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Abstract: The increasing industrial demand for rare earths requires new or alternative sources to be
found. Within this context, there have been studies validating the technical feasibility of coal and
coal byproducts as alternative sources for rare earth elements. Nonetheless, radioactive materials,
such as thorium and uranium, are frequently seen in the rare earths’ mineralization, and causes
environmental and health concerns. Consequently, there exists an urgent need to remove these
radionuclides in order to produce high purity rare earths to diversify the supply chain, as well as
maintain an environmentally-favorable extraction process for the surroundings. In this study, an
experimental design was generated to examine the effect of zeolite particle size, feed solution pH,
zeolite amount, and contact time of solid and aqueous phases on the removal of thorium and uranium
from the solution. The best separation performance was achieved using 2.50 g of 12-µm zeolite
sample at a pH value of 3 with a contact time of 2 h. Under these conditions, the adsorption recovery
of rare earths, thorium, and uranium into the solid phase was found to be 20.43 wt%, 99.20 wt%, and
89.60 wt%, respectively. The Freundlich adsorption isotherm was determined to be the best-fit model,
and the adsorption mechanism of rare earths and thorium was identified as multilayer physisorption.
Further, the separation efficiency was assessed using the response surface methodology based on the
development of a statistically significant model.

Keywords: separation; adsorption; zeolite; rare earth elements; thorium; uranium; coal; kinetics;
adsorption isotherm

1. Introduction

The demand for rare earth elements (REEs) has increased rapidly due to their diverse
applications in many industries [1–5]. Although the global reserves for rare earths were
estimated as 130 million metric tons [6], finding highly concentrated rare earth deposits
for economically viable extraction processes remain a challenge [7,8]. Hence, to meet the
demand, extracting rare earths from alternative sources has gained significance. Within
this context, there have been studies validating the technical feasibility of coal and coal
byproducts as alternative sources for REEs [9–19]. The average rare earth concentration
in coal and coal-based materials varies between 270 and 1480 mg/kg [13,20], while the
concentration in the U.S. coals was indicated as 62.1 mg/kg [21]. However, regardless
of their primary or newly-identified sources, the extraction of rare earth elements has
always created environmental concerns. Radioactive elements are frequently seen in the
same mineralization as rare earths due to the deformations occurring in soil matrix during
geological formations [22–26]. The concentration of thorium dioxide and uranium dioxide
in the conventional sources of rare earths can be as high as 20% and 16%, respectively [27].
On the other hand, coal may contain approximately 3.2 mg/kg of thorium and 2.1 mg/kg
of uranium, which can be substantially enriched along with rare earths during beneficiation
stages and create radioactive waste streams [28]. Therefore, the treatment of the aforemen-
tioned hazardous elements and solution purification is of great importance, not only for
environmental and safety reasons but also for the production of high purity rare earths.
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Besides, depending on the composition, separated thorium and uranium have potential to
be used in fuel cycle or electricity production by nuclear energy.

Adsorption is frequently used in metal separations, hydrometallurgy, water and
wastewater treatment, and removal and recovery of metal ions due to its high efficiency
and the nature of easy handling [29,30]. The process depends on the chemical nature
of both fluid and solid, and it is highly affected by the available surface area and pore
volume of the adsorbent [31]. Adsorbents are available in various material forms, such as
natural and synthetic organic, inorganic, or composite materials. Materials such as zeolite,
apatite, activated carbon, calcined phosphate, oxides, and hydroxides are examples of some
highly abundant sorbents [32]. There are plenty of studies performed for the removal of
thorium and uranium by adsorption on different materials [33–42]. Doi et al. conducted a
comprehensive study about uranium adsorption on a wide variety of sorbents, such as peat,
ferric oxide, clay minerals, zeolite, calcite, and apatite [43]. Similarly, Sikalidis et al. studied
thorium and uranium adsorption by clay minerals, montmorillonite, and vermiculite [44].
On the other hand, Kutahyali and Eral investigated the adsorption of thorium and ura-
nium on activated carbon [45]. Fasfous and Dawoud performed a thorough study on the
adsorption of uranium by multiwalled carbon nanotubes, and they also examined the
kinetics and thermodynamic aspects of the adsorption process [46]. Khalili and Al-Banna
investigated thorium and uranium adsorption by humic acid [47]. Further, Monji et al.
studied the adsorption of uranium ions in the presence of lanthanides using a byproduct
of the agricultural industry [48]. Zou et al. examined uranium removal by manganese
oxide-coated zeolite samples [49].

The sorption selectivity depends on many factors, such as the particle size of the
adsorbent, pH of the solution, contact time, nature of the solution, etc. The pH plays an
important role in sorption processes since it can influence the aqueous chemistry and the
properties of the sorbent’s active sites [50]. In Cheira and his coworkers’ study, the capacity
of uranium adsorption increases with increasing pH and reaches a maximum value at a
pH range of 2.0 to 3.5 [50]. Likewise, Erden and Donat stated that the sorption of thorium
generally occurs at pH < 4 [51]. Particle size distribution is another critical factor due to its
influence on the pressure loss upon passing the ion through the sorbent. It also affects mass
transfer rates. Mass exchange rates increase with decreasing particle size because of shorter
diffusion paths [48,52]. An increase in adsorption capacity is expected when the particles
are finer in size since the effective surface area increases as the size decreases [49]. The pore
size distribution is also vital in governing the diffusion of the solutes into the sorbents.

Even though there are several studies performed to examine the possible application
of various sorbents to remove naturally-occurring heavy metals and radioactive materials,
mostly, these studies were performed for decontamination of polluted waters rather than
rare earth production [53,54]. Also, the studies pertaining to rare earth extraction from
coal-based feedstock material while proposing an environmentally benign process are
considerably limited. In this study, adsorption of thorium and uranium from rare earth-
containing aqueous solution was studied while coarse coal refuse was used as the feedstock.
In this presented study, zeolites, a group of crystalline aluminosilicates, were chosen for
the adsorption studies due to their unique physicochemical characteristics, such as high
porosity and high sorption capacity [37,54]. The effects of various operational parameters,
such as initial feed solution pH, adsorbent particle size, adsorbent amount, and contact time
of solid and liquid phases on the removal of thorium and uranium were investigated during
adsorption. Upon obtaining the experimental results, statistical analyses were carried out
to develop a statistically significant model that can be applied to identify the impact of
operating parameters on the adsorption recovery of different elements. Additionally, the
characterization of initial and loaded zeolite samples after adsorption was performed
using various techniques. Moreover, the adsorption behavior of the elements was assessed
with respect to adsorption kinetics and adsorption isotherms. Considering the lack of
studies pertaining to the separation of radionuclides from rare earths while coal and coal
byproducts are used as the feedstock, it is believed that this study is of significance.
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2. Materials and Methods
2.1. Samples and Materials

The adsorption tests were conducted with a synthetic solution prepared in accordance
with the elemental composition of a strip solution. The strip solution was generated from a
coarse coal refuse sample provided by a coal preparation plant operating in Southern West
Virginia. The sample was first subjected to hydrochloric acid leaching at 75 ◦C followed
by extraction and stripping using di-(2-ethylhexyl) phosphoric acid (DEHPA) and 6 M
hydrochloric acid, respectively. The synthetic solution with the same elemental composition
as the strip solution was prepared and used in this study. To prepare the synthetic solution,
standard inductively coupled plasma (ICP) solutions of rare earths, thorium, and uranium
with a concentration of 1000 mg/L were purchased from Ricca Chemical. For major metals,
analar-grade chloride salts were purchased from Alfa Aesar. A 6 M hydrochloric acid
solution was used to maintain the same solution medium as the original strip solution. The
detailed elemental composition of the synthetic solution is given in Table 1. The initial pH
of the solution was less than zero, due to high acidity, and the necessary pH adjustment
during the tests was achieved using sodium hydroxide (NaOH) purchased from Merck.
pH measurements were conducted using the Oaktan pH 450 portable pH meter, which was
frequently calibrated with Ricca Chemical pH 4, 7, and 10 buffer solutions. Zeolite samples
with different particle sizes were purchased from KMI Zeolite Inc. and Heiltropfen Lab
LLP. The zeolite samples were used as received, without any pretreatment. Deionized (DI)
water was used throughout the study.

Table 1. Elemental composition of the synthetic solution.

Element Sc Y La Ce Pr Nd Sm Eu

Concentration (mg/L) 0.00 3.09 1.91 14.47 1.90 9.03 2.67 0.47

Element Gd Tb Dy Ho Er Tm Yb Lu

Concentration (mg/L) 2.01 0.10 0.822 0.09 0.33 0.00 0.14 0.01

Element Th U Al Ca Fe K Mg

Concentration (mg/L) 0.50 0.86 1.99 55.20 12.85 0.82 2.86

2.2. Characterization Studies of Zeolite Samples

A detailed characterization study was performed for the zeolite samples both before
and after adsorption. First, the particle size analysis of each zeolite sample was performed
using a CILAS 1190 particle size analyzer (Version 9.51, CILAS, Orleans, France). The
samples’ mineralogical compositions were determined using the PanAnalytical X’Pert
Pro X-ray diffractometer (XRD) (Malvern, UK) equipped with copper radiation and an
X’Celerator parallel plate detector. Samples were scanned at 45 kV and 40 mA over a
10–90◦ two-theta angle range in a continuous mode. The evaluation and refinement of
diffraction patterns were carried out using the HighScore software (Version 4.9, Malvern
Panalytical, Malvern, UK). The chemical composition of the samples was identified using
the Vanta handheld X-ray fluorescence (XRF) analyzer (Olympus, Waltham, MA, USA).
Hitachi S-4700 scanning electron microscopy–energy dispersive X-ray (SEM–EDX) was
utilized to analyze the samples’ morphology. The accelerating voltage was varied between
5 and 15 kV, and the working distance was maintained at 12 mm during the SEM–EDX
analysis. Prior to SEM–EDX analysis, samples were subjected to sputtering for 140 s using
the Denton Desk V Sputter and Carbon Coater to prevent charging and improve the quality
of the images. SEM images taken under the lowest magnification were also analyzed
with the ImageJ image processor for additional particle size measurement. Lastly, the
three zeolite feed samples were subjected to the Brunauer–Emmett–Teller (BET) nitrogen
adsorption tests using the Micromeritics BET instrument equipped with the ASAP 2020
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Version 4.02 (Micromeritics, Norcross, GA, USA) to identify the pore volume, pore size,
and specific surface area.

2.3. Adsorption Tests

The adsorption tests were carried out in a batch system by mixing the known volume
of synthetic solution with a determined amount of sorbent for a certain period of time
to achieve equilibrium. During the experimental testing, the effect of four operating
parameters, namely, the solution pH, the particle size of the zeolite, adsorbent amount, and
retention time, was examined. The solution pH was decided to be varying between 2–4,
according to earlier studies [46,53,55–57]. Typically, a further increase in pH leads to the
precipitation of thorium, uranium, and rare earths, which is why the experiments are not
usually performed at pH values higher than 4 [45,50]. Additionally, when pH is less than 2,
the decomposition of zeolite is noticed, which results in ineffective adsorption and lower
adsorption capacity [56]. A 2 M sodium hydroxide (NaOH) solution was used to adjust
the solution chemistry and achieve different pH values. As for the zeolite particle size,
three sizes, with respective P80 values of 1490 µm, 200 µm, and 12 µm, were used. On the
other hand, the zeolite adsorbent amount varied between 2.5 g, 3.75 g, and 5 g. Following
previously conducted studies, 1 h, 2 h, and 3 h contact periods were determined for the
tests [30,45]. When the tests were completed, the sorbent was separated by filtration using
filter papers with a pore size of 0.45 µm. Representative supernatant was then subjected to
thorium, uranium, rare earths, and major metal analyses using both inductively coupled
plasma mass spectrometry (ICP-MS) (Nexion 2000, Perkin Elmer, Waltham, MA, USA) and
inductively coupled plasma optical emission spectrometry (ICP-OES) (Arcos 2). Detailed
operating conditions developed using an experimental design tool, Box Behnken, are given
in Table 2.

Table 2. Detailed operating conditions of the adsorption tests.

Test No. Particle Size (µm) pH Adsorbent Amount (g) Contact Time (h)

1 12 3 5.00 2
2 1490 2 3.75 2
3 200 4 3.75 1
4 12 4 3.75 2
5 1490 3 2.50 2
6 200 3 3.75 2
7 200 4 2.50 2
8 200 3 5.00 3
9 12 3 3.75 1
10 200 3 2.50 3
11 12 3 2.50 2
12 1490 3 3.75 1
13 1490 4 3.75 2
14 200 3 3.75 2
15 12 3 3.75 3
16 200 2 3.75 3
17 200 3 2.50 1
18 200 2 5.00 2
19 200 4 5.00 2
20 200 4 3.75 3
21 200 3 3.75 2
22 1490 3 3.75 3
23 12 2 3.75 2
24 200 3 2.50 1
25 1490 3 3.75 2
26 200 2 3.75 2
27 200 2 2.50 1
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Following the test results, the amount of adsorbed thorium, uranium, and rare earths
were calculated using the equation below:

Adsorption Recovery (%) =
Ci −Cf

Ci
× 100 (1)

where Ci and Cf are the concentration (mg/L) of the ions of interest in the aqueous
solution before and after adsorption, separately. The results were also examined in terms
of adsorption capacity and distribution coefficient according to the following equations:

Adsorption Capacity (qe) = (Ci −Ce)×
V
m

(2)

Distribution Coefficient (Kd) =
Amount of ion in the adsorbent

Amount of ion in solution
× V

m
(3)

where V is the volume of the solution (L), m the weight of zeolite (g) used, and Ce is the
ion concentration (mg/L) when absorption equilibrium is reached.

2.4. Adsorption Kinetics

To evaluate the interaction between the ions and zeolite in the aqueous environment,
kinetic adsorption studies as a function of time were performed. Tests were conducted
using 2.5 g of the finest zeolite, 12 µm, at a solution pH of 3. The solution and the adsorbent
were mixed for a total of 3 h. Representative samples were taken at the 5th, 10th, 15th,
30th, 45th, 60th, 120th, and 180th min to determine the adsorption recoveries of various
elements at a given time. Afterward, Langmuir, Freundlich, and Dubinin–Radushkevich
(D–R) adsorption isotherm models, representing different equilibrium systems at specified
conditions, were plotted to investigate the adsorption behaviors of the elements. The
Langmuir adsorption model assumes that the adsorption occurs at specific homogeneous
sites within the adsorbents, and the adsorption’s energy is constant [58]. It presumes, when
an active site is occupied by an ion, that no further sorption takes place at this site [41,59].
The Langmuir isotherm equation is expressed as:

Ce

qe
=

1
Q0 × b

+
Ce

Q0
(4)

where Q0 is the maximum monolayer adsorption capacity (mg/g), b is the constant re-
lated to adsorption energy, and qe, and Ce are the adsorption capacity (mg/g) and the
equilibrium concentration (mg/L), separately. The Freundlich adsorption model, on the
other hand, assumes multilayer adsorption for heterogeneous systems [60]. The equation
representing the Freundlich adsorption model is:

log
(
qe
)
= log(Kf) +

1
n

log(Ce) (5)

where Kf is the multilayer adsorption capacity (mg/g), and 1/n is the sorption intensity.
Similarly, The Dubinin–Radushkevich (D–R) isotherm model does not assume that the
materials have homogeneous surfaces [59]. Instead, it considers that the interaction be-
tween adsorbate and adsorbent can be independent of temperature by using the adsorption
potential, ε. The linearized form of the D–R isotherm equation is:

lnCads = lnXm − βε2 (6)

where Cads is the amount of ion adsorbed per unit of the adsorbent (mg/g), Xm is the
maximum sorption capacity (mg/g), and β is the activity coefficient related to the mean
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adsorption energy and adsorption potential. The adsorption potential, ε, and the mean
adsorption energy, E, can be calculated based on the following equations:

ε = R× T× ln
1

1 + Ce
(7)

E =
1√
−2β

(8)

where R is the gas constant (kJ/mol.K) and T is the temperature (K).

3. Results and Discussion
3.1. Characterization of Zeolite Samples Before Adsorption

Mineralogical compositions of the samples were identified using XRD. As seen
in Figure 1, the XRD patterns of the samples were all identified as the single phase of
clinoptilolite-type zeolite. It is the most commonly-found zeolite type in the heulandite
group that has the aluminum silicate tetrahedral arrangement and the complex chemical
formula of Na6(Al6Si30O72)24H2O.
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Figure 1. XRD pattern of the zeolite samples.

Chemical compositions of the samples were identified using XRF. Test results indicate
that the samples contain a high concentration of silicon and aluminum, which is typical
for zeolites. The distinctive properties of zeolites result from their honeycomb structures
with water molecules and exchange cations located in the cavities. Mostly, Ca2+, Na+, or K+

located in the cavities are exchangeable with other ions depending on the Si/Al ratio and
the position of the ion exchange sites [61]. An increase in aluminum concentration will also
provide higher adsorption capacity. The SiO2/Al2O3 ratio of the three zeolite samples was
around 5.74%. In addition to these major components, 1.43 wt% Ca, 0.99 wt% Fe, 0.28 wt%
Mg, and 2.10 wt% K were also detected in the samples as minor components.

Characterization studies further continued with the SEM–EDX analysis. The images
obtained by SEM under various magnifications are shown in Figure 2. As seen, regardless
of the sample size, the surface is heterogeneous and rough. Additionally, in Figure 2C,
noticeable porous structures are seen. Besides, particles all have flaky and irregular shapes,
which is consistent with the observations provided in Zendelska and his co-workers’
study [62]. The finest zeolite sample also tends to agglomerate, due to an increased surface
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area, as seen in Figure 2. EDX spectrums of three zeolite samples are presented in Figure 3.
All three samples possess a similar EDX pattern, which indicates the presence of Si, O,
and Al, as suggested by the main peaks. Compared to the coarse and middle-sized zeolite
samples, the EDX pattern of the finest zeolite sample (12 µm) displays considerably high
intensities for all element peaks. In addition to Si, Al, and O, a portion of Na was also
detected. The findings obtained from the EDX, XRF, and XRD analyses complete and
support each other. The carbon peak seen in the EDX spectrum is due to the carbon tape
substrate used during sample preparation.
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Figure 3. Elemental identification of the zeolite samples obtained from the EDX spectrums.

Lastly, the three zeolite feed samples, with a P80 value of 1490 µm, 200 µm, and 12 µm,
separately, were subjected to the BET nitrogen adsorption tests to identify the pore size
and specific surface area. While the coarsest zeolite had a pore diameter of 12.6 nm, the
middle-sized and the finest zeolites had a pore diameter of 9.9 and 8.7 nm, respectively.
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According to the classification of pores established by the International Union of Pure and
Applied Chemistry (IUPAC) in 1985 [63], all zeolite samples have mesoporous structures
due to pore widths less than 50 nm. The specific surface area of the coarsest sample was
determined as 16.1 m2/g. The middle-sized and the finest samples had a specific surface
area of 15.7 and 20.2 m2/g, respectively. As seen, with a decrease in the particle size,
the corresponding specific surface area generally increased. Moreover, the pore volume
distribution as a function of the pore size indicated a linear distribution for all three zeolite
samples.

3.2. Adsorption Tests

The recovery of total rare earths, thorium, and uranium into the solid phase was given
in Figure 4. As seen in Figure 4A, the recovery of rare earths fluctuated between 0.03 wt%
and 96.90 wt%. On the contrary, nearly 100 wt% thorium removal was achieved in every test
condition, except for Test 23, which yielded a 36.67 wt% of thorium adsorption (Figure 4B).
Similar to rare earths, a significant variation was observed for uranium adsorption, as
shown in Figure 4C. The adsorption recovery of uranium changed between 0.00 and
98.70 wt%.
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The three lowest rare earth adsorption recoveries, namely 0.03 wt%, 1.01 wt%, and
2.67 wt%, were achieved with Test 16, 27, and 23, respectively, at the same pH value of 2.
Additionally, Test 16 and Test 27 were conducted with zeolite samples of the same size (i.e.,
200 µm). However, Test 23 was performed using the zeolite sample with a P80 value of
12 µm, which may indicate the impact of particle size on the adsorption mechanism. The
retention time of Test 16, 27, and 23 was 3, 1, and 2 h, respectively. As seen, Test 16 produced
the lowest rare earth adsorption into the solid phase (0.03 wt%), which corresponded to 3-h
contact time. However, when the zeolite’s size was reduced to 12 µm (Test 23), a retention
time of 2 h was sufficient to achieve a nearly equal low rare earth adsorption (2.67 wt%).
Although these three tests generated the lowest rare earth adsorption recoveries into the
solid phase, no separation was observed between uranium and rare earths under the same
conditions. This may be due to the saturation of adsorption sites with other ions prior to
uranium. Under all three test conditions, 0 wt% uranium was adsorbed by the zeolites.
On the other hand, thorium adsorption recovery varied among these three test conditions.
The thorium adsorption recovery at Test 16, 27, and 23 was 99.33 wt%, 72.52 wt%, and
36.67 wt%, respectively. It is known that thorium shows very little tendency to hydrolyze
at low pH values, and the dominant ion at pH < 3 is Th4+, which is the exchangeable ion
between solution and the zeolite [64].

The effect of particle size was expected, since adsorption capacity is dependent on
the effective surface area, which generally increases with decreasing particle size [49].
However, an increase in the adsorption recovery of rare earths was observed while a
coarser zeolite sample was used. For example, Test 5 and Test 11 were conducted under the
same operating conditions (i.e., pH 3, zeolite amount 2.50 g, contact time 2 h), except for
the zeolite particle size. While Test 5 was performed with the coarsest zeolite, 1490 µm, Test
11 was carried out with the finest size zeolite, 12 µm. The respective rare earth adsorption
recoveries were found as 90.67% and 20.43%. The reason for this substantial increase in
the adsorption recovery of rare earths may lie under the particle size reduction occurring
during the mixing of solid and liquid phases throughout the adsorption process. The
post-adsorption SEM image provided in Figure 5 shows fractures and cracked surfaces,
which may result from a reduction in the zeolite particle size. Later, the particle size
analysis performed with post-adsorption solid samples confirmed the size reduction. The
particle size of the coarsest zeolite sample with an initial P80 value of 1490 µm was reduced
to 45 µm after adsorption. Likewise, a reduction in the particle size of the middle-sized
zeolite sample was also observed. After adsorption, the new P80 value of the middle-sized
zeolite sample was found to be 60.5 µm, as opposed to the initial value of 200 µm. However,
no change in the particle size of the fine sample (i.e., 12 µm) was detected. The particle
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size reduction occurred for coarse and middle-sized zeolite samples during adsorption. It
created fresh surfaces and new active sites ready for ion adsorption that may explain the
elevated adsorption recovery with the increase in the nominal adsorbent particle size.
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Overall, the best separation performance was achieved with Test 11 while using 2.50 g
of 12-µm zeolite sample at a pH value of 3 with a contact period of 2 h. Under these
conditions, the adsorption recovery of rare earths, thorium, and uranium into the solid
phase was found to be 20.43 wt%, 99.20 wt%, and 89.60 wt%, respectively.

In terms of major metal adsorption, steady recovery results were observed for iron, in
comparison to aluminum and magnesium. Almost 100 wt% iron adsorption onto zeolite
was seen under every test condition. Selective iron adsorption over other metals was
also seen in Motsi and his coworkers’ study on heavy metal adsorption from acid mine
drainage by natural zeolite [65]. Contrarily, the adsorption recovery of aluminum changed
between 12.49 wt% to 99.65 wt%, where the lowest adsorption recovery achieved with
the test resulted in the best separation performance (Test 11). The adsorption recovery of
magnesium also varied. The lowest magnesium adsorption, 69.60 wt% was also observed
with Test 11, and the highest magnesium adsorption recovery seen was 99.87 wt%.

3.3. Characterization of Zeolite Samples Post Adsorption

The solid sample used during Test 11 (12-µm zeolite), was subjected to XRD and SEM–
EDX analyses to detect whether there was any change in the elemental and mineralogical
compositions after adsorption. Results obtained from XRD revealed the formation of halite
and perrierite-(Ce) in addition to clinoptilolite. Halite formation is probably due to the
reaction between feedstock’s medium, HCl, and the addition of pH regulator, NaOH. Also,
the zeolite samples initially contained a small amount of sodium prior to the adsorption
tests. Perrierite-(Ce) is a compound consisting of many elements and having a general
formula of A4BC2D2Si4O22, where A represents rare earths and thorium, B represents Fe,
Mn, and Mg, C refers to Fe, Mn, Mg, Al, Ti, and Cr, and D corresponds to Ti [66]. Cerium
and lanthanum are the most dominant rare earth elements. Perrierite-(Ce) is defined as
radioactive, according to the Code of Federal Regulations Title 49, which supports the high
concentration of thorium in the zeolite post adsorption. The XRD pattern of the sample is
given in Figure 6.
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Image analysis was performed using SEM to provide further information. As seen
in Figure 7, the morphology remains rough, and the particles maintain irregular shapes.
However, the formation of small prismatic crystal particles is seen. This finding is well-
correlated with the crystal structure of perrierite-(Ce) [67]. The bright areas highlighted
in the image may refer to the accumulation of heavy elements such as the rare earths and
thorium.
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Figure 7. SEM image analysis of the solid sample after adsorption. Bright areas highlighted in the
red boxes indicating the deposition of heavy elements.

The EDX pattern of the solid sample generated from Test 11 is shown in Figure 8A. In
comparison to the elemental concentration of the raw zeolite samples, after adsorption, a
substantial decrease in the intensities of aluminum and silicon was observed. This finding
suggests a reduction in both the aluminum and silicon concentration, attributed to the
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adsorption of external elements onto the zeolite structure. Similar to XRD, EDX was also
able to detect thorium and most of the rare earth elements; however, their concentrations
are considerably low compared to Al, Si, and O. Due to this fact, they are not clearly seen in
the full pattern. However, as shown in the close-up view (Figure 8B), most of the rare earths
were observed in the energy level between 0.5 and 1.3 keV, and thorium was detected
around 3 keV.
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3.4. Statistical Analyses and Modeling

Following the data analysis of the test results, the impact of four operating variables
(i.e., zeolite particle size, feed solution pH, adsorbent amount, and contact time) on the
recovery of total rare earths, thorium, and uranium was analyzed using the response
surface methodology. The adsorption recovery values of rare earths, thorium, and uranium
obtained from the full dataset were uploaded to the Design Expert Software following
the Box Behnken experimental design. Statistical models were developed separately to
determine the operational sensitivity with respect to the input parameters.

A statistical model was first developed as a tool to predict the recovery of rare earth
elements by incorporating all the influential operating parameters, as shown in Equation (9).
It can be seen from the quadratic model that the variables, including the zeolite particle
size, feed solution pH, and adsorbent amount, except the contact time, all had a significant
impact on the recovery of rare earths.

REE Adsorption Recovery
= 60.21 + 28.43×A + 27.46× B + 16.27×C + 8.58×D
−14.33×AB− 5.08×AC− 3.48×AD− 14.13× BC + 5.62
×BD− 14.23×CD + 2.08×A2 − 7.39× B2 + 7.76×C2

−3.68×D2

(9)

where the uncoded model terms A, B, C, and D correspond to zeolite particle size, feed
solution pH, adsorbent amount, and contact time, respectively. While a statistical model
was generated for rare earths, a significant model was generated for neither thorium nor
uranium.

The analysis of variance (ANOVA) table used to determine the significance of the
developed statistical model is shown in Table 3. As seen from the table, the model F-value
of 6.90 implies the model is significant. The probability of an F-value to become this large
is 0.09% (<5%, which is the critical P-value used to determine the significance). Model
terms are considered significant within a 95% confidence level, or in other words, values of
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“prob > F” less than 0.05 indicate that terms are significant. In this case, terms A, B, and C
are significant model terms, whereas D is an insignificant model term. The lack-of-fit value
of 1.21 implies a 53.50% chance that a lack-of-fit F-value can be this high. The lack-of-fit
must be insignificant for a model to be fit. In the same table, R-squared values were also
given, to further evaluate the robustness of the developed model. As seen, the R-squared
value of 0.8895 and an adjusted R-squared value of 0.7606 further confirm the model’s
significance.

Table 3. ANOVA analysis of the quadratic model for predicting rare earth recovery.

Source Sum of Squares df Mean Square F Value p-Value Prob > F Significance

Model 26,572.63 14 1898.05 6.90 0.0009 Significant
A—Particle Size 9696.90 1 9696.90 35.25 0.0001

B—pH 9048.07 1 9048.07 32.89 0.0001
C—Adsorbent Amount 3177.21 1 3177.21 11.55 0.0053

D—Contact Time 884.26 1 884.26 3.21 0.0982
AB 821.68 1 821.68 2.99 0.1095
AC 103.12 1 103.12 0.37 0.5518
AD 48.44 1 48.44 0.18 0.6822
BC 798.06 1 798.06 2.90 0.1142
BD 126.34 1 126.34 0.46 0.5108
CD 810.26 1 810.26 2.95 0.1118
A2 23.08 1 23.08 0.084 0.7770
B2 290.94 1 290.94 1.06 0.3240
C2 320.78 1 320.78 1.17 0.3014
D2 72.06 1 72.06 0.26 0.6181

Residual 3300.85 12 275.07
Lack of Fit 2832.19 10 283.22 1.21 0.5350 Not significant
Pure Error 468.66 2 234.33
Cor Total 29,873.48 26

R-Squared 0.8895
Adj R-Squared 0.7606
Pred R-Squared 0.4186
Adeq Precision 10.110

Three diagnostic plots developed based on the statistical model are given in Figure 9.
In these plots, the relationship between two parameters was described while keeping the
other two parameters constant at their middle values. In Figure 9A, the effect of particle
size and pH is presented while keeping the adsorbent amount and contact time constant
at 3.75 g and 2 h, respectively. It is well-known that pH is an important parameter in
adsorption processes. As seen, rare earth recovery increases with an increase in the pH
value. this could be attributed to the competition between hydrogen ions and rare earth
ionic species present in the solution at a given pH value [64]. Typically, zeolite has a
tendency to adsorb H+ ions from the solution, which creates a positive charge on the zeolite
structure, and other positively charged ions are repulsed due to the electrostatic interaction.
When the solution pH increases, the amount of H+ ions decreases, which results in the
adsorption of other ions present in the solution [65]. However, freed negatively charged
ions (i.e., Cl−) may reverse the electrostatic repulsion and enhance adsorption. At the
same time, depending on the concentration and conditions, it may have an opposite effect,
and further reduce the adsorption by binding with metals and forming complexes that
cannot be adsorbed. This could be the reason for the wide variation observed in the
adsorption recovery of rare earths. Also, rare earth adsorption recovery rises with an
increase in the particle size, which statistically supports the findings stated earlier that
unexpected particle size reduction induced during mixing leads to enhanced adsorption
due to freshly created surfaces for ion adsorption. The same trend is seen in Figure 9B,
where the relationship between particle size and the adsorbent amount is given, while
maintaining the pH and contact time constant at 2 and 2 h, respectively. In comparison
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to Figure 9A,C, Figure 9B displays a relatively flat surface. A higher amount of adsorbent
results in more significant adsorption, since active adsorption sites increase concurrently at
a given volume. Figure 9C further shows that rare earth recovery decreases at a lower pH
value and a smaller adsorbent amount.
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3.5. Adsorption Kinetics and Isotherms

Kinetic adsorption test results shown in Figure 10 indicate fast adsorption for thorium,
as opposed to rare earths and uranium. Within the first 5 min, the adsorption recovery
of thorium reached 86.5 wt%, which later continued to rise, but with a small incremental
increase. At the end of the 3-h contact, the maximum thorium adsorption onto the zeolite
was 93.4 wt%. On the other hand, rare earths and uranium followed a similar pattern
jointly. A significant increase in the adsorption recovery of rare earths was first seen
during the 10–15 min time interval. At the end of 10 min, the adsorption recovery of rare
earths was 3.0 wt%, and at 15 min, it increased by 8.2 wt% and reached a new value of
11.3 wt%. Later, another 8.2 wt% increase was further observed during the 30–45 min
time interval. Adsorption recovery of total rare earths reached 21.5 wt% at the end of the
kinetic test. Data shown in Figure 11 further support the findings mentioned above. It can
be seen from Figure 11A that the distribution of rare earths in the solid phase increased
significantly at both the 10–15 and 30–45 min time intervals. The distribution of thorium
as a function of adsorption time is presented in Figure 11B, which again suggests that
the most significant adsorption occurred during the first 5 min. Uranium exhibited a
similar adsorption behavior to rare earths. Low uranium adsorption was also observed in
Godelitsas and Armbsruster’s study due to the complicated aqueous chemistry of uranium,
as well as the constant structural changes occurring in the mesoporous zeolite sample [68].
In the same study, high thorium adsorption, along with hydrogen ion adsorption at pH < 3,
was also observed, which shares similarity to findings presented here. The adsorption
mechanism starts with the formation of complexes at the external surface. Later, the ions
transport into the pores to form inner complexes via covalent or ionic bonding and become
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more stable. Rapid thorium complexes formed on the external surface of the zeolite may
block the formation of complexes with other ions. Afterward, the thorium molecules
diffusing into the inner pores can hinder the adsorption of other ions. This may also be
explained via the molecule sizes of rare earths, thorium, and uranium. While thorium has
a molecule size of 0.24 nm, uranium has a molecule size of 0.23 nm. Although the molecule
size of rare earths changes, it varies between 0.228 and 0.25 nm. If thorium is adsorbed first
due to its easy nature, it may slow down the transport of other ions when the adsorbent has
a narrow pore diameter [69]. This also supports the identification of thorium containing
mineral phases in the XRD analysis conducted after adsorption (Figure 8).
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Adsorption isotherms were subsequently developed based on the kinetic adsorption
data. The Freundlich adsorption isotherm was found to be the best fit for both rare earths
and thorium (Figure 12). The plots were generated following Equation (5). Afterward, the
slope and the intercept of the plots were used to calculate 1/n and Kf values, separately.
The high correlation coefficient (R2) observed in both isotherms suggests a good model fit.
The maximum adsorption capacity for rare earths and thorium was 2.05 and 0.24 mg/g,
respectively. A negative slope observed for rare earths and thorium indicates a reverse
correlation between the amount adsorbed (Cads) and the equilibrium concentration (Ce),
which corresponds well with the experimental findings that the amount adsorbed decreased
as time increased. Moreover, the Freundlich isotherm indicates multilayer adsorption,
rather than monolayer, and considers a heterogeneous surface.
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Dubinin–Radushkevich (D–R) adsorption isotherms of total rare earths and thorium
are shown in Figure 13. The mean adsorption energy calculated from the isotherms reveals
supplemental information on adsorption behavior. If the mean adsorption energy value
falls between 1 and 8 kJ/mol, it is considered physical adsorption. On the other hand, if the
value varies between 9 and 16 kJ/mol, it represents chemical adsorption [51]. The mean
adsorption energy (E) values of rare earths and thorium were calculated as 5.8 kJ/mol and
1.80 × 10−3 kJ/mol, respectively. E < 8 kJ/mol indicates that both rare earth and thorium
adsorption is governed by reversible physisorption and requires less energy. Intermolecular
forces are involved in accomplishing the adsorption. Moreover, the activity coefficient
values were found to be −1.48 × 106 mol2/kJ2 and −1.54 × 10−5 mol2/kJ2 for total rare
earths and thorium, separately.
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4. Conclusions

Zeolite adsorption was studied to remove thorium and uranium from a rare earth-
containing solution generated from coarse coal refuse. Experimental testing was carried
out to evaluate the impact of four operational parameters, including solution pH, zeolite
particle size, zeolite amount, and contact time, on the adsorption recoveries. The following
conclusions were reached at the end of the study:

1. It was observed that rare earths and uranium adsorption follow a similar pattern,
which creates the separation challenge. On the other hand, test results indicate that
zeolite adsorption is an effective technique for thorium removal.

2. Iron adsorption was in agreement with thorium adsorption, and exhibited a steady
state under all operating conditions. Differently, a variation was observed for alu-
minum and magnesium depending on the test conditions.

3. The statistical model developed to predict the adsorption recovery of rare earths
indicates that the initial solution pH, zeolite particle size, and amount are the key
operating parameters, which all impacted the adsorption recovery of rare earths.
However, the contact time was identified as an insignificant parameter.

4. Overall, an increase in the adsorption recovery of total rare earths was observed with
the increase in the three influential operational parameters (i.e., solution pH, zeolite
particle size, and amount).
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5. Kinetic studies suggest a fast adsorption rate for thorium, in contrast to total rare
earths and uranium. Multilayer physisorption was determined for total rare earths
and thorium when zeolite was selected as the adsorbent.

6. In conclusion, the best separation was achieved using 2.5 g of 12-µm zeolite at a
solution pH of 3 for a contact period of 2 h. Under these conditions, almost 100 wt%
thorium removal was achieved, with approximately 20 wt% total rare earth loss.
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