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dvanced isotherm investigation for
the enhancement influence of zeolitization and b-
cyclodextrin hybridization on the retention
efficiency of U(VI) ions by diatomite†

Ashour M. Ahmed,*a Islam Saad,b M. Abdel Rafeaa and Mostafa R. Abukhadra *cd

In synergetic investigations, the adsorption effectiveness of diatomite-based zeolitic structure (ZD) as well

as its b-cyclodextrin (CD) hybrids (CD/ZD) towards uranium ions (U(VI)) was evaluated to examine the

influence of the transformation procedures. The retention behaviors and mechanistic processes have

been demonstrated through analyzing the steric and energetic factors employing the modern

equilibrium approach (a monolayer model with a single energy level). After the saturation phase, the

uptake characteristics of U(VI) were dramatically improved to 297.5 mg g−1 after the CD blending

procedure versus ZD (262.3 mg g−1) or 127.8 mg g−1. The steric analysis indicated a notable increase in

binding site levels after the zeolitization steps (Nm = 85.7 mg g−1) as well as CD implementation (Nm =

91.2 mg g−1). This finding clarifies the reported improvement in the ability of CD/ZD to effectively retain

the U(VI) ions. Furthermore, every single active site of the CD/ZD material has the capacity to adsorb

around four ions, which are aligned according to a vertical pattern. The energetic aspects, specifically

Gaussian energy (<8 kJ mol−1) along with retention energy (<40 kJ mol−1), validate the regulated

influences of the physical mechanistic processes. The physical adsorption of U(VI) seems to depend on

various intermolecular forces, such as van der Waals forces, in conjunction with zeolitic ion exchanging

pathways (0.6–25 kJ mol−1). The thermodynamic assets have been evaluated to confirm the exothermic

together with spontaneous adsorption U(VI) by ZD and its blend with CD (CD/ZD).
1 Introduction

Chemical pollution of freshwater sources, together with the
ensuing negative consequences on people's wellness and
ecological systems, are important challenges that constitute
a severe danger to humanity's future prosperity.1 Toxic waste-
water from mining, farming, and factories is constantly being
released into the environment without any regulations or
controls.2,3 This is causing the current state of water contami-
nation and the subsequent ecological issues. The potential
existence of hazardous metals in aquatic environments,
whether in the form of dissolved ions or chemically bonded
with other compounds, presents a substantial threat to both the
ecological balance and the welfare of people.2,4 The
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aforementioned chemicals have been categorized as highly
toxic, non-biodegradable, and cancer-causing agents with
a propensity to accumulate within the physiological systems of
both humans and animals.4,5 The mining sector, industrial
activities, and nuclear fuel processes are substantial contribu-
tors of different potentially hazardous and radioactive ions,
including uranium, barium, cesium, thorium, and strontium.6–8

The nuclear power sector is strongly connected with the
generation of a substantial amount of radioactive residues and
waste materials.9–11 Uranium is crucial in the generation of
nuclear energy and has been widely established as one of the
most radioactive and risky contaminants in water resources.12,13

Uranium ions have been identied as highly mobile and soluble
radioactive ions, particularly in the U(VI) form. This has led to
their excessive seepage into water supplies, thereby endan-
gering biological diversity as well as humanity's survival.14,15 The
implementation of uranium(VI) as a contaminant within the
food supply to humans results in hepatic injury, renal
dysfunction, and eventually mortality. Additionally, the pres-
ence of U(VI) pollutants signicantly impedes the growth rates of
organism embryos, thereby exerting a detrimental impact on
the survival as well as reproductive functions of numerous
species.14 To mitigate its detrimental effects, the US
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Environmental Protection Agency established the limit levels of
U(VI) within drinking water, surface water, and groundwater at
30, 50, and 2000 mg L−1, respectively.6,16

The use of new adsorbents for extremely radioactive ion
elimination has been described and advocated as a very simple,
reusable, and commercially viable technique.17 The expenses of
production, feasibility of manufacturing, recoverable possi-
bility, accessibility, adsorption kinetics, and efficacy of seques-
tration were all variables considered while assessing the most
benecial structures that may be employed as adsorption
agents.16,18 As a result, comprehensive studies have already been
conducted on synthetically produced adsorbents, comprising
naturally derived materials, and they have demonstrated
remarkable efficacy and potential as adsorbents for the removal
of various dissolving toxins.4,18 Considerable assessments have
been conducted on both naturally occurring and synthetic
porous silica as well as silicate-based nanoporous materials that
have veried effectiveness as adsorbent frameworks owing to
their notable surface area, adsorption ability, and profoundly
porous characteristics.19,20 Diatomite refers to a geological
scientic term that describes the naturally occurring consoli-
dation formed by the siliceous skeletal structures of dia-
toms.21,22 It represents a harmless biomaterial with substantial
resources, thermo-chemical stability, surface area, interfacial
reactivity, and retention effectiveness.21,23,24 Consequently, it
was widely used in the essential reduction and retention treat-
ments of various species of soluble chemicals within water
resources.21,25 This was assigned to saturation of the diatomite
surface with oxygen bridge defects, silicon hydroxyl bridges,
and coordination defects, which exhibit remarkable affinities
for various kinds of soluble pollutants.21 Nevertheless, the latest
investigation has revealed signicant improvements in the
morphological and physicochemical characteristics of diato-
mite through phase and surface-modifying methods.20,26

The phase conversion of such natural reactive forms of silica
into different species of zeolite, either completely or partially in
the form of zeolite/diatomite composite, was suggested in
several studies as an effective approach to enhance the tech-
nical properties, including surface reactivity, surface area,
porous structure, ion exchange capacities, and retention
affinities.27–29 Furthermore, the organic surcial modication or
polymeric hybridizing processes, particularly using safe and
eco-friendly biopolymers (cellulose, chitosan, and b-cyclodex-
trin), signicantly induce surface reactivity and the abundance
of the numerous effective uptake sites on the surface of the
silicate structures. This resulted in a promising hybridized
adsorbent with enhanced uptake efficiency in addition to its
environmental and biodegradable value.30–33 b-Cyclodextrin (b-
CD), an extensively addressed and used oligosaccharide
biopolymer, was recommended in several studies to be incor-
porated as vital components in innovative and effective hybrid
adsorbents.34,35 The previous literature reported several physi-
ochemical advantages for b-CD, including its natural accessi-
bility, chemical stability, biosafety, structural exibility, and
uptake effectiveness.34,36 Therefore, it was expected that the
hybridization of the zeolitic phase of diatomite with b-CD would
result in a signicant enhancement of the retention efficiency of
© 2024 The Author(s). Published by the Royal Society of Chemistry
U(VI) either by providing more active removal sites or by
promoting a surcial reactive nature.

Consequently, the current study included a comprehensive
examination of three diatomite-based adsorbents to charac-
terize their ability to eliminate U(VI) from aqueous solutions.
The three types of adsorbents have been synthesized using the
process of phase hydrothermal alteration of diatomite into
zeolite, followed by the functioning of the resulting zeolitic
phases with b-cyclodextrin by facile dispersion of zeolite within
the polymer solutions. These materials comprise untreated
diatomite (DI), zeolitic diatomite crystalline phase (ZD), and
zeolitic diatomite hybrids with b-cyclodextrin (CD/ZD). The
obtained zeolite and CD/ZD displayed enhanced surface area
and high saturation of different active chemical groups based
on the results of the applied analytic techniques. The investi-
gation focused on examining the effects of various alteration
stages upon the adsorption capabilities of the resulting struc-
tures, particularly in relation to the interfaces between the
adsorbents and U(VI) adsorbate. The objective was attained by
employing experimental variables and mathematical aspects
derived from modern equilibrium simulation, in accordance
with the principles of statistical physics. These parameters
declared a signicant enhancement in the retention capacity of
uranium aer the modication process, which was correlated
with the enhancement in the surface area and the quantities of
the active chemical groups.
2 Experimental sections
2.1 Materials

Processed naturally formed diatomite (97.87% purity) has been
acquired from Egypt's Central Metallurgical and Development
Institute. The starting sample underwent chemical renement
through acid-washing protocols utilizing hydrochloric acid
(37% pure) along with hydrogen peroxide (30% pure) to get rid
of calcareous, organic, and metal-based substances (Cornel Lab
Company; Egypt). Aluminum hydroxide (AlOH)3 and sodium
hydroxide (NaOH) pellets with a grade of 97% were obtained
from Sigma-Aldrich in Egypt and utilized in the zeolitization
processes of diatomite powder. For the simple modication of
zeolitized diatomite, commercial b-cyclodextrin as a crystalline
polymer (>85% purity) along with pure ethanol (95% purity) was
employed.
2.2 Fabrication of zeolite from diatomite (ZD)

4 g of diatomite had been subjected to an acidic cleaning phase
for a duration of 4 hours utilizing a diluted hydrochloric acid
solution (10%). Aerwards, a rinsing step employing H2O2 was
carried out to guarantee the thorough elimination of any
impurities connected with the precursor material. The rened
material was employed in the alkaline hydrothermal process of
zeolitization. The diatomite as powder had been blended with
Al(OH)3 throughout a solution of NaOH, having a volume of 100
mL. Themixture was stirred using an electromagnetic stirrer for
120 minutes at a precisely controlled 1000 rpm speed and
a temperature of operation of around 50 °C. The blend was
RSC Adv., 2024, 14, 8752–8768 | 8753
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prepared by mixing all of the chemicals at specic molar ratios
(Si/Al (1/1.3), Na2O/SiO2 (1.4/1), and H2O/Na2O (40/1)). Subse-
quently, the mixes were meticulously poured into an autoclave
lined with Teon with a volume of 150 mL, serving as the
transformation system. The autoclave was then subjected to
thermal treatment at a temperature of 120 °C for a duration of 5
hours. Subsequently, synthesized zeolitized diatomite particu-
lates have been separated out of the residual alkaline solution,
subjected to a washing process, and neutralized using distilled
water. Lastly, the resulting particles had been dried for 12 hours
at a temperature of 85 °C.
2.3 Production b-cyclodextrin/zeolitic diatomite composite
(CD/ZD)

The procedure for functionalizing ZD particulates using b-
cyclodextrin was carried out employing the approach described
by Altoom et al.,.31 The CD powder (1 g) had initially been
dispersed and pulverized into roughly 80 mL of ethanol
throughout the duration of 3 hours utilizing a magnetic stirrer
set at 1000 rpm, resulting in the formation of a slurry-like
mixture. In the context of a collaborative test, the earlier
synthesized ZD particulates, weighing 2 g, had been subjected
to dispersion and homogenization for a duration of 60 minutes.
This process was carried out by swirling the particulates into
100 mL of distillate water at a speed of 1000 rpm while simul-
taneously applying a sonication generator with a power output
of 240 W. Subsequently, the ZD mixture and the slurry-like
solution of CD were added together and subjected to homoge-
nization via stirring processes at a speed of 1000 rpm for
a duration of 24 hours. Aerwards, a further blending process
was conducted for a duration of 24 hours via a sonication
generator with a power output of 240 W. The resulting
composite particulates were further separated from the residual
solution through the use of a Whatman lter paper. The
recovered material underwent a washing process using distilled
water to purify and neutralize the outermost layer of CD/ZD.
Aer that, it underwent drying at a temperature of 60 °C for
a duration of 12 hours.
2.4 Characterization techniques

The levels of crystallization and phase detection of crystalline
structures were assessed using a PANalytical-Empyrean X-ray
diffractometer. This instrument has a measurement range
spanning from 0 to 70°. The structural groups of DI, ZD, and
CD/ZD, in comparison with kaolinite, were identied using
a Fourier transform infrared spectrometer (FTIR8400S; Shi-
madzu) with a detection wavelength range of 400 to 4000 cm−1.
The morphologies of DI, ZD, and CD/ZD and their changes
according to the kaolinite base morphology were examined
during various transformation steps through the analysis of
SEM photos. The photographs were captured using the scan-
ning electron microscope (Gemini, Zeiss-Ultra 55) subsequent
to the application of thin layers of gold throughout the exteriors
of DI, ZD, and CD/ZD. The porosity and surface area of DI, ZD,
and CD/ZD were ascertained by examining the corresponding
8754 | RSC Adv., 2024, 14, 8752–8768
N2 adsorption and desorption isotherms employing a surface
area analyzer (Beckman Coulter SA3100).
2.5 Adsorption studies

Adsorption strategies for eliminating uranium ions (U(VI)) were
tested in batches utilizing DI, ZD, and CD/ZD. The investigation
employed standard experimental variables, such as pH levels
that ranged from 2 to 8, retention periods spanning from 30 to
880 minutes, and U(VI) concentrations between 50 until
350 mg L−1. Furthermore, the experimental conditions
included the manipulation of the evaluating temperature,
which was systematically changed throughout a range spanning
from 293 K to 313 K. In addition, the remaining key testing
factors were deliberately selected and consistently retained at
predetermined values across the duration of the study [the
volume was set at 200 mL and the amount of solid dose at 0.2 g
L−1]. The design of the experiments has been analyzed in three
separate experiments, utilizing the mean values for all deter-
mined concentrations in addition to the resultant estimations
or observations. Aer the equilibrium stage, the solid particu-
lates of DI, ZD, and CD/ZD were taken away from the U(VI)
solutions using Whatman lter paper. The level of U(VI) in the
analyzed solutions has been measured by applying inductively
coupled plasma mass spectrometry (ICP-MS) equipment that is
supplied by PerkinElmer. The U(VI) standard utilized
throughout measurements had been subject to verication by
the National Standard & Technology Institute (NIST), while the
reference standard was purchased via Merck Company (Ger-
many). The determination of the adsorption capacities (Qe) of
U(VI) by DI, ZD, and CD/ZD was estimated in mg g−1 employing
eqn (1). The computation considered various factors, including
the volume (V), the dosages of DI, ZD, and CD/ZD (m), the initial
concentration of U(VI) (Co), and the nal concentration of U(VI)
(Ce).2

Qe

�
mg g�1

� ¼ ðCo � CeÞV
m

(1)
2.6 Equilibrium studies

The adsorption tests were modelled using various modelling
techniques, including standard kinetic, common isotherm, and
advanced equilibriummodels. The advanced or modernmodels
were developed based on hypotheses developed from the
fundamentals of statistical physics (Table S1†). Nonlinear
regression methodologies were employed to conduct kinetic
and traditional equilibrium analyses. The analysis took into
account the numerical formulas of the previously implied
models. The correlation coefficients (R2) (eqn (2)) and chi-
squared (c2) (eqn (3)) values are the most important signs of
how well the model ts the data. The evaluation of the consis-
tency between the uptake activities' matching levels and the
modern models was achieved through the utilization of the
coefficient of correlation (R2) in conjunction with the root mean
square error (RMSE), as indicated by eqn (4). The symbols m0, p,
Qical, and Qiexp represent the empirical data obtained, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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variables investigated, the predicted U(VI) adsorption, and the
conrmed U(VI) adsorption capacity, respectively.2

R2 ¼ 1�
P�

qe;exp � qe;cal
�2

P�
qe;exp � qe;mean

�2 (2)

c2 ¼
X�

qe;exp � qe;cal
�2

qe;cal
(3)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1

�
Qical �Qiexp

�2
m0 � p

vuuut
(4)
3 Results and discussion
3.1 Characterization

The X-ray diffraction (XRD) patterns acquired were utilized to
track the progression of both the phase transition and the
functioning procedures. The diatomite powder frustules that
have been used show a unique pattern that can tell the differ-
ence between opaline and amorphous silica. This pattern
includes a large, noticeable peak seen at a 2 theta position of 22°
(Fig. 1A). The zeolitic phases that were obtained for diatomite
(ZD) demonstrate a notable transformation of the siliceous
composition of diatomite to well-crystalline synthesized zeolite
phases, including synthesized sodalite (JCPDS # 01-071-53569)
and zeolite Na-A (ICCD ref. code no. 00-039-0222) (Fig. 1B).
Regarding the pattern of b-cyclodextrin in its distinct phase, it
reveals its highly crystallized form based on the detectable
distinct diffraction peaks (6.80°, 10.83°, 12.57°, 12.64°, 13.0°,
15.55°, 18.90°, 19.80°, 23.00°, 25.81°, 30.30°, and 34.90°)
(Fig. 1C). The established pattern of the generated CD/ZD
hybrid conrms the successful blending of the zeolite phases
as a base with the polymeric structure (Fig. 1D). The pattern
Fig. 1 XRD pattern of starting diatomite (A), zeolitic diatomite (B),
integrated CD polymer (C), and the prepared CD/ZD composite (D).

© 2024 The Author(s). Published by the Royal Society of Chemistry
provides evidence for the presence of identifying peaks corre-
sponding to the zeolite phases, specically the sodalite phase
and well-synthesised zeolite-A (Fig. 1D). Additionally, the
distinctive peaks of the CD are also observed. Nevertheless, the
identied peaks exhibited substantial deviations from their
initial placements, along with a signicant drop in their
magnitudes. The aforementioned ndings conrm the
substantial incorporation and reactions that occur between the
reactive functional groups of the zeolitic phases and the
chemical structure of the polymer.

The analysis of alterations in the essential chemical groups
during the different synthesizing procedures was assessed
considering the determined FT-IR spectra. The spectrum of DI
demonstrates clearly that the known chemical groups of non-
crystalline silica include Si–O (at a wavelength of 465 cm−1),
asymmetrical Si–O–Si (at 700 cm−1), symmetrical Si–O–Si (at
1092.1 cm−1), H–O–H (at 1638.13 cm−1), and Si–O–H (at
3437 cm−1) (Fig. 2A).20,25 The spectrum of ZD demonstrates the
successful transformation of the diatomite siliceous composi-
tion into crystallite phases of zeolite (sodalite and zeolite-A)
(Fig. 2B). The main zeolitic chemical groups were detected
clearly, including Si–OH (3610 cm−1) and Al–OH (3427 cm−1)
groups in addition to the coordinated water inside the internal
channels of zeolite (1471 cm−1), bending of Si–O–Si (992 cm−1),
Si–O group (708 and 454 cm−1), and Si–O–Al group (636 and
551 cm−1) (Fig. 2B).37

The organic chemical groups of b-cyclodextrin (poly-
saccharides and glycosidic) as a pure phase were identied
signicantly from its spectrum. These groups involve O–H at
3376 cm−1, –CH/CH2 asymmetrical stretching at 2926 cm−1,
O–H bending at 1636 cm−1, C–O–C stretching at 1200 cm−1,
H–O–H deformation in the CD cavity at 1666.2 cm−1, C–O
stretching at 1000 cm−1, C–OH bending vibration at 1482 cm−1,
and asymmetric glycosidic C–O–C stretching at 1158 cm−1

(Fig. 2C).38,39 The FT-IR spectra of CD/ZD demonstrated the
efficient hybridization of the zeolitic phases from diatomite by
the main chemical functionalities of CD (Fig. 2D). The main
Fig. 2 FT-IR spectra of starting diatomite (A), zeolitic diatomite (B),
integrated CD polymer (C), and the prepared CD/ZD composite (D).

RSC Adv., 2024, 14, 8752–8768 | 8755
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groups of zeolite (Si–O (around 450 cm−1), asymmetrical Si–O–
Si (around 710 cm−1), coordinated water (around 1427 cm−1),
symmetrical Si–O–Si (around 1008 cm−1), and Si–O–H (around
3435 cm−1)) and those of CD (–CH/CH2 (around 2918 cm−1), C–
OH bending (around 1474 cm−1), and C–O–C (around
1214 cm−1)) in the same pattern conrms the successful
hybridization between them (Fig. 2D). The previous results are
in agreement with the EDX analysis (Fig. S1†).

The evaluation of morphological ndings pertaining to the
modication techniques was conducted based on the analysis
of SEM images (Fig. 3). The unprocessed diatomite displays the
distinctive geometries of the siliceous frustules or skeletal
properties of diatoms (Fig. 3A). The inspected grains displayed
a high degree of porosity and had a pinnate-like structure. The
SEM images of ZD demonstrate the successful transformation
of diatomite into two distinct zeolitic phases (zeolite-A and
sodalite) exhibiting various morphologies (Fig. 3B and C). The
sodalite phase exhibits a highly formed and visually striking
oral structure, whereas synthesized zeolite-A possesses its own
unique cubic geometry (Fig. 3C). Furthermore, the zeolitic
crystals exhibit an irregular distribution pattern and adhere to
the outside of the pinnate structure of diatomite, closely
mimicking its shape. Notably, the presence of undamaged
remnants of the diatom frustules was detected. This provides
support for the incomplete and limited transformation of the
involved diatomite portions into zeolite, indicating the poten-
tial development of a hybrid framework consisting of synthe-
sized zeolite and diatomite. Following blending processes of CD
polymeric, the SEM images of CD/ZD exhibit the reoriented
state of the zeolitic crystals within newly formed aggregated
particles related to the matrix of the polymer possessing totally
different morphology and rough topography (Fig. 3D–F). The
Fig. 3 SEM images of starting diatomite (A), zeolitic diatomite (B), high m
and blue arrows refer to zeolite-A) (C), synthetic CD/ZD composite (ze
magnification images on the integrated polymeric matrix of CD (F).

8756 | RSC Adv., 2024, 14, 8752–8768
polymeric matrix exhibited distinct worm-like or lenticular-
shaped granules, ranging in size between 100 and 500 nm
(Fig. 3F). Additionally, the magnied photos declare the orna-
mentation of these particles with nano-dots or nano-spheres,
which increase the overall surface area of the resulting struc-
ture (Fig. 3D and E). The key texture characteristics as a result of
the two modication steps were assessed based on the surface
area. The unprocessed diatomite has a remarkable surface area
of 117.7 m2 g−1, which was enhanced to 356 m2 g−1 aer the
zeolitization reactions and up to 364.3 m2 g−1 aer the modi-
cation process with CD. This increase can be attributed to the
composite's morphologies, as described earlier.
3.2 Adsorption studies

3.2.1 Effect of pH. The inuence of pH values spanning 2 to
8 on the quantity of U(VI) to be adsorbed was examined
employing DI, ZD, and CD/ZD as highly efficient adsorbents.
The aforementioned laboratory tests were conducted with
careful control over key factors such as the level of U(VI) of
100 mg L−1, a time frame of 120 minutes, a solid dosage of 0.2 g
L−1, a volume of 200 mL, and a temperature of 20 °C. These
factors were scrupulously maintained at their assigned levels
throughout the experiments. The retention efficiencies of U(VI)
determined by using DI, ZD, and CD/ZD show considerable
improvements as the pH of the polluted solutions being studied
increases from pH 2 (12.5 mg g−1 (DI), 18.7 mg g−1 (ZD), and
23.5 mg g−1 (CD/ZD)) until pH 5 (66.5 mg g−1 (DI), 77.8 mg g−1

(ZD), and 95.4 mg g−1 (CD/ZD)) (Fig. 4). Subsequently, the
noticed rise in pH triggered a substantial reduction in the
conrmed retention efficiencies of U(VI) by both DI and its
synthesized adsorbents. Nevertheless, this retention
agnification on the formed zeolite phases (red arrows refer to sodalite
olite (red arrows) and polymeric matrix (blue arrows)) (D and E), high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The influence of the pH values on the retention of U(VI) ions by
DI, ZD, and CD/ZD.

Fig. 5 The influence of contact time on the retention of U(VI) by DI,
ZD, and CD/ZD (A), the intra-particle diffusion curves (B), pseudo-first
order kinetic model fitting results (C), and pseudo-second order
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effectiveness remained signicant until a pH of 8. Therefore,
such materials have the potential to be used as effective
adsorbents in actual purication operations, aligning with a pH
level of 6 to 9 recommended by the US Environmental Protec-
tion Agency (EPA) for the treatment of industrial effluents.40 The
presented behaviors demonstrate a signicant association
between the pH and the ionization properties of U(VI) ions,
alongside the electrical charges across the exteriors of DI, ZD,
and CD/ZD.6 Uranium(VI) mostly exists in a monomeric state as
UO2

2+ and in smaller quantities as UO2(OH)+ at pH levels equal
to or less than 4.3. Beyond pH 5, U(VI) is found in either colloidal
or oligomeric phases such as (UO2)2(OH)2

2+, (UO2)4(OH)7
+, and

(UO2)3(OH)5
+, UO2(OH)3

−, and (UO2)3(OH)7
−, with dominant

existence for the negative species at the alkaline conditions.6,41

Consequently, the attraction of its ions at low pH levels led to
a signicant degree of competitiveness and repulsive responses
involving the H+ (or H3O

+) and UO2
2+ on the binding sites of DI,

ZD, and CD/ZD. This phenomenon exhibited a steady decline in
its impact until reaching a pH of 5. When the pH exceeds 5, the
surfaces of DI as well as ZD and CD/ZD acquire a greater
quantity of negative charges, which causes notable repulsive
behaviors with the existing negative U(VI) species.11,39,42 The DI,
ZD, and CD/ZD surfaces exhibited negative charges attributed
to the abundance of hydroxyl groups across their outermost
surfaces. At low pH levels, the presence of H+ ions reduces the
negative impedance of their surfaces, therefore hindering the
uptake of positively charged U(VI) ions. Thus, it is clear from the
plot in Fig. 4 that the external electronegativity of DI, ZD, and
CD/ZD has the greatest impact in slightly acidic and barely
alkaline environments. In these conditions, the electrostatic
attraction inuence is enhanced, resulting in an elevated overall
retention rate compared to the highly acidic environment. As
a result, the optimal pH value of DI, ZD, and CD/ZD for U(VI)
retention was 5, and this value was employed in further studies.

3.2.2 Effect of contact time. An investigation was con-
ducted to examine the inuence of the duration of U(VI) reten-
tion on the practically determined capacities of DI, ZD, and CD/
ZD throughout a time interval that extends from 30 to 880
© 2024 The Author(s). Published by the Royal Society of Chemistry
minutes. This was achieved following the adjustment of addi-
tional signicant variables to predetermined values [U(VI)
concentration: 100 mg L−1; pH: 5; volumes: 200 mL; tempera-
ture: 20 °C; solid material dosage: 0.2 g L−1]. The efficacy of DI,
ZD, and CD/ZD in the adsorption of U(VI) displays notable
enhancement in measured elimination rates as well as the
estimated quantities of retained U(VI) in mg g−1. Furthermore, it
is worth noting that the duration of the tests exerts a regulatory
inuence on the aforementioned observed increments (Fig. 5A).
The rising impact of U(VI) retaining activities using DI, ZD, and
CD/ZD can be easily detected for a period of up to 420 minutes.
Following the designated duration of contact, there were no
observable variations or enhancements in the rates of U(VI)
retention or the quantities of U(VI) trapped. This observation
indicates that the system maintained a state of stability aer
420 minutes, which was dened as the point of adsorption
equilibrium (Fig. 5A). The U(VI) equilibrium retaining levels of
the DI, ZD, and CD/ZD were determined to be 102.6 mg g−1 (DI),
124.5 mg g−1 (ZD), and 141.3 mg g−1 (CD/ZD) (Fig. 5A). The
preliminary phases of the accomplished tests revealed that the
existence of a substantial number of unbound and chemically
active groups or retaining receptors situated across the struc-
tures of DI, ZD, and CD/ZD resulted in signicant enhance-
ments with respect to the rate of U(VI) elimination and the
quantities of U(VI) retained.34 The prolonged time frame of
examinations results in a considerable diminution in the
availability of these vacant receptors due to the longer-term
retention of U(VI) and subsequent occupancy and reduction of
these receptors. As a result, during a specied duration, the
rates at which U(VI) was adsorbed encountered a notable
decrease, whereas the retention properties of DI, ZD, and CD/
ZD remained unchanged or exhibited negligible improvement.
Once all the receptors or available reaction sites are fully
occupied by U(VI), the equilibrium states of DI, ZD, and CD/ZD
are developed.2
kinetic model fitting results (D).

RSC Adv., 2024, 14, 8752–8768 | 8757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08709c


Table 1 The mathematical parameters of the studied kinetic models

Material Model Parameters Values

DI Pseudo-rst-order K1 (min−1) 0.0062
Qe (cal) (mg g−1) 108.3
R2 0.96
c2 1.56

Pseudo-second-order k2 (mg g−1 min−1) 3.83 × 10−5

Qe (cal) (mg g−1) 140
R2 0.94
c2 2.53

ZD Pseudo-rst-order K1 (min−1) 0.0066
Qe (cal) (mg g−1) 130.1
R2 0.97
c2 0.94

Pseudo-second-order k2 (mg g−1 min−1) 3.56 × 10−5

Qe (cal) (mg g−1) 165.4
R2 0.95
c2 1.9

CD/ZD Pseudo-rst-order K1 (min−1) 0.008
Qe (cal) (mg g−1) 145
R2 0.98
c2 0.85

Pseudo-second-order k2 (mg g−1 min−1) 4.33 × 10−5

Qe (cal) (mg g−1) 178.2
R2 0.95
c2 1.82
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3.2.3 Intra-particle diffusion behavior. The uptake activi-
ties of U(VI) using DI, ZD, and CD/ZD can be assessed by
analyzing the intra-particle diffusion curves. These curves
display three discrete segments that have various slopes. The
curves spotted in the current study do not display any evident
crossings with their starting points, suggesting the coexistence
of multiple adsorption mechanisms alongside U(VI) diffusion
pathways.6,43 The operational procedures may involve the
subsequent essential stages: The process involves the binding
of U(VI) to receptors located on the exteriors of DI, ZD, and CD/
ZD (boundary). Additionally, intra-particle diffusion and the
mechanism of reaction, which includes phases of saturating
and stabilizing states, are also factors in this process.44 The
preliminary ndings of this study suggest that the primary
mechanisms involved in the retention of U(VI) onto the external
surface of DI, ZD, and CD/ZD comprised the most inuential
mechanistic pathways throughout the experiment's course
(Fig. 5B). The efficacy of the U(VI) retained reactions during this
phase relies on the collective quantities of available receptors
along the surfaces of DI, ZD, and CD/ZD.45 The identication of
recently formed phases was enhanced by prolonging the period,
showcasing the effectiveness of many additional processes
known as layered adsorption techniques (Fig. 5B).3,44 Further-
more, these supplementary procedures also incorporate the
effects of U(VI) diffusion activities. In the end, it was established
that the nal three stages demonstrate a signicant presence
whenever DI, ZD, and CD/ZD accomplish states of balance with
U(VI) adsorption. This observation suggests the quantity of U(VI)
ions that have been efficiently retained has completely lled the
binding sites that are accessible.4,6 The elimination of uranium
is subject to molecular interactions together with interionic
attraction processes during these stages of the retention
course.39

3.2.4 Kinetic modeling. The kinetic properties of U(VI)
elimination processes via DI, ZD, and CD/ZD have been dis-
cussed using the standard kinetic concepts of pseudo-rst order
(P.F.) and pseudo-second order (P.S.) numerical models. The
level of agreement between the U(VI) retaining processes and the
kinetic theories has been denoted by the corresponding
formulas and determined by both the R2 value (correlation
coefficient) and the chi-squared (c2) statistics (Table 1; Fig. 5C
and D). The obtained values of R2, along with c2, suggest that
the kinetic properties and principles of the P.F. model provide
a more suitable t for the uptake behaviors of U(VI) via DI, ZD,
and CD/ZD in comparison to the assessed P.S. model. The
results gathered through the tests that were performed with DI,
ZD, and CD/ZD under conditions of equilibrium (102.6 mg g−1

(DI), 124.5 mg g−1 (ZD), and 141.3 mg g−1 (CD/ZD)) proved very
consistent with the results derived from mathematical calcula-
tions computed using the model (108.3 mg g−1 (DI), 130.1 mg
g−1 (ZD), and 145 mg g−1 (CD/ZD)). This consistency affords
additional support for the previous ndings highlighted during
the kinetic analysis (Table 1). According to the basic concepts of
the P.F. theory, it is implied that the main inuences impacting
the capture of U(VI) through DI, ZD, and CD/ZD are physical
8758 | RSC Adv., 2024, 14, 8752–8768
mechanisms, such as van der Waals forces together with elec-
trostatic attraction.46–48

3.2.5 Effect of U(VI) concentrations. The inuence of start-
ing U(VI) concentrations has been analyzed in order to deter-
mine the best capacities of DI, ZD, CD/ZD, and their respective
states of equilibrium within the practically assessed ranges of
50 to 350 mg L−1. The other retention factors have been
adjusted to be at specied levels [dosage: 0.2 g L−1; contact
period: 24 hours; water volume: 200 mL; pH: 5; temperature:
ranging from 293 K to 313 K]. The concentrations of U(VI) dis-
played a signicant increase in the total quantities of U(VI)
retained by DI, ZD, and CD/ZD (Fig. 6). The increased concen-
trations of U(VI) ions within a given volume led to a noticeable
improvement in their diffusion, transport, propagation, and
driving forces, thereby promoting interactions and collisions
with a greater number of accessible and functional receptors
that are located outside of ZD, CD/ZD, and DI. As a result, the
performance of the U(VI) retaining processes conducted by DI,
ZD, and CD/ZD was signicantly improved.31 The observed
levels of U(VI) elimination demonstrate a positive correlation
with the starting concentration, up to specic thresholds.
Following this, an increase in the starting concentration of U(VI)
does not seem to have any discernible impact on the amount of
ions that were retained on DI, ZD, and CD/ZD (Fig. 6A, B, and C).
This differentiation in their equilibrium stages assists in iden-
tifying the exact maximal potential for U(VI) retention. The
adsorption values under equilibrium situations of DI are
188.4 mg g−1 at 293 K, 163.6 mg g−1 at 308 K, and 135.8 mg g−1

at 313 K (Fig. 6A). The experimental results indicate that the
equilibrium capacities of ZD are as follows: 252.8 mg g−1 at 293
K, 215.4 mg g−1 at 308 K, and 175.5 mg g−1 at 313 K (Fig. 6B). In
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The influence of initial U(VI) concentrations on the determined retention capacities (DI (A), ZD (B), and CD/ZD (C)), fitting of the U(VI)
retention processes with conventional Langmuir model (DI (D), ZD (E), and CD/ZD (F)), fitting of the U(VI) retention processes with conventional
Freundlich model (DI (G), ZD (H), and CD/ZD (I)), and fitting of the U(VI) retention processes with conventional D–Rmodel (DI (J), ZD (K), and CD/
ZD (L)).
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the presence of CD/ZD, the equilibrium concentrations of U(VI)
are linked to adsorption capacities of 292.8 mg g−1 at 293 K,
255.7 mg g−1 at 308 K, and 210.3 mg g−1 at 313 K (Fig. 6C). The
enhanced retention properties of CD/ZD over DI and ZD may be
a result of two reasons: (1) the expanded surface area and (2) the
notable increase in the total number of active sites following the
integration of CD polymers. The better characteristics of ZD in
comparison to DI can potentially be attributed to the notable
enhancements in fundamental ion exchange mechanisms,
surface reactive properties, and surface area obtained through
zeolitization strategies. The noticeable decrease in the retention
of U(VI) via DI, ZD, and CD/ZD as a function of the experiment's
© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature indicated the exothermic characteristics of the
processes that occurred.

3.2.6 Giles's classication. The isotherm curves for the
U(VI) employing DI, ZD, and CD/ZD had been categorized based
on the specications set out by Giles' classication. The analysis
revealed that the observed curves demonstrated L-type equi-
librium (Fig. 6A–C). The equilibrium properties of the L-type
isotherm demonstrate the signicant impacts arising from
intermolecular attractive interactions that occur throughout the
adsorption mechanisms of U(VI) by DI, ZD, and CD/ZD. The
aforementioned impacts are also intensied by the robust
interactions that exist between U(VI) ions and the reactive
chemical structures of DI, ZD, and CD/ZD.49 According to the
RSC Adv., 2024, 14, 8752–8768 | 8759
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criteria of the L-type isotherm, it was feasible to predict the
formation of complete monolayers of sequestrated U(VI) over the
outer surfaces of DI, ZD, and CD/ZD particles.50 Furthermore,
the detectable isothermal style suggests the DI, ZD, and CD/ZD
particulates are characterized by diverse and substantial func-
tioning and free uptake receptors. These receptors exhibit
notable selectivity for the U(VI) ions throughout all phases of the
adsorption process, particularly in cases where the starting
concentrations were low.

3.2.7 Classic isotherm models. The present investigation
analyzes the adsorption behavior of U(VI) on DI, ZD, and CD/ZD
particulates, applying the Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) isotherm models to establish the equilib-
rium aspects of U(VI) retention. The ndings derived from the
examination of R2 and c2 demonstrate that the U(VI) retention
behaviors shown by DI, ZD, and CD/ZD particulates are more
consistent with the principles of the Langmuir isotherm theory
in comparison to the base assumptions of the Freundlich theory
(Table 2; Fig. 6D–L). The Langmuir isotherm principle
Table 2 The mathematical characteristics of the traditional isotherm m

DI Langmuir model Qmax (mg g−1)
b (L mg−1)
R2

c2

Freundlich model 1/n
kF (mg g−1)
R2

c2

D–R model b (mol2 kJ−2)
Qm (mg g−1)
R2

c2

E (kJ mol−1)
ZD Langmuir model Qmax (mg g−1)

b (L mg−1)
R2

c2

Freundlich model 1/n
kF (mg g−1)
R2

c2

D–R model b (mol2 kJ−2)
Qm (mg g−1)
R2

c2

E (kJ mol−1)
CD/ZD Langmuir model Qmax (mg g−1)

b (L mg−1)
R2

c2

Freundlich model 1/n
kF (mg g−1)
R2

c2

D–R model b (mol2 kJ−2)
Qm (mg g−1)
R2

c2

E (kJ mol−1)

8760 | RSC Adv., 2024, 14, 8752–8768
elucidates the homogeneous adsorption behavior of U(VI) ions
onto the vacant and active binding positions of DI, ZD, and CD/
ZD particulates in a monolayer arrangement.46,47 According to
theoretical calculations, the greatest possible adsorption
capacities (Qmax) of U(VI) by DI at various temperatures are
190.2 mg g−1 (293 K), 164.2 mg g−1 (303 K), and 137.7 mg g−1

(313 K).
The calculated values obtained utilizing the ZD are 258.6 mg

g−1 at a temperature of 293 K, 219.8 mg g−1 at 308 K, and
178.3 mg g−1 at 313 K. The predicted maximum capacities by
CD/ZD at various temperatures are: 297.7 mg g−1 at 293 K,
260.8 mg g−1 at 303 K, and 213.2 mg g−1 at 313 K (Table 2).

The D–R model's equilibrium principles (Fig. 6J–L) and
Gaussian energy (E) derived via the D–R equation are of utmost
importance in distinguishing the mechanistic pathways
(chemical or physical) involved in the capture of U(VI).51 The
values computed for the E parameter pertaining to U(VI) reten-
tion behaviors by DI, ZD, and CD/ZD correspond to the assumed
energies suggested for cooperation mechanisms underlying
odels under consideration

293 K 303 K 313 K

190.2 164.2 137.7
3.7 × 10−7 3.24 × 10−7 1.51 × 10−8

0.99 0.99 0.99
0.05 0.13 0.17
0.80 0.84 0.94
2.27 1.61 1.24
0.82 0.85 0.83
4.92 3.17 3.59
0.041 0.046 0.056
201.7 174.3 147.9
0.999 0.99 0.99
0.05 0.028 0.17
3.49 3.29 2.98
258.6 219.8 178.3
2.8 × 10−6 1.43 × 10−7 2.03 × 10−8

0.99 0.99 0.99
0.35 0.71 0.38
0.83 0.87 0.90
2.67 1.84 1.2
0.86 0.84 0.82
4.43 5.71 6.99
0.016 0.021 0.032
265.6 229.3 190.6
0.99 0.99 0.99
0.33 0.21 0.29
5.6 4.9 3.95
297.7 260.8 213.2
7.7 × 10−7 3.4 × 10−7 6.1 × 10−7

0.99 0.99 0.99
0.029 0.011 0.067
0.81 0.87 0.84
3.53 2.21 2.03
0.84 0.85 0.86
6.12 5.24 5.02
0.0081 0.0088 0.011
312.5 275.9 223.6
0.99 0.99 0.99
0.19 0.31 0.087
7.85 7.5 6.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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weak chemical and physical reactions (8 to 16 kJ mol−1).
Furthermore, it should be noted that the aforementioned levels
fall inside the zeolitic ionic exchange mechanisms' designated
limits, which typically range from 0.6 to 25 kJ mol−1.6

3.2.8 Advanced isotherm modeling. The most recent
advancements in equilibrium simulations, which rely on
statistical physics hypotheses, may offer substantial insights
into the distinctive features of adsorption operations, speci-
cally concerning the interfaces that exist between the contami-
nants and the exterior features of heterogeneous solid
adsorbent. The statistical properties gained from these mathe-
matical models, including energy and steric considerations,
have the potential to provide insights into the underlying
mechanism. The steric aspects encompassed three primary
parameters: the quantity of U(VI) ions present at each site
(n(U(VI))), the total quantity of sites occupied by U(VI) on the DI,
ZD, and CD/ZD interfaces (Nm (U(VI))), as well as the maximum
capacity of DI, ZD, and CD/ZD to adsorb U(VI) at full saturation
(Qsat (U(VI))). The factors associated with energetic aspects
encompassed internal energy (Eint), free enthalpy (G), entropy
(Sa), and U(VI) removal energy (E). The evaluation of the statis-
tical model for analyzing the retention activities of U(VI)
involved the use of non-linear ts using the representative
equations pertaining to these models. The investigation
described above was successfully completed by employing
multivariable nonlinear regression modeling in combination
with the Levenberg–Marquardt iterative process. The tness
levels noticed were utilized to investigate and elucidate the
adsorption approaches for U(VI) by DI, ZD, and CD/ZD using
a monolayer model with a single energetic site. The analysis is
presented in Table 3 and Fig. 7A–C.

3.2.9 Steric properties
3.2.9.1 Number of adsorbed U(VI) ions (n(U(VI))) per each site.

The n(U(VI)) factor computed signicantly indicates the orienta-
tion (horizontal or vertical) of the uranium ions that were
retained on the exteriors of DI, ZD, and CD/ZD. These ndings
have more implications for the determination of the underlying
mechanistic processes, particularly the differentiation between
multi-docking andmulti-ionic. In systems subjected to multiple
anchoring or docking activities, several sites of adsorption
exhibit horizontal arrangements occupied by a single U(VI) ion.
Table 3 The mathematical parameters of the studied advanced isotherm

Steric and energetic parameters

n Nm (mg g−1)

DI 293 K 3.40 55.78
303 K 3.30 49.8
313 K 4.08 33.7

ZD 293 K 3.06 85.73
303 K 3.63 59.8
313 K 4.07 43.32

CD/ZD 293 K 3.26 91.25
303 K 3.39 76.74
313 K 3.25 66.42

© 2024 The Author(s). Published by the Royal Society of Chemistry
A single receptor site can attract numerous U(VI) ions in non-
parallel, beside a vertical arrangement for the mechanisms
having values greater than one. Multi-ionic mechanistic activi-
ties are the primary cause of such retention characteristics.4,52

The calculated values of n(U(VI)) for DI (n(U(VI)) = 3.4–4.08), ZD
(n(U(VI)) = 3.06–4.07), and CD/ZD (n(U(VI)) = 3.25–3.39) all exceed 1
(Table 3; Fig. 7D). Since each absorbing site of DI and ZD was
capable of accepting up to ve ions of U(VI) and four ions for CD/
ZD, which were dispersed in non-parallel vertical positions by
multi-ionic processes.

The estimated n(U(VI)) values similarly show considerable
behavioral changes with regard to temperature impacts. For DI,
the values provided of n(U(VI)) with respect to temperature indi-
cate minor variations, with the value decreasing by ascending
from 293 K (n(U(VI)) = 3.4) to 308 K (n(U(VI)) = 3.3) and then
increasing by rising to 313 K (n(U(VI)) = 4.08) (Table 3; Fig. 7D).
For CD/ZD, the trend was inverted as the value rose alongside
the temperature from 293 K (n(U(VI)) = 3.26) until 308 K (n(U(VI)) =
3.39); aerwards, it fell immediately when the temperature
reached 313 K (n(U(VI)) = 3.25) (Table 3; Fig. 7D). The behavior
that has been observed may be explained by variations in the
number, activity, and kinds of activated functioning receptors
of U(VI) ions of DI and CD/ZD as temperature varies.1,53 On the
other hand, the temperature rise up to 308 K decreases the
aggregation tendencies of the U(VI) ions prior to their interac-
tions with the exteriors of DA and CD/ZD. With respect to ZD,
the values obtained verify noticed escalation when the experi-
mental temperature rises from 293 K (n(U(VI)) = 3.06) until 313 K
(n(U(VI)) = 4.07) (Table 3; Fig. 7D). This was explained by the
notable rise in U(VI) aggregation characteristics throughout the
ZD exterior interface when uranium ions interacted with the
zeolite framework at high temperatures.30

3.2.9.2 Occupied active sites density (Nm). The evaluation of
the density of uranium-occupied sites (Nm (U(VI))) of DI, ZD, and
CD/ZD provides insight into the total quantity of binding sites
present on the surfaces of their particles during the course of
the process. The Nm (U(VI)) values acquired for DI were 55.78 mg
g−1 at 293 K, 49.8 mg g−1 at 308 K, and 33.7 mg g−1 at 313 K. The
values demonstrated notable enhancement subsequent to the
application of zeolitization transformations (ZD), yielding
values of 85.73 mg g−1 (293 K), 59.8 mg g−1 (308 K), and
model

Qsat (mg g−1) C1/2 (mg L−1)
DE
(kJ mol−1)

189.7 77.07 −4.55
164.3 80.23 −4.6
137.5 81.8 −4.71
262.33 80.17 −4.45
217.0 76.53 −4.7
176.3 77.49 −4.85
297.47 74.65 −4.63
260.14 80.18 −4.61
215.86 80.76 −4.72
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Fig. 7 Fitting of the U(VI) retention with advanced monolayer model of one energy site (DI (A), ZD (B), and CD/ZD (C)), changes in the number of
adsorbed U(VI) ions per each active site (D), variations in the number of filled active sites throughout U(VI) retention (E), and changes in the U(VI)
saturation adsorption capacities (F).
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43.32 mg g−1 (313 K) (Fig. 7E; Table 3). Furthermore, subse-
quent to the incorporation of cyclodextrin (CD/ZD), there was
a notable increase in the number of accessible active sites,
resulting in values of 91.25 mg g−1 (293 K), 76.74 mg g−1 (308 K),
and 66.42 mg g−1 (313 K) (Fig. 7E; Table 3). The ndings
revealed a notable elevation in the total number of free sites
aer the zeolitizing process, which may be related to the
inuence of the ionic exchange processes taking place within
the crystalline framework of the zeolite that was formed. Addi-
tionally, the surface area's noticeable rise and the remarkable
presence of extensive structural nano-pores provide supple-
mentary interacting surfaces for U(VI) ions together with addi-
tional active sites. The improvements realized a signicant
boost subsequent to the hybridization approach of the ZD
particulates with CD polymers. This phenomenon might be
attributable to the addition of newly inuential sites associated
with the functional units of CD, with the established elevation
of the surface area, hence facilitating a greater contact surface
between the solution's U(VI) ions and composite. In relation to
the impact of temperature, it can be observed that the density of
lled active sites (Nm) by the uranium ions retained, along with
their associated behaviours, exhibits an overall reduction as the
evaluating temperature increases. This trend is evident in the
case of DI as well as ZD and CD/ZD. This observation illustrates
the adverse inuence of high temperatures on the frequency of
active sites as well as the deactivation of some effective sites that
are already present, as well as the contact time required for
efficient uranium ion retention by these sites. Previous research
has shown that comparable behaviors were seen and attributed
to the anticipated release of sequestered uranium ions from the
outermost layer of silicate-based products. This release
occurred as the saturation points of the heating solutions
decreased due to effective adsorption activities.54 The observed
8762 | RSC Adv., 2024, 14, 8752–8768
outcomes for both DI and ZD are in substantial agreement with
the established values of n(U(VI)) and the patterns of aggregation.
The increase in the binding affinities of the uranium ions led to
a discernible reduction in the quantity of lled sites.55 The
correlation between the Nm (U(VI)) and n(U(VI)) values of CD/ZD in
response to temperature was not seen, as both parameters
exhibit similar trends with changes in temperature. The nd-
ings of this study indicate that the observed variations in the
values of n(U(VI)) can be primarily attributed to the aggregation
characteristics and interionic interactions of the uranium ions.
These factors have a more signicant inuence compared to the
interaction between the uranium ions and the blended surface,
as well as the presence and/or activation of the functional
retention receptors with uctuations in temperature.

3.2.9.3 Adsorption capacity at the saturation state of (Qsat).
The analysis of the U(VI) retaining characteristics of DI, ZD, and
CD/ZD in a saturating state (Qsat) has the potential to yield the
most precise estimation of their maximal adsorption capacities.
The results of Qsat are heavily impacted by the determined
densities of the lled sites (Nm (U(VI))) and the number of U(VI)
ions accumulated at each site (n(U(VI))). Diatomite, as an adsor-
bent for U(VI), has determined levels of Qsat at 293 K to be
189.7 mg g−1. At 308 K, the Qsat level decreases to 164.3 mg g−1,
and at 313 K, it further decreases to 137.5 mg g−1 (Fig. 3F; Table
3). The zeolitized product (ZD) demonstrates improved reten-
tion qualities across various temperature conditions. At
a temperature of 293 K, the adsorption capacity reaches
a maximum value of 262.3 mg g−1. The adsorption capacity at
a temperature of 308 K has been determined to be 217 mg g−1,
whereas at a temperature of 313 K, it is found to be 176.3 mg g−1

(Fig. 3F; Table 3). The observed improvement underwent
a signicant rise subsequent to the creation of the composite
(CD/ZD), leading to measurements of 297.4 mg g−1 (293 K),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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260.1 mg g−1 (308 K), and 215.8 mg g−1 (313 K) (Fig. 3F; Table 3).
The adverse effects of temperature ultimately led to the deter-
mination that DI, ZD, and CD/ZD demonstrate exothermic
behaviour in their U(VI) adsorption capabilities. This demon-
strated how the evaluation temperature accelerates the thermal
collision properties associated with retention, lowering the
efficacy of U(VI) binding. Moreover, the observed characteristics
of Qsat in relation to changes in temperature demonstrate
a noteworthy accord with previously established properties of
Nm (U(VI)) vs. n(U(VI)). This implies that the effectiveness of U(VI)
retention is mostly determined by the number of functional
sites instead of the theoretical capacity of each active site for DI,
ZD, and CD/ZD.

3.2.10 Adsorption energy. Determining the energy varia-
tions (DE) linked to the retention operations of U(VI) might
provide important comprehension of the mechanics that
underlie the processes, regardless of whether the effects are
regulated by physical or chemical inuences. Chemical paths
usually have energies greater than 80 kJ mol−1, whereas physical
processes usually have energies less than 40 kJ mol−1. Various
kinds of physical mechanistic responses may be distinguished
based on the measurement of adsorption energies. The mech-
anisms that are being highlighted include hydrophobic rela-
tionships (possess energy value of 5 kJ mol−1), dipole–dipole
forces (possess energy from 2 to 29 kJ mol−1), coordination
exchange (possess energy value of 40 kJ mol−1), van der Waals
attraction (possess energy from 4 to 10 kJ mol−1), and hydrogen
binding (possess energy less than 30 kJ mol−1).30,56 Eqn (5) was
used to compute and determine the U(VI) retention energies (E),
which include the measured solubility of U(VI) in examining the
water-based solution (S), the value of the gas constant (R =

0.008314 kJ mol−1 K−1), the U(VI) concentration during the half-
saturated state of DI, ZD, and CD/ZD, alongside the absolute
temperature (T).55

DE ¼ RT ln

�
S

C

�
(5)

The calculated removal energies of U(VI) by DI and ZD are
between −4.5 and −4.77 kJ mol−1 and −4.4 and −4.8 kJ mol−1,
respectively. Meanwhile, the predicted CD/ZD values show
a range of −4.6 to −4.7 kJ mol−1. Therefore, physical processes
including dipole–dipole forces (2 to 29 kJ mol−1), the force of
van der Waals (4 to 10 kJ mol−1), and hydrogen binding
(<30 kJ mol−1) were the main causes of the retention of U(VI) by
DI, ZD, and CD/ZD. Furthermore, the results of the experiments
regarding the exothermic behavior of these operations are in
accordance with the negative results of DE associated with the
U(VI) capturing activities by DI, ZD, and CD/ZD.

3.2.11 Thermodynamic functions
3.2.11.1 Entropy. The entropy (Sa) associated with the

uptake of U(VI) by DI, ZD, and CD/ZD provides insights into the
particle's order and disorder qualities when exposed to various
levels of U(VI) and temperature conditions. The Sa aspects have
been emphasized by eqn (6) based on the earlier determined Nm

and n values, as well as the U(VI) levels throughout the half-
saturation phases of DI, ZD, and CD/ZD (C1/2).53
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The ndings that have been obtained demonstrate a notable
decrease in entropy levels (Sa) upon the uptake of U(VI) via DI,
ZD, and CD/ZD, especially at elevated U(VI) concentrations. The
data presented in Fig. 8A–C suggest a notable decline in the
disordered attributes of interfaces of DI, ZD, and CD/ZD with
increasing the tested levels of U(VI) ions. The examination of
entropy properties in the aforementioned studies supports the
hypothesis that U(VI) ions effectively dock onto the functioning
active positions of DI, ZD, and CD/ZD, as well as vacant inter-
action receptors, when the concentration of U(VI) is relatively
low.55,57 During the process of retaining U(VI) by DI, it was
observed that the greatest extent of entropy could be detected at
equilibrium values of 75.1 mg L−1 (293 K), 82.12 mg L−1 (308 K),
and 84.9 mg L−1 (313 K) (Fig. 8A). The equilibrium levels of
greatest entropy, as evaluated for ZD, have been reported to be
75.1 mg g−1 at a temperature of 293 K, 76.6 mg g−1 at 308 K, and
80.2 mg g−1 at 313 K (Fig. 8B). The maximum entropy values
observed during the application of CD/ZD are 71.7 mg L−1 (at
a temperature of 293 K), 76.3 mg L−1 (at a temperature of 308 K),
and 78.8 mg L−1 (at a temperature of 313 K) (Fig. 8C). The
computed equilibrium concentrations exhibit a strong correla-
tion with the anticipated U(VI) concentrations within the half-
saturation situations for DI, ZD, and CD/ZD. As a result, the
reactive binding sites become inaccessible for subsequent
docking.

Furthermore, the empirical ndings indicate a signicant
decrease in entropy values, indicating a decrease in the number
of vacant sites as well as a noticeable decline in the attributes of
freedom and mobility exhibited by the U(VI) ions.58

3.2.11.2 Internal energy and free enthalpy. The current work
assesses the internal energy (Eint) corresponding to the reten-
tion processes of U(VI) by DI, ZD, and CD/ZD, considering the
tested temperature and U(VI) concentration. Furthermore, this
study investigates the impact of variability in the starting levels
of U(VI) and the assessment temperature on the resulting
changes of free enthalpy (G). The evaluation is performed based
on the factors described in eqn (7) and (8), which rely on the
predetermined values of Nm, n, and C1/2, along with the trans-
lation partition (Zv).53,55

Eint

KBT
¼ nNm

2
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0
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Fig. 8 The alteration in entropy characteristics when U(VI) ions are being retained (DI (A), ZD (B), and CD/ZD (C)), internal energy properties (DI
(D), ZD (E), and CD/ZD (F)), and free enthalpy properties (DI (G), ZD (H), and CD/ZD (I)).
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The calculated quantities of internal energies (Eint) during
the adsorption processes of U(VI) onto DI, ZD, and CD/ZD
demonstrate negative trends (Fig. 8D–F). The ndings of the
present investigation reveal a notable decrease in internal
energy (Eint) when the operating temperature is raised from 293
K to 313 K (Fig. 8D–F). As a result, the sequestration pathways of
DI, ZD, and CD/ZD for U(VI) exhibit greater levels of sponta-
neous behaviour and exothermicity. Comparable behaviours
and characteristics have been noted for enthalpy levels that
were established (Fig. 8G–I). The G levels show declining trends
and have reversible relationships with the assessed tempera-
ture, indicating that the feasibility qualities are declining. This
result strengthens the spontaneous and exothermic activity of
U(VI)-retained reactions via DI, ZD, and CD/ZD.

3.2.12 Recyclability. To determine if synthetic ZD and CD/
ZD are suitable for implementation in business-related and
industrial-scale activities, reusable quality studies have been
carried out. The ZD and CD/ZD particles were subjected to
a washing protocol involving immersion in a diluted solution of
NH4Cl (1 mol L−1) over a period of 10 minutes in order to
facilitate their regeneration. The process had been assisted by
employing a magnetic stirrer to enhance the elution efficiency
and promote the release of the bound U(VI) ions. Following that,
the particulates were separated via ltration and aerwards
8764 | RSC Adv., 2024, 14, 8752–8768
underwent an additional washing step utilizing distilled water
over a period of 10 minutes. Following that, the particles
underwent a drying process spanning 10 hours at a selected
temperature of about 60 °C in preparation for their further use
in a series of adsorption cycles. The experiment has been
carried out by employing ve repetitions to assess the removal
potential of U(VI) ions. The experimental variables that were
manipulated included the solid dosage (0.2 g L−1), volume (200
mL), U(VI) concentration (350 mg L−1), duration (a total of 24
hours), pH 5, and temperature (293 K).

The experimental results pertaining to the uptake effective-
ness of U(VI) ions suggest that ZD and CD/ZD demonstrate
a high level of stability, displaying signicant prospects for
recyclability. Regarding the reusing of ZD during its retention of
U(VI) ions, the product demonstrated an uptake capability of
more than 250 mg g−1 during two cycles, surpassing 234 mg g−1

during three cycles, andmore than 210mg g−1 across the course
of ve cycles (Fig. 9). For the recycling of CD/ZD, the eliminating
capacities have been determined to go beyond 290 mg g−1 over
the course of two cycles, beyond 281 mg g−1 across three cycles,
and surpassing 254 mg g−1 across a total of ve cycles. The
decrease in the sequestration efficiency of U(VI) ions using ZD
and CD/ZD products, as demonstrated through a linear fall, can
be related to the continuous formation of complexes between
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Recyclability properties of ZD and CD/ZD during the retention
of U(VI) ions.
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the retained U(VI) ions and reactive binding sites that charac-
terize the structures of ZD and CD/ZD. This behavior becomes
more pronounced with a rise in the number of recycled and
reused cycles. The formation of such complexes results in
a reduction in the quantity of available and vacant binding sites
during adsorption.

3.2.13 Suggested mechanism. The regulatory mechanisms
involved in the retention of U(VI) via DI, ZD, and CD/ZD have
been evaluated using advanced equilibrium analyses and the
functional chemical elements that compose the structures,
together with previously published literature. The examination
of the energy levels associated with advanced equilibrium
simulations reveals that U(VI) may potentially be retained on the
surfaces of DI, ZD, and CD/ZD by dipole–dipole forces (2 to
29 kJ mol−1), van der Waals forces (4 to 10 kJ mol−1), and
hydrogen bonding (<30 kJ mol−1). Furthermore, the
Table 4 Comparison between the retention capacities of the studied
structures and other materials in literature

Adsorbent Q(max) (mg g−1) Reference

Amidoxime chitosan/bentonite 49.09 53
Fe3O4 125 54
SBA-15 208 55
Polyacrylamide/chelating sorbents 65.3 56
MCM-48 125 57
nZVI/CNF 54.95 58
Nickel ferrite/graphene oxide 123 59
Montmorillonite–Fe3O4–TiO2 109.11 60
Activated carbon 158 61
Graphene oxide nanosheets 97.5 62
Fe3O4@TiO2 118.8 63
Carbonaceous nanobers 125 64
Fe3O4@C 120.2 65
MnFe2O4 119.9 66
GO–MnO2 85.2 67
DI 189.7 This study
ZD 262.3 This study
CD/ZD 297.5 This study

© 2024 The Author(s). Published by the Royal Society of Chemistry
incorporation of U(VI) into the siliceous surface of DI may also
occur via electrostatic attractions together with chemical-based
complexation involving the U(VI) ions and the active silanol
groups existing across DI. The zeolite phase may retain U(VI) via
additional mechanisms such as ion exchange and conventional
adsorption events.49 The operation of the ion exchange mech-
anism involves the substitution of both structurally and loosely
bound zeolitic ions with U(VI).50 The subsequent stage is char-
acterized by the prevalence of interior complexation or the
adsorption process, which entails the establishment of chem-
ical bindings involving U(VI) ions together with the main func-
tional groups of zeolite, in addition to high electrostatic
attractions along with coulombic attracting forces.51 Following
the functioning procedure, the aforementioned mechanisms
are further strengthened by the electrostatic characteristics of
the newly incorporated chemical groups of the CD polymer.
Additionally, the carboxylic groups of the polymeric chains
serve as the foundational centers for the development of
complexes with U(VI).52

3.2.14 Comparison study. The determined retention
results for U(VI) using DI, ZD, and CD/ZD were compared with
the other reported adsorbents in the literature. As demon-
strated in Table 4, the nally obtained composite CD/ZD
displays higher efficiency than raw diatomite and zeolitized
diatomite, and most of the presented adsorbents in the table,
including some metal oxides, either in composite or pure pha-
ses. This demonstrates the value of the synthetic composite as
a low-cost, safe, and highly effective adsorbent that qualies for
realistic remediation applications of U(VI) ions.
4 Conclusions

The diatomite's silica-containing frustules were effectively
transformed into synthesized zeolite (ZD) and subsequently
modied with b-cyclodextrin (CD/ZD) to boost their adsorption
potential for U(VI). The blending of CD and ZD (CD/ZD) resulted
in enhanced retention capacity (297.5 mg g−1), in contrast to
both ZD (262.3 mg g−1) and DI (189.7 mg g−1). This reects the
impact of the hybridization process in inducing the surface
area, ion exchange properties, quantities of receptor sites, and
surcial reactivity of the obtained CD/ZD composite. This was
corroborated by the analyzed density of binding sites as a steric
factor (91.2 mg g−1 (CD/ZD), 85.7 mg g−1 (ZD), and 55.7 mg g−1

(DI)). The obtained energetic results reveal the controlling effect
of the physical mechanisms (van der Waals forces, dipole
forces, and ion exchange reactions) during the retention of U(VI)
either by ZD or CD/ZD. The exothermicity and spontaneity
behaviors of the retention reactions of U(VI) by CD/ZD were
concluded based on the assessed entropy, internal energy, and
free enthalpy aspects.
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