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Abstract

The efficient recovery of rare earth elements from associated rare-earth-bearing phosphate
ores is of paramount importance for expanding the supply of rare earth resources. In
contrast to conventional studies that focus on extracting rare earths either from phosphate
concentrates or from phosphogypsum generated during the sulfuric acid wet-process,
this study takes as its subject the rare-earth-enriched residue—an intermediate product
obtained after the selective leaching of phosphorus via the hydrochloric acid route—from
a rare-earth-bearing phosphate ore in Zhijin, Guizhou Province. The occurrence states,
leaching behavior, and kinetic mechanisms of rare earth elements within this residue were
systematically elucidated. Analyses using scanning electron microscopy coupled with
energy-dispersive spectroscopy (SEM-EDS) and aberration-corrected scanning transmis-
sion electron microscopy (STEM) reveal that rare earth elements are hosted in residual
fluorapatite and newly formed CaF, through isomorphic substitution. The substitution of
REE?* for Ca®* induces lattice contraction in CaF,, with the interplanar spacing decreas-
ing from 0.27 nm to 0.26 nm. Through single-factor experiments and response surface
methodology (RSM) optimization, the optimal leaching conditions were determined to be
a temperature of 80 °C, a leaching time of 120 min, a hydrochloric acid dosage of 160% of
the theoretical requirement, a solid-liquid ratio of 1:6, and a agitation speed of 500 r-min~1.
Under these conditions, the leaching efficiency of rare earth elements reached as high as
92.69%. Kinetic analysis indicates that the leaching process follows the shrinking-core
model, with the rate controlled by diffusion through the solid product layer. The apparent
activation energy was calculated to be 37.2 kJ-mol~!, characteristic of a diffusion-controlled
process. Furthermore, response surface analysis of variance confirms that leaching temper-
ature and time are the most significant factors influencing rare earth leaching. This study
elucidates, from multiple perspectives, the leaching mechanism of rare earth elements from
enriched residues within a hydrochloric acid system, thereby providing important theoreti-
cal support for the efficient recovery and process optimization of rare earth resources from
associated phosphate ores.

Keywords: rare-earth-enriched residue; occurrence state of rare earth elements; hydrochloric
acid leaching; leaching kinetics; shrinking core model

Minerals 2026, 16, 351

https://doi.org/10.3390/min16040351


https://crossmark.crossref.org/dialog?doi=10.3390/min16040351&domain=pdf&date_stamp=2026-03-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-8549-2459
https://doi.org/10.3390/min16040351

Minerals 2026, 16, 351

2 of 25

1. Introduction

Although global rare earth resources are abundant, economically exploitable deposits
are limited, unevenly distributed, and highly concentrated [1]. According to the Mineral
Commodity Summaries 2024 issued by the United States Geological Survey (USGS), global
rare earth reserves (expressed as rare earth oxides, REO) are approximately 110 million
tons, with China possessing the largest share, accounting for about 40% of the world’s
total reserves [2]. Among the 17 rare earth elements, light rare earth elements (LREEs)
include La, Ce, Pr, Nd, Pm, Sm, and Eu; medium rare earth elements (MREEs) comprise
Gd, Tb, and Dy; and heavy rare earth elements (HREEs) include Ho, Er, Tm, Yb, Lu, Y,
and Sc. Light rare earth elements are predominantly concentrated in primary deposits,
whereas heavy rare earth elements are mainly found in ion-adsorption-type deposits. In
addition, rare earth elements are widely associated with other mineral resources, with
phosphate rock and bauxite serving as their principal host minerals. Although the rare
earth content associated with bauxite can reach approximately 0.1%, nearly all rare earth
elements are transferred into red mud during alumina production. Consequently, compared
with the recovery of associated rare earths from phosphate rock, the extraction of rare
earths from bauxite is associated with significantly higher costs and limited economic
viability. Therefore, the recovery of rare earth elements from phosphate rock exhibits
more pronounced technological and economic advantages and is expected to emerge as an
important alternative source of rare earths in the future [3-6].

Rare earth deposits in China are widely distributed and, according to deposit type,
can be classified into primary deposits, weathering crust deposits, ion-adsorption-type
deposits, and placer deposits. These deposits host a complete spectrum of rare earth
minerals and elements and exhibit a distinctive resource distribution pattern characterized
as “heavy rare earths in the south and light rare earths in the north” [7-10]. The Zhijin
rare-earth-bearing phosphate deposit in Guizhou, discovered in 1958, is located southeast
of Zhijin County and was formed during the Meishucun Stage of the Early Cambrian. The
ore mainly consists of dolomitic phosphorite and siliceous phosphorite [11]. It is a super-
large sedimentary rare-earth-bearing phosphate deposit, with proven phosphate reserves
of approximately 339 million tons [12,13] and associated rare earth reserves (expressed
as RE»O3) reaching as high as 3.5018 million tons. It is particularly enriched in medium
and heavy rare earth elements, with yttrium oxide (Y,0O3) accounting for approximately
35.33%. The rare earth reserves of the Zhijin deposit rank second only to the Bayan Obo
rare earth deposit in Inner Mongolia. It is currently the largest and most well-preserved
rare-earth-bearing phosphate deposit discovered in China, with ores typically occurring
as colloform aggregates [14-17]. Among the associated elements, fluorine, rare earth
elements, strontium, and iodine are present in relatively high concentrations and abundant
reserves. The RE;Os content generally ranges from 0.05% to 0.13%, with heavy rare
earth elements—dominated by yttrium—accounting for more than 35% [18,19]. The total
resource reserve is estimated at approximately 5-10 million tons, indicating substantial
development potential and significant comprehensive utilization value [20-24].

Chemical leaching remains the predominant route for rare earth extraction, typically
employing sulfuric, hydrochloric, or nitric acid as leaching agents. For mineral-type rare
earth ores, processes such as low-temperature roasting with concentrated sulfuric acid
and sodium carbonate roasting followed by sulfuric acid leaching are commonly adopted,
whereas ion-adsorption (weathered crust) rare earth deposits are generally treated by
ammonium salt leaching [25,26]. The leaching of phosphate ores and their associated
rare earth elements is principally carried out via sulfuric acid, nitric acid, or hydrochloric
acid routes. The sulfuric acid process is currently the dominant method for wet-process
phosphoric acid production; however, for every tonne of crude phosphoric acid produced,

https://doi.org/10.3390/min16040351


https://doi.org/10.3390/min16040351

Minerals 2026, 16, 351

30f25

approximately 4-5 tonnes of phosphogypsum are generated, with about 70% of the rare
earth elements partitioning into the phosphogypsum, resulting in substantial rare earth
losses [27-29]. Moreover, secondary recovery of rare earths from phosphogypsum entails
large processing volumes and high production costs, while the recovery efficiency remains
below 90% [30-32]. Although the nitric acid process yields leaching efficiencies of phospho-
rus and rare earth elements comparable to those of the hydrochloric acid route, the high
cost of nitric acid and the need for freeze crystallization to recover the by-product Ca(NO3),
render the process relatively complex and limit its widespread industrial application. In
contrast, during the conventional hydrochloric acid decomposition of rare-earth-bearing
phosphate ores, the majority of rare earth elements can be effectively dissolved into the
leachate [33,34], resulting in high leaching efficiencies for both phosphorus and rare earth
elements, while imposing relatively low requirements on the grade of phosphate concen-
trate. Moreover, compared with the sulfuric acid process, the hydrochloric acid route
produces a smaller volume of leaching residue, thereby alleviating environmental burdens.
Its by-product, CaCly, has a wide range of applications, including use as a desiccant, deicing
agent, stabilizer for industrial solid waste, and animal feed additive. Furthermore, unlike
the nitric acid process, the crystallization of CaCl, does not require freeze crystallization,
leading to lower energy consumption in industrial applications. Consequently, the hy-
drochloric acid decomposition of rare-earth-bearing phosphate ores holds considerable
research significance.

Distinct from conventional studies that extract rare earth elements during the tradi-
tional wet-process phosphoric acid production or recover them from phosphogypsum,
this study focuses on a rare-earth-bearing-associated phosphate ore from Zhijin, Guizhou
Province, where selective phosphorus leaching with hydrochloric acid was employed,
and the resulting rare-earth-enriched residue after phosphorus removal was taken as the
primary research subject. Firstly, the occurrence state of rare earth elements and the min-
eralogical changes within the enriched residue were elucidated using STEM and other
analytical techniques. Secondly, hydrochloric acid was employed for secondary leaching of
rare earths from the residue. Through single-factor experiments, the key process parameters
for hydrochloric acid leaching were optimized to determine the optimal leaching conditions.
Finally, kinetic analysis and response surface methodology were applied to identify the
controlling model of hydrochloric acid decomposition of the rare-earth-enriched residue
and to examine the interactions among the influencing factors.

2. Experimental Section
2.1. Sample and Reagents

The experimental raw material for this study was obtained from a phosphate deposit
in Zhijin County, Guizhou Province. Following magnesia removal flotation, an associated
rare earth phosphate concentrate was produced. Phosphorus was then selectively leached
at ambient temperature (30 °C) using hydrochloric acid, yielding a rare-earth-enriched
residue with an RE,O3 grade of 0.756%, an enrichment factor of 4.7, and a rare earth loss
rate of 1.517%. The P,Os5 grade decreased from 31.61% to 16.27%.

Hydrochloric acid (Chengdu Kelong Chemical Co., Ltd., Chengdu, China), of ana-
lytical grade purity (36%), was used as the leaching agent for rare earth elements in the
enriched residue. Polyacrylamide (Shanghai Macklin Biochemical Co., Ltd., Shanghai,
China), also of analytical grade purity (90%), was employed as the flocculant for the
leaching residue.
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2.2. Experimental Method
2.2.1. Leaching Experiments on Rare-Earth-Enriched Residue

The leaching experiments on the rare-earth-enriched residue primarily included tests
on leaching temperature, leaching time, acid dosage, solid-liquid ratio (5/L), and stirring
speed. The experimental procedure was as follows: (1) Mix deionized water with a
specified amount of hydrochloric acid in a 2 L beaker. (2) Gradually add 300 g of the
associated rare earth phosphate concentrate to the beaker. (3) Under the conditions of a
hydrochloric acid dosage at 70% of the theoretical requirement, a leaching time of 30 min, a
temperature of 30 °C,a S/L of 1:5(Cyycy = 3.76 mol/L), and an agitation speed of 400 r-min~!,
phosphorus was preferentially leached, yielding a rare-earth-enriched residue with a
recovery of 22.47%. (4) Add a 0.1% polyacrylamide ((CH,CHCONH)y;);,) solution as a
flocculant and allow settling for 3 min. (5) Decant the supernatant. (6) Add a specified
amount of hydrochloric acid to the beaker. (7) At the end of the reaction time, add another
portion of 0.1% polyacrylamide solution. (8) Perform solid-liquid separation using a
Biichner funnel, and wash the leaching residue five times with deionized water. (9) The
contents of phosphorus (P) and impurity elements—including aluminum (Al), iron (Fe),
calcium (Ca), and magnesium (Mg)—in the leaching residue (yield: 20.5%) were determined
using ICP-OES, while the concentrations of rare earth elements were analyzed by ICP-MS,
and the corresponding leaching efficiencies were subsequently calculated.

2.2.2. Process Mineralogical Analysis of Rare-Earth-Enriched Residue and
Leaching Residue

(1) Analysis of Microtextural Relationships and Elemental Distribution in Rare Earth-
Enriched Residues

The textural relationships and elemental distributions of the rare earth—enriched
residue and the rare earth leaching residue were investigated using scanning electron
microscopy coupled with energy-dispersive spectroscopy (SEM-EDS). The SEM-EDS
analyses were conducted at an accelerating voltage of 20 kV with a sputtering current of
40 mA, and the sample surfaces were coated with platinum.

(2) Phase composition analysis of the leaching residue

A Panalytical X-ray powder diffractometer (XRD) (Malvern Panalytical, Malvern, UK)
was employed to analyze the major phase constituents of the rare earth leaching residues.
The instrument was operated using a Cu target with a wavelength of 1.54056 A, a scanning
speed of 5 °/min, and a scanning range of 5-90°. The X-ray diffraction patterns were
analyzed using the HighScore Plus v3.0e software. The chemical elemental composition
of the leaching residue was analyzed using an X-ray fluorescence spectrometer (XRF)
manufactured by Shimadzu (Kyoto, Japan).

(3) Occurrence states and concentration analysis of rare earth elements

A Thermo Fisher Scientific Spectra 300 double aberration-corrected scanning trans-
mission electron microscope (STEM) (Thermo Fisher Scientific, Waltham, MA, USA) was
used to investigate the crystal structure of the rare-earth-enriched residue, as well as the
distribution and occurrence states of rare earth elements. The instrument was operated at
an accelerating voltage of 300 kV, with imaging performed in STEM-iDPC mode.

(4) Analysis of major and trace elements

Major elements in the rare-earth-enriched residue and the rare earth leaching residue
were determined using a PerkinElmer Avio 500 inductively coupled plasma optical emission
spectrometer (ICP-OES) (PerkinElmer, Shelton, CT, USA), while the rare earth fractions were
analyzed using a PerkinElmer NexION 300X inductively coupled plasma mass spectrometer
(ICP-MS) (PerkinElmer, Shelton, USA).
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2.2.3. Software for Response Surface Analysis of Rare Earth Leaching

Response surface analysis of rare earth leaching was conducted using Design-Expert
13 software developed by Stat-Ease, Inc. (Minneapolis, MN, USA).

3. Results and Discussion

3.1. Textural Characteristics of the Rare-Earth-Enriched Residue and Occurrence States of Rare
Earth Elements

SEM-EDS was employed to analyze the textural relationships of residual minerals
and the elemental distributions within the rare-earth-enriched residue, and the results are

shown in Figure 1.

(Ca) (®) ® )

T = 18004V SignatA=HDBSD  Date: 26 Fab2025
Wo= 102am WMogr 180KX. Time: 1031:19

Figure 1. SEM-EDS images of the rare earth—enriched residue. Abbreviations: Q—Quartz;
FAP—fluorapatite; Fsp—Feldspar.

As shown in Figure 1, a small amount of residual phosphorus in the rare-earth-
enriched residue remains within fluorapatite. Following the preferential leaching of phos-
phorus, the residual Ca and F precipitate in the form of CaF,. Owing to the short leaching
duration (30 min) and low reaction temperature (30 °C), the reaction did not propagate into
the interiors of large fluorapatite particles. Consequently, a “honeycomb-like” CaF; layer
preferentially formed around coarser fluorapatite grains, and minor amounts of quartz
were observed to crystallize within the fluorapatite. Elemental distribution analysis further
reveals a high degree of spatial overlap among Ca, F, P, and Y, providing preliminary
evidence that rare earth elements are hosted within both fluorapatite and CaF,.

To further elucidate the occurrence states of rare earth elements in the enriched residue,
scanning transmission electron microscopy (STEM) was employed. The morphological
characteristics, along with transmission electron microscopy and energy-dispersive spec-
troscopy (TEM-EDS) analysis results, are presented in Figure 2.
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Figure 2. STEM-EDS images of the rare earth—enriched residue.

As revealed by the elemental mapping in Figure 2, the distributions of the rare earth
elements La, Nd, and Y closely coincide with those of P, Ca, and F, consistent with the
SEM-EDS results. This further confirms that rare earth elements are hosted within residual
fluorapatite and CaF,.

High-resolution transmission electron microscopy (HRTEM) analysis reveals that the
enriched residue exhibits well-defined lattice fringes and an ordered atomic arrangement
(Figure 3). The measured interplanar spacing is approximately 0.26 nm, which is close to
that of the (200) plane of CaF,, yet slightly smaller than the theoretical value of 0.27 nm for
standard CaF,. This contraction suggests that the incorporation of rare earth elements into
the CaF, lattice induces local structural distortions [35]. On the one hand, differences in
ionic valence and radius between RE3* and Ca?* lead to lattice distortion; on the other hand,
to maintain charge neutrality, additional F~ ions may be introduced into interstitial sites or
local defect structures may form. Such structural adjustments are typically manifested as
subtle changes in lattice parameters or interplanar spacings, while the overall CaF,-type
cubic structure remains preserved [36-39]. Moreover, because rare earth elements possess
higher atomic numbers than Ca and F, they appear with the highest brightness under STEM-
iDPC imaging. Accordingly, the brightest features in the image correspond to rare earth
elements substituting into the CaF; lattice, confirming that the rare-earth-enriched residue
occurs predominantly as a CaF,-type crystal structure incorporating rare earth elements.

1334

&

Figure 3. HRTEM images of the rare earth-enriched residue.

The phosphorus content (expressed as P,Os) and the concentrations of impurity
elements in the rare-earth-enriched residue are presented in Table 1, while the total rare
earth content and their distribution patterns are shown in Table 2.
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Table 1. Multi-Element Analysis Results of the Rare-Earth-Enriched Residue.

Analyte CaO F P,Os5 SiO, Fe03 AlLO; K;O MgO SO; BaO TiO, SrO ZnO PbO Total
Comcen-  yn53 2056 1627 1332 375 348 065 032 061 023 014 0066 0055 002 100
tration/%
Table 2. Rare Earth Element Content and Distribution in the Rare-Earth-Enriched Residue.
Unit CEOZ DY203 EI’203 EU203 Gd203 H0203 La203
Content % 0.096 0.021 0.011 0.006 0.023 0.0034 0.15
Distribution % 12.692 2.776 1.454 0.793 3.041 0.449 19.831
Lu203 Nd203 PI‘6011 Sm203 Tb407 Tm203 Y203 Yb203 RE203
0.001 0.11 0.031 0.024 0.0027 0.001 0.27 0.0063 0.756
0.132 14.543 4.098 3.173 0.357 0.132 35.695 0.833 100

As shown in Table 1, a small amount of phosphorus remains in the rare-earth-enriched
residue, with a content of 16.267%. The impurity elements CaO, F, SiO;, Fe;O3, and
Al,Os3 are present in relatively high concentrations, at 40.53%, 20.56%, 13.32%, 3.75%, and
3.48%, respectively.

As shown in Table 2, the total rare earth content in the rare-earth-enriched residue
(expressed as RE;O3) is 0.756%, of which heavy rare earth elements account for as much
as 38.7%.

3.2. Acid Leaching Process of the Rare-Earth-Enriched Residue

Based on the SEM-EDS and multi-element analysis results, the major phases in the
rare-earth-enriched residue are fluorapatite, quartz, feldspar, and CaF;. First, the formation
of the CaF, phase results from the preferential leaching of phosphorus from fluorapatite,
which also contains substantial amounts of calcium and fluorine. Since the exact CaF, con-
tent cannot be accurately determined by chemical analysis, for convenience in calculating
the hydrochloric acid dosage, all Ca and F are considered as part of the fluorapatite, as
represented by reaction Equation (1). Second, rare earth elements occur in an isomorphic
substitution mode within the residual fluorapatite and CaF; and do not exist as indepen-
dent minerals. However, to facilitate the calculation of the theoretical hydrochloric acid
requirement for rare earth leaching, REEs are treated in the form of oxides (RE;O3), as
shown in reaction Equation (5) [40]. Using Equations (1)—(5), the theoretical hydrochloric
acid dosage required for 100 g of rare-earth-enriched residue is calculated to be 63.69 g.

Cas(POy)sF + 10HCI = 3H3PO; + 5CaCl, + HF (1)
6HF + SiO, = H,SiFg + 2H,0 @)

Fe, O3 + 6HCl = 2FeCl; + 3H,0 3)

ALOj; + 6HCI = 2AICl; + 3H,0 (4)

RE,O; + 6HCl = 2RECl; + 3H,0 ()

3.2.1. Effect of Leaching Temperature on Leaching Efficiency

Under conditions of a 60 min leaching time, hydrochloric acid dosage at 105% of
the theoretical requirement, agitation speed of 300 r-min—!, and solid-liquid ratio of
1:4, the effect of leaching temperature on rare earth leaching efficiency was investigated.
A 0.1% polyacrylamide solution was used as the flocculant for the leaching residue, with
an addition of 1-2%. The results are shown in Figures 4 and 5.
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Figure 4. Effect of leaching temperature on the rare earth leaching efficiency.
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Figure 5. Effect of leaching temperature on the leaching efficiency of impurity elements.

As shown in Figure 4, the rare earth leaching efficiency exhibits a clear positive corre-
lation with leaching temperature. With increasing temperature, the leaching efficiency rises
from 32.79% to 70.51%, an improvement of 37.72 percentage points. In Figure 5, the leaching
efficiencies of impurity elements Ca, Al, and Fe also increase with temperature, with Fe
showing the most pronounced rise, from 17.22% to 96.11%, an increase of 78.89 percentage
points. The Al leaching efficiency increases significantly when the temperature exceeds
40 °C, rising from 12.53% to 49.63%, an increase of 37.10 percentage points. The leaching ef-
ficiency of residual phosphorus remains relatively stable above 90% across the temperature
range. Considering the overall rare earth recovery, the optimal leaching temperature was
determined to be 80 °C.

3.2.2. Effect of Leaching Time on Leaching Efficiency

Under the optimal leaching temperature of 80 °C, with all other leaching conditions
kept constant, the effect of leaching time on rare earth leaching efficiency was investigated.
The results are shown in Figures 6 and 7.

As shown in Figure 6, with increasing leaching time, the rare earth leaching efficiency
rises markedly from 62.28% at 30 min to 73.82% at 120 min, an increase of 11.54 percentage
points. Beyond 120 min, the efficiency shows little further improvement. In Figure 7,
the leaching efficiencies of impurity elements also increase with time, with Al exhibiting
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the most significant rise, from 44.46% at 30 min to 61.69% at 150 min, an increase of
17.23 percentage points, while the increases for Ca and Fe are relatively minor. Therefore,
the optimal leaching time was determined to be 120 min.

100

RE,0,

90 -

80 -

7382 7356 7425
7068 7099 %3 = g
! 2

69.41
70 6170 i

62.28
3

60 -

50 -

Leaching efficiency/%

30 45 60 75 90 105 120 135 150

Leaching time /min

Figure 6. Effect of leaching time on the rare earth leaching efficiency.
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70 -
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Leaching efficiency/%

50

40
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Figure 7. Effect of leaching time on the leaching efficiency of impurity elements.

3.2.3. Effect of Acid Dosage on Leaching Efficiency

Under the optimal leaching conditions of 80 °C and 120 min, with all other parameters
unchanged, the effect of hydrochloric acid dosage on rare earth leaching efficiency was
investigated. The results are presented in Figures 8 and 9.

As illustrated in Figure 8, the leaching efficiency of rare earth elements increases with
increasing hydrochloric acid dosage. When the acid dosage ranges from 90% to 160% of
the theoretical requirement, the leaching efficiency rises markedly, from 69.59% to 85.79%.
However, when the hydrochloric acid dosage exceeds 160% of the theoretical amount
(Cucr = 6.73 mol/L), the leaching efficiency of rare earth elements shows little further
improvement. As shown in Figure 9, the leaching efficiencies of impurity elements Ca and
Al are significantly influenced by variations in hydrochloric acid dosage. When the dosage
is below 130% of the theoretical requirement, the leaching efficiencies of Ca and Al increase
notably, with Ca rising from 73.54% to 80.51% (an increase of 6.97 percentage points) and
Al from 54.50% to 68.86% (an increase of 14.36 percentage points). When the hydrochloric
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acid dosage exceeds 130% of the theoretical amount, the leaching efficiencies of Ca and
Al increase more gradually. Considering the overall leaching performance of rare earth

elements, the optimal hydrochloric acid dosage was ultimately determined to be 160% of
the theoretical requirement.

100
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Figure 8. Effect of hydrochloric acid dosage on the rare earth leaching efficiency.
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Figure 9. Effect of hydrochloric acid dosage on the leaching efficiency of impurity elements.

3.2.4. Effect of Solid-Liquid Ratio on Leaching Efficiency

Under the optimal conditions of 80 °C leaching temperature, 120 min leaching time,
and 160% of the theoretical hydrochloric acid dosage, with all other parameters unchanged,
the effect of S/L ratio on rare earth leaching efficiency was investigated. The results are
shown in Figures 10 and 11.

As shown in Figure 10, the leaching efficiency of rare earth elements increases signifi-
cantly with increasing S/L ratio. When the S/L ratio reaches 1:6 (Cyyc; = 4.66 mol/L), the
leaching efficiency attains its maximum value, with a rare earth leaching rate of 90.73%.
Figure 11 indicates that the impurity elements most affected by the S/L ratio are Ca and Al,
both of which exhibit increased leaching efficiencies with rising S/L ratio. This suggests
that an increased S/L ratio not only enhances mass transfer within the leaching system but
also improves the contact conditions between the leaching agent and the particles. The
leaching efficiencies of Ca and Al both reach their maximum values at a S/L ratio of 1:6, at
89.96% and 77.62%, respectively. Therefore, the optimal S/L ratio was determined to be 1:6.
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Figure 10. Effect of the solid-to-liquid ratio on the rare earth leaching efficiency.
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Figure 11. Effect of the solid-to-liquid ratio on the leaching efficiency of impurity elements.

3.2.5. Effect of Agitation Speed on Leaching Efficiency

Under the optimal conditions of 80 °C leaching temperature, 120 min leaching time,
160% hydrochloric acid dosage, and a 1:6 S/L ratio, the effect of agitation speed on rare
earth leaching efficiency was investigated. The results are presented in Figures 12 and 13.
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Figure 12. Effect of agitation speed on the rare earth leaching efficiency.
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Figure 13. Effect of agitation speed on the leaching efficiency of impurity elements.

As shown in Figure 12, when the agitation speed is below 500 r-min~!, the rare
earth leaching efficiency increases markedly with increasing speed. Beyond 500 r-min~!,
the efficiency shows little further improvement. In Figure 13, the leaching efficiencies
of impurity elements Ca and Al exhibit slight increases with higher agitation speeds.
Considering the overall rare earth recovery, the optimal agitation speed was determined to
be 500 r-min~!.

Therefore, based on the above experimental investigations, the optimal leaching
conditions for rare earth were determined as follows: leaching temperature of 80 °C,
leaching time of 120 min, hydrochloric acid dosage at 160% of the theoretical requirement,
solid-liquid ratio of 1:6 (Cyyc; = 4.66 mol/L), and agitation speed of 500 r-min~—!. Under
these conditions, the rare earth leaching efficiency reached a maximum of 92.69%, the
residual P,Os5 leaching efficiency was 99.28%, and the leaching efficiencies of impurity
elements Al, Fe, and Ca were 78.53%, 98.95%, and 91.77%, respectively.

3.3. Migration and Enrichment of Rare Earth Elements in the Leaching Residue

First, the phase composition of the leaching residue was analyzed using XRD, and the
results are shown in Figure 14.

(a)
(b)

rare earth leaching residue . Fluorapatite (Ca[PO,];F)

) Quartz (SiO,)

o ) CaF,

Y ——(Y,Ce)CaF,

Feldspar (CaAl,Si,Oy)

rare earth-enriched residue

v

oo
ook & -
(a) S s S S
o

20/°

Figure 14. XRD pattern of the leaching residue.
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In Figure 14, A comparison of (a) and (b) shows that the major phases in the leaching
residue are silicate minerals (quartz and feldspar), with a small amount of undissolved
CaF, occurring in the form of yttrium-substituted fluorite.

The elemental distribution in the leach residue was analyzed by SEM-EDS, and the
results are presented in Figure 15.

EHT = 1500 %V
WO 9.2mm

HOBSD Outo: 25 Jan 2026

Time: 8:30:12

Signal A=
Hogs 300X

Figure 15. SEM-EDS Images of the Rare Earth Leach Residue.

As illustrated by the elemental mapping in Figure 15, the leach residue is dominated by
the distribution of Si and O. Minor amounts of Al are also detected, spatially coinciding with
Si and O; combined with the XRD results, this suggests the presence of feldspar. Notably,
almost no distribution of the rare earth element Y is observed in the leach residue, indicating
that the rare earth elements in the enriched residue have been nearly completely leached.

To further determine the chemical composition of the rare earth leaching residue, as
well as the content and distribution of individual rare earth elements, XRF, ICP-OES, and
ICP-MS analyses were conducted. The results are shown in Figures 16 and 17.

Figure 17, showing the elemental composition of the rare earth leaching residue (XRF),
reveals a significant enrichment of SiO,, as silicate minerals are largely unreactive with
hydrochloric acid. As shown in Figure 18, the total rare earth content in the leaching

residue decreases from 0.756% in the rare-earth-enriched residue to 0.306%, a reduction of
0.45 percentage points.
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Figure 16. Multi-Element analysis results of the leaching residue. * denotes quantitative analysis
by ICP-OES.
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Figure 17. Rare earth element content and distribution in the leaching residue.

3.4. Kinetics Study of Rare Earth Leaching

The results of the rare earth leaching experiments indicate that hydrochloric acid
dosage, leaching time, leaching temperature, solid-liquid ratio, and stirring speed all
influence the phosphorus leaching efficiency. Figure 18 illustrates the effect of leaching
temperature on rare earth leaching efficiency at different leaching times during hydrochloric
acid leaching. It can be observed that the rare earth leaching efficiency gradually increases
with rising temperature and longer reaction times.

95 —e—60°C —0—65°C —9—70°C —@—75°C —o— 80°C

>
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— /0/
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85

80

Leaching efficiency/%
~X
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Leaching time /min

Figure 18. Effect of reaction time and temperature on rare earth leaching.

Since the individual particles in the rare-earth-enriched residue mixture are approxi-
mately spherical, they conform to the characteristics of the shrinking core model. Therefore,
the leaching process can be described using a shrinking core model with constant particle
size. The corresponding kinetic equations are as follows:

(1) Fluid retention film diffusion control

x = kt )
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(2) Chemical reaction control
1-(1—x)% =kt @)
(3) Diffusion control through the solid product layer
1—(1—x)%—§x:k2t 8)
(4) Mixed Control
w—l—k(l—xﬁ%:kt )

In the equation: x—REO leaching rate (%);

t—Leaching time (min);

k—Apparent reaction rate constant.

After identifying the controlling model of the reaction between rare earths and hy-

drochloric acid, the apparent activation energy of the reaction can be calculated using the

Arrhenius Equation (10).

k = Aexp Ea/RT (10)
Taking the logarithm of both sides of Equation (10), we get:

E,

Ink =InA — RT (11)
In the equation: k: The apparent rate constant (min~!);
A: The pre-exponential factor (min~1);
E,;: The activation energy of the reaction (J/mol);
R: The molar gas constant, 8.314 J /(mol-k);
T: Thermodynamic temperature (K).
Based on the leaching reaction kinetic equations, the relationship between rare earth

leaching efficiency and temperature was investigated under conditions of 160% theoretical

hydrochloric acid dosage, a S/L ratio of 1:6, and a stirring speed of 500 r-min~!, at leaching
temperatures of 60 °C, 65 °C, 70 °C, 75 °C, and 80 °C. Using three diffusion models, the
data prior to reaction equilibrium (leaching time of 120 min) were fitted to Equations (6)-(9)

to determine the kinetic model governing the reaction between rare earths and hydrochloric
acid [41]. The results are shown in Figures 19-22 and Table 3.

x =kt

0.95

B 60°C @ 65°C A 70°C w 75°C & 80°C

>
v

60 70 80 920 100 110 120

Leaching time /min

Figure 19. Curve of the changing exponent in the fluid—film diffusion-controlled model.
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Figure 20. Variation curves of model exponents for the chemical reaction-controlled process.
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Figure 21. Variation curves of model exponents for the solid product layer diffusion-controlled process.
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Figure 22. Variation curves of model exponents for the mixed-control model.

Table 3. Apparent rate constants and correlation coefficients of the rare earth leaching kinetic models.

Fluid Retention Film

Chemical

Diffusion Control

Diffusion Control Reaction Control Through the Solid Mixed Control
Temperature Product Layer
p
x =kt 1—1—x)B=kt 1—-1—2—2Bx=kt 13In01—x—1+1—x)" B =kt
k R? k R? k R? k R?

60 °C 173 x 1073  0.8946 132x10~% 09171 5.88 x 10~* 0.927 3.83 x 1073 0.9448
65 °C 145 x 1073 0982 126x1073 09894 59 x 104 0.9911 391 x 1073 0.9926
70 °C 13 x 1073 0.963 13x1073 09548 636 x 1074 0.9529 448 x 1073 0.9609
75 °C 122x1073 09776 153 x 1073 09874 7.63 x 1074 0.9876 6.29 x 1073 0.9923
80 °C 1.07 x 1073 09808 158 x 1073 0.9655 7.86 x 10~* 0.9665 7.48 x 1073 0.9789
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As shown in Table 3, the reaction is predominantly governed by mixed control. In
the initial stage of hydrochloric acid leaching of the rare-earth-enriched residue, the acid
comes into sufficient contact with the particle surface, and interfacial chemical reactions
play a significant role in determining the leaching rate. As the reaction progresses, a
dense product layer enriched in silica, calcium, or rare-earth-depleted phases gradually
forms on the solid surface, resulting in a decline in the leaching rate over time [42]. Ions
(H*, C17) must diffuse through this product layer to reach the unreacted core, and thus,
diffusion increasingly imposes a limiting effect on the overall reaction rate [43,44]. At
different leaching temperatures, the fitting relationship between the characteristic function
1/3In(1 —x) — 1+ (1 —x)" V3 =kt and leaching time is presented in Figure 23, with the
corresponding apparent rate constants k listed in Table 3.

—6.0

y=25.66x-11.15 R’=0.9987
-63

—6.6

—6.9

Ink

-72F

=75

1 L 1 L 1 L 1 L 1

2.85 2.88 2.91 2.94 2.97 3.00
1/T(1073)

Figure 23. Arrhenius plot for rare earth elements.

By substituting the temperature and the corresponding rate constants into Equation
(11), the Arrhenius plot can be obtained. Additionally, the relationship between Ink and
1/T at different hydrochloric acid leaching temperatures was fitted, and the results are
shown in Figure 23.

The slope of the fitted straight line in the figure corresponds to —Ea/R, from which
the apparent activation energy for rare earth leaching from the rare-earth-enriched residue
was calculated to be 37.2 kJ-mol~!. This result indicates that the intraparticle diffusion-
controlled product-layer model is well suited to describing the system. Comparison with
previously reported reaction models and activation energies for rare earth leaching in
hydrochloric acid media further confirms the consistency and reliability of the present
findings [45-47]. The fitted line has a negative slope, and as the temperature increases, the
rate constant k rises significantly, demonstrating that the leaching reaction is temperature-
sensitive. Overall, the gradual thickening of the product layer increases the diffusion path,
limiting the reaction rate. However, raising the temperature enhances diffusion, thereby
improving overall leaching efficiency. Therefore, the rare earth leaching process of the
residue by hydrochloric acid is primarily controlled by internal diffusion through the
solid product layer, and the physical hindrance of this layer decisively affects the leaching
rate. This provides a theoretical basis for subsequently enhancing leaching efficiency by
increasing temperature, reducing product layer thickness, or intensifying stirring [48].
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3.5. Response Surface Analysis of Rare Earth Leaching

Based on the single-factor leaching experiments, a five-factor, three-level Box-Behnken
design was employed to achieve efficient extraction of rare earth elements from the enriched
residue. The independent variables and their levels are listed in Table 4. This design
systematically investigates the effects of key process parameters on rare earth leaching
efficiency, providing a comprehensive basis for in-depth understanding and optimization
of the leaching process.

Table 4. Independent variable codes and their corresponding levels.

Level
Independent Variables Valrril:llflre,: ell\llflfxrlll:er 1 0 1
Leaching temperature (°C) A 20 50 80
Leaching time (min) B 30 75 120
HCl Amount used (%) C 90 135 180
Solid-liquid ratio (S/L) D 3 5 7
Stirring speed (r-min ') E 200 400 600

In the response surface experiments, the rare-earth-enriched residue was used as
the raw material, and the rare earth leaching efficiency served as the response variable.
Leaching temperature, leaching time, HCl dosage, solid-liquid ratio, and stirring speed
were treated as independent variables to systematically investigate the effects of these five
factors on rare earth leaching efficiency.

Based on the experimental data, a multivariate quadratic regression model was estab-
lished relating rare earth leaching efficiency (R) to leaching temperature (A), leaching time
(B), HCl dosage (C), solid-liquid ratio (D), and stirring speed (E). The equation is presented
as Equation (12), with an adjusted coefficient of determination (adj R?) of 0.96, indicating a
high degree of fit. This model can be used to analyze the significance of each factor on the
rare earth leaching efficiency [49].

R= 6225+2295A + 6.59B + 3.15C + 1.13D + 2.29E + 3.21AB + 4.98AC
+1.2AD — 0.025AE — 0.27BC + 0.145BD + 1.13BE — 0.4775CD
+0.4675CE + 0.1875DE — 5.9A% — 5.62B? — 2.4C% — 4.01D?
+2.28E?

(12)

The relationship between the experimentally obtained rare earth leaching efficiencies
and the values predicted by the multivariate quadratic regression model is shown in
Figure 24. It can be observed that the experimental values are generally close to the
predicted values, indicating a high degree of agreement. This demonstrates that the fitted
multivariate quadratic regression model is both reasonable and highly accurate.

Table 5 presents the analysis of variance (ANOVA) results for the multivariate
quadratic regression model, indicating that the model is highly significant overall, with
an F-value of 57.72. The difference between Adj R? and Predi R? is less than 0.2, and
the signal-to-noise ratio (SNR) is 30.06, with only a 0.01% probability of abnormal SNR
occurrence. Since the SNR exceeds 4, the model is considered valuable for prediction. The
lack-of-fit term has an F-value of 3.79 and a p-value of 0.0725, indicating it is not significant
and that the model contains no systematic error. Overall, the model fits well and can
reliably describe the variation of the response variable [50,51].
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Figure 24. Relationship between actual and predicted values of rare earth leaching rate.
Table 5. Analysis of variance (ANOVA) results for the rare earth leaching rate model.
S . Degrees c e
ource of Variance = Sum of Squares Mean Square  F-Value  p-Value Significance
of Freedom
Model 10,284.79 20 514.24 57.72 <0.0001 Significant
A 8428.62 1 8428.62 946.02 <0.0001 Significant
B 694.72 1 694.72 77.97 <0.0001 Significant
C 158.32 1 158.32 17.77 0.0003 Significant
D 27.56 1 27.56 3.09 0.0908 Insignificant
E 83.68 1 83.68 9.39 0.0052 Significant
AB 41.34 1 41.34 4.46 0.0411 Significant
AC 99.3 1 99.3 11.15 0.0026 Significant
AD 5.76 1 5.76 0.6465 0.4289 Insignificant
AE 0.0025 1 0.0025 0.0003 0.9868 Insignificant
BC 0.2916 1 0.2916 0.0327 0.8579 Insignificant
BD 0.0841 1 0.0841 0.0094 0.9234 Insignificant
BE 513 1 513 0.5758 0.4551 Insignificant
CD 0.912 1 0.912 0.1024 0.7517 Insignificant
CE 0.8742 1 0.8742 0.0981 0.7567 Insignificant
DE 0.1406 1 0.1406 0.0158 0.901 Insignificant
A? 303.77 1 303.77 34.1 <0.0001 Significant
B2 275.63 1 275.63 30.94 <0.0001 Significant
C? 50.47 1 50.47 5.66 0.0253 Significant
D? 140.61 1 140.61 15.78 0.0005 Significant
E2 45.38 1 45.38 5.09 0.033 Significant
Residual term 222.74 25 8.91
Misfit term 208.95 20 10.45 3.79 0.0725 Insignificant
Pure error 13.79 5 2.76
Total 10,507.53 45

Among the main influencing factors, leaching temperature (A) contributes the most
(F =946.02, p < 0.0001), followed by leaching time (B, F = 77.97, p < 0.0001), stirring speed
(E, F =9.39, p = 0.0052), HC1 dosage (C, F = 17.77, p = 0.0003), and solid-liquid ratio
(D, F=3.09, p = 0.0908). The quadratic terms AZ B?, and D? are all highly significant
(p < 0.0001), indicating obvious nonlinear saturation effects [52,53]. Significant interaction
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terms include AB (p = 0.0411) and AC (p = 0.0026), while the other interactions—AD, AE,
BC, BD, BE, CD, CE, and DE—are not significant.

To further investigate the significance of the effects of leaching temperature, leaching
time, HCI dosage, solid-liquid ratio, and stirring speed, as well as their interactions, on the
rare earth leaching efficiency, three-dimensional response surface plots and corresponding
two-dimensional contour plots describing the relationships between any two factors and the
rare earth leaching rate were constructed based on Equation (12), as shown in Figures 25-28.

REO Leaching efficiency (%)

Lcaching time (min>

30 @ T
gy, 300 20 gwe 20 30 40 S0 60 70 S0
M Leaching temperature (°C)

Figure 25. Response surface and contour plots of rare earth leaching efficiency with respect to
leaching temperature and leaching time.

REO Lcaching cfficiency (%)
HCI Dosage (%)

20 30 40 50 60 70 80
Leaching temperature (°C)

Figure 26. Response surface and contour plots of rare earth leaching efficiency with respect to
leaching temperature and HCI dosage.

As shown in Figure 25, the overall trend exhibits positive synergy, with the leaching
efficiency of rare earth elements increasing markedly with both time and temperature.
The elevation of temperature accelerates the dissolution rate of rare earth elements, and
the synergistic interaction between leaching temperature and time effectively overcomes
mass transfer limitations. Notably, rare earth leaching demonstrates a stronger dependence
on leaching temperature. The response surface displays a nonlinear upward curvature,
rising from the region of short leaching time and low temperature toward higher values,
and reaching a maximum in the region of long leaching time and high temperature. This
behavior indicates a strong positive interaction between temperature and time, whereby
elevated temperature amplifies the effect of prolonged leaching time. The contour plots are
elliptical and inclined toward the upper right, with sparse contours in the high-value region
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and dense contours in the low-value region. The moderate horizontal spacing suggests
that variations in leaching time have a significant effect, while the relatively larger vertical
spacing—becoming denser at longer leaching times—indicates that the positive effect of
temperature is increasingly enhanced in this region.

REO Leaching efficiency (%)
Solid-to-Liquid/(S/L)

20 30 40 50 60 70 80
Leaching temperature (°C)

Figure 27. Response surface and contour plots of rare earth leaching efficiency with respect to
leaching temperature and solid-to-liquid ratio.

REO Leaching efficiency (%)

Agitation speed/ (remin~1)

20 30 40 50 60 70 80
Leaching temperature (°C)

Figure 28. Response surface and contour plots of rare earth leaching efficiency with respect to
leaching temperature and stirring speed.

As shown in Figure 26, the overall trend exhibits a positive synergistic effect: the
rare earth leaching rate increases with increasing HCl dosage and leaching temperature.
This indicates that an appropriate increase in HCI dosage promotes the dissolution of
rare earth elements, while elevating the leaching temperature further enhances leaching
efficiency. The response surface is inclined upward with an obvious curvature, suggesting
the presence of a nonlinear interaction between HCI dosage and temperature. In the region
of high HCl dosage and high temperature, the surface tends to become relatively flat,
indicating that the increase in rare earth leaching rate gradually slows as these two factors
continue to rise. Along the HCI dosage axis, the surface rises steeply, demonstrating that
HCl dosage is the dominant factor. In contrast, the increase along the temperature axis is
more moderate, indicating that the temperature effect is secondary but still significant. In
the contour plot, the spacing between contour lines gradually increases from the lower-left
to the upper-right region, and the contours are curved, confirming a nonlinear response.
The contours are relatively dense in the horizontal direction, indicating that the rare earth
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leaching rate is highly sensitive to changes in HCl dosage, whereas they are comparatively
sparse in the vertical direction, suggesting that the effect of temperature variation is milder.

As shown in Figure 27, the response surface exhibits a curved and downward-sloping
trend from the high-value region (high solid-liquid ratio and high leaching temperature)
to the low-value region (low solid-liquid ratio and low leaching temperature). Along the
leaching temperature axis, the surface rises slowly, indicating that leaching temperature
has a positive effect on the rare earth leaching rate; however, this effect is constrained by
the solid-liquid ratio. This suggests that the solid-liquid ratio exerts a dominant negative
influence, whereas leaching temperature plays a positive but secondary role. In the contour
plot, the contour lines are distributed from the upper left to the lower right and show
noticeable curvature, confirming the presence of nonlinear effects. The contours are closely
spaced in the horizontal direction, indicating that the negative effect of the solid-liquid
ratio is highly sensitive, while the wider spacing in the vertical direction implies that the
positive effect of temperature variation is relatively mild.

As shown in Figure 28, the response surface appears as an upward-sloping plane with
pronounced curvature, and it becomes relatively flat in the region of high stirring speed and
high leaching temperature, indicating the presence of a nonlinear quadratic effect. Along
the stirring speed axis, the surface rises steeply, demonstrating that stirring speed is the
dominant positive factor; increasing the stirring speed enhances the mass transfer efficiency
of rare earth elements. In contrast, along the temperature axis, the surface increases more
gently, suggesting that temperature also exerts a positive effect, but to a lesser extent. In
the contour plot, the contours are densely distributed from the lower left to the upper right
and exhibit noticeable curvature, confirming a nonlinear response. The contour spacing is
smaller in the horizontal direction and larger in the vertical direction, indicating that the
rare earth leaching rate is more sensitive to changes in stirring speed, whereas its response
to variations in leaching temperature is relatively mild.

In summary, based on the established quadratic regression model, the process pa-
rameters for rare earth leaching were numerically optimized. The optimal conditions
were determined to be a leaching temperature of 80 °C, a leaching time of 117.84 min, a
hydrochloric acid dosage of 180% of the theoretical requirement, a S/L ratio of 1:5.54, and
a stirring rate of 600 r-min~!. Under these conditions, the predicted rare earth leaching
efficiency reaches 95.39%. These results indicate that appropriately prolonging the leach-
ing time and ensuring a sufficient hydrochloric acid dosage are conducive to enhancing
the leaching efficiency of rare earth elements. Meanwhile, increasing the stirring rate
strengthens mass transfer, thereby facilitating more efficient rare earth extraction.

4. Conclusions

This study focuses on the rare-earth-enriched residue generated during the hydrochlo-
ric acid processing of rare-earth-bearing phosphate ores for phosphoric acid production.
The occurrence characteristics, hydrochloric acid leaching behavior, and kinetic mecha-
nisms of rare earth elements were systematically investigated. The principal conclusions
are as follows:

(1) Process mineralogical analysis indicated that rare earth elements in the rare-earth-
enriched residue occur mainly in an isomorphous substitution state within residual fluorap-
atite and CaF,, with no independent rare earth mineral phases identified. The incorporation
of rare earth elements induces a certain degree of lattice distortion in CaF,; however, the
overall crystal structure remains stable, with a lattice spacing of 0.26 nm.

(2) Hydrochloric acid leaching experiments demonstrated that leaching temperature,
hydrochloric acid dosage, and leaching time are the primary factors affecting rare earth
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leaching efficiency. Under the optimal leaching conditions, the rare earth leaching efficiency
reached 92.69%, while the leaching efficiency of residual P,O5 was 98.28%.

(3) Kinetic analysis indicates that the leaching of rare earth elements in the hydrochlo-
ric acid system conforms to the shrinking-core model, with the reaction rate governed
by a mixed-control mechanism. The apparent activation energy was determined to be
35.34 kJ-mol~!. This suggests that, in the initial stage of the reaction, interfacial chemical
reactions play a significant role in controlling the leaching rate; as the reaction progresses,
diffusion gradually becomes the dominant rate-limiting step.

(4) A response surface model was established to describe the relationship between
rare earth leaching efficiency and the principal process parameters. The model exhibits a
signal-to-noise ratio of 30.06, indicating strong reliability and practical significance. Based
on this model, the optimal process conditions were determined to be a leaching temperature
of 80 °C, a leaching time of 117.84 min, a hydrochloric acid dosage of 180% of the theoretical
requirement, a S/L ratio of 1:5.54, and a stirring rate of 600 r-min~L. Under these conditions,
the model predicts a rare earth leaching efficiency of 95.39%, demonstrating the model’s
robust predictive capability and its value for process optimization.
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