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Abstract
Quinoline Silicate Lewatit Composite and activated Lewatit were prepared and tested for uranium removal from sulfate 
solution. Uranium sorption capabilities of the tested adsorbents was estimated under different conditions; uranium initial 
concentration, pH, contact time, temperature, adsorbent dose and interfering ions. Experimental data obeyed Langmuir 
isotherm model with 69.44 mg/g and 217.39 mg/g theoretical capacity for AL and QSLC, respectively. Thermodynamic 
studies indicated an exothermic behavior with a decrease in randomness. Kinetics studies showed that the adsorption pro-
cess obeyed pseudo-second order model. Optimum conditions were carried out for uranium recovery from a rock sample, 
producing uranium concentrate with 93.33% purity.
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Introduction

Many types of ion exchange resins have been tried for 
separation of uranium. So far, strong base anion exchange 
resins (SBA) are widely used across the world to extract 
natural uranium (both type I and type II) [1–4]. Though 
some authors advocate different performance of these two 
resin types, there wasn’t any observed meaningful difference 
between them [5, 6].

In recent years, a number of strong base anion Lewatit 
commercial resins, such as Lewatit MP 62 (WBA) [7], 
Lewatit DW 630 [8], Lewatit S4528 [9], Lewatit K6362 
[10], Lewatit K6267 [11], Lewatit MP-64 (WBA) [12, 13], 
Lewatit MonoPlus M 500 [14–16], Lewatit MonoPlus M 
800 [5] and Lewatit MonoPlus M 600 [17] have been used 
for heavy metals uptake.

Lewatit MonoPlus M 500 is a strongly basic anion 
exchange resin containing styrene/divinylbenzene copoly-
mer coupled with quaternary ammonium groups. The effec-
tive ion exchange capacity is due to the presence of posi-
tively charged quaternary amine groups within the polymer 
skeleton. It is a typical microporous anion exchanger having 

about 8% DVB cross-linking that provides both mechani-
cal strength and easy diffusion of exchangeable ions [18]. 
Its primary structure can be represented by the following 
formula: 

However, the exact structural formula of the resin is 
cross-linked, irregularly assembled and of much complicated 
stereostructure [11].

In the following study, the author examines the possibil-
ity of integrating the chelating capabilities of quinoline and 
sodium metasilicate with adsorptive capabilities of Lewatit 
MonoPlus M 500. The selective separation of uranium from 
aqueous acidic solution using a new synthesized Lewatit 
modified with quinoline and sodium metasilicate was stud-
ied extensively.

High-capacity composites obtained by modifying Lewatit 
ion-exchange resins can possess almost two fold the absorp-
tion kinetics on them [19]. Adsorption of uranium using 
quinoline anchored on polymeric resins has been recently 
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studied. The synthesized chelating polymeric sorbent affinity 
for U (VI) was superior [20]; showing a maximum sorption 
capacity of 120.30 mg/g. In A study to test the efficiency 
of adsorption of uranyl ions by cross-linked chitosan res-
ins modified with quinoline-8-ol moiety [21]. The retention 
capacity found for uranium (VI) was 218 mg/g by the modi-
fied resin.

Sodium silicate has shown excellent potential in the safe 
disposal of radioactive waste due to its special structure and 
excellent performance [22]. Unfortunately, sodium metasili-
cate Na2SiO3·5H2O is soluble in aqueous solution and be 
easily lost within the medium during batch adsorption exper-
iments. Sodium silicate was successfully integrated with 
polyacrylic acid as well as tartaric acid to produce novel 
adsorbents tested and applied for efficient uranium uptake 
[23]. The advantages of silicate based adsorbents are due to 
the presence of various chemical entities that can be used 
for ion-exchange. Its low cost, availability, and environment-
friendly nature gave rise to increasing interest in the devel-
opment of silicate-based adsorbents of ultimate adsorption 
capacity [24]. Such adsorbents exhibit a quick and highly 
efficient adsorption behavior toward heavy metal ions [25].

This work focuses on the selective separation of ura-
nium from aqueous acidic solution using a new synthesized 
composite of Lewatit modified with quinoline and sodium 
metasilicate. The obtained results were applied to adsorp-
tion isotherms and kinetics models. The results demonstrate 
that the synthesized composite has high uranium removal 
efficiency and can be physically separated from the treated 
aqueous solution.

Experimental

Instrumentation

The absorbance of uranium, SiO2, Al2O3, TiO2, and P2O5 
was measured using Metertech SP-8001 UV–visible spec-
trophotometer. Na+ and K+ were determined by Sherwood 
410 flame photometer. CaO, MgO and total iron content 
were determined volumetrically [26]. Trace elements and 
the resulted uranium concentrate from Gattar leach liquor 
were detected using ICP-OES [27].

The molecular functional groups of AL and QSLC were 
characterized using Thermo Scientific NICOLET IS10 FTIR 
spectrometer, before and after uranium adsorption. Scanning 
electron microscope (SEM) was used illustrate the surface 
morphology of AL and QSLC before and after uranium 
adsorption. AL and QSLC were characterized after uranium 
adsorption by CHNS elemental analysis. The stoichiometry 
of the constituents was determined using Philips sequent 
2400 XRF; Solid samples were ground to very fine pow-
ders then mixed with polyvinyl methacrylate as a binder to 

facilitate the pressing process. The mixture was pressed in 
aluminum sample holder of 40 mm diameter by a pressing 
machine at 20 psi. The concentrations of Na, Mg, Al, Si, P, 
S, Cl, K, Ca, Fe, Rh, Zr, U and Pb were measured according 
to Super-Q quantitative application program.

Chemicals and reagents

Lewatit Mono-Plus M500 anion exchange resin was used to 
synthesize AL and QSLC. Its activity is gained from qua-
ternary –N (CH3)3

+ groups. The resin contains exchangeable 
Cl− ions. The large fixed porosity of the resin bead structure 
permits the high adsorptive capacity for large molecules. It 
has excellent regeneration efficiency based on cross-linked 
polystyrene, excellent physical stability and high operat-
ing capacity. The resin characteristics were illustrated in 
(Table 1).

All chemicals and reagents used are of analytical grade. 
HCl, H2SO4 and HNO3 were obtained from POCH S.A. 
N-phenyl anthranilic acid as well as Arsenazo III were 
obtained from Merck. Ammonium vanadate, bromine, Urea, 
KBr and FeSO4·7H2O were obtained from Scharlau Chemie.

Preparation of standard stock solution

A standard stock solution of 1000 mg/L of U (VI) was pre-
pared by dissolving UO2SO4 crystals in distilled water. Sev-
eral stock solutions of 1000 mg/L of possible interfering ions 
were prepared.

Preparation of gattar leach liquor

Studied granitic ore sample assaying 1400 mg/Kg of ura-
nium was obtained from Gattar area, NE Desert, Egypt. 
Leaching factors were; time 2 h, 3 M H2SO4, − 200 mesh 

Table 1   The physical and chemical characteristics of Lewatit Mono 
Plus M500

Characteristics Value

Matrix Poly styrene
Functional groups Quaternary amine, 

type I (–N (CH3)3
+)

Appearance form Yellow coloured beads
Ionic form as shipped (Cl− form)
Total exchange capacity Minimum 1.30 eq/L
Bulk density (g/L) 690
Mean bead size (mm) 0.62 (± 0.05)
Uniformity coefficient max. 1.1
Maximum operating temperature 70 ºC
Chemical stability at pH range 0–14
Volume change Cl− → OH– 20%
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particle size, 25 °C and solid to liquid ratio 1:3 to verify best 
uranium leaching efficiency (95%). The final leach liquor 
contained approximately 443 mg/L of uranium. 3L of leach 
liquor were stirred with suitable weights of AL and QSLC. 
Major oxides content was determined spectrophotometri-
cally, while trace elements were detected by ICP-OES. All 
data are shown in (Tables 2, 3 and 4).

Synthesis of adsorbents

Synthesis of activated lewatit AL

20 g of Lewatit Mono-Plus M500 were treated with (1:1) 
ethanol–water solution then 2 mL of HCl (2 M) were added 
for 10 h to remove any persisting monomers or impurities. 
The treated Lewatit was washed with distilled water and 
dried at 50 °C. The dried Lewatit was placed into a beaker 
containing 0.5 M oxalic acid and stirred for 4 h then filtered 
and dried at room temperature for 2 days.

Synthesis of quinoline silicate lewatit composite QSLC

After preparation of activated Lewatit, 10 g of AL were 
mixed with 10 g of sodium meta-silicate in 250 ml conical 
flask containing 50 mL of 2 M quinoline dissolved in toluene 
and stirred for 4 h. The obtained composite was filtered and 
washed with 3 M H2SO4 then dried at room temperature for 
2 days.

Adsorption procedures

Factors affecting U (VI) adsorption were studied by 
two adsorbents AL and QSLC; pH, contact time, initial 

uranium concentration, adsorbent dose, temperature and 
interfering ions. In each experiment, 25 mL of synthetic 
uranium solution containing uranium concentration 
50–700 mg/L were stirred at 150 rpm with 0.05 g of each 
adsorbent for a definite time from 5 to 60 min at differ-
ent temperatures. Uranium uptake capacity (qe, mg/g) was 
calculated from the following relation:

where Co and Ce are the initial and uranium concentration at 
equilibrium (mg/L), respectively. V is volume of the aque-
ous solution (L) containing uranium and m is the adsorbent 
weight (g). The distribution coefficient Kd is calculated using 
Eq. (2), where; V is the volume of the aqueous phase (mL):

Batch elution procedures

Different eluting agents were studied for uranium recov-
ery from loaded adsorbents. In each experiment, 0.05 g of 
loaded adsorbent was shaken with 25 mL of eluting agent 
of different concentrations for 30 min at 25 °C.

Uranium (VI) precipitation

The eluted solution was subjected to precipitation by add-
ing 40% NaOH solution till reaching pH 7. Uranium was 
then precipitated as sodium diuranate (Na2U2O7).

(1)qe = (Co − Ce) ×

[

v

m

]

(2)Kd =
Co − Ce

Co

×

[

v

m

]

Table 2   Chemical composition 
of major oxide (wt %)

Oxide SiO2 Al2O3 Fe2O3
T CaO MgO P2O5 Na2O K2O MnO TiO2 L.O.I.

Wt, % 71.5 10.30 2.61 4.50 2.0 0.31 2.32 3.67 0.07 0.60 1.90

Table 3   Trace elements content 
(mg/kg) using ICP-OES 
technique

Element Ba Mo Ni Zr Pb Rb Sr Cu Y Zn Nb U

Conc. (mg/Kg) 342 223 35 180 100 380 30 50 60 250 40 1400

Table 4   Chemical analyses of Gattar leach liquor

Ions Si Al Fe Ca Mg P Na K T i Mn

Conc. (g/L) 2.22 2.72 0.913 1.6 0.60 0.135 1.72 3.55 0.12 0.03

Ions Mo Ba Zr Ni Pb Rb Sr Cu Y Zn U

Conc. (g/L) 0.06 0.09 0.05 0.009 0.026 0.101 0.008 0.013 0.016 0.07 0.443



1390	 Journal of Radioanalytical and Nuclear Chemistry (2020) 324:1387–1403

1 3

Analytical procedures

Uranium (VI) was analyzed in solution by UV spectrometer 
using Arsenazo III as indicator at 650 nm [28]. Results were 
confirmed by modified Davies and Grey oxidometric titra-
tion against ammonium meta-vanadate [29, 30].

Results and discussion

Effect of initial uranium concentration

Uranium adsorption efficiency was found to be constant 
from 50 to 150 mg/L; (Fig. 1). It is obvious that at low ura-
nium concentrations, the available uranyl ions are less than 
the number of active sites on the surface of the adsorbent. 
The adsorption efficiency decreased beyond 150 mg/L due 
to the gradual saturation of active sites. As for QSLC, ura-
nium adsorption remained constant till 450 mg/L and then 
decreased gradually.

The maximum value of uranium uptake for AL was 
69 mg/g at conc. 150 mg/L of U, while the maximum uptake 
for QSLC was 207 mg/g at conc. 450 mg/L of U (VI).

Effect of pH

The pH of the aqueous solution can influence the aqueous 
chemistry of uranium [31]. The mobility of present ions 
in the medium is affected by concentration of H+ ions. 
Moreover, it also affects interest and capacity of adsor-
bents for target species. There is always a competition 
between H+ ions and other ionic species in the medium. If 
there are polyanionic or polycationic species in solution, 
interactions are fairly affected by the pH of the medium. 

The effect of initial solution pH was investigated by pre-
paring a series solution having a different pH within the 
range 0.5 to 6, adjusted by using either 0.5 M H2SO4 and 
0.5 M NaOH. 0.05 g of each adsorbent were allowed to 
contact with 25 mL of aqueous solution of U (VI) con-
centration 150 mg/L with AL and 450 mg/L with QSLC 
at 25 °C. Results shown in (Fig. 2a) clarifies that uranium 
uptake increases from pH 1 to 2.5 (69 mg/g for AL and 
207 mg/g for QSLC). Beyond pH 2.5, the adsorption effi-
ciency starts decreasing with pH elevation. The optimum 
pH for adsorption is 2.5.Bivalent [UO2 (SO4)2]2− anionic 
species and neutral uranium sulfate complex [UO2SO4] 
were found to be dominant lower pH using Hydra-Medusa 
software as shown in Fig. 2b. Uranium anionic complexes 
are adsorbed on the resin and their interaction may be rep-
resented as follows;

where R represents the ion-exchange sites on the resin, and 
X− for exchangeable chloride ions.

Effect of contact time

The effect of contacting time was investigated through 
5–60 min, (Fig. 3). 0.05 g of each adsorbent was mixed 
with 25  mL of uranium solution at pH 2.5. From the 
obtained results, uranium uptake increases with increas-
ing contact time for the first 30 min (69 mg/g for AL 
and 207 mg/g for QSLC), thereafter remaining almost 
constant.

A contact time of 30 min. was found sufficient to estab-
lish equilibrium and used in all subsequent studies.

[

UO2

(

SO4

)

2

]2−

aq.
+ 2RX ↔ R2

[

UO2

(

SO4

)

2

]

+ 2X−

aq

Fig. 1   Effect of initial uranium concentration on U(VI) adsorption efficiency by AL & QSLC Adsorption conditions pH: 2.5, adsorbent dose: 
0.05 g, Volume: 25 mL, 25 °C, Time: 30 min
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Adsorption kinetic modeling

Kinetic parameters are helpful for the prediction of adsorp-
tion rate. The mechanism of uranium adsorption by both 
adsorbents was investigated according to pseudo-first order 
and pseudo-second order models [32–34]. The pseudo-first 
order kinetic model is represented by the following equation:

where K1 is the rate constant, qe is the amount of metal 
adsorbed per unit mass at equilibrium and qt is the amount 
adsorbed per unit time. Plotting log (qe– qt) versus t gives 
a straight line as shown in (Fig. 4), which provide K1 and 

(3)Log(qe − qt) = Logqe−

(

K1

2.303

)

⋅ t

qe from its slope and intercept, respectively. The plot dia-
gram suggested the applicability of the pseudo-first order 
kinetic model to fit the practical data as given in (Table 5). 
The calculated value of qe was found 123.73 mg/g for AL 
and 346.57 mg/g for QSLC, which is far from the experi-
mental uptake capacity (69 mg/g for AL and 207 mg/g for 
QSLC). The experimental data did not agree with the first 
order kinetic model which is not suitable for explaining the 
studied system. 

The pseudo-second order kinetic model is represented by 
the following equation:

(4)
t

qt
=

1

k2q
2
e

+

(

1

qe

)

⋅ t

(a)

(b)

Fig. 2   a Effect of pH on uranium uptake by AL & QSLC. Adsorp-
tion conditions Uranium conc. 150 mg/L with AL and 450 mg/L with 
QSLC, adsorbent dose: 0.05  g, Vol.: 25  mL, 25  °C, Time: 30  min. 

b Predicted aqueous speciation of uranium as a function of pH in 
H2SO4 medium by Hydra-MEDUSA software
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where K2 is the rate constant. The straight line of plot t/
qt versus t whose slope = 1/qe and the intercept = 1/k2.
qe

2. Figure 5, suggested the applicability of pseudo-sec-
ond order kinetic model to fit the experimental data as 
shown in (Table 5). The calculated value of qe was found 
to be 69.44 mg/g for AL and 217.39 mg/g for QSLC. The 

calculated values according to second order kinetic model 
are in agreement with experimental data and therefore it is 
suitable for describing the studied system.

Fig. 3   Effect of contact time on uranium uptake by AL & QSLC. Adsorption conditions Uranium conc. 150 mg/L mixed with AL, Uranium 
conc. 450 mg/L mixed with QSLC, pH: 2.5, adsorbent dose: 0.05 g, Vol.: 25 mL, temperature: 25 °C

Fig. 4   Pseudo-first order model of uranium adsorption onto AL & QSLC. Adsorption conditions Uranium conc. 150 mg/L mixed with AL, Ura-
nium conc. 450 mg/L mixed with QSLC, pH: 2.5, adsorbent dose: 0.05 g, Volume: 25 mL, temperature: room temp., Time: 30 min

Table 5   Kinetic parameters of 
uranium adsorption onto AL & 
QSLC

Adsorbents Exp. capacity 
(qe, mg/g)

Pseudo-first order Pseudo-second order

qe K1 R2 qe K2 R2

AL 69 123.73 0.1289 0.9541 69.44 0.00147 0.9949
QSLC 207 346.57 0.1308 0.9155 217.39 0.000452 0.9945
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Adsorption isotherm modeling

The Langmuir model is based on the assumption that maxi-
mum adsorption occurs as saturated monolayer of adsorbate 
molecules on the adsorbent surface and that the energy of 
adsorption is constant, with no trans-migration of adsorbate 
on the surface of adsorbent [35]. Langmuir isotherm model 
is represented by the following equation:

where Ce is the concentration at equilibrium, qe is the 
amount of uranium adsorbed at equilibrium; qo and b are 
Langmuir constants related to maximum uptake capacity and 
adsorption energy. The linear plot of Ce/qe versus Ce shown 
in (Fig. 6) and (Table 6) clarifies that the adsorption process 

(6)
Ce

qe
=

1

qob
+

Ce

qo

Fig. 5   Pseudo-second order model of uranium adsorption onto AL & QSLC. Adsorption conditions Uranium conc. 150 mg/L mixed with AL, 
Uranium conc. 450 mg/L mixed with QSLC, pH: 2.5, adsorbent dose: 0.05 g, Volume: 25 mL, temperature: room temp., Time: 30 min

Fig. 6   Langmuir isotherm model of uranium adsorption onto AL & QSLC. Adsorption conditions Uranium conc. 150 mg/L mixed with AL, 
Uranium conc. 450 mg/L mixed with QSLC, pH: 2.5, adsorbent dose: 0.05 g, Volume: 25 mL, temperature: room temp., Time: 30 min

Table 6   Adsorption isotherm 
parameters of uranium 
adsorption onto AL & QSLC

Adsorbents Exp. capacity 
qe, mg/g

Langmuir Freundlich

qe b R2 qe n R2

AL 69 69.44 0.645 0.9995 33.24 8.32 0.477
QSLC 207 217.39 0.0327 0.995 29.55 2.45 0.7476
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obeys Langmuir model. The correlation coefficient for the 
linear regression R2 = 0.9995 for AL and 0.995 for QSLC. 
The slope and intercept of the straight line were used to 
determine qo and b as (69.44 mg/g and 0.645 g/mg) for AL 
and (217.39 mg/g and 0.0327 g/mg) for QSLC, respectively. 
Langmuir isotherm can be expressed in term of a dimension-
less constant (separation factor), RL; which is defined by the 
equation:

where b is the Langmuir constant and Co is the initial ura-
nium concentration. If the values of RL < 1, this indicates a 
favorable adsorption process, (Table 7).

The Freundlich isotherm model was applied to the 
adsorption as a means of data interpretation [36]. The Fre-
undlich isotherm model is represented by the equation:

where Ce is the concentration at equilibrium, qe is the 
amount of uranium adsorbed at equilibrium; Kf and n are 
Freundlich constants corresponding to the adsorption uptake 
capacity and adsorption intensity, respectively. A plot of Log 
qe versus Log Ce is shown in (Fig. 7).

The constants Kf and n were found to be (33.24 mg/g, 
8.32 for AL), and (29.55 mg/g, 2.45 for QSLC), respectively. 

(7)RL =
1

1 + bCo

(8)Logqe = LogKf +

(

1

n

)

LogCe

The correlation coefficient R2 = 0.477 for AL and 0.7476 for 
QSLC, indicating that experimental data are better repre-
sented by Langmuir model rather than by Freundlich model 
(Table 6).

Effect of adsorbent dose

The effect of adsorbent dose in the range of 0.01–0.1 g was 
studied. Results presented on Fig. 8 show that uranium 
uptake increases with increasing adsorbent dose till 0.05 g 
then starts to decrease for both AL and QSLC. The most 
convenient dose was chosen as 0.05 g. At low adsorbent 
doses, all the active sites are entirely exposed and adsorp-
tion is encouraged till all the surface of adsorbent becomes 
saturated. At higher adsorbent doses, the available uranium 
species in bulk are not sufficient enough to fulfill the entire 
adsorbent empty sites [37–39]. The maximum uptake capac-
ities were 69 mg/g for AL and 207 mg/g for QSLC.

Furthermore, at high adsorbent doses, the available ura-
nium ions in solution are not

Effect of temperature

The effect of temperature on uranium uptake was studied 
using 0.05 g of each of the 2 adsorbents contacted with 
25 mL of uranium solution of conc. 150 mg/L for AL and 
450 mg/L for QSLC at pH 2.5 for 30 min. at temperature 
range 25–70 °C. Results shown in (Fig. 9) illustrate that 

Table 7   Calculated values of RL for Langmuir model for AL & QSLC

U (mg/L) 50 100 150 200 250 300 350 400 450 500 550 600 650 700

RL, AL 0.030 0.015 0.010 0.007 0.006 0.005 0.004 0.003 0.003 0.003 0.002 0.002 0.002 0.002
RL, QSLC 0.379 0.234 0.169 0.132 0.109 0.093 0.080 0.071 0.064 0.058 0.053 0.048 0.045 0.042

Fig. 7   Freundlich isotherm model of uranium (VI) adsorption onto AL and QSLC. Adsorption conditions Uranium conc. 150 mg/L mixed with 
AL, Uranium conc. 450 mg/L mixed with QSLC, pH: 2.5, adsorbent dose: 0.05 g, Volume: 25 mL, temperature: room temp., Time: 30 min
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uranium uptake decreased linearly from 69 to 37.5 mg/g 
for AL and from 207 to 90 mg/g for QSLC with increas-
ing temperature from 25 to 70 °C. Such behavior is due to 
the exothermic nature of uranium uptake process. The most 
suitable temperature that corresponds to the most efficient 
uranium adsorption was considered as the room temperature.

Thermodynamic studies of uranium adsorption

Thermodynamic parameters are calculated from the follow-
ing equations [40]:

(9)ΔG = −2.303RT ⋅ LogKd

where ∆G is the Gibbs free energy, ∆H is the enthalpy 
change and ∆S is the change in entropy. R is the universal 
gas constant (8.314 mol−1 k−1) and T is temp. in °K. The 
values of (∆H, KJ/mol) and (∆S, KJ/mol K−1) were cal-
culated from the slope and intercept of the plot of Log Kd 
versus 1/T, giving a slope of 2.3677 and intercept − 7.2229 
for AL and a slope of 2.7606 and intercept of − 8.5368 for 
QSLC, (Fig. 10).

The results mentioned in (Table 8) indicate positive 
value of ∆H, confirm that uranyl ions adsorption onto AL 

(10)ΔG = ΔH − TΔS

(11)LogKd =
ΔS

2.303R
−

ΔH

2.303RT

Fig. 8   Effect of AL and QSLC dose on uranium uptake capacity. Conditions Uranium conc. 150 mg/L with AL & 450 mg/L with QSLC, pH: 
2.5, Vol.: 25 mL, 25 °C, 30 min

Fig. 9   Effect of temperatures on uranium uptake capacity for AL and QSLC. Adsorption conditions Uranium conc., 150 mg/L mixed with AL, 
Uranium conc. 450 mg/L mixed with QSLC, pH: 2.5, Volume: 25 mL, adsorbent dose: 0.05 g, temperature: room temp., Time: 30 min
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or QSLC is an exothermic process. The negative value of 
∆S, indicate decrease in the randomness of the adsorp-
tion process in the investigated system with change in the 
hydration of the adsorbed uranyl ions. The increase values 
of ∆G, showed that the adsorption process is spontaneous. 
The increase in ∆G values from 25 to 70 °C, with increas-
ing temperature showed that the adsorption is unfavorable 
at high temperatures.

Effect of interfering ions

The tested of interfering elements were chosen as they per-
sist within the matrix of the studied leach liquor. The effect 
of interfering elements were separately studied by intro-
ducing each one in 25 mL of uranium solution containing 
150 mg/L or 450 mg/L mixing with 0.05 g of each adsor-
bent AL or QSLC under optimum adsorption conditions. 
Obtained results shown in (Table 9).

The interfering elements can cause a decline in uranium 
adsorption that does not exceed 2%. The coexistence of such 
elements does not interfere with the adsorption process and 
it proves it possible to be applied successfully to extract 
uranium from the studied geologic sample.

Uranium (VI) elution

Desorption is an economically important parameter in 
adsorption processes [41]. Three mineral acids (H2SO4, 

HCl and HNO3) with different concentrations 0.1–1 M 
were tested. A volume of 25 mL of acid solution was 
allowed to elute uranium from 0.05 g loaded adsorbent 
for 20 min. Results in (Table 10) show that uranium elu-
tion efficiency increased by increasing acid concentration. 
0.25 M H2SO4 solution was chosen to be the most conveni-
ent eluting agent due to its cheapness.

Fig. 10   Log Kd versus 1000/T for uranium adsorption onto AL and QSLC

Table 8   Thermodynamic 
parameters of uranium 
adsorption onto AL & QSLC

Adsorbent 
(KJ/mol K−1)

∆H (KJ/mol) ΔS (KJ/mol K−1) ΔG (KJ/mol)

298 °K 313 °K 323 °K 333 °K 343 °K

AL − 45.33 − 0.1375 − 4.334 − 1.8040 − 0.4140 0.5637 1.977
QSLC − 52.85 − 0.1628 − 4.334 − 1.490 0.1990 1.3636 3.133

Table 9   Effect of interfering elements on uranium adsorption (%) by 
AL & QSLC

Adsorption conditions Uranium conc., 150  mg/L mixed with AL, 
Uranium conc. 450  mg/L mixed with QSLC, pH: 2.5, Vol. 25  mL, 
adsorbent dose: 0.05 g, 25oC, Time: 30 min

Elements Conc. 
(mg/L)

Adsorp-
tion (%)

Elements 
ption (%)

Conc. 
(mg/L)

Adsorp-
tion (%)

K 4000 92 Rb 100 90
Si 3000 92 Ba 100 92
Al 3000 92 Mo 100 92
Na 2000 92 Zn 100 92
Ca 2000 92 Ni 50 91
Mg 1000 91 Zr 50 90
Fe 1000 91 Sr 50 92
P 500 91 Cu 50 92
Ti 500 91 Y3 50 92
Mn 500 91 Pb 50 92
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Characterization of AL and QSLC adsorbents

Fourier transform infrared spectrometer characterization

FTIR spectra are useful in identifying molecular functional 
groups [42]. Thermo Scientific Nicolet IS10 FTIR instru-
ment was used in a range 400–4000 cm−1. The FTIR spectra 
of AL and QSLC before and after uranium adsorption are 
given in (Fig. 11).

The bands appeared at 3780.04 and 3699.33 cm−1 are 
attributed to OH stretching vibration of water adsorbed. 
Band found at 3400.21 cm−1 is related to OH stretching in 
carboxylic [43, 44]. The peak at 3023 cm−1 is related to 

Ar–H stretching. The C–H stretching in alkanes is obtained 
at 2925.02 cm−1. One band at 1724.98 cm−1 is related to 
monomer C=O in carboxylic. The peak at 1620.12 cm−1 
is related to NH2 in plane bending (–NH3

+). The bands at 
1481.92 and 1418.64 cm−1 are attributed to Aromatic C=C 
in ring stretching [45, 46]. The peak at 1278.16 cm−1 is 
related to Ar –N stretching.

The C–N stretching in amine is obtained at 1198.15 cm−1. 
The peak at 979.27 cm−1 is related to N–O.The band at 
888.28 cm−1 is related to=C–H alkenes out of plane. While, 
825 91 cm−1 is attributed to aromatic C–H out of plane. 
On the other hands, two bands at 762.88 and 705.50 cm−1 
are obtained due to N–H wag amines (broad) bands. While, 
631.92 and 499.36 cm−1 are related to N–H oscillation 
(–NH3

+), (Fig. 11a). On the other hand, the major contribu-
tions of AL groups have been shifted or absence due to the 
adsorption of uranium (Fig. 11b).

The band at 3405.03 cm−1 is related to monomer OH 
carboxylic. The peak at 3026.59 cm−1 is related to broad 
(–NH3

+). Stretching band of alkane CH is related to 
2924.78 cm−1. The peak observed at 1727.53 cm−1 corre-
spond to monomer C=O in carboxylic. The peak for C=N 
ring stretching in quinoline is observed at 1644.18 cm−1. 
Two peaks are observed at 1607.96 and 1563.39  cm−1 
for NH in plane bending (–NH3

+). The band of Ar C–C 
in ring stretching is obtained at 1483.72 cm−1. The peaks 
at 1321.32 and 1382.08 cm−1 are related to S=O sulfate. 
While, 1190.72 cm−1is related to S=O sulphonyl chloride 

Table 10   Effect of eluting agent’s conc. on uranium elution efficiency 
from loaded AL & QSLC

Adsorption conditions Uranium conc., 150  mg/L mixed with AL, 
Uranium conc. 450  mg/L mixed with QSLC, pH: 2.5, Vol. 25  mL, 
adsorbent dose: 0.05 g, 25oC, Time: 30 min

Concentration (M) Elution efficiency (%)

H2SO4 HCl HNO3NO3

0.10 78 60 76
0.25 92 70 84
0.50 92 81 92
0.75 92 82 92
1.00 92 85 92

Fig. 11   FTIR of activated 
Lewatit a, activated Lewatit 
after adsorption of uranium 
b, quinoline Silicate Lewatit 
composite c and Quinoline 
Silicate Lewatit composite after 
uranium adsorption d 
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stretching band. One peak at 1045.10 cm−1 is attributed 
to Si–OR (broad) band. On the other hand, the band of 
CH out of plane is obtained at 823.44 cm−1. The peak at 
823.72 cm−1 is attributed to aromatic C–H out of plane. One 
peak at 771.35 cm−1 is related to alkyl halides stretching. 
While the band at 707.54 cm−1 is related to S–OR. Two 
peaks are observed at 584.13 and 467.93 cm−1 for N–H 
oscillation (–NH3

+), (Fig. 11c). On the other hand, the major 
contributions of QSLC groups have been shifted or absence 
due to the adsorption of uranium (Fig. 11d).

Scanning electron microscope (SEM)

Activated Lewatit, AL before and after uranium adsorption 
were tested by SEM. It’s obvious that AL with high effec-
tive surface area and high sorption capacity for uranium, 
as shown in (Fig. 12a, b). Quinoline Silicate Lewatit com-
posite QSLC and after uranium adsorption were shown in 
(Fig. 12c, d).

Energy‑dispersive X‑ray spectroscopy (EDX)

EDX was used to determine the elements present in 4 differ-
ent samples mentioned in Fig. 13b.

Elemental analysis (CHNS)

The CHNS elemental analysis of AL and QSLC were 
obtained (Table  11). The elemental analysis of QSLC 
showed an elevated C, H, and N content than the activated 
Lewatit. This confirms the successful incorporation of qui-
noline. The presence of S element (3.15%) in QSLC is due 
to the sulfuric acid washing step during the synthesis of the 
composite.

X‑ray Fluorescence (XRF)

The two adsorbents were identified by XRF after adsorption 
of uranium. Figure 14 involves the appearance of silica and 
sodium in the composite, supporting the fact that sodium 
metasilicate was successfully integrated into the surface of 
Lewatit. The composite shows much more affinity to ura-
nium than AL.

Uranium (VI) recovery from a geologic sample

The applied experiments were carried out under optimum 
conditions by mixing 3 L of leach liquor solution of concen-
tration 443 mg/L of uranium with 2 g of QSLC and stirring 
9L assaying 147 mg/L of uranium with 2 g of AL at pH 
2.5 for 30 min. The obtained results revealed that uranium 
adsorption efficiency was 92%. The uranium (VI) loaded on 
AL or QSLC was eluted by 500 mL of 0.25 M H2SO4 solu-
tion. Eluted uranium was precipitated using 40% NaOH at 
pH 7 as sodium diuranate (Na2U2O7). The uranium concen-
trate was characterized by ICP-OES, XRF and EDX analysis 
techniques. Results are shown in (Table 12) and (Figs. 15, 
16). Uranium content in the concentrate produced by AL & 
QSLC was 70% attaining a purity of 93.33% with a small 
amount of impurities.

A comparative study for uptake capacity (mg/g) of differ-
ent adsorbents for uranium is shown in (Table 13).

Conclusion

Both adsorbents were comparatively used for uranium 
(VI) adsorption from sulfate solution. The optimum condi-
tions of batch technique: 3 Liters solution volume assaying 

Fig. 12   SEM of Activated 
Lewatit a, Activated Lewatit 
after uranium adsorption b, 
Quinoline Silicate Lewatit 
composite c, and Quinoline 
Silicate Lewatit composite after 
uranium adsorption d 
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443 mg/L U(VI) with 2 g of QSLC or 9 Liters assaying 
147 mg/L U (VI) with 2 g of AL at pH 2.5 for 30 min. at 
room temperature. Under these conditions, the obtained 
maximum uptake capacities for each adsorbent AL and 
QSLC were 69.44 mg/g and 217.39 mg/g. The studied 

thermodynamic parameters resulted in more negative val-
ues for ∆H and ∆S for QSLC indicating more exothermic 
process with a decrease in randomness of the system. Val-
ues of ∆G indicate a spontaneous adsorption process. The 
obtained kinetic data fitted well with pseudo-second order 
kinetic model. Langmuir adsorption isotherm model was 
found more suitable for explaining the adsorption process. 
Uranium elution can be easily performed using 0.25 M 
H2SO4 acid. The eluted uranium was precipitated using 
40% NaOH as sodium diuranate (Na2U2O7). The final 
uranium concentrate from studied sample had a uranium 
content of 70% with a purity of 93.33% and acceptable 
level of impurities.

Fig. 13   EDX of Activated Lewatit a, Activated Lewatit after uranium adsorption b, Quinoline Silicate Lewatit composite c and Quinoline Sili-
cate Lewatit composite after uranium adsorption d 

Table 11   The CHNS elemental analysis of AL and QSLC

Adsorbent C H N S

Activated Lewatit AL 52.84 4.89 3.15 –
Quinoline Silicate Lewatit 

composite QSLC
69.37 5.74 3.20 3.15
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Fig. 14   XRF analysis of AL and QSLC after uranium adsorption

Table 12   ICP-OES specification of Gattar uranium concentrate produced by AL & QSLC

Element U Si Al Fe Ca Mg Co Ni Cu

Content (%) 70.00 0.006 0.0121 0.0070 0.0290 0.0190 0.0012 0.0013 0.0038

Element Cd Cr Na K Mn V Zn Pb Zr

Content (%) 0.0002 0.0013 5.017 0.0110 0.0006 0.0023 0.0011 0.0021 0.0031

Fig. 15   XRF of the prepared Na2U2O7 from Gattar sample
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Fig. 16   EDX of the prepared Na2U2O7 from Gattar sample

Table 13   Comparison of 
uranium adsorption capacity by 
different adsorbents

SBA: strong base anion exchanger, WBA: weak base anion exchanger, WAC: weak acid cation exchanger

Adsorbent Type Qmax (mg/g) Manufacturer References

Ambersep 920 U (SO4
2−) SBA 58.82 Rohm & Haas Co., USA [31]

Amberlite IRA-402 SBA 213 Rohm & Haas Co., USA [47]
Amberlyst A27 SBA 131.57 Rohm & Haas Co., US. [48]
Amberlite CG-400 SBA 112.36 Rohm & Haas Co., USA [49]
Amberlite IRA-910U SBA 108 Rohm & Haas Co., USA [50]
Dowex A SBA 79 Dow Chemical Co., USA [50]
Dowex 21 K SBA 57.63 Dow Chemical Co., USA [51]
Dowex 1 SBA 84.87 Dow Chemical Co., USA [51]
Dowex 2X8 SBA 71.2 Dow Chemical Co., USA [52]
Ambersep 920 U (Cl−) SBA 50 Rohm & Haas Co., USA [53]
Rossion-25A SBA 61.7 Stans Energy Co., Russia [54]
Purolite A500U SBA 58.9 Purolite, Co., USA [54]
Amberlite IRA 67 WBA 60 Rohm & Haas Co., USA [9]
Lewatit TP 260 WAC​ 58.33 LANXESS-AG Co., Germany [18]
Ambersep 400 (SO4

2−) SBA 50 Rohm & Haas Co., USA [55]
Lewatit mono plus M500 SBA 40.65 LANXESS-AG Co., Germany [15]
Tulsion CH-96 WAC​ 70 Thermax Chem. Co., India [56]
Activated Lewatit mono plus M500 SBA 69.44 LANXESS-AG Co., Germany Present work
Quinoline Silicate Lewatit composite SBA 217.39 LANXESS-AG Co., Germany Present work
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