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Abstract

:

This work studies the removal of uranium ions from chemically leached solutions by sorption using two weak and two strong base anionites. Batch sorption experiments were performed to evaluate the optimum conditions at pH 1.2–2.2, 1.0 g resin dose for 1–12 h contact time at room temperature. These experiments addressed sorption kinetics and sorption isotherm. The maximum sorption capacity reached 55.8 mg/g at room temperature. The kinetics data are well described by the pseudo-second-order kinetic model at initial uranium concentration of 0.62 mg·L−1. To describe sorption kinetics pseudo-first-order, pseudo-second-order and intraparticle diffusion models were proposed. Studies indicated that the sorption of uranium can be fitted by a pseudo-second-order kinetic model very well. Equilibria were described by Langmuir, Freundlich, and Dubinin–Radushkevich equations. The experimental sorption isotherm is successfully described by the Langmuir model.
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1. Introduction


The sorption of uranium ions from aqueous solution plays an important role in the nuclear power industry [1,2,3]. The development of this industry is determined by the growing energy consumption and causes an increase in demand for uranium raw materials. The main method of uranium mining is currently in-situ leaching (ISL), which requires not only a careful study of the reagent leaching scheme, but also a reasonable choice of technology for further processing of productive solutions.



Uranium is widely distributed in different rocks, especially in black shale ores. Recently, uranium extraction from black shale ore has gained importance [4,5]. All of these black shale processing technologies can be classified as pyrometallurgical and hydrometallurgical methods. The main process of recovering uranium in the hydrometallurgical method is sorption [6,7,8].



In the practice of uranium extraction, various types of ionites are used: Strong-base, weak base, strong acid, and weak acid. Strong base ionites have found their application in the processing of ISL solutions in China [9]. Weak base ionites are often used for sorption of uranium from sulfuric acid solutions [10]. Since uranium in the pregnant leach solution of black shale ore exists in anionic form, cation-exchange resins are not considered in this article.



The ion exchange mechanism of uranium recovery from solution loaded with uranium is shown in Figure 1.



It is known that uranium is represented as ions in acidic sulfuric acid solutions, such as UO22+, UO2SO4 and [UO2(SO4)2]2 [10,11].



In most circumstances, uranium is extracted from solutions with application of solvent extraction [12], chemical precipitation [13], and adsorption processes [14,15]. Due to the benefits of adsorption processes like low cost and high efficiency, ion exchange process becomes a suitable technique for the recovery of uranium from pregnant leach solutions [16,17,18,19]. To extract uranium in the form of [UO2(SO4)2]2–, anionites have to be used. However, uranium extraction is carried out according to the following Equation (1):


(RN)2SO4 + [UO2(SO4)2]2− = (RN)2(UO2(SO4)2) + (SO4)2−



(1)




where RN is the matrix of the anionite.



In this regard, it is necessary to observe and monitor pH and redox potential of the solution, so that they directly affect the ionic state of uranium [20,21].



Most studies on uranium sorption have focused mainly on the model solutions [22,23,24,25,26]. Many of these studies have limited industrial application because industrial leach liquors are more complex, containing several metal ions and other contaminants [27,28]. For this reason, more research is needed using real pregnant leach solutions to demonstrate the applicability of a sorption process for the recovery of uranium. The most important factors determining the course and result of the sorption process, are the capacity of the sorbent and the nature of sorption. Data definition using kinetic models make it possible to draw conclusions about the nature of sorption and identify the limiting stages of the process, which can also be used to solve a number of practical issues for optimizing ion exchange processes [29].



The present work has been oriented towards studying the recovery of uranium (VI) from the chemically leached solutions. For sorption process of uranium, weak and strong base anionite ion exchange resins were used.




2. Experiment


2.1. Materials


In this study, samples of black shale ores (100 g) were ground to a size of 0.2 mm, thoroughly mixed with ammonium hydrosulfate (NH4)HSO4 in a ratio of 1:0.75 (75 g of ammonium hydrosulfate) and sintered in a muffle electroheating furnace SNOL 40/1200 at 350 °C for 2 h. Furthermore, pregnant leach solutions were obtained after leaching sintered black shale ores with sulfuric acid at a concentration of 40 g·L−1.



All leaching tests were carried out in a temperature-controlled three-necked flat bottom glass flask (cap. 250 mL) on hot-plate cum magnetic stirrer at fixed rpm (400) and a reflux condenser to avoid the loss, due to evaporation. The leaching time was recorded after successive addition of the sintered sample and leaching agent solution to the reaction vessel, and then this vessel was put in an oil bath maintained at a preset temperature (temperature range is 20–90 °C). The analysis of leaching solutions showed the following composition, g/L: Fe2+—2.52; Fe3+—12.7; Al—13.9; V—2.89; Мo—0.08; U—0.062; Σ REE—0.05.



In all sorption experiments, the concentration of uranium amounted 62 mg·L−1. The characteristic properties of anion-exchange resins that were used in the experiments are shown in Table 1.



The major valuable elements present in the black shale ores is shown 0.68% V, 0.33% U, 0.26% Mo, 0.01% REE along with other minor impurity and the results, as shown in Table 2.




2.2. Sorption Studies


The sorption experiments were carried out using the batch method. Experiments were conducted using the strong base anionites Ambersep 900 SO4 and Puromet MTA4601PF, as well as with weak base anionites Dowex Marathon WBA and Diaion WA30. The scheme of this investigation is presented in Figure 2.



All anionites were preconditioned prior to contact with pregnant leach solutions by mixing with five bed volumes of H2SO4 (1 M) for 24 h followed by washing with two bed volumes of deionized water. The solution pH (pH = 1.2 of the feed solution) was adjusted by dropwise addition of ammonia solution while stirring. Experiments were conducted using the leach solution with various adsorption conditions, including contact time and solution pH values. A 100 mL pregnant leach solution and 1.0 g of resin were added to a beaker with a magnetic stirrer and agitated at 180 rpm at room temperature (25 ± 1 °C). After a period of sorption, the solution was subjected to uranium analysis, which provided elemental sorption data for these conditions.



The sorption efficiency (%) was calculated based on Equation (2):


  % =    C i  −  C f     C i    · 100  



(2)




where Ci and Cf are the initial and final concentrations of uranium in the solution phase, respectively.




2.3. Sorption Kinetic and Equilibrium Studies


Sorption kinetic and equilibrium studies were carried out under batch experiment conditions: Sorbent mass 1.0 g, the volume of contacting solution 100.0 mL at an initial uranium concentration of 62.0 mg·L−1, stirring at (25 ± 1) °C.



2.3.1. The Sorption Kinetic Equations


The process kinetics was described by three models: Pseudo-first order, pseudo-second-order and intraparticle diffusion model equations [30,31]. These equations are generally used to describe theoretical sorption kinetics on the solid/liquid interface.



The pseudo-first-order Lagergren model. In differential form, the Lagergren pseudo-first order equation can be presented as follows:


    d  q t    d t   = k  (   q e  −  q t   )     



(3)







After integration and applying boundary conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated form of the Lagergren equation becomes:


  l o g  (   q e  −  q t   )  = l o g  q e  −  (     k 1    2.303    )  t    



(4)







qe = equilibrium concentration of the sorbed ion (mg∙g−1); qt = concentration of the sorbed ion at time t (min); k1 is the pseudo-first order rate constant (min−1).



The pseudo second-order sorption kinetic equation is expressed by the following equation:


    d  q t    d t   =  k 2     (   q e  −  q t   )   2     



(5)







After integration and applying boundary conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated form of the Lagergren equation becomes:


   1   (   q e  −  q t   )    =  1   q e    +  k 2  t    



(6)




which an be rearranged to obtain the following linear form:


   t   q t    =  1   k 2   q e 2    +  (   1   q e     )  t    



(7)




where qe and qt (mg∙g−1) are the amount of uranium sorbed at equilibrium and at time t, k2 (g∙mg−1∙min−1) is the pseudo-second-order rate constant and t (min) is the time.



For pseudo-second-order model, the initial adsorption rate, h (mg/mg min), is expressed by the following equation [32]:


  h =  k 2   q e 2     



(8)







The kinetic experimental results were also fitted to the intra-particle diffusion model. It is expressed by the following equation [33]:


qt = kidt½ + C



(9)




where C is the intercept (mg/g) which is related to the boundary layer thickness and kid is the slope which represents the intra-particle diffusion rate constant (mg/g h1/2).




2.3.2. The Sorption Equilibrium (Isotherm) Equations


The sorption of uranium on anionites were fitted by three typical models: Langmuir (10,11), Freundlich (12) and Dubinin–Radushkevich (13,14,15), which are described as equations [34,35]:


     C e     q e    =  1   q  m a x   b   +    C e     q  m a x        



(10)




where Ce (mg/L) is the equilibrium concentration, qe (mg/g) is the amount of uranium adsorbed at equilibrium and qmax, b are Langmuir constants related to maximum uptake capacity (mg/g) and adsorption energy (L/mg).


   R L  =  1  1 + b  C 0       



(11)




where b is the Langmuir constant and C0 (mg/L) is the initial U(VI) concentration. The value of RL indicates the nature of isotherm to be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1).


  l o g  q e  = l o g  K F  +  1 n  l o g  C e     



(12)







qe is equilibrium sorbent-phase concentration of adsorbate (mg uranium/g anionite), Ce is equilibrium aqueous-phase concentration of uranium (mg L−1), KF is a constant indicative of the relative adsorption capacity of the anionite (mg g−1), 1/n is the intensity of the adsorption.



The Dubinin–Radushkevich equation can be represented as follows:


  l n  q e  = l n  q D  −  B D     ( ε )   2     



(13)






  ε = R T l n  (  1 +  1   C e     )     



(14)




where qe (mg/g) is the adsorbed value of the uranium ions at equilibrium concentration, qD (mg/g) is the theoretical saturation capacity, BD (mol2/KJ2) is related to the free energy of sorption per mole of the uranium, R (8.314 J mol−1 K−1) is the gas constant, T (K) is the temperature, Ce (mol L−1) is the equilibrium concentration.



The mean sorption energy (E, J mol−1), which was calculated as follow:


  E =  1    2  B D       



(15)







The magnitude of E can give an idea about the type of sorption process, whether it is physical or chemical. If the magnitude of E is between 8 and 16 kJ/mol, the sorption process is supposed to proceed via chemisorption, but if E is less than 8 kJ/mol, the sorption process is of physical nature [36,37].





2.4. Analytical Procedure


All solutions were analyzed by ICP-OES (model 8300 DV) (Perkin Elmer, Waltham, MA, USA) for uranium. The pH of solutions were controlled by the ionometer I-150. The tests were repeated three times to obtain reproducible results with an accuracy of 0.5%.





3. Results and Discussion


3.1. Sorption of Uranium (VI) by Weak Base Anionites


The uranium sorption process was carried out using a weak base anionite–Dowex Marathon WBA and Diaion WA30. The uranium removal from aqueous solutions is very much dependent on solution pH. So a pH study on removal of uranium ions is significant. Danko and coworkers revealed in their study that at different pH values, uranium forms different anionic species and these influence sorptions [10]. We evaluated the sorption efficiency of weak base anionites for the sorption of U(VI) at different pH values ranging from 1.2 to 2.2 and process duration from 1.0 h to 12.0. The results are presented in Figure 3.



It was found that the sorption of U(VI) increases as the pH and duration increases (Figure 3a,b). This feature can be explained by the fact that uranium in this pH range exists mostly in the form of UO2(SO4)22− anion [10]. The maximum degree of uranium recovery for Dowex Marathon WBA anionite is 71% with a process duration of 12 h. The sorption reaches equilibrium, and further extension in the duration of sorption does not give any effect in increasing the degree of sorption. The obtained results for Diaion WA30 anionite, shown in Figure 3b, indicates that uranium (VI) sorption efficiency increases with increasing the contact time from 1 to 10 and the best results of sorption efficiency corresponds to pH 2.2 and reaches 77%.




3.2. Sorption of Uranium (VI) by Strong Base Anionites


In order to investigate the effect of pH on the sorption efficiency of strong base anionites as Ambersep 900 SO4 and Puromet MTA4601PF, several experiments were conducted at different pH values of 1.2, 1.4, 1.6, 1.8, 2.0, and 2.2. The impact of pH and process duration on the sorption of U(VI) by strong base anionites is shown in Figure 4.



Figure 4 reveals that the uranium sorption with the usage of strong base anionite Ambersep 900 SO4 is much more efficient compared to weak base ionite Dowex Marathon WBA and Diaion WA30. Maximum sorption is observed in 10 h and reaches 85%, beyond which there is almost no further increase in the sorption. The best results for uranium sorption on this anionite were obtained at pH 2.2.



Results also showed a pronounced pH effect on U(VI) sorption with the strong base anionites. These two ionites show that U(VI) sorption increases to 88% and 90%, respectively, as pH increases from 1.2 to 2.2, which is 13% more than with weak base anionites. The results of the investigation showed that the best results were achieved at a pH of 2.2, with the duration of the process is 12 h.



In addition to uranium, the content of vanadium, molybdenum, iron and aluminum in the initial solution and in the solution at pH 1.2–2.2 after sorption were analyzed. The analysis results show that the sorption rate of uranium with different anionites is from 71% to 90%, and the sorption rate of vanadium is from 21% to 25%, molybdenum is from 8.0% to 11.5%, iron is from 3.0% to 5%, and aluminum is from 2.5% to 4.5%. It is known that vanadium is better sorbed in the five-valent state, so the four-valent vanadium contained in the initial solution is poorly sorbed [38], as well as molybdenum, iron and aluminum at pH 1.2–2.2 in the cationic state [11,30].



Due to the fact that the concentration of uranium in the solution after sorption is less than 0.01 g/L, its further processing for objective reasons is not of practical interest. Solutions containing valuable components, such as vanadium, molybdenum and REE, were sent for selective-stage extraction by sorption methods. In view of the fact that these components were recovered using different technological conditions (different pH values, redox potential, cation exchange resin, etc.), the presence of low concentrations of uranium did not affect the technological processes.



Results of uranium sorption efficiency of the anionites present increase according to:



Dowex Marathon WBA ˃ Diaion WA30 ˃ Ambersep 900 SO4 ˃ Puromet MTA4601PF.




3.3. Sorption Kinetics Studies


The kinetic study was carried out with leaching solution with uranium concentration of 62.0 mg·L−1, and other parameters are kept constant at pH 2.2 at room temperature.



The effect of contact time on the sorption capacity of Dowex Marathon WBA, Diaion WA30, Ambersep 900 SO4, Puromet MTA4601PF anionites was investigated, and the Pseudo-first-order, Pseudo-second-order and intraparticle diffusion models were used to interpret the experimental data. The linear form of the pseudo-first-order model can be represented by Lagergren Equation (4). As it is seen in Figure 5, linear plots are obtained.



The parameters for pseudo-first-order, pseudo- second-order and intraparticle diffusion models are listed in Figure 6.



As it is seen in Table 2, the sorption capacities are determined from the intercept of the plots and are found to be 43.53, 47.17, 52.11 and 55.17 mg/g, besides that the R2 values for this model were 0.989, 0.986, 0.981 and 0.984 for Dowex Marathon WBA, Diaion WA30, Ambersep 900 SO4 and Puromet MTA4601PF anionites, respectively. Pseudo-first-order model does not accurately describe the kinetics of U(VI) sorption for these anionites as evidenced by the poor model fit.



Studies have revealed that the pseudo second-order model is based on the assumption that the rate-limiting step may be chemisorption, which involves valence forces by sharing or electron exchange between the adsorbent and the adsorbate [39]. The pseudo-second-order kinetics isotherm has been used to describe and explain the sorption mechanism of the studied ionites. The Equations (5)–(7) are given in the Section 2.3.1. It could be found that the calculated value of qe from the pseudo-second-order kinetic model was in good agreement with the experimental data. The correlation coefficients (R2) from the Pseudo-second-order model exceeded 99%, which were higher than that from the Pseudo-first-order model. The results suggested that a good linear correlation existed between Pseudo-second-order model and the adsorption data.



Table 3 also demonstrates the initial adsorption rate values (h), g/mg·min: 0.022 for Dowex Marathon WBA; 0.020 for Diaion WA30; 0.018 for Ambersep 900 SO4 and 0.017 for Puromet MTA4601PF.



It is known that the sorption of uranium ions from its solutions onto the anionites is a multistep process, including transport of uranium ions from the aqueous phase to the solid surface of anionite particles as a first step (bulk diffusion). Further, a second step occurs by diffusion from the film to the particle surface (film diffusion). At the last stage, transport of uranium ions from the surface to the internal sites (surface diffusion or pore diffusion) occurs, and this happens at a much slower pace in comparison to other steps. Moreover, adsorption of uranium ions by an active site on the solid phase surface could also occur through chemical processes [40].



The intraparticle diffusion model assumes that the effect of the diffusion of radionuclide is the rate-controlling step for the sorption process. The intraparticle diffusivity is constant, and the direction of the diffusion is radial. This model was used to calculate the intraparticle diffusion rate constant and the intercept of the linear plots as expressed in Figure 7.



The plots of qt vs. t0.5 show that the obtained straight lines do not pass through the origin (C > 0). The obtained data in Table 2, indicates that the values of correlation coefficient R2 are 0.876, 0.873, 0.874 and 0.875, while the intraparticle diffusion rate constants kid are 7.99, 8.54, 9.49 and 10.07 mg/g·min0.5 and the thickness of the boundary layer C is 22.63, 25.05, 27.44 and 28.98 (mg/g) for Dowex Marathon WBA, Diaion WA30, Ambersep 900 SO4 and Puromet MTA4601PF anionites, respectively. The obtained data confirm that this model is not suitable for characterization of the sorption kinetics. Lastly, from the kinetic parameters of three kinetic models, as seen in Table 2, the adsorption kinetics is estimated and fitted well by the pseudo-second-order kinetic model.




3.4. Adsorption Equilibrium Studies


The amount of ion adsorbed is determined as a function of the concentration at a constant temperature that could be explained in adsorption isotherms. Equations that are often used to describe the experimental isotherm data were developed by, namely, Freundlich, Langmuir and the Dubinin–Redushkevich isotherm. The equilibrium studies can also be used for both the design of sorption process and understanding the sorption mechanism. The mechanism of sorption depends on the nature of ionites, surface properties, affinities of the sorbent, and the bulk properties of the aqueous solution [41]. To investigate the best fitting isotherm model, the sorption experiments are conducted at the conditions described in Section 2.3.



The Langmuir adsorption isotherm is used to describe the equilibrium between adsorbate and adsorbent system, where the adsorbate adsorption is limited to one molecular layer at or before a relative pressure of unity is reached.



The linear plots of Ce/qe versus Ce for Langmuir isotherm model for the sorption of uranium onto the studied anionites is shown in Figure 8. The parameters of the kinetic models and the regression correlation coefficients (R2) are listed in Table 3. From the R2 value, it was found that the Langmuir isotherm model fitted the kinetic data of the anionites better than that of the Freundlich and Dubinin–Redushkevich models. The confirmation of Langmuir isotherm model isotherms indicates that the concentrations of both adsorbate (uranium) and sorbent (studied anionites) are involved in the rate-determining step of the sorption process.



The Freundlich isotherm model is based on the assumption that adsorption occurs on a heterogenous surface. It proposes that the sorption carries out with a heterogenous energetic distribution of active sites, accompanied by interactions between adsorbed molecules. The adsorption parameters are shown in Table 3. A 1/n value of less than 1.0 indicates that U(VI) is favorably adsorbed by studied anionites. From the obtained data, it is shown that the Freundlich isotherm does not fit the experimental data (Figure 9).



Although the Langmuir and Freundlich isotherm models are widely used, they do not give information on the adsorption mechanism. To this end, the equilibrium data were tested with the Dubinin–Radushkevich (D–R) isotherm model. This isotherm model predicts the nature of the adsorbate sorption onto the anionite, and it is used to calculate the mean free energy of sorption [42,43].



The D–R constants are calculated from the linear plots of ln qe versus ε2∙105 from the intercept and slope (Figure 10 and Table 4).



It is known, that the sorption process proceeds via physical and chemical nature. From the obtained data in Table 4, the value of E for Dowex Marathon WBA, Diaion WA30 and Ambersep 900 SO4 is less than 8 k/Jmol for uranium ions indicating that the U(VI) sorption process proceeds via physisorption. The value of E for Puromet MTA4601PF corresponds to 9.28 kJ/mol, so the sorption process is supposed to proceed via chemisorption [33]. The values of correlation coefficient (R2) are 0.849, 0.854, 0.866 and 0.880 for Dowex Marathon WBA, Diaion WA30, Ambersep 900 SO4 and Puromet MTA4601PF anionites, respectively. Therefore, the Dubinin–Radushkevich (D–R) isotherm models do not fit the adsorption processes of the uranium ions on the studied anionites.





4. Conclusions


In this study, usage of various anionites for uranium (VI) sorption was obtained from leaching solution. The important findings are listed below:




	
It was found that the sorption efficiency of anionites increases in the following order: Dowex Marathon WBA < Diaion WA30 < Ambersep 900 SO4 < Puromet MTA4601PF.



	
The best results for the sorption of uranium were obtained on strong-base anionites Ambersep 900 SO4 and Puromet MTA4601PF. The uranium sorption on the strong-base anionite Puromet MTA4601PF increases with the increase of pH and reaches 90%, which is 13% more than on weak base anionites. The results of the investigation showed that the best results were achieved at a pH of 2.2 and a duration of 12 h.



	
The kinetics study demonstrated that the kinetic mechanism for the sorption of uranium (VI) ions followed a pseudo-second-order model, which provided the best experimental data correlation.



	
The Langmuir isotherm model provided the best fit for the experimental sorption data for uranium.



	
From the Dubinin–Radushkevich isotherm, the values of the mean free energy of adsorption revealed that the sorption mechanism for Dowex Marathon WBA, Diaion WA30 and Ambersep 900 SO4 was predominantly, due to a physical nature (E < 8.0 KJ/mo1). However, the data obtained for free energy for Puromet MTA4601PF (E = 9.28 KJ/mo1) indicated that the sorption mechanism proceeded via chemisorption.
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Figure 1. Ion exchange mechanism of uranium recovery. 
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Figure 2. The scheme of investigation of the process of sorption and desorption of uranium from pregnant leaching solution. 
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Figure 3. Effect of contact time and рН on uranium (VI) sorption by Dowex Marathon WBA (a) and Diaion WA30 (b) anionites. 
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Figure 4. Effect of contact time and рН on uranium (VI) sorption by Ambersep 900 SO4 (a) and Puromet MTA4601PF (b) anionites. 
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Figure 5. Pseudo-first-order model of U(VI) adsorption on studied anionites. 
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Figure 6. Pseudo-second-order model of U(VI) adsorption on studied anionites. 
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Figure 7. Intra-particle diffusion model of U(VI) sorption on studied anionites. 
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Figure 8. The Langmuir isotherm model of uranium (VI) sorption on studied anionites. 
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Figure 9. The Freundlich isotherm model of of uranium (VI) sorption on the studied anionites. 
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Figure 10. The Dubinin–Radushkevich isotherm model of uranium (VI) sorption on the studied anionites. 
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Table 1. Technical characteristics of applied ion-exchange resins.
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Type

	
Name of the Ion Exchangers

	
Functional Groups

	
Harmonic Mean Diameter

	
Matrix






	
Strong base ion exchangers

	
Ambersep 900 SO4

	
Trimethyl ammonium

	
0.50–0.70 mm

	
Styrene divinylbenzene copolymer




	
Puromet MTA4601PF

	
Quaternary ammonium

	
0.50–0.57 mm

	
Polystyrenic gel




	
Weak Base ion exchangers

	
Dowex Marathon WBA

	
Tertiary amine

	
0.50–0.52 mm

	
Styrene-DVB




	
Diaion WA30

	
Tertiary amine

	
0.55–0.75mm

	
Styrene-DVB, highly porous
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Table 2. Chemical composition of black shale ore.
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	No.
	Chemical Composition
	Content (%)
	No.
	Chemical Composition
	Content (%)
	No.
	Chemical Composition
	Content (%)





	1
	SiO2
	71.1
	6
	Na2O
	0.06
	11
	CaO
	3.43



	2
	Al2O3
	4.79
	7
	Fe
	2.07
	12
	K2O
	1.16



	3
	C
	12.2
	8
	U
	0.03
	13
	P2O5
	0.7



	4
	S
	0.8
	9
	V
	0.68
	14
	Mn
	0.2



	5
	MgO
	0.29
	10
	REE
	0.09
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Table 3. Kinetic parameters for U(VI) adsorption of onto studied anionites.
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Kinetic Models

	
Parameters

	
Dowex Marathon WBA

	
Diaion WA30

	
Ambersep 900 SO4

	
Puromet MTA4601PF






	
Pseudo-first-order

	
qe (mg/g)

	
43.53

	
47.17

	
52.11

	
55.17




	
k1 (1/min)

	
7.16·10−2

	
7.03·10−2

	
7.25·10−2

	
7.03·10−2




	
R2

	
0.989

	
0.986

	
0.981

	
0.984




	
Pseudo-second-order

	
qe (mg/g)

	
47.79

	
51.79

	
57.21

	
60.57




	
k2 (g/mg min)

	
2.0·10−2

	
1.9·10−2

	
1.7·10−2

	
1.6·10−2




	
h (g/mg min)

	
0.022

	
0.020

	
0.018

	
0.017




	
R2

	
0.995

	
0.996

	
0.996

	
0.996




	
Intraparticle diffusion

	
kid (mg/g min1/2)

	
7.998

	
8.546

	
9.494

	
10.07




	
C (mg/g)

	
22.63

	
25.05

	
27.44

	
28.98




	
R2

	
0.876

	
0.873

	
0.874

	
0.875




	
Practical Capacity

	
qexp

	
44.02

	
47.71

	
52.7

	
55.8
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Table 4. Isotherms parameters of different models for the adsorption of U(VI) ion onto Dowex Marathon WBA, Diaion WA30, Ambersep 900 SO4 and Puromet MTA4601PF surface. D–R, Dubinin–Radushkevich.
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Kinetic Models

	
Parameters

	
Dowex Marathon WBA

	
Diaion WA30

	
Ambersep 900 SO4

	
Puromet MTA4601PF






	
Langmuir isotherm

	
Equation

	
y = 0.0224x + 0.0022

	
y = 0.0207x + 0.0022

	
y = 0.0189x + 0.0022

	
y = 0.0179x + 0.0022




	
qmax (mg/g)

	
44.64

	
48.31

	
52.91

	
55.86




	
b (L/mg)

	
10.18

	
9.41

	
8.59

	
8.13




	
R2

	
0.999

	
0.999

	
0.999

	
0.999




	
Freundlich isotherm

	
Equation

	
Y = 0.0229x + 1.5986

	
Y = 0.0226x + 1.6338

	
Y = 0.0249x + 1.6761

	
Y = 0.0256x + 1.7014




	
Kf (mg/g)

	
39.68

	
43.03

	
47.44

	
50.28




	
1/n (mg min/g)

	
0.022

	
0.022

	
0.024

	
0.025




	
R2

	
0.988

	
0.986

	
0.977

	
0.989




	
D–R isotherm

	
Equation

	
Y = −0.03x + 2.807

	
Y = −0.02x + 2.897

	
Y = −0.0106x + 3.018

	
Y = −0.0058x + 3.104




	
qD (mg/g)

	
16.56

	
18.13

	
20.45

	
22.30




	
δ (Mo12/KJ2)

	
0.03

	
0.02

	
0.01

	
0.005




	
E (KJ/mo1)

	
4.08

	
5.00

	
6.86

	
9.28




	
R2

	
0.849

	
0.854

	
0.866

	
0.880




	
Practical Capacity

	
qexp (mg/g)

	
44.02

	
47.71

	
52.7

	
55.8












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
e Domex MARATHON WEA © DIAION WAS  —o— Ambersep 900 504 —— Puromet MTA4GOIP






media/file4.png
Pregnant leaching
solution pH=1,2

NH.OH
PH adjustment
Ambersep L 2-*22
Strong 200 50, >
anionite Puromet
MTA4601PF —
= . o, Saturated
Dow exW”; ‘Z athon | Uranium sorption - ionites
Weak base >
anionite __Digion WA 30,
Unloaded

solution





media/file18.png
=l Dowex MARATHON WBA - DIAION WA3() —#— Ambersep 900 S04 —@8— Puromet MTA4601PF

1.72 ;//‘*.
1.7

=
1.64 G
1.62 4‘/./.’.—.
o
1.6 - - - - - -
0 0.2 0.4 0.6 0.8 1 1.2

log C,






media/file3.jpg
Pregnant leaching

s H=1,2
NH.QH
P

PH adjusiment
1.2-22

Ambersep
900 50,

Puromer

MTA4601PF,

Dowex marathon | Uranium sorption

WBA

pidi

Unlouded
solution





media/file19.jpg
——Dowex MARATHONWEA —~ DIAION WA —o— Ambersep 00504 ——Paromet MIAGOIPE.






media/file7.jpg
—e—pH12 = pH14 —a—pH 1.6 —E—pH 1.8 —E—pH 2.0 —e—pH 2.2

%0 95

Sorption efficiency, %
Sorption efficiency, %

T

7

55

55 L

2 4 6 8 10 1 2 4 6 8 10 12
Duration, h Duration, h

(@) )






media/file10.png
—8— Dowex MARATHON WBA

~ DIAION WA30

= Ambersep 900 S04 —8— Puromet MTA4601PF






media/file14.png
e DoweX MARATHON WEBA DIATON WA30 —8— Ambersep 900 S04 =8 Puromet MTA4601PF

65
60
S5
S0
45
40
35
30
25






media/file11.jpg
—a—Domex MARATHON WBA
03

025

02

ta,

os

)

- DIATONWAI) —8— Ambersep 900504 —8—Puromet MTAIGOIPF

10

2






media/file6.png
——pH12  pH1l.4 —e—pH 1.6 ——pH 1.8 ——pH 2.0 —e—pH 2.2

14

N
i
O
= 9
=
=
ﬁ
O =
o
=
-
O
4
N
O OO0 00O O OO
K O NI O
0/, ‘AdUdNIYYd uonduaog
4
7 i
4 o
,, i
\ =
=
s
2
00
S
o
=
7 -
/ )
l <
\
, N
n n wn wn N "N wn uwn
N O N < on N

0/, ‘AU uondaog

(b)

(a)





media/file15.jpg
—o—Dowex MARATHONWBA —~ DIAION WAJD —o— Ambersep 900 SO4 —8— Puramet MIAJGUIPF
0
08
07
06

<08

o
03
02
o1

0






nav.xhtml


  minerals-10-00689


  
    		
      minerals-10-00689
    


  




  





media/file16.png
=l Dowex MARATHON WBA —  DIAION WA3() —#— Ambersep 900 SO4 —8— Puromet MTA4601PF

0.9
0.8
0.7
0.6

= 0.5
S 0.4
0.3
0.2
0.1

0






media/file2.png
Solution loaded
with uranium

0:(504),
Pregnant leach
solution

To desorption

T

Tonite loaded
column

(RN):SOy4

ionite

fon exchange

1l

(S04),™

unloaded solutio

(RN)(UO2(504):

Unloaded
solution






media/file20.png
1.6

1.1

=t Dowex MARATHON WBA

~ DIAION WA30 —#— Ambersep 900 504 —@— PurometMTA4601PF






media/file5.jpg
—e—pH1.2 = pH14 —&—pH 16 —m—pH 18 —E—pH2.0 —e—pH2.2

Sorpion eficiency, %

2 4 6 8 1
Duration, h

2

2 4 6 8 10 2 1
Duration, h

(@)

(b)






media/file1.jpg
Solution loaded
with uranium

Pregnant leach
Solution

To desorption

:
e

Tonite loaded
column.

Unloaded
solution,

(S0
nloaded soluio





media/file12.png
=—8—Dowex MARATHON WBA — DIAION WA30 —8— Ambersep 900 SO4 =8 Puromet MTA4601PF

0.3

0.25

0.2

t/q,

0.15

0.1

0.05






media/file9.jpg
—6—Dowex MARATHONWEA ~ DIAION WA3D —8— Ambersep 900504 —8—Puromet MIAJGIIPF,

th






media/file0.png





media/file8.png
——pH12  pH14 —&—pH1l6 —M—pH 18 —m—pH2.0 —e—pH 2.2

90 95
X S
22 70 S 75
2 -
2 50 2 55
> 5
- =
S 30 S 35
& =
ﬁ 10 1 1 1 1 ] ﬁ 15 1 1 1 ]
2 4 6 8 10 12 2 4 6 8 10 12
Duration, h Duration, h

(a) (b)





media/file17.jpg
—#—Dowex MARATHON WBA ~ DIAIONWA30 —#— Ambersep 900 SO4 —@— Puromet MTA4601PF

- R P
16 /._’.——‘—H

16

Toga,
B

0 02 04 06 08 ' 12
log C,






