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Abstract: In order to reveal the influence of ammonium salts on the rare earth leaching process of
weathered crust elution-deposited rare earth ores, ammonium acetate, ammonium chloride, and
ammonium sulfate were used as leaching agents. The effects of the leaching agent on the rare earth
leaching efficiency and the expansion, dissolution, and transformation behavior of clay minerals in
the rare earth leaching process were studied. The results showed that rare earth leaching efficiency
followed the order ammonium acetate > ammonium chloride > ammonium sulfate, with values
of 90.60%, 85.96%, and 84.12%, respectively. The swelling ratio of clay mineral followed the order
ammonium acetate < ammonium chloride < ammonium sulfate; the clay mineral swelling ratio
was 2.09% when ammonium acetate was the leaching agent. Thermogravimetric analysis showed
that the interlayer water content was the lowest when ammonium acetate was used as the leaching
agent. Under the conditions of different leaching agents, the clay mineral contents changed from
illite and halloysite to smectite and kaolinite. When ammonium acetate was used as the leaching
agent, the relative conversion of illite was 1.49%, and that of smectite was only 0.17%. SEM analysis
showed that the clay minerals expanded and dissolved obviously when ammonium chloride and
ammonium sulfate were used as the leaching agents. Meanwhile, the clay mineral layered structure
was relatively complete when ammonium acetate was used as the leaching agent. Therefore, when
ammonium acetate was used as the leaching agent, it had the least effect on the swelling, dissolution,
and transformation of clay minerals. This can provide a theoretical basis for the safe production
of weathered crust elution-deposited rare earth ore, and for the screening of green and efficient
leaching agents.

Keywords: weathered crust elution-deposited rare earth ores; ammonium salts; leaching efficiency;
swelling ratio; clay minerals

1. Introduction

As an extremely important non-renewable mineral resource, rare earth plays a vital
role in global economic development [1–3]. In particular, the medium and heavy rare
earth elements, represented by terbium and lutetium, show high economic value and
are extremely scarce. At present, the world’s medium and heavy rare earth ores mainly
come from the mining of weathered crust elution-deposited rare earth ore. The weathered
crust elution-deposited rare earth ores are formed by the chemical weathering of various
bedrocks [4,5] and are widely distributed in warm and moist regions, predominantly in
southern China [6–8]. Rare earth elements mainly exist in the ionic or hydration ionic state
on the surface of the clay minerals [9–11]. It is difficult to recover this type of rare earth ore
using conventional beneficiation methods, and rare earth is normally recovered using an
ion exchange method, and by adding electrolyte solution [12,13]. The leaching process of
weathered crust elution-deposited rare earth ore has successively developed the process
of sodium chloride barrel leaching, ammonium sulfate bath leaching/heap leaching, and
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ammonium sulfate in situ leaching to recover rare earth [14–16]; the problems of rare earth
recovery from weathered crust elution-deposited rare earth ore have thus been solved
effectively. However, the mining of weathered crust elution-deposited rare earth ore is
accompanied by a series of problems, such as hydration expansion, dissolution, and the
transformation of clay minerals [17,18]. This mining can easily cause geological disasters
such as landslides, which brings serious safety risks to mine production [19,20].

Many researchers have been engaged in long-term research on the reason for landslides
in ore areas. Liu et al. [21] studied the constraints of mineral evolution on REE enrichment
and differentiation during weathering and eluviation. It was found that the ion-exchanged
REE contents increased from bedrock to the REE-enriched layer, and hornblende and biotite
were gradually transformed into illite, montmorillonite, kaolinite, and halloysite with the
enhancement of weathering. Jin [22] found the migration and transformation rule of clay
minerals in the leaching process. The ammonium sulfate solution was continuously injected
into the profile, as acidic ammonium sulfate solution can promote the transformation of
feldspar and clay minerals. Hydrogen ions in the solution will react with potassium
feldspar in rare earth ores. Under the action of hydrogen ions and water, the potassium
feldspar will lose potassium ions and form kaolinite or illite. Wang et al. [23] used organic
acid containing a carboxyl group and ammonium chloride as leaching agents to study the
interaction mechanism between the carboxyl group and rare earth ions in the rare earth
leaching process. The results showed that the complexation between RE3+ and −COO− was
dominant in the solution of C-COOH > 2.0 m mol/L, which is beneficial for the leaching of
rare earths, while −COO− mainly changes the surface electrical properties of clay minerals
in the solution of C-COOH < 2.0 m mol/L. However, the weathered crust elution-deposited
rare earth ore is a typical clay mineral, and there are few reports on the evolution of clay
minerals in the leaching process. The action of the leaching agent makes clay minerals
expand, dissolve, and transform, which weakens the local stability of rare earth ore bodies.
The hydration expansion effect can affect the ion exchange reaction between REE ions and
leaching agent cations on the clay mineral surface, which is not conducive to the efficient
recovery of the rare earth in situ leaching process. Therefore, it is of great significance to
study the swelling, dissolution, and transformation of clay minerals during the rare earth
leaching process.

In this paper, the influence of ammonium salts on the swelling, dissolution, and
transformation of clay minerals during the rare earth leaching process was studied. It
has a certain guiding significance for the safety production of weathered crust elution-
deposited rare earth ore, and provides a theoretical basis for screening green and efficient
leaching agents.

2. Materials and Methods
2.1. Chemical Composition of the Rare Earth Ores

The ore samples were collected from Fujian Province, China. The chemical composition
of the rare earth ore was analyzed via an X-ray fluorescence spectrometer, and the results
are shown in Table 1.

Table 1. Chemical composition of ore samples/%.

Components REO Al2O3 CaO SiO2 MnO2 ZnO MgO

Content 0.112 31.808 0.106 60.796 0.386 0.018 0.541
Components P2O5 K2O SO3 TiO2 Fe2O3 Rb2O LOSS

Content 0.109 1.569 0.188 0.098 1.058 0.038 3.173

It can be seen from Table 1 that SiO2 was the leading compound within the ore sample,
occupying 60.796%. The amounts of Al2O3 and REO were 31.808% and 0.112%, respectively.
Rare earth partitioning is an important index to evaluate the industrial value of the rare
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earth ore. The rare earth partitioning of the ore sample was analyzed via ICP-MS, as shown
in Figure 1.
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Figure 1. The rare earth elements partitioning of the rare earth ores. 
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As can be seen from Figure 1, the content of light rare earths was 52.89% of the total
rare earth content. The remaining medium and heavy rare earths accounted for 47.11%. The
contents of terbium, dysprosium, and lutetium were 0.72%, 4.58%, and 0.34%, respectively,
which were higher than the standard ore value, indicating the high utilization value of
rare earth.

2.2. Experimental Methods
2.2.1. Experimental Equipment and Methods

All the chemicals in this study were of analytical grade. In total, 100.00 g of dried
ore sample was put into a beaker using a quartering method. Ammonium salt leaching
agents with a concentration of 0.20 mol/L were added at a liquid–solid ratio of 2:1, and the
leaching agents were stirred at a rotational speed of 240 r/min, as shown in Figure 2. The
rare earth concentrations were determined using ICP-MS. Ore samples’ zeta potentials were
detected by the Zetasizer Nano. The thermal gravimetric analyzer was used to analyze the
ore sample water contents. The temperature growth rate was 10 ◦C/min, the protective gas
was nitrogen, and the test temperature range was 30~1000 ◦C. The PCY-type intelligent clay
dilatometer (as shown in Figure 3) was used to detect the swelling ratio of clay minerals,
which was represented by δ. The swelling ratio of the ore sample was measured using the
following formula [24]:

δ = ∆H/H0 × 100% (1)

where ∆H is the change in height, and H0 is the original height of the sample.
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(DMSO). The test conditions were copper target (Cu-Kα radiation), scanning Angle of 5°–
60°, and scanning speed of 2.4°/min [25]. The quantification method of clay minerals was 
performed according to the analysis method for clay minerals and ordinary non-clay 
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2.2.2. Extraction and Calculation of Clay Minerals

Clay minerals were extracted according to the Stokes sedimentation principle. Di-
rectional slices were prepared via the scraping method. X-ray diffraction (XRD) tests
were conducted on the oriented thin sheets under a natural environment (N), ethylene
glycol environment (EG), heating environment (T), and dimethyl sulfoxide environment
(DMSO). The test conditions were copper target (Cu-Kα radiation), scanning Angle of
5◦–60◦, and scanning speed of 2.4◦/min [25]. The quantification method of clay minerals
was performed according to the analysis method for clay minerals and ordinary non-clay
minerals in sedimentary rocks by the X-ray diffraction (SY/T 5163-2018). The contents
were calculated using the following equations:

Kao − group =
I0.7nm(N)/1.5

I0.7nm(N)/1.5 + I0.7nm(T)
× 100 (2)

It =
I1.0nm(EG)× [h0.7nm(N)/h0.7nm(EG)]

I1.0nm(T)
×(100 − Kao) (3)

S = 100 − Kao − It (4)

The clay minerals of the kaolinite group, and kaolinite, halloysite, illite and smectite
were expressed by Kao-group, Kao, Hal, It, and S, respectively.
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The relative content of kaolinite and halloysite in the kaolinite group can be calculated
as [26]

Hal
Kao

= K
I1.09nm(DMSO)

I0.715nm(DMSO)
(5)

where h is the change in height of the diffraction peak in the XRD pattern, and I is the
intensity of the diffraction peaks in an XRD pattern, and the subscript represents the
position of the diffraction peak in the spectrum. N, EG, and T represent the diffraction
peaks of different directional plates. Take the same amount of halloysite and kaolinite
standard samples mixed with dimethyl sulfoxide for 5 h, measure the d001 diffraction peak
intensity, respectively, and the ratio is K.

3. Results and Discussions
3.1. Model of Clay Mineral Transformation during Rare Earth Leaching Process

The leaching process of the weathered crust elution-deposited rare earth ore includes
the ion exchange process, and the swelling and dissolution of clay minerals. Compared with
the weathering process in natural mineralization, the leaching process of the weathered
crust elution-deposited rare earth ore can be regarded as a kind of artificial weathering
process. Adding different leaching agents in the rare earth leaching process leads to a series
of effects on the swelling and dissolution of clay minerals. The process is illustrated in
Figure 4.
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The clay minerals in weathered crust elution-deposited rare earth ore mainly include
halloysite, kaolinite, illite, and montmorillonite. The rare earth elements mainly exist in the
ionic or hydration ionic state on the surface of the clay minerals [27]. When clay minerals
were placed in a solution environment, rare earth ions and parts of impurity ions were
replaced into the solution under the action of the leaching agent. With the extension of the
leaching time, the clay minerals will further expand, dissolve, and transform [28], resulting
in the release of Al3+, Mg2+, Ca2+, Fe3+, and K+ into the solution. Therefore, the structure
of clay minerals is transformed to some extent. In this paper, the effects of ammonium
salt leaching agents on rare earth leaching, and clay mineral swelling, dissolution, and
transformation were studied.

3.2. Effects of Ammonium Salts on Rare Earth Leaching Process
3.2.1. Effects of Ammonium Salts on Rare Earth Leaching Efficiency

In order to explore the effects of ammonium salt leaching agents on the rare earth
leaching efficiency, 0.20 mol/L ammonium acetate, ammonium sulfate, and ammonium
chloride were used as leaching agents. The rare earth leaching solution at different time
periods was collected, the rare earth leaching efficiency was calculated, and the zeta
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potential of the mineral surface was detected. The rare earth leaching process is the process
of the ion exchange reaction between rare earth ions and leaching agent cations, and the
occurrence of this process was accompanied by a change in zeta potential on the surface of
the clay minerals. Therefore, it was necessary to discuss the change in zeta potential on the
surface of the clay minerals while exploring the rare earth leaching efficiency. The results
are shown in Figure 5.
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It can be seen from Figure 5a that the rare earth leaching efficiency gradually increased
in the first 40 min and tended to be stable after 40 min. The order of rare earth leaching
efficiency was ammonium acetate > ammonium sulfate > ammonium chloride, with values
of 90.60%, 85.96%, and 84.12%, respectively. It can be seen from Figure 5b that the absolute
value of the zeta potential of the mineral surface gradually decreased in the first 40 min of
rare earth leaching because the rare earth ions and electrolyte cations occurred obviously
in the ion exchange reaction at this stage. The electric double layer was compressed
and the thickness of the electric double layer was reduced, resulting in a decreased zeta
potential [29]. When ammonium sulfate was used as the leaching agent, the absolute
value of zeta potential was the largest, which means that the ammonium sulfate had more
negative charges than the other leaching agents. When the leaching process was carried out
for 40 min, the rare earth leaching reaction tended to be balanced, the ion exchange reaction
intensity was weakened, and, under the action of the leaching agent, the clay mineral water
molecules entered the interlayer space of the clay minerals, leading to an increase in the
interlayer spacing and number of layers of clay minerals. This results in the dissolution of
mineral cations and an increase in the negative zeta potential of the mineral surface. The
zeta potential, with a relatively small absolute value, generates less charge on the surface
of clay minerals, which was directly related to the expansion of clay minerals. The results
showed that the absolute value of the zeta potential was the smallest when ammonium
acetate was used as the leaching agent, indicating that ammonium acetate had the least
effect on clay minerals.

3.2.2. Effects of Ammonium Salts on Swelling Ratio of Clay Minerals

In order to explore the effects of leaching agents on the swelling ratio of clay minerals
in the rare earth leaching process, the clay mineral swelling ratios in deionized water,
ammonium chloride, ammonium sulfate, and ammonium acetate solutions were calculated.
The results are shown in Figure 6.

It can be seen from Figure 6, during the rare earth leaching process, that the swelling
ratio of clay minerals gradually increased, and the swelling process balanced after 30 min.
The swelling ratios of clay minerals under different leaching agents followed the or-
der δdeionized water > δammonium sulfate > δammonium chloride > δammonium acetate, with values
of 6.71%, 2.89%, 2.50%, and 2.09%, respectively. It can be seen that in the rare earth leach-
ing process, three kinds of leaching agents can inhibit the swelling of clay minerals to a
certain extent, and the swelling inhibition effect is most obvious when ammonium acetate
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is used as the leaching agent. The hydration and swelling of clay minerals are mainly
caused by water molecules entering the interlayer structure of clay minerals. After adding
ammonium acetate solution, acetate ions can be adsorbed at the edge of clay mineral
particles. Therefore, the originally hydrophilic clay mineral surface was changed into a
relatively hydrophobic one, which can effectively prevent water molecules from entering
the interlayer structure of clay minerals, reducing the swelling ratio of clay minerals [30].
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Figure 6. Effect of leaching agents on swelling ratio of clay minerals.

The evolution of clay minerals always occurred in contact with pore water, and the
formation transformation of clay minerals was controlled by the leaching of aqueous
medium [31–33]. In order to verify the transformation of clay minerals in the rare earth
leaching process, the water retention properties of ore samples after the action of different
leaching agents were analyzed using a thermogravimetric analyzer. The differences in the
adsorption water relative contents, interlayer water, and constitution water of clay minerals
were discussed, and the results are shown in Figure 7 and Table 2.
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Table 2. Ore sample weight loss ratio/%.

Ore Sample
Weight Loss Ratio

Region 1 Region 2 Region 3

Raw ore 0.65 0.88 10.71
Ammonium chloride 1.16 1.29 10.33
Ammonium sulfate 1.70 1.41 10.51
Ammonium acetate 1.05 0.85 10.59

The experimental data were from the same batch of ore samples, using the same
experimental method. After three tests at different times, the experimental error was
less than 0.15%, and the average value was taken to represent the experimental results.
It showed that the reproducibility of data was good. It can be seen from Figure 7 that
all ore samples had three obvious weight loss peaks, which represented the adsorption
water, interlayer water, and constitution water lost from clay minerals. The first range
was 30~120 ◦C, in which the adsorption water on the surface of clay minerals and the
weakly bound interlayer water were removed. The second range was 120~330 ◦C, and
the interlayer water that was strongly combined was removed. The third weight loss
interval was 330~600 ◦C, where the constitution of the water between crystal lattices with
the strongest binding force was lost. This part of the water was mainly involved in
forming mineral lattices in the form of OH− or H3O+ [32]. It can be seen from Table 2
that after adding different leaching agents, the weight loss rate of water in region 1 and
region 2 of clay minerals changed obviously, while that in region 3 had little change.
When ammonium chloride was used as the leaching agent, the surface bound water
(region 1) content was 1.16%, and the interlayer bound water (region 2) content was 1.29%.
When ammonium sulfate was used as the leaching agent, the content of surface bound
water (region 1) was 1.70%, and the interlayer bound water (region 2) was 1.41. When
ammonium acetate was used as the leaching agent, the surface bound water (region 1)
content was 1.05%, and the interlayer bound water (region 2) was 0.82%, which is close to
the raw ore. In conclusion, when ammonium chloride and ammonium sulfate were used as
leaching agents, the content of clay-mineral-bound water was far greater than that in raw
ore, while when ammonium acetate was used as the leaching agent, the content of bound
water was closest to raw ore. Therefore, the expansion, dissolution, and transformation of
clay minerals were minimal when ammonium acetate was used as the leaching agent.

3.3. Effects of Ammonium Salts on Clay Minerals in Rare Earth Leaching Process

To study the evolution of clay minerals during the rare earth leaching process, rare
earth tailings treated with different leaching agents were collected, and the relative contents
of clay minerals in the tailings were analyzed using X-ray diffraction and the K value
method. The results are shown in Figure 8.

It can be seen from Figure 8a that the characteristic peaks of kaolinite-group clay
minerals in the natural sheet were d001 = 7.15 Å, d002 = 3.57 Å, and d003 = 2.34 Å, respectively,
corresponding to peaks 3, 5, and 7 in Figure 8a. However, their characteristic peaks will
disappear due to lattice damage under a high temperature. As can be seen from the high-
temperature heating slice in Figure 8b, the characteristic peak of the kaolinite-group clay
disappears. The characteristic peaks of illite in the natural slice were d001 = 10 Å, d002 = 5 Å,
and d003 = 3.33 Å, where the intensity of d002 was about 1/3 of that of d001, corresponding
to peaks 2, 4, and 6 in Figure 8a, respectively. The smectite interlamellar domains can
accommodate varying amounts of water molecules and cations, and the characteristic peak
d001 was not fixed, usually around 15 Å. It can be seen from the ethylene-glycol-saturated
slice in Figure 8b that the ethylene glycol molecules entered the smectite interlayer domain,
resulting in an increase in interlayer spacing, and the characteristic peak moved to the left.
Therefore, it can be seen that the weak peak No.1 in the natural slice was the characteristic
peak of smectite, while the corresponding peak in the ethylene-glycol-saturated sheet was
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peak No.8. To sum up, the clay minerals in the samples included kaolinite-group clay
minerals, illite and smectite [26].
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The kaolinite group includes kaolinite and halloysite, with halloysite being subdivided
into 7 Å halloysite and 10 Å halloysite. At room temperature, 10 Å halloysite easily loses
part of the interlayer, and hydrates and transforms into 7 Å halloysite. To accurately
calculate the relative content of kaolinite and halloysite, the natural slice can be saturated
with dimethyl sulfoxide (DMSO). DMSO can enter the 7 Å halloysite layer structure and
form an intercalation complex, so that the (001) layer spacing swelling occurs while the
kaolinite layer structure is kept intact [17,26]. The XRD patterns of the DMSO slice are
shown in Figure 9.

It can be seen from Figure 9 that after the sample was saturated with dimethyl sulfox-
ide, the intensity of d001 = 7.15 Å was weakened, and a new peak appeared at d = 10.9 Å.
Thus, the clay minerals of the kaolinite group contain both halloysite and kaolinite [17,26].
The relative contents of clay minerals in different ore samples were analyzed and calculated,
and the results are shown in Table 3.
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Figure 9. The XRD pattern of clay mineral natural slice and dimethyl sulfoxide slice. N1–N4 (DMSO1–
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Table 3. The relative content of clay mineral in ore samples/%.

Hal Kao It S ∆It ∆S

Raw ore 67.39 20.05 10.64 1.92 0.00 0.00
Ammonium chloride 66.78 22.60 8.19 2.43 −2.45 0.51
Ammonium sulfate 66.01 22.85 7.40 3.74 −3.24 1.82
Ammonium acetate 66.39 22.37 9.15 2.09 −1.09 0.17

It can be seen from Table 3 that the main clay minerals in the ore sample were halloysite
and kaolinite, followed by illite and smectite, accounting for 67.39%, 20.05%, 10.64%, and
1.92%, respectively. Under the action of different leaching agents, the relative content of
clay minerals changed to some extent, especially illite. Under the action of leaching, the
transformation of the 2:1 type illite was the easiest. The continuous loss of K+ in the illite
crystal layer leads to illite evolving to montmorillonite. Meanwhile, when the alkali metal
was removed in large quantities, the illite evolved further to form kaolinite [34]. This
process is illustrated in Figure 10 [35]. It can be seen from Table 3 that the relative contents
of kaolinite and smectite increased after the leaching process of the three ammonium salts,
while the relative contents of illite decreased. When ammonium acetate was used as the
leaching agent, the relative conversion rate of illite was 1.49% and that of smectite was
only 0.17%. This also verified that the swelling ratio of clay minerals under the action of
ammonium acetate was minimal.
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3.4. Scanning Electron Microscopy Analysis of Ore Sample

In order to explore the influence of the leaching agent on clay minerals, the raw ore and
the tailings after leaching of three kinds of ammonium salts were detected and analyzed
via a scanning electron microscope. The results are shown in Figure 11.

Metals 2023, 13, x FOR PEER REVIEW 11 of 14 
 

 

contents of kaolinite and smectite increased after the leaching process of the three 
ammonium salts, while the relative contents of illite decreased. When ammonium acetate 
was used as the leaching agent, the relative conversion rate of illite was 1.49% and that of 
smectite was only 0.17%. This also verified that the swelling ratio of clay minerals under 
the action of ammonium acetate was minimal. 

 
Figure 10. Diagram of clay minerals mutual transformation. 

3.4. Scanning Electron Microscopy Analysis of Ore Sample 
In order to explore the influence of the leaching agent on clay minerals, the raw ore 

and the tailings after leaching of three kinds of ammonium salts were detected and 
analyzed via a scanning electron microscope. The results are shown in Figure 11. 

  

Metals 2023, 13, x FOR PEER REVIEW 12 of 14 
 

 

  

Figure 11. The SEM analysis of ore samples. (a) Raw ore; (b) ore sample with the ammonium 
chloride as leaching agent; (c) ore sample with the ammonium sulfate as leaching agent; (d) ore 
sample with the ammonium acetate as leaching agent. 

It can be seen from Figure 11 that the surface morphology of clay minerals changed 
to a certain extent under the influence of the three leaching agents. As can be seen from 
Figure 11b, a certain degree of dissolution and transformation occurred in the clay 
minerals after the action of ammonium chloride. The surface morphology of clay minerals 
was eroded seriously, the layered structure of clay minerals was partially destroyed, and 
the clay mineral particles fell off along the layered structure. Therefore, there was a large 
number of interlayer ions released into the solution during the rare earth leaching process. 
As can be seen from Figure 11c, the clay minerals after ammonium sulfate leaching also 
showed a serious erosion phenomenon. However, the layered structure of the clay 
minerals only showed an obvious swelling phenomenon; the dissolution and detachment 
of the clay minerals were not obvious. It can be seen from Figure 11d that the clay minerals 
after ammonium acetate leaching also had a certain erosion phenomenon, but the layered 
structure of the clay minerals was relatively complete. Meanwhile, fine particles were 
observed adsorbed on the edge of the crystalline layer structure of the clay minerals [36], 
which prevented the water molecules from entering the interlayer of the clay minerals, 
reducing the swelling of the clay minerals. Therefore, ammonium acetate had little effect 
on the swelling, dissolution, and transformation of clay minerals during the rare earth 
leaching process. 

4. Conclusions 
The effects of ammonium leaching agents on the rare earth leaching process of 

weathered crust elution-deposited rare earth ore were studied in this paper. The results 
indicated that the rare earth leaching efficiencies followed the order ammonium acetate > 
ammonium chloride > ammonium sulfate, with values of 90.60%, 85.96%, and 84.12%, 
respectively. The swelling ratios of clay minerals followed the order ammonium acetate < 
ammonium chloride < ammonium sulfate, with values of 2.09%, 2.50%, and 2.89%, 
respectively. As seen from the thermogravimetric analysis of ore samples, the interlayer 
adsorbed water contents were 1.29% and 1.41% when the ammonium chloride and 
ammonium sulfate were used as leaching agents. Meanwhile, the interlaminar water was 
only 0.85% when ammonium acetate was used as the leaching agent. The action of the 
leaching agent also leads to the interconversion of clay minerals. The clay minerals were 
transformed mainly from illite to montmorillonite and kaolinite under the action of the 
three leaching agents. When ammonium acetate was used as the leaching agent, the 
relative conversion of illite was 1.49% and that of smectite was only 0.17%. SEM analysis 
showed that the clay minerals expanded and dissolved obviously when ammonium 
chloride and ammonium sulfate were used as leaching agents. Meanwhile, the clay 
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as leaching agent; (c) ore sample with the ammonium sulfate as leaching agent; (d) ore sample with
the ammonium acetate as leaching agent.
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It can be seen from Figure 11 that the surface morphology of clay minerals changed
to a certain extent under the influence of the three leaching agents. As can be seen from
Figure 11b, a certain degree of dissolution and transformation occurred in the clay minerals
after the action of ammonium chloride. The surface morphology of clay minerals was
eroded seriously, the layered structure of clay minerals was partially destroyed, and the
clay mineral particles fell off along the layered structure. Therefore, there was a large
number of interlayer ions released into the solution during the rare earth leaching process.
As can be seen from Figure 11c, the clay minerals after ammonium sulfate leaching also
showed a serious erosion phenomenon. However, the layered structure of the clay minerals
only showed an obvious swelling phenomenon; the dissolution and detachment of the
clay minerals were not obvious. It can be seen from Figure 11d that the clay minerals
after ammonium acetate leaching also had a certain erosion phenomenon, but the layered
structure of the clay minerals was relatively complete. Meanwhile, fine particles were
observed adsorbed on the edge of the crystalline layer structure of the clay minerals [36],
which prevented the water molecules from entering the interlayer of the clay minerals,
reducing the swelling of the clay minerals. Therefore, ammonium acetate had little effect
on the swelling, dissolution, and transformation of clay minerals during the rare earth
leaching process.

4. Conclusions

The effects of ammonium leaching agents on the rare earth leaching process of weath-
ered crust elution-deposited rare earth ore were studied in this paper. The results indicated
that the rare earth leaching efficiencies followed the order ammonium acetate > ammonium
chloride > ammonium sulfate, with values of 90.60%, 85.96%, and 84.12%, respectively.
The swelling ratios of clay minerals followed the order ammonium acetate < ammonium
chloride < ammonium sulfate, with values of 2.09%, 2.50%, and 2.89%, respectively. As seen
from the thermogravimetric analysis of ore samples, the interlayer adsorbed water contents
were 1.29% and 1.41% when the ammonium chloride and ammonium sulfate were used
as leaching agents. Meanwhile, the interlaminar water was only 0.85% when ammonium
acetate was used as the leaching agent. The action of the leaching agent also leads to the
interconversion of clay minerals. The clay minerals were transformed mainly from illite to
montmorillonite and kaolinite under the action of the three leaching agents. When ammo-
nium acetate was used as the leaching agent, the relative conversion of illite was 1.49% and
that of smectite was only 0.17%. SEM analysis showed that the clay minerals expanded
and dissolved obviously when ammonium chloride and ammonium sulfate were used as
leaching agents. Meanwhile, the clay mineral layered structure was relatively complete
when ammonium acetate was used as the leaching agent. Therefore, ammonium acetate as
a leaching agent had the least influence on the swelling, dissolution, and transformation of
clay minerals.

It is important to realize the safe and efficient recovery of rare earth in the leaching
process of weathered crust elution-deposited rare earth ore. In rare earth leaching, the
expansion, dissolution, and transformation of clay minerals by leaching agents represent a
safety problem that cannot be ignored. It is worth studying this to reduce the safety risks of
mine production by adding green and efficient leaching agents. The results of this paper
are beneficial to the selection of rare earth leaching agents and have significance for the
efficient utilization of rare earth resources.
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