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Abstract

:

This study presented the first in a series of investigations currently underway to develop efficacious, cost-effective, and benign processing opportunities to produce rare earth elements (REE)–rich concentrate from an Australian complex low–grade saprolite ore [1.14% total rare earth oxides (TREO) grade], which is primarily exploited for its gold and copper values. This work specifically presented a preliminary flotation investigation carried out on the ore using sodium oleate as a collector. The relative effects of pulp pH, desliming, and depressants were investigated to ascertain any chance of recovering and upgrading REE minerals in saprolite ore using three different processing configurations. Based on the experimental results, flotation processes carried out on raw feed allowed the recovery of the majority of REE minerals (>50%), but the process was unselective, where clay and silicate gangue minerals reported into the flotation concentrate along with the REE minerals. However, desliming before flotation in the presence of depressants (starch and sodium silicate) improved REE minerals flotation selectivity, which produced concentrates assaying 5.87% and 4.22% TREO grades, with corresponding recoveries of 45% and 50% at pulp pH 9 and 10.5, respectively. Mineralogical analysis conducted on selected flotation concentrate indicated that silicate and clay gauge minerals were recovered via the synergistic act of surface activation and entrainment due to their fine to ultrafine nature. A comparison of all the test results revealed a haphazard grade–recovery relationship suggesting that there is an opportunity to further maximize both REE recovery and grade through further flotation studies where other process parameters may be investigated and optimized. The prospect of using magnetic separation has also been suggested.
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1. Introduction


Rare earth elements (REE) are abundant in the Earth’s crust, usually mineralized with bastnäsite, monazite, florencite, xenotime, and ion adsorption clays; however, economic grades are comparatively less common than most valuable minerals and metals [1,2,3]. Most of the global rare earth oxides (REO) production presently comes from four countries: China accounting for about 60% of global production, the U.S.A. with nearly 16%, followed by Burma and Australia with about 9% and 8%, respectively [4]. It is worth noting that the production rates may be adequate to meet the current global demand; however, potential REE supply risk is real due to the geographic concentration of REO production and the growing demand for green energy and high-tech appliances [4,5,6,7,8]. Consequently, although substitute elements may be available for many applications, they have been reported to be less effective with significant limitations [3,4,9].



The demand for REEs in the global market has been increasing for the past three decades due to their technological and industrial applications. The crucial drivers for the increasing REE demand include permanent magnet applications, rechargeable batteries, and phosphors due to the role they play in green energy and high-level technology applications [2,10,11,12]. Currently, bastnäsite [(Ce,Nd,Y,REE)(CO3)F] and monazite [(Ce, La, Nd)PO4] are the most important commercially exploitable REE minerals, which are usually found in association with different gangue minerals including hematite (Fe2O3), quartz (SiO2), muscovite [(KF)₂(Al₂O₃)₃(SiO₂)₆], goethite [FeO(OH)], and carbonate gangue minerals based on the geographical location and activities [5,13,14,15,16,17].



Beneficiation (e.g., froth flotation, magnetic separation, gravity separation) of REE minerals have become increasingly complicated, especially where ore grade is significantly low [<1% total REO (TREO)]. Typically, low-grade ores are dominated by fine- to ultrafine gangue minerals, including silicates, carbonates, and phosphates. To this end, one of the major drawbacks is developing robust, efficient methods for reducing the proportion of gangue minerals that are reported into concentrates generated from the various beneficiation methods [1,2,5,7]. The presence of high gangue minerals limits the use of direct hydrometallurgical and pyrometallurgical processes to extract REE.



Most REE minerals prospected in Australia are enriched within the fine- to ultrafine ore fractions (<38 um). This challenge is exacerbated by the fact that most gangue minerals tend to form complex composite particles with REE minerals even at such fine sizes. This challenge has deleterious impacts on the efficiency of most preconcentration and beneficiation processes, as demonstrated in previous studies [18,19,20,21].



Although current research and development studies are focused on resolving these challenges in the recovery of REE minerals from very complex resources, these drawbacks remain unresolved, as they are usually ore specific. Thus, some proposed solutions may not be generalized for all REE-bearing ores, as they differ physically, chemically, and mineralogically. For example, the processing response of REE minerals hosted in an iron oxide copper gold (IOCG) deposit will differ significantly from those deported into saprolite ores, coal ash, red mud, or phosphogypsum materials. In effect, addressing these challenges associated with REE mineral recovery requires an ore-specific approach where the material is chemically and mineralogically characterized, which will then be followed by designing beneficiation and extraction processes to recover REE values.



The present study was carried out on selected Australia saprolite ore, which is currently being developed for gold and copper extraction. Preliminary characterization studies have highlighted the potential of recovering REE as a by-product of the primary commodities. As part of ongoing Research and Development studies, the prospect of recovering REE minerals from the ore was investigated.



Specifically, the aim of this study was to identify the processing opportunities for recovering REE minerals by froth flotation while examining the mineralogical characteristics of the feed and selected separation products. Process combinations to improve REE minerals recovery and upgrade were studied using three simple flowsheets, which sought to unravel the relative impacts of pulp pH, depressants addition, and desliming on REE recovery and upgrade. Also, this work set in motion possible avenues which can be explored in the future to enhance REE minerals recovery and upgrade from the ore.




2. Materials and Methods


2.1. Materials


An Australian saprolite ore was used in this study. All reagents were prepared in Milli Q water. In the flotation tests, sodium oleate (Sun Ace, Dandenong South VIC, Australia) and Methyl Isobutyl Carbinol (MIBC) were used as a collector and frother, respectively, while sodium silicate (Coogee Chemicals, Kwinana Beach, WA, Australia) and starch (Grain Processing Corporation, Muscatine, IA, USA) were used as depressants. Sodium oleate and starch were solubilized with 10 wt.% sodium hydroxide (NaOH) solution under magnetic stirring for about 20 min, followed by the addition of distilled water. Flotation pulp feed was prepared by mixing the ore with Adelaide tap water, where the pulp pH was adjusted to the desired level using dilute solutions of hydrochloric acid and sodium hydroxide. To obtain suitable feed for the investigation, a known mass of the feed was mixed with water and screened into two size fractions; +150 µm and −150 µm, where the barren (i.e., +150 µm) fraction was not considered for subsequent beneficiation studies. The −150 µm fraction served as feed for all the tests carried out in this study. When required, a Mozley hydrocyclone was used for desliming the feed.




2.2. Ore Characterization


To de-agglomerate the feed, a representative subsample (1 kg) of the ore was mixed with Adelaide tap water to generate 30 wt.% pulp for about 30 min. About 500 mL pulp sample was obtained, filtered, dried, and analyzed. Chemical analysis was carried out using an inductively coupled plasma mass spectrometry (ICP-MS), whereas the mineralogical composition of the samples was analyzed via X-ray powder diffraction (XRD) and Quantitative Evaluation of Materials by Scanning Electron Microscopy (QEMSCAN) analyses. The slime fraction of the feed (−10 µm) was removed prior to QEMSCAN analysis. Approximately 2 g sample was subsequently presented for particle size distribution analysis using a laser diffraction method with Malvern Mastersizer 2000 (Malvern Panalytical, Malvern, UK). Furthermore, a representative subsample was obtained from the bulk of the pulp, and wet screened, where the respective particles retained on the screens were dried and analyzed for their chemical composition.




2.3. Bulk Froth Flotation


Flotation tests were carried out using a 500 mL Denver cell (Denver Equipment Company, Colorado Springs, CO, USA), where the impeller speed (1000 rpm) and air flow rate (1.5 dm3/min) were maintained during the conditioning and flotation stages. During the flotation tests, the desired dosage of sodium oleate was added with 5 min conditioning time, followed by 2 drops of 1% MIBC with 1 min conditioning time. Throughout the flotation tests, the froths were collected every other 0.25 min over 10 min. Where depressants were required, the desired concentration was added with 5 min conditioning time prior to the addition of the collector and frother. The flotation products were then filtered, dried overnight at 50 °C in an electric oven, weighed, and assayed using ICP-MS analysis. The recovery and grade of TREO and gangue species recovery were calculated as outlined in previous studies [18]. Details of the flotation processes tested are outlined below and presented in Figure 1.



	
Flowsheet I: Direct flotation tests were conducted at pulp pH 9 and 10.5 in a single-stage rougher flotation test using 3000 g/t sodium oleate. This was to assess the flotation response of REE and gangue species at pH 9, which has been widely reported in the literature to be suitable for REE recovery using fatty acids as collectors [22,23,24]. Pulp pH 10.5 was selected to assess the feasibility of recovering REE minerals as a by-product of gold leaching, which is typically carried out at pH range of 10–11 [25,26,27].



	
Flowsheet II: In this process, the feed was deslimed and subsequently floated at pH 9 and 10.5 in the absence of sodium silicate and starch as depressants, respectively. This was performed with the view of selectively rejecting a significant proportion of the gangue minerals, which were reported into the flotation concentrates generated when Flowsheet I was tested. The aim of this process was to assess the relevance of desliming stage in the recovery of REE minerals in the ore.



	
Flowsheet III: A rougher-scavenger-cleaner method was tested on deslimed feed at pulp pH 9 and 10.5 in the presence of depressants to assess any chance of improving REE mineral selectivity. The process commenced with a rougher flotation stage, where 5000 g/t sodium oleate was used in the presence of 1500 g/t sodium silicate and 1500 g/t starch, followed by the scavenging of the rougher tailings. In the final step, the rougher and scavenger concentrates were combined and cleaned with 1500 g/t sodium silicate and 1500 g/t starch.








3. Results


3.1. Physicochemical Characteristics of the Ore


3.1.1. Particle Size Distribution


Particle size distribution of the ore presented in Figure 2 showed that typical for a highly weathered ore, the material was dominated by fine and ultrafine particles, with P50 approximately 7 μm and 80% of the feed finer than 20 μm.




3.1.2. Chemical Composition


Results obtained from ICP-MS analysis conducted on the feed sample are shown in Table 1. Chemical analysis of the head sample indicated that the ore contained 22.25% Si, 13.8% Al, and 2.83% Fe as key gangue species. Of key interest to this study, the TREO content assayed 1.142%, with the light rare earth oxides (LREO) composing about 82% of the TREO. To ascertain the distribution of REE in the ore, representative subsamples were wet screened, and each size fraction was analyzed for its REE content along with key gangue elements, as shown in Figure 3.



It could be deduced that the REE content in each size fraction followed the mass yield, which suggested that REE is evenly disseminated in the various size fractions. A similar trend was noticed for all the gangue elements. In effect, the bulk of REE in the ore was concentrated within the fine fraction (<38 µm), which accounted for 94.7% and 94.1% of the TREO and mass, respectively. To this end, no upgrade was achieved within the respective size fractions. The coarse fraction (>38 µm) was subsequently screened out, and all flotation tests were conducted on the fine fraction (<38 µm).




3.1.3. Mineralogical Composition


Bulk mineralogical analysis was carried out on a representative feed subsample using XRD, and the results are summarized in Table 2. The ore contained a high proportion of silicate and clay gangue minerals, with the analysis unable to detect REE-bearing minerals. This may be because of the complex nature of the ore, coupled with the significantly low REE content, which made them undetectable.





3.2. Froth Flotation


Results obtained from the various flowsheets (I–III) are summarized in this section, where mass yield, TREO recovery, and grade and key gangue species (Al, Fe, and Si) recovery are compared.



3.2.1. Baseline Flotation (Flowsheet I)


Previous flotation studies conducted by Filippov et al. [20], Satur et al. [21], and Abaka-Wood et al. [28] have suggested that high REE recovery could be achieved using fatty acids as a collector at pulp pH > 8. To assess the flotation response of the ore, Flowsheet I was tested where sodium oleate dosage was maintained at 3000 g/t at pH 9 and 10.5, respectively. The flotation performances have been summarized in Figure 4 and Figure 5, where the TREO, Si, Fe, and Al recoveries are compared. TREO recoveries obtained follow the mass yield and gangue species recoveries. It can also be deduced from the data that higher recoveries were achieved in tests conducted at pH 10.5, which is consistent with that observed by Satur et al. [21].



As demonstrated in the literature, sodium oleate is selective against silicate minerals [28,29]; hence the silicate minerals may have been recovered via mechanical entrainment. Consequently, the poor TREO concentrate grade obtained is a testament to the high gangue recoveries via entrainment. Overall, the performance of the flotation tests conducted on the “as received” feed was poor due to the high gangue species recovery via entrainment, which contrasted with previous tests that showed remarkable REE recoveries and upgrades at mild to strong alkaline pulp pH conditions [16,23]. These results demonstrated the need for surfactants capable of selectively coating the surface of gangue silicate minerals to inhibit their recovery. Prior to that, the avenue to explore the removal of barren ultrafine silicate and clay minerals was considered in subsequent tests.




3.2.2. Desliming followed by Flotation (Flowsheet II)


In an attempt to address the issue of entrainment, the impact of particle size distribution became crucial. As it has been suggested and confirmed, ultrafine (<50 µm) gangue minerals largely misreport into flotation concentrates by entrainment [5,30,31,32]. Hence, an alternative method that includes desliming needs to be considered. A representative feed sample (1 kg) was processed via a hydrocyclone in an attempt to remove the slimes in the material. Figure 6 shows the particle size distribution of the cyclone products, and Table 3 provides their chemical composition. The results demonstrated that more than half of the flotation feed was finer than 10 µm, which was reported with the overflow as slimes. Most importantly, the majority of the REE minerals reported with the cyclone underflow, which was desirable, resulting in a significant TREO upgrade. Also, most of the silicate minerals are reported into the slime fraction. Thus, the desliming process removed up to 51% silicate gangue minerals while recovering about 89% TREO into the cyclone underflow, with a significant increase in grade from 1.34% to 2.71%.



Flotation tests were subsequently conducted on the deslimed feed (cyclone underflow) in the absence of depressants, and the results are summarized in Table 4. There was a clear, significant improvement in the TREO upgrade, although recoveries decreased slightly. Similar to what was observed in Flowsheet I, a comparatively higher TREO recovery was achieved at pH 10.5, where 51% TREO recovery was achieved at a concentrate grade of 4.22%. On the other hand, a higher TREO concentrate grade of 5.87% at 45% recovery was achieved at pH 9. The higher concentrate grade achieved at pulp pH 9 may be attributed to the lower proportion of gangue minerals that were misreported into the flotation concentrate.




3.2.3. Desliming–Flotation in the Presence of Depressants (Flowsheets III)


As a follow-up on the impressive results obtained from Flowsheet II, Flowsheet III was developed. In this beneficiation route, a blend of conventional depressants (sodium silicate and starch) was tested in the presence of sodium oleate at pulp pH 9 and 10.5, respectively. Both depressants were effective in reducing the recovery of gangue minerals in flotation systems where selective REE minerals recovery was desired [21,23,24,33,34].




Flowsheet III at pH 9


The multistage flotation process at pH 9 produced a reasonably satisfactory performance (Table 5). Overall, the final concentrate recovered 59% TREO, which was comparatively higher than that obtained in Flowsheet II at pH 9. However, in terms of upgrade, the concentrate grade obtained in Flowsheet III (5.14% TREO) was slightly lower than that obtained in Flowsheet II (5.87% TREO). In terms of gangue rejection, the results were less favorable compared with the direct rougher flotation tests (Flowsheet II) because higher proportions of Al, Fe, and Si were reported into the final concentrates, which could be responsible for the comparatively lower TREO upgrade although a higher recovery was obtained.




Flowsheet III at pH 10.5


The process followed the exact same route as Flowsheet III at pulp 9, and the results obtained are summarized in Table 6. Lower TREO recoveries and upgrades were obtained at pulp pH 10.5. For instance, the multistage flotation process produced a final cleaner concentrate with 2.95% TREO at 32% recovery compared with the cleaner concentrate produced at pH 9, which contained 5.14% TREO at 55% recovery.



Comparing the data in Table 4, Table 5 and Table 6, a general decrease in gangue species recovery was observed when the multistage flotation tests were conducted in the presence of depressants. Interestingly, identical gangue species recoveries were observed at both pH 9 and 10.5 when Flowsheet III was tested.



Figure 7 summarizes the flotation efficiency index (E) of the respective flowsheets, calculated using the expression


E = [((R − γ)/(100 − α))] × 100%



(1)




where R is TREO recovery and γ is the yield of concentrate, and α is the TREO content in the raw feed. Generally, better flotation efficiencies were obtained at pulp pH 9 when compared to pH 10.5. The data suggested that the highest flotation performance was achieved when Flowsheet III was tested at pH 9, followed by Flowsheet II at pH 9. Hence, the final concentrate obtained from Flowsheet III and tested at pH 9 was selected for subsequent mineralogical analysis.





3.3. Mineralogical Composition of Flotation Feed and Concentrate


The deslimed feed and final concentrate obtained from Flowsheet III at pH 9 were analyzed for their mineralogical composition to provide detailed knowledge on the REE and gangue minerals recovered, their association, size distribution, and liberation characteristics.



3.3.1. Modal Mineralogy


The mineral abundance data of the selected samples obtained via QEMSCAN analysis are listed in Table 7. The data demonstrated an appreciable level of REE minerals recovery and upgrade, with a total REE minerals content increase from 8.5% in the deslimed feed to 14.3% in the flotation concentrate. The main REE mineral present was bastnäsite, with different REE intergrowths and a trace amount of monazite. The REE intergrowths (including La-Nd-Si, La-Fe, and REE intergrowths) have similar characteristics to REE associated with ion adsorption clays [35,36,37]. The data generally suggested that the REE phases were enriched in the concentrates, except for monazite. For instance, the analysis reported an increase in bastnäsite abundance from 3% to 5.6% in the concentrate. A similar increase in abundance was observed for La-Nd-Si intergrowths, where an upgrade from 3.7% to 6.3% was observed. In addition, the bulk of the flotation concentrate was occupied by silicate and clay minerals which explains the low REE value upgrade, although recovery was high. Despite occupying the bulk fraction of the concentrate, the data suggested a decrease in the concentration of clay and silicate minerals in the concentrate compared with their respective concentrations in the feed.




3.3.2. Mineral Liberation


The extent of REE minerals liberation was important as it provided key information which may be useful in understanding the efficiency of beneficiation processes. With REE mineral recovery the focus of this investigation, the liberation and locking data of combined REE and silicate phases, respectively, are presented in Figure 8. The data suggested varying liberation characteristics of the two groups of minerals. More than 90% of silicate particles were completely liberated in both the feed and concentrate. In the case of REE minerals, the data suggested that REE particles reported into the concentrates were slightly more liberated than those in the feed. Overall, a little under half of the REE minerals (40–45%) were completely liberated within the feed and concentrate, with the remaining particles forming middling and locked composite particles with the gangue minerals.




3.3.3. Minerals Grain Size


Particles are typically made of mineral grains; hence the average grain sizes determined via QEMSCAN is an estimate of the diameter of the mineral grains. In this investigation, the estimated value was the diameter of a sphere of equivalent volume to the average particles in the measured population. Characteristically, mineral grains are hardly spherical; hence the actual grains could be either coarser or finer than the estimated sizes in different axes or orientations.



The QEMSCAN grain size distribution and average P80 of REE and silicate minerals are shown in Figure 9. The data suggested that both phases were fine, with almost identical grain sizes. For instance, REE minerals grains had an estimated P80 of 24 µm, whereas the silicate had an estimated P80 of 20 µm. The fine nature of silicate minerals has been reported to have detrimental effects on flotation processes including selectivity, high reagents consumption, and poor concentrate grade [21,31,38,39]. The data presented in Figure 9 was confirmed by the particle view of the flotation concentrate obtained via QEMSCAN shown in Figure 10, which generally presented fine silicates (quartz, K silicate, Na silicates, other silicates, and mica), clay, and REE phases.






4. Discussion


4.1. The Role of Pulp pH


Pulp chemistry, governed by pH, plays a crucial role in the flotation of minerals. pH typically controls the surface charge of minerals; interfacial reactions between mineral particles and reagents; and particle–particle interactions. These interfacial reactions may result in the selective flotation of minerals and in some cases may lead to poor flotation performance. In principle, the right balance between reagent concentrations and pulp pH is key in achieving the flotation selectivity of valuable minerals in complex ores [29,40].



This was evident in the tests conducted on both raw and deslimed feed samples. For instance, the obtained results have shown higher REE recoveries at pH 10.5 in the rougher flotation tests, which corroborated with tests conducted by Satur et al. [21]. The flotation study conducted by Satur et al. [21] on silicate-hematite ore using a tall oil fatty acid collector, showed better REO recoveries at pH 10.5 compared with pH 9. Elsewhere, works by Pavez et al. [32], Cheng et al. [41], and Zhang et al. [42] showed conflicting results where REE recoveries declined in strong alkaline pulp conditions. For example, tests on coal by Zhang et al. [42] showed that REE recovery and upgrade were achieved at pH 9, where a further increase in pulp pH saw a decline in flotation performance. The conflicting results from the various studies confirm the need to design ore-specific methods to recover their valuable REE content.




4.2. Surface Activation of Silicate and Clay Minerals


Flotation tests conducted on the raw feed showed higher REE and gangue species recoveries, with associated poor TREO upgrade. The strong alkaline pulp condition and the presence of polyvalent cations created suitable conditions for the flotation of silicate and clay minerals. It is well documented in the literature that the solubility of oleate ions increases with a corresponding increase in pH, where oleate species mainly exist in the form of oleate ion (RCOO−) and oleate dimer ((RCOO)22−) typically at pH > 10 [43,44,45]. Oleate ions can interact with the silicate minerals surfaces activated by polyvalent metal cations to promote flotation recovery. The liberation data (Figure 8) indicated that the silicates have high (>90%) surface exposure which could promote surface activation by different cations, coupled with REE cations adsorbed onto clay minerals, mainly due to the large surface area to volume ratio and negatively charged surfaces [36,46]. These are partly responsible for the high silicate and clay minerals recoveries observed in the present study, although oleate ions cannot directly adsorb onto the clay and silicate minerals surface [24,29,47].




4.3. Effect of Mineral Grain Size


The recovery of silicates and clay minerals was exacerbated by their free (Figure 8), fine-, or ultrafine nature (Figure 9 and Figure 10). Grain size distribution data obtained via QEMSCAN analysis revealed that the silicate gangue minerals have a combined P80 < 25 µm, making them susceptible to mechanical recovery, which was undesirable. It has been demonstrated in the literature that gangue mineral particles finer than 50 µm were easily recovered into flotation concentrates via entrainment [48,49]. Elsewhere, studies by Wang et al. [50] have demonstrated the recovery of typical gangue minerals due to their fine- or ultrafine nature. Consequently, the increased entrainment recovery of fine- or ultrafine gangue minerals is known to reduce the quality of flotation concentrates even when depressants are used [51]. With >90% silicate minerals completely liberated from REE and Fe bearing minerals, the silicate particles may be regarded as “barren”, which suggests that their high content in the flotation concentrate cannot be mainly attributed to composite association with value minerals as observed in previous studies by Filippov et al. [20] and Abaka-Wood et al. [51]. To this effect, the fine- or ultrafine nature and surface activation of silicate and clay minerals promoted the recovery of gangue minerals. To date, there have been increased efforts to minimize entrainment recovery of fine gangue minerals with Jameson cell and Reflux flotation cell [52,53,54], which may be considered in the near future to process the ore used in this study.




4.4. Relevance of Desliming


Desliming in mineral processing has wide range of applications with different impacts on various beneficiation flowsheets. It has significantly contributed to the upgrade of mineral values thus confirming its attractiveness in flowsheet development where slimes impede value upgrades [55]. Elsewhere desliming has been reported to contribute to some value losses [56,57]. In the present study, significant gains in desliming prior to the flotation process were observed as shown in Figure 11. For instance, there was an improvement in REE selectivity, which resulted in a comparatively better upgrade than when the raw feed was processed. The selectivity curves skewed towards the TREO recovery axis for all the deslimed feed curves, whereas the data points remained in the center (gradient and selectivity ~1) for tests conducted on the raw feed. Table 8 presents a summary of the selectivity indices obtained for tests conducted on both raw and deslimed feeds, calculated as the gradient of the various curves in Figure 11.




4.5. Effect of Depressants


In order to assess the impact of depressants in REE recovery from the ore, data obtained in the cleaning stage of Flowsheet III were compared. Generally, the depressants were effective in inhibiting gangue minerals recovery in the cleaning stage as expected. This was consistent with results obtained in previous studies reported in the literature. Notably, the results suggested a significant proportion of TREO was lost to the tailings in Flowsheet III at pH 10.5, indicating that the depressants used in the present study have deleterious effects on REE minerals recovery in strong alkaline pulp (pH > 9.5) conditions. In effect, the depressants’ action was affected by pulp pH, with a better selectivity for REE minerals occurring at pH 9, hence the better TREO concentrate grade obtained in the cleaning stage of Flowsheet III at pH 9.




4.6. TREO Grade–Recovery Relationship and Implications


Figure 12 compares the performance of single- and multi-stage flotation of REE minerals from the ore. Flotation tests conducted on the raw feed presented the poorest performance in terms of TREO upgrade, although the recoveries were high. On the other hand, desliming followed by the flotation of the material presented significant improvement in TREO upgrade, although this resulted in some REE value loss. Figure 12 shows a non-linear relationship between the two parameters. The haphazard grade–recovery relationship suggested that there is an opportunity to further maximize both TREO recovery and grade through further studies. For instance, the relative impacts of elevated temperatures, agitation rates, different collectors (hydroxamate, phosphoric acid, sodium dodecylsulphate) and depressants, high intensity conditioning (HIC), air flow rates, and pulp density may be investigated as part of optimization studies in future work [21,23,51,57,58,59,60]. With REE mostly mineralized with bastnäsite, a paramagnetic mineral, and diamagnetic clay and silicate gangue minerals occupying the bulk of the material, there is an opportunity to investigate the use of magnetic separation processes [1,18,61,62].



Overall, the results of this study are encouraging and potentially significant in view of the massive amount of complex low-grade saprolite ores containing REE in Australia and other parts of the world, for which there is currently a paucity of data on the technical feasibility of recovering valuable REE minerals. The final concentrates from Flowsheets II and III could serve as both pyro- and hydrometallurgical feed for REE extraction. However, further processing of the material to maximize TREO concentrate grade while reducing penalty elements (e.g., Fe) will present significant economic gains.





5. Conclusions


A complex, low-grade saprolite ore was characterized to determine the mode of occurrence and distribution of REE and gangue minerals and subsequently processed using different flotation methods. The ore contains 1.142% TREO, along with 22.25% Si, 13.8% Al, and 2.83% Fe. QEMSCAN data demonstrated that bastnäsite is the major REE bearing mineral in the ore, with the other REE phases adsorbed onto clay minerals. These REE phases were not identified by XRD, probably due to the closely matching XRD spectra with major gangue minerals and their low concentrations relative to the gangue minerals.



In the flotation study, three different flowsheets were tested at pulp pH 9 and 10.5, respectively. Overall, REE minerals recovery was affected by changes in pulp pH, the introduction of depressants, and desliming stage. Flotation flowsheet including desliming followed by single stage flotation at pH 9, produced the best results in terms of upgrade where 5.87% TREO concentrate grade was obtained at 45% recovery. The highest TREO recovery of 68% at a concentrate grade of 1.19% was obtained when the raw feed was processed at pH 10.5. Flowsheet III at pH 9 produced the highest flotation efficiency by recovering 55% TREO at a concentrate grade of 5.14% from deslimed feed.



Characterization of the deslimed flotation feed and concentrate (from Flowsheet III at pH 9) showed that REE minerals were effectively enriched, with clay and silicate gangue minerals forming the bulk of the materials. The high clay and silicate gangue recoveries observed were mainly attributed to their free, fine-, or ultrafine nature. This study also showed that the depressants’ performance was affected by pulp pH, where the depressants had a deleterious impact on REE minerals recovery and selectivity at pH 10.5.



The promising results obtained by using these relatively simple flotation methods suggest that the tested processes could be easily integrated into proposed and existing operations to recover REE minerals as by-products of gold and copper extraction from the ore. The non-linear, scattered relation between TREO grade and recovery, suggests there is an opportunity to improve the results obtained in this work through testing other flotation parameters and using magnetic separation processes.
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Figure 1. Schematic representation of the flotation flowsheets used in this study. 
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Figure 2. Particle size distribution of representative feed sample obtained via laser diffraction method. 
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Figure 3. Mass, TREO, and selected major gangue elements distribution in the ore. 
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Figure 4. (a) TREO, mass, and gangue species recoveries and (b) TREO grade as a function of pulp pH 9 and 10.5 (dash line represents feed grade = 1.14% TREO). 
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Figure 5. TREO–mass and selected gangue species recoveries relationship in concentrates obtained at (a) pH 9 and (b) pH 10.5. 
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Figure 6. Particle size distribution of hydrocyclone feed and products obtained via laser diffraction method. 
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Figure 7. Flotation efficiency index of Flowsheets I–III. 
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Figure 8. Liberation of the combined REE-bearing minerals and combined silicates in the flotation feed and concentrate. 
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Figure 9. Grain size distribution of REE and silicate minerals in flotation feed and concentrate. 
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Figure 10. Particle view of the flotation concentrate. 
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Figure 11. TREO (a) Al, (b) Si, and (c) Fe species selectivity analyses. R2 values obtained in all the analyses were ~1, demonstrating good reliance of the data obtained from the plots. 
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Figure 12. TREO grade–recovery curve comparing the performance of different flotation methods tested in this study. 
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Table 1. Summary of results obtained from ICP-MS analysis.
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	Rare Earth Oxides
	Content (%)
	Gangue Species
	Content (%)





	La2O3
	0.366
	Al
	13.8



	Sc2O3
	0.002
	Ca
	0.14



	CeO2
	0.092
	Cu
	0.70



	Dy2O3
	0.020
	Fe
	2.83



	Er2O3
	0.008
	K
	1.48



	Eu2O3
	0.012
	Mg
	0.63



	Gd2O3
	0.044
	Na
	1.16



	Ho2O3
	0.003
	P
	0.04



	Lu2O3
	0.001
	Si
	22.25



	Nd2O3
	0.328
	
	



	Pr6O11
	0.086
	
	



	Sm2O3
	0.057
	
	



	Y2O3
	0.113
	
	



	Yb2O3
	0.005
	
	



	Tb4O7
	0.005
	
	



	TREO
	1.142
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Table 2. Modal mineralogy of the feed determined via XRD analysis.
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	Mineral
	Abundance (wt.%)





	Quartz
	6



	Hematite group
	<1



	Kaolinite-serpentine group
	10



	Anatase
	<1



	Rutile group
	2



	Plagioclase
	5



	K feldspar
	32



	Smectite Group
	6



	Barite Group
	1



	Mica group
	4



	Amorphous
	32



	Total
	100
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Table 3. Results of desliming tests conducted on flotation feed.
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Product

	
d50

(um)

	
d80

(um)

	
Mass

(%)

	
TREO

	
Si

	
Fe

	
Al




	
Dist. (%)

	
Grade (%)

	
Dist. (%)

	
Grade (%)

	
Dist. (%)

	
Grade (%)

	
Dist. (%)

	
Grade (%)






	
Underflow

	
13.2

	
28.4

	
44

	
89

	
2.71

	
49

	
24.72

	
82

	
5.04

	
40

	
9.92




	
Overflow

	
3.0

	
8.4

	
56

	
11

	
0.26

	
51

	
20.31

	
18

	
2.17

	
60

	
12.75




	
Feed (calc.)

	
7.3

	
33.3

	
100

	
100

	
1.34

	
100

	
22.25

	
100

	
2.70

	
100

	
10.89
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Table 4. Summary of results obtained for Flowsheet II at pH 9 and 10.5.
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Product

	
Yield (%)

	
Grade (%)

	
Recovery (%)




	
TREO

	
Fe

	
Al

	
Si

	
TREO

	
Fe

	
Al

	
Si






	
pH 9




	
Feed

	
100

	
2.71

	
5.04

	
9.92

	
24.72

	
100

	
100

	
100

	
100




	
Conc.

	
21

	
5.87

	
3.16

	
11.28

	
22.11

	
45

	
13

	
24

	
19




	
Tails

	
79

	
1.87

	
5.54

	
9.56

	
25.43

	
55

	
87

	
76

	
81




	
pH 10.5




	
Feed

	
100

	
2.71

	
5.04

	
9.92

	
24.72

	
100

	
100

	
100

	
100




	
Conc.

	
33

	
4.22

	
2.66

	
10.88

	
23.59

	
51

	
17

	
36

	
31




	
Tails

	
67

	
1.97

	
6.21

	
9.45

	
25.29

	
49

	
83

	
64

	
69











[image: Table] 





Table 5. Summary of results obtained for Flowsheet III at pH 9.
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Product

	
Yield (%)

	
Grade (%)

	
Recovery (%)




	
TREO

	
Fe

	
Al

	
Si

	
TREO

	
Fe

	
Al

	
Si






	
Rougher




	
Feed

	
100

	
2.71

	
5.04

	
9.92

	
24.72

	
100

	
100

	
100

	
100




	
Conc.

	
23

	
3.93

	
2.71

	
10.63

	
22.90

	
33

	
12

	
25

	
21




	
Tails

	
77

	
2.35

	
5.74

	
9.71

	
25.28

	
67

	
88

	
75

	
79




	
Scavenger




	
Conc.

	
51

	
2.79

	
2.78

	
10.61

	
22.90

	
53

	
28

	
55

	
47




	
Tails

	
26

	
1.48

	
11.53

	
7.94

	
29.94

	
14

	
60

	
20

	
32




	
Cleaner (Feed comprise rougher and scavenger concentrates)




	
Feed

	
74

	
3.23

	
2.76

	
10.62

	
22.90

	
86

	
40

	
79

	
69




	
Conc.

	
30

	
5.14

	
2.43

	
9.57

	
21.03

	
55

	
14

	
29

	
26




	
Tails

	
44

	
1.93

	
2.98

	
11.33

	
24.18

	
30

	
26

	
50

	
42
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Table 6. Summary of results obtained for Flowsheet III at pH 10.5.
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Product

	
Yield (%)

	
Grade (%)

	
Recovery (%)




	
TREO

	
Fe

	
Al

	
Si

	
TREO

	
Fe

	
Al

	
Si






	
Rougher




	
Feed

	
100

	
2.71

	
5.04

	
9.92

	
24.72

	
100

	
100

	
100

	
100




	
Conc.

	
71

	
2.48

	
2.71

	
9.52

	
23.51

	
65

	
38

	
68

	
67




	
Tails

	
29

	
3.28

	
10.74

	
10.90

	
27.72

	
35

	
62

	
32

	
33




	
Scavenger




	
Conc.

	
6

	
3.39

	
3.18

	
9.29

	
19.44

	
7

	
4

	
6

	
5




	
Tails

	
23

	
3.25

	
12.72

	
11.32

	
29.88

	
28

	
58

	
26

	
28




	
Cleaner (Feed comprise rougher and scavenger concentrates)




	
Feed

	
77

	
2.57

	
2.75

	
9.50

	
23.24

	
72

	
42

	
74

	
72




	
Conc.

	
30

	
2.95

	
2.50

	
9.57

	
23.0

	
32

	
15

	
29

	
28




	
Tails

	
47

	
2.33

	
2.91

	
9.46

	
23.4

	
40

	
27

	
45

	
44
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Table 7. Mineralogical composition of deslimed flotation feeds and concentrates.
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Mineral

	
Mineral Mass (%)




	
Deslimed Flotation Feed

	
Flotation Concentrate






	
Monazite and intergrowths

	
0.1

	
0.1




	
Bastnäsite

	
3.0

	
5.6




	
La-Nd-Si intergrowths

	
3.7

	
6.3




	
La-Fe intergrowths

	
0.9

	
1.0




	
REE intergrowths

	
0.8

	
1.3




	
* Total REE minerals

	
8.5

	
14.3




	
Iron oxide/hydroxide (FeOx/OH)

	
0.4

	
0.9




	
Sulphates

	
0.5

	
1.8




	
Ti minerals

	
1.3

	
2.2




	
Quartz

	
7.9

	
7.9




	
Clays

	
22.3

	
21.9




	
Micas

	
19.0

	
18.0




	
K silicates

	
10.0

	
7.2




	
Fe silicates

	
1.9

	
1.8




	
Na silicates

	
24.7

	
20.7




	
Other silicates

	
3.3

	
3.1




	
Others

	
0.2

	
0.3




	
Total

	
100

	
100








* Sum of REE minerals/phases.
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Table 8. Summary of REE–gangue species selectivity analyses.
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Relation

	
Selectivity Index

	
R2




	
Raw

	
Deslimed

	
Raw

	
Deslimed






	
Al-TREO @ pH 9

	
1.00

	
2.07

	
1.00

	
1.00




	
Al-TREO @ pH 10.5

	
0.98

	
1.57

	
0.99

	
0.99




	
Si-TREO @ pH 9

	
0.99

	
2.27

	
1.00

	
1.00




	
Si-TREO @ pH 10.5

	
0.95

	
1.57
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