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Study of the basic laws of dissolution of gold and copper
in solutions with an ultra-low concentration of sodium cyanide

Anastasiya O. Vasilkova'®, Olga D. Khmelnitskaya?, Grigoriy I. Voiloshnikov?
123|rkutsk Research Institute of Precious and Rare Metals and Diamonds, Irkutsk, Russia

Abstract. The work sets out to study the basic physicochemical dissolution patterns of gold, copper, and natural
copper-containing minerals (chalcopyrite, bornite and azurite) in solutions with an ultra-low concentration of sodium cya-
nide (from 0.102-10% to 4.08:10 mol/L). The influence of various factors on the rate of dissolution of Au and Cu in solu-
tions with ultra-low NaCN concentrations was studied by the rotating disk method; for natural copper minerals, the pow-
der diffraction method was used. The concentration of gold and copper in solutions was determined by atomic absorption
analysis. The chemical composition of the studied copper minerals was determined using the X-ray phase method, while
the specific surface of the minerals was detected using a laser granulometer. The process of gold dissolution is shown to
proceed in both diffusion and kinetic regions. In the diffusion region, the rate constant was 0.334-10 L-cm2-s2rad"? in
the kinetic region — 0.919-10° L-cm2-s2, The calculated value of the apparent activation energy for the diffusion region
was 22.5 kd/mol; for the kinetic region — 40.1 kJ/mol. The addition of glycine to a solution with an ultra-low concentration
of sodium cyanide is shown to increase the specific dissolution rate of gold by 1.2 times: from 0.692:10-° to 0.82:10°°
mol/cm?-s. The process of copper dissolution is shown to take place in the diffusion region. The rate constant was 0.496-
10 L-cm?sV2rad™? at an activation energy of 17.0 kd/mol. With a fractional supply of sodium cyanide, the dissolution
rate of copper minerals is reduced by 10-30% compared to a single load. The calculated apparent activation energy val-
ues for chalcopyrite, bornite, and azurite were 22.03, 24.2, and 24.1 kJ/mol, respectively. Thus, the use of ultra-low con-
centrations of NaCN in the process of cyanidation of gold and copper has a positive effect, which can be used in the pro-
cessing of gold-copper raw materials to significantly reduce the consumption of sodium cyanide.
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M3yyeHne 0CHOBHbIX 3aKOHOMEPHOCTEN pacTBOPEHUS 30/10Ta U Meau
B pacTBOpax ¢ YNbTPaHU3KOW KOHLEHTpauuMen LaHuaa HaTpus

A.O. BacunbkoBa'™, O0.[1. XmenbHuukas?, 1. BonnowHukos?
L2340 «Mpaupedmemy, 2. Mpkymcek, Poccus

Pe3rome. Llenb — n3yyeHne OCHOBHbIX (PU3MKO-XMMUYECKUX 3aKOHOMEPHOCTEN PacTBOPEHWS 30510Ta, Meau 1 npu-
POAHbIX MEAbCOAEPXKALUMX MUHEPanoB (Xanbkonuput, GOPHUT 1 asypuT) B pacTBOpax C YNbTPaHU3KOW KOHLEHTpauuen
unaHuga Hatpus (ot 0,102:10° go 4,08-10° monb/n). BnusaHne pasnmuHbix (DakTOPOB Ha CKOPOCTb PacTBOPeHMs Au U
Cu B pacTBOpax C ynbTpaHu3kon koHueHTpaumen NaCN usyyanm MeTo4oM BpallatoLerocs Aucka, NpUpoAHbLIX MeaHbIX
MUHepanoB — METOAOM NOpoLUKoB. KOHLEHTpaLMWio 3010Ta U MeAW B pacTBOpax onpeaensnu aToMHo-abcopbLUMOHHbLIM
METOAOM aHanu3a. XMMUYECKWiA COCTaB MCcrneayemblX MEAHbLIX MUHeparnoB — PeHTreHoMasoBbiM METOAOM, YAENbHYIO
NOBEPXHOCTb MUHEPANOB BLISBASANW C NMOMOLLBID NA3epHOro rpaHynoMeTpa. YCTaHOBIEHO, YTO NPOLECC PacTBOPEHMUS
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3050Ta npoTekaeT B AByX 0bnacTax — B Anddy3noHHON 1 kKuHeTudeckon. KoHcTaHTa ckopocTu B Auddy3noHHon obna-
ctu coctasuna 0,334:10% n-cm-2-cV>pan??, B kuHetTnyeckoin — 0,919-10° n-cm-?-c2. PaccuntaHHoe 3HaueHue Kaxy-
Leicsa Heprum aktueaumm ans auddysmoHHon obnactu coctasuno 22,5 kx/monb, kunetudeckon — 40,1 kx/monb.
MokasaHo, 4To JobaBneHne rMULKMHA B pacTBOP C YNbTPAHW3KON KOHLEHTPALWEN LuaHuga Hatpus cnocobCcTByET NOBbI-
LWeHMI0 yAEeNbHOI CKOPOCTM pacTBopeHust 3omoTa B 1,2 pasa: ¢ 0,692:10° go 0,82:10° Monb/cM2-c. YcTaHOBIEHO, YTO
npoLecc pacTBOpPeHUs Meaun npoTekaeT B AU dYy3noHHOI obnacTu. KoHcTaHTa ckopocTu coctasuna 0,496-10°° n-cm2-¢
Y2.pan*?, aHeprus aktusaumu — 17,0 kdx/Monb. MokasaHo, 4To npu ApoBHON Nofade LuaHuLa HaTpus CKOPOCTb pac-
TBOPEHUS MEOHbIX MUHEpanoB cHikaetcs Ha 10-30% B cpaBHEHMM C pa30BOW 3arpy3koil. PaccuuTaHHble 3Ha4YeHus
KaXyLLieiicsl SHEPTUM aKTUBALMM COCTaBUNM ANS Xanbkonuputa, DopHUTa W adypuTa, COOTBETCTBEHHO, k[x/Monb: 22,03,
24,2 v 24,1. Taknum 0bpa3omM, NPUMEHEHME YyNbTpaHuskux koHueHTpaumin NaCN B mpouecce LuaHUpoBaHUS 30510Ta U
MEeAW AaeT MOMNOXUTENbHbIA 3ddeKkT, YTO MOXeT BbiTb MCNONBb30BAHO NpU NepepaboTke 30710TOMELHOIO Chipbs, U, Kak

cnefgcTeue, NO3BONUT CYLECTBEHHO CHM3NTb pacxod UMaHUCTOro HaTpus.
Knroyeeble crosa: 30n0T0, Mep, UnaHug HaTpuA, KUHETUKA PacTBOPEHNA, KOHCTAaHTa CKOPOCTW, SHEPIrNA aKThUBa-

Lmu

Ana yumupoeaHus: Bacunbkosa A.O., XmenbHuukas O.[., BoinowHukos .W. 3yyeHne OCHOBHbIX 3aKOHOMEP-
HOCTEl pacTBOpeHUs 30510Ta U MeM B pacTBOpax C yNbTpaHW3Koi KOHLeHTpauuen umanuaa Hatpus // iPolytech Journal.
2023.T. 27. Ne 2. C. 422-435. (In Eng.). EDN: EBFEUM, https://doi.org/10.21285/1814-3520-2023-2-422-435.

INTRODUCTION

Currently, the search for rational ways to ex-
tract valuable components from man-made raw
materials, which include such items as roasted
pyrite and enrichment tailings obtained during
the processing of [1] polymetallic ores, has be-
come rather urgent.

Among the various methods for extracting
valuable components from man-made raw mate-
rials, cyanidation represents one of the most
effective approaches. However, the formation of
copper cyanide complexes as a result of leach-
ing during gold extraction results in a high con-
sumption of sodium cyanide and corresponding-
ly increased operating costs [1-9].

The works of Australian researchers [10-12]
describe a method for extracting precious met-
als from gold-copper ores using a mixture of so-
dium cyanide and glycine as leaching agents,
which offers a number of advantages compared
with other amino acids due to its stability and
biodegradability, resulting in increased environ-
mental friendliness [2]. The addition of glycine
(2-10 g/dm?®) to cyanide (0.8-1.2 g/dm?3) during
leaching is shown to increase the extraction of
precious metals by 1.5-1.8 times.

Test experiments carried out to investigate
the leaching of noble metals from man-made
raw materials using solutions having an ultra-low
concentration of sodium cyanide with the aim of

reducing the consumption of sodium cyanide in
the cyanidation process (< 1.02:10° mol/dm?3)
have demonstrated satisfactory results [13].
However, there is no information in the literature
about the basic dissolution behaviours of gold
and copper in solutions with low concentrations
of sodium cyanide (less than 4.08:10-2 mol/dm?).

In this regard, it seems appropriate to study
the basic patterns of dissolution of gold and
copper in solutions having an ultra-low concen-
tration of sodium cyanide (0.102:10- — 4.08:103
mol/dm?3) using the rotating disk method, which
was successfully applied by Professor I.A. Ka-
kovsky to study the dissolution kinetics of pre-
cious metals using various reagents. This meth-
od, which provides good reproducibility of exper-
imental results, can be used to identify factors
that determine the reaction rate, on the basis of
which certain practical conclusions can be
drawn® [14, 15].

EXPERIMENTAL PROCEDURE

For the experiments, gold and copper disks
with a fineness of 999.9 were used. Prior to the
start of each experiment, each disk was careful-
ly sanded, polished, washed with water and
wiped with ethyl alcohol. These operations were
carried out in order to prevent the disk surface
from changing during the experiment, which
could affect the reproducibility of the results.

4Kholmanskikh Yu.V. Dissolution kinetics of noble metals and their alloys in cyanide solutions: PhD thesis in Engineer-
ing Sciences. Sverdlovsk; 1961. / XonmaHckux FO.B. KuHeTuka pactBopeHus 6naropoHbIx METANIOB M UX CN1aBOB B
LIMaHUCTBIX pacTBopax: AuC. ... KaHd. TexH. Hayk: Ceepanosck, 1961.
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At the beginning and end of each experi-
ment, the pH and concentration of dissolved ox-
ygen in the solution were measured according to
the potentiometric method. The oxidiser of gold
was atmospheric oxygen, whose concentration
in the solution was in the range of 8.3-7.9
mg/dm?® and practically did not change through-
out all the experiments.

The amount of dissolved metal, determined
by sampling and analysing solution samples,
was calculated by the formula [14]:

Cre'V
Q= Aper1000-S’ (1)
where Cy, — concentration of the metal in solu-
tion (mol/L); V — volume of the solution (L); Ay,
— atomic mass of metal; S — disk surface area
(cm?); Q — amount of dissolved metal (mol/cm?).

The amount of metal in the samples selected
for analysis and the change in the total volume
of the solution were taken into account. The
concentration of metal in solutions was deter-
mined by atomic absorption analysis.

The dissolution rate was calculated accord-
ing to the formula [14]:

v=2 (2)

where v — rate of metal dissolution (mol/cm?- s);
S — disk surface area (cm?); T — duration of dis-
solution (s).

To eliminate errors, the experimental data
were processed using the least squares method,
allowing the average value of the rate to be ob-
tained from several data points. The error in de-
termining the gold dissolution rate was 4% with
a probability of 96%.

STUDY OF THE GOLD DISSOLUTION RATE
IN SOLUTIONS WITH AN ULTRA-LOW
CONCENTRATION OF SODIUM CYANIDE
Dependence of the gold dissolution rate
on the disk rotation frequency. To determine
the nature of the gold dissolution process at ul-
tra-low concentrations of sodium cyanide, the
dependence of the gold dissolution rate on the
disk rotation frequency (n) in the range from
4.19 to 41.87 rad/s was studied. The selection of
the specified range of mixing speeds was car-

424

ried out taking into account that the value of the
Reynolds number (Re) should be within 101+10*
(when Re < 10! - edge effects; when Re > 10% -
turbulent mode) [15-20]. The Reynolds number
was calculated using the formula:

Re = & 3)

L

where w is the angular velocity of rotation of the
disk (rad/s); v — kinematic viscosity of the liquid
(cm?/s); R is the radius of the disk (cm).

For a disk having a radius of 1.5 cm in the
selected rotation frequency interval, the value of
the Reynolds number was in the range from
942.75 to 9420.75. Within this range, conditions
of the laminar flow regime of the disk surface
area are observed.

The experiments were carried out under the
following constant conditions: temperature -
25°C; pH - 11.0; NaCN concentration -
0.612:10° mol/dm3. The resulting graph of the
dependence of the rate of dissolution of gold on
the number of revolutions of the disk is shown in
Fig. 1.

Graphical data show that, with an increase in
the speed of rotation of the disk, the rate of disso-
lution of gold increases only up to a certain limit —
15.7 rad/s (150 rpm). At the same time, the dis-
solution rate increases from 3.22:10°%° to 5.43-10"
10 mol/cm?s and further does not depend on the
mixing intensity, since the dissolution process
passes from the diffusion region to the kinetic
[15]. That is, when the disk rotation speed is up to
15.7 rad/s, the limiting stage of this process is the
supply of reagents to the disk surface or the re-
moval of the resulting reaction products. Further,
the rate of dissolution of gold no longer depends
on the intensity of mixing, but is determined by
the rate of the chemical reaction.

Thus, when studying the influence of various
factors on the rate of dissolution of gold, it is
necessary to pay special attention to the intensi-
ty of mixing of the solution (the number of revo-
lutions of the disk). Therefore, the influence of
various factors on the rate of gold dissolution
was studied in two areas: in diffusion — at 4.19
rad/s; and kinetic — at 31.4 rad/s.

Dependence of the gold dissolution rate
on the concentration of sodium cyanide. Fur-

https://ipolytech.ru
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ther studies into the effect of sodium cyanide
concentration on the rate of gold dissolution
in the diffusion and kinetic regions were under-
taken.

The experiments were carried out at a con-
centration of NaCN from 0.102-:10° to 4.08:10°
mol/ dm? (from 5 to 200 mg/dm?); pH - 11.0;
number of disk revolutions — 4.19 rad/s for diffu-
sion mode and 31.4 rad/s for kinetic; tempera-
ture — 25°C. The results of the experiments are
shown in Fig. 2.

Fig. 2 shows that the rate of gold dissolution
in the diffusion region increases from 0.66-10"%°
to 8.85:10"%% mol/cm?'s with an increase in the
concentration of sodium cyanide from 0.102:10°3
to 4.08:10° mol/dm3. However, after 0.41-10°3

Specific dissolution
rate-10-1°, mol-cm2-s-'
-

N

1.80 2.80 3.80

ISSN 2782-6341 (online)

mol/dm?3, the rate growth slows down; this may
be due to the formation of a film on the disk sur-
face, whose thickness depends on the cyanide
concentration, mixing intensity, temperature and
duration of dissolution [15-17].

In the kinetic region, in the range of sodium
cyanide concentrations from 0.10:10° to
2.04:10° mol/dm?, a linear relationship is ob-
served between the gold dissolution rate and the
concentration of the complexing agent. The dis-
solution rate of the noble metal increases from
0.94-101% t0 16.5-10'1° mol/cm?ss.

The process of gold dissolution takes place
in the pre-limit region, in which the dissolution
rate is proportional to the sodium cyanide con-
centration.

4,80 5.80 6.80

Vn, (rad/s)!2

Fig. 1. Gold dissolution rate vs disc angular rotation rate
Puc. 1. 3asucumocmsb ckopocmu pacmeopeHusi 30Jloma om y21080l CKOpocmu epaujeHusi ducka
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Fig. 2. Gold dissolution rate vs sodium cyanide concentration
Puc. 2. 3asucumocmb cKopocmu pacmeopeHusi 30J10ma om KOHUeHmpayuu yuaHuda Hampusi
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The dissolution rate constant of gold in the
diffusion region is calculated by the formula:

v

K=:7 (4)

where K - reaction rate constant (L-cm?- s/
rad?); v — dissolution rate of gold (mole-cm2-s-
1); C — concentration of sodium cyanide (mol/L);
n — number of revolutions of the disk (rad/s),
comprising 0.334-:10% dm3:- cm2- s'V2- rad/2,

The dissolution rate constant of gold in the
kinetic region is calculated by the formula:

K= (5)

where K — reaction rate constant (L-cm2-s-12); v
— dissolution rate of gold (mole.cm?s?); C-
concentration of sodium cyanide (mol/L); com-
prising 0.919 -10® dm3-cm2-s12,

The theoretical velocity constant was calcu-
lated from the flow equation:

2
. 10731 s c't
- 1
0.89%/6v /6

(6)

where D - diffusion coefficient of sodium cya-
nide (cm?/s); w — angular velocity (rad/s); v —
viscosity of the solution (cm?/s); S — disk surface
area (cm?); C - concentration of the solvent
(mol/L).

The theoretical velocity constant value was
0.428-10°6 dm?3- cm 2 s'V2 radV/2 which is 78% of

-6.100

3,200 3@50
-6.150
-6.200

-6.250

LgK

-6.300

-6.350

-6.400

-6.450

the calculated experimental value (0.334:10°
dms-cm? s'V2.rad12). According to the literature
data, this is explained by the formation of a film
on the surface of the dissolving metal, most like-
ly gold hydroxide, which should be considered
as an additional intradiffusion resistance [16,
18].

Dependence of the gold dissolution rate
on temperature. The effect of temperature on
the rate of dissolution of gold in cyanide solution
was studied in the range of 288-308 K. Two se-
ries of experiments were conducted. One was
carried out in diffusion mode with a disk speed
of 4.19 rad/s, while the other was carried out at
a speed of 31.4 rad/s. NaCN concentration —
0.612:10° mol/dm, pH - 11.0.

Based on the obtained experimental data, a

graph was plotted in LgK-1/T coordinates in the
diffusion (Fig. 3) and kinetic regions (Fig. 4).
The activation energy of the process [16] is de-
termined from the tangent of the slope angle of
the curve in accordance with the Arrhenius
equation:

E, = 2.303R|tgal, (7)

where R — gas constant (R = 8.314 J/(mol-K)).

The activation energy in the diffusion mode
was 22.5 kJ/mol; in kinetic mode — 40.1 kJ/mol.
The increased value of the activation energy in
diffusion mode confirms the fact of the formation
of a film on the surface of the disk.

3.350 3.400

3.450

3.500

1/T-107

Fig. 3. Gold dissolution rate vs temperature in the diffusion mode
Puc. 3. 3asucumocmsb ckopocmu pacmeopeHusi 3010ma om memnepamypbl 8 Oughy3UOHHOM pexume

426

https://ipolytech.ru



iPolytech Journal

2023.T. 27. Ne 2. C. 422-435

ISSN 2782-4004 (print)

2023;27(2):422-435

3,2 3,25 3.3

LgK

ISSN 2782-6341 (online)

3.35 3.4 3.45 3.5

1/T-107

Fig. 4. Gold dissolution rate vs temperature in the kinetic mode
Puc. 4. 3asucumocmb ckopocmu pacmeopeHusi 30/10ma om memnepamypbl 8 KUHEMUYECKOM pexume

The obtained results indicate that the pro-
cess of gold dissolution in a cyanide solution at
an ultra-low NaCN concentration proceeds in
the diffusion and kinetic regions; this is con-
firmed by the results of experiments on the de-
pendence of the gold dissolution rate on the in-
tensity of mixing.

Effect of glycine addition on the rate of
gold dissolution. To determine the effect of the
addition of glycine to a solution with an ultra-low
concentration of sodium cyanide on the rate of

18

16

oo

6

Concentration of gold in solution,
mg/1

0 20 40 60 80

dissolution of gold, an experiment was conducted
under the following conditions: pH = 11.0; angular
velocity of rotation of the disk — 4.19 rad/s; t =
25°C; concentration of sodium cyanide — 2.04-10°
3 mol/dm?; glycine concentration — 0.27-:103
mol/dm3. The results are shown in Fig. 5.

As follows from the data presented in Fig. 5,
the addition of glycine to sodium cyanide in-
creases the specific dissolution rate of gold from
0.692:10° to 0.82:10° mol /cm?s (i.e., by 1.2
times).

100 120 140 160 180 200

Duration, min
—o—NaCN —m-NaCN+glycine

Fig. 5. Kinetics of gold dissolution by ultra-low NaCN concentration solutions in glycine presence
Puc. 5. Kunemuka pacmeopeHusi 30/10ma pacmeopamu ¢ ynbmpaHu3kol koHyeHmpayuet NaCN e npucymcmeuu 2nuyuHa
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STUDY OF THE COPPER DISSOLUTION
RATE IN SOLUTIONS WITH AN ULTRA-LOW
CONCENTRATION OF SODIUM CYANIDE

The high consumption of sodium cyanide
during gold leaching is explained by the addi-
tional presence of non-ferrous metals in techno-
genic raw materials, primarily copper. Therefore,
to evaluate the behaviour of copper [21] at ultra-
low concentrations of sodium cyanide, experi-
ments were conducted to study the rate of its
dissolution using the rotating disk method.

Dependence of the rate of dissolution of
copper on the speed of rotation of the disk.
The dependence of the copper dissolution rate
on the disk rotation frequency was initially stud-
ied in the range from 4.19 to 52.33 rad/s. With a
disk radius of 0.62 cm, the selected rotation fre-
quency interval corresponds to a Reynolds
number value varying from 163.4 to 5632.6 [16].

The experiments were carried out under the
following constant conditions: temperature -
25°C; pH - 11.0; NaCN concentration -
0.612:10° mol/dm. The resulting graph of the
dependence of the rate of dissolution of copper
on the number of revolutions of the disk is
shown in Fig. 6.

From the presented data, it can be seen that
the rate of dissolution of copper increases in
proportion to the square root of the number of
revolutions from 6.2:101° to 38.0:10"*° mol-cm
251 in the range of disk rotation speeds from
4.19 to 146.53 rad/s (from 40 to 1400 rpm).

40
35
30
25
20

15
10

2.q-1

mol-cm

Specific rate-10°1°,

6

Thus, in the studied interval of the disk rotation
frequency, the process of copper dissolution
proceeds in the diffusion region.

Dependence of the copper dissolution
rate on the concentration of sodium cyanide.
Experiments to determine the dependence of
the dissolution rate of copper on the concentra-
tion of sodium cyanide (Fig. 7) were carried out
using the following parameters: angular velocity
— 4.19 rad/s; pH - 11.0; t — 25°C; sodium cya-
nide concentration - from 0.612-103 to
3.061:102 mol/dm? (from 30 to 150 mg/dm?3).

From the presented graph, the dissolution
rate of copper can be seen to increase to
22.7-10"%9 mol/cm?'s; moreover, this dependence
is linear to the concentration of NaCN — 2.04-10°
3 mol/dm? (up to 100 mg/dm) - that is, the reac-
tion has a cyanide first order. Further, the disso-
lution process has slowed down due to the for-
mation of a film on the surface of the copper
disk, consisting of copper cyanide (CuCN) [18].

The calculated value of the copper dissolu-
tion rate constant was 0.496-106 dm?3- cm2- s-/2-
rad12,

An assumption about the density of the
product shell can be made according to the val-
ue of the Pilling—Bedworth criterion — the ratio of
the molar volumes of the reaction product and
the starting substance:

Mprod
_ dprod
7 Mgtart’

dstart

KH—B

8 10 14

V(n,) (rad/s)12

Fig. 6. Copper dissolution rate vs disc angular rotation rate
Puc. 6. 3asucumocmb ckopocmu pacmeopeHust Medu om ya10e0l ckopocmu epauwjeHusi ducka
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Concentration of NaCN, mol/l:10-3

Fig. 7. Copper dissolution rate vs NaCN concentration
Puc. 7. 3asucumocmb ckopocmu pacmeopeHusi Medu om koHyeHmpayuu NaCN

where v — number of moles of solid product
formed from 1 mole of the initial sub-
stance; My,oq and M4+ — molecular weights of
the product and the initial substance, respective-
ly; dprog and dgqre are the densities of the
product and the initial substance.

The ratio of molar volumes of copper and
copper cyanide was 4.3, indicating the formation
of a dense film®.

-5,76
3,200
-5,78

3,250 3,300

LgK

Dependence of copper dissolution rate
on temperature. The effect of temperature on
the copper dissolution rate was studied in a
temperature range from 288 to 308 K, a disk
rotation speed of 4.19 rad/s, and a sodium cya-
nide concentration of 0.612-10° mol/dm?. Based
on the obtained experimental data, a graph was
plotted in the LgK-1/T coordinates (Fig. 8).
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Fig. 8. Copper dissolution rate vs temperature
Puc. 8. 3asucumocmb ckopocmu pacmeopeHusi Medu om memnepamypabl

5 Zelikman A.N., Vol'dman G.M., Belyavskaya L.V. Theory of hydrometallurgical processes. Moscow: Metallurgiya; 1975,
504 p. / 3enukman A.H., Bonbaman .M., Benssckas J1.B. Teopus rugpomeTtannyprudeckux npoueccos. M.: Metannyp-

rns, 1975. 504 c.
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The activation energy of the process was
17.0 kJ/mol, which confirms the process occur-
ring in the diffusion region.

Table 1 presents the main kinetic character-
istics of the dissolution of gold and copper ob-
tained as a result of experiments in comparison
with the data obtained by I.A. Kakovsky and
Yu.B. Kholmanskikh, who studied the process of
dissolution of these metals in cyanide solutions
with a sodium cyanide concentration of 200
mg/dm3 (4.08-10° mol/dmq) [9].

Based on the comparison of the obtained
characteristics of the process of dissolution of
gold and copper, it can be concluded that the
process of cyanidation of gold and copper is ef-
fective at ultra-low solvent concentrations. The
faster rate of the process taking place in the ki-
netic region at ultra-low concentrations of sodi-
um cyanide is possibly due to the absence of
diffusion complications (films).

RESULTS OF EXPERIMENTS ON THE
DISSOLUTION OF COPPER MINERALS IN
SOLUTIONS WITH A LOW CONCENTRATION
OF SODIUM CYANIDE

Due to the fact that the presence of copper
in man-made raw materials takes the form of
natural minerals [22], experiments were con-
ducted to assess the dissolution rate of such
natural minerals as bornite (CusFeSs), chalcopy-
rite (CuFeSz) and azurite (2CuCO3-Cu(OH).) in
solutions with a low concentration of sodium cy-
anide. The results of X-ray phase analysis of
minerals are presented in Table 2.

According to Table 2, the copper content in
chalcopyrite is 31.1%; in bornite — 35.5%; in az-
urite — 21.6%. The content of iron and sulfur in
chalcopyrite is 13.3% and 10.88%, respectively;
in bornite — 28.6% and 30.6%; in azurite —
6.25% and 0.088%.

The experiments were carried out on test
sample powders having a particle size of minus
0.1 plus 0.074 mm with mechanical stirring un-
der the following conditions: weighed weight —
250 mg; solution volume — 200 c¢cm?; tempera-
ture — 25°C; duration — 1 h; NaOH concentration
—0.002 mol/dm?3 (pH 11.0); NaCN concentration
0.41:10°-2.04-10" mol/dm3.

Following the end of each test, the concen-
tration of copper in the solution was determined
by atomic absorption analysis; the specific sur-
face area of the mineral was determined using a
Malvern Mastersizer 3000 laser granulometer.

Fig. 9 shows the dependence of the specific
dissolution rate of natural copper minerals on
the concentration of sodium cyanide.

From the data presented, it can be seen that
the specific dissolution rate of copper sulfide
minerals, such as chalcopyrite and bornite, in-
creases to a certain limit (for chalcopyrite
8.84:10® mol/cm?s; for bornite — 10.48:10°8
mol/cm?-s); the fact that no further increase in
the concentration of sodium cyanide (>1.02:10-3
mol/dm?3) leads to a significant increase in the
dissolution rate is explained by the formation of
a film of simple copper cyanide on the surface of
minerals.

Table 1. Main kinetic characteristics of metal dissolution in cyanide solutions
Ta6nuua 1. OcHoBHbIE KMHETUYECKMUE XapaKTEPUCTUKN PACTBOPEHUS METANNOB B LMAHUCTLIX pacTBOpax

Diffusion regime Kinetic regime
Source of Gold Copper Gold
information Rate constant Activation Rate constant Activation  |Rate constant dm3-cm- Activation
dm3-cm2s"2rad®2 | energy, kd/mol | dm3-cm?-s"2rad?2 |energy, kd/mol 2.5112rd12 energy, kJ/mol
This paper 0.334-10% 22.5 0.496-10 17.0 0.919-10% 40.1
[14] 0.332:10 14.56 0.414-10°% 134 0.51-106 59.1
[15] 0.332:10% 14.6 0.410-10 13.2 0.55-10 59.0
Table 2. Chemical composition of natural copper minerals
Tabnuua 2. XuMn4ecknii cocTaB NpUpOAHbIX MUHEPANOB Meau
Mineral Element content,. %
Cu Fe S Al SiO2 Cobuy Ca Na
Chalcopyrite 31.1 13.3 10.85 n/d* n/d* n/d* n/d* n/d*
Bornite 35.5 28.6 30.6 n/d* n/d* n/d* n/d* n/d*
Azurite 21.6 6.25 0.088 4.19 32.6 0.88 0.414 0.40
*n/d — not determined.
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The specific dissolution rate of the oxidised
copper mineral (azurite) increases to 27.84-10%
mol/cm?'s with an increase in the concentration
of sodium cyanide to 2.04-10° mol/dm?3; howev-
er, in the range of concentrations from 0.41-10-3
mol/dm® to 1.02:10° mol/dm3, this increase is
less pronounced.

A patent describing a method of extracting
gold from a copper-containing mineral raw mate-
rial by cyanidation under stirring is based on the
fractional supply of a diluted solution of sodium
cyanide in the process [20]. The authors note
that the positive effect in this case is achieved
due to a slowdown in chemical reactions of non-
targeted consumption of sodium cyanide.

For this reason, it seemed appropriate to
study the effect of the method of feeding sodium
cyanide into the cyanidation process on the dis-
solution rate of copper.

Test conditions were as follows: weighed
amount — 250 mg; solution volume — 200 cm?
temperature — 25°C; duration — 1 h; NaOH con-
centration — 0.002 mol/dm® (pH 11.0); NaCN
concentration 0.41-10° - 0.61-10° mol/dm3
(20-30 mg/dmd).

In the first case, NaCN was loaded at 100% of
the target concentration at the beginning of the
experiment (single load); in the second case, 50%
(at a concentration of 20 mg/dm?) and 33.3% at a
concentration (30 mg/dmd) every 20 minutes from
the beginning of the experiment. The results of the
experiments are presented in Figs. 10-12.

The obtained data confirm that the method of
feeding sodium cyanide into the cyanidation
process influences the specific dissolution rate
of copper. With a fractional supply of NaCN, the
dissolution rate of copper minerals is reduced by
10-30% as compared to a single load.

The calculated activation energy values were
22.03 kJ/mol, 24.2 kJ/mol, and 24.1 kJ/mol for
chalcopyrite, bornite and azurite, respectively,
which corresponds to the conditions of the pro-
cess in the intra-diffusion region. The high activa-
tion energy values confirm the formation of a film
of copper cyanide on the surface of minerals.

CONCLUSION

The basic patterns of dissolution of gold and
copper in solutions with an ultra-low concentra-
tion of sodium cyanide were studied using the
rotating disk method. The obtained results
demonstrated the effectiveness of ultra-low con-
centrations of sodium cyanide: the dissolution
rate constant of gold in the diffusion region was
0.334:10% dm?3- cm? ¢V2- rad??; in the kinetic
region — 0.919:106 dm? cm? ¢ 2, The copper
dissolution rate constant in the diffusion region
was 0.414-10'6 dm3: cm2 ¢'¥2- rad'2. The pres-
ence of glycine in a solution with an ultra-low
concentration of sodium cyanide allowed the
specific dissolution rate of gold to be increased
from 0.692:10° to 0.82-:10° mol/cm?s (i.e., by
1.2 times).
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Fig. 10. Chalcopyrite specific dissolution rate vs NaCN addition method
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Fig. 11. Bornite specific dissolution rate vs NaCN addition method
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The influence of various factors on the disso- anide in the cyanidation process reduces
lution rate of natural copper minerals in solutions  the dissolution rate of copper by 10-30%
with an ultra-low concentration of sodium cya- as compared to a single loading, which is a posi-
nide using the powder method was also studied.  tive effect when cyanidating gold-copper raw
It is noted that a fractional supply of sodium cy-  materials.
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Bknap aBTOpOB

XwmenbHuukas O.[. u Bonnowxukos .. ocywecTBnsinm
Hay4yHOe PYKOBOACTBO WCCNEAOBAaHUAMM, OCYLLECTBUIIN
nogbop cnucka nuTepaTypHbIX UCTOYHWKOB MO TeMaTuke
“ccnenoBaHus U nposenu obliee peaakTUpoBaHUe Tek-
cta pykonucu. BacunbkoBa A.O. npoBena 3KCnepuMeH-
Tbl, KMHETMYECKMe pacyeTbl U 0b6obwmna nonyvyeHHble
pesynbTaThl.

KoHdnukt untepecos
ABTOpbI 3asBNAT 00 OTCYTCTBMM KOH(IIMKTA MHTEpe-
COB.

Bce asmopsi npoyumanu u 0806punu OKOHYamesbHbIU
gapuaHm PyKonucu.

UHopmauus o ctatbe
Cratba noctynuna B pegakumio 22.12.2022; ogobpeHa
nocne peueHaupoBaHus 06.02.2023; npuHsTta K nyonu-
kauum 08.06.2023.

https://ipolytech.ru
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