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ABSTRACT: Due to the adverse effects of Carbon dioxide (CO2) emissions on the environment; 

various mitigation is regulated to control its emissions. In this study, CO2 adsorption isotherms  

on NaX or Faujasite X and exchanged zeolites with  Li+ (LiX), Zn + (ZnX), Mg2+ (MgX) and K+ (KX) 

at different temperatures (298, 308, 323, 353, and 362 K) were investigated, using high pressure  

(3 MPa (30 bar)) thermogravimetric analyzer. The experimental results were then validated using 

numerous isotherm kinetics models namely Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, 

Elovich, Toth, and Sips. From the study, it was found that the CO2 adsorption isotherms are characterized  

by a strong increase in low-pressure adsorption and a trend towards a high-pressure limit value Qmax. 

Specific surface area and pore volume revealed the most significant influent parameters for this study. 

These findings revealed that both experimental and modeling well correlated with Toth and Sips, gave 

the best results regardless of the material used. 
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INTRODUCTION 

Greenhouse gases, such as carbon dioxide, methane, 

nitrous oxide, are naturally present in the atmosphere, and 

at the same time play the role of a thermal regulator for our  

 

 

 

planet. Since the industrial revolution, human actions  

and activities, have caused an artificial increase of these 

gases and translates by the formation of a denser layer 
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in the atmosphere, causing global warming [1]. Scientists 

predict an increase of 5˚C by 2100; which multiplies 

extreme weather: cyclones, hurricanes, droughts, 

heatwaves, and overwhelming torrential rains [2]. 

For years, many authors have been concerned about 

materials to be used for the storage of greenhouse gases,  

in order to reduce their quantity present in the atmosphere, or 

emitted by the industry principally work on CO2. That 

represents 60% of the greenhouse effect of anthropogenic 

origin and may reach 80% in industrialized countries. Several 

methods have been used to such separation and adsorption, 

which are supposed to play a fundamental role in CO2 capture 

[3-4]. Microporous materials such as active charcoal [5-6] 

and zeolites [3-4], gave encouraging and remarkable results 

but not enough, which has led researchers and scientists 

to find alternatives to enhance their adsorption capacity.  

Among these chemical doping onto zeolites materials 

(HZSM-5, M-ZSM-5, 13X, and NaX) claimed among  

the most higher adsorption capacity of CO2 [5-7]. 

NaX or Faujasite X (NaxAlxSi192-xO384) has great 

commercial use, due to its crystal structure stability and 

large voluminous pores.  The Si/Al ratio of NaX depends 

mainly on the initial composition of the starting hydrogel 

and varies between 1 and 1.5 [8-9]. The structure  

of the NaX consists of 24 TO4 tetrahedra, which forms  

a cube-octahedron called cage β or sodalite, with a diameter 

of 7 Å and a volume around 160 Å3. Together, these 

components contain a large multi-surface cavity called 

supercar, which constitutes the basic unit of the 

microporosity of the NaX zeolite[11]. The super cages are 

assimilated to pseudo-spheres of 13 Å in diameter and 

about 850 Å3 in volume and communicate with each other 

through openings with 12 oxygen atoms (7.4 Å in diameter), 

which allows access to many molecules [11]. The cage β 

is connected to the cage α by openings, with 6 oxygen 

atoms of approximately 3 Å in diameter. The exchange of 

ions of zeolites is done with compensation cations such as 

Na+, Li+, Rb+, K+, H+,  Cs+, Ca2+, Mg2+, and Ba2+, which is 

reversible [12-14]. 

The size of the exchanged cation has a direct induction 

on the adsorption capacity, and on the interaction energy 

between the cationic sites and the CO2 molecules.  

Walton et al. [3], have shown that the size of the exchanged 

cation is inversely proportional to the adsorption capacity. 

Khelifa et al. [4], have shown that the size of the exchanged 

cations is inversely proportional to the interaction energy, 

between the cationic sites and the CO2 molecules. 

Stacey et al [15], have demonstrated that under  

the effect of cationic interactions, the adsorption of CO2  

in BaX and LaX is low; in contrast to KX, and the adsorption 

of CO2 in KX is made in the form of bidentate carbonate. 

Ahn et al. [16], studied the adsorption type on zeolite 

4A and CaX, and found that the diffusion in the zeolite 4A 

is controlled by the diffusion of the micropore; on the other 

hand, in the CaX zeolite, the diffusion was controlled  

by microporous and macroporous diffusion. Park et al. [6], 

studied the adsorption of CO2, CO, N2, and CH4 on a LiX 

zeolite, and they showed that the addition of Li+ ions 

increases the CO2 adsorption capacity of  NaX. 

However, there are limited studies of high-pressure 

adsorption for KX, MgX, and ZnX, except LiX.  

It is postulated that exchange zeolites, and also the 

inexistence of studies on the influence of nature, and  

the charge of added ions on the validity of the widely used 

isothermal models in the other listed zeolites, may have 

similar results with LiX. 

Therefore, in this study,  two types of monovalent Li+ 

and K+ cations, and divalent Mg2+ and Zn2+cations,  

were investigated for exchanged NaX. The adsorption 

capacities measurement of these materials were performed 

at high pressure of about 3 MPa (30 bar), and at several 

temperatures (298, 308, 323, 353, and 362 K). The analyses 

of a specific surface area and the pore volumes by BET 

technique were also carried on each obtained sample using 

the 2020-M porosity analyzer. The experimental results were 

then validated using isothermal modeling, with Langmuir, 

Freundlich, Temkin, Dubinin-Radushkevich, Elovich, Toth, 

and Sips models; by calculating the regression coefficients and 

a relative error of all exchanged NaX samples. It is expected 

that the significantly influenced variables can be determined 

and validated by appropriate model, for each material sample. 

 

EXPERIMENTAL SECTION 

Material and methods 

The materials used for our experiments are synthetic 

NaX zeolites, with a Si/Al ratio of about 1.1, and a pore 

diameter of 7.4 Å. The exchange of ions of  NaX zeolites 

was carried out with nitrate or cationic oxide salt solutions 

of Li+, K+, Zn2+, and Mg2+, as reported by Nibou et al. [10, 14]. 

In a 200 mL beaker of the solution, containing the cation to 
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exchange, 1 g of NaX sample was mixed; the whole 

mixture was stirred about 36 hours at room temperature, 

then the solution was filtered; the obtained powder  

was washed with demineralized water and dried in an oven 

at 323 K for 30 hours. The exchange rates after the mass 

percentages exploitation of different cations were monitored 

by Induced Coupled Plasma Emission Spectroscopy (ICP-

OES). The Si/Al ratios of exchanged  NaX with Li+, K+, 

Zn2+, and Mg2+cations, were also determined by  

the same technique. The obtained results are shown  

in Table 1.   

 

The determination of the specific surface and the pore 

volumes 

The 2020-M porosity analyzer instrument was used to 

determine the pore volumes and BET of zeolites NaX and 

exchanged  NaX with Li+(LiX), Zn2+(ZnX), Mg2 + (MgX), 

and K + (KX), with relative pressure (p/p0) varying  

from 0.01 to 0.99. 

 

Adsorption of CO2 at high pressure  

The adsorption tests were carried out using a 

gravimetric device, consisting of a magnetic suspension 

balance brand Rubotherm (Bochum, Germany) (Fig1). 

The balance is linked with the control and acquisition 

instruments data on one side; and on the other side, it is 

linked with the elements necessary for the control and 

regulation of pressure, as illustrated in Figure 2. 

Adsorption tests were carried out on 1 g samples, under 

high pressure and at different temperatures (298, 308, 

323, 353, and 362 K).  

 

RESULT AND DISCUSSION 

Adsorption isotherms 

The curves of Fig.3 to Fig.5 represent the adsorption 

isotherms of CO2 onto NaX, LiX, KX, ZnX, and MgX, 

at high pressure and at different temperatures (298, 308, 

323, 353, and 362 K). These curves are of type I, 

according to the IUPAC classification and characteristic 

of the microporous materials. They correspond to 

monolayer adsorption, where the filling of the 

micropores is done with saturation when the available 

volume is totally filled.  

These curves are characterized by a strong increase  

of adsorption at low pressure and a tendency to a limit value 

The characteristic of these  curves, is a strong increase of  
 

Table 1: The cation exchange rates and the Si/Al ratios of 

exchanged NaX by induced coupled plasma emission 

spectroscopy (ICP-OES). 

Cation Exchange rate (%) Si/Al ratio 

Na+ - 1.10 

Li+ 72.80 1.11 

K+ 87.36 1.13 

Zn2+ 99.10 1.42 

Mg2+ 96.20 1.39 

 

 

 
1-Balance . 2-Balance connection. 3-Electromagnetic. 4-Coupling 

housing, 5-Permanent magnetic.  6-Upper internal suspension 

shaft. 7-Bar magnet .8-Position sensor. 9-Upper gaz connection. 

10-Coupling device. 11-Titanium standard cylinder. 12-Lower 

internal suspension shaft. 13-Crucible. 14-Heating collar. 15-

Sample powder. 
 

Fig. 1: The magnetic suspension scale. 

 

adsorption at low pressure, and a tendency to a limit value 

Qmax at high pressure. In general, the zeolites' adsorption 

capacity increases with the pressure of CO2, and 

decreases with the increase of temperature. This is caused 

by, the increase of temperature providing more internal 

energy to the CO2 molecules; which allows the gaseous 

molecules to diffuse faster; but at the same time,  

it reduces the possibility of capturing or trapping CO2,  

by fixed energy adsorption sites on the surface of  

the adsorbent. These observations are in an agreement 

with other researchers [6-7, 17-19]. Table 2 shows 

 the CO2 adsorption capacities, onto the material samples 

used at different temperatures. The CO2 adsorption 

capacities, onto NaX,  ZnX, and MgX, at 298 K are 7.56,  6.73 

6.91 mol/kg respectively. 
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1-CO2 gas bottle,2- Vacuum pump,3-Valve,4-Pressure sensor,5-Microbalance,6-Magnetic suspension scale,  7-Temperature sensor,8-Control, and 

regulation unit,9-Desktop computer. 

Fig. 2: Used gravimetric devices diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Adsorption isotherms of CO2 onto NaX at high pressure 

and at different temperatures (298, 308, 323, 353, and 362 K). 

 

Table 3 summarizes only, a comparison of adsorption 

capacities of CO2 onto NaX and LiX, with those found  

in the literature; because there is no previous work onto 

KX, ZnX and MgX, under our current conditions of 

pressure and temperature  

From this comparison, it seems that our results are 

 very close to the results found previously [3,15-17];  

the different values of CO2 adsorption capacities onto 

these samples, seem to be fine 

 

BET and pore volume 

The specific surface values and pore volumes, obtained 

from the different materials, are grouped in Table 4. 

From the obtained results, in Table 4, we notice a 

significant increase in the specific surfaces and the pore 

volumes of the exchanged zeolites, except for LiX, which 

can be explained by the loss of the specific surfaces,  

and the pore volume. This increase is probably related to 

the size of the exchanged ions Na+, by smaller monovalent 

Li+ in NaX samples. In the case of the exchanged ions, Na+  

by larger monovalent K+, the effect of the substitution is 

reverse and decreasing in pore volume and specific surface 

area of KX sample is observed.   

On the other hand, the loss of specific surfaces and pore 

volumes regarding ZnX and MgX zeolites, is mainly due 

to the decrease of the cations density in the super cages, 

since the divalent ions have a tendency to fill  

the inaccessible sites in the sodalite cages (sites I' and II'), 

and the hexagonal prism (site I), which leads to a decrease 

in cationic sites (site III) [20]. There are also other factors 

responsible for this loss, such as the partial collapse  

of the zeolite structure, and the clogging of the porosity [21]. 

 

Effect of anionic radius and electronegativity of cations 

The addition of cations decreases the amount of CO2 

adsorbed onto zeolites, except the cation Li+. For 

monovalent cations, the adsorption of CO2 is influenced by 

the anionic radius r (K+ (1.33 Å)) ˃  (Na+ (0.97 Å)) ˃  (Li+ 

(0.68 Å)), as shown in Table 5. The obtained results are  

in agreement with those of Walton et al. [3]. 
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Table 2: Adsorption capacity of CO2 onto NaX, LiX, KX, ZnX, and MgX at high pressure, and at different temperatures (298, 308, 

323, 353, and 362 K). 

 
Qmax(mol/kg) 

298  (K) 308 323 353 362 

NaX 7.56 7.14 5.79 3.77 3.09 

LiX 9.16 8.56 6.10 4.38 3.92 

MgX 6.91 6.11 3.7 1.42 1.02 

ZnX 6.73 4.72 2.68 1.31 0.99 

KX 4.18 3.74 3.26 2.33 2.09 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Adsorption isotherms of CO2 onto LiX and KX at high pressure and at different temperatures (298, 308, 323, 353, and 362 K). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Adsorption isotherms of CO2 onto ZnX and MgX at high pressure and at different temperatures (298, 308, 323, 353, and 362 K). 

 

The substitution of  Na+ by larger atoms, in our case 

K+, leads to the decrease of pore volume and the specific 

surface area (table4), which implies a capacity decrease  

of adsorbed CO2 by the material; on the other hand,  

the substitution of  Na+ by smaller atoms, in our case Li+, 

increases the pore volume and specific surface area, which 

leads to an increase in the capacity of adsorbed CO2  

by the material; thus it can be concluded that in doping 

with the monovalent ions, the increase of anionic radius 

causes the decrease of pore volume and the specific surface 

area, which implies a decrease in CO2 adsorption capacity; 

on the other hand, the decrease in ionic radius increases  

the microporous volume and the specific surface; which 

implies the increase of the adsorption capacity of CO2. 
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Table 1: Comparison of adsorption capacities of CO2 onto NaX and LiX with those of the literature. 

NaX 

T(K) P(Mpa) 
Reference This work 

Qmax (mol/kg)  Qmax (mol/kg) 

298 2.66 7.22 [16] 7.50 

308 2.50 6.63 [16] 7.00 

323 2.69 5.62 [16] 5.90 

353 1 4.10 [17] 2.4 

LiX 

298 0.1 5.5 [3] 3.50 

308 0.8 5.30 [18] 7.50 

323 0.8 4.60 [18] 5.50 

 
Table 4: Specific surface and pore volume of NaX, LiX, ZnX, MgX and KX samples. 

Material sample Specific surface(m2/g) Pore volume (cm3/g) 

NaX 624,059 0,323 

LiX 653,046 0,412 

ZnX 550,884 0,302 

MgX 570,978 0,313 

KX 405,198 0,252 

 
Table 5: Anionic radius and electronegativity of Na+, Li+, K+, Zn2+ and Mg2+ cations. 

Cation Anionic radius(Å) Electronegativity 

Na+ 0. 97  

Li+ 0.68 0.98 

K+ 1.33 0.82 

Zn2+ 0.74 1.65 

Mg2+ 0.66 1.31 

 

In divalent ions, the increase of the ionic charge causes 

the decrease of the adsorption capacity. These results are 

in agreement with the results obtained by Erten et al. [19]. 

This phenomenon is due to the adsorbate/adsorbent 

interactions, and which have the greatest influence  

on the adsorption phenomenon, mainly of electrostatic 

origin related to the distribution of charges. However, 

studies have confirmed that the addition of bivalent ions, 

decreases the basicity of the zeolite [13]; the cationic 

density in the supercage [20], and promotes the formation 

of oxides (MgO and ZnO in our case), which play the role 

of a barrier in the pores of the NaX zeolite structure, this 

considerably reduces the amount of CO2 adsorbed, and 

explains the decrease in the CO2 retention capacity of 

MgX and ZnX [22].MgX has an adsorption capacity 

greater than ZnX, this phenomenon  is related to several 

factors; such as the difference in anionic radius between 

Zn2+(0.74Å) and Mg2+(0.66 Å), because  the difference  

in size has a direct impact on the pore volumes; as shown 

in Table4; where the volume pore of  MgX is greater  

than ZnX. 

This size effect is also found on the oxide forms,  

so; the ZnO has a greater size than MgO, knowing that 

these oxides play a role of barriers in the micropore, the increase 

in the size of these oxides increases the size of the barriers, 

leading to a decrease in adsorption capacity of CO2.  

Also, the quantity of the formed oxides is an added 

factor, influencing the adsorption capacity effectively.  
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The ZnO oxide is formed more quickly than MgO, due to 

the difference in their electronegativity (Table 5), this 

leads to an increase in the number of barriers in ZnX 

compared to MgX, and explains the increase in the 

adsorption capacity of CO2 onto MgX compared to ZnX 

samples.  

The nature of the oxides formed also influences  

the adsorption capacity of CO2, the MgO is known as 

a good CO2 adsorber unlike ZnO; its presence in the zeolite 

structure of MgX increases the adsorption capacity of 

MgX, compared with ZnX. 

 

Equilibrium isotherms 

The equilibrium isotherms study is elemental in 

contributing the necessary information for the design  

of the adsorption process. In the present work, Langmuir, 

Freundlich, Temkin, Dubinin-Radushkevich, Elovich, 

Toth, and Sips isotherm models, were used to explore  

the equilibrium data by means of NaX, LiX, KX, ZnX, and 

MgX zeolites. 

 

Langmuir model 

The isothermal model of Langmuir is generally used, 

to describe the physical adsorption (gas/solid) and is based 

on the assumption that, the adsorption is localized and 

there is no interaction between adsorbed molecules, so the 

surface is uniform [23]. The model is expressed as follows: 

m
n B P

n
1 B P

=                                                                             (1) 

Where P is the pressure at equilibrium (Mpa),  n: the 

amount of CO2 adsorbed (mol/kg), nm : maximum 

adsorption of single-layer coverage (mol/kg), and B : 

Langmuir constant (Mpa-1) 

The linearization of the model gives the following 

equation: 

e m m

P 1 1 P

n K n n

 
 

 

  =                                                                              (2) 

The separation factor RL is a dimensionless constant 

and one of the essential features of the Langmuir isotherm 

and is defined by: 

L

1
R

1 B P
=                                                                          (3) 

With p is the initial pressure (Mpa) and B Langmuir 

constant (Mpa-1),  

When the separation factor   RL> 0, it indicates that  

the adsorption is favorable, if RL = 1, the adsorption  

is supposed to be linear, and if RL˃ 1, the adsorption  

is considered unfavorable [23-24].  

 

Freundlich model  

The Freundlich model is applicable to adsorption 

processes, that occur on heterogeneous surfaces and  

are expressed by [25-26]:  

1

m
f

n K P=                                                                             (4) 

Where n: the amount of adsorbed gas (mol/kg), P: 

pressure at equilibrium (Mpa), Kf (mol/kg), and m: 

constant. 

The linearization of the model gives the following 

equation: 

f

1
ln n ln K ln P

m

 
   

 

                                                      (5) 

 
Temkin model 

The Temkin model assumes that the heat of adsorption 

of all the molecules in the layer would, decrease linearly 

rather than logarithmically; with coverage due to 

adsorbate/adsorbent interactions, which implies that  

the adsorption is characterized by a uniform distribution  

of binding energies [27]. This model is expressed by:  

 0

m

n R T
ln K P

n Q
=                                                                             (6) 

0

m

n R T R T
  ln K ln P

n Q Q

   
    
   

                                             (7) 

Where K0: Temkin binding constant, Q : isothermal 

constant of Temkin which is related to adsorption heat, R : 

perfect gas constant (8.314J/mol/K), T : temperature (K) 

and B is an isothermal constant with B = RT/Q; 

 
Dubinin-Radushkevich (DR) model 

The DR model is applied to express the adsorptive 

mechanism, with a Gaussian energy distribution on a 

heterogeneous surface [24, 28], and the adsorption follows 

a mechanism to fill the pores, it generally applies to the 
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difference between chemical and physical adsorption of 

metal ions. It is expressed by: 

2

a d
K

s
n  n e

 
                                                                       (8) 

1
 R T ln 1

P

 
   

 

                                                                      (9) 

Where n: the amount of adsorbed gas (mol/kg), ns : the 

amount of gas absorbed at saturation (mol/kg), Kad, ɛ : 

isothermal constants of Dubinin-Radushkevich, P : 

pressure at equilibrium(Mpa) and T : temperature (K). 

The average free energy E is calculated from the 

following relation: 

a d

1
E

K

                                                                             (10) 

 

Elovich model 

This model was developed to describe the kinetics of 

the chemical sorption of gases on solids, it supposes that 

the adsorption is multilayer adsorption, where the adsorption 

sites increase exponentially with the adsorption [29]. 

m

n

n

E

m

n
K P e

n



                                                                 (11) 

The linear form is:  

 E m

m

n n
ln ln   K n

P n

 
  

 

                                             (12) 

Where n: the amount of adsorbed gas (mol/kg), nm :  

the amount of gas adsorbed at equilibrium (mol/kg), P : 

pressure at equilibrium (Mpa), and KE : Elovich constant. 

 

Toth model 

The Toth isotherm is proposed to reduce computational 

errors between the experimental data and the predicted 

equilibrium values, caused by the Langmuir equation, it is 

generally used to describe adsorptions in low and high 

heterogeneous systems pressure, as well as systems with 

underlay cover [30]. It is expressed by: 

 

L

1

s m m

L

K Pn
 

n

1 K P

  

 
 

                                             (13) 

Where n: amount of adsorbed gas (mol/kg), ns : amount 

of adsorbed gas at equilibrium (mol/kg), P : pressure at 

equilibrium (Mpa), KL and  m are the equation constants.  

The parameter m characterizes the heterogeneity of the 

system, with 0 ˂  m ˂  1, and for m = 1 the equation is 

reduced to Langmuir [23]. 

The adsorbate/adsorbent interactions is described by 

the constant Henry's law slope Kh (Kh = nsKL).  

The linear form of the isotherm of Toth is: 

m

Lm m

s

n
ln m ln K m ln P

n n

 
  

 
 

                                         (14) 

A computer program has been done to solve this 

equation. 

 

Sips model 

The Sips model, is used for adsorptions on 

heterogeneous surfaces, this model is a combination 

between Langmuir and Freundlich isotherms, limited to 

low pressure or it is reduced to the Freundlich model [31] 

but very specified at high pressure compared to the model 

of Freundlich, with isothermal parameters as a function of 

temperature. It is expressed by: 

 

 

1

m
s

1

m

n B P
n

1 B P

                                                                               (15) 

Where n: amount of adsorbed gas (mol/kg), ns: amount 

of adsorbed gas at equilibrium (mol/kg), P: pressure at 

equilibrium (Mpa), m: isothermal constant is always 

greater than or equal to 1 and B: isothermal affinity 

constant; 

A computer program has been done to solve this 

equation. 

The results obtained from each model are grouped  

in Tables 6, 7, 8, 9. Each table represents the values,and 

the constants of each model, its linearization, and  

the regression coefficient for all the materials used, and 

at different temperatures. 

The Langmuir constant B or affinity constant is a measure 

of the attraction force of the adsorbed molecule to the 

surface. Based on these results (Table 6), the Langmuir 

constant is influenced by the indicated temperature [23, 24]. 

The attraction force between the adsorbed molecules and 

the surface is influenced by the temperature, so  
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Table 6: Isothermal constants, linear equations and regression coefficients obtained by the Langmuir and Freundlich isothermal 

models of CO2 adsorption onto  NaX, LiX, MgX, ZnX and KX at different temperatures (298, 308, 323, 353 and 362 K). 

Langmuir 

 T(K) 

Model constants 

Linear form R2 

ns (mol/kg) B (Mpa-1) RL 

NaX 

298 8.4459 3.1914 0.3923995 y = 0.1184x + 0.0371 0.9840529 

308 8.0321 3.0292 0.34660744 y = 0.1245x + 0.0411 0.97446098 

323 6.6445 2.6923 0.39178363 y = 0.1505x + 0.0559 0.98368311 

353 4.4783 2.1368 0.40094354 y = 0.2233x + 0.1045 0.99442391 

362 3.5894 2.1106 0.39438841 y = 0.2786x + 0.132 0.98231504 

LiX 

298 9.8619 5.1472 0.27739445 y = 0.1014x + 0.0197 0.98486753 

308 9.3023 4.2829 0.33014556 y = 0.1075x + 0.0251 0.99481331 

323 6.4977 5.5161 0.31308424 y = 0.1539x + 0.0279 0.93471391 

353 4.7596 4.8299 0.27329723 y = 0.2101x + 0.0435 0.92969614 

362 4.3103 4.6123 0.2721538 y = 0.232x + 0.0503 0.96870122 

MgX 

298 9.803921569 0.91152815 0.56185655 y = 0.102x + 0,1119 0.9992782 

308 9.208103131 0.618803419 0.57634282 y = 0.1086x + 0.1755 0.996385473 

323 8.326394671 0.307318321 0.7486848 y = 0.1201x + 0.3908 0.999236788 

353 8.110300081 0.075914296 0.91172424 y = 0.1233x + 1.6242 0.999431616 

362 7.407407407 0.061697363 0.9338652 y = 0.135x + 2.1881 0.999691174 

ZnX 

298 8.92853 1.09268293 0.51282515 y = 0.112x + 0.1025 0.99835455 

308 6.60501982 0.9288 0.55768094 y = 0.1514x + 0.163 0.99846573 

323 3.98565165 0.78161994 0.5515227 y = 0.2509x + 0.321 0.97695752 

353 1.4781966 1.27042254 0.48338212 y = 0.6765x + 0.5325 0.97580385 

362 1.37400385 0.92114922 0.57326734 y = 0.7278x + 0.7901 0.99752924 

KX 

298 4.5413 4.2924 0.29781298 y = 0.2202x + 0.0513 0.96653707 

308 4.14075 3.71538462 0.2913427 y = 0.2458x + 0.0612 0.96691612 

323 3.78214826 2.3971 0.41147834 y = 0.2644x + 0.1103 0.98957659 

353 2.9744 1.3985 0.48899008 y = 0.3362x + 0.2404 0.99595398 

362 2.6810 1.3060 0.5142782 y = 0.373x + 0.2856 0.99729428 
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Table 6: (Continued) 

Freundlich 

 T(K) 

Model constants 

Linear form R2 

Kf (mol/kg) m 

NaX 

298 5.7632 2.0367 y = 0.491x + 1.7518 0.9001 

308 5.4948 2.0708 y = 0.4829x + 1.7038 0.8605 

323 4.5512 1.9120 y = 0.523x + 1.5154 0.9021 

353 2.7020 1.806 y = 0.5537x + 0.994 0.9014 

362 2.1756 1.8681 y = 0.5353x + 0.7773 0.9074 

LiX 

298 7.4715 2.1734 y = 0.4601x + 2.0111 0.8145 

308 6.6953 1.7912 y = 0.5583x + 1.9014 0.8379 

323 5.0612 2.5233 y = 0.3963x + 1.6216 0.7167 

353 3.6840 2.3579 y = 0.4241x + 1.304 0.7559 

362 3.2201 1.7343 y = 0.5766x + 1.1694 0.6665 

MgX 

298 4.1400 1.3738 y = 0.7279x + 1.4207 0.9575 

308 3.1277 1.3714 y = 0.7292x + 1.1403 0.9886 

323 1.8244891 1.16225012 y = 0.8604x + 0.6013 0.9861 

353 1.79391431 1.0545 y = 0.9483x – 0.5844 0.9980 

362 0.42176795 1.03455411 y = 0.9666x – 0.8633 0.9986 

ZnX 

298 4.1235 1.4335 y = 0.6976x + 1.4167 0.9398 

308 2.8594 1.4138 y = 0.7073x + 1.0506 0.9495 

323 1.5331 1.3931 y = 0.7178x + 0.4273 0.9398 

353 0.7598 1.5946 y = 0.6271x – 0.2747 0.9836 

362 0.5833 1.4832 y = 0.6742x – 0.539 0.9714 

KX 

298 3.3656 2.3052 y = 0.4338x + 1.2136 0.8277 

308 2.9268 2.2331 y = 0.4478x + 1.0739 0.8204 

323 0.5466 5.5371 y = 0.1806x – 0.604 0.8877 

353 1.5428 1.5865 y = 0.6303x + 0.4336 0.9344 

362 1.3685 1.5526 y = 0.6441x + 0.3137 0.9372 
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the attraction force has an influence on the adsorption 

capacity. We also notice that B ˃  0 for all the zeolites, 

implying that the separation factor   RL =1/(1+BP) is 

always 0 ˂  RL˂  1, which means that the adsorption is 

favorable [32-36]. In general, the Langmuir model (Table 6), 

has a better description of the CO2 adsorption data onto 

NaX, LiX, KX, ZnX, and MgX zeolites, with a high R2 

correlation factor. 

The Freundlich Kf constant is an approximate indicator 

of the adsorption capacity, while m is a  function of  

the adsorption force [25-26], whose adsorption cases vary 

according to 3 values:  m > 1, indicates physical 

adsorption, m < 1 reveals chemical adsorption, and  

m = 1 indicates linear adsorption. The obtained values  

of m (Table 6), are all greater than 1, showing that  

the adsorption is favorable and of a physical type. We note 

that the two constants Kf and m are influenced by  

the temperature, the increase of the temperature causes  

the decrease of the constant Kf , which follows an exponential 

variation law (Kf = AeB/T), A and B constants which  

may be determined graphically or analytically. 

From these results, we note that the Freundlich model 

is valid in general for exchanged zeolite samples with 

divalent cations (Zn2+ and Mg2+), and is not valid for 

exchanged zeolites with monovalent cations. The results 

can be explained by the addition of divalent cations, 

leading to the formation of oxides, in our case MgO and 

ZnO; the latter remain on the surface and cluster to form 

oxide-rich surfaces, which increases the heterogeneity of 

the surface, and ultimately increases the validity of the 

Freundlich model, which is already designed to model 

heterogeneous surfaces. 

Comparing the values of R2, obtained by the two 

models, it is noted that R2 of Langmuir model of NaX, LiX, 

and ZnX zeolites are better than those of Freundlich 

model. We also note that Freundlich model has a better 

description_of the adsorption data of MgX and ZnX 

samples. These results give us a preview of the type of 

adsorption, but the transition to the Sips model is essential 

to confirm the type of adsorption. 

The Sips isotherm is a combination of the Langmuir 

and Freundlich isotherms, which is used to describe 

heterogeneous adsorption systems; when m is always near 

or equal to 1, the model tends towards the Langmuir 

model. The maximum adsorption capacities are shown in 

Table 7. It can be observed that the Sips model describes 

better the adsorption data, with R2 values close to 1. This 

indicates and confirms that the dominant adsorption of 

CO2 onto NaX, LiX, MgX, ZnX, and KX zeolites is 

heterogeneous. 

The Kd, ns, E, and regression coefficient R2 values of 

DR model are classified in Table 8. The obtained 

regression coefficients R2 of NaX are good; on the other 

side, we note a decrease of R2 for the exchanged zeolites, 

suggesting that the DR model is valid for the NaX zeolite 

but not for the exchanged zeolite (LiX, KX, MgX, ZnX).ns 

is inversely proportional to the temperature for all 

materials used. The obtained free energy E values increase 

with the increase of temperature and are between 4.08 and 

6.75 kJ/mol, the free energy E is used to define the type  

of adsorption [37-42], if the value of E is greater than 

6 kJ/mol, the adsorption is dominated by intra-particle 

diffusion, if E is between 8 and 16 kJ/mol, the adsorption 

process is chemisorption, where ion exchange is the 

dominant factor, while values of  E  are below 8 kJ/mol, 

the dominant process is physical adsorption. The obtained 

values (Table 8) of the free energy by the DR isothermal 

model of adsorption of CO2 onto NaX,  LiX, ZnX, MgX, 

KX samples, at different temperatures, are less than 

 8 kJ/mole, which means that the adsorption of CO2 

follows a physical adsorption process. 

The isothermal constant KE and nm of the CO2 

adsorption Elovich model onto NaX, LiX, MgX, ZnX, and 

KX zeolites are also given in Table 8. From these results, 

it seems that the regression coefficient R2 values are low, 

compared to those of Langmuir, Freundlich, Sips, and DR. 

This means that, the adsorption of CO2 on used zeolites 

is not multilayer adsorption, and the adsorption sites do not 

increase exponentially. Therefore, the Elovich model 

cannot describe the isothermal adsorption of CO2  

on the NaX, MgX, ZnX, LiX, and KX zeolites. 

The value of the equilibrium constant of Temkin K0  

is related to the adsorption affinity of CO2; the increase  

of the K0 value implies an improvement of the affinity.  

The results of Table 9 show that NaX, LiX, ZnX, MgX, 

and KX zeolites, have high K0 values with acceptable 

regression coefficient R2, from which they have a good 

affinity for CO2. 

From Table 10, the Toth model gives a good value  

of regression coefficient R2, especially for MgX and ZnX 

samples where R2 is greater than 0.99. The average value 

of m is related to the heterogeneity of the surface,  
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Table 7: Isothermal constants, linear equations, and regression coefficients obtained by the Sips isothermal models of  CO2 

adsorption onto  NaX, LiX, MgX, ZnX, and KX at different temperatures (298, 308, 323, 353, and 362 K). 

Sips 

 T(K) 

Model constants 

Linear form R2 

ns  mol.kg-1 B    Mpa-1 m 

NaX 

298 8.2256 4.2109 1.0525 y = 0.0755x + 0.0103 0.9901 

308 7.6964 4.1352 1 y = 0.0733x + 0.0584 0.9868 

323 7.0853 2.5308 1.2228 y = 0.1645x – 0.0291 0.9866 

353 4.358 2.5115 1 y = 0.1645x – 0.0291 0.9961 

362 3.7202 2.1347 1.1735 y = 0.2945x + 0.0618 0.988 

LiX 

298 9.6364 5,6669 1 y = 0.0388x + 0.055 0.9926 

308 9.0635 4.2829 1.052 y = 0.0605x – 0.0056 0.9997 

323 6.2503 9.2483 1 y = 0.0604x + 0.039 0.968 

353 4.5433 7.9407 1 y = 0.0833x + 0.1201 0.9513 

362 4.2555 6.2165 1 y = 0.1025x + 0.1473 0.9833 

MgX 

298 9.7114 0.9408 1.0084 y = 0.1384x + 0.0397 0.9993 

308 16.559 0.1737 1.2814 y = 0.3327x – 0.032 0.9972 

323 8.13 0.3194 1 y = 0.4086x + 0.0906 0.9993 

353 7.2 0.0872 1 y = 1.6413x + 0.1083 0.9995 

362 6.5908 0.0703 1 y = 2.2188x + 0.0919 0.9997 

ZnX 

298 9.4578 0.9622 1.0871 y = 0.1742x – 0.0005 0.9984 

308 6.4216 1.0114 1.0089 y = 0.2207x + 0.0334 0.9989 

323 3.6919 0.9556 1 y = 0.3845x + 0.1623 0.9987 

353 3.2294 0.2085 1.4169 y = 1.177x – 0.0282 0.995 

362 1.4287 0.8483 1.0632 y = 1.0969x + 0.2273 0.9977 

KX 

298 4.3848 6.0429 1 y = 0.0974x + 0.1126 0.9805 

308 4.0083 5.1254 1 y = 0.1246x + 0.1281 0.9785 

323 3.6619 2.9535 1 y = 0.1637x + 0.136 0.9936 

353 2.8432 1.6702 1 y = 0.3348x + 0.1406 0.998 

362 2.6245 1.4306 1.0199 y = 0.3901x + 0.158 0.998 
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Table 8: Isothermal constants, linear equations, and regression coefficients obtained by the DR and Elovich isothermal models of 

CO2 adsorption onto NaX, LiX, MgX, ZnX, and KX at different temperatures (298, 308, 323, 353, and 362 K) 

Dubinin–Radushkevich 

 T (K) 

Model constants 

Linear form R2 

Kd (Kg-2.mol-2) ns (mol/kg) ɛ   (KJ2.mol2) E (KJ.mol) 

NaX 

298 0.034 7.628 3.146 5.423 y = -0.0344x + 2.0318 0.9953 

308 0.038 7.281 2.662 5.1299 y = -0.0383x + 1.9853 0.9961 

323 0.03 5.632 3.097 5.7735 y = -0.0303x + 1.7285 0.9785 

353 0.03 3.663 3.08 5.7735 y = -0.0297x + 1.2982 0.9848 

362 0.028 2.916 3.028 5.9761 y = -0.0284x + 1.0703 0.9797 

LiX 

298 0.029 9.460 2.782 5.8722 y = -0.0291x + 2.2471 0.9977 

308 0.025 8.537 3.315 6.3245 y = -0.0254x + 2.1444 0.9839 

323 0.025 5.632 3.397 6.3245 y = -0.0252x + 1.8804 0.9562 

353 0.022 4.562 3.099 6.7429 y = -0.0221x + 1.5177 0.9494 

362 0.022 4.107 3.217 6.7419 y = -0.0219x + 1.4127 0.9761 

MgX 

298 0.044 5.654 2.709 4.740 y = -0.0445x + 1.7323 0.906 

308 0.046 4.628 2.14 4.647 y = -0.0463x + 1.5321 0.8291 

323 0.046 2,566389378 2.563 4.657 y = -0.0461x + 0.9495 0.7897 

353 0.060 0.930717021 2.538 4.082 y = -0.06x – 0.0718 0.7966 

362 0.045 0.629 3.075 4.73 y = -0.0447x – 0.4636 0.7606 

ZnX 

298 0.041 5.532 2.563 4.933 y = -0.0411x + 1.7106 0.8811 

308 0.047 3.972 2.651 4.588 y = -0.0475x + 1.3792 0.9204 

323 0.05 2.361 2.445 4.481 y = -0.0498x + 0.8592 0.8830 

353 0.033 1.066 2.886 5.471 y = -0.0334x - 0,0563 0.881 

362 0.038 0.860 3.276 5.116 y = -0.0382x – 0.1503 0.8964 

KX 

298 0.034 4.325 2.657 5.423 y = -0.034x + 1.4645 0.9720 

308 0.035 3.874 2.496 5.368 y = -0.0347x + 1.3542 0.9746 

323 0.035 3.207 3.059 5.33 y = -0.0352x + 1.1654 0.8916 

353 0.035 2.159 3.132 5.33 y = -0.0352x + 0.7697 0.8683 

362 0.032 1.838 3.341 5.617 y = -0.0317x + 0.6088 0.8656 
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Table 8: (Continued) 

Elovich 

 T (K) 

Model constants 

Linear form R2 

KE     (Mpa
-1

) nm (mol/kg) 

NaX 

298 12.7198 3.214 y = -0.3111x + 3.7108 0.8491 

308 10.4031 3.269 y = -0.3059x + 3.5266 0.7783 

323 10.6407 2.597 y = -0.385x + 3.3192 0.8578 

353 6.1046 2.003 y = -0.4993x + 2.5036 0.8377 

362 7.1155 1.507 y = -0.6637x + 2.3722 0.8956 

LiX 

298 22.469 3.442 y = -0.2905x + 4.3483 0.6707 

308 15.0135 3.530 y = -0.2833x + 3.9702 
0.7432 

 

323 26.9161 2.224 y = -0.4497x + 4.0919 
0.6335 

 

353 17.3113 1.838 y = -0.5442x + 3.4598 
0.5668 

 

362 7.0907 2.238 y = -0.4469x + 2.7642 
0.5016 

 

MgX 

298 3.6354 2.205 y = -0.4534x + 2.0817 
0.5133 

 

308 1.1927 5.397 y = -0.1853x + 1.862 
0.9944 

 

323 7.0798 2.029 y = -0.4929x + 2.6672 
0.8673 

 

353 0.0827 7.457 y = -0.1341x – 0.4831 
0.9992 

 

362 0.0658 6.949 y = -0.1439x – 0.7821 
0.9995 

 

ZnX 

298 2.4753 4.662 y = -0.2145x + 2.4458 
0.9677 

 

308 6.7958 2.046 y = -0.4888x + 2.6368 
0.9611 

 

323 1.3915 2.407 y = -0.4154x + 1.2089 
0.9531 

 

353 2.5016 0.853 y = -1.1725x + 0.7578 
0.9887 

 

362 1.8706 0.767 y = -1.3038x + 0.361 
0.9277 

 

KX 

298 9.7394 1.186 y = -0.8428x + 2.4472 
0.5962 

 

308 13.3927 1.607 y = -0.6222x + 3.0692 
0.6674 

 

323 7.0726 1.657 y = -0.6034x + 2.4614 
0.8276 

 

353 3.1715 1.530 y = -0.6537x + 1.5793 
0.9361 

 

362 3.0029 1.383 y = -0.7228x + 1.4242 
0.9495 
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Table 9: Isothermal constants, linear equations, and regression coefficients obtained by the Temkin isothermal model of CO2 

adsorption onto  NaX, LiX, MgX, ZnX, and KX at different temperatures (298, 308, 323, 353, and 362 K). 

Temkin model 

 T(K) 

Model constants 

Linear form R2 

B Q (J.mol-1) K0 (Mpa-1) 

NaX 

298 0.2061 12.004 54.890 y = 0.206x + 0.826 0.9918 

308 0.2163 11.877 46.352 y = 0.216x + 0.827 0.9784 

323 0.214 12.566 45.811 y = 0.214x + 0.817 0.9905 

353 0.233 12.607 31.049 y = 0.233x + 0.799 0.9931 

362 0.225 13.376 31.39 y = 0.225x + 0.779 0.996 

LiX 

298 0,192 12.931 100.7074 y = 0.192x + 0.884 0.9745 

308 0.183 14.008 108.36 y =0 .183x + 0.856 0.9843 

323 0.177 15.189 138.203 y = 0.177x + 0.874 0.9214 

353 0.186 15.745 114.357 y = 0.186x + 0.883 0.9117 

362 0.242 12.421 92.293 y = 0.242x +1.096 0.9347 

MgX 

298 0.234 10.583 21.178 y = 0.234x + 0.715 0.9483 

308 0.225 11.381 15.625 y = 0.225x + 0.618 0.9173 

323 0.239 11.245 12.693 y = 0.239x + 0.607 0.868 

353 0.271 10.834 6.743 y = 0.271x + 0.517 0.8729 

362 0.211 14.234 10.984 y = 0.211x + 0.507 0.8294 

ZnX 

298 0.222 11.16 25.182 y = 0.222x + 0.716 0.9498 

308 0.239 10.696 18.177 y = 0.239x + 0.694 0.9685 

323 0.264 10.172 14.3 y = 0.264x + 0.702 0.9798 

353 0.212 13.831 19.197 y = 0.212x + 0.627 0.963 

362 0.255 11.793 15.351 y = 0.255x + 0.697 0.9826 

KX 

298 0.195 12.705 80.744 y = 0.195x + 0.856 0.9581 

308 0.212 12.09 58.357 y = 0.212x + 0.861 0.9532 

323 0.230 11.711 33.4139 y = 0.23x +0.805 0.9908 

353 0.249 11.791 20.733 y = 0.249x + 0.755 0.9936 

362 0.263 12.737 21.915 y = 0.263x + 0.729 0.9865 
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Table 10: Isothermal constants, linear equations, and regression coefficients obtained by the Toth isothermal model of CO2 

adsorption onto  NaX, LiX, MgX, ZnX, and KX at different temperatures (298, 308, 323, 353, and 362 K). 

Toth model 

 T(K) 
Model constants 

Linear form R2 
ns  (mol.kg-1) KL  (Mpa-1) m Kh          (mol.kg-1Mpa-1) 

NaX 

298 8.4395 4.9799 0.8642 42.0279 y = 0.9493x + 1.3873 0.9901 

308 7.6966 4.1348 1 31.8239 y = 1.119x + 1.4107 0.9868 

323 7.4885 4.6466 0.6809 34.7961 y = 0.74x + 1.0412 0.9868 

353 4.3583 2.5107 1 10.9424 y = 1.0533x + 0.9049 0.9961 

362 3.9652 3.4677 0.7084 13.7501 y = 0.7853x + 0.8658 0.988 

LiX 

298 9.6843 7.0062 0.9759 67.8501 y = 1.0784x + 1.8924 0.9927 

308 9.0663 5.6739 0.9986 51.4413 y = 1.0933x + 1.7269 0.9993 

323 6.2503 9.2483 1 57.8046 y = 1.1109x + 2.1841 0.9640 

353 4.1559 7.8967 1 32.8179 y = 1.1645x + 2.1096 0.9511 

362 4.2555 6.2165 1 26.4543 y = 1.1198x + 1.7351 0.9833 

MgX 

298 9.6407 0.9574 0.9993 9.23 y = 1.0183x – 0.0449 0.9993 

308 35.0138 0.3205 0.4062 11.2219 y = 0.4258x – 0.4697 0.9989 

323 8.13 0.3194 1 2.5967 y = 1.0094x – 1.144 0.9993 

353 8.7114 0.0729 0.9147 0.6350 y = 0.9269x – 2.4011 0.9995 

362 9.0726 0.0519 0.8737 0.4708 y = 0.8835x – 2.5884 0.9997 

ZnX 

298 9.7881 1.1834 0.8389 11.5832 y = 0.8718x + 0.1364 0.9984 

308 6.4543 1.0321 0.9786 6.6615 y = 1.0169x + 0.0247 0.9989 

323 3.6917 0.9558 1 3.5285 y = 1.063x – 0.0731 0.9987 

353 7.2661 0.7753 1 5.6334 y = 0.352x – 0.0892 0.993 

362 1.5305 0.9891 0.8268 1.5138 y = 0.8572x – 0.0165 0.9978 

KX 

298 4.3848 6.0429 1 26.4969 y = 1.1216x + 1.8025 0.9805 

308 4.008 5.1254 1 20.5426 y = 1.0998x + 1.6009 0.9785 

323 3.6619 2.9535 1 10.8154 y = 1.0708x + 1.0675 0.9936 

353 2.8432 1.6702 1 4.7487 y = 1.0678x + 0.4997 0.998 

362 2.6705 1.5083 0.9399 4.0279 y = 0.9828x + 0.3804 0.998 

 

with m between 0 and 1; If m is equal to 1, the surface is 

very homogeneous, and if m is equal to 0, the surface is 

very heterogeneous [30]. When m tends to 1, the Toth 

equation is reduced to that of Langmuir. For NaX the average 

value of m is around 0.8507, with m varying between 0.68 

and 1, while for ZnX, the mean value of m = 0.9289,  

with m varying between 0.8268 and 1, which indicates that 

the dominant surface in these zeolites is the homogeneous 

surface, with a presence of small heterogeneous areas.  

The average value of m decreases in MgX, where the 

average value of m is 0.8388, with m varying between 

0.4062 and 1, this decrease indicates, an increase in 

heterogeneous regions in the MgX zeolite sample, 

compared to the NaX and ZnX zeolite samples. 

As for Zeolite LiX, the Average value of m is equal to 

0.9949, with m varying between 0.9759 and 1, while for KX, 
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Table 11: Relative average error of used models onto NaX, LiX, MgX, ZnX, and KX at different temperatures. 

 T(K) 
Relative Average Error Models 

Langmuir Freundlich Temkin DR Elovich Toth Sips 

 298 14.8267 29.3656 8.3527 28.738 37.4577 8.7404 9.1606 

 308 10.1597 26.0112 8.6608 22.6763 37.3074 7.3457 7.3457 

NaX 323 13.0093 25.5981 7.98 26.3753 27.6869 10.358 8.9714 

 353 8.7380 24.2306 8.8158 26.1841 30.4652 6.1779 6.1779 

 362 9.3221 25.5217 8.7874 26.1982 25.1147 9.8588 8.1619 

 298 9.1019 30.4895 9.0259 20.0677 45.151 6.3128 6.3426 

 308 9.5745 37.8533 20.4781 24.4405 40.3874 5.5583 7.6079 

LiX 323 17.0828 58.3966 13.8414 21.6811 68.7785 10.0598 10.223 

 353 13.9016 28.1404 12.5156 19.0096 56.8159 17.5862 9.5822 

 362 10.4971 37.0105 14.1419 19.4101 53.6156 10.5370 10.5370 

 298 4.4139 17.4079 21.5381 20.2726 416.4377 4.4111 4.4776 

 308 3.7984 8.8033 22.9966 22.5976 2.8099 3.2475 3.5595 

MgX 323 1.9692 8.8067 27.4634 32.2372 69.8613 2.0471 2.047 

 353 1.4308 73.8288 34.5903 35.2714 1.6646 1.6292 1.4817 

 362 1.3187 2.8911 70.7302 39.3486 1.5639 1.6606 1.4016 

 298 5.2888 20.4650 19.0911 17.2284 11.9853 5.4208 5.6709 

 308 5.7091 17.4919 21,2165 15.4635 25.2843 4.8823 4.8914 

ZnX 323 36.7175 16.2569 26.4958 35.2553 12.7802 4.9356 4.9406 

 353 54.2714 13.6779 16.9483 38.0423 9.3775 77.7657 46.2436 

 362 7.6875 15.5004 121.9325 41.4162 42.7864 6.6081 6.9395 

 298 10.8163 9.1126 10.3482 26.6121 573.183 7.5551 7.5544 

 308 10.7593 9.6974 10.5611 25.4671 43.0863 6.9054 6.9026 

KX 323 10.4562 32.2758 7.9437 25.3488 31.2533 7.7435 7.7436 

 353 7.7902 36.0313 41.0148 22.5591 19.2618 5.7590 5.7590 

 362 7.6827 36.7305 34.6097 19.6760 16.1001 5.9028 5.8737 

 

the average value of m is 0.9880, with m varying between 

0.9399 and 1. These values of m are very close to 1, convert 

the equation of Toth into the Langmuir equation, and  

it shows that LiX and KX have very homogeneous 

surfaces; therefore the predominant adsorption is 

monolayer adsorption. 

The constant KH, is the product of Toth parameters  

ns and k, it represents the slope of the henry law, it is 

directly related to the interaction of the adsorbate with the 

surface. A large value of KH implies a strong adsorbate 

interaction/adsorbent [30, 35-36]. From the results of 

Table 10, the constant KH has high values for NaX, LiX, 

and KX, and has low values for MgX and ZnX samples. 

These results; show that the adsorbate/adsorbent 

interactions in NaX, LiX, and KX are strong and low  

in the MgX and ZnX. Hence, the addition of divalent ions 

considerably reduces the adsorbate/adsorbent interactions. 

 

Average relative error 

The average relative error was expressed by: 

n c a lc u le m o d e le

i l

m o d e le

n n1 0 0

n n



                                          (16) 

Table 11 shows the average relative error values of 

each model for NaX, LiX, MgX, ZnX, and KX zeolites 

samples, and at different temperatures. In order to facilitate 
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Table 12: Regression coefficient R2 of used models onto NaX, LiX, MgX, ZnX, and KX at different temperatures  

(298, 308, 323, 353 and 362 K). 

 T(K) 
Coefficient of Regression 

Langmuir Freundlich Temkin DR Elovich Toth Sips 

NaX 

298 0,9840 0,9002 0,9918 0,9486 0.7479 0,9901 0,9901 

308 0,9745 0,8605 0,975 0,9822 0.6869 0,9868 0,9864 

323 0,9837 0,9021 0,9905 0,9381 0.7608 0,9866 0,9868 

353 0,9944 0,9014 0,9831 0,9696 0.7992 0,9961 0,9965 

362 0,9823 0,9074 0,991 0,9807 0.7842 0,9877 0,9880 

LiX 

298 0,9849 0,7714 0,9745 0,972 0,7027 0,9927 0,9926 

308 0,9948 0,8411 0,9842 0,991 0,7719 0,9993 0,9997 

323 0,9347 0,9716 0,9214 0,894 0,5793 0,9640 0,9680 

353 0,9297 0,6964 0,9101 0,8793 0,5297 0,9511 0,9515 

362 0,9687 0,8344 0,9347 0,991 0,5238 0,9833 0,9831 

MgX 

298 0,9992 0,9575 0,9482 0,906 0,5132 0,9993 0,9993 

308 0,9964 0,9886 0,9173 0,8291 0,9944 0,9989 0,9972 

323 0,9992 0,9861 0,868 0,7897 0,8673 0,9993 0,9993 

353 0,9994 0,9980 0,8718 0,7966 0,9992 0,9995 0,9995 

362 0,9997 0,9986 0,8294 0,7606 0,9995 0,9997 0,9997 

ZnX 

298 0,9983 0,9534 0,9498 0,8811 0,9679 0,9984 0,9984 

308 0.9985 0.9695 0.9685 0.9204 0.9611 0.9988 0.9988 

323 0.9769 0.9618 0.9798 0.883 0.9531 0.9987 0.9987 

353 0.9758 0.9836 0.963 0.881 0.9887 0.9930 0.995 

362 0.9975 0.9714 0.9825 0.8964 0,9276 0.9978 0.9977 

KX 

298 0,9765 0,7440 0,9581 0,9720 0,5962 0,9874 0,9805 

308 0,9831 0,7507 0.9532 0,9746 0,6674 0,9755 0,9785 

323 0,9885 0,8587 0.9908 0,9750 0,8276 0,9916 0,9936 

353 0,9939 0,9178 0.9965 0,9887 0,9361 0,9980 0,9980 

362 0,9953 0,9257 0.9865 0,9670 0,9495 0,9945 0,9980 

 

the comparisons between the models, a calculation  

of the regression coefficients, and the mean average error 

corresponding to each model has been performed.  

The results are summarized in Table 12. The choice  

of the appropriate model for each zeolite sample is based on 

the regression coefficient value R2, and the average 

relative error. The accuracy of the model increases with 

increasing of R2, and decreasing of the average relative 

error. On this basis, these models are ranked in Table 13, 

in descending order of the averages of the regression 

coefficients and increasing of an average of relative errors. 

From these results,on the basis of a classification of  R2 

(decreasing), and average error coefficients (increasing),  

we can notice that at high pressure, the Toth and Sips 

models gave the best results, regardless of the material 

used in these experiments. We also note that the order of 

the model's validity, is the same for exchanged zeolite 

samples with monovalent, ions (Li+ and K+), and divalent 
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Table 13: Average of regression coefficients R2 and relative errors of used models onto NaX, LiX, MgX, ZnX, and KX at different 

temperatures (298, 308, 323, 353, and 362 K) 

 
Average value of the regression coefficients 

Lang Freu Tem DR Elov Toth Sips 

NAX 0.984 0.894 0.986 0.963 0.844 0.989 0.99 

LiX 0.963 0.823 0.946 0.945 0.621 0.978 0.979 

MgX 0.998 0.986 0.887 0.816 0.875 0.999 0.999 

ZnX 0.989 0.970 0.969 0.892 0.960 0.997 0.998 

KX 0.987 0.839 0.976 0.975 0.794 0.989 0.990 

 
Average value of average relative errors 

Lang Freu Temk DR Elov Toth Sips 

NAX 11.211 26.145 8.519 26.034 31.606 8.496 7.964 

LiX 12.032 38.378 14.001 20.922 52.95 10.011 8.859 

MgX 2.606 22.348 35.464 29.945 98.467 2.599 2.593 

ZnX 21.935 16.678 41.137 29.481 20.443 19.922 13.73 

KX 9.501 24.77 20.859 23.933 136.577 6.773 6.767 

 
Table 14: Ranking of the models in descending order of  R2 average and increasing relative error averages. 

 Ranking of models in descending order of  average R2 

NAX Sips Toth Temk Lang DR Freun Elov 

LiX Sips Toth Lang Temk DR Freun Elov 

MgX Sips Toth Lang n Freu Temk Elov DR 

ZnX Sips Toth Lang Freu Temk n Elov DR 

KX Sips Toth Lang Temk DR Freun Elov 

 Classification of models in ascending order of relative error averages 

NAX Sips Toth Temk Lang Freu DR Elov 

LiX Sips Toth Lang Temk DR Freun Elov 

MgX Sips Toth Lang Freun DR Temk Elov 

ZnX Sips Freun Toth Elov Lang DR Temk 

KX Sips Toth Lang Temk DR Freu Elov n 

 
ions (Mg2+ and Zn2+).Consequently, we can conclude that 

the models of Toth and Sips give the best results, whatever 

the material used, and their precision is not influenced  

by the exchange ions and its nature. On the other hand,  

the validity of two or one parameter models is influenced 

by the doping and by the nature of the ions added, either 

monovalent or divalent. 

CONCLUSIONS 

The following most important conclusions can be 

inferred based on the above study: 

● The adsorption of CO2 at high pressure of about 3 MPa 

(30 bar) was carried out onto NaX and exchanged NaX  

with Li+ (LiX), K+ (KX),  Zn2+ (ZnX), and  Mg2+ (MgX), and 

at different temperatures 298, 308, 323, 353 and 362 K.  
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● The CO2 adsorption isotherms onto the zeolite 

samples NaX, LiX, KX, ZnX, and MgX are characterized 

by a strong increase in adsorption at low pressure and 

a tendency to a limit value Qmax at high pressure. 

● The exchange of ions of  NaX zeolite with divalent 

cations Zn2+, Mg2+, and large ionic radius monovalent cation 

K+, decreases the pore volumes, the specific surface areas,  

and the adsorption capacities of CO2 onto KX, ZnX, and MgX.  

● The exchange of ions of NaX with small ionic radius 

monovalent cation Li+, increases the pore volume, surface 

area, and adsorption capacity of CO2 onto LiX.  

● The increase in the size of the MgO and ZnO oxides 

increases the size of the barriers, leading to a decrease  

in the adsorption capacity of CO2. 

● Increasing the electronegativity of divalent cations 

Mg2+ and Zn2+, causes the decrease of the adsorption 

capacity of CO2. 

● The experimental results have been analyzed by 

Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, 

Elovich, Toth, and Sips isotherm adsorption models. Toth and 

Sips isotherms at high pressure have a better fitting model 

than Langmuir, Freundlich, DR, and Elovich, as the previous 

have a higher correlation regression coefficients R2.  

● The two models give the best results in the present 

study, regardless of the material used, and their accuracy 

is not influenced by the zeolite exchange ions and  

the nature of the substitution cations. 

 

Received : Jan. 29, 2020  ;  Accepted : Jul. 24, 2020 

 

REFERENCES 

[1] Epstein P.R., Rogers C., "Inside the Greenhouse: The 

Impacts of CO2 and Climate Change on Public Health 

in the Inner City., Harvard Medical School,(2004).  

[2] PachauriR.K., Meyer L.A., “Climate Change 2014: 

Synthesis Report. Contribution of Working Groups I, 

II and III to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change”, p. 151, 

IPCC, Geneva, Switzerland (2014). 

[3] Walton K.S., Abney M.B., LeVan M.D., CO2 

Adsorption in y and X Zeolites Modified by Alkali 

Metal Cation Exchange, Micropor. Mesopo. Mater, 

91: 91-78 (2006).  

[4] Khelifa A., Ahdelkrim H., Zoubir D., Abdelkader B., 

Adsorption de CO2 par Des Zeolithes X Echangees 

par Des Cations Bivalents, Annal. Chimie. Sciences. 

Matériaux, 26: 55-66 (2001).  

[5] Hauchhum L., Mahanta P., Carbon Dioxide Adsorption 

on Zeolites and Activated Carbon by Pressure Swing 

Adsorption in a Fixed Bed, Int. J. Energy Environ. 

Eng., 5:349–356 (2014).   

[6] Park Y., Moon D.K., Kim Y.H., Adsorption Isotherms 

of CO2, CO, N2, CH4, Ar and H2 on Activated Carbon 

and Zeolite LiX up to 1.0 MPa, Adsorption, 20: 631–

647 (2014).  

[7] Hefti M., Marx L.J., Mazzotti M., Adsorption 

Equilibrium of Binary Mixtures of Carbon Dioxide 

and Nitrogen on Zeolites ZSM-5 and 13X, Micropor. 

Mesopo.Mater, 215: 215-228 (2015).  

[8] Amokrane S., Rebiai R., Lebaili S., Nibou D., Marcon G., 

Stability Study of Aluminosilicate Iron Microporous 

Materials after Iron Exchange. Influence of Si/Al 

Ratio on Cristallinity, Annales de Chimie , Science 

des Matériaux 25  :267-270 (2000).  

[9] Nibou D., Abbad B., Azzouz A., Synthèse de 

l’analcime et Caractérisation par DRX, MEB et MET,  

Journal de Chimie Physique, 88: 2371-2377(1991). 

[10] Nibou D., Amokrane S., Lebaili N., Use of NaX 

Porous Materials in the Recovery of Iron Ions, 

Desalination, 250:459-462 (2010). 

[11] Azzouz A., Nibou D., Abbad A., Achache M. 

Hydrocarbons Conversions over Y-Zeolite Used  

in Uranium ore Wastes Treatment Activity  

and Selectivity of Y-Faujasite Modified by  

Uranyl Ions in the Catalytic Disproportionation of 

Toluene, Applied Catalysis (General A), 79: 19-28 

(1991).  

[12] Mekatel H., Amokrane S, Benturki A., Nibou D., 

Treatment of Polluted Aqueous Solutions by Ni2+, 

Pb2+, Zn2+, Cr6+, Cd2+ and Co2+ Ions by ion 

Exchange Process Using Faujasite Zeolite, Proc. 

Eng., 33: 52–57 (2012). 

[13] Nibou D., Amokrane S., Catalytic performances of 

exchanged Y faujasites by Ce3+, La3+, UO22+, 

Co2+, Sr2+, Pb2+, Tl+ and NH4
+ Cations in Toluene 

Dismutation Reaction, Compt. Rend. Chim., 13: 527-

537(2010).  

[14] Nibou D., Mekatel H., Amokrane S, Barkat M, Trari M.; 

Adsorption of Zn2+ ions onto NaA and NaX zeolites: 

Kinetic, equilibrium and thermodynamic studies,  

J. Hazard. Mater., 173: 637-646(2010).  

[15] Stacey E.S., McClaine B.C., Davis R.J., Adsorption 

of N2 and CO2 on Zeolite X Exchanged with 

Potassium, Barium, or Lanthanum, Langmuir., 19: 

4707-4713(2003). 

http://www.cambioclimatico.ineter.gob.ni/bibliografia/Cambio%20Clim%C3%A1tico%20y%20Salud/impactosco2ycambioclimatico.pdf
http://www.cambioclimatico.ineter.gob.ni/bibliografia/Cambio%20Clim%C3%A1tico%20y%20Salud/impactosco2ycambioclimatico.pdf
http://www.cambioclimatico.ineter.gob.ni/bibliografia/Cambio%20Clim%C3%A1tico%20y%20Salud/impactosco2ycambioclimatico.pdf
https://epic.awi.de/id/eprint/37530/1/IPCC_AR5_SYR_Final.pdf
https://epic.awi.de/id/eprint/37530/1/IPCC_AR5_SYR_Final.pdf
https://epic.awi.de/id/eprint/37530/1/IPCC_AR5_SYR_Final.pdf
https://epic.awi.de/id/eprint/37530/1/IPCC_AR5_SYR_Final.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1387181105005779
https://www.sciencedirect.com/science/article/abs/pii/S1387181105005779
https://www.sciencedirect.com/science/article/abs/pii/S1387181105005779
https://www.sciencedirect.com/science/article/pii/S0151910701800465
https://www.sciencedirect.com/science/article/pii/S0151910701800465
https://www.sid.ir/en/journal/ViewPaper.aspx?id=418707
https://www.sid.ir/en/journal/ViewPaper.aspx?id=418707
https://www.sid.ir/en/journal/ViewPaper.aspx?id=418707
https://link.springer.com/article/10.1007/s10450-014-9608-x
https://link.springer.com/article/10.1007/s10450-014-9608-x
https://link.springer.com/article/10.1007/s10450-014-9608-x
https://www.sciencedirect.com/science/article/abs/pii/S1387181115003212
https://www.sciencedirect.com/science/article/abs/pii/S1387181115003212
https://www.sciencedirect.com/science/article/abs/pii/S1387181115003212
https://scholar.google.com/scholar?oi=bibs&cluster=7495946112379035704&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=7495946112379035704&btnI=1&hl=en
https://scholar.google.com/scholar?oi=bibs&cluster=7495946112379035704&btnI=1&hl=en
https://www.researchgate.net/profile/Abdelkrim_Azzouz/publication/272176721_Synthese_de_l'analcime_et_caracterisation_par_DRX_MEB_et_MET/links/5be899f2a6fdcc3a8dcfd9eb/Synthese-de-lanalcime-et-caracterisation-par-DRX-MEB-et-MET.pdf
https://www.researchgate.net/profile/Abdelkrim_Azzouz/publication/272176721_Synthese_de_l'analcime_et_caracterisation_par_DRX_MEB_et_MET/links/5be899f2a6fdcc3a8dcfd9eb/Synthese-de-lanalcime-et-caracterisation-par-DRX-MEB-et-MET.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0011916409011084
https://www.sciencedirect.com/science/article/abs/pii/S0011916409011084
https://www.sciencedirect.com/science/article/abs/pii/0926860X9185003G
https://www.sciencedirect.com/science/article/abs/pii/0926860X9185003G
https://www.sciencedirect.com/science/article/abs/pii/0926860X9185003G
https://www.sciencedirect.com/science/article/abs/pii/0926860X9185003G
https://www.sciencedirect.com/science/article/abs/pii/0926860X9185003G
https://www.sciencedirect.com/science/article/pii/S1877705812012076
https://www.sciencedirect.com/science/article/pii/S1877705812012076
https://www.sciencedirect.com/science/article/pii/S1877705812012076
https://www.sciencedirect.com/science/article/abs/pii/S1631074809002215
https://www.sciencedirect.com/science/article/abs/pii/S1631074809002215
https://www.sciencedirect.com/science/article/abs/pii/S1631074809002215
https://www.sciencedirect.com/science/article/abs/pii/S1631074809002215
https://www.sciencedirect.com/science/article/pii/S0304389409014319
https://www.sciencedirect.com/science/article/pii/S0304389409014319
https://pubs.acs.org/doi/abs/10.1021/la020971n
https://pubs.acs.org/doi/abs/10.1021/la020971n
https://pubs.acs.org/doi/abs/10.1021/la020971n


Iran. J. Chem. Chem. Eng. High Pressure CO2 Adsorption onto NaX Zeolite: ... Vol. 40, No. 4, 2021 

 

Research Article                                                                                                                                                                1215  

[16] Ahn, H., Moon, J.-H., Hyun, S.-H., Lee, C.-H.: 

Diffusion Mechanism of Carbon Dioxide in Zeolite 4A 

and CaX Pellets, Adsorption, 10(2): 111–128 (2004) 

[17] Cavenati S., Grande C., Rodrigues A., Adsorption 

Equilibrium of Methane, Carbon Dioxide, and 

Nitrogen on Zeolite 13X at High Pressures, J. Chem. 

Eng. Data,  49: 1095-1101 (2004). 

[18] Pulin A.L., Fomkin A., Sinitsyn A., Adsorption and 

Adsorption-Induced Deformation of NaX Zeolite 

Under High Pressures of Carbon Dioxide, Russian 

Chemical Bulletin, 50 :60–62 (2001).  

[19] Erten Y., Güneş-Yerkesikli A., Çetin A.E., CO2 

Adsorption and Dehydration Behavior of LiNaX, 

KNaX, CaNaX and CeNaX zeolites ̋, J. Therm. 

Anal. Calorim., 94: 715–718 (2008).   

[20] Hammoudi H., Bendenia S., Marouf-Khelifa K., 

Schott J., Khelifa A., Effect of the Binary and Ternary 

Exchanges on Crystallinity and Textural Properties of 

X Zeolites, Micropor.Mesopo.Mater., 113: 343-351 

(2008). 

[21] Chandwadkar A.J., Chandwadkar J.G., Kulkarni S.B., 

The Influence of the Size and Concentration of 

Alkaline Earth Ions on the Structural and Sorption 

Properties of Faujasites, J. Colloid Interf. Sci., 97: 

435-445(1984). 

[22] Diaz E., Munoz E., Vega A., Ordonez S., Enhancement 

of the CO2  Retention Capacity of X Zeolites by Na- and 

Cs-treatments Chemosphere,70: 1375-1382(2008). 

[23] Lamgmuir I., The Constitution and Fundamental 

Properties of Solids and Liquids, Part 1. Solids, J. Am. 

Chem. Soc 38 :2221-2295(1916).  

[24] Nibou D., Khemaissia S., Amokrane S., Barkat M., 

Chegrouche S., Mellah A., Removal of UO2
2+ onto 

Synthetic NaA Zeolite.Characterization, Equilibrium 

and Kinetic Studies, Chem. Eng. J., 172: 296-

305(2011). 

[25] Freundlich H., Über die Adsorption in 

Lösungen(Adsorbtion in Solution), Zeitschrift für 

Physikalische Chemie,57:385-470 (1906).  

[26] Houhoune F., Djamel N., Samira A., Mahfoud B., 

Modelling and Adsorption Studies of Removal 

Uranium (VI) Ions on Synthesised Zeolite NaY, Des. 

Wat. Treat., 51: 5583-5591(2013).  

[27] Temkin M.I., Adsorption Equilibrium and the Kinetics 

of Processes on Nonhomogeneous Surfaces and  

in the Interaction between Adsorbed Molecules, Zh. 

Fiz. Chim, 15: 296-332(1941). 

[28]Aid A., Amokrane S., Nibou D., Mekatel E., Trari M., 

Hulea V. Modeling Biosorption of Cr (VI) onto Ulva 

Compressa L.from Aqueous Solutions, Wat. Sci. 

Tech.,77:60-69 (2018).  

[29]Elovich S.Y., Larinov O.G., Theory of Adsorption 

from Solutions of Non-Electrolytes on Solid (I) 

Equation Adsorption from Solutions and the Analysis 

of Its Simplest form, (II) Verification of the Equation 

of Adsorption Isotherm from Solutions, Izv. Akad. 

Nauk. SSSR, Otd. Khim. Nauk., 2:209-216 (1962). 

[30]Toth J., Calculation of the BET-Compatible Surface 

Area from Any Type I Isotherms Measured above  

the Critical Temperature, J. Colloid Interf. Sci,. 225: 

378–383 (2000). 

[31] Sips R., On the Structure of a Catalyst Surface,  

J. Chem. Phys. 16:490–495 (1948).  

[32]Houhoune F., Khemaissia S., Nibou D., Chegrouche S., 

Menacer S., Kinetic Study and Sorption Mechanism 

of Uranium (VI) onto NaY Zeolite, AIP Conference 

Proceedings 1994 :070008 (2018).  

[33]Krobba A., Nibou D., Amokrane S., Mekatel H.; 

Adsorption of Copper (II) onto Mmolecular Sieves 

NaY, Desal. Wat. Treat., 37:1–7(2012). 

[34]Barkat M., Chegrouche S., Mellah A., Bensmain B., 

Nibou D., Boufatit M., Application of Algerian 

Bentonite in the Removal of Cadmium (II) and 

chromium (VI) from aqueous solutions, J. Surf. Eng. 

Mater. Adv. Tech.4:210 (2014). 

[35]Amokrane S., Nibou D., Behaviour of Zeolite A, 

Faujasites X and Y Molecular Sieves in Nitrogen Gas 

Adsorption,  J. Appl. Sci.,7:1985-1988 (2007) 

https://link.springer.com/article/10.1023/B:ADSO.0000039867.14756.ac
https://link.springer.com/article/10.1023/B:ADSO.0000039867.14756.ac
https://pubs.acs.org/doi/abs/10.1021/je0498917
https://pubs.acs.org/doi/abs/10.1021/je0498917
https://pubs.acs.org/doi/abs/10.1021/je0498917
https://link.springer.com/article/10.1023/A:1009568916792
https://link.springer.com/article/10.1023/A:1009568916792
https://link.springer.com/article/10.1023/A:1009568916792
https://akademiai.com/doi/abs/10.1007/s10973-008-9117-9
https://akademiai.com/doi/abs/10.1007/s10973-008-9117-9
https://akademiai.com/doi/abs/10.1007/s10973-008-9117-9
https://www.sciencedirect.com/science/article/abs/pii/S1387181107006993
https://www.sciencedirect.com/science/article/abs/pii/S1387181107006993
https://www.sciencedirect.com/science/article/abs/pii/S1387181107006993
https://www.sciencedirect.com/science/article/pii/0021979784903151
https://www.sciencedirect.com/science/article/pii/0021979784903151
https://www.sciencedirect.com/science/article/pii/0021979784903151
https://www.sciencedirect.com/science/article/pii/S0045653507011903
https://www.sciencedirect.com/science/article/pii/S0045653507011903
https://www.sciencedirect.com/science/article/pii/S0045653507011903
https://pubs.acs.org/doi/abs/10.1021/ja02268a002
https://pubs.acs.org/doi/abs/10.1021/ja02268a002
https://www.sciencedirect.com/science/article/pii/S1385894711006942
https://www.sciencedirect.com/science/article/pii/S1385894711006942
https://www.sciencedirect.com/science/article/pii/S1385894711006942
https://www.degruyter.com/view/j/zpch.1907.57.issue-1/zpch-1907-5723/zpch-1907-5723.xml
https://www.degruyter.com/view/j/zpch.1907.57.issue-1/zpch-1907-5723/zpch-1907-5723.xml
https://www.tandfonline.com/doi/abs/10.1080/19443994.2013.769756
https://www.tandfonline.com/doi/abs/10.1080/19443994.2013.769756
http://www.scirp.org/(S(vtj3fa45qm1ean45vvffcz55))/reference/ReferencesPapers.aspx?ReferenceID=780356
http://www.scirp.org/(S(vtj3fa45qm1ean45vvffcz55))/reference/ReferencesPapers.aspx?ReferenceID=780356
http://www.scirp.org/(S(vtj3fa45qm1ean45vvffcz55))/reference/ReferencesPapers.aspx?ReferenceID=780356
https://iwaponline.com/wst/article-abstract/77/1/60/38450
https://iwaponline.com/wst/article-abstract/77/1/60/38450
https://www.google.dz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwi7yeast7DeAhUJmRoKHTqXDLMQFjAAegQICRAB&url=http%3A%2F%2Fwww.scirp.org%2F(S(vtj3fa45qm1ean45vvffcz55))%2Freference%2FReferencesPapers.aspx%3FReferenceID%3D780357&usg=AOvVaw3TM1rOJNaOPJkn57EPV7hN
https://www.google.dz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwi7yeast7DeAhUJmRoKHTqXDLMQFjAAegQICRAB&url=http%3A%2F%2Fwww.scirp.org%2F(S(vtj3fa45qm1ean45vvffcz55))%2Freference%2FReferencesPapers.aspx%3FReferenceID%3D780357&usg=AOvVaw3TM1rOJNaOPJkn57EPV7hN
https://www.google.dz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwi7yeast7DeAhUJmRoKHTqXDLMQFjAAegQICRAB&url=http%3A%2F%2Fwww.scirp.org%2F(S(vtj3fa45qm1ean45vvffcz55))%2Freference%2FReferencesPapers.aspx%3FReferenceID%3D780357&usg=AOvVaw3TM1rOJNaOPJkn57EPV7hN
https://www.google.dz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwi7yeast7DeAhUJmRoKHTqXDLMQFjAAegQICRAB&url=http%3A%2F%2Fwww.scirp.org%2F(S(vtj3fa45qm1ean45vvffcz55))%2Freference%2FReferencesPapers.aspx%3FReferenceID%3D780357&usg=AOvVaw3TM1rOJNaOPJkn57EPV7hN
https://www.google.dz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwi7yeast7DeAhUJmRoKHTqXDLMQFjAAegQICRAB&url=http%3A%2F%2Fwww.scirp.org%2F(S(vtj3fa45qm1ean45vvffcz55))%2Freference%2FReferencesPapers.aspx%3FReferenceID%3D780357&usg=AOvVaw3TM1rOJNaOPJkn57EPV7hN
https://www.sciencedirect.com/science/article/pii/S0021979700967237
https://www.sciencedirect.com/science/article/pii/S0021979700967237
https://www.sciencedirect.com/science/article/pii/S0021979700967237
hhttps://aip.scitation.org/doi/abs/10.1063/1.1746922
https://aip.scitation.org/doi/abs/10.1063/1.5048180
https://aip.scitation.org/doi/abs/10.1063/1.5048180
https://www.tandfonline.com/doi/abs/10.1080/19443994.2012.661250
https://www.tandfonline.com/doi/abs/10.1080/19443994.2012.661250
http://file.scirp.org/pdf/JSEMAT_2014071713580889.pdf
http://file.scirp.org/pdf/JSEMAT_2014071713580889.pdf
http://file.scirp.org/pdf/JSEMAT_2014071713580889.pdf
https://scialert.net/abstract/?doi=jas.2007.1985.1988
https://scialert.net/abstract/?doi=jas.2007.1985.1988
https://scialert.net/abstract/?doi=jas.2007.1985.1988

