ASSESSING CYANEX 272 and BINARY EXTRACTANTS for the SEPARATION of PRASEODYMIUM and NEODYMIUM in EXTRACTION of ESKİŞEHİR – BEYLİKOVA RARE EARTH ORES
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[bookmark: Abstract]Abstract
Rare earth elements (REEs) are essential in various industrial applications due to their high magnetic susceptibility, low density, and thermal stability. Praseodymium is used in producing yellow pigments for glass and ceramics, while Neodymium is crucial in producing powerful permanent magnets and laser applications. Technological advancements have driven the demand for Pr and Nd and increased the need for a reliable supply chain. The primary sources of Pr and Nd are minerals like monazite, bastnasite, and xenotime, which require complex separation processes due to their mixed contents. The main secondary sources include electronic waste, particularly from permanent magnets. 
The difficulty in the extraction of REEs lies in their closely related chemical and physical properties. Solvent extraction (SX), based on differences in ionic radii, is a widely used method for REE separation in industrial applications. Nevertheless, the similarity in Pr and Nd ionic radius complicates their separation compared to other REEs. This research examined the effectiveness of Cyanex 272 in the SX process for separating Pr and Nd, as well as its potential for improvement through the use of binary extractant combinations viz. Cyanex 572, Cyanex 801, Cyanex 923, as well as DEHPA. 
The synthetically prepared aqueous solution was composed of 400 ppm Pr and 800 ppm Nd. The extraction efficiency and selectivity were determined by using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).  
The findings revealed that the loading efficiencies for Pr and Nd varied with the concentration of Cyanex 272, namely Pr loading efficiencies ranging from 5.5% to 24.4%, and Nd from 6.7% to 31.3%. Notably, binary extractant experiments indicated that mixtures incorporating Cyanex 272 with DEHPA, Cyanex 572, and Cyanex 801 exhibited enhanced extraction efficiencies compared with the sole Cyanex 272. On the other hand, the combination of Cyanex 272 and Cyanex 923 resulted in a diminished extraction efficiency. These obtained outcomes could potentially adapt to the development of domestic technology for the extraction of REEs from the Eskişehir Beylikova REE Ores.


1. [bookmark: 1._Introduction]Introduction
Rare Earth Elements (REEs) are a suite of seventeen metallic elements that are pivotal to the advancement of modern technology due to their unique electronic, optical, and magnetic properties [1]. Among these, praseodymium (Pr) and neodymium (Nd) are particularly invaluable, seeing exponentially rising demand in various high-tech applications. Praseodymium is essential in crafting high-quality yellow pigments for ceramics and glass and also serves as a vital alloying agent to create high-strength metals. Neodymium, on the other hand, is a critical component in producing high-performance permanent magnets integral to the operation of electric motors, wind turbines, and hard disk drives. Furthermore, its use in laser technology underscores the breadth of its influence across different technological spheres.
Even though Pr and Nd are relatively plentiful within the Earth's crust, their geochemical affinity typically leads to their co-occurrence in mineral deposits, presenting significant challenges in their extraction and purification. Primary sources of these elements are mineral ores such as monazite, bastnasite, and xenotime, which contain a mixture of various rare earth elements (REEs) in different proportions [1]. 
The separation of praseodymium and neodymium represents a considerable technical challenge due to their chemical similarity. The fine-tuning of process parameters to optimize selectivity and yield for Pr and Nd remains an area rich for exploration [2]. Recognizing these challenges, there is a continuous drive-in research to innovate and refine extraction and separation technologies, ensuring a more efficient recovery of these critical materials, and developing techniques that are both scalable and economically viable in the context of global rare earths supply chains.

2. [bookmark: 2._Experimental_Procedure]Experimental Procedure
The methodology presented herein lays the foundation for the experimental exploration aimed at assessing the extraction capabilities of Cyanex 272, in concert with other binary extractants, for the selective separation of Pr and Nd from rare earth-bearing minerals. The study harnesses the particular geochemical profile of the Eskişehir - Beylikova rare earth ores as a plausible case study due to their notable concentrations of these elements. Beylikova ore deposits, promising in terms of their rich rare earth content and the potential for scalable exploitation.
Cyanex 272, known chemically as bis(2,4,4-trimethylpentyl) phosphinic acid, has emerged as a prominent extractant in the separation of rare earth elements (REEs) due to its unique selectivity and uptake capacity for metals in acidic solutions. With a remarkable affinity for heavy REEs, Cyanex 272 creates an avenue for the differential separation of REEs. Emboldened by the promising performance of Cyanex 272, researchers have charted the realm of binary extractant systems—synergistic mixtures comprising Cyanex 272 and auxiliary extractants like di(2-ethylhexyl) phosphoric acid (DEHPA). These formulations aspire to improve extraction kinetics, enhance separation factors, and optimize overall process efficiency.
The aqueous phase was prepared with the utmost precision. To initiate the extraction process, neodymium oxide (Nd2O3) and praseodymium oxide (Pr6O11) were meticulously dissolved in concentrated hydrochloric acid (HCl) medium, to ensure the complete solubility of these metal oxides and the consequent formation of their metal chloride solutions. The resulting medium, characterized by a high degree of acidity, demanded judicious neutralization. This was accomplished by incremental addition of an ammonia solution to attenuate the pH of the solution to an industrially relevant and operationally advantageous level of 3. The strategic selection of this pH value lies at the core of maximizing the extraction efficiencies and preventing the undesirable precipitation of metal hydroxides. The concentrations of Pr and Nd ions were finely adjusted to 400 ppm and 800 ppm, respectively.

2.1. Binary Extractant Preparation
The primary aim of this research is to investigate  the efficacy of mixtures of Cyanex 272 and other extractants—namely DEHPA, Cyanex 572, Cyanex 801, and Cyanex 923—for the separation of Pr and Nd. The study endeavors to scrutinize the extraction efficiency and separation coefficients of such extraction processes.
The general chemical reaction of solvent extraction is given by Eq.1 and the extraction efficiency, distribution coefficient and distribution factor are given in Eq.2, Eq.3 and Eq.4, respectively. 








where M3+ is the trivalent rare earth metal ion in aqueous phase, RH is the extractant in the organic phase, MR3 is the organometallic complex after the reaction, H+ represents the hydronium ion. %E represents the extraction efficiency; D is the distribution coefficient and β is the separation factor.
To investigate the effects of auxiliary extractants on the solvent extraction process. A series of experiments were performed. First, the Cyanex 272 concentrations were prepared as 0.2%–2%–20%. All the chosen Cyanex 272 concentrations were mixed with 0.2%–2%–20% additional extractants. The resulting extractant mixtures are presented in Table 1.
Table 1. Binary Extractant Mixtures Used in Experiments
	
	
	DEHPA
 (%)
	Cyanex 572 (%)
	Cyanex 801 (%)
	Cyanex 923 (%)

	Cyanex272 (%)
	
	0.1
	1
	10
	0.1
	1
	10
	0.1
	1
	10
	0.1
	1
	10

	
	0.1
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	1
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	10
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x


3. Results and Discussion
3.1. 0.1% Cyanex 272 Binary Extractants
Extraction Efficiencies  
The addition of D2EHPA (di-2-ethylhexyl phosphoric acid) at a 1% concentration resulted in an extraction efficiency of 50%, while a 10% concentration of D2EHPA achieved an extraction efficiency of 99.99%. This demonstrates the effectiveness of D2EHPA as an extractant in this binary system. The addition of Cyanex 801 and Cyanex 572 also showed an increase in extraction efficiencies, although the values were lower than those observed with D2EHPA. The addition of Cyanex 923 was effective up to 15%, but it is not considered an economically viable extractant for this application.  


Figure 1. Extraction efficiencies of 0.1% Cyanex 272 binary extractant mixtures 
Separation factors

The separation factors for neodymium (Nd) and praseodymium (Pr) are presented in Figure 2. The addition of 1% D2EHPA resulted in an increase in the separation factor up to 1.4, but a decrease was observed when the D2EHPA concentration was increased to 10%. This suggests that the selectivity of D2EHPA is not optimal for the separation of Nd and Pr. The addition of Cyanex 572 had no effect on the separation factor, which remained at a value of 1.2. The addition of Cyanex 801 showed an increase in the separation factor up to 1.5, which was the highest value observed in the 0.1 M Cyanex 272 binary mixtures. The addition of Cyanex 923 resulted in a decrease in the separation factor to less than 1 at both 0.1% and 1% concentrations. This indicates that the order of extraction changes with the addition of Cyanex 923, suggesting that the extraction reaction and mechanism may be altered.

Figure 2. Separation factors of 0.1% Cyanex 272 binary extractant mixtures 
3.2. 1% Cyanex 272 Binary Extractants
Extraction Efficiencies  
The results obtained with a 1% Cyanex 272 concentration exhibit similar trends in extraction efficiencies and separation factors to those observed with 0.1% Cyanex 272. The addition of D2EHPA at 1% concentration led to an extraction efficiency of 50% and a significant increase to 99.99% at a 10% concentration, indicating the strong extraction capabilities of D2EHPA in this binary system. Similarly, the addition of Cyanex 801 and Cyanex 572 resulted in improved extraction efficiencies, although still lower than those achieved with D2EHPA. On the other hand, the addition of Cyanex 923 showed an antagonistic effect and decreased the extraction efficiency to 3%. This is also an important observation for the understanding of extraction efficiency. The extractants not only show an interaction between metallic ions but also show an interaction between each other. 


Figure 3. Extraction efficiencies of 1% Cyanex 272 binary extractant mixtures
Separation factors
In terms of separation factors, the addition of 1% D2EHPA led to an increase in the separation factor up to 1.5, consistent with the observations at 1% concentration. However, a decrease in the separation factor was noted with a higher 10% D2EHPA concentration, indicating a shift in selectivity that may not be ideal for the separation of Nd and Pr. Cyanex 572 maintained a separation factor of 1.5, showing no significant impact on the separation efficiency. Notably, the addition of Cyanex 801 at 1% concentration resulted in a maximum separation factor of 1.6, mirroring the findings at 0.1% Cyanex 272. Conversely, the addition of Cyanex 923 at 1% concentration led to a decrease in the separation factor below 1, suggesting a change in the order of the extraction and potential alterations in the extraction mechanism which was also observed in the 0.1% Cyanex 272 mixture.


Figure 4. Separation factors of 1% Cyanex 272 binary extractant mixtures
3.3. 10% Cyanex 272 Binary Extractants
Extraction Efficiencies  
The results obtained with a 10% Cyanex 272 concentration exhibit similar trends in extraction efficiencies and separation factors as observed with the 0.1% and 1% Cyanex 272 concentration
The addition of D2EHPA at a 1% concentration led to an extraction efficiency of 50% for both neodymium (Nd) and praseodymium (Pr), consistent with the findings at the lower Cyanex 272 concentrations. Notably, the extraction efficiency increased significantly to 99.99% when the D2EHPA concentration was raised to 10%. This remarkable enhancement in extraction efficiency underscores the potency of D2EHPA as an extractant. Similar to the previous observations, the addition of Cyanex 801 and Cyanex 572 also resulted in improved extraction efficiencies, although the values were still lower than those achieved with D2EHPA. The addition of Cyanex 923 showed a controversial effect in this situation. The extraction efficiency was decreased with the increased concentration of Cyanex 923. This also showed that the interactions between Cyanex 272 and Cyanex 923 caused the decrease in extraction rate. 


Figure 5. Extraction efficiencies of 10% Cyanex 272 binary extractant mixtures 
Separation factors
Regarding the separation factors, the addition of  D2EHPA led to an increase in the separation factor up to 1.5, consistent with the findings at 0.1% and 1% Cyanex 272 concentrations. However, a decrease in the separation factor was observed when the D2EHPA concentration was increased to 10%, indicating a shift in selectivity that may not be optimal for the separation of Nd and Pr. The addition of Cyanex 572 maintained a separation factor of 1.5. Interestingly, the addition of Cyanex 801 at 10% Cyanex 272 concentration resulted in a maximum separation factor of 1.6, mirroring the observations at the lower Cyanex 272 concentrations.
The consistent trends observed across the different Cyanex 272 concentrations (0.1%, 1%, and 10%) highlight the robustness and reliability of the experimental results. The variations in extraction efficiencies and separation factors with different extractants emphasize the importance of optimizing the extractant composition for efficient rare earth element extraction and separation processes. Further investigations could focus on fine-tuning the extractant combinations and concentrations to enhance extraction efficiencies and selectivity for practical applications in rare earth element recovery.


Figure 6. Separation factors of 10% Cyanex 272 binary extractant mixtures
[bookmark: 4._Conclusion]4. Conclusion
In this study, the solvent extraction of Nd  and Pr using Cyanex 272 at varying concentrations and in conjunction with four different extractants was thoroughly investigated. The results revealed that the addition of extractants notably improved the extraction efficiency of both Nd and Pr, particularly evident at lower Cyanex 272 concentrations. The type and concentration of extractants used were found to influence the order of extraction efficiency. These findings hold substantial implications for advancing the development of efficient and cost-effective methods for extracting rare earth elements. Future research endeavors will be directed towards refining extraction conditions, optimizing the process, and investigating opportunities for industrial-scale implementation of these extraction methodologies.
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