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Abstract: A series of sorption materials based on layered double hydroxides (Co-Fe LDH, Ni-Fe LDH,
and Zn-Ti LDH) were obtained by a facile and environmentally friendly method of coprecipitation.
A low particle size of no more than 10 µm was achieved. The use of transition metals makes it possible
to obtain compounds that are mechanically and chemically stable in aggressive environments. XRD
analysis revealed that the compounds have a highly organized crystalline structure. Using SEM, it
was determined that Co-Fe LDH and Ni-Fe LDH had a loose, highly dispersed surface structure,
while Zn-Ti LDH had a monolithic surface structure. U(VI) adsorption on the obtained materials in
solutions containing Na2CO3, Na2SO4, KNO3, NaCl, K3PO4, and NaHCO3, was studied in batch
mode. The degree of purification in the presence of these salts reached 99.9%, while the distribution
coefficient Kd reached 105 mL/g. Sorption capacity qmax and equilibrium adsorption constants Kf

and KL for U(VI) adsorption in batch mode (for 24 h) from distilled and seawater were determined
using the Freundlich and Langmuir equations. The highest sorption capacity of 101.6 mg/g in
seawater and 114.1 mg/g in distilled water was registered for Co-Fe-LDH. The presence of competing
ions in seawater can reduce sorption efficiency by up to 40%. The provided research allowed us to
conclude that the obtained materials, Co-Fe LDH, Ni-Fe LDH, and Zn-Ti LDH are promising for the
sorption removal of U(VI) from aqueous media of medium salinity.

Keywords: inorganic sorbents; nanocomposite functional materials; sorption; layered double
hydroxides; uranium (VI); seawater

1. Introduction

Uranium is a highly toxic radioactive element that is widely used in various fields
such as chemical, energy, aerospace, metallurgical, and others [1]. Uranium fuel is the most
important raw material for nuclear power, providing 10% of all electricity produced in
the world [2]. In this regard, uranium reserves may be a limiting factor in the develop-
ment of nuclear energy. The process of uranium mining and the use of nuclear energy is
generating large amounts of wastewater and radioactive waste containing U(VI) in the
form of hexavalent uranyl cations (UO2

2+) [3]. Therefore, the removal of soluble uranium
from radiation-contaminated waters for the purpose of its subsequent use in technological
processes of nuclear energy is becoming an increasingly urgent task.

Uranium can be removed from liquid media using promising sorption materials
based on layered double hydroxides (LDH). These sorbents have a unique layered crystal
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structure, an abundance of active sorption sites, high selectivity, and a high specific surface
area. These advantages allow LDH to effectively adsorb heavy metals, including uranyl
ions, on its surface [4,5].

LDH or other hydrotalcite-like compounds have a distinct layered structure and
general formula [M2+

1−xM3+
x(OH)2]x+(An−)x\n·mH2O, where M2+—divalent metal,

M3+—trivalent metal, located in octahedral positions of brucite-like layers, and An-—anion,
compensating the positive charge of brucite-like layers [6]. The formation of the hydro-
talcite phase occurs provided that the x value lies in the range of 0.2–0.4, and the radii
of the cations forming brucite-like layers do not differ by more than 1.5 times. Anions,
when interacting with these compounds, can adsorb on their outer surface and penetrate
the interlayer space due to anion exchange or LDH reconstruction (“memory effect”) [7,8].
The structural features of LDHs and the variety of cations included in their composition
determine various ion exchange, sorption, catalytic, and other properties. For example, the
synthesis of LDHs with magnetic properties, which can significantly simplify the process
of extracting spent sorbents from aqueous media, is carried out through the simultaneous
introduction of iron and cobalt cations into the system [9].

Several studies carried out using synchrotron radiation (XANES and EXAFS methods)
give us knowledge about the main mechanisms of uranium adsorption on the surface of
LDH [10–15].

The authors of the study [13] found that these mechanisms include: (i) complexation
occurring between UO2

2+ and ions contained in the interlayer space of the LDH and subse-
quent intercalation of electroneutral complexes into the interlayer space; (ii) complexation
with carbonate ions located in the interlayer space of the LDH and subsequent interca-
lation of electronegative complexes (such as UO2(CO3)2)2−) into the interlayer space;
(iii) surface precipitation of uranium in the form of UO2(OH)2. The specific type of
adsorption mechanism depends on many parameters, mainly the concentration of
uranyl ions.

According to another study [14], the main mechanisms of uranium adsorption on
LDH are surface complexation occurring through the deprotonation of Me-OH functional
groups and ion exchange of negatively charged uranium complexes (mainly carbonate)
with ions (Cl−, NO3

−) in the interlayer space of the LDH.
The study [15] showed that the adsorption of uranium on Mg-AL-LDH can occur as a

consequence of (i) precipitation of uranyl hydroxide UO2(OH)2 and similar basic uranium
compounds on the surface of the LDH; and (ii) surface complexation with the formation of
complexes such as Mg(UO2(CO3)3)2− and UO2(CO3)3

4− (Mg2+ was a component of the
Mg-Al-LDH crystal lattice). At the same time, at high pH, mainly the precipitation of basic
uranium compounds on the surface of the LDH was observed.

The results of another study showed that the mechanisms responsible for the adsorp-
tion of uranium on LDH are inner-sphere complexation (at pH > 5) and cation exchange (at
pH < 4) [12].

The authors [11] showed that the adsorption of uranium on Ca-Al-LDH and Ni-Al-
LDH samples modified with glycerol proceeds according to a slightly different mechanism.
Ca-Al-LDH has been shown to be capable of extracting uranium via outer-sphere surface
complexation and electrostatic interactions, while Ni-Al-LDH extracts uranium through
inner-sphere surface complexation and electrostatic interactions.

Thus, based on the obtained literature data based on the use of XANES and EXAFS
methods to study the mechanisms of uranium adsorption on LDH, it can be assumed
that the specific adsorption mechanism depends on many factors, such as pH, uranium
concentration, content and type of interfering ions, the type of ions in the interlayer space
of the LDH, and even the type of metals that make up the crystalline lattice of the LDH. The
main mechanisms of adsorption, the occurrence of which is confirmed by most studies, are
(i) surface complexation, which can be either outer-sphere or inner-sphere; and (ii) surface
precipitation of uranium in the form of uranyl hydroxide (at high pH values).
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Zn-Al LDH, containing EDTA, DTPA, and HMDTA, demonstrates a high sorption
capacity for uranyl ions in the presence of carbonate ions for the process of the extraction
of U(VI) in the interlayer space [16]. The sorbent based on Mg-Al double oxide was
synthesized by calcination of Mg-Al double hydroxide synthesized by the homogeneous
precipitation method. The proposed material can effectively remove uranyl ions due to
complexation on the surface and the “memory effect”, which results in the reconstruction
of the layered structure of heat-treated forms of LDH [5,17]. There is a similar method
for obtaining sorption material for the extraction of U(VI) based on U(VI) Mg-Fe LDH,
which was obtained by coprecipitation and thermally treated in an air atmosphere. Using
this method, Mg-Fe LDH and Zn-Al LDH were obtained, which have a high sorption
capacity for uranyl ions of 201.09 mg/g [18]. However, the presented sorption materials are
characterized by low mechanical resistance and are prone to peptization during sorption
experiments, which does not imply the use of these materials in dynamic modes.

To increase the sorption activity of LDH compared to analogues, a hydrothermal
synthesis method is proposed, which includes the preliminary stages of obtaining carbon
spheres and coating them with Ni-Al LDH [19]. In the article [20], a similar synthesis is
implemented, where SiO2 with AlOOH are used as microspheres. The study [21] proposed
the preparation of three-dimensional hydroxyapatite materials based on Mg-Fe LDH (Mg-
Fe-HAP) using ultrasonic synthesis, hydrothermal synthesis, and coprecipitation methods.
HAP was obtained by the coprecipitation method and Mg-Fe LDH by the hydrothermal
method. The resulting materials demonstrate a high sorption capacity for uranyl ions of
845.16 mg/g. However, the identified disadvantages of such complex sorbents were their
low mechanical stability in acidic environments and the low degree of uranium recovery in
alkaline and carbonate solutions.

The main negative effect on U(VI) adsorption is exerted by co-existing CO3
2−. This is

due to the existence of many uranyl carbonate forms (such as UO2CO3 (aq), UO2(CO3)2
2−,

and UO2(CO3)3
4−). At high concentrations, they cause a process of electrostatic repulsion

between the surface of the adsorbent and UO2
2+ [22–25]. Due to its ability to adsorb ra-

dionuclide ions through surface deposition, ion exchange, and isomorphic substitution
mechanisms, LDH is considered an effective material for radioactive wastewater treat-
ment [26]. However, the adsorption efficiency of pollutants onto LDH may be limited due
to the lack of surface functional groups.

To avoid the dissolution of LDH and the removal of metal ions that make up its crystal
lattice into the filtrate, several authors have proposed a regeneration method using Na2CO3
or NaHCO3 solutions, which make it possible to remove intercalated forms of uranium
from the interlayer space of LDH. The study [20] showed that at a Na2CO3 concentration
of 0.5 mol/L or more, the desorption efficiency is 80%. The authors [27] showed that after
four cycles of adsorption–desorption with NaHCO3, the removal ratio of uranium by LDH
was maintained at 90.27%. The article [28] compares the effectiveness of NaOH, Na2CO3,
and EDTA for the regeneration of adsorbed uranium, and shows that the most effective
desorption method is the treatment of Na2CO3.

LDH of transition metals (Co-Fe LDH, Ni-Fe LDH, and Zn-Ti LDH) can be used as
efficient sorption materials for U(VI) removal due to the increased chemical activity of their
hydroxyl functional groups. The synthesis of such materials can be realized by a facile and
environmentally friendly method of coprecipitation.

The purpose of the research is to obtain layered double hydroxides (LDH) based
on transition metals (Co-Fe, Ni-Fe, and Zn-Ti) using a simple coprecipitation method.
The use of transition metals makes it possible to obtain compounds that are mechani-
cally and chemically stable in aggressive environments while maintaining high activity
in liquid media redox reactions. In addition, a study and comparison of the physico-
chemical properties of the obtained materials and their sorption properties for U(VI) were
carried out.
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The novelty of the research lies in the use of new combinations of metals to create
layered double hydroxides, as well as in the study of their sorption efficiency in various
solutions, such as seawater and solutions containing various salts.

2. Experimental
2.1. Materials and Reagents

The following reagents were used: cobalt chloride hexahydrate (CoCl2·6H2O), iron
chloride hexahydrate (FeCl3·6H2O), sodium hydroxide (NaOH), sodium carbonate
(Na2CO3), nickel chloride hexahydrate (NiCl2·6H2O), iron chloride hexahydrate
(FeCl3·6H2O), zinc chloride (ZnCl2), titanium chloride (TiCl3), and uranyl nitrate
(UO2(NO3)2). All chemicals were purchased from Nevareaktiv LLC (Saint-Petersburg,
Russia) at 99.9% purity without additional purification.

2.2. Synthesis Method
2.2.1. Co-Fe LDH Synthesis

For the synthesis, 18. mL of a 3.5 M NaOH solution was added to 100 mL of a 1 M
Na2CO3 solution with vigorous stirring. A mixture containing 100 mL of FeCl3·6H2O with
a concentration of 0.5 M and 100 mL of CoCl2·6H2O with a concentration of 1 M was added
dropwise to the resulting solution. The concentrations of iron chloride and cobalt chloride
in the solution obtained after mixing were 0.25 M and 0.5 M, respectively.

The pH values of the solution mixture were higher than 10 during the synthesis
process. The resulting precipitate was filtered off, washed with distilled water, and dried
at 100 ◦C for 6 h until excess moisture was completely removed. The dried materials
were crushed, and a fraction with a grain size of 0.1–0.3 mm was selected. Before starting
the experiment, the materials were additionally washed from dust particles by decanting
distilled water.

2.2.2. Ni-Fe LDH Synthesis

The synthesis of Ni-Fe was carried out according to the method described above. The
mixture containing 100 mL of FeCl3·6H2O with a concentration of 0.5 M and
100 mL of NiCl2·6H2O with a concentration of 1 M was used to precipitate Ni-Fe LDH. The
concentrations of iron chloride and nickel chloride in the solution obtained after mixing
were 0.25 M and 0.5 M, respectively.

2.2.3. Zn-Ti LDH Synthesis

The synthesis of Ni-Fe was carried out according to the method described above. The
mixture containing 100 mL of ZnCl2 with a concentration of 0.06 M and 100 mL of TiCl3
with a concentration of 0.12 M was used to precipitate Zn-Ti LDH. The concentrations of
titanium chloride and zinc chloride the solution obtained after mixing were 0.03 M and
0.06 M, respectively.

2.3. Characterization Methods

Identification of the crystalline phases of the obtained samples was carried out us-
ing X-ray diffraction analysis (XRD), CuKα radiation, Ni filter, average wavelength (λ)
1.5418 Å, shooting angle range 10–80◦, scanning step 0.02◦, spectral recording speed
−5◦/min., on a D8 Advance “Bruker-AXS” X-ray diffractometer (Mannheim, Germany).

Differential thermal analysis and thermogravimetric analysis (DTA-TG) were per-
formed on a Shimadzu DTG-60H (Kyoto, Japan) derivatograph analyzer in air in a platinum
crucible at a heating rate of 10 ◦C/min at a temperature of 20–1000 ◦C.

The texture characteristics of the obtained material were studied using the low-
temperature nitrogen adsorption–desorption method on a Quantachrome Autosorb IQ
instrument (Houston, TX, USA). The values of the specific surface area SBET (m2/g) were
calculated from isotherms of low-temperature nitrogen adsorption using the single-point
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BET method [29,30]. The pore size distributions in the studied materials were determined
using the DFT method.

Images of the surface of the samples were obtained by scanning electron microscopy
(SEM) on a CrossBeam 1540 XB “Carl Zeiss” (SEM, Berlin, Germany) device with an
attachment for energy-dispersive microanalysis (EDS) “Bruker” (Bremen, Germany).

The residual concentration of the U(VI) in the solution was determined spectrophoto-
metrically by the change in optical density (before and after sorption) on a UV mini-1240
Shimadzu device (Kyoto, Japan) at a wavelength of 656 nm [31].

2.4. Study of U(VI) Sorption on Obtained Materials

The study of the sorption properties of LDH toward uranyl ions was carried out in
batch sorption mode in distilled water, seawater, and in solutions of competing ions.

2.4.1. Sorption of U(VI) from Distilled Water

The nature of the sorption process was assessed using sorption isotherms obtained
using solutions of different concentrations of UO2(NO3)2 in distilled water. The concentra-
tion of uranyl ions in the initial solutions varied from 30 to 150 mg/L. The pH value in the
initial solutions of uranyl ions was maintained at a level of pH = 6 by manual adjustment.

A 10 mg sample of the sorbent was placed in an Eppendorf tube, and 10 mL of a
solution of uranyl ions with a concentration of 30, 60, 90, 120, and 150 mg/L (S:L = 1:1000)
was added. A series of test tubes were mounted on a vertical shaker and mixed at a speed
of 20 rpm [32]. Sorption was carried out for 24 h. After that, the sorbent was separated from
the solution, and the residual content of uranyl ions in the test solution was determined
by spectrophotometry by the change in optical density (before and after sorption) in the
presence of Arsenazo III at a wavelength of 656 nm.

2.4.2. Sorption of U(VI) from Seawater

The experiment was carried out according to the method described above. Sorption
isotherms were obtained using solutions of different concentrations of UO2(NO3)2 in
seawater.

The seawater samples were taken in the Amur Bay (Prmorskiy Krai, Russia). The
salinity of the seawater samples was 30 g/L. The concentration of uranyl ions in the initial
solutions ranged from 30 to 150 mg/L.

2.4.3. Sorption of U(VI) in Presence of Competing Ions

To assess the influence of competing ions in a solution on the efficiency of sorption
extraction of uranyl ions, a series of solutions were prepared containing a given concentra-
tion of uranyl ions and several salts containing competing ions: Na2CO3, Na2SO4, KNO3,
NaCl, K3PO4, and NaHCO3. The concentration of uranyl ions was 100 mg/L, and the
concentration of competing ions varied from 0.01 M to 0.1 M. The pH value of the original
test solutions was equal to 6.

The effect of the concentration of competing ions on the sorption efficiency of samples
was studied using carbonate and sulfate ions in the concentration range of 0.01–1 M and a
uranyl ion content of 20 mg/L.

Sorption was carried out in batch sorption mode for 24 h, according to the method
described above.

Based on the obtained experimental data, sorption efficiency indicators, including
degree of purification, distribution coefficient (Kd), and sorption exchange capacity (SEC),
were carried out.

The degree of purification (S, %) was calculated according to Formula (1):

S =
C0 −Ce

C0
· 100%, (1)

where C0—initial concentration of 238U in the solution, mg/L;
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Ce—equilibrium concentration of 238U in the solution, mg/L.
The distribution coefficient (Kd, mL/g) was calculated according to Formula (2):

Kd =
C0 −Ce

Ce
· V

m
, (2)

where C0—initial concentration of 238U in the solution, mg/L;
Ce—equilibrium concentration of 238U in the solution, mg/L;
V—volume of the liquid phase, mL;
m—mass of the sorbent, g.
The calculation of the sorption exchange capacity SEC (mg/g) was performed accord-

ing to Formula (3):

SEC =(C0 − Ce) ·
V
m

, (3)

where C0—initial concentration of 238U in the solution, mg/L;
Ce—equilibrium concentration of 238U in the solution, mg/L;
V—volume of the liquid phase, L;
m—mass of the sorbent, g.
The nature of the sorption process was assessed based on sorption isotherms, which

represent the dependence of the amount of adsorbed substance on the concentration of
the solution at a constant temperature. When describing sorption isotherms, the following
equations were used: Freundlich (4) and Langmuir (5) [31]:

qe=Kf
·Cm

e
, (4)

where Ce—equilibrium concentration of 238U in the solution, mmol/L;
Kf—Freundlich constant characterizes the relative adsorption capacity and represents

the value of adsorption at an equilibrium concentration equal to one;
m—indicator of the heterogeneity of exchange centers, which characterizes the change

in the heat of adsorption depending on the degree of their filling.

qe = qmax
KL ·Ce

1 + KL ·Ce
, (5)

where qmax—maximum sorption exchange capacity (mmol/g);
Ce—equilibrium concentration of 238U in the solution, mmol/L;
KL—adsorption equilibrium constant, which characterizes the adsorbent–adsorbate

bond energy.

3. Results and Discussion

Sorption materials based on layered double hydroxides (Co-Fe LDH, Ni-Fe LDH,
and Zn-Ti LDH) were synthesized using the direct coprecipitation method. The resulting
samples are characterized by a solid powdery structure of irregular shape and brown,
yellow, and white colors, respectively.

The mechanism for obtaining these compounds consists of coprecipitation from the so-
lutions of salts of the corresponding di- and trivalent metals, followed by the crystallization
and the formation of brucite-like layers with a uniform distribution of both metal cations
and solvated interlayer anions. The synthesis of LDH can be schematically represented
as follows:

(1 - x)Co2+ + xFe3+ + 2OH− + (x/2)CO3
2− + mH2O→ Co1−xFex(OH)2[(CO3

2−)x/2·mH2O].

According to the results of XRD analysis, it was revealed that the obtained samples
have a well-crystallized phase structure, as evidenced by the presence of Bragg diffraction
peaks in the X-ray diffraction patterns of the obtained materials (Figure 1).
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The phase composition of samples based on Co-Fe LDH and Ni-Fe LDH LDHs
(Figure 1) corresponds to the well-known LDH formula M2+

1−xM3+
x(OH)2]x+(An−)x\n·mH2O,

and the XRD pattern contains typical reflexes for this system.
It was revealed that the direct coprecipitation technique developed in this work is not

suitable for the synthesis of Ti-Zn LDH since the actual composition of the claimed sample
does not correspond to the expected one: the formation of not LDH but ZnO and Zn(OH)2
phases is observed, which is probably due to the insufficient concentration of Ti3+ in the
original solution.

The thermal stability of the studied samples was determined by thermal analysis.
For all studied samples, the following patterns are observed on the TGA, DTA, and DTG
curves (Figure 2): the low-temperature region corresponds to the removal of physically
adsorbed water evaporation up to 150 ◦C; in the temperature range 200–250 ◦C the removal
of interlayer water occurs; and the high-temperature region > 300 ◦C is attributed to the
dehydroxylation of brucite-like layers and the removal of interlayer anions.
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Thermal decomposition of the Co-Fe-LDH sample occurs in four clearly distinguish-
able stages (Figure 2). Stage I is associated with the evaporation of water adsorbed on
the surface of the sample in the range from 20 to 140 ◦C (Table 1). With further heating
to 190 ◦C, intercalated water evaporates, which corresponds to the occurrence of stage
II. In the range from 190 to 940 ◦C, stage III occurs, associated with the final evaporation
of intercalated water, dehydration of hydroxyl groups, and destruction of brucite-like
layers. Upon reaching 940 ◦C, an endo-effect is observed associated with the decomposition
of the formed carbonates. The decomposition of the Ni-Fe-LDH sample proceeds in a
similar manner, but no clearly distinguishable stage IV is observed (Table 1). Since the
phase composition of the Zn-Ti-LDH sample is different from Ni-Fe-LDH and Co-Fe-LDH,
the shape of the DTA/TGA/DTG curves is also significantly different (Figure 2). Firstly,
stage I, associated with the loss of adsorbed water, occurs up to a temperature of 120 ◦C.
Stages II and III, associated mainly with the loss of intercalated water, as well as with the
dehydration of hydroxyl groups, occur simultaneously in the range from 120 to 600 ◦C.
Stage IV, associated with decarbonization, begins already at 600 ◦C. The observed patterns
of the thermal destruction of synthesized LDHs coincide with the thermogravimetric data
given in the literature [33–36].

Table 1. Thermogravimetric parameters of the obtained samples.

Sample Stage (Temperature, ◦C) Weight Loss, % Total Weight Loss, %

Co-Fe-LDH

Stage I (20–140 ◦C)
Stage II (140–190 ◦C)
Stage III (190–940 ◦C)

Stage IV (940–1000 ◦C)

4.1
13.9
10.8
1.4

30.2

Ni-Fe-LDH
Stage I (20–150 ◦C)

Stage II (150–205 ◦C)
Stage III (205–1000 ◦C)

6.8
7.2

19.7
33.7

Zn-Ti-LDH
Stage I (20–120 ◦C)

Stages II–III (120–600 ◦C)
Stage IV (600–1000 ◦C)

3.7
9.3
1.8

14.8

Table 1 presents the thermogravimetric parameters of the obtained samples.
The isotherms of low-temperature nitrogen adsorption–desorption for the obtained

materials under study (Figure 3) are of the IV type with a pronounced hysteresis loop,
attributed to the process of capillary condensation in mesopores. A curved initial region
indicates a strong adsorbate–adsorbent interaction. The specific surface area for the Ni-Fe
LDH sample (SBET = 129.5 m2/g) exceeds the similar value for other samples by two times.

According to DFT studies, the structure of all studied samples is represented by
mesopores. The Ni-Fe and Zn-Ti LDH samples consist of mesopores with d = 5 nm; the
Ni-Fe LDH also contains a small amount of macropores with a size of d > 50 nm. The
diameter of the mesopores of Co-Fe LDH has a wide distribution in the range of 5–50 nm,
and the presence of macropores in the structure of the sample is observed.

Based on SEM surface images (Figure 4) of the studied samples, it was established
that the surface morphology of Co-Fe LDH and Ni-Fe LDH samples is characterized by a
loose microstructure. The coprecipitation method achieves a low dispersion of materials,
which is confirmed by the particle size, which does not exceed 10 microns. The particles
of the Co-Fe LDH sample are plate-shaped grains, which are characteristic of the LDH
structure [37]. The Zn-Ti LDH sample is distinguished by its monolithic surface structure,
which is associated with the phase composition in which zinc hydroxide is present.
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Using the EDS method, an image of the distribution of elements (Figure 4) on the
surface of the samples and quantitative characteristics (Table 2) were obtained. It was
revealed that the elemental composition of the surface is homogeneous and includes O, C,
and Cl, and metals that form LDH: Fe, Co, Ni, Zn, and Ti.

Table 2. EDS elemental composition of obtained materials.

Sample
wt, %

C O Cl Co Fe Ni Zn Ti

Co-Fe LDH 7.66 36.84 - 35.12 20.39 - - -

Ni-Fe LDH - 48.21 0.49 - 15.3 36 - -

Zn-Ti LDH - 45.11 6.82 - - - 18.72 9.35

The results from EDS analysis correspond to the composition of the samples. The
required quantitative ratio of metals for the formation of LDH Me2+/Me3+, approximately
equal to 2:1, was observed for all studied samples. The obtained values for the mass fraction
of elements were used to establish the general formula. The amount of intercalated water
m was determined based on TGA data (mass loss in stage II corresponds mainly to the
evaporation of intercalated water). Therefore, the general formula of the obtained Co-
Fe-LDH is [Co0.59Fe0.36(OH)1.9](CO3)0.18 × 0.46H2O and the obtained Ni-Fe-LDH general
formula can be written as follows: [Ni0.61Fe0.27(OH)1.76](CO3)0.14 × 0.39H2O. The general
formula of the resulting Zn-Ti-LDH cannot be determined from the analysis results since
the diffraction patterns of this sample do not correspond to typical diffraction patterns of
LDH. Therefore, the stoichiometric ratios in the general LDH formula do not describe the
ratios of atoms in that sample.

The presence of chlorine in the obtained samples is associated with the inevitable
intercalation of chloride ions, which occurs both due to their presence in the initial salts and
due to the formation of the NaCl byproduct in the reaction mixture during the precipitation
process. In the process of washing the resulting sediment from excess alkali, chloride ions
are exchanged for carbonate ions, which enter distilled water through the absorption of
atmospheric carbon dioxide. Accordingly, the concentration of chloride ions depends both
on the intensity of washing and on the affinity of LDH for chloride and carbonate ions.

Regions containing many carbon atoms, as clearly visible from the SEM images
(Figure 4), do not contain sorbent particles. In this regard, the different carbon content in
the obtained samples does not indicate their different elemental composition. However,
the provided SEM images show that the interlayer space of the LDH contains carbon in
the form of carbonate ions, since dots corresponding to carbon atoms are also present on
the sorbent particles. This is confirmed by the phase composition of the samples, since the
diffraction patterns contain characteristic peaks of LDH in the carbonate form. The exact
carbon content, however, cannot be determined by EDS.

The nature of the sorption process was assessed using sorption isotherms (Figure 5),
obtained using solutions of different concentrations of UO2(NO3)2 in distilled and seawater
(Amur Bay, Vladivostok).

According to the classification of C. H. Giles [38], the sorption isotherms of uranyl ions
(Figure 5) can be attributed to the H-type, which is distinguished by a vertical initial section,
which is due to the high affinity of sorption centers for U(VI). The obtained isotherms are
characterized by a clearly defined plateau, which indicates the achievement of adsorption
equilibrium and the filling of all adsorption centers.

According to the literature [10–15], the adsorption of uranium at pH = 6, at the
indicated concentrations, occurs by a mechanism that includes the stages of the formation
of negatively charged uranyl complexes with the carbonate ions contained in the interlayer
space (UO2(CO3)2)2−), and the subsequent intercalation of those complexes in the LDH
interlayer space. At higher pH values, precipitation of uranyl hydroxide UO2(NO3)2 can
occur on the surface of the LDH.
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values approximation; (2) Using the Langmuir equation; (3) Using the Freundlich equation.

As shown in several studies [27,28], uranium can be desorbed using Na2CO3 (or
NaHCO3) treatment. In this case, there is no destruction of the crystalline structure of
the sorbent, and desorption itself is carried out due to the exchange of substitution of
complex uranium carbonate compounds contained in the interlayer space of the LDH with
carbonate ions.

The obtained dependencies are reliably described by the Langmuir and Freundlich
equations, as evidenced by the high values of the correlation coefficients (R2). It was
revealed that the highest value of the sorption exchange capacity (qmax) corresponds to
the Co-Fe LDH sample (101.6 mg/g in seawater and 114.1 mg/g in distilled water). The
Ni-Fe LDH and Zn-Ti LDH samples are significantly inferior in this value. The presence of
various salts of seawater in the solutions and competing ions can reduce sorption efficiency
by 10–40% (Figure 6).

Table 3 shows the parameters obtained by approximating experimental data using the
Langmuir and Freundlich equations.

Figure 7 shows diagrams of the dependence of the distribution coefficient Kd (mL/g)
of uranyl ions on the studied samples in distilled (Figure 7a) and seawater (Figure 7b) on
the concentration of the initial solutions at a pH equal to 6.
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Table 3. Langmuir and Freindlich isotherm parameters for U(VI) adsorption on obtained LDHs.

Equation Parameters

Co-Fe LDH Ni-Fe LDH Zn-Ti LDH

Seawater Distilled
Water Seawater Distilled

Water Seawater Distilled
Water

Freundlich

Kf 62.47 ± 1.79 68.91 ± 2.95 34.78 ± 0.97 49.80 ± 4.11 19.88 ± 1.53 49.96 ± 0.32

n 0.16 ± 0.01 0.17 ± 0.01 0.10 ± 0.01 0.11 ± 0.02 0.17 ± 0.02 0.09

R2 0.99 0.98 0.98 0.94 0.956 0.99

Langmuir

qmax 10.60 ± 4.26 114.12 ± 4.34 51.85 ± 0.95 73.82 ± 4.97 43.51 ± 0.93 69.46 ± 2.10

KL 4.16 ± 1.41 2.78 ± 0.83 6.24 ± 1.06 31.27 ± 17.33 0.26 ± 0.03 35.2 ± 8.80

R2 0.92 0.94 0.96 0.80 0.976 0.94

Based on the calculated parameters of the sorption efficiency of the studied samples
in relation to uranyl ions, it can be concluded that the Co-Fe LDH sample has a high
sorption activity: the degree of extraction of uranyl ions reaches 99.9%, and the distribution
coefficient Kd reaches 105 mL/g, which indicates its high selectivity for the extracted
component.
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One of the key factors influencing the efficiency of sorption is the presence of compet-
ing and complexing ions in the solution. Ions form negatively charged stable complexes
with uranium, which are sorbed to a limited extent on the surface of known sorbents and
block their active centers [39]. Figure 8 shows the sorption efficiency indicators of the
studied samples for uranyl ions in the presence of competing ions. The presented diagrams
show that the lowest indicators of the degree of purification (S, %) and distribution co-
efficients Kd (mL/g) are registered in the solutions of Na2CO3 and NaHCO3 because of
the formation of uranyl-carbonate complexes [2,40]. However, the obtained values of the
parameters are acceptable, which makes it possible to effectively use the materials under
study for the extraction of uranyl ions from solutions with low salt content.
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The effect of the concentration of carbonate and sulfate ions in solutions on the
efficiency of sorption removal of U(VI) by the obtained materials was assessed based on
the degree of purification at a pH value of 6 (Figure 9).

From the presented data, the increased content of the complexing agent significantly
reduces the degree of purification of the studied solutions from uranyl ions; the presence of
sulfate ions does not have such a significant effect.
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The Ni-Fe LDH sample has the highest rates of extraction of uranyl ions from salt
solutions, which indicates the prospects for using this sample in solutions of similar
composition.

4. Conclusions

The synthesis of sorption materials based on layered double hydroxides (Co-Fe LDH,
Ni-Fe LDH, and Zn-Ti LDH) was carried out by a facile and environmentally friendly
method of homogeneous coprecipitation. A high dispersion degree of the material and a
low particle size of no more than 10 microns were achieved.

U(VI) adsorption on the obtained material from solutions, containing Na2CO3, Na2SO4,
KNO3, NaCl, K3PO4, and NaHCO3, was studied in batch mode. The degree of purification
in the presence of these salts reached 99.9%, while the distribution coefficient Kd reached
105 mL/g. Sorption capacity qmax and equilibrium adsorption constants Kf and KL for
U(VI) adsorption in batch mode (for 24 h) from distilled and seawater were determined
using the Freundlich and Langmuir equations. The highest sorption capacity of 101.6 mg/g
in seawater and 114.1 mg/g in distilled water was registered for Co-Fe LDH. The presence
of competing ions in seawater can reduce sorption efficiency by up to 40%. The high
selectivity of the obtained materials is promising for industrial applications in uranium
U(VI) capture.

The provided research allowed us to conclude that the obtained materials, Co-Fe LDH,
Ni-Fe LDH, and Zn-Ti LDH are effective for the sorption removal of U(VI) from aqueous
media of medium salinity.
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