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Abstract 
 
The objective of the present work was to introduce a novel adsorbent with high adsorption potential toward methylene blue by 
decorating montmorillonite clay (MMT clay) with Zn(OH)2–nanoparticles (Zn(OH)2–NPs). The adsorbent was characterized 
structurally by FE-SEM and FTIR techniques. Central composite design–response surface methodology was applied to optimize 
experimental variables including adsorbent dosage, pH, initial MB concentration, NaCl concentration, and sonication time. A 
modified quadratic model was used to establish a relationship between the removal percent of MB and the experimental variables. 
F–value of 74.99 and squared correlation coefficient of 0.96 confirmed the significance and reliability of the model. Under the 
optimum conditions of pH 8.0, sonication time 3.5 min, adsorbent dosage 73 mg, analyte concentration 7.5 mg L−1, and electrolyte 
concentration (2 % w/v), the removal percentage of 99.3± 0.70 % were attained. Freundlich isotherm was agree well with the 
adsorption isotherm data. The adsorption kinetic was best described by pseudo second–order kinetic model. Thermodynamic study 
of the MB uptake on the sorbent shows the spontaneous (∆G = −13.45 – −34.15 kcal mol−1 in the temperature range of 15–45 °C). 
These results infer that Zn(OH)2–NPs–MMT clay can be applied as a new, low cost adsorbent in adsorbing MB from aqueous 
solution.  
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1. Introduction 
 

The majority of public and authorities concern 
about rising the environmental pollution which 
seriously threatens the health of humans and other 
living beings. Contaminants due to dye have attracted 
great attention over the past decades. Dyes are 
extensively used in tanning, pharmaceuticals, paper, 
plastics, textiles, and food processing industries and 
consequently a large amount of them is discharged to 
the environment (Sun et al., 2014; Vasques et al., 
2014; Willett et al., 2019). The presence of dyes pose 
not only an aesthetically unpleasant environment, but 
also many of them have adverse effects on human 
health owing to their high toxicity and potential 
mutagenic/carcinogenic (Wong et al., 2016; Yu et al., 
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2015) and aquatic ecosystems by preventing light 
penetration into the water (Nassar and Magdy, 1997). 
Dye toxicity depends on its type and the obtained 
products through its metabolic breakdown (Xu et al., 
2007). However, the treatment process of wastewater 
containing dyes is very difficult, since dye design is 
such that it resist to light, heat, oxidizing agents, and 
aerobic digestion (Talarposhti et al., 2001). 

In respect to worries about the health risks 
related to the use of dyes, several physical, chemical 
and biological methods like adsorption, electro–
coagulation, ozone–assisted chemical oxidation, 
membrane, and so on have been applied to protect 
aquatic environment by eliminating industrial wastes 
(Secula et al., 2018; Xu et al., 2016; Xu et al., 2017; 
Zhang et al., 2017). Adsorption is generally the 
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superior and most proficient method for reducing the 
concentration of dyes in an effluent way, because of 
high capacity, ease of operational, simplicity, 
nontoxic, economic feasibility, efficient adsorption 
and no sludge formation (Guo et al., 2014; Tsai et al., 
2007). Commercially available activated carbon has 
been recognized as an appropriate and successful 
sorbent to treat dyes due to its high capacity, chemical 
nature of its surface, and microporous character. 
Unfortunately, some drawbacks such as poor ability of 
regeneration and high production cost restricts its use 
in industrial scale (Tsang et al., 2007). Because of this 
limitations, it is still a great challenge to develop 
cheaper and more efficacious adsorbent and overcome 
these shortcomings.  

In recent years, natural clays as cost–effective 
and easily available material have been broadly 
applied on organic dye wastewater, heavy metals, and 
organic compounds (Bergaya and Lagaly, 2006; 
Bilgiç, 2005; Murray, 2000; Tahir and Rauf, 2006). 
Clays have interesting features like low cost, a large 
surface-area-to-mass ratio, chemical and mechanical 
stability, high cation exchange capacity, high removal 
efficiency, high thermal stability, high removal 
efficiency, non–toxicity, and ecosystem friendly (Liu 
and Zhang, 2007). Clay materials are sandwiches of 
octahedral sheet of alumina and tetrahedral sheet of 
silica. They are categorized into different types 
according to the number of octahedral and tetrahedral 
layers. The negative charge on the clays is originated 
from different sources. A negative surface charge 
creates on the clays as a result of isomorphous 
substitution of Si4+ in tetrahedral layers by Al3+ and 
Al3+ in octahedral layers by Mg2+ and is very 
dependent on the type of the clay. The second source 
of negative charge is the dissociation of hydrogens in 
Si–OH and Al–OH groups. Edge atoms with low 
coordination number also cause negative charge. 
Cations such as sodium and calcium placed in the 
interlayer spaces compensate the negative charge and 
bring about major sorption properties (Miyamoto et 
al., 2000; Shawabkeh and Tutunji, 2003; Skipper et 
al., 1995). The anionic layers attract heteroaromatic 
cationic dyes on their own side and are, therefore, 
quite suitable to fix pollutants from aqueous solutions 
(Cione et al., 1998). Nevertheless, the sorption 
capacity of clays is usually less than those of synthetic 
sorbents and could be enhanced for applied operation. 
Thus, various treatment processes have been applied 
to develop the capacity of the clays such as treatment 
by organic and inorganic compounds, acids and bases. 
The treatment conditions and the nature of the clay 
material have great effects on the mineralogical 
structure and the chemical composition of clay 
(Ahenach et al., 1998; Espantaleon et al., 2003; 
Oliveira et al., 2003; Pradas et al., 1994; Tahir and 
Rauf, 2006; Unuabonah et al., 2007). Nowadays, 
nanomaterials have widely studied to improve 
adsorption properties of the adsorbents. Metallic 
nanostructures like Cd(OH)2 nanowires, Pt 
nanoparticles, and etc. can be loaded on the adsorbent 
surface through functional groups on their surfaces 

and hence improve the surface area and the number of 
surface reactive atoms (Ghaedi et al., 2013; Ghaedi et 
al., 2012).  

In order to investigate the conditions at which 
the maximum benefit is achieved, the optimization 
process is usually performed. The commonly used 
procedure is one–variable–at–a–time (Araujo and 
Brereton, 1996). In this method, one parameter is 
changed and the effect of it is explored on the 
experimental response while the other parameters are 
remained constant at a certain level. This optimization 
technology has some weaknesses. This method does 
not provide the optimal conditions and also the 
combined effects between the variables are not 
considered. In addition, many experiments are 
necessary to do the research (Mahmoodi and 
Sargolzaei, 2014). For solving this problems, the 
optimization procedure can be performed using 
statistically experiments such as response surface 
methodology (RSM) as an alternative powerful 
statistical tool. RSM provides a lot of information with 
significant reduction in the number of experiment 
trials along with the description of the relationship 
between the effective factors and the response 
(Antony and Roy, 1999) . 

In this study, exploring and preparing Zn(OH)2 
nanoparticle–modified montmorillonite (MMT) clay 
nanocomposite was intended for its potential 
application as a new adsorbent in dye removal. In this 
regards, Zn(OH)2 nanoparticles were synthesized and 
loaded on the MMT clay. Methylene blue (MB), a 
monovalent organic dye, was chosen as a model dye 
to investigate the applicability of Zn(OH)2 
nanoparticles–modified MMT clay as a potential 
sorbent for dye removal from aqueous solutions. The 
interaction between methylene blue and clay minerals 
has been studied extensively (Almeida et al., 2009; 
Mishael et al., 1999; Rytwo et al., 1995). According to 
the literature reports, it is the first effort to employ 
Zn(OH)2–NPs–modified MMT clay as a 
nanocomposite sorbent in the field of environmental 
remediation. The synthesized adsorbent was 
characterized by FE-SEM and FTIR analysis. Among 
the benefits of the presented work is the utilization of 
ultrasound irradiation to enhance the rate of 
adsorption. The ultrasound assisted formation of 
cavities which can produces intense shockwave when 
exposed to high compression (Chen et al., 2009; Teng 
et al., 2014). To improve the performance of 
Zn(OH)2–nanoparticles–modified MMT clay in MB 
removal from aqueous solutions, the effect of different 
operational parameters such as the amounts of sorbent, 
pH of the solution, initial MB concentration, and 
sonication time on the removal recovery was modeled 
and optimized using RSM based central composite 
design (CCD). The adsorption isotherm data were 
obtained at three different temperatures and then the 
best isotherm model was determined by fitting 
different isotherm equations to the experimental data. 
Adsorption kinetics were applied with the aim of 
determining adsorption mechanism. The 
thermodynamics parameters were calculated by 
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investigating the effects of temperature on the 
adsorption. The results showed that this new type of 
nanosorbent has low cost, ease of operation, fast 
removal and will be useful for wastewater remediation 
studies.  
 
2. Experimental  
 
2.1. Materials and solutions 
 

Methylene blue (C16H18N3SCl), ammonia, zinc 
acetate (Zn(CH3COO)2.2H2O) (>99.5%), acetic acid, 
boric acid, and phosphoric acid were all purchased 
from the Merck Company (Darmstadt, Germany). 
MMT clay was obtained from Speed Powder Kashan 
Company (Kashan, Iran). It was ground and sieved 
over a 120–mesh screen before used. 50 mL of acetate 
buffer (0.05 mol L−1, pH 5.0) was prepared using 
sodium acetate and acetic acid. To prepare a universal 
buffer of 0.1 mol L−1(pH 5.0), 3.42 mL phosphoric 
acid, 2.86 mL acetic acid, and 3.1 g acid boric were 
mixed and diluted with double distilled water to 500 
mL. Stock methylene blue solution with concentration 
of 500 mg L−1 was prepared by dissolving 250 mg of 
dye in 500 mL double distilled water. Working 
solutions were made by diluting the corresponding 
stock solution. Adjustment pH was carried out with 
either with 0.1 mol L−1 hydrochloric acid or 0.1 mol 
L−1 sodium hydroxide whenever required. All 
chemicals used were of analytical grades and used as 
received without further purification. Doubly distilled 
water was utilized in preparation of all solutions.  
 
2.2. Instrumentation 
 

The pH of the solution was controlled with a 
Metrohm pH meter (model 691) with a combined 
double junction glass electrode, calibrated against two 
standard buffer solutions at pH 4.0 and 7.0. 
Determination of methylene blue (λmax = 665 nm) in 
the samples was done using a UV–Vis 
spectrophotometer (model T80–UV/Vis, PG 
Instruments Ltd., England). A forced–air drying oven 
(model 630; National Appliance Co., Portland, Ore.) 
was employed to dry the samples. Field emission–
scanning electron microscope (FE–SEM) was 
performed by Hitachi S4160 under an acceleration 
voltage of 15 kV and FTIR spectrum was recorded by 
Unicam model RS/1. A 37–kHz ultrasonic water bath 
(Elmasonic E 30 H, 240 W, Elma, Singen, Germany) 
was used for assisting the adsorption process. 
Sonication was done at ambient temperature. During 
sonication, the rise in temperature of the ultrasonic 
bath was controlled by addition of ice–water (2 °C) to 
the bath. The experimental design and statistical 
analysis of the data was performed by using 
STATISTICA 64 software.  
 
2.3. Preparation of Zn(OH)2–clay 
 

The MMT clay was modified by Zn(OH)2 
nanoparticles by the following procedure. Firstly, 

0.5328 g of Zn(CH3COO)2.2H2O was dissolved in 100 
mL of water. Then 5 mL ammonia solution was added 
dropwise, and stirred for around 20 min. A white 
precipitate was formed during this time which would 
be dissolved by excess addition of ammonia, causing 
formation of a transparent solution of 2+

3 4Zn(NH ) . The 
as–prepared solution was transported into an 
ultrasound bath and 5.0 g clay was added and agitated 
for 30 minutes. After that, pH of the solution was 
adjusted at ca.12 by NaOH (0.2 M). Finally, the 
mixture was kept at room temperature for 10 h, leading 
to the growth of the Zn(OH)2–NPs on the surface of 
clay particles. The mixture was filtered, the modified 
clay was washed with double distilled water, and then 
dried under air.  
 
2.4. Adsorption procedure 
 

To study the effect of experimental parameters 
like pH of the sample solution, sonication time, initial 
dye concentration and electrolyte concentration on the 
removal of MB, as well as kinetic and thermodynamic 
characteristics of the adsorbent, some adsorption 
experiments were conducted. All adsorption 
experiments were carried out in a batch mode whilst 
the sample solution was sonicated at optimum 
conditions suggested by RSM. For a typical 
experimental run, 50 mL of MB solution at a specified 
concentration and the optimum pH was completely 
mixed with a specified amount of adsorbent over a 
fixed time. During this period, the mixture was 
agitated by ultrasound and then filtrated. The 
supernatant was spectrophotometrically quantified for 
the determination of MB concentration at wavelength 
of 665 nm. Removal percentage of MB was calculated 
from a calibration graph. The removal percentage of 
MB and the corresponding adsorption capacity were 
calculated using Eqs. (1-2), respectively. 
 

0

0

R(%) 100eC C
C
−

= ×   (1) 

 
0( )e

e
V C Cq

m
−

=  (2) 

 
where R is the removal percentage; 

0C  and 
eC  (mg 

L−1) are the initial and equilibrium MB concentration, 
respectively; m (mg) is the mass of adsorbent; V (mL) 
is volume of MB solution; and 

eq  (mg/g) indicates the 
equilibrium adsorption capacity.  
 
2.5. Central composite design and statistical analysis 
 

Central composite design (CCD) was 
employed to optimize the adsorption process of MB 
on the Zn(OH)2 nanoparticle–loaded clay. Five 
variables, namely pH (X1), sonication time (X2), 
adsorbent dosage (X3), initial concentration of MB 
(X4), and NaCl concentration (X5) at five coded levels 
were screened by thirty two experimental runs (Table 
1).  
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Variables Coding was carried out, to ease the 

statistical computations, according to the (Eq. 3) 
(Hassani et al., 2014). 

 

0i
i

X Xx
X
−

=
∆

  (3) 

 
where ix  and iX  are coded and real values of the 
experimental variable, respectively, X0 is the real 
value at center point and ∆X shows the difference 
between maximum and minimum of real values for the 
experimental variable. 

Removal percent as dependent variable was 
correlated to the five considered factors as 
independent variables using the second–order 
quadratic polynomial equation as shown by (Eq. 4).  

 

2
0

1 1 1 1

k k k k k

i i j j ii i ij i j
i j i i i j

Y x x x x xβ β β β β ε
= = = ≠ =

= + + + + +∑ ∑ ∑ ∑∑  

 (4) 
 

where Y is the response (dependent variable), β0, βi, βii, 
βij are intercept and regression coefficients for the 
linear, quadratic, and interaction terms, respectively 
and x  is the coded level of experimental factor 
(Hosseini et al., 2009).  

Analysis of variance (ANOVA) was used to 
assess the quality of the model equation using the 
statistical parameters like F value, squared correlation 
coefficient (R2), adjusted determination of coefficient 
(R2

adjusted), and cross validation test (Ghaedi et al., 
2016). 3D response surface plots were also employed 
to investigate the interactions between variables. 

Table 1. Experimental parameters and their experimental ranges and levels 
along with the observed response for MB uptake 

 

Factors Range and levels 
-α  -1  0 1 +α 

(X1) pH 2  4  6 8 10 
(X2) Sonication time (min) 0.5  1.5  2.5 3.5 4.5 
(X3) Adsorbent dosage (mg) 20  40  60 80 100 
(X4) Initial concentration of MB (mg L-1) 3  6  9 12 15 
(X5) NaCl concentration (%w/v) 0  2  4 6 8 

Runs X1 X2 X3 X4 X5 Removal efficiency (%)) 
Actual Predicted 

1 0 0 0 0 -2 99.24 101.71 
2 1 1 1 -1 -1 98.57 97.63 
3 0 0 -2 0 0 97.02 96.18 
4 1 -1 -1 1 1 94.71 94.9 
5 1 -1 -1 -1 -1 95.32 93.96 
6 0 0 0 -2 0 76.33 77.68 
7 0 0 0 0 0 97.79 97.88 
8 -1 -1 1 -1 -1 84.78 83.24 
9 -1 1 -1 -1 -1 93.26 94.34 
10 1 -1 1 -1 1 95.91 93.8 
11 0 2 0 0 0 99.34 97.88 
12 1 -1 1 1 -1 88.85 87.63 
13 2 0 0 0 0 96.91 97.88 
14 -2 0 0 0 0 96.54 97.88 
15 -1 -1 -1 -1 1 90.25 90.51 
16 -1 1 1 -1 1 78.86 79.4 
17 -1 -1 1 1 1 98.27 98.19 
18 0 0 0 0 0 97.83 97.88 
19 0 0 0 0 2 93.28 94.04 
20 1 1 -1 1 -1 99.32 98.74 
21 0 0 0 0 0 98.85 97.88 
22 1 1 -1 -1 1 88.52 90.12 
23 0 0 2 0 0 88.13 88.75 
24 0 0 0 0 0 99.45 97.88 
25 0 0 0 0 0 99.53 97.88 
26 -1 1 -1 1 1 94.47 94.52 
27 -1 1 1 1 -1 99.41 102.03 
28 0 -2 0 0 0 96.36 97.88 
29 0 0 0 2 0 88.05 86.48 
30 0 0 0 0 0 99.83 97.88 
31 -1 -1 -1 1 -1 97.69 98.36 
32 1 1 1 1 1 82.08 83.80 
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The optimum operating conditions were 
obtained in the STATISTICA 64 software using 
desirability function (Malenović et al., 2011). 
 
3. Results and discussion 
 
3.1. Characterization of the Zn(OH)2 nanoparticles–
modified clay 
 

The FE–SEM images of the montmorillonite 
clay surface and the Zn(OH)2 nanoparticles loaded on 
montmorillonite clay are shown in Fig. 1a–b. As can 
be seen the surface morphology of the MMT clay is 
homogeneous and relatively smooth. Fig. 2b shows 
the detailed morphologies of the Zn(OH)2–NPs loaded 
on the MMT clay which is relatively homogenous in 
size distribution.  

The size of each Zn(OH)2–nanoparticles is 
estimated in the range of 20–60 nm. FTIR spectra of 
MMT clay and the modified MMT clay with 
Zn(OH)2–NPs is given in Fig. 2a–b. The bands at 3500 
and 1611 cm−1 are due to –OH stretching of water 
(Chen et al., 2011; Sharma et al., 2016). Stretching of 
Al–OH appeared at 3695.5 cm–1. The bands at 1083 
and 791 cm−1 are due to the stretching mode of Si–O 
bands. A peak appearing around 508 cm−1 in Fig. 2b 
corresponds to the stretching mode of Zn–O bonds in 
the spectra of Zn(OH)2−NPs loaded on the MMT clay 
(Ardekani et al., 2017). 

The X-ray diffraction (XRD) pattern of the 
Zn(OH)2–NPs–MMT clay (Fig. 3a) is composed of 
distinguish characteristic peaks at 2𝜃𝜃 = 20.34, 27.06, 
32.90, 36.59, 39.83, 40.84, 41.96, 52.38, 60.50, and 
69.22 that can be indexed to (110), (111), (211), (002), 
(021), (121), (400), (122), (113), and (123) of the 
Orthorhombic structure of Zn(OH)2–NPs–MMT clay, 
(JCPDS, No. 00-001-0360), respectively. Fig. S3 
shows the XRD patterns for raw and modified clays.  

Fig. S3 confirms decorating of the MMT clay with 
Zn(OH)2–NPs. No characteristic peaks of phases such 
as ZnO–nano particles were detected. 

Zn(OH)2–NPs have acidic properties and, as a 
result, the MMT clay decorated with Zn(OH)2–NPs 
has different behaviors at different pHs. Explanation 
of the behavior of the adsorbent can be done using pH 
at the point of zero charge (pHPZC). To measure pHPZC 
of the Zn(OH)2–NPs–MMT clay batch equilibration 
technique was applied (Smičiklas et al., 2000). 100 mg 
of Zn(OH)2–NPs–MMT clay was quantitatively 
transferred into 10 mL of 0.10 mol L−1 KNO3 and its 
pH was adjusted from 2–10 by addition of 0.1 mol L−1 
HCl or NaOH. Suspension was allowed to equilibrate 
for 24 h in a shaker thermostated at 25 °C. After 
filtration final pH was measured again. The value of 
pHPZC can be determined in the plot of ΔpH (pHFinal – 
pHInitial) versus pHInitial at which ΔpH is zero. The value 
of pHPZC for Zn(OH)2–NPs–MMT clay was measured 
as pH 4.20 (Fig. 3b). 
 
3.2. Mathematical model and data analysis 
 

In this work, by employing the central 
composite statistical experiment design and RSM, the 
influence of five independent variables of pH, 
sonication time, adsorbent dosage, initial 
concentration of MB, NaCl concentration, and their 
interactive impacts on the MB percentage uptake as 
the dependent variable was explored. Experimental 
data and the observed responses are presented in Table 
1. (Eq. 5) shows the obtained full quadratic model. 
 

1 2 3
2 2 2 2 2

4 5 1 2 3 4 5

1 2 1 3 1 4 1 5 2 3

2 4 2 5 3 4 3 5 4 5

98.73 0.29 0.22 1.86
2.20 1.92 0.39 0.11 1.42 4.02 0.50
0.08 0.12 3.50 0.47 0.41
0.18 3.70 0.52 0.07 0.17

y X X X
X X X X X X X
X X X X X X X X X X
X X X X X X X X X X

= + − − +

+ − − − − − − −
− + − − − +
+ − − + +
 (5) 

 

 
 

Fig 1. SEM micrograph of a natural clay and b Zn(OH)2–NPs–MMT clay 
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Fig. 2. FTIR spectra of (a) natural clay and (b) Zn(OH)2–NPs–MMT clay 
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Fig. 3. a. XRD pattern of the Zn(OH)2–NPs–MMT clay; b. pHPZC values of Zn(OH)2–NPs–MMT clay. Condition: 
Zn(OH)2–NPs–MMT clay 0.1 g; sample volume 50 mL; supporting electrolyte KNO3 0.1 mol L−1; stirred time: 24 h 
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The relative significant and interaction of all 
the variables appeared in the model were evaluated by 
analysis of variance (ANOVA). The ANOVA table 
and the corresponding Pareto chart are given in 
Supplementary information (Table 1 and Fig. 1). 
Analysis of variance of the full quadratic RSM model 
showed that there were several non–significant terms 
(p > 0.05) that should to be removed to obtain a 
statistically sound model. After removing non–
significant terms (Eq. 6) was resulted. 
 

3 4 5
2 2
3 4 1 4 2 5

97.88 3.72 4.40 3.84
5.41 15.80 14.01 14.78

Y X X X
X X X X X X

= − + − −

− − − −
 (6) 

 
The relative significant and interaction of all 

the variables appeared in the model were also 
evaluated by ANOVA (Table 2). Now p–value for all 
terms are less than 0.05, denoting significance of 
terms at 95% confidence level. F–value of the model 
was 74.99 (compared to the critical value of 2.42 at the 
0.05 level of significance) with a p–value of 9.2×10−15. 
In addition, high coefficient of correlation (R2 = 0.96) 
shows good correlation between the removal 
efficiency and the independent variables.  

Lack of fit (LOF) of 3.41 also implies that 
model validity is good. The standardized Pareto chart 
(p=0.05) of the results is shown in Fig. 3a. This Figure 
depicts the most effective factors on the removal of 
MB are in the following order of importance: analyte 
concentration, interaction between time and 
electrolyte, interaction between pH and analyte, 
electrolyte, and adsorbent. The normal probability plot 
of residuals was depicted in Fig. 3b, indicating that all 
points fell close enough to the straight line. Fig. 3c 
shows the predicted removal efficiency versus the 
experimental dat. The response surface plots were 
provided for a given pair of variables by varying these 
variables within the experimental ranges while the 
other variables remain at a constant level. Fig. 4a 
presents the effect of pH and initial analyte 
concentration on the removal of MB. It is apparent that 

at low analyte concentrations, removal percentage of 
MB linearly increases by pH. At low pHs, surface of 
the adsorbent gets positive charge due to the 
protonation. This leads to strong electrostatic 
repulsion between the positive charges created at 
surface of the adsorbent and the cationic dye, resulting 
in diminishing removal percentage of MB. An 
opposite trend for pH was seen at high analyte 
concentrations.  

Removal percentage of MB in high 
concentrated solutions decreases linearly with pH. 
This can be attributed to the aggregation of MB which 
is exacerbated at high concentrations and high pH 
values (Yazdani et al., 2012). Moreover, electrostatic 
interaction between MB dye and Zn(OH)2–NPs–
MMT clay is favored at pH > 4.20 because the surface 
of adsorbent is negatively charged at pHs higher than 
pHPZC and MB dye are positively charged. Fig. 4b 
presents effect of electrolyte and sonication time on 
the removal of MB.  

It was found from this figure that at short 
sonication times, removal efficiency enhanced by 
addition of an inert electrolyte due to salting out 
phenomena (Porath et al., 1973). However, removal 
deceased with electrolyte concentration at higher 
sonication times which can be explained based on the 
dimerization reaction of MB. In fact, addition of the 
electrolyte causes salting out phenomena that helping 
the removal of MB and intensifies dimerization of 
MB, as well. At higher sonication times in which the 
involving components reach the equilibrium, addition 
of electrolyte causes to decrease of removal due to the 
dimerization reaction.  

 
3.3. Optimization of CCD by desirability function 
 

The effective factors on MB removal were 
optimized using the desirability function (DF). 
Desirability of 1.0 was assigned to the maximum 
removal (99.83) and 0.0 for the minimum removal 
(76.33). Desirability of 1.0 was also selected as the 
target value. 
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Fig. 3. (a) Standardized Pareto chart. The reference line is shown on the graph. Effect any term 
that extends past the reference line is significant. (p < 0.05); (b) Normal probability plot of residuals; 

(c) Plotting predicted values of removal versus actual values 
 

Table 2. ANOVA of the modified RSM 
 

Source DFa Adj SS Adj MS F-value p-value 
Model 7 1203.56 171.94 74.99 0.000 

X3 1 82.84 82.84 36.13 0.000 
X4 1 116.03 116.03 50.60 0.000 
X5 1 88.36 88.36 38.54 0.000 
X32 1 54.68 54.68 23.85 0.000 
X42 1 465.83 465.83 203.16 0.000 

X1X4 1 196.35 196.35 85.64 0.000 
X2X5 1 218.52 218.52 95.31 0.000 

Lack of fit 19 51.09 2.69 3.41 0.089 
Pure error 5 3.94 0.79   
Total SS 31 1258.58    

Model Summary Statistics    
S R2 Adj-R2 CV % Adeq. Precision 

1.51 0.9563 0.9435 1.61 32.16 
a DF: degrees of freedom 

 

 
 

Fig. 4. Response surface plots for the methylene blue removal: 
(a) Analyte concentration–pH; (b) Time-electrolyte concentration 
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DF settings for each dependent variable is 
presented on the right hand side of Fig. 5. At the 
optimum conditions of pH 8.0, sonication time 3.5 
min, adsorbent dosage 73 mg, analyte concentration 
7.5 mg L−1, and electrolyte concentration 2 % w/v, 
maximum removal percentage of MB was achieved.  

The optimum conditions were checked by 
running five replicate experiments under optimum 
conditions and the removal percentage of 99.3± 0.70 
% was obtained.  
 
3.4. Adsorption isotherms 

 
To study the mechanism of adsorption of MB, 

the experimental data were fitted to Langmuir, 
Freundlich, Temkin, and multilayer adsorption 
isotherms. All The resulted parameters and 
corresponding correlation coefficients for each model 
are given in Table 3. Fig. S2(a–d) shows plots for all  
studied isotherms for the adsorption of MB onto the 
modified clay and the best straight lines representing 
the fitted points.  As  can  be  seen, Temkin  model  is  
 

poorly fitted to the data. Langmuir model was fitted to 
the data with squared correlation coefficient of 0.84 
after removing of some outlier points. The highest 
fitting was observed for the Freundlich adsorption 
isotherm with R2 = 0.99, suggesting that methylene 
blue adsorption is occurred in multilayer coverage. 
This fitting signs also that the adsorption of MB on 
Zn(OH)2–NPs–MMT clay was not by monolayer 
arrangement. 

 
3.5. Adsorption kinetic studies 
 

Sorption kinetic studies have become 
imperative due to providing valuable information 
about mechanism of sorption process and the rate at 
which the pollutant is removed from the aqueous 
solution. In addition, it is useful in assessing adsorbent 
performance. In this work, first and second–order 
kinetic models were fitted to the obtained 
experimental kinetic data. The calculated constants of 
each model along with R2 values at different initial 
MB concentrations are given in Table 4.  

 

 
 

Fig. 5. Profiles for predicated values and desirability function 
for removal (%) of MB. Dashed line shows current values after optimization: Upper parts of figure show the change in the 

removal versus (a) pH; (b) time; (c) adsorbent; (d) analyte, (e) electrolyte. Definition of desirability is illustrated in f. The lower 
parts g–k are desirability changes corresponding to the a–e graphs, respectively 
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Table 3. Langmuir, Freundlich, Temkin, and multilayer isotherm model constants 

for the adsorption of methylene blue on the modified clay 
 

Langmuir isotherm model 
KL qm RL range R2 Equation 

1551.6 40.73 0.001-0.162 0.8366 
1 1 1 1( )

e m m L eq q q K C
= +  

Freundlich isotherm model 
KF n  R2 Equation 

90.2 3.3  0.9989 
1ln ln K lne F eq C
n

= +  

Temkin isotherm model 
at bt  R2 Equation 
186.29 19.73  0.7713 t ta b lne eq C= +  

Multilayer isotherm model 
K1 K2 qm R2 Equation 

0.39 2.45×10−3 259.9 0.9860 [ ]
1

2 1 2

K
(1 K ) 1 (K K )

m e
e

e e

q Cq
C C

=
− + −

 

 
Based on the calculated R2 values, it is clear 

that the pseudo second–order kinetic model is more 
applicable for description of the adsorption of 
methylene blue on the modified clay whereas the MB 
adsorption mechanism on the raw clay is obeyed from 
the pseudo– first–order model. This observation is 
consistent with the similar findings on sorption of MB 
reported (Auta and Hameed, 2014). 
 
3.6. Adsorption thermodynamics 
 

Thermodynamic parameters for adsorption of 
MB on the modified clay were determined using Eqs. 
(7-9). 

 
ln dG RT K∆ = −   (7) 

 

ln d
S HK
R RT
∆ ∆

= −
 

  (8) 

 

e
d

e

qK
C

=   (9) 

 
where: ∆G◦ is the variation of free energy (kJ mol−1), 
R is the universal gas constant (8.314 J mol−1 K−1), T 
is the absolute temperature (K), and Kd is the 
distributed coefficient of solute between the solid and 
the liquid phase.  

The calculated thermodynamic parameters 
based on the above functions are given in Table 5. 
From the ∆G◦ values it was suggested that the 
adsorption process is spontaneous and feasible in 
nature. Moreover, the amount of ∆G decreases in 
going to high temperatures, which shows favorable 
sorption of MB on the modified clay at high 
temperatures. The observed ∆H◦ values were negative, 
confirming the exothermic nature of the adsorption 
process. These results indicate that adsorption process 
of MB onto the prepared Zn(OH)2–modified clay is 
thermodynamically favorable and are very much 
comparable to the previously reported works. 
 
 

3.7. Reusability 
 
Ability to reuse of an adsorbent makes it more 

economical. With this regard, reusability of the 
modified clay for the MB adsorption was studied by 
carrying adsorption and desorption experiments. After 
adsorption of MB by Zn(OH)2–NPs–MMT clay, the 
adsorbent was filtered and dried at room temperature. 
To desorb MB the adsorbent was transferred into 5 mL 
of 0.01 mol L−1 HCl and then sonicated for 3 min. 
Adsorption experiment was carried out under optimal 
conditions subsequently; it was observed that 
Zn(OH)2–NPs–MMT clay gave more than 80% 
removal of MB dye up to 2 cycles and then efficiency 
declined to 70% and 55% after third and fourth cycles. 
 
3.8. Comparison with previous studies 
 

The potential of the presented Zn(OH)2–NPs–
MMT clay for the removal of MB removal was 
compared with the previous ones based on maximum 
adsorption capacity and adsorption time. The 
adsorption time refers to time allowed to reach the 
equilibrium. As is seen in Table 6, the adsorption time 
for the proposed method is superior to the all other 
adsorbents. The adsorption capacity was also higher 
than that of 259.9. So, the presented Zn(OH)2–
nanoparticles–montmorillonite clay could be 
considered as an alternative to achieve higher rates 
and efficiencies for removing of MB. 

 
4. Conclusions 
 

This paper describes an ultrasonic–assisted 
removal of MB based on a simple, inexpensive 
adsorption technique using a prepared Zn(OH)2–NPs–
MMT clay as adsorbent. Central composite design 
response surface methodology was employed for 
experimental design to investigate the effect of five 
independent variables such as pH, sonication time, 
adsorbent dosage, initial concentration of MB, and 
electrolyte concentration.  
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Table 4. Pseudo-first and pseudo-second order kinetic models for methylene blue adsorption 
on the raw and modified clays at 25 °C 

 

Clay Dye concentration 
(mg L−1) Qexp 

Pseudo-first order parameters Pseudo-second order parameters 
k1 qcal. R2 k2 qcal. R2 

Raw clay 30 3.6 0.12 3.1 0.99 1.1 3.80 0.99 
60 7.7 0.08 6.3 0.96 1.6 11.2 0.97 
100 13.5 0.12 10.2 0.89 3.3 14.1 0.98 
200 18.1 0.09 17.4 0.93 4.1 16.9 0.95 

         
Modified clay 30 22.1 0.33 23.2 0.74 2.5 23.3 0.99 

60 27.6 0.02 27.8 0.88 2.8 29.5 0.99 
100 55.8 0.03 56.4 0.78 3.7 53.1 0.98 
200 109.9 0.08 110.6 0.91 3.1 108.6 0.99 

 
Table 5. Thermodynamic parameters for the adsorption of MB on the modified clay 

 
∆G◦(kcal mol−1) at different temperatures ∆H◦(kcal mol−1) ∆S◦(cal mol−1 K−1) 

5 (°C) 15 (°C) 25 (°C) 35 (°C) 45 (°C)     
−7.36 −13.45 −20.15 −25.01 −34.15 −2.50 −9.38 

 
Table 6. Comparison of adsorption capacity of MB to the various reports 

 
Adsorbent Capacity (mg g-1) Adsorption time Reference 

Zn(OH)2-NPs-MMT clay 259.9 3.5 min This study 
Montmorillonite clay (MMC) 289.12-293.26 30 min Almeida et al. (2009) 
Orange peel 18.6 65 min Annadurai et al. (2002) 
Clay 58.2 60 min Gürses et al. (2006) 
Spent activated clay (SAC) 78 5 h Weng and Pan (2007) 
Thermal-bentonite 14.7 16 h Al-Asheh et al. (2003) 
Kaolinite and modified clay 7.59-20.49 3 h Ghosh and Bhattacharyya (2002) 
HDTMA-MMC 166.6 60 min Jourvand et al. (2015) 
Algerian Clay 56.8 30 min Luo et al. (2014) 
AC–ZnO  32.22 120 min Nourmoradi et al. (2015) 
Fibrous clay minerals 85 100  min Hajjaji et al. (2006) 
Activated carbon 315 24 h Yang and Qiu (2010) 
CTS-g-PAA/MMT 1859 120 min Wang et al. (2008) 
Polysaccharide–clay composite bead 181.8 240 min Uyar et al. (2016) 
ST/RHA0 1885.4 60 min de Azevedo et al. (2017) 
Starch/humic acid 110 80 min Chen et al. (2015) 
Pt/Rh@GO nanocomposites 346.8 30 min Yildiz et al. (2017) 
Zinc hydroxide nanoparticles@ AC 41.49 6.5 min  

(Sonication time) 
Ardekani et al. (2017) 

Waste newspaper 611 5 min  
(Sonication time) 

Entezari and Al-Hoseini (2007) 

 
A modified quadratic model was used to 

established relationship between the removal percent 
and independent variables with R2 value of 0.96. The 
3D response surface and contour plots resulting from 
the mathematical model were used to determine the 
optimal conditions. Maximum adsorption was found 
at the optimum conditions of pH 8.0, sonication time 
3.5 min, adsorbent dosage 73 mg, analyte 
concentration 7.5 mg L−1, and electrolyte 
concentration 2 % w/v. Kinetic data of the adsorption 
process involving Zn(OH)2–NPs–MMT clay 
conformed well to the pseudo second–order kinetic 
model. One of the great advantages of the prepared 
adsorbent is the achieving of high uptake rate. 
Adsorption isotherm data were treated with Langmuir, 
Freundlich,   Temkin,    and    multilayer   adsorption     

 
 

isotherm    models   to understand the mechanism of 
adsorption process. Freundlich isotherm equation can 
provide a good correlation to the experimental data.  

The negative value of ΔH suggest an 
exothermic reaction. ΔG◦ values attained were all 
negative, signifying a spontaneous adsorption process. 
In the light of these results, it can be stated that the 
presented adsorbent can be well used as efficient and 
reliable adsorbent for treating colored solutions of 
MB.  
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