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Abstract 

 

This study aimed to investigate methylene blue (MB) adsorption onto Na-bentonite as adsorbent. Individual effects of operating factors 

including initial MB concentration, pH, contact time and temperature on the performance of adsorption were firstly investigated. Results 

showed that these factors had significant effects on adsorption of MB solution. The adsorption rate was rapid at the initial stage and it 

reached equilibrium in a few minutes.  For kinetic and equilibrium studies, pseudo-first, pseudo- second order and Langmuir models 

were able to fit experimental data with the maximum adsorption capacities ranging from 398.28 - 465.28 mg/g. Also, thermodynamic 

studies showed that the process under study was the spontaneous and endothermic reaction.  Finally, the surrogate-based model was 

developed to study interaction effects of operating factors and to examine the optimal condition. The optimal conditions for this study 

were found at the initial concentration of 634 mg/L, a pH of 10, and a temperature of 55oC.  
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1. Introduction 

 

Several sectors such as food, textile, and leather, etc. have 

used dyes to color products [1]. Now, over 0.7 million tons of 

dyes are produced annually and certain quantities of the total dyes 

(5-10%) are discharged into the water body as industrial effluent 

[2, 3]. It is widely known that contamination of dyes in water can 

be a major problem due to the negative impact on a wide variety 

of lives, so the discharge of water containing dyes can have 

impacts on toxicological and esthetical aspects [ 4] .  In addition, 

most dyes are slightly biodegradable, and cannot be removed by 

using conventional approaches.  Almost 90%  of reactive dyes 

remain the same after passing through a wastewater treatment 

plant [ 5] .  One example of a dye substance typically used for 

coloring products, e.g. cotton, silk, and wood is methylene blue 

(MB) [6]. Even though MB has been applied to several industries, 

it potentially causes eye burn, permanent eye injury [7] , nausea, 

vomiting, diarrhea, gastritis, profuse sweating, mental confusion, 

and breathing difficulties upon inhalation [7, 8] .  To avoid these 

problems, dye wastewater needs proper treatment approaches 

before discharge to the environment. 

 A number of approaches have been developed to decolorize 

dye wastewater including biological, chemical and physical 

methods [9], but only a few approaches have been widely 

adopted to industries.  Adsorption is, however, among treatment 

methods which demonstrate the potential for removing different 

kinds of color substances [10] .  The basic concept of adsorption 

is that undesired substances are moved from the water solution to 

a solid adsorbent which can be regenerated to be reused, kept in 

place without affecting the environment or eliminated using 

environmentally friendly approaches.  Activated carbon (AC) as 

an adsorbent has been widely used for eliminating dyes from 

wastewater thanks to its properties which are suitable for 

adsorption [11].  However, the use of AC in the large-scale 

processes is limited because it is expensive [12].  Many studies 

have focused on a low-cost material [13-17]. Clay minerals such 

as bentonite and its activated form have been extensively used as 

adsorbents for removing the dye from wastewater, thanks to their 

high specific surface areas and cation exchange capacities. These 

clay minerals have more advantages in terms of abundance in 

nature and availability at lower cost [17, 18]. In addition, several 

manufacturers and suppliers of clay minerals are available in 

Thailand so it is more convenient to use as an adsorbent, because 

these clay minerals are in a ready to use form through the 

purification process.  In this study, Na-bentonite is chosen as the 

adsorbent since it possesses net negative surface charge so it is 

likely for MB or a positively charged blue dye to bind to the 

negatively charged surface of Na-bentonite.  

 Regarding MB removal using bentonite and activated 

bentonite such as Na-bentonite, effects of operating factors have 

already been investigated by several studies [19-23]. The 

common approach to investigating these effects is to change an 

operating factor while fixing other operating factors constant. 

This can describe the effects of operating factors individually but 

it is inadequate to describe the interaction of such operating 

factors or the relationship among operating factors. Apart from 

this, the effects of operating factors, selection of the optimal 

operating condition is another important aspect that needs to be 

taken into consideration for process operation.  To study the 

interaction effects of operating factors and choose the optimal 

condition, surrogate-based modeling is commonly used.  It is a 

mathematical approximation technique used for improving and 

optimizing the process.  It is also used to transform the complex 

process into the mathematically simple model or the input-output 

relationships of the complex process. It has been used in many 

aspects in chemical engineering domain such as simplifying unit 

operation, identifying the feasible region of unit operation, and 

process optimization to improve capability and performance   
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[24, 25]. This method involves planning to collect appropriate 

data, analyzing the collected data, and selecting the suitable 

model to represent the input/output relationship.  Consequently, 

it can result in a reliable and valid conclusion. The main 

contribution in this work is to study the effects of operating 

factors individually on adsorption of MB using Na-bentonite as 

an adsorbent including initial MB concentration, contact time, 

initial pH, and temperature. The pseudo-first and second order 

kinetics are also analyzed to investigate kinetic parameters of MB 

removal using Na-bentonite. Then, equilibrium information is 

evaluated using Langmuir as well as Freundlich models and 

adsorption thermodynamics will be analyzed.  Additionally, the 

interaction effects of operating factors and optimization are 

studied based on the surrogate-based model. 

 Although Na-bentonite has been studied extensively for dye 

adsorption, there is still research potential for improving the 

adsorption performance and identifying the relationship between 

its performance and operating factors. The key finding in this 

study would be beneficial from technical point of view because 

it can be used to explain interaction between operating factors 

and determine the optimal operating conditions for the removal 

of MB. Also, it can be a reference for wastewater treatment 

produced from local textile industries. 

 

2. Materials and methods 

 

2.1 Chemicals and clay  

 

MB solution was used as adsorbate and its molecular formula 

is C16H18N3SCl·3H2O with molecular weight (MW)  of 319.85 

g/ mol.  MB was purchased from the Asia Pacific Specialty 

Chemical company.  Stock of MB with concentration of 1 g/L 

was prepared in distilled water, and then diluted to obtain the 

desired MB concentration.  Na- bentonite as an adsorbent was 

purchased from the Supsuwan industry company (Thailand).  

 

2.2 Characteristics and analysis 

 

An ultraviolet-visible spectrophotometer (UV/VIS) was used 

to analyze MB concentration through a calibration curve which 

shows the relationship between MB concentrations and 

absorbance.  

The Na-bentonite characteristics were analyzed by X- ray 

fluorescence (XRF)  as well as a scanning electron microscope 

(SEM)  to evaluate chemical composition and surface of 

morphology.  Also, a spectrum Fourier transform infrared        

(FT- IR, FTIR2000)  spectroscopy with a frequency number 

ranging from 4,000 to 400 cm−1 and X-ray diffraction (XRD, X’ 

Pert Phillips) in the 2θ angle ranging from 5o to 90o with the scan 

rate of 0.04 degree per minute were used to investigate functional 

groups and lattice spacing, respectively.  BET surface area and 

pore diameter of the Na- bentonite were determined by N2 

adsorption/desorption at 77 K using an automatic surface 

analyzer (Quanta chrome Instrument, ASI-C-8). 

 

2.3 Batch tests  

 

 Initially, 100 mL of MB solutions with concentrations of 

100-700 mg/L were prepared in 200 mL conical flasks. After that 

0.1 g of Na-bentonite was added into the solutions to adsorb the 

MB molecules.  The flasks were then shaken in the incubator 

shaker at a constant speed of 200 revolutions per minute (rpm) 

for centrifugation with different control temperatures (35-55oC) 

for 120 minutes.  After shaking the conical flasks, MB adsorbed       

Na- bentonite was separated from the solutions by means of 

centrifugation.  Finally, the concentration of supernatant was 

measured using a UV/VIS spectrophotometer (λmax = 615 nm) to 

detect the remaining amount of MB in the solutions.  Adsorption 

capacity of Na- bentonite or the amount of MB adsorbed onto    

Na-bentonite at time t was determined by the following equation: 

q
t
 = 

(C0-Ct)V

m
        (1) 

 

where qt represents the adsorption capacity of Na- bentonite 

(mg/g)  at time t; C0 and Ct are the initial MB concentration and 

MB concentration at any time t, respectively (mg/L) ; V is the 

volume of MB solution (L), and m is a unit mass of Na-bentonite 

(g). Performance of MB removal using Na-bentonite can also be 

indicated using percent removal as given by: 

 

%Removal = 
(C0-Ce)

C0

×100       (2) 

 

where C0 and Ce are initial and equilibrium concentrations of MB 

solution.  Note that, a similar approach was conducted at 

equilibrium (contact time > 120 minutes was used to make sure 

that it reached equilibrium)  with various initial MB 

concentrations. 

 

2.4 Development of surrogate-based models 

 

 A surrogate-based model is known as the approximation or 

mathematically simple model used for mapping input- output 

relationships of complex systems or processes.  It has been used 

in several engineering practices and applications [24, 25] .  It is 

developed from samples or experimental data obtained by the 

design space.  Note that the quality of surrogate-based models 

depends on a sampling data point and there is no rigorous way 

for sampling methods. Generally, design of experiment (DOE) is 

used to evaluate sample points in the design space with the 

purpose of maximizing the amount of information obtained from 

limited sample points.  Once experimental data at the sampling 

data point is collected, surrogate- based models are developed. 

There are several techniques used to develop surrogate- based 

models such as Kriging, and radial basis functions.  The 

polynomial respond surface model (RSM) is one of the common 

methods for developing surrogate- based models.  The main 

advantage of this technique over other methods is that it is 

computationally simple and convenient to evaluate information 

from the magnitude of coefficients.  The general mathematical 

model of sampling data is given as: 

 

y(x) =  ŷ(x) + ε,     x ∈ ℝ𝑚       (3) 

 

where y(x) , ŷ(x)  are the sampling/ experimental data and the 

response of surrogate-based models, respectively.  ε is errors or 

gaps between model prediction and experimental data.  The 

response of the surrogate-based model can be defined as: 

 

ŷ(x)  =  β
0
+ ∑ β

i
m
i=1 xi+ ∑ β

ii
m
i=1 xi

2+ ∑ ∑ β
ij

m
j≥i

m
i=1 xixj    (4) 

 

where  β
0
, β

i
, β

ii
, β

ij
 are constant, linear, quadratic and cross-

product coefficients, respectively; xi, xj are independent factors. 

After a surrogate- based model is developed, it needs to be 

validated using different sampling data points or different sets of 

experimental data to ensure its applicability.  It is important to 

point out that the development of surrogate- based models is 

repeatedly performed from sampling data points to improve 

model accuracy until the stopping criteria are met. The validated 

surrogate-based model is then used for predicting or optimizing 

complex processes. Note that there is always a trade-off between 

computational expense and model accuracy.  For example, the 

higher-order polynomial models usually provide a better fit than 

the linear models but the non-linear models are more complex to 

develop and use.  

In this study, the interaction effects of operating factors and 

the optimal operating conditions were investigated through the 

surrogate-based model .Full factorial design experiments were 

performed to analyze  performance of the  adsorption  process  in  
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Table 1 Level of operating factors. 

 

Operating factors Low level (-1) Mid-level (0) High level (+1) 

Temperature (oC), x1 35 45 55 

pH, x2 2 6 10 

Initial concentration (mg/L), x3 100 400 700 

 

Table 2 Chemical composition of Na-bentonite. 

 

Chemical composition Percent (%) Chemical composition Percent (%) 

SiO2 61.59 MgO 1.47 

Al2O3 15.37 CaO 1.22 

Fe2O3 6.19 Na2O 2.07 

TiO2 1.08 K2O 0.43 

MnO 0.04 P2O5 0.06 

 

 
 

Figure 1 FTIR Spectra of Na-bentonite 

 

terms of adsorption capacity at equilibrium or the amount of MB 

adsorbed onto Na-bentonite at equilibrium.  Three factors with 

three levels were studied including initial MB concentration, 

initial pH, and temperature as presented in Table 1.  Then, a 

surrogate-based model was developed using the polynomial 

RSM to provide a better understanding of interactive effects. 

After that, the surrogate- based model was validated using 

different sets of experimental data by comparing the prediction 

of the surrogate-based model and experimental data. Finally, the 

validated surrogate- based model was used to optimize the 

operating condition of MB adsorption onto Na-bentonite. 

 

3. Results and discussions 

 

3.1 Characterization of Na-bentonite 

 

The chemical composition of Na- bentonite from XRF 

analysis is shown in Table 2.  SiO2 and Al2O3 were apparently 

major components of Na-bentonite accounting for 76.96% with 

the ratio of 4:1.  The ratio was almost twice as high as the 

theoretical value of perfect montmorillonite (2.6:1) [20] 

indicating a relatively high content of SiO2 and it was claimed 

that the SiO2 compound could be used as an adsorbent for simple 

molecules and ions [26] .  Additionally, the higher percentage of 

Na2O compared to CaO and K2O allowed us to classify the 

interlayer cation in montmorillonite into Na-bentonite as shown 

in Table 2.  

The BET surface area, pore volume and pore diameter were 

obtained from N2 adsorption/desorption isotherms at 77 K.  The 

results showed that the N2- BET surface area and total pore 

volume for pores were 77. 55 m2/ g and 0. 1044 cm3/ g, 

respectively.  Also, the average pore diameter of Na- bentonite 

was 42. 96 nm.  Typically, bentonite has surface area, total pore 

volume and average diameter in the range of 27-57 m2/g, 0.09 -
0.13 cm3/g and        2.34-11 nm, respectively, which have been 

reported in some previous works [27, 28]. 

To investigate functional groups of Na- bentonite, FTIR 

spectra of Na- bentonite before and after adsorption were 

analyzed and the result is shown in Figure 1.  The FTIR analysis 

on the Na-bentonite before MB adsorption showed the absorption 

band was detected at 3,619.49 cm- 1  [ υOH]  representing the 

stretching vibration of AlOH and SiOH which can be attributed 

to the OH group of Na-bentonite.  The board band at 3,387.23  

cm- 1  [ υOH]  represents stretching vibration of OH for hydrogen 

bonds. The bands at 1,637.89 cm-1 [υHOH] to bending vibration 

of OH, 1,427.87 cm- 1  [ υSiO]  to the stretching vibration of SiO, 

990.53 cm-1 [υAlAlOH] to the bending vibration of AlAlOH, and 

876.87 cm- 1  [ υCO]  to the stretching vibration of CO were also 

detected [ 29-31] .  After MB adsorption, the spectrum of MB 

loaded adsorbent was mostly the same as that observed in the MB 

free adsorbent and only the intensity of the peaks changed. On 

the contrary, the FTIR spectrum of MB (black line in Figure 1) 

shows more complicated vibration peaks. Some of these peaks 

did not appear in the FTIR spectra of the MB loaded adsorbent 

and possibly contributed to the intensity of the peaks. Significant 

changes in the peak intensity indicate the existence of physical 

interaction between the adsorbent and the MB.  The similar result 

was found in the study of Xu et al. [32] and Ainane et al. [33]. 
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Figure 2 XRD Pattern of Na-bentonite. 

 

 
 

 
 

Figure 3 SEM Images of Na- bentonite ( a)  before adsorption      

(b) after adsorption at 1,000 magnification. 

 

 Figure 2 shows the XRD pattern of Na- bentonite and the 

diffraction peaks were detected at 2θ  = 6. 55o and 29. 37o 

corresponding to a basal spacing )d001 (of 13.49 A and 3.04 A, 

respectively this reflects that the surface of Na-bentonite has a 

lattice structure consisting of montmorillonite and quartz with 

characteristic features .The other peaks correspond to impurities 

[34]. 

The morphological structure of Na- bentonite was 

investigated by using SEM at 1,000 magnification before and 

after MB adsorption. It was found that their surface morphologies 

were obviously different.  Figure 3(a)  shows the SEM image of 

Na-bentonite before adsorption and abundant pores distributed 

on the surface. These pores allowed MB molecules to diffuse into 

the interior of Na- bentonite when it was immersed with MB 

solution.  Also, its  superficial  area  before  adsorption  was  large  

 
 

Figure 4 Effect of pH on adsorption capacity at equilibrium. 

 

and the lamellar structure stacked together. Figure 3(b) shows the 

Na- bentonite surface after adsorption.  The surface of Na-

bentonite became tighter and space between layers of Na-

bentonite was reduced. This is possibly because the MB solution 

was adsorbed on the surface. 

 

3.2 Effect of operating factors 

 

3.2.1 Initial pH 

 

The initial pH of the solution can influence the adsorption 

capacity in terms of the degree of ionization and surface 

properties of the adsorbent [35] .  In this section, the effect of 

initial pH ranging from 2-10 on the adsorption capacity at 

equilibrium was investigated while the initial MB concentration, 

temperature, and contact time were fixed at 400 mg/L, 35oC, and 

120 minutes, respectively.  The initial pH of MB solution was 

adjusted by sodium hydroxide (NaOH)/hydrochloric acid (HCl) 

and the adjusted pH was measured using the pH meter.  Figure 4 

shows percent removal of the MB adsorption using Na-bentonite 

at various initial pH values. It was obvious that adsorption of MB 

solution onto Na- bentonite depended on the initial pH as the 

percent removal of MB solution increased significantly from 

73% to 89% with an increase in the initial pH from 2 to 6. At the 

initial pH above 6, the percent removal of MB solution increased 

slightly from 89%  to 92% .  The favorable adsorption and the 

maximum percent removal of MB solution were found at the high 

pH of 10.  The possible reason is that the performance of MB 

adsorption is influenced by surface charges on the adsorbent and 

MB as a cationic dye which is available in the form of positively 

charged ions.  At the lower initial pH, the excess H+ from 

protonation and MB molecules are competitively adsorbed on the 

free adsorbent sites. This can consequently decrease the 

possibility of MB molecules adsorbed onto the adsorbent. 

Conversely, an increase in the initial pH decreases the competing 

H+, yielding a favorable outcome for the MB adsorption onto Na-

bentonite. The results yielded a similar trend to the study of Liu 

and Zhou [ 36]  investigating removal of Ni and Cu using Na-

bentonite at different pH.  The percent removal of Ni and Cu on 

Na-bentonite increased with an increase in pH. Additionally, pH 

point of zero charge (pHpzc) was determined to indicate the type 

of surface-active centers [37] and to provide better understanding 

of adsorption mechanisms. The result showed that pHpzc was 

found to be 2. At pH > pHpzc, the surface has net negative charges 

and it is favor for MB (cationic dye) adsorption because 

functional group such as OH- is presented [38].  

(a) 

(b) 
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3.2.2 Contact time  

 

The effect of contact time is another factor for the adsorption 

process in terms of both adsorption capacity and economic 

aspects.  The effect of contact time at 0-120 minutes on the 

adsorption capacity was investigated while other operating 

factors were kept constant (pH = 10, initial concentration = 400 

mg/ L, temperature =  35oC) .  Figure 5 shows the adsorption 

capacity of MB solution at different times.  Rapid adsorption 

occurred at the initial stage of the contact time observed from the 

high adsorption capacity and it reached equilibrium in a short 

time.  This can be explained by a large number of active sites 

being occupied by MB molecules and this leads to the high 

adsorption rate at the initial stage.  Then, MB removal kept 

constant where no more MB molecules were removed. The rapid 

equilibrium may result from the fact that the number of MB 

molecules mainly adsorbs on the external surface of the Na-

bentonite and then the adsorbed MB molecule form a layer as 

displayed in Figure 3(b)  which could be a barrier for the MB 

transferring into the interior of the adsorbent. 

 

3.2.3 Temperature 

 

Another important factor affecting MB adsorption is 

temperature because it has been proved by several studies that 

temperature  can  change  the  adsorption  capacity [7]. The  effect 

 

 
 

Figure 5 Effect of contact time on adsorption capacity at 

equilibrium. 

 

 
 

Figure 6 Effect of temperature on adsorption capacity at 

equilibrium 

of temperature on the adsorption of MB solution using Na-

bentonite was investigated by varying temperatures from 35 to 

55oC while the initial concentration, contact time and initial pH 

were kept constant at 400 mg/ L, 120 minutes, and 10, 

respectively.  The effect of temperature on the MB adsorption 

onto Na-bentonite is shown in Figure 6. It appeared that the effect 

of temperature on the adsorption of MB solution onto Na-

bentonite.  It was found that the adsorption capacity slightly 

increased from 340 to 370 mg/L when the temperature was raised 

from 35 to 55oC.  It is believed that varying the temperature can 

consequently change the equilibrium capacity of the adsorbent 

for some particular adsorbates [39].  Also, an increase in 

temperature may decrease resistance of the boundary layer as 

presented in Figure 3(b)  so the higher amount of MB is able to 

diffuse to internal pores.  From the results, it can be seen that the 

MB adsorption on Na-bentonite is an endothermic process. 

 

3.2.4 Initial MB concentration 

 

To study the effect of initial MB concentrations on the 

adsorption capacity, experiments were performed at different 

initial MB concentrations ( 100-700 mg/ L)  while keeping 

operating factors constant (pH = 10, temperature = 35oC, contact 

time = 120 minutes) .  Figure 7 shows the effect of initial MB 

concentrations on the adsorption capacity at equilibrium.  It 

appeared that the initial MB concentration affected and played an 

important role in the adsorption capacity of MB.  As the initial 

MB concentration increased from 100 to 500 mg/ L, the 

adsorption capacity increased from 97 to 400 mg/ g.  This is 

possibly because the larger difference between the concentration 

of MB solution and solid phase can be the driving force to 

overcome resistances between MB solution and the solid phase 

[40] .  However, the adsorption capacity started decreasing when 

the initial MB concentration became greater than 500 mg/L. This 

is due to the fact that the adsorbent has a limited number of active 

sites and it may be saturated at a certain concentration of MB 

solution.  Overall, the adsorption capacity increases with an 

increase in the initial MB concentration (100-500 mg/L) because 

of the concentration gradient between MB solution and Na-

bentonite leading to the larger driving force for the mass transfer. 

At a certain concentration, the initial concentration has an inverse 

effect on the adsorption capacity because of the limited       

number of active sites for adsorption.  A similar trend was also        

observed from the adsorption of dye solution on activated carbon             

[41]. 

 

 
 

Figure 7 Effect of initial MB concentrations on adsorption 

capacity at equilibrium. 
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Table 3 Kinetic parameters of pseudo-first and second order reactions for adsorption of MB onto Na-bentonite. 

 

T (oC) q
e,exp

 (mg/g) Pseudo-first order Pseudo-second order 

q
e,pre

 (mg/g)  K1 (1/min) 𝛘𝟐 q
e,pre

 (mg/g) K2 g/(mg∙min) 𝛘𝟐 

35 343.53 344.34 6.06 0.01 344.39 1.16 0.01 

40 346.74 347.11 6.85 0.007 347.13 2.86 0.007 

45 357.16 357.31 7.8 0.004 357.3 10.00 0.004 

50 360.77 360.76 19.83 0.002 360.78 9.05 0.002 

55 372.39 372.78 6.89 0.006 372.77 4.45 0.006 

3.3 Kinetic studies 

 

Kinetic studies of MB adsorption onto Na- bentonite are 

important because they are used to identify operating conditions 

for batch processes.  Parameters obtained are used for predicting 

the adsorption rate, and providing information for design and 

modeling purposes.  In this study, two kinetic models were 

investigated to study mechanisms of the adsorption process: 

pseudo- first order and pseudo- second order models.  Note that 

linear regression is commonly used to determine the best fit        

for kinetic models. However, adsorption kinetics require 

linearization to determine model parameters. It was reported that 

the transformation of non-linear equations into linear forms may 

change the error structure in the measurement of parameters. 

Non- linear curve fitting is another mathematical method used to 

calculate model parameters. Recently, this approach has been the 

center of focus and can be superior to linear regression because 

parameters are not distorted during the transformation of non-

linear forms into linear forms.  There is also no need to know q
e
 

prior to fitting the experimental data [42, 43]. 

 The pseudo- first- order model can be used to describe the 

adsorption rate through adsorption capacity expressed as follows 

[44]: 

 
dq

t

dt
  =  K1(q

e
-q

t
)        (5) 

 

Where q
t
 and q

e
 are adsorption capacity (mg/ g)  at time t and 

equilibrium, respectively.  K1  is the rate constant ( min- 1) . 

Integration of Eq. (5) with respect to boundary conditions results 

in the following equation: 

 

q
t
  =  q

e
(1-e-K1t)        (6) 

 

Kinetic studies were also investigated using a pseudo- second 

order model.  Generally, differential equation of the pseudo-

second order model can be described as [45]: 

 
dq

t

dt
  =  K2(q

e
-q

t
)

2
        (7) 

 

Where K2  is the rate constant ( g/ mg∙ min) .  Once Eq.  ( 7)  is 

integrated using boundary conditions, a non- linear relationship 

can be obtained: 

 

q
t
  =  (K2q

e
2)t/(1+K2q

e
t)       (8) 

 

In order to determine the best parameters, minimization of error 

function (χ2) was used as given by: 

 

χ2 = ∑
(q

t,exp
-  q

t,pre
)

2

q
t,pre

N
i=1        (9) 

 

Where N is the number of experimental data, q
t,exp

 and q
t,pre

 are 

adsorption capacity (mg/g)  obtained from experiments and 

kinetic models. The value of χ2 is expectedly close to 0 indicating 

that the calculated adsorption capacity obtained from models is 

close to the experimental data [46, 47] . The kinetic parameters, 

 K1, K2, qe and χ2 of the pseudo-first order and the pseudo-second 

order models are presented in Table 3. It was found that χ2 values 

of the pseudo- first order models were close to 0 and the 

corresponding plot of the pseudo- first order model is presented 

in Figure 8(a) .  This implies that the pseudo- first order model 

provided good agreement with experimental data.  Similarly, the 

prediction using the pseudo- second order model showed good 

compliance with the experimental data since the χ2 values 

obtained from linear regression were close to 0. The 

corresponding plot of the pseudo- second order models is 

presented in Figure 8(b). It becomes clear that the kinetics of MB 

adsorption onto Na-bentonite follows both the pseudo-first order 

and pseudo- second order rate.  This indicates that the formation 

of MB and the adsorbent interactions at the external surface of 

adsorbent are a rate of limiting step and the adsorption is of             

a chemical nature [48]. 

 

 
 

 
 

Figure 8 Kinetic plot obtained from (a) pseudo-first order model, 

(b) pseudo-second order model.  

(a) 

(b) 
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Table 4 Isotherm parameters for the adsorption of MB onto Na-bentonite at different temperatures. 

 

Isotherm Parameters 
T (K) 

308.15 313.15 318.15 323.15 328.15 

Langmuir 

q
m

 (mg/g) 398.28 410.5 415.88 443.34 465.28 

Ka 0.187 0.18 0.289 0.235 0.654 

𝛘𝟐 1.41 0.32 0.11 0.42 0.97 

Freundlich 

KF 303.55 282.8 321.3 286.2 337.19 

n 21.31 16.19 22.14 12.49 17.16 

𝛘𝟐 2.97 1.56 0.93 2.26 1.36 

 

 
 

Figure 9 Plot of Langmuir and Freundlich isotherms for 

adsorption of MB solution onto Na-bentonite. 

 

3.4 Isotherm 

 

Analysis of isotherm data is implemented for design 

purposes.  Two equilibrium isotherms were investigated: 

Langmuir [49] and Freundlich [50].  First, adsorption of MB 

solution can be described using theoretical Langmuir isotherm. It 

is one of the common isotherms describing adsorption of solute 

molecules from solution.  The assumption for this model is that 

adsorption occurs only on the specific and uniform adsorption 

sites and adsorbate molecules do not interact with each other. 

Langmuir isotherm is given by [49]:  

 

q
e
 = 

q
m

KaCe

1 + KaCe

      (10) 

 

Where q
e
 is the adsorption capacity at equilibrium (mg/g) , Ce is 

equilibrium concentration ( mg/ L) , q
m

 is maximum monolayer 

adsorption capacity (mg/g), and Ka is the adsorption equilibrium 

constant ( L/ mg) .  Similarly, non- linear curve fitting,                           

a mathematical technique, was used to determine parameters of 

isotherms since there is no need to transform non-linear equations 

into linear forms and it has similar error structure compared to 

other fitting isotherm methods.  In order to determine the best 

parameters, minimization of error (χ2) was used as given by: 

 

χ2 = ∑
(q

e,exp
- q

e,pre
)

2

q
e,pre

N
i=1      (11) 

 

Where N is the number of experimental data,  q
e,pre

 is adsorption 

capacity obtained from prediction of isotherm (mg/g) , and q
e,exp

 

is adsorption capacity at equilibrium ( mg/ g)  obtained from 

experiments. Figure 9 shows the non-linear relation of Langmuir 

isotherm and the corresponding parameters of q
m

, Ka and χ2 are 

presented in Table 4.  It appears that the prediction of qe using 

Langmuir isotherm was able to match experimental data.  This 

was consistent with the lower value of χ2 in Table 4 suggesting 

that Langmuir isotherm provided a good fit to the experimental 

data.  It can be explained that Na- bentonite is a homogeneous 

monolayer active site for MB adsorption. Further study was also 

investigated to examine the favorability of adsorption using the 

separation factor RL given by the following equation [51]: 

 

RL= 
1

1+KaCi

      (12) 

 

Isotherm can be favorable (0 < RL < 1), reversible (RL = 0), linear 

(RL =  1) , and unfavorable (RL > 1) .  From the calculation, all 

values of RL were 0-1 and reached 0 as Ci increased, indicating 

that adsorption of MB solution onto the Na- bentonite is 

favorable.  Second, adsorption isotherm can be alternatively 

described by Freundlich isotherm.  It is an empirical isotherm 

used for adsorption from dilute solutions and is able to describe 

multi-layer adsorption. Freundlich isotherm can be expressed by 

the following equation [50]: 

 

q
e
  =   KFCe

1/n      (13) 

 

Where KF and n are empirical constants. Figure 9 shows the non-

linear relation of Freundlich isotherm and the corresponding 

parameters KF, n and χ2 are also displayed in Table 4. The results 

showed that the calculated q
e
 using Freundlich isotherm was not 

able to match experimental data due to the relatively high value 

of χ2.  Further analysis revealed that the maximum adsorption 

capacity q
m

 of Na-bentonite for the removal of MB was 465.28 

mg/g indicating the excellent adsorption capacity compared to 

other clay based for MB removal as presented in Table 5.  

 

3.5 Thermodynamic studies 

 

Analysis thermodynamic studies are another important aspect 

for an adsorption process because they can be used to indicate 

spontaneity of the process under study through the change in 

Gibb's free energy (ΔGo). At a given temperature, reactions occur 

spontaneously if the change in Gibb's free energy is a negative 

value. The change in Gibb's free energy can be determined from 

both the change in enthalpy (ΔHo) and entropy (ΔSo) or it can be 

calculated using the adsorption equilibrium constant Ka
o  as given 

by the following equation: 

 

ΔGo  =   -RTlnKa
o      (14) 

 

Where ΔGo is the change in Gibb's free energy (kJ/mol), R is the 

gas constant (8. 314×10 - 3 kJ/ mol∙ K) , and T represents the 

absolute temperature (K) , and Ka
o is the rate constant obtained 

from isotherms. It is noted that Ka
o is a dimensionless form of Ka 

so it requires conversion as given by: 

 

Ka
o  =   Ka(L/mg)×1000(mg/g)×MWMB(g/mol)×C

o(mol/L)     (15) 

 

Where MWMB is the molecular weight of MB (319.85 g/mol) and 

Co is the standard state concentration ( mol/ L). Another 

relationship between Ka
o   and the change in enthalpy (ΔHo)  is 

given by [20]: 
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Table 5 The maximum monolayer adsorption capacity of other clay based adsorbents.  
 

Adsorbents q
m

 (mg/g) References 

Bentonite with plasma-surface modification 303 Şahin et al. [21] 

Bentonite modified with CaCO3 120 Zhang et al. [52] 

Organo-bentonite 321 Bergaoui et al. [53] 

Nano-porous modified Na-bentonite 294 Moradi et al. [54] 

EDTA-modified bentonite 160 De Castro et al. [55] 

Nanocomposite modified bentonite 312.51 Meng et al. [22] 

Surfactant-modified bentonite 36.19 Balarak et al. [23] 

Na-Bentonite 465.28 This study 

 

Table 6 Thermodynamic parameters for adsorption of MB on 

Na-bentonite at different temperatures 

 

T(K) 
ΔGo 

 (kJ/mol) 

ΔHo 

 (kJ/mol) 

ΔSo 

 (kJ/molK) 

308.15 -28.18 

46.99 0.24 

313.15 -28.54 

318.15 -30.24 

323.15 -30.16 

328.15 -33.42 

 

 
 

Figure 10 Thermodynamic plot of Δ𝐺o and 𝑇 for determination 

of thermodynamic properties. 

 
dlnKa

o

dT
  =   

ΔHo

RT2      (16) 

 

After integrating Eq. (16), the relationship between Ka
o  and ΔHo 

can be obtained, 

 

lnKa
o   =   -

ΔHo

RT
+C      (17) 

 

Where C is a constant value. Then, Eq. (17) is rearranged and it 

can be given by: 

 

-RTlnKa
o  =  ΔHo-  CRT     (18) 

 

Eq. (18) is equivalent to the following equation: 

 

ΔGo   =   ΔHo-  TΔSo     (19) 

 

After plotting ΔGo or - RTlnKa
o  against temperature, a linear 

relationship is expectedly obtained.  The values of ΔSo and ΔHo 

are also calculated from the slope and intercept of the plot.  The 

results showed that calculated ΔGo from 35oC to 55oC were all 

negative, indicating that adsorption of MB solution onto Na-

bentonite is feasible and spontaneous in nature.  Further analysis 

of the change of enthalpy (ΔHo) and entropy (ΔSo) was performed 

using the linear relationship as presented in Eq.  (18) .  Figure 10 

shows the thermodynamic plot between ΔGo versus T to calculate 

ΔHo and ΔSo. The corresponding ΔHo and ΔSo obtained from the 

intercept and slope of the plot were equal to +46.99 kJ/mol and 

+0.24 kJ/mol·K as presented in Table 6.  Positive ΔHo indicates 

that the adsorption under study is an endothermic reaction and it 

becomes more favorable at higher temperatures.  This is in good 

agreement with the results in the previous section on the effect of 

temperature, where the adsorption capacity increases with 

temperature.  Regarding ΔSo, the positive value indicates the 

affinity of the Na-bentonite for MB solution and an increase in 

randomness at the solid-solution interface. 

 

3.6 Surrogate-based models 

 

Typically, the MB adsorption onto Na-bentonite depends on 

several factors including initial MB concentration, pH, contact 

time, and temperature. However, the previous section 

investigated only one factor at a time, while other factors were 

fixed.  This could neglect the interactions among all factors.  To 

handle such a problem, surrogate-based modeling though design 

of an experiment is commonly used.  The development of the 

surrogate- based model was performed using the polynomial 

approximation to evaluate the effects of factors and their 

interactions on the adsorption capacity. The sampling method for 

adsorption of MB solution onto Na- bentonite was performed 

through full factorial design with 3 factors and 3 levels.  The 

contact time for the adsorption was not considered in this case 

because MB solution was rapidly adsorbed onto Na-bentonite at 

the initial stage of the process based on the initial investigation. 

Figure 11 shows the plot between the adsorption capacity 

obtained from experimental data (x-axis) and from a calculation 

using the surrogate-based model (y-axis). Apparently, all values 

were close to the identity line or line of equality (y = x) indicating 

that the adsorption capacity obtained from the surrogate-based 

model was in good agreement with experimental data.  The 

response of the surrogate model ŷ(x) at defined ranges x can be 

efficiently predicted using Eq. (20).  

 

ŷ(x) = 1.56 + 1.31x1- 14.7x2 + 1.20x3+ 0.18x1x2 + 0.029x2x3  

               + 0.0018x1x3 - 0.033x1
2 + 0.27x2

2 - 0.0012x3
2  (20) 

 

Where ŷ(x)  is the predicted response ( adsorption capacity, 

mg/g) , and x1, x2, and x3 are process variables i.e.  temperature, 

initial pH and initial MB concentration, respectively.  

The corresponding coefficients of the surrogate-based model 

and the coefficient of determination R2 are shown in Table 7. The 

results showed that R2 value of 0.987 indicated that the developed 

model could capture 98.7% of the data variation, and 1.3% of the 

total variations were not explained by the model. It is noted that 

R2 should not be below 0. 75.  Additionally, the adjusted 

coefficient of determination ( adjusted R2 = 0. 97)  indicated 

exceptionally good agreement between the experimental data and 

model prediction. Table 7 also shows a statistical analysis of each  
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Figure 11 Adsorption capacity at different operating conditions 

observed in the experiment versus model prediction. 

 

Table 7 Coefficient of the surrogate-based model and statistical 

analysis 

 

Factor Coefficient P-value 

Constant term 1.56 0.99 

x1 1.31 0.85 

x2 -14.7 0.11 

x3 1.20 1.39 ×10-12 

x1x2 0.18 0.15 

x2x3 0.029 1.12 ×10-7 

x1x3 0.0018 0.28 

x1
2 -0.033 0.66 

x2
2 0.27 0.55 

x3
2 -0.0012 2.16 ×10-19 

R2 0.987  

Adjusted R2 0.97  

 

coefficient term in the surrogate-based model.  It is important to 

note that the significance of each coefficient term is indicated by 

P values.  The results showed that the P-values of x3, x2, x3, and 

x3
2 terms were below 5%.  Statistically, the low P-value (below 

5%) of each coefficient indicates that the corresponding 

coefficient term is significant and have significant effects on the 

adsorption capacity.  The other terms have no significant effect 

on adsorption capacity since the P-value is higher than 5%.  

The response surface was plotted to study the interaction 

among factors.  The effect of temperature and initial pH on the 

adsorption capacity at a constant initial MB concentration is 

shown in Figure 12(a). The adsorption capacity was observed to 

increase significantly with an increase in initial pH compared to 

that of temperature.  There is a net positive interactive effect 

between temperature and initial pH and this probably results from 

interaction effects of surface charge and endothermic reaction. 

The interactive effect of temperature and initial MB 

concentration on adsorption capacity at a constant initial pH is 

shown in Figure 12( b) .  Overall, a positive interactive effect 

between temperature and initial MB concentration was observed 

from Eq.  (20) , indicating that the adsorption capacity increased 

with an increase in the temperature and initial MB concentration. 

However, a trade-off or interplay was also observed at the higher 

initial concentration.  As the initial MB concentration increased, 

the adsorption capacity decreased because of the limited number  

 

 

 
 

Figure 12 Response surface plot of (a) initial pH and temperature 

(b) temperature and initial concentration (c) initial concentration 

and initial pH on adsorption capacity. 

 

of adsorbent active sites.  Finally, the interactive effect of initial 

MB concentration and initial pH on the adsorption capacity at a 

constant temperature is shown in Figure 12(c). The plot or trend 

in Figure 12(c)  is similar to that of Figure 12(b) .  There is a net 

positive interactive effect indicating that the adsorption capacity 

increases with an increase in the initial MB concentration and 

initial pH but at a certain initial MB concentration (above 500 

mg/ L) , the adsorption capacity decreases as the initial MB 

concentration increases. 
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Figure 13 Adsorption capacity at different operating conditions 

for model validation. 

 

After the development of the surrogate- based model, it is 

important to validate the model using a different set of data. 

Another set of experiment was conducted at different operating 

conditions.  Figure 13 shows the plot between the adsorption 

capacity obtained from the different set of experimental data and 

from model prediction. It was found that most of the values were 

close to the line of equality (y = x), with the average percent error 

of 5.6% suggesting good agreement between experimental data 

and model prediction.  This can confirm the adequacy of the 

surrogate- based model.  Once the surrogate- based model was 

developed and validated, it could be used to optimize the 

operating condition using the numerical optimization technique. 

The optimal conditions for the adsorption of MB solution using 

Na-bentonite were found at a pH of 10, a temperature of 55oC 

and initial MB concentration of 634 mg/ L.  The optimal 

conditions obtained from numerical optimization required 

validating the results.  Again, the experiments were conducted 

using the optimal conditions and the average adsorption capacity 

is 438.13 ± 5.21 mg/g.  The results showed a percent difference 

of 4. 60%  (4.71% percent error).  This shows good agreement 

between the experimental data and model prediction, confirming 

that the surrogate-based model can be used to optimize the 

operating conditions. Note that small discrepancy is attributable 

to a residual error in Eq. (3). Measuring the variation in the 

measured data unexplained by the surrogate-based model [56] 

and a rounding error. 

 

4. Conclusions 

 

The results of this study suggest that Na- bentonite is an 

effective adsorbent for removing cation dye (MB)  from water. 

Na-bentonite is widely available, environmentally friendly and 

cheap, which makes it viable for as an adsorbent used to treat the 

large volume of dye wastewater. The adsorption conditions such 

as pH, temperature, and initial MB concentration were found to 

have effects on adsorption capacity.  Regarding kinetics and 

isotherm, the pseudo- first order, pseudo- second order and 

Langmuir models were a better fit with the experimental data. 

The maximum adsorption capacity obtained from the Langmuir 

model also increased with an increase in temperature.  The 

changes in enthalpy and entropy were all positive indicating that 

the adsorption of MB onto Na- bentonite is endothermic and 

spontaneous.  Development of the surrogate-based model was 

another contribution in this study since it can be used to study the 

interaction of operating factors and to determine the optimal 

conditions. Predictions of the adsorption capacity were close to 

the measured data from the experiments suggesting the adequacy 

of the surrogate-based model. The optimal conditions were found 

at the initial concentration of 634 mg/L, a pH of 10, and                    

a temperature of 55oC. Overall, this research has shown that Na-

bentonite, which is a low cost, abundance, and locally available 

is an effective adsorbent for MB removal.  
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