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Abstract: Due to the specific features of hydrometallurgical processing, where cyanide solutions are used, the composition of the leaching
solution undergoes periodic changes referred to in the literature as “fatigue.” This adversely affects the rate of gold recovery and cementation,
and therefore the overall efficiency of cyanide leaching technology. One of the most important markers determining the “fatigue” of the solution
is copper. This study examined the possibility of applying a combined scheme for the purification of circulating cyanide solutions with high
concentrations of copper (1196 mg/dm?), iron (111 mg/dm?), arsenic (19 mg/dm?), and sodium cyanide (0.94 g/dm?). A two-stage technology
(reverse osmosis + chemical precipitation) was developed for the reduction of treated solution volumes and the removal of impurities. At the
first stage, the solution was separated in a reverse osmosis unit equipped with LP22-8040 membranes, producing permeate and concentrate
inal: 1 ratio. The permeate (12 mg/dm? Cu and 0.01 mg/dm? Fe, pH = 11.13) was returned to the process cycle. At the second stage, the
concentrate, which contained 99 % of the initial impurities, was further purified by the stepwise addition of a CuSOy, solution (70 g/dm? Cu)
in 1—11 cm? doses under stirring (500 rpm, 10 min). The results showed that the optimal CuSOy4 dose (11 cm?) provided removal of more than
86 % of Cu from the initial solution, as well as 100 % of Fe and more than 96 % of As. The precipitate obtained in the process consisted of
68.3 % copper, with CuCN and Cu(OH), as the main components.
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AnHorauus: Beuny crieunduku paGoThl IMAPOMETAJIIYPIUYECKUX IIEPEIESIOB, Ie TPUMEHSIOTCS [IMAHUCTBIE PACTBOPDI, IIPOUCXOIUT
MEePUOAMYECKOE U3MEHEHME COCTaBa BhIILEIaYMBAaOLIEr0 PACTBOPA, IMOJIYYHUBIIEE B IUTEPATYPE Ha3BaHUE «yTOMIISIEMOCTb». DTO B He-
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raTUBHOM KJIIOY€ BJIMSET HAa CKOPOCTD IMpoliecca U3BJICUYSHU ST U IEMEHTALIMU 30J10Ta, a CJIe0BaTeIbHO, B 1IeJJ0M Ha 9((HEKTUBHOCTb TEX-
HOJIOTMM IMAaHKMCTOrO BhIleaurBaHusl. OMTHUM M3 HanboJiee BaXK HBIX MAPKEPOB, ONPEIEISIONINX «yTOMJISIEMOCTb» PACTBOPA, SIBJISICTCS
Menb. B pabore uccienoBansachk BO3MOXHOCTb MPUMEHEHU T KOMOMHUPOBAHHON CXeMbl OUMCTKU OOOPOTHBIX IMAHUCTBIX PACTBOPOB C
BBICOKMM coiepxkaHueM npumeceit meau (1196 Mr/LLM3), xenesa (111 Mr/z[M3), Mbllbsika (19 Mr/LLM3) u uuaHuna Hatpus (0,94 r/LLM3). Paz-
paboTaHa 2-3TarnHasi TeXHOJIOrus (00paTHbIf 0CMOC + XMMUYECKOE OCaXAeHUE) A1 COKpallleHU sl 00beMOB 00padaThiBaeMbIX PACTBOPOB
U ynajleHus npumeceil. Ha nepsoM atare pacTBOp pasiesisijvi Ha 00paTHOOCMOTHYECKOM ycTaHOBKe ¢ MeMOpaHamu LP22-8040, nonyuas
rnepmear M KOHUEHTpaT B nporopumu 1 : 1. [Tepmeat (12 Mr/z[M3 Cuwu 0,01 Mr/J:LM3 Fe, pH = 11,13) Bo3Bpaiuaiu B TEXHOJOTUYECKU I LIUKIT.
A Ha BTOpPOM 3Tane KOHLEHTpar, coaepxalinii 99 % ncxomHbIX npumeceil, J00UYMILAIN 103MPOBAHHbBIM BBeleHMeM pacTBopa CuSOy
(70 r/z[M3 Cu) ¢ uHTepBasioM 103 1—11 o™ npu nepememinBanuu (500 06/mMuH, 10 MmuH). Pe3yabraThl Mokas3ajiu, 4TO ONTUMaJbHas 103a
CuSOy (11 CM3) obecrnieunBaet ynajieHue 6osee 86 % Cu U3 NCXOMHOro pacTBopa, a Takxe 100 % Fe u 6o1ee 96 % As. [loaydeHHBI B TPO-
Lecce ocaJlok Ha 68,3 % cocTouT U3 Meiu, a OCHOBHbIMU KoMItoHeHTaMu siBJsiioTest CuCN u Cu(OH),.

KiioueBbie clioBa: 30J10TO, LIMAHKCTOE BhlLeTadnBaHue, Meppuii-Kpoy, iemeHTaiust, 00paTHbIil 0CMOC, Me/lb, MBIIIbSIK, TACCHBALIMS

ITIOBEPXHOCTU.

Jng uutuposanusi: Camoeen A.M., Jlo6anos B.I"., Habuynnun ®@.M., TpetbsikoB A.B. KomOMHUpoBaHHasi cXeMa KOHAULIMOHUPOBAHUS
000pPOTHBIX HUAHUCTBIX PACTBOPOB. M3secmus 6y306. Llsemnas memannypeus. 2025;31(3):66—73.
https://doi.org/10.17073/0021-3438-2025-3-66-73

Introduction

In 2010, a cyanide leaching facility for gold extrac-
tion from flotation concentrate was established at the
concentration plant of LLC “Berezovsky Rudnik”,
which processes ore from Russia’s oldest deposit of the
same name. Over the years of operation, continuous im-
provement of the process and equipment enabled mine
specialists to achieve 95—97 % gold recovery into the
commercial cement product, while reducing the gold
content in the leach tailings of the concentrate to as low
as 0.2—0.1 g/t. It is noteworthy that comparable results
for direct leaching of gold from pyrite concentrate have
not been reported in the literature.

In hydrometallurgical processing, where cyanide
solutions are employed, the composition of the leach-
ing solution undergoes periodic changes, described in

Cew mg/dm3

the literature as “fatigue” [1]. This phenomenon has an
adverse effect on the rate of gold recovery and cementa-
tion, and thus on the overall efficiency of cyanide leach-
ing technology. One of the most important indicators
of solution “fatigue” is the copper concentration in cir-
culating solutions. Previous studies have confirmed the
negative impact of “fatigued” solutions on the kinetics of
gold leaching [2]. According to the theory proposed by
M.D. Ivanovsky, elevated copper concentrations in cir-
culating solutions promote the formation of passivating
CuCN films on the gold surface:

[Cu(CN),>~ = CuCN{ + 3CN~. (1)

The density of these films depends on the copper
concentration in the solution. The formation of cop-
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Fig. 1. Average annual copper concentration in the circulating solution

Puc. 1. CpenneronoBoe comepkaHue Menu B 000POTHOM pacTBOpe
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per (I) cyanide (CuCN) becomes possible when the cya-
nide concentration in the diffusion layer decreases dur-
ing the dissolution of gold [1; 3—8].

Over the years of hydrometallurgical operation, the
copper content in the circulating solution has shown
a steady increase (Fig. 1).

In hydrometallurgical practice, short-term pe-
riods (1—2 days) are sometimes observed during which
leaching efficiency decreases and the gold content in
the leach tailings rises to 1.0—2.5 g/t. After this pe-
riod, with process parameters maintained within the
specified limits, leaching performance returns to the
optimal level. Prompt laboratory tests ruled out pos-
sible causes such as the periodic presence of coarse
gold in the concentrate (which requires longer disso-
Iution time) and deviations from process regulations,
including low cyanide concentration or insufficient
exposure of metal. At the same time, analysis of the
leach tailings confirmed the potential for further re-
covery of gold to previously achieved levels of 0.1—
0.2 g/t. Elevated copper concentrations in circulating
solutions were found to adversely affect gold preci-
pitation in the Merrill—Crowe plant (Fig. 2). Possi-
ble reasons include increased zinc consumption due
to copper reduction and passivation of zinc particle
surfaces by a dense copper layer. Additional compli-
cations occur during filtration of the cementation
product: at higher copper concentrations in the preg-
nant solution, the hydraulic resistance of the cement
layer increases sharply. In any case, cementation of
gold becomes more difficult, and plant productivity
declines.
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Fig. 2. Change in filter pressure during gold precipitation
1 — cycle with elevated copper content; 2 — standard cycle

Puc. 2. IsmeHeHue naBieHMs Ha GUIBTPE ocaaka

B IIPOLIECCE OCAXKICHM I 30J10Ta

1 — UKJI ¢ TTOBBINIIEHHBIM COIEpPKaHUEM MEJIH;
2 — CTaHAAPTHBIN LUK
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Table 1. Characteristics of zinc precipitates

Ta6auua 1. Oco6eHHOCTH LIMHKOBBIX OCAaIKOB

Cycle Mass of precipitate,
No. kg CCua % (kg)
I (abnormal) 171 56.0 (96.1)
2 (normal) 80.4 8.9 (7.15)

The discontinuity of curve 1 reflects shutdowns of
the Merrill—Crowe unit caused by a sharp increase
in filter-press pressure. When the unit stopped, the
cement layer partially detached from the vertical fil-
ter surface, and after the feed pump was restarted, the
pressure temporarily returned to normal. At the end
of the cycle, visual inspection of the cement product
revealed dense plates resembling metallic copper. Sub-
sequent analysis showed more than a twofold increase
in cement product mass and abnormally high copper
content (Table 1).

To partially address this problem, it is recommen-
ded to add larger amounts of soluble lead salts to the
pregnant solution, which suppress copper precipita-
tion [3]. However, practice shows that at elevated cop-
per concentrations, the effectiveness of lead addition
decreases.

Another negative effect of copper in circulating solu-
tions is its interference with the analytical determination
of cyanide concentration [9], which may lead to poten-
tial violation of process regulations and under-recovery
of gold.

The literature describes several methods for re-
moving copper from circulating solutions, which can
be classified according to the Cu-containing product
formed: CuCN — ARV process [1; 10]; Cu,S — MNR
process [11—16]; Cu(OH), — treatment with oxidizing
agents [17—20]; Cu’ — cementation with zinc or elec-
trolysis [3].

In this study, a combined conditioning scheme for
circulating solutions was investigated, consisting of two
stages.

1. Reverse osmosis for concentrating impurities in
a reduced volume. Reverse osmosis (RO) is a tech-
nology that removes ions, molecules, and impurities
from water through membranes under high pressure
[21—24]. The feed solution is separated into two
streams: concentrate and permeate. The permeate is
an impurity-free solution, while the concentrate con-
tains nearly all components of the original solution.
The product volumes and separation coefficients
depend on the membrane properties and system
pressure.
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2. Purification of the concentrate through the for-
mation of sparingly soluble copper (I) cyanide. For
impurity precipitation, copper sulfate (CuSO,) was
proposed. Prototypes of this technological stage in-
clude processes involving treatment with iron salts and
oxidation with hydrogen peroxide, where soluble cop-
per salts are used as catalysts for cyanide destruction
in wastewater [17—20]. The method considered in this
study provides for the precipitation of copper as well as
several other impurities accumulated during flotation
concentrate leaching.

Thus, the aim of this study was to develop a
combined two-stage technology (reverse osmosis +
+ chemical precipitation with CuSO,) for condition-
ing circulating cyanide solutions with high concen-
trations of copper, iron, and arsenic. The technology
is designed to reduce treatment volumes and restore
the functional properties of the solutions for gold
cyanide leaching.

Materials and methods

The circulating cyanide solution from the gold leach-
ing circuit of LLC “Berezovsky Rudnik” served as the
object of the study.

Sampling of the circulating solution and reverse os-
mosis products was carried out on a pilot hydrometal-
lurgical unit with a feed capacity of 60 m3/h. The unit
was equipped with LP22-8040 polyamide thin-film
composite membranes with a total active surface area of
2040 m?. Operating parameters were as follows: solution
temperature 20 °C, product volume ratio (permeate : con-
centrate) 1 : 1, and inlet pressure 1.7 MPa. The feed
solution and osmosis products were analyzed for met-
al and sodium cyanide content, with the results pre-
sented in Table 2. Once the permeate was purified to
the target impurity level, it was returned to the cya-
nidation circuit. Further impurity removal from the
concentrate was performed under laboratory condi-
tions.

Copper precipitation was carried out using a known
process [17; 25] based on the formation of sparingly so-
luble copper (I) cyanide:

Cu(CN)/~ + CuSO, =2CuCN{ + SOZ~ + (CN),. (2)

Copper precipitation from the concentrate was stu-
died in a series of tests using a CuSOy solution (C¢,, =
=70 g/dm3), in order to establish the dosage that yields
the lowest copper concentration in solution.

For each test, 100 cm® of concentrate was placed
in a beaker on a magnetic stirrer. A specified vo-
lume of CuSOy, solution (C¢, = 70 g/dm?) was added
at once, followed by stirring for 10 min. The result-
ing suspension was filtered to obtain clarified solution
and precipitate. Solution and precipitate analyses were
performed by atomic absorption spectroscopy using a
Kvant-2 spectrometer (Russia). Sodium cyanide con-
centration was determined by titration with nickel
nitrate, and pH was measured using an Anion 4100
pH meter (Russia).

Results and discussion

Analysis of the reverse osmosis products (Table 2)
confirmed that the solution can be separated into two
streams with different component concentrations.
Impurities were virtually absent in the permeate. As
shown in earlier studies [2], the kinetics of gold reco-
very using permeate are comparable to those obtained
with process water. This allows the permeate to be re-
turned to the circuit after fortification with sodium
cyanide, thereby reducing the volume of treated solu-
tions by half. More than 99 % of the impurities from
the feed solution remained in the concentrate, which
was used for further purification tests. The absence of
gold and silver separation in the circulating solution is
attributed to their low concentrations and the limita-
tions of the pilot unit.

A series of six tests confirmed the expected de-
pendence of copper precipitation on the CuSO, dosage

Table 2. Composition of the circulating solution and reverse osmosis products

Ta6nuua 2. CoctaBsl 000POTHOTO PacTBOPA U MPOAYKTOB OOPATHOTO OCMOCa

C, mg/dm3
Solution Cnacn,» g/dm? pH
Au Ag Cu Fe As
Circulating 0.01 0.01 1196 111 19 0.94 11.13
Permeate 0.01 0.01 12 0.01 0.6 0.1 11.1
Concentrate 0.01 0.01 2379 222 37 1.78 11.1
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Table 3. Change in concentrate composition

Tabauua 3. U3MeHeHMWe cocTaBa KOHLIEHTpaTa

3 C, mg/dm?> ;
Veuso,, cm CNacns &/dm pH
Au Ag Cu Fe As

1 0.01 0.01 2500 128 7.5 0.06 7.86

3 0.01 0.01 2875 0 6.6 0 6.67

5 0.01 0.01 2240 0 5.5 0 6.56

7 0.01 0.01 1137 0 4.5 0 6.46

9 0.01 0.01 367 0 1.9 0 6.22

11 0.01 0.01 302 0 0.6 0 6.20
Cew mg/dm’ 2. Decrease in copper concentration in the concen-
3000 trate. Further addition of CuSQy, initiated reactions
25004 of Cu?" with copper cyanide complexes, forming
5000 CuCN (1) and Cu(OH), (5). Stabilization of pH at
this stage is likely due to the buffering capacity of the

15001 sulfate ion:
1000 SO2~ + H,0 = HSO; + OH". ©)
500
0 ' A reduction in arsenic concentration was also ob-
T T T T T T T T T

1 3 3 7 9 11 served; however, the mechanism requires further inves-

3
Veuso, €M
Fig. 3. Change in residual copper concentration
in the concentrate with CuSO,4 addition

Puc. 3. I3amMeHeHMe 0CTaTOYHOTO COMEPKAHUSI MEIN
B KOHLeHTpaTe npu gob6aske CuSOy

(Table 3, Fig. 3). The curve can be divided into two cha-
racteristic regions:

1. Increase in copper concentration in the concen-
trate. At low CuSO, dosages (1—3 cm?), Cu®* ions pri-
marily reacted with iron cyanide complexes, free cya-
nide ions, and hydroxyl ions. This was accompanied
by a sharp drop in iron (3) and cyanide ion concentra-
tions (4), a decrease in pH to 6.67, and a rise in copper
concentration (4):

2Cu>" + [Fe(CN)gl* = Cuy[Fe(CN)gl,  (3)

2Cu** +9CN~ + H;0 =
=2[Cu(CN),*~ + CNO~ + 2H". 4)

Partial hydrolysis of copper ions also occurred:
Cu?* +20H™ = Cu(OH),l. )

70

tigation.

The purified concentrate solution can be returned to
the circuit after mixing with permeate and reinforcing
with caustic soda and sodium cyanide. A comparison of
the purified concentrate—permeate mixture with the
original circulating solution is shown in Table 4.

At the maximum CuSO, dosage, a precipitate with
a mass of 0.98 g was obtained. Its composition was as
follows (wt. %):

CUt e 68.3
Fe oo 4.2
AS e 0.37
Other ....ooeeiiieieeee e 2713

Table 4. Comparative analysis of solutions

Tabnuua 4. CpaBHUTEJbHBIN aHAIN3 PACTBOPOB

C, mg/dm’>

Solution
Au Ag Cu Fe | As

Circulating solution 0.01 0.01 1196 111 19
Permeate + purified
concentrate 0.01  0.01 157 0.005 0.6
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The main components of the precipitate were
Cu(OH), and CuCN. This copper-rich material, after
simple processing such as calcination, may be consi-
dered a marketable product. Following further chemi-
cal treatment, part of the copper in the form of CuSO,
can be reused to condition fresh batches of circulating
“fatigued” solutions.

Conclusions

1. Reverse osmosis technology enables a 2—3-fold
concentration of impurities that accumulate in circulat-
ing cyanide solutions.

2. The study confirmed that soluble copper salts
(CuSOy) can be used to remove impurities from “fati-
gued” solutions in the form of a copper-rich precipitate.

3. Precipitation with copper sulfate achieved removal
rates of 86.8 % for Cu, 100 % for Fe, and 96.8 % for As
from the circulating solution.
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