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Abstract: The issue of poor aeration efficiency and low oxygen transfer in the heap leaching of
gold has gained considerable attention. In this study, ozone ice was studied as an oxygen release
reagent in the cyanide heap leaching of gold at a low temperature of approximately 5 °C, owing to
its effective oxidation and clean and green properties. Quartz Crystal Microbalance with Dissipation
(QCM-D) was used to monitor the effect of different ratios of cyanide and oxygen concentrations
on the gold leaching rate. The results showed that the leaching rate doubled when the dissolved
oxygen (DO) was increased from 8.2 mg/L to 12 mg/L at a relatively high cyanide concentration of
60 mg/L. The release of oxygen during the process of ozone ice melting was analyzed by simulating
the oxygen-deficient condition of the ore heap in column leaching. In the first stage of ice melting,
the DO in the solution increased dramatically, and the rate of increase improved with increased initial
ozone concentration in the ice. In the second stage of ice melting, the rate of increase in the DO of the
solution was not significantly affected by the initial ozone concentration in the ice; this was consistent
with the decomposition rate of ozone. The addition of ozone ice containing 300 mg/L ozone increased
the gold extraction by 4.1% in the ore column leaching experiment, compared to a column with
no ozone ice. However, continuously increasing the ozone concentration up to 600 mg/L had no
further significant effect, because the dissolved oxygen in the leaching solution reached saturation.
The results facilitate a better understanding of the decomposition law of ozone in the melting process
of ozone ice and help to improve the oxygen deficit state in gold leaching heaps.
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1. Introduction

Heap leaching is a process extensively used by the mining industry to recover valuable
metals (especially gold) from low-grade ores, owing to its low cost and operational advan-
tages [1,2]. In 2016, total Chinese mined gold production was about 455 tones and China
has become the world’s largest producer for the last 10 years. Meanwhile, heap leaching
accounts for 10% of China’s total gold production [3]. Since 2002, cyanide heap leaching of
gold ore has been practiced in more than 100 operations worldwide [4]. Nevertheless, heap
leach recovery was about 80%, below the 92% that could be achieved in an agitated leach
plant [3]. A cyanide heap leaching system consisting of solid-liquid—gas phases is a series
of transport and kinetic processes, which begins with the transport of substances, including
cyanide, lime, water, and oxygen, from the heap surface to the particles [5]. The leaching
reaction can be described by the well-known Elsner Equation:

2Au +4CN™ +1/20, + HyO = 2Au(CN), ™ + 20H"~ 1)

Leaching also requires the presence of an oxidant; thus, an essential source of oxygen
(typically air) is introduced into the leaching environment [6]. The two sources of oxygen
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during cyanide heap leaching are dissolved oxygen (DO) in the feed solution and gaseous
oxygen in the heap interspace [7]. In the cyanide heap leaching of gold ore, associated
minerals, such as copper sulfide and pyrite, consume abundant oxygen [8]. As the ore heap
height gradually increases over time, the liquid flows from the top through the particles in
preferential flow paths, limiting the reaction at the bottom of the heap [9]. Additionally,
mechanical compaction and weathering result in poor permeability and low DO in the
solution at the bottom of the heap [10-12]. Research by Pantelis et al. [13] shows that
by natural diffusion, oxygen is not able to diffuse the heap void below 5 m. Therefore,
increasing the concentration of oxygen at the bottom of the gold heap is an effective method
for improving leaching extraction.

Peroxide reagents are a means of supplying DO to the ore heap [14]. Significant devel-
opments in the application of inorganic peroxides (e.g., hydrogen, calcium, and sodium
peroxides) in hydrometallurgy began in the 1980s [12]. Inorganic peroxides act as effective
oxidants in the reaction and provide oxygen for the cyanide leaching of gold under cer-
tain oxygen deficiency conditions [15,16]. Peroxide-assisted leaching exhibits enhanced
kinetics and improved gold recovery [17]. However, peroxides have not been applied to
the large-scale leaching of minerals because of their instability, relative rapidity (except at
high concentrations), and high cost [18].

Cheap and available ozone is currently attractive to hydrometallurgy as a green and
highly effective oxidant [19]. At present, the use of ozone to pre-oxidize sulfide ores has
been studied to eliminate sulfur as sulfur dioxide or sulfate. The results obtained have
shown that pre-treatment with ozone permits a greater extraction of gold during cyanida-
tion [20]. Ozone is a highly unstable triatomic molecule of oxygen with a brief average
half-life of approximately 22 min [21]. To revert to a more stable state (diatomic oxygen),
ozone releases a single oxygen atom to generate a single molecule of oxygen. [22,23]. Ozone
is effectively applied in gaseous and aqueous forms. However, ozone dissolved in aque-
ous solution quickly breaks down into oxygen and is difficult to maintain for extended
periods [24]. Consequently, water ice containing dissolved gaseous ozone was studied to
slow the release of ozone as the ice melts to extend its duration [25,26]. The ultra-slow
release of reactants from melting ice was successfully achieved in solution synthesis [27],
providing a novel approach for releasing and replenishing oxygen into the leaching heap
at low temperatures.

With the development of heap leaching technology, heap leaching operations have
expanded to more extreme climates, and heap leaching operations are carried out in in-
creasingly cold climate conditions [28]. A low-grade heap leaching mine in northern China
with an average grade of 0.65 g/t was the research background in this study. The min-
ing area is located in the alpine region of northern Inner Mongolia Province (41°40'9” N,
109°15'64” E), with a frost period from October to April; the minimum temperature is
—34 °C. The ore heap temperature must be maintained at 1-8 °C for the slow melting of
ice. In this study, an aqueous solution containing ozone was made into ice as an oxygen
release reagent to supply DO to the leaching solution inside the ore heap to improve
gold extraction (Figure 1). The effect of [CN~]/[O;] on the cyanide leaching of gold was
monitored in real time using a quartz crystal microbalance with dissipation (QCM-D).
The regulation of oxygen release during the ozone ice melting process was investigated
by a column leaching simulation experiment, and the facilitating effect of the leaching
extraction of gold by ozone ice in an oxygen-deficient environment was verified.
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Figure 1. Diagram of ozone ice pre-embedding in gold ore leaching heap.

2. Experimental Section
2.1. Ore Samples Preparation

The ores were crushed by 80% to a size of 9 mm to construct the ore heap in the
laboratory columnar facilities (see Section 2.2.3 for column devices parameters) to evaluate
the cyanide soluble gold under different conditions. Table 1 lists the principal chemical con-
stituents of the test samples. The primary valuable metals are gold and silver, with grades
of 0.61 g/t and 1 g/t, respectively. The mineral composition of the gold ore sample was
analyzed using X-ray diffraction (XRD), as shown in Figure 2. It was performed on a
Rigaku-RA high power rotating anode X-ray diffractometer) (Ultima IV, Rigaku, Japan)
with Cu-Ka radiation (40 kV, 100 mA) at a scanning rate of 10°/min, from 10° to 90°.
Figure 3 shows a backscattering electron detection of the SEM micrograph image (EVO-18,
Carl Zeiss, Oberkochen, Germany), of gold in the sample. Gold minerals mainly exist in
the form of natural gold, a small amount of silver gold. The occurrence state of gold is
mainly in symbiosis with sulfide minerals. To calculate the gold extraction, the feed and
final leaching residues were analyzed for gold by fire assay.

Table 1. Primary chemical components of the test sample (%).

Au* Ag* Fe Cu As Zn
0.61 1.0 6.30 0.008 0.027 0.010
Pb S CaO MgO AL O3 510,
<0.010 1.38 2.69 2.95 14.92 60.60
* Unitis g/t.
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Figure 2. XRD patterns of the sample.
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Figure 3. Backscattering electron detection of SEM micrograph of Au in the sample: (a) natural gold,
(b) copper pyrites, (c) pyrite, (d) quartz.

2.2. Experimental Ozone Ice Preparation
2.2.1. Ozone Ice Formation

Table 2 presents the experimental conditions. The ozone was generated by an air
source ozonizer and flowed in deionized water in a gas-washing bottle at 1 L/min. The de-
composition rate of ozone in water depends on the pH [18], which was set to 7 in the
deionized water. Figure 4a shows the relationship between the aeration time and the ozone
concentration in 100 mL of deionized water. The solution dissolved in ozone was then
poured into a cubic box with a size of 30 x 30 x 30 mm and stored in a cryogenic refrigera-
tor at —65 °C for 1 h. The amount of ice melted in 8 h was 98.96% at 5 °C; Figure 4b shows
the relationship between the ice-melting residual ratio and time. The ice was removed
from the refrigerator immediately after the completion of ice formation. We measured the
concentration of ozone in the ice and found that the ozone retention rate during the ice-
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making process was approximately 45-65%, and this increased as the ozone concentration
in the initial aqueous solution increased.

Table 2. Experimental ice-making conditions.

Water Temperature in Gas-Washing Bottle (°C) 1.0-4.0
Water volume in gas-washing bottle (mL) 100
The pH of deionized water 7
Ozone gas flow rate (L-min—1) 1
Cooling temperature (°C) —65
Ice-making time (min) 60

(@
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Figure 4. (a) Relationship between ventilation time and ozone concentration. (b) Relationship between ice residual
proportion and time at 5 °C.

2.2.2. Measured Method of Ozone Concentration

The concentration of ozone in water was determined using the potassium iodide
method; iodine was separated by the reaction of ozone in water with potassium iodide,
and the solution turned purple. The concentration of ozone in water was determined by
NayS5,0;5 titration under acidic conditions [29]. As per Equations (2) and (3), the color of
the solution becomes colorless after the formation of sodium iodide, and the ozone concen-
tration can be calculated according to the amount of sodium thiosulfate standard solution
consumed. The potassium iodide (KI, >98.5%) and sodium thiosulfate (NayS,03-5H,0,
>99%) were purchased from XiLong SCIENTIFIC Co., Ltd. (Shantou City, Guangdong
Province, China). The measurement method for ozone in ice is based on a previous re-
port [26]. The ice was placed in a sealed opaque container, and the container was immersed
in ice in hot water at approximately 100 °C. The ice was completely melted after 3 min.
The fixed ozone concentration in the ice was subsequently measured using the KI method,
and the decomposition amount of ozone during complete melting was estimated as less
than 0.2% [30]. Thus, the authors believe that the above-mentioned method for estimating
the concentration of ozone in ice is appropriate.

03 + 2KI + H,O =1, + 2KOH + O, (2)

Iz + 2Na5203 = Na25406 + 2Nal (3)

2.2.3. Experimental Apparatus for Melting of Ozone Ice

In this work, the experimental system to study the characteristics of oxygen release
during the melting process of ozone ice primarily consisted of a column leaching apparatus,
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a substitute for ore particles, and a liquid distribution with a peristaltic pump. Figure 5
shows that the main body of the column leaching apparatus was a self-made plexiglass
column (50-mm inner diameter, 300-mm height). A buffer layer and a sieve plate with
uniform circular holes were fixed at the top and bottom of the column, respectively.

buffered gravel layer
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Figure 5. Experimental column leaching apparatus system.

Transparent glass balls were used to represent the ore particles in the study of charac-
teristics of ozone release from ice in the heap. A particle size distribution ranging from 3 to
9 mm was chosen for its low cost and stability; additionally, the transparent glass balls allow
the melting of ice to be observed from outside the column. The glass balls were randomly
stacked and distributed in the column to construct the internal pore structure of the leach
heap. The voidage of each experimental group was 20%. Before the experiment, the mixed
glass balls of different particle sizes and ozone ice were placed in a plexiglass column.
Nitrogen was used to quickly remove air from the column, and the device was sealed and
placed in an incubator. The leaching solution containing 200 ppm of free cyanide at pH 11
was added from the top of the column at a rate of 15 L/(m?2-h) using a peristaltic pump.

2.3. Leaching Test Procedure

All experiments were performed using analytical reagents and a deionized water
solution. Unless otherwise specified, all experiments were conducted in a temperature-
controlled incubator. Ore mixed with CaO (98%, XiLong SCIENTIFIC Co., Ltd. Shantou City,
Guangdong Province, China) was added to the leaching column at a mass ratio of 125:1. Af-
ter adjusting the pH of the leaching solution to the target value, nitrogen was used to purge
the oxygen in the NaCN solution to create an oxygen-deficient condition. The solution ad-
dition rate was set to 15 L/(m?-h), and the pregnant solution was collected at 24 h intervals.
The cyanide concentration was analyzed by titration with silver nitrate. The gold and DO
contents in the liquid were determined using ICP-OES (Thermo Fisher Scientific, Waltham,
MA, USA) and HQ portable DO meters (Hach Company, Loveland, CO, USA), respectively.

2.4. Quartz Crystal Microbalance with Dissipation (QCM-D)

QCM-D (Biolin Scientific, Gothenburg, Sweden) is a real-time measuring instrument
used for surface reaction analysis. A piezoelectric AT-cut quartz crystal (cut at 35° from the
Z-axis of the quartz crystal) between the metal film electrodes was the principal component
of the QCM-D [31,32]. The application of an electric field in the crystal polarization direction
mechanically deforms the quartz crystal. Therefore, alternating currents cause mechanical
vibration on the quartz crystal, and crystal resonance occurs when the current frequency
is the same as the natural frequency of the crystal [32]. The resonant frequency (Af) of
the quartz crystal varies with the mass (Am) of the metal film electrode [33]. Measuring
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the changes in energy dissipation (AD) reveals the surface property changes of the quartz
crystal. The Sauerbrey equation (Equation (4) describes the relationship between Am and
Af [34]:

Patq CAf
Am=——"—NAf =——= 4
m=—ttaf = —= @)
where p; is the density of the quartz crystal used as the sensor, t; is the thickness of
the quartz crystal, and 7 is the harmonic number, equal to 1, 3,5, 7, ... (whenn =1,

fo =5MHz) [35]. The seventh overtone data were used in the plot in this study, because
the signal-to-noise ratio was the lowest. The resonant frequency of the quartz crystal
resonator changes linearly with the surface mass of the quartz crystal and decreases
during the leaching process. This relationship is applicable to the corrosion process on
the surface of the coated quartz resonators [36], and the mass sensitivity is 0.9 ng/cm? in
water [37]. The QCM-D measurement equipment was a Q-Sense E4 system (Biolin Scientific,
Gothenburg, Sweden) (Figure 6). This system consists of three principal components:
the chamber platform (which holds the sensor crystal modules), the electronics unit (which
controls the sensors), and the software used for data analysis [38].

Sensor control

Sensor—

surface
. Quartz

Figure 6. QCM-D instrumental system.

The AT-Cut quartz crystal sensor (Biolin Scientific, Gothenburg, Sweden) was prepared
with 100 nm thick gold electrodes as a coat for the quartz crystals, and a 5 nm chromium
coat was placed in the intermediate for enhanced adhesiveness. The fundamental frequency
of the quartz crystal sensor was 5 MHz—the above-mentioned fj value. Before the test,
the sensor was cleaned with deionized water and dried with nitrogen. The temperature
was limited to 25 °C by equipment conditions, and the flow rate of the solution was set to
50 pL/min in all experiments, unless otherwise specified.

3. Results and Discussion
3.1. QCM-D Monitoring of the Effect of [CN~1/[O;] on the Cyanide Leaching of Gold

The effect of gold leaching for different mass concentration ratios of free cyanide and
oxygen in the solution was monitored with a pure Au sensor by QCM-D. The real-time
experimental data of the frequency shift over time were obtained from the seventh overtone
(resonance frequency = 35 MHz). All operations ensured that the baseline before the test
was less than 1 Hz within 5 min. Figure 7 shows the frequency shift (Af) and the dissipation
shift (AD) of the leaching process. Arrow 1 indicates that the cyanide solution is injected
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into the system, and arrow 2 indicates that the background solution (deionized water)
enters the system after the leaching rate stabilizes.

The injection of NaCN solution sharply increased Af and AD and increased Af at a
constant rate over time. Thus, the leaching reagent reacts with gold on the sensor surface
at an invariable rate. The AD of the system briefly increases steeply before gradually
stabilizing, and the value of AD in the entire reaction process is less than 1.5 x 10~ under
all conditions. Because the gold coating changed from dense to fluffy during gold leaching,
a rigid dissipative layer formed on the sensor surface. When the background solution
was pumped into the system, Af exhibited a slightly slower upward trend and ultimately
reached an equilibrium at a nonzero value, indicating that irreversible reactions occurred
between the NaCN solution and the gold. In contrast, AD declined nearly to its initial state,
suggesting that the surface properties of the gold sensor did not change significantly.

1000 |- @ ) [CNV/[0,] (mer) ®) [CNV[O,] men)
- 25+ - 20/8.2
. 40/82
mm 60/8.2
800 | 20 F . 80/8.2
- 60/12
sl - 50/16
§ 600 ,Dg
,:: - 10r
< 400 - Q Ll II.'W‘
9 o5k
200 | 00k
05 F
ol
1 1 | 1 | 1 10 1 1 1 | 1 1
0 10 20 30 40 50 0 10 20 30 40 50

Time (min) Time (min)

Figure 7. QCM-D data showing the changes in frequency, Af (a) and dissipation, AD (b), for different [CN~]/[O,] values in

the injection solutions.

The relationship between the quality of the gold on the sensor surface and time was
obtained using the Sauerbrey equation and the leaching rate was calculated by linear fitting
(Figure 8). Under reaction conditions of 8.2 mg/L DO at normal temperature and pressure,
[CN™]/[O,] was adjusted by changing the concentration of free cyanide in the solution.
As the free cyanide concentration increased, the gold leaching rate rapidly increased before
stabilizing. When the concentration of free cyanide was increased from 60 to 80 mg/L,
the leaching rate increased by 27 ng/(cm?-min). However, the gold leaching rate increased
significantly to 432.63 ng/(cm?-min) by increasing the DO in the solution to 12 mg/L and
maintaining the free cyanide concentration at 60 mg/L. Further increasing DO to 16 mg/L
raised the leaching rate of gold by 58.89 ng/(cm?-min). Therefore, the dissolution rate is a
function of cyanide concentration at low cyanide concentrations, and a function of DO at
high cyanide concentrations.

Cyanide is one of the primary causes of gold dissolution and cannot be viewed in
isolation, especially in the context of the relationship between cyanide and oxygen de-
rived from Elsner’s equation. By calculating the leaching of pure gold, the stoichiometry
of Elsner’s reaction gives the required molar ratio of free cyanide to oxygen as 8:1 [39].
The dissolution of gold is an electrochemical reaction, in which oxygen absorbs electrons in
one part of the metal surface (the cathode area); the metal releases electrons in the anode
area. The concentration of cyanide determines the anodic dissolution rate of gold, and the
concentration of oxygen determines the cathodic reduction rate of oxygen. The hetero-
geneous reaction was controlled by the Nernst boundary layer diffusion as two reactive
species (O and CN ™). According to the mixed potential theory of [CN™]/[O,], the optimal
concentration ratio of [CN™]/[O;] was determined on the basis of the anodic oxidation of
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gold; the cathodic reduction of oxygen should be performed at the same rate. According to
Fick’s law calculation, the molar ratio of free cyanide to oxygen in the solution is approxi-
mately 6:1 when the dissolution rate of gold reaches a maximum [8]. The above-mentioned
theories confirm that appropriate concentrations of [CN~]/[O,] improve the gold leaching
rate, which is consistent with the previously analyzed effect of [CN™]/[O;] on the cyanide
leaching of gold.

2.0k
0.0 | S
2.0k |- R
L . = . R:0999
40kF N\ Ny, T
‘2 -6.0k|
g I
f:f -8.0k |-
E -10.0k -_ [CN ]/[02] (mg/L)
< ha . 20/8.2
= 40/8.2
-12.0k - == 60/8.2
I == 80/8.2
- = 60/16
-16.0k | N
-18.0k I 1 L 1 L 1 N 1 L 1 . N 1
0 10 20 30 40 50

Time (min)

Figure 8. The Sauerbrey equation calculated a mass shift in Am and was fitted to be linear at different
[CN~]/[O;] in the injection solutions.

3.2. Characteristics of Ozone Release in Ice

In this section, experiments were conducted to confirm the characteristics of oxygen
release during the melting of ozone ice. The entire experiment process was performed in a
thermostatic incubator at 5 °C. Ozone dissolved in water breaks down much faster than
that in oxygen or air. In addition to the spontaneous decomposition of ozone for oxygen
conversion, ozone in the aqueous phase involves the accelerated decomposition of ozone
induced by the initiator (e.g., hydroxyl molecules that produce highly reactive hydroxyl
radicals) [21]. The hydroxyl (-OH = 2.80 V) produced by the indirect reaction pathway has
a stronger oxidation capacity than that of ozone (O3 = 2.07 V) [40].

Figure 9 shows images taken from the ice surface during the melting procedure
using an optical microscope. Initial conditions with ozone concentrations of 0 mg/L,
300 mg/L, and 600 mg/L featured distinct quantity variances of tiny bubbles caused by
the amount of ozone in the ice. However, as the ice melted, the difference in the number
of tiny bubbles gradually decreased at ozone concentrations of 300 mg/L and 600 mg/L.
Additionally, the amount of ozone remaining in the ice and the DO in the leaching solution
were measured. Figure 10b shows that the two stages of the rate of ozone release are clearly
divided by the 3rd hour. The ozone release rate in the early stage was higher than that in
the later stages, and higher ozone concentrations in the initial ice layer correspond to faster
ozone release rates.



Minerals 2021, 11, 1251 10 of 14
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Figure 9. Optical microscope images of the ozone ice surface during melting: (a) 600 mg/L;

(b) 300 mg/L; (c) 0 mg/L.
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Figure 10. (a) Effect of ozone concentration in ice on the DO in the leaching solution. (b) Retention of ozone in the ice.

Figure 10a shows the change in DO during the ice melting. The line parallel to the
horizontal axis of the graph represents the ice produced by deionized water without ozone,
suggesting that the column leaching apparatus has good tightness. In contrast, the DO in
the leaching solution increased with the addition of ozone ice. In the first 3 h of melting,
the DO in the solution increased rapidly, and the rate of increase was a function of ozone
concentration in the ice. However, the increase rate of DO was slower and less affected
by the ozone concentration in the ice during melting after 3 h. This suggests that most of
the ozone is released in the early stages of melting, whereas the retention rate of ozone in
the later stages of melting is relatively steady despite different initial ozone concentrations.
Additionally, the faster initial rate of melting also affects the release of ozone from the ice
(Figure 4a).
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3.3. Effect of Ozone Ice on Gold Leaching Extraction in the Column Leaching Test

A series of column leaching experiments were conducted to investigate the effect of
ozone ice on gold leaching under low-temperature and hypoxic environments. The tests
were prepared using cyanide solutions containing 200 ppm of free cyanide at pH = 11.
Similarly, nitrogen was used to remove oxygen from the leaching solution to ensure oxygen
deficiency. Figure 11 shows that the gold in the ore is leachable cyanide, and 52.6% gold
extraction was achieved in 13 d. The daily gold extraction value peaked on the first day,
decreased with time, and stabilized on the fifth day with a gold concentration of less than
0.02 mg/L in the pregnant solution. A leaching cycle of 5 d was chosen to shorten the
leaching time to focus on the influence of the ozone ice.
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Figure 11. Gold leaching efficiency from ores by column leaching for 13 d. Cyanidation: pH 11,
200 ppm CN—, 8.2 mg/L DO.

Figure 12a shows the gold extraction at different ozone concentrations in ice. Gold
extraction increased by 4.1% with the addition of ozone ice containing 300 mg/L of ozone
at 5 °C. However, the effect did not increase continuously as a function of gold extraction
versus ozone concentration; gold extraction values at ozone concentrations of 300 and
600 mg/L were 39.5% and 39.9%, respectively. Thus, the DO in the leaching solution might
have reached saturation, preventing higher ozone concentrations from improving gold
extraction. Temperature is also an important factor in the leaching process; gold extraction
was 5.5% higher at 25 °C than at 5 °C.
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Figure 12. (a) Effect of ozone concentration in ice on gold recovery. (b) DO in the leaching solution.
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The DO concentrations in the initial leaching and pregnant solutions were determined
in the above-mentioned conditions. The initial leaching solution was anoxic with a DO of
approximately 5.2 mg/L. As the leaching column is an open system, DO increases as the
leaching solution flows through the ore heap. Figure 12b shows that the temperature of
the leaching environment significantly influences the change in DO; additionally, the DO
concentration in the leaching solution was higher at low temperatures. The addition of
ozone ice significantly increases DO in the leaching solution. However, higher ozone
concentrations in the ice did not further increase DO in the solution at a fixed temperature
of 5 °C; stabilization occurred at approximately 10.2 mg/L.

4. Conclusions

(1) The effect of [CN™]/[O;] on the leaching rate of gold was monitored using QCM-D.
The leaching rate increased from 212.08 to 432.63 ng/ (cm?-min) as the dissolved
oxygen concentration increased from 8.2 to 12 mg/L at a cyanide ion concentration of
60 mg/L. Therefore, the effective leaching of gold is undermined by oxygen deficiency
inside the leaching heap.

(2) The decomposition rate of ozone in ice does not change linearly. In the early stage
of ozone ice melting (the first 3 h), the ozone decomposition rate was affected by
the initial ozone concentration. Higher initial ozone concentrations in the ice layer
produced faster ozone decomposition rates. At the later stage of ozone ice melting
(after 5 h), the retention rates of ozone at different initial concentrations in the ice are
similar; the increase rates of DO in the solution for different initial concentrations are
also similar.

(3) Gold extraction was improved by embedding ozone ice into the leaching column.
At 5 °C in an oxygen-deficient environment, the addition of ozone ice with an ozone
concentration of 300 mg/L increased the gold leaching extraction by 4.1%.

In summary, the study shows the potential of ozone ice as an oxygen release reagent
to promote heap leaching in cold climate conditions. In the future, numerical simulation
software (e.g., COMSOL Multiphysics) should be used to calculate the melting process and
time of ozone ice and determine the size and distribution of ice in the actual ore heap under
specific environments. The embedding scheme of ozone ice in ore heap will be formulated
for industrial heap leaching.
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