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Abstract: Rare earth elements (REEs) are frequently found concentrated in acid mine drainage (AMD). 8 

The recovery of REEs from AMD has been successfully achieved using selective chemical 9 

precipitation. However, a portion of the REEs is often lost to the precipitates of the dominant metal 10 

contaminant ions. To better understand the REE partitioning behavior and mechanisms during the 11 

precipitation process, a systematic study was performed on both natural and synthetic AMD solutions. 12 

Precipitation test results show that REE removal was noticeably elevated at pH 4.0 after adding H2O2 13 

to convert ferrous to ferric ions, causing nearly complete precipitation of iron. Solution equilibrium 14 

calculations suggested that the REE removal increase was realized through adsorption onto the 15 

surfaces of the ferric precipitates. The presence of aluminum species in the solutions reduced the 16 

adsorption of REEs on the ferric precipitates. Based on electro-kinetic test results, it was concluded 17 

that aluminum species neutralize the negative surface charge of the ferric precipitates and compete 18 

with REEs for the adsorption active sites. The presence of ferrous ions in the solutions reduced REE 19 

adsorption on the aluminum precipitates at lower pH values (e.g., 5.0) due to competitive adsorption. 20 

However, at higher pH values (e.g., 6.0), REE removal to the precipitate product increased due to the 21 

precipitation of ferrous ions. Besides the electro-kinetic tests and solution equilibrium calculations, 22 

mineralogy characterization, specific surface area measurement, particle size analysis, and 23 

morphology analysis were also conducted to reveal the partitioning mechanisms.  24 
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1. Introduction 30 

Depending on the regional geology, coal mining, metal mining, and other large scale excavations 31 

can liberate sulfide minerals, like pyrite, which can in turn react with water and oxygen to form acid 32 

mine drainage (AMD) (MacIngova and Luptakova, 2012; Baleeiro et al., 2018). The chemical 33 

reactions related to AMD formation are: 34 

 2���� + 7�� + 2	�� → 2���� + 4��

�� + 4	�  Eq. (1) 35 

 4���� + �� + 4	� → 4���� + 2	��  Eq. (2) 36 

 4���� + 12	�� → 4��(�	)� ↓ +12	�  Eq. (3) 37 

 ���� + 14���� + 8	�� → 15���� + 2��

�� + 16	�  Eq. (4) 38 

According to the reactions given above, hydrogen ions are generated during the oxidation process, 39 

and as a result, AMD normally has high acidity, elevated concentrations of dissolved metals, and high 40 

sulfate content. These properties pose a potential environmental threat to natural water quality (Wang 41 

et al., 2019; Achterberg et al., 2003; Fukushi et al., 2004). The resulting contamination of natural 42 

water sources poses a threat to both animal life and vegetation. In many jurisdictions, mining 43 

companies are obligated to capture and treat AMD, and regulations, such as Section 402 of the Clean 44 

Water Act in the U.S., dictate the permitting process for water treatment. However, in addition to the 45 

potential environmental liability, the acidic nature contributes to the appearance of valuable elements 46 

such as rare earth elements (REEs) in AMD due to the dissolution of easy-to-leach, valuable element-47 

bearing minerals comprised in coal and sulfide ore sources. As such, AMD may be a valuable 48 

alternative source for REEs and other critical materials (Christopher R Vass et al., 2019; Christopher 49 

R. Vass et al., 2019).  50 
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As the largest chemically coherent group in the periodic table, REEs consist of lanthanides, 51 

scandium (Sc), and yttrium (Y). This group of elements, divided into light (LREE: La to Sm plus Sc) 52 

and heavy (HREE: Eu to Lu plus Y), have attracted great interest in the past several years due to their 53 

unabated growth in demand by modern technology and industry, as well as the uneven distribution of 54 

their conventional ore resources worldwide (Alonso et al., 2012; Massari and Ruberti, 2013; Sprecher 55 

et al., 2014). Being motivated by these factors, research activity has been recently accelerated to 56 

assess the feasibility of REE recovery from alternate sources, especially coal-related materials, such 57 

as coal waste and coal combustion ash (Franus et al., 2015; Zhang et al., 2020). As aforementioned, 58 

REEs are dissolved in AMD due to the acidity of AMD, and in some cases, their concentrations in 59 

AMD are several orders of magnitude higher than those in natural water (Lozano et al., 2019). 60 

Therefore, the recovery of REEs from AMD has been investigated in several studies, and various 61 

techniques have been employed, including chemical precipitation (Franus et al., 2015; Hassas et al., 62 

2021; Zhang and Honaker, 2020, 2018), ion exchange (Felipe et al., 2020), and adsorption (Ayora et 63 

al., 2016b). A selective chemical precipitation method has been installed and tested in a rare earth 64 

pilot plant to produce high-purity rare earth products from coal-related materials (Honaker et al., 65 

2020). In the selective chemical precipitation process (Figure 1), the pH of AMD was incrementally 66 

elevated by adding bases, and the contaminant metal ions (primarily Fe and Al) were removed while 67 

the REEs were concentrated by eliminating and collecting precipitates formed in different pH ranges, 68 

respectively.  69 

 70 
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Figure 1. A selective chemical precipitation flowsheet for preconcentrating REEs and other valuable 71 

elements from AMD (Zhang and Honaker, 2020, 2018). 72 

 73 

Large amounts of contaminant metal ions, such as iron and aluminum, are typically found in 74 

AMD. In previous studies, amorphous to semi-crystalline oxyhydroxide and hydroxysulfate 75 

precipitates of Fe and Al were present in AMD, which were likely formed during the oxidation and 76 

neutralization of AMD (Wang et al., 2021). Subject to ionic solution concentrations, a low pH range 77 

of around 2.8 to 4.5 favors iron precipitate formation, while a higher pH range leads to the formation 78 

of aluminum precipitates (Kim, 2015). According to the generation mechanisms of AMD (Eq. (1-4)), 79 

it is important to note that Fe2+ co-exists with Fe3+ in solution with additional ferric formed from the 80 

oxidation of ferrous ions followed by precipitation at low pH values (Balintova and Petrilakova, 2011; 81 

Huang and Zhou, 2012; Wei et al., 2005). The formation of these precipitates can cause the retention 82 

of REEs, thereby reducing their concentration in AMD. Therefore, this reaction is not favorable from 83 

the aspect of REE concentration in AMD. Similarly, during the selective chemical precipitation 84 

process (Figure 1), a portion of the REEs existing in AMD are also lost to the precipitates of major 85 

contaminant metal ions (e.g., Fe3+ and Al3+). To reduce the loss, a comprehensive understanding of the 86 

partitioning behavior and mechanisms of REEs during the selective chemical precipitation process is 87 

required.  88 

Many studies have been performed to assess the adsorption behavior and mechanisms of trace 89 

metal ions on the solids that normally form in AMD, such as (1) synthetic schwertmannite, 90 

ferrihydrite, and basaluminite minerals, (2) precipitates formed from AMD in the natural environment, 91 

and (3) precipitates formed from AMD during the passive remediation process by neutralization with 92 

calcite (Ayora et al., 2016; Lozano et al., 2019, 2020; Verplanck et al., 2004; Webster et al., 1998). 93 

The impacts of various factors, such as pH, sulfate, dominant metal ions, and other trace metal ions, 94 

on the adsorption of selected trace metal ions have been investigated. Adsorption models have been 95 

developed to simulate and explain the adsorption behavior of trace metals on the solids. However, the 96 

selective chemical precipitation process developed by Zhang and Honaker (2020, 2018) that have 97 
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proven to be effective for concentrating REEs from AMD has some unique characteristics, such as (1) 98 

more complex mineral compositions relative to the synthetic minerals, and (2) shorter residence time 99 

relative to the formation of precipitates in the natural environment, as well as in the passive 100 

remediation system. Moreover, in some cases, oxidizing agents, such as hydrogen peroxide are 101 

required to assist in the removal of iron. Therefore, given the uniqueness of the selective chemical 102 

precipitation process, the partitioning behavior and mechanisms obtained in previous studies are not 103 

necessarily applicable to the selective chemical precipitation process.  104 

In this study, the partitioning behavior of REEs during the chemical precipitation of an AMD was first 105 

investigated in the presence and absence of an oxidizing agent. To provide comprehensive insights, 106 

precipitation tests were then performed on synthetic AMD solutions comprised of the major 107 

constituents in proportions and concentrations found in the actual AMD. Moreover, solution 108 

equilibrium calculations, electro-kinetic tests, mineralogy characterization, specific surface area 109 

measurements, particle size analysis, and morphology analysis were conducted to identify the 110 

mechanisms underlying the partitioning behavior. Understanding the REE partitioning behavior and 111 

mechanisms during the precipitation process provides a foundation for separating REEs from major 112 

contaminant metal ions when recovering REEs from AMD. 113 

2. Material and Methods 114 

2.1 Material 115 

An AMD sample of around 400 L was collected from a coal preparation plant that treated run-of-116 

mine bituminous coal from the West Kentucky No. 13 (Baker) seam located in western Kentucky, 117 

USA. The AMD was generated from a coarse refuse pile due to the oxidation of pyrite under the 118 

function of the natural environment. Immediately upon receiving the sample, the AMD was filtered 119 

using 5 μm pore size filter paper to remove particulate matter, and the filtrate was uniformly split into 120 

19-L buckets, which were tightly sealed to decelerate oxidation. For each precipitation test, a 121 

predetermined volume of the AMD was collected from the buckets. Eh and pH of the AMD were first 122 

measured to monitor the degree of oxidation of the AMD. Based on the measurement results, it was 123 

confirmed that oxidation of the AMD during the overall period of this study was negligible. Moreover, 124 
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to obtain a fundamental understanding of the partitioning behavior of REEs during the precipitation, 125 

synthetic AMD solutions with major constituents similar to the AMD sample were prepared and used 126 

as feeds for precipitation tests.  127 

Sodium hydroxide (NaOH, ≥97.0 wt. %) was utilized as a pH regulator. Hydrogen peroxide 128 

(H2O2, 30 wt.%, certified ACS grade) was used as an oxidizing agent to oxidize ferrous to ferric ions. 129 

Sodium sulfate (Na2SO4, 99.0 wt.%), aluminum chloride hexahydrate (AlCl3∙6H2O, ≥98.0 wt.% 130 

purity), and iron (II) chloride tetrahydrate (FeCl2∙4H2O, ≥99.0 wt.%) were utilized to prepare 131 

synthetic solutions. All the chemicals were purchased from Thermo Fisher Scientific, USA. A rare 132 

earth calibration standard for ICP analysis (High-Purity Standards, LLC, USA), containing 100 ppm 133 

of each REE in 5% HNO3, was used as a source of REEs when preparing the synthetic AMD 134 

solutions. All solutions were prepared with Type I deionized water with a resistivity of 18.2 MΩ∙cm 135 

at 25 °C.  136 

 137 

2.2 Methods 138 

2.2.1 Precipitation Test 139 

Precipitation tests were performed on both the natural AMD and the synthetic AMD solutions to 140 

investigate the partitioning behavior of REEs. The tests were performed in a glass beaker of 1 L 141 

maximum volumetric capacity at room temperature. For each experiment, 0.5 L of the liquid samples 142 

were added to the beaker. During the test, the system was continuously stirred using a magnetic stirrer 143 

at 500 rpm. Small incremental pH increases were achieved by adding 0.2 mL of 5 mol/L NaOH 144 

solution. After each addition, the system was mixed for 2 min to eliminate non-selective precipitation 145 

caused by localized concentrations of the base solution. The pH values at the end of each mixing were 146 

recorded. Bulk precipitates were generated with increases in the solution pH. Representative samples 147 

of 5 mL were collected from the beaker when the pH reached certain values, such as 3.0, 4.0, 5.0, 6.0, 148 

7.0, 8.0, 9.0, 10.0, 11.0, and 12.0. Immediately upon collection, the samples were subjected to solid-149 

liquid separation through centrifuging at 4000 rpm for 10 min. Resultant supernatants were collected 150 



7 

 

for elemental analysis using inductively coupled plasma mass spectrometry (ICP-MS; Thermo 151 

Electron X-Series, Thermo Fisher Scientific, USA). The precipitation removal of REEs and other 152 

metal ions was calculated based on elemental concentrations of the feed and supernatants, while the 153 

dilution effect caused by the incremental NaOH additions and representative sample collections was 154 

also considered in the calculations.  155 

2.2.2 Precipitate Characterization 156 

Selected precipitates generated from the precipitation of the synthetic solutions were subjected to 157 

different types of characterizations to reveal the partitioning mechanisms of the REEs. To obtain 158 

enough precipitates for characterization, the pH of the synthetic solutions (0.5 L) was increased to a 159 

predetermined value following the same procedure described in section 2.2.1, but without collecting 160 

representative samples during the pH rise. After being collected through centrifuging, the precipitates 161 

were freeze-dried at –54 ℃ using a Labconco Freezone 4.5 Liter Freeze Dryer (Labconco, Kansas 162 

City, KS, USA). The mineralogy of the precipitates was investigated through X-ray diffraction (XRD) 163 

analysis, which was carried out using a Bruker D8 Advance Twin diffractometer along with a Cu X-164 

ray source (Bruker Corporation, USA). The operating voltage and current of the X-ray tube were 40 165 

kV and 40 mA, respectively. Scans were conducted at room temperature from 10° to 70° with a step 166 

size of 0.02° 2θ and a step time of 0.05 s. Scanning data was recorded digitally, and peak positions, 167 

intensities, and corresponding mineral phases were identified using MDI Jade 6 software.  168 

Brunauer-Emmett-Teller (BET) specific surface area (SSA) of the precipitates was measured 169 

using a surface area and pore size analyzer (Autosorb-1 Series, Quantachrome, USA). The 170 

measurements were conducted under nitrogen atmosphere (adsorption-desorption isotherms at 77 K) 171 

in a volumetric working device. The moisture contained in the samples was first removed by drying at 172 

25 °C for 18 h prior to the analysis. The measurements were repeated three times for each sample. 173 

Based on the BET theory, the adsorption isotherm was used to determine the SSA through the 174 

following equation: 175 

      ������ =
���� !

�"
       Eq. (5) 176 
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where #  is the Avogadro constant, $%  the amount of gas needed to cover the surface with a 177 

monolayer, $& the molar volume of gas, and �' the surface area occupied by a single adsorbed gas 178 

molecule. For nitrogen, �'  is usually assumed as 16.21×10-20 m2 (Barbara Lothenbach, Karen 179 

Scrivener, 2018). 180 

To further investigate the particle size and morphology of the precipitates, scanning electron 181 

microscopy (SEM) analysis was performed using a JSM-IT500HR SEM (JEOL, Peabody, MA, USA) 182 

equipped with an Ultim Max EDS detector (Oxford Instruments, Abingdon, UK). A representative 183 

portion of the precipitates needed to be characterized were sprinkled onto double-sided carbon tape 184 

mounted on an SEM stub. A layer of Au/Pd of 5 nm thickness was coated onto the specimens using a 185 

Cressington 208HR Sputter (Cressington Scientific Instruments, UK) to improve their conductivity.  186 

Electro-kinetic tests were performed to measure the zeta potential values of the precipitates during 187 

the precipitation process of the synthetic AMD solutions. The same experimental procedures as the 188 

precipitation of the natural AMD were employed. Samples were collected during the precipitation 189 

process at predetermined pH values and transferred to a capillary cell for zeta potential measurement, 190 

which was conducted using a Zs90 Zeta spectrometer (Nano series, Malvern Instruments, UK). Three 191 

duplicates were performed for the same solution. Average zeta potential values are reported, and 192 

experimental errors are presented as error bars in the figures. 193 

Solution equilibrium calculations were conducted to simulate the precipitation pH of REEs from 194 

the natural AMD and to investigate the speciation of metal ions in the synthetic AMD. All the 195 

calculations were performed using Visual MINTEQ 3.1 software, which is a freeware chemical 196 

equilibrium model maintained by Jon Petter Gustafsson at KTH, Sweden, since 2000. For all the 197 

calculations, temperature was fixed at 25 °C. 198 

 199 

3. Results and Discussion 200 

3.1 Sample Characterization 201 
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The natural AMD used in this study contained 6.6 ppm of total REEs (TREEs), which is relatively 202 

high compared to other AMD sources reported in the literature (Honaker et al., 2018; Stewart et al., 203 

2017; Vaziri Hassas et al., 2020; Zhao et al., 2007). In 2011, the U.S. Department of Energy identified 204 

Nd, Eu, Tb, Dy, and Y as critical rare earths (Chu, 2011). As shown in Table 1, Y, Nd, and Dy 205 

accounted for 20.5%, 16.6%, and 4.2% of the TREEs, respectively. Therefore, more than 40% of the 206 

TREEs existing in the AMD are critical REEs. Moreover, the AMD also contained 58 ppm of Mn, 207 

1.65 ppm of Co, and 1.39 ppm of Li, all of which have been identified as critical elements by the US 208 

Department of the Interior (Petty, 2018). Given these facts, this AMD may have the potential to be a 209 

promising source for the recovery of REEs and other critical elements.  210 

 211 

Table 1. Elemental concentration (ppm) of the AMD sample.  212 

Element Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho 

Concentration 0.13 1.35 0.79 1.67 0.25 1.09 0.29 0.07 0.36 0.05 0.27 0.05 

% of TREEs 2.0 20.5 12.0 25.4 3.70 16.6 4.5 1.0 5.4 0.7 4.2 0.7 

Element Er Tm Yb Lu LREEs HREEs TREEs HREEs/LREEs 

Concentration 0.12 0.01 0.08 0.01 4.23 2.36 6.60 0.56 

% of TREEs 1.8 0.2 1.2 0.2 64.2 35.8 100 ⁻ 

Element Co Cu Ni Zn Li Mn Fe Al Ca Mg Sulfate pH 

Concentration 1.65 2.42 4.73 7.63 1.39 58 884 350 417 302 7,000 2.70 

Note: LREEs represents light REEs, including La, Ce, Pr, Nd, Sm, and Sc; HREEs represents heavy REEs, including Eu, Gd, 213 

Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y. 214 

 215 

3.2 REE Partitioning Behavior during the Precipitation of the Natural AMD 216 

Removal of major, rare earth, and other valuable elements from the natural AMD as a function of 217 

pH are shown in Figure 2. Additionally, experimental errors measured by repeating the tests three 218 

times are provided in the supplementary document (Table S1 and Table S2). As the solution pH was 219 

increased, Fe precipitated first with 23% being removed from the AMD at pH 4.0. It can be observed 220 

from the trend of the iron precipitation curve that the rate of Fe removal reduced as the pH continued 221 

to increase to 6.0. The rapid precipitation of Fe was restored when the pH was above 6.0. Prior studies 222 
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have shown that ferric ions completely precipitate at pH values less than 4.0 (Zhang and Honaker, 223 

2020, 2018). However, only 23% of Fe was precipitated from the AMD at pH 4.0. Therefore, ferric 224 

and ferrous ions co-existed in the AMD. Relative to Fe, Al started precipitation at a higher pH value 225 

of 4.0. After the pH was increased to around 5.0, nearly 100% of the Al was precipitated. Similarly, 226 

TREEs also started to segregate from the solution at around pH 4.0. In contrast to Al, a pH increase to 227 

5.0 only led to 25% removal of the TREEs. Nearly 100% removal of TREEs was achieved at a pH 228 

value of around 7.0. Other valuable metals, including Zn, Ni, Co, and Mn, were removed in the pH 229 

range of around 5.0-9.0. Alkaline earth metal ions, primarily Ca2+ and Mg2+, were the dominant 230 

species remaining in the solution when the pH was above 9.0. 231 

 232 

  233 

Figure 2. Removal of the major, rare earth, and other valuable elements from the natural AMD using 234 

5 M NaOH (a) without and (b) with the addition of H2O2. 235 

  236 

Under the function of oxygen and bacteria in the natural environment, oxidation of ferrous to 237 

ferric ions existing in AMD readily occurs (Jönsson et al., 2005). Therefore, H2O2 was added into the 238 

AMD prior to the precipitation test to convert ferrous to ferric ions. Based on Eq.(6), the 239 

stoichiometric ratio between  Fe2+ and H2O2 is 2:1. For 884 ppm (1.58×10-2 M) of iron in 0.5 L AMD, 240 

7.95×10-3 M hydrogen peroxide was needed to oxidize the iron. However, 0.5 vol.% (4.90×10-2 M) 241 

H2O2 was added to ensure the Fe2+ was completely oxidized. As shown in Figure 2(b), nearly 80% of 242 

Fe was precipitated at pH 3.0, and, as the pH increased to 4.0, Fe was completely precipitated. As 243 
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shown in Figure 3, the removal of all individual REEs from the AMD without the addition of H2O2 244 

gradually increased as the solution pH increased within the range of 4.0 to 7.0. HREEs were removed 245 

from the AMD at lower pH values as compared with LREEs. For example, 50% of Lu was lost at 246 

around pH 4.9 while La required a pH value of 6.0 to achieve the same loss. Direct comparisons of 247 

the pH corresponding to 10%, 25%, 50%, 75%, and 90% removal of the individual REEs are 248 

presented in TableS3, which also confirm this conclusion. Despite being included in LREEs, Sc is the 249 

most readily removed among all the REEs. As shown, 50% of the Sc was removed at around pH 4.6, 250 

under which condition, the removal of other REEs was less than 30%. This could be due to the ionic 251 

radius of Sc3+ being smaller than other rare earth elements, and as such, with the same charge as the 252 

other REE3+, Sc3+ has a higher tendency to hydrolysis than the other REE3+. 253 

 2���� + 	��� + 2	� → 2���� + 2	��  Eq. (6) 254 

 255 

 256 

 257 

Figure 3. Precipitation removal of individual REEs from the AMD without the addition of H2O2. 258 

 259 

To predict the precipitation pH of the REEs in the AMD, solution equilibrium calculations were 260 

conducted using Visual MINTEQ 3.1 software. The compositions and concentrations shown in Table 261 

1 were used as input. The precipitation pH of REEs were predicted based on saturation indices (SI): 262 
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 �) = *+,
- .

/01
  Eq. (7) 263 

where IAP and Ksp represent ion-activity product and solubility product constant, respectively. When 264 

SI > 0, the solution is oversaturated and precipitation will occur; when SI < 0, the solution is under-265 

saturated, and precipitation will not occur; and when SI = 0, there is an apparent equilibrium with 266 

respect to the solid. Per the calculation results shown in Table 2, it can be concluded that  none of the 267 

REEs are expected to precipitate at pH values less than 7.0. Therefore, during the precipitation tests, 268 

the REEs were removed more likely through adsorption on the surface of the precipitates of the 269 

dominant species, such as Al and Fe, rather than precipitation by themselves. This conclusion agrees 270 

with the findings from prior studies (Lozano et al., 2020, 2019; Verplanck et al., 2004; Zhang and 271 

Honaker, 2018).  272 

 273 

Table 2. Precipitation pH of the REEs predicted through solution equilibrium calculations. 274 

Precipitate ScOOH(s) La(OH)3(s) Ce(OH)3(s) Pr(OH)3(s) Nd(OH)3(s) 

Case Ia npc 9.28 9.02 9.15 8.48 

Case IIb np 9.30 9.04 9.17 8.51 

Precipitate Sm(OH)3(s) Eu(OH)3(s) Gd(OH)3(s) Tb(OH)3(s) Dy(OH)3(s) 

Case I 8.11 8.06 7.66 8.14 8.00 

Case II 8.14 8.08 7.69 8.16 8.02 

Precipitate Y(OH)3(s) Ho(OH)3(s) Er(OH)3(s) Yb(OH)3(s) Lu(OH)3(s) 

Case I 8.16 8.12 7.91 7.99 8.16 

Case II 8.19 8.14 7.93 8.01 8.18 

Note: a All the iron occurred as ferrous ions; b All the iron occurred as ferric ions; c No precipitate (np) was 275 

formed. 276 

 277 

The effect of H2O2 addition on the removal of TREEs, LREEs, HREEs, and Sc, as well as 278 

individual REEs are presented in Figure 4 and Figure S1, respectively. As shown, the addition of 279 

H2O2 shifted the partitioning curves of both LREEs and HREEs to lower pH values. In the pH range 280 

of 4.0 to 7.0, the removal of REEs at the same pH was noticeably improved. For example, at around 281 

pH 5.0, the removal of LREEs and HREEs increased from around 18% and 32% to around 30% and 282 
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43%, respectively. In contrast with the other REEs, the partitioning curves of Sc obtained with and 283 

without the addition of H2O2 nearly overlapped, suggesting that the impact of H2O2 addition on the 284 

removal of Sc was minimal. Given these findings, it can be concluded that the formation of ferric 285 

precipitates in the AMD contributed to the removal of the REEs, with Sc being the exception. The 286 

except may be due to the smaller ionic radius while higher hydrolysis tendency of Sc3+ relative to the 287 

other REE3+.  288 

Based on the precipitation characteristics of the major and rare earth elements, the majority of Fe 289 

and Al can be removed from the AMD by adding H2O2, increasing the pH to 5.0, and separating the 290 

generated precipitates by solid-liquid separation. Afterward, a concentrate of REEs can be obtained by 291 

collecting the precipitates that are formed as the pH of the liquid increases to higher values (e.g., 8.5). 292 

However, the negative effect is that a portion of the REEs will be lost to the precipitates of Fe and Al. 293 

Therefore, it is essential to assess the partitioning behavior and mechanisms of REEs during the 294 

precipitation process for the concentration of REEs from AMD.  295 

The major conclusions drawn in this section regarding the partitioning behavior of REEs in the 296 

precipitation of actual AMD are summarized as follows: (1) the conversion of ferrous to ferric ions 297 

increased the removal of REEs from the AMD; and (2) the REEs were removed by adsorption other 298 

than precipitation by themselves. REE partitioning behavior during the precipitation of synthetic 299 

AMD was evaluated to confirm the conclusions. 300 

 301 

 302 
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 303 

Figure 4. Effects of H2O2 addition on the precipitation removal of (a) TREEs, (b) LREEs, (c) HREEs, 304 

and (d) Sc. 305 

 306 

3.3 REE Partitioning Behavior during the Precipitation of Synthetic AMD 307 

To obtain in-depth insights about the partitioning behavior of REEs during the precipitation of 308 

AMD, precipitation tests were performed on synthetic AMD solutions with major constituents similar 309 

to the natural AMD investigated in the current study. Moreover, as presented in Figure 2, the 310 

conversion of ferrous to ferric ions affected the partitioning behavior of REEs. Therefore, with the 311 

total concentration of iron being fixed, H2O2 was added to selected synthetic solutions to alternate the 312 

valence state of iron. Four synthetic solutions referred to as Solution I, II, III, and IV were prepared 313 

and subjected to precipitation tests. The primary elemental compositions of the four solutions are 314 

presented in Table 3. 315 

 316 

Table 3. Primary elemental compositions of the four synthetic solutions. 317 

Solution 

Al³⁺ 

ppm 

Fe²⁺ 

ppm 

SO₄²⁻ 

ppm 

Each REE 

ppm 

H₂O₂ 

vol./% 

Solution I 400 900 7000 1 / 

Solution II 400 900 7000 1 0.5 

Solution Ⅲ 400 / 7000 1 / 
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Solution Ⅳ / 900 7000 1 0.5 

 318 

As shown in Figure 5(a), Fe was barely removed from Solution I at pH 4.0 whereas, at the same 319 

pH, removals close to 100% were obtained from Solution II and IV. The contrast suggested that the 320 

addition of 0.5 vol.% H2O2 completely oxidized Fe2+ to Fe3+. The removal curves of Al3+ in Solution I, 321 

II, and III almost overlapped, with nearly 100% being removed at pH 5.0 (Figure 5(b)). This 322 

phenomenon aligned with the observations obtained from the natural AMD (Figure 2). Slight 323 

differences in Al removal from the three solutions were observed at pH 4.0. As shown, the removal 324 

from Solution I and III at this pH equated to zero, whereas around 7.4% of Al was removed from 325 

Solution II. Therefore, it can be concluded that the precipitation of Fe3+ at pH values below 4.0 326 

contributed to the removal of Al3+.  327 

The removals of TREEs, LREEs, HREEs, and Sc as a function of pH are presented in Figures 328 

5(c)-(f), respectively, while those of other individual REEs are provided in the supplementary 329 

document. A comparison between REE removals from Solution I and II suggested that the conversion 330 

of ferrous to ferric ions contributed to the removal of REEs. This phenomenon agreed with the 331 

findings observed from the AMD (Figure 2), which can be explained by the conclusion drawn from 332 

the following experimental data that ferric precipitates have higher adsorption capability toward REEs 333 

relative to aluminum precipitates. As shown in Figure 5(c), 50% of TREEs were removed from 334 

Solution IV at around pH 4.32, whereas a pH value of around 5.38 was needed to achieve the same 335 

removal from Solution III. However, an opposite result was obtained in the research conducted by 336 

Ayora et al. (2016) that schwertmannite does not accumulate rare earth elements, which, instead, are 337 

retained in the basaluminite residue.  338 

A column setup filled with calcite and wood shavings was used in the study by Ayora et al. 339 

(2016), and AMD was allowed to flow through the column. The process was continued up to 30 340 

weeks, after which Fe3+-rich precipitate and Al3+-rich precipitate were collected separately. The 341 

partitioning behavior of REEs was evaluated based on elemental compositions of the precipitates. 342 
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Based on the description, it can be concluded that in the study by Ayora et al. (2016), Fe3+ and Al3+ 343 

were simultaneously precipitated, and then the Fe3+ and Al3+ precipitates were segregated in the 344 

column under the function of density difference. However, in the present study, the precipitation tests 345 

were conducted in beakers with continuous stirring, and as such, the iron and aluminum in the 346 

synthetic AMD sequentially precipitated with gradual increases in pH. These contrasts may lead to the 347 

opposite conclusions.  348 

As aforementioned, after adding 0.5 vol.% H2O2, the major metal ions in Solution II were 400 349 

ppm Al3+ and 900 ppm Fe3+, while for Solution IV, the dominant metal ions were 900 ppm Fe3+. 350 

Therefore, in the pH range of 4.0-7.0, the amount of precipitate formed in Solution II was larger than 351 

in Solution IV, since both ferric and portions of aluminum precipitated from Solution II. With more 352 

adsorbent, REE removal from Solution II was expected to be larger than that from Solution IV. 353 

However, Figure 5(c)-(f) show that much higher removals of REEs were obtained from Solution IV 354 

relative to Solution II. Therefore, the removal of REEs was controlled by factors other than the 355 

amount of precipitates existing in the solution alone.  356 

More specific comparisons among the four solutions were conducted by evaluating the recoveries 357 

at pH 4.0. In Solution I and III, both Al and Fe were not precipitated; thus, REE removals equated to 358 

zero since there is no adsorbent in the system. In Solution II, nearly 100% of Fe was precipitated, 359 

leading to a TREE removal of around 8%. However, with nearly the same amount of Fe being 360 

precipitated, much higher removal of around 37% was obtained from Solution IV. The only difference 361 

between the two solutions in terms of elemental composition is that Solution II contained 400 ppm of 362 

Al in addition to 900 ppm of Fe. Moreover, as aforementioned, around 7.4% of Al was removed at pH 363 

4.0 from Solution II due to the Fe3+ precipitates. Therefore, it can be concluded that the presence of 364 

aluminum species reduced the removal of REEs from Solution II.  365 

Solution I contained 900 ppm of Fe in addition to 400 ppm of Al, while Solution III only 366 

contained 400 ppm of Al. As shown in Figure 5(a) and (b), the precipitation removals of Al from the 367 

two solutions were similar, whereas certain portions of Fe were removed from Solution I in the pH 368 

range of 4.0-6.0. Larger removals of REEs were expected from Solution I relative to Solution III since 369 
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more precipitates existed in Solution I, which provided more active sites for REE adsorption. 370 

However, as shown in Figure 5(c) to (f), as pH increased from 4.0 to 6.0, the removal of REEs from 371 

Solution I was first lower and then higher than Solution III. Therefore, it can be concluded that the 372 

presence of ferrous ions influenced the removal of REEs from Solution I.  373 

 374 

 375 

 376 

Figure 5. Precipitation removal of (a) Fe, (b) Al, (c) TREE, (d) LREE, (e) HREE, and (f) Sc from the 377 

synthetic solutions. 378 

 379 

Compared with other REEs, Sc was more likely adsorbed onto the surface of Al and Fe 380 

precipitates. As shown in Figure 5(f), nearly 85% of Sc was removed at pH 4.0 from Solution IV, and 381 

regardless of the interaction between Al and REEs, a much higher removal of around 22% relative to 382 

the other REEs was obtained from Solution II at the same pH value. Moreover, Solution I and III had 383 

nearly the same Sc removals within the investigated pH range, which indicated that ferrous ions had 384 

no effect on the Sc removal. This phenomenon may be due to the stronger adsorption capacity of Sc 385 

on the precipitate surfaces. Compared with the test results of the natural AMD shown in Figure 3(d), 386 

larger removal increases at pH 4.0 caused by adding H2O2 were achieved for the synthetic solutions 387 

(Solution II versus Solution I). The contrast suggested that, in addition to the aluminum and iron 388 



18 

 

species and precipitates, other solution components in the natural AMD also influenced the 389 

partitioning behavior of Sc.  390 

The major conclusions drawn in this section regarding the partitioning behavior of REEs in the 391 

precipitation of synthetic AMD are summarized as follows: (1) the precipitation of Fe3+ contributed to 392 

the removal of Al3+; (2) the ferric precipitates showed higher removal capacity toward REEs than the 393 

aluminum precipitates; (3) the conversion of ferrous to ferric ions increased the removal of REEs 394 

from the synthetic AMD, while the increase was reduced in the presence of Al3+; and (4) in the 395 

synthetic solutions comprised of Al3+ and Fe2+, the precipitation of Al3+ contributed to the removal of 396 

REEs, while the removal was affected by the Fe2+. These conclusions are consistent with those drawn 397 

in section 3.3.  398 

 399 

3.4 Characterization of the Precipitates Obtained from the Synthetic AMD 400 

Precipitation test results of both the natural and synthetic AMD solutions presented in the 401 

previous section suggested that the partitioning of REEs during the precipitation process was 402 

primarily due to adsorption on the surface of the dominant precipitates. Moreover, the dominant 403 

species existing in the solutions, such as Al3+, Fe3+, and Fe2+, largely affected the adsorption of the 404 

REEs. Since adsorption behavior is sensitive to solid surface characteristics, selected precipitates 405 

formed from the synthetic solutions were characterized in terms of mineralogy, surface zeta potential, 406 

specific surface area, particle size, and morphology.  407 

3.4.1 Mineralogy Characterization  408 

The crystallinity of iron and aluminum precipitates formed in the acidic, sulfate-rich environment 409 

has been studied in previous research (Carrero et al., 2017; Regenspurg et al., 2004). Poorly 410 

crystallized iron hydroxysulfate and aluminum hydroxysulfate minerals, such as schwertmannite and 411 

basaluminite, were found by XRD analysis (Bigham et al., 1994; Bao et al., 2018; R. Richmond et al., 412 

2004). However, as shown in Figure 6, the X-ray diffractograms of the precipitates formed from the 413 

synthetic solutions are dispersed and mineral phases were not found by analyzing with MDI JADE 6.0 414 
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software. This contrast is likely due to the fact that the crystallization of precipitates is largely 415 

determined by aging time. A longer aging time normally results in a higher crystallinity, however, in 416 

the current study, the precipitates were filtered immediately after precipitation without aging. The 417 

absence of aging likely explains the amorphous characteristic of the precipitates (Jiménez et al., 2019).  418 

 419 

Figure 6. X-ray diffractograms of the precipitates obtained from Solution I, II, III, and IV at pH 5. 420 

 421 

3.4.2 Electro-kinetic Tests 422 

Since the surface charge of the precipitates can significantly influence the adsorption of REEs on 423 

the precipitates, electro-kinetic tests were performed on the precipitates formed in the synthetic 424 

solutions. In the pH range of 3.0 to 8.0, the iron precipitates obtained from Solution Ⅳ had the 425 

highest negative zeta potential values as compared to the precipitates formed in Solution Ⅰ, Ⅱ, and Ⅲ, 426 

which may enhance the adsorption of positively charged REE species (Figure 7). This observation 427 

aligns with the fact that the removal of REEs in Solution Ⅳ was much higher than that in the other 428 

synthetic solutions (Figure 5(c-f)). This evidence supports the hypothesis that electrostatic interactions 429 

play an essential role in the removal of REEs during the precipitation process.  430 

In the pH range of 3.0 to 4.0, iron was completely precipitated for both Solution II and IV (Figure 431 

5(a)); however, the negative charges of the precipitates formed in Solution Ⅱ were much lower than 432 
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those of the precipitates formed in Solution Ⅳ. This phenomenon could be due to the presence of Al 433 

in Solution Ⅱ, which may have adsorbed on the precipitates and neutralized the negative charge of the 434 

precipitates. Solution equilibrium calculations showed that, at pH 3.5, AlSO4
+ is the only positively 435 

charged species accounting for a considerable portion of total Al (Table 4). As such, the decreases in 436 

the negative zeta potential values of the ferric precipitates were likely caused by the adsorption of 437 

AlSO4
+. It is postulated that the reduced negative charges impaired the electrostatic attractions 438 

between REEs and the ferric precipitates, and as a result, the removals of REEs from Solution II were 439 

lower than those from Solution IV. Moreover, the Al species in Solution II might also compete with 440 

the REE species for the active sites on the iron precipitates during the precipitation process. Therefore, 441 

it can be concluded that the presence of Al in AMD reduces the removal of REEs during the 442 

precipitation process. In other words, the loss of REEs with the precipitates of the major contaminant 443 

metal ions was decreased in the presence of aluminum.  444 

 445 

Figure 7. Zeta potential of the precipitates obtained from Solution I, II, III, and IV as a function of pH 446 

values. 447 

Table 4. Species distributions (%) of the following solutions: (1) 400 ppm Al3+ in a solution containing 448 

7000 ppm SO4
2- at pH 3.5 and (2) 900 ppm Fe2+ containing 7000 ppm SO4

2- at pH 4.5. 449 

Species Al3+ AlSO4
+ Al(SO4)2

- Al(OH)2+ Total 
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Distribution 2.94 48.39 48.65 0.03 100 

 Species Fe2+ FeSO4(aq) Total  

Distribution 36.67 63.33 100 

 450 

As Table 4 shows, solution equilibrium calculations indicated that FeSO4(aq) was the dominant 451 

active species in Solution I in the pH range of 4.0-5.0. Since this species does not carry charges, rather 452 

than electrostatic attraction, the species was more likely adsorbed onto the aluminum precipitate 453 

surface and competed with the REE species through specific interactions, such as hydrogen bonding. 454 

This conclusion can be corroborated by the fact that in the pH range of 4.0-5.0, the zeta potential 455 

values of Solution I were close to those of Solution III. Due to the specific interactions, REE removals 456 

from Solution I were lower than Solution III in the pH range of 4.0-5.0 (see Figure 5(c)-(e)). As pH 457 

continued to increase above 5.0, the negative zeta potential values of the precipitates formed in 458 

Solution I were largely increased, and at pH 8.0, the precipitates formed in Solution I and IV have 459 

similar zeta potential. Since Solution IV only contained ferric precipitates, it can be concluded that at 460 

pH above 5.0, rather than adsorption on the aluminum precipitate surface, the precipitation of ferrous 461 

ions themselves occurred, and the new precipitates have similar characteristics as the ferric 462 

precipitates. With the new precipitates being generated in the pH range of 5.0-8.0, more adsorbent 463 

was available in Solution I, and the negative impacts of FeSO4(q) on REE adsorption were offset, and 464 

ultimately, higher REE removals were obtained relative to Solution III (see Figure 5(c)-(e)).  465 

3.4.3 Specific Surface Area and Morphology Analyses 466 

As another important characteristic of precipitates, specific surface area (SSA) can effectively 467 

influence their adsorption efficiency. The SSA of the different precipitates obtained from the synthetic 468 

solutions at different pH values is shown in Figure 8. Conditions for preparing the precipitates were 469 

the same as those used for the precipitation tests, except that REEs were not added in the feed 470 

solutions. The precipitates formed from the Solution II and IV at pH 4 was expected to have similar 471 

SSA since nearly 100% of Fe was precipitated at this pH for both solutions (see Figure 5); however, 472 
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as shown in Figure 8, the SSA of the precipitates formed from Solution IV was significantly larger 473 

than that of the precipitates from Solution II (72.74 m2/g versus 17.19 m2/g). As concluded from the 474 

electro-kinetic test results, the aluminum species existing in Solution II adsorbed on the surface of the 475 

iron precipitates and reduced their negative zeta potential. The reductions in zeta potential values 476 

likely promoted the coagulation of the iron precipitate particles, thereby reducing the SAA.  477 

The precipitates obtained from Solution Ⅲ and Ⅳ consisted of only aluminum and iron 478 

precipitates, respectively. As shown in Figure 8, the SSA of the aluminum precipitates was larger than 479 

that of the iron precipitates (115.63 m2/g versus 71.57 m2/g). As pH was raised from 4.0 to 5.0, both 480 

iron and aluminum precipitated in Solution II which resulted in increases in the SSA of the 481 

precipitates from 17.19 to 60.56 m2/g. The SSA of the precipitates formed in Solution II (60.56 m2/g) 482 

at pH 5.0 was smaller than that of the precipitates in Solution Ⅲ (115.63 m2/g) and Solution Ⅳ (71.57 483 

m2/g). This fact also proved that there were interactions between the Al and Fe species existing in 484 

Solution II during the precipitation process; otherwise, the SSA of the precipitates formed in Solution 485 

II at pH 5 shall be between that of the precipitates formed in Solution Ⅲ and Solution Ⅳ at the same 486 

pH. 487 

Solution I contained 400 ppm of Al3+ and 900 ppm of Fe2+; however, the SSA of the precipitates 488 

obtained from Solution I at pH 5.0 was only slightly lower than that of the precipitates obtained from 489 

Solution Ⅲ with only 400 ppm of Al3+ (111.3 m2/g versus 115.63 m2/g). This phenomenon can be 490 

explained by the finding from the electro-kinetic tests that ferrous ion adsorption on the aluminum 491 

precipitates in Solution I did not largely alter their zeta potential values in the pH range of 4.0 – 5.0 492 

since the active species is neutral (FeSO4). When the pH was elevated from 5.0 to 6.0, the SSA of the 493 

precipitates in Solution I increased significantly from 111.3 m2/g to 184.67 m2/g. This phenomenon 494 

indirectly corroborated the conclusion that precipitation of the ferrous ions in Solution I occurred at 495 

pH values above 5.0.  496 

 497 

 498 
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 499 

Figure 8. The specific surface area of precipitates from the synthetic solutions at different pH values. 500 

 501 

The morphological features and surface characteristics of the precipitates formed in synthetic 502 

AMD solutions were assessed through SEM analysis. As shown in Figure 8, the precipitates obtained 503 

from the synthetic solutions were made up of aggregates, which consisted of numerous nanospheres. 504 

Comparisons between Figures 9(a) and (b) showed that the nanospheres comprised in the precipitates 505 

of Solution II were larger than those in the precipitates of Solution IV. This observation aligned with 506 

the finding that, at pH 4, the SSA of the precipitates formed from Solution Ⅱ were smaller than those 507 

from Solution IV (17.19 m2/g versus 72.74 m2/g). The findings support the coagulation of ferric 508 

precipitates due to the presence of the aluminum species. According to previous research, aluminum 509 

salts, such as aluminum sulphate and aluminum chloride, are commonly used as coagulants in the 510 

water treatment industry (Lin et al., 2017; Dentel and Gossett, 1988; Wang et al., 2009; He et al., 511 

2019). Comparisons between Figures 9(c) and (d) suggested that the nanospheres comprised in the 512 

precipitates of Solution III formed at pH 5.0 were slightly smaller than those comprised in the 513 

precipitates of Solution I formed at the same pH. This finding agrees with the fact that the two 514 

precipitates from different sources have similar SSA (Figure 8).  515 
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 516 

Figure 9. SME images of the precipitate particles obtained from synthetic solutions at different pH values: 517 

(a) Solution Ⅱ pH=4, (b) Solution Ⅳ pH=4, (c) Solution I pH=5, and (d) Solution III pH=5. 518 

 519 

3.4.4 Summary of the Partitioning Mechanisms and Potential Applications of This Study 520 

Based on the characterizations of the precipitates formed in the synthetic AMD, it was found that 521 

ferric precipitates carried more negative charges than aluminum precipitates, thus showing stronger 522 

adsorption and removal capacity for REEs. However, in the presence of aluminum ions, the removal 523 

of REEs by ferric precipitates was reduced due to the charge neutralization and competitive 524 

adsorption effects caused by the aluminum species. In the solutions containing aluminum and ferrous 525 

ions, neutral ferrous species (FeSO4(aq)) competed with REEs for the active adsorption sites on the 526 

aluminum precipitates in the pH range of 4.0-5.0. However, at higher pH, ferrous precipitates were 527 

formed, which carried similar negative charges as ferric precipitates, and such, the removal of REEs 528 

was improved. In addition, since ferric ions precipitated at lower pH than ferrous ions, the conversion 529 

(a) (b) 

(c) (d) 
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of ferrous to ferric ions by adding hydrogen peroxide promoted the removal of REEs at lower pH. The 530 

findings from this study will contribute to the improvement of the selective chemical precipitation 531 

process for REE concentration and recovery from AMD. For example, in the process, Fe and Al are 532 

first removed by increasing the pH of AMD to around 4.5-5.0. Based on the findings from this study, 533 

it can be concluded that the presence of an appropriate amount of Al in AMD reduces the loss of 534 

REEs to the precipitate product. In addition, some chemicals that can compete with REEs for the 535 

active adsorption sites on the precipitates can be added to AMD to further reduce the loss of REEs to 536 

the precipitate product. 537 

 538 

4. Conclusion 539 

An acid mine drainage (AMD) sample was collected from a coal preparation plant that treated 540 

run-of-mine bituminous coal from the West Kentucky No. 13 seam. Elemental analyses showed that 541 

the sample contained 6.6 ppm of rare earth elements (REEs), which was higher relative to values 542 

reported for most AMD sources in the literature. A series of precipitation tests performed on the AMD 543 

found that REE removal at pH values below 6.0 were increased by adding H2O2. Solution equilibrium 544 

calculations suggested that REE removal under these conditions was a result of surface adsorption on 545 

the precipitates of the dominant metal ions. The addition of H2O2 oxidized ferrous to ferric ions and, 546 

as a result, caused the majority of the iron to precipitate at pH values below 4.0. The ferric sulfate 547 

precipitates have more active sites for adsorption, which caused adsorption of the positively charged 548 

forms of REEs and their subsequent removal as part of the precipitate product.   549 

Precipitation tests were also performed on synthetic AMD solutions containing the major 550 

constituents at concentrations similar to the natural AMD sample. Characterization studies on the 551 

precipitates provided insights into the REE partitioning behavior and mechanisms during the 552 

precipitation process. As compared to the aluminum precipitates formed in the solutions, the iron 553 

precipitates had higher adsorption capacity towards REEs, which was found to be primarily due to the 554 

fact that more negative charges were carried on the surface of the iron precipitates. Moreover, it was 555 

found that the presence of aluminum in an AMD containing ferric ions reduces the REE removal to 556 
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the precipitate product. This effect was attributed to the decrease in the magnitude of the negative zeta 557 

potential values associated with the ferric precipitates caused by aluminum adsorption as well as the 558 

competitive adsorption between the aluminum and rare earth species on the active sites of the 559 

precipitates. Similarly, the presence of ferrous in an AMD containing aluminum ions also reduces 560 

REE loss to the precipitate product. However, at pH values larger than 5.0, REE loss was improved 561 

due to the precipitation of ferrous ions, which provided more adsorbent and active sites.  562 

 563 
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