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Abstract

:

Scandium, a valuable element with restricted production sources mainly situated in China and Russia, is typically obtained as a by-product during the production of various materials. As the demand for scandium grows in the expanding aluminum and fuel cell industries, and with significant investments in rare earth mining in the USA and Australia, there is a need to explore alternative recovery sources. This research investigates the recovery of scandium from an acid pregnant leaching solution using ion exchange resins. The pregnant leaching solution was obtained after the leaching of bauxite residue with sulfuric acid. Commercial resins with different functional groups were tested for their performance in scandium extraction. In addition, the co-adsorption of impurities, such as iron and titanium, was studied. The feed solution consisted of 12.7 mg/L Sc and main impurities of 272 mg/L Fe and 33.6 mg/L Ti and was pretreated before the ion exchange process by acidification with sulfuric acid and iron powder addition to suppress silica gel formation and minimize the Fe(III) content in the solution accordingly. Among the tested resins, a D2EHPA-impregnated resin had high selectivity for Sc towards Ti, while a monophosphonic resin was also a promising option since it had a higher capacity for Sc but co-extracted Ti. These findings offer promising opportunities for the recovery of scandium from acid leaching solutions and could contribute to addressing the growing demand for this valuable element.
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1. Introduction


Scandium (Sc) is a rare earth element with unique properties that make it highly valuable for a variety of industrial applications, including aerospace, electronics, and renewable energy [1,2]. According to the EU, it is also a critical raw material (CRM) due to its high supply risk and economic importance [3,4,5,6]. The current production of scandium has been insufficient to meet the anticipated increase in demand by 2028, despite its critical role in various technologies, such as solid oxide fuel cells (SOFCs) and lightweight aluminum alloys [6]. Although the global consumption of scandium is presently below 300 tons annually, its supply remains a significant concern [7]. In addition, while Sc is relatively abundant in the earth’s crust, it is found in trace amounts in various ores, and during industrial processing, it is commonly accumulated in the waste streams. China and Russia are the primary global producers of scandium, with China currently holding the dominant position in the market [8]. China’s production of scandium primarily relies on the extraction of this element as a by-product during the processing of various rare earth minerals, bauxite residue, as well as specific titanium and zirconium ores [9,10]. Russia possesses significant reserves of scandium, particularly in the form of scandium-enriched ores [11]. Similar to China, Russia also explores rare earth deposits, such as magnetite, iron, and uranium deposits that contain scandium and extracts it as a by-product during the processing of these deposits for rare earth elements [9,11]. Nevertheless, both dominating countries, in terms of scandium production, encounter several limitations associated with the variable scandium content in deposits, complex extraction processes, production costs, and infrastructure challenges [12]. Many researchers have investigated the possibility of recovering secondarily Sc from the by-products and waste streams of the iron, uranium, titanium, and aluminum industries [8,13,14,15,16,17,18,19] Bauxite residue, also known as red mud, which is the main by-product of the alumina-refining process, typically contains small amounts of scandium (up to 100 mg/kg), which is considered sufficient for scandium valorization [8,20].



The worldwide accumulation of bauxite residue (BR) disposed of in landfills is more than 2.7 billion tons, and it is currently increasing at an annual rate of over 120 million tons [21]. About 1–2 metric tons of bauxite residue is generated for each ton of alumina produced [22]. The production of bauxite residue poses a significant environmental concern due to its alkaline nature and the need for its storage in holding facilities. The high pH of the residue can lead to soil and water contamination, while the storage of large quantities of red mud requires extensive land use and is uneconomic [23,24,25,26]. Greek BR is especially chemically stable and contains various metals, including a significant amount of Sc (up to 120 mg/kg), making it a promising resource for Sc extraction [27,28]. Davris et al., 2022, developed research under the H2020-SCALE project, which aimed at an industrial operation for scandium extraction from Greek BR through a hydrometallurgical process [29]. Within this project, sulfuric acid was chosen as the best leaching agent based on its scandium extraction selectivity, low cost, and ease of handling. However, the recovery of scandium from such solutions is challenging due to the considerably low concentration of scandium (~12 mg/L) compared to the numerous impurities, present in higher concentrations, such as iron (~300 mg/L) and titanium (~30 mg/L) [29].



Ion exchange processes have proven to be effective at recovering and purifying a variety of metals on an industrial scale, and in recent years, they have emerged as a promising technology for the recovery of scandium from acid leaching solutions [16,30,31,32,33]. The most used resins for scandium recovery are strong acidic cation exchange resins, such as sulfonic acid or carboxylic acid resins [34,35]. Recently, impregnated resins have been gaining popularity as an effective method for scandium recovery, with liquid neutral organophosphorus and alkyl phosphoric acid compounds being commonly employed as extractants [32,36,37]. Mostajeran et al., 2021, studied a series of ion exchange resins for the recovery of Sc from synthetic and actual pregnant leach solutions obtained from the acid leaching of coal fly ash [38]. Sc was adsorbed quickly on phosphorus containing Lewatit VPOC 1026 and TP 272 resins even in the presence of high levels of potentially interfering Fe3+ and Al3+ ions. Altinsel et al., 2018, investigated the extraction of scandium from laterite ore using different resins. Amberlite IRC 747 and Lewatit TP 260 resins have loaded scandium perfectly. Both Amberlite IR 120 and Amberlite 402 resins did not show consistent loading tendencies for scandium. The operating capacities of Amberlite IRC 747 and Lewatit TP 260 for scandium were determined as 5 and 6 g Sc/L of resin, respectively [39].



This study investigated the potential of ion exchange resins for the recovery of scandium from acid pregnant leaching solutions (PLS) obtained from the leaching of bauxite residue with sulfuric acid. More specifically, resins with different properties were studied for the adsorption of scandium. The experiments were conducted in batches following a standard protocol for the adsorption of scandium. The study aimed to identify the most promising adsorbents to selectively recover scandium from sulfuric acid leaching solutions obtained from BR.




2. Materials and Methods


In this study, nine different cation exchange resins were evaluated for their scandium adsorption behavior from a sulfuric acid leachate solution. Initially, screening loading experiments were conducted to determine the best-performing resin(s) in terms of their scandium adsorption capacity from a standard feed solution. The best-performing resins were also evaluated for their selectivity in scandium extraction towards iron and titanium. The effect of the pH and iron ion valence of the feed solution was also investigated in terms of its scandium adsorption and selectivity for different metals. In the optimum adsorption conditions, kinetic experiments were also conducted.



2.1. Materials


The cation exchange resins used in this study and their characteristics are outlined in Table 1. These resins share a polystyrene crosslinked matrix structure but differ in their functional groups, which are also listed in Table 1. Among the resins selected for this study, many contain phosphorus-based functional groups, which are known to form strong complexes with Sc, such as aminomethyl-phosphoric acid (IRC 747, TP 260, CH 93), monophosphoric acid (LSC 730), di-ethylhexyl phosphoric acid, D2EHPA (LSC 790), and bis (2,4,4-trimethylpentyl) phosphinic acid (TP 272). The other resins selected contained iminodiacetic acid, IMA (TP 208, TP 209), and sulfonic acid (IRC 120). All the resins received in the sodium form were conditioned with 1.5M HCl acid prior to the ion exchange experiments to ensure that they were completely converted into the hydrogen form according to their available datasheets. For the resins received in the hydrogen form, no conditioning step was applied.



All chemical reagents were of analytical reagent grade. Fine iron powder and sulfuric acid solution were purchased from Sigma Aldrich, St. Louis, MO, USA.



The acid pregnant leaching solution (PLS) that was used in this work was obtained from the sulfuric acid leaching of bauxite residue, which was produced in a pilot plant at MYTILINEOS S.A., Agios Nikolaos, Greece. Table 2 shows the composition of the PLS.




2.2. Characterization of Liquid Samples


The chemical composition (Fe, Sc, Ti) of liquid samples obtained during the course of this work was determined with ICP-OES using an Optima 7000, Perkin Elmer, Akron, OH, USA. The stable oxidation state of scandium in an aqueous solution is Sc(III), and of titanium, Ti (IV) [40,41]. The pH measurements were carried out with a pH meter Metrohm 913 laboratory version equipped with a Unitrode 3 m KCl pH electrode, Metrohm AG, Herisau, Switzerland. The Fe (II) was determined colorimetrically with 1,10-phenanthroline at 510 nm, using a UV-Visible spectrophotometer Hitachi (U1100). For the batch adsorption experiments, an orbital incubator was used to agitate the adsorbate–adsorbent mixtures.




2.3. Preparation of Feed Solution


The feed solution used in this study was obtained from pilot-scale leaching experiments of bauxite residue with sulfuric acid (Table 2). Based on previous studies [37], the obtained leachate solution (PLS) had a pH of 3.6 and was supersaturated at an ambient temperature, and therefore, amorphous aluminum silicate slowly precipitated out of the solution. Furthermore, the PLS had a relatively higher content of total iron compared to scandium. More specifically, Fe (III), which is known to act competitively to Sc (III) during ion exchange, made up 36.9% of the total iron of the PLS (Table 2) [42]. Therefore, to make the solution undersaturated and to minimize the Fe (III) content, the feed solution underwent a pretreatment step prior to the ion exchange procedure.



Particularly, the PLS was filtrated, the pH was subsequently adjusted by acidification with sulfuric acid, and the Fe (III) was reduced to Fe (II) with the addition of metallic iron powder. The pretreatment of the solution was conducted using an orbital shaker for 24 h at 220 rpm at room temperature. The undissolved metallic iron powder was then separated with vacuum filtration.



The initial screening of the different ion exchange resins was performed with a standard treated solution prepared with the addition of 0.3 g of iron powder and 17 mL of concentrated H2SO4 (18M) per liter of PLS [37]. The changes in the final treated PLS in terms of Fe and pH are shown in Table 3.



The most promising resins for Sc extraction were evaluated under different pretreated feed solutions.




2.4. Batch Adsorption Studies


2.4.1. Experimental Procedure


The capacity of the resins to adsorb Sc from a sulfuric acid leaching solution was evaluated through batch equilibrium experiments. In these experiments, an amount of resin of known weight was added to glass Erlenmeyer flasks with a known volume of the pretreated solution with various ratios to the resin mass, ranging from 50:1 to 1200:1 mL solution/g resin. The flasks were plugged with a glass stopper and shaken in an incubator shaker at a fixed rotation speed of 220 rpm, ambient temperature, and retention time of 24 h. After completion of the batch experiment, the resin and solution were separated through vacuum filtration, and the solution was prepared for chemical analysis.



The kinetics of adsorption were studied for the best-performing resins in three different ratios of the solution volume (ml) to the mass of resin (g): 250:1, 500:1, and 1000:1. The kinetic experiments were carried out in an incubator at ambient temperature and 50 rpm, and samples of the supernatant solution were collected at various time intervals, including 10, 20, and 30 min, 1, 2, 4, and 8 h, and 1 to 3 days for analysis.



Equation (1) was used for the determination of the metal quantity adsorbed, where qt is the capacity of the resin at equilibrium in the mass of metal ion adsorbed per mass of resin (mg/g), C0 and Ct are the metal concentrations (mg L−1), V is the volume of the solution (L), and m is the mass of the resin (g) on a dry basis. Equation (2) was used to quantify the percentage of metal adsorbed by the resins.


   q t  =  (   C 0  −  C t   )   V m   



(1)






  % A   =    (   C 0  −  C t   )     C 0    100 %  



(2)








2.4.2. Adsorption Isotherm Studies


The effectiveness of metal adsorption by the resins was studied through the adsorption isotherms. Two different adsorption models were studied, the Freundlich (Equation (3)) and Langmuir (Equation (4)) ones [36].


   q e  =  K F   C e  1 / n    



(3)




where 𝐶𝑒 (mg/L) is the equilibrium concentration of metal in the aqueous phase, 𝑞𝑒 (mg/g) is the equilibrium concentration of metal in the resin, and KF (mg(1−1/n) g−1 L1/n) and 1/n are the parameters of Freundlich’s isotherm.


   q e  =    q m   K L   C e    1 +  K L   C e     



(4)




where 𝑞𝑚 (mg/g) is the maximum adsorption capacity, and KL (L/mg) is the Langmuir isotherm constant.




2.4.3. Adsorption Kinetic Studies


Pseudo-first-order and second-order kinetic models were used to describe the experimental data, using Equations (5) and (6), respectively [43].


      d q     d t    =  k 1   (   q e  − q  )     ln  (   q e  −  q t   )  = l n  q e  −  k 1  t   



(5)




where qt (mg/g) is the concentration of metal on the resin at time t, and k1 (min −1) is the pseudo-first-order kinetic constant.


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



(6)




where k2 (mg g−1 min−1) is the pseudo-second-order kinetic constant.






3. Results and Discussion


3.1. Screening of Different Resins


The Sc adsorption on the resins studied for several solution-to-resin ratios is shown in Figure 1.



According to the results, TP 208, TP 209, and CH-93, with iminiodiacetic acid and aminomethylphosphoric functional groups, had a near-zero adsorption capacity, while IRC 120, IRC 747, TP 260, and TP 272, with sulfonic, aminophosphonic, aminomethyl phosphonic acid, and bis-(2,4,4-trimethylpentyl-) phosphinic acid functional groups, respectively, exhibited a maximum capacity from 2 to 3 mg Sc/g resin [38,42,44].



A comparison to other studies can be seen in Table 4, providing a comprehensive overview of the primary investigations conducted on the adsorption of scandium using various resin materials. The table outlines the parameters explored in these studies and presents the key findings obtained.



Alexey et al., 2017, studied scandium and thorium sorption from uranium leach liquors by phosphorous-containing ion exchange resins. The findings of their study align with the results obtained in this study, which suggest that the exchange capacity of Tulsion CH-93 was low, at 0.28 mg of Sc/g resin [44]. Another study by Bao et al., 2018, focused on scandium loading on chelating and solvent-impregnated resin from a sulfate solution in a liquid-to-solid (L/S) ratio equal to 1 and a pH of solution equal to 2.5. The results indicate that the adsorption rates of Sc in 24 h were 58%, 15%, and 9% for the TayP 260, TP 209, and TP 272 resins, respectively [42]. Moreover, Mostajeran et al., 2021, studied scandium and rare earth elements’ selective recovery from coal fly ash leach solutions. They used an L/S ratio equal to 100:1, with a 48 h retention time and a pH equal to 1.6. The results of their study showed that almost no scandium was loaded on resins TP 208 and TP209, while TP 260 and TP 272 experienced high adsorptions of 38% and 76%, respectively [38]. Seplite LSC 790 resin, which is D2EHPA-impregnated, performed a high adsorption capacity of 6.49 mg Sc/g resin at an L/S ratio of 1200:1 and LSC 730, with the monophosponic functional group presenting the highest adsorption capacity of Sc up to 7.78 mg Sc/g resin at the same L/S ratio. Additionally, the same group studied a D2EHPA-impregnated resin (Lewatit® VP OC 1026, Lenntech, Delfgauw, The Netherlands), which exhibited over a 99% adsorption of Sc, thereby highlighting the critical role of phosphorus groups in the recovery of Sc by IX resins. With a high concentration of ferric ions in the solution, the iminodiacetate sites in TP 208 and TP 209 could be saturated very quickly with Fe, preventing these resins from adsorbing Sc. The results of the present study are consistent with these findings, which suggest that the D2EHPA-impregnated resin performs better in adsorbing scandium.
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Table 4. Sorption of scandium from different ion exchange resins.






Table 4. Sorption of scandium from different ion exchange resins.





	Sorbent
	Parameters Studied
	Composition of Solution
	Sc Sorption Capacity
	Ref.





	Activated carbon (AC), carbon nanotubes (CNTs), graphene oxide (GO), and chelating resin Chelex 100
	pH range: 1–5.5

Sc(III) concentration range: 1–300 mg/L
	Synthetic Sc (III) solution
	At pH 2, 2.1, 2.9, 36.5, and 37.9 mg of Sc/g of resin capacity was obtained for AC-COOH, Chelex 100, GO, and CNTs COOH, respectively. At pH 4, a similar value was obtained for oxidized AC (2.2 mg g−1), whereas the specific amount adsorbed significantly increased for Chelex (23.4 mg g−1). The highest values were obtained for GO (39.7 mg/g) and oxidized CNTs (42.5 mg g−1).
	[45]



	Purolite MTS9580 and Lewatit TP260
	Mother liquor solution, pre-acidified H2SO4: 5, 10, 15 g/L

pH =2
	Sc 0.34 mg/L, U 1.9 mg/L, Ce 3.82 mg/L, Nb 6.25 mg/L, Y 1.66 mg/L, Fe2+ 40 mg/L, Fe3+ 140 mg/L, Al 160 mg/L, Th 0.084 mg/L
	Comparison of scandium sorption from pre-acidified uranium sorption mother liquor with Lewatit TP260 and Purolite MTS9580 ion exchangers showed an advantage for MTS9580 resin. The MTS9580 resin had an exchange capacity of 200 mg Sc/L of resin versus 59.7 mg Sc/L of resin for TP260.
	[46]



	Amberlite XAD-4 resin, impregnated with di(2-ethylhexyl) phosphoric acid (D2EHPA)
	Adsorbent dosage (0.1–3.0 g), time (10 min to 24 h), pH = 2–9, initial Sc concentration (0.5–4 mg/L)
	10 mg dm−3 scandium stock solution
	A maximum capacity of 0.035 mg Sc3+/g of resin was achieved.
	[47]



	Purolite RUA21207 ion exchange resin
	Different concentrations (25–200 g L−1) of sulfuric acid solutions
	Scandium concentrate (0.022 g/L) generated from acid waste of titanium white production has been dissolved in 25 g/L H2SO4
	Sorption was favored at 25 g L−1 H2SO4 in solution when the initial scandium concentration was 6.4 mg/g.
	[48]



	Lewatit TP 260, TP 272, TP 208, TP 209, SP 112, VP OC 1026 resins
	Several synthetic PLSs and several resins
	PLS with Ce (3.2 mg/L), Dy (0.6 mg/L), La (1.3 mg/L), Nd (1.7 mg/L), Sc (1.1 mg/L), and Y (4.0 mg/L). The stock solution with Sc equal to 1250 mg/L in 0.5 M H2SO4
	Sc was adsorbed on phosphorus containing Lewatit® VP OC 1026 and TP 272 resins, with a maximum capacity of ~24 mg Sc/g resin, even in the presence of high levels of potentially interfering Fe3+ and Al3+ ions.
	[38]



	Purolite D 5041, Tulsion CH 93, Lewatit TP 260, Purolite S 950 resins
	Sorption recovery under dynamic conditions; the solution was passed through a 5 mL column at a flow rate of 25 mL/h
	The sulfuric acid concentration in the uranium leach liquor was 5 g/L. Sc (0.78 mg/L), Th (1.81 mg/L), Al (2086.5 mg/L), Fe (1488.8 mg/L), Ti (2.47 mg/L), U (0.92 mg/L).
	An increase in thorium concentration resulted in a decrease in scandium sorption by 26–65%. Tulsion CH 93 resin was chosen for Sc separation from uranium leach liquors.
	[44]



	Lewatit TP260 and TP 209 resins, and one solvent impregnated resin with bis(2,4,4-trimethylpentyl) phosphinic acid (TP 272)
	Contact time (0–50 h)

pH (1–3)

Different sulfate concentrations (0, 0.25, 0.5, 1, and 1.5 M)

Temperature (20–80 °C)
	Synthetic sulfate leach solutions with 50 mg Sc/L
	The adsorption capacity of TP 260 and TP 209 for Sc increased with pH from 1 to 3. TP 209 did not adsorb Sc at pH 1 but the adsorption capacity of TP 260 reached 35.5 mg Sc/g-dry at pH 1 and Sc also adsorbed onto TP272 at pH 1.
	[42]








Consequently, the resins, namely LSC 730 and LSC 790, with a superior adsorption capacity, were chosen for further investigation in the present study.



3.1.1. Investigation of Iron and Titanium Adsorption by Batch Experiments


The two resins that had the higher performance in scandium adsorption were selected for further investigation and evaluated for their performance in scandium, iron, and titanium adsorption with different solution-to-resin ratios. The experiments were conducted in duplicate to ensure replicability and to enhance the reliability of the results. The results are presented in Figure 2.



Figure 2a demonstrates the simultaneous adsorption of Sc and Ti up to 85.75% and 82.7% at a ratio of 300:1, respectively, for the resin LSC 730, while the adsorption of Fe was insignificant, with a maximum adsorption of 4%. On the other hand, LSC 790, shown in Figure 2b, performed maximum adsorptions of 89.22% Sc, 10% Ti, and 0.5% Fe, at a 300:1 ratio.




3.1.2. Adsorption Isotherms


The adsorption isotherms of Sc into the two resins are presented in Figure 3. The results were analyzed by fitting the experimental data to the Freundlich and Langmuir models. Table 5 displays the correlation coefficients between the experimental and calculated values, as well as the parameters of the Freundlich and Langmuir models. As reported earlier, the adsorption of Fe was found to be 4% for the LSC 730 resin, whereas, for LSC 790, the adsorption percentages of Ti and Fe were 10% and 0.5%, respectively (refer to Figure 2a,b). Therefore, while fitting the Freundlich and Langmuir models to the experimental data, only scandium and titanium were considered for LSC 730, and only scandium was considered for LSC 790.



The Freundlich isotherm model is a more general expression than the Langmuir isotherm model. The Langmuir model is based on the assumption of monolayer adsorption and uses the constant qm to represent the maximum adsorption capacity of the adsorbent. On the other hand, the Freundlich model is more suitable for describing cases of multilayer adsorption, but its parameter KF does not have a clear physical interpretation [36]. As shown in Figure 3, the experimental results for the LSC 730 resin were found to be in good agreement with the Freundlich isotherm model for both Sc and Ti, suggesting that the adsorption of metals onto this resin material is heterogeneous and that the surface of the adsorbent has varying adsorption energies. According to Vigdorowitsch et al., 2021, the amount of metal adsorbed per unit weight of adsorbent is not directly proportional to the concentration of the solute in the solution, and the adsorption intensity is observed to decrease with increasing solute concentrations [49]. For the LSC 790 resin, the Langmuir and the Freundlich models fit the experimental data well, with R2 values of 0.9876 and 0.9843, respectively. Therefore, it is not concluded from the results of the adsorption isotherms if the adsorption sites are equivalent or not equivalent energetically [50].





3.2. Investigation of Feed Solution—Optimum Pretreatment


3.2.1. Preliminary Experiments


Experiments with four different pregnant liquor solution adjustments were performed to identify the optimal conditions for each resin: (i) no pretreatment, (ii) only acidification, (iii) only iron reduction, and (iv) both iron reduction and acidification exceeding a range of pH values from 0.19 to 3.6. The results are presented in Figure 4.



The findings in Figure 4 suggest that without any pre-treatment of the solution and with only adding elemental iron for the iron reduction, the Sc adsorption for both resins was substantially decreased, along with impurities, such as titanium and iron.



In the case of the LSC 730 resin (Figure 4a), acidification of the solution resulted in a significant increase in the adsorption of scandium, as well as titanium and iron. However, when acidification was accompanied by iron reduction, a high level of scandium and titanium adsorption was achieved without any iron adsorption in the resin. It is observed in Figure 4a that the results of Sc adsorption from an acidified solution with and without Fe (III) reduction are identical, suggesting that in the LSC 730 resin, there was no competitive interaction between the Fe and Sc ions.



Regarding the LSC 790 resin (Figure 4b), it was observed that neither iron nor titanium adsorption occurred under any condition tested. However, the combination of acidification and iron reduction led to the highest efficiency in terms of scandium adsorption. In summary, the incorporation of elemental iron was found to be a crucial factor in the overall effectiveness of the adsorption process. As depicted in Figure 4b, the adsorption of scandium was reduced in the acidified solution containing Fe (III) ions in comparison to the acidified solution containing Fe (II) ions. Furthermore, there was an increase in iron adsorption from the acidified solution containing Fe (III) ions, indicating the presence of a competitive interaction between the Fe (III) and Sc ions.




3.2.2. Adjustment of pH of Feed Solution


Follow-up experiments were carried out to investigate the impact of the pH on the adsorption characteristics of scandium, titanium, and iron. This was achieved by varying the concentration of H2SO4 added, with a standard addition of metallic Fe, which resulted in pH values ranging from 0.5 to 3.6. The exploration of higher pH values was limited due to the precipitation of ferric iron and scandium [51,52]. The study employed two different L/S ratios, namely 500:1 and 1000:1 mL of solution per gram of resin to further explore the adsorption behavior of the metals. In Figure 5, the efficiencies of Fe, Ti, and Sc are presented according to different pH values.



According to the results, the LSC 730 resin at the 1000:1 L/S ratio exhibited an adsorption capacity of approximately 19% less for scandium when the pH was maintained at around 3.2, while the adsorption capacity for Ti was approximately 77% less, thus making this pH favorable for achieving higher Sc selectivity towards Ti. The LSC 790 resin demonstrated the highest scandium adsorption at a pH level lower than 0.7, with almost negligible adsorption of both the Ti and Fe ions.



Based on the observations presented in Figure 5, the optimal solution for conducting kinetic experiments was selected for each resin by identifying the solution that exhibited the highest Sc adsorption efficiency and minimal impurities. Table 6 summarizes the optimal conditions for each resin.





3.3. Investigation of Sc Adsorption Kinetics by Batch Experiments


Kinetic experiments were performed for each resin using the optimum pretreated solution, as shown in Table 5. The effect of the liquid-to-solid ratio was studied by conducting batch tests at three different L/S ratios (250:1, 500:1, 1000:1). The kinetic results are shown in Figure 6.



The kinetic data indicate that the Sc adsorption on both resins followed pseudo-second-order kinetics, and the rate constants (k), as well as the equilibrium concentration of Sc (qe), are shown in Table 7. The observed correlation, where higher solution volumes corresponded to slower scandium sorption onto the resin, can be attributed to the reduced interaction between the resin and target metal ions as the solution volume increased. The correlation coefficient R2 resulting from the least square linear regression ranged from 0.9996 to 1. The results show that the Sc adsorption kinetics on both the LSC 730 and LSC 790 resins was low. The results of Table 7 show that the kinetics of adsorption on LSC 790 resin was faster than on LSC 730, as the relevant rate constants were higher in the case of LSC 790 resin.



The initial adsorption rates were very fast for both resins, as seen in Figure 6, but after 3–4 h, the process decelerated, reaching a pseudo-equilibrium state. At this state, the rate of Sc adsorption was too low and became faster as the L/S ratio increased, which was equivalent to the increase in the ratio of Sc ions in the solution available for adsorption to the adsorption sites on the resin. This resembled a mass-transferred control process, which became faster as the L/S ratio increased. In addition, the L/S ratio, in the case of both resins, affected the adsorption capacity of Sc at the pseudo-equilibrium state. For the LSC 730 resin at an L/S of 250:1, the Sc capacity was almost 3.07 mg/g (Table 7), which was almost 24% of the maximum Sc capacity of this resin (12.8 mg/g, Table 5), while at an L/S of 500:1, it was 42.6%, and at an L/S of 1000:1, it was 69%. For the LSC 790 resin, at an L/S of 250:1, the Sc capacity was almost 3.13 mg/g (Table 7), which was almost 46.8% of the maximum Sc capacity of this resin (6.68 mg/g, Table 5), while at an L/S of 500: 1, it was 42.6%, and at an L/S of 1000:1, it was 69%. For the LSC 790 resin, at an L/S of 250:1, the Sc capacity was almost 3.13 mg/g (Table 7), which was almost 46.8% of the maximum Sc capacity of this resin (6.68 mg/g, Table 5), while at an L/S of 500:1, it was 76.6%, and at an L/S of 1000:1, it was 91.2%. The LSC 790 resin performed kinetically better than the LSC 730 and reached very close to its saturation at high L/S ratios. The kinetic results indicate that both resins are heterogeneous in nature, with at least two different adsorption sites for Sc ions. Some are easily amenable to Sc ions for adsorption and represent the first steep part of the kinetic curves (very fast adsorption), while the others are almost inaccessible to Sc ions and represent the almost flat part of the kinetic curves (very slow adsorption). It seems that in the case of the LSC 790 resin, 45% of the adsorption sites were easily accessible to Sc, while in LSC 730, only 15% were amenable, and thus, LSC790 performed kinetically better than the LSC 730.





4. Conclusions


Based on the results, it is noted that resins containing iminodiacetic and sulfonic acid functional groups did not exhibit significant scandium (Sc) extraction, whereas those with phosphate functional groups showed comparatively better Sc extraction rates.



Seplite LSC 730 resin has been identified as an effective adsorbent for scandium. This resin adsorbs both Sc and Ti simultaneously, with the highest experimental adsorption capacity of Sc measured at approximately 8 mg Sc/g, and that of Ti at approximately 22 mg Ti/g, while the adsorption of Fe was relatively insignificant. The experimental results for the LSC 730 resin are consistent with the Freundlich isotherm adsorption model for both Sc and Ti, indicating that the adsorption of metals onto this resin is heterogeneous, with varying adsorption energies on its surface. Acidification of the solution resulted in a significant increase in the adsorption of scandium, titanium, and iron. However, when acidification was accompanied by iron reduction, a high level of scandium and titanium adsorption was achieved without any iron adsorption in the resin. At a pH of 3.2, the resin had a higher selectivity of Sc towards Ti; by sacrificing approximately 19% of the scandium, 77% less Ti was adsorbed.



Seplite LSC 790 resin is highly selective for scandium and showed the highest adsorption capacity of approximately 6.5 mg Sc/g resin. Both the Langmuir and Freundlich models were used to fit the Sc adsorption experimental data, and they showed a good correlation, with R2 values of 0.9876 and 0.9843, respectively. However, since the R2 values are so close, it cannot be concluded from the adsorption isotherms whether the adsorption sites had equivalent or non-equivalent energetic properties. The resin demonstrated the highest scandium adsorption at a pH level lower than 0.7, with almost negligible adsorption of both Ti and Fe ions. Nevertheless, the highest efficiency in terms of scandium adsorption was achieved when the acidified Fe(II) PLS was used. The reduction of Fe(III) to Fe(II) was found to be a crucial factor in the overall effectiveness of the adsorption process since, if the reduction was not performed, the adsorption of Sc decreased substantially, while the iron adsorption experienced a high increase, indicating a competitive interaction between the Fe(III) and Sc ions.



The kinetic results suggest that both resins are heterogeneous, meaning that they have multiple sites available for the adsorption of Sc ions. Some of these sites are easily accessible for Sc ions, resulting in fast adsorption (less than 10 h), while others are almost inaccessible, leading to slow adsorption (up to 3 days). Based on these findings, it appears that LSC 790 had a higher proportion (45%) of easily accessible sites for Sc adsorption compared to LSC 730, which only had a 15% proportion of accessible sites. Therefore, LSC 790 performed better kinetically in terms of Sc adsorption compared to LSC 730.



In general, LSC 790 was found to be more selective for Sc towards Ti and Fe, while LSC 730 had a higher extraction capacity for Sc extraction. Both resins merit further research for their elution and recyclability potential.



Summarizing, it would be valuable to explore a wider range of experimental parameters to understand the effects of different variables on the adsorption process. Further research is needed to explore the elution efficiency and methods to regenerate the resins for repeated use. This includes investigating alternative elution agents or conditions that allow for the efficient recovery of Sc from the resin while maintaining the integrity of the resin. Additional research using fixed-bed column experiments is recommended to enhance the understanding and utilization and enable the evaluation of the regeneration and reusability of the resins, contributing to a more sustainable and economically viable approach.
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Figure 1. Scandium adsorption capacity (mg Sc/g resin), of different commercial resins at different ratios of solution/resin, amb. temperature, 220 rpm, 24 h. 
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Figure 2. Adsorption rates of Sc, Ti, and Fe from feed solution at different ratios of solution/resin, amb. temperature, 220 rpm, 24 h using (a) LSC 730 resin and (b) LSC 790 resin. 
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Figure 3. Freundlich and Langmuir adsorption isotherms for Sc (a,b) and Ti (c) adsorption for each resin. 
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Figure 4. Preliminary experiments with four different solution adjustments: (i) no pretreatment, (ii) acidification, (iii) iron reduction, and (iv) iron reduction and acidification for LSC 730 (a) and LSC 790 resins (b). 
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Figure 5. Impact of pH on the adsorption characteristics of scandium, titanium, and iron for LSC 730 at ratios of 1000:1 mL of solution per g of resin (a) and 500:1 mL/g (c) and for LSC 790 (b,d), respectively. 
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Figure 6. Effect of L/S ratio on adsorption kinetics with (a) LSC 730 and (b) LSC 790 resins. 
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Table 1. Resins with different functional groups and their properties obtained from datasheet specifications available for each resin.
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Properties




	
Resins

	
Functional Group

	
Capacity (eq/L)

	
Form

Received

	
Operating pH






	
Seplite LSC 730

	
Monophosphonic

	
18 g/L (Fe)

	
H+

	
(NA)




	
Seplite LSC 790

	
D2EHPA impregnated

	
(NA)

	
H+

	
<4




	
Lewatit TP 260

	
Aminomethyl phosphonic acid

	
2.4 min. eq/L

	
Na+

	
0–14




	
Amberlite IRC 747

	
Amino phosphonic

	
1.75 eq/L

	
Na+

	
(DA)




	
Amberlite IRC 120

	
Sulfonic acid

	
1.8

	
H+

	
0–14 (S)




	
Lewatit TP 209

	
Iminiodiacetic acid

	
2.4 min. eq/L

	
Na+

	
2–10




	
Lewatit TP 272

	
Bis-(2,4,4-trimethylpentyl) phosphinic acid

	
12.5 g/l (Zn) min eq/L

	
H+

	
1–6




	
Tulsion CH-93

	
Aminomethyl phosphoric

	
2 min. eq/l

	
Na+

	
0–14 (S)




	
Lewatit TP 208

	
Iminiodiacetic acid

	
2.9 min. eq/L

	
Na+

	
2–12








NA: Not available, DA: depends on the application, S: stable.
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Table 2. Composition and pH of the initial feed solution obtained from the leaching of bauxite residue with H2SO4 solution.
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Initial Solution






	
pH

	
3.6




	
Composition (mg/L)




	
Al

	
8000




	
Ti

	
33.6




	
Ca

	
562.9




	
Sc

	
12.7




	
Si

	
93.7




	
Ga

	
2.5




	
Na

	
14,600




	
K

	
133.7




	
SO42−

	
78,100




	
Fe total

	
272




	
Fe (II)

	
172.3




	
Fe (II)%

	
63.3
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Table 3. Composition of iron in the final treated solution.
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	Fe Tot. (mg/L)
	Fe (II) (mg/L)
	Fe (II) %
	pH





	Treated solution
	587.3
	559.9
	95.34
	0.7
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Table 5. Correlation coefficients of experimental and calculated values, parameters of Freundlich and Langmuir models.
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Resins

	
Metals

	
Freundlich Isotherm Constants

	
Langmuir Isotherm Constants




	
Kf

	
1/n

	
R2

	
KL

	
qm

	
R2






	
LSC 730

	
Sc

	
3.2992

	
0.5525

	
0.9776

	
0.3141

	
12.8056

	
0.9061




	
Ti

	
2.540

	
0.6814

	
0.9920

	
0.0373

	
45.6269

	
0.9701




	
LSC 790

	
Sc

	
3.9935

	
0.2404

	
0.9843

	
1.4048

	
6.6827

	
0.9876
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Table 6. Conditions resulting in the highest degree of adsorption efficiency/selectivity. Values are given per liter of initial PLS.
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	Resin Tested
	Fe (0)

g/L
	18M H2SO4 mL/L
	pH

of Solution





	LSC 790
	0.3
	17
	0.6



	LSC730
	0.3
	1.6
	3.2
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Table 7. Comparison of adsorption rate constants; experimental and calculated qe values for the pseudo-first- and second-order reaction kinetics of removal of scandium by LSC 730 and LSC 790 resins.
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Pseudo-Second-Order




	
Resin

	
L/S Ratio (mL/g)

	
Initial Sc

Concentration (mg/L)

	
k2 (g/mg min)

	
qe,calc.

(mg/g)

	
R2






	
LSC 730

	
1000:1

	
12.8

	
0.0233

	
8.8484

	
0.9996




	
LSC 730

	
500:1

	
12.8

	
0.1014

	
5.4619

	
1.0000




	
LSC 730

	
250:1

	
12.8

	
0.5733

	
3.0712

	
1.0000




	
LSC 790

	
1000:1

	
12.7

	
0.0980

	
6.0953

	
0.9999




	
LSC 790

	
500:1

	
12.8

	
0.1038

	
5.1159

	
1.0000




	
LSC 790

	
250:1

	
12.6

	
0.6790

	
3.1287

	
1.0000
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