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Abstract: Rare earth elements (REEs) are of great importance to modern society and their reliable
supply is a major concern of many industries that utilize them in metal alloys, semiconductors, elec-
trical equipment, and defense equipment. REEs in the coal waste have been revealed to be an alter-
native resource for REEs production. In this study, the extraction, recovery, and upgrading of the
REEs from coal waste has been realized with the bioleaching and precipitation processes. Reliable
and sustainable acid and oxidant production from the oxidation of the pyrite with Acidithiobacillus
ferrooxidans to generate acid for leaching were realized in this research. The acidified bioleaching
solution was used to extract REEs from coal waste, with 13-14% yields for most REE elements (~72
h of leaching). However, recovery for longer duration tests was significant higher (varies from 40—
60% for individual REEs). After extraction, precipitation and separation processes were designed
with the aid of Visual Minteq calculations and modeling to concentrate the REEs. With the proce-
dures designed in this research, a final REEs precipitate product containing 36.7% REEs was pro-
duced.

Keywords: rare earth elements; coal waste; bioleaching; precipitation; Visual Minteq; recovery

1. Introduction

The rare earth elements (REEs) are a group of 17 elements in the periodic table that
have very similar properties. REEs are exceptionally helpful in engineering and technol-
ogy applications, for example in gas sensors, hybrid vehicles, metal alloys, semiconduc-
tors, resistance hardware, fluorescent lights, and LED lights, as well as in the fabrication
of electrical equipment and related magnets [1]. The 4f electrons’ energy of lanthanides is
not as high as that of valence electrons in the outer shell [1]. These electrons are confined
and part of the ionic center. Moreover, these 4f electrons do not legitimately participate in
the compound formation [1]. This is a primary driver for the difficulty in isolating similar
REEs.

The most common minerals that are major sources of REEs include monazite, bast-
nasite, and xenotime as well as certain ore materials, clays, and carbonatite minerals [2].
Frequently, ores that are rich in REEs, such as monazite or bastnasite, are subject to min-
eral concentration methods, for example, gravity separation, flotation, and magnetic sep-
aration prior to chemical processing. The recovery of REEs from monazite or bastnasite
concentrates can be accomplished in either acidic or other chemically aggressive media.
Bastnasite is commonly exposed to air roasting or sulfuric acid at raised temperatures to
eliminate carbon dioxide and oxidize cerium. The resulting product after roasting is pro-
cessed in hydrochloric acid or water to solubilize REEs with the exception of cerium. The
cerium oxide buildup is reduced with sodium hydroxide at that point, then processed in
hydrochloric acid before being extracted. Apart from mineral or related parent resources,
REEs can also be recovered from secondary sources through recycling [3].
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REEs and related reserves in coal-related materials are substantial [2]. Under an as-
sumption of typical USA production of coal ~ of 600 million short tons per year with an
average REE concentration of ~200 ppm, the potential REE asset is 120,000 tons per year
[2]. This is similar to the yearly worldwide REEs production. The majority of such REEs
are present in coal-related materials such as ash or gangue [2]. XRD (X-Ray diffraction)
analysis of coal refuse indicates the presence of various phases such as quartz, iwakiite,
brindleyite, dysprosium silicon oxide nitride, kaolinite, nimesite, and calcium yttrium sil-
icate. Note that because of very low concentrations, the phase and crystal structure of
some of the REE salts/mineral are often difficult to detect . REEs often end up in reject
heaps or tailings impoundments during normal coal plant operations. By and large, a va-
riety of REEs can be recovered with ease utilizing suitable coal processing steps as dis-
cussed in previous reports [2]. In the current exploration, the processing approach utilizes
a characteristic pyrite enhanced coal waste source.

Biooxidation was applied to coal-based materials in this and other projects [4,5].
Three forms or strains, namely Acidithiobacillus ferrooxidans (origin: coal waste), Acidithio-
bacillus caldus (origin: coal waste) and Acidithiobacillus thiooxidans (origin: Kimmeridge
clay), are considered to be major species associated with bioleaching; and some of the
more advanced genetic and metabolic prediction models have been developed by their
genomic analyses. There are 157 genomes of acidophils stored in public repositories as of
March 2016. Among these, 29 come from micro-organisms associated with heaps among
bioleaching or similar biomining conditions [6,7]. Genomics has provided unparalleled
insight into the genetic and metabolic ability of bioleaching microorganisms acidophiles
and their immediate relatives. Many of these microorganisms are obstinate to genetic en-
gineering and a big route for gaining insight into their biology is related to the bioinfor-
matic analysis of genome details.

The genome related information about A. ferrooxidans and associated comparative
genomics were useful to understand the variety of mechanisms, processes, and various
other aspects of metabolism. Some of those include iron and sulfur oxidation, sulfur as-
similation, extracellular polysaccharide formation, CO: fixation, nitrogen metabolism,
ecophysiology, and homeostasis. A. Ferrooxidans has been the top priority as a model bac-
terium for the study of bioleaching microorganism [6]. Nonetheless, it was recognized that
A. ferrooxidans was just one of a group of bioleaching microorganisms, and since 2008 ge-
nomes from other microbes have become more accessible, expanding the ability to evalu-
ate and characterize microorganisms’ genetic and metabolic ability.

Since the ore deposited in bioleaching heaps is depleted in organic matter and poor
in fixed nitrogen, the microorganism consortia often need nutrient enrichment. How-
ever, these chemolithoautotrophs use iron and sulfur as energy sources and can grow
symbiotically with diazotrophs (a diazotroph is a microorganism that is able to grow with-
out external sources of fixed nitrogen). A. Ferrooxidans meets desired criteria and is well-
suited for typical leaching environments, which helps to explain why it is an early major
bioleaching heap colonizer.

Many of the mineral sources used to prepare bioleaching heaps are rich in sulfides.
Such sulfide minerals can react with water and air to form sulfuric acid when mechani-
cally exposed. Unless neutralized by accompanying specific minerals present in the rock,
the end result is a significant enhancement in acidity, which can cause the resuscitation of
reservoirs of inactive acidophiles presumed to be present in dormant condition. In gen-
eral, mesophiles do not remain active at higher temperatures. Since no nitrogen-fixing
thermophiles have been reported from bioleaching heaps, mortality and recycling of mes-
ophiles can be a significant source of fixed carbon and, possibly, the only source of fixed
nitrogen for the thermophilic bioleaching microorganisms.

Ferric ions formed during bio-oxidation are instrumental in oxidizing pyrite [8,9]
which produces acid, most of which is consumed during ferrous ion oxidation as shown
in Equation (1) and Equation (2).
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8H:0 + FeSz + 14Fe> <> 15Fe? + 25042 +16H* 1)
14Fe2 + 14H* + 702 <> 14H:0 + 14Fe® @)

Both Fe¥* ions and acidic media are useful for REEs dissolution [10], and the process
of utilizing pyrite to generate acid for extraction, simultaneously eliminates it from caus-
ing future acid rock drainage and related environmental issues. Thus, in the context of
REE in coal resources, which also contain pyrite, the production of REEs from coal re-
sources using bioleaching allows for the recovery of important domestic REE resources
and related income, which can also broaden asset life while simultaneously reducing en-
vironmental impact and related expenses [2,11].

In this research, the extraction, recovery, and upgrading of REEs from coal-based re-
sources have been conducted with bioleaching and precipitation. Recovering the REEs
from coal-based resources using this approach has many advantages compared to tradi-
tional methods. Therefore, it has the potential to generate strategic REE products in a prof-
itable manner from waste materials. Procedures for REEs production from coal waste re-
sources were developed with theoretical calculations and experimental validation. The
associated leaching and precipitation processes were analyzed to study the properties of
the product and the efficiency of the process.

2. Experimental

Bioleaching and precipitation tests were designed and conducted to study the REE
extraction, recovery, and upgrading processes. This series of tests were marked as B4 tests.
Solutions obtained in each step were marked as B451-B4S5 to help track the changes of
the REE concentrations in the solution during the leaching and precipitation tests.

2.1. Bioleaching Test

The bioreactor has been designed and used to cultivate the Acidothiobacillus ferrooxi-
dans. The bacteria were used to consume sulfides, such as pyrite, and generate sulfuric
acid and ferric sulfate which enable the REEs leaching process. A schematic diagram of
this system is shown in Figure 1a. This system is designed to run automatically. The daily
input of pure pyrite is 15 g and the residence time of solution in the bioreactor is 5 days,
but it can be improved to 50 h if optimized conditions are provided. The daily input of
pure pyrite and the residence time of the solution in the bioreactor was determined by the
acid generation rate of the bioreactor, which relies on the population and activity of the
bacteria in the bioreactor. The Fe2(SOs)s concentration of the effluent solution is about 10
g/L; and the pH is about 1.3, which is a suitable pH value that is beneficial for both the
microbial activity and a considerable acid generation rate.

A leaching test with a total mass of material of 4000 g was conducted with the bi-
oleaching solution. This test was conducted to study the concentration of the leaching so-
lution and the kinetics of the leaching process for rare earth elements from coal waste. The
leaching tests were conducted using the typical Eh (~550 mV) and pH (~1.30) conditions
of the bacteria cultivation solution. The other test parameters such as the liquid/solid ratio,
temperature, and leaching time were determined by the authors based on the experience
simply to test the possibility of REE leaching with the bioleaching solution and keep a
suitable condition for the bacteria. In the leaching test, 1200 g of the coal waste under 10
US mesh was separated from the coal waste sample, while a total volume of 2800 mL of
the leaching solution was prepared, which makes a 30% concentration of the solid in the
solution. Then the coal waste solid and the leaching solution were mixed, and the mixed
slurry was stirred with an overhead stirrer to keep a homogeneous composition of the
slurry and increase the leaching rate. Hydrogen peroxide was added throughout the test
to maintain the Eh > 550 mV, so as to keep an oxidizing environment of the solution. Di-
luted H250: was added to keep the pH around 1.30 during the test to simulate a continu-
ous leaching scenario. The leaching vessel was placed on a hot plate to keep the solution
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temperature ~35 °C. The leaching test was conducted for 72 h and followed by the precip-
itation test. Leaching solution samples were collected at 0 hr., 1 hr., 2 hr., 4 hr,, 8 hr., 24
hr., 48 hr., and 72 hr., then concentration of REEs in these samples were determined with
an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900) (Agilent, Santa
Clara, CA, USA). In later stages of the project, the team had conducted longer duration
leaching tests, which resulted ~40-60% recovery of most REEs in four-month column
leaching tests.
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Figure 1. (a) Schematic diagram of the bioreactor; (b—d) an alternative (nonpyrite based) organic acid derived dissolution
mechanism described by Fathollahzadeh et al. [12] for a typical REE mineral in presence of bioleaching microorganisms.

Earlier REE dissolution mechanisms have been proposed, among those, a mechanism
described by Fathollahzadeh et al. [12] is shown in Figure 1b—d. In most cases for REE-
phosphate type minerals, bacterial dissolution follows either (b) contact or (c) non-contact,
or (d) cooperative mechanisms. Other mechanisms involving ferrous and ferric ions are
described elsewhere [2,13]. In general, H* is critical in dissolving some of the minerals or
in exchanging with REE®** associated with host minerals.

2.2. Visual Minteq Calculation for Speciation and Concentrations

In the final leaching solution, the main impurity is iron, which can be removed by
selective precipitation. Therefore, it is important to determine the right pH for the step-
wise precipitation with MgCOs, Na2COs, or NaOH. The target is to remove iron and other
unwanted ions without losing too much REEs [14]. Because of the important relationship
between carbonate and pH and the potential interaction between carbonate and rare earth
elements as pH increases, additional calculations were performed to determine the species
present in solution as a function of pH.

2.3. Precipitation Modeling

To have a better understanding of the selective precipitation process of iron and rare
earth elements, modeling of precipitation behavior of rare earth elements in solutions con-
taining ferric sulfate from the biooxidation of pyrite was performed using Visual Minteq
3.1. To simulate the effect of pH on iron and rare earth element precipitation, the model
used 10 g/L ferric sulfate heptahydrate, 50 ppm lanthanum, and 50 ppm dysprosium as
inputs.
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2.4. Precipitation Test Procedures

The slurry from the leaching test was filtered to remove the coal waste residue. Then
the Eh of the solution was measured and adjusted to greater than 600 mV with H20: to
oxidize Fe?* to Fe** and facilitate the removal of iron. Following that, the pH of the solution
was adjusted to 4.3 with 1M NaOH solution to remove the iron in the solution as most of
the ferric iron will precipitate when the pH is greater than 4.3. Further, after filtration, the
pH was adjusted to 7.0 with 1M NaOH solution to collect the REE into the precipitate. The
precipitate from this step was dried and re-dissolved into the HNOs solution with a final
pH of 2.5 because the REE precipitate from the last step tends to dissolve in HNO:s at lower
pH. Oxalic acid is typically used in the precipitation separation process of REEs [15,16].
The final volume of solution for REE precipitate dissolution is 60 mL. 30 mL of this solu-
tion was taken for the oxalic acid precipitation test. This test was marked as B4 test. Fi-
nally, 10% oxalic acid solution was added to the REE bearing solution to generate the final
REE oxalate. Samples were taken from each of the process solutions and diluted for rare
earth element concentration analysis with the Agilent 7900 ICP-MS. The flow chart of the
bioleaching and REE precipitation tests and pictures from the test are shown in Figure 2.

Bioleaching slurry

Filtration

Solution 1

O

Adjust Eh to >600 mV with H,O,, filtration

Solution 1’
Adjust pH to 4.3 with 1 M NaOH, filtration

O Solution 2
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Solution 3
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Figure 2. The flow chart of the bioleaching and REE precipitation tests and pictures from the test.
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3. Results and Discussion
3.1. Leaching Kinetics and REE Concentrations

The REE concentrations in the coal waste material was determined by microwave
digestion technique and ICP-MS analysis. The results are shown in Table 1.

Table 1. REE concentrations for coarse waste determined by ICP-MS (mg/kg).
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The concentrations of the REEs in the leaching solution after different leaching time
in the B4 test are shown in Figure 3a. The concentrations of all the rare earth elements
increase with the leaching time but may appear different leaching rates.
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Figure 3. (a) Rare earth elements concentrations vs. leaching time of B4 test; (b) Total rare earth elements concentration vs.
time in the leaching process of B4 test; (c) Percentage distribution of the REEs in the final leaching solution.

The total concentration of all the rare earth elements was calculated by summing up
all the concentrations. The total concentration of the rare earth elements as a function of
time is shown in Figure 3b. This curve is basically a kinetic curve of the leaching process,
and it is similar to the typical leaching kinetics of the REE leaching test [17]. It shows that
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the rate of leaching is high in the first few hours of the test; after that, it becomes slower
because of the kinetics of the process. During the third day of the leaching test, the con-
centration did not change very much, which means the leaching is almost finished in the
first two days even with the large coal waste particles. The yields for most REEs are 13—
14% for only 72 h of leaching.

As can be seen from Figure 3a,b, the concentrations of rare earth elements vary from
each other because of their relative amount in the coal waste and their reaction to the
leaching process. A pie chart of the relative percentages of the REE distribution in the final
leaching solution is shown in Figure 3c. As can be seen, REEs with percentages higher
than 5% are Y, Ce, Nd, Sc, Gd, and Dy, which accounts for 24%, 18%, 14%, 10%, 7%, and
6%, respectively. Among them, Y, Nd, and Dy are the in the critical groups of the REEs
according to the market and industrial classification from an economic point of view [18].

3.2. Visual Minteq Calculation for Speciation and Concentrations

Visual Minteq calculations were performed to determine the species present in solu-
tion as a function of pH. Table S1 shows the species calculated for solutions containing
the species observed in the leaching solutions based on Visual Minteq software calcula-
tions. The information in the table shows that the only relevant species for rare earth ele-
ments and iron in the acidic sulfate-based solutions used for leaching are the soluble sul-
fate complexes such as FeSO+* DySOy*, etc. and the dissolved metal ions such as Fe®, Dy?®,
etc. Thus, a more in-depth precipitation analysis was performed that included only these
species with varying concentrations of magnesium carbonate, which is used to adjust the
pH and cause iron to precipitate. The results are presented in Figure 4a,b. The data in
these figures shows that iron can be completely precipitated with magnesium carbonate
with approximately a 15% loss in rare earth elements at pH of 4.5. However, in a real
circuit it is desirable to recirculate much of the iron. Thus, at a realistic precipitation pH
near pH 3, the losses are predicted to be less than 10%. Losses can be reduced further by
reducing the pH, which will depend on the need for iron recirculation.

Calculations show that various precipitates begin to form in iron rich solutions above
approximately pH 2 that are relevant to our leaching solutions. These precipitation events
can help remove iron compounds including goethite, ferrihydrite, jarosite, hematite, and
magnetite selectively [19,20]. Calculated saturation indexes for these compounds as a
function of pH are shown in Figure 4c,d.

The data and calculation suggest that when there is an equivalent ratio of ferrous and
ferric iron in solution, hematite starts to precipitate at around pH 2, while when the ratio
of ferric to ferrous iron is increased to 94 percent ferric iron and 6 percent ferrous iron, the
pH drops to about 1.8. Thus, these figures suggest that some iron precipitation is feasible
at moderate pH and that the higher ratio of ferric to ferrous iron facilitates precipitation
at lower pH levels.

The calculation of the soluble species for the same scenarios shown previously indi-
cate a drop in solubility near a pH of 5.5 if the ratio of ferrous iron to ferric iron is 15.7:1
as shown in Figure 4e. However, if the ferrous iron to ferric iron is reversed to 1:15.7, the
pH for reduced solubility is decreased to pH 4 as shown in Figure 4f.
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Figure 4. Visual Minteq calculation for speciation and concentrations: (a) speciation as a function of pH based on 20 g/L
ferric sulfate heptahydrate with rare earth element concentrations of approximately 10 ppm, (b) soluble sum of sulfate
and metal ion fractions as a function of pH based on 20 g/L ferric sulfate heptahydrate with rare earth element concentra-
tions of approximately 10 ppm, (c) comparison of saturation index values, which indicate precipitate formation is feasible
if above zero, as a function of pH for a solution containing 2 g/L of iron as iron sulfate (50 % ferric iron and 50 % ferrous
iron), (d) comparison of saturation index values, which indicate precipitate formation is feasible if above zero, as a function
of pH for a solution containing 2 g/L of iron as iron sulfate (94% ferric iron and 6% ferrous iron), (e) comparison of species
solution concentrations as a function of pH for a solution containing 2 g/L of iron as iron sulfate (6% ferric iron and 94%
ferrous iron), (f) comparison of species solution concentrations as a function of pH for a solution containing 2 g/L of iron
as iron sulfate (94% ferric iron and 6% ferrous iron). (Visual Minteq 3.1 calculations).

3.3. Precipitation Modeling Results

At a pH of 0, the program measured the presence of several species at the concentra-
tions shown in Table 2. Metal ions and metal sulfate ions (Fe3*, FeSOx4*, Dy?, DySOs*, La%,
LaSOs*) are the main soluble species with large concentration levels at pH 0, as shown in
Table 2. As the pH grows, the decreasing concentration of H* ions, makes sulfate more
available to complex with the metal ions as indicated in Equation (3).

H* + SO42- <> HSO«

(©)



Minerals 2021, 11, 484

9 of 15

Table 2. Based on Visual Minteq 3.1 simulations, iron, lanthanum, and dysprosium were identi-
fied in 10 g/L ferric sulfate heptahydrate, 50 ppm lanthanum, and 50 ppm dysprosium at pH =0
and an input of 10 g/L ferric sulfate heptahydrate, 50 ppm lanthanum, and 50 ppm dysprosium.

Species Concentration (M)
Dy/(504)> 1.95 x 107
Dy3* 2.70 x 104
DyOH?2 1.73 x 1012
DySOx«+ 3.94 x 105
Fe(OH): 443 x 10
Fe(OH)s (aq) 1.55 x 1018
Fe(OH)s 4.79 x 1026
Fe(SO4)2 6.35 x 105
Fe® 2.32 x102
Fex(OH)2# 3.81 x 107
Fes3(OH)4+>* 3.43 x 1012
FeOH2 5.52 x 10
FeSOs 1.47 x 102

H+ 1.32

HSO+ 411 x 102
La(SOs4)* 7.09 x 107
La 3.11 x 104
LaOH> 1.20 x 1013
LaSOs* 4.85x 105
OH- 1.30 x 1014
SO 9.57 x 10

Calculations show that as H* is removed, HSOs dissociates into H* and SO42~. The
excess SO« is then present to form soluble metal sulfate complexes as shown in Figures
5. As shown in Figure 5a, soluble ferric iron is generally removed from solution beginning
at a pH of around 2.5 and finishing at a pH of around 4.3. However, few iron precipitates,
such as jarosite and hematite, can precipitate between pH 1 and 2, as can be seen in Figure
5d by the saturation index, which implies that precipitation is thermodynamically favor-
able above a value of 0, despite the fact that in reality it is greater. Rare earth compounds
remain soluble or do not begin to precipitate until a pH of around 8 is reached, as shown
in Figure 5b,c. Figure 5e shows that if the ferrous ions are the dominant form of iron, it
will remain as either soluble FeSOu4 (aq) or Fe?* until the pH reaches about 9. Therefore, if
the ferrous iron is not oxidized to Fe3* completely, it will precipitate with the rare earth
elements. If the dissolved iron is oxidized to Fe¥, however, the vast differences in specia-
tion and precipitation of iron and rare earth elements allow for easy removal of iron from
solution by precipitation without significant losses of rare earth elements.



Minerals 2021,

11,484

10 of 15
0.035 3.00 <10 350 x10°*
o 003 —0— Fe¥* conc. 52.50 ><10’4[ - Dys'co?c. = 3.00 x107* o La* cone.
E 0.025 < ., 0 Ao ' — DySO,* conc. 2 550 %1040 —— LaSO,* conc.
g o —o— FeSO," conc. .52-00 *10 / ) g
= 0.02 = , ) £ 20010 Oy Sy
£ £1.50 %10 ] o
7 0.015 g | \ 2 150 x10*| [
5 21.00 %107 g ,
g oo g f g 100x107| /g \
© 0005 P00 x10° \ (b) “ 500 %105 [ﬁ]g (<)
. D D DD D \'
0 Dt 0 0 Lo =0
0 2 4 6 8 10 12 14 2 4 68 10 12 14 0 2 4 6 8 10 12 14
pH pH
30 0.006
Hematite
—_— e
25 :;:;x;maa 0.005 Fe¥* conc.
=y saturation index g ------ FeS0O, (aq)conc,
Z 20 = 0.004
g £
= 15 R0.003 | N e,
E R
= 10 £ 0.002
g g
5 5 m @ | Soon (e)
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
pH pH

Figure 5. Comparison of Visual Minteq 3.1 calculated species concentrations as a function of pH for a system containing
10 g/L of ferric sulfate heptahydrate and 50 ppm of lanthanum and 50 ppm of dysprosium: (a) Fe** and FeSO«*, (b) Dy**
and DySO#, (c) Dys* and DySO#*, (d) hematite and jarosite saturation index, (e) Fe?* and FeSO4 when 0.005 M Fe?* presents.

3.4. REE Precipitation Experimental Results
3.4.1. REE Concentration Analysis with ICP-MS

The REE concentrations of the process solutions during the precipitation tests for B4
test are shown in Figure 6. As it shows, similar precipitation behavior is shown for this
test. However, because of the high REE concentration in the concentrated solution, a
higher percentage of 63.68% of the REE went to the precipitate.
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Figure 6. Rare earth element concentrations in the process solutions of B4 test.
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3.4.2. SEM and EDS Analysis

The precipitate from the oxalic acid precipitation test is shown in Figure 2 as precip-
itate 4. The precipitate is a white crystal. SEM (scanning electron microscopy) and EDS
(energy dispersive X-ray spectroscopy) were conducted on the rare earth precipitate. The
SEM images of the REE precipitate are shown in Figure 7. It shows the rare earth precipi-
tate is composed of small flakes of the solid with a shape of a shell. The size is of the flake
is quite uniform and is about 10-15 microns.

Figure 7. SEM images of the REE precipitate.

An EDS analysis has been done on one of the flakes in the precipitate, as shown in
Figure 8. As can be seen, in the range of the flake, there is a very high concentration of O
and C, which is consistent with the composition of the precipitate, REE oxalate
(REE(C204)3). As indicated by the density of the dots in the EDS map, the concentration of
Pm, Nd, Sm, La, Y, Pr, and Ce are high in the precipitate. As an impurity, there is a con-
siderable amount of Zn in the precipitate.

3.4.3. REE Percentage in the Precipitate

The REE percentage in the precipitate is calculated based on the data acquired in the
leaching and precipitation tests. For the 4 L leaching and precipitation test, the amount of
the precipitate formed in the oxalic acid precipitation step is 4.3 mg. Based on the REE
concentration change before and after adding oxalic acid and the volume of the solution,
the amount of REE went to the precipitate as REE oxalate [1] is calculated with Equation

(4)-

(Cinital ~Cia ) xV

mREE oxalate — AW X AWREE oxalateaverage (4)

REE average

The amount of REE oxalate calculated with this equation is 1.58 mg. Therefore, the
percentage of REE oxalate in the precipitate is calculated with Equation (5).

m
17(%) = —==222 1 100% ®)

precipitate

Based on the data and the equation, the final REE oxalate salt percentage in the final
product is 36.7%.
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Figure 8. EDS mapping images of the REE precipitate.

3.4.4. Precipitate Composition Analysis

To have a better understanding of the composition of the precipitate, more tests and
analyses were carried out on the solutions before and after oxalic acid precipitation. The
concentrations of the major elements were analyzed by a third-party analytical lab. These
elements include: Y, La, Ce, Co, Li, Fe, Mg, Mn, Al, Si, Zn, Ca, S, K, Ni, U, and Na. Rare
earth elements Y, La, and Ce were included in this list because they have relative high
concentrations in the solution and the concentrations of Y, La, and Ce can be used to cross
check the accuracy of the concentration of other rare earth elements not included in this
test. The solution before oxalic acid precipitation (B454) was diluted by a factor of 50 be-
cause of its little volume saved for analysis. The solution after oxalic acid precipitation
(B4S5) was diluted by a factor of five before sending for analysis.

The measured concentrations of these elements are shown in Table 3. The concentra-
tions of some elements were lower than the test limits, therefore they are reported in the
form of <test limit*dilution factor. As can be seen from this table, Al, Si, Na, S, and Zn have
relatively high concentrations in the solution before precipitate. The concentrations of Y,
La, and Ce are very close to the concentrations reported in Figure 8, indicating the con-
sistency of the results.
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Table 3. Concentrations of the major elements in the solutions before (B454) and after (B4S5) oxalic
acid precipitation.

Elements B4S4/ppm B4S5/ppm
Al 1865 1405
Si 1365 1055
Na 870 645
S 585 408
Zn 198.5 83

Mn 60 46.85
Co 21.3 10.75
Y 13.95 3.555
Ni 10.2 4.355
Ce 6.25 0.915
La 3.055 0.675
U 1.93 1.465
Ca <250 112
Fe <25 14
Li <25 <25
Mg <250 49.6
K <250 <25

Based on Table 3, the concentrations of these elements before and after precipitation
is shown in Figure 9a,b. As can be seen, the concentrations of all the elements show some
decrease in the solution after oxalic acid precipitation. However, because of the difference
in the oxalate salt solubilities of these elements, it is clear that for some elements, the per-
centage yield in the precipitate is a lot higher than other elements, especially for the rare
elements. The percentage yield of these elements in the precipitate is shown in Figure 9c.

From Figure 9c, it is clear that for the rare elements Y, La, and Ce, the yield is as high
as 75% to 85%, which indicates most of the rare elements have been precipitated into the
precipitation phase. Other elements such as Zn, Ni, and Co have a medium percentage
yield, however, Zn concentration in the initial solution is 10-20 times high than Ni and
Co. Therefore, with similar yield rate, most of the impurities should be zinc oxalate given
that zinc oxalate is highly insoluble in water. Moreover, this is consistent with the EDS
mapping results. For elements Si, Al, and Na, the measured yield rate is similar and in the
range of 20-25%. However, these elements have very high concentrations in the initial
solution B454, even with the low yield rate, the theoretical amount of oxalate precipitate
from these elements will exceed the actual amount of precipitate (4.3 mg) acquired in the
precipitation test. The other fact is that the solubility of sodium oxalate in water is 3.7
g/100 mL (20 °C). Therefore, sodium oxalate should not form in the test. In this case, the
loss of Na in the solution might come from the operation error such as dilution and the
measurement error. Besides, no Na, Al, and Mn were detected in the EDS mapping.

Therefore, based on the above analysis and discussion, the most important impurity
element in the final precipitate product is Zn. A small amount of Mn, Al, 5i, Co, and Ni
exist in the precipitate.
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Figure 9. The concentrations and percentage yields of the major elements before and after precipitation: (a) zoom-in plot
for elements with low concentrations, (b) concentrations of all the measured elements, (c) the percentage yield of the major

elements in the precipitate.

4. Conclusions

The extraction, recovery, and upgrading of the REEs from coal-based resources were
achieved in this research with bioleaching and selective precipitation. Firstly, the bioleach-
ing solution with pH of 1.3 and Fe concentration of ~10 g/L was produced with the oxida-
tion of pyrite by microbial consortium that included Acidithiobacillus ferrooxidans as the
only added microbe. Then a leaching test was conducted for 72 h on one coal waste sample
with the bioleaching solution produced in the bioreactor. The kinetic curve of the leaching
test shows that the reaction rate at the beginning of the test is rapid, but the rate declines
significantly as the REEs in the coal waste has been leached into the bioleaching solution.
The total concentration of REEs in the final leaching solution is about 4 ppm, among them,
Y, Ce, Nd, Sc, Gd, and Dy have higher concentrations. Based on the results from the Visual
Minteq calculations and modeling, a selective precipitation procedure was designed to
remove the impurities and upgrade the REEs in the leaching solution. REE precipitate
with purity of 36.7% was acquired from the selective precipitation test, indicating that
REEs production from coal waste is feasible with the bioleaching and precipitation ap-
proach demonstrated in this research.

Supplementary Materials: The following are available online at www.mdpi.com/2075-
163X/11/5/484/s1, Table S1: Comparison of Visual Minteq species calculations for leaching solutions
with added magnesium carbonate for iron removal.
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