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Abstract

:

The rapid depletion of high-grade rare earth elements (REE) resources implies that future supplies may be augmented with low-grade ores, tailings, and other unconventional resources to meet cut-off grades and, subsequently, supply demands. This paper presents an amalgamation of studies conducted on selected complex low-grade iron-oxide-silicate-rich tailings, with the overall aim of developing efficacious methods and associated process mineralogy characterization for enhanced REE minerals recovery and upgrade. To this end, a summary of the overarching key results from froth flotation, magnetic separation, and gravity separation studies of the tailings and their implications are presented in this review. Reconciliation of all the findings reveals lucid links between feed ore properties, mainly mineralogy and particle size distribution, as the key influential factors that affect the beneficiation of real complex low-grade tailings, although distinct differences in physicochemical properties of the valuable and gangue minerals may exist. It is clearly established that the unliberated association between REE and gangue minerals within the ore can lead to either synergistic or antagonistic effects on the quality of concentrates produced. Furthermore, the limitations presented by the poorly liberated minerals are exacerbated by their “fine” nature. With appreciable recoveries obtained using such readily available conventional separation methods, the tailings provide additional REE value to the primary commodities; hence, such material could be considered a potential resource for REE beneficiation. The learnings from the respective beneficiation studies are significantly important as they provide the knowledge base and greater understanding of the mineralogical characteristics and beneficiation response of REE minerals in typical complex, low-grade tailings.
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1. Introduction


The criticality of rare earth elements (REE) supply as a result of their growing market demand and limited reserves has necessitated increased global attention. China has, over the years, dominated the production and supply of REE, accounting for not less than 80% of the global REE demand [1,2,3,4,5]. Over the years, China has been faced with the difficulty of sustaining the global REE demand due to its ever-increasing local demand and mining-related issues, including illegal mining and environmental destruction. This has highlighted the crucial need for the rest of the world to develop their REE resources into new, economically competitive industries. The establishment of new projects in other countries has been forecasted to contribute significantly to the global demand and supply. However, the rapid depletion of high-grade REE ores suggests that low-grade ores, landfills, mining tailings, and other unconventional resources such as permanent magnets, electronic wastes, and fluorescent lamps may be exploited to meet cut-off grades and subsequently supply demands [6,7,8].



The ever-growing demand for materials and energy resources has given rise to a significant build-up of natural resources in waste deposits. The accumulation of such massive quantities of industrial, metallurgical, and mining waste could result in the geological storage of a significant quantity of valuable resources such as metals, minerals, and energy or biomass [9,10,11,12]. It is paramount that such wastes are exploited for their valuable contents through cost-effective and eco-friendly means. For example, valuable metals/minerals such as gold, copper, cobalt, iron, and lead may be recovered from tailings generated over a mine life [9,13,14,15,16].



Typically, REE-bearing minerals occur in complex association with primary commodities and gangue minerals in low-grade values; hence, they are mostly lost to the tailings during processing. Where REE minerals occur in high-grade values, historic processing methods have been reported to be ineffective, resulting in a large amount of REE minerals lost to the tailings [7,17,18]. The volume of tailings generated over a mining period increases significantly, with a corresponding increase in the amount REE lost to the tailings. In some instances, the amount of REE accumulated over time in the tailings becomes almost identical to an in situ REE deposit.



A typical example is the waste generated at the Mount Pass mine (USA), where about 3–5% REE is locked in the mining tailings. Furthermore, over 53 Mt REE has been accumulated from the extraction of copper, gold, and uranium in South Australian ores [6,19,20]. According to Zhang et al. [21], a significant proportion of REE in the Bayan Obo ore deposit (China) is lost to tailings as a result of ineffective methods used in recovering them. Binnemans et al. [18] also pointed out that the inefficient processing of a monazite-rich ore at the Rhodia Solvay processing plant located at La Rochelle (France) has resulted in the build-up of a significant amount of REE-rich tailings.



Elsewhere, studies conducted on waste and tailings piles generated at the Pea Ridge iron ore mine by Grauch et al. [22] suggested elevated concentrations of REE. The results obtained by Grauch et al. [22] were in agreement with an earlier study conducted by Vierrether and Cornell [23], where significant concentrations of REE, including samarium (Sm), neodymium (Nd), and dysprosium (Dy), were reported in the Pea Ridge tailings. The work of Vierrether and Cornell [23] identified that the REE were mineralized as apatite, monazite, xenotime, and britholite. Based on the data obtained from the characterization and separation studies, Vierrether and Cornell [23] proposed that the tailings at Pea Ridge iron ore mine could be considered for REE beneficiation.




2. Review Objectives


Binnemans et al. [18] outlined a three-fold approach to tackle REE supply challenges. The first component of this approach is to substitute critical REE with less critical metals. The second strategy is to invest in sustainable primary mining from old or new REE deposits, and the last one being investment in technospheric mining. With the growing interest in exploiting waste repositories as one of the key strategies in meeting the global REE demand, the beneficiation of REE minerals from tailings is receiving increased attention. This review paper gives a one-stop overview of REE recovery from iron-oxide-silicate-rich tailings within a conceptual framework that seeks to:




	(i)

	
Explain the rationale for reprocessing tailings for their REE content;




	(ii)

	
Reconcile and discuss all the key findings emerging from the comprehensive fundamental investigations carried out on complex low-grade tailings;




	(iii)

	
Summarize the response of valuable REE and gangue minerals in the real plant tailings during froth flotation, magnetic, and gravity separation methods;




	(iv)

	
Discuss the identified challenges and opportunities in the use of tailings as a secondary resource for REE minerals beneficiation.









Though the results from the various tests may not be generalized across all REE ores, this paper could serve as reference material for assessing potential beneficiation strategies prudent for the recovery and upgrade of REE minerals, as there is limited knowledge in the literature focused on REE minerals beneficiation from complex low-grade iron-oxide-silicate-rich tailings. Typically, most REE minerals may be contained in silicates or iron oxide ores, respectively. It is rare to encounter studies involving ores containing a mixture of both phases in almost similar proportion, occupying more than 80% (iron oxides + silicates) mass of the ore. To this effect, this review will highlight the application of the new knowledge and findings garnered in designing effective ore-specific beneficiation methods for enhanced REE minerals recovery and upgrade from selected iron-oxide-silicate-rich tailings and other secondary resources of similar mineralogical composition.




3. Beneficiation Studies


This review provides a summary of the overarching key results and their implications, together with the key findings and the links between each of the already published research articles by the authors. The primary objective of the project was to develop efficacious methods and associated process mineralogy characterization for enhanced REE minerals recovery and upgrade from tailings of complex mineralogy.



3.1. Rationale


There are several economic and environmental benefits associated with the extraction of elements, metals, or minerals from the technosphere or mining tailings. Efficient and successful recovery of commodities from such materials will present possible solutions to ongoing global fears about the long-term availability and sustainability of mineral resources, especially for REE and other critical minerals. This is because the recovery of commodities from tailings contributes significantly to materials recycling and recirculation, with its associated benefits, especially where global leaders aim toward a green economy [24,25]. Although it is well reported that secondary resources such as tailings contain low and anomalous REE content, massive quantities of waste repositories are generated over time; hence, the total REE content consequently increases. The treatment of such tailings for their REE content could present a huge economic boost and enhance diversification of REE resources, which in turn minimizes issues of REE market, prices, and export monopoly [18].



Processing of tailings has been identified to have significant environmental benefits [26,27]. In principle, tailings have been tagged as key pollutants and are associated with different risk levels, thus requiring a high level of monitoring and remediation strategies [28,29,30,31]. To this end, successful REE recovery from tailings repositories and other historic storage facilities provides an additional economic advantage compared to other operations that may be solely established for primary commodities or REE beneficiation [27]. Further to this, some researchers have identified simple conventional techniques that could be easily installed to process such historic tailings [27,32,33]. Notwithstanding, there are also studies being carried out by researchers to assess economically viable novel processes that could be considered in ongoing efforts to recover REE minerals [34]. It is worth noting that the extent of the economic advantage may vary as this depends on the quality of concentrate generated from such tailings. REE preconcentrates produced as a by-product may be sold to REE extraction operations for further hydrometallurgical or pyrometallurgical treatments.



Also, tailings have a particle size range, which is ideal for various beneficiation methods. This is desirable compared to the processing of fresh in situ ores, which would normally require detailed comminution and classification processes to attain a suitable particle size range for subsequent beneficiation. Comminution, which is the progressive disintegration of ore using crushers and grinding mills, has been reported to consume more than half of processing and operating costs [35,36,37,38].




3.2. Physicochemical and Mineralogical Characteristics of the Tailings


In an attempt to recover REE minerals, there are some key questions that need to be addressed before significant progress can be made.



	
What are the REE-bearing minerals in the tailings?



	
What are the gangue minerals present in the tailings, and what are their physical and chemical characteristics?



	
What REE–gangue mineralization and associations are present in the tailings?






Answers to these questions play a crucial role in developing cost-effective methods for recovering REE minerals. Comprehensive physicochemical and mineralogical analyses of the tailings were carried out using conventional characterization tools. Inductively coupled plasma mass spectrometry (ICP-MS) analysis was conducted on representative samples to identify the distribution of elemental species to foster mineral phase identification via quantitative X-ray diffraction (QXRD, Panalytical Empyrean XRD, Malvern Panalytical, Australia) and quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN, QEMSCAN 430, Zeiss Australia, Australia). Particle size analysis via laser diffractometer indicated that the material is polydispersed, with particles ranging from 0.2 to 720 μm. The bulk chemistry data indicated that the tailings contained 1.07% total rare earth oxides (TREO), 26.2% Fe, and 18.6% Si (Table 1).



Mineralogical analysis data presented in Table 2 confirmed that the tailings are complex and principally consisted of iron oxides (hematite–magnetite associations, goethite–limonite associations) and silicate (typically quartz, muscovite, and annite, illite, and feldspar) minerals. Of key interest to the investigation, the data obtained also suggested that there was a rather low (1.11 wt.%) but important concentration of REE in the tailings mineralized as bastnäsite, monazite, florencite, and other minor REE phases. Specifically, hematite and quartz were identified as the dominant iron oxide and silicate minerals, respectively. With hematite and quartz identified as the major gangue minerals, a key challenge in processing the tailings for their REE content is the selective removal of iron oxides and silicates, which have been shown to host the REE minerals.



In addition, the QEMSCAN investigation revealed that the REE minerals were fine-grained (average 4.5 μm) and disseminated among both the major and minor gangue minerals. Liberation and locking statistics data from the QEMSCAN analysis showed that only <5% of bastnäsite mineral particles were completely liberated. The remaining REE minerals formed complex middling composite particles with the gangue minerals. These observations suggested major beneficiation challenges.




3.3. Froth Flotation


To mimic a typical complex, low-grade REE-bearing iron-oxide-silicate-rich tailings, low-grade mixtures (0.83% TREO grade) were tested with the fatty acids (oleic acid and sodium oleate) and hydroxamic acid in the absence and presence of sodium silicate and starch as depressants [6]. Both depressants were effective in selectively decreasing the recoveries of both hematite and quartz. Based on the outcome of the model minerals mixture studies, sodium oleate and hydroxamic acid were selected as suitable collectors for recovering and upgrading REE minerals in the tailings.



In the flotation studies, the relative effects of pulp pH, collector type and dosage, and depressants dosage on the recovery and upgrade of REE minerals were investigated. The results showed that the flotation recovery of REE minerals from the tailings was pulp pH-dependent, with pH 9 identified as most suitable for recovering REE minerals with both collectors (sodium oleate and hydroxamic acid) [1]. As expected, REE and gangue minerals recoveries increased with increasing sodium oleate and hydroxamic acid dosage, respectively. This led to a corresponding decrease in REE upgrade in the respective flotation concentrates. In an attempt to achieve selective REE recovery, two different multistage flotation methods (Figure 1) were considered, where sodium oleate was used in the first method (A) whereas hydroxamic acid was used in the second (B), in the presence of the sodium silicate and starch as depressants. Table 3 summarizes the results obtained from the two processes. The test results demonstrated that the flotation performance of the collectors was improved by depressing the gangue minerals and subsequent cleaning/scavenging of the concentrates [1].



Mineralogical characterization results of the final concentrate from Flowsheet A in Figure 2 revealed that iron oxides and silicates made up the bulk of the flotation concentrate, suggesting entrainment and incomplete liberation instigated the low TREO upgrade, although high recoveries were obtained. Indeed, QEMSCAN analysis conducted on the flotation concentrate confirmed that the REE minerals were fine-grained and in unliberated associations with the gangue minerals (Figure 3). The flotation studies on the tailings produced some important findings; paramount among them was that preconcentration methods (such as gravity separation and magnetic separation) could be investigated prior to froth flotation to remove a significant amount of barren gangue minerals. This has profound advantages, including enhancing REE minerals selectivity and reducing reagents consumption during flotation and leaching processes [32,39,40].




3.4. Gravity Separation


Although froth flotation demonstrated promising results in the recovery of REE minerals (typically bastnäsite, monazite, and florencite), generally, poor upgrades were observed. Mineralogical analysis of the flotation concentrates confirmed the upgrade of REE minerals, with iron oxides and silicate minerals occupying the bulk of the concentrates, although depressants were used. It was suggested that physical preconcentration methods could be exploited to ascertain the feasibility of rejecting some iron oxides and silicates prior to froth flotation separation.



Physical preconcentration methods (including gravity, magnetic, and electrostatic) are employed mainly to reject a significant amount of gangue minerals to provide comparatively higher feed grade and lower throughput to subsequent processes [39,41]. To this end, the technical feasibility of exploiting the differences in the specific gravities of valuable minerals in the tailings to produce REE minerals preconcentrates was investigated. A study was thus conducted to compare the performance of a conventional (Wilfley shaking table) and advanced gravity concentration (Knelson Concentrator (KC)) processes to identify opportunities and challenges associated with REE minerals recovery from the tailings [42].



Typically, REE minerals were expected to report into the gravity preconcentrates along with the iron oxides, as both groups of minerals have a similar range of specific gravities (4–6), while the silicates (specific gravities <3.5) were expected to make up the bulk of the gravity tailings. QEMSCAN data on both KC and tabling concentrates suggested that both units could produce a split between the light and heavy minerals. However, the shaking table was superior in terms of selectivity, achieving an overall REE and iron oxide minerals upgrade ratios of 3.33 and 1.80, respectively, at 29% REE recovery compared with 1.57 and 1.22, respectively, at 59% REE recovery when the KC was used. Figure 4 compares the mineral mass abundance of REE and gangue minerals in the respective concentrates obtained from the gravity concentration processes. Mineralogical analysis of the concentrates revealed that gravity concentration processes upgraded both bastnäsite and monazite. The shaking table effectively rejected the silicate gangue minerals even though they were generally unliberated. In addition, tests conducted on different size fractions of the tailings revealed that particle size distribution had a significant impact on the performance of both the KC and shaking table, with their performances deteriorating with decreasing ore particle size.



A major observation made during the gravity separation processes was that up to 58% of iron oxides reported to the tabling tailings, and about 65% of silicate minerals misreported to the KC concentrates. This was an indication that mineralogical characteristics, including minerals liberation and association, have a significant impact on gravity separation, even when distinct differences in specific gravities exist [42]. Furthermore, it was deduced from this study that the sole reliance on the concentration criterion to predict the feasibility of separation may be misleading. A major limitation identified with the conventional concentration criterion expression was that it did not consider the liberation and association characteristics of minerals, which may result in improper prediction of separation feasibility [42]. A modified concentration criterion that considers the liberation and association characteristics of minerals was proposed [42]. Indeed, with the depletion of easy-to-process ores, the modified concentration criterion will be a more helpful tool in predicting the feasibility of gravity concentration of complex low-grade ores. This criterion could also provide an idea of the extent of comminution required to attain an optimum/desired level of mineral liberation for enhanced separation [42].



Overall, the study indicated that the performance of both gravity separation units was significantly affected by the mineralogical characteristics and particle size distribution of the tailings. Essentially, tabling was identified as the preferred gravity preconcentration method due to its better selectivity. However, desliming of the tailings to remove < 38 μm is crucial to achieving any selective split between the light and heavy minerals via tabling. Furthermore, the investigation also demonstrated that the differences in the specific gravities of the valuable minerals could be exploited to some extent to preconcentrate REE minerals. However, the efficiency of the process is limited by mineralogical characteristics and particle size distribution [42].




3.5. Magnetic Separation


In cognizance of the advantages attributed to magnetic separation in REE minerals beneficiation, the promising outcome during the magnetic separation of mixed minerals [43], and there being no reported data on the use of magnetic separation in the beneficiation of the tailings, magnetic separation was tested as a potential preconcentration method for REE minerals recovery. A wet high-intensity magnetic separator (WHIMS) was selected to remove iron oxides at low magnetic field intensities while concentrating the REE minerals at higher magnetic field intensities, with the silicates reporting into the nonmagnetic tailings [44]. Test parameters and procedures from a previous work by Abaka-Wood et al. [43] were modified and employed during the magnetic separation tests, where the applied magnetic field intensity was varied from 0.11 T to 2 T.



The experimental data from this study revealed that as the magnetic field intensity was increased, more magnetic particles, including the weakly magnetic particles (REE and some silicate minerals), reported to the concentrate along with the iron oxides, as depicted in Figure 5. The results suggested that the iron oxides could be selectively concentrated at 0.11 T, even though they were poorly liberated. However, separation selectivity was compromised when higher magnetic field intensities were tested (>0.56 T).



Subsequently, a multistage magnetic process (Figure 6) was developed to selectively reject iron oxides and to preconcentrate the REE minerals for subsequent froth flotation recovery and upgrade. The process was successful by selectively removing 25% iron oxides at Fe grade of 55.6% and 8% TREO assaying a grade of 0.68% at 0.11 T. Subsequently, the REE minerals were split between the high intensity (1.74 T) concentrate and the corresponding nonmagnetic tailings. It was also observed that up to 60% of iron oxides assaying 39% Fe and about 29% of silicate minerals reported to the high-intensity concentrate along with the REE minerals (51% recovery at 1.25% TREO grade) because of insufficient liberation, their ferro-/paramagnetic nature (i.e., iron oxides and muscovite, respectively), and entrainment recovery of silicate minerals. Overall, two magnetic REE ‘rich’ products (high-intensity magnetic concentrate and nonmagnetic tails) for subsequent processing by froth flotation were produced.



QXRD analysis on the low-intensity concentrate (FMC) showed that hematite (70%) occupied the bulk fraction of the concentrate, with no REE minerals detected. QEMSCAN analysis conducted on the high-intensity preconcentrate (PMC) revealed an overall REE and iron oxide minerals upgrade ratios of 1.82 and 1.37, respectively, compared with 1.36 and 0.14, respectively, in the nonmagnetic tailings (Figure 7). The results corroborate with the varying magnetic properties of REE minerals, where bastnäsite, monazite, pyrochlore, and xenotime are known to be paramagnetic, whereas florencite, perovskite, zircon are examples of diamagnetic REE-bearing minerals [17]. As expected, the multistage separation process concentrated the silicate minerals in the nonmagnetic tailings. Overall, the study indicated that the differences in magnetic properties of the minerals in the tailings can be exploited to preconcentrate REE minerals for subsequent processing.




3.6. Flotation of Magnetic Separation Products


Owing to the successes associated with the combination of magnetic and froth flotation separation in the beneficiation of differing REE ores [32,45,46,47], a decision was made to subject the magnetic preconcentrates to froth flotation separation [48]. The feasibility of further recovering and upgrading REE minerals in the magnetic preconcentrates and nonmagnetic tailings was carried out using the reagents schemes from previous studies by Abaka-Wood et al. [1]. Specifically, the performances of sodium oleate and hydroxamic acid were compared in the presence of sodium silicate and starch.



QEMSCAN analysis conducted on the final concentrates from a three-stage hydroxamic acid flotation cleaning of the magnetic preconcentrates (PMC) and nonmagnetic tailings presented variable outputs as shown in Figure 8 and Figure 9. The bulk of flotation concentrates from the high magnetic intensity concentrate was occupied by iron oxides, where 40% REE minerals recovery at ~1.1 upgrade ratio was obtained. On the other hand, comparatively lower REE minerals recovery (32%) at a higher upgrade ratio (1.84) was observed for flotation tests conducted on the nonmagnetic tailings.




3.7. REE Minerals Grade–Recovery Relationship


Figure 10 illustrates the grade–recovery relationship in selected separation products obtained from the various beneficiation tests. The best concentrate grade (3.7%) was obtained during the tabling process, where REE minerals recovery (29%) was the lowest. The corresponding silicate content in the tabling concentrate was significantly low; however, the high iron oxide content (Table 4) is undesirable. On the other hand, where REE minerals recoveries were higher (≥30%), the corresponding concentrate grades were comparatively lower. In terms of recovery, the best result was achieved during the multistage flotation process in the presence of hydroxamic acid and depressants, but a number of challenges have been identified with the process. For example, hydroxamates are expensive and characterized by a high consumption rate. Furthermore, the high silicate content (62.13%) in the flotation concentrate would need to be reduced, possibly by introducing a desliming stage, to remove fine/ultrafine silicates, which are easily recovered via entrainment. In addition, regrinding of the feed or selected flotation products to promote REE–gangue minerals liberation may be considered.



Notably, flotation of magnetic separation products enhanced REE concentrate upgrade (PMC = 2.02%–2.14% and NMT = 1.51%–2.78%), where an average of 20% REE minerals was lost to the tailings during the processes. It may be preempted that any attempt to further clean the tabling concentrates by flotation may improve the concentrate grade but at the expense of recovery. In effect, for this kind of material, there ought to be a trade-off between grade and recovery, where the preference will be determined by the downstream processes and their economics. The results from these studies are encouraging and potentially significant in view of the gigantic REE-bearing tailings generated from the processing of primary commodities. It is worth noting that such tailings are expected to yield variable processing responses as dictated by their mineralogy and particle size distribution.





4. Discussion


4.1. Identified Challenges and Limitations


The primary aim of the various beneficiation processes was to assess the technical feasibility of producing rich REE preconcentrates for subsequent hydrometallurgical or pyrometallurgical processes. The parallel aim of selectively rejecting significant fractions of key gangue minerals, namely silicates and iron oxides, was assessed. Some specific gains were achieved in all the tests conducted, which are mainly characterized by high REE recoveries and appreciable upgrade ratios. However, some challenges and limitations were encountered, which serve as motivation for further studies to be carried out to enhance our understanding of the processing behavior and opportunities associated with tailings as a secondary resource for REE beneficiation.



For instance, in the flotation studies [1], although high REE recoveries were achieved with both sodium oleate and hydroxamic acid, the extents of the upgrade were generally low. A key factor responsible for this observation is ore particle size distribution. Detailed particle size analysis via wet screening and laser diffraction method revealed that close to 70% of the total feed mass was finer than 40 µm. It has been well documented in the literature that ore particles finer than 50 µm promote gangue minerals recovery by mechanical entrainment [49,50,51,52]. Recovery by entrainment is characterized by poor flotation selectivity, usually with high gangue minerals recovery, as demonstrated in previous studies [1,48,53,54,55].



The deleterious effect of particle size distribution was also observed during magnetic separation, where an increase in magnetic field intensity up to 2 T was not enough to recover fine-grained paramagnetic iron oxides and REE minerals. This was attributed to the dominance of hydrodynamic drag force, which is unselective, thus misplacing fine iron oxides and REE minerals into the nonmagnetic fraction [44]. In wet magnetic separation, fine magnetic (paramagnetic or ferromagnetic) particles are usually lost to tailings due to the pronounced effect of hydrodynamic drag force [44,56]. This is exacerbated by feed flow and wash water, which may carry away ultrafine iron oxides and REE minerals from the matrix fitted in the WHIMS, as observed in similar investigations carried out on ultrafine wolframite [57,58]. Although magnetic separation was most selective compared to the other beneficiation methods, the fractions of iron oxides and REE minerals, which reported with the nonmagnetic fraction, could have been reduced if the tailings “feed” was not dominated by fine-grained iron oxides and REE minerals particles.



Furthermore, the high content of gangue minerals in the separation (flotation, magnetic, and gravity) concentrates may also be attributed to incomplete REE minerals liberation from the gangue minerals. Strategic basic studies involving single and mixed model minerals performed provided fundamental, benchmarking understanding and knowledge of the feasibility of selectively recovering REE from hematite–quartz mixtures via froth flotation, magnetic and gravity separation methods [6,43,59,60,61]. The particle and mineralogical characteristics of the real tailings were major challenges associated with the recovery and upgrade of REE minerals. The tailings material used in this investigation is a complex ore system with over 40 fine-grained minerals in intimate associations with each other. These characteristics were absent in the model minerals mixtures, which account for some of the differing and, in most cases, significantly lower REE minerals upgrade from the tailings even though high recoveries were obtained.



The unliberated associations between REE silicates and iron oxide silicates within fine-grained particles promoted the flotation recovery of silicate minerals (typically quartz, annite, and illite), which may float poorly in the presence of anionic collectors [62]. Furthermore, the genuine interaction of iron oxides with anionic collectors coupled with their intimate associations with REE minerals limited the potency of depressants in preventing their recoveries. Again, the fine-grained nature and poor liberation between the minerals limited the performance of gravity separation units, although marked differences in specific gravities existed.



Furthermore, similar flotation response, specific gravity, and magnetic properties of REE minerals and iron oxides (typically, hematite and goethite) intensified the separation selectivity challenges. It is expected that when the REE minerals are well liberated, higher REE minerals recovery and upgrade at lower iron oxides and silicate recoveries can be achieved with the flotation, WHIMS, and gravity (KC and shaking table) methods. Overall, the series of beneficiation studies conducted demonstrated that the limitations presented by the poorly liberated REE minerals are exacerbated by their fine-grained nature.




4.2. Future Considerations


With the bulk of the material being fine/ultrafine, it is desirable that further studies will be conducted to ascertain the influential role of desliming on the recovery and upgrade of REE minerals. Furthermore, it is known that magnetic separation and froth flotation performance deteriorates with decreasing particle size distribution; however, it is imperative to carry out diagnostic grind–magnetic separation or diagnostic grind–flotation separation tests on the material to ascertain the effects of ultrafine particle sizes and enhanced mineral liberation on REE minerals recovery and upgrade. Prior to that, grind–mineral liberation relationship should be ascertained to identify any chance of enhancing REE minerals liberation from the gangue minerals. Studies involving magnetization roasting processes should be carried out to assess any chance of enhancing iron oxides rejection prior to REE upgrade. Previous studies by other researchers have demonstrated that magnetization roasting pretreatment has significant positive effects on the magnetic properties of hematite ores. Reduction roasting has been shown to enhance the magnetic susceptibility and magnetism saturation of hematite particles through the conversion of hematite to magnetite [63,64,65,66,67].



The prospect of leaching REE from the tailings may be considered in future studies. This may involve direct leaching (with acids, base, and in some cases water) of the raw tailings “feed”, which may be compared to leaching studies conducted on REE preconcentrates obtained from froth flotation, magnetic separation, and gravity concentration. This will inform stakeholders about the relevance of the various preconcentration processes. For example, previous studies have identified major processing challenges with high iron content in hydrometallurgical (leach) feed [68,69,70]. Elsewhere, leaching has been employed on differing (low and high-grade) resources, with varying outcomes. It is important to note that the selection of lixiviant is ore-specific, with major advances in hydrometallurgical processes paving the way for enhanced REE recovery from unconventional resources with ≤1% TREO [71,72,73,74,75], although this may be associated with co-leaching of gangue minerals, expensive pretreatments, and high reagents consumption [68,76,77]. This suggests that the concentrates generated from this work could be considered for further processing as appreciable fractions of gangue species such as iron oxides and silicates were removed during the preconcentration processes.



Also, the prospect of using modern simulation tools to test different possible combinations of gravity, magnetic separation, and flotation to evaluate and confirm the potentials and limitations of the already tested unit operations and their combinations may be considered in future studies.





5. Summary


A review of various beneficiation studies conducted on low-grade tailings has been presented. There are distinct differences in the beneficiation response of REE and gangue minerals in the tailings. Gravity, wet magnetic, and froth flotation separation methods produced significantly varying REE recoveries and upgrades. Tabling presented a better potential for REE minerals upgrade compared to the KC. However, wet magnetic separation produced two REE “rich” preconcentrates. The two REE preconcentrates were subsequently upgraded via froth flotation. In terms of recovery, the best result was achieved during the multistage flotation process carried out on the tailings “feed” in the presence of hydroxamic acid and depressants. With high recoveries obtained using such readily available conventional separation methods, the tailings provide additional REE value to the primary commodities; hence, such tailings as used in this investigation could be considered a potential resource for REE beneficiation. The opportunity to enhance REE minerals recovery and upgrade through magnetic roasting, desliming flotation, diagnostic grind–magnetic separation, and diagnostic grind–flotation has been proposed for consideration in future studies to obtain a value chain that could serve as hydrometallurgical or pyrometallurgical process feed.







Author Contributions


Writing—review and editing, G.B.A.-W.; supervision, J.A.-M., K.E., and W.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the Australian Government Research Training Program Scholarship and Future Industries Institute of the University of South Australia (Adelaide, Australia).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abaka-Wood, G.B.; Zanin, M.; Addai-Mensah, J.; Skinner, W. The upgrading of rare earth oxides from iron-oxide silicate rich tailings: Flotation performance using sodium oleate and hydroxamic acid as collectors. Adv. Powder Technol. 2018, 29, 3163–3172. [Google Scholar] [CrossRef]

	



Moran-Palacios, H.; Ortega-Fernandez, F.; Lopez-Castaño, R.; Alvarez-Cabal, J.V. The Potential of Iron Ore Tailings as Secondary Deposits of Rare Earths. Appl. Sci. 2019, 9, 2913. [Google Scholar] [CrossRef]

	



Chen, W.; Zhou, F.; Wang, H.; Zhou, S.; Yan, C. The Occurrence States of Rare Earth Elements Bearing Phosphorite Ores and Rare Earth Enrichment Through the Selective Reverse Flotation. Minerals 2019, 9, 698. [Google Scholar] [CrossRef]

	



Ni, S.; Chen, Q.; Gao, Y.; Guo, X.; Sun, X. Recovery of rare earths from industrial wastewater using extraction-precipitation strategy for resource and environmental concerns. Miner. Eng. 2020, 151, 106315. [Google Scholar] [CrossRef]

	



Golev, A.; Scott, M.; Erskine, P.; Ali, S.; Ballantyne, G. Rare earths supply chains: Current status, constraints and opportunities. Resour. Policy 2014, 41, 52–59. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B. Beneficiation of Rare Earth Elements Minerals from Tailings as an Analogue of Complex Low Grade Ores, in Future Indutries Institute. PhD. Thesis, University of South Australia, Adelaide, Australia, 2019. [Google Scholar]

	



Binnemans, K.; Jones, P.T.; Blanpain, B.; Van Gerven, T.; Yang, Y.; Walton, A.; Buchert, M. Recycling of rare earths: A critical review. J. Clean. Prod. 2013, 51, 1–22. [Google Scholar] [CrossRef]

	



Tunsu, C.; Petranikova, M.; Gergorić, M.; Ekberg, C.; Retegan, T. Reclaiming rare earth elements from end-of-life products: A review of the perspectives for urban mining using hydrometallurgical unit operations. Hydrometallurgy 2015, 156, 239–258. [Google Scholar] [CrossRef]

	



Johansson, N.; Krook, J.; Eklund, M.; Berglund, B. An integrated review of concepts and initiatives for mining the technosphere: 533 towards a new taxonomy. J. Clean. Prod. 2013, 55, 35–44. [Google Scholar] [CrossRef]

	



Krook, J.; Baas, L. Getting serious about mining the technosphere: A review of recent landfill mining and urban mining research. J. Clean. Prod. 2013, 55, 1–9. [Google Scholar] [CrossRef]

	



Cossu, R.; Williams, I.D. Urban mining: Concepts, terminology, challenges. Waste Manag. 2015, 45, 1–3. [Google Scholar] [CrossRef]

	



Zeng, X.; Mathews, J.A.; Li, L. Urban mining of e-waste is becoming more cost-effective than virgin mining. Environ. Sci. Technol. 2018, 52, 4835–4841. [Google Scholar] [CrossRef] [PubMed]

	



Bugnosen, E. Country case study on artisanal and small-scale mining: Philippines. Min. Miner. Sustain. Dev. 2001, 83, 1–8. [Google Scholar]

	



Fleming, C.A.; Brown, J.A.; Botha, M. An economic and environmental case for re-processing gold tailings in South Africa. Tech. Bull. 2010, 3, 1–12. [Google Scholar]

	



Lutandula, M.S.; Maloba, B. Recovery of cobalt and copper through reprocessing of tailings from flotation of oxidised ores. J. Environ. Chem. Eng. 2013, 1, 1085–1090. [Google Scholar] [CrossRef]

	



Cheng, T.C.; Kassimi, F.; Zinck, J.M. A holistic approach of green mining innovation in tailings reprocessing and repurposing. In Proceedings of the Tailings & Mine Waste 2016, Keystone, CO, USA, 2–5 October 2016. [Google Scholar]

	



Jordens, A.; Cheng, Y.P.; Waters, K.E. A review of the beneficiation of rare earth element bearing minerals. Miner. Eng. 2013, 41, 97–114. [Google Scholar] [CrossRef]

	



Binnemans, K.; Jones, P.T.; Blanpain, B.; Van Gerven, T.; Pontikes, Y. Towards zero-waste valorisation of rare-earth-containing industrial process residues: A critical review. J. Clean. Prod. 2015, 99, 17–38. [Google Scholar] [CrossRef]

	



Geoscience-Australia. Australia’s Identified Mineral Resources 2011; Geoscience Australia: Canberra, Australia, 2012; pp. 72–78. [Google Scholar]

	



Geoscience-Australia. Australia’s Identified Mineral Resources 2013; Geoscience Australia: Canberra, Australia, 2014; pp. 107–115. [Google Scholar]

	



Zhang, B.; Liu, C.; Li, C.; Jiang, M. A novel approach for recovery of rare earths and niobium from Bayan Obo tailings. Miner. Eng. 2014, 65, 17–23. [Google Scholar] [CrossRef]

	



Grauch, R.I.; Verplanck, P.L.; Seeger, C.M.; Budahn, J.R.; Van Gosen, B.S. Chemistry of Selected Core Samples, Concentrate, Tailings, and Tailings Pond Waters: Pea Ridge Iron (-Lanthanide-Gold) Deposit, Washington County, Missouri; US Geological Survey: Reston, VA, USA, 2010; Volume 1080, p. 15. [Google Scholar]

	



Vierrether, C.W.; Cornell, W.L. Rare-Earth Occurrences in the Pea Ridge Tailings; US Department of the Interior, Bureau of Mines: Spokane, WA, USA, 1993; Volume 9453. [Google Scholar]

	



Hotta, Y.; Kojima, S. Policy Framework for International Collaboration towards Sustainable Resource Circulation and Management in Asia. In Greening Governance in Asia-Pacific; Institute for Global Environmental Strategies: Hayama, Japan, 2012; Volume 159. [Google Scholar]

	



Lee, I.-S.; Kang, H.-Y. A review on the direction of the framework act on resource circulation for establishing a resource circulation society. J. Korean Inst. Resour. Recycl. 2016, 25, 82–91. [Google Scholar]

	



Hamilton, J.L.; Wilson, S.A.; Morgan, B.; Harrison, A.L.; Turvey, C.C.; Paterson, D.J.; Dipple, G.M.; Southam, G. Accelerating mineral carbonation in ultramafic mine tailings via direct CO2 reaction and heap leaching with potential for base metal enrichment and recovery. Econ. Geol. 2020, 115, 303–323. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Addai-Mensah, J.; Skinner, W. The Use of Mining Tailings as Analog of Rare Earth Elements Resources: Part 1—Characterization and Preliminary Separation. Miner. Process. Extr. Met. Rev. 2021, 1–15. [Google Scholar] [CrossRef]

	



Owen, J.R.; Kemp, D.; Lébre, É.; Svobodova, K.; Murillo, G.P. Catastrophic tailings dam failures and disaster risk disclosure. Int. J. Disaster Risk Reduct. 2020, 42, 101361. [Google Scholar] [CrossRef]

	



Agboola, O.; Babatunde, D.E.; Fayomi, O.S.I.; Sadiku, E.R.; Popoola, P.; Moropeng, L.; Yahaya, A.; Mamudu, O.A. A review on the impact of mining operation: Monitoring, assessment and management. Results Eng. 2020, 8, 100181. [Google Scholar] [CrossRef]

	



Shengo, L. Review of practices in the managements of mineral wastes: The case of waste rocks and mine tailings. Water Air Soil Pollut. 2021, 232, 1–31. [Google Scholar] [CrossRef]

	



Xu, D.-M.; Zhan, C.L.; Liu, H.X.; Lin, H.Z. A critical review on environmental implications, recycling strategies, and ecological remediation for mine tailings. Environ. Sci. Pollut. Res. 2019, 26, 35657–35669. [Google Scholar] [CrossRef]

	



Faris, N.; Ram, R.; Tardio, J.; Bhargava, S.; Pownceby, M.I. Characterisation of a ferruginous rare earth bearing lateritic ore and implications for rare earth mineral processing. Miner. Eng. 2019, 134, 23–36. [Google Scholar] [CrossRef]

	



Filippov, L.O.; Dehaine, Q.; Filippova, I.V. Rare earths (La, Ce, Nd) and rare metals (Sn, Nb, W) as by-products of kaolin production–Part 3: Processing of fines using gravity and flotation. Miner. Eng. 2016, 95, 96–106. [Google Scholar] [CrossRef]

	



Faris, N.; Ram, R.; Tardio, J.; Bhargava, S.; McMaster, S.; Pownceby, M.I. Application of ferrous pyrometallurgy to the beneficiation of rare earth bearing iron ores–a review. Miner. Eng. 2017, 110, 20–30. [Google Scholar] [CrossRef]

	



Wills, B. Comminution in the minerals industry-an overview. Miner. Eng. 1990, 3, 3–5. [Google Scholar] [CrossRef]

	



Stanujkic, D.; Zavadskas, E.K.; Karabasevic, D.; Milanovic, D.; Maksimovic, M. An approach to solving complex decision-making problems based on IVIFNs: A case of comminution circuit design selection. Miner. Eng. 2019, 138, 70–78. [Google Scholar] [CrossRef]

	



Cleary, P.W.; Delaney, G.W.; Sinnott, M.D.; Cummins, S.J.; Morrison, R.D. Advanced comminution modelling: Part 1—Crushers. Appl. Math. Model. 2020, 88, 238–265. [Google Scholar] [CrossRef]

	



Owusu, K.B.; Karageorgos, J.; Greet, C.; Zanin, M.; Skinner, W.; Asamoah, R.K. Predicting mill feed grind characteristics through acoustic measurements. Miner. Eng. 2021, 171, 107099. [Google Scholar] [CrossRef]

	



Marion, C.; Grammatikopoulos, T.; Rudinsky, S.; Langlois, R.; Williams, H.; Chu, P.; Awais, M.; Gauvin, R.; Rowson, N.A.; Waters, K.E. A mineralogical investigation into the pre-concentration of the Nechalacho deposit by gravity separation. Miner. Eng. 2018, 121, 1–13. [Google Scholar] [CrossRef]

	



Krishnamurthy, N.; Gupta, C.K. Extractive Metallurgy of Rare Earths; CRC Press: Boca Raton, FL, USA, 2015. [Google Scholar]

	



Wills, B.A.; Finch, J. Wills’ Mineral Processing Technology: An Introduction to the Practical Aspects of Ore Treatment and Mineral Recovery; Butterworth-Heinemann: Oxford, UK, 2015. [Google Scholar]

	



Abaka-Wood, G.B.; Quast, K.; Zanin, M.; Addai-Mensah, J.; Skinner, W. A study of the feasibility of upgrading rare earth elements minerals from iron-oxide-silicate rich tailings using Knelson concentrator and Wilfley shaking table. Powder Technol. 2019, 344, 897–913. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Addai-Mensah, J.; Skinner, W. Magnetic separation of monazite from mixed minerals. In Chemeca 2016: Chemical Engineering-Regeneration, Recovery and Reinvention; Engineers Australia: Melbourne, Australia, 2016; p. 596. [Google Scholar]

	



Abaka-Wood, G.B.; Zanin, M.; Addai-Mensah, J.; Skinner, W. Recovery of rare earth elements minerals from iron oxide–silicate rich tailings—Part 1: Magnetic separation. Miner. Eng. 2019, 136, 50–61. [Google Scholar] [CrossRef]

	



Xiong, W.; Deng, J.; Chen, B.; Deng, S.; Wei, D. Flotation-magnetic separation for the beneficiation of rare earth ores. Miner. Eng. 2018, 119, 49–56. [Google Scholar] [CrossRef]

	



Yang, X.; Satur, J.V.; Sanematsu, K.; Laukkanen, J.; Saastamoinen, T. Beneficiation studies of a complex REE ore. Miner. Eng. 2015, 71, 55–64. [Google Scholar] [CrossRef]

	



Yang, Y.; Walton, A.; Sheridan, R.; Güth, K.; Gauß, R.; Gutfleisch, O.; Buchert, M.; Steenari, B.M.; Van Gerven, T.; Jones, P.T.; et al. REE recovery from end-of-life NdFeB permanent magnet scrap: A critical review. J. Sustain. Metall. 2017, 3, 122–149. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Zanin, M.; Addai-Mensah, J.; Skinner, W. Recovery of rare earth elements minerals from iron oxide–silicate rich tailings—Part 2: Froth flotation separation. Miner. Eng. 2019, 142, 105888. [Google Scholar] [CrossRef]

	



Farrokhpay, S.; Filippov, L.; Fornasiero, D. Flotation of fine particles: A review. Miner. Process. Extr. Metall. Rev. 2021, 42, 473–483. [Google Scholar] [CrossRef]

	



Li, H.; Feng, Q.; Yang, S.; Ou, L.; Lu, Y. The entrainment behaviour of sericite in microcrystalline graphite flotation. Int. J. Miner. Process. 2014, 127, 1–9. [Google Scholar] [CrossRef]

	



Hoang, D.H.; Heitkam, S.; Kupka, N.; Hassanzadeh, A.; Peuker, U.A.; Rudolph, M. Froth properties and entrainment in lab-scale flotation: A case of carbonaceous sedimentary phosphate ore. Chem. Eng. Res. Des. 2019, 142, 100–110. [Google Scholar] [CrossRef]

	



Wang, D.; Liu, Q. Influence of aggregation/dispersion state of hydrophilic particles on their entrainment in fine mineral particle flotation. Miner. Eng. 2021, 166, 106835. [Google Scholar] [CrossRef]

	



Wang, C.; Sun, C.; Liu, Q. Entrainment of Gangue Minerals in Froth Flotation: Mechanisms, Models, Controlling Factors, and Abatement Techniques—A Review. Min. Met. Explor. 2020, 38, 673–692. [Google Scholar] [CrossRef]

	



Weng, X.; Li, H.; Song, S.; Liu, Y. Reducing the entrainment of gangue fines in low grade microcrystalline graphite ore flotation using multi-stage grinding-flotation process. Minerals 2017, 7, 38. [Google Scholar] [CrossRef]

	



Wang, L.; Xing, Y.; Wang, J. Mechanism of the combined effects of air rate and froth depth on entrainment factor in copper flotation. Physicochem. Probl. Miner. Process. 2020, 56, 43–53. [Google Scholar]

	



Oberteuffer, J. Magnetic separation: A review of principles, devices, and applications. IEEE Trans. Magn. 1974, 10, 223–238. [Google Scholar] [CrossRef]

	



Meng, Q.; Feng, Q.; Ou, L. Recovery enhancement of ultrafine wolframite through hydrophobic flocs magnetic separation. Miner. Process. Extr. Metall. Rev. 2017, 38, 298–303. [Google Scholar] [CrossRef]

	



Han, Z.; Golev, A.; Edraki, M. A Review of Tungsten Resources and Potential Extraction from Mine Waste. Minerals 2021, 11, 701. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Fosu, S.; Addai-Mensah, J.; Skinner, W. Flotation recovery of rare earth oxides from hematite–quartz mixture using sodium oleate as a collector. Miner. Eng. 2019, 141, 105847. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Addai-Mensah, J.; Skinner, W. Selective flotation of rare earth oxides from hematite and quartz mixtures using oleic acid as a collector. Int. J. Miner. Process. 2017, 169, 60–69. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Addai-Mensah, J.; Skinner, W. A study of selective flotation recovery of rare earth oxides from hematite and quartz using hydroxamic acid as a collector. Adv. Powder Technol. 2018, 29, 1886–1899. [Google Scholar] [CrossRef]

	



Abaka-Wood, G.B.; Addai-Mensah, J.; Skinner, W. A study of flotation characteristics of monazite, hematite, and quartz using anionic collectors. Int. J. Miner. Process. 2017, 158, 55–62. [Google Scholar] [CrossRef]

	



Yu, J.; Han, Y.; Li, Y.; Gao, P. Beneficiation of an iron ore fines by magnetization roasting and magnetic separation. Int. J. Miner. Process. 2017, 168, 102–108. [Google Scholar] [CrossRef]

	



Li, C.; Sun, H.; Bai, J.; Li, L. Innovative methodology for comprehensive utilization of iron ore tailings: Part 1. The recovery of iron from iron ore tailings using magnetic separation after magnetizing roasting. J. Hazard. Mater. 2010, 174, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Han, Y.; Sun, Y.; Lv, Y.; Li, Y.; Tang, Z. A novel method for iron recovery from iron ore tailings with pre-concentration followed by magnetization roasting and magnetic separation. Miner. Process. Extr. Metall. Rev. 2020, 41, 117–129. [Google Scholar] [CrossRef]

	



Roy, S.K.; Nayak, D.; Rath, S.S. A review on the enrichment of iron values of low-grade Iron ore resources using reduction roasting-magnetic separation. Powder Technol. 2020, 367, 796–808. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, Q.; Yuan, S.; Yin, H. High-efficiency extraction of iron from early iron tailings via the suspension roasting-magnetic separation. Powder Technol. 2021, 379, 466–477. [Google Scholar] [CrossRef]

	



Bisaka, K.; Thobadi, I.; Pawlik, C. Extraction of rare-earth elements from iron-rich rare-earth deposits. In Proceedings of the Hydrometallurgy Conference 2016: Sustainable Hydrometallurgical Extraction of Metals, Cape Town, South Africa, 1–3 August 2016. [Google Scholar]

	



Borra, C.R.; Pontikes, Y.; Binnemans, K.; Van Gerven, T. Leaching of rare earths from bauxite residue (red mud). Miner. Eng. 2015, 76, 20–27. [Google Scholar] [CrossRef]

	



Davris, P.; Balomenos, E.; Panias, D.; Paspaliaris, I. Leaching of rare earths from bauxite residues using imidazolium based ionic liquids. In Proceedings of the ERES2014: 1st European Rare Earth Resources Conference, Milos, Greece, 4–7 September 2014. [Google Scholar]

	



Tohar, S.; Yunus, M.M. Mineralogy and BCR sequential leaching of ion-adsorption type REE: A novelty study at Johor, Malaysia. Phys. Chem. Earth Parts A/B/C 2020, 120, 102947. [Google Scholar] [CrossRef]

	



Prameswara, G.; Trisnawati, I.; Mulyono, P.; Prasetya, A.; Petrus, H.T.B.M. Leaching Behaviour and Kinetic of Light and Heavy Rare Earth Elements (REE) from Zircon Tailings in Indonesia. JOM 2021, 73, 988–998. [Google Scholar] [CrossRef]

	



Peelman, S.; Sun, Z.H.; Sietsma, J.; Yang, Y. Leaching of rare earth elements: Review of past and present technologies. In Rare Earths Industry; Elsevier: Amsterdam, The Netherlands, 2016; pp. 319–334. [Google Scholar]

	



Middleton, A.; Park, D.M.; Jiao, Y.; Hsu-Kim, H. Major element composition controls rare earth element solubility during leaching of coal fly ash and coal by-products. Int. J. Coal Geol. 2020, 227, 103532. [Google Scholar] [CrossRef]

	



Binnemans, K.; Pontikes, Y.; Jones, P.T.; Van Gerven, T.; Blanpain, B. Recovery of rare earths from industrial waste residues: A concise review. In Proceedings of the 3rd International Slag Valorisation Symposium: The Transition to Sustainable Materials Management, Leuven, Belgium, 19–20 March 2013. [Google Scholar]

	



Yahorava, V.; Bazhko, V.; Freeman, M. Viability of phosphogypsum as a secondary resource of rare earth elements. In Proceedings of the XXVIII International Mineral Processing Congress, Quebec City, QC, Canada, 11–15 September 2016. [Google Scholar]

	



Aliedeh, M.A.; Jarrah, N.A. Application of full factorial design to optimize phosphogypsum beneficiation process (P2O5 Reduction) by using sulfuric and nitric acid solutions. In Proceedings of the Sixth Jordanian International Chemical Engineering Conference, Amman, Jordan, 12–14 March 2012; pp. 1–10. [Google Scholar]








[image: Eng 03 00020 g001 550] 





Figure 1. Schematic flowsheets for flotation of REE from the tailings using (A) sodium oleate and (B) hydroxamic acid, respectively, in the presence of sodium silicate (SS) and starch (ST), adopted from Abaka-Wood et al. [1]. 
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Figure 2. Mineral mass abundance of TREE and gangue minerals in the flotation feed and concentrate from Flowsheet A in Figure 1 [1]. 
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Figure 3. Particle view of flotation concentrate from Flowsheet A in Figure 1. 
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Figure 4. Mineral mass abundance of TREE and gangue minerals in the feed and gravity (KC and tabling) concentrates. 
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Figure 5. (a,b) Effect of applied magnetic field intensity on TREO, Fe, and Si recovery from the tailings modified after Abaka-Wood et al. [44]. 
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Figure 6. Flowsheet configuration using WHIMS to remove iron oxides prior to REE minerals upgrade [44]. 
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Figure 7. Mineral mass abundance of TREE and gangue minerals in the feed and magnetic (PMC and nonmagnetic tailings) products. 
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Figure 8. Mineral mass abundance of TREE and gangue minerals in the feed, magnetic preconcentrate (PMC), and flotation concentrate from PMC using hydroxamic acid. 
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Figure 9. Mineral mass abundance of TREE and gangue minerals in the feed, non-magnetic tailings, and flotation concentrate from non-magnetic tailings using hydroxamic acid. 
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Figure 10. Grade–recovery relation for REE minerals in selected separation products. 
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Table 1. Chemical composition of the tailings.
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	Rare Earth Oxides
	Content (%)
	Gangue Elements
	Content (%)





	La2O3
	0.35
	Al
	3.9



	CeO
	0.52
	Ca
	1.71



	Pr6O11
	0.05
	Fe
	26.2



	Nd2O3
	0.13
	Mg
	0.15



	Y2O3
	0.02
	P
	0.15



	TREO
	1.07
	Si
	18.6
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Table 2. Mineral mass composition in the raw tailings sample obtained via QEMSCAN analysis.
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	Minerals
	Relative Abundance (%)





	REE minerals (bastnäsite, monazite, florencite, and others)
	1.11



	Iron oxide (hematite, goethite)
	40.15



	Quartz
	29.53



	Muscovite
	8.82



	Annite
	4.76



	Other silicates
	8.84



	Other oxides
	6.79



	Total
	100
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Table 3. Comparison of TREO content in concentrates obtained from the flowsheets in Figure 1 [1].
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	Flowsheet
	TREO Dist. (%)
	TREO Grade (%)





	Feed
	100
	1.07



	A (sodium oleate + sodium silicate + starch)
	63
	2.25



	B (hydroxamic acid + sodium silicate + starch)
	60
	1.99
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Table 4. Summary of the mineralogical composition of selected separation products.
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	Product
	REE Minerals
	Iron Oxides
	Silicates
	Others
	Total





	Feed
	1.11
	40.15
	51.95
	6.79
	100



	KC conc
	1.74
	48.92
	43.93
	5.42
	100



	Tabling conc
	3.70
	72.23
	19.62
	4.45
	100



	Flotation conc. (hydroxamic acid)
	2.00
	23.46
	62.13
	12.41
	100



	WHIMS concentrate (PMC)
	2.02
	55.01
	39.29
	3.68
	100



	Nonmagnetic tails (NMT)
	1.51
	5.69
	83.07
	9.74
	100



	Flotation conc from PMC
	2.14
	77.01
	15.86
	4.99
	100



	Flotation conc from NMT
	2.78
	8.82
	72.17
	16.23
	100
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