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Abstract: Cyanidation is the main method used to extract gold from gold raw materials; however,
a serious problem with this method is the low leaching rate. In order to improve gold leaching,
the intensification behavior of mercury ions on gold cyanide leaching, for two types of materials,
sulphide gold concentrate and oxide gold ore, was investigated. The results showed that mercury ions,
with only a 107> M dosage, could significantly intensify leaching and gold recovery. The dissolution
behavior of gold plate was also intensified by 107> M mercury ions. Microstructure analysis showed
that mercury ions intensified the cyanidation corrosion of the gold surface, resulting in a loose
structure, where a large number of deep ravines and raised particles were evident across the
whole gold surface. The loose structure added contact surface between the gold and cyanide,
and accelerated gold dissolution. Moreover, mercury ions obstructed the formation of insoluble
products, such as AuCN, Au(OHCN), and Au(OH)y, that lead to a passivation membrane on the gold
surface, reducing contact between the gold and cyanide. These effects, brought about by mercury
ions, change the structure and product of the gold surface during gold cyanidation and promote
gold leaching.
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1. Introduction

Gold is a rare and precious metal. It is not only a special currency for reserve and investment,
but also an important material for the jewelry, electronics, and aerospace sectors, among others.
Cyanidation has numerous advantages, in contrast with other methods, and is the main method to
extract gold from gold materials, such as sulphide gold concentrate and oxide gold ore. However,
a serious problem associated with this method is the low leaching rate [1-3]. Through past research,
a large number of intensification techniques have been established. Hydrogen peroxide, as an assistant
reagent, has been shown to accelerate gold leaching since its appearance in 1987 [4,5].

Gold leaching, in essence, is an electrochemical process that includes the anode dissolution of gold
and the cathode reduction of oxygen and other oxidants [6,7]. Hydrogen peroxide assistant leaching
is an intensified method for cathode reduction. After cathode reduction is intensified to an extreme
level, further intensification no longer contributes to increased gold leaching and the subsequent
leaching is determined by anode dissolution. Meanwhile, anodic intensification has received wide
attention. Some heavy metals, such as lead, bismuth, silver, and thallium, have been shown to be
effective in the intensification of the anodic dissolution of gold [8-11]. Their catalysis on gold leaching
has been analyzed theoretically and research has also looked at their intensive electrochemistry.
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However, there have been few reports on the practical applications of these technologies and their
intensified mechanisms, especially for mercury ions.

Mercury ions can be recycled and reutilized to intensify gold cyanide leaching. After cyanide
leaching, gold is separated from the lixivium by active carbon adsorption, and the leaching raffinate,
with mercury ions, will circulate back to the previous process and leach gold again. Even if
only a few mercury ions exist in the gold concentrate, they will be treated to realize the green
discharge of mercury ions. Therefore, there are no pollution problems brought about by mercury
intensification in gold cyanide leaching, and it is a suitable intensifier. In our previous research [12-14],
the electrochemical kinetics of gold anodic dissolution, intensified by heavy metals, was investigated.
Additionally, the co-intensification of heavy metals and hydrogen peroxide to accelerate gold leaching
from different types materials was also researched. Moreover, the electrochemical nature of the
co-intensification of mercury ions and oxidants was discussed. Some knowledge was obtained based
on these works; however, the intensification behavior and mechanism of mercury ions on gold cyanide
leaching lack in-depth and systematic understanding. In this work, mercury ions, as the only intensified
reagent, were applied to prevent the effect of hydrogen peroxide. A pure gold plate was employed
to avoid the disturbance of other elements in the gold material. The leaching behavior of two types
of materials, sulphide gold concentrate and oxide gold ore, and the dissolution behavior, structure
information, and surface product of the gold plate, were investigated to analyze the intensification
of mercury ions on gold cyanide leaching. This research will allow the intensification behavior and
mechanism of mercury ions on gold cyanide leaching to be understood more clearly.

2. Materials and Methods

2.1. Materials

Two common gold materials, sulphide gold concentrate and oxide gold ore, were provided
by a gold plant in China. As shown in Table 1, sulphide gold concentrate is a high gold-content
material (73.21 g/t), while there is only 4.42 g/t gold-content in oxide gold ore. The oxide gold ore
has little content of S and Fe; whereas, in the sulphide gold concentrate, the content of S and Fe is
much higher at 28.34% and 29.57%, respectively, which may have a negative effect on gold leaching.
Moreover, there is 29.57% Fe and 2.19% Cu in the sulphide gold concentrate, which indicates a high
content of pyrite and that some copper pyrites exist in the gold concentrate. Meanwhile, a cylindrical
gold plate (® 7.0 mm x 2.0 mm) with 99.99% purity was employed to analyze the effect of mercury
ions on gold dissolution. Analytic reagents, HgSO, and NaOH, were applied as the mercury ion
intensifier and solution pH regulator, respectively. NaCN was used as a leaching agent.

Table 1. Chemical composition of gold concentrate (%).

Sample Au®* Ag* Cu Pb Zn Fe S
Sulphide gold concentrate 7321 176.05 219 098 1.03 2957 28.34
Oxide gold ore 4.42 0.36 0.05 004 005 321 0.16
* Unit g/t.

2.2. Methods

2.2.1. Gold Leaching

In the gold leaching test, a 50 g sample was first ground in a & 160 mm x 50 mm wet ball mill with
a 40% mass fraction in a grinding slurry. After grinding, the slurry was put in a 500 mL breaker and a
certain amount of cyanide NaCN, intensifier HgSO,, pH regulator NaOH, and water, was added to the
beaker. The concentration of NaCN was 0.3%, the liquid—solid ratio of leaching was 5:1, and the pH of
the solution was 12. The concentration of mercury ions was 0, 107%,107°, and 10~* M, as determined
by the experimental requirements. The slurry was stirred with a EUROSTAR stepless speed regulation



Metals 2018, 8, 80 30f13

stirrer, with a rotation speed of 400 rpm, and leaching time was recorded. After leaching for a given
time, the slurry was filtered and the residue was dried in an electric drying oven (CIE, Changsha,
China). The residue and pregnant solution were both analyzed by atomic absorption spectrometry
(AA240F5+GTA120, VARIAN, San Francisco, CA, USA) to determine gold content.

2.2.2. Gold Dissolution

The cylindrical gold plate was prepared before cyanide dissolution. Firstly, the gold plate
was rubbed and polished by a 0.06-A metallographic sandpaper. Secondly, the gold plate was
processed with a high temperature treatment using an alcohol burner. Finally, the gold plate was
ultrasonically cleaned for 8 min with successive cleaning solutions of distilled water, 10% diluted nitric
acid, distilled water, anhydrous ethanol, and distilled water.

After being prepared, the gold plate was bonded on the stirring rod of a speed regulation stirrer.
Then, the stirring rod, along with the gold plate, were placed in a solution with an NaCN concentration
of 0.3% and pH of 12. Meanwhile, a certain amount of HgSO4 reagent was added into the solution for
Hg intensification cyanidation. There were no mercury ions in the common cyanidation. The stirrer
was rotated at a speed of 400 rpm and leaching time was recorded. After leaching for a given time,
the gold plate was cleaned using distilled water and naturally air-dried. Afterwards, the gold plate
was weighed and its microstructure and surface product were analyzed.

2.2.3. Microstructure and Surface Product Analysis after Dissolution

The microstructure and surface product of the gold plate after common cyanidation and Hg
intensification cyanidation were analyzed by scanning electron microscope (SEM), atomic force
microscope (AFM), X-ray photoelectron spectrometer (XPS), and fourier transform infrared spectoscopy
(FT-IR) (NEXUS 670, NICOLET, Wisconsin Rapids, WI, USA ). SEM analysis was conducted using a
JSM-6360LV scanning electron microscope (Quanta 250 FEG, FEI, Hillsboro, OR, USA). AFM analysis
was conducted using a di NanoMan Vs AFM atomic force microscope (Multimode VIII, VEECO,
Plainview, NY, USA). XPS analysis was conducted using a K, 1063 X-ray photoelectron spectrometer
(AXIS ULTRA DLD, Shimadzus, Kyoto, Japan), whose vacuum degree, X-ray source, and energy were
1 x 1077 Pa, Al K,, and 50 eV, respectively. Infrared spectrum analysis was performed using a Nexsus
670 IR spectrometer, with a resolution of 0.09 cm~! and scan time of 60 times /s.

3. Results
3.1. The Effect of Mercury lons on Gold Leaching

3.1.1. Sulphide Gold Concentrate

As a common gold concentrate in China, sulphide gold concentrate was used to investigate the
intensification behavior of mercury ions on gold leaching. As shown in Figure 1, mercury ions have
an obvious positive effect on sulphide gold concentrate leaching, especially for 107> and 10~* M
mercury ions. Mercury ions not only increase the gold leaching rate, but also improve final gold
recovery. After adding 10~® M Hg, gold recovery increased from 65.7% to 70.1% when the leaching
time was two hours. Continuing to extend leaching time, gold recovery with Hg intensification
was also higher than with common cyanidation. With 10~5 M Hg, gold recovery showed an obvious
improvement compared to both common cyanidation and 10~® M Hg intensification. With 107> M Hg,
gold recovery was up to 77.6% after only two hours of leaching, while the same recovery with
common cyanidation took nearly eight hours. Meanwhile, recovery further improved with extended
leaching time and recovery after 24 hours leaching reached a high of 85.8%. Increasing the content
of mercury ions to 10~* M improved gold recovery, but this recovery was not considerably different
to 107> M Hg. Therefore, mercury ions were an effective intensifier for the cyanide leaching of sulphide
gold concentrate. Only with 1075 M Hg can the gold cyanide leaching be adequately intensified.
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In addition, both common cyanidation and Hg intensification cyanidation took nearly twelve hours to
complete gold leaching.
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Figure 1. The effect of mercury ions with different content on gold leaching (in sulphide gold concentrate).

3.1.2. Oxide Gold Ore

In the same way, the intensification behavior of mercury on the gold leaching of oxide gold ore,
was investigated. As shown in Figure 2, the leaching behavior of oxide gold ore was similar to that
of sulphide gold concentrate. With 10~® M Hg, gold recovery was 73.5% after two hours, compared
to recovery of 68.4% with common cyanidation. With 107® M Hg, recovery reached 80.4% after four
hours of leaching. Increasing the content of mercury ions to 10~° and 10~* M improved gold recovery
and the leaching patterns were almost the same. Gold recovery with 10~> M Hg intensification was as
high as 81.3%, 84.2%, and 87.1% after leaching for two, four and twelve hours, respectively. Therefore,
the gold cyanide leaching of oxide gold ore was intensified after adding 10~> M Hg. Moreover, as with
sulphide gold concentrate, oxide gold ore also needed twelve hours to complete its gold leaching.
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Figure 2. The effect of mercury ions with different content on gold leaching (in oxide gold ore).
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3.2. The Effect of Mercury lons on Gold Dissolution

In order to avoid other factors and to better research the effect of mercury ions on gold leaching,
a pure gold plate was used to analyze the intensification behavior of mercury ions on gold dissolution.
The content of the mercury ions was 107> M and the effect at different time points on gold plate
dissolution, was measured. As shown in Figure 3, the quality loss of the gold plate during Hg
intensification cyanidation was far greater than that of common cyanidation. After three hours of
dissolution, the quality loss of the gold plate with Hg intensification was 0.489 mg, while the quality
loss with the common dissolution was only 0.113 mg. Even with 12 hours of common dissolution,
the quality loss of the gold plate was 0.421 mg, which was still lower than after three hours of
Hg intensification cyanidation. Moreover, the quality loss of the gold plate after 12 hours of Hg
intensification dissolution was 1.487 mg. This shows that gold dissolution can be intensified by
mercury ions. Similarly, mercury ions can promote the removal of gold from gold materials and
promote gold dissolution in a cyanide solution.
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Figure 3. Gold dissolution at different time points.

3.3. Microstructure after Dissolution

3.3.1. Structure Information Determined by SEM

The original gold plates were analyzed using SEM, as well as the same gold plates after six hours
of cyanide dissolution (common or Hg intensification). As shown in Figure 4A1,A2, the microstructures
of the two gold plates were almost the same, which means that the surface structures of the gold plates
showed little change during common cyanide dissolution. However, the surface structure of the gold
plates differed substantially after Hg intensification dissolution, as shown in Figure 4B1,B2. With the
original gold plate, there were some shallow ravines on the surface, but it was an integral whole with
a homogeneous structure. After Hg intensification dissolution, many deep ravines and pits appeared,
making the surface rough with a loss of structure. Gold plates can be severely corroded and gold is
removed from plates during Hg intensification dissolution. Meanwhile, the rough surface and loose
structure improves the contact area between the gold and cyanide, further accelerating gold dissolution.
Therefore, mercury ions have an important effect on gold plate structure. Hg intensification cyanidation
corrodes the gold surface, destroys its structure, and ultimately accelerates gold dissolution.
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Figure 4. The microstructure of different gold surfaces, as shown by SEM; (A1, B1) The
original gold plates; (A2) The gold plate after common cyanidation; (B2) The gold plate after Hg
intensification cyanidation.

Meanwhile, the original gold plate was put into the same Hg cyanide solution and dissolved in a
stationary state. The gold plate, after different time points of dissolution, was analyzed using SEM,
and the structure information from this analysis is shown in Figure 5. The surface of the original gold
plate was smooth and homogeneous. After one day of dissolution, there were many shallow pits on
the surface of the gold plate, and while the hole displayed some changes, these were not obvious when
compared to the original gold plate. After two days of dissolution, the whole surface was rough and
blurry, which may have been due to cyanide corrosion on the gold. Meanwhile, the hole displayed an
obvious change, where the area of the hole was larger than that of Figure 5A,B, and some new holes
had formed, as shown in Figure 5C. After three days of dissolution, the original hole displayed no
obvious change, but the new holes were larger and deeper. Continuing to extend the dissolution time,
the structure of the gold plate showed no obvious change. The results show that it should take three
days to complete gold dissolution, which is uneconomical and unrealistic. Therefore, the intensification
of mercury ions on gold dissolution is limited and inefficient when gold is dissolved in a stationary
state. The intensification must combine with stirring.
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Figure 5. The microstructure of the gold surface, as shown by SEM; (A) The original gold plate;
(B-F) dissolution after one day, two days, three days, four days, and five days, respectively.

3.3.2. Structure Information Determined by Atomic Force Microscope (AFM)

To obtain more accurate structural information about the gold plates, the same gold plates,
after SEM analysis, were analyzed using AFM. As shown in Figure 6, the structure of the three gold
plates displayed different characteristics. The surface of the original gold plate was smooth and
homogeneous, while its surface was rough and rugged after cyanidation, implying that the gold plate
was corroded by the cyanide. Cyanide corrosion changed the surface structure of the gold plate,
especially after Hg intensification cyanidation, where a large number of raised particles were evident
across the whole surface. This structure change can be visually observed in the three-dimensional
structure drawing in Figure 6A2,B2,C2. In contrast to the surface structure of the gold after common
cyanidation, there were many overlapping, raised particles on the gold surface after Hg intensification
cyanidation, making the structure rougher and more rugged than that of common cyanidation.
This means that Hg intensification cyanidation makes gold plates suffer more serious cyanide corrosion
than common cyanidation. In the same way, mercury ions can promote the removal of gold from gold
materials and intensify gold cyanide dissolution.

Figure 6. The microstructure of different gold surfaces, as shown by AFM; (A1,A2) The original
gold plate; (B1,B2) The gold plate after common cyanidation; (C1,C2) The gold plate after Hg
intensification cyanidation.



Metals 2018, 8, 80 8of 13

3.4. Surface Product after Dissolution

Gold cyanide dissolution can be modeled by the following simplified equation [13,15,16]:
Au+CN = AuCN +e 1

AuCN 4 CN~ = Au(CN),~ @)

In the dissolution, the gold is the first cyanide resolved to the intermediate product, AuCN,
which is insoluble in water, then the AuCN further reacts with CN™ and generates the final product of
Au(CN);~, which is soluble in water. Meanwhile, the following equation occurs in the process of gold
dissolution [17-20]:

AuCN +OH™ = Au(OHCN) +e (©)]

AuCN + X-OH™ = Au(OH), + CN™ + (X —1)-e )

AuCN, Au(OHCN), and Au(OH)y, all insoluble in water, are the main intermediate products in
cyanide dissolution. In order to reveal the products on the gold plate surface, such as AuCN,
Au(OHCN), and Au(OH)y, and their quantitative relationship, the gold plates were analyzed after
cyanide dissolution (common and Hg intensification).

3.4.1. Surface Product Information Determined by X-ray Photoelectron Spectrometer (XPS)

After cyanide dissolution (common and Hg intensification), the gold plates were analyzed by XPS
to obtain molecular level product information regarding their surface after cyanidation. The results of
the XPS spectra (Au4f, Cls, N1s, Ols, and Hg4f) are shown in Figure 7. Both of the XPS spectra were
similar, except that there was a weak Hg4f peak in the spectra of the Hg intensification, which was
caused by the addition of mercury ions. The similar spectra meant that the surfaces of the two gold
plates were composed of similar chemical elements. That the Au4f peak was larger than the others
peak indicates that Au is the main element of the gold plate surface.

To reveal the surface product differences between the two gold plates, the spectra of Au4f, Cls,
N1s, and Ols, were analyzed separately, as shown in Figure 8. Both of the Au4f spectra showed
two peaks, while the Cls, N1s, and Ols spectra each exhibited only one peak. For the two Au
spectra, the peaks with lower binding energy, at 83.58 and 83.78 eV, likely originated from Au, and the
peaks with higher binding energy, at 87.28 and 87.48 eV, may be attributed to Au~ in the form of
AuCN [21,22]. As shown by the Nl1s spectra, the binding energy of common cyanidation and Hg
intensification cyanidation was 399.38 and 399.48 eV, respectively, which may have been derived from
CN~ in the form of AuCN [23,24]. As shown by the Ols spectra, the binding energy of common
cyanidation and Hg intensification cyanidation was 531.78 and 531.58 eV, respectively, which likely
originated from OH™ in the form of Au(OH), and Au(OHCN) [25]. Meanwhile, as shown by the C1s
spectra, the binding energy of common cyanidation and Hg intensification cyanidation was 284.88 and
284.78 eV, respectively, which may be attributed to graphite carbon [26]. According to the comparison
of peak areas, it is known that the quantities of CN~ and OH™ on the gold plate surface, are distinctly
greater after common cyanidation than Hg intensification cyanidation. This means that a higher
content of AuCN, Au(OH),, and Au(OHCN) existed on the surface of the gold plate after common
cyanidation compared to after Hg intensification cyanidation.

Moreover, the Cls resolved spectra of the two gold plates were analyzed, as shown in Figure 9.
The peaks with lower binding energy, at 284.78 and 284.88 eV, may have originated from graphite
carbon that was an insignificant component during the test [26]. The peaks with higher binding energy,
at 287.98 and 288.19 eV, are likely attributed to CN™ in the form of AuCN [23,24,26]. The results for
Cls-resolved spectra support the findings of the N1s XPS analysis.
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Figure 7. XPS spectra of the gold plates after cyanidation (common and Hg intensification).
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Figure 9. Cls XPS-resolved spectra of the gold plates after cyanidation (common and Hg intensification).

3.4.2. Surface Product Information Determined by Fourier Transform Infrared Spectroscopy (FI-IR)

After XPS analysis, the same gold plates were analyzed using FI-IR. The results of this analysis
are shown in Figure 10 and Table 2. Comparing the two spectra, their curves showed some similarities.
The peaks at 1240 and 1650 cm ™!, that were evident on both of the spectra, were alcohol compounds
and nitro compounds, respectively [27-29]. These may have been the residues of the nitric acid and
ethanol used in the cleaning process of the gold plate. The peaks at 2850 and 2920 cm !, that were
also evident on both of the spectra, were hydrocarbon compounds [27,28,30]. The hydrocarbon
compounds were a mixed impurity introduced during the cyanide dissolution because the original
composition was Au, NaOH, NaCN, H,O, and HgSO4. The peaks at 3350 and 3460 cm~! were alkaline
compounds [27,28,30], caused by sodium hydroxide. Moreover, there was a peak at 2100 cm~! on
the spectrum of common cyanidation. This was the cyanide compound (C=N) [31,32], meaning that
considerable amounts of cyanide compound were evident on the gold plate surface after common
cyanidation. Based on Equations (1)—(4), the Au(CN),~ product is soluble, which indicates that it
will be removed from the gold plate surface and dissolve into the cyanide solution. The insoluble
products, AuCN and Au(OHCN), cannot dissolve into the cyanide solution so deposit on the gold
plate surface [33]. Therefore, the considerable cyanide compounds that existed on the surface of the
gold plates after common cyanidation were AuCN and Au(OHCN). This peak (C=N) did not exist on
the spectrum of Hg intensification dissolution, indicating that a large number of cyanide compounds
were not evident on the surface. This means mercury ions can promote the conversion of AuCN
to Au(CN),~ and obstruct the generation of Au(OHCN), preventing the deposition of AuCN and
Au(OHCN) on the gold surface.

Comprehensive analysis of the XPS and FI-IR results showed that the insoluble intermediate
products, AuCN, Au(OHCN), and Au(OH),, were constantly produced and deposited on the gold
surface, forming a passivation membrane, which obstructs the reaction of gold and cyanide during
common cyanidation. Mercury ions promoted the conversion of AuCN to Au(CN); ™~ and obstructed
the generation of Au(OHCN) and Au(OH)y, which prevented their deposition on the gold surface,
maintained good contact between the gold and cyanide, and, finally, ensured the gold was adequately
leached by the cyanide.
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Figure 10. Infrared spectra of the different gold plates.

Table 2. FT-IR (Fourier Transform Infrared spectroscopy) spectra of the gold plates under
different conditions.

Position (cm~!)  Assignment Group
1240 O-H Alcohol compound
1650 NO, Nitro compound
2100 C=N Cyanide compound
2850, 2920 C-H Hydrocarbon compound
3460, 3550 O-H Alkaline compound

4. Conclusions

The leaching behavior of two types of materials, sulphide gold concentrate and oxide gold

ore, and the dissolution behavior, structure information, and surface product of gold plates,
were investigated to analyze the intensification of mercury ions on gold cyanide leaching. A summary
of the results obtained in this study is as follows:

@

@)

®)

Mercury ions intensified the leaching of sulphide gold concentrate and oxide gold ore, and gold
recovery was significantly improved. Meanwhile, mercury ions could be recycled and reutilized
to intensify gold cyanide leaching, with no pollution problems brought about by mercury
intensification. After adding 10~> M Hg, gold recovery was about 80% after only two hours of
leaching and reached close to 90% after 12 hours leaching. Similarly, the pure gold plate was also
intensified by mercury ions.

Mercury ions had an obvious effect on the surface structure of the gold plate during cyanide
dissolution. Mercury ions intensified the cyanidation corrosion on the gold surface and destroyed
its structure, resulting in a large number of deep ravines and raised particles covering the whole
surface. This loose structure added to the surface contact area between the gold and cyanide,
accelerating the gold dissolution.

With common cyanidation, the insoluble intermediate products of AuCN, Au(OHCN),
and Au(OH), were constantly deposited onto the gold surface, forming a passivation membrane
that obstructed the reaction of gold and cyanide. Mercury ions promoted the conversion of AuCN
to Au(CN),~ and obstructed the generation of Au(OHCN) and Au(OH),, which prevented their
deposition on the gold surface, promoted good contact between the gold and cyanide, and, finally,
ensured the gold was adequately leached by the cyanide.
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