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Abstract: In thiosulfate leaching of gold, the copper-ammonia complex serves as an oxidant and
catalyst. This study examined the impact of magnetizing the copper-ammonia thiosulphate lixiviant
solution on gold leaching from refractory oxidized ores. Magnetization reduced surface tension,
improved wettability and infiltration, and enhanced the diffusion of leaching agents. It also increased
dissolved oxygen content and boosted the catalytic efficiency of copper-ammonia complexes. These
changes led to more efficient gold extraction, with column leaching showing a 4.74% improvement
in extraction rates compared to non-magnetized methods and a 3.67% improvement over cyanide
processes. These findings suggest that magnetized copper-ammonia thiosulphate lixiviant is a
promising, environmentally friendly alternative to cyanide for refractory oxidized gold ores.

Keywords: copper-ammonia-thiosulfate lixiviant; gold leaching; magnetization treatment; surface
tension; kinetic

1. Introduction

Cyanidation presently stands as the predominant method for gold leaching in estab-
lished industrial practices due to its notable efficiency and rapidity [1,2]. However, the
considerable toxicity of cyanide presents significant risks, with potential leaks of cyanide
leaching chemicals and tailings posing threats to human and animal lives in the vicinity as
well as environmental safety [3]. While sealed reaction tanks can be employed for cyanide
leaching in high-grade gold ores, low-grade refractory gold ores necessitate open heap
leaching as the more economically viable approach [4]. Notably, the drawbacks associated
with cyanidation become more pronounced in the context of open heap leaching for low-
grade refractory gold ores. To mitigate the reliance on cyanide, various environmentally
sustainable lixiviants [5-8] such as halogen [9-11], amino acids [12], and thiosulfate [13]
have been developed. Among these, halogen and amino acids face challenges in large-scale
industrial gold-bearing ore treatment due to factors like high costs, pollution concerns,
and limited treatment scale [14]. Thiosulfate emerges as a promising cyanide alternative,
tracing its origins back to the early 20th century when it was known as the Von Patera
method [15,16]. Compared to cyanidation, thiosulfate-based leaching offers improved
production safety and exhibits less sensitivity to impurities, making it better suited for
treating complex gold ores containing carbonaceous, copper, and arsenic elements [17-19].
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In an oxidizing environment, gold solubilization occurs via thiosulfate, leading to
stable gold thiosulfate complexes including AuS,0O3;~ and Au(S,03),3 [20,21]. The latter,
with a complexation stability constant reaching up to 10°#%, predominates among gold
thiosulfate complexes [13]. The reaction between gold and thiosulfate under alkaline
conditions is depicted in Equation (1).

4Au 4 85,0327 4 2H,0 + Oy = 4[Au($,03),]>~ + 40H™ (1)

The development of copper-ammonia thiosulfate leaching systems has notably en-
hanced gold leaching efficiency. The copper-ammonia complex acts as an oxidant, reacting
directly with gold and then oxidizing to form a copper-ammonia complex in the presence
of oxygen. This complex can also function as a catalyst for the thiosulfate leaching reaction,
as shown in Equations (2) and (3) [22].

Au +5%05% + [Cu(NH;3 )4]*" = [Au(S,05)2]°” + 4NH; + [Cu(5,03 )3 (2)

Z[Cu(SzO3 )3]57 + 8NHj3; + 0.50, + H,O = Z[Cu(NH3 )4]2+ +20H™ + 6520327 3)

While copper-ammonia thiosulfate lixiviant solutions offer advantages such as sta-
ble gold complex formation, rapid leaching rates, non-toxicity, and reduced pollution,
challenges persist, including high thiosulfate consumption, solution instability, complex
components, and elevated leaching costs [23]. Various studies have explored enhanc-
ing gold leaching within copper-ammonia thiosulfate systems through approaches such
as [24], electrolytic reduction [25], and ligand substitutions [26,27]. Among them, the use
of ionic liquids instead of water solvents can significantly increase the conductivity of
the gold leaching reaction medium and improve the electrochemical reaction process of
gold leaching, but the ionic liquids are too expensive, which hinders its industrial-scale
adoption.

Magnetization treatment of water has garnered attention for its ability to induce signifi-
cant property changes, affecting parameters such as surface tension, viscosity, electrical con-
ductivity, water molecule cluster size, and dissolved oxygen (DO) [28-32]. These changes
have found applications in diverse fields such as coal mine dust suppression [33], crop
growth [34], concrete manufacturing [35], and water pipe scale inhibition [36]. Pang [37]
and Zhou [38] studied magnetization’s impact on water surface tension, observing re-
ductions of 7.28% and 6.33%, respectively, and concluded that magnetization mainly
destroys hydrogen bonds between water molecules and reduces the cohesion of the so-
lution. Amiri [39] confirmed this effect but noted an optimal magnetization duration,
beyond which surface tension increased. Sronsri [40] examined molecular changes in mag-
netized water, highlighting disrupted hydrogen bonds and the formation of smaller water
molecular groups, leading to increased hydrogen bonds outside the molecular group [41].

In the context of gold ore leaching, the wettability of the lixiviant agent on gold
surfaces and the dissolved oxygen content in the solution are crucial factors influencing
the contact of the lixiviant agent and gold and oxidation potential which in turn affects
leaching efficiency. Moreover, the presence of paramagnetic molecules in the solution, aside
from water, may also undergo changes under magnetic fields, affecting leaching reactions.
Therefore, understanding how magnetization influences the gold-leaching process within
copper-ammonia thiosulfate systems is imperative.

This study aims to investigate the impact of magnetization on the properties of copper-
ammonia sodium thiosulfate lixiviant solutions, including surface tension, DO, wettability,
and chemical activity, within the context of heap leaching from low-grade gold ores. The
study also explores the enhanced effects of magnetization on reaction rates and kinetics in
copper-ammonia sodium thiosulfate gold leaching through Quartz Crystal Microbalance
with Dissipation (QCMD) and leaching kinetics tests. Additionally, a comparison is made
between gold extraction rates using magnetized copper-ammonia sodium thiosulfate leach
and sodium cyanide leach through column leaching tests.
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2. Materials and Methods
2.1. Materials and Reagents

The gold foil utilized for the leaching kinetics test measures 5 mm x 5 mm x 0.1
mm, exhibiting a gold purity exceeding 99.99%. Simultaneously, the gold-plated quartz
resonator employed in the QCMD test featured a gold layer approximately 100 nm thick,
with a fundamental frequency of 15 MHz.

The refractory gold ore head sample was sourced from the Changshanhao gold mine
and underwent crushing to achieve a fragment size of —10.0 mm. The primary mineral
components of the sample include quartz, pyroxene, mica, feldspar, pyrrhotite, and pyrite.

The gold grade within the ore sample was determined to be 0.48 g/t, primarily
comprising natural gold and silver gold ore. These gold minerals predominantly exist in
fine-grained and micro-fine-grained forms, coexisting with gangue minerals like quartz
and pyroxene. A minor proportion is found in symbiosis with pyrite, pyrrhotite, and other
sulfide ores.

The results of the mineral phase analysis of gold, as depicted in Table 1, indicate that
bare and semi-bare gold minerals constitute the dominant phase at 64.58%, followed by
carbonate-encapsulated gold at 27.08%, with the remaining gold encapsulated within other
minerals at 8.33%.

Table 1. Gold phase analysis results.

Gold Phase Gross Bare and Semi-Bare Carbonate- Sulfides- Hematite- Quartz and
Gold Encapsulated Gold Encapsulated Gold Encapsulated Gold Silicates-Encapsulated Gold
Content (g/t) 0.31 0.13 <0.1 <0.1 <0.1

The sodium thiosulfate, copper sulfate, and ammonia utilized in this study are analyti-
cal reagents. The method for preparing the lixiviant solution involves initially preparing
the copper-ammonia complex solution, followed by combining it with the sodium thiosul-
fate solution. The proportion of copper sulfate, ammonia, and sodium thiosulfate in the
prepared lixiviant solution is 5:35:1.

2.2. Experiments
2.2.1. Magnetization of Lixiviant Solution

The magnetization diagram of the lixiviant solution and the distribution of the mag-
netic field within the magnetizer (manufactured by Huate Magnet, Linqu, China) is de-
picted in Figure 1. The magnet within the magnetizer is constructed using N54 NdFeB
permanent magnet material, generating a magnetic field strength of approximately 1.5 T.
The length of the magnetic field spans 55 mm, and the inner diameter of the hose attached
to the magnetizer measures 8.0 mm. The lixiviant solution is delivered into the magnetizer
via a peristaltic pump. At a specific flow rate, a defined volume of lixiviant solution tra-
verses the magnetic field within the magnetizer through the hose, becoming magnetized
during the effective magnetization period. After undergoing several magnetization cycles,
the entire lixiviant solution becomes fully magnetized. Two important magnetization
parameters, namely effective magnetizing time and cycle times are calculated according to
Equations (4) and (5).

Effective magnetizing time = Flow rate/Magnetic feild length x pipe cross — sectional area 4)

Cycle times = Gross lixiviant solution volumn/Flow rate )
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Figure 1. Magnetization process of lixiviant solution and cross-sectional view of magnetizer.

2.2.2. Column Leaching

The column leaching test replicates the operational dynamics of ore heap drip leaching.
This simulation involves filling a plexiglass column with ore to conduct drip tests, mirroring
a unit of the heap leaching process. Within the chamber, the dripping of lixiviant solution,
ore leaching, and collection of precious liquids are executed, effectively emulating industrial
heap-leaching production processes.

The test columns are custom-made Plexiglas cylinders, 0.15 m in inner diameter and
2.00 m in height, outfitted with valves at their base for ore column management. Lixiviant
and leachate are stored separately in gelatinous drums. A metering pump delivers the
leach solution to the column’s top, with each column loaded with approximately 50 kg of
ore samples.

Post-loading, the column undergoes treatment with sodium hydroxide lye at a pH of
10.5-11 to ensure thorough rinsing of the ore sample and cessation of lye discharge when
pH stabilizes at 10.5-11. Stabilized sodium thiosulfate lixiviant solution is then dripped at
an intensity of 6 L/(m?-h) over a 20-day leaching period. Leachate is regularly sampled to
assess volume, gold content, and thiosulfate concentration.

2.2.3. Leaching Rate Test Based on QCM-D

The experimental setup utilized in this study was the Q-sense E4 quartz crystal
microbalance. Real-time measurements of the frequency (f) and energy dissipation (D)
were conducted during the interaction of various sodium thiosulfate lixiviant solutions
with gold, employing the QCM-D technique. The pH of the solutions was maintained at
11.5, and the reactions were carried out at a temperature of 25 °C.

To establish the equilibrium baseline, ultrapure water was initially pumped into the
system at a flow rate of 100 pL/min. Subsequently, the frequency stabilization criteria
were met (with fluctuations in f being less than 5 Hz), leading to the acquisition of the
equilibrium baseline under the background solution. Following this, the lixiviant was
introduced to initiate the lixiviant reaction, with a leaching duration set at 15 min.

The frequency change (Af) was determined by subtracting the initial frequency of the
gold resonator from the measured frequency (f) during the test. Similarly, the change in
energy dissipation (AD) was calculated by subtracting the initial energy dissipation from
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the measured energy dissipation during the test. The Af value was then converted into the
change in mass (Am) using the Sauerbrey model see Equation (6) [5].

_ —2Amf*
A/HqPq
where Am is the mass change; A is the area of the gold-plated layer on the surface of the

resonator where the leaching reaction occurs; p is the shear modulus of the quartz crystal;
Pq is the density of quartz crystal.

Af (6)

2.2.4. Contact Angle Test by Washburn Method

The change in contact angle of the magnetized lixiviant solution on the gold ore was
assessed using the Washburn method. In the contact angle test, 2 g of powder was sampled
and put into a glass tube with a filter at the bottom, the powder in the glass tube was
vibrated 30 times, and then we hung the glass tube in the surface tensiometer hanging slot.

The bottom of the glass tube is in contact with the lixiviant solution. Due to the
capillary effect, the lixiviant solution will be absorbed, and the mass of the glass tube and

time meet Equation (7).
2

M? = t% X cos 0 (7)

where M? is the mass squared of the glass tube; t is the testing time; c is the ore powder
capillary effect constant with a value of 0.156 mm? tested by hexyl hydride; o is lixiviant
solution surface tension; p is the solution density; 1 is solution viscosity, and 0 is the
contact angle.

2.3. Analytical Methods

The surface tension of the copper-ammonia sodium thiosulfate lixiviant solution was
assessed using a K100-c type fully automatic surface tension meter manufactured by KRUSS.
The Du Noiiy ring method [42] was employed for measurement, with the instrument’s
range spanning from 0 to 200 mN/m and a resolution of 0.001 mN/m. The device boasts
a repeatability error of no more than 1% for oscillometric values and offers temperature
resolution down to 0.1 °C. To ensure data reliability, the automatic measurement procedure
was set to conduct five measurements.

The sodium thiosulfate concentration in both the lixiviant solution and the precious
liquid was determined via the iodometric method. Additionally, the concentration of the
copper-ammonia complex in the solution was gauged using a UV spectrophotometer. To
minimize fluctuations in the copper-ammonia complex concentration due to chemical
reactions during scanning, the characteristic peak of the complex was fixed at 615 nm, with
a scanning speed of 1200 nm/min, and each test was conducted in triplicate.

The gold grade in the run-of-mine (ROM) material was evaluated through the fire-
assay atomic absorption method as per GB/T 20899.1-2019 standards [43]. For gold con-
centration in the solution, inductively coupled plasma-mass spectrometry (ICP-MS) was
employed, following the atomic absorption method.

3. Results and Discussion
3.1. Lixiviant Solution Magnetization

The copper-ammonia-thiosulfate lixiviant solution within the magnetization device
undergoes a continuous process of dynamic magnetization. Achieving a stable magne-
tization state requires a relaxation time, thus emphasizing the significant impact of the
magnetic field’s alternating frequency and the effective magnetization duration on the
overall magnetization efficacy. Despite the magnetization device employing a constant
magnetic field, it can be regarded as a dynamic magnetic field concerning the flowing
solution. Consequently, the flow rate of the lixiviant solution within the apparatus, which
reflects the frequency of magnetic field changes, and the magnetization duration, defined
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as the number of times the solution circulates through the magnetization device, emerge as
the pivotal factors influencing magnetization effectiveness, particularly in terms of surface
tension and dissolved oxygen (DO) levels within the solution.

3.1.1. Surface Tension

The experiment involved a magnetized lixiviant solution volume of 300 mL, a mag-
netization duration of 5 min, and various flow rates of the lixiviant solution through the
magnetization device: 500, 750, 1000, 1250, and 1500 mL/min. The aim was to evaluate the
lixiviant solution’s surface tension post-magnetization under different flow rate conditions,
depicted in Figure 2a. Hereafter, MT and BC represent the magnetization-treated group
and blank control group, respectively.
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Figure 2. Variation of surface tension: (a): varying lixiviant solution flow rate; (b): varying magnetiz-
ing time.

Figure 2a illustrates that as the flow rate increased, the effective magnetization time de-
creased continuously, and the number of magnetization cycles increased. Concurrently, the
surface tension of the sodium thiosulfate lixiviant solution post-magnetization displayed a
trend of initially decreasing and then increasing. For the non-magnetized sodium thiosul-
fate leaching solution, the surface tension stood at 64.38 mN/m. When the flow rate was
500 mL/min, corresponding to 8.33 cycles of the solution with an effective magnetization
time of 0.33 s per cycle, the surface tension was reduced to 62.52 mN/m. Doubling the
flow rate to 1000 mL/min increased the number of cycles to 16.67, with a corresponding
reduction in effective magnetization time per cycle to 0.17 s. This resulted in the lowest
surface tension of 60.67 mN/m, a decrease of 3.71 mN/m compared to the control group,
representing a 5.76% reduction.

However, at a flow rate of 1500 mL/min, despite 25 cycles of the solution, the effective
magnetization time per cycle decreased to 0.11 s, leading to a rebound in surface tension
to 62.83 mN/m. Increasing turbulence due to the higher flow rate hindered sufficient
magnetization of the sodium thiosulfate leaching solution, disrupting the magnetization
state from the previous cycle. Moreover, heightened turbulence disturbed the initial
magnetization state, contributing to decreased surface tension. Consequently, a flow rate of
1000 mL/min was determined as optimal for magnetizing the sodium thiosulfate leaching
solution for gold extraction.

The surface tension of the lixiviant solution post-magnetization treatment was assessed
by varying the magnetization time at intervals of 1, 3, 5, 10, 15, 20, and 25 min and
maintaining a constant flow rate of 1000 mL/min, as depicted in Figure 2b.

Figure 2b illustrates that as the magnetizing time increased, so did the duration of the
magnetization treatment cycle. Concurrently, the surface tension of the lixiviant solution
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after magnetization displayed a trend of initial reduction followed by slight fluctuations.
For a magnetization time of 1 min, corresponding to 3.33 cycles of magnetization treatment,
the surface tension decreased to 62.48 mN/m. Extending the magnetization time to 5 min
resulted in the lowest surface tension of 60.67 mN/m, representing a 5.76% reduction.
While the surface tension exhibited minor fluctuations with prolonged magnetization cycle
times, the changes were not significant. Therefore, a magnetization time of 5 min was
identified as the optimal duration for the magnetization cycle.
3.1.2. DO
The experiment maintained a constant flow rate of 1000 mL/min for the lixiviant
solution while varying the magnetization time at intervals of 0, 5, 10, 15, 20, 25, 30, and
35 min, respectively. The dissolved oxygen (DO) content of the lixiviant solution was then
measured under these varying magnetization time conditions, as depicted in Figure 3a.
[ MT MT
W BC = BC
0.5 0.5
s a
: 3
5 N
50 o
E 3
£ 0.4 2 0.4+
: :
0.3= 0.3 = T T T
BC 5 10 15 20 25 30 35 BC 200 400 600 800 1000
Magnetizing time (min) Flow rate (ml/min)
@) (b)

Figure 3. Variation of Do content: (a) varying magnetizing time; (b) varying lixiviant solution
flow rate.

It is pertinent to note that the DO content in water stood at 8.77 mg/L but Figure 3a
shows that BC exhibits a lower DO content. This phenomenon arises from the reaction
depicted in Equations (8) and (9), where thiosulfate reduces Cu(Il) to Cu(I), and Cu(I)
undergoes continuous oxidation to Cu(Il) by oxygen, leading to oxygen consumption
within the solution. Figure 3a shows that upon magnetization, the DO in the lixiviant
solution initially rose before subsequently declining. For a magnetization time of 5 min, the
DO measured 0.44 mg/L, marking a 0.03 mg/L increase compared to the BC. At 15 min
of magnetization time, the DO peaked at 0.51 mg/L, reflecting a 0.09 mg/L increase over
the BC. Beyond this duration, despite further magnetization time, the DO did not show a
significant increase but rather declined gradually, indicating complete magnetization of
lixiviant solution after 15 min.

$,052 +2Cu(NH;) 2" — 2Cu($,03)2°~ + 4062 + 8NH; 8)

4Cu(5,03)2%" + O, + 2H,0 + 16NH;3 — 4Cu(NH3), 2" 485,052~ +40H™  (9)

The magnetization duration was fixed at 15 min, while the liquid flow rates were
varied at 0, 300, 500, 1000, and 1200 mL/min, respectively, to investigate the DO content in
the lixiviant solution under different flow rate conditions, as depicted in Figure 3b.

Figure 3b. illustrates a gradual increase in DO content with rising flow rates, albeit
with a trend of diminishing returns. As the flow rate reached 500 mL/min, the DO content
significantly rose to 0.49 mg/L which is attributed to that a higher flow rate results in
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more magnetization cycle times. As the flow rate increased to 750 mL/min, the DO
content slightly increased to 0.52 mg/L which may be because of the heightened turbulence
resulting from increased flow rates. Greater turbulence enhances the contact frequency
between the oxygen-deficient solution and the surrounding air, leading to a slight increase
in DO content.

Despite substantial oxygen consumption in the copper-ammonia sodium thiosulfate
solution due to the reaction depicted in Equation (9), magnetization also contributed to a
partial increase in DO levels within the solution.

3.2. Mechanism
3.2.1. Contact Angle

The contact angle, also known as Young's contact angle, is an important indicator for
judging the wettability of liquids on solid surfaces. The smaller the contact angle, the more
likely the liquid is to wet the solid surface. Hence, the contact angle of the lixiviant solution
with gold ore powder, both before and after magnetization treatment, was assessed. The
square of the mass of the glass tube containing the ore sample was plotted against time,
and the contact angle of the lixiviant solution on the gold ore was calculated through fitting
based on Equation (7), as depicted in Figure 4.

0.12
01 T — .7".\
y =0.0036x + 0.0036 P
R2=0.9989 P 4
Ope = 75.54°

o

(=

(o]
L

y=0.0031x + 0.0014

Mass squared (g2)
(=]
o
(=)}

0.04 1 R2=0.9991
Oyr = 72.34°
0.02 1
0 - , .
0 10 20 30

Time (s)

Figure 4. Contact angle test results.

Figure 4 reveals that, in terms of the slope of the fitted straight line, the non-magnetized
lixiviant solution (BC) exhibits a steeper slope than the magnetized treatment (MT), in-
dicating that magnetization significantly enhances the adsorption rate of the lixiviant
solution onto the ROM. Additionally, the contact angle of the sodium thiosulfate lixiviant
solution with gold ore powder decreased after magnetization, with a reduction of 3.20°
in the powder contact angle post-magnetization. Moreover, the mass of the glass tube
containing the magnetized sodium thiosulfate lixiviant solution group was greater com-
pared to that of the non-magnetized group at the same time point, further supporting the
notion that magnetization enhances the wettability of sodium thiosulfate lixiviant solution.
This observation underscores the effectiveness of magnetization in reducing the contact
angle between sodium thiosulfate lixiviant solution and gold ore, thereby improving the
solution’s wettability.

3.2.2. Chemical Reactivity

The reaction between copper ammonia and sodium thiosulfate to form copper thio-
sulfate compounds is a pivotal catalytic process within the copper-ammonia thiosulfate
system, consuming a significant amount of copper ammonia complex as outlined in
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Equation (8). This section delves into the impact of magnetization on the rate of this chemi-
cal reaction by evaluating the concentration of copper ammonia complex in the solution
post-magnetization.

Initially, the fluctuations in copper-ammonia complex concentrations were assessed
over resting periods before and after magnetization of lixiviant solutions with varying
sodium thiosulfate concentrations, with results depicted in Figure 5a. Analysis of Figure 5a
reveals that after an initial 5-min magnetization, the concentration of copper-ammonia
complex in the magnetized and unmagnetized 0.15 mol/L groups was slightly higher at
0.0241 mol/L and 0.0246 mol/L, respectively, compared to the magnetized and unmag-
netized 0.30 mol/L groups, which recorded 0.0287 mol/L and 0.0289 mol/L, respectively.
This difference can be attributed to the initial consumption of copper-ammonia complex
upon mixing with sodium thiosulfate solution, leading to lower concentrations in the
0.30 mol/L groups due to higher consumption rates from the increased sodium thiosulfate
concentration. Moreover, the decreasing trend in copper-ammonia complex concentration
was slower in the 0.15 mol/L group compared to the 0.30 mol/L group, indicating a slower
reaction rate for Reaction 1 due to lower thiosulfate concentration. After 30 min, the copper-
ammonia complex concentrations in the 0.15 mol/L groups were reduced by 0.0116 mol/L
and 0.0104 mol/L, while those in the 0.30 mol/L groups were reduced by 0.0176 mol/L
and 0.0159 mol/L, respectively, indicating gradual concentration decreases over time, with
higher thiosulfate concentrations leading to faster reduction rates. Additionally, magnetiza-
tion treatment accelerated the reduction rates, highlighting its contribution to enhancing
the reaction rate outlined in Equation (8) and the overall chemical activity of the sodium
thiosulfate lixiviant solution.

0.04 0.04
i~ 0.30 mol /L NaS,0, MT

@ NaS,0; (MT) + [Cu(NH;),>]

0.035 i 0.30 mol /L NaS,0, BC —Q BC

e==de=="0.15 mol /L Na;S,0; MT 0.03

A== Na$,0; + [CuNH;),>] (MT)

0.03 B

Ny —A— 0.15mol /L Na;8,0; BC
0.025 =
0.02 4
0.02

0.015
0.01

0.01 - \“\“

0.005 0 T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Time (min) Time (min)
(a) (b)

Figure 5. Variation of copper-ammonia complex concentration in lixiviant solutions after magnetiza-

Copper-ammonia complex content (mol / L)
Copper-ammonia complex content (mol / L)

tion treatment: (a) magnetizing sodium thiosulphate and copper-ammonia complexes synchronously;
(b) magnetizing sodium thiosulphate and copper-ammonia complexes individually.

Subsequently, the separate magnetization of copper-ammonia complex and sodium
thiosulfate followed by their combination into the lixiviant solution elucidated which
component was predominantly enhanced by magnetization. The results in Figure 5b
demonstrate that while the concentration and trends of copper-ammonia complex remained
consistent in the magnetized sodium thiosulfate solution and unmagnetized control groups,
magnetization notably accelerated the reduction in copper-ammonia complex concentration
when applied solely to the copper-ammonia complex component. Specifically, the con-
centration of copper-ammonia complex reduced from 0.0253 mol/L to 0.0045 mol/L after
30 min of static treatment, emphasizing the heightened chemical reactivity and promotion
of Equation (8) facilitated by magnetization.
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3.2.3. Leaching Rate

This section utilized QCM-D to assess the mass change of gold-plated quartz resonator
before and after magnetization treatment of the lixiviant solution, aiming to explore the
impact of magnetization on the rate of gold leaching with sodium thiosulfate.

Figure 6a presents the frequency change Af, energy dissipation change AD (Figure 6b),
and mass change Am (Figure 6c) over time. From Figure 64, it is evident that Af increases
immediately upon the introduction of sodium thiosulfate gold leaching solution, signifying
the commencement of the reaction between the solution and gold. Af exhibits a linear
increase over time, indicating a proportional relationship with leaching duration. Notably,
Af rises more rapidly post-magnetization of the sodium thiosulfate lixiviant solution. Upon
introducing ultrapure water into the system, the rate of Af increase gradually decelerates,
stabilizing at 12,274 Hz for the magnetized group and 11,670 Hz for the unmagnetized
group. This stability suggests irreversible reaction completion between sodium thiosulfate
lixiviant solution and gold, with a higher leaching extent observed in the magnetized group.

From Figure 6b, after the lixiviant solution passage, the resonator’s resistance to vibra-
tion abruptly rises, leading to a sharp increase in AD. The magnetized group exhibits higher
AD values, attributed to the orderly molecular arrangement in the magnetized solution
creating increased resistance to resonator vibration. Over time, the magnetized group
reaches a peak AD of 11.81 ppm, while the unmagnetized group peaks at 11.03 ppm. Post-
flushing with ultrapure water, the stabilized magnetized group records a AD of 7.71 ppm,
significantly higher than the unmagnetized group’s 2.24 ppm. This difference arises from
increased surface roughness of the resonator’s gold plating layer due to solution-induced
corrosion, leading to higher energy loss during vibration cycles in the magnetized group.

The mass variation curves Am vs. time t obtained from the Saurbray model in Figure 6¢
depict the gradual corrosion of the gold-plated layer by the lixiviant solution, resulting in
linear mass reduction over time. This aligns with conclusions from Figure 6a, highlighting
a first-order linear increase in gold leaching rate with leaching time. Post-ultrapure water
flushing, the final gold leaching mass for the magnetized group is 24,747.70 ng, compared to
23,568.31 ng for the unmagnetized group. The gold leaching rate of the magnetized group
(1637.53 ng/ (cm?-min)) surpasses that of the unmagnetized group (1561.39 ng/ (cm?-min)),
affirming that magnetization accelerates the sodium thiosulfate leaching solution’s chemical
reaction rate with gold.

In summary, Af and Am curves demonstrate that magnetization effectively enhances
the gold leaching rate, with the magnetized group exhibiting a higher leaching reaction
degree under equivalent leaching times. The AD curve indicates significantly higher surface
roughness of the magnetized group’s gold layer compared to the non-magnetized group,
further corroborating that magnetization catalyzes the copper-ammonia sodium thiosulfate
leaching reaction of gold.
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3.2.4. Contact Angle

Previous research has demonstrated that magnetization has a positive impact on sur-
face tension, dissolved oxygen (DO) content, the reactivity of copper-ammonia complexes,
and the rate of the copper-ammonia thiosulfate gold leaching reaction. Building upon
these findings, it becomes apparent that magnetization can expedite the kinetic process
involved in the copper-ammonia thiosulfate gold leaching reaction. This section focuses on
investigating four shrinking core models (represented by Equations (10)—(13)) to ascertain
the rate-controlling factor and the underlying nature of the gold dissolution process using
copper-ammonia thiosulfate lixiviant.

Equation (10) is applied to a film diffusion-controlled process; Equation (11) is a
chemical reaction-controlled process; Equation (12) is a product layer diffusion-controlled
process and Equation (13) is a mixed-controlled process (a combination of intraparticle
diffusion and chemical reaction).

X = klt (10)
1— (1—x)% — kot 11)
1—§x—(1—x)% — kst (12)

1 — 1
er [(l—x)§ —1} = kyt (13)

The gold extraction data from the copper-ammonia thiosulfate gold leaching reaction
were gathered and fitted using the above equations. The fitting outcomes are depicted
in Figure 7. The results reveal that the leaching reaction of copper-ammonia thiosulfate
solution with gold foil conforms to both the film diffusion-controlled process model and the
chemical reaction-controlled process. Notably, the fitting degree for both the magnetized
and unmagnetized groups exceeds 0.999. Furthermore, the surface rate constant of the
magnetized group surpasses that of the unmagnetized group. This indicates that while the
magnetization treatment does not alter the kinetic model of the copper-ammonia sodium
thiosulfate lixiviant solution for gold leaching, it does enhance the reaction rate.

The leaching rate of gold from sodium thiosulfate leaching solution is influenced by
both film diffusion and chemical reaction. Thus, to enhance the leaching rate of gold, it
is crucial to improve both the diffusion rate of molecules in the solution and the reaction
activity. The magnetization treatment accomplishes this by enhancing the infiltration
characteristics of the leaching solution, thereby improving the diffusion rate, and also by
enhancing the reaction activity of dissolved oxygen (DO) and copper-ammonia complex.
This indicates that the magnetization treatment effectively enhances both the rate of external
diffusion and the chemical reaction, consequently improving the overall rate of the gold-
leaching reaction.

In summary, the rate of the copper-ammonia thiosulfate gold leaching reaction is
primarily influenced by the film diffusion process and the chemical reaction process. The
magnetization treatment boosts the leaching rate from both of these perspectives. On one
hand, the magnetization treatment significantly affects the wettability of the gold ore, as
evidenced by the reduced surface tension of the lixiviant solution by 3.71 mN/m and the de-
creased contact angle by 3.20°. These reductions effectively promote the external diffusion
process of the gold-leaching reaction. On the other hand, the magnetized leaching solution
exhibits increased DO content and improved reactivity of the copper-ammonia complex,
leading to enhanced chemical reaction processes in the leaching reaction. Therefore, from a
kinetic mechanism perspective, the magnetization treatment reinforces the reaction process
of copper-ammonia sodium thiosulfate gold leaching.
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Figure 7. Gold leaching fitting with four control models: (a) film diffusion-controlled process;
(b) chemical reaction-controlled process; (¢) product layer diffusion-controlled process; (d) mixed-
controlled process.

3.3. Column Leaching

Column leaching is a widely used method to simulate heap leaching processes, al-
lowing for the investigation of the impact of magnetization treatment on gold-leaching
reactions using copper-ammonia sodium thiosulfate. Figure 8 illustrates the variations in
leaching rate (daily gold extraction) and gold extraction over time.

From Figure 8a, the daily leaching rate curves for both the magnetized and unmagne-
tized groups exhibit a similar pattern of gradual decrease, sharp decrease, and subsequent
slow decrease. The higher leaching rate in the magnetized group is primarily observed in
the initial 8 days, while in the unmagnetized group, it spans the first 9 days. This higher ini-
tial leaching rate is attributed to the preferential leaching of bare gold. The leaching kinetics
indicate that sodium thiosulfate leaching rates are jointly determined by external diffusion
and chemical reaction. During the pre-column leaching phase, molecules/ions in the
lixiviant solution readily diffuse to the surface of bare gold, resulting in faster leaching due
to initial contact and reaction. For instance, the leaching rate on the first day was 4.08%/d
for the magnetized group and 3.42%/d for the unmagnetized group. In the middle stage of
column leaching, as bare gold diminishes, semi-bared and fissured gold becomes the main
leaching target, emphasizing external diffusion over chemical reaction. By-products like
sulfur monomers and copper sulfide may hinder leaching solution infiltration, leading to a
decrease in the leaching rate for both groups.
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Figure 8. Gold extraction over time: (a) daily extraction; (b) cumulative extraction.

In the late stage of column leaching, with the majority of bare gold leached, semi-
bared and fissured gold dominates the leaching process, further accentuating external
diffusion. The leaching rate of the unmagnetized group surpassed that of the magnetized
group on the 18th day, with rates of 1.22%/d and 1.10%/d on the 20th day for each group,
respectively. This reversal in leaching rates is attributed to higher recoverable gold in the
magnetized group during the later stages. The average daily leaching rate was 2.36%/d
for the magnetized group and 2.13%/d for the unmagnetized group, reflecting the earlier
findings regarding improved infiltration characteristics and chemical reaction acceleration
due to magnetization.

In Figure 8b, the gold extraction curve shows a final extraction rate of 47.27% for the
magnetized group, 42.53% for the unmagnetized group, and 43.60% for cyanidation-based
column leaching (cyanide lixiviant solution concentration is 300 ppm, pH ranges from 10.5
to 11, and dripping intensity is 6 L/(m?-h)). Magnetization treatment led to a 4.74% increase
in gold recovery compared to the unmagnetized group and a 3.67% increase compared to
cyanidation. This demonstrates the effectiveness of magnetization treatment in enhancing
the leaching effect of copper-ammonia thiosulfate, aligning with previous research findings
and suggesting potential for replacing cyanidation in heap leaching methods.

4. Conclusions

(1)  Under optimized conditions including a magnetic field strength of 1.5 T, magnetiza-
tion time of 5 min, and liquid flow rate of 1000 mL/min, the surface tension of sodium
thiosulphate lixiviant solution decreased by 3.71 mN/m, representing a 5.5% reduc-
tion. Magnetization can increase the dissolved oxygen in the sodium thiosulphate
lixiviant solution by up to 38%.

(2) The magnetization treatment significantly improved the infiltration characteristics of
the leaching solution on gold ore, reducing the contact angle from 75.54° to 73.24°.
Moreover, it enhanced the reactivity of copper-ammonia complexes and improved the
leaching reaction. Based on QCMD leaching rate tests, the magnetization treatment
increased the reaction rate of copper-ammonia sodium thiosulphate leaching from
1561.39 ng/cm?-min to 1637.53 ng/cm?-min, a 4.88% increase.

(38) Leaching kinetics studies reveal that the reaction rate of gold leaching with sodium
copper-ammonia thiosulphate is determined by external diffusion and chemical reac-
tion processes. Magnetization improves the infiltration characteristics of the leaching
solution, aiding the diffusion of molecules/ions onto gold surfaces and enhancing
external diffusion rates. Additionally, it boosts the activity of copper-ammonia com-
plexes and DO in the leaching solution, thereby improving the chemical reaction
process of gold leaching. Hence, magnetization treatment effectively increases the
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leaching reaction rate, although further research is needed to elucidate the detailed
mechanisms, particularly regarding the enhancement of copper-ammonia complex
activity post-magnetization.

(4) Magnetization significantly enhanced heap leaching with copper-ammonia sodium
thiosulphate, increasing the leaching rate by approximately 0.6%. The reaction rate
in the early stage is primarily driven by external diffusion and chemical reaction
processes, with bare gold as the primary reactant. In the middle and late stages, the
increase in leaching reaction by-products obstructs the external diffusion process,
leading to a sharp decrease in reaction rate. The cumulative extraction rate for the
copper-ammonia sodium thiosulphate magnetized group reached 47.27%, with mag-
netization treatment enhancing the gold leaching rate by 4.74% and 3.67% compared
to the blank control group and cyanide leaching, respectively, indicating the potential
of magnetization treatment in promoting the industrial use of sodium thiosulphate as
an alternative to cyanide for gold leaching.

This study illustrates that magnetization can indeed amplify the chemical reactivity
of copper-ammonia complexes, albeit not sodium thiosulfate. However, the mechanism
underlying how magnetization enhances the activation of gold leach molecules remains un-
clear. Therefore, employing molecular simulation is anticipated to delve into the structural
and property alterations of copper-ammonia complexes post-magnetization.
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