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This study investigates the removal of methylene blue (MB) dye, a model organic pollutant, using sodium

titanate nanotubes (Na/TNTs) and magnetized titanate nanotubes (Mag/TNTs) as efficient nano-
adsorbent materials. Mag/TNTs consist of cobalt ferrite (CoFe,O4) nanoparticles supported on Na/TNTs.
Both adsorbents were synthesized via a simple hydrothermal method and characterized using SEM,

HRTEM, XRD, BET, zeta potential analysis, and FT-IR techniques. Multiwalled open-ended nanotubes

were formed, as demonstrated by TEM images. Their typical lengths ranged from 100 to 150 nm, and

their average outer diameters were 12.46 and 12.88 nm for Na/TNTs and Mag/TNTs, respectively. Batch

adsorption experiments were conducted to evaluate the effects of pH, adsorbent dose, initial dye

concentration, temperature, contact time, and adsorbent regeneration on the removal efficiency of MB

dye. Among five

isotherm models

(Langmuir, Freundlich, Langmuir—Freundlich, Sips, Dubinin—

Radushkevich), Langmuir—Freundlich and Sips provided the best fits, indicating heterogeneous surface

adsorption. Kinetic data were best described by pseudo-second-order and mixed 1,2-order models

among the four tested models (pseudo-first-order, pseudo-second-order, mixed 1,2-order, Avrami),

suggesting combined physisorption and chemisorption. The maximum adsorption capacities for Na/
TNTs and Mag/TNTs increased with temperature, reaching 178.98 mg g* and 180.50 mg g~* at 328 K,
respectively. Thermodynamic parameters confirmed that the process is spontaneous and exothermic.
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Monte Carlo simulations revealed that while CoFe,O4 exhibits stronger individual interactions with MB,

the higher surface area of Na/TNTs leads to greater overall removal. The study demonstrates that Mag/

DOI: 10.1039/d6ra02268e

rsc.li/rsc-advances removal from wastewater.

1. Introduction

Clean water resources and their sustainability have been
considered one of the most important global issues over the
centuries. Freshwater quality enhancement has received great
attention from researchers worldwide." Urbanization, over-
population, and human activities such as industrialization and
agriculture have side effects on clean water resources.” Water
pollution arises from the discharge of industrial, agricultural,
urban, and domestic effluents into water.> The existence of
these pollutants causes several diseases such as dysentery,
diarrhea, hepatitis A, and cholera. It is speculated that more
than 842 000 people die from diarrhea around the world.*
Organic dyes are serious pollutants in wastewater, and cause
a threat to the aquatic environment through the prevention of
light transfer to the aquatic life in water, and consequently
hinder the photosynthetic process.> Every year, thousands of
tons of dyes are produced, with global production estimated at
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TNTs are efficient, separable (using an external magnet), and reusable adsorbents for cationic dye

approximately 7 x 10° tons.*” Methylene blue (MB) is one of the
most common cationic dyes, widely used for dyeing leathers,
food, pharmaceuticals, cosmetics,® papers, and fabrics, and is
discharged as effluents into surface and groundwater.” Several
risks to human health come from MB presence in water, such as
tissue necrosis, vomiting, cyanosis, jaundice, Heinz body
formation, increased heart beat rate, shock, etc.'® Several
methods have been proposed for removing the organic
contaminants from water. These methods include adsorption,
ion exchange, advanced oxidation processes, photochemical
treatments, and biological treatment methods.” One of the
primary and advantageous methods for dye removal is the
adsorption process, as it has a simple design, low cost, high
efficiency, and avoids the generation of toxic materials.>'>*
Numerous adsorbent materials that have been investigated,
such as carbon nanotubes,” hydroxyapatite nanoparticles,**
zinc oxide nanoparticles,’® titanium dioxide nanoparticles,'®
cobalt zinc ferrite nanoparticles,” and titanate nanotubes
(TNTs). These adsorbents are characterized by several proper-
ties such as high surface area, ion-exchange ability, high
stability, large pore volume, and surface functionalized with
hydroxyl (OH) groups.>'®' The ion-exchange capability of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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titanate nanotubes enables efficient removal of cationic dyes
from wastewater.> However, the separation of TNTs after water
treatment remains a great challenge. Modifying TNTs with
magnetic materials will overcome this challenge, as they can be
easily separated from wastewater using an external magnet and
could be easily reused for many treatment cycles.

CoFe,0, is a promising magnetic adsorbent for dye removal
from wastewater due to its good chemical and thermal stability,
a simple chemical composition, and high magnetic properties
at the nanoscale.””*' The spinel structure of CoFe,O, provides
numerous surface-active sites that enhance the adsorption of
water pollutants.”> Moreover, the magnetic properties of
CoFe,0, enable rapid separation using an external magnetic
field.”

This work aims to combine the advantages of titanate
nanotubes as an excellent adsorbent for dye removal with the
good magnetic properties of CoFe,04.>**® In this regard, we
have fabricated Na/TNTs and Mag/TNTs and tested their ability
for efficient MB removal from water under various conditions.
Furthermore, the adsorption mechanism was investigated
using Monte Carlo (MC) simulation to provide molecular-level
insights into the interactions between MB molecules and the
adsorbent surfaces.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade and used as received
without any further purification. Sodium hydroxide (NaOH) was
purchased from PioChem laboratory reagents (Kenya, packed in
Egypt), and anatase TiO, powder was obtained from Loba
Chemie laboratory reagents (India). Cobalt sulfate (CoSO,),
ferric nitrate (Fe(NO3);), and MB powder were purchased from
Oxford Laboratory Reagents (India) and Central Drug House Ltd
(India), respectively.

2.2. Synthesis of Na/TNTs and Mag/TNTs

2.2.1. Preparation of Na/TNTs. Na/TNTs were synthesized
by the hydrothermal method.> Approximately 50 g of TiO, was
added to 125 mL of 10 M NaOH, then stirred for 1 h until
forming a white suspension, followed by hydrothermal treat-
ment in a Teflon-lined stainless-steel autoclave at 160 °C for
23 h. Eventually, the white precipitate was washed and dried in
the oven at 80 °C overnight.

2.2.2. Preparation of Mag/TNTs. 20 mL of an aqueous
solution containing 0.38 g of CoSO, and 1.2 grams of Fe(NO3)3
was mixed with 60 mL of an aqueous solution containing 2 g of
Ti0,.”* The mixture was stirred for 1 h, and the pH of the
mixture was adjusted to 12 using NaOH. Afterward, this mixture
was transferred to a Teflon-lined stainless-steel autoclave at
180 °C for 24 h. The formed precipitate was mixed with 80 mL of
NaOH (10 mol L™ ") and stirred for 2 h, then this suspension was
transferred to a Teflon-lined stainless-steel autoclave and
placed in oven at 150 °C for an additional 24 h. Finally, the
obtained dark precipitation was washed with distilled water,
followed by centrifugation several times. The dark powder was
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dried at 80 °C overnight and kept at room temperature until
used.

2.3. Batch adsorption of MB

The adsorption performance of Na/TNTs and Mag/TNTs for MB
was investigated through different adsorption parameters.
40 mL of MB dye solution was shaken and tested under different
parameters such as (i) pH (3 to 12), (ii) initial dye concentration
(5 ppm to 320 ppm), (iii) adsorbent dose (20 mg to 160 mg),
temperature (298 K to 328 K), and (iv) time (10 min to 210 min).
For kinetic studies, samples were withdrawn from the solution
at regular intervals and centrifuged at 4000 rpm for 3 min to
separate the adsorbent. For adsorption isotherm studies,
different initial concentrations of MB were contacted with
a fixed amount of adsorbent and stirred for a certain time. After
equilibrium was reached, the samples were centrifuged at
4000 rpm for 3 min, and the supernatant was collected for
concentration analysis. A UV-visible spectrophotometer (Alpha-
1900S) was used to measure the concentration of MB dye in the
supernatant at a wavelength of 664 nm. It is worth mentioning
that every adsorption experiment was carried out in triplets. The
equilibrium adsorption capacity (g., mg g~ ') (eqn (1)) and
removal efficiency (% R) (eqn (2)) of MB by Na/TNTs and Mag/
TNTs were calculated as:

(CO - CC)

X 14 (1)

qe =

(CO - Ce)

%R = x 100 )

0
where C, and C. are the initial and equilibrium MB concen-
tration (mg L"), respectively. V (L) is the volume of the MB
aqueous solution. W (g) is the mass of the adsorbent material.

2.3.1. Effect of pH on the adsorption of MB by Na/TNTs
and Mag/TNTs. pH of the solution significantly influences the
adsorption process of methylene blue dye because of the alter-
ation in the adsorbent's surface charge with the change of pH of
the solution.” To study the effect of pH, 10 mg of the adsorbent
material was used to remove MB (40 ppm, 40 mL) by shaking
the samples for 1 h. pH was studied at (3, 5, 7, 9, and 12) at room
temperature.

2.3.2. Effect of adsorbent dose on MB removal. A sorbent
dose ranging from 20 to 160 mg was employed for the removal
of MB (400 ppm, 40 mL) at pH 5, with continuous shaking for
1h.

2.3.3. Effect of contact time. To investigate the effect of
contact time, aliquots were withdrawn at 3 min intervals from
the MB solution (140 ppm, 40 mL; pH 5) containing 40 mg of
adsorbent over a total contact time of 10-210 min.

2.3.4. Effect of initial MB concentration and temperature.
To study the effect of dye concentration and temperature on MB
adsorption, 20 mg of the adsorbent material was used with an
initial dye concentration (5 ppm to 320 ppm) at pH 5 and
shaking overnight at different temperatures (298, 308, 318, 328)
K.

2.3.5. Zeta potential measurement. Surface charge prop-
erties of Na/TNTs and Mag/TNTs were measured using the

RSC Adv, 2026, 16, 22062-22079 | 22063
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Zetasizer Nano instrument (Malvern Instruments, UK) at room
temperature. 1 mg of each sample was dispersed in 1 mL of
deionized water, then ultrasonicated for 15 min to achieve
uniform dispersion. pH of the solution was adjusted to 3,5,7,9,
and 12 using HCI or NaOH solutions.

2.3.6. Reusability experiment. The reusability of the
adsorbent materials reduces the overall cost of the adsorption
process.””*® After each adsorption experiment, the adsorbent
was separated by centrifugation and washed several times with
distilled water and ethanol under water-bath sonication to
desorb MB. The material was then dried at 80 °C overnight. This
procedure was repeated under the same conditions for five
consecutive cycles to evaluate the reusability of Na/TNTs and
Mag/TNTs.

2.4. MC simulation

In this study, the BIOVIA Materials Studio 2020 package [https://
www.3ds.com] used to investigate the adsorption
mechanism of MB on Na,Ti;O; and CoFe,O, surfaces via MC
simulation. The crystal structures of Na,Ti;O;, and CoFe,O,
were obtained from the open-access Materials Project data-
base.? The Bravais lattice of Na,Ti;O, is triclinic, with lattice
parameters a = 8.546 A, b =3.792 A, and ¢ = 9.137 A, and lattice
angles & = 90°, § = 101.88°, and y = 90°. CoFe,0, exhibits
a cubic structure, with all angles equal to 90° and a lattice
constant of @ = 8.446 A. Using the Forcite module in Materials
Studio, geometry optimization of the MB molecule, Na,Ti;0,
and CoFe,0, was carried out before performing the MC simu-
lations. Compass III force®*® with its charges is used in all
calculations. An atom-based summation method was employed
to calculate both electrostatic and van der Waals interactions
during the dye geometry optimization. A cubic-spline trunca-
tion scheme was applied, using a cutoff distance of 18.5 A,
a spline width of 1 A, and a buffer width of 2 A. For Na,Ti;O,
and CoFe,O, optimizations, the electrostatic interactions
were treated using the Ewald summation, whereas the van der
Waals interactions were computed using an atom-based
method. In this atom-based scheme, the same cubic-spline
truncation parameters used for MB optimization were
applied. For the electrostatic summation, an Ewald accuracy of
1.0 x 10" keal mol™* and a 2 A buffer width were used. The
geometry optimization was considered converged when the
energy change, maximum force, and atomic displacement
decreased to less than 1.0 x 10~* keal mol™*, 0.005 kcal mol ™"
‘A7, and 5.0 x 107" A, respectively. In the case of unit-cell
optimizations, these convergence criteria were applied
together with a stress tolerance of 0.001 GPa and an external
pressure of 0 GPa. The smart optimization algorithm is
employed in all optimization processes. The optimized lattice
parameters of Na,Ti;O, were a = 8.269 A (3.2% deviation), b =
3.744 A (1.3% deviation), and ¢ = 8.865 A (3.0% deviation), with
lattice angles & = 90°, 8 = 103.05° (1.1% deviation), and y = 90°.
The optimized lattice parameters of CoFe,0, retained a cubic
structure, with all angles equal to 90° (0% deviation) and
a lattice constant of ¢ = 9.418 A (11.5% deviation). The small
deviations between the optimized and experimental lattice

was
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parameters demonstrate the reliability of the COMPASS force-
field for Na,Ti;O, and CoFe,0,. This validation supports its use
in subsequent MC simulations to explore the adsorption
mechanism, despite the slightly higher deviation in CoFe,0,.
This forcefield was chosen for its broad parameterization,
enabling accurate modeling of hybrid inorganic-organic
systems. Mainly, it provides reliable representations of metal
oxides and aromatic organic molecules. COMPASS III force field
effectively described the associated metal-7 interactions
through its optimized van der Waals and electrostatic potential
terms.”®*' Forcefield atom types assigned to the constituent
atoms of Na,Ti;O,, CoFe,O,, and MB dye are mentioned in
Table S1 (SI). Supercells of Na,TizO, (45.499 X 45.68 x 76.167
A) and CoFe,0, (41.378 x 41.807 x 59.714 A) were generated.
The Na,Tiz;O; (1 0 0) and CoFe,O, (3 1 1) surfaces were con-
structed with 50 A vacuum layers to prevent interlayer interac-
tions. In all MC simulations, non-bonded interactions were
treated using the same summation methods applied during the
optimization of Na,Ti;O; and CoFe,0O,. The Adsorption Locator
module was employed to perform simulated annealing within
the canonical ensemble using the Metropolis MC method. The
parameters for the simulated annealing process were as follows:
five heating cycles of 50 000 steps each. Simulated annealing
MC simulation was conducted with a maximum temperature of
1.0 x 10° K to enable broad configurational sampling, followed
by cooling to 100 K (final temperature) to achieve the lowest-
energy adsorption configuration.>***>»* This approach helps
identify the lowest-energy configuration of dye molecules on
Na,Ti;0; and CoFe,0, surfaces, from which the corresponding
adsorption energies (AE,q4s) were calculated (eqn (3)).** During
the simulations, the Na,Tiz;O, and CoFe,0, surfaces were kept
fixed, and their energies were defined as zero reference points.
The AE,q4s was calculated as the total energy change associated
with the adsorption of the relaxed dye on the Na,Ti;O, and
CoFe,0, surfaces. It is defined as the sum of the rigid adsorp-
tion energy (AEygq), which corresponds to the energy change
when the unrelaxed adsorbate initially adsorbs on the substrate,
and the deformation energy (AEgeformation), Which is the energy
released (or required) as the adsorbate relaxes on the surface.

AE.4 = AErigid + AEgcformations (3)

This definition clarifies the contributions of both initial
adsorption and subsequent structural relaxation of the adsor-
bate. The Cartesian coordinates of the optimized dye-surface
configurations are provided in the supporting information,
including the lowest-energy geometries. Different configura-
tional move types were assigned to each species during the MC
simulation. A conformer (0.32 probability), translation (0.32
probability), rotation (0.32 probability), and regrowth (0.03
probability) move ratio of 1 was applied to the MB dye mole-
cules to fully sample their positional changes.***® In contrast,
chloride ions were restricted to translational moves only,
consistent with their spherical geometry. After five annealing
cycles (5 x 50000 steps), both the total energy and adsorption
configuration stop changing and reach a stable state, confirm-
ing convergence. Increasing the number of simulation cycles

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEM, TEM images, and EDX for Na/TNTs (A, C and E), Mag/TNTs (B, D and F), respectively.
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produced no significant change in the lowest-energy configu-
ration or adsorption energy.

3. Results and characterization

3.1. Characterization of Na/TNTs and Mag/TNTs

Fig. 1A-D shows high-resolution SEM (Zeiss Sigma 500 VP
Analytical FESEM, Carl Zeiss, Germany) and TEM (JEM-1230
(600Kx)) of Na/TNTs and Mag/TNTs, both with a uniform
tubular structure. These images proved the successful forma-
tion of nanotubes. TEM images showed multiwalled open-
ended nanotubes with an average length between 100 nm and
150 nm for both, and average outer diameters of 12.46 nm and
12.88 nm for Na/TNTs and Mag/TNTs, respectively. The spher-
ical particles that spread over the nanotubes indicate the pres-
ence of CoFe,O, in the prepared material.>»*” EDX analysis
investigated the elemental composition of the prepared Na/
TNTs and Mag/TNTs. The analysis detected the presence of Ti,
O, and Na, which are the components of Na/TNTs (Fig. 1E) with
weight percentages (35.83, 51.02, and 23.15) wt%, respectively,
and the presence of Ti, O, Na, Co, and Fe which are the main
components of Mag/TNTs (Fig. 1F) with weight percentages
(11.67, 68.85, 18.17, 0.52, and 0.79) wt%, respectively.

The crystalline structure of Na/TNTs and Mag/TNTs was
examined using XRD (Malvern PANalytical Empyrean 3
diffractometer). Fig. 2 shows the XRD patterns of Na/TNTs and
Mag/TNTs. The four reflections at 26 values of 9.27°, 24.41°,
28.17°, and 48.29° confirm the successful preparation of Na/
TNTs.*® The formation of Na/TNTs is verified according to the
ICDD (International Center for Diffraction Data) card no. 00-
059-0666.>> XRD peak at 20 = 9.27° refers to the interlayer
spacing of the layered Na/TNTs structure. After magnetization,
the XRD pattern of Mag/TNTs retains the characteristic titanate
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peak and exhibits additional diffraction peaks attributed to the
crystalline CoFe,O, phase. The new peaks appear at (35.6°,
57.2°, 62.8°), corresponding to magnetic CoFe,0,4, matching the
ICDD card no. 22-1086.>*

The surface functional groups of Na/TNTs and Mag/TNTs
were identified by Fourier transform infrared (FTIR) spectros-
copy (Bruker Vertex 70 spectrometer). The broad peak at
3388.01 cm™ ' represents the O-H stretching vibration of surface
hydroxyl groups and adsorbed water molecules. Also, the
H-O-H bending vibration appears with strong absorption at
1625.81 cm ™!, confirming the existence of water molecules in
the titanate nanotubes. The spectrum of Na/TNTs (Fig. 3a)
shows a characteristic peak of Ti-O stretching vibration at
915.62 cm™ ', as well as an absorption peak appearing at
463.89 cm™ ', referring to the Ti-O-Ti crystal phonons.? As
shown in Fig. 3b, the band observed at 451 cm ™" refers to the
presence of Co-Fe vibration.**

The BET results revealed that the surface area reached 138.1
m?® g~ ' and 96.253 m”> g~ ', with total pore volume of 0.2238 cm®
g 'and 0.2762 cm® g " at an adsorption temperature of 77 K for
both Na/TNTs and Mag/TNTs, respectively. In the adsorption
isotherm (Fig. 4a), both Na/TNTs and Mag/TNTs showed
a gradual increase in nitrogen quantity at P/P, near zero, with
arapid increase at high relative pressure (P/P, > 0.8). The results
indicated that Na/TNTs exhibited a higher surface area and
a small pore volume, whereas Mag/TNTs exhibited a lower
surface area and a large pore volume. Pore size distribution
plays a role in determining how much the nitrogen adsorption
uptake contributes to surface area and pore volume. In the case
of Na/TNTs, there are many narrow mesopores, which lead to
a large internal surface area of 138.1 m> g~ " with an overall
small pore volume of 0.2238 cm® g~'. Resulting in a high
quantity of nitrogen adsorbed close to P, for Na/TNTs. On the

Intensity (a.u.)

Mag/TNTs
—— Na/TNTs

T ' T : T
10 20 30

T Y T . T Y
40 50 60 70

2 theta (degree)

Fig. 2 XRD pattern of Na/TNTs and Mag/TNTs.
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Fig. 3 FTIR spectrum of Na/TNTs (a) and Mag/TNTs (b).

contrary, Mag/TNTs have wider mesopores that provide a larger
pore volume (0.2762 cm?® g~ ') with a small surface area (96.253
m?® g !). According to the IUPAC classification, the adsorption
isotherm is an IV-type isotherm, and H3 hysteresis loop which is
characteristic of mesoporous materials with cylindrical
pores.>***! The BJH pore size distribution (Fig. 4b) revealed that
both materials have mesoporous properties. Also, the figure
pointed out that Na/TNTs have a narrow pore size distribution
compared to Mag/TNTs with a uniform pore structure ranging
from 2.5 nm to 25 nm for Na/TNTs and 3.47 nm to 25 nm for
Mag/TNTs, respectively.

3.2. Investigation of the MB adsorption

3.2.1. Effect of pH on the adsorption of MB by Na/TNTs
and Mag/TNTs. As illustrated in Fig. 5a, below pH 5, the
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(@) .
o 150 o
= °
»
T /
£ A
- 100 w ™/
8 o
>
é o' /o/
k-] .0 o
< !(y' -
2 504 —/l’/'i ~ "o
- . i B s
] _u" .//Q,/
8 = | L] ././.”.
1 ™ 00 @
= —m— Na/TNTs
° —— Mag/TNTs
|l T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P;)

Wavenumber (cm™)

adsorption capacity of Na/TNTs and Mag/TNTs was 80.5 mg g~ *
and 88.9 mg g, respectively. At pH 5, both Na/TNTs and Mag/
TNTs showed the highest adsorption capacity, which reached
134 mg g ' and 99 mg g, respectively. Above pH 5, the
adsorption capacity decreased gradually. Zeta potential analysis
(Fig. 5b) reveals that both materials possess negatively charged
surfaces, facilitating MB removal through electrostatic attrac-
tion. At pH 5, zeta potential values were —48 mV and —42.8 mV
for Na/TNTs and Mag/TNTs, respectively, corresponding to
maximum adsorption. Below pH 5, Mag/TNTs showed more
negative values (—35.9 mV) than Na/TNTs (—31.4 mV),
explaining the higher initial adsorption of Mag/TNTs at low pH.
Above pH 5, the negative charge decreased for both materials,
consistent with reduced adsorption capacity.

3.2.2. Effect of adsorbent dose on MB removal. The varia-
tion of adsorption percentage as a function of adsorbent dosage

0.024
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Fig.4 The nitrogen adsorption/desorption isotherms of Na/TNTs and Mag/TNTs were measured at 77 K; the isotherms are plotted as quantity of
adsorbed nitrogen versus relative pressure (P/Py) (a), and BJH pore size distribution curves of Na/TNTs and Mag/TNTs (b).
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Fig.5 Effectof pH on the adsorption of MB (a), zeta potential analysis (b), effect of adsorbent dose on the adsorption of MB (c), and a photograph
illustrating the influence of an external magnet on the separation of Na/TNTs and Mag/TNTs after MB adsorption (d).

was investigated, as shown in Fig. 5c. The adsorption capacity
decreases from 220 mg g~ " t0 99.2 mg g~ for Na/TNTs and from
184 mg g ' to 98.8 mg g ' for Mag/TNTs as adsorbent dose
increased from 20 mg to 160 mg (Fig. 5¢). This behavior is due to
inefficient utilization of active sites and reduced mass transfer
efficiency. At low adsorbent doses, the amount of adsorbent is
small compared to the amount of available dye molecules in the
solution, and the active sites become effectively occupied. On
the other hand, at high adsorbent doses, the number of
adsorbent active sites increases while the number of MB dye
molecules remains the same. Consequently, many active sites
became unoccupied, leading to low adsorption capacity.** The
magnetic separation behavior of the samples was visually
confirmed (Fig. 5d). Mag/TNTs were attracted toward the
magnet, while Na/TNTs showed no attraction, indicating the
successful incorporation of magnetic properties into the Mag/
TNTs.

3.2.3. Effect of contact time. As shown in (Fig. 6), the
adsorption capacities of Na/TNTs and Mag/TNTs increased

22068 | RSC Adv, 2026, 16, 22062-22079

rapidly within the first 30 min, reaching 126.8 mg g ' and
124.4 mg g~ ', respectively. A plateau was then observed after
approximately 100-150 min. Initially, the active sites on both
Na/TNTs and Mag/TNTs were vacant, allowing for rapid
adsorption of MB dye. As time progressed, the adsorption rate
gradually decreased as these sites became occupied. Eventually,
the adsorption process reached equilibrium.**** During the first
10 min, Mag/TNTs exhibited a faster initial adsorption rate than
Na/TNTs. However, as the adsorption proceeded, Na/TNTs
ultimately achieved a higher adsorption capacity than Mag/
TNTs before reaching equilibrium. This behavior may be
attributed to the new active sites arising from CoFe,0,,* which
promotes faster initial adsorption kinetics. Nevertheless, Na/
TNTs achieve a higher equilibrium adsorption capacity due to
their larger surface area.

3.2.4. Adsorption kinetics. Adsorption kinetic models were
employed to investigate the mass-transfer mechanisms gov-
erning the adsorption process and to assess the performance of
the adsorbent.*® Furthermore, the adsorption kinetics can be

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interpreted using classical models, including the pseudo-first-
order (PFO), pseudo-second-order (PSO), and mixed 1,2-order
(MO) models, as well as the Avrami and intraparticle diffusion
models.*”*®* The kinetic rate constant, k,, of the PSO model
considers the interaction between the adsorbate molecules and
the available adsorption sites, whereas k; in PFO represents the
rate at which adsorption occurs.”**® The MO model integrates
the characteristics of PFO kinetics (dependence on unoccupied
sites) and PSO kinetics (interaction between adsorbed and free
molecules). It assumes that adsorption can occur at any stage of
the process, with diffusion or adsorption serving as the rate-
controlling step, and considers the initial adsorbate concen-
tration in solution to be randomly distributed.*®** The Avrami
model focuses on the overall variations in the proportion of
occupied adsorption sites throughout time. This depends on
the nucleation and growth principle, which suggests that

Table 1 Kinetic parameters for MB adsorption onto Na/TNTs and
Mag/TNTs

Values R

Kinetic ~ Adjustable

models parameters Na/TNTs Mag/TNTs Na/TNTs Mag/TNTs

PFO ky 0.139 0.192 0.992 0.990
qe 133.9 129.5

PSO ky 0.002 0.0036 0.999 0.998
qe 140.5 133.99

MO kip 0.0017 0.0018 0.999 0.998
qe 140.1 133.7
f 0.99 0.99

Avrami kg, 0.38 0.45 0.992 0.990
Ny 1.35 0.42
qe 133.9 129.5

© 2026 The Author(s). Published by the Royal Society of Chemistry

adsorption happens through random nucleation and growth of
adsorbates on the surface.’® Table 1 shows experimental fitting
of adsorption data to the adsorption kinetic models, while their
equations are presented in Table 2.

Adsorption capacities of 126.8 mg g~ * and 124.4 mg g~ ' were
obtained for Na/TNTs and Mag/TNTs, respectively, within the
first 30 min, then increased till reaching equilibrium at 100-
210 min. The final adsorption capacity (¢,) reached 137.4 mg g~
and 133.3 mg g ' for Na/TNTs and Mag/TNTs at 210 min,
respectively. The PSO and MO models provided the best fits to
the experimental data, both models yielding correlation coeffi-
cients (R*) of 0.999 for Na/TNTs and 0.998 for Mag/TNTs (Table
1). The excellent fitting of these two models to the experimental
data (Fig. 7) suggests that the adsorption proceeds through
mixed mechanisms involving both physisorption and
chemisorption.*

3.2.5. Effect of initial MB concentration and temperature.
Fig. 8 shows ¢. values of Na/TNTs (a) and Mag/TNTs (b) at
different initial concentrations and temperatures. The g. values
increased markedly at low concentrations due to the availability
of active adsorption sites on the adsorbent's surface and a high
affinity for MB molecules. Afterwards, equilibrium was reached,
reflecting the continuous occupation of active adsorption sites
and the formation of a monolayer of MB molecules. It is
noticeable that the adsorption capacity values increase as the
temperature increases. This may be due to the increase in the
kinetic energy and mobility of MB molecules at higher
temperatures, which subsequently enhances their diffusion
through the adsorbents’ pores.”®**** Moreover, higher temper-
atures help prevent the aggregation of dye molecules,** which
leads to more efficient dye removal.

RSC Adv, 2026, 16, 22062-22079 | 22069
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3.2.6. Adsorption isotherm. The adsorption isotherm is
crucial for explaining the nature of adsorption and its mecha-
nism.” It describes the relationship between the adsorption
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Fig. 8 Effect of initial concentration on the adsorption of MB dye onto Na/TNTs (a) and Mag/TNTs (b) at different temperatures.
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Table 3 Adsorption isotherm models and their parameters for MB removal using Na/TNTs and Mag/TNTs at different temperatures
Na/TNTs Mag/TNTs
Isotherm model Parameters 298 K 308 K 318 K 328 K 298 K 308 K 318K 328 K
Langmuir Gmax 89.48 140.52 156.03 163.01 61.4 123.83 134.9 166.2
K;, 3.97 1.36 0.77 1.32 0.92 0.75 2.2 0.37
R? 0.84 0.905 0.93 0.91 0.71 0.93 0.88 0.90
Freundlich 1/,1f 0.103 0.145 0.170 0.171 0.15 0.17 0.14 0.26
K¢ 59.15 74.39 73.76 76.75 34.82 58.57 74.1 51.36
R? 0.60 0.73 0.84 0.83 0.70 0.73 0.64 0.85
Langmuir-Freundlich  gnax 91.23 145.63 172.27 178.98 62.51 119.05 129.78 180.50
Kir 4.16 1.39 0.83 0.871 1.21 0.55 0.66 0.24
Nip 0.95 0.93 0.65 0.64 1.084 2.69 3.85 0.75
R? 0.83 0.905 0.94 0.93 0.81 0.95 0.91 0.89
Sips Gmax 91.23 145.63 172.27 178.98 62.99 119.05 129.78 196.75
Ks 3.88 1.53 0.91 0.914 1.17 0.77 0.21 0.19
l/n 0.95 0.77 0.619 0.648 1.01 1.36 3.85 0.44
S
R? 0.83 0.902 0.94 0.93 0.81 0.95 0.91 0.89
Dubinin-Radushkevich = gpax 93.32 141.82 155.26 162.38 63.33 123.73 135.69 159.34
Kaa 522 x 107° 1.32 x 10°* 1.59 x 107* 2.12 x 107* 1.81 x 10™* 2.48 x 10™* 1.88 x 10™* 7.18 x 10~*
R? 0.83 0.904 0.92 0.92 0.81 0.94 0.87 0.90

model describes adsorption as a phenomenon that occurs on
a heterogeneous surface through a multilayer adsorption
mechanism.”® The Langmuir-Freundlich (L-F) model is
a hybrid isotherm that integrates the heterogeneity assumption
of the Freundlich model with the finite-site saturation charac-
teristic of the Langmuir model.*® The Sips model shares the
same mathematical form (Table 2).°* However, the two models
differ in the expression of the heterogeneity parameter. The
heterogeneity parameter is written as n;r in the L-F model and
as 1/ng in the Sips model.*” The Sips model predicts a finite
monolayer adsorption capacity and addresses the limitations of
the Freundlich model at high concentrations.®® The Dubinin-
Radushkevich (D-R) isotherm model is a semi-empirical equa-
tion based on the Polanyi potential theory, specifically devel-
oped to characterize micropore filling in heterogeneous
adsorbents. The equations of the investigated models are re-
ported in Table 2.

Fig. 9 presents the fitting of the experimental adsorption
data of MB onto Na/TNTs (a-d) and Mag/TNTs (e-h) at
temperatures of 298, 308, 318, and 328 K, respectively, using
different isotherm models. The g, values increase sharply at low
Ce values and then reach a plateau. Even though the Langmuir
model explains the behavior of monolayer adsorption, the L-F
and Sips models fit the data better, indicating adsorption on
energetically heterogeneous active sites. The heterogeneous
adsorption surface may be due to the presence of magnetic
nanoparticles and a nanotubular structure. Conversely, the
Freundlich model exhibited a low R*> (0.60), indicating poor
agreement with experimental data and suggesting that a purely
empirical multilayer model cannot well explain the adsorption
process. The D-R model supports that adsorption includes
diffusion into micropore filling in addition to surface coverage.
In general, the agreement of these models suggests that MB
adsorption onto both Na/TNTs and Mag/TNTs occurs via

22072 | RSC Adv, 2026, 16, 22062-22079

a mechanism that includes pore filling, heterogeneous multi-
energy interactions, and monolayer adsorption on active sites.
In addition, the Langmuir-Freundlich and Sips models show
consistently strong agreement with the experimental data at all
other investigated temperatures, as supported by the R* values
presented in Table 3 for both Na/TNTs and Mag/TNTs. The
strong alignment of experimental data with the fitted models
demonstrates the reliability and validity of the isothermal
analysis. The ¢n.x values Na/TNTs increased from (91.23 to
178.98) mg ¢~ as the temperature increased from (298to 328) K,
whereas Mag/TNTs showed a similar but more pronounced
enhancement from (62.51 to 180.50) mg g ', as obtained from
the L-F model. The sharper increase observed for Mag/TNTs
indicates that the incorporation of magnetic components
enhances the thermal activation of adsorption sites and
strengthens the adsorbate-adsorbent interactions at elevated
temperatures.®**

3.3. Adsorption thermodynamics

A thermodynamic analysis was conducted to further evaluate
the feasibility of MB adsorption onto Na/TNTs and Mag/TNTs,
as well as the associated energetic changes. Several thermody-
namic parameters were determined to provide a better under-
standing of the adsorption mechanism, including the
thermodynamic equilibrium constant (K.q) and the standard
Gibbs free energy of adsorption (AG°) at each temperature,
along with the standard enthalpy (AH°) and entropy (AS°) of
adsorption. These parameters were estimated using eqn
(4)_(7).52,66

1000 x Ky r x M x dye standard conc

K
€q ’Y

(4)

AG" = —RTIn K. (5)
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Fig. 10 The Van't Hoff plot for MB adsorption onto Na/TNTs (a) and Mag/TNTs (b).

AG® = AH' — TAS’ 6)
AS®  AH®
In K=~ &7 )

where v, M (g mol™"), and R represent the activity coefficient,
the molar mass, and the universal gas constant with values 1.00,
319.859 g mol™ !, and 8.314 J mol ' K, respectively. The
standard concentration of the dye adsorbate was taken as
1 mol L', and T represents the absolute temperature in Kelvin.
The thermodynamic parameters of the adsorption process were
determined from the Van't Hoff plots of In K.q versus 1/T for
both Na/TNTs and Mag/TNTs (Fig. 10). The linear regression
yielded R* values of 0.82 for Na/TNTs and 0.81 for Mag/TNTs,
indicating that the adsorption process does not fully conform
to ideal Van't Hoff behavior. Such deviations typically arise from
heterogeneous adsorption sites or temperature-dependent
adsorption pathways.®” Consequently, the derived thermody-
namic parameters should be interpreted with caution, and the
uncertainties (standard errors) are provided to reflect the
limited precision of the linear fit. Table 4 reports the thermo-
dynamic parameters along with their associated standard
errors. The uncertainties in AG°® were propagated from the
errors in AH® and AS°. From the slope and intercept of the line,
the AH° and AS° were calculated, respectively. The relatively
large standard errors for AH° and AS° reflect the limited
precision of the linear fit.

The nature of the adsorption process, whether exothermic or
endothermic, is determined by the positive or negative value of
AH°. The sign and magnitude of AS° indicate the degree of

randomness at the solid-solution interface.®® Moreover, the AG®
provides insights into the spontaneity of the adsorption process
at various temperatures.®® The AG° values for both adsorbents
were negative at all studied temperatures (Table 4), indicating
that the adsorption process is spontaneous. The negative AH°
values confirm that the adsorption process is exothermic for
both materials. Additionally, the negative AS° values suggest
a decrease in randomness at the solid-solution interface during
adsorption. Although the negative AH° and AS° values indicate
an exothermic process with reduced interfacial randomness,
the adsorption capacity increased with temperature. This
suggests that although the process is thermodynamically
exothermic, the overall adsorption performance is governed
primarily by kinetic and diffusion effects,***>*"7® which is
consistent with the trends observed in our concentration and
temperature studies.

3.4. Adsorbent reusability

The adsorption capacity of Na/TNTs and Mag/TNTs showed
a slight decrease after five successive regeneration cycles during
the removal of MB, as explained in Fig. 11, with values of (78.7
and 78.6, 71.5 and 69.5, 71.06) mg g~ ' and (68.2, 70.7, and 67.3,
and 65.2 and 61.8) mg g~ ', respectively. The results confirmed
their good reusability and potential as efficient adsorbents for
wastewater treatment applications.

This study presents a comparative analysis of sodium tita-
nate nanotubes with other related materials of the same
chemical structure for the removal of MB dye. In our research,

Table 4 Values of the thermodynamic parameters for the adsorption of MB onto Na/TNTs and Mag/TNTs

Na/TNTs Mag/TNTs
T(K) AG°(kfmol™")  AH°(kfmol™") AS°(Jmol*K™') R AGe (kK mol™")  AH° (kfmol™") AS°(Jmol ' K" R
298 -34.3 £1.7 —42.9 £ 13.8 —28.8 + 44.3 0.82 —31.8+ 1.6 —-37.9 £12.9 —20.4 £41.4 0.81
308 —34.0 + 1.7 — — — —31.6 + 1.6 — — —
318 —-33.7 £ 1.7 — — — -314+1.6 — — —
328 —33.4+1.7 — — — —31.2 + 1.6 — — —

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Regeneration of Na/TNTs and Mag/TNTs adsorbents for MB removal.
Table 5 The reported equilibrium adsorption capacities of titanate nanotubes as an adsorbent for MB
Adsorbent Adsorption capacity (mg g~ ) Reference
Graphene oxide/ZnTiO3/TiO, 78 71
Activated carbon fiber supported titanate nanotubes (ACF@TNTS) 32.7 72
H-TNT and H-TNS (H,Ti;0-) 7.25 and 6.67 73
Na-BaLa,Ti,O;5 37.6 74
Cerium titanate cellulose fiber nanocomposite (Ce-Ti/Cf) 54.29 75
Titanate nanotube (TNTs) 151.51 76
Potassium titanate (K,TiO3) 21.92 77
Carbonaceous mesoporous titanate-based materials (Na;TizO;/Na3TigO13) 27.5 78
Activated charcoal-supported TNTs (TNTs@PAC) 173.30 79
Na/TNTs 178.98 (at 328 K) Our study
Mag/TNTs 180.5 (at 328 K) Our study

TNTs showed higher adsorption capacity than other adsorbents
listed in Table 5, and for the first time, Mag/TNTs were used for
dye removal, showing significant adsorption efficiency.

3.5. Mechanism of MB adsorption

MC simulations were employed to estimate the adsorption sites
and energies of a single MB molecule, a monolayer, and
multilayers of MB dye on the Na,Ti;O, and CoFe,O, surfaces.
The corresponding adsorption energies were
—109.37 kcal mol™* for Na,Ti;O, and —446.33 kcal mol™* for
CoFe,0,, respectively. These values are significantly higher than
typical experimental adsorption enthalpies for dye removal,
which is explained by several factors. First, the calculated
energy represents the sum of multiple simultaneous interac-
tions per MB molecule. As shown in Fig. 12, when a single MB
molecule attaches to the surface, its hydrogen atoms (from
methyl or aromatic groups) form favorable electrostatic

22074 | RSC Adv, 2026, 16, 22062-22079

interactions with surface oxygen atoms. These interactions
occur at distances of 2.58-2.97 A for Na,Ti;O, and 2.3-2.8 A for
CoFe,0,. Additionally, metal-7t interactions were observed,
wherein the aromatic rings of MB orient parallel to surface
metal atoms. Specifically, interactions were identified between
the Ti atoms in Na,Ti;0- (Fig. 12A) and the Fe atoms in CoFe,0,
(Fig. 12B) with the aromatic ring of the dye. The distances
between the centroid of the benzenoid moiety of MB and the Ti
and Fe were approximately 4.3 A and 3.5 A, respectively. These
interaction distances are consistent with those reported for
similar systems in the Cation-Aromatic Database (CAD), where
cation-7 distances typically range from 3.5 to 4.5 A.*® Second,
the simulation uses clean surfaces with a high density of
unsaturated-coordinated metal and oxygen atoms, which are
more reactive than fully coordinated surface sites found under
experimental conditions. Consequently, each dye molecule
simultaneously forms multiple contacts with the surface, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The lowest-energy structure of the adsorption of a single MB dye molecule on the surface of Na,TizO, (A) and CoFe,O4 (B).

the calculated adsorption energy represents the cumulative sum
of all these individual interactions. Third, the calculations are
performed in vacuum, completely omitting the dielectric
screening effect of water molecules and the competition from
solvent molecules for adsorption sites. In aqueous solution,
competition from water molecules and charge screening will
significantly reduce the net adsorption energy. Consequently,
these values should not be directly compared to experimental
free energies of adsorption; instead, they are useful for
comparing relative binding affinities and identifying interac-
tion geometries. Although Na,Ti;O, exhibits weaker interac-
tions with MB, as indicated by its lower adsorption energies
compared to CoFe,0,, its experimentally confirmed higher

© 2026 The Author(s). Published by the Royal Society of Chemistry

surface area facilitates the adsorption of a greater number of
MB molecules. This accounts for the higher removal efficiency
of Na,Ti;0;, observed experimentally.

Fig. 13 illustrates the lowest-energy configuration of a mono-
layer composed of 14 MB dye molecules adsorbed on the surfaces
of Na,Ti;O; and CoFe,0,. This configuration was selected to
elucidate both dye-surface and dye-dye interactions. In the side
view, close contacts are observed between the methyl or aromatic
hydrogen atoms of MB with the surface oxygen atoms, with
interaction distances ranging from 2.48 A to 2.95 A for Na,Ti; 05,
and from 2.29 A to 2.81 A for CoFe,0,. Furthermore, metal-7
interactions are evident, where the aromatic rings of MB align
parallel to surface metal atoms, specifically Ti in Na,Tiz;O, and

RSC Adv, 2026, 16, 22062-22079 | 22075
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Fig. 13 The lowest-energy structure of the adsorption of 14 MB dye molecules (monolayer) on the surface of Na,TizO5 (A) and CoFe,O4 (B).

Fe/Co in CoFe,0,. In the top view, intermolecular attractions
between adjacent dye molecules are apparent. These include van
der Waals interactions between methyl hydrogen atoms and
either other methyl hydrogens or the aromatic ring hydrogens/
carbons of neighboring molecules. The distances associated
with these interactions range from 2.46 A to 2.95 A for Na,Ti;O,
and from 2.34 A to 2.55 A for CoFe,0,.

Fig. 14 presents the lowest-energy configuration of 28 MB dye
molecules adsorbed as a multilayer on the surfaces of Na,TizO,

22076 | RSC Adv, 2026, 16, 22062-22079

and CoFe,0,. This configuration primarily illustrates the
intermolecular interactions (MB-MB) within the multilayer
structure formed on the adsorbent surfaces. In the side view,
interactions are observed between the methyl and aromatic
hydrogen atoms of the dye molecules and the surface oxygen
atoms, with distances ranging from 2.66 A to 2.98 A for Na, Ti;0,
and from 2.31 A to 2.85 A for CoFe,O,. The top view reveals
multiple modes of MB-MB interaction. These include van der
Waals forces between methyl hydrogen atoms and either other

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 The lowest-energy structure of the adsorption of 28 MB dye molecules (multilayer) on the surface of Na,TizO; (A) and CoFe,O4 (B).

methyl hydrogens or aromatic ring hydrogens/carbons. The
corresponding interaction distances range from 2.20 A to 2.97 A
for Na,Ti;O, and from 2.07 A to 2.37 A for CoFe,O0,.

4. Conclusion

In this study, Na/TNTs and Mag/TNTs were successfully prepared
via hydrothermal method. The incorporation of cobalt ferrite into
titanate nanotubes enhanced the rate of adsorption of MB dye and

© 2026 The Author(s). Published by the Royal Society of Chemistry

allowed easy separation. The synthesized nanotubes were charac-
terized by SEM, HR-TEM, FTIR, BET, XRD, and zeta potential
analysis. Na/TNTs and Mag/TNTs exhibited effective performance
in the adsorption of MB dye, with adsorption capacities of (90.5,
146.1,171.9, and 182.4) mg g~ * for Na/TNTs and (67, 120.8, 130.5,
and 180) mg g~ for Mag/TNTs at pH 5 and different temperatures
(298, 308, 318, 328) K. Various parameters were studied to optimize
the MB dye adsorption, such as pH, adsorbent dose, initial MB
concentration, temperature, time, and adsorbent reusability.
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Isotherm models were used to fit the adsorption data obtained at
different concentrations. In general, the best-fitting models for Na/
TNTs and Mag/TNTs were Langmuir-Freundlich, Sips, and Dubi-
nin-Radushkevich at the investigated temperature, indicating that
the adsorbent materials possess heterogeneous surfaces and
exhibit saturated monolayer adsorption behavior. Additionally, the
pseudo-first-order, pseudo-second order, mixed 1,2-order, and
Avrami models were employed to fit the experimental kinetic data.
Among these models, the pseudo-second order and mixed 1,2-
order models provided the best fit to the experimental results,
implying that the adsorption proceeds through mixed mecha-
nisms involving both physisorption and chemisorption. MC
simulations revealed that although CoFe,O, exhibits stronger
individual interactions with MB dye, Na,Ti;O, demonstrates
higher overall dye removal efficiency, attributed to its larger
surface area. The adsorption geometries confirmed favorable
electrostatic and metal-7— interactions, particularly between the
hydrogen/aromatic rings of MB and the surface oxygen or metal
atoms. In both monolayer and multilayer configurations, MB-MB
interactions, primarily van der Waals forces, play a crucial role in
stabilizing the adsorbed structures. These findings highlight the
combined influence of surface characteristics and intermolecular
interactions in governing the adsorption behavior of MB dye.
Although Na/TNTs exhibited higher removal efficiency than Mag/
TNTs, this work paves the way for the design of efficient
magnetic titanate composites for wastewater treatment.
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