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Different types of organic acids were used as lixiviants to leach rare earths from the calcination product of a 
coal coarse refuse. At the same pH, citric acid and DL-malic acid were found to provide the highest recoveries 
of heavy rare earths and scandium.  
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University, Blacksburg, Virginia 24061, USA 5 

Abstract: Due to the increasing criticality of rare earth elements (REEs), it has become essential 6 

to recover REEs from alternative resources. In this study, systematic REEs leaching tests were 7 

performed on the calcination product of a coal coarse refuse using hydrochloric acid and 8 

different types of organic acid as lixiviants. Experimental results showed that the recovery of 9 

REEs, especially heavy REEs (HREEs) and scandium (Sc), were improved by using selected 10 

organic acids. Citric acid and DL-malic acid afforded the best leaching performances; whereas, 11 

malonic acid, oxalic acid, and DL-tartaric acid were inferior to hydrochloric acid. Results of zeta 12 

potential measurements and solution chemical equilibrium calculations showed that malonic acid 13 

was more likely adsorbed on the surface of the calcined material compared with citric acid and 14 

DL-malic acid. The adsorption may reduce the effective concentration of malonic species in 15 

solution and/or increase the amount of REEs adsorbed on the surface, thereby impairing the 16 

leaching recovery. Compared with light REEs (LREEs), a stronger adsorption of the HREEs on 17 

the surface was observed from electro-kinetic test results. This finding explained why organic 18 

acids imposed a more positive impact on the leaching recovery of HREEs. By complexing with 19 

the HREEs, organic acids can keep the metal ions in solution and improve the leaching recovery. 20 

The adsorption of Sc3+ on the surface was the lowest compared with other REEs. Therefore, 21 

rather than complexing, the organic anionic species likely played a function of solubilizing Sc 22 

from the solid, which is similar to that of hydrogen ions.  23 

Keywords: Rare earth elements, Coal refuse, Acid leaching, Organic acids  24 
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1. Introduction 35 

Rare earth elements (REEs) are a group of 15 elements referred to as the lanthanide series in 36 

the periodic table of elements. Scandium (Sc) and yttrium (Y) are normally included in this 37 

categorization because of their similar properties and occurrence in the same ore bodies as the 38 

lanthanides 1. REEs are generally classified into two sub-groups according to their atomic 39 

weights and locations in the periodical table 2,3, namely light rare earth elements (LREEs) and 40 

heavy rare earth elements (HREEs). Promethium (Pm) is produced by radioactive decay and 41 

considered as the only element listed in the periodical table without stable isotopes 4,5. The global 42 

production of REEs was 210000 metric tons of REO in 2019 6. Fig. 1 shows REEs production by 43 

different countries. REEs have been coded as critical materials by several international 44 

institutions and governments due to their supply risks and importance to the clean energy 45 

industry, advanced military applications, and many commodity items in high-tech industries 3,7–9. 46 

The criticality of REEs has led to increasing interests and studies in the recovery from alternative 47 

resources, such as waste electrical and electronic equipment, permanent magnets, and lamp 48 

phosphors 3,10,11. 49 

 50 

Fig. 1. The distribution of global REO production in 2019. 51 

In recent years, many studies have been completed focusing on the recovery of REEs from 52 

coal-based materials 12–20. As reported by Luttrell et al.19 , more than 80% of REEs associated 53 

with run-of-mine coals report to refuse streams after coal preparation. Therefore, coal refuse is 54 

more suitable to be used as a feedstock for REEs recovery compared with other coal-based 55 

materials. Physical and hydrometallurgical approaches usually provided low recoveries of REEs 56 

from coal refuse 19. Therefore, calcination treatment prior to acid leaching has been used with 57 

encouraging results being obtained 22,23. For example, REEs recovery from a coal refuse was 58 

improved from around 20% to 90% by two hours of calcination at 600 � using 1.2 mol/L HCl as 59 

the lixiviant 22. However, this acid concentration level is too high to make the overall recovery 60 

and purification process economically viable 12. The contradiction is that REEs recovery was 61 

reduced when using HCl solutions of a lower concentration, such as 6×10–3 mol/L 22. One 62 

potential solution is using organic acids to replace inorganic acids. 63 

Organic acids, especially the low molecular weight organic acids, have been applied for 64 

leaching REEs from both conventional rare earth ores and secondary resources 24–27. Acetic acid, 65 

malonic acid, citric acid, tartaric acid, succinic acid, and malic acid have been used to improve 66 

the leaching recovery of REEs from an ion-adsorption type rare earth clay 28. It was found that 67 

without pH adjustment, the extraction of REEs can be improved from around 9.6 to 10.7 68 

mmol/kg by adding 1×10–3 mol/L of the organic acids. The enhancement of metal leaching in the 69 

presence of organic acids is likely due to three mechanisms: (1) protons dissociated from organic 70 

acid molecules increase the acidity of leaching systems; (2) organic species affect the saturation 71 

state of leach solutions with respect to mineral solids; and (3) organic species change the 72 

speciation of metal ions in solution 29. 73 
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In this study, acid leaching tests were performed on the calcination product of a coal coarse 74 

refuse material using different types of organic acids. Hydrochloric acid was also utilized for 75 

comparison purposes. The advantages of the organic acids over HCl were evaluated based on 76 

leaching test results. Interaction mechanisms between the organic acids and the solid were 77 

investigated through electro-kinetic tests and solution chemical equilibrium calculations. A 78 

comprehensive understanding of REEs recovery from calcined coal refuse using organic acids 79 

was achieved.  80 

2. Material and methods 81 

2.1 Materials 82 

The sample used in this study was collected from the feed of a coal preparation plant, which 83 

processed coals originating from the Baker (Western Kentucky No. 13) seam located in western 84 

Kentucky, USA. The sample was dry-screened to obtain the plus 1 cm fraction, which was then 85 

density-fractionated using a dense medium of 2.2 specific gravity (SG). The medium was 86 

prepared by mixing fine-grained magnetite with tap water. The 2.2 SG sink fraction was 87 

collected and rinsed several times to remove entrained magnetite particles. The resultant sample 88 

was then air-dried and crushed to a top size of 0.18 mm using a crusher and a hammer mill, 89 

which was used as a feed for this study. The 2.2 SG sink material represents coarse refuse 90 

fraction of the run-of-mine coal. 91 

Both organic and inorganic (hydrochloric) acids were used as lixiviants for the rare earth 92 

leaching recovery tests for comparison purposes. Details about the organic acids used in the 93 

experiments are shown in Table 1. All the organic acids were of ACS grade, while the 94 

hydrochloric acid was of trace metal grade. Hydrochloric acid and sodium hydroxide solutions of 95 

1 mol/L were employed as pH regulators. All the chemicals were purchased from Thermo Fisher 96 

Scientific, USA. The water used in this study was deionized water with a resistivity of 18.2 97 

MΩ·cm (Type I water per the ASTM D1193-06 standard). 98 

 99 

Table 1. Type, formula, pKa (25 �), and structure of the organic acids used in this study.  100 

Type Organic acid Formula pKa1 pKa2 pKa3 Structure 

Monocarboxylic Acetic C2H4O2 4.76 - - 
 

Dicarboxylic 

L-Ascorbic C6H8O6 4.17 11.57 - 
 

Maleic C4H4O4 1.83 6.07 - 
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DL-malic C4H6O5 3.40 5.11 - 

 

Malonic C3H4O4 2.80 5.70 - 
 

Oxalic C2H2O4 1.23 4.19 - 
 

Succinic C4H6O4 4.22 5.70 - 
 

DL-tartaric C4H6O6 3.22 4.37 - 

 

Tricarboxylic Citric C6H8O7 2.79 4.30 5.65 

 

2.2 Methods 101 

2.2.1 Calcination test 102 

Calcination of the coarse refuse was performed in a muffle furnace (Model number: EW-103 

33858-80) manufactured by Cole-Parmer, USA. For each batch of calcination, 50 g of the 104 

sample was divided into 10 crucibles (approximately 5 g per crucible), which were placed into 105 

the furnace. Temperature in the furnace was elevated from room temperature to 600 � at a 106 

ramping rate of 10 °C/min. Calcination of the material at 600 � lasted for two hours, after which 107 

the furnace was automatically cooled to room temperature. Calcined material in the crucibles 108 

was collected and uniformly mixed, which was used as a feed for the acid leaching tests. 109 

2.2.2 Acid leaching test 110 

Acid leaching tests were performed to assess the advantages of using organic acids as 111 

lixiviants to extract REEs from the calcined coarse refuse. Fig. 2 shows a schematic of the 112 

experimental setup that was used for the leaching tests. Leaching reaction occurred in a three-113 

neck round bottom flask of 1000 mL maximum volumetric capacity, which was fitted with a 114 

thermometer, condenser, and glass stopper. The setup minimized water loss resulted from 115 

evaporation during the experiments. Leaching characteristics of REEs using HCl solutions of 116 

different concentrations were first investigated. Lixiviant screening tests were then conducted 117 

using the different types of organic acids listed in Table 1 with a dosage of 0.05 mol/L. Leaching 118 

temperature of all tests was maintained at 75 � using a water bath and a hot plate. This 119 

temperature has been consistently used in the authors’ prior studies relevant to REEs extraction 120 

from coal and coal refuse 22,23,30,31. For each test, 2.5 g solid was mixed with 250 mL lixiviant 121 

solution, and the resultant slurry was mixed at 500 r/min using a magnetic stir.  122 
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During leaching reaction, representative samples were collected from the slurry to evaluate 123 

the leaching behavior of REEs at different time intervals from the start of the leaching process up 124 

to a total period of 2 h (i.e., 5, 15, 30, 60, 90 and 120 min). Immediately upon collection, the 125 

samples were subjected to solid-liquid separation using a high-speed centrifuge at 5000 r/min for 126 

10 min. Elemental concentration of the supernatant was measured using inductively coupled 127 

plasma optical emission spectrometry (ICP-OES). After reaction, the remaining slurry in the 128 

flask was filtered using 2.5 µm pore size filter paper. The filtrate was collected for volumetric 129 

measurement. The filter cake was thoroughly rinsed using deionized water, and then dried at 130 

60 °C for 12 h. The residual solid was weighed after drying. REEs concentration in both the 131 

filtrate and solid residue was analyzed. Elemental content (Ef, mg/kg) of the feed solid was back 132 

calculated using the following equation:  133 

�� = 100 × ��	 × 
	 + �� × 
�� ×
��

�����
                                    (1) 134 

where �� and �� represent REEs concentration in the solid residue (mg/kg) and the filtrate (mg/L), 135 

respectively; 
� (kg) weight of the solid residue; 
� (L) volume of the filtrate; 
� (kg) weight of 136 

the total leaching slurry; and 
�  (kg) total weight of all the representative slurry samples 137 

collected during the leaching process. The difference between the back-calculated contents and 138 

the values measured directly using ICP-OES was within ±5%, indicating minor experimental 139 

error.  140 

The fraction of REEs in the feed that was extracted into solution during the leaching process 141 

was referred to as leaching recovery (��, %). The recovery was calculated using the following 142 

equation: 143 

 144 

�� =
��×�

��×�.�� !
× 100%                                                         (2) 145 

where �� is REEs concentration (mg/L) in the leachate collected during the leaching reaction, 
 146 

volume of the feed solution (0.25 L), and �# (mg/kg) back-calculated elemental content in the 147 

feed solid. Three duplicates were performed under the same experimental conditions, and the 148 

standard variances in the REEs recoveries were less than 3%. 149 

  150 

Fig. 2. Schematic of the experimental setup used for the acid leaching tests. 151 

2.2.3 Electro-kinetic test 152 

Electro-kinetic tests were performed to study the interactions between organic acids and solid 153 

surface as well as rare earth metal ions in solution. In addition to the acids showing good 154 

extraction performance, an ineffective organic acid was also selected for comparison purposes. 155 

Zeta potentials were measured using Zs90 Zeta spectrometer (Nano series, Malvern Instruments, 156 

UK). For each measurement, 0.04 g of solid was added into 40 mL organic acid solution of a 157 

desired concentration, which was prepared by dissolving a predetermined amount of organic acid 158 
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in 1×10–3 mol/L KCl. Prior to the addition of solid, HCl and/or NaOH solutions of 1 mol/L were 159 

added to adjust pH of the organic acid solution to predetermined values. The slurry was 160 

conditioned through magnetic stirring, and during the conditioning process, slurry pH was 161 

regularly monitored and regulated to maintain constant. After conditioning for 12 min, the slurry 162 

was stood for 6 min to allow relatively coarse particles to settle. The supernatant was then 163 

collected and transferred to a capillary cell for zeta potential measurement. Each test was 164 

repeated three times, and the average values were reported. Experimental errors were presented 165 

as error bars. All measurements were performed at room temperature (25 ± 1°C).  166 

2.2.4 Solution chemical equilibrium calculation 167 

Generally, when metallic cations (e.g., Sc3+) and/or organic acids (e.g., citric acid, DL-malic 168 

acid) are added to an aqueous system, reactions such as hydration, dissociation, and 169 

complexation will occur. Each reaction is determined by a thermodynamic reaction constant, 170 

based on which the distribution of species at a given pH can be calculated. In this study, solution 171 

chemical equilibrium calculations were performed using Visual MINTEQ 3.132, which is a 172 

freeware chemical equilibrium model maintained by Jon Petter Gustafsson at KTH, Sweden. 173 

Results and findings from the calculations were leveraged to understand the leaching 174 

mechanisms of REEs from the calcined material using organic acids as the lixiviant.  175 

2.2.5 Sample characterization 176 

All solid samples were digested per a modified ASTM D6357-11 method 33. The samples 177 

were first calcined at 750 � for 2 h to completely remove the organic matter. Then, 0.1 g 178 

calcined material was mixed with 20 mL of aqua regia and 20 mL of hydrofluoric acid in a 179 

digestion tube of 50 mL capacity. A hot block maintained at 130 � was used for sample 180 

digestion. After 5 h of digestion, acid liquid in the tube was completely evaporated and the solid 181 

material was converted into precipitates. After that, 10 mL of nitric acid and 30 mL of deionized 182 

water were added into the tube to dissolve the precipitates, and the hot block temperature was 183 

adjusted to 110 °C. The precipitates were dissolved when the solution volume was evaporated to 184 

around 10 mL. The digestion tube was then extracted from the hot block and cooled to room 185 

temperature. Finally, adjusting the volume to 20 mL by adding deionized water. Elemental 186 

contents of the digestion solutions and the liquid samples produced from the experimental tests 187 

were measured using ICP-OES manufactured by Thermo Fisher Scientific, USA. A continuing 188 

calibration blank (CCB) solution and a continuing calibration verification (CCV) solution were 189 

measured periodically during the ICP analysis for quality control.  190 

Mineralogical characterization of the raw and calcined coarse refuse was performed using X-191 

ray diffraction (XRD). A Bruker-AXS D8 DISCOVER diffractometer configured in a parallel-192 

beam geometry with Cu-Kα radiation was used for the characterization. XRD patterns were 193 

recorded over a 2θ range of 5°–70° with a step size of 0.02°. XRD patterns were analyzed and 194 

processed using MDI JADE 6.0 software.   195 

3. Results and discussion 196 
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3.1 Sample characterization 197 

Ash content of the coarse refuse sample was 86.49%. After calcination at 600 � for 2 h, the 198 

associated organic matter was completely removed. As shown in Table 2, the content of total 199 

REEs in the calcined material was 364 mg/kg, which is over five times higher than the average 200 

content of World coals (68.5 mg/kg) 34. Mineralogical changes of the coarse refuse before and 201 

after calcination were characterized by XRD analysis. As shown in Fig. 3, quartz was the most 202 

dominant mineral in both the raw and calcined material. Diffraction peaks of kaolinite, pyrite and 203 

muscovite were also observed in the pattern of the raw material. However, after calcination, the 204 

diffraction peaks of kaolinite and pyrite disappeared, while diffraction peaks corresponding to 205 

hematite appeared. This phenomenon is attributable to the conversion of pyrite to hematite as a 206 

result of the thermal decomposition in an oxidizing environment 35. The interlayers of kaolinite 207 

start to dehydrate and disintegrate by breaking Al–OH bonds when temperatures exceed 400 � 208 

36,37. Crystalline kaolinite was completely transformed into amorphous meta-kaolinite when 209 

calcination temperature reached 600 �. The dehydration and disintegration of kaolinite have 210 

been correlated to the improved leachability of REEs per the authors’ prior studies 22,23,31. 211 

However, the leaching characteristics of REEs from calcined coal refuse using organic acids as 212 

lixiviants have not been investigated to date. 213 

Table 2. REEs contents (mg/kg) of the calcined sample (TREEs, LREEs, and HREEs represent 214 

total, light, and heavy REEs, respectively). 215 

TREEs LREEs HREEs Sc Y La Ce Pr Nd Sm 
364 299 64.4 21.8 27.6 60.7 128.3 15.1 58.4 14.6 
Eu Gd Tb Dy Ho Er Tm Yb Lu  
2.4 11.1 1.6 8.5 0.9 5.2 1.0 4.3 1.8  

Note: LREEs include La through Sm plus Sc; HREEs include Eu through Lu plus Y.  216 

 217 

Fig. 3. X-ray diffraction patterns of the coarse refuse before and after calcination (Q – quartz, M 218 

– muscovite, P – pyrite, K – kaolinite, H – hematite). 219 

3.2 Leaching behavior of REEs using inorganic acid 220 

Leaching recovery of REEs from the calcined material was first investigated using HCl of 221 

different concentrations as the lixiviant. Since the complexing affinity of chloride for REEs is 222 

negligible, the leaching behavior of REEs in a HCl solution is primarily determined by its acidity. 223 

Fig. 4 shows the effect of hydrochloric acid concentration on the leaching recovery of REEs as a 224 

function of reaction time. Rapid increases in the recovery of both the LREEs and HREEs 225 

occurred in the first few minutes of leaching reactions, which indicate that certain portion of the 226 

REEs were associated with easy-to-leach mineral forms, such as metal oxides 23. After 60 min of 227 

leaching, the recovery was barely changed, in particular the systems with more concentrated HCl 228 

solutions.  229 
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Rising the concentration of HCl from 0.0025 to 0.05 mol/L, TREEs recovery increased from 230 

around 15% to 60%. However, from 0.05 to 0.25 mol/L, the recovery only increased by less than 231 

10% (Fig. 4 and Fig. 5). The recovery of individual REEs displayed the same trend, suggesting 232 

no significant increases in the recovery can be obtained by using HCl concentrations of greater 233 

than 0.05 mol/L (Fig. S1). Therefore, improvements in the recovery were more effective in a 234 

medium acidity range. This fact rationalizes the application of organic acids to leach the REEs, 235 

since the majority of organic acids have relatively weak acidities.  236 

 237 

Fig. 4. Effects of HCl concentration on the leaching recovery of TREEs (a), LREEs (b), HREEs 238 

(c), and Sc (d). 239 

 240 

 241 

Fig. 5. Leaching recovery of REEs after two hours of reaction as a function of HCl concentration. 242 

3.3 Leaching behavior of REEs using organic acids 243 

Screening tests were performed to identify the most efficient organic acid for recovering 244 

REEs from the calcined coal coarse refuse. As shown in Fig. 6, approximately 50%–60% of 245 

REEs were extracted after two hours of reaction using 0.05 mol/L maleic acid, citric acid, oxalic 246 

acid, and DL-malic acid; whereas the other organic acids of the same dosage only provided less 247 

than 40% recovery. The recovery was barely increased after 60 min of reaction for the majority 248 

of the organic acids, except succinic acid and acetic acid. The dissociation of hydrogen ions is 249 

likely involved in the leaching kinetics. As shown in Table 1, succinic acid and acetic acid have 250 

relatively higher pKa1 values; thus, hydrogen ions are more difficult to dissociate from these two 251 

acids. As a result, a longer time is required to reach equilibrium 28,38.  252 

 253 

Fig. 6. REEs leaching recovery with different types of organic acid at a concentration of 0.05 254 

mol/L. 255 

As Fig. 4 and Fig. 6 show, two hours of leaching time is sufficient for the leaching processes 256 

to reach equilibrium. Therefore, in order to compare the leaching performances of organic and 257 

inorganic acids, recovery values obtained after two hours of reaction were plotted against 258 

corresponding slurry pH (i.e., pH measured at the end of reaction). As shown in Fig. 7(a-c), 259 

when different concentrations of HCl were employed as the lixiviant, TREEs, LREEs, and 260 

HREEs recoveries increased with decreases in pH, and the data points can be well fitted using 261 

quadratic equations. Per the trend of the fitted curves, it can be observed that when pH was less 262 

than 2.0, REEs recovery was barely changed. This phenomenon corroborated the conclusion 263 

reached in Section 3.2 that greater increases in the recovery were obtained in a medium acidity 264 

range. Changes in the recovery of Sc were better fitted using a cubic equation (Fig. 7(d)). For 265 
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relatively high acidities (pH < 2.0), the increase in Sc recovery was less than medium acidities 266 

(pH > 2.0). Therefore, the conclusion still applies to Sc.   267 

 As shown in Fig. 7, LREEs recovery values obtained using organic acids fall on or under the 268 

fitted curves. However, selected organic acids, such as citric acid and DL-malic acid, provided 269 

HREEs and Sc recovery values above the fitted curves. Around 5% increase in HREEs recovery 270 

was obtained in the pH range of 2.0–3.0 (Fig. 7(c)). Larger increases in recovery of around 10%–271 

15% were achieved for Sc (Fig. 7(d)). The different effects of the organic acids on the leaching 272 

recovery of individual LREEs and HREEs can be observed from Fig. S2. The comparisons 273 

between HCl and organic acids suggested that organic acids, particularly citric acid and DL-274 

malic acid, are advantageous over HCl in terms of the leaching recovery of HREEs and Sc. 275 

However, the comparisons were based on a premise that the inorganic and organic leaching 276 

systems reached the same pH at the end of reaction. As shown in Fig. 8, within the pH range of 277 

the studied HCl and organic acid concentrations, in order to reach the same final pH, the initial 278 

pH of HCl leaching systems shall be lower than organic acid leaching systems. Therefore, 279 

stronger acidic conditions were provided in the HCl leaching systems, especially at the beginning 280 

of the reactions. 281 

 282 

Fig. 7. Leaching recovery of TREEs, LREEs, HREEs, and Sc after two hours of reaction as a 283 

function of pH using 0.05 mol/L organic acids and different concentrations of HCl. 284 

The leaching function of HCl is primarily realized based on hydrogen ions dissociated from 285 

the acid molecules (i.e., acidity). However, for organic acids, acidity together with complexing 286 

ability collectively contribute to the dissolution of metal ions from solids. In order to evaluate the 287 

effect of the complexing ability associated with organic acids, acid leaching tests were performed 288 

using HCl and organic acids. The same concentration of 0.05 mol/L was applied, while the initial 289 

pH of all systems was adjusted to 3.0 by adding pH regulators. Moreover, during the leaching 290 

processes, the slurry pH was regularly monitored and adjusted to stabilize at the initial value. 291 

This experimental procedure ensured that the same acidity was provided for all the lixiviants. 292 

Therefore, the impact of the complexing ability of organic acids can be evaluated. 293 

As shown in Fig. 9, when pH was fixed at 3.0, the majority of the investigated organic acids 294 

provided higher recoveries of both LREEs and HREEs compared with HCl. Around 65% of 295 

LREEs and 32% of HREEs were leached after two hours of reaction with citric acid; whereas, 296 

under the same experimental conditions, HCl only leached around 45% of LREEs and 20% of 297 

HREEs. Therefore, it can be concluded that complexing ability of the organic acids prompted 298 

leaching recovery of the REEs. This conclusion agreed with findings from prior studies reported 299 

in the literature 39,40. The increase in the recovery of LREEs at pH 3.0 is larger than HREEs (20% 300 

vs 12%). However, the results shown in Fig. 7 suggested that organic acids imposed a more 301 

positive impact on the recovery of HREEs. The contrast can be explained by the fact that at pH 302 

3.0, the fraction of extractable HREEs was less than that of LREEs. The maximum fraction of 303 
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extractable REEs can be represented using recovery values obtained under strongly acidic 304 

conditions (e.g., pH 1.0). As shown, only 35% of HREEs were leached at pH 1.0 with HCl, 305 

which is closer to the recovery at pH 3.0 compared with LREEs (35% to 20% versus 75% to 306 

45%). Therefore, the conclusion that organic acid contributed more to the leaching recovery of 307 

HREEs still holds.  308 

 309 

Fig. 8. Initial and final pH of the organic and HCl leaching systems (Dotted line represents 310 

equivalent initial and final pH). 311 

Among the organic acids, oxalic acid provided the strongest acidity (i.e., the lowest pH); 312 

however, the corresponding REEs recovery was lower than several other organic acids, such as 313 

maleic acid and citric acid. This phenomenon is likely due to the low solubility of rare earth 314 

oxalates, leading to the formation of rare earth oxalate precipitates during the leaching process 315 

41,42. Slurry pH of the systems with malonic acid and DL-tartaric acid were slightly lower than 316 

DL-malic acid; whereas, a higher recovery was obtained using DL-malic acid. As shown in 317 

Table 1, malonic acid is the next higher homologue of oxalic acid, and the two chemicals have 318 

similar molecular structures 43. Therefore, the lower recovery using malonic acid may be due to 319 

the same reason as oxalic acid. Moreover, malonic acid may have a stronger adsorption capacity 320 

on the particle surface of the calcined materials, which likely causes negative impacts on the 321 

recovery in two aspects: (1) REEs leached from the solid may be tied around the solid surface 322 

due to complexation with the adsorbed malonic acid species; and (2) the effective concentration 323 

of malonic acid was reduce due to the adsorption. Similar explanations are likely applicable to 324 

DL-tartaric acid. It can be observed from the comparisons between Fig. 7 and  Fig. 9 that as pH 325 

increased to 3.0, REEs recovery values were reduced to nearly null when oxalic acid and DL-326 

tartaric acid were used as the lixiviant. Therefore, the negative effects associated with 327 

precipitation and surface adsorption were amplified at higher pH.  328 

 329 

Fig. 9. Recovery of LREEs (a) and HREEs (b) using different acids of 0.05 mol/L concentration 330 

with pH being fixed at 3.0. 331 

3.4 Zeta potential results and solution chemical equilibrium calculations 332 

Acid leaching test results showed that REEs leaching performances obtained using the 333 

different types of organic acids contrasted. For example, higher recoveries of HREEs and Sc 334 

were obtained using citric acid and DL-malic acid compared with HCl (Fig. 7). However, a few 335 

organic acids, such as malonic acid, are disadvantages to HCl even with the same acidity being 336 

utilized (Fig. 9). Theoretically, organic acids are expected to be more efficient than mineral acids 337 

since they have both acidity and complexing ability 44,45. Therefore, in addition to these two 338 

factors, other phenomena might occur during the leaching processes, which impaired the 339 

recovery.  340 
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As reported in the literature, adsorption of organic acids on mineral surface can occur 341 

through physical and/or chemical interactions 46. Therefore, electro-kinetic tests were performed 342 

in this study to evaluate the relationship between organic acid adsorption and REEs leaching 343 

efficiency. As shown in Fig. 10(a), in the absence of organic acids, zeta potential of the calcined 344 

material gradually decreased with the increase in pH, and the point of zero charge (PZC) 345 

occurred at around pH 2.2. Declines in zeta potential were observed in the presence of 0.05 346 

mol/L citric, DL-malic, or malonic acids. Moreover, the three acids caused left-shifts of the PZC, 347 

which indicates that specific adsorption of the organic species on the surface of the calcined 348 

material occurred.  349 

In the pH range of 1.0 to 4.0, the surface of calcined material carried more negative charges 350 

after interacting with malonic acid as compared to citric acid and DL-malic acid of the same 351 

concentration (0.05 mol/L). Moreover, as shown in Fig. 10(b), the same phenomenon occurred in 352 

a wide concentration range of 1×10–4 mol/L to 3 mol/L. The three organic acids primarily 353 

occurred as undissociated molecules and first-order dissociation anions in the pH range of 1.0 to 354 

4.0 (Fig. 11). Therefore, combining the results of zeta potential measurements and species 355 

distribution calculations, it can be concluded that the amount of organic acid species adsorbed on 356 

the calcined material surface follows the order of malonic acid > citric acid > DL-malic acid. 357 

Therefore, more citrate and malate species complexed with rare earth cations and stayed in 358 

solution, however malonic species preferred to stay on the surface, resulting in less REEs and/or 359 

less effective malonic species in solution. This conclusion is in accordance with the fact that 360 

citric acid and DL-malic acid provided higher recoveries of HREEs and Sc compared with 361 

malonic acid (Fig. 7 and Fig. 9).  362 

As pH increases, organic acid molecules gradually dissociate into anionic species, which are 363 

less likely adsorbed onto surfaces carrying negative charges due to electrostatic repulsion. This 364 

mechanism caused decreases in the negative charge on both the citric acid and DL-malic acid 365 

conditioned surfaces in the pH range of 4 to 5 (Fig. 10(a)). For the malonic acid conditioned 366 

surface, the decrease occurred in a higher pH range of approximately 4.8 to 6.2. This contrast 367 

between malonic acid and the other two organic acids is likely due to: (1) malonic acid has a 368 

stronger adsorption capability on the surface; (2) in the pH range of 4 to 5, less malonic species 369 

occur as high-valence anions, such as divalent organic anions (Fig. 11). Fig. 10 also shows that 370 

when pH is above 6.0, zeta potential of the calcined material is relatively insensitive to organic 371 

acids. This suggests that the adsorption of organic species on the surface is very low because of 372 

electrostatic repulsion, which is unfavorable to adsorption. 373 

 374 

 375 

Fig. 10. Effects of organic acids on the zeta potential of the calcined coal coarse refuse. (a) Zeta 376 

potential as a function of pH; (b) Zeta potential as a function of organic acid concentration. 377 

 378 
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Fig. 11. Species distribution of citric acid (a), DL-malic acid (b), and malonic acid (c) as a 379 

function of pH (0.05 mol/L total concentration, 25 �). 380 

Electro-kinetic test results showed that citric acid and DL-malic acid preferred to stay in 381 

solution compared with malonic acid (Fig. 10). By complexing with citric acid and DL-malic 382 

acid, the adsorption of leached HREEs and Sc on the solid surface was reduced, resulting in 383 

increases in leaching recovery (Fig. 7). However, the adsorption of the REEs on the calcined 384 

material surface needs to be confirmed to validate the explanation. As shown in Fig. 12, negative 385 

charge on the surface of the calcined material was reduced in the presence of Ce3+, Y3+, and Sc3+. 386 

Moreover, the rare earth metal ions caused right shifts of the PZC, in particularly at a higher 387 

concentration of 1×10–4 mol/L (Fig. 12(b)). Therefore, specific adsorption of the rare earth metal 388 

ions occurred, and the conclusion was validated. Furthermore, larger decreases were obtained 389 

when adding Y3+ compared with Ce3+, suggesting that HREEs have a stronger adsorption 390 

capability on the calcined material surface compared with LREEs. This finding is in accordance 391 

with the leaching test result that the organic acids imposed a more positive impact on the 392 

leaching recovery of HREEs. The adsorption of HREEs on the surface was likely reduced 393 

through complexation and staying in solution with the organic acids.  394 

As shown in Fig. 12, compared with Ce3+ and Y3+, Sc3+ led to minimum decreases in the 395 

surface charge, suggesting the lowest adsorption of Sc3+. However, citric acid and DL-malic acid 396 

caused largest increases in the recovery of Sc relative to the other REEs. Therefore, rather than 397 

reduced adsorption, the positive effect of the organic acid on Sc leaching recovery is likely due 398 

to other reason(s). As the results shown in Fig. 7(d), around 35% of Sc was leached with 0.05 399 

mol/L citric acid and DL-malic acid, which is nearly the same as that obtained using HCl with 400 

lower pH (2.5 versus 1.0). Given the electro-kinetic test result that Sc adsorption on the calcined 401 

material surface is minimal, the organic anionic species likely played a function of prompting the 402 

solubilization of Sc from the solid, which is similar to that of hydrogen ions.  403 

 404 

Fig. 12. Effects of different concentrations of REEs on the zeta potential of the calcined material: 405 

(a) 1×10–5 mol/L; and (b) 1×10–4 mol/L. 406 

4. Conclusions 407 

Acid leaching tests were performed on the calcination product of the coarse refuse fraction of 408 

a run-of-mine coal originating from the Baker seam located in western Kentucky, USA. 409 

Different types of organic acids, including succinic acid, malonic acid, acetic acid, citric acid, 410 

oxalic acid, DL-malic acid, DL-tartaric acid, ascorbic acid, and maleic acid, were used as the 411 

lixiviants. Moreover, hydrochloric acid was also used for comparison purposes. The impact of 412 

hydrochloric acid concentration on REEs recovery was first evaluated, and it was found that 413 

rapid increases in the recovery occurred in a medium acidity range (e.g., pH 2.0–3.0). This 414 

finding rationalized the utilization of organic acids since they normally have lower acidities 415 

relative to mineral acids. With the same pH at the end of leaching, higher recoveries of HREEs 416 
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and Sc were obtained using citric acid and DL-malic acid compared with HCl. Acid leaching 417 

tests with slurry pH being fixed at 3.0 showed that both HREEs and LREEs recoveries were 418 

improved by using organic acids. These findings suggested that the complexing ability of organic 419 

acids, especially citric acid and DL-malic acid, contributed to the leaching recovery of REEs, in 420 

particular HREEs and Sc. 421 

Among the investigated organic acids, malonic acid, oxalic acid, and DL-tartaric acid were 422 

found to be less efficient compared with the other organic acids and hydrochloric acid. Electro-423 

kinetic test results showed that more malonic species were adsorbed on the surface of the 424 

calcined material compared with citric acid and DL-malic acid. The stronger adsorption may lead 425 

to two phenomena resulting in the lower REEs recoveries: (1) REEs cations may be tied around 426 

the solid surface by the adsorbed malonic species; and (2) effective concentration of malonic 427 

species in solution was reduced. The explanations are likely applicable to the inferior 428 

performances of oxalic acid and DL-tartaric acid. Moreover, REEs precipitation with the organic 429 

acids might also occur during the leaching processes, which may also impair the leaching 430 

recovery.  431 

Compared with Ce3+, a stronger adsorption of Y3+ on the surface was observed based on 432 

electro-kinetic tests. This finding corroborated the conclusion that organic acids imposed a more 433 

positive impact on the leaching recovery of HREEs. The adsorption of Sc3+ on the surface was 434 

lowest compared with other REEs. Therefore, rather than complexing, the organic anionic 435 

species likely played a similar function as hydrogen ions, namely solubilizing Sc from the solid.  436 
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Graphical abstract: 545 

 546 

Different types of organic acids were used as lixiviants to leach rare earths from the 547 

calcination product of a coal coarse refuse. At the same pH, citric acid and DL-malic acid were 548 

found to provide the highest recoveries of heavy rare earths and scandium.  549 
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• HREE and Sc recovery was improved by using citric acid and DL-malic acid 
• Complexing ability of organic acids contributed to the recovery of total REEs 
• Malonic, oxalic and DL-tartaric acids were inferior to other organic acids and HCl 
• Leaching mechanisms with organic acid as the lixiviant were revealed 
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