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Unexpected behavior during methylene blue
adsorption over H-titanate nanotubes
and nanosheets

A. H. Zaki, *ab Shimaa Rashad,b Ming-Jer Lee a and Nabila Shehatac

2D titanate nanosheets (H-TNS) and 1D titanate nanotubes (H-TNT) were synthesized by using a simple

hydrothermal technique to effectively adsorb cationic methyl blue (MB) dye from aqueous solutions.

These nanomaterials were characterized by X-ray diffraction (XRD) and transmission electron

microscopy (TEM). The effects of pH values, contact time, and the initial concentration of the dye on

the adsorption behavior were investigated. The studies on the equilibrium and the kinetic behavior of

adsorption are also included in this work. Various equilibrium adsorption models (including the Langmuir

and the Freundlich models) and kinetic models were adopted to correlate the experimental data taken in

the present study. The results showed that the adsorption capacity of methylene blue was 7.25 mg g�1

and 6.67 mg g�1 for H-TNT and H-TNS, respectively. Moreover, the effects of the morphology of titanate,

the initial concentration of the dye, and the temperature of the solution on the chromatic behavior of

cationic methylene blue dye were investigated. Finally the reusability of the nanomaterials was also tested.

1. Introduction

Due to the increasing growth of urbanization and industrializa-
tion, large amounts of industrial dyes are discharged from
numerous industries, such as cosmetic, pharmaceutical, textile,
leather, food, and paint industries. These dyes, which include
more than 10 000 types, are harmful to the environment and
human beings.1,2 Moreover, dyes can be teratogenic, mutagenic
or carcinogenic which can cause severe damage to humans.
In particular, the organs most sensitive to dye contamination
are the kidneys, brain, liver and the central nervous and
reproductive systems. The major challenge is the resistance to
degradation of these dyes as well as their toxicity due to the
existence of toxic constituents such as amines. Due to their
negative impacts on humans and ecosystems, removing or
lowering the concentration of these dyes is gaining much
interest. Therefore, focus on innovative techniques and materials
to scavenge dyes from wastewater streams is preferable.3

Methylene blue (MB) is an azo dye with a heterocyclic
aromatic cation structure that is commonly used in the textile
industry. Because of its complex aromatic structure, it is

difficult to break down using traditional biological treatment
methods.4,5 To solve these problems, many research groups
have developed various methods including coagulation, ozone
oxidation, photocatalytic oxidation, Fenton oxidation, magnetic
separation, and adsorption.6 One of the most efficient and cost-
effective methods is adsorption. The dye molecules in the
solution phase transfer to the surface of the adsorbent via
the adsorption process. With the rapid advancement of nano-
technology in recent years, it is a common practice to use
nanomaterials in environmental applications.7–9

Incorporation of nanotechnology to the traditional adsorp-
tion method forms an effective route to economically treat large
volumes of wastewater.3 This is attributed to the promising
properties of nanoparticles used in water treatment. Due to
their promising characteristics, such as high surface area,
nanosize, high reactivity, mobility solution, good mechanical
properties, high porosity, and dispersibility, nanomaterials
have proven their efficiency in treating wastewater from numer-
ous pollutants.7–9 These nanoparticles can be engineered to be
in the form of different morphologies including nanospheres,
nanosheets, nanotubes, etc.6–8 The adsorption of dyes by nano-
materials has also attracted the attention of researchers.
The use of nanoparticles as adsorbents has increased during
the last decade, due to their high surface area and morpho-
logy control compared to bulk materials.10–14 Among these
nanomaterials, titania and titanate nanostructures still attract
attention from all researchers, because they are non-toxic,
commercially available, and also their size and shape can be
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easily manipulated. These nanomaterials have unique physico-
mechanicals properties, such as large surface area and porosity,
which yields much more –OH sites, high stability, and ion-
exchange characteristics as well as low-cost of production.3,6,7

Recently layered titanate nanostructures have attracted more
attention because of their ability to exchange cations with dyes
and heavy metals.15–17 1D and 2D titanate nanostructures are
ideal candidates for dye removal because of the high surface
area and exchange ability compared to bulk titania and
titanate.18–20 Recently, titante showed promising results for
the removal of different dyes.

However, previous investigations related to titanate nano-
tubes focused on the synthesis, structure characteristics and
evaluation of the developed catalysts in photocatalysis, but little
attention was given to studying the characteristic adsorption of
organic materials onto titanate. Yuan et al.21 prepared and
applied titanate nanosheets for MB adsorption. They noticed
for the first time that at certain concentrations, MB molecules
desorb to form dimers and trimers. In our work, as a repre-
sentative of organic azo pollutants, MB, which is widespread in
industrial wastewater, was used. The adsorption capacity of
H-TNT and H-TNS toward MB was evaluated. The adsorption
kinetics data were correlated with the Langmuir and the
Freundlich models. Several studies reported on the synthesis
of titante nanosheets as well as their adsorption activity, but no
study was made on investigating the correlations for the
adsorption behavior of MB onto 1D and 2D titanate nano-
structures at different initial concentrations of MB and tem-
perature. A comparison of the MB adsorptive characteristics
onto different titante materials is shown in Table 1.

2. Materials and methods
2.1 1D and 2D titanate preparation and characterization

The reagents used in this study were bought from Sigma-
Aldrich and used directly. Methylene blue (C16H18CIN3S�XH2O
[X = 2, 3]) was supplied from General Drug House (P) Ltd,

(India), and the chemical structure of MB is illustrated in
Scheme 1. H-titanate nanosheets (2D) and nanotubes (1D) were
prepared using a simple hydrothermal method, as in our
recently published work.6 In a typical synthesis, 10 g of powder
titania nanoparticles were mixed with 10 N NaOH for 30 min
until a milky-white suspension was obtained, and the suspen-
sion was then transferred into a Teflon-lined autoclave with a
vessel capacity of about 1000 mL. The autoclave was subject to
heating in an oven at 160 1C for 6 and 20 h to obtain the
nanosheets (H-TNS) and nanotubes (H-TNT), respectively. The
autoclave was allowed to cool down to room temperature, and
then the white powders formed were washed several times with
distilled water, and then with 0.1 M HCl under sonication. At the
end all samples were placed in a muffle furnace at 500 1C for 4 h.
The prepared titanate was characterized using high-resolution
transmission electron microscopy (HRTEM) micrographs obtained
from a JEOL-JEM 2100 (Japan) with an acceleration voltage of
200 kV. X-ray diffraction (XRD) patterns were recorded on a
PANalytical (Empyrean) XRD using Cu Ka radiation (wavelength
0.154 cm�1) at an accelerating voltage of 40 kV, current of 35 mA,
scan angle range of 5–80, and scan step of 0.021. The zeta potential
was measured using a Zetasizer Nano-ZS90 (Malvern, UK). The
Brunauer–Emmett–Teller (BET) surface area was measured by N2

adsorption using a Micromeritics TriStar II.

2.2 Adsorption study

A 200 ppm stock solution of methylene blue was prepared by
dissolving the powder in distilled water, and different concentra-
tions of methylene blue were prepared by diluting in certain
volumes of the stock solution; solutions of 5, 10, 25, 30, 40, and
50 ppm were prepared. The adsorption experiments were per-
formed in a glass batch-reactor, and the circulated water from the
thermostatic bath maintained the temperature. The effect of
temperature was studied at certain concentrations to evaluate their
action on dimer and trimer formation. The removal efficiency was
followed-up by withdrawing samples (500 mL) at certain time
intervals, separating by gravitational force, and analyzing them
using Jasco, V-300, UV-Vis. Spectrophotometer.

3. Results and discussion
3.1 Titanate characterization

HRTEM images as shown in Fig. 1 confirm the successful
preparation of the desired titanate nanosheets and nanotubes.

Table 1 Maximum adsorption capacities of titanate materials for MB at different process parameters where the adsorption capacity is in mg g�1,
temperature is in 1C, time is in min and concentration is in mg L�1 unless another unit is mentioned

Adsorbent Temp.
Initial
concn

Equilibrium
time pH

Adsorption
capacity Ref.

Sodium titanates 25 50–300 120 7 52.8–51.8 22
Titanate nanotubes sensitized with zinc
tetra(4-carboxyphenyl) porphyrin

300 20 15 6 96.5 23

Graphene-titanate nanocomposite 25 10–100 1440 7 270.27 24
Titanate nanotubes — 5–50 — — 5.6–8.2 25
H-TNT Room temp. 100 90 7 7.25 This study
H-TNS 6.67

Scheme 1 Chemical structure of MB.
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In Fig. 2a, the multilayered nanosheets can be observed; the
nanosheets are stacked with each other and are not uniform in
size. While the nanotubes are shown in Fig. 2b, the tubular
structure with internal cavities are clear in all tubes, and all
tube diameters are less than 10 nm.

Fig. 2 shows the recorded XRD patterns of H-TNS and H-
TNT, the observed reflections of nanosheets at 2y; 5.61, 10.61
25.31, 29.61, 44.11, and 48.31 (Fig. 2a) were compared with
[ICDD card no. 01-077-4140] of the monoclinic phase of dihy-
drogen trititanate (H2Ti3O7), while the reflections of H-TNT

Fig. 1 HRTEM images of (a) H-TNS and (b) H-TNT.

Fig. 2 XRD patterns of (a) H-TNS and (b) H-TNT.
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were observed at 2y; 9.81, 24.21, 28.21, 48.21, 61.71), and were
found to coincide with [ICDD card no. 00-047-0124], of hydro-
gen titanium oxide hydrate nanotubes.

Surface areas, pore volumes, and pore sizes were obtained
and are listed in Table 2. For titanate nanotubes, the surface
area is 83 m2 g�1, pore volume is 0.1305 cm3 g�1, and pore size
is 5.8 nm. On the other hand, for the nanosheets these values
are 72 m2 g�1, 0.085 cm3 g�1, and 4.8 nm, respectively. It is
clear from the results that the nanotubes are higher in their
specific surface area and pore width and volume by 13.25,
34.9 and 17.2%, respectively, compared to the nanosheets. This
is due to the fact that the development of the nanomaterial in
tube geometry increased their internal surface area rather than
the sheet configuration.6

3.2 Adsorption study

3.2.1 Effect of pH. Dye adsorption processes are greatly
affected by the pH of solutions, since the surface charge of the
adsorbent is changed with pH, and affects the ionization of
the adsorbate. As shown in Fig. 3, the zeta potential values
at different pH values suggest that the obtained values for
H-titanate nanotubes and nanosheets were found to be close
to each other at different pH values, except for at pH 5, where
the charge of the nanosheets was �24 and �11 for nanotubes.
The removal % of methylene blue over H-TNS and H-TNT

significantly increased by increasing the pH values, which is
attributed to the change in zeta potential values with increasing
pH where at higher pH values, the density of the negative
charges on the adsorbent surface increased which increased
the tendency of the adsorbent for the attraction of the cationic
methylene blue.

Hence, the adsorption mechanism might be attributed
mainly to the electrostatic attraction between the MB and
sorbents under investigation. This is in agreement with ref. 26,
in which it was also reported that the adsorption was basically
controlled by electrostatic forces.

However, titanate developed using a hydrothermal synthesis
route is characteristic with an ion-exchange property which

Table 2 Summary of the obtained data for H-TNS and H-TNT; surface
areas, pore volumes, and pore sizes

Morphology BET (m2 g�1) Pore volume (cm3 g�1) Pore size (nm)

Nanosheets 72 0.085 4.8
Nanotubes 83 0.1305 5.8

Fig. 3 Zeta potential at various pH values for H-TNT (a) and H-TNS (b) and the effect of pH on the adsorption of MB onto H-TNT (c) and H-TNS (d) at V
25 ml, adsorbent mass 0.1 g and Co = 10 mg L�1 (b).

Fig. 4 Effect of time on the adsorptivity of MB (10 ppm) onto H-TNS and
H-TNT.
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Fig. 5 Effect of the dye initial concentration on the MB adsorption onto H-TNT and H-TNS.

Fig. 6 UV-Visible spectra of different concentrations of MB after removal using H-TNT.
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encourages the sorption of basic dyes such as MB via a cation
exchange mechanism.27

Although there is a difference in the surface area between
the two adsorbents, the efficiency is too close, which is may be
attributed to the preferred orientations in the crystal structure
of H-TNS and H-TNT, as found in our recent study.6

3.2.2 Effect of contact time in H-TNS and H-TNT. The
effect of contact time on the adsorption of methylene blue over
titanate nanosheets and nanotubes is illustrated in Fig. 4, and
the results reveal that the adsorption capacity increased with
time and it reached equilibrium in 90 min. in both cases.
Increasing the time above this time doesn’t significantly affect
the adsorption process.

3.2.3 Effect of the initial dye concentration on the adsorp-
tion process. The MB adsorptivity onto H-TNT and H-TNS
showed a considerable increase with increasing the initial
concentration of the MB (Fig. 5). This is due to the fact that
the surface area of the nanomaterials under study allow a
greater concentration of the cationic MB to be adsorbed on
their surfaces. However, the adsorptivity values for both
morphologies are similar although the surface area of H-TNT
is higher than that of H-TNS, which may have attributed to the
fact that the repulsion forces between MB molecules that
crowded or sandwiched between the tube surfaces/edges
increase in the case of the tube geometry which affect their
adsorptivity.

3.3 The chromatic behavior of MB

MB aggregation is most encouraged in water due to its metha-
chromic characteristic in addition to the high dielectric con-
stant of water which minimizes the electrostatic repulsion
among dye molecules. This phenomenon depends on some
factors such as temperature, dye concentration, ionic strength,
and solvent dielectric.28

3.3.1 Effect of MB initial concentration on its chromatic
behavior after adsorption onto H-TNT. The chromatic beha-
vior of MB after adsorption onto H-TNT was studied over the
range from 5 mg L�1 up to 30 mg L�1 (Fig. 6a–d). The MB is
characterized with an absorbance band in the low energy
region (at 668 nm) in addition to a shoulder around 600–
610 nm which corresponds to the vibration transition from
zero-ground state to 1-ground state. Their locations may vary
due to some factors such as pH, temperature and the initial
concentration of the dye. The presence of dimers depends
on the initial concentration, temperature and hydrophobic
interactions.

The band around 668 nm is present with low intensity at low
concentrations (5 and 25 mg L�1) and also at a high concen-
tration (30 mg L�1). In contrast to that at an initial concen-
tration of 10 mg L�1. This may be attributed to the tendency of
the MB molecule to excise in dimer form at specific concentra-
tions. For example, Huiyu Yuan stated that the dimers are present
more than monomers at a concentration of 10�3 mol L�1 while

Fig. 7 UV-Visible spectra of concentrations of 5 (a), 10 (b), 25 (c) and 30 (d) mg L�1 of MB after removal using H-TNS.
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the monomers are present more than dimers at a concentration of
10�7 mol L�1.21

The shapes of the band and the shoulder refer to the fact
that the monomers are the predominant species present at a
concentration of 10 mg L�1. At lower than this value (5 mg L�1)
and at higher concentrations (Z25 mg L�1), the dimers are
dominant in the dye solution which is in line with ref. 29.

3.3.2 Effect of the initial MB concentration on its chromatic
behavior after adsorption onto H-TNS. Fig. (7a–d) show the MB
solution after sorption onto H-TNS, and it is clear that as
the concentration increases, the spectrum of the dye changes.
Increasing the initial concentration from 5 to 10 ppm doesn’t
affect the spectra, where the shoulder remains around 560 nm
and part of the band appears at 668 nm. However, the band

shape is still undefined to some extent. Fig. 7c shows that
increasing the initial concentration of the dye changes the
spectra where the band begins to appear clearly and finally
the band at low energy becomes clear and more defined like the
shoulder. Both of them appear in the same intensity. It is also
observed that the intensity of the band refers to the fact that
the monomers are the predominant in the case of higher
concentration (30 mg L�1).

The dimensions of the MB molecule are close to a rectan-
gular shape with dimensions of 1.70 � 0.76 � 0.33 nm,
compared to H-TNS, and the morphology of the H-TNS sheets
facilitates the stacking of MB molecules above each other or
face each other to form dimers, and subsequently the ratio
monomers will increase compared to the dimer in the

Fig. 8 UV-Visible spectra of 25 ppm solution of MB after removal using H-TNS at different temperatures: (a) 20 1C, (b) 25 1C, (c) 30 1C and (d) 40 1C.
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remaining solution (MB after adsorption). And the morphology
of the nanomaterials plays an important role as adsorbents.

The mechanism of MB sorption onto H-TNS and H-TNT due
to ion exchange between inter-layered (H+) and MB cations in
addition to complexation due to the abundance of negative
charge on the sorbent surface.

3.3.3 Effect of temperature on the MB chromatic behavior
after adsorption onto H-TNS. The morphology of titanate as
sheets was used to investigate the effect of temperature on the
MB chromatic behavior due to its simplicity. Fig. (8a) shows
that the band appears around 668 nm with low intensity and
the shoulder also appears around 580 at a temperature of
20 1C, increasing the temperature of the adsorption process
up to 25 1C leading to an increase in the intensity of the band
and the shoulder becomes wider. The band intensity
increased slightly at a temperature of 30 1C while increasing
the temperature up to 40 1C decreases the band intensity
significantly in the low energy region while the shoulder
becomes clearer and wider. This may be due to the fact that
increasing the temperature changes the solution energy and
transmits the dye molecule from an energy state to a higher
one. Also, the water polarity and hydrophobic interactions are
the controlling parameters in the MB aggregation, so the
above recorded changes in dimerization (Fig. 6 and 7) aim at
aggregate equilibrium. Furthermore, it can be summarized
that increasing the temperature of the MB solution 440 1C is
not recommended for MB detection in water, since the dye
molecules tend to stack on each other and the detected
absorbance will not be accurate.

3.4 Adsorption isotherm

Langmuir and Freundlich models have been widely applied to
describe the adsorption systems as the following equations:30,31

Langmuir: Ce/qe = Ce/qm + 1/qe�KL (1)

Freundlich: log qe = (1/n)�log Ce + log kF (2)

where Ce is the final concentration of MB in the solution after
adsorption, qm and/qe are the maximum and at equilibrium
adsorptivities, KL and n are the Langmuir and Freundlich
constants and (kF) is the maximum adsorption capacity accord-
ing to the Freundlich model.

As shown in Fig. 9 and Table 3, and based on the correlation
coefficients (R2 0.95–0.98) the Freundlich model is more suita-
ble for MB adsorption onto H-TNT and H-TNS. The Langmuir
model is not suitable for the adsorption of H-TNS (R2 0.61) and
this attributed to the fact that this model is based on the
assumption that the adsorption sites of the adsorbent are
energetically equivalent and there is no interaction between
the adjacent adsorbed molecules and this couldn’t occur since
the sheets encourage MB dimerization on its surface which
agreed with the above results. In contrast to H-titante nano-
tubes (R2 0.82) where this phenomena is minimized.

Table 3 also shows the parameters of the non-linear model-
ing for the adsorption of MB onto the sorbents under study.
The results show that the non-linear models can’t describe the
process where the correlation coefficient values are very low or
negative and the calculated values of q are very high.

3.5 Kinetic studies

Five kinetic models were investigated in order to clear the MB
mechanism and rate of MB adsorption onto titanate nanoma-
terials as follows:

Pseudo 1st order model:32 Log(qe � qt) = log qe � (K1/2.303)�t
Pseudo 2nd order model:33 t/qt = [1/(k2�qe

2)] + t/qe

Intraparticle diffusion model:34–36 qt = kit
0.5 + c

Avrami model:35,37 qt = qe�[1 � exp[�kAV�t]nAV]
Mixed 1st and 2nd order model: qt/qe = [1 � exp(�k1t)]/

[(1 � f2� exp(�k1t)]where qe refers to the equilibrium adsorp-
tion capacity (mg g�1), and qt is due to the adsorption capa-
city (mg g�1) at time (t), K1 is the pseudo 1st order rate
constant (min�1), K2 is the pseudo 2nd order rate constant
(g mg�1 min�1), Ki is the intraparticle diffusion rate constant
(mg g�1 min�0.5), c is the intercept related to the thickness of
the boundary layer, kAV and nAV are the constants (min�1) and

Fig. 9 Modeling of the MB adsorption process onto H-TNT and H-TNS using Langmuir (a) and Freundlich (b) models.
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exponent (�) of the Avrami equation and f2 refers to the
constant of the mixed 1st and 2nd order model.

Based in the results illustrated in Fig. 10 and Table 4, the
pseudo first order is fit to the data with high correlation
coefficient (R2) values of 0.97 and 0.95 for H-TNT and H-TNS,

respectively. Additionally the calculated maximum capacity for
adsorption is very close to the experimental values. Although
modeling of the system using the pseudo 2nd order model
yields high R2 (0.96) the theoretical maximum adsorption
values are higher than those for the experimental values.
In the case of the intraparticle diffusion models, the calculated
values of adsorption capacities are far away from the experi-
mental one beside lower values of the correlation factor
(R2, 0.87–0.89).

The three parameters-models were also investigated. As shown
in Fig. 11, the Avrami model could describe the adsorption
process under study with high accuracy according to the values
of R2 (0.95–0.97) and matching the calculated values to that of the
experimental one. The mixed 1st and 2nd order kinetic model was
similar to the pseudo 2nd order, where the calculated capacities
for MB adsorption into the nanosheets and tubes are higher than
the experimental one while the correlation coefficient is high
(0.90–0.96).

In conclusion, the adsorption process of MB onto H-TNT
and H-TNS is well described using pseudo 1st order and Avrami
models. Pseudo 2nd order and the mixed 1st and 2nd order

Table 3 The parameters of the adsorption isotherm models for the
adsorption of MB onto H-TNT and H-TNS

Linear models

Model Langmuir Freundlich

Parameter Ke qm R2 KF n R2

H-TNT 2.63 7.25 0.82 3.2 1.76 0.95
H-TNS 0.007 6.67 0.61 6.4 1.068 0.98

Non-linear models

Parameter

Langmuir Freundlich Redlich–Peterson

Ke qm R2 KF n R2 KR aR b R2

H-TNT 0.34 14.98 0.68 3.48 1.3 0.68 54.5 14.63 0.24 0.68
H-TNS 0.004 4722 0.6 57453 0.2 0.99 0.94 0.006 1.15 �1.03

Fig. 10 Fitting of the two parameters-models: pseudo first order, pseudo second order and intraparticle diffusion models to the experimental data for
the adsorption of MB onto H-TNT and H-TNS.
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are acceptable while the intraparticle diffusion model is not
suitable for this system.

3.6 Reusability

The band-gaps of H-TNT and H-TNS were measured using UV-
Visible spectroscopy. The obtained values are 3.4 eV and 3.5 eV,
respectively. These values are too close to previously published
work,6 in which these morphologies were used as effective
photocatalysts for organic dye degradation (Crystal violet).

Hence, these materials can be easily recycled using UV irradia-
tion, where the formed reactive oxygen species can easily
degrade methylene blue to CO2 and water.38

4. Conclusion

In the current study, titanate nanotubes (H-TNT) and titanate
nanosheets (H-TNS) were developed and characterized. In order
to explore their adsorption mechanism toward the cationic
methylene blue dye, the maximum adsorption capacities of
H-TNT and H-TNS are 7.25 and 6.67 mg g�1, respectively, and
the adsorption modeling has been carried out using the two
traditional models; Langmuir and Freundlich. The results
showed that both H-TNT and H-TNS followed the Freundlich
model. The adsorption kinetics was studied using five kinetic
models: i.e., pseudo 1st order model, pseudo 2nd order model,
intraparticle diffusion model, Avrami model, and mixed 1st
and 2nd order model. However, intraparticle diffusion is not
the controlling step in the adsorption process under study.
During the adsorption arrays, unfamiliar behaviour of the MB
spectra was detected where the standard spectrum was changed
continuously. The morphology of the nanomaterials and the
initial concentration of the dye play an important role in the
adsorptivity process. In the case of H-TNT the monomers
are the predominant species at a lower concentration (5 and
10 mg L�1) while in H-TNS, the monomers are the predominant
at a higher concentration (30 mg L�1). Consequently, some
experiments have been carried out to study the reasons for this
behaviour and it can be concluded that the spectrum of the
methylene blue dye is affected by the variation in dye concen-
tration and solution temperature. So, it is highly recommended
to perform a full scan to the MB dye spectra during analysis to
consider the presence of the dye molecules in the monomer or
dimer form in addition to defining the maximum absorbance
of the dye solution at specific operating conditions.

Table 4 The parameters of kinetic models for the MB adsorption onto H-
TNT and H-TNS

Pseudo-first-order

Material qe,exp (mg g�1) k1 (min�1) qe,cal (mg g�1) R2

H-TNT 2.27 0.042 2.27 0.97
H-TNS 2.37 0.061 2.36 0.95

Pseudo-second-order

Material qe,exp k2 (g mg�1 min�1) qe,cal R2

H-TNT 2.27 0.018 2.68 0.96
H-TNS 2.37 0.031 2.65 0.96

Intraparticle diffusion

Material qe,exp Kip (mg g�1 min�0.5) Cip (mg g�1) R2

H-TNT 2.27 0.189 0.30 0.89
H-TNS 2.37 0.188 0.53 0.87

Mixed 1st and 2nd order

Material qe,exp K qe (mg g�1) f2 R2

H-TNT 2.27 0.0003 2.67 0.990 0.96
H-TNS 2.37 0.0002 2.77 0.996 0.90

Avrami
Material qe,exp Kav qe (mg g�1) nav R2

H-TNT 2.27 0.209 2.27 0.20 0.97
H-TNS 2.37 0.246 2.36 0.25 0.95

Fig. 11 Fitting of the three parameters-models: Avrami and mixed 1st and 2nd order models to the experimental studies for the adsorption of MB onto
H-TNT and H-TNS.
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