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layered double hydroxide (NLDH)
– Zn/Al-based materials: strategy to improve
performance for zirconium sorption from acidic
sulfate solution†

Ahmed M. Masoud, a Amal E. Mubark, *a Mohamed H. Taha a

and Saber Ibrahim bc

Zirconium is a highly stable radionuclide commonly used in various nuclear operations. However, removing

zirconium from wastewater streams is crucial to protect the environment and human health. To achieve

this, a zinc and aluminum nanostructured layered double hydroxide (Zn/Al-NLDH) was prepared and

investigated for effective removal of zirconium from aqueous solutions. This study examined the

prepared Zn/Al-NLDH's structural and textural properties and the impact of various factors on its

adsorption performance. The Langmuir isotherm and Pseudo-second order kinetic models were found

to be the best fit for the adsorption process of Zr(VI). This suggests that the adsorption process is

uniform, involves the formation of a monolayer, and is chemisorption in nature. The maximum uptake

capacity was 117.6 mg g−1, and the process was endothermic, spontaneous, and feasible. About 96% of

Zr(VI) was successfully desorbed from the loaded sorbent using 1.0 M hydrochloric acid, and the Zn/Al-

NLDH sorbent remained stable for six consecutive sorption/desorption cycles. These findings emphasize

the high potential of Zn/Al-NLDH to act as a remarkable sorbent for efficiently tackling water contaminants.
1 Introduction

Zirconium and its alloys are highly valuable for the nuclear
industry. They are used as coating materials for fuel pellets and
nuclear reactors due to their low thermal neutron capture cross-
section and high melting point.1–5 In the chemical industry,
zirconium/nickel alloys are used to obtain materials resistant to
corrosion6 while superconducting magnets can be made with
zirconium/niobium alloys due to their superconductivity at low
temperatures.7 Moreover, zirconium oxide with lower purity is
used in the ceramics industry.

Methods and highly selective extractants for the recovery of
zirconium have recently become crucial due to the rising
demand for the manufacturing of high-grade zirconium and its
compounds and also for purifying wastewater to obtain pure
water which could be used for further application. Traditional
techniques such as ion exchange,7,8 solvent extraction,9,10 frac-
tional crystallization,11 and fractional precipitation12 are
frequently utilized. Extractants such as methyl isobutyl ketone
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(MIBK), N235, and TBP are used in solvent extraction.10 The
recovery of metal ions using ion exchange in industry is typically
done on a xed bed. The Zr retrieval has been carried out using
extractant-impregnated resin as well as cation- and anion-
exchange resins.13,14 In the case of ion exchange, different
anion and cation ion exchangers are used. Strong-base anion
exchange resins are the most popular, and zirconium is adsor-
bed from concentrated hydrochloric acid or diluted sulfuric
acid solutions instead of hafnium.14,15 Nevertheless, industri-
alization of these approaches is constrained due to their draw-
backs of high treatment capacities, high efficiency, and
environmental pollution.16–19 There is an urgent need for the
development of extremely effective techniques for the removal
of zirconium utilizing highly precise ion identication
extractants.

The adsorption process provides viable alternatives for the
recovery of metal ions from aqueous effluents owing to its cost
and energy efficiency, insensitivity to toxic pollutants, and
design simplicity and exibility.2,6,18,19 Separating metals from
these effluents is a highly challenging task due to their complex
composition. The features of the adsorbent have a signicant
impact on the effectiveness of adsorption. Layered double
hydroxide (LDH) is a layered substance made up of layers of
divalent and trivalent metal ions with anion spaces in
between.20–22 Depending on the synthetic conditions and
application goals, the anion on the interlayer space may be
RSC Adv., 2024, 14, 28455–28468 | 28455
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interchangeable. Sulfate, carbonate, hydroxide, nitrate, chlo-
ride, and large-sized anion such as polyoxometalate are the
most prevalent cations on interlayer LDH.20–22 The typical
formula for LDH is [M1−x

2+Mx
3+(OH)2] + xAx−n$mH2O, where

M2+ and M3+ are divalent and trivalent metal ions, respectively,
Ax−n is an anion with n oxidation state or valence, and m is the
crystallization water.23,24 The LDH has a large surface area and
a high adsorption capacity, making it a popular adsorbent. The
modication of LDH is an intriguing topic in the search for
a stable adsorbent, however, as LDH is generally unstable when
used as a material for several adsorption processes.23,24 The
presence of LDH in the form of nanomaterial enhances its
characteristic behaviors towards the adsorption of heavy metal
ions with proper stability.

An effort has been made in the current study to modify the
LDH material to produce nanostructured layered double
hydroxide (NLDH), a Zn/Al-based material that will be used as
an adsorbent for Zr(IV) ions. NLDH was characterized based on
physical and chemical methods such as XRD, TEM, BET surface
area, and particle size analysis. Elution, as well as selectivity
tests, were also performed. The impact of various factors
affecting the sorption process of Zr(IV) ions has been investi-
gated. The outcomes of this study will also be contrasted with
previously published data on the sorbent's performance of
chelating resins. Thermodynamic and kinetic parameters were
estimated. The prepared (NLDH) Zn/Al-based material nano-
material was evaluated on lab waste effluent collected from
Nuclear Materials Authority labs.
2 Materials and methods
2.1. Materials

The consumed chemicals during this study were of analytical
grade and applied as supplied. Sodium dodecyl sulfate (SDS),
aluminum nitrate nonahydrate, zinc acetate dihydrate, sodium
hydroxide, and sodium nitrate were bought from Sigma-Aldrich
(Sigma-Aldrich Company Ltd, Poole, Dorset, UK). Deionized
water was employed for the preparation of all aqueous solu-
tions. Zirconyl oxychloride (ZrOCl2$8H2O; 99.9%) salt was used
to prepare 1.0 g L−1 of Zr(IV) ions stock solution. Aluminum
nitrate nonahydrate (Al(NO3)3$9H2O; 99.9%), and zinc acetate
dihydrate (C4H6O4Zn$2H2O; 99.9%) were purchased from
Sigma-Aldrich Chemical Co, USA, and utilized for the sorbent
synthesis process. Fresh-prepared Zr(IV) standard solutions
were synthesized from the stock solution.
2.2. Synthesis of NLDH-Zn/Al sorbent

Zinc–aluminum layered double hydroxide (Zn/Al-NLDH) with
a stoichiometric ratio was prepared under nitrogen gas to avoid
carbonation. This was done by dissolving zinc acetate dihydrate
and aluminum nitrate nonahydrate in decarbonated distilled
water. The resulting solution was then added dropwise to
another solution containing 25 g of sodium hydroxide and 20 g
of sodium nitrate. The mixture was stirred forcefully at 65 °C for
5 hours. The pH of the dispersion was adjusted to 8.5 using
a 0.1 M NaOH solution. Aer maturing for 5 days, the deposit
28456 | RSC Adv., 2024, 14, 28455–28468
was centrifuged, washed once with decarbonated distilled
water, and re-centrifuged. The nal product was dried at 85 °C.
2.3. Sorbent characterization

Dynamic light scattering (DLS) was used to determine the mean
diameter of the synthesized Zn/Al-NLDH particle using NIC-
OMP 380 (ZLS, PSS Santa Barbara, CA, USA). The distribution of
particle diameter was measured according to scattering laser
light through more than 700 incident times. The intensity
Gaussian distributions were collected as a mean of multiple
measurements and calculated by the average particle diameter.
BET surface area was calculated from nitrogen adsorption–
desorption measurements using Nova Touch LX4 (Quantach-
rome, USA). The conditions of measurements of particle size
and surface area were described in previous work.25 The powder
Zn/Al-NLDH was characterized using XRD (D8 Advance, Bruker
AXS) with CuKa radiation (l of 1.5406 Å). LDH was prepared by
dropping a solution on a carbon-coated copper grid (S160-3
Plano GmbH) and investigated using a JEOL 120/JEOL 200
TEM (Carl Zeiss NTS) operated at 120 kV/200 kV. The
morphology of the composite surface was examined using
a scanning electron microscope (SEM), specically a QUANTA
FEG 250 model from the USA, with an accelerating voltage of 30
kV and a magnication range of 14 to 1 000 000 times. This
microscope has a high resolution of 1 nm and is equipped with
an energetic dispersive X-ray (EDX) unit to facilitate quantitative
elemental analysis of specimens. Fourier-transform infrared
spectroscopy (FTIR) was used to analyze the samples. A Perki-
nElmer Spectrometer 400 equipped with a Golden Gate dia-
mond single reection device was used for this purpose.
2.4. Adsorption experiments

The study aimed to determine the effectiveness of Zn/Al-NLDH
material in adsorbing Zr(IV) ions. The experiments were con-
ducted in polypropylene tubes with a denite weight of Zn/Al-
NLDH material (m, g) and a specic volume of aqueous phase
(V, L). The materials were combined for a set time (t, min) using
a SWB 27–27 L thermo-shaker water bath. The initial concen-
tration of Zr(IV) was (Co; 50 mg L−1), and the pH of the solution
was monitored using a Cyber Scan pH 6000 pH-meter (Eutech
Instruments, Netherlands), which was maintained using 0.5 M
HCl and 0.5 M NaOH. Aer the required shaking time, the
solution was ltered using a 1.2 mm lter membrane. The
concentration of Zirconium in the aqueous phase (Ce, mg L−1)
was measured using ICP-AES (inductively-coupled plasma
atomic emission spectrometer, Activa M, Horiba-Jobin Yvon,
France). The tests were repeated thrice, and only a #4% stan-
dard error value was presented. Eqn (1)–(3) were used to
calculate the Zn/Al-NLDH's adsorption capacity (qe, mg g−1),
removal efficiency (%), and distribution coefficient (Kd, mL g−1).

qe ¼ ðCo � CeÞ � V

m
(1)

% ¼ Co � Ce

Co

� 100 (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Kd ¼ ðCo � CeÞ
Ce

� V

m
(3)
3 Results and discussion
3.1. Sorbent characteristics

3.1.1. Particle size and zeta potential. Particle size is one of
the unique characteristics of dispersed NLDH. Laser Light
Scattering involves shining a laser beam on the particles. As the
laser light hits the particles, it scatters in different directions.
The distribution of particle diameter was measured according
to the scattering laser light technique through more than 700
collisions times.26 The number of collisions times refers to the
number of measurements or interactions between the laser
light and the particles. Each “collision” helps gather data on
how the light is scattered, which is used to calculate the size
distribution of the particles. The intensity Gaussian distribu-
tions were collected as a mean of multiple measurements and
calculated the average particle diameter for Zn/Al-NLDH. The
bell shape distributions were illustrated in Fig. 1 for Zn/Al-
NLDH before and aer treatment. The mean of particle distri-
bution was varied according to Zn/Al-NLDH z140 nm and
increased to 268 nm aer treatment. Well-dened homogenized
distribution is presented with a regular distribution width. This
is conrmed by the polydispersity index (PDI) which indicated
0.08 and 0.61 for NLDH and Zr-NLDH, respectively.
Fig. 1 (I) Particle size distribution and (II) zeta potential of the prepared
Zn/Al-NLDH before and after adsorption.

© 2024 The Author(s). Published by the Royal Society of Chemistry
On the other hand, the zeta potential of mobilized particles
in aqueous medium through collisions and Brownian motion
was measured. The charge of NLDH was indicated by −28.9 mV
whereas the zeta charge aer treatment with Zr(IV) z−19.8 mV.
This phenomenon could be related to the electrostatic interac-
tion of zirconium cation with a negative charge of hydroxide
layers in NLDH that decreases the charge by 32%.

3.1.2. X-ray diffraction. XRD pattern of Zn/Al-NLDH
prepared using a high concentration of base solution. The ob-
tained Zn/Al-NLDH and Zn/Al-mixed oxide structures show
signicant crystal form are compared to other indices which
could be promising in applications to heavy metals sorption.
Fig. 2 presents the XRD patterns of Zn/Al-NLDH. As is shown,
the characteristic reections of basal peaks in the range of 2q =
31.715–68.972° were expanded which indicated a degree of
exfoliation for NLDH layers. Therefore, a good dispersion is
observed which means there is an intercalation between Zn/Al-
NLDH nanomaterial. The average crystallite size of Zn/Al-NLDH
was calculated by the Scherrer equation eqn (4):2

D = Kl/h1/2 cos q (4)

Where D is the average crystallite size, K is the Scherrer constant
(0.9), l is the wavelength of the X-ray radiation (0.1541 nm for
CuKa), h1/2 was the peak width at half height and q corre-
sponded to the peak position. The average crystallite size of the
Zn/Al-NLDH is 3 nm.

3.1.3. Surface area. The occupied area by an object in three
dimensions through its outer surface is called the surface area.
There are two main types of surface area: the outer surface area
and inner surface area by pore size of hollow materials.27 The
surface area of NLDH before and aer Zr(IV) treatment was
tabulated in Table 1. The reduction in the surface area aer
treatment could be related to the aggregation of surface-
charged particles with zirconium ions.

3.1.4. TEM investigation. The morphological structure of
NLDH before and aer treatment with Zr(IV) waste sample was
presented in Fig. 3. The particle form of NLDH was presented in
the image (A) as semi-individual inorganic particles with
a range from 17 nm up to 50 nm. In addition, image (B) illus-
trated the aggregation form of NLDH-Zr aer treatment with
particle sizes 49 to 73 nm. The crystal pattern of NLDH before
and aer treatment with Zr(IV) presented identied rings.
Fig. 2 X-ray diffraction of the prepared NLDH.

RSC Adv., 2024, 14, 28455–28468 | 28457
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Table 1 Surface area of the prepared NLDH in adsorption isotherm branch

Sample Isotherm branch Slop Intercept
Correlation
coeff. (R)

Surface area
(cm2 g−1)

Pore volume
10−1 cm3 g−1

NLDH Adsorption 4.86 −0.095 0.996 730.5 4.15
Zr-NLDH 20.68 0.641 0.999 163.3 5.43
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3.1.5. SEM characterization. Fig. 4 depicts the morpho-
logical structure of the analyzed zirconium composites as seen
by eld emission scanning electron microscopy. The predicted
ndings in Fig. 4 show that NLDH and NLDH-Zr have markedly
different surface shapes, with differing degrees of porosity,
roughness, and pore structure. The NLDH adsorbent was
composed of semi-uniformly sized particles with varied shapes.
The presence of bumps and ssures between adsorbent gran-
ules facilitated adsorption and rapid solution diffusion. The
surface roughness of NLDH-Zr seems rougher than that of
NLDH, which aids in the adsorption of zirconium ions on the
NLDH.

As a consequence of the preparation indicated in Fig. 4, the
adsorbent was predominantly composed of carbon (C), oxygen
(O), zinc (Zn), and aluminum (Al), which matched the expected
prepared adsorbent (NLDH). According to the EDX
Fig. 3 TEM topography of the prepared NLDH before adsorption (A) an

28458 | RSC Adv., 2024, 14, 28455–28468
measurement before and aer the adsorption procedure, the
elemental compositions alter due to Zr(IV) adsorption on the
surface of NLDH. The EDX analysis of NLDH-Zr (Fig. 4) shows
that it has a similar elemental composition to NLDH, with the
presence of zirconium (Zr) and sulfur (S) peaks that contribute
to metal ion adsorption in the acidic medium (sulfate). This
demonstrates the effective attachment of zirconium from the
sulfate medium via the prepared NLDH.

3.1.6. FTIR investigation. FT-IR spectroscopy is a funda-
mental approach for chemical investigation, monitoring the
functional groups and various bonds of the examined
compounds, and predicting their structure. Fig. 5 depicts the
FT-IR charts of NLDH in its initial and loaded forms. The broad
band at 3448 cm−1 is related to the stretching of the OH bond (it
is a transverse package as it is a combination of vibrations from
different types of hydroxyl groups present in the sample. These
d after loading with Zr(IV) ions (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM-EDX of NLDH before and after Zr(IV) adsorption.
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could include hydroxyl groups associated with the layered
structure of Zn/Al-NLDH and hydroxyl groups from physically
adsorbed water).28,29 The weak band at 1731 cm−1 corresponds
to the bending vibration of interlayer water. The bands at 460,
669, and 751 cm−1 correspond to Al–O condensed groups, Zn/
Al–OH translation, and Al–OH deformation, respectively.30 The
adsorption of zirconium ions produces several different
changes. Zr(IV) ions interact with NLDH active sites, resulting in
a band at 2360 cm−1. Aside from this new peak, there were
changes in certain bands that demonstrated the efficacy of the
adsorption of Zr(IV) ions on NLDH adsorbent.

3.2. Process of Zr(IV) adsorption

3.2.1. Impact of solution pH. The pH of a solution plays
a crucial role in adsorption systems. It determines the adsorbate
species and the surface charge of the sorbent in the aqueous
solutions. The insoluble Zr(IV) ion species (Zr(OH)4) predomi-
nates at pH levels higher than 2.0,2,6 so the impact of the solu-
tion pH range (1.0–2.0) on the Zr(IV) adsorption using Zn/Al-
NLDH sorbent was investigated by conducting a set of tests at
a xed 0.5 g L−1 sorbent dosage, 120 min shaking time of,
50 mg L−1 original concentration, and room temperature. The
results in Fig. 6 revealed that the sorption capacity boost from
13.3 to 90.6 mg g−1 with the solution pH increment from 1.0 to
2.0 respectively. Further increasing the solution pH had a slight
impact on the adsorption capacity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The behavior of Zr(IV) ions in solution at varying pH levels,
and the analysis of zeta potential for the sorbent used can
explain the performance of Zn/Al-NLDH sorbent at different pH
levels. Fig. 1 explores that Zn/Al-NLDH possesses a negatively
charged surface (−28.9 mV). Furthermore, Zr(VI) ions exist as
cationic species such as Zr4(OH)8

8+, ZrOH3+, and Zr3(OH)5
7+ at

a pH of #2,2–4 which have a strong tendency to bind to nega-
tively charged sorbent surfaces. However, at low pH levels, there
is high competition between hydrogen ions and Zr(IV) cationic
species for binding with the Zn/Al-NLDH sorbent surface
functional groups, which negatively affects the sorption
capacity.2–4 By increasing the pH of the solution, the concen-
tration of H+ decreases, giving more opportunities for Zr(IV)
cations to interact with the sorbent's active sites.2–4 However,
extending the solution to pH > 2.0, the insoluble Zr(IV) species
(ZrO2) becomes the predominant species, resulting in
a decrease in adsorption affinity. The similar sorption perfor-
mance was elucidated for Zr(IV) adsorption from aqueous
solution by magnetic cellulose/chitosan nanocomposites,2 in
situ-gel-precipitated aluminum-based composite sorbents
modied,3 polyacrylamide titanium tungstosilicate,6 polyani-
line/SiO2 composite,16,17 activated charcoal,31 and
clinoptilolite.32

3.2.2. Kinetic investigation. The adsorption mechanism
and system scaling up can be observed by analyzing the data
generated from the adsorption kinetic analysis. The adsorption
RSC Adv., 2024, 14, 28455–28468 | 28459
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Fig. 5 FTIR of NLDH before and after Zr(IV) adsorption.

Fig. 6 Zr(IV) sorption capacity as a function of solution pH (mixing
time: 120 min; room temperature; Zr(IV) initial concentration:
50 mg L−1; and sorbent dose: 0.5 g L−1).

Fig. 7 Zr(IV) sorption capacity as a function of time (pH: 2.0; room
temperature; Zr(IV) initial concentration: 50 mg L−1; and sorbent dose:
0.5 g L−1).
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tendency of Zn/Al-NLDH was examined over different time
intervals ranging from 5 to 240 minutes, using a xed sorbent
dose of 0.5 g L−1, a pH of 2.0, a temperature of 25 ± 1 °C, and
50 mg L−1 an original concentration of. Fig. 7 shows a signi-
cant increase in sorption affinity until the equilibrium time of
28460 | RSC Adv., 2024, 14, 28455–28468
45 minutes, with a sorption capacity of about 83.3 mg g−1. Aer
the equilibrium time, the sorption affinity levels off. This
behavior is attributed to the accessibility of vacant function
groups on the surface of the Zn/Al-NLDH sorbent before equi-
librium time. Most of these active sites were occupied with Zr(VI)
ions beyond equilibrium time.16,17

Zr(VI) adsorption kinetic using Zn/Al-NLDH material can be
analyzed by studying the results obtained from Weber–Morris,
Lagergren, and Pseudo-second-order models.33–36 The main
concept of each model is explained in the corresponding
references. The nonlinear equations for each model are given in
Table S1.†28–31 The tting of the models is determined using the
Chi-square (c2) and correlation coefficient (R2) equations (Table
S1†). The sorption capacity vs. shaking time plot is shown in
Fig. 8 and the values of the kinetic terms are presented in Table
2. Based on the investigated data, it has been determined that
the Pseudo-second-order kinetic model provides the best
description for the experimental results. This model has the
lowest Chi-square coefficient (c2: 0.16) and the highest coordi-
nation coefficient (R2: 0.99). This indicates that the rate-
Fig. 8 The kinetic curve of Zr(IV) sorption using Zn/Al-NLDH sorbent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The evaluated kinetic parameters; Pseudo first order, and
pseudo-second order models

Pseudo rst-order model
q1 (mg g−1) 87.0
k1 (min−1) 0.073
c2 5.7
R2 0.98

Pseudo second-order model
q2 (mg g−1) 94.7
k2 (min−1) 0.0013
h (mol g−1 h−1) 12.0
t1/2 (h) 7.9
c2 0.19
R2 0.99
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determining step in the Zr(IV) uptake using Zn/Al-NLDH is
chemisorption, and the adsorption process involves the
participation of a pair of electrons between the Zr(IV) and the
functional groups on the Zn/Al-NLDH surface.33–36 Other
studies, such as those on Zr(IV) adsorption from aqueous solu-
tion by magnetic cellulose/chitosan nanocomposites,2 in situ-
gel-precipitated aluminium-based composite sorbents modi-
ed,3 polyacrylamide titanium tungstosilicate,6 polyaniline/SiO2

composite,16,17 activated charcoal,26 and clinoptilolite,32 have
also shown similar kinetic performance.

It is possible to understand the process of Zr(IV) adsorption
by analyzing the data using Weber–Morris models. Fig. 9, which
shows the diversity of sorption capacity against t0.5, consists of
two line segments that indicate two stages. The statement
implies that there are several interaction mechanisms control-
ling the adsorption process. The terms of theW–Mequation can
be found in Table S2†. The results show that the adsorption
process has different performances at each stage. At the
beginning of the adsorption process, the Zn/Al-NLDH has free
surface active sites, which results in a high reaction rate (Ki =

10.12 mg g−1 min−1/2). The high concentration of Zr(IV) ions in
the solution enables rapid diffusion of the ions onto the sorbent
surface. This results in a low boundary effect (C = 18.1),35,36
Fig. 9 Morris–Weber model plot for Zr(IV) sorption using Zn/Al-NLDH
sorbent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating a chemisorption interaction between Zn/Al-NLDH
and Zr(IV) that extends to the equilibrium stage. However, at
the equilibrium stage, most of the active sites on the sorbent are
occupied, leading to a reduced driving force of Zr(IV) and a low
rate of reaction (Ki = 0.88 mg g−1 min−1/2) and a high boundary
effect (C = 78.3).35,36 Therefore, the intra-particular diffusion of
Zr(IV) ions into the sorbent pores takes place through a phys-
isorption interaction mechanism.

3.2.3. Isotherm investigation. The adsorption isotherm is
an important tool for describing the interaction between
adsorbate species and sorbent solid surface active sites. It
expresses the relation between the adsorbate concentration in
the solid and liquid phases and can help improve the design of
adsorption systems.37–39 To better understand the isotherm
demeanor of Zr(IV) adsorption using Zn/Al-NLDH material,
a series of trials were run with different initial concentration
ranges of 10–80 mg L−1. The trials were conducted under xed
conditions of 120 minutes shaking time, a temperature of 25 ±

1 °C, pH of 2.0, and a 0.5 g L−1 sorbent dose. The results, shown
in Fig. 10, indicate that the sorbent's affinity to Zr(IV) ions is
rapidly boosted with the original concentration increment from
10 to 60 mg L−1. This is likely due to the Zn/Al-NLDH material
providing free function groups for interaction with Zr(IV)
species.16–18 However, when the initial concentration is pro-
longed, the saturation of most surface function groups results
in a slower uptake process.16–18

The detailed isotherm of Zr(IV) adsorption can be analyzed by
using conventional isotherm equations such as Freundlich,
Langmuir, Sips, and Temkin models.37–39 The references used to
develop these models are mentioned in the study. The equa-
tions used in the models are provided in Table S1†. The tting
of the models is evaluated using the Chi-square (c2) and coor-
dination coefficient (R2) equations mentioned in Table S1.†35,36

The sorption capacity (qe) of Zr(IV) is plotted against the residual
concentration (isotherm curve) in Fig. 11, while the values of the
isotherm variables are provided in Table 3.

Based on the results presented in Table 3, it is observed that
the Langmuir isotherm model has the lowest Chi-square
Fig. 10 The effect of Zr(IV) initial concentration on the uptake process
(pH 2.0, temperature 25 °C, reaction time of 120 min, sorbent dose of
0.5 g L−1).
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Fig. 11 Isotherm profile for Zr(IV) sorption using Zn/Al-NLDH sorbent.

Table 3 The evaluated variables of Langmuir, Freundlich, Temkin, and
Sips isotherm models

Freundlich model Langmuir model
1/nF 0.3 qm (mgg−1) 117.6
kF (mg g−1) (mg L−1) 52.7 kL (L mg−1) 0.7
c2 14.4 c2 0.07
R2 0.93 R2 0.99

Sips model Temkin model
qS (mg g−1) 117.7 bT (J mol−1) 108.9
kS (L mg−1) 0.7 AT (L g−1) 8.4
mS 1.0 c2 1.7
c2 0.07 R2 0.98
R2 0.99

Table 4 Comparison of sorption performance of Zr(IV) for different
sorbents

Sorbent pH Adsorption capacity mg g−1 References

MCCh-N 1.8 180.0 2
MCCh-8H 2 168.0
Dowex 50WX8 50 — 172.4 7
Amberlite — 149.6
PGMS 2.6 72.2 40
SGMS 45.0
SGN18 3 38.4 41
PGMS 2.6 72.2 42
SGMS 2.6 45.0
MPFSG 1.8 12.3 43
BPFSG 16.7
AAPPFSG 29.2
Zn/Al-NLDH 2 117.6 This work
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coefficient of 0.07 and the highest coordination coefficient of
0.99. This indicates that the adsorption nature is uniform and
homogeneous.37–39 The highest capacity (qm) for Zn/Al-NLDH
sorbent towards Zr(IV) ions is approximately 117.7 mg g−1.
The process of Zr(IV) adsorption is favorable, which is evident
from the dimensionless equilibrium term RL = (1/(1 + KLCo)). If
the value of RL is between zero and one, then the process is
favorable. On the other hand, if RL is greater than one, then the
process is unfavorable.37–39 According to the data presented in
Fig. S1,† the RL values were between zero and one, indicating
a favorable adsorption process. Similar isotherm performance
was observed in various studies such as the adsorption of Zr(IV)
from aqueous solution by magnetic cellulose/chitosan nano-
composites,2 in situ-gel-precipitated aluminum-based
composite sorbents modied,3 polyacrylamide titanium tung-
stosilicate,6 polyaniline/SiO2 composite,16,17 activated char-
coal,31 and clinoptilolite.32 These studies all demonstrated
a monolayer, uniform, and homogeneous adsorption process.

The Sips isotherm model combines the Freundlich and
Langmuir models to predict the adsorption process. It is useful
for heterogeneous adsorption at low adsorbate concentrations
and reduces to the Langmuir isotherm model at high concen-
trations. The results from Table 3 show that the Sips model ts
the experimental results well with a low Chi-square coefficient
28462 | RSC Adv., 2024, 14, 28455–28468
(c2: 0.07) and a high coordination coefficient (R2: 0.99). As per
the Sips model, qS and qm values are the same, with a maximum
sorption capacity of 117.7 mg g−1. The strong correlation with
this model suggests that the adsorption process involves both
monolayer coverage (as in the Langmuir model) and heteroge-
neous surface energies (as accounted for in the Sips model),
indicating a complex adsorption mechanism.37–39

The Freundlich isotherm model has a coordination coeffi-
cient (R2 = 0.93), indicating that the Zn/Al-NLDH sorbent can
effectively uptake Zr(IV) even at low initial concentrations. It
suggests that the Zr(IV) uptake process is predominantly
a monolayer process, with a slight contribution from the multi-
layer adsorption process.37–39 The adsorption intensity ratio, 1/
nF, can be used to determine the prole of the Zr(IV) adsorption
process. If 1/nF is less than one, the process is favorable, and if it
is greater than one, the process is unfavorable.37–39 The data in
Table 3 shows that 1/nF is 0.3, indicating the favorability of the
Zr(IV) uptake process.

The Temkin model assumes a uniform and ideal surface
with uniform distribution and energy for each adsorption site.
The anticipated data declares that the Temkin isotherm model
exhibits a good coordination coefficient (0.98), conrming
a uniform and ideal adsorbent surface which is consistent with
the ndings of the Langmuir isotherm model. The magnitude
of the heat of adsorption (bT) value (108.9 J mol−1) is less than
8 kJ mol−1, elucidating a physisorption nature for the Zr(IV)
adsorption process.37–39 Finally, the inferences from isotherm
studies are consistent with the outcomes from the W–M kinetic
model whereas the adsorption of Zr(IV) ions is controlled by
multiple reaction mechanisms.

Table 4 shows the sorption capacity of Zn/Al-NLDH sorbent
for Zr(IV) ions, with a comparison to other sorbents in the
literature. The results show that the prepared sorbent has an
appropriate sorption capacity.

3.2.4. Impact of sorbent dosage. It is commonly known
that the amount of sorbent added is a crucial variable for
optimizing the sorbent dosage and economic assessment of the
proposed process. To determine the dependence of Zn/Al-NLDH
sorbent capacity on the sorbent dosage, several experiments
© 2024 The Author(s). Published by the Royal Society of Chemistry
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were conducted at a Zn/Al-NLDH dose of 0.2–0.6 g L−1. The
other variables were kept constant at a shaking time of 120
minutes, room temperature, 50 mg L−1 original concentration,
and a pH of 2.0. Fig. 12 indicates that the Zn/Al-NLDH affinity
decreased from 103.1 to 80.6 mg g−1 as the sorbent dose
increased from 0.2 to 0.6. This could be because the availability
of Zn/Al-NLDH surface function groups was higher than that of
the existing Zr(IV) ions.2,3,6,7 It is worth noting that the sorption
efficiency increased from 40.1 to 91.7% as the sorbent dose
varied from 0.2 to 0.5 g L−1, which was due to the increase in
sorbent surface area (more available active sites for binding
with Zr(IV) ions).2,3,6,7

3.2.5. Thermodynamics investigation. For upscaling the
process of adsorption systems, it is important to understand
their thermodynamic performance and associated terms. To
achieve this, a series of tests were conducted at different reac-
tion temperatures ranging from 25–50± 1 °C, while keeping the
other parameters constant at 120 minutes of shaking time, 0.5 g
L−1 of Zn/Al-NLDH dosage, 50 mg L−1 original concentration,
and solution pH of 2.0. The graph in Fig. 13-I shows the sorp-
tion capacity variation with temperature, indicating that the
Zr(IV) adsorption process is endothermic. As the reaction
temperature increased from 25 to 50 °C, the sorption capacity
increased from 90 to 96.2 mg g−1.35,36 The experimental results
were analyzed mathematically using thermodynamic equations
(Table S1†) and the Van't Hoff plot (Fig. 13-II) to determine the
values of DS° (standard entropy change), DG° (standard Gibbs
free energy change), and DH° (standard enthalpy change).44,45

The sorption process is endothermic, as indicated by the
positive value of the standard enthalpy change (DH° =

34.1 kJ mol−1: Table 5).44,45 A physical mechanism (phys-
isorption) causing the sorption process is indicated by DH° <
84 kJ mol−1. This nding is also supported by the Temkin
isotherm model analysis. The spontaneous nature and feasi-
bility of the Zr(IV) adsorption process is elucidated by the
negative value of the standard Gibbs Free energy change.44,45

The sorption process is more favorable at higher temperatures,
Fig. 12 The effect of Zn/Al-NLDH dose on Zr(IV) uptake (room
temperature; 50 mg L−1 original concentration; 240 min contact time;
pH 2.0).

© 2024 The Author(s). Published by the Royal Society of Chemistry
as deduced from the change of DG° values from −24.3 to
−29.1 kJ mol−1 as the temperature increased from 25 to 50 °
C.44,45 However, the Zn/Al-NLDH sorbent's application for Zr(IV)
adsorption is considered an energy-efficient process as about
90% sorption efficiency could be achieved at room temperature.
Table 5 shows that the adsorption process has a positive entropy
change (DS° = 195.8 J mol−1 K−1). This means that the process
is spontaneous, but it is characterized by a positive entropy
change. When the adsorbate binds to the surface of the sorbent,
it creates more space for other solution components to move
around, which increases the system's entropy change.44,45 This
same thermodynamic behavior (i.e. endothermic, feasible, and
spontaneous) is also observed for the adsorption of Zr(IV) by
polyacrylamide titanium tungstosilicate,6 polyaniline/SiO2

composite,16,17 activated charcoal,31 and clinoptilolite.32

3.2.6. Impact of interfering ions. Several experiments were
conducted to study the effect of a complex matrix on the
adsorption capacity of Zr(IV) using Zn/Al-NLDH material. The
testes were conducted using a Zr(IV) standard solution of
50 mg L−1 mixed with 50 mg L−1 of individual interfering ions,
namely Fe(III), Ca(II), Ti(IV), Nb(III), and Y(III). The experimental
conditions were kept constant at a shaking time of 120 minutes,
room temperature, pH of 2.0, and a sorbent dose of 0.5 g L−1.
The data presented in Fig. S2† shows that the presence of Ti(IV),
Nb(III), and Y(III) slightly decreased the adsorption efficiency of
Zr(IV) from 91.0% to about 85%. However, in the presence of
Ca(II) and Fe(III), the sorption percentage dramatically decreased
to about 69% and 65%, respectively.

3.2.7. Proposed adsorption mechanism. LDHs can be
described as [M1−x

2+Mx
3+(OH)2]

x+(An−)x/n$mH2O, where M2+ is
divalent metal, M3+ is trivalent metal, An− represents the
interlayer anion of LDHs, and x is the molar ratio of M2+/(M2+ +
M3+).20,46 The LDHs possess a high potential for heavy metal
adsorption from wastewater through various mechanisms
owing to their unique physicochemical properties, and partic-
ular structures.47–49 These mechanisms include isomorphic
substitution, electrostatic interactions, interlayer chemical
precipitation, surface complexation, and ion exchange.49–53

Different mechanisms can work simultaneously during the
application of LDH materials such as the interlayer anions,
molar ratio, and cation type. The type of LDH composite
determines the primary mechanism. For instance, Mg/Al-LDH
with interlayer CO3

2− favors the sorption of heavy metal
cations by chemical precipitation, ion exchange, and electro-
static binding mechanisms.54 In contrast, the isomorphic
substitution mechanism dominates the Cd adsorption using
Ca/Al-LDH.50,51 The uranium removal using the LDH mecha-
nism could be described as the interlayer carbonate co-
precipitation and the surface complexation reaction between
UO2

2+ and OH−/CO3
2− groups.55,56 Arsenate uptake using Mg–

Fe LDHs and Mg–Al LDHs is attributed to the formation of
inner-sphere complexes,57 while the surface precipitation
mechanism controls the phosphate adsorption using LDH.58

However, Cr3+ and Cd2+ removal using DTPMP-LDH (D-LDH)
composite was achieved through the chelation reaction, elec-
trostatic interaction, and weak vdW potential.59
RSC Adv., 2024, 14, 28455–28468 | 28463
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Fig. 13 Effect of sorption temperature on Zr(IV) sorption capacity (I), and Van't Hoff plot for Zr(IV) sorption using Zn/Al-NLDH sorbent (II) (dose
0.5 g L−1, shaking time of 120 min, initial concentration 50 mg L−1, pH 2.0).

Table 5 Thermodynamic parameters for Zr(VI) sorption using Zn/Al-
NLDH sorbent

DG (kJ mol−1)
DH
(kJ mol−1)

DS
(J mol−1 K−1)25 30 40 50

−24.3 −25.0 −27.1 −29.1 34.1 195.8
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In the present study, the zeta potential analysis declares that
the prepared Zn/Al-NLDH sorbent exhibits a negatively charged
surface value of −28.9 mV (Fig. 1), while the speciation of Zr(IV)
ions over solution pH2,3,6 displayed a cationic species at the
investigated solution pH range, which deduced that the elec-
trostatic interaction between the negative charge of hydroxide
layers in NLDH and the positive cation species is contributing
the uptake process. This proposal is conrmed by the zeta
potential analysis of the Zn/Al-NLDH sorbent aer the adsorp-
tion process (Fig. 1) whereas, the negativity of the sorbent
surface charge is decreased to z−19.8 mV aer the binding
with the positive Zr(IV) cations. The boost of the particle size
from z140 nm for the Zn/Al-NLDH to 268 nm aer the
adsorption process (Fig. 1) conrms the outer-sphere complexes
between the sorbent surface and the Zr(IV) ions. Furthermore,
Zr(IV) species could form inner-sphere complexes with the
hydroxyl function group on the surface of the Zn/Al-NLDH
sorbent. The surface complexation mechanism is conrmed
by the variation of the FTIR analysis for the Zn/Al-NLDH sorbent
before and aer the uptake process (Fig. 5) whereas, the peak of
the –OH group is changed aer the adsorption process reect-
ing the complex formation mechanism. This mechanism is
consistent with the ndings of the kinetic analysis results which
elucidated that the Pseudo-second order kinetic model is the
best model for describing the adsorption process which reects
the chemisorption interaction through the inner surface
complexation mechanism.

Morris–Weber kinetic model (Fig. 9) reveals that Zr(IV)
adsorption using the Zn/Al-NLDH is controlled with multiple
reaction mechanisms, and the chemisorption mechanisms
such as surface complexation is the main contributor at the
28464 | RSC Adv., 2024, 14, 28455–28468
beginning of the process, while aer the equilibrium stage, the
physisorption mechanisms such as the inter-particular diffu-
sion mechanism is mainly contribute the uptake process. This
elaboration is conrmed by the decrease in the sorbent surface
area from 730.5 to 163.3 cm2 g−1 (Table 1). The physisorption
mechanisms is also conrmed with the ndings of the ther-
modynamic and isotherm analysis which declare that the DH°
value is 34.1 kJ mol−1, and the bT value (108.9 J mol−1) which
indicates the physisorption process using the weak vdW inter-
action mechanism.

3.2.8. Investigation of desorption and recycling process.
For the successful development and feasibility assessment of
the adsorption process, it is crucial to test the prepared mate-
rials for their ability to undergo desorption and reusability. In
this regard, tests were conducted to explore the loaded Zn/Al-
NLDH desorption using various aqueous solutions such as
sulfuric, hydrochloric, and nitric acids. The experimental
conditions were as follows: an acid concentration of 1.0 M,
room temperature, 120 minutes of shaking time, and 0.5 g L−1

sorbent dosage. It is evident from Table S3† that the affinity of
aqueous solutions for Zr(VI) elution from the loaded sorbent can
be ranked as hydrochloric acid > sulfuric acid > nitric acid. The
desorption percentage of the applied mineral acid solutions was
about 98.1%, 76.7%, and 64.3% for hydrochloric, sulfuric, and
nitric acids, respectively. The reusability of the Zn/Al-NLDH
material was tested for six consecutive sorption/desorption
cycles. Before each cycle, the sorbent was washed with deion-
ized water. The data in Table S4† shows that the Zn/Al-NLDH
sorbent demonstrated good stability aer six cycles. However,
the sorption efficiency decreased from 90.6% to 88.7% and the
desorption percentage decreased from 98.0% to 95.8%.

3.2.9. Waste effluent treatment. Effective waste manage-
ment is crucial for protecting the environment and human
health. In this regard, scientists conducted an experiment using
a Zn/Al-NLDH material to treat a wastewater sample obtained
from the Nuclear Materials Authority in Egypt. The sample's
main components were determined using ICP-AES and listed in
Table S5†. The experiment was conducted at room temperature
and a pH of 2.0, with a shaking time of 120 minutes, and
a sorbent dosage of 0.5 g L−1. Aer the shaking process, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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solid and liquid parts were separated. The results revealed that
around 87.5% of Zr(VI) ions were effectively removed from the
raffinate solution. It is worth noting that the removal efficien-
cies for Ti(IV), Fe(III), and V(IV) ions were around 15.2%, 17.4%,
and 3.0%, respectively. Moreover, the concentration of Na(I) and
K(I) ions was reduced by around 2.8% and 5.2%. These ndings
indicate that the Zn/Al-NLDHmaterial can be effectively used in
hydrometallurgical processes.
4 Conclusion

A nanostructured layered double hydroxide (Zn/Al-NLDH)
composed of zinc and aluminum has been successfully
created and utilized to eliminate Zr(IV) from an aqueous solu-
tion. The sorbent's textural properties, and structure were
examined using SEM, EDX, BET-surface area, and XRD. The
study comprehensively investigated the primary parameters
that inuence the adsorption process, such as pH, shaking
time, reaction temperature, sorbent dose, and original
concentration. Pseudo second order kinetic model and Lang-
muir isotherm model were recognized to be well t the experi-
mental data of Zr(IV) uptake. The highest uptake affinity of the
Zn/Al-NLDH sorbent for Zr(IV) ions was about 117.6 mg g−1.
The ndings of the thermodynamic analysis elucidated an
endothermic, feasible, and spontaneous uptake process.
Furthermore, 1.0 M hydrochloric acid was effectively used to
achieve around 96% of Zr(VI) adsorption from the loaded
sorbent, and the Zn/Al-NLDH sorbent remained stable for six
consecutive sorption/desorption cycles. Overall, the results
showed that the synthesized Zn/Al-NLDH sorbent is an appro-
priate material for the wastewater remediation process.
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