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n of cesium ions from aqueous
environment using morphologically modified
kaolinite nanostructures: experimental and
theoretical studies†

Ashour M. Ahmed,*ab Nourhan Nasser,cd M. Abdel Rafeaa

and Mostafa R. Abukhadra *cd

Kaolinite can undergo a controlled morphological modification process into exfoliated nanosilicate sheets

(EXK) and silicate nanotubes (KNTs). The modified structures were assessed as potential effective

adsorbents for the retention of Cs+ ions. The impact of the modification process on the retention

properties was assessed based on conventional and advanced equilibrium studies, considering the

related steric and energetic functions. The synthetic KNTs exhibit a retention capacity of 249.7 mg g−1 as

compared to EXK (199.8 mg g−1), which is significantly higher than raw kaolinite (73.8 mg g−1). The

kinetic modeling demonstrates the high effectiveness of the pseudo-first-order kinetic model (R2 > 0.9)

to illustrate the sequestration reactions of Cs+ ions by K, EXK, and KNTs. The enhancement effect of the

modification processes can be illustrated based on the statistical investigations. The presence of active

and vacant receptors enhanced greatly from 19.4 mg g−1 for KA to 40.8 mg g−1 for EXK and 46.9 mg g−1

for KNTs at 298 K. This validates the significant impact of the modification procedures on the specific

surface area, reaction interface, and reacting chemical groups' exposure. This also appeared in the

enhancement of the reactivity of their surfaces to be able to uptake 10 Cs+ ions by KNTs and 5 ions by

EXK as compared to 4 ions by kaolinite. The thermodynamic and energetic parameters (Gaussian energy

< 8.6 kJ mol−1; uptake energy < 40 kJ mol−1) show that the physical processes are dominant, which

have spontaneous and exothermic properties. The synthetic EXK and KNT structures validate the high

elimination performance of the retention of Cs+ either in the existence of additional anions or cations.
1 Introduction

The chemical contamination of freshwater supplies and the
subsequent detrimental effects on people's health and ecosys-
tems are signicant issues that pose a serious threat to the
future well-being of humanity.1 The unregulated, widely
distributed, and continued release of contaminated effluents
associated with mineral extraction, agricultural activities, and
industrial operations constitutes the primary origins and
factors that trigger the issue of water quality contamination and
its associated environmental side impacts.2,3 The presence of
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toxic metals inside water bodies, either as dissolved ions or
chemical complexes with other substances, poses a signicant
risk to the ecological integrity and well-being of humans.2,4

These pollutants were classied as extremely toxic, non-
biodegradable, and tumor-causing agents that have
a tendency for accumulation inside both human and animal
bodies.4,5 The mining industry, industrial operations, and
nuclear fuel manufacturing are signicant contributors to
various harmful and radioactive ions of metal, such as uranium,
cesium, strontium, thorium, and barium.6–8 Cesium, in its
ionized form, has been categorized as an extremely toxic
contaminant that is frequently emitted from many industrial
processes.9,10

Cesium, particularly the radioactive isotope 137Cs, possesses
signicant importance and has substantial utilization in
nuclear power plants.11–13 This element is employed in the
generation of nuclear power as a constituent in the ssion
processes of uranium and is released throughout the
surrounding atmosphere during nuclear applications, handling
of the radioactive residue, and waste disposal.10,11,14 Cesium,
when present in its radioactive form as 137Cs, demonstrates very
© 2024 The Author(s). Published by the Royal Society of Chemistry
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long half-life of about 30 years and generates stream of gamma
rays.15,16 Consequently, the inltration of these ions into reser-
voirs of freshwater has further exacerbated the extent of
destruction of the environment along with health issues due to
its notable characteristics, including its remarkable solubility,
high bioavailability, low hydrated radius, high mobility, and
considerable capacity for accumulation within various ecosys-
tems in addition to the food chain, as well as its serious toxicity
to humans.7,11,15 The gamma-ray radiation has been found to
have carcinogenic effects and harmful impacts on both the
natural environment and people's health.11,17,18 Cesium
contamination has been linked to cancers of the kidney, liver,
bladder, and thyroid gland.16 Furthermore, because of the
similarity in the physicochemical properties of 137Cs to mono-
valent alkali metals, traditional and common methods of
remediation such as solvent extraction, precipitation, electro-
dialysis, and ion exchange are ineffective in eliminating cesium
pollutants.19

The utilization of novel adsorbents for the highly effective
decontamination of cesium ions has been suggested and rec-
ommended as a relatively simple, recyclable, and economically
feasible approach.15 The adsorbents that have been recently
investigated for the elimination of cesium involve ZIF-8,13

magnetic zeolite,16 biotite,15 polymer–metal oxide,20 calcium-
silicate-hydrate,21 synthetic zeolite,22 ferrocyanide/Al-MCM-41,23

and natural zeolite.24 The cost of manufacture, practicality of
fabrication, recyclable potential, availability, adsorption
kinetics, and effectiveness of adsorption were all factors inves-
tigated while evaluating the most promising materials that
could be used as adsorbents.10,25 Consequently, synthetic
adsorbents, which can be made up of naturally occurring
materials, have been thoroughly assessed and established to be
exceptionally efficient and potentially valuable adsorbents to
remove a wide range of soluble chemical contaminants.4,25

Recent studies have explored the utilization of advanced
modied forms of clay minerals for the efficient and econom-
ical removal of organic and inorganic pollutants, demon-
strating their remarkable effectiveness and environmental
sustainability.26,27 Kaolinite is classied as a variety of naturally
occurring clay minerals, characterized by its composition,
which is made up of hydrated aluminum silicate and the pres-
ence of 1 : 1 tetrahedron/octahedron stratied layers.28–30

Despite the abundance and relatively inexpensive price of
kaolinite when compared to various species of clay minerals
that are supplied for commercial use, such as montmorillonite,
there is a lack of comprehensive research on its potential to be
used as a possible precursor for various environmental issues
and industrial applications.29,31,32 In comparison with
bentonite, this was ascribed to the kaolinite's notably low
surface area, restricted ion exchange opportunities, and weak
adsorption capacity of soluble ions.28,33 Consequently, several
techniques, such as organic hybridization, peeling, exfoliating,
scrolling, polymeric integration, and inorganic external deco-
ration have all been used effectively to improve kaolinite's
physical as well as chemical qualities.28

The chemical, biological, and physical characteristics of the
manufactured materials are greatly affected by their
© 2024 The Author(s). Published by the Royal Society of Chemistry
morphological features. This is because the morphology plays
a crucial role in determining the surface area, effectiveness of
adsorption, and level of active site accessibility.34 The utilization
of nanomaterials that possess one-dimensional structures, such
as nanorods and nanotubes, as well as two-dimensional
geometrical forms, has been suggested for many potential
uses because of their substantial surface area, superb disper-
sion qualities, and remarkable surface reactivity.35–37 In the last
few decades, there has been signicant progress in the devel-
opment of a sophisticated transformation process, including
the separation of clay layers into distinct individual silicate
sheets exhibiting two-dimensional geometries. The application
of this method yielded favorable results in the generation of
novel nanostructures composed of clay minerals, which exhibit
notable attributes such as substantial biological performance,
adsorption capacity, advanced oxidation activities, exterior
reactive properties, anticancer qualities, surface area, and
dispersion qualities.29,31 Nevertheless, the focus of prior inves-
tigations has mostly been on assessing the implementation of
this technique on montmorillonite, with little attention given to
exfoliate kaolinite.28,29 Moreover, it has been proposed that one-
dimensional nanoparticles possess signicant biological func-
tionality, chemical reactivity, surface area, and catalytic abili-
ties, making them extremely sophisticated nanomaterials that
are suitable for many different kinds of industries.36,37 Recently,
it has been acknowledged that synthesized kaolinite nano-
scrolls and nanotubes are novel and effective forms of adsor-
bents with exceptional surface area, a highly developed porous
structure, and notable reactivity.38 Clay nanotubes were devel-
oped through a straightforward procedure including the exfo-
liation of kaolinite sheets and, aerwards, a further process
known as deduplication. This transformative step converts the
exfoliated sheets into nanoscrolls, which are then subjected to
ultrasonic vibrations and chemical-based expansion processes.
The material obtained exhibits properties of semicrystallinity,
a notable surface area, a highly organized porous structure, and
remarkable adsorption capabilities.33

Regrettably, comprehensive investigations on the inuence
of kaolinite nanostructure morphology on its characteristics
and efficacy as metal ion adsorbents have not yet been imple-
mented to a suitable extent. Hence, the current work aims to
examine the potential of synthetic kaolinite exfoliating nano-
sheets (EXK) and kaolinite nanotubes (KNTs) for effectively
retaining cesium ions in comparison to raw kaolinite. The
experimental investigations were conducted with a focus on the
interfaces that exist across the applied adsorbent and the target
soluble adsorbate. The attainment of this has been facilitated
via the use of experimental observations and theoretical
parameters generated according to advanced isotherm mathe-
matical models developed through statistical physics concepts,
which take into account both steric and energetic factors.

2 Experimental section
2.1. Materials

The kaolinite powders employed for the production of the
exfoliated sheets (EXK) and nanotubes (KNTs) were acquired as
RSC Adv., 2024, 14, 3104–3121 | 3105
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a puried sample from the Egyptian CMRDI (Central Metal-
lurgical & Development Institute). Throughout the processes of
exfoliation as well as scrolling, dimethyl sulfoxide (DMSO) with
a purity of more than 99.5%, analytic grade cetyl-
trimethylammonium bromide (CTAB) with a purity of greater
than 98%, and methanol with a purity of greater than 99.9%
were delivered by Sigma-Aldrich; Egypt and used during the
preparation procedures. The adsorption investigations imple-
mented a Cs+ standard solution with a concentration of
1000 mg L−1.

2.2. Preparation of kaolinite exfoliated sheets (EXK) and
nanotubes (KNTs)

The kaolinite-layers underwent exfoliation by a straightforward
sonication support chemically expansion procedure. The
kaolinite specimen underwent a pulverization process spanning
6 hours within a ball mill, resulting in the production of powder
with particle sizes span a range of 20 to 100 mm. The pulverized
kaolinite (15 g) had been then thoroughly mixed with 50 mL of
dilute DMSO liquid (8 DMSO : 1 distilled water) for a duration of
5 hours by employing a typical magnetic stirring apparatus. The
aforementioned procedure is crucial for the disruption of the
prevailing hydrogen bonds that connect the stratied silicate
sheet entities inside kaolinite. The kaolinite soaked in DMSO
was later subjected to a series of washes incorporating meth-
anol over duration of 20 minutes each. This process was
repeated ve times in order to eliminate the embedded DMSO
groups and replaced by alcohol. As a result, an organophilic
product known as methoxy kaolinite (Mth/K) has been devel-
oped. For a period of time, the Mth/K suspensions were
homogenized with a pre-prepared CTABmix (20 g CTAB + 50mL
of distilled water) for duration of 48 hours using a complex
blending system consisting of a magnetic stirrer and an ultra-
sonic source (240 W). This process led to the development of
exfoliated or disconnected kaolinite sheets (EXK). Then, the
resulting EXK particles were subjected to a complete rinsing
process using distilled water, followed by a gradual drying
procedure at a temperature of 65 °C for duration of 12 hours.
Fig. 1 Schematic diagram for the synthesis of exfoliated kaolinite (EXK)

3106 | RSC Adv., 2024, 14, 3104–3121
The resulting dried particles were then identied as EXK
(Fig. 1).

Aer successfully completing the exfoliation steps, the
system was further supplemented by the addition of 15 g of
CTAB. Subsequently, the resultant mixture underwent an
additional sonication step for a duration of 48 hours (240 W;
80%). This prolonged sonication duration aimed at promoting
the complete expansion and rolling of the elastic silicate layers
of kaolinite into nanotubes. Then, the nal product was
removed from the mix, subjected to a careful rinse using
methanol alongside distilled water, and subsequently subjected
to a drying process at a temperature of 65 °C for duration of 10
hours (Fig. 1).

2.3. Characterization techniques

The crystallization degrees and phase determination were
assessed using a PANalytical-Empyrean X-ray diffractometer.
This instrument has a measurement range spanning from 0 to
70 degrees. The chemical structural groups of EXK and KNTs, in
comparison with kaolinite, were identied using a Fourier
transform infrared spectrometer (FTIR8400S; Shimadzu) with
a detection wavelength range of 400 to 4000 cm−1. The
morphologies of EXK and KNTs and their changes according to
the kaolinite base morphology were examined during various
transformation steps through the analysis of SEM photos. The
photographs were acquired using a scanning electron micros-
copy (Gemini, Zeiss-Ultra 55) aer applying thin coatings of
gold to the surfaces of EXK and KNTs. Additionally, an assess-
ment has been conducted on the internal characteristics of
scrolled as well as exfoliated products via the analysis of their
high-resolution transmission electron microscopy (HRTEM)
photos. The photos were acquired using a JEOL-JEM2100
transmission electron microscope, operating at an accelera-
tion voltage of 200 kV. The determination of surface areas was
conducted using a Beckman Coulter SA3100 surface area
analyzer. This was accomplished by evaluating the N2

adsorption/desorption isotherms corresponding to the indi-
vidual samples.
and kaolinite nanotubes (KNTs).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of studied kaolinite precursor (A), DMSOmodified
kaolinite (B), synthetized EXK nanoparticles (C), and synthesized KNTs
nanoparticles (D).
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2.4. Adsorption studies

The batch examination involved conducting adsorption
methods to remove cesium ions (Cs+) using K, EXK, and KNTs.
The study implemented commonly used experimental factors,
including pH (ranging from 2 to 8), retention duration (ranging
from 30 to 980 minutes), and Cs+ concentration (ranging from
50 to 350 mg L−1). Additionally, the testing temperature was
varied within the range of 298 K to 313 K. Furthermore, the
other primary testing variables were selected carefully and
maintained at specic levels throughout the course of the
investigation [tested volume: 100 mL; incorporated solid
dosage: 0.4 g L−1]. The experimental methodology was evalu-
ated in triplicate, employing the average values of all measured
concentrations as well as the derived calculations or observa-
tions. Following the completion of the equilibrium period for
all the adsorption experiments, the solid particles of K, EXK,
and KNTs have been separated out of Cs+ solutions by the use of
Whatman lter paper. The remaining Cs+ concentration in the
treated solutions had been measured by the use of inductively
coupled plasma mass spectrometry (ICP-MS) provided by Per-
kinElmer. The Cs+ standards employed for the measurements
have been veried by the National Standard and Technology
Institute (NIST), and the reference standards were obtained
from Merck Company (Germany). The adsorption capacities
(Qe) of Cs+ ions by K, EXK, and KNTs were determined in
milligrams per gram (mg g−1) using eqn (1). This calculation
took into account the solutions, volume (V), the doses of K, EXK,
and KNTs (m), the beginning concentration of Cs+ (Co), and the
remaining concentration of Cs+ (Ce).

Qe

�
mg g�1

� ¼ ðCo � CeÞV
m

(1)

2.5. Conventional and modern equilibrium modelling

The adsorption experiments have been simulated employing
traditional kinetic, conventional isotherm, and advanced equi-
librium modeling approaches, which were constructed using
assumptions derived from statistical physics principles (Table
S1†). Nonlinear tting approaches were used to perform kinetic
and conventional equilibrium modeling. This was completed
considering the mathematical equations of the aforementioned
models, and the outcomes in terms of the correlation coeffi-
cients (R2) (eqn (2)) and chi-squared (c2) (eqn (3)) were obtained
as the main indicators of the tting degrees. The determination
of the appropriateness of the uptake processes' matching
degrees with the assessed advanced equilibrium models has
been accomplished by using the coefficient of correlation (R2)
plus the root mean square error (RMSE) (eqn (4)). The lettersm0,
p, Qi,cal, and Qi,exp denote the experimental ndings acquired,
the parameters studied, the expected adsorption of Cs+, and the
veried capacity for Cs+ adsorption, respectively.

R2 ¼ 1�
P�

qe;exp � qe;cal
�2

P�
qe;exp � qe;mean

�2 (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
c2 ¼
X�

qe;exp � qe;cal
�2

qe;cal
(3)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1

�
Qi;cal �Qi;exp

�2
m0 � p

vuuut
(4)
3 Results & discussion
3.1. Characterization

The X-ray diffraction (XRD) patterns were employed to track
the structural changes occurring during the conversion of
kaolinite raw materials into single and exfoliated nano-
kaolinite layers (EXK) and well-developed aluminosilicate
nanotubes (KNTs) (Fig. 2). The triclinic, strongly crystalline
kaolinite as the rstly applied crystalline phase has been
distinguished by its distinct peaks at angles of about 12.3°
(001), 20.8° (−110), 24.8° (002), and 26.6° (111) (Fig. 2A). The
corresponding d-spacing value for these peaks has been
determined to be 0.72 nm. Following the intercalation stage
using DMSO, a notable reduction in the intensity of the
typical diffraction peaks of kaolinite occurred, except for the
peaks (001) and (002) that exhibited noticeable deviations
(Fig. 2B). The diffraction chart produced following the
sonication-accelerated exfoliating procedure with CTAB (EXK)
showed a complete reduction in the intensity of all residual
peaks, demonstrating that the reconstituted product was non-
crystalline in nature (Fig. 2C). This observation provides
evidence for the fact that kaolinite layers have been effectively
separated into distinct, individual silicate layers character-
ized by their non-crystalline or sometimes semi-crystalline
properties. The fabricated KNTs, exhibit a distinct X-ray
diffraction (XRD) pattern characterized by a substantial
decline in intensity for the standard peaks of kaolinite.
Additionally, a new diminished peak has been noticed at a 2
RSC Adv., 2024, 14, 3104–3121 | 3107
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theta position of approximately 10.6°, which corresponds to
the prominent peak associated with the (001) lattice planes of
kaolinite nano-scrolls (Fig. 2D).

Regarding the morphological alterations recognized over
the different synthesizing procedures, the original kaolinite
granules exhibited a stacked arrangement of pseudo-
hexagonal akes or plate-like particles, as evident from both
the HRTEM and the SEM images (Fig. S1†). The analyzed
HRTEM images of the exfoliating products indicate substantial
scraping and splitting of the kaolinite, forming individual
layers (Fig. 3A). Further inspection of the examined photos
displayed the existence of the distinct kaolinite silicate layers
that were separating, exhibiting a noteworthy retention of the
pseudo-hexagonal shape. However, the borders of these
divided layers seemed to be smoother compared to the original
kaolinite akes (Fig. 3B). Certain samples exhibit milder
shades of gray in comparison to the predominant gray shade
that dominates the kaolinite sheets, indicating a lack of
ordering in the fundamental silicate units comprising
kaolinite (Fig. 3C). The effective fabrication of the KNTs was
further conrmed by the examination of SEM alongside
HRTEM images (Fig. 3D–F). The single akes of the kaolinite
material sustained a notable conversion, resulting in the
development of folded or scrolled nanostructures exhibiting
tabulated morphologies (Fig. 3D). The investigation revealed
that the rolling particulates had cylindrical shapes character-
ized by hollow interior properties, with internal widths span-
ning from 2 until 20 nm (Fig. 3E and F). The synthetic KNTs'
assessed dimension ranged from approximately 50 nm
upwards to nearly 600 nm, while their exterior diameter was
found to be uctuating within the range of 10 until 50 nm. The
Fig. 3 HRTEM images of the synthetized EXK nanoparticles (A–C), SEM
nanoparticles (E and F).

3108 | RSC Adv., 2024, 14, 3104–3121
surface area of kaolinite undergoes signicant improvement
through the morphological modications performed. Speci-
cally, the surface area of unprocessed kaolinite, initially
measured at 10 m2 g−1, increases to about 80.2 m2 g−1 and
nearly 105 m2 g−1 aerwards undergoing the exfoliating (EXK)
and rolling procedures (KNTs), respectively.

The FT-IR spectra were used to evaluate the effect of the
geometrical transformation process from kaolinite compacted
akes into EXK or KNTs on the silicate structure, specically in
terms of their chemical functionalities. The infrared spectrum
of kaolinite exhibits distinct bands corresponding to the
distinguished functional groups present in its aluminosilicate
structure (Fig. 4). These include Si–O vibrations at 787 and
456 cm−1, Si–O–Al vibrations at 526 and 680 cm−1, Si–O–Si
vibrations at 1020 cm−1, Al–OH vibrations at 912 and
3500 cm−1, O–H vibrations at 1641 cm−1, and Si–OH vibra-
tions at 3689 cm−1 (ref. 29 and 39) (Fig. 4A). The spectrum of
EXK exhibit identical absorption bands that have been re-
ported in unprocessed kaolinite raw mineral, except consid-
erable variations in the positions of them, reductions in
intensity, and a splitting of identiable bands at roughly 900
to 1000 cm−1 (Fig. 4B). This denotes the successful dissocia-
tion of the aluminosilicate layers that comprise kaolinite,
resulting in the formation of monolayer layers or individual
nanosheets. It is also expected that this process would cause
distortions within the octahedron as well as tetrahedron
structural units.33,40 Similar ndings have been documented
throughout the evaluation of the synthetically generated KNTs'
FT-IR spectrum particulates (Fig. 4C). The relative assign-
ments of the matching bands of the aluminosilicate frame-
work exhibited notable deviations when compared with their
of synthesized KNTs (D), and HRTEM images of the synthesized KNTs

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08490f


Fig. 4 FT-IR spectra of studied kaolinite precursor (A), synthetized EXK
nanoparticles (B), and synthesized KNTs nanoparticles (C).

Fig. 5 The influence of the pH values on the retention of Cs+ ions by
KA, EXK, and KNTs.
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equivalent sites for kaolinite. Furthermore, this observation
indicates the transformation caused by the exfoliating and
scrolling alterations on the fundamental octahedron as well as
tetrahedron units. Additionally, it highlights the inuence of
the freshly developed hydrogen bonds that link the employed
organic compounds and the hydroxyl-bearing functionalities
of kaolinite (Fig. 4C).33
3.2. Adsorption studies

3.2.1. Effect of pH. The impact of pH levels ranging from 2
to 8 on the ability of Cs+ to be adsorbed using KA, EXK, and
KNTs as particularly successful adsorbents has been investi-
gated. All the laboratory tests stated above had been success-
fully conducted by meticulously controlling all the major
variables at their designated values, including the Cs+

concentration of 100 mg L−1, solid dose of 0.4 g L−1, volume of
100 mL, temperature of 25 °C, and duration of 120 minutes.
The observed Cs+ retention capacities employing KA, EXK, and
KNTs exhibit signicant enhancements as the pH of the
examined contaminated solutions raises from pH 2 (2.6 mg
g−1 (KA), 8.7 mg g−1 (EXK), and 17.4 mg g−1 (KNTs)) to pH 8
(41.7 mg g−1 (KA), 75.3 mg g−1 (EXK), and 90.3 mg g−1 (KNTs))
(Fig. 5). Consequently, those types of materials can serve as
highly successful adsorbents in practical purication
processes in accordance with the pH range of 6 to 9 that the US
EPA recommends for the remediation of industrial waste-
water.41 The behaviors that were reported exhibit a strong
correlation with the notable impact of pH on both the ionizing
characteristics of the Cs+ ions as well as the prevailing charges
found across the KA, EXK, and KNTs' exterior surfaces.42 As
alkaline extents of Cs+ solutions increased, the chemically
reactive structural groups of KA, EXK, and KNTs continued to
deprotonate, resulting in their exterior surfaces becoming
© 2024 The Author(s). Published by the Royal Society of Chemistry
completely saturated with negative electrostatic charges.43 The
negatively charged outside surfaces of KA, EXK, and KNTs
serve as vital centers mediating the electrostatic attractions of
Cs+ with its positive charge.3 The zero points of charge's pH
(pH(ZPC)) values are 7.3 for KA, 6.2 for EXK, and 5.8 for KNTs,
which are consistent with prior ndings about the dominance
of negative charges beyond these values.

3.2.2. Kinetic studies
3.2.2.1. Effect of contact time. Throughout a time range of 30

minutes to 980 minutes, the laboratory-measured impact of
Cs+ uptake periods on the KA, EXK, and KNTs' experimentally
veried qualities was investigated. This was attained subse-
quent to the adjustment of other inuential variables to
specic values [Cs+ level: 100 mg L−1; pH: 8; volumes: 100 mL;
temperature: 25 °C; solid material dosage: 0.4 g L−1]. The
efficiency of KA, EXK, and KNTs in adsorbing Cs+ is evident
from the signicant increase in observable uptake rates
alongside the calculated amounts of retained Cs+ in mg g−1.
Additionally, the time frame of the tests has a controlling
effect on these observed increases (Fig. 6A). The observed
enhanced inuence of the Cs+ retention behaviors utilizing
(KA), (EXK), and (KNTs) may be readily discerned for a dura-
tion of up to 240 minutes (KA) and 500 minutes (EXK and
KNTs). Aer the specied contact time, there were no apparent
shis or increases in the rates of Cs+ retention or the amounts
of Cs+ immobilized (Fig. 6A). This suggests that the system
reached a level of stabilization at 240 minutes (KA) and 500
minutes (EXK and KNTs) identied as adsorption equilibrium
(Fig. 6A). It can be observed that the Cs+ equilibrium retention
limits of the KA, EXK, and KNTs particulates were 52.4 mg g−1

(KA), 109.6 mg g−1 (EXK), and 131.8 mg g−1 (KNTs) (Fig. 6A).
The initial stages of the experiments conducted demonstrated
that the presence of abundant free and functionally reactive
groups or retention receptors on the outermost layers of KA,
EXK, and KNTs has led to noticeable increases in both the rate
of Cs+ uptake and the amounts of Cs+ adsorbed.44 The
extended retention of Cs+ onto the receptors of KA, EXK, and
KNTs leads to their occupation and depletion, resulting in
RSC Adv., 2024, 14, 3104–3121 | 3109
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Fig. 6 The influence of contact time on the retention of Cs+ ions by KA, EXK, and KNTs (A), intra-particle diffusion curves (B), pseudo-first order
kinetic model (C), and pseudo-second order kinetic model (D) [Cs+ level: 100mg L−1; pH: 8; volumes: 100mL; temperature: 25 °C; dosage: 0.4 g
L−1; time: 30–980 min].
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a signicant decrease in their accessibility as the duration of
the tests is prolonged. Consequently, aer a designated period
of time, the uptake rates of the Cs+ suffered a signicant
reduction, while the retention characteristics of KA, EXK, and
KNTs remained the same or showed disregarded enhance-
ment. Upon the complete occupation of receptors or free sites
of reaction by Cs+, the equilibrium conditions of KA, EXK, and
KNTs have been established.2

3.2.2.2. Intra-particle diffusion behavior. The Cs+ uptake
behaviors by KA, EXK, and KNTs are characterized by intra-
particle diffusion curves, which exhibit three distinctive
segments with varying slopes (Fig. 6B). The accomplished
curves in the present investigation exhibit no noticeable cross-
ings with the starting points, suggesting that many pathways
involved in Cs+ adsorption are present in conjunction with Cs+

diffusion mechanisms.42,45 The operational process may
encompass the following key steps: (A) the capture of Cs+ via the
receptors dispersed across the external surfaces of KA, EXK, and
KNTs (boundary), (B) intra-particle diffusion, and (C) the oper-
ational reaction involving the phase of saturation as well as
stability states.46 The initial phase of this investigation indicates
that the exterior adsorption reactions of Cs+ were the most
3110 | RSC Adv., 2024, 14, 3104–3121
controlling pathways implemented during the experimentation
(Fig. 6B). The effectiveness of the Cs+ retention reaction
throughout this phase is dependent on the overall quantities of
surcial unoccupied receptors of KA, EXK, and KNTs.47 The
detection of newly developed phases was facilitated by extend-
ing the duration, demonstrating the efficacy of several supple-
mentary mechanisms referred to as layered adsorption
procedures (Fig. 6B).3,46 These additional processes also
encompass the impact of Cs+ diffusion operations. Ultimately, it
has been noted that the last three phases exhibit predominance
when KA, EXK, and KNTs attain a condition of equilibrium with
Cs+ adsorption (Fig. 6B). This observation indicates that all of
the Cs+ ions that were successfully retained have occupied all of
the available binding receptors.2,4 In the meantime, the removal
of Cs+ is inuenced by multiple factors, potentially including
molecular interactions and interionic attraction pathways.43

3.2.2.3. Kinetic modeling. The kinetic features of the Cs+

retention activities via KA, EXK, and KNTs were elucidated
using the conventional kinetic assumptions of both the pseudo-
rst order (P.F.) along with pseudo-second order (P.S.) numer-
ical models. The degree of concordance between the Cs+

retention activities and the kinetic hypotheses of each of the two
© 2024 The Author(s). Published by the Royal Society of Chemistry
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models was evaluated using established nonlinear tting
parameters, as indicated by the respective equations and
established by both the correlation coefficient (R2) and the chi-
squared (c2) statistic (Table 1; Fig. 6C and D). The levels of R2

accomplished, together with c2, indicate that the kinetic
behavior and concepts of the P.F. model provide a better t for
the adsorption activities of Cs+ by KA, EXK, and KNTs compared
to the evaluated P.S. model. The ndings from the experiments
conducted on KA, EXK, and KNTs during their equilibrium
conditions (52.3 mg g−1 (KA), 109.5 mg g−1 (EXK), and 131.8 mg
g−1 (KNTs)) were found to be remarkably consistent with the
values obtained through mathematical computations from the
model (55.9 mg g−1 (KA), 113.7 mg g−1 (EXK), and 136.1 mg g−1

(KNTs)). This agreement further supports the prior kinetic
observations (Table 1). Based on the fundamental principles of
the P.F. hypothesis, it is suggested that the primary factors
inuencing the Cs+ sequestration involving KA, EXK, and KNTs
are physical pathways, including the forces of van der Waals
along with attraction to electrostatic charges.48,49 Despite the
P.F. model's equation for removing Cs+ via KA, EXK, and KNTs
being more compatible than the depicted formula for the P.S.
concept, the observed retention characteristics nevertheless
demonstrate signicant concordance with the P.S. kinetics.
Consequently, prior research has indicated that several
commonly observed weak chemical phenomena, including
chemical complexing, hydrophobic interactions, hydrogen
bonding, and electron-based sharing, are expected to either
facilitate or have minor impacts on the elimination of Cs+ by
KA, EXK, and KNTs.42,48 Aer a chemically binding Cs+ layer,
a physically absorbed Cs+ layer was formed, utilizing the earlier
layer as a base.50
Table 1 The mathematical parameters of the studied kinetic models

Material Model Parameters Values

K Pseudo-rst-order K1 (min−1) 0.0061
Qe(cal) (mg g−1) 55.9
R2 0.90
c2 3.08

Pseudo-second-order K2 (mg g−1 min−1) 7.16 × 10−5

Qe(cal) (mg g−1) 71.8
R2 0.85
c2 3.85

EXK Pseudo-rst-order K1 (min−1) 0.0069
Qe(cal) (mg g−1) 113.7
R2 0.96
c2 1.5

Pseudo-second-order K2 (mg g−1 min−1) 4.5 × 10−5

Qe(cal) (mg g−1) 141.2
R2 0.94
c2 2.58

KNTs Pseudo-rst-order K1 (min−1) 0.0071
Qe(cal) (mg g−1) 136.1
R2 0.96
c2 1.59

Pseudo-second-order K2 (mg g−1 min−1) 3.96 × 10−5

Qe(cal) (mg g−1) 167.9
R2 0.93
c2 2.79

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2.3. Equilibrium studies
3.2.3.1. Effect of Cs+ concentrations. The effect of the initial

Cs+ concentrations has been investigated to be able to ascertain
the optimal capacities of KA, EXK, and KNTs as well as their
states of equilibrium across the experimentally established
limits ranging from 50 to 350 mg L−1. The rest of the retention
variables have been selected to be at predetermined levels [solid
quantity: 0.4 g L−1; time: 24 hours; treated volume: about 100
mL; temperature: from 298 K to 313 K]. The total amounts of Cs+

retained by KA, EXK, and KNTs exhibited a notable rise at
increasing concentrations of Cs+ (Fig. 7A–C). The strengthened
levels of Cs+ ions inside a specic volume resulted in
a discernible enhancement in their transportation, diffusion,
and driving forces, thereby facilitating interactions along with
collision opportunities with the largest number of available free
and functioning receptors positioned across the KA, EXK, and
KNTs' exterior surfaces. This led to a signicant improvement
in the efficiency of the Cs+ adsorption reactions performed by
KA, EXK, and KNTs.51 The measurable quantities of Cs+ absor-
bed exhibit an increase relative to the raised initial concentra-
tion, up to certain levels. Subsequently, a rise in the initial level
of Cs+ has no noticeable impact on the quantities of ions that
KA, EXK, and KNTs retain, hence differentiating their equilib-
rium phases and determining the actual maximum CS+

adsorption potential. Aer 250 mg L−1, the equilibration
settings in the existence of KA correspond to adsorption values
of 72.7 mg g−1 (298 K), 60.8 mg g−1 (308 K), and 49.2 mg g−1 (313
K) (Fig. 7A). The equilibrium capacities obtained for EXK aer
testing 250 mg L−1 of Cs+ are 198.4 mg g−1 at 298 K, 164.3 mg
g−1 at 308 K, and 126.6 mg g−1 at 313 K (Fig. 7B). The corre-
sponding Cs+ concentration of equilibrium for KNTs is esti-
mated to be 250 mg L−1, with related capacities of 247.5 mg g−1

at 298 K, 208.6 mg g−1 at 308 K, and 171.8 mg g−1 at 313 K
(Fig. 7C). The remarkable efficiency of EXK and KNTs in elim-
inating Cs+ in comparison to KA particulates may be ascribed to
both the aluminosilicate layers' reactivity character and the
signicant surface area rise, which exhibit semi-crystalline
characteristics and have a high number of exposed chemically
active sites, particularly the siloxane groups. The reduction in
adsorption of Cs+ by K, EXK, and KNTs as a function of
temperature suggests that the processes are exothermic.

3.2.4. Giles's classication. The Cs+ isotherm curves using
KA, EXK, and KNTs were categorized according to the guidelines
established by Giles' classication. The investigation estab-
lished that these curves exhibited an L-type state of equilibrium
(Fig. 7A–C). The L-type's equilibrium characteristics show the
signicant inuence of the intermolecular attracting forces
operating whenever KA, EXK, and KNTs adsorb Cs+. These
effects are further amplied by the strong Cs+ ion reaction with
the chemically reactive frameworks of KA, EXK, and KNTs.52 On
the basis of L-type isotherm specications, it was also possible
to forecast a full generation of retained Cs+ monolayers across
the exterior interfaces of KA, EXK, and KNTs particulates.53

Moreover, the observed isothermal pattern indicates the
production of KA, EXK, and KNTs particles with various and
massive functional and unbound uptake receptors. These
RSC Adv., 2024, 14, 3104–3121 | 3111
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Fig. 7 The influence of initial Cs+ concentrations on the determined retention capacities (KA (A), EXK (B), and KNTs (C)), non-linear fitting of the
Cs+ retention with conventional Langmuir model (KA (D), EXK (E), and KNTs (F)), Freundlich model (KA (G), EXK (H), and KNTs (I)), and D–R model
(KA (J), EXK (K), and KNTs (L)).
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receptors demonstrate signicant selectivity towards the Cs+

ions across the entire adsorption process, especially when the
initial concentrations are low.

3.2.5. Classic isotherm models. The present study exam-
ines the equilibrium remarks of Cs+ retention by KA, EXK, and
KNTs particles employing the isotherm perspectives of Lang-
muir in addition to Freundlich along with Dubinin–Radush-
kevich (D–R). The level of consistency with the isotherm
hypotheses of each of the specied models and the experi-
mentally determined Cs+ retention activities was assessed based
on the non-linear t degrees implementing the respective
equations of the different models. This evaluation was designed
according to the correlation coefficient (R2) and the chi-squared
(c2) values (Table 2 and Fig. 7D–L). The results obtained from
the analysis of R2 and c2 indicate that the Cs+ retention activi-
ties displayed by KA, EXK, and KNTs particles align more closely
with the fundamentals of the Langmuir isotherm model
compared to the underlying hypotheses of the Freundlich
model (Table 2 and Fig. 7D–L). The Langmuir isotherm
describes the uniform adsorption of Cs+ ions on the unoccupied
and activated binding sites of KA, EXK, and KNTs particles in
a monolayer format.48,49 Furthermore, it has been demonstrated
that the Cs+ retention characteristics of KA, EXK, and KNTs
3112 | RSC Adv., 2024, 14, 3104–3121
particles exhibit RL values below 1, indicating the favorable
characteristics of these reactions.4,47 The hypothesized
maximum adsorption capacity (Qmax) of Cs

+ by KA at different
temperatures is as follows: 73.3 mg g−1 (298 K), 62.8 mg g−1 (308
K), and 49.9 mg g−1 (313 K). The computing values from the
model using EXK are 200.5 mg g−1 (298 K), 168.8 mg g−1 (308 K),
and 130.6 mg g−1 (313 K). The theoretical maximal capacities
for adsorption of Cs+ (Qmax) by KNTs at different temperatures
are as follows: 251.9 mg g−1 at 298 K, 219.8 mg g−1 at 303 K, and
186.1 mg g−1 at 313 K (Table 2).

The D–Rmodel's postulated equilibrium elements (Fig. 7J–L)
provide a comprehensive understanding of the energy varia-
tions displayed by KA, EXK, and KNTs particles throughout the
process of Cs+ retention, irrespective of the system's homoge-
neity or heterogeneity.54 The Gaussian energy (E) is a quantita-
tive measure obtained from the D–R assessment outcomes,
plays a crucial role in identifying the specic Cs+ uptake path-
ways (chemical or physical). According to previous studies
conducted by Sayed et al.,4 and Dawodu et al.,54 adsorption
operations characterized by E values below 8 kJ mol−1, between
8 and 16 kJ mol−1, and above 16 kJ mol−1 suggest the presence
of mostly physical interactions, relatively weak chemical inter-
actions or a combination of complicated physical and chemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The theoretical constraints of the traditional isotherm models under study

298 K 308 K 313 K

KA Langmuir model Qmax (mg g−1) 73.32 62.88 49.9
b (L mg−1) 1.89 × 10−7 3.2 × 10−7 4.4 × 10−8

R2 0.99 0.99 0.99
c2 0.021 0.006 0.005

Freundlich model 1/n 0.6 0.65 0.72
kF (mg g−1) 2.6 1.64 0.89
R2 0.79 0.8 0.8
c2 4.2 3.9 3.6

D–R model b (mol2 kJ−2) 0.0067 0.0078 0.0082
Qm (mg g−1) 77.5 65.6 53.2
R2 0.993 0.994 0.993
c2 0.12 0.10 0.11
E (kJ mol−1) 8.63 8.006 7.8

EXK Langmuir model Qmax (mg g−1) 200.5 168.8 130.6
b (L mg−1) 2.34 × 10−9 3.9 × 10−9 6.7 × 10−9

R2 0.99 0.99 0.99
c2 0.188 0.379 0.109

Freundlich model 1/n 0.72 0.46 0.81
kF (mg g−1) 4.1 2.15 1.5
R2 0.75 0.79 0.79
c2 9.19 5.05 2.34

D–R model b (mol2 kJ−2) 0.0031 0.0037 0.0046
Qm (mg g−1) 225.3 180.9 138.9
R2 0.97 0.98 0.99
c2 1.6 0.9 0.5
E (kJ mol−1) 12.7 11.6 10.42

KNTs Langmuir model Qmax (mg g−1) 251.9 219.8 186.1
b (L mg−1) 2.45 × 10−9 5.4 × 10−9 7.8 × 10−9

R2 0.99 0.98 0.99
c2 0.528 1.048 0.508

Freundlich model 1/n 0.66 0.61 0.5
kF (mg g−1) 378.7 308.8 231.6
R2 0.998 0.995 0.998
c2 0.29 0.47 0.31

D–R model b (mol2 kJ−2) 0.0038 0.0044 0.0051
Qm (mg g−1) 271.2 236.5 198.6
R2 0.97 0.93 0.94
c2 2.2 6.3 5.5
E (kJ mol−1) 11.4 10.6 9.9
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interactions, and strong chemical mechanisms, respectively.
The calculated values for the E factor related to Cs+ retention
activities by KA, EXK, and KNTs align with the supposed ener-
gies proposed for the cooperative mechanisms of weak chem-
ical and physical processes (8 to 16 kJ mol−1), as supported by
the mathematical ndings obtained from the kinetic investi-
gations (Table 2).

3.2.6. Advanced isotherm studies. Depending upon the
basic tenets of the statistical physics assumption, most recent
developments in equilibrium models have the potential to
provide signicant insights into the distinct characteristics of
adsorption processes, particularly in relation to the interfaces
between adsorbents and adsorbates, as well as the external
properties of heterogeneous solid adsorbents. The statistical
aspects developed using these equations, including steric and
energy variables, may be implemented to clarify the underlying
pathways. The steric aspects were three key parameters: the
total amount of Cs+ ions that exist at each site (n(Cs+)), the total
number of sites lled with Cs+ across the exteriors of KA, EXK,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and KNTs (Nm(Cs+)), and the greatest ability of KA, EXK, and
KNTs to absorb Cs+ aer fully saturated (Qsat(Cs+)). The factors
combined with energetic properties included internal energy
(Eint), free enthalpy (G), entropy (Sa), and Cs+ elimination energy
(E). The statistical model that has been developed to analyze the
Cs+ retention behaviors was assessed utilizing non-linear ts
with the relevant equations associated with these models. The
aforementioned task was accomplished by using multivariable
nonlinear regression analysis in conjunction with the Leven-
berg–Marquardt iterative methodology. Based on the observed
levels of tness, a monolayer model with a single energetic site
(M1) has been employed to analyze and describe the adsorption
mechanisms of Cs+ by KA, EXK, and KNTs. This analysis as
illustrated in Fig. 8A–C and Table 3.

3.2.7. Steric studies
3.2.7.1. Quantity of adsorbed Cs+ (n(Cs+)) at single site. The

numerical ndings pertaining to the n(Cs+) factor strongly
suggest the arrangement (vertical or horizontal) of the cesium
ions that have been captured on the surfaces of KA, EXK, and
RSC Adv., 2024, 14, 3104–3121 | 3113
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Fig. 8 Fitting of the Cs+ retention with monolayer model with a single energetic site (KA (A), EXK (B), and KNTs (C)), variations in the quantity of
Cs+ ions trapped at each site (KA (D), EXK (E), and KNTs (F)), variations in the amount of filled active sites following the capture of Cs+ (KA (G), EXK
(H), and KNTs (I)), and changes in the Cs+ saturation uptake capacities (KA (J), EXK (K), and KNTs (L)).
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KNTs. These results possess additional implications for estab-
lishing the mechanistic procedures involved, specically the
distinction between multi-docking and multi-ionic. In systems
affected by multi-anchorage or multi-docking actions, one Cs+

ion is retained by numerous adsorption sites within horizontal
patterns. For processes with values exceeding one, a number of
Cs+ ions may be captured through just a single binding site
within non-parallel alongside vertical positions, and these
retention behaviors are primarily triggered by multi-ionic
3114 | RSC Adv., 2024, 14, 3104–3121
mechanistic.4,55 The determined values of n(Cs+) for KA (n(Cs+) =
3.6–3.9), EXK (n(Cs+) = 4.4–4.9), and KNTs (n(Cs+) = 5.15–9.5)
exhibit values greater than 1 (Table 3 and Fig. 8D–F). Conse-
quently, the Cs+ ions were adsorbed according to multi-ionic
mechanisms, wherein each adsorbent absorption site had the
capacity to accommodate up to four ions by KA, ve ions using
EXK, and ten ions using KNTs that were distributed in a non-
parallel vertical orientation. These ndings also verify the
exceptional impact that the morphological alterations have on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The computational constraints of the advanced isotherm
model under consideration

298 K 308 K 313 K

KA R2 0.9993 0.998 0.997
c2 0.016 0.0037 0.0048
n 3.8 3.63 3.9
Nm (mg g−1) 19.4 17.8 13.0
Qsat (mg g−1) 73.78 64.7 50.6
C1/2 (mg L−1) 62.1 67.7 71.2
DE (kJ mol−1) −8.4 −8.3 −8.5

EXK R2 0.998 0.995 0.998
c2 0.18 0.37 0.1
n 4.9 4.6 4.4
Nm (mg g−1) 40.8 36.19 27.8
Qsat (mg g−1) 199.8 166.2 122.3
C1/2 (mg L−1) 54.6 62.1 66.9
DE (kJ mol−1) −8.7 −8.5 −8.6

KNTs R2 0.995 0.991 0.995
c2 0.5 1.04 0.5
n 5.3 9.13 8.44
Nm (mg g−1) 46.94 22.6 20.6
Qsat (mg g−1) 249.7 209.5 174.05
C1/2 (mg L−1) 46.9 50.6 58.2
DE (kJ mol−1) −9.12 −9.08 −9.02
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the affinity and reactivity of the present active site, as the
reactivity of each site increased from 3 ions by KA to 5 by EXK
and 10 by KNTs. The very high reactivity of KNTs might be
attributed to their enhanced dispersion properties, interaction
interface, and reactivity of the surface to induce the aggregation
of the metal ions during their uptake by their active chemical
groups.

In terms of temperature effects, the computed n(Cs+) values
also demonstrate the signicant impact of the morphological
changes on the surcial features of the aluminosilicate units, as
the three structures (KA, EXK, and KNTs) display different
behaviors. For KA, the reported values of n(Cs+) in terms of
temperature show slight uctuation as the value decreased by
rising from 298 K (n(Cs+) = 3.8) to 308 K (n(Cs+) = 3.6) and then
increased again as the temperature rose to 313 K (n(Cs+) = 3.9)
(Table 3 and Fig. 8D). For KNTs, the behavior was reversed as
the results exhibited a positive correlation with the ambient
temperature, particularly from 298 K (n(Cs+) = 5.3) to 308 K (n(Cs+)
= 9.13), and then declined again as the temperature attained
313 K (n(Cs+)= 8.44) (Table 3 and Fig. 8F). The observed behavior
can potentially be attributed to changes in the quantity, acti-
vation, and types of the reactive functional receptors of Cs+ ions
with variations in temperature conditions.1,56 However, the
increment in temperature up to 308 K enhances the aggregation
affinity of the Cs+ ions during their adsorption by KNTs; this
reduces their aggregation behaviors during their interaction
with the surface of KA. Regarding the behavior of the values of
n(Cs+) with temperature for EXK, the estimated values validate
observable declination as the testing temperature increases
from 298 K (n(Cs+) = 4.9) up to 313 K (n(Cs+) = 4.4) (Table 3 and
Fig. 8E). This was ascribed to the expected decrease in Cs+

aggregation properties along the interface with the EXK surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
during the interaction of the cesium ions with the kaolinite
structure under high temperature conditions.51

3.2.7.2. Occupied active sites density (Nm). The density of
cesium-lled positions was assessed (Nm(Cs+)) in KA, EXK, and
KNTs is indicative of the overall number of available binding
sites across the surfaces of their particles throughout the reac-
tion's duration. The Nm(Cs+) values obtained for KA are 19.4 mg
g−1 at 298 K, 17.8 mg g−1 at 308 K, and 13 mg g−1 at 313 K, as
depicted in Fig. 8G. The values exhibited signicant improve-
ment following the implementation of exfoliation trans-
formations (EXK), resulting in values of 40.8 mg g−1 (298 K),
36.2 mg g−1 (308 K), and 27.8 mg g−1 (313 K) (Fig. 8H and Table
3). Additionally, following the silicate sheets' scrolling into
nanotubes (KNTs), the active sites' accessibility signicantly
increased to 46.9 mg g−1 (298 K), 22.6 mg g−1 (308 K), and
20.6 mg g−1 (313 K) (Fig. 8I and Table 3). The ndings support
a signicant increase in the total number of reactive sites aer
the exfoliating alteration, resulting in the formation of indi-
vidual nano-sheets and the subsequent rolling of the afore-
mentioned structures into nanotubes with improved dispersion
qualities. The primary factors contributing to this phenomenon
are the increase in surface area, the prolonged exposing prop-
erties of the strongly reactive siloxane distinct groups and the
silicate surface's heightened reactivity resulting from its trans-
formation into semi-crystalline form or amorphous
compounds. These changes facilitate the formation of a reac-
tion interface facilitates the interaction of Cs+ solutions with the
external surfaces of EXK and KNTs.

Regarding the temperature inuence, the recognized occu-
pied active site density (Nm) by the retained cesium ions and the
recognized behaviors demonstrate general diminishing with
rising the testing temperature using KA as well as EXK and
KNTs (Fig. 8G–I). This demonstrates the negative impact of
elevated temperatures on the predominance of active positions
and/or deactivation effects on the present sites and/or the
contact time for the effective retention of the cesium ions by the
existing sites. The previous studies demonstrated similar
behaviors and assigned that to the predicted desorption of the
sequestrated cesium ion on the surface of clay-based materials
as the saturation levels of the heated solutions declined with
successful uptake reactions.57 For KA as well as KNTs, this is
signicantly in accordance with the established ndings of
n(Cs+) and the aggregation behaviors. The increment in the
aggregation affinities of the cesium ions resulted in a delinea-
tion in the number of occupied sites.58 This relation between
the Nm(Cs+) and n(Cs+) values of EXK in terms of evaluating
temperature was not detected, as the two parameters display the
same behavior with temperature. These results suggested that
the previously mentioned changes in the values of n(Cs+) were
affected mainly by the aggregation properties and interionic
interactions of the cesium ions, rather than their interaction
with the silicate surface or the existence or activation of the
effective retention receptor with temperature.

3.2.7.3. Adsorption capacity at the saturation state of (Qsat).
The most accurate prediction of the maximum adsorption
qualities can potentially be accomplished by analyzing the Cs+

retention properties of KA, EXK, and KNTs while they are in
RSC Adv., 2024, 14, 3104–3121 | 3115
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a saturated state (Qsat). The outcomes of Qsat are signicantly
inuenced by the identied both the fullled site quantities
(Nm(Cs+)) and the total quantity of Cs+ ions gathered by single
position (n(Cs+)). Kaolinite, being a possible adsorbent of Cs+,
exhibits established Qsat levels of 73.8 mg g−1 at 298 K, 64.7 mg
g−1 at 308 K, and 50.6 mg g−1 at 313 K (Fig. 8J and Table 3). The
exfoliating product (EXK) exhibits better retention capacities at
different temperatures. Specically, at 298 K, the uptake
capacity is up to 199.8 mg g−1. At 308 K, the uptake capacity is
166.2 mg g−1, and at 313 K, it is 122.3 mg g−1 (Fig. 8K and Table
3). The detected enhancement experienced a substantial
increase following the transformation of the layers into nano-
tubes (KNTs), resulting in values of 249.7 mg g−1 (298 K),
209.5 mg g−1 (308 K), and 174 mg g−1 (313 K) (Fig. 8L and Table
3). The detrimental impacts of temperature eventually resulted
in the conclusion that KA, EXK, and KNTs exhibit exothermic
tendencies in their Cs+ retention activities. This illustrated how
the testing temperature has an acceleration effect on the
retention's thermal collision characteristics, which lowers the
effectiveness of Cs+ binding.55 Furthermore, the determined
capacities of Qsat associated with variations in retention
temperature are in light of the aforementioned characteristics
exhibited by Nm(Cs+) versus n(Cs+). This suggests that the avail-
ability of the active sites plays a crucial role in regulating the
performance of Cs+ adsorption, instead of the prospective
capacity of individual active sites for KA and KNTs. However, it
is important to note that both parameters do inuence the
adsorption capacity of cesium ions by EXK.

3.2.8. Energetic studies
3.2.8.1. Uptake energy. The determination of the energy

changes (DE) associated with the uptake activities of Cs+ can
provide valuable insights into the underlying mechanisms,
whether they are governed by chemical or physical factors.
Chemical pathways typically exhibit energy levels exceeding
80 kJ mol−1, while physical reactions tend to possess energies
below 40 kJ mol−1. The mechanistic reactions that occur during
physical processes can be classied into many types according
to the values of adsorption energies. The mechanisms under
consideration encompass hydrogen bonding (with an energy
range of less than 30 kJ mol−1), van der Waals attraction
(ranging from 4 to 10 kJ mol−1), dipole–dipole interactions
(with energies ranging from 2 to 29 kJ mol−1), coordination
exchange (with an energy of 40 kJ mol−1), and hydrophobic
interactions (with an energy of 5 kJ mol−1).51,59 The computation
and determination of the Cs+ retention energy levels (E) have
been accomplished using eqn (5), which incorporates the
calculated solubility of Cs+ in testing solutions (S), gas constant,
Cs+ levels when KA, EXK, and KNTs are a half saturated, and the
temperature within absolute terms (T).58

DE ¼ RT ln

�
S

C

�
(5)

The computed energies for the immobilization of Cs+ via KA
and EXK fall inside the boundaries of−8.3 to−8.5 kJ mol−1 and
−8.5 to −8.7 kJ mol−1, respectively. On the other hand, the ex-
pected levels for KNTs exhibit a range of −9.02 to
3116 | RSC Adv., 2024, 14, 3104–3121
−9.12 kJ mol−1. Hence, the uptake of Cs+ by KA, EXK, and KNTs
primarily occurred by physical mechanisms involving dipole–
dipole interactions (2 to 29 kJ mol−1), van der Waals force (4 to
10 kJ mol−1), and hydrogen bonding (<30 kJ mol−1). Moreover,
the observed negative values of DE for the Cs+ capture reactions
by KA, EXK, and KNTs are consistent with the ndings from the
tests conducted about the exothermic nature of these processes.

3.2.9. Thermodynamic aspects
3.2.9.1. Entropy. The order as well as disorder features of

KA, EXK, and KNTs' particulates can be identied by the entropy
(Sa) corresponding to the retention of Cs+ by them when
exposed to various levels of Cs+ and temperature conditions.
The Sa aspects have been emphasized based on the earlier
determined Nm and n quantities, as well as the Cs+ contents
throughout the half-saturation phases of KA, EXK, and KNTs
(C1/2).

Sa

KB

¼ Nm

8>>><
>>>:
ln

�
1þ

�
C

C1=2

�n�
� n

�
C

C1=2

�n ln

�
C

C1=2

�

1þ
�

C

C1=2

�n

9>>>=
>>>;

(6)

The results obtained illustrate a signicant drop in entropy
magnitudes (Sa) when Cs+ is absorbed by KA, EXK, and KNTs,
particularly at high Cs+ levels. The observed trends illustrate
a signicant diminution of the disorder aspects of the interfaces
of KA, EXK, and KNTs as the levels of Cs+ ions increase (see
Fig. 9A–C). The observed entropy aspects additionally provide
evidence for the successful docking of Cs+ ions onto the pre-
existing active sites of KA, EXK, and KNTs, besides the unoc-
cupied binding receptors, at low levels of the existing cesium
ions.58,60 Throughout the retention of Cs+ by KA, it was noted
that at equilibrium levels of 86.48 mg L−1 (298 K), 83.28 mg L−1

(308 K), and 79.8 mg L−1 (313 K), the maximum degree of
entropy was attained (Fig. 9A). The corresponding equilibrium
levels of greatest entropy, as determined for EXK, were found to
be 70.88 mg g−1 at 298 K, 63.7 mg g−1 at 308 K, and 56.2 mg g−1

at 313 K (Fig. 9B). The highest entropy levels during the utili-
zation of KNTs as adsorbents for Cs+ ions are 60.5 mg L−1 (at
a temperature of 298 K), 52.5 mg L−1 (at a temperature of 308 K),
and 47.3 mg L−1 (at a temperature of 313 K) (Fig. 9C). The
equilibrium levels closely correspond to the Cs+ concentrations
expected under the conditions for half-saturation for KA, EXK,
and KNTs. Consequently, the binding sites of Cs+ ions become
unavailable for further docking. Moreover, the observed
reductions in entropy values suggest a notable fall in the
quantity of unoccupied sites, along with a discernible drop in
the characteristics of freedom andmobility displayed by the Cs+

ions.61

3.2.9.2. Internal energy and free enthalpy. The present study
evaluates the internal energy (Eint) associated with the retention
of Cs+ ions by K, EXK, and KNTs. Additionally, the changes in
free enthalpy (G) triggered by variations in the Cs+-initiated
concentrations along with the testing temperature are exam-
ined. The assessment is conducted using the parameters out-
lined in eqn (7) and (8), which are dependent on the previously
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The variation in entropy characteristics though the Cs+ are being retained (KA (A), EXK (B), and KNTs (C)), variation in internal energy
characteristics that occurs though Cs+ are retained (KA (D), EXK (E), and KNTs (F)), and variation of the free enthalpy characteristics while the Cs+

ions are being retained (KA (G), EXK (H), and KNTs (I)).
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dened values of Nm, n, and C1/2, as well as the translation
partition (Zv).56

Eint

KBT
¼ nNm

2
6664

0
BBB@

�
C

C1=2

�n

ln

�
C

Zv

�

1þ
�

C

C1=2

�n

1
CCCA�

0
BBB@
n ln

�
C

C1=2

��
C

C1=2

�n

1þ
�

C

C1=2

�n

1
CCCA

3
7775
(7)

G

KBT
¼ n Nm

ln

�
C

Zv

�

1þ
�
C1=2

C

�n (8)

The determined values of internal energy (Eint) for adsorp-
tion reactions of Cs+ on KA, EXK, and KNTs exhibit negative
values. These results indicate a signicant reduction in Eint
when the operating temperature is raised from 298 K to 313 K,
as depicted in Fig. 9D–F. Consequently, the Cs+ adsorption
mechanisms of KA, EXK, and KNTs display a higher degree of
© 2024 The Author(s). Published by the Royal Society of Chemistry
spontaneity and exothermicity. Similar actions and features
have been detected for the predened enthalpy values, as
depicted in Fig. 9G–I. The G levels exhibit a negative trend and
display reversible relationships with the evaluated tempera-
ture, suggesting a drop in the criteria of feasibility. This
observation endorses the Cs+ retention's exothermic and
spontaneous belongs of KA, EXK, and KNTs, as depicted in
Fig. 9G–I.

3.2.10. Effect of coexisting ions. A comprehensive experi-
mental investigation was conducted to examine the potential
adverse effects of various metal ions in addition to soluble
anions on the binding capacity of synthetic KA, EXK, and KNTs
for Cs+ ions. The metals that were examined in this study were
Cd2+, Zn2+, Pb2+, and Co2+, whereas the anions that were
examined included HCO3

−, NO3
−, SO4

2−, and PO4
3−. The

primary variables have been selected to have maintained values
[incorporated dosage: 0.4 g L−1; duration: 24 hours; tested
volume: 100 mL; concentration: 100 mg L−1 (50% Cs+ + 50% the
coexisting ion); temperature: 298 K]. All of the dissolved anions
involved possess a very little effect on KA, EXK, and KNTs
RSC Adv., 2024, 14, 3104–3121 | 3117
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Fig. 10 Effect of the coexisting anions (A) and metal cations (B) on the
uptake performances of KA, EXK, and KNTs for Cs+ ions.

Fig. 11 The recyclable potential of KA, EXK, and KNTs during the
retention of Cs+ ions.
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elimination sensitivity towards Cs+ ions (Fig. 10). The soluble
anions of PO4

3− and HCO3
− exhibited the most pronounced

inhibitory impact on the retention activities of Cs+ (Fig. 10A).
The regulating mechanism, which involves ligand exchange
along with complexation activities, may be used to illustrate
this.62,63 These two soluble anions (PO4

3− and HCO3
−) have

a tendency to create extremely stable inner complexes with their
functional structures that possess active hydroxyl groups. This
characteristic makes them very competitive with Cs+ ions
(Fig. 10A).62–64 The other species of soluble anions, including
SO4

2− and NO3
−, have a tendency to develop into outer-sphere

complexes that are of poor stability, and, as a consequence,
they have limited competitive characteristics with the Cs+ ions
throughout the adsorption stages.63

The incorporation of other metallic ions, including Cd2+,
Pb2+, and Zn2+, has a signicant negative impact on the
uptake of Cs+ ions. Likewise, the presence of Co2+ ions has
a signicantly adverse impact on the sensitivities of KA, EXK,
and KNTs for Cs+ ions (Fig. 10B). However, the materials still
have better performance for the examined cesium ions than
cobalt ions (Fig. 10B). The synthetic EXK and KNTs nano-
structures exhibit excellent effectiveness in eliminating
cesium ions from water supplies, regardless of the presence of
additional species of soluble chemicals, either anions or
3118 | RSC Adv., 2024, 14, 3104–3121
metallic cations, based on the concentration of Cs+ ions that
were examined.

3.2.11. Recyclability. The reusability tests were conducted
in order to assess the suitability of synthesized EXK and KNTs
for use in commercial and industrial-scale operations. The
process of regenerating the EXK and KNT particulates included
subjecting them to a washing procedure using a dilute solution
of NH4Cl (1 mol L−1) for a duration of 10 minutes. This was
done with the aid of a magnetic stirrer to ensure efficient
elution along with the desorption of the binding Cs+ ions.
Subsequently, the particles underwent separation by ltering
and were subjected to an extra washing process using distilled
water for duration of 10 minutes. Following this, the particu-
lates were dried for a period of 10 hours at a temperature of 60 °
C to get ready for their utilization in the subsequent adsorption
cycles (Fig. 11). The experiment was conducted in ve replicates,
considering the elimination capacity of Cs+ ions. The parame-
ters that were adjusted throughout the experiment were the
solid dose (0.4 g L−1), length (24 hours), volume (100 mL),
concentration (100 mg L−1), and temperature (298 K). The
experimental ndings regarding the elimination efficiency of
Cs+ ions indicate that EXK and KNTs exhibit favorable stability
as adsorbents with notable recyclability potential. In terms of
the recycling of EXK throughout the sequestration of Cs+ ions,
the material exhibited a removal capacity over 197 mg g−1 for
two cycles, exceeding 195 mg g−1 for three cycles, and exceeding
185 mg g−1 throughout ve cycles (Fig. 11). Throughout the
recyclability of KNTs during the elimination of Cs+ ions, the
reported elimination capacities exceed 245 mg g−1 during two
cycles, surpass 240 mg g−1 throughout three cycles, and exceed
230 mg g−1 throughout ve cycles (Fig. 11). The observed linear
decline in the effectiveness of the elimination of Cs+ ions by the
EXK and KNTs materials as the reuse and recycling cycles
increase may be attributed to the persistent creation of
complexes between the cesium ions and the structural reactive
groups of EXK and KNTs. These complexes development leads
to a decrease in the number of accessible, unoccupied sites for
adsorption.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

The retention performances of Cs+ ions by synthetic exfoliated
nano-kaolinite sheets (EXK) and kaolinite nanotubes (KNTs)
were assessed as advanced, eco-friendly, clay-based adsorbents
of controlled morphologies. The scrolled products display the
best retention capacity of Cs+ (249.7 mg g−1) as compared to
the EXK product (199.8 mg g−1) and the raw kaolinite (73.8 mg
g−1). The sequestration mechanism in terms of the adsor-
bents/Cs+ interfaces was described according to the scientic
signicance of the advanced monolayer isotherm model. The
steric investigations revealed a signicant increase in the
number of currently available active sites of adsorption from
9.4 mg g−1 for kaolinite to 40.8 mg g−1 for EXK and 46.9 mg g−1

for KNTs at 298 K in consequence of the rise in surface area
and subsequent augmentation in surface reactivity. This
enhancement in reactivity appeared in the increment in the
number of retained Cs+ ions (n = 10 (KNTs) and 5 (EXK)),
which also suggested multi-ionic mechanisms. The deter-
mined retention energies (<40 kJ mol−1) and the estimated
thermodynamic functions reect the exothermic, physical, and
spontaneous sequestration of Cs+ by EXK and KNTs. Finally,
the two structures display considerable elimination perfor-
mance of the Cs+ ion even in the co-existence of additional
metal ions or chemical anions.
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