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Abstract

:

H2SO4 was ensured to be the best candidate for Zr leaching from the eudialyte. The resulting sulfuric leach solution consisted of Zr(IV), Nb(V), Hf(IV), Al(III), and Fe(III). It was found that ordinary metal hydroxide precipitation was not feasible for obtaining a relatively pure product due to the co-precipitation of Al(III) and Fe(III). In this reported study, a basic zirconium sulfate precipitation method was investigated to recover Zr from a sulfuric acid leach solution of a eudialyte residue after rare earth elements extraction. Nb precipitated preferentially by adjusting the pH of the solution to around 1.0. After partial removal of SO42− by adding 120 g of CaCl2 per 1L solution, a basic zirconium sulfate precipitate was obtained by adjusting the pH to ~1.6 and maintaining the solution at 75 °C for 60 min. Under the optimum conditions, the loss of Zr during the SO42− removal step was only 0.11%, and the yield in the basic zirconium sulfate precipitation step was 96.18%. The precipitate contained 33.77% Zr and 0.59% Hf with low concentrations of Fe and Al. It was found that a high-quality product of ZrO2 could be obtained from the basic sulfate precipitate.
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1. Introduction


Zirconium metal is widely used in the areas of atomic energy, metallurgy, the military, petrochemicals, aerospace, new materials science as well as in medicine [1]. Zirconium is also an important alloying element in steel industry [2]. The major source for zirconium production is zircon (ZrSiO4), which is highly stable, requiring high temperature sintering for decomposition [3]. Eudialyte is a complex Na-Ca-zirconosilicate mineral that can be a potential commercial source of zirconium [4,5]. The content of Zr (5–10%) in eudialyte is much lower than in zircon, but it can be easily decomposed using acid [6,7,8].



The typical empirical chemical formula for eudialyte is Na4(Ca, Ce, Fe)2ZrSi6O17(OH, Cl)2, but it displays a wide range of chemical compositions [6]. Eudialyte is also rich in Fe, Al, Mn, Ti, K, Nb and contains significant quantities of rare earth elements (REE) [4,6,9]. As such, the comprehensive extraction of the valuable metals must be considered for practical eudialyte processing [6,10]. REE extraction from eudialyte sometimes takes priority, since these elements are more valuable [11].



To date, acid decomposition of eudialyte has been extensively studied [7,8,12,13,14]. Sulfuric acid (H2SO4) is considered to be the best candidate for Zr leaching from the eudialyte or eudialyte residue after REE extraction. However, the leaching process is not selective, so many impurities remain in the sulfuric acid leach solution; such as sodium, iron, and aluminum [6,8,15,16]. Data concerning the recovery of Zr from the sulfate media containing these impurities are scarce in the general literature. A complete treatment process to produce a Zr product can only be found in a few feasibility studies [17]. Lebedev et al. studied the ordinary precipitation by adding Na2CO3, but the resulting Zr carbonate was found to be a mixture of Zr(IV), Hf(IV), Nb(V), Fe(III), and Al(III) carbonates [6]. Further separation and purification are indispensable for the production of Nb, Hf, or Zr products. Tasman Metal Ltd. has studied the exploitation and utilization of the eudialyte from Norra Kärr, Sweden. Solvent extraction followed with precipitation was used to recover Zr from the sulfate media [18]. However, the details of the solvent and process parameters were not reported. Ion exchange can also be employed to recover Zr in eudialyte processing, but the process has a lot of operations and is very complicated [16].



On the other hand, Hf is in the same period with Zr in the periodic table, so the chemical properties of these two elements are nearly identical due to the lanthanide contraction [19]. Hf is usually present in trace quantities in minerals that contain Zr [20]. The Hf concentration in eudialyte is about 0.2%, and it follows with Zr during the treatment of eudialyte [6,11,16]. Commercial-grade Zr product containing Hf can be used in chemical process industries, but for use as a cladding material, the Zr product must be Hf-free due to their varied neutron-absorbing properties [21].



This reported study focused on the extraction process following acid leaching. Based on the solution chemistry, a basic zirconium sulfate precipitation was investigated to recover Zr from the sulfuric acid leach solution of a eudialyte residue, anticipating the production of a precipitate with a low impurity level. Furthermore, preparation of ZrO2 from the basic sulfate precipitate was also attempted.




2. Materials and Methods


2.1. Materials and Analysis


As a resource for REE in the EURARE project, which was funded by the European Commission for the development of a sustainable exploitation scheme for Europe’s rare earth ore deposits, eudialyte ore was mined in South Greenland, and after beneficiation, the eudialyte concentrate was the initial material for REE extraction. After REE extraction, the eudialyte residue was known to contain attractive quantities of Zr. H2SO4 was used to leach Zr from the eudialyte residue, and a detailed description of leaching process has been reported [10] by our group. The composition of the resulting sulfuric acid leach solution is listed in Table 1. Among the metal ions, iron ions existed only in the form of Fe(III), because H2O2 was added in the leaching process. This study focused on the subsequent step of Zr recovery from the sulfate leachate. As can be seen from the data in Table 1, the concentration of SO42− in the leach solution was high and the main impurities in the leach solution were found to be Al and Fe. The CaCl2, Na2CO3, and HCl used in this work were of analytical grade, and all aqueous solutions were prepared using distilled water. The elemental content of the solution was determined by inductively coupled plasma emission spectroscopy (ICP) using a PS-6 PLASMA SPECTROVAC (Baird, Waltham, MA, USA). The composition of the precipitate was determined by X-ray fluorescence (AXIOS, PANalytical, Eindhoven, The Netherlands), and Zr in the basic sulfate precipitate was analyzed from solution after it was solubilized. The content of the basic sulfate precipitate was also characterized using X-ray diffraction (XRD, PANalytical X’PERT-PRO diffractometer, Malvern PANalytical, Eindhoven, The Netherlands) and Fourier-transform infrared spectroscopy (FT-IR, Spectrum 100, Perkin Elmer, Inc., Waltham, MA, USA). The prepared ZrO2 was characterized by XRD and the composition of ZrO2 was evaluated using ICP analysis. The data of chemical compositions and concentrations in this paper are the averages of 3 analysis results.




2.2. Thermodynamic Analysis and Methods


Metal precipitation can be defined as a process where metal ions are reacted with other compounds to form a low solubility product. Metal hydroxide precipitation is the most common example of this [22]. The log [Men+]-pH diagram based on the solubility product constants of metals hydroxide at 298.15 K is shown in Figure 1, where Nb5+ in the solution is readily hydrolyzed at low pH, and the pH ranges for the hydrolysis of Zr4+ and Hf4+ are between the pH ranges for hydrolysis of Fe3+ and Al3+. However, some anions can act as ligands in the solution, which was ignored in this representation. In the absence of SO42−, the hydrolysis of Zr4+ can be initiated even in high acidity. If complexation in the aqueous solution is considered, the pH ranges for precipitation will increase.



For the test solution in this study, a complex reaction with SO42− inhibits the hydrolysis of Zr4+ and Hf4+ when the pH is increased, because the use of SO42− produces competition between SO42− and OH− ions to react with Zr4+ and Hf4+. The complex reaction of Zr4+ and Hf4+ in the acidic sulfate solution can be represented by Equation (1), and the corresponding stability constants (βi) are listed in Table 2 [23]. In other words, the formation of complexes with SO42− can expand the stable region of the dissolved Zr and Hf. In addition, NbO(SO4)2− is also exist in the acidic sulfate solution, and the relevant equation is represented by Equation (3) [24]. While sulfate ions have little effect on other metal ions in the sulfuric acid leach solution.


Me4+(aq) + i HSO4− = Me(SO4)i4−2i (aq) + i H+



(1)






   β i  =   [ M  (    SO  4   ) i  4 − 2 i    ]     [   M  4 +    ]     [    SO  4  2 −    ]   i     



(2)






Nb(OH)5 + 3H+ + 2SO42− = NbO(SO4)2− + 4H2O (logK = 7.24)



(3)







Figure 2 shows the fraction of ions of Nb and Zr in the sulfate aqueous solution at different pH values. As can be seen, the pH for Nb(V) precipitation via hydrolysis was as low as the pH in the absence of SO42−. However the predominant forms of Zr and Hf in the acidic sulfate solution with pH > 0 are Zr(SO4)32− and Hf(SO4)32− and the pH range for hydrolysis increased. These conditions are consistent with those reported in the literature. The selective recovery of Zr(IV) from sulfuric acid leach solution via ordinary neutralization is not feasible due to the co-precipitation of Fe(III) and Al(III) [6].



Precipitation using basic zirconium sulfate (Zr5O8(SO4)2·xH2O) in place of Zr(OH)4 is another alternative for producing zirconate. According to the literature [25,26], basic zirconium sulfate can be obtained when zirconium chloride solution is mixed with sulfuric acid solution at a set temperature (60–90 °C) and pH (1.2–2) with a zirconium to sulfate ratio of 5:2. This reaction can be expressed by Equation (4).


5Zr4+ + 2HSO4− + (8 + x)H2O → Zr5O8(SO4)2·xH2O (s) + 18H+



(4)




Since this reaction occurs at a pH < 2.0, co-precipitation of Fe(III) and Al(III) will be low.



A flow chart for the recovery of Zr using the basic sulfate precipitation method is shown in Figure 3. As shown, first, Nb is preferentially precipitated by neutralization. After separating the Nb from the solution, CaCl2 is added to remove some SO42−, and then zirconium is selectively precipitated using basic sulfate zirconium at low pH without the co-precipitation of Fe(III) and Al(III). A small amount of Hf in the solution would follow Zr in the precipitation process, since it has chemical properties that are very similar to Zr. In the process, Na2CO3 and CaCl2 was added in solid form little by little.



In order to prepare a Zr product, the next stage of the process can be connected to the conventional technology in the Zr production from zircon [27]. The prepared basic zirconium sulfate was dissolved with 4 mol/L HCl. Evaporative crystallization was then used to prepare ZrOCl2·8H2O. After obtaining the ZrOCl2·8H2O, the ZrO2 can be obtained by calcination at 600 °C in a muffle furnace (Thermo Scientific™ M110) for 2 h.





3. Results and Discussion


3.1. Effect of pH on the Precipitation of Metal Ions by Neutralization


Figure 4 shows the effect of pH on the precipitation of the main elements in the leach solution. Based on the aqueous solution chemistry analysis and precipitation behavior, Nb, Zr, Hf, Al, and Fe were precipitated from the solution by hydrolysis at a suitable pH. The quantity of dissolved Ca2+ in the sulfate solution was very low, and it also partially precipitated in the form of CaSO4·2H2O when the pH was increased. Zr and Hf precipitated until the pH was increased to 3.5, but Fe and Al precipitated simultaneously, so that it was not feasible to selectively recover Zr and Hf via the ordinary precipitation method from the sulfuric acid leach solution. Figure 5 shows a precipitate in a difficult state of filtration at pH 4.0.



The precipitation method for the selective recovery of Zr, Hf, and Nb included precipitation of Nb by hydrolysis and precipitation of Zr and Hf using basic zirconium sulfate. The optimum pH for the precipitation of Nb was 1.0 based on the results shown in Figure 4. Table 3 shows the composition of the resulting precipitate. As can be seen, the content of Nb was 40.1%, and the concentration of other impurities was low, but a further purification was necessary to obtain the Nb product. After Nb precipitation, Zr and Hf were recovered using basic zirconium sulfate precipitation or ion exchange.




3.2. Effect of the Quantity of CaCl2 on the Basic Sulfate Precipitation


In order to control a suitable zirconium to sulfate ratio for the Zr precipitation process, an amount of CaCl2 was added to remove a portion of the sulfate ions from the Zr-bearing solution after the Nb recovery. As can be seen in Figure 6, the Zr precipitate yield increased with the addition of CaCl2 from 100 to 120 g per 1 L solution, and further increases in the amount of CaCl2 resulted in a decrease in the yield of Zr precipitation. The Hf precipitation yield exhibited the same trend, but the precipitate yields of Fe(III) and Al(III) were always very low. Hence, 120 g/L of CaCl2 was chosen as the optimum quantity for removing the sulfate ions. After calculation, the concentration of sulfate in the solution was decreased from 112.0 g/L to 12.4 g/L, and the suitable molar ratio of zirconium to sulfate was about 2.5:1.




3.3. Effect of pH on the Basic Sulfate Precipiation


During the basic zirconium sulfate precipitation process, Na2CO3 was used to adjust the solution pH, and the effect of varying the final pH was also examined. As shown in Figure 7, the Zr precipitation yield increased from 62.1% to 96.1% when the final pH was increased from 1.2 to 1.6, and above 1.6, the precipitation yield of Fe(III) and Al(III) noticeably increased. Thus, the optimum final pH for the basic zirconium precipitation process was 1.6.




3.4. Effect of Temperature on the Basic Sulfate Precipiation


The effect of temperature on the precipitation yields of metals was also determined experimentally. It can be seen from the results in Figure 8 that the precipitation yields of Zr and Hf both increased with the increase in temperature, and 75 °C was the best for the recovery of Zr and Hf. Most of Fe and Al could be kept in the solution by controlling the pH at ~1.6.




3.5. Effect of Time on the Basic Sulfate Precipiation


The experimental results shown in Figure 9 indicate that the precipitation process was very fast. The precipitation yields of Zr and Hf reached 96.1% and 91.5% when the precipitation time was 60 min. No further increase in yield was noted with longer reaction time. Thus, 60 min was considered to be the optimum reaction time for the basic zirconium precipitation here. It may be considered to shorten the residence time when this method is applied in industry, because the solution after precipitation with a small amount of Zr could be returned to the previous process.




3.6. Characterization of Precipitates


Table 4 shows the chemical composition of calcium sulfate precipitate as a result of the addition of 120 g/L CaCl2. As can be seen, the loss of Zr in the SO42− removal step was low. After washing, the calcium sulfate was a byproduct.



Table 5 shows the chemical composition of the basic zirconium sulfate precipitate prepared using the optimized conditions. As can be seen, the contents of Fe and Al in the precipitate were very low. The Zr basic sulfate prepared by this method was easily dissolved in acids, thus it could be used in conventional techniques to produce a final product, such as ZrOCl2 and ZrO2. Figure 10 shows the XRD pattern of the basic zirconium sulfate precipitate. Qual-X software was used to analyze the data. It was observed that some of the peaks matched those of the calcium sulfate anhydride (bassanite, CaSO4·0.5H2O) phase, and the basic zirconium sulfate was amorphous. The presence of bassanite can be explained by the fact that a few Ca2+ in the sulfate media were not stable and precipitated when the temperature or time was increased.



Fourier-transform infrared spectroscopy analysis (FT-IR) was used to study the structure of basic zirconium sulfate precipitate further, and the FT-IR spectra of the resulting precipitate, Zr(SO4)2·4H2O, and ZrOSO4·4H2O are shown in Figure 11. The FT-IR spectra of the precipitate agreed well with those of ZrOSO4·4H2O, which confirmed that they had a same structure. It was speculated that the adsorption bands at 1000 cm−1 and 1220 cm−1 corresponded to Zr-O-S stretching vibrations [26].




3.7. Flowchart with Metal Balance


Figure 12 shows the proposed flowchart for the recovery of Zr, Hf, and Nb from the sulfuric acid leach solution using selective precipitation, and it also reveals the directions of the different metals. As shown, although the basic zirconium sulfate precipitation could achieve selective recovery of Zr and Hf, the concentration of sulfate in the solution needed to be controlled, and the resulting precipitate still contained some impurities. Further purification of the product was needed for Zr production.




3.8. ZrO2 Preprared from Basic Zirconium Sulfate


XRD results in Figure 13 confirmed that the powder prepared by the basic zirconium sulfate precipitate was ZrO2.



Table 6 shows the chemical composition of ZrO2 prepared after selective precipitation. As can be seen, the contents of ZrO2 + HfO2 in the product were higher than 99%, which met the requirements of industrial ZrO2.





4. Conclusions


In this study, the treatment of Zr-bearing sulfuric acid leach solution to yield ZrO2 was successfully carried out. After Nb was preferentially precipitated by adjusting pH to around 1.0, selective precipitation via basic zirconium sulfate (Zr5O8(SO4)2·xH2O) was the novel method used to selectively recover Zr. This method achieved removal of the main impurities, such as Fe and Al, and enrichment of Zr from the sulfuric acid leach solution. After partial removal of SO42− by adding 120g CaCl2 per 1L solution, 96.18% Zr precipitation yield was obtained by adjusting the pH to ~1.6 and keeping the temperature at 75 °C for 60 min. The resulting precipitate contained 33.77% Zr and 0.59% Hf with low Fe and Al. A high-quality product of ZrO2 can be obtained from the basic sulfate precipitate. The present study showed a promising process to recover Zr from sulfuric acid leach solution.
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Figure 1. log[Men+]-pH diagram based on the solubility product constants (Ksp) of metals hydroxide at 298.15 K (Ksp data obtained from the literature [22]). 
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Figure 2. Predicted fraction diagrams of (a) Nb, (b) Zr, and (c) Hf in aqueous solutions using MEDUSA software (Make Equilibrium Diagrams Using Sophisticated Algorithms, 32 bit version 2010, Royal Institute of Technology, Stockholm, Sweden). 
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Figure 3. Proposed flowchart for recovery of Zr using precipitation methods. 
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Figure 4. Effect of pH on the precipitation of elements from the leach solution. 
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Figure 5. The precipitate in a difficult state of filtration at pH 4.0 after adding Na2CO3. 
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Figure 6. Effect of CaCl2 quantity on the Zr precipitation yield, Zr precipitation conditions: 75 °C, final pH ~1.6, 60 min. 
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Figure 7. Effect of pH on the Zr precipitation yield, Zr precipitation conditions: 75 °C, C(SO42−) = 12.4 g/L, 60 min. 
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Figure 8. Effect of temperature on the Zr precipitation yield, Zr precipitation conditions: final pH ~1.6, C(SO42−) = 12.4 g/L, 60 min. 
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Figure 9. Effect of time on Zr precipitation yield, Zr precipitation conditions: final pH ~1.6, 75 °C, C(SO42−) = 12.4 g/L. 
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Figure 10. XRD pattern of the basic zirconium sulfate precipitate. 
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Figure 11. IR spectra of the basic zirconium sulfate precipitate and pure zirconium sulfate salts. 
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Figure 12. Proposed flowchart for the recovery of Zr, Hf, and Nb from the sulfuric acid leach solution using selective precipitation. 
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Figure 13. XRD pattern of the ZrO2 prepared from the basic zirconium sulfate precipitate. 
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Table 1. Chemical composition of experimental solutions, g/L.






Table 1. Chemical composition of experimental solutions, g/L.





	Element
	Zr
	Hf
	Fe
	Al
	Nb
	Si
	Ca
	SO42−
	pH





	Acid leach solution
	10.95
	0.26
	2.44
	10.55
	0.48
	<0.001
	0.7
	117.50
	0.57



	Solution after precipitation of Nb
	10.83
	0.26
	2.44
	10.55
	0.10
	<0.001
	0.6
	116.12
	0.94
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Table 2. Stability constants of sulphate complexes of zirconium and hafnium.






Table 2. Stability constants of sulphate complexes of zirconium and hafnium.





	Stability Constant
	Zr
	Hf





	β1
	466
	130



	β2
	3.48 × 103
	2.1 × 103



	β3
	3.92 × 106
	3.02 × 106
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Table 3. Composition of Nb precipitate.






Table 3. Composition of Nb precipitate.





	Element
	Nb
	Zr
	Hf
	Al
	Fe





	Content (wt%)
	40.1
	1.1
	<0.1
	3.7
	5.7
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Table 4. Chemical composition of calcium sulfate precipitate.






Table 4. Chemical composition of calcium sulfate precipitate.





	Element
	Zr
	Hf
	Nb
	Al
	Fe
	O
	S
	Ca





	Content (wt%)
	0.11
	0.05
	0.08
	0.09
	0.10
	55.7
	19.10
	23.26
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Table 5. Chemical composition of the basic zirconium sulfate precipitate.






Table 5. Chemical composition of the basic zirconium sulfate precipitate.





	Element
	Zr
	Hf
	Nb
	Al
	Fe
	Si
	S
	Ca





	Content (wt%)
	33.77
	0.59
	0.13
	0.33
	0.11
	0.05
	10.30
	6.28
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Table 6. Chemical composition of ZrO2 prepared from the basic zirconium sulfate precipitate.






Table 6. Chemical composition of ZrO2 prepared from the basic zirconium sulfate precipitate.





	Composition
	ZrO2
	HfO2
	Al2O3
	Fe2O3
	SiO2
	CaO
	Na2O
	MgO





	Content (wt%)
	97.22
	1.88
	0.4
	0.1
	0.03
	0.2
	0.05
	<0.01
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