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Abstract 
The study was devoted to the investigation of the influence of the carbon reducer’s surface on the 
rate of the copper removal (in the form of a copper-reach alloy, Cu-Pb-Fe) from the slag produced 
in the flash direct-to-blister process at the Głogów smelter in Poland. The slag used in this work 
was taken from the direct-to-blister Outokumpu flash furnace at the smelter in Głogów. Graphite 
penetrators of different surfaces were used as the slag reducer, and the experiments were carried 
out at 1573 K. It was found that the rate of the de-coppering process of the “Głogów” slag increased 
with the increase of the reducer’s surface. The rate of the copper reduction from the slag in the 
form of Cu-Pb-Fe alloys was identified with the oxygen removal from this slag and described by the 

equation: [ ]
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= ⋅ ⋅ , where: [ ]On —the number of the oxygen moles which could be re-

moved from the slag; S —the surface on which the reduction took place (it was assumed that it is 
equal to the penetrator area); k —the rate constant; n —the exponent. It was found that the 
reaction rate “constant” as well as the exponent n  increased with the increase of the superficial 
gas velocity, which was caused by the decrease in the gaps between the crucibles and the graphite 
penetrators. Therefore, it can be concluded that the reduction process was very likely controlled 
by the convective mass transfer. 
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1. Introduction 
In the recent years, an increasing attention has been paid to the reaction of a metal oxide in the liquid state with 
solid carbon. Numerous studies [1]-[11] have been carried out on the kinetics of the reduction of iron oxide from 
liquid slag by solid carbon or carbon dissolved in liquid iron. There have been large discrepancies among the 
results of different researchers regarding the magnitude of the constant rate and the controlling steps of the over-
all process. The reduction process is undoubtedly a complex one and is characterized by a gas film which forms 
quickly around the solid carbon particles. In the steady state, the reduction proceeds with gaseous intermediates 
between the carbon and the slag, and the overall process is a combination of sequential reactions at different in-
terfaces: 

1) the mass transfer of the reducible metal oxide to the gas/slag interface from the slag bulk, 
2) the chemical reaction of CO with the metal oxide at the gas/slag interface, 
3) the diffusion of the formed CO2 towards the gas/carbon interface, 
4) the chemical reaction of CO2 with carbon to reproduce CO. 
A number of studies [3] [6] [7] [11] have pointed to the fact that the mass transfer in the slag phase may be 

the limiting step of the reduction rate. However, several authors [1] [2] [4] [8] [9] have concluded that the Bou-
douard reaction is the rate controlling step. This view is based on the observation that the CO/CO2 ratio of the 
generated gases is close to that which can be predicted by a thermodynamic calculation of the iron oxide reduc-
tion. However, the final result depends on the iron oxide activity in the slag.  

Many other researchers [12]-[19] have studied the rates of the reduction/oxidation slags using CO + CO2 
mixtures, and again, there have been discrepancies among their results. Inconsistencies have been observed 
among the results of the studies of the values of the reaction rate, the mechanism of the reactions involved and 
the controlling steps. 

There are very few experimental results in the literature for the molten copper bearing slag reduction. In the 
modern copper-making processes, e.g. direct-to-blister, the produced slags are reduced in an electric slag clean-
ing furnace. For this reason, in the present study, the rate of the overall reduction of the slag from the di-
rect-to-blister process employed at the copper plant “Głogów” was investigated. In order to obtain a high prod-
uctivity of the copper recovery from the slags, the reactive area between the slags and the carbon reducer should 
be as high as possible. In consequence, the effect of the reducer’s surface on the rate of the industrial slag reduc-
tion was investigated in this study. The attempt in early investigation on copper recovery from the slag of di-
rect-to-blister process [20] to establish a relation between reduction rate and the reducer surface has failed, be-
cause of foaming of the investigated slag. However, not all the slags exhibited the tendency for foaming, and it 
so happened that the next slag portion from the copper plant “Głogów” did not foam. 

2. Experimental Procedure 
The aim of these investigations was to determine the influence magnitude of the reducer/slag interface on the 
kinetics of the slag reduction. Graphite penetrators were used as the slag reducer agent. A graphite penetrator 
was fixed onto an alumina tube, which made it possible for the penetrator to be immersed in the reduced slag. In 
this study, penetrators of different surfaces were used, and their shape can be seen in Figure 1. 

In this study, four penetrators of different surfaces were employed. The dimensions of these penetrators and 
their surfaces are enclosed in Table 1. 

3. Apparatus 
The experimental arrangement and procedure were identical to those described earlier [20]. 

A schematic diagram of the apparatus used in this study is shown in Figure 2.  
The slag reduction experiments were carried out in alumina crucibles placed in an alumina reaction tube and 

heated in a vertical laboratory electric furnace. The furnace temperature was maintained at ±2 K and the maxi-
mum temperature variation in the hot zone was ±3 K. The alumina reaction tube (70-mm i.d.) was sealed at the 
top and the bottom by means of water cooled brass caps and with the use of rubber O-rings. The measuring 
thermocouple Pt-PtRh10 was located close to the crucible with the investigated slag. The graphite penetrators 
were placed under the upper cap of the reaction tube. The experiment started when the graphite penetrator was  
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Figure 1. Shape of the graphite penetrators used in this study. 

 

 
Figure 2. Schematic diagram of the experimental apparatus. 

 
Table 1. Dimensions of the penetrators and their surfaces. 

 Penetrator 1 Penetrator 2 Penetrator 3 Penetrator 4 

1φ , [mm] 11 11 11 11 

2φ , [mm] 15 20 25 30 

1h , [mm] 15 15 15 15 

2h , [mm] 5 5 5 5 

3h , [mm] 25 25 25 25 

4h , [mm] 5 5 5 5 

S , [cm2] 16.1 22.5 29.8 37.9 
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lowered to the controlled depth in the slag, followed by the temperature stabilization of the molten slag. Slag 
produced by the Głogów direct-to-blister flash smelter was used in this study. The main constituents of this slag 
are listed in Table 2. 

An alumina crucible (i.d. = 45 mm, H = 77 mm + 200 mm extension) with 160 g of slag was placed in the 
reaction tube of the furnace. In the upper cap of the reaction tube, a graphite penetrator fixed to an alumina tube 
was situated. A high purity nitrogen stream of 25 Ndm3/h flow rate was introduced into the reaction tube of the 
furnace through its bottom cap. After about 5 hrs, the furnace was switched on and the temperature controller 
was adjusted to 573 K. The furnace was kept under these conditions for approximately 12 hours. Next, the tem-
perature of the furnace was increased to 1573 K. The sample was kept at this temperature for one hour with the 
purpose to stabilize the temperature of the slag. After the temperature of the slag stabilized, the graphite pene-
trator was immersed into the slag. The moment of the immersion of the graphite penetrator in the slag was taken 
as the beginning of the reduction process. However, the first signal of the reduction process was detectable after 
about 50 - 60 seconds from that moment. During the experiment, a gas composed of nitrogen, carbon monoxide 
and carbon dioxide was formed as a result of the reactions between the graphite and the slag. The CO and CO2 
were analyzed by a gas analyzer for CO and CO2 every 5 seconds, and the results were recorded by the comput-
er. Examples of a typical variation of the CO and CO2 concentration in the N2-CO-CO2 gas mixture are given in 
Figure 3 and Figure 4. 

As can be seen from Figure 3 and Figure 4, the results of these three series of independent experiments agree 
very well with each other. 

4. Calibrations of the Gas Analyzer and Experimental Setup 
The flow rates (in Ndm3/h) of the CO and CO2 formed during the reduction process were calculated from the re-
lations: 

( )
( ) ( )CO

2

26.11 vol. %CO
100 1.041 vol. %CO 0.956 vol. %CO

iV
⋅ −

=
− ⋅ − − ⋅ −

                    (1) 

( )
( ) ( )2

2
CO

2

23.98 vol. %CO
100 1.041 vol. %CO 0.956 vol. %CO

iV
⋅ −

=
− ⋅ − − ⋅ −

                   (2) 

These relations were established from the gas analyzer calibration procedure, which has been described in de-
tails elsewhere [20] [21]. When the penetrator is immersed in the investigated slag, reduction reactions take 
place, which generate CO and CO2. However, the first gas analyzer readings were detected after about 50 - 60 
seconds from the moment of the graphite penetrator’s immersion. A part of these gases was cumulated in the 
reaction tube, and this fraction should also be taken into account. In order to estimate the real volumes of these 
gases, a calibration of the reaction tube was carried out [20]. According to this calibration, the volume of the 
cumulated CO and CO2 can be expressed by the relations: 

( ) ( )3 3
CO CO Ndm 0.0219  Ndm /hi iV V∆ = ⋅                            (3) 

( ) ( )2 2

3 3
CO CO Ndm 0.0219  Ndm /hi iV V∆ = ⋅                           (4) 

where: CO
iV∆ , 

2CO
iV∆ —the volumes of the CO and CO2, respectively, cumulated in the reaction tube, CO

iV , 
2CO

iV —the flow rates of the CO and CO2, respectively, calculated with Equation (1) and Equation (2), 
1, 2,3, 4,i = 

, etc.—the number of the experimental points. 
Therefore, the real flow rates of the CO and CO2 passing through the reaction tube after 5t i= ⋅  seconds can 

be obtained from the relations:  

( ) ( )1
CO CO COCO

3600
5

i i i i
AV V V V −= + ∆ − ∆ ⋅                             (5) 

( ) ( )2 2 22

1
CO CO COCO

3600
5

i i i i
AV V V V −= + ∆ − ∆ ⋅                           (6) 

The second terms of Equations (5) and (6) have to be multiplied by the 3600/5 value, in order for the second  
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Table 2. Main components of the Głogów direct-to blister flush smelter slag used in this work. 

Components SiO2 CaO MgO Al2O3 Na2O K2O Cu Pb Fe Zn As 

% -wt. 33.94 15.60 4.94 10.00 0.75 2.39 12.45 3.05 8.06 1.13 0.192 

 

 
Figure 3. Typical changes of the CO concentrations in the gas leaving the reac-
tion tube during the slag reduction with a graphite penetrator at 1573 K. For the 
sake of graph clarity, only about 1/10 of the experimental points are shown (all 
the experimental data in the Excel format are available on request). 

 

 
Figure 4. Typical changes of the CO2 concentrations in the gas leaving the reac-
tion tube during the slag reduction with a graphite penetrator at 1573 K. For the 
sake of graph clarity, only about 1/10 of the experimental points are shown (all 
the experimental data in the Excel format are available on request). 

 
terms to be converted to the appropriate unit. As the analyzer readings were adjusted to 273 K (STP), the numbers 
of the CO and CO2 moles per one second could be calculated from the relations: 

( )CO
CO 22.4 3600

i
AV

n =
⋅

                                    (7) 
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The number of the oxygen moles reduced from the slag during a period of 5 seconds (5 seconds was the time 
between two consecutive measurements) was determined from the relation: 

[ ]
2 2

11
CO COCO CO

O 5 2 5
2 2

i ii i n nn n
n

++ ++
= ⋅ + ⋅ ⋅                             (9) 

where: CO
in , 1

CO
in + —the number of the CO moles formed during the reduction process per one second, recorded 

in two consecutive measurements, ( )
2CO

in , 
2

1
CO
in + —the number of the CO2 moles formed during the reduction 

process per one second, recorded in two consecutive measurements. 
The masses of the consumed carbon estimated from Equation (7) and Equation (8) were slightly lower than the 

loss of the masses of the graphite penetrators used in the experimental runs. The differences were of the order of 
0.4% to 4%. 

5. Results 
By the summation of the [ ]On values, calculated with Equation (9), the number of the oxygen moles removed 
from the slag as a function of the reduction time was determined. An example of these computations is presented 
in Figure 5. 

The instantaneous rate of the process reduction may be determined directly with the use of the experimental 
data:  

[ ] [ ] [ ] [ ]
1

O O O Od

d 5

i in n n n

t t

−∆ −
≈ =

∆
                               (10) 

where: [ ]
1

O
in + , [ ]O

in —the numbers of the oxygen moles removed from the slag after 5 i⋅  and ( )5 1i⋅ +  seconds 
of the reduction time, 1, 2,3, ,i = 

etc.—the numbers of the experimental points. 
An example of the calculated values of [ ]Od dn t , in the case of the graphite penetrators with the surface area 

of 22.5 cm2, is shown in Figure 6. 
The dependence of the rate of the oxygen removal from the slag can be expressed by the equation: 

[ ] [ ] ( )( )
[ ] [ ] ( )( )

0
O O 0

O O

d

d
nn n t

S k n n t
t

−
= ⋅ ⋅ −                           (11) 

where: [ ]
0
On —the number of the oxygen moles which could be removed from slag, [ ] ( )On t —the number of the 

oxygen moles removed from the slag within the time “ t ”, S —the surface on which the reduction took place (it 
was assumed that it is equal to the penetrator area), k —the apparent rate constant, n —the exponent. 

To estimate the k  and n  values, Equation (11) has to be expressed in the logarithmic form: 

[ ] [ ] ( )( )
( ) [ ] [ ] ( )( )

0
O O 0

O O

d
ln ln ln

d

n n t
S k n n n t

t

 −
  = ⋅ + ⋅ −  
 

                    (12) 

Figure 7 shows a graphical representation of Equation (12) for the case when the surface of the graphite pe-
netrator is equal to 22.5 cm2. As can be seen, the copper recovery process can be split up into two stages. In the 
first one, a rapid increase of [ ]Od dn t  is observed. This is probable due to the penetrator’s surface activation. 
However, at the same time, the concentrations of the Cu2O, PbO and Fe2O3 species in the slag decrease very fast. 
In the second stage, a monotonic slowdown of the reduction rate is observed. In the case of the computations, 
the second stage was limited to 4000 seconds, because, after this time, the [ ]Od dn t  values were very small. 
The logarithm of such small numbers goes to minus infinity, and so, it has an unjustifiably large influence on the 
parameters of the straight line. The parameters of this straight line are equal to ( )ln S k⋅  and to the exponent 
n . 

With the use of the data obtained in the second stage (Figure 7) as well as the least square method, the para-
meters k  and n  were calculated. Table 3 contains these calculated parameters.  
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Figure 5. A relation between the number of the oxygen moles removed 
from the slag as a function of the reduction time at 1573 K. The surface 
of the used graphite penetrators was 22.5 cm2. For the sake of graph 
clarity, only about 1/10 of the experimental points are shown. 

 

 

Figure 6. The rate of the oxygen removal [ ]( )Od dn t  from the reduced 

slag as a function of time. For the sake of graph clarity, only about 1/10 
of the experimental points are shown. 

 

 
Figure 7. Graphical representation of the relation (12) for the case when 
the penetrator’ surface is equal to 22.5 cm2. For the sake of graph clarity, 
only about 1/10 of the experimental points are shown. 
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Table 3. The parameters of Equation (12) calculated with the points obtained 
from the experiments at 1573 K for various penetrator surfaces. 

2, cmS  [ ] ( ) [ ] [ ] ( )( )O 0
O O

d
ln ln ln

d
n

S k n n n t
t

 
= ⋅ + ⋅ −  

 
 k  

16.1 [ ] ( )( )O6.2912 2.31 ln 0.32 n t− + ⋅ −  41.15 10−×  

16.1 [ ] ( )( )O6.5151 2.10 ln 0.32 n t− + ⋅ −  40.92 10−×  

16.1 [ ] ( )( )O5.9400 2.37 ln 0.32 n t− + ⋅ −  41.63 10−×  

22.5 [ ] ( )( )O6.0567 2.11 ln 0.32 n t− + ⋅ −  41.04 10−×  

22.5 [ ] ( )( )O5.9221 2.21 ln 0.32 n t− + ⋅ −  41.19 10−×  

22.5 [ ] ( )( )O5.9234 2.26 ln 0.32 n t− + ⋅ −  41.19 10−×  

29.8 [ ] ( )( )O4.8607 2.55 ln 0.32 n t− + ⋅ −  42.60 10−×  

29.8 [ ] ( )( )O4.5994 2.77 ln 0.32 n t− + ⋅ −  43.37 10−×  

29.8 [ ] ( )( )O4.7031 2.75 ln 0.32 n t− + ⋅ −  43.04 10−×  

37.9 [ ] ( )( )O4.6897 2.63 ln 0.32 n t− + ⋅ −  43.08 10−×  

37.9 [ ] ( )( )O4.3358 2.86 ln 0.32 n t− + ⋅ −  43.45 10−×  

37.9 [ ] ( )( )O4.3885 2.87 ln 0.32 n t− + ⋅ −  43.27 10−×  

 
The variation of k  and n  for different penetrator surfaces is illustrated in Figure 8 and Figure 9. 
After each experiment, the reduced slag was quenched and analyzed. The obtained results are enclosed in 

Table 4 and Table 5. The reduced Cu-Pb-Fe alloys were also analyzed, and the results are given in Table 6. 
The reduced Cu-Pb-Fe alloys were also analyzed, and the results are given in Table 6. 
The Cu-Pb-Fe system exhibits a limited solubility in the liquid and the solid states, and the samples of these 

alloys were taken from different places with the purpose to secure their representativeness. 

6. Conclusions 
1) The influence of the reducer’s surface on the rate of the slag de-coppering process is demonstrated in 

Figure 10. It is clear that, during this process, the copper, lead and iron are reduced simultaenously but at 
diffrent rates, forming the Cu-Pb-Fe alloy. The employed experimental technique is unable to determine the 
reduction rates of the particular metal oxides. Figure 10 suggests that the effectiveness of the slag de-coppering 
process increases with the increase of the reducer’s surface. 

2) The reaction rate “constant” increases with the increase of the reducer’s surface (see Figure 8) as well as 
the parameter n  (see Figure 9). The increase of the reaction rate “constant” is, at least to some extent, com-
pensated by the increase of the exponent n , as can be deduced from Figure 11. 

3) The reduction process in the second stage was probably controlled by the convective mass transfer. This 
hypothesis can be justified by the magnitude of the exponent n  and its change with the reducer’s surface in-
crease. When we used the penetrator with the biggest surface, the gap between the penetrator and the crucible 
wall was much smaller than that in the case when the smallest penetrator was employed. Figure 12 shows the 
mutual position of the penetrators of limited sizes with the crucible during the experiments. When the penetrator 
with the biggest surface is employed, most of the generated gases pass through the smallest area of the cross 
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section between the penetrator and the crucible wall. In this case, the slag is more vigorously agitated. This situ-
ation prompts a transport of Cu2O, PbO and Fe2O3 to the reduction surface. Consequently, we can infer that, in 
the industrial process, this phenomenon would not take place, because the size of the electric furnace is much 
bigger than that of a crucible used in a laboratory experiment. Even in the case of the laboratory experiment, the 
reaction rate referred to the surface unit can be taken as a constant (see Figure 11) if we assume that every 
measurement is determined with a certain error.  

4) The overall rate of the oxygen removal from the slag increases with the reducer’s surface increase, as can 
be seen in Figure 13. 

5) The reduction process in the second stage is very likely to be controlled by the convective mass transfer. 
When the penetrator with the biggest surface is employed, more gases (CO + CO2) are generated in a time unit, 
which have to pass through the smallest area of the cross section between the penetrator and the crucible wall. In 
consequence, the superficial gas velocity increases, as can be seen in Figure 14 and this induces a stronger con-
vective flow of the reduced slag. 
 

 
Figure 8. Dependence of the reaction rate constant (k) on the surface of the reducer (pe-
netrator). 

 

 
Figure 9. Dependence of the parameter n on the surface of the reducer (penetrator). 
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Table 4. Results of the chemical analyses of the slags after the reduction process with the use of different graphite penetra-
tors. 

Component, 
wt. -% 

S = 16.1 cm2 S = 22.5 cm2 

Run #1 Run #2 Run #3 Run #1 Run #2 Run #3 

Na2O 0.74 0.74 0.73 0.71 0.74 0.73 

K2O 3.29 3.29 3.92 3.33 3.30 3.50 

CaO 20.63 20.63 22.30 21.05 20.80 21.48 

MgO 7.33 7.33 8.28 7.41 7.54 7.59 

Al2O3 12.25 12.25 14.52 12.80 12.80 13.35 

SiO2 35.6 38.3 30.38 38.2 38.9 36.50 

Fe 10.82 10.82 12.52 10.67 10.78 11.29 

Zn 0.87 0.87 0.97 0.74 0.50 0.51 

Pb 0.32 0.32 0.20 0.237 0.210 0.228 

Cu 0.23 0.23 0.19 0.22 0.29 0.22 

 
Table 5. Results of the chemical analyses of the slags after the reduction process with the use of different graphite penetra-
tors. 

Component, 
wt. -% 

S = 29.8 cm2 S = 37.9 cm2 

Run #1 Run #2 Run #3 Run #1 Run #2 Run #3 

Na2O 0.73 0.71 0.85 0.75 0.89 0.85 

K2O 3.40 4.05 3.85 3.45 3.92 3.69 

CaO 21.66 23.11 22.55 21.89 23.15 21.79 

MgO 7.86 8.60 8.30 7.73 8.45 7.97 

Al2O3 12.91 14.94 15.97 12.99 17.22 19.43 

SiO2 36.7 29.89 30.00 36.9 28.62 28.21 

Fe 11.03 12.49 12.25 10.63 12.33 11.64 

Zn 0.50 0.50 0.50 0.47 0.45 0.49 

Pb 0.10 0.06 0.06 0.08 0.07 0.07 

Cu 0.13 0.13 0.11 0.10 0.12 0.13 

 
Table 6. Results of the chemical analyses of the Cu-Pb-Fe alloys obtained during the slag reduction with the use of differ-
ent graphite penetrators. 

Component, 
wt. -% 

S = 16.1 cm2 S = 22.5 cm2 

Run #1 Run #2 Run #3 Run #1 Run #2 Run #3 

Cu 88.73 85.65 85.81 85.92 84.41 85.74 

Pb 11.14 14.62 13.14 13.53 15.38 14.16 

Fe  0.16 0.27 0.87 0.56 0.92 0.62 

 S = 29.8 cm2 S = 37.9 cm2 

Cu 84.86 84.57 84.52 84.52 85.03 85.82 

Pb 14.14 14.57 13.80 13.77 13.90 12.25 

Fe 1.5 1.43 1.70 1.56 1.80 1.68 
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Figure 10. Relation between the final copper content in the slag and the 
reducer’s surface. 

 

 
Figure 11. Rate of the oxygen removal from the slag as a function of time for re-
ducers (penetrators) of different surfaces and referred to the surface unit. For the 
sake of graph clarity, only about 1/10 of the experimental points are shown. 

 

 
Figure 12. The mutual position of the pene-
trators of limited sizes and the crucible wall 
during the experiments. 
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Figure 13. The overall rate of the oxygen removal from the slag for different pe-
netrator surfaces. For the sake of graph clarity, only about 1/10 of the experimen-
tal points are shown. 

 

 
Figure 14. Relation between the superficial gas velocity and the time for various 
sizes of the graphite penetrators. 
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