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Abstract: This article presents a study on the precipitation of copper from the cyanide
leaching solutions used for gold—copper ores, both with and without the addition of a
sulphidizer (Na,S). Mathematical models were developed to summarize the effects of the
pH, initial copper concentration, and Na;5 stoichiometric ratio on the precipitation process,
using an experimental design based on a probabilistic-deterministic method. Varying the
stoichiometric ratio of Na,S has a minimal impact on the precipitation process. However,
the presence of a sulphidizer is significant, as the precipitation process occurs at pH levels
of 5 and below. The initial concentration of copper in the solution was identified as the most
significant factor. At copper concentrations of 0.34% and 1.55% (pH = 3), the precipitation
rates were 51.48% and 47.6%, respectively. This study also determined that the most
effective method across the entire range of copper concentrations in the solution was the
precipitation of copper in the form of copper cyanide hydrate (CuCN-nH,O) without the
addition of Na,S. At copper concentrations of 0.34% and 1.55% (pH = 3), the precipitation
rates were 86.47% and 85%, respectively. The pH level was the most significant factor
influencing this process, as copper deposition without Na,5 did not occur at a pH of 5. The
obtained models allow us to accurately predict the influence of factors on the deposition
process. Aided by the mathematical model of precipitation (without Na,S), we selected
the conditions for an enlarged experiment using 20 L of solution (Cu = 0.34%, pH = 3.2),
which showed the high efficiency of the method. The calculated recovery amounted to 86%,
where practical recovery was 87.2%, and divergence was >1.2%.

Keywords: gold—copper ores; copper precipitation; experimental design; probabilistic—
deterministic method; cyanide leaching solution

1. Introduction

Over the past 27 years, the volume of gold mining has increased from 2200 to
~3500 tons (1997-2023) [1]. Currently, the majority of gold is extracted from ores us-
ing an alkaline cyanide leaching process [2]. However, copper, which can be found in
gold- and copper-bearing ores, drastically increases gold recovery costs. The presence of
copper causes an increase in the cyanide consumption rate (since cyanide is required for
gold dissolution). It is widely known that the reaction capacity of copper minerals (such as
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Cu;S, Cup(CO3)(OH);, CuS, CupO, and Cuz(CO3)2(OH),) is quite high (except for CuFeS,
and CuSiO3nH,0) [3]. Apart from the increased consumption rate of cyanide, copper
may cause a number of other issues. These include the contamination of the solution by
recirculating flows, decreased adsorption operation efficiency caused by copper cyanides,
and an increased copper grade in Dore bars, which makes them unconditional [4]. Because
gold ores that contain copper minerals are widespread in the Republic of Kazakhstan [5],
finding a way to increase the efficiency of their treatment is one of the most crucial problems
that the industry currently faces. There are several methods for the recovery of copper and
cyanide that can reduce gold production costs:

- The AVR (acidification—volatilization-regeneration) method designed for the re-
generation of cyanide and its modifications, namely, the AuGMENT (resin with a
quarter naryamino group) and Vitrokele (cross-linked polystyrene structure-based
resin) processes;

- The modified Newton-Raphson MNR method, which includes cyanide regeneration
and copper sulphide production;

- Methods based on absorbent carbon use;

- Methods based on ion-exchange resin use;

- Other less common methods [6].

In addition, the technology of copper precipitation from cyanide solutions is based
on the use of sodium dimethyldithiocarbamate C3HgNNaS, (SDDC), followed by copper
recovery using HCI and HNOs solutions [7]. These operations include phosphonate-
ion liquids [8], polymer surface-active aggregates [9], the acidification of copper- and
cyanide-bearing solutions [10], leaching with thiosulphate and electric precipitation [11],
and chloride leaching with simultaneous carbon sorption (CICL—carbon in chloride leach
process) [12], all of which are well-known.

The SART process is considered one of the most popular technologies for processing
gold- and copper-bearing ores [13-15]. This process includes sulphidization, acidification,
recycling, and thickening. Figure 1 provides a general flowsheet of the SART process.
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Figure 1. General flowsheet of the SART process.

The SART process is a modification of the MNR process that includes a filtration stage
only for separating solid residues from the solution. Furthermore, it includes thickening
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and recycling stages [16,17], followed by cyanide and copper recovery as marketable
by-products. Equation (1) below displays the chemistry of the SART process [18].

2Cu (CN3)* +3H,S04 + 8%+ CupS(s) + 6HCN (o) + 3504>~ 1)

Here, the pH level of the reaction is <5.5. Thickening and filtration operations are
used to separate the precipitate from the solution. The solution becomes neutralized and
returns to the leaching stage. This technology allows for the processing of gold-bearing
ores with high copper grades. However, the SART process involves heavy CAPEX and
requires strict operational control. These issues have not yet been resolved, so despite
successfully implementing this process in plants worldwide, the gold mining industry as a
whole is reluctant to spend money on new research aimed at optimizing both the process
and principal design of the concentrating mills [19].

However, several modifications have been made to the SART process. For example,
the so-called ‘SuCy process’ is composed of metal sulphide precipitation (the same as the
SART process) coupled with a membrane filtration operation with the goal of clarifying
copper residues [20]. It should also be mentioned that membrane processes represent
separate scientific fields, with numerous variations of these membrane processes [21-23].
The microfiltration stage has been implemented to both decrease copper losses and simplify
the equipment normally required for the precipitation of copper residues.

The Sceresini process is used to obtain copper-bearing by-products and carry out
cyanide regeneration. In this process, eluted copper cyanide is free of contaminating agents,
which can be generated by slimy precipitates accumulated during the direct treatment of
process solutions within the MNR or SART processes. Two commercial Sceresini plants
were commissioned. The first one, Mt. Gibson, precipitates CuCN at a pH level of 2.0-2.5.
The second one, Red Done, precipitates Cu,S at the same pH level but also includes the
addition of sodium sulphate. Both of the Sceresini plants used solid recirculation to initiate
precipitation, resulting in very fine residues that accumulated porous filter precipitates [24].

A review of current copper-precipitating processes revealed that they all start by
lowering the pH with sulphuric acid added to the cyanide leaching solution. Meanwhile,
pH levels may vary from 5.4 to 2 depending on the process. Acidification operations can be
conducted with or without a sulphidizer supplement, allowing the copper-bearing product
to precipitate in the presence of either cyanide or sulphide. The next stage normally includes
thickening, followed by the separation of copper-bearing residues using various techniques.

Thus, there is no consensus on the optimal parameters for precipitating copper-bearing
products from cyanide leaching solutions. Industrial process optimization via experimental
design has several positive outcomes [25,26]. Full factorial experiments and their variations
are widely used to optimize metallurgical processes [27,28] and other research activities [29].
Despite full factorial experiments having clear advantages such as flexibility, impartiality,
and ease of handling, there are disadvantages as well. For example, the mathematic model
is applicable only within the range of factors that were initially set; therefore, there is a
possibility that a target value may exceed either physical or logical limits. Should any
particular value fall within a zero argument, this can lead to absurd results.

The combined probabilistic-deterministic method of experimental design compares
favourably with other methods. The probabilistic approach is based on the Latin square [30];
it allows for dot dependences of specific functions to be obtained, which are further plotted
on the chart and approximated using polynomials. The deterministic approach is based
on Protodyakonov’s equation [31], where specific dependences are multiplied together.
This allows us to avoid absurd values that may arise if any particular value belongs to a
zero argument. Exponential functions can be used to provide upper limits of particular
functions if necessary. The adequacy-checking procedure does not require the experiment
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to be repeated, but it assumes that the significance of the obtained results is determined via
the confidence range.

This article is part of a comprehensive study on the development of technology for
processing gold—copper ores from a Kazakhstan deposit. This article deals with selecting
optimal parameters for the copper precipitation process from cyanide leaching solutions of
gold—copper ores using the probabilistic-deterministic method of experimental planning.

2. Materials and Methods

All of the experiments were carried out at the NJSC ‘D. Serikbayev East-Kazakhstan
Technical University’ (“https:/ /www.ektu.kz/divisions/veritas.aspx (accessed on 27 Sep-
tember 2024)”) and the ‘Eastern Mining-and-metallurgical Research Institute for Non-
ferrous Metals “VNIItsvetmet” (“http://vem.ukg.kz (accessed on 27 September 2024)”),
both located in the Republic of Kazakhstan, in the city of Ust-Kamenogorsk. Chemical
compositions of the ores, solutions, and by-products were determined using a mass spec-
trometer ICP-MS 7500cx manufactured by the US company ‘Agilent Technologies’. The
subject of this study was leaching solutions produced via copper ore leaching in a locked
cycle with sodium cyanide. The initial ore sample was taken from one of the deposits
located in the Republic of Kazakhstan.

The initial ore contained Au—1.2 g/t, Cu—0.15%, Fe—5.1%, Zn < 0.02%, and
Pb < 0.02%. Grinding parameters included a solid-to-liquid ratio of 1:1, a residence time
of 1 h, and a final ore material size of P80—0.057 mm. Optimal parameters for grinding
the initial ore were determined via practical studies. After 60 min of grinding, the yield of
particles with a size of P80 = 0.057 mm was 90.5%. After 80 min, the yield increased by no
more than 0.2% (90.73%). For this reason, the grinding duration was chosen to be equal to
60 min.

As part of a comprehensive study, classes with particle sizes of P80 = 0.067 mm and
P80 = 0.071 mm were also considered. However, when further examining the influence of
particle size on the amount of gold transferred into the solution class P80 = 0.057 mm, the
highest recovery of gold in solution was 87.5% compared to larger particle sizes, which
yielded a recovery of 85.0% (Table 1). Therefore, all subsequent studies were conducted
with the class P80 = 0.057 mm because the determining factor in the choice of class was the
amount of gold transferred into the solution.

Table 1. Main results of gold—copper ore sample leaching in bottle agitators.

Composition of the Cake Leaching Rate, % NaCN
No. Ore Size Coal Consumption,
Au, g/t Ag, g/t Cu, % Au Ag Cu kg/t Ore
1 P = 0.071 mm — 0.26 0.75 0.1088 78.3 37.5 27.5 1.98
2 80 =% + 0.18 0.44 0.1138 85.0 63.3 24.1 2.40
3 Pso = 0.067 mm — 0.19 0.60 0.1086 84.2 50.0 27.6 2.16
4 (85%) + 0.17 0.48 0.1102 85.8 60.0 26.5 253
5 P = 0.057 mm — 0.20 0.72 0.1096 83.3 40.0 26.9 2.44
6 80 90%, + 0.16 0.46 0.1084 86.7 61.7 27.7 2.57
7 (90%) +% 0.15 0.49 0.1104 87.5 59.2 26.4 245

Note: * denotes that in experiment No. 7, coal entered the process 6 h after leaching began.

A series of experiments were conducted to determine the dependence of gold recovery
in solution on sodium cyanide consumption. These tests were conducted without the
addition of activated carbon, using a pulp density of 40%, a sodium cyanide concentration
in the initial solution set at 0.05%, and a leaching duration of 24 h. In the first experiment,
sodium cyanide was administered only at the beginning of the process. In the second
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experiment, it was administered at the beginning of the process and also after 120 min. In
the third experiment, it was administered at the beginning of the process, at 120 min, and
at 240 min. In the fourth experiment, it was administered at the beginning of the process, at
120 min, 240 min, and 360 min (Table 2). The noted high consumption of sodium cyanide

cannot be reduced without a significant decrease in gold recovery.

Table 2. Ore leaching results at different NaCN flow rates.

NaCN Composition .
No. NaCN Feed, kg/t Composition of of the Cake Leaching Rate, %
the Final
Omin 120min 240 min 360 min  Total Solution, % Au, gft Ag, g/t Cu, % Au Ag Cu
1 0.75 - - - 0.75 <0.01 1.00 12 0.12 16.7 20.0
2 0.75 0.67 - - 1.42 <0.01 0.66 1.0 0.12 45.0 16.7 20.0
3 0.75 0.67 0.59 - 2.01 <0.01 0.40 0.76 0.11 66.7 36.7 26.7
4 0.75 0.67 0.59 0.56 2.57 0.01 0.20 0.72 0.11 83.3 40.0 26.7

See Figure 2 for the flowsheet of gold ore leaching, followed by obtaining a cyanide

solution for copper precipitation.
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Figure 2. Flowsheet of cyanide solution production for copper precipitation experiments.

The following chemical agents were used in the process:

- 2>98% sodium cyanide (NaCN) tablets for ore leaching;

- Sulphuric acid (H,SO;) to maintain the pH value;
- Adsorbent carbon Norit RO 3515-B for gold extraction from the cyanide solutions;
- Lime milk to thicken the pulps.
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Gold- and copper-bearing ore leaching was carried out under the following conditions:

A temperature of 25 + 2 °C;

A solid-to-liquid ratio of 1.5:1;

A residence time of 24 h (where during the first 6 h, there was no adsorbent carbon
and then the adsorbent carbon was added in an amount of 10% of the ore mass);

An initial sodium cyanide (NaCN) concentration of 0.05%;

A pulp pH level of 10.0-10.5.

The leaching pulp was supplemented with sodium cyanide after 2, 4, and 6 h of
residence time in amounts of 0.67, 0.59, and 0.56 kg/t. This allowed us to maintain a
consistent sodium cyanide consumption level of 2.5 kg/t of ore in all cycles of the process.
Each solution sample was analyzed for both the pH level and sodium cyanide concentration.
PLS pH was maintained at a level of 10.5. After the tests were completed, the leaching pulp
was subjected to filtration for the determination of gold, silver, and copper grades, as well
as the concentration of sodium cyanide.

Leaching pulp thickening was carried out under the following conditions:

A residence time of 1 h;

A coagulating agent (lime milk) consumption of 800 g/kg;

A total of 14 thickening turnovers.

For the first 10 turnovers, all of the solutions (including the ones after the underflow
was filtered) were returned to the beginning of the process. For the last 4 turnovers, only
the overflow and a major part of the solution generated after underflow filtration were
returned to the beginning of the process. Thus, the recycling water utilization rate equalled
~80% for the first 10 tests and ~70% for the last 4 tests.

In order to run the experiments, 7.5 L of cyanide solutions were collected after the 3rd,
9th, 10th, 11th, and 12th turnover in the locked cycle (see the details below). Moreover, 20 L
of a cyanide solution after the 3rd turnover was collected for an extended pilot experiment.

2.1. Collection of the Solutions to Run Copper Precipitation Experiments

A total of 7.5 L of cyanide solutions were collected after the 3rd (Cu = 0.34 g/L),
9th (Cu=1.35g/L), 10th (Cu =1.55 g/L), 11th (Cu = 1.15 g/L), and 12th (Cu=1.1 g/L)
turnovers (Table 3). Moreover, 20 L of a cyanide solution after the 3rd turnover was
collected for an extended pilot experiment. Table 3 shows the quantity of gold, silver, and
copper in the cake (Composition of Cake column) in the solution (Composition of the
Solution column) and what percentage of the total gold, silver, and copper was recovered
from the solid to the solution (Leaching Rate, % column) after each cycle. It can be seen
that, after the first turn, the concentration of cyanide in the solution increases to ensure a
high gold recovery rate. The highest copper concentration occurred after the 10th cycle.

Table 3. Results of the gold ore leaching process in the locked cycle.

Turnover Composition of Cake Composition of the Solution Leaching Rate, %
No Au, Ag, Cu, Au, Cu, Ca, Fe, NaCN, Au Ag Cu
) g/t g/t % mg/L g/L g/L g/L Y%
1 0.19 0.50 0.12 <0.02 0.16 - - 0.005 842 583 200
2 0.26 0.30 0.11 <0.02 0.25 - - 0.030 783 750 267
3 0.26 0.30 0.12 <0.02 0.34 - - 0.022 783 750 200
4 0.26 0.30 0.11 <0.02 0.64 - - 0.042 783 750 267
5 0.17 0.32 0.10 <0.02 0.80 - - 0.043 858 733 330
6 0.14 0.34 0.12 <0.02 0.82 - - 0.045 88.3 71.6 20.0
7 0.17 0.48 0.12 <0.02 1.03 - 0.085 0.045 858  60.0 200
8 0.16 0.48 0.12 <0.02 1.05 - 0.066 0.048 8.7 600 200
9 0.19 0.48 0.12 <0.02 1.35 <0.01 0.071 0.049 842 600 200




Processes 2025, 13, 61

7 of 16

Table 3. Cont.

Composition of Cake

Composition of the Solution

Leaching Rate, %

T“;:’er Au, Ag  Cu  Au  Cu Ca, Fe  NaCN, 0 . o
g/t g/t % mg/L g/L g/L g/L %
10 018 048 011 <002 155 <00l 0060 0049 850 600 267
11 019 072 011 0029 115 0011 0090 0042 842 400 267
12 022 060 011 <002 110 0014 0083 0041 817 500 267
13 022 060 011 0024 119 <001 0075 0040 817 500 267
14 020 042 011 <002 109 0013 0080 0034 833 650 267
General 020 045 0114 833 625 240

The content of copper-related impurities, such as zinc and lead, is not given due to
their insignificant content in the leach solution (less than 0.001 mg/L).

2.2. Flowsheet for the Copper Precipitation Experiment

A flowsheet of the experiment design is given in Figure 3. Levels of the factors (copper
concentration of cyanide solution, pH level, and sulphidizer consumption) were rotated
via the Latin square method [30]. The experiments were repeated in triplicate. The mean
(standard) deviation was not counted because the experiment was repeated if the values
deviated by more than 1%.

3 factors.5 levels. 2 factors.5 levels.

The levels of the factors are The levels of the factors are
distributed by a Latin square distributed by a Latin square
25 experiments 25 experiments

Na.S
H.SO.
H.SO,

Cu,S > CuCN-nH:0

Figure 3. Flowsheet of the experiment design.

2.3. Copper Precipitation from Cyanide Solutions

In order to model the process of copper precipitation from cyanide solutions, a table
of factor levels (see Table 4) was compiled, where the Xj, X;, and X3 factors (sulphidizer
consumption, pH, and copper concentration in the cyanide solution) are the levels. To
maintain the pH at a level of 3.0-5, a sulphuric acid solution (in a concentration of ~100 g/L)
was used, while sodium sulphide solutions (in concentrations of ~100 g/L) were used for
copper precipitation. An ambient air temperature of 25 + 2 °C was maintained.
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Table 4. Levels of the three-factor experiment (X;_3) of copper precipitation and two-factor experiment
both with and without NayS(Xy_s).

Factors Levels
With NajS
. . iy N
X, Consumption of sulpl;ilzser by stoichiometry, % 80 833 90 117 156
2
X pH of the solution after acidification 3 3.5 4 45 5
X3 Initial Cu concentration in the solution, g/L 0.34 1.1 1.15 1.35 1.55
Without NayS
Xy Initial Cu concentration in the solution, g/L 0.34 11 115 1.35 1.55
Xs pH of the solution after acidification 3 3.5 4 4.5 5

Specific dot dependences obtained experimentally were further approximated by
the functions received using the least-squares method. Thus, charts plotting copper pre-
cipitation dependences on specific factors were compiled. In order to combine specific
dependences, Protodyakonov’s equation, in which specific functions are combined as
multiplicands, was applied:

Yo =" 2)

The dependence adequacy was checked using a nonlinear multiple correlation coeffi-
cient, according to Formula (3) below.

(1‘1 - 1) ?:1 (Yeif}ITi)z

R=1- 5
(n k- 1) Z?:l (Yei—Yav)

where

n—the number of the dots described;

k—the number of operative factors (which equals 1 for specific dependences);
yei—the experimental result value;

y1i—the theoretical (calculated) result value;

yav—the average experimental value.

The significance of both the correlation coefficient and the dependence can be assessed
using Formula (4) as follows:
Ryn—-k—-1

trR=—""——>2 4
R I R 4)

3. Results

The results of the experiments carried out according to the experimental matrix are
summarized in Table 5. A total of 50 copper precipitation tests were conducted in total,
including tests 1-25 with the inclusion of NayS and tests 26-50 without the inclusion
of NaZS.

Each row in the table shows the experimental conditions. The point dependences of
copper precipitation from the solution were selected by averaging the experimental results
corresponding to each level of factors (1-5) given in Table 5. Table 6 shows the averaged
data of dependences on five levels of the three-factor experiment with NaS (Experiments
1-25). The actions of the factors are averaged via self-compensation between lower and
upper values.
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Table 5. Experimental conditions for copper deposition.
With Na,S Without Na,S
Na,S . Initial Cu Copper Grade in Initial Cu . Copper Grade in
No. Consump. by Solution pH Grade in Solution After 0. Grade in Solution pH Solution After
.. After . e ey es . After ey es
Stoichiometry, Acidification Solution, Precipitation, Solution, Acidification Precipitation,
% g/L g/L g/L g/L
1 80 3 0.34 0.165 26 0.34 3 0.046
2 80 4 1.15 0.806 27 0.34 4 0.087
3 80 3.5 1.10 0.653 28 0.34 3.5 0.052
4 80 5 1.55 1.211 29 0.34 5 0.34
5 80 4.5 1.35 1.041 30 0.34 4.5 0.33
6 90 3 1.15 0.587 31 1.15 3 0.172
7 90 4 1.10 0.703 32 1.15 4 0.393
8 90 35 1.55 1.003 33 1.15 35 0.194
9 90 5 1.35 1.162 34 1.15 5 1.15
10 90 4.5 0.34 0.206 35 1.15 4.5 1.09
11 83.3 3 1.10 0.638 36 1.1 3 0.165
12 83.3 4 1.55 1.192 37 1.1 4 0.382
13 83.3 35 1.35 0.898 38 1.1 35 0.234
14 83.3 5 0.34 0.192 39 1.1 5 1.1
15 83.3 45 1.15 0.889 40 1.1 45 1.07
16 156 3 1.55 0.966 41 1.55 3 0.232
17 156 4 1.35 0.901 42 1.55 4 0.487
18 156 35 0.34 0.176 43 1.55 3.5 0.371
19 156 5 1.15 0.878 44 1.55 5 1.55
20 156 45 1.10 0.832 45 1.55 45 1.49
21 117 3 1.35 0.675 46 1.35 3 0.202
22 117 4 0.34 0.187 47 1.35 4 0.437
23 117 35 1.15 0.732 48 1.35 3.5 0.265
24 117 5 1.10 0.871 49 1.35 5 1.35
25 117 45 1.55 1.204 50 1.35 45 1.32
Table 6. Factor levels of the five-factor experiment (x;_5) with Na,S (Experiments 1-25).
Private Total
Factors Levels Total
Averages  Averages
Y1 0.7752 0.7618 0.7322 0.7338 0.7506 3.7536 0.75
Y, 0.6062 0.6924 0.7578 0.8344 0.8628 3.7536 0.75 0.75
Y; 0.19 0.74 0.78 0.94 1.12 3.75 0.75
Table 7 shows the averaged dependence data for the five levels of the two-factor
experiment without Na,S (Experiments 26 through 50).
Table 7. Factor levels of the five-factor experiment (x;_5) with Na,S (Experiments 26-50).
Private Total
Factors Levels Total
Averages  Averages
Y1 0.1714 0.5902 0.5998 0.7148 0.826 2.9022 0.58 0.58
Y, 0.1634 0.2236 0.3572 1.06 1.098 2.9022 0.58 ’

The obtained partial point dependencies are plotted on a graph and approximated. The
equations describing the approximated graphs are partial dependencies of the copper de-
position process. Further, the partial dependencies are combined using the Protodyakonov
equation as a factor.

3.1. Results of the Experiments on Copper Precipitation with NayS Supplement

The chart in Figure 4a shows copper-precipitation-specific dependences on the Na,S
stoichiometric ratio, expressed by the specific function given in Equation (5) below. Mean-
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while, the correlation coefficient (RZ) = 0.675, and the significance of the specific function
correlation coefficient (tg) = 5.32 > 2.
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Figure 4. Charts of copper precipitation dependence on the consumption of Na;S (a) and pH level (b).

Adding a sulphidizer to a cyanide solution significantly influences the precipitation
process. However, if the sulphidizer stoichiometric ratio is changed from 80% to 156%,
there is no considerable impact on the amount of copper sulphide precipitated because
it is almost parallel to the X; axis. Thus, the specific dependence of process behaviour
on changes in the sulphidizer stoichiometric ratio is not considered in the mathematical
modelling of the process.

The chart in Figure 4b shows copper-precipitation-specific dependence on the pH
value with the supplementation of Na,S, expressed by the specific function given in
Equation (6) below. Meanwhile, the correlation coefficient (R?) = 0.995, and the significance
of the specific function correlation coefficient (tg) = > 2.

Ypr = —0.028x3 + 0.358x, — 0.212 (6)

This factor is considered among the most important. The copper sulphide precipitation
process strongly depends on the pH value. If pH = 3, the grade of copper in the cyanide
solution will be the lowest. If the pH increases to 5, the copper precipitation process will
still be active, but its precipitation parameters will be the lowest. The approximated chart
of the function is smooth and stable. Dots 4 and 5 achieve a plateau, which means that,
if pH = 5, the process ceases. Thus, the specific dependence of process behaviour on
pH is a considerable factor that should be considered for the mathematical modelling of
the process.

A chart of copper precipitation dependence on the initial copper grade in the cyanide
solution (including the NS supplement) is given in Figure 5. The specific function described
in Equation (7) is presented below. Meanwhile, the correlation coefficient (R?) = 0.999, and
the significance of the specific function correlation coefficient (tg) = > 2.

Ycuw, = 0.091x3 + 0.590x3 — 0.023 (7)

The approximated chart of the function is smooth, stable, and almost linear. This
proves the proportional dependence of the copper sulphide precipitation process on the
initial copper grade in the cyanide solution. Thus, the specific dependence of the process
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behaviour on copper grade in the cyanide solution is a considerable factor and should be
considered for the mathematical modelling of the process.

1.21

1.07 Y= 0.091x?+0.590x-0.023

R?=0.999
0.81

Final Cu contentin solution, g/l
o
o

0.34 0.64 0.94 1.24 1.54

Initial Cu contentin solution, g/l

Figure 5. Copper precipitation dependence on the initial copper grade in the cyanide solution.

After data processing, by substituting the equations of partial dependences into
Equation (2), Mathematic Model (8) demonstrates the influence of two factors (pH value
and initial copper grade in cyanide solution) on the copper precipitation process from
cyanide leaching solutions (including the Na;S supplement). The equation showing the
specific dependence of the process behaviour on the amount of NayS was not included, as
this factor was inconsiderable.

Yg =133 x (—0.028x§ +0.358x, — 0.212) x (0.091x§ +0.590x3 — 0.023) (8)

In order to determine the adequacy of Model (8), experimental practical data were
compared with theoretical data (experiments nos. 1, 7, 15, and 16). See Table 8 below for
the comparison results.

Table 8. Comparison of the theoretical calculated data and experimental practical data.

Factors Calculated Value Experimental Value
Xz 3 4 4.5 3.5 3 4 4.5 3.5
Initial
X3 Cu, g/ 0.34 1.1 1.15 1.15 0.34 11 1.15 1.15
Yg 0.153 0.756 0.859 0.720 0.165 0.703 0.889 0.732
Precipitation Cu, % 55 31.3 25.3 36.3 51.5 35.1 227 36.4

Based on Table 4, by considering pH ranges and the initial copper grade in the cyanide
solution, the calculated values are deemed to be very close to the experimental results.
Differences between the calculated and experimental values equal 5-8%, R = 0.85, and the
significance of the specific function correlation coefficient (tr) = 4.33 > 2.

3.2. Results of the Experiments on Copper Precipitation with No NaS Supplement

The chart in Figure 6a shows the copper-precipitation-specific dependence pH level
without the Na,S supplement, expressed by the specific function Equation (9) given below.
Meanwhile, the correlation coefficient (R?) = 0.885, and the significance of the specific
function correlation coefficient (tg) = 15.06 > 2.

Ypu = 0.149x3 — 0.658x4 -+ 0.740 9)
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Figure 6. Chart of the dependence of copper precipitation function on the pH level (a) and the initial
copper grade in the cyanide solution (b).

If pH = 3, the copper grade in the cyanide solution is the lowest. If the pH increases
to 5, the copper precipitation process ceases. The approximated chart of the function is
smooth and stable. Thus, the specific dependence of the process behaviour on pH value is a
considerable factor and should be considered for the mathematical modelling of the process.

A chart of copper precipitation dependence on initial copper grade in the cyanide
solution (without the NS supplement) is given in Figure 6b. The specific function Equa-
tion (10) is presented below. Meanwhile, the correlation coefficient (R?) = 0.999, and the
significance of the specific function correlation coefficient (tg) = > 2.

Ycu = 0.0016x% + 0.5366x5 — 0.0110 (10)

The approximated chart of the function is almost linear. This proves the proportional
dependence of the copper sulphide precipitation process on the initial copper grade in the
cyanide solution. Thus, the specific dependence of the process behaviour on the copper
grade in the cyanide solution is a considerable factor and should be considered for the
mathematical modelling of the process.

After data processing, by substituting the equations of partial dependences into
Equation (2), Mathematic Model (11) describes the influence of two factors (the pH value
and the initial copper grade in the cyanide solution) on the process of copper precipitation
from cyanide leaching solutions (without the Na,S supplement).

Yo =172 x (0.149x3—0.658x4+0.740) x (0.0016x2 4 0.5366x5 — 0.0110)  (11)

In order to determine the adequacy of Model (11), X4 and X5 were substituted for the
experimental data (experiments Nos. 26, 43, 37, and 48); then, Y was compared with the
calculated theoretical data (see Table 9). Based on Table 9, the calculated results are fairly
similar to the experimental data at pH = 2 and 4. If the pH value = 3.5 and the initial copper
grade in the solution = 1.55 g/L, the difference between the calculated and experimental
data is <1%. Should the pH value increase to 4.5 and 5, the copper precipitation process
ceases. Notably, if the sulphidizer is not supplemented, at pH < 4 the copper precipitation
rate equals ~70%. If the pH level decreases to <3.4, the copper precipitation rate is ~70%.
If the pH level decreases to <3, the copper precipitation rate is ~87%, R = 0.75, and the
significance of the specific function correlation coefficient (tg) = 2.42 > 2.

In order to assess the model, output parameters of copper precipitation at a pH level
of 3.2 and an initial copper grade in the cyanide solution of 0.34 g/L were calculated. Mean-
while, the calculated copper grade in the solution after precipitation equalled 0.0472 g/L
(copper recovery rate = 86%). These conditions were the basis for the extended experi-
ment using 201 of the solution. Other conditions of the copper precipitation process were
as follows:
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- A sulphuric acid-specific consumption of 1.48 g/L;
- A consumption of Magnafloc 351 flocculating agent at 0.5 g/L m? of pulp;

A thickening rate of ~60 mm/min or 3.6 m®>/m? x h;
A solid grade in the initial pulp of 0.313 g/L;

A solid grade in the underflow pulp of 10.4 g/L;

An underflow filtration rate of 0.2 m3/m? x h;

A precipitant moisture of 63-65%;

A copper grade in the precipitant of 52.1%.

Table 9. Comparison of the theoretical calculated data with experimental practical data.

Factors Calculated Value Experimental Value
Xa pH 3 3.5 4 3.5 3 3.5 4 3.5
Initial
X5 Cu, g/L 0.34 1.55 1.1 1.35 0.34 1.55 1.1 1.35
Y 0.031 0.368 0.488 0.32 0.046 0.371 0.382 0.265
Precipitation Cu, % 89.8 76.2 55.6 79.3 86.5 76.1 65.3 83

The chemical composition of copper cyanide is summarized in Table 10. The copper
grade in the solution after the precipitation process equalled 0.04352 g/L at a copper
recovery rate of ~87.2%.

Table 10. Chemical composition of copper cyanide.

Component Content, % Component Content, %
Cu 52.1 Si <0.001
(CN) 17.1 Mg 0.066
Au, g/t 29.4 Al 0.14
Ag, g/t 220.0 Cd <0.001
Fe 2.80 Mn 0.0041
S 0.90 Zn 0.074
Sb <0.030 Pb <0.001
Sn <0.00065 Se 0.0099
Te <0.002 Sr <0.001
In <0.00065 Na 0.29
Ge <0.0012 K 0.083
Ga <0.0007 Li <0.001
Tl <0.0011 Rb 0.0058
Mo 0.00062 Cr 0.0021
Ni 0.053 \Y 0.0029
Co 0.012 \ <0.0096
As <0.030

4. Discussion

Using the probabilistic-deterministic method of experimental design, mathematic
models were produced. These models describe the process of copper precipitation from
gold- and copper-ore cyanide leaching solutions. The models included either three factors
(models with a NayS supplement) or two factors (models with no NayS supplement). It was
found that Na,S allows for the copper precipitation process to be run at pH values of 3 to 5.
However, should Na;S (in any amount) be added to the process, the residual copper grade
in the solutions remains high (0.15-0.20 g/L), even when considering a low initial copper
grade in cyanide solutions of 0.34%. This was clearly caused by the reactions described in
Equations (12) and (13) as follows:
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2NayCu(CN); + NapS — Cu,S + 6NaCN (12)
CupS + 7NaCN + %0, + HyO — 2NayCu(CN); + 2NaOH + NaCNS (13)

This can also be confirmed using the function chart of copper-precipitation-specific
dependence on the NayS stoichiometric ratio, which is parallel to the X; axis. Thus, the
specific dependence of the process behaviour on changes in the Na,5 stoichiometric ratio
was not considered for the mathematical modelling of the process. Meanwhile, the NaS
supplement influences the copper precipitation process considerably, which is why this
factor must be considered as the one influencing the whole process. The mathematical
model developed quite accurately forecasts changes in output parameters depending on
changes in either the pH level or the initial copper grade in the cyanide solution. This is
also confirmed by the correlation coefficient R = 0.85 and the significance of the specific
function correlation coefficient (tg) = 4.33 > 2.

The most efficient way to recover copper from cyanide leaching solutions is the copper
precipitation process in the presence of copper cyanide (CuCN-nH,O). The residual copper
grade in the solution (at a pH level of 3 to 4), considering an initial copper grade of 0.34%,
equals 0.04-0.06 g/L. The mathematical model of the copper precipitation process (without
Naj;S) dependence on pH values and initial copper grade in the solution precisely describes
the copper precipitation process at a pH level of 3.5. In this case, the difference between
calculated and experimental data is <1%. Should the pH level increase to 5, the precipitation
process ceases. Optimal values of the most significant factor of the mathematical model’s
pH range from 2 to 3.5. The concentration of copper in the solution required to start
deposition depends on economic feasibility because, by the second cycle, the concentration
of NaCN in the solution—and consequently, its consumption—increases by six times. Both
the model and practical tests have confirmed that deposition without a sulphidizer is
effective at any copper concentration.

A model-extended pilot test was conducted on a 20 L cyanide solution containing
0.34 g/L of copper and a pH value of 3.2. In terms of copper recovery, the miscount be-
tween the calculated and experimental data equals 1.2%. The copper precipitant produced
becomes thickened and can be filtered well. The copper grade in the precipitant equals
51-52%. The copper sulphide residue becomes thickened and filtered worse in comparison
with copper cyanide; in this case, the copper grade on the precipitant equals ~69%. The
residual grade of sodium cyanide in the solution after copper recovery in the presence
of copper cyanide equals 0.015% and 0.028% after copper recovery in the presence of
copper sulphide.

5. Conclusions

This study presented a practical comparison of two copper precipitation methods
from a cyanide leaching solution of gold—copper ores, accompanied by the creation of
mathematical models of the process based on the probabilistic-deterministic design of
the experiment. It showed the advantage of the precipitation method without using a
sulphidizer and the practical value of the probabilistic—deterministic design of experiment
planning. The use of probabilistic-deterministic planning methods allows us to accurately
predict the output parameters of the copper deposition process. This ultimately leads to
optimized costs associated with the preparation and conduct of technological processes,
which, as a result, contributes to reducing the carbon footprint.
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