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Abstract 
The effect of oxygen on interfacial phenomena between slag and copper melt was investigated at 1400 °C. The removal of 
impurities (iron and silicon) in the copper melt during oxygen blowing was confirmed. Also, it was revealed that composi-
tion change of the slag occurs due to the oxygen potential in the slag depending on the oxygen injection method. In addition, 
over-blowing of oxygen after removing impurities is a factor that significantly changes the surface tension of molten copper 
and slag. Over blown oxygen increases the instability of the interface by reducing interfacial tension between slag and liquid 
copper. Due to lowered interfacial tension and increased instability, copper droplets can be mixed into slag phase which 
induces copper loss. Oxygen blowing and/or bubbling is involved in chemical and weak physical reactions in the gas-slag-
metal multiphase system, which should be carefully controlled because it is significant factor affecting the recovery rate of 
the metal.
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Graphical Abstract
Overall reactions and slag/metal interfacial phenomena in impurity removal regime and over-blowing regime for (a) bottom 
blowing and (b) top blowing conditions.
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Introduction

Traditionally, various pyrometallurgical refining processes 
of scrap or ore using reactions between the gas, slag, and 
metal have been developed to produce target metals with 
a desirable composition. In addition, several special treat-
ment procedures are also used to produce high grade 
ingots. For instance, in the high-grade copper produc-
tion, in order to manufacture the electrolytic copper, an 
electro-refining process is performed after converting and 
slag cleaning, followed by the fire refining process [1, 2]. 
However, some critical impurities may not be removed in 
the converting process. In particular, iron adversely affects 
the cathode and acts as a factor in deteriorating the quality 

of the electrolyte solution [3]. Therefore, it is necessary to 
thoroughly remove such impurities in the converting pro-
cess to result in an economical yield. The relevant issues 
must be taken into account both in the primary smelting 
and converting processes using the copper concentrates 
and in the smelting process of secondary sources such as 
e-waste and/or black copper scrap. To achieve this goal, 
as mentioned above, the oxidative impurities are removed 
through the oxygen blowing at high temperatures.

After most of the removal process is complete, residual 
oxygen also reacts with the liquid metal. A physicochemi-
cal effect of gas on liquid metals has been reported by 
several researchers under various conditions [4–9]. It is 
widely known that the release of droplets into the slag layer 
has the effect of improving heat and mass transfer in the 
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gas-slag-metal multiphase reactions. However, if metal drop-
lets are excessively entrapped in slag, it needs to be prop-
erly treated to recover metals such as slag cleaning process. 
However, this process also consumes energy and operation 
time, it is necessary to properly control the formation of 
metal droplets and this control is possible through quantita-
tive understanding of the mechanism for droplet formation 
in the gas blowing system.

The mechanism of droplet formation by gas blowing has 
been previously summarized in detail [5]. Gas blowing cre-
ates an impingement zone at the slag/metal interface where 
droplets form intensively. It has been found that droplets 
are intensively released and circulated by turbulence in this 
zone. From the viewpoint of the physical effect of bottom 
bubbling, it was revealed that rising gas bubbles can induce 
metal droplet entrapment in slag [5–8]. Depending on the 
size of the metal droplets, the formation mechanism changes 
somewhat but what has been commonly found is that metal 
entrapment occurs due to splashing by gas injection and tur-
bulence at the impingement zone. In addition, it was found 
that the droplet number distribution by gas injection changes 
around the impingement zone [6].

Many researchers have revealed that top blowing and bot-
tom bubbling of gas physically causes metal entrapment. 
However, studies on gas impingement at the slag/metal inter-
face have mainly been conducted using inert gases, so it is 
ambiguous to represent the process involving the chemical 
effect of oxygen used in the converting process, which is 
complexly involved with the physical effect including agi-
tation of the melt. In the case of oxygen, which chemically 
reacts with metal, it may bring other phenomena combined 
with physical effects including metal entrapment and droplet 
formation.

Several studies on the effect of oxygen adsorption on liq-
uid metal have been carried out in various systems. The rep-
resentative effect of oxygen on liquid metal is the change of 
surface tension. It is well known by the Langmuir isotherm 
model that the surface tension of liquid metal changes based 
on the oxygen potential. In studies by Belton [10], and Gal-
lois and Lupis [11], the effect of the adsorption of oxygen 
on the surface tension of liquid metal is well explained. The 
oxygen saturated area can be changed by controlling the 
oxygen potential in the experimental atmosphere [12, 13].

Also, it was found that the surface tension can be effec-
tively reduced at high temperatures over a wide oxygen 
partial pressure range in the case of liquid copper [14]. In 
the case where the oxygen partial pressure was sufficiently 
low, temperature is a dominant variable on the surface 
tension of liquid copper [15]. This tendency is reversed 
when the oxygen partial pressure is sufficiently high. In 
other words, in a condition where oxygen is continuously 
injected, oxygen seems to have a dominant effect on the 
surface tension of liquid metal. If the surface tension of the 

molten metal changes due to these factors, it is expected 
that the formation behavior of droplets protruding from the 
surface of the molten metal will also change.

When oxygen reacts with metal surface, the effective 
amount of oxygen that is substantially adsorbed onto the 
surface to lower the surface tension should be less than the 
solubility under the given conditions. In this regard, the 
oxygen solubility of liquid copper was determined under 
various conditions. It was reported that the oxygen solu-
bility is about 10,000 ppm or more [16, 17]. Therefore, it 
can be assumed that only within this range, oxygen can be 
adsorbed on the surface of pure liquid copper and effec-
tively affect the surface tension.

In the condition where the surface tension of the melt 
changes due to oxygen, the slag/metal interface appears to 
be unstable. As suggested by Good [18], interfacial tension 
occurs between the two immiscible liquids. The related 
phenomena of the interface are the Kelvin–Helmholtz 
instability and Marangoni flow [19]. Interfacial instabil-
ity due to change of interfacial tension between slag and 
liquid metal can induce droplets by oscillation dampening 
at the interface. When this oscillation by specific momen-
tum occurs at the slag/metal interface, it can form a wavy 
shaped interface and tearing tip [20]. When this phenom-
enon occurs, surface reactants such as oxygen are expected 
to have a great influence.

Clearly, it seems that the slag/metal interface state is 
related to droplet formation phenomena. Representatively, 
Cramb et al. [21, 22] also suggested that the ejection of 
metal droplets into slag is induced by spontaneous emul-
sification, which is a result of the instability of the phase 
interface of the two liquids resulting from the difference 
of the fluid flow velocities between liquid iron and slag. 
Another researcher proposed that the surface state also 
appears to have a great influence on droplet behavior in 
slag [23]. It was found that the formation and distribu-
tion behavior such as flotation or spreading of droplets 
is greatly influenced by the interfacial tension between 
the slag and metal. In other words, the difference of the 
flow velocities between fluids in the horizontal and normal 
direction of the system can cause droplets to be generated.

Despite numerous papers published about surface 
tension as well as the droplet formation mechanism and 
behavior, there is little data of the quantitative relation-
ship between droplet formation and surface tension and/
or oxygen potential available for the situation where the 
surface state of the melt continuously changes as oxygen is 
steadily injected, which causes the physical and chemical 
gas-slag-metal complex reactions. In establishing a quanti-
tative relationship between the surface tension and droplet 
entrapment in slag, there have been partial considerations 
of the droplet and surface tension [9], even though this 
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seems to have caused errors in the analysis because of 
some measurement limitations.

The present research investigates the effect of the interfa-
cial state on emulsification phenomenon that can occur when 
oxygen is over-injected through the process of removing 
impurities in crude copper melt and changes of the accom-
panying physicochemical phenomena. Through this study, 
the understanding of complex phenomena due to the physi-
cal and chemical effects of gas injection in gas-slag-metal 
reactions can be improved. In addition, it will be helpful 
to provide the insight to solve the problems related to the 
productivity in the recycling process of secondary copper 
scrap (i.e., black copper) as well as in the primary copper 
smelting process.

Experimental Procedure

Five experiments were carried out using a high frequency 
induction furnace for 60 min except for the “No Slag” condi-
tion performed only for 30 min, as schematically shown in 
Fig. 1a with additional attached equipment. Metal and slag 
were initially put in a fused magnesia crucible (OD: Outer 
Diameter, ID: Inner Diameter, and HT: Height, ɸOD: 60 mm, 
ɸID: 50 mm, HT: 120 mm) with a graphite heater (ɸOD: 
80 mm, ɸID: 65 mm, HT: 120 mm) for efficient heating. The 
magnesia crucible was surrounded by a commercial purity 
alumina insulation board (ɸOD: 104 mm, ɸID: 87 mm, HT: 
180 mm). The oxygen blowing method is shown in Fig. 1b. 
In the case of top blowing, oxygen was blown from the slag 
surface and for bottom blowing, an alumina lance (ɸOD: 
10 mm, ɸID: 5 mm) was used to inject oxygen 5 mm from 
the bottom of the vessel.

A quartz reaction chamber (ɸOD: 120 mm, ɸID: 114 mm, 
HT: 400 mm) was present in the high frequency induction 
furnace. Before induction heating, the reaction chamber was 
evacuated using a rotary vane pump to remove air and some 
impurities. The flow rate of argon gas (99.9% purity) was 
controlled by using a mass flow controller to fix the flow rate 
at 300 ml min−1. The argon gas was blown through Drier-
ite® to remove undesirable impurities and another chamber 
filled with silica gel to eliminate moisture. Also, by passing 
through a magnesium turnings furnace at 500 °C during the 
experiment, the undesirable oxygen in the inert gas were 
chemically removed.

The experimental temperature was 1400 °C, which was 
maintained to within ± 2 °C using a proportional integral dif-
ferential controller (GR-100) and a B-type (Pt–30wt%Rh/
Pt–6wt%Rh) thermocouple covered with an alumina. After 
stabilization of the experimental temperature, a metal sample 
(0 min) was collected by suction using a quartz tube with a 
specific radius (ɸOD: 6 mm, ɸID: 4 mm) and then quenched 
by ice water. Prepared master slag chips of a specific size 

(1–2 mm diameter) were added for 10 s by using a quartz tube 
(ɸOD: 12 mm, ɸID: 10 mm) to the surface of the molten crude 
copper. After slag addition, oxygen gas (99.9% purity) was 
blown through the alumina lance (ɸOD: 10 mm, ɸID: 5 mm) 
with a flow of 500 ml min−1 at the start of the experiment for 
60 min. Small amounts of metal and slag were continuously 
collected at specific time intervals for 60 min. Slag samples 
were collected by slightly dipping the tip of an iron rod into 
the slag layer, followed by quenching in ice water. The col-
lected metal and slag samples were stored after the elimina-
tion of moisture and residuals. The initial ( t = 0 min) and final 
( t = 30 or 60min) compositions of the metal and slag as well 
as the oxygen injection method employed in each experiment 
are shown in Table 1, in which the Run ID for all experiments 
were named based on the initial slag conditions. Also, Table 1 
shows a slight increase in Al2O3 content even though Al2O3 
was not added in the initial slag (No Slag and CSM runs), 
which was caused by a dissolution of alumina lance during 
experiments.

After the experiment was complete, final samples includ-
ing refractory were cooled in argon gas for 10 min. Slag and 
slag/refractory interface samples were collected for the charac-
terization using a field emission scanning electron microscope 
(FE-SEM) imaging. Taken at intervals, the metal samples 
were polished using a hand grinder and sand paper to peel 
off the oxide on the sample surface and then cut into pieces 
with a constant weight to prevent analysis error. The contami-
nants remaining on the surface of the metal were removed by 
ultrasonic cleaning for 10 min by using anhydrous ethanol. 
The oxygen content in the metal sample was determined by a 
combustion analyzer (TC-300, LECO). Also, the quantitative 
composition of the metal was determined by using inductively 
coupled plasma spectroscopy (ICP-AES, SPECTRO ARCOS).

Slag samples used for X-ray diffraction analysis (XRD, 
Rigaku), titration method, and ICP-AES analysis were crushed 
and properly mixed by using a mortar. These samples were 
sieved to under 100 μm. The slag titration analysis employed 
a KS-E-3016 standard to determine the content of acid soluble 
Fe2+ ions (FeO). About 0.1 g of the slag sample was used and 
analyzed by adding about four drops of hydrofluoric acid to 
dissolve silica in solution. The solid phase in slag was detected 
by XRD. For SEM imaging of slag, slag samples that were not 
crushed yet were produced in a mold form by cold mounting 
and the surface of mold was ground using sand paper. Metal 
droplets and oxides in the slag were observed by using FE-
SEM and energy-dispersive X-ray spectroscopy (EDS) (Nova 
Nano SEM 450, FEI).
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Results and Discussion

Phenomena by Oxygen Blowing: Impurity Removal 
and Oxygen Potential Changes

As oxygen is injected into the liquid copper, impurities with 
high affinity with oxygen such as iron and silicon in the melt 
begin to be removed by oxidation reaction as shown in Fig. 2. 
At the beginning of the reaction, iron is hardly removed 

because of the presence of silicon in the melt, which can be 
easily understood through the thermodynamic estimation. The 
equation for the removal reaction of silicon and iron in liquid 
copper is shown in Eqs. (1) and (2) respectively, based on 
thermodynamic data from the literature [24, 25].

(1)
[Si]Cu + O2(g) = (SiO2), ΔG◦ = −884, 100 + 232.1T(J∕mol)

Fig. 1   a Schematic diagram of 
the experimental apparatus and 
b Oxygen blowing method by 
using alumina lance
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In this period, i.e., impurity removal regime, silicon and 
iron competitively react with blown oxygen. The phenom-
enon that silicon is primarily removed rather than iron can 
be predicted by Eqs. (1) and (2). The process of competitive 

(2)
[Fe]Cu +

1

2
O2(g) = (FeO), ΔG◦ = −295, 000 − 14.9T (J∕mol)

oxidation of several elements occurs in the basic oxygen 
furnace (BOF) during oxygen steelmaking process [26–29]. 
Silicon is completely removed within 10 to 15 min after oxy-
gen is blown, followed by iron removal from 15 to 45 min 
depending on the slag composition and/or mass of crude 
copper melt.

As the impurities in the melt are oxidized, iron and cop-
per contents in the slag increase as shown in Fig. 3. It is 
noticeable that the amount of copper incorporated into the 
slag significantly increases after the most of iron in the liq-
uid copper has been oxidized. From the point at which the 
copper content drastically increases over than approx. 10 
wt% due to a continuous oxygen blowing is defined as oxy-
gen over-blowing regime. Hence, it is presumed that the tran-
sition from the impurity removal regime to the oxygen over-
blowing regime occurred in conjunction with the change of 
the slag/metal interfacial state, which will be discussed in 
detail in the following section.

In the oxygen over-blowing regime, several crystalline 
phases are formed in the slag, as shown in Fig. 4. It can be 
seen that copper exists in the slag as metallic particle or 
oxide phase such as Cu2O. Because gas flow rate was fixed 
as 500 ml min−1, under the same condition for the amount 
of oxygen blowing, the copper speciation in the slag seems 
to be dependent on the mass of copper melt: the lower the 
total mass of molten copper, the more the copper is oxi-
dized when oxygen is blown at a given condition. More spe-
cifically, the composition of the slag or copper phases are 
affected by the O2 gas to copper mass ratio. Also, when the 
oxygen blowing pattern is varied, the slag composition is 
significantly affected. For instance, the magnetite is formed 
only in the top blowing (T) condition. In a study by Naito 
et al. [30], in the case of top blowing, it can be seen that 
injected gas is not sufficiently mixed with the liquid metal 
and is pushed into the slag or air layer. Therefore, it is rea-
sonable to assume that the Fe3O4 formation is determined 
by the oxygen potential of the slag. In general, Fe2O3 and 

Table 1   Compositions of metal and slag along with the oxygen blowing method employed in each experiment

Run ID Metal composition (wt%) Slag composition (wt%) Blowing method

Mass (g) Cu Fe Si Mass (g) CaO Al2O3 SiO2 MgO FeO Fe2O3 T.Cu

No Slag 500 86.9 12.6 0.3 – – – – – – – – Bottom
(30 min) – 96.0 4.0 0 – 0 3.3 8.8 5.7 60.3 21.3 0.6
CASM 500 88.6 10.9 0.3 130 34.6 19.2 34.6 11.5 – – – Bottom
(60 min) – 99.6 0.4 0 – 19.0 14.4 20.2 9.1 25.3 5.4 6.7
CASM 300 84.7 14.3 0.8 80 34.6 19.2 34.6 11.5 – – – Bottom
(60 min) – 100 0 0 – 15.3 6.3 16.2 12.1 21.0 9.0 20.1
CSM 300 91.4 8.1 0.4 80 41.2 – 41.2 17.6 – – – Bottom
(60 min) – 100 0 0 – 20.4 2.5 21.2 11.5 14.0 9.2 21.2
CSM 300 86.9 12.5 0.4 80 41.2 – 41.2 17.6 – – – Top
(60 min) – 100 0 0 – 16.6 2.0 17.2 9.2 14.0 16.4 25.0
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Fig. 2   Impurity removal process by oxidation in molten crude copper
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Fe3O4 are known to increase the melting point and viscosity 
of the slag [26–28].

Depending on oxygen potential in slag, the difference 
in the copper phase in the slag appears to be clear. In the 
CaO–SiO2–MgO–Al2O3 (B) system, both metallic and 
oxidic copper phases are observed. This implies that copper 

droplets can be oxidized by the oxygen potential of the sur-
rounding slag. In the work of Bellemans et al. [31], it was 
pointed out that slag can be a medium such as reduction 
or oxidation at the slag/droplet interface. In addition, it is 
revealed by De Wilde et al. [32] that the copper in liquid slag 
can exist as oxide, metal droplets, or a mixed state depending 

Notation

0 10 20 30 40 50 60
0

10

20

30

40

50

60
No Slag (B)t=0 - 500

C
on

te
nt

s 
in

 s
la

g,
 w

t %

Oxygen blowing time, min

0 10 20 30 40 50
0

10

20

30

40

50

60

C
on

te
nt

s 
in

 s
la

g,
 w

t %

Oxygen blowing time, min

CaO-Al2O3-SiO2-MgO (B)t=0 - 500

0 10 20 30 40 50 60
0

10

20

30

40

50

60

C
on

te
nt

s 
in

 s
la

g,
 w

t %

Oxygen blowing time, min

CaO-Al2O3-SiO2-MgO (B)t=0 - 300

0 10 20 30 40 50 60
0

10

20

30

40

50

60

C
on

te
nt

s 
in

 s
la

g,
 w

t %

Oxygen blowing time, min

CaO-SiO2-MgO (B)t=0 - 300

0 10 20 30 40 50 60
0

10

20

30

40

50

60

C
on

te
nt

s 
in

 s
la

g,
 w

t %

Oxygen blowing time, min

CaO-SiO2-MgO (T)t=0 - 300

Fig. 3   Content of copper and iron in the slag as a function of reaction time according to different slag and oxygen blowing conditions
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on the oxygen potential of the system or the presence of 
reaction sites such as spinel compound.

Obviously, the ratio of Fe3+ (ferric) to Fe2+ (ferrous) in 
the slag also seems to be strongly influenced by the oxygen 
blowing method as shown in Fig. 5. When oxygen is con-
tinuously injected, most of the impurities are removed and 
the Fe3+/Fe2+ ratio increases, which seems to originate from 
the over-blowing of oxygen. In the bottom blowing case, it 
can be confirmed that the Fe3+/Fe2+ ratio is maintained at 
a relatively constant value even though oxygen is continu-
ously injected after most of the impurities are removed. In 
the case of top blowing, the oxygen potential in the slag is 

higher than that of bottom blowing condition. Therefore, 
the formation of Fe2O3 in the slag is promoted by increasing 
the driving force of the ‘2(FeO) + 0.5O2(g) = (Fe2O3) reac-
tion. In general, Fe2O3 in the slag serves to decrease surface 
tension of the slag. The surface tension of the slag will be 
discussed in detail in the next section.

The high oxygen potential of slag promotes oxidation 
of the elements in slag. The effect of the oxygen blowing 
method on the slag composition is shown in Fig. 6. The 
phase diagrams were constructed using FactSage (v.7.3 with 
FToxid database), which is a commercial thermochemical 
computing software. In the impurity removal regime, the 
composition seems to similarly change regardless of the 
oxygen blowing method. After most of the impurities are 
removed, in the oxygen over-blowing regime, the oxygen 
potential gradient between the slag and metal occurs due to 
the fixed position of oxygen lance. In the case of top blowing 
with a high oxygen potential loaded on the slag, the driving 
force for the generation of magnetite (spinel) increases.

This phenomenon is in good agreement with the composi-
tion change tendency that can occur due to the increase of 
the oxygen potential in the slag by top blowing in BOF pro-
cess, as previously revealed by several researchers [26–28]. 
In the present study, even after impurities such as silicon and 
iron in liquid copper are almost removed, the oxygen blown 
seems to increase the proportion of ferric oxide (Fe3+), 
resulting in the formation of magnetite. In general, magnet-
ite provides the increase in the melting point and viscosity 
of the slag. Therefore, the over-blowing of oxygen should 
be avoided because there is a risk of impairing the overall 
stability of the process.

Oxygen Effect on the Interfacial Tension Between 
Metal and Slag

Over-blowing of oxygen can also influence the liquid metal 
surface state. After the impurities are removed, continuous 
oxygen blowing causes copper loss at the slag/metal inter-
face, which is schematically shown in Fig. 7. The shape of 
the slag/metal interface was observed by several researchers 
when the gas was strongly blown [6–8, 30]. In the current 
study, due to the limitation of the gas flow rate, it could 
not be injected strongly enough to push out the slag layer. 
Instead, injected oxygen just flows inside the slag phase, 
increasing the oxygen potential of the slag and possibly 
causing a reaction to remove impurities at a specific region 
of the slag/metal interface.

Certainly, the slag/metal interface is dynamically affected 
by the oxygen flow as shown in Fig. 8. Small metal droplets 
are dispersed at the interface in a form similar with the film 
type emulsification mentioned in the study of Chung and 
Cramb [22]. Some droplets appear to be created by tear-
ing off the surface of the copper melt. Due to the oxygen 

Fig. 4   X-ray diffraction (XRD) patterns of each slag sample after 
oxygen blowing experiment
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potential of the melt, the overall shape of the interface is 
changed and becomes similar with that proposed by other 
researchers [20, 21]. It appears that changes of the surface 
and/or interfacial state and increasing instability of the inter-
face by gas can trigger ejection of droplets.

Various researchers have investigated the effect of the 
oxygen potential on the surface tension of liquid copper, 
as shown in Fig. 9 [11–14]. The surface tension of copper 
melt was calculated using the Langmuir adsorption isotherm 
model as a function of the oxygen content of liquid copper 
as given in Eq. (3) [10, 21].

In Eq. (3), σ0 (mN m−1) is the surface tension of pure 
liquid copper which is assumed that some impurities do not 
influence significantly on surface tension. It can be calcu-
lated as a function of temperature [15]. KO is the adsorp-
tion coefficient of oxygen at the metal surface, and aO is the 
activity of oxygen in the liquid copper with reference to 1 
wt% standard state. The KO value for liquid copper is approx. 
40 at 1400 °C [33]. Γsat is the excess surface quantity (moles 
m−2), which is the same as the number of oxygen atoms pre-
sent at the copper surface, which can be derived by Eq. (4) 
[11]. This value was derived from literature data [12, 13]. 
Gallois and Lupis [11] also experimentally revealed that this 
variable is the saturation value of the oxygen monolayer at 

(3)�m = �0 − RTΓsat ln(1 + KOaO)

(4)Γsat =

(

��m

� ln aO

)

const.

the liquid copper surface. Since the measured oxygen con-
tent is less than the oxygen solubility in pure liquid copper, it 
was assumed that all oxygen was dissolved into copper melt 
[16, 17]. The change in the surface tension of liquid copper, 
which is dominantly influenced by the oxygen contents, is 
shown in Fig. 10a. As mentioned above, as the oxygen in liq-
uid copper increases, the surface tension rapidly decreases.

Not only the surface tension of the liquid copper, but also 
the surface tension of the slag is changed by reaction with 
copper melt and oxygen. The surface tension of the slag is 
expressed as Eq. (5) which is proposed by previous research-
ers [34–37].

where �s represents surface tension of slag, �p,i means 
surface tension of pure component i which is temperature 
dependent and Xi is the mole fraction of each component. 
These values are summarized in Table 2, which were inves-
tigated by Mills and Keene [34], and Tanaka and Hara [35]. 
Generally, FeO acts to greatly increase the surface tension 
of slag, while Fe2O3 acts in the opposite tendency [34, 35]. 
Therefore, over-blown oxygen not only greatly lowers the 
surface tension of the copper melt, but also lowers the sur-
face tension of the slag. The variation of the surface tension 
of slag as a function of Fe3+/Fe2+ ratio is shown in Fig. 10b. 
The change in surface tension of the slag does not appear to 
be significant compared to the change in the surface tension 
of the liquid copper, from which it can be suggested that the 
change in the surface tension of liquid copper will dominate 
in the slag/metal interfacial tension.

(5)�s =
∑

�p,i ⋅ Xi

Fig. 6   Trajectory of slag com-
position depending on oxygen 
blowing patterns: Top blowing 
vs bottom blowing
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The interfacial tension of the liquid copper-slag system 
can be calculated by using the change of the surface tension 
of each phase calculated using Eqs. (3) and (5). The inter-
facial tension between liquid copper and slag can be a clear 
indicator of the interfacial state because it can represent 
physical state of interface. This can be calculated through 
the Girifalco-Good equation, which is shown in Eq. (6) [36].

where �s∕m represents the interfacial tension between slag 
and metal and � is interaction parameter as a function of FeO 
content as given in Eq. (7)[35–37]. Here, XFeO is the mole 
fraction of FeO in the slag. The relationship between FeO 

(6)�s∕m = �s + �m − 2�
√

�s ⋅ �m

(7)� = 0.5 + 0.3XFeO

content and interfacial tension is shown in Fig. 11a. As men-
tioned above, FeO is dominant factor that increases surface 
tension of slag and interaction parameter. Interfacial tension 
which is determined by surface tension of metal and slag has 
significant effect on copper loss as shown in Fig. 11b. From 
the point where most of the impurities are removed, the reac-
tion step moves to the over-blowing regime. In the over-
blowing regime, oxygen steadily reduces interfacial tension 
and thus slag/metal interface becomes more unstable. As the 
interfacial tension decreases lower than approx. 600 mN/m, 
copper loss significantly occurs. This result is qualitatively 
in good agreement with the experimental findings reported 
by other researchers for an iron/slag system [38]. In the case 
of ‘no slag’ experiment, the iron silicate (fayalite base) slag 
formed by oxidation of silicon and iron was solidified during 

Fig. 7   Morphology of slag and 
metal droplets at a slag/metal 
interface, b inner slag and c 
near slag/refractory interface
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oxygen blowing. Thus, although it has low interfacial ten-
sion, copper loss was rarely detected.

Droplet formation, which corresponds to spontaneous 
emulsification, is closely related to the instability of the slag/
metal interface. In particular, the chemical effect of oxygen 
seems to be the dominant factor affecting the instability of 
interface [39]. Copper ejection into slag seems to be more 
activated due to the reduction of interfacial tension between 
slag and liquid copper. Decreased interfacial tension means 
slag and liquid copper can be intermixed physically at the 
interface. As a result, it causes instability of the interface and 
provides the driving force of copper ejection from the surface 
of copper melt.

On the contrary for the chemical effect of oxygen blowing, 
the physical effect of oxygen blowing or bubbling seems to 
be weak. This can be revealed through the Blowing number 
( NB ), which was suggested by Subagyo et al. [40], and copper 
contents in slag depending on Eq. (8) [38–40].

Fig. 8   Dispersion of copper droplets and slag fragments at slag/metal interface
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where �gas (kg m−3) and vgas (m s−1) means density and 
velocity of injected gas (O2 in the present study), �m (mN 
m−1) is surface tension of metal (copper in the present 
study) which can be obtained by Eq. (3), g is gravitational 

(8)NB =
�gasv

2
gas

2
√

�mg�m

acceleration (m s−2) and �m (kg m−3) is density of metal 
(Cu). The effect of gas blowing on droplet formation behav-
ior can be predicted by using this parameter. In the present 
experimental conditions, the calculated Blowing number is 
very small, i.e., NB ∼ 10−4 , from which the gas cannot cause 
‘splashing’ of metal droplets [29, 38, 39]. It was reported 
that the NB should be greater than unity to induce splashing 
of metal droplets or emulsification by only physical turbu-
lence due to injected gas. In other words, it is difficult for 
droplet formation to occur by only the physical effect of gas 
blowing in the present experimental conditions. Therefore, 
it can be concluded that the dominant factor affecting the 
copper loss is the chemical behavior of oxygen rather than 
gas blowing itself.

Concerning the relationship between the surface ten-
sion of melt and amount of copper loss, some researchers 
have reported the opposite tendency [7, 9]..It was proposed 
that the amount of metal droplets increases in the condi-
tion where the surface tension of the melt is high. This 
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Table 2   Surface tension of slag components used in the present study

Oxide Surface tension (mN/m)

CaO 645.2 − 0.097 (T[K]—2873)
SiO2 243.2 + 0.031 T[K]
MgO 1770 − 0.636 T[K]
Al2O3 721.2 − 0.078 (T[K]—2313)
FeO 645.0 − 0.15 (T[K]—1773)
Fe2O3 300.0 – 0.15 (T[K]—1773)
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seems to be the result of the large physical effect of the 
oxygen gas jet. A more detailed investigation is needed to 
determine whether the tendency of droplet formation can 
change depending on the dominance of the physical and/
or chemical effects of oxygen.

Effect of Oxygen Potential on the Morphology 
of Copper in the Slag

The oxygen potential can affect the phase of the copper 
droplets through the slag. In the case where oxygen is not 
sufficiently supplied after the removal of impurities, drop-
lets entrapped inside the slag remain in the form of metallic 
particles. The typical morphology of the slag for the case 
mentioned above is shown in Fig. 12a. In contrast, when 
oxygen is over-blown, the copper inside the slag is mainly 
found as copper oxide, as shown in Fig. 12b. In the case of 

bottom blowing, copper in the slag can also exist as oxide. 
When comparing the case where oxygen is supplied suffi-
ciently to the case where it is not, this difference seems clear 
and there is evidence to suggest that the oxygen potential 
determines the copper phase in slag.

Alternatively, some droplets found near the slag/refrac-
tory interface were a mixed phase of metallic copper and 
oxide. This unique morphology is shown in Fig. 13. In most 
other cases, this oxide and metal mixed (dual) phase is not 
observed. However, droplets physically mixed with spinel 
are observed in all cases. The outside of the mixed phase 
is surrounded by oxide. This is evidence that the following 
reaction occurred at the slag/droplet interface.

(9)Cu(l),droplet +
1

4
O2(g) = (CuO0.5)slag

Fig. 12   Back scattered electron images and element mapping of slag phase for a metallic copper distribution and b copper oxide distribution 
cases
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For the above reaction to occur at the slag/metal interface, 
a sufficient oxygen potential must exist, which is achieved by 
oxygen over-blowing. In addition, from this, it can be seen 
that even in small scale systems, differences of the oxygen 

potential may occur in regions where oxygen is intensively 
injected and regions that are not. This finding supports the 
notion that oxygen potential gradients can occur. A simi-
lar mixed (metal + oxide) phase was also observed by other 

Fig. 12   (continued)
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researchers for the oxidation of FeO in over-blown BOF slag 
[31, 32, 41]. The excessive supply of oxygen, enough to 
generate oxide, is not desirable in terms of metal recovery 
[1, 26–28]. As a result, oxygen blowing can influence not 
only the slag composition but also the metal droplet phase.

The overall reaction and phenomena due to oxygen 
blowing are summarized in Fig. 14. When oxygen blow-
ing begins, oxygen is introduced into the molten copper to 
remove impurities in the melt. In this stage, oxygen is mostly 
used in the oxidative removal process, so the accumulated 
oxygen contents in the melt are negligible. After most of the 
impurity removal by oxidation is complete, oxygen is used 
to increase the oxygen potential of the slag/metal interface 
and thus interfacial tension is lowered. In the over-blowing 
regime, oxygen lowers the surface tension of the melt and 
slag by increasing the Fe3+/Fe2+ ratio in the slag, causing 
copper droplets to be generated by increasing instability at 
the slag/metal interface. The copper recovery can be per-
formed through the subsequent process such as slag clean-
ing furnace treatment. However, because the slag cleaning 
process is also an energy intensive and time consuming, the 
occurrence of a serious droplet emulsification in the slag 
must be prevented.

Conclusions

The effects of oxygen injection on the surface tension of 
liquid metal, interfacial tension and the amount of drop-
let ejection into slag were investigated. The impurities 
such as iron and silicon in the copper melt were removed 
in a predictable order by oxidation determined through 
thermodynamic principle. During the impurity removal 
regime, injected oxygen does not accumulate in the melt. 
The oxygen injection method has a significant influence 
on the composition change of the slag because the oxygen 
potential of the slag is changed. After most of the impuri-
ties have been removed through oxidation, excessive oxy-
gen blowing or bubbling greatly reduces the surface ten-
sion of the copper melt by increasing the oxygen potential. 
Because the interface is disturbed by the decreased inter-
facial tension between slag and metal, the increased insta-
bility of interface can induce ejection of droplets. Oxygen 
is involved in interfacial phenomenon such as change of 
interfacial tension and droplet ejection into liquid slag. 
However, the physical effect of gas blowing is negligible 
and the chemical effect of oxygen is the dominant factor 
affecting the copper loss into slag. In other words, the 
interfacial tension, which is excessively lowered by oxygen 
accumulation, can be a factor that causes the copper loss 
to be greater. Moreover, since the over-blowing of oxygen 
can cause a serious metal loss due to an interfacial distur-
bance, the oxygen blowing must be carefully controlled 
not only in the primary copper smelting but also in the 
processing of secondary resources.

Fig. 13   Metal + Oxide dual 
phase copper droplets nearby 
slag/refractory interface
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