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Abstract: Sulfuric acid curing and leaching is a promising technology for treating refractory ores. In
this work, a refractory concentrate containing 3191 ppm uranium (U), 2135 ppm niobium (Nb), and
0.7% rare earth minerals (REMs) went through two stages: curing by high-concentration H2SO4 and
leaching by low-concentration H2SO4. We investigated the behavior of those valuable metals during
the two stages. For both curing and leaching, the operating parameters include the acid-to-solid
ratio, time, temperature, and H2SO4 concentration. The recovery for U, Nb, and REMs was as
high as 95%, 86%, and 73.5% using a curing acid-to-solid ratio of 1:1, curing temperature of 200 ◦C,
curing time of 1 h, H2SO4 concentration of 98%, leaching liquid-to-solid ratio of 4:1, leaching time
of 2 h, leaching temperature of 60 ◦C, and leaching H2SO4 concentration of 5 g/L. A “sulfuric acid
curing–leaching-U extraction by N235–Nb recovery by resin adsorption–REMs’ recovery by resin
adsorption” method was implemented, where the overall U, Nb, and REMs’ recovery reached 93.1%,
84.5%, and 69.6%, respectively.

Keywords: curing; leaching; polymetallic ore; recovery; rare metals

1. Introduction

Research on polymetallic ores mainly adopts a step-by-step recovery method, which
has a relatively long process flow and high production costs [1]. Thus, further research is re-
quired to develop and utilize low-grade and complex refractory metallurgical resources [2].
A polymetallic refractory concentrate from a plant in Northwestern China contains ura-
nium, niobium, and rare earth minerals, and an effective method needs to be developed to
recover and separate these valuable metals.

Hydrometallurgical methods are primarily used in processing uranium [3]. Two steps
are usually involved: leaching and recovering uranium from the leaching solution [4].
Uranium ore leaching methods can be divided into acid, alkali, salt, and bacterial. Methods
for separating uranium from the leachate mainly include ion exchange and extraction [5–8].
Acid leaching is mainly used to extract the hexavalent uranium to form a uranyl sulfate
(UO2SO4) solution. Oxidants, such as sodium chlorate (NaClO3), are usually added to
improve the uranium leaching rate [9]. In the case of pyrite, a pressurized oxidation
leaching process may be implemented, where iron is oxidized to high-valent iron, thus
leaching uranium in the form of UO2 [10]. For alkaline leaching, carbonate is mainly used as
a leaching agent to react with uranium-bearing oxidized ore so that uranium and carbonate
can form UO2(CO3)3

4- in solution [11,12]. Salt leaching uses a high-valence iron salt as a
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leaching agent (such as iron (III) sulfate) to leach uranium ore under acidic conditions, and
the ferric iron will oxidize low-valence uranium into high-valence uranium, thus forming
soluble uranium salts [13]. Bacterial leaching is utilizing bacteria to undergo biochemical
reactions with the sulfides in the ores, thereby converting metals into soluble salts and
entering the solution [14].

Niobium has a high melting and boiling point, paramagnetic properties, low-temperature
superconductivity, and chemical stability [15,16]. Generally, niobium recovery must be carried
out in steps: niobium concentrate decomposition during leaching and niobium separation
from leaching solution [17]. Niobium concentrate recovery generally uses alkali, acid, chlo-
rination, and fluorine leaching methods [18–21]. Due to its high acid resistance, niobium
concentrates are difficult to decompose with a regular inorganic acid, and hydrofluoric acid,
or a mixture of hydrofluoric acid and sulfuric acid, is usually used [22]. The alkaline leaching
method mainly uses NaOH and KOH as reagents to react with niobium, converting nio-
bium into sodium and potassium niobate [23]. Hydrofluoric acid is the most conventional
metallurgical method for niobium concentrate treatment [24]. This method generally uses
60–70% hydrofluoric acid to react with niobium concentrate at 90–100 ◦C under atmospheric
pressure, allowing niobium to enter the solution in the form of fluooxycolumbic acid com-
plexes (H2NbOF5, H2NbF7, and HNbF6) [25,26]. It should be noted that concentrated sulfuric
acid can also be used to mix with the niobium concentrate and then calcine under high
temperatures to form a soluble sulfate. The mixture can then be leached into the solution
using water or acid additions [27]. The chloride process mainly uses the difference in chloride
vapor pressure to separate low boiling point materials, such as niobium and titanium, from
the rest of the materials [28].

To effectively extract the uranium, niobium, and rare earth minerals contained in this
polymetallic refractory concentrate, preliminary tests, including enhanced acid leaching,
pressure leaching, and alkali roasting leaching, were carried out [29]. It was found that
under enhanced acid leaching, although uranium’s leaching rate is satisfactory, niobium’s
leaching rate is less than 10% [30], while under pressure leaching, the process investment
and operating costs are high [31]. Although uranium’s leaching rate is reasonable, nio-
bium’s leaching rate is also less than 20%, and thus not conducive to the complete recovery
of valuable resources [32]. The alkaline roasting leaching process does not leach uranium,
and the leaching rate of niobium is only around 30% [33].

As an effective method, sulfuric acid curing and leaching have attracted researchers’
attention for the past few decades [34,35]. It mainly involves using concentrated sulfuric
acid to react with ore: uranium forms uranyl sulfate, calcium silicate decomposes into
gypsum and SiO2, and niobium oxide forms Nb2O4SO4 [36]. At the same time, pyrite can
be decomposed, exposing uranium and other valuable minerals wrapped in pyrite and
improving the uranium leaching rate [37]. Then, a much-diluted acid, or water leaching,
can be implemented. Since concentrated acid curing can improve the leaching rate, and
concentrated acid has strong oxidation performance, it can directly oxidize Fe2+ to Fe3+,
thereby enabling rapid leaching of UO2 [38]. The main chemical reactions that can occur
during the curing and leaching processes for each mineral are as follows.

For U, Nb, and REMs, the main chemical reactions include [39–41]:

(Ca,U)2(Ti,Nb)2O6(OH, F) + H2SO4→CaSO4 + UOSO4 + Nb2O4SO4 + CaF2 + H2O (1)

UO2 + H2SO4 = UOSO4 + H2O (2)

UO3 + H2SO4 = UO2SO4 + H2O (3)

PbNb2O6 + 2H2SO4 = PbSO4 + Nb2O4SO4 + 2H2O (4)

2YNbO4 + 4H2SO4 = Y2(SO4)3 + Nb2O4SO4 + 4H2O (5)

Nb2O5 + H2SO4 = Nb2O4SO4 + H2O (6)

Nb2O5 + 2H2SO4 = Nb2O3(SO4)2 + 2H2O (7)
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2REFCO3 + 3H2SO4 = RE2(SO4)3 + 2HF + 2CO2 (8)

2Ce2Fe3Si2O7SiO4O(OH) + 13H2SO4→2Ce2(SO4)3 + Fe2(SO4)3 + 4FeSO4 + 6H2SiO3 + 8H2O (9)

For other minerals, including Ti, Fe, Al, Mg, and Pb, the reactions include:

TiO2 + H2SO4 = TiOSO4 + H2O (10)

TiO2 + 2H2SO4 = Ti(SO4)2 + H2O (11)

TiO2 + CaO + 3H2SO4 = CaTi(SO4)3 + 3H2O (12)

Ti2O3 + 3H2SO4 = Ti2(SO4)3 + 3H2O (13)

CaTi(SO4)3 + H2O = TiOSO4 + CaSO4 + H2SO4 (14)

FeO + H2SO4 = FeSO4 + H2O (15)

Fe3O4 + 4H2SO4 = FeSO4 + Fe2(SO4)3 + 4H2O (16)

Fe2O3 + 3H2SO4 = Fe2(SO4)3 + 3H2O (17)

Al2O3 + 3H2SO4 = Al2(SO4)3 + 3H2O (18)

MgO + H2SO4 = MgSO4 + H2O (19)

CaO + H2SO4 = CaSO4 + H2O (20)

PbO + H2SO4 = PbSO4 + H2O (21)

In the presence of Fe3+, U4+ and Ti3+ will be oxidized to uranyl ions and Ti4+:

U4+ + 2H2O + 2Fe3+ = UO2
2+ + 2Fe2+ + 4H+ (22)

Ti3+ + Fe3+ = Ti4+ + Fe2+ (23)

Under low-acidity conditions, titanium and niobium sulfates precipitate:

TiOSO4 + 3H2O = Ti(OH)4↓ + H2SO4 (24)

Nb2O4SO4 + 6H2O = 2Nb(OH)5↓ + H2SO4 (25)

This study investigated the curing and leaching behavior of U, Nb, and REM con-
centrates, and the valuable metals’ separation was also examined. A sulfuric acid curing
and leaching method in the experimental stages has been proposed for U, Nb, and REM
recovery that is HF-free and thereby attractive from both an industrial production and
environmental protection perspective. Additionally, it realizes a comprehensive recov-
ery of valuable metals in a short process from low-grade complex mine resources, and
direct extraction of uranium under high-acidity conditions is also proposed. Meanwhile,
the obtained results will provide crucial information on the leaching of valuable metals
from polymetallic refractory concentrates, as well as the applicability of the process to
commercial operations.

2. Materials and Methods
2.1. Materials and Analysis

The sulfuric acid (98% H2SO4) used in the study was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The phase composition of the sample
was investigated by X-ray diffractometry (XRD, D/max-Ultima IV, Rigaku, Japan). Metal
content was analyzed using an inductively coupled plasma-optical emission spectrometer
(ICP-OES, 700-ES, Varian, Palo Alto, CA, USA). The particle size was analyzed using a laser
particle size analyzer (Malvern Panalytical Mastersizer 3000, Malvern, UK). The chemical
states of metal elements were analyzed by X-ray energy-dispersive spectrometry (EDS,
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EDAX-GENESIS JSM-6460LV, Pleasanton, CA, USA). The morphologies of the samples
were examined using optical microscopy (Axioplan 2, Zeiss, Oberkochen, Germany). The
concentrate was received from a polymetallic refractory ore mining site in China.

2.2. Curing and Leaching Process

The curing test was carried out in a 500 mL beaker. Here, 100 g of concentrate was
added to the beaker, and concentrated sulfuric acid was added afterward. That is when the
curing timing started. A thermometer was directly placed in the sample for temperature
measurement. It can be seen that a large number of bubbles were immediately produced,
releasing a large amount of heat, and the material temperature rapidly increased, resulting
in the material being in a black solid state (Figure 1a). Once the curing process ended, the
material had poor adhesion to the beaker, making it easy to process further (Figure 1b).
If heating is needed after mixing the materials, they will be placed in a muffle furnace
(NBD-M1200-20TI, Henan Nobody Materials Science and Technology Co., Ltd., Zhengzhou,
China). We started heating them to the set temperature at a specific rate, and then the
timing was started.
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Figure 1. Photos showing the curing and leaching process: (a) when curing starts, (b) when curing
ends, and (c) when leaching ends.

Once the curing materials had cooled to room temperature, the beaker was put into a
water bath at a specific temperature. Diluted sulfuric acid was slowly added to the beaker
for the materials to be leached. That is when the leaching time started. For all tests, a RW
20 digital mixer was used with a stirring paddle diameter of 35 mm and a rotational speed
of 300 rpm. The slurry is usually grayish-white (Figure 1c). Once leaching ended, it was
filtered, and the leaching solution had a yellow color, while the leaching residue was black.
The solution and filtrate obtained after filtration were sent to analyze the concentration of
U, Nb, and REMs.

Based on the technical evaluation of experimental parameters for the curing and
leaching methods described above, and from the analysis of the advantages of hydrometal-
lurgical methods, to efficiently separate and purify the valuable metals in the solution, a
series of stages were required. They were as follows:

1. The leaching solution was treated with an extractant (type: N235) and synergic reagent 2-
octanol diluted in kerosene. After two-stage uranium extraction, uranium was separated
from other soluble sulfates, such as niobium, rare earth minerals, and iron. The loaded
organic phase can form Na4UO2(CO3)3 through sodium carbonate stripping to enter
the aqueous phase. The aqueous phase was then precipitated by caustic soda as a
yellow cake (uranium content: 67.0%). At the same time, the carbonate ions in the
complex were regenerated to form sodium carbonate, thereby enabling the recycling of
sodium carbonate.

2. The residual uranium extraction solution was exchanged through resin (type:
LSC-930B), allowing niobium to enter the resin phase selectively. The resin loaded
with niobium was washed with diluted sulfuric acid to remove iron and desorbed
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from the H2SO4 solution containing H2O2. The desorbed H2NbO4 solution was then
hydrolyzed and precipitated at a high temperature (90–98 ◦C) to precipitate niobium
hydrated oxide (Nb2O5·nH2O). Then, the oxide was sent for drying with a Nb2O5
content of 90.2%, and titanium could be further extracted from the hydrolyzed solution.

3. After niobium adsorption, the solution went through resin (type: LSC-957) for REMs
treatment, and the resin loaded with REMs went through a nitric acid solution for
REMs desorption, oxalic acid precipitation, pH adjustment by NaOH, and roasting.
The final REM oxide had a content of 82.5%.

U, Nb2O5, REMs, and other ions contained in the leach residue and leaching liquor
were analyzed, and the metal leaching percentage was calculated using Equation (26) [42]:

x =
WS

WS+WR
∗ 100% (26)

where x is the leaching percentage in %, WS is the mass of the metal element in the solution
in grams (g), and WR is the mass of the metal element in the residue in grams (g).

3. Results and Discussion
3.1. Concentrate Phase and Composition

The ore received contained 0.04% betafite, 0.22% allanite, and a small amount of
other U-, Nb-, and REM-bearing minerals. The concentrate was obtained through gravity
separation and flotation. The main elemental compositions of the concentrate are provided
in Table 1. The XRD pattern of the concentrate is shown in Figure 2. The main phases
contained in the sample included quartz (SiO2), barite (BaSO4), K-Feldspar (KAlSi3O8),
betafite ((Ca,U)2(Ti,Nb)2O6(OH, F)), and orthite ((Ce,Ca)2(Fe,Al)3[Si2O7][SiO4]O(OH)). The
particle size of the concentrate was analyzed, and the particle size of approximately −75 µm
accounted for 96.0% of the concentrate.

Table 1. Chemical composition of the concentrate.

Element CaO MgO TFe TiO2 Al2O3 REMs SiO2 U Nb

Content (wt.%) 10.3 1.2 8.0 1.8 1.9 0.7 42.7 3191 ppm 2135 ppm
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The phases of the main U- and Nb-bearing minerals (betafite, uraninite, fergusonite,
feldspar, thorite, and ilmenorutile) and REM-bearing minerals (allanite, bastnaesite, gadoli-
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nite, and monazite) were also identified with optical microscopy (Figure 3a–c), SEM
(Figure 3d), and EDS (Figure 3e–h). It should be noted that EDS can only provide qualitative
and semi-quantitative results.
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Figure 3 shows that betafite is the most critical uranium- and niobium-bearing min-
eral, which are usually automorphic and semi-automorphic octahedron crystalline grains
(Figure 3a). Uranium minerals are often closely embedded to form uranium mineral ag-
gregates and exist as a monomer. A small amount of uranium minerals is associated with
other minerals (Figure 3b), and their particle size is mainly 30–80 µm. Rare earth minerals
are mainly orthite (Figure 3c) and a small amount of bastnasite, gadolinite, and monazite.
Orthite is mainly distributed in quartz and calcite in subhedral and allomorphic granular
form. A small amount of orthite is embedded with K-feldspar, biotite, barite, and celestite.
Sometimes, it can be seen that rare earth minerals, such as fine monazite, gadolinite, and
thorite, are wrapped in orthite, mainly in the form of monomer and rich intergrowth. The
particle size of rare earth minerals is between 30 and 60 µm. Betafite is the primary carrier
of uranium and niobium. An EDS scan was performed on a selected betafite mineral (see
Figure 3d), and it showed that the interior of betafite often develops cracks and holes. Its
edge or interior often contains uraninite (Figure 3e), fergusonite (Figure 3f), and changbaiite
(Figure 3g), while they are embedded in calcite (Figure 3h).

Uranium mainly exists in betafite (73.7%), followed by uraninite (12.8%). In addition,
13.5% of uranium is distributed in fergusonite (4.7%), feldspar (6.2%), and thorite (2.5%).
Niobium also mainly occurs in betafite (71.9%), followed by fergusonite (12.7%), feldspar
(12.0%), and ilmenorutile (3.4%).

3.2. Curing Process

The effects of the operating parameters, including the acid-to-solid ratio, curing
temperature, curing time, and H2SO4 concentration, on the leaching efficiency were investi-
gated during the curing process. It should be noted that once the test ended and cooled
down, all samples were leached in a 10 g/L H2SO4 solution at a liquid-to-solid ratio of 6:1
under 60 ◦C for 3 h. The values of each parameter during the curing process are listed as
follows: for the acid-to-solid ratio, it ranged from 0.7:1 to 1.5:1; for the curing temperature,
it ranged from 160 ◦C to 250 ◦C; for the curing time, it ranged from 10 min to 4 h; for
the H2SO4 concentration, it ranged from 40% to 98%. It should be noted that the REMs’
recovery during tests is not shown in the following figures due to data privacy.

3.2.1. Effect of Acid-to-Solid Ratio

The acid-to-solid ratio is an essential parameter for the extraction of valuable metals
from uranium polymetallic mines. It is a critical indicator for the commercial mining of
uranium resources. In the solid–liquid reaction, the higher the acid-to-solid ratio, the higher
the probability of the valuable metal coming into contact with the acid, thus improving
the mineral leaching rate [43]. However, a very high acid-to-solid ratio (higher than 1.5)
will increase the free acid concentration, and the subsequent processing process is usually
complex, resulting in higher production costs. A small acid-to-solid ratio (less than 0.7)
may reduce the leaching rate and hinder the recovery of valuable metals. At the same time,
niobium sulfate is prone to hydrolysis and precipitation in low-acidity solutions.

The test conditions were set as: curing temperature 220 ◦C, curing time 2 h, and H2SO4
concentration 98%. The amount of concentrate tested was 100 g. The acid-to-solid ratios
tested were 0.7:1, 0.8:1, 0.9:1, 1:1, 1.1:1, 1.2:1, and 1.5:1 (corresponding to 70 g, 80 g, 90 g,
100 g, 110 g, 120 g, and 150 g of 98% H2SO4 for each test). The effects of the acid-to-solid
ratio on U and Nb leaching are shown in Figure 4a.

The test results showed that a higher acid-to-solid ratio would lead to a high uranium
and niobium leaching rate. When the ratio reached 1:1, the uranium leaching percentage
reached 94.9%. As the acid-to-solid ratio continued to increase, the uranium leaching
percentage increased slowly and eventually reached 95.7%. For niobium, when the ratio
was 0.8:1, the leaching percentage was 70.2%. When the ratio increased to 1:1, the leaching
percentage of niobium reached 83.4%, and the leaching percentage of niobium stabilized at
around 86%. Thus, an acid-to-solid ratio of 1:1 was selected, and the rare earth minerals’
leaching percentage was 76.1% at this acid-to-solid ratio.
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3.2.2. Effect of Curing Temperature

In general, a high temperature is beneficial for increasing chemical activity and enhanc-
ing the driving force of the reaction, which helps promote the leaching of valuable minerals.
However, as the temperature rises, it could lead to higher costs and operating risks to the
equipment. Thus, the curing temperature should be as low as possible, ensuring an efficient
recovery of valuable minerals. The temperature range tested was 160–250 ◦C, while the
concentrate tested was 100 g. The remaining test conditions were set as: acid-to-solid
ratio 1:1, curing time 2 h, and H2SO4 concentration 98%. The effect of temperature on the
extraction of U and Nb was examined. The test results are shown in Figure 4b.

The test results showed that with an increased curing temperature, uranium and
niobium leaching rates gradually increased. At 160 ◦C, the recovery rates of uranium and
niobium were 88.2% and 35.8%, respectively. When the curing temperature increased to
200 ◦C, the recovery rates of uranium and niobium reached 95.6% and 86.3%, respectively.
As the curing temperature continued to increase, there was an increase in the leaching
percentage of both mineral plateaus. Thus, a curing temperature of 200 ◦C was selected,
and the rare earth minerals’ leaching percentage was 75.8% under this temperature.

3.2.3. Effect of Curing Time

Based on preliminary tests, leaching times between 40 min and 4 h were chosen to
determine the effect of the curing time on the extraction behavior of U and Nb. The test
conditions were as follows: acid-to-solid ratio 1:1, curing temperature 200 ◦C, and H2SO4
concentration 98%. The weight of the concentrate was 100 g. The results are shown in
Figure 4c.

It can be seen that the behavior of U and Nb was very different. U recovery was
relatively unaffected by the curing time. When the curing time was 40 min, the recovery of
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uranium and niobium was 95.5% and 68.9%, respectively. When the curing time was ex-
tended to 1 h, the recovery of uranium and niobium reached 95.9% and 81.6%, respectively.
The leaching rate of niobium was lower in the first 40 min but increased rapidly with the
extension of the curing time between 40 min and 1 h. In addition, due to the high curing
temperature, the curing time should be as low as possible, while ensuring a satisfying metal
recovery. Thus, a curing time of 1 h was selected, and the rare earth minerals’ leaching
recovery rate was 72.2% at this temperature.

3.2.4. Effect of H2SO4 Concentration

Based on our experience, H2SO4 concentrations of 50%, 60%, 70%, 80%, 85%, and 98%
were tested. The test conditions were set as: acid-to-solid ratio 1:1, curing time 1 h, and
curing temperature 200 ◦C. Here, 100 g of concentrate was tested. The results are shown in
Figure 4d.

It can be seen that the recovery of uranium and niobium was little affected by the
sulfuric acid concentration during curing. When the concentration of H2SO4 was 50%,
the recovery rates of uranium and niobium reached 96.4% and 84.8%. When the sulfuric
acid concentration reached 60%, the acid concentration continued to increase, and the
leaching percentage of niobium tended to stabilize. Under the same amount of acid, low-
concentration sulfuric acid (50%) may experience a loss due to volatilization during the
heating process, decreasing in the effective acid content. This could be explained by the
fact that the lower the concentration of sulfuric acid (50%), the more free water needs to be
evaporated during the activation process, increasing energy consumption. In the curing
process, in order to minimize acid volatilization loss, resulting in deficient-concentration
sulfuric acid volatilization, there is a low-temperature insulation process (the silicon carbon
rod in the muffle furnace is electrically heated to maintain the insulation process) during
the experiment. When the concentration reached 60%, the volatilization of sulfuric acid
was low; that is, the acid-to-ore ratio was the same, and the fluctuation of uranium niobium
leaching rate was negligible. However, the determining factor may be the amount of acid
used to cure.

The H2SO4 concentration was the last parameter to be tested, and when the concentra-
tion was ≥60%, the impact on uranium and other minerals’ recovery was relatively small.
However, concentrated sulfuric acid does not need to be diluted—it can generate heat on its
own, which saves time and heating costs. Further, the lower the concentration, the greater
the amount of solution used. In addition, there was also moisture in the concentrate after
flotation (20–40%). When it reached the targeted temperature, the energy consumption was
higher than concentrated sulfuric acid. An H2SO4 concentration of 98% was selected for
more straightforward operation, and the rare earth minerals’ recovery rate was 76.1% at
this concentration.

3.3. Leaching Process

It should be noted from Section 3.2 that the optimal parameters for the curing process
were as follows: acid-to-solid ratio 1:1, curing time 1 h, curing temperature 200 ◦C, and
H2SO4 concentration of 98%. The effects of the operating parameters, including the liquid-
to-solid ratio, leaching time, temperature, and solution concentration, on the leaching
efficiency were investigated for the leaching process. The values of each parameter during
the leaching process investigation were as follows: liquid-to-solid ratio (L/S) ranging from
1.5:1 to 8:1, leaching time ranging from 1 h to 6 h, leaching temperature ranging from
18 ◦C to 90 ◦C, and leaching solution concentration ranging from 0 to 50 g/L. It should be
noted that the REMs’ recovery during tests is not shown in the following figures due to
data privacy.

3.3.1. Effect of L/S Ratio

The L/S ratio refers to the weight ratio of the leaching solution to the concentrate.
The test conditions were set as: leaching time of 3 h, leaching temperature of 60 ◦C, and
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leaching solution concentration of 10 g/L. Here, 100 g of concentrate was tested. L/S ratios
tested were: 1.5:1, 2:1, 2.5:1, 3:1, 4:1, 5:1, 6:1, and 8:1. The effects of the L/S ratio on U and
Nb leaching are shown in Figure 5a.
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concentration on uranium and niobium recovery during the leaching process.

As the L/S ratio increased, the recovery of uranium and niobium gradually increased
and tended to flatten out beyond 4:1. When the L/S ratio was 4:1, the leaching percentage
of uranium was 97.6%. The leaching percentage of niobium was 84.0%.

Thus, an L/S ratio of 4:1 was selected. The rare earth minerals’ leaching percentage
was 71.8% at this ratio.

3.3.2. Effect of Leaching Time

The test conditions were set as: L/S ratio 4:1, leaching temperature 60 ◦C, and leaching
solution concentration 10 g/L. Here, 100 g of concentrate was tested. Leaching times tested
were: 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h. The effects of the leaching time on U and Nb leaching
are shown in Figure 5b.

The leaching percentage of uranium and niobium gradually increased with the in-
creasing leaching time for the first 4 h. This could be explained by the fact that a longer
leaching time facilitates the breakdown of the solid mineral particles, resulting in a more
significant release of its components into the solution. When the leaching time was 1 h,
the uranium and niobium leaching percentages were 94.7% and 79.1%, respectively. When
the leaching time was extended to 2 h, the percentages of leached uranium and niobium
reached 94.3% and 83.5%, respectively. Extending the leaching time tended to stabilize
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the percentage leached of both metals. This is probably due to the dissolution of other
high-content impurities, such as iron, which might interfere with the permeation of acid on
the surface of concentrated particles.

Thus, a leaching time of 2 h was selected. The rare earth minerals’ leaching percentage
was 75.6%.

3.3.3. Effect of Leaching Temperature

The test conditions were set as: L/S ratio 4:1, leaching time 2 h, and leaching solution
concentration 10 g/L. Here, 100 g of concentrate was tested. Leaching temperatures tested
were: 18 ◦C (room temperature), 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, and 90 ◦C. The effects of
the leaching temperature on U and Nb leaching are shown in Figure 5c.

The leaching percentage of valuable metals in the concentrate increased with the
increase of the leaching temperature, and after reaching around 50 ◦C, the leaching per-
centage tended to stabilize. Increasing the temperature of the leaching process, in general,
reduced the reaction time required. When the leaching temperature was room temperature,
the leaching percentages of uranium and niobium were 90.7% and 76.8%, respectively.
When the leaching temperature increased to 60 ◦C, the leaching percentages of uranium
and niobium were 94.3% and 83.5%, respectively. When the temperature reached 90 ◦C, the
leaching percentage of niobium tended to decrease, possibly due to the hydrolysis of some
niobium under high-temperature conditions.

To avoid Nb hydrolysis and save energy costs, a leaching temperature of 60 ◦C was
selected, and the rare earth minerals’ leaching rate was 75.6% at this temperature.

3.3.4. Effect of Leaching Solution Concentration

The test conditions were set as: L/S ratio 4:1, leaching time 2 h, and leaching tem-
perature 60 ◦C. Here, 100 g of concentrate was tested. Leaching solution (diluted H2SO4)
concentrations tested were: 0 g/L, 5 g/L, 10 g/L, 20 g/L, and 50 g/L. The effects of the
leaching solution concentration on U and Nb leaching are shown in Figure 5d.

Within the experimental conditions, the increase in the leaching solution concentration
had little impact on the leaching percentages of uranium and niobium. When using direct
water leaching (no H2SO4), the leaching percentage of uranium was 96.8%, and the leaching
percentage of niobium was 80.2%. When the sulfuric acid concentration was 5 g/L, the
leaching percentages of uranium and niobium were 95.4% and 83.3%, respectively.

A leaching solution concentration of 5 g/L was selected when making the maximum
economic benefits a priority. The rare earth minerals’ leaching percentage was 76.98% at
this concentration.

3.3.5. Validation of Optimal Conditions

The optimal operating conditions were as follows: for the curing process—acid to
solid ratio 1:1, curing time 1 h, curing temperature 200 ◦C, and H2SO4 concentration of 98%;
for the leaching process—L/S ratio 4:1, leaching time 2 h, leaching temperature 200 ◦C, and
leaching solution concentration 5 g/L. Three parallel tests were performed using 100 g of
concentrate for every test. The test results showed that the residue rate was about 89.6%
under optimal conditions. The chemical composition of the leaching residue is provided in
Table 2.

Table 2. Chemical composition of the leaching residue.

Element Fe Al2O3 REMs CaO MgO TiO2 U Nb

Content (wt.%) 3.0 1.8 0.2 12.8 1.5 1.2 185 ppm 479 ppm

The recovery percentage of U and Nb for all three tests averaged 94.8% (±1.6%) and
85.9% (±2.0%), respectively, confirming that the test has high reproducibility. The average
recovery for REMs was 73.5%. The recrystallization of betafite by heat treatment appeared
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to promote the formation of an enriched surface layer, which may be related to a lower
extraction of Nb [36]. The leaching residue mainly comprises minerals, such as quartz,
iron sulfate, and gypsum, with stable properties. However, it also contains certain low
radioactive substances (U, Th), and suitable measures need to be taken to reduce their
impact on the environment. The use of alkaline flotation tailings can neutralize the relatively
small amount of acidic leaching residue.

3.4. Purification and Separation of Leaching Solution

In order to obtain an efficient method for separating the valuable minerals, as well
as preparing for final U, Nb, and REM products for commercial purposes, approximately
35 L of leaching solution containing uranium, niobium, and REMs was prepared through
sulfuric acid curing and leaching experiments with 10 kg of concentrate. The composition of
the leaching solution is shown in Table 3. It should be noted that this was a laboratory-scale
test, and the commercially sensitive results and details are not available to the public.

Table 3. Chemical composition of the leaching solution.

Element U Nb REMs TFe

Content (g/L) 0.51 0.23 0.62 7.1

Through the method described in Section 2.2, the final recovery rates of uranium,
niobium, and REMs were 93.1%, 84.5%, and 69.6%, respectively. An overview of the
complete process is shown in Figure 6.
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3.5. Discussion

For the curing process, it was found that the uranium leaching was relatively less
affected by the acid-to-solid ratio compared to niobium. The main reason may be that
uranium minerals have higher chemical activity during the curing process and are prone
to react to form soluble salts [44]. When the acid-to-solid ratio was low, the final acid
concentration in the leaching solution was low, resulting in the hydrolysis of niobium sulfate
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being inhibited in the leaching residue, thereby reducing the leaching rate of niobium.
Additionally, under 200 ◦C, the degree of structural damage to orthite and betafite minerals
was low, resulting in an insufficient exposure of valuable metals and insufficient energy
when reacting with sulfuric acid. When the temperature increased to 200 ◦C, the chemical
reaction activity of the mineral increased, the reaction driving force increased, and the
structure of orthite and betafite minerals was broken down. Overheating caused the
reduction and dehydration of some rare earth elements, forming insoluble sulfate salts.
Within 30 min, niobium minerals were in the initial activation stage, and the mineral
structure was relatively less damaged. With the extension of the curing time, the structure
of valuable metal minerals was rapidly destroyed, leading to the entry of sulfate into the
solution during the process. When the curing time extended to 2 h, the leaching rate of
niobium slowly increased, but the migration rate slowed down. In addition, calcium in
minerals may form gypsum during the process, which may encapsulate the niobium. In
addition, the lower the H2SO4 concentration, the higher the energy consumption, which is
not conducive to energy conservation and emission reduction.

For the leaching process, the low efficiency at low L/S ratios was due to the high
viscosity and plasticity of the slurry produced by the presence of large amounts of gypsum
and bassanite. This increase in extraction, resulting from a decrease in viscosity, is due to
increased contact between the leaching solution and the surface of the solids. Although a
much higher L/S ratio may bring the desired viscosity and plasticity to the slurry, it may
also dilute the free acid left from the curing process and cause a decrease in H+ activity
for the leaching process, thus decreasing the amount of leaching [44]. As shown by other
researchers, based on the shrinking core model, the surface chemical reaction is generally
considered the rate-controlling step for the dissolution mechanism [35]. According to
this model, the majority of the U and Nb reactions occur in the first hour since quite a
number of the unreacted cores of the solid material already shrink toward the center of
the solid material. The dissolution of the solid materials and release of their components
occur during the curing process, which helps promote the leaching process. An increase in
temperature generally increases the thermal movement of ions and the reaction rate. In
the curing process, it is due to the facilitation of the migration of the leaching agent into
the inner layers of the concentrate; in the leaching process, it is due to the transport of the
dissolved metals from inside the particle to the leachate. In theory, the higher the initial
sulfuric acid concentration during leaching, the higher the leaching percentage of valuable
metals. After the curing process, there was a large amount of residual free acid (~1 mol/L).
Here, free acid is the concentration of acid in the leaching solution, which was measured
quantitatively using a pH meter on the H+ concentration, and the corresponding soluble
sulfate will not be precipitated through hydrolysis, even when leaching using water. Since
there was an abundant amount of H+ in the solution, the increase in the leaching solution
concentration did not have a significant impact on the metal recovery.

4. Conclusions

The curing and leaching behavior of a refractory concentrate has been investigated.
The recovery rate for uranium and niobium was 94.8% and 85.9% under the optimal
processing conditions of acid-to-solid ratio 1:1, curing time 1 h, curing temperature 200 ◦C,
and H2SO4 concentration of 98% in the curing process, and for a liquid-to-solid ratio of 4:1,
leaching time of 2 h, leaching temperature of 200 ◦C, and leaching solution concentration
of 5 g/L in the leaching process. It was found that the remaining metals were generally
wrapped in delicate and dense gypsum for both uranium and niobium. To efficiently
separate the U, Nb, and REMs in the leaching solution, a combination of extraction-stripping
and resin absorption and desorption methods were conducted, resulting in a recovery
percentage of U and Nb of 93.1% and 84.5%, respectively. The uranium content in the
yellow cake reached 67.0%, the Nb2O5 content in the niobium oxide reached 90.2%, and the
rare earth oxide content in the REMs reached 82.5%. These results contribute to the clean
and efficient utilization of polymetallic refractory mineral resources.
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