minerals

Article

Cyanide Release Characteristics of Solid Waste in Gold
Smelting Process

Linlin Tong 2, Qianfei Zhao 12, Qiang Liu 3, Zhehao Li 3, Chongzhe Chi 3, Yu Zhang 3 and Hongying Yang 1'%*

check for
updates

Citation: Tong, L.; Zhao, Q.; Liu, Q.;
Li, Z.; Chi, C.; Zhang, Y; Yang, H.
Cyanide Release Characteristics of
Solid Waste in Gold Smelting Process.
Minerals 2022, 12,1269. https://
doi.org/10.3390/min12101269

Academic Editor: Kyoungkeun Yoo

Received: 8 September 2022
Accepted: 6 October 2022
Published: 8 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory for Ecological Metallurgy of Multimetallic Mineral (Ministry of Education),
Northeastern University, Shenyang 110819, China

School of Metallurgy, Northeastern University, Shenyang 110819, China

3 Changchun Gold Research Institute Co., Ltd., No. 6760 Nanhu Road, Changchun 130012, China
*  Correspondence: yanghy@smm.neu.edu.cn; Tel.: +86-13889803669

Abstract: To explore the relationship between total cyanide and easily liberatable cyanide in cyanide
tailings and its impact on the environment, the leaching and release characteristics of total cyanide
and easily liberatable cyanide in a tailings pond were studied using a dynamic leaching experiment,
and a dynamic model was established. The results show that the release concentration of total cyanide
in cyanide tailings is higher than that of easily liberatable cyanide. With the increase in leaching time,
the release of cyanide is more sensitive to leaching intensity. The first-order kinetic, second-order
kinetic, modified Elovich, double constant, and parabolic diffusion equations were used to fit the
cumulative release of cyanide. According to the kinetic results of cyanide cumulative release, in
addition to the first-order kinetic equation, the other four equations revealed good fitting for the
cyanide leaching process, which shows that cyanide released under simulated rainwater leaching
was not simply via surface diffusion, but controlled by multiple factors.
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1. Introduction

Leaching refers to the natural infiltration of rainwater leading to the dissolution of
mineral salts, chemical elements, or organic substances in the upper layer and migration to
the lower layer [1]. Leachate produced by leaching enters the water body and soil, causing
serious metal pollution and damaging the ecological environment. According to statistics,
billions of tons of tailings are produced in China every year, accounting for about 50%
of China’s total output of bulk industrial solid waste [2]. Most tailings ponds have no
corresponding leachate collection and treatment facilities, which are generally diluted by
rainwater or industrial water and discharged, seriously polluting the surrounding water
and soil environment.

There are many kinds of waste stored in tailings pond (blast furnace tailings, mine
waste rock tailings, etc.), but there are many rainfall factors that affect the release of heavy
metals from each waste. Therefore, in order to meet the needs of economic and social
development, it is urgent to solve these key problems. Generally speaking, a solid waste
can be used to objectively analyze the leaching concentration of polluting ions under the
condition of a leaching model, such as the study of the release of static and dynamic
leached Sb in the tailings of the blast furnace, mine waste, and tailings in Lengshuijiang,
Hunan, China [3], the leaching characteristics of uranium from metallurgical waste and
ores in the Singhbhum East district [4], and the acidification of the water quality and great
increase in the hardness of water due to leachate [5,6]. These studies yielded numerous
favorable results. Nevertheless, few studies have been aimed at the release characteristics
of pollutants in nonferrous metal mines, especially in cyanide tailings. The vast majority of
gold produced every year in the world is extracted using cyanide leaching technology. In
the 21st century, China gradually became the largest gold-producing country, in which more
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than 90% of gold plants adopt cyanidation technology [7-10]. With the decrease in gold
bearing grade, the discharge of cyanide tailings continues to increase. At present, an area
of tens of thousands of square kilometers in China are occupied due to the accumulation of
cyanide tailings. In addition, the economic loss caused by the pollution of cyanide tailings
every year is up to 10 billion USD [11-14]. Previous studies on the harm of cyanide tailings
mainly focused on the content of heavy metals. Qian et al. [15] and Qiu et al. [16] found
that some heavy metals in cyanide tailings were released in high concentration under the
leaching action when they treated the leaching water of a cyanide tailings pond. However,
the environmental and biological hazards of cyanide tailings are not only reflected in the
heavy-metal content, but also largely dependent on the toxic release of cyanide into the
environment. Griffiths et al. [17] found that the tailings discharge concentration exceeded
the industry standard wildlife protective limit of 50 mg/L weak acid dissociable cyanide.
At the same time, Donato et al. [18] suggested the need for a decision-making tool to derive
an appropriate cyanide discharge concentration into tailings systems. It can be seen that,
under long-term weathering and rain leaching, the cyanide tailings in the open air may
release cyanide and enter the air, water, and soil, thereby polluting the environment, which
poses a great threat to the ecosystem and environment.

Therefore, this work studied the release characteristics of total cyanide and easily
liberatable cyanide released from cyanide tailings through a dynamic leaching test, as
well as evaluated the hazard degree of the two pollutants, aiming to reveal the pollution
characteristics of cyanide tailings and provide a theoretical basis for the prevention and
control of cyanide tailings.

2. Materials and Methods
2.1. Materials

The cyanide tailings used in this research were provided by Haoyao’erhudong gold
deposit in Urat, Inner Mongolia, China. The climate in the area is typical continental climate,
with annual precipitation of 233.7 mm and evaporation of 2646.2 mm. Furthermore, the
highest temperature in the summer can approach 40 °C, the lowest temperature in the
winter can go below —32 °C, and the annual average temperature is 3-6.8 °C, representing
a continental arid climate. Chemical analysis of cyanide tailings was conducted using an
inductively coupled plasma optical emission spectrometer (ICP-OES, Avio500, PerkinElmer,
Waltham, MA, USA). The results obtained are shown in Table 1.

Table 1. The ICP chemical analysis of cyanide tailings (wt.%).

Component SiO;

Al O3

Fe, O3 KO CaO MgO TiO; P,Os MnO CuO ZnO  As;O3 Others

Content

60.56

20.42

6.42 5.96 2.86 247 0.69 0.20 0.12 0.02 0.02 0.01 0.25

2.2. Leaching Experiment

For the leaching test, cyanide tailings were used to simulate rainwater leaching at a
flow rate of 2.5-10 mL/(min-kg) for 11 days. The initial leaching solution pH value was
manually configured at 6-7. The simulated dynamic leaching experimental device is shown
in Figure 1. The leaching column was plexiglass with a height of 50 cm and a radius of
4 cm. The bottom was sealed with a plexiglass plate with a 2 mm diameter circular hole. In
order to prevent sample loss and ensure uniform distribution of the leaching solution, an
inert quartz sand, nonwoven fabric and qualitative filter paper were laid on the bottom and
upper layers of the leaching column, respectively. The fresh cyanide tailings were divided
into 1 kg aliquots and used to fill the leaching column. The isolation temperature (room
temperature 20-22 °C), wind force, and light of the leaching solution were maintained.
Under different leaching intensity (0.5 mm/min, 1.5 mm/min, and 2.0 mm/min) and
temperature (2 °C, 12 °C, and 22 °C), the effect of leaching on the degradation of cyanide
tailings was investigated. Samples were taken at certain intervals to determine the content
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of cyanide in the leaching solution. Three sets of the same leaching device were used to
carry out the experiment.

Figure 1. Schematic diagram of a simulated dynamic leaching experiment device.

2.3. Analysis Methods

Water quality determination, cyanide flow injection analysis (FIA), and a spectropho-
tometric method were used to determine the concentration of total cyanide and easily
liberatable cyanide, with a standard deviation less than 5%. After filtration of the leach-
ing solution obtained in Section 2.2, the supernatant was taken and adjusted using acid
(the measured pH of total cyanide is < 2, while the measured pH of easily liberatable
cyanide is 4). Then, hydrolysis and UV digestion were carried out at 140 °C under high
temperature and pressure, and the released hydrogen cyanide gas was absorbed by sodium
hydroxide solution. Under neutral conditions, cyanide in the absorption solution reacts
with chloramine T to produce cyanogen chloride, and then reacts with pyridine to produce
glutaraldehyde, finally forming condensed red-purple compounds with barbituric acid.
The absorbance was measured using a visible spectrophotometer, and the concentration of
total cyanide and easily liberatable cyanide in the leaching solution was calculated.

The chemical composition of cyanide tailings was detected using an inductively
coupled plasma optical emission spectrometer (ICP-OES, Avio500, PerkinElmer, Waltham,
MA, USA). The chemical composition of the sample is shown in Table 1. The morphology
of the sample was analyzed using a SEM (EVO18, ZEISS, Oberkochen, Germany).

3. Results and Discussion
3.1. Effect of Leaching Intensity on Leaching

Figure 2a,b show the change in total cyanide and easily liberatable cyanide concen-
tration with leaching time under leaching intensities of 0.5 mm/min, 1.5 mm/min, and
2.0 mm/min. The cyanide in the leaching solution decreased with the increase in leaching
intensity. Under the same condition, the concentration of total cyanide and easily liberat-
able cyanide decreased with time, and, in the initial stage, the concentration of cyanide
decreased sharply. After leaching for 15 h, the concentrations with a leaching intensity of
2 mm/min were 82.8 mg/L and 16.4 mg/L for total cyanide and easily liberatable cyanide,
respectively. At this time, at a leaching intensity of 1.5 mm/min and 0.5 mm/min, the
total cyanide concentrations were 243 mg/L and 678 mg/L, respectively, and the easily
liberatable cyanide concentrations were 22.3 mg/L and 72.2 mg/L, respectively. This may
be because, compared with the low and medium leaching intensity, the higher leaching
intensity caused a greater leaching shear force on the leaching residue [19]. The stronger
scouring force on the microstructure of cyanide tailings led to their serious erosion. Water
and air enter into the cyanide tailings and react as shown in Equations (1) and (2) [20,21].
Therefore, the increase in leaching intensity led to a decrease in cyanide concentration in
the leaching solution. To the end, the concentration of cyanide leaching solution tended to



Minerals 2022, 12, 1269

40f12

gradually stabilize, effectively reaching 0 after 104 h of leaching. It is worth noting that, at
0.5 mm/min intensity, this result took 176 h. It can be seen that the leaching intensity and
leaching time had an effect on the concentration of cyanide.
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Figure 2. Effect of leaching intensity on the concentration of (a) total cyanide and (b) easily liberatable
cyanide at different timepoints.

3.2. Effect of Leaching Temperature on Cyanide Leaching

When the leaching intensity was 2 mm/min, the changes in total cyanide concen-
tration and easily liberatable cyanide concentration with leaching time under leaching
temperatures of 2 °C, 12 °C, and 22 °C are shown in Figure 3a,b. With the increase in leach-
ing temperature, the content of cyanide in the leaching solution decreased. At the same
leaching temperature, the concentrations of total cyanide and easily liberatable cyanide
decreased with the increase in leaching time. The total cyanide concentration gradually sta-
bilized after 36 h of leaching, reaching less than 10 mg/L, and the easily liberatable cyanide
concentration gradually tended to O after leaching for 42 h. The dissolution of cyanide is
an exothermic reaction. According to Equations (1) and (2), in the temperature range of
0-35 °C, the changes in reaction enthalpy and entropy were < 0, indicating that the reaction
would be spontaneous at low temperature [22]. Therefore, the leaching temperature had
little effect on the concentration of cyanide in the leaching solution.
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Figure 3. Effect of leaching temperature on the concentration of (a) total cyanide and (b) easily
liberatable cyanide at different timepoints.
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3.3. Kinetic Study on the Cumulative Release of Cyanide
3.3.1. Effect of Different Leaching Intensity on Cumulative Release of Cyanide

The change in the cumulative release of total cyanide and easily liberatable cyanide
with time is shown in Figure 4. It was found that the cumulative release of total cyanide was
little affected by a low leaching intensity, while the cumulative release of easily liberatable
cyanide decreased with the increase in leaching intensity. It can be seen from Figure 4a,b
that, in the whole cyanide leaching process, with the extension of the leaching time, the
leaching cumulative release of total cyanide and easily liberatable cyanide showed two
stages: initial high-speed accumulation followed by a slow and continuous growth trend.
Moreover, different leaching intensities had different effects on the cumulative release of
cyanide. The main reason may be that the cyanide on the surface of the cyanide tailings
entered into the leaching solution at a fast speed. The second stage was a relatively slow
release process due to the content of cyanide in the tailings gradually decreasing and slowly
diffusing into the solution.
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Figure 4. Effect of leaching intensity on cumulative release of (a) total cyanide and (b) easily liberat-
able cyanide at different timepoints.

3.3.2. Establishment of Dynamic Model

The leaching models used by researchers mainly include first-order, second-order,
double constant, parabolic diffusion, and Elovich kinetic equations [22-24]. The kinetic
equation is obtained from the rate equation according to different reaction mechanisms.
Therefore, by fitting the experimental data with different equations, the leaching mechanism
of the actual process can be determined [25].

Aiming at the release of cyanide during the leaching process, the present work studied
the kinetic model of cumulative release concentration. The data were fitted using first-
order, second-order, double constant, parabolic diffusion, and Elovich kinetic equations to
understand the leaching mechanism [26,27]. Their basic parameters are shown in Table 2.



Minerals 2022, 12,

1269

6 of 12

~ o

In(Q-Q) (mg/kg)

[N]

Table 2. Basic parameters of different dynamic models.

Dynamic Model

Equation

Application

First-order kinetic
Second-order kinetic

Elovich equation

Double constant

Parabolic diffusion

Ci=Co[1 — exp(klt)]

C

Ci=a+bint

Ct: atb

Ci=a+ bt1/2

t = 1+kCot

szﬁt

Mainly used to describe the decay
process of reactive substances during
chemical reaction.

Mainly used to study the kinetics of

adsorption, desorption, leaching, and

release of soil pollutants.
Mainly used to describe the heterogeneity
of energy distribution on the surface of soil,

reflecting the different affinity of adsorption
sites on the surface of soil and mineral for

heavy metals; it is suitable for the complex
dynamic process of a reaction.

Mainly used for the kinetics of material
diffusion in particles.

Ct and t are the cumulative concentration of cyanide (mg/kg) and reaction time at the time of leaching t,
respectively; k1, k2, a, and b are constants.

3.3.3. Reaction Rate Constant

Figures 5 and 6 respectively show the first-order kinetics and second-order kinetics
of the cumulative release of total cyanide and easily liberatable cyanide in cyanide tail-
ings under leaching intensities of 0.5 mm/min, 1.5 mm/min, and 2.0 mm/min over time.
According to the linear fitting equation, the correlation coefficient of the second-order
equation was significantly higher than that of the quasi-first-order equation (R? > 0.97).
Therefore, the release behavior of cyanide in the simulated rain leaching process conformed
to a second-order dynamic equation. The theoretical eluviation equilibrium calculated
from the second-order fitting equation was also the closest to the actual amount of eluvi-
ation, proving the validity of the equation in describing the surface behavior of cyanide
tailings. With the increase in leaching intensity, k, had an increasing trend. To this end,
the degradation rate of cyanide was significantly increased, indicating that the cyanide
leaching process was not simply surface diffusion.
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for total cyanide.
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3.3.4. Diffusion Rate Constant

As reported in the literature, the double constant equation is often used to describe
uniform energy distributions, the parabolic diffusion equation is controlled by multiple
diffusion mechanisms, and the Elovich equation is more suitable for describing some
complicated release mechanisms [26,27]. Therefore, the cumulative release of total cyanide
and easily liberatable cyanide under different leaching intensities in Figure 4 was fitted
using the Elovich, double constant, and parabola diffusion equations with the change in
leaching time (as shown in Figures 7 and 8). It can be seen from the fitting results of the
kinetic equations in Tables 3 and 4 that the correlation when fitting the total cyanide using
different equations was as follows: R2E1ovich > RZdouble constant > Rzparabola diffusion, Whereas
Sedouble constant < S€Elovich < S€parabola diffusion- According to the correlation coefficient, the
Elovich equation was better than the double constant and parabola diffusion equations.
According to the standard error, the double constant diffusion equation was best. Therefore,
we can highlight the Elovich equation and double constant equation are suitable for de-
scribing the release process of total cyanide. For the kinetic description of easily liberatable
cyanide, it can be seen from Figure 8 and Tables 3 and 4 that the correlation coefficients of
the three kinetic equations were greater than 0.93, and the Elovich fitting effect was best at
R? > 0.98.

Table 3. Fitted results of release kinetics for cyanide from cyanide tailings under simulated arain.

Conditions

Elovich Equation Double Constant Parabolic Diffusion

a b R? a b R? a b R?

0.5 mm/min
1.5 mm/min
2.0 mm/min
0.5 mm/min
1.5 mm/min
2.0 mm/min

Total cyanide

Easily liberatable
cyanide

595911
729.69
396.12
—-189.71
125.74
—22.35

306.54
284.72
117.15
126.77
104.25
60.73

0.9792
0.9749
0.9580
0.9930
0.9832
0.9966

734.34

817.20

422.49
62.35
63.83
56.57

0.22
0.20
0.18
0.41
0.38
0.33

0.9242
0.9148
0.9009
0.9796
0.9653
0.9656

602.79

683.64

359.39
25.81
33.73
35.83

151.39
146.91
62.61
38.42
33.46
23.36

0.7950
0.7603
0.7081
0.9698
0.9499
0.9263

The correlation coefficient (R) reaches a significant level of p < 0.01.
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Table 4. Coefficients of determination (R2) and standard errors (Se) of three kinetics equations.

Conditions Elovich Equation Double Constant Parabolic Diffusion
R? Sea Seb R2 Sea Seb R2 Sea Seb
0.5 mm/min 0.9821 77.72 20.71 0.9296 58.15 0.0202  0.8087 124.47 19.69
Total cyanide 1.5 mm/min 0.9785 75.18 20.34 0.9209 61.31 0.0193  0.7763  133.30 21.08
2.0 mm/min 0.9640 40.06 10.86 0.908 28.73 0.0178  0.7275 64.77 10.24
Easilv liberatable 0.5 mm/min 0.9939 32.46 741 0.9811 5.43 0.0207 09718 11.07 1.75
c aniyde 1.5 mm/min 0.9855 38.21 8.91 0.9678 6.60 0.0248 09532 1253 198
4 2.0 mm/min 0.9971 7.17 1.82 0.9681 5.01 0.0215 09312 1073  1.69
The correlation coefficient (R) reaches a significant level of p < 0.01.
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Figure 7. Nonlinear fitting using (a) Elovich, (b) parabolic diffusion, and (c) double constant equations
of total cyanide cumulative release over time under different leaching intensity.
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Figure 8. Nonlinear fitting using (a) Elovich, (b) parabolic diffusion, and (c) double constant equations
of easily liberatable cyanide cumulative release over time under different leaching intensity.

3.4. Leaching Residue Analysis

Figure 9al,bl show the morphologic changes of cyanide tailings before and after
dynamic leaching, respectively. After dynamic leaching, the surface of the cyanide tailings
was broken, and a higher leaching intensity led to a greater corrosion effect of the cyanide
tailings and a more severe surface fragmentation. The surface of cyanide tailings after
leaching was smoother and more angular than that of the original sample, due to the
oxidation—reduction reaction of the minerals on the surface under leaching erosion and
precipitation into the leaching filtrate. Comparing the pore state of cyanide tailings before
and after leaching, it can be seen that the number of pores on the surface of cyanide tailings
after leaching was reduced, with some being blocked by broken minerals, which is why
cyanide precipitation is reduced with the increase in rainfall duration. It is not difficult
to find that the main elements in the cyanide tailings before and after leaching included
5i, O, Ca, and Al with trace amounts of Cu and Fe (Figure 9a2,b2). EDS analysis shows
that the main minerals in cyanide tailings existed in a gangue form (quartz, feldspar, etc.)
and pyrite (Figure 9a3,b3). In addition, these wastes also contained other harmful heavy
metals, such as As. As the main metal associated with Au, the impact of its leaching on the
surrounding environment cannot be ignored.
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Figure 9. SEM-EDS analysis of cyanide tailings (al,a2) before dynamic leaching, and (b1,b2) after
dynamic leaching.

4. Conclusions

The dynamic experiment of leaching cyanide tailings using simulated rain revealed
that the release concentration of total cyanide and easily liberatable cyanide was higher
than the sewage discharge standard, indicating that the prevention and control of cyanide
pollution in cyanide tailings cannot be ignored. Furthermore, the influence of leaching
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intensity on the release of cyanide was greater than the influence of the temperature, and, as
the leaching intensity increased, the reaction rate gradually increased, while the cumulative
release of cyanide gradually decreased. The cumulative release process of total cyanide
could be fitted using the second-order, Elovich, and double constant kinetic equations. The
cumulative release process of easily liberatable cyanide could be fitted using the second-
order, Elovich, double constant, and parabola diffusion equations. It can be seen that the
leaching process of cyanide is a heterogeneous dispersion process, involving not a simple
first-order reaction, but a diffusion factor and a complex release process.
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