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Abstract: The process of fire refining of copper is based on the removal of impurities that have a high affinity for oxygen through their oxidation
by gaseous oxygen. Since the main component of blister copper is copper itself, according to the law of mass action and its affinity for oxygen,
during air blowing the metal primarily reacts with the oxygen in the blast. The resulting copper (I) oxide is transported from the zone of direct
contact with gaseous oxygen into the region of lower oxygen concentration, where the oxidation of impurities (Me;) occurs. In practice, the
actual copper melt deviates from ideal behavior; therefore, it is necessary to consider the activities of the components and the interaction
parameters of the system when evaluating the thermodynamic premises of fire refining. It is known that the oxygen activity in copper melts
depends on the oxygen affinity of the impurities. Impurities with a high affinity for oxygen (e.g., Al, Si, Mn) significantly reduce the oxygen
activity, whereas those with a lower affinity (e.g., Zn, Fe, Sn, Co, Pb) only partially decrease it. Thermodynamic calculations were performed
to estimate the final concentration of impurities in the copper melt and to theoretically evaluate the influence of impurities on oxygen activity
in blister and anode copper. The calculations showed that fire refining of copper by air blowing under a weighted ideal slag has thermodynamic
limitations. The final impurity concentration depends on both the oxygen activity in the melt and the activity of the impurity oxide in the
slag. A decrease in the impurity oxide activity in the slag enhances refining efficiency by shifting the oxidation reaction equilibrium toward
the reaction products. The theoretical effect of impurities on the oxygen activity in copper is substantiated for two melts differing in chemical
compositin.
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Annotauus: B ocHoBe orHeBoro paMHUPOBAHMSI MEIU JIEXKUT MPOLECC yAaJeHUs TpuMeceii, 00J1a1aoIInX MOBBIIIEHHBIM CPOICTBOM
K KHCJIOPOMY, 3a CYET UX OKUCJICHUS KUCIOPOAOM ra3oBoit ¢asbl. [10CKOIbKY OCHOBHBIM KOMIIOHEHTOM YePHOBOW MeIU SIBISIETCS
MeJib, TO, COIJIACHO 3aKOHY NeMCTBYIOIIMX MAcC U CPOACTBA K KUCIOPOY, IPU MPOIYBKE pacijaBa BO31yXOM OHA MPEUMYIIECTBEHHO
BCTyMaeT BO B3aUMOJECTBUE C KMCIOpoaAoM 1yThsl. O6pa3oBaBiuiuniicst okena menu (1) B pesyibraTe nepeMeinBaHusi MOTOKaMU BO3-
JyXa MepeMeliaeTcsl U3 30Hbl HEIMOCPEICTBEHHOI0 KOHTAaKTa € Ta3000pa3HbIM KUCIOPOJOM B 30HY HU3KUX KOHIIEHTPALIMil KUCIOPO-
1a, B KOTOPOH ocylllecTBsIeTCd MPOTEKaHUe peaKLiuy okuciaeHus npumeceit (Me;) [1]. Ha npakTuke peanbHblii pacrias MeAu OTIN-
YaeTCsT OT UIeaTbHOT0, TOATOMY JIISI OLIEHKH TePMOIAMHAMUYECKUX MPEIMOCHIIOK OTHEBOTO pahUHUPOBAHUST MEIH 11eJIeCO00pa3HO
YYUTHIBATH AKTUBHOCTH KOMITOHEHTOB U IMapaMeTpbl B3aUMOIEUCTBUS CUCTeMBbl. MI3BeCTHO, YTO aKTUBHOCTH KMCIOPOAAa B METHBIX
pacriaBax 3aBUCHT OT CPOJCTBA IpuMeceil K Kuciaopony. [Ipumecu, obranamonire BBICOKUM CPOICTBOM K KMCIOpoay (Hampumep, Al,
Si, Mn), TOCTaTOYHO XOPOIIO CHUXKAIOT aKTUBHOCTH Kucjopona. [Ipumecn, obmamaronine MEHBIIUM CPOJACTBOM K KUCIOpony (Ha-
npumep, Zn, Fe, Sn, Co, Pb), 4aCTUYHO CHUXKAIOT €ro aKTUBHOCTb. JLJIsT OLIEHKN TEPMOJIMHAMUYECKOW BO3MOXKHOCTH OKUCJICHU S
npumeceit (Me;) B paciiaBe Meny, C y4eTOM MapaMeTPOB B3aUMOACHCTBUS pacIaBa, IPOBEICHBI PACUCThl KOHEYHON KOHILIEHTpa-
MU PUMeceil B paciljiaBe MeIU M TeOPETUYECKasi OIICHKA BIMSHUS MMPUMeceil Ha aKTUBHOCTH KUCIOPO/Ia B paciljiaBe YepHOBO U
aHOMHONW Meau. PacueTsl mokasaau, 4TO BO3MOXHOCTH OTHEBOTO padMHUPOBAHUSI MEAU MYTEM MPOAYBKHU paciijiaBa BO3IYXOM MOJ
CpPeIHEB3BEIIEHHBIM HAeadbHbIM IJTAKOM UMEET TePMOAMHAMUYECKE OTPAHUYCHU ST, TPU DTOM KOHEYHAsI KOHLEHTpaL s TPUMecHu
3aBHCHUT OT aKTMBHOCTH KUCJIOPO/Ja B paciljiaBe U OT aKTUBHOCTHU OKcHIa mpuMecH B mjaake. C yMeHbIIEHUEM aKTUBHOCTH OKCH[A
MpUMeECH B 1IJIaKe yayuuiaeTcs: pabuHUpOBaHME 3a CUET CABMIa PAaBHOBECHUS peaklMU OKUCIEHU S MPUMECH B CTOPOHY NPOAYKTOB
B3auMoneicTBusi. TeopeTnueckn 060CHOBAHO BIUSIHUE TPUMeceil Ha aKTUBHOCTb KUCIOPOia B MEIH LTS ABYX PA3IMUHBIX 1O XUMH-
YeCKOMY COCTaBY PaclljiaBoB.

KioueBbie cjioBa: OKMCIIEHUE, YePHOBASI Mellb, aHOIHAS Me[b, aKTUBHOCTH KUCJIOPOJa, KOI(DGDUIIUEHT aKTUBHOCTH, CPETHEB3BEIIICHHBI A
UIeabHbBII IJTaK.
Jng uurupoBanus: Xonon C.U., Kykos B.I1., MamsiuenkoB C.B., Poraues B.B. TepmoarHaMmuyeckue mpeanochblIKK OTHEBOTO papuHU-

pOBaHMSI YePHOBOM Me/IM C YYETOM apaMeTPOB B3aUMOJECTBY I pacriiaBa. Mzeecmus 8y3o6. Lleemnas memannypeus. 2025;31(4):30—36.
https://doi.org/10.17073/0021-3438-2025-4-30-36

Introduction

gen content during the oxidation stage is between 0.4—
0.8 %, which ensures the transfer of copper (1) oxide

The fire refining technology of copper is based on
the partial oxidation of the melt with free oxygen from

the gas phase and the formation of oxides of impurities
(Me,O,) that are only partially soluble in liquid copper.
These oxides, due to their lower density, form a slag layer
on the surface of the melt. The oxidation reactions of
copper and impurities occur in a system consisting of a
liquid phase of impurity solution, condensed oxide phas-
es, and the gas phase of volatile compounds. The oxy-

(Cu,0) into the liquid copper and facilitates the oxida-
tion of impurities (Me;). The actual copper melt deviates
from the ideal, and thus it is appropriate to consider the
thermodynamic aspects of the process, including the ac-
tivities of the components and the system’s interaction
parameters, when evaluating the potential technological
possibilities of fire refining.
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Problem statement

It is known that fire refining of copper is carried out
by blowing the melt with air at temperatures ranging
from 1150 to 1170 °C. According to the law of mass ac-
tion, due to the high concentration of copper in the melt,
the oxidation reaction of copper predominates:

4[Cu] + {05} = 2(Cu,0). (1)

The formed copper (I) oxide moves from the zone
of direct contact with gaseous oxygen into the depth of
the melt, where the oxygen concentration is low, and the
direction of reaction (1) changes to the opposite, with
Cu,0 dissolving in the copper melt, thereby increasing
the oxygen concentration:

(Cuy0) = 2[Cu] + [O], 2

This facilitates the direct oxidation of impurities with
dissolved oxygen:

[Me] + [0] = (MeO). Q)

Additionally, Cu,O acts as a condensed oxidant for
impurities according to the reaction:

[Me] + (Cu,0) = (MeO) + 2[Cu]. )

According to the Cu—Cu,O phase diagram, the so-
lubility of Cu,O in copper increases with temperature.
At temperatures above 1200 °C, copper (I) oxide tran-
sitions into the slag, while copper (II) oxide (CuQO) does
not form due to the dissociation pressure exceeding the
partial oxygen pressure in the air.

Thus, the primary condition for fire refining of cop-
per is maintaining the oxygen concentration in copper
higher than the equilibrium concentration for impurity
oxidation reactions [2—18].

It is known that the potential for oxidation and re-
moval of impurities under primary slag is determined by
the Gibbs free energy of the oxidation reactions [1]. The
reduction of the Gibbs free energy for the main oxida-
tion reactions of impurities indicates the degree to which
their affinity for oxygen changes, their ability to oxidize,
and their removal from the melt.

To prevent over-oxidation of copper and its conver-
sion into copper (I) oxide in the slag, it is necessary to
limit the oxygen saturation of the copper melt to 12 %
CU20.

Assuming that the metallic and oxide phases in re-
action (3) are in equilibrium, the following expression
holds for each impurity present in these phases:

x[Me] + y[O] = (Me,0,). )

Considering the deviation of the properties of the real
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copper solution from the ideal, the equilibrium constant
for reaction (5) is determined by the formula:

N (Me,0,)Y (Me,0,)

[Mel* [0 yipvs

4(Me,0,)
Kye= ——" = (6)

(S

X y
4ime) %07

where Ny, 0,) is the molar fraction of the impurity
oxide in the slag, [Me]* and [O]” represent the molar
fractions of the impurity and oxygen in the melt, respec-
tively; Y(Me,0,) is the activity coefficient for the impurity
in the slag; Y. and Y’y are the activity coefficients for
the impurity and oxygen in the melt.

Based on the reduction of the Gibbs free energy for
the main oxidation reactions of the impurities and its re-
lationship with the equilibrium constant

AG® = —RTnKy,, (7)

the final concentration of the impurity in the copper
melt (mole fraction) can be estimated by converting
equation (6) as follows [3]:

N Y
(Me,0,) 1 (Me,O,)
[Me]" = — ; : @®)
KMe[O] T™me Yo

It is known that the oxygen activity in copper melts
depends on the impurity’s affinity for oxygen. Impurities
with a high affinity for oxygen (e.g., Al, Si, Mn) signifi-
cantly reduce the oxygen activity, while impurities with
a lower affinity (e.g., Zn, Fe, Sn, Co, Pb) only partially
reduce it.

Copper melt with low impurity concentrations is
considered diluted. In this case, a 1 % ideal diluted solu-
tion of the i-th impurity in copper is assumed to be the
standard state. The oxygen activity in the copper melt
with n impurities is described by the following expres-
sion:

n .
lg(arop) = le[% O1+ Ve /], ©)
j=
where e/ [0] is the interaction parameter between oxygen
and the j-th impurity of the first order.

The objective of this work is to evaluate the thermo-
dynamic feasibility of oxidizing impurities (Me;) in cop-
per melt, considering the interaction parameters of the
melt, and to theoretically assess the impact of impurities
on the oxygen activity in the copper melt.

Methodology

To evaluate the thermodynamic feasibility of oxi-
dizing impurities (Me;) in copper melt, considering the
interaction parameters of the melt, calculations were
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performed to estimate the final impurity concentration
in copper at a temperature of 1150 °C, characteristic for
the oxidation stage of refining. The following steps were
taken:

The real weighted composition of blister copper was
used as input data (wt. %):

CU.iiiiiiiiiiis 98.86 S 0.16
Ag i 0.076 Pb..coii 0.0658
Sbuiiiiiiiieeee, 0.147 2N, 0.041
AS.coiiiiiiciies 0.128 SN, 0.058
Niiiiiiiiiii, 0.2 Fe.viiiiiiis 0.047
Bi.iii 0.0012

It is known from the practice of fire refining that the
oxygen concentration in the melt is maintained at an
elevated level due to continuous blowing of air into the
melt, which fluctuates between 0.4 and 0.8 wt. %.

At the initial stage of oxidation, a substantial amount
of oxygen is introduced into the melt, so an average oxy-
gen concentration of 0.6 wt. % was assumed.

The oxidation process of impurities is determined by
their affinity for oxygen; therefore, the composition of
the slag phase changes during smelting proportionally
to the oxidation rate of the i-th impurity. Accordingly,
to evaluate the thermodynamic feasibility of impurity
oxidation, a weighted ideal slag composition was se-
lected, wt. %: ~70 Cu,0, 29 SiO,, ~1 MexOy, under the
assumption that the activity of the impurity oxide in the
slag equals its molar fraction:

ame,0, = Nve,0, (10)

The equilibrium constant and Gibbs free energy
for the oxidation reaction of the i-th impurity (5) were
calculated using the thermodynamic software package
HSC Chemistry 9.

To determine the final impurity concentration
from equation (8), the molar fraction of the i-th impu-
rity oxide was calculated based on the condition of the
weighted ideal slag composition.

Since the activity coefficient of the i-th impurity is
affected by all components of the melt, the activity co-
efficients of the impurity and oxygen in the melt were
calculated using the following formulas [19—25]:

n
© M j
InYpe =10V vae) + Nimier€ e + 2 V1€ {mep - (1D
j=1
n
o .
Inyg; = lnyfg] + Nioj€ (07 + ZIN[O]S[]O], (12)
J=

where Y vep» Y7o) are the activity coefficients of the im-
purity and oxygen in an infinitely dilute copper solution;

sfffe], S{MC], 8([)0], sin] are the interaction parameters
between identical and dissimilar components of the
melt.

The interaction parameters of the i-th impurity
and oxygen (a([)Me] and s%ﬁ) in the temperature range
1100—1200 °C for the Cu—Me;,—O system are given
below [1]:

AL o —0.2 Pbocoiiiiiiiene —6.15
Sboeieieiiee —1.3962 ZN i —2.52
ASiiiiieeee 33 SN —0.35
Nieeoroerieriene —5.9625 Fe.oroeiis —239.92
Bioooiriiiiie —2.408 (O TR =17
S —0.081

At t = 1150 °C, the maximum oxygen solubility in
liquid copper is 3.01 at. % (0.79 wt. %):

9260
t

12[%0] 0 = +7.15. (13)

max

To calculate the final impurity concentration, the
chemical compositions of blister copper (see data
above) and the ideal slag were expressed in molar frac-
tions. The activity coefficients of the components were
calculated using equations (11) and (12). Based on these
assumptions, and using equation (8), the following fi-
nal impurity concentrations were obtained (converted
to wt. %):

Sb.iiiiiiiieiee 0.08 Pbooiii 0.09
AS i, 0.27 Zn ., 0.0009
Nicoiiiis 0.11 Sncii 0.0087
Bi. 0.0043 Feoovviiii, 0.0068

The calculated results were compared with practical
data for anode copper, which has the following chemical
composition (wt. %):

] N 0.14 Pbo.oiiiii 0.13
AS i 0.11 V4 | R 0.003
Niciiii 0.17 ) | DO 0.0052
Bi.ii 0.0011 Feoovviii 0.0012

To theoretically evaluate the influence of impurities
on the oxygen activity in the melt, data on the chemical
composition of blister and anode copper, as well as the
assumptions used in the thermodynamic assessment of
impurity oxidation (Me;), were applied. The evaluation
of impurity influence was carried out in the following
sequence:
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The molar interaction parameters (see above) were re-
calculated to mass-based parameters using the equation:

. A . A, -4
eij :L 1 rMe Slj + ri rMe , (14)
100 In10 | 4, A

ri

where A, is the atomic mass of copper (g/mol); 4,; is
the atomic mass of the i-th impurity (g/mol); Sij is the
molar interaction parameter.

Mass-based interaction parameters in the Cu—
Me,;—O system:

Ag . 0,00125 S —0,226
Sbucciiiiin 0,000083 Pb..ccooinis —0,00544
AS.ooiiiiii 0,0129 Zn ., —0,01
Nicoooiiiiinnn —0,0257 ) | SRR —0,001162
Bi. 0,000075 Feovviii —0,58

An average oxygen concentration in the melt of
0.6 wt. % was assumed.

Using expression (9), the oxygen activity in the cop-
per melt was calculated. For blister copper, the oxygen
activity was ajg; = 0.515 %, and for anode copper —
ajo; = 0.59 %.

Results

The calculation results, ordered by the impurity va-
lues, show good convergence with the practice of fire re-
fining of copper. The residual concentration of impuri-
ties in copper decreases with an increase in their affinity
for oxygen, a reduction in the impurity oxide activity in
the slag, and an increase in the oxygen activity in the
copper melt. The calculations of the residual concentra-
tion of impurities such as As, Sb, Pb, and Ni showed va-
lues that differed from the practical data of anode cop-
per. This discrepancy is explained by the following: first,
the oxidation of copper during refining does not reach
the saturation limits, so the copper oxide activity in the
slag is not equal to I; second, the activity of impurities
in the slag is much lower than that of the pure impurity
in the melt; finally, impurity solutions in metals are not
ideal. Overall, the calculations indicate that the maxi-
mum impurity content in copper melt depends on the
refining temperature, the oxygen saturation of the melt,
and the slag phase composition.

The calculation of oxygen activity in copper for two
melts with different chemical compositions revealed a
significant difference in the extent to which impurity
concentrations affect it. Overall, impurities reduced the
oxygen activity in the blister copper melt by 14.2 %. This
indicates that, at such impurity concentrations, they do
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not have a major impact on the physicochemical proper-
ties of the melt; however, they do considerably decrease
the activity of dissolved oxygen. In anode copper, the re-
duction in oxygen activity was 1.6 %.

Analysis of the chemical compositions of blister and
anode copper presented above shows that impurities
with a higher affinity for oxygen exert a greater influ-
ence on oxygen activity. Theoretical calculations of the
effect of impurities on oxygen concentration in copper
melt should be taken into account at the stage of impu-
rity oxidation, particularly at its initial stage, in order to
optimize the air-blowing rate.

Conclusion

Considering the activity coefficients of impurities and
the selected weighted ideal slag composition, the ther-
modynamic possibilities of oxidizing impurities (Me;) in
copper melt were assessed by calculating the final impu-
rity concentrations at a temperature of 1150°C, charac-
teristic for the oxidation stage of refining. It was shown
that fire refining of copper by blowing the melt with air
under a weighted ideal slag has thermodynamic limita-
tions, with the final impurity concentration depending
on the oxygen activity in the melt and the impurity oxide
activity in the slag. As the impurity oxide activity in the
slag decreases, the refining process improves due to the
shift in the equilibrium of the oxidation reaction towards
the interaction products.

The theoretical assessment of the impact of impuri-
ties on the oxygen activity in copper for two melts with
different chemical compositions was also justified.
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