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Abstract. In this study, a porous adsorbent was synthesized hydrothermally from a molar composition
gel of 10Nap 0:Al» 03:100Si02:2000H, O:20TPABr. X-ray diffraction confirmed the presence of a ZSM-
12 zeolite phase, and nitrogen adsorption analysis revealed a Brunauer-Emmett-Teller specific sur-
face area of 343.7 m? /g for the synthesized material. The ZSM-12 zeolite was then used for the recov-
ery of uranium(VI) from aqueous solutions with initial uranium concentrations of 10 and 150 mg/L.
Operating parameters such as pH, contact time, solid/liquid ratio, and temperature were systemati-
cally investigated. The optimum conditions were found to be consistent for both concentrations, with
a pH value of 3, a contact time of 60 min, and a temperature of 20 °C. However, the solid/liquid ratio
varied from 5 g/L for 10 mg/L uranium concentration to 8 g/L for 150 mg/L concentration. The Lang-
muir isotherm was well matched by ZSM-12, and its kinetics were consistent with the pseudo-second-
order model. The adsorption of uranyl ions by ZSM-12 material is spontaneous, and both chemisorp-
tion and physisorption processes occur simultaneously during the adsorption. The thermodynamic
parameters indicate that the adsorption of U(VI) on ZSM-12 is exothermic. The negative value of AS°
indicates that the system disorder and randomness decrease as the adsorption proceeds and the liquid
phase adsorbate components are immobilized on the surface of the adsorbent material.
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1. Introduction These long-lived radionuclides are of significant in-
ternational concern because of their dual chemical
Nuclear facility operations generate significantquan-  and radiological toxicity, which can have serious ef-

tities of aqueous effluents containing transuranic fects on human health and wildlife [1,2]. To re-
elements. These elements originate from various duce the risk to human health, the United States
stages of the nuclear fuel cycle, including ore pro- Environmental Protection Agency has established a
cessing and nuclear fuel production/development. maximum contaminant level of 30 ugU-L™! for ra-
dionuclides in drinking water, a limit that has been
adopted by many countries [3]. The World Health
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Organization limits the concentration of uranium in
drinking water to 15 ugU-L™'. In this context, the
effective remediation of wastewater contaminated
with radioactive uranium has become a critical issue
from both social and environmental perspectives [4].
Due to the complexity of chemical and radiochemical
composition of radioactive waste, its treatment poses
a significant challenge that must be taken very seri-
ously. The removal of radioactive elements in liquid
effluents must meet strict requirements regarding
the limits of radioactive substances and other con-
taminants. To meet the standards set by national and
international regulations, the waste must be treated
to reduce both the volume and concentration of ra-
dioactive compounds and other toxic solutes in the
effluent [5].

Several processes are available for the removal of
uranium from aqueous solutions, including precipi-
tation, membrane separation, electrodeposition, co-
agulation, reverse osmosis, ultrafiltration, phytore-
mediation, solvent extraction, and ion exchange [6-
10]. However, most of these techniques have cer-
tain drawbacks, such as high operating costs, inad-
equate metal removal, and the generation of large
volumes of sludge [11]. Adsorption using low-cost
adsorbents and biosorbents is recognized as an ef-
fective and economical method for removing heavy
metals at low concentrations. Various materials, such
as activated carbon [12,13], synthetic polymers [14],
biomass [15], clay minerals [16], metal oxides [17],
and a wide range of inorganic materials, including
zeolites, have been developed and used for radionu-
clide adsorption [18,19]. Zeolites, as low-cost ad-
sorbents, have attracted considerable interest for the
removal of uranium and other trace elements from
effluents due to their excellent adsorption capac-
ity, which is attributed to their large specific sur-
face area and developed porosity. Their long life-
time and radiation resistance also provide signif-
icant advantages for the treatment of radioactive
waste [5]. They have been investigated as cation-
exchange adsorbents for heavy metals present in low-
activity wastes and, more recently, for the treatment
of medium- and high-activity wastes [20]. Many ze-
olites have been used in the recovery of uranium
from liquid radioactive waste, including clinoptilo-
lite, montmorillonite, heulandite, analcime, phillip-
site, chabazite, and other minerals, as well as syn-
thetic zeolites such as NaA, Nay, X, 4A, P1 [5], and

NKF-6 [7]. Zeolites are a family of aluminosilicates
with an open structure with well-distributed micro-
pores. Their general formula can be expressed as
follows: My, ((SiO2)x(AlO2),)(H20) ., where M is an
extra-framework cation with a valence of n, which
compensates for the negative charges of the frame-
work, enabling zeolites to function as cation ex-
changers.

The primary objective of this study is twofold:
first, to synthesize a large pore ZSM-12 nanomaterial
and second, to evaluate its performance as an adsor-
bent for uranium(VI) from aqueous effluents. In ad-
dition, the study investigates sorption isotherm mod-
els, kinetics, and various thermodynamic parameters
associated with the adsorption process.

2. Material and methods
2.1. Reagents and chemicals

All the chemicals and reagents used in this study
were of analytical grade. Uranium nitrate (UO;
(NO3)2-6H20, 99%), nitric acid (HNOs, 63%), alu-
minum oxide (Al,O3, 98%), arsenazo (III), and
tetrapropylammonium bromide (TPABr, 98%) were
purchased from Merck. Sodium hydroxide (NaOH,
98%) was sourced from Sigma-Aldrich and Aerosil
200 (SiO2, 100%) was purchased from Degussa.
Ethylenediaminetetraacetic acid (C19H;6N20g, 99%)
was provided by PanReac, 4-nitrophenol (CgH5NO3)
was obtained from Biochem, and chloroacetic acid
(CICH,COOH, 99%) was purchased from Fluka.

The wastewater used was generated during the
processing of uranium ore at the Draria Nuclear
Research Center (CRND). Atomic absorption spec-
troscopy, flame photometry, and ultraviolet—visible
(UV-vis) spectroscopy were used to determine the
chemical composition of the effluent, with con-
centrations of U(VI) 151.69 mg-L™'; Na, K, and
Ca(Il) 9.679, 0.752, and 2.708, respectively; Fe(III)
4.502 mg-L™1.

2.2. Synthesis of the adsorbent

The hydrothermal synthesis of ZSM-12 zeolite was
carried out in a stainless steel autoclave coated with
Teflon. The molar composition of the gel is expressed
as follows: 10Na,0:Al,03:100Si0,:2000H,0:20
TPABr [21]. The gel obtained was stirred for 1 h
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until homogenization occurred and then placed in
an oven and heated to a temperature of 140 °C for
6 days. The autoclave was then cooled under run-
ning water. The crystallized product collected after
filtration was washed several times with distilled wa-
ter until it had a pH of 7 and then dried in an oven at
80 °C for 24 h.

2.3. Characterization

The crystallographic structure of the prepared ZSM-
12 was analyzed by powder X-ray diffraction (XRD,
Bruker AXS D8 Advance). The surface functional
groups were identified using Fourier transform in-
frared (FTIR, UATR, PerkinElmer) spectroscopy.
The specific surface area was determined by a N
adsorption-desorption analyzer (Micromeritics,
ASAP 2010). The specific surface area was calculated
by the Brunauer-Emmett-Teller (BET) method while
the pore size distribution and pore volume were
calculated by the BJH model.

2.4. Adsorption experiments

A uranium solution with a concentration of 1 g-L™!
was prepared through the dissolution of 2.11 g of
uranyl nitrate salt UO, (NO3)26H,0 in distilled water.
A small amount of concentrated nitric acid (HNOg3)
was added to prevent hydrolysis. Subsequently, ura-
nium solutions of different concentrations were ob-
tained by diluting the original solution with distilled
water.

The U(VI) adsorption experiments were con-
ducted in closed polyethylene bottles of 100 mL in
duplicate and the mean values were considered as
the final experimental data. In order to determine
the optimum parameters of uranium adsorption, the
effect of contact time, pH value, initial concentra-
tion, temperature, and solid/liquid ratio was inves-
tigated. Experiments were conducted with known
amounts of ZSM-12 in 20 mL of uranium solutions
at a speed of 250 rpm. Once the adsorption equilib-
rium was reached, the two phases were separated by
centrifugation and the filtrates obtained were ana-
lyzed by a UV-vis spectrophotometer (Cintra 40 with
GBC software) at 652 nm using arsenazo (III) as the
complexing agent [22]. The adsorption capacity (Qe,
mg-g”!) and the adsorption efficiency (%) of ura-
nium(VI) at equilibrium were calculated using the
following equations:

Co—C v
Qe = (Co—-Ce)xV 1
m
R (%) = (Co—Cp) x100 @
Co

where R is the adsorption efficiency; Cy, Cy, and Ce
are the initial, final, and equilibrium uranium(VI)
concentrations in the solution (rng-L’l), respectively;
V is the volume of the solution (L); and m is the mass
of the adsorbent (g).

The agreement between the experimental and
theoretical adsorbed amounts by the isothermal
models was determined by calculating the average
percentage error (APE %) according to Equation (3):
Z |(Qt,exp - Qt,calc)/Qt,exp|

N
where Q;exp and Qy,calc (mg-g~!) are the experimen-
tal and theoretical adsorbed amounts, respectively, at
time ¢ and N is the number of experimental data.

APEinetic (%) =

x 100(3)

2.5. Adsorption isotherms

The sorption isotherm reveals the nature of the ad-
sorption, which is directly related to the surface prop-
erties of the adsorbent material and its affinity for
the adsorbate. It also provides insight into the distri-
bution of adsorbate ions at the solid/liquid interface
at equilibrium. Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) models have been tested for the
simulation of uranium adsorption isotherm data.

2.5.1. Langmuir isotherm

The Langmuir model [21] is based on the assump-
tion that the maximum adsorption capacity corre-
sponds to the complete coverage of a monolayer
of molecules on the surface of the adsorbent with-
out any interaction between the adsorbed molecules.
The Langmuir equation for a homogeneous surface is
expressed as

Le__1_, G 4@

Qe Qmaxl(l Qmax
where Q. is the quantity of solute adsorbed per
unit mass of the adsorbent at equilibrium (mg-g~1),
Qmax is the maximum amount adsorbed per unit
mass (mg-g~ '), Ce is the equilibrium concentration
of the solute (g-L.™!), and Kj is the Langmuir con-
stant (L-rng’l), which gives an indication of the ad-
sorbate/adsorbent affinity. The Langmuir constants
K; and Qmax can be obtained from the slope and in-
tercept of the linear plot.
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2.5.2. Freundlich isotherm

The Freundlich isotherm model [23] describes ad-
sorption on heterogeneous surfaces in multilayers.
The linear form of the Freundlich equation is given
by the following equation:

LogQe =LogKp + (%) LogCe 5)
where C, is the equilibrium concentration of U(VI)
in the liquid phase (mg-L™!), and Kr and n are the
Freundlich constants of the system, which denote
the adsorption capacity and adsorption intensity, re-
spectively.

2.5.3. Dubinin—-Radushkevich isotherm

The D-R model [24] assumes that the surface of
the material is heterogeneous. This model is more
general than the Langmuir and Freundlich models
and is used to describe the adsorption on both ho-
mogeneous and heterogeneous surfaces [25].

Equation (6) gives the linear form of the D-R equa-
tion:

LnQe =LnQ,, — Ke? (6)
where K (mol/J)? is a constant of adsorption energy,

Qy, is the adsorption capacity, and ¢ is the Polanyi
potential given as follows:

e=RTLn(1+1/C¢) (7

where R is the perfect gas constant (8.314 J-mol~1.K™1)
and T is the temperature in kelvin (K). The values of
Qyn and K are deduced from the graph Ln Q. = f(£2);
the adsorption energy E, (kJ/mol) is one of the most
important parameters determining the type of ad-
sorption (chemical or physical), and it is calculated
from Equation (8). When the adsorption energy (E,)
is between 1 and 8, the dominant mechanism of
adsorption is physisorption. In the case where Ej is
between 9 and 16, chemisorption predominates [26].

E,=1/V2K (8)

2.6. Adsorption kinetics

In order to study the uptake mechanism of the uranyl
ions by the synthesized ZSM-12 material, two ki-
netic models were applied to the experimental ki-
netic data: the pseudo-first-order model and the
pseudo-second-order model. The equations associ-
ated with these kinetic models are as follows.

Pseudo-first-order model [27]:

Log(Qe — Q1) =Log Q. - K3

Pseudo-second-order model [28]:
t 1 t

Qt KZ Qe2 " Qe
where K; (min~!) and K, (g'mg~!-min~!) are the ki-
netic constants of the first- and second-order mod-
els; Q. and Q; are the quantities of uranium(VI) ad-
sorbed (mg-g~!) at equilibrium and at time t respec-
tively.

t
2.303

9)

(10

2.7. Adsorption thermodynamics

In order to study the thermodynamic properties of
uranyl ion adsorption by synthesized ZSM-12, ther-
modynamic analysis was carried out at different tem-
peratures. The thermodynamic parameters of the ad-
sorption process such as enthalpy (AH®), standard
entropy (AS°), and standard free enthalpy (AG°®) were
determined using Equations (11)-(13) [29]:

AS® AH°
LnKy = - an
R RT
AG°=AH°—-TAS® 12)
CG-C V
Kig=———x— (13)
Ce m

where Ky is the distribution coefficient (L-g~!), AS° is
the standard entropy (kJ-mol~!-K™!), AH® is the stan-
dard enthalpy (kJ-mol™!), AG® is the free enthalpy
(kJ-mol~1), T is the absolute temperature in Kelvin,
R is the perfect gas constant (R = 8.314 J-mol~L.K™1),
C; and Cy are the initial and final concentrations of
the solute in the solution, respectively (g~L‘1), Vis
the volume of the solution (L), and m is the mass of
the adsorbent (g).

3. Results and discussion
3.1. Characterization

3.1.1. X-ray diffraction

The XRD patterns of the synthesized material are
illustrated in Figure 1. The observed patterns show
excellent crystallinity as evidenced by the prominent
peaks, confirming the efficacy of the hydrothermal
synthesis process.

Moreover, the obtained spectrum is consistent
with the reference code number 00-043-0439, con-
firming the ZSM-12 type phase in accordance with
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Figure 1. XRD patterns of synthesized material
and ZSM-12 zeolite indexed by PDF2 # 00-043-
0439.

the existing literature [30,31]. The peaks at 7.9°, 8.8°,
20.8°, and 23° were successfully indexed as charac-
teristic diffraction peaks of ZSM-12 zeolite [32]. Fur-
thermore, the peaks at 11.89°, 13.24°, 13.89°, 14.60°,
and 15.90° provide evidence for the presence of TPA*
cations [33] with an organized arrangement of the
organic template used to synthesize ZSM-12 zeolite
within the crystal framework [34].

3.1.2. Fourier transform infrared spectrum

In order to identify the functional groups on
the surface of the prepared material (ZSM-12),
FTIR spectroscopy analysis was conducted in the
wavenumber range of 400-4000 cm™!, and the spec-
trum obtained is shown in Figure 2. The absorption
band at 3297 cm™! could be attributed to the elon-
gation of the O-H bond of hydroxyl groups (alco-
hols or phenols) [35]. The small band at 1627 cm™!
indicates the C=0 stretching vibration in carbonyl
groups (aldehydes or ketones) [36]. The bands lo-
cated at 1227 and 1100 cm™! can be assigned to the
axial deformation of C-O bonds in carboxylic acids,
alcohols, esters, and ethers [37]. The bands observed
at 798 cm™! and 548 cm™! could be attributed to
the external symmetric Si-O stretching vibration
and the internal vibration mode of tetrahedra (SiOy4,
AlQy), respectively [38]. Finally, the absorption peak
observed at 445 cm™! corresponds to Si-O bending
vibration [38].

300
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Si0, or AlO,

ISi-0 bending

-50
! ! ! ! ! !

4000 3500 3000 2500 2000 1500 1000

%3
(=3
)

Wavenumber (cm™)

Figure 2. FTIR spectrum of the ZSM-12 syn-
thesis material.

3.1.3. Point of zero charge (PZC)

The acid-base properties of ZSM-12 zeolites were
investigated by means of the zero charge point pH
(pHpyzc) at which the net charge of the particle is zero;
the amounts of positive and negative charges at this
point are equal [39]. Figure 3 shows the point where
the initial and final pH values intersect. The pHp,c
value of the sorbent was observed to be 2.19. This
value reflects the acidity of this zeolite due to the
predominance of acidic groups on its surface [28]. At
the point of PZC, the net charge of the sorbent is zero
and below this point, the sorption of U(VI) is low. The
organic functional groups present in the cells of the
sorbent material are charged in a positive or negative
way depending on the pH of the solution. Due to the
negative charge of the sorbent surface, the sorption
process is favored when the pH is above 2.19 [40].

3.1.4. Nitrogen adsorption—desorption isotherm

Figure 4 shows the nitrogen adsorption—
desorption isotherm of the synthesized ZSM-12
zeolite, which is type IV according to the IUPAC
classification [41]. A hysteresis loop is observed
during the desorption process in the range of 0.4
< P/P0 < 0.95, indicating the coexistence of micro-
and mesopores [31,42]. The large branch of hystere-
sis indicates that the synthesized ZSM-12 is mainly
composed of mesopores accompanied by a few mi-
cropores. The mesoporosity might be the result of
inter/intracrystalline mesopores corresponding to
the zeolitic material as well as the intrinsic meso-
porosity of the amorphous material [43]. Further-
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Figure 3. PZC determination (pHpy) for the
ZSM-12 zeolite.

more, the synthesized ZSM-12 exhibits a high BET
surface area (343.69 mz'g‘l), low micropore volume
(0.1067 cm®-g™!), and a small mesopore size (3.0 nm)
calculated by BJH models. The narrow mesopore
size distribution may be attributed to the nanocrys-
tals that constitute the agglomerates [44]. The high
BET specific surface area of ZSM-12 offers abun-
dant adsorption sites, which favors the adsorption of
uranium from aqueous solution.

3.2. Adsorption studies

3.2.1. Initial pH effect

The effect of initial pH on the adsorption of ura-
nium(VI) by the synthesized zeolitic material ZSM-
12 was studied in the pH range of 1.5 to 9.0 using ini-
tial concentrations of 10 and 150 mg/L. As shown in
Figure 5, the adsorption efficiency of uranyl ions in-
creases in the pH range of 1.5 to 3 and then decreases
with increasing pH. The highest levels of adsorption
efficiency, namely 93% and 50% for initial concentra-
tions of 10 and 150 mg/L, respectively, are observed
at a pH of 3. These results can be explained by con-
sidering the concentration of hydrogen ions (H"), the
pH of the charge zero point (pHpy,), and the speci-
ation of uranium(VI) [45]. At low pH values (pH <
pHpyc =2.19), the active surface functional groups of
ZSM-12 zeolite, which are mainly the silanol (Si-OH)
and aluminol (Al-OH) groups, and the adsorption of
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Figure 4. Nitrogen adsorption-desorption
isotherm (a) and pore size distribution (b) of
the ZSM-12 zeolite.

H" (aq) on the zeolite surface cause an increase in
the solution pH. Under such conditions, the electro-
static repulsion between UO35* and (SiOH;, AIOH;)
leads to a decrease in the adsorption rate of uranyl
ions [46,47]. In the pH range 2.19 < pH < 3, the sur-
face of ZSM-12 becomes negatively charged with in-
creasing pH. The predominance of the UO%* species
in this pH zone leads to an increased adsorption effi-
ciency of uranium(VI) via electrostatic attraction be-
tween the positively charged uranium species (UO%*)
and the negatively charged functional groups on the
surface of ZSM-12. Finally, at pH values higher than
3.0, the surface charge of ZSM-12 remains negative,
but complex uranium species such as U0, (OH)* and
(UOg)g(OH)ng appear [48]. The low adsorption per-
centage observed in this zone can be explained by
the lack of affinity between the material and hydrox-
ylated species.
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Figure 5. Effect of pH on the adsorption effi-
ciency of uranium(VI). T = 20 + 2 °C; contact
time = 60 min; R (S/L) = 10 g-L ™\

3.2.2. Effect of contact time

The impact of contact time on the adsorption ef-
ficiency of uranium(VI) by the ZSM-12 zeolite adsor-
bent was explored in a time range of 5-300 min. As
shown in Figure 6, the adsorption efficiency of uranyl
ions by the synthesized material rises with increas-
ing contact time until it reaches a plateau [48]. The
uptake of uranium by ZSM-12 can be delineated into
two distinct stages: an initial rapid process occurring
within the first 60 min followed by a subsequent very
slow phase. Approximately 95% and 50% of the to-
tal uranyl ions are adsorbed from uranyl nitrate solu-
tions of 10 and 150 mg-L~!, respectively, during the
first hour. After this period, most of the active sites
on the adsorbent become saturated, marking the end
of sorption. It is noteworthy that in the case of the
150 mg-L~! uranyl nitrate solution, the kinetic curve
shows a slight decrease in the adsorption rate due to
material saturation. A contact time of 1 h is chosen
for further investigation.

The mechanism of the surface reaction between
uranyl ions (UO§+) and the active sites of ZSM-12
zeolites was tested using the two kinetic equations,
namely, pseudo-first-order and pseudo-second-
order (Figure 7). The kinetic parameters calculated
from the two theoretical models and the values of
the regression coefficients are given in Table 1. From
Figure 7, we can see that our experimental data fol-
low very well the two kinetic models applied to our
system (R? > 0.96) but with better regression coeffi-
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Figure 6. Effect of contact time on U(VI) sorp-
tion on the synthesized ZSM-12 material. T =
20+2°C;pH=3;R(S/L) =10g L.

cients (R? > 0.999) if pseudo-second-order reactions
are allowed. Therefore, it can be assumed that the
adsorption process is controlled by pseudo-second-
order kinetics. These results are in agreement with
previous research studies, which mentioned that the
pseudo-second-order kinetic model described data
better than the pseudo-first-order model when in-
vestigating U(VI) adsorption by different adsorbents
such as cross-linked magnetic chitosan beads [49],
magnetic Schiff base [50], chitosan tripolyphosphate
beads [51], and cross-linked chitosan [52].

3.2.3. Solid/Liquid ratio effect

Batch experiments were conducted using differ-
ent solid/liquid ratios to examine the impact of this
parameter on the adsorption of uranyl ions by the
ZSM-12 zeolite. The results are shown in Figure 8.
It is evident that the uranium adsorption efficiency
increases with rise in solid/liquid ratio, reaching a
maximum at 5 g-L.”! and 8 g-L ! for initial concen-
trations of 10 mg-L~! and 150 mg-L~!, respectively.
Correspondingly, the adsorption efficiency of U(VI)
increases from 54.9% to 89% for the 5 g-L™! ratio
and from 11.32% to 50.58% for the 8 g/L ratio, after
which a slight decrease is observed. This increasing
trend may be attributed to the growing number of
adsorption sites and the enhanced contact probabil-
ity between uranyl ions and the available adsorption
sites [53]. Conversely, the decreasing trend could be
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Figure 7. First-order plot (a) and second-order plot (b) for U(VI) adsorption using ZSM-12 as adsorbent.

T=20+2°C;pH=3;R(S/L)=10gL%

Table 1. Kinetic parameters for the sorption of U(VI) onto ZSM-12

Pseudo-first-order

Pseudo-second-order

Qe mg-L™") Ky (min™') R? Q. (mgL™') K;(gmg 'min') R?
[Ulo= 10 mg-L™}; 0.731 0.225 0.967 0.952 1.796 0.9999
R(S/L)=5gL™!
[U]o= 150 mg-L~; 2.33 0.045 0.777 7.194 0.100 0.998

R©S/M)=8gL!

due to the presence of a large number of active par-
ticles, causing overlapping and aggregation, thereby
reducing the total surface area available for uranium
ion adsorption [54].

3.2.4. Initial uranium concentration effect

The effect of the initial concentration of uranium
on its adsorption by the synthesized ZSM-12 was in-
vestigated by varying the concentration of uranium
from 5 to 200 mg/L. The experiments were conducted
for two solid/liquid ratios of 5 g-L.! and 8 g-L.!. The
graphs depicting the uranium uptake efficiency in re-
lation to the initial concentration are presented in
Figure 9.

The curves in Figure 9 show that the adsorption
efficiency of the synthesized ZSM-12 is inversely pro-
portional to the increase in initial uranium concen-
tration. It is known that at low concentration, the
mobility of uranium ions is high, which favors their
uptake by the adsorbent. However, their mobility
decreases as their concentration increases, causing

/E'E\i
80 -

60 -

i/%\i\i

Removal efficiency (%)

—u—[U], = 10 mg/L
—*—[U], = 150 mg/L

20 -

0 I I I I I I I
0 2 4 6 8 10 12 14 16

S/L ratio (g L)

Figure 8. Effect of the solid/liquid ratio on
U(VI) sorption on the synthesized ZSM-12 ma-
terial. pH = 3; contact time = 60 min; T =
20+2°C.

a decrease in adsorption efficiency. In another way,
increasing the initial concentration of uranium ions
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Figure 9. Effect of the initial concentration on
U(VI) sorption on the synthesized ZSM-12 zeo-
lite. pH =3; T = 20+2 °C; contact time =
60 min.

increases the charges of the uranium species in the
solution, which increases the Coulomb repulsions,
leading to a decrease in the adsorption efficiency. A
similar trend was observed by Monika Jail et al. in
their studies on the removal of Cr(VI), Cu(Il), and
Cd(II) using iron oxide/activated carbon nanoparti-
cles [55]. The experimental uranium adsorption ca-
pacities (Q.) of the synthesized material were de-
termined by plotting the adsorption capacity as a
function of a steady-state uranium concentration as
shown in Figure 9. The maximum experimental ad-
sorption capacities of the prepared ZSM-12 zeolite
were found to be equal to 14 and 12 mg-g~! for the
two solid-liquid ratios of 5 and 8 g-L™!, respectively.
Table 2 highlights the superior adsorption capacities
of ZSM-12 zeolite, especially at different solid-liquid
ratios, in comparison with various zeolite-based ad-
sorbents reported in the literature.

The Langmuir, Freundlich, and D-R models are
used to fit the data of the adsorption process of ura-
nium(VI) on ZSM-12 material. The results are shown
in Figure 10, and the obtained parameters are listed
in Table 3.

The results show that for a solid-liquid ratio of
5 g-L7!, the three models fit the experimental data
well with high correlation coefficients (R? > 0.98).
However, the calculated APEs for the Freundlich and
D-R models are very high (82.21% and 255.06%, re-
spectively). Furthermore, the corresponding adsorp-

tion capacity of U(VI) predicted by the Freundlich
model is very low (2.49 mg-g~!) and that obtained
with the D-R model is very high (49.708 mg-g~!) com-
pared to the experimental value (14 mg-g~'). For a
solid-liquid ratio of 8 g-L ™!, the correlation coeffi-
cient (R?) of the Langmuir model is higher than that
of the Freundlich and D-R models. In addition, the
Qmax value (12.315 mg-g~!) for the Langmuir model
is more similar to the experimental value (12 mg-g™ ).
Based on the above results, it can be concluded that
the Langmuir model is the most suitable for repre-
senting the adsorption equilibrium isotherm of ura-
nium(VI) by the ZSM-12 material. This suggests that
ZSM-12 provides specific homogeneous sites and
sorption of U(VI) ions on the monolayer generated
by the ZSM-12 material [57,60]. The Langmuir sep-
aration parameter (Kj) is between 0 and 1, indicat-
ing that the adsorption of U(VI) on ZSM-12 is favor-
able. The estimation of the thermodynamic param-
eters from the Langmuir model requires using the
value of the Langmuir isotherm constant (Kj) in the
van't Hoff equation by multiplying it with the molar
weight of uranium(VI) [61]. The free energy is eval-
uated to be —24.93 and —24.20 kJ-mol~! for the two
studied solid-liquid ratios. According to the nega-
tive values of energy AG®, the adsorption process is
both feasible and spontaneous. The values of en-
ergy between 0 and —20 kJ-mol~! are generally in-
dicative of physisorption while the values between
—80 and —400 kJ-mol~! are indicative of chemisorp-
tion [62]. The negative AG° values indicate that both
chemisorption and physisorption occur simultane-
ously during the adsorption process.

3.2.5. Temperature effect and thermodynamics

The temperature effect was studied by varying the
temperature of the uranyl nitrate solution from 20 °C
to 60 °C for the two initial uranium concentrations of
10 mg-L™! and 150 mg-L™'. The experiments were
carried out with a thermostatic bath. The curves in
Figure 11 clearly show that the increase in tempera-
ture was inversely proportional to the uranium up-
take by the studied material ZSM-12. This indicates
that the adsorption process was exothermic in na-
ture and that the adsorption of uranium(VI) ions on
ZSM-12 was favored at low temperatures. This result
can be attributed to fact that the interaction between
the active groups on the surface of the adsorbent
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Figure 10. (cont.) Isothermal experimental and fitted data with Langmuir, Freundlich, and D-R models
for uranium(VI) adsorption on ZSM-12 zeolite. (a) pH = 3; T = 20 + 2 °C; contact time = 60 min; R (S/L)
=5gL7L (b) pH = 3; T =20+2 °C; contact time = 60 min; R (S/L) =8 g-L 1.

Table 2. Comparison of maximum adsorption capacities of ZSM-12 zeolite with other adsorbents based

on zeolite from the literature

Samples pH R(S/L) (gL™!) Qmax (mgg™h) Ref.
ZSM-12 3 14 This work
ZSM-12 3 12 This work
Natural zeolite clinoptilolite - - 1.2 [56]
Natural zeolite clinoptilolite 6 200 0.34 [56]
Modified clinoptilolite 6 200 4.66 [56]
Hematite material 7 25 3.54 [57]
Manganese oxide coated zeolite (MOCZ) 4 5 15.1 [58]
Ammonium modified natural zeolite 5 20 2 [59]
Table 3. Adsorption isotherm parameters for 100
U(VI) on ZSM-12 material o0 L -\ ::: EE}Z:?:E;_‘
] 1 80 |- -\_
R(S/L)=5gL! R(S/L)=8gL 3 —
Freundlich model % or
Ke 2.491 1.035 g “r .
n 2.398 1.73 = T
R 0.989 0.897 g wf T
APE (%) 82.21 91.38 = w0} e
Langmuir model or \.
Qmax (mg-g™h) 16.667 12.315 * 20 30 40 50 60
K (Lg™h 0.116 0.086 Temperature (°C)
R 0983 0978 Figure 11. Effect of temperature on uranium
AG (g-mol ™) —24.93 —24.20 upgtlzllke by zeolite ZSM-lg. R (S/L) = 8 gL}
APE (%) 19.05 2.625 contact time = 60 min; pH = 3.
Dubinin-Radushkevich model
Qmax (mg:g™") 49.708 81.546 are obtained from the slope and intercept of Van't
K x107° (mol-J~H? 3.11 4.73 Hoff plots (Figure 12) and are shown in Table 4.
Eq (kJ-mol ™) 12.68 10.28 The standard enthalpy of the adsorption reaction
R? 0.989 0.928 of uranyl ions by the ZSM-12 material was found to
APE (%) 255.06 314.23 be equal to —33.289 kJ-mol~! for the 10 mg-L~! solu-

and the UO%’r ions was weaker at higher temperature
(48,63].

Thermodynamic parameters, such as the enthalpy
AH° and the entropy AS° of the adsorption reaction,

tion and —67.09 kJ-mol~! for the 150 mg-L™! solution.
These results indicate that the adsorption process for
the two initial concentrations of uranyl nitrate solu-
tions is exothermic.

Negative values of the adsorption entropy (AS°)
indicate that the transition of uranyl ions from the



90 Sihem Khemaissia et al.

Table 4. The thermodynamic parameters AH°, AS°, and AG® of uranium adsorption by the ZSM-12
material for the two initial concentrations of 10 and 150 mg-L~!

[Ulpmg:L™! Temperature (K) AH° (kJmol™') AS° (kJ-mol™'-K™!) AG° (kJ-mol™})

293.15 -2.508
10 313.15 ~33.289 ~0.105 —0.408
323.15 0.626
333.15 1.691

293.15 2.4975

150 313.15 ~67.090 ~0.237 7.2475
323.15 9.658
333.15 11.997

®m [U],=10mgL"'
® [U]=150 mg L™
Linear Fit

y =4004.1*¥X - 12.647
R2=10.9954

LnK,(Lg

y =8070.7*X - 28.579
R2=10.9854

0.0030 0.0031 0.0032 0.0033 0.0034
/T (K1Y

Figure 12. Variation of Ln Ky versus 1/T for
uranium adsorption on ZSM-12 zeolites.

aqueous phase to the solid phase (adsorption) results
in a reduction in the degree of freedom of the ad-
sorbate, hence the favorable nature of the adsorp-
tion and the affinity of the adsorbent toward uranyl
ions [64,65]. Negative values of free energy (AG°,qs),
in the case of an initial uranium concentration of
10 mg-L™!, suggest the feasibility and spontaneity of
the adsorption reaction, especially at low tempera-
tures. The increase in AG°,4s with increasing tem-
perature signifies a rise in disorder during adsorp-
tion. This phenomenon can be attributed to the re-
distribution of energy between the adsorbent and the
adsorbate [66]. The positive free enthalpy observed
at temperatures of 50 °C and 60 °C indicates that
an external energy supply is required for the process
to occur. For an initial uranium concentration of
150 mg-L’l, AG° values of the sorbent are obtained

100
I [HNO,]= 0.1 mol L™! [HNO;]= 0.5 mol L™!

[HNO;]= 1.0 mol L' B [HNO,]= 1.5 mol L™!

80

60

40 4

% Desorption

20

Cycle time

Figure 13. Sequential adsorption-desorption
cycles of uranium(VI) on ZSM-12 zeolites.
[Ulo= 150 mg-L™!; T = 20 + 2 °C; contact time
=180 min; R (S/L) =8 g-L7L.

as positive, which concludes the reaction to be non-
spontaneous, but it shows a range of spontaneity in
the reverse direction [67]. In addition, the sponta-
neous reaction decreases after the initial concentra-
tion becomes more significant, and the spontaneous
reactivity is negatively correlated with the initial con-
centration of U(VI) [68].

3.3. Reusability of the sorbent

Reusability and regeneration of the used sorbent is
an important factor in any removal process. The re-
generation process was carried out using a solution
of HNOjs as the desorption agent. The effect of the
concentration of HNOj solution was studied in the
range of 0.1-1.5 mol-L™!. According to Figure 13, a



Sihem Khemaissia et al. 91

~
/ 0 ‘
O\ _o~Si— \ /O/SI\_
0 _—0——Al o \ O—Al \O o
H O\ /O —_— + | \SI/
2+ Na Sl Na -
+ N =N 0/
0 0
ﬂ Na\ /) Na+ o— |i
O/T'\O O/ 0
0

Scheme 1. The interaction of surface functional groups of ZSM-12 zeolite with uranyl ions (UO?).

1.0 mol-L! solution of HNOj is the best eluent for
the desorption of U(VI) from ZSM-12. After the first
adsorption, 84.05% of the adsorbed uranium ions
were desorbed, indicating that some adsorption sites
with adsorbates cannot be regenerated [69]. The
fresh adsorbent has 84.05% sorption sites and its
adsorption capacity remains at 9.26 mg-g~! after five
adsorption—-desorption cycles, which is 65.82% of
the fresh adsorbent in the first cycle. In subsequent
cycles, the sorption of uranium may be reduced by
sorbent loss or partial degradation during the elution
process [70] and by the accumulation of uranium
molecules on the surface of the ZSM-12 sorbent [71].
However, efforts will be made to improve reuse in the
future.

3.4. Adsorption mechanism

The adsorption mechanism of U(VI) on ZSM-12
zeolites is mainly ion exchange as presented in
Scheme 1. The divalent cation (UO§+) is exchanged
with two Na™ cations of the ZSM-12 zeolite as already
observed by Caputo and Pepe [72] for some toxic and
noxious cations, such as Pb®* and Ba®*, according to
Equation (14):

2(Na-ZSM12) + UO3+ — U0, (ZSM12),  (14)

3.5. Uranium recovery from a real nuclear efflu-
ent by synthesized ZSM-12 material

In order to assess the practical performance of ZSM-
12, this material was used for the recovery of uranium
from wastewater generated during the processing of

uranium ore at the CRND. The optimal parameters
obtained from the adsorption study with synthetic
uranium solutions were applied. The wastewater
consisted mainly of U(VI), Na, K, Ca(Il), and Fe(III)
with concentrations of 151.69, 9.679, 0.752, 2.708,
and 4.502 mg-L™!, respectively. Uranium adsorption
efficiencies of 38.86%, 41.135%, and 37.57% were ob-
tained with an average yield of 39.18%. As a result,
the presence of various ions such as Na, K, Ca(Il), and
Fe(III) significantly influenced the adsorption behav-
ior of ZSM-12 toward U(VI), resulting in a 21.64% de-
crease in adsorption efficiency. The initial concentra-
tions of Fe(IlI), Ca(Il), and Na decreased by 65.32%,
76.60%, and 62.72%, respectively. Due to their similar
charge and ionic nature, these cations can inhibit the
assimilation of uranium ions by participating in com-
petitive adsorption by either trapping or occupying
adsorption sites. This competition leads to a reduc-
tion in adsorption efficiency for uranium ions [73].

4. Conclusion

In the present work, microporous—-mesoporous
ZSM-12 zeolite was successfully synthesized by a
hydrothermal process, using TPABr as the struc-
turing agent. The structure of ZSM-12 was char-
acterized by XRD, FTIR, and nitrogen adsorption—
desorption, which revealed a high specific surface
area of 343 m?/g. Adsorption studies demonstrated
its efficacy in adsorbing 93% and 50% of the initial
uranyl ions (UO?) from uranium solutions of 10
and 150 mg/L, respectively, with relatively rapid ki-
netics well represented by the second-order kinetic
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model. The equilibrium data fit better to the Lang-
muir isotherm model. The adsorption energies de-
termined by the Langmuir model confirmed that the
adsorption of uranyl ions by the synthesized ZSM-12
material was spontaneous and both chemisorption
and physisorption processes occurred simultane-
ously. The adsorption capacities of the ZSM-12 ma-
terial were found to be 14.8 mg-g~! and 12 mg-g~! for
initial uranium concentrations of 10 and 150 mg-L‘l,
respectively. Thermodynamic parameters indicated
that the adsorption of uranium by ZSM-12 zeolite
was favored at low temperatures. It can be concluded
that the synthesized ZSM-12 zeolite is an effective
adsorbent for uranium recovery.

Declaration of interests

The authors do not work for, advise, own shares in, or
receive funds from any organization that could bene-
fit from this article, and have declared no affiliations
other than their research organizations.

Acknowledgment

This research received financial backing from the
Draria Nuclear Research Center (CRND, Algiers). The
authors express their gratitude to the General Direc-
torate of the CRND for their financial support.

References

[1] Y. Cao, Z. Wang, W. Song et al., Chemosphere, 2024, 350, article

no. 141066.

N. Rani, P Singh, S. Kumar, P. Kumar, V. Bhankar, N. Kamra,

K. Kumar, Environ. Res., 2023, 234, article no. 116536.

[3] G.Xu, X. Li, X. Liu et al., Sci. Total Environ., 2024, 917, article
no. 170397.

[4] B. M. Jun, H. K. Lee, S. B. Park, T.-J. Kim, Sep. Purif. Technol.,
2022, 278, article no. 119675.

[5] M. Jiménez-Reyes, P. T. Almazan-Sanchez, M. Solache-Rios,
J. Environ. Radioact., 2021, 233, article no. 106610.

[6] A. Krajnidka, E. ViglaSovda, M. Galambosa, L. Krivosudskya,
Desalin. Water Treat., 2018, 127, 272-281.

[7] S.Khan, R. Anjum, M. Bilal, Environ. Technol. Innov., 2021, 22,
article no. 101503.

[8] S. Mohammad, T. Alahmadi, “Synthesis and characteriza-
tion of functionalized ordered mesoporous silica MCM-41
with macrocyclic compoundsfor the adsorption of organ-
otin compounds”, PhD Thesis, University of Malaya Kuala
Lumpur, Malaisie, 2014, http://studentsrepo.um.edu.my/id/
eprint/4902 (accessed 29 January 2025).

2

[9] P. D. Bhalara, D. Punetha, K. Balasubramanian, J. Environ.
Chem. Eng., 2014, 2, 1621-1634.

[10] T. Yang, W. Zhang, H. Liu, Y. Guo, J. Radioanal. Nucl. Chem.,
2020, 323, 1003-1012.

[11] P M. Nekhunguni, N. T. Tavengwa, H. Tutu, J. Environ.
Manag., 2017, 204, 571-582.

[12] A. Belgacem, R. Rebiai, H. Hadoun, S. Khemaissia,
M. Belmedani, Environ. Sci. Pollut. Res., 2014, 21, 684-
694.

[13] D. Haddad, A. Mellah, D. Nibou, S. Khemaissia, J. Environ.
Eng., 2018, 144, article no. 04018027.

[14] Y. Tian, L. Liu, E Ma, X. Zhu, H. Dong, C. Zhang, E Zhao,
J. Hazard. Mater., 2021, 419, article no. 126538.

[15] Z.-].Yi, J. Yao, M.-]J. Zhu, H.-L. Chen, E Wang, X. Liu, J. Ra-
dioanal. Nucl. Chem., 2017, 313, 19-27.

[16] W. M. Youssef, J. Chem. Eng. Process Technol., 2017, 8, article
no. 1000349.

[17] J. Huynh, “Mécanisme d’adsorption des espéces en solu-
tion de l'uranium sur matériaux poreux a haute capacité”,
Doctoral thesis, University of Poitiers, France, 2017, https:
//theses.fr/2017POIT2293 (accessed 3 February 2025).

[18] H. Liao, Y.Li, H. Li, B. Li, Y. Zhou, D. Liu, X. Wang, Chem. Phys.
Lett., 2020, 741, article no. 137084.

[19] M. K. Murukutti, H. Jena, J. Hazard. Mater., 2022, 423, article
no. 127085.

[20] Q. Lang, P. Lu, X. Yang, V. Valtchev, Green Carbon, 2024, 2, 12-
32.

[21] 1. Langmuir, J. Am. Chem. Soc., 1918, 40, 1361-1403.

[22] J. Cheng, Y. Wang, R. Gu, P. He, Y. Pan, Y. Leng, Y. Liu, X. Tuo,
Appl. Radiat. Isot., 2022, 181, article no. 110102.

[23] H. M. E Freundlich, J. Phys. Chem., 1906, 57, 384-470.

[24] M. M. Dubinin, L. V. Radushkevich, Chemisches Zentralblat,
1947, 1, 875-890.

[25] X. Chen, Data Inform., 2015, 6, 14-22.

[26] E Helfferich, Ion-Exchange, McGraw Hill, New York, 1962,
624 pages.

[27] L. Lin, G. Zhang, X. Liu, Z. H. Khan, W. Qiu, Z. Song, Environ.
Pollut., 2019, 247, 128-135.

[28] P. L. M. Langama, J. J. Anguile, C. Bissielou, A. Bouraima,
A.N.M. M. Ndong, D. Kouotou, J. K. Mbadcam, Am. J. Analyt.
Chem., 2023, 14, 55-71.

[29] C. Wang, D. Huang, E He, T. Jin, B. Huang, J. Xu, Y. Qian, ACS
Omega, 2020, 5, 27789-27799.

[30] L. Dimitrov, M. Mihaylov, K. Hadjiivanov, V. Mavrodinova,
Microporous Mesoporous Mater., 2011, 143, 291-301.

[31] X. Wei, P. G. Smirniotis, Microporous Mesoporous Mater., 2006,
89, 170-178.

[32] M. M. J. Treacy, J. B. Higgins, Collection of Simulated XRD
Powder Patterns for Zeolites, fifth revised ed., Elsevier, Ams-
terdam, 2001.

[33] M. Kasunic, J. Legisa, A. Meden, N. Z. Logar, A. M. Beale,
A. Golobic, Micrporous Mesoporous Mater., 2009, 122, 255-
263.

[34] G.Feng, Z. Wen, J. Wang, Z. Lu, J. Zhou, R. Zhang, Microporous
Mesoporous Mater., 2021, 312, article no. 110810.

[35] K. C. Balogoun, M. L. Bawa, S. Osseni, M. Aina, Intl J. Biol.
Chem. Sci., 2012, 9, 563-580.

[36] N. O. Ankoro, D. Kouotou, K. P Lunga, A. T. Godwin, N. R.


http://studentsrepo.um.edu.my/id/eprint/4902
http://studentsrepo.um.edu.my/id/eprint/4902
https://theses.fr/2017POIT2293
https://theses.fr/2017POIT2293

1371

(38]

(39]

(40]

[41]

[42]

(43]

[44]

(45]
(46]

[47]

(48]

[49]

[50]
[51]

[52]

(53]

Sihem Khemaissia et al.

Lekene, J. N. Ndi, J. M. Ketcha, Arabian J. Chem., 2020, 13,
5241-5253.

R. A. Lucaci, D. Bulgariu, M. Popescu, L. Bulgariu, J. Water,
2020, 12, 2-16.

T. Imyen, K. Saenluang, P. Dugkhuntod, C. Wattanakit, Micro-
porous Mesoporous Mater., 2021, 312, article no. 110768.

E. A. Al-Maliky, H. A. Gzar, M. G. Al-Azawy, IOP Conf. Ser.:
Mater. Sci. Eng., 2021, 1184, article no. 012004.

A. O.Jorgetto, R. I. V. Silva, M. J. Saeki, R. C. Barbosa, M. A. U.
Martines, S. M. A. Jorge, G. R. Castro, Appl. Surf. Sci., 2014,
288, 356-362.

M. Thommes, K. Kaneko, V. N. Alexander, J. P. Olivier,
E Rodriguez-Reinoso, J. Rouquerol, K. S. W. Sing, Pure Appl.
Chem., 2015, 87, 1051-1069.

C. Ducrot-Boisgontier, “Synthése directe et par nonomoulage
de carbones a nanoporosité controlée”, Dissertation, Univer-
sité de Haute Alsace, France, 2009, https://theses.hal.science/
tel-00565268 (accessed 3 February 2025).

S. Wang, C. Wang, H. Liu et al., Microporous Mesoporous
Mater., 2022, 331, article no. 111652.

K. T. G. Carvalho, E. A. Urquieta-Gonzalez, Catalysis Today,
2015, 243, 92-102.

S.Su, R. Chen, Q. Liu et al., Chem. Eng. J., 2018, 345, 526-535.
1. Polatoglu, E Cakicioglu-Ozkan, Microporous Mesoporous
Mater, 2010, 132, 219-225.

S. Debnath, J. Kitinya, M. S. Onyango, J. Ind. Eng. Chem., 2014,
20, 2119-2129.

S. Menacer, A. Lounis, B. Guedioura, N. Bayou, Desalin. Water
Treat., 2015, 34, 16184-16195.

G. Huang, L. Zou, Y. Su, T. Lv, L. Wang, J. Radioanal. Nucl.
Chem., 2016, 307, 1135-1140.

M. Jain, M. Yadav, S. Chaudhry, Toxin Rev., 2021, 40, 872-885.

M. K. Sureshkumar, D. Das, M. B. Mallia, P. C. Gupta, J. Hazard
Mater., 2010, 184, 65-72.

G. Wang, J. Liu, X. Wang, Z. Xie, N. Deng, J. Hazard Mater.,
2009, 168, 1053-1058.

E. Erdem, N. Karapinar, R. Donat, J. Colloid Interface Sci.,
2004, 280, 309-314.

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

93

A. N. Alene, G. Y. Abate, A. T. Habte, J. Chem., 2020, 2020,
article no. 8746035.

M. Jain, M. Yadav, T. Kohout, M. Lahtinen, V. K. Garg, M. Sil-
lanpé&d, Water Res. Ind., 2018, 20, 54-74.

M. Sprynskyy, 1. Kovalchuk, B. Buszewski, J. Hazard. Mater.,
2010, 181, 700-707.

C. Wang, L. Boithias, Z. Ning, Y. Han, S. Sauvage, J. M.
Sanchez-Pérez, K. Kuramochi, R. Hatano, Agric. Water
Manag., 2017, 180, 205-211.

R. Han, W. Zou, Y. Wang, L. Zhu, J. Environ. Radioact., 2007,
93, 127-143.

M. Jiménez-Reyes, P. T. Almazan-Sanchez, M. Solache-Rios,
J. Environ. Radioact., 2021, 233, article no. 106610.

E Zahakifar, A. R. Keshtkar, M. Talebi, Prog. Nucl. Energy, 2021,
134, article no. 103642.

P S. Ghosal, A. K. Gupta, J. Mol. Lig., 2017, 255, 137-146.
A.N.Fernandes, C. A. P. Almeida, N. Debacher, M. M. S. Sierra,
J. Mol. Struct., 2010, 982, 62-65.

X. Zhang, C. Jiao, J. Wang, Q. Liu, R. Li, P Yang, M. Zhang,
Chem. Eng. J., 2012, 198-199, 412-419.

A. Sari, M. Tuzen, D. Citak, M. Soylak, J. Hazard. Mater., 2007,
149, 283-291.

H. R. Shakur, K. H. Rezaee EbrahimSaraee, M. R. Abdi, G. Az-
imi, Appl. Radiat. Isot., 2016, 118, 43-55.

A. Aarfane, A. Salhi, M. El Krati, S. Tahiri, M. Monkade,
K. Lhadi, M. Bensitel, J. Mater. Environ. Sci., 2014, 5, 1927-
1939.

N. V. Sarangi, R. Rajkumar, Chem. Eng. Res. Design, 2024, 203,
207-218.

B. Zhang, B. Gao, W. Ma, Z. Mo, Y. Song, S. Xie, E Jiang, X. Hu,
J. Environ. Radioact., 2023, 270, article no. 107305.

X. Wang, G. Ji, G. Zhu, C. Song, H. Zhang, C. Gao, Sep. Purif.
Technol., 2019, 209, 623-635.

N. Gumber, R. V. Pai, K. Sanyal, B. Dutta, P. A. Hassan, Microp-
orous Mesoporous Mater., 2022, 341, article no. 112108.

L. Ding, S. Zhang, C. Tao, J. Liao, Y. Zhang, L. Zhang, Appl.
Surf. Sci., 2023, 615, article no. 156337.

D. Caputo, E Pepe, Microporous Mesoporous Mater., 2007, 105,
222-231.

J. Zhu, L. Zhao, D. Song, J. Yu, Q. Liu, J. Liu, R. Chen, J. Wang,
Appl. Surf. Sci., 2023, 640, article no. 158378.


https://theses.hal.science/tel-00565268
https://theses.hal.science/tel-00565268

	1. Introduction
	2. Material and methods
	2.1. Reagents and chemicals
	2.2. Synthesis of the adsorbent
	2.3. Characterization
	2.4. Adsorption experiments
	2.5. Adsorption isotherms
	2.5.1. Langmuir isotherm
	2.5.2. Freundlich isotherm
	2.5.3. Dubinin–Radushkevich isotherm

	2.6. Adsorption kinetics
	2.7. Adsorption thermodynamics

	3. Results and discussion
	3.1. Characterization
	3.1.1. X-ray diffraction
	3.1.2. Fourier transform infrared spectrum
	3.1.3. Point of zero charge (PZC)
	3.1.4. Nitrogen adsorption–desorption isotherm

	3.2. Adsorption studies
	3.2.1. Initial pH effect
	3.2.2. Effect of contact time
	3.2.3. Solid/Liquid ratio effect
	3.2.4. Initial uranium concentration effect
	3.2.5. Temperature effect and thermodynamics

	3.3. Reusability of the sorbent
	3.4. Adsorption mechanism
	3.5. Uranium recovery from a real nuclear effluent by synthesized ZSM-12 material

	4. Conclusion
	Declaration of interests
	Acknowledgment
	References

