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ABSTRACT
This work shows a mathematical model to determine changes of copper content in the slag 

phase, for “El Teniente” slag-cleaning process. Results obtained with this model, can then 

be integrated to quantify the total copper remaining in the slag at a given time. The effect 

of surface tension between matte drops and slag in total retention time of slag in the 

cleaning furnace is also considered, as this is the main parameter influencing the minimum 

copper content in the final slag to be discharged. Additionally, the effect of magnetite on 

slag viscosity and hence in matte sedimentation through slag has been considered. Results 

were validated with actual industrial data from El Teniente processes, concluding that the 

model developed adequately represents the copper content in the slag.
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INTRODUCTION
Due to strong interaction between liquid phases during smelting-converting process, en-
trapment of matte in slag is always possible. As a consequence, quantification of valuable 
species existing in these slags is of industrial interest. This problem has been addressed in 
several works [1, 5, 6, 7, 9, 10, 12, 16], where influence of magnetite and oxygen potential 
in slag viscosity and hence in matte drops sedimentation rate has been clearly established. 
As a complement to the studies before described, this work aims to determine the content 
of copper in the slag by developing a transport model. Thus, the mathematical model al-
lows knowing the copper concentration along the slag and its evolution over time.

Attention has been focused on slag-cleaning Teniente furnace, where slag treatment 
takes place in two batch mode stages. First stage involves injection of reducing agents 
(usually natural gas, oil or charcoal) to achieve reduction of magnetite contained in the 
slag, then diminishing viscosity in this phase and, by this way, increasing sedimentation 
rate of matte drops contained in the slag. Second stage begins when slag reaches the de-
sired viscosity, so no more reducing agents are fed, and molten system begins to settle 
on by sedimentation. At the end of the second stage, after a correct sedimentation time, 
matte and slag phases will be properly separated. Final slag will have residual amount of 
matte retained as small drops. This slag will still keep a residual content of matte as small 
drops, unable to settle because of surface tension phenomena.

The model here developed leads partial differential equations then numerical methods 
for its resolution are required, and the lines method has been used. The ordinary differ-
ential equations system obtained with the lines method is then solved through the Euler 
explicit technique. Profiles of copper concentration in slag are finally integrated using the 
trapeze rule, to obtain finally the total content of copper in slag. Results obtained fit very 
well when compared with industrial data.

METHODOLOGY

Effect of Magnetite Content On Slag Viscosity
Reduction slag operation stage implies strong agitation into molten bath, due to two rea-
sons: i) injection of reducing agent cause strong agitation into molten phase ii) reducing 
agent reacts with magnetite producing a strong carbon dioxide bubbling according to the 
following overall reaction

〈C〉 + [CO2] → 2 [CO]
	 {Fe3O4} + [CO] = 3 (FeO) + [CO2]	

(1)

Because of this agitation during the reducing period, it could be assumed any or negligible 
sedimentation, compared with the transport flow to matte-phase during the sedimenta-
tion stage. This is due to the strong mixture created by the agitation in the bath during 
the first stage. As a result of the first stage, magnetite decreasing is observed. Magnetite 
content decreasing can be represented by a first order kinetic law with respect to magnet-
ite weight percent C = %wt Fe3O4 according to references [1] and [16], as follows

	 C = Co exp(-kt)	 (2)

Decreasing in magnetite content causes lower slag viscosity. It has been observed an ex-
ponential dependency between viscosity and magnetite content [9], i.e.,
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	 η = ηo exp(bC)	 (3)

Combining Equations 3 and 2, relationship between slag reduction time and its viscosity 
is obtained, i.e., η = ηo exp(bCo exp(-kt)). Assuming that the time reduction for the slag is  
τR, then the residual slag viscosity can be determined as follows,

	 η = ηo exp(bCo exp(-kτR))	 (4)

Where ηS corresponds to the initial viscosity for the sedimentation period. For the indus-
trial practice, viscosity must be the lower as possible, so that, at the beginning of sedi-
mentation, the slag should have the minimum of magnetite concentration as possible.

Drop Entrapping Due to Surface Tension
Slag has a population of matte-droplets due to the interaction between the two molten 
phases during smelting-converting process. These droplets are immiscible with the slag, 
but they are submitted to surface tension force σsl/mt . Assuming perfectly spherical drop-
lets, surface tension forces can be estimated as 2πrcσsl/mt. Balancing forces, weight of 
droplets are equilibrated by the surface tension, which means that a critical droplet radius 
must exist for starting sedimentation. That is,

	 	
(5)

Estimation of this critical size is extremely complex because the surface tension is strong-
ly influenced by temperature and matte and slag phases’ composition. Studies on this 
subject have been carried out by Ip et al. [7], Nakamura et al. [11], and Elliot et al. [3]. 
For example, surface tension between matte-droplets and copper slag fayallite, is usually 
considered in the order of 0.15 [N/m] for a matte containing 70% copper. However, this 
value decreases to 0.10 [N/m] for a matte containing 60% copper. This fact is largely due 
to sulphur content, which is quite well known as surface activator [8]. Then, as sulfur 
content increases, surface tension decreases. Moreover, in an industrial process, small 
amounts of impurities may affect properties of drop - slag interface, with a large impact 
in decreasing the surface tension [4, 7]. For example, assuming equilibrium conditions 
and considering experimental values already published, ρ= 5100 [kg/m3], σ ¶ 0.10 [N/m], 
ρsl= 4010 [kg/m3] then, the theoretical critical radius given by the expression (5) is ∼ 1.73 
× 10-3 [m]. This critical radius is higher than those observed in samples from slag furnace 
treatment for El Teniente process [13]; then, it is possible to find 10 to 200 microns drops 
size retained. The focus of this paper is addressed exclusively on the gravitational sedi-
mentation phenomena, so only larger size drops than critic radius, r>rc , were considered.

Sedimentation
In the second stage of slag treatment, injection of reducing agent is stopped and sedi-
mentation stage takes place in a batch mode. The initial condition of this stage is given by 
the copper concentration profile retained in the slag as it remains because bath agitation 
during the earlier reduction. In addition, the residual magnetite content at the end of the 
first stage, makes slag holds a residual viscosity ηS, and this is the viscosity considered for 
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the second phase of sedimentation. Moreover from Equation 5, flow sedimentation has 
been considered for drops sizing r>rc. As drops size is small (raverage 200 × 10-6 [m]), then 
terminal sedimentation velocity is v∞ =2∆ρgr2/(9ηS)Moreover, drops do not freely set-
tle across the slag due to crashes between them (contacts drop-drop or drop-impurities), 
therefore a model of hindered sedimentation as that developed by Richardson and Zaki 
[14] has been considered. Then,

 	 	
(6)

This model of sedimentation rate (6), considers physical and chemical properties of slag and 
matte ∆ρ,ηS the drop size characteristic r, the gravity g, and matte concentration φ. Param-
eter a is proper to the sedimentation model and it is found by adjusting experimental data.

Transport Model
If the slag thick layers H are divided into n number of the same thickness ∆y=H/n, then 
the following differential mass balance set in each control volume A∆y can be established.

Figure 1: Differential mass balance in control volume

Matte variation within the slag control volume must be equal to the difference between 
the incoming and out coming flow discharging for sedimentation. Flux of sedimentation 
is defined as q=vφ. Then, applying the boundary conditions and when thickness ∆y → 0 
and regrouping terms, the equation of matte transport across the slag is obtained.

	 	
(7)

As a boundary condition for slag surface y = 1.2[m] (see reference [5], not transportation 
flow has been considered, that is, q|

y=1.2[m]
=0. As initial condition, a known concentration 

φ i
 (0) for each control volume i=l,....n it has been assumed.

Numerical Solution of Algorithm
Using the lines method [15], and the explicit numerical Euler method, it is possible to de-
velop a numerical algorithm for the solution of model (7). That is,

	 	
(8)
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Where y = l,....m are time steps and i = l,....n are control volumes. To ensure the stability of 
the numerical scheme, the CFL condition [15] must be fulfilled, and, in this case it should 
be |v∆t/∆y|≤1. This means that the choice of the temporary step is related to the control 
volume thickness ∆y, according to the sedimentation flow rate. For n=4 control volumes, a 
total time of two hours has been chosen τ=7200 [s] for simulation, with a temporary step 
∆t=30[s]. The total slag thickness was chosen as H=1.2 [m] (see reference [5], with a thick-
ness for the control volume ∆y=0.3 [s]. The density difference is ∆ρ= 1094 [kg/m3], the slag 
density is ρsl= 3906 [kg/m3]. According to F. Kongoli et al. [9], and V. Bazan [2] works, the 
viscosity of the slag is η= 0.1086 exp(0.0886C) and according to data contained in Figure 4, 
obtained from reference [5], magnetite content is C=14.60%wt .exp(-0.000353t), where t is 
the time measured in seconds and C is the magnetite concentration in weight percent.

The assessment of the total content of copper slag, requires the integration of (7) with φ 
given by (8) using a numerical method. In this work, the trapeze rule was applied to 4 volume 
control considered. As the thickness of each volume control is constant and equal to 0.3 [m], 
then the numerical expression of the integration, it simplifies to the following result,

	 	
(9)

Where the index j = l,....m corresponds to the time at which the content of copper slag 
is required. The total integration time, for a temporary step ∆t and after j time inter-
vals, it corresponds to (j.∆t). This means that if m the total number of temporary steps, 
then the final time of integration will be (m.∆t). For the application example given in this 
work, the slag-cleaning Teniente furnace has been considered, which typically operates 
with 2 hours sedimentation time. That conclude in a total number of temporary steps of  
m = 240 for a passage ∆t = 30 [s].

RESULTS
When numerical scheme (9) is applied, development of copper content in slag is obtained 
as follows in Figure 2.

Figure 2: Simulation of copper content in slag
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To appreciate the effect of the reduction stage on duration of the sedimentation stage, it 
is important to analyze magnetite content in slag. To accomplish that, evolution of cop-
per content for several viscosities and hence for different sedimentation time of matte-
droplets is determined. This is shown in Figure 3.

Figure 3: Effect of magnetite content and viscosity on sedimentation time

CONCLUSIONS
Figure 2 shows results for the model simulation (9) compared with industrial data from 
El Teniente slag-cleaning furnace. Good results for the model can be appreciated when 
predicting evolution of copper content in the slag. At the end of the sedimentation time, 
there is a residual copper contained in the slag which can not be eliminated by sedimen-
tation because drops have smaller size than critical one given by (5), and therefore are 
entrapped by surface tension matte/slag.

For industrial applications, this model could determine the best time for slag sedimen-
tation. Hence, time both for reduction as sedimentation stage could be programmed. This 
is because when reduction time τR is known to obtain a slag with a residual viscosity ηS, 
then the sedimentation time to obtain a level of residual copper in the slag can be cal-
culated. These results can be seen in Figure 3, in which three different scenarios were 
simulated, for three slag viscosities. Then, if the lower copper level in slag given by (5) 
want be obtained, for a slag with 6% magnetite, a sedimentation time τS1 = 3600s must 
be used. For 10% magnetite, sedimentation will be τS2 = 5310s. Finally, for 14.6% mag-
netite, sedimentation must be τS3 = 7710s. Obviously, magnetite content will be given by 
the reduction stage condition.

The slag-cleaning furnace operates in batch mode for a given amount of slag. After 
some time, usually 2 or more hours, phase separation between matte and slag is ensured 
following sedimentation mechanism of matte-droplets, leaving a residual concentration 
of matte in the slag due to entrapment by surface tension of the drops, with sizes less 
than critical value given by (5). Other reason for residual matte in slag could be that 1 or 
2 hours may be insufficient time for sedimentation (see Figure 3). However, for industrial 
practical purposes, not long periods of sedimentation are possible, then, it is assumed a 
critical copper concentration of around .
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NOMENCLATURE
φ	 =	 Concentration of matte in the slag (droplets).
v	 =	 Hindered sedimentation velocity [m/s].
v∞	 =	 Terminal velocity of sedimentation, [m/s].
y	 =	 Spatial variable (thickness of slag) [m]
t	 =	 Time in the sedimentation stage, [s].
τR	 =	 Total time of the reduction stage, [s].
q	 =	 Flux function of the sedimentation, [m/s].
rc		  Critical radii [m].

	 =	 Surface tension (modified due to chemical composition) [J/m2].
ρ, ρsl	 =	 Matte and slag density [kg/m3].
g	 =	 Gravitational acceleration [m/s2].
η, ηs	 =	 Slag viscosity and residual viscosity slag [kg/(m.s)].
C	 =	 Content magnetite in slag [% weight].
i=l,...,n	 =	 Index for the control volume (spatial step).
j=l,...,m	=	 Index for the integration time (temporal step).
A	 =	 Surface of the transversal section of furnace [m2].

REFERENCES
Achurra, G., Echeverría, P., Warzok, A., Riveros, G. & Díaz, C. M. (1999). Development of 

the El Teniente Slag Cleaning Process, Proceedings of Copper 99 – Cobre 99 International 
Conference, Vol. VI – Smelting, Technology Development, Process Modeling and Funda-
mentals, p. 137. [1]

Bazan, V., Goñi, Ch., Castella, L., Brandaleze, E., Verdeja, L. F. & Parra, R. (2006). Revista de 
Metalurgía, 42 (2), Marzo - Abril, 84 – 90. [2]

Elliot, J. F. & Mounier, M. (1982). Can. Metall. Q., Vol. 21, pp. 415 – 28. [3]

Eustathopoulos, N., Nicholas, M. G. & Drevet, B. (1999). Wettability at High Temperatures.
Pegamon Press, 2º Edition. [4]

Imris, I., Sánchez, M. & Achurra, G. (2004). Copper Losses to Slags Obtained from the El 
Teniente Process. VII International Conference on Molten, Slags, Fluxes and Salts,  
pp. 177 – 182. Cape Town, South Africa, 25 – 28 January. [5]

Imris, I., Rebolledo, S., Sánchez, M., Castro, S., Achurra, G. & Hernandez, F. (2000).  
The Copper Losses in the Slags from the El Teniente Process. Canadian Metallurgical Quar-
terly, Vol. 39, No. 3, pp. 281-289. [6]

Ip, S. W. & Toguri, J. M. (1992). Entrainment Behavior of Copper and Copper Matte in Copper 
Smelting Operations. Met. Trans. B, Vol. 23B, June, pp. 303 – 311. [7]

Iwamasa, P. K. & Fruehan, R. (1996). ISIJ Int., Vol. 36, No. 11, pp. 1319 – 27. [8]

Kongoli, F., McBow, I. & Llubani, S. (2003). Effect of the Oxygen Potential on the Viscosity of Copper 
Smelting Slags. Yazawa Int. Symps., Metallurgical and Materials Processing: Principles and 
Technologies, Vol. II: High-temperature Metals Productions. p. 305, TMS, March. [9]

Maruyama, T., Furui, N., Hamamoto, M. & Sunamoto, T. (2003). The Copper Loss in Slag of 
Flash Smelting Furnace in Tamano Smelter. Yazawa Int. Symps., Metallurgical and Materials 
Processing: Principles and technologies, Vol. II: High-temperature Metals Poductions.  
p. 337, TMS, March. [10]



1210

CHAPTER 04  Nonferrous Pyrometallurgy 

Nakamura, T., Noguchi, F., Ueda, Y. & Nakajyo, S. (1988). J. Min. Metall. Inst. Japan,  
Vol. 104, pp. 531 – 36. [11]

Okajima, Y., Kimura, T., Mori, Y. & Kusakabe, T. (1986). Recovery of Valuable Metals from Molten 
Copper Converter Slag. Metallurgical Review of MMIJ, Vol. 3, No. 2, Symps. Proceedings. [12]

Parra, R. (2008). Internal Communication. [13]

Richardson, J. F. & Zaki, W. N. (1954). Trans. Inst. Chem. Engrs., 39 (348). [14]

Schiesser, W. E. (1991). The Numerical Method of Lines. Academic Press 1ª edition. [15]

Utigard, T., Almendras, E., Luraschi, A., Manriquez, J., Sanchez, G. & Diaz, C. (1996). 
Cinética de reducción de escorias de cobre. CONAMET IX / IBEROMET IV, Santiago, Chile, 
28-31 de Octubre, p. 2008 – 2024. [16]

APPENDIX

	 Figure 4: Industrial data (Slag-cleaning furnace, El Teniente)


