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To detect the evolutional characteristics of pore structure in ore leaching process of ion-type rare earth, this paper analyzes the
in8uence mechanism of ion exchange seepage action on the microstructure of orebody, and an experiment for remodeling rare
earth saturated samples and ore leaching was designed. Using nuclear magnetic resonance technology obtains the pore structure
T2 map of H2O and (NH4)2SO4 solution in the ore leaching process and inverts and reconstitutes the pore structure distribution
image. 0e results of contrastive analysis experiments indicate that impact factors of the ore leaching process on the micro-
structure of rare earth orebodies include two aspects: solution seepage and ion exchange. 0e main factor of pore structure
distribution is the ion exchange action, determined by a dual e?ect. 0e sole action of solution seepage leads to an increase in pore
size, which means that pore size structure is changing from small and medium to macro. Ion exchange gives rise to the movement
and restructuring of particles, which results in a decrease in pore sizes. 0e pore structure changes from loose to compact; in the
entire ore leaching process, the ion exchange action advances in a layered shape along the direction of seepage, and the chemical
replacement and physical seepage alternately impact the microstructure of the orebodies.

1. Introduction

Ion-adsorption rare earth ore is one of the most precious and
rare types of ore in the world and is found in the strong
mantle rock of shallow ground [1–3]. At present, the in situ
leaching mining method is a mature mining technology,
which takes advantage of the chemical replacement reaction
of leaching solutions in the process of orebody seepage to
achieve the recovery of rare earth cations and thus realizes
the extraction of rare earth elements [4–6]. 0e perme-
ability characteristics of the leaching solution in the orebody
rely heavily on the distribution of the internal microscopic
pore structure. 0at is, the form and distribution parameters
of the microstructure directly in8uence the di?usion and
penetration of the leaching solution in rare earth orebodies.
0erefore, research on the chemical replacement process of
the leaching solution and the characteristics of orebody
microstructures is beneEcial for furthering the analysis of

the leaching inEltration mechanisms and is of great signiE-
cance to green extraction and e?ective recovery of ion-type
rare earth ores.

0e matrix of rare earth ore is strong, weathered granite,
belonging to the same discrete heterogeneous body as or-
dinary rock and soil media. In recent years, with the wide
application of microcomputed tomography technology
[7–9], scholars have started to study the evolution and
in8uencing mechanisms of rock and soil media micro-
structures. Kodali et al. conducted research on the distri-
bution characteristics of microEssures inside copper ore
particles, taking advantage of micro-CT [10]. Nosrati et al.
applied micro-CT to scan the internal structure of nickel
granulation ore and discovered the microstructure distri-
bution law [11]. Yan et al. introduced microparameters to
describe the pore characteristics of soil [12]. Cui et al.
measured the pore characteristics of loess-adopting rate-
controlled mercury and analyzed the in8uence of vacuum
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freeze-drying and drying on the microstructure of loess [13].
Li et al. studied the change law of pore structures, void ratios,
and moisture content in the process of soil discharge and
established a corresponding relationship among them [14].

�e in situ leaching of ion-type rare earth involves two
important processes: ion exchange and solution in�ltration.
Ion exchange is a chemical replacement process, while so-
lution in�ltration is a physical migration process. At present,
little research has been carried out to detect whether the
coupling e�ect of these two processes will result in a change
in the micropore structure of rare earth orebodies, and
useful conclusions have not yet been reached. �is paper
describes the uses of nuclear magnetic resonance technology
to study themicrostructure evolutionarymechanisms of rare
earth orebodies in the processes of ion exchange and in-
�ltration and provides important research references for the
leaching and mining of ion-type rare earth ores.

2. Experimental Section

2.1. Principles of the Experiment

2.1.1. Chemical Replacement. Rare earth elements are present
in strong, weathered granite in the form of ions. (NH4)2SO4
solution is usually adopted in the leaching process [15, 16].
�e rare earth cations absorbed by the orebody will be
replaced in the leaching solution after contact with NH+

4 ,
which has more active chemical properties, as shown in (1).
�is strong chemical reaction occurs throughout the entire
leaching process. Ion exchange involves the adjustment and
reconstruction of the mineral microstructures, leading to
a change in the crystal structure. �e seepage e�ect of
leaching solution also exerts an impact on the microstructure
of orebodies:

2(Kaolin)3− · RE3+ + 3 NH+
4( )2 · SO2−

4

� 2(Kaolin)3− · NH+
4( )3 + RE3+

2 SO2−
4( )3.

(1)

2.1.2. Test of the Microstructure. Nuclear magnetic reso-
nance (NMR), as a new type of detection technology, has
been widely applied in the �eld of geotechnical engineering
[17]. �e most important characteristic of this technology is
that it can quickly, accurately, and quantitatively measure
the microstructure of pores and the pore size distributions
while not destroying the structure of rock or soil. �erefore,
this is a common detection technology for the analysis of the
microstructure evolution of rare earth orebodies in the
process of leaching.

�e association of the transverse relaxation time, T2, and
the solid–liquid separation characteristics in the leaching
process, as well as the speci�c surface area of pores, is more
evident, which re�ects the change in the characteristics of
the pore structures in rare earth samples in the leaching
process to a certain extent. According to NMR principles, free
relaxation and di�usion relaxation can be neglected [18–20],
and the transverse relaxation rate can be simpli�ed as

1
T2

� ρ2
SV

. (2)

In (2), ρ2 represents the relaxation strength (μm/ms),
S represents the pore surface area (cm2), and V represents
the pore volume (cm3). In (2), the ratio between the surface
area and volume determines the size of the pores, and the
transverse relaxation rate re�ects the frequency of proton
collisions in the pores. Smaller pore sizes lead to more
frequent collisions.�erefore, the transverse relaxation time,
T2, is directly proportional to the size of the pores. �e
spectrum analysis curve of T2 in the leaching process of
a rare earth orebody can be obtained through the detection
results, which can then identify the change rule of the pore
structures.

2.2. Experimental Method and Process. �e sample was ac-
quired through the remodeling of rare earth sample ore from
a mine, and the sample size was consistent with the e�ective
detection area of NMR.�e diameter and height of the sample
were 40mm and 60mm, respectively. In the remodeling
process, the consistency of the density of the original soil
sample and its moisture content were maintained to the
greatest possible extent, as shown in Figure 1. After all phase
detection, the rare earth oxide (REO) of the original sample
was 0.065± 0.003%, which conforms to the experimental
requirements. �e physical parameters of remodeling the
rare earth sample are shown in Table 1.

To analyze the evolution law of the pore structure of the
rare earth sample in the ion exchange process, contrastive
analysis experiments were designed. �e leaching experi-
ment of remodeling the rare earth sample was conducted on

Compaction

Hamm

Air-out
Remodel soil

Membrane

Figure 1: Manufacturing process of remodeling soil specimens.

Table 1: Physical parameters of rare earth ore sample.

Parameter
type

Geometry
dimension (mm) Density

(g/cm3)
Moisture

content (%)
Diameter Height

Value 40 60 1.75 15
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the simulative leaching experiment setup (the 8ow rate is
1 mL/min), as shown in Figure 2. 0e entire leaching ex-
periment was divided into two parts. In the Erst part, the
duration of leaching was six hours, and pure water was
selected as the leaching 8uid. In this process, a chemical
replacement reaction was not involved. In the second part, the
duration of leaching was six hours, but a 2.5% (NH4)2SO4
solution, which is commonly used in industrial experiments,
was selected as the leaching agent. According to the replacement
principle, the second part (7–12 h) is the ion exchange process.
0e two parts of the experimental results were contrastively
analyzed.

To e?ectively identify the ion exchange rate of the
chemical replacement process in the di?erent leaching
phases, all phase detections of REO were conducted every
hour during leaching. When conducting the detection, two
complete samples were taken and dried, and then the
samples were crushed into powder. 0e REO in a sample was
determined using an inductively coupled plasma mass
spectrometer (ICP-MS), as shown in Figure 3, which rep-
resents the ion exchange process during mineral leaching.

0e micropore structure of the sample was measured
using a PQ-OO1-type mini-NMR spectrometer, as shown in
Figure 4. 0e permanent magnets possess a magnetic Eeld
intensity of 0.52 T (Tesla). 0e valid experimental area of the
sample was ϕ 60 mm× 60 mm, and the temperature of the
permanent magnets was 32± 0.01°C, ensuring the stability
and uniformity of the experimental magnetic Eeld. Two
typical samples were obtained before leaching, and the
micropore structures of samples were detected every hour,

based on the interval of leaching. Additionally, each sample
was leached for 1 h, and its porosity was determined before
continuing the leaching for another hour, using the same
sample; the porosity was measured again and the process
continued. 0e entire test process is shown in Figure 5.

3. Analyses of Experimental Results

3.1. Change in REO in the Leaching Process. During leaching,
the solid sample is chemically analyzed every hour, acquiring
the REO in di?erent periods, to analyze each phase of the ion
exchange reaction in the leaching process. 0e experimental
results of each period are shown in Table 2.

Combined with the REO changing curve in the leaching
experiment process (Figure 6), we know that H2O is used as
the leaching solution in the Erst phase. No change occurs in
the REO concentrations of the solid samples, with mea-
surements being stable within the margin of error. 0us, it
can be deduced that the ion exchange reaction, as shown in
(1), does not occur inside the sample and that the rare earth
cations are not extracted by the leaching solution when
applying H2O as the leaching solution. After the Erst six
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Figure 2: Simulation leaching.
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Figure 3: Inductively coupled plasma mass spectrometer
(ICP-MS).
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Figure 4: PQ-OO1-type mini-NMR spectrometer.
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Figure 5: Test process.
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hours, the leaching solution is replaced by 2.5% (NH4)2SO4
solution. In the following analyses, the REO level gradually
declines in the sample. 0e REO declines slowly between the
6th and the 8th hour, which is mainly due to the fact that
leaching solutions containing rare earth cations do not
extract in large amounts but remain in the sample matrix.
After a prolonged time, the chemical replacement reaction
occurs intensively in the sample matrix, and the leaching
solution containing rare earth cations continuously extracts.
We can see from Figure 6 that the REO in the sample matrix
falls sharply between the 8th and 10th hour. Between the
10th and 14th hour, the REO drops to below 200 and the
change begins to 8atten, which proves that the ion exchange
reaction is almost completed in the sample after the 10th
hour. It can be deduced that, based on the above analyses, the
early phase, between the 0 and 6th hour, belongs to the phase
without a chemical replacement reaction; the phase between
the 6th and 11th hour belongs to the intensive ion exchange
phase; and the ion exchange reaction is completed after the
12th hour.

3.2. Distribution of NMR T2. 0e T2 spectrum curve is
closely related to the change in the inner pores. 0e

T2 spectrum curve can re8ect the sizes of pores in the rare
earth specimen and the number of pores of di?erent sizes.
0e size of the T2 value is positively related to the pore size.
0e amplitude represents the number of pores of di?erent
sizes.

0e entire process in the mineral leaching experiment is
divided into three phases. 0e Erst phase is H2O leaching,
the second phase is the transition phase of H2O and
(NH4)2SO4, and the third phase is (NH4)2SO4 leaching. 0e
T2 spectrum distribution curves of the three phases are
shown in Figures 7–9, respectively.

Figure 7 presents the T2 spectrum curve of the entire
process of H2O leaching. We can see from the area formed
by the spectrum curve that the inner pore distribution of the
remodeled rare earth sample is dominated by pores with
medium apertures. Compared with the curve distribution
between the 1st and 6th hour, we can see that an obvious

Transition
stage

(NH4)2SO4 leaching

Violent
reaction

stage

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (h)

700

600

500

400

300

200

100

Ra
re

 ea
rt

h 
io

n 
co

nt
en

ts 
(1

0−6
 g

 (t
))

No chemical replacement
reaction stage

H2O leaching

Rare earth ion contents

Figure 6: REO changing curve in the leaching experiment process.
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Figure 7: H2O leaching (the Erst phase).
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Figure 8: Transition phase of H2O and (NH4)2SO4 (the second
phase).

Table 2: REO in the leaching process.

Leaching solution Leaching time/h REO/10−6 g/t

H2O

0 649
1 652
2 647
3 657
4 641
5 639
6 650

(NH4)2SO4 (2.5%)

7 630
8 600
9 470
10 290
11 200
12 180
13 178
14 181
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change in the curve spectrum of the pore area with medium
apertures has taken place after this prolonged amount of
time. A speciEc manifestation is that the peak value grad-
ually decreases and the crest moves to the right. With the
analysis of the pore area with large apertures, we can dis-
cover that the large aperture segment of the T2 spectrum
curve is gradually moving to the right, which explains that
the size of the pores with large apertures are also gradually
increasing inside the sample in the leaching process. Under
the simple seepage action of the leaching 8uid, the change in
internal microstructure of an ion-type rare earth orebody is
that the pores with medium apertures gradually become
pores with large apertures; the number of pores with me-
dium apertures decreases, while the number of pores with
large apertures increases.

According to the results shown in Figure 8, the leaching
8uid is replaced by the 2.5% (NH4)2SO4 solution after pure
water leaching for six hours. During the 7th hour, we can see
from the analysis of the leaching results that the change law
of the T2 spectrum curve is not consistent with that of pure
water leaching. 0e peak value of the T2 spectrum curve
increases and the crest moves to the left, which is opposite of
the previous change law.

We can see from Figure 9 that the peak value of the entire
T2 spectrum curve increases and the crest moves to the left
after leaching by the (NH4)2SO4 solution from the 7th to
12th hour, which explains that the number of pores with
medium apertures is increasing and the pores with medium
apertures are gradually becoming pores with small apertures
after leaching by the (NH4)2SO4 solution. We can also see
from the pore area of the large apertures in the T2 spectrum
curve that after a prolonged time, the T2 spectrum curve of
the large apertures moves to the left, gradually moving
toward the pore area of medium apertures. According to the
analysis results presented in Figure 6, the period between the
6th and 12th hour is the ion exchange reaction phase. Not
only does the inEltration process exist in this phase but also

the chemical replacement process. Comparing Figure 7 with
Figure 9, we can see that the main factor in8uencing the
micropore structure of rare earth orebodies is the ion ex-
change reaction. 0erefore, the ion exchange reaction inside
the rare earth orebody will induce a decrease in the pore
volume inside the orebody. Moreover, the aperture size
shows the tendency of changing from large to small overall,
and the entire micropore structure of the orebody tends to
be more compact.

3.3. Imaging Analysis of Microstructure Evolution. From the
analysis presented in Section 2.2, we can see that the ion
exchange reaction between the rare earth orebody and the
leaching solution changes the structural chain among par-
ticles, leading to the recombination of particles among inner
pores and giving rise to new changes in the micropore
structure. 0e reconstruction imaging technology of NMR is
applied to conduct image reconstruction of the scanning
data at regular intervals, obtaining the inversion image of the
microstructure. To conduct an intuitive analysis of the
micropore structure change law, the inversion image is
projected. 0e leaching solution inEltrates along the axis of
the sample, and the typical cutting plane is thus selected in
the center of the sample along the generatrix, as shown in
Figure 10.

Figures 11 and 12 are two-dimensional images of the
cutting plane in the leaching process. Figure 11 shows the
phase of pure water leaching, while Figure 12 shows the phase
of 2.5% (NH4)2SO4 solution leaching. 0e bright color shows
the area of liquid molecules, which is the area of the pores. 0e
activity of the water molecules in the black area is extremely
weak, so this area is considered a solid region.

It can be clearly seen that after a prolonged time, the
bright area gradually expands when pure water is used as the
leaching solution, which explains why the number of inner
pores increases after a prolonged time and why the apertures
also increase under the sole action of the seepage e?ect,
which is completely consistent with the analysis results in
Section 2.2.

0e most important change appears in Figure 12. 0is
image shows the change when the leaching solution is
replaced by the (NH4)2SO4 solution. We can see from the
image of the 7th hour that the bright area decreases slightly
in the upper part, and the black area starts to increase. 0is

Figure 10: Typical cutting plane.0
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Figure 9: (NH4)2SO4 leaching (the third phase).
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area has a banding distribution in the upper part of the
sample, but no obvious changes can be observed at the bottom
of the sample, compared with the image at the 6th hour,
which shows that the reaction occurs inside the sample when
pure water is replaced by the (NH4)2SO4 solution between
the 6th and 7th hour. 0e ion exchange mainly occurs at the
top of the sample, and the leaching chemical replacement
reaction leads to the change in particle structure, giving rise
to the movement and reconstruction of the pore particles
and the disappearance of some pores. Pores with large
apertures are transformed into pores with small and medium
apertures, and the area of ion exchange tends to be more
compact. 0e change becomes more obvious in Figure 9; the
black area increases more rapidly in the middle-upper part,
which shows that the pore structure is undergoing a rapid
change under the e?ects of ion exchange. After the 9th hour,
the black area starts to shift to the lower-middle part. 0e ion
exchange reaction has been completed in the upper part,
which again enters into the model of simple liquid seepage.
Meanwhile, another obvious change can be observed: the
bright area increases again in the middle-upper part, in-
dicating that pores appear in large numbers in the middle-
upper part. As the apertures increase, it proves that the pore

structure under the simple seepage e?ect tends to be looser.
From the 9th hour to 11th hour, the area with the black stripe
moves downward, and the bright area above the black area
recovers layer by layer. After 12 hours, the stripped black
area completely disappears, and the white area is distributed
to a great extent. According to Figure 6, the ion exchange
reaction has been completed at this point in time, and only
the seepage e?ect in8uences the micropore structures of
orebodies.

0e in8uence of pure water leaching on the pore structure
is a seepage e?ect, while the in8uences of (NH4)2SO4 solution
leaching on the micropore structure of an orebody are both
ion exchange and seepage e?ects. 0e black area moving
downward in Figure 12 is completely di?erent from that of
Figure 11. 0erefore, under the coupling e?ect of ion ex-
change and seepage, it is the chemical action of ion exchange,
and not the physical action of seepage, that in8uences the
microstructure. Meanwhile, through the contrastive analysis
of Figures 11 and 12, the overall manifestation of the mi-
cropore structures of rare earth orebodies after (NH4)2SO4
solution leaching is that the pore sizes shrink, the total
number of pores is reduced, and the pore structure tends to be
more compact.

(a) (b) (c)

(d) (e) (f)

Figure 11: Phase of pure water leaching. (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h, and (f) 6 h.
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4. Conclusions

0is paper investigated a leaching experiment on ion-type
rare earth orebodies and conducted a contrastive analysis of
the leaching results of two di?erent solutions. 0e following
conclusions were obtained:

(1) 0e pure water leaching process does not involve
ion exchange, belonging simply to a liquid seepage
process, while the (NH4)2SO4 solution leaching
process is the coupling of ion exchange and liquid
seepage.

(2) In the leaching process, the micropore structures of
rare earth orebodies are subjected to the coupling
e?ect of solution seepage and ion exchange. Water
leaching leads to an increase of inner pores and
apertures. 0e microstructure also tends to be looser.
(NH4)2SO4 leaching leads to the movement and
reconstruction of particles, decreasing the apertures
and the number of pores. 0e microstructure also
tends to be more compact.

(3) In the leaching process, the ion exchange reaction
occurs downward, layer by layer, with the solution
seepage conforming to the laminar 8ow law of

seepage theory. Under (NH4)2SO4 solution leaching,
it is the chemical action of ion exchange but not the
physical action produced by the seepage e?ect that
in8uences the microstructure of an orebody. Overall,
the chemical replacement reaction of ion-type rare
earth leaching possesses certain recovery e?ects on
the microstructure of orebodies.
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