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ABSTRACT

Expansion of the raw material base of ferrous metallurgy depends to some extent on the creation
of an effective technology for the complex processing of copper-magnetite ores with copper
extraction. The article presents the results of studies of copper chlorination from CuS present in
sulfide-magnetite ores using sodium chloride and boron trioxide. The studies were carried out in
the temperature range of 500-1500 °C and a pressure of 0.1-0.001 bar by thermodynamic
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Accepted: 29 January 2025 modeling using the HSC-10 software package based on the principle of minimum Gibbs energy. It
was found that the interaction in the CuS-NaCl-B20s3-02 system occurs with the formation of copper
chlorides (CusCls, CusCls, CuCl2, CuCl), sodium borates (NazBsOs, Na2BsO10), Na2SOa, SOz). The
temperature of the maximum (89-90%) degree of copper extraction into gaseous chlorides
decreases from 1050 to 850°C with a decrease in pressure from 0.1 to 0.001 bar. It was found that
the chloride sublimation of copper is accompanied by the formation of elemental copper and

gaseous NaCl during the interaction of CusClz with NazB4Oe.
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Introduction

As a rule, magnetite ores containing usually 55-
60% iron due to the high magnetic susceptibility of
the magnetite mineral [1] are subjected to magnetic
concentration before metallurgical processing. This
method of ore preparation is widely used and is
constantly improved [[2], [3], [4], [5], [6], [7], [8]].
Problems with processing magnetite ores arise in
the case of the presence of non-ferrous metals in the
ore, including copper. Special technologies are
developed for copper extraction from magnetite
ores. Thus, in [9] a flotation-magnetic technology for
complex processing of copper-containing sulfide-
magnetite ore is described. The technology allows
extracting 87.1-91.7% copper into concentrate, with
a content of 19.1-21.6% of this metal. 84.3-87.9% of
iron is extracted into iron concentrate (66.5% Fe).

For processing magnetite ore containing 0.093%
copper, a multistage magnetic flotation technology
was developed [[10], [13]]. At the first stage, a
concentrate containing 65-66% iron and tailings was
obtained using the wet magnetic separation
method. Copper is extracted from the tailings by
flotation into a concentrate containing 15.2% Cu,
26.5% Fe, 17.5% S, 8.5% Zn, 16.2% Si. Multistage
roller grinding with integrated magnetic separation
stages between the stages is also used [14], which
also allows iron to be extracted into a magnetic
concentrate.

Iron-containing raw materials with impurities of
non-ferrous metals include pyrite cinders [15], blast
furnace and steelmaking dust [16]. For selective
separation of iron from non-ferrous metals from this
raw material with a concentration of 30-66% iron,
chloride sublimation processes using gaseous and
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solid chlorinating agents are used in metallurgical
practice [15]. The copper extraction degree into
sublimes in this case is 92%, lead — 95%, zinc and
silver — 97%. The cinder after chloride sublimation
roasting is of interest to ferrous metallurgy plants.
The most common chlorinating agents in terms of
decreasing reactivity form a series: Cl;, HCI, NH4CI,
CaCly, NaCl, NaCl-MgCl; [17]. The disadvantage of
using Cl; and HCl is toxicity. Calcium chloride is most
widely used in chloride sublimation. However, the
price of technical calcium chloride is 190 KZT/kg [18].
Less expensive is technical sodium chloride. Its price
is 43 KZT/kg [19]. However, it is inferior in reactivity
to calcium chloride [17]. The reactivity of the widely
used and relatively cheap NaCl can be increased if
substances are formed in the chlorination products,
the AG® of which is more negative than the total AG®
of the original substances. For this purpose, a
calculation of the AG® of chloride sublimation of CuS
(present in magnetite ores) with sodium chloride
was carried out to form Na;SO4, SO, NaSiOs,
sodium borates (Na:B4O; and NazBgOi0). The
calculation was carried out using the HSC-10
complex [20].
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Figure 1 — Influence of temperature on the AG® of the
CuS chlorination reactions

The reactions under consideration:

2NaCl + CuS = CuClyg + NasS; (1)
CaCl; + CuS = CaClyg + CaS; (2)
2NaCl+CuS+Si0,+1.50; = CuCl,+Na,SiOs+S0z;  (3)
2NacCl + CuS +202 = CUClz(g) + Na2$O4; (4)

2NaCl+CuS+2B,03+1.50,=CuCly+NazBs07+503; (5)

2NaC|+CUS+38203+1.502=CUC|2(g)+NazBsolo‘l'SOz. (6)

The influence of temperature on the AG® of the
reactions is shown in Figure 1.

From the given AG® values it is seen that at a
temperature >1300°C the reactivity of NaCl is the
highest if the CuS chloride sublimation is carried out
in the presence of B,0s; and oxygen with the
formation of Na;B407. The process can be carried out
in the presence of oxygen (reaction 4). However, in
this case sulfur remains in the cinder in the form of
Na,S04, which is undesirable for further use of the
cinder in ferrous metallurgy. Based on this, further
studies were carried out using the method of
computer thermodynamic modeling of the
interaction in the CuS- CuS-NaCl-B,03-0; system.

Experimental part

Thermodynamic modeling of the process was
carried out using the HSC-10 Chemistry software
package developed by the Finnish metallurgical
company Outokumpu [16]. The calculation of
equilibrium using the HSC-10 software package is
based on the principle of minimum Gibbs energy
taking into account the activities of substances
(Equilibrium  Compositions  subprogram). The
minimum AG® is found using the Lagrange functions
and the Newton method of successive
approximations. The HSC-10 program database
contains information on the enthalpy of formation,
entropy, heat capacity, heats of phase and
modification transitions of 18 000 substances.
According to the program developers, it is very
difficult to obtain the absolute calculation error
value. Nevertheless, based on the fact that the
program database is constantly reviewed and
refined, the calculation functions of the HSC
software package are quite reliable, and the results
are adequate [20].

The influence of temperature from 500 to
1500°C and pressure from 0.001 to 0.1 bar on the
equilibrium degree of chlorination and chloride
sublimation of copper and the behavior of boron,
sodium and sulfur were determined.

Results and Discussion
Figure 2 shows the equilibrium distribution

degree (a, %) of copper, boron, sodium and sulfur at
a pressure of 0.1 bar.
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Figure 2 — Influence of temperature on the equilibrium degree of distribution of copper (a),
boron (b), sodium (c) and sulfur (d)

It is seen that the main products in the system
under consideration are CusClag), CusClsg), CuxClyg,
CUCl(g), CUClz, CUzS, CU, NazBeolo, NazB407, N32$O4,
SOz(g), NaCI(g).

At 500°C, most (84.2%) copper is chlorinated to
CuCl. At a temperature above 850°C, gaseous
CusClyg), CusClsg and CuyClyg begin to form. An
undesirable process is the formation of elemental
copper at a temperature above 700°C. The
formation of gaseous monochloride — CuCl occurs at
a temperature above 700°C. Moreover, this process
develops at a temperature above 1050°C.

A small part of copper (13.1%) at 500°C passes
from CuS to Cu.S, which disappears at 1050°C.
Initially, at 500°C, the main part of boron (70%) is in
Na;BsO10. Then the transition of boron to Na;BsO19
decreases, and in Na;B40y it increases (up to 73.5%

at 1050-1150°C). It should be noted that in the
system at a temperature of >1100°C the boron
transition degree to B,0Os increases significantly.
Most sulfur in the temperature range of 500-1500°C
passes from CusS to SO,.

At 500°C, the main part of sodium (46.6%)
passes from NaCl to Na;BsO10 and NaSOs (39.2%).
Sodium chloride does not react completely. 13.2% of
it did not react. Gaseous NaCl appears at a
temperature above 800°C. At 1200°C, this process
develops significantly.

The appearance of Cu,S in the system is
explained by the reaction:

2CuS + O, = Cu,S + SO, (7)

the AG° of which at 500°C is -291.7 kJ, and the
formation of Na,SO.is explained by the reaction:
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2CuS + 2NaCl + Oz = Na;S04 + 2CuCl + 250,, (8)
the AG® of which at 500°C is -787.2 kJ.

As can be seen from Figure 2, in the system
under consideration, copper chlorides form a
homologous series from CusClag) to CuClg). Figure 3
shows the thermal behavior of CusClsg. As the
temperature increases, CuiClsyg transforms into
CusClzg) (3CusClagy —> 4CusClyg), which then
decomposes into CuClig) (CusClsg = 3CuClg).
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Figure 3 — Thermal behavior of gaseous CusClag)

From the comparison of the behavior of
Na;B107, NaClig, B,0s, CusCls, CuCl, Cu, and oxygen,
it is seen that with an increase in temperature above
1050°C, the copper transition CusCl; decreases,
while it increases in CuClg and Cu. At that, the
sodium transition degree to Na;B40; decreases,
while it increases in NaClg. Figure 4 shows the
interaction between Na;B40; and CusCls) according
to the reaction:

Na;B407+2CusCl3g=4CuClg+2NaClg)+2B,03+2Cu+0,5024). (9)
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Figure 4 — Influence of temperature on the quantitative
distribution of substances in the Na2B4O7 — 2CusClzg)
system at a pressure of 0.1 bar

It is seen that at 1000°C the interaction between
Na;B40; and CusClsg occurs with the formation of
copper, CuClg), B,03 and oxygen. The possibility of
copper formation from its chloride in the presence
of Na;B;O; has not been described by anyone
before. It was found by the article authors for the
first time.

The obtained equilibrium values of the
distribution of elements in the CuS-NaCl-B;0s-0O;
system allow to show the most probable step-by-
step picture of the interaction using chemical
equations.

At 500°C: 2B,0; + 2CuS + 2NaCl + 2,505 =
0.58B,05 + 0.01Na;B407 + 0.47NaBs010 + 0.13Cu,S +
0.01CusCls(g) + 0.01CUsClag + 1.68CuCl + 0.39Na;S04
+0.26NaCl + 1.48505) (10)

At 750°C: 10™ reaction products = 0.39B,0;3 +
0.10Na,B407 + 0.47Na286010 + 0.07Cu + 0.09Cu,S +
0.18CusCls(g) + 0.10Cu4Cla(g) + 0.80CuCl + 0.30Na;S04
+0.25NaCl + 1.61503 (11)

At 1050°C: 11* reaction products = 0.35B,0; +
O.74NazB4O7 + 0.06Na286010 +0.21Cu + 0.01CU2C|2(g)
+ 0.48CU3C|3(g) + 0.07CU4C|4(g) + 0.05CuCl; +
0.10Na,504 + 0.21NaClig + 1.90502) (12)

At 1300°C: 12 reaction products = 0.58B,03 +
O.70NazB4O7 + 0.0lNang,Olo + 0.55Cu + 0.04CU2C|2(g)
+ O.27CU3C|3(g) + 0.01CU4C|4(g) + 0.51CuCl; +
O.OlCUC|2(g) + 0.02NayS04 + 0.54NaCI(g) + 0.1202(3) +
1.98S0;( (23)

A rather complex relationship is observed
between the total extraction of copper into the gas
phase (in the form of 3 chlorides) — aCuas) and
temperature. From Figure 5 it is seen that the curve
aCu(gas) = f(T) has a minimum, which is associated
with the maximum formation of elemental copper.
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Figure 5 — Influence of temperature on the copper
extraction degree into gaseous chlorides (1) and the
degree of formation of elemental copper (2) at 0.1 bar
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According to the Le Chatelier’s principle, the
equilibrium of reactions which products are gaseous
substances can be shifted to the right by reducing
the pressure in the system. Figure 6 shows the
influence of pressure on the copper extraction
degree into gaseous chlorides — aCugas).
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Figure 6 — Influence of temperature and pressure
on the copper extraction into the gas phase
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Figure 7 — Influence of temperature and pressure
on the elemental copper formation degree

From Figure 6 it is seen that the maximum
degree of copper chloride sublimation (89.6-90%)
decreases from 1050 to 850°C with a decrease in
pressure from 0.1 to 0.01 bar in accordance with the
equation:

Trmax = 55.302 — 10.241eIgP — 37.677 P (14)

A decrease in pressure from 0.1 to 0.01 bar shifts
the maximum (15-17%) formation of elemental
copper to the low-temperature zone from 850 to
600°C (Fig. 7). It is seen that the observed maxima of
copper chloride sublimation are associated with the

minimum of elemental copper formation in these
temperature zones.

At temperatures above 1000°C, a decrease in
pressure increases the elemental copper formation
degree. Thus, at 1200°C, a decrease in pressure from
0.1 to 0.001 bar leads to an increase in elemental
copper formation from 14.5% to 49.5% in
accordance with the equation:

Ocute) = 51.812 — 2.3874¢IgP — 4.9051IgP? (15)
Conclusions

Based on the obtained results on the interaction
under equilibrium conditions in the CuS-NaCl-B,0s-
0, system, the following conclusions can be drawn:

- the reactivity of NaCl with respect to CuS can
be increased from a thermodynamic point of view if
the reaction is carried out in the presence of B,0s;
with the formation of sodium borates;

- at relatively low temperatures of 500-800°C,
the reaction product is condensed CuCl and
NazBsO10;

- chloride-containing products in the system are
gaseous CusCls(g), CuaClag), CusClsg), CuaClyg, CuClyg),
Cuig and condensed Cu,S, CuCl, Cu; boron, sodium,
sulfur are present in the form of Na;B407, Na;BsO1o,
NaCI(g), Na,S0O4, SO,, B,0s3;

- the temperature of the maximum degree of
copper chloride sublimation at the level of 89.6-
90.0% (in the form of 3 copper chlorides) depends
on the pressure, decreasing from 1050°C to 950°C
with a decrease in pressure from 0.1 to 0.001 bar in
accordance with equation: Tmax=55,302—
10,2411gP—37,677¢P; it is not possible to increase
the degree of copper chloride sublimation from CuS
due to the fact that sodium borate — Na;B405 is not
inert with respect to gaseous copper chlorides;
when they interact (for example with CusCls),
elemental copper and gaseous NaCl are formed.
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Bbop (lll) okcmnaiHiH, KaTbicybimeH mbic (I1) cynbduainiH, HaTpuit xnopuaimeH
dpeKeTTecyiH KoMmnbloTepnik mogenbaey

'llesko B.M., *'Tynees M.A., ?Aiitkynos A.K.

1 M. 3ye3zoe ameiHOarsl OHmMycmik Kazakcmat yHusepcumemi, LLbimkeHm, KazakcmaH
2 KazakcmaH Pecriyb6aukaceiHbiH, MuHepandblk wukizammel keweHOi Kalima eHoey xeHiHoeai yammeblk opmansifel, Anmamsl, Kazakcma

TYAIHAEME

Kapa meTannyprusHblH, WKKIi3aT 6a3acbiH KeHenTy 6enrini 6ip Asperkene mMblC-MarHeTUT KeHaepiH
MbIC any apKblibl KelweHai eHAeyAiH TUIMA TeXHONOrUACbIH Kypyfa GainaHbicTbl. MaKanaga
HaTpuit xnopuai meH 60op (I11) okenaiH KongaHa oTbipbIn, CyNbdUA-MarHeTUT KeHaepiHae 6onaTtbiH
Maxana kengi: 14 Kaymap 2025 CuS-TeH MbICTbl X/I0pNay 3epTTeyniepiHiH, HaTuKenepi KentipinreH. 3eptreynep 500-1500°c
CapanTamagaH etTi: 24 Kaymap 2025 TEMNEPaATypanblK UHTEPBANAA XaHe MTMB66C MUHMMaNabl SHePrua NpuHLMNiHe HerisgenreH HSC-
KabbinaaHapl: 29 kaHmap 2025 10 6araapnamanbik KeweHiH KongaHa oTblpbin, TEPMOSUHAMUKAbIK Moaenbaey agicimeH 0,1-
0,001 6ap Kbicbimaa Kyprisingi. CuS-NaCl-B,0s3-O: yMeciHAeri e3apa 9peKeTTecy MbIC
xnopuarepiHin, (CuaCla, CusCls, CuzClz, CuCl), HaTpuit 6opaTTapbiHbib, (Na2B4Os, Na2BsO10), Na2SOas,
SOz Ty3iNyiMmeH XKypeTiHi aHbIKTanabl. a3 Tapisgec xsopuarepre MbICTbl SKCTPAKUMANAYAbIH,
Makcumangabl (89-90%) paperkeciHiH, TemnepaTypacbl KbicbiMHbIH, 0,1-a4eH 0,001 6apfa geiin
TemeHgereHge 1050-geH 850°C-ka aeiiH  TemeHgenai. MbICTbl  XnopuaneH aaaraHpa
(Bo3sroHka) CusCls Na:BsOs-meH apekretTeckeHAe Mbic neH NaCl rasbiHbIH, TysinyimeH 6ipre
JKYPETiHi aHbIKTanabl.

TyiliH ce3aep: XaNbKOMUPUT-MArHeTUTi KeHi, TEpMOAMHAMMKaNbIK MoAenbaey, TeMnepaTtypa,
KbICbIM, X/10p/bl @aiiAay, MbiC.
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KomnbloTepHoe mogenuposaHue B3aumopgencteua cynbpuga meam (ll) c
X1I0pMA0M HaTpuA B NpucyTBum okcuaa 6opa (lil)

!lllesko B.M., *'Tynees M.A., 2Aiitkynos [.K.

LHOmcHo-KazaxcmaHckuli yHusepcumem um. M.Aya3zo8a, LLibimkeHm, KazaxcmaH
2HayuoHanbHbIl yeHmp o KomraekcHol nepepabomke MuHepasnbHo2o cbipba Pecrybauku Kazaxcmas, Aamamel, KazaxcmaH

AHHOTAUUA
PacwupeHve cbipbeBoii 6a3bl YepHOIM MeTanNyprum B HEKOTOPOU CTENEHU 3aBUCUT OT CO3AaHUA
3bPEeKTUBHOW  TEXHONOTUM  KOMMAEKCHOM nepepaboTKU  MeAHO-MarHeTUTOBbIX  pysd ¢

n3BseYeHMEeM Meau. B cTaTbe NpUBOAATCA pe3ynbTaTbl UCCAEA0BAHUIA XNOPUPOBAHUA Mean U3
MNoctynuna: 14 aHeaps 2025

PeueH3nposaHue: 24 aHeapa 2025
MpuHATa B neyats: 29 AHsapa 2025 okcuga 6opa (lll). UccnepoBaHua nposogunn B TemnepaTypHom uHTepsane 500-1500°C u

pasneHun 0,1-0,001 6ap meTogomM TEPMOAMHAMUYECKOrO MOAENNPOBAHMA C UCNONb30BaHMEM

CusS, NpucyTCTBYIOLLEro B CYybGUAHO-MArHeTUTOBbIX PYAax C UCMOAb30BaHUEM X10pPUAA HATPHA U

nporpammHoro komnnekca HSC-10, OCHOBaHHOrO Ha NPUHLMNE MUHUMYMa 3Heprun TmMbbca.
HalpgeHo, yto B3aumopeiicteue B cucteme CuS-NaCl-B,0s3-O2 npoucxogut ¢ obpasoBaHuem
xnopugos meamn (CusCls, CusCls, CuxClz, CuCl), 6opatoe Hatpua (NazBsOs, Na:BeO10), NazSOa,
SO). TemnepaTypa makcumanbHoW (89-90%) cTeneHn w3BneyeHMs meau B razoobpasHble
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xnopuabl ymeHbwaetcs ot 1050 o 850°C npu cHuxkeHun gasnexmsa ot 0,1 ao 0,001 6ap. HanaeHo,
4YTO X/IOPMAOBO3rOHKA MeAW COMpoBONXAAeTcA 0OpasoBaHWEM 31EMEHTHOW Mean U
raszoobpasHoro NaCl npu Bzaumogeictaun CusCls ¢ Naz2B4Os.

Knroyeebie €108a: XanbKONMPUT-MArHeTUTOBas pyAa, TePMOSMHAMUYECKOE MOLENNPOBAHUE,
Temneparypa, 4asB/JeHune, XJI0PMA0BO3roHKa, Mefb.
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