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Abstract: Citric acid has been identified as an environmentally sustainable organic acid capable of
leaching up to ~30% of easily accessible REEs from underclay material. An analysis of the leaching
profiles was performed to discern the reaction rates, extraction efficiencies, and potential leaching
mechanisms of REEs and cations of interest from ion-adsorbed underclays. The initial leaching stage
follows a slow intraparticle diffusion mechanism followed by a second stage controlled by a mixed
diffusion regime. The leaching profiles of Ca and P were similar to those of REEs, suggesting that
REEs are most likely derived from mineral surfaces such as hydroxyapatite or crandallite rather
than predominately from underclays. Fitting to a modified diffusion control model found diffusion-
controlled leaching to be the primary mechanism whereas non-diffusive mechanisms made up about
22% of the extracted REEs. Gangue cations associated with underclays had less non-diffusive leaching
than REE species, indicating that their leaching kinetics may be dominated by diffusion from within
the material or potentially from product layer formation. Fitting to Boyd plots further indicated
that REEs were leached following intraparticle diffusion control. These results have important
implications for the development of more efficient and sustainable methods for extracting REEs or
critical minerals from alternative feedstocks.

Keywords: rare earth elements; citric acid; leaching kinetics; ion-adsorbed underclay; modified
diffusion control model

1. Introduction

Rare earth elements (REEs, including the 14 naturally occurring lanthanide elements
plus yttrium and scandium) are used in a variety of advanced technology applications
such as magnets, catalysts, and other electronic devices. REEs are especially useful for the
fabrication of renewable energy technologies and are therefore essential for advancement
towards carbon neutrality and sustainable energy [1]. However, the U.S. does not produce
enough domestic REEs to support renewable energy generation, let alone enough for all
other domestic applications [2]. To satisfy demand, the United States imports approximately
80% of its rare earth compounds and metals from China [3], but the growing need for REE
resources highlights the need to find and utilize new domestic sources.

The U.S. controls just 1% of primary REE reserves globally. In fact, REEs extracted
from REE-bearing clay deposits are estimated to account for ~35% of China’s total REE
production despite making up just a small fraction of REE reserves and containing just
0.05–0.2 wt.% rare earth oxides (REOs) [4,5]. This is because the lower amounts of available
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REEs are offset by their ease of extraction and processing from ion-adsorbed clays (IACs) [6].
IACs are a potential alternative source of REEs and can be found in mineral deposits
adjacent to coal seams and within coal utilization byproducts. The negatively charged
surfaces of clays attract positively charged REE cations with the ratio of complexation
depending on the pH [7]. Due to their weak ionic interactions, these surface-bound REEs are
much easier to procure than the REOs embedded within carbonate and phosphate minerals.
Other sources of REEs are carbonatite (source of light REEs), bastnasite deposits, and
phosphate-bearing minerals like monazite and xenotime that contain the largest amounts
of REOs [5].

Extraction of REEs from carbonate and phosphate minerals often requires the use of
aggressive, corrosive mineral acids to dissolve the ore, but these methods require waste
management and have numerous environmental concerns for usage [6]. On the other
hand, the primary method of REE extraction from IACs utilizes electrolyte solutions such
as ammonium sulfate to leach ion-exchangeable REEs bound to the clay surface with
80%–90% extraction efficiencies at moderate temperatures [8]. Chemically, the monovalent
ammonium cations exchange with REE cations bound to the surface of IACs in order to
release them into the leachate solution. However, even this method risks introducing toxic
ammonium and sulfate ions into ground waters during in situ leaching processes [9]. A
more environmentally friendly process is to use low molecular weight organic acids capable
of complexing directly with REE cations while avoiding both ammonium and sulfate. Citric
acid has been previously identified as an effective organic acid to suppress REE adsorption
to soils by complexing to the REEs in solution [10]. The chelating properties of the citrate
are the result of negatively charged oxygen atoms of the carboxylic groups which complex
to REE cations. This increases the solubility of the metals, thereby enabling extraction while
offering environmental benefits over mineral acids [11,12]. This process works similarly
to glycine lixiviants which have been shown to selectively recover copper from copper
smelting slag under basic pH conditions [13].

Yang et al. (2020) characterized various Appalachian underclays and found that the
REE-bearing phases consisted of apatite, monazite, xenotime, rhabdophane, and churchite
embedded within the clay matrix that were clastic or detrital in origin with alteration prod-
ucts such as crandallite limited to a few feedstocks [14]. Benchtop leaching experiments
performed by Montross et al. (2020) successfully leached up to ~30% of exchangeable
total REEs (TREEs) from unconventional underclay sediments using a 0.1 M citric acid
solution [15]. The current study models the kinetics of data acquired from upscaled experi-
ments performed by Yang et al. (2022) for which the operating conditions were obtained in
previous benchtop studies to determine the highest REE extraction efficiencies using citrate-
based solutions [16]. However, the REE extraction efficiencies of the upscaled experiments
were significantly lower than those of the benchtop leaching experiments performed by
Montross et al. (2020) and inspired the current study to determine the kinetics and potential
leaching mechanisms in the upscaled experiments. The probable cause for this discrepancy
in extraction efficiencies is likely due to the different feedstock compositions and experi-
mental parameters that differ between the benchtop and large-scale experiments. One such
concern is the impact of capillary forces which are harder to overcome in upscaled experi-
ments due to restrictions in mixing at large scale. Recent studies aimed at overcoming low
extraction efficiencies in acid leaching experiments showed that coupling chemical leaching
with metallurgical techniques such as disintegration liberates REE-bearing minerals in
clay materials and improves their contact with the solution [17]. Factors influencing the
extraction efficiencies between benchtop and upscaled experiments may be better revealed
with a deeper understanding of the leaching kinetics and mechanisms.

To better understand these lower extraction efficiencies in the upscaled embodiments,
the kinetic profiles can provide insight into the rate determining mechanisms that control
the REE leaching process. Examination of the rate determining mechanisms throughout the
leaching process is useful for optimizing REE leachability. Once the leaching mechanisms of
REEs and relevant cations are determined, correlations to specific phases can be postulated
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and experimental parameters can be adjusted to selectively leach REE-rich phases over
those primarily consisting of unwanted gangue elements such as Al, Si, and Fe. Therefore,
REE-rich phases can be selectively targeted for extraction if they exhibit leaching behaviors
that can be distinguished from other phases primarily containing other critical minerals
(CMs) or gangue elements. This study aims to fit REE and other major cation (e.g., Al, Ca, Fe,
P, Si, Co, Ni, Cu) concentration data to commonly used kinetic models to determine whether
the rate limiting mechanism is a diffusion or chemically controlled process. Depending on
the mechanism, the resulting kinetic parameters can be defined to describe the leaching
behavior of different phases.

2. Materials and Methods
2.1. Sample Preparation and Analysis

The experimental data used in this study were derived from Yang et al. (2022) [16]. In
summary, bulk underclay samples obtained from the Middle Kittanning coal formation
(MKT) in West Virginia were crushed and sieved to produce underclay fractions with an
average particle size (diameter) of 1.858 mm (r = 0.0929 cm). To simulate batch leaching,
8.0 kg MKT underclay material was placed in a 55 gal mixing barrel equipped with an axial
flow impeller to ensure complete vertical mixing. The mixing barrel was filled with 0.1 M
citric acid lixiviant containing both citric acid (HOC(COOH)(CH2COOH)2) and sodium
citrate dihydrate (HOC(COONa)(CH2COONa)2•2H2O) for a final water-to-rock ratio of
10:1 at pH 2.8 over the course of 18 days at ambient conditions. At the conclusion of the
experiment, the solids were rinsed with tap water, collected, and dried. The REE and major
cation concentrations in the leachate were collected at several time points and those datasets
were used for the modeling described in the next sections; detailed bulk geochemistry is
noted in Bauer et al. (2022) and Yang et al. (2022) [16,18].

2.2. Kinetic Modeling Methods

Due to the complexity of the heterogenous underclay material, we took multiple
approaches to determine the rate limiting mechanism of the leaching process. The rate
controlling mechanism was determined by first fitting extraction data to non-linear kinetic
equations for geometric contraction models commonly used to describe the extraction
of REEs from mineral sources [19–21]. Table 1 describes several models including the
shrinking core model (SCM), Jander equation (JE), and Ginstling–Brounshtein model
(GBM). In each of the geometric contraction models, X represents the mass fraction of the
species leached from the IAC sample as determined by the initial mass of the species within
the ore (Mi) and the mass leached at time t (Mt). Mt was determined by measuring the
concentration of REEs and other cations extracted into the leachate, multiplying by the
liquid volume, and dividing by the original mass of solid loaded into the reactor. Regression
analysis and data fitting to the selected models were performed using GraphPad Prism 9
software and the goodness of fit was evaluated using the R-squared values.

The leaching of REEs from IACs occurs via the following general steps for adsorption
processes: (1) diffusion of lixiviant molecules through the liquid film layer, (2) diffusion of
lixiviant through the particle or product layer, (3) adsorption of the lixiviant to the particle
surface, (4) surface reaction between the metal and lixiviant to form product, (5) desorption
of the product from the particle surface, (6) diffusion of the product from within the particle
or through the product layer, and (7) diffusion of product back through the liquid boundary
layer. It is also possible for REEs to directly react with lixiviant at the outer surface of
the particle without diffusion through the particle or product layer, thus omitting steps
2 and 6. In the SCM, metals embedded within solid particles react with lixiviant to form
a product layer on the particle surface through which diffusion occurs (Figure 1) [22]. In
a well-mixed system, the rate limiting mechanism is controlled by film diffusion (steps 1
and 7), product layer diffusion (steps 2 and 6), or the chemical reaction (step 4) [23]. Each
type of mechanism corresponds to an equation that produces a straight line when plotted
versus time (Table 1). The model that gives the best fit line represents the rate limiting step.
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Table 1. Select geometric contraction models fit to MKT leaching data to describe the extraction
process of cationic species. The shrinking core model (SCM) is used to determine the physical
phenomenon responsible for limiting the rate of species extraction from the ore. SCM is composed of
three parts: liquid film diffusion, chemical reaction, and product layer diffusion. The Jander equation
(JE) and Ginstling–Brounshtein model (GBM) both describe leaching processes which are diffusion
limited. Each equation results in the rate constant (k) to describe the kinetics of the reaction.

Geometric Contraction Model Equation

Shrinking Core Model
Liquid Film Diffusion Control X = Mt

Mi
= kt

Product Layer Diffusion Control 1− 3(1− X)
2
3 + 2(1− X) = kt

Chemical Reaction Control 1− (1− X)
1
3 = kt

Jander Equation
[
1− (1− X)

1
3

]2
= kt

Ginstling–Brounshtein Model 1− 2
3 X− (1− X)

2
3 = kt
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Figure 1. Depiction of the shrinking core model in which the unreacted core is converted to a product
layer. The rate limiting mechanism may follow film diffusion control, product layer diffusion control,
or chemical reaction control at the particle surface.

After determining that the leaching mechanism was potentially a diffusion-limited
process, the data were then fit to JE and the GBM to validate this claim [24,25]. JE is the
simplest one-dimensional diffusion control model for a spherical particle. It is a valid
approximation of diffusion behavior at low conversions because it assumes the reacting
particles maintain a constant volume and interfacial area so that two- and three-dimensional
diffusions are treated as one-dimensional [26]. The GBM, on the other hand, can apply
to systems where the solid maintains a relatively constant volume, but where interfacial
reaction area changes over time. Like the SCM, the overall volume of the particle remains
the same because the resulting product layer replaces the reacted volume. The GBM is
similar to the product layer diffusion equation where kt is multiplied by a factor of 3.

To overcome potential underestimations in mass of the leached species, the rate
limiting mechanism was determined by evaluating the leaching process in terms of the
heterogeneous sorption between REEs and citrate rather than the mass leached from the
underclay. To do this, the leachate data were fitted to a modified diffusion control model
(MDCM) based on the intraparticle diffusion model introduced by Crank (1975), which
describes the sorption process in terms of Fick’s law for non-stationary spherical particles
in a homogeneous solvent (Equation (1)) [27]. The Crank model uses the fraction of species
leached into the solution (F), which is determined by measuring the concentration of the
species in the leachate at time t (qt) and at equilibrium (qe), to determine the diffusion rate
constant (B). Once B is determined, the apparent intraparticle diffusion coefficient (De) is
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calculated (Equation (2)). For this study, MDCM was applied to estimate qe as well as the
amount of REE leaching by non-diffusive behavior (q0) by fitting the measured qt versus
time (Equation (3)) [28]. For both models, n represents the number of iterations used to
obtain the best fit line. In this case, summation from n = 1 to n = 6 yielded the best fit, with
all R-squared values greater than 0.99.

F =
qt

qe
= 1− 6

π2 ∑∞
n=1

1
n2 e−n2Bt (1)

B =
π2De

r2 (2)

qt = qe

[
1−

(
1− q0

qe

)
6

π2 ∑∞
n=1 e−n2B(t−t0)

]
(3)

The kinetic models in eqns. 1 and 3 are used to describe diffusion-controlled processes,
but they do not distinguish between the types of diffusion which limit the rate of reaction.
To determine the type of diffusion control, Boyd plots were used to determine if the rate
is limited by intraparticle or film diffusion [29,30]. This was carried out by plotting the
Bt term vs. t; where Bt is calculated by one of two equations depending on whether F
is >0.85 or ≤0.85 (Equations (4)–(6)) [31,32]. If the results of the Boyd plot pass through
the origin, the mechanism is considered to be intraparticle diffusion controlled, otherwise
film diffusion is the dominant mechanism. For this study, y-intercept values < |0.1| are
considered to pass through the origin.

F = 1− 6
π2 e−Bt (4)

Bt = −ln
(

π2

6

)
− ln(1− F(t)); F(t) > 0.85 (5)

Bt =

(
√

π −
√

π − π2F(t)
3

)2

; F(t) ≤ 0.85 (6)

After the rate limiting mechanism is determined, an empirical kinetic model can
be applied to calculate the rate constant and rate of change. The two kinetic equations
chosen to fit to the leaching data are the Weber–Morris intraparticle diffusion model (IPD)
(Equation (7)) and the general power law equation (Equation (8)), both of which are used
to describe sorption kinetics [33,34]. To fit these models, only data for the first 96 hr were
used to capture the leaching kinetics prior to reaching an equilibrium state. IPD provides
a good representation of Fickian diffusion, but it is based on the geometry of a plate [35].
Therefore, it is likely not an appropriate model considering the spherical geometry of the
particles. Instead, the power law can be applied as an empirical model to provide a more
accurate fit to the particulate dataset. Similar to IPD, the power law is a hyperbolic function
but with a variable exponent that describes the release rate of the species into solution
(Equation (8)). When n < 1, the rate of release decreases over time whereas n > 1 signifies
an increase in release rate. Additionally, a value of n = 1 means that the rate is constant
over the course of the experiment and yields a straight-line slope. The farther n is from
1 signifies a faster decrease (n < 1) or faster increase (n > 1). Small changes in rate occur at
values near 1. In both models, k represents the rate constant for each respective model and
C is a constant that quantifies the amount of deviation from the model.

qt = k
√

t + C (7)

qt = ktn (8)
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3. Results and Discussion
3.1. Extraction Efficiencies

Montross et al. (2020) demonstrated extraction efficiencies of 30% total REE underclay
using 0.1 M citric acid–sodium citrate buffer solution amended with 0.5 M NaCl at pH 5.8.
In comparison, the leaching of REEs by 0.1 M citric acid–sodium citrate in scaled-up
experiments only reached a TREE extraction efficiency of 11% over 18 days as reported in
Table 2. There are several factors that may contribute to the lower extraction efficiencies
achieved in these samples, including the pH, concentration of exchangeable cations, and
the leaching method. Citric acid is a polyprotic organic acid with pKa values of 3.13, 4.76,
and 6.40 [36]. At high pH values, citric acid becomes deprotonated and exists mainly as
anionic Cit3- [37]. Lower pH values are expected to result in increased extraction efficiencies
because the acidic protons exchange with REEs. The fact that this was not the case in the
scaled-up experiments suggests that pH was not the dominant factor affecting the leaching
process when gangue elements are not quickly dissolved by the acid to release REEs into
the solution. Because citric acid chelates with charged species at the surface of IACs, it is
possible that these sources make up a smaller fraction of feedstock material, resulting in
overall lower amounts of extractable REEs.

Table 2. REE and cation leaching efficiencies (wt.%) after 430 hr using 0.1 M citric acid–citrate leaching
solution as modified from Yang et al. (2022) [16].

REE Wt. % Major Cations Wt. %

Sc 7.15 Mg 4.03
Y 18.9 K 0.578
La 1.06 Ca 31.0
Ce 3.08 Al 0.275
Pr 5.18 Si 0.146
Nd 8.56 P 26.0
Sm 23.9 Mn 3.26
Eu 34.1 Fe 2.83
Gd 36.6 Zn 24.2
Tb 34.2
Dy 27.0 U 8.61
Ho 20.0 Th 25.0
Er 15.2
Tm 11.4 Cr 0.387
Yb 9.64 Co 28.5
Lu 8.71 Ni 15.3

TREE 10.8 Cu 13.9

The feedstock material has a large impact on the overall leaching efficiency. Multi-
modal characterization of these underclays determined the presence of REE–phosphates
(e.g., monazite and xenotime or their hydrated forms of rhabdophane and churchite),
apatitic phases, and degradation products such as crandallite embedded within the un-
derclays [14]. Citric acid is an effective organic ligand in REE complexation of phosphate
minerals [38] and increases the solubility of P [39]. Apatite, for example, is dissolved
by ionic detachment of calcium and orthophosphate ions from the mineral surface. The
high extraction efficiencies of Ca and P suggest a significant amount of the phosphate and
apatitic phases are solubilized by the citric acid lixiviant (Table 2). Other elements like Al
and Si are abundant within underclays and can be indicative of the dissolution of IACs in a
citric acid environment [40]. As shown in Table 2, less than 1% of Al and Si available in the
underclay samples is extracted into the leachate over 18 days. If the releases of Al and Si
are indicative of the extent of IAC dissolution, low Al and Si extraction efficiencies suggest
little breakdown of IAC phases, especially compared to phases primarily containing Ca
and P. Therefore, the REEs released from IAC phases are more likely to come from the
easily accessible surface-bound REEs rather than REEs embedded within the underclay
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matrix. The dissolution of P and Ca, on the other hand, suggests REEs may be released
from within phosphate and apatitic phases to a greater extent than from within IACs.

The distribution of gangue elements in the leachate solution suggests there is a greater
breakdown of phosphate and apatitic phases compared to IACs. This is supported by the
distribution of REEs extracted into the leachate which shows greater extraction efficiencies
for middle REEs (MREEs) including Sm, Eu, and Gd. The strong MREE enrichment of
the leachate solution suggests that calcium- and phosphate-bearing minerals could be a
significant source of the REE extracted from these samples. Citric acid has been shown to
primarily extract MREEs from apatite phases, further adding evidence for this claim [38].
Meanwhile, Y and the heavy REEs (HREEs) Tb, Dy, Ho, Er, Tm, Yb, and Lu are more likely
to be leached from the surfaces of the clay matrix or mineral surfaces [14]. The amounts
of HREEs extracted into the leachate are much lower than those of MREEs, suggesting
that a smaller portion of the REEs are from IAC sources. Based on the particularly low
extraction efficiencies of Al and Si, very little IAC may be dissolved which may limit the
amount of REEs that can be released from this material, especially when compared to
phosphate-bearing minerals. Several critical minerals (e.g., Co, Ni, and Cu) also show
higher extraction efficiencies than most of the other cations present in the leachate. In
particular, 28.5% of Co is extracted by the end of the experiment, on par with the efficiencies
obtained for Ca, P, and MREEs (Table 2). The extraction efficiencies of these CMs are much
higher than that of Fe and Mn but lower than that of Zn, all of which come from the same
d-block elements. This suggests that the elemental group may not be the dominant factor
contributing to extractability. Instead, the feedstock source may play a larger role in the
rate of REE extraction and ultimately the leaching efficiency.

3.2. Leaching Profiles

The dissolution and precipitation of metals in solution typically follows one of several
kinetic profiles based on the time-dependent leaching behavior [41,42]. As seen in Figure 2,
the TREE leaching profile shows two distinct kinetic regimes—an initial leaching phase
followed by a second slower phase until equilibrium is reached. The presence of two
stages reveals a shift in leaching rate due to changes in the rate limiting mechanism or
exhaustion of the species from a specific source. Given the presence of IAC phases in the
MKT underclay samples [14], the initial increase in concentration may be dominated by
the leaching of ion-exchangeable REEs from the easily accessible IAC surfaces. Once these
sources of REEs are exhausted, the mechanism may transition to a diffusion-controlled
process from within less accessible REEs associated with the clay and mineral phases.
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Figure 2. Kinetic profile of TREEs leached by 0.1 M citric acid at ambient temperature and pressure
shows two distinct kinetic regimes.

Cations such as Ca and P share similar kinetic behavior to REEs, indicating that
they follow a similar leaching mechanism or are leached from a similar source material
(Figure 3a). As mentioned previously, Ca and P are major cations in phosphate-bearing
minerals such as apatite. Their release into solution at such extraction efficiencies suggests a
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dissolution of the apatite minerals which may cause the exposure and subsequent leaching
of the embedded REEs. However, this is not the case for other gangue elements like Al,
Si, and Fe whose concentrations continue to rise over the course of the 18-day experiment
(Figure 3b). These elements exhibit a different overall leaching mechanism and more closely
follow a hyperbolic fashion. The absence of a plateau indicates that the reaction kinetics for
these gangue elements have not reached equilibrium by the conclusion of the mixing barrel
experiments. This suggests that much slower leaching rates occur in gangue elements when
compared to TREEs. The leaching profiles of critical minerals is represented in Figure 3c by
the elements Co, Ni, and Cu. Like the TREE profile (Figure 3a), CM concentration in the
leachate reaches an equilibrium within the timeframe of the experiments. The steepness in
the leaching profiles of CM suggests that the majority of the leachable species are extracted
within the 18-day experiment. This is in contrast to the leaching profile of Fe (Figure 3b),
despite all being transition metals. The difference in leaching profile between Fe and other
CMs may be influenced by the accessibility of the element within the feedstock material.
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3.3. Rate Determining Mechanism

Each of the equations summarized in Table 2 is based on the fractional conversion (X)
of the solid which is the reacted mass divided by the initial mass of the reactant (X = Mt/Mi).
X is typically calculated by weighing the solid before and after the reaction to determine the
total mass that is released from the solid particles. The concentration data retrieved from
the mixing barrel experiments correspond to the amount of solubilized REEs leached into
the solution from the solid particles. Applying the SCM, JE, and GBM to the mixing barrel
data, all displayed good fits with JE having the best fit for the first 4 days (stage 1) and SCM
film diffusion fitting days 4–18 (stage 2) best (Figure 4). However, many fits were nearly
as good, causing ambiguity over which equation represents the rate limiting mechanism.
For instance, both film diffusion and product layer diffusion are nearly identical in fit
during the second stage of the process, indicating that diffusion may have mixed control
mechanisms in this regime.

3.4. Modified Diffusion-Controlled Mechanism

While the geometrical contraction models provide good fits to the MKT data, the
masses used to fit these models do not account for the total mass of the particle that is
released from the underclay through complexation with the lixiviant. Rather, MDCM
(Equation (3)) is a better fit to the leachate data (R2 = 0.997) and fits the entire dataset non-
linearly rather than fitting two linear equations to the different kinetic regimes. The good fit
of the TREE concentration data to MCDM validates that the main source of REEs from these
samples undergoes diffusion control as the rate limiting mechanism (Figure 5). The fit also
reveals very slow diffusion with an apparent diffusion coefficient of 2.86 × 10−9 cm2 s−1,
which was calculated from Equation (2). For comparison, the diffusion coefficient of REEs
out of mineral phases at 600–800 ◦C is about 2 × 10−6 cm2 s−1 [43]. The coefficients for
the gangue elements show relative rates of diffusion with underclay-associated cations
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having the slowest rates of diffusion, such as Al and Si having diffusion coefficients of
4.28 × 10−10 cm2 s−1 and 2.57 × 10−10 cm2 s−1, respectively (Table 3). Meanwhile, cations
associated with phosphate-bearing minerals have coefficients an order of magnitude higher
than those associated with clays. This suggests that the dissolution of apatite material
occurs to a higher degree than in clay minerals at pH 2.8.
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Figure 5. TREE leaching data fitted to the modified diffusion control model (MDCM) (Equation (3)).

In addition to the diffusion coefficients and rate constants, the MDCM is useful for
estimating the equilibrium concentration of REEs in the leachate (qe) as well as the con-
centration of species leached from the underclay by non-diffusion-controlled mechanisms
(q0). Table 3 reveals that a measurable portion of REEs is leached into the solution by
non-diffusive means. This amount of REEs is represented by q0 as a percentage of qe, which
for TREEs is 22.2%. This means that over 20% of the TREEs leached into solution come
from non-diffusion-limited mechanisms, such as chemical reaction or surface adsorption
controls. The greater presence of HREEs that are leached by non-diffusive mechanisms is
expected since HREEs tend to leach from the surfaces of IAC and mineral phases. Interest-
ingly, this was also the percentage of ion-exchangeable REEs measured by leaching with
ammonium sulfate by Montross et al. (2020) compared to the total amount of REEs leached
by citric acid (10 µg/g ion-exchangeable REEs using (NH4)2SO4 and 45 µg/g total REEs
using citrate) [16]. These results validate the MDCM as a method for elucidating the rate
controlling mechanisms to measure REE leachate from underclay feedstocks using weak
organic acid.
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Table 3. Parameters from the modified diffusion control model (MDCM) for individual and total
REEs and relevant cations. The correlated output parameters include qe, q0, B, and t0, while De and
% non-diffusive were calculated from these values.

REE qe
(µg g−1)

q0
(µg g−1)

B
(hr−1)

t0
(hr) R-Squared De

(cm2 s−1)
Non-Diffusive

(%)

Sc 1.79 2.52 × 10−1 5.70 × 10−3 5.60 0.996 1.38 × 10−9 14.1
Y 10.5 2.98 1.20 × 10−2 3.86 0.998 2.91 × 10−9 28.2
La 4.24 × 10−1 0 1.08 × 10−2 0 0.996 2.61 × 10−9 0
Ce 2.57 1.55 × 10−1 1.12 × 10−2 0.965 0.995 2.72 × 10−9 6.01
Pr 5.24 × 10−1 5.76 × 10−2 1.12 × 10−2 1.96 0.996 2.72 × 10−9 11.0
Nd 3.48 4.41 × 10−1 1.16 × 10−2 2.07 0.996 2.81 × 10−9 12.7
Sm 2.17 4.57 × 10−1 1.14 × 10−2 3.38 0.996 2.78 × 10−9 21.0
Eu 6.79 × 10−1 7.96 × 10−2 1.47 × 10−2 1.14 0.994 3.58 × 10−9 11.7
Gd 4.42 9.84 × 10−1 1.23 × 10−2 3.12 0.997 2.98 × 10−9 22.3
Tb 6.48 × 10−1 1.79 × 10−1 1.10 × 10−2 4.49 0.997 2.67 × 10−9 27.6
Dy 2.78 7.74 × 10−1 1.14 × 10−2 4.20 0.997 2.77 × 10−9 27.8
Ho 3.96 × 10−1 9.12 × 10−2 1.35 × 10−2 2.65 0.997 3.29 × 10−9 23.0
Er 8.00 × 10−1 2.47 × 10−1 1.16 × 10−2 4.52 0.997 2.81 × 10−9 30.8
Tm 8.10 × 10−2 2.42 × 10−2 9.98 × 10−2 4.95 0.998 2.42 × 10−9 29.9
Yb 4.01 × 10−1 9.58 × 10−2 1.13 × 10−2 3.09 0.997 2.74 × 10−9 23.9
Lu 5.19 × 10−2 1.48 × 10−2 1.10 × 10−2 4.23 0.996 2.68 × 10−9 28.4

TREE 30.0 6.65 1.18 × 10−2 3.23 0.997 2.86 × 10−9 22.2

Major
Cations

qe
(µg g−1)

q0
(µg g−1)

B
(hr−1)

t0
(hr) R-Squared De

(cm2 s−1)
Non-Diffusive

(%)

Mg 227 105 3.97 × 10−3 15.4 0.985 9.64 × 10−10 46.2
K 143 80.0 1.09 × 10−2 5.78 0.974 2.64 × 10−9 56.0
Ca 1640 591 1.16 × 10−2 3.69 0.998 2.81 × 10−9 36.0
Al 483 17.6 1.76 × 10−3 3.95 0.996 4.28 × 10−10 3.63
Si 716 104 1.06 × 10−3 38.3 0.997 2.57 × 10−10 14.5
P 486 22.4 1.78 × 10−2 0.302 0.994 4.32 × 10−9 4.61

Mn 5.74 2.08 3.60 × 10−3 14.0 0.992 8.74 × 10−10 36.2
Fe 1170 39.1 1.72 × 10−3 6.11 0.998 4.17 × 10−10 3.34
Zn 31.3 6.79 6.21 × 10−3 5.50 0.995 1.51 × 10−9 21.7
U 5.15 × 10−1 1.05 × 10−1 1.07 × 10−2 2.22 0.998 2.61 × 10−9 20.4
Th 4.25 3.41 × 10−1 1.20 × 10−2 1.08 0.999 2.92 × 10−9 8.01
Ti 3.79 0 9.73 × 10−4 7.86 0.994 2.36 × 10−10 0
Cr 1.64 0 3.31 × 10−4 57.4 0.994 8.04 × 10−11 0
Co 12.6 6.90 9.84 × 10−3 7.92 0.998 2.39 × 10−9 54.8
Ni 16.7 7.62 1.16 × 10−2 5.05 0.995 2.81 × 10−9 45.5
Cu 15.1 6.37 2.36 × 10−2 2.81 0.995 5.73 × 10−9 42.1

A comparison of major cations shows that Ca, which is typically associated with
mineral phases, has 36.0% of its extractable content leached by non-diffusive mechanisms
(Table 3). Meanwhile, P only has 4.61% of its leached content attributed to non-diffusive
means. This discrepancy could arise because apatite tends to dissolve by the ionic detach-
ment of Ca cations. Meanwhile, low molecular weight organic acids like citrate complex
with the P on the material [39]. This could expose more surfaces where Ca is available to be
leached, resulting in higher extraction efficiencies than P. Underclay-associated elements Al
and Si also show contrasting results to one another (Table 3). Only 3.63% of Al is leached
by non-diffusive means which is expected since it is embedded in the underclay matrix.
Si, however, leaches 14.5% of its content by the non-diffusive controls. Much of the Al
and Si in the mixing barrel samples are expected to come from underclay sources such as
illite [14]. The structure of illite consists of two layers of silica tetrahedrons surrounding a
single layer of alumina octahedrons [40]. Hence, the Si from the outer layers of silica may
be more easily leached without undergoing diffusion through the underclay matrix. Since
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very small percentages of both Si and Al are leached from within solid particles, this leads
to more Si being leached into the solution from the outer surfaces of the IAC.

Ni, Co, and Cu were also leached into the solution by non-diffusive means within the
first 2–10 hr of the leaching process (Table 3). The fact that over 40% of these species (over
50% for Co) are leached by non-diffusive means indicates that they are easily leachable
from the feedstock material. This could be beneficial for leaching these species in short time
frames. However, the overall low extraction efficiencies presented in Table 1 reach a plateau
earlier than the other cations measured. This suggests that while much of these CMs are
leached from the mineral quickly, a significant portion is extracted by non-diffusive means
and small percentage of the overall CM content available in the original sample is leached
by diffusion from within the clay particles.

3.5. Determination of the Diffusion-Controlled Mechanism

The MDCM (Equation (3)) describes when a process is diffusion controlled but it
does not distinguish the types of diffusion that may be occurring in the system. Therefore,
Boyd plots were used to distinguish the extraction process as film or intraparticle diffusion
controlled. The results of the Boyd plot show the TREE data pass through the origin
(yint = 0.0502), indicating that the leaching mechanism is controlled by intraparticle diffu-
sion (Figure 6a). Most other cations also exhibited intraparticle diffusion as the rate limiting
step, including Al, Si, and P. The Boyd plot for Ca, however, did not pass through the
origin which suggests that film diffusion is the rate limiting mechanism for Ca (Figure 6b).
During the first 96 hr (prior to equilibrium), the resulting line does not pass through the
origin (yint = 0.163). This observation signifies that film diffusion plays a large role in the
Ca leaching mechanism over the entire course of the experiments rather than intraparticle
diffusion. As mentioned previously, Ca ions embedded in the surface of the apatite minerals
readily chelate with citric acid and leach into the solution. Therefore, they are likely more
accessible for extraction from the surface of the clay particles. Other species share a similar
trend with Ca and are dominated by film diffusion. These elements include the cations Mg,
Mn, K, Ni, Co, and Cu (Table 4). These elements also show >30% of their content leached
by non-diffusive means (Table 3), further indicating that a surface-controlled process such
as film diffusion most likely controls the leaching rate of these species.

Table 4. Y-intercept values obtained from Boyd plots. Values < |0.1| signify species in which
diffusion is dominated by intraparticle diffusion. Otherwise, it undergoes a film diffusion-controlled
mechanism.

REE Y-Int R-Squared Major
Cations Y-Int R-Squared

Sc 6.58 × 10−3 0.984 Mg 1.74 × 10−1 0.938
Y 8.77 × 10−2 0.992 K 3.41 × 10−1 0.927
La −2.84 × 10−2 0.981 Ca 1.63 × 10−1 0.992
Ce −1.04 × 10−2 0.985 Al 8.80 × 10−3 0.996
Pr 9.72 × 10−4 0.987 Si −5.65 × 10−3 0.975
Nd 5.15 × 10−3 0.985 P −2.45 × 10−2 0.982
Sm 3.50 × 10−2 0.990 Mn 1.01 × 10−1 0.968
Eu 1.86 × 10−2 0.981 Fe 2.56 × 10−3 0.995
Gd 4.97 × 10−2 0.992 Zn 4.00 × 10−2 0.988
Tb 6.45 × 10−2 0.987
Dy 7.31 × 10−2 0.992 U 6.14 × 10−2 0.991
Ho 5.99 × 10−2 0.992 Th 1.16 × 10−2 0.995
Er 8.37 × 10−2 0.986 Ti 4.23 × 10−4 0.966
Tm 9.01 × 10−2 0.987 Cr −1.52 × 10−3 0.955
Yb 6.54 × 10−2 0.994 Co 2.77 × 10−1 0.961
Lu 8.47 × 10−2 0.982 Ni 2.51 × 10−1 0.968

TREE 5.02 × 10−2 0.992 Cu 1.81 × 10−1 0.967
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3.6. Reaction Kinetics

Now that it is established that the rate limiting mechanism of the REE leaching
process is intraparticle diffusion controlled, the rate can be described by a kinetic equation
corresponding to intraparticle diffusion. Plotting the TREE concentration data to the generic
power law model provided a better fit than the IPD model with R-squared values of 0.996
and 0.976, respectively (Figure 7). The n value of the power law is 0.305 which is farther
away from the value of 1 than the 0.5 exponent used in IPD. This signifies that the rate of
REE extraction decreases faster than what is modeled by the IPD equation. Consistent with
this claim, the power law parameters of REE and the major cations tabulated in Table 5
show that the elements with the slowest rate of decrease have the highest values for n
(but less than 1). The kinetic rate constant also provides a measure of how fast the process
occurs with higher values meaning that the element is leached into solution at a faster
rate. However, these values cannot be compared to one another because the units differ
depending on the value of n for the element of interest. Underclay-associated elements
such as Al and Si have higher values of n and therefore diffuse from the clay or minerals
with a slower rate of decrease than REEs. This is consistent with the fact that the leachate
concentrations of these elements do not reach equilibrium during the course of the mixing
barrel experiments.
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Table 5. Power law model parameters for individual and total REEs and major cations influenced by
intraparticle diffusion behavior (excludes species controlled by film diffusion).

REE k
(µg g−1 h−n) n R-Squared Major

Cations
k

(µg g−1 h−n) n R-Squared

Sc 2.13 × 10−1 0.385 0.990 Al 39.3 0.345 0.989
Y 2.58 0.280 0.996 Si 23.5 0.527 0.991
La 5.38 × 10−2 0.405 0.997 P 93.2 0.345 0.997
Ce 3.88 × 10−1 0.372 0.996 Fe 75.5 0.393 0.986
Pr 8.54 × 10−2 0.357 0.997 Zn 5.62 0.305 0.993
Nd 6.10 × 10−1 0.347 0.996
Sm 4.35 × 10−1 0.319 0.996 U 1.18 × 10−1 0.282 0.997
Eu 1.37 × 10−1 0.326 0.991 Th 7.15 × 10−1 0.352 0.998
Gd 9.61 × 10−1 0.304 0.996
Tb 1.43 × 10−1 0.299 0.993 Ti 1.62 × 10−1 0.413 0.970
Dy 6.43 × 10−1 0.290 0.995 Cr 7.18 × 10−3 0.762 0.980
Ho 9.44 × 10−2 0.289 0.997
Er 1.96 × 10−1 0.279 0.993
Tm 1.92 × 10−2 0.278 0.995
Yb 9.34 × 10−2 0.284 0.998
Lu 1.24 × 10−2 0.282 0.992

TREE 6.43 0.305 0.996

4. Conclusions

The Jander equation, shrinking core, and Ginstling–Brounshtein kinetic models were
examined to determine the kinetic profiles and type of leaching behavior of REEs and
other major cations using experimental data for a Middle Kittanning underclay that was
subjected to a citric acid solution. However, none of these models accurately describes
the full set of experimental leachate concentration data as it is necessary to break the full
reaction time down into two distinct kinetic regimes. A modified diffusion-controlled
adsorption kinetics model, which also accounts for a relatively small fraction of species
with kinetics governed by non-diffusion-controlled mechanisms, was shown to best fit the
full set of experimental leachate concentration data. An initial rapid leaching of surface
REEs is followed by a slow intraparticle diffusion mechanism. The leaching profiles of
REEs and gangue cations are comparable to Ca and P with similar kinetic profiles and
rate parameters. A greater percentage of MREEs were extracted from the solid particles
than HREEs or LREEs, further suggesting REEs are primarily leached from the phosphate-
bearing phases rather than the underclay material itself. Critical minerals (e.g., Co, Ni, and
Cu) follow a similar trend as REEs at a faster initial leaching rate. Other cations associated
with the underclay materials such as Al and Si exhibited much slower kinetics and did
not reach equilibrium in the experimental time frame. This is likely due to the underclay
material being primarily composed of a phyllosilicate matrix which is insoluble and may
not undergo the same leaching mechanisms.

The primary leaching mechanism over the 18-day experiment was determined to be
diffusion controlled. Using the modified diffusion-control model, the apparent diffusion
coefficient was calculated to be 2.86 × 10−9 cm2 s−1 for TREEs. This was on par with the
diffusion parameters of Ca and P but an order of magnitude greater than that of Al and
Si. This strongly suggests that REEs are predominately leached from the same phases as
Ca and P and most likely come from mineral surfaces (e.g., hydroxyapatite or crandallite)
rather than diffusion from the clay matrix. In addition, the diffusion coefficients of CMs are
on the same order of magnitude as those of REEs. The MDCM model indicated that up
to 22% of the TREEs leached into solution occurred by non-diffusive mechanisms, which
represents the amount of REEs leached directly from the particle surfaces in the initial
hours of the leaching process. This number is similar to the ion-adsorbed REEs measured
by Montross et al. (2020) using ammonium sulfate, signifying this may be the main source
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of the non-diffusive REEs. It is important to note that it is not clear if these surface-reacted
REEs come from ion-adsorbed phases or subsequent mineral dissolution as new surfaces
are exposed.

Boyd plots were employed to determine the leaching mechanism of REEs after estab-
lishing the kinetic mechanism as diffusion controlled. Those results indicated that the REEs
were leached primarily as intraparticle diffusion rather than film control. However, Ca
and the CMs Ni, Co, and Cu also appear to follow film diffusion control mechanisms even
though the Boyd plots indicate that the kinetic mechanism for recovery of these species
is primarily controlled by film diffusion. A proposed mechanism is that Ca, P, and easily
accessible REE species are first leached from the particle surface of apatitic phases within
the first several hours of the extraction. Once these species are leached, the mechanism for
the REEs and P shifts to intraparticle diffusion control for the remainder of the reaction
time. This behavior suggests that the majority of REEs which are extracted into the leachate
come from within the particle, either from specific REE-bearing minerals or within the
underclay matrix.

The gangue cations (Al and Si) have less non-diffusive leaching than REE species. It is
likely that these elements are dominated by diffusion with strong ionization energy based
on the low extraction efficiencies and slow kinetics. Further investigation is needed to
confirm whether the diffusion limits observed are a result of inherent intraparticle diffusion,
product layer formation, or both. Based on our models, it is likely a combination of both,
but additional imaging techniques are necessary to verify this hypothesis. We recognize
there is additional work to be carried out to examine the precipitation of rare earth oxalates
similar to the preliminary findings in Yang et al. (2022) as well as their influence on REE
trace element extraction [16].

The modeling results from this study coupled with the experimental findings from
previous benchtop and upscaled experiments show the importance of experimental design
parameters on the leaching kinetics and overall extraction efficiencies of REEs and major
cations from underclay materials. Taken as a whole, these findings are necessary for the
development of technoeconimic analysis to evaluate the economic performance of citric
acid leaching of REEs under various conditions and inform strategies for domestic and
international recovery of REEs and CMs to implement sustainable efforts to make use of
underutilized coal waste streams and adjacent IAC deposits.
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