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Abstract

:

The supply shortage of rare earth elements (REEs) for use in numerous high-tech applications has become an incentive for the prospecting of REEs from coal and coal discard. In this study, an optimised leaching process for the recovery of REEs from coal using the Design Expert (DOE) is reported. Response surface methodology (RSM) was used to investigate the effect and to determine the optimal leaching parameters for the two non-calcined coal samples. An optimised REE leaching recovery of 18.95% and 41.35% was obtained for the non-calcined Run-of-Mine (ROM) coal and discard coal, respectively. This optimised recovery was obtained as the HCl concentration increased from 0.5 M to 2 M, leaching temperature increased from 30 °C to 50 °C, whilst the solid:liquid ratio decreased from 40 g/L to 10 g/L. Statistical analysis indicated that the leaching parameters studied were important and controlled the REE leaching recovery model. Optimisation results also indicate that the calcined coals at 700 °C have the highest leaching recovery of 94.73% (ROM) and 98.17% (discard), respectively. Calcination also increased the concentration of REEs in the ROM sample from 225 ppm to 347 ppm and discarded the sample from 245 ppm to 363 ppm at 700 °C. Given the effect of the lixiviants investigated, the leaching efficiency of HClO4 for REE recovery was significantly lower than HCl and HNO3 under optimal leaching conditions. The discard coal used in this study had a significantly higher potential for REE recovery than ROM coal because it had a higher REE abundance and greater recovery.
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1. Introduction


Historically, only chemists and scientists have been aware of rare earth elements (REE). However, at the beginning of the 21st century, REEs gained more recognition because of their intrinsic and specialised properties [1,2]. Today, REEs are well-sorted after elements due to their rapid surge in demand globally [3,4]. REEs are key components in hybrid vehicles, fluorescent and LED lights, actuators, solar panels, wind turbines, military equipment, smartphones, catalysts, and medical and agricultural equipment [5,6,7]. REEs are the 15 elements of the lanthanide series, plus yttrium and scandium, according to the International Union of Pure and Applied Chemistry (IUPAC) [8]. Geochemically, REEs are classified based on their atomic numbers into light REEs (LREEs): La, Ce, Pr, Nd, Sm, Sc (atomic number range 57–64) and heavy REEs (HREEs): Eu, Gd, Tb, Dy, Ho, Er, Tm Yb, Lu, Y (atomic number range 65–71) [3,4,9].



REEs are not “rare,” as the name suggests, but rather originate throughout the Earth’s crust in non-mineable low concentrations [10,11]. The three primary sources of REEs currently mined are conventional ion adsorbed clay ores, phosphate ores (xenotime and monazite minerals), and carbonate ores, such as bastnaesite minerals [7,10,12,13]. Ion-adsorbed ores are mined exclusively in China, which hosts about 50% of the world’s REE crude ores. China also accounted for about 71% of the world’s REE production in 2018 [14]. As China continues to impose different restrictions since 2010 on the export of REE, it has limited the global supply of these critical metals [2,6]. As a result, many researchers have suggested exploring alternative REE-based secondary minerals for REE extraction [3,15,16].



According to the literature, the total reserves of REEs in coal sources are estimated globally to be over 50 million tons, i.e., about 50% of the available conventional REE-bearing mineral reserves [9,17]. As a result, run-of-mine (ROM) coal, discard coal, and coal by-products, such as fly ash, have gained considerable interest as a promising source for REE extraction [9,18,19,20]. According to [21,22], the global average REE concentration in coal is estimated to be 46 ppm, whereas [23] reported an average REE concentration of 68.5 ppm. Ref. [3,24] also reported average REE concentrations of 101 ppm and 116 ppm in Chinese and Turkish coals, respectively. The differences in the concentration of REEs in world coals arise because of variations in coal geochemistry due to the environmental factors prevailing during its formation [9]. In addition, different coalfields and even different strata within a coalfield vary in REE concentrations [3,4,25]. This was also noted in some tests conducted on South African coal from different coalfields. The study conducted by Wagner and Matiane [26] on coal obtained from the Witbank Highveld coalfield resulted in total REE concentrations ranging from 111.62 ppm to 149 ppm. A recent study conducted by Harrar et al. [27] on Waterberg coalfield coal resulted in total REE ranges from 225 to 245 ppm for ROM coal and discard coal, respectively. REEs have also been recovered from coal fly ash (CFA) [28], acid mine drainage, and the discarding of coal stockpiles [18,19]. However, REEs in CFA require aggressive leaching conditions for recovery at a fine particle size of less than 10 µm [18,29]. This would significantly increase the cost of REE recovery and tender the process non-feasible [18].



The varying distribution of REEs in coal may be understood as an outcome of the heterogeneous characteristics and nature of coal [3,4,9,25]. The roof and floor of coal seams have been reported to contain elevated quantities of REEs, as these strata comprise highly inorganic minerals [3]. A study conducted by Luttrell et al. [30] showed that this section contained high ash tailing particles, which increased significantly in REEs as the ash content of the coal increased. Reid [18] reported that the bulk of REEs in coal (75%) is in the mineral matter rather than in the organic fraction of coal. Given that South Africa produces approximately 60 million tonnes of coal discarded annually [31,32], this mineral-rich resource could be a promising future source for REE recovery.



To recover REEs effectively from both conventional and secondary ores, it is necessary to understand the forms and associations of REEs with their mineralised minerals. Understanding REE-bearing minerals provides information on beneficiation techniques for optimum recovery. As the literature has shown, the recovery of REEs by physical separation techniques alone is ineffective for the removal of gangue materials associated with REEs [15,33]. For effective physical separation, a high degree of beneficiation and ultrafine milling (<37 µm) is required, resulting in an energy- and cost-intensive liberation step [9,10,15,34]. To overcome the challenges associated with the physical separation of REEs, a hydrometallurgical extraction process is used. This involves acid leaching, alkaline decomposition or roasting, and oxidation, followed by leaching [4,9,20]. With the variation in the types of bonds and mineral associations in coal, it is expected that the acid concentration needed to maximise REE recovery will differ.



In this study, ROM and discard coal above 50% ash (coal shale) from one of the nineteen coalfields in South Africa was utilised. Calcination was used as a pre-treatment method for these samples to improve the recovery of REEs from the samples. According to the literature, dehydroxylation of kaolinite, muscovite, and illite occurred while calcining or roasting at a specific temperature, resulting in the Al-OH bonds breaking and the subsequent degradation of the crystal structure of kaolinite. According to XRD analysis of the two samples, the samples contained kaolinite, muscovite, etc. [27]. Based on this information, both samples were calcined at various temperatures, resulting in a higher concentration and recovery of REEs in the respective samples. To the authors’ knowledge, this is the first study on South African coal that uses this approach to enhance REE recovery, as well as coal characterised for the first time using a Tescan Integrated Mineral Analyzer (TIMA). The Design of Expert was also used to obtain optimum leaching conditions and REE recovery models for the leaching of REEs from the two coals (non-calcined coals). The leaching temperature, acid concentration (HCl), and solid:liquid ratio were optimised using response surface methodology (RSM) to improve REE recovery from these coals. Furthermore, the coal samples were then subjected to HNO3 and HClO4 leaching under the optimised leaching parameters to determine the best acid lixiviate to improve their REE recovery. Subsequently, the calcined samples obtained at different temperatures were leached using optimised leaching conditions to improve the percentage of REE recovery from both coals.




2. Materials and Methods


2.1. Materials


The two medium-rank C bituminous, high ash coals used in this study are a sample of run-of-mine (ROM) coal and discard coal from the Waterberg coalfield. These coals are referred to as RC1 and DC1, respectively. DC1 is the washed product obtained from RC1, and both coals have an ash content above 50% [27]. The as-received coal samples “DC1 and RC1” were dried under normal atmospheric conditions before sampling through the coning and quartering technique. Thereafter, the sub-samples were crushed, milled, and screened to −1 mm, with a representative split removed. The other half was milled to −212 µm. Consequently, another representative split was removed, and the remainder was milled to −106 µm following the ASTM D-2013 standard. The remainder containing 90% passing −106 µm was calcined prior to leaching, with the data presented. Samples for the petrographic and other physicochemical analyses were obtained, as reported by Harrar et al. [27].




2.2. Analytical Techniques and Calcination Procedure


The size distribution (PSD) of the samples (RC1 and DC1) was determined using a Malvern Mastersizer 2000 with Hydro 2000 MU dispersion. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to determine the concentration of the REEs in the as-received samples and subsequent leachate samples to ascertain the extent of REEs recovered (Harrar et al., 2022). The calcination test for both RC1 and DC1 was conducted in a muffle furnace at 500 °C, 600 °C, 700 °C, and 800 °C under a static environment. Each coal sample was calcined for two hours at the respective target temperature and at a heating rate of 10 °C/min.




2.3. Experimental Design for the Leaching of Non-Calcined and Calcined Samples


2.3.1. Varying Concentration, Solid: Liquid Ratio, and Temperature for Non-Calcined Samples (RC1 and DC1)


In this phase, HCl (37%) was first used as a leaching agent because it is relatively inexpensive to HNO3 and to determine the optimal leaching conditions based on the % REE leaching recovery. The Design-Expert software (version 13) from Stat-Ease, Inc. was used for the experimental design. The process parameters were modelled using response surface methodology (RSM) with a Box-Behnken Design (BBD). Three independent variables of acid concentration, pulp density (solid: liquid ratio), and leaching temperature, leading to 15 leaching runs, were generated (Table 1). The leaching temperature, HCl concentration, and solid:liquid ratio were varied, coupled with a leaching time of 3 h (180 min) and a stirring speed of 530 rpm, which were kept constant. The two coal samples (−106 µm) were investigated to determine the optimum leaching parameters required to enhance REE recovery. After the 15 experimental BBD tests, the experimental percentage of REE recovery attained was displayed via the RSM. The RSM gathers mathematical, experimental, and statistical data for modelling. Then, using analysis of variance (ANOVA), the significance and suitability of the variables can be verified [35,36]. With the linear model developed from the DOE, the effect of the relationships between the three factors and their direct effect on the percentage of REE recovery was determined. Finally, the desirability function was used to derive optimal leaching parameters to increase REE recovery from ROM coal (RC1) and discard coal (DC1).



Leaching and Recovery of REE


The leaching test procedure used in this study was similar to that used by Yang [11]. 10 to 40 g of the RC1 and DC1 coals were mixed with the prepared leachate solution to obtain a 1-L leaching slurry, stirred at a speed of 530 rpm. Subsequently, 15 mL of the slurry was drawn with a 0.45 µm microfilter plunger syringe to separate the suspended solids from the leachate. The leachate samples collected for both samples (non-calcined and calcined) were then subjected to ICP-MS analysis to determine the REE content of the analysed sample.



The percentage leaching recovery of the REEs was determined according to Equation (1).


  %   L e a c h i n g   R e c o v e r y   o f   R E E s =   m R E  E  l e a c h a t e     m R E  E  c o n c e n t r a t e     × 100  



(1)




where   m R E  E  l e a c h a t e     and   m R E  E  c o n c e n t r a t e     represents the mass of REEs in the lixiviant and the mass of REEs in the original sample, respectively. Reordering Equation (1) resulted in Equation (2):


  %   L e a c h i n g   R e c o v e r y   o f   R E E s =    C L  ×  V L     C  R S   ×  M  R S      



(2)




where CL represents the total rare earth element (TREE)/elemental concentration in the leachate in µg/mL and VL, the volume of leachate in ml.    C  R S     is the REE/elemental concentration in µg/g of the initial raw sample and    M  R S     is the weight of the coal sample added to the leachate in grams. The optimal leaching conditions attained from the DOE based on the percentage of REEs recovered were implemented for the optimisation tests on the RC1 and DC1 coals. Consequently, the optimal leaching parameters determined from the DOE were also employed in Stage 2 of the leaching experiments, the only difference being the change in the lixiviate used.




Stage 2: Leaching of Non-Calcined Samples under DOE Optimal Conditions and Different Lixiviants


HCLO4 and HNO3 of 70% and 69% grade, respectively, were utilised in this stage of the leaching experiments on both coals (RC1 and DC1) based on the optimal REE recovery conditions from Stage 1 (DOE). Data from this step were used to derive the best acid to enhance REE recovery under optimal leaching conditions and were likewise used for the calcined leaching test.




Stage 3: Leaching of Calcined Samples under DOE Optimal Conditions


The calcined DC1 and RC1 were leached under the optimal parameters (ideal acid concentration, optimum solid:liquid ratio, and best leaching temperature) attained from Stage 1, and the best acid lixiviate obtained from Stage 2. In Stage 2, critical information regarding the optimal calcination temperature required for an improvement in REE recovery and leaching percentage was provided.







3. Results and Discussion


3.1. Particle Size Distribution and REE Contents of the Non-Calcined and Calcined Samples


REE recovery during acid leaching is known to be significantly higher at less than 40 µm particle size, but the cost of milling to this fine size can render a leaching process non-feasible [10]. Zhang and Honaker [37] recommended that a size fraction of −106 µm may reduce milling costs and the recovery of REEs. In this study, about 91% of the RC1 particles and 94% of the DC1 are noted to pass −106 µm size fraction. The quantitative data of the REEs in both RC1 and DC1 are presented in a recent publication by Harrar et al. [27]. The ICP-MS results for both non-calcined samples show TREE content of 225 ppm and 245 ppm for RC1 and DC1, respectively. This is significantly greater than the TREE content of 121 ppm for coals reported from the Witbank and Highveld coalfields by Wagner and Matiane [26]. In addition, both samples were well above the cut-off grade of 130 ppm for REEs in coal, as stipulated by Zhang et al. [9] and Dai and Finkelman [38]. The data obtained from the calcined samples at 500 °C, 600 °C, 700 °C, and 800 °C are presented in Table 2. As the calcination temperature increased from 500 °C to 800 °C the TREEs content increased significantly. This trend is due to the degradation and removal of the coal’s volatile matter and carbon structure [39], subsequently increasing the REE concentrations in calcined RC1 and DC1. The highest concentration of TREEs was obtained at a calcination temperature of 800 °C, with RC1 and DC1 concentrations of 362.29 ppm and 390.70 ppm, respectively. At these four temperatures, the calcined DC1 subsequently had a higher TREE concentration than the calcined RC1. The TREEs achieved from the calcined RC1 and DC1 were greater than those of the raw RC1 and DC1, as reported by Harrar et al. [27].




3.2. Stage 1 of the Box-Behnken (DOE) Experimental Leaching Runs for Non-Calcined Samples


RC1 and DC1 were subjected to 15 leaching runs each (30 runs in total), as shown in Table 1. The simultaneous variations in concentration, temperature, and solid:liquid ratio enabled the DOE to produce optimal leaching conditions. The percentage of REE recovery observed for the 15 lixiviate experimental runs (R1–R15) for RC1 and DC1 coals are shown in Figure 1.



From Figure 1A–C, R14 (REE recovery 21%), R7 (REE recovery 18.4%), and R9 (REE recovery 16.4%) reflect a promising REE recovery potential for RC1 coal. It was observed that the REE recovery occurred instantaneously at one minute, thereafter, gradually increasing to a minimum until the end of the test. The high recovery noted for these three runs may be attributed to the high HCl concentration (≥1.25 M) and high leaching temperature (>40 °C) to which the RC1 coal was subjected. For the DC1 sample (Figure 1D–F), leaching runs R4, R6, and R7 presented an overall percentage REE recovery of 38.4%, 35.9%, and 34.3%, respectively. These tests were carried out using a low solid: liquid ratio (≤25 g/L), a high leaching temperature (>40 °C), and HCl concentration ≥ 1.25 M. The maximum REE recovery from DC1 coal (38.4%) was higher than from RC1 (21%). This recovery is similar to the result obtained by Yang et al. [40], where 50% of REEs were recovered from coal middling.



The lower REE recovery noted for RC1, which possesses a higher carbon content [27], might be due to the carbon interaction with HCl, leading to chemically induced activation of carbon molecules. This type of interaction could lead to an increase in the porosity of the carbon fraction in the sample, thereby resulting in more reactive re-adsorption sites for REEs. The increase in the REE leaching efficiency of DC1 coal might be due to its lower total carbon encapsulating the REE-bearing minerals [41]. Consequently, allowing for more interaction between the REE-bearing minerals and the leachate leads to higher REE recovery. The outcome of this study is consistent with the findings of [42,43,44]. The leaching mechanism of the REE-bearing minerals in the two coal samples was presented and explained in a study conducted by Harrar et al. [27]. The authors illustrated that the low REEs obtained from both RC1 and DC1 were due to the REEs being dispersed in the kaolinite matrices of the coals. According to [45], kaolinite subjected to HCl leaching cannot be completely dissociated under mildly acidic conditions of 2 M and 75 °C.



3.2.1. Optimisation of the REE Leaching Recovery from DC1 and RC1 Coal


The actual experimental responses in Figure 1 and the predicted responses of the % REEs recovered from the effect of the three leaching factors are displayed in Table 3 (RC1) and Table 4 (DC1). The % REE leaching recovery after three hours was recorded in the DOE to create a confined area for the RSM and to develop empirical equations. The development of empirical equations 3 to 6 provided the predicted % of REE recovery. It was observed from the combined effect of these factors that REE recovery improved with an increase in temperature and HCl concentration. This is consistent with a study carried out by Yang [11], which also showed an increase in REE recovery due to an increase in acid concentration and temperature. Both tables also indicate the closeness of the experimental and predicted % REE leaching recovery. The relative similarities between the data further verify the model’s suitability [36,46].



Suitability and Adequacy of the Model (ANOVA)


The adequacy of the fitted linear model (Equations (3) and (4)) was studied by analysing the ANOVA results and the fit summary presented in Table 5 and Table 6. The model’s suitability was assessed on DOE using the F-value, p-value (ANOVA), and R2 values (Table 5 and Table 6). The significance of the linear model was examined using probability (p-value). The p-value indicates whether the model terms (concentration, solid:liquid ratio, and temperature) are significant or not significant in terms of their influence on the REE leaching recovery [47]. A p value < 0.0500 illustrates that the model terms are significant, while values > 0.1000 indicate that the model terms are insignificant [48,49]. Using equation 3 for RC1, the three leaching factors of A-HCl concentration, B-solid:liquid ratio, and C-temperature were found to be significant in the linear models, as can be seen from the p-values in Table 5. Likewise, using equation 4, the same conclusion can be made for DC1 (Table 6). Correspondingly, the linear models of equations 3 and 4 derived from DOE to predict the % REE leaching recovery show p-values of 0.0147 and 0.0001 for RC1 and DC1. Consequently, the linear model for the % REE recovery and its factors is significant and suitable for the experimental data [36].



The F-values (lack of fit) of 22.81 (DC1) and 5.52 (RC1) indicate that the linear model is significant, with only a 0.01% (DC1) and 1.47% (RC1) chance that an F-value this large could have occurred due to noise [35,48,50]. The p-value and F-value are 0.99 and 0.11, respectively, for RC1 and 0.9714 and 0.6043, respectively, for DC1. Hence, this indicates an insignificant lack of fit [50]. An insignificant lack of fit is essential and important for a linear model that fits experimental data [50]. The R2 value for the RC1 and DC1 linear models of % REE recovery are 0.8910 and 0.9133, respectively. This confirms a very good linear equation model [46]. Adjusted R2 values of 0.88 (RC1) and 0.89 (DC1) are within a satisfactory range, with predicted R2 values of 0.87 (RC1) and 0.87 (DC1). The difference between the adjusted and predicted R2 values was less than 0.02 for both samples and was within an acceptable range [48,51]. “Adequate Precision” is a value used to measure the signal-to-noise ratio. A ratio greater than four is desirable for the model to navigate within the design space [48]. Hence, the “Adequate Precision” values of 6.93 (RC1) and 14.67 (DC1) show that the model attained is satisfactory and suitable for predicting the % REE recovery.



Coded Equations:


    %   REE   leaching   recovery     (  RC 1  )  = 11.95 + 1.79 A − 1.63 B + 3.46 C   



(3)






    %   REE   leaching   recovery     (  DC 1  )  = 31.47 + 2.22 A − 4.28 B + 3.26 C     



(4)







Actual Equations:


    %   REE   leaching   recovery     (  RC 1  )  = − 2.14 + 2.38 A − 1.08 B + 0.35 C   



(5)






    %   REE   leaching   recovery     (  DC 1  )  = 21.87 + 2.97 A − 0.28 B + 0.33 C     



(6)








Response Surface Methodology Plots for the Interactions between the Leaching Factors and the % REE Leaching Recovery


The interactions between HCl concentration (factor A), solid:liquid ratio (factor B), and leaching temperature (factor C) were studied to understand the simultaneous relationships between them. This study demonstrated the influence of these factors on the percentage of REE leaching recovery by engaging RSM on DOE to obtain 3D response surfaces. The optimal and best conditions are indicated in the dark red converging area, representing the highest % REE leaching recovery [46]. The RSM 3D plots for RC1 and DC1 (Figure 2A,B) were designed based on the actual model equations 5 and 6 for the % REE leaching recovery. The % REE leaching recovery improved with increased temperature and HCl concentration (Figure 2A,B). Several studies have also shown that REE recovery increases with increased temperatures and acid concentrations [11,50]. For both coal samples, an increase in HCl concentration increased the % REE leaching recovery. According to [11,52], an increase in acid load would result in an increase in hydronium ions in solution, which would result in a decrease in pH to near zero. At low pH values, REEs form cations that are easily dissolved in the lixiviate solutions by attaching to chlorine anions.



The 3D surface plots from the simultaneous effects of leaching temperatures between 30 °C to 50 °C and solid:liquid ratios ranging from 10 g/L to 40 g/L on the % REE leaching recovery are depicted in Figure 3A,B, respectively. The HCl concentration for these tests was kept at 2 M, and it is evident that the % REE leaching recovery increased as the leaching temperature increased to 50 °C. At a leaching temperature of 50 °C and pulp density of 10 g/L, the % REE leaching recovery reached a maximum of 18.8% and 40% for RC1 and DC1, respectively (Figure 3). Several studies on REE leaching recovery from coal and different REE-based ores have indicated that REE recovery increased with an increase in leaching temperature and a decrease in solid:liquid ratio [11,47,50,53,54].



Figure 4A,B depicts the relationship between the solid:liquid ratio at 10 g/L to 40 g/L and HCl concentration ranging between 0.5 M to 2 M at a constant temperature of 50 °C. From the 3D surface plots (Figure 4), it was observed that an increase in REE recovery was due to an increase in acid concentration and a decrease in pulp density. This observation was similar to that reported by Chi et al. [53], Cao et al. [54], Amine et al. [47], and Yang (2019) [11] on the influence of acid concentration and pulp density on REE recovery.



The development of the 3D surface response models provided valuable information on the optimisation and % REE leaching recovery of the two coal samples. Therefore, it may be concluded that HCl concentrations of 2 M, 50 °C, and a low pulp density (10 g/L) are noted as the best operating parameters to enhance REE recovery.




Desirability Function for Optimal Leaching Parameters


The determination of the optimal leaching conditions for REE recovery was carried out using DOE, as shown in Table 7. To obtain the optimal leaching conditions of factors A-HCl concentration, B-solid:liquid ratio, and C-leachate temperature, a desirability function was employed to maximise the % REE leaching recovery. Table 7 illustrates the parameter settings for the desired target response.



The desirability function operates in an interval of [0, 1], with 1 conforming to the maximum satisfaction and 0 indicating an unacceptable or undesirable response [47]. Table 8 illustrates that the optimal leaching solutions with solution 1 selected for RC1 and DC1 as the % REE leaching recovery were highest in this design space. Additionally, solution 1 for RC1 and DC1 manifested desirability of 0.90 and 1.00, respectively. This indicates that the optimal runs provided maximum satisfaction. In conclusion, the optimum leaching process conditions for RC1 and DC1 correspond to an HCl concentration of 2 M, with a solid:liquid ratio of 10 g/L and a leaching temperature of 50 °C.



The predicted optimised % REE leaching recovery model (Equations (3) and (4)) and conditions were within a 95% confidence level (Table 9). Moreover, the point prediction provided a standard deviation of 2.93 (RC1) and 1.99 (DC1). This implies that the predicted and experimental % REE leaching recovery from the optimised leaching conditions (Table 9) will not deviate by more than 3% for either sample. The predicted % REE leaching recovery mean and median for RC1 and DC1 were 18.82 and 41.04, respectively (Table 9). These values were close to the expected REE recovery percentage for the optimised leaching conditions, illustrating the model’s accuracy in the optimised leaching conditions.



Based on the model’s validity, RC1 and DC1 were subjected to leaching under the optimal conditions achieved (HCl concentration of 2 M, with a solid:liquid ratio of 10 g/L and a leaching temperature of 50 °C). Under these conditions, the experimental % REE leaching recoveries for RC1 and DC1 were 18.95% and 41.53%, respectively. These REE recovery values are close to the predicted % REE recovery (Table 3 and Table 4). The percentage of absolute error (POAE) was determined using Equation (7).


  P O A E =   E x p e r i m e n t a l   %   R E E   r e c o v e r y − P r e d i c t e d   %   R E E   r e c o v e r y   E x p e r i m e n t a l   %   R E E   r e c o v e r y   × 100  



(7)







The error percentages for RC1 and DC1 were 0.74% and 1.25%, respectively. According to [55], the standard accepted POAE should not be greater than 2.5% to 5%, depending on the type of experiment conducted. Therefore, the POAE achieved shows that the optimised results and solutions are satisfactory and agree with the experimental results.






3.3. Percentage Recovery of REE under Optimal HCl Leaching Conditions for RC1 and DC1 Coals


The optimal leaching conditions were verified by subjecting RC1 and DC1 to leaching under the optimal parameters (HCl concentration of 2 M, solid:liquid ratio of 10 g/L, and leaching temperature of 50 °C). RC1 exhibited an REE leaching recovery of 18.95%, and DC1 achieved a leaching recovery of 41.35%, as depicted in Figure 5. The recovery of the REEs in both samples can be seen to occur instantaneously within the first minute and then gradually increases over three hours, with only an increase of 5% (DC1) to 10% (RC1). Studies on REE leaching from coal and other minerals are well aligned with the REE recovery reported in this study [37,40,42,52]. In some studies, the recovery of REEs was higher, as most of these studies were conducted at a particle size below 10 µm [11]. However, it was observed that, within a one- to ten-minute period, REEs were leached into the lixiviate instantaneously (Figure 5). The optimal leaching conditions predicted by the model (Equations (3) and (4)) were validated, as the model predicted % REE leaching recovery close to the optimal experimental REE leaching recovery.



Under the same optimal leaching conditions, the results obtained for the % HREE and % LREE recovery for the DC1 and RC1 coals are depicted in Figure 6A,B, respectively. 77% of HREE were recovered from DC1, while RC1 manifested a % HREE recovery of 21.03% (Figure 6A). The % LREE recovery for RC1 and DC1 was 14% and 32%, respectively (Figure 6). The higher HREE recovery indicates that the HREEs dissolve more rapidly under optimal leachate conditions within the first minute. However, the LREEs display a slow dissolution in solution in the first 15 minutes, but over time, the LREEs typically increase in solution. The results of the higher extraction efficiency of HREEs suggest that they form weak ion-adsorbed bonding complexes with organic or inorganic minerals within coal [56]. In addition, more HREEs were released into the leachate from the DC1 coal, which contains a higher ash content relative to the RC1 coal, as reported by Harrar et al. [27]. This may be because the carbon fraction of RC1 (high carbon) uses more acid, leaving less HCl acid to react with the REEs in the coal. The low recovery noted in the LREEs could be because they are strongly attached to the insoluble high minerals, such as silicates, kaolinite, pyrite, magnetite, and zircon, present in the coal utilised [27]. These minerals require more contact time, more aggressive leaching concentrations, and higher temperatures to solubilise the REE-bearing minerals within [41]. In retrospect, HREEs were dispersed and weakly adsorbed to organic matrices or weakly adsorbed to clayey mineral sites, whereas the LREEs formed more stable, strongly nested bonds with the mineral fraction, as illustrated by their slower REE recovery over time. The high HREE recovery of 77% from DC1 implies that discarding coal is a promising potential source of economic gain, as no prior mining is required.




3.4. Stage 2 Effect of Different Lixiviants on Percentage REE Recovery under Optimal Leaching Parameters


Leaching experiments were conducted at the optimal leaching parameters of 2 M acid, 50 °C, and a solid:liquid ratio of 10 g/L with nitric acid and perchloric acid. The percentage of REEs recovered from both acids was compared to that of the HCl leaching process. Both RC1 and DC1 were subjected to HNO3 and HClO4 leaching at 2 M. After three hours of leaching, 15.9% of the REEs were recovered using the nitric acid lixiviate, while the perchloric acid only achieved a 7.08% REE recovery from RC1 (Figure 7). The HNO3 and HClO4 leaching applied to DC1 exhibited REE recovery of 42.57% and 22.39%, respectively (Figure 7). Thus, nitric acid was more effective than perchloric acid in leaching REE.



The order of proton activity, HClO4 > HNO3 > HCl [52], implies that HClO4 should have produced a greater recovery of REE. Nonetheless, perchlorate (ClO4-) ions have a lower association/ability to bind to REE cations [57]. This is the reason for the decrease in the percentage of REE recovery during HClO4 leaching. The increase in REE recovery with HCl or HNO3 leaching is due to the stronger bonding abilities of the NO3- and Cl- ions, even though they exhibit lower proton activity [57]. REE cation recovery requires a composite effect of the H3O+ hydronium ion, leading to the acidity and solubilisation of the REE-bearing minerals, along with the influence of the anions’ (Cl-, NO3-) bonding ability to recover the REEs [57]. This indicates why HNO3 and HCl exhibited similar REE recoveries of 42.57% and 41.35% for DC1, and 15.9% and 18.95% for RC1, respectively. Therefore, it may be concluded that HNO3 and HCl behaved similarly in the leaching tests for both coal samples.



Figure 8 presents the % HREEs and % LREEs leaching recovery from DC1 and RC1 under HNO3 and HClO4. HNO3 leaching resulted in a recovery of 93.5% HREEs and 20.78% LREEs from DC1. HClO4 achieved 71.23% HREE recovery and 10.84% LREE recovery from DC1. Nitric acid resulted in an HREE recovery of 38.69% and an LREE recovery of 10.51% from RC1 (Figure 8). The perchloric acid leaching results from RC1 were 16.15% HREE recovery and 4.97% LREE recovery. The higher recovery in HREEs noted in both samples might be a result of the weak ion bonding of the HREEs with the organic matrices and clay minerals, thus being released instantaneously into the leachate solution [56]. The lower recovery of LREEs could be due to their association with less acid-soluble REE minerals. Thus, the recovery of the LREEs progressively improved (Figure 8B) as the minerals slowly decomposed. Laudal et al. [41] suggested that leachate contact time with raw coal should be increased to 24 h to maximise LREE recovery. Overall, the % LREEs and % HREEs recovery was higher from DC1 (in the perchloric and nitric acid leachates) than from RC1, which correlates well with the HCl leaching results. Therefore, HCl was used in the subsequent optimised leaching test for the REEs of the calcined samples due to its higher REE recoveries and cost effectiveness relative to the HNO3 and HClO4 lixiviates.




3.5. The Influence of Calcination Pre-Treatment on Subsequent % HREEs and % LREEs Leaching Recovery


The percentage of HREEs and LREEs leaching recovery of thermally treated RC1 and DC1 at 500 °C to 800 °C is presented (Figure 9 and Figure 10). In Figure 9A,B, the raw RC1 subjected to optimised leaching conditions resulted in HREE and LREE recovery of 21.03% and 14.04%, respectively. Subsequently, RC1 calcinated at 500 °C, 600 °C, 700 °C and 800 °C resulted in 60.55%, 72.91%, 79.35%, and 72.04% HREE leaching recovery, respectively (Figure 9A). In order of the same calcination temperatures, the LREE recovery for RC1 was 83.31%, 87.62%, 94.24%, and 88.56% (Figure 10A).



According to Figure 9A,B, raw DC1 subjected to the optimal leaching conditions resulted in 77.37% HREE recovery and 32.50% LREE recovery. Upon calcination at 500 °C, 600 °C, 700 °C and 800 °C the % HREE leaching recovery increased to 89.08%, 92.69%, 97.9%, and 87.31%, respectively (Figure 9B). The % LREE leaching recovery also increased to 80.25%, 86.82%, 98.49%, and 81.27% for the same calcination temperatures, respectively (Figure 10B). The best calcination temperature for improving the % HREE and % LREE leaching recovery was 700 °C (Figure 9 and Figure 10). At this temperature, the % HREE leaching recovery for RC1 and DC1 increased to 79.35% and 97.9%, respectively. The high recovery of HREEs observed in the two calcined samples at 700 ºC is due to the removal of carbon in the samples, leading to the formation of HREE oxides. The ease of the solubility of the oxides in the leachate improved the overall % HREE leaching recovery by 58% for RC1 and 20.53% for DC1.



As for the LREEs, the increase noted in the % LREE recovery of the two calcined samples at 700 °C can be attributed to the degradation of the kaolinite layer structure, resulting in the liberation of previously encapsulated LREE minerals [37]. The low LREE recovery from both non-calcined raw samples could be attributed to the LREEs being associated and distributed with non-soluble minerals [41]. These minerals include silicates, kaolinite, pyrite, magnetite, and zircon, which are present in raw RC1 and DC1 coals [27]. This suggests that the decomposition of the LREE-bearing minerals into oxides, which are more soluble during acid leaching, enhanced the % LREE recovery [58]. It can also be observed that at the calcination temperature of 800 °C, the % REE leaching recovery decreased by more than 7% for both coal samples. This is similar to the findings of [37,39,58]. According to [39], at a calcination temperature above 800 °C, the surface area and pore volume of kaolinite decreases, resulting in a decrease in leachate-REE interactions.





4. Conclusions


This article reports on an optimised leaching process for the recovery of REEs from ROM coal and discard coal. In addition, the study also provided an in-depth understanding of how the optimal leaching parameters and lixiviates affected REE recovery. Key findings revealed that the % REE leaching recovery improved as the HCl concentration increased to 2 M, leaching temperature to 50 °C, and solid: liquid ratio decreased to 10 g/L. Statistical analysis showed that the three leaching factors—concentration, temperature, and solid/liquid ratio are significant and were noted to regulate the % REE leaching recovery model. The REE leaching recovery under the optimal parameters for the raw RC1 and DC1 coal samples was 18.95% and 41.35%, respectively. The % HREE leaching recovery for both coal samples was found to be greater than the % LREE leaching recovery. This suggests the HREEs are weakly ion-adsorbed onto clay minerals and carbon matrices, while the LREEs form stronger bonds with non-acid-soluble minerals. The leaching efficiency of HClO4 for REE recovery was significantly lower than that of HCl and HNO3. HNO3 and HCl leaching showed a similar % REE recovery of approximately 41% for DC1. The concentration of REEs in RC1 and DC1 improved significantly as calcination temperatures increased from 500 °C to 800 °C. At 700 °C, the REE concentration is 347 ppm (RC1) and 363 ppm (DC1). At 800 °C, the REE concentration increased to 362 ppm (RC1) and 390 ppm (DC1).



In summary, the coal discard used in this study could be a potential source for the extraction of REEs. The extraction of these critical elements from this waste could avert the legacy of ruins left behind by the mining houses, while serving as a source of future economic benefits to the mining houses.
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Figure 1. The % REE recovery of RC1 (A–C) and DC1 (D–F) after leaching according to the DOE test matrix. 
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Figure 2. 3D surface plots of the relationship between temperature, HCl concentration, and their impact on the % REE leaching recovery for RC1 (A) and DC1 (B). 
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Figure 3. 3D surface plots of the relationship between leaching temperature, pulp density (solid:liquid ratio), and their impact on the % REE leaching recovery for RC1 (A) and DC1 (B) coals. 






Figure 3. 3D surface plots of the relationship between leaching temperature, pulp density (solid:liquid ratio), and their impact on the % REE leaching recovery for RC1 (A) and DC1 (B) coals.



[image: Minerals 12 00938 g003]







[image: Minerals 12 00938 g004 550] 





Figure 4. 3D surface plots of the relationship between leachate concentration, pulp density (solid: liquid ratio), and their impact on the % REE leaching recovery for RC1 (A) and DC1 (B). 
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Figure 5. RC1 and DC1 % REE leaching recovery under the optimised leaching parameters (HCl concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 
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Figure 6. RC1 and DC1 % HREEs (A) and % LREEs (B) leaching recovery under the optimised leaching parameters (HCl concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 
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Figure 7. RC1 and DC1 % REE leaching recovery under the optimised leaching parameters (HClO4/HNO3 concentration of 2 M, solid: liquid of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 
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Figure 8. RC1 and DC1 % HREEs (A) and % LREEs (B) leaching recovery under the optimised leaching parameters (HClO4/HNO3 concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 






Figure 8. RC1 and DC1 % HREEs (A) and % LREEs (B) leaching recovery under the optimised leaching parameters (HClO4/HNO3 concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm).



[image: Minerals 12 00938 g008]







[image: Minerals 12 00938 g009 550] 





Figure 9. Calcined RC1 (A) and DC1 (B) % HREE leaching recovery under the optimised leaching parameters of (HCl concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 
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Figure 10. Calcined RC1 (A) and DC1 (B) % LREE leaching recovery under the optimised leaching parameters of (HCl concentration of 2 M, solid:liquid ratio of 10 g/L, leaching temperature of 50 °C, D90 = −106 µm, stirrer speed 550 rpm). 
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Table 1. Experimental design matrix (from DOE) for the leaching of RC1 and DC1.






Table 1. Experimental design matrix (from DOE) for the leaching of RC1 and DC1.





	Run
	Factor 1 A: HCl Concentration (M)
	Factor 2 B: Solid/Liquid (g/L)
	Factor 3 C: Temperature (°C)





	1
	0.5
	25
	30



	2
	1.25
	40
	50



	3
	1.25
	40
	30



	4
	1.25
	10
	30



	5
	1.25
	25
	40



	6
	0.5
	10
	40



	7
	1.25
	25
	40



	8
	2
	40
	40



	9
	1.25
	10
	50



	10
	0.5
	40
	40



	11
	2
	25
	30



	12
	2
	10
	40



	13
	0.5
	25
	50



	14
	2
	25
	50



	15
	1.25
	25
	40
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Table 2. ICP-MS results for individual REE contents and the TREEs, outlook coefficient (Coutlook), and REE ratios for the calcined coal samples.






Table 2. ICP-MS results for individual REE contents and the TREEs, outlook coefficient (Coutlook), and REE ratios for the calcined coal samples.





	REE Native Elements (Concentration in ppm)
	RC1

500 °C
	DC1

500 °C
	RC1

600 °C
	DC1

600 °C
	RC1

700 °C
	DC1

700 °C
	RC1

800 °C
	DC1

800 °C





	La
	55.93
	60.88
	59.70
	66.55
	64.66
	69.85
	67.47
	75.14



	Ce
	117.28
	130.10
	125.20
	142.21
	135.59
	149.27
	141.49
	160.56



	Pr
	12.41
	13.57
	13.25
	14.83
	14.35
	15.56
	14.97
	16.74



	Nd
	47.85
	50.54
	51.09
	55.24
	55.33
	57.98
	57.73
	62.37



	Sm
	8.69
	9.23
	9.28
	10.09
	10.05
	10.59
	10.49
	11.39



	Eu
	1.58
	1.43
	1.69
	1.56
	1.83
	1.64
	1.91
	1.76



	Gd
	7.04
	6.57
	7.52
	7.19
	8.14
	7.54
	8.50
	8.11



	Tb
	0.97
	0.89
	1.03
	0.97
	1.12
	1.02
	1.17
	1.09



	Dy
	5.07
	4.78
	5.41
	5.23
	5.86
	5.49
	6.12
	5.90



	Ho
	0.89
	0.85
	0.95
	0.93
	1.03
	0.97
	1.07
	1.05



	Er
	2.30
	2.21
	2.46
	2.42
	2.66
	2.54
	2.78
	2.73



	Tm
	0.26
	0.29
	0.28
	0.32
	0.30
	0.34
	0.32
	0.36



	Yb
	1.65
	1.93
	1.76
	2.11
	1.90
	2.22
	1.99
	2.38



	Lu
	0.26
	0.20
	0.28
	0.22
	0.30
	0.23
	0.32
	0.25



	Sc
	14.75
	13.24
	15.75
	14.48
	17.06
	15.19
	17.80
	16.34



	Y
	23.29
	19.90
	24.87
	21.75
	26.93
	22.83
	28.10
	24.56



	∑TREEs
	300.29
	316.59
	320.58
	346.04
	347.19
	363.22
	362.29
	390.70



	∑HREEs
	56.53
	50.91
	60.34
	55.65
	65.35
	58.41
	68.20
	62.83



	∑LREEs
	243.76
	265.77
	260.24
	290.50
	281.83
	304.92
	294.09
	327.99



	∑CREEs
	156.12
	153.87
	169.01
	168.18
	180.50
	176.53
	188.35
	189.89



	∑UCREEs
	78.57
	90.17
	89.77
	98.55
	97.22
	103.45
	101.44
	111.28



	Coutlook
	1.98
	1.70
	1.88
	1.70
	1.85
	1.70
	1.85
	1.70



	LREEs:HREEs
	4.31
	5.21
	4.31
	5.21
	4.31
	5.21
	4.31
	5.21



	% CREEs
	35.96
	32.50
	38.39
	35.53
	41.58
	37.29
	43.38
	40.11



	% UCREEs
	37.29
	36.73
	39.81
	40.15
	43.12
	42.15
	44.99
	45.34
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Table 3. Experimental vs. predicted % REE leaching recovery from RC1.






Table 3. Experimental vs. predicted % REE leaching recovery from RC1.





	Run
	Factor 1 A: HCl Concentration (M)
	Factor 2 B: S:L (g/L)
	Factor 3 C: Temperature (°C)
	Experimental REE

Recovery %
	Predicted REE

Recovery %





	1
	0.5
	25
	30
	6.92
	6.71



	2
	1.25
	40
	50
	10.1
	13.78



	3
	1.25
	40
	30
	6.91
	6.87



	4
	1.25
	10
	30
	8.59
	10.12



	5
	1.25
	25
	40
	7.18
	11.95



	6
	0.5
	10
	40
	11.84
	11.79



	7
	1.25
	25
	40
	18.34
	11.95



	8
	2
	40
	40
	11.56
	12.11



	9
	1.25
	10
	50
	16.46
	17.03



	10
	0.5
	40
	40
	9.76
	8.54



	11
	2
	25
	30
	9.99
	10.28



	12
	2
	10
	40
	14.44
	15.36



	13
	0.5
	25
	50
	13.33
	13.62



	14
	2
	25
	50
	20.16
	17.19



	15
	1.25
	25
	40
	13.66
	11.95







S:L: solid:liquid ratio.
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Table 4. Experimental vs. predicated % REE leaching recovery from DC1.






Table 4. Experimental vs. predicated % REE leaching recovery from DC1.





	Run
	Factor 1 A: HCl Concentration (M)
	Factor 2 B: S/L (g/L)
	Factor 3 C: Temperature (°C)
	Experimental REE Recovery %
	Predicted REE

Recovery %





	1
	0.5
	25
	30
	24.55
	25.99



	2
	1.25
	40
	50
	32.10
	30.44



	3
	1.25
	40
	30
	26.43
	23.93



	4
	1.25
	10
	30
	34.32
	32.49



	5
	1.25
	25
	40
	30.32
	31.47



	6
	0.5
	10
	40
	35.24
	33.52



	7
	1.25
	25
	40
	34.33
	31.47



	8
	2
	40
	40
	28.39
	29.41



	9
	1.25
	10
	50
	38.32
	39.00



	10
	0.5
	40
	40
	24.31
	24.96



	11
	2
	25
	30
	28.14
	30.44



	12
	2
	10
	40
	37.23
	37.97



	13
	0.5
	25
	50
	30.39
	32.50



	14
	2
	25
	50
	38.59
	36.95



	15
	1.25
	25
	40
	32.04
	31.47







S:L: solid:liquid ratio.
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Table 5. ANOVA table of the % REE recovery for RC1 with respect to the various leaching factors.






Table 5. ANOVA table of the % REE recovery for RC1 with respect to the various leaching factors.














	Source
	Sum of Squares
	Mean Square
	F-Value
	Remark
	Source
	Sum of Squares





	Model (% REE recovery)
	142.18
	47.39
	5.52
	Significant
	Model (% REE recovery)
	142.18



	A-Concentration
	25.56
	25.56
	2.98
	Significant
	A-Concentration
	25.56



	B-Solid:liquid ratio
	21.13
	21.13
	2.46
	Significant
	B-Solid:liquid ratio
	21.13



	C-Temperature
	95.5
	95.5
	11.13
	Significant
	C-Temperature
	95.5



	Residual
	94.39
	8.58
	
	
	Residual
	94.39



	Lack of Fit
	31.58
	3.51
	0.11
	Not Significant
	Lack of Fit
	31.58



	Pure Error
	62.81
	31.41
	
	
	Pure Error
	62.81



	Cor Total
	236.57
	
	
	
	Cor Total
	236.57



	R2
	0.891
	
	
	
	R2
	0.891



	Adjusted R2
	0.8822
	
	
	
	Adjusted R2
	0.8822



	Predicted R2
	0.8749
	
	
	
	Predicted R2
	0.8749



	Adequate Precision
	6.9313
	
	
	
	Adequate Precision
	6.9313
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Table 6. ANOVA table of the % REE recovery for DC1 with respect to the various leaching factors.






Table 6. ANOVA table of the % REE recovery for DC1 with respect to the various leaching factors.














	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value
	Remark





	Model (% REE recovery)
	270.95
	3
	90.32
	22.81
	0.0001
	Significant



	A-Concentration
	39.60
	1
	39.60
	10.00
	0.0090
	Significant



	B-Solid:liquid ratio
	146.57
	1
	146.57
	37.02
	0.0001
	Significant



	C-Temperature
	84.77
	1
	84.77
	21.41
	0.0007
	Significant



	Residual
	43.56
	11
	3.96
	
	
	



	Lack of Fit
	35.45
	9
	3.94
	0.97
	0.6043
	Not significant



	Pure Error
	8.11
	2
	4.05
	
	
	



	Cor Total
	314.50
	14
	
	
	
	



	R2
	0.9133
	
	
	
	
	



	Adjusted R2
	0.8937
	
	
	
	
	



	Predicted R2
	0.8744
	
	
	
	
	



	Adequate Precision
	14.6668
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Table 7. Leaching parameter settings for the optimised response of RC1 and DC1.






Table 7. Leaching parameter settings for the optimised response of RC1 and DC1.





	Parameter Constraints
	Goal
	Lower Limit
	Upper Limit





	A: Concentration (M)
	is in range
	0.5
	2



	B: Solid:liquid ratio (g/L)
	is in range
	10
	40



	C: Temperature (°C)
	is in range
	30
	50



	% REE leaching recovery after 3 h
	maximise
	6.91
	20.16
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Table 8. Leaching conditions of the optimised solution for RC1 and DC1.






Table 8. Leaching conditions of the optimised solution for RC1 and DC1.














	Solution
	A: HCl Concentration (M)
	B: Solid:Liquid Ratio (g/L)
	C: Temperature (°C)
	% REE Leaching Recovery (3 h)
	Desirability
	Remark





	(RC1) 1
	2.00
	10.00
	50.00
	18.81
	0.90
	



	(RC1) 2
	2.00
	10.00
	50.00
	18.81
	0.90
	



	(RC1) 3
	2.00
	10.12
	50.00
	18.80
	0.89
	



	(DC1) 1
	2.00
	10.00
	50.00
	41.01
	1.00
	



	(DC1) 2
	1.98
	10.16
	49.73
	41.03
	1.00
	



	(DC1) 3
	1.99
	10.10
	49.97
	41.14
	1.00
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Table 9. Point prediction table for the optimised selected solutions.






Table 9. Point prediction table for the optimised selected solutions.





	Solution 1 Response
	Predicted Mean
	Predicted Median
	Std Dev
	95% Cl Low

for Mean
	95% Cl High for Mean





	RC1 % REE leaching

recovery after 3 hrs
	18.82
	18.82
	2.93
	14.53
	23.10



	DC1 % REE leaching

recovery after 3 hrs
	41.04
	41.04
	1.99
	38.16
	43.91







Std Dev: Standard Deviation; Cl: Confidence level.
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