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Extraction of uranium from low-permeability sandstone is a long-standing challenge in mining. The
improvement of sandstone permeability has therefore become a key research focus to improve the
uranium leaching effect. To address the low-permeability problem and corresponding leaching limits,
leaching experiments are performed using newly developed equipment that could apply low-frequency
vibration to the sandstone samples. The test results indicate that low-frequency vibration significantly
improves the uranium leaching performance and permeability of the sandstone samples. The leaching
effect of low-frequency vibration treatment is approximately nine times more effective than ultrasonic
vibration treatment, whereas the concentration of uranium ions generated without vibration treatment
is not detectable. Mathematical model that considers the combined action of physico-mechanical vi-
bration and chemical erosion is established to describe the effect of low-frequency vibration on the
permeability. The calculated results are in good agreement with the tested permeability values. This
study thus offers a new method to effectively leach more uranium from low-permeability sandstone
using CO2þO2 and provides an insight into the impact of low-frequency vibration on the uranium
leaching process.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Worsening environmental pollution has led industrial nations to
focus on the development and use of nuclear power. The annual
demand for natural uranium by nuclear power plants worldwide
was estimated to be 77,000 tons in 2020 and is expected to reach
90,000 and 110,000 tons by 2025 and 2030, respectively. In China,
more than 70% of sandstone-type uraniummineral resources occur
in compact sandstone reservoirs with low permeability (Yuan et al.,
2018). Easily exploited uranium resources have already been
extensively mined; thus, an increasing amount of research has
focused on uranium mining from low-permeability deposits to
meet the uranium demand for nuclear power production. CO2þO2
neutral leaching is often used in production to minimize
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groundwater environmental pollution during the leaching process
(Mudd, 2001). CO2þO2 leaching methods have mainly been aimed
at sandstone with optimal permeability, but lower-porosity sand-
stone layers have fewer channels through which the leaching so-
lution can pass. Lower-permeability sandstone generates a smaller
amount of leached uranium, which is not conducive to in situ
leaching mining. The key to increase the amount of leached ura-
nium is thus to effectively improve the permeability of low-
permeability sandstone during the uranium leaching process
(Yuan et al., 2018).

Previous measures to enhance leaching effects have included
blasting explosion (Yuan et al., 2018), surfactants (Cai et al., 2013;
Tan et al., 2014; Ai et al., 2019; Du et al., 2019; Pan et al., 2020),
vibration waves, microwaves (Cho et al., 2020; Laubertova et al.,
2020), electro-assisted leaching (Deng et al., 2019; Tian et al.,
2019; Li et al., 2020), and bio-oxidative leaching (Wang et al.,
2013; Yang et al., 2020) modes. Among these, vibration waves
have been studied in the form of ultrasonic and low-frequency
vibrations. Ultrasonic waves are mechanical vibration type with
frequencies above 20 kHz that are excited by a vibration source in
Production and hosting by Elsevier B.V. All rights reserved. This is an open access
.0/).
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an elastic medium. The main mechanism of the sonochemical re-
action is cavitation generated by ultrasonic waves in solution,
which leads to a thermodynamic change of the chemical reaction
and improves the reaction rate and leaching. With respect to ura-
nium leaching, Avvaru et al. (2006, 2008) showed that the use of
ultrasound notably improves the leaching rate of uranium within
the investigated leach acid media. Ladola et al. (2014) found that
the recovery of uranium from MgF2 slag is improved owing to ul-
trasonic treatment and the acoustic cavitation is more effective on
larger sized ore particles. With respect to the leaching of other
metals, ultrasound treatment has been shown to improve the
leaching rate of gold from refractory gold ores (Zhu et al., 2012),
nickel from nickel laterite ore (Chen et al., 2015), zinc from low-
grade zinc oxide ore (Li et al., 2015), germanium from roasted
slag containing germanium (Zhang et al., 2016a), copper from
copper-bearing tailings (Zhang et al., 2008a), tungsten from
scheelite concentrate (Zhao et al., 2013), rare earth elements from
concentrated nickel sulfide (Xue et al., 2010), silver from a spent
symbiosis lead-zinc mine (Li et al., 2018a), vanadium from shale
(Chen et al., 2020), copper from chalcopyrite (Wang et al., 2020),
and potassium from phosphorus-potassium associated ore (Zhang
et al., 2016b). Previous ultrasonic vibration studies mainly
focused on powdered ore; however, the actual in situ leaching
process involves low-permeability block ore. Previous conclusions
regarding ultrasonic leaching may therefore not be applicable to
the in situ leaching of low-permeability uranium-bearing sand-
stone. Although low-frequency vibration has been widely applied
in the oil industry to increase oil permeability (Sun et al., 2020), its
use in uranium leaching has only been reported by Makaryuk
(2009). The application of low-frequency vibration in the field
improves the extent of particle blockage in a sandstone layer and
modifies the water head. However, a change of the water head may
be related to a blockage change caused by (i) the loss of wall-
protecting mud from the boreholes into the ore-bearing aquifer,
(ii) the formation of rock powder pressed into the ore-bearing
aquifer during the drilling process, or (iii) a change of the natural
permeability, which cannot be used to directly explain the effective
improvement of the natural sandstone permeability owing to vi-
bration. Furthermore, Makaryuk (2009) did not report the type of
injected leaching agent used in their study, as well as the effect of
vibration on the leaching agent. The key factors for mining in low-
permeability sandstone include an improvement of the rock self-
permeability, the leaching agent, and the influence of vibration
on the leaching agent. It is therefore necessary to study the influ-
ence of low-frequency vibration treatment on sandstone self-
permeability and leaching effects during the CO2þO2 leaching
process, and compare the leaching effects of ultrasonic and low-
frequency vibrations for low-permeability sandstone.

In this study, low-frequency mechanical vibration is innova-
tively introduced into the CO2þO2 uranium leaching process of
low-permeability sandstone. The device specification is first pre-
sented, followed by a description of the experimental system. The
test procedure and results are then explained and the permeability
model is established. This study provides a newmethod for CO2þO2
leaching of low-permeability sandstone.

2. Methods

2.1. Device specification

During the in situ leaching process, leaching solution reacts with
the ore and uranium IV oxidizes to uranium VI by reaction with O2.
CO2 dissolved in the water generates HCO3

� and both uranium VI
and HCO3

� generate uranyl carbonate ions, which can exist stably in
aqueous solution. The specific reaction principles are as follows
(Kim et al., 2014; Rao et al., 2014; Sreenivas and Chakravartty, 2016;
Asghar et al., 2020; Shen et al., 2020):

2UO2þO2 ¼ 2UO3 (1)

UO3þ2HCO3
� ¼ [UO2(CO3)2]2�þH2O (2)

[UO2(CO3)2]2�þHCO3
� ¼ [UO2(CO3)3]4�þHþ (3)

Throughout the course of the chemical reaction, the leaching
solution flows in the sandstone, which is affected by the primary
pore and fracture structure. Erosion owing to the reaction contin-
uously produces pores and fractures in the sandstone interior. This
affects the physical seepage process of the leaching solution, which
is required for the chemical reaction to proceed. Uranium leaching
is therefore influenced by physico-chemical reactions. In terms of
physical factors, the uranium leaching rate depends on the extent of
change of the sandstone porosity and permeability. In terms of
chemical factors, the leaching rate improves by increasing the
temperature of the leaching solution and amount of CO2 and O2
dissolved in the water. These individual factors during the uranium
leaching process must be investigated. The designed experimental
device must satisfy the following requirements:

(1) When the CO2 and O2 pressure and water volume reach a
specific value, the leaching reaction occurs under different
temperature, amplitude and frequency conditions.

(2) The leaching reaction occurs over a range of CO2 and O2
pressure and water volume conditions at constant temper-
ature, amplitude and frequency.

(3) Two forms of low-frequency and ultrasonic vibration can be
realized and the vibration time can be controlled.

(4) The excitation force and pressure within the reaction kettle
can be monitored, radon gas produced after the reaction can
be measured, and the leaching solution can be easily
sampled and measured after the reaction has completed.
2.2. Experimental system

The experimental system for vibration leaching developed in
this study comprises six parts: a water and gas supply system, an
external reaction device, an excitation system, a signal acquisition
system, a radon measuring system, and a vacuum pumping system.
A schematic diagram of the full system is shown in Fig. 1.

The water and gas supply system is used to control the reaction
materials and is mainly composed of a globe valve, water tank,
high-pressure solenoid valve, one-way valve, high-pressure trim-
ming valve, and accessories. Owing to the explosivity of oxygen, the
water supply must be applied under normal pressure. The water,
carbon dioxide and oxygen are therefore supplied from three
separate channels. The reaction kettle is successively filled with
water, oxygen and carbon dioxide to control the gas filling pressure
and filling gas and water ratio.

The external reaction device provides the reaction location and
mainly includes a temperature control device, reaction kettle,
elastic support for the reaction kettle, base, inner tank of the re-
action kettle, gas pressure sensor, safety valve, filter, and high-
pressure ball valve. The temperature is set and monitored using a
programmable logic controller touch screen, by which can also
control the solenoid valve. The gas inlet and water intake pipelines
are connected with the reaction kettle by high-pressure rubber
pipes. The base is fixed on the ground by an expansion bolt to
reduce the recoil force generated by the vibration exciter during
vibration.



Fig. 1. Testing system for vibration leaching.

Fig. 2. Drill core samples of uranium ore.
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The excitation system controls the reaction conditions, which
comprises high- and low-frequency vibrating system components.
The high-frequency vibration system includes the ultrasonic os-
cillators and a controller. The ultrasonic oscillator is fixed at the
reaction kettle bottom by a flange, and the oscillator of the different
frequencies is adjusted by replacing the flange. The low-frequency
vibrating system contains a JZK-20 electric vibration exciter,
bracket, sweep signal generator, and power amplifier. The vibration
exciter and force sensor are connected by a long screw bywhich the
vibration exciter drives the reaction kettle vibration. The sweep
signal generator can set the wave shape of the vibration and fre-
quency, and the amplitude is governed by setting the magnifying
current of the power amplifier.

The signal acquisition system collects and records the change of
excitation forcemonitored by the force sensor. This system contains
a charge amplifier, force sensor, data acquisition device, and com-
puter. The received force signal is transformed into an electric
signal by the force sensor attached to the outer wall of the reaction
kettle. Amplified by a charge amplifier, the signal is transmitted to
the data collector for signal analysis and then recorded by the
computer.

The radon measuring system is used to measure radon gas after
the reaction, which contains a first-stage pressure reducing valve,
gas storage tank, pressure sensor, as well as a second-stage pressure
reducing valve, drying tank, flowmeter, and RAD7 radon mea-
surement instrument. The gas flows at very high pressure from the
reaction kettle, but the RAD7 radon measurement instrument can
only withstand atmospheric pressure. The pressure reducing valve
is thus used to protect the radon measurement instrument.

The vacuum pumping system is used for the pretreatment,
which comprises a high-pressure ball valve, oil-water separator,
vacuum pressure gauge, and vacuum pump. An air exhaust hole
with a high-pressure ball valve is fitted on the vacuumed pipeline.
After relieving the gas in the reaction kettle, the gas in the pipeline
passes through the high-pressure ball valve and enters the oil-
water separator to filter out the water. The pipeline is then vac-
uumed by the pump.

2.3. Experiments

2.3.1. Experimental protocol
The drill core samples were not all low-permeability sandstone.

To obtain low-permeability sandstone samples, primary ore from
each drill hole was uniformly mixed with calcite and distilled water
and compressed. The vibration treatment time was the same for
samples prepared from same drill hole primary ore and differed
between different drill hole primary ores. The experiments were
thus able to discern the effects of vibration frequency on leaching
and permeability, while also restoring the actual underground
leaching condition as much as possible. Sample leaching at the
same frequency and variable treatment time is considered to be a
layered leaching sandstone process at various depths. Single sam-
ples are thus interpreted as individual sandstone layers and the
leaching content of samples with different vibration times over a
certain time frame sums to the leaching content of a cumulative
layer at that time, which better reflects the practical impacts of
vibration on sandstone beds. Drill core samples of uranium ore
from different boreholes were individually wrapped in fresh-
keeping film, as shown in Fig. 2. For comparison, the uranium
leaching content and HCO3

� concentration were also measured
under ultrasonic vibration.

As mentioned, primary ore from the same drill hole was uni-
formly mixed with calcite and distilled water and compressed to
obtain low-permeability sandstone samples. Forty samples were
used to compare the leaching changes, including eight samples at
each frequency. The HCO3

� concentration in the leaching solution
was measured in all of the samples, in addition to the permeability
change and leached ion concentrations under low-frequency vi-
bration, and the sample appearances were compared in terms of
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erosion analysis. The vibration treatment time was the same for
samples prepared from the same drill hole, but varied between drill
holes.
2.3.2. Experimental process
The experimental process involves four steps: Sample prepara-

tion, sample installation, reaction control and post-reaction treat-
ment. The specific process is described as follows.

(1) Sample preparation

Low-grade uranium ore was obtained by drilling to a depth of
610 m in a mine. The collected samples were crushed and 312-g ore
particles (30e100 mm) were screened, together with a mixture of
104-g calcite (800 mm). During mixing, 30 g of distilled water was
added to increase the cohesive force upon shaping. A uniform
mixture was loaded into a pressing die and then inserted into the
servo press. Cylindrical sample of 50 mm in diameter and 100 mm
in height was prepared by servo press acceleration to 204 kN at a
rate of 2.4 kN/s and then maintained at this pressure for 20 min.
The sample preparation process is shown in Fig. 3.

(2) Permeability measurement

The leaching of low-permeability sandstone is affected by its
permeability. Sample permeabilities were therefore measured
before and after vibration treatment to assess the effects of vibra-
tion and relationship between permeability and leaching. Samples
wrapped with fresh-keeping film were placed into the core holder.
After pumping under a vacuum for 30 min, the water injection
pump was adjusted to ensure that the samples were saturated
under constant water pressure until the water pressure value in the
front and rear ends of the core holder were equal. The saturated
water in the sample was then displaced under constant current
until the water pressure in the front end of the core holder stabi-
lized. The water pressure values in the front and rear ends of the
core holder and pump flow rate were recorded. The permeability is
calculated by Darcy’s law.

(3) Control of the reaction process

There are six steps for control of the reaction process described
as follows:
Fig. 3. Sample prepa
(i) Sample installation. Samples with fresh-keeping film were
placed in the inner gallbladder and then blanched along the
inner gallbladder holes with 14.13-mm vertical row spacing.
The hole spacing of 6 mm and aperture diameter of 4 mm
were used to ensure uniform contact with the external so-
lution. The inner gallbladder was then placed in the reaction
kettle.

(ii) Vacuuming. All valves of the system were closed and two
globe valves were opened, which connect with the vacuum
pump and reaction kettle. The pressure reducing valve con-
nected with vacuum pump and the gas storage tank was
opened. The vacuum pump was then started to pump the
reaction kettle and gas storage tank. After 5 min, the pump
and all the valves were closed.

(iii) Water injection. The water tank was filled with distilled
water. The water intake solenoid valve and trimming valve
were opened to inject 1700 mL of water into the reaction
kettle. The trimming valve was then closed, followed by the
solenoid valve.

(iv) Heating. The temperature controller was set and the heating
valve was opened to heat the reaction kettle to 30 �C and the
temperature was then held constant.

(v) Gas injection. Oxygen was first injected. When reaching the
preset temperature condition, the pressure reducing valve at
the front end of the oxygen cylinder was adjusted. The oxy-
gen solenoid valve and oxygen trimming valve were then
switched on. Oxygen was injected into the reaction kettle
until the pressure reached 1 MPa. The solenoid valve and
trimming valve were then closed in sequence. Carbon diox-
ide was then injected. The pressure reducing valve at the
front of the carbon dioxide cylinder, the carbon dioxide so-
lenoid valve and carbon dioxide trimming valvewere opened
in turn. Carbon dioxide was filled into the reaction kettle
until the pressure reached 2 MPa. The solenoid valve and
trimming valve were then sequentially closed.

(vi) Vibrating. In the low-frequency vibration experiments, the
sweep signal generator and power amplifier were opened so
that the exciter drove the reaction kettle to vibrate in
accordance with the same force amplitude and different
frequencies. In the ultrasonic vibration experiments, the ul-
trasonic controller was opened to impose ultrasonic vibra-
tion on the reaction kettle.

(4) Post-reaction treatment
ration process.
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After vibrating for a specific time, the power amplifier was
closed. The pressure reducing valve at the front end of the gas
storage tank was set to 0.02 MPa and the pressure reducing valve at
the back end was adjusted to secure the flowmeter to less than 1 L/
min to protect the radon detector. After the radon was measured,
the heating valve was closed and the exhaust valve was opened to
discharge the residual gas in the testing system. The pressure
reducing valve was then closed. The reaction kettle was then
opened, the sample was removed, and the leaching solution was
collected.
Fig. 5. HCO3
� concentration in solution variations from the vibration-treated leached

sandstone samples.
3. Results and discussion

3.1. Analysis of vibration effect

3.1.1. Effect of vibration treatment on uranium concentration
After the reaction had completed, 300 mL of leaching solution

was collected and the uranium concentration in solution was
measured via spectrophotometry (Ladola et al., 2014), as shown in
Fig. 4a. Uranium ions were detected in solution after 8 h of low-
frequency vibration treatment and after 14 h of ultrasonic vibra-
tion treatment, but remained undetected in untreated samples af-
ter 22 h of leaching. Within 8e22 h of vibration treatment time, the
uranium leaching amount increased with low-frequency vibration
frequency from 0.049 to 1.35 mg/L at 10 Hz to 0.239e1.609 mg/L at
20 Hz and finally to 0.645e2.36 mg/L at 30 Hz. In contrast, the
Fig. 4. Changes of (a) measured and (b) accumulated uranium concentrations from
vibration leached sandstone samples.
uranium leaching amount decreased with ultrasonic vibration
frequency from 0.062 to 0.257 mg/L at 28 kHz to 0.051e0.205 mg/L
at 40 kHz. This is mainly because lower ultrasonic vibration fre-
quencies produce larger bubble radii, higher pressure and energy
within the bubbles, and stronger ultrasonic cavitation (Ye et al.,
2019). In addition, the power of the 10 Hz vibration was 30 W,
compared with 100 W for the 28 kHz and 40 kHz vibrations. The
results demonstrate that low-frequency vibration treatment
significantly improves uranium leaching and to a higher degree
outperforms the ultrasonic vibration treatment.

The leaching process of samples for different treatment times at
the same frequency is considered a layer leaching process with
different burial depths of sandstone under the same frequency. The
uranium concentration obtained from samples at the same fre-
quency were accumulated and summed, as shown in Fig. 4b. The
curves verify that the uranium leaching amount increases with
increasing vibration time at a given vibration frequency during the
layer leaching process.
3.1.2. Effect of vibration on HCO3
� concentration

CO2þO2 leaching is essentially the process by which uranium is
leached by HCO3

�. The HCO3
� concentration must therefore be

determined. Standard acid solutionwas used to titrate HCO3
� in the

leaching solution (Asghar et al., 2020). The measured HCO3
� con-

centrations are shown in Fig. 5. The ranges of HCO3
� concentration

are as follows: 363e1057.67mg/L at 30 Hz, 359.49e1302.35mg/L at
20 Hz, 428.29e1684.44 mg/L at 10 Hz, 304.79e900.43 mg/L at
28 kHz, and 328.38e977.61 mg/L at 40 kHz.

Fig. 5 shows that lower low-frequency vibrations are associated
with higher HCO3

� concentrations, whereas higher-frequency ul-
trasonic vibrations are associated with higher HCO3

� concentra-
tions. The HCO3

� concentrations in solution under low-frequency
vibration are also higher than those under ultrasonic vibration.
This is mainly because the HCO3

� concentration in Fig. 5 represents
the ion concentration in solution after the reaction. Under the same
gas pressure and temperature conditions, the same amount of CO2
and O2 dissolves in water. The low-frequency vibration only ac-
celerates the equilibrium process of the dissolved gas, but does not
affect the equilibrium result (Vreme et al., 2015). After the CO2 and
O2 attained dissolution equilibration under the same inflation
pressure and temperature conditions, the formed HCO3

� concen-
trations are equivalent under different low-frequency vibration
frequencies. Higher leaching content of uranium ions is associated
with more consumption of HCO3

� in solution and less residual
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HCO3
�. In contrast, ultrasonic vibration promotes dissolved CO2

desorption in water (Jin et al., 2021), thus the HCO3
� formed in

solution is less than that under low-frequency vibration. This im-
plies a higher leaching effect of low-frequency vibration than ul-
trasonic vibration. The leached uranium content of the 28 kHz
treatment is higher than that of the 40 kHz treatment, thus the
remaining HCO3

� in solution in the former is less. The HCO3
�

concentration follows as 10 Hz > 20 Hz> 30 Hz > 40 kHz >28 kHz.
3.1.3. Effect of vibration on the other ions
Ca2þ and Mg2þ concentrations in solution under low-frequency

vibration were determined using atomic adsorption spectropho-
tometry, and the curves shown in Fig. 6 represent the same vi-
bration duration. Higher vibration frequencies are associated with
higher Ca2þ and Mg2þ concentrations. The range of Ca2þ concen-
tration changed from 84.17 to 328.66 mg/L at 10 Hz to 114.92e
384.95 mg/L at 20 Hz and finally to 124.25e533.06 mg/L at 30 Hz.
The range of Mg2þ concentration changed from 2.43 to 6.85 mg/L at
10 Hz to 2.69e7.1 mg/L at 20 Hz and finally to 3.56e7.29 mg/L at
30 Hz. For the same vibration frequency, Mg2þ concentrations tend
to decrease with increasing vibration time, whereas Ca2þ concen-
trations increase. This is mainly because the experimental samples
tested over different vibration times were matched and prepared
from different ore samples. The samples contained less Mg2þ, thus
the Mg2þ concentration decreased over time, whereas 104-g calcite
was added, thus the Ca2þ concentration showed a rising trend.
Fig. 6. (a) Ca2þ and (b) Mg2þ concentrations in solution variations after low-frequency
vibration.
3.1.4. Effect of vibration on the permeability
The sample permeability was measured before and after low-

frequency vibration. The permeability variation range before vi-
brationwas 0.05e1.98mD, which is classified as a low-permeability
sandstone. The change of permeability (i.e. post-vibration minus
pre-vibration) is shown in Fig. 7. The variation range of the
permeability increment was 0.098e0.982mD at 10 Hz, 0.138e1.194
mD at 20 Hz, and 0.267e3.265 mD at 30 Hz. The results show that
the permeability of the 30 Hz treated samples was 2.65e6.34 times
higher than that of the untreated samples, 1.6e3.76 times higher
than that of the 20 Hz treated samples, and 1.5e2.96 times higher
than that of the 10 Hz treated samples. The results verify that low-
frequency vibration effectively increases permeability and more so
at higher vibration frequencies.

Similarly, the permeability of samples treated at the same fre-
quency was accumulated and summed, as shown in Fig. 7b. The
results show that the permeability increases with increasing vi-
bration treatment time for a given frequency during the layer
leaching process. Higher permeability changes are noted for higher-
frequency treatments at a given vibration time during the layer
leaching process.

3.1.5. Effect of vibration on sample erosion
The sample appearance was analyzed after 22 h of low-

frequency vibration treatment to assess the erosion effect. The
variation of the sample top and bottom surfaces are shown in Fig. 8
for samples treated under different vibration frequencies.

Fig. 8 shows that higher vibration frequencies are associated
with more intense sample erosion. Under 10 Hz vibration treat-
ment, the sample top surface showed protrusion and had slightly
fallen off, and the bottom surface presented an erosion pit. Under
20 Hz vibration treatment, the top surface appeared notably un-
even compared with that of the 10 Hz treatment and with more
apparent protrusion, and the bottom surface had a deeper erosion
pit that had partially fallen off. Under 30 Hz vibration treatment,
the top and bottom surfaces both showed that a full layer had fallen
off, with more severe erosion on the bottom surface than the top
surface.

Faster diffusion at higher-vibration frequencies (or longer vi-
bration treatment durations) disperses HCO3

� produced by dis-
solved gas and ion concentrations produced by chemical erosion to
ultimately become uniform in solution, which then leads to faster
ion exchange between the solution and sandstone sample (Idiart
et al., 2011; Ikumi et al., 2014; Qin et al., 2020). The chemical re-
action rate thus increases and the sample is more seriously eroded,
which is more conducive to the uranium leaching reaction and thus
produces more uranium ions in solution.

3.2. Experimental comparison

Low-frequency vibration leaching studies have not been re-
ported in the literature, whereas ultrasonic vibration leaching has
been extensively studied. Ultrasound vibration was therefore
selected to compare with the low-frequency vibration results ob-
tained in this study. Low-frequency vibration and ultrasoundwaves
are both mechanical vibrations. The low-frequency vibration
ranges from 0.01 Hz to 100 Hz, whereas ultrasound frequencies are
>20 KHz (Zhang et al., 2008a). The improvement mechanisms of
the two vibration forms differ: low-frequency vibration only en-
hances physical action and influences the chemical reactions and
permeability via physical vibration, whereas ultrasound treatment
produces a cavitation effect (Avvaru et al., 2006, 2008; Ladola et al.,
2014).

In previous ultrasonic vibration experiments, the leaching con-
tent was improved with vibration time (Avvaru et al., 2006, 2008;



Fig. 7. Changes of (a) measured and (b) accumulated permeability increments under
low-frequency vibration.

Fig. 8. (a) Top and (b) bottom surfaces for samples under vibration frequencies of
10 Hz, 20 Hz and 30 Hz after 22 h from the left to right.
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Ladola et al., 2014), because identical particulate dispersion sam-
ples were used (Avvaru et al., 2006, 2008; Xue et al., 2010; Chen
et al., 2015, 2020; Li et al., 2015, 2018; Zhang et al., 2016a; Wang
et al., 2020). In this study, compressed and shaped samples were
used to obtain low-permeability sandstone. Because gas was used
as the leaching agent, undissolved high-pressure gas remained in
the reaction kettle after the experiment. If the same sample was
used at prolonged leaching times at the same frequency, it was not
possible to consecutively obtain leaching solution without chang-
ing the experiment conditions. Single samples were thus used to
continue the repeated experiment under the same experimental
conditions. The vibration treatment timewas thus fixed for samples
prepared from a single drill hole, but varied between drill holes to
return the original state of the actual underground leaching con-
ditions as much as possible. The leaching content and permeability
thus tended to fluctuate. However, the experiments were able to
differentiate the effects of different vibration frequencies on the
leaching content and permeability. The leaching content of a single
sample was accumulated at a given frequency and variable vibra-
tion time, which better reflects the impact of vibration on sand-
stone leaching in practical layer leaching processes.

The results and analysis show that low-frequency vibration in-
creases the permeability of low-permeability sandstone and effec-
tively promotes chemical reactions, which enhance the effectiveness
of uranium leaching. CO2 and O2 are inexpensive, nontoxic, and
readily available. This controlled vibration approach emits no
pollution into the environment, the resource utilization rate is sub-
stantially improved, and the waste of other resources is eliminated.
3.3. Permeability model

Permeability is a key factor responsible for low-permeability
sandstone during uranium leaching. To further analyze the effect
of low-frequency vibration on the permeability of low-permeability
sandstone, it is necessary to establish a permeability model from a
physical chemistry approach. During the CO2þO2 leaching process,
the leaching solution flows into the sample pores and the reaction
proceeds after contacting the sample, thus uranium in the samples
dissolves into the leaching solution. Physico-chemical reactions
occur simultaneously during this process. Under the action of low-
frequency vibration, the flow of the solution accelerated by the
vibration produces a stronger impact on the sample, which en-
hances the hydraulic erosion. After vibration, the internal pores of
the sample and contact area between the solution and sample in-
crease, thus the reaction becomes more intense. The influence of
low-frequency vibration on leaching therefore includes the vibra-
tion impact on the sample and leaching solution.

Under low-frequency vibration, vibration waves are directly
propagated into the sample interior and the sample porosity in-
creases owing to the received physical vibration (Li et al., 2016). The
sample is also impacted by the leaching solution, the porosity in-
creases in response to the physical shocks, and erosion by the
chemical action of the solution also occurs. The sample porosity is
thus affected by the physical vibration of the vibration waves,
physical shocks of the leaching solution, and hydrochemical action
of the solution. The porosity of sandstone can be expressed as (Wei
and Zhang, 2010; Kassab and Weller, 2011; Xu et al., 2020):

4 ¼ VP

VB
¼ VPs þ Vch þ VP0

VB
¼ 1� 1� 40

1þ εv

�
1þDVS

VS0

�

¼ 1�1� 40
1þ εv

�
1þDVSs

VS0
þ Vch
VBð1� 40Þ

�
(4)

where VB is the total sample volume (m3), VP is the sample pore
volume (m3), VPs is the physical vibration pore volume (m3), Vch is
the pore volume of chemical erosion (m3), VP0 is the initial sample
pore volume (m3), εv is the volume strain, DVSs is the change of the
skeleton volume caused by external vibration (m3), VS0 is the initial
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skeleton volume (m3), 40 is the initial sample porosity, and 4 is the
sample porosity under vibration.

(1) Physical impact analysis

Under the impacts of mechanical vibration and water, the sample
shows a change of extrusion volume DVss. The applied vibration
exciter force during a half cycle can be expressed as (Li et al., 2016):

f0 ¼ 2
Tz

ZTz
2

0

F sinð2putÞdt ¼ 2F
p

(5)

where u is the vibration frequency of the vibration source (Hz), F is
the vibration force amplitude of the exciter (N), Tz is the vibration
period (s), and t is the vibration time (s).

The vibration stress values of a half cycle in one direction are
evenly distributed over a single cycle and the average vibration
stress values of one cycle in this direction are obtained. The vi-
bration stress values f received by the rock mass at time t can thus
be expressed as (Li et al., 2016):

f ¼ 1
2

�
2
Tz

ZTz
2

0

F sinð2putÞdt
�

t
Tz

¼ Fut
p

(6)

The vibration stress fs received by the sample within the reac-
tion kettle at time t can be expressed as

fs ¼ msas ¼ mss

mw þms

¼ ms

mw þms

1
2

�
2
Tz

ZTz
2

0

F sinð2putÞdt
�

t
Tz

¼ Futms

pðmw þmsÞ (7)

where as is the acceleration of sample (m/s), s is the vibration force
of the exciter in one cycle (N),mw refers to the mass of the leaching
solution in the reaction kettle (kg), andms is the mass of the sample
in the reaction kettle (kg).

The sample in the reaction kettle is affected by the water impact
force fw, which can be expressed as

fw ¼ mwaw ¼ mws

mw þms
¼ mw

mw þms

� 1
2

�
2
Tz

ZTz
2

0

F sinð2putÞdt
�

t
Tz

¼ Futmw

pðmw þmsÞ (8)

where aw is the acceleration of solution in the reaction kettle (m/s).
According to Eqs. (7) and (8), the stress si received by the unit

volume of sandstone sample can be expressed as

si ¼
fs þ fw
Vs

¼ 1
Vs

1
2

�
2
Tz

ZTz
2

0

F sinð2putÞdt
�

t
Tz

¼ Fut
Vsp

(9)

Ignoring the attenuation of stress waves, the skeleton volume
strain DVSs/VS0 of the sample skeleton under mechanical vibration
and water impact can be expressed as

DVSs

VS0
¼ � fw þ fs

Ev
¼ �Fut

pEv
(10)

where Ev is the sandstone bulk modulus (Pa).
(2) Chemical influence analysis

Themain chemical reaction during the CO2þO2 leaching process
is expressed as (Rao et al., 2014; Kim et al., 2014; Sreenivas and
Chakravartty, 2016; Asghar et al., 2020; Shen et al., 2020):

2UO2þO2þ4HCO3
� ¼ 2[UO2(CO3)2]2�þ2H2O (11)

Because a large amount of calcite was added during the sample
molding process, the chemical reaction that leads to the porosity
change related to the increased amount of Ca2þ and Mg2þ in the
leaching solution is expressed as (Li et al., 2018b):

CaCO3þCO2þH2O¼Ca2þþ2HCO3
� (12)

CaMg(CO3)2þ2CO2þ2H2O¼Ca2þþMg2þþ4HCO3
� (13)

Eqs. (11)e(13) show that 1 mol of UO2 generates 1 mol of
[UO2(CO3)2]2�, 1 mol of CaMg(CO3)2 generates 1 mol of Mg2þ and
1 mol of Ca2þ, and 1 mol of CaCO3 generates 1 mol of Ca2þ. A
chemical erosion volume is thus formed by the dissolution of UO2,
CaCO3 and CaMg(CO3)2, among which CaCO3 generates a Ca2þ

concentration equal to the Ca2þ concentration minus Mg2þ con-
centration in solution. The specific computation method is written
as

Vch0 ¼Vch1þVch2þVch3 ¼
m1
r1

þm2
r2

þm3
r3

¼ n1Mr1
r1

þn2Mr2
r2

þn3Mr3
r3

¼Vrc1Mr1
r1

þVrðc2�c1ÞMr2
r2

þVrc3Mr3
r3

(14)

where Vch1, Vch2 and Vch3 are the secondary pore volumes formed
by the dissolution of CaMg(CO3)2, CaCO3 and UO2, respectively
(m3); m1, m2 and m3 are the masses of CaMg(CO3)2, CaCO3 and UO2
dissolution, respectively (kg); r1, r2 andr3 are the densities of
CaMg(CO3)2, CaCO3 and UO2, respectively (kg/m3); Vr is the post-
reaction solution (m3); n1, n2 and n3 are the mole amounts of
CaMg(CO3)2, CaCO3 and UO2, respectively (mol); c1, c2 and c3 are the
measured concentrations of Mg2þ, Ca2þ and uranyl ions after the
reaction, respectively (mol/L); and Mr1, Mr2 and Mr3 are the mo-
lecular weights of CaMg(CO3)2, CaCO3 and UO2, respectively.

During sandstone erosion processes, the pore volume of
chemical erosion (Vch) includes not only the erosion volume of
calcium, magnesium and uranium ions, but also other ions. The
value of Vch is therefore 1e2 times the erosion volume sum of
calcium, magnesium and uranium ions. Undissolved high-pressure
gas remained in the reaction kettle after the experiment and the
chemical reactions were conducted sufficiently. A value of two
times the erosion volume sum of calcium, magnesium and uranium
ions is therefore considered appropriate.

(3) Volume strain analysis

During the vibration process, the strain experienced by the
sample is a combination of vibration fracture strain, water impact
strain, and chemical erosion strain. Of these, the vibration fracture
strain and water impact strain result from vibration stress. The
volume strain can then be expressed as

εv ¼ εch þ εf þ εw ¼ Vcht
VCtch

þ si
Ev

¼ Vcht
VCtch

þ Fut
Evp

(15)

where tch is the total time of the chemical reaction (s), rs is the
apparent density of the sandstone (kg/m3), and VC is the initial total
sample volume that participates in the reaction (m3).



Fig. 9. Changes of (a) calculated and (b) accumulated permeability increments under
low-frequency vibration.

Table 1
Experimental parameters.

Parameter Value

Initial elastic modulus of sandstone, E (Pa) 4.35 � 1010

Poisson ratio, n 0.25
Total volume of sandstone sample before

reaction, VC (m3)
1.9635 � 10�4

Overall reaction time, tch (s) Value to be consistent with
vibration time

Amplitude of driving force, F (N) 1 (measured)
Initial porosity of sandstone sample, 40 0.0132 (average value)
Sandstone sample quality affected by stress

wave, ms (kg)
0.429

Apparent density, rs (kg/m3) 2.1849�103

Vibration frequency, u (Hz) 10, 20, 30
Testing temperature, T (�C) 30
Initial permeability, k (mD) 0.2994 (average value)
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(4) Permeability analysis

An expression for the sample porosity variation can be deter-
mined by substituting Eqs. (10), (14) and (15) into Eq. (4):

4 ¼ 1�1� 40
1þ εv

�
1� Fut

pEv
� Vch
VBð1� 40Þ

�

¼ 1� 1� 40

1þ
�
2Vch0t
VCtch

þ Fut
Evp

�
�
1� Fut

pEv
� 2Vch0
VBð1� 40Þ

�
(16)

An understanding of the relationship between permeability and
porosity is required to determine the law of permeability variation,
given as (Li et al., 2019; Wang et al., 2012; Zhang et al., 2008b):

k ¼ k0

�
4

40

�3
(17)

where k is the sandstone permeability under vibration (mD) and k0
is the initial permeability of sandstone. An expression for sample
permeability during the leaching process can be determined by
substituting Eq. (16) into Eq. (17).

The concentrations of uranyl ions, HCO3
�, Ca2þ and Mg2þ and

experimental parameters are substituted into Eqs. (16) and (17) to
test the established permeability model. The calculated perme-
ability variation is shown in Fig. 9. The experimental parameters are
listed in Table 1.

A comparison of Figs. 7 and 9 shows that the established
permeability model can accurately represent the measured
permeability variations. To further examine the calculation accu-
racy, the accumulated permeability increment curves of the
calculated and measured values are linearly fitted under the same
frequency, as shown in Fig. 10. The fitting equation of the calculated
values at 10 Hz is y ¼ �3:50837þ 0:39666x with the correlation
coefficient of 0.92832. The fitted equation of themeasured values at
10 Hz is y ¼ �1:46024þ 0:18195x with the correlation coefficient
of 0.94397. This shows that there is a certain difference between the
calculated and measured values in Fig. 10a; however, these values
are consistent during 8e14 h of treatment duration, with differ-
ences appearing between 16 h and 22 h. The fitting equation of the
calculated values at 20 Hz is y ¼ �4:09261þ 0:47151x with the
correlation coefficient of 0.94659. The fitting equation of the
measured values at 20 Hz is y ¼ �2:73327þ 0:40603x with the
correlation coefficient of 0.95394. This shows that the calculated
values in Fig. 10b essentially coincide with the measured
values. The fitting equation of the calculated values at 30 Hz is
y ¼ �5:79073þ 0:69577x with the correlation coefficient of
0.96372. The fitting equation of the measured values at 30 Hz is
y ¼ �5:57512þ 0:75038x with the correlation coefficient of
0.95974. This shows that the calculated values in Fig. 10c were
almost exactly consistent with the measured values. The above
comparison shows that the developed model can obtain compar-
atively accurate accumulated permeability increment values.

4. Conclusions

Low-frequency mechanical vibration was innovatively applied
to the CO2þO2 leaching process of low-permeability sandstone to
alter its permeability and increase the amount of leached uranium.
The specific conclusions are as follows:

(1) A method for uranium leaching is proposed that can signif-
icantly increase the leaching efficiency from low-
permeability sandstone. The testing system for vibration
leaching was independently developed.
(2) The results show that low-frequency vibration significantly
improves the uranium leaching performance and perme-
ability of low-permeability sandstone samples. The
enhanced leaching effect produced by low-frequency vibra-
tion treatment is superior to that of ultrasonic vibration.
During 22 h of leaching, the uranium leaching content



Fig. 10. Fitting curves of the accumulated permeability increment under low-
frequency vibration: (a) 10 Hz, (b) 20 Hz, and (c) 30 Hz.
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reached up to 2.36 mg/L under low-frequency vibration
treatment; 9 times higher than that obtained under ultra-
sonic vibration (0.257 mg/L), whereas the concentration of
uranium ions generatedwithout vibration treatment was not
detectable. The initial sample permeability (0.05e1.98 mD)
increased by 0.267e3.265 md following the low-frequency
vibration treatment.
(3) A mathematical model that accounts for the effect of low-
frequency vibration on permeability was established
considering the combined action of physico-mechanical vi-
bration and chemical erosion. The results show good con-
sistency between the calculated and measured permeability
values.

Although the laboratory results presented here are preliminary,
they provide important guidelines for future industrial production.
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