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Abstract

:

Scandium metal has generated a lot of interest during the past years. This is due to the various crucial applications it has found ground in and the lack of production in countries outside China and Russia. Apart from rare earth ores, scandium is present in a variety of wastes and by-products originating from metallurgical processes and is not currently being sufficiently valorised. One of these processes is the production of titanium dioxide, which leaves an acidic iron chloride solution with a considerably high concentration of scandium (10–140 ppm) and is currently sold as a by-product. This research aims to recover scandium without affecting the solution greatly so that it can still be resold as a by-product after the treatment. To achieve this, two commercial ion-exchange resins, VP OC 1026 and TP 260, are used in the column setup. Their breakthrough curves are plotted with mathematical modelling and compared. Results indicate that VP OC 1026 resin is the most promising for Sc extraction with a column capacity of 1.46 mg/mL, but Zr, Ti, and V coextract have high capacities, while Fe does not interfere with the adsorption.
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1. Introduction


Scandium (Sc) is the most valuable element among the rare earth elements (REEs) because of its application in many cutting-edge technologies such as metal halide lamps, high strength Al-Sc alloys (aerospace industry, baseball bats, military and medical purposes, and bicycle frames), scandia-stabilised zirconia as a high-efficiency electrolyte in solid oxide fuel cells, and as a tracer in cruel-oil refinery [1,2,3]. In the most recent report by the EU, Scandium is considered a Critical Raw Material (CRM) because of its high supply risk and economic importance [4]. The production of Sc has been modest to date (~16.3 t/y for 2018), while the demand for this metal is expected to gain a significant increase (up to 300 t/y) by 2028 [5]. At the same time, the Sc supply in Europe depends solely on imports, mainly from China (66%), Russia (28%), and Ukraine (7%) [4]. The abundance of scandium in the earth’s crust is comparatively high (20–30 ppm), but it is sparsely dispersed and found in trace amounts in a variety of ores such as ilmenite, rutile, bauxite, nickel-laterite, tungsten, tin, and uranium [1,6,7,8,9]. During the industrial processing of these ores, Sc is usually accumulated in the waste streams (solid, liquid, or gas). Many researchers have studied the potential use of these wastes to recover Sc [3,10].



A large amount of the Sc2O3 produced in China originates from the titanium oxide (TiO2) pigments production industries [6,11]. Other countries, such as European ones, which are currently solely dependent on imports of Sc, can benefit from the TiO2 pigment industries to produce Sc as a by-product. Both in the sulfuric and chloride process of TiO2 production, most of the Sc ends up in the iron-rich residual solution (10–140 ppm of Sc) [1,6,8,12,13] together with other CRMs such as vanadium (V) and niobium (Nb) [13]. The ferrous chloride solution is usually sold to chemical industries and used as a coagulation/flocculation agent and for odour control, or its neutralised filter cake is landfilled without valorising the present CRMs.



Purification of scandium-containing streams is a challenging task. Unwanted elements, defined as impurities, are typically present in more than 10 times higher concentrations. Precipitation, which is the traditional approach for metal liquor purification, is prohibited as a stand-alone method for scandium extraction since metal impurities often coprecipitate, resulting in poor Sc purity [14,15]. In general, solvent extraction (SX) is the most employed separation/purification technique for recovering Sc, as it shows high extraction capacities and is easily scalable. The Sc that is recovered from the titanium acidic side streams is also separated with SX. The most common extraction systems that have been examined by many researchers and are currently applied in China’s scandium extraction plants are a mixture of D2EHPA and TBP [1,6,8,9,12,16] Despite the benefits, the SX also possesses some drawbacks, the most important one being the losses of the organic extractants which usually contaminate the solution as well [17,18].



Among the technologies for the separation and purification of aqueous solutions, ion exchange (IX) has some benefits compared with SX techniques: less contamination of the pregnant solution, lower operation costs [18], etc., and thus, it has attracted a lot of attention for scandium extraction [7,15,17,18,19,20,21,22,23,24,25,26,27]. The stable oxidation state of scandium in an aqueous solution is Sc(III) [28]. Scandium-hydrated ions are Pearson hard acids because of their high oxidation state, and they choose to form complexes with hard ligands, including hydroxide, fluoride, sulfate, and phosphate [28]. According to Wang et al. [14], organophosphorus compounds such as phosphoric, phosphonic, and phosphinic acid, as well as neutral phosphine oxides, have been effective in the quantitative extraction of scandium from aqueous solution through solvating and the cation-exchange mechanisms.



Along with the wide variety of commercial and custom-made resins that have been used, Lewatit VP OC 1026 and Lewatit TP 260 seem promising [18,21,22,23,29] for the selective extraction of Sc. Mostajeran et al. [23] studied the use of VP OC 1026 in a sulfuric acid pregnant leaching solution (PLS), which resulted from coal fly ash leaching and reported fast adsorption kinetics for Sc and high selectivity for Sc towards Fe and Al. Reynier et al. [29] conducted bioleaching of uranium tailings and utilised a variety of IX resins. Among them, VP OC 1026 and TP 260 showed high extraction of Sc but with high coextraction of U and Th and low coextraction of Fe. In another study [18], the TP 260 IX resin was used to extract REEs from phosphoric acid solutions; the results showed very high recovery rates for Sc (80%) and reported the ions of Al and Fe to be the most interfering in terms of coextraction. Bao et al. [22] studied the recovery of Sc from sulfuric acid solutions using IX resins and reported a slow adsorption rate for TP 260. In addition, they showed that the selectivity order for TP 260 resin is Sc(III) > Fe(III) > Al(III) > Fe(II). Rychkov et al. [21] conducted kinetic experiments with TP 260 in sulfuric acid solutions and showed that Th, Fe, and Al are sorbed in the intradiffusion mode while Sc, Ti, and Zr are sorbed in the mixed diffusion mode.



This paper examines the potential utilisation of a by-product of the TiO2 industry for Sc extraction through the ion-exchange purification technique. More particularly, a real solution derived from a European TiO2 industry was loaded directly into the column setup, imitating an actual ion-exchange process. Two different commercial resins are examined and compared using a fixed-bed column setup: Lewatit VP OC 1026, a bis(2-ethylhexyl)phosphoric acid (D2EHPA) in a cross-linked polystyrene matrix and Lewatit TP 260, a macroporous cross-linked polystyrene with an aminomethyl-phosphonic acid functional group.



The evaluation of such experiments can be challenging, from data analysis to experimental and analytical point of view, as the feed solution is a multicomponent industrial-grade solution, but also the column setup is a dynamic procedure. For this reason, triplicate experiments were conducted, and mathematical modelling was applied for the data analysis. Assessing the ion-exchange procedure was focused not only on the loading behaviour of Sc but also on its selectivity towards Zr, Ti, V, and Fe because the literature showed that these metals might impede Sc extraction. Even though the combined effect of these metals has not been studied using these two resins, studies in similar extraction systems indicate that Sc extraction is influenced when these metal impurities are present since they exhibit similar chemical behaviour and extraction rates [21,26,30].




2. Materials and Methods


2.1. Materials and Experimental Procedure


Two different commercial resins were used in this study provided by Lenntech (Delfgauw, The Netherlands). In Table 1, the main characteristics of the resins are listed, and in Figure 1, the functional groups of each resin are illustrated. Before the column experiments, an adequate quantity of Lewatit TP 260 resin was conditioned in three cycles with 1.5 M HCl solution, in a ratio of 1/10 for 2 h to be converted into the hydrogen form, according to the available datasheets. Lewatit VP OC 1026 resin was received in hydrogen form; hence, no conditioning step was required.



The feed solution used in this study is an acidic FeCl2 solution that originated from the titanium dioxide pigment industry of Europe. The chemical analysis of the main elements of the solution is illustrated in Table 2.



For the fixed-bed column experiments, laboratory borosilicate glass columns with 20 mL bed volume, 1.5 cm × 10 cm dimensions were used. The top and bottom of the column had fixed caps with a luer lock inlet and outlet fittings for tubing attachment. A known weight of the resin was packed into the column. The FeCl2 solution continuously passed through the column in an upward constant flow of 0.93 BVh−1, with the use of a peristaltic pump LabDos, from Hitec Zang. Samples of the effluent solution were fractionally collected from the top of the column to perform a chemical analysis of the metals of interest (Fe, Ti, Sc, V, and Zr).



Wet chemical analysis of the samples was carried out using the inductively coupled plasma–optical emission spectrometry (ICP-OES), Optima 8000 by Perlin Elmer (Waltham, MA, USA). Calibration standard solutions were prepared from commercially available ICP, Ti, Sc, V, Zr, and Fe standards (1000 ppm) obtained from Merck (Darmstadt, Germany). The standard solutions were prepared in a suitable concentration and diluted further with 1% v/v analytical grade nitric acid (65% wt.) as required for working standards. High purity deionized water (18.2 MΩ/cm) and argon of special purity (99.999%) were used. Re was used as the Internal Standard (IS) for samples and standards in the case of V and Zr analysis in order to correct the signal drift and reduce the interferences from Fe.




2.2. Mathematical Modelling


2.2.1. Mathematical Description of the Fixed-Bed Columns


The total capacity of the column can be calculated for every metal of interest, qMe (mg Me per mL of resin), by integrating the plot of the adsorbed metal concentration Cad (mg/L) against the effluent volume, VΕf (mL) [31]. The area, A, under this integrated plot is substituted in Equation (1):


   q  M e   =  A  1000  V  r e s i n     =     ∫    V i  = 0    V i  = t o t a l    C  a d   d  V i    1000  V  r e s i n      



(1)




where Cad is the difference between the initial concentration and the instant concentration of the effluent solution (Cad = C0 − Ci), and Vresin is the volume of resin packed into the column (mL).



The total removal efficiency (E%) of each metal can be calculated from Equation (2):


  E % = 100      m  t o t a l , a d s      m  t o t a l , i n      



(2)




where mtotal,ads is the cumulative amount of metal adsorbed in the resin, and mtotal,in is the cumulative amount of metal entering the resin.




2.2.2. Modelling of Experimental Results through Regression Method


The performance of fixed-bed column adsorption is typically evaluated through the plot of the dimensionless concentration of the effluent solution versus the eluted volume or time [32,33,34,35]. This plot is referred to as the breakthrough curve. In the literature, many models have been developed to describe the breakthrough curve of a fixed-bed column, either based on empirical relationships or based on different assumptions regarding the kinetics and mechanism of extraction. In our study, the Thomas model was chosen as the most extensively reported mathematical model for predicting breakthrough curves [36]. This model was developed from the equation of mass conservation in a flow system assuming plug flow, equilibrium described by Langmuir isotherm, and second-order reversible kinetics. Particularly, it neglects internal and external diffusion effects [32]. The equation for the Thomas model is demonstrated in Equation (3):


     C i     C 0    =  1  1 + exp  [   (     K  T h    Q   )   (   q  T h    V  r e s i n   −    C 0   V i    1000    )   ]     



(3)




where Q is the volumetric flow rate (mL/min), Vresin is the volume of resin packed into the column (mL), and C0 and Ci represent the initial concentration of the feed solution and the effluent concentration (mg/L), respectively, Vi is the effluent volume (mL), KTh (mL/min g) is the Thomas rate constant, and qTh (mg/mL) represents the adsorption capacity of the fixed beds.



Linear regression is the most typical method for fitting experimental results [31,37,38], where the calculation of the model parameters becomes associated with the slope and intercept of a straight line. The linearised form of the Thomas model is illustrated in Equation (4):


  ln  (     C 0     C i    − 1  )  =    K  T h    q  T h    V  r e s i n     Q     −    K  T h     Q 1000    C 0   V i   



(4)







It is evident that the error distortion created by linearisation may lead to misleading results [39]. The linear transformation strongly modifies error distribution and alters the weight associated with each point, either for the worse or for the better [40]. An alternative to linear regression is nonlinear regression. In this method, model parameters are first estimated and, through a trial and error procedure, evolve towards the values that minimise a given error function, i.e., the sum of squares error (SSE) Equation (5), based on a selected algorithm.



With the advancement of computing technology, nonlinear least-squares regression is now easier to implement with common mathematical tools such as Microsoft Excel’s Solver. Moreover, nonlinear regression has been shown to be more stable and less susceptible to experimental error [32,34]:


  S S E =   ∑   i = 1  n     (   y c  −  y e   )   i 2   



(5)




where n is the number of experimental data points, yc is the predicted (calculated) data with the Thomas model, and ye is the experimental data.






3. Results and Discussion


3.1. Breakthrough Curve Data Fitting


Normally, fixed-bed column adsorption is a dynamic procedure where both the kinetics of the reaction as well as the mass balance are constantly changing [41]. The analysis of such experiments can be challenging as both these factors should be considered. A valid method for evaluating such studies that have been utilised in the literature is through mathematical modelling [31,34,41,42,43]. In this work, Thomas’s model was chosen for data fitting through nonlinear regression analysis.



In Table 3, the results from data fitting of the fixed-bed column loading experiments using the FeCl2 solution for the two different resins are illustrated. The high R² values obtained from all curved through nonlinear regression indicate a good fit of the Thomas model to experimental data. Only in the case of V with the VP OC 1026 resin the correlation coefficient is lower than 0.95, showing a slight deviation from the Thomas model’s theoretical assumptions. The plotted breakthrough curves, as well as the extraction curves for Sc, Ti, Zr, and V, are depicted in Figure 2 and Figure 3 for VP OC 1026 and TP 260 resins, accordingly.



For the VP OC 1026 resin, the time to reach exhaustion (Ci/C0 = 0.9) for Sc is estimated at 10BV for Zr and Ti 4.3BV, and 1BV for V according to Thomas nonlinear model (Figure 2). When the volume of effluent does not exceed 5.8 BV, the extraction of Sc from the FeCl2 solution using VPOC1026 resin is greater than 80%, while the coextraction of other metals is at 9.5% for V, 39% for Ti and 40% for Zr.



According to the Thomas nonlinear model for TP 260 resin, the time to attain exhaustion (Ci/C0 = 0.9) for Sc is estimated at 3BV and 2BV for Zr, 4BV for Ti, and 1BV for V (Figure 3). Sc extraction from FeCl2 solution using this resin is higher than 80% when the effluent volume is less than 2.6 BV, while the coextraction of other metals is 77% for Ti, 56.5% for Zr, and 27.5% for V.




3.2. Resins Adsorption Behavior


3.2.1. Adsorption Behavior of Sc, Ti, Zr, and V from FeCl2 Solution with VP OC 1026 Resin


In Figure 4, the breakthrough curves for VP OC 1026 are compared for all the metals of interest. For V, the curve is steeper, and the breakpoint appears early, indicating a fast uptake making it the weakest adsorbed component. The curve plot is almost identical for Zr and Ti. Even though there are no references available on the adsorption of Zr and Ti on VP OC 1026 resin, it is reported that these metals interfere with Sc extraction in solvent extraction systems with D2EHPA, which is also the resin’s functional group [26]. Sc breakpoint and saturation appear later than the other metals, showing that Sc is a strongly adsorbed component, confirming the high affinity of Sc with D2EHPA reported in other studies [44].




3.2.2. Adsorption Behavior of Sc, Ti, Zr, and V from FeCl2 Solution with TP 260 Resin


TP 260 resin adsorbs the metals at a similar rate without showing any selectivity towards any metal (Figure 5). This observation is confirmed by the kinetic study of Rychkov et al. in sulfuric acid solutions using TP 260 resin, where it was observed that Zr, Ti, and Sc are adsorbed by the resin following the same kinetic model [21].




3.2.3. Adsorption Behavior of Fe with VP OC 1026 and TP 260 Resins


In this section, the results regarding the adsorption behaviour of Fe are illustrated for both VP OC 1026 and TP 260 resin. The experimental breakthrough curves of Fe for both resins can be seen in Figure 6.



Despite the high content of Fe in the feed solution, the results presented in Figure 6 show that no significant adsorption profile can be identified. This behaviour provides a huge advantage for the potential utilization of the examined resins, as the resins can operate by leaving the Fe content in the solution unchanged and separating it from Sc. The above observation is not in line with the research of Heres et al. [18], where iron was always coextracted with REEs from phosphate media, and it significantly reduced the loading of REEs, including Sc. This is probably due to either the different matrix of the solution examined (phosphoric media vs. chloride media) or the presence of trivalent Fe in these solutions. According to the study by Bao et al. [22], Fe(III) coextracts with Sc in cation solvent extraction and ion exchange, most likely because iron (III) competes more strongly with Sc than Fe(II) because of its similar charge density and size (II).




3.2.4. Comparison of VP OC 1026 and TP 260 Resins’ Loading Capacity


The column capacity q (mg/mL), as a function of the effluent volume, can be integrated through the combination of Equations (1) and (3). The diagrams in Figure 6 compare the two resins for each metal to demonstrate the loading of the column as a function of the volume of effluent solution, expressed in bed volume (BV).



Mostajeran et al. [23] studied the adsorption behaviour of VP OC 1026 resin from synthetic sulfuric acid solution and defined 8 mg Sc/mL resin loading from a feed solution with 100–150 ppm of Sc. According to Mostajeran et al., this value is the maximum capacity of the resin in such a solution as a 1:1 molar ratio reaction between Sc and solvent molecules was confirmed. In our study, the highest Sc column capacity achieved with VP OC 1026 resin from a feed solution with 130 ppm Sc estimated 1.46 mg/mL resin (Figure 7.), less than what was expected from the cited reference. This reduced loading can be mainly justified by the high coextraction of the other metals that are present in the FeCl2 solution.



In our study, TP 260 has a maximum Sc loading capacity of 0.31 mg/mL resin (Figure 7). The performance of TP 260 resin is much lower than what was expected from other studies. Bao et al. [22] determined that the loading of TP 260 resin is 30 mg Sc/mL resin at pH 2.5 and 16 mg Sc/mL at pH 1 from a pure synthetic sulfuric acid solution, confirming the adsorption dependence on pH [33]. Antisel et al. [7] determined the loading capacity of TP 260 6 mg Sc/mL resin from a polymetallic sulfuric pregnant leach solution containing Al, Co, Fe, Mn, and Ni at a pH of 3.5. These findings suggest that the adsorption capacity of the resin is decreased substantially when other metals coexist in the feed solution. The comparatively low performance of TP 260 resin for Sc adsorption, reported in our work, can be attributed to the high acidity of the feed solution but also to the presence of the other metals Ti, Zr, and V that are coloaded in the resin.



Table 4 shows the ratio of metal concentration in VP OC 1026 resin to concentration in TP 260 resin.



In VP OC 1026 resin, Sc loading (1.46 mg/mL resin) is more than three times higher, and Zr loading (15.9 mg/mL resin) is almost two times higher compared with TP 260 resin which is 0.46 mg/mL resin and 8.7 mg/mL resin, accordingly. The Ti loading is similar for both resins, 2 mg/mL resin, while V loading is slightly higher in TP 260 4.86 mg/mL resin compared with VP OC 1026 resin 4.06 mg/mL resin.



The mass ratios of Ti, Zr and V to Sc (Me/Sc) for the initial FeCl2 solution and the two loaded resins are shown in Table 5. The ratio’s lower values suggest a higher concentration of scandium.



As shown in Table 5, the Me/Sc ratio is greater than 1 in every case, indicating metal impurities are always in excess. However, VP OC 1026 exhibits high selectivity for Sc extraction towards Zr, Ti, and V. The ratio Zr/Sc decreases from 27.69 in the initial feed solution to 10.91 in VP OC 1026 resin and for Ti is reduced from 4.06 to 1.51. Moreover, in VP OC 1026, the ratio of V/Sc is significantly reduced from 32.31 to 2.79. This suggests that the resin has a decreased affinity for V, despite its relatively high loading concentration in the resin (4.06 mg V/mL resin), which might be due to the high concentration of this metal in the feed solution.



The Ti/Sc ratio for TP 260 resin is raised to 4.3, compared to 4.06 in the original feed solution, showing that TP 260 resin has a larger affinity for Ti extraction towards Sc. All the metal ratios towards Sc are higher with TP 260 resin compared with the VP OC 1026, meaning that the latter is overall more selective for Sc in the given feed solution.






4. Conclusions


In this study, the Sc extraction through ion exchange technique was examined. The feed solution was an acidic FeCl2 solution obtained from the TiO2 industry. Two different commercial resins, VP OC 1026 and TP 260, were examined and compared under a standard loading experiment in a fixed-bed column setup. The capacity, the breakthrough, and the exhaustion of the column for Sc, but also for the basic metal impurities Zr, Ti and V were determined through mathematical modelling of the column. The Thomas model provided a very good fit to the experimental data, with R2 higher than 0.98 for Sc, higher than 0.95 for Zr and Ti and higher than 0.88 for V.



For both resins, the Fe adsorption is insignificant, suggesting that the resins could be utilised for separating Sc from the solution without affecting the initial Fe content of the feed solution, which was an important objective of this study. The results indicate that VP OC 1026 is the most promising resin for scandium extraction, showing a higher capacity of Sc 1.46mg/mL in the given experimental conditions. The metals Zr, V, and T present in the initial solution are also coextracted in both resins’ tests. It is important to note that the performance of the resins for Sc extraction should not be assessed merely based on the column’s capacity. Even though Zr, V, and Ti have higher capacity values in the loaded resins, especially in VP OC 1026, the upgrade in Sc concentration is higher than the other metals. This indicates a high affinity of VP OC 1026 for Sc, while TP 260 resin shows a higher affinity for Ti.
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Figure 1. Functional groups of the two commercial resins (a) Lewatit VP OC 1026 and (b) Lewatit TP 260. 
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Figure 2. Extraction and breakthrough curves for VP OC 1026 resin for (a) Sc, (b) Ti, (c) Zr, and (d) V were measured in three different experimental runs and their Thomas nonlinear (NL) prediction mathematical model. 
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Figure 3. Extraction and breakthrough curves for TP 260 resin for (a) Sc, (b) Ti, (c) Zr, and (d) V were measured in three different experimental runs and their Thomas nonlinear (NL) prediction mathematical model. 
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Figure 4. The comparative breakthrough curve for the metals of interest for VP OC 1026 resin according to Thomas nonlinear (NL) prediction mathematical model. 
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Figure 5. The comparative breakthrough curve for the metals of interest for TP 260 resin according to Thomas nonlinear (NL) prediction mathematical model. 
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Figure 6. Chemical analysis results of Fe for VP OC 1026 (a) and TP 260 (b) resin throughout adsorption experiments. 
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Figure 7. Breakthrough curve of (a) Sc, (b) Ti, (c) Zr, and (d) V for VP OC 1026 and TP 260 resin according to Thomas nonlinear (NL) prediction mathematical model. 
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Table 1. Resins characteristics.






Table 1. Resins characteristics.





	Resin Name
	Lewatit VP OC 1026
	Lewatit TP 260





	Functional group
	bis(2-ethylhexyl)phosphoric acid (D2EHPA)
	aminomethyl-phosphonic acid (AMPA)



	Matrix
	Cross-linked polystyrene
	Cross-linked polystyrene



	As received form
	H+
	Na+



	Bead size range
	0.3–1.6 mm
	0.4–1.25 mm
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Table 2. Chemical analysis of FeCl2 feed solution.
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	Metals
	Fe (II)
	Fe (III)
	Mn
	Al
	Mg
	Na
	V
	Zr
	Ca
	Cr
	Ti
	Sc



	Concentration (g/l)
	110.5
	1.5
	19.09
	9.11
	8.34
	6.41
	4.20
	3.68
	2.36
	1.69
	0.528
	0.130
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Table 3. The results of nonlinear regression analysis with Thomas mathematical model for VP OC 1026 and TP 260 resin.
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Resin

	
Metal

	
R2

	
KTh

(mL/min g)

	
qTh

(mg/mL)






	
VP OC 1026

	
Sc

	
0.981

	
0.069

	
1.46




	
Ti

	
0.965

	
0.036

	
2.2




	
Zr

	
0.959

	
0.005

	
15.9




	
V

	
0.887

	
0.009

	
4.06




	
TP 260

	
Sc

	
0.991

	
0.310

	
0.46




	
Ti

	
0.978

	
0.043

	
1.98




	
Zr

	
0.988

	
0.013

	
8.7




	
V

	
0.973

	
0.039

	
4.86
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Table 4. Ratios of metal’s capacity in VP OC 1026 resin to TP 260 resin.






Table 4. Ratios of metal’s capacity in VP OC 1026 resin to TP 260 resin.





	Metal, Me
	MeVPOC1026/MeTP260





	Sc
	3.16



	Zr
	1.83



	Ti
	1.11



	V
	0.84
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Table 5. Ratios of metal impurities concentration to Sc concentration in the three examined phases: FeCl2 solution, VP OC 1026 resin and TP 260 resin.
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	Ratio, Me/Sc
	FeCl2
	VP OC 1026
	TP 260





	Zr/Sc
	27.69
	10.91
	18.89



	Ti/Sc
	4.06
	1.51
	4.30



	V/Sc
	32.31
	2.79
	10.59
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