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Abstract

Commercial strong anion exchange resins provided by Purolite, namely MTA4801PF, and MTA4601PFSO4, were utilized for
extracting uranium from sulfate leach liquor. The study focused on investigating the kinetics, isotherms, and thermodynam-
ics of the sorption process. Both resins demonstrated similar kinetics and isotherm performance, with sorption capacities of
approximately 66 and 71 mg g~! respectively. The sorption process was proven to be endothermic, feasible, and spontaneous,
and U(VI) desorption of around 95% was achieved using 0.5 M sulfuric acid. Commercial resins showed excellent sorption

performance when applied to sulfate leach liquor of Egyptian ores despite the complexity of the solution.
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Introduction

Nuclear energy, known for its clean and renewable features,
has experienced significant growth and widespread adoption
worldwide [1]. However, the use of uranium, the primary
fuel for nuclear energy, results in the generation of sub-
stantial amounts of uranium-containing wastewater during
uranium mining and utilization processes, posing an urgent
environmental pollution challenge that requires resolution
[2, 3]. Hence, there is an immediate need to explore efficient
methods for extracting U(VI) from liquid solutions. This
includes solutions produced during uranium ore mining and
treating, as well as those found in tailing deposits and lake
waters, which exemplify potential uranium sources [3].

Several approaches are now being used to extract U (VI)
from liquid solutions [4]. These ways encompass chemical
precipitation [5, 6], ion exchange [7], solvent extraction
[1, 8], catalytic processes [9, 10], and sorption techniques
[11-15].

Adsorption is currently the most effective method for
separating uranium ions from aqueous solution due to
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its several advantages over other techniques. It does not
produce secondary pollutants after the procedure is com-
pleted, is easy to handle, and can remove uranium ions
even in very low concentrations [16, 17]. Researchers from
around the world use various adsorbents to treat uranium-
contaminated wastewater [18, 19]. With advancements
in science and technology, new and versatile adsorbents
such as carbon-based materials [20], functionalized fibrous
materials [21], porous polymers such as hydrogels [22],
magnetic nanoparticles [23], metal-organic frameworks
(MOFs) [24], and covalent-organic frameworks (CoFs)
[25] as novel adsorbents have been developed that can
efficiently treat uranium-contaminated wastewater. How-
ever, most of these adsorbents have some drawbacks, such
as poor chemical stability in water, low adsorption effi-
ciency in low-concentration regions, complicated synthe-
sis methods, and high costs, which limit their use for the
extraction/removal of uranium ions from seawater/waste-
water. To implement the sorption method effectively, it is
essential to utilize modern sorption materials that exhibit
high uranium sorption capacity, improved kinetic prop-
erties, and low consumption. These materials should be
suitable for simple and complete regeneration. Due to
these reasons, numerous studies have investigated the use
of various anion exchange resins for treating leach liquors
containing uranium. Some of the commonly examined res-
ins include Amberlite IRA-400 [26, 27], Amberlite IR120
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[28], AMn resin [29], Dowix 1 [30], C100H resin [31],
Amberjet 1200 H [32], Duolite ES-467 [33], Ambersep
920U [34], Amberlyst A-27 and Dowex 21K [35].

This research concentrates on investigating the uptake
characteristics of uranium from acidic solutions through
solid-phase extraction utilizing commercially accessi-
ble anion exchange resins, specifically MTA4801PF and
MTA4601PFSO4. The main objective is to understand
the factors that influence the rate of uranium extraction
from sulfuric acid solutions, which serve as indicators of
the performance of the selected resins. Additionally, the
optimal loading conditions are determined by analyzing
sorption kinetics and adsorption isotherm models.

Experimental
Materials

Purolite strong anion exchange resins namely:
MTA4801PF (labeled as R1), and MTA4601PFSO4
(labeled as R2) were obtained from King of Prussia, PA,
USA. The key characteristics of the operated resins, as
provided by commercial data, are outlined in Table 1.
The resins were pre-conditioned before being applied in
this work. Analytical grade of hydrochloric, Sulfuric, and
nitric acids was gained from Sigma-Aldrich (Saint-Louis,
MO, USA) and employed in the desorption experiments.
Uranium (UO,(NO;),-6H,0) salt was employed to create a
synthetic stock solution of U(VI) at a concentration of 1.0
g L~!. Fresh U(VI) standard solutions with specific U(VI)
ion concentrations were created by diluting the stock solu-
tion with double-distilled water. To regulate the pH of the
prepared solution, solutions of NaOH and/or HC1 (0.1 M)
were employed.

Table 1 The physical and chemical attributes of the highly basic
Purolite MTA4801PF, and MTA4601PFSO4 resins

Name MTA4801PF MTA4601PFSO4

Physical form Spherical beads

Matrix Gel polystyrene crosslinked with divinylb-
enzene
Functional group Pyridinium

Ionic form as shipped CI™ S0,
Total capacity (min.)  1.60 eq/l 1.30 eq/l
Moisture retention 37-44% 47-54%
Mean size typical 570450 pm

Specific gravity 1.08 g/ml 1.07 g/ml
Temp limit CI™ 100 °C

Preparation of El Erediya sulfate leach liquor

The uranium source for this study was sourced from El Erediya
uranium ore, located in Egypt's eastern desert. To separate
uranium from the El Erediya ore, sulfuric acid was employed
under the following preferred conditions [36]: a concentration
of 1.5 M H,SO,, a uranium ore-to-acid ratio of 1:3, a stirring
duration of 2h, utilizing ore particles with a size of 63 pm,
stirring at 600 rpm, and the addition of a 1.0 M H,0, solution
at room temperature. The chemical analysis of the resulting
sulfate leach solution from El Erediya was carried out using
a UV-vis spectrophotometer (SP-8001 UV-, Metretech Inc.
version 1.02, 2000/10/01) equipped with a 10 mm glass cell
and Arsenazo III indicator. The determined uranium concen-
trations in the solution are presented in Table 2.

Processes of sorption and desorption

The sorption investigations were accompanied by a batch reac-
tor. A fixed volume (V, L) of solution holding an initial concen-
tration of 50 mg L™ U(VI) species (Co, mg L™!) was mixed
for 10 h to confirm whole equilibrium, with a fixed quantity
of resin (m, g) under agitation at 150 rpm. Typically, the sorb-
ent dosage (SD=m/V, g L") was kept at 1.0 g L™!. When
needed, the sorbent dosage was adjusted within the range of
0.2-1.2 g L™! to explore the influence of the sorbent dosage,
and the initial concentration (C, mg L") was varied between
20-160 mg L' for the examination of sorption isotherms.
After filtration using a filter membrane with a pore size of 1.2
um, the concentration of the remaining metal (C,, mg L_l) was
determined using a modified version of the Davies and Gray
titrimetric method, in addition to a spectrophotometer. U(VI)
sorption efficiency (R%), sorption capacity (g,, mg g~'), and
the distribution constant (K;) were calculated using Eqs. 1-3
respectively, operating the data that was supplied.

(Co - Ce)

C

[¢]

R% = x 100 (1

4= (C=C)x @

Table 2 Sulfate leach solution analysis from El Erediya uranium ore

Constituent mg L} Constituent mg L™
Na,O 100 U 380
MgO 267.5 Cu 200
CaO 360.7 Zn 110
AL O, 114.5 P,04 3.68
Fe,0; 2000.8 SO, 580.3
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In the examination of desorption, a comparable experi-
mental procedure was utilized. The sorbents that had cap-
tured the metal were blended with the eluent for 10 h, using
a sorbent dosage of 0.5 g L™!. Uranium loading was con-
ducted using the previously described procedure, and the
actual quantity of U(VI) present in the resin was determined
through the mass balance equation. Following filtration, the
concentration in the eluate was examined to quantify the
released amount and to estimate the desorption efficiency.

Modeling of sorption process
Adsorption kinetic models

The kinetics of uptake were examined to gain a deeper
understanding of the adsorption rate and potential adsorp-
tion mechanisms of U(VI) ions using MTA4801PF and
MTA4601PFSO4 resins. In this case, the Lagergren, pseudo-
second-order kinetic equations, as well as the intraparticle
diffusion (Weber and Morris) equation, were employed to
analyze the adsorption data [37—41].

Pseudo-first order equation (PFO) Pseudo-first order equa-
tion (PFO) was introduced by Lagergren in 1898 to char-
acterize the sorption rate in solid-liquid phase adsorption
systems concerning the adsorption capacity. The non-linear
form of the PFO model is as follows: [37-41].

g =q,(1—e*") 4)

where g, (mg g7!) is the estimated adsorption capacity by
PFO model and k1 (min~!) is the Largergren equation rate
constant.

Pseudo-second order model (PSO) Pseudo-second order
model (PSO) also referred to as the McKay equation, is
founded on the sorption capacity of the solid phase. Further-
more, it supposes that chemisorption constitutes the rate-
determining step. The non-linear form of the PSO model is
as follows: [37-41]:

1
(11kyq2) + (tlg5) ©)

The initial adsorption rate, 4 (mol g_1 h™1), and the half-
equilibrium time, #,,, (h) was obtained from Eqgs. 9 and 10
[39, 40].

q. =

h=kyq’ (6)

1
tyy = — 7
12 que ( )
where k, (min~") is the McKay equation rate constant and ¢,
(mg g™!) is the estimated adsorption capacity by PSO model.

Intra-particle diffusion model (IPD) Intra-particle diffusion
model (IPD) also known as the Weber and Morris model,
was announced in 1963 to elucidate the rate-limiting step
in adsorption. According to this model, solute adsorption
encompasses three processes: (1) film diffusion, (2) surface
diffusion, and (3) pore diffusion. Surface and pore diffusion
can occur concurrently, while film diffusion is independent.
The IPD equation is represented as follows: [37—41]:

g = K>’ + C; 8)

where Ky (mg g~! min~?) is a rate constant, and C is the
thickness of the boundary layer.

Adsorption isotherm models

The sorption isotherm, which represents the equilibrium
properties of the adsorbate-sorbent interaction, is a crucial
parameter for optimizing the adsorption system and design-
ing the plant. In this context, the equilibrium data has been
analyzed using the Freundlich, Langmuir, and Sips models
[37-41].

Freundlich isotherm equation Freundlich isotherm equa-
tion has been employed to characterize sorption on surfaces
with heterogeneity [37—41]. This model posits that the sorp-
tion sites are distributed exponentially concerning sorption
heat. The non-linear form of the Freundlich isotherm model
can be formulated as follows: [37—41]:

ge = KeCJ™ ©)

where K (mg g~ 1) corresponds to the Freundlich constant,
and //ng; refers to the heterogeneity of the adsorbate sites.

Langmuir isotherm model Langmuir isotherm model is
one of the most widely employed equations for describing
sorption phenomena [37—41]. This model suggested that the
sorption occurs through monolayer sorption on a homoge-
neous surface without any binding between the adsorbed
molecules. The non-linear form of the Langmuir model is
written as follows: [37—41]:

_ kaLCe
de

T 1+kC, 10)

where g, (mg/ g) is the maximum sorption capacity of the
applied resins, and k; (L mg~!) is the Langmuir constant
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which, refers to the energy of adsorption and reflects the
affinity of resin towards the metal ions.

Sips isotherm equation The Sips model, which combines
aspects of the Langmuir and Freundlich models, was devel-
oped to predict sorption in heterogeneous systems and over-
come the limitation of the Freundlich isotherm regarding the
increase in adsorbate concentration. The non-linear form of
the Sips model is typically represented as follows: [37—41]:
ds (ks C. ) "

o= — (11)
1+ (ksC.) S

where g is the maximum sorption capacity (mg g1 of Sips
model. Ky (L/mg) represents the constants of Sips model,
mS is Sips constant.

Fitting the kinetic and isotherm models

By using the Coordination coefficient (R (Eq. 12) and the
non-linear regression Chi-square 2 (Eq. 13), the fitting of
the kinetic and isotherm models has been evaluated. [40, 41]:

2)1( (Qexp - 6]pred)2

2)1( (qm) - KXP)Z
(12)

Coordination coefficient(R*) = 1 —

) (qexp - qpred)2
D R

X~ =

13
qpred ( )

where g, and g4 are the experimental and model pre-
dicted equilibrium capacity (mg g~!) respectively, R? and x>
are the coordination and Chi-square coefficients respectively,
and 7 is the number of test points.

Adsorption thermodynamics

To gain a deeper insight into the thermodynamic perfor-
mance of sorption, the correlation between MTA4801PF and
MTA4601PFSO4 resins and their interaction with U(VI) at
various temperatures was investigated. The following equa-
tions were employed to compute the thermodynamic param-
eters, namely Gibbs free energy change (AG®), standard
enthalpy change (AH®), and standard entropy change (4S°)
[40, 41]:

AHO 1
log K-~ = — X =4A

BRCTT3mBR T (14)
_AG® = 2.303RT log K¢ (1s)
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AG® = AH® — TAS® (16)

where K is a non-dimensional equilibrium constant and
it equals K4 X 1000 X p [12, 13, 42]; T is the temperature
(K), R is the universal gas constant (8.314 J mol™' K1), pis
solution denisty g/ L, and A is a constant.

Results and discussion
Effect of pH

To develop accurate kinetic adsorption models, it is crucial
to thoroughly understand the mechanisms governing adsorp-
tion processes. The surface charge and distribution of spe-
cies on adsorbents are intricately linked to the pH (acidity
or alkalinity) of the surrounding environment. The sorption
efficiency of MTA4801PF and MTA4601PFSO4 resins was
examined over a range of solution pH values from 1 to 5.
Under the fixed condition (mixing time: 10 h; room tempera-
ture; U(VI) initial concentration: 50 mg L~'; and sorbent
dose: 1 g L™1). This investigation aimed to gain insights into
the practical applications of these resins. Based on the data
presented in Fig. 1, it is evident that solution pH positively
influences the sorption properties of both sorbents, with this
influence being beneficial up to a pH of 4.0. For R1 and R2
resins, the maximum sorption efficiency percentages were
found to be 84.0% and 94.0%, respectively. However, as the
pH of the solution continues to increase, there is a gradual
decline in sorption capacity, indicating a negative impact.
The maximum sorption capacity at pH 4.0 is 42.0 and 47.0
for R1 and R2 respectively.

The changes in uranium speciation and alterations in the
chemical properties of the resin surface as the solution pH
varies may collectively account for the sorption behavior
observed in both sorbents across different solution pH levels
[25-27, 37]. So far, the aqueous speciation distribution of
uranium according to pH performed and displayed in Fig. 2.
The explored results obvious that the predominant uranium
species at the pH range from 0.0-6.0 are the complexes of
UO0,**, U0,S0,, and UO,(SO,),>~. However, at pH inter-
vals from 6 to 12, UO,(OH),-H,O complex became the only
predominant species. At pH 12, the negative U-hydroxide
complexes, UO,(OH);™ and UOz(OH)42_ are appeared [43].
At low pH, UO,?* repelled with the cationic sites of the
resin, with a little anion exchange for UO,(SO,),*™ ions (its
percent is very small) for the sorption sites of resin. How-
ever, at higher pH, the greater percent of UOz(SO4)22_ favors
electrostatic attraction to cationic sites on the resin, easily
replacing the anions onto the resin. So, with increasing the
pH, the percent of UO,(SO,),>” increases and so the ability
to exchange with the anions of the resin increases [25-27,
37].
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Effect of contact time and reaction kinetics

One of the crucial factors that can influence the scaling-up
of the sorption process is believed to be the reaction rate. To
address this, the impact of contact times, ranging from 3.0
to 600.0 min, on uranium sorption from aqueous solutions
was investigated using MTA4801PF and MTA4601PFSO4
resins under fixed conditions (1.0 g sorbent L' initial con-
centration 50 mg L~!; temperature 298 K; pH 4.01). The
efficiency of metal ion sorption as a function of reaction
time is depicted in Fig. 3. The findings indicate that the sorp-
tion of uranium using R1 and R2 resins initiated rapidly,
reaching equilibrium at 120 min. Subsequently, the reac-
tion proceeded at a slower pace. In numerical terms, the
sorption efficiency for R1 and R2 resins was approximately
77.8% and 93.0%, respectively. Following the equilibrium
time, there is no significant increase in sorption efficiency.
This is attributed to the presence of active groups on both

resins, leading to the rapid progression of the initial phase
of the reaction. However, as the equilibrium is reached, most
of the active sites on the resins' surface become nearly fully
occupied by U(VI) ions. Consequently, the ions must then
interact with the active groups within the resin, which takes
more time to occur [38—40].

In the meantime, To explore the dynamics of U(VI)
behavior, pseudo-first-order (PFO) and pseudo-second-order
(PSO) models were utilized (Fig. 4). Table 3 displays the
associated kinetic parameters. The uranium (VI) adsorption
data for MTA4801PF and MTA4601PFSO4 resins were
most accurately described by the PSO model. This model
exhibited the lowest Chi-square coefficient (0.04 for R1 and
0.09 for R2) and the highest correlation value (R*>=0.99) for
both resins, as presented in Table 3. The experimental data
values of 43.0 mg g~! and 46.1 mg g™, respectively, closely
aligned with the calculated ge values for R1 and R2, which
were 44.2 mg ¢! and 46.1 mg g™, respectively. As a resul,
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the PSO model effectively elucidated the U(VI) sorption
mechanism. It indicated that the rate-controlling chemisorp-
tion process involved a chemical reaction, electron sharing,
or electron transfer between the resins and the uranium spe-
cies [12, 38—41]. It's important to note that the MTA4801PF
resin exhibits a slower reaction rate (0.0013 min™") com-
pared to the MTA4601PFSO4 resin (0.0029 min~"). Addi-
tionally, the initial adsorption rates for MTA4801PF and
MTA4601PFSO4 were 2.5 and 6.5 mol g~ h™!, while their
respective half-equilibrium times were 17.1 and 7.2 h. These
findings indicate that R2 has a greater affinity for U(VI)

@ Springer

ions than R1, as evidenced by its higher rate constant, initial
adsorption rate, and shorter half-equilibrium period.

The intra-particle diffusion (IPD) model, as shown in
Fig. 5, is commonly employed to describe the movement
of microparticles within the adsorbent material. The diffu-
sion rate constants are arranged in descending order. Table 4
illustrates a primary external surface diffusion or rapid
adsorption followed by a relatively slower intraparticle dif-
fusion process [40, 41]. The observation that this particular
stage of the overall adsorption process is the rate-limiting
step suggests that U(VI) sorption on both resins is primarily
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Table 3 The calculated parameters of the applied kinetic models

MTA4801PF MTA4601PFSO4

Pseudo first-order model
g, (mgg™h 41.6 45.6
Qeyp (mg g™") 43.0 46.1
k; (min~!) 0.11 0.04
X2 2.95 2.01
R? 0.97 0.94

Pseudo second-order model
g, (mg g™t 442 46.7
Qeyp (mg g™") 43.0 46.1
kyx 10° (min~1) 1.32 2.98
h (mol g7' h1) 2.6 6.5
t,, () 17.1 7.2
X2 0.04 0.09
R? 0.99 0.99

governed by chemisorption or strong surface complexation,
rather than mass transport [44, 45].

To understand the diffusion mechanism of the U(VI) ion
sorption process, the intraparticle diffusion kinetic equation

Fig.5 Morris—Weber illustra-

(IPD) was employed, as Lagergren and McKay's reaction
kinetic models were not suitable for this purpose [41, 43].
The IPD analysis comprises three sequential steps (rep-
resented as multi-linear connections) for the resins under
study, as revealed by the data analysis using the Morris-
Weber model (Fig. 5). This suggests that there were addi-
tional mechanisms at play in the sorption process [37-39]
beyond the intraparticle diffusion of U(VI) species through
the resin bead. This phenomenon can be attributed to the
difference in mass transfer rates during the initial and final
stages of sorption, highlighting the influence of the bound-
ary layer [37-39].

Usually, each linear segment within the graph signifies
a dominant mechanism or a combination of control mecha-
nisms that are concurrently in operation [37-39]. The dif-
fusion rate constants are presented in descending order.
Table 4 illustrates a relatively delayed intraparticle diffu-
sion alongside rapid (immediate) adsorption on the external
surface, with these processes approaching zero as equilib-
rium is reached [40]. The observation that this stage of the
overall adsorption process is the rate-limiting step suggests
that mass transfer is not the primary mechanism govern-
ing U(VI) sorption on either resin. Instead, this process is
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Table 4 The calculated MTA4801PF MTA4601PFSO4
parameters of the Weber and
Morris kinetic models Stage I II 111 I II 1
Weber and Morris model K; (mg/g min'’?) 4.99 1.12 0.15 8.57 1.97 0.03
C 0.25 25.0 39.1 0.32 25.9 46.1
R? 0.97 0.95 0.99 0.95 0.95 0.99
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predominantly controlled by chemisorption or strong surface
complexation [41].

Effect of initial concentration of metal ion

Adsorption isotherms are commonly employed to depict the
accumulation of metal ions on adsorbent surfaces. In this
context, experiments were carried out using the commercial
resins MTA4801PF and MTA4601PFSO4 to remove U(VI)
from synthetic solutions containing various ions, with initial
concentrations range 20 to 160 mg L~!. Figure 6-1 presents
the obtained results, illustrating the relationship between the
initial ion concentration and the sorption percentage. The
predicted data indicate that as the initial metal ion concen-
tration increased, the sorption efficiency of metal ions sig-
nificantly decreased. In detail, For R1 and R2, the uranium
adsorption percentage declined from 93.5% to 41.3% and
from 97.8% to 56.6%, respectively, when the starting ion
concentration rose from 20 to 160 mg L™!. The greater ini-
tial ion concentration had a favorable impact on the resin's
sorption capacity even though the efficiency of uranium ion
sorption decreased with the increase in starting ion con-
centration, as shown in Fig. 6-II. The information provided
demonstrates unequivocally that the resins' maximal experi-
mental capacities are roughly 66.7 mg/g for MTA4801PF
and 71.4 mg/g for MTA4601PFSOA4, respectively. Langmuir,
Freundlich, and other popular two-parameter models, as well
as the three-parameter Sips model, were tested to see if they
could adequately describe the properties of U(VT) adsorp-
tion onto MTA4801PF and MTA4601PFSO4 resins.
Figure 7 displays the isotherm curve, and Table 5
provides the corresponding parameters. Considering

I --MTA4801PF -5-MTA4601PFSO4

100 4
90 4
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40

Sorption efficiency, %

30 A
20

10

0 30 60 90 120 150 180

Metal ion concentration, mg L

the values listed for these model parameters, it can be
inferred that the Langmuir and Sips models, which sug-
gest that uranium ion sorption is homogeneous and each
molecule has a constant sorption activation energy and
enthalpies, closely fit the experimental data [38—41]. The
Langmuir model indicated that MTA4601PFSO4 had a
slightly higher adsorption capacity than MTA4801PF
(66.7 mg/g, R>=0.99), with the difference being attrib-
uted to the modification procedure. The Pearson Hard and
Soft Acids and Bases (HSAB) theory, which builds upon
the Lewis theory of acids and bases, can be employed to
elucidate the variations in U(VI) binding strength. Accord-
ing to this theory, metal ions are regarded as acids (elec-
tron acceptors), while functional groups in resins are seen
as bases (electron donors) [37, 38]. Strong acids tend to
react more favorably with strong bases, whereas weak
acids exhibit the opposite behavior. According to the
HSAB theory, chloride is classified as a borderline base,
while the sulfate group is considered a hard base [37, 38].
Since uranium ions are considered strong acids, the sul-
fate group exhibits a higher affinity for them compared to
the chloride group. Consequently, the following ranking
of the resin's affinity towards uranium ions is observed:
MTA4801PF < MTA4601PFSO4. This ranking aligns
with the order found in the experimental results, provid-
ing evidence that the HSAB theory is consistent with the
experimental findings.

The sorption capacity of the applied resins was dis-
played in Table 6 in comparison with the sorption capac-
ity of other sorbents from the literature. The anticipated
data declares that the investigated resins possess sorption
capacity within the common resin in literature.
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Fig. 6 Effect of U(VI) initial concentration on uranium removal percent, % (I), and sorption capacity (II) (room temperature; shaking time 120

min; sorbent dose 1 g/ L; pH 4.01)
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Table 5 Freundlich, Langmuir, and Sips isotherm parameters for
U(VI) uptake process

MTA4801PF MTA4601PFSO4
Langmuir model
q,, (mg g™ 66.7 71.3
k(L mg™h 0.27 0.77
X2 0.09 0.06
R? 0.99 0.99
Freundlich model
1/nF 0.2 0.2
ke (mg g7 (mg LY 25.88 35.47
X2 6.25 9.62
R? 0.86 0.82
Sips model
gs (mg g™ 67.0 70.6
kg (L mg‘l) 0.3 0.8
mg 1.0 1.0
X2 0.09 0.05
R? 0.99 0.99
Impact of sorbent dose

The dependence of U(VI) sorption percent on the
MTA4801PF and MTA4601PFSO4 resins amount of addi-
tion was explored by conducting a set of experiments at
resin dose range 0.2—-1.2 g L~!. The explored results in
Fig. 8 exhibit that the sorption percent is directly propor-
tional to the resin dose which means a higher probability
for interaction with uranium species. Furthermore, the

MTA4601PFSO4 displays a higher sorption efficiency than
MTAA4801PF resin all over the investigated resin dose. In
numerical terms, the removal percentage for MTA4801PF
resin changed from 52.4% to 90.5%, while for sorbent doses
ranging from 0.2 to 1.2 g/L, it ranged from 65.7% to 96.2%.
This behavior can be explained by the growth in the number
of active binding sites accessible due to the higher sorb-
ent dosage, which also enriches the rate of adsorption [50].
Remarkably, U(VI) uptake capacity is described by a ramp
down all over the studied resin dose which could be due to
the low uranium species concentration not equivalent to the
resin sorption capacity and thereby decreasing the qe [15,
44, 45].

Effect of temperature on U(VI) adsorption

The thermodynamic parameters as well as the sorption
nature could be declared by investigating uranium spe-
cies uptake using MTA4801PF and MTA4601PFSO4
resins at different reaction temperatures (20-50+ 1 °C).
Other parameters, such as resin dosage (1.0 g/L), begin-
ning U(VI) concentration (50 mg L"), and reaction time
(120 min), were kept constant. The attained results were
treated using the thermodynamic equations to illustrate
Van’t Hoff plot (Fig. 9) and evaluate the thermodynamic
variable (i.e. entropy (AS), enthalpy (AH), and Gibbs free
energy (AG)). The determined thermodynamic variables
(Table 7) obvious that the enthalpy change (AH) has posi-
tive values (24.4 and 34.7 kJ mol™") for R1 and R2 res-
ins respectively which indicates that the U(VI) capture
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;eral!:rfnai(c):lg?%s(:?l)oﬁosror ption Type Capacity (mg/g) References
different sorbents Dowex-21 K 105.2 [35]
Poly(acrylamide-acrylic acid)-titanium silicate 64.1 [36]
Polyacrylamide-based chelating sorbents 65.3 [45]
Ambersep 920U Cl 51.2 [34]
Ambersep 920U SO4 58.8
RHA-aluminum composite 85 [44]
Cellulose hydrogel (CHG) 148 [46]
Amberjet 1200 H resin 37.3 [47]
Polyurethane foam (PUF) 26.3 [48]
Expanded perlite (EP) 95 [49]
Amberlite IR120 106.0 [20]
AMn resin 74.4 [21]
Duolite ES-467 75.0 [25]
Purolite MTA4801PF 66.6 Current study
Purolite MTA4601PFSO4 71.0
Fig.8 The variation of uptake
percent with resin dose (U(VT) ~-MTA4801PF -5MTA4601PFS04
initial concentration 50 mg L™!;
shaking time 120 min; tempera- 100 -
ture 298 K; pH 4.01) :
90
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process is endothermic [45, 50]. Furthermore, both applied
resins show a negative Gibbs free energy change (AG)
which indicates a feasible and spontaneous sorption pro-
cess [15, 51]. The increment of the negative values of AG
with the temperature variation from 20 to 50 reflects that
the uranium uptake process is more favorable at the higher
reaction temperature. The positive values of the entropy
change (AS) (152.91] mol™' K~! for R1 and 194.5 J mol™!
K~! for R2 resins, respectively) indicate that the solid-
solution mass transfer interface led to a greater degree
of molecular disorder throughout the adsorption process
[51, 52].

@ Springer

Resin dose, g/ L

Scanning electron micrograph (morphology)

The scanning electron microscopy (SEM) image pattern
of the applied resins before and after the sorption of ura-
nium (Fig. 10) was employed to confirm U(VI) uptake pro-
cess. The resin particles appear spherical with a constant
smooth surface, as shown in Fig. 10a. However, as can be
seen in Fig. 10b, the surface became wrinkly and rough
after the adsorption experiment. The release of ions from
the solution, which were then adsorbed onto the resin sur-
face, is responsible for this change in surface topography.
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Fig.9 Van’t Hoft plot for U(VI)
sorption using MTA4801PF and
MTA4601PFSO4 resins (U(VI)
initial concentration 50 mg Lh
shaking time 120 min; sorbent
dose 1.0 g L™!; pH 4.01)

Table 7 Thermodynamic
parameters for uranium sorption
using R1 and R2 resins

Fig. 10 SEM micrographs of
the both resins (R1 and R2)
before (a, b respectively), and
after (c, d respectively) U(VI)
sorption process

O MTA4801PF OMTA4601PFS04
4.8 -
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’ R?=0.9813
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Mu
go 4
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1000/ T, k!
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30 °C 40 °C 50 °C (kJ/mol) (J/mol K)
MTA4801PF -21.8 —-23.2 -25.0 24.4 152.9
MTA4601PFSO4 —24.7 -26.5 —-28.3 34.7 194.5
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Fig. 11 EDX of the both resins (R1 and R2) before (a, b respectively), and after (¢, d respectively) U(VI)sorption process

Energetic dispersive X-ray (EDX) analysis

The presented adsorbent's structural features were analyzed
through elemental analysis using EDX, as shown in Fig. 11.
Indicative peaks can be observed in the given spectrum for
Cl and S, which are the main constituents of the introduced
adsorbent. The strong signal for Cl indicates the presence
of Purolite MTA4801PF (R1) as a major component in the
resin adsorbent structure as shown in Fig. 11a. In addition,
the strong signal for S indicates the presence of Purolite
MTA4601PFSO4 (R2) as a major component in the resin
adsorbent structure as shown in Fig. 11b. Variations were
observed in the EDX spectrum of the spent adsorbent after
removing Uranium species from sulfate media (Fig. 11c, d).
Specifically, an additional EDX signal with low intensities
was detected, indicating the presence of U(VI) ions. This
confirms the successful removal of uranium from the sulfate
media through commercial anion exchange resins.

FTIR analysis

The FT-IR spectra of both resins, both before and after ura-
nium adsorption, are given in Fig. 12a—d. The interaction
between U(VI) and the groups in the resin, forming a uranyl
complex, was indicated by a minor shift in band positions
to smaller wavenumbers and a rise in the relative intensity

@ Springer

of certain bands following uranium adsorption. Certain
transmittance bands are common to both spectra, including
the band associated with O—H stretching at 3600 cm™!, two
bands at 1600 and 1500 cm™! attributed to the bending of
the N—H group, and the band at 1380 cm™! related to the
stretching of the C-N bond in the vinyl group. The C-N-C
stretching is connected to the two bands at 1219 and 1117
cm™!, while the bending of the alkene C=C bond is associ-
ated with the two bands at 977 and 888 cm™'. In contrast,
the C-H stretching band was linked to the uranium adsorp-
tion process, shifting from 704 to 616 cm™!. Additionally,
a CI~ stretching band was evident at 761 cm™!. After the
adsorption experiment, a prominent band at 1122 cm™" was
observed, aligning with the resin's absorption of U(VI).

Desorption and reusability investigation

The maximum sorption capacity resin, MTA4601PFSO4,
was loaded, and uranium(VI) desorption was performed
using 0.5 M solutions of sulfuric, nitric, and hydrochloric
acids at room temperature. The sorbent dose was 0.5 g L™},
and the shaking period was 10 h. The information in Table 8
makes it abundantly evident that the sulfuric acid solution
had the best elution. The stability of the MTA4601PFSO4
resin for consecutive six sorption/ desorption cycles was
investigated. The anticipated data in Table 9 illuminates
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Table 8 Uranium recovery from

. Eluent Desorp-
loaded MTA4601PFSO4 resin tion E
using different solutions (1.0 (%) '
g/L, room temperature; 10 h)
H,SO, 95.1
HCI 88.0
HNO; 91.0

Table 9 Adsorption and desorption cycles for uranium recovery using
MTA4601PFSO4 resin

Recycling investigation

Cycle no Sorption Desorption
1 93.5 95.0
2 93.5 94.9
3 93.3 94.8
4 93.3 94.8
5 93.1 94.6
6 93.1 94.6

that the applied resin possesses stable performance over the
investigated six cycles whereas the sorption and desorption
percent slightly changed from 93.5 to 93.1% for the sorption
process, and from 95.0 to 94.6% for the desorption process.

Case study: El Erediya sulfate leach liquor
Purolite MTA4601PFSO4 strong anion exchange resin was

applied for uranium recovery from El Erediya sulfate leach
liquor. By introducing a buffer solution, the working leach

liquor's original pH was changed. Then, it was added to
the uranium recovery procedure utilizing MTA4601PFSO4
resin at the recommended conditions of 1.0 g/L resin dose,
room temperature, and 120 min of shaking time. Accord-
ing to the data, 64.0 mg g~', or almost 90% of the resin's
theoretical capacity, was successfully attained. It is pos-
sible that the struggle between uranium and other ions
present in the sample, such as iron ions, is what caused the
decline in Purolite MTA4601PFSO4 capacity.

Conclusion

This study focuses on the solid—liquid method for uranium
adsorption from aqueous solutions. Purolite strong anion
exchange resins in particular were used for this. Accord-
ing to the data, these resins have a propensity for recover-
ing uranium from acidic solutions. The order of the sorp-
tion capacity was MTA4601PFSO4 > MTA4801PF. The
sorption process for the used resins followed the pseudo-
second-order model, as shown by kinetic modeling of
the experimental results. The Langmuir isotherm model
offered a good fit for the acquired data, according to the
isotherm analysis. The process is also viable, spontaneous,
and an endothermic reaction, according to the thermody-
namic characteristics. Using 0.5 M sulfuric acid, uranium
desorption was completed with a 95% recovery rate. Com-
mercial resins have been shown to work well in sorption,
despite the complexity of the solution, when used on the
sulfate leach liquid from Egyptian ores.
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