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ABSTRACT

 Dye is an important chemical and, recently, its application in the world has boosted; however 
the skin irritation and cancer are of the detrimental effects of this chemical. Therefore, prior to 
discharge, the dye-contain effluents, in order to meet the standard values, should be treated. 
The present work are seeking to appraise the kinetics and isotherms of the Methylene Blue (MB) 
adsorption onto the surfactant (cetyltrimethylammonium bromide)-modified bentonite (CTAB-MB) in 
a batch study in a laboratory. The study of the MB adsorption efficiency was accomplished in batch 
system under different amount of effective parameters including contact time, adsorbent dosages 
and MB dye concentration. Optimum CTAB-MB dosage and contact time was achieved to be  
2.5 g/L and 75 min, respectively. The results of isotherm studies showed the better ability of 
Langmuir mono-layer isotherm in explanation of the equilibrium data and the highest adsorption 
capacity, based on this model, was obtained to be 36.19 mg/g. According our obtained results, the 
CTAB-MB was obtained to be potent and efficient adsorbent to remove the MB from the studied 
synthetic solutions.
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INTRODUCTION

 The water pollution through the toxic 
substances has mentioned as a desperate issue 
because it affects various sectors of life cycle1,2. The 

textile industries have been identified as the basic 
industries in all countries, and the colorful wastewater 
is the main character of these industries, since the 
dyes are vastly consumed in these industries3,4. 
These industries remarkably use the synthetic 
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dyes and the classifications of these types of dyes 
include acidic, reactive, direct, basic dyes, organic 
and mineral materials5,6. Methylene blue (MB) is 
classified in the thiazine class and is a widely used 
cationic dye in the industries, e.g., textile, paper, 
plastics, food industries and medicine7,8. 

 Discharging the dye-contained wastewaters 
into the aquatic environment have created various 
obstacles such as aesthetic issues, disrupting 
the sunlight penetration into the deep layers and 
photosynthetic performance in aquatic plants; 
the evidence towards their undeniable role in 
eutrophication, rising the wastewaters hardness and 
turbidity, death and destruction of microorganisms 
in surface waters and gradual poisoning of human 
has been determined9-11.

 Hence, these kinds of effluents are serious 
environmental risks which should be eliminated by 
the best methods prior to discharge into the aquatic 
media12,13. The membrane separation, flocculation- 
coagulation, electrochemical, reverse osmosis, 
ozone oxidation, and biological treatments are 
of the extensively applied techniques to remove 
the dyes14,15. Despite their incredible efficiency 
and applicability in removing the dyes, the cost 
and complexity of these methods decreased the 
tendency to apply these methods16,17.

 The adsorption is a valuable and economical 
alternative used for removing the pollutants which it 
has remarkable efficiency for recycling the adsorbent 
and adsorbate materials18,19. Numerous attempts have 
broadly conducted on various novel and common 
adsorbents and the activated carbon has introduced 
as the propitious adsorbent for elimination of the 
pollutants, since it has a great performance for this 
purpose20,21. Nevertheless, its large-scale application 
has the economic limitations, since it is expensive and 
is associated with high regeneration cost18.

 Therefore, finding the novel and low-priced 
adsorbents has presently gained nice attention 
among the scientists22. In keeping with the reports, 
the adsorbent with the requisites such as the need 
for little processing, great abundance and being a 
by-product or waste of an industry is inexpensive23. 
Hence, the attention towards the natural adsorbents 
to exterminate various contaminants has recently 

increased24. The bentonite clay, as anatural adsorbents, 
is a mineral formed into a layer with one octahedral 
sheet and two silica sheets and it has a net negative 
charge because it has the broken bonds around the 
edges of the silica-alumina units25-27. This mineral 
has illustrated the remarkable and successful results 
in adsorbing the dyes and metal ions28,29 and it has 
identified to be as a strong adsorbent to eliminate the 
pollutants from the solutions29.

 Conducting the present study was to 
assess the capability of CTAB-MB in removal of 
Methylene Blue dye under different values of the 
studied parameters including the contact time, dye 
concentration and CTAB-MB dosage on dye removal 
efficiency and  Ultimately, to analyze the kinetic and 
isotherms of the process.

EXPERIMENTAL

Materials
 Methylene blue (basic blue 9, C.I. 52015; 
C16H18ClN3S3H2O; MW, 373.90 g/mol) was used 
as the adsorbate and was purchased from Merck, 
Darmstadt, Germany. The obtained chemical formula 
was shown in the Figure 1.  

Preparation of adsorbate (CTAB-MB)
 For preparation of CTAB-MB, the amount 
of 25 g bentonite is poured in 250 mL of water with  
5 g of CTAB and it is stirred at 25°C for 12 hours. The 
resultant is then filtered and washed with distilled 
water for several times and the CTAB-MB is dried at 
110°C for 6 h (25). After preparation of adsorbent, 
its characteristics was assessed by BET method 
(Brunauer-Emmet-Teller) using liquid N2 adsorption 
at 196° K and the scanning electron microscopy 
(JEOL, model 6400).

Batch Kinetics Experiments 
 The stock solution used in this study (1000 
mg/L) was provided by dissolving the required 
amount of MB in distilled water and then it was 
diluted using the deionized water to prepare the 
solutions with desired concentrations. The volume 
of dye solution (sample) was 200 mL.

 To implement the experiments, the batch 
system using round bottom flasks were utilized. 
For this purpose, a certain amount and volume of 
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CTAB-MB adsorbent and 100 mL of MB solution with 
different was poured into 200 mL round bottom flasks 
and, after capping and placing on a mechanical 
shaker, they were shaken at 120 rpm at 25°C for 
desired time. The resultant solutions were filtered 
using Millipore membrane filter of 0.45µm before 
analyses. The amount of adsorbed dye ions by 
CTAB-MB for each gram of adsorbent, adsorption 
capacity (qe) and removal efficiency (% removal) are 
identified by Eqs. (1) and (2)30 

  (1)

   (2)

 Where qe is the amount of adsorbed dye per 
mass unit of the adsorbent at equilibrium (mg/g), V is 
the volume of the solution and W is the weight of the 
adsorbent. In addition C0 is the initial concentration 
of the dye (mg/L) and Ce is the dye concentration 
at the equilibrium (mg/L). All of the tests performed 
twice and the best results were reported. The 
measurement of dye concentration of the samples, 
after conducting the experiments, was carried out 
by UV-Vis Spectrophotometer (DR 5000) at a λmax 
of 554 nm. 

 The adsorption isotherms for the MB 
removal were studied using various concentrations. 
For this purpose, the linear forms of Langmuir, 
Freundlich and Temkin adsorption isotherm models 
were utilized. The following equations represent 
these models31,32

  Langmuir
                  

 Freundlich

 Temkin

 
 In this study, the kinetic studies of MB 
adsorption onto the CTAB-MB were done by the 
pseudo-first order kinetic model, pseudo-second order 
kinetic model and intra-particle diffusion model. The 
linear forms of these models are expressed as33,34

          first pseudo  
    order Kinetic

                   second pseudo order Kinetic

qt = K t0.5+ I Intraparticle diffusion model

Fig. 1. Chemical structure of Methylene Blue

RESULTS AND DISCUSSION

 The results of characterization of the CTAB-
MB illustrated that the specific surface area and pore 
volume of the adsorbent are 49.8 m2/g and 0.016 
mL/g, respectively. Moreover, Fig. 2 a and b are related 
to the SEM images of bentonite and CTAB-MB.

 Figure 3 a and b are related to SEM images, 
applied for determination of surface morphology of 
bentonite and modified bentonite. These images 
display that there are few number particles in 
agglomerates of bentonite compared to modified 
bentonite. Moreover, the laminar crystalline habit 
characteristic of phyllosilicates was observed in 
several particles in both bentonite and modified 
bentonite show however, these types of particle are 
greater in CTAB-MB. The domination of relatively 
great laminar crystallites and agglomerates may also 
be due to the interaction of surfactant molecules in 
the interlayer28.

Fig. 2. SEM micrographs of Bentonite and CTAB-MB

Effect of contact time and initial MB concentration 
 Figure 3 reveals the effect of contact time 
and MB initial concentration on the MB removal 
efficiency. As it is clear, the MB efficiency decreased 
by increasing MB concentration from 10 to 100 mg/L, 
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but the adsorption capacity increased by increasing 
the initial MB concentration (Fig. 4). Furthermore, 
considering the Fig. 4, the MB removal efficiency 
was reduced by increasing the contact time from  
10 to 150 min.

 Based on our results, the MB adsorption 
process had two stages; so that, in the first stage, the 
adsorption was carried out rapidly at 30 min and then, 
in second stage, the MB adsorption process had a 
slow trend and was performed during time of 30-75 
min in this stage, in comparison with the first stage, the 
adsorption capacity was decreased. It was identified 
that, for the contact time higher than 75 min it has 
no significant effect on adsorption capacity. It can be 
remarked that, according to dynamic equilibrium, in 
this time, the levels of adsorption and desorption are 
the same. To explain what is happened in the studied 
process, it can be said that the mass transfer of dye 
molecules into boundary layer is rapidly occurred34,35. 
But, the releasing of the dye molecules from the 
boundary layer into the absorbent surface is slowly 
carried out which is because of the occupation of the 
active adsorption and dispersing the dyes molecule 
into the adsorbent pores36.

Effect of adsorbent dosage
 Figure 5 depicts the effect of this parameter 
on MB adsorption efficiency. The adsorption 
efficiency was raised by increasing the CTAB-MB 
dosage up to 2.5 g/L and the equilibrium was 
obtained after this dosage. In spite of increasing 
the adsorption efficiency, the adsorption amount per  
g of adsorbent dose (qe) was decreased.

 To explicate the effect of CTAB-MB dosage, 
determination of the MB removal efficiency was also 
carried out using different dosages of CTAB-MB 
(0.2 to 4 g/L) and it was found that increasing the 
adsorbent dosage has positive effect on MB removal 
efficiency and leads to its increase. Increasing 
adsorbent dosage may lead to promote the active 
sites, which it facilitates the MB adsorption efficiency. 
However, the adsorption capacity was decreased after 
certain point; this may be described by this fact that 
the overlapping or aggregation of adsorption sites 
may decrease the adsorption surface area37,38.

Adsorption isotherm and kinetics
 Furthermore, based on the results, the 
adsorption capacity was developed by an increase 

in MB dye concentration. The increase of MB 
concentration is resulted in increase of the Mass 
transfer driving force and, as a result, the reaction 
between MB molecules and adsorbent is increased, 
which it is ultimately led to increasing the adsorption 
capacity39,40. Results of Balarak et al., and Kumar  
et al., confirm our results16,41.

 Table 1 represents the parameters 
of studied isotherm models. The coefficient of 
determination value of MB adsorption obtained from 
the Langmuir, Freundlich and Temkin models were 
0.996, 0.825 and 0.811, respectively.

 Moreover, the parameters of kinetic studied 
were determined through the linear plot of log (qe-qt) 
versus t for the pseudo-first-order model (not shown), 
t/qt versus t for the pseudo-second-order (shown in 
Fig. 6), and t 0.5 versus qt for intraparticle diffusion 
model (shown in Fig. 7); the values of the parameters 
were presented in Table 2.

 Pseudo-first-order and pseudo-second-order 
models are considered as important models which, in 
present study, are employed to predict the mechanism 
of the adsorption of studied dye onto the CTAB-MB. 
Based on Table 2, the obtained data were strongly 
explained by pseudo-second-order model (R2>0.99). 
Similar result was obtained by Yagub et al.,21.

 The Langmuir is an isotherm model which 
is used to characterize the homogeneous adsorption 
which has equal sorption activation energy for the 
adsorption of each adsorbate molecule on to the 
adsorbent surface. The separation factor (RL, also 
called equilibrium parameter) is considered as an 
essential feature of the Langmuir isotherm and is 
a dimensionless constant and is expressed by the 
below equation19.

RL=1/(1+KLC0)

 The RL values are indicative of the manner 
of the performing the adsorption based on following 
classification: for RL>1, the adsorption is unfavorable; 
for RL= 1, it is linear; for RL between 0 and 1, it is 
favorable; and for RL= 0, it is irreversible.

 Generally, the heat of adsorption, in 
adsorption process, decreases by increasing the 
adsorption. This is properly considered by the 
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Freundlich isotherm. In addition, considering the 
assumption of this model, the adsorption of the 
pollutants is performed onto the heterogeneous 
adsorbent27. Also, according to assumptions of Temkin 
isotherm, the decreasing of adsorption heat of the 
surface molecules is not performed logarithmically 
and it carried out linearly; a uniform distribution of 
binding energies at the adsorbent surface specifies 
the adsorption process; and the adsorbate-adsorbent 
interaction is considered by this model40.

 The (R2) related to the Langmuir isotherm 
was achieved to be 0.996, (Table 1) and it indicates that 
this isotherm model has a great aptness for explanation 
of the equilibrium data and the MB adsorption is a 
homogeneous. Moreover, the adsorption processes 
were favorable, since the separation factor (RL) was in 
the range of 0 and 1 (Table 2).

 Furthermore, the intra-particle diffusion model 
was applied to further analyzing the kinetic results. 
Considering the Fig. 7, three stages for MB adsorption 
are observed. The highest adsorption is observed in 
the initial step of the process because of the powerful 
electrostatic attraction between MB and CTAB-MB. 

After that, the adsorption is performed gradually due 

to the intraparticle diffusion of MB molecules by CTAB-

MB cavities. In third stage, as the intraparticle diffusion 
decreases, the final equilibrium stage appears; the high 
concentration of dye studied is the reason of this event. 
In addition, since the plots were not linear during the 
studied time range, it can be concluded that the rate-
limiting mechanism in the MB adsorption process is not 
only the intra-particle diffusion and other mechanisms 
may play role in this case34,37.

Fig. 3. Effect of contact time and concentration on MB dye 
removal efficiency (pH=7 and adsorbent dose =2.5 g/L)

Fig. 4. Effect of contact time and concentration on 
adsorption capacity (pH=7 and adsorbent dose =2.5 g/L)

Fig. 5. Effect of adsorbent dose on MB dye removal 
efficiency (C0 = 100 mg/L, pH=7, Contact time=75 minute)

Fig. 6. Pseudo- second-order kinetics of MB dye adsorption 
CTAB-MB (contact rime=75; pH=7; dose; 2.5 g/L)

Fig. 7. Intraparticle diffusion kinetics of MB dye adsorption 
CTAB-MB (contact rime=75; pH=7; dose; 2.5 g/L)
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Table 1: Isotherms constants for the removal MB onto CTAB-MB

 Langmuir model    Freundlich model   Temkin model
   qm RL KL R2 n KF R2 A B R2

36.19 0.039 0. 725 0.996 2.95 11.94 0.825 0.272 17.95 0.811

Table 2: the results of kinetic model studies related to the MB adsorption onto CTAB-MB

MB Concentration (mg/L) (qe)exp        Intraparticle diffusion           Pseudo-first order            Pseudo-second order
  k C R2 (qe)cal K R2 (qe)cal K R2

                  10 3.981 0.161 2.292 0.795 1.842 0.751 0.811 4.34 0.0097 0.996
                  25 9.815 0.422 5.312 0.801 4.562 0.644 0.825 10.86 0.0095 0.998
                  50 19.38 0.944 9.175 0.756 9.145 0.425 0.796 21.75 0.0037 0.997
                 100 34.72 1.861 14.44 0.784 18.14 0.276 0.846 38.95 0.0014 0.999

CONCLUSION

 This work studied the potency of the 
surfactant-modified bentonite (CTAB-MB) in 
removal of MB under different conditions of 
various parameters, i.e., contact time, initial 
concentration and CTAB-MB dosage. According 
to the results, the MB dye removal follows the 
Langmuir model (R2=0.996). Likewise, the CTAB-
MB is a successful and effective adsorbent for 

MB dye removal from aqueous solutions.
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