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In the present work, for the first time, low-cost nanocomposites based on mono-starch phosphate (StPh) and 
montmorillonite (MMT) (1-5 wt% based on dry StPh) were prepared by a simple mechanical preparation method using 
a vibration mill. The structure and textural properties, as well as ζ-potential of the StPh/MMT nanocomposites, were 
characterized by X-ray diffraction, FTIR spectroscopy, low-temperature nitrogen adsorption/desorption and 
electrophoretic light scattering. The adsorption ability of the nanocomposites towards methylene blue dye was also 
evaluated. The obtained results demonstrated that the adsorption capacity of the StPh/MMT nanocomposites increased 
with increasing MMT concentration. For all the nanocomposite samples, the adsorption kinetics and equilibrium 
adsorption isotherm were adequately described by the pseudo-second-order kinetic model and the Sips isotherm model, 
respectively. It was shown that the pH value for the nanocomposite containing 5 wt% MMT had a minimal effect on 
the adsorption process efficiency. The recycling experiments demonstrated that the StPh/MMT nanocomposite could be 
successfully used for MB removal after three adsorption cycles.  
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INTRODUCTION 

Adsorption is one of the most effective and 
widely used methods of industrial wastewater 
purification treatment, as it is accessible and 
environmentally benign. Different types of 
adsorbents are known to be applied in the 
adsorption process.1 Currently, there is a growing 
interest in adsorbents based on natural 
polysaccharides and their derivatives, which are 
cheap and eco-friendly materials, able to remove 
different pollutants, including textile dyes, heavy 
metals, herbicides, antibiotics.2 

Starch has a special place among various 
natural polysaccharides. It is produced in huge 
quantities throughout the world and, owing to its 
unique physicochemical and functional properties, 
starch is extensively used in numerous 
applications, for instance, in foods, medicines, 
paper, textiles, oil industry etc.3 Native starches 
are   characterized  by   weak   adsorption   ability  

 
towards wastewater pollutants because there are 
not enough highly active adsorbing groups in their 
structure. For the purpose of improving the 
adsorption capacity of native starch, various 
functional groups, including phosphate, cationic, 
carboxylate, amine, etc., are introduced in its 
backbone.4 As a rule, modified starches with a 
high degree of substitution are proposed as 
adsorbent materials.5,6 However, it should be 
noted that such a modification of starch can 
increase its cost and affect its toxicity and 
biodegradability.7 

An effective strategy to address the problem of 
improving the adsorption ability of starch consists 
in the preparation of biopolymer/montmorillonite 
composite materials. Montmorillonite (MMT) is a 
well-known environmentally friendly and low 
cost filler for composites and nanocomposites. 
MMT is a smectite clay mineral, with a structure 
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characterized by a three-layer package (2:1): two 
tetrahedral sheets covering an octahedral sheet on 
both sides.8 The external and internal surfaces of 
MMT are hydrophilic and polar, thus contributing 
to the intercalation of the polysaccharide 
macromolecules bearing polar groups, such as 
starch, cellulose, chitosan, proteins etc. into the 
interlayer space of the MMT.9 There are few 
works10-13 concerning the preparation of 
nanocomposites based on starch or modified 
starch for adsorption purposes. The authors of 
these papers reported the results of studying the 
sorption of textile dyes,10 hexavalent chromium11 
and metal anions12 from aqueous solutions by 
cationic starch/MMT composite materials. 
Furthermore, Mahdavinia et al.13 described a 
method for producing starch-g-
polyamidoxime/montmorillonite/Fe3O4 
nanocomposites, which were successfully applied 
for copper (II) ion removal from aqueous 
solutions.  

The starch phosphate/MMT nanocomposite is 
another material that can be prepared and used as 
an adsorbent for wastewater purification 
treatment. The presence of phosphate groups in 
the starch macromolecules improves the 
biopolymer adsorption capacity. Previously, it 
was shown that cross-linked starch phosphates14,15 
and cross-linked starch phosphate carbamate16 
with a high degree of substitution demonstrated 
their ability to effectively adsorb divalent heavy 
metal ions. Up to now, there are no literature data 
on the use of composites based on MMT and 
mono-starch phosphate as cheap and non-toxic 
adsorbents for wastewater pollutants.  

In the present work, novel materials based on 
mono-starch phosphate (StPh) and 
montmorillonite (MMT) were prepared by 
vibration milling. During the milling, a complex 
of mechanical actions (namely, shear, friction and 
collision) promoted MMT particle disintegration 
and StPh granules disruption, as well as 
intercalation of StPh macromolecules into the 
interlayer space of MMT.17,18 The key advantages 
of mechanical milling over other techniques 
commonly used for polymer/MMT 
nanocomposite preparation are: fewer 
technological stages, no need to use a solvent and 
high temperature treatment, environmental safety. 
Recently, we have successfully used vibration 
milling to obtain cationic starch/MMT adsorbent 
for acid dye removal.19 In this work, the 
StPh/MMT nanocomposites prepared by milling 

have been characterized using FTIR spectroscopy, 
X-ray diffraction and low-temperature nitrogen 
adsorption–desorption methods. The effect of the 
MMT content on the zeta potential and the 
adsorption capacity of the nanocomposites 
towards cationic methylene blue have been 
evaluated. 
 
EXPERIMENTAL 
Materials 

Methylene blue dye (MB) was obtained from 
CHIMMED Company (Moscow, Russia). StPh with 
the substitution degree of 0.02 was purchased from 
Dextrin Company Ltd. (Murom, Russia). The MMT 
particles were isolated according to the procedure 
described by Pokid'ko et al.20 from bentonite clay, 
which was supplied by Bentonite Company Ltd. 
(Moscow, Russia). The MMT adsorption capacity 
towards MB was found to be 74 mg/g. All the other 
chemicals employed in this study were of analytical 
grade. Distilled water was used in all the experiments. 
 

Preparation of StPh/MMT nanocomposites 
StPh/MMT nanocomposites were prepared as 

follows. Firstly, 75 g of StPh was mixed manually with 
MMT particles (1, 3 and 5 wt% based on dry StPh) 
dispersed in distilled water (25 mL) at room 
temperature (25 °C). Next, the blend of StPh and MMT 
was charged into a ceramic cylindrical vessel (1 L) 
packed with ceramic balls (Ø15 mm : Ø10 mm = 
3.5:1). The vessel was hermetically sealed and placed 
on the laboratory-made vibration mill (Fig. 1), where 
the mixture was milled for 1 h. The volume ratio of 
balls/powder was 12:1. The activator vibration 
frequency was 50 Hz, and the vibration amplitude was 
1.6 mm. The ceramic vessel was cooled to 20-25 °C 
throughout the milling process by the air cooling 
system to avoid sample overheating. After the milling, 
the composite with milling balls was discharged from 
the milling vessel onto a sieve with the mesh size of 2 
mm. Sieving was carried out for 10 minutes, using a 
“Vibrotekhnic” vibratory sieve shaker (Russia) in 
order to achieve separation of the composite powder. 
 

X-ray diffractometry (XRD) 
XRD analysis of the samples was performed using 

a Bruker D8 Advance X-ray diffractometer (Bruker-
AXS, Germany). The data were collected in the range 
of 2Θ = 3-10° with a step size of 0.01°. 
 

FTIR spectroscopy 
IR spectra of the samples under study were 

recorded at room temperature, using an Avatar ESP 
360 Fourier transform IR spectrophotometer (Nicolet, 
USA) in the wavenumber range of 400-4000 cm−1 with 
a resolution of 2 cm−1 and averaging over 64 scans. 
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Figure 1: Laboratory-made vibration mill scheme: 1) ceramic cylindrical vessel, 2) vibration spring mounting, and 3) 

electromechanical oscillator 
 

Low-nitrogen adsorption/desorption 

Porosimetric measurements of the samples were 
carried out by low-temperature nitrogen 
adsorption/desorption, using a Nova 1200 Series 
(Quantachrome, USA). Prior to the measurements, the 
samples were degassed at 80 °C and the residual 
pressure of 5-10 Pa for 3 h. 

 

Zeta potential determination 

Zeta potential values were measured by the 
electrophoretic light scattering method, using a 
Zetasizer Nano ZS analyzer (Malvern, UK). For this 
purpose, StPh and StPh/MMT dispersions (0.5 wt%) 
were prepared in a 0.1 M NaCl solution. The initial pH 
of the NaCl solution was adjusted with a 0.01 M HCl 
or a 0.01 M NaOH solution. The dispersions were 
shaken for 24 h before the zeta potential determination. 
All the measurements were repeated three times.  

 

Adsorption experiments 

The kinetic study of the adsorption ability of the 
samples under study was carried out using an MB 
aqueous solution of 20 mg L-1 at the temperature of 25 
°C. In each experiment, 25 mL of the dye solution was 
added to 0.025 g of the adsorbent in a cone flask and 
stirred continuously for a given contact time. The pH 
value of the reaction mixtures was 7.1. Then, the MB 
solution was separated by centrifugation at 10000 rpm 
for 15 min. The residual dye concentration in the 
supernatant was determined with a Libra S4 
spectrophotometer (Biochrom Ltd., UK) by measuring 
the absorbance at 664 nm. The amount of the adsorbed 
dye Qt (mg/g) onto the sample was calculated by 
Equation (1):  

0 t

t

C C
Q V

m

−
=                  (1)  

where C0 and Ct (mg L-1) are the initial concentration 
of the MB solution and the dye concentration at time t 
(min), respectively, and V is the volume of the dye 
solution (L). 

The adsorption isotherms were determined using 
MB solutions with the initial concentration between 2 
and 20 mg L-1. The effect of the solution pH on the 
amount of adsorbed MB dye was evaluated by varying 

the pH of the MB solutions using a 0.01 M HCl or a 
0.01 M NaOH solution. 

The adsorption experiments were repeated three 
times and the average of the data (the standard error 
was ± 3-5%) was used to build the resultant plots.  

 
RESULTS AND DISCUSSION 

X-ray diffraction analysis 

It is known that the evidence for the formation 
of a nanocomposite based on polymer and MMT 
is the increase in the distance between the silicate 
layers as a result of the macromolecule 
intercalation into the interlayer space of the 
MMT.9 Figure 2 demonstrates small-angle 
diffractograms for the initial MMT and 
StPh/MMT samples. As can be seen, the MMT 
showed a characteristic diffraction peak at 2θ = 
6.9°, corresponding to the basal distance d001 = 
1.27 nm and the interlayer distance D = 1.27-0.95 
= 0.32 nm, where 0.95 nm is the thickness of the 
individual silicate layer of the MMT.21 In the case 
of the StPh/MMT samples, there was a shift of the 
diffraction peak position in the direction of small 
angles, namely, the basal distance d001 and the 
interlayer distance D increased up to values of 
1.85 nm and 0.90 nm, respectively. This fact 
indicated that the biopolymer chains could 
penetrate into the interlayer space of the MMT 
and, consequently, nanocomposites were formed.  
 

FTIR analysis 
Details of the interaction between the StPh and 

MMT in the nanocomposite samples were 
revealed by the FTIR spectroscopy analysis (Fig. 
3). The IR spectrum of the initial MMT showed a 
characteristic vibration peak at 3629 cm-1, which 
was attributed to the Me-O-H (Me = Si, Mg or 
Al) bonds.22 

The broad adsorption band near 3430 cm-1 
corresponded to the H-O-H stretching vibrations 
of the interlayer/adsorbed water. The strong band 
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centered at 1038 cm−1 and at 802 cm−1 could be 
attributed to the Si–O stretching vibrations of the 
tetrahedral sheet. Furthermore, there were bands 

of bridging Si–O–Al bonds (520 cm-1) and Si–O–
Si bending vibrations (465 cm-1).23 

 
 

 
Figure 2: X-ray diffraction patterns for MMT (a) and nanocomposites containing 1 wt% (b), 3 wt% (c)  

and 5 wt% (d) MMT 
 

 
Figure 3: FTIR spectra of MMT (a), StPh (b), milled StPh (c) and nanocomposite containing 5 wt% MMT (d) 

 
The spectrum of the pure StPh exhibited 

characteristic bands of this biopolymer.24 The 
typical broad band with the maximum at 3420 cm-

1 was assigned to the O-H groups involved in the 
formation of inter- and intramolecular hydrogen 
bonds. The bands at 2928 cm-1 and at 1157 cm-1 
were associated with the stretching vibrations of 
CH2 groups and the antisymmetric stretching 
vibrations of the bridging C−O−C bonds, 
respectively. The band at 1649 cm-1 resulted from 
vibrations of adsorbed water molecules. The set 
of bands in the range of 500-1100 cm-1 could be 
attributed to the vibrations of D-glucopyranose 

ring and the C–O bond in the glycosidic linkages. 
As known, the evidence for the starch 
phosphorylation could be the presence of the band 
between 1150 and 1185 cm-1 attributed to the 
P=O stretching and the band at 1055-950 cm-1 
assigned to the C-O-P bond of the phosphate 
group.25 However, for the sample under study, 
these bands overlapped with the aforementioned 
ones from the StPh backbone, which made it 
difficult to identify phosphate ester groups by 
FTIR analysis.  

The milling treatment of the StPh did not 
result in the appearance of new bands in the FTIR 
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spectrum of the sample. At the same time, for the 
mild StPh, the band at 3420 cm-1 from hydrogen 
bonds shifted to lower frequency. The most likely 
reason for this effect was the decrease in the 
hydrogen bond number in the sample crystalline 
phase, resulting in an increase in the free OH 
groups in the amorphous phase. 

The spectrum of the StPh/MMT 
nanocomposite exhibited the bands of its 
components. In addition, one could note the 
disappearance of the band at 3629 cm-1 from O-H 
group of MMT surface and a shift of the band at 
3414 cm-1 from the hydrogen bonds of the milled 
StPh to higher values. These facts pointed to the 
interaction between the StPh and MMT and could 
be associated with hydrogen bond formation 
between the oxygen-containing groups of the 
starch ester and the hydroxyl groups of MMT.  
 
Analysis of textural properties  

The results of studying the textural 
characteristics of the StPh and StPh/MMT 
nanocomposites by low-temperature nitrogen 
adsorption/desorption are shown in Table 1. It can 

be noted that the pure StPh had low values of the 
specific surface area (SBET) and pore volume 
(Vtotal), and the vibration milling had almost no 
influence on these parameters. As a result of StPh 
and MMT combination, materials with higher 
SBET and Vtotal values were formed. The improved 
textural properties could provide an enhanced 
adsorption capacity of the nanocomposites.  
 
Measurement of zeta potential  

Zeta potential (ζ – potential) is an important 
parameter providing information on the charge 
state of particle surfaces, which could essentially 
influence the adsorption process. The value of this 
parameter is often used as a measure of 
attractive/repulsive electrostatic interaction forces 
between particles in a suspension. The 
dependence of the ζ – potential of the StPh 
samples and the nanocomposites on pH is shown 
in Figure 4. The StPh exhibited low negative 
values of the ζ – potential over the entire pH 
range due to the anionic groups located on the 
surface of the particles.  

 
Table 1 

Porosimetry data for the adsorbent samples 
 

Sample SBET (m²/g) Vtotal (cm3/g) × 10-3 
Dp (nm) 

SPh 0.678 0.681 4.02 
SPh milled 0.723 0.998 4.58 
SPh/MMT 1% 1.037 1.003 4.53 
SPh/MMT 3% 1.371 1.506 4.95 
SPh/MMT 5% 3.516 4.027 5.50 

 

 
Figure 4: Zeta potential as a function of pH values for the adsorbent samples tested in this work 

 

 
One can note that the mechanical treatment in 

the vibration mill had a negligible impact on this 
characteristic of the sample. The MMT particles 
also demonstrated negative values of the ζ – 
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potential, confirming the anionic surface charge 
of their surface. In the low pH range, the MMT 
zeta potential became less negative, owing to the 
partial neutralization of the charge by the acid 
solution protons. The StPh matrix filling with 
MMT particles resulted in an essential decrease in 
the ζ – potential value, as compared with pure 
StPh, and this can have a positive effect on the 
cationic dye adsorption.  

 
Adsorption kinetics 

Adsorption kinetics is a very important 
characteristic in defining the efficiency and 
practical application of adsorbents. Kinetics 
analysis provides information about the possible 
adsorption mechanism, as well as the factors 
affecting this process. The influence of time on 
the adsorption of methylene blue dye by the 
adsorbents under study is shown in Figure 5. As 
can be seen in the initial stage of the dye 
adsorption by StPh particles, there was a rapid 
decrease in the dye concentration in the solution. 
After 10 minutes of contact between the adsorbent 
and the dye solution, the adsorption process 
became slower and adsorption equilibrium was 
reached in about 30 minutes. The high rate of dye 
removal from the solution in the initial period of 
the adsorption pointed to sterically advantageous 
positions of the active adsorption centers on the 
adsorbent surface.  

The main difference between the adsorbents 
under study was in the amount of the dye 
adsorbed after reaching the adsorption 
equilibrium. One can note that the vibration 
milling of the StPh increased its Qt value. Based 
on the results of the works that studied the 
adsorption properties of StPh,15,16 it could be 
supposed that the possible adsorption mechanism 
under study may be the ioniс interaction of the 
cationic dye ions with the phosphate groups. 
Besides, hydrogen bonds can also be formed 
between the biopolymer hydroxyl groups and the 
dye molecules. Therefore, the revealed increase in 
the milled StPh Qt value was perhaps due to the 
aforementioned increment of the free OH groups 
in the adsorbent structure, which could participate 
in hydrogen bond formation with the methylene 
blue dye molecules, thereby enhancing the 
adsorption process. The nanocomposite with 1% 
MMT demonstrated a 1.5 time Qt value increase, 
compared to pure StPh. The increase in the MMT 
concentration in the nanocomposite up to 5 wt% 
was accompanied by a three-time Qt growth. The 
experimental maximum amounts of the dye 

adsorbed at equilibrium Qmax were found to be 
6.84, 8.29, 9.96, 16.35 and 19.26 mg/g for StPh, 
StPh milled, StPh/MMT 1%, StPh/MMT 3% and 
StPh/MMT 5% adsorbents, respectively. The 
most likely reasons for the increased adsorption 
capacity of the nanocomposites were the more 
negative value of ζ – potential and the increased 
specific surface area of their particles.  

To evaluate the adsorption mechanism, the 
experimental data were approximated by the well-
known kinetic models,26,27 namely: 
Lagergren (pseudo-first order): 

1(1 exp )k t

t eQ Q
−

= −               (2) 

Ho and McKay (pseudo-second order): 
2

2

21
e

t

e

k Q t
Q

k Q t
=

+
               (3) 

where Qe and Qt are the amounts of the dye 
adsorbed at equilibrium and at time t (mg g-1), 
respectively; k1 and k2 are the pseudo-first order 
rate constant (min-1) and the equilibrium rate 
constant of pseudo-second order (g mg-1min-1); t 

is the contact time (min). 
The model parameters obtained by the 

nonlinear least square optimization technique, 
which was applied for fitting of the adsorption 
kinetics data, are given in Table 2. The criteria for 
the adequacy of the models were the 
determination coefficient R2 and the Chi-square 
(χ2) test. The χ2 test is represented mathematically 
as follows: 

( )
2

exp mod2

mod

χ
Q Q

Q

−
=∑

                          (4) 
where Qexp and Qmod (mg/g) are the experimental 
value and the model calculation value of 
adsorption capacity, respectively. A smaller χ2 
value indicated a better fitting model. 

As can be seen, for the StPh and all the 
nanocomposite samples, the pseudo-second order 
chemisorption kinetic model gave the highest R

2 
values and the lowest χ2 values, thereby showing 
that the adsorption process was significantly 
affected by chemisorption. At the same time, the 
high R2 values for the pseudo-first order kinetic 
model indicated that the film diffusion process 
also contributed to the methylene blue adsorption 
by the samples under study. The process of 
adsorption for the dye on the samples is likely to 
include both physical and chemical sorption. 
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Adsorption equilibrium 

The adsorption isotherms are commonly used 
to identify the peculiarities of interaction between 
adsorbate and adsorbent particles. Figure 6 
presents the isotherms of methylene blue dye 
adsorption on the adsorbent samples under study.  

One can note that the isotherm curves for the 
StPh samples and nanocomposite samples had 
different shapes. The isotherms for the 
StPh/MMT nanocomposites grew much more 

strongly at a low dye concentration and the 
equilibrium concentrations for the nanocomposite 
samples were high compared to those of the StPh 
samples, indicating a considerably better affinity 
of the nanocomposite materials for the dye. The 
Qmax values determined from this experiment were 
found to be 6.13, 7.07, 12.47, 15.73 and 29.70 
mg/g for StPh, StPh milled, StPh/MMT 1%, 
StPh/MMT 3% and StPh/MMT 5% adsorbents, 
respectively. 

 

 

 
Figure 5: Kinetic sorption curves of MB dye onto StPh (a), milled StPh (b) and nanocomposites containing 1 wt% (c), 3 
wt% (d) and 5 wt% (e) MMT (the symbols represent the experimental values, and the lines show the calculated kinetics 
using the pseudo-first order (—) and the pseudo-second order (---) models) 
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Table 2 

Parameters of methylene blue dye adsorption kinetics for the prepared adsorbents 
 

Kinetic model StPh 
StPh 

milled 
StPh/ 

MMT 1% 
StPh/ 

MMT 3% 
StPh/ 

MMT 5% 

Pseudo-first order 
Qe (mg g-1) 
k1 (min-1) 
R2 

χ
2 

Pseudo-second order 
Qe (mg g-1) 
k2 (g mg-1 min-1) 
R2 
χ2 

 
6.009 
1.044 
0.829 
0.570 

 
6.322 
0.218 
0.884 
0.384 

 
7.192 
1.056 
0.520 
2.032 

 
7.706 
0.142 
0.645 
1.522 

 
9.007 
0.779 
0.861 
1.261 

 
9.656 
0.094 
0.937 
0.567 

 
14.956 
0.094 
0.906 
2.556 

 
16.811 
0.007 
0.943 
1.543 

 
18.066 
1.032 
0.928 
2.743 

 
18.974 
0.074 
0.970 
1.128 

 
In this study, two-parameter models 

(Langmuir and Freundlich)28 and a three-
parameter model (Sips)29 were used to describe 
the adsorption isotherms. The Langmuir model 
assumes that adsorption is a reversible process 
and it is restricted to a monolayer in the 
adsorbent. Adsorption takes place only at specific 
sites of the adsorbent; all the adsorption sites are 
energetically equivalent and each of the sites can 
adsorb only one molecule of the adsorbate. The 
Freundlich isotherm is an empirical model, which 
suggests that the adsorption occurs on the 
heterogeneous surface of the particles and it is not 
limited to monolayer formation. The Sips model 
is a combination of the Langmuir and the 
Freundlich models and it can model the 
adsorption process on both homogeneous and 
heterogeneous surfaces.  

The isotherm models are represented by the 
following equations: 

Freundlich: 1/ n

e F e
Q K C=              (5) 

Langmuir: 
1

L e

e

L e

k C
Q

a C
=

+
             (6) 

Sips: 

1/

1/

1

n

n

m S e
e

S e

Q K C
Q

K C
=

+

              (7) 

where Ce (mg L-1) and Qe (mg g-1) are the liquid 
phase concentration and the solid phase 
concentration of an adsorbate at equilibrium, 
respectively; KF is the Freundlich constant (mg g-

1) and 1/n is the heterogeneity factor; kL (L g-1) 
and aL (L mg-1) are the Langmuir isotherm 
constants; Qm (mg g-1) is the quantity of the dye 
adsorbed at saturation or the monolayer capacity 
and KS (L mg-1) is the Sips constant. 

The adsorption parameters and the 
corresponding correlation coefficients are shown 

in Table 3. According to the R2 values, the 
Freundlich model described methylene blue dye 
adsorption more adequately in the case of the 
original StPh and milled StPh adsorbent, whereas 
for the nanocomposites, the Sips model was more 
suitable. Thus, one can conclude that all the 
adsorbents were characterized by heterogeneous 
distribution of the active adsorption sites and the 
process of adsorption onto the nanocomposite 
particles corresponded to the monolayer coverage 
of the dye. The calculated maximum adsorption 
capacity of the examined samples clearly 
demonstrated the advantages of StPh/MMT 
nanocomposites in cationic dye removal. 
 

Effect of pH  

It is well-known that the pH of the methylene 
blue solution has a significant effect on the 
mechanism of the dye adsorption and therefore on 
the removal efficiency. In the present study, the 
effect of pH on the methylene blue adsorption 
was studied at the contact time of 40 minutes and 
the temperature of 25 °C. The results are shown in 
Figure 7. An increase in the pH value was 
accompanied by a decrease in the ζ – potential 
value of the StPh samples and, hence, an 
increment of their adsorption ability was 
observed. An important positive feature of the 
nanocomposites as adsorbents was that their 
adsorption capacity was less dependent on the pH 
value and this characteristic was particularly 
pronounced for the samples with 5 wt% MMT. 
The surface of nanocomposite particles had a 
rather strong negative charge and the dye 
molecules were positively charged in the pH 
range of 2-10, so electrostatic interactions 
between the adsorbents and dye molecules could 
be established. At the same time, the fact that, for 
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the StPh/MMT5 sample, the decrease in the zeta 
potential value with a pH value increase does not 
result in a significant increase in the adsorption 
capacity indicates that the adsorption process is 
not dependent on electrostatic interactions only. It 
is likely that the specific features of adsorption of 

MB molecules characterized by the formation of 
associates (dimers, trimers etc.) in the solution30 
are mainly determined by the porous structure of 
the nanocomposite sample rather than by the 
charge of its surface. 

 

 
Figure 6: Adsorption isotherms for MB dye by StPh (a), milled StPh (b) and nanocomposites containing 1 wt% (c), 3 
wt% (d) and 5 wt% (e) MMT (the symbols represent the experimental values, and the lines show the calculated 
isotherms using the Freundlich (—), the Langmuir (---) and the Sips (· · ·) models) 
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Table 3 
Constants of isotherm models for methylene blue dye adsorption 

 

Isotherm model StPh 
StPh 

milled 
StPh/ 

MMT 1% 
StPh/ 

MMT 3% 
StPh/ 

MMT 5% 

Langmuir 
aL (L/mg) 
kL (L/g) 
R

2 

χ
2
 

Freundlich 
KF (mg/g) 
1/n 

R
2
 

χ
2
 

Sips 
Qm (mg/g) 
KS (L/mg) 

1/n 

R
2 

χ
2 

 
0.152 
3.320 
0.238 
3.951 

 
0.007 
2.862 
0.941 
0.344 

 
6.541 
0.001 
7.167 
0.995 
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Figure 7: Effect of pH value on MB dye adsorption by 

the adsorbent samples tested in this work 
Figure 8: Reusability of the nanocomposite containing 

5 wt% MMT 
 
 

Reusability  
An important property of adsorbents is their 

reusability, which is one of the parameters 
determining the cost of the adsorption process. In 
this paper, the adsorption capacity of the 
nanocomposite sample with 5 wt% MMT was 
investigated with repeated reuse in the process of 
methylene blue dye adsorption at the contact time 
of 40 minutes and the initial dye solution pH. For 
this purpose, after its application in the 
adsorption, the nanocomposite sample was treated 
with 30 mL of 90 vol% ethanol aqueous solution 
for 180 min to remove the adsorbed dye.31 
According to the results shown in Figure 8, the 
sample under study exhibited good adsorption 
ability after being used three times in a row. 

 

CONCLUSION 
The results of this study demonstrate an 

effective method for producing novel eco-friendly 
nanocomposites based on StPh and MMT by 
mechanical treatment of their mixture in a 
laboratory-made vibration mill. The obtained 
nanocomposites had a larger surface area and 
more negative zeta potential values in comparison 
with these parameters for the initial and milled 
StPh. The nanocomposites demonstrated better 
adsorption capacity towards MB and the material 
containing 5 wt% MMT showed the best 
efficiency in the dye removal. Furthermore, the 
adsorption capacity of the nanocomposite 
containing 5 wt % MMT was not significantly 
influenced by the pH value. The kinetic 
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experiments showed that the adsorption process 
could be described by the pseudo-second-order 
model and the adsorption data correlated well 
with the three-parameter Sips model, indicating 
that the process represented monolayer adsorption 
on a heterogeneous surface. We can conclude that 
it is possible to use the StPh/MMT 
nanocomposites as effective adsorbents for 
wastewater treatment.  
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