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ABSTRACT

In this study, The incorporation of Cyanex 921 onto an XAD-
4 polymeric support for selective separation and extraction of 
U(VI) and Th(IV) from aqueous solutions of natural sediment ore 
samples. It was shown that from an acidic solution, the successful 
loading of Cyanex 921 onto XAD-4 matrix was confirmed by 
FTIR and SEM. A batch sorption technique was used to examine 
the adsorption mechanism. Examined were pH, contact time, 
and adsorbent dose. The experimental results demonstrated 
that optimal loading capacities were achieved at a pH of 4 with 
60 minutes of stirring for uranium, and at a pH of 3 with 30 
minutes of stirring for thorium. The Langmuir and Freundlich 
isotherm models were utilized to mathematically represent 
the equilibrium data at room temperature, specifically at 25 
°C. The maximum adsorption capacities of the impregnated 
resin for uranium (VI) and thorium (IV) were found to be 333.3 
mg/g and 434.7 mg/g, respectively, per the Langmuir model at 
25 °C. Chemical adsorption constituted the rate-limiting step 
in the adsorption of uranium and thorium onto the specified 
resin, adhering to the model of pseudo-second-order kinetics. 
The thermodynamic characteristics suggest that the process 
of adsorption of uranium and thorium onto impregnated 
Amberlite XAD-4 resin is marked by exothermically (ΔH < 0) 
and spontaneity (ΔG < 0). The impregnated resin demonstrates 
significant durability, and rapid equilibration. The described 
procedure has been accomplished implemented on actual 
sediment rock samples, indicating that the impregnated resin 
is an effective material for the extraction and recovery of U and 
Th ions derived from watery solutions.

Keywords: Impregnation, Sorption, Uranium (VI), Thorium (IV), 
XAD-4, Cyanex 921, Preconcentration

INTRODUCTION

Among heavy metals, considering their radioactivity and 
toxicity, uranium and thorium are undoubtedly the most 
dangerous to the environment. The strategic issue of chemists 
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is the exploration and mining, besides the processing, of ore 
materials that contain nuclear elements such as uranium and 
thorium, which represents the cornerstone of (industrial) 
nuclear technology [1-3]. Uranium and thorium find extensive 
application as nuclear fuel in power, and their main sources 
are pitchblende, monazite sand and sea water. Both metal ions 
are known to cause acute toxicological effects in mammals, 
and their compounds are potential occupational carcinogens 
[2]. Their recovery is essential to minimize their discharge 
into the environment from the point of view of safety and 
economy. Their selective extraction, simultaneously in the 
presence of each other and closely associated metal ions, 
has drawn much attention from chemists the world over 
because of their importance in energy-related applications 
[1]. Thus, there remains a need for pre-organized complexing 
agents that discriminate U(VI) and Th(IV) from associated 
metal ions present in great excess in solid or aqueous media 
[4]. The solvent extraction technique has been serving this 
purpose for many decades. Solid-phase extraction (SPE) has 
been increasingly used for the pre-concentration /separation 
of trace and ultra-trace amounts of inorganic and organic 
species from complex matrices, as seen from recent reviews 
[5,6]. Chelating resins have been frequently used as SPEs as 
they provide good stability, a high sorption capacity for metal 
ions and good flexibility in working conditions. Impregnated 
resins, which are designed by physically loading the successful 
organic extractants on a solid inert support material, have 
also been found to be effective for this process [7]. Chelating 
resins that are employed include Amberlite XAD series resins, 
4-vinyl pyridine-divinylbenzene/acrylonitrile-divinylbenzene 
copolymers, Amberlite IRA-400, Biorad AGMP-1, silica-
based C18 support, Amberlyst A-26, Dowex-2 and Merrifield 
chloromethylated resins. Amberlite XAD series resins have 
shown promise for designing chelating resins. There are 
two methodologies frequently adopted for designing such 
chelate-functionalized Amberlite XAD resins. The first involves 
the physical sorption of ligands onto a matrix. The other 
is based on covalent coupling of a ligand with a polymer 
backbone through a spacer arm, generally a –N=N– or –CH2 
group [8]. The latter strategy renders rugged systems, free 
from ligand leaching problems, but their sorption capacities 
are low. One way of achieving high sorption capacity is 
by the use of ligands of small size which can extensively 
functionalize an appropriate crosslinked polymer. Several 
previous studies have been reported for the XAD series resins 
in which an inert support is impregnated or functionalized 
with a selective organic extractant, e.g., bicine [9], quinoline-
8-ol [10] o-phenylene dioxydiacetic acid [11], tiron [12], Octa-

O-methoxy resorcin [2] arene [13], Chrome Azurol S [14], 
succinic acid [15], o-aminobenzoic acid [16], N,N-dibutyl-N’-
benzoylthiourea [17], Pyrogallol [18], alizarin red-s [19] and 
Octa-O-methoxy resorcin arene [2], to produce a solid sorbent 
for the isolation of U(VI) and/or Th(IV) from various analytical 
matrices.

The aim of this work was to synthesize a chelating resin by 
binding Cyanex 921 to Amberlite XAD-4 through a –CLN– 
group, and to study the adsorption and preconcentration of 
uranium and thorium from a sulfate solution. The experiments 
were carried out in a batch system. The influence of different 
variables such as pH, contact time and adsorbent dosage on 
the adsorption capacity of Amberlite XAD-4 resin impregnated 
with Cyanex 921 was investigated; the thermodynamic 
parameters of uranium (VI) and thorium (IV) adsorption were 
calculated at five different temperatures. Kinetic studies were 
performed in which the parameters were determined at 25 °C. 
Finally, the optimized factors were carried out for uranium (VI) 
and thorium (VI) recovery from sedimentary carbonaceous 
sandstone solution (real case).

EXPERIMENTAL

Instrumentation

The surface morphology of Amberlite XAD-4 resin 
impregnated with Cyanex 921 was studied by using a 
JEOL-JSM-5600LV scanning electron microscope model. 
UV–Vis spectrophotometer (SP-8001 UV-, Metretech Inc. 
version 1.02) that contains a glass cell of 10 mm. An atomic 
absorption model, G.B.C.A.A, was employed to measure 
trace elements in sulfate leach liquor. A UV-1 601 model 
Shimadzu UV–Vis spectrophotometer was used to determine 
U(VI) in a U(VI)–arsenazo(III) complex at 655 nm and Th(IV) 
in a Th(IV)–arsenazo(III) complex at 650 nm using arsenazo 
III as an indicator. Batch experiments were carried out in an 
isothermal circulator (Lindberg Blue, USA) at 200 rpm. The pH 
measurements were made with a Ino LabWTW model digital 
pH meter.

Chemicals and Reagents

High-purity reagents from Sigma-Aldrich, Merck and Fluka were 
used in the preparations of all standard solutions. Arsenazo III 
and Cyanex 921 (1% in kerosene) were purchased from Merck 
(Darmstadt, Germany). Standard and stock solutions were 
prepared using double-distilled water. On the other hand, 
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Amberlite XAD-4 (styrene divinyl benzene copolymer) with 
a surface area of 750 m2 g−1, a pore diameter of 50 Å and a 
bead size of 20–50 mesh was procured from Rohm and Hass 
Co., Collegeville, PA, USA. To remove inorganic and organic 
contaminants, it was washed with methanol, water, 1 mol L−1 
HNO3, water, 1 mol L−1 NaOH and water, respectively. For pH 
adjustment, 0.01 M H2SO4 and 1 M NaOH solutions were used.

Impregnation Process

The impregnation process was carried out by the dry method, 
which is the most widely used [20]. Of the dry Amberlite XAD-
4 resin, 0.5 g was placed in 25 mL of kerosene containing 
0.2 mmol of Cyanex 921 and stirred for 12 h. The resin was 
separated by filtration through a filter paper and was washed 
with double distilled water to remove the solvent. Then, the 
resin was dried at 70 °C and used as an air-dried product. The 
ligand content in the impregnated solution was determined 
gravimetrically by weighing. The amount of impregnated resin 
was calculated from the material balance to be 0.523 gm [21].

Batch Adsorption Experiments

The batch mode worked to optimize the equilibrium adsorption 
states of U(VI) and Th(IV) at various parameters, such as 
influence of pH, initial uranium and thorium concentration, 
contact time and temperature. In the experiments, 0.01 g of 
impregnated resin was equilibrated with 10 mL of solution 
containing 500 mg/L sulphate anion, and the flasks were then 
placed inside a mechanical shaker where the agitation speed 
was set at 200 rpm. The mixture was agitated for a specific 
time period at different temperatures. Hence, adsorbent and 
solution were separated by filtration through a filter paper. 
After each experiment, the concentration of uranium and 
thorium ions in the solution was determined by using a single-
beam spectrophotometer, Meterch (SP-8001), using arsenazo 

III as an indicator at a wavelength of 655 nm.

Each experiment was carried out three times and the average 
results were reported. The relative standard deviation values 
of the results were relatively low and of the order of ± 2.5%, 
which shows the good reproducibility and accuracy of the 
experiments. The adsorption rate percentage, the adsorption 
capacity (qe, mg/g) and the distribution coefficient (Kd, mL/g) 
were calculated using the following equations:

Re(%) = [(Ci- Ce)/ Ci] ×100 (1)
qe (mg/g) = (Ci- Ce) × V/m (2)
Kd (ml/g) = [Ci- Ce/ Ce] × V/m (3)

where Ci is initial concentration of the metal ion (mg/L), 
Ce is the equilibrium concentration of the metal ion after 
adsorption (mg/L), V is the volume of the metal ion aqueous 
solution contacted with adsorbent (L), and m is the amount of 
adsorbent (g).

RESULT AND DISCUSSION

Characterization of Materials

Energy-Dispersive X-Ray Spectroscopy (EDX)

Figure 1a shows the scanning electron microscope (SEM) 
images of the polymeric chelating resin modified with Cyanex 
921. The composition of all the elements in modified resin 
differs from those present in its original form. This is due 
to the addition of Cyanex 921, which modifies the surface 
of XAD-4, leading to a decrease in the percentage of the 
present elements. The scanning electron microscope (SEM) 
images with the EDX spectra of the impregnated resin loaded 
with thorium and uranium are presented in Figure 1b, c, 
respectively.

(a)
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Fourier-Transform Infrared Spectroscopy (FTIR) 
Investigation

FTIR is a vital analysis technique that reveals the various 
characteristic functional groups existing in the studied 
impregnated resin. The Fourier-transform infrared spectra 
(FTIR) of the Amberlite XAD-4 resin impregnated with Cyanex 
921 and the impregnated resin loaded with uranium and 
thorium are given in Figure 2. From the latter, intense bands 
at 1131, 709.8, 794.6 and 902.6 cm−1 were observed. The broad 

band at 3147.8.10 cm−1 is due to symmetric and asymmetric—
OH stretching, whereas the band at 1604.7 cm−1 is due to 
H-O-H bending. The C–H bending vibrations are visible at 
632.6 cm−1. The associated amine is represented by the band 
at 1543 cm–1, and the peaks at 1543.05, 1666.49 and 1396.64 
cm–1 could be attributed to the presence of C = O groups 
(carbonyl, carboxy and quinones). After thorium and uranium 
adsorption, the bands at 3140.11 and 3147.82 cm−1 were 
observed, respectively. 

Figure 1. SEM images and EDX for (a) the Cyanex-921-based Amberlite XAD-4 chelating resin, (b) the 
impregnated resin after uranium adsorption and (c) the impregnated resin after thorium adsorption.

Figure 2. FTIR spectra of the Cyanex921-based Amberlite XAD-4 chelating resin as well as after thorium 
and uranium adsorption.
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Sorption studies

Optimum pH of Metal Ions Uptake

The uranium (VI) and thorium (IV) adsorption efficiency of 
Cyanex-921-based Amberlite XAD-4 polymeric chelating 
resin was found to be strongly dependent on the variation in 
pH of the solution. Therefore, uranium (VI) and thorium (IV) 
adsorption experiments were carried out at different pH levels 
(1, 1.5, 2, 2.5, 3, 3.5, 4 and 4.5), under the conditions of the 
initial uranium and thorium content of 500 ppm, using 0.01 
gm of impregnated resin and 10 mL of uranium and thorium 
solution, which was shaken for 180 min, at room temp. The 

results of uranium and thorium adsorption onto impregnated 
resin at different pH levels are illustrated in Figure 3.

As can be seen in Figure 3, the maximum uptake value is 
observed at a pH of 3 and 4 for Th and U, respectively. In an 
acidic solution and at pH levels less than 2, the predominant 
species seem to be (UO2)2+ ions. However, the presence of high 
contents of sulfate in the solution enhances the formation of 
complexes such as UO2(SO4)2− and UO2(SO4)3− [22]:

UO2 + SO4 → UO2(SO4) K1  (4)

UO2(SO4) + SO4 → UO2(SO4)2
2− K2  (5)

UO2(SO4)2− + (SO4)2− → UO2(SO4)3
4− K3  (6)

Figure 3. Effect of pH on the adsorption of uranium and thorium onto Cyanex-921-impregnated 
Amberlite XAD-4 resin.

Equations (4)–(6) indicate the equilibrium state between 
uranium and sulphate ions in the solution. The constants 
K1, K2 and K3 are called stability constants in a pH range of 
3–4 as no significant change in the adsorption of uranium 
complexation was noticed. Increasing the pH level above 4.0 
would lead to uranium precipitation, which is the reason why 
the experiments were not performed at values higher than 4 
[23].

On the other hand, different chemical forms of Th(IV) can 
be possible in solutions with different pHs [24]. Th4+ is the 
least hydrolyzed tatrapositive ion; the un-complexed cation 
is stable at a pH of 3 or less. Th(OH)3+ around a pH of 3–5, 
Th(OH)2+ around a pH of 4.5–5.5, Th(OH)3+ around a pH of 5 and 
Th(OH)4 above a pH of 6 are formed [25]. In this work, Th(OH)3+ 
and Th(OH)2+ species may be dominant in the adsorption of 
thorium by Cyanex-921-impregnated resin.

The obtained results shown in Figure 3 indicate that, as the pH 
of the solution increases from 1 to 4.5 for uranium and from 
1 to 3.5 for thorium, the adsorption uptake of metal ions was 
found to be increasing until reaching a steady state at a pH of 
4.5 and 3.5 for U(VI) and Th(IV), respectively, with (qe = 315.5 
and 417.3). This may be due to variations in pH, which cause 
changes in adsorbed species in solutions, and precipitation 
begins due to the formation of complexes in the aqueous 
solution. Therefore, pH is adjusted to 4 and 3 pH for uranium 
and thorium, respectively, and this is the best pH. The studies 
revealed the selective extraction of metal ions at particular pH 
levels, thereby suggesting the possibility of the separation of 
metal ions in the presence of each other.

Effect of Adsorbent Dosage

The relationship between adsorbent dosage and adsorption 
efficiency has also been investigated. The volume of the 
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solution (10 mL), the concentration of uranium and thorium 
(500 g/L), the pH of the solution at 4 or 3 for U(VI) and Th(IV), 
respectively, and the time of adsorption (60 min) were kept 
constant, while the amount of resin varied from 0.01 to 0.1 g/L.

As shown in Figure 4, by increasing the amount of adsorbent 
the adsorption percentage of uranium and thorium increases. 

Figure 4. Effect of resin/liquid solution ratio on uranium and thorium adsorption.

The increase observed in adsorption due to increasing the 
amount of adsorbent could be attributed to the increase in 
surface area and the availability of adsorption sites [26]. While 
at a constant concentration, increasing adsorbent levels lead 
to more unsaturated sites, which could be the reason why the 
amount of uranium and thorium adsorption per unit weight 
of adsorbent decreases. Accordingly, the sorption efficiency of 
uranium and thorium were increased from 63.1 and 83.46 to 
80.3 and 95.4%, respectively, by increasing the resin dose from 
0.001 to 0.05 mg, and it has remained constant thereafter till 
0.01 mg. The results show that the maximum uptake capacity 
of prepared impregnated resin is 401.5 and 477 mg/g for U (VI) 
and Th (IV), respectively.

Effect of Contact Time

The contact time is one of the major efficient factors in the 
adsorption process of ions. Figure 5 provides data on the 
effect of contact time on batch adsorption of uranium (VI) 
and thorium (IV) onto impregnated resin at different time 
intervals up to 180 min. In the present step, the experiments 
were conducted under optimum conditions and initial 
concentrations of uranium and thorium was (500 mg/L), 
respectively. From Figure 5, it can be observed that the 
uranium and thorium adsorption percentage grew rapidly by 
increasing contact time and then reached the saturation point 
in 60 min. After that, no significant change in the adsorption 
of uranium (IV) and thorium (IV) was noticed. It should be 
mentioned that the data obtained in this step were used for 
subsequent kinetic studies.

Figure 5. Effect of contact time on the adsorption of uranium and thorium onto impregnated resin.
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Adsorption Kinetics Study

To determine the kinetics of uranium and thorium adsorption 
on impregnated resin, kinetics experimental data were 
simulated using pseudo-first-order and pseudo-second-order 
models. The linear form of the pseudo-first-order model can 
be represented by a simple Lagergren equation [27]:

log(qe-qt)=log(qe)-K1 t/2.303  (7)

Where K1 represents the pseudo-first-order adsorption rate 
constant, qe (mg/g) is the adsorption capacity of uranium 
and thorium at equilibrium, t is the time (min) and qt is the 
amount of adsorbed metal ions at the time, t (mg/g). K1 could 
be obtained by plotting log(qe-qt) versus t (Figure 6).

Figure 6. Pseudo-first-order kinetics of uranium (VI) and thorium (IV) adsorption onto impregnated resin.

The linear pseudo-second-order kinetic model could be 
shown as:

t/qt=1/k2q2
e+ 1t/qe  (8)

Where k2 is the pseudo-second-order adsorption rate constant 
(g/mg min) [28]. K2 can be determined from the slope of plot t/
qt versus t (Figure 7).

The parameter values of the pseudo-first-order and pseudo-
second-order models at initial concentrations of uranium 
and thorium are presented in Table 1 and by comparison 
between it. The regression correlation coefficients (R2) at initial 
concentrations of uranium and thorium for the pseudo-first-
order model seem to be lower, and experimental qe does not 
agree with calculated qe. On the other hand, for the pseudo-
second-order model the initial concentrations of uranium 
and thorium are closer to unity (0.9941 and 0.9667), and 
are higher than the obtained value using the pseudo-first-
order model, and the qe (theoretical equilibrium adsorption 
capacity) for uranium and thorium shows good agreement 
with qe exp. (experimental equilibrium adsorption capacity). 
According to the comparison between the values of qe exp 
and qe calculated by the two models, it can be proved that the 
adsorption process of U and Th (IV) ions onto modified resin is 

governed by the pseudo-second-order model and controlled 
by chemical sorption, with the rate-limiting step in the process 
potentially being chemical adsorption [29].

The Elovich equation is often employed to clarify the adsorption 
kinetics and successfully demonstrate chemisorption on 
heterogeneous sorbents. The linear Equation (9) is reported 
by [30]:

Qt = 2.303βlog(αβ) + 2.303 βlogt  (9)

Where α and β are Elovich coefficients that show the initial 
sorption rate (g mg−1 min−2) and the desorption constant (mg 
g−1 min−1). The relationship between qt and logt for the removal 
of U(VI) and Th(VI) onto the prepared impregnated adsorbent 
material is demonstrated in Figure 8. The plots exhibit good 
linear relations from their slopes and intercepts, more so in 
the case of uranium than thorium. Elovich constants were 
determined and are given in Table 1. These values predicted 
that the Elovich model may comprise that the chemisorption 
of U(VI) and Th(IV) ions on our modified polymeric resin 
sorbent represent the rate of chemisorption of sorption α, 
and constant β refers to the exterior covered [30]. The Elovich 
equation is useful in describing the chemical sorption of 
heterogeneous systems [30].
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Table 1. Kinetics parameters for the sorption of U(VI) and Th(IV) ions by different prepared impregnated resin

Element Exp.qe (mgg−1)

Pseudo-First-Order
qe (mg g−1)
K1 (min−1)

R2

Pseudo-Second-Order
qe (mgg−1)

K2
R2

(g mg−1 min−1)

Elovich
Α

β (mg g−1 min−1)
R2

(g mg−1 min−2)

U(VI) 315.7

210.37

0.054

0.8258

344.82

0.0341

0.9941

0.009

85.02

0.9235

Th(IV) 417.3

321.36

0.049

0.896

479.16

0.00013

0.9667

0.0046

108.46

0.846

Figure 7. Pseudo-second-order kinetics of uranium (IV) and thorium (VI) adsorption onto impregnated resin.

Figure 8. Elovich plots for sorption of uranium and thorium onto impregnated resin.
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Adsorption Isotherm Study

Sorption isotherms are empirical models that describe the 
relationship between the equilibrium concentration of the 
adsorbate and the amount adsorbed on a solid surface at a 
constant temperature.

The sorption isotherms for U (VI) and Th (IV) removal were 
studied using initial concentrations ranging from 50–1000 
mg L−1, as given in Figure 9. The results revealed that the 
maximum capacity (qe) was 333.3 and 434.78 mgg−1 for U (VI) 
and Th (IV), respectively, using the adsorbent resin. In order 
to analyze the experimental equilibrium adsorption data in 
the present study, the Langmuir and Freundlich isotherm 
models were applied. The Langmuir adsorption isotherm 
assumes that adsorption takes place on a surface that is 
energetically homogeneous, and that there is no interaction 
between neighboring adsorbed molecules on the surface of 
the adsorbent [31], while the Freundlich model assumes that 

adsorption occurs on a heterogeneous surface [32]. The linear 
form of Langmuir and Freundlich isotherms are presented by 
Equations (10) and (11), respectively:

Ce/qe=1/bqmax + Ce/qmax  (10)

lnqe=lnKF + 1/n lnCe  (11)

Where Ce is the equilibrium concentration of uranium in the 
solution (mg/L), qe is the amount of uranium adsorbed per 
weight unit of resin at equilibrium time (mg/g), qmax is the 
saturated monolayer adsorption capacity (mg/g) and b is the 
Langmuir constant (L/mg). KF ((mg/g) (L/mg)1/n) and n are 
the Freundlich constants related to adsorption capacity and 
adsorption intensity, respectively.

The Langmuir and Freundlich plots are presented in Figures 
9 and 10, respectively, and their parameters and regression 
correlation coefficients are given in Table 2.

Figure 9. Langmuir adsorption isotherms for uranium (VI) and thorium (VI) adsorption onto 
impregnated resin at different concentrations.

Figure 10. Freundlich adsorption isotherms for uranium (VI) and thorium (IV) adsorption onto impregnated 
resin.
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As presented in Table 2, at room temperature the Langmuir 
model gave slightly better fittings than the Freundlich model. 
The maximum uranium and thorium adsorption capacity 
of the impregnated resin in the presence of the sulphate 
anion was 333.3 and 434.78 mg/g, respectively. Comparisons 
between maximum uptake capacities (qm) of impregnated 
Amberlite XAD-4 and other adsorbents for uranium (VI) and 
thorium reported in the literature are presented in Table 3. It 
is revealed that sorbent materials are efficient and economical 
adsorbent materials.

The result shows that impregnated resin exhibits a reasonable 
capacity for uranium and thorium adsorption from aqueous 
solutions. Additionally, the values of n being larger than 1 shows 

the favorable nature of uranium and thorium adsorption onto 
impregnated Amberlite XAD resin. The essential characteristic 
parameter of the Langmuir isotherm that indicates the type of 
isotherm is the dimensionless factor RL. Favorable adsorption 
will occur when the RL value is in the range of 0–1 [33]. This 
parameter is defined by the following equation:

RL=1/1+bCi (12)

where Ci is the initial uranium concentration (mg/L) and b 
is the Langmuir constant (L/mg). As shown in Table 3, RL is 
greater than 0, which indicates that the adsorption of uranium 
onto the impregnated Amberlite XAD is favorable.

Table 2. Langmuir and Freundlich isotherm constants uranium and thorium sorption onto the impregnated resin

Element Langmuir Constants Freundlich Constants

Qmax (mgg−1) kL (L mg−1) R2 (kF) (n) R2

U 333.3 0.136 0.9976 3.491 1.203 0.9806
Th 434.78 0.032 0.9966 22.19 1.682 0.8812

Table 3. The Calculated values of the equilibrium parameter, RL, of the Langmuir model for uranium and thorium

Element

   Conc.

  mg/L

RL,

50 100 200 300 400 500 1000

U 0.128 0.068 0.035 0.023 0.018 0.014. 0.007

Th 0.384 0.238 0.135 0.094 0.072 0.058 0.030

Finally, it is clear from Table 2 and Figure 9, that the parameters 
of the Langmuir isotherm model are closer to the experimental 
values than those fitted by other models.

Thermodynamics Study

For evaluating the effect of temperature on the adsorption 

of U (VI) and Th (IV) using synthesized resin, the adsorption 
process was conducted in a series of batch experiments under 
various temperatures ranging from 25 to 70 °C. The other 
parameters were as follows: a concentration of each uranium 
and thorium of 0.5 mg L−1, an adsorbent amount of 0.01 g and 
a solution volume of 10 mL. As seen from Figure 11, heating in 
the examined range only slightly affects the adsorption.
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The standard free energy of adsorption (∆Go) was determined 
using the following equation:

∆Go = ∆Ho − T∆So  (13)

Where, ∆Ho is the enthalpy of adsorption, ∆So is the entropy 
change and T is the temperature (K). From the slope and 

intercept of the Van’t Hoff equation, which is shown in 
Equation (13), ∆Ho and ∆So can be calculated (Figure 12):

log Kd = ∆So/2.303R-∆Ho/2.303RT  (14)

Where R is the universal gas constant (8.314 J/mol K) and T is 
the absolute temperature (K).

Figure 11. Effect of temperature on the adsorption efficiency of uranium and thorium using synthesized 
impregnated resin.

Figure 12. Plot of Log Kd versus 1000/T for uranium and thorium sorption onto impregnated resin.

The values of thermodynamics parameters are given in Table 
4. The negative value of ∆Ho indicates that the adsorption of 
uranium onto the impregnated resin is exothermic. In addition, 

the negative standard free energy and the negative standard 
entropy indicate that the adsorption reaction is a spontaneous 
process and is more unfavorable at higher temperatures.
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Table 4. Thermodynamic parameters for uranium and thorium adsorption onto impregnated resin at 500 mg/L initial U (VI) 
and Th (IV) concentrations

Metal Ions ΔH, KJ/mol
ΔS,

KJ/mol.K−1

ΔG, KJ/mol

293 K 303 K 313 K 323 K 343 K

U(VI) −30.57 −0.042 −18.19 −17.79 −17.36 −16.96 −16.1

Th(IV) −13.65 −0.036 −21.10 −20.74 −20.38 −20.02 −19.30

Comparative to Other Adsorbents

To get enhanced facts on the sorption characteristic of the 
prepared matrix as an efficient new adsorbent for U (VI) and Th 
(IV), the measured sorption capacity is compared with those 

of other sorbents. The qe value for sorption for the nuclides 
on different materials are compared with a modified XAD-4 
adsorbent, as summarized in Table 5. The results demonstrated 
that the prepared material is promising for the elimination 
and/or separation of U (VI) and Th (IV) from their solutions.

Table 5. Comparison of adsorption capacities of various adsorbents used for uranium and thorium adsorption

Adsorbent

Sorption Capacity
References

Ambersep 400 (SO42−)

50 mg/g for U
[34]

Amberlite IRA 67

50 mg/g for U
[35]

Amberlite IRA-402

213 mg/g for U
[36]

Modified activated carbon with quinoline

63 mg/g for U
[37]

Chitosan/amine resin

481.1 mg/g for U
[38]

Lewatit mono plus M500

40.6 mg/g for U
[39]

Amberlite XAD-16

214.2 mg/g for U
[17]

Amberlite XAD-4 functionalized with bicine ligands

Th 0.25 and U 0.38 mmol g−1
[10]

Amberlite CG-400

112.36 mg/g for U
[40]

Dowex 2 × 8

303.03 mmol/g for U
[41]

Amberlyst A27

14.6 mg/g for U
[42]

AXAD-16-POPDE polymer

U 1.38 and Th 1.33 mmol/g
[43]

XAD-16 functionalized with (bis-3,4-dihydroxy benzyl)p-phenylene diamine

U 1.43 and Th 1.19 mmol/g
[44]
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XAD-4 functionalized with succinic acid

12.3 mg/g for U
[15]

Ambersep 920 U (Cl-)

50 mg/g for U
[45]

Chitosan stearoyl thiourea

98.75 mg/g for U
[46]

Pyridylazo resorcinol—functionalized Amberlite XAD-16

115.5 mg/g for U
[47]

potato peels waste adsorpant without treatment

19.25 mg/g for U
[48]

The impregnation of Cyanex 921 into Amberlite XAD-4

U 333.3 and Th 434.7 mg/g
This study

Elution Studies

An amount of adsorbent was subjected to the optimum factors 
to adsorb uranium and thorium. Additionally, desorption 
experiments of uranium are well-performed in a batch mode. 
The quantitative desorption of U(VI) and Th(IV) was performed 
with various eluting agents, such as hydrochloric acid, nitric 
acid, ammonium carbonate and sulfuric acid, which form 
stable complexes with uranium and thorium [49,50]. For this 
purpose, 10 mL aliquots of each eluting agent with various 
concentrations were treated with 0.1 g portions of loaded 
impregnated resin at 25 °C for 30 min. From Table 6, we can 

conclude that the maximum elution efficiency (92.5%) of 
uranium was achieved by 2 M nitric acid, while the maximum 
elution efficiency (95.3%) of thorium was achieved by 2M 
hydrochloric acid. Results obtained indicate that the two 
cations can be well-separated from each other, especially at 
high HCl concentrations where the uranium uptake percent 
is quantitative and the thorium uptake is generally zero. From 
these results the selective elution of uranium over thorium 
was achieved. The excellent regeneration and reusability 
of modified resin indicated that it is a favorable applicant 
for effective radionuclides sorption from a large volume of 
aqueous solution.

Table 6. Effect of different eluting agents on uranium and thorium elution efficiency from loaded 
impregnated resin at 25 °C for 30 min

Eluting Agent

(%E)
U (VI) Th (IV)

HCl 70.1 95.3

H2SO4 81.4 85.2

HNO3 92.5 80.4

NH4(CO3)2 40.7 48.09

CASE STUDY

A technological sedimentary lower carbonaceous sandstone 
rock sample collected from Southwestern Sinai, Egypt, was 
the studied sample for an experiment of the impregnated 
resin on a real sample. It was crushed, ground to −200 mesh 
size and quartered for complete analysis for major oxides, 
trace elements, uranium and gold. A scanning electron 
microscope (SEM) revealed the presence of micro-sized 
grains of gold and uranothorite, a radioactive material [51]. 
The total REE, U, Th, As and Cu were analyzed using ICP-MS in 

Achme Laboratories, Canada, while the gold was analyzed and 
monitored throughout the whole experiment using a studied, 
developed, gold-determining procedure using AAS [52], and 
the concentration of gold in the rock sample was confirmed 
using the well-known fire assay method in the Egyptian 
Geological Survey Laboratories. An atomic absorption 
spectrometer model, Unicam 969, supplied with acetylene 
and nitrous oxide burner heads was used for the analysis of 
gold after extraction with MIBK and stripping from the leach 
liquor.
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The fire assay analysis of gold assured the presence of economic 
concentrations of 5 ppm gold and 160 ppm uranium analyzed 
volumetrically by the known Davies and Gray method [53]. 

Chemical analyses of major and trace concentrations in the 
studied sample are shown in Table 7 [54].

Table 7. Chemical composition of the working sedimentary lower carbonaceous sandstone rock sample

Oxide Concentration (%) Trace Elements Concentration (ppm)
SiO2 71.0 Au 5.0

Al2O3 5.30 Ag 10.0
Na2O 0.60 U 160
K2O 0.27 Th 8.60
CaO 3.10 ΣREEs 513
MgO 0.92 Cu 128
TiO3 0.04 As 125
P2O5 0.86

Fe2O3 8.48
L.O.I 6.80

Take 5 g of the rock sample, opened by solution A, and take 10 mL of the solution, adapted with a pH of 3, batched with 0.01 g 
of the resin for 30 min. The SEM and EDX are presented in Figure 13 as the following:

Figure 13. EDX and SEM images for impregnated Amberlite XAD-4 resin after thorium adsorption from the working 
sedimentary lower carbonaceous sandstone rock sample.

Adapt the solution with a pH of 4, batched with 0.01 g of the resin for 60 min. The SEM and EDX are shown in Figure 14 as the 
following:
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Figure 14. EDX and SEM images for impregnated Amberlite XAD-4 resin after uranium adsorption from the working 
sedimentary lower carbonaceous sandstone rock sample.

After applying the impregnated Amberlite XAD-4 resin to the 
lower carbonaceous sandstone rock sample collected from 
Southwestern Sinai, it was found that the resin was successful 
in the separation of thorium and uranium from the mentioned 
sample, as mentioned previously and shown in Figures 13 and 
14. The impregnated Amberlite XAD-4 resin was applies also 
for REEs elements separation from acidified leach liquor of 
monazite mineral [21, 55].

CONCLUSIONS

The present work confirmed that uranium (VI) and thorium 
(IV) adsorption onto impregnated Amberlite XAD-4 resin 
in the presence of sulphate anions is affected by different 
parameters (pH, adsorbent dosage, contact time, initial 
concentration and different temperatures). The adsorptions 
were rapid during the first 30 min, and reached equilibrium 
in 60 min, which occurred at a pH of 4 and 3 for uranium 
and thorium a, respectively. The adsorption kinetics can 
be well-described by the pseudo-second-order model, 
indicating that chemical adsorption was the rate-limiting 
step. Equilibrium studies have shown that the uranium and 
thorium adsorption process follows the Langmuir model, 
and that the maximum adsorption capacity obtained by the 
Langmuir equation is 333.33 and 434.78 mg/g for uranium 
and thorium, respectively. Uranium and thorium adsorption 
onto impregnated Amberlite resin in the presence of sulphate 
is an unfavorable process at higher levels of temperature 
during the experiments. Furthermore, it is an exothermic and 

spontaneous process. Finally, it can be concluded that Cyanex-
921-based Amberlite XAD-4 impregnated resin as a recent 
technique promises a wide applicability for the separation 
and removal of different trace elements. U (VI) and Th (IV) are 
successfully extracted, to a great extent, from aqueous media 
of the working sedimentary lower carbonaceous sandstone 
rock sample by using Cyanex-921-impregnated resin.
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