ferrofluid to obtain a new magnetic 

nanocomposite to adsorb methylene blue. The 

obtained results showed that the adsorption capacity 

of the dye is higher than 273 mg.g-1 [5]. 

Recently, several types of magnetic materials have 

been encapsulated with polymers and used in water 

treatment [6-10]. 

The modification of clays by intercalation has made 

it possible to prepare intercalated clays of very 

diverse natures depending on the nature of the 

intercalating agents (inorganic metallic polycations, 

organic polymers, tris-chelate metals, 

organometallic complexes, etc.) [11.12]. 



A. Hattali and al 

 

Copyright © 2023, Algerian Journal of Environmental Science and Technology, All rights reserved 

3354 

 

Pillaring by intercalation between the clay sheets of 

large single or mixed metal polycations allows to 

obtain microporous materials, with large basal 

spacing and a very thermally stable structure [13]. 

Hydrophobic and organophylic organo-inorgano-

clay complexes in which organic molecules are co-

adsorbed by inorgano-clay complexes are 

characterized by strong adsorbent properties towards 

both organic and/or inorganic pollutants [14-2]. In 

the field of powder shaping, the encapsulation of 

clay particles in spherical gelled beads has also been 

very successful in recent years [15-19].  

The main objective of this present study is to prepare 

hydrophobic, magnetic and stable spherical gel 

beads for the adsorption of Methyl Green dye. This 

new generation of sorbent gel matrices is 

synthesized based on aluminum-pillared clay (Al-

Mt), Ferrofluid (FF) as a magnetic nanoparticles and 

sodium alginate (AS).  

 

II. Materials and methods 

II.1. Materials 

Alginic acid sodium salt (C6H7NaO6)n, 99% 

(Panreac, Quimica SA, high viscosity). Ferric 

chloride hexahydrate (FeCl3•6H2O), Ferrous 

chloride dihydrate (FeCl2•2H2O), Ammoniac 

(NH4OH), Sodium hydroxide (NaOH), Trisodium 

citrate (C6H5Na3O7) and HCl were purchased from 

(PANREAC). Aluminum chloride Al𝑪𝒍𝟑.6𝑯𝟐O, 99 

% (Acros) and Hydrated iron nitrate 

(Fe(NO3)3.9H2O) were purchased from 

(BIOCHEM) . Calcium chloride solutions were 

prepared by dissolving a known amount of CaCl2, 

2H2O, 98% (PROLABO) in distilled water. Methyl 

green solutions (C26H33Cl2N3Cl2Zn) (Cationic dye), 

with molecular weight= 458.47 g.mol-1 and pKa 

=11,5. 

 

II. 2. Preparation of adsorbents 

 

II. 2.1. Preparation of magnetic nanoparticles 

(Ferrofluid) 

 

The magnetic material used is a ferrofluid (FF) 

composed of maghemite (γ-Fe2O3) nanoparticles 

coated with citrate ions. It was prepared under the 

following conditions: 

The particles were synthesized by co-precipitation of 

a stoichiometric mixture of ferrous and ferric 

chlorides in an ammonium hydroxide solution. The 

obtained magnetite precipitate (Fe3O4) was acidified 

with nitric acid and oxidized to maghemite (γ-Fe2O3) 

at 90 ° C with iron (III) nitrate. To obtain a stable 

magnetic dispersion compatible with the alginate gel 

(neutral medium), these particles were covered with 

citrate anions [6,20,21]. After precipitation with 

acetone, the coated particles were filtered, dried at 

40 °C and then ground to obtain a stable magnetic 

nanoparticle powder designated below as (FF). 

 

II.2.2. Preparation of aluminum-pillared 

montmorillonite  

 

The used clay comes from a batch of natural 

bentonite (Maghnia deposit in western Algeria). It is 

supplied by ENOF (National Company for Useful 

Substances and Non-Ferrous Products). This 

bentonite has already been characterized previously 

by Bouras [22].The preliminary treatment of the 

bentonite and the recovery of the homoionic sodium 

fraction (< 2 μm) by sedimentation called “Na-Mt” 

were previously optimized by Khalaf et al. [23]. 

The preparation of the pillaring solution providing 

aluminum hydroxide polymers consists in titrating, 

using a peristaltic pump, an aluminum chloride 

solution with 0,225 M caustic soda according to the 

following conditions previously optimized by 

Bouras [22]: 

Al/Mt-Na = 5 mmol.g-1; [Al]f = 0.1 mol.L-1; 

[AlCl3.6H2O] = 0.5 mol.L-1; OH/Al = 1.8; [NaOH] 

= 0.225 mol.L-1;  Clay suspension : 0.5 %; Flow = 

1.5 mL.min-1. 

The solution obtained at the end of the titration must 

be subjected to vigorous stirring for a further period 

of time in order to ensure complete homogenization. 

This solution was kept in the dark for maturation for 

48 hours. 

Suspensions of Na-Mt with concentrations generally 

equal to 0.5%, initially well homogenized for one 

hour, are titrated dropwise (8.1 mL.min-1) using a 

peristaltic pump, with the pillaring solution (PCBA) 

under rapid and permanent agitation. The objective 

is not only to space the layers of the mineral as much 

as possible and further widen their basal distances, 

but also to create pores in the plane of this mineral. 

At the end of the titration, the modified 

montmorillonite was left in contact with the metals 

polycations for about 4 hours in order to ensure good 

insertion. 

 

After several washes with distilled water and 

vacuum filtration, the obtained solids called also 

inorgano-montmorillonite complexes, are dried at 40 

°C for 24 hours. The entire pillared clay preparation 

protocol is summarized in the Figure 1. 

 

II.2.3. Preparation of biocomposites gelled beads 

 

A viscous and homogeneous solution of sodium 

alginate (AS) was prepared by gradually adding 1 g 

of AS (powder) to 100 mL of distilled water under 

magnetic stirring for 4 hours. 
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Figure 1. Flowchart showing the different 

experimental methods of processing and modifying 

the used bentonite  

 

The powdered aluminum pillared clay (Al-Mt) 

and/or FF masses are then added separately and 

slowly to the initial sodium alginate solution. All 

obtained mixtures are kept under rapid stirring for 

two hours. The obtained homogeneous suspensions 

are introduced drop by drop using a peristaltic pump 

with a flow rate 3.3 mL.min-1 in a calcium chloride 

bath (0.1 M; 200 mL) 

The gelled beads thus obtained are washed three 

times with distilled water and with magnetic stirring 

for 1 hour 30 minutes and then stored in tinted bottles 

containing distilled water. The compositions of the 

prepared formulations are summarized in Table 1.  

Figure 2 illustrates the experimental device for 

preparing the various biocomposites gelled beads. 

 

Table 1.  Composition of biocomposites gelled beads 

 

Formulation 

 

AS 

(g) 

Al-Mt 

(g) 

FF 

(g) 

AS/Al-Mt 

 

1 

 

2.5 0 

AS/AlMt/FF 1 2.5 0.3 

 
Figure 2. Diagram of the experimental device 

illustrating the preparation of the beads. 

(a) Mixture of (AS/Al-Mt) or (AS/Al-Mt/FF);            

(b) Magnetic bar; (c) Magnetic stirrer;                         

(d) Peristaltic pump; (e) Solution of CaCl2;                  

(f) Gelled beads. 

 

II.3. Characterization of prepared adsorbents 

 

The physical properties of aluminum-pillared 

montmorillonite have already been determined in 

previous work [22]. The methods [Vibrating 

magnetometer (VSM) (MicroSense EasyVsM 

20160209-01), X-ray diffractometers (XRD) 

(Rigaku; SmartLab SE; detector D / TEX U250), 

Scanning Electron Microscopy (SEM) (QUANTA 

250; HV: 20Kv; spot: 3; detector: ETD) and Fourier 

Transform Infrared Spectroscopy (Frontier FT-IR / 

Jasco type 4100)] were used for the characterization 

of magnetic nanoparticles (FF). 

The FTIR was also used to determine the spectra of 

biocomposites gelled beads prepared in the range of 

400 – 4000 cm −1 using KBr pellets. 

The diameter of the prepared beads was determined 

using a digital caliper. 

The water content of the prepared biocomposite 

gelled beads was determined according to the 

following equation: 

 

% 𝑾 =
 mH−𝐦𝐬

mH

∗ 𝟏𝟎𝟎                                    (eq. 1) 

 

Where: 

mH and ms represent the mass of the wet and dry 

beads, respectively. 

 

The acid-base properties of the prepared beads were 

determined by potentiometric titration [24]. In each 

Erlenmeyer flask, 50 mg of adsorbent (biocomposite 

gelled beads) were added to 50 mL of distilled water 

for pH varied between 2 and 12. The pH of each 

solution was adjusted by adding either HCl or NaOH 

(0.01 M). 

 

II.4. Effect of pH 

 

The pH is an important factor in any adsorption 

study. It can influence both the surface charge of the 

sorbent and sorbate. Then, the adsorption test will be 

depending strongly on the pH value. 

For this reason, any study relating to the 

optimization of the absorption capacity must take 

into account the behavior of the sorbate as a function 

of the pH. 

 

In this study, we followed the effect of pH on Methyl 

Green (MG) adsorption on the two categories of 

prepared gelled beads: 

 

50 mL of the methyl green solution (C0 = 10 mg.L-1) 

is brought into contact with 0.5 g of beads, the pH of 

the solutions varying between 3 and 9. All the 

mixtures were prepared at room temperature (20 ± 2 

°C) and stirred at 250 rpm with a mechanical stirrer 

(Edmund Bühler GmbH SM-30). 

The pH effect is studied by examining the adsorbed 

amounts at different pH of these solution mixtures 
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biocomposite gelled bead/MG. All the solutions 

obtained after equilibrium are analyzed by UV-Vis 

spectrophotometry (Pharmaspec Shimadzu (VIS-

1700) at the appropriate wavelength λmax (nm) = 

626 nm. 

 

II.5. Sorption study 

 

II.5.1. Sorption kinetics 

 

A mass of 0.5 g of each type of prepared 

biocomposites gelled bead was mixed with 50 mL of 

an aqueous solution of methyl green (10 mg L−1) 

with pH equal to 9. The mixtures were prepared at 

room temperature (20 ± 2 °C) and stir at 250 rpm 

with a mechanical stirrer (Edmund Bühler GmbH 

SM-30). Samples are thus taken at different time 

intervals ranging from 0 to 13 hours. 

 

The MG solutions thus obtained are analyzed by 

UV-Visible spectrophotometer at the same 

wavelength of absorption elicited. 

 

The adsorbed quantities (Qt) and the elimination rate 

(r) are calculated from the following equations: 

 

𝑄𝑡 =
(C0−𝐶𝑡)

𝑚
∗ 𝑉                                            (eq. 2) 

r =
(C0−Ce)

C0

∗ 100%                                       (eq. 3) 

 

With Qt: Adsorption capacity at time t (in mg g-1); C0 

and Ct: Initial and final concentration of MG (mg L-

1); V: Solution volume (L); m: mass of the dried 

beads (g). 

 

II.5.2. Initial MG concentration effect 

 

Initial concentration effect was studied by analyzing 

the results obtained from sorption kinetics for 

different concentrations of methyl green (25, 50, 75 

and 100 mg L-1). 

 

II.5.3. Sorption isotherms  

 

Masses of wet gelled biocomposite beads varying 

from 0.5 to 2.5 mg are mixed with 100 mL of the 

methyl green solution (C0 = 10 mg L-1, pH = 9), and 

stirring at 250 rpm for 3 h. 

 

 Sorbed quantities at equilibrium Qe are calculated 

from the following equation: 

 

𝑄𝑒 =
(C0−Ce)

𝑚
∗ 𝑉                                             (eq. 4) 

 

With C0 and Ce: Initial and equilibrium 

concentration of MG (mg L-1); V: Solution volume 

(L); m: mass of the dried beads (g). 

 

III. Results and discussion 

III.1. Characterization of the prepared Sorbents  

 

Aluminum pillared montmorillonite (Al-Mt) has 

already been characterized by Khalaf et al. [23]. 

 

The XRD spectrum of the synthesized magnetic 

nanoparticles was compared to the reference 

spectrum of maghmite (No. 96-901-2693). The XRD 

spectrum of the synthesized nanomaterial between 

the 2θ° confirms that it has a crystal structure of 

maghmite and all the peaks of γ-Fe2O3 (30.29°, 

35.71°, 37.35°, 43.28°, 53.81°, 57, 39° and 63.06°) 

were indexed in the XRD spectrum as shown in 

Figure 3. Netherless, there are others peaks, can be 

corresponding to others magnetic components like 

hematite or magnetite.  The average crystallize size 

D of magnetic nanoparticles was estimated using 

Scherer's formula [25]: 

 

D =
0.9*λ

β*COSϴ
                                                      (eq. 5) 

 

Where θ is the Bragg's angle, λ is the X-ray 

wavelength and Β is the full width at half maximum 

(FWHM) of the peak, which was determined by 

Origin.8 software.  

 

The obtained crystallite size of the intense peak 

(311) is 68.87 nm, and the average crystallite size is 

around 156.72 nm. 

 

 
Figure 3. XRD spectrum of the prepared magnetic 

nanoparticles. 

 

Figure 4 shows the magnetic character of the 

prepared ferrofluids obtained using a vibrating 

magnetometer at 25 °C, with a magnetic field of up 

to 22 kOe and a sample vibration of the order of 75 

Hz. The results corresponding to these magnetic 

nanoparticles exhibit superparamagnetic behavior. 

The saturation magnetization, coercivity and 

remanence values are of the order of 35.4 emu g− 1; 

4.90 Oe and 0.21 emu g-1; respectively. 

 

The FTIR spectra of the magnetic nanoparticles 

prepared from the various studied matrix, which are 

presented in Figure 5, characterizes the different 

species grafted to the surface of the nanoparticles 

and identifies the bonds involved with the surface 

sites. The obtained spectrum is typical of oxides of 
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disordered spinel structure, characterized by two 

wide Fe-O vibrational bands at 636 and 586 cm-1. 

 

 
Figure 4. Magnetic curve of the prepared magnetic 

nanoparticles. 

 

 
Figure 5. FTIR spectrum of the prepared magnetic 

nanoparticles. 

 

The significant absorbance observed at around 

approximately 3400 cm−1 corresponds to hydroxyl 

(−OH) stretching bands. The double bands appearing 

around 1616 cm−1 and 1386 cm−1 are characteristic 

of the carboxyl group (COO−) [26].  

 

As shown in Figure 6, SEM analysis shows that the 

magnetic nanoparticles display an almost spherical 

geometry, with a non-uniform shape distribution 

[27].  

 

As shown in Figure 7, the prepared beads are roughly 

spherical and are whitish in due to the presence of 

Al-Mt, while those based on FF and Al-Mt are rather 

brownish.  

 

The average diameter as well as the water content 

values of the prepared beads are given in Table 2. 

The corresponding results obtained for the two types 

of biocomposite gelled beads show good 

reproducibility. 

 

The magnetic response of the prepared biocomposite 

gelled beads was tested by placing a neodymium 

magnet near the glass vial. As shown in Figure 7, 

these sorbent beads containing FF are attracted to the 

magnet and can therefore be easily separated from 

the solution under an external magnetic field.  

 

 
 

 
 

Figure 6. SEM images of the prepared magnetic 

nanoparticles. (A) Magnification ˟12000, (B) 

Magnification ˟ 24000. 

 

Table 2. Physical characterization of the prepared 

biocomposites gelled beads. 

 

Biocomposite 

gelled beads 

Diameter 

(mm) 

Water 

content 

(%) 

pHZPC 

AS/Al-Mt 3.5 95.08 5.75 

AS/Al-Mt/FF 3.5 94.04 6.6 

 

The FTIR spectrum of gelled biocomposite beads 

shows significant absorbance at around 3400 cm-1 

corresponding to the characteristic hydroxyl (-OH) 

stretch bands of alginate. The two bands located at 

1635 and 1427cm−1 are characteristic of the carboxyl 

group (COO-). The stretching vibration that peaks 

around 1036 cm−1 and 454 cm−1 corresponds 

respectively to the CO bond and Si-O-Mt 

characteristic of Al-pillared montmorillonite [16]. 

The intense absorption band at 529 cm-1 in the 

AS/Al-Mt/FF sample corresponds to the Fe-O 

A 

B 
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stretching vibration related to the magnetite phase in 

the prepared magnetic nanoparticles [26].  

 

  AS/Al-Mt beads 

  
Before sorption After sorption 

AS/Al-Mt/FF beads 

  
Before sorption After sorption 

magnetic separation 

 
Figure 7. Photographies of the prepared 

biocomposite gelled beads, (A) before and after MG 

sorption on AS/Al-Mt beads, (B) before and after 

MG sorption on AS/Al-Mt/FF beads, (C) magnetic 

separation. 

 

 
Figure 8. FTIR spectrum of the prepared 

biocomposite gelled beads. 

 

All these results confirm that the Al-Mt and FF 

powders have been encapsulated with success into 

sodium alginate matrix and confirm the absence of 

any reaction between them and sodium alginate. 

 

Figure 9 illustrates the zero charge point (ZCP), 

where Q is the charge of the adsorbat surface. The 

pHZCP values of the prepared beads are given in 

Table 2. The zero charge point governs the 

electrophoretic mobility in the sample where the 

surface charge is neutral. 

Potentiometric titration provides a measure of 

sequential proton binding by surface functional 

groups of materials [28]. Thus, when the pH of the 

solution is lower than the pHZCP of the sorbent, the 

biocomposite beads would be favorable to the 

retention of the anionic dye. 

 

On the other hand, when the pH of the solution is 

higher than the pHZCP of the sorbent, the surface of 

the beads becomes negatively charged, and therefore 

makes it possible to easily sorb the methyl green. 

Under such conditions, the sorption of methyl green 

molecules on the biocomposite beads is enhanced 

due to the electrostatic interaction in the studied pH 

range. 

 
Figure 9. pHzcp curves for the AS/Al-Mt and AS/Al-

Mt/FF biocomposite beads. 

 

The pH effect on the sorption of the methyl green 

dye on the two types of prepared biocomposite 

gelled beads is illustrated in Figure 10. 

Corresponding results clearly showed that the pH of 

the solution does not have a significant effect on 

sorption mechanism of methyl green on the prepared 

beads in the pH range of 3-9. For the entire pH range 

studied, the prepared (AS/Al-Mt/FF) and (AS/Al-

Mt) beads were found to be effective in  sorbing 

methyl green with removal rates greater than 87 and 

89%, respectively. 

 
Figure 10. pH effect concerning methyl green 

sorption on prepared biocomposite gelled beads (C0 

= 10 mg L-1, t = 4 h, v =250 rpm). 

 

III. 2. Modelling kinetic sorption 

AS/Al-Mt/FF 

Neodymium 

magnet 

A 

B 

C 
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Figure 11 and Table 3 show the results 

corresponding to the sorption kinetics. These results 

indicate that the sorption capacity of methyl green 

increases with the contact time. 

 

The sorption reaches equilibrium after 150 minutes 

for the two formulations of the biocomposite gelled 

beads. 

The analysis of all these results leads to the 

conclusion that the the beads of (AS/Al-Mt) and 

(AS/Al-Mt/FF) types exert almost the same effect 

for low concentration of methyl green (C = 10 mg L-

1).  

 

Table 3. Data of sorption kinetics of prepared 

biocomposite gelled beads at pH = 9, C0 = 10 mg.L-

1, T = 28 °C and v =250 rpm 

Biocomposite 

gelled beads 

MG 

removal 

rate 

r (%) 

Sorbed 

quantity 

Qe  

(mg g-1) 

AS/Al-Mt 88.09 19.06 

AS/Al-Mt/FF 89.35 15.94 

 

 

 
Figure 11. Sorption Kinetics of MG on the 

biocomposite gelled beads at pH = 9, C0=10 mg L-1, 

T = 28 °C and stirring speed = 250 rpm (A) MG 

removal Rate (B) Sorbed quantity at equilibrium. 

 

The experimental results of the sorption kinetics of 

methyl green on the prepared biocomposite beads 

were modeled by applying both the pseudo first and 

pseudo second order kinetic models.  

 

The pseudo first order kinetic model allows us to 

describe the phenomena that take place during the 

first minutes of the sorption process. It is described 

by the following Lagergren equation [29] 

 

 𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝐾1𝑡)                                   (eq. 6)      

 

The linear form of this equation is:             

 

Ln (Qe – Qt) = Ln (Qe) –k1t                          (eq. 7) 

 

Qe (mg g-1): Sorbed quantity of MG at equilibrium; 

Qt (mg g-1): Sorbed quantity of MG at time t; k1 (min-

1): Rate constant kinetic pseudo first order model 

 

The pseudo-second-order equation is often used 

successfully to describe the reaction kinetics of MG 

binding to the sorbent [30]. 

 

This irreversible model makes it possible to 

characterize the kinetics sorption by taking into 

account both the case of solutes rapid fixation at the 

most reactive sites and that of slow fixation at sites 

of low energy. 

 

The model of HO and Mckay [31] is a kinetic pseudo 

second order model. It is defined by the following 

equation:   

 

Qt =
Qe

2K2t

1+(QeK2t)
                                           (eq. 8) 

 

The linear form of this equation is: 

 
t

Qt
=

1

Qe
t +

1

K2Qe
2                                             (eq. 9)    

 

With Qe (mg g-1) and Qt (mg g-1) represent the sorbed 

quantity of MG at equilibrium; and at time t, 

respectively; K2: Rate constant of kinetic pseudo 

second order model. 

 

The experimental results of sorption kinetics were 

modeled using both pseudo-first and pseudo-second 

order models. As shown in Table 4, the kinetic 

behavior of methyl green sorption on both prepared 

beads is best described by the pseudo first order 

model.  The correlation coefficients (R2) are 

considered to be satisfactory; the calculated Qe 

values of the pseudo first order graph are closer to 

those determined experimentally. 

 

A 

B 
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Table 4. Parameters values related to MG sorption kinetics on the prepared biocomposite gelled beads at          

pH = 9, T = 28 °C and stirring speed = 250 rpm.

  

Param

-eters 

 

Initial concentration of methyl green (mg L-1) 

AS/Al-Mt 

 

 

AS/Al-Mt/FF 

10 25 50 75 100 10 25 50 75 100 

r (%) 88.09 94,3

1 

94,98 92,77 86,68 89.3

5 

97,29 97,97 97,24 93,51 

Qe exp 
(mg g-1) 

19 47 96 133 184 16 40 81 115 164 

Pseudo 

First 

Order 

 

Qe cal 
(mg g-1) 

18.9 46.9 95.28 132.63 184 15.9 39.65 80.89 114.83 163.41 

K1 

(min-1) 

0.06 0.03 0.02 0.02 0.04 0.07 0.00 0.01 0.02 0.00 

RMSE 1.46 1.08 0.69 0.81 15.28 1.41 1.72 1.00 0.90 0.52 

R2 0.96 0.91 0.97 0.86 0.96 1 0.71 0.98 0.77 0.92 

 

Pseudo 

Second 

Order 

 

 

Qe cal 
(mg g-1) 

18 46.5 46.73 46.95 46.95 15.7 46.3 46.73 46.95 46.3 

K2 

(g 

g−1min−1

) 

1.12 4.90 41.14 60.30 60.65 0.64 2.22 4.03 25.04 2.41 

RMSE 0.03 0.01 0.01 0.01 0.01 0.04 0.04 0.07 0.01 0.01 

R2 0.91 0.81 0.87 0.85 0.96 0.99 0.17 0.97 0.83 0.99 

The parameters associated with each model were 

calculated using generic algorithms in MATLAB 

[32,33]. 

 

Initial methyl green concentration effects (25 to 100 

mg L−1) on its sorption by the prepared biocomposite 

gelled beads (AS/Al-Mt) and (AS/Al-Mt/FF) were 

studied.  

 

As shown in Figure 12, methyl green sorption 

capacity increases with increasing MG initial 

concentration. Figure 13 and Table 4 show that 

(AS/Al-Mt/FF) magnetic biocomposite gelled beads 

have a higher MG removal rate than AS/Al-Mt 

beads. 

 

On the other hand, the dye removal rate decreases 

from 94 to 86% (for AS/Al-Mt beads) when the 

initial concentration increases. However and for 

AS/Al-Mt/FF magnetic biocomposite gelled beads, 

the removal rate remains stable in the order of 97%  

in the concentration range of 25 to 75 mg L-1 but it 

decreases slightly, and reaches 93% at higher 

concentration of 100 mg L-1. 

 

 

 

 
Figure 12. Initial MG concentration effect on the 

sorbed quantity at the equilibrium by the prepared 

beads (A): AS/Al-Mt and (B): AS/Al-Mt/FF 

(pH = 9, T = 28 °C and v = 250 rpm). 

 

A 
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Figure 13.  Initial MG concentration effect on the 

dye removal rate by the prepared beads (A): AS/Al-

Mt and (B): AS/Al-Mt/FF (pH = 9, T = 28 °C and     

v = 250 rpm). 

 

III. 3. Modelling of sorption isotherm 

 

Among the used models, which represent the 

equilibrium relationship between the sorbed quantity 

Qe and the concentration of the solute in the solution 

Ce, the following three classical models can be 

mentioned: 

 

These are the Langmuir, Freundlich and Sips 

models. 

a. Freundlich Model 

 

Freundlich model is semi empirical. It is based on 

the assumption of a heterogeneous sorbent surface, 

with an exponential distribution of active sites as a 

function of sorption energies [34]. The model 

equation is written as follows: 

 

𝑄𝑒 = QmKFCen             (eq. 10) 

 

With Qm: Maximum sorption capacity in mg.g-1; KF: 

Parameter relating to the sorption capacity; n: 

Parameter relating to the distribution of sorption 

energies. 

 

The Freundlich parameters are characteristic 

constants of the couple (sorbent / sorbate), 

determined experimentally at a given temperature. 

However, this model does not admit the existence of 

a maximum sorption capacity. It is limited to diluted 

media and only takes into account the 

(sorbate/sorbent) interactions. The coefficient n is a 

measure of the sorption intensity or the 

heterogeneity of the surface. Thus, if n = 1, the 

partition between the two phases is independent of 

the concentration. On the other hand, if n < 1, the 

sorption is quantitatively greater and for n > 1: the 

intensity of the sorption is lower [34]. 

b- Langmuir Model 

Langmuir model assumes that the surface of the 

sorbent is homogeneous in terms of energy and does 

not take into account the interactions between the 

sorbed molecules [35]. 

 

At equilibrium, the Langmuir model equation is 

given as follows: 

 

Qe =
KLQmCe

1+KLCe 
                                       (eq. 11) 

 

With Qm: Maximum sorption capacity in mg.g-1; KL: 

Ratio between sorption and desorption rate 

constants. 

 

c- Sips Model 

 

Sips proposed a similar equation in form to 

Freundlich equation, but it has a limit when the 

concentration is very high [36]. 

 

Qe =
QmKsCe

ms

1+KsCe
ms          (eq. 12) 

 

With Ks: Sips equilibrium constant, ms: The 

exponent of the Sips model. 

 

Figure 14 shows the sorption isotherms of the 

prepared biocomposite gelled beads. According to 

the classification established by Giles et al. [37], 

sorption is described by an L-type isotherm which 

characterizes a strong attraction between the sorbate 

and the sorbent. Results show that saturation is not 

reached but we can still estimate the value of Qm. 

 

According to Table 5 and Figure 14, the Sips model 

gives more satisfactory results than the Freundlich 

and Langmuir models for the two types of prepared 

biocomposite gelled beads (AS/Al-Mt and AS/Al-

Mt/FF). 

 

 

A 
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Figure 14. Modeling of methyl green sorption 

isotherm (A): AS/Al-Mt beads, (B): AS/Al-Mt/FF 

beads (t = 1h30, pH = 9, C0 = 10 mg L-1, T = 28 °C 

and v = 250 rpm). 

 

Table 5. Modeling’s constants of methyl green 

sorption isotherms. 

 

IV. Conclusion 

A new generation of sorbent supports in the form of 

hydrophobic and magnetic gelled beads has been 

developed and subsequently used in the sorption of 

methyl green in discontinuous systems.  

The two types of biocomposite gelled beads obtained 

are spherical with a diameter equal to 3.5 mm. Their 

water content and pHzcp are successively (95%; 5.75) 

and (94%; 6.6) for AS/Al-Mt and AS/Al-Mt/FF. The 

pH solution did not have a significant effect on 

methyl green sorption mechanism on prepared beads 

in the pH range 3-9. In addition, the sorption capacity 

increases with the increase of the initial MG 

concentration and the MG removal rate remains 

stable for the magnetic biocomposite gelled beads 

(AS/Al-Mt/FF) (97%) in the range of initial dye 

concentration [25-75 mg L-1]. The behavior of 

methyl green sorption kinetics on all the prepared 

beads is better described by the pseudo first order 

than that of the pseudo second order model. 

Regarding the modeling of sorption isotherms, the 

Sips model gave more satisfactory results than those 

of Freundlich and Langmuir models. 
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