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ABSTRACT

This work aims to develop innovative materials that promote optimal uranium recovery. It focuses on the modification of NaX
zeolite by sodium sulfate (Na,SO,4) by hydrothermal means, then used as an adsorbent for uranyl ions. Analytical techniques
such as X-ray diffraction, Fourier transform infrared spectroscopy, nitrogen adsorption-desorption and thermal analysis were
used to characterize the structural and textural properties of the synthesize and modified material. The kinetics, adsorption
isotherms and desorption cycle of NaX, NaX-Na,SO, zeolites were studied to evaluate their potential for uranium adsorption.
The experimental results indicate that the uranium adsorption capacity was improved from 23 mgU/g for NaX to 35 mgU/g for
NaX-Na,SO, in the concentration range of 10-300 mg/L in U, under the optimal conditions: pH 2.0, room temperature, initial
concentration of 100 mg/L in U, (S/L) ratio of 10g/L and 7g/L, and contact time of 3h and 2h respectively for NaX and NaX-
Na,SO,. The kinetic study revealed that the recovery of uranyl ions follows a pseudo-second-order model and the adsorption
equilibrium data fit better to the Langmuir model for both materials. Desorption using 0,5 N HNO; solution resulted in
approximately 90% recovery of uranyl ions after one treatment cycle using the modified NaX zeolite.
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1. Introduction

Nuclear energy still accounted for almost 10% of global electricity and a quarter of low-carbon electricity, according to
data presented in an annual IAEA publication [1]. Uranium is one of the most strategic elements in the field of nuclear
energy production, used as the main fuel in nuclear reactors. The rapid growth of the nuclear industry has led to a
significant increase in the production of aqueous effluents containing radionuclides, the management and treatment of
which represent major challenges for environmental protection and resource security. Recovering uranium from these
effluents is essential not only to reduce their toxicity and volume but also to ensure a more sustainable use of this resource.

Several processes are available for the recovery of uranium from aqueous solutions, but most of these techniques have
some disadvantages, such as high operating costs, insufficient metal removal capacity, and the production of large sludge
volumes [2, 3]. Adsorption using low-cost adsorbents and biosorbents is recognized as an efficient and economical
alternative for the removal of heavy metals at low concentrations. Various materials, such as activated carbon, synthetic
polymers, biomass, clay minerals, metal oxides, as well as a wide range of inorganic materials [2], including zeolites have
been developed for the recovery of radionuclides [4].

Zeolites are microporous, natural or synthetic aluminosilicates characterized by a three-dimensional crystalline structure
formed by interconnected microporous cages and channels [5-7]. These structures generate anionic sites through the
presence of [AlO, ] units, with counter-cations (e.g, Na* and H*) positioned near negatively charged AIO, tetrahedra to
maintain charge neutrality [8]. These cations can be easily substituted by various other cations, including radioactive
nuclides. This architecture gives these materials a high specific surface area as well as a significant cation exchange
capacity and high thermal stability [9]. Zeolites have been widely used in nuclear waste management, particularly in the
treatment of contaminated water following the Fukushima nuclear power plant accident [10]. In addition, the recycling and
regeneration of adsorbed products are relatively easy. The long lifetime of these adsorbent solids is also a considerable
advantage [11]. Among them, the NaX zeolite, belonging to the Faujasite group, is distinguished by a high ion exchange
capacity, chemical stability and good accessibility to its active sites, which makes it an adsorbent of choice for the removal
of uranyl ions (UO,*") in aqueous media [12]. The open structure and the richness in exchangeable sodium ions facilitate
interaction and exchange with uranyl ions, thus allowing efficient and rapid adsorption. Although they have a marked
affinity for various contaminants, such as heavy metals and radionuclides, their adsorption capacity remains limited due to
diffusional constraints linked to their microporous structure [2].

The adsorption of pollutants on the surface of zeolites depends on several factors, including mesoporosity,
microporosity, and surface acidity [13]. Active sites, cavities, and channels play an important role in the adsorption
performance of a zeolite material. An increase in the specific surface area leads to an increase in the number and size of
active sites, cavities, and channels, thus allowing the adsorption of large quantities of pollutant molecules. Zeolites with
different structures have specific affinities for different types of molecules. This affinity is determined by the size of the
active sites/pores, cavities, and different Si:Al ratios (higher or lower) of the zeolite material, which favors the adsorption
of pollutant molecules [14]. Various approaches have been proposed to generate additional porosity or property in zeolite
crystals, either by post-synthesis such as ion exchange [15], dealumination [16] and desilication [17], or intra-synthesis
such as the use of polymers, organic complexes, solid templates [18], ion exchange and impregnation, with the aim of
improving the adsorption capacity of the zeolite towards uranyl ions which remains the most promising solution.

The objective of this work is to explore the chemical modification of NaX zeolite by intra-synthesis, by the addition of
sodium sulfate (Na,SQ,), in order to optimize its adsorption properties. This modification aims to increase the density and
reactivity of the active sites, thus strengthening both the selectivity and the adsorption capacity towards uranium. The
adsorption capacity of the developed and modified materials will be presented as dependent on certain experimental
parameters such as the pH of the solution, the contact time, the solid-liquid ratio and the initial uranium concentration.
Kinetic and isotherm studies of adsorption of uranyl ions on these materials will be undertaken.

2. Materials and Methods

2.1. Synthesis of NaX zeolite

The NaX zeolite was synthesized hydrothermally according to the following molar composition 4,54 Na,O 3,44 SiO,
Al,O; 180H,0. The gel allowing the synthesis of the NaX zeolite is obtained according to the following protocol: In a
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beaker containing a solution of water and NaOH, the necessary quantity of aluminum shavings is added under stirring until
complete dissolution, followed by filtration. The silica source (sodium silicate) is added to the filtrate, the gel obtained is
stirred for 2 hours and then introduced into the Teflon jacket of an autoclave for 24 hours of maturation. The autoclave is
brought to an oven at 100°C for 6 hours, is then removed and soaked in cold water to stop crystallization. At the end of the
synthesis, the product is filtered, washed with distilled water and dried at 80°C in an oven for 24 hours [19].

2.2 Synthesis of NaX zeolite modified by Na,SO,

The synthesis of NaX-Na,SO, zeolite follows broadly the same steps as that of NaX zeolite. In a flask containing a
solution of water and NaOH, the aluminum shavings are added under stirring until complete dissolution, after filtration the
silica source is added, the mixture is subjected to stirring for 2 hours, where 3g of Na,SO, [20] is added, it is then stirred
for 30 minutes to ensure good homogenization. After this step the gel underwent a maturing step at room temperature, then
introduced into an autoclave and placed in the oven at 100°C for 24 hours. The product of the synthesis thus recovered is
filtered and washed with distilled water, then dried at 80°C for 24 hours.

2.3 Characterization

The synthesis products are analyzed by a PHILIPS X’PERT X-ray diffractometer with Cu-Ka (A=1,5406 A) in the
range of 5-60° to identify the phases. The infrared spectra were recorded over a range of 400-4000 cm-1 by a Perkin Elmer
UATR Two spectrometer. The specific surface area is determined by the BET method using the MICROMERITICS ASAP
2010 apparatus. The thermal analysis (ATG/ATD) was carried out on a SETARAM-LABSYS apparatus under nitrogen
atmosphere, the heat treatment used is a temperature ramp from 25°C to 800°C.

2.4 Instrumentation

Uranium (VI) concentrations were determined by a UV-visible spectrophotometer (UV/Visible SAFAS MONACO UV
mc Model). Adsorption experiments were performed by the batch protocol using a Jankel & Kunkel lka-Werk HS 500
shaker. A Hanna Instrument model 2210 pH meter was used for pH reading. A Heraeus Lobofuge 601 centrifuge was used
to separate the liquid from the material. A Prolabo drying oven was used to dry the prepared solids.

2.5 Reagents

A 1g/L stock solution was prepared by dissolving a quantity of uranyl nitrate salt UO»(NO3z), 6H,O 99% in distilled
water. Uranium solutions of 10 mg/L to 300 mg/L were prepared by appropriate dilutions. Arsenazo 111, Sodium Silicate 99
%, Metallic Aluminum 100%, Sodium Sulfate 99%, Nitric Acid 65%, Hydrochloric Acid 37 %, Sodium Hydroxide 99%,
Paranitrophenol, Ethylene Diamine Tetraacetic Acid 99%, Chloroacitic Acid 99%.

2.5 Adsorption experiment

The different experiments are carried out in closed polyethylene flasks of 100 mL capacity where we introduce 0.1 g of
the materials NaX and NaxX-Na,SO,. To each flask, we add a volume of 10 mL of the synthetic uranyl nitrate solution. The
mixture is subjected to agitation using a shaker at room temperature. The two phases are separated by centrifugation. The
obtained filtrates are analyzed by UV/Visible spectrophotometry using the Arsenazo 11l method [21-23] at 652 nm. The
calculation of the uranium adsorption efficiency is given by the following formula:

Co—C
% of Adsorption = [on] x 100 (1
0

Co and C; represent the initial and final uranium concentrations in the solutions (mg/L), respectively. The adsorption
capacity Qe is calculated from the following equation:

\%
Qe= (Co— Co) X @
Ce: this is the equilibrium concentration of uranium (mg/L), V: this is the volume of the solution (mL) and m: this is the
mass of the adsorbent (g).

3. Results and discussion

3.1. Characterization of the developed adsorbents

The XRD spectra of the elaborated NaX and NaX-Na,SO, zeolites are shown in Figure 1. The diffractograms are
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compared with that of the NaX structural type. The diffractogram of the elaborated NaX zeolite is typical of a faujasite X
crystal structure [24].

The phases obtained are indeed of the NaX type, the diffraction lines located at 26 respectively at 6,43°; 10,31°; 12°;
15,76°; 18,72°; 20,40°; 21,23°; 22,74°; 23,61°; 26,97°; 29,57°; 30,62° and 31,30° are characteristic of the NaX zeolite [25]
and appear clearly on the diffractogram of the NaX material. The figure also shows that the NaX-Na,SO, zeolite has a
diffractogram similar to that of the NaX zeolite, with the exception of a notable decrease in the intensity of the diffraction
lines. The addition of Na, SO, did not alter the crystal structure of the zeolite, but appears to have reduced the
crystallization rate of the formed crystals [26]. The weakening of the line intensities of the modified zeolite shows that the
crystallinity was reduced [27].
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Fig 1. XRD patterns of the (a) NaX and (b) NaX-Na,SO, zeolites.

The FTIR analysis result is shown in Figure 2. The characterization of NaX and NaX-Na,SO, zeolites by infrared
spectroscopy showed us that both materials have the same absorption bands, and reveal the characteristic structural
absorption bands of zeolites. The absorption band at 457 cm™ for NaX and 458 cm™ for NaX-Na,SO, is due to the internal
vibrations of the (Si, Al) O, tetrahedron of zeolite X [28]. The absorption band at 750 and 751 cm™ represents the
symmetric stretching of Si-O-Si bonds. The absorption band at 984 and 1000 cm™ represents the asymmetric stretching of
Si-O-Al bonds in the regions [29]. The vertex vibration of the tetrahedra (DR6) appeared at 561 and 559 cm™ which
originates from external vibration of Al(Si)-O-Si and the symmetric elongations of the Al-O bonds which appear at 668 and
667 cm™ [30]. The absorption bands observed at 1645 cm™ attributed to the vibrations of the H-O-H bonds of water
molecules [31]. The absorption bands observed at 3458 cm™ attributed to the vibrations of the Si-OH groups, which
represent the silanol groups [32, 33]. The broader band at 3447 cm™ * for NaX—Na, SO, indicates an increase in hydrogen
interactions and a greater diversity of environments for the Si—-OH groups, probably induced by the sodium sulfate
modification.
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Fig 2. FTIR of the NaX and NaX-Na,SO, zeolites.

Nitrogen adsorption-desorption analysis showed that both NaX and NaX-Na,SO, materials exhibit type I and Il
isotherm curves respectively as shown in Figure 3, according to the ITUPAC (International Union of Pure and Applied
Chemistry) classification [34]. The occurrence of the Hy type hysteresis loop in the pressure range of 0.7 to 1 P/P, for the
NaX-Na,SO, zeolite indicates that in addition to the microporous structure, there is also a small amount of mesopore [35],
this hysteresis is more pronounced for the NaxX-Na,SO, material, which is probably formed during the modification by
sodium sulfate. We notice a slight decrease in the specific surface area from 593 m?/g of NaX material to 554 m?/g for
NaX-Na,SO,, and the pore volume of NaX-Na,SO, decreased compared to that of NaX, decreasing from 0.20 to 0,18

cm?/g.
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Fig 3. Adsorption-desorption of nitrogen (N,) from zeolite (a) NaX and (b) NaX- Na,SO,.

The thermogravimetric curve of the NaX and NaX-Na,SO, zeolites presented in Figure 4 allowed observing total mass
losses between 50°C and 800°C, on the order of 22% for the zeolite NaX and 15% for the material NaX—Na, SO, . These
losses are mainly attributed to the desorption of water molecules trapped in the pores of the zeolites, particularly in the
temperature range from 50°C to 300°C. No significant mass loss was detected beyond 350°C, indicating that both materials
retain good thermal stability up to 800°C [36]. This behavior is in agreement with previous results reported for an X zeolite,
which also presented a total mass loss of 22% [37]. The incorporation of Na, SO, into the structure of the NaX zeolite led
to a reduction in its hydrophilic nature, reflected by a 30% reduction in water-related mass loss.
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Fig 4. Thermograms of NaX and NaX-Na,SO, zeolites.

3.2. Effect of pH on uranium adsorption

In order to evaluate the pH influence of uranium adsorption on NaX and NaX-Na,SO, zeolites, we varied the pH of the
solution from 1,5 to 9. The results of the experiments are illustrated in Figure 5.
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Fig 5. Effect of pH on uranium adsorption by NaX and NaX-Na,SO, materials: temperature 21+2°C; [U]=100 mg/L, contact time=>5h,
S/L ratio=10 g/L.

The uranium recovery rate by both adsorbents is much higher at acidic pH, reaching the maximum at pH 2 for NaX and
NaX-Na,SO,, hence the adsorption percentage is 98,51% for the NaX zeolite and 98,68% for the NaX-Na,SO, zeolite. This
evolution can be explained by the fact that at low pH values, adsorption is unfavorable, this is due to the competing H* ions
which are in competition with the uranyl ions, their small size and their high mobility are favored to occupy the active sites
of the adsorbent [38]. In the pH range 2-5, various monometric and polymetric hydrolyzed species of UO,?* are formed,
these include: UO,%*, (UO,)OH", (UO,),(OH),**UO,(OH)*>* [39]. At pH 5 UO,(OH),.H,0 is the major species, indicating
that uranium removal could be a combination of adsorption and precipitation [40]. The decrease in adsorption for pH above
5 could be attributed to the formation of negatively charged soluble uranium complexes with lower adsorption affinity,
such as UO,(OH)*, UO,(OH),*, (UO,)s(OH)" since the electrostatic force between uranium complexes and zeolites is
negligible [41].

3.3. Effect of solid-liquid ratio on uranium adsorption

The effect of varying the adsorbent (S)/adsorbate (L) ratio on uranium adsorption is shown in Fig. 6. For the study of
this parameter, the ratio (solid/liquid) of the materials prepared was varied to 3g/L, 5g/L, 7g/L and 10g/L 15g/L. The
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adsorption of uranyl ions increases with increasing adsorbent quantity, this can be attributed to an increase in the surface
area and available adsorption sites of uranyl ions with increasing adsorbent quantity. The adsorption percentages reach a
maximum at S/L ratios of 10g/L for NaX zeolite with an adsorption percentage of 98% and 7g/L for NaX-Na,SO, with an
adsorption percentage of around 96,70%. Beyond these values, a plateau forms, reflecting a stabilization of the adsorbed
quantity, a sign of the saturation of the active sites during the adsorption process [42].
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Fig 6. Effect of solid/liquid ratio on uranium adsorption by NaX and NaxX-Na,SO, materials: [U]=100 mg U/L, pH=2, Contact time=5h,
Temperature 21+2°C.

3.4. Effect of contact time on uranium adsorption

The effect of contact time on the adsorption of uranyl ions on the two materials was studied over a time interval ranging
from 2 to 300 min (Figure 7). It is observed that increasing the contact time from 2 to 180 minutes results in a progressive
increase in adsorption, linked to the gradual filling of the active sites on the adsorbent. The adsorption efficiency is 95% for
the NaX zeolite after 180 minutes and is 96% for the NaX-Na,SO, after 120 minutes of contact. Beyond these durations,
the kinetic curves of the NaX and NaX-Na,SO, adsorbents reach a plateau. The Kinetic study reveals that the adsorption
process of uranyl ions involves two distinct fast and slow stages [43]: the first fast phase, due to the high adsorption affinity
in the accessible pores, followed by a slower phase corresponding to the internal penetration of the ions, which controls the
overall adsorption rate. After these two stages, equilibrium is reached.
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Fig 7. Effect of contact time on uranium adsorption by processed materials: [U]=100 mg U/L, pH=2, S/L ratio=10g/L NaX and 7g/L
NaX-Na,SO,4, Temperature 21+2°C.
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3.5. Effect of initial uranium concentration on adsorption

The effect of varying the initial uranium concentration on the adsorption rate in the range of 10-300 mg/L by both
adsorbents is shown in Figure 8. The adsorption percentage decreases with increasing initial uranium concentration, from
97% to 92% for NaxX and from 97% to 88% for NaX-Na,SO,, this could be attributed to the strong interaction of uranyl
ions (UO,*") with the active sites of the adsorbent [44], as the uranium concentration increases the active sites of the
adsorbent gradually saturate, limiting the adsorption capacity and thus reducing the relative adsorption percentage [45].

The uranium adsorption capacity Qe of uranium on both materials increased with increasing uranium concentration
until reaching the maximum of 23 mgU/g for NaX zeolite and 35 mgU/g for NaX-Na, SO, material. This significant
improvement in adsorption capacity for the modified zeolite indicates that Na, SO, modification enhanced the uranium
adsorption performance. (See Figure 9).
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Fig 8. Effect of initial uranium concentration on adsorption by NaX and NaX-Na,SO, materials : pH=2 ; S/L ratio =10g/L, Contact time
=180min for NaX et 7g/L, Contact time =120min for NaX-Na,SO, ; Temperature 21+2°C.
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Fig 9. Variation of adsorption capacity as a function of the equilibrium concentration of uranium for the materials produced: zeolites (a)
NaX and (b) NaX-Na,SO,.
3.6. Modeling of adsorption isotherms

The sorption isotherm depends on some parameters by which the experimental values express the surface properties of
the materials and the affinity of the adsorbent, also give an idea about the distribution of metal ions between the solid/liquid
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interface at equilibrium. The latter has been studied by different models such as Langmuir [46], Freundlich [47] and
Dubinin-Radushkevich (D-R) [48] models. The characteristic constants of each model are grouped in Table 1.

Table 1. Correlation coefficients and adsorption parameters deduced from the Langmuir, Freundlich and Dubinin-
Rudushkevich models after adsorption of UO*% on NaX, NaX-Na,SO, zeolites.

Freundlich model Langmuir model Dubinin-Radushkevich model
Adsorbent K; n R’ Quax KL R’ Quax K Ea R’
(mg/g) (mg/g) (L/mg) (mg/g) (mol/L) (KJ/Mol)
NaX 2,99 1,577 0856 19,157 0,209 0971 99.10" 5.107 10 0,864
NaX-Na,SO, 3,71 1,498 0,967 30,769 0,155 0,995 1,68.10° 5.107 10 0,979

The experimental data are correlated by Langmuir, Freundlich and D-R isotherms to reveal the relationship between
different materials and uranium (Table 1). According to the values of the correlation coefficients R? of the three models, the
Langmuir model is the most suitable, which indicates that the adsorption is done on a homogeneous surface [49] with
identical adsorption sites and formation of a monolayer of uranium on the surface of zeolites. According to the adsorption
energy Ea found by Dubinin-Radushkevich model [50], to be 10 KJ/mol (higher than 8 KJ/mol), the adsorption of uranyl
ions on the prepared materials is of chemisorption type.

3.7. Study of the kinetics of uranium adsorption on the developed materials

The results obtained from the contact time experiment are used to simulate the adsorption kinetics and explain the
mechanism driving the adsorption process of uranium on NaX and NaX-Na,SO, materials. In this regard, two kinetic
models including pseudo first order and pseudo second order [51,52] are used. The pseudo-first order and pseudo-second
order parameters for both adsorbents are grouped in Table 2.

Table 2. Values of kinetic parameters of uranium adsorption by the developed adsorbents.

Pseudo first ordre Pseudo secondordre
Adsorbent Q K ads R’ Qe Kzads h R’
(mg/g)  (min™) (mg/g) (min™)
NaX 1,878 0,032 0918 9,775 0,0818 7,815 0,999
NaX-Na,SO, 7,432 0,035 0,869 13,717 0,0159 3,008 0,999

The correlation coefficients R? (Table 2) indicate that the adsorption of uranium by the two materials studied follows
pseudo-second-order kinetics, with values of R? > 0,999. According to Ho and McKay [52], this adsorption corresponds to
chemisorption, involving the formation of valence bonds between the functional groups present on the surface of the
materials and the uranyl ions [53].

3.8. Desorption and regeneration

In order to evaluate the reversibility of uranium sorption and the regeneration capacity of adsorbents, with the aim of
making the adsorption process more economical and efficient, desorption experiments were carried out using different
concentrations of nitric acid (0,01 N; 0,1 N; 0,2 N and 0,5 N) as desorbing solution, at room temperature. The desorption
phase for a given cycle was carried out under the optimal conditions determined during the adsorption step. The results are
presented in Figure 10.
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Fig 10. Effect of nitric acid concentration on the desorption efficiency of uranium on NaX and NaX-Na,SO, zeolites.

The percentage of uranium desorption increases with increasing nitric acid concentration for both materials. The
desorption percentages reach a maximum at respective HNO; concentrations of 0,2 N for NaX zeolite and 0,5 N for NaX-
Na,SO,.

The desorption percentages for one treatment cycle are 75% for NaX and 91% for modified NaX. We can conclude that
adsorption is a reversible process for both the processed and modified materials.

3.9. Application of the different materials developed in the treatment of a real effluent

The application of NaX and NaX-Na,SO, materials in the recovery of uranium from uranium effluents from purification
was carried out using the optimal adsorption conditions determined in this work on synthetic uranium solutions.

The adsorption efficiency of uranyl ions on NaX and NaX-Na,SO, materials with a real solution titrating in 104,08
mgU/L is respectively of 29,29% and 64,11% for NaX and NaX-Na,SO,, these values are far compared to the adsorption
efficiency of uranyl ions from a synthetic solution. This decrease in adsorption rate is probably due to the presence of other
cations in the actual solution corresponding to the effect of competing ions such as iron (Fe 2*), magnesium (Mg?") and zinc
(Zn?).

4. Conclusion

The main objective of this work is the preparation of porous adsorbents with a large specific surface area, high thermal
stability, and capable of treating aqueous effluents contaminated by uranium.

The chemical modification of NaX zeolite by intra-synthesis, via the addition of sodium sulfate (Na, SO, ), aimed to
increase the density and reactivity of the active sites, thus improving both the selectivity and the adsorption capacity with
respect to uranium.

NaX zeolite was successfully synthesized and then modified by incorporation of sodium sulfate (Na,SO,)
hydrothermally to obtain a NaX-Na,SO,. X-ray diffraction (XRD) analysis confirmed that the crystallinity of the zeolite is
preserved after modification. Infrared spectroscopy (FTIR) analysis confirmed the presence of the characteristic groups of
the zeolite structure. BET analysis determined the specific surface area of the materials, revealing a slight decrease after
modification, attributed to the incorporation of sodium sulfates into the porous structure. Thermogravimetric analysis
(TGA) showed good thermal stability of both materials up to 800°C. The adsorption capacities were found to be in the
order of 23 mgU/g for the NaX zeolite and 35 mgU/g for the NaX—Na,SO,.

The study of desorption with nitric acid (HNO3) showed a recovery of uranyl ions of the order of 75% for the NaX
material with a 0,2 N solution, and 91% for the NaX-Na,SO, with 0,5 N HNO3, after one treatment cycle.

The adsorption efficiency of uranyl ions from a real solution titrating 104,08 mg/L in uranium is approximately 29% for
the NaX zeolite and 64% for the NaX-Na,SO, . These results allow us to conclude that the NaX-Na,SO, has a
significantly higher adsorption capacity than the NaX parent zeolite.
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