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 In this work, three types of natural clays including kaolinite, montmorillonite, and 
illite with different molecular structures, as adsorbents, are selected for the removal of 
methylene blue dye, and their performance is investigated. Also the optimization and 
the analysis of the dye adsorption mechanism are performed using the response surface 
methodology, molecular modeling, and experimental studies. The response surface 
optimization results demonstrate that the parameters affecting on the dye adsorption 
process are somewhat similar in all the three types of clays, and any difference in the 
impacts of the different parameters involved depends on the different structures of 
these three types of clays. The results of the experimental studies show that all the three 
clays follow the Temkin isotherm, and the comparison of the clay adsorption capacity 
is illite (3.28) > kaolinite (4.15) > montmorillonite (4.5) L/g. On the other hand, the 
results obtained from the laboratory studies and the response surface optimization were 
obtained using molecular modeling with the Gaussian and Chem-Office softwares. The 
results of these achievements confirm that the number of acceptor hydrogen bonds 
around the clays influence the adsorption capacity of methylene blue. Based on the 
results obtained, most adsorption capacities of clays are related to illite > kaolinite > 
montmorillonite that have 24, 18, and 16 acceptor hydrogens, respectively. The 
assessment of the adsorption mechanism process by the different methods confirms the 
dominance of the physical adsorption process and a minor effect of the chemical 
adsorption. 
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1. Introduction 
Fresh or clean water is essential for life on the 

earth. The prerequisite for a sustainable 
development is the existence of a healthy water. 
The industrial and agricultural activities can be 
considered as the major pollutant sources for water 
resources and natural ecosystems [1, 2]. One of the 
most important groups of environmental pollutants 
can be dyes, many of which are present in the 
industrial effluents [3]. Dyes and pigments are 
widely used in the industries such as plastics, 
textiles, cosmetics, pharmaceuticals, and paper 
making [4, 5]. 

The recent studies have shown that more than 
15% of the total amount of the dyes produced each 

year is processed into the industrial effluents and 
converted into environmental pollutants during the 
production process [6, 7]. In addition to help the 
ecosystem, removing these pollutants can also have 
important economic benefits. Different biological 
and physico-chemical methods can be used to 
remove dyes from aquatic sources [2, 8 and 9]. 
Most of these methods have been performed only 
in the laboratory studies and at industrial levels; 
there are wide application limitations with them 
such as the cost of the method, high energy 
consumption, and operating time, and in some 
cases, the creation of secondary pulp that the pulp 
itself is required to be treated [10].  
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Therefore, the researchers are always looking for 
a simple and affordable solution to remove dyes 
from contaminated wastewaters [11]. Thus 
different biological and physico-chemical methods 
have been used to remove dyes from water sources 
in the recent years [12]. The chemical precipitation 
[13], sonochemical degradation [14], ultra-
filtration [15], electrochemical treatment [16], 
solar photo-Fenton mechanisms [17], reverse 
osmosis [18], and adsorption process [19] are some 
methods that have been applied for dye removal.  

Unlike the other methods, adsorption can be 
considered as a promising alternative method to 
remove dyes from water sources [10, 20 and 21]. 
However, all of these benefits are closely linked to 
the absorbent used in the dye adsorption process. 
As a matter of fact, choosing an available and 
inexpensive adsorbent can be a great advantage for 
this process [22, 23]. Clays are the main sources 
used as adsorbents in the processing and 
environmental processes, and have always been 
regarded as the affordable and efficient adsorbents 
[24]. 

In this work, three clays from three main clay 
categories were selected as the adsorbents, and the 
methylene blue adsorption laboratory experiments 
on these absorbent were performed. The adsorption 
efficiency of each adsorbent was determined by the 
adsorption isotherm, and the highest adsorption 
rate was predicted using the Design Expert 7 
software. Finally, it was attempted to determine a 
reasonable relation between the adsorbent 
structures by molecular modeling and its 
efficiency. 

In this work, using molecular modeling, the 
mechanism governing the adsorption of methylene 
blue by three natural clay adsorbents (kaolinite, 
illite, montmorillonite) was evaluated, and the 
results obtained were assessed and validated using 
the results of the batch experiments. For this aim, 
the Gaussian and chem3D software were used.  

2. Materials and Method 

Methylene blue (MB) (with the characterizations 
including the color index number: 52015, CAS 
number: 122965-43-9, empirical formula: 
C16H18CIN3S.xH2O) was obtained from the Sigma 
Aldrich Company. At first, 100 mg of MB was 
dissolved in 1 L of distilled water to obtain 100 mg 
L-1 of a stock solution of the dye. Other 
concentrations of the dye solution were obtained 
from this solution. All the adsorbents were 
obtained from the Iran clay mines. In order to 
prepare the clay particles, three clay samples were 

placed in a dryer at 105 °C to remove the water 
contained in them, and then they were cooled to 
room temperature, and finally, passed through a 2-
mm sieve. The NaOH and HCl solutions used to 
adjust the pH were obtained from the Merck 
Company.  

A Perkin Elmer Lambda 25 spectrophotometer 
was used for measurement of the dye 
concentrations. Phase separation was performed by 
a HERMLE centrifuge. The samples were mixed 
on a magnetic stirrer at 500 rpm. The pH variety 
was measured using a digital pH-meter. Scanning 
electron microscopy (SEM) was used to observe 
the absorbent’s morphology. The FT-IR spectra of 
the clays before and after the adsorption process 
were obtained between 450 cm-1 and 4000 cm-1 
using a Perkin-Elmer spectrometer.  

In the batch systems, the influence of some 
parameters like pH, concentration of contaminant, 
contact time, temperature, and adsorbent’s dosage 
for the MB dye adsorption process was 
investigated and optimized. For the parametric 
optimization, the value for one parameter was 
changed and the other parameters were kept 
constant. 

3. Results and Discussion 
3.1. pH 

At first, a solution of 100 ppm MB was prepared 
in doubly distilled water. Next, the adsorbents were 
added to the simulated wastewater solution and 
mixed at the pre-determined constant times of 10, 
20, 40, 60, 80, 100, and 120 min using a magnetic 
stirrer at 500 rpm. At these times, the adsorbent 
was separated from the mixture using a centrifuge 
at about 4500 rpm, and the residual liquid was 
evaluated by the spectrophotometer for the amount 
of MB removed. The results obtained, which 
showed the adsorption percentage, were obtained 
by means of Equation 1. 

ܴ% = ଴ܥ) − (௘ܥ × 100 ⁄଴ܥ  (1) 

Where C0 and Ce are the initial and final 
concentrations, respectively.  

In order to determine the optimum pH of the 
adsorption for each adsorbent, at the pH values of 
2, 3, 4, 5.5, and 7, the adsorption operations were 
performed at specified times, and the optimum pH 
value was determined for each adsorbent. 

In all of these operations, the temperature was 25 
°C, the initial dye concentration in the solution was 
100 ppm, and the amount of adsorbent was 0.5 g. 
The optimization results for the pH for the 
adsorption of MB by kaolinite, illite, and 
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montmorillonite are shown in Figure 1. According 
to this figure, the optimum pH value for the 
adsorption of MB with the three adsorbents was set 
to 2. The effect of pH variation on the adsorption 
decreased at pH 4. 

3.2. Pollutant concentration 
In order to optimize the pollutant concentration, 

the 25 °C temperature, 500 rpm for the stirrer, 4500 
rpm for centrifuge, 0.5 g for the amount of 
adsorbent, and the optimized pH value were used. 
The optimization diagrams For the MB 
concentration are given in Figure 2. 

As shown in this figure, when the concentration 
of the contaminant was 50 ppm, the experiments 
with the three adsorbents showed the highest 
removal rates. When the concentration of the 
contaminant increased from 50 ppm to 100 ppm, 
the amount of adsorption was slightly reduced. 
However, by increasing the concentration to 150 
ppm and 200 ppm, the adsorption decreased 
significantly. This decrease was offset by 
increasing the time to some extent but at low 
mixing times, the difference between adsorptions 
was more significant for the three adsorbents. 

   
(a) (b) (c) 

Figure 1. Optimization of pH for MB adsorption by a: kaolinite, b: illite, and c: montmorillonite. 

   
(a) (b) (c) 

Figure 2. Optimization of MB concentration at optimum pH by a: kaolinite, b: illite, and C: montmorillonite. 

3.3. Adsorbent dosage 
By determining the optimum pH and the 

concentration of the contaminant, the dependence 
of the adsorption process on the weight of all the 
three adsorbents was evaluated. In order to 
optimize the weight of the adsorbent, the 25 °C 
temperature, 500 rpm for the stirrer, 4500 rpm for 
centrifuge, and the optimized pH were used. The 
effect of the weight of the adsorbent on the MB 
removal is shown in Figure 3 for the three 
adsorbents. The adsorbent amounts of 0.1, 0.2, 0.3, 
0.4, and 0.5 g were used to remove MB. For all the 
three adsorbents, the removal rate improved with 
increase in the adsorbent content, and eventually, 
0.5 g was determined as the optimum weight of the 
adsorbent. Also the adsorption performance at low 

doses was improved at larger time intervals. In fact, 
by increasing the adsorption time for the three 
adsorbents, especially kaolinite and 
montmorillonite, the decrease in the amount of 
adsorbent was partially offset. 

3.4. Temperature 

In an adsorption, the adsorption temperature is an 
effective parameter. In order to optimize the 
adsorption temperature, a solution with 100 ppm 
concentration of the contaminant, 500 rpm for the 
stirrer, and 4500 rpm centrifuge were used at the 
optimum pH and weight of the adsorbent. Figure 4 
shows the optimum adsorption temperature for the 
kaolinite, illite, and montmorillonite adsorbents. 
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(a) (b) (c) 

Figure 3. Optimizing weight of adsorbent. a: kaolinite, b: illite, and c: montmorillonite. 

   
(a) (b) (c) 

Figure 4. Optimization of adsorption temperature by the adsorbents a: kaolinite, b: illite, and c: 
montmorillonite. 

As it can be seen in this figure, increasing the 
temperature from 10 °C to 21 °C has a significant 
effect on the adsorption rate. When the temperature 
of the solution reaches 21 °C, the slope of the 
influence of the temperature on the adsorption rate 
is reduced. Thus the effect of the adsorption 
temperature between the two temperatures of 30 °C 
and 40 °C can be ignored except for 10 min. In fact, 
it is expected that a temperature rise of 40 °C will 
not have much effect on the adsorption rate. It is 
also evident in the temperature studies that if the 
adsorption temperature is low, increasing the 
mixing time can partially increase the rate of the 
dye removal. However, at temperatures above 21 
°C, the solution reaches equilibrium after 10 
minutes. As a result, increasing the temperature 
accelerates and improves the adsorption process 
with the clay adsorbent. This effect is greater for 
montmorillonite than the other two adsorbents. 

3.5. Statistical analysis 

New spatial interpolation methods like machine 
learning methods and response surface for 
predicting the results and analyzing the 
mechanisms in problems have been considered in 
the recent years. The response surface 
methodology was used to predict as well as 
determining the interaction of the operational 
parameters in the Expert Design software. Also it 
was used to optimize the variables, although in this 
work, the experimental data was analyzed with the 
historical data part by this software. The Expert 

Design software was used to determine the role of 
every operational parameter in the MB removal. 
Fig. 5 illustrates the interaction of the operating 
parameters in the MB removal. 

Figures 5a-5c show that in all the three 
adsorbents, from pH 7 to pH 4, no noticeable 
change in the adsorption rate was observed but 
from pH 4 to pH 2, there was a sharp change, 
indicating that with increasing acidity, the 
disturbing factors such as OH decreased and their 
competition with the dye for binding to the 
adsorption sites was diminished. Figures 5d-5i, on 
the other hand, show that the interaction of time 
and pH follows a parabolic function. In fact, at a 
constant pH value, the adsorption process is 
increased till approximately 70 minutes as a 
parabolic function, reaching the highest removal 
rate at every pH. It is evident that after achieving 
the highest adsorption and occupancy of most 
adsorption sites, continued mixing has caused the 
adsorbed dye to be separated again. It can be 
concluded that the bonds formed lack a sufficient 
attraction, and we can consider them as physical 
bonds. The figure also shows the slight influence 
of temperature on the amount of adsorption at 
different times. In fact, time is a determining factor 
in the absorption of dyes in comparison to 
temperature because the graph shows that 
temperature at a given time has little effect on the 
absorption rate. This confirms the physicality of 
the adsorption process. 



Seifpanahi Shabani and Abedi Orang Journal of Mining & Environment, Vol. 11, No. 4, 2020 
 

1083 

    

(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 5. 3D surface mapping plots. a, b, c: temperature and pH; d, e, f: temperature and time; g, h, i: pH and 
time for MB adsorption by kaolinite, illite, and montmorillonite, respectively. 

3.6. Adsorption isotherm 

The adsorption isotherm provides valuable 
information regarding the adsorption optimization. 
The degree of affinity between the dye and the 
adsorbent, the bond energy, and the adsorption 
capacity can be calculated by means of the 

adsorption isotherms [25]. Therefore, in this work, 
the Langmuir, Freundlich, and Temkin isotherms 
were investigated for the adsorption process with 
the three adsorbents. The equations of the 
Langmuir, Freundlich, and Temkin isotherms are 
given in Table 1.  

Table 1. Isotherm models and their linear form [26]  
Isotherm type Equation Linear form 

Langmuir ݍ௘ =  
௘ܥ௅ܭ௠ݍ

1 + ௘ܥ௅ܭ 
 

௘ܥ
௘ݍ

=  
1

௠ݍ௅ܭ
+

1
௠ݍ

 ௘ܥ

Freundlich ݍ௘ = ௘ܥிܭ 
ଵ
௡ ln (ݍ௘) =  lnܭி +

1
݊
௘ܥ  

Temkin ݍ௘ =
ܴܶ
ܾ ln(ܥ்ܭ௘) ݍ௘ =

ܴܶ
ܾ ln்ܭ +

ܴܶ
ܾ lnܥ௘  

 
In this table, ݍ௘ (mg/g) and ܥ௘  (mg/L) are the 

amounts of the adsorbed dye per unit mass of the 
adsorbent and the dye concentration at equilibrium, 
respectively, ݍ௠ (mg/g) is the maximum amount of 
dye per unit mass of adsorbent to form a complete 

monolayer on the surface, ܭ௅ (mg/L) is a constant 
related to the affinity of the binding sites, ܭி  and 
1/n are the Freundlich constants, indicating the 
capacity and intensity of the adsorption, 
respectively, b (J/mol) is the Temkin constant that 
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is related to the heat of adsorption, and ்ܭ (L/g) is 
the Temkin isotherm constant.  

According to the laboratory data and the 
equations in Table 1, the Langmuir, Freundlich, 

and Temkin isotherm results are shown in Figures 
6 to 8 for the kaolinite, illite, and montmorillonite 
adsorbents, respectively. According to these 
Figures, the MB adsorption process for all the three 
adsorbents follows the Temkin isotherm. 

(a) (b) 

 
© 

Figure 6. Linear fitting of the Langmuir (a), Freundlich (b), and Temkin (c) isotherms for the adsorption of MB 
by kaolinite. 

 
 

(a) (b) 

 
(c) 

Figure 7. Linear fitting of the Langmuir (a), Freundlich (b), and Temkin (c) isotherms for the adsorption of MB 
by illite. 
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(a) (b) 

 
(c) 

Figure 8. Linear fitting of the Langmuir (a), Freundlich, (b) and Temkin (c) isotherms for the adsorption of MB 
by montmorillonite. 

3.7. Adsorption kinetics 
The mechanism and rate of MB adsorption were 

investigated using the pseudo-first-order kinetics, 
pseudo-second-order kinetics, and intra-particle 
diffusion model. These equations are presented in 
Table 2. 

In Table 2, ݍ௘ (mg/g) and ݍ௧ (mg/g) are the 
adsorption capacities of MB at equilibrium and at 

time t, respectively; ݇ଵ (minିଵ), ݇ଶ 
(݃(݉݃. min)ିଵ), and ݇୧୬୲ (L. minଵ/ଶ) are the 
pseudo-first-order rate constant, pseudo-second-
order rate constant, and intra-particle diffusion rate 
constant, respectively; and t indicates the 
equilibrium time. According to the laboratory data 
and Table 2, the results for the kinetics are shown 
in Figures 9-11. 

Table 2. Equations of kinetic models with a linear equation [26]. 
Kinetic Model Equation Linear Equation 

pseudo-first-order ݀ݍ௧
ݐ݀ = ݇ଵ(ݍ௘ − ௧ݍ)௧) lnݍ − (௘ݍ = ௘ݍ݈݊ − ݇ଵݐ 

pseudo-second-order ݀ݍ௧
ݐ݀ = ݇ଶ(ݍ௘ −  ௧)ଶݍ

ݐ
௧ݍ

=  
1

݇ଶݍ௘ଶ
+

1
௘ݍ
 ݐ

Intra-particle diffusion ݍ௧ ௧ݍ (଴.ହ)ݐ௜௡௧ܭ = =  (଴.ହ)ݐ௜௡௧ܭ 
 
 
 
 
 



Seifpanahi Shabani and Abedi Orang Journal of Mining & Environment, Vol. 11, No. 4, 2020 
 

1086 

(a) (b) 

 
(c) 

Figure 9. Kinetics of pseudo-first-order (a), pseudo-second-order (b), and intra-particle diffusion (c), and their 
linear fit for adsorption of MB by kaolinite with a variable amount of adsorbent. 

  
(a) (b) 

 
(c) 

Figure 10. Kinetics of pseudo-first-order (a), pseudo-second-order (b), and intra-particle diffusion (c), and their 
linear fit for adsorption of MB by illite with a variable amount of adsorbent. 
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(a) (b) 

 
(c) 

Figure 11. Kinetics of pseudo-first-order (a), pseudo-second-order (b), and intra-particle diffusion (c), and their 
linear fit for adsorption of MB by montmorillonite with a variable amount of adsorbent. 

Using the linear fit of the laboratory data shown 
in Figures 11 to 13, the kinetic and adsorption 
parameters were obtained at equilibrium. The 
linear fit of the kinetic models for the 0.1, 0.2, 0.3, 
0.4, and 0.5 adsorbent values is presented in Table 
3. 

According to Table 3, it is proved that the MB 
adsorption process in all cases follows the pseudo-
second-order kinetics because it is most correlated 
with the laboratory data. It can be concluded that 
all the three selected clays exhibit similar kinetic 

behaviors for adsorption of MB. The high 
correlation coefficient and the high value of 
matching of the laboratory data and the calculated 
data for ݍ௘ of the linear fit indicate that the 
adsorption process follows the pseudo-second-
order kinetics. The adsorption kinetics are carried 
out in three steps, as shown in Figure 12, and it 
includes the transfer of soluble pollutants to the 
solid particle surface and intra-particle diffusion, 
and stay on the active adsorption sites [28].  

Table 3. Linear fit of the kinetic model parameters. 

Adsorbent 
Linear fit for adsorption kinetic 

pseudo-first-order pseudo-second-order intra-particle diffusion 

Kaolinite 

y = -0.0106x + 0.7477 
 ଵ = 0.024ܭ
௘ݍ  = 5.594 

R² = 0.4601 

y = 0.0214x + 0.0106 
 ଶ = 0.043ܭ
௘ݍ  = 46.729 
R² = 0.9999 

y = 0.4244x + 42.625 
 ௜ = 0.424ܭ

௘ݍ  42.625 = ݌ݔ݁.
R² = 0.5549 

Illite 

y = -0.0132x + 0.7292 
 ଵ = 0.030ܭ
௘ݍ  = 5.360 

R² = 0.4492 

y = 0.0208x + 0.0102 
 ଶ = 0.042ܭ
௘ݍ  = 48.077 
R² = 0.9999 

y = 0.4463x + 43.76 
 ௜ = 0.446ܭ

௘ݍ .  43.76 = ݌ݔ݁
R² = 0.6405 

Montmorillonite 

y = -0.0106x + 0.789 
 ଵ= 0.024ܭ
 ௘= 6.162ݍ

R² = 0.4402 

y = 0.0213x + 0.0149 
 ଶ = 0.030ܭ
௘ݍ  = 46.948 
R² = 0.9993 

y = 0.304x + 43.648 
 ௜ = 0.024ܭ

௘ݍ  43.648 = ݌ݔ݁.
R² = 0.5074 

 
In Figure 12, the first part of the curve (λ) has a 

higher slope, indicating adsorption on the outer 
surface or stage of penetration into the cortex. The 
second part of the curve (dr) is the gradual 
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adsorption or penetration phase of the absorbed 
material into the holes, which is the rate controlling 
step due to its lower slope than the previous one. 
The third step is done very quickly, and is 
considered minor. In the process design, it is 
essential to identify the difference between the film 
penetration and intra-particle penetration in order 
to identify the slowest step in the adsorption 
process. The rate of an adsorption process depends 
on the factors such as the structural properties of 
the adsorbent including porosity, specific surface 
area and particle size, chemical properties of the 
contaminant including ionic radius, contaminant 
concentration, and the amount of interaction 
between the dye and the adsorbent.  

 
Figure 12. Adsorbed mass transfer and adsorbent 

concentration profiles [29]. 

3.8. Adsorption Thermodynamic 
Since the adsorption values for MB at the 

temperatures of 10, 20, 30, and 40 C were studied 

for all the three adsorbents, the values for the 
thermodynamic parameters can be determined by 
the Van’t Hoff thermodynamic equations. 

logܭௗ =  
∆ܵ°

2.303ܴ
−  

°ܪ∆

2.303ܴܶ
 (2) 

Where ∆ܵ° (Kj/mol.K) is the entropy, ∆ܪ° 
(KJ/mol) is the enthalpy, R is the gas constant 
being equal to 8.314 (j/mol.K), and T is the Kelvin 
temperature. Also ܭௗ  is the equilibrium constant, 
which is obtained from Equation 3.  

ௗܭ =  
ܽ

1 − ܽ
 (3) 

In this equation, a represents the percentage of 
the pollutant adsorption at equilibrium. The Gibbs 
free energy of the MB adsorption process is also 
obtained by Equation 4.  

The calculated thermodynamic parameters can 
be seen in Table 4. The negative ∆ܩ° at the 
temperatures studied for all the three adsorbents 
indicate spontaneous adsorption reactions. On the 
other hand, the enthalpy changes were negative for 
all the three adsorbents at the studied temperatures, 
indicating that the adsorptions were exothermic. 
The small and positive entropy values indicate the 
low randomness at the solid/solution interface 
during the adsorption process. Given that both the 
thermodynamic parameters of enthalpy changes 
and the entropy change to enhance the reaction, 
namely exothermic and increasing irregularity, it 
can be concluded that the positive entropy changes 
increase, and the positive enthalpy changes 
decrease the MB adsorption. Thus the adsorption 
reaction is spontaneous and irreversible.  

Table 4. Thermodynamic parameters of MB adsorption.  

Adsorbent ∆ܪ° 
ܬܭ) ⁄݈݋݉ ) 

∆ܵ° 

൬
ܬܭ

ܭ.݈݋݉
൰ 

ܬܭ) °ܩ∆ ⁄݈݋݉ ) 
Temperature (K) 

283 293 303 313 
Kaolinite -38.34 0.04 -49.72 -50.15 -50.51 -50.9 

Illite -19.98 0.02 -25.86 -26.09 -26.28 -26.48 
montmorillonite -28.37 0.007 -30.25 -30.32 -30.39 -30.45 

 

One way to determine the type of adsorption is to 
obtain the amount of adsorption enthalpy. The 
basis of the work can be divided into two types of 
adsorption including the physical adsorption and 
the chemical adsorption. If the enthalpy is less than 
20 KJ, it is assumed to be a physical adsorption, 
and if it is higher than 80 KJ, it is assumed to be a 
chemical adsorption. According to Table 4, the 
enthalpy changes for all the three cases are less 

than 40 kJ, so all the three adsorption processes can 
be classified as the physical/partially chemical 
adsorption categories. 

3.9. SEM and FT-IR analysis 
In this work, SEM analysis was performed for all 

the three understudied adsorbent samples. The 
SEM analysis is shown in Figure 1-S. Although the 
crushing type was similar for all the three types of 
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adsorbents, illite had a smaller grain size. In terms 
of porosity, Figure 1-S shows that the highest 
porosity is related to illite, followed by 
montmorillonite with a higher porosity than 
kaolinite. 

One way to identify the adsorption mechanism is 
to compare the FT-IR spectra before and after the 
adsorption process. The FT-IR spectra for 
kaolinite, illite, and montmorillonite before and 
after MB removal are presented in Figures 14 to 16, 
respectively. For kaolinite, illite, and 
montmorillonite, the absorption bands at 1634.72 
cm-1, 1637.59 cm-1, and 1634.72 cm-1 are ascribed 
to the ܵ݅ = ݈ܣ and ܪܱ =  stretching vibrations ܪܱ
in physiosorbed water. Above all, the 
wavenumbers 3399.26 and 3646.40 for illite, 
3440.44 cm-1 and 3626.41 cm-1 for kaolinite, and 
3440.44 cm-1 and 3626.41 cm-1 for montmorillonite 
show changing; these wavenumbers can be related 

to  ܰ− ݈ܣ and ܪܱ −  Therefore, the formation .ܪܱ
of a bond between the nitrogen present in aqueous 
methylene and the hydrogens present in the clay 
structure is shown in Figure 17 [27]. 

 
Figure 13. Bond stretch identity graph 

(www.photometrics.net). 

  
(b) (a) 

Figure 14. Kaolinite FT-IR spectrum. a: before adsorption, b: after adsorption. 

  
(b) (a) 

Figure 15. Illite FT-IR spectrum. a: before adsorption, b: after adsorption. 

  
(b) (a) 

Figure 16. Montmorillonite FT-IR spectrum. a: before adsorption, b: after adsorption. 
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Figure 17. Formation of hydrogen bonds between 

aqueous methylene and adsorbent [27]. 

3.10. Molecular modeling 
In order to express the relationship between the 

molecular structures and the rate of physical 
adsorption, according to the Gaussian and 
ChemOffic software, the structures of the 
adsorbents and the MB molecules were simulated, 
and the information from these software was 
obtained; Table 4 summarizes some extracted 
information from the software. 

Since in an adsorption, Van der Waals forces and 
surface electrostatic potential play an important 
role in the absorption capacity and absorption rate, 
the modeling of surface electrostatic potential was 
performed in the Chem3D software (Figure 18). 

Table 5. Information extracted from the Gaussian and ChemOffic software. 
Montmorillonite  Illite  Kaolinite  Parameter  

476.8  513.4  414.00  Connolly accessibly area 
237.7  299.3  229.2  Connolly molecular area  
354.6  388.6  278.69  Connolly solvent excluded volume  

16  24  18  Number of H-bond acceptors  
0  0  0  Number of H-bond donors  

1.13  1.16  1.11  Orality  
1.15  9.45  8.61  Dipole  

22416  13832  5956  Molecular topological Index 
194.12  169.28  140.02  Polar surface area 

5.23E-09  5.23E-09  1.50E-06  Total connectivity 
41.83  68.95  66.45  RMS force 

 

      
(c)  (b)  (a)  

Figure 18. Electrostatic potential modeling of the three clay adsorbents (red color shows a positive electrostatic 
potential and blue color shows a positive electrostatic potential). a: montmorillonite, b: illite, c: kaolinite. 

Considering this figure, it can be seen that 
montmorillonite has a symmetric electrostatic 
potential, while the other adsorbents follow an 
asymmetric shape. All the three adsorbents also 
have the potential to absorb materials with positive 
and negative potentials due to the electrostatic 
properties observed in the Figure 18. In order to 
illustrate the electrostatic potential of MB, this 
compound was plotted in the ChemDraw software 
and the Chem3D software was modeled. Figure 19 
shows the electrostatic modeling of MB. In this 
figure, it is obvious that only the middle nitrogen 
structure of MB has a positive electrostatic 
potential. 

Based on the results of the FT-IR spectra as well as 
the molecular modeling, it can be concluded that 
the intermediate nitrogen is the major contributor 
to the formation of new N-H bonds in the 
adsorption process. Thus hydrogen bonds can be 
considered as the main adsorption factor in the 
current adsorption processes in this work. 
According to Table 4 and the number of hydrogen 
bond acceptors present in each structure, it is 
expected that the highest adsorption rates are 
related to illite, kaolinite, and montmorillonite with 
24, 18, and 16 hydrogen bond acceptors, 
respectively. This result is in agreement with the 
results of the adsorption isotherm. 
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Figure 19. Electrostatic potential of MB (red color 

indicates a positive potential). 

4. Conclusions 
Methylene blue (MB) is considered as a main 
environmental pollutant. In this work, three clays 
including kaolinite, illite, and montmorillonite 
from three main clay categories were selected as 
the adsorbents, and the MB adsorption on these 
absorbent were assessed. Initially, the adsorption 
operating parameters for all the three adsorbents 
were optimized by the experimental tests and the 
Design Expert 7 software. Then the adsorption 
capacity and efficiency of each adsorbent were 
determined by the adsorption isotherm, and the 
highest adsorption rate was predicted by the Design 
Expert 7 software too. All the three adsorbents 
followed the Temkin isotherm, and the highest 
adsorption rates were determined for illite, 
kaolinite, and montmorillonite, respectively. 
Finally, it was attempted to determine a reasonable 
relation between the adsorbent structure and its 
efficiency by molecular modeling and FT-IR 
analysis. Based on the results obtained, it was 
assumed that the bond formed between MB and 
clay was physical. Also the main reason for the 
adsorption of MB by clays is due to the formation 
of hydrogen bonds. Of course, the intermediate 
nitrogen in the MB structure forms a hydrogen 
bond. Consequently, depending on the number of 
hydrogen bond acceptors in the structure of each 
clay, their adsorption might be predicted 
comparatively. 
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  چکیده:

انتخاب  یآب لیمت يحذف رنگزا يبرا ییهابه عنوان جاذب تیلیو ا تیلونیمونتمور ت،ینیمختلف شامل کائول يساختارها يدارا یعیطب يهامقاله سه نوع رس نیدر ا
 یشگاهیآزما يهاو داده یمولکول يجذب رنگزا با استفاده از روش سطح پاسخ، مدل ساز سمیمکان لیو تحل يساز نهیبه نیشده است. همچن یآنها بررس ییشده و کارا

رنگزا در سه نوع رس مشابه است  یجذب سطح ندیبر فرآ رگذاریتاث یشگاهیآزما يدهد پارامترهایبه روش سطح پاسخ نشان م يساز نهیبه جیشده است. نتا یبررس
کنند و یم تیتبع نیتمک زوترمیدهد که هر سه نوع رس از ایم ننشا یشگاهیآزما يهایبررس جی. نتاستیمطرح ن یاز ساختار رس ینوع خاص يبرا یو پارامتر خاص

از مطالعات  يگرید جینتا نیدر گرم است. همچن تری) ل5/4( تیلونیمونتمور <) 15/4( تینیکائول <) 28/3( تیلیجذب سه نوع رس به صورت ا تیظرف سهیمقا
یم دییات دست آوردها نیا جیبدست آمده است. نتا سیو کم آف نیاز نرم افزار گوس ستفادهبا ا یمولکول يبه روش سطح پاسخ و مدل ساز يساز نهیبه ،یشگاهیآزما

 تیظرف ج،ینتا يها موثر است. بر مبنااذبج نیتوسط ا یآب لیمت يجذب رنگزا تیظرف يها بر رودر اطراف رس دروژنیه رندهیپذ يوندهایاز پ يکند که تعداد
جذب با  ندیفرآ سمیمکان یابیدارند. ارز دروژنیه رندهیاتم پذ 16و  18، 24 بیاست که هرکدام به ترت تیلونیمونتمور > تینیکائول > تیلیها به صورت اجذب رس

  .وجود دارد ییایمیش ندجذبیفرآ زیو ناچ یغالب است و به صورت جزئ کیزیجذب ف ندیدهد که فرآیمختلف نشان م يهااستفاده از روش

  .یمولکول يروش سطح پاسخ، مدل ساز ،یآب لیمت ،یجذب سطح کلمات کلیدي:
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