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Abstract

Coal ash represents an abundant secondary resource of rare earth elements (REEs), but
their recovery is hindered by low concentrations in leachates and the presence of large
amounts of competing matrix elements such as Fe, Al, Ca, and Mg. In this study, a stepwise
pH-controlled precipitation approach was applied to real sulfuric acid coal ash leachates
for selective recovery of Ce and La. The process combined impurity scrubbing, oxidative
precipitation of Ce, and phosphate precipitation of La. Nearly complete recovery was
achieved, with >95% of both Ce and La recovered and >99% phase purity. Selectivity
analysis further demonstrated strong discrimination of REEs over matrix elements, with
Ce showing >400 selectivity over Fe, Al, and Ca, and La showing ~170 over the same
ions and ~17 over Ce. These results show the efficiency of the approach under realistic
multi-element conditions.
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1. Introduction

Rare earth elements (REEs) play an important role in modern technologies due to
their unique electronic, magnetic, and catalytic properties. They are essential for the
manufacturing of permanent magnets, batteries, catalysts, and advanced electronics [1-3].
For instance, experts forecast that demand for permanent-magnet REEs could grow by
around 5% annually, spurred by the expansion of electrification and renewable energy
systems [4]. Light REEs such as lanthanum (La) and cerium (Ce) are particularly abundant
and typically account for approximately 60% of total REE mass in ore and secondary
resources, making their effective recovery critically important. Despite abundance, La and
Ce recovery from complex matrices (e.g., coal fly ash, phosphogypsum) is hindered by high
background levels of matrix elements such as Fe, Al, Ca, and Mg [5].

Coal ash (CA) generated from thermal power plants have emerged as promising
secondary resources for REEs recovery, particularly for light REEs. Numerous studies have
reported total REE concentrations in CA in the range of 200-500 ppm, depending on the coal
origin and combustion conditions [6-8]. Despite this potential, the utilization of coal ash for
REE recovery is constrained by several factors. REE concentrations are typically low and
vary widely, necessitating pre-concentration or selective leaching strategies. In addition, the
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ash matrix is chemically complex, often rich in aluminum, iron, calcium, magnesium, and
silicates, which interfere with REE extraction and downstream purification steps [9-12].

Acid leaching remains the most prevalent approach for recovering REEs from CA, with
sulfuric [13,14], hydrochloric [15-17], and nitric acids [18,19] as common reagents. While
these acids efficiently dissolve REEs, they also extract significant amounts of matrix ele-
ments such as aluminum, iron, and calcium, increasing downstream purification challenges.
Green reagents, including organic acids [20-22], deep eutectic solvents [23-25], and bio-
genic leaching agents [26,27], are increasingly explored for REE extraction from coal ash due
to their reduced environmental impact and improved safety compared to strong mineral
acids; however, they generally provide lower leaching efficiency and slower kinetics.

Among the available methods for coal ash processing, sulfuric acid leaching is the most
widely used because of its low cost, high acidity, and good compatibility with industrial
practice [13]. It is particularly efficient for transferring light REEs such as La and Ce
from the aluminosilicate matrix into solution, with recoveries often exceeding 70-80%
under optimized conditions. The main difficulty, however, is not in leaching itself but
in the subsequent separation of REEs from the solution. Leachates usually contain large
amounts of Fe3*, A3, Ca%*, and Mg2+, which hinder selective precipitation and lead to
co-precipitation. In addition, the chemical similarity of light REEs, especially between La%*
and Ce®*, complicates their separation and requires strict control of downstream conditions.

Several concrete approaches have been developed for selective precipitation of REEs
from sulfate leach solutions. Nasar et al. implemented fractional precipitation of REEs
from sulfate leach solutions using staged pH adjustment with sodium sulfate and dis-
odium hydrogen phosphate, enabling sequential removal of Fe and Al impurities followed
by REE precipitation as double sulfates or hydroxides [28]. Lv and co-authors demon-
strated that oxalic acid can be used to selectively precipitate REEs as oxalates from sulfuric
leachates, achieving high yields and selectivity, particularly for light REEs [29]. Gomes
et al. developed a staged precipitation approach, gradually adding reagents and ad-
justing physical-chemical conditions to separate REEs from major metals in unpurified
leachates, which streamlines purification and recovery [28]. Xing et al. reported a step-
wise separation of REEs and Al from coal fly ash using mechanochemical activation and
alkaline pre-desilication, with emphasis on the role of interfering ions and their selective
removal [30]. Praneeth et al. [31] investigated sorption-assisted precipitation of REEs from
fly ash leachates containing competing ions, achieving effective separation of Fe, Al, and
REEs. In addition, the paper [32] provided a detailed analysis of the precipitation mecha-
nism of REEs in Fe- and Al-rich solutions, optimizing conditions to improve product purity.
Despite notable progress, current methods for REE recovery from CA leachates often lack
selectivity and require complex, reagent-intensive steps. In particular, the separation of
light REEs such as La and Ce remains difficult due to their chemical similarity and inter-
ference from major matrix elements. Phosphate-based stepwise precipitation has received
limited attention, especially under realistic leaching conditions.

The novelty of this work lies in the selective stepwise recovery of Ce and La from
real coal ash sulfuric leachates that are rich in interfering ions such as Fe, Al, Ca, and Mg.
By combining impurity scrubbing with pH-controlled Ce oxidation and subsequent La
phosphate precipitation, phase-pure products were obtained with minimal co-precipitation.
A complete material balance demonstrated >95% recovery of both elements, underscoring
the practical relevance of the approach under realistic leaching conditions. This study
proposes a pH-controlled precipitation strategy guided by thermodynamic modeling,
enabling sequential removal of matrix impurities and selective recovery of cerium and
lanthanum. The approach is validated using real sulfate leachates from CA, with material
balance confirming its effectiveness and selectivity.
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2. Materials and Methods
2.1. Materials and Reagents

Coal ash sample for leaching was collected from ash deposit of Almaty combined heat
and power plant (CHPP)—2 (Kazakhstan).

All reagents used were of analytical grade. Cerium nitrate hexahydrate (Ce(NO3)3-6H,0O,
99.99%), lanthanum nitrate hexahydrate (La(NOs3)3:6H;0O, 99.99%), aluminum sulfate
(ALy(SO4)3-18H,0), ferric sulfate (Fep(SO4)3-xH,0), calcium sulfate dihydrate (CaSO4-2H,0),
magnesium sulfate heptahydrate (MgSO,-7H,0), orthophosphoric acid (H3PO4, 85%), and
hydrogen peroxide (H,O,, 30%) were purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Sulfuric acid (H,SO4) and sodium hydroxide (NaOH) were
obtained from Reactivsnab LLP (Almaty, Kazakhstan). Distilled water was used throughout
all experiments.

2.2. Preparation of Real Leachate

To simulate leaching conditions for coal ash, a batch of 1000 g of coal ash was treated
with 10 L of 1 M HSOy4 at 80 °C for 4 h, using a solid-to-liquid ratio of 1:10 (w/v) under
continuous stirring. The leaching parameters were selected based on preliminary optimiza-
tion trials. The slurry was cooled to room temperature, filtered through vacuum filtration,
and the clear leachate was collected. The solution was analyzed by ICP-OES to determine
the concentrations of Ce, La, Al, Fe, Ca, and Mg (Table 1), and used as the reference for
synthetic model formulation.

Table 1. Chemical composition of the real leachate obtained after sulfuric acid leaching of coal ash
(100 g ashin 1 L of 1 M H,SOy, 80 °C, 4 h).

Mg, P, .
Al, mg/L  Fe,mg/L  Ca, mg/L mg/L mg/L Na+K,mg/L Si,mg/L Ce,mg/L La, mg/L
11,977 4320 850 514 117 149 64 4.77 1.81

2.3. Preparation of Model Leachate

Based on the elemental composition of the real leachate, model solutions were pre-
pared by dissolving appropriate quantities of Ce(NO3)3, La(NO3)3, Fez(504)3, Alx(SO4)s,
CaS0Oy, and MgS0Oy in deionized water. The final concentrations of metal ions were adjusted
to match the real leachate, with Ce and La at 4.77 mg/L and 1.81 mg/L, respectively. The
pH was maintained at ~1.7 using diluted sulfuric acid to simulate the acidic conditions of
the real system.

2.4. Precipitation of Metals

To establish optimal conditions for the removal of interfering matrix elements, a
series of pH-controlled precipitation experiments were conducted using a synthetic sulfate
leachate. The pH was gradually adjusted by the dropwise addition of 1 M NaOH under
constant stirring at room temperature. For each pH point, aliquots were withdrawn after
30 min of equilibration and filtered. The concentrations of dissolved Fe, Al, Ca, Mg, la, and
Ce in the filtrates were determined by ICP-OES.

A series of stepwise precipitation experiments was performed across a range of pH
values and reagent dosages, with the aim of selectively separating Fe, Al, Ca, Mg, Ce, and
La. The conditions for individual precipitation steps were gradually optimized based on
solubility diagrams (Section 3.1).

In the case of selective precipitation of Ce, Ce>* oxidation was induced by adding 30%
H, 0, into leachate, which ensured the conversion of Ce®* to Ce**.
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2.5. Characterization of Liquid and Solid Samples

Elemental concentrations in solution were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES; Optima 8300, PerkinElmer, Waltham, MA,
USA). Each measurement was performed in triplicate, with relative standard deviations
not exceeding +£3%. Solid precipitates were washed with distilled water, dried at 60 °C,
and characterized by X-ray diffraction (XRD; DW-27 Mini, Dandong Dongfang, Dandong,
China) and Fourier-transform infrared spectroscopy (FTIR; InfraLUM FT-08, Lumex, St.
Petersburg, Russia, 3800-600 cm ™). To determine the elemental composition of solids, the
samples were subjected to microwave-assisted acid digestion, and the resulting solutions
were analyzed by ICP-OES. Thermogravimetric and differential scanning calorimetry
(TG-DSC) analyses were conducted using a BXT-TGA 103 analyzer (Baixi Instrument
Technology Co., Shanghai, China). Scanning electron microscopy (SEM) and surface
elemental analysis were performed using a JEOL JSM-6490LA microscope equipped with a
JED-2300 energy-dispersive X-ray spectroscopy (EDS) system (JEOL Ltd., Tokyo, Japan).

3. Results and Discussion
3.1. Thermodynamic Modeling and Precipitation Strateqy

In the recovery of REEs from coal fly ash leachates, one of the key challenges is the se-
lective removal of interfering major elements such as calcium, aluminum, iron, and magne-
sium. These matrix components not only consume reagents during downstream processing
but may also coprecipitate with REEs or form unwanted by-products [33]. Therefore, a ra-
tional separation strategy must first ensure the effective removal of such interfering species,
followed by the controlled recovery of target REEs, primarily lanthanum and Ce in this case.
To design such a multistep separation protocol, it is essential to determine the pH domains
in which each element can be selectively removed. For this purpose, we constructed a ther-
modynamic solubility diagram based on experimentally established solubility product con-
stants (Ksp) and phosphate speciation equilibria. This diagram aims to identify pH regions
where selective precipitation of iron, aluminum, calcium, and magnesium is thermodynami-
cally favored, without significant losses of REEs, and subsequently, to define the optimal pH
window for the selective precipitation of lanthanum and Ce. The diagram was constructed
at 25 °C using the following assumptions. Hydroxide solubilities of Fe(OH)3, Al(OH)3, and
Mg(OH), were modeled based on their solubility product constants (Ksp) using the mass-
action expression log[M"*] = log Ksp — n-log[OH~], where [OH™] = 10~14/[H"*]. Calcium
was considered separately, as it predominantly forms calcium sulfate (CaSO,4-2H,0) in
sulfate-rich media; its solubility was estimated assuming a fixed sulfate concentration of
0.5 mol/L, reflecting the conditions of sulfuric acid leaching, consistent with measured
gypsum solubility in CaSO4—H»504-H,O systems [34]. For La and Ce, precipitation was
modeled as phosphate-driven, using the equilibrium MPOy(s) + H* = M3* + HPO,?~,
leading to log[Ln3*] = log Ksp — pH + pKaz — log[HPO4?~] (here, M denotes La and Ce).
Phosphate speciation was calculated from the dissociation constants of phosphoric acid
(pKaj =2.15, pKap =7.20, pKas = 12.35), assuming a total phosphate dose of 50 mM [35-37].
The model did not account for complexation, activity coefficients, or redox equilibria, and is
therefore considered a first-order approximation. The resulting solubility profiles (Figure 1)
show that iron precipitates first as Fe(OH)3 at pH 2 1.5-2.0, followed by aluminum at
pH 2 3.0-4.0.

Calcium is primarily controlled by CaSOj solubility, limiting its free ion concentration
even in acidic solutions, while magnesium remains highly soluble throughout the acidic
range. In the presence of phosphate, lanthanum and Ce begin to precipitate as REE
phosphates at pH ~ 2.5-3.5, with Ce phosphate forming slightly earlier than lanthanum
phosphate due to its lower solubility. This behavior enables the design of a rational three-
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stage precipitation scheme: (1) Fe-scrub stage (pH ~ 1.5-2.0) for selective removal of iron
as Fe(OH)3; (2) Al-scrub stage (pH ~ 3.0-4.0) for removal of residual aluminum with
limited co-removal of Ca (as gypsum) and Mg, while REEs remain in solution; (3) REE
precipitation stage: after Al removal, the solution should be adjusted to pH 2.5-3.2 and
dosed with H3POy4; when required, Ce3* should be selectively oxidized to Ce** with H,O,
to precipitate Ce (as CeO,/Ce(OH)4 or CePO;) prior to LaPO, formation.

251
20+
15

10+

log [ion] at equilibrium (mol/L)

—— Fe3* 2 Fe(OH)s —— Ca?* 2 CaSO0a(s)
—— APP* 2 AI(OH)s == Ce3* 2 CePO0a(s) via HPO4?~ (Cp=50 mM)
— Mg?* 2 Mg(OH)2 La3* 2 LaPOa(s) via HPO42~ (C,=50 mM)

—— Ca?* 2 Ca(OH):

Figure 1. Simplified solubility diagram for key metal species (Fe(OH)z, AI(OH)3, CaSO4, Mg(OH),,
CePO4-Hy0O, LaPO4-H,0) as a function of pH at 25 °C, calculated based on standard Ksp values.
Curves for CePO,4 and LaPO4 were computed assuming a total phosphate concentration of 50 mM;
the model neglects activity coefficients, complexation, and redox equilibria.

3.2. Precipitation Behavior of Interfering Elements

Figure 2 shows the residual concentrations of Fe, Al, Ca, and Mg in the solution as a
function of pH.

The sharp decline of Fe at pH ~ 1.8-2.0 reflects rapid Fe(IlI) hydrolysis and pre-
cipitation of amorphous Fe(OH); governed by its extremely low solubility (Ksp ~10738),
consistent with established hydrolysis/solubility constants of Fe(IIl) [38]. Al remains largely
soluble below pH ~ 3 and decreases steeply in the pH ~ 3.0-4.2 window as Al(OH)3 forms
(Ksp ~10732-10734), in agreement with Ksp-based predictions; the higher onset than Fe
is due to weaker hydrolysis of Al at low pH. Ca shows a gradual drop toward a sulfate-
controlled plateau because its activity is limited by equilibrium with gypsum/anhydrite
(CaS04-2H,0/CaS0y); at fixed [SO4%] typical of sulfuric leachates, dissolved Ca ap-
proaches the CaSO; solubility (order 1072 M total CaSOy in pure water at 25 °C), and the
smoothed curve reflects nucleation/kinetic effects rather than pH control. Mg remains
nearly unchanged across pH 1-5 because brucite formation requires much higher [OH™]
(Ksp(Mg(OH),) =~ 5.6 x 10712), so precipitation is thermodynamically unfavorable in the
acidic region. These trends are consistent with experimental data on the selective precipita-
tion of Fe/Al from acidic process solutions; Fe is removed at lower pH, whereas effective
Al precipitation requires higher pH, as confirmed by hydrometallurgical studies [39].
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Figure 2. Residual concentrations of Fe, Al, Ca, and Mg in the solution as a function of pH.

Figure 3 shows the XRD patterns of the precipitates formed during the sequential
removal of major interfering elements. The pattern in Figure 3a corresponds to the solid
phase obtained at pH ~ 2.0-2.2, while Figure 3b represents the precipitate collected at
pH =~ 4.0-4.2 after further pH adjustment.

AtpH ~ 2.0-2.2 (Figure 3a), the precipitate primarily consisted of gypsum (CaSO,-2H,0)
and goethite (x-FeOOH), along with residual silica (S5iO,) derived from the ash matrix.
These phases reflect the early-stage removal of calcium and iron under low-pH condi-
tions. At pH ~ 4.0-4.2 (Figure 3b), additional crystalline phases were detected, including
natrojarosite (NaFe3(SO4)2(OH)g) and alunite (KAl3(SO4)2(OH)g). These basic sulfates
indicate the progressive hydrolysis of iron and aluminum in sulfate media during the
second precipitation step. The formation of these stable sulfate-bearing phases under acidic
conditions is consistent with the expected behavior of Fe** and AI** in the presence of Na*,
K*, and SO4%~ ions.

n B Caso, - 2H,0
v S0,
¢ aFeOOH
n
=
g
2
.g - *
S
=
L)
[ ] n”
IPLI—
T T T T T T T T T T T T
10 20 30 40 50 60 70
2 (theta) degree
(a

Figure 3. Cont.
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Figure 3. XRD pattern of the precipitate obtained at pH ~ 2.0-2.2 (a) and pH =~ 4.0-4.2 (b).

Thus, increasing the solution pH to approximately 4.2—4.3 was found to be sufficient to
minimize the concentrations of major interfering species (Fe, Al, Ca) without the need for
further neutralization. This pH was selected as the endpoint of the impurity removal stage.
After this stage, a solution of the following composition was obtained, mg/L: Fe < 0.01,
Al10.03,Ca1.92, Mg 511, La 4.75, Ce 1.79.

Under these conditions, La and Ce remained at their initial concentrations because, in
the acidic sulfate leachate (pH 1-5), trivalent REE ions are thermodynamically stable and
their hydroxides do not reach supersaturation (Ln(OH); precipitation requires pH 2 7-8);
additionally, Ce remained reduced as Ce®* (no oxidant was applied), preventing formation
of insoluble Ce(IV) phases, and the high ionic strength/sulfate complexation contributed
to stabilizing the dissolved REE species.

3.3. Precipitation of La and Ce from the Purified Leachate

As shown in the previous section, the pH of the purified leachate was approxi-
mately 4.2-4.3, which is above the solubility limit of REE phosphates in the presence
of phosphate. The purified sulfate leachate was first acidified to pH 2.0-2.2 using 1 M
H;,504. Orthophosphoric acid was then added to reach a total phosphate concentration of
50 mM. Under constant stirring, the pH of the solution was gradually increased to 3.4-3.5
with 1 M NaOH (<0.5 mL/min). The suspension was aged for 60 min at the set pH, then
filtered through a 0.45 pym PES membrane. The solids were washed with distilled water
and dried at 60 °C.

The precipitation behavior of Ce and La was evaluated in the presence of phosphate
over a pH range of 2.0 to 3.5, with and without oxidative pretreatment. Residual concentra-
tions of both elements were monitored by ICP-OES (Figure 4).

To illustrate the separation behavior, the recovery percentages of Ce, La, and major
competing ions (Fe, Al, Ca, Mg) were plotted as a function of pH (Figure 5).

To quantify the degree of separation, selectivity coefficients were calculated as the
ratio of distribution coefficients of REEs to those of major competing ions. At the Ce
precipitation step (pH ~ 2.7-2.8), the selectivity of Ce over Fe, Al, and Ca exceeded 400,
that confirms nearly exclusive removal of Ce with negligible co-precipitation of matrix
elements. During the La precipitation step (pH ~ 3.4-3.5), the selectivity of La over Fe,
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Al, and Ca was ~170, while the selectivity of La over Ce was lower (~17), that reflects
minor co-precipitation of Ce with La phosphate. These values show the high efficiency
and selectivity of the stepwise precipitation strategy.The observed precipitation sequence
can be rationalized in terms of hydrolysis equilibria and solubility products. Iron(III)
and aluminum(III) hydrolyze strongly in acidic sulfate media, with solubility products
of Fe(OH)3 (Ksp ~ 107%8) [40] and Al(OH); (Ksp ~ 10733-10734) [41], that explains their
removal at pH ~ 2 and ~ 3-4, respectively. In contrast, Ca and Mg remain soluble in
this range due to much higher hydroxide solubility (Ksp(Ca(OH),) ~ 7.9 x 10~° [42];
Ksp(Mg(OH),) ~ 1.2 x 10~!2 [43]). For rare earths, hydrolysis is weak in strongly acidic
sulfate solutions, but the addition of phosphate promotes precipitation through the very
low solubility of REE phosphates. Reported solubility products decrease from heavy to
light REEs, e.g., log Ksp(LaPO4-H,0) ~ —25.6, log Ksp(CePO4-H,0) ~ —26.0) [44].

— 5 q-

< 45

-T4]

E 4

.g 3.5

T 3

d

§ 2.5

c 2

(o) 4

S 15

"I |

© 0.5

o 2 2.5 3 3.5
pH

Figure 4. Residual concentrations of Ce and La as a function of pH during phosphate-induced
precipitation from the purified sulfate leachate.

100

Metal recovery, %
= N W b 01 O N
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o
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Figure 5. Recovery of Ce, La, and major competing ions (Fe, Al, Ca, Mg) as a function of pH during

stepwise precipitation from coal ash leachate.

Ce began to precipitate at pH ~ 2.2, with more than 97% removal achieved by pH 2.7.
In contrast, La precipitation initiated above pH 2.8 and reached similar removal efficiency
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only near pH 3.4. This difference in precipitation onset provides a thermodynamic basis
for potential stepwise separation of Ce and La via controlled pH adjustment. Residual
concentrations of both REEs decreased with increasing pH but plateaued at approximately
0.05 mg/L, which reflects both the equilibrium solubility of REE phosphates under the
given conditions and the detection limits of ICP-OES analysis.

Upon reaching pH ~ 3.4-3.5, a precipitate of the following composition was obtained,
wt. %: La 22.1%, Ce 8.4%, P 11.2%, Al < 0.05, Fe < 0.01, Ca 0.2. To evaluate the effect
of thermal treatment, the dried precipitate was calcined at 700 °C for 3 h in air. After
calcination, the solid was re-analyzed by elemental analysis to assess compositional changes.
The resulting calcined material contained: La—25.9%, Ce—9.8%, P—13.1%, Ca—0.21%,
Al—<0.05, Fe—<0.01.

To separate La and Ce, the precipitation was carried out in two steps.

(1) Cerium step. The pH was adjusted to 2.7-2.8 with 1 M NaOH added dropwise
(£1mL/min) at 25 £ 2 °C under stirring at 400 rpm. No phosphate was added at this
point. A single dose of 30% H,O, was introduced in ~1000-fold molar excess relative
to the dissolved Ce. The suspension was stirred for 30 min while maintaining the pH
within 2.7-2.8, followed by an additional 30 min of aging; a persistent pale-yellow
coloration indicated oxidation of Ce3* to Ce**. The precipitate was separated by
filtration, washed with 0.01 M H,S0O, and distilled water, and dried at 60 °C.

(2) Lanthanum step. The filtrate obtained after Ce removal was (optionally) re-acidified
to pH 2.0-2.2 to standardize the starting conditions. Orthophosphoric acid was
then added to achieve a total phosphate concentration of 25-50 mM. The pH was
gradually raised to 3.4-3.5 using 1 M NaOH (<0.5 mL/min) over 30-60 min while
stirring at 25 &£ 2 °C and 400 rpm. The suspension was held at this pH for 60 min to
complete precipitation, with pH stability verified, after which the solid was collected
by filtration, washed with distilled water, and dried at 60 °C.

The corresponding XRD patterns are shown in Figure 6a,b.

At pH ~ 2.7-2.8 (Figure 6a), the diffraction pattern showed well-defined peaks corre-
sponding to CeO,, indicating that cerium was selectively recovered in oxide form during
the first precipitation step. The absence of hydrated phases is attributed to the oxidation of
Ce®* to Ce** under the applied conditions, which favors the formation of the thermody-
namically stable oxide rather than hydrated phosphate species. In contrast, the subsequent
precipitate formed at pH ~ 3.4-3.5 (Figure 6b) exhibited diffraction reflections characteristic
of LaPO4-H,O, consistent with the expected lanthanum phosphate hydrate.

To elucidate the thermal behavior and phase evolution of the precipitate, thermogravi-
metric analysis coupled with differential scanning calorimetry (TGA-DSC) was conducted
in air from 25 to 800 °C. The results are shown in Figure 7.

The TG curve reveals a total mass loss of approximately 11.1% in three distinct steps.
The initial weight loss (~6.5%) below 230 °C corresponds to the removal of physically
adsorbed and weakly bound water. The second stage (~3.1%) between 300 and 500 °C
is attributed to the dehydration of LaPO4-H;O, resulting in the formation of anhydrous
LaPOy. This conversion is accompanied by a broad endothermic peak on the curve. A minor
thermal event observed around 650-700 °C may be related to structural rearrangement
or recrystallization of phosphate phases. No significant mass change is observed beyond
750 °C, that indicates the thermal stability of the final REE-containing phases.

Figure 8 shows the diffraction pattern of the product obtained by calcination (=650 °C)
of the LaPO4 H,O precipitate.

The XRD pattern of the calcined product shows sharp reflections of monazite-type
LaPOy, with the most intense peaks at 20 ~ 26.0°, 28.1°, 29.0°, and 48.6°. In comparison
with the diffractogram of LaPO4-H,O (Figure 6b), the peaks are narrower and no low-angle



Processes 2025, 13, 3203

10 of 16

features associated with structural water are observed, confirming dehydration and the
formation of crystalline anhydrous LaPOy.

Figure 9 shows SEM images of the obtained solids with (a) bulk precipitate formed by
non-stepwise REE precipitation, (b) selective Ce precipitate at pH ~ 2.7-2.8, (c) selective
La precipitate in the form of LaPO4-H,O at pH ~ 3.4-3.5 and (d) calcined La phosphate
after dehydration.

Figure 9a reveals irregular, loosely aggregated particles with heterogeneous morphol-
ogy, typical of the non-stepwise precipitation of REEs. In Figure 9b, elongated and faceted
crystallites are observed, corresponding to the Ce-rich product selectively precipitated at
pH ~ 2.7-2.8. The structure shown in Figure 9c consists of dense, block-like particles with
smoother surfaces, characteristic of the La-rich hydrate formed at pH ~ 3.4-3.5. Figure 9d
exhibits a compact fine-grained texture, resulting from the thermal transformation of the
La phosphate into monazite-type LaPOy.
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Figure 6. XRD patterns of precipitates at pH ~ 2.7-2.8 (a) and ~ 3.4-3.5 (b).
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Figure 8. XRD pattern of the product obtained by calcination (=650 °C) of the LaPO4-H,O precipitate.

(d)

Figure 9. SEM images of REE precipitates: (a) non-stepwise precipitation, (b) selective Ce precipita-

tion, (c) selective La precipitation as hydrate, (d) calcined La phosphate.
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Thus, a stepwise pH-controlled precipitation strategy allows efficient separation of
Ce and La from sulfate leachates. Ce is selectively recovered as crystalline CeO; at lower
pH, while lanthanum precipitates as LaPO4-H,O at higher pH. Subsequent thermal treat-
ment converts the hydrate into stable monazite-type LaPO,. The combined precipitation—
calcination approach provides a rational route for obtaining phase-pure REE products.

3.4. Material Balance and Metals Distribution

To quantitatively assess the efficiency and selectivity of the developed precipitation
strategy, a complete material balance was established. The balance was constructed on a
basis of 1 L of sulfuric leachate obtained from 100 g of coal ash. The following notation
was adopted: SO—initial leachate after sulfuric acid leaching, P1—solid phase obtained
after Fe-scrub (pH ~ 1.5-2.0), S1—filtrate after P1, P2—solid phase obtained after Al-
scrub (pH ~ 3.0-4.2), S2—purified leachate, P3—Ce-rich precipitate formed at pH 2.7-2.8,
S3—filtrate after P3, P4—La-rich precipitate formed at pH 3.4-3.5, S4—final raffinate.

In Table 2 the material balance of the major matrix components and the target REEs
during the purification stages is presented.

Table 2. Material balance of major and target elements during impurity removal (for 1 L of ini-
tial leachate).

Stream Al, mg Fe, mg Ca, mg Mg, mg Si, mg Ce, mg La, mg

S0 11,977.00 4320.00 850.00 514.00 64.0 4.77 1.81

P1 598.85 4233.60 833.00 1.54 14.3 - -

S1 11,378.15 86.40 17.00 512.46 49.4 4.77 1.81

P2 11,378.12 86.39 15.08 1.46 10.1 - -

S2 0.03 0.01 1.92 511.00 38.9 4.77 1.81

The initial sulfuric leachate (S0) contained high concentrations of Al, Fe, and Ca,
along with Mg and trace amounts of Ce and La. During the Fe-scrub step (P1), more than
98% of Fe was removed, accompanied by extensive co-precipitation of Ca. Aluminum
was only slightly reduced at this stage. In the subsequent Al-scrub (P2), Al was almost
completely eliminated (>99.9%), together with the residual Fe, while Mg largely remained
in solution. Of the initial 64.0 mg of Si present in the leachate, 14.3 mg was removed during
Fe precipitation (P1), and 10.1 mg during Al precipitation (P2). As a result, the purified
solution (S2) retained Ce and La quantitatively, while approximately 39 mg of dissolved
Si remained.
Table 3 presents the material balance during the two-step REE precipitation.
Table 3. Material balance of major and target elements during two-step REE precipitation (for 1 L of
initial leachate).
Stream Ce, mg La, mg Ca, mg Si, mg Mg, mg Al, mg Fe, mg

S2 4.77 1.81 1.92 38.2 511.00 0.03 0.01

P3 4.50 - <0.01 - - <0.01 -

S3 0.20 1.81 1.92 38.2 511.00 0.03 0.01

P4 0.10 1.70 0.01 - 0.00 <0.01 <0.01

S4 0.05 0.05 1.90 38.2 510.50 0.02 0.01
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The purified leachate (S2) contained 4.77 mg Ce and 1.81 mg, together with residual
amounts of Ca, Mg, Al, and Fe. At the first precipitation step (P3, pH ~ 2.7-2.8), about
4.50 mg of Ce was selectively removed as CeO;, while La remained entirely in solution.
In the second step (P4, pH ~ 3.4-3.5), La was almost completely precipitated (1.70 mg)
as LaPO4-H;O, together with a minor fraction of Ce as CePO4-H;O. Si, however, did
not precipitate under these conditions and remained fully in the final raffinate. This was
expected, as the absence of Fe and Al precluded the formation of siliceous flocs, and the
neutral molecular form of silica exhibits minimal affinity for phosphate or lanthanum
surfaces at this pH The final raffinate (54) contained only ~0.05 mg of each REE, confirming
near-complete recovery. Compared with solvent extraction and ion exchange, which can
achieve very high purity but require complex multi-stage circuits and costly reagents, the
present stepwise precipitation route provides a simpler option for producing intermediate
REE concentrates. In this study, recovery of Ce and La exceeded 95% with phase purity
above 99%, achieved directly from real coal ash leachates using only mineral acids and
oxidants. Although not a substitute for advanced refining, this approach can serve as a
low-cost preparatory step prior to downstream processing.

Although the developed strategy ensures high recovery of Ce and La, their initial
concentrations in the leachate (4.77 and 1.81 mg/L, respectively) are low for industrial
application. To improve process efficiency, a pre-concentration step (e.g., evaporation,
membrane separation, or sorption) could be applied before precipitation. A 10-fold con-
centration would raise REE levels to ~48 and ~18 mg/L, reducing reagent use and liquid
streams. While not tested here, this option is noted as a key consideration for scale-up.

A detailed breakdown of elemental distributions in the solid phases obtained during
the two-step REE precipitation is provided in Table 4.

Table 4. Mass balance of metals in precipitates obtained during two-step REE precipitation (for 1 L of
initial leachate).

Precipitate Solid, mg Ce La Ca Al Fe
P3 5.50 4.50 - <0.01 <0.01 <0.01

P4 3.20 0.10 1.70 0.01 0.01 0.01
Closure - 0.15 0.06 0.02 <0.01 <0.01

In the first precipitate (P3), 5.50 mg of solids were formed, containing 4.50 mg of Ce
and only trace amounts of other elements (<0.01 mg). The second precipitate (P4) accounted
for 3.20 mg of solids, including 0.10 mg of Ce, 1.70 mg of La, and minor quantities of Ca, Al,
and Fe (=0.01 mg each). Such trace-level impurities are acceptable for intermediate REE
concentrates and do not limit their applicability as precursors for commercial separation
and refining processes. The results consistently show that the developed scheme ensures
efficient removal of impurities and selective recovery of REEs. The small deviations
indicated in the closure rows (2-4%) can be attributed to experimental losses during
filtration and analytical uncertainty.

4. Conclusions

A stepwise precipitation strategy was developed for the selective separation and
recovery of Ce and La from sulfuric acid leachates of coal ash. The approach was guided
by thermodynamic modeling and involved sequential removal of matrix impurities (Fe,
Al, Ca, Mg), followed by controlled pH adjustment and phosphate addition to induce
rare earth precipitation. Fe and Al were effectively removed by hydrolysis at moderately
acidic pH levels, while Ce was selectively precipitated as CeO, under mildly acidic condi-
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tions after oxidative pretreatment. La was subsequently recovered as hydrated phosphate
(LaPO4-HO) at higher pH. Thermal treatment of the La precipitate yielded phase-pure,
crystalline LaPO4 with a monazite-type structure. SEM analysis revealed distinct morpholo-
gies corresponding to different precipitation modes, confirming the effectiveness of the
stepwise separation. A complete material balance demonstrated high recovery yields for
both REEs and minimal co-precipitation of matrix elements, with mass closure deviations
within acceptable limits (2—4%). The proposed method offers an efficient and scalable route
for light REE recovery from coal-derived leachates, without the need for organic extractants
or harsh processing conditions.

Despite these promising results, the method has certain limitations, including the
relatively low initial REE concentrations in coal ash leachates and the need for further
optimization of reagent consumption and process integration at larger scale. Nevertheless,
the ability to obtain REE-rich concentrates directly from coal combustion residues has
important industrial and environmental implications. These outcomes align with the
United Nations Sustainable Development Goals, particularly SDG 9 (Industry, innovation,
and infrastructure) and SDG 12 (Responsible consumption and production).
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