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Rare earth elements (REEs) have become an important group of metals used in many
high-tech industries, including high-strength magnets, plasma TVs, various military ap-
plications, and clean and efficient green energy industries. Unlike many commercially
available metals, REEs are rarely concentrated in mineable ore deposits. The principal
concentrations of REEs are associated with uncommon varieties of igneous rocks, alkaline
rocks, and carbonatites [1,2]. As the urgent need and demand for REEs to fuel the high-tech
industries are growing, and relatively REE-rich ore deposits are getting depleted, there
have been considerable efforts in identifying low-grade ores, and also the possible recover-
ing of REEs from recycling resources. These sources include clay minerals, and coal and
coal byproducts, especially in the eastern United States [3,4]. There have been attempts
made to recover REEs from wasted used magnets and other recycling streams [5].

Most of the traditional deposits containing REE-bearing minerals are refractory in
nature due to the unusually strong binding energies of these metals with the surrounding
media. As a result, the strategy involving the extraction of these elements requires careful
consideration of the chemical and physical nature of the energy associated between these
metals and the surrounding media [6,7].

This Special Issue carries some important findings from the most current investigations
into the leaching of REEs from various sources. There are 10 papers grouped into four
categories: 1. Leaching from low-grade ores including coal, clay, soil, and red mud; 2.
Pre-treatment and leaching; 3. Recycling; and 4. Precipitation and nano-hydrometallurgy.
Four papers are dedicated to low-grade ores, such as coal and its derivates, clay minerals,
soils, and red mud. The grade of the REEs of some of these ores ranges from 200 to
1000 ppm, with some remarkable advantages, including the easy leaching ability due to
the simple ion-exchange mechanism [8,9]. Zhang et al. [8] described a comprehensive
literature survey with relevant scientific and technological discussions. They covered a vast
amount of literature on the recovery of REEs from coal-based sources, including coal refuse,
coal combustion ash, and acid coal mine drainage. Some process flowsheets integrating
various technologies, such as physical beneficiation, acid leaching, pre-leach roasting, and
hydrothermal pretreatment, have been designed, and some of these have been tested at
bench scale. High-purity rare earth concentrates have been successfully produced from
coal refuse and acid coal mine drainage. A rare-earth pilot plant was also constructed and
tested, enabling the continuous production of REEs from coal refuse.

Montrose et al. [10] investigated the leaching behavior of REEs from a coal seam
underclay using an organic acid and in combination with inorganic acids. Some of the
underclay associated with coal seams in the Lower Freeport, Middle Kittanning, and
Pittsburgh formations contain REEs at 250–457 ppm. Clay minerals such as illite, halloysite,
and kaolinite make up >55% of the total bulk mineralogy of the rock. Organic acid and
ammonium sulfate are often used for clay-type minerals, whereon the leaching is carried
out through the ion-exchange mechanism. However, the current coal seam clay materials
seem to contain REEs mainly as refractory REE-phosphates, and therefore, only the partial
recovery of REEs was possible. Chaikin et al. [11] made an attempt to improve the extraction
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of REEs from an intermediate product of the bauxite sintering process, especially from the
electrostatic precipitator dust, and have concluded that the best results were obtained by a
double leaching process of leaching first at 95 ◦C, and then again at 240 ◦C.

Most of the REE-bearing minerals are refractory in nature, and therefore, in order to
extract REEs from them it is necessary to increase the acidity, or they have to be subjected
to pre-treatment with lixiviants such as sulfuric acid or sodium hydroxide before subjecting
them to leaching. Kim et al. [12] attempted to control the amounts of additives in the
heat-treatment to optimize the effectiveness of the pre-heating process. Others have also
attempted pre-heating before leaching [8,13]. Xiao et al. [13] attempted alkaline fusion at
900 ◦C, resulting in a better than 95% recovery of scandium in the subsequent leaching.

A future trend in recovering REEs from valuable resources involves recovering them
from wasted products. Sarfo et al. [14] attempted to recover Nd, Pr, and Dy from rare
earth magnets by sulfuric acid leaching, followed by the precipitation of these REEs
by ammonium hydroxide and ammonium bifluoride. Preferential precipitation of the
dissolved REEs from the leach liquor can be a key to the success of the overall leaching
process. Researchers have demonstrated the effective precipitation of REEs using various
precipitants [15,16]. The effect of the anions present in the leach liquor has been found to
be significant in the precipitation process. For example, anions such as Cl−, NO3

−, and
SO4

2− derived from acids used in the leaching process display a significant effect on the
precipitation [15]. Watts and Leong have hypothesized that the distribution coefficient, λ,
may be approximated from thermodynamic terms, including the solubility product (KSp)
of each rare earth oxalate and the stability constant (β1) for the mono oxalato complex
of each rare earth. The proposed model was used to calculate λ between pairs of rare
earths [16]. Melo et al. [17] introduced magnetic nanohydrometallurgy to separate REE-
ions using nano-sized iron oxide particles functionalized with ethylenediaminepropylsilane
and diethylenediaminepentatcetic acid under a super magnetic field.
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Abstract: Thermodynamic modelling of a leaching system that involves concurrent precipitation
depends on an understanding of how the metals distribute into the precipitate before an assessment of
solubility can be made. It has been suggested in the past that a pair of rare earths (A and B) in solution
will separate from each other by oxalate precipitation according to a logarithmic distribution coefficient
(λ), determined by the kinetics of the precipitation. By contrast, the present study hypothesises that λ
may be approximated from thermodynamic terms, including the solubility product (KSp) of each
rare earth oxalate and the stability constant (β1) for the mono-oxalato complex of each rare earth.
The proposed model was used to calculate λ between pairs of rare earths. An experimental study
was conducted to determine λ between selected pairs using homogenous precipitation through the
hydrolysis of an oxalic acid ester, with fairly close agreement to the values under the proposed model.
Though this model requires more thorough testing, as well as application to other organic salts, it may
provide insight into distribution factors of a precipitate formed by a sequence of organic complexes.

Keywords: rare earths; distribution factor; selective precipitation; oxalates; organic complexes

1. Introduction

In rare earth extraction, a common technique for overcoming the poor solubility of rare earth
minerals is to transfer the rare earth ions into a more stable solid. In sulfuric acid cracking, for example,
the rare earths are transferred into solid sulphates. In caustic conversion, the rare earths are put
into hydroxides. In more recent studies, minerals of rare earth phosphates have been dissolved in
oxalic acid, while the rare earths concurrently precipitate as rare earth oxalates [1,2]. In each of these
techniques, an effective transfer of the rare earths depends on each rare earth having a lower solubility
or a higher stability in the destination compound.

The way that rare earths distribute into an oxalate precipitate has not been modelled, beyond
describing the results of specific experimental conditions. This is despite oxalate coprecipitation being
a common technique in a broad range of areas. Oxalate coprecipitation is a standard method for
producing precursor powders that are calcined into mixed metal oxides. Examples in the literature
abound, such as precursors for magnetic materials [3], piezoelectric oxides [4], superconducting
materials [5,6] and alloys [7]. It is also used to separate rare earths and actinides from other ions in
solution by precipitation. Breakdown of rare earth minerals such as monazite are often done in extreme
conditions [8] that dissolve impurity ions along with the rare earths. The very low solubility of rare
earth and actinide oxalates enables an isolation of rare earths from mixed solutions [9].

The most advanced modelling of oxalate co-precipitation appears to have come from experiments
to separate rare earths from each other in controlled precipitation. Oxalic acid was generated

Minerals 2020, 10, 712; doi:10.3390/min10080712 www.mdpi.com/journal/minerals5
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homogeneously throughout the solution by hydrolysis of dimethyl oxalate, in order to minimize
concentration gradients within the solution and allow separations closer to those predicted by
solubility [10]. Feibush, Rowley and Gordon [11] found, however, that the separations were much
lower than predicted, according to solubility for the rare earths tested in their study. There remained no
method to predict the separation from fundamental terms, and the techniques for oxalate coprecipitation
more generally appear to be based on trial and error.

Feibush, Rowley and Gordon [11] did find that the precipitation between pairs of rare earth
oxalates follows a Doerner–Hoskins or logarithmic distribution coefficient. Such a distribution assumes
that the precipitating solid does not re-order its whole self to be in equilibrium with the solution;
rather, the precipitated surface is in equilibrium with the solution and once precipitated it forms an
unchanging substrate for the next surface layer [12]. Doerner and Hoskins were the first to describe
this running equilibrium mathematically [13]. It can be described between concentrations of rare earth
ions [A] and [B] by Equation (1).

d[A]

d[B]
= λ

[A]

[B]
(1)

Here, d[A]
d[B] is the ratio of the concentration of A to B lost from the solution in an infinitesimal

increment, or, in other words, precipitated onto the surface in an infinitesimal increment. The letter λ
signifies the logarithmic distribution coefficient. This expression can be integrated to give Equation (2).

ln
[A] f inal
[A] initial

= λln
[B] f inal
[B] initial

(2)

Doerner and Hoskins [13] did not attempt to correlate the coefficient to fundamental terms,
probably in the knowledge that different salts may be governed by different terms. Feibush, Rowley
and Gordon [11] suggested that with rare earth oxalates, the coefficient should be the ratio between the
square roots of the solubility products of the pure rare earth oxalates (square root because each unit of
rare earth oxalate has two rare earth ions), as shown in Equation (3).

λ �

√
KSp, A√
KSp, B

(3)

This equation is based on KSp, A, as the solubility product for the equation shown in Equation (4).

A2(C2O4)3 → 2A3+ + 3C2O4
2− (4)

Their experiments, however, showed that the experimental values of the coefficients, while being
logarithmic in nature, were far from what was predicted by solubility in the form of Equation (3).
Equation (3) does not form a basis in the present study for further development of a model.

Some more recent work on the solubility of rare earth oxalates has determined that the saturated
concentration of rare earth A in a solution of concentrated oxalic acid is determined by Equation (5) [14].

[Atotal] =

√
KSp, A

γ3

(
aC2O4

2−
)−3/2

+

√
KSp, A β1,A

γ1

(
aC2O4

2−
)−1/2

(5)

In Equation (5), β1,A is the equilibrium constant for the reaction in Equation (6), with the subscript
number denoting the number of oxalates in the complex formed. The expression for β1,A is shown in
Equation (7), where a is the activity of the species denoted as subscript. The symbol γ1 is the activity
co-efficient for the rare earth mono-oxalato complex, and γ3 is the activity co-efficient for the free rare
earth ion, the subscript based on the magnitude of the charge.

A3+ + C2O4
2− → AC2O4

1+ (6)
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β1,A =
aAC2O4

1+

aA3+aC2O4
2−

(7)

It can be seen in Equation (5) that the total concentration of rare earth A is made up of two main
species, the free or weakly-complexed rare earth ion in the first term, and the mono-oxalato complex in
the second term. In one sense, Equation (5) represents the saturated concentrations of each of these
species in the particular system. The challenge from a theoretical point of view is how a model of
precipitation can be constructed if there are complexes present. For example, the precipitate may be
formed from a sequence of complexation reactions, where the mono-oxalato complex is the precursor
to the precipitate, rather than the free rare earth ion.

2. Materials and Methods

Rare earth oxides at a minimum of 99.9% purity were obtained from Treibacher Industries
in Austria, along with certificates of assay. Dimethyl oxalate (99%) was obtained from Alfa Aesar,
and diethyl oxalate (99%) from Sigma Aldrich. Analytical grade hydrochloric acid was used. Brand-new
Duran 100 mL conical flasks were used for each experimental flask.

The method underwent considerable development. In the original method, each conical flask
was initially weighed. To each conical flask was added at least two, but up to six, rare earth oxides.
The amount of each rare earth oxide added was determined by a random number generator in Microsoft
Excel, to be an amount between 0.00 and 0.10 g. As close to this number as possible was weighed
and added to the flask. Hydrochloric acid was then added to dissolve the rare earth oxides into
chlorides until a clear solution was obtained. The flask was then heated on a hotplate to evaporate
the remaining hydrochloric acid and water, and leave a precipitate of rare earth chlorides. To the
flask was added about 100 g of deionized water. The mass of dimethyl oxalate (DMO) required for
a complete precipitation was calculated, and a fraction of this was chosen at random, weighed and
added to the flask. The solution was swirled until all the dimethyl oxalate was dissolved. This also
had the effect of dissolving any residual rare earth particles (either difficult crystals of chlorides or
hydroxides). A stopper was placed in the opening of the flask. The flask was submerged in a water
bath at 25 ◦C and left for a week. One week was chosen based on informal testing—after about four
days, the solution could be decanted into another vessel without further precipitation. A sample of the
solution was taken by pipette and diluted with hydrochloric acid (0.1 M), for analysis by ICP-AES.
The density of the solution was checked to be 1 g/mL.

This method produced internally consistent results between yttrium, erbium and thulium.
However, in the case of lanthanum or neodymium, the initial stages of the precipitation proceeded
without the involvement of one or more of the elements. To minimize the impact of this initial
precipitation, a higher initial concentration of rare earths was used so that the final concentration
covered a greater range of concentration. Also, to minimize errors of measurement of the initial
solution, a stock solution was prepared for use in every conical flask. To allow a slower, more gradual
precipitation, diethyl oxalate (DEO) was chosen as the oxalic acid ester. This appears to have a slower
rate of hydrolysis than dimethyl oxalate.

About 5 g of each of lanthanum, neodymium and yttrium oxides were dissolved together in the
one flask in hydrochloric acid, and evaporated to rare earth chlorides. Deionized water and 1 mL
of hydrochloric acid (10 M) was added to a total of 1000 g. The 1 mL of hydrochloric acid was to
dissolve any rare earth hydroxides that may be present. The pH was not measured, since the acidity
during the experiment increases as more of the oxalic acid ester hydrolyses, so that a constant pH
could not be maintained without the use of a buffer that may complex the rare earth ions. To each
100 mL conical flask was added to about 100 g of rare earth solution and a weighed amount of diethyl
oxalate solution. The diethyl oxalate was added by a glass dropper, as diethyl oxalate can be a solvent
of plastic. A sample of the solution was taken by pipette and diluted with hydrochloric acid (0.1 M) for
analysis by ICP-AES. The density of the solution was checked to be 1 g/mL.
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It was decided to plot the results between two rare earths from every experimental vessel on
the one graph. The graph was based on Equation (2), so that the logarithm of the quotient of the
starting concentration and final concentration was plotted on an axis for one element, while the same
was plotted on the other axis for the other element. In this way, the slope of the graph should give
the logarithmic distribution coefficient. The reason why this graphical method was chosen rather
than tabulating the coefficient for each experiment was because the graph allows checks of internal
consistency. Firstly, the line of best fit should be passing through the origin. This is because any
constants of integration would be cancelled out in the integration of Equation (1) to Equation (2).
Secondly, the ratios between a pair should be expressible in terms of the others; for example, pairs in a
triplet should multiply to one, as illustrated by Equation (8):

K A
B
= K C

B
×K A

C
(8)

This is because the logarithmic distribution coefficient should be consistent between a pair
regardless of how many rare earths are in the system.

3. Results

Table 1 shows which rare earths and ester were in each experimental vessel or conical flask, as well
as the solution masses used to calculate the initial concentration. The first five experiments used the
original experimental method. In this procedure, the total solution mass was weighed after the rare
earth chlorides and dimethyl oxalate were dissolved. The last four experiments used the stock solution.
In this method, the assayed stock solution was weighed into the conical flask and then the addition of
diethyl oxalate was weighed.

Table 1. Identity of solution components and masses for each experiment.

Experiment Number Solution Components Solution Mass, g Ester Ester Mass, g Total Mass, g

1 La, Pr, Nd, Y, Er, Tm 100.00 DMO - 100.00
2 Y, Er, Tm 100.16 DMO - 100.16
3 La, Pr, Nd, Y, Er, Tm 100.01 DMO - 100.01
4 Y, Er, Tm 100.04 DMO - 100.04
5 Y, Er 100.84 DMO - 100.84
6 La, Nd, Y 102.62 DEO 2.04 104.66
7 La, Nd, Y 102.24 DEO 4.20 106.45
8 La, Nd, Y 102.65 DEO 1.05 103.70
9 La, Nd, Y 101.50 DEO 3.15 104.65

Table 2 shows the calculated initial concentrations and the measured final concentrations in each
experimental vessel. In Experiment 7, too much diethyl oxalate was added, and complete precipitation
occurred, so that the rare earths were below the detection limit (BDL).

Figures 1–3 show the results of the experiments with diethyl oxalate and concentrations of
lanthanum, neodymium and yttrium. In addition, Figure 4 shows the result of the experiments with
dimethyl oxalate and yttrium and erbium, in which the intercepts were also small, so that the use of
diethyl oxalate was not required. The graphical results involving thulium also had a small intercept
but are not shown here, as no thermodynamic data for thulium could be found for correlating the
slopes of the graphs.

It can be seen in Figures 1–4 that the results have an internal consistency, with the lines of best fit
having an intercept close to the origin. Also, when the slopes of Figures 1–3 are multiplied together as
a triplet, the product is very close to one, indicating another internal consistency. The data points also
fit fairly closely to a straight line, although deviations will appear to be diminished somewhat by the
logarithmic axes.
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Table 2. Initial and final solution concentrations for each experiment.

Experiment Number La (ppm) Pr (ppm) Nd (ppm) Y (ppm) Er (ppm) Tm (ppm)

1
Initial 486 880 183 603 450 883
Final 289 493 90 508 340 621

2
Initial - - - 802 661 600
Final - - - 323 170 168

3
Initial 549 115 920 430 191 514
Final 199 15 66 198 57 158

4
Initial - - - 589 493 385
Final - - - 330 202 163

5
Initial - - - 962 274 -
Final - - - 667 150 -

6
Initial 5603 - 4831 3681 - -
Final 1300 - 40 910 - -

7
Initial 5488 - 4732 3606 - -
Final BDL - BDL BDL - -

8
Initial 5656 - 4877 3717 - -
Final 3885 - 1410 2600 - -

9
Initial 5542 - 4779 3642 - -
Final 680 - 4 445 - -

 

Figure 1. Enrichment of Nd against La: logarithm of the quotient of the starting concentration and
final concentration for each rare earth.

 

Figure 2. Enrichment of La against Y: logarithm of the quotient of the starting concentration and final
concentration for each rare earth.
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Figure 3. Enrichment of Y against Nd: logarithm of the quotient of the starting concentration and final
concentration for each rare earth.

 

Figure 4. Enrichment of Y against Er: logarithm of the quotient of the starting concentration and final
concentration for each rare earth.

It would have been preferable to have had a greater number of data points on each graph.
However, each data point comes from a separate experimental vessel, and there was no exclusion of
outliers, apart from Experiment 7, in which the precipitation was complete. In terms of repetition, in one
sense each data point on the one graph is a repetition of the same separation, although repetition of the
same specific conditions would also provide greater confidence. Overall, it seems that the slope values
in Figures 1–4 can be described as the logarithmic distribution coefficient (λ), found experimentally.

4. Discussion

Given that Equation (3) did not describe the distribution coefficient λ [11], and that it is based on
the solubility of the free or weakly-complexed rare earth ion, an alternative basis for describing λ was
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needed. It was hypothesized that the precipitation was governed by the energy difference between the
solid rare earth oxalate and the mono-oxalato complex in Equation (9).

AC2O4
1+ ↔ 0.5 A2(C2O4)3 (9)

Equation (10) was posed as a way to describe λ, because it represents the ratio of the equilibrium
constants for Equation (9), which in turn is based on Equations (4) and (6). It also approximates the
ratio of the saturated concentrations of the mono-oxalato complexes of each rare earth in question
on the basis of Equation (5), assuming that the activity coefficient γ1 is similar between rare earths.
The term in Equation (5) for the free or weakly-complexed rare earth ion was neglected, as it seemed
unlikely that solid rare earth oxalates would form directly from this simple species.

Equation (10) was used to calculate theoretical values in Table 3. The experimentally found values
match these theoretical values fairly closely.

λ B
A
�

√
KSp, A β1,A
√

KSp, B β1,B

(10)

Table 3. Comparison between theoretical and experimentally obtained values for the logarithmic
distribution coefficient.

Pair Theoretical Experimental

Nd/La 3.25 3.36
La/Y 0.96 1.00
Y/Nd 0.32 0.30
Y/Er 1.47 1.47

The theoretical values for λ were calculated using Equation (10) on the results obtained by Chung,
Kim, Lee and Yoo [14], shown in Table 4. The theoretical values for λ for the range of rare earths for
which data is available are shown in Table 5.

Table 4. Solubility products [14], equilibrium constants [14] and their products
√

KSp β1.

Element Solubility Product, KSp Equilibrium Constant, β1
√

KSp·β1

Y 5.1× 10−30 2.3× 107 5.2× 10−8

La 6.0× 10−30 2.2× 107 5.4× 10−8

Nd 1.3× 10−31 4.6× 107 1.7× 10−8

Sm 4.5× 10−32 3.2× 107 6.8× 10−9

Eu 4.2× 10−32 3.3× 107 6.8× 10−9

Gd 4.25× 10−32 3.5× 107 7.2× 10−9

Dy 2.0× 10−31 4.9× 107 2.2× 10−8

Er 9.0× 10−31 8.0× 107 7.6× 10−8

The reason why Equation (10) should approximate λ is a conundrum. Firstly, the most abundant
form of each rare earth will be the mono-oxalato complex only in a concentrated solution of oxalic
acid according to Equation (5). In the present case, a hydrolyzing ester will only produce a very dilute
concentration of oxalic acid before precipitation occurs, meaning that the most abundant form of rare
earth in solution will be the free or weakly-complexed ion according to Equation (5). This implies that
the measured final concentrations are mainly made up of free or weakly-complexed rare earth ions,
and that the model is still a relation between the concentration of these ions and the fractions on the
surface of the precipitate. Yet, according to Equation (9), the free rare earth ion is not involved in that
equilibrium directly.

11
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Table 5. Calculated logarithmic distribution coefficients (precipitation of the element in the horizontal
row for every one of the elements in the vertical column).

Element La Nd Sm Eu Gd Dy Er

Y 0.96 3.1 7.7 7.7 7.2 2.4 0.68
La 3.25 7.9 8.0 7.5 2.5 0.71
Nd 2.4 2.5 2.3 0.76 0.22
Sm 1.0 0.94 0.31 0.09
Eu 0.94 0.31 0.09
Gd 0.33 0.10
Dy 0.29

Nor is there an obvious kinetic argument, as a higher stability of mono-oxalato complex will
cause less precipitation into the solid oxalate compound under this particular model. It would perhaps
be expected that a higher concentration of mono-oxalato complexes would lead to a higher rate of
collisions leading to precipitation.

The notion of a stepwise formation of organic complexes into an organic salt also does not yield
an adequate explanation. The concentration of the mono-oxalato complex of each rare earth would be
determined by the stability constant in Equation (7), as well as the activity fraction of the free rare earth
ion. Adding the chemical equations for the formation of the mono-oxalato complex (Equation (6)),
and the formation of the precipitate from the mono-oxalato complex (Equation (9)) merely yields
Equation (4), which represents the solubility product.

The system is behaving as though the ratio of the concentrations of the mono-oxalato complex of
each rare earth is the same as that for the free rare earth ions. It may be conjectured that Equation (6)
for the formation of the mono-oxalato complex is not attaining equilibrium before precipitation is
occurring. It is possible that this may be connected to the very low concentration of oxalic acid and the
very low solubility of the oxalate precipitate. Overall, it remains difficult to explain the model from
kinetic and thermodynamic principles.

5. Conclusions

It was found that the logarithmic distribution co-efficient λ for precipitation between a pair of rare
earths was fairly close to the ratio of the equilibrium constants for the step from mono-oxalato complex
to the rare earth oxalate salt. This model relates the total concentration of rare earths (mostly free
rare earth ions) to the fractions precipitating into the solid, so it is unclear why only the last step of
the precipitation counts for λ. There appears to be no simple kinetic explanation either, with λ being
derived from thermodynamic terms, and the curious result that a higher stability of mono-oxalato
complex results in less precipitation.
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Abstract: Rare earth elements (REE) are necessary for advanced technological and energy applications.
To support the emerging need, it is necessary to identify new domestic sources of REE and technologies
to separate and recover saleable REE product in a safe and economical manner. Underclay rock
associated with Central Appalachian coal seams and prevalent in coal utilization waste products
is an alternative source of REE to hard rock ores that are mainly composed of highly refractory
REE-bearing minerals. This study utilizes a suite of analytical techniques and benchtop leaching
tests to characterize the properties and leachability of the coal seam underclays sampled. Laboratory
bench-top and flow-through reactor leaching experiments were conducted on underclay rock powders
to produce a pregnant leach solution (PLS) that has relatively low concentrations of gangue elements
Al, Si, Fe, and Th and is amenable to further processing steps to recover and produce purified REE
product. The leaching method described here uses a chelating agent, the citrate anion, to solubilize
elements that are adsorbed, or weakly bonded to the surface of clay minerals or other mineral solid
phases in the rock. The citrate PLS produced from leaching specific underclay powders contains
relatively higher concentrations of REE and lower concentrations of gangue elements compared to
PLS produced from sequential digestion using ammonium sulfate and mineral acids. Citrate solution
leaching of underclay produces a PLS with lower concentrations of gangue elements and higher
concentrations of REE than achieved with hydrochloric acid or sulfuric acid. The results provide a
preliminary assessment of the types of REE-bearing minerals and potential leachability of coal seam
underclays from the Central Appalachian basin.

Keywords: rare earth elements; coal utilization byproducts; pregnant leach solution; underclay;
organic acid

1. Introduction

Rare earth elements (REE) are essential for the development of low-carbon, renewable energy
technologies. In the United States (U.S.), a lack of domestic REE production is forcing end-users in
energy, high-end technology, and manufacturing sectors to seek overseas sources. Exploration and
production of new domestic sources of REE and critical minerals (CM) is essential to meet future
demands. The U.S. Department of Energy report—2017 Report to Congress on Rare Earth Elements
from Coal and Coal Utilization Byproducts—on rare earth elements from coal and coal byproducts
outlines the strategic plan for expanding the U.S. REE reserve base [1]. The plan calls for identification
of coal and coal byproducts with the highest known concentration of REE and the development of
cost-effective separation technologies to recover the resource. A diversified REE product slate that
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includes recovery of REE from domestic coal byproducts and various types of sedimentary geologic
materials can contribute to supply security and help to limit risks to market disruptions [1,2].

Production of REE in the United States, primarily sourced from bastnaesite and other accessory
minerals, has increased between 2018–2019 from 18,000 to 26,000 tons, but is low compared to Chinese
production (132,000 tons) [2]. The United States’ domestic coal and coal utilization byproducts (CUB)
are nevertheless promising sources of recoverable REE [1–6]. The term CUB includes a range of
materials that are produced during coal utilization [1,3–6]. Coal mining waste rock and coal preparation
plant refuse are two types of byproduct that contain underclay, a clay-rich sedimentary rock that is
found adjacent to a coal seam. Underclay is commonly categorized as roof or floor rock and it is
exposed and sometimes excavated during the mining of a coal seam.

Clay-rich horizons in Central Appalachian (CentApp) coal seams, for example, commonly contain
higher concentrations of REE than the coal or other non-clay bearing rock adjacent to the coal seam [3,4].
In the CentApp region, there are approximately 840 coal refuse piles that overlie nearly 40 square
kilometers of abandoned mines and coal fields. The amount of coal refuse in Pennsylvania alone is
estimated to be 1.5 × 109 cubic meters [7]. Waste refuse piles, which plausibly contain a high percentage
of clay minerals, may be heap leached or processed with limited beneficiation techniques (e.g., crushing
and grinding, calcining, roasting, and floatation), compared to mineral bound ore. REE and CM can
be leached from produced and stockpiled waste materials. With the availability of potential resource
material, numerous studies have investigated REE recovery from coal-related materials, including coal
fly ash [8,9], coal middlings [5,10], and underclays [3,4,10]. Underclays have an increased resource
potential [4] as the rock is often subjected to previous diagenetic events and natural processes that
transport and concentrate REE and CM in forms that may be easier to extract, compared to minerals
bound in crystalline rock. Ease of extraction makes this type of material a more promising geologic
source of REE and CM.

Organic acids and their degradation products provide ligands and chelating agents for heavy
metals [11]. The citric acid-citrate system forms a relatively stable complex with alkaline earth
metals [12] as well as heavy metals and lanthanides. The citric acid molecule is composed of one
alpha position hydroxyl and carboxyl group and two beta position carboxylic acid groups, together
the molecule contains at least seven potential O-donor sites that are capable of coordinating metal
ions [12,13]. Carboxyl groups of citric acid have been shown to complex with both bivalent and
trivalent metal ions in biological systems [13,14] and during interaction with alkaline earth metal
ions [12].

Effects of organic acid on the leaching process of REE from ion-adsorbed clays was investigated
by Wang et al. [15]. The leaching experiments by Wang et al. [15] showed REE recovery using citric
acid was highest (10.4 mmol/kg) at pH range 3.5–4.0. The experiments were conducted at varying
pH with the same carboxylic group concentration of 10−4 mol/L. Rare earth element concentrations
decreased in the solutions with increasing pH (from 2–6). Increased pH should lead to greater acid
dissociation because of pKa shifts increasing the number of complexation sites for REE on the organic
ligands. The results confirm that organic anions, including anions of citric acid, can act as assistant
leaching agents both through the complexation of REE in solution and the interaction with the clay
surface to promote changes in the zeta potential of the clay. This process can lead to greater leaching of
sorbed cations from the clay surface or for better dispersion of individual clay grains [15].

Citric acid anion recovery of REE from coal seam underclay is a promising method that may
liberate higher concentrations of ion exchangeable REE from the clay compared to traditional lixiviants
such as ammonium sulfate or sodium chloride. We chose to investigate the influence of organic acids
on the recovery of exchangeable, or weakly bonded, REE ions from the surfaces of clay grains, as well
as liberation of the nonexchangeable (stronger bonded) REE ions. Our selective approach of using pH
buffered organic acid-based solutions amended with ionic constituents (e.g., (NH4)2SO4 or NaCl) is
designed to isolate and recover the exchangeable REE fraction type through partial dissolution of the
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clay matrix. The approach is based on previous studies which have shown that optimum recovery of
REE adsorbed on clay minerals using ionic lixiviants occurs at the 3–4 pH range [15–17].

A mildly acidic organic acid-based ionic recovery solution with the presence of a monovalent
salt likely liberates clay surface adsorbed REE and some inorganic REE mineral phases embedded
in the clay matrix. The leaching solution may be pH buffered for optimum recovery from different
clay mineral assemblages. Clay grains have a high surface area typically with a negative net charge.
Exchangeable and nonexchangeable ions are present on the surface of clay grains. The amount of cation
exchange capacity (CEC) or anion exchange capacity (AEC) is dependent on the clay mineral type or
presence of organic matter. Exchangeable ions are weakly held in contact with the clay solution and are
readily replaced by ions in solution. Positively charged ions, such as Al3+, Ca2+, K+, and REE3+, may be
present on clay surfaces as exchangeable ions. Nonexchangeable ions are typically adsorbed by strong
bonds or held in inaccessible places within the clay matrix (e.g., K+ between layers of illite). The use of
organic acids can potentially increase the recovery of REE from clay-rich rocks by: (a) Maintaining
a balanced charge on clay surfaces and increasing cation exchange capacity (CEC); (b) selectively
dissolving matrix rock and increasing pore space connectivity and transmissivity of fluids; and (c)
solubilizing phosphate bound REE [18,19].

Rozelle et al. [3] identified clay-rich ore deposits that contain up to 90% of the total REE in the rock,
bound as ion-adsorbed REE, with the balance existing as colloids (e.g., Fe, Mn-oxides) and crystalline
minerals (e.g., REE-phosphates). In China, about 10,000 tons of rare earth oxide (REO) concentrate are
produced annually from weathered elution-deposits derived from lateritic weathering of granitic rock
and in situ aqueous mining yields ~200 tons of REE annually [17]. This study characterizes and tests
the leaching behavior of underclay rock from geologic formations associated with coal production in
West Virginia, Pennsylvania, and Ohio.

2. Materials and Methods

2.1. Sample Preparation

The National Energy Technology Laboratory Research and Innovation Center (NETL-RIC) obtained
underclay core samples from the West Virginia Geological and Economic Survey (WVGES) (Figure 1).
The core samples were taken from strata associated with production coal seams—Lower Freeport,
Middle Kittanning, and Pittsburgh No.5—in West Virginia.

 

Figure 1. Photographs of as-received underclay core samples examined in this study. Information and
descriptions of rock from the core samples are shown in Table 1.
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A sample of approximately 200 g was either cut from the core or collected as chips and pieces.
Each sample was pulverized first using a small jaw crusher then Zr-Ti lined shatter box to reduce
the grain size to 149 μm or less. A mortar and pestle was used to hand-grind the material until it
all passed through a 100 mesh (<149 μm) sieve. After grinding and sieving the powdered sample
was homogenized using the cone and quarter technique [20]. The homogenized sample was split
into specific subsamples for X-ray diffraction (30 g), elemental analysis (3 g), sequential digest (5 g),
and leaching tests (0.5 g and ~40 g). Sample preparation for X-ray diffraction analysis included an
additional step. The homogenized sample was ground for 60 s in a micronizing mill to achieve a
grain size of <65 μm. The subsamples for the different analyses and tests were stored in chemical-free
paper envelopes in a nitrogen purged desiccator until needed. The goal for sampling and sample
preparation was to create a bulk homogenized underclay powder that could be used to test the recovery
of REE from clay-rich material using different leaching solutions composed of organic acid anions.
Bulk analysis and characterization of each sample was conducted to determine basic mineralogical and
physical properties of the material. Rock chips or slices of core (3 cm × 2 cm) were used for electron
microscopy imaging and X-ray microanalysis. Contextual information about the samples and core
descriptions of the material are shown in Table 1.

Table 1. Sample information and core descriptions for underclay samples.

Sample ID Material Type Formation Depth (ft) Core Description

UC-01 Underclay, shale Lower
Freeport 1352.0–1352.5

Dark black to gray; fine grain matrix with
visible pyrite and calcite cement; irregular
sharp wavy contact. Directly underlies base

of lower Freeport coal.

UC-02 Flint-clay, underclay Middle
Kittanning 1463.0–1463.5

Medium to light gray/olive green rock
fragments. Sub angular fine to medium

clasts; few fine root traces and plant debris;
few fine to medium black shale and coal

streaks; clear lower contact.

UC-03 Underclay Pittsburgh 740.5–741.0

Medium gray and olive yellow-brown;
common fine distinct olive mottles; few fine

faint black mottles; few fine faint red
mottles; clear lower contact.

UC-06 Paleosol, seat earth Lower
Freeport 712.6–713.0

Pistachio green; extremely brecciated;
paleosol; spiderweb calcite cement; siderite

banding; soft sediment deformation
structures present.

2.2. Scanning Electron Microscopy and X-Ray Microanalysis

Thin section and epoxy-mounted samples were evaporatively coated with carbon and imaged
with a field emission scanning electron microscope (FE-SEM, FEI Inspect F) equipped with an
energy-dispersive X-ray spectrometer (EDS, Oxford Instruments, Abingdon, UK). SEM imaging and
EDS analysis was done at 20 kV, ~100 nA; a working distance of 10.4 mm, beam aperture 3, and spot
size 5.0–5.5 nm. The entire area of the sample—thin section or epoxy mounted rock slice—was viewed
frame by frame in x and y directions at low magnification (300×) in backscattered electron mode (BSE).
Electron microscope images and EDS data were collected from single spots and full fields of view
at multiple locations within the sample. Large area images (4 mm2) with corresponding EDS maps
were collected and constructed using the automate function in the Oxford INCA SEM-EDS software
package (Version 5.05, Oxford Instruments, Abingdon, UK). Standards-based quantitative EDS was
accomplished using REE-phosphate standards REEP25-15+ FC (Astimex Standards Ltd., Toronto,
ON, Canada) and REE-oxide standard #489 (Gellar Analytical, Topsfield, MA, USA) for all analyses.
Standard block #489 is certified to ISO 9001 and 17025 standards. Putative mineral phase identifications
were made using images and elemental data from SEM-EDS analysis.
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2.3. X-Ray Diffraction

Bulk mineralogy of rock samples was determined by X-ray diffraction (XRD) of randomly oriented
powder mounts. Each sample was powdered to <63 μm using a micronizing mill. The powdered
samples were spiked with 10 wt. % ZnO and mounted on an automatic 6-position sample changer
equipped with a sample spinner. XRD patterns were collected using a Rigaku III Ultima diffractometer
with Cu K-alpha radiation at 40 kV and 44 mA from 3.0–65.0 degrees-two-theta with a step size of
0.02◦ at 2.4 s. Initial peak alignments and identifications, and mineral IDs were made via comparison
of the diffraction peaks against the ICDD-4 database using HighScore Plus XRD software (Version 3.0,
Malvern PANalytical Ltd., Malvern, UK). Basic Rietveld fitting was performed using the software to
quantify mineral percentages and estimate amorphous content (wt. %). Semi-quantitative analysis of
crystalline components and mineral phase identifications were done by diffraction pattern analysis
using the RockJock 7.0 computer program (U.S. Geological Survey, Boulder, CO, USA) [21].

Oriented mounts were prepared for clay identification by XRD analysis following the methods
outlined in the U.S. Geological Survey (USGS) Open file report 01-041 [22]. The prepared mounts of
each sample were scanned with a Rigaku III Ultima diffractometer (Rigaku, Tokyo, Japan) with Cu
K-alpha radiation at 40 kV and 44 mA from 2.0–30.0 degrees-two-theta with a step size of 0.02◦ at 0.5◦
per minute. After the initial scan, the samples were treated sequentially with ethylene glycol and two
separate heat treatments (400 and 550 ◦C). The samples were scanned after each treatment. Phase
IDs, peak alignments, and mineral identifications of clay mineral peaks were made via comparison
of the diffraction peaks against the ICDD-4 database using MDI Jade 6.0 XRD software (MDI Jade,
Livermore, CA, USA). Diffraction patterns for untreated and treated samples were compared using
Jade and basic Rietveld fitting was performed using the software to quantify mineral percentages.
Presence of specific clay mineral phases was determined by changes in diffraction peak patterns across
treatments following the identification flow chart in the USGS report [22].

2.4. Particle Size

Particle size analyses were completed on unreacted and reacted solid samples using a
Malvern Mastersizer2000 (Malvern PANalytical Ltd., Malvern, UK) following procedures outlined in
Sperazza et al. [23]. Briefly, ~5.5 g/L sodium hexametaphosphate was added to the solid samples as a
dispersant and vortexed. The resulting slurry was then added to the sample introduction unit and the
laser obscuration value adjusted to fall between 10–20% by adding tap water or additional sample.
For unreacted samples, 60 s of ultrasonication was applied in the pre-measurement routine. For reacted
samples, ultrasonication was turned off to preserve the particle size distribution from the reaction.
Standardization and accuracy of measurements was monitored with QA standard QAS3002 (15–150μm)
from Malvern. Analytical procedure and results are shown in the Supplementary Materials.

2.5. Sequential Acid Digestion

Underclay powders were reacted sequentially using ammonium sulfate (NH4)2SO4, hydrochloric
acid (HCl), sulfuric acid (H2SO4) and the residual solids were subjected to lithium borate (LiBO2)
fusion and digestion. The procedure was designed to operationally evaluate common lixiviants used
in commercial leaching and extraction of REE from geologic materials [24] and to provide a first-order
comparison to leaching with organic acid-based reagents. The reagents and conditions for each step
of the sequential digest are shown in Table 2. Dry, powdered sample was combined with different
reagents and mixed in polypropylene tubes on a rotator at 25 rpm or stirred and heated in 100-mL
Teflon beakers on a magnetic hot plate. At the end of each step the extraction solutions were separated
by centrifugation 3500× g for 20 min. The extraction solution was collected from the centrifuge tube
with a syringe and the liquid passed through a 0.45 μm nylon filter and collected for analysis. Major,
trace, and rare earth element concentrations in the liquids collected were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES) and mass spectroscopy (ICP-MS) following
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the methods in Bank et al. [25]. Post extraction solids were collected by centrifugation and washed by
rinsing the solids with ~30 mL of MilliQ, mixing solids and water on the rotator for 5 min and then
separated by centrifugation (3500× g, 20 min). The wash step was repeated three times. The washed
solids were dried at 60 ◦C overnight and weighed for dry weight. Weight loss for each step was always
less than 5%. The steps were repeated for each solution. The remaining solid material was collected for
LiBO2 fusion and digestion [25] and reported as residual.

Table 2. Extraction reagents and conditions used in sequential extraction. Concentration of reagents
shown in mol/L (M). Mass of starting.

Step Reagent/Target Fraction Solids (%) Temperature (◦C) Time (h) pH

1
0.5 M (NH4)2SO4

Exchangeable 1 22 4 5.0

2
1 M HCl
Colloid 1 22 24 1.0

3
1.2 M H2SO4

Colloid +Mineral 1 70 1 0.86

4
LiBO2-Digestion

Mineral + Residual 200 mg - - -

2.6. Citrate Leaching of REE

Benchtop leaching experiments were conducted on subsamples of underclay powders using
various formulations of a water based leaching solution. The composition of each solution tested and a
list of samples and conditions for each leach are shown in Table 3. The solutions were composed of
combination of citric acid, sodium chloride, and conjugate buffer salt sodium citrate tribasic dihydrate
(HOC(COONa)(CH2COONa)2·2H2O). Initial benchtop tests were conducted using rock powders from
sample UC-01, 02, 03, and 06 and liquid–solid ratio of 1% solids (e.g., 50 mL of leaching solution—0.5 g
of powder). The powders and solution were combinedin 50 mL polypropylene tubes and mixed using
a tube mixer. Subsequent testing was performed on sample UC-02 using 20 g of powder and 200 mL
of citrate leaching solution (10% solids)The test was conducted to (a) to verify the 10% slurry was
properly mixed during the leaching steps, and (b) produce a PLS from a larger sample of material.
Element concentrations in pregnant leach solutions (PLS) were determined by ICP-OES and ICP-MS.
All leaching solutions contained a citrate concentration [citric acid + Na-citrate] of 0.1 mol/L (M)
(See Table 3). In some cases, (NH4)2SO4, or NaCl was added to the organic acid solution to provide an
additional source of ions for ion exchange. Solutions were buffered to pH 3, 4, 5, or 6 using a mixture
of citric acid and sodium citrate at a final concentration of 0.1 M citrate. The leaching solutions were
mixed with a 0.5 g subsample of rock powder that was originally collected from the bulk homogenized
sample (see above section) dried and powdered (<150 μm, 100 mesh) underclay sample in a 50 mL
polypropylene centrifuge tube. The tubes were mixed on a rotational mixer for a range of times from
4–24 h at room temperature. The solution was separated from the slurry at the end of the leaching time
by centrifugation (3500 rpm for 25 min.). The liquid was recovered from the tube with a syringe then
passed through a 0.45-micron nylon filter. The solution pH was measured, and the remaining liquid
sample was analyzed by ICP-MS at the NETL Pittsburgh Analytical Laboratory following the methods
in Bank et al. [25].

20



Minerals 2020, 10, 577

Table 3. Leaching solutions and conditions used in benchtop experiments.

Solution
ID

Composition Samples Tested Solid (%)
Temp

(◦C)/Time (h)
pH

RS-1
0.1 M Citrate * (C6H5O7

3- + 0.5
M Ammonium Sulfate

((NH4)2SO4)
UC-02, UC-06 1 22/4 5.1

RS-2 0.1 M Citrate * + 0.5 M Sodium
Chloride (NaCl) UC-01, UC-02, UC-06 1, 10 22/24 3.5

RS-3 0.1 M Citrate * UC-02, UC-06 1 22/24 2.0

RS-4 0.5 M Sodium Chloride (NaCl) UC-01, UC-02, UC-06 1 22/24 5.0

RS-7 0.1 M Citric acid + Na-Citrate
(NaC6H5O7

3-) + 0.5 M NaCl
UC-01, UC-02,UC-03,

UC-06 1 21/24 3.0–6.0

* Citrate from citric acid.

2.7. Flow Through

Powdered samples and fractured core samples were flooded with leaching solution RS-2 (see
Table 3) a citrate buffered solution amended with NaCl. Fluid flow was established for time periods
of 1–24 h. Hold-in times, referring to the length of time the solution is in contact with the sample
(either powder or core) without flow, were varied from 20 min to 5 days. For the powdered clay
samples, saturated flow was initially established and maintained for 5–6 h, after which flow was
discontinued and sampling proceeded in a stepwise function at discrete time points of 6 h, 7 h, 24 h,
and 5 days from the initial contact of fluid with the sample. Detailed descriptions of equipment,
experimental setup, and the experimental parameters are found in the Supplementary Materials section
on flow-through experiments.

3. Results and Discussion

3.1. Characterization of Underclay

The concentration of elements in the underclay samples, expressed as oxides, are shown in Table 4.
Silicon (as SiO2) and Al (as Al2O3) are the dominant cations in all samples. The range of Al2O3

concentrations (see Table 4) indicate the material comes from highly weathered crustal materials [26].
Additionally, low Ca, Na, and K values are also indicative of highly weathered horizons or zones of
intense leaching. The exception is the Ca concentration in UC-06, withcalcite and siderite cement
present throughout the rock matrix and visible in hand specimens (See Figure 1).

Table 4. Concentration of major cations as oxides (wt. %) in underclay samples.

Sample Al Ca Fe K Mg Na P Si Ti Zr

UC-01 18.5 0.4 9.0 3.1 1.6 0.3 0.1 62.8 0.9 <0.04
UC-02 28.0 0.8 1.7 3.2 0.5 0.4 0.1 63.3 1.4 <0.04
UC-03 18.9 0.7 4.5 4.0 1.2 0.6 0.0 68.4 0.9 <0.04
UC-06 24.9 5.4 2.4 3.9 0.4 0.4 0.4 65.3 1.2 <0.04

The extensive network of carbonate cement throughout the clay matrix is due to late diagenesis.
The presence of diagenetic calcite in sample UC-06 results in a high concentration of Ca (5.4%)
compared to the other underclay samples analyzed <1.0%. Rare earth element concentrations in each
sample are shown in Table 5. The four samples have REE concentrations ranging from 262–353 mg/kg
(See Table 5). The results reported in Table 5 are from the powdered and homogenized samples used for
characterization, sequential digest, and 1% solids leaching tests. The results from a subsequent analysis
of powder samples used in the leaching tests under different pH conditions are shown in Table S1
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of the Supplementary Materials. Sample UC-02, a flint clay/underclay from the Middle Kittanning
formation, had the highest REE concentration.

Table 5. Rare earth element concentrations (mg/kg) in West Virginia coal underclay samples. Values
are reported on a whole sample basis.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREE

UC-01 51.0 103.1 12.6 49.5 10.0 2.1 10.9 1.2 8.9 43.8 1.7 4.6 0.6 4.1 0.6 305
UC-02 82.9 119.3 13.2 45.4 9.4 2.8 9.7 1.0 8.0 50.3 1.5 4.3 0.6 4.2 0.6 353
UC-03 58.3 74.5 8.7 32.9 7.3 2.1 7.2 0.7 6.7 54.0 1.2 3.7 0.6 3.8 0.5 262
UC-06 71.3 102.1 9.7 30.9 7.1 1.9 6.0 0.4 5.1 35.4 0.9 2.9 0.4 3.0 0.5 278

Scanning electron microscope images of polished samples (see Figure 2) and various powdered
samples (data not shown) were used to evaluate the composition and texture of the rock samples.
SEM images and EDS results were used to make putative identifications of primary and secondary
minerals in the samples, including the REE-bearing phases present. Rare earth element phosphate
minerals were observed in all samples using SEM backscatter mode. The predominant REE-bearing
mineral phases observed were rhabdophane, apatite, churchite, monazite, xenotime, and crandallite sp.
Examples of REE-bearing minerals observed in the underclay samples analyzed are shown in Figure 2.
Yang et al. [27] provides a comprehensive characterization of all REE-bearing minerals in the samples
discussed here, as well as other underclay samples from West Virginia coal seam strata.

 

Figure 2. SEM micrographs of rock matrix and examples of rare earth elements (REE)-bearing minerals
present in West Virginia underclay samples.

In sample UC-04 trace concentrations (1–4 wt. %) of Ce, La, and Nd were detected in grain-coating
clay associated with pore filling framboidal pyrite and pyrite cement. Sample UC-02 contained Ce,
La, Nd associated with aluminum phosphate (AlPO4) mineral grains that were dispersed throughout
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the rock matrix and have a similar chemical composition and morphology to the mineral crandallite,
a hydrous aluminum phosphate. Crandallite contains LREE, Ba, and Sr and is present throughout the
clay matrix as 5–50-μm sized crystals that oval to round in grain mount samples and appear as spongy,
porous in thin section (Figure 2, upper right). A summary of the REE-bearing minerals identified in
the samples and general observations of texture and other mineral phases present in the samples are
shown in Table 6.

Table 6. General characterization results from SEM-EDS analysis.

Sample ID REE-Bearing Minerals Identified General Observations

UC-01

Apatite in pore space contains Ce, La, Nd
REE phosphate grains with Ce, La, Nd, Sm,
and Eu up to 20 μm long, also contain U/Th.
Ce, La, and Nd detected in clay coating on

framboidal pyrite.
Ytterbium detected in pore filling pyrite cement.

Abundant pyrite in bands and isolated
matrix grains

Large euhedral pyrite grains (up to 50 μm) in
matrix and as pore filling cements.

Apatite grains contain ~1–3 wt. % U and Th.

UC-02

Ce, La, Nd phosphate (rhabdophane) and
monazite) in clay pore space.

Y, Gd, Dy, Er, Yb phosphate (xenotime) grains
present in clay pore space. Range of size

1–10 μm long.
Xenotime grains bound in massive iron oxide.

Ce, La, Nd associated with aluminum phosphate
(AlPO4) dispersed throughout the rock matrix.

Aluminum phosphate grains with similar
chemical composition and morphology of the

mineral crandallite. Crandallite present
throughout the matrix as 5–50 μm size grains.

Abundant Ti Oxide with Hf (0.5 wt. %) and Sc
(0.25 to 0.5 wt. %). Aluminum phosphate grains

present. AlPO4 contains equimolar
concentrations of S, Sr, Ba, and REE (Ce, La, Nd,
Sm). Stoichiometrically constant with the mineral
crandallite an illite conversion product. Massive

iron oxide.
Mixed Cu, Se, Pb sulfides

Plant root fossils

UC-03

Ce, La, Nd phosphate (rhabdophane or monazite)
mineral grains in clay.

Y phosphate (churchite or xenotime) grains
in matrix.

Sample contains abundant Fe-oxide and Ti oxide.
Fe oxide band collocated within coal layer.

Zircon present.
Clay matrix composed of illite and smectite.

Abundant quartz

UC-06

Monazite present as large crystals 10–25 microns.
Monazite contains up to 5.0 wt. % U/Th.

Xenotime and monazite present as embedded
grains within siderite or calcite. Cementation by

Ca/P mineral phase with LREE detectable
using EDS.

Abundant pore filling and pore lining clay.
Matrix clay composed of fibrous, tubular

morphology typical of Halloysite and platy
particles resembling kaolinite.

Diagenetic spider web calcite, banded siderite,
and pore filling clay, Calcium

phosphate mineralization
Pyrite, barite, zircon, rutile, and galena present in

the matrix.
Light grey zones have high quartz content, lack

extensive carbonate cementation. Dark grey
zones contain massive siderite and calcite.

3.2. XRD Results

Analysis of diffraction patterns collected from randomly oriented and oriented powders showed
that predominant crystalline non-clay components are quartz, calcite, and ilmenite. Illite and smectite
are the most abundant clay minerals in the samples. Halloysite is present in minor (5–7%) abundance
in all samples except UC-03. Clay minerals make up more than 55% of the bulk material in each sample.
Semi-quantitative results for all non-clay and clay minerals identified are shown in the Table S2 in
the Supplementary Materials. The samples are all composed of two-component mixed clays from the
groups Kaolin (kaolinite and Halloysite) and Mica (illite). Kaolinite and halloysite were identified
by evaluating changes to the 7 Å XRD peak present in the scans. In all samples the peak remained
unchanged or there was a small increase in d-spacing following glycol treatment, both of which are
attributed to the presence of kaolinite or halloysite. The distinguishing treatment was the destruction
of the 7 Å XRD peak after heating to 550 ◦C. Further confirmation of the presence and classification
of kaolinite and halloysite were made using electron micrographs. Kaolinite displays a hexagonal
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morphology whereas halloysite has a tubular morphology. Analysis of SEM images confirms the
presence of grains with hexagonal and tubular morphology. Illite was confirmed through the presence
of a 10 Å XRD peak that remains unchanged by glycol and heat treatments.

3.3. Leaching of Rare Earth Elements from Underclay

The results of the sequential extraction of underclay powders and other leaching tests conducted
on the samples in this study show that REEs are distributed across different mineral phases in the
underclay. The results provided a basic screening of the distribution of REE in the bulk samples,
specifically we were interested in the fraction of REE that was in the exchangeable phase. Other authors
have presented results on ion-exchangeable clay from CentApp coal seam strata [2,18] and the results
are not consistent across units in the basin [2,18,25]. Heterogeneity likely exists between individual
clay units at the formation scale and plausibly within core samples collected from specific units.
The samples may not be representative of an entire formation or basin, however, the results presented
here are meaningful to evaluating different leaching solutions to recover REE from the material.
The results of basic characterization efforts and leaching tests provide valuable information on not
only the mineralogy and nature of REE-bearing minerals in the clay, but how the material responds
to leaching with citrate solutions. In order to mature this technology and raise to a higher readiness
level (TRL), currently at TRL 4-5, both the type and scale of sampling must be reconsidered, and the
amount of material tested (e.g., scale) will have to be increased several fold. This is necessary due to
the prevalence of heterogeneity and spatial variability of elements in geologic materials, as well as the
presence of hot spots in such materials and within specific areas [28].

The samples discussed here and in Yang et al. [27] were taken from existing core samples.
The characterization and analysis results reported here are from subsamples taken from the bulk,
homogenized material prepared for the leaching tests. The results of basic sequential digest of the
material, which can be considered a step-wise leaching test, are compared to the results of leaching
using citrate. The results of the leaching tests are significant to evaluating alternative lixiviants
(e.g., citric acid-citrate) and to compare the results to standard conventional mineral acid or salt leaches.
The characteristics of the new solution, at minimum, should leach the ion-exchangeable fraction of REE
from the samples, not produce excess liquid or solid hazardous waste, and be amenable to downstream
processing to separate and recover REE in its pure form. Our leaching tests and demonstration of
sorbent capture of REE from the citrate leachate demonstrate the potential of this technology.

We trialed a suite of different organic acids (e.g., acetic, indole-3-acetic, citrate) and formulations
during our initial testing and development of an organic acid based lixiviant for recovering REE from
clay [29]. Based on initial results we chose to pursue further testing and optimization of a citrate-based
solution. A majority of the REE in the underclay samples analyzed here are bound in the residual
phase (Table 7) and not extractable by exchange, or dissolution using 1 M HCl, or warm (70 ◦C) 1.2 M
H2SO4. The complete set of analytical results for the sequential digests are shown in the Table S3 in the
Supplementary Materials.

Table 7. Fraction of REE in pregnant leach solution (PLS) from sequential digestion of underclay
powders. Values reported as percent of total REE leached from the solid sample.

Sample (NH4)2SO4 Exchangeable HCl Extractable H2SO4 Extractable Residual

UC-01 0.3 12.1 8.2 79
UC-02 7.5 19.0 6.8 67
UC-03 4.9 31.1 20.7 43
UC-06 1.3 10.1 3.5 85

The (NH4)2SO4 exchangeable fraction of REE in the samples ranged from 0.3–7.5% and are low
but generally fall within a range of other published values for ion-exchangeable REE in CentApp
coal and coal byproducts [6,29,30], with the exception of the values reported by Rozelle et al. [2].
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Underclay from the Middle Kittanning formation (MKT)—sample ID UC-02—and from the Pittsburgh
coal seam—sample ID UC-03—contained the highest concentrations of (NH4)2SO4 exchangeable and
HCl extractable REE of the samples tested. Both samples contain ~25–35% of the total REE in the
exchangeable and HCl leached fraction (Figure 3). This fraction is likely comprised of REE bound
to the surface of clay minerals, carbonates, and Fe-oxides. While the remaining REE is bound to
phosphatic minerals or within the structure of more recalcitrant phases and may only be recovered
using hot sulfuric acid or more destructive dissolution techniques such as microwave digestion or
treatment with hydrofluoric acid. The concentration of REE in the HCl extracts may be higher in these
samples due to the abundance of metal oxides that may bind colloidal ions or carbonate that may
have ion adsorbed/exchangeable REE (See Table 8). The concentration of REE and gangue elements in
leachates recovered from sequential extraction were compared to bench-top leaching experiments with
citrate, and the results are shown in Figure 3 and Table 8. Ammonium sulfate used for recovery of ion
exchangeable leached ~10 μg of REE or approximately 7% of the total REE present in UC-02 (Figure 3
and Table 8), other samples tested had low recovery (<10% of the total REE) when using ammonium
sulfate. Citrate leaching using a cycle of citrate solution amended with NaCl (pH 5) leached ~45 μg
of REE into the PLS. This amount correlates to nearly 33% of the total REE in the clay sample. Two
different slurry concentrations using sample UC-02, 1 and 10%, were leached with citrate + NaCl.
The results of the comparison are shown in Table S5.

 
Figure 3. Concentration of REE in PLS after leaching with citrate solution and sequential digestion
solutions. Concentrations leached into PLS for each step are denoted by the different bar colors. Citrate
recovery values are shown as green bars. Values are reported as concentration of element in leached
into PLS per gram of material (μg/g).

The results from the benchtop leaching experiments indicates that the citrate anion solution is
more effective at recovering potentially ion exchangeable, or easily liberated REE that is present in the
clay-rich sample. Additional REE, excess of ion adsorbed, is likely leached via chelation or complexation
of the element from the clay or other mineral surface and solubilized into the leachate, presumably as
an REE-citrate complex. In samples with less than < 1% ion exchangeable REE (e.g., UC-01, 03, and 06),
citrate leached 10×more REE from the underclay than ammonium sulfate or NaCl, both of which are
used commonly to recover exchangeable ions from soil and rock (Table S6, Supplementary Materials).
One plausible explanation for the greater recovery of REE from citrate + sodium chloride treatment
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compared to ammonium sulfate is the effect of solution electrolyte concentration on dispersion of clay
grains [31,32].

Table 8. Concentration (in μg/L) of Al, Si, Fe, Th, and REE in mineral acid and organic acid PLS
generated from leaching of Middle Kittanning underclay (sample UC-02). Values are adjusted to mass
of material leached.

PLS Composition Al Si Fe Th REE

Mineral acids

(NH4)2(SO4) 5.0 1320 <DL 0.1 202
HCl 27,610 35,006 56,860 16 508
H2SO4 21,696 19,766 39,230 6 184
Σ Mineral acids + (NH4)2(SO4) 76,907 56,092 57,252 24 894

Organic acids

Citrate + NaCl (step 1 of 2) 21,230 13,491 3246 7.0 976
NaCl only (step 2 of 2) 1060 bd 843 0.5 44

Σ Citrate + NaCl 24,520 13,491 4099 7.5 1020
Citrate + (NH4)2(SO4) 22,860 16,740 3380 18 146

Sodium chloride amended citrate may balance surface charge and increase total dissolved solids
(TDS) conductivity in the leachate that may enhance colloid and particle dispersion [32]. We hypothesize
that an increase in clay particle dispersion would lead to increased solution-clay grain interaction
and higher recovery. However, the citrate anion leaches a greater fraction of REE than simply the
exchangeable fraction, determined by (NH4)2SO4. It is plausible that exchangeable RE concentrations
in these samples are low and do not exceed more than 10% and that citrate liberates an additional
fraction of the RE that is not exchangeable and not liberated by ammonium sulfate. Future work will
be aimed at optimizing the solution in order to determine if additional mechanisms are at work where
clay grains or RE mineral bearing phases are more susceptible to solubilization in the presence of
citrate, compared to mineral acids or inorganic salts such as ammonium sulfate.

The concentration of REE and gangue elements in the different leachates from tests conducted
on the Middle Kittanning underclay (UC-02) are shown in Table 8. The highest concentration of
REE was released (during leaching using one single solution) by leaching with 0.1 M citrate solution
amended with NaCl (solution RS-2). The high concentration of Al, Si, and Fe released from samples
UC-01 and 06 during treatment with RS-2 leach solution indicates some dissolution of the mineral
phases in these samples, as Si is not typically present as an exchangeable ion. The presence of weakly
crystalline, amorphous phases and water-soluble species may also contribute to the higher release of
these elements. Whether or not the solution can leach REE from refractory or phosphatic minerals
such as monazite was not clear. Notably, the citrate PLS from leaching of UC-02 contained measurable
P. Further testing is required to evaluate the leachability of these phases using a citrate or other organic
acid-based solution. The recovery results for the different solutions tested indicate that the organic
acid solution Na-citrate buffered citric acid (solution RS-2) leaches a greater mass of REE compared
to ammonium sulfate (Table 8 and Figure 4), in some cases citrate leaching exceeds leaching with
inorganic mineral acids (see Figure 4 and Tables S4 and S5).
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Figure 4. Concentration of REE and other trace metals leached from underclay with 0.1 M citrate +
NaCl. Values are reported as the percent of total solids leached from the sample.

Citrate + sodium chloride leaching solution (RS-2) and the other citrate-based solutions tested
released a higher concentration of base cations—Al, Si, and Fe—than ammonium sulfate (SEQ-1)
but far less than the concentrations of cations released by low-pH inorganic mineral acids (Table 8,
Table S3). The ratio of REE to base cations in the leachate accounts for the proportion of REE recovered
to the proportion of “contaminants” such as cations Si, Al, and Fe. In recovering 45.9 μg of REE, RS-2,
a citrate solution at pH 5, had a REE to base cation ratio of 2.5, compared to a significantly lower
value of 0.3–0.2 for the acid and heat-based recovery solutions tested during the sequential extraction.
The citrate solution (RS-2) performed best, based on the quantity of REE recovered and the reduction
in the concentration of base cations and radioactive Th in the leachate. The citrate + sodium chloride
solution, had a significantly higher recovery of REE than (NH4)2SO4 from all three different underclay
materials tested (Table 8, Tables S2 and S3).

The citrate solution leached greater than 30% of the total Ce, La, Nd, Eu, Gd, and Dy from samples
02 and 03. Leaching from UC-06 was significantly less than the other samples, apart from cobalt.
For sample UC-02, both Cu, Y, and Pb are abundant in the leachate. Leaching of the radioactive element
Th is low in PLS from samples UC-02 and 06, less than 3% of the total Th in the solid. Th leaching from
sample UC-01 is nearly 8× that from the other samples. The concentration of Th in UC-01 starting
solid material was lowest of the samples tested, 14 μg/g, compared to the concentration of Th in
UC-02 and 06 which was 22 and 24 μg/g respectively (see Figure 5 and Table S3). The difference in
Th leaching between the samples may be due to the mineral associations of Th in the different clay
strata or formations. Notably, there is evidence that Th leaching is minimum, with less than 3% of the
total leached from the clay when using citrate for leaching. Reducing Th in leachates, as well as other
elements such as U, can help to reduce costs associated with waste disposal and remediation.
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Figure 5. Concentration of Al, Si, Fe, and REE in PLS generated by citrate solution at different pH
values for underclay sample UC-02 (left) and UC-03 (right). Values are converted to micrograms of
element leached into PLS per gram of underclay (μg/g).

We evaluated how the pH of the leaching solution impacts the release of REE and gangue elements
from samples UC-02 and UC-03 at a range of pH values from 3 to 6. Figure 5 shows the results from
leaching of samples UC-02 and UC-03. For both samples tested, there was no significant change in
the concentration of REE leached between pH 3–6. Decrease in the concentration of Al, Si, and Fe in
the leachate was observed as pH increased (Figure 5, Table S7). Conversely, calcium in the leachate
increased with increasing pH. Sequential acid digestions indicate that a majority of the REE are bound
in mineral phases in the residual pool and are not extractable by (NH4)2SO4, 1 M HCl, or 1.2 M H2SO4.
The exceptions are for samples UC-02 and UC-03 which have a greater proportion of REE bound as
exchangeable or extractable using hydrochloric and sulfuric acid.

At different pH values, range 3–6, there is a reduction in the concentration of gangue in the leachates
(Figure 6). The solution can be pH buffered across a range of pH vales from 3–6 which allows for selective
leaching of elements from the material. Leaching of non-REE base cations decreases with increasing
pH and provides a system to selectively leach REE and minimize leaching of Al, Si, and Fe. Increasing
pH should yield greater chelation recovery due to the increase in the number of deprotonated anion
sites associated with pKa values for citric acid [12,13]. This is likely due to the monodentate bonding of
the REE-citrate complex which is typical of the citrate-metal ion complex [12–14]. This bonding regime
is the strongest of the bonds associated with chelation/complexation to carboxylic acid, the functional
group on the citrate molecule [14]. There is little change in the concentration of REE in the citrate
leachate across pH range 3–6 (see Figure 5, Table S7), which crosses two pKa boundaries for citric acid
(e.g., 3.1, 4.7). At pH 4.7, a second carboxylic acid group becomes deprotonated. If this functional group
could attract an additional RE ion, there should be a commensurate increase in REE concentration
observed between pH 4 and 5 leachates. However, since there is little to no change in REE concentration
across the range of pH it is likely the complexation of REE-citrate is more influenced by other factors
such as saturation of the clay surface with the solution, dispersion of the clay grains, or amount of
carboxylic acid group present (e.g., initial molarity of citrate leaching solution) for chelation and
recovery of the metal ions.

The preliminary results from the bench-top experiments indicate that citrate is a chemically effective
lixiviant that can be used to generate a PLS from clay-rich sedimentary rock. Presumably, REE and other
ionically bound base cations that are present on clay surfaces are solubilized via complexation/chelation
with the carboxylic functional group on the citrate anion. Simple chelation/complexation using the
citrate anion in solution at pH 5 reduces the potential for dissolution of crystalline mineral phases
and concurrent release of elements gangue elements. Such is the case with refractory minerals such
as monazite and xenotime that are not only sources of REE but also radioactive elements Th and U.
The process presented here is not aimed at leaching of crystalline bound, phosphatic REE. Rather, REE
is sorbed to the surface of mineral grains that can be recovered with basic hydrometallurgical leaching.
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The citrate PLS generated in the experiments contains a relatively low concentration of gangue elements
because of the limited mineral dissolution. The overall economics of the process cannot be assessed at
this stage of the research or at the scale of this work. However, future experiments and analysis will be
aimed at evaluating the economics of the process including subsequent steps to purify REE from the
PLS. Currently there are few processes that have been developed at a higher Technology Readiness
Level (TRL) on the extraction and recovery of REE from secondary products and wastes.

Figure 6. REE concentration (in μg/L) in effluent PLS collected during flow-through leaching of Middle
Kittanning underclay (UC-02) powder. Black dots denote sampling points taken during continuous
flow. Green dots indicate samples taken after various shut-in times.

3.4. Leaching of REE from Powdered Underclay Using Core Flow-Through

An additional set of leaching tests were conducted on the remaining unreacted powders from
the benchtop test tube leaching tests. Flow-through leaching reactors (See Supplementary Materials)
packed with rock powder were flooded and subjected to pressurized flow at ~1600–1800 psi to
compensate for low porosity and correspondingly low permeability of clay. The highest concentration
of REE in effluent leachates occurred during the initial 20–40 min of fluid flow through the powder.
Powder reactor runs exhibited lower concentrations of REE released to the fluid and relative to amount
of material in reaction vessel. Shut-in periods up to 5 days in some cases recovered equal amounts as
continuous flow for 7 h (based on cumulative concentrations). The results indicate that shut-in time
may be necessary to fully saturate the material for increased fluid interaction with the surfaces of the
clay grains. Peak REE concentrations were also noted to occur within the first 20–40 min of fluid flow,
denoted as phase I in Figure 6. Though absolute concentrations increased with increasing fluid shut-in
times, the peak REE concentrations were consistently noted to occur within 20–40 min of initializing
fluid flow (Figure 6).

Increased recoveries of the REE in the effluent solutions of the underclay powders were evident
after increased shut-in times. Peak concentrations increased from the initial start of fluid flow to the
samples flowed at 24 h (after ~17-h shut-in period) to the samples flowed at 5 days. An example of the
effect shut-in time has on the liberation of REE into solution is shown in Figures 6 and 7.
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Figure 7. Concentration of REE, normalized to upper continental crust values, in flow-through PLS
analyzed at 0, 20, 40, and 60 min.

The highest concentrations of REE were observed in effluents after a 5-day shut-in period.
In Figure 6, the initial opening of the reactor, after 5 days, occurs at 0 min. Subsequent measurements
were taken at 20, 40, and 60 min after flow was established. The highest concentration of REE in
the leachate occurred at 20 min after reestablishing flow (Figure 7). Additionally, the pregnant leach
solutions exhibit middle—to heavy—REE enrichments.

Results from these initial flow-through experiments highlight the considerations and parameters
that need to be optimized to maximize the extraction of REE from underclay feedstocks using an
organic lixiviant such as a sodium citrate solution. The flow-through experiments demonstrate that
the initial 20–40 min of flow is the most critical for recovering the highest concentrations of the REE.
Additional flow beyond that initial 20–40 min recovers significantly lower concentrations of the REE
and may not be economical. The relatively quick release of REE in the first 20–40 min of fluid flow is
consistent with our hypotheses that the sodium citrate solution targets the sorbed/colloidal components
of the underclays. Increased shut-in times of the fluid with the underclay sample at pressure also led
to increased concentrations in the PLS. The highest concentrations of REE in PLS produced came after
a 5-day shut-in period. Notably, after these extended shut-in periods, the highest concentrations of the
REE were still observed as occurring in the first 20–40 min of fluid flow. We suggest that the mechanism
of REE extraction remains the same as in the powder benchtop tests, i.e., desorption from clay surfaces
and/or complexation of ions from colloidal phases, but that the additional shut-in time is needed for
wetting of micropores and packed grains. These observations are consistent between the powdered
samples and the fractured core experiments. However, extraction efficiencies for the flow-through
experiment were low, <1% of the total REE content, and likely due to the lower liquid–solid ratio and
decreased contact between solution and material due to low transmissivity of the fluid through the
material. Increasing the extraction efficiencies for flow-through applications remains an area of active
research and further development and testing of a flow-through method that could eventually be
employed at the field scale for in situ solution mining is necessary.

3.5. A Method for Recovery of REE from Citrate PLS

In this study a citrate-based al, the subsequent processing, and quantitative recovery of REE from
the pregnant leach solution (PLS) is an essential consideration for mining operations and technology
economic evaluation of the application. Sorbent capture is a promising technology for the recovery
of a high purity REE fraction from PLS, including citrate-based solutions. In conventional mining
operations of the REE, the PLS is subjected to a series of purification steps to remove impurities such
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as Fe, Al, P, and Th (i.e., gangue elements) before the REE can be recovered [33,34]. While these
downstream processes are still an area of active research for the citrate solutions described herein,
there are a number of potential pathways that include the use of a novel amine-based sorbent to
selectively recover the REE. In order to process the pregnant leachate solution for the recovery of a high
purity REE fraction, the leachate is passed over a bed of sorbent material [34]. After leaching, the PLS is
passed over a bed of sorbent material [35]. During capture, alkali and alkaline earth elements, as well
as the lixiviant, pass through the bed while gangue elements (e.g., Al, Si, Fe, and Th) and REE bind to
the bed. Once bound to the sorbent bed, the REE is selectively eluted, away from the gangue elements
to produce high purity REE fraction [33,35,36].

In a separate series of laboratory experiments we produced and tested the ability to capture REE
from a citrate-based PLS and simultaneously remove gangue elements from the leachate. A citrate
PLS—from the leaching of coal prep plant fines with the citrate leaching solution RS-2—was used.
The initial, unoptimized sorbent capture test using the citrate PLS showed approximately 60–70%
uptake of REE from the feed solution, up through holmium, with a bias toward the light and middle rare
earth elements in the unoptimized recovery of bound REE from the sorbent. The overall recovery for
the light and middle REE was found to be 80–100% for elements lanthanum to dysprosium, while the
recovery ranged from 50–70% for MREE and HREE, with the greatest recovery in this subset occurring
with holmium. These results show great promise toward the concentration of REE from a citrate-based
PLS generated by leaching of clay-rich geologic material. Future work will be aimed at using the solid
sorbent to remove all base metals and other elements from the citrate lixiviant in order to recycle the
solution and reuse multiple cycles of leaching. Reuse of the lixiviant during sequential cycles will
add cost savings to the process. When coupled with the use of solid polymer sorbents to recover and
concentrate REE, citrate leaching may be a promising method for the leaching and concentration of
REE from clay-rich coal mine waste rock and coal preparation plant refuse.

4. Conclusions

Underclay associated with coal seams in the Lower Freeport, Middle Kittanning, and Pittsburgh
formations contain REE concentrations ranging from 250–353 ppm. Clay minerals such as illite,
halloysite, and kaolinite are the predominant clay minerals that make up >55% of the total bulk
mineralogy of the rock. The introduction of leaching solutions into underclay rock powder initiates
chemical reactions such as ion exchange, hydrolysis, and mineral dissolution that result in the release
of ion constituents into the citrate PLS. Bench-top leaching and flow-through experimental results
indicate that citrate is a chemically effective molecule for leaching weakly bound REE or other elements
of interest from clay-rich sedimentary rock. Rare earths and other metal elements may exist as water
soluble, ion exchangeable, or ion/colloidal where the REE is adsorbed to clay or other minerals such
as metal oxyhydroxides that are present in the rock. The properties of the citrate molecule provide
an added benefit of pH-controlled selectivity against leaching gangue elements from the rock matrix.
The process of using organic acid anions for chelation and complexation of target elements is a
promising method to leach REE and other critical metals from a variety of different sedimentary
lithologies (e.g., underclay, sandstone, and shale) and produced materials such as coal mining waste and
coal preparation plant refuse. A chief advantage of the citrate leaching technology is the demonstrated
ability to recover REE from feedstocks with minimal release of gangue and radioactive elements, using
an environmentally benign and relatively cost-effective leaching solution.

Changes to the physical and/or chemical properties of the clay rock may have both a positive
and negative outcome pertaining to the leaching of specific elements from the rock matrix. Bench
top powder leach and the flow-through experiments conducted here provide first-order results on
the efficacy of organic acid anions for leaching of REE and other elements. Additionally, the results
provide observational data on the minimal impact the leaching has on the physical structure of the rock
because of the likelihood that there is minimal dissolution of the rock matrix when leaching with citrate
at a pH range of 3–6. Continuing work will be aimed toward maximizing the extraction efficiency
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of the organic acid-based citrate leaching solution. As described in the methods, a total accounting
by mass of the extracted REE from flow-through experiments was not possible but estimates of the
extraction efficiency of the system remain low, <1% of the total REE content for the underclay samples.
Comparatively, benchtop experiments where powdered underclay samples were reacted with sodium
citrate solution at 1% and 10% solids (e.g., Table S5) demonstrated leaching up to ~30% of the total
REE. Future work using flow-through experiments will explore parameters such as increasing the
leach solution ratio of fluids reacting with the underclay samples, the concentration of the sodium
citrate solution, and sampling schemes such as a step-wise shut-in reaction. Information gained from
these results and the guided work of future studies will aid in developing a technology economic
evaluation of the process to determine costs associated with upscaling this technology for use in larger
scale operations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/577/s1,
Figure S1: Photograph of underclay reaction vessel used in flow-through leaching experiments, Figure S2:
Schematic of flow-through apparatus used in powder leaching experiments, Table S1: Concentration of elements
in bulk underclay powders used in pH tests, Table S2: Semiquantitative XRD results from random and oriented
mounts, Table S3: Results of sequential digest of powdered underclay samples, Table S4: Concentration of trace
elements in sequential digest PLS, Table S5: Concentration of elements in PLS from leaching of UC-02 (1 and 10%
solids) with 0.1 mol/L citrate and 0.5 mol/L NaCl, Table S6: Concentration of elements (μg/g) leached into PLS
from underclay samples using citrate solution RS-2, Table S7: Concentration of elements leached from underclay
samples UC-02 and UC-03 using citrate solutions buffered to pH 3, 4, 5, and 6, Table S8: Tabulated parameters for
particle size distributions of unreacted (initial) underclay samples UC-01, UC-02, UC-03, and UC-06.
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Abstract: To improve the recovery of rare earth elements (REEs) from a refractory ore, this study
investigated two different chemical decomposition methods, namely sulfuric acid baking and caustic
digestion, with their respective leaching processes. The studied lateritic ore contained goethite
(FeOOH) as a major constituent with REEs scattered around and forming submicron grains of
phosphate minerals, such as apatite and monazite. Therefore, despite the substantially high content
of REEs (3.4% total rare earth oxide), the normal acidic leaching efficiency of REEs reached only
60–70%. By introducing sulfuric acid baking and caustic digestion, the REE-leaching efficiency was
significantly improved. After sulfuric acid baking at 2.0 acid/solid ratio and 200 ◦C for 2 h, the leaching
efficiency reached 97–100% in the subsequent water-leaching. When the ore was digested with a
solid/liquid ratio of 100 g/L in a 30 wt% NaOH solution at 115 ◦C and 300 rpm for 3 h, the REE-leaching
efficiency of 99–100% was attained at 80 ◦C using a 3.0 M HCl solution. The correlation between the
REE and the Fe-leaching was determined. The improvements in REE-leaching in both methods were
mostly attributed to the mineral phase and crystallinity changes of Fe-bearing minerals due to the
ore pretreatments. Such findings were also supported by X-ray diffraction and scanning electron
microscopy analyses.

Keywords: REE; sulfuric acid baking; caustic digestion; acid leaching; water leaching

1. Introduction

The rare earth elements (REEs) comprise 17 elements in the periodic table, namely the 15 lanthanide
elements (La–Lu) plus Sc and Y. These 17 elements are generally divided into two groups: La–Eu
(Nos. 57–63) are light REEs (LREEs), whereas Gd–Lu (Nos. 64–71) and Y (No. 39) are heavy REEs
(HREEs). Sc is not classified in any of the two groups. The REEs are used in various high-tech
industries, e.g., the manufacturing of computers, cell phones, optical glasses, phosphors, hybrid cars
and batteries, because of their unique electrical and magnetic properties [1–4].
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REEs can be recovered from different minerals. More than 250 rare earth minerals have been
discovered to date [1], and the representative minerals are monazite (REEPO4), bastnasite (REECO3F)
and xenotime (YPO4). Monazite is an REE phosphate mineral that is very stable and difficult to leach
under mild conditions. In contrast, bastnasite is an REE fluorocarbonate. When bastnasite is used as
an REE resource, the fluorocarbonate should be converted first into an oxide or a sulfate to facilitate
the succeeding leaching process. Xenotime is an yttrium phosphate mineral, which also has a very
stable form; thus, similar to monazite, it is also difficult to leach under mild conditions. Other REE
minerals include apatite, cheralite, eudialyte, loparite, phosphorite, secondary monazite and spent
uranium solutions [4]. REEs are also found in ion-adsorbed clays; they are physically adsorbed onto
the clays and are mostly HREEs [5–7].

Although there are several REE minerals in nature, only monazite, bastnasite and xenotime are
commercially utilized [8]. General processing methods have been developed for these well-known
REE minerals: acid baking (mostly by sulfuric acid) followed by water-leaching can be applied to
treat them [8–13]. The REE phosphate minerals, i.e., monazite and xenotime, can also be effectively
pretreated using a NaOH solution, and then, the converted REE hydroxide compounds are mostly
leached in a weak acid solution [8,12,14,15]. Bastnasite can be leached by hydrochloric or sulfuric acid
after a roasting process to decompose fluorine and carbonate [12]. The REEs from ion-adsorbed clays
can be leached using an ammonium sulfate solution, the mechanism of which is similar to that of the
ion exchange process [5–7].

However, the described methods are effective only when the minerals are recovered as high-grade
concentrates and when the REE minerals exist as major minerals in the ores. Furthermore, the minerals
contained within an ore vary depending on the mine; therefore, different processing methods need to
be applied based on the ore type. Some researchers studied the leaching behavior of apatite containing
considerable quantities of REEs. Habashi [16] reviewed the REE recovery from Kola apatite, and
Jorjani et al. [17] conducted a leaching study using an apatite concentrate from the Chadormalu Plant
in Iran. For the two studies, nitric acid was used as the leaching agent to prevent gypsum production.
In addition, REEs in apatite can generally be recovered as a byproduct from calcium sulfate sludge
from the wet processing of phosphoric acid [18,19]. REEs contained in apatite can also be treated
by a two-step leaching method using hydrochloric acid as a leaching agent [20]. In the first step,
approximately 80% of Ca and 60% of P are removed with almost no REEs loss, and the REEs are
recovered at the second step with less impurities. Several metallurgical studies of refractory REE
ores have also been conducted. In Brazil, Neumann and Medeiros [21] tried to separate the REE
minerals from Araxá REE ore by physical methods; however, they decided to omit physical separation
due to the complex mineralogy, fine REE crystals and particles having strong intergrowth with the
gangue mineral. In a pilot plant, Araxá REE ore was introduced into direct leaching after sulfuric acid
baking [15]. The REE ores in Chuktukon deposits from Russia showed similar mineralogical properties
as the Araxá ores and direct chemical processing was also considered, i.e., nitric acid-leaching in an
autoclave [22]. The processes mentioned above are summarized in Table 1.

As indicated in Table 1, appropriate processing methods based on the ore properties have to
be developed to handle gangue minerals as well as REE minerals. This study investigated the
enhancement in REE recovery from a refractory ore containing 3.4% total rare earth oxide (TREO) by
applying two different chemical decomposition methods followed by leaching processes, i.e., sulfuric
acid baking—water-leaching and caustic digestion–acid-leaching.
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Table 1. Rare earth elements (REEs) recovery metallurgical processes.

REE Mineral Type Origin Method
REE-Leaching

Efficiency
Reference

Monazite Unknown H2SO4 baking (180–250 ◦C)/
Water-leaching (70 ◦C) 85–100% Berry et al. [9]

Monazite Australia
H2SO4 baking (250 ◦C)/
Acid-leaching (0.9 M H2SO4,
20–25 ◦C)

96% Demol et al. [10]

Red mud Greece H2SO4 baking (700 ◦C)/
Water-leaching (room temperature) >80% (Sc 60%) Borra et al. [11]

Apatite residue Iran H2SO4 baking (270 ◦C)/
Water-leaching 95% Soltani et al. [13]

Bastnasite,
monazite China

Caustic digestion
(NaOH + Ca(OH)2 roasting, 700 ◦C)/
Acid washing (0.5 M HCl + 0.05 M
citric acid, 40 ◦C)/
Acid-leaching (3 M HCl + 0.5 M
AlCl3, 70 ◦C)

86% Huang et al. [14]

Monazite,
xenotime,
bastnasite

Kyrgyz Republic
Caustic digestion
(Na2CO3 fusion)/Acid-leaching
(HNO3)

– Buchanan et al.
[15]

Apatite, allanite,
chevkinite, titanite Turkey Caustic digestion (600 ◦C)/

Water–HCl-leaching – Buchanan et al.
[15]

Ion-adsorbed clays Unknown Acidic-leaching (0.5 M (NH4)2SO4,
pH 3 by H2SO4, 25 ◦C) 80–90% Moldoveanu and

Papangelakis [7]
Apatite Iran Acid-leaching (60% HNO3, 60 ◦C) 59–74% Jorjani et al. [17]

Apatite South Africa Acid-leaching (1.0 M HNO3, 0.5 M
Ca(NO3)2) 85% Preston et al. [18]

Apatite Mongolia Two-step acid-leaching
(1st: 1.0 M HCl/2nd: 2.0 M HCl) 92–94% Kim et al. [20]

2. Materials and Methods

2.1. Ore Characteristics

The ore used in this study was a lateritic ore containing goethite as a major mineral. Figure 1
shows an X-ray diffraction (XRD) analysis of the REE ore, where the goethite, ettringite, muscovite,
maghemite, and apatite peaks can be observed. However, no REE mineral peaks appeared because
their concentrations were much lower than those of Fe-bearing minerals, and the REEs were scattered
throughout the ore. REE-containing particles were observed through a scanning electron microscopy
(SEM) analysis, as displayed in Figure 2. In the subsequent energy-dispersive X-ray (EDX) analysis
(Figure 3), Ce oxide and mixed REE grains were observed, and some REEs were likely to substitute Ca
in the apatite lattice. In addition, considering the high intensity of REEs and P in the mixed REE particle
presented in Figure 3c, the presence of an REE phosphate mineral, i.e., monazite, was also expected.

Figure 1. XRD pattern of the REE ore.
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Figure 2. SEM image of the REE ore.

Because the ore was lateritic, the iron content was significantly high (more than 50% as Fe2O3)
and 10% of manganese was present as an oxide as presented in Table 2. The TREO grade was 3.4%,
which is relatively high as an REE ore. Ce was the most abundant element, followed by La, Nd and Y
(Table 2). The ore was obtained as a ground material, and the 80% passing size was 30 μm (Figure 4).

Figure 3. Cont.
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Figure 3. EDX spectra of REE-containing grains: (a) Ce oxide grain; (b) Nb oxide grain, which is host
to minor Ce; (c) mixed REE oxide grain with Ca and P.

Table 2. Chemical composition of the REE ore.

Formula Fe2O3 MnO SiO2 P2O5 Al2O3 TiO2 CaO BaO CeO2 MgO La2O3

wt% 50.1 9.9 7.8 6.9 6.7 4.4 3.6 2.2 1.7 1.2 0.9

Formula K2O SrO Na2O Nd2O3 SO3 Nb2O5 ZnO Cl ZrO2 Y2O3 MoO3

wt% 0.8 0.7 0.6 0.6 0.5 0.4 0.3 0.2 0.2 0.2 0.07

Figure 4. Cumulative particle size distribution of the ground REE ore (P80 of 30 μm).

2.2. Preliminary Leaching

Generally, REE oxide can dissolve at a slightly acidic pH (pH of less than 4.0–5.0), and REE
phosphate dissolves at a highly acidic pH of approximately −1.0 [20,23], respectively. The purpose of
preliminary leaching was to determine if the REE minerals in the ore could really dissolve at those
pH ranges. The suggested pH ranges can be achieved by hydrochloric or nitric acid concentrations
of 2.0 M or less. Using sulfuric acid for the preliminary tests was avoided because it can cause the
REEs to co-precipitate with Ca minerals and interfere with the analysis of the REE-leaching behavior.
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In the preliminary leaching, 1.0–3.0 M of nitric acid was used as a leaching reagent as it has less effect
on the REE-leaching behavior since nitrate anions rarely react with any metal cations. The leaching
temperature was varied as 25, 50 and 80 ◦C, with leaching times of 10 h, 3 h and 3 h, respectively.
All leaching tests were conducted with a pulp density of 10% (w/w). The leaching efficiency and final
metal recovery were calculated as follows, respectively:

Leaching efficiency(%) =
CL ×V

MR ×mR + CL ×V
× 100 (1)

Final recovery(%) =
CL ×V

MF ×mF
× 100 (2)

Here, CL is the metal concentration dissolved in the leaching solution (mg/L), V is the volume of
the leaching solution (L), MR and MF are the metal contents in the leaching residue and ore (mg/g),
respectively, and mR and mF are the amounts of the leaching residue and the ore used in the leaching
test (g), respectively.

The leaching solution was sampled at regular intervals, and the samples were analyzed
using inductively coupled plasma optical emission spectrometry (ICP-OES) to measure the metal
concentration in the solution. The leaching residue and the ore were first fused by NaOH, with an
ore to NaOH ratio of 1:10 (w/w) at 400 ◦C for 1 h. The fused products were then dissolved in aqua
regia to measure the metal contents in the residue and the ore. They were also analyzed by ICP-OES.
This solution analysis procedure was applied to all leaching tests in this study.

2.3. Sulfuric Acid Baking–Water-Leaching

To decompose the ore to a more soluble form, sulfuric acid baking was applied to the ore treatment.
Various acid/solid ratios (w/w) were tested, i.e., 0.5, 1.0 and 2.0, and the ore and acid mixture was baked
in a muffle furnace at 200 ◦C for 2 h. The baked ore was subsequently introduced to the water-leaching
step. Water-leaching was conducted at 25, 50 and 80 ◦C for 3 h with a pulp density of 10% (w/w).

2.4. Caustic Digestion–Acid-Leaching

For caustic digestion, sodium hydroxide was used as a caustic chemical, and NaOH solutions
with concentrations of 20, 30, 40 and 50% (w/w) were prepared. For the caustic digestion step, the
highest temperature without boiling was chosen for each NaOH solution concentration, i.e., 105 ◦C at
20%, 115 ◦C at 30%, 120 ◦C at 40% and 145 ◦C at 50%. The digestion was conducted for 3 h, and the
digested solid was then prepared for the subsequent acid-leaching reaction after solid/liquid separation
and washing. The metal contents in the solid before and after digestion were measured by X-ray
fluorescence (XRF). The digested solid was leached by hydrochloric acid (1.0–3.0 M) at 80 ◦C and 10%
(w/w) pulp density for 3 h.

3. Results and Discussion

3.1. Preliminary Leaching Results

As a baseline, ore-leaching tests in nitric acid solution at different HNO3 concentrations and
temperatures were conducted. In the preliminary leaching, the leaching efficiency was equal to the
final recovery as it was a single-step process.

Prior to the leaching tests, Eh–pH diagrams of REEs were considered. According to the Eh–pH
diagrams (Figure 5), REE(III) hydroxide can simply dissolve in an acidic pH region. Cerium shows
a slightly different characteristic because it can exist as two valence states, i.e., +3 and +4. Ce(III)
hydroxide behaves in a similar manner to other REE(III) hydroxides; however, if it oxidizes to a higher
valence state, Ce(IV), its leaching can be inhibited under mild acidic conditions. The leaching behavior
of Ce(IV) will be discussed thoroughly in later sections.
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Figure 5. Eh–pH diagrams of REE systems: (a) (La, Nd and Y)–OH; (b) Ce–OH ([Ce], [La], [Nd],
[Y] = 0.01 M).

As depicted in Figure 6 and Table 3, the REE-leaching efficiency generally increased with increasing
acid concentration from 1.0 to 2.0 M at 25 ◦C (Ce = 8.4–17.3%, La = 10.2–18.6%, Nd = 13.8–26.3%
and Y = 23.2–31.3%) and temperature from 25 to 80 ◦C in 2.0 M HNO3 solution (Ce = 17.3–43.6%,
La = 18.6–49.9%, Nd = 26.3–57.3% and Y = 31.3–48.2%). At 3.0 M HNO3 and 80 ◦C, the REE recovery
further improved to 63.0% Ce, 61.4% La, 72.3% Nd and 55.9% Y. However, even though the REE-leaching
efficiency was improved by the high acid concentration and temperature, the maximum efficiency only
ranged from 61% to 73% and approximately 30–40% of the REEs remained in the solid phase.

The leaching levels of the major impurities, namely Fe, Ca and P, were also examined. The leaching
levels of Fe and P were not significant because their maximum values were only 20.0% and 41.2%,
respectively, at 3.0 M HNO3 and 80 ◦C. However, the Ca-leaching level was as high as 94–100% even at
the most moderate condition of 1.0 M HNO3 and 25 ◦C. Considering the mineralogy of the ore, Ca was
mostly derived from apatite, and the pH of the solution was sufficiently low to dissolve apatite (less
than 0.25, Table 3), which is available at pH values between 1.0 and 3.3 [20]. The impurity-leaching
behavior will be discussed in more detail in later sections related to the REE-leaching behavior.

In the succeeding residue analysis by SEM-EDX, some REE oxide particles or REE-containing
grains were trapped in other mineral matrices (Figure 7). The size of REE grains was in the range
between 1.5 and 12 μm, which suggests that further liberation was essential. However, the ore
particle size was already very fine at P80 of 30 μm; therefore, the authors decided to conduct chemical
decomposition methods to free the REE-containing grains from the trapping matrices and improve the
leaching recovery.
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Figure 6. Preliminary leaching results: leaching efficiency (%) of REEs and impurities at different
HNO3 concentrations and temperatures.

Table 3. Preliminary leaching results: leaching efficiency (%) of REEs and impurities at different HNO3

concentrations and temperatures.

HNO3

Concentration (M)
Temperature

(◦C)
Initial pH

Leaching Efficiency (%)

Ce La Nd Y Fe Ca P

1.0 25 0.25 8.4 10.2 13.8 23.2 0.9 100.0 18.0
2.0 25 −0.37 17.3 18.6 26.3 31.3 1.6 94.6 18.9
2.0 50 −0.24 22.5 24.7 27.8 30.5 4.5 98.1 22.2
2.0 80 −0.13 43.6 49.9 57.3 48.2 18.8 98.2 32.3
3.0 80 −0.36 63.0 61.4 72.3 55.9 19.9 94.1 41.2

 

Figure 7. SEM-EDX analysis of preliminary leaching residue (leached at 3.0 M HNO3 and 80 ◦C):
(a) Fe oxide grain trapping Nb–Ce oxide; (b) micro-breccia of alumino-phosphate-sulfate (APS) bearing
Fe oxide and Nb–Ce oxide.
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3.2. Sulfuric Acid Baking–Water-Leaching

3.2.1. Effect of Acid/Solid Ratio

Sulfuric acid baking was expected to decompose the minerals trapping the REEs and the REE
phosphate mineral itself (monazite and REE-substituted apatite). Because the entire baking product
was sent to the next water-leaching step, it was considered that the leaching efficiency was equal
to the final recovery. The detailed recovery and mass balance data are provided in Table S1 of a
Supplemental data.

Through the sulfuric acid baking, the expected chemical reactions are likely to be those indicated
in Equations (3)–(5). The ore and acid mixture before and after baking are displayed in Figure 8.
According to Equation (3) and other previous studies [11,24], FeOOH, an Fe(III)-containing mineral,
can only convert to Fe(III) sulfate species during sulfuric acid baking. Similarly, in this study, it was
confirmed that most of the FeOOH was converted to Fe2(SO4)3 after the acid baking, regardless of the
acid amount, at 1.0 and 2.0 acid/solid ratios (Figure 9). Although it was not detected from the XRD
analysis, Fe(II) sulfate species seemed to be also formed, because the baked product color was pale
green. This implied that a reductive reaction occurred during the baking process, but the mechanism
was not clear. The authors assumed that it was the effect of unknown reductive materials in the ore
and lack of oxygen sources in the closed muffle furnace.

2FeOOH + 3H2SO4 ↔ Fe2(SO4)3 + 4H2O (3)

REEPO4 + H2SO4 ↔ REE2(SO4)3 + H3PO4 (4)

Ca10(PO4)6X2 + 10H2SO4 = 10CaSO4 + 6H3PO4 + 2HX (X = OH, Cl, F) (5)

Figure 8. The ore and sulfuric acid mixture (a) before and (b) after baking at 200 ◦C for 2 h.

In the succeeding water-leaching step, the REE recovery was significantly improved as shown in
Figure 10, as the maximum levels were Ce 98.4%, La 99.1%, Nd100% and Y 96.5% after baking at an
acid/solid ratio of 2.0. The sulfuric acid concentration in the leaching step was calculated simply from
the amount added for the baking step. The corresponding sulfuric acid concentrations in leaching
solutions with acid/solid ratios of 0.5, 1.0 and 2.0 were 0.57, 1.13 and 2.27 M, respectively, although
some part of the acid was consumed during the baking step. In the preliminary leaching results, when
0.5, 1.0 and 2.0 M of nitric acid were used, the REE-leaching efficiency was significantly less than that
of the baked sample. Thus, it can be concluded that the sulfuric acid baking effectively decomposed
the minerals in the ore.
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Figure 9. XRD patterns before and after sulfuric acid baking at different acid/solid ratios: (a) raw ore;
(b) acid/solid ratio = 1.0; (c) acid/solid ratio = 2.0.

In terms of impurity-leaching, the Fe and P recoveries were considerably increased to 38.0%
and 30.3%, 65.9% and 60.6% and 81.1% and 87.5% after baking at 0.5, 1.0 and 2.0 acid/solid ratios,
respectively, compared with the maximum Fe and P recoveries of 20.0% and 41.2%, respectively,
at 3.0 M nitric acid and 80 ◦C. This also implied that the minerals were effectively decomposed via the
acid baking process. In addition, the Fe recovery was much higher in this study than in the previous
one [24], which was approximately 20% at 1.5 acid/ore ratio. This was because the Fe(II) species formed
in the current study were more soluble, whereas in the previous study, only less soluble Fe(III) species
were present even after sulfuric acid baking.

In contrast, the Ca acted in a different manner from other metals. Its recovery remained at the
same level of 57–58% regardless of the acid/solid ratio. This level was 1.62–1.65 times less than the
recovery of the preliminary leaching results of 94.1% at 3.0 M nitric acid and 80 ◦C. Interestingly, the
Ca recovery was considerably improved to 61.6, 74.4 and 97.7% after washing the leaching residues
of 0.5, 1.0 and 2.0 acid/solid ratios, respectively. This is because calcium can easily form Ca-sulfate
precipitates in a leaching solution in the presence of sulfate ions [20,25]; thus, the Ca recovery was
not so high initially. After washing the residue with 3–4 times more water than the leaching solution
amount, i.e., 300–400 mL, some of the Ca-sulfate precipitates were solubilized. More Ca dissolved at the
higher acid/solid ratio because more residual acid remained in the solid residue pore. The precipitation
problem will be further discussed in Section 3.2.2.

Figure 10. Leaching recoveries of (a) REEs and (b) impurities after water-leaching of the baked ore at
different acid/solid ratios of sulfuric acid baking (baked at 200 ◦C for 2 h and leached at 25 ◦C for 3 h).
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3.2.2. Effect of Leaching Temperature

The effect of temperature on the leaching process was examined for the ore treated with an
acid/solid ratio of 2.0, which was the best condition for the highest recovery. As shown in Figure 11,
the REE recovery decreased with increasing temperature from 25 to 80 ◦C. Between 25 and 50 ◦C, only
a slight decrease in recovery occurred, but the REE recovery significantly decreased to 60–72% at 80 ◦C,
compared with 96–100% at 25 ◦C. This trend was also observed in the recovery of impurities: the Fe,
Ca and P recoveries decreased to 57.9, 51.2% and 73.2% at 80 ◦C, respectively, from 81.1, 58.3% and
87.5% at 25 ◦C, respectively.

The decrease in recovery was because of Ca-sulfate precipitation. Calcium can easily form
precipitates with sulfate ions owing to its low solubility as presented in Table 4. The solubility of Ca
sulfate, i.e., calcium sulfate dihydrate (CaSO4·2H2O, CSD), is only 2.68 g/L at 25 ◦C (equivalent to
0.62 g/L Ca); then, it increases between 25 and 40 ◦C, and reduces to 2.59 g/L (0.60 g/L Ca) at 50 ◦C
and 2.30 g/L (0.54 g/L Ca) at 80 ◦C [26,27]. The REE sulfates also showed a decrease in solubility
with increasing temperature, but their solubility concentrations were significantly higher than their
concentrations in the leaching solution (1.01 g/L Ce, 0.61 g/L La, 0.36 g/L Nd and 0.09 g/L Y at 2.0
acid/solid ratio and 25 ◦C). Despite these characteristics, the recoveries of REEs, Fe and P decreased at
80 ◦C. It seemed that these metals were adsorbed onto CSD and complexly reacted with each other to
form co-precipitates. A similar behavior of REE co-precipitation and adsorption onto CSD was also
observed in several previous studies [20,25,28]. They showed that the REE removal from the solution
occurred at pH regions lower than the thermodynamic REE precipitation pH; thus, the adsorption
onto the CSD surface would be a major process.

Moreover, it is known that the solubility of REE phosphates also decreases with increasing
temperature [29–31]; therefore, the REE phosphate precipitation also seemed to affect the recoveries of
REEs and impurities. After leaching at 80 ◦C, the recoveries of REEs and impurities were significantly
improved by the washing process because of the solubilization of the precipitated CSD, which contained
the adsorbed metals.

 
Figure 11. Leaching recoveries of (a) REEs and (b) impurities after water-leaching of the baked ore at
25–80 ◦C for 3 h (baked at 2.0 acid/solid ratio and 200 ◦C for 2 h).
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Table 4. Solubilities of Ca sulfate and REE sulfate compounds at 25, 50 and 80 ◦C (the numbers inside
the parentheses are the solubility of Ca and REEs).

Compound
Solubility (g/L)

25 ◦C 50 ◦C 80 ◦C
CaSO4·2H2O 1 2.68 (0.62) 2.59 (0.60) 2.30 (0.54)

Ce2(SO4)3
2 85.2 (42.0) 46.9 (23.1) 32.2 (15.9)

La2(SO4)3
2 20.9 (10.3) 14.7 (7.22) 9.53 (4.68)

Nd2(SO4)3
2 48.3 (24.2) 28.8 (14.4) 19.7 (9.87)

Y2(SO4)3
2 61.4 (23.4) 43.1 (16.5) 29.0 (11.1)

1 Dutrizac, 2002 [26]; 2 Das et al., 2019 [32].

3.3. Caustic Digestion–Acid-Leaching

3.3.1. Caustic Digestion Behavior

The second decomposition method, i.e., caustic digestion, was conducted at different concentrations
of NaOH solution, i.e., 20–50 wt%. The significant chemical reactions of caustic digestion are shown in
Equations (6)–(9).

REEPO4 + 3NaOH↔ REE(OH)3 + Na3PO4 (6)

Ca10(PO4)6X2 + 20NaOH↔ 10Ca(OH)2 + 6 Na3PO4 + 2NaX (X = Cl, F) (7)

Ca10(PO4)6(OH)2 + 18NaOH↔ 10Ca(OH)2 + 6 Na3PO4 (8)

AlPO4 + 4NaOH↔ Al(OH)−4 + 4 Na+ + PO3−
4 (9)

It was expected that due to caustic digestion, the Al and P would be dissolved into the solution
because they are very soluble in strong basic solutions, whereas the REEs would remain in the solid
phase as a hydroxide. Actually, as the NaOH concentration was increased, the REEs were concentrated
in the digested product, except Y (Y is slightly amphoteric [33]), and the Al and P contents decreased
in the solid phase and finally reached 1.0 wt% and 0.1 wt%, respectively, in the 50 wt% NaOH digested
product (Figure 12). Iron is not soluble in basic solutions; thus, it was also concentrated in the
digested product.

 
Figure 12. Oxide contents (wt%) of (a) REE and (b) Fe, Al and P of the digested product at different
digesting NaOH concentrations.

Figure 13 shows that the intensity of goethite peaks in the digested product decreased.
Representatively, at 2θ value of 21.3◦, the peak intensity of goethite was 1019 and 363 before and after
the digestion, respectively. Even some of the goethite peaks disappeared after digestion, although
the Fe concentration increased. In contrast, the intensities of gangue mineral peaks, such as those of
muscovite and ettringite, were relatively improved. These phenomena implied that the crystallinity of
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the goethite weakened, and it may be possible to free the trapped REE particles. Actually, as indicated
in Figure 14, the surface of ore particles were chemically affected and eroded after caustic digestion.

Figure 13. XRD patterns before and after caustic digestion using 50 wt% NaOH solution.

 

Figure 14. SEM images of the ore (a) before and (b) after caustic digestion (digestion condition: 50 wt%
NaOH and 145 ◦C for 3 h).

3.3.2. Acid-Leaching Behavior

The caustic digested product was introduced to the succeeding acid-leaching step. During the
digestion step, some elements of the ore were lost to the liquid phase, e.g., Al and P; thus, the leaching
efficiency and final recovery were different in this test. The leaching efficiency was calculated based on
the amount of elements in the digested product, whereas the recovery was based on the amount in the
raw ore. The detailed recovery and mass balance data are provided in Table S2 of the Supplemental data.

The effect of acid concentration was initially investigated using 1.0–3.0 M hydrochloric acid.
The digested ore was produced using a 50 wt% NaOH solution. As presented in Figure 15,
the REE-leaching efficiency generally increased as the acid concentration increased, while Ce behaved
in a slightly different manner.

In the case of Ce, its leaching efficiency only reached 12.1% at 1.0 M HCl. It was improved at
elevated HCl concentrations of 2.0 and 3.0 M as 75.5% and 79.7%, respectively; however, these values
were still lower than those of other REEs at 2.0 and 3.0 M HCl, which were in the range of 87–92% and
94–100%, respectively. It seemed that some part of Ce was converted from Ce(III) to Ce(IV) compound
during the digestion step, probably Ce(OH)4, which led to the low recovery of Ce. Ce(OH)4 is less
soluble than Ce(OH)3 as the solubility product of Ce(OH)4 is 10−51.56 and that of Ce(OH)3 is 10−26.15 [34].
This can be also confirmed from the Eh–pH diagram of the Ce-OH system in Figure 5; Ce(OH)3 can
simply be leached at a slightly acidic pH, but Ce(OH)4 needs a highly acidic pH. Although Ce(OH)4

was not detected from the XRD analysis due to its low concentration, it was probable that Ce(OH)4

was formed during the caustic digestion because of the significantly lower Ce-leaching efficiency than
those of the other REEs.
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The final recoveries of Ce, La and Nd showed almost similar trends with their leaching efficiencies.
However, that of Y was significantly low, i.e., 26.2–38.4% at 1.0–3.0 M HCl. This was because Y was
dissolved and lost during the digestion step, and only 40% of Y from the raw ore was introduced into
the acid-leaching step.

In terms of impurity-leaching, the Fe-leaching efficiency and recovery almost linearly increased as
the acid concentration increased. The Al-leaching efficiency ranged from 95% to 100%; hence, its final
recovery was similar to that in the digestion step, which was in the range of 10–12%. Phosphorus was
not detected in any leaching solutions because it was removed during the digestion step.

Figure 15. Leaching efficiencies and recoveries after acid-leaching of the caustic digested ore at HCl
concentrations of 1.0–3.0 M and 80 ◦C for 3 h (digested using 50 wt% NaOH solution for 3 h): (a) REE
and (b) Fe-, Al- and P-leaching efficiencies (%); (c) REE and (d) Fe, Al and P recoveries (%).

Figure 16 illustrates variation of leaching results with the digesting NaOH concentration. In terms
of leaching efficiency and recovery, both were maximized at 30 wt% NaOH concentration, and those of
La and Nd were not much changed at higher NaOH concentrations. However, Ce showed an evident
decrease in the leaching efficiency and recovery at NaOH concentrations higher than 30 wt%, which
was caused by the less soluble Ce(OH)4 formation at higher NaOH concentrations. The final recovery
of Y also significantly decreased as the NaOH concentration increased from 30 wt% to 50 wt%, although
the leaching efficiency remained high at 93–94%. This was because its recovery from the digestion step
decreased from 68% to 40% as the NaOH concentration increased from 30 wt% to 50 wt%.

Concerning the impurities, the Fe-leaching efficiency had a similar trend to that of the REEs
(except Ce), which increased between 20 wt% and 30 wt% in the range of 74–82%. The Fe recovery was
similar to its leaching efficiency, which ranged from 70% to 78%. However, the Al and P recoveries
considerably decreased from 64.2% to 11.3% and 27.0% to 0%, respectively, as they were removed from
the solution phase during the digestion step. In terms of leaching efficiency, that of P monotonously
decreased, while that of Al fluctuated. It seemed that the residual NaOH in the digested product using
40 wt% NaOH solution suppressed the Al-leaching. A small amount of Al remained in the digested
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product using 50 wt% NaOH solution; thus, the Al-leaching efficiency reached 100%, although a higher
NaOH concentration was applied.

Figure 16. Leaching efficiencies and recoveries after acid-leaching of the caustic digested ore at digesting
NaOH concentrations of 20–50 wt% (leached using 3.0 M HCl at 80 ◦C for 3 h): (a) REE and (b) Fe-, Al-
and P-leaching efficiencies (%); (c) REE and (d) Fe, Al and P recoveries (%).

3.4. Determination of the Optimum Condition for Analyzing the REE–Fe-Leaching Efficiency Correlation

To statistically analyze the REE-leaching behavior, correlation curves of the REE–Fe-leaching
efficiency are plotted in Figures 17 and 18 and the calculated R2 values are listed in Table 5.

According to the analysis, the REE and Fe-leaching efficiencies were generally positively correlated.
Specifically, the correlation was stronger during sulfuric acid baking–water-leaching (because the
R2 values were much closer or even equal to 1.0000) than during caustic digestion–acid-leaching.
This means that (i) REE-leaching highly depends on the Fe-bearing mineral decomposition, which
traps the REE constituents during the sulfuric acid baking–water-leaching process and (ii) REEs and
Fe co-precipitation by CSD affected a good R2 value; from REEs and Fe recovery trend before/after
the residue washing process shown in Figures 10 and 11, their leaching behavior was somewhat
governed by CSD formation as both the dissolved REEs and Fe can adsorb and desorb from CSD in a
similar extent.

The curves showed a weaker REE–Fe correlation for the caustic digestion–acid-leaching test
results, and the Ce–Fe curve based on the NaOH concentration showed the weakest correlation with
an R2 value of 0.1657. This is because of the Ce oxidation to the Ce(IV) species of Ce(OH)4 as discussed
earlier. In addition, the La and Nd leaching efficiencies showed weak correlations with that of Fe
based on the digestion condition (Figure 18a) because they reached 100% recovery at 80% Fe-leaching
efficiency, which is slightly lower than the maximum Fe recovery of 82%. If the points corresponding to
the 50 wt% NaOH digestion are removed, the REE–Fe correlations are improved: 0.9998 Ce–Fe, 0.9158
La–Fe, 0.9158 Nd–Fe and 0.9575 Y–Fe. This implies that both the Fe-bearing mineral decomposition
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and digesting NaOH concentration can considerably affect the succeeding acid-leaching step in the
caustic digestion–acid-leaching process. Based on the leaching condition, i.e., HCl concentration,
the REE–Fe correlation was satisfactory regardless of the elements (Figure 18b).

Consequently, under the applied decomposition methods and leaching conditions in this study,
the REE-leaching was more affected by Fe-leaching during sulfuric acid baking–water-leaching. At the
Fe-leaching efficiencies of 68% and 66%, the REE-leaching efficiencies (except Ce) were 88–92% and
75–80% from the caustic digestion–acid-leaching and sulfuric acid baking–water-leaching, respectively.
Therefore, caustic digestion was a better decomposition method in terms of REE-leaching, and the
REE-leaching was inhibited by CSD co-precipitation in the sulfuric acid baking–water-leaching process
as the leaching efficiency was lower than in caustic digestion–acid-leaching at the same corresponding
Fe-leaching level.

Overall, as the Fe-leaching reaches the maximum, the REE-leaching efficiency also attains its
highest value; among the factors, the Fe-bearing mineral decomposition has the most significant effect on
REE-leaching. Thus, considering the REE-leaching efficiency only, the optimum decomposition-leaching
conditions are as follows: 2.0 acid/solid ratio sulfuric acid baking +25 ◦C water-leaching for the sulfuric
acid baking–water-leaching process and 30 wt% NaOH digestion + 3.0-M HCl-leaching at 80 ◦C for
the caustic digestion–acid-leaching.

Figure 17. REE–Fe-leaching efficiency correlation for the sulfuric acid baking–water-leaching results
based on (a) acid/solid ratio and (b) leaching temperature.

 

Figure 18. REE–Fe efficiency correlation for the caustic digestion–acid-leaching results based on
(a) digesting NaOH solution concentration and (b) leaching HCl concentration.
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Table 5. R2 values of REE–Fe correlation curves based on the decomposition method and
leaching condition.

Correlated Metals

Sulfuric Acid Baking-Water-Leaching Caustic Digestion–Acid-Leaching

Acid/Solid Ratio
Leaching

Temperature
NaOH

Concentration
HCl

Concentration

Ce–Fe 0.9980 0.9984 0.1657 0.9652
La–Fe 0.9946 0.9997 0.5990 0.8849
Nd–Fe 0.9692 0.9824 0.8062 0.9899
Y–Fe 1.0000 1.0000 0.7706 0.9772

4. Conclusions

In this study, the effects of two different chemical decomposition methods, namely sulfuric acid
baking and caustic digestion, to enhance the REE recovery from a refractory ore were investigated.
The REE-containing particles were scattered throughout the ore, and some of them were even trapped
in other minerals such as Fe oxide, although the total REE concentration was relatively high at 3.4%
TREO. From the preliminary leaching tests using nitric acid, the maximum REE recovery only reached
61–73%; thus, a significant amount of REEs was still left in the residue.

Using sulfuric acid baking–water-leaching, the REE recovery was improved to 97–100% after
the ore was baked at 2.0 acid/solid ratio and 200 ◦C for 2 h. The REE recovery reduced with
increasing leaching temperature because of the CSD solid formation at elevated temperatures and the
accompanying REE co-precipitation.

During the caustic digestion reaction, the REEs were concentrated in the solid phase as Al and P
were removed to the solution phase by the decomposition reaction. In the succeeding acid-leaching,
all REE-leaching efficiencies reached the maximum after 30 wt% NaOH digestion for 3 h and 3.0 M
HCl-leaching at 80 ◦C for 3 h. With increasing NaOH concentration, Ce became oxidized to Ce(IV)
species of Ce(OH)4, and its leaching efficiency from the acid-leaching step decreased.

From the REE–Fe correlation analysis, a stronger correlation between the REEs and Fe was
observed for the sulfuric acid baking–water-leaching results because of not only Fe-bearing mineral
decomposition to iron sulfate, but also CSD precipitation with REEs and Fe. In addition, comparing the
sulfuric acid baking–water-leaching and caustic digestion–acid-leaching, the caustic digestion showed
a more powerful effect on enhancing the REE-leaching as it resulted to a higher REE-leaching efficiency
at the same Fe-leaching level than that of sulfuric acid baking. It can be concluded that in terms of
REE-leaching efficiency, as the Fe-leaching reached the maximum, the REE-leaching efficiency also
attained its highest value. Furthermore, the Fe-bearing mineral decomposition significantly affected
the REE-leaching of the studied ore.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/532/s1,
Table S1. Mass balance of sulfuric acid baking–water-leaching process; Table S2. Mass balance of caustic
digestion–acid-leaching process.
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Abstract: One of the potential sources of rare-earth elements (REE) is the industrial waste known as
red mud (bauxite residue), in which the majority of REE from the initial bauxite are concentrated
via the Bayer process. Therefore, the studies of the subject, both in Russia and outside, focus almost
exclusively on red mud processing. This article looks into the possibility of REE concentration into
red mud by leaching an intermediate product of the bauxite sintering process at Russian alumina
refineries, namely electrostatic precipitator (ESP) dust. The experimental works were performed
by X-ray diffraction (XRD)and electron probe microanalysis (EPMA) of the sinter and sinter dust.
The determination of major and rare-earth elements in the sinter from the rotary kilns and in the
ESP dust before and after leaching was carried out by X-ray fluorescence (XRF) and plasma mass
spectrometry (ICP-MS). The study showed that it is possible to obtain red mud that contains three
times more REE than traditional waste red mud after two-stage leaching ESP dust in the water at 95 ◦C
followed by leaching in an alkaline-aluminate liquor at 240 ◦C. The shrinking core model was used to
study the kinetics of leaching of the original ESP dust and water-treated dust in alkaline-aluminate
liquor. The study showed the change in the limiting stage of the alkaline leaching process after water
treatment, with the activation energy growing from 24.98 to 33.19 kJ/mol.

Keywords: rare-earth elements; scandium; alumina production; sinter processes; red mud;
electrostatic precipitation dust; alkali leaching; kinetics

1. Introduction

The volumes of production/consumption of rare and rare-earth metals, which are critical for
modern industries, are steadily increasing [1–4]. In this group of metals—scandium, yttrium, lanthanum,
and lanthanides—scandium is the most scarce and commercially attractive one. The increased interest
in scandium is associated with its application in various industries [5–7]. Small amounts of scandium
are found in ores of aluminum, cobalt, iron, molybdenum, nickel, phosphate, titanium, tungsten,
uranium, and others [8–16].

At the moment, phosphogypsum—waste from the processing of apatite concentrates [17,18]—and
red mud (bauxite residue) are considered to be the most promising sources of scandium [19–24].
Phosphogypsum is also considered to be the most promising source of other rare earth metals [6],
as it may contain up to 1% of rare earth elements in total [25]. More than 250 million tons of
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phosphogypsum has been accumulated in Russia [26] with an annual increase by over 14 million tons.
However, despite the large number of works devoted to the processing of phosphogypsum, there is
still no commercially viable technology for its processing [27], which is explained by isomorphic
co-crystallization of REE with gypsum, and therefore the need for its complete release [28].

Bauxite residue generated in the recovery and processing of bauxites is a source of environmental
pollution [29,30] on the one hand and a promising object for obtaining valuable elements [31] on
the other hand. Bauxite residue contains a high amount of scandium (70–260 ppm) that is close
to its primary resources [32]. Large amounts of this waste form what may be called man-made
deposits, which can be recycled into building materials, pigments, coagulants for wastewater treatment,
and which can be used to re-extract alumina, extract iron concentrates, titanium, rare and rare earth
metals [33–35]. In the industrial production of alumina, almost all Sc is concentrated in red mud.
According to available estimates, the global reserves of scandium in the industrial waste range from 1 to
3 million tons, with 70–80% of it being contained in bauxite processing waste [36]. The full processing
of the bauxite residue currently generated makes it possible to extract 6600–20,400 t of scandium per
year. Therefore, a large number of studies have been dedicated to the recovery of rare-earth metals
from various types of bauxite residue [37] obtained by processing various bauxites in the Bayer method
and its variations. However, the low content of scandium in the red mud, the high content of alkali and
alkaline earth metals, and the simultaneous recovery of iron together with REE [38] or low extraction
efficiency [39,40] render the existing methods for extracting scandium from this type of industrial
waste non-viable.

It should be noted that most studies of the separation of REE from alumina products have focused
on the processing of red mud. In this article, we made an attempt to study the possibility of obtaining
the REE concentrate from electrostatic precipitator (ESP) dust, which is an intermediate product of kiln
sintering in alumina production. The dust is generated in a rotary kiln (Figure 1), where low-quality
bauxite (the mass ratio of Al2O3 to SiO2 (silicon modulus) is less than 7) is sintered with soda ash in
order to convert the alumina-containing mineral into a water-soluble sodium aluminate. Iron and
silicon-containing minerals react similarly with soda to form ferrite and sodium silicate, respectively.
The technological process, especially at the drying and decarbonization stages, generates a large
number of fine particles less than 100 μm (25–40% of the charge), which are carried away with the
exhaust gases. To clean the exhaust gases of kilns from dust particles, a three-stage capture system
is used. The first stage is the dust chamber where most coarse dust particles precipitate; the second
stage is cyclones, where medium dust particles are removed from the exhaust gases through vortex
separation; and the final stage is electrostatic precipitator. The last stage captures the finest particle
fraction (less than 20 μm) using the force of an induced electrostatic charge.

 
Figure 1. Flow chart of the sintering process on the RUSAL-Kamensk-Uralsky alumina refinery.

It is impossible to remove all dust from the technological process since that would upset the heat
balance of the furnace and would greatly complicate the movement of the charge in the drying zone.
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On the other hand, the ESP dust acts mostly as a dead weight, since a number of dust circulations
through the kiln are larger than through all other units of the gas treatment system. Electrostatic
precipitators capture only the smallest particles, which often pass very quickly through the hot zones
of the furnace, and the sintering process fails to complete. Ultimately, they acquire the charge of the
electrostatic precipitator and are released into the atmosphere. The physicochemical properties of
sintering dust and the possibility of their leaching together with bauxite had already been investigated
in our previous work [41]. It was shown that ESP dust can be highly reactive and can be removed
from the process with further leaching to extract useful components. Also, the high recovery rate of
ESP dust means significant losses of secondary heat. The proportion of ESP dust in the total mass of
dust is up to 15%, which means that alumina refineries in Russia produce more than 30 thousand
tons of ESP dust per year. At the same time, ESP dust contains about 50 ppm of scandium [42].
Therefore, more than 1.5 t of scandium and even more of other rare earth metals can be obtained
annually from this intermediate product.

In this work we studied the possibility of leaching ESP dust with water and mother liquor of
the Bayer process in order to extract rare-earth elements into valuable components such as alumina,
caustic alkali, and soda, and, at the same time, concentrate them in the red mud resulting from leaching.

2. Materials and Methods

2.1. Solid Phase Characterization

The phase and quantitative composition of the ESP dust from sintering kilns of the
Kamensk-Uralsky alumina refinery and leaching products were determined by X-ray diffraction
(XRD) on a Rigaku D/MAX-2200 diffractometer (Rikagu Corp., Tokyo, Japan) using the PDF-2 database
(International Center for Diffraction Data) and by X-ray fluorescence (XRF) using an Axios MAX X-ray
fluorescence spectrometer (Malvern Panalytical Ltd., Almelo, The Netherlands). The content of REE
micro impurities in the feedstock and leachate was determined using inductively coupled plasma
mass spectrometry (ICP-MS) on a PerkinElmer NexION 300S instrument (PerkinElmer Inc., Waltham,
MA, USA).

Electron probe micro-analysis (EPMA) was performed using a Cameca SX 100 microanalyzer
(CAMECA Instruments, Inc., Madison, WI, USA) equipped with an energy-dispersive X-ray
spectroscopy analysis (EDS) module Bruker XFlash 6 (Bruker Nano GmbH, Berlin, Germany).

2.2. Reagents

All reagents used in this study were of analytical purity. Distilled water was obtained using
a GFL distiller (GFL mbH, Burgwedel, Germany). A model alkali liquor obtained was obtained
by dissolving NaOH in distilled water. Then, the necessary amount of Al(OH)3 was dissolved in
the resulting hot caustic alkali liquor to achieve the desired ratio of NaOH and Al2O3 in the model
liquor. After complete dissolution of aluminum hydroxide, the liquor was brought to the required
concentration in caustic alkali. The aluminate liquor had the following chemical composition: Na2Ok

(caustic alkali) = 240 g/dm3, Al2O3 = 120 g/dm3. The sinter and ESP dust were obtained from the
RUSAL-Kamensk-Uralsky alumina refinery (56.304530, 61.980334; Kamensk-Uralsky, Russia) where
low-grade bauxite is processed via combined Bayer-Sintering process. Bauxite with the high silica
content is sent in rotary kiln together with sodium carbonate to obtain water-soluble sinter at 1150 ◦C.
The chemical and phase composition of the ESP dust and the sinter are different, since dust passes
through the hot zone of the sintering kiln faster and many processes fail to complete; also, the difference
may be caused by the difference in the distribution of minerals into different fractional classes. Table 1
shows the chemical composition of the ESP dust of the Kamensk-Uralsky alumina refinery, against the
chemical composition of the bauxite sinter.
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Table 1. The chemical composition of electrostatic precipitator (ESP) dust and bauxite sinter, wt. %.

Products Al2O3 SiO2 Na2O MgO CaO Fe2O3 LOI 1 μSi
2 ΣREE

ESP dust 25.5 2.5 28.3 0.4 2.5 12.2 24.8 10.2 755
Bauxite sinter 35.0 5.0 33.2 0.8 4.8 16.7 0.5 7.0 567

1 LOI—loss on ignition at 1000 ◦C. 2 μSi (silicon modulus)—mass ratio of Al2O3 to SiO2.

The results of X-ray diffraction analysis of the electrostatic precipitator dust of the RUSAL-
Kamensk-Uralsky alumina refinery is shown in Figure 2.

  
Figure 2. X-ray diffraction analysis of the electrostatic precipitator dust of the RUSAL-Kamensk-Uralsky
alumina refinery in Russia.

2.3. Experimentation

The leaching of the required weight of ESP dust in distilled water was carried out at L:S = 10:1
at 95 ◦C for 60 min in a 0.5 dm3 Lenz Minni thermostatic reactor (Lenz Laborglas GmbH & Co. KG,
Wertheim, Germany) fitted with an overhead stirrer and ports for a refrigerator and samplers.

Autoclave leaching of the ESP dust sample at L:S = 3:1 was carried out at 160, 200, and 240 ◦C
in an aluminate mother liquor for 15–90 min in a 1 dm3 Parr autoclave (Parr Instrument, Moline, IL,
USA). Leaching in an aluminate liquor at 90 ◦C also used a thermostatic Lenz Minni reactor.

After water and alkaline leaching, the resulting red mud was separated from the aluminate liquor
by filtration on a Buchner funnel. After washing and drying of the bauxite residue for 8 h at 110 ◦C,
the content of rare-earth elements and other components was measured. The solid phase obtained
after water leaching of ESP dust is designated as ESPDW, and that obtained by autoclave leaching with
an alkaline aluminate liquor at 240 ◦C for 90 min is designated as ESPDA.

3. Results and Discussion

It can be seen from Table 1 that the chemical composition of ESP dust and bauxite sinter are
different. The high LOI in the dust is associated with the incomplete decomposition of soda and
calcite; however, there is also a significant decrease in the content of silica, magnesium, and calcium
in dust relative to alumina and an increase in sodium content. A decrease in silica content in dust
leads to a significant increase in the silicon modulus (μSi). The results of X-ray diffraction analysis
(Figure 2) confirm the presence of sodium aluminate in the ESP dust; however, most of the soda
remains unreacted.
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According to the previous research [19,21,43,44], the REE and Sc are possibly adsorbed on goethite,
hematite and in the channels of aluminosilicates in the typical Bayer bauxite residue. The primary
container of these elements could be cancrinite [45]. However, during the sintering process iron minerals
are transformed into sodium ferrite and aluminosilicate—into sodium silicate and sodium aluminate
(Figure 2). Therefore, REE and Sc could be liberated through the sintering process, which could lead to
an increase in their concentration in the by-products and increased leachability than in typical Bayer
bauxite residue.

Figure 3 shows the content of rare-earth elements in ESP dust and sinter. The obtained data
show that the ESP dust from the sintering process contains more REE than the sinter itself. Moreover,
if we detract LOI (consisting of water and CО2 carbonates, which are removed from sinter at 1000 ◦C
and which remain in ESP dust, according to Table 1), the REE content in the calcined ESP dust will
be approximately 70–80% higher than in the sinter. The obtained data is in good agreement with
the results presented previously in the patent [42], where it was shown that ESP dust contains about
50 ppm of scandium. This may be due to the repeated circulation of fine dust in the process and
mineralogical transformation. Consequently, ESP dust can be a source of REE, and we can consider the
option of removing it from the cycle in order to extract valuable components and increase the efficiency
of the sintering kiln.

 
Figure 3. Content of rare earth elements in electrostatic precipitator dust and bauxite sinter, ppm
(LOI—loss on ignition at 1000 ◦C).

3.1. Water Leaching of ESP Dust

The XRD analysis of ESP dust (Figure 2) shows a high content of soluble minerals (such as sodium
silicate and sodium aluminate). Tests were carried out to leach ESP dust with water for 1 h at 95 ◦C,
which is necessary for the complete conversion of sodium salts into liquor. The output of the solid
phase (ESPDW) after leaching was 40% of the initial weight of ESP dust. Table 2 shows the chemical
composition of the resulting red mud, and the degree of recovery of the main components into the
liquor is shown in Figure 4. Part of the aluminum in electrostatic precipitator dust was converted to
sodium aluminate; it is therefore easily leached with water. Notably, aqueous leachate has a higher
silicon modulus than the original dust, as silicon has a degree of recovery higher than aluminum.
This indicates that the degree of transformation of silica to sodium silicate is higher than alumina to
sodium aluminate. Na2O is almost completely leached, which indicates that with water leaching for
less than 1 h the components in the resulting liquor do not have time to form a disilication product
according to the following Equation (1):

6Na2SiO3 + 6NaAl(OH)4 + Na2X→ Na6[Al6Si6O24]·Na2X + 12NaOH + 6H2O, (1)
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where X represents various inorganic anions, most often sulfate, carbonate, chloride, aluminate,
etc. [46].

Table 2. The chemical composition of electrostatic precipitator dust after water leaching, wt. %.

Product Al2O3 SiO2 Na2O MgO CaO Fe2O3 LOI μSi

ESPDW 39.8 3.1 1.7 1.0 6.2 30.5 18.3 12.8

 
Figure 4. The extraction degree of the main components into the liquor by water leaching of electrostatic
precipitator dust.

It can also be seen in Figure 4 that REE (Sc, Y, La, Ce, Nd) are slightly extracted during water
leaching, because of their interaction with alkali and soda [47]. As shown in some studies [39,40],
the degree of scandium recovery from red mud to soda liquor usually does not exceed 20%.

As it was stated in the introduction section, scandium is the most valuable REE in red mud.
It was previously shown that scandium in red mud is mainly associated with iron minerals [48].
However, some researches show [45] that cancrinite could accumulate Sc as well. Therefore, to study
the association of rare-earth metals with different phases, we performed ESPD and ESPDW surface
mapping using EPMA (Figure 5).

It can be seen from Figure 5 that scandium in ESP dust is mainly associated with iron minerals,
and to a lesser extent—with silicon compounds. It could be associated with the fact that iron minerals
(hematite) are not fully transformed into sodium ferrite during sintering because small particles of
dust pass very quickly through the hot zones of the furnace and a disilication product is not formed
yet. Almost the same picture is observed in ESPDW; however, the distribution of scandium is more
uniform than in ESP dust. This may be due to the formation of a disilication product (sodalite or
cancrinite), which can adsorb the REE. This suggests that destruction of the hematite matrix is required
at first for the complete recovery of REE from ESPD, as is the case with the typical Bayer process red
mud. This also explains the low degree of REE recovery at the water leaching stage, since hematite
cannot be dissolved by sodium carbonate liquor.

3.2. Kinetics of ESP Dust Leaching by Alkaline Aluminate Liquor

To study the mechanism and effect of temperature on the leaching of initial ESPD and ESPDW
with the alkaline aluminate mother liquor, experiments were carried out to measure the aluminum
extraction degree from the liquor with variable duration and temperature of the process. Aluminum
was chosen as an indicator of leaching efficiency as it was the only element extracted from the liquor
during alkali leaching of ESPDW. The temperature range was selected, taking into account that,
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after the extraction of readily soluble sodium salts, the alumina in the material is mainly represented
by boehmite, the leaching of which requires a temperature of more than 160 ◦C [49]. The experimental
results are shown in Figure 6.

 
(a) 

 
(b) 

Figure 5. Mapping of electrostatic precipitator dust surface (a) and water-leached electrostatic
precipitator dust surface (b) using the electron probe micro-analyzer.

It can be seen from Figure 6 that the kinetics of aluminum extraction into the liquor is quite high
at all temperatures for the first 30 min for ESP dust. Even at 90 ◦C, more than 40% of aluminum is
extracted from ESP dust after 30 min, apparently because of a certain degree of conversion of boehmite
to sodium aluminate in the sintering kiln. However, after pre-leaching in water (ESPDW), sodium
aluminate had already been extracted into the first-stage liquor; therefore, the rate of leaching of
aluminum from ESPDW at 90 ◦C is significantly lower. Although at higher temperatures, due to a
lower silica content, the efficiency of alumina recovery from ESPDW increases, reaching 90% after
90 min of leaching at 240 ◦C.

To study the leaching mechanism, the obtained kinetic curves were processed using the shrinking
core model [50]. We studied six kinetic equations [51] describing the process in various modes,
from kinetic to intra-diffusion; however, the models shown below (Equations (2) and (3)) proved to be
most promising for the process description:

1 − 3(1 − X)2/3 + 2(1 − X) = k1t, (2)

1/3ln(1 − X) + ((1 − X)−1/3 − 1) = k2t, (3)

where X is the degree of aluminum recovery into the liquor at a time t, ki is the apparent rate constant.
Equation (2) describes the process in the intra-diffusion area, while Equation (3) describes the process
limited by interfacial transfer and diffusion through the product layer. The plot of 1/3ln(1 − X) +
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((1 − X)−1/3 − 1) versus t for ESP dust leaching gives a straight line (Figure 7a) with the determination
coefficient R2 the highest among all models used (more than 0.98 for all temperatures except 90 ◦C),
which indicates that leaching, in this case, is most likely limited by interfacial transfer and diffusion
through the product layer. It can be concluded that during leaching, a disilication product is formed
around the core of the boehmite (Figure 8), which slows down the leaching process. Also, a film
of sodium titanate can form on the surface of boehmite, which is known [52] to reduce the rate of
dissolution of aluminum hydroxides significantly. For water-leached dust, the highest determination
coefficient is observed, when using Equation (2) (Figure 7c), which implies that the process is limited
by diffusion through the layer of the product or unreacted matter.

 
(a) 

 
(b) 

Figure 6. Effect of leaching time and temperature for Al extraction from raw ESP dust (a),
from water-leached ESP dust (b).

Using the obtained values of the apparent rate constant (ki) in Figure 7b,d and the Arrhenius
equation (Equation (4)), we determined the values of the apparent activation energy for leaching ESPD
and ESPDW (Figure 6) to be 24.98 kJ/mol and 33.19 kJ/mol, respectively.

ki = Aexp(−Ea/RT), (4)

where A is the Arrhenius constant, R is the universal rate constant (8.314 J/mol·K), T is the temperature
(K), Ea is the apparent activation energy (J/mol).

The obtained values of the activation energy also confirm diffusion limitation. However, for an
intradiffusion stage, the activation energy should be in the range of 8–22 kJ/mol. The higher values,
in this case, maybe due to the fact that higher activation energy is required for the dissolution of the
boehmite since a temperature of more than 160 ◦C is required for its extraction into alkali liquor. In the
second case, the activation energy is higher, since there is no easily soluble phase of aluminum left
after water leaching and a low degree of leaching efficiency of boehmite is observed at 90 ◦C.

Figure 8 shows XRD patterns of ESPDW and ESPDA, from which it can be seen that alkaline
leaching results in disappearing of boehmite peaks and appearing instead of the peaks corresponding to
cancrinite; iron, in contrast to the Bayer red mud, is represented by both hematite and hydroxide phases.

The yield of solid residue (red mud) from the leaching of ESPD in alkaline aluminate liquor
at 240 ◦C for 90 min was 29.8% of the initial weight of dust. At the same time, the yield of red
mud (ESPDA), after ESPDW leaching with alkali liquor at 240 ◦C for 90 min was 21.0%. As a result,
the degree of REE enrichment of red mud in the second case was higher. Figure 9 shows the content of
rare earth metals in these products.
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(a)  

(b) 

 
(c) 

 
(d) 

Figure 7. Results of substituting the data for ESPD leaching to Equation (3) (a); substituting the data
for ESPDW leaching to Equation (2) (c); dependence lnk − T−1 for leaching the original ESP dust (b)
and water-treated ESP dust (d).

 
Figure 8. XRD pattern of water-leached electrostatic precipitator dust (green) and alkali-leached
electrostatic precipitator dust (red).

The data in Figure 9 show that the total amount of REE in the red mud after ESP dust leaching was
more than 1700 ppm in the first process and over 3200 ppm in the second process. Thus, we demonstrated
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that, in principle, it is possible to concentrate rare-earth elements in red mud by leaching ESP dust with
water and alkaline aluminate liquor. The REE content in the red mud obtained thereby is three times
higher than in conventional red mud of the alumina refinery, which can significantly reduce the cost of
obtaining the REE concentrate in the future. Moreover, the recovery of additional components from
natural raw materials can improve the efficiency of processing of bauxite raw materials in general.
Based on these findings, we propose the following ESPD processing scheme (Figure 10), which enables
efficient recovery of both alumina and rare earth elements. The stage of leaching REE from ESPDA
will be discussed in the next paper.

 
Figure 9. Content of rare earth elements in water-leached electrostatic precipitator dust and
alkali-leached electrostatic precipitator dust.

 
Figure 10. A flowsheet of rare-earth elements (REE) concentration from electrostatic precipitator dust
by water/alkali leaching.
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4. Conclusions

In this article, we investigated the possibility of concentrating rare-earth elements into red mud
obtained by leaching dust from electrostatic precipitators used in bauxite charge sintering. We compared
the chemical composition of the sinters and ESP dust formed during bauxite sintering in tubular
rotary kilns. The sinter and the dust were analyzed for the content of rare earth elements. We also
studied their association with various minerals of the materials used. The study of leaching of electric
precipitation dust allows us to draw the following conclusions:

1. The chemical and phase composition of the electrostatic precipitation dust and sinter obtained in
the same technological process are different. The content of rare-earth elements in the dust of
electrostatic precipitators is 70–80% higher than in the sinter, which may be explained by a large
number of cycles of ESP dust return to the kiln due to the very small size of particles.

2. Similar to the red mud of the Bayer process, scandium in ESP dust and in the solid residue
after ESP dust leaching is associated to a greater extent with hematite, because of an insufficient
transformation of latter into sodium ferrite in the sintering process and to a lower extent with
disilication product (sodalite and cancrinite); the complete recovery of REE requires the destruction
of the hematite at first.

3. The following conditions allow to obtain red mud from ESP dust that contains three times more
REE than traditional waste red mud of the Ural Alumina Refinery: pre-leaching with water at
90 ◦C followed by autoclave leaching with an alkaline-aluminate liquor at 240 ◦C for 90 min.

4. The kinetic patterns of leaching alumina with the alkali liquor have been studied for the original
electrostatic precipitation dust and water-leached dust. The change in the limiting stage of the
process after water-treatment has been shown by an increase of the activation energy from 24.98
to 33.19 kJ/mol; changes in the form of the kinetic curves have also been demonstrated.

A technological scheme has been proposed for the removal of ESP dust from the cycle and its
further comprehensive processing. Recovery of additional components from ESP dust will improve
the efficiency of processing of bauxite raw materials in general and reduce the environmental footprint.
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Abstract: Recovery of rare earth elements (REEs) from coal samples collected from the Fire Clay
coal seam using diluted mineral acid solutions was investigated. The initial processing step was
coal recovery using conventional froth flotation which concentrated the REEs in tailing material
resulting in an upgrade to values around 700 ppm on a dry whole mass basis. Leaching experiments
were performed on the flotation tailings material using a 1.2 M sulfuric acid solution adjusted to a
temperature of 75 ◦C to study the extractability of REEs from coal material. The effect of particle
size, leaching time, leaching temperature, and solid concentration on REE leaching recovery were
evaluated. The kinetic data obtained from leaching over a range of temperatures suggested that the
leaching process follows the shrinking core model with possibly a mixed control mechanism that may
be a result of several heterogenous materials leaching simultaneously. Leaching recovery increased
rapidly at the beginning of the reaction then slowed as the system reached equilibrium. The apparent
activation energy determined from test data obtained over a range of temperatures using 1 M sulfuric
acid was 36 kJ/mol for the first 20 min of reaction time and 27 kJ/mol for the leaching period between
20 and 120 min. The leaching of light REEs during the initial stage was determined to be driven by
a chemical reaction, followed by the formation of a product layer, which required lower activation
energy in the later stage of leaching. In regards to the heavy REEs, the major mechanism for leaching
is desorption and the product layer formation does not affect the heavy REEs significantly.

Keywords: rare earth elements; coal; leaching; kinetics; apparent activation energy

1. Introduction

Rare earth elements (REEs) exist in over 200 different mineral types. A portion of the REEs are
associated with carbonates and oxides that are easy to extract while others are bonded with silicates
and phosphates that are difficult to penetrate [1]. Commercially, REEs are produced from monazite,
xenotime, bastnaesite, and clay adsorbed REEs, which is a unique source commonly associated with a
commercial production operation in southern China [2,3]. Many studies have focused on developing
REE extraction processes from secondary resources including mine waste streams, industrial wastes
or byproducts, electronic waste recycling and magnet recycling industries, coal ash, slags and waste
water, etc. [3–8]. The limitation of recovering REE from secondary resources is low grade, which
limits the effort and cost that can be applied toward the extraction process. However, these resources
take advantage of eliminating the mining cost as well as other associated costs such as the chemical
cost already expended for treating the waste. Coal-based materials represent a potential secondary
source for REEs which may be extracted and concentrated by the use of physical and/or chemical
processes [9–11].

Several studies have investigated the REE mode of occurrences and distributions in coals of varying
ranks, associated mineral matter, acid mine drainage and sludge, and coal combustion byproducts.
Arbuzov et al. (2018) studied peat material collected from western Siberia and concluded that: (1) a
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maximum of 25% of the REEs had a mineral association, such as monazite, xenotime, and zircon, etc.;
(2) 10%–30% of REEs was in humic substances, and (3) 40%–80% was in a water-soluble form [12].
Studies conducted on the ash product of pre-combustion coal material using a muffle furnace showed
that 70% of the light REEs and 50% of the heavy REEs in bituminous coals are predominantly associated
with phosphate minerals, and 50%–60% of the REEs in low rank coals are associated with clays [13].
The REEs in low rank coals (i.e., lignite and subbituminous) are primarily associated with the organic
matter whereas the association with higher rank coals are with the associated mineral matter including
grains of rare earth phosphate minerals that are micro-dispersed within the organic matrix [12,14,15].

The Fire Clay coal seam material appears to be a very suitable source for REEs extraction due to its
high concentration of REEs on a dry ash basis as compared to other coal sources. The origin of the REEs
in the Fire Clay coal has been associated with volcanic deposition during the coalification period [16].
Mineralogy studies performed on the bituminous coal source using scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS) detected micro-dispersed rare earth phosphate mineral
particles, which are generally difficult to dissolve in strong acid solutions [9]. The finely dispersed
inorganic material contained in Fire Clay coal has relatively high concentrations of REEs Liberation
of the rare earth minerals by size reduction provides an opportunity for recovering clean coal from
middling streams which is generally discarded or partially blended into coal products to meet contract
specifications. This study focused on the leaching characteristics of the REEs associated with various
fractions of the Fire Clay coal and associated mineral matter.

2. Materials and Method

2.1. Materials

A representative sample (~200 kg) of a targeted fraction of the Fire Clay seam coal was collected
from a coal preparation plant located in eastern Kentucky. The Fire Clay coal source is a high-volatile
(30%–40% dry basis), bituminous coal well documented as being enriched with REEs and other critical
elements. The sampled process stream was the product of a secondary dense medium vessel, which
targeted the recovery of the 1.4 × 1.6 specific gravity (SG) fraction, commonly referred to as middlings,
in the 150 × 9 mm particle size fraction of the plant feed.

Analysis of a representative sample of the bulk revealed that the middlings material contained
242 ppm REEs on a dry, whole sample basis and 1331 ppm on a dry, ash basis. The ash content of
the representative sample was 18.2% on a dry basis. The distribution of the REEs shown in Figure 1
indicates that nearly 24% of the REEs are permanent magnet elements (Nd, Pr, Sm, and Dy) while
scandium represents 3.1% of the total, which is valued as a component in high performance aluminum
alloy. The high ash-based REE content value provided an indication that the use of grinding to liberate
the associated mineral matter could potentially provide a means for significant pre-concentration of
the REEs prior to the leaching process while producing a marketable clean coal product.

The 150 × 9 mm middling bulk sample was crushed using a laboratory jaw crusher and subsequently
ground in a hammer mill to achieve a top particle size of 1 mm. The bulk sample was split into multiple
representative samples by riffling the hammer mill product. For each test, a representative sample was
pulverized to a top size of 80 mesh (177 μm) in a smaller hammer mill and then ground in an attrition
mill at a pre-selected rotation speed and retention time to achieve the desired particle size reduction.
The solids concentration used in the attrition mill was 40 g/L. The ground material was treated in an
8-L Denver conventional flotation system to recover clean coal material using diesel fuel No. 2 as the
collector and 4-methyl-2-pentanol as the frother. The chemical concentrations varied from test-to-test
based on the feed particle size distribution. As shown in Figure 2, a rougher stage of treatment was
followed by three cleaner stages to ensure maximum recovery of the liberated mineral matter and to
achieve an ultraclean coal product. The tailings material collected from the coal recovery process was
further treated by a second flotation step using octanohydroxamic acid (C8H17NO2) at a dosage of
1.5 kg/t and a pH value of 9.5 to remove acid consuming materials (e.g., calcite) [17]. No additional
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frother was used in the mineral flotation stage due to the frothing property of octanohydromaxic acid.
A rougher-cleaner treatment process was used for the alkali mineral rejection to maximize recovery of
non-floatable material to the tailings stream. The final tailings material was the material used as feed
for the leaching studies.

Figure 1. Rare earth element distribution in the nominal 1.4 × 1.6 Specific Gravity (SG) middling
fraction of Fire Clay coal as collected from a secondary dense medium vessel product stream.

Figure 2. Sample preparation of the Fire Clay middlings for the leaching studies.
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2.2. Methodology

Leaching experiments were conducted in a triple neck round bottom flask with the middle neck
connected to a total reflux condenser, which ensured that a constant volume was maintained. The
reactor was placed in a water bath where the solution was heated using an immersion heater and
a precise temperature control system to maintain the temperature throughout the duration of the
test. Agitation was provided using a magnetic stir at a speed that could be varied up to around
1200 rpm. The leaching experiments were conducted using deionized water and trace metal grade acid
(purity > 99.99%).

The investigation involved the evaluation of the following parameters on leaching recovery and
kinetics: i) lixiviant type (i.e., H2SO4, HCl, and HNO3), ii) acid concentration (i.e., 0.1M, 0.5M, 1M, and
2M etc.), iii) solid-to-liquid ratio (i.e., S/L = 1/100, 1/50, 1/10, 1/5, etc.), and iv) solution temperature
(i.e., 25 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 75 ◦C). To assess leaching kinetics, samples were collected at time
intervals established from the initial start of the test, i.e., 1 min, 3 min, 5 min, 10 min, 20 min, 30 min,
60 min, 90 min, and 120 min. Micro-filter (0.45 μm) plunger syringes were used to separate the leachate
from the solids to immediately stop the solid–liquid reaction. The final solid residue was filtered and
washed with deionized water.

The REE contents in addition to other elements of interest in the leachate and solid residue
samples were determined using inductively coupled plasma optical emission spectrometry (ICP-OES).
The results were used to calculate elemental and overall recovery of the REEs. Solid loss, REE
content in the leach solid residue and leachate solution are presented in the supplementary materials
(Table S1) that is accessible online. Leach recovery represents the amount of material in the test feed
source that was solubilized into solution during the leaching process, which was quantified using the
following expression:

Leach recovery (%) =
cL ∗VL

cL ∗VL + cSR ∗mSR
× 100% (1)

in which cL is the elemental concentration in the leachate solution (μg/mL); VL the volume of the
analyzed leachate solution (mL); cSR the elemental concentration in solid residue (μg/g); and mSR the
weight of solid residue (g).

2.3. Analytical Methods

REE content was determined by digestion and analysis of the resultant solution in an ICP-OES.
The solid sample preparation procedure followed the ASTM D6357 method for ashing and digestion of
coal and refuse samples with modifications made to the digestion to allow for use of a digestion block
apparatus. The ICP-OES unit was calibrated using a standard solution identified as VHG-SM68 multi
standard, which contained 48 elements. The REE recovery of these check standards was maintained at
+/− 10% relative standard deviation (RSD). A duplicate sample was chosen at random and run through
the entire process to verify repeatability at the frequency of not less than one every 40 samples. A
certified coal ash sample (1633b) was utilized to ensure the digestion procedure and as a reference
standard for peak selection. Three standard sample were repeated with each batch of digestion and
the standard deviations for the rare earth elements are: <2% for Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr,
Sc, Th, Y, and Yb; <5% for Sm and Tm; <15% for Tb.

X-ray diffraction (XRD) analyses were conducted on feed samples using an Advance D8 instrument
produced by the Bruker Company. The scanning was performed from 10◦ to 70◦ with a stepwise
increase of 0.02◦ and a scanning speed of 0.5◦/min. The XRD spectra were analyzed to estimate
concentrations of major mineral components using the EVA software developed by the same company.
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3. Results and Discussions

3.1. Particle Size Effect

A reduction in particle size may provide two significant benefits, i.e., (1) liberation of the clay
particles and other mineral matter which exposes more surface area and exchangeable REEs for
lixiviants to interact and extract the RE ions and/or (2) liberation of nano-sized RE minerals and RE
oxides that may be dissolved in acid solutions. Acid leaching on finer size material can also provide
faster kinetic rates and higher efficiency for REE extraction. On the negative side, by reducing the
particle size to a micron level, the newly generated surface area is increased exponentially which
escalates the consumption of hydrogen ions by dissolving more contaminate metal ions. As such,
selectivity may be reduced, thereby elevating the cost of leaching and downstream concentration
processes. Additional issues are the higher cost of energy for grinding and difficulties associated with
thickening and dewatering ultrafine solid residuals.

To assess the effect of particle size on leaching performance, representative samples of the Fire
Clay middlings material were ground for different lengths of time before the de-carbonization step to
generate samples having a range of 80% passing sizes (P80). Acid leaching tests were conducted using
1.2 mol/L sulfuric acid solution with a solid concentration of 10 g/L at 75 ◦C. The REE recovery was
quantified using test data generated after leaching for five hours and Equation (1).

The results shown in Table 1 indicated that reducing the particle size liberated mineral matter
containing higher concentrations of REE. For example, by reducing the particle size to a P80 size of
150 μm (80 mesh top size) in the feed, the flotation tailings material contained 444 ppm of total REEs
with a P80 size of 32 μm. The REE concentration of 444 ppm reflects the content of the coarser mineral
matter dispersed in the middling particles. By grinding for greater lengths of time resulting in more
applied energy, the P80 size was reduced to sub-micron level and the tailing material generated by
flotation nearly doubled to 719 ppm of total REEs. This finding indicates that the finest mineral matter
dispersed within the Fire Clay coal has the highest concentration of REEs. A previous study found
that REEs in the Fire Clay coal were strongly associated with micro-dispersed kaolinite which may be
liberated and released through size reduction [9].

Table 1. Liberation of REEs from the de-carbonized Fire Clay middlings material.

Attrition Mill P80 Flotation TREE Concentration Acid Leaching

Grinding
Time
(min)

Rotor
Speed
(rpm)

Flotation
Feed

(micron)

Flotation
Tailing
(micron)

Tailing
Yield
(%)

Ash
Content

(%)

Ash
Basis
(ppm)

Whole Mass
Basis
(ppm)

Solid
Loss
(%)

TREE
Recovery

(%)

Feed 18.2 1331 242
0 0 150 32.0 3.7 89.1 499 444 11.9 71.2

2.5 150 45 14.5 7.4 85.9 581 499 9.9 74.8
5 200 37 10.2 9.5 87.1 609 531 9.2 79.0
20 200 13 8.7 12.8 90.8 685 622 16.2 83.7
40 200 11 7.3 14.2 91.0 768 699 17.2 84.3
60 200 10 6.5 13.9 91.4 771 705 20.4 83.6
90 200 9 5.0 13.6 90.9 788 716 24.2 82.3
120 200 8 0.9 15.4 91.0 791 719 27.9 82.0

TREE: total rare earth elements.

Reducing particle size resulted in a significant increase in leach recovery from 71.2% to 84.3%
over the range of P80 sizes. As such, the size reduction increased the amount of REEs reporting in the
leach feed and increased the percentage of the REEs being recovered through leaching. These two
positive outcomes suggest that the REEs associated with micro-dispersed mineral matter in the Fire
Clay middlings are more concentrated and more easily extractable by leaching relative to the coarser
grain fractions. In addition, the finer mineral matter is, in general, more soluble as indicated by an
increase in the amount of solid loss during the leaching process. As much as 20% of the solids in the
finest sample tested was dissolved under the standard leaching conditions, which may reflect both the
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solubility of the mineral matter and surface area exposure. A negative impact is an increase in the
amount of contaminates in the leachate due to the elevated level of dissolved solids.

Based on the liberation test results, 20 min of grinding time was selected to generate the acid leach
feed material used in this study. A flow sheet of the sample preparation process is shown in Figure 3
along with weight yield and content data for each feed and product stream. The decarbonization step
resulted in a high-quality clean coal product containing around 7% ash-forming material while the
reject material was nearly pure mineral matter as indicated by an ash content of 90.81%. The mineral
flotation rougher-cleaner treatment resulted in 0.74% of the total feed reporting to the concentrate
having an ash content of 75.12%. The lower ash content in the flotation concentration was an indicator
of calcite flotation (CaCO3). The float product also contained 741 ppm of TREEs, which may be due to
RE mineral flotation resulting from the use of octanohydroxamic acid. The flotation tailing material
produced from the two stages of flotation represented 12.1% of the feed and contained 615 ppm of
TREEs and 90.67% ash-forming material. The REE upgrade is 2.54:1 starting from a feed content of
242 ppm. This material was used as the acid leach feed in the subsequent leaching studies presented in
this paper.

 

Figure 3. Schematic of sample preparation for the acid leach feed material using coal and
mineral flotation.

Five representative samples of the acid leach feed were analyzed to assess the repeatability of the
ICP-OES. The average TREE value was 607 ± 18 ppm (2.97% variation) with thorium content of 41 ±
0.6 ppm (1.46% variation). The Ce content accounted for 42% of the total REEs as shown in Figure 4a.
The Fire Clay material was rich in light REEs (i.e., Ce, La, Pr, Nd, Sm, Eu, Gd, Sc) as indicated by a
content of 534 ppm or 88.0% of the total. Yttrium was the most abundant heavy REE (i.e., Y, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) with a concentration of 47 ppm. The major minerals present in the sample
were quartz, kaolinite, illite, and muscovite as shown in the XRD plot in Figure 4b.
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Figure 4. The composition of the acid leaching feed material used in this study on the basis of (a) rare
earth content and (b) mineralogy as determined by X-ray diffraction analysis (Q—quartz, K—kaolinite,
I—illite, M—muscovite).

3.2. Effect of Major Variables on REE Leaching

3.2.1. Effect of Acid Type

The lixiviant type affects the REE leaching characteristics by changing the solution speciation
stabilities due to the existence of various anions in varying concentrations. Sulfate ions were reported
to have a higher coordination ability with rare earths than chloride ions even in high monovalent
concentration solutions [18]. Leaching experiments were conducted using different inorganic acids
at an acid concentration of 1M, solid/liquid ratio of 10 g/L, and a temperature of 75 ◦C. Sulfuric acid
(H2SO4), hydrochloric acid (HCl), and nitric acid (HNO3) were used to study the effect on REE leaching
recovery and reaction rate as shown in Figure 5. Total REE (TREEs) recovery values of 80%, 76%, and
74% were achieved after 3 h of leaching using HCl, HNO3, and H2SO4 solution, respectively. The pH
of the leachate solutions at the end of the tests were 0.105, 0.113, and 0.112, respectively.
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Figure 5. Effect of acid type on the leaching recovery of total rare earth elements contained in the Fire
Clay coal middlings (75 ◦C, 530 rpm, solid-to-liquid ratio (S/L) = 10 g/L, d80 = 8.7 μm).

Hydrochloric acid provided the fastest leaching rate, which achieved 73% recovery after the first
5 min of leaching, and slowly reached equilibrium after 3 h. Nitric acid also provided fast leaching
rate within the first 30 min. Sulfuric acid was the least effective under the leaching conditions and
provided the slowest leaching rate. This finding was likely due to the fact that sulfate ions have a
higher coordination ability with rare earths than chloride ions even in high monovalent concentration
solutions [19].

The coal-based leachate contained high concentrations of trivalent ions that may coordinate with
sulfate ions resulting in depression of the rare earth-sulfate coordination. In addition, sulfuric acid
requires two steps of dissociation reaction to release H+ into solution whereas hydrochloric acid and
nitric acid dissociates more rapidly into solution. Viscosity of the sulfuric acid solution is another factor
that could have resulted in the slower reaction rate as the wetting rate of the solid particle surfaces is
reduced when the solution viscosity is high. Despite the negative aspects of sulfuric acid, the lixiviant
is still considered a viable lixiviate due to its relatively low cost and the negative aspects of the other
lixiviants including the volatility of hydrochloric acid and the decomposability of nitric acid under
75 ◦C [20].

3.2.2. Stirring Speed Effect

Stirring speed affects the thickness of the film layer surrounding a solid particle suspended in the
lixiviate solution. A high stirring speed creates an enhanced shear rate in solution which reduces the
film layer thickness thereby increasing the mass transfer rate through the film diffusion layer [21]. The
effect of stirring speed was evaluated at 300 rpm, 530 rpm, 760 rpm, and 900 rpm as shown in Figure 6.
The leaching condition included 1M H2SO4 solution and a solid/liquid ratio of 10 g/L at 75 ◦C. The test
results indicated that a stirring speed of 300 rpm did not provide sufficient agitation due to inadequate
suspension of the slurry based on visual observations, while stirring speeds of 530 rpm to 900 rpm
provided nearly equal kinetics. The recovery achieved using a 900-rpm stirring speed was slightly
lower than that obtained at 760 rpm. A stirring speed of 530 rpm was established as an adequate value
for the standard test conditions.
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Figure 6. Effect of stirring speed on the leaching recovery of total rare earth elements contained in the
Fire Clay coal middlings (75 ◦C, 1 M H2SO4, S/L = 10g/L, d80 = 8.7 μm).

3.2.3. Solid-to-Liquid Ratio Effect

The solid-to-liquid (S/L) ratio establishes to the stochiometric ratio of reactants, which directly
affects the reaction equilibrium. The effect of the S/L ratio on rare earth leaching recovery was
investigated in the range of 10 g/L to 200 g/L while maintaining the other parameters constant at
75 ◦C, 1 M H2SO4, and 530 rpm. The association between reactants decreased with an increase in
the solid/liquid ratio, which resulted in a decrease in the extraction rate as shown in Figure 7. Leach
recovery was reduced from 74% to 40% after increasing the S/L ratio from 10 g/L to 200 g/L. The
magnitude of the recovery reduction is not commonly observed in other metal leaching operations.
In the metallic copper leaching process, the leaching reaction was more effective when the Cu2+

concentration in solution was higher due to Cu2+ reacting with metallic Cu to Cu+ [22]. This type
of reaction mechanism does not occur in a REE solution since the REEs exist mostly as a compound.
Niobium leaching from titanium oxide residues did not show any effect from the S/L ratio on leaching
recovery [21]. However, Li et al. (2013) reported on a rare earth concentrate leaching study that found
the S/L ratio to have a negative effect on the leaching of a rare earth concentrate when the ratio was
higher than 100 g/L [23]. Therefore, the solid/liquid ratio effect varies from source-to-source in different
leaching environments.

3.2.4. Effect of Acid Concentration

The effect of sulfuric acid concentration on leaching recovery was studied using 0.1 M, 0.5 M,
1 M, and 2 M acid concentrations using the standard values for temperature, stirring speed, and
solid-to-liquid ratio. The initial acid concentrations of 0.1 M, 0.5 M, 1 M, and 2 M resulted in ending
pH values of 1.04, 0.38, 0.11, and −0.25, respectively, after 3 h of leaching. As shown in Figure 8, the
total REE recovery increased substantially from 40% to 74% by elevating acid concentration from 0.1 to
1 M. However, from 1 M to 2 M, the increase was marginal at around 2.5 absolute percentage points.
The optimal acid concentration was selected to be 1 M since higher concentrations of acid did not
provide a significant increase in recovery of REEs.
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Figure 7. Effect of solid-to-liquid ratio on the leaching recovery of total rare earth elements contained
in the Fire Clay coal middlings (75 ◦C, 1 M H2SO4, 530 rpm, D80 = 8.7 μm).

Figure 8. Effect of sulfuric acid solution concentration on the leaching recovery of total rare earth
elements contained in the Fire Clay coal middlings (75 ◦C, 530 rpm, S/L = 10g/L, D80 = 8.7 μm).

The effect of acid concentration on individual RE leaching recovery is shown in Figure 9. Recovery
of the light REEs significantly increased when acid concentration was elevated from 0.1 M to 1 M
and very little improvement was realized when using a 2 M acid solution. Scandium was the least
sensitive to acid concentration. The remaining un-leached portion of Sc is likely associated with a
mineral structure that requires a higher level energy to break down. Yang et al. (2018) improved the
scandium leaching recovery from 31% to 74% after treated by roasting with no chemical additives at
750 ◦C for 2 h from a coal-based material [24].
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Figure 9. Effect of sulfuric acid solution concentration on individual rare earth element leaching
recovery (2 h, 75 ◦C, 530 rpm, S/L = 10 g/L, D80 = 8.7 μm).

3.2.5. Effect of Temperature

A leaching process that is mainly controlled by a diffusion process is more dependent on
mixing conditions whereas temperature has a more significant effect on chemical reaction controlled
processes [25]. The effect of temperature on REE leaching using 1 M H2SO4 was investigated using
a stirring speed of 530 rpm and S/L ratio of 10 g/L for 2 h. Samples were taken over shorter time
increments due to the relatively fast kinetics during the first 20–30 min. Figure 10 shows that REE leach
recovery increased significantly with an elevation in leaching temperature. When the temperature
was increased from 298 K (25 ◦C) to 348 K (75 ◦C), leaching recovery increased from 35% to 75% after
2 h of leaching. The data suggests the existence of a relatively fast leaching process during the first
20 min followed by a slow process. As such, two or more reaction mechanisms may be occurring when
leaching the coal source.

Figure 10. Effect of leaching reaction temperature on the leaching recovery of total rare earth elements
contained in the Fire Clay coal middling (1 M H2SO4, 530 rpm, S/L = 10g/L, D80 = 8.7 μm).
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The effect of temperature on individual REEs is shown in Figure 11. Most of the light REEs (i.e.,
La, Ce, Pr, Nd, Sm) appeared to be very sensitive to temperature, which indicated that the leaching
mechanism of light REEs was mostly chemical reaction controlled. The recovery of Ce, Pr, and Nd
increased from 36%, 39%, and 36% to 79%, 84%, and 80%, respectively, by increasing the temperature
from 25 ◦C to 75 ◦C. The heavy REEs and scandium recovery improved with higher temperature, but
the increase was not as significant. Scandium recovery rose from 29% to 36%. For the recovery of
elements that were relatively insensitive to temperature, the activation energy is generally low and
more likely to be a result of a diffusion controlled process [26].

Figure 11. Effect of leaching reaction temperature on the leaching recovery of individual rare earth
element (1 M H2SO4, 530 rpm, S/L = 10g/L, D80 = 8.7 μm, retention time of 120 min).

3.2.6. Morphology

The morphology of the Fire Clay coal middling particles before and after sulfuric acid leaching
was studied using SEM. As shown in Figure 12a, the feed material consisted of heterogeneous particles
comprised of mostly quartz and clay, which agrees well with the XRD analysis shown in Figure 12b.
After 2 h of leaching at 50 ◦C, the particles were found to have a porous structure on the surface with a
micro pore structure as shown in Figure 12b. After 2 h of leaching at 75 ◦C, the porous structure on
some of the particle surfaces appeared larger in size as shown in Figure 12c. The images show no visible
layer on the surface instead of porous structure due to dissolution. Therefore, the diffusion process in
this reaction may be the results of interfacial transfer of the products and the reagent diffusion through
the porous structure of solid particles.

Figure 12. SEM images of particles found in (a) leaching feed material; (b) solid residue after 2 h
leaching at 50 ◦C; (c) solid residue after 2 h leaching at 75 ◦C (1 M H2SO4, 530 rpm, S/L = 10 g/L,
D80 = 8.7 μm).
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The leaching process involved several simultaneous reactions due to the mineral composition
and the variety of REE associations. The REEs were found to exist in crystallized structures (mostly
silicates and phosphate compounds), which usually require decomposition to be extracted under the
current leaching conditions. A small portion of the REEs are present as RE ion substitution form in
clays whereas most are associated with soluble RE containing minerals. Based on the results shown
in Section 3.2.5, extraction of light REEs in this coal source was more sensitive to temperature thus
the light REEs were more likely to be mineral associated, whereas the heavy REEs extraction was
more independent to temperature thus more likely to be soluble metal oxides and adsorbed ions onto
clay minerals.

3.3. Kinetic Analysis

The leaching process is classified as a fluid–particle heterogenous reaction in which a liquid reacts
with a solid by contacting and transforms the solid into a product. A solid particle that reacts with a
liquid and shrinks in size during the reaction can be described by a shrinking core model. The reaction
is a five-step process, i.e., (1) diffusion through the film layer, (2) diffusion through the product layer,
(3) chemical reaction on the surface, (4) product diffusion through the product layer and (5) product
diffusion through the film layer to the solution. The slowest step is known as the rate determining
process. The activation energy of a certain leaching step can be quantified by selecting the most
accurate rate equation to represent the reactions [25].

A variety of rate equations have been developed and reported in literature that describe the
leaching rate process [25,27,28]. Among the equations, the rate equation (Equation (2)) developed
by Crank–Ginstling–Brounshtein, which describes the mass transfer across product layer, fits the
experimental data well, i.e.,

kdt =
[
1− 2

3
α− (1− α) 2

3

]
(2)

here α is the fraction that reacted; kd is the kinetic constant.
The Crank–Ginstling–Brounshtein equation was used to linearize the extraction fraction (α) among

all the temperatures using the experimental data for the first 20 min of leaching and the following
20–120 min of the reaction as shown in Figure 13. The correlation coefficient values (R2) and the
corresponding slopes (k) of the plots are listed in Table 2. Rate constants were calculated and the
Arrhenius plots of ln(k) versus 1/K are as shown in Figure 14 for the two leaching stages. The activation
energy determined for the first 20 min was 36 kJ/mol and 27 kJ/mol for the following 20–120 min of
leaching. The activation energy values for both leaching periods were close to the energy barrier that
is typically used to identify a diffusion controlled or chemical reaction controlled process, which is
around 20 kJ/mol [26].

Table 2. Correlation coefficients of diffusion-controlled kinetics models at different temperatures for
total REEs.

Temperature Diffusion 1–20 min Diffusion 20–120 min

◦C K k a R2 k a R2

25 298 0.0002 0.0017 0.9949 0.0001 0.0036 0.996
40 313 0.0007 0.0022 0.9648 0.0002 0.0129 0.9977
50 323 0.0009 0.0046 0.9616 0.0003 0.0196 0.9402
60 333 0.0014 0.0068 0.9919 0.0004 0.0262 0.9934
75 348 0.0019 0.0189 0.9627 0.0005 0.0487 0.9796

Note: k denotes the slope of the regression line, and a denotes the intercept of the regression line.
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Figure 13. Kinetic modeling of total REEs recovery during the (a) first 20 min, and (b) 20–120 min
of leaching at various temperatures for the Fire Clay middlings (1 M H2SO4, 530 rpm, S/L = 10 g/L,
D80 = 8.7 μm, retention time of 120 min).

Figure 14. Arrhenius plot for the total REEs leached from the Fire Clay coal middlings during the
(a) first 20 min, and (b) 20–120 min of leaching (1 M H2SO4, 530 rpm, S/L = 10g/L, d80 = 8.7 micron).

Since the coal tailing material is a heterogenous material that contains a number of potential
modes of occurrence of REEs, the leaching process is not a single reaction. The resulting requirement
for activation energy is a combination of the various forms of REEs. In addition, the material contains
both calcite and pyrite among other soluble minerals that create a complex solution environment
where the localized pH elevation on the solid particle surface could cause a product layer to be formed.
The interfacial transfer of product through the porous structure of the solid particles requires high
activation energies as reported by Li et al. (2010 and 2013), which can be as high as 40 kJ/mol [23,29].

To support the hypothesis, the activation energies for light and heavy REE groups were calculated
using the data provided in Tables 3 and 4, respectively. The activation energy values for leaching
the light REEs over the first 20 min and the period between 20 and 120 min were 41.8 kJ/mol and
28.1 kJ/mol, respectively. On the other hand, the activation energy values for the leaching of heavy
REEs for the first 20 min and the 20–120 min of reaction were 24.2 kJ/mol and 26.1 kJ/mol, respectively.
These values indicate that the leaching of the light REEs during the initial stage is more of a chemical
reaction followed by the formation of a product layer and a reduced activation energy. The activation
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energy required for leaching the heavy REEs during the initial stage was significantly lower than that
of the light REEs. This finding implies that the major rate controlling mechanism for heavy REEs
leaching is diffusion.

Table 3. Correlation coefficients of diffusion-controlled kinetics models at different temperatures for
light REEs.

Temperature Diffusion 1–20 min Diffusion 20–120 min

◦C K k a R2 k a R2

25 298 0.0002 0.0016 0.9975 0.0001 0.0034 0.9971
40 313 0.0005 0.0017 0.9963 0.0002 0.0115 0.9931
50 323 0.001 0.0042 0.9712 0.0003 0.0214 0.9542
60 333 0.0015 0.0068 0.9929 0.0004 0.0278 0.9928
75 348 0.0021 0.0198 0.9648 0.0005 0.0571 0.9888

Note: k denotes the slope of the regression line, and a denotes the intercept of the regression line.

Table 4. Correlation coefficients of diffusion-controlled kinetics models at different temperatures for
heavy REEs.

Temperature Diffusion 1–20 min Diffusion 20–120 min

◦C K k a R2 k a R2

25 298 0.0002 0.0028 0.9593 0.00005 0.0049 0.9634
40 313 0.0004 0.0032 0.9943 0.00008 0.104 0.98
50 323 0.0005 0.0051 0.939 0.00009 0.0127 0.9704
60 333 0.0007 0.0068 0.9803 0.0002 0.016 0.9972
75 348 0.0008 0.013 0.941 0.0002 0.0251 0.9857

Note: k denotes the slope of the regression line, and a denotes the intercept of the regression line.

It was noted that the reaction kinetics was extremely fast within the first 1 min of the reaction. A
possible explanation is that, due to the different modes of occurrence of REEs in coal-based material,
the easy-to-leach REEs was instantaneously released at the beginning of the leaching process, and the
hard-to-leach fraction controlled the reaction rate. The mode of occurrence of REEs can be categorized
into different forms (i.e., ion exchange form, carbonate form, metal oxide form, acid soluble form,
and insoluble form) with different levels of activation energy needed for extraction [24]. Zhang and
Honaker (2020) studied the REE mode of occurrence in coal using the sequential chemical extraction
method and quantified the REEs associated with each mode [30]. The REEs associated with ion
exchangeable form and carbonates are likely to be released instantaneously at the beginning of the
extraction process under the leaching conditions of the current study.

4. Conclusions

The Fire Clay coal is an excellent source for REE extraction due to its elevated REE contents
and high leaching recovery values. Reducing the particle size of the middings material prior to
de-carbonization resulted in the liberation of the associated micro-dispersed mineral matter that
contained significantly higher concentrations of REEs. Decreasing the P80 particle size from 38 μm
to 5 μm nearly doubled the concentration of REEs in the tailings of the flotation steps, which was
the material used a feed for the leaching tests. The major minerals present in the sample were
quartz, kaolinite, illite, and muscovite. Exponentially increasing the particle surface area through
grinding resulted in higher solid dissolution which elevates the consumption of hydrogen ions and the
concentration of contaminant metal ions.

The type of inorganic acid does not affect leaching recovery significantly but has an impact on
the initial leaching rate. The mixing condition is sufficient at rotational speed values above 500 rpm.
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Furthermore, solid concentration and acid concentration have a significant effect on leaching recovery
of REEs. Scanning electron microscope (SEM) images showed no visible product layer or coating
product on the particle surfaces. Therefore, the diffusion process in this reaction may be contributed
by the interfacial transfer of the products and the reagent diffusion through the porous structure of
solid particles.

The kinetic data obtained from leaching over a range of temperatures suggested that the leaching
process follows the diffusion control shrinking core model. The activation energy determined from
test data obtained over a range of temperatures using 1 M sulfuric acid was 36 kJ/mol for the first
20 min of reaction time and 27 kJ/mol for the leaching period between 20 and 120 min. The leaching of
light REEs during the initial stage is much greater than the typical energy barrier of 20 kJ/mol, which
indicates that a mixed control mechanism may occur as a result of several heterogenous materials
leaching simultaneously. The energy required for later stage of leaching reduced significantly. The
activation energy required for leaching the heavy REEs during the initial stage was significantly lower
than that of the light REEs, which implies that the major rate controlling mechanism for heavy REE
leaching is the diffusion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/491/s1,
Table S1: Solid loss and REs content in leaching solid residue and leachate solution.
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Abstract: Although clay mineral content in ion-absorbed rare earth ores is crucial for migrating and
releasing rare earth elements, the formation, distribution, and migration of clay minerals in supergene
rare earth ores have not been fully understood. Therefore, this study analyzes the characteristics
of clay mineral type and content, soil particle size, pH value, leaching solution concentration, and
leaching rate. This analysis was performed using different methods, such as regional rare earth
mine soil surveys, in situ leaching profile monitoring, and indoor simulated leaching. The results
showed that the grain size and volume curve of rare earth ore have unimodal and bimodal shapes,
respectively. X-ray diffraction showed the differences in clay mineral types formed by different
weathered bedrocks. The principal clay minerals were kaolinite, illite, chlorite, and vermiculite, with
their relative abundance varying with parent rock lithology (granite and low-grade metamorphic
rocks). In the Ganxian granite weathering profile, the kaolinite content increased from top to bottom.
The decomposition of feldspar minerals to kaolinite was enhanced with an increase in the SiO2 content
during weathering. The in situ leaching profile analysis showed that the kaolinite content increased
initially and then decreased, whereas the illite/mica content exhibited the opposite trend. Under
stable leaching solution concentration and leaching rate, clay mineral formation is favored by lower
pH. Low pH, low leaching rate, and highly-concentrated leaching solution (12 wt%) resulted in a slow
increase in kaolinite content in the upper part of the profile (30 cm). A lower concentration of the
leaching solution (4 wt%) resulted in rapid enrichment of kaolinite after 15 days. Low pH, leaching
solution concentration, and leaching rate promoted the formation of distinct kaolinite horizons. We
suggest that by disregarding other control factors, rare earth recovery of over 90% can be achieved
through leach mining with solutions of 8 wt% and a pH of 5 at a leaching rate of 5 mL/min.

Keywords: clay minerals; grain size characteristics; in situ leaching; simulated leaching; ion-absorbed
type rare earth ore

1. Introduction

Rare earth elements (REEs) are 16 chemical elements grouped by their atomic number, and classified
as light (LREEs), middle (MREEs), and heavy (HREEs). The weathered crust elution-deposited REE
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ores in southern China have drawn much attention because of their abundance of granitic residuum,
their simple extraction processes, and their well-distributed composition [1–3].

The migration and enrichment of REEs are controlled by several factors, such as parent rock
lithology, pH value, intensity of weathering, and topography [4–6]. Previous studies have shown that,
for chemical index of alteration (CIA) values of 65%–85% in granite, clay minerals increase rapidly
with an increasing degree of weathering. There is a positive correlation between the loss on ignition
(LOI) of 2%–6% in the weathering crust and REE content [7].

Clay minerals have a controlling effect on the migration and release of REE ore. The completely
weathered layer of a weathering crust mainly comprises quartz, feldspar, and clay minerals. The clay
mineral content decreases gradually from the weathering crust surface to the lower layer, where clay
minerals are converted from hydromica and montmorillonite to halloysite, kaolinite, and gibbsite [8].

The distributions of REEs in the weathering crust are controlled by both the composition of the
parent rock and the clay mineral content of the weathering crust. Halloysite, a clay mineral, plays a
significant role in the differentiation of cerium [9]. Halloysite has a stronger effect than kaolinite in
the adsorption of REEs; however, this adsorption mechanism is not yet fully understood. Previous
studies found that the adsorption of REEs is controlled by the properties of the clay minerals rather
than the electrolyte solution or dissolved carbon dioxide content [10]. The adsorption capacity of
kaolinite increases linearly with increasing pH. A fractionation between HREEs and LREEs due to
selective sorption is observed, with HREEs being more sorbed than LREEs at high ionic strengths [10].
For montmorillonite at pHs below 4.5, the REE adsorption capacity is constant, and is modeled by cation
exchange [11]. Different clay minerals have different adsorption capacities for REEs. Chi et al. [12]
showed that for three common clay minerals, the cation adsorption capacity follows the order:
montmorillonite > halloysite > kaolinite. This result shows that different parent rock lithologies will
result in different weathering crust structures and clay mineral compositions. Intimate grain-to-grain
contacts promote a unique chemical environment at the microscale, bringing about the formation of
transient clay mineral phases which quickly disappear in the overlying soil [13]. The bulk of illite in
the weathering crust is due to the weathering of mica minerals. A study of unstable soil profiles found
that illite is converted into vermiculites or interstratified illite-smectite [14].

Climatic and environmental change is one of the causes of compositional differentiation in
clay minerals. Kaolinite and kaolinite interlayer minerals are dominant in strongly leached soil
layers [15], while illite and montmorillonite represent a cold and humid climate with weak chemical
weathering [16]. Clay minerals of different crystal characteristics differ in physical structure and
properties [13]. Clay minerals that host ion-adsorbed REE ores have large specific surface areas and
a strong capacity to adsorb REE ions. The clay mineral content thus controls the migration and
enrichment of REEs—processes of great significance for REE mineralization.

Although the clay mineralogy of weathered crust elution-deposited REE ores varies, several studies
have demonstrated that the clay minerals in these ores commonly comprise halloysite, kaolinite, some
illite, and rare montmorillonite [17]. It is widely believed that the horizon enriched in REE generally
contains abundant halloysite and kaolinite [18,19], and that clay mineral migration is controlled by
soil particle size and specific leaching conditions [20,21]. The metallogenetic mechanism of weathered
crust elution REE deposits could involve the weathering of granodiorite and volcanic rocks in warm
and humid climates, with the transformation of their parent mineralogy into kaolinite, halloysite,
and montmorillonite [22]. In weathering crust elution-deposited REE ores, REEs adsorbed on the
clay minerals by ion-exchangeable phases account for more than 80% of the total REE content [3].
However, leaching is controlled by the properties of the REE ore, by the nature and concentration
of the leaching reagent, and by the hydrodynamics, kinetics, and mass transfer of the leaching
process [22]. We postulate that the weathered crust elution-deposit REE ore is associated with REE
ion enrichment, which is dissociated with hydrated or hydroxyl hydrated minerals and adsorbed by
clay minerals, which are subsequently deposited, and mineralized in the weathered crust over a long
period. In contrast, this is not to say that all REE mineralization can be explained by a single model.
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It is important to understand that the clay mineralogy in different environments of REE ore formation
varies with different conditions of parent rock, pH values, degrees of weathering [4,5], and mining
conditions [9]. This study investigates the types and changing characteristics of clay minerals in several
ion-absorbed REE ores in southern Jiangxi Province, China, during weathering and in situ leaching,
with an aim of improving the recovery rate. To achieve this, soils on the surface of the weathered crust
in a typical rare earth mining area in southern Jiangxi Province were sampled. Then, methods such as
in situ leaching profile monitoring and indoor leaching simulation experiments were used to study the
characteristics of the clay mineral properties and soil particle size.

2. Background

2.1. Study Site

The study sites are located in the REE mining regions of Longnan County, Anyuan County,
Ganxian District, Ganzhou, Jiangxi Province, China (Figure 1). The region is situated in the subtropical
monsoon climatic zone, with an average annual precipitation of 1461.2 mm and an annual average
temperature of 19.4 ◦C [23]. The topography is high in the south and east and low in the north and
west [23]. The central region consists mostly of basins between hills. REE mines are mainly distributed
in these basins.

 

Figure 1. The location of sampling sites.

2.2. Regional Stratigraphy and Lithology

The study area mainly comprises sandstones, slates, phyllites, and carbonates of the Lower
Paleozoic (Sinian) to Mesozoic ages, covered by Quaternary sediments, except for the Silurian,
Ordovician, and Tertiary. Quaternary sediments consist of loose fluvial deposits in a river terrace with
a high ratio [24].

Magmatic activity in the area can be resolved into four cycles: Caledonian, Variscan, Indosinian,
and Yanshanian. The main lithology of igneous intrusions is an acidic to medium-acidic rock [25]. These
three types of magmatic rock account for 99.2% of all magmatic rocks in the region. This corresponds
to the diagenesis times of 461–384, 228–242, and 189–94 of REE ore-bearing rocks, respectively, as given
in [26].
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3. Materials and Methods

3.1. Sample Collection

A total of 49 surface soil samples were collected from REE mines; among these, 27 were sampled
regionally, mainly from Anyuan, Longnan, and Dingnan. Ten profile samples were also collected from
Jiangwozi, in Ganxian District [27] and from the Wenlong REE mine in Longnan County (longitude
114◦49′31.99”E; latitude 24◦49′21.68”N).

The in situ leaching profile of the Wenlong REE mine was sampled on three different occasions,
October 2, 2016; January 13, 2017; and April 13, 2017, over 193 days (12 samples in total). These samples
were collected at elevations from 255 to 249 m and at depths from 0.5 to 1.5 m from the surface; the location
was mapped with GPS. The sampled weathering profile comprises, from the surface to the bedrock,
purple clayey-sandy soil, red silty clay, gray yellow clayey- sand. The underlying bedrock lithology
comprises siliceous slate with high organic content, fine sandstone, grayish-white medium-crystalline
granodiorite, fine-medium biotite granite, and grayish-white medium-crystalline granodiorite.

3.2. Simulated Leaching Experiment

An unexploited weathering crust with soil horizons similar to those of the in situ leaching
profile (i.e., completely weathered upper layer; the transitional middle layer; only partly weathered
bottom layer) was selected as representative of the textural and structural characteristics of the typical
ion-absorbed REE profile. In the laboratory, a custom column device consisting of a liquid injection
barrel, soil column tube, and liquid collection basin was used for the leaching experiment.

The soil column tube used a PVC pipe with a height of 120 cm and inner diameter of 11 cm.
An array of sampling holes located at 30, 50, 70, 90, and 110 cm from top to bottom were punched
through the pipe wall. The tube bottom was sealed by a lid with a floor drain and plug. To prevent
leaching of the sample with the liquid discharge, a paper filter of cotton fiber with 11 cm diameter,
similar to the PVC pipe, was laid on the floor of the drain, and the bottom lid was perforated and
connected to a plastic hose to receive the leaching ore concentrate. The field profile was sampled
following its pedostratigraphy, and the samples were placed in the soil column tube to recreate this
stratigraphy, from bottom to top layers. Deionized water spraying was used regularly to ensure that
the water content and water holding rate in the soil column sample were approximately consistent
with those in the field profile. A total of eight soil columns (T1–T8) were made, each tube was filled
with 100 cm of soil, and filter paper with a diameter of 11 cm was placed on the top. The leaching
solution was made from analytically pure (NH4)2SO4 crystals dissolved in deionized water (from
AK-RO-UP-500), to simulate leaching and rainfall. HCl was used to adjust the pH value of the solution.
The leaching time was 40 days, with samples taken on the 5th, 15th, 23rd, and 40th day. The machine
standard was RO < 0.7 mV and UP < 20 MΩ. The specific leaching parameters of each soil column are
shown in Table 1.

Table 1. Experimental parameters of simulated leaching.

Soil Column No. Leaching Solution pH
Content of

(NH4)2SO4 (wt%)
Leaching Solution

Flow Rate (mL/min)

T1 (NH4)2SO4 5 8 3
T2 (NH4)2SO4 3 8 3
T3 (NH4)2SO4 4 8 3
T4 (NH4)2SO4 5 12 3
T5 (NH4)2SO4 5 4 3
T6 (NH4)2SO4 5 8 1
T7 (NH4)2SO4 5 8 5

T8 (Simulated rainfall) Deionized water 6.8~7.2 0 3
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3.3. Particle size Analysis

The particle size analysis was conducted using different analytical testing methods. Regionally
collected samples (27) were processed by the wet sieving method [27]. Particles of less than 0.075 mm
were tested on an LS908 (A) laser particle size analyzer (Henan Zhengzhou North-south Instrument
Equipment Co. LTD, Zhengzhou, China) at the Jiangxi University of Science and Technology
School of Resource and Environmental Engineering. The coarser (>0.075 mm) fraction of the in situ
leaching profile was also analyzed by wet sieving, while the <0.075 mm fraction was analyzed with a
Malvern MasterSizer 2000 laser particle size analyzer at the Peking University School of Urban and
Environmental Sciences.

3.4. Clay Mineral Analysis

The XRD analysis of clay minerals followed standard procedures, as described in [28,29]. Bulk
samples were pulverized to a fine powder using a planetary ball mill with agate elements. Specimens
for XRD analysis were front-loaded using a blade; sieve rotation ensured random grain orientation.
The clay fraction was separated in deionized water; the clay suspension was then deposited onto
0.45 μm Whatman filters in vacuum, and transferred to glass slides. Each concentrated clay sample
was air-dried before XRD analysis, and then saturated with ethylene glycol for subsequent analysis.
Occasionally, heat treatment was necessary; in this case, the slides were heated for one hour at 550 ◦C
before further XRD analysis. Analyses were performed with Rigaku D/max 2550 XRD at the Oil and
Gas Laboratory in ALS Houston, USA, and at the Key Laboratory of Nonferrous Metal Materials
Science and Engineering of the Ministry of Education, in the Central South University, China. A Bruker
Endeavor D4 XRD (Cu radiation, 40 kV, 40 mA) at 0.02564 degree/step/second was used for bulk
analysis; clay analysis was performed at 0.02992 degree/step/second.

XRD patterns of separated clay fractions on glass were used for clay mineral identification. Mineral
identification was facilitated by JADE (version 9.5). Quantitative analysis of minerals was performed
by the Rietveld method [30], and amorphous phases were not accounted. The results were normalized
to 100% based on the assumption that the complete mineral content of the sample was accounted for in
the XRD patterns. Duplicate samples were analyzed at the two laboratories in the United States and
China, and the error was less than 10%.

4. Results

4.1. Particle Size Analysis

A total of 27 regional particle size samples were analyzed. Particle size distribution curves from
this sample set show both unimodal and bimodal patterns (Figure 2).

  

Figure 2. Grain size distribution of 27 regional samples: (a) shows unimodal patterns; and (b) shows
bimodal patterns.
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Particle size curves with unimodal patterns presented approximate normal distribution, with the
exception of Sample LN-03 (Figure 2a). A significant peak was estimated in the particle size range of
2.1–17.2 μm, with volume ratio from 8.96 to 10.36. The range of grain size ratio was more than 70% and
was controlled by fine particles. Significantly, Sample LN-03 showed a unimodal curve with obvious
right-hand deviation (Figure 2a), with a grain size peak at 30.5 μm and volume ratio of 7.2%. Therefore,
in Sample LN-03, the peak volume ratio was lower and the particle size was coarser than that in other
unimodal samples. In samples of bimodal particle size distribution, the first significant peak appeared
at 1.7 μm (Figure 2b), with an estimated particle size range of 1.4–2.6 μm and volume ratio of 1.5%–5%.
The maximum peak interval was in the particle size range of 2.6–9.7 μm, whereas the volume ratio was
in the range of 1.47%–10.07%. The third peak interval was in the particle size range of 14.2–36.9 μm,
with a volume ratio of 4% to 7.5%.

Samples with unimodal particle size distribution (Figure 2a; e.g., AY-05 and AY-09) originated in
weathering crust comprising red silty clay, indicative of advanced bedrock weathering and pedogenesis.
This weathering crust overlies bedrock lithology with siliceous slate and fine sandstone interlayers.
In contrast, samples with bimodal particle size distribution originated in soils over grayish-white
medium-grained granodiorite with moderate weathering.

In the samples from the weathering crust profile, the grain size increased gradually up-profile,
reflecting the degree of weathering in different profile horizons. Sample LN-03, with a coarser particle
size overall (Figure 2a), came from a depth of 0.90 m, which is close to party weathering bedrock. The
particle volume distribution curves indicate that particle size distribution in the REE mine does not
follow a single normal distribution pattern, thus reflecting considerable differences in soil particle size
gradation. These analyses show that sample location, degree of weathering, and bedrock lithology
affect the distribution of soil particle size.

4.2. Regional Clay Mineral Analysis

The clay minerals in the regional samples were mainly kaolinite, followed by illite, chlorite,
vermiculite (Table 2). Mineral residues from the parent rock included quartz and potassium feldspar
with small quantities of plagioclase in some samples. The kaolinite content varied greatly in the
regional samples (maximum: 62.1%; minimum: 8.8%; average: 31.91%; standard deviation of 11.90).

Table 2. Main clay minerals content of regional in soil.

Serial
Number

Sample
Clay (%) Other Minerals (%)

Vermiculite Chlorite Kaolinite Illite-Mica Quartz
Potassium
Feldspar

Plagioclase

1 AY-01 * - 1.8 37 9.4 42.8 8.3 -
2 AY-02 - - 40.3 10.1 39.8 9.8 -
3 AY-03 * - - 37.5 13.5 40.8 6.7 -
4 AY-05 * - 2.8 37.3 3.4 38 13.4 -
5 AY-06 * - 2.7 38.1 6.3 30.8 15.9 -
6 AY-07 - - 62.1 13.9 20.3 3.7 -
7 AY-08 - - 56 16.4 22.8 4.7 -
8 AY-09 * - 2.5 31.5 5.9 42.2 10.5 -
9 AY-10 - - 36.9 9.5 42.2 11.3 -
10 AY-11 - - 36.2 4.9 55.7 3.2 -
11 AY-12 * - 3.4 29.2 0 43.8 6 -
12 AY-13 * 6.6 1 45.8 3.1 23.3 23.1 -
13 DN-13 * - 2.6 28.6 1.8 31.4 31.8 -
14 DN-16 * 1.5 1.5 24.5 1.3 34.1 35.3 -
15 LN-01 * 1.9 0.9 32.8 - 48.7 6.8 -
16 LN-02 3.8 - 25.4 21 35 18.7 -
17 LN-03 - - 8.8 28.6 54.4 8.2 -
18 LN-04 * - - 30.3 2 47.8 18.6 -
19 LN-05 0.1 - 23 19.1 44.1 13.8 -
20 LN-06 * - 11.9 0.4 31.5 29.3 10
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Table 2. Cont.

Serial
Number

Sample
Clay (%) Other Minerals (%)

Vermiculite Chlorite Kaolinite Illite-Mica Quartz
Potassium
Feldspar

Plagioclase

21 LN-07 1.5 - 12.4 13 59.6 15 -
22 LN-08 * - - 30 0.3 47.8 13.2 0.4
23 LN-09 * 1.4 - 33.7 0.6 43.7 16.9 -
24 LN-10 * 0.6 - 37.9 1.3 39.3 15.4 1.2
25 LN-11 0.8 - 13.5 6.4 53.9 26.2 -
26 LN-12 * - - 30.1 0.3 38.3 25 1
27 LN-18 * - - 30.9 3.2 49.8 6.5 1.5

* Sample analyses were supported by Oil and Gas Laboratory in ALS Houston.

Since the chemical composition of kaolinite is the same as that of halloysite (except for
weakly-bound interlayer water) [31], the kaolinite diffraction peak is the same as that of halloysite.
Fang et al. [9] studied clay minerals in six REE mining areas in southern Jiangxi Province;
the characteristic diffraction peaks of halloysite and kaolinite were 7.30–7.45 Å, 4.5–4.6 Å, 3.58–3.60 Å,
and 3.32–3.37 Å. Chi et al. [3] found that the weathered crust leaching type REE ore was mainly composed
of clay minerals, i.e., mainly halloysite, illite, kaolinite, and very small amounts of montmorillonite,
alongside quartz sand and rock-forming minerals (feldspar). Halloysite is generally formed in the upper
layer of a weathering crust from kaolinite interstratified minerals in noncrystalline stage, resulting from
weathering and the dissolution of feldspar [13,15,32]. We infer that the kaolinite identified through
XRD in our samples may contain kaolinite and kaolinite-interstratified minerals. The coexistence of
both minerals in weathering profiles is frequently reported in studies with electron microscopy [32,33].

4.3. Analysis of Clay Minerals in the in Situ Leaching Profile

Samples from the Jiangwozi and Longnan profiles, Ganxian District, mainly comprised kaolinite
and illite (i.e., mica), along with quartz and feldspar (Table 3). The kaolinite content ranged from 8.3%
to 35.0% (average: 18.88%; standard deviation: 7.82).

Table 3. Main clay minerals content of soil profile (%).

Serial Number Sample Kaolinite Illite-Mica Quartz Potassium Feldspar Depth (cm)

1 GX-01 16.2 19.2 39.7 24.8 20
2 GX-02 18.7 13.5 37 30.8 45
3 GX-03-2 25.9 15.3 33.6 25.2 60
4 GX-03-1 20.3 7.3 39.7 32.7 80
5 GX-04-5 28.2 13.6 31 27.2 105
6 GX-04-4 14.9 15.9 34 35.2 130
7 GX-04-3 16.4 11.3 33.3 39 150
8 GX-04-2 16.5 22.5 32.3 28.6 170
9 GX-04-1 35 17.2 33.1 14.7 190
10 GX-05 9.8 12.4 39.9 37.9 215
11 P01-1-1 12.6 17.2 46.2 31.3 80
12 P01-2-1 12.3 16 40.5 34.1 150
13 P01-3-1 9.5 12.3 44 24.9 195
14 P01-4-1 11.8 10.1 53.2 16.4 280
15 P01-1-2 8.9 13.4 61.3 25.1 80
16 P01-2-2 8.3 13 53.6 18.3 150
17 P01-3-2 33 11.9 36.8 24.2 195
18 P01-4-2 17.7 15 43 20.9 280
19 P01-1-3 22.5 20.7 35.8 30.6 80
20 P01-2-3 22.8 19.9 26.7 21.4 150
21 P01-3-3 31.2 13.8 33.6 34.3 195
22 P01-4-3 22.8 15 27.9 31.3 280
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In the Jiangwozi profile, the kaolinite content increases nonlinearly from the surface to the bottom,
from 16.2% to 28.2% (Table 2), and then decreases gradually. The kaolinite content reached a maximum
of 35.0% at 200 cm from the surface, where the soil texture is coarse and fine sand. At this depth,
kaolinite is distributed like a network [27]. The REE ore of the Jiangwozi profile is mainly enriched
in the weathering and leaching layer between 90 and 200 cm. The change of clay mineral content is
closely related to the chemical weathering rate of the rock: the maximum kaolinite content (35.0%) is
in GX-04-1 where potassium feldspar content is at its minimum (14.7%), suggesting that potassium
feldspar is strongly weathered. At depths of 0–55 cm, the illite (mica) content showed the opposite
trend to that of kaolinite. From 70 to 120 cm, illite (i.e., mica) follows the same trend as kaolinite, but
its content is lower. At this depth, the content of coarse particles is relatively increased, probably due
to enhancement of chemical weathering and vertical migration of particles. The kaolinite content
peaks at about 200 cm, while the illite content peaks earlier, at around 190 cm (at 17.2%). Yang [34]
researched the clay mineralogy of the REE weathering crust of Longnan granite, in Jiangxi Province,
and found that the crystallization degree of kaolinite gradually increased down-profile, suggesting
that the content of kaolinite also increased. This discovery was demonstrated in granite weathering
crust profiles where kaolinite was dominant at the bottom of crust [13,35].

The analysis of soil clay minerals and rare earths in the Wenlong mine showed that at the onset of
in situ leaching, kaolinite is absent; however, as leaching continues, the kaolinite content increases
dramatically at depth of around 200 cm (Table 2). In comparison, with the significant change with
depth in the Ganxian District profile, at the Wenlong mine profile, kaolinites formed in the course
of weathering increase gradually as in situ leaching progresses. This is the result of the coupling of
natural weathering and human activity (profile stripping in the course of REE mining).

4.4. Clay Minerals in the Simulated Leaching Profile

The clay (kaolinite and illite) and other mineral (quartz, potassium feldspar, and plagioclase)
content of the eight soil profiles subjected to the simulated leaching experiment are presented in Table 4.
Each soil column sample is denoted by a three-digit number: the first digit (T1 to T8) represents the
number of the soil column; the second digit (1, 3, and 5) represents the depth of the sample in the soil
profile (at 30, 70, and 110 cm, respectively); and the third digit (1, 2, 3, and 5) represents the time of
mineral concentration measurement since the onset of the experiment (5th, 15th, 23rd, and 40th day,
respectively).

Table 4. Clay and other mineral content of eight soil profiles (T1 to T8) at different times during
simulated leaching (%).

Serial Number Sample Kaolinite Illite-Mica Quartz Potassium Feldspar Plagioclase

1 T1-1-1 22.3 7.4 45.7 24.6 -
2 T1-1-2 21.5 7.8 48.1 22.6 -
3 T1-1-3 20.2 5.1 45.2 29.6 -
4 T1-1-5 11.1 12.9 45.9 30.1 -
5 T1-3-1 18.9 8.8 55.6 16.7 -
6 T1-3-2 14.9 9.4 39.4 36.2 -
7 T1-3-3 13.8 13.2 51.7 21.3 -
8 T1-3-5 6.8 14.7 54.6 23.9 -
9 T1-5-1 15.2 14.6 36.6 33.6 -

10 T1-5-2 13.1 8.6 48.1 30.2 -
11 T1-5-3 16.1 12.8 37.2 33.9 -
12 T1-5-5 17.5 8.2 39.2 35.1 -
13 T2-1-1 20.5 11.4 42.5 25.5 -
14 T2-1-2 16.6 12.5 37.7 33.2 -
15 T2-1-3 21.7 7.2 45.3 25.8 -
16 T2-1-5 20.2 10.2 46.3 23.2 -
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Table 4. Cont.

Serial Number Sample Kaolinite Illite-Mica Quartz Potassium Feldspar Plagioclase

17 T2-3-1 11.2 12.5 44.8 35.1 -
18 T2-3-2 9.2 15.0 43.0 32.8 -
19 T2-3-3 8.8 23.2 35.9 32.1 -
20 T2-3-5 10.5 23.0 43.1 23.5 -
21 T2-5-1 8.9 20.8 44.4 25.8 -
22 T2-5-2 8.5 16.0 42.2 33.4 -
23 T2-5-3 25.3 1.2 45.5 28.0 -
24 T2-5-5 31.5 5.3 31.0 32.2 -
25 T3-1-1 15.3 10.5 55.5 18.7 -
26 T3-1-2 16.2 12.8 40.2 30.8 -
27 T3-1-3 15.7 16.9 39.6 27.8 -
28 T3-1-5 18.4 9.7 48.4 23.5 -
29 T3-3-1 9.2 17.9 43.3 29.6 -
30 T3-3-2 11.2 14.2 45.7 28.9 -
31 T3-3-3 10.5 15.8 43.5 30.3 -
32 T3-3-5 18.6 20.2 38.0 23.2 -
33 T3-5-1 16.5 15.0 28.5 40.1 -
34 T3-5-2 9.2 11.4 44.8 34.6 -
35 T3-5-3 11.8 21.9 28.3 38.1 -
36 T3-5-5 16.2 17.5 25.9 40.5 -
37 T4-1-1 14.1 14.9 43.9 27.2 -
38 T4-1-2 18.1 12.3 48.5 21.1 -
39 T4-1-3 18.2 11.8 42.8 27.2 -
40 T4-1-5 18.5 10.6 34.0 36.9 -
41 T4-3-1 9.9 12.2 46.2 31.7 -
42 T4-3-2 6.9 16.1 41.8 35.2 -
43 T4-3-3 10.4 16.7 29.8 43.1 -
44 T4-3-5 15.7 20.4 37.3 26.6 -
45 T4-5-1 14.3 16.5 34.0 35.2 -
46 T4-5-2 9.1 14.0 42.5 34.4 -
47 T4-5-3 15.3 9.5 50.1 25.1 -
48 T4-5-5 11.2 6.8 51.4 27.4 3.1
49 T5-1-1 14.2 9.6 48.3 27.9 -
50 T5-1-2 16.9 14.0 43.6 25.5 -
51 T5-1-3 16.4 30.6 35.4 17.6 -
52 T5-1-5 26.7 9.6 34.2 29.5 -
53 T5-3-1 16.6 8.9 49.4 25.2 -
54 T5-3-2 12.4 12.1 47.9 27.5 -
55 T5-3-3 16.2 11.1 41.5 31.2 -
56 T5-3-5 12.1 17.1 39.8 31.0 -
57 T5-5-1 15.2 10.2 29.0 37.8 7.9
58 T5-5-2 9.4 8.8 31.8 32.4 17.6
59 T5-5-3 11.4 13.2 36.7 29.7 9.1
60 T5-5-5 9.6 11.5 54.2 24.6 -
61 T6-1-1 10.9 6.9 52.9 23.9 5.4
62 T6-1-2 10.5 8.4 57.7 19 4.4
63 T6-1-3 9.8 8.6 57.7 23.9 -
64 T6-1-5 14.0 12.5 46.9 26.6 -
65 T6-3-1 13.3 13.2 40.6 30.4 2.4
66 T6-3-2 15.1 12.9 49.7 22.3 -
67 T6-3-3 13.7 10.3 47.0 29.0 -
68 T6-3-5 13.3 12.8 60.6 13.2 -
69 T6-5-1 9.8 13.9 47.8 20.8 7.7
70 T6-5-2 7.0 11.6 59.1 22.3 -
71 T6-5-3 15.4 12.9 40.8 26.1 4.8
72 T6-5-5 16.4 12.3 38.0 29.8 -
73 T7-1-1 16.8 10.2 43.0 22.5 7.4
74 T7-1-2 15.7 13.2 40.1 31.0 -
75 T7-1-3 20.6 13.3 39.9 26.2 -
76 T7-1-5 19.1 21.3 38.3 21.3 -
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Table 4. Cont.

Serial Number Sample Kaolinite Illite-Mica Quartz Potassium Feldspar Plagioclase

77 T7-3-1 7.5 15.5 40.5 30.5 6.1
78 T7-3-2 10.3 13.1 51.3 22.4 2.9
79 T7-3-3 15.3 4.5 38.5 31.1 10.6
80 T7-3-5 11.3 10.9 53.3 19.6 4.9
81 T7-5-1 13.5 8.0 34.1 38 6.4
82 T7-5-2 11.0 14.6 32.8 41.6 -
83 T7-5-3 18.3 12.4 28.0 41.3 -
84 T7-5-5 25.3 17.7 41.5 15.5 -
85 T8-1-1 16.0 9.6 46.4 28.0 -
86 T8-1-5 20.6 19.3 30.7 29.4 -
87 T8-3-1 8.5 5.4 34.7 51.4 -
88 T8-3-5 15.2 11.5 35.7 37.6 -
89 T8-5-1 14.6 11.3 49.9 24.2 -
90 T8-5-5 19.6 17.7 33.8 28.9 -

-: represented that its content was below the detection limit.

The lowest kaolinite content is 6.8%, at T1-3-5, i.e., at sampling port number 3 in the T1 soil
column after 40 days of simulated leaching. The highest kaolinite content is 31.5%, at T2-5-5, i.e.,
sampling port number 5 in the T2 soil column after 40 days of simulated leaching. The average content
of kaolinite in the REE ore is 14.67% and the standard deviation is 4.72. In all columns except T1 and
T2, the first sampling port (depth: 30 cm) shows that the variation in kaolinite content increases with
the longer leaching. This is most obvious in T5, where the kaolinite content after 40 days of simulated
leaching (sample No: T5-1-5) is 1.88 times the initial value. In soil columns T1 and T2, the kaolinite
content changed little in the first 23 days, but after 40 days, it declined significantly in T1. The highest
illite content is 30.6%, at T5-1-3, i.e., sampling port number 1 in the T5 soil column after 23 days of
simulated leaching. Overall, the average illite content in the soil column sample set is 12.78%, with
a standard deviation of 4.63, slightly less than that of kaolinite. Similarly, the illite-mica content of
the first sampling port (depth of 5 cm) increased gradually in T1 and T6–T8 as leaching progressed,
while other soil columns showed no obvious variation. However, in the T5 soil column, the illite-mica
peaked at 30.6% after 23 days of leaching, and then fell back to the initial level after 40 days of leaching.
The second and third sampling ports show that the content of kaolinite, illite and other clay minerals
in the RE ore is complex under different leaching conditions (Table 3), which may be controlled by
many factors.

The minimum content of potassium feldspar is 13.2%, after 40 days of leaching (sample No: T6-3-5),
which is 56.6% lower than the potassium feldspar content at the sampling port at the initial stage of
leaching (sample No: T6-3-1: 30.4%). This result indicates that potassium feldspar at the bottom of
the soil column may have been weathered and mobilized with the leaching solution after prolonged
leaching. The maximum potassium feldspar content is 51.4% (T8-3-1); average value is 28.81%, and the
standard deviation is 6.60. Quartz fluctuates from 25.9 to 60.6% in the course of ore leaching, with
an average value of 42.6%, and a standard deviation of 7.67, which is greater than that of potassium
feldspar. In addition, plagioclase was detected in 15 samples, and its content fluctuated between 2.4%
and 17.6%, with an average value of 6.71% and a standard deviation of 3.68. In the other samples, the
plagioclase content was below the detection limit.

5. Discussion

5.1. Soil Particle Size and Distribution of Clay Minerals in REE Mining Areas

Ion-absorbed REE ore is mainly formed by advanced weathering of granite. It is a loose, earthy
substance comprising quartz, feldspar, and clay minerals [36]. Therefore, this loose soil mantle, formed
by surface weathering is closely related to mineral grain size. The cumulative curves of regional
particle size distribution are S-shaped (Figure 3), which is consistent with earlier report [36].
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Figure 3. Cumulative particle size distribution curves from ion-absorbed RE in (regional samples).
(a) shows the curves with AY-01, AY-02, AY-03, AY-05, AY-06, AY-07 and AY-08; (b) shows the curves
with AY-09, AY-10, AY-11, AY-12, AY-13, DN-13 and DN-16; (c) shows the curves with DN-17, LN-01,
LN-02,LN-03, LN-04, LN-05 and LN-06; (d) shows the curves with LN-07, LN-08, LN-09, LN-10, LN-11,
LN-12 and LN-18.

Additionally, the particle distribution curves in Figure 3a–d show that particle size ranges between
3.7 and 30.5 μm. According to Aberg’s classification of granular materials [36,37], some of the
cumulative curves of the regional sample set are A-shaped (i.e., the left end of the cumulative particle
distribution curve is relatively steep, with a concave side downward), indicating that the particle
gradation changes significantly with an increase in coarse particles in the soil. Yan et al. [38] used a wet
sieving method to classify REE ores into eight types of particle size distribution. In this paper, particle
size analysis concentrated on the <0.075 mm size fraction, and the analytical method was different
(Malvern-2000 laser particle size analyzer); therefore, our particle size distribution curves are different.

The cumulative particle size distribution curves of AY-05 (Figure 3a), AY-09 (Figure 3b), LN-05
(Figure 3c), and LN-12(Figure 3d), nevertheless, are inclined steeply to left in their upper part (a B-type
structure in Arberg’s terms [37]), indicating that grain size changes abruptly from fine to coarse.
A possible reason for this is that simulated leaching continues to promote rapid decomposition of
feldspar (Table 3). Dissolution of feldspar due to leaching releases SiO2, which migrates downward,
where it recrystallizes resulting in particle thickening [36].

Eigenvalue analysis shows that the 10 particle size (the particle size at which the cumulative
particle size distribution curve reaches 10% of the volume) was in the range of 0.82–5.03 μm (Table 5).
The minimum D10 value (0.82), corresponds to Sample AY-09, a red sand sampled from 1.5 m
below- surface, above Sinian feldspar quartz and slate bedrock in the age of Sinian period (Z). Field
investigation in this area revealed that the weathering crust is approximately 3.5–3.8-m thick, and
that the bedrock is strongly deformed and fractured, and thus particularly susceptible to physical
and chemical weathering. D90 (the particle size at which the cumulative particle size distribution
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curve reaches 90% of the volume) ranges from is 11.99 μm (minimum) to 60.99 μm (maximum), with a
standard deviation of 11.4, respectively, thus suggesting that discreteness increases with particle size.
The average particle size, Dav and volumetric average particle size, D [4,3] have similar maximum,
minimum, and standard deviation values. The standard deviation of the median particle diameter, D50
(the particle size at which the cumulative particle size distribution curve reaches 50% of the volume) is
more significant than that of D [3,2] (surface area average particle size), indicating that the median
particle diameter is more discrete than the surface area average particle size.

Table 5. Characteristic parameters of particle size distribution; regional weathering crust samples.

Sample No. D10 (μm) D50 (μm) D90 (μm) Dav (μm) D [3,2] (μm) D [4,3] (μm)

AY-01 1.32 6.25 33.88 12.88 3.09 12.88
AY-02 1.43 7.28 29.54 11.65 3.36 11.65
AY-03 1.64 8.47 40.28 15.64 4.09 15.64
AY-05 1.10 4.50 17.10 7.02 2.30 7.02
AY-06 1.79 15.51 50.28 21.57 3.67 21.57
AY-07 2.21 12.76 40.04 17.22 4.75 17.22
AY-08 1.44 6.93 35.50 13.21 3.48 13.21
AY-09 0.82 3.88 11.99 5.40 1.77 5.40
AY-10 0.96 4.57 23.70 8.76 2.21 8.76
AY-11 1.34 5.38 20.86 8.42 2.89 8.42
AY-12 1.13 6.39 28.22 11.06 2.61 11.06
AY-13 1.20 5.02 18.49 7.70 2.58 7.70
DN-13 1.64 12.75 44.85 18.90 4.37 18.90
DN-16 1.37 8.07 30.07 12.42 3.50 12.42
LN-01 1.16 5.14 24.69 9.41 2.84 6.10
LN-02 1.50 7.45 28.71 11.85 3.59 11.85
LN-03 5.03 20.86 61.00 27.80 8.19 27.80
LN-04 1.49 8.39 38.06 14.92 3.67 14.92
LN-05 1.37 6.42 33.75 13.00 3.53 13.00
LN-06 1.41 5.47 26.90 10.20 3.31 10.20
LN-07 1.62 8.17 37.10 14.42 4.07 14.42
LN-08 1.26 5.68 22.95 9.08 2.89 9.08
LN-09 1.55 8.63 43.42 17.11 3.74 17.11
LN-10 1.41 8.08 36.38 13.98 3.58 13.98
LN-11 1.91 15.00 49.19 21.02 4.51 21.02
LN-12 1.12 4.41 13.85 6.45 2.08 6.45
LN-18 1.21 6.68 28.74 11.42 2.79 11.42

With Dav as an independent variable and the other characteristic parameters as dependent
variables (Figure 4), the regression coefficient is D90 > D [4,3] > D50 > D [3,2] > D10. This finding
illustrates that the increase in surface average particle size has a more significant impact on coarse
particles than on fine particles (D10). D [4,3] has the highest correlation with Dav (correlation coefficient:
0.99102), followed by D90, D50, D [3,2], and the lowest correlation with D10 (correlation coefficient:
0.727).

D10 residual analysis (Figure 5a) shows that when the average particle size Dav increases, other
residuals decrease (with very few exceptions). This shows that for D10, as the average particle
size increases, the volume of particle grain size decreases by less than 10%. Residuals are normally
distributed (Figure 5b), and the regression analysis of the dependent variable is similar to that of the
independent variable. Residuals present a linear shape at a 99.5% confidence interval (Figure 5c,d).
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Figure 4. Scatterplot of characteristic parameters of particle size distribution; regional weathering
crust samples.

 

Figure 5. Residuals characteristic parameter D10; regional samples: (a) shows scatter plot of residuals;
(b) shows histogram of regular residual; (c) shows scatter plot of residuals with fitted Y; and (d) shows
scatter plot of residual flatten and significance testing.

The dominant clay minerals in the regional soil samples were kaolinite, followed by illite, and
some vermiculite, and chlorite (Table 2). Kaolinite content has a weak correlation with rock-forming
minerals, such as potassium feldspar and quartz. This finding indicates a nonlinear process of
potassium feldspar alteration into kaolinite during granite weathering. Moreover, clay minerals and
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quartz were present in the weathering crust over metamorphic sandstone and slate in the Anyuan
County area, and their correlation reached 0.68 (Figure 6). This indicates that the conversion ratio of
feldspar to clay minerals, after weathering of this metamorphic bedrock, is higher than that of granite
in the Longnan County granite.

 

Figure 6. Correlation trend of kaolinite, Potassium feldspar, and quartz in samples from Anyuan County.

The relationship between average particle size (Dav) and kaolinite, quartz, and potassium feldspar
indicates that the mineral particle size had only a minor effect on the clay mineral content. Quartz and
potassium feldspar are mostly distributed on both sides of kaolinite. Quartz is further away from the
X-axis, while potassium feldspar is closer to the X-axis. This distribution, therefore, further confirms
that weathering of potassium feldspar has a significant impact on the formation of kaolinite.

Wang et al. (2018) [39] found that the main minerals of the low-grade metamorphic rocks
(e.g., meta-sandstone, meta- siltstone, and slate) in the Anyuan County area of southern Jiangxi
are 30–70% quartz, 5–30% feldspar, 3–10% biotite, and 3–12% muscovite. The CIA index is in the
range of 68–75%. The Yanshanian granite in Longnan County is mainly compounded of 25–32.7%
quartz, 31.1–42.4% potassium feldspar, 17–28.9% plagioclase, 3.4–6% biotite, and 1–3.4% muscovite [40].
According to the analysis of major elements in granite in the Zudong mining area, Longnan County [8,41]
(Table 6), CIA is in the range of 61–65%, with an average of 63%, which is significantly lower than
that of Anyuan County. This suggests that a higher CIA value reflects more extensive loss of Na+,
K+, and Ca+2 during leaching, enrichment in Al and Si, and more advanced conversion of feldspar
to clay minerals [42,43]. This study confirms that the weathering of the parent rock has a significant
effect on the formation of soil clay minerals. Weathered feldspar minerals are converted to kaolinites,
which are then converted into kaolin minerals under moderate silica and salt-based ion conditions [13].
Furthermore, layered silicate minerals, such as muscovite, biotite, and chlorite, are weathered at varying
degrees to form kaolinite minerals [44]. The original rocks of Anyuan County are predominantly
metamorphic sandstone, siltstone, and slate, which were found to be relatively broken in the field, and
provides favorable conditions for further weathering. As shown by the analysis of kaolinite in Table 1,
the average content of kaolinite, illite, and potassium feldspar in Anyuan County (samples AY-01 to
AY-12) is 40.66%, 8.03%, and 9.72%, respectively. This indicates that most of the potassium feldspar in
the Anyuan County metamorphic bedrock was converted into kaolinite minerals. In Longnan County
(samples LN-01 to LN-12), the bedrock is medium-grained granodiorite, with an average kaolinite
mineral ratio of 24.67%, i.e., much less than that in Anyuan County.
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Table 6. Chemical composition (wt %) of Longnan granites (Zudong mining area).

Sample No. 1 2 3 4 5 6

SiO2 70.34 75.55 76.14 74.88 72.48 74.58
TiO2 0.44 0.25 0.03 0.05 0.13 0.15

Al2O3 14.59 12.13 12.97 13.44 13.4 13.34
Fe2O3 2.03 1.18 0.09 0.21 0.51 0.56
FeO 0.64 1.01 1.07 1.42 1.28 1.25
MnO 0.25 0.07 0.03 0.08 0.11 0.05
MgO 0.57 0.34 0.07 0.19 0.17 0.18
CaO 0.55 0.42 0.62 0.58 1.51 0.73

Na2O 3.37 2.74 4.25 3.97 3.62 3.65
K2O 5.7 5.36 4.52 4.61 5.37 4.8
P2O5 0.05 0.04 0.02 0.06 0.04 0.05
LOI 0.92 0.7 0.96 0.57 1.62 0.6
Total 100.33 99.85 100.77 100.28 100.24 100.03
CIA 64 63 63 65 61 64

CIA = Chemical Index of Alteration, Data from Bao et al., 2008 [8] and Zhang, 1990 [41].

Differences in kaolinite and illite content between Anyuan and Longnan are not only related to the
composition of the parent rock. The sampling depth and topography also have a significant impact on
the clay mineral and soil formation [45]. Samples from Anyuan County came from average elevations
of between 311 and 468 m, with relatively gentle relief (gradient: 24◦–25◦) and dense vegetation cover.
Owing to the influence of bedrock lithology, geological structure and surface erosion, a concave slope
formed in this area, and the weathering profile was deep. Samples from Longnan County, on the other
hand, came from average elevations of between 278 and 321 m, from a relief of lightly-weathered
residual hills with linear or convex slopes controlled by granite lithology. These nuances of landforms
have a crucial influence on parent rock weathering and soil formation.

5.2. Vertical Variation of Clay Minerals in REE Ores

An analysis of the Ganxian District soil profile [27] showed that the main clay minerals are
kaolinite and illite (Figure 6). Kaolinite content fluctuates from top to bottom, with the lowest content
(9.8%) at 115 cm from the bottom of the section. In this section, the layers are mostly located at the
bottom of the semiweathered layer, where the granite structure is visible and the weathering degree of
the rock is weakened. The content of rock-forming minerals (i.e., quartz, 39.9%; potassium feldspar,
37.9%) in (Table 2) shows that conversion of potassium feldspar to clay minerals was minor, which is
consistent with this deeper level of the weathering profile. The peak of kaolinite (35.0%) appears at a
depth of 190 cm; the kaolinite content is relatively low in the 130–190 cm interval (14.9-16.5: Table 3).
From 20 to 105 cm below surface, the kaolinite content increases irregularly, reaching 28.2% at 105 cm.
This increase is probably due to the rapid conversion of feldspar and mica minerals into kaolinite and
other clay minerals.

Furthermore, illite content shows variation similar to that of kaolinite, but with sharper changes.
Potassium feldspar and quartz also exhibit different variation characteristics. Two distinct horizons are
thus resolved in the Ganxian weathering profile can be divided on the basis of clay mineral distribution,
as follows (Figure 7).

101



Minerals 2020, 10, 353

 

Figure 7. Clay and other mineral content in the Ganxian weathering profile.

Band I (60–105 cm): clay mineral content shows a high-low-high variation trend, while the
illite content shows a broader range of variation than that of potassium feldspar. The content of
quartz, and feldspar shows the opposite trend to that of clay minerals, and the variation range of
the quartz content was broader than that of potassium feldspar. Over the course of weathering, clay
minerals are converted into kaolinite minerals due to physical and chemical weathering processes.
According to Uzarowicz et al. (2011) [46], the composition of clay minerals in the soil surface follows
the acidic soil formation process, i.e., it is strictly controlled by the content of chlorite and mica
debris, with subsequent conversion of chlorite and mica to montmorillonite and vermiculite. Our
analysis shows that kaolinite and illite were reduced concurrently in the profile, while the quartz and
potassium feldspar content increased. It is suggested that large quantities of mica and chlorite minerals
were formed after weathering and alteration of the parent rock (i.e., granite), thereby controlling the
formation and transformation of kaolinite.

An XRD analysis of Sample GX-04-4, showed seven illite-mica diffraction peaks, between
d = 4.47 Å and d = 2.50 Å, with a cumulative peak height of 117.8% (Figure 8). The GX-04-1 sample
showed a total of four distinct illite-mica diffraction peaks, with a cumulative peak height of 17.4%.
XRD analysis further confirmed that, as a result of surface weathering of the granite bedrock, feldspars
have altered to chlorite and mica; other clay minerals are due to the weathering and alteration of mica
in the original rock. The formation and conversion of kaolinite were limited.

Band II (150–215 cm): clay mineral shows a low-high-low variation trend, opposite to that of
band I. Potassium feldspar and quartz show greater changes in an opposite trend. The content of
kaolinite and potassium feldspar shows a particularly evident reversal at 190 cm (increase of kaolinite;
decrease of potassium feldspar), indicating that the weathering of potassium feldspar contributes to
the formation of kaolinite in the soil. In the supergene weathering realm, the conversion of potassium
feldspar into kaolinite can be expressed using the following chemical Equation (1) [47]:

4KAlSi3O8 + 4H+ + 2H2O→ 4K+ + Al4Si4O10(OH)8 + 8SiO2 (1)
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Figure 8. XRD spectra of randomly oriented bulk sample from the Ganxian Profile, I: illite-mica, K:
kaolinite, Q: quartz, F: feldspars.

Equation (1) shows that decomposition of potassium feldspar releases a large quantity of free
metal cations in the soil. This promotes further enrichment in kaolinite. According to Dixon (1989),
the formation of kaolinite in the soil requires an adequate amount of silica and a small number of
metal cations [48], while the chemical decomposition of potassium feldspar needs to consume HCO3

−
produced from H+ and CO2 [49]. This provides a favorable environment for the formation of kaolinite,
forming the distinct volatile characteristic of band II. Moreover, the potassium feldspar diffraction
peak in GX-04-1 was significantly reduced as compared to that in GX-04-4 (Figure 9). For quartz, the
cumulative diffraction peak height is 195% in Sample GX-04-1, and 79.1% in Sample GX-04-4. This
suggests that formation of kaolinite was favored in the SiO2-rich environment.

An analysis of samples collected at different stages of the in situ leaching profile from Longnan
County showed that the clay mineral content fluctuated regularly as leaching progressed (Figure 8).
In the early stage of leaching, the kaolinite content in the soil was less than 15%, while the
illite-mica content was slightly higher than that of kaolinite, fluctuating from 10.1% to 17.2% (Table 3).
The potassium feldspar content fluctuated between 16.4%–34.1%, and the quartz content was relatively
high. The total kaolinite content increased, and the total potassium feldspar content decreased as
leaching progressed (Figure 8). In the later stage of leaching, from the surface to the bottom of
soil column, the kaolinite content increased rapidly from 8.9% to 33.0%, then gradually decreased.
The illite-mica content also decreased slightly compared to the previous period, with the exception of
the bottom of the Longnan soil column, where it increased weakly (from 10.1% to 15%). The content of
quartz increased significantly in the upper layer between 46.2%–61.3% and 40.5%–53.65% (Table 3),
with an average increase of 32.5%. In the final stage of leaching, the kaolinite content increased
significantly: from 22.5% to 31.2% (average growth: 46.2%; Table 3). The illite-mica content increased
by between 15% and 20.7%. The potassium feldspar content increased significantly in the final stage of
leaching (average growth: 32.9%), while the content of quartz decreased (27.9% to 35.8%).
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Figure 9. Clay content variation during in situ leaching, Longnan Profile.

Parfitt et al. (1983) [20] found that the Si concentration in the soil solution decreased as rainfall
increased, reflecting increasing leaching of the soil. Wu et al. (2016) [36] suggested that granite with
compact structure has higher strength, a low degree of weathering, and a higher content of residual
feldspar. In conditions of sustained weathering by acid rain, cations increased in the leached upper
soil, and residual feldspar decomposed rapidly, demonstrating a process of feldspar decomposition, as
described by Equation (1). Fine particles of SiO2 gradually migrated from the upper to the lower soil
horizons, leading to silica enrichment in the latter.

An analysis of the major clay minerals in different stages of in situ leaching (Figure 10) showed
that the vertical migration of clay minerals was significant. Kaolinite did not change significantly in
the initial stage of leaching; its content fluctuated between 9.5% and 12.6%, with a standard deviation
of 1.22. In the course of leaching, potassium feldspar was consistently weathered and converted to
kaolinite [36]. The kaolinite content peaked at a depth of 200 cm, reaching a maximum value of 33%,
which is 3.47 times the initial value. During the late leaching stage, the kaolinite content fluctuated
slightly. Although it increased slightly from 200 cm, it rapidly reduced afterward. Field investigation
in the Longnan profile revealed that about 50 m from the northeast end of the profile, there were rows
of 150–180 cm-deep injecting holes along the hill slope (i.e., along 330◦–150◦ direction).

 

Figure 10. Clay mineral, quartz, and potassium feldspar content on the Longnan soil column at different
stages of the leaching experiment.
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These injection holes received (NH4)2SO4 electrolyte solutions over a long period [50]. Due to this,
soil in the lower part of the profile was saturated, and its acidity was enhanced, which further enhanced
kaolinization of potassium feldspars. In the initial stage of simulated leaching, the illite-mica content
was high near the surface of the sediment column (17.2%), and decreased downwards to only 10.1%
at the bottom of column. As leaching progressed, the illite-mica content continued to decrease with
increasing depth in the 0–200 cm interval; from 200 cm downwards, however, it increased significantly
in the later stage of leaching. The range of illite-mica contents was similar to that of the leaching
process, but higher than that in the leaching process. Different clay minerals have different geochemical
behavior, and may have different physical and chemical responses to factors such as pH, salinity, and
blocking cations [51]. Previous studies have shown that illite forms from potassium feldspar alteration
in two different types of microsystems [14]: a) in the early stages of the weathering process, along
crystal joints of orthoclase with muscovite or biotite; and b) in the final stages of weathering, where the
original structure of the parent rock is destroyed. In both cases, illite forms in association with other
clay minerals, i.e., smectite in the early weathering stage, and kaolinite in the late weathering stage.
With the exception of its interlayer charge and consequent potassium content, illite is, in many ways,
similar to phengite mica [14]. As indicated above, this depth presented an increase in the illite-mica
contents due to potassium feldspar weathering and dissolution, silicon release, and hydrated layers
mineral formation.

Comparing kaolinite with illite-mica, no correlation between the two was evident in the initial
stage of in situ leaching, while a significant negative correlation was present in the later stage of leaching.
This trend indicates that, besides the decomposition of potassium feldspar into kaolinite, a large
quantity of interlayer silicates such as illite-mica are converted to kaolinite as leaching progresses.

The change in quartz and potassium feldspar content became complex with increasing depth
in the soil column (Figure 10). In the early leaching stage, the quartz content initially decreased,
then increased, while potassium feldspar content showed the opposite trend. For both minerals, the
inflection points were at a depth of 150 cm. Between 80 and 150 cm in the soil column, the content of
both quartz and potassium feldspar decreased as leaching progressed. However, quartz inherited the
characteristics of the initially decreasing trend, i.e., downwards from 195 cm, it turned into an increasing
trend. In contrast, potassium feldspar showed the opposite trend downwards from 150 cm. In the later
leaching stage, both quartz and potassium feldspar showed a decreasing-increasing-decreasing trend
with depth, but the variation range of potassium feldspar was broader than that of quartz.

Although the content of vermiculite was not measured in the simulated leaching experiment,
regional sampling of REE ore revealed low vermiculite content (Table 2). Vermiculite formation occurs
in two stages: a) in the early stage, the common mica weathering products are dioctahedral vermiculites
whose layer charge is lower than that of the parent mica; b) in the second stage, mica dissolution
advances further, and corroded zones of polyphase assemblage of dioctahedral hydroxy-vermiculite
appear within mica crystals [14]. Vermiculite has good ion-adsorption properties; its adsorption
capacity of REE ions is nearly 0.2 mmol/g. Vermiculites adsorbing REE ions can be regenerated by
cation ion-exchange reagents according to the following reaction [52]:

{
(Mg, Fe, Al)6[(Si, Al)8O20](OH)4

}
m
·nRE3+·eH2O + 3nM+

=
{
(Mg, Fe, Al6)[(Si, Al)8O20](OH)4

}
m
·3nM+·eH2O + nRE3+ (2)

Chemical Equation (2) shows that the decomposition of potassium feldspar releases large quantities
of free Al, Fe and Mg cations, and Si in the soil. This favors the formation of vermiculite (Figure 10).
However, in the in situ leaching profile, the vermiculite content was low, probably due to the flow of
leaching liquid flow and surface water elution.

Previous studies indicated that ion-absorbed REE ores mainly contain halloysite, illite, and
kaolinite, and less smectite [1–3,9]. The factors that strongly favor the formation of smectite include
low-lying topography, poor drainage, and base-rich parent material, leading to chemical conditions of
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high pH, high silica activity, and an abundance of basic cations [13]. In leaching conditions with lower
pH, as in our leaching experiment, it was impossible to form abundant smectite. With the exception of
vermiculite transformed to smectite, the original REE ores in our area of study contained less than 1%
smectite [3].

5.3. Simulating Migration of Clay Minerals during Leaching

A total of eight simulated soil columns were subjected to different experimental conditions of
pH, immersion concentration, and leaching rate. A high-acidity leaching mining solution was used to
further decompose the remaining feldspar in the soil to clay minerals [17]. The simulated leaching
experiment showed that kaolinite was further enriched in the soil column. The leaching solution
concentration and leaching rate also had an effect the rate of decomposition of silicate minerals in the
soil columns [53].

In the T1 soil column (Figure 11), the kaolinite content was initially high; subsequently, it decreased
and then increased slowly as leaching progressed. The most prominent diffraction peak of kaolinite
(d = 7.20 Å in Figure 10) is relatively weak in the middle part of the soil column, compared with the
upper and lower parts. Similar results have been reported from the weathering profiles of other
Mesozoic granites [54]. Other relatively prominent kaolinite diffraction peaks were at d = 2.33 and
1.99 Å. As shown in Table 3, the variation was also weaker in the middle of the soil column compared
with the upper and lower parts. Kaolinite and illite-mica had similar diffraction peak characteristics
across the soil column. For illite-mica, the most prominent initial diffraction peak corresponded to
d = 10.01 Å, and the (002) crystal planes showed significantly high diffraction. Other evident peaks
were at d = 5.0 Å and d = 4.46 Å. As the diffraction angle increased, strong diffraction peaks appeared
at d = 2.44 Å, and d = 1.99 Å. Quartz showed a prominent diffraction peak for d = 4.26 Å (peak height:
2615; diffraction intensity: 21.9%). High quartz diffraction peaks at d = 3.34 Å were present in all
samples. Potassium feldspar presented the first evident diffraction peak for d between 6.6 and 6.45 Å
(corresponding to a diffraction angle (2-Theta) at between 13.4◦ and 13.7◦. This finding reflects the
different diffraction intensities of different crystal faces. Significant diffraction peaks were also present
at d = 3.24, 2.28, and 1.98 Å.

 

Figure 11. XRD spectra of randomly oriented bulk samples from Soil Column T1 (simulated leaching).
I/M: illite-mica; K: kaolinite; Q: quartz; F: potassium feldspars.
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Here, we discuss clay mineral content under three key conditions of simulated leaching.
1� Same concentration of leaching solution and leaching rate; different pH values (soil columns

T1–T3 in Table 3, Figure 12):

 

Figure 12. Changing clay mineral content in different conditions of simulated leaching. (a–c) kaolinite
content sample at sample locations of 30, 70, and 110 cm, respectively; (d–f) illite-mica content at sample
locations of 30, 70, and 110 cm, respectively.
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With the concentration of leaching solution and rate of leaching being stable, the migration and
enrichment of clay minerals is controlled by pH. Soil column T1 shows that as leaching progresses,
the kaolinite content decreases at depths of 30 and 70 cm in the soil column. After two weeks of
leaching, the soil column was gradually enriched in the clay minerals, and the content of kaolinite
content in the bottom layer increased ( 1� in Figure 12); the lower the pH, the more favorable the soil
conditions for the decomposition of parent rock, particularly for the hydrolysis of feldspars and the
formation of clay minerals. As indicated above, the soil column T2 was leached with solution of pH = 3,
the lowest pH value in this group. After 15 days of leaching, the kaolinite content in soil Column
T2 increased markedly, reaching a maximum of 31.5% ( 2� in Figure 12). In the final leaching stage,
the kaolinite content increased significantly at a depth of 110 cm, indicating that REEs were adsorbed
and released due to the high recovery rate. Other studies have demonstrated that the higher the pH of
the leaching solution, the higher the adsorption capacity of clay minerals for rare earth ions. In a weak
acid environment (pH = 4), the kaolinite content in different layers of soil Column T3 soil increased
slowly ( 3� in Figure 12).

2� Same pH and leaching rate; different concentration of the leaching solution (soil Columns
T4, T5):

In soil Columns T4 and T5, the kaolinite content increased gradually in the near-surface layer
(30 cm) as leaching progressed ( 3� in Figure 12 and 4� in Figure 12. The higher the concentration of the
leaching solution, the flatter the change in clay mineral composition. After 15 days of leaching, the
concentration of the leaching solution in soil Column T5 decreased to 4% (NH4)2SO4, while the clay
mineral content near the surface increased rapidly, eventually reaching 26.7%. At a depth of 70 cm, Soil
Columns T4 and T5 showed different responses: with the lower-concentration leaching solution of T5,
the kaolinite content in this layer decreased slowly, with an average decrease of about 25%; with the
more concentrated leaching solution, i.e., T4, the kaolinite content showed increasing volatility. At a
depth of 110 cm, different leaching concentrations produced similar effects on the kaolinite content.

At the same time, illite-mica minerals exhibited different responses under different leaching
conditions. The high-concentration leaching solution in soil Column T4 gradually reduced the
illite-mica content. On the 23rd day, with the 4% (NH4)2SO4 solution, the illite-mica content increased
abruptly, further verifying the enhanced adsorption capacity of illite in a weakly acidic environment.
As indicated above, at the upper level of the soil columns, clay minerals were concentrated by the
high-concentration leaching solution, but at the bottom of the soil columns, this was not observed ( 5�
in Figure 12). Our experiment suggested that the effective concentration of leaching solution was 8%.

3� Same pH and leaching concentration; different leaching rates:
Soil Columns T6 and T7 showed that the leaching rate had an impact on the content of kaolinite

( 6� in Figure 12, 7� in Figure 12). At 30 cm, the content of kaolinite in soil Column T6 increased slowly
as leaching progressed. After 15 days, the kaolinite content increased significantly in soil column
T7; in soil column T6, at 70 cm, it increased slightly, and gradually decreased as leaching progressed.
In soil column T7, after 20 days of leaching, the total kaolinite content increased, as it did in the upper
layer (30 cm), demonstrating that clay minerals have similar structures in REE ore. At a depth of
110 cm, the kaolinite content decreased after 15 days in columns T6 and T7, and then increased again.
This change probably reflects the translocation of fine-grained kaolin minerals from the upper and
middle to the lower parts of the profile as leaching progresses. The longer the leaching time, the higher
the content of fine-grained clay minerals at the bottom of profile; some of these even clog the porosity,
which reduces the flushing out of rare-earth ions and hampers leaching [36]. In the leaching conditions
of this sample group, with a leaching rate of 5 mL/min, enrichment in clay minerals was at a rate of
over 1 mL/min. This indicated that a high recovery rate is not possible at a slower rate of leaching.

A comparison between different simulated leaching conditions showed that the content of kaolinite
and other clay minerals tended to increase from the initial stage until the completion of leaching.
The fluctuation of clay mineral content is the result of the combination of different pHs, leaching
concentrations, and leaching rates ( 8� in Figure 12). However, it cannot be assumed that a certain
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leaching condition determines the outcome of the leaching mining process. Leaching mining is a
complex chemical process, and the variation of clay mineral content only reflects one aspect of it.
It is impossible to adequately simulate ore leaching conditions in sediment columns, in view of the
boundary restrictions of a soil column, the horizontal flow of ore leaching solution, and the ore
texture and structure. For these reasons, our experimental results were not as expected, although the
leaching conditions in our soil column experiment were controlled. However, comparing the results
experimental leaching of soil Columns T2, T4, T6, and T7 at 110 cm after 23 days of leaching (Figure 11)
with the results of in situ leaching in the Longnan section (Figure 9), in both cases, the kaolinite content
increased while the illite-mica content decreased. We expect that simulated leaching experiments
applying many different leaching conditions will permit us to explore how various factors influence
clay mineral fluctuation during leaching.

The REE distribution on the kaolinite-water interface is considered to be the result of the adsorption
of REE ions by kaolinite, and is strongly controlled by pH [55]. Tian et al. (date) [52] found that the
REE recovery was up to over 96% with a NH4

+ concentration in the raffinate solution of 0.2 g/L and a
pH of 2. Other research suggested if the pH of the leaching agent is either too high or too low, recovery
of REE is reduced. The optimal pH values were between 4 and 8. The maximum leaching efficiency of
REE was 91% [56]. In our experimental study, the pH values were between 3 and 5. Disregarding other
external factors, we suggest that REE recovery of over 90% can be achieved through leach mining with
a leaching solution of 8 wt% concentration and a pH of 5, at a leaching rate of 5 mL/min.

6. Conclusions

Analyses of REE ore clay mineral properties and grain size, and the distribution and variation
of clay minerals, quartz, and feldspars in in situ leaching and simulated leach mining led to the
following conclusions:

(1) In the surveyed REE mine areas, the soil particle size (i.e., volume frequency) curve showed
unimodal and bimodal distribution. Many cumulative particle size distribution curves had a “B”
shape, with particle sizes of 3.74–30.46 μm. Other curves showed an “A” shape, which indicates
that the increase of coarse particles in the soil affects particle gradation. An analysis of particle size
eigenvalues showed that D10 was 0.82–5.03 μm, while D90 ranged from 11.99 to 60.99 μm, with a
standard deviation of 11.44. These values reflect discreteness among the coarse particle fraction. Taking
the Dav parameter as the independent variable and other characteristic parameters as the dependent
variables of the regression analysis, the regression coefficient order was D90 > D [3,4] > D50 > D [2,3]
> D10. This finding revealed that the increase of surface average particle size in soils has a greater
effect on coarse particles. A D10 residual analysis showed that with an increase of the average particle
size of Dav content, the volume fraction below 10% was reduced. The residual error showed a linear
relationship with a 99.5% confidence interval.

(2) A regional clay mineral analysis showed that ion-absorbed REE ores formed on different
bedrock lithologies have similar clay mineral contents. The main clay minerals were kaolinite, illite,
chlorite, and vermiculite. The kaolinite content ranged from a minimum of 8.8% to a maximum of 62.1%.
In the granite weathering area of Longnan County, the kaolinite content had weak correlation with the
content of potassium feldspar, quartz, and other rock-forming minerals. The chemical weathering
index (CIA) was in the range of 61–65, and the average kaolinite content was low. In the metamorphic
terrain of Anyuan County, the kaolinite content was strongly correlated with quartz, and the CIA
ranged from 68 to 75. This reveals a higher degree of feldspar weathering and conversion to clay
minerals in metamorphic bedrock.

(3) Studying the natural weathering profile of granite in the Ganxian District showed that the
content of kaolinite was relatively low at 60–105 cm below surface. There, conversion of feldspars to
chlorite and mica in the course of weathering, and the increased content of mica in the parent rock,
limited the formation of kaolinite. At 150–215 cm below the surface, the kaolinite content increased.
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This was attributed to the desiliconization of overlying feldspar minerals, which increased the SiO2

content in the weathering mantle and promoted the decomposition of feldspars into kaolinite.
(4) An analysis of in situ leaching mining profile showed that in the early stage of leaching, the

content of kaolinite in the soil is relatively low, i.e., lower than that of illite-mica. As the leaching
progressed and potassium feldspar continued to convert to kaolinite, significant kaolinite peaks
appeared in the profile, and the illite-mica content became slightly reduced. This indicates that
interlayer silicate minerals such as illite-mica were progressively converted to kaolinite. In a later
stage of leaching, the kaolinite content became slightly reduced in comparison with that of the earlier
leaching stage, and the content of illite-mica and potassium feldspar increased.

(5) Simulated leaching mining reveals that under the same conditions of leaching solution
concentration and leaching rate, the migration and enrichment of clay minerals were controlled by
pH; the lower the pH value, the more favorable the conditions for clay mineral formation. With the
same pH and leaching rate, but different concentrations of the leaching solution, a high-concentration
leaching solution (i.e., 12% (NH4)2SO4)) resulted in a slow increase in the kaolinite content in the upper
part of the soil profile (30 cm). Under stable pH and immersion concentration conditions, the variation
of the leaching rate influences soil formation and clay mineralization processes in different horizons
within the soil profile. Based on these results, and disregarding other external factors, we suggest
that REE recovery of over 90% can be achieved through leach mining with a leaching solution of 8%
concentration and a pH of 5, at a leaching rate of 5 mL/min.
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Abstract: The effective and selective leaching of rare earth elements (REEs) from various sources is
frequently possible in practice by adopting a carefully coordinated strategy incorporating a selective
precipitation of these elements from undesired ones in solution. In this study, the behavior of chemical
precipitation of REEs with commonly used precipitants such as sulfate, carbonate, fluoride, phosphate,
and oxalate was examined using thermodynamic principles and calculations. It was found that the
pH of the system has a profound effect on determining particular chemical species of precipitants,
which are subsequently responsible for the precipitation of REEs. The role of various anions such
as Cl−, NO3

−, and SO4
2− derived from the acid used in the leaching process on the precipitation

behavior of REEs was examined. These anions form complexes with REEs and display a very positive
effect on the precipitation behavior. The nitrate environment exhibits most conducive to precipitation
followed by sulfate and then chloride.

Keywords: precipitation; leaching; complexation; anion effect; equilibrium calculation; rare
earth elements

1. Introduction

Rare earth elements (REEs) are becoming very important in modern society. REEs are essential
ingredients in the transition to green technology and there have been numerous recent articles
describing their extraction processes from various sources [1,2].

Most rare earth bearing minerals are refractory in nature and therefore, a pretreatment or
strong acid treatment of ores bearing these minerals is usually necessary [3–6] before leaching is
affected. Such pretreated ores are then subjected to the leaching process of REEs. The leach liquor
is frequently subjected to the removal of impurities such as iron, calcium, uranium, and thorium
by going through stage-wise precipitation using various compounds such as hydroxide, carbonate,
sulfate, and oxalate [7–13]. After the removal of these impurities by chemical precipitation, REEs in
solution are then subjected to precipitation using various precipitants, which in general takes place at
pH above 3−4, since most of these impurities are precipitated at around these pHs. However, during
the precipitation of impurities, some REEs are also removed from the solution by coprecipitation or
adsorption. Therefore, it is desirable to precipitate REEs before removal of the impurities. It is the
hope of this study to identify the precipitants and chemical conditions to achieve this objective.

The chemical complexity of the aqueous medium introduced by various chemical treatment of
leach liquor has introduced a complex nature to the system making the analysis of the subsequent
chemical precipitation a challenge. In addition to metal ions in the leach liquor extracted from ores,
many anions such as Cl−, NO3

−, and SO4
2− mostly derived from acids used in the leaching operation

also play an important role in leaching as well as precipitation.
The effect of various anions on the leaching behavior has been discussed in earlier studies [14,15].

For example, the leaching of Re-phosphate in the presence of sulfuric acid can be simply described by
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Equation (1). (It is noted that Re is the elemental symbol for rhenium. However, Re(III) refers to only
REE(III) in this paper.)

<RePO4> + {H2SO4} = {Re3+} + {PO4
3−} + {SO4

2−} + 2 {H+} (1)

Here the symbols, < > and { } stand for solid and liquid form, respectively. The oxidation state of
REEs in solution and solids is assumed to be Re(III) throughout this presentation. It should be noted
however, that some REEs can be oxidized to Re(IV) or reduced to Re(II) in aqueous media in very rare
cases [16]. The concentration of the free REEs at equilibrium can be estimated if the concentration of all
species involved in Equation (1) is known. However, such calculated values are far from real values
since the chemicals produced from the leaching process undergo hydrolysis and complexation [14,15].
As a result, the correct evaluation of the product concentration requires a very complicated process
involving calculations of equilibrium equations simultaneously in some cases.

The chemical precipitation of REEs is similarly complicated. For example, a simple chemical
precipitation of a free Re-ion, Re3+ with phosphate ion, PO4

3− can be given by Equation (2).

{Re3+} + {PO4
3−} = <RePO4> (2)

It should be noted that REEs precipitate with the phosphate ion as a free Re-ion, Re3+ at relatively
high pHs such as 4 and 6. However, when the pH of the solution changes to a lower value, for example
1 or 2, by adding acids of HCl, HNO3, or H2SO4, the anions such as Cl−, NO3

−, and SO4
2− will

form various complexes with REEs [3,14,15], and then these complexes are subjected to precipitation.
For example, in the presence of sulfate ions, there will be at least Re3+, Re(SO4)+, Re(SO4)2

−, and
Re2(SO4)3, present in solution, and for most of the sulfate concentration, Re(SO4)2

− is the predominant
species when the concentration of sulfate ions is especially more than 0.1 M [14,15]. As a result, in such
cases, Re(SO4)2

− should be used instead of the free ion and the resulting concentration of rare earth
elements after precipitation is an order of magnitude different from when the free ion is used.

In addition, the phosphate ion also may not exist depending upon the pH of the system. It should
be noted that the values of pKa are 2.0 for H3PO4/H2PO4

−, 7.2 for H2PO4
−/HPO4

2−, and 12.0 for
HPO4

2−/PO4
3− (see Table 1) [17]. This means that H3PO4 should be used instead of the phosphate ion

in Equation (2) for the system whose pH lies below 2 and likewise, H2PO4
− for pH between 2 and 7.2

and so on.

Table 1. The pKa values for various precipitants [17].

Precipitants pKa

H3PO4/H2PO4
− 2.1

H2PO4
−/HPO4

2− 7.2
HPO4

2−/PO4
3− 12.0

H2CO3/HCO3
− 6.38

HCO3
−/CO3

2− 10.34
HF/F− 3.0

H2C2O4/HC2O4
− 1.0

HC2O4
−/C2O4

2− 4.2
HSO4

−/SO4
2− 2.0

In this paper, factors such as pH, complexation, and hydration of precipitants affecting the
chemical precipitation with various precipitants will be examined and their practical implication in
the analysis of such precipitation processes will be discussed. The precipitation behavior of REEs
with carbonate, fluoride, phosphate, sulfate, and oxalate was considered in this study, since these
precipitants are most widely used in precipitation of REEs in practice.
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2. Acquisition of Thermodynamic Information

Table 1 presents the values of pKa for the precipitants considered in this study. It should be noted
that there are some variations in the numerical values of pKa based on various literature sources.
For example, the values for oxalic acid given by Pourbaix [17] and Dean [18] are different from those
by HSC [19] and Wagman [20]. However, the effect of such differences on the final outcome of the
behavior of chemical precipitation is not very significant.

The thermodynamic data used in this study are listed in Table 2. Most data given in the table
were taken from the literature information [21–26] and those unavailable were estimated using the
parallel plot method as described earlier [14].

Table 2. The Gibbs standard free energy formation of various compounds in kCal/mol. Information
taken from [14,15] with some modifications.

Carbonate Phosphate Sulfate Fluoride Oxalate Oct-Sulfate

La −768.5 −455.3 −892.6 −399.8 −872.2 −1399.9
Ce −761.4 −455.2 −884.7 −396.8 −868.3 −1340.2
Pr −764.5 −451.0 −879.4 −394.2 −860.6 −1343.5
Nd −761.6 −448.7 −877.2 −391.5 −861.8 −1335.0
Sm −759.6 −447.6 −878.8 −392.3 −860.1 −1330.5
Eu −759.4 −446.7 −875.3 −391.0 −859.1 −1275.3
Gd −758.6 −445.5 −874.2 −390.5 −857.7 −1328.1
Tb −757.0 −444.7 −873.7 −388.7 −856.9 −1313.2
Dy −750.6 −442.2 −868.9 −385.9 −856.0 −1323.3
Ho −744.2 −440.4 −861.3 −383.0 −849.6 −1314.3
Er −743.9 −439.1 −855.9 −380.9 −842.0 −1309.5
Tm −736.9 −438.2 −862.9 −379.6 −846.6 −1308.1
Yb −735.5 −437.6 −861.5 −378.4 −839.5 −1293.4
Lu −734.5 −435.7 −860.1 −376.8 −841.3 −1319.1
Y −749.9 −443.0 −866.8 −389.4 −851.5 −1320.6
Sc −714.9 −418.2 −845.1 −361.5 −828.4 −1300.0

Oct-sulfate: Re2(SO4)3·8H2O (here Re represents REEs).

Some of the standard Gibbs free energy formation values, such as Y- and Sc-oxalates were not
available in the literature and, therefore, were estimated using the parallel method as described
by earlier studies [14,15]. It should be noted that there were typographical errors in the values for
Re-octa-hydrated sulfates in earlier publications [14,15]. It should also be noted that subsequent
relevant calculations in the same articles were carried out using correct values, however.

3. Carbonate System

It is well known that rare earth elements are readily precipitated with carbonate at high pHs.
Rare earth elements are readily subjected to precipitation with carbonate [27,28] especially at high pHs.
Re-carbonates are ideal precipitates, since carbonates are readily available, relatively less expensive
than other precipitants, and precipitates can be easily dissolved in a mild acid for further treatments of
REEs in subsequent processes of purification. However, it is not easily precipitated in acidic media.
As a result, the leach liquor is usually subjected to a neutralization step before the precipitation of
REEs with carbonate is affected. During the neutralization process, however, impurities such as Fe3+,
Ca2+ are precipitated first resulting in loss of REEs due to adsorption and coprecipitation of REEs with
oxides or sulfates of impurities.

A simple stoichiometric equation describing the precipitation of REEs with carbonate can be
written in Equation (3), which is analogous to Equation (2).

2 {Re3+} + 3 {CO3
2−} = <Re2(CO3)3> (3)
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As discussed earlier, the concentration of CO3
2− at pH 1−6 that was considered in this study,

which is consistent with the range of pH practiced in industry, is practically zero, since the pK value for
HCO3

−/CO3
2− is 10.34. The stable species at pH less than 6, is H2CO3, which is the dominant species

as seen in Table 1 and, therefore, H2CO3 should be used in Equation (3). Furthermore, when pH of
the solution is less than 6, Re3+ is subjected to complexation to become either ReCl2+, Re(NO3)2+, or
Re(SO4)2

− depending upon the kind of acid used [14,15]. Therefore, for the working pH range (pH 1−6)
in this study, Equations (4)–(6) should be used for chloride, nitrate, and sulfate systems instead of
Equation (3).

2 {ReCl2+} + 3 {H2CO3} = <Re2(CO3)3> + 2 {Cl−} +6 {H+} (4)

2 {Re(NO3)2+} + 3 {H2CO3} = < Re2(CO3)3> + 2 {NO3
−} +6 {H+} (5)

2 {Re(SO4)2
−} + 3 {H2CO3} = < Re2(CO3)3> + 4 {SO4

2−} +6 {H+} (6)

In order to illustrate the steps involved in calculating the equilibrium concentration of REEs in
solution, let us take Equation (4) as an example. The equilibrium constant for Equation (4), Keq can be
found knowing the Gibbs standard free energy formation of each component involved in the reaction.
Such found equilibrium constant is given in Equation (7) below:

Keq =

{
Cl−}2{H+}6

{
ReCl2+

}2{H2CO3}3
(7)

Here {H+} is known if the pH of the system is known, {Cl−} is known since the pH of the system is
adjusted by HCl in this reaction, (see Table 3) and {H2CO3} was set as 10−4 M. Therefore, {ReCl2+} can
be determined.

It should be noted that Equation (6) is valid above pH 2 but SO4
2− should be replaced by HSO4

−
when the pH of the system is less than 2 (See Table 3). When Equations (4)–(6) are solved to calculate
the equilibrium concentrations of REEs in solution, it was assumed that the final concentrations of Cl−,
NO3

−, and SO4
2− are those set by respective acid concentration to adjust the pH of the solution as

discussed above. This assumption is reasonable for low pHs but the accurate estimation of the final
equilibrium concentrations of REEs at pH 6 should be carried out taking into account all of practical
conditions of the system.

It should also be noted that most of precipitants considered here are mostly weak acids and,
therefore, they contribute in setting the pH of the solution (see Table 4). This can be a cause of
inaccuracy in the final results especially at relatively high pHs, say pH greater than 4. The correction of
such effects can be made but no attempt on such corrections was made in this study. This is because
the objective of the study is to observe the precipitation behavior at low pHs.

Table 3. Concentrations of various anions used in the study at different pH’s [17].

HCl HNO3 H2SO4

pH Cl− (M) NO3
− (M) SO4

2−(M) HSO4
− (M)

6 1.0 × 10−6 1.0 × 10−6 1.0 × 10−6 9.9 × 10−11

5 1.0 × 10−5 1.0 × 10−5 1.0 × 10−5 9.9 × 10−9

4 1.0 × 10−4 1.0 × 10−4 9.9 × 10−5 9.9 × 10−7

3 1.0 × 10−3 1.0 × 10−3 9.1 × 10−4 9.0 × 10−5

2 1.0 × 10−2 1.0 × 10−2 5.0 × 10−3 5.0 × 10−3

1 1.0 × 10−1 1.0 × 10−1 9.0 × 10−3 9.1 × 10−2

0 1.0 1.0 1.0 × 10−2 9.9 × 10−1
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Table 4. The pH values of some weak acids for various concentrations.

Concentration, M. H3PO4 HF H2CO3 H2C2O4

1.0 × 10−6 5.97 6 6.31 6
1.0 × 10−4 4 4.05 5.2 4
1.0 × 10−3 3 3.26 4.69 3
1.0 × 10−2 2.3 2.64 4.18 2.09
1.0 × 10−1 1.63 2.1 3.68 1.31

It is important to note that any calculated value exceeding the highest concentration of REEs in
practice should be treated with caution. The highest concentration of REEs possible in the aqueous
system is based on the grade of REEs in the ore being leached. Assuming the highest grade of REEs of
the ore being treated is 50%, the highest concentration of REEs possible in the aqueous media could
be about 1.5 M [15]. It is safe to assume that when the calculated value is more than 1−2 M, the
precipitation is impossible under the conditions considered. On the other hand, when the calculated
value is less than the target value, 1 ppm, then the precipitation could be favorable.

Figure 1 presents the equilibrium concentration of dissolved REEs in solution when REEs are
subjected to precipitation with carbonate. In this study, the concentration of the precipitant, was kept
constant at 10−4 M throughout the paper as stated earlier. The choice of the precipitant concentration
being 10−4 M, which is the final concentration after the precipitation is completed, is arbitrary and
deemed reasonable in view of practical application. The horizontal dashed line across the figure
represents the concentration of REEs in solution being 3 × 10−6 M, which is about 1 ppm of REEs.
This is an arbitrary concentration representing an acceptable target level of precipitation of REEs after
subjecting to the carbonate precipitation.

  
(a) (b) 

  
(c) (d) 

Figure 1. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium with
carbonate precipitate with 10−4 M of total concentration of carbonate in solution at pH 6, 4, 2, and 1.
Cr.concentration: 1 ppm line as a target concentration.

It is a reasonable assumption that the initial concentration of REEs in the leach liquor would be
in the range of 3 × 10−1 to 3 × 10−3 M [15]. It is a usual practice that the initial concentration of the
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precipitant is a little more than the stoichiometric amount. It is obvious that carbonate is incapable of
precipitating most of REEs, except a few light REEs at pH 6. It is interesting to note that the precipitation
of nitrate and sulfate complexes is significantly better than free REE ions. The anomaly behavior by Eu
seems to be due to inaccuracy in the standard Gibbs free energy data given in the literature.

4. Fluoride System

It has been well understood that fluoride readily complexes with rare earth elements [6,29].
The pKa value of HF/F− is 3 as seen in Table 1 and, therefore, the relevant equations governing the
precipitation of REEs with fluoride should be formulated in such a way that HF is the precipitant at
pH less than 3 and F− should be used at higher pHs. For example, the precipitation of ReCl2+ with
fluoride is described by Equation (8) when the pH of the solution is 6 or 4, while Equation (9) is for pH
2 and 1. Here too, the concentration of the precipitant is assumed to be 10−4 M. The precipitation of
the complexed REEs is remarkable as in the case with the carbonate system. Most of REEs is easily
complexed with chloride, nitrate, and sulfate as long as the concentration of these anions is more than
0.1 M, below which they remain as Re3+ [14,15].

{Re3+} + 3 {F−} = <ReF3> (8)

{Re3+} + 3 {HF} = <ReF3> + 3 {H+}9 (9)

Figure 2a–d present the precipitation of Re3+, ReCl2+, Re(NO3)2
−, and Re(SO4)2

− with fluoride,
respectively. With regard to Figure 2a, there appears to be only one line representing pH 6 and 4.
This is because when pH is above 3, F− is responsible for the precipitation reaction as seen in Equation
(7), in which the precipitation becomes independent of pH. As seen in these figures, fluoride is a more
powerful precipitant for REEs than carbonate in the pH range considered in this study.

  
        (a)       (b) 

 
 

       (c)      (d) 

Figure 2. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium
with fluoride precipitate with 10−4 M of total concentration of fluoride in solution at pH 6, 4, 2, and 1.
Cr. Concentration: 1 ppm line as a target concentration.
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5. Phosphate System

When phosphoric acid, H3PO4 is placed in water, it dissociates into dihydrogen phosphate,
H2(PO4)−, hydrogen phosphate, H(PO4)2−, or phosphate ion, PO4

3− depending upon the pH of the
solution. The pKa values of these conjugated species are 2.1 for H3PO4/H2PO4

−, 7.2 for H2PO4
−/HPO4

2−,
and 12.0 for HPO4

2−/PO4
3− as noted in Table 1. Therefore, the relevant equilibrium equations for the

precipitation of REEs with phosphate should involve phosphoric acid for pH 1 and 2, and dihydrogen
phosphate for pH 4 and 6. These are shown in Equations (10) and (11), respectively, for precipitation of
ReCl2+.

{ReCl2+} + H2PO4
− = <RePO4> + 2{Cl−} + 2{H+} (10)

{ReCl2+} + {H3PO4} = <RePO4> + 2{Cl−} + 3{H+} (11)

Figure 3 illustrates the precipitation of Re3+, ReCl2+, Re(NO3)2
− and Re(SO4)2

− with phosphate.
Unlike the carbonate but similar to fluoride systems, the phosphate system shows a powerful
precipitation behavior even for free REEs. REEs are readily precipitated for all forms of rare earth
element ions in solution except Re-chloride complexes. Here again, the unusual behavior shown
by europium is most likely due to erratic thermodynamic data given in the literature. It should be
noted that industrially important REE-bearing minerals are monazite and xenotime, both of which are
phosphate compounds. Chemical interaction between REEs and phosphate has been investigated in
numerous studies [30,31].

  
           (a)       (b) 

  
          (c)      (d) 

Figure 3. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium with
phosphate precipitate with 10−4 M of total concentration of phosphate in solution at pH 6, 4, 2, and 1.
Cr. Concentration: 1 ppm line as a target concentration.
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6. Sulfate System

6.1. Sulfate (SO4
2−)

The precipitation of REEs with sulfate is given in Figure 4. In Figure 4a, the concentration of free
REEs in solution in equilibrium with Re-sulfate precipitates is shown. In the construction of this figure,
Equations (12) and (13) were used. Equation (12) was used for pH 6 and 4, while Equation (13) was
used for pH 2 and 1. As mentioned earlier, the concentration of precipitants was kept constant at 10−4

M. At pH 6, the concentration of sulfate ion is 10−4 M plus 10−6 M, in which the first was added by the
rule and the latter was from sulfuric acid to adjust the pH. In addition, at pH 4, on the other hand,
the concentration of sulfate ion is 2 × 10−4 M, because of the added sulfate plus sulfate provided by
sulfuric acid to adjust the pH of the solution. The same is also applicable for Figure 4d, in which case,
Equations (14) and (15) were used instead of Equations (12) and (13).

It is noted that the precipitation is better at low pHs, namely pH 2 and 1, compared to those at pH
6 and 4. The reason for this is because there is more sulfate present at low pHs due to the supply of
sulfate via sulfuric acid to adjust the pH of the solution.

2 {Re3+} + 3 {SO4
2−} = <Re2(SO4)3> (12)

2 {Re(SO4)2
−} = <Re2(SO4)3> + {SO4

2−} (13)

2 {Re(SO4)2
−} = <Re2(SO4)3> + {SO4

2−} (14)

2 {Re(SO4)2
−} + {H+} = <Re2(SO4)3> + {HSO4

−} (15)

  

          (a)       (b) 

  
         (c)      (d) 

Figure 4. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium
with sulfate precipitate with 10−4 M of total concentration of sulfate in solution at pH 6, 4, 2, and 1.
Cr. Concentration: 1 ppm line as a target concentration. Additional sulfate is provided by sulfuric acid
in (a) and (d).
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For the precipitation of Re(SO4)2
− using sulfate, the precipitation calculations were done using

Equations (14) and (15). The precipitation of Re(SO4)2
− with sulfate is unusual in that the species does

not need any precipitant but it has to release one sulfate or bisulfate to form the precipitate <Re2(SO4)3>

as seen in Equations (14) and (15). Such precipitation can be referred to as a decomposition precipitation.
It should be noted that in practice, REEs are usually precipitated with double salt sulfate [5,32], since

the precipitation is more effective with double sodium sulfate. However, in this study, precipitation of
REEs with only sulfate was carried out. Although double salt sulfate precipitation is more powerful than
simple sulfate precipitation, the precipitation behavior of the two systems is expected to be very similar.

6.2. Octa-Hydrated Sulfate (SO4·8H2O)

The chemical precipitation of REEs with sulfate to form octa-hydrated sulfate is very similar
to the precipitation behavior of sulfate. The relevant equations used in this analysis are given in
Equations (16)–(19).

2 {Re3+} + 3 {SO4
2-} + 8 {H2O} = <Re2(SO4)3·8H2O> (16)

2 {Re3+} + 3 {HSO4
−}+8 {H2O} = < Re2(SO4)3·8H2O> + 3 {H+} (17)

2 {Re(SO4)2
−} + 8{H2O} = < Re2(SO4)3·8H2O > + {SO4

2−} (18)

2 {Re(SO4)2
−}+ {H+}+8 {H2O} = < Re2(SO4)3·8H2O > + {HSO4

−} (19)

As in the case with the sulfate system, the appearance of sulfate or bisulfate is based on the pH of the
solution. In other words, when the pH of the system is greater than 2, sulfate is the predominant species
and at low pHs, bisulfate should be used as shown in Table 3. It was expected that the octa-hydrated
system is favored in the chemical precipitation compared to simple sulfate precipitation [14,15]. However,
the results shown in Figure 4; Figure 5 show that the two systems behave very similarly.

  
          (a)                     (b) 

  
     (c)     (d) 

Figure 5. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium with
octa-hydrated sulfate precipitate with 10−4 M of total concentration of sulfate in solution at pH 6, 4,
2, and 1. Cr. Concentration: 1 ppm line as a target concentration. Additional sulfate is provided by
sulfuric acid in (a) and (d).
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7. Oxalic Acid

Oxalic acid is the most commonly used precipitant for REEs from solution and the majority of
investigators have used this precipitant to separate REEs in the solution from other dissolved ions.
This is because oxalic acid has in general a very favorable affinity with REEs in general [4,6,9,13]. As seen
in Table 1, the pKa values are 1 and 4.2 for H2C2O4/HC2O4

− and HC2O4
−/C2O4

2−, respectively. As a
result, the relevant equations to be used to solve the equilibrium concentrations of REEs in solution after
precipitation are Equations (20) and (21) for pH 6 and 4, and Equation (22) for pH 2 and 1, respectively.

2 {Re(SO4)2} + 3 {C2O4
2−} = <Re2(C2O4)3> + 4 {(SO4)2−} (20)

2 {Re(SO4)2
−} + 3 {HC2O4

−} = <Re2(C2O4)3> + 4 {(SO4)2−} + 3 {H+} (21)

2 {Re(SO4)2
− } + 3 (HC2O4

−) + {H+} = <Re2(C2O4)3> + 4 {(HSO4)−} (22)

The concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium with
oxalate precipitate with 10−4 M of total concentration of oxalate in solution at pH 6, 4, 2, and 1 is plotted
in Figure 6.

  

         (a)         (b) 

  
        (c)      (d) 

Figure 6. Concentrations of (a) Re3+, (b) ReCl2+, (c) Re(NO3)2
+, and (d) Re(SO4)2

− in equilibrium
with oxalate precipitate with 10−4 M of total concentration of oxalate in solution at pH 6, 4, 2, and 1.
Cr. Concentration: 1 ppm line as a target concentration.

As seen in this figure, oxalic acid is proven to be the most effective precipitant for REEs in solution.
The degree of precipitation is very favorable for all pH ranges.

8. Comparison Among Precipitants

As expected, all of the precipitants considered in this study have shown good precipitation
characteristics. In general, the most effective precipitant is oxalate, which has shown an outstanding
precipitation behavior for REEs even at low pHs. On the other hand, most of precipitants are not effective
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unless the pH of the system is relatively high. As seen in Figure 7, the precipitation of free Re-ions, Re3+ is
relatively poor even at pH 6 with the exception of oxalate and phosphate. When the pH of the system is
low, such as pH 1 (Figure 7b), even oxalate loses its effectiveness. As seen in Figure 7, it is in general that
the order of precipitation power follows: oxalate > phosphate > fluoride > sulfate > carbonate.

  
      (a) (b) 

Figure 7. Concentration of Re3+ in equilibrium with various precipitants at 10−4 M and at (a) pH 4 and
(b) pH 1.

However, when REEs complex with the anions such as Cl−, NO3
−, and SO4

2− or HSO4
−, which

almost always exist, especially at low pHs, since acids frequently used in dissolving Re-bearing
minerals in the leaching operation are either HCl, HNO3, or H2SO4. As discussed in the earlier
studies [8,9], when such acids are present in the aqueous system, REEs immediately form complexes
with these anions. In the presence of chloride, ReCl2+ is the most dominating species, Re(NO3)2

+ for
the nitrate system and Re(SO4)2

− is for the sulfate system. As a result, the calculations involved to find
the equilibrium concentrations of REEs should be carried out using these chemical moieties in place of
Re3+. Consequently, the precipitation behavior of REEs will also change and therefore, Figure 8 will be
the relevant figure in place of Figure 7 for the nitric system as an example.

It is very notable in the case of the nitrate system, the precipitation power of carbonate has overtaken
that of fluoride and sulfate. Similar plots were made for the chloride system as well as the sulfate system
and the results were quite similar but the intensity of precipitation was not as strong as the nitric system.

  
        (a)      (b) 

Figure 8. Concentration of ReCl2+ in equilibrium with various precipitants at 10−4 M and at (a) pH 4
and (b) pH 1.
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9. Conclusions

The chemical precipitation of REEs with precipitants including carbonate, fluoride, phosphate,
sulfate, and oxalate was studied over a wide range of pH such as 1, 2, 4, and 6. The concentration of
precipitants was fixed at 10−4 M chosen as the standard concentration for comparison. Such precipitation
occurs in practice after primary leaching as a part of the purification process.

With all of the five precipitants studied, Ligjt REEs tend to precipitate much easier than Heavy
REEs. The effect of anions associated with acids used in the leaching process was found to have had a
significant impact on the overall precipitation process. In general, the complexed REEs with these
anions tend to provide a conducive environment in precipitation resulting in an order of magnitude
difference in the precipitation extent. The nitrate system was found to be most effective followed by
sulfate and chloride systems. The pH of the system has another significant factor in determining the
precipitation in that the difference in pKa values of the precipitants introduces precipitant moiety of
the precipitants, which has a pronounced effect on the overall precipitation.
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Abstract: Lanthanides play an important role in modern technology because of their outstanding
optical, electronic, and magnetic properties. Their current hydrometallurgical processing involves
lixiviation, leading to concentrates of elements whose separation requires exhaustive procedures
because of their similar chemical properties. In this sense, a new nanotechnological approach
is here discussed, involving the use of iron oxide nanoparticles functionalized with complexing
agents, such as diethylenetriaminepentaacetic acid (DTPA), for carrying out the magnetic extraction
and separation of the lanthanide ions in aqueous solution. This strategy, also known as magnetic
nanohydrometallurgy (MNHM), was first introduced in 2011 for dealing with transition metal
recovery in the laboratory, and has been recently extended to the lanthanide series. This technology
is based on lanthanide complexation and depends on the chemical equilibrium involved. It has been
better described in terms of Langmuir isotherms, considering a uniform distribution of the metal
ions over the nanoparticles surface, as evidenced by high angle annular dark field microscopy. The
observed affinity parameters correlate with the lanthanide ion contraction series, and the process
dynamics have been studied by monitoring the nanoparticles migration under an applied magnetic
field (magnetophoresis). The elements can be reversibly captured and released from the magnetically
confined nanoparticles, allowing their separation by a simple acid-base treatment. It can operate in a
circular scheme, facilitated by the easy magnetic recovery of the extracting agents, without using
organic solvents and ionic exchange columns. MNHM has been successfully tested for the separation
of the lanthanide elements from monazite mineral, and seems a promising green nanotechnology,
particularly suitable for urban mining.

Keywords: lanthanide separation; magnetic nanohydrometallurgy; complexing nanoparticles;
magnetic nanoparticles; magnetophoresis; monazite processing; urban mining

1. Introduction

As the major group of the rare earth (REE) elements, lanthanides are increasingly important
in modern technology because of their remarkable performance in optical, electronic and magnetic
materials [1]. They are relevant in catalysis [1], metallurgy, ceramics, medicine [2–5], electronics, and
energy [6,7], being also widely used in domestic apparatus such as TV (Eu, Ce), computer monitors
(Ce, Nd), cell phones (La, Y, Nd, Gd, Dy, Eu, Tb), fluorescent lamps (Ce, La, Eu, Y, Tb), as well as in
solar panels (La), aircrafts, automobile parts (La, Ce, Y, Dy, Eu), and wind turbines (Nd, Dy) [7].

The most important lanthanide minerals are represented by monazite, bastnäsite and xenotime.
Monazite is a phosphate mineral of REE, rich in light elements such as Ce (46%), La (23%), Nd (19%),
Pr (5%), Sm (3%), and Gd (1.7%), with less than 1% of the remaining lanthanides, in addition to Th.
Similarly, bastnäsite is a fluorocarbonate mineral containing the light elements Ce (50%), La (32%),
Nd (13%), and Pr (4%). It should be noticed that such light elements are the most relevant ones in
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modern technology, accounting for about 95% of global world consumption. In particular, Nd demand
is becoming increasingly important, because of its use in commercial supermagnets based on Nd2Fe14B
alloys. Xenotime is an yttrium phosphate mineral encompassing the major heavy elements Dy (7%), Er
(6.2%), Yb (6%), Gd (3.6%), Ho (2%), Tm (1.2%), Sm (1.2%), and Tb (1%).

China is currently the main world producer, possessing the largest known reserves (55 Mt). Recent
discoveries are placing Brazil in the second world position [7,8], with confirmed reserves of 22 Mt.
Although Brazil has pioneered the rare earth production in the mid-20th century, such competence has
been lost and the country is no longer a REE producer [9].

Lanthanide processing involves the crushing of the ore into a gravel size, followed by milling,
and flotation. The collected materials are then treated with acids or alkalis. In this process, the existing
thorium and cerium elements are removed as thorium phosphate and CeO2 products, leaving aqueous
concentrates of dissolved light lanthanide elements. Such concentrates are then chemically treated
to undergo solvent extraction and ionic exchange processes [10–16]. However, since the lanthanide
elements are chemically very similar, their separation becomes rather difficult. The complexation
equilibrium constants involved span only a narrow range, where the minor differences are dictated by
trends in the so-called lanthanide contraction series accompanying the increase of the atomic number.

In the last years, we have been working on a new nanotechnological approach to hydrometallurgy,
based on iron oxide nanoparticles functionalized with suitable complexing agents for capturing
and processing the metal ions in solution. It has been denominated magnetic nanohydrometallurgy
(MNHM) [17–21] and can be performed under mild conditions in aqueous solution, similarly to
conventional hydrometallurgy. The difference, however, is that after sequestering the metal ions, the
complexing superparamagnetic nanoparticles can be magnetically confined and isolated, allowing
to selectively extract and collect the elements according to their stability constants. In the case of
transition metal elements, the nanoparticles have been collected directly onto the electrode surfaces,
using external magnets, allowing to perform electrowinning and obtaining the pure elements. After
electrodeposition, the active nanoparticles are released just by removing the magnet, returning to the
process in a green and sustainable fashion. MNHM has already been successfully tested for copper(II),
silver(I) and mercury(II) ions [19]. The technology can be completely automated [18], using small
reactors, and is particularly suitable for urban mining.

In the case of the lanthanides, after their selective sequestering by the complexing nanoparticles,
the elements can be released in acidic media, e.g., below pH 2, generating a solution enriched in the
heavy elements. By adjusting the pH to 6, a new equilibrium takes place, increasing even more the
amount of heavy elements on the complexing nanoparticles, according to their respective affinity
constants. In this way, by using MNHM, lanthanide separation can be feasible, involving sequential
complexation, confinement and releasing cycles. It can be carried out in aqueous solution and at room
temperature, without using organic solvents, ionic exchange resins and exhaustive chemical processing.

2. Complexing Magnetic Iron Oxide Nanoparticles

Nanoparticles design is the key point in magnetic nanohydrometallurgy. In order to be employed
as a magnetic carrier, one should use a suitable core material of nanometric size, exhibiting a large
response to magnetic fields, in a superparamagnetic behavior. One of the best materials for this
purpose is magnetite, Fe3O4. It is widespread in nature and represents an environmentally compatible
material. The black solid exhibits a mixed valence composition FeIIFeIII

2O4 displaying the iron(II) ions
in octahedral sites and the iron(III) ions equally distributed in octahedral and tetrahedral sites [22].
The nanoparticles exhibit nanocrystalline structure as shown in Figure 1. In the crystals, only
the iron(II) ions contribute to the magnetization behavior of magnetite, since the iron(III) ions are
antiferromagnetically coupled.
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Figure 1. Transmission electron microscopy (TEM) images of nanocrystalline magnetite nanoparticles, in
different magnifications (A–C). (I) Inset: Overfocused high resolution transmission electron microscopy
(HRTEM) image of magnetite nanoparticle highlighting the interplanar distance of 311 plane (Scale bar:
10 nm).

The nanometric crystals exhibit typical magnetization values around 55–65 emu g−1 at room
temperature with little hysteresis (Hc < 13 Oe), reflecting the existence of single magnetic domains.
Magnetite is a stable material that can be easily prepared in large amounts, with low cost, by
several methods, including the controlled oxidation of iron(II) polymeric complex suspensions [23],
coprecipitation of iron(II) and iron(III) hydroxides [24], and the thermal decomposition of iron(III)
metal organic complexes in organic media [25]. A similar alternative is maghemite, γ-Fe2O3, a brown
solid composed exclusively by iron(III) ions. It can be obtained by the air oxidation under stirring
and reflux for 3 h, of magnetite suspensions [26]. Its typical saturation magnetization, around 40–50
emu g−1, is slightly smaller in relation to magnetite, but it exhibits greater stability in air. For this
reason, most magnetite suspensions are slowly converted into the maghemite form after ageing under
normal conditions.

Both magnetite and maghemite exhibit a superparamagnetic behavior characterized by the lack of
hysteresis, or magnetic memory. This behavior can be seen in their corresponding magnetization plots,
by scanning the magnetic field in a cyclic way, leading to superimposed curves in the two directions,
as shown in Figure 2. The lack of hysteresis implies the existence of very weak interconversion barriers
between the spin states, leading to a single magnetic domain. At very low temperatures, a very
small hysteresis is often observed, reflecting the particularities of the nanoparticle structures. The
superparamagnetic behavior is particularly relevant for magnetic nanohydrometalurgical applications,
because it allows to readily disperse the nanoparticles after the capture and release of the metal ions,
just by removing the magnetic [27]. In this way, the nanoparticles can be reused in a new cycle, without
forming permanent agglomerates.

Figure 2. Magnetization curve for Fe3O4@SiO2 nanoparticles, at room temperature, showing a negligible
hysteresis effect (Hc = 2.2 Oe) in the expanded scale (inset).
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In order to extend their lifetime and protect from the chemical environment, the nanoparticles can
be coated with a thin silicate layer, by treating with tetraethoxysilane (TEOS) according to the Stöber
method [28]. This step can be followed by the treatment with ethylenediaminopropyltrimethoxysilane
(EAPTMS) in order to introduce the chemical linkers required for binding the DTPA complexing agent
via the amino/anhydride reaction. The overall procedure is shown in Scheme 1.

Scheme 1. Synthetic routes for obtaining the complexing nanoparticles.

The coating of the magnetic core with silica helps in preventing the exposure of the surface metal
ions, thus precluding the interaction with the solvent and electrolytes, including the lanthanide
ions and buffers. The silica coating also improves the protection against air, decreasing the
conversion rates of magnetite into maghemite, and preventing the decay of the magnetization
properties. In addition, the protecting coating is also important for anchoring aminoalkylsilane
linkers, such as ethylenediaminepropyltrimethoxisilane, EAPTMS, required for attaching the final
complexing agents. In the case of the lanthanide ions, because of their hard-base characteristics, the
diethylenetriaminepentaacetic acid (DTPA) ligand is one of the best choices as a sequestering agent.
This complexing agent can be covalently linked to the anchored (ethylenediamine)propylsilane (EAPS)
group, via the reaction with DTPA anhydride, through the formation of amide bonds, as shown in
Figure 3. The final, engineered nanoparticles Fe3O4@SiO2/EAPS/DTPA will be simply referred to as
NP@DTPA, except when their specific composition becomes relevant.

Figure 3. Magnetic nanoparticles protected by a SiO2 coating, containing an
(ethylenediamine)propylsilane shell for supporting the covalently bound DTPA molecules,
Fe3O4@SiO2/EAPS/DTPA, or simply NP@DTPA (adapted with permission from [29]).

The stepwise functionalization monitored by means of elemental analysis leads to a systematic
increase of C and N content, accompanying the binding of the organosilane and DTPA agents, in the
Fe3O4@SiO2/EAPS and Fe3O4@SiO2/EAPS/DTPA nanoparticles. The presence of the organic coating
can also be se2en in the FTIR spectra, as illustrated in Figure 4.
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Figure 4. Typical FTIR spectra of the (—) Fe3O4@SiO2/EAPS and (—) Fe3O4@SiO2/EAPS/DTPA
nanoparticles (adapted with permission from [29]).

The vibrational spectra of these two particles exhibit characteristic broad peaks at 1460 cm−1

ascribed to ν(N–H) stretching, and the sharp peaks at 2850 and 2919 cm−1 ascribed to ν(C–H) vibrations.
Strong peaks observed at 1090 cm−1 correspond to ν(Si–OSi) vibrations, while the ν(Fe–O) peaks
are shown at 583 cm−1, in agreement with the magnetite composition. Differential peaks can be
observed in the 1600–l400 cm−1 region, corresponding to the asymmetric and symmetric stretching
vibrations of the carboxylate groups. The peak at 1630 cm−1 corresponds to the νasym(CO2) vibration,
but it seems superimposed to the δ(O–H) vibrations of the water molecules present in the system.
The relative intensity peak is stronger for the DTPA particles, as expected for the presence of the
large number of carboxylate groups in relation to Fe3O4@SiO2/EAPS. The weak peak at 1465 cm−1 is
associated with ν(N–H) vibrations in both cases, but there is a differential peak at 1400 cm−1 for the
Fe3O4@SiO2/EAPS/DTPA particle, corresponding to the νsym(CO2) vibration. The Fe3O4@SiO2/EAPS
and Fe3O4 @SiO2/EAPS/DTPA nanoparticles were also monitored by dynamic light scattering and zeta
potential measurements, as shown in Figure 5.

 

Figure 5. (A) Hydrodynamic sizes of the Fe3O4@SiO2/EAPS and of the Fe3O4@SiO2/EAPS/DTPA
nanoparticles and (B) variation of their corresponding zeta potentials as a function of pH (adapted
with permission from [29]).

In Figure 5A, the comparison between Fe3O4@SiO2/EAPS and the Fe3O4@SiO2/EAPS/DTPA
nanoparticles shows that the external DTPA shell increases slightly the nanoparticles hydrodynamic
size, as expected theoretically. Its presence is also reflected in the nanoparticles’ zeta potentials, as
shown in Figure 5B. The zeta potentials refer to electrokinetic potentials measured at the interfacial
double layer also denoted as a slipping plane relative to the bulk fluid away from the interface [30]. It
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is particularly related to the surface plane where the nanoparticles interact with the metal ions ion
solution. In addition, the zeta potentials are important for promoting the nanoparticles stability in
solution by means of electrostatic repulsion forces [31].

As shown in Figure 5B, the Fe3O4@SiO2/EAPS nanoparticles containing ethylenediamine groups
are protonated below pH 8, leading to positive zeta potentials around 30 mV. Such high positive
charges stabilize the nanoparticles in solution. The isoelectric point is observed at pH 9.12, where
the electrostatic stability is lost. In the case of the Fe3O4@SiO2/EAPS/DTPA nanoparticles, the zeta
potentials at low pH are a little smaller, starting at 20 mV at pH 3, indicating a positive charge
from the protonation of the amino groups, in the presence of the neutral carboxylic acid groups.
The isoelectric point occurs at pH 4.4, where the partial deprotonation of the carboxylic groups
compensates the positive charges of the protonated amino groups. Above pH 5 most carboxylic
groups are deprotonated, and the nanoparticles become electrostatically stabilized by a negative charge,
corresponding to −30 mV potential.

3. Lanthanide Capture by the Iron Oxide Nanoparticles

DTPA is a well-known complexing agent for metal ions, and perhaps the best one in the market, for
lanthanide ions. Its interaction with metal ions in aqueous solution can be readily probed by separating
the superparamagnetic nanoparticles using an external magnet and analyzing its metal content, as well
as of the remaining solution, by means of chemical, spectroscopic or X-ray fluorescence techniques.

For a systematic work, it is important to find the best experimental conditions, considering the
pKa and the zeta potentials involved, using controlled conditions and the same batch of iron oxide
nanoparticles in order to keep constant the chemical and physical parameters, such as composition,
size, mobility, and complexation activity. This is a very important precaution, because the nanoparticle
characteristics depend upon the synthetic procedures employed, turning the direct comparison with
related nanoparticles obtained from different batches or methods, which is not always feasible. For
comparison purposes, only a few related systems have been reported in the literature since our first
work on MNHM in 2011 [21], or on the lanthanum/neodymium separation in 2016 [32]. In particular,
one should mention those based on metallic iron [33], or using polymeric coating [34], which, in spite of
their different scopes and methodologies, there is a good agreement with the lanthanide sequestering
properties reported in our work.

It should be noted that the experiments involving the capture of lanthanide ions by the NP@DTPA
nanoparticles have been carried out at pH 6 [32]. At this pH, most of the carboxylic groups are in
the anionic form, and the nanoparticles are stabilized by the electrostatic repulsion from the surface
carboxylate charges, as described by the DLVO theory [35]. In addition, at this pH, there is no risk
of precipitating the lanthanide hydroxides before performing the complexation reaction. Another
point observation is that for technological applications, MNHM requires suitably engineered iron
oxide nanoparticles, exhibiting, for instance: (i) strong magnetic cores, with crystalline structures,
displaying little hysteresis at room temperature; (ii) great stability in aqueous solution, in order to
perform under normal conditions, e.g., in the presence of oxygen (air), high stirring rates and variable
pH; (iii) large surface area and great mobility in solution; (iv) a protecting coating for preserving the
magnetic core from the chemical environment; (v) a functional external coating encompassing the
complexing agents; (vi) a large concentration of the complexing agents at the surface, in order to
improve the yield of sequestered metal ions; (vii) a good chemical reversibility for exchanging the
complexed metal ions with protons in the processing steps and performing the separation process; (viii)
high magnetic recovery rates for effectively recycling the functional nanoparticles; (ix) low toxicity and
safe manipulation, offering minor risks for the environment; (x) low cost and allowing production in
large scale for industrial applications.

In the complexation studies, it is important to start from stable nanoparticles in solution because
of their mobility, thus improving the interaction of the DTPA groups with the metal ions in order to
form strong chelate complexes. The analysis is facilitated by the easy removal of the nanoparticles,
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magnetically, in order to perform energy dispersive X-ray fluorescence (EDXRF) measurements and
evaluate the amount of captured metal ions [29]. Typical EDXRF data for Fe3O4@SiO2/EAPS/DTPA
nanoparticles containing Nd3+ ions, separately, and their residual content in solution, as well as of the
bare Fe3O4 nanoparticles, are shown in Figure 6.

Figure 6. Typical X-ray fluorescence spectra of the Fe3O4 nanoparticles, of the neodymium nitrate
solutions at 25 mmol L−1, and of the nanoparticles after the capturing of Nd3+ ions (adapted with
permission from [29]).

The complexation studies have been carried out for the several lanthanide ions, independently, in
order to estimate their affinity or equilibrium constants. The process involves mobile nanoparticles
and free ions in solution and can be described in terms of the Langmuir isotherms proposed for
adsorption of molecules onto surfaces displaying similar binding sites, according to a monolayer
distribution. There are also many other models available, such as the Freundlich isotherms, which can
accommodate more complicated systems, including the formation of adsorption multilayers. In our
case, the Langmuir isotherms have been preferred because their theoretical formalism keeps a close
similarity with the chemical equilibrium in solution.

Considering the complexation equilibrium for the lanthanide ions (Ln3+) and the
superparamagnetic nanoparticles, one can write:

NP@DTPA + Ln3 � NP@DTPA-Ln (1)

where the equilibrium constant can be expressed by

K =
[NP@DTPA− Ln][
Fe3+

]
[NP@DTPA]

(2)

If θ is the fraction of the adsorption sites to which the Ln3+ ion has become attached, the fraction
of the unattached sites is (1 − θ). Therefore,

[NP@DTPA− Ln]
[NP@DTPA]

=
θ

(1− θ) (3)

Calling the concentration of the lanthanide ions at equilibrium [Ln3+] = Ceq the adsorption
constant can be written as

K =
θ

Ceq(1− θ) (4)
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or rearranging,

θ =
KCeq(

1 + KCeq
) (5)

The adsorbed mass of lanthanide ions at equilibrium concentration is equal to the difference
of the initial and equilibrium Ln3+ concentrations, Co and Ceq, respectively. Defining qeq as the
adsorbed mass of lanthanide ions at equilibrium concentration per mass of adsorbent (m), NP, in a
given volume V,

qeq =

(
Co −Ceq

)
V

m
(6)

Considering that

θ =
qeq

qmax
(7)

it follows that

qeq =
KCeqqmax(
1 + KCeq

) (8)

Therefore, the plot of qe versus Ceq should exhibit a characteristic curvature, approaching a
saturation point at higher concentrations of the lanthanides, corresponding to qmax. The corresponding
plots for La3+ and Nd3+ ions can be seen in Figure 7.

 

Figure 7. Adsorption isotherm of NP@DTPA in Nd3+ solutions at 298 K (adapted with permission
from [29]).

A more convenient way is to express Equation (8) in the linearized form as shown in Figure 8.

Ceq

qeq
=

1
K qmax

+
Ceq

qmax
(9)
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Figure 8. Linear plot of the adsorption isotherm of NP@DTPA in Nd3+ solutions based on the Langmuir
Equation (9).

In this way, from the analysis of the linear data in Figure 8, the maximum coverage for the Nd3+

ions was evaluated as 28 mg(Nd) g(NP)−1 and the equilibrium constant as 4.22 × 10−4 g(NP) L−1.

4. Desorption Equilibrium

Desorption of the sequestered lanthanide ions in the NP@DTPA-Ln nanoparticles can be carried
out by lowering the pH below 2 in order to protonate the carboxylate groups (Equation (10)).

NP@DTPA-Ln + H+� NP@DTPAH + Ln3+ (10)

The process can be monitored by X-ray fluorescence as illustrated in Figure 9. In this example, the
NP@DTPA-Nd nanoparticles were magnetically confined, and the Nd content determined. After this,
the particles were treated with an acidic solution, keeping the pH around 2. Then, after equilibration,
the Nd content of the magnetic nanoparticle was analyzed again. As one can see, there is a complete
release of the Nd3+ ions to the solution.

 

Figure 9. X-ray fluorescence analysis of the magnetic nanoparticles containing lanthanide ions, and
after the treatment in acidic solutions at pH 2, showing the complete release of the metal elements
(adapted with permission from [29]).

The reversible process can be controlled by the pH, allowing the use of the superparamagnetic
nanoparticles in the separation of the lanthanide elements.
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5. Magnetic Behavior, Kinetics and Magnetophoresis

Dy3+ ions have been specially employed for investigating the magnetic behavior, kinetics and
magnetophoresis of the iron oxide nanoparticles because of their large magnetic moment. In addition,
dysprosium is the major lanthanide component of the xenotime ore, being strategic in the fabrication of
especially strong neodymium supermagnets. The capture of Dy3+ ions by the NP@DTPA nanoparticles
can be represented as:

NP@DTPA + Dy3+� NP@DTPA-Dy (11)

The process has been probed by the X-ray fluorescence spectra, by monitoring the corresponding
Lβ2 band, as shown in Figure 10.

 

Figure 10. X-ray fluorescence spectra of the NP@DTPA, Dy3+ free ions in equilibrium, and
NP@DTPA-Dy, after the magnetic confinement (adapted with permission from [35]).

The Langmuir isotherms were elaborated by determining the concentration of the remaining
Dy3+ ions in solution, after confining the NP@DTPA-Dy particles with an external magnet. From the
equilibrium concentrations of the Dy3+ ions, Ceq, the Langmuir isotherm was elaborated, as shown in
Figure 11.

Figure 11. Adsorption isotherm of NP@DTPA in Dy3+ solutions at 298 K, pH 6, from the data collected
after 500 min, under stirring, for ensuring complete equilibration (adapted with permission from [35]).

Its linearized form is shown in Figure 12.
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Figure 12. Linear plot of the adsorption isotherm of NP@-DTPA in Dy3+ solutions, as expressed by the
Langmuir equation.

In this way, the maximum coverage for the Dy3+ ions were 63.2 mg(Dy)/g(NP), and the respective
adsorption equilibrium constant was 2.57 × 10−3 g(NP) L−1. This value is significantly higher than
the equilibrium constant of 4.22 × 10−4 g(NP) L−1, previously reported for the capture of Nd3+

ions, respectively, using the same superparamagnetic nanoparticles and experimental conditions.
The formation of the surface metal complexes from the lanthanide capture has also been probed by
scanning transmission electronic microscopy (STEM) using a high-angle annular dark field arrangement
(HAADF) and shown in Figure 13 for the Dy3+ complex.

 

Figure 13. (Left) HAADF image of a cluster of NP@DTPA-Dy nanoparticles; (Middle) Elemental map
image obtained by EDS analyses of the same NP@DTPA-Dy nanoparticles cluster. (Right) Enlarged
image of the selected area from the middle image. The red, blue, yellow and green colors correspond to
the presence of Dy, Fe, C and Si in the nanoparticles, respectively (adapted with permission from [35]).

In Figure 13, one can see the HAADF of the magnetic nanoparticles deposited on the carbon grid.
The corresponding elemental map is also shown, revealing the distribution of the Dy (red), Fe (blue), C
(yellow), and Si (green) elements at the NP@DTPA-Dy surface. In the more detailed image, one can
see the red spots from the dysprosium ions located over the yellow stain of the carbon atoms from
the DTPA ligand. As a matter of fact, this image represents the direct observation of the Dy-DTPA
complexes at the nanoparticles surface. The surface metal complexes can influence the magnetism
of the NP@DTPA-M nanoparticles by changing their electronic content at the surface. Their effect
is expected to be more intense in the case of strongly paramagnetic metals, such as the Dy3+ (4f9)
species, where the intrinsic paramagnetism can couple with the magnetic field of the core. In this
case, the magnetization of NP@DTPA-Dy nanoparticles (8.5 mg) containing 6.3% (weight) Dy3+ ions
were recorded in water/glycerol suspension, using a vibrating sample (VSM) magnetometer. The
measurements were carried out in comparison with the NP@DTPA (8.4 mg) sample with no Dy3+ ions.
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The results are shown in Figure 14. Surprisingly, the binding of paramagnetic Dy3+ ions seems to
decrease saturation magnetization of the NP@DTPA-Dy nanoparticles, as shown in Figure 14.

 

Figure 14. VSM measurements, at room temperature of NP@DTPA and NP@DTPA-Dy suspensions
in water/glycerol mixture, showing the decrease of the magnetization promoted by the Dy3+ ions, as
evaluated by the difference plot (adapted with permission from [35]).

In principle, the paramagnetic lanthanide ions were expected to enhance the saturation
magnetization of the nanoparticles. However, the measurements indicated an opposite behavior,
raising questions about the occurrence of dipolar interactions with the magnetic core. The HAADF
image seems to corroborate the model illustrated in Figure 15, where Dy3+ ions are under the influence
of opposing magnetic lines of the Fe3O4 core, leading to antiferromagnetic dipolar interactions.

Figure 15. A pictorial representation of the antiferromagnetic dipolar interaction between dysprosium
ions and the magnetic nanoparticles (adapted with permission from [35]).

Another way of probing the magnetic behavior of the particles is by monitoring their migration
under the influence of an applied magnetic field. This response is known as magnetophoresis and
is currently being investigated by many authors, using different techniques. Its understanding is
essential for the application of nanoparticles in magnetic separation processes [35–42]. Since magnetic
nanoparticles are very small, their magnetophoretic pathway can be perturbed by the thermal energy
and the viscous drag forces [42]. For this reason, a strong magnetic force is necessary to overcome
the thermal randomization. Because of the high complexity of the analytical solutions dealing with
migration in inhomogeneous magnetic fields, the rigorous theoretical formalisms become rather
complicated and are beyond the scope of this paper. As a simple approximation, the magnetophoretic
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velocity ν, can be obtained by equilibrating the force involved in the magnetophoretic displacement of
the isolated nanoparticles of radius R and magnetic moment m, under a magnetic field H, and gradient
(∂H/∂r), and the opposing viscous drag force, as

ν =
1

6πηR
χμoH

∂H
∂r

(12)

where μo is the magnetic constant (equal 1 in cgs unit), and η is the viscosity.
In this way, the magnetophoretic velocity of the nanoparticles should be directly proportional to

the magnetic field and to the magnetic field gradient, as well as to the magnetic moment or susceptibility
of the particles, and inversely proportional to their hydrodynamic sizes. A simple arrangement for
probing magnetophoresis in the laboratory is by using an analytical balance equipped with a suitable
cantilever for allowing external weighing, as shown in Figure 16. The sample probe employed is just a
miniature tube, placed above of small Nd2Fe14B supermagnet (diameter = 1 inch) at a constant distance
and position, in order to provide the same magnetic field and gradients. A pictorial representation of
the experiment is shown in Figure 17 [35].

 

Figure 16. (A–E) Monitoring the magnetophoresis of NP@DTPA in the presence of a Nd2Fe14B magnet,
as a function of time by means of an external weight device placed on the analytical balance pan (only
the cantilever is shown) (adapted with permission from [43]).

 

Figure 17. Pictorial representation of the capture of Dy3+ ions in the presence of the magnet: (A) Initial
Dy3+ solution (0.1 mol L−1); (B) after adding NP@DTPA and stirring without applying the magnet;
(C) magnetophoretic deposition after the capture of Dy3+ ions by the superparamagnetic nanoparticles
(adapted with permission from [43]).

By using this arrangement, it is possible to evaluate the average magnetophoretic rates by
monitoring the relative weight increase as the magnetic nanoparticles reach the bottom attracted by the
magnetic field. The presence of paramagnetic ions in solution has only a negligible effect on the weight
increase by the attracted nanoparticles, since their magnetic moments differ by 8 orders of magnitude.
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In a typical magnetophoretic experiment, by starting with 1 mL of 0.1 mol L−1 Dy3+ solution, 8 mg of
NP@DTPA was added and the mixture was kept under stirring for 5 h to ensure equilibration. After
this, the sample was kept in the external weighing device, and a magnetic field was applied to promote
the nanoparticles deposition at the bottom, while measuring the weigh increase as a function of time.
A similar experiment was repeated in the absence of Dy3+ ions. The comparison, shown in Figure 18,
revealed that a systematic decrease of magnetism, by 5.9 ± 1% results after the binding of the Dy3+ ions.

Figure 18. Magnetophoresis of NP@DTPA before (a) and after (b) the binding of Dy3+ ions (magnet
distance = 0.40 cm) showing the decrease of magnetization in the presence of the lanthanide ions and
the slower magnetophoretic rate (inset) (adapted with permission from [43]).

This result is consistent with the occurrence of an anti-ferromagnetic coupling between the
paramagnetic Dy3+ ions and the superparamagnetic core, as already observed by VSM, Figures 14
and 15. The magnetophoretic velocity is also slightly reduced after the binding of Dy3+ ions, with the
curve slopes decreasing from 8.98 to 8.52. This is consistent with the decrease of the magnetization of
the nanoparticles and with the increase of the hydrodynamic radii due to the presence of the Dy3+ ions.
The observed decrease of magnetization is correlated with the amount (6% w/w) of captured Dy3+ ions,
allowing to probe the metal ion extraction, using a simple analytical balance.

6. Lanthanide Separation

The equilibrium constants for the complexation of the lanthanide ions have been obtained using
the same batch of NP@DTPA nanoparticles, for which all the chemical and physical constants have
been previously determined. They have been evaluated from the corresponding Langmuir isotherms,
generated under the same conditions, at room temperature, for the La3+, Pr3+, Nd3+, Sm3+, Gd3+ and
Dy3+ ions, leading to the following equilibrium constants: 2.9 × 10−4, 4.0 × 10−4, 4.2 × 10−4, 6.7 × 10−4,
1.2 × 10−3

, 2.3 × 10−3 g(NP) L−1, respectively. As shown in Figure 19, the trends in the equilibrium
constants are dictated by the lanthanide contraction series, where a smaller ionic radius leads to the
formation of a stronger complex.
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Figure 19. Affinity constants (K) of the lanthanide elements as a function of the atomic number,
superimposed to the corresponding radial contraction plot (adapted with permission from [44]).

Lanthanide elements separation using NP@DTPA can be performed using the same classical
chelation chemistry employed in hydrometallurgy for rare earths. For instance, using an ionic exchange
resin column, the lanthanide ions are loaded at the top and gradually eluted with complexing agents
under controlled pH. Complexation can remove the lanthanide ion from the column, but a rather
complex equilibrium network takes place, requiring long columns and a very careful procedure. In
magnetic nanohydrometallurgy, the lanthanide ions are selectively sequestered by the complexing
nanoparticles, according to their specific affinity constants, and can be readily confined with a magnet.
The confined nanoparticles are enriched by the heavy elements, considering the specific affinity trends
shown in Figure 18. Then, in a second cycle, such confined nanoparticles are suspended in an aqueous
solution maintained at pH 2 or less, in order to release the complexed metal ions by the protonation of
the carboxylate groups as illustrated in Figure 20.

 

Figure 20. Magnetic capture and releasing of lanthanide ions by the superparamagnetic nanoparticles
functionalized with DTPA (adapted with permission from [44]).

Then the pH is adjusted to 6 in order to restore the complexing capability of the particles, but
now in the presence of the lanthanide ions in solution, enriched with heavy elements. Complexation
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does enhance the heavy elements removal from the solution. The magnetic confinement and release
cycle can be repeated again and again in order to sequentially separate the heavy lanthanides from the
light ones. The chemistry resembles the classical extraction of lanthanides using complexing agents
and solvents. However, it is much simpler, involving just a one pot procedure, without using solvents
or columns.

6.1. Binary Mixtures

Lanthanide separation studies were initially applied to binary mixtures, such as Nd3+ and La3+

ions [31,33,43,44] as a proof of concept. The experiment started with an equimolar mixture of the two
elements, and the first cycle of complexation with the complexing nanoparticles was performed. In this
particular case, the analysis of the elements captured by the nanoparticles led to a distribution of 66%
Nd3+ and 33% La3+. This result is in perfect agreement with their corresponding affinity constants. In
a second step, after confining the nanoparticles with a magnet, a subsequent treatment with diluted
acids (pH 2) released the lanthanide ions into a new solution, keeping the 66:33 proportion. Then, the
pH was raised up to 6, and a new complexation equilibrium took place. The relative amounts of the
two elements captured by the nanoparticles were 94% Nd3+ and 6% La3+. In the third step, starting
from the 94:6 ratio, the amount of captured Nd3+ ions were >99%, since no evidence of La3+ could be
detected by the X-ray fluorescence technique (Figure 21).

 

Figure 21. Fractionation of La3+ and Nd3+ mixtures, starting from an equimolar solution (stage 0) and
subsequent MNHM processing by using superparamagnetic nanoparticles functionalized with DTPA,
as described in the text (adapted with permission from [29]).

The enrichment plots illustrated in Figure 21 indicate that three partition steps can be enough to
obtain Nd3+ in pure form, by starting from an equimolar mixture with La3+ ions. A similar test was
applied for La3+ and Sm3+, by starting with an equimolar mixture of the lanthanide. The distribution
of the lanthanide ions in the first step was about 81% Sm3+ and 19% La3+, reflecting the expected
trends from the DTPA-Ln3+ stability constants. A subsequent treatment of the collected nanoparticles
with diluted acid (pH 2) led to a complete release of the lanthanide ions. After this step, the second
cycle was performed, now starting from the 81/19 (Sm3+/La3+) ratio. The analysis of the collected
superparamagnetic nanoparticles from the second cycle revealed undetectable amounts of La3+ ions,
using the X-ray fluorescence instrument. This result is illustrated in Figure 22. Binary mixtures of
La3+/Sm3+ and La3+/Gd3+ ions have also been easily separated after two cycles.
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Figure 22. Fractionation of a binary mixture, starting from an equimolar solution (stage 0) of La3+ and
Sm3+ ions, and treating with superparamagnetic nanoparticles functionalized with DTPA, as described
in the text (adapted with permission from [44]).

6.2. Ternary Mixtures

Starting with a ternary mixture comprising equimolar amounts of La3+, Nd3+ and Gd3+ ions
(10 mL, 0.10 mol L−1), 10 mg of NP@DTPA was added (pH 6) and kept under gently stirring at room
temperature for 6 h. The starting proportion was 33:33:33 (%), respectively. After collecting the
iron oxide nanoparticles, the following proportion 13:47:40 (%) of the three elements was obtained,
respectively. After releasing the lanthanides at pH 2, the capture process was repeated for the same
lanthanide proportion in solution, at pH 6.0. The analytical data collected after the second cycle
revealed 75% Gd3+ over 25% Nd3+, with no evidence of La3+ ions. In the third sequential cycle, the
contents of Gd3+ ions were practically 100%, as illustrated in Figure 23.

 

Figure 23. Fractionation of a ternary mixture, starting from equimolar amounts (stage 0) of Gd3+, Nd3+

and La3+ ions, by using superparamagnetic nanoparticles functionalized with DTPA (adapted with
permission from [44]).

6.3. Lanthanide Separation from Monazite

After performing the separations of binary and ternary mixtures, the MNHM process was applied
to a lanthanide concentrate from monazite ore. The Ce and Th species present in the mineral were
previously removed by precipitation, yielding a lanthanide concentrate containing approximately
45% La3+, 36% Nd3+, 9% Pr3+, 6% Sm3+, and 3% Gd3+ ions. The original sample was supplied by
the Solvay Laboratory in Brazil, about 30 years ago, when our group was involved in a lanthanide
separation project. Because of the ageing, this concentrate was also replicated in our laboratory, using
analytical grade compounds. By starting from this mixture, at pH 6, the first cycle of capture exhibited
a content of 36% Nd3+, 6% Pr3+, 30% Sm3+, and 28% Gd3+ ions. In the second cycle, the following
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distribution was obtained: 8% Nd3+, 50% Sm3+ and 42% Gd3+ ions. In the third cycle, only 46% Sm
and 54% Gd3+ was observed. After the fourth cycle, the proportion became 26% Sm3+ and 74% Gd3+.
In the fifth cycle, Gd3+ ions represented practically 100% of the sample as shown in Figure 24.

Figure 24. Sequential processing of a monazite concentrate by magnetic nanohydrometallurgy using
NP@DTPA nanoparticles in aqueous solution (adapted with permission from [44]).

7. Conclusions

Magnetic nanohydrometallurgy employing iron oxide nanoparticles functionalized with
ethylenediaminepropylsilane and the diethylenediaminepentaacetic acid agents can effectively capture
lanthanide ions from aqueous solution, allowing their magnetic extraction at pH 6 and release below
pH 2, respectively. Preferential binding of heavy lanthanides has been observed and is dictated
by their affinity constants reflecting the lanthanide contraction series. For a binary mixture, a high
separation efficiency (>99%) can be achieved after two or three successive complexation and release
stages. As the number of components increases, more repetitive extraction cycles become necessary.
Therefore, MNHM allows the separation of lanthanide elements using engineered nanoparticles, by
performing under green and sustainable conditions, i.e., at room temperature, in aqueous solution,
and mild pHs, dispensing the use of classical physical separation processes and organic solvents. It
can be easily automated, allowing the use of small reactors. The technology can enable urban mining
applications, for instance in the neodymium and dysprosium extraction from the magnet components
of the electronic wastes.
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Abstract: Many studies have been published in recent years focusing on the recovery of rare earth
elements (REEs) from coal-related materials, including coal, coal refuse, coal mine drainage, and coal
combustion byproducts particularly fly ash. The scientific basis and technology development
have been supported by coal geologists and extractive metallurgists, and through these efforts,
the concept has progressed from feasibility assessment to pilot-scale production over the last five
years. Physical beneficiation, acid leaching, ion-exchange leaching, bio-leaching, thermal treatment,
alkali treatment, solvent extraction, and other recovery technologies have been evaluated with varying
degrees of success depending on the feedstock properties. In general, physical beneficiation can be a
suitable low-cost option for preliminary upgrading; however, most studies showed exceedingly low
recovery values unless ultrafine grinding was first performed. This finding is largely attributed to the
combination of small RE-bearing mineral particle size and complex REE mineralogy in coal-based
resources. Alternatively, direct chemical extraction by acid was able to produce moderate recovery
values, and the inclusion of leaching additives, alkaline pretreatment, and/or thermal pretreatment
considerably improved the process performance. The studies reviewed in this article revealed two
major pilot plants where these processes have been successfully deployed along with suitable solution
purification technologies to continuously produce high-grade mixed rare earth products (as high as
+95%) from coal-based resources. This article presents a systematic review of the recovery methods,
testing outcomes, and separation mechanisms that are involved in REE extraction from coal-related
materials. The most recent findings regarding the modes of occurrence of REEs in coal-related
materials are also included.

Keywords: rare earth elements; recovery; coal; acid mine drainage; coal combustion byproducts

1. Introduction

Rare earth elements (REEs) including the 15 lanthanides plus yttrium and scandium have been
identified as critical commodities by several international agencies and national governments due to
their crucial roles in clean energy, high tech, and national defense industries [1–3]. REEs scarcely form
natural ore depositsthat are economically recoverable. As a result, only a few commercial deposits
are currently being extracted worldwide. This combination of restricted supply and critical need has
prompted many public and private entities to evaluate alternative REE sources. Coal-related materials,
including coal refuse, coal fly ash, and coal mine drainage have been identified as a potentially
promising resource. The average REE contents in lignite and bituminous coals as well as lignite
and bituminous coal ashes worldwide have been estimated to be around 69, 72, 378, and 469 ppm,
respectively [4]. Many coal deposits with elevated REE contents have been found and reported in the
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literature [5–8]. REE concentration in coal mine drainage varies from site-to-site, ranging from several
ppb to ppm levels [9,10].

Recovering REEs from coal-related materials has several advantages over commercial rare earth
ores: (1) coal-related materials contain more heavy and critical REEs (HREEs and CREEs) relative to the
light REEs (LREEs) [5,10]; (2) the mining costs are negligible since REEs can be produced as byproducts
from the coal production and utilization processes [11]; (3) coal-based materials, particularly coal
mine drainage, tend to have lower concentrations of radionuclide (e.g., U and Th) when compared to
traditional ore deposits [12]; and (4) REE recovery from coal materials has the potential to mitigate
or eliminate legacy environmental issues [13]. The concept has been discussed in several review
articles [5,14–16]; however, these articles have primarily addressed geologic considerations, such as
depositional settings and resource characteristics.

To this end, the U.S. Department of Energy initiated research and development efforts in 2014 to
evaluate the technical and economicviability of extracting REEs from coal-related materials with a
particular focus on technology maturation and process development [17]. During the last five years,
the extraction of REEs from coal-related materials has progressed through feasibility assessment,
field sampling and characterization, bench-scale REE separation, and pilot-scale REE production stages.
During this period, many innovative findings concerning the recovery of REEs from coal-related
materials have been published, which significantly contributed to the scientific knowledge in this
area [11,12,18–26]. A review article focused on promising methods for REE recovery from coal and
coal byproducts was published by the authors of [27] in 2015. However, experimental results and
findings were limited at that time. Considerable developments in this area since 2015 led to a need for
another review in order to cover the latest findings.

This review article summarizes technical information regarding process flowsheets, metallurgical
performance, and economical metrics of the various methods that have been developed for REE
extraction from coal-related materials. This review will provide comparative data to prompt further
study and analysis in this area. The review is divided into three sections based on the types of the
coal-related materials that were investigated as reported in the literature, i.e., coal and coal refuse,
coal combustion ash, and acid mine drainage. Recent findings regarding the modes of occurrence of
REEs in coal-related materials and how these findings inform process design are also covered.

2. REEs in Coal and Coal Refuse

The geological aspects such as accumulation mechanisms and modes of occurrence of REEs in
coal and coal refuse have been extensively investigated by coal geologists, and these topics have been
systematically reviewed in several prior publications [5,14,15,28,29]. Therefore, this article only focuses
on the recovery aspect of REEs from coal and coal refuse.

2.1. Physical Beneficiation of REEs from Coal and Coal Refuse

Several studies have been performed to concentrate rare earth (RE)-bearing mineral particles from
coal and coal refuse using physical beneficiation techniques such as gravity, magnetic, and flotation
separations [11,20,30–34]. Table 1 summarizes some of the beneficiation performances. It is worth
noting that decarbonization is normally conducted prior to REE beneficiation, which enables the
production of clean coal. A systematic study was performed by Honaker et al. [35] to evaluate the
viability of using physical separation methods (riffle table, multi-gravity, and wet high intensity
magnetic separations as well as froth flotation) to concentrate rare earth minerals from coal and coal
refuse, and representative test results are shown in Table 1. With respect to gravity-based separations,
the REEs were only enriched by a factor of 1.1 using a riffle table, and the separation performance
was still unsatisfactory when using a multi-gravity separator. This finding has been corroborated
by a separate study performed by another group of researchers [24]. Physical separations (size,
density, and magnetic) performed on a clean coal sample collected from Kentucky, USA showed that a
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maximum enrichment ratio of 1.21 was obtained. As such, a high degree of enrichment of rare earth
minerals from coal and coal refuse is difficult using physical separation methods.

Table 1. A summary of physical beneficiation of rare earth minerals from coal and coal refuse.

Separation
Method

Sample Sources Separation Method
REE

(ppm)
ER Re

(%)
Reference

Gravity
Separation

Coarse refuse (28 × 100
mesh fraction) Fire Clay Riffle table 252 w 1.1 16.8

[35]
Coarse refuse (28 × 100

mesh fraction)
Eagle
Seam Riffle table 213 w 1.1 16.1

Coarse refuse (28 × 100
mesh fraction)

Fire Clay
Rider Riffle table 234 w 1.1 24.75

Coarse refuse (<100
mesh fraction)

Eagle
Seam Multi-gravity separation 257 a 1.2 90

Coarse refuse (<100
mesh fraction) Fire Clay Multi-gravity separation 290 a 1.2 85

Coarse refuse (<100
mesh fraction)

Fire Clay
Rider Multi-gravity separation 254 a 1.1 87

Flotation

Decarbonized thickener
underflow Fire Clay

Multi-stage flotation
using a conventional cell

with sodium oleate as
the collector

2300 a 5.3 <5 [33]

Decarbonized thickener
underflow Fire Clay

Multi-stage flotation
using a column with

sodium oleate as
the collector

4700 a 10.9 <5

Decarbonized thickener
underflow Fire Clay

Single-stage conventional
cell flotation using oleic

acid as the collector
386 w 1.4 23

[35]

Decarbonized thickener
underflow

Eagle
Seam

Single-stage flotation
using a conventional cell

with oleic acid as
the collector

367 w 1.8 31

Decarbonized thickener
underflow

Fire Clay
Rider

Single-stage conventional
cell flotation using oleic

acid as the collector
377 w 1.3 13

HHS Decarbonized thickener
underflow Fire Clay

Potassium
octylhydroxamate and

sorbitan monooleate were
used as the

hydrophobizing agent

17,428 a 53 5.9 [11]

Magnetic
Separation Decarbonized middling Fire Clay

Three-stage wet high
intensity magnetic
separation (1.4 T)

7000 w 14 <5 [20]

Note: w and a represent dry whole sample basis and dry ash basis, respectively; ER and Re represent enrichment
ratio and recovery, respectively.

Froth flotation is normally utilized to treat fine particles based on their varying degrees of surface
hydrophobicity. Rare earth mineral particles present in decarbonized thickener underflows of coal
preparation plants can be selectivily recovered by froth flotation. As shown in Table 1, concentrates
containing 2300 and 4700 ppm of REEs were obtained by using multiple treatment stages involving
conventional flotation cells and column flotation, respectively. A limited concentration was also
obtained when using a single-stage of flotation. For example, REEs in the decarbonized thickener
underflow derived from treating Eagle seam coal was concentated by nearly two times with the
flotation product containing 367 ppm of REEs on a dry whole sample basis (see Table 1). Oleic acid
was used as the collector for the flotation test results shown in Table 1, which has been widely used to
recover rare earth minerals (e.g., monazite and xenotime) from heavy mineral sands [36,37].
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As an alternative to flotation, the hydrophobic–hydrophilic separation (HHS) process is a novel
ultrafine particle concentrator that provides improved recovery of micron-size material while also
providing a dewatered product [38]. The process uses hydrocarbon oils to agglomerate hydrophobic
particles and recover the particles through a phase separation. As shown in Table 1, a concentrate
containing 17,428 ppm of REEs was obtained from the Fire Clay decarbonized thickener underflow
using HHS. Octylhydroxamate was used as the collector, which is another commonly used reagent for
rare earth mineral beneficiation [39,40]. The enrichment ratio of the HHS test reached as high as 53:1.
In addition to the aforementioned gravity separation and flotation studies, a concentrate containing
7,000 ppm of REEs was also obtained from the decarbonzied Fire Clay middlings using high-intensity
magnetic separation [20].

Overall, rare earth minerals in the decarbonized materials can be concentrated by using flotation,
HHS, and magnetic separations. However, the recovery values obtained using these technologies are
often too low to be economically viable. One explanation for this consistent finding is that RE-bearing
particles in coal and coal refuse are extremely fine and often interlocked within the host-particles.
SEM characterizations showed that RE-enriched particles occurring in coal refuse and middlings
normally have a particle size of<10 μm [20,33]. In this case, extensive grinding is required to liberate the
encapsulated rare earth particles, thereby making the operating process cost prohibitive [23]. However,
physical separations without significant size reduction can be employed to generate a higher-grade
feedstock for downstream recovery and purification processes.

2.2. Chemical Extraction

Given the low recovery and subsequent high production costs associated with physical
beneficiation, direct chemical extraction of REEs from coal refuse has been evaluated by a number
of researchers [11,20,21,25,41–43]. Moreover, thermal and alkaline treatments prior to acid leaching
have also been used to improve the REE leachability [21,44–47]. These technologies have included
acid leaching, salt/ion exchange leaching, and leaching with pretreatment, which are reviewed in the
following sections.

2.2.1. Salt and Acid Leaching

In the commerical production of REEs from ion-adsorbed clays, ammonium sulfate is commonly
used as a salt lixiviant due to the relatively low hydration energy of ammonium ions. Rozelle et al. [48]
collected two high-ash content samples from the overlying strata of the Upper Kittanning bed.
The samples were crushed and screened to obtain the 595 μm × 150 μm fraction for salt leaching
tests. It was found that around 80% of the total REEs were extracted from the solid, which provided
promise as an economically viable option. However, in subsequent investigations performed by other
researchers, only a small fraction (e.g., 10%) of the total REEs were determined to be ion-exchangeable in
the components of the other coal deposits [41,49]. Given these disparate findings, successful extraction
of REEs from coal and coal refuse using salt leaching largely depends on the nature of coal deposit.

REEs can be efficiently extracted using acid solutions of relatively low concentration from some
coal sources. Laudal et al. successfully extracted nearly 90% of total REEs from a lignite using
0.5 M H2SO4 [25]. The high recovery was explained by the fact that the REEs in the lignite are
primarily complexed with organic acids, and the complexation can be destroyed under mild acidic
conditions. For bituminous coals, sytematic acid leaching studies have been condcuted on decarbonized
middlings, fine refuse, and coarse refuse produced from the treatment of coals originating from different
seams [11,20,43,50,51]. It was found that REEs in the mineral matter of coal middlings obtained by
grinding and flotation were more leachable than those in coal refuse. For example, nearly 83% of
REEs were leached from the decarbonized Fire Clay middlings using a nitric acid solution of pH 0 at
75 ◦C, whereas less than 30% of REEs were extracted under the same conditions from the decarbonized
thickener underflow [11]. However, liberation of the mineral matter from coal middlings consumes a
significant amount of energy, which requires consideration for determining economic viability [23].
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Improvements in the REE leaching efficiency from coal refuse have been achieved by optimizing
the operation parameters such as particle size, temperature, and leaching duration. REE recovery
values were relatively low (<30%) for most of the investigated sources [11]. A summary of salt and acid
leaching of REEs from coal and coal refuse is shown in Table 2. Overall, direct leaching with salt or acid
failed to provide satisfactory recovery from high-rank coal and coal refuse, whereas, direct leaching
is a promising choice for recovering REEs from low-rank coal. Therefore, thermal and/or alkaline
pretreatment has been utilized in subsequent studies to improve the leaching performance.

Table 2. A summary of salt and acid leaching of rare earth elements (REEs) from coal and coal refuse.

Sample Coal Seam Extraction Condition Leaching Recovery Reference

Decarbonized
thickener

underflow
West Kentucky No. 13

0.1 M (NH4)2SO4, pH 5 Around 10% of total REEs, 7% of
LREEs, and 18% of HREEs

[41]
0.1 M (NH4)2SO4, pH 3 Around 12% of total REEs, 10%

of LREEs, and 21% of HREEs

Roof material,
595 μm × 150 μm Upper Kittanning

1 M (NH4)2SO4,
1/2 solid/solution mass
ratio, room temperature

Nearly 90% of the total REEs
were extracted after 1 h

of reaction
[48]

Lignite Fort Union 0.5 M H2SO4, 40 ◦C, 48 h Nearly 90% of the total REEs [25]

Decarbonized
middlings

Fire Clay Nitric acid solution of
pH 0 at 75 ◦C

83% of total REEs, 86% of
LREEs, and 69% of HREEs

[11]

West Kentucky No. 13 Nitric acid solution of
pH 0 at 75 ◦C

15% of La, 21% of Ce, 31% of Nd,
45% of Y

Lower Kittanning Nitric acid solution of
pH 0 at 75 ◦C 41% of total REEs

Decarbonized
thickener

underflow

Fire Clay Nitric acid solution of
pH 0 at 75 ◦C

31% of La, 26% of Ce, 40% of Nd,
36% of Y

West Kentucky No. 13 Nitric acid solution of
pH 0 at 75 ◦C

6% of La, 5% of Ce, 16% of Nd,
34% of Y

Lower Kittanning Nitric acid solution of
pH 0 at 75 ◦C

2% of La, 5% of Ce, 8% of Nd,
25% of Y

2.2.2. Alkali and Thermal Pretreatment

Alkali and thermal pretreatments of coal and coal refuse have been applied to enhance the acid
leaching recoveries of REEs from coal and coal refuse [21,41,44,47,52,53]. A summary of the relevant
studies reported in the literature is provided in Table 3. Yang et al. used an 8 M NaOH solution
to treat decarbonized fine refuse at 75 ◦C for two hours prior to acid leaching [41]. It was found
that the recovery of REEs was significantly increased from 22% to 75% due to the positive impact
on the leachability of the light REEs. Under the same experimental conditions, a small incremental
increase in recovery was achieved for the HREEs (38% to 48%). Kuppusamy et al. conducted a
study of simultaneous production of clean coal and REEs by alkali-acid leaching of a coal fine refuse
material [52]. The ash content of the material was reduced from 46.21% to 14.17% after treatment with a
NaOH solution (30 wt.%) at 190 ◦C for 30 min followed by an HCl solution (7.5 wt.%) at 50 ◦C for 30 min.
Simultaneously, 97% of the LREEs and 76% of the HREEs occurring in the material were extracted.

The enhanced leaching efficiency of REEs resulting from alkali treatment was explained by
two mechanisms: (1) Difficult-to-leach rare earth minerals such as monazite were converted to more
leachable forms [27,41] and (2) Crystal structures of the dominant minerals such as clays were destroyed
resulting in liberation of the encapsulated rare earth minerals [52]. The reactions are as follows:

REEPO4(s) + 3NaOH(aq) → REE(OH)3(s) + Na3PO4(aq) (1)

Al2O3·2SiO2·2H2O(s) + 6NaOH(aq)
→ 2Na2SiO3(aq) + 2NaAlO2(aq) + 5H2O(aq)

(2)
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A schematic diagram incorporating the use of the alkali-acid leaching process to extract REEs
from coal and coal refuse is shown in Figure 1. A negative aspect of the alkali leaching step is the
considerable amount of contaminants dissolved into solution along with the REEs, which complicates
the downstream purification process. Another negative aspect is the chemical cost, which will likely be
prohibitively high given the relatively low content of REEs in coal-based feedstock. Additional studies
need to be performed to investigate the possibility of selectively increasing the REE leachability using
diluted alkaline solutions and/or weak alkalis.

Figure 1. Schematic diagram of the alkaline-acid leaching process to extract REEs from coal and coal
refuse [52].

Another scenario to enhance the REE leachability from coal and coal refuse is thermal activation,
also known as calcination or roasting [21,41,44,46,47,54]. As reported by Zhang et al., after thermal
activation of a coal gangue material at 700 ◦C for 30 min, 88.6% of the total REEs were leached
using 25% HCl at room temperature [46]. The impact of thermal activation on REE leachability has
been systematically studied [21,47,54]. As shown in Table 3, for both the clean coal and coal refuse,
calcination under 600 ◦C in static atmosphere without adding any additives significantly improved the
REE leaching recovery. For example, the total REE recovery from Pocahontas No. 3 coarse refuse was
increased from 14% to 81% by thermal activation using 1.2 M HCl as a lixiviant. In addition, moderate
recovery values were also obtained when using mildly acidic conditions. Reducing the acidity by
twenty times, i.e., 1.2 M HCl to 0.06 M HCl, resulted in a relatively small drop in REE recovery for
thermally activated Pocahontas No. 3 coarse refuse to around 60% [21]. As such, acid consumption is
significantly reduced, which is typically the highest cost component of a rare earth extraction process.

Another advantage of thermal activation is that fewer contaminants are dissolved relative to the
REEs. During the calcination process, pyrite began to decompose and was converted to iron oxide
(primarily hematite) in the temperature range of 400–500 ◦C. The crystallinity of hematite increased
with the elevation in calcination temperature [21,55,56]. When calcined under high temperature,
inter-layered structures of clay minerals, especially kaolinite, were destroyed due to dehydration,
resulting in disintegration into thin slices and an increase in surface area [21,57,58]. The overall impact
of the mineralogical changes was that Al leachability was noticeably increased, while Fe leachability
was slightly increased (see Figure 2). However, as shown in Figure 2 the leaching duration can be
shortened to less than 15 min, within which the REE leaching reaction is nearly completed while
leaching of Al and Fe is minimal. Therefore, a pregnant leaching solution (PLS) containing relatively
higher concentrations of REEs can be produced using the thermal activation-mild acid leaching process.

The aforementioned process has been installed and is currently under testing in a rare earth pilot
plant funded by the U.S. Department of Energy [59]. A schematic diagram of the process used in the
plant is shown in Figure 3. During the testing process, it was found that organic matter associated
with the coal refuse helped maintain a constant temperature in the roaster, thus, significantly reducing
the energy costs associated with the roaster. In addition to REEs, recent studies [54,60] showed that
leaching recovery of other critical metals such as lithium from coal refuse was also positively impacted
by calcination. Therefore, given the aforementioned benefits, pre-leach calcination combined with mild
acid leaching is one of the most promising approaches for recovering REEs from coal-related materials.

Several mechanisms have been proposed for the positive impacts of thermal activation on REE
extraction from coal, i.e.,: (1) Surface area increase resulting from clay dehydration, which liberates
some rare earth minerals; (2) Decomposition of the difficult-to-leach rare earth minerals; and (3) Release
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of a portion of the REEs that were originally associated with the organic matter, which was removed
after calcination [21,42,53]. Figure 4 shows the disintegrated kaolinite particles and a REE-enriched
particle present in a thermally activated coal refuse sample. Sequential chemical extraction tests
have been performed on the calcination products of clean coals of West Kentucky No. 13, Fire Clay,
and Illinois No. 6 [47]. It was found that a significant fraction of REEs (50% for the West Kentucky
No. 13 material) existed as metal oxides, which originated from the removal of the organic matter
present in the clean coals and the decomposition of the difficult-to-leach rare earth minerals.

Figure 2. Effects of calcination on the leaching kinetics of REEs, Al, and Fe from Pocahontas No. 3
coarse refuse. (Data were extracted from [21]).

Figure 3. A simplified block diagram of the REE recovery process used in a REE pilot plant located in
west Kentucky.

Despite the aforementioned advantages, a few technical and fundamental problems must be
resolved to fully validate the approach. As shown in Table 3, the improvements in the HREE recoveries
are much smaller than those of the LREEs and elevating the calcination temperature did not enhance
the recovery due to the sintering of aluminum silicates [21]. In addition, mineralogical changes of
the REEs during calcination is still unclear. Previous studies only listed some possible mechanisms,
whereas the direct evidence in supporting the conclusions has not been obtained to date.

     

Figure 4. SEM-EDX images of a coal coarse refuse sample after thermal activation: (A) Disintegrated
kaolinite particles; (B) A REE-enriched particle. [21].
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3. REE Recovery from Coal Combustion Byproducts

3.1. Modes of Occurrence of REEs in Coal Combustion Ash

Coal combustion fly ash is composed of both amorphous and crystalline phases. The amorphous
phases account for 60–90% of bulk fly ash composition, while crystalline material accounts for
the remainder [61]. The crystalline phases mainly include quartz, mullite, hematite, magnetite,
ferrite spinels, anhydrite, melilite, merwinite, periclase, tricalcium aluminate, and lime [62–64].
Until recently, researchers have found limited success in characterizing the amorphous phases of
fly ash due to its disordered nature and heterogeneity [61]. This characteristic along with the low
concentration and dispersed nature of REEs have caused difficulties in characterizing the modes
of occurrence of REEs in fly ash using traditional approaches. However, many recent studies have
addressed this challenge using advanced characterization tools, such as X-ray Absorption Near Edge
Structure (XANES), micro-X-Ray Absorption Near Edge Structure (μ-XANES), laser ablation inductively
coupled plasma mass spectroscopy (LA-ICP-MS), multimodal image analysis, and sensitive high
resolution ion microprobe–reverse geometry SHRIMP-RG [65–70]. In addition, systematic SEM-EDX,
TEM-EDX, and sequential chemical extraction (SCE) studies have been performed on coal combustion
ashes, which also provided valuable information regarding the REE occurrence modes and potential
processing routes [71–78].

Sequential chemical extraction (SCE) tests performed on several class F-type fly ash [79] samples
(SiO2% + Al2O3% + Fe2O3% > 70%) showed that the majority of REEs were associated with silicates
and aluminosilicates (quartz, glass, mullite, zircon, etc.), indicating that REEs are dispersed in the
glassy phases and/or associated with the Al–Si–oxide phases [76–78]. Chemical composition analysis
of the different size fractions of a class F-type fly ash showed that a strong positive correlation existed
between the REEs and the Al plus Si contents [77], which corroborates the above conclusion. In class F
fly ashes, REEs associating with carbonates and metal oxides, such as CaCO3 and CaO, accounted for
less than 10% of the total REEs, whereas, 50–60% of the total REEs present in class C-type fly ashes
produces from Powder River basin coal occurred as carbonates and metal oxides [66,76–78]. Liu et al.
combined acid leaching results and solution chemistry modelling findings to predict the percentage
of the total REEs that occurred as monazite and hematite in a fly ash sample [66]. It was found
that 10–20% of REEs were leached in the pH range of 0–1.5, which corresponds to the range where
monazite and hematite dissolve based on solution chemistry modelling. Therefore, 10–20% of the
total REEs were reported to exist as monazite and hematite forms. However, many studies have
shown that monazite is thermally and chemically stable, and acid cracking or roasting is required to
efficiently dissolve monazite [80,81]. Therefore, the solution chemistry modelling findings indicating
that monazite and hematite dissolve in solutions having a pH in the range of 0–1.5 is questionable.
Furthermore, the conclusion that 10–20% of the total REEs occur as monazite and hematite needs to be
re-assessed in further investigations.

The association of REEs with silicates and aluminosilicates has been further proven by SEM-EDX,
TEM-EDX, and LA-ICP-MS analyses. Thompson et al. found that, during laser ablation of a
REE-enriched fly ash grain, the ion intensities of Al and Si were consistent, whereas the intensities of
REEs changed in different ablation periods [70]. This finding indicated that REEs tend to be localized
in small grains within fly ash. Using SEM-EDX, some monazite grains within Al–Si cenospheres and
aluminosilicate glass particles were found, and particle size of the grains was less than 10 μm [70].
Moreover, several other SEM-EDX studies also showed the dispersion of REE enriched grains within
aluminosilicates [66,67,71–73,75,78]. Associations of REEs with the other phases present in fly ash
such as iron oxide, zircon, Ca/Fe-rich aluminosilicates, and lime have also been reported [65,66,82].
In addition to associations with the major phases, discrete REE enriched grains such as apatite
(Ca, LREE, and P) and monazite (LREE and P) were also found in fly ash [66,70].

Overall, many RE-bearing minerals such as monazite, xenotime, rhabdophane, zircon, ilmenite,
lime, and calcite have been found in fly ash, and those minerals have complex association characteristics
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with the major phases [66,67,70,73,75]. Taggart et al. tested both the bulk and micro speciation of
yttrium (Y) in fly ashes using bulk and micro XANES [69]. Bulk XANES analysis indicated that Y
coordination states in the fly ashes resembled a combination of Y-oxide, Y-carbonate, and Y-doped
glass. However, using micro XANES, some “hotspots” of Y were observed including different mineral
forms (e.g., Y-phosphate), which were not observed in the bulk measurements. This result indicated
the heterogeneity of REEs in fly ash, and microscale analysis may be unable to represent the REEs
in bulk fly ash. Hower et al. reported that the distribution of REEs in a coal ash sample seemed
to be in the form of nanoscale crystalline minerals with additional distributions corresponding to
overlapping ultra-fine minerals as well as atomic dispersion within the fly ash glass [71]. Therefore,
the heterogeneity of REEs in fly ash occurs in nano- and atomic-scales.

3.2. Physical Beneficiation of REEs from Coal Combustion Ash

Coal fly ash particles can be separated into different fractions based on their contrasts in physical
characteristics such as density, particle size, magnetism, and surface hydrophobicity [19,24,83–87].
Rather than processing the bulk ash material, REE extraction from certain fractions that are relatively
more enriched in REEs will make the overall recovery more economically viable. REEs in fly ash
are more concentrated in the finer fractions relative to the entire bulk material [19,24,74,83–86].
Size fractionation analyses of REEs in fly ashes collected from power plants of various countries (China,
USA, United Kingdom, Poland) showed that REE contents gradually increased with a decrease in
particle size [19,74,83,85]. For example, the minus 500 mesh fraction of a fly ash sample that was
collected from the Jungar power plant [74] contained 648 ppm of total REEs, which is more than two
times higher than the plus 120 mesh fraction (277 ppm). Several explanations have been suggested
for this phenomenon: (1) The finer fractions in fly ash usually contain more glass phase relative to
the coarser fractions, while REEs are preferentially associated with the glass phase in fly ash [85];
(2) The organic-bound REEs partially volatize and deposit on the fine particles of fly ash [84,88];
and (3) REEs associated with organic matter may form extremely small particles when the organic
matter is combusted and such small particles tend to enrich in the finer fractions of fly ash [84].

Fly ash particles can also be partitioned into different fractions using magnetic separation. Dai et al.
analyzed the magnetic, non-magnetic, and glassy fractions of a fly ash and discovered that the magnetic
fraction contained less REEs relative to the bulk fly ash (202 ppm versus 261 ppm) [84]. Blissett et al.
obtained a magnetic fraction containing 270 ppm of rare earth oxide from a fly ash with 505 ppm of
rare earth oxide [83]. Lin et al. separated a fly ash into five fractions by using different magnetic field
intensities [24]. It was found that REEs were more enriched in the weak- and non-magnetic fractions.
For example, the non-magnetic fraction of a fly ash sample contained more than 600 ppm of REEs,
whereas the strongest magnetic fraction only contained around 200 ppm of REEs. Therefore, based on
these studies, it can be concluded that REEs are preferentially enriched in the non-magnetic fraction of
fly ash.

Fractionation of REEs was also observed in gravity and flotation separations [24,27,83]. In one
of our prior studies [19], a float-sink test was performed on a fly ash sample at a density cut point of
1.8 specific gravity (SG). It was found that the 1.8 SG sink fraction contained more REEs than the 1.8 SG
float fraction (521 ppm versus 376 ppm). Flotation tests using different collectors and collector dosages
also produced a series of products with different REE contents varying from 400 to 650 ppm. Lin et al.
performed density fractionation tests on two fly ash samples and it was found that maximum REE
contents occurred in the medium density fractions (2.71–2.95 SG and 2.45–2.71 SG) [24].

Given these results, physical separation can be used to pre-concentrate REEs from coal
combustion ash, thereby providing a higher-grade feed material to the downstream extraction
processes (e.g., acid leaching), resulting in a reduction in the overall recovery cost ($/kg of rare earth
oxide). In the patents [89,90], magnetic separation was used to produce a feed material for the
subsequent acid leaching process. Two physical beneficiation processes are shown in Figure 5. In
both circuits, magnetic separation is performed prior to size fractionation, whereas in another study
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by Pan et al. [87], the sequence is reversed. Therefore, no fixed strategy has been proposed for the
physical beneficiation process. The selection of pre-concentration strategy for a specific ash sample
should be based on a comprehensive laboratory evaluation of the REE partitioning characteristics.

Figure 5. Flowsheet reported in the literature for REE pre-concentration using physical methods: (A)
reported by [83] and (B) reported by [76].

3.3. Chemical Extraction of REEs from Coal Combustion Ash

Many studies have been published in recent years focused on the chemical extraction of REEs from
coal combustion ashes [26,53,76,88,89,91–101]. As shown in Table 4, acid leaching has been extensively
exploited to extract REEs from coal combustion ash, and often the ash materials must be chemically
and/or thermally treated prior to acid leaching to achieve better extraction performance. Chemical and
physical characteristics of coal combustion ash change significantly relative to the raw materials after
pretreatment [26,96,98]. Therefore, the leaching mechanisms are distinct.

3.3.1. Acid Leaching of REEs from Coal Combustion Ashes

Satisfactory recoveries of REEs from some coal combustion ash produced from conventional
boilers has been achieved by using acid leaching alone. For example, Taggart et al. extracted more than
70% of the total REEs from fly ashes of the Powder River basin using 15 M HNO3 at 85–90 ◦C [102].
Nearly 100% recovery was obtained from the samples using 12 M HCl at 85 ◦C, and a considerable
amount of REEs (71%) were extracted from a fly ash sample of the same source even under much
weaker acidity (1 M HCl). Cao et al. conducted a parametric study to optimize the leaching recovery
of REEs from a fly ash sample that was collected from a power plant located in Guizhou, China [91].
It was found that 71.9% of La, 66.0% of Ce, and 61.9% of Nd were leached using 3 M HCl at 60 ◦C.
However, due to the fact that most of the REEs are encapsulated in the amorphous structures of fly ash
generated by combusting pulverized coal under high temperature (~1400 ◦C), relatively low recoveries
were usually achieved using acid leaching alone. As shown in Table 4, 35–43% and 40–57% of total
REEs were extracted from fly ashes of Illinois and Appalachian basins, respectively, using strong
acidity at high temperature (12 M HCl at 85 ◦C; [96]).

Several studies prepared coal ash samples by combusting coals in muffle furnaces, which were used
to simulate fly ash and bottom ash produced from pulverized coal-fired boilers [97,103]. Relatively high
leaching recoveries were achieved from artificially prepared coal ashes. However, the temperatures
used were much lower than the typical temperatures used in conventional pulverized coal boilers.
For example, Kumari et al. burned a coal at 450 ◦C for 8 h and treated the material as coal bottom
ash [97]. Acid leaching optimization showed that 90% of Ce and Nd as well as 35% of Y were extracted
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using 4 M HCl at 90 ◦C. It has been realized that mineral matter in coal may oxidize, decompose,
fuse, disintegrate, or agglomerate under temperatures as high as 1400 ◦C, and rapid cooling in the
post-combustion zone in boilers results in the formation of spherical, amorphous particles [104,105].
However, when combusting in a muffle furnace at a temperature lower than 900 ◦C, no glassy phases
were detected [21,47,53,57]. Therefore, REEs in the laboratory prepared ash material are more readily
leached compared with the REEs in ashes produced in pulverized coal-fired boilers.

Leachabilities of REEs from fly ash produced in fluidized bed combustion (FBC) systems have
also been evaluated [53,101]. REEs present in FBC ash are more leachable than ashes produced from
pulverized coal-fired boilers. Tuan et al. extracted 62.1% Y, 55.5% Nd, and 65.2% Dy from a FBC bottom
ash using 2 M HCl at 80 ◦C [101]. Honaker et al. achieved around 80% of total REE recovery from
an FBC bottom ash using 1.2 M HCl at 75 ◦C [53]. Relatively low burning temperatures (750–900 ◦C)
are typically utilized in FBC units [106]. Therefore, glassy phases are less likely formed during the
combustion and cooling processes in FBC, which contribute to the higher REE leaching efficiency.
As shown in Figure 6, the FBC ash samples maintained good crystallization and no noticeable glassy
phases were found. Furthermore, similar to the thermal activation of REEs present in coal and coal
refuse (Section 3.3.2), combustion in a FBC system may enhance the REE leaching efficiency due to
dehydration of the clays, decomposition of the hard-to-leach rare earth minerals, and removal of the
organic matters [21,47,53].

Figure 6. XRD patterns of the fluidized bed combustion (FBC) ash samples: A, anhydrite; C, calcite;
H, hematite; I, illite; L, Lime; and Q, Quartz [53].

Parametric studies have been performed to optimize the leaching recovery of REEs from coal
combustion ash. Kumari et al. performed leaching tests on a coal ash using three different types of
acids, i.e., hydrochloric acid, nitric acid, and sulfuric acid, under the same conditions [97]. It was
found that the leaching recoveries follow the order of HCl > HNO3 > H2SO4. However, to the authors’
knowledge, sulfuric acid is less volatile and more cost-effective compared with the other two acids.
Tuan et al. did not observe a significant difference among the three mineral acids in terms of REE
extraction from FBC bottom ashes [101]. Despite the inconsistent findings, hydrochloric acid is the
most commonly used lixiviant per literature (see Table 4). Sulfuric acid is expected to provide the
worst efficiency since the large amount of calcium present in coal combustion ash will complex with
sulfate to form gypsum, and some REEs will be incorporated into the gypsum structure and lost to
the precipitate [107]. Leaching recovery of REEs is sensitive to liquid/solid ratio, acid concentration,
temperature, and leaching duration [91,97,100]. Leaching recoveries of La, Ce, and Nd from a coal
fly ash were nearly doubled when increasing the liquid/solid ratio from 5/1 to 20/1 or prolonging the
reaction time from 30 to 180 min [91].

Two flowsheets that were reported in the literature for recovering REEs from coal combustion
ash using acid leaching are shown in Figure 7. Solvent extraction was used in both circuits. In the
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first circuit (Figure 7A), tris-2-ethylhexyl amine (TEHA) was used to complex hydrogen ions in the
solvent extraction step, and acid regenerated in the stripping step, which reduced the chemical cost.
REEs were recovered from the raffinate of solvent extraction using precipitation. In the second circuit
(Figure 7B), fly ash and bed ash produced from FBC combustors are leached using diluted acid
(e.g., 1.2 M hydrochloric acid). REEs in the pregnant leach solution are extracted using a three-stage
counter-current solvent extraction (SX) system. Finally, a concentrated solution of REEs containing
minimal contaminants is produced from the SX-stripping stage. High-purity REE concentrates are
produced by selective precipitation using oxalic acid as the precipitant.

Figure 7. Flowsheets reported in the literature for recovering REEs from coal combustion ash using
acid leaching: (A) reported by [97] and (B) reported by [53].

Overall, REE recovery from coal combustion ashes using direct acid leaching is inefficient.
Harsh leaching conditions with concentrated acid solutions at higher temperatures are normally
required to achieve satisfactory recovery. In addition to the direct acid leaching, REE extraction from fly
ash using bioleaching was also reported [108]. Three microbial strains, Candida bombicola, Phanerochaete
chrysosporium, and Cryptococcus curvatus, were tested by Park and Liang in terms of REE extraction
from fly ash. Candida bombicola provided the optimal results with 63% Sc, 62.2% Y, 67.7% Yb, 64.4% Er,
60% Dy, and 51.9% Gd being extracted at 28 ◦C for 6 h [108].

3.3.2. Chemical/Thermal Pretreatment

Coal combustion ash was chemically and/or thermally pretreated prior to acid leaching to achieve
high REE recoveries [18,26,76,98,100,109]. Lin et al. performed hydrothermal treatment on a coal
fly ash and found that 21.3% of the material was dissolved by using 5 M NaOH with a solid/liquid
ratio of 1/20 at 100 ◦C for 120 min [76]. REE content in the solid material was increased from 366 to
803 ppm after hydrothermal treatment, which indicates that REEs present in coal combustion ash
remain with the solid residue after the hydrothermal treatment. Wang et al. used an 8 M HCl solution
to leach a hydrothermally treated fly ash and achieved a total REE recovery of 88.15% [18]. As shown
in Figure 8A, Si, Ga, and Al were also recovered from the fly ash alongside REEs. Ma et al. proposed an
alternative NaOH–HCl leaching process, which extracted 55% of REEs, 63% of Si, 72% of Ga, and 78%
of Al from the fly ash (see Figure 8B) [98]. Unfortunately, none of the studies produced high-grade
final rare earth products.

In the hydrothermal treatment process, NaOH reacts with the major components of fly ash
according to the following reactions [110,111]:

SiO2 + 2NaOH → Na2SiO3 + H2O (3)
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3Al2O3·2SiO2 + 10NaOH → 6NaAlO2 + 2Na2SiO3 + 5H2O (4)

Al2O3 + 2NaOH → 2NaAlO2 + H2O (5)

The above reactions destroy the amorphous glassy structure of fly ash and liberate the RE-bearing
particles, which are dissolved in the acid leaching step. In addition, hydrothermal treatment using
NaOH is also able to convert hard-to-dissolve rare earth minerals into soluble forms (Equation (1)).
All of the above reactions contribute to the extraction of REEs from coal combustion ash.

 
Figure 8. Flowsheets reported in the literature for recovering REEs from coal combustion ash using
NaOH hydrothermal treatment followed by acid leaching: (A) reported by [18] and (B) reported by [98].

Several studies have reported that REE recovery from fly ash was improved by alkali roasting
treatment prior to acid leaching [26,100,112]. Taggart et al. compared the performance of various
roasting additives, including Na2O2, NaOH, CaO, Na2CO3, CaSO4, and (NH4)2SO4, by performing
roasting tests at 450 ◦C on fly ash samples originating from power stations in the Appalachian, Illinois,
and Powder River basins followed by leaching with 1 M HNO3 [26]. It was found that NaOH roasting
often recovered more than 90% of the total REEs, which is more efficient than the other additives.
Tang et al. optimized Na2CO3 roasting on a coal fly ash collected from Guizhou China [100]. Mass ratio
of 1/1 (fly ash/Na2CO3) and roasting temperature of 860 ◦C provided the maximum total REE recovery
(~90%) when leaching with 2 M HCl. Liu et al. proposed a flowsheet to achieve the simultaneous
extraction of REEs, Ga, and Nb from a coal fly ash of the Songzao coalfield, which is famous for its
significant enrichment in trace elements [84,112,113]. As shown in Figure 9, water leaching was used
to extract Ga and Al from the roasting product, and REEs were recovered from the water leaching solid
residue by acid leaching. Ion adsorption resin was used to separate Ga and Al. Laboratory test results
showed that 68.62% Al, 76.11% Ti, and 80.07% REEs were extracted from the fly ash using the alkali
roasting–water leaching–acid leaching method. The reactions between sodium carbonate and fly ash
during roasting are as follows:

Al2O3·SiO2 + 2Na2CO3 → Na2SiO3 + 2NaAlO2 + 2CO2(g) (6)

Fe2O3 + Na2CO3 → 2NaFeO2 + CO2(g) (7)

TiO2 + Na2CO3 → Na2TiO3 + CO2(g) (8)

Ga2O3 + Na2CO3 → 2NaGaO2 + CO2(g) (9)

Nb2O5 + 3Na2CO3 → 2Na3NbO4 + 3CO2(g) (10)

REE2O3 + Na2CO3 → 2NaREEO2 + CO2(g) (11)

2REEPO4 + 3Na2CO3 → REE2O3 + 2Na3PO4 + 3CO2(g) (12)
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Figure 9. A flowsheet for recovering REEs, Ga, Nb, and Al from a fly ash using alkali roasting [112].

4. REE Recovery from Acid Mine Drainage and Sludge

4.1. REEs in Acid Mine Drainage

The occurrence of REEs in acid coal mine drainage (AMD) is mainly due to the dissolution of
RE-bearing species under acidic conditions created by the natural oxidization of sulfide minerals,
primarily pyrite. When exposed to the natural environment, pyrite is oxidized as described by the
following reactions [114–116]:

FeS2(s) + 14Fe3+
(aq)

+ 18H2O(l) → 15Fe2+
(aq)

+ 2SO2−
4(aq) + 16H+

(aq)
(13)

FeS2(s) + 7/2O2(aq) + H2O(l) → Fe2+
(aq)

+ 2SO2−
4(aq) + 2H+

(aq)
(14)

Fe2+
(aq)

+ 1/4O2(aq) + H+
(aq)
→ Fe3+

(aq)
+ 1/2H2O(l) (15)

As shown in the above equations, both ferric ions and oxygen serve as oxidants for pyrite.
Moreover, it has been well realized that Fe3+/S0-oxidizing microorganisms can significantly accelerate
the reaction [116,117].

Many articles have been published focusing on the characterization of REEs in AMD [9,118–123].
Based on the data drawn from 233 samples collected by the United States Geological Survey (USGS) in
1999 and 2011, Ziemkiewicz et al. found that the total REE concentration increases exponentially with
a decrease in pH [124]. Other studies also observed the same phenomenon [9,121–123]. For example,
Stewart et al. reported that the total REE concentration and solution pH in 18 AMD samples collected
from the Appalachian Basin ranged from 0.29 to 1134 μg/L and 2.8–6.6, respectively, with the higher
concentration occurring in low pH solutions [9]. Total REE concentration in AMD is normally less than
coal and coal refuse, whereas, when reported based on total dissolved solids in AMD, the concentration
is similar to or even higher than coal and coal refuse. For example, Honaker et al. obtained the
dissolved solid from an AMD sample containing 6.7 mg/L total REEs by completely evaporating the
liquid phase [115]. REE content in the dissolved solid was measured to be 380 ppm, which is much
higher than the average content of World coals (68 ppm, [4]). Moreover, AMD samples with more
than 10 mg/L REEs have been reported in the literature [125]. Therefore, AMD can be used as an
alternative resource of REEs. Extremely high concentrations of REEs have been detected in some
sludges generated during the passive treatment process [9,22,124]. For example, 3037 mg/kg of total
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REEs were estimated from sludge samples from the Saxman Run treatment plant [124]. The same
group later conducted a broad survey of 141 treatment sites in the Northern and Central Appalachian
coal basins and found that more that 20 of the 623 AMD sludge samples had concentrations exceeding
2000 mg/kg on a dry whole mass basis [22]. Northern Appalachian samples tended to have higher
REE concentrations than those from Central Appalachia with statistically significant deviations for all
REEs except Ce, Pr, and Nd.

AMD and AMD sludge typically contain more valuable REEs such as Y relative to La and Ce.
For example, Y in the coarse refuse collected from the West Kentucky No. 13 and Illinois No. 6
seams represented less than 10% of the total REEs; whereas the REEs in AMD generated from the
refuse piles was more than 25% Yttrium. In addition, in the basin comparison study by Vass et al.,
the ratio of critical REEs (defined as Y, Nd, Eu, Tb, and Dy) to total REEs was nearly 50% for the
Northern Appalachian samples [22]. The enrichment of HREEs in AMD, especially the elements located
in the middle of lanthanide series (Sm-Dy, middle REEs), has been well recognized by geologists,
which may be explained by several mechanisms: (1) the abundance and distribution of mineral phases
containing REEs, (2) the stability of RE-bearing mineral phases with respect to the aqueous fluids,
(3) the chemistry of the aqueous fluids, and (4) the immobilizing capacity of minerals, precipitates,
and colloidal materials to REEs [120,122,123,126,127]. Overall, AMD can be used as a potential resource
of REEs due to the relatively high concentration (reported on dissolved solid basis) and the preferential
enrichment in HREEs.

4.2. REE Recovery from Acid Mine Drainage

Many studies have been performed to recover valuable components such as Fe, Al, Cu, Zn,
Ni, and sulfuric acid from acid mine drainage (AMD). The recovery methods can be classified
as precipitation [128–132], adsorption [133,134], diffusion dialysis [135], and ion-exchange [129].
Seo et al. used an oxidation-sequential precipitation method to recover Fe, Al, and Mn from a coal
mine drainage [131]. The laboratory test results showed that 99.2–99.3% of Fe, 70.4–82.2% of Al,
and 37.8–87.5% of Mn were recovered at pH 4.5, 5.5, and 8.5, respectively. Furthermore, Cu and Zn can
be selectively concentrated by collecting the precipitates formed in the pH ranges of 4.49–6.11 and
5.50–7.23, respectively [128]. Instead of artificially adding alkalis, dissolved metals in AMD can also be
precipitated and recovered using OH− produced from electrochemical reactions [136]. Chockalingam
and Subramanian found that rice husk is able to uptake 99% Fe3+, 98% Fe2+, 98% Zn2+, and 95% Cu2+

from an acid mine water, with a concomitant increase in the pH value by two absolute units [133].
Crane and Sapsford reported that nanoscale zerovalent iron (nZVI) selectively adsorbed Cu, Cd, and Al
with more than 99.9% recovery in 1 h [137]. In addition, an acidic pH buffer enabled the formation of
copper–bearing nanoparticles from AMD in presence of nZVI. Magnetite nanoparticles have also been
successfully prepared from AMD [138–140].

Due to the much higher economic values of REEs relative to the major metals such as iron and
aluminum present in AMD, several studies regarding REE recovery from AMD have been reported
recently [9,10,12,22,124,141–144]. In one of our prior studies [10], staged precipitation tests were
performed on a coal mine drainage (6.14 ppm of REEs), and a REE pre-concentrate containing 1.1% of
REEs was produced in the pH range of 4.85–6.11. In addition, the pre-concentrate also contained 17.1%
Al, 1.7% Zn, 1.4% Cu, 1.14% Mn, 0.5% Ni, and 0.2% Co, indicating that multiple valuable components
can be pre-concentrated simultaneously using staged precipitation. By using selective re-dissolution
and oxalic precipitation, a product containing 94% rare earth oxides was finally obtained from the
pre-concentrate. A process flowsheet has been developed in a recent study by the authors [145].
The staged precipitation results also explained the observations in the passive treatment systems of
coal mine drainage, i.e., >90% REEs were sequestered in the treatment solids when pH was raised
above 6.0, and REEs were preferentially retained in the basaluminite (Al4(SO4)(OH)10·5H2O) [141,142].
Ramasamy et al. (2018) synthesized N- and O- ligand doped mesoporous silica-chitosan hybrid beads

167



Minerals 2020, 10, 451

for extracting REEs from AMD and the test results showed that more than 90% of REEs were recovered
in 5 min [143].

According to Vass et al., REEs in AMD treatment sludge can also be economically recovered by
solubilization followed by REE extraction from the solution [22]. Further work by the same group
has led to the design and construction of an acid leaching/solvent extraction mini-pilot plant for the
recovery of REEs from AMD sludge. Leaching data show that high recoveries of REEs (>80%) can
be achieved at a pH value of 1.0 using sulfuric acid. Moreover, the addition of a leaching modifier
increased the leaching recovery from 65% to >95% at a pH of 2.0. Together with the downstream
solvent extraction operation, the continuous pilot process was able to produce high-grade mixed rare
earth oxide products exceeding 80% purity. Techno-economic analysis shows favorable economic
outcomes; however, the authors note that the results are very sensitive to consumable costs [146].

Based on the above discussion, a flowsheet for REE recovery and comprehensive utilization of
AMD is shown in Figure 10. Cost for the staged precipitation step is minimal given the fact that
treatment of AMD is mandated by regulatory agencies. In addition, since only a small quantity
of REE-enriched precipitate is obtained from the staged precipitation step, chemical consumptions
associated with the downstream processes are low. Therefore, AMD can be considered as a promising
source of REEs.

 

Figure 10. A flowsheet for multiple metals recovery from acid mine drainage (AMD) and acid mine
drainage sludge.

5. Summary and Conclusions

Many studies have been conducted for recovering REEs from coal-related materials, primarily coal
refuse, coal combustion ash, and acid coal mine drainage. High-purity rare earth concentrates have
been successfully produced from coal refuse and acid coal mine drainage. A rare earth pilot plant
was constructed and tested, enabling a continuous production of REEs from coal refuse. Reasonable
recovery values also have been achieved from coal combustion ash. Altogether, these findings show
that significant accomplishments have been made over the past several years in this area.

A summary of the advantages and disadvantages of the methods that have been used for
recovering REEs from coal-related materials is shown in Table 5. To achieve optimum recovery
performance with minimum cost, process flowsheets integrating various technologies, such as physical
beneficiation, acid leaching, pre-leach roasting, and hydrothermal pretreatment, need to be designed

168



Minerals 2020, 10, 451

and tested. More fundamental studies are required to understand the positive impacts caused by
pre-leach calcination on REE recovery from coal refuse. Moreover, this review indicates that not enough
attention has been paid to the extraction behavior of other critical elements as well as major elements.
This deficiency limits the development of multi-element recovery strategies from coal-related materials.
In addition, downstream recovery and purification plans are also ambiguous since the extraction
behavior of major elements such as Al, Fe, and Ca were rarely reported.

Table 5. A summary of the advantages and disadvantages of the methods that have been used for REE
recovery from coal-related materials.

Material Method Advantage Disadvantage

Coal preparation
byproducts

Physical beneficiation

Can be used as a
pre-concentration step to

generate a higher-grade feed for
downstream recovery processes.

Low recovery; Ultrafine
grinding is required if a

considerable enrichment ratio
is expected to be achieved.

Direct acid leaching
Provide relatively higher
recovery compared with
physical beneficiation.

Leaching performance
depends on the nature of

tested samples;
Acid consumption is

usually high.

Pre-leach calcination
followed by acid leaching

Higher REE recovery; Quick
leaching kinetics; Mild leaching

conditions; Low chemical
consumption.

Recovery of contaminant ions,
such as Al3+, is also increased.

Coal combustion
ashes

Physical beneficiation

Can be used as a
pre-concentration step to

generate a higher-grade feed for
downstream recovery processes.

Unable to provide a
considerable enrichment.

Direct acid leaching

Able to transfer a portion of
REEs from solid into solution,

which can be further recovered
and purified using
other approaches.

Low recovery; High chemical
cost; Harsh leaching

conditions.

Alkaline/hydrothermal
treatment followed

by leaching

High recovery; Quick
leaching kinetics.

High alkali consumption; Low
selectivity and a lot of

contaminants are extracted
along with REEs

Acid coal mine
drainage

Staged precipitation
followed by redissolution
and selective precipitation

High recovery; Simple process
flowsheet; Low chemical

consumption; Can be integrated
with existing AMD
treatment systems.

AMD containing several ppm
of REEs with a large volume

may be difficult to find.
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Abstract: Magnets containing substantial quantities of rare earth elements are currently one of the most
sought-after commodities because of their strategic importance. Recycling these rare earth magnets
after their life span has been identified to be a unique approach for mitigating environmental
issues that originate from mining and also for sustaining natural resources. The approach
is hydrometallurgical, with leaching and precipitation followed by separation and recovery of
neodymium (Nd), praseodymium (Pr) and dysprosium (Dy) in the form of rare earth fluorides
(REF) as the final product. The methodology is specifically comprised of sulfuric acid (H2SO4)
leaching and ammonium hydroxide (NH4OH) precipitation followed by reacting the filtrate with
ammonium bifluoride (NH4F·HF) to yield the REF. Additional filtering also produces ammonium
sulfate ((NH4)2SO4) as a byproduct fertilizer. Quantitative and qualitative evaluations by means of
XRD, ICP and TGA-DSC to determine decomposition of ammonium jarosite, which is an impurity in
the recovery process were performed. Additionally, conditional and response variables were used in
a surface-response model to optimize REF production from end-of-life magnets. A REF recovery of
56.2% with a REF purity of 62.4% was found to be optimal.

Keywords: rare earth elements; magnets; recycling; recovery; fluorides; modelling

1. Introduction

Disquiet around the sustainability of rare-earth elements (REE) provisions has stimulated
determination not only to recycle but also to improve the proficiency of the materials they are
used to make [1]. With respect to the amount of REEs produced, neodymium (Nd) usage in the
production of neodymium-Iron-Boron (NdFeB) magnets from mine output is about 13%. Out of that,
34% of the magnets produced are used in the manufacturing of actuator hard disk drives [1–3]. With
their life span centered on their application, rare earth materials in hard disk drives are also applied in
parts such as printed circuit boards (PCB), spindles, and so on [4].

In the production of these magnets, specific additions of elements are also used to adjust their
properties [5,6]. For example, cobalt (Co) is used to substitute REE and iron (Fe) materials (up to over
5%) to increase the Curie temperature [7,8]. Dysprosium (Dy) addition increases the temperature
characteristics such that the compound has a better stability against demagnetization. It also decreases
the residual induction of the magnet, which leads to lower magnetic field properties [6,9]. To lower the
production costs, Pr is now used as a substitute of Nd (up to 20–25%) in the production of magnets.
Additionally, the magnet material is coated with a protective layer, such as copper (Cu), aluminum
(Al), or nickel (Ni), as well as polymeric material to hold the magnet on the steel plate [4]. Although
this shows that recycling of end-of-life magnets can help reduce the criticality of these REE in the near
future, commercial recycling of REE is low, at less than 1%. This is mainly due to inefficient collection,
technological difficulties, and high cost of processing [10–15].
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Separation stage(s) have always been an important step in recycling. For rare earth magnets,
since the element of interest is found with two or more others, they may require different extraction
technology. Hydrometallurgical approaches have been shown to be a very efficient way to separate the
REEs in which chemical separation by leaching is performed [16,17]. For REE leaching, lixiviants are
directly added with or without heat treatment to dissolve the solid materials. Once the materials are in
solution, various processes such as precipitation, solvent extraction, and ion exchange can be used to
economically produce individual REE in the required form.

As a part of the impurities encountered in REE recovery, some of the leached Fe is also recovered
as ammonium jarosite in the final REF product. To remove this impurity, the final product form is
subjected to high temperature (250–500 ◦C) to decompose the ammonium jarosite [18–21]

For solvent extraction and ion exchange, different cationic, anionic and solvating extractants such
as di (2-ethyl-hexyl) phosphoric acid (D2EHPA), dialkyl phosphonic acid (Cyanex 272), 2-ethyl-hexyl
phosphonic acid mono-2-ethyl-hexyl ester (PC 88A), neodecanoic acid (Versatic 10), tributyl phosphate
(TBP), and tricaprylylmethylammonium chloride (Aliquat 336) have been reported for the separation
of REEs from solution with D2EHPA being more commonly used with nitrate, sulfate, chloride
and perchlorate solutions, PC 88A with chloride solutions, and TBP with nitrate solutions [22–35].
Interestingly, many of the same chemical types used as solvent extractants are also used in solid
form as ion-exchange resins from the same type of leaching solutions [23,24,28,32]. For both solvent
extraction and ion exchange, the REE-loaded material must then be selectively stripped. The resulting
solutions are then predominantly processed to precipitate the individual REEs, often as REOs, but not
always [36–39].

This paper presents the recycling Nd magnet scrap using a novel hydrometallurgical process
involving H2SO4 leach, NH4OH precipitation, and NH4F·HF reaction. The latter step transforms
the precipitate into rare earth fluorides (REF) which should be appropriate feedstock for subsequent
pyrometallurgical processing into metal in molten fluoride electrolysis [39]. The application of
hydrofluoric acid (HF) was completely avoided and the process was optimized through statistical
analysis and modelling.

2. Experimental

2.1. Materials

Samples of scrap magnets were obtained from end-of-life computer hard drives from the IT
Department of Montana Tech. Ammonium hydroxide (NH4OH) dissolved in water at 28–30%
concentration was obtained from VWR International LLC. Sulfuric acid (98% H2SO4) from Pharmco
Products Inc. and ammonium bifluoride (98.8% NH4F·HF) manufactured by J.T. Baker were the other
reagents used in the work.

2.2. Sample Preparation

2.2.1. Demagnetization

Nd magnets were obtained by disassembling the actuators in various hard drives. After loading
in a ThermoScientific Lindberg/Blue M box furnace, the furnace was programmed to heat up to 500 ◦C
at 5 ◦C per minute under ambient air. This was done in order to cause demagnetization and weaken
the adhesive used to hold the magnet on the steel plate. The temperature was held at 500 ◦C for 60 min.
Afterwards, the demagnetized magnets were air-cooled and sorted from the steel plates.

2.2.2. Comminution

Comminution was done to liberate the NdFeB part of the demagnetized sample so that ground
mass could be easily leached with the lixiviant in view of the increased surface area of the material.
Using a disc pulverizer from Bico Inc. (Burbank, CA, USA), the samples were initially comminuted
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with a set of 3.1 mm. That product was further comminuted with a set of 0.3 mm. A sieve analysis was
performed to determine the size distribution of the comminuted material and is discussed later.

2.3. Hydrometallurgical Processing

REEs were leached from the comminuted sample in a 2M H2SO4 acid solution with sample to
solution ratio of 1g:10mL [4]. This process was done under a fume hood for 2 h with the acid solution
being added in small amounts because of the aggressiveness of the reaction as shown in Equation (1).

Nd2Fe14B + 45H+ + 3H2O→ 2Nd3+ + 14Fe3+ + BO3
3− + 25.5H2 (1)

Filtration was performed after leaching to separate the REE-acidic pregnant solution from the
residue. NH4OH was then added to the filtrate in a ratio of 1 mL NH4OH to 20 mL rare earth rich
pregnant solution to adjust the pH to 1.2, as shown in Equation (2).

NH4OH + Nd3+ + 2SO4
2− + H+ + 2H2O→ (NH4)Nd(SO4)2(H2O)3 (2)

Upon addition, the solution was stirred at 90 rpm to completely dissolve back into solution
anything that formed when the NH4OH was added. After that, the solution was allowed to sit for
12 h so the REE-rich precipitate could fully form and settle. Finally, filtration was performed so that
the REE-rich residue could be collected and allowed to air dry. The dry REE-rich precipitate is then
added into a mixture of NH4F·HF and deionized water in a ratio of 1g:1.5g:10g and stirred for 45 min
to enhance the formation of REF. The residue obtained after filtration was air dried and analyzed for
REF content. The process flow sheet is shown in Figure 1. Various stages are also identified in the
figure to facilitate further discussion later in this paper.

(NH4)2SO4 

Comminution 

REF Residue (NdF3, 

PrF3, DyF3) 

Figure 1. Flow sheet of Nd magnet recycling to produce REF.
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Recovery of Fe in the form of ammonium jarosite, as shown in Equation (3), can also be done
by the addition of more NH4OH into the Fe-rich solution (as shown in Stage 3). With Equation (3)
representing the reaction, the pH of the solution increased until a pH of 2 where maximum ammonium
jarosite precipitated [17].

NH4OH + 3Fe3+ + 2SO4
2− + 5H2O→ (NH4)Fe3(OH)6(SO4)2 + 5H+ (3)

2.4. Modelling of REF Recovery

Stage 1 and Stage 2 of the flow sheet in Figure 1 were identified as less critical compared to Stage 3
of the process. Hence, it was decided to optimize Stage 3 in the present work. To optimize the REF
recovery, Response Surface Methodology (RSM) was pragmatic in the analysis of the experiments.
RSM is a mathematical and statistical technique that employs empirical models to fit the experimental
data with reference to the Design of Experiments (DOE). With the process responses not following
a linear model, the Box-Behnken design was employed for designing the experimental matrix to
delineate the response surfaces generated by the condition variables [39–44]. This design selects points
in the experimental domain for a three-level factorial arrangement in such a way that permits proficient
approximation of the first and second order coefficients for the mathematical model [42]. The user
identifies a high level and a low level of each condition variable and the mid-point is automatically
identified for the point selection. Several experiments (usually 3 or 5) are conducted at the mid-point
of all variables to estimate the inherent variability associated with the experimental technique.

In this work, the objectives were to maximize the amount of REF recovered from the precipitate
along with their purity. This RSM was used at the point in the experiment where the REE-rich
precipitate is added to NH4F·HF to produce the REF in Stage 3. The experiments were performed as
per the RSM design of experiments developed using the statistical software Design Expert 9 procured
from Stat-Ease Inc., Minneapolis, MN, USA [43]. During the scoping tests, several condition variables
were identified that affected the amount of REF recovered from the precipitate as well as its purity.
To limit the number of experiments, the most important three condition variables were chosen, namely,
the amount of deionized water (mL), amount of NH4F·HF (g) and degree of stirring (min). Of course,
the identified responses were the amount of REF recovered from the precipitate and the purity of
the REF. The selected points in the experimental domain and the responses obtained are discussed
later, along with the response surfaces, model equations, optimization and the interaction of the
condition variables.

2.5. Material Characterization

After demagnification, the feed materials as well as intermediate and final products from
this study were characterized using Scanning Electron Microscopy with Energy Dispersive X-ray
(SEM-EDX), X-ray Diffractometry (XRD), Inductively Coupled Plasma–Optical Emission Spectrometry
(ICP-OES), and a thermal analyzer with thermogravimetric (TG) and differential scanning calorimetry
(DSC) capabilities.

2.5.1. SEM/EDX

The SEM-EDX analyzer was employed to determine the chemical compositions of all phases in the
demagnetized material. The SEM-EDX system uses a TESCAN TIMA with a tungsten filament and an
EDAX Z2 analyzer (TESCAN ORSAY HOLDING, a.s., Kohoutovice, Czech Republic). Cross-sectioned
sides of a representative sample were hand-separated and cold-mounted in epoxy using molds
approximately 25 mm in diameter and 10 mm in thickness. Resulting mounts were ground and
polished to a smooth finish and then conductively coated with carbon to obtain SEM images by
backscattered electron (BSE) detection. EDX analyses helped determine the chemical compositions of
all products.
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2.5.2. XRD

X-ray diffraction was carried out with a Rigaku Ultima IV X-ray Diffractometer (XRD) (RIGAKU
AMERICAS CORPORATION, Woodland, TX, USA) using Cu-Kα radiation at 40 kV and 40 mA. This
was used for quantitative analysis and also to determine the various phases of the precipitates and the
products obtain after NH4·HF addition.

2.5.3. ICP-OES

A ratio of 3:1 v/v HCl to HNO3 was used to digest a representative sample of the final product
obtained at the end of each experiment and resulting solutions were analyzed by ICP-OES to determine
the elemental content of the sample (Thermo Electron Duo View iCAP 6500, Waltham, MA, USA).

2.5.4. TGA-DSC

Thermal decomposition of the ammonium jarosite, obtained in the final stage, was carried out
in a TA Instruments SDT Q650 simultaneous thermal analyzer with thermogravimetric (TG) and
differential scanning calorimetry (DSC) capabilities (TA Instruments, New Castle, DE, USA). Analyses
were performed using 10 mg sample with a heating rate of 10 ◦C/min to 400 ◦C under argon atmosphere.
The furnace temperature was regulated precisely to provide a uniform rate of decomposition.

3. Results and Discussions

3.1. Granulometry

Regarding Stage 1 of Figure 1 and using sieves ranging in aperture size from 0.149 to 4.699 mm,
the size distribution of the comminuted sample is shown in Figure 2. It can be seen from this figure
that nearly 50% of the material passed through the 0.6 mm sieve size. The 80% passing size (d80) of the
comminuted mass is about 1.7 mm.

Figure 2. Cumulative particle size distribution of the demagnetized and comminuted sample.

3.2. SEM-EDX Analysis

Image from the Backscatter Electron (BSE) detector on the SEM-EDX demonstrate some dissimilar
phases in the demagnetized and comminuted sample (see Stage 1 of Figure 1). “Three Dots” analysis
was performed using the EDX. Of the three indicated points shown in Figure 3, each has a distinctive
chemistry: point (a) appears to be Ni, which is the outer layer; point (b) is a combination of Pr, Nd and
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Fe, where Pr is used to substitute Nd (up to 20–25%) to lower production costs; and point (c) shows a
mixture of Nd and Fe. It is noted that boron (B) was not detected due to its low intensity, resulting from
it being a light element (i.e., element #5 on the periodic table), as well as from the inherent disability of
the BSE detector that was used [45].

Figure 3. SEM image and EDX composition of the demagnetized and comminuted sample (see text for
details). (a) Ni; (b) Pr, Nd, Fe; (c) Nd, Fe.

3.3. XRD Results

Figures 4 and 5 show the phase compositions of the precipitates (Stage 2 feed to Stage 3 rich, dry
precipitate, as per Figure 1) and the final product (Stage 3 REF residue, as per Figure 1), respectively.
From Figure 4, it can be said that most of the Fe remains in solution and that the dry precipitate is
made up of mainly (NH4)Nd(SO4)2(H2O)3. This compound is an ammonium neodymium sulfate
double salt and is noted to be similar to ammonium jarosite [17] with Nd substituting for Fe. Figure 5
also shows the phases of the product made after adding and stirring the dry precipitate in NH4F·HF
for 45 min, which is then heated under argon atmosphere to 400 ◦C and allowed to cool. Equation (4)
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depicts a possible mechanism for REF formation with the REE being Nd assuming ammonium (NH4
+)

is in excess:

2(NH4)Nd(SO4)2(H2O)3 + 3NH4F·HF + 3NH4
+→ 2NdF3 + 4(NH4)2SO4 + 6H2O + 3H+ (4)

The product is clearly a REF containing REEs of Nd, Dy and Pr. It can therefore be concluded
that REF can be produced by this process and the resulting fluorides can be used later as feedstock for
pyrometallurgical metal production [39].

Figure 4. Crystal phases in the REE rich precipitate after adding NH4OH.

Figure 5. Crystal phases in the REF filtrate after 45 min in NH4F·HF and heated to 400 ◦C.

3.4. ICP Results

Table 1 shows the chemical composition of REEs in the final REF product indicating Dy and Fe are
present, apparently in amounts below the XRD detection limit. Together, the total REE amount sums
to 63.25%. Based on stoichiometry and assuming the REEs exist as REF (i.e., NdF3, PrF3 and DyF3), the
F-content would be 24.94%. This leaves a balance of 10.59%, which is expected to be ammonium sulfate
[(NH4)2SO4] and ammonium jarosite [(NH4)Fe3(SO4)2(OH)6], as per Equation (4). Furthermore, based
on the stoichiometry of the jarosite, the Fe content would equate to 3.44% of these other components,
suggesting there is 7.15% ammonium sulfate. Both ammonium sulfate and ammonium jarosite can be
monohydrated [46] which will thermally decompose at low temperature. In this regard, a TGA-DSC
study was undertaken on the final REF residue from Stage 3. Because the product was heated to
400 ◦C under argon, a subsequent TGA-DSC scan did not exceed 400 ◦C. It is important to note that
this REF residue, as discussed above, is not pure, and therefore contains some ammonium sulfate and
ammonium jarosite.

Table 1. The chemical composition of the final product.

Sample Composition Dy Fe Nd Pr Others

Weight (%) 2.89 1.22 52.95 7.41 35.53
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3.5. TGA-DSC Results

The TGA-DSC graphs of the REF residue are shown in Figure 6. The plot shows that mass
loss occurs in five steps which agrees with the literature [46–49]. In this regard, the first two steps
equate simply to crystalline water loss of the ammonium sulfate (Equation (5)) and ammonium jarosite
(Equation (7)), respectively:

25–50 ◦C
(NH4)2SO4·H2O→ (NH4)2SO4 + H2O (5)

75–125 ◦C
(NH4)Fe3(SO4)2(OH)6·H2O→ (NH4)Fe3(SO4)2(OH)6 + H2O (6)

The third step corresponds to the decomposition of dehydrated ammonium sulfate to
ammonium bisulfate:

140–210 ◦C
(NH4)2SO4 → NH4HSO4 + NH3 (7)

The fourth step is likely caused by complete thermal decomposition of the ammonium bisulfate:
220–250 ◦C

NH4HSO4 → 1/3NH3 + 1/3N2 + SO2 + 2H2O (8)

Finally, the fifth step appears to be the dehydroxylation of the dehydrated ammonium jarosite,
thereby accounting for the continued loss in weight as the temperature increased to 380 ◦C:

>260 ◦C
(NH4)Fe3(SO4)2(OH)6 → (NH4)(FeO)3(SO4)2 + 3H2O (9)

If the temperature had been increased to 600 ◦C, three additional steps involving the sequential
reactions of the dehydroxylated ammonium jarosite would be observed such that all of the Fe ultimately
becomes hematite [46–49]:

>385 ◦C
2(NH4)(FeO)3(SO4)2 → 2NH3 + H2O + 2Fe3O2.5(SO4)2 (10)

>510 ◦C
2Fe3O2.5(SO4)2 → 2Fe2O3 + Fe2(SO4)3 + SO3 (11)

>540 ◦C
Fe2(SO4)3 → Fe2O3 + 3SO3 (12)

where Fe3O2.5(SO4)2 is essentially equivalent to a solid solution of 2/3 Fe2(SO4)3 and 5/6 Fe2O3.

Figure 6. TGA-DSC curve for REF residue from Stage 3.
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4. Model Development and Process Optimization Using RSM

Table 2 shows the Design of Experiments (DOE) along with the condition variables and responses
for Stage 3 processing. In all, 17 experiments were performed, each using 2 g of REE-rich dry precipitate
from Stage 2. The following ranges of the condition variables were employed: deionized water volume
was 10–30 mL; 2–4 g of NH4F·HF was added; the degree of stirring was 15–45 min. Responses were
REE recovery and REF purity where recovery refers to the amount of REE from Stage 2 being converted
to REF residue and purity refers to the quality of the REF residue based on ICP analysis.

Table 2. DOE conditions and their responses.

Standard Run
Volume of
Deionized
Water (mL)

Amount of
NH4·HF (g)

Degree of
Stirring
(mins)

REE
Recovery

(%)

Purity of
REF

Residue (%)

2 1 30 2 30 46.76 60.59
8 2 30 3 45 55.58 63.26
10 3 20 4 15 53.15 54.01
7 4 10 3 45 63.03 46.12
4 5 30 4 30 49.63 58.38
17 6 20 3 30 47.16 56.93
3 7 10 4 30 64.09 49.66
1 8 10 2 30 50.44 45.52
12 9 20 4 45 55.41 51.84
16 10 20 3 30 49.67 53.08
5 11 10 3 15 57.48 51.19
11 12 20 2 45 54.65 48.59
15 13 20 3 30 50.09 54.94
14 14 20 3 30 52.74 51.39
6 15 30 3 15 52.13 50.85
9 16 20 2 15 53.56 50.65
13 17 20 3 30 51.38 57.42

Furthermore, five experiments were completed with all condition variables being at their midpoints.
The results were analyzed to develop a statistically significant model for the responses of the REE
recovery and REF purity as shown in Equations (13) and (14):

REE Recovery (%) = 50.14 − 3.87A + 0.087B + 0.84C − 2.70AB − 0.53AC + 2.68A2 + 4.15C2 + 4.04A2B + 1.41A2C (13)

REF Purity (%) = 54.75 + 4.20A + 1.65B − 1.06C − 1.59AB + 4.37AC + 0.18 A2 − 1.40B2 − 2.08C2 − 1.17A2B + 2.89A2C (14)

where A denotes the volume of deionized water used, B denotes the amount of NH4F·HF added, and
C denotes the degree of stirring. In both cases, a cubic model represented the data best and the R2

values were 0.94 and 0.93 for recovery and purity, respectively.
Using Equations (13) and (14), 3-D surface plots in Figures 7 and 8 were generated to illustrate

the effects of the condition variables on the responses. From Figure 7a,b, it can be said that NH4F·HF
addition appears to have more prominent effect on the process efficiency. The impact of deionized
water addition is more prominent at higher stirring rates and higher NH4F·HF additions. With respect
to stirring, it can be observed from Figure 7a that the amount of REF recovery increases with stirring
time for both 10 and 30 mL of water used. However, recovery is higher for lower volumes of water
than for higher ones, and this same pattern is observed with respect to NH4F·HF addition as illustrated
in Figure 7b when using Equation (13).

185



Minerals 2020, 10, 340

 

(a) (b) 

Figure 7. 3D plots of REF recovery with respect to process variables at (a) 4 g of NH4F·HF and (b)
43 min for degree of stirring.

(a) (b) 

Figure 8. 3D plots of REF purity with respect to process variables at (a) 4 g of NH4F·HF and (b) 44 min
for degree of stirring.

Figure 8a,b were generated from Equation (14) and illustrates the response surfaces for REF purity
in relations to the process variables. From these plots, it is observed that the amount of deionized
water again did influence purity of REF recovery to a significant extent at all NH4F·HF additions and
also at higher stirring degrees. The degree of stirring, as observed in Figure 8a, seems to affect the REF
insignificantly at low water additions. However, REF purity increased sharply with stirring time at a
high volume of water addition. Figure 8b shows that NH4F·HF addition has less impact on the purity
of REF. Sharp increase in the purity of the REF is seen with increase in the volume of water.

It may also be noted that, in Equations (13) and (14), the process variables are all in terms of the
coded values and differ in the range +1 to −1, with the mid-point having a value of zero. Thus, for B,
the maximum amount of NH4F·HF used (4 g) corresponds to +1 and the lowest (2 g) corresponds to –1,
whereas the midpoint of 3 g corresponds to 0. To use these statistically significant equations, the actual
variable value needs to be converted to the coded form lying between +1 and −1. Using the above
model equations optimization was carried out to find the conditions that maximized both REF recovery
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and REF purity. The identified conditions and their maximum corresponding responses are as follows:
Amount of Deionized Water Used: 30 mL

REF Recovery: 56.23%
NH4F·HF Added: 4 g

Degree of Stirring: 45 min REF Purity: 62.42%

5. Conclusions

From this study, it is established REF can be produced from end-of-life Nd magnet from hard disk
drive by hydrometallurgical techniques using NH4F·HF. The final product (REF) can also be used as
part of the salt bath for molten salt electrolysis using fluoride salt [39]. This process is preferred over
those reported in the literature because the use of hazardous HF was avoided. Employing statistical
design of experiments (DOE), process parameters such as volume of deionized water, amount of
NH4F·HF and degree of stirring were defined in detail, and a conducive process regime for the recovery
of the REFs was identified. It was established that at higher volumes of water, NH4F·HF addition, and
degree of stirring, optimum REF recovery with reasonably high purity can be achieved.
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