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a b s t r a c t

The pore structure of uranium-bearing sandstone is one of the critical factors that affect the uranium
leaching performance. In this article, uranium-bearing sandstone from the Yili Basin, Xinjiang, China, was
taken as the research object. The fractal characteristics of the pore structure of the uranium-bearing
sandstone were studied using mercury intrusion experiments and fractal theory, and the fractal
dimension of the uranium-bearing sandstone was calculated. In addition, the effect of the fractal char-
acteristics of the pore structure of the uranium-bearing sandstone on the uranium leaching kinetics was
studied. Then, the kinetics was analyzed using a shrinking nuclear model, and it was determined that the
rate of uranium leaching is mainly controlled by the diffusion reaction, and the dissolution rate constant
(K) is linearly related to the pore specific surface fractal dimension (DS) and the pore volume fractal
dimension (DV). Eventually, fractal kinetic models for predicting the in-situ leaching kinetics were
established using the unreacted shrinking core model, and the linear relationship between the fractal
dimension of the sample's pore structure and the dissolution rate during the leaching was fitted.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

At present, three uraniummining methods, i.e., in-situ leaching,
surface heap leaching, and in-place leaching of blasted ore, are
mainly adopted, among which in-situ leaching is a new and effi-
cient uranium mining method. In-situ leaching is not applicable to
all ore deposits and is only applicable to ores with porous fractures
or pore development and a certain permeability. Generally, the ore
body is required to be distributed in an aquifer, the ore bed must be
confined and containwater. During the in-situ leaching of uranium-
bearing deposits, the leaching solution is directly injected into the
uranium-bearing water deposit through liquid injection boreholes
to react with the minerals, and then, the solution is brought to the
surface through pumping boreholes. Finally, the valuable uranium
and its compound products are extracted from the pumped solu-
tions. This mining technique is a solid-liquid transfer process that
transfers useful elements from the ore into the leaching solution.
This technique has beenwidely used for uranium leaching in China,
Eastern Europe, the former Soviet Union, the United States, and
Australia. In situ leaching of uranium has become the main source
by Elsevier Korea LLC. This is an
of uranium resources in all countries. Kazakhstan has been the
most successful in using in-situ leaching and has become the
largest uranium producer through ISL Kazakhstan. More than 70%
of the uranium mines in the United States and Canada use in-situ
leaching. The research on the in-situ leaching of uranium can be
divided into three main categories: theoretical research [1], labo-
ratory experiments [2], and numerical simulations (e.g., reactive
transport modelling) [3]. At present, China's uranium resources are
limited, and the uranium mining cannot meet the current energy
supply demand. Through additional mining and recovery of ura-
nium resources, mastering the original uranium leaching method is
the key to China's energy security [4]. According to a July 2014
report by the World Nuclear Association (WNA), in-situ leaching is
used to extract 47% of the uranium mined worldwide [5,6].
Compared with traditional uranium mining methods, in-situ
leaching has many advantages such as low costs, fewer miners
coming in contact with radiation, less pollution to the environment
around the mining area, no solid tailings, a simple operation pro-
cess, easy management, and a high utilization rate of low-grade
uranium. However, it is limited by the geological and
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hydrogeological conditions of the sediments, especially the pore
structure and permeability of the uranium-bearing layers [7e9].

Therefore, it is essential to study the influence of the pore
structure characteristics of sandstone uranium deposits on the
uranium leaching performance. Currently, there are many experi-
mental methods for studying the pore structures of ore samples,
such as mercury injection capillary pressure tests (MICP) [10,11],
nitrogen adsorption (N2GA) tests [12,13], nuclear magnetic reso-
nance (NMR) analysis [14,15], scanning electron microscopy (SEM)
[16,17], and computed tomography (CT) analysis [18,19]. In China,
since Xie [20] demonstrated that a portion of the rock pores have
fractal characteristics, many scholars have conducted quantitative
and qualitative characterization of the pore structures of rocks by
combining experimental methods and fractal theory. For example,
Guo et al. [21] found that the pore structure of tight sandstone is
complex and heterogeneous, and the pore size is different, exhib-
itingmulti-fractal characteristics. Wang et al. [22] used themercury
intrusion method (MIP) to determine the pore size distribution
(PSD) of tight sandstone, studied the correlation between the PSD
fractal dimension and the physical properties of tight sandstone,
and developed an optimal fractal model for stratigraphic evalua-
tion. In addition, the study of uranium leaching kinetics is an
important research topic that reveals the mechanisms controlling
the leaching process, and many scholars have obtained rich results
on this topic. Zeng et al. [23] studied the effect of the fractal dis-
tribution on uranium leaching and showed that the shape and size
of the different rock particles have unique fractal characteristics
and the leaching rate is correlated to the fractal dimension.
Through acid leaching of high-phosphorus hematite, Wang et al.
[24] found that the kinetics of both stages of the acid leaching
process are consistent with the shrinkage core model and not
shrinkage core model. Madakkaruppan et al. [25] conducted
microwave-assisted uranium leaching from low-grade Indian ores
and showed that the kinetics of the leaching are consistent with the
shrinkage core model, with product layer diffusion as the control-
ling mechanism. Tanaydn et al. [26] optimized the leaching process
of Smithite ore using nitric acid and established a related kinetic
model. Dexin et al. [27] studied the influence of the fractal
dimension of the particle size distribution on the uranium leaching
performance of the column leaching method and established a
kinetic model of the heap leaching fractal of uranium ore with the
fractal dimension changing with the particle size distribution.

These studies have investigated the pore structure of sandstone,
the leaching kinetics of sandstone uranium deposits, and the in-
fluence of the fractal dimension of the particle size distribution on
the leaching performance. Thus far, no one has investigated the
relationship between the fractal characteristics of the pore struc-
ture and the leaching kinetics of uranium-bearing sandstone de-
posits. In this study, the samples collected from a uranium-bearing
deposit in Xinjiang, China. The pore structure of uranium-bearing
sandstone was characterized through mercury intrusion experi-
ments. These ores were conducted a column leaching experiment
to study the influence of the fractal characteristics of the pore
structure on the uranium leaching kinetics. Finally, establish a
fractal model for predicting the kinetic processes, considering the
fractal dimension of the pore structure, in the in-situ leaching of
uranium.

2. Materials and method

2.1. Sample preparation

The experimental samples were collected from a uranium
bearing sandstone deposit in the Kazak Autonomous Prefecture of
Yili, Xinjiang, China. The uranium deposit is located in the
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interlayer oxidation zone in the southern margin of the Yili Basin,
Xinjiang, China. Seven dry ore rock samples from seven different
borehole locations in three different ore-bearing layers were
selected, each with a weight of 100 g, and the samples were
numbered R1eR7. In this experiment, the uranium concentrations
of the uranium ore samples were determined and their uranium
grades were calculated. The detailed parameters are presented in
Table 1. As can be seen from Table 1, the uranium grades were
0.202e0.022 wt%, with an average of 0.05817 wt%. The grade of
industrial uranium ore was reached [28].
2.2. Mercury intrusion experiments

Mercury intrusion experiments were conducted to obtain in-
formation about the pore structure parameters of the seven sam-
ples. The mercury intrusion experiments were conducted using the
automatic mercury intrusion instrument (AutoporeIV9510) in the
Thermal Energy Engineering Laboratory at Tsinghua University. The
mercury intrusionmethodwas first proposed by Ritter and Delek in
1945. It is based on the non-wettability of mercury on solid sur-
faces. It can only be squeezed into the solid pores under the action
of external pressure, so the external pressure can be used as a
measure of the pore size. It is generally accepted that the pores in
porous solid materials are cylindrical. This model has practical
significance. Because the contact angle between liquid mercury
with solid materials is greater than 90� and the surface tension is
very large, it is not wettable for most materials, so it is difficult for it
to invade holes. The applied pressure can overcome the resistance
caused by the surface tension, causing the liquid mercury to fill the
pores of different sizes. The pressure required to force mercury into
a pore of a given size is consistent with the Laplace formula:

g¼ � 2scosq=p: (2-1)

Wheregis the pore size of the porous medium, cm; sis the surface
tension of mercury, N/cm; p is the capillary pressure, that is,
pressure into mercury, p; qis the liquid-solid contact angle.
2.3. Sulfuric acid leaching experiments

2.3.1. Sulfuric acid leaching experiment steps
The uranium leaching kinetics were studied through immersion

tests. The leaching agent is based on the actual production situation
of the mine. Sulfuric acid was selected as the leaching agent. The
1.84 g/L sulfuric acid with the purity of 98% was used to prepare a
10 g/L H2SO4 leaching solution. First, 7 samples (100 g) were placed
in seven glass bottles. Then, 400 ml of sulfuric acid with a con-
centration of 10 g/L were added to each glass bottle (solid/liquid
ratio of 1/4), and the bottles were gently shaken and placed on the
experimental table. Rubber plugs were used to seal the bottles to
prevent water evaporation and ensure the accuracy of the con-
centration value. The samples were taken out once every 8 h, and
the uranium concentration was measured. This experiment was
conducted to oxidize the tetravalent uranium to hexavalent ura-
nium, and the chemical reaction equations are as follows:

2UO2 þO2 ¼ 2UO3; (2-2)

UO3 þ2Hþ ¼ UO2þ
2 þ H2O; (2 e3)

UO2þ
2 þ SO2�

4 ¼ UO2SO4; (2 e4)



Table 1
Experimental sample parameters.

Drilling number N126 A307 NK2-1 A204 N1406 A202 A206

Sample number R1 R2 R3 R4 R5 R6 R7
Grade of uranium ore (wt%) 0.202 0.022 0.022 0.0435 0.020 0.078 0.0215
Uranium content (mg) 202 22 22 43.5 20 78 21.5
Sample depth interval (m) 235e245 190e200 215e225 180e190 332e342 184e194 190e200
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UO2SO4 þ SO2�
4 ¼ UO2ðSO4Þ2�2 ; (2 e5)

UO2ðSO4Þ2�2 þ SO2�
4 ¼ UO2ðSO4Þ4�3 : (2 e6)
2.3.2. Uranium concentration determination
In this experiment, the determination of the uranium content of

the uranium ore was conducted using the titanium trichloride
reduction/ammonium vanadate oxidation drop determination
method [29]. A standard uranium solution with a uranium con-
centration of 0.1 mg/mL was prepared using U3O8, hydrochloric
acid, and hydrogen peroxide. The determination of the uranium
contentwas conducted using titanium oxide titration. Onemilliliter
of standard uranium solution was placed in a 150 ml conical flask,
and 12 ml of phosphate and 8 ml of water were added. Then, while
the solution was constantly stirred inside a ventilation hood, three
drops of titanium oxide were added, turning the solution purple; 2
drops of sodium nitrite were added, turning the solution brown;
and 5 ml of urea were added, causing a large number of bubbles to
form. The solution was allowed to stand for 5 min after the bubbles
disappeared. After adding three drops of sodium diphenylamine
sulfonate, the standard solution of an appropriate concentration of
ammonium vanadate was titrated until the test solution was
slightly purplish red and the color did not disappear for 30 s. Using
Equations (2)e(7), the titrant of the uranium in the standard so-
lution of ammonium vanadate was calculated, and the percentage
of uranium was calculated using Equations (2)e(8).

T ¼C1 � V1=V2: (2 e7)

where T is the titer of the standard uranium solution of ammonium
vanadate (mgU/ml); C1 is the concentration of the standard ura-
nium solution (mgU/ml); V1 is the volume of the standard uranium
solution (ml); and V2 is the volume of the ammonium vanadate
standard solution consumed during the titration (ml).

C2 ¼ T � V3=V4 � 1000; (2 e8)

where T is the titer of the ammoniumvanadate standard solution to
uranium (mgU/ml); V3 is the volume of the ammonium vanadate
standard solution consumed during the titration (ml); V4 is the
sample volume (ml); and C2 is the concentration of uranium in the
leaching solution (mg/l).
2.4. Fractal theory

The fractal dimension is an inherent quantitative measurement
of irregularity and disorder. The self-compatibility with the size is
an essential characteristic of a tested sample. According to the
principle of fractal geometry [30], if the pore radius of the uranium
ore sandstone is r, the number of pores in the sandstone with ap-
ertures of greater than or equal to r is Nð� rÞ [31].
1177
Nð� rÞ∞r�D; (2 e9)

where D is the fractal dimension of the pore structure, and D is
divided into DV and DS. Different calculation methods have
different effects on the expression of D. When the pore volume
calculation method is used, D is expressed as DV, representing the
pore volume fractal dimension. When the specific surface area
calculation method is used, D is expressed as Ds, which is the pore
specific surface fractal dimension.

If Vð� rÞ is set as the volume of the pores with radii of greater
than or equal to r, V0 is the total pore volume of the sample.
Research has shown that Vð� rÞ and V0 has are related by the
following formula [32]:

Vð� rÞ¼V0K0r
a: (2-10)

From Equations (2)e(9) and Equation (2-10), we can obtain:

dNð� rÞ¼K1r
�Dv�1dr; (2-11)

dVð� rÞ¼K2r
a�1dr: (2-12)

If we assume that the pores of the sandstone are approximately
spherical, then

dVð� rÞ¼K3r
3dNð� rÞ: (2-13)

Then, Equation (2-11) and Equation (2-12) can be written as

K4r
a�1dr¼K5r

3r�Dv�1dr: (2-14)

Based on Equation (2-14),

Dv ¼3� a: (2-15)

From Equations (2-10) and (2-15), it can be seen that the pore
volume and the pore size are related as follows:

Vð� rÞ¼V0K6r
3�Dv : (2-16)

The logarithmic expression of Equation (2-16) is

lgVð� rÞ¼ lgðV0K6Þ þ ð3�DvÞlgr: (2-17)

In the above equation, Ki ¼ ði¼ 0;1;2;3;4;5;6Þ are constants.
Therefore, when a scatter plot of lgVð� rÞ=V0-lgr is plotted using

a double logarithmic coordinate system and linear fitting is per-
formed, the slope of the straight line is a, and the fractal dimension
of the pore volume (DV) can be obtained from Equation (2-15).

Similar to calculating the volume of the pores, the specific sur-
face area (Sð� rÞ) of the poreswith radii of greater than or equal to r
and the total specific surface area of the sample's pores (S0) satisfy
[33]:

Sð� rÞ¼ S0L0r
b: (2-18)

By taking the derivative of Equation (2-18), we obtain

dSð� rÞ¼ L1r
b�1dr: (2-19)
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IF we assume that the pores of the sandstone are approximately
spherical, then

dSð� rÞ¼ L2r
2dNð� rÞ: (2-20)

By substituting this into Equation (2-19), we obtain

L3r
b�1dr¼ L4r

2r�Ds�1dr: (2-21)

From Equation (2-21), it can be seen that

DS ¼2� b: (2-22)

According to the relationship between the specific surface area
and the pore size, the logarithm is

lgSð� rÞ¼ lgðS0L5Þ þ ð2�DSÞlgr: (2-23)

In the above equations, Li ¼ ði¼ 0;1;2;3;4;5Þ are constants.
Therefore, when the plot of lgSð� rÞ=S0- lgr is plotted on a double
logarithmic coordinate system and linear fitting is performed, the
slope of the straight line is b, and the fractal dimension of the pore
surface (DS) can be obtained from Equation (2-22).
Fig. 1. Logarithmic scatter plot and linear fitting of the pore radius and the corre-
sponding cumulative volume.
2.5. Leaching kinetic model

The primary solid-liquid multiphase reaction is reflected by the
process of uranium acid leaching. The reaction process can usually
be described by the Unreacted-Core Shrinking Model (UCSM)
[34,35]. From the principle of the controls of the leaching process,
we know that a solid-liquid multiphase reaction mainly includes a
chemical reaction control and an internal-external diffusion con-
trol. The internal diffusion control is also called solid film diffusion
control, and the external diffusion control is also called liquid
membrane diffusion. The following is a dynamic model of uranium
leaching based on the UCSM.

We simplified the reaction in the uranium mining leaching
process to

AfluidðLeachantÞþ bBsolidðUranium� rockÞ/ProductsðLeachateÞ:
(2-24)

If the reaction is controlled by liquid membrane diffusion, the
reaction or dissolution fraction of the uranium in the rock can be
obtained at time t as follows [27]:

f ðtÞ¼ t
tt

¼ 1� ð1� XÞ2=3; (2-25)

where X is the reaction or dissolution fraction of uranium (At time t,
the ratio of the mass of leached metal to the mass of uranium in the
sample) and X > 0. tt is the complete dissolution reaction time,
which can be calculated using the following equation [36]:

tt ¼
rR20

2bkdiff CAfluid
; (2-26)

where ris the density of the uranium ore, R0is the radius of the
unreacted particles, bis a constant coefficient, kdiff is the diffusion
coefficient, and CA fluidis the concentration of the leaching solution.

If the reaction is controlled by solid membrane diffusion, the
reaction or dissolution fraction of the uranium in the rock can be
obtained at time t as follows [37]:

f ðtÞ¼ t
tt

¼ 1� 3ð1� XÞ2=3 þ 2ð1�XÞ: (2-27)

If the reaction is controlled by the chemical reaction, the
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reaction or dissolution fraction of the uranium in the rock can be
obtained at time t as follows [38]:

f ðtÞ¼ t
tt

¼ 1� ð1� XÞ1=3; (2-28)

where tt is calculated using Equation (2-26), but the diffusion co-
efficient (kdiff ) is replaced by the chemical reaction coefficient
(kreaction).

3. Results and discussion

3.1. Fractal analysis of the pore structure

In terms of the pore size, different pore sizes had different ef-
fects on the permeability of the uranium-bearing sandstone. From
the mercury intrusion curve data, it was found that the effective
interval of the influence of the pores on the permeability varies
greatly. Therefore, the fractal characteristics of the pore structure of
the ore-bearing rock are discussed.

The data pairs of the pore radius (r) and the corresponding pore
cumulative volume Vð� rÞ, the pore radius (r), and the pore cu-
mulative surface area Sð� rÞ of each sample were obtained. Scatter
plots of lgVð� rÞversus lgr, lgSð� rÞversus lgr were plotted using a
rectangular coordinate system, and linear regression fitting was
performed. The fitting is shown in Figs. 1 and 2.

The relationships between the pore radius, the cumulative
specific surface area, and the cumulative pore volume for the seven
samples are shown in Figs. 1 and 2. As can be seen from these
figures, the cumulative volume fraction, the cumulative specific
surface area fraction, and the pore size of the sandstone particles
were plotted using double logarithmic coordinates. There are
obvious inflection points in the system. Two straight lines with
different slopes were obtained through linear fitting, which shows
that the distribution of this sandstone's pore structure has double
fractal characteristics; that is, it has two fractal dimensions. The
boundary point between the large pores and the small pores in
each sample is the inflection point. The line to the left side of the
inflection point represents the large pores, and the line to the right
side of the inflection point represents the small pores. The large
pores are the pores between the sandstone particles, and the small
pores are the pores inside the sandstone particles. This pore



Fig. 2. Logarithmic scatter plot and linear fitting of the pore radius and the corre-
sponding cumulative specific surface area.
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distribution is related to the metallogenic process of uranium-
bearing sandstone deposits. This type of uranium ore, i.e., with
double fractal features, is formed by the superposition of two
different metallogenic processes, geological processes, and sedi-
mentary processes, which is consistent with the literature [39].

For the above seven samples, Equation (2-17) was used to fit the
data shown in Fig. 1, and Equation (2-23) was used to fit the data
shown in Fig. 2. The fractal dimension was calculated using the
slope-related expression above. The corresponding pore volume
fractal dimension and pore specific surface fractal dimension are
shown in Table 2.

As is shown in Table 2, DV1, which is the fractal dimension of the
cumulative volume of the pores with large apertures, is larger than
DV2, which is the fractal dimension of the cumulative volume of the
pores with small apertures. This demonstrates that there is a small
number of large aperture pores in these sandstone samples. DS1
represents the fractal dimension of the specific surface area of the
large pores, DS2 represents the integral dimension of the specific
surface area of the small pores, and their ranges are 2.342e3.157.
The values of DV1, DV2, DS1, and DS2 have a narrow range, which
indicates that the pores in these samples have similar fractal
characteristics, and the value of the fractal dimension of the pore
structure can reflect its degree of complexity.

3.2. Analysis of the uranium leaching rate and pore fractal
dimension

Studies have shown that the macroporous structure character-
istics of uranium-bearing sandstone have a greater impact on the
Table 2
Fractal features of the samples’ pore structure.

No. Pore volume fractal
dimension

Pore specific surface
fractal dimension

Porosity

DV1 DV2 DS1 DS2 f (%)

R1 4.255 3.101 2.910 2.466 34.919
R2 3.982 3.116 2.969 2.416 39.700
R3 3.843 3.208 2.969 2.342 28.845
R4 3.748 3.125 2.992 2.358 27.369
R5 3.706 3.111 3.137 2.462 25.741
R6 3.687 3.188 3.151 2.375 24.539
R7 3.611 3.202 3.175 2.382 23.400
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leaching rate [40]. To vividly illustrate this effect, the influence of
the pore structure characteristics of the sample on the uranium
leaching was analyzed using the experimental data. As can be seen
from Table 2, the structural characteristics of the seven samples are
as follows: the fractal dimension of the macropore volume calcu-
lated according to the large pore diameter decreases, while the
fractal dimension of the macropore specific surface area calculated
according to the large pore diameter increases. As can be seen from
Fig. 3, the uranium leaching rate increases with as the macropore
volume fractal dimension (DV1) increases. The larger the pore vol-
ume fractal dimension, the higher the leaching rate. The DV1 fractal
dimension is proportional to the final leaching rate. As can be seen
from Fig. 4, the uranium leaching rate decreases with as the larger
pore surface integral shape dimension DS1 increases. The larger the
pore surface integral shape dimension, the lower the leaching rate.
The DS1 fractal dimension is inversely proportional to the final
leaching rate.

The relationship between the leaching time and the leaching
rate for the seven samples is shown in Fig. 5. It can be seen from
Fig. 5 that the entire leaching process can be divided into two
halves according to the intersection of the curves. The intersection
is basically reached on the third day of leaching. In the first half of
the leaching process, the effect of the fractal characteristics of the
pore specific surface area on the leaching rate can be seen. The
smaller the pore specific surface fractal dimension, the greater the
leaching rate. In the second half of the leaching process, the effect of
the fractal characteristics of the pore volume on the leaching rate
can be seen. The larger the pore volume fractal dimension, the
higher the leaching rate. The main reasons for this are as follows. In
the early stage of the leaching, the leaching solution mainly reacts
with the surfaces of the mineral ores, so the smaller the pore
specific surface fractal dimension, the smaller the pore specific
surface area, and the larger the contact area between the leaching
liquid and the ore, the more fully the leaching liquid can come in
contact with the ore, which speeds up the reaction and increases
the leaching rate. However, in the later stage, the specific surface
effect is not apparent, and it is mainly manifested by the influence
of the pore volume fractal dimension. The larger the pore volume
fractal dimension, the greater the porosity, and thus, moreminerals
are leached and the leaching rate is higher. Based on this principle,
we can take correspondingmeasures to improve the leaching speed
before and after the turning point, such as increasing the
Fig. 3. Plot of the uranium leaching rate versus DV1.



Fig. 4. Plot of the uranium leaching rate versus DS1.

Fig. 5. Plot of Cumulative leaching rate versus leaching time.
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concentration of the leaching solution in the later stage of leaching
to improve the leaching rate.
3.3. Leaching kinetics

3.3.1. Comparative analysis of leaching kinetic models
During the acid leaching tests conducted on the sandstone

uranium ore samples, the leached uranium concentration of the 7
ore samples at different times were measured. Next, 5 sets (R2eR6)
of data were selected to analyze the kinetic characteristics of the
leached uranium concentration. Equations (2-25), (2-27), and (2-
28) are all linear functions of time t. A scatter plot of ðt; f ðtÞÞ can
be obtained in the y-t coordinate system. The linear fitting corre-
lation (R-squared) and the slope of the straight line (K) can be
obtained through linear fitting. The kinetic characteristics of the
leached uranium concentration can be determined from the fitting
correlation. By comparing how the data fits the different model, we
can observe which is the most likely. Results confronted to the
liquid membrane diffusion, solid film diffusion and chemical
1180
reaction are respectively shown in Figs. 6 and 7.
Espiari et al. [41] pointed out that in a leaching system, the ki-

netic models are difficult to distinguish. However, as can be seen
from Fig. 7, the linear fitting correlation coefficient is close to 1,
indicating that the solid film diffusion control of the reaction
product plays a decisive role in the uranium leaching reaction
system. The linear fitting correlation coefficient in Fig. 8 deviates
the most from 1, indicating that the chemical reaction control does
not play a decisive role in the reaction system. The correlation co-
efficient in Fig. 6 is between the two, indicating that the liquid
membrane diffusion control plays a role in the reaction process;
that is, the leaching agent diffuses to the surface of the ore and rock
particles through the diffusion layer, while the uranium on the
surfaces of the ore and rock particles diffuses into the leaching
solution.

3.3.2. Fractal kinetic model of uranium leaching
From the above analysis of the dynamic characteristics of ura-

nium leaching, it can be seen that the leaching rate of uranium
changes significantly in the middle and later stage, which is related
to the difference between the pore volume fractal dimension and
the pore specific surface fractal dimension obtained from the
mercury injection experiments. It can be concluded that the change
in the leaching rate of uranium in the middle and later stages is
probably related to the fractal dimension of the pore structure of
the samples. To further explore the reasons for the differences in
the later stage, the fractal dimension was introduced into the
leaching kinetics of the uranium concentration, and a fractal dy-
namic model of uranium leaching was established. According to the
research results in the literature [42e44], Equations (2-25), (2-27),
and (2-28) can be written as follows:

1�ð1� XÞ2=3 ¼ðK1Dþ bÞt; (3-1)

1�3ð1� XÞ2=3 þ 2ð1�XÞ ¼ ðK2Dþ bÞt; (3-2)

1�ð1� XÞ1=3 ¼ðK3Dþ bÞt; (3-3)

where D is the fractal dimension of themineral rock structure; b is a
constant coefficient; and K1, K2, and K3 are the slopes of the liquid
membrane diffusion, solid film diffusion and chemical reaction
controls models respectively.

According to the kinetic fitting curves of the diffusion reaction
control and chemical reaction control cases, the fitting slope of the
leaching data from each group was obtained, and a slope-fractal
scatter diagram was plotted. The relationship between the slope
of the kinetic parameters and the fractal dimension was obtained
through fitting to obtain a unified fractal dynamics equation that
considers the fractal dimension. The scatter points and fitting dia-
grams of different control models are shown in Figs. 9e10-11. Ac-
cording to the slope of each fitting diagram, the three dynamic
control equations, and the fractal dimension, six dynamic equations
with different DV and DS under three control conditions are shown
in Table 3.

4. Conclusions

In this study, we conducted experiments and fractal dimension
analysis of the structure of uranium-bearing sandstone samples,
focusing on the effects of the pore structure on acid leaching. The
following conclusions were drawn.

(1) Fractal theory was combined with the results of the mercury
intrusion tests conducted on the uranium-bearing sandstone



Fig. 6. Kinetic fitting diagram of the liquid membrane diffusion controlled leaching.

Fig. 7. Kinetic fitting diagram of the solid film diffusion controlled leaching.
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ore. The logarithmic fitting plot was analyzed, and the fractal
dimension value, i.e., the slope of the curve, was obtained. It
was found that both the pore volume distribution and the
pore specific surface area distribution have dual fractal
characteristics. Among them, the porosity of the ore is mainly
affected by DV1 rather than DV2, indicating that the porosity
of the sample is mainly affected by the macropores.
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(2) Through the leaching tests conducted on the uranium-
bearing sandstone ore samples, it was found that the pore
structure characteristics of the ore have a impact on the
leaching rate. Mainly based on the characteristics of the
macropore structure of the ore, the effect of the pore fractal
dimension of the macropores on the leaching rate was
studied. It was found that the larger the fractal dimension of
the volume distribution, the higher the final leaching rate;



Fig. 8. Kinetic fitting diagram of the chemical reaction diffusion controlled leaching.

Fig. 9. The fractal dimension of the macropores versus the K1 in the liquid film diffusion control.

Fig. 10. The fractal dimension of the macropores versus the K2 in the solid film diffusion control.
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Fig. 11. The fractal dimension of the macropores versus the K3 in the chemical reaction control.

Table 3
Uranium ore leaching fractal dynamic equation.

Reaction control type Fractal dimension category Leaching fractal kinetic equation

Liquid film diffusion control Volume fractal dimension 1-(1-X)2/3¼(-0.00765 þ 0.00351DV1)t
Specific surface fractal dimension 1-(1-X)2/3¼(0.02922-0.0077DS1)t

Solid film diffusion control Volume fractal dimension 1-3(1-X)2/3þ2(1-X)¼(-0.01209 þ 0.00471DV1)t
Specific surface fractal dimension 1-3(1-X)2/3þ2(1-X)¼(0.03705-0.01021DS1)t

Chemical reaction control Volume fractal dimension 1-(1-X)1/3¼(-0.00863 þ 0.00345DV1)t
Specific surface fractal dimension 1-(1-X)1/3¼(0.02721-0.00744DS1)t
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and the larger the pore specific surface fractal dimension, the
lower the final leaching rate. The influence of the pore spe-
cific surface distribution characteristics on the leaching was
mainly manifested in the early stage of leaching; and the
influence of the pore distribution characteristics on leaching
was mainly manifested in the later stage of leaching. The
leaching point was basically reached on the third day of
leaching.

(3) Through analysis of the uranium leaching kinetics in the
uranium leaching reaction system, it was determined that
the solid film diffusion control of the reaction product plays a
decisive role, that is, internal diffusion. In addition, the liquid
membrane diffusion also exerts an effect, that is, external
diffusion. In fact, it is difficult to judge whether the leaching
process is controlled in only one mechanism. It is limited by
the leaching conditions such as the temperature, leaching
solution concentration, ore particle size, and ore particle
shape. It was concluded that only diffusion-controlled
leaching applies to this type of ore acid leaching method.
After determining the type of control, the fractal dimension
valuewas introduced, and the influences of the characteristic
fractal dimensions of the ore and the rock's structure on the
leaching were investigated. A unified fractal dynamic char-
acteristic equation based on the pore distribution and the
pore specific surface distribution fractal dimensions was
established. Analysis of the leaching fractal kinetic equation
revealed that the characteristic fractal dimension of the ore's
pore structure has a significant effect on the leaching effect.
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